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ABSTRACT

The 5HT> receptor is the most recently discovereHb receptor subtype.-BT7 is a GPCR
that exhibits a regulatory role in many biological functions in both the central nervous system
(CNS) and the peripheryRecent literature hasemonstrated a connection between the 5
HT- receptor andnflammatory Bowel Disease (IBD)rogressionIBD is a devastating disease
that affects 1.4 million AmericanBatients suffer from life altering symptoms as a result of severe,
chronic inflammatiorof the gastrointestinal tract. Current treatments mitigate symptoms with no
effect on disease progressidrargeting the 84T~ receptor as a novel treatment option is a viable
medicinal chemistry project that could result in a therapy capable of provieliie§ to 1BD
patients. A novel series of butyrolactones were discovered during a prior thesis project completed
by Dr. Rong Gao at Temple Universityods School
of the compounds within this series were potgntlers of the 84T, receptor. These results led to
the initiation of a medicinal chemistry program aimed at the development of this series with the
intent to identify noveb-HT~ receptorantagonists that are suitable for jofimical and clinical
evaluaion for the treatment ofBD. Medicinal chemistry strategies were utilized in order to
optimize each structural aspect of the butyrolactone pharmacophore. This required the preparation
of several small series of compounds wherein one structural featurgystamatically changed
while the remaining features were held constant. The particular properties that were studied for
optimization included #1T- affinity, subtype selectivity, liver microsomes stability (mouse and
human), and the topological polar g area (to minimize CNS penetratidmplementinghese
strategies led to the identification of poterti; antagonists, some of which exhibited excellent
subtype selectivity and improved mouse liver microsome stability. Two analogs, 170073 and
230168 were chosen for further study. Both analogs exhibited adegueieo pharmacokinetic

profiles capable of supportingfficacy in anin vivo setting. 170073 distributed rapidly and



extensively into brain tissue, while 230168 moderately distributed iraim bhissue. Moving
forward, reducing CNS penetration will become a top priority. These two compounds were
examined in the DSS induced mouse model of IBD and both exhibited efficacy. Specifically in the
acute DSS model of colitis, 170073 and 230168 sicpnifily lowered the disease activity index,
mitigated histological damage and reduced the production of proinflammatory cytokines. In
addition, 170073 demonstrated efficacy in the chronic DSS model of colitis. 230168 has yet to be
tested in the chronic modd& he results of this dissertation support the validity of this project and

the use of BHT7antagonists as a potential novel treatment option for IBD.
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CHAPTER 1
SEROTONIN: A DIVERSE SIGNALING HORMONE
1.1 A Brief Historical Perspective

5-hydroxytyptamine (84T), alsoknown as serotonifFigure 1) is a keyneurotransmittethat
is linked to numerouscritical functions withn the central nervous system (CNS)HT is also
classifiedas a hormonéased on its ability to ntmlate biochemical processestive periphery.
Interestingly 5-HT was not detected ithe CNS until4 years after its discovery the periphery
The discovery ofb-HT was the result of a multi-decade long investigation into an unknown
vasoconstrictive substance present in setbiat could beextracted from clotted bloodThis
investigationbegani n 1912 when OO6Conner et. al. concl ude
for the vasoconstriive properties of serumThey hypothesized thtie observegtasoconstriction
wasinduced bya different,fiunknown substangewhich enters the blood during clottifg-wo
independentesearch teamdentifiedt he A un k n o wn -HY.UnkH 937, &Erparnere@t.ah s 5
describedan amine produced by rabbit enterochromaffin ceECs) extracted from the
gastrointestinal (G.l) tra¢hat elicited vasoconstrictive properties in smooth mus€hey coined
the name mteraminebased on its biosynthesis ECs.They did nothowever identify it asthe
Aunknown ousdiusisadatedbe @6 C o n n e. By 1849, methaodis .for isolating the
Afunknown subst an c,addRappod etbabdeterminedthp strudtueedof the
fiunknown .0sThely sohed its caanmon name serotoniKA 5-HT).* Further studies
conclusively provedhat enteraminand 5HT were identical in structurand demonstrated thit
is produced in the G.I. traét.

Prior to the elucidation of its structurenly peripheral tissuewere utilized inexperiments
focused ondeterminingthe pharmacologicaftole of 5-HT. Shortly after SHT 6s struct ur e

revealedhowever jts function as a neurotransmitter was describe@953, Welstet. al. reported



the firstneuronafunction for 5HT. They determinethat it acted as an excitatamgurotransmitter
at the visceral ganglion in the heart\nus mercenariaLaterthatyear, Twarog et. ateported
the presence dfigh concentrationsf 5-HT in the brains of dag) rass,and rabbis.” This watershed
discovery triggered intense interestlinminating the biological role of SHT anddetermininghe
potential therapeutigtility of targeting the 81T system in various disease statas.of the writing

of thisdissertationthese effds are orgoing.

NH,

HO

N\

N
H
Figure 1: Serotonin (Ehydroxytryptamine, 84T)

1.25-HT: Biological Synthesis and General Functions

Since its discovenyif has been determined th&HT is an essential signaling hormone for a
wide range of biological functienin the CNS and peripheral organbhe majority of 5HT
biosynthesis occurs in three different locatichgperipherallyvia ECs found in the mucosa of the
G.I. tract 2) neuronally via serotonergic neurons in the raphe nuclei @rttie enteric nervous
system (ENS}°Appr oxi mat el y 95 %HTocbntent s producedlity thesgutvimt al 5
ECs (90%) and serotonergic neurons of the ENS (1ID&&)remaining 5% is generated in the CNS.

Theprocess begins with-tryptophan(1), which undergoes two enzymatic conversions (Figure
2) % The initial steps catalzedby tryptophan hydroxylase (TPH)ndconverts Ltryptophan(1)
into L-5-hydroxytryptophan (2). Decarboxylationof (2) via aromatic amino acid decarboxylase
produces 8HT. Importantly,5-HT is incapable of crossing the blebdain barier (BBB). Thus,
all of the 5-HT in the CNSis synthesized within the CNShe ratelimiting step in BHT 6 s
biosynthesiss the conversion catalyzed ByH. This enzyme exists as one of two isoforms; TPH1
and TPHZ! TPH1 is predominately expressed in peripheral tissueblZT on the other hand, is

expressed within the CNS. As a result, selective modulation of either peripheral or-BNS 5
2



concentrations can be accomplished via alteration of the activity and/or expression of one of the

two isoforms of TPH.

NH, NH, NH,
COOH o COOH o
N Tryptophan N Aromatic amino acid
H hydroxylase H decarboxylase H
Tryptophan 5-hydroxytryptophan 5.HT

Figure 2: Biosynthesis of 81T

The skewed ditribution of 5-HT highlights its importance in periphaf functions but
historically research on the pharmacological role-bfTlohas focusd on the CNS. Particularly,
studies suggest th&tHT regulates various behavioral arelinopsychological processincluding
mood, memory, anger and aggression, appetite, addiction, motor control, circadian rhythms,
respiratory drive, body temperatuaad many other® The diverseregulatory functios of 5-HT
within the CNS has led to the developmentnaimeroustherapeutic drugs targeting the CNS
specific 3HT systemNumerousdrugshave beerapprovedor the treatment of a wide rangé
psychiatric and neurological disordemgch asdepression, schizophreni@nd chronic painThe
therapeutic utilityof 5-HT mediatd pharmacologyin the periphery however, remains largely

untapped.A summary of the pharmacological roles afi% is providedn Figure 3213

1.3A Large Diverse Family of 5HT Receptor Subtypes

The divere actionof 5-HT within the periphery and the CNSisesthe question of how can a
single hormonmeurotransmittermolecule produce a plethora of effects on numerous organ
systemsThe answer is that-BT elicits its action through seriesof 5-HT recepteos. The 5HT
receptor family is a large and diverse set of pearswhoseprimordial receptois thought tohave
first appearednore han 700750 million years agé To date, seven-BIT receptos have been
identified, some of whicthave sultypes. A tothof 14 subtypedave been reporte@ihesubtype
wereoriginally classified based aadioligand affinityand functionahctivity,'>® but they can also

3



be groupdbased on their primary signaling mechanis@®fkthe 14 receptor subtypes, 13 are G
protein ®upled (GPCR) receptors encoded from distinct geflesy ared e s i g n &ypeedd a s
GPCRsbased ortheir bovinerhodopsinlike structure'’. The outlier in the serotonin receptor
family is the 5HTsreceptor which is a ligandated ion channeBriefly, 5-HTsis a catiorselective

ion channel and similar to the nicotinic acetylcholine receptdit is found in both the periphery

and the CNS and is expressed both anel postsynaptically. The recepteixistsas eithea homae

or heterepentamer of fiveavailable subunitss-HTza.e Upon activationthe ion poreopens and
transportdNa‘, K* and C&*ionsacross the cell membratitbs-HT; receptorantagonists have been
developed for the treatment of nausea (particularly during chemotherapy)diamtiea

predominant irritable bowel syndrome (IB%).

- Complex regulation of heart rate
- Regulates sinus node
- Regulates AV node
- Can induce atrial fibrillation in
high 5-HT states, e.g., carcinoid
- Involved in heart development
- Involved in valvulopathy

-Vasoconstriction/dilation
(depending on vascular bed)
- Involved in systemic HTN

- Released from dense granules
—— - Fadilitates platelet aggregation

-Ventricular remodeling in CHF —_—

- Regulates respiratory drive

- May be involved in SIDS

- Involved in pathogenesis of
pulmonary hypertension

- Regulates gastric emptying

- Regulates intestinal peristalsis

- Regulates intestinal secretion

- Regulates colonic tone

- Regulates pancreatic secretion

- May regulate beta cells

- Nausea/emesis

-Involved in IBS

- Platelet-derived 5-HT involved
in hepatic regeneration

- Pain and nociception

- Complex effects on HPA axis
and stress responses

- Early embryonic development

- Induces local vasoconstriction

- Centrally modulates micturition
- Facilitates the guarding reflex
- Role in stress incontinence

- Mammary gland development
- Regulates epithelial tight

junctions and milk release

- Uterine vasoconstriction
- Uterine smooth muscle

contraction (cervical > ovarian)

- Uterine involution
- Oocyte maturation
- Induces progesterone

secretion by granulosa cells

- Inhibition of ejaculation
- Involved in control of penile

flaccidity and detumescence

Figure 3: A summary of the effectsBT has on the various periphergstems in the human
body*?

As noted above, theemainingl3 5HT receptorsare GPCRs The basics of GPCR signaling
can be described as followa.the resting state, GPCRs are coupled to heterotrimerieb@itihg

proteingG-proteins}hatconsistoflGaandd i me r i ¢ & Ore astivdbetyren appropriate
4



ligand (an agonistthe Gproteins dissociate from the GPCR and interact with effeatdecules

to produce secondary messeng#rat ultimately leads to a biological responsd@here are four
classe®of G-proteinsthat are designated basaad the identity of the & subunit Gas, Gaio, Gag,

and Q2132 The 5-HT GPCRs,can be grouped into categories based on the identity of their

primary coupled Grotein(Table 1)*

Table 1: Serotonin receptors and their coupled signaling pathifiays

# of
Famil Type Mechanism Potential
¥ Subclasses P
GifGo-protein coupled Decrease cAMP levels .
5-HT 5 Inhibit
! Gg-protein coupled Increase IP3 levels nhibitory
& uT 5 Gg-protein coupled Increase IP3 levels Excitat
: G12/13-protein coupled mTaor, Rho and NO pathways xeiftatory
5-HT3 1 nganifizt:ilhl‘:anthlnd ki Depolarizing plasma membrane Excitatory
Gs-protein coupled Increase cAMP levels .
5-HT. 1 Excitat
4 G13-protein coupled ASK1 and Rhod signaling xeiftatory
5-HTs 2 Gif/Go-protein coupled Decrease cAMP levels Inhibitory
5-HTs 1 Gs-protein coupled Increase cAMP levels Excitatory
5-HTs N Gs—pru:uteiln coupled Increase EhMF.‘ levels Excitatory
Giz-protein coupled Rho signaling

The 5HT; receptor subfamilipas 3 subtypes (#1T2a 5-HT2s, 5-HT2c) andis primarily coupled
to Gagm1 This class ofsPCRsis generally involved in the elevation of intracellular calcium. This
molecular process is initiated via the hydrolysis of membrane phosphoingsitioidscingdiacyl
glycerol (DAG) andnositol phosphatewhich ultimately leads to the activation pfotein kinase
C (PKC) and the release of calcium from intracellular stares.5HT2a receptor is found in high
densities in the CN®n postsynaptic siteand is bdkved to be the major target for psychedelic
drugs such as LS In the periphery, #1T-a is involved invariousfunctions of the cardiovascular
system such as arterial vasoconstriciand proliferation of arterial fibroblasts The 5HT2s
receptor is gmarily expressed in the periphery, with limited expression in the Git&estingly,
the 5HT2g receptor is knowto play a key role in thproper development of vital structures in the
brairf®and heart! In addition 5-HT2s receptors are criticab thenormal function of the developed

heart. Activation of the receptor induceayofibroblast proliferatiorwhich can lead twalvular

5



heart diseas®.The association of-BIT2s receptor activation with valvular heart diseasss first
identified in the withdrevn obesity drug Fe#hen(fenfluramine/phentermineThis receptotis

vi ewe d atsa ragasetidm thése fack.

The 5HT,c receptorhas constitutive activityand its activationcan be modulated via pest
transcriptional editind® It has become a therapeutic target of interest for various neurological
disorders such adrugabusé’, depressiotl, anxiety?? and epilepsy? In addition 5-HT,c appears
to playa role in weight regulation andbesity Specifically,5-HT2c knockout mice tend to be

severely obese and display abnormal food intake h&bits.

The5-HT: and 5HTsfamilies areprimarily Gai, coupled GPCRsIhis class ofsSPCRautilizes
the Gy, suburt. Activation initiates an inhibitory pathway resulting in decreaseAMP
production.The 5HT: family is the largest of the-BT receptorsubfamilies consisting of 5
subtypes (8HT1a, 5HT1s, 5HT1ip, 5HT1g, 5-HT15). The 5HT1a receptor has been extarely
studied in neuronal cellsIts primary functionis associated witithe induction of neuronal
hyperpolarization and reduction of firing réteThis is accomplished either via postsynaptic
activation, resulting in the initiation @fhibitory signalingpathways, or presynaptic activation in
which the receptor acts as an autoreceptor and decrebl§ebibsynthesis® The5-HT1a subtype
has receivedignificantattention as a potential therapeutic targevéoious CNS related disorders,
such as anxiet$, schizophreni® and epilepsy. In addition, 5-HT1a receptorligands show
potential as neuroprotective agéftdhave been used as adjunctive therapiesombination
with selective serotonin reuptake inhtbrs (SSRI) for the treatmentof depression This

combination is believed tinducerapidonset of efficacy?

The 5HTig receptor,like the 5HT1a receptor, acts as an autoreceptor to modulatel 5

biosynthesis. However, it is also expressed orsayonbnergiccells (e.g GABA and glutamatergic



neurons) as presynaptic heterorecepttbsmtagonism othis receptor habeen shown to improve
performance in learning and memgt§? whereas activation decreases aggressive belfé\ior.
addition the 5HT1g receptor is responsible for-BIT induced constriction in cerebrahd carotid
arteries*“® The 5-HT1p and 5HT:r receptors have emerged as promising tarfpet migraine
treatmentas eitherselective or dual ligand#égonists for both the HT1p* and 5HT1£*¢ inhibit
neurogenic inflammatiorut selectivityoverthe 5HTigreceptor was an issue in early generation
compounds.The pharmacology and details of t&éHT.e receptor on the other hand, remain
largely unexjored due totwo key factors. First, there are selective BHTiereceptor ligands.
Second,the 5HT:e gene is absent in mice and rathich are the primary toslfor in vivo
pharmacological researcihe guinea pig, however, expresses tH8Ta: gene, ad efforts to
develop pharmacological models using this species to investigate this enigid@tsubtype were
recently reported” Pharmacologicalassumptiongegardingthe 5HT:e receptor areprimarily

basecdbn receptor locatiomapping in human brainsguet®

The 5HTsreceptofamily has received the least amounatiEntionand as a resuliie function
of this family is not fully understood. There are two genes that coderdmubtypesof the5-HTs
receptor,5-HTsa and 5-HTsg. To date,however functional 5HTsg receptos have only been
detectedn rodents*® The 5HTsa receptor is expressed in both humans and rodimisck-out
mice exhibit increaskexploration of novel environments, suggestinglays a rolen cognitive
function. Pharmacological insight into th®ologicalimportanceof 5-HTsa had been elusive due
to the lack of 8HTsa selective ligands, but the recent disclosure of selectii@& antagonist*®*°
(Figure 4)supports the conclusierdrawn in the knockutmicestudies. Positive results were also

observed with &HTsa antagonist in a ketamirgasedat model of schizophrenid.

The remaining 81T receptorsare primarily Gs coupled GPCRs which stimulataenylyl

cyclase and increaskee production of cCAMPThe 5HT, receptor has been extensively studied
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Figure 4: 5-HTsa antagonists

determineis functions in thegastrointestinatract. Activation of this receptoinducesrelaxation

of the colon® 5-HT, agonists such as cisapride ammtucalopridehave been @proved for the
treatment of constipation and constipatfmedominant IBS Some of these compoundée.g.
cisapride were shown to blockhe hERG channgh key cardiovascular artarget, limiting their
commercial viability?® Within the CNS, 8HT,is invadved in various functions such as lotgrm
potentiation and synaptic plasticity/Thetherapeutic potentiaf 5-HT, in the CNShas also been
explored Activationof this receptohas been linked to proogritive® and antidepressaneffects
whereasantagonists have been studied as poteinéiatmens of anorexia® The 5HTg receptor is
primarily expressed in the CNS where it modulates neurotransmitters such as acetylcholine, GABA
and dopaminé’ This functon haspotential implications in various neurological disord@nglost
recenly, it has received significargttentionas a possibld | z h e i me rtayget® The finala s e
member of thé&-HT receptor familythe 5HT7 receptor is the primary focus of the remainder of

this dissertatiorand is discussed in detail in the following sections



CHAPTER 2

THE 5-HT7 SUBTYPE: BIOCHEMISTRY, LIGA NDS AND SIGNALING
2.1 Structure and Distribution
The 5HT7genewas discwered in 1993 in multiple independent laboratotfé&Human

5-HT7was cloned from a cDNA library using probes that targeted an adenylate cyclase stimulatory
Drosophila5-HT gene, SHTa01.* Thisreceptor has also been cloned in numerous other species
including mousé?ratf3guinea pi§*and pig®. Located on the human chromosome 1002248.3,
the 5HT7 gene contains an open reading frame of 1335 base pairs and encodes for a 445 amino
acid protein of approximately 49 kI34As noted above,-biT7 is a member of the rhodopslike
family of GPCRs. Structurally, the receptor contains a heptahelical transmembrane domain (7TM)
and |ligands bind in a cavity between tlwese dor
and 3 extracellular alternating loops, with the N terminus located extracellularly and the C terminus
intracellularly. Further, rhodopsitke GPCRs display certain conserved amino acid residues
throughout the 7TM domains, with a hallmark disulfide borwhnecting Cys 3.25 (in
transmembrane helix 3) and Cys 45.50 (in extracellular lo6pT2)e 5HT- receptor is the least
homologous EHT receptor, exhibiting less than 50% homology with the other members of the 5
HT family.®” Currently a higkresolution stucture of 5HT- is not available, but homology models
have been reported. Early models utilized the crystal structure of bovine rhodopsin as a®emplate
but newer homol ogy model s uwaslrenergit®’? Bl Figwes t al st
5)"* and Ds’? have been reported.

The 5HT7gene contains three introns and alternative splicing can occur in the second intron.
To date, three functional humasHa 7 isoforms have been reportedHd 74, 5-HT7g and 5HT7p.”3
No significant pharmacological differeas in terms of localization, ligand binding and adenylyl

cyclase activation have been reported in the hiétfanmousé® and rat’ 5-HT; isoforms.
9



Differences in the human isoforms include 1) variability in expression levels, 2) difference in length
of the Cterminus tail, 3) a different pattern of agoristiuced internalization for-6T-p as
compared to the other two isoforms and 4) constitutive internalizatiotd%5in the absence of

an agonist (This feature is not observed with tHé¢T5, and 5HT7s isoforms)’® None of these
features impact the ligand binding domain and as a result the three isoforms are viewed as

interchangeable in medicinal chemistry programs targehe ligand binding domain.

(B)

Figure 5: 5-HT7 homology mddel based ontdy crystal structure of-BiT1s. (A) Side view
(B) Top view.

Expression of 814T7 occurs in both the periphery atite CNS of various species including
human. A wide variety of techniques have been used to determine the distributidm-aédcoded
mRNA. This data has been reviewed by Leopoldo &t Baiefly, high dendies of 5HT-is found
in the hypothalamus, thalamus and hippocampus. In humatis; BIRNA has been observed in
the kidney, liver, pancreas, spleen, stomach and smooth muscle cells of the arteries and
gastrointestinal tract. Autoradiographic studies catehli by Bonaventure et. al. were supportive
of the mRNA findings. Their studies employed the 13etective BHT receptor binders shown in
Figure 6: PH] 5-carboxamidotryptamine ([*H]5-CT)”® and PH]-8-hydroxy-2-(di-n-
propylamino)tetralin([®H]-8-OH-DPAT) .2 Through the use of-BIT1as double knockout and 5
HT- knockout (5-HT+")) mice, an anatomical distribution oftbT displayed visible densities in

thalamic and hypothalamic regions, dorsal raphe nucleus, amygdaloid body and septal nuclei. Low,

10



but detetable levels were also found in the hippocampal formation and cerebral @oFtex.
distribution pattern was further supported in human brain studies conducted by Varnas et. al.

utilizing [?H]SB-269970 (Figure 6), a selective-i; antagonist?

34 NH,

3H 3H
? sH  OH 3H, \\
34 H
/ O@
N L
H H
[®H] 5-CT [3H]-8-OH-DPAT [3H]SB- 269970

Figure 6: Radiolabeled noselective and selectivet$T ligands
2.2 Signaling and Cellular Mechanisms

As the 20 century ended and the 2¢entury began, the signaling mechanisms utilized-by 5
HT, became clearer as scientific exploration of this receptor continued. Extensive reviews have
been published on this subjé&&3butin order to understand the role off 7 in disease states and
its possible utility as a therapeutic target, a brief review of the comgh€k Signaling pathways
is warranted. As discussed aboveH®; is a GPCR that employs theaGprotein. It is well
established that GPCRs coupled @s@opagate their signal via a pathway that includes activation
of adenylyl cyclase (AC), which produces cAMP. Increased levels of cAMP lead to the activation
of proteh kinase A (PKA), and this enzyme phosphorylates target proteins. Changes in the
phosphorylation state of the target proteins propagate the sigtwmtimg next biochemical event.

One of the first signaling cascades to be associated wltf;3ctivationis the mitogen
activated protein (MAP) kinase cascade. In cultured rat hippocampal newtdigcddivated the
serine/threonine extracellular sigragulated kinases (ERK1/2) viaHbT7.8* As part of an effort
to elucidate the role ofBHT7 in the signalig pathway leading to activation of ERK1/2, Norum, et.
al. studied this system in HEK293 ceft$® Their studies unraveled a canonical PKA dependent
signaling pathway, evidenced by the abolishment-6fT5 mediated ERK1/2 phosphorylation

upon administratin of the PKA inhibitor H89 (Figure 7). Specifically, PKA activates the guanine
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nucleotide exchange factor (GEF), RaEF. Once activated, R&EF initiates Ras activation,
which in turn, activates the kinaseRaf. MEK1 is phosphorylated by-Raf, leadig to the
activation of ERK1/2. However, simultaneous and subsequent studies demonstratedThat 5
signaling is much more complex and involves changes in intracellllac@mentrations ([C4];),

as well as, PKA independent and {zcoupled nechanisms

Figure 7: H-89
Separately, 5T7 mediated activation of ERK1/2 in PC12 cells was reported by D S. Cowen et

al.®” Specifically, activation of 81T~ leads to an increase of CAMP concentration and activation
of cAMP-GEFs, such as Epac 1 and 2. How Epac activates ERKrénty unknown but it is not
a direct process and appears to involve additional cellular components and/or pathways. Unlike
HEK293 cells, the activation of ERK1/2 in PC12 cells is a PKA independent proces®%alsad
no impact on 84T, mediated ERK actition. Speculation has arisen about whether or not the
difference in the concentration of-89 used in both the PC12 and HEK293 studies led to the
contradicting dependence of PKA. Yet, PKA independeHriT2-Epac signaling has been shown
to induce phrenic otor facilitation in rat spine¥. Therefore, differing mechanisms across cell
types could also explain the dissimilarities observed in BEpendence

Further, 5HT7 stimulation in PC12 cells activated protein kinase B (PKB), which is dependent
on the incease of [CAMP] and [CG4.%° Interestingly, it has been demonstrated that activation of
5-HT- in rat glomerulosa cells produces an increase id‘JGaa T-type calcium channefS.This
increase in [CH]i can lead to activation of €&Calmodulinsensitvte AC (AC1 and AC8), an

alternative path to cAMP producti§hNotably, 5HT7 antagonists have been shown to inhibit-non
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G-proteinst i mul ated AC activity, further supportir
producing pathway¥ Additionally, increasei [Ca]i inhibited triggering of ERK1/2 in PC$2

cellsbut was required for R&GSEF activation in HEK293 celf$.These results support the theory

that 5HT> signaling varies across cell types.

Alternate 53HT;s i gnal i ng c as ¢ eodpling hagecalsd beeg identified. IIGthese
instances, activation modulates gene transcription and neuronal morphology. Specifld@li§, &
influence on neuronal morplogy has sparked interest in its role in synaptic plasticity and
development. Kvachnina et. al. demonstrated in NIH3T3 cells tHdT;5mediated PKA
independent activity of serum response element (SRE). In these studiesa&ivation increased
luciferase activity in a cellular assay utilizing a SRIEiferase reporter construttin addition, it
was established that jtchoiusp leifnfge crtaouieesr niehdai na t Gl

T h e 1, @diein typically regulates signaling through the Rho family of small GTPases. It has
been demonstrated thatHd; activates RhoA and Cdc4but not Raclin NIH3T3 cell$2. A
relationship between neuronal morphology and thi$T5 signaling cascade was established
indicating that filopodia formation and cell rounding is mediated by Cdc42 and RispAatively.
Conversely, BHT; activation led to a reduction in €aentry into postsynaptic spines of CA1l
pyramidal cells, which is believed to result in an inhibitory effect on Rfid2verall, this data
suggests a receptarediated mechanism in whichHbT7 modulates the formation of dendritic
protrusions and spines via its influence on the cross talk between Cdc42 and RhoA. Additional
signaling components were proposed by Speranza et. al. who demonstrated Thar&moted
neurite elongation required ERphosphorylation and Cdk5 activation, in neuronal primary
cultures® This signaling mechanism has been attributed to the establishfid mediated
promotion of synaptogenesis and enhancement of synaptic activity. Interestingly, the effects of 5
HT+ Gdkignaling is observed at the postnatal stages of hippocampal neurons, but abolished in

older neuronal preparatiofsThis suggests an agependent regulatory influence otiF7/ G4J
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mediated neuronal t@igity. The central role of #1T; in synaptic plasticity, synaptogenesis and
neuronal circuitry modification has been recently supported by the identification of signaling
pathways similar to those described above (Cdc42, €tlkas well as the protein kise C
(PKC)/MAPK pathway?’

Interestingly, new evidence supports a direct interaction betwd€h; &nd the hyaluronan
receptor CD44, which regulates synaptic remodéfinfhe CD44 receptor connects neuronal
cytoskeleton to the extracellular matrix (ECMhd can be cleaved by matrix metalloproteinase 9
(MMP-9) resulting in detachment from the ECM. CD44 is also known to associate with Cdc42.
Upon 5HT7 activation, MMR9 activity is increased, and this causes CD44 cleavage, ECM
detachment and CD4@dc42 disasociation. These events facilitate dendritic spine elongation via
the 5HT+/Cdc42 signaling pathway described above.

Activation of 5HT~has also been associated with inflammatory signaling cascades, particularly
those involving the induction of interlkim-6 (IL-6) transcription and the enhancement efell
activation. Specifically, 81T stimulation increased H6 production in microglial cells in a cAMP
dependent manner (forskolin mimicked restits):HT-6 s i nf | u-@ release wasnalsd L
observedn U373 MG astrocytoma cells. Particularly, stimulation €6, resulted in increased
IL-6transc i pti on via the activation of both p38 MAP
1/2 10 These results suggest a central role f&tT5 in neuroinflammation processes. With regard
to T cell activation, Leo#iPonte et. al. demonstrated tha#’h, via 5HT7, induced phosphorylation
of ERK 1/ 2 and t he NF¥3 Bhese findingb link ST gtimdation toni t | o
early T-cell activation events. Further,4& i s areguldd geBe, and this provides a possible
explanation for the influence 3T has on IL:6 production.

Influences o6-HT7 on dendritic cell (DC) morphology and migration have also been sttfdied.
Specifically, mature DCs display increaseti®; expression, and activation of this receptor leads

to protrusion formation and elongatieia Cdc42 signaling. Separately, DC motility and migration
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are regulated by chemokine receptor CCR7 and interestindty,;expression is required for
proper CCR7 expression. It has been demonstratecbtHat? mice displayed a significant
reductionin CCR7 expression. HoweverHT 7 activation had no effect on the CCR7 expression
profile. Also, 5HT7 mediates the directionality and velocity of DC migration, as agonists enhanced
both parameters. Together, these results strongly support a roléHfor i inflammatory and
immune responses.

The 5HT;receptorgppeatohave a regulatory role in the expression of proteins beyond CCRY7.
There have been various publications reporting a regulatory roteldf B the expression of other
proteins and reg#ors. In mammary epithelial MCE2A cells, 5HT; activation resulted in a
d e c r e a-sasein ipnoteinblevef$® Highlighting the neuroprotective properties ofH3>,
agonists increase the expression of plagtletr i ved gr owt h%ahdtopgomgsinb ( PDGH

related kinase B (TrkB}° receptors in SFBY5Y cells and otér neuronal cell cultures.

2.3 Constitutive Activity, G-Protein Interaction and Dimerization

The complexity of EHT signaling has led to many questions regarding how this receptor
mediatess el ecti vity towards a certaisws .sidgBKal i ng ¢
dependence vs. independence). One possible explanation is a dependence on cell types, wherein
certain cell types contain the proper machinery to drive one cascade abara@ther regulatory
mechanisms have been postulated which involve h@nd heteroreceptor dimerization and
regulation of constitutive activity via pestnslational modifications.

All 5-HT7 splice variants are known to have high constitutive actiyi, primaand | v vi a
AC activation’ This suggests a constitutively activeHF7 G donformational state exists.
However, evidence also exists that supports the presence of an inadiive & tbnformaional
state. In HEK293 cells, Bruheim et. al. demonstrated that increasiig 8ensity did not increase

the potency of 81T to stimulate AC% This indicates that AC stimulation viatbT 7 is independent
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o f ssBdithiometry since no spare receptor effectwer e observed. The fApree

5HT;a n d swadfurther supported by observeti®;induced heterologous desensitization. In
two separate studigs-HT7 expressiot’, agonist stimulatio' and inverse agonist stimulatih
evoked desensitization of two endogenousc@ u p | e GHrénBrgic agdbprostanoid EP
receptors). This effect can be explained by the existence of an ina¢lig 5G tbmplex, where
the preassociation limits the accesstbieo GPCRs to the common G protein pd@verall, there

is mounting evidence supporting both active and inactive preassocia®d 5G tbmplexes. The
effect this has on cascade selectivity isfally understood at this time.

Posttranslational modifications of -BT; such as MNglycosylation of the Merminal and
palmitoylation of the @erminal have been documented:ghcosylation does not appear to
influence receptor activity, however reduced receptorasgion was observed when possible
glycosylation sites were mutat& Conversely, palmitoylation of the-teBrminal has an impact on
5HTz6 s const i t Matatiem analgsis iindi¢atesy that Cys 404 and 438/441 are
palmitoylated via a thioester boindan agonistiependent manner. More importantly, mutated 5
HT- that lacked the ability to undergo palmitoylation displayed a significant increase in agonist
i ndepensnerndt ,at ®d, ;-rbediated, canstituti@Uactivity. The agorisipendent
aci vati on ofsaiaod i [@bleink was @bffected by a decrease in palmitoylation.
Therefore, the extent of -@rminal palmitoylation could serve as a potential mechanism for
dictating the selectivity of @rotein mediated constitutive signalifiy.

GCPRs, including the serotonin family, have been known to form hantbheterodimers and
the functional consequences of these complexes have been $tu@edcifically, evidence
revealed that#1T; can exist as either a homodimer or a heterodimer witii 5.1 The functional
significance of 8HT;homodimerization is not currently understood. Protepretomer cross talk
has been proposed based on the ability of competitive antagonists to resg@seuttioirreversible

binding of risperidonéFigure §.1'31t is postulated that risperidone binds to the orthosteric site of
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one protomer which causan allosteric modulation of the other protomer, resulting in an inactive
homodimer complex. This hypothess based on evidence that risperidone only binds to 50% of
the available 81T receptorsincubation of a competitive antagonist, which is believed to bind to
the risperidonainbound protomer, results in the release of waslkstant risperidone. This

indi cates that there i sfre@adrigpsridonebcandprotonters.t ween r i

Figure 8: Risperidone

Heterodimerization of H1T14 and 5HT7 appears to have significant functional consequences,
primarily with regard to 84T:a signaling!!? Specifically, heterodimerization results in a
significant decrease in -BT14/Gi signaling without affecting BT, signaling. Further,
heterodimerization decreasedH3 14 activation of Gprotein gated inwardly rectifying potassium
channels. Lastly, the formation of -BT+/5-HT1a dimers initiates 81T-mediated =HTia
internalization, and enhancesHI 140 s ability t o act i-NTa/5-HI» MAPK.
heterodimerization appears to have a limited impact-Biif Bsignaling, the concephat other 5
HT~ oligomers could exist presents another potential mechanism capable -tfniimg S5HT-
signaling.

2.4Ligands and Longchained Arylpiperazines

Immediately following the discovery of-HT7, investigators identified numerous known
biologically active compounds that bind to it with modest to high affinity. Not surprisingly, many
of these compounds also interact with othétTreceptors with varying degrees of selectivity.
Figure 9 highlights many of these early, re®iective, 8HT- ligands along with their respective

Kibs t owar ds -HTZ%¢8 beserc@anpdundS belong to a variety of structural classes,
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but they all contain the shared structural motif of a basic amine connectedstalaathmatic
system. Furthermore, this group includes antipsychotics agents (mepmotreozapine,
risperidone, ety and psychoactive molecules (mesulergine, amoxapine, mianserin, etc.). This
revelation sparked considerable interest in the therapeoténtial of SHT- activity modulations

and the identification of selective agonists and antagonists.

N
C( o
Cl O
SCHs ol
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Figure 9: Early 5HT ligands with K values vs. recombinant hunia raf 5-HT.61114115

To date, several research teams have published their effort focused on the identification of
selective 8HTy ligands. In addition, projects aimed a&etidentification of dual ligands, either
involving multiple 5HT receptor§4!17118or a mixture of BHT and dopamine receptors have been
reportedt®120 Many of the early classes ofHbT7 binders have been extensively reviekd:
More recently discovered classes include: long chained I42adsoquinolines and
decahydoisoquinolingd’?2,  biphenylamine$®, acetamide substituted -dXindoled?,
aryloxyethylpiperidinesAarolidines?®, and tetrahydropyrido[3;8]pyrroles?® The most weH
known 5HT? ligands are described in Table 2. These compounds generally havaffimgk for

5-HT7and display modest to high selectivity with respect to othéT Seceptors and othezeeptor
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families. They have proven pivotal to-Hbl; research because they have been used as
pharmacological tools in both vitro andin vivo studies that have determined thielogicalrole

of 5-HT-.127128129They were used to elucidate various cellular siggglathways and mechanisms
described above. Many were investigated in preclinical pharmacological studies which led to the

identification of numerous potential therapeutic applicationstdT bactivity modulation.

Table 2: Exemphry selective BT, antagonists and agoni§edapted from Thomas, et!4)

Compoung

Structure

Source

Ki
(nM)

Function

Selectivity/Commentg

SB-25871¢9

GS K130

31.6

Antagonist

>100-old selectivity
versus othe5-HT

recept oris
D, and 3 receptors

SB-26997(

HO

GSKizt

1.25

Antagonist

>100fold selectivity
versus other HT
recept oris
D, and Iy receptors.
Except 56fold
selectivity towards 5
HTsa. Metabolic issue

SB-656104

GSK2

1.99

Antagonist

>100fold selectivity
versus other HT
receptors. Except 10
fold and 36fold
selectivity towards 5
HTip and 5HT>a
respectively. Improve
pharmacokinetic profil

DR-4004

Meiji
Seikd®

1.99

Antagonist

Full selectivity profile
not determined, >80
fold selectivity toward
5-HT1a46receptors,
~50-fold selectivity
towards 5HT. and D
receptors

DR-4446

Meiji
Seika?3*

10

Antagonist

100fold selectivity

towards BHT1g 2346

80-fold selectivity
towards 5HT1a

PZ-766

Jagielloniar
Univ. Med.
Colleget?®

0.31

Antagonist

Full selectivity profile
not determined, >100
fold selectivity towards
5‘HT1A,6, 1 dad Q
receptors
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Table 2, continued

_N
NN Cl
ING — 10-50 fold selectivity
Jansseb35| 6.31 | Antagonist towards various 31T,
18038683 >
D2and U r €
N
H
AN
g
N >100 fold selectivity
Johanssor Partial towards all SHT
AS-19 et. 0.63 .
al136137 Agonist receptors, except5
Yy ' HT1D (10-fold)
“N
\
Full selectivity profile
HN Universita not determied, >100
LP-44 degli Studi| 0.25| Agonist | fold selectivity towards
di Baril38 5-HT1A and 5HT2A
303 receptors
Full selectivity profile
HN /—\ Universita not determined, >100
LP-12 degli Studi| 0.16| Agonist | fold selectivity towards
\—/ di Baril39 5-HT1A and 5HT2A
receptors
o]
HN—{\%» — Universita 5-50-fold selectivity
LP-211 @—/ N N degli Studi| 15.8| Agonist | towards variousHT
— di Bari140 receptors
Ph
\
N—N
S \
Full >100 fold selectivity
E-55888 Estevd 37| 2.51 . towards all SHT
Agonist
receptors
N/
\
Many 5HT-bi nder s ar e ccl haasi smydbppamzims d €AP$),las shgwn in

Figure 10 This chemical class has produced very potent and selectiie; figands and is

characterized by the geral structure shown in Figure 1They contain a functionalized

arylpiperazine core linked to a distallky aromatic system. Substituted phenyl piperazines are

routinely employed, but in some instances heteroaromatic piperazines suckbaszis@azoles

are utilizedt** There is also a high degree of tolerance for changes in the linker length and the
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identity of the distal bulky aromatic group. Linker lengths fror7 latoms have been
employed*2143144145 gnd the optimal linker length varies from series to series. This variability is
at least in part dictated by the identity of thdky aromatic group and changisthe orientation
of key binding features. The distal fragment generally contains a hydrogen bond acceptor, an
aromatic group and is relatively bulky. Examples in the literature include
tetrahydrobenzindole$814” arylketones* aryl and N(1,2,3,4tetrahydronaphthaleiryl) amides
(LP-44, LP12 and LP211)38140  grylsulfonamides!*!*® 2-benzoxazolones and
benzothiazolone¥?  arylpyrroles!*>  oxindoles!*® indoles!®  hydantoin$®!  and
quinazolinone¥2%3 (Figure 10.

OEor O oD OO

5-HT7 K;=0.79 nM 5-HT; K;= 63 nM 5-HT; Ki=5.1 nM

B0 oo O o040

5-HT7 Kj= 29 nM

Q;ilﬂ 0.99 nM 5-HT7 IC50= 12 nM
OH o N-0

| N/} OMe / Q MeO

N K/N N//\N Y N/\\

~ - J =

5-HT; K= 4.5 nM 5-HT7 Kj=2.93 nM 5-HT; K= 4.7 nM
MeO
A Is, @fiv“
Z N/\/\/ Y oH ﬁN
OEt 5-HT7 K;= 51 nM 5-HT7 IC50= 12 nM 5 HT; K= 3 0nM

Figure 10: Structures of reported LCAPs with their respectiverkCso towards the 81T
receptor

The binding mode of LCAPBas been egnsively studied using several series of compounds,
some of which have been reviewed recettlyn general, LCAPs are either inverse agonists or
antagonist of 81T, but there are some table exceptions. As noted irable 2, LP44, LR12,
and LR221 are5-HT; agonists:8139140 The |arge number of potent LCARHSI; antagonists

prompted the development of pharmacophore models capable of repredbatiagtagonist
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binding modé&>®%® Homology models have also been developed to show the binding mode of
known LCAP antagonist$’!%® As discussed above, there is wide structural diversity between
series of LCAPs. As a result, the amino acids that differessetaof LCAPs interact with vary

from series to series. In spite of these differences, a general pharmacophore moddTfor 5
antagonist biding has been proposed (Figurg.Ilhe model waproposed by Bielenicet. al. and
proposes a binding pocket wighkey interaction with Asp 162*All LCAP 5-HT7 binders form a

salt bridge between the basic nitrogen of the piperazine ring and Asp 162. This interaction is a
critical docking point for both agonists and agunists. Additional features for the antagonist
binding mode included a hydrophobic/aromatic pocket that is filled by the adjacent aryl ring of the
piperazine core (HYD/AJ. It is hypothesized that this pocket contains aromatic residues, such as
Phe 158,capable of forming favorable binding interactions with the aryl piperazine. Another
hydrophobic/aromatic pocket is located distal to the piperazine core (HY)D/Ahis region can
interact with the bulky aromatic moiety if the linker chain is long enaagtiiow access while still
maintaining the key salt bridge with Asp 162. This pocket also contains serine and threonine
residues (Ser 243 and Thr 244) capable of formingos@t with a ligand. This may exph why
compounds described imalble 2 containg carbonyl or another-Hond acceptofeature in their

bulky aromatiogroup. This pocket also contains hydrophobic and aromatic residues for additional

p-p stacking and van der Waals interactions.

er 243, Thr 244
HBA R

Bulky

aromatic
group

Phenyl or
Hetero-
aromatic

Aspl62
b Cavpias)

Figure 11: Pharmacophore for-BT7 antayonism (adapted from Bielenica et.'&)
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Separately, a pharmacophore model of théT5 agonistbinding mode was developed by E.
SVermeulenret. al. using 20 81T agonists (Figure )2Their model suggests that agonists of this
receptor should contain an aromatic hydrophobic region (HYD1), a hydrogen bond acceptor region
(HBA) and a protonated nitgen (PN+) capable of forming an electrostatic interaction.
Interestingly they noted that the presence of a second aromatic region (HYD2) appropriately
placedrelativeto HYD1 could compensate for the absence of the HBA. It is also important to note
thatwhile the training set for this model included arylpiperazines, it did not include LGAP,5
agonist such as P2, LP44 and LP211**° It is, therefore unclear as tavhetheror not this

pharmacophorenodel isrelevantto the LCAP class.

PN*

HBA

HYDI

HYD2
Figure 12 Pharmacophortor 5-HT; agonism®

2.5Effects on dher Neurotransmitters
It is well known that the serotonergic system is in crosstalk with other neurotranstffitters.
These effects are attributed to interactions witHT5receptors on botkerotonergicand non
serotonergimeuronsThe 5HT; receptor plgs a role in this crosstalk as a result okitpression
in variety of locations such aserotonergicneurons, gammaminobutyric acid (GABA)
interneurons and glutamate terminals, where they influence dopamine, GABA and glutamate

neurotransmissiotf!
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Evidence has linked BT~ activity with the proliferation and firing of dopamine neurons. In
cell aggregates obtained from rat mesencephalic precursors, treatment Wi@9&S®, a potent
and selective T, antagonist (&ible 2), increased the generation of almmergic cell$5?
Furthermore, it was concluded that activation-6f & located orserotonergicmeurons, induces a
decrease in the generation of dopaminergic neurons. In addition, blockaddTefvith SB-
269970 increased dopamine levels in rat preftamaex?®In contrast, administration of another
5-HT7 antagonist, DRI004, did not affect dopamine levels in mouse brain regions but decreased
dopamine turnover in the amygdaf4DR-4004 has relative high affinity forddeceptorsKi=39.8
nM) and exhiliis functional activity at this receptor, which may be responsible for this
contradictory effect!®® Lastly, antagonism of -BiT; does not alter spontaneous activity of
dopamine neurons, but does prevent amphetaméheed inhibition of dopamine neuronairiig
in the ventral tegmental area of r&s.

The influence of 8HT7 on GABAergic signaling is complex. Evidence suggests the effect of 5
HT- activation on GABAergic signaling dependentipon the neuronal area being surveyed. To
date, 5HT, mediated GABArgic effects have been reported in four different neuronal locations:
the suprachiasmatic nucleus, globus pallidus, hippocampus and dorsal raphe nucleun(fbBN).
suprachiasmatic nucletgtimulation of 5SHT decreases local GAB#ansmissiort®” The opposite
is true in the globus pallidushere increased-BT7 activity enhances local GABA transmissitsf.
Moreover, 5HT; activation in the hippocampus enhances GABAetgamsmission via two
different mechanisms. The first is mediated by presynapitTh resulting in excitatory
glutamatergic input to GABAergic interneurons. The second is facilitated Hby;3ocated on
GABA interneurons resulting in their release of GABAIn contrast, 8HT; located on GABA
interneurons in the DRN appear to inhibit théease of GABA. In the DRN, GABAergic
interneurons inhibit neuronal serotonergic activity, therefdfd bactivation results in a reduction

in inhibitory tone on serotonergic neurons. This is interesting as evidence suggests that serotonergic
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neurons in th DRN do not expressiBT-, yet their activity at GABAergic interneurons can alter
serotonergic signalint!

Similarly, the effect BHT; hason glutamatergic transmission is location dependenthe
hippocampus, activation of BT~ increases the firing of glutamatergic neurdfig\s noted above,
this effect was attributed to the enhancement of GABAergic transmission followitg; 5
activation. Stimulation of hippocampalbT; at the postsynaptic level esniices AMPAmediated
transmission through phosphorylation of the GIuA1 AMPA receptor subtitfit.In addition,
glutamatergic transmission is enhanced HyTs activation in the medial prefrontal and visual
cortexes.’3174 Although single administration of thelsctive 5HT> antagonist SB69970 does
not attenuate glutamatergic transmission in the frontal cortex, repeated dosing induces a strong
reduction in the mean frequency of glutaratediated, spontaneous excitatory postsynaptic
currentst’® Further, 53HT; antagonism decreased MBO1 (Figure 13) induced glutamate release
in the prefrontal cortex (MK301 is a potent, neoompetitive antagonist of the Methyl-D-
aspartate (NMDA) receptQrt’® Conversely, 84T activation inhibits glutamate release in the

midbrain raphe nucléi’ and reverses NMDA receptarediated longerm depression in medial

Qo

In summary, the pharmacological influence oH®b; extends beyond that observed in

vestibular neuron¥®

Figure 13: MK-801

serotonergic neurotransmission:H3; ligands can effect dopamin€&ABA and glutamate
neurotransmission and the observed pharmacological outcomes may be the result of this action on

nonserotonergisystems.
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CHAPTER 3

PHYSIOLOGICAL FUNCTI ON AND THERAPEUTIC P OTENTIAL OF 5-HT~
RECEPTORS

This chaptemwill describehevarious physiological functionsf the 5-HT7 receptor as well as,

the therapeutic potentiaf targeting this receptor inraumberof disorders and disease states.

3.1Circadian Rhythm and Seep

One of the first physiological functions attributed té1%; was the regulation of circadian
rhythm, otherwise known as the internal mammalian clock. This internal clock controls the balance
of sleepiness and wakefulness over &@dr period and can be influenced by external stimuli such
as light (photic) or phracological substances (rphotic)1’® The mammalian circadian clock is
located is the suprachiasmatic nuclei (SCN) region of the brain-&i¢ & found in this are#&°
5-HT agonists, such as@H-DPAT, have been shown to induce phase shifts within tie 8Gor
to the discovery of 51T, 8 OH-DPAT was thought to be a selectivéid 1, agonist, thus leading
to conclusions that-BIT14 was involved in the regulation of circadian rhythm. It was later
determined that-®H-DPAT has moderate binding affinity f6fHT-, opening the possibility that
5-HT~ could be responsible for its phase shifting activity. Lovenberg et. al. demonstrated that this
was indeed the case in rat SCN slit&Specifically,pindolol (Figurel4), a high affinity 53HT1a
antagonist with low affinity for 81T, did not attenuate the action ofC3H-DPAT. Further,

ritanserin (Figure 14 a 5HT; antagonist with low affinity for 84T1a, blocked the phase shifting

F
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O\)\/N\‘/ N N N —
s
HN // Pindolol K/N o Ritanserin Q
F

Figure 14: Pindolol and Ritanserin
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effect of 80OH-DPAT. This data indiates that ®H-DPATO0s ef f ect s-Hekand medi
not 5HT1a as previously thought.

Since this initial discovery that-BT; has a role in circadian rhythm, numerous studies have
been conducted using eit@HT-") mice or selective H1T7 modulatas. In agreement with the
conclusion presented by Lovenberg et. al., the selectid@-5antagonists S2699708, DR-
4004%2and JNJ1803868%all block the phase shifting effects ofH-DPAT. In addition, JNJ
1803863 attenuates phase delays and blpicaseadvances induced by photic stimtffiFurther,

Gardani et. al. demonstrated a significant difference in photic induced phase resetting and a lack of
a 80OH-DPAT response irb-HT+") micel®  Selective S8HT; agonists can also influence
disruptions in circadian rhythms. Specifically,-RR1 induced phase advancement in mice leading

to onset of activity 6 hours earlier in treated mice versus control arfithAlditionally, AS-19, a

5-HT?7 partial agonist, causezhanges to the expression levels of PER2, a protein involved in the
regulation of circadian rhythms; an effect that was blocked b &®70'8°

Given its involvement in circadian rhythms, it is not surprising tHdi% plays a role in sleep
regulation. Hhwever, its influence on sleep regulation is complex with either blockade or activation
of the receptor leading to suppression of rapid eye movements sleep (REMS). Initially, Hagen et.
al. demonstrated that rats systemically administrated the seledtile &ntagonist SB69970
experienced an increased latency in the onset of REMS and a reduction in the total amount of time
spent in REMS?®’ Follow-up studies utilizing the selectiveHbT; antagonists SB56104% and
DR-4004®%° verified these effects. The inhibry effects of SHT; blockade on REMS was further
supported by studies with JIN.8038683%*° and5-HT-"”) mice*°Hedlund et. al. demonstrated that
5-HT/") mice spent less time in REMS overall, and theieplpatterns were characterized by less
frequent, but longer, periods of REMS. Moreover, studies usingl8B38683 demonstrated
translation from rodents to humans. Oral administration of-1BQB8683 to healthy human

volunteers prolonged REMS latency aiediuced the time spent in REMS. It is important to note
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that either pharmacological or genetic blockade-bfT5 did not significantly affect either slow
wavesleep (SWS) or wakefulness (W).

The lack of thdypical activation/blockade interaction modelridicative of the complexity of
5-HT7 regulation of REMS. Specifically, systemic administration of tHdT5 agonist LF211
produced the same reduction in REMS as seen with administration of antagonists. However, unlike
antagonists, LR211 induced a signifant increase in wakefulne¥8 Further, microinjection of the
5-HT7 antagonist SE269970 into the laterodorsal tegmental (LDT) increased REMS time in rats.
This result is in direct contrast to effects observed when this compound is delivered either
systematically or microinjected directly to other parts of the CNS. It is possible that this is occurring
as a result of the interplay of GABAergic interneurons, serotonergic and cholinergic nétirons.
Briefly, 5-HT7agonists can produce inhibition of REMS \h& tactivation of 8HT7 on GABAergic
interneurons, thereby inhibiting REMSomoting cholinergic cells in the LDT/PPT
(pedunculopontine tegmental) nuclei. On the other haihtll Amediated blockade of GABAergic
interneurons would disinhibit synaptically cwetted SHT neurons. This would increase thél%
concentration at postsynaptic sites and lead to the inhibition of Ribt8oting cholinergic cells
via 5HT1a1e autoreceptors. These mechanisms could be site specific, which could explain the
effects obsered with the microinjection of SB699770 into the LDT. Overall-BT7hasproven
to be a key player in the regulation of circadian rhythms and the sleep/wake cycle (specifically
REMS). Disruption of these physiological processes has been linked to psydismrders such
as depression, and as a resdfi sy modulators have been examined as poteatiilepressants

(see below).

3.2Depression
It is well known that the majority of clinically classified antidepressants affect parameters of

the sleepvake cycle and circadian rhythms, specifically by increasing the latency of and
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suppressing REM&?2 This overlap in pharmacology led investigators to evaluate the impact of
antagonizing 84T in in vivo models of depression. The forced swim test (FST) andaihe
suspension test (TST) are behavioral models that are routinely used to evaluate potential
antidepressant agerif$. Briefly, rodents are exposed to shtetm stressful situations, and
reduction of immobility induced by tesbmpoundsn the assay corlaes to the induction of
antidepressant effects in humans. InterestirightT-("? mice exhibit reduced immobility times in
both the FST and the TS These findings stimulated further research intqtigrmacological
blockade of EHT-in these assayfheselective BHT; antagonistSB-269970 and JN18038683

have been shown to induce antidepressdike activity. SB269970 induced a reduction in
immobility time in both the FST and thEST in mice andrats®®%61%7 Similar results were
observed in the TST model when mice were treated witHLB838683 (corresponding rat studies
have not been reportetff.More reently, a series of potemtrylsulfonamide 84T, antagonists

were shown to possess antidepressant properties in both of the afaveswmtiouse models
(Figure 15.1%In addition, SB269970 demonstrated a significantly faster antidepressant response
in olfadory bulbectomized rats when comparedltoxetine(Figure 1§, a commonly prescribed
serotonin selective reuptake inhibitor (SSRY)This discovery is important because one of the

main issues with current SSRIs is their {ateset of therapeutic efficgc
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Figure 15: Arylsulfonamides 84T~

The potential therapeutic utility ofHT7 modulationin depression was further supported by
results suggesting that thentidepressant effects of the antidepres$&ntiesipramine and
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reboxetine and the antipsychotics aripipraZ8ldurasidon&* and amisulprid®? involve 5HT-

Figure 16: Fluoxetine

(Figure 173. Although some do not directly bind teHbl'7, the reduction in immobility time that
these compounds induce in wilghe mice is absent BHT-") mice. Moreover, syneistic effects
between EHT; antagonists and antidepressant drugs have been reporteebff&iive
concentrations of SB69970, for example, have been shown to augment tharantbility action
of subeffective doses of desipramine?®®2%? citaloprami®200203 jmipraming®32%® and
moclobemide (Figure 37%in the FST and the TST. Similarly, a combination of-sffitacious
doses of citalopram and J48038683 displayed aynergistic effecresulting in a significant
reduction in immobility time in the TST in mi¢& To date, JN<L8038683 is the only selective 5
HT7 antagonist to reach clinical trials, where it is being evaluated for the geathmoderate to
serve depressiétt and depressive symptoms in bipolar disorfer.

Although 5HT7 agonists have been shown to suppress REMS, similar to antagonists, studies of
selective BHT; agonists in mdels of depression have not been reported. However, the selective 5
HT-agonist AS19 was recently assessed to determine if it possesses antidedikssfdcts in
Par ki ns o rméseciatedi depeeasore In these studieshgdfoxydopamine (&HDA)-
induced Parkinsonds disease rat model-19was ut il
the 5HT7 antagonist SE269970 into the brain was evaluated in the FST. Specifically, when 6
OHDA induced lesions were localized to the medial prefrontakegoand test compound was
injected to this region, A39 displayed antilepressant effects while #9970 augmented
depressivdike activity.2% Surprisingly, when the lesion and injection site were changed to the

lateral habenular nucleus, the results wewerted; SB269970 displayed antidepressant activity
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while AS-19 increased immobility tim&8 Additional studies are required in order to explain the
injury site dependence on the activity 6H37 agonists and antagonists in the FST. Overall, the

therageutic potential of selectiveBT7agonists for the treatment of depression remains unknown.
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Figure 17: FDA approved antidepssants and antipsychotics

3.3Thermoregulation
It is well known that 84T is involved in the regulation of body temperature. Specifically,

agonists such as3T, 5-CT and 80H-DPAT all induce hypothermia is a wide range of speties.
Prior to the discovery of-BiT;, 5HT mediated thermoregulation was believed to be primarily
facilitated via 53HT14 as both BCT and 80H-DPAT are 5HT1a agonistsHowever, these agonists
also potently bind to biT7, raising thepossibility that 5HT; may play a role in hypothermia
induction. Hagan et. al. were the first to establish the association betwierabd SHT induced
hypothermia by demonstrating thaB-269970 attenuates the reduction in body temperature
induced by 5CT in guineapigs (SB266970 is highly selective for-AT; over 5HT14).2°" In a

similar manner, the highly selectivetbl'; antagonist SE556104 produced the same reversal of
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the hypothermieffect of 5CT.1®Moreover,5-HT-") mice lacked a hypothermic response when
administered 81T or 5CT 2982% |t js worth noting that WAY100635 (5HT 1 antagonist, Figure
18) and GR127935 (5HTigp antagonig Figure 18 were unable to block the effects ofCH,

suggesting aredominantole for 5HT7 in 5-CT induced hypothermi&?®
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Figure 18: WAY -100635 (5HT14 antagonist)GR-127935 (5HT1g/p antagonist)

When investigating ®©H-DPAT induced hypothermia, Hedlund et. demonstratedhat
WAY -1000635 was capable of diminishing the effects - @HBDPAT at all doses tested. SB
269970, on the other hand, was only able to block the hypothermic response in rodents administered
with a low dose of ®H-DPAT. Further low doses of-8H-DPAT wereineffective in 5HT~
knock-out mice, but not at higher doses. These findings suggestihiBtdnd 5HT14 both play a
role in thermoregulatioft?

More recently, selective -BT; agonists have been tested for their ability to induce a
hypothermic responsdntracereboventricular injection of the-Hbl; agonist LP44 induced
hypothermia in mice, an effect that was successfully blocked by -HH&;&ntagonist SB
269970%!! Similarly, the 5HT7 agonist LP211 was able to reduce the body temperature of wild
type mie (attenuated by SB69970) but not T+ knockout mice?'? It has also been suggested
that 5HT; in the anteroventral preoptic region (AVPQO) are believed to be at least partially

responsible for hypoxianduced hypothermi#3

3.4 Anxiety
Studies focusedn establishing a relationship betweehls; and modulation of anxietijke

behavior have produced inconsistent results. Early studies demonstrated a lack of anxiolytic effects
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in 5-HT/") mice, particularly in the light/dark transt& and elevated plusnaze test$®®
Specifically, genetic inactivation ofEdT~ did not increase the amount of time mice spent in a light
compartment compared to a dark one, nor did they spend more time in an open elevated arm
compared to a closed off arm. Conversdlye 5HT7 antagonist SB69970 exhibits anxiolytic
properties is a battery of assays sensitive to anxiety statesperitoneabdministration of SB

269970 increased the time rats spent in the open arms duringthtedlplus maze te'st.Further,

this compound also induced an increase in the number of punished crossings inpleddast®

When administered both sgshatically and intrahippocampally, S89970 increased the number

of accepted shocks in the Vogel conflict drinking %51t is important to note that the dose
response curve for SB69970 in these assagsnerally were kshaped and the responses were not

as pronounced compared to the clinically classified anxiahjgizepam (Fjure 19. More recently,

novel selective 1T7 antagonists from a sesef arylsulfonamides (Figure 1produced similar
resultsin the fourplate test when compared to -8B9970 and diazepatff. Overall, these results
suggest that partial blockade o7 activity, rather than complete inactivation, is a plausible
route for the treatnme of anxietyrelated disorders. Interestingly, both-889970 treated mice and
5-HT+") mice displayed anxiolytic properties in the marble burying?€3this test monitors the
number of marbles buried by mice, a behavior related to both anxiety aeskiesompulsive
disorder. Both genetic and pharmacological blockadetdT oresulted in a reduction in the number

of buried marbles. These results, when combined with the results of the previous models, indicate

that the extent of BT inactivation rguired for anxiolytic effects depesdn the model utilized.
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Figure 19: Diazepam

The selective 31T agonist LP211 has also been reported to display anxiolytic properties, and

is an illustration of the complexity of the relationship betwed#iTs and anxietylike behavior.
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Specifically, mice treated with P11 spent more time in aversive lit chambers in both the black
white box and darkight transfer tests compared to untreated rHitEurther, adult mice that were
chronically treated with LP211 during adolescence demonstrated a reduction in afikiety
behavior during the daslight transfer test!’ Collectively, these results suggest that b, agonists
and antagonists may act on independent pathways that result in theatdteof anxietylike
behavior. Additional research will be required to further elucidate the role of this receptor in
anxiety.
3.5 Stress and Endocrine Dysregulation

As with anxiety, stress has been implicated in the development of depression listaet sl
Given the role of 84T; in symptoms of depression it is not surprising that evidence suggests an
influence on streselated responses and disorders. In particutadT Bblockade has been shown
to attenuate various stresgluced phenomena. Misgibmitted to the contextual feeonditioning
test, for example, tend to undergo strieshiced defecation. It was recently demonstrated that the
5-HT7 antagonist SB69970 decreased the amount of feces produced by rats subjected to these
conditions whercompared to untreated ra&t8.Further, restrainrinduced stress causes specific
long-lasting cognitive deficits in rats, as indicated by impairments during the dktransional
(ED) portion of the attentional sehifting task (ASTY!® Additionally, restrant-induced stress
results in the reduction of lortgrm potentiation (LTP) in rat frontal corté¥Both of these stress
induced effects were attenuated by administration oc2687022022! Stress is also knowto
induce analgesia which can be designated as either the opioid-opiodhtype. As indicated by
the taillick and hot plate tests, SB69970 blocked both opioid and ropioid stressnduced
analgesi&? These findings suggest that is involved in physiological responses prompted

from stressful situations.
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Separately, it is well known that some stresdated disorders are linked to endocrine
dysregulation as a result of chronic activation of the hypothalpimitary-adrenal (HPA) axis,
the pimary stressesponsive systedt® Moreover, recent results have suggested that excessive
secretion of stress mediators through chronic activatistheoHPA axis is mediated ByHT,.2%
Garcialnglesia et. al demonstrated that rats submitted to acuteanestexhibited increased
secretion of corticosterone (CORT) and adrenocorticotropic hormone (ACTH). Interestingly, this
effect was attenuated when rats were pretreated wit6S6804, a selective-BT, antagonist.
Conversely, when rats were preconditioneith chronic restraint (20 min/day for 14 days) the
effect of acute restraint changed. Specifically the increased in ACTH secretion was not observed,
but the increase in CORT secretion was magnified. This is indicative of endocrine dysregulation as
a resul of chronic stress. Under these chronic stress condition656B04 inhibited the sensitized
CORT response. Based on these findings it was hypothesized that the observed endocrine
dysregulation was a result of an increase in function and/or expressieHTfin the adrenal
cortex of chronically stressed rat8 This hypothesis is supported by the observation tHaT 5
mRNA expression was increased in the hippocampus of rats exposed to acyté stres®as in
rats submitted to chronic unpredictableldnstress this increase was observed in both the
hippocampus and the hypothalamtiszurther, repeated CORT administration has been used as a
model to study depression related stress. Tokarski et. al. demonstrated that the actiify; of 5
was increasechithe CA3 hippocampus in rats that were administered repetitive doses of CORT
for up to 7 and 21 daysé® This suggests an increase i¥H% function as aresult of stressful
conditions.

The 5HT7 receptor has been implicated in other endocrine dysregutatated disorders such
as ACTHindependent macronodular adrenal hyperplasias (AIMAHS) causing Cushing syndrome.
Cushing syndrome is the result of increased secretion of cortisol via illegitimate GPCRs (including

5-HT receptors). In adrenal hyperplasiastis, 53HT- blockade significantly attenuated theH3
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mediated increase of cortisol, while no effect was observed in normal adrenal glantttiEisese
findings support the concept of an involvement-#f5; in AIMAHs causing Cushing syndrome.

Most recatly, Takeda et. al. identified a relationship betweedT5 activation and stress
adaptatiort?°In this study, a single exposure to 60 minutes of restraint stress caused a reduction in
the headlipping response in the hemard test. Further, this respensas attenuated when the
mice were restrained for 60 min/day for 14 days, suggestive of stress adaptation. Interestingly, mice
restrained for 240 min/day for 14 days did not develop stress adaptation and displayed a reduction
in headdipping behavior. Thee mice were labeled stresmladaptive. The frontal cortex and
hippocampus of stresglaptive mice exhibited increases Hi%; protein expression and ERK
phosphorylation, an effect not observed in straatadaptive mice. It was therefore postulated that
administration of a selective-l3T; agonist could address stremaptation in mice submitted to
stressmaladaptive conditions. This was indeed the case, as chronic treatment witiHihe 5
agonist LP12 attenuated the reduction in the hegapbing respose of mice restrained for 240

min/day for 14 days.

3.6 Learning and Memory

Significant research efforts have been focused on elucidating the rotelDf i cognitive
function. These efforts were preceded by evidence thilt;5s expressed in numersuegions of
the brain known to facilitate learning and memory, including the hippocath@pecifically,
variousin vivo rodent models have been employed to probe different aspects of cognition. In
general,hese models are designed to distinguish the functional influence of a biochemical pathway
on a specific type of learning and memory (spatial, emotional, etc.). Given the intricacy of cognitive
processes, it should not be surprising that the roletét5is complex and studies have produced
contradictory results. Many of the mixed results could be attributed to differences in behavioral

tests, doses, test compounds employed, dosing schedules, and routes of admidistration.
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Hypotheses based on cellular metba have been proposed in an effort to explain many of the
reported discrepancies. These hypotheses have been extensively discussed in recent review articles.
232233234 Herein, the effect of either genetic inactivation or pharmacological inactivation/stionulat

of 5-HT7 on various animal models of cognition is discussed.

Roberts et. al. initially laid the ground work for cognitifmeused research orHbT7.2%In these
studies, BHT+") mice were subjected toveide variety of behavioral models aimed at detecting
cognitive improvements or impairments. Preliminary studies demonstrated-tigt’3 mice
displayed normal visual and locomotactivity, balance and motor learning ability compared to
normal mice. Thse findings indicate that the aforementioned attributes are not a factor in changes
to cognitive function in 8HT-) mice. Further, these mice exhibited normal activity in the cued
fear conditioning, operant food conditioning, rotarod and Barnes rasize However, significant
impairments were observed in the contextual fear conditioning test. In this test, animals learn to
associate a certain environment (context) with an aversive stimulus (shock). Successful learning is
demonstrated via increaseddeéng behavior upon entrance into the environments associated with
the aversive stimulus. It is important to note th&tT-"? mice did not display impairment in the
cued fear conditioning test, where the conditioned context is changed to a conditiondds
such as a tone. It was suggested thefT may be associated with contextual hippocampus
dependent learning. The observation th&tT-) mice exhibited decreased lotgym synaptic
plasticity within the hippocampus, specifically the CAL regie supportive of this hypothesis.

Separately, receptors involved in the consolidation of fear memory are potential targets for the
treatment of fear related disorders such as posttraumatic stress disorder #PESBits to
understand the impact ofHT; stimulation/inactivation on fear memory have been reported
recently. As seen in thel3T-) mice, microinjections of the-BT- antagonist SB269970 into the
ventral hippocampus of rats induced a significant reduction in freezing behavior in teetgaint

fear condition test when compared to control f&tdloreover, administration of SB69970 had
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no effect on rats submitted to the elevated plus maze test suggestingHhatrdgulates fear
memory retieval with no effect on memospndependent fear activity. Another selectivéid;
antagonist, DRI004 displayed similar results, where systematic administration decreased freezing
behavior in mice during both tone and contextual fear conditioning?téstkis is the first
indication of a role for 84T7 in tonedependent fear memory, where previousii B mice
exhibited normh behavior in the cudear test* In contrast, Schmidt et. al. reported that
microinjection of SB269970 to the CA1 region of the dorsal hippocampus facilitated both the
consolidation and reconsolidation of fear menm@hEurther, direct injection of the-HT; agonist

LP-44 to the ventral hippocampus enhanced merdependent fear exmsiorf'8, whereas
microinjection of the 84Tz agonist AS19 to the CA1 region of the dorsal hippocampus had no
effect on freezing behavid#’ This suggests that reanisms involving fear memory aneHd;

are location dependent. In support of this claim, ERK activity was shown to increase in both the
amygdala and hippocampus following test sessions. TH&;mntagonist DRI004 blocked this
increase in the amygdalaitbenhanced it in the hippocamgéfsin the CA3 region of the ventral
hippocampus, it was proposed that activation 41T enhances the sensitivity to inputs and
facilitates the retrieval of fear memory and this mechanismeadiated via hyperpolarization
activated cyclic nucleotide 2 and 4 chanriéls.

The passive avoidance test, like fear conditioning, is also employed to determine the impact of
pharmacological agents on feaemory?® During this assay, test animals are placed in a lit
chamber that is connected to a dark chamber via a small entry way. Rodents normally prefer the
dark chamber as indicated by a short latency of passage from the lit to dark chamber. In this model,
however, rodents are trained to associate the dark chamber with a mild shock, and during test
sessions an increase in the latency of entry to the dark chamber is observed and considered learned
behavior. The 81T1a7agonist 80OH-DPAT has been shown togatuce amnesic effects on mice

submitted to the passive avoidance test suggesting a possible roteiTorr® Eriksson et. al.
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demonstrated that a combination of thel'B; antagonist SB269970 and ®H-DPAT intensified

the amnesia induced by®@H-DPAT alone?*® The authors suggested tha©O8-DP AT 6s negat i v
impact on the passive avoidance test was mediated by activatiotH®dfa5and that SHT~
stimulation counteracted these effects. This hypothesis is sugyrtthe observation that when
8-OH-DPAT and NAD299 (a selective-5iT1a antagonist, Figure J@vere administered together,
performance was increased; an effect also seen wistdiginistration of the SSRI fluoxetine and
NAD-2992%° |In both cases, the faddition of fear memory was blocked by 2B9970. It was
proposed that, whenlTix is blocked, increased3T7 activation via 8OH-DPAT or the SSRI
enhanced memory. Interestingly, 8B9970 (unless under suboptimal learning conditions) and the
5-HT7 agoniss AS19 and LP44 had no effect in the passive avoidance test when administered
alone?*®Nevertheless, the evidence supports a key role-FF&n the consolidation and retrieval

of fear memory.

Figure 20: NAD-299

Evidencehas also suggested a pivotal role faib; in novel object/location seeking behavior.
Sarkisyan et. al.. for example, demonstrated tH4T5”) mice were impaired in the novel location
(NLR), but not the novel object (NOR), recognition t&&t5-HT-?) mice were unable to
distinguish a novel environment from a previously explored familiar one. This effect was replicated
in normal mice via administration of thetbl'z antagonist SB69970. Similar to both fear models
described above, the novel locati@eognition test involves hippocampus dependent learning, and
these findings suggest a critical role fed%~ in cognitive processes regulated by the hippocampus.

In contrast to the findings by Sarkisyan et. al., however, other research teams have tiegiorted
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targeting 5HT7 has an impact on the results of NOR tests. Specifically, Waters, et. al. demonstrated
that a temporal deficit can be induced in mice during the NOR test if artriafranterval of 24

hrs is applied??It is well known that the timperiod (intettrial interval) utilized between training

and test sessions can have a significant impact on the behavior being observed. This temporal
deficit was reversed with a 30 mg/kg dose ofZE®970, which correlates to a brain concentration

of 0.89uM. In contrastwhen SB269970 is administered after the acquisition trial (training), with

a 2 hour intrérial interval, impairment in recognition was observed during the retention sé&sion.

In addition, with a 4 hour intrtrial interval, 5CT inducedan increase in object recognition. This
effect was blocked by SB69970 but not by antagonists 614, 5-HT1gs 0r5-HT1p suggesting
5CTb6s precognitive e fHT;eMostgecently, rthe effectscof thetberd by 5
agonist LP211 in the novepreference test were explor&din this model, LP211 prompted an
improvement in the consolidation of chamisbape memory that the authors suggested was
representative of information inherent to spatial environments. These results suggest a potential
rolefor 5-HT> in the consolidation, or recall, of recognition memory.

Studies by Ballaz, et. al revealed a potential link betwellT-bexpression levels and novel
seeking behavior. Initially, rats were identified as either high (HR) or low (LRpreerg*® HR
displayed increased activity when placed into a novel environment, as well as increagadlidgug
and decreased anxieiite behavior compared to LR. An analysis 6H%7 expression levels
showed that in areas of information trafficking, lsus thehalano-cortical projection areas and
dorsal hippocampuss-HT7; mRNA levels were significantly lower in HR compared to LR. A
follow-up study demonstrated that in the NOR test, LR, but not HR, were able to discriminated an
old object from a novelr®e?*®l t was pr oposed -beatexpldtRidnsouldbec k o f
attributed to decreased expression levels #1T% This hypothesis was supported by the
observation that administration of S89970 (15 mg/kg) inhibited novebject exploration ihR,

such that theiperformancenas decreased to the same levels as untreated HR in the NOR test.
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These results not only support the role-¢1 B, in memory processes related to novelty recognition
but also raise the possibility that variation i, expression levels across test subjects, or species,
may be the causal factor leading to disparate results in the studiéfTehid cognition.

Some of the previously described models (contextual fear, NOL and-m@fetence test)
require spatial learningnd environmental awareness, but there are other models more suited to
determining the impact of pharmacological intervention on these aspéetsrongand memory.

The role of 5HT- in spatial memory and navigation were recently investigated in thedelst’
Specifically, the Barns maze is a useful test for monitoring impairments to spatial le&fritige

are placed on a circular platform that contains 20 holes around its perimeter, one of which leads to
an escape chamber. Mice are conditioned to quickly locate the escape hole so that they can avoid
aversive noise or bright light. Under classical conditi&rd T mice perform equally as well as

wild type mice?** However, under more sophisticated conditions where two additional trials are
added (probe and reversal sessiofs$);T-") mice exhibited poor performance compared to wild
type?*! In the probe andeversal session the escape box is removed or moved 180 degrees from
the original location, respectively. In these sessi6it$T ") mice spent more time in the quadrant
where the box was originally located. Furthermore, it was observe8-Hii?) mice exhibited
backtracking behavior, where when exploring the maze and reaching an area close to the starting
point, they would follow the initial route back to the location of the originally located escape box,
despite previously observing the box hasmmoved. This was attributed to reliance on egocentric
spati al me mor y ( me puositionyrelative to abjectdpmedifrom osteutraihir,

that was spared irs-HT-?) mice?** Moreover, it wa hypothesized that wild type mice
demonstrated improved performance due to their utilization of a search strategy that required
greater allocentric spatial processing. Si¢¢T-") mice appeared unable to employ this strategy,

it was concluded that-BT; may play a critical role in allocentric memory. Interestingly, the

expression of 81T~ in the hippocampal CA3 region, an area of the brain involved in allocentric
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navigation, has been shown to decrease with increasintj’aides suggests that the agsated
cognitive decline in the ability to use allocentric strategies could be attributed to decré#iBed 5
activity in this region of the brain. However, K. M. Franklin et. al. recently demonstrated that
hippocampal expression offbT7does not change with age but exhibit@tr rhythms, especially

in the CA1 region?® Additional research is required to determine the relationship betweldn 5
expression and agelated cognitive decline.

Results from &tudy involving the radial arm maze supported the conclusion that there is a role
for 5-HT> in allocentric spatial memory. This assay is able to probe both working and reference
memory. The maze contained 8 arms, all but one of which are open for acioesarévrained to
visit all 7 open arms without entering a previously visited arm (the working memory component).
In the reference memory component, the mice learn that the only arm that contains a reward is the
previously closed off arm. While adminidicn of the 5HT7 antagonist SB269970 had no effect
on working memory, it improved performance in reference memory by decreasing the number of
errors during that phase of the experinfétithese findings mirror 5T expression levels in two
key regions othe brain associated with reference and working memory. High concentratiens of 5
HT-are found in the hippocampus which plays a role in reference memory, while low levels are
found in the prefrontal cortex, an area of the brain that is involved with mgpnkiemory.
Interestingly, it was proposed that 2B9970 improved performance because it forced the rats to
utilize a more rigid, egocentric driven stratégyln addition, influences from allocentric driven
strategies, which were blocked by 89970, could interfere with performance. Thésdings
suggest a regulatory role fortbI'; in spatial learning.

The effect of targeting-BiT7 on instrumental conditioning has also been explored, particularly
employinga Pavlovian/instrumental autoshaping (P/IA) task assay. During this task, mice learn

that illumination of a lever will result in a food reward after a time period without action. However,
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if the lever is pressed before the end of the designated timed pthe food will be rewarded
immediately. Early lever presses are designated as a conditioned response (CR). An increase in
CR is indicative of an enhancement in learning. Unlike the passive avoidance@sDBAT
improved performance by increasing tamount of CR. This effect was reversed with co
administered of either SB69970 or DR4004 (both 8HT7 antagonists) suggesting that activation

of 5-HT7 improved memory consolidation during this tdZkAdministration of the 84T agonist

AS-19 increased # number of CR and enhanced learning, an effect that was blocked-by SB
269970, lendingfurther support for the role of-BT- in this instrumental conditioning
Interestingly, both 84T; agonists (LP211%°2 and AS19%) and antagonist® (SB-269970 and
DR-4004) attenuated the amnesic effects induced by scopolamine. This paradoxical result is not
uncommon as both-BT14agonists and antagonist also have antiamnesjepiies’*>2°! The P/IA

task assay can also be used to probe both-sdrant (STM) and longerm (LTM) memory,
depending on the length between training and gs@Essions (1.5 vs. 24 hr). Specifically,-AS
impaired STM®3, whereas LF211 had no effect on STKt* However, both ASL9 and LP211
improved performance during the LTM testing session. The effects-2lLkvere blocked by SB
269970, but caadministrationof AS-19 and SB269970 impaired LTM. Overall, studies in the

P/IA task assay are supportive of a role fdib; in memory consolidation, STM and LTM and

revealed potential antiamnesic properties-bfTy ligands.

As previously discussed, SB59970 was ablto attenuate the streisgluced cognitive deficits
in the extradimensionaportion of the AST. Results from this study also revealed that in unstressed
control rats, administration of SB59970 improved performance in the exdimensionaportion
of the AST??! Furthermore, this procognitive outcome could be replicated when-afficdicious
dose of SB269970 was cadministered with the SSREkcitalopran{Figure 23, which indicates

that there is a synergaffect. These results suggest thdi’b; may be involved in the regulation
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of cognitive flexibility in rats, which is the ability to shift or adapt cognitive processes in response

to changes in environments, conditions or associatféns.

Figure 21: Escitalopram

Despite the expénental evidence developed to date, the role-HfT% in cognitive processes
is not fully understood. It is clear, howevénat 5HT; modulats learning and memory, which
suggests that-BIT7 ligands have potential value as therapeutic agents for treatgmgtive deficit
disorders and disease states. Specifically, activatiortf-5produced positive results in a rat
model of hyperactivity and attention deficit disoré&rSubchronic administration of the-HT-
agonist LP211 to Naples High Excitability at s i mpr oved their perfor ma
The author attributed this effect to an enhancement in attention to spatial information and improved
hippocampal function. Cognitive dysfunction has also been associated with the
neurodevelopmental dister Rett syndrom®’ The MeCP2308 male mouse is routinely used to
model Rett syndrome and exhibit decreased performance in various models of anxiety, exploratory
behavior and cognitioff® LP-211 was able to restore performance of MeGP2 mice to wild
type standards in several models of cognition including a spatial novelty preference task, suggesting
an improvement in hippocampdependent cognitioft® Furthermore, it was concluded thatF;
may be involvedn higherorder learning (e.g., cognitive flexibility), an aspect that is reduced in
both autism spectrum disord&fand fragile X syndrom&? It has thereforéeen proposed that 5
HT- ligands could be potential treatment options for both of these corsfitfdn fact, LR211
was able to reverse excessive glutamate receptdiated LTD in Fmrl knoeckut mice, a mouse

model of fragile X syndrom#&?
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3.7 Schizophrenia

The hypothesis thatHT- plays a role in dtzophrenia dates back to the initial discovery that
several known antipsychotics have high affinity for this recelptdrurther, post mortem studies
indicated that the dorsolateral prefrontal cortex of schizophrenia [gagehibited decreased
expression levels of -BIT7.262 After this discovery, investigations into the impact oH%b;
antagonists on models of schizophrenia were conddttddthere are several pharmacological
mockls of chemicallyinduced behavioral changes that reflect certain aspects of schizoghtenia.
Amphetamine (Figure 32administration, for example, can be used to probe positive symptoms
(hyperactivity) of schizophrenia. On the other hand, NMi2&eptor antgonists (phencyclidine
(PCP), keamine and dizocilpine, Figure PRave proven more useful due to their ability to induce
behavioral changes that reflect both positive and negative (social withdrawal) symptoms, as well

as, cognitive dysfunctions associateith schizophrenia.

NH,
T O
Amphetamine

Phencyclidine (PCP)

Ketamine Dizocilpine

Figure 22: Pharmacological agents used to probe symptoms of schizophrémizvaoanimal
models

Induction of hyperactivity and prepulse inhibition (PPI) deficits of the startle reflex can be used
to probe the positive symptoms of schizophréffidttenuation of these behaviors is commonly
used to evaluate the amsychotic potetial of a certain compound or target. Interestingly,
ketamine, PCP, and amphetaminduced hyperactivity were all significantly reduced by the 5

HT; antagonist SB269970 in both rats and mié&2%>Moreover, 8-269970 successfully reversed
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amphetamingénduced PPI deficif&®but not those evoked by P&Pand ketaminé®’ This suggests

that 5HT; may be involved in the dopaminergic, but not the glutamatergic, compoheRt. In
contrast, another-BT; antagonist SB258741 was ineffective in the amphetambased model

but attenuated PCGiRduced PPI impairments in r&8. Further, 5-HT+") mice were less
susceptible to PPI disruption elicited by PCP compared to vkl ityice?®® These results indicate

that with respect to the dopaminergic (amphetamine) and glutamatergic (PCP) components of PPI,
the influence of 84T inactivation may depend on the test subject (wild type&neckout) and

the test compound employed (2B9970 vs. SB58741).

Probing negative symptoms of schizophrenia has proven to be a considerable challenge. The

majority of negative symptoms are unique to humanscandotbe replicated in animal mode¥s.

There are, however, a limited number of reports on efforts to examine the retlobh negative
symptoms, specifically those associated with social withdrawal. Ketamine induced social
withdrawal in ratsis significantly attenuated by treatment with -83899702%° This is in stark
contrastto the inability of another 6iT;a nt a g o n-R58#4 1% 0 ,amefoBate PCP induced
social withdrawal?®® There isalsoedience suggest i ng -sbchalattiondasmi sul p
mediated via inactivation of-BT7. Specifically, amisulpride (6iT7 K;=11.5 nM°, Figure 17
attenuates ketamirieduced social withdrawal in rats, aeffect that is blocked when €o
administrated with the-BT7 agonist AS1927° Consequently, these results demonstrate the anti
psychotic potential of BT antagonists in treating both positive and negative symptoms of
schizophrenia.

The cognitive deficitsassociated with schizophrenia are considered the more debilitating
symptoms and continue to be difficult to tré&tWhen examining a compon d 6s pot ent i a
treating thesdypes of symptons, models similar d those described in the previous section
(learning and memory) are applied but amnesia or learning deficits are induced with an NMDA

receptor antagonist. Compounds that reverse these effects are considered to have therapeutic
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potential. It has been recgntdlemonstratedhat intraprefrontatortexinfusion, but not systemic
administration, of SE269970 attenuates amnesia to STM evoked by ketamine in the P/IA task
assay’’! In the same assay, amnesia induced by dizocilpine was reversed with systemic
administation of 5HT; antagonist$® SB-269970 and DRI004, and agonist A$92°! As
previously stated, this effect is not uncommon as antiamnesic effects are rowgsuelated with
both agonists and antagonists efi%:. and 5HT7.23225! In contrast, the T antagonist SB
269970, but not the-BT7 agonist AS19, reversed ams@& elicited by PCP in the reversal learning
task assa¥’??’® These effects may depend on the model and amnesia inducing agent employed. In
the NOR assay, SB69970 increased performance in rats that were impaired by eithéf*BCP
ketamine?®® Further, dizocilpine induced deficits were blocked by HiT5 antagonist SE556104
in both the passive avoidance and Morris water maze?téstsd by SB269970 in the delayed
nonmatching to position task (DNMTP), a mddéworking memoryt’®Antagonist treatment also
alleviated ketaminénduced dysfunction of cognitive flexibility, as SH9970 improved
performance in the ED portion of the A&?More recently, BHT; antagonists have been explored
in the fivechoice serial reaction time task, a model in which induced deficits have been shown to
mirror various cognitive deficits displayed by schizophrenia patféhts. this task,SB-269970
ameliorated increases in impulsive action evoked by dizocifine.

Moreover, the procognitive effects of various antipsychotics may be mediated via inactivation
of 5-HT7. Specifically, AS19 blocked the improvements elicited by lurasidonrél{s K= 0.495
nM?"8 Figure 17 andamisulpride in the passive avoidafiéand NOR"*tasks when deficits were
induced by dizocilpine and PCP, respectively. Furthermore, in the NOR task when amnesia was
induced by PCPa synergetic effect was observed whkahefficaciousdoses of SB69970 were
co-administeredvith lurasidone or amisulpricé?

Pituitary adenylate cyclasgetivating polypeptide (PACAP) mice are considesedenetic

experimental model for psychiatric disorders and can be used to probe psychomotor and cognitive
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deficits associated with schizophreffid.Specifically these mice exhibit abnormal jumping
behavior, longer immobility in the FST and impaired perfanoe in the Ymaze test. Interestingly,
SB-269970 administration was effective in reversing or suppressing all three of these observed
behavioral abnormalities. Isummary 5-HT; antagonists represent a promising strategy for
treating the various symptomsnd dysfunctions associated with schizophrenia, as well as,
enhancing the effects of established antipsychotics.
3.8 Epilepsy

The first indication that 5T+ could be a potential target for the treatment of epilepsy occurred
before the development of setive 5HT~ ligands. Bourson et. al. investigated whether there was
a correlation between the binding affinity of 8 remlective BHT7 antagonists and theiin vivo
potency towards inhibiting audiogenic seizures in DBA/2J ificEhis study concluded thttere
was a correlation, thus suggesting that selecttAT bantagonists could exhib#nticonvulsant
properties. In line with this conclusion, theHF 7 antagonist SB258719 significantly decreased
spontaneous epileptic activity in WAG/RIj rats, a mofielabsence epileps? Further, 5HT-
antagonist SE269970 was able to attenuate the number of seizures in a rat model of pilecarpine
induced temporal lobe epilepsy, whereas administration of-th&;Rgonist AS19 significantly
increased epileptic actty.?3An analysis of BHT7 expression levels demonstrated that brain tissue
extracted from rats examined in the pilocargiméuced temporal lobe epilepsy model and human
patients with intractable epilepsy had increased levelstif BmRNA and staining,aspectively,
compared to normal subjects. ThereforelB; may have a role in the pathogenesis of temporal
lobe epilepsy. It has also been suggested tHdTbmay be involved in toniclonic seizure
induced antinociceptiof¥* Specifically, microinjetion of methiothepin (Figure 33nto the dorsal

raphe nucleus of rats antagonized teslamic seizurdnduced antinociception. However,
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methiothepin is a negelective 8HT7 antagonist. As such, further studies using selectita b

ligands are required in @er to clarify whether or not this effect is mediated specifically-byi'a

(0

In contrast to these resulBericic et. al. suggested that activation-t1B; had positive effects

Figure 23: Methiothepin

on epileptic activity’® In a model of generalized convulsive epilepsy theshold for picrotoxin
induced seizures is increased in stressed mice compared to unstressed mice. Alth26@H79B

had no effect on epileptic activity evoked by picrotoxi#€ b displayed anticonvulsant activity in
both stressed and unstressed micetddver, the effects of6T were blocked by SR69970 but

not WAY-100635 (5HT1a antagonist, Figure 18n stressed mice. This suggests that activation of
5-HT; by 5CT resulted in the attenuation of convulsant activity elicited by picrotoxin.
Furthermoe, 5HT+) mice displayed decreased thresholds for tonic, but not clonic, seizures
induced by electrical stimulation compared to wilge mice?® Also the nonompetitive GABA
antagonispentylengetrazole and cocaine (Figure)2d/ere more potent in dlucing seizures in-5
HT-") mice?® However, the authors suggested that since there has yet to be repoHI of 5
antagonists exacerbating seizures or lowering seizure thresholds, the effects obsel&d’ih 5
mice may be a result of adaptive changes. Nevertheless, there appears to be therapeutic potential

for 5-HT; ligands in epilepsy. Additional research is required to clarify the role-ldT5in
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Figure 24: Noncompetitie GABA antagonist pentylenetetrazole and cocaine
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modulating seizures, specifically if the type of epélg studied influences whether activation or

blockade of the #1T- will produce anticonvulsant activity.

3.9Pain

Numerous studies have focused on the roleldT5in pain processing. Various animal models
looking at both inflammatory andenropathic associated pain have been executed to determine if
the function of BHT> is either pre or antinociceptive. Collectively, these results have supported
an antinociceptive role for-BT7, thus suggesting a therapeutic potential ot agonistan the
treatment of neuropathic pain. Contradictory evidence has also been published that suggests a
pronociceptive role. These conflicting results are likely due to the use of different pain models,
species, ligands and detection modes. The regulattgyofd>-HT7 in pain perception has been
reviewed and is compleX’ Herein these studies are summarized, beginning with evidence that
suggest an antinociceptive role.

Evoking nerve damage in rodents, either by constriction injury or partial ligation iselyuti
used to mimic neuropathic pain. Specifically, partial ligation or unilateral constriction of the sciatic
nerve (SN) in mice and rats, respectively, result in mechanical and thermal hypersensitivity. Since
5-HT7 activation is excitatory in nature, aeict influence on primary afferent or nociceptive dorsal
neurons should augment these effé&mn contrast, both thermal and mechanical hypersensitivity
were attenuated by systemic administration of three differéfitZagonists: MSEba (Figure 2p
and E55888 in rat¥° and AS19 in both specie$®2*° In addition, micreinjection of AS19 into
the periaqueductal gr&and systemic administration of the-8; agonist LP2112*?elicited anti
hyperalgesic propertiem rats with chronic constriction injury (CCIl) of the SN. Moreover,
activation of 5HT7 in the ventrolateral orbital cortex were associated with theafintynic
activity of 5HT in rats with spared nerve injuf§2 Therefore, this inhibitory action on mepathic

pain can be explained by two possible theories. One theory statesHfiabgonists cause rapid
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desensitization of BIT7 thus inactivating them. This is likely not the case because repeated
treatment of E55888%° or E-5743%°° did not cause tolerance to analgesic effects or rapid
desensitization. An alternatisseenarianvolves activation of inhibitory interneurons viaHg7.

The latter theory is supped by the observation that the effects éf'B; agonists were blocked

by a GABA. antagonist, but not by an antagonist for GAR opioid receptors in rats with nerve
injury 28° Therefore it was hypothesizéuat the analgesic effects were attributed to activation of 5
HT- located on inhibitory GABAergic interneurons in models of neuropathic pain. Furthermore, 5
HT- stimulation also attenuates other aspects of pain regulation disrupted by nerve injurynLigatio
of the L5 and L6 spinal nerves in rats, for example, abolishes diffuse noxious inhibitory controls
(DNI'C), an endogenous analgesic pathway ot herw
al. demonstrated that excess spindd as a result of spal administration of SSRIs, restored
DNIC.2%This effect was blocked by theHbT; antagonist SB269970, suggesting that excess spinal
5-HT activates BHT- and reinstates DNIC. At the cellular level, neuropathic pain causes neuronal
excitability of L5 pyrandal neurons in the anterior cingulate cortex by functionally
downregulating hyperpolarizatieactivatedandcyclic-nucleotideregulated (HCH) channels,
which can lead to mechanical hyperalgesia and negative emotional symftdystemic
administration oL.P-211 was able to increase the function of HCN in rats with CCI of th&SN.
Overall, these studies support the use-bffT5 agonists in treating neuropathic pain.

N\ S\/\N/
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Figure 25: MSD-5a%'

Chemically induced pain models are routyngsed to probe pain associated with inflammation
and disease states. Typically, an @mit such as capsaicin (Figure) 2®rmalin or carrageenan is
injected into the paw or muscle and consequential behaviors are mo#itdfgith regard to

inflammatory @in, the 5HT, agonists ASL9, E57431 and E55888 significantly decreased
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Figure 26. Capsaicin
formalin-induced late phase licking/biting behavior in wijghe mice?®’ These agonists were
ineffective in 5HT-") mice, suggesting their antinociceptive properties were meidittectly by
activation of 5HT7. Furthermore, systemic administration of -A$, MSD5A and E55888 to
mice!®” and E5743%% to rats, significantly attenuated mechanical hypersensitivity associated
with intraganter injection of capsaicin. In mice, these effects were blocked by -th€; 5
antagonists SB58719 and SR69970, yet when administered alone these antagonists promoted
capsaiciAinduced mechanical hypersensitivifylt is important to note that thetT; antagonist
SB-258719 induced mechanical hypersensitivity in stog@rated micé It appears that-5T- is
not involved in all types of inflammatory pain. Atiugh intrathecal AS9 reversed the increase
in the flinching response evoked by formalin, neither1®Snor SB269970 had an effect on
carrageenainduced mechanical allodynt® In one study, however, AS9 produced arti
inflammatory effects ircarrageean induced pavedema® Lastly, 5HT; may be involved in
diabetic neuropathic pain, which can be chemically induced in mice. Following intraperitoneal
injection of strepozocin (Figure 2), mice develop diabetes and display thermal hyperalgesia,
followed by prolonged thermal hypoalgesia. Administration of -2 reversed the resulting
thermal hyperalgesia, but was ineffective againstdttge thermal hypoalgest.Collectively,
these results suggest an antinociceptive role #diT5in some inflammatory paiprocesses, as
well as, a potential role forBT7 agonists in treating diabetic neuropathic pain.

The 5HT7 receptor has been associated with the antinociceptive effects of various established
analgesics such as morphifiétramadoi® and acetaminopimé®* (Figure 28. Although these

analgesics do not directly bind teHdl'+, it has been hypothesized that they stimulate descending
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Figure 27: Streptozocin

serotonergic pathways that involve the activation-6fT5. In support of this theory, intrathecal
administered 51T, antagonsts (SB269970 or SB5719) blocked the antinociceptive and
antihyperalgesic effects of the aforesaid analgesics. TH&;Sgonist E55888 potentiated the

analgesic effects of morphine in the itk test3% While SB-25719 was able to block the

potentiding effects of E55888, it alone had no effect on morphinduced analgesia. This
contradicting result could be explained by differing routes of administration (subcutaneous vs
intrathecal). Furthermore, SB59970 reverses the efits of amitriptyline (Fgure 2§, a commonly
prescribedserotonifi norepinephrine reuptake inhibit@NRI) for chronic neuropathic pain that

reduces the number of flinches in mice injected with forn¥fiMechanistically, the authors

proposed that amitriptyline effects are degemt upon activation of spinal adenosingréceptors

secondary toBT7. The mechanisrof action of nefopam (Figure 28 nonopioid analgesic used

to control postoperative pain, is unclear, but recent results suggest a roleTer Barticularly,

SB-269970 blocked the effects of nefopam in both the formalin and paw incision test3t rats.
Moreover, SB269970 reversed the antiallodynic properties of nefopam in spinal nerve ligated
rats®®] nt erestingly, nefopamds me esheading semtonerflic act i o
pathways during the paw incision test but not in spinal nerve ligated rats; results were inconclusive

for formalin-induced nociception. Intrathecal administration ofZ®970 was also able to block

the effects of tianeptine, an atyal antidepressant shown to reduce mechanical allodynia elicited

by L5/L6 nerve ligation in rat¥°*Si mi | ar to nefopamdés effect in n

tianeptine also appears to be independent of descending serotonergic pathways.
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Figure 28: Analgesicsaassociated with-5T-

All of these results support an antinociceptive impact via direct or indirect activatieHdf. 5
Conversely, there are reports that have suggested a pronociceptive relt€lfoibthese studies,
5-HT7 antagonists inhibit pain signals, whileHa'7 agonists stimiate them. The HT7 agonist
AS-19, for example, produced a pronociceptive effect that lasted for 7 hours in naive rats, despite
having an antinociceptive effect in sciatic nerve ligated?fakdoreover, botteffects were blocked
by the GABA. receptor antagonist bicucullinAn explanation proposed for this paradoxical
finding is that nerve injury causes GABAG6s act
changes in chloride ion transport dynantfts.

Some inconsistent results could be explained by evidence that suggest that peripheral, but not
spinal, 5HT; evoke pronociceptive effects. Specifically, local administration of thdTH
antagonist SB69970reduced formalisinduced flinching and blocked the augmenting effects of
intraplantar 8HT and 5CT in rats3'° In support of this theory, Brenchat et. atntbnstrated that
an intrglantar injection of the BT, agonist E57431 enhanced the action of arffective dose
of capsaicin and induced mechanical hypersensitivity, whereas, systematic and intrafve&l E
displayed opposite effect€It was concluded that during systemic exposure, the antinocieeptiv

influence of spinal 81T predominates over the pronociceptive effect-¢f & in the periphery.
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Inconsistent with these conclusions, however, is dhservationthat spinal and systemic
administration of EHT7 agonists and antagonists have been showaugment and reverse,
respectively, the pronociceptive action of both formalin and capsatétaln addition, SB269970
displayed some antinociceptive effect whatnaperitonedy administered t@ats with constricted
injury to the sciatic nerv&® More studies are required in order to determine whether or not there
are opposing roles for spinal and peripheralTs.

Finally, conflicting results across differing models of pain may be a consequence of cbanges t
5-HT7 expression in response to injury or an irritant. When the model being utilized results in a
decrease in-bIT7 expression in pain processing areas of the spine, antagonists appear to display
antinociceptive effects. When -I5T; expression is increade however, agonists are
antinociceptive. In L5/L6 spinal nerve ligated rats, for instanddT bexpression is decreased in
the ipsilateral dorsal root ganglia and spinal cord. These rats exhibit tactile allodynia, which is
attenuated by spinal and sysie administration of the-BT; antagonist SB69970°!* Moreover,
both CCI in rats and partial ligation of the sciatic nerve in mice induced an increas¢Tin 5
expression in the midbrain periagueductal gray and dorsal horn respectively. In both tegse cas
5-HT7 agonists produced antinociceptive effe€t! This theory may explain the lack of efficacy
of 5-HT> ligands in the carrageenan model of inflammatain®® An analysis of spinal 5T+
expression in both control and carrageenan injected rats, concluded that there was no significant
difference between the twi: Changes in spinalBT7 expression may be reiged for efficacy of
5-HT?7 ligands in a specific model.

Taken together, these observations suggest tHat;plays a prominent role in regulating pain
in both the periphery and CNS. There also appears to be therapeutic potentldlf@genists in
mediating pain, especially neuropathic pain. Future studies are necessary to clarify the mechanisms

behind the effect of 5T ligands on nociception.
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3.10Migraine

It is well established that there is a link betweedT5and migrainé!® Not surprisingly, lhe
effects of BHT on migraine pathophysiology are not mediated by a single receptor subtype, but
rather involve receptors in theHbl;, 5-HT. and 5HT; families3'® Implications that EHT- is a
potential target in treating migraine attacks arose from whens that several prophylactic anti
migraine drugs displayed affinity for-lBT-.%° Furthermore, it has been proposed thaiTs
mediates vasodilation in vascular structures associated with migtsiBé®ctevidence using the
5-HT; antagonistSB-269970 supported this theory, as it was concluded tHat Snduced
dilatation in the middle meningeal artery (MMA) was mediated via activatiorHi58

Whether or not animals can experience migrdikee episodesis debatable, however,
experimental models of migraine have been prop®$&f.particular interest are models involving
electrical stimulation of the trigeminal ganglion (TG) and dura mater (DM) that can be used to
probe certain events that take placdrmya migraine attack. Specifically, stimulation of TG results
in the release of calcitonin genegulated peptide (CGRP), a key modulator in the pathophysiology
of migraine headaches. Similarly, plasma levels of CGRP are increased during migraine attacks.
Interestingly, the 81T, antagonist SE269970 significantly decreased serum CGRP levels
following TG stimulation. Although the -BIT; agonist AS19 had no effect on the plasma
concentration of CGRP when administered alone, it was capable of reversiritetheeSB
269970°%°|t is important to note that it was recently demonstrated thiAs not involved in the
release of CGRP in rat primary TG neuréftg his may be due to differences betwaewitro and
in vivo settings and stimulatory conditions€elrical vs. chemical). Moreover, neurogenic dural
vasodilation plays an important role in thes®t of migraine headaches and can be experimentally
reproduced by increasing the blood flow of the MMA via stimulation of the DitMlavenous

injection of AS19 and SB269970 increased and decreased, respectively, the basal and stimulated
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dural blood flows of the MMA&22 Thus, activation of 81T7; may be involved in both neurogenic
dural vasodilation and the release of CGRP, key aspects in the pathophysiologyrahe.
Additional research is required in order to decipher the roletfAn migraine, but these results

suggest a potential therapeutic used fbtTy antagonist$or the treatment of migraine.

3.11Substance Abuse

The involvement of 81T in sulstance abuse is relatively unexplored. To date, there are no
reports of BHT~ ligands directly influencing alcohol or drug consumption. However, a limited
amount of studies have suggested a potential role-f6F-An alcohol addiction and drugking
behaiors 1! It is widely accepted that alcohol addiction is a complex disorder that can be
influenced by various genetic factGf8A few human genetic studies have proposedalati T,
polymorphism could be onef these genetic factors and act as a predisposition for alcohol
dependence. Specifically, Zlojutro et. al. conducted a gewad® association study (GWAS) of
theta band eventlated oscillations (EROs) which represent highly heritable neuroelectrical
correlates of human perception and cognitive performéitdewas proposed that deficits in ERO
may represent an endophenotype for alcohol dependence based on their presence in alcohol
dependent individuals, as well as those at high risk for alcohol addictiis study found a-BI T~
polymorphism that was associated with: altered EROs, diagnoses of alcohol dependence (DSM
IV) among case controls and theta ERO reductions among homozygotes for alcohol dependence in
both case controls and famibased sample3.hese results were supported by a follow up study
that associated al3T7 polymorphism with the Alcohol Use Disorders Identification Test (AUDIT)
and concluded that genetic variations @fi’; may contribute to the predisposition for alcohol
dependenc&®Finally, a collective analysis of all GWASs of alcohol dependence further supported
a potential important role for-BT7.32¢ |t is important to note, from a preclinical perspective, that

although it was demonstrated thaH%7 expression is increased in theain of mice exposed to
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alcohol vapor, the BT, antagonist S58719 did not alter alcohol consumption in this animal
model®?’ Therefore, despite the consistent evidence suggestifiy s a genetic factor associated
with alcohol dependence, supportimgclinical results on alcohol consumption are lacking.
Pharmacological manipulation oftbT7 has influenced drutpking behaviors such as sensation
seeking and impulsivity. As previously mentioned, Ballazaktdemonstrated a difference5-
HT- expression between HR and LR rats who express opposing phenotypes in{seedityg and
drugtaking behaviors* Specifically, HR rats display high levels of these particular behaviors and
decreased-biT; MRNA lewels in areas of information trafficking compared to LR. Furthermore,
HR rats exhibit poor performance in the NOR task, while LR can succesfiidiyminated an old
object from a novel on&® Although adminigration of the 8HT; antagonist SE269970 has no
effect on the behavior of HR rats it did decreased the performance of LR matefore it is
plausible to suggest that low expression @iy in HR rats may result in their particular
phenotypes and ineased drudaking behaviors. Moreover, an enhancement in impulsivity in rats
was attributed to a reduction irHbI'7 activity 328 Briefly, methylphenidate (MPD, Figure9p
administered to adolescent rats reduced impulsive behaviors in adulthood and inG+ddsed
expression in the nucleus accumbens. Interestingly2&2®70 was able to block the effects of
MPD and augmented impulsivity when given alone, whereld3 bactivation via 8OH-DPAT
reduced impulsive behavior in both adolescent and naive adultQemwersely, SB269970
attenuated the increase in impulsive acteoked by dizocilpine (Figure 22n the fivechoice
serial reaction time task! This could be due to the difference in the animal modelgedil where
one induced impulsive behavior and the other observed changes to basal levels of impulsivity.
Recently, the 81T7agonist LP211 demonstrated afithpulsive properties in rats subjected to the
probabilisticdelivery task where it shifted the @he of reward towards one that is larger, but
unlikely.** The authors concluded that activation efi%; promoted riskorone behavior which

can have implications in gambling disorder. This is interestingusecgambling disorder shares
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clinical characteristics with substance abuse, such as increased imptASi@igce 5HT-
activation appears to reduce impulsive behaviors, yet promote risk taking, the clinical relevance

remains unclear.

ZT

Figure 29: Methylphenidate

Collectively, thesaesults suggest a potential role foH%~ in alcohol dependence and the
manifestation of drugaking behaviors, however more research needs to be conducted in order to
determine the therapeutic potential in targeting this receptor for the treatmésuhafl and drug

addiction.

3.12Locomotion

As noted above,-BIT7) mice displayed normal locomotor activity, balance and motor learning
ability compared to normal mic¢é&* However, substantial evidenceggiests a fundamental role for
5-HT- in spinal locomotiorf®3% Specifically, 5HT is known to activate spinal central pattern
generators (CPGs), which can be produced via stimulation of the parapyramidal (Ffgin
Furthermore, locomotion elicited by the PPR is mediated-biyf 5 as 5HT- antagonists block
locomotion in cat, rat and mouse preparations. In addition, an increase of endogétibus 5
mediated by citalopram (Figure Jlihodulates CPGs partially thrgh the 5HT-.*3: Moreover, 5
HT- antagonists exhibit no effect on locomotion %, mice, but when administered to adult
wild-type mice the resultant impairment to locomotion resembles that induceHByrb5-HT ¢
" mice. In spinal cords isolalefrom 5HT/) mice, 5HT administration provoked either
uncoordinated rhythmic activity or resulted in synchronous discharges of the ventr&fZoots.
During voluntary locomotion, the maximum extension at the hip and ankle joints was greater in 5

HT-") mice compared to controls. These results suggest-Ss involved in alternating activity
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during locomotion. Using perinatal mouse preparations, it was demonstrated-Hiat ase
involved in spinal locomotion in early development as evidenced bydhkdule of EHT-induced
fictive locomotion via the 81T; antagonist SB69970° Recently it was suggested that a
developmental shift related toHbT; mediated locomotion occurs from neonates to adults, such
that, direct control of 5T- on locomotor interngrons in neonates shifts to control of afferent
input from the moving limb in adult®* It is important to note that while activation otz has

a promoting effect on locomotion elicited by spinaH®b-, activation of 3HT; by AS-19 in the
medial nucleusiccumbens decreased ambulatory activity in fdegrived rat$ These results
indicate that 84T~ plays different roles in locomotion depending on their location.

Activation of 5HT~ has also shown promise in restoring locomotion function after spirghl co
injury. In mice whose spinal cord was transected at thetharacic level, a single dose ofGH-
DPAT induced hindlimb movements that resembled normal locom&fitvhen these paraplegic
mice were pretreated with 89970, the effects of-@H-DPAT were partially blocked. A
complete blockade could be achieved with a pretreatment with BéthSand 5HT- antagonists.
Similarly, 8OH-DPAT improved intraand interlimb coordination in mice after spinal injd#y.
The authors of this study concluded thatdabton mediated by-BiT1a and 5HT7 were facilitated
by the activity of the locomotion CPG and not through direct action on the outputs of motorneurons.
Studies conducted by Slawinska et. al. demonstrated that grafting brairfEmetirons into the
spinal cord below the level of spinal injury could restore coordinated hindlimb loconi8tion.
Interestingly, this effect was also deemed to be partially mediatedHly,.5Therefore, 8HT-
agonists may represent a promising therapeutic strategy for treatiagrmapts to locomotion

following spinal injury.
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3.13Respiratory System

Several investigations have suggested involvementtif&n various aspects of the respiratory
system. For instance;T; may play a role in regulating phrenic nerve motor outffudther
studies indicate thatHT elicits an inhibitory &ect on the hypoxic venilatory response (HVR) via
5-HT>. In rats, microinjection of the-BT; antagonist SB69970 to theanteroventral preoptic
regionincreased the HVR during hypoxia expostffén a separate study, SE6970 augmented
acute intermittent hypoximduced phrenic longerm facilitation3*! Taken together, these studies
suggest that-51T7 may play a key role in respiratory plasticity under hypoxia conditions.

Interestingly, BHT7 may egulate inflammatory responses within lung tissues and be a potential
target for the treatment of sep#isthe lung In two distinct models of sepsis;HT7 activation
decreased inflammation withiand damage tdung tissue. Briefly, in rats with cecldation and
puncture (CLP) induced sepsiglministration of the B T7 agonist AS19increased survival time
and decreased oxidative stress within the lung, the serum cytokine response arddeyesis
lung injury3*? As with CLRinduced sepsis, rats willpopolysaccharide (LPShduced sepsis
displayed increased3T; expression in lung tissu#é® The same authors explored the effect-of 5
HT; activation in LPStreated adenocarcinomibumanalveolar basalepithelial (A549)cells.
Similar toin vivo conditions, LPS induces an increase in iNOS and TINFpr oducti on i n
cells, an effect that was blocked by théih; agonist LP44. The authors concluded that the
increase in BHT7 expression in models of sepsis may suggest a protective role for this particula
subtype. Moreover, this receptor may be involved in a defense mechanism that results directly from
lung cells and not from supportive or immune cells. In contrast, antagonisfi Bf 8isplayed
protective properties in an vivo model of idiopathic puhonary fibrosis. In a rat model, daily
intraperitoneal injections dhe 5HT7 antagonisSB-269970ameliorate the increase in the lung

fluid content, inflammatory cytokines levels and oxidative stress burden induced \i&antraal
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bleomycin®** The rok 5HT7 plays in pulmonary inflammation may be dictated by the
pathogenesis of the inflammatory state.

In an animal model of allergic asthmalH3; expression was similarly increased in lung tissue
from sensitized guinea pig¥ However, the exact role fahis 5HT receptor subtype in acute

airway obstruction has not been explored.

3.14Cardiovascular System

As previously discussed13T7 modulates vasodilation in vascular structures implicated in
migraine. Similarly, a regulatory role for-k3T; has been qwposed in other aspects of the
cardiovascular systef® Intracisternal administration of theHbT; antagonist SE269970, for
example, reduced responses to baztbeme and cardiopulmonary reflex activation in both awake
and anaesthetized r&f$348 This effect on all three reflexes suggests that brainstédTbmay
facilitate the processing of the autonomic responses to cardiovascular reflex activation.
Furthermore, SB69970 caused an increase in blood pressure, but not in heart rate, in rats
previously sumitted to activation of cardiovascular reflexésThis is indicative of a HT-
mediated pathway that provides a normalizing irwring challenges produced by cardiovascular
reflex activation It has been @stulated that these effects may be mediated-Hy Bwithin the
nucleus tractus solitarii (nTS) where they appear to play a compleX¥%&@pecifically, 5HT-
activation in rat nTS altered both evoked and spontaneous excitatory postsynaptic currents, but
reduced the amplitude of GABAmediated inhibitory currents.

Other cardiovascular actions believed to be mediateaHbi/snclude 5HT-induced relaxation
of pulmonary arteries of weaned pi§%tachycardia in cat®lincrease in coronary flow in isolated
rat hear®?, longlasting hypotension in vagosympathectomized ¥&ighibition of vagal evoked
bradycardia in rat8* and splanchnic venous dilation associated with a fall in blood pressure in

rats®° In contrast to previous results, one study demonstratéc¢kisation of SHT- indirectly
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inhibits hypotension. Cuesta et. al. reported that the administration ofHfe &gonist AS19

inhibited the vasodepressor response induced by electrical stimulation of the perivascular sensory
outflow in pithed rat$*® However, AS19 was unable to bl o€8RPt he ef f
thus suggesting that the inhibitory action efi%7is mediatedby prejunctional receptorshose

activation inhibits the vasodepressor sensory outflow. The roleHf;5n the cardiovasdar

system is complex and includes the possibility that pharmacological responses drivetT by 5

may be tied to their location in the cardiovascular systém.

3.15Micturition (Urination)

A growing body of evidence supports a physiological role f6¥T5n micturition and voiding
function® The effect of 8HT can be eithefacilitatory or inhibitory depending upon the location
and receptor subtype being targeted. Activation-bifT, both locally in the urinary bladder and
centrally, elicits an inductiveesponse on micturition. In pig urinary bladder neck preparations,
stimulation of smooth musclel3T> induced relaxatio>® Moreover, 5HT7 antagonists attenuate
the enhancement effect oftbI on neurogenic contractions of rat isolated urinary blatfd&t.
Taken together, these results suggest that activation of peripHdiial & the bladder neck and
autonomic excitatory nerve terminals induces micturition by causing relaxation of the neck and
contraction of the bladder, respectivély.Activation of central BHT; also induces bladder
contraction. Specifically, theBT7 antagonists S269970 and SB56104 significantly decreased
distensionnduced bladder contraction and at high doses blocked the micturgiftex 352
Interestingly, these effects were only observed with intracerebroventricular injection and not with
intrathecal or intravenous administration.

There are indications of themtic potential in targeting-HT- for treating different forms of
urinary dysfunction. It has been hypothesized that antagonists may be useful in the therapy of

incontinence produced by intrinsic sphincter deficiebaged on the observedHd 7 mediated
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relaxation of the urinary bladder ne®R Furthermore, a loss of voluntary control of micturition
and decreased voiding efficiency are common symptoms as a result of spinal cord injury.
Interestingly, systemic administration of theéd3, agonist LP44 increased voiding efficacy i

spinal cord injured rats exhibiting lower voiding efficacy compared to uninjureé¢ftaisis raises

the possibility that 81T- agonists may be abke address voiding dysfunction in patients with
spinal cord injuries. Additionally, blockade of centraH®%; may have a beneficial impact on
lessening the exacerbation of urinary dysfunction in patients under psychological stress.
Specifically, when the stresslated neuropeptide bombesin is administered to the brain of rats, it
induces an increase in urtien frequency. The effect of bombesin was attenuated by centrally
administered S269970 which suggests that centrali’®; may be involved in the stregsduced
augmentation of voiding dysfunction sympto#ffs.Lastly, 5HT; mRNA expression is
significantly increased in the urothelium of patients with benign prostatic hyperplasia compared
with healthy patient&® The pathological and therapeutic significance of these results are currently

unknown but a potential role forl3T+ in this disease state exists.

3.16 Mammary Gland

Despite limited research, an important role fads; in mammary gland function has been
proposed. Evidence suggests thath via 5HT+, dynamically regulates mammary epithelial tight
junctions which is essential for maintaining epitakintegrity during lactatiof?® Furthermore, 5
HT-activation in bovine mammary epithelium induced tight junction opening and the suppression
of milk protein gene expression. A conceptual model has been proposed that indicates that at low
5-HT concentratins, tight junctions remain closed and lactation occurs. However, when the
concentration of T increases and activatedH 7, early involution is initiated by the opening of
tight junctions. This hypothesis is supported by the observation #Hat%) female mice were

inefficient at sustaining their pups and displayed an inability to transition from lactation to

64



involution *¢” Moreover, 5HT;regulates the expression of the milk protéicasein. Specifically,
5-HT-induced activation of 5Tz in MCF-12A cells suppresses the expressiof-ofsein via a

signaling pathway involving the PTP1B protein and phosphorylation of SPET5.

3.17Cancer and Fibrosis

It is well established that-BT ads as a mitogenic factor in a variety of normal and tumoral
cells®° Thus, 5HT receptors may play a role in the pathogenesis of various types of cancers.
Recently it has been suggested that th€T'>may be involved in the pathology of certain cancer
types making it a potential therapeutic target.

As noted above,-BiT7 is involved in the regulation of the mammary gland, specifically the
switch from lactation to involution states. This transition involves rapid changes to mammary tissue
including the remoal of epithelial cells via apoptosis. Since breast cancer can develop as a result
of epithelialhomeostasidysregulation, it is plausible thattbT7 could play a role in the pathology
of certain types of breast cancer. InterestinghiHTs prompts a signi€ant inhibition of
proliferation in normal mammary epithelial cells through the activationtdTh an effect that is
absent in certain breast cancer cell lifil@#lteration to 5HT7 expression or function in breast
cancer cell lines may explain thisatomena. The ER positive breast cancer cells lines MCF7 and
T47D, for example, are devoid oftbT7 expression. It has been postulated that these cell lines are
resistant to growth inhibition because they laed®, which suggests a pathological role sr
HT; in MCF7 and T47D cells. The opposite expression pattern was observed iAMBEZ31
cells (triplenegative breast cancer cell line), which exhdomilar levels of 5HT7 compared to
mammary epithelial cellsSimilarly, when 5HT7 expression profilesvere examined using the
Oncominedatabase it was concluded that an increasetdt bexpression is observed in some
types of breast cancers and is amplified with tumor grade. MIBA231 cells also react differently

to 5-HT, in that growth was stimulated lexposure to #1T. This effect was attributed to altered
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5-HT7 Gs-coupled signaling. Significantly, blockade ofHF; attenuated HT-induced cell
invasion and proliferation in MDMB-231 cells via differing signaling pathwa3/$372
Furthermore, the -BIT; antagonist SB269970 suppressed tumor formation in a MBS -231
cancer celinoculated chiclkchorioallantoicmembrane assay. ConsequenthH B, antagonists

may have therapeutic potential for the treatment of triple negative breast cancer and as ezl as ot
formsof breast cancer exhibiting alterBdH T~ signaling

There is also evidence indicating thaH%; modulation nay have therapeutic value ftre
treatment of liver cancer. This is not unprecedented;t$;$as been implicated in hepatocyte
proliferation®”® Small intestinal neuroendocrine neoplasms (NEN) are tumors derived from
enterochromaffin cells (ECspnd when theymetastasizeto the liver, a hepatic tumor
microenvironment is formed. Under these pathological conditions, liF Boncentations are
significantly higher than normal levels and result in unfavorable tatisbetween the metastatic
tumor cell and hepatocytes. Specifically, a model has been hypothesized that indicates that at these
pathological liver 8HT concentrations,-biT; on hepatocytes are activated. This causes secretion
of the growth factor IGR, which in turn promotes proliferation of the metastatic tumorseell.

Based on these studies, targeting hepatitTbwith an antagonist should block these events and
be useil for the teatment of this type of tumor.

Separately hepatocellular cancer (HCC) is the most common form of liver cancer and is
currently the third leading cause of canoelated deaths worldwide. Dysregulatio o f t-he Wnt /
catenin pat hway, | e a dcatenig, ist hoghly aassodiatad With t HCG.n of
Furthermore, HHT pr omotes prol i fer at i o ratenif, podsbigvicand t h
the 5HT-.3”°The expression of-BIT~ is increased in HCC ddines and the 81T antagonist SB
258719 is effective in attenuating thé43-i nd u c e d i -caenmindexedsand adil vidbility.
Remarkably, SB258719 suppressed proliferation of patidatived primary HCC cultures and

tumor growth in anin vivo tumor xenograft mouse model. These finding suggest théi;5
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antagonists may be useful for the treatment of HQ@terestingly liver fibrosis is strongly
associated with HCC and is considered a common risk factor associated with this condition, but the
impact of 5HT; modulation is notably different from HCC itself. Specifically, in a chemical
induced model of progressive cirrhosigi®- expression is reduced and thél®; agonist LP44
protected liver tissue from oxidative stress and significantlyaedidiver damage markers and
inflammatory cytokine productiofi® These findings suggest thatf'7 agonists may be useful in
treating chronic liver inflammation and fibrosis, a finding that appears to be in direct contrast to
the results observed in the edmentioned HCC model. Additional research is required to

determine the therapeutic value 37 modulation in these conditions.
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CHAPTER 4

5-HT7 RECEPTORS AND INFLAMMATORY BOWEL D ISEASE

4.1 A Brief Introduction on Inflammatory Bowel Disease

Inflammatorybowel disease (IBDjs a major, unmet medicalneed.c cor di ng t o t he
and Colitis Foundation of America (http://www.crohnsandcolitisinfo.com/IBD), there are nearly
1.4 million Americans suffering @m various form®f IBD, and 70,000 new cas are diagnosed
in the U.S. annually. The t (CD)amadlicevative Cdlita s ses o
(UC), have an annual incidence rate of 6.5 and 11 per 100,000 respectively, and the majority of
these cases are diagnoseg@atients under thage of 30Although death due to IBD is uncommon,
the severe and chronic inflammation of the gastrointestinal tract can produce significant
complications. These include pain, persistent diarrhea, rectal bleeding, formation of fistulas,
intestinal striatires, abscess and perforated bowels. Malabsorption, malnutrition, and nutritional
deficiencies are also a significant risk as IBD degrades the ability of the intestines to absorb
nutrients.These symptoms occur in both UC and CD, but tdessase statege €parate entities.
UC manifests as diffuse continual mucosal inflammation, geneiralthe descending colon,
wheraas in CD inflammation occarin patches that can appear anywherghm G.I. tract.
Furthermorecontinuous mucosal friability and smallperficial ulcerare seen in UC, but in CD
ulcers are deefissuring and are present along with aphtous lestdh€urrently here is no cure
for IBD, and as a resulpatients must spenitheir lives dealing with the ramifications of their
condition.

The current standard of care for IBD focuses on disease management and mitigation of
symptoms in order to minimize complications (i.e. surgical intervention) and decrease patient
suffering. Initial symptomatic relief may be provided by anfiammatory amosalicylates (e.qg.

5-ASA) in mild to moderate cases. More severe cases can be treated with corticosteroids such as
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prednisone, prednisolone and budesonide, but long term therapy with these agents is not possible
due to the severity of side effects asatenl with extended corticosteroid treatment. Longer term
therapies for symptom suppression include the application of immunomodulator drugs (6
mercaptopurine, azathioprine, cyclosporin A, and methotrexate) and Nff monoclonal
antibodies (e.g. Remida, Humira). These immunosuppressive agentshakgever, associated
with serious side effects such as an increased risk of infection, reactivation of latent infections such
as hepatitis B and tuberculosis, and an increased risk of certain types of(eammdgmphoma).
Despite these drawbacks, as of 2011, the global IBD therapeutics market had an estimated value of
over $4.8 billion. It is anticipated that this market will grow to over $6.2 billion by the end of 2017
as the patient population contirsue grow (Therapies and Biomarkers for Inflammatory Bowel
Disease (PHM125A), BBC Researghww.bccresearch.com

Importantly, symptom management using current standard of care medications is often
insufficient. Nearly 70% ofCD patients require surgensa result of disease progression and
complications associated with their condition. Surgical removal of the afflicted region of the
intestines, however, is not curative. Approximately 30% of patients require additional surgery
within 2 years as a resuif reoccurrence of symptoms in a different region of the intestines. This
figure rises to neayl60% at 10 years postrgery®’® Surgical intervention in patients withC is
less frequent, with approximately 1/3 of patierggjuiring surgical interventioH® Although
surgical intervention is curative dC, the procedure is life altering. The standard protocol, an
ileal pouchanal anastomosis, requires removal of the colon and rectum followed by attachment of
the small intestines to the anal area to alitmol passage. In the most severe cases, patients require
a permanent ileostomy bag attached externally to the abdomen for removal of fecal matter. Clearly,

the surgical options for IBD are seveia.the absence of additional therapeutic interventitii3
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patients will continue to suffer. Many will endure surgical interventions that are clearly undesirable.
There is a compelling need to identify novel treatmentshtih the progression of IBD.

Despite decades of researttte underlying pathophydiogy leading to IBD remains a mystery.
It is known however,that there are numerous factors that can make one susceptible to the
development of IBD. These include genetic and environmental factors that lead to abnormal
immune responses to the intestimalcrobial flora®” A detaikd discussion othe various
hypotheses regarding these factors and the pathaogeiésC and CD is beyonithe scope of this
dissertation Severakeview articlesand book chapterare available on this subje?t8%3%! This
dissertatiorwas inspired by a number of studies thravidedcompelling evidencthatalternations
in 5-HT signaling lead to improper immune mgonses that signiémtly contribute to the

pathogenesis of IB3%?

4.2 Serotonergic System and Intestinal Inflammation

As previously stated, fH® cogtdnlisypro@ubethin thd intestinad b o dy
mucosa, predominantly by EC cell THP1 Acting as sensy transducers, EC cells release 5
HT is response to both mechanical and chemical stiffidlhe major site of releaseasthe basal
surface of EC cells, however, evidence suggbstisrelease also occurs at the apical suféde.
addition, a smalleanount of 5HT is expressed by enteric neurons. Unlike EC celBlT5
synthesized by enteric neurons is dependent upon TARRoximately2% of the neurons in the
myenteric plexus are serotonergic, making up a chain of serotonergic interneurons projecting
downstream along the gastrointestinal tP&ct.

Once released BT contributes to numerous gut functiovia activation of five of the seven
families of 5-HT receptors (5-HT12347). These receptors arexpressed throughout the
gastrointestinal traabn various cells, includingieurons, muscle, immune and epithelial c&fs

These receptors play a functional rolgaristalsis, secretion, vasodilatiordgmerception of pain
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or nausea (see reviet#s87388389 Following releasethe actions of 81T areterminatedby two
independent mechanisneellular uptake into adjacent epithelial cells via the serotonin reuptake
transporter (SERT) and degradation by monoamine oxidase A gW&%-HT has emerged as a
key playerin intestinal inflammation thus makirits receptors potential therapeutic targets for
treating Gl disorders associated with inflammafién.
In general, abnormal infiltration of activated immune cells in hbth enteroendocrine and

enteric nervous systenENS) is associated with integs@l inflammation. Interruptioin normal
Gl function manifestsin persistent symptoms including diarrhea, cramping, pain, abnormal
secretion, altered patterns of motility arisiceral hypersensitivit§?2Many of these symptoms are
affiliated with inflammatorybased Gl disorders, including IBD and irritable bowel syndrome
(IBS). In order to develop novel therapeutics for intestinldimmation, animal models of IBD are
used to gain a better understanding of the effects of endogenous or exogenous compounds on key
biomarkers, such as inflammatory cytokines and intestinal epithelium daffamenost widely
usedanimal models of IBCarechemical models of colitis in which administration of a chemical
compound induces a rapid onset of intestinal inflammatibe.choice of chemical nébe used to
focus onspecific features of IBD. [hitrobenzene and trinitrobenzensulfonic acid (DNBS,
TNBS) inducedctolitis, for exampleresemble botlJC and CD but most closely mimi€D. Both
DNBS and TNBS prompt an increase in various inflammatory medittat correlate witbolonic
myeloperoxidasgMPO) activity. Additionally, dextran sulfate sodiunDES}induced colitis
specifically results in symptomatic features resembling UC. DSS causes increased expression of
inflammatory cytokine genes such aslilLTNFU  a n6l Mdrebver, increased activation of NF

B occurswith the resulting colitis classéd as progressive and sevéteThese models have been
utilized to determine the influencetbr, produced by both EC cells and the ENS, has on intestinal
inflammation The site of origin for gastrointestinaltbl has beerdetermined withTPH1 and

TPH2 kno&-out mice As noted above, these enzymes are the rate limiting step in the production
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of 5-HT. TPH1 knockout mice display depleted levels o8 produced by EC cells while 8T
originating from the ENS is unaltered. The reverse ptyge is observed inPH2 knockout mice.

In the normal gut, neuronat3T is neuroprotective, a function that is hypothesized to be an
important factor in reducing the severity of IB®TPH2 knockout mice experience increased
severity of DSSinduced colitis compared to wild type, suggesting that neurerl fay shield
enteric neurons from inflammatory damage as a result of its neuroprotective prdfetties.
support of thigheory TPH2 knockout mice exhibited deceased myeitaeuronal density and
proportions of dopaminergic and GABAergic neurons. Furtherniongtro addition of 5HT to
enteric crestlerived cells promoted total and dopaminergic neuronal develogfaénaddition,
ENS-derived 5HT promotes growth and turaer of the intestinal epithelium viat3T.a receptors
on submucosal cholinergic neurc®sSince damage to the intestinal surface barrier is a common
feature of IBD, neuronal-BiT may have a potential effect on intestinal epithelial wound he#fing.
Taken together, these results suggest a protective role fordEflil®d 5HT in intestinal
inflammation, as well ashe recovery following damage.

In contrast, BHT produced b¥EC cells has a primflammatory effecin intestinal inflammation.
When colitis is induced by either DSS or DNBS in THP1 knoakmice the severity of colitis is
significantly lesseneccompared to wildype mice as indicated by the reduction in pro
inflammatory marker production. Moreoveatepletion of mucosal-BT delayed the onset of
colitis, whilerestoration of BHT levels increased the severity of BB8uced colitis***In a similar
manner peripherakestricted TPH inhibitors reduced the severitpoth chemicaland infection
inducedintestinal inflammatiorby significantly lowering the expression of inflammatiatated
cytokines and chemokiné®3%’ Similar results were obtain in 413 knockout mice when colitis
was induced with DSS and DNBS. This is relevant becausE3 Iknockout mce exhibit
significantly lower numbers of EC cells and mucosal® content. Furthermordncreasing

colonic 5HT levels in 1L.-13 knockout mice, via administration ofBydroxytrytophan (8HTP),
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increased the severity of DS$®&luced colitis, thus identifng 5HT as a regulating facté®
Finally, SERTknockout miceexperience increased severity in TNBSuced colitis’**® These
results were attributed enhanced entericHT signaling because SERT kneolt mice lack the
ability to terminate5-HT signalirg. Up-regulation of mucosal -BIT signaling may also be
responsible for IBSike symptoms in IBD patient§2Also noteworthy, EC celflerived 5HT does
not appear to be Ky pro-inflammatory, asntraluminaladministration of a1 T, agonist reduced
the severity of both TNBSand DSSinduced colitis by increasing epithelial cell proliferation,
migration and resistance to oxidative striegkiced apoptosi¥?

The preinflammatory actions ofmucosal 8HT appeardo involvethe recruitment of immune
cells to sites of inflammation. This é&vidence by the association betwe decreased mucosal 5
HT concentratiomnd reduced rolling of leukocyt&&:2°2|n fact, EC cells in the gut mucosa are in
contact with or in verglose proximity to immune cellfnterestingly the infiltration of F4/80+
macrophages induced by DSS is significantly lower in both TPH1 a4 knockout mice when
compared to wildype animals$®? Further, direct application of 84T to colon epithelial cells
induced the production of reactive oxygen species and monepitteslial adhesion, an eadyent
of inflammation?®® Lastly, 5-HT modulation of dendritic cell (DC) function is important in the
pathogensis of colitis3®° Specifically, DCs isolated from DS8duced TPH1 knoclout mice
produced less H12 and exhibited a deficit in conditioning T cells to produce 6N a ndV | L
comparedo wild-type mice. Wienthese cells wereultured in the prsence of H1T, IL-12 levels
wererestoredo levelscomparable to those observed using DCs fwolu-type mice Findly, when
5-HT-pulsed DCs were transferred into THP1 knock mice, an increase in the severity of BSS
induced colitis was observétf.

Animal madels of intestinal inflammation show a near uniform increasgHT levels and
number of EC cells numbemswell asdecreased epithelial SERT epressfhlowever, this trend

is not observed in human mucosal biopsieBD patients. Rtients with UCfor exampledisplay
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decreased numbers of EC c#fiand lower leels of mucosal T compared to control patierfts.

Yet, UC patients in remission exhibit increased mucoddl 3evels and TPH1 expressiéti.In

CD patients, EC cell populations in the ileum are higher compared to normal p&tiants
demonstrate amplifietnmunemedated 5HT secretiorf®® These results suggest that mucosal 5
HT levels would be increased in CD patients, however this is not what is observed. IAH&ct, 5
levels in inflamed mucosa are lowar CD patients compared to contrél8.In addition to
decreased concentrations of mucosHITG both UC and CD patients exhibit decreased expression
of epithelial SERT®® and increased serotonimmunoreactive cell area in colonic tisstie.
Discrepancies betweemianal models and human mucosal biopsies might reflect the durdtion
the inflammatory conditioff®> Animal modelsparticularlythe DSS and TNBS modeigpresent
aaute disease duration but nohironic inflamnatory conditions inflicted upon tissue samples
derived from IBD patients. Nevertheless, taken together these results demonstrétes that
serotonergic system is important to intestinal inflammation and alternatiofdsgnaling may
have pivotal impliations on the pathology and progression of IBD. Therefore, targeting the
gastrointestinal serotonergic system may prove to be a beneficial therapeutigy stoatéhe

treatment ofJC and CD.

4.3The 5HT 7Receptor Subtype as a Potential Target for IBD
There is limitedresearchdescribingthe elucidation of the pharmacological raé 5-HT~
receptorsn normal gastrointestinal functions. To date, it has been suggestedHfatéceptors
are involved in colonic motilityas evidenced by thenole in generating the murine colonic
migrating motor complet? Furthermorethese receptorappearto be responsible for-BT-
induced smooth muscle relaxation in the human é&losanine stomack and guinea pig
ileum*There may also be a role foi-bI'; receptorsn peristalsis, but this remains controversial.

One study concluded théte 5HT; antagonistSB-269970 restores-BT inhibited peristalsis®
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while anotherdemonstrated the opposite restiltThese conflicting results may be a result of
differing sites of acbn (ENS vs. periphery). Of particular interesti®- receptors seem to mediate
the preinflammatory effect of mucosab-HT described in the previogection®®

As noted above;C cells are in close pximity to immune cells anchucosal BHT initiates and
promotes the recruitment of immune cells to sites of inflammafbthese adjacent immune cells,
DCs appear to be important in the onset of intestinal inflammation induced by muddsal 5
Severalindepemlent studies have provided evidence th&tTs receptors ar@xpressed on the
surface of DCs, thus providing a potential link betweehT5 and its influence on DC
function#18419420 |n addition, 5HT- receptor expression is wpgulated in the colon, cecum and
rectum of mice following DS$hduced colitist'%*?° Expression othe 5-HT; receptor wasalso
increased in colonic biopsies from UC patients in remig%i@md in inflamed sections of CD
patients*?® Also, 5HT- receptors have been associated with inflammatory signaling cascades
indicating arole in inflammatory and immuneesponsegsee chapter )2 Based onthese
observatios, it has been proposed that antagonizingpnic 5HT, receptorson DCs could
attenuate 81T-induced immune cell activation dnntestinal inflammation. Thughe 5HT>
receptoris a promising targefior the development afovel IBD treatment stratézs

Specific evidence in support of t hi hat hypot h
pharmacological inactivation afwt genetic deletion of the-BT7 receptor significantly improved
colitis inducedby both DSS and DNB$? Specifically, administration dhe 5HT; antagonisSB-
269970 for 6 days, starting one day prior to DSS treatrattethuatednduced colitis. This was
indicatedby a significant redction of disease activity index, as welllasth the macroscopind
histological score (Figure 30C). Microscopic analysis of intestinal tissues fr@B8-269970
treated mice showed clear improvement versus cofffigure 3@). Moreover, SB269970
significantly attenuated the production of inflammatory markers such as MIRBU , -11bL an d

IL-6 (Figure 3&). Similar results were obtained whetHd ; receptoiknock-out mice were treated
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with DSS and DNBSmportantly, when wildtype mice were reconstitutedth bone marrow cells

from 5-HT~ receptor deficient donors, they exhibited a reduction in the severity ofiridiaged

colitis. Since IBD is a chronic disorder, SB6 9 9 706 s a b i | -induged dhronicrcditise r s e LC
wasalsoinvestigatedBriefly, chranic DSSinduced colitisvasinduced in mice by adding DSS to

drinking water(5%) for 5 days followed by 7 a@ys of water. This cyclevasrepeatedwice with

3% DSS. Miceweretreated with vehicle or test compounds for 6 days beginning one day before

startirg the & DSS cycleRemarkablywhen SB269970 was administered during the third cycle

of DSStreatment, the disease activity index wagificantlyreduced (Figure 31
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Figure 30: Comparison of vehicle and SE9970 treated mice subjected to the acute-D8Gcec
colitis model ofiBD. A.) Disease activity inde)X8.) Macroscopic scoré&;.) Histological scoreD.)
Light micrographs of H&Estained colon sectiong,) Lev els of inflammatory biomarkers (MF
IL-1 b, -0 N&n8)in tolonic tissue samplé¥.
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Figure 31: Comparison daily disease activity index for vehicle and268970 treated mi
subjected to the chronic DS&duced colitis model of IBD.

Finally, a role for 5HT; receptors in cytokine release by mature D@ss confirme.4*°
Compared to controls, DCs isolated from Bt&ated SHT receptorknock-out mice produced
lower levels of 1:12p40, IL-1 b a rRedvheh &timulated by LP&dditionally, 5HT augments
LPS-induced 11-12p40 production in DCs isolated from wilghe mice, an effect that is abolished
with coincubation with SE269970.Taken together, #tse results suppothe hypothesighat
colonic 5HT7 receptors on DCs mediate intestinal inflammation in experimental colitis.

As previously discussed 5-HT induced the production of reactive oxygen species and
monocyteepithelial adhesion in coloniepithelial cells, an initial event of inflammation.
Interestingly, this effect was blocked by -2B9970 which suggestin involvement of 84T~
receptor$®® These results in conjunction with the studies coretlibly Kim et. al. strongly support
the development of-BIT; antagonists for the treatment BWD. Moreover, this represents an
opportunity to improve upon the cent standard of care that focuses on the mitigation of
symptoms. A EHT; antagonist driverhierapeutic strategy has the potential to halt the progression

of IBD andmay preventhe initial events observed in the pathogenesis of IBD.
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These studies are, however, contradicted by Gusea.who reported that antagonizing 5
HT- receptorswith SB-269970 or eliminating5 T receptoryia genetic manipulation leadsdo
increased inflammatory response in the DSS mtdlhis discrepancy may be due to notable
differences in experimental design and hieg<ondition of animals. Particularlyice subjected
to experimental conditions undéuseva et. allied, which is inconsistent with properly executed
DSS studies3®® Adding to the controversy, Rapalli, el demonstrated that-13T; receptor
antagonism had no significant effect on the severity of TiBIBced colitis in micé? Therefore,
an additional beneficial outcome of this project would bertwidefurther clarification orthe role
5-HT7 receptorgplay in experimental colitis.

The aim of this project is to develop novel, selectivdTs receptor antagonists for the treatment
of IBD. In addition to potency and selectiveigeal lead compounds will be restricted to the
periphery, in order to mitigatle risk of CNS related unwanted side effects. Lead compounds will
have high microsomal stability and exhibit adequate pharmacokineficofiles capable of

supportinga oncedaily dosingregimen therapy.
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CHAPTER 5

PRELIMINARY RESULTS

A novel series obutyrolactones were discovered during a prior thesis project completed by Dr.
Rong Gao at Templ e Uni ¥&r Saotwgsdnsestifatiny this serieso Ph ar
identify potential muscarinic ligand$ Many compounds were submitted to a broagtess to
determine offtargetbinding affinities for a wide variety ofirugable targets at the Psychoactive
Drug Screening Program (PDSP), located at the University of North Carolina Chapel Hill.
Interestingly, the results of this screen indicated that mariythe compounds within this
butyrolactone series were potent binders-bifforeceptors, particularly for thel$T- receptorThe
K, values for these compndsare showrin Table3. At approximately the santgne, the potential
role of 5-HT7 receptorsn the pathogenesis D wasdisclosedas noted abovd argeting 5HT~
receptors for the treatment of IBD was an unexplameg. Several organizations had previously
reported their work orb-HT7 receptoragonist and antagonist, but all of thelreig dscovery
projects werdocused orireating CNS disorder3his novelproject wasnitiatedwith the intent of
developing the butyrolactone series in order to generate potent and seledfiveréceptor
antagonists for the treatment of IBD.

The syntheticoute utilized to prepare these butyrolactones was developed by Dr. Rong Gao
and is shown in Scheme*®.Briefly, carboxylic acid/esterl) is alkylated with allyl bromide to
produce 2). The resulting alkene then undergoes a modified Prins reaction tovexdhie
intermediate §). This macrocycle is thehydrolytically opered and reclosed to the more stable
butyrolactone 4). The free alcohol is tosylatedy)( and the resulting leaving grougp displaced
with an arylpiperazingo provide the arylpiperazinyl butyrolactone(6). Dr. Rong Gao also
developed novel methods to prepare sterically hinderadylgiperazine$?°This synthetic route

allows for variaion in the lactone appendag&®,(R®) and the aromatigroup of the arylpiperazine
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(RY. Notably, thee hutyrolactones contaira chiral center at the gamma carbon and thus
compounds generated from this synthesis are racemic mixtures of enantiomers. Ais&ethe

chain lengttcannot be altered

Table 3: Binding affinities forpreliminary series towardsi3T receptors

o
e

80

R3

MC # R1 R2 | R3 K (M)
-HT2@5-HT35-HT545-HT4

160167 Ph Methyl| Methy!
170084 Ph Ethyl | Ethyl
160129 Ph 2(CH)s ® 597
170104 Cyclohexyl | Ethyl | Ethyl
170109  2-Me-Ph | Ethyl | Ethyl
170114 2-iPr-Ph | Ethyl | Ethyl
170054  2-tBu-Ph 2(CH), ®
1700602-morpholine-Ph  ®(CH), ®
170084 2-OMe-Ph | Ethyl | Ethyl 1
16013]  2-OMe-Ph e(CH)s ® 15
170084  2-OH-Ph | Ethyl [ Ethyl 35
160132  2-OH-Ph 2(CH)s ® =
170117 2-CN-Ph | Methyl| Methyl
160134  2-CI-Ph e(CH)s © 323
170104  2-pyridyl | Ethyl | Ethyl | 600 | ER
17009] 3-OMe-Ph | Ethyl | Ethyl 304
160130 3-OMe-Ph 2(CH)s ® 1144 160 1051
170101  3-OH-Ph | Ethyl [ Ethyl
16012§  3-OH-Ph e(CH)s ©
160166  4-Me-Ph | Methyl| Methyl 362
170099  4-Me-Ph Ethyl | Ethyl 651.5
16012f 4-OMe-Ph 2(CH)s ® 148 | 769
160163 4-OH-Ph |Methyl| Methyl
170073  4-OH-Ph | Ethyl | Ethyl
16014Q  4-OH-Ph 2(CH)s ®
160164 4-CN-Ph | Methyl| Methyl
170083  4-CN-Ph | Ethyl | Ethyl
160143  4-CN-Ph 2(CH)s ®
160134  4-Cl-Ph 2(CH)s ®
170074  4-NQ-Ph | Ethyl | Ethyl
170084  4-NH-Ph | Ethyl | Ethyl
160168  4-CR-Ph | Methyl|Methyl
16013§  4-CR-Ph 2(CH)s ®
160131  4-pyridyl e(CH)s ®
170107 2,6-diMe-Ph | Ethyl | Ethyl
170113 2,4-diMe-Ph | Ethyl | Ethyl
170059  2,6-diiPr-Ph 2(CH), ®



Schemel: Synthesis of Preliminary Compounds
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As seen in Table,3these compoundgisplay affinity forthe 5-HT1a, 5HT2as and 5HT;
receptorswith sube M | ¥alues,and areconsisterly inactive at 5HTigpg, 5HT2c, 5HTs, 5
HTsa and 5HTe receptors In addition, we have identified key structure activity relationships
(SAR) with respect tdindingaffinity and selectivityThe binding affinity for the 84T~ receptor
is significantly increased when the appendages of the la@R3n&®) are changed from dimethyl
to diethyl (160162 vs. 170085, 160166 vs. 170090, 160163 vs. 178073,60164/s. 170083),
without drastic changes to the selectivity proffieurthermore, tetherinthe appendages into a
spirocyclohexyl ring does not significantly afféeHT~ receptor binding or selectivity (170085 vs.
160129, 170082 vs. 160131, 170073 vs. 160140, etc.). Thatatibn pattern of the arylpipazine
appears to havee strong influence on both binding affinity and selectivityportantly, aromaticity
is required for affinity to the BT receptors within this series as evidenced by 170dif8ificant
loss ofaffinity when compared to the phenyl analog 170085

Promising results have been obtained with functionalization at-fiesition of he aryl ring.
As seen in Table,3omeof these compounds have high affinity for thels; receptor (K<100
nM). Strongelectron withdrawing substituentsuch as 4N and 4CF; (170083 and 1601365)
negatively affecaffinity, with the exception of WO, (170074). Weak electron withdrawing and
electron donating groups are generally tolerated well, as seen with 1400F)},(17009 (4-Me)

and 1601354-Cl). Notable exceptions to these trends include substituting witllé and 4NH;
81



which significantly decreasedt®T~ binding affinity. These finding suggest that factors other than
the electronic nature of the aryl ring can dictaf@nity. Interestingly, significant selectivity was
achieved with numerous<ubstituted analogs. Functionalizing witf©H (170073 and 160163),
for example, resulted in complete selectivity (>100X) over all otRdT $eceptors. Furthermore,
170090 (4Me) and 170074 (ANOy) display ~30X selectivity over the nearest® receptor(s-
HT2s and 5HT1p respectively)

Functionalizing at the-position especially with bulky groups (170112 and 170060) resulted
in substantial affinity for the-5iT7 receptorA notable exception to this trend is the teutyl group
(170058), which mayndicatea steric limitation in this region of the moleculehi§ substitution
pattern is howeverdetrimental to selectivity as compounish 2-position substituentsre potent
binders ofthe 5HT1a receptor.In addition,affinity for the 5HT.g receptor issignificantfor the
majority of 2substituted analogsrepared to dat& he electronic nature of the functional group
does not have significant impact o3 1, and 5HT7 binding affinity, as compounds with electron
donating or withdrawing groups display similaryalues; 170109 (&1e) vs. 170082 (:DMe) vs.
170117 (2CN). Also, a few disubstituted analogs were availabiat contained functionality at
the 2position (170107 170113 and 170059)nterestinglyall exhibited poor 84T affinity,
suggesting that the addition of a second functional group is detrimentdfi Te Binding. This
comes to quite a surprise andmants further investigation.

Only two 3substituted anpiperazines wereprepared and screengdthis preliminary sef3-
hydroxyphenylpiperazine andriethoxyphenylpiperazinels a result, lintedconclusions can be
drawn from substituting at this positidhis apparenthowever, thatompared to the cosponding
2-substitutedand 4substitutedanalog, a drop in affinity is observed at both théi%- receptor

and offtarget 5HT receptors.

82



Theimpactof converting the aryl ring topyridinewasthe subject of limited exploration in the
preliminary dateset(170106 and 160137 Surprisingly, conversion to apyridyl ring (160137)
abolished EHT activity, while a 2pyridyl ring (170106)was very well tolerated, but unselective.

The preliminary ompounds were subjected to a batteryno¥itro ADME assay in order to
determine the drutike propertief this series. The results of these assays and the physiochemical
properties for select compoundse shownin Table 4 All compounds exhibit acceptable
physi ochemical proper tuileess:t VW6 sf alnld wilLtolg Ploisp ib
respectively. Tested analogs, except for 160136, displayed adequate to exceptional solubility
Majority of analogsare inactive at Cyp450 3A4, 2C9, and 2D6s(#10,000 nM) suggesting a low

risk for drug/drug interagins.

Table 4: In vitro ADME of preliminary ®ries

(o}
R, N\/\\/\N\R1

(o)

R3
Solubilitf RLM| MLM | HLM | cYP3a4 cYP2C9 CYP2D¢

MC # R1 R2 R3 | MW | cLogP| TPS ) T2 (i) iC 50 (M)
160162 Ph Methyl | Methyl 8 N/A 13.8 N/A N/A N/A
170085 Ph Ethyl | Ethyl 8 9 N/A
160129 Ph 2(CH)s ® 8 N/A
170109  2-Me-Ph Ethyl | Ethyl 5 2390.0
170112 2-iPr-Ph Ethyl Ethyl 4.6 8 4 667.0
170060 | 2-morpholine-PH e(CH), ® 4 0 8.8 0
170082 2-OMe-Ph Ethyl Ethyl 4 N/A N/A N/A N/A N/A N/A
170084 |  2-OH-Ph Ethyl | Ethyl NA B 0 N/A | 2400
170117 2-CN-Ph Methyl | Methyl 56.6 | N/A 4.9 9 N/A N/A
160134 2-Cl-Ph 2(CH)s © 419 8 N/A 15.0
170106 2-pyridyl Ethyl Ethyl 4 6.0
170091 3-OMe-Ph Ethyl Ethyl 4 N/A 4.4 N/A N/A
170101 3-OH-Ph Ethyl Ethyl N/A 17.6 N/A N/A
170090 |  4-Me-Ph Ethyl | Ethyl 8 0
170073 4-OH-Ph Ethyl Ethyl 170 | 184
170083 4-CN-Ph Ethyl Ethyl 56.6 11.4
160135 4-Cl-Ph 2(CH)s ® 419 8 N/A 6
170074 4-NQ-Ph Ethyl Ethyl 759 N/A 6 13.7
170086 4-NH-Ph Ethyl Ethyl 58.8 | N/A N/A N/A
160136 |  4-CR-Ph 2(CH)s ® 457 8 9 N/A [
160137 4-pyridyl e(CH)s ® 4 N/A
170107 | 2,6-diMe-Ph Ethyl Ethyl 4.03 8 N/A N/A 45.0
170113 | 2,4-diMe-Ph Ethyl Ethyl 4.03 8 4 N/A
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There are however,some issues with thipreliminary series of compounddviouse liver
microsomalMLM) stability is a concermsit is a predictor of T2 in mice andhe majority of the
in vivomodels of IBDemploy miceas the model organisrtt.is critical that lead compounds have
an adequaten vivo T12 so that a potential lack of efficacy is not attributed to rapid metabolism.
The potential sites of metabolism include the lactone ring, the lactone appendages and the aryl ring.
Developing SAR wtih the intention of improving MLM stability could prove beneficiak
increasing then vivo Ty, of next generation compounds in mie®wever, with the exception of
170112 and 170060, the preliminary compounds are moderately or highly stable to amcwithti
human liver microsomes (HLM). Some compounds displgsg Greater than 60 minutes. This is
very promising as it suggests that these compounds may have lofigdsaiii humans.

Another issue is that these preliminary compounds are likely CNSraphéccording to the
pharmacology discussed above, colorid receptors are the target for &3 driven therapy
for IBD. Therefore, subjecting IBD patients to a CNS penetrant drug would be unnecBssary.
to the possibility of unwanted sigdfeds as a result dhteractions with CNS located effirgets
lead compounds will be peripherally restrict&€dpological polar surface area (TPSA) is a useful
calculated physiochemical property for predicting CNS penetration. As a general guideline, non
CNS penetrant oral drugs have a TPSA greater th&# 8ihce none of the prelimary compounds
have TPSAs above0, they are very likely to exhibit unwanted CNS exposure. Therefore, since it
is desired that lead compounds going forward stay out of the beaihgeneration compounds will
bedesigned 0o have TPSA6s greater than 80.

Taken together, analysis of this preliminary set demonstrates that potent and seleldtive 5
binders can bé&lentified in thearyl butyrolactoneseries Further, given the relanship between
5-HT7 and IBD, it is apparent théihese butyrolactones avéable for the developmendf novel

IBD therapies
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CHAPTER 6

SPECIFIC AIMS AND RESEARCH PLAN
The overarching goal ahis program is the identification ofHT7 receptorantagonits that are
suitable for preclinical and clinical evaluation for the treatmentBD. This goalwill be pursued
in a drug discovery progratat will take advantage dhe industrial and academic research
experienceavithin the Moulder Centeysing the rethodsdescribed in Ans 1-3. The aims will be
pursued in parallel wheropsible. In addition, synthesis aimdvitro screening (pharmacological,
ADME) will occur in an iterative fashion. Data from each round of exploration will be incorporated

into our ddabase and used to improve compound design to maximize program efficiency.

6.1 Specific Aims and Hypothesis

1. Develop butyrolactone serieby generating SAR data in the following area}:Binding
affinity at 5HT~, 2) Subtype selectivity against all otherembers of th&-HT receptorfamily,
and 3)In vitro druglike properties (e.g. solubility, microsomal stability, CYP450 inhibition).

a. SubAim 1: Synthesize new analogs and develop enantiomerically pure synthesis
b. SubAim 2: Screen all compounds for bimdj affinity at all SHT receptors
C. SubAim 3: Determinen vitro ADME properties

2. Determine BHT- functional activities of ppmising compoundprepared in Aim 1 in order to
identify antagonists.

3. Determinein vivo PK profilesof lead compounds identifieid Aim 2 in C57BL/6 mice to
support futuren vivo efficacy studiesThis will ensurethat advancingompounds hava PK
profile that will provide sufficient systemic exposure to support efficacy in animal models of

IBD. Compounds with IovCNS penetratiomwill be prioritized

Hypothesis: The structurally novieutyrolactone seriesan be optimized to produce compounds

that are selective, potertHbl'; antagonists and exhibit drdigge properties. Further, compounds
85



in this series will be capable of prodngisystemic concentrations capable of suppoitingvo

efficacy in animal models of IBD with minimum CNS penetration.

6.2 Specific Aim 1: Develop Butyrolactone Series and éerate SAR
6.2.1Sub-Aim 1: SynthesizéNew Analogs and Develop EnantiomericalBure Synthesis

6.2.1.1Extend Preliminary Series

The preliminary dataset described above is extensive, however, a full SAR analysis cannot be
achieved because various comparable analogs have yet to be synthesized and kcoedaetb
achieve thisit is critical that when investigating the influence of one structural variable, all other
variables are held constamherefore, initial efforts will be dedicated towards synthesizing suitable
analogs thameldwith the preliminary seriesothata bette picture of theSAR will be available
The variables that will be investigated in tligpansion of thepreliminary data seinclude the
appendages on the lacto(f®?, R®), the chain lengtlbetween the lactone core and the pendant
piperazinging, and thesubstitution pattern of the aryl rigg*). Table 5showsan ideaket oftarget
compounds that will bpreparedn this initial investigation. Green highlighted analagpresent
those thahavenot beersynthesizedo date and will be the first analogsepared irthis program
Non-highlighted compounds are part of #wdsting data sdfTable 3.

The first variables to bimvestigatedvill be the chain lengtlbetween the lactone core and the
pendanpiperazinging and the lactone appendad®d, R®). The preliminary series limited to a
chain lengthof two carbonsAlso, the only lactone appendagbat were present in comparable
analogs witim the preliminary serieiscluded dimethyl, diethyl and spirocyclohexdreq. 160162,
170085, 160129)Therfore it is important that both these parameters are optimized early so that
they can be held constant when inspecting the influence of aryl substitutiaain will require a

high quantity of analogs
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Table 5: Extension of preliminaryesies

o
R,

(o] //R1
R; [/\N

ID R1 n R2 R3
170085

170090
170112

170082
170091

170084
170101| 3-OHPh | 2 | Ethyl | Ethyl
170073| 4-OHPh | 2 | Ethyl | Ethyl

170074
170106

170107 | 2,6-diMe-Ph
170113| 2,4diMe-Ph
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Compounds KB43 will be synthesized and compdreo 170085 in order to probe the chain
length. Diethyl lactone appendages were chosen as a constant variable aediimiing affinity
of 170085 (K= 21 nM), therefore a loss of activity due to structural changes will be readily
apparentThe originalsynthetic scheme (Scheme 1) cannot be used because it only produces two
carbon linker compounds. A new synthetic route (Scheme 2) will be employed that allows variation
to the chain length during the formation of the lactone &niefly, racemic epoxide @) of varying
chain length can be prepared from hydroxyalkem@sThese epoxidesan thenundergo ring
opening via attack ahe enolate ochmide Q) followed byacid mediateding closure tgrovidea
benzyl protected lactond @. Deprotectionvia palladium mediated hydrogenation followed by
conversion of the resulting free alcoholttee tosylate will providdactone (1) which can be

coupledto phenylpiperazine using the methodology described in Scheme 1

Scheme2: Synthesis for Probing Chain Length

NaH BnBr
/\(VTOH ‘)\(VTOB” n=1,3,4

n  2)mCBPA

@ CH,Cl, ®)
o NLDATHE H2 Pa/C
/j)L'?l 2) BnOH\(‘ Oé%_) cT:OH?Q:(I:zl - Od%\-fnoms
o o, (10) " ()

Data from thepreliminary series suggestétht MLM stability and 8HT~ binding affinity are
notsignificantly impacted by exchangitige diethylunitswith aspirocyclohexygroup However,
the dimethyl substituents decreasetit; binding affinity but improved MLM stabilityThis
suggests thathe alkyl substituents ar@ potential site of metabolism where smaller, restricted
appendages are mareetabolicallystable, while increasing the sizetbéseappendagepositively
impacts 5HT7 binding affinity. Further, although it was not observed wéhspirocyclohexyl
appendage, tethering together flexible aliphatic chains is akweltn strategy for blocking

unwanted metabolismTherefore, compounds KB& are proposed in order to complete the set of
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possible spirocycles by decreasthg ringsizefrom a 6 membered ring to a 4 membered.rihg
is possiblethat these smaller, restrained spirocycles will display binding affinities comparable to
170085 and 160129, while exhibiting improved MLM stability. These compounds can be prepared
usingthe methds described iScheme 1, starting with the commercially available carboxylic acid.
The remaining compounds ithe proposed second generation seriesill enable an
understanding athe influencethe substituton patternaround the aryl ringpason 5HT- binding
affinity, selectivity andin vitro ADME properties.The diethyl lactone appendagesd a linker
chain lengthwill remain constanin order to allow direct comparison with the unsubstituted
compound 170085, the parent compound of this sekiggde range of functional groups will be
utilized that vary from strongly electron donating (OMe) to strongly electron withdrawing) .(NO
The 2, 3- and 4substituted analogs with be prepared for each functional diB6,7,1022).
This will facilitate the develpment of an understanding dfie impact of shifting each
functionaliies on bindingaffinities andin vitro ADME parameters. Alscas noted abovdyulky
groups in the $osition results in potentET; binding, with the exception of-butyl (170058 5-
HT; K; = 1924 nM. The single example in the preliminary data set, however, contains a
spirocyclopentyl lactoneand it is possible that this combination is not conduciveHd fbinding
In order to further test the limitations of thep@sition and its fationship with the lactone alkyl
appendagesye propose to include KB8 e second generatiaeries.Steric tolerance ahe 2
positionwill also be tested witthe 2Phanalog(KB9). Incorporation of nitrogen atoms into the
aryl ring is of particulamterestas the 2pyridyl analogl70106 exhibited potent bindinghile the
corresponding4yridyl analogl60137wasinactive at the 81T receptorMLM half-life was also
substantially different as 160137 was resistant to MLM metabo(i&i>60 minute$ while
170106 was rapidly metabolized (MLMyZ= 2.6 minute9. The 3-pyridyl analog KB23 will be
prepared to complete this aspect of the SAiRe corresponding diethyl analog of 160137 (KB24)

will alsobe prepared tdetermine if the combination a#4-pyridyl moietyand the spirocyclohexyl
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lactone caused the logB5-HT? affinity observed in 16013 Further dinitrogen heterocycles with
be explored, such as pyrimidines and pyrazines (KB25 The incorporation of two nitrogen
atoms will increase the TPSBy more than 20 units. It isossiblethat these compoundsay
display the affinitysimilar to thatof 170106and the improved MLM stability observedwith
160137.Finally, dirsubstitution will be briefly revisiteth order to gain a better understandirig o
the surprisingdecrease in-bT7 binding affinity observed witli70059 (2,6Pr-Ph). The loss of
binding potency of 170059 is in stark contrasth® highly potent Zubstitued analofj70112 (2
iPr-Ph), which haathe highest affinityof all of the preliminary compoundsThe diethyl analog of
170059 (KB28) will be prepared in order to determine if a bulky 2,6 substitution patern
detrimental to 84T+ binding. In addition,di-chlorophenyl analogs (KB230) will be synthesized
in order to explore the ipact of multiple electron withdrawing groups.

The preparation dhese second generation compounidsexpand thevailableSAR datathat
will drive the design ofnext generation compounds. Th&i%; binding andn vitro ADME data
obtainal with this sers will support optimization of/ariables, such as chain lengthd aryl

piperazine substitution patterrikat will becritical to identifying viable lead compounds

6.2.1.2Explore Alternate Arylamine Systems
Following optimization of the chain lengthdiladone appendages, alternate amyine systems
(Figure 32) will be explored While a significant amount of data has been collected using the
phenylpiperazingystenit is possible that thisystenmay not be theptimalone for 5HT- affinity
and seledtity . Moreover thephenylring represeng alikely site of metabolismAlternatesystems
may provide an increase in microsomal stabikiyrthermoresomeof the systemshown in Figure
32 add substantial polarigndincreag the TPSAof the full struture For example(13) adds ~40
units to the TPSA valueshencompared to a corresponding phenylpiperazine analog. For these

reasons, investigating replacements for the arylphoee systenis worthwhile.
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Figure 32 Proposed alternate arylamine sysse
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The starting materials necessary to incorportite proposed alternate systems aieher
commercially available or can be readily prepared with known synthetic methpesifically,
arylamine analogél6-25) can be purchasess the fre@mine while the remaining examplg42-
15) will need to be syntsized using the methods described belodole (12) can be prepared
using Buchwald couplingutlined in Scheme 3Bromoindole(27) is TIPS protectedand the
resulting protected indolé28) is coupled to ibocpiperazine using PdgP-(o-tol)s]z in the
presence of BINAP and a ba%é Subsequent deprotection wpkovide 5-(piperazinl-yl)-1H-
indole (29). The bicyclic system¢13-15) can be synthesized using the versatile synthetic route
outlined in Scheme 4. Starting with arylhalid80), direct chlorine splacement with -boc
piperazineprovidesthe arylpipeazine (31). The paranitro group can be reduced with h the
presence of Pd/C tarovideintermediatg32) which can then undergo various transformatioms
provide multiplecyclized products Heatng (32) with trifluoroacetic acid will cyclize the two

aniline nitrogens with an equivalent of the aaidl remove the boc protecting group in one step to
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produces-(piperazinl-yl)-2-(trifluoromethyl)}1H-benzo[d]imidazol€33). Cyclization with either
acdic acid or CDI, followed by deprotection, wilrovide 2-methyt5-(piperazinl-yl)-1H-
benzo[d]imidazole (34) and 5-(piperazinl-yl)-1,3-dihydro-2H-benzo[d]imidazol-one (35)
respectively. The synthesized and purchased amines can then be coupledctoribectare using

themethodgdescribed in Scheme 1 in order to generatgtbposednaloggFigure 33.
Scheme3: Synthesis of §piperazinl-yl)-1H-indole
l)Pdclz[P(O-t01)3]2 HN
B BINAP, NaOtB
K@E& LiHMDS, THFE Br® + /N Xylenes, T10°C. bN\@\/X
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Schemed: Versitle Synthesis for Bicyclic Aromatic Piperazines
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Biological screening data developed using the aforementioned compounds will be used to
driving the design of next generation compaaintf activecompounds are identified in this set,

additional, further functionalized analogs will be prepared and screenedrapréagip.

6.2.1.3Piperazine Bioisosteres
Another possiblevariation to thearylpiperazinemoiety isreplacing the piperazine ring with
bioisosterePiperazine bioisosteres whiavea limitedeffect on the TPSAnd could possibly alter

microsomal stabilityit is currently unknown if the piperazine core is a site of metabolisray
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could, howeverhavea substantialmpacton 5-HT7 binding propertiesAs noted inchapter 2the
piperazine core is pivotal tal3T- binding agts basic amine forms ley salt bridge with Asp 162.
Variations to this portion of the molecudee likely toinfluence this key interactiohe three
proposed bidicsteres can be viewed in Figure :32,6-diazaspiro[3.3]heptane(36),
octahydropyrrolo[3,4]pyrrole (37) and homopiperazing8). Notably, there have been instances
reported in the literature that demonstrate that utilization of these bioisosteres deaidicease
in potency and/or affinity at a particular target when compared to a corresponding piperazine
analogt?8429430

%N%N—Ar —E—N(:'i/\N—Ar %NCN\Ar

36) 37 38)
Figure 33: Arylpiperazinebioisosteres

Thesepiperazine bioisosteregill alter the basicity of the amine partaking in the Asp 162 salt
bridge, the distance between the fitbogens in theing andthe directionality of théerminalaryl
moieties As notedin Figure 34 the distance between the two nitrogen£3) is ~0.5 Alonger
compared to the piperazine ring170085 This distance in the bicyclic systerf#),41) is even
larger, extending over 4 A. Since the aliphatic nitrogen is locked in at Asp 162, these bioisosteres
will project the aryl ring deeper into its respective pocket. Further, the alignment illustrates that
there is a high degree of overlap. This suggiststhese bioisosteres will not cause any major
displacements of the lactone core or aryl rings. Howg86y exhibits a slight displacementtine
linker and lactoneore which could have some effect on the binding properfies, there are
notabk differences in the rotation of the aryl ring between the piperazine and bioisostere analogs.
How these minor changes maffect5-HT> bindingaffinity or selectivity isunclear

Compoundg39-41) will be prepared andcreened in program assalfsany ofthe bioisosteres
show promise, additional compounds with varying substitution patterns around the awillring
be preparedlhese additional compounds would then be compared to the corresponding piperazine
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Figure 34: Comparison of arylpiperazine bioisosteres in relation to the distance between |
atoms and orintation of lactone, aryl riagd linker.Structures were omtimized to their minin
energy.A.) Piperazine coreB.) homopiperazine coreZ.) 2,6-diazaspiro[3.3]heptane corB,)
octahydropyrrolo[3,£]pyrrole coreE.) Overlay

Schemeb: Synthesis of Piperazine Bioisosteres

R
BocN—
l_ C,0,* HN N
1. Pd,(dba);
—NH

BINAP
2 (C)
“2) NaOtBu, TEA

/\ /\ Toluene
BocN\/\/NH 1 O"C

43) ( 46)

m 2. Deprotectlon

BocN NH
N/ U

44 @7

analogs in order tadentify differences irthe SARof the cores.The synthetic routeto prepare
analogs containing these bioisostesgs shownin Scheme 5. Commercially available bec
protected diamine@2-44) can be coupled to a desirkdhctionalized arylhalide usinBuchwald
coupling Following deprotection, the resulting secondary amif#s47) can beattachedo the

lactone core using the methodology described in Scheme 1.
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6.2.1.3Increasing Polarity of Lactone Appendage

The final structural feature toe functionalized, with the intent 6 increasing TPSAIs the
lactone appendag@&hus far, only identical alkyl chains or aliphatic spirocycdieshe lactonbave
been investigated or propos@&ince it has already been demonstrated that a spirocyclohexyl ring
is well toleratedn this posiion with respect to 5T~ binding affinity, steric demands are clearly
not an issue. Itis possible thptlar atomsould beincorporatednto this ring. This could provide
an opportunity fora branch poinsuitable for the attachment of additioqallar substituentsAs
shown inFigure 35 integraton of a polaratom (O or N) at the X position would added -11D
value to the TPSAThis position was chosen because it asthié creation of a second chiral center.
Of particular interestsiwhether or not nitrogen atom at this position will be tolerated. If so, this
would provide anopportunit to incorporatevarious functional grups at this position. Figure 35
highlights theversatile functionalization that coulte accomplishetb produce awide rangeof
amides, carbamates, ureas and sulfonamides. All of these functional groups present the opportunity
to significantly increase the TPSA of final compounds. In addiftois possible that the lactone
appendages are metabolically labile additional furctionalization may hava beneficialimpact

on microsomal stability.

X N
R1/ \\/ \Ar

If X=N, R,=

o o) o)
)J}i )J}i )Jﬁ %
R, R, S

Figure 35: Proposed analogsith increased TPSA

The synthetic route displayed irct®&me 1, or a modified versitimereof can be used to make

theseheteroatom containing spirocycles. To make ¢kxygen containing compoundsshgme 1
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can be used without modifications usiathyl tetrahydre2H-pyran4-carboxylateas the starting
material. Nitrogen containing compounds reqtieadditional stepdescribed irscheme 6First,
theenolateof benzyl protected piperiding8) is alkylated vith allyl iodide toprovidealkene(49).
This intermediate can then undergo the modified Prins reaesodescribed irscheme 1 to
generate alcohdb0). It is important to note that a benzyl protagtgroup was chosen because it
can withstand the harsicidic and basic conditions utilized the Prins reactianThe primary
alcoholof (50) will then be TBS protected in order to allarotecing group swamnthe nitrogen

atom(benzyl to bo¥. The resulting bogrotected intermediatgl) can be treatedith TBAF to

Scheme6: Synthesis of Spiropiperidine Based Analogs
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providethe free alcoho{52). This alcohol can then be converted to the tosyE@¢and coufed
to a desired arylpiperazine. The nitrogen protecting gremphangeis required because
hydrogendbnto removethe benzyl group at this poiobuldbe incompatible with some functional
groups on the aryl piperazine If, for example, the desired arylpiperazine was- 4
chlorophenylpiperazine, hydrogeitat conditions could remove the chlorine atdbeprotection
prior to piperazine coupling is noh @ption because this synthesis was designediversification
of thenitrogensubstituent®eginningwith (54). Thefree amineof (54) can undergo a wide range
of transformationso form amideg55), carbamateés6), ureag57) and sulfonamideb8).
6.2.14 Chiral Synthesis

Racemic materiatan be used ipreliminarystudies to develop significant amount of data
but in order toadvance the program towards the-pliaical stageit will be necessary to identify
single enantiomerthat are effectig in poviding therapeutic relief. It is well established that 2
enantiomers can possess significantly different properties in a biological setting. They may possess
different activities at an enzyme, have different capacity to antagonize a receptoe diffeaent
metabolic stability as judged by liver microsomes. In addition, the FDA rarely supports clinical
studies of racemic mixtures. Therefore, it is critical that we develop a firm understanding of key
biological differences between the two enangosnof potential lead compounds so that only the
most promising enantiomers enteturein vivo studies

As shown in Scheme 2, epoxides can be utilized for the preparation of the lactone core following
ring opening via attack of an amide enaldtkerefoe, if we were able to obtain enantiomerically
pure epoxides, we could then control the stereochemistry of the lactone core. This can be achieved
using the chemistrgutlined in Scheme Both enantiomers of the two carbon chained epoxide
(61) can be produed starting with L, or Easpartic acidg9).3! In order to obtain enantiomers of

the onethreeand fourcarbon chained epoxide63 , Jacobsenés Co catalys
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resolve the racemic for(62) via selective ring openintj?In the eventthatJacb s ends Co cat

fails to effectively resolve the racemic form of the epoxid&®),(alternative asymmetric
epoxidationge.g Sharpless and Shi epoxidatid®¥2%) will be explored Theseenantiomerically
pureepoxides cathen be subjected to the syndlsadescribedn Scheme 2 for the production of

enantiomerically pure lactones.

Scheme7: Synthesis of Enantiomerically Pure Epoxides

O 1) NaBr, H,SO,, 1) Cs,CO;
H BnO
Ho\n/\A)L oH NaNO, O\/Y\OH CH,Cl \/\K(‘)
O NH; 5y BH.(CH,),S Br 2y NaH, BnBr H
L, or D-aspartic acid )Tng( 3k (60) ) ’ (61)

‘5” O
,r\i‘\ N=
o /G0
I)\(\a,OBn t-Bu (e] O t-Bu o) HO/,I o8
n tBu  tBu \>\H,OBn + n
> n Nﬂ

n=1,3,4
62) (R,R) Jacobsen's Co catalyst (63) OH

(64

This synthesis will be employed to generate a small library containing both enantiomers of
compounds from théirst and second generatigeriesdescribed abovelrhese new ampounds
will enable alirect compasonof the binding affinities anah vitro ADME propertieof racemates
andthe correspondingenantiomersThis datacould indicatethat one enantiomés configuration
has advantages in areas suclk-&l; binding affinity, selectivity microsomal stabilityor other

important biochemical properties

6.2.2Sub-Aim 2: Screen All Compounds for Binding Affinity at AllHT Receptors

All compounds will be submitted to binding affinity assays against-HIT Seceptors. Tis is
to assure lead compounds are not only potent binders teHfe ceptor, but also selective for
this subtype. As outlined in chapter, dff target activity at other-BIT receptors, specifically-5
HT2g, could lead to serious unwanted side effeStgeening at all of the members of théld
family will enabl & atrhgee tde vVSeAIRo ppmedn ta | d fo wi o fofr

as the program moves forward.
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Screening capacity to accomplish thiesnngs avali
Program (PDSP) at UNC. The PDSP provides screening data on >60 drug targets ih&l&{ing
and is a free service for academic institutiommstially, compounds will be submitted to a
preliminary radioligand binding assay. This assay will determinec o mpoundés percent
of radioligand binding at a thatdisplayreaerohac %t r at i C
inhibition of radioligand bindingyill then undergo a secondary binding assay utilizing a traditional
concentration gradient fodetermination of Kvalues.The preliminary assay will eliminate
unnecessary screening of low affinity compounds. [rata this screening service will be used to
prioritize compounds for advancement and develaut of SAR. The general protocols used by
PDSPare describetielow.
6.2.2.1Preliminary Radiolabel Binding Studies forl3T receptors

Test and reference compoundslfle§ ar e diluted to 5X final ass
a final assay concentr at i oandbirfdinghufer GOM)M Tirisn t he
HCI, 10 mM MgCI2, 0.1 mM EDTA, pH 7.4). Then, 80l aliquots of buffer (
test compoud, and reference compound are added in quadruplicate to the wells-afedl pate,
each of which cont ai ns 560orfindl assay coricétration tbieachi gand
radioligand) and 10@ | o f . Fimallyf, fe@ptocontaining, crudanembrane fraatins are
resuspended in an appriate volume of buffeand di spensed ( 5weliptate. per we
Radioligand binding is allowed to equilibrate, and then bound radioactivity is isolated by filtration
onto 0.3% polyethyleneiminrgeatd, 96well filter mats using a 9@vell Filtermate harverster. The
filter mats are dried, then scintillant is melted onto the filters and the radioactivity retained on the
filters is counted in a Microbeta scintillation counter.

Raw dpm data from the Micbeta counter are analyzed on the PDSP DB. Total bound

radioactivity is estimated from quadruplicate wells containing no test or reference compound and
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adjusted to 100%; nespecifically bound radioactivity is assessed from quadruplicate wells
containing 10e M o f a referencd carbpoumdnd adjusted to 0%. The average bound
radioactivity in the presence of the test comp

determinations) is then expressed on the percent scale.

Table 6: Radioligands andeference compoundsrfbinding assays

Receptor Radioligand (Assay Conc.) Reference Compound
5-HT1a [®H]-OH-DPAT (0.5 nM) Methysergide
5-HT1g [*H]GR125743 (0.3 nM) Ergotamine
5-HT1p [*H]GR125743 (0.3 nM) Ergotamine
5-HT1e [3H]5-HT (3 nM) 5-HT
5-HT2a [*H]Ketanserin (0.5 nM) Chlorpromazine
5-HT2s [®H]LSD (1 nM) 5-HT
5-HT2c [®*H]Mesulergine (0.5 nM) Chlorpromazine
5-HT; [*H]LY278584 (0.3 nM) LY278584
5-HTsa [®H]LSD (1 nM) Ergotamine
5-HTs [®H]LSD (1 nM) Chlorpromazine
5-HT-, [®H]LSD (1 nM) Chlorpromazine

6.2.22 Secondary Radiabel Binding Studies for-BT receptors

Solutions of a test compound are prepared 48 mM stock in assay buffé80mm TRIS pH
7.5, 10mM MgC4, 0.5mM EDTA) or DMSO according tits solubility. 11 dilutions (5Xassay
concentration) of tesaind referenceompounls in assay buffesire prepared by serial dilution to
yield final assay concentr at i onpolypropytegeiplatg, f r om
100 uL of assay buffeiis adde to all wells, then 50 uL of assay buffer diluted reference
compoundTable § or dilutedtest conpoundis added to selected wellBhen to all wells, 5@iL
of crude membrane fractions of cells expressing recombinant @ngeéi0 uL of radioligand
solution (at 5X its assay concentration in assay huffable6, is added. Reactions are incudsht
at room temperature for 1.5 hours and harvested by rapid filtration onto 0.3% polyethyleneimine
treated GF/B filter plates using a Filtermate harvester. 4 rapid 300 was hes ar e per fc
chilled 50 mm TRIS buffer, pH 7.5. Filter plates are draintillant added, and the radioactivity

retained on the filters is counted irvicrobetascintillation counter. 166 s of t est compo
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inhibiting specific binding ar-lmearcsggrhoidal cuave e d
fitting program. Pecific binding equals total binding minus nonspecific binding. Nonspecific
binding is defined by 18M of reference compound; values are calculated using the Cheng

Prusoff equation.

6.2.3Sub-Aim 3: Determineln Vitro ADME Properties.

The physicochemical properties of lead compounds must be consigerdds program
advances toward viable pdiinical leads Compounds that are potent, selectivil & receptor
antagonists cannot be advanced if they do not have physicochemical properties capable of
supportingin vivo efficacy stuéks Lead compounds should be suitable for development as an
orally bioavailable therapy with PK parameters consistent with once or twice daily dosinder
to ensure that lead compounds meet these critdgy will be screeneth a battery ofin vitro
ADME assays that are maintained at the Moulder Center for Dregoizéry Researchill
compounds will be subjected to solubility and microsomal stability (mouse and human) assays.

Promising compounds will undergo additional assays su€tY®450 inhibition (3A4, 2D6, 2C9).

Table 7: In vitro ADME criteria for alvancement

Assay Criteria for Advancement
Aqueous Stability > 95% remaining @ 4 hours @ 37°C
Solubility (pH 7.4) O 100 wug/ mL
Microsomal Stability t,O0 60 minutes (mMous g

microsomes)
CYP P450 Inhibition < 30% inhibition @ 10 uM

The pharmaceutical industry employs these s&rée select compounds fiorvivo PK assessment
using the guidelingin Table7, and these guidelinesill be employedto ensure that compounds
selected for PK studies (Aim 3) have a high probability of success.

9 Solubility (pH 7.4) will be assessed with MMpore MultiScreen Solubility filter system.

Analysis: LC/MS/MS.

1 Microsomal stabilitywill be assessed by incubating compounds with liver microsomes (mouse,

human) and an NADPH regenerating system 4C3% Phase Il metabolism is assessed in
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allomethich-activated microsomes in the presence of UDP glucuronosyltransferase cdféctors.
Microsomal protein content will be adjusted to give accurate rates of substrate consumption.
Analysis: LC/MS/MS.

1 CYP450 inhibition(3A4, 2D6, 2C9) will be determined with pressed enzymes to minimize

nonspecific binding and membrane partitioning isstié8A4 assay use testosterone as a
substrate (Analysis: LC/MS/MS). 2D6 and 2C9 assays use fluorescent substrates (Analysis:

Envision plate reader).

6.3 Specific Aim 2: Determine Functional Efficacy of Promising @mpounds
In addition to having affinity for the-BIT7 receptor, it is critical that lead compounds act as
potent antagonist$digh affinity compounds identifieth Aim 1 will be submitted to functional
screenindor the 5HT- receptor.n vitro ADME results and selectivity profiles will not heavily
influence which compounds are submitted to functional screening becausereB€d to
functional activity needs to be establish8eéH T, binding affinity will be the main etermining
factorr Functi onal screening wild.l b eusimgetire fptocole d A i

described below.

6.3.1 Functional Screening for 3HT7 Receptor (MCDR):

Potency of compounds agHH; receptorantagonists are determined using the cAMPteiti!
eXpress GPCR luminescence assay (DiscoveR%, 856 3 E3) using the manuf a
Cryopreserved U20S cells expressmgnan5-HT7p are thawed and seeded into a 96 well white
walled clear bottom tissue culture treated plate (31250 cells inull@@l plating media/well).
After 24 hr at 37°C in a humidified incubator with 5 % £ @®edia is removed and replaced with
30 uL cell assay buffer (CAB) and 7.5 uL of 6X final concentration of 5 to 10 concentrations in
duplicate of test compounds (Iy s er i al dilutions to obtain a
0.316 nM) in CAB. Cells are incubated @ 37°C for 15 minutes and then stimulated with 7.5 uL of

102



900nM of the full agonist BT in CAB (final 5HT concentration of 150 nM; an EC
concentrationjpdded to all compounrtleated wells and control wells (7.5 uL of CAB added to
basal cAMP wells) and the plate is incubated for 30 min. at 37°C. Relative luminescence is
determined by adding 15 uL of cAMP antibody/well, and 60 uL of cAMP working detection
solution/well, incubating for 1h at room temperature, adding 60 uL of cAMP solution A/well,
incubating 16 or more hours at room temperature, and reading luminescence with a multilabel plate
reader. IG0s of test compounds ar sm%rohlimearilsignoidad usi nc
curve fitting program. K values of key compounds are determined by Schild analysis of the shift
iN5SHTO6s pot en c ¥,-logdoncentratiomsiof tbsycondpound. Key compounds will also
be assessed to determine inversen&d activity (inhibition of forskolirstimulated adenylate
cyclase).
6.4 Specific Aim 3: Determine In Vivo PK of Lead G®mpounds

It is critical that we understand tlwe vivo PK of lead compound#louse PKstudies will be
conductedon lead compounds tasure that sufficient systemic exposure is achieved to support
efficacy in anin vivo setting. In addition, brain/plasmaill be determinedn order to identify
compounds with minimal brain penetration. PK studies will have oral and IV routes of
administraion to facilitate oral bioavailability determinations. Ideal compound will have an oral
bioavailability of no less than 30%, minimal BBB peaatibn (<10%)a Ti,2>4 hours and exposure
of at least 2x its K at that T>. The results of these PK studiedlvoe used to guide dosing

selections fofuturein vivostudies ThesePK studies will be conductest Temple University.

6.4.1 Pharmacokinetic Assays:
PK parameters (plasma, brain) will be detemxdinfor compounds that meet thdmA?2
advancement cetiain C57BL/6 mice. Plasma concentrations and free Haplasma ratios will

be determined. Analysis will be conducted on an-AB00 or Waters Xevo TQ LC/MS/MS
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instrument using positive or negative electrospray or APCI ionization. Assay acceptsria cri

will be 20% for standards and 25% for the LLOQ. Pharmacokinetic parameters will be determined
by norrcompartmental or muktompartmental equations using the WinNonlin program. Models
will be compared using the Akaike Information CritédaPharmacoinetic parameters will be
compared for statistical significance using pairéests. Animal procedures will be approved by

the Institutional Animal Care and Usage Committee, and in accordance with NIH guidelines. The

N value for PK studies will be 3 migeer time point per dose per sex (48 mice per route).

6.5 Future In Vivo IBD Models:

Novel compounds identified inik 3 will be screened in successiwevivo UC models by Dr
Kahn anchis tearmat McMasters UniversityDosingwill be based on PK data froAim 3 to ensure
adequate compound exposure. Initial studies will be performed in an acute DSS mouse model (6
mice/group/sex). Briefly, C57BL/6 mice will be treated with novel comls (dose selection
based on An 3 PK data) or vehicle for 6 days beginninday before colitis induction (4% DSS.
Mean DSS consumption will be recorded from each cage per day. Mice will be sacrificed on day 5
postDSS to assess disease activity index (DAI), macroscopical atodioisal damage scores,
MPO activity, and pranflammatory cytokines (Itlb, TNF-a, IL-6, IL-12, IL-17) in colonic
tissues Efficacious compounds will advance into a chronic DSS mouse model. Briefly, chronic
DSSinduced colitis will be induced in C57BL/Gice (6 mice/group/sex) by adding DSS to
drinking water to a final concentration of 4% (w/v) for 5 days followed by 7 days of water. This
cyde will be repeated twice with?a DSS. Mice will be treated with vehicle or test compounds for
6 days beginning onday before starting the®®SS cycle. Mice will be sacrificed 3 or 7 days after
the last cycle to assess macroscopic and histological scores, MPO activity, -amfthprmatory

cytokines (Il-:1b, TNF-a, IL-6, IL-12, IL-17) in colonic tissue$&® Plasma, brain, and Gl tissue will
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be assessed for test compound concentration to develop a correlation between compound

concentration and efficacy.
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CHAPTER 7

RESULTS OF SPECIFICAIM 1

This chapter encompassthe stuctural activity relationships (SAR) determingdough the
execution ofthe research plan outlined in specific ainoflthe previous chaptefhrough an
extension of thereliminary series, a foundational SAR was developed thaidasnsight into
the optimization of several key structural features of the arylpiperazinyl butyrolaciore. The
properties that werprobed for optimization include:-HT7 receptoraffinity, subtype selectivity,
mouseliver microsomal stability anfPSA A detailed discus$sn of theresults fromspecific aim

1 and theesultingSAR datais described below.

7.1 Extension of Preliminary Series

Early efforts were focused on synthesizing comparable analogs that meld with the preliminary
series and allowed forraore complet&AR analysis. All compounds synthesized were compared
to the parent compound, 170085 (TaBjeand contained a single structural change while the
remaining features were held consta@ructural features that were probidludedthe chain
length(betwea lactone angiperazing, lactone appendagesdthe functionalization of the aryl

ring.

7.1.2Influence of Chain Length

All compounds within the preliminary series contained a chain length of 2 carbons. As shown
in Figure 10, 8HT7 antagonists that fallithin the LCAP class can contain chain lengths that vary
between 1 to 4 carbons depending on the identity ofrignent distl from the arylpiperazine
core Thereforghe question aroses towhetheror nota chain length of 2 carbons is optimal for a
butyrolactone distal fragment. In order to answer this question, the 1, 3canblof chain length
analogs of 170085 were prepared. The binding affinities towardskHfierBceptors and seleict
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vitro ADME properties for these compouna® showrin Table 8. With respect to affinity for the
5-HT7 receptora 2 carbon linker is optim&-HT7 K;= 21 nM). Shorting the chain leng{230215)
significantly decreased-BT- affinity (13X), while extending the length of the linker by 1 or 2
carbong230057 and 23055)slightly decreased affinity (2-8X). The chain length also influences

the selectivity profileA 1 carbon linker generally decreases affinity at ai breceptors, however

a slight increase in-blT,s affinity compared to the parent compound 170Q8%25X) was
observedIncreasing the chain length had a positive impact on selectivity ed@&gsband 5HTs

but decreased selectivity oveld 14, 5-HT24 and 5HT2g. Specifically, extending the chain length
beyond 2 carbonseversedhe selectivityso tha compounds with the longer linker were slightly
more selective for & Tia0ver 5HT7. Also the3 carbon linkeanalogdisplayed some affinity for

the 5HT1p receptor which is absent foompounds with thether linkersWith regardto in vitro
ADME propeties, the chain length did not have a substantial influence. All four analogs were
unstable to MLM and the TPSA does not change. However, increasing the chain length does
increase the cLogP which results in a slight decrease in soluBgisgdon these bservations for

this particularcoreit was concludethat a linker length of 2 carbons in optimal avalld be used
moving forward.

Table 8: Influence of chain length on binding affinity and in vitro ADME properties

K (nM)
D A 5-HT7|5-HT145-HT1B 5-HT1D| 5-HT1E| 5-HT2A| 5-HT2B| 5-HT2C| 5-HT3 | 5-HT5A| 5-HT6
170085| 2 6 453 521 352 1043
230215 1 273 708 412
230057 3 1719 768 948 1737
230055( 4 482 743 1219
D | n | MW |cLoge TRsalSOlubility MM o
(uM) |TL/2 (min
170085| 2 (¢} //\N/ph
230215 1 0 N \)
230057| 3 R
230055| 4 44
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7.1.3Influence of Lactone Appendages

Data from the preliminary series suggested that lactoneU-appendages influenc&HT-
binding affinity and may be a site of metabolism. It was determined that decreasing the length of
the lactone appendages from etfiy70085)to methyl (160162)significantly decreased-BT~
affinity, while tethering together o ethyl chaing160129 cyclohexy) did not affect 8HT~
affinity (Table 9) However, the dimethyl substituents improved MLM stability. Overall, this
suggests that the alkyl substituents are a potential site of metabolism where smaller, restricted
appendges are more metabolically stablet negatively impact-BiT7 affinity. Therefore analogs
containing smaller restrained spirocycles were prepared as a potential strategyuodiah 5
HT- affinity and MLM stability while not significarly impactingthe MW, cLogP, TPSA and

solubility.
Table 9: Influence of lactone appendages on binding affinityiandtro ADME properties

K (nM)
5-HT75-HT14 5-HT1B| 5-HT1D| 5-HT1E| 5-HT2A| 5-HT2B| 5-HT2C| 5-HT3 | 5-HT5A| 5-HT6
6 453 521 352 1043

ID R1 R2

170085 | Ethyl | Ethyl

160162 [Methyl| Methyl| 245 6 758
230208 e(CH); ® 113 9 353 868

230207 ®(CH),® 177 9 0
160129 e(CH)s ® : 393 303 507

Solubilityy MLM o

ID R1 | R2 | MW | clogP| TPSA
g (uM) [TL/2 (min o
170085 | Ethyl| Ethyl 3 R . /\\
160162 [Methyl Methy! : 1338 ! \
8 6.8 \\/ ~Ph

230208| *®(CH);® R
230207 | ®(CH),®
160129 | ©®B(CH)s®

In line with this hypothesjsiecreasing the size of the spirocyclohexyl ring (160129) to 5 and 4
membered ringdid decrease the-BT- affinity by approximatelysX and 3.5Xrespectivelyput
both displayed higher affityj compared to the dimethyl analdgecreasing the ring size of the
spirocycledid slightly increase MLM stability from ak< 2 minutes to 3.3 and 6.8 minutes for a
5(230207) and £30208) membered ring respectiveljrere washowever a negative imact on

the selectivity profile with respect to the-b 14 and 5HT 25 receptors. Decreasing the size of the
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spirocycleeither abolished (230208) or reversed (230207) the selediiviHT7 over 5HT1a.

More importantly, the selectivity overl3T2s was dereased from >9X to 2-:3.1X. Since the 5

HTsr ecept or-t as (téastassatiatedtwith serious cardiovascular safety isSubs

was considered a serious issue. Therefore, based dnctkasen affinity for 5-HT.s and the
>3.4X drop in BHT? affinity, the use of small spirocycles was abandoned despite the small increase
in MLM stability. Further, the diethyl lactone appendages (170085) were deemed the optimal
functional group because of the proved selectivity profile against-13T.s compared to the

spirocyclohexyl analog (160129).

7.1.41Influence of Arylpiperazine Functionality

The preliminary data set demonstrated that functionality of the arylpiperazine can have
significant influence onT7 binding affinity as well as the selectivity profile. order to further
investigate the SAR surrounding the substitution pattern of the aryl nngrecomprehensiveet
of comparable analogsassynthesized (ortho vs meta vs para). Sinchanlength of 2 carbons
anddiethyl lactone appendag@ere considered optimal (see above), the parent compound 170085
wasusedas a point otomparison.

A variety of electrordonating groups were used to determine the effieet electron rich ring
system a 5-HTy affinity within this class of compound$able 10) Location dependence of these
groupswasinvestigated to determine if there is an optimal location for functionalization. Further a
few analogs were prepared that contained a bulky aliphatictanybgt the ortho positioim order
to gain a ktter understanding @ghe high5-HT- affinity of 170112(K,=6 nM) and170060(K,=17
nM) and the puzzling loss of affinity seen with 170@B8=1924 nM); see chapter 6.

Substituting with aveally electrondonatingmethyl group in the 2 and 4 position (230107 and
170090) resulted in high affinity compounds withH%7 K,= 60 and 10 nM respectively. When

located in the 3 positio(230112)5-HT? affinity drops considerably (K= 10,000 nM) When the
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methyl graup isin the para positiorsubtype selectivitys achieved This compound is30X less
potent athe nearest-5IT receptor 5-HT2s. Both 230107 (Me-Ph) and 230112 (®le-Ph), on
the other handexhibited significant affinity for the-5lT14 (17 and 15 nMand 5HT2s (28 and 57
nM) receptors.

Table 10: Influence of electromonating groups on affinity and selectivity

O,
(e}
N
N

\\/ R,

Ka [nha)
D Rl

5-HT7 |5-HT 14| 5-HT1B| 5-HTiD | S-HTiE | 5-HT2& [ 5-HT2B | 5-HT2C | 5-HT3 | 5-HTSA | 5-HTS

170085 PR 453 521 352 1043
330107 [ 2-Me-Ph 838 El 40
330112 | 3-Me-Fh g1 441 1040
170080 4-Me-Ph 523 855 6515 295
170112 | 2-iPr-Ph 432
330186 | 2-tBu-Fh 208 23
330110 | 3-Ph-Fh
170082 |2-OMe-Ph| 118 e
170091 |3-OMe-Ph| 199 1055 43 EL
230204 |4-OM=-Ph 1388
170084 | 2-OH-Ph 156 412 4ad 1110
170101 | 3-OH-Ph | 324
170073 | 4-OH-Ph
330214 | -MH:-Ph | 222 347
230212 | 3-MH=-Ph | 143 374 —
170086 | 4-MH=-Fh [ 471

Separately,ite preliminary results demonstrated that increasing the size of the aliphatic group

in the 2position with an isopropyl group led to significant increase-HT5 affinity (170112, 5

HT7 Ki=6 nM). The 2-phenyl and Zertbutyl analogs of 170112 were prepared to test the steric
limits of this region of the molecule. eRultssimilar to those of 17011®ere observedwith a
phenyl ring (230110, BIT7 K,=12 nM). However, a tetthutyl group(230186)at this position
greatly reduced-5iT> affinity (K,=1895 nM) This suggestthat there is steric limitation when
substitutingin the 2position. Bulky substituentsthat are relatively flat, such as ispropyl
(170112), phenyl (230110) and morpholine (1700&diminary set) can fit into thigortion of the

binding pocket leading to high 84T affinity. Those groups that extend in all directions, such a
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tertbutyl, cannot occupy this pockewhich leadgo a significant loss 05-HT- affinity. These
findings ako supportthe loss of BHT7 activity observed in 170058, an analog with-ge@-butyl
phenyl piperazine and a spirocyclohexyl lactolmeline with the conclusions drawn from the
preliminary series, these compounrusve limited selectivityand bind to te 5HT1a, 5HTip, 5
HT2a and 5HT2g receptors. Consequently, substituting with a bulky stulesnt at the zosition is

a promising strategy to achieve higlH%- affinity but would need to be utilized in conjunction
with an approaclesignedo improvesubtype selectivity.

Strondy electrondonatingsubstituents (OMe, OH and NHendto decrease affinity at the 5
HT~ receptor.A methoxyor hydroxyl group in the othro (17008270084 and meta (170091
170102} position of the phenyl ringled to moderateé>-HT~ affinity (118324 nM) and poor
selectivity with respect to thel3T14 and 5HT2g receptors. Interestinglyhere is a stark difference
when substituting in the para positioBpecifically, a 4-methoxy group (230204dramatically
diminished bindingo all of the 5HT receptorswhereas th&-hydroxyl analog(170073)led to
high 5-HT7 affinity (K,=89 nM) and excellent subtype selectivithis suggestthat there may be
a size limitaion for functionalization at the para positidmall groups €.g.Me and OH) can fit
the available space but slightly large substituests OQMe) are too large and lead to poor binding.
Finally, there is modest tolerance fomamino (NH) functionality. Moderate to low binding was
observed at only theBT7, 5-HT1a and5-HT 2z receptordor the ortho and metanalogs (230214,
230212) Similar to 170073 (40H-Ph), substituting at the para position with an amino group
(170086) resulted in excellent subtype selectiviiyi this analog displayednoderate5-HT»
binding affirity (K= 471 nM).

Promising results were obtained when substituting with eleetitrdrawing groug such as a
halogen (Cl)trifluoromethyl (CE), cyano (CN)and nitro (NQ); see Table 11Functionalization
with a chlorineled to high affinity compounds<{ 00 nM) The meta positioranalog(230280)

demonstratedhe most potenb-HT, affinity (6.7 nM). Similar results were obtained with
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trifluoromethylfunctionality. The order of BHT7 affinity ranked frommeta (230108Ki=22 nM))

> para (230206K,=232 nM > ortho (230125 K,=10,000 nN. Therefore halogens or halogen
containing groups substituted at the meta pos#jgpears tde aviable strategy to produce high
affinity 5-HT~ ligands.Functionalization with cyano (CN) decreased®; affinity to greatertan
100 nMin all three analogs examinedoderate affinity was maintained when cyano substitution
was inthe meta (230123) and para (170083) positions, while ortho functionalizatidrnto a
substantial drop iB-HT~ affinity (230111, K=10,000 nM) Subditution with a nitro (NQ) group
was well toleratedasall three analogs hadi3T affinity below 100 nM with the optimal location
being the ortho position (230218,=29 nM). Consistent with electredonating groups, othro and
meta substitution withelectronwithdrawing substituents resulted idecreasedselectivity,
particularly over the #1T1a and 5HT2g receptors. Similar to 170073-@H-Ph) and 170090 ¢4
Me-Ph),para substitution with chloro (230208)tro (170074)and cyano (170083d to excekent

selectivitywhile 5-HT7 affinity was maintained

Table 11 Influence of electronvithdrawing groups on affinity and selectivity

Q
0

N/\\

\\/N\R1

Ka [nda)
o Rl

5-HT7 |5-HT14[5-HT18] 5-HTID | 5-HT1E | 5-HTEA | 5-HTER | 5-HTEC | 5-HT3S | S-HTSA | S-HTS

170085 PR 453 51 352 1043
730115 | 2-CI-Ph 1304 555 258
330280 | 3-C1-Ph 1063 ND ND WD ND ND ez
330205 | 4-CI-Ph 4T 831 Ty 345
330135 | 2-CF=-Ph 1211 1066
230108 | 3-CFe-Ph a22 761
330206 | 4-CFz-Ph | 282 1251 1256 201
330111 | -CN-Fh 1055 1001 1356
730123 | 3-CN-Ph | 203
170083 | 4-CN-Ph | 134
230213 | NO=Ph 16 274
330211 | 3-NO=FPh 332 1343
170074 | 4-NOx=Ph 1748

In summary substitutionwith electron donating or electron withdrawisgbstituents has been

demonstrated to produce high7 affinity compounds, but position and size of the substituents
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can signifcantly impact potency and selectivity addition, arincrease or decreaselipophicity
of substituents also did natorrelate with an increase iaffinity or selectivity for 5HT-.
Specifically, functionalization with methoxy (OMe), amino (§Hnd cyno (CN) resulted in
decrease8-HT? affinity (>100 nM) in all analogs screentmdate High affinity compounds have
been identified with methyl (Me), hydroxyl (OH), chloro (CI), trifluoromethyl §C&nd nitro
(NOy). Interestingly, the optimal locationitlv respect to 81T~ affinity varied from group to group.
The optimal location for a methyl and hydroxyl grotgr exampleijs in the para positiorChloro
and trifluoromethylsubstituentsvere ideal when located at the meta position, whdgasnitro
grouptheothro substitution is preferred. Furthleulky substituents at the othro position led to high
5-HT? affinity but size limitations were observetherefore the identity of the substituting group,
rather than the electronic nature of the ringtades 5-HT- affinity and its optimal position around
the ring system. With respect to subtype selectivigerzeral trend was identifie@thro and meta
functionalized compoundsere less selectivas these analogs displayed high affinity for the 5
HT.a and 5HT2g recepors In some casethese analogs also displayed affinity the 5HT2a
receptor. Excellent subtype selectivity was achieyetiowever, with para substitents
Consequently, functionalization at the para position may Yialde strategy noving forward to
achieve subtype selectivityhile maintainings-HT- affinity. This was indeed the case &mveral
compounds, as 170090, 170073, 230205, 170083 and 1a@®& highly potent 5T binders
with low affinity towardsthe other EHT recepors

Consistent with the preliminadatg compounds from this series had MWs and cLogPs within
Li pinski 6s (Table |12 The majofity of @mpounds demonstratddgh agueous
solubility. Notable exceptions includel’0112, 230186, 230110 and 2862each of whicthad
aqueous solubilityaluesbelow 50 uM. This does not come as a surprise as these comspawed
moderate cLogP values due to the presence of nonpolar groups such as an isopropyl, phenyl, tert

butyl and trifluoromethylModulation d the TPSAwas not a focus of this series, thereftre
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Table 12 Influence of aryl substitution dn vitro ADME properties

?b\/\ \\/N\R1

Solubility| MLM
(ur)  |TL/2 (min)

> clogP [ TPSA

170085 Fh
230107 | 2-Me-Ph
230112 | 3-Me-Ph
170090 | 4-Me-Ph
170112 | 2-iPr-Ph
230186 | >tBu-Ph
230110 | 2-Ph-Ph
170082 | 2-OMe-Ph
170091 | 3-OMe-Ph
230204 | 4-OMe-Ph
170084 | 2-OH-Fh
170101 | 3-OH-Fh
170073 | 4-OH-Ph
230214 | 2-NH,-Ph
230212 | 3-NH.-Ph
170086 | 4-NH,-Ph
230115 | 2-C-Ph
230280 | 3-CHPh
230205 | 4-C-Ph
230125 | 2-CF-Ph
230108 | 3-CF-Ph
230206 | 4-CF-Ph
230111 | 2-CN-Ph
230123 | 3-CN-Ph
170085 | 4-CN-Fh
230213 | 2-NO,-Ph
230211 | 3-NO,-Ph

170074 | 4-NO-Ph

majority of these compounds fall short of the desired value dfi@@ever functionalization with
polar substituents such as hydroxyl (OH), amino {\idyano (CN) and nitro (N£) caused a
significart increase in the TPSAompared to the parent compourthis series provided little
insight on how to improve mouse liver microsomal (MLM) stability, as many compound exhibited
Ta2 values ofless than 1@ninutes.There was a trend witbeveralcompounds Wwere shifting the

functional group from the ortho to the para position increased microsomal stability. For example,
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230214 has a MLM 1, of 7.7 minuteshbut when this amino group imovedto the meta positon
(230212), the T2 increases to 14.6 minutesn&ven dngerTy» (36.8 minutes) is observed when
the amino group is in the para position (170086). A similar trend is seen with trifluoromethyl,
cyanqg and nitro functionalies Specifically, substitution with hydroxyl (170073pr amino
(170086)in thepara positiomesulted in the most promising;&in MLM, 18.4 and 36.8 minutes
respectively.

Based onits high affinity for the 5HT7 receptor, excellent subtype selectivity, improved APS

and MLM stability 170073 (40H-Ph) has been identified as adecompound in this program

7.1.5Influence of Nitrogen Containing Aromatic Systems

In conjunction with theconcept of incorporatinpeteroatomgo increasehe TPSA ofnew
analogs, bservations from the preliminary serlead to arinterest in convemg the aryl ring to a
pyridine. Specifically, the 2pyridyl analogl70085demonstratetiigh 5HT- affinity (K,=46 nM)
but poorsubtype selectivity andow MLM stability. Theseobservationsre similar tothe results
noted in the-substituted analogicorporatinga 4pyridyl ring (230209) significantly improved
MLM stability (T12>60 min), but unfortunately-BiT- activity wassignificantly reducedThe 3
pyridyl analog(230210)was prepared but it too exhibitémlv 5-HT7 activity and only a modest

improvement in MLM stabilitywas observe(T 1= 5.4min).

In an effort toidentify additionalsuitablenitrogen containing aromatic systenpyrimidines
and pyrazines were investigatdthese systems contain two nitrogamsl this increasdbe TPSA
by more han 20. The strategy utilizéakld one nitrogen constant at thedsition (orthojpased on
the high affinity of the 2oyridyl analog 170106The second nitrogen was shifted around the ring
to seeif 5-HT7 activity could be maintained andah improvemenin MLM stability would be
observedas seenvith 230209. Unfortunatelyall three analogs exhibited moderate to podtTs

affinity. Interestirgly a similar trendn 5-HT7 affinity was observedhen compared tthe pyridyl
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systemWhen the second nitrogés moved from the correspondingpdsition (230106) to the-3
position (230126pr to the 4position (230129)he MLM stability isimproved but BHT7 affinity
drops significantly.

Based on these observatiopgridyl or di-nitrogen containing rirgjappearo besub-optimal

systemsn thearylpiperazinyl butyrolactongeries

Table 13: Influence of nitrogen containing aromatic systems on binding affinityrevito ADME
properties

ID R1 K (nM)
5-HT7]|5-HT14A5-HT1B 5-HT1D| 5-HT1E| 5-HT2A| 5-HT2B| 5-HT2C| 5-HT3 | 5-HT5A| 5-HT6
170085 Ph 6 453 521 352 1043
170106 | 2-pyridyl 600 805
230210 | 3-pyridyl 8 1718
230209 | 4-pyridyl
230106 [2-pyrimidy| 215 0 1455
230129 |4-pyrimidy [t
230126 | 2-pyrazyl|[ 446

ID R1 MW | cLogP| TPSA

Solubility] MLM
(uM) |T1/2 (min
170085|  Ph 8 Q

170106 | 2-pyridyl 4 N/\\

230210 [ 3-pyridyl 4 4 \\/N\
230209 | 4-pyridyl 4 R4
230106 |2-pyrimidy 58.6

230129 |4-pyrimidy!| 58.6 8
230126 | 2-pyrazyl 1.3 58.6 4

7.1.6Influence of a Disubstitution Pattern

To further explorehe surprising drop in-BiT- affinity seen with the dsubstituted analogs in
the preliminary seriesomeadditional disubstituted compounds were prepargpecifically, the
loss of bindingaffinity of 170059 (2,&di-iPr-Ph, K;=10,000 nN) is in stark contrast to the highly
potent 2substitued analog 170112i@r-Ph Ki=6 nM), which had the highest affinity of all of the
preliminary compound#\n initial hypothesis suggested that loss of affifityy170059was due to
the presence of a spirocyclopenad thelactone appendagestead of the diethyl unit seen in
170112 This theory was disproven, however, B30200which incorporates both the diethyl

lactone substituents and the-Bj6Pr-Ph moiety, buexhibits poor 5HT? affinity.
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A possibleexplanation for the decrease wH3 7 affinity in the 2,6di-sibstituted compounds
that there is an optimal rotational angte the aryl ring with respect to the piperazine divat
these compounds cannot achieVie di-substituted analog&70107 and 23020Gor example,
likely alignthe arylring perpendicular to thegiperazine ringdue to the presence sxfibstituents in
the2 and 6 position. This orientation could be detrimentatikbr'’ affinity. The moderate 5T~
affinity of 170113 supports this theory. A 2dsubstitution pattern wouldaveless impact othe
dihedral anglavhencompared to 2,8i-functionalization Unlike a substituentn the 6position, a
substituent at the 4 position will not cause significant steric stress that would result in rotation of
the aryl ring.A direct comparisonbetween 170107 and 1701#@monstrateshat shifting the
secondmethyl groupfrom the 6position to the 4osition increased-BT; affinity by 3.8X.
Therefore the dihedral angle between the aryl and piperazirsofitg0113may beless than 90°.
The fact that 230113, which also has a 2,4 substitution pattern, is deveitiTefaifinity suggests
that electrorwithdrawing groups cannot be utilized in asdibstitutiondriven strategy. However
there isonly two example with electronwithdrawing groug (230113 and 230116nore analogs
would need to be prepared to support this tiygsis. The current data suggests that a di
substitution strategy is viable with a 2,4 functionalization pattern that does not result in a
perpendicular orientation-9T- affinity is sensitive to theubstituent utilizeés aliphatic groups
were toleratedbut chloro substituents were not. Finally, thereemeo observed benefih MLM
stability with di-substitutionand having multiple aliphatic groups resulted in a reduction in
solubility due to an increase in cLogP

To summarize the findings froextending the preliminary series: The optimal chain length
is a two carbon linkeR.) Diethyl or spirocyclohexyl lactone appendages are suitdbighe later
may lead to issues with-HT.g affinity. 3.) The electronicor lipophilic nature of the il ring
appeas to havelimited influence on 8HT- affinity andselectivity, 4.)Functionalizatiorwith a

methyl (Me), hydroxyl (OH), chloro (Cl), trifluoromethyl (GFor nitro (NGQ) group resulted in
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analogs with high #T~ affinity while substituting With a methoxy (OMe), amino (N§or cyano
(CN) led to moderate to pod-HT affinity. 5.) The optimal location of substitutioon the aryl
ring is dependent upon the functional group utilizeat,functionalizationin the 4positionlead to
excellent seletivity and in some cases impraéMLM stability. 6.) Pyridyl or di-nitrogen
containing rings do not appear to be optimal systems for this.s&j)iBs-substitution pattescan
be unfavorable for H1T7 binding possiblyby causingthe aryl and piperazenrings to adopt a

perpendicular orientation

Table 14: Influence of a disubstitution pattern on binding affinity aimdvitro ADME properties

ID R1 K (M)
5-HT7|5-HT1A5-HT1B 5-HT1D| 5-HT1E| 5-HT2A| 5-HT2B| 5-HT2C| 5-HT3 | 5-HT5A| 5-HT6
170085 Ph 6 453 521 352 1043
170107 2,6—diMe-P 9 264 759
170113 |2,4-diMe-Ph 363 1591 1236
230200 | 2,6-diiPr-P 8 1245
230113 | 2,4-diCl-PHjeuus 4 1325 1586 8 871
230116 | 3,5-diCl-P ey 1628 544
Solubili MLM o
ID R1 MW | cLogP| TPSA| (M) [TU2 (min o
170085 Ph 8 . /\\
170107 |2,6-diMe-P 4.0 8 N/D

| 8 N
170113 |2,4-diMe-P 8 \\/ R1

230200 | 2,6-diiPr-P
230113 | 2,4-diCI-P 47 8
230116 | 3,5-diCI-P 4.7 8 14.2

7.2 Exploration of Alternate Arylamine Systems

At the start of this project it was unknown whetbemnotan arylpiperazine core was optimal.
In order to investigate this aef the molecule multiple altenate arylamine systems were
proposed. In addition to possibly discovering a new arylamine core with imprer@&d &finity,
selectivity, and/or MLM stability, multiple proposed systems also increase the TPSAowttiad
structure As shownin Table 15and 16 incorporatingsomeof thesealternate systendid lead to
an improvement in some of these propertigsfortunately the majority of these analogs
demonstratedignificanty decrease 5-HT- affinity. It is worth notingthat somespirocycldiexyl
andogs were synthesized prior to the start of this projéot. Rong Gao 160146, 160150 and

160159 and were available for screening. Adiscussed aboyeeplacing thediethyl lactone
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appendagesvith a spirocyclohexyl systerhas limited impact on thB-HT- affinity of analogs

prepared to dat& hereforeit is likely thatchangsin 5-HT affinity observedor these compounds

is due to the changén the arylamine system and not the difference in the lactone appendages.

Replacing thghenyl ringwith an incble (160146) resulted in a slight decrease (<2X)-HiT5
affinity compared to the parent compound (160129, Table 18).addition, selectivity was
significantly impacted. Selectivityersusthe 5HT1a receptor was unaffectebut affinity for the
5-HT1p, 5-HT2a, 5HT2s, 5HT2c and 5HTsa receptorsvas significantly increased. This could be
a result of the simil ar i tcgntainiodoles.mterestinglysimiad s
heteroaromatic systemssuch as 1,3-dihydro-2H-benzo[d]imidazb2-one (160150), 2-
(trifluoromethyl}1H-benzo[d]imidazolg230068) and-methyt1H-benzo[d]imidazolg230069)
displayed minimahkffinity for all the S5HT receptorsThis loss of affinity could be due to steric
limitationsin this portion of the receptoiinding site.As noted abovef was hypothesized that a
4-OMe-Ph ring (230204, Table 1®) this portion of the moleculed toa substantial decreaSe
HT affinity becausehe methoxy group watoo large for the available space in this pockée
same easoning can be applied for these ring systems as thajl krger than an indole rin@gnd
by extension the-OMe-Phring). It is also possibl¢hat the spacthatthese ring systems occupy
is hydrophobic and since they are more polar compared ta@aleinng, unfavorable interactions
occurand decrease binding energy

Thesechanges had a limitéthpacton thesolubility, but the TPSA anthe MLM stability was
improved byl15-41 units and 22 minutesrespectivelyThis further supports the notionatithe
arylpiperazine is a site of metabolis@ince high 5-HT; affinity was maintained when &
(piperazinl-yl)-1H-indole systemwas employed, this may ke promising alternate systerin

selectivityissuesxan be addressed.
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Table 15: Influence of alternate arylamingséems on 84T affinity and selectivity

o)
R4 o
R, Rs
K (nM)
ID
RR ki 5-HT7] 5-HT1A 5-HT1§ 5-HT10 5-HT1H5-HT
/N
160144 ®(CH)s® %N\_/N 1 4 692 9
N
H
%N/j"‘ NH
160150 ®(CH)s®| ° \/
ﬁ o}
%N/_\N NH
230064 Ethyl Ethyl / By 0000
N G,
EWARN
230069 Ethyl| Ethyl _/ )NH\ 0000
N/
230117Ethyl Ethyl S\ 0000 0 488 1494
(<)
230124EthylEthy} N/D
\ / \N/o
e
160159 ®(CH)s ® ED
170114 Ethyl Ethyl ﬁ“@@ 575
?iN Cl
23007qEthyl Ethy} C©/ . 1385
N F
230071Ethy| Ethyl (:@/ 207
N
230104Ethyl Ethy] n B 829
F
X
230103Ethy| Ethy} B B 258
F
¥ N
230104Ethy| Ethyl ’@ 0000
N
?iN X
230114 Ethyl Ethyl w» N/D
N
b N
N =\
230064 Ethy| Ethyl 0000
Y/ y K/N \/N
230064Ethy] Ethyl ?éNAfN
HEthyl Ethy K/NJ
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-HT2B5-HT2¢ 5-HT3 5-HT545-HTH

1706

964

N/D

1069

889

373 1768
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Table 16: Influence of alternate arylamingséems orin vitro ADME properties
(@)

Ry o

Ry R3

Solubility]  MLM
{uMy  [T1/2 (min)

150145 | — [CHZs— @‘Qj 42 173

H

160150 —(CHs— -%OAQTL.L 73 133

230068 |Ethyl| Exhiy _*”D 3 45 615 .
_E_..‘ %

230088 |Ethyl|Ethyl| ¥ N/ Y 41 | @5

230117 |Ethyl| Ethy ! +D8

230124 |EthyI| Ethy ! @_& =1

.,-.i.-...

160158 —[CHas— ‘:_jo 44 121
170116 |Ethyl | Exhy | 1{"03

230070 |Ethyl | Exhy | ){'C(;/J 45

230071 |Ethyl | Exhy | }A{"C(B/ 41

230104 |Ethyl | Exhy | )t"O(; ND

230103 |Ethyl | Ethy | ﬁ"@ ND

230102 |Ethyl | Exhy | ‘ﬁw ND

230118 |Ethyl | Exhy | ?iri::\(ﬁ

230064 |Ethyl | Btk | ?ﬁm G0z

230085 |Ethyl | Ethy | ?ﬂ‘o‘j}

DR |R R MW | cogP | TPSA
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Based on the observatighat using bulky substituents in the@sition of a phenylpiperazine
system leads to highBT> affinity, two bicyclic systems (230117 and 230124) that project an aryl
ring into the same direction were explorkdvas interesting to observe that th@hthalene analog
(230117) exhibited poor-BT7 binding (Ki= 10,000 nM) while 230110 {Ph-Ph, Table 10) bound
with high affinity (Ki= 12 nM).It was hypothesized above that there are steric limitations with
regard to substituting at thepdsition of the gyl ring. Specifically, relatively flat substituents (e.g.
iso-propyl, phenyl and morpholine) asecommodateth this pocket while nofflat groups (tert
butyl) cause unfavorable binding interactiofibe poor binding observed with the naphthalene
analog tirther builds upon this hypothesis on the structspaicificationsof this binding pocket.
The data thus far suggests that thgo2ition binding pocket is narro(flat substituentsand does
not orient parallel to the aryl ring. This is supported witk tlomparisonbetween 230117
(naphthalene) and 230110-FP2-Ph). Both have phenyl ringsotrudinginto this binding pocket
but only one binds with high affinity. The phenyl ring of 230110 is capable of rotating and can
orient in a norparallel fashion andan fit into this binding pocket. The naphthalene is locked into
a parallel orientation which could cause steric clashes with the sides of the binding pocket. This
key difference may explain why the naphthalene analog exhibits gddr binding.Binding data
for 230124 will help test this hypothesis as a bediggxazole system is also locked into a parallel
fashion, however,-5T binding data for this analog is still pending.

In order toexplore alternatives to tteylpiperazine core, more restrictey/lamine cores such
as tetrahydroquinoline (160159) and tetrahydroisoquinoline (1704#&6) examinedDespite
improving theMLM stability (T12=12.1 min) thetetrahydroquinoline core significantly decreased
affinity at all the BHT receptors. On the athhand, utilizing a tetrahydroisoquinoline cogsulted
in highaffinity for the 5HT- receptor (K=13 nM) and good subtype selectivity, but MLM stability
did not improveg(T12<2 min)in the initial analogThis core was further investigated to determine

if improvedMLM stability could be achieveddalogenation ofthe 7position with either chlone
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(230070)or fluorine (230071) did not increase MLM stability but did result in analogs wih
HT- K; <10 nM. Unfortunately, affinity also increased at thelbia and 5HT2g receptors. To
block potential sites of metabolisamd raise the TPSA nitrogen atom was incorporatetbithe
aryl ring of the tetrahydroisoquinoline cdreall four possible position€@30104, 23103, 230102
and 230118)A smallincreag in MLM was observeth all 4 analogs with thiargestmprovement
occurring when the nitrogen was placed in thepdsition (230118) or 4osition (230102).
Moderate to highb-HT~ affinity was observed when the nitrogeniis the 7position (230103
K,=258 nM) or the 8position (230104K,=64 nM)), but limitedaffinity was observed when the
nitrogenwas placed in the-position (230102) 5-HT- binding data for the fposition analog
(230118) is still pendingn addition,230103 and 23010display relativey high selectivity These
compoundsould be used in next generation compounds in conjunction with stradegigeed to
increaseMLM stability and TPSA.

Finally, two additional cores were investigated: 5,6fétBahydre[l,2,4]triazolo[4,3
alpyrazine 230064)and>5,6,7,8tetrahydroimidazo[12]pyrazine (230065). Like the previous 4
analogs, these cores were chosen to increase the TPSA and improve MLM stability through the
incorporation of nitrogen atomd hese analogs also decretimesize of the atying. As expected,
MLM stability and TPSAwere significantly improved for both compounds, especially 230064
(T12> 60 min and TPSA= 60.2). Unfortunately both of these analogs exhiinitiéeld affinity for
all 5-HT receptors.

In summarythis invesigation into alternate arylamine systeprsvidedadditionalinsight into
the SAR related to this portion of the pharmacophdte fact that MLM stability and-5iT~
affinity varied throughout this series further supportsttig®rythat the arylamine ceiis pivotal
for 5-HT> binding andis amajor driver ofmetabolism. Potential alternate arylamine systins
replacenent ofa functionalized phenylpiperaziigentified to datenclude: 1.) 6(piperazinl-yl)-

1H-indole (160146) as-BIT- affinity was retaned, MLM stability improved and the TPS#ere
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increased Subtype selectivity however, would require optimization 2.) Substituted
tetrahydroisoquinolines (170116, 230070 and 230071) due to their high affinity forHfe 5
receptor (K< 13 nM) andhigh subtype selectivity>10X). The TPSA and MLM stability (T< 2
min) would require further optimizatior.) 5,6,7,8&etrahydrel,7-naphthyridine (230104) and
1,2,3,4tetrahydre2, 7-naphthyridine (230103) amibtype selectivity wamoderatg>13X) while

5-HT7 affinity was maintainedThe TPSA and MLM stabilityvould require further optimization

7.3 Piperazine Bioisosteres

The use of bioisosteres can be beneficial with respect to the optimization of properties within a
series of compound#n this program the piperazine core is pivotal teHbl'7 binding as its basic
amine forms a key salt bridge with Asp 1Bfherazine bioisosteres could have major implications
on 5HT7 affinity and selectivity. Also, if the piperazine core is a site of metabolism, bieisos
replacement may increasMLM stability. As notedin the previous chapter, three piperazine
bioisosteres were selected for investigation.

Initially, single analogs were prepared that varied in liim@sostere core, while the other
variables were heldonstant(diethyl lactone appendages, a two carbon linker and the aromatic
group as a phenyl ring As shownin Table 17, two out of three piperazine bioisosteres
demonstrated potentt3T- binding, while the third had significantly lesdH 7 affinity. Conpared
to the corresponding piperazine analdg0085) homopiperazine (230227) maintained high
affinity for the 5HT; receptorand increased selectivity overttil1a, 5HT2a, 5HTsa and 5HTe.

The selectivityover the 5HT2s and 5HT.c receptors, however, ag decreased. Remarkably,
utilization of the octahydropyrrolo[3;d]pyrrole bioisostere (230105) resulted in complete subtype
selectivity and high affinity for the -BIT; receptor (K= 64 nM). Lastly, a 2,6
diazaspiro[3.3]heptananalog(230179)demonstratd limited5-HT receptor bindingThis could

be due to a change in basicity of the protonatable nitrogen that forms a key interaction with Asp
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162. The porbitals of each nitrogen in this ring systems are orientated perpendicular to each other,
unlike a paallel orientation that tads place in both the piperazine, homopiperaznel
octahydropyrolo[3,4-c]pyrrole ring systems. As a result, the inability for the nitrogenhitals to
interact in the 2 @liazaspiro[3.3]heptane ring system may be unfavorffable-HT- binding.

Unfortunately only the 2;@8liazaspiro[3.3]heptane bioisostere (230179) provided an increase to
MLM stability, suggesting the remaining two active bioisosteres have no beneficial impact on
metabolic stability. Nonetheless, ttetentionof 5-HT- affinity seen with both the homopiperazine
(230227) and octahydropyrrolo[3¢dpyrrole (230105) bioisosteres, as well to the excellent
selectivity profile of the later, warranted the preparation of additional analogs.

In order to determin#é improvedselectivity could be achieve with the homopiperazine core, a
single analog was prepared that containedethylphenyl as the aromatic gro(80228), ashis
system led to high affinity and excellent selectivitythie piperazine series (170090, TeahO).
Surprisingly, affinity at the #1T7 receptor and selectivity againsti.s were both decreased.
This suggestthat the SARfor a homopiperazine core is different than that of a piperazine core.
Additionally, this core does not affect the TPSA loé final structurebhutit does cause an increase
in the cLogP and slight decrease isolubility. This may prove counterproductive towards the goal
of increasing the polarity of final compounds with the in@nlimiting CNS penetradn. Based
on theseobservations and the lack of an improvemerntilctM stability, this bioisosteravas not
further pursued.

The octahydropyrrolo[3;4]pyrrole core demonstrated promise not only because of the high
affinity and excellent selectivity profile of 230105, kalo this analog displayed an increase in
polarity compared to the corresponding piperazine analog.ig hist apparenin the cLogP or
TPSA but this analog exhibited an incredsetentiontime on a silica gel column arddecrease
retention timeon areverse phase columiihis may be due to a change in basidfythe aliphatic

nitrogen.This increase in polaritynayhave a beneficial impact dimiting CNS penetration.
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Table 17: Influence of piperazineitisosteres on-bIT affinity and selectivity
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(0]
o]
A
D Core Ar K. (nM)
5 HT7|5-HT18) 5HT18| 5-HTID | S-HT1E |5 HT2a|5 HT28|5-HT 20| 5-HT2 [5-HTS4| 5-HTE
170085 Fiperazing __ | Ph 453 521 352 1043
30027 @1{, Ph 1004 358 1752 Bl
230105 ‘%’C\/rf\—%— Ph
A OO+ m
230228 {‘O?‘" 4 Me-Ph 11 754 1204 560
m%@%— 2-0Me-Fh | 151 1139
230251 m%— -OH-Fh | 2T 425
230183 ‘%*GQ*%— Zifr-Ph | &7 28 1526
Z-momphaline-

230254 %—m—%— il 160 1351
230042 m+ 2-Me-Fh 173 26 | 48
230045 @-} -CN-Fh 1429 | 3ss | 1ms | 1
230243 %—'CQ*-%— 3-0Me-Ph 1256
230252 %—‘CO*-%— 3-OH-Ph
230043 @+ IMa-Ph | 104 915
230245 %—CQ‘-%— 3-CN-Fh
230250 —}*/\:Q—% 2-0Me-Ph
230053 %—.CD'%— 2OH-Ph | 130
230247 -}*CQ*%— LCN-Fh
230244 -%CQ%— 4 Me-Fh
230172 -%—CE)*—%— 4-pyridyl ND
230255 -}NCQ‘_%_ S-indaole 733




Table 18 Influence of piperazineitisosteres oim vitro ADME properties
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(o]
(0]
Ar
Solubili] _MLM
ID Core Ar MW |cLogH TPS M) |12 (min
230227 ,_NmN\ Ph :
\_/
230105—§—~<:E>N—§— Ph :
230179 7§7N©<>N,§, Ph .
280228 by 4-Me-Ph 2 [
L/
23024s—§—~<:E>N—§— 2-OMe-Ph 420 :
230251—§—~<I>N-§_ 2-OH-Ph 0
230183—§—~<:E>N—§— 2-iPr-Ph s X
230254—§-N\/:|:>N_§_ 2-mor2:1]ollne- ; .
230242—§—~<:E>N—§— 2-Me-Ph :
230245—§—~<:E>N—§— 2-CN-Ph 56.6
230249—§—~/\:E>N—§- 3-OMe-Ph 20
230252—§—~<:E>~—§— 3-OH-Ph 0
23024a—§—~<:E>N—§— 3-Me-Ph g
23024e—§—~<:E>N—§— 3-CN-Ph 56.6 0
23025c—§-~<:E>N—§— 4-OMe-Ph 0 o
230253—§—~<:E>N-§_ 4-OH-Ph 0
230247—§—~<:|:>N—§— 4-CN-Ph 56.6 4
230244—§—~<:E>N-§- 4-Me-Ph g
230172—§—~/\:E>N—§- 4-pyridyl 4
230254 —§—~<I>~—§— 5-indole 1z 5




A similar SAR investigation was performed oatahydropyrrolo[3,&]pyrrole coe using the
data and strategies from the piperazamalogs as a guidéSpecifically, the aryl ring was
functionalized with electrodonating and electrewithdrawing substituentsthat were shifted
around the ring. In addition, bulky@sitionsubstituerg that were active ithe piperazine series
wereexamined

As seen in Table 17, mostsRibstituited analogs displayeddecrease in 5T affinity but
moderateaffinity was maintained. Thidecrease in-5iT- binding was even more apparent when
substitutirg at the 3 and-position.Thehighest affinityanalogs230243 and 230258isplayed 5
HT- affinity of 104 nM and 13M respectively As was the case fathe homopiperazine
bioisosterethe SARfor this moietyis different than piperazingligh affinity is not observed when
substituting at the-position with either electredonating groups or bulky substituertsaddition
selectivity versusthe 5HT1a receptor ishigh when functionalizing the -position (230183s a
notable exceptiona dramatic sfii from the piperazine series. The selectivity ovétraand 5
HT.s is y improvedin some exampleshut affinity for these receptorsemainsin others
Interestingly, functionalization with an electrarithdrawing group €yano, 230245) at this
position esulsin significant 5HT7 affinity (K,;= 8.9 nM) and excellent subtype selectivdgspite
the modest affinity for the-BIT2s receptonK,=345 nM, 38X 5HT>). This suggestthat electron
withdrawing groups at the-@osition is optimal for this bioisosiereplacementt remains unclear
why a methyl group is tolerated at th@@sition (23024 3Ki = 104 nM), but the 4position analog
is significantly less potent (230244, Ki = 10,000 nM). This loss in affinity b@gxplainedy
steric effects.lt was typothesizedin the piperazine series that there is a size limitation for
functionalization at the para position in which small groups (Me and OH) can fit the available space
but slightly large substituents (OMe) are tdmg and lead to poor binding. Tharse reasoning
was used to explain th@ecreasedffinity observedwith some of the bicyclic heteroaromatic

systemsn the piperazine serig460150, 230068 and 23006%)ince the aliphatic nitrogdsinds
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to Asp 162 and this bioisostere is over 1 A lontiem thecorrespondingiperazing(Figure 34)
the aryl ringmay beprojected further intéhe pocket.As a resultthe steric limitation at the para
positionmay be morerestrictive This could explain why the small hydroxyl group (2302%3-
130 nM) is tolerated at the-positionbut slightly larger groupproduce a significant decrease in
binding potency

Since the SART the a octahydropyrrolo[3;d]pyrrole analogss different from the piperazine
analogsthe4-pyridyl system (230172yasexamined wih theoctahydropyrrolo[3,£]pyrrolecore
to determine its impact o&-HT; affinity. Observed affinitywould be intriguing because a 4
pyridylpiperazine core (230209yoduceda dramatic increase in MLM stability {7>60 min) but
demonstrated poor receptbinding across the enti®HT family. Although 230172 exhibited
excellent MLM stability, it toademonstrated poor receptor binding across the ertt€ amily.

In a similar mannethe high 5HT- affinity, improved MLM stability and increased TPSAese
with 160146 (Table 15&16) suggested thaan indole aromatic systefine examinedin the
octahydropyrrolo[3,£]pyrrole serie$230255). As expected MLM stability was slightly increased,
but affinity for 5-HT7 waspoor. This is likely due to the same steeffectsthatlead to decreased
5-HT- binding potencywith the 4-substituted analogs.

Analogs in the octahydropyrrolo[3¢dpyrrole seriesremained solublecLogP valuegemain
within the druglike range,and the TPSA of final compoundsenot significantly different from
the corresponding piperazine analogsfortunatelythe majority of the compounds in this series
were unstable to MLM. There was, however, a slight increase in MLM stability seen -with 4
substituted analogs. This is similar to what whserved with the piperazine seriBased on these
observations and the fact th#ie majority of analogs exhibited decreasBeHT- affinity,
octahydropyrrolo[3,£]pyrrole may not be an optimal bioisostere replacement for piperazine in
this series ofcompounds.Some specific octahydropyrrolo[3¢]pyrrole analogs displayed

promise 1.) 2-phenyloctahydropyrrolo[3;4]pyrrole (230105) as ihashigh 5HT- affinity (K=
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64 nM) and complete subtype selectivity.) 2-(hexahydropyrrolo[3,£&]pyrrol-2(1H)-
yl)benzonitrile (230245) as it displayeéxcellent5-HT> affinity (K;= 8.9 nM) and subtype
selectivity. 3.)4-(hexahydropyrrolo[3,£&]pyrrol-2(1H)}yl)phenol (230253) becausedespite its
modest affinity for the 81T7 receptor (K= 130 nM),it displayedhigh selectivity, a slighty
increasd TPSA andwasslightly morestable inMLM (T1/2 = 5.3 min.when compared to the

parent of this series (230105, T1/2 < 2min.)

7.4 Increasing Polarity of Lactone Appendage

One of the desirable outcomes of this projetbiproduce H1T; antagonists thdtave lowCNS
penetration. If achieved, the risk of causi@flS drivenadverse effects will be significantly
reduced. TheBIT7receptor is highly expressed in thrain and as noted in chapteaBtagonizing
5-HT7in the braicfmayhavean impacbn CNS functions such as hippocampus dependent learning.
Subjecting an IBD patient to side effects related to cognitive impairment would be unacceptable.
Further, restricting lead compounds to the periphery can lesseedéor subtype selectivity.
Potential adverse effect®uld be a result ohteracting withanother BHT receptor subtyp®cated
in the CNS. Therefordimiting CNS exposurewill decrease the likelihood gbotential 5-HT
receptor mediateside effecs even hough a compound has affinity ftivat particular subtyp&his
scenario is seen witntihistaminesused for allergic rhinitisas theyhavelimited CNS exposure
and as a resultexhibit less sedatiothan would be expected based on their receptor binding
patternssuggest

As discussed in the research plan the TPSA of final compounds will be used to assist in
predicting CNS penetratiors a general guideline, néBNS penetrant oral drugs have a TPSA
greater than 80. Since none of the previously descabegounds have TPS¥alues aboves0,
they are very likely to exhibit unwanted CNS exposUieereforea plan to incorporatenore

polarity intonew analogsvas implemented. Specificaliywas hypothesizethat there is additional
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space in th&-HT7 binding pocketand bybuilding out from the lactongng, thatspacecould be

usedto incorporate polar functional groups. This is based on the diversityHdt; antagonis

found within the LCAP class. As previously discussed the arylpiperazine nmiisiycs withAsp
162,andlonger chain lengths extend the distal fragmerd.(thdactone) farther into its respective

pocket.A re-examinationof Table 10indicates thab-HT; antagonists that fall within the LCAP

class can vary in chain length from 1 to Sbems This suggestthat the distal pockes fairly
largeeResul t s from an expl oiragion aj the laxtbne fing degighedtog r o u p -
test this hypothesis asthown in Table 19.

Initial efforts began with théncorporation of a hetert@m into the spirocyclohexyl lactone
appendageo determine if thisvould be toleratedThe first compound prepared in this series,
230163(Table 19 and 20)xontained an oxygen atom at the X position and its binding data was
compared to that of the paresumpound 16012%Fortunately 5-HT~ affinity was preserved but
decreased by ~4.54n addition selectivity against BT.4 and 5HT.s were maintained and
selectivity over BHTia was significantly improved. Surprisingly, the MLM stability was
substantidl improved, raising the 1> from less than 2 minutes up to 35 minutes. This observation
along with the preservation oft3T- affinity indicated thafurther explorationof this portion of
the pharmacophongas warranted

Next, a nitrogen atom was placed the X position(Table 19 and 20)o determine if this
heteroatomwould be toleratedbecause this would provide a branching point for further
functionalization. Thgarent compoundsed for omparison washanged from 160129 to 170099
due to its increasd 5HT affinity, despite the decrease in selectivity. Thereforethe series of
compounds were prepared withmethylphenylpiperazine as the arylamine with the intent
avoidng the drop in BHT affinity seenwhen the 4position is a hydrogen as sem 230163.A
drop in affinity wasstill observedhoweveras 230167 displayed similar affiniti(,= 149 nM) and

selectivitycomparabléo 230163 Interestingly conversion from an oxygen to a nitrogen increased
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MLM stability even further as 230167 exhidd a Ti,2> 60 min in MLM. Therefore, incorporation
of a heteroatom into the spirocyclic ring improved both the TPSA and MLM stalSiye
incorporation of a nitrogen atom at the X position was well tolerated, the effect of functionalization
at this paition (particularly with polar substituents) was investigated. The precursor to 230167
(230166) was screened to determihe impact otthe benzyl protecting groupn 5HT?> affinity
and selectivity. Interestingly, a benzyl group caused a significantiseia SHT- affinity (K,= 18
nM) andsignificantly improvedselectivity over 8HT.a. The increase in-BIT> affinity suggests
that the benzyl group is accessiadydrophobifaromatic pocket located in thiggion of the
pharmacophore (Figure 11). Unforataly,the MLM stability that was gained by incorporating the
nitrogen atom was lost once it was capped with the benzyl graup 214 minutes). Thisnay be
due to theadditional sites of metabolisprovided by thebenzyl protecting groupNext, a few
compounds were prepared that contained small but polar functional gemgtamidg230170),
methyl carbamate (230169methyl urea (230171) anthethansulfonamide (230168). Although
these groups are small they raise the TPSA above 50 and close to 80tiGgitieefree amine to
an acetamid¢230170)had minimum effect on 84T affinity (K= 122 nM) and MLM stability
(T12> 60 min)compared to 23016But selectivitywas significantly improvedAffinity for 5-HT2s
was very low (Ki = 10000 nM)and selectity over 5HT.a was increased by more than 2X.
Incorporation of a methyl carbamate (230169) slightly improvédiT5 affinity (K;= 81 nM).
However while selectivity over-BT.a and 5HT2s was slightly improved compared to 230167,
affinity for the 5HT1a receptor wagestored (Ki = 374 nM)In addition, a significant decrease in
MLM stability wasobservedTi= 33.1 minvs >60 min for 23067). Employing either a methyl
urea (230171) or a methylsulfonamide (230168) group resulted in recovery of MLM stalihity
a Tyz> 60 min while 5HT> affinity was maintained (K1100 nM) Although dfinity at the 5HT 14,
5-HT2a and 5HT2z receptors wasbserved for thesanalogs, modest selectivity was maintained

(>4.9X). Compound 230168 was of particular interest bechugzs the first time a high affinity
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5-HT7 ligand from this series demonstrated excellent MLM stability, modest subtype selectivity
and a TPSA on the cusp of &ollectively,thesefindings suggested that the sulfonamide series
should have priority mowig forward.

In orderto build onthe promising results obtained with 230166 (higH affinity and no 5
HT1a activity) and 230168 (MLM stability and TPSA) a library of aromatic sulfonamides
preparedincorporaion of an aryl ring increasks-HTy7 affinity in themajority of cases
Compared to 230168, conjugatiwith anelectron rich ring system (230216, 230217, 230220
and 230222) caused a slight increase-iiTs affinity, while electron deficient ring systems
(230218 and 23022FJightly decreasedfnity . Unexpectedly, 81T14 affinity increased and
selectivitydropped to<4X selectivein some analog#\ comparison between 230166 and 230216
suggest that the presence of a hydrogen bond acceptos) (8ween the aryl ring and the
piperidine nitrogets responsible for B T4 affinity. In addition, hese analogdisplayedhigh
affinity towards both the-BiT2a and 5HTs receptors suggesting that an aryl ringgracts with
this region of the binding pocket for these receptrsignificant reductionn solubility also
occurred most likely as a result aicreasedW and higher lipophilicity Most analogs
exhibited solubility below 50 uM. Finally, similar to 230166, all these compound demonstrated
poor MLM stabilitywith only 230221havinga Ti2> 2 minutes. This supports the theory tkizis
aryl groupis a significant site of metabolism. Collectively, these observations lead to the
conclusion that incorporation of an aryl sulfonamide to this portion dattene appendage is
not a viable strategy.

A few additional sulfonamide analogs contam nonaryl functional groupswere also
preparedThetetrahydre2H-pyrancompound (230219) was designediterminef aromaticity
is required for this binding pocket. A cyclohexyl ring was not used bechasediusion of an
oxygen atom increased TPSA and waslghportsolubility. Interestingly, 230219 displayed similar

5-HT? affinity as 230168 suggesting that aromaticity is not requiredddition, affinity for the 5
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HT2g receptor was reduced comparedhe arylsulfonamide analogs. This further supports the
hypothesighat aryl sulfonamides located at this portion of the lactone appendage is detrimental to
5-HT2s selectivity. MLM stability was also significantly impacted as 230219 had,= %#.8
minutes.Since various functional groups are toleraiedhis region, it raises thguestion if there

is a binding pocket present ottiigs region of the receptor solvent expogediditional analogs will

need to be prepared in order to investigate the natuhésafegion of the pharmacophore.

To probe the polarity threshold of theggion of the pharmacophgmnalogs 230224 and 230223
were synthesized. These compoundsshe TP SA val ues great eBotht han
compounds displayed-3T- affinities around 100 nMUnexpectedly, these analogs exhibited
moderate affinity for the BT1a, 5HT2a and 5HT2g receptors gelectivity versus HT7; <3X).
Similar to compands 23016&30171, both these analogs exhibited modest to excellent stability
in MLM (T12=23.1 and 60 min. respectivelylhis further supports theoncepthat small polar
groups in this portion of the lactoaee advantageolis respect to MLM stahiy.

In summary, increasing the polarity of the lactone appendage proved to be atvéabds $or
increasing the TPS#vhile maintainings-HT~ binding affinity. Unexpectedlythis addition led to
a meansof increasng MLM stability. The following SARrelated conclusions were made: 1.)
Incorporation of a heteroatom (O or N) into the X position of the spirocyclohexyl lactone
appendage was tolerated with respectkT5 affinity and significantly improved MLM stability.

2.) The binding pocket in this portioof the 5HT7 pharmacophorenay beambiguousor solvent
exposed 3.) Aromatic moietie$n this region of the scaffolted to increased-5T- affinity but
poormoderateselectivity over 8HT1a 5-HT1p, 5-HT24 and 5HT2z. 4.) Small polar substitutes are
tolerated and modest selectivity is achieved. 5.) Significant MLM stability is attained when the

functional group is nofaromatic and small.
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Table 19: Influence of increasing the polarity of the lactompendage on-BIT; affinity anc
selectivity

o}
o
v
X
R N
\\/ \Ar
K. (M)
D X R Ar
5-HT7]5-HT1A] 5-HT1B | 5-HT1D| 5 HT1E | 5-HT24 5-HT2B|5-HT2C| 5-HT3 |5-HT5A] 5-HTE|
160129| C M/a Fh 13 303 EAT
170099 C MNSA 4 Me-Ph 432 1254
230163| O NfA Fh 150 WD 1448 | 1276
230167 N H &Me-Fh| 148 485 wmE | 273
230166| N En 4-Me-Ph ND 880
il
230170| M )L;\ L-Me-Ph| 122 WD 1272
o
230168| M )L & Me-Ph T4 WD 26 208
0 F{-
o
230071 N |~ L-Me-Ph| 102 1550 WD 580 881
O3
3. . T42 475 444
230168 N s N 4-Me-Ph

A
230216| N O’ 2 Me-Fh 258 1013
7
230217| N 4 Me-Ph 1017
L)

230218( N /Q/S—-’J-ME-Ph 108 | 394 B45
c
(=]
7
2302211 N 4 Me-Ph| 121 ATT 2
o=

230220 N @/gﬁ* 4 Me-Ph 243

230222| N ,/{ki 24 Me-Fh 3 =1

s
%
230218( N Q/ 4 Me-Ph 04 | 833
MC g’ 284
230224| N [N S & Me-Ph
[+ D
130223| N | w55 |4 Me-Ph| T8 | 258 EE | 281
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Table 20: Influence of ireasing the polarity of the lactongpgndage oin vitro ADME

properties
0
o
J v
— 4
R \\/N\Ar
Solubility|  MLM
o | x R ar | mw | cLoge | TRsA -
{ub)  |T1/2 (min)
160129| C N/A Fh
170098| C N/A 4-Me-Ph ND WD
230163| D N/A Fh
230167| N H 2 e -Ph
230166| N Bn 2-Me-Ph 4.1
Lol
230170| N )l?;\ 4-Me-Ph
o
230168| N )L 4-Me-Ph 22
~ é{_
Sl
230171 M ~ 4-Me-Ph 65.1
H
Oy
20168 N | S, 2-Me-Ph 75
230216| N Gﬁﬁ 4-Me-Ph| 4877 725
1
230217| N Q/ 4-Me-Ph| 5277
el
£
230218| N 4-Me-Ph| 5321 75 128
e}
=9}
“
230221| N 4-Me-Ph| 5227
ki
0,
i
230220| N @’ 4-Me-Ph| 5027
230222| N *5& 4 Me-Ph a8
n}{‘_
230210 N Crs 4-Me-Ph| 5057
o,
230224| N [NO _S<7|4Me-Ph| 4608 | 10
OJ n?
230223 M /Svs;‘z{“ 4-Me-Ph| 5137 0.8
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7.5 Influence of Lactone Chirality

As previously statedthe lactone coref the scaffoldcontains a chiratenter. Furthermore, all
previouslydescribedlatawas collected with racemic materialallow for rapidgeneration of SAR
data It is critical howeverto develop synthetic methodsapableof producingsingle enantiomers
of lead compoundm this series because racemic mixtures are rarely considered by the FDA as
clinical candidates. This is due to the fact that two enantiomaypossess different capacities to
antagonize a receptdrave differenppharmacokinetic profiles, and different -offrgeteffects A
small library of single enantiomersgas prepared and compared to their corresponding racemic
material with the intent to answer four questions: 1.) Can single enantiomers be prepared using the
proposed synthetic schem23 Is one enantiomer mostableto MLM (and HLM) compared to
the other? 3 Doesone enantiomer display highetl; affinity over the other? .4 What effect
does lactone chirality have on subtype selectivity?

Fortunately the proposesinthetic route was employed successfullyptepare nine sets of
enantiomers shown in Table 2Referring to Scheme, the reaction rate of openinthe
enantiomericallypure epoxides with the enolate @5) proved to bevery slowsuch that the
reaction time is 5 days. This suggests the preserihe F#ctone appendagesethyl chains) causes
unfavorable steric effectthus slowing down the reaction rafdine set of compoundgere

prepared andllowed for conclusions to be made on the remaining three questions.

Scheme8: Synthesis of Enantiomerically Pure Lactones

0]
0 1) LDA, THF R
—>
R\HJ\ -
N~ 2)OBn R
R | 3.)TFAV\K3

(65) CH,Cl, 1 66  OBn
Similar to the racemic materialhé majority of the enantiomers prepared have low MLM

stability (Table 21). There is, however, a trend towards increased MLM stability with the R
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enantiomers compared to theeghantiomer Specifically, the potenial lead compound 170073 (4
OH-Ph) is the mst stable analog exangd in this series. As noted iraBle 21, the Rnantiomer
(230079) is more stable than the racimic material and displayeg:ar2@ minutes. This suggests

that the chirality of the influences the rate of its metabolism.

Table 21 Influence of lactone chilidy on MLM stability

A

) . hALA

ID |Configuraton Ar T2 0min)
170085 Racemic Fh
230080 5 Fh
230081 3 Fh
170082 Racemic 2-0ONe-Fh
230058 5 2-0ONe-Fh
230095 R 2-0ONMe-Ph
1712 Racemic 2-iPr-Ph
230088 5 2-iFr-Fh
230085 R 2-iFr-Fh 1
170106| Racemic 2-pryridyl 2
230050 5 2-pryridyl 20
230091 R 2-pryrichyl 23
170051 Racemic 3-0ONe-Fh <
230052 5 3-0OMe-Ph 20
230093 R F0OMe-Ph 21
17am Racemic 3-0H-Fh 2
230054 5 3-0OH-Ph =2
2300595 E 3-0H-Ph <2
170073  Racemic 4-0H-Fh 184
230078 5 4-0H-FPh
230075 R 4-0H-Ph X
170083 Racemic 4-CH-Ph 3.5
230084 5 4-CH-Ph 22
230085 R 4-CN-Ph Al
170050 Racemic 4he-Fh 20
230086 5 FMe-Fh 21
230087 B 4Me-Fh 35

With regad to 5HT- affinity, in the majority of cases, the R enantiomer exhibits tighter binding
in comparison to the S enantiomer. Of the nine enantiomeric pairs, eight displayed this trend. The
sole outliner in this set is the enantiomers of 17014P1tPh),one of the most potenti3T-binder
identified to date. Both enantiomers exhibitedvKlues that are not significantly different from

each other (Ki = 18 and 22 nM). The remaining eight sets of enantiomers displayed differences in
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5-HT- affinity betweerthe R and S enantiomers ranging from 1.3X and 3.4X. Unfortunately, the R
enantiomers also consistently display higher affinities for the oth€F BEeceptor subtypes when
compared to the corresponding S enantiomer. The selectivity profile at some ofetteysor
subtypes is not significantly improved when compared to the racemate, as the affinity-giTthe 5

receptors is increased at roughly the same ratio as tiergét SHT receptors.

Table 22 Influence of lactonehgrality on 5HT7 affinity and selectivity

o}
o}
v
M=

ID | Configuraion Ar K (M)

5-HT7 | 5-HT1A | 5-HT1B| 5-HT1D| 5-HTI1E |5- 5-HT2B| 5-HT2C] 5-HT3 | 5-HT54| 5-HTH|
170085| Racemic Ph 453 [ =2 35z | w43
230080 5 Fh 10265 | 1147 683
230081 R Fh S6TE | G2 9]
170082| Racemic | 2-0MePh| 718 1553
230098 ) -0MePh| 140 1704
230093 R 2-0Me-Fh 1611
170112| Racemic 2-iPr-Ph 432
230088 5 2-iPr-Ph mE2T 345 283 473
230080 R 2-iPr-Ph 9813 a7 279 358
170106 Racemic 2-pyridyl 600 805
230050 3 2-pyridyl &5 1510
230091 R 2-pyridyl 4735
170091| Racemic |30OMePh| 165 0 | 438 )
230092 g FOMe-Ph| 137 EE
230093 R F0Me-Ph 1831 | am
170101| Racemic 3-0H-PH | 224
23009 B 3-0H-PRH | 210 404
230095 R 3-0H-Fh
170073| Racemic 4-0H-Fh
230078 5 4-0H-PhH | 108
230073 2] 4-0H-Fh
170083| Racemic 4-CN-Fh 134
230084 5 4-CN-PH | 3
230085 R 4-CN-Ph | 24
170090 Racemic 4-Me-FPh 523 855 6515 =3
230086 5 4-MePh 733 1032 B850 | 4
230087 R 4-Me-Ph 584 745 | 413

Based on the data presented above, it was concluded tiaeti@ntiomer is preferred over the
S enantiomer due to its improvedHd; affinity and MLM stability. Additional effort will be

required, however, to improve compound selectivity over the otthéT Beceptor subtypes. In
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addition, confirmation that the énease in 81T~ affinity and MLM stability observed with the R
enantiomer translates to an increase in potency with respedtio @&tagonism and halife in

anin vivo setting is required.
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CHAPTER 8

RESULTS OF SPECIFIC AIM 2

Execution of the promed medicinal chemistry plan resulted in the identification of several high
affinity 5-HT- ligands (see above). In addition, some of these analogs exhibit moderate to excellent
5-HT receptor subtype selectivity and significantly improved MLM stability. &/hihe
identification of these BIT> ligands is a significant achievement, utility as potential therapeutic
agents for the treatment of IBD requires the identification-dif% antagonistslt is hypothesized
that the compounds described above will functas antagonists because they fit thelT
pharmacophore for antagonism (Figure 11). A select handful of compounds that were highlighted
in specific aim 1 were examined ind8@7f uncti onal scr eenhotuhsactd waats tche
MCDDR. As expect, &lof the selected compounds did function a4T antagonists and ranged
inpotency () from 1.98 nM up to ~2 €M (Table 23).

As noted in the previous sections, investigation into the lactone appendages demonstrated that
there is not a significant differea in 5HT> affinity between diethyl chains (170085) and a
spirocyclohexyl group (160129). There was, however, a differenceHm,baffinity wherein
170085 displayed better selectivity. This led to the determination that the diethyl lactone
appendages we optimal with respect to-BTs selectivity. In order to determine if this advantage
extended into & T functionality, 170085 and 160129 were screened hHd Bfunctional assay.
As shown in Table 23, both arg-Bl'7 antagonists, but 170085 demonstratetktar advantage over
160129. The diethyl analog is ~4.8X more efficacious than the corresponding spirocyclohexyl
analog (170085 k= 11.2 nM vs.160129 ¥ 54.6 nM). This data supports the hypothesis that
diethyl lactone appendages are optimal comparadsfarocyclohexyl group. This SAR data was
taken into consideration as the program moved forward, as some of the selected compounds

discussed below were designed to further functionalize the spirocyclohexyl group.
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High affinity compounds were identifieiithin the preliminary series and its extension.
Compounds 170074 and 170083 were particularly interesting because not only did they exhibit 5
HT affinity but they were polar in nature (TPSA of 75.9 and 5&gpectively and displayed
excellent subtyps el ect i vi ty. Unfortunately, these comp
less than their binding affinities (&)s Thus even though they bind to th&i%; receptor, they are
not very efficient antagonists. Both of these analogs contain a strongiyvdéag group (nitro
and cyano respectively) on the phenyl ring of the aryl piperazine, and it is possible that while
electron deficient rings may not affect binding affinity, they may be unfavorable in relation to
antagonist potency. Chloro substitutadalogs 230205 (€I) and 230280 &l), however,
displayed excellent antagonist potency with Walues of 12.7 and 1.98 nM respectively. This
suggests that weak deactivating groups are very well tolerated with respect to functional activity
and chloro sugtitution may be optimal in this regar@terics could also play a role as the larger
deactivating groups fdyano and +4itro) lead tomoderatgotency while the smaller deactivating
4-chloro group resulted in high potendyis worth noting that 230286 the most potent antagonist
prepared to date. Unfortunately, this compound is not selective, as it has high affibiy Tex
and has low stability in the presence of MLMy{F 2.1 min.). On the other hand, 230205
demonstrated improved subtype sdlext(compared to 230280). It is possible that the
corresponding 3:dichlorophenylpiperazine analog will possess the positive attributes of 230205
and 230280 (high antagonist potency and good selectivity), making this actietitarget for
future study.

The incorporation of @ electron pooR-pyridyl system (170106) led to an improvement in
antagonist potency @€ 4.91 nM) compared to the parent compound (170085), despite its ~2X

decrease in bIT7 binding affinity. This observation supports the hypsthehat steric effects
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rather than electronic effectgad to the decreased potency of 170074i(#) and 170083 4
cyano).

Compounds 170090, 170073 aticD112are potent 84T; antagonists (kb s 7.06f21.8 and
48.7 nM respectively) and they alloatained electron rich aromatic systems. Compared to the
parent compound 170085, substituting at tkgodition with the weak electron donating methyl
group (170090) caused a slight increase in antagonist potepey (K6 NnM). A similar trend was
observe with the binding affinity. Further, para substitution with a strong electron donating group
(4-OH, 170073) led to high antagonist potency £1.8nM). This analog exhibited a 4 fold drop
in 5-HT7 affinity compared to the parent compound, but <2 firdp in antagonist potency was
observedFor thesetwe x a mp | es t h e was towgs than itsdk@hsch Hghlights the
use of electron rich aryl rings as a means to increase the potency of final compounds. The 2
isopropyl phenyl analog (170112) isnatable exception. As previously stated, this compound
displayedone of the highest affinitiefor the 5HT7 receptor compared to all other compounds
screened (K 6 nM). Howeverthis compound exhibited &, (48.7 nM that was higher than its
Ki. This diop in antagonist potency relative to binding affinity could be due to the bulky nature of
the isopropyl group, its location at the ortho positimna combination of the two.

One of the most interesting compounds discovered thus far is 170073, agiternafshe few
compounds that demonstrated complete subtype selectivity aftiTalkg <100 nM. In addition
the hydroxyl group slightly increased the comp
and improved the MLM stability (= 18.4 min). A previously discussed, this compound is a 5
HT, antagonist with a k= 21.8 nM. Therefore it was decided that the enantiomers of 170073
(230078 and 230079) would be examined in the functional assay. In the previous chapter, it was
determined that the prefred enantiomer is 230079 (R) as it displays increadd @ affinity and
MLM stability. This conclusion is further supported by the observation that 230079 is more potent

as an antagonist than the r@@ponding enantiomer (~3.6X).
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Exploration of alterate arylamine systems led to the identification of a few high affinity
compounds, including some that contained a tetrahydroisoquinoline (THIQ) system. Specifically,
THIQ containing analogs 170116, 230071 and 230070 displayed very-highdfinity (K< 13
nM). This high affinity did not, however, translate into high antagonist potency in all cases. While
the unsubstituted analog (170116) demonstrated adequate antagonist potign63.KnM), the
remaining two THIQ analogs were substantially less pdidfiTyantagonists withkd s >400 n M.
Two similar analogstétrahydre2,7-naphthyridine230103, K = 258 nM andtetrahydrel,7-
naphthyridine230104, K= 64 nM) were identified as interesting compounds even though their 5
HT affinities were not as highs those seen with the THIQ analogs. The incorporation of the
nitrogen atom into the THIQ system did, however, lead to better subtype selectivity and a small
increase in MLM stability. Unfortunately both analogs demonstrated low potencyHds 5
antagorsts with K, values in the uM range. Based on these results, it was concluded that the
incorporation of a THIQ system is not optimal for the designidiisantagonists.

One alternate arylamirenalog was identified as a highly poterti%; antagonistReplacing
the phenyl ring of the spirocyclohexyl lactone 160129 with an indole as seen in 160146 produced
an unexpected 20X increase in antagonist potengy¢ 263 nM). This analog isne of the more
potent 5HT-antagonis that has been identified frothis series to date. This may be the result of
the strong resemblance afiperazinel-yl)-1H-indole system has to serotonin. As previously
discussed, however, 160146 does have a selectivity issue as it displays high affinity fot-bther 5
receptors, t& most concerning of which istT.s (K; = 48 nM). In addition, MLM stability
(T12=17.8 min.) and TPSA (48.6) were both improved compared to 160129. Therefore if the issue
with selectivity could be addressed, 4piperazinel-yl)-1H-indole system couldrpve to be a
useful path forward.

Separately, bioisosteric replacement of the piperazine ring system also led to the identification

of promising compounds. As noted above, homopiperazine analog 230227 hasifigafbnity
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(Ki = 29 nM), but also has awity at other 5HT receptors, low MLM stability (T1/2 < 2 min.),

and its TPSA (32.8) is suggestive of significant CNS penetration. Since it may be possible to
address all of these issue by combing the homopiperazine bioisostere with additional structural
modifications, 230227 was examined in th&ld; functional assay. These studies demonstrated
that 230227 is a potentt3T7 antagonist (K= 10.7 nM). Therefore, the homopiperazine bioisostere
may e revisited at a later date.

The octahydropyrrolo[3;4]pyrrole bioisostere did not alter functional activity. As with
majority of piperazine based compounds, the three octahydropyrretdf8tole analogs
(230105, 230245 and 230253) displayed ¥alues comparable to their respectivedls .
Interestingly, analogwith this bioisostere exhibited improved subtype selectivity relative to the
piperazine series. Based on this information, it may be beneficial to combine this bioisostere with
and the spiropiperidine based lactones in an effort to improve MLM stabititinarease TPSA.

Incorporation of heteroatoms into the spirocyclohexyl lactone appendage was an implemented
strategy for increasing the TPSA of final compounds. Fortunately, not only \Wds &ffinity
maintained, MLM stability was dramatically improved (M T1,= 60 min. in several cases, see
above). This made compounds from this series of particular interest. It was hypothesized that these
compounds would function asHbTz antagonists with ks comparable to the,& Fortunately this
was indeed the caséth all of the compounds examined to date. Insertion of an oxygen (230163)
or nitrogen (230167) atom was tolerated, with the later leading to slightly higher poter2y 2K
nM vs. 175 nM). This could be due to the presence eMe4h system in 23016Gompared to
an unsubstituted phenyl ring found in 230163. NonethelésBlT; antagonistpotency was
maintainedwith these change$ive additional compounds were identified that contained small
polar groups extending from the nitrogen atom of 230167nia@&tained EHT7 affinity, greatly
increased TPSA and displayed significant stabifityhe presence dfiLM. All five compounds

had K, values that were within 2X of their respectiveald ranged imntagonispotency from 78
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nM to 192nM. These are th first identified 5HT7 antagonists from these series that displayed
moderate potency, excellent MLM stability and were on the cusp of or above the TPSA target of
80. All of these compounds are potential candidates for further studin(eigo PK, efficacy).

The data discussed above indicates that the butyrolactone arylpiperazine scaffold can be utilized
for the preparation of novel, potentHd; antagonists.Additional conclusions includethe
following. 1.) Incorporating diethyl lactone appendagesi¢eto higher potency compared to a
spirocyclohexyl system (170085 vs. 160129) Sirpngly deactivating groups in the para position,
such as cyano and nitlead to poor antagonist potency, despite high affif8tgric effects may
influence the observedrop in antagonist potenc$.) Chloro substitution resulted in excellent
antagonist potency, specifically positioned at the meta or para podifjdncorporation of a2
pyridyl ring system led to improved antagonist potency.Bbectron rich ring syems are well
tolerated with respect to antagonist poter&y.The THIQ system is not optimal and leads to
inadequate antagonist potency, despite the high affinity observed in these analdde 5-
(piperazinel-yl)-1H-indole system leads to very highntagonist potency 8.) Both the
homopiperazine and octahydropyrrolofglpyrrole bioisosteres did not significantly alter
antagonist potencywhen compared to piperazire) Antagonist potencgan be maintained while

implementinghe strategy for increasg polarity of lactone appendages
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Table 23 Binding affinities and functional data for selecteinpounds

MC STRUCTURE K, (M) | K, (cAMP antag.) (nh)
170085 A 3l N 2 11.2
-'<L\"‘“"” 0 '
( )&\
160129 _“w) 33 545
L.\r
O
y L
170074| rAA A~ Y 54 157
170083 ?a\_, Oyt e 134 345
170080 || A~ 3l Y 10 778
AL
230205 4\\ 15 127
e
Sl
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Table 23 continued

MC # STRUCTURE K, ("M) | K, (CAMP antag.) (M)
230280 6.7 1.98
(=}
170112 q TN 6 48.7
p—
i N/_\N ;' \
170106 /?tk/\ 8= 46 4.91
170073 %,vg 89 218
230078 Ll 106 102
=
230079 Q 61 28.1
D!
170116 %\/\@ 13 63.9
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Table 23 continued

MC # STRUCTURE K, (nM) | K, (cCAMP antag.) (nM)
)
230071 9.9 421
230070 3&4\ 75 652
@,l:l
230103 thf o | 258 2210
~ |
230104 Ob\/\ oy | e 1020
o
=]
160146 n 415 2.63
Q
|
N’
L=}
TQ
230227 N 29 10.7
o
230105 { 64 67.9
N
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Table 23 continued

MC # STRUCTURE K (nM) | K, (CAMP antag.) (nM)
o
S8
230245 * ) 8.9 321
.f?;'
H,
[=]
O&KA"
230253 % 130 134
N,
(=]
230163 O&“\ 69 212
O
[=]
230167 | 149 175
A
i N‘XK
230168 \;:\ 93 1475
2
o4
230170 N 122 115
U
i -
\
S
230171 /{\'“\ 102 78
S
i
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Table 23 continued

MC # STRUCTURE K, (nM) | K, (CAMP antag.) (nM)
230223| 5 A 116 192.35
_ 1{-;‘
230224 ot Ry 86 1635
L ﬂ-_;k.
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CHAPTER 9

RESULTS OF SPECIFIC AIM 3

The intent of specific aim 3 is to determine if lead compuidentified in the previous aims
exhibit in vivo PK profiles capable of supporting efficacy in ianvivo setting. Key properties
surveyed included halife, exposure (AUC) and oral bioavailability. These parameters will be
used to determine if a leadropound reaches sufficient systemic exposure when dosed orally. An
oral route of administration is preferable when treating IBD patients as this would increase patient
compliance and represent a marketing advantage over ingxtabich as Humira® and
Remcade®. In addition, BBB penetration was determined. Minimizing CNS exposure is a means
of derisking lead compounds. As noted in the previous chapters, minimizing CNS penetration will

limit the risk of offtarget effects.

9.1 Identification of Lead Compaunds

Analysis of the results described above led to the selection of two lead compounds. 170073 was
selected based on its selectivity profile and antagonist pot@ratyle 24). There were other
compounds that demonstrated complete subtype selectivityniy1 170073 displayed adequate
stability in MLM (T12=18.4 min). Theefore, despite alow TPSA 170073 d8s sel ectiyv
and stability makes in a potential proof of concept molecule. If this compound were to exhibit
efficacy in an animal model of B its excellent selectivity would further validate théd%
receptor as a target for IBD. It is also noteworthy that 170073 displays moderate stability in rat
liver microsomes (RLM, 72 = 17 min and excellent stability in human liver microsomes (HLM,
T12 > 60 min). This suggests that this compound should exhibit adequate exposure in rats and
humans which would be critical for pofinical safety/toxicology studies and clinical trials. In
addition, the risk for druglrug interactions is low as 170073edonot inhibit any of the main
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cytochrome P450 enzymes (CYP3A4, CYP2C9 and CYP2D6). In summary, 170073 represents a
useful proof of concept compound but is likely to penetrate into the CNS.

Table 24: Activity and in vitro ADME profile of 170073

O,

Ky (nM) K (M)

HLM | CYP3A4 CYP2C9$ CYP2D¢g

T1/2 (min) IC 50 (nM)
170 | 184

A second lead compound, 230168, was chosen because this walstbadirst compounds

from the spiropiperidine series that displayed antagonist potency, moderate selectivity, excellent
MLM stability (T2> 60 min.), and an improved TPSA value (Table 25). If 230168 exhibited
decreased CNS penetration over 170073 arstemic exposure sufficient to suppant vivo
efficacy studies, these findings would represent a step in the right direction. It would validate the
strategies utilized for addressing issues of metabolic stability and BBB penetration identified with
the peliminary series. Similar to 170073, 230168 demonstrated excellent stability in RLM and did
not inhibit cytochrome P450 enzymes. Stability in HLM has yet to be determined.

Table 25: Activity and in vitro ADME profile of 230168

o)

O

\S/N/jb\/\N/\\N

0O, \\/ \@\
K (NM) K (nM)
5-HT7 |5-HT] 5-HT1A 5-HT1B| 5-HT1D| 5-HT1E] 5-HT2A] 5-HT28] 5-HT2C] 5-HT3 | 5-HT5A] 5-HT6
147.5 742 478 444

Solubili) RLM | MLM | HLM | CYP3A4 CYP2C9 CYP2D

MW | elogP] TPSA =0 T1/2 (min) IC 50 ("M)
78.5 N/D

153



9.21n Vivo PK of 170073

Mice (C57BL/6) were dosed with 1 mg/kg 170073 via Ndnainistration and the plasma
concentration was determined at 8 time points. As shown in Table 26 and Figure 36, three mice
were used to create a plot of 170073 plasma concentration vs. time and allowed for the extrapolation
of primary PK parameters. A falrmouse was used to better determine the initial concentration
(0.25 h). The concentration vs. time plot (Figure 36) indicates that there is a rapid drop in 170073
plasma concentration during th& & post IV injection. Following this 1 hr period, theapina
concentration levels out indicating steady state has been reached. PK parameters were calculated
using norcompartmental analysis (Table 27). At 1 mg/kg (IV), 170073 exhibited an AUC of
0.1415 ug/mL*hr and a faxof 0.081 ug/mL. In addition, 17007 3menstrated adequate metabolic
stability with a Cl of 0.125 L/h. This was consistent with the moderate stability 170073
demonstrated in MLM (1= 18.4 min) In addition, 170073 does not distribute extensively
throughout the body as evidence by its low(0.77 L). Its limited distribution is likely rapid and
may be the cause of the quick decline in plasma concentration seen at 1 h post IV injection (Figure
36). This distribution in conjunction with acceptable metabolic stability producedat .44 hr.
Based on these PK parameters, it was concluded that 170073 has an PK profile that will provide
sufficient systematic exposure for execution of the DSS model of colitis. In addition, 170073 has a

bioavailability (%F) of 17%, which means that oral dosinfuinre studies is a viable option

Table 26: Plasma oncentration of 170073 at select time points in C57BL/6 mice
Time Sample Conc (ug/mL)

(h) 1 2 3 4 Mean | SD
0.25 | 0.0627| 0.0752| 0.0909| 0.0940| 0.081 | 0.015
0.5 |0.0311] 0.0276| 0.0617( N/D | 0.040 | 0.019
0.0233| 0.0209| 0.0267| N/D | 0.024 | 0.003
0.0101( 0.0167( 0.0101| N/D | 0.012 | 0.004
0.0094| 0.0109| 0.0239| N/D | 0.015 | 0.008
0.0088| 0.0091| 0.0081| N/D | 0.0087( 0.000
24 BDL | BDL | BDL | N/D

(AN
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0100 o 1 mg/kg IV Injection of 170073
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Sample Conc. (ug/mL)

0.001
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Time (h)
Figure 36: Average plasma concentration of 170073 inset

Table 27: PK parametersatermined for 170073

Dose |~ ox | Tmax| Auc | T2 | ¢ | Vss| %F

Mk | wgmy)| ) |@ameny| ® | wn | ©
1 0081 | 025 | 0.1415 | 4.44 | 0.125| 0.77| 17%

As discussed in the research plan, anoithetivo PK parameter that is of importance is the
brain to plasma ratio, as lower brain penetration will decrease the risk ctidM8 ofttarget
effects. Therefore an attidonal study was performed to determine the brain to plasma concentration
ratio (B/P) at time points leading up to steady state (~2 h). The average B/P was determined by
calculating the B/P for each individual mice and then taking the average acrdssealnice at
each time point. As noted in Table 28, 170073 distributed rapidly and extensively into the brain
tissue. At 0.25 h, the B/P ratio is 1.38 and at steady state this ratio increases to ~6.40. Based on
these results available, it is unlikely tigt00073 would be a viable candidate for clinical study, but

its potency, subtype selectivity and adequatavo PK profile indicate that it could be useful as a

Table 28 Plasma and brairoacentraibn of 170073 after 2 mg/kg I\hjection into C57BL/6
mice

Time Plasma Conc. BrainConc.(ug/ml) B/P Ratio Average

(h) (ug/mi) B/P
1 2 3 1 2 3 1 2 3
0.25(0.863| N/D N/D | 1.187 N/D N/D 1.38 N/D N/D 1.38
0.5 1 0.352| 0.270| 0.106| 0.422 | 0.496 | 0.544 | 1.20 1.84 | 5.13 2.72
1 0.191| 0.030| 0.016( 0.153 | 0.362 | 0.100| 0.80 12.07 | 6.25 6.37
2 0.004| 0.059| 0.005( 0.041 | 0.103| 0.036 | 10.25 1.75 | 7.20 6.40
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proof-of-concept compound. Consequently, 170073 was tested in the DSS mouse model of colitis

(see chapter 11).

9.31In Vivo PK of 230168

The PK studies and analysis was performed with 170073 were also executed with 230168. As
seen in Table 29 and Figure 37, 230168 exhibits a similar drop in plasma concentration during the
first 2 h when comparetb 170073. Steady state is reached after 2 h. PK parameters were
extrapolated from the plasma concentration vs. time plot usingompartmental analysis (Table
30). At 1 mg/kg (IV), 230168 exhibited an AUC of 0.401 ug/mL*hr andxa 6f 0.360 ug/mL.
This compound proved to be more metabolically stable than 170073 as the Cl is 0.057 L/h. This
was predicted by the MLM stability of both compoundsg:£T60 min vs. 18.4 min). Unfortunately
this did not manifest into an increase initngivoT12. The T2 0f 230168 is 2.76 h, approximately
two-thirds of the Tz of 170073. This may be due to the lower distribution of 230168 (0.227 L)
compared to 170073(0.77 L). The increased metabolic stability of 23016&kt &y the decrease
in distribution, and thisesulted in a shorteneéd vivo T12. This observation should be considered
during the design of next generation compounds as continuing to increase compound TPSA may
result in the lowering of than vivo T1, as compound distribution is restricted. Imjaotly, the

bioavailability for 230168 has not been determined.

Table 29: Plasma concentration of 230168 at select time points in C57BL/6 mice

Time (h) Sample Conc (ug/mL)
1 2 3 Mean SD

0.083 | 0.4120 | 0.4310 | 0.2380 | 0.360 | 0.106
0.25 0.2540 | 0.2990 | 0.2960 | 0.283 | 0.025
0.5 0.1990 | 0.1970 | 0.1920 | 0.196 | 0.004
1 0.1300 | 0.0696 | 0.1000 | 0.100 | 0.030
2 0.0366 | 0.0465 | 0.0480 | 0.044 | 0.006
4 0.0233 | 0.0198 | 0.0179 | 0.020 | 0.003
8 0.0089 | 0.0088 | 0.0098 | 0.009 | 0.001

24 BDL BDL BDL
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g 1000 1 mg/kg IV Injection of 230168
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Figure 37: Average plasma concentration of 230168 iset

Table 30: PK parametersadermined for 230168

Dose | chax | Tmax| Auc | T2 | ¢ | Vss | %F

Maka) | wgmL)| ) |gmhy| ) | wh) | O
1 0.36 | 0.083| 0.401 2.76 | 0.057 | 0.227 | N/D
The strategy utilized for decreasing CNS exposure by increase the TPSA of compounds did

produce the desireditcome. As indicated in Tables25and242 3016 86s TPSA is 25
the TPSA of 170073. This led to a ~7X decrease in the B/P ratio at 1 h post IV injection (Table 31).

The B/P ratio for 230168 reaches 2.25 at 8 h indicating that distribution into the brain tissue is
much slower than that of 170073. The free concentratid280168 in brain tissue has not been
determined at this time. The current results indicate that 230168 is also not an ideal candidate for
eventual clinical evaluation, as it distributes slowly into brain tissue and eventually produces
significant exposurat 8 h. Nonetheless, 230168 was tested in the DSS mouse model of colitis as

a proofof-concept molecule for the spiropiperidine sulfonamide analogs.

Table 31 Plasma and brairoacentraibn of 230168 after 1 mg/kg I\hjection into C57BL/6
mice
Time | Plasma Conc. (ug/m Brain (ug/ml) B/P Ratio Average
(h) 1 2 3 1 2 3 1 2 3 B/P
0.083| 0.412| 0.431| 0.238 | 0.308 | 0.332| 0.157| 0.75 | 0.77| 0.66 0.73
0.25 | 0.2%4 | 0.299 | 0.296 | 0.214 | 0.188| 0.087| 0.84 | 0.63| 0.29 0.59
0.5 | 0.199| 0.197 | 0.192| 0.202 | 0.180| 0.430| 1.02 | 0.91| 2.24 1.39
0.130| 0.070 | 0.100| 0.109 | 0.066 | 0.082| 0.84 | 0.95| 0.82 0.87
0.037 | 0.047 | 0.048 | 0.046 | 0.054 | 0.053| 1.27 | 1.17| 1.10 1.18
0.023| 0.020 | 0.018 | 0.036 | 0.029| 0.027| 1.53 | 1.48| 1.52 1.51
0.009 | 0.009 | 0.010| 0.020 | 0.020| 0.022| 2.26 | 2.30| 2.20 2.25
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CHAPTER 10

RESULTS OF THE DSS MOUSE MODEL OF COLITI S

It is critical for the future of the broaderHbT7/IBD program that of the-BIT; antagonists
identified in this project exhibit efficacy in a mouse model of colitis. This result would further
strengthen the validity of-BIT7 as a target for IBD. As outlindd chapter 4contradictory results
have been repted on the effect of antagonizingtbl'z in chemicallyinduced mouse models of
colitis. These studies, however, all used the sati&fantagonist, S269970. The use of a novel
5-HT7 antagonist from a different structural class would clarify the roleldT5and indicate that
the effects reported in the literature are not specific t2&#70. In addition, a demonstration of
efficacy would be a watershed development for the broaddf-BBD program as it would
strongly support future exploration of theylpiperazinyl butyrolactones as treatments for IBD.

The DSS model was selected because it is a practical model routinely used as a préfiminary
vivo model for colitis. Moreover, the artiffammatory response of SB69970 was demonstrated
with the DSSmodel by Kim et. af!® Using this model will facilitate direct comparisons between
SB-269970 and novel compounds identified in this program. Both the acute and chronic modes of
the DSS model were employed tetermine if lead compounds could prevent/lessen-iD8&ced
colitis at onset (preventative) as well as after colitis is established (therapeutic). The results for both

170073 and 230168 are described below.

10.1 Results 0f170073 in the DSS Model
Initially 170073 was studied in the acute model of Eg#iced colitis. In this model, C57BL/6
mice were given 4% DSS ad libitum for 5 days and treated with 170073 (10 mg/kg IP) or saline for
6 days starting 1 day prior to DSS exposure. This dose was selestelddnethe PK studies, which
indicated that it would provide a systemic concentration 170073 of 3x,its & h. Multiple

bi omarkers were monitored in order to deter min
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activity index, for example, corraks well with IBD pathology and monitors the loss of body
weight, disruption of stool consistency and the initiation of fecal bleeding induced by DSS
exposure. Treatment of colitic mice with 170073 resulted in a statistically significant decrease in
diseas activity index on days 4 and 5 after DSS exposure (Figure 38). Followind' they of

DSS exposure, mice were sacrificed and their colons were removed. During this dissection period,
macroscopic damage is determined by observations made on disténglagntent, hyperemia,
erythema, fecal blood and rectal bleeding. As seen in Figure 39, significantly lower macroscopic
scores were recorded in 170073 treated mice when compared to saline treated mice. These results

are similar to those produced wiiB-269970.

8-
—e— Control

—= 4% DSS
11— 4% Dss + Mmc170073

Disease Activity Index
D

(@)
-‘lx
-4

o

|_\

N

W =
-,

U1 =+

4
Days of DSS administration

Figure 38 Disease activity index comparisoifi control and DSS treated C57BL/6 mice (ac
with 170073 or saline administration (10mg/kg i.p.)
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Figure 39: Macroscopic score comparison of control and DSS treated C57BL/6 mice (acu
170073 or saline administratighOmg/kg i.p.)
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Once the colons were removed, sections were stained with hematoxylin and eosin (H&E) stain
to determine the extent of DS&duced increases in leukocyte infiltration, goblet cells depletion,
disruption to epithelial cell architecture, and Keining of the muscularis mucosa layer. As shown
in Figure 40, 170073 treated mice displayed a significant reduction in histological damage scores
compared to vehicle treated mice on day 5 after DSS induction. The representative light
micrographs indicatehat DSS causes significant crypt abscess and architecture disruption.
Treatment with 170073 mitigates these effects, restoring normal architecture that is comparable to

the control mice (not exposed to DSS)
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Figure 40: Histological score and micrograph comparison of control and DSS treated C
mice (acute) with 170073 or saline administration (10mg/kg i.p.)

Finally, myeloperoxidase (MPOQO) activity and opgnflammatory cytokine levels were

determined in colonic tissue samples. As shown in Figure 41, DSS exposure causes statistically
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significant increases in MPO activity, TNF, aild. |l These changes were
administration of 170073, as MPOtiaity, TNF-U, a-8 8l Wwkre restored to ne
control mice. Changes in colonic-B levels did not reach statistical significance and as a result
1700736s e&flefets cduld wonhbe ddtermined (although a positive trend was clearly
noted.). Notably, the original DSS study performed by Kim et. al., DSS did cause a significant
increase in IL6 levels. These differences may be the result of different DSS exposure levels. In the

Kim et. al. disclosure, a DSS concentration of 5% was eragdloywhereas in this study the DSS
concentration was 4%. It is possible that 4% DSS is not sufficient to cause a statistically significant
increase in colonic 6 over the control mi ce. Nonet hel ess
severity is associatl with a statistically significantly decrease in colonic MPO activity and

proinflammatory cytokines

MPO TNF-alpha
104 I p=<0.05 - p=<0.05 I 15- I p<0.05 . p<0.05 I
8-
% 6 £ 104 ——
g o =
3 44 % —— E—,
: i 2 5
ol By  BERn o : .
Control 4% DSS 4% D3SS + Control 4% DSS 4% DSS +
MC170073 MC170073
IL-1 beta IL-6
30+ I p<0.05 ¥ p<0.05 . 50-
40
= 20_
£ 5 —_—
£ 10- % """" 1 £ 20-
10-
. ! 0 - I
0,
Control 4% DSS ,%’12‘;’3?; Control ~ 4%DSS 4% DSS+
MC170073

Figure 41: Comparison oMPO activity and cytokine levels in control and DSS treated C57
mice (acute) with 170073 or saline administration (10mg/kg i.p.)
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The impact of 170073 was next studied in B&&uiced chronic colitis. In this model, C57BL/6
mice are administered three cycles (5 days) of DSS enl(#P62%-2%) and 170073 treatment is
initiated during the last cycle. Between each cycle of DSS exposurefr&S®ater was provided
for 7 days. This is different from the acute model wherein 170073 administration takes place before
DSS exposure. In thehronic model, colitis is established before 170073 treatment, thereby
providing an opportunity to det ednducedeoltsihe ¢ omp
colonic tissue that is already chronically inflamed. This experimental design mordy close
resembles the chronic nature of IBD. Furthermore, IBD patients are generally already experiencing
symptoms when thestarttreatment. Thus it is important to determine if new therapies can lessen
or reverse the pathology of IBD once it is already efstadd

Remarkably, 170073 suppressed EiS@iced chronic colitis. This was evidenced by a

statistically significant reduction in the macroscopic scorel, Ik , and MPO activity
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Figure 42: Comparison of macroscopic score;1B levels and MPO activity in control and C
treated C57BL/6 mice (chronic) with 170073 or saline administration (10mg/kg i.p.)
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DSS treated mice administered 170073 when compared to those sidrahisaline (Figure 42).
Further, 170073 treatment resulted in a statistically significant decrease in histological score and
restoration of colonic architecture such that is comparable to the control mice that were not exposed
to DSS. In summary, thesesultsindicate that 170073 is capable of attenuating Dfi8ced

colitis under both acute and chronic conditions and provides-pfemincept for the ovearching

5-HT+/IBD program.
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Figure 43: Histological score and micrograph comparison of control and DSS treated C
mice (chronic) with 170073 or saline administrat{@@mg/kg i.p.)

10.2 Results of 230168 in the DSS Model

In the mouse DS model of colitis, 230168 behaved similarly to 170073. Based on the results

outlined in specific aim 3, mice were dosed with 10 mg/kg of MC230168 via IP injection. This
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dose would provide a systemic concentration of 170073 of 3x & Kh. Treatment ith 230168
caused a statistically significant reduction in the disease activity index starting at day 2 (Figure 44).
This is a notable improvement over 170073, which did not significantly impact the disease activity

index until day 4. This suggests tl2R0168 is better at delaying the onset of Bxgficed colitis.
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-~ 5% DSS
B 5% DSS + MC230168

Disease Activity Index

Q o Q Q o o

Figure 44: Disease activity index comparison of control and DSS treated C57BL/6 mice
with 230168 or saline administration (10mg/kg i.p.)
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Figure 45: Histological score and icrograph comparison of control and DSS treated C57
mice (acute) with 230168 or saline administration (10mg/kg i.p.)
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In addition, a statistically significant reduction of the histological score was observed and normal
architecture was restored (Figure 45). Lastly, 230168 caused a statistically signifeaumtain

in MPO activity and production of the proinflammatory cytokineslIb , -6 andLIL-17 (Figure

46). This compound was also less CNS penetrant than 170073, but still exhibited moderate CNS
permeability. As a result, 230168 serves as a pobobncet molecule for the spiropiperidine
sulfonamides, but its potential to move forward as a clinical lead remains uttékeaorth noting

that230168 hasot beerstudied inthe chronidSSinduced colitiamodel
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Figure 46. Comparison of cytokine levels and MPO activity in control and DSS treated Ct
mice (acuteyvith MC230168 or saline administration (10mg/kg i.p.)
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CHAPTER 11

SUMMARY AND FUTURE DIRECTIONS

Manipulation of serotonin ¢BT) signaling mechanisms has exhibited therapeutic and
commercial success as evidenced by currently marketed drugs targeting this system. Prominent
examples include selective serotonin reuptake inhibitors (S8R&s)Y antiemeticg?® 5-HT
signaling continues to show potential in the development of novel therapeutic strategies for the
treatment of various disease states. The presence of 14 receptor subtypes allows for the diverse
action of 5HT signaling. This explaings involvement in many disease states, making certain
subtypes popular drug targets. The most recently discovered subtype-ldTheegeptor, a GPCR
that exhibits a regulatory role in many biological functions in both the central nervous system
(CNS) and the peripheryRecent literature has demonstrated a connection between-the 5
HT- receptor andhe progression of Inflammatory Bowel Disease (IBlPhas beedemonstrated
that suppressing-BHT7 activity decrease$BD associatednflammation. In the ddran sulfate
sodium (DSS) induced mouse model of IBD, the application of a hggéctive BHT; antagonist,
SB-269970, significantly reduced disease severity. Similar results were demonstrated in 5
HT7 knockout mice. Importantly, these studieaggestthat selective 81T antagonists could
provide novel treatment options for IBD with the capacity to halt disease progression.

IBD is a devastating disease that affects 1.4 million Americans. IBD patients suffer from life
altering symptoms as a result of se%, chronic inflammation of the gastrointestinal tract. Current
treatments mitigate symptoms with no effect on disease progression. Failure to halt disease
progression leads to treatment failure and surgical procedures become the onlyTbgtiefare,
pursuit of targeting the -BIT; receptor as a novel treatment option is a necessary medicinal
chemistry project that could result in a therapy capable of providing relief to IBD patients. In

conjunction with this concept, the discovery of novel butyrolact@id emple University School
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of Pharmacy that displayed high affinity for theéH37 receptor represents the genesis of this
dissertation project.

Dr. Rong Gao discovered an arylpiperazinyl butyrolactone based pharmacophotdTor 5
affinity while execting his dissertation for the identification of muscarinic ligatt@¥2 Within
the diverse library of compounds prepared by Dr. Gao multiple high affifity Aigands were
identified, some of which exhibited a high degree of subtype selectivity. However, the majority of
these compounds were unstable to MLMs withoTs | ess t han 2 minutes.
because mice are the preferred species for theibi6ed model o€olitis. Therefore a lack in
microsomal stability could translate to papvivo pharmacokinetic profiles for lead compounds.
In addition, the preliminary compounds were highly lipophilic as evidenced by low TPSA. As
previously discussed there is a colitipg need to prevent potential IBD therapies that atT5
antagonist from penetrating the BBB. There are high expression leveldBf within the CNS,
and modulating neuronal-BBT; activity could lead to unwanted side effects such a cognitive
impairment. Limiting CNS exposure would be beneficial as a means-tisidéead compounds at
an earlystage of development. Therefore, a medicinal chemistry strategy was fashioned that
allowed further development of the arylpiperazinyl butyrolactone pharmaapiiod the
generation of SAR revolving around distinct structural features it contained. The generated SAR
would be used to optimize each structural feature with respedta &ffinity, subtype selectivity
and MLM stability. Additional strategies were piemented in order to increase the TPSA of next
generation compounds to minimize CNS exposure.

There were four major structural features that were investigated for optimization: 1.) the chain
length, 2.) the lactone appendages, 3.) the arylamine sy&fethe chirality of the lactone core.
The chain length and lactone appendages were optimized first. It was concluded that the chain
length and lactone appendages (alkyl vs. spirocycloalkyl) did not significantly influence TPSA.

Variations of the chain hegth did not impact MLM stability while an improvement was observed
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when smaller spirocycloalkyl lactone appendages were utilized. Unfortunately, the smaller
spirocycloalkyl lactone appendages were associated with lowr; &ffinity and decreased
selectvity. Based on these results, a chain length of two carbons and diethyl lactone appendages
became a major focus of the program.

A couple different approaches were employed to investigate the arylamine system. Initially,
aromatic substitution patterns thin the original phenylpiperazine system were explored.
Substitution with a wide range of functional groups revealed that the electronic or lipophilic nature
of the aryl system did not significantly influenceH3 affinity or selectivity. Specifically, igh
affinity analogs were identified that contained a meuobstituted methyl, hydroxyl, chloro,
triluoromethyl or nitro group. Substituting with a methoxy, amino or cyano group provided only
moderate/poor BT affinity. Location of functionalization diimpact 5HT affinity, selectivity
and in some cases MLM stability. With respect 485 affinity, each functional group varied in
its optimal location. For example, hydroxyl and methyl groups are optimal when located in the para
position, while chlorand trifluoromethyl groups prefer the meta position. Interestingly, in many
cases para substitution resulted in excellent subtype selectivity. In addition, substituting at the para
position did improve MLM stability for a few analogs.

Pyridyl and other rtiiogen containing aryl systems were explored with the intent of boosting
MLM stability and the TPSA. Unfortunately, compounds incorporatingahing systems had
either lower 5-HT~ affinity or decreased selectivity when compared to the-hrederoatom
confining comparators. Additionally, 2d-substituted arylpiperazine analogs were prepared but
suffered from low 8HT affinity. This could be to the result of steric strain causing the aryl and
piperazine rings to orient themselves in a perpendiculardiashi

Additional arylpiperazine and alternate arylamine systems were also investigated. The intent of
this investigation was to determine if a phenylpiperazine system was optimal moving forward with

respect to 81T affinity, selectivity or MLM stability.Furthermore, multiple proposed systems
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also increased the TPSA of the full structure. Conversion from a phenyl ring to an indole system
(160146) resulted in a small decrease (<2X) 44Ty affinity and negatively impacted subtype
selectivity. Similar heteraromatic systems such ds3-dihydro2H-benzo[d]imidazol-one
(160150), 2-(trifluoromethyl}1H-benzo[d]imidazole (230068) and 2-methytlH-
benzo[d]imidazol€230069) displayed limited affinity for thel$T receptors. This loss in affinity

was attributedd steric limitations in this portion of the binding site. Two bicyclic arylpiperazines
that were believed to project the aryl system into the same binding pocket that accommodates the
bulky 2-position substitutes of the high affinity analogs 170060 (mdipdi)o 170112 (isopropyl)

and 230110 (phenyl) were examined. Interestinglynaphthalene (23011 8ystemsubstantially
decreased -BIT> affinity; 5-HT> affinity for the benzisoxazole (230124) analog has yet to be
determinedThe fact thathis bicyclic system isrestricted to a flat orientation may cause this drop

in affinity, while the high affinity 2susbtituent analogs can orientate their substituents in a
perpendicular fashion.

More restricted arylamine stdtructures such as tetrahydroquinoline (B3)1 and
tetrahydroisoquinoline (170116) were also examined. A tetrahydroquinoline fragment significantly
decreased affinity at all thel3T receptors, while a tetrahydroisoquinoline core resulted in high
affinity for the 5HT7 receptor (k=13 nM) and goodsubtype selectivity. Unfortunately, MLM
stability was very poor for all three tetrahydroisoquinoline based compoungs ZTmin). To
block potential sites of metabolism and raise the TPSA value, a nitrogen atom was incorporated in
the aryl ring of the tahydroisoquinoline core in the,%-, 7-, and 8positions (230104, 23103,
230102 and 230118). Hight3T; affinity is observed only when the nitrogen is at theogition
(230103) or the Position (230104) with moderate to high affinity respectivelyeSehtwo analogs
display relatively high selectivity, but MLM stability was only minimally increased. These sub
structures could be used in next generation compounds in conjunction with other strategies aimed

at further increasing MLM stability and TPSAo Turther increase the TPSA value and improve
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MLM stability two additional cores were investigated: 5,6;&®ahydre[l,2,4]triazolo[4,3
alpyrazine (230064) and 5,6,A@&rahydroimidazo[1A]pyrazine (230065)The MLM stability

and TPSAwere significaitly improved for both compounds, however both of these analogs
exhibited low affinity for all SHT receptors.

Bioisosteric replacement of the piperazine ring was also investigated. Three bioisosteres were
examined: homopiperazine (230227), octahydropyo[3,4-c]pyrrole (230105) and 26
diazaspiro[3.3]heptane (230179). The-@i&zaspiro[3.3]heptane ring system resulted in decreased
5-HT7 activity, while the octahydropyrrolo[3;d]pyrrole analog (230105) displayed high affinity
for the 5HT> receptor (K= 64 nM) and complete subtype selectivity. The homopiperazine ring
system led to high-6iT; affinity as well, but an increase in the cLogP and a slight decrease in
solubility were also observed. Additional substituted analogs containing the octahyoliajByd+
c]pyrrole core were preparddnexpectedlythe SAR of this core was different from the piperazine
core. Substituting at the-fbsition resulted in moderatetsl; affinity (K,> 100 nM), except
230245 (2CN) which displayed a i< 8.9 nM. Substitutig at the 3and 4 position was not well
tolerated, as only two analogs retained moderddd@ Baffinity. The remaining examples with this
substitution pattern demonstrated lowH%; binding. Based on these results and the lack of
significant improvementni MLM stability, the octahydropyrrolo[3;d]pyrrole ring system was
deprioritized relative to the piperazine ring system

The results of probing the arylamine ring system supported the use ofsulosiituted
phenylpiperazine cores, specifically with ftiooalization in the para position. Potential
replacements include: 1.) 6-(piperazinl-yl)-1H-indole  (160146), 2.) substituted
tetrahydroisoquinolines (170116, 230070 and 230071), 3.) 5#@frabydrel,7-naphthyridine
(230104) and 1,2,3stetrahydre2,7-naphthyridine (230103), 43-phenyloctahydropyrrolo[3;4
c]pyrrole (230105), 2-(hexahydropyrrolo[3,&]pyrrol-2(1H)yl)benzonitrile (230245) and4-

(hexahydropyrrolo[3,£]pyrrol-2(1H)yl)phenol (230253).
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Efforts were also undertaken to increase the TRS#arget compounds by increasing the
polarity of the lactone appendages. Remarkably, implementing this strategy also positively
impacted MLM stability. Incorporation of a heteroatom (O or N) into the spirocyclohexyl lactone
appendage was well toleratedtlwrespect to 81T affinity and significantly improved MLM
stability. Further functionalization of the spiropiperidine system provided mixed results. Aromatic
moieties in this binding pocket led to increaseH affinity but the improvements in MLM
stability were lost. Small, polar substitutes are also tolerated in this region of the molecule. Modest
subtype selectivity was observed and significant MLM stability was retained. Based on these
results, small, polar substituents may be algialption forfuture compounds.

Finally, the chirality of the lactone core was explored. A small library of enantiomerically pure
analogs was prepared and the respective R and S enantiomers were compared. It was concluded
that the R enantiomer is the preferred enantiob@sed on its improved affinity for theHdr;
receptor and MLM stability. The chirality of the lactone did not significantly impacted subtype
selectivity. Single enantiomers of compounds that contain bulky lactone appendages (e.g.
spirocycloalkyl system)shave not been prepared at this time.

Promising compounds that were identified in aim 1 were examined-Ta functional assay
to determine if they are antagonists. The majority of compounds tested were identified as-potent 5
HT, antagonists. Stronglgeactivating groups in the para position, such as cyano and nitro,
displayed poor potency while electron rich aroly2idyl based arylpiperazines were well tolerated.
Specifically, chloro substitution led to the highest observed antagonist poteseyl. @ nM).
Interestingly, the high BT affinity observed withtetrahydroisoquinoline based analogs did not
translate into high antagonist potency. On the other han8;(fhiperazinel-yl)-1H-indole system
did provide very high antagonistpotency (Kp=2.63 M) possibly due to its resemblance to

serotonin. In addition, utilizing the piperazine bioisosteres and polar lactone appendages did not
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significantly change antagonist potency, asMlues of analogs examined were comparable to
their respective K Theseresults indicate that the butyrolactone arylpiperazine scaffold can be
utilized for the identification of novel and potertHd ;7 antagonists.

Two lead compounds were selectedifovivo pharmacokinetic studies and for possible future
in vivoefficacystudies. The first compound, 170073, was chosen based on its excellent selectivity
profile, antagonist potency, and moderate stability in the presence of MLM. The second lead
compound, 230168 was chosen because it displayed moderate antagonist patendytype
selectivity, but more importantly its excellent MLM stability and higher TPB@th compounds
exhibited PK profilegapable of supporting vivoefficacy in a mose model of IBD. As expected,
230168 was more metabolically statlan170073 agvidenced by the decreaim clearance (Cl).
However,230168 does riaistribute to the extent df70073.As a resultdegite its increased
stability, 230168 demonstrated a shorter [2.76 hr) compared tb70073 (4.44 hr)With respect
to CNS exposure230168 distributed slower and to a lesser extent into brain tikané70073.

This validated the strategy utilized for decreasing CNS exposure by increase the TPSA of
compounds Although both compounds exhibited significant CNS penetratibey displayel
adequatén vivo PK profiles,andwere examined inthe mouse model of DSiBduced colitis as

first and second geraion proofof-concept analogs.

Both 170073 an@30168 exhibited efficacy in the acute mouse model of-D8&ced colitis.
Specifically,thesecompounds significantly lowedthe disease activity index of induced colitis
attenuatd macroscopic and histological damagend decreasegroinflammatory cytokine
production Furthermorel 70073 wagxamined irthe chronic model of DSBiduced colits where
its ability to reduce DS$duced colitis in colonic tissue that has been priorly exposed to chronic
inflammationwasdeterminedA reduction in the disease activity index was observed during the
treatment period. In addition170073 treated miceexhibited decreased histological and

macroscopic damage scores and lower proinflammatory cytokines levels, similar to what was
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observed in the acute model. These results supiperypothesis oinvolvement of the 81T
receptor in immune response andanimation in the gut, as well athe assertion that it ia
promising target for novel IBD treatment. More importantly, these results support the theory behind
this project and the continued development of these arylpiperazinyl butyrolactonedTas 5
antagonists with the intent of identifying novel clinical candidates for the treatment of IBD.

The next step in this project is to test both lead compounds in the T cell (CD4+) transfer murine
model of chronic coliti¢®Thi s model i s stendsairder end dtPdsiivéog o Icd |
results wouldfurther support thehypothesized link between tleHT; receptorand IBD, and

furtherhighlight the therapeutic potential of targeting this receptor.
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CHAPTER 12
SYNTHETIC PROTOCOLS AND NMR DATA

12.1 Preparation of First-Generation Lactone Cores

Many of he followingintermediatesvere prepared according tiee work published by Dr. Rong

Gaof122424

Preparation omethyl 2,2dimethylpent4-enoate: This reaction was performed in cdeied
glassware under a nitrogen atmosphere. To astieled solution of freshly prepared lithium
diisopropylammide (1M, 1.10 equiv idry 35 ml tetrahydrofuran, isobutyric acid methyl ester
(3.32 g, 32.6 mmol, 1.0 equiv) was added dropwise during 0.5 howf8 @@. The mixture was
allowed to stir at this temperature for 30 min followed by the addition of allyl bromide (5.35 g, 44.0
mmol) and Hexamethylphosphoramide (HMPA) (2.91 g, 16.3 mmol) dropwise over 0.5 h. The
reaction mixture was stirred overnight at room temperature, quenched with 10% HCI (while cooling
in ice bath) until acidic (pH = 2). The organic layer was separated anddteous layer was
extracted with hexanes (3 x 100mL). The extract was washed with 10% NgERE@®DNL) and
brine (200mL). The solution was then dried over MgSs@ncentrated in vacuo and distilled to
give pure product’H NMR (400 MHz, CDCJ) U 5 J#% 8.4, (7d/d1H), 5.04 (dd, J = 1.9,

13.5, 2H), 4.12 (q, J = 7.1, 2H), 2.28 (d, J = 7.4, 2H), 1.25 (t, J = 7.1, 3H), 1.17 (SBNNR

(101 MHz,CDCY) O 177.42, 134.42, 117.88, 77.68, 77.

(0]
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Preparation of Ethyl 2;8iethylpent4-enoate: The title compound was prepared according to
the procedure for methyl 2dimethylpentd-enoate, except-@thyl-butyric acid ethyl ester was
substituted for isobutyric acid methyl estelrNMR (300 MHz,CDC}) U 5.68 (dd, J =
1H), 5.167 4.97 (m, 2H), 4.14 (q, J = 7.1, 2H), 2.33 (d, J = 7.4, 2H), 1.59 (dt, J = 6.5, 7.5, 5H),

1.26 (t, J = 7.1, 3H), 0.80 (t, J = 7.5, 6H)

OH

Preparation of -hllylcyclobutanecarboxylic adi This reaction was performed in ovéned
glassware under a nitrogen atmosphere. To astialed solution of freshly prepared lithium
diisopropylammide (1M, 10.76 mmol, 2.30 equiv) in dry 107 ml tetrahydrofuran,
cyclobutanecarboxylic acid (4.68 g, 86nmol, 1.0 equiv) was added dropwise during 0.5 hours at
0°C. The mixture was heated to 8Dfor 6 hours, then cooled ta’G followed by the addition of
Nal (0.697 g, 4.68 mmol, 0.1 equiv) in one portion and a mixture of allyl bromide (7.58g, 63.2
mmol, 1.35 equiv) and HMPA (4.18 g, 23.4 mmol, 0.5 equiv) dropwise over 0.5 hr. The reaction
mixture was stirred overnight at room temperature, quenched with 10% HCI (while cooling in ice
bath) until acidic (pH = 2). The organic layer was separated and tkeusjlayer was extracted
with ether (3 x 250mL). The organic phases were combined and washed with brine. The solution
was then dried over MgS@nd concentrated in vacuo to afford a crude oil which was purified
through flash chromatography (silica; ethgletate/hexanes, 1% ~ 10%j NMR (400 MHz,
CDCk) U 5.77 (ddt, J %49(n2H), 2.589.238 (m,UH),2D71.88H) , 5.
(m, 4H).13C NMR (101 MHz, CDGJ) a 184. 04, 133. 90, 118. 19, 47
0.43 (Hexane: EthyAcetate 10:1); HRMS (CI): [M+H], calcd for 881:0,, 141.0916; found

141.0911.
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Preparation of -hllylcyclopentanecarboxylic acid: The title compound was prepared according
to the procedure for-allylcyclobutanecarboxyli@acid, except cyclopentane carboxylic acid was
substituted for cyclobutanecarboxylic actti NMR (400 MHz,CDC}) U 5. 77 (ddt, J
17.4, 1H), 5.17 4.94 (m, 2H), 2.38 (d, J = 7.2, 2H), 22@.02 (m, 2H), 1.79 1.47 (m, 6H)2C
NMR (101 MHz,CDCls) a 184. 94, 134. 96, 118. 02, 53. 75, 4

Ethyl Acetate 10:1); HRMS (CI): [M+H], calcd forsB150,, 155.1072; found 155.1068.

O

OH
|
Preparation of -hllylcyclohexanecarboxylic acid: Theléitcompound was prepared according
to the procedure for-allylcyclobutanecarboxylic acid, except cyclohexane carboxylic acid was
substituted for cyclobutanecarboxylic acilll NMR (400 MHz, CDCJ) U 12.13 (broad,

i 5.63 (M, 1H), 5.12 5.00 (M,2H), 2.27 (m, 2H), 2.04 (m, 2H), 1.66L.50 (m, 3H), 1.49 1.33

>&OKA
OH

Preparation ofb-(2-Hydroxy-ethyl)-3,3-dimethykdihydro-furan2-one: A mixture of glacial

(m, 2H), 1.33 1.17 (m, 3H)

acetic acid (28.6 g, 477 mmol, 53.§uév), paraformaldehyde (0.80 g, 26.7 mmol, 3.0 equiv) and
H.SOQr (0.5 g, 4.45 mmol, 0.57equiv) was stirred for 30min at °C0before methyl 22
dimethylpent4-enoate (1.26 g, 8.9mmol, 1.0 equiv) was added dropwise during 10 min. The

reaction mixture was #n maintained at 70~8C and allowed to stir overnight. Acetic acid was
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removed under reduced pressure and the reaction was quenched with 10%;Nald@ih. The
mixture was then extracted with ethyl acetate (3 x 50 mL) and the combined organic phase was
concentrated in vacuo to give a crude oil. The crude oil was used for nextigteut further
purification.

A mixture of the crude oil (200 mg, 1.0 mmol, 1 equiv) and 30% NaOH (800 mg NaOH, 20
mmol, 20 equiv) aqueous solution was refluxed for 2 holine mixture was cooled in an ice bath
and excess 30%:8Q: was added until acidic (pH < 2). The resulting mixture was extracted with
ethyl acetate (3 x 25 mL), the combined organic phase was washed with 10% N#5{CQL),
brine (50mL), dried over MgSfand concentrated in vacuo to give a crude product which was
further purified by column chromatography (Ethyl acetate/Hexanes, 10% ~ 6@¥6ent yield:
81%H NMR (400 MHz, CDCY) U -440 (ih,alH), 3.98.78 (m, 2H), 2.22 (dd, J = 5.9, 12.7,
1H), 1.98i 1.87 (m, 2H), 1.80 (dd, J = 5.9, 12.7, 1H), 1.28 (d, J = 4.8,'6E)NMR (101 MHz,
CDCL) U0 182. 26, 75. 01, 59. 58, 43. 93, 40. 62, 38.

1:1); Anal. Calcd for €H140s: C, 60.74; H8.92; Found: C, 60.47; H,&5.

o
o
OH

Preparation of 3;8liethyl5-(2-hydroxyethyl)dihydrofuraf2(3H)}one: The title compound
was prepared according to the procedure f@-BHydroxy-ethyl)-3,3-dimethytdihydro-furan-2-
one, except ethyl 2;@iethylpent4-enoate was substituted for methyl-gjthethylpentd-enoate
Percent yield: 76%¢H NMR (400 MHz,CDC)) 4 4.62 (dtd, J = 5.3, 7.3
2H), 3.20 (s, 1H), 2.19 (dd, J = 6.8, 13.1, 1H), 1.9781 (m, 3H), 1.70 1.56 (m, 4H), 0.93 (dt,
J=175,20.7,6H))CNMR (101MHz,CDG)) 4 181. 46, 75. 10, 58. 91, 4 ¢
28.30, 8.83, 8.73; Rf, 0.36 (Hexane: Ethyl Acetate 5:2); Anal. Calcd #bhi:60D3: C, 64.49; H,

9.74; Found: C, 64.20; H, 9.57.
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OH

Preparation of {2-hydroxyethyl}6-oxaspiro[3.4]Joctasb-one: The title compound was
preparedaccording to the procedure for(B-Hydroxy-ethyl)-3,3-dimethyldihydrofuran-2-one,
except 1allylcyclobutanecarboxylic acid was substituted fogthyl 2,2dimethylpent4d-enoate.
Percent yield: 74%H NMR (400 MHz, CDCJ) U 1 4.506m, 1H), 3.82 (t] = 5.9, 2H), 2.61
i 2.40 (m, 3H), 2.19 1.96 (m, 5H). 1.9285 (m, 2H);*C NMR (101 MHz, CDGJ)) U 181. 25,
75.46, 59.66, 44.62, 42.42, 38.47, 31.95, 29.64, 16.79; Rf, 0.40 (Hexane: Ethyl Acetate 1:2); calcd

for CoH150s5, 171.1021; found 171.1016.
0
Se 3
OH

Preparation of J2-hydroxyethyl}2-oxaspiro[4.4]nonaii-one: The title compound was
prepared according to the procedure fg@281ydroxy-ethyl)-3,3-dimethyldihydrofuran-2-one,
except lallylcyclopentanecarboxylic acias substuted for nethyl 2,2dimethylpent4-enoate.
Percent yield: 73%H NMR (400 MHz, CDCJ) U 1 4.56€r6, 1H), 3.84 3.76 (m, 2H), 2.74
(s, 1H), 2.28 (dd, J = 5.8, 12.6, 1H), 2i2@.10 (m, 1H), 2.06 1.56 (m, 10H)3C NMR (101
MHz, CDClk) a 183.02, 75. 77, 59. 20, 50. 35, 43. 41,

(Hexane: Ethyl A&etate 1:2); HRMS (Cl): [M+H], calcd forigH1703, 185.1178; found 185.1171.

o

OH
Preparation of §2-hydroxyethyl}2-oxaspiro[4.5]decaid-one: The title compound was
prepared according to the procedure fg281ydroxy-ethyl)-3,3-dimethyldihydrofuran-2-one,

except lallylcyclohexanecarboxylic acid was substituted fatimyl 2,2dimethylpent4-enoate.
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Percent yield: 73%¢H NMR (400 MHz,CDC)) U4 4. 62 ( m, 1H) , 3.82

=6.2,12.9, 1H), 2.22 (s, 1H,00i 1.17 (m, 13H)3C NMR (101 MHz,CDG)) U 181 .

(t,

96, 75

59.55, 45.13, 39.88, 38.91, 34.54, 31.71, 25.57, 22.42, 22.36; Rf, 0.46 (Hexane: Ethyl Acetate 1:2);

Anal. Calcd for @H1803: C, 66.64; H, 9.15; Found: C, 66.48; H, 9.17.

(0]
0 OTos

Preparation of 24,4-dimethyt5-oxotetrahydrofurai2-yl)ethyl 4-methylbenzenesulfonate: To

a stirred solution of $2-Hydroxy-ethyl)-3,3-dimethykdihydro-furan-2-one (0.316 g, 2 mmol, 1.0

equiv) and EN (0.152 g, 1.5 mmol, 1.5 equiv) imyddichloromethane, a solution ofTosCI

(0.475 g, 2.5 mmol, 1.25 equiv) in dichloromethane was added drop wistaiT@e resulting

mixture was stirred at @ for 1 hour and allowed to stir overnight at room temperature. Then, the

reaction mixture wasdliluted with dichloromethane (50 mL), washed with 10 % HCI, brine, dried

over MgSQ and concentrated in vacuo to afford yellowish oil. This crude product was then purified

by flash chromatography (silica gel; Ethyl acetate/Hexanes, 0% ~ 40%) to affoetidesylate.

IHNMR (300 MHz,CDC}) & 7.72 (m, 2H), 7.29 (m, 2H),

3H), 2.09 (m, 1H), 1.93 (m, 2H), 1.65 (m, 1H), 1.16 (d, J = 4.8, BB)NMR (101 MHz, CDGJ)
BC NMR (101 MHz, ChDClI 3) U 181. 26, 145. 18,
66.83, 42.99, 40.23, 34.97, 24.82, 24.12, 21BRMS (Cl): [M+H] 313.1; Anal. Calcd for
Ci1sH2005S: C, 57.67; H6.45; Found: C, 57.85; H, 6.63.

o

OTos
Preparation of Z4,4-diethyl-5-oxotetrahydrofuras2-yl)ethyl 4-methylbenenesulfonateThe

title compound was prepared according to the procedure(fhd2limethyt5-oxotetrahydrofuran
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2-yl)ethyl 4-methylbenzenesulfonate, except -8ij8thyl-5-(2-hydroxyethyl)dihydrofuras2(3H)-

one was substituted for-(2-Hydroxy-ethyl)-3,3-dimethykdihydro-furan2-one: *H NMR (300
MHz,CDCk) U 7.79 (d, J = 8.3 Hz,i42BHM, IH),2.143d,J(d, J
= 6.5, 13.3 Hz, 3H), 2.46 (s, 3H), 2.21.84 (m, 3H), 1.88 1.68 (m, 1H), 1.58 (t, J = 7.4 Hz, 4H),

0.89 (dt, J =7.5, 18.0 Hz, 6H)*C NMR (101 MHz, CDGJ) a4 180. 33, 145. 30,
128.03, 77.68, 77.36, 77.04, 73.18, 66.95, 48.67, 37.53, 35.82, 29.14, 28.23, 21.76, 8.81, 8.74.

Anal. Calcd for G/H2405S: C, 59.98; H, 7.11; Found: C, 60.27; H, 7.25

o]

OTos
Preparation of Z5-oxo-6-oxaspiro[3.4]octasV-yl)ethyl 4-methylbenzenesulfonatd he title

compound was prepared according to the procedure-f@@zlimethyl5-oxotetrahydrofuras2-

yhethyl 4-methylbenzenesulfonate, excepf{Z¢fhydroxyethyl}6-oxaspiro[3.4]octarb-one was

substituted for §2-Hydroxy-ethyl)-3,3-dimethykdihydrofuran2-one *H NMR (400 MHz,

cbCk)y 4 7.77 (d, J = 8.3 Hz, 2H), 7.35 (d, J =

4.217 4.05 (m, 2H), 2.57 2.32 (m, 6H), 2.19 1.82 (m, 7H);3C NMR (101 MHz, CDGJ))

180.41, 145.24, 132.68, 130.10, 128.02, 73.38, 66.76, 44.33, 41.79, 35.12, 29.28, 21.76,

16.51.

o]
Se)
OTos
Preparation oR-(1-oxo-2-oxaspiro[4.4]nona3-yl)ethyl 4-methylbenzenesulfonate: The title
compound was prepared according to the procedure-f@@2limethyl5-oxotetrahydrofuras2-
yhethyl 4-methylbenzenesulfonate, excep{Zhydroxyethyl}2-oxaspiro[4.4]nonaii-one was

substituted for H2-Hydroxy-ethyl)-3,3-dimethytdinydrofuran2-one'H NMR (400 MHz,
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CDCk) U 7.79 (d, J = 8.3 Hz,id3H)n,1H7L53606(nd, J
2H), 2.45 (s, 3H), 2.28 2.08 (m, 2H), 2.08 1.91 (m, 2H), 1.87 1.52 (m, 9H)3C NMR (101
MHz,CDCk) & 181.90, 145.26, 132.76, 130.12, 128.

35.19, 25.61, 25.50, 21.79

OTos

Preparation oR-(1-oxo-2-oxaspiro[4.5]deca3-yl)ethyl 4-methylbenzenesulfonate: The title
compound was prepared according to the procedure-f@@2limethyl5-oxotetrahydrofuras2-
yhethyl 4-methylbenzenesulfonate, excepi{2hydroxyethyl}2-oxaspiro[4.5]decafi-one was
substituted for §2-Hydroxy-ethyl)-3,3-dimethytdihydrofuran2-one H NMR (400 MHz,
ChCk) 4 7.79 (d, J = 8.3 Hz,id3%H(n,1H)74.28 £12(nd, J
2H), 2.45 (s, 3H), 2.36 (dd, J = 12.9, 6.2 Hz, 1H), 2.187 (m, 2H), 1.85 1.68 (m, 3H), 1.65
1.50 (m, 5H), 1.43 1.14 (m, 3H);**C NMR (101 MHz, CDGJ)) 180.97, 145.27, 132.76, 130.12,
128.07, 73.28, 66.85, 44.96, 39.48, 35.58, 34.35, 31.52, 25.37, 22.23, 22.16, 21.80

o

Br

Preparation of-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)one To a solution ofcrude
3,3-diethyt5-(2-hydroxyethyl)dihydrofuras? (3H)}one(4.8 g, 25.8 mmol, 1 eq.) in DCM (246QL)
was added triphenylphosphi(i0.15 g, 38.mmol, 1.5 eq.). Following, carbdatrabromide (21.4
g, 64.5mmol, 2.5 eq.) was added and the reaction was allowed to stir attevoperature
overnight. All DCM was removed under reduced pressure and the resulting residue was
resuspended in ethyl acetate and filtered through a plug of Celite. The filtrate was dry loaded on

Celite andhe crudeproductpurified by flash chromatographfsilica; ethyl acetate/hexanes, 0% ~
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35%) Percentyield:56%d H NMR (400 M4&A52 (m, XHD &3BA)L (m{a2H), 2.19
2.01 (m, 3H), 1.76 (dd= 9.3, 13.0 Hz, 1H), 1.6B.48 (m, 4H), 0.85 (dt)= 7.5, 24.4 Hz, 18).

O

Br
Preparation 08-(2-bromoethyl}2-oxaspiro[4.5]decaii-one The title compound was prepared
according to the procedure 6+(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-one except 3(2-
hydroxyethyl}2-oxaspiro[4.5]decati-one was substituted for 3eBethyl-5-(2-
hydroxyethyl)dihydrofuras2(3H)-one Percent yield: 73%H NMR (400 MHz, CDCY) 4.61 (m,
1H), 3.53 (dd, J=5.5, 7.7 Hz, 2H), 2.43 (dd, J= 6.3, 12.8 Hz, 1H),208(m 2H), 1.891.70 (m,
3H), 1.701.54 (m 4H), 1.531.44 (m, 1H), 1.43.16 (m, 3H).

O
OH

|
Preparation of2,2-diethylpent4-enoic acid Ethyl 2,2diethylpent4-enoate (0.2g, 0.28mmol)
is mixed with NaOH (0.4g, 10mmol), MeOH (2.5 mL) angDH2.5 mL) in a microwave vial. The
mixture is then heated in a microwave reactor at’@©d0r 2 hours. The mixture was then acidified
with 10% HCI, washed with ether (3 x 30 ml). The combined organic phase was dried oves MgSO
and concentrated in vacuo to give a crude product which was used in the next step without further

purification.

Preparation of 3,3-diethyl5-(iodomethyl)dihydrofurai2(3H)}-one: 2,2diethylpent4-enoic

acid (1.77 g, 11.67mmol) is stirred with tetrahydrofuran (34 mL), ether (12mL) and saturated
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NaHCQ; solution (57mL). The mixture is protected from sunlightvds dissolved in 12 mL of
tetrahydrofuan and added to the mixture in one portion ¥ 0The mixture was allowed to stir
overnight at room temperature. Saturated sodium thiosulfate is added to the mixture to quench the
reaction. The mixture was extracted with ethyl acetate (3 x 50mL). Thbiged organic phase

was dried over MgSf£and concentrated in vacuo to give a crude oil which was purified by flash
chromatography (silica gel; Ethyl acetate/Hexanes, 0% ~ 26PB)MR (400 MHz, CDCY) U 4. 42
(dtd, J = 9.0, 7.3, 4.6 Hz, 1H), 3.41 (dd, 162, 4.6 Hz, 1H), 3.23 (dd, J = 10.2, 7.5 Hz, 1H), 2.25

(dd, J = 13.3, 6.9 Hz, 1H), 1.86 (dd, J = 13.3, 9.1 Hz, 1H), 1.63 (m, 4H), 0.94 (dt, J = 10.4, 7.5 Hz,

6H).

/\/\/OBn

Preparation of(pent4-en1-yloxy)methyl)benzenelo adry RBF was added 1.4 g of 60% NaH
dispersion (0.834 g NaH, 34.5 mmol, 2eq.), followed by ~200 mg of tetrabutylammonium iodide.
System was then put undes &mosphere. Under positive pressure, added 18 mL of dry THF
and cooled mixture to°C using arice bath. At 0C, pent4-en-1-ol (1.5 g, 17.4 mmol, 1 eq.) was
added dropwise. Let stir af@ for 5 minutes before the addition of benzyl bromide (3.57 g, 21
mmol, 1.2 eq.). Let warm to RT and stir overnight. Quenched with salCINH5 mL) and then
extracted 3x10 mL diethyl ether. Combined organics were dried ovesQidiltered and
concentrated onto Celite under reduced pressure. Crude material was purifiddstby
chromatography (siligaethyl acetate/hexanes, 0% %p Percent yield: ~100%4H NMR (400
MHz, CDC) Ui 7.457.26 (m, 5H), 5.87 (m, 1H), 5.08 (dq, J= 1.8, 17.2 Hz, 1H), 5.01 (m, 1H), 4.55

(s, 2H), 3.54 (t, J= 6.5 Hz, 2H), 2.20 (q, J= 7.6 Hz, 2H), 1.77 (quin, J= 7.6 Hz, 2H).

TN e
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Preparation of(hex5-en-1-yloxy)methyl)benzeneT he title compound was prepared according
to the procedure fdfpent4-en-1-yloxy)methyl)benzeneexcephex5-en-1-ol was substituted for
pent4-en-1-ol. Percent yield: ~106. *H NMR (400 MHz, CDCJ) 1 7.267.11 (m, 5H), 5.68 (m,
1H), 4.88 (dg, J= 1.9, 17.0 Hz, 1H), 4.82 (m, 1H), 4.38 (s, 2H), 3.35 (t, J= 6.5 Hz, 2H), 1.95 (m,
2H), 1.571.46 (m, 2H), 1.441.29 (m, 2H).

O

%OBn

Preparation of Z3-(benzyloxy)propyl)oxirane: To a RBF is added ((pémn1-
yloxy)methyl)benzene (3.15 g, 17.9 mmol, 1 eq.) and dissolved in DCM (45 mL). Resulting
solution is then cooled t®0 with an ice bath. At®, added in portions-8hloroperbenzoic acid
(5.25 g (6.82 g, 77% purity), 30 mmol, 1.67 eq.) and then let stir avBmight. Filtered through
a plug of Celite and washed filter with DCM/ashed filtrate 3x10 mL of 1N NaOH (ag.) solution.
Organic layer was dried over POy, filtered and concentrated under reduced pressure. Gilude
was used in the next step withdutther purification Percent yield: 72%H NMR (400 MHz,
CDCL) 7i#417.24 (m, 5H), 4.53 (s, 2H), 3.55 (@H), 2.95 (m, 1H), 2.7%dd, J= 4.2, 5.0 Hz,
1H), 2.48 (dd, J= 2.6, 5.0 Hz, 1H), 1-8%5(m, 4H).

O
%\OBn

Preparation oR-(4-(benzyloxy)butyl)oxiraneThe title compound was prepdraccording to
the procedure faz-(3-(benzyloxy)propyl)oxirangexcepi(hex5-en1-yloxy)methyl)benzenwas
substituted for((pent4-en-1-yloxy)methyl)benzenePercent yield: 96%'H NMR (400 MHz,
CDCl) i 7.407.25 (m, 5H), 4.52 (s, 2H), 3.51 (=6.4Hz, 2H), 2.93 (m, 1H), 2.76dd, J= 4.0,

5.0 Hz, 1H), 2.48 (dd, J= 2.7, 5.1 Hz, 1H), Z765(m, 2H),1.641.50(m, 4H).
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OBn

Preparation ob6-(3-(benzyloxy)propyh3,3-diethyldihydrofurar2(3H)}one A dry RBF was

put undeN; atmosphere and then charged Wil LDA solution (THF/Hexanes, 23 mL, 23 mmol,

2.3 eq.) and cooled t@8°C. While at-78°C, added dropwis@-ethytN,N-dimethylbutanamide

(2.86 g, 20 mmol, 2 eq.). Let resulting mixture stirZ8°C for 30 minutes, thelet warm to 6C

and stir at that temperature for 15 minutes. Then let warm to RT and stir for 5 minutes before
cooling back to ©C with an ice bath. At@C, added-(3-(benzyloxy)propyl)oxiran€2.0 g, 10

mmol, 1 eq.) and let stir aPG for 15 minutes &fore letting reaction warm to RT. Let stir at RT

for 2 days. Quenched with sat. MH solution (ag.) and extracted 3x20 mL DCM. Combined
organic layers were dried over 2@, filtered and concentrated under reduced pressure.

Crude material was thatisolved in DCM (30 mL) and slowly added trifluoroacetic acid (5
mL). The resulting solution was allowed to stir at RT for 40 minutes before being slowly quenched
with sat. NaHC®solution(aq.) and extracted with 3x10 mL DCM. The combined organic layers
were dried over NaSQ,, filtered and concentrated under reduced press€imede product was
purified by flash chromatography (silicathyl acetate/hexanes, 0% ~9@0 Percent yield: 32%.

H NMR (400 MHz, CDGJ) U1 7.357.18 (m, 5H), 4.46 (s, 2H), 4.35 (m, 1H), 3.48 (m, 2H), 2.05
(dd, J= 6.7, 13.1 Hz, 1H), 1.8168 (m, 5H), 1.57 (q, J= 7.5 Hz, 4H), 0.88 (dt, J= 7.4, 16.5 Hz,

6H).

OBn
Preparation 05-(4-(benzyloxy)butyl}3,3-diethyldihydrofuran2(3H)-one The title compound

was prepared according to the procedure5¢8-(benzyloxy)propyh3,3-diethyldihydrofuran
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2(3H)}one except 2-(4-(benzyloxy)butyl)oxirane was substituted for 2-(3-
(benzyloxy)propyl)oxiranePercent yield: 37%H NMR (400 MHz, CDC}) 117.40-7.19 (m, 5H),

4.55 (s, 2H), 4.40 (m, 1H), 3.53 (t, J= 6.4 Hz, 2H), 2.09 (dd, J= 6.8, 13.1 Hz, 1H), 1.77 (dd, J= 9.3,
13.3 Hz, 1H), 1.72.34 (m, 10H), 0.89 (dt, J= 7.4, 19.7 Hz, 6H).

(0]

OH

Preparation 08B,3-diethyl5-(3-hydroxypropyl)dihydrofuras2(3H)}one To a RBF was added
10% Pd/C (182 mg, 20% wt) followed by a solution Bf(3-(benzyloxy)propyh3,3-
diethyldihydrofurar2(3H)-one (910 mg, 3.13 mmol, 1 eq.) in EtOH (18 mL). System was put
under H (1 atm) using a baltmn. Let stir at RT under +htm overnight. Filtered through a plug of
Celite and concentrated filtrate under reduced pressure. Crude product was used in next step
without further purification. Percent yield: ~1009%1 NMR (400 MHz, MeQOD U 4.61 (b, 1H),
4.38 (m, 1H), 3.48 (m, 2H), 2.11 (dd, J= 6.8, 13.3 Hz, 1H), 1.73 (dd, J= 9.3, 13.1 Hz, 1H), 1.68
1.32 (m, 8H), 0.81 (dt, J= 7.6, 18.8 Hz, 6H).

o

OH
Preparation 08,3-diethyt5-(4-hydroxybutyl)dihydrofurar2(3H)-one The title compound was
prepared according to the procedure3@-diethyl5-(3-hydroxypropyl)dihydrofuras2(3H)-one
except 5-(4-(benzyloxy)butyl}3,3-diethyldihydrofurar2(3H)}-one was substituted for5-(3-
(benzyloxy)propyh3,3-diethyldihydrofurar2(3H)}one Percent yield: ~10%. *H NMR (400
MHz, MeOD) (i 4.384.23 (m, 3H), 2.08 (dd, J= 6.5, 132, 1H), 1.771.63 (m,1H), 1.631.20

(m, 10H) 0.76 (dt, J= 7.4, 17z, 6H).
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Preparation o8-(4,4-diethyl-5-oxotetrahydrofuras2-yl)propyl 4-methylbenzenesulfonat&o
a soluion of triethylamine (493 mg4.85 mmol, 1.5 eq.) angtoluenesulfonyl chloride (744 mg,
3.90 mmol, 1.2 eq.)in DCM (25 mL) was added a solution ad3,3-diethyl5-(3-
hydroxypropyl)dihydrofuras2(3H)-one (650 mg, 3.25 mmol, 1.0 eqg.) in DCM (5 mL) &
Reaction solution was allowed to stir at RT overnight before being washed with 2x20 mL of sat.
NaHCQ; solution (ag.). Organic layer was dried over.8ia, filtered and concentrated under
reduced pressureCrude product was purified by flash chromatograptsjlicé ethyl
acetate/hexanes, 0% ~%0 Percent yield: 55%4H NMR (400 MHz, CDCJ) (i 7.69 (d, J= 8.3 Hz,
2H), 7.28 (d, J= 8.1 Hz, 2H), 4.23 (m, 1H), 4891 (m, 2H), 2.36 (s, 3H), 2.00 (dd, J= 6.7, 13.2
Hz, 1H), 1.841.40 (m, 9H), 0.80 (dt, J= 7.5, BHz, 6H).

(0]

OTos
Preparation o#-(4,4-diethyl5-oxotetrahydrofurai2-yl)butyl 4-methylbenzenesulfonat&he
title compound was prepared according to the procedur@ (fe-diethyl5-oxotetrahydrofuran
2-yl)propyl 4methylberzenesulfonateexcepB,3-diethyt5-(4-hydroxybutyl)dihydrofurar2 (3H)-
one was substituted foB,3-diethyl-5-(3-hydroxypropyl)dihydrofuras2(3H)-one Percent yield:
4.6%%6.'H NMR (400 MHz, CDC4) i 7.71 (d, J= 8.3 Hz, 2HY.28 (d, J= 8.1 Hz, 2H), 4.24 (m,
1H), 4.003.90 (m, 2H), 2.38 (s, 3H2.00 (dd, J= 6.713.0 Hz, 1H)1.761.29(m, 11H), 0.84 (dt,

J=7.5, 22.51z, 6H).
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12.2 Preparation of Final Compounds for Extension of Preliminary Series

Q TFA

O N\/\\\/[\]\@

Preparation of  3,3diethyt5-(4-(4-phenylpiperazifil-yl)butyl)dihydrofuran2(3H)-one
trifluoroacetate To a small vial was added-(4,4-diethyl5-oxotetrahydrofura2-yl)butyl 4-
methylbenzenesulfonaf@5 mg, 0.0679 mmoll eq.) and Phenylpiperazine (23.1 mg, 0.142
mmol, 2.1 eq.) then both were dissolved in THF (1.7 mL). Reaction mixture was allowed to reflux
for 72 hours and then cooled to RT. Mixture was filtered, washed with THF and filtrate was
concentrated under reded pressure. Gde productwas thenpurified by HPLC (CHCN/H:0,
0.1%Trifluoroacetic acigl, 0%~100%) to gie desired product as a trifluoroacetic agatt. Percent
yield: 41.4%1 H NMR (400 MHA (t, ICIDEL, 3H), 6.82 (t, J= 7.4 Hz, 1687
(d, J= 8.3 Hz, 2H), 4.29 (m, 1H), 38347 (m, 4H), 3.38.14 (m, 2H), 3.02.79 (m, 4H), 2.04

(dd, J= 6.8, 13.1 Hz, 1H), 1.8864 (m, 3H), 1.64..34 (m, 8H), 0.85 (dt, J= 7.5, 20.9 Hz, 6H)

oO N@
.

Preparation of3,3-diethyldihydro-5-(3-(4-phenylpiperazifil-yl)propyl)furan2(3H)-one: The

LC/MS [M+H]= m/z 3592

titte compound was prepared according to the procedur® 3atiethyl5-(4-(4-phenylpiperazin
1-yl)butyl)dihydrofuran2(3H)-onetrifluoroacetateexcept3-(4,4-diethyl-5-oxotetrahydrofura+2-

yl)propyl 4-methylbenzenesulfonateas substituted fo#-(4,4-diethyl5-oxotetrahydrofuras2-

ylbutyl 4-methylbenzenesulfonaend the crude product was purifiegl flash chromatography

(silica; MeOH:dichloromethane, 0% ~ %). Percent yield: 32%4. H NMR (400 MHz, CD
7.32 (td, J= 1.1, 7.7, 2H), 7.00 (t, J= 7.4, 1H), 6.95 (d, J= 8.6, 1H), 4.40 (m, 1H), 3.70 (m, 4H), 3.35
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(m, 2H), 3.16 (t, J= 8.1, 2H), 3.01 (b, 2H), 2.16 (dd, J= 6.7, 13.4, 1H), 2.01 (m, 2H), 1.81 (m, 2H),

1.64 (m, 5H), 0.94 (dt= 7.5, 22.4, 6H) LC/MS [M+H]= m/z 345.2

BA05

Preparation  of 3,3-diethyl5-(2-(4-(o-tolyl)piperazinl-yl)ethyl)dihydrofuran2(3H)-one
trifluoroacetateThe title compound was prepared according to the proceduBe3fdrethyl-5-(4-
(4-phenylpiperazirl-yl)butyl)dihydrofuran2(3H)-one trifluoroacetate excepts-(2-bromoethyl}
3,3-diethyldihydrofurar2(3H)}-one was substituted ford-(4,4-diethyl5-oxotetrahydrofuras®-
yhbutyl 4-methylbenzenesulfonatand 1(2-methylphenyl)piperaine for Xphenylpiperazine.

Percent yield73%.1 H NMR (400 MHz, CDCI 3) -6.89 (M, 221447t , J
(m, 1H), 3.873.68 (m, 2H), 3.4€.99 (m, 8H), 2.32.18 (m, 5H), 2.07 (m, 1H), 1.§dd, J= 9.3,

13.2, 1H), 1.76L.58 (m, 4H), 0.93 ¢ J= 7.5, 18.16H) LC/MS [M+H]= m/z 345.2

B0

Preparation of 3,3-diethyl5-(2-(4-(o-tolyl)piperazinl-yl)ethyl)dihydrofuran2(3H)-one
trifluoroacetateThe title compound was prepared according to the procedude3fdrethyl-5-(4-
(4-phenylpiperazirl-yl)butyl)dihydrofuran2(3H)-one trifluoroacetate excepts-(2-bromoethyl}
3,3-diethyldihydrofurar2(3H)}-one was substituted ford-(4,4-diethyl5-oxotetrahydrofuras®-
yhbutyl 4-methylbenzenesulfonatand 1(3-methylphenyl)pipeazine for phenylpiperazine.

Percent yield: 77%lH NMR (400 MHz, CDCI3 a 7.20 (t, J= 7.9 Hz,
1H), 6.76 (s, 1H), 6.75 (d, J= 7.6 Hz, 1H), 4.45 (i), 1%.152.70 (b, 10H), 2.33 (s}, 2.28 (m,

1H), 2.21 (dd, J= 6.7, 13.1 HEH), 2.04 (m, 1H), 1.85 (dd, J= 9.3, 13.1 Hz, 1H), 1.63 (m, 4H) 0.92

(dt, J= 7.4, 16.8 Hz, 6H) LC/MS [M+H]= m/z 345.2
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O HCOOH

2 !
N

Preparation of 5-(2-(4-(2-(tertbutyl)phenyl)piperazifl-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}oneformate The title compound was prepared according to the procedug3Fdiethyl
5-(4-(4-phenylpiperazirl-yl)butyl)dihydrofuran2(3H)-one trifluoroacetate except 5-(2-
bromoethy}3,3-diethyldihydrofurar2(3H}one was  substituted for 4-(4,4-diethyl5-
oxotetrahydrofurarR-yl)butyl 4-methylbenzenesulfonatand 1-(2-(tertbutyl)phenyl)piperazine
formate for Xphenylpiperazine. In addition, 2.1 eq. of triethylamine was added in order to free base
1-(2-(tert-butyl)phenyl)piperazinéormate. The acid modifier fdHPLC purification was changed
from trifluoroacetic acid to formic acid. Percent yield: 33%d.NMR (400 MHz, CDCI31i 8.32
(b, 1H), 7.327.24 (m, 2H), 7.15 (td, J= 1.6, 7.6 Hz, 1H), 7.08 (td, J= 1.1, 7.4 Hz, 1H), 4.38 (m,
1H), 3.36 (m, 2H), 3.24 (it, J= 2.5, 12.4 Hz, 2H), 3.03 (td, J= 4.7, 11.6 Hz, 1H), 2.93 (td, J= 5.6,
11.8 Hz, 1H)2.82 (m, 2H), 2.7:2.60 (m, 2H), 21-2.04 (m, 2H), 1.91 (m, 1H), 1.78 (dd, J= 9.3,

13.2 Hz, 1H), 1.55 (qd, J= 3.3, 7.5 Hz, 4H), 1.33 (s, 9H), 0.85 (dt, J= 7.3, 19.8 Hz, 6H) LC/MS

R
O

Preparation of 5-(2-(4-([1,1-biphenyl}2-yl)piperazirl-yl)ethyl)-3,3-diethyldihydrofuran

[M+H]= m/z 387.2

2(3H)onetrifluoroacetate The title compound was prepared according to the proceduBs3or
diethyt5-(4-(4-phenylpiperazirl-yl)butyl)dihydrofuran2(3H)-one trifluoroacetate except5-(2-
bromoethyl}3,3-diethyldihydrofuan2(3H}one was  substituted for 4-(4,4-diethyl5-

oxotetrahydrofuras2-yl)butyl 4-methylbenzenesulfonatand 1-([1,1-biphenyl}2-yl)piperazine
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for 1-phenylpiperazine. Percent yield: 51%1 NMR (400 MHz, CDCI3} a 7.54 (dt,

2H), 7.44 (tt, J=1.3, 7.7 Hz, 2H), 7.37 (dt, 1.3, 7.4 Hz, 1H), 7.33 (dd, 1.8, 7.5 Hz, 1H), 7.28 (m,

1H), 7.18 (td, J= 0.9, 7.4 Hz, 1H), 7.05 (dd, J= 0.9, 8.0 Hz, 1H), 4.41 (m, 1H), 3.52 (d, J= 10.9 Hz,

2H), 3.26 (td, J= 4.2, 11.9 Hz, 1H), 3.15 (m, 5H), 2.74 (td, J= 3.8 Hz, 1H), 2.65 (td, J= 3.8,
11.2 Hz, 1H), 2.20 (m, 2H), 1.94 (m, 1H), 1.82 (dd, J= 9.4, 13.1 Hz, 1H), 1.62 (m, 4H), 0.92 (dt,

J=7.5, 19.8 Hz, 6H) LC/MS [M+H]= m/z 407.3

W0
\\/N

Preparation of5-(2-(4-(2-chlorophenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofurar2(3H)-
onetrifluoroacetate The title compound was prepared according to the procedug3fdrethy}
5-(4-(4-phenylpiperazifil-yl)butyl)dihydrofuran2(3H)}one trifluoroacetate except 5-(2-
bromoethyl}3,3-diethyldihydiofuran2(3H}one was  substituted for 4-(4,4-diethyl5-

oxotetrahydrofurai2-yl)butyl 4-methylbenzenesulfonatnd 1-(2-chlorophenyl)piperazinéor 1-

phenylpiperazine. Percent yield: 80%44 NMR (400 MHz, CDCI3} 4 7. 38 (dd, J =

1H), 7.25 (dt, J= 1.4, 8.1 Hz, 1H), 7.06 (m, 2H), 4.46 (Hf), B.74 (t, J= 10.3 Hz, 2H), 3.45 (m,
2H), 3.393.20 (m, 4H), 3.12 (m, 2H), 2.28 (m, 1H), 2.21 (dd, J= 6.9, 12.5 Hz, 1H), 2.05 (m, 1H)

1.85 (dd, J= 9.2, 13.6 Hz, 1H).62 (m, 4H), 0.92 (dt, J= 7.5, 17.2 Hz, 6H) LC/MS [M+H]= m/z

X0

Preparation of 3,3-diethy}t5-(2-(4-(2-(trifluoromethyl)phenyl)piperazii-

365.20

yl)ethyl)dihydrofuran2(3H)-one The title compound was prepared accordintpé&oprocedure for
3,3-diethyt5-(4-(4-phenylpiperazidl-yl)butyl)dihydrofuran2(3H)-onetrifluoroacetate excepts-
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(2-bromoethyl}3,3-diethyldihydrofurar2(3H}one was substituted for 4-(4,4-diethyl5-
oxotetrahydrofurai2-yl)butyl 4-methylbenzenesulfonate and 1-(2-
(trifluoromethyl)phenyl)piperazindor 1-phenylpiperazine. In addition the crude product was

purified by flash chromatography (siliceOH:dichloromethane, 0% ~%). Percent yield: 83%.

IHNMR (400 MHz,CDCI3 & 7.62 (d, J,3=7FHAIHIZ38 (M HBOHz7 . 51 (
1H), 7.22 (t, 3= 7.7 Hz, 1H), 4.50 (mH)L, 2.97 (t, J= 4.6 Hz, 4H), 2.72.45 (m, 6H), 2.15 (dd, J=

6.8, 13.1 Hz, 1H), 1.88 (m, 3H), 1.64 (m, 4H) 0.94 (dt, J= 7.5, 21.5 Hz, 6H) LC/MS [M+H]= m/z

TFA CF
(0] N/\\N 3
(7

Preparation of 3,3-diethy}t5-(2-(4-(3-(trifluoromethyl)phenyl)piperazii-

399.20

yl)ethyl)dihydrofuran2(3H)-onetrifluoroacetate The title compound was prepared according to

the procedure for 3,3-diethyl5-(4-(4-phenylpiperazifl-yl)butyl)dihydrofuran2(3H)-one
trifluoroacetate excepts-(2-bromoethyl}3,3-diethyldinydrofurar2(3H)}-one was substituted for
4-(4,4-diethyt5-oxotetrahydrofuras2-yl)butyl 4-methylbenzenesulfonate and 1-(3-
(trifluoromethyl)phenyl)piperazindor 1-phenylpiperazine. &cent yield: 73%1H NMR (400
MHz,CDCI3 &4 7.42 (t, J= 8.4 Hz, 1H), 7.23 (d, J=
Hz, 1H), 4.46 (m, B), 3.76 (b, 4H), 3.33 (m,H), 3.06 (b, 2H), 2.28 (m, 1H), 2.22 (dd, J= 6.7,

12.6 Hz, 1H), 2.05 (m, 1HX.86 (dd, J= 9.4, 13.1 Hz, 1H), 1.63 (m, 4H) 0.92 (dt, J= 7.4, 16.6 Hz,
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Preparation of 3-(4-(2-(4,4-diethyl5-oxotetrahydrofuras2-yl)ethyl)piperazinl-
yl)benzonitrile The title compound was prared according to the procedure 3g8-diethyl5-(4-
(4-phenylpiperaziri-yl)butyl)dihydrofuran2(3H)-one trifluoroacetate excepts-(2-bromoethyl}
3,3diethyldihydrofurar2(3H)}-one was substituted ford-(4,4-diethyl5-oxotetrahydrofuras®-
yl)butyl 4-mettylbenzenesulfonatand 3-(piperazinl-yl)benzonitrilefor 1-phenylpiperazine. In
addition the crude product was purified flash chromatography (siliceOH:dichloromethane,

0% ~ 1@%). Percent yield: 81%H NMR (400 MHz, CDCI3 U 7. 30 ( nBH),449) , 7.
(m, 1H), 3.22 (t, J= 5.0 Hz, 4H), 2.61 (t, J= 5.2 Hz, 4H), 2.56 (m, 2H) 2.14 (dd, J= 6.7, 13.1 Hz,
1H), 1.85 (m, 3H), 1.62 (m, 4H) 0.92 (dt, J= 7.7, 1920 6H) LC/MS [M+H]= m/z 356.20

0]

Preparation of 3,3-diethyl-5-(2-(4-(pyrimidin-2-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)-
one The title compound was prepared according to the procedurd,3atiethyt5-(4-(4-
phenylpiperazirl-yl)butyl)dihydrofuran2(3H)-onetrifluoroacetateexcepb-(2-bromoethyly3,3-
diethyldihydrofuran2(3H)-onewas substituted fot-(4,4-diethyt5-oxotetrahydrofurar2-yl)butyl
4-methylbenzenesulfonat@nd 2-(piperazinl-yl)pyrimidine for 1-phenylpiperazine. In addition
the crude product was purifidry flash chromatography (silicéMeOH:dichloromethane, 0% ~
10%). Percent yield: 94%.H NMR (400 MHz,CDCI} U 8.28 (d, J= 4.7 Hz,
Hz, 1H), 4.47 (m, 1H), 3.81 (t, J= 4.9 Hz, 4H), 2.52 (M),®.13 (dd, J= 6.8, 13 Hz, 1H), 1.86 (m,

3H), 1.61 (m, 4H), 0.91 (dt J= 7.5, 20 HH), LC/MS [M+H]= m/z 333.2

Q N/\\ N\\

i
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Preparation of 3,3-diethyt5-(2-(4-(pyrimidin-4-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)
one The title compound was prepared according to the procedurd,3atiethyt5-(4-(4-
phenylpiperain-1-yl)butyl)dihydrofuran2(3H)-onetrifluoroacetateexcepb-(2-bromoethyl}3,3-
diethyldihydrofurar2(3H)-onewas substituted fot-(4,4-diethyt5-oxotetrahydrofurat2-yl)butyl
4-methylbenzenesulfonat@nd 4-(piperazinl-yl)pyrimidine for 1-phenylpiperaine. In addition
the crude product was purifiday flash chromatography (silicéeOH:dichloromethane, 0% ~
10%). Percent yield: 52%dH NMR (400 MHz, CDCI3 U4 8. 52 ( s, 1H), 8. 13
6.44 (dd, J= 1.0, 6.3 Hz, 1H), 4.42 (n)13.62 (b, 4), 2.52 (m, 6H), 2.08 (dd, J= 7.0, 13.1 Hz,
1H), 1.82 (q, J= 6.8 Hz, 2H), 1.77 (dd, J= 9.4, 13.1 Hz, 1H), 1.56 (m, 4H) 0.86 (dt, J= 715220.0
6H) LC/MS [M+H]= m/z 333.20

o)
N/\\N Ne—
N

Preparation oB,3-diethyt5-(2-(4-(pyrazin2-yl)piperazinl-yl)ethyl)dihydrofuranr2(3H)-one
The title compound was prepared according to the procedure3f&diethyl5-(4-(4-
phenylpiperazifl-yl)butyl)dihydrofuran2(3H)-onetrifluoroacetateexcepb-(2-bromoethyl}3,3-
diethyldihydrofurar2(3H)-onewas substituted fot-(4,4-diethyt5-oxotetrahydrofuras2-yl)butyl
4-methylbenzenesulfonatnd 2-(piperazinl-yl)pyrazinefor 1-phenylpiperazine. In addition the
crude product was purifidaly flash chromatography (silicéeOH:dichloromethane, 0% ~ %).
Percent yield: 86%lH NMR (400 MHz,CDCI} 4 8. 12 ( d, J= 1.4 Hz, 1H
Hz, 1H), 7.83 (d, J= 2.6 Hz, 1H), 4.48 (nt})13.59 (t, J= 5.1 Hz, 4H), 2.55 (m, 6H), 2.13 (dd, J=

6.7, 12.3 Hz, 1H), 1.85 (m, 3H), 1.61 (m, 4H) 0.91 (dt, J= 7.5, 19.4 Hz, 6H) LC/MS [M+H]= m/z

333.20
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Preparation of 5-(2-(4-(2,4-dichlorophenyl)piperaziti-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)onetrifluoroacetate The title compound was prepared according to the proceduBs3or
diethyl-5-(4-(4-phenylpiperazirl-yl)butyl)dihydrofuran2(3H)-one trifluoroacetate except5-(2-
bromoethy}3,3-diethyldihydrofurar2(3H}one was  substituted for 4-(4,4-diethyl5-
oxotetrahydrofura2-yl)butyl 4-methylbenzenesulfonasadl-(2,4-dichlorophenyl)piperazinir
1-phenylpiperazine. é&cent yield: 42%1H NMR (400 MHz, CDCI3} U 7. 41 (d, J= 2.
7.25 (dd, J= 2.5, 8.5 Hz, 1H), 7.01 (d, J= 8.5 Hz, 1H), 4.46 k),3L76 (t, J= 11.5 Hz, 2H), 3.35
(m, 6H), 3.11 (m, 2H), 2.29 (m, 1H), 2.23 (dd, J= 6.8, 13.0 Hz, 1H), 2.04 (m, 186)(dd, J= 9.3,

13.1 Hz, 1H) 1.64 (g, J= 7.3 Hz, 4H), 0.93 (dt, J= 7.4, 18.2 Hz, 6H) LC/MS [M+H]= m/z 399.10

o TFA cl
N/\\N
_

0

Cl

Preparation of 5-(2-(4-(3,5dichlorophenyl)piperaziti-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)ondrifluoroacetag: The title compound was prepared according to the procedu3or
diethyt5-(4-(4-phenylpiperazirl-yl)butyl)dihydrofuranr2(3H)-one trifluoroacetate except5-(2-
bromoethy}3,3-diethyldihydrofurar2(3H}one was  substituted for 4-(4,4-diethyl5-
oxotetahydrofurar2-yl)butyl 4-methylbenzenesulfonasadl-(3,5-dichlorophenyl)piperazinfor
1-phenylpiperazine. Percent yield: 59%4 NMR (400 MHz, CDCI3 U0 6. 93 (t , J= 1.
6.77 (d, J= 1.7 Hz, 2H), 4.44 (m, 1H), 4B®O0 (b, 181), 2.27 (m, 1H), 2.2 (dd, J=6.8, 13.1 Hz,
1H), 2.03 (m, 1H), 1.89 (dd, J= 9.3, 13.4, 1H), 1.62 (m, 4H), 0.92 (dt, J= 7.4, 16.6 Hz, 6H) LC/MS

[M+H]= m/z 399.10
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The following two compounds were prepared by Mercy Ramanijulu

A%

Preparation of 3;8imethyl5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one: The

o

titte compound was prepared according to the procedure fati&jdy}5-(4-(4-phenylpiperazin
1-yh)butyl)dihydrofuran2(3H)-one trifluoroacetate, excepi(4,4-dimethyl5-oxotetrahydrafiran

2-yl)ethyl 4-methylbenzenesulfonateas substituted for -@4,4-diethyl-5-oxotetrahydrofuras2-

ylbutyl 4-methylbenzenesulfonaend the crude product was purified by flash chromatography

(silica; MeOH:dichloromethane, 0% ~ 1094H NMR (400 MHz, CDCI3 4 7. 3 299( m, 2 H)
(d, J= 7.9 Hz, B), 6.91 (t, J= 7.2 Hz, 1H) 4.58 (m, 1H), 3.26 (t, J= 5.0 Hz, 4H), 2.66 (m, 4H), 2.61

(m, 2H), 2.26 (m, 1H), 1.90(m, 3H), 1.34 (s, 3H), 1.33 (s, 3H). LC/MS [M+H]= m/z 303.2

O s

Preparatioa of 3(2-(4-phenylpiperaziril-yl)ethyl)-2-oxaspiro[4.5]decari-one: The title

@)
0]

compound was prepared according to the procedure fedi&3y+5-(4-(4-phenylpiperazirl-
yhbutyl)dihydrofuran2(3H)}one trifluoroacetate, except -(2-oxo-2-oxaspiro[4.5]decai3-
yhethyl 4-methylbenzenesulfonate was substituted fef@,4-diethyl5-oxotetrahydrofuras2-
ylbutyl 4-methylbenzenesulfonate and the crude product was purified by flash chromatography
(silica; MeOH:dichloromethane, 0% ~ 10%). 1IHRM ( 400 MHz7.27@GDEV.3Hz, U
2H), 6.93 (d, J = 8.2 H2H), 6.85 (t, J = 7.3 Hz, 1H), 4.50 (m, 1H), 3(21] = 4.9 Hz, 4H) 2.61

(dd, J =3.9,8.8 Hz, 4H), 2.55 (m, 2H), 2.40 (m, 1H), 1.86 (m, 4H), 1.62 (m, 4H), 1.51 m, 2H),

1.30(m, 3H) LC/MS [M+H]= m/z 343.2
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Preparation of {2-(4-phenylpiperaziril-yl)ethyl)-6-oxaspiro[3.4]octasb-one:In a microwave
vial prepared a solution @f(5-oxo-6-oxaspiro[3.4]octa+7-yl)ethyl 4methylbenzenesulfonate (50
mg, 0.2 mrol, 1eq.) and Iphenylpiperazine (50./g,3.10 mmol, 2.1 eq.) in acetonitrile (2 mL).
Microwaved solution at 13T for 1 hour. The resulting mixture was then filtered and the filter
cake washed with acetonitrile. The filtrate was concentrated undeeredtessure and the crude
product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%).
Percentyield96%.1 H NMR ( 400 MHZ (m, ZBD&I4 &)J =8.3 Hz, 2H), 6.86 (t,
J=7.2 Hz, 1H), 4.45 (m, 1H), 3.20. J = 4.8Hz, 4H) 2.692.37 (m, 9H), 2.2€..95(m, 5H), 1.95

1.76 (m, 2H) LC/MS [M+H]= m/z 315.2

OO

Preparation of J2-(4-phenylpiperaziril-yl)ethyl)-2-oxaspiro[4.4]nonaii-one: The title

O

compound was prepared according to the praeedr 7(2-(4-phenylpiperazidl-yl)ethyl)-6-
oxaspiro[3.4]octasb-one, except 2-(1-oxo-2-oxaspiro[4.4]nonai3-yl)ethyl 4
methylbenzenesulfonatewas substituted for -§5-oxo-6-oxaspiro[3.4]octasV-yl)ethyl 4
methylbenzenesulfonat®ercent yield: 529%a1HNMR  ( 4 00 MHz 7.19€ D=CI18Hz
2H), 6.85(d, J=8.5Hz, 2H),6.78(t, J = 7.3 Hz, 1H)4.41(m, 1H),3.13(t, J =5.0Hz, 4H)2.62
2.40(m, 6H), 2.17 (ddJ= 5.9, 12.6 Hz, 1H), 2.1(m, 1H), 193-1.46 (m, 10H)LC/MS [M+H]=

m/z 3292
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Preparation of 3,3-diethylt5-((4-phenylpiperazirl-yl)methyl)dihydrofurar2(3H)one The
titte compound was prepared according to the procedure {@(4phenylpiperazifil-yl)ethyl)-
6-oxaspiro[3.4]octasb-one, except 3,3-diethyt5-(iodomethyl)dihydrofuray2(3H)}one was
substituted for 5-0x0-6-oxaspiro[3.4]octai7-yl)ethyl 4-methylbenzenesulfonatBercent yield:
66%.1H NMR (400 MH28(t, J=6.DHx) 281)) 6.94i(d, J=8.4Hz, 2H),6.87(t, J =
7.4Hz, 1H),4.62(m, 1H),3.22(t, J =5.0Hz, 4H)2.842.76(m, 2H), 2.752.67 (m, 3H), 2.62.59
(m, 1H), 2.10(dd, J= 6.9, 13.(Hz, 1H),1.95 (dd J= 9.6, 13.1 Hz]H), 1.65 (q¢dJ= 2.5, 7.5 Hz,

4H), 0.96 (dt, J= 7.5, 19.3 HaH) LC/MS [M+H]= m/z317.2

Preparation of5-(2-(4-(3-chlorophenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofurar2(3H)

O

one The title compound was prepared @eting to the procedure for(2-(4-phenylpiperazirl-
yl)ethyl)-6-oxaspiro[3.4]octarb-one, except 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)
onewas substituted for-g5-oxo-6-oxaspiro[3.4]octaiV-yl)ethyl 4methylbenzenesulfonatad1-
(3-chloropheni)piperazinefor 1-phenylpiperazinePercent yield: 89%1H NMR (400 MHz,
CDCI| Jpa(t=8.1 Hz, H), 6.75(d, J=2.1Hz, 1H), 6.67(td, J =1.8, 8.2 Hz, B), 4.37(m,
1H), 3.08(t, J =5.0Hz, 4H)2.552.35(m, 6H), 2.02(dd, J= 68, 13.0 Hz, 1H)1.84-1.64 (m 3H),

1.561.46(m, 4H), 0.81 (dt, J= 7.5, 1918z, 6H)LC/MS [M+H]= m/z 3652

At e
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Preparation of5-(2-(4-(4-chlorophenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofurar2(3H)-
one The title compound was prepared @ctng to the procedure for(2-(4-phenylpiperazirl-
yl)ethyl)-6-oxaspiro[3.4]octab-one, except 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)
onewas substituted for-g5-oxo-6-oxaspiro[3.4]octatV-yl)ethyl 4methylbenzenesulfonatad
(4-chloropheni)piperazinefor 1-phenylpiperazinePercent yield: 83%1H NMR (400 MHz,
CDCIl F.20(diiJ=9.0 Hz, H), 6.84(d, E 9.0Hz, 2H), 4.49(m, 1H),3.17(t, J =5.0 Hz, 4H)
2.682.48(m, 6H), 2.15(dd, J= 69, 12.8Hz, 1H),1.961.77(m, 3H), 1.761.56(m, 4H), 0.94(d!t,

J=7.5, 19.Hz, 6H)LC/MS [M+H]= m/z 3652

(e

Preparation of 3,3-diethy}t5-(2-(4-(4-(trifluoromethyl)phenyl)piperazii-

o)

yl)ethyl)dihydrofuran2(3H)-one The title compound was prepared according to the proed¢du
7-(2-(4-phenylpiperazifil-yl)ethyl)-6-oxaspiro[3.4]octasb-one, except 5-(2-bromoethyl)3,3
diethyldihydrofurar2(3H)-one was substituted for -g5-o0xo-6-oxaspiro[3.4]octai¥-yl)ethyl 4-
methylbenzenesulfonatend 1-(4-(trifluoromethyl)phenyl)piperame for 1-phenylpiperazine.
Percent yield: 73%1L H NMR ( 400 MW48(d, JEIBCE, 2), 6.98(d, = 8.6Hz,
2H), 4.50(m, 1H),3.29(t, J =5.0Hz, 4H)2.69-2.48(m, 6H), 2.15 (ddJ= 6.8, 13.1 Hz, 1H), 1.98

1.78 (m 3H), 1.691.58 (m, 4H), 0.94dt, J= 7.5, 19.0 Hz, 6H.C/MS [M+H]= m/z 399.2

3035
\\/N

Preparation of 3,3-diethyl5-(2-(4-(2-nitrophenyl)piperazifi-yl)ethyl)dihydrofuran2(3H)-

one The title compound was prepared according to the procedure(®f4#phenylpperazinl-
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yl)ethyl)-6-oxaspiro[3.4]octarb-one, except 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)
onewas substituted for-g5-oxo-6-oxaspiro[3.4]octat7-yl)ethyl 4methylbenzenesulfonatad1-
(2-nitrophenyl)piperazingfor 1-phenylpiperazine Percentyield: 68%. 1H NMR (400 MHz,
CDCIl 3.59(dd, J=1.5, 8.2 Hz, H), 7.43 (m, 1H), 7.10 (dd, J= 1.0, 8.3 Hz, 1H), &89 1H),
4.44(m, 1H),3.03(t, J =5.0Hz, 4H)2.632.41(m, 6H), 2.11(dd, J= 69, 13.1 Hz, 1H)1.90-1.72

(m, 3H), 1.58(quin, J= 7.2Hz, 4H), 0.88dt, J= 7.5 19.8Hz, 6H)LC/MS [M+H]= m/z 376.2

Preparation of 3,3-diethyl-5-(2-(4-(3-nitrophenyl)piperazifl-yl)ethyl)dihydrofuran2(3H)-

o

one The title compound was prepared according to the procedure(®f4-phenylpiperazirl-
yhethyl)-6-oxaspiro[3.4]octaib-one, except 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-
onewas substituted for-g5-oxo-6-oxaspiro[3.4]octatV-yl)ethyl 4-methylbenzenesulfonatad
(3-nitrophenyl)piperazinegfor 1-phenylpipeazine. Percent yield: 78%1H NMR (400 MHz,
CDCI 3.p2(diiJ=2.4 Hz, H), 7.56 (dd, J= 1.9, 8.0 Hz, 1H), 7.31 (t, J= 8.2 Hz, 1H), {3
J=2.5, 8.3 Hz]H), 4.46(m, 1H),3.23(t, J =5.0Hz, 4H)2.652.36(m, 6H), 2.11 (ddJ= 6.6, 13.0

Hz, 1H),1.901.73 (m 3H), 1.661.48 (m, 4H), 0.88 (dt, J= 7.5, 17.8 Hz, AH)/MS [M+H]= m/z

Preparation of3,3-diethyl-5-(2-(4-(pyridin-3-yl)piperazirl1-yl)ethyl)dihydrofuran2(3H)-one

376.2

The title compound was prepared aciiog to the procedure for-(2-(4-phenylpiperazirl-
yl)ethyl)-6-oxaspiro[3.4]octarb-one, except 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)
onewas substituted for-g5-oxo-6-oxaspiro[3.4]octa+7-yl)ethyl 4methylbenzenesulfonasad1-

200



(pyridin-3-yl)piperazinefor 1-phenylpiperazinePercent yield: 44%lH NMR (400 MHz, CDCI3)
18.31(b,1H), 8.10 (b, 1H), 7.17 (m, 2H), 4.4/, 1H),3.23(t, J =5.3Hz, 4H)2.682.48(m, &H),
2.14(dd, J=6.7, 13.0 Hz, 1H), 1.95.78(m, 3H), 1.691.57(m, 4H), 0.93 @t, J= 7.5, 19.Hz, 6H)

LC/MS [M+H]= m/z 3322

A TV
el

Preparation of3,3-diethyl5-(2-(4-(pyridin-4-yl)piperazinl-yl)ethyl)dihydrofuranr2(3H)-one
The title compound was prepared according to the procedure-{@(4#phenylpiperazinl-
yhethyl)-6-oxaspiro[3.4]octaib-one, except 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-
onewas substituted for-g5-oxo-6-oxaspiro[3.4]octatV-yl)ethyl 4-methylbenzenesulfonatad
(pyridin-4-yl)piperazinefor 1-phenylpiperazinePercent yéld: 37%.1H NMR (400 MHz, CDCI3)
18.27(d, J= 5.7 Hz, B), 6.67 (d, J= 5.9 Hz, 2H), 4.5M, 1H),3.35(t, J =5.2Hz, 4H)2.682.46
(m, 6H), 2.15(dd, J= 6.6 13.0 Hz, 1H), 1.98.77 (m, 3H), 1.691.57 (m, 4H), 0.93dt, J= 7.5,

19.3Hz, 6H)LC/MS [M+H]= m/z332.2

Q HCOOH
? N/\\N
N

Preparation of5-(2-(4-(2,6-diisopropylphenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one formate The title compound was prepared according to the procedure(#¢47
phenylpiperazirl-yl)ethyl)-6-oxaspiro[3.4]octasb-one, except 5-(2-bromoethyl}3,3
diethyldihydrofurar2(3H)-one was substituted for -g5-oxo-6-oxaspiro[3.4]octaiv-yl)ethyl 4-

methylbenzenesulfonateand 1-(2,6-diisopropylphenyl)piperazingor 1-phenylpiperazine.in
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addition, the ande producwaspurified by HPLC (CHCN/H20, 0.1%Formic acig, 0%~100%)
Percent yield: 63%L H NMR ( 400 MHO(dd, & b.& 8.8}, 1Hy, 7.10 (dJ=7.0
Hz, 2H), 4.49(m, 1H),3.483.27(m, 6H) 3.07-2.86(m, 6H), 2.27 (m, 1H), 2.21dd, J= 6.8,13.3
Hz, 1H), 2.02Am, 1H), 1.87 (dd, J= 9.3, 13.0 Hz, 1H), 1:6%8 (m, 4H), 1.21 (d, J= 6.7 HI2H),

0.93(dlt, J= 7.6, 19.Hz, 6H)LC/MS [M+H]= m/z 4152

ReSevs
\\/N

Preparation o0f5-(2-(4-(2-aminophenyl)piperazid-yl)ethyl)-3,3-diethyldihydrofurar2(3H)-
one To a RBF containing 10% Pd/C (76 mg, 40% wt) was added a soluti&dikthy+5-(2-(4-
(2-nitrophenyl)piperazifl-yl)ethyl)dihydrofuran2(3H)}-one(95 mg, 0.253 mmol, 1 eq.) in MeOH
(0.840 mL). System was put under &tmasphere (1 atm) using a balloon. Reaction mixture was
allowed to stir at RT underftmosphere for 3 hours. Mixture was filtered through a plug of Celite
and the filter cake washed with MeOFhe filtrate was concentrated under reduced pressure and
the crule product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~
10%).Percent yield: 49%1 H NMR (400 MHQR®(dd, ) D.€ B.342, 1H), 6.94 (m
1H), 6.786.71 (m, 2H)4.50(m, 1H),4.12-3.81(b, 2H), 2.95(t, J= 4.9 Hz, #), 2.732.41 (m, 6H),
2.16(dd, J= 6.8 13.0 Hz, 1H), 1.94.78(m, 3H), 1.72-1.59(m, 4H),0.95 (dt, J= 7.5, ROHz, 6H)

LC/MS [M+H]= m/z 346.2

_

Preparation of5-(2-(4-(3-aminophenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofurar2(3H)

one The title compound was prepared according to the procedure 54#-(4-(2-
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aminophenyl)piperan-1-yl)ethyl)-3,3-diethyldihydrofurar2(3H)}-one except 3,diethyk5-(2-
(4-(3-nitrophenyl)piperazifi-yl)ethyl)dihydrofuranr2(3H)}onewas substituted foB,3-diethyl-5-
(2-(4-(2-nitrophenyl)piperazifl-yl)ethyl)dihydrofuran2(3H)-one Percent yield: 55%lH NMR
(400 MHz, 6.96[&I7.9 Hz, H), 6.28 (dd, IJ= 2.2, 8.1 Hz, 1H), 6.17 (t, J= 2.1 Hz, 1H),
6.14 (dd, J= 2.0, 7.7 Hz, 1H), 4.4, 1H),3.783.28 (b, M), 3.09(t, J= 5.0 Hz, #), 2.572.39

(m, 6H), 2.06 (ddJ= 6.8 12.9 Hz, 1H), 1.84.70 (m, 3H), 1.61-1.50 (m, 4H),0.85(dt, J= 7.5
19.4Hz, 6H)LC/MS [M+H]= m/z 346.2

The following 16 compounds were prepared by Dr. Rong Gao.

o NC
N N
/

Preparation of 2-(4-(2-(4,4-diethyt-5-oxotetrahydrofurai2-yl)ethyl)piperazinl-
yhbenzonitrile: 2-(4,4-diethyl-5-oxotetrahydrofuras®2-yl)ethyl 4-methylbenzenesulfonate (0.102
g, 0.3mmol, 1.0 equiv) was treated witipiperazinl-yl-benzonitrile (168.3 mg, 0.9 mmol, 3.0
equiv) in dry tetrahydrofuran and refluxed for 72 hours. Thahgtirofuran was evaporated under
reduced pressure, the residue dissolved in dichloromethane, washed®idnH brine, then dried
over MgSQ and concentrated in vacuo to give a crude product which was purified by flash
chromatography (silica gel; 2 % ~9% MeOH in dichloromethane) to afford pure product. The
purified product was then dissolved in ether and treated with HCI solution (2.0 M in diethyl ether)
to afford the hydrochloride salt which was recrystallized with isopropanol or a MeOH/Ether
mixture. *H NMR (400 MHz, CDCJ) U 1 7.426(8, 2H), 7.01 (dd, J = 7.8, 5.0 Hz, 2H), 4.48
(dg, J = 9.2, 6.7 Hz, 1H), 3.353.17 (m, 4H), 2.81 2.51 (m, 6H), 2.14 (dd, J = 13.1, 6.8 Hz, 1H),
1.86 (m, 3H), 1.67 1.53 (m, 4H), 0.92 (dt, J = 20.1, 7.5 Hz, 6L NMR (101 MHz, CDCJ)) i
180.82, 155.57, 134.43, 133.95, 122.03, 118.81, 118.50, 106.13, 75.50, 54.44, 53.22, 51.34, 48.71,
37.75, 33.60, 29.35, 28.39, 8.89, 8.81; MS (LC/MS, Mt+HB856.2
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Preparation of  3;8liethyl5-(2-(4-(4-methoxyphenyl)piperazit-yl)ethyl)dihydrofuran
2(3H)one: The title compound was prepared according to the proceduré4¢P-24,4-diethy}
5-oxotetrahydrofurat2-yl)ethyl)piperazinl-yl)benzonitrile, except -{4-Methoxy-phenyl}
piperazinewas suituted for 2piperazinl-yl-benzonitrile *H NMR (400 MHz, CDCJ) U i6. 95
6.75 (M, 4H), 4.48 (ddd, J = 19.8, 8.4, 6.4 Hz, 1H), 3.76 (s, 3H),iR199 (m, 4H), 2.67 2.46
(m, 6H), 2.15 2.07 (m, 1H), 1.92 1.79 (m, 3H), 1.62 (qd, J = 7.4, 4.7 Hz, 4H), 0.97.88 (m,
6H); °C NMR (101 MHz, CDGJ) 0 180 . 948.74, 11829, 11183, 75.71, 55.67, 54.59,
53.51, 50.69, 48.72, 37.81, 33.91, 29.35, 28.41, 8.90, 8.82. MS (LC/MS;)M361L.2

OO /\

N
\\/N OH

2HCI

Preparation 08,3-diethyl-5-(2-(4-(4-hydroxyphenyl)piperazii-yl)ethyl)dihydrofuran2(3H)-
one dihydrocholorideThe title compound was prepared according to the procedure(f(22
(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl)piperazinl-yl)benzonitrile, except-piperazinl-yl-
phenol was substituted fordperazinl-yl-benzonitrile 'H NMR (400 MHz,BO) 4 7. 16 ( d,
9.0, 2H), 6.94 (d, J = 9.0, 2H), 4.71 (d, J = 10.6, 1H), 3.46 (ddd, J = 15.7, 16.9, 22.4, 10H), 2.36
(dd, J = 6.9, 13.5, 1H), 2.23 (dd, J = 9.2, 19.4, 2H), 2.01 (dd, J = 9.4, 13.5, 1H),1507(m,
4H), 0.90 (dt, J =7.5, 12.5, 6H)13C NMR (101 MHz, DO) & 187 .92, 155. 62,
119.36, 79.53, 56.53, 54.17, 52.42, 52.07, 39.38, 32.83, 31.92, 30.68, 11.00, 10.87; MS (LC/MS,
M+H*): 347.2. Anal. Calcd for £H3s:,Cl.N2Os: C, 57.28; H, 7.69; N, 6.68; Found: C, 53..5,

7.74; N, 6.62

A NO,
HCI
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Preparation of 3,3-diethyl5-(2-(4-(4-nitrophenyl)piperazifl-yl)ethyl)dihydrofuran2(3H)
one hydrocholorideThe title compound was prepared according to the procedurd4e(22(4,4-
diethyl5-oxoterahydrofurar2-yl)ethyl)piperazinl-yl)benzonitrile, except -{4-Nitro-phenyl}
piperazine was substituted fopiperazinl-yl-benzonitrie *H NMR (400 MHz, Me OH)
(d, 3 = 9.3, 2H), 7.11 (d, J = 9.4, 2H), 4.59 (dd, J = 3.6, 6.5, 1H)j BIB (m, 10H), 2.36 2.21
(m, 2H), 2.217 2.08 (m, 1H), 1.95 (dd, J = 9.4, 13.2, 1H), 1i7652 (m, 4H), 0.94 (dt, J = 7.5,
13.2, 6H)®C NMR (101MH z , Me OH) a 183.19, 156. 05, 141. 97
53.54, 50.77, 50.50, 50.29, 50.07, 49.86, 49.65, 49.43, 49.22, 46.59, 39.19, 32.57, 30.89, 30.03,
9.85,9.77; MS (LC/MS, M+H: 376.2

MeO
) 0 N/\\N
-/
2HCI

Preparation of 3,3-diethyl-5-(2-(4-(2-methoxyphenyl)piperazia-yl)ethyl)dihydrofuran
2(3H)one dihydrocholorideThe title compound was prepared according to the procedure for 2
(4-(2-(4,4-diethyl5-oxotetrahydrofurai2-yl)ethyl)piperazinl-yl)benzonitrile, except -(2-
methaxy-phenyl}piperazine was substituted forpgerazinl-yl-benzonitrile H NMR (400
MHz,D.O) & 7.06 (ddd, J = 7.8, 7.2, 11682, 2H),
1H), 4.50 (dt, J = 9.2, 7.5 Hz, 1H), 3.80 (s, 3H), 3.3222 (m, 10H), 2.28 2.10 (m, 2H), 2.10
1.96 (m, 1H), 1.86 (dd, J = 13.3, 9.4 Hz, 1H), 1.6842 (m, 4), 1.00i 0.75 (m, 6H)23C NMR
(101 MHz, BO) a 182. 35, 153. 90, 138. 69, 126. 90, 122
53.20, 49.93, 49.35, 38.35, 31.74, 30.05, 29.19, 9.00, 8.91; MS (LC/MS;)M361.2; Anal.

Calcd for GiHz4CIoN20s: C, 58.20; H7.91; N, 6.46; Found: C, 58.05; H, 7.95; N, 6.39.



Preparation of-(4-(2-(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl)piperazinl-yl)benzonitrile
hydrocholoride:The title compound was prepared according to the proeedu 2(4-(2-(4,4
diethyt5-oxotetrahydrofurar2-yl)ethyl)piperazinl-yl)benzonitrile, except -piperazinl-yl-
benzonitrile was substituted foriperazinl-yl-benzonitrlie *H NMR (400 MHz, Me OD)
i 7.54 (m, 2H), 7.23 7.02 (m, 2H), 4.59 (ddd, J = 15.8, 9.3, 3.7 Hz, 1H), 4.3130 (m, 10H),

2.367 2.21 (m, 2H), 2.21 2.06 (m, 1H), 1.96 (dd, J = 13.3, 9.4 Hz, 1H), 1.65 (ddd, J = 17.4, 8.7,
6.2 Hz, 4H), 0.95 (dt, J =313, 7.5 Hz,6H*C NMR (101 MHz, MeOD) & 182.
120.40, 116.55, 102.99, 76.15, 54.93, 52.76, 49.91, 45.91, 38.33, 31.73, 30.04, 29.17, 9.00, 8.91;
MS (LC/MS, M+H"): 356.2; Anal. Calcd for £H30CIN3O,: C, 64.35; H, 7.72; N, 10.72; Fodin
C, 64.46; H, 7.65; N, 10.65.
HO
O 0 N/\\N

_/
2HCI

Preparation 08,3-diethyl-5-(2-(4-(2-hydroxyphenyl)piperazii-yl)ethyl)dihydrofuran2(3H)-
one dihydrocholorideThe title compound was prepared according to the procedure(f(22
(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl)piperazinl-yl)benzonitrile, except-piperazinl-yl-
phenol was substituted fordperazinl-yl-benzonitrile *H NMR (400 MHz, BO) U7 7163 5
(m, 2H), 7.00 (m, 2H), 4.744.65 (m, 1H), 3.91 3.34 (m, 10H), 2.40 2.10 (m, 3H), 1.99 (dd, J
=13.5,9.4 Hz, 1H), 1.721.48 (m, 4H), 0.87 (dt, J = 13.0, 7.5 Hz, 6H% NMR (101 MHz, RO)
a4 185. 26, 149. 63, 1203311689, 76.88, 83896, 31949, 49172, 48.95,484.75,
30.19, 29.27, 28.04, 8.37, 8.24; MS (LC/MS, M¥H347.2; Anal. Calcd for §Hs.CIoN2Os: C,

57.28; H, 7.69; N, 6.68; Found: C, 57.37; H, 7.64; N, 6.59.

(@)
%&fm@
__/
2HCI
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Preparation  of 3,3-diethyt5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one
dihydrocholorideThe title compound was prepared according to the procedure(#(22(4,4-
diethyt5-oxotetrahydrofurar2-yl)ethyl) piperazinl-yl)benzonitrile, except -phenyt
piperazinewas substituted for@perazinl-yl-benzonitrile *H NMR (400 MHz, BO) U 7. 4 3
2H), 7.277 7.13 (m, 3H), 4.69 (m, 1H), 4.113.09 (m, 10H), 2.39 2.07 (m, 3H), 1.98 (dd, J =
13.4, 9.4 Hz, 1H), 1.61 (m, 4H), 0.87 (dt, J = 12.1, 7.5 Hz, 6f); NMR (101 MHz, DO)
187.92, 150.20, 132.89, 127.03, 121.14, 79.53, 565823, 52.41, 50.87, 39.37, 32.81, 31.91,
30.68, 11.00, 10.87; MS (LC/MS, M+MH 331.2; Anal. Calcd for £H32CloN2O,: C, 59.55; H,

8.00; N, 6.94; Found: C, 59.62; H, 8.11; N, 6.90

O
\\/ NH2

2HCI

Preparation of5-(2-(4-(4-aminophenyl)gierazinl-yl)ethyl)-3,3-diethyldihydrofurar2(3H)-
one dihydrocholorideThe title compound was prepared according to the procedure(f(22
(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl)piperazinl-yl)benzonitrile, except-piperazinl-yl-
phenylamine wasubstituted for iperazinl-yl-benzonitrile *H NMR (400 MHz, MeODYi 7 . 31
(d, 3 =9.0 Hz, 2H), 7.16 (d, J = 9.0 Hz, 2H), 4.58 (ddd, J = 15.9, 9.3, 3.8 Hz, 1Hi),A3WB(m,
10H), 2.38i 2.06 (m, 3H), 1.95 (dd, J = 13.3, 9.4 Hz, 1H), 1.7850 (m, 4H), 0.94 (dt, J = 13.4,
75Hz,6H)*C NMR (101 MHz, ,h 1MetQ D2Y.8901124168,218433 76.22, 54.91,

53.06, 49.94, 47.42, 38.34, 31.72, 30.04, 29.17, 9.00, 8.92. MS (LC/MS})VB46.2

)
3 O-0-
\—
2HCI

Preparation  of 3,3-diethyt5-(2-(4-(p-tolyl)piperazirl-yl)ethyl)dihydrofuran2(3H)-one
dihydrocholoride:The title compound was prepared according to the procedure(#(22(4,4-

diethyl5-oxotetrahydrofurar2-yl)ethyl) piperazinl-yl)benzonitrile, except -p-tolyl-piperazine
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was substituted for-Biperazinl-yl-benzonitrile 'H NMR (400 MHz Me OD) 1T 73 (i, 2 5
4H), 4.62i 4.45 (m, 1H), 4.05 3.28 (m, 10H), 2.30 2.01 (m, 6H), 1.88 (dd, J = 13.3, 9.4 Hz,
1H), 1.58 (m, 4H), 0.87 (dt, J=13.7, 75Hz,6H; NMR (101 MHz, MeOD) U
136.86, 131.47, 119.95, 76.10, 54.89,08, 50.53, 49.93, 38.31, 31.68, 30.03, 29.17, 20.76, 9.01,
8.92; MS (LC/MS, M+H): 345.2; Anal. Calcd for £H3.CIoN2O.: C, 60.43; H, 8.21; N, 6.71,;
Found: C, 60.33; H, 8.20; N, 6.61
0 o N/\\N OMe
\—
2HCI

Preparation of 3,3-diethyl5-(2-(4-(3-methoxyphenyl)piperazit-yl)ethyl)dihydrofuran
2(3H)}one dihydrocholorideThe title compound was prepared according to the procedure for 2
(4-(2-(4,4-diethyl5-oxotetrahydrofurai2-yl)ethyl)piperazinl-yl)benzonitrile, except -(3-
methoxyphenyl)}piperaine was substituted for-@perazinl-yl-benzonitrile 'H NMR (400
MHz, DMSO) 4 7.16 (1t6.35(@m,3H),4854%, 1H)23.82WH)=891M1z, 6 5

3H), 3.57 (s, 2H), 3.16 (dd, J = 27.5, 16.8 Hz, 6H), 2.284 (m, 3H), 1.82 (dd, J = 139.4 Hz,

1H), 1.64i 1.44 (m, 4H), 0.85 (dt, J =10.2, 7.5 Hz, 6 NMR (101 MHz, Me OD)

162.23, 149.87, 131.32, 76.14, 55.89, 54.87, 52.48, 49.92, 38.31, 31.69, 30.03, 29.17, 9.01, 8.92.

MS (LC/MS, M+H": 361.2; Anal. Calcd for £H34CIoN2Os: C, 58.20; H, 7.91; N, 6.46; Found: C,

OH
@) /\
O N N
A7
2HCI

Preparation of 3,3diethyl5-(2-(4-(3-hydroxyphenyl)piperazui-yl)ethyl)dihydrofuran

58.24; H, 7.93; N, 6.46

2(3H)-one dihydrocholorideThe title compound was prepared accordinth®procedure for-2
(4-(2-(4,4diethyl-5-oxotetrahydrofurai2-yl)ethyl)piperazinl-yl)benzonitrile, except 3
208

1



piperazinl-yl-phenol was substituted for-@perazinl-yl-benzonitrile 'H NMR (400 MHz,

bMso) o 6.93 (t, J = 8.1, 1H), 6.33 (d, J = 38
10H), 3.64 (s, 2H), 3.47 (s, 2H), 3.12 (s, 2H), 3.00 (d, J = 9.1, 4H)] 282 (m, 3H), 1.78 1.67

(m, 1H), 1.44 (dd, J = 7.4, 23.5, 410.75 (dt, J = 7.4, 10.3,6HFC NMR (101 MHz, MecCc
179.73, 158.25, 150.60, 129.75, 107.64, 107.07, 103.23, 74.26, 51.93, 50.56, 50.39, 45.47, 36.40,
29.62, 28.26, 27.58, 8.50, 8.45; MS (LC/MS, M¥}H347.2; Anal. Calcd for £§gH3.CI:N2Os: C,

57.28;H, 7.69; N, 6.68; Found: C, 57.33; H, 7.76; N, 6.62.

@]
2HCI

Preparation of 3,3-diethyl5-(2-(4-(pyridin-2-yl)piperazin1-yl)ethyl)dihydrofuranr2(3H)-one
dihydrocholorideThe title compound was prepared according to the proeddu 2(4-(2-(4,4-
diethyt5-oxotetrahydrofura2-yl)ethyl)piperazinl-yl)benzonitrile,  except  -pyridin-2-yl-
piperazine was substituted fopierazinl-yl-benzonitrile ‘H NMR (400MHz,DO) G4 8. 10 ( dd
J=9.1,7.2,1.8Hz, 1H), 8.02 (dd, J = 6.2, 1.7 Hz, 1H), 7.34 (d, J = 9.2 Hz, 1H), 7.12 (t, J = 6.7
Hz, 1H), 4.71 (ddd, J = 16.0, 9.2, 3.6 Hz, 1H), 4.33.26 (m, 10H), 2.26 (m, 3H), 2.00 (dd, J =
13.5, 9.4 Hz, 1H), 1.76 1.46 (m, 4H)0.88 (dt, J = 11.8, 7.5 Hz, 6HFC NMR (101 MHz, DO)

a 187.89, 155. 57, 147.93, 140. 42, 117.97, 115.

31.88, 30.66, 26.67, 10.99, 10.86; MS (LC/MS, M¥332.2.

Prepaation of 5-(2-(4-(2,6-dimethylphenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one hydrocholorideThe title compound was prepared according to the procedure(4er 2
(2-(4,4-diethyl-5-oxotetrahydrofurar2-yl)ethyl)piperazinl-yl)benzonitrile, ekept 12,6

dimethytphenyl}ypiperazine was substituted forpierazinl-yl-benzonitrile *H NMR (400
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MHz, MeOH) U 6.99 (s, 3H), 4.i83206ddB27298= 16. 1
(m, 2H), 2.39 2.05 (m, 9H), 1.96 (dd, J = 13.3, 9.4 Hz, 1H), 1.65 (m, 4H), 0.95 (dt, J = 14.7, 7.5
Hz,6H);%C NMR (101 MHz, M&0R].37,76.2483.23450.81,54.72, 49.92,

48.11, 38.34, 31.75, 30.05, 29.18, 9.01, 8.92; MS (LC/MS, M+B59.3; Anal. Calcd for

C22H3sCIN2O2: C, 66.90; H, 8.93; N, 7.09; Found: C, 66.76, H, 8.89, N, 7.01

(0]
@) NmN&
\__/
HCI

Preparabn of  3,3-diethyl5-(2-(4-(2-isopropylphenyl)piperazii-yl)ethyl)dinhydrofuran
2(3H)}onehydrocholoride The title compound was prepared according to the procedurg(4er 2
(2-(4,4-diethyt5-oxotetrahydrofurar2-yl)ethyl)piperazinl-yl)benzonitrile, excpt 1-(2-
Isopropytphenyl}piperazinewas substituted forpBerazinl-yl-benzonitrile *H NMR (400
MHz, DMSO) U 7.30 (ddi7.08(m=3HY4.664.431m, 6H),3.54(t JLH) , 7
= 9.6 Hz, 2H), 3.41 (dd, J = 13.7, 6.8 Hz, 1H), 3.312 (m, 6H), 3.02 (d, J = 10.7 Hz, 2H), 2.31
i 2.03 (m, 3H), 1.83 (dd, J = 13.2, 9.3 Hz,)1H69i 1.34 (m, 4H), 1.16 (d, J = 6.9 Hz, 6H), 0.85
(dt,J=10.6, 7.5Hz,6H®C NMR (101 MHz, DMSO) U 179.77, 148
120.36, 74.31, 52.05, 51.57, 51.43, 49.55, 47.87, 36.43, 29.72, 28.36, 27.66, 26.24, 23.99, 8.55,

8.51; MS(LC/MS, M+H"): 373.3

@]
O NﬁN\b\
L/
HCI

Preparation of 5-(2-(4-(2,4-dimethylphenyl)piperazii-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}onehydrocholorideThe title compound was prepared according to the procedure(4er 2
(2-(4,4-diethyl-5-oxotetrahydrofurar2-yl)ethyl) piperazinl-yl)benzonitrile, except 12,4
Dimethykphenyl}piperazinewas substituted for-pBperazinl-yl-benzonitrile 'H NMR (400
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MHz , D MS Oi)6.7% (m;3H)14155 (dt, J = 11.8, 8.4 Hz, 1H), 3.53 (m, 2H), B3B2 (m,

8H), 2.31i 2.07 (m, 9H), 1.83 (dd, J = 13.2, 9.3 Hz, 1H), 1i639 (m, 4H), 0.85 (dt, J = 10.6,
75Hz, 6H;®C NMR (101 MHz, DIMBO182.64, 131.809 137.62, 127105,
118.82, 74.31, 52.11, 51.55, 51.38, 48.24, 47.85, 36.44, 29.71, 28.33, 27.64, 20.32, 17.27, 8.54,

8.49; MS (LC/MS, M+H): 359.3

12.3 Preparation of Final Compounds forAlternate Arylamine Series

RS
Br N
TIPS

Preparation ob-bromo-1-(triisopropylsilyl}1H-indole This reaction was performed in oven
dried glassware under a nitrogen atmosphesea RBF containing-bromo-1H-indole (1.0 g, 5.1
mmol, 1.0 eq.) was added anhydrous THF (12mL) and thatirey solution was cooled t@8°C.

At -78 °C, 1M LIHMDS solution in THF (5.61 mL, 5.61 mmol, 1.1 eq.) was added dropwise.
Following, TIPSCI (1.03 g, 5.36 mmol, 1.1 eq.) was added and the reaction was allowed to warm
to RT over an hour period. Once RBsweached, the reaction was quenched with saCNEQ.)
solution and washed with ethyl acetate (20 mL). ditganic layer was separated and the aqueous
layer was extracted with ethyl acetate (2 x1il0). The combined organic layers were dried over
NaSQOy andconcentrated in vacuo to give a crudsidue that wasurther purified by column
chromatogaphy (hexanes, 100%). Percent yield: 9%8%6NMR (400 MHz, CDCY) 7176 (d, J=

2.0 Hz, 1H), 7.38 (d, J= 8.8 Hz, 1H), 72719 (m, 2H), 6.58 (d, J= 3.2 Hz, 1H), 1.69 (sept, J= 7.5
Hz, 3H), 1.15 (d, J= 7.5 Hz, 18H)

IS

N
Boc—N N
\TIPS

Preparation ofertbutyl 4-(1-(triisopropylsilyl)}-1H-indol-5-yl)piperazine 1-carboxylate This

reaction was performed in ovenied glassware under a nitrogen atmosphBoea solution of 1
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bocpiperazing1.37 g, 7.35 mmol, 1.0 eq.) aBebroma 1-(triisopropylsilyl}-1H-indole (2.59 g,

7.35 mmol, 1.0 eq.) in xylenes (23.8.)was added the following in this order: Pg@l(o-tol)s]>

(0.288 g, 0.367 mmol, 0.05 eq.) and NaOtBu (1.05 g, 11.0 mmol, 1.5 eq.). The resulting mixture
was allowed to stir at 119C overnight, under a sweep ob.N'he reaction mixture was cooled to

RT and then filtered through a plug of Celite. The collected filtrate ezmEentrated in vacuo to

give a crudeesidue that wakurther purified by column chromataphy (hexanes/ethyl acetate,

5%, the 5%30%). Percent yield: 7294H NMR (400 MHz, CDCJ) 7.84(d,J= 8.9 Hz, 1H), 7.14

(d, J= 2.8 Hz, 1H), 7.10.00 (b, 1H), 6.8%.73 (h 1H), 6.47 (d, J= 2.81z, 1H),3.55 (b, 4H), 3.03

(b, 4H), 1.60 (sept, J= 7.5 Hz, 3H), 142 9H) 1.06(d, J= 7.5 Hz, 18H)MS (LC/MS, M+H"):

m/z 4582

Boc—N N NH

Preparation ofertbutyl 4-(1H-indol-5-yl)piperazinel-carboxylate To a solution otertbutyl
4-(1-(triisopropylsilyl}1H-indol-5-yl)piperazinel-carboxylate(2.39 g, 5.22 mmol, 1.0 eq.) in
THF (45 mL) was added 1M TBAF solution in THF (B4, 34.2 mmol, 6.55 eq.). The resulting
solution was allowed to stir at RIvernight. The reaction solution was concentrated in vacuo and
the resuspended in diethyl ether. The resulting mixture was washed with sat. Nalgg@nd the
organic layer was garated. Tie agueoulyer was baclextracted with diethyl ether (2 x 10L).

The combined organic layers were dried oves3@ andconcentrated in vacuo to give a crude
residue that wakurther purified by column chromatagphy (hexanes/ethyl acetate%30 Percent
yield: 94%1H NMR (400 MHz, CDCJ) 8.02 (b, 1H), 7.24 (d, J= 8.9 Hz, 1H), 7-1®7 (m, 2H),
6.89 (dd, J= 2.2, 8.8 Hz, 1H), 6.40 (m, 1B)54 (t J= 5.0 Hz, 4H), 3.00 (0= 4.9 Hz, 4H), 1.42

(s, 9H);MS (LC/MS, M+H'): m/z3022
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Preparation ob-(piperazinl-yl)-1H-indoledihydrochloride To a solution otert-butyl 4-(1H-
indol-5-yl)piperazinel-carboxylate(1.47 g, 4.87 mmol, 1 eq.) in MeOH (3.66 mL) at@was

added 1M methanolic HGIL1 mL). The reactiorwas allowed to stir at RT overnight before
being diluted with MeOH and concentrated in vacuo to afford the product &3G dalt.

Percent yield: 93%MS (LC/MS, M+H"): m/z 202.2

NH,

Boc—N N NH,

Preparation ofert-butyl 4-(3,4-diaminghenyl)piperazind.-carboxylate To a RBF containing
10% Pd/C (0.4 g, 40% wt) was added a solutiaebutyl 4-(3-amina4-nitrophenyl)piperazine
1-carboxylate(1.0 g, 3.10 mmol, 1 eqgprovided by Mercy Ramanjulu) in MeOH (400 mL).
System was put undek, atmosphere (1 atm) using a balloon. Reaction mixture was allowed to stir
at RT under Natmosphere for 3 hours. Mixture was filtered through a plug of Celite and the filter
cake washed with MeOHI he filtrate was concentrated under reduced pressuréhandrude
productwas used in the next step without further purificatercent yield: ~100%H NMR (400
MHz,CDCk) & 6.57 (d, J= 8.3 Hz, 1H), 6.30 (d, J=

(t, J= 5.4 Hz, 4H), 2.89 (t, J= 4.9 Hz, 4H}Q.(s, 9H)MS (LC/MS, M+H'): m/z 293.2

NYCF3
HN N NH
__/

Preparation ofs-(piperazinl-yl)-2-(trifluoromethyl}1H-benzo[d]imidazole To a RBF was

addedtert-butyl 4-(3,4-diaminophenyl)piperazing-carboxylate(0.5 g, 1.71 mmol, 1 eq.) and
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trifluoroacetic acid (10.5 mL). The resulting solution vetisred at 76C for 2 hours. Following,
trifluoroacetic acid was removed under reduced pressure. The crude product was dissolved in ethyl
acetate (60 mL) and washed with sat. NaH@@@.). The adayer was backwashed 3x20 mL ethyl
acetate. The combined organic layers wiried over NaSQ,, filteredandconcentrated in vacuo

to give a cruderoduct that was used in the next step without further purification. Percent yield:

63%.H NMR (400 MHz, M®D) 4 7.50 (d, J= 8.9 Hz, 1H), 7.

J= 2.2 Hz, 1H), 3.28.14 (m, 4H), 3.1B.05 (m, 4H)MS (LC/MS, M+H"): m/z 271.2

/N NY
HN N NH
__/

Preparation oR2-methyt5-(piperazinl-yl)-1H-benzo[d]imidazoleTo aRBF was addedert-
butyl 4-(3,4-diaminophenyl)piperazingé-carboxylate(0.34 g, 1.16 mmol, 1 eq.) and acetic acid
(7.2 mL). The resulting solution was stirred aC®vernight. Following, acetic acid was removed
under reduced pressure. The crude inteiate was dissolved in MeOH (7.5 mL), then conc. HCI
(2.5 mL) was added. Solution was allowed to stir at RT. Once reaction was complete, all solvent
was removed under reduced pressure. The crude product was dissolved in ethyl acetate (60 mL)
and washed wiit sat. NaHC®(aqg.). The aq. layer was backwashed 3x20 mL ethyl acetate. The
combined organic layers wedeied over NaSQ,, filteredandconcentrated in vacuo to give a crude
product that was used in the next step without further purification. Percéht 4686.'H NMR
(400 MHz, MeOD)i 7.38 (d, J= 8.8 Hz, 1H), 7.05 (d,

1H), 3.143.07 (m, 4H), 3.08.96 (m, 4H), 2.53 (s, 3HMS (LC/MS, M+H'): m/z 217.2
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Preparation of  3,3diethyl5-(2-(4-(2-methyt1H-benzo[d]imdazol5-yl)piperazin1-
yl)ethyl)dihydrofuran2(3H)-one In a microwave vial prepared a solution 2{4,4-diethyl-5-
oxotetrahydrofurai2-yl)ethyl 4-methylbenzenesulfonatel50 mg, 0.441mmol, 1 eq.) and-
methyt5-(piperazinl-yl)-1H-benzo[d]imidazole (145 mg, 0.661 mmol, 1.5 eq.) in
dimethylacetamide (é1L). Added triethylamine (200 mg, 1.98 mmol, 4.5 eq.) ancrowaved
solution at 126C for 2 hour. The resulting mixture was then filtered ahe filter cake washed
with DCM. The filtrate was concentratadder reduced pressure and the crude product was purified
by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent@ieltiH NMR
(400 MHz,CcDCI3 4 7.35 (d, J = 8.8, 1H), 6.95 (s, 1H
3.10 (m,4H), 2.61-2.42 (m, 9H), 2.07 (dd, J=6.6, 12.94)1 1.80 (m, 3H), 1.56 (m, 4H), 0.86 (dlt,

J=7.3, 9.5, 6H) LC/MS [M+H]= m/z 385.1

SaAves

Preparation o8B,3-diethyt5-(2-(4-(2-(trifluoromethyl}1H-benzo[d]imidazeb-yl)piperazinl-

0

yhethyl)dihydrofuran2(3H)}-one The title compound wagsrepared according to the procedure for
3,3-diethyt5-(2-(4-(2-methyt1H-benzo[d]imidazob-yl)piperazinl-yl)ethyl)dihydrofuran

2(3H)one expect5-(piperazinl-yl)-2-(trifluoromethyl}1H-benzo[djmidazole was substituted

for 2-methyl5-(piperazinl-yl)-1H-benzo[d]imidazolePercent yield: 21%lH NMR (400 MHz,

cCDCI3) G 7.59 (b, 1H), 7.02 (b, HHLEL2BDMEGH), (b, 1H
2.08 (dd, J=6.9, 13.0H), 1.79 (m, 3H)1.56 (m, 4H), 0.85 (dt, J=7.695, 6H) LC/MS [M+H]=

m/z 439.2

The following three compounds were prepared by Mercy Ramanijulu
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? N/\\N N
\\/ NH

Preparation of3-(2-(4-(1H-indol-5-yl)piperazinl-yl)ethyl)-2-oxaspiro[4.5]decati-one The
titte compound wagprepared according to the procedure 3g8-diethyt5-(2-(4-(2-methyt1H-
benzo[d]imidazob-yl) piperazinl-yl)ethyl)dihydrofuran2(3H)-one, expect  2-(1-oxo-2-
oxaspiro[4.5]deca3-yl)ethyl 4-methylbenzenesulfonatevas substituted forR2-(44-diethyl5-
oxotetrahydrofura2-yl)ethyl 4-methylbenzenesulfonatnd 5-(piperazinl-yl)-1H-indole for 2
methyt5-(piperazinl-yl)-1H-benz o[ d] i mi dazol e. 1H NMR (400
8.11 (s, 1H), 7.31 (d, J = 8.7 Hz, 1H), 7.19 (d, J = 2.4 H}, .94 (dd, J = 2.2, 9.0 Hz, 1H), 6.47
(m,1H), 4.47 (m, 1H), 3.28 (t, J = 4.9 Hz, 4H) 2.96 (m, 4H), 2.85 (m, 2H), 2.43 (m, 1H), 2.07 (m,
2H), 1.67 (m, 8H), 1.35 (m, 3H) LC/MS [M+H]= m/z 382.2

N/\\ ) O
et

@)
)

Preparation of 5-(4-(2-(1-oxo-2-oxaspiro[4.5]decai-yl)ethyl)piperazinl-yl)-1,3-dihydro-
2H-benzo[d]imidazoR-one The title compound wazrepared according to the procedure¥&
diethyl5-(2-(4-(2-methyl1H-benzo[d]imidazob-yl) piperazinl-yl)ethyl)dihydrofuran2(3H)-
one, expet 2-(1-oxo-2-oxaspiro[4.5]deca3-yl)ethyl 4-methylbenzenesulfonatgas substituted
for 2-(4,4-diethyl-5-oxotetrahydrofuras2-yl)ethyl 4-methylbenzenesulfonaend 5-(piperazinl-
yl)-1,3-dihydro-2H-benzo[d]imidazol-one for 2-methyt5-(piperazinl-yl)-1H-
benzo[d]imidazolelH NMR (400 MHz, MeOD 6.84(m, 1H), 6.686.62(m, 2H), 446 (m, 1H),
3.08 (b, 4H) 291-2.56 (m, 6H), 2.42(dd, J= 6.2, 13.1 Hz, 1H), 1.98.80(m, 2H), 1.751.49(m,

5H), 1.491.33(m, 3H), 1.331.11(m, 3H) LC/MS [M+H]= m/z399.2
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Preparation 08-(2-(3,4-dihydroquinolin1(2H)yl)ethyl)-2-oxaspiro[4.5]decaii-one The title
compound wasprepared according to the procedure tB-diethyt5-(2-(4-(2-methyt1H-
benzo[d]imidazob-yl) piperazinl-yl)ethyl)dihydrofuran2(3H)-one, expect  2-(1-oxo-2-
oxaspiro[4.5]deca3-yl)ethyl 4-methylbenzenesulfonatevas substituted forR2-(4,4-diethyl5-
oxotetrahydrofurai2-yl)ethyl 4-methylbenzenesulfonatend 1,2,3,4tetrahydroquinolinefor 2-
methyt5-(piperazinl-yl)-1H-benzo[d]imidazolelH NMR (400 MHz, CDG)) 77 (t, J= 7.8
Hz, 1H), 6.97(d, J= 7.5 Hz,1H), 6.636.56 (m, 2H)4.49 (m, 1H), 3.573.47 (m, 1H) 3.47-3.37
(m, 1H), 3.31 (t, J= 5.4 Hz, 2H), 2.77 (t, J= 6.3 Hz, 2H), ) J= 6.1, 12.6 Hz, 1H), 2.68.92

(m, 3H), 1.931.71(m, 4H), 1.711.45(m, 6H), 1.451.17(m, 2H) LC/MS [M+H]= m/z3142

3703

Preparation of3,3-diethyt5-(2-(4-(naphthalerl-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)
onetrifluoroacetate To a small vial wasdded5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-
one(50 mg, 0.2nmol, 1 eq.) and-(naphthalerl-yl)piperazine(89 mg, 0.42nmol, 2.1 eq.) then
both were dissolved in THF fAL). Reaction mixture was allowed to reflux for 72 hours and then
cooled toRT. Mixture was filtered, washed with THF and filtrate was concentrated under reduced
pressure. Qrde productwas thenpurified by HPLC (CHCN/HO, 0.1%Trifluoroacetic acig,
0%~100%) to gie desired product as a trifluoroacetic asadt. Percent yield33%. 1H NMR (400
MHz , C D&07 @n) 1H)j 7.88 (m, 1H), 7.66 (d, J= 812, 1H), 7.52 (m, 2H), 7.44 (t, J= 7.7

Hz, 1H), 7.16 (d, J= 7.4 Hz, 1H), 4.49 (m, 1H), 3.8149.3 Hz, 2H), 3.58.05 (m, 8H), 2.36 (M,
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1H), 2.25 (dd, J= 6.8, 13.3 Hz, 1H), 2.08 (thi), 1.88 (ddJ= 9.3, 13.3 Hz, H), 1.65 (q, J= 7.5

Hz, 4H), 0.95 (dt, J= 7.4, 17.7 Hz, 6H) LC/MS [M+H]= m/z 381

PO
N \

Preparation of5-(2-(4-(benzo[d]isoxazeB-yl)piperazinl-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one Thetitle compound was prepared according to the procedurg, 3atiethyt5-(2-(4-
(naphthalerl-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)}one trifluoroacetate except 3-

(piperazinl-yl)benzo[d]isoxazolenvas substituted fot-(haphthalerl-yl)piperazine In addition

the crude product was purifide flash chromatography (silicéeOH:dichloromethane, 0% ~

10%). Percent yield: 63%LH NMR (400 MHz,CDCI3} 4 7.36 (dd, J= 0.

J=7.8 Hz, 1H), 7.16 (td, J= 1.0, 7.8 Hz, 1H), 7.02 (td, J=717LHz, 1H), 4.50 (m,H), 3.72 (t,

7,

J=5.3 Hz, 4H), 2.57 (m, 6H), 2.14 (dd, J= 6.9, 13.1 Hz, 1H), 1.85 (m, 3H), 1.63 (m, 4H) 0.93 (dt,

J= 7.4, 20.0 Hz, 6H) LC/MS [MH]= m/z 372.2

The following compound was prepared by Dr. Rong Gao

O o N

HCI
Preparation of 5-(2-(3,4-dihydroisoquinolir2(1H)-yl)ethyl)-3,3-diethyldihydrofurar2(3H)-
one hydrocholorideThe title compound was prepared according to the proceduge3fdiethyt
5-(2-(4-(naphthalerl-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate except2-
(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl 4-methylbenzenesulfonatgas substituted fob-(2-

bromoethyl}3,3-diethyldihydrofurar2(3H)}one and 1,2,3,4tetrahydreisoquinolinevas for 1-

(naphthaleri-yl)piperazine In addtion the crude product was purifiday flash chromatography
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(silica; MeOH:dichloromethane, 0% ~ %) and converted to the HCI salt using HCl in etRir.

NMR (400 MHz, i ¥MEQHIH),2.6374.58(M, 1H), 4.49 (s, 2H), 3.78.63 (m,

2H), 3.%7 3.37 (m, 2H), 3.22 (m, 2H), 2.362.24 (m, 2H), 2.23 2.08 (m, 1H), 1.95 (dd, J = 9.4,

13.3, 1H), 1.75 1.53 (m, 4H), 0.94 (dt, J=7.5,12.2,6M NMR (101 MHz, Me OH)
132.92, 130.75, 130.38, 129.74, 129.17, 128.70, 77.07, 55.67, 55.28, 52.24, 39.25, 32.87,

30.89, 30.02, 27.35, 9.85, 9.77; MS (LC/MS, M+H+): 302.2; Anal. Calcd fgfLCINO,: C,

67.54; H, 8.35; N, 4.15; Found: C, 67.60; H, 8.36; N, 4.14

; ] /N\
N/J \//N

Preparation of 5-(2-(5,6-dihydro1,2,4]triazolo[4,3a]pyrazin7(8H)-yl)ethyl)-3,3-
diethyldihydrofurar2(3H)}-one The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(4-(naphthalefl-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)-one
trifluoroacetate except2-(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl 4-methylbenzenesulfonate
was substituted fob-(2-bromoethy}3,3-diethyldihydrofurar2(3H)-one and 5,6,7,8tetrahydre
[1,2,4]triazolo[4,3a]pyrazinefor 1-(naphthalerl-yl)piperazine In addition the crude product was
purifiedby flash chromatography (siliceOH:dichloromethane, 0% ~%). Percent yield: 2.
1H NMR (400 MHz, CDCI3} U 8. 05 (fn,9H), 4.01Ht) J= 5.5Hz,24), 3.85 (3= 15.2
Hz, 1H) 3.71 (d, J= 15.3 Hz, 1H), 2.9879 (m, 2H), 2.7€.64 (m, 2H) 2.07 (dd, J= 6.7, 13.0 Hz,
1H), 1.891.71 (m, 3H), 1.56 (qd, J= 2.6, 7.4 Hz, 4H) 0.85 (dt, J= 7.5,HZ.BH) LC/MS [M+H]=

m/z 2932
N
NAQ
\_/
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Preparation of 5-(2-(5,6-dihydroimidazo[1,2a]pyrazin7(8H)-yl)ethyl)-3,3
diethyldihydrofuran2(3H)-one The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(4-(naphthalefil-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)-one
trifluoroacetate except2-(4,4-diethyl5-oxotetrahydrofurai2-yl)ethyl 4-methylbenzenesulfate
was substituted for 5-(2-bromoethyl3,3-diethyldihydrofurar2(3H}one and 5,6,7,8
tetrahydroimidazol[1;a]pyrazinefor 1-(naphthalefil-yl)piperazine In addition the crude product
was purifiedoy flash chromatography (silicMeOH:dichloromethane, 0% 10%). Percent yield:
42%.1H NMR (400 MHz,CDCI} & 6.93 (d, J= 1.1 Hz, 1H), 6.
1H), 3.993.86 (m, 2H), 3.71 (d, J= 14.7 Hz, 1H), 3.58 (d, J= 14.9 Hz, 1H);2:8®D (M, 2H),
2.732.59 (m, 2H), 2.06 (dd, J= 6.7, 13.0 Hz, 1H), 11880 (m, 3H), 1.55 (qd, J= 2.4, 7.4 Hz,}4H
0.85 (dt, J= 7.5, 16.8 Hz, 6H) LC/MS [M+H]= m/z 292.2

O
Cl

Preparation 06-(2-(7-chloro-3,4-dihydroisoquinolin2(1H)yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one To a small vial was adde®H(2-bromoethyl}3,3-diethyldihydrofiran2(3H)-one (50
mg, 0.2 mmol, 1 eq.) aréichloro-1,2,3,4tetrahydroisoquinoliné37 mg, 0.22 mmol, 1.1 eq.) then
both were dissolved in dimethylformamide (2 mL). Then addgd(X (61 mg, 0.42 mmol, 2.1
ed.) and then allowed mixture to stir at reflox 2.5 hrs then let cool to RT. Mixture was filtered,
washed witrDCM and filtrate was concentrated under reduced pressuwide@roductvas then
purified by flash chromatography (siliceOH:dichloromethane, 0% ~%). Percent yield: 41%.
1IHNMR (400MH,CDCI3 U0 © 7.02 (dd, J = 2.2, 8.2, 1H),
2H), 2.77 (m, B), 2.63 (m, 4H), 2.07 (dd, J = 6.7, 13.64)1 1.83 (m, 3H), 1.55 (qd, J= 1.2, 7.3,

4H), 0.85 (dt, J= 7.5, 15.3, 6H) LC/MS [M+H]= m/z 336.1
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Preparation oB,3-diethy}l-5-(2-(7-fluoro-3,4-dihydroisoquinolin2(1H)-yl)ethyl)dihydrofuran
2(3H)}one The title compound was prepared according to the procedute(f(7-chloro-3,4-
dihydroisoquinolin2(1H)yl)ethyl)-3,3-diethyldihydrofurar2(3H)-one except, 7-fluoro-1,2,3,4
tetrahydroisoquinolingvas substituted for-chloro-1,2,3,4tetrahydroisoquinolinePercent yield:
37%.1H NMR (400 MHz, CDCI3 7.06 (dd, J = 5.8, 8.3, 1H), 6.84 (td, J= 2.7, 8.5 1H), 6.73 (dd,
J=2.5,9.5, 1H), 4.5¢m, 1H), 3.62 (s, H), 2.86 (M, 2H), 2.75 (m,), 2.68 (M, 2H), 2.16 (dd, J=
6.8, 13.0, 4H), 1.90 (m, 3H), 1.64 (qt, J= 1.7, 7.6, 4H), 0.94 (dt, J= 7.5, 15.BC8MB [M+H]=

m/z 320.1

Preparation of 5-(2-(5,8-dihydro-1,7-naphthyridin7 (6H)-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one To a small vial was addes(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-one (50
mg, 0.2 mmol, kq.) andb,6,7,8tetrahydrel, 7-naphthyridinedihydrochloridg’50 mg, 0.24 mmol,
1.2 eq.) then both were suspended in ACN (1 mL). Then adge®:K137 mg, 1.0 mmol, 5 eq.)
and then allowed mixture to stir at reflux foi32days then let cool to RT. Mixtel was filtered,
washed with ACN and filtrate was concentrated under reduced pressude. fZoductvas then
purified by flash chromatography (siliceOH:dichloromethane, 0% ~%). Percent yield: 90%.
1H NMR (400 MHz, CDCI3 884 (d, J= 4.9 Hz, 1HY.40 (d, J= 7.7 Hz, 1H), 7.06 (dd, J= 4.8,

7.6 Hz, 1H), 4.52 (m, 1H), 3.71 (m, 2H), 2-281 (m, 2H), 2.8@.64 (m, 4H), 2.13 (dd, J= 6.8,
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13.0 Hz, 1H), 2.041.77 (m, 3H), 1.61 (qd, J= 1.7, 7.5 Hz, 4H), 0.91 (dt, J= 7.4, 15.5 Hz, 6H)

LC/MS [M+H]= m/z 3032

0 ~n
L

Preparation of 5-(2-(3,4-dihydro-2,7-naphthyridin2(1H)}yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one The title compound was prepared according to the procedusd2¢(5,8-dihydro-1,7-
naphthyridin7(6H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)}-one except, 1,2,3,4tetrahydre2,7-
naphthyridine dihydrochloride was substituted for5,6,7,8tetrahydrel,7-naphthyridine
dihydrochloride. Percent yield: 63%H NMR (400 MHz, CDCI3 0 -823 (81,&H), 7.02 (d,
J=5.0 Hz, 1H), &2 (m, 1H), 3.64 (m, 2H), 2.92.82 (m, 2H), 2.82.63 (M, 4H), 2.15 (dd, J= 6.8,
13.1 Hz, 1H), 1.94.79 (m, 3H), 1.63 (qd, J= 1.8, 7.4 Hz, 4H), 0.92 (dt, J= 7.5, 15.6 Hz, 6H)

LC/MS [M+H]= m/z 303.2

Preparation of 5-(2-(3,4-dihydro-2,6-naphthyridin2(1H)yl)ethyl)-3,3-diethyldihydrofuran
2(3H)}one The title compound was prepared according to the procedsd2¢(5,8-dihydro-1,7-
naphthyridin7(6H)-yl)ethyl)-3,3-diethyldihydrofurar2(3H)-one except, 1,2,3,4tetrahydre2,6-
naphthyridine dihydrochloride was substituted for5,6,7,8tetrahydrel,7-naphthyridine
dihydrochloride. Percent yield5%. 1H NMR (400 MHz, CDCI3 829 (s, H), 8.24 (d, J=4.7
Hz, 1H), 6.87(d, J= 5.0 Hz, 1H)4.50 (m, 1H), 3.55 (s, 2H), 2.82Jt 5.7 Hz2H), 2.76:2.66 (m,
2H), 2.66-2.56 (m, 2H), 2.07 (dd, J= 6.7, 13.0 Hz, 1H), 11922(m, 3H), 1.55 (qd, J= 2.1, 7Hx,

4H),0.85 (dt, J= 77, 15.8Hz, 6H) LC/MS [M+H]= m/z 303.2
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Preparation of 5-(2-(7,8-dihydro-1,6-naphthyridin6(5H)-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)one The title compound was prepared according to the procedsd2¢(5,8-dihydro-1,7-
naphthyridin7(6H)-yl)ethyl)-3,3-diethyldihydrofurar2(3H)}-one except, 5,6,7,8tetrahydrel,6-
naphthyridinewas substituted fob,6,7,8tetrahydrel,7-naphthyridinedihydrochloride. Percent
yield: 30%.1H NMR (400 MHz, CDCI3} & 8. 40 (d, J= 4.5 Hz, 1H),
(dd, J= 4.8, 7.6 Hz, 1H), 4.53 (m, 1H), 3.66 (s, 2H), 3.06 (t, J= 5.9 Hz, 2H)2B804m, 2H),

2.72 (t, 3= 6.9 Hz, 2H), 2.16 (dd, J= 6.7, 13.0 Hz, 1H),-2.80 (m, 2H), 1.86 (dd, J= 9.4, 13.1

Hz, 1H) 1.63 (qd, J= 2.0, 7.4 Hz, 4H), 0.93 (dt, J= 7.4, 15.5 Hz, 6H) LC/MS [M+H]= m/z 303.2

12.4 Preparation of Final Compounds for Piperazine Bioisostere Series
OBn

Br

Preparation ofl-(benzyloxy}2-bromobenzeneTo a solutionof 2-bromophenol (1.0 g, 5.78
mmol, 1.01 eq.) in ACN (14 mL) was added benzyl bromide (0.975 g, 5.7 mmol, 1.0 eq.) and
K2C0;(1.09 g, 7.87 mmol, 1.38 eq.). This mixture was allowed to stir at RT overnight. The reaction
was filtered and concentratédvaclo to give a crudeesidue that wasirther purified by column
chromatogaphy (hexanes/ethyl acetate, 0% ~ 10%). Percent yield: ~T60%MR (400 MHz,
cbCck) U7.60 (dd, J= 1.6, 7.8 Hz, 1H), 7.51 (m,

7.22 (m,1H), 6.97 (dd, J= 1.2 8.3 Hz, 1H), 6.88 (td, J= 1.3, 7.6 Hz, 1H), 5.19 (s, 2H).

BF\O/OBH

223



Preparation ofl-(benzyloxy}3-bromobenzenerhe title compound was prepared according to
the procedure fol-(benzyloxy}2-bromobenzeneexept 3-bromophenolwas substituted fo-
bromophenol. Percent yield: ~100%1 NMR (400 MHz, CDCJ)) U -7.34510, 5H), 7.2%.10

(m, 3H), 6.95 (m, 1H), 5.08 (s, 2H).

Br\©\
OBn

Preparation of Abenzyloxy}4-bromobenzeneThe title @mpound was prepared according to
the procedure fol-(benzyloxy}2-bromobenzeneexceptd-bromophenolwas substituted foP-
bromophenol. Percent yield: ~100%l NMR (400 MHz, CDCJ) U -7.335r, 7H), 6.91 (d=

9.1 Hz, 2H), 5.08 (s, 2H).

Preparation of4-(2-bromophenyl)morpholineThis reaction was performed in ovdried
glassware under a nitrogen atmosph&ea solution ofl,2-dibromobenzene (1.0 g, 4.24 mmol,
1.0 eq.) and morpholine (0.370 g, 4.24 mmol, 1.0 eganhydrous toluene (10.6 mL) was added
the following in this order: R¢dba) (0.097 g, 5 mol %), BINAP (0.197 g, 7.5 mol %), and NaOtBu
(0.448 g, 5.08 mmol, 1.2 eq.). The resulting mixture was allowed to stir’@ &@rnight, under
a sweep of N Thereaction mixture was cooled to RT and then filtered through a plug of Celite.
The collected filtrate wasoncentrated in vacuo to give a crudsidue that wasirther purified by
column chromatogphy (hexanes/ethyl acetate, 0% ~ 20%). Percent yield: 89%MR (400
MHz,CDCk) ©7.55 (dd, J= 1.5, 7.9 Hz, 1H), 7.25 (1t
1H), 6.89 (td, J= 1.4, 7.7 Hz, 1H), 3.83 (m, 4H), 2.99 (m, 4#8; (LC/MS, M+H'): m/z 241.9,

243.8
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Preparation of tesutyl 5(o-tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate: This
reaction was performed in ov@hnied glassware under a nitrogen atmosphise solution ofert-
butyl hexahydropyrrolo[34]pyrrole-2(1H)-carboxylate(500 mg, 2.35 mmol, 1.1 eq.) ard
bromo2-methylbenzené364 mg, 2.11 mmol, 1.0 eq.) in anhydrous toluene (3.1 mL) was added
the following in this order: Pgdba) (56 mg, 2.5 mol %), BINAP (84 mg, 1.5/Pd), triethylamine
(238 mg, 2.35 mmol, 1.1 eqg.) and NaOtBu (677 g, 7.05 mmol, 3.3 eq.). Theagesuxture was
allowed to stir at 110C overnight, under a sweep ob.N'he reaction mixture was cooled to RT
and then filtered through a plug of Celite. The collected filtrateamasentrated in vacuo to give
a cruderesidue that wakurther purifiedby column chromatogiphy (hexanes/ethyl acetate, 0% ~
30%). Percent yield: 779%H NMR (400 MHz, CDCJ) 7i187.10 (m, 2H), 6.9%6.89 (m, 2H),

3.69 (b, 2H), 3.36 (b, 2H), 3.18 (b, 2H), 3.05 (b, 2H), 2.91 (b, 2H), 2.33 (s, 3H), 1.52 (s, 9H); MS

B

Preparation oftert-butyl 5(m-tolyl)hexahydropyrrolad,4-c]pyrrole-2(1H)-carboxylate The

(LC/MS, M+H"): m/z 303.2

title compound was prepared according to the procedure tent-butyl 5(o-
tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate except1-bromo3-methylbenzenenas
substituted fol-bromo-2-methylbenzenePercent yial: 85%. *H NMR (400 MHz, CDCY) 747
(t, J= 7.8 Hz, 1H), 6.59 (d, J= 7.5 Hz, 1H), 68187 (m, 2H), 3.68 (b, 2H), 3.52 (b, 2H), 3.42 (m,
1H), 3.29 (m, 1H), 3.23 (m, 2H), 2.97 (b, 2H), 2.38 (s, 3H), 1.54 (s,B)LC/MS, M+H'): m/z

303.
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Preparatia of tertbutyl 5(p-tolyl)hexahydropyrrolo[3,&£]pyrrole-2(1H)-carboxylate The
titte compound was prepared according to the procedure tent-butyl 5(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate except 1-bromo4-methylbenzenenas
substitued for1-bromo-2-methylbenzenePercent yield: 73%H NMR (400 MHz, CDCJ) 7.09
(d, J= 8.1 Hz, 2H), 6.52 (d, J= 8.5 Hz, 2H), 3.68 (m, 2H), 3.57 (b, 2H), 3.42 (m, 1H), 3.28 (m, 1H),

3.21 (m, 2H), 3.00 (b, 2H), 2.30 (s, 3H), 1.51 (s, M (LC/MS, M+H'): m/z 303.2

MeO
(T4

Preparation of tertbutyl 5(2-methoxyphenyl)hexahydropyrrolo[3¢pyrrole-2(1H)
carboxylate The title compound was prepared according to the procedurerfdrutyl 5-(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate exceptl-bromao2-methoxybenzenwas
substituted fod-bromo-2-methylbenzenePercent yield: 79%H NMR (400 MHz, CDG) G 6 .- 9 1
6.78 (m, 3H), 6.7%.67 (m, 1H), 3.80 (s, 3H), 3.61 (b, 2H), 3.45 (b, 2H), AP (m, 2H), 3.14

(b, 2H), 2.90 (b, 2H), 1.46 (s, 9HNS (LC/MS, M+H?): m/z 319.2

OMe
Boc—N@Z\NO

Preparation of teiutyl 5(3-methoxyphenyl)hexahydpyrrolo[3,4c]pyrrole-2(1H)
carboxylateThe title compound was prepared according to the procedurertdrutyl 5-(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate exceptl-bromo-3-methoxybenzenwas
substituted fol-broma-2-methylbenzenePeacent yield: 64%'H NMR (400 MHz, CDCJ)  7.13

(t, J= 8.1 Hz, 1H), 6.29 (dd, J= 2.2, 8.1 Hz, 1H), 6.18 (dd, J= 1.8, 81H)z6.10 (t, J= 2.2 Hz,
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1H), 3.79 (s, 3H), 3.63 (m, 2H), 3.50 (M, 2H), 3.37 (M, 1H),-3.3Q (m, 3H), 2.95 (b, 2H), 1.48

(s, 9H);MS (LC/MS, M+H): m/z 319.2

Boc—NO;\NA@*OMe

Preparation of teiutyl 5(4-methoxyphenyl)hexahydropyrrolo[3¢pyrrole-2(1H)
carboxylate:The title compound was prepared according to the procedure fdrutght5-(o-
tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate except Ibromo4-methoxybenzene was
substituted fod-bromo-2-methylbenzenePercent yield: 67%H NMR (400 MHz, CDCJ) 16.83
(d, J= 9.0 Hz, 2H), 6.50 (d, J= 9.0 Hz, 2H), 3.73 (s, 3H), 3.62 (m, 2H).33288m, 3H), 3.23 (m,

1H), 3.12 (dd, J= 3.5, 9.3 Hz, 2H), 2.93 (b, 2H), 1.46 (s, 9H); MS (LC/MS, +hiz 319.2

NG

Preparation afert-butyl 5-(2-cyanophenyl)hexahydropyrrolo[3¢lpyrrole-2(1H)-carboxylate
The title compound was prepared according to the procedure teibutyl 5(o-
tolyl)hexahydropyrrolo[3,&]pyrrole2(1H)-carboxylate  except 2-bromobenzonitrile was
substituted fol-bromo-2-methylbenzenePercent yield: 6%. *H NMR (400 MHz, CDC)  7.39
(dd, J= 1.6, 7.8 Hz, 1H), 7.30 (m, 1H), 6.66 (t, J= 7.5 Hz, 1H), 6.59 (d, J= 8.5 Hz, 1H), 3.80 (m,

2H), 3.61 (m, 2H), 3.52 (m, 1H), 3.44 (m, 1H), 3.28 (m, 2H), 2.95 (b, 2H), 1.42 (s,M8);

CN
Boc—N<:|i/\N—©

Preparation of tefbutyl 5-(3-cyanophenyl)hexahydropyrrolo[3@pyrrole-2(1H)-carboxylate

(LC/MS, M+H"): m/z 314.2

The title compound was prepared according to the procedure teibutyl 5(o-

tolyl)hexahydropyrrolo[3,&]pyrrole2(1H)-carboxylate  except 3-bromobenzonitré was
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substituted fod-bromo-2-methylbenzenePercent yield: 28%4H NMR (400 MHz, CDCJ) 7.22
(m, 1H), 6.88 (d, J= 7.5 Hz, 1H), 68164 (m, 2H), 3.62 (m, 2H), 3.49 (m, 2H), 3.31 (m, 1H), 3.23

(m, 1H), 3.16 (dd, J= 3.9, 9.7 Hz, 2H), 2.99 (b, 2H), 1.42 (s, MIS)(LC/MS, M+H'): m/z 314.2

Boc—N@NOCN

Preparation of t&-butyl 5-(4-cyanophenyl)hexahydropyrrolo[3¢lpyrrole-2(1H)-carboxylate
The title compound was prepared according to the procedure teibutyl 5(o-
tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate  except 4-bromobenzonitrile was
substituted fo1l-bromo-2-methylbenzenePercent yield: 61%4H NMR (400 MHz, CDCJ)  7.35
(d, J= 8.9 Hz, 2H), 6.41 (d, J= 8.9 Hz, 2H), 3.57 (m, 2H), 3.50 (m, 2H), 3.26 (m, 1HB3.8R1

(m, 3H), 2.95 (b, 2H), 1.37 (s, 9HNS (LC/MS, M+H"): m/z 314.2

BnO
(T4

Preparation of tert-butyl 5(2-(benzyloxy)phenyl)heahydropyrrolo[3,4c]pyrrole-2(1H)
carboxylate The title compound was prepared according to the procedurertdyutyl 5-(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate except 1-(benzyloxy}2-bromobenzene
was substituted fat-bromo2-methylkenzenePercent yield: 92%4H NMR (400 MHz, CDCY)
7.367.23 (m, 4H), 7.20 (m, 1H), 6.79 (m, 2H), 6.72 (m, 1H), 6.65 (m, 1H), 4.94 (s, 2H), 3.50 (b,

2H), 3.33 (M, 2H), 3.28.02 (m, 3H), 2.76 (b, 2H), 1.35 (s, 9M)S (LC/MS, M+H'): m/z 395.2

OBn
Boc—N@Z\NO

Preparation of te#utyl 5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3@pyrrole-2(1H)-
carboxylate The title compound was prepared according to the procedurertdyutyl 5-(o-

tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate except 1-(benzyloxy}3-bromobenzene
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was substitted for1-bromo2-methylbenzenePercent yield: 74%H NMR (400 MHz, CDCJ) U
7.47 (m, 2H), 7.41 (t, J= 7.6 Hz, 2H), 7.34 (m, 1H), 7.17 (t, J= 8.2 Hz, 1H), 6.39 (dd, J= 1.7, 8.0
Hz, 1H), 6.23 (m, 2H), 5.08 (s, 2H), 3.66 (m, 2H), 3.53 (m, 2H), 3.40 (m, 1H).33133(m, 3H),

2.99 (b, 2H), 1.49 (s, 9HMS (LC/MS, M+H"): m/z 3952

Boc—N\/:CNOOBn

Preparation of tesutyl 5(4-(benzyloxy)phenyl)hexahydropyrrolo[3@pyrrole-2(1H)-
carboxylate The title compound was prepared according to the procedurerfdrutyl 5-(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate except 1-(benzyloxy}4-bromobenzene
was substituted fat-bromo2-methylbenzenePercent yield62%. '*H NMR (400 MHz, CDCJ) U
7.46 (m, 2H), 7.40 (t, J= 7.8 Hz, 2H), 7.34 (m, 1H), 6.95 (d, J= 9.0 Hz, 2H), 6.54 (d, J= 8.8 Hz,
2H), 5.03 (s, 2H), 3.67 (b, 2H), 3.47 (b, 2H), 3.40 (m, 1H), 3.28 (m, 1H), 3.18 (dd, J= 3.4, 9.3 Hz,

2H), 2.99 (b, 2H), 1.50 (s, 9HYS (LC/MS, M+H"): m/z 395.2
)
-

Boc—N N@

Preparation of tertbutyl 5-(2-morpholinophenyl)hexahydropyrrolo[3¢pyrrole-2(1H)
carboxylate The title compound was prepared according to the procedurerfdrutyl 5-(o-
tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate except 4-(2-bromophenyl)morpholine
was substituted fot-bromo2-methylbenzenePercent yield: 93%H NMR (400 MHz, CDCJ)
i 7 -6082 (m, 3H), 6.85 (d, J= 7.8 Hz, 1H), 3.85 (t, J= 4.5 Hz, 4H), 3.62 (b, 2H)3248m,

6H), 3.04 (t, J= 4.5 Hz, 4H), 2.92 (b, 2H), 1.48 (s, M$ (LC/MS, M+H"): m/z 374.2
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Preparation of 2-benzyl5-(2-isopropylphenyl)octahydropyrrolo[3:4]pyrrole  The title
compound was prepared according to the procedutertdrutyl 5-(o-tolyl)hexahydropyrrolo[3,4
c]pyrrole-2(1H)-carboxylate except2-benzyloctahydropyrrolo[3;4]pyrrole was substituted for
tert-butyl hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylateand1-bromo2-isopropylbenzenfor
1-bromo-2-methylbenzene In addition, he product was purified bylash chromatogaphy
(dichloromethane/MeOH, 0% ~ 5%). Percent yield: 7390NMR (400 MHz, CDCJ) 7.8547.33
(m, 6H), 7.327.11 (m, 3H), 3.77 (s, 2H), 3.65 (sept, J= 6.9 Hz, 1H), 3.15 (m, 2H)23989(m,

4H), 2.96 (m, 2H), 2.47 (dd, J= 4.9, 8.8,F2H), 1.39 (d, J= 6.9 Hz, 9HMS (LC/MS, M+H"):

Boc—N@CN@N

Preparéion of tertbutyl 5(pyridin-4-yl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate

m/z 321.2

The title compound was prepared according to the procedure teibutyl 5(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate except4-bromopyridine hydrochloride
was substituted fofl-bromo2-methylbenzeneln addition, the product was purified Iikash
chromatogaphy (dichloromethane/MeOH, 0% ~ 5%). Percent yield: 5S6%ANMR (400 MHz,
CDCl;) 8.0 (d, J=5.6 Hz, 2H), 6.28 (d, J= 5.4 Hz, 2H), 3.57 (m, 2H), 3.48 (b, 2H), 3.25 (m, 1H),

3.15 (m, 3H), 2.93 (b, 2H), 1.37 (s, 9M)S (LC/MS, M+H"): m/z290.2

BOC/GN :
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Preparation oftert-butyl 4-(p-tolyl)-1,4-diazepan€l-carboxylate The title compound was
prepared according to the procedure fert-butyl 5(o-tolyl)hexahydropyrrolo[3,&£]pyrrole-
2(1H)-carboxylate excepttertbutyl 1,4diazepanel-carboxylatewas substituted fotert-butyl
hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylateand1-bromo4-methylbenzenéor 1-bromo2-
methylbenzenePercent yield: 88%¢H NMR (400 MHz, CDCJ) 681 (d, J= 7.8 Hz, 2H), 6.51
(d, J= 8.1 Hz, 2H), 3.58.34 (m, 6H), 3.19 (t, J= 5.9 Hz, 1H), 3.09 (t, J= 6.4 Hz, 1H), 2.13 (s, 3H),

1.86 (m, 2H), 1.35 (s, 5H), 1.28 (s, 4M)S (LC/MS, M+H): m/z 291.2

S
Boc—N N AN
TIPS

Preparation of tertbutyl 5(1-(triisopropylsilyl)}-1H-indol-5-yl)hexahydropyrrolo[3,4
c]pyrrole2(1H)-carboxylate This reaction was performed in ovdried glassware under a
nitrogen atmosphereTo a solution of tertbutyl hexahydropyrrolo[3;4]pyrrole2(1H)
carboxylae (0.500 g, 2.36 mmol, 1.0 eq.) aBebromo-1-(triisopropylsilyl-1H-indole (0.832 g,

2.36 mmol, 1.0 eq.) in xylenes (7.5 mL) was added the following in this order;[P@&bl)s]>

(0.092 g, 0.116 mmol, 0.05 eq.) and NaOtBu (0.340 g, 3.54 mmol, 1.9leg.)esulting mixture

was allowed to stir at 11 overnight, under a sweep ob.N'he reaction mixture was cooled to

RT and then filtered through a plug of Celite. The collected filtratecoasentrated in vacuo to

give a crudeesidue that walurther purified byflashchromatogaphy (hexanes/ethyl acetate, 0%

~ 10%).Percent yield: 39%4H NMR (400 MHz, CDC{) 741 (d, J= 8.7 Hz, 1H), 7.20 (d, J= 3.2

Hz, 1H), 6.81 (s, 1H), 6.61 (d, J= 8.4 Hz, 1H), 6.51 (d, J= 3.0 Hz, 1H), 3.68 (m, 2H), 3.56 (b, 2H),
3.44 (m, 1H), 3.38.18 (m, 3H), 3.02 (b, 2H), 1.69 (sept, J= 7.5 Hz, 3H), 1.48 (s, 9H), 1.16 (d, J=

7.5 Hz, BH); MS (LC/MS, M+H?): m/z 484.2

IS
Boc—N<:|i/\N NH
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Preparation ofert-butyl 5(1H-indol-5-yl)hexahydropyrrolo[3,&£]pyrrole-2(1H)-carboxylate
To a solution otert-butyl 5(1-(triisopropylsilyl}-1H-indol-5-yl)hexahydropyrrolo[3,&]pyrrole-
2(1H)-carboxylatg0.440 g, 0.915 mmol, 1.0 eq.) in THF (8 mL) was added 1M TBAF solution in
THF (6 mL, 6 mmol, 6.55 eq.). The resulting solution was allowed to stir atv@fhight. The
reaction solution was concentrated in vacuo and the resuspendidhyl ether. The resulting
mixture was washed with sat. NaHE€@q.) and the organic layer was separatde: dqueous
layer was baclextracted with diethyl ether (2 x 10L). The combined organic layers were dried
over NaSQy andconcentrated in vacuo @ive a crudeesidue that wakurther purified byflash
chromatogaphy (hexanes/ethyl acetate, 30®grcent yield: ~100%H NMR (400 MHz, CDCJ)
i8.07 (b, 1H), 7.17 (d, J= 8.8 Hz, 1H), 7.
Hz, 1H), 6.32 (m, 1H), 3.57 (M, 2H), 3.44 (m, 2H), 3.33 (M, 1H),-3.26 (m, 3H), 2.91 (b, 2H),

1.38 (s, 9H)MS (LC/MS, M+H"): m/z 328.2

Preparation of2-(o-tolyl)octahydropyrrolo[3,4&]pyrrole To a solution oftertbutyl 5(o-
tolyl)hexahydropyrrolo[3,&]pyrrole2(1H)-carboxylate (0.490 g, 1.62 mmol, 1 eq.) in
dichloromethane (4 mL) at® was addedrifluoroacetic a (2 mL). The reaction was allowed
to stir at RT for 30 min before being diluted with MeOH and concentrated in vacuo to afford
the product as a TFA salt. The salt was then suspended in sat. Blasl@@n and the free
based product was extracted with D@8415mL). The combined organic layers were dried
over NaSQ, filtered and concentration in vacuo to afford the product as a freeFeasent

yield: ~100%MS (LC/MS, M+H): m/z 203.2
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Preparation of Zm-tolyl)octahydrgyrrolo[3,4c]pyrrole The title compound was prepared
according to the procedure far(o-tolyl)octahydropyrrolo[3,4]pyrrole, excepttertbutyl 5-(m-
tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate was substituted fortert-butyl 5-(m-

tolyl)hexahydopyrrolo[3,4c]pyrrole-2(1H)-carboxylate Percent yield: ~100%MS (LC/MS,

Preparation of Zp-tolyl)octahydropyrrolo[3,4]pyrrole The title compound was prepared

M+H™): m/z 203.2

according to the procedure foR-(o-tolyl)octahydropyrrolo[3,4]pyrrole, except 5-(p-
tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate was substituted fortertbutyl 5(o-
tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate Percent yield: ~100%MS (LC/MS,
M+H"): m/z 203.2

MeO

Preparation oR-(2-methoxyphenyl)octahydropyrrolo[3@)pyrrole The title compound was
prepared according to the procedure 2efo-tolyl)octahydropyrrolo[3,4]pyrrole, excepttert
butyl 5-(2-methoxyphenyl)hexahydropyrrolo[3¢lpyrrole-2(1H)-carboxylatewas substituted for
tertbutyl 5-(o-tolyl)hexahydropyrrolo[3,&]pyrrole-2(1H)-carboxylate Percent yield: ~100%.

MS (LC/MS, M+H): m/z 219.2
HNG;\NA@fOMe
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Preparation of Z4-methoxyphenyl)octahydropyrrolo[3@pyrrole: The title compound was
prepared according to the procedure 2efo-tolyl)octahydropyrrolo[3,4c]pyrrole excepttert
butyl 5-(4-methoxyphenyl)hexahydropyrrolo[3¢lpyrrole-2(1H)-carboxylatewas substituted for
tertbutyl 5-(o-tolyl)hexahydropyrolo[3,4-c]pyrrole-2(1H)-carboxylate Percent yield: ~100%.
MS (LC/MS, M+H): m/z 219.2

CN

Preparation of3-(hexahydropyrrolo[3,£&]pyrrol-2(1H)}yl)benzonitrile The title compound
was prepared according to the procedur@f@r-tolyl)octahydropyrrolo[3,4&]pyrrole, exceptert
butyl 5(3-cyanophenyl)hexahydropyrrolo[3@)pyrrole-2(1H)-carboxylatewas substituted for
tertbutyl 5-(o-tolyl)hexahydropyrrolo[3,£]pyrrole-2(1H)-carboxylate Percent yield: ~100%.

MS (LC/MS, M+H"): m/z 214.2

D

Preparation of4-(hexahydropyrrolo[3,£&]pyrrol-2(1H)}yl)benzonitrile The title compound
was prepared according to the procedur@f@r-tolyl)octahydropyrrolo[3,4&]pyrrole exceptert
butyl 5-(4-cyanophewl)hexahydropyrrolo[3,&£]pyrrole-2(1H)-carboxylatewas substituted for
tertbutyl 5-(o-tolyl)hexahydropyrrolo[3,&£]pyrrole-2(1H)-carboxylate Percent yield: ~100%.
MS (LC/MS, M+H"): m/z 214.2

NC

HCl

Preparation of2-(hexahydropgrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride: To a
solution oftert-butyl 5-(2-cyanophenyl)hexahydropyrrolo[3¢lpyrrole-2(1H)-carboxylatg0.408

g, 1.30 mmol, 1 eq.) in MeOH (1 mL) aPO was added 1M methanolic H@ mL). The reaction
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was #lowed to stir at RT overnight before being diluted with MeOH and concentrated in vacuo
to afford the product as a HCI s@ercent yield: ~100984S (LC/MS, M+H"): m/z 214.2

OMe

HCI

Preparation of2-(3-methoxyphenyl)octahydropyoio[3,4-c]pyrrole hydrochloride: The title
compound was prepared according to the procedur2 (foexahydropyrrolo[3,£]pyrrol-2(1H)
yl)benzonitrile hydrochloride except tertbutyl 5(3-methoxyphenyl)hexahydropyrrolo[3,4
c]pyrrole-2(1H)-carboxylate was substituted for tertbutyl 5(2-
cyanophenyl)hexahydropyrrolo[3¢}pyrrole-2(1H)-carboxylate Percent vyield: ~100%.MS
(LC/MS, M+H"): m/z 219.2

BnO

HCl

Preparation 02-(2-(benzyloxy)phenyl)octahydropyrrolo[3@]pyrrole hydrochlaide: The title
compound was prepared according to the procedur2 (foexahydropyrrolo[3,£]pyrrol-2(1H)
yhbenzonitrile hydrochloride excepttertbutyl 5(2-(benzyloxy)phenyl)hexahydropyrrolo[3,4
c]pyrrole-2(1H)-carboxylate was substituted for tertbutyl 5-(2-
cyanophenyl)hexahydropyrrolo[3@}pyrrole2(1H)-carboxylate Percent vyield: ~100%.MS
(LC/MS, M+H"): m/z 295.2

OBn

HC1

Preparation of #3-(benzyloxy)phenyl)octahydropyrrolo[3@pyrrole hydrochlorideThe title
compoum was prepared according to the proceduré&{@rexahydropyrrolo[3,£]pyrrol-2(1H)

yl)benzonitrile hydrochloride excepttertbutyl 5(3-(benzyloxy)phenyl)hexahydropyrrolo[3,4
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c]pyrrole-2(1H)-carboxylate was substituted for tertbutyl 5(2-
cyanophenyl)heahydropyrrolo[3,4c]pyrrole2(1H)-carboxylate Percent vyield: ~100%.MS
(LC/MS, M+H"): m/z 295.2
HCI
HN@N‘@*OBn

Preparation of #4-(benzyloxy)phenyl)octahydropyrrolo[3@pyrrole hydrochlorideThe title
compound was prepared accogliio the procedure f@&-(hexahydropyrrolo[3,£&]pyrrol-2(1H)
yl)benzonitrile hydrochloride excepttertbutyl 5(4-(benzyloxy)phenyl)hexahydropyrrolo[3,4
c]pyrrole-2(1H)-carboxylate was substituted for tertbutyl 5(2-
cyanophenyl)hexahydropyrrolo[3¢}pyrrole-2(1H)-carboxylate Percent vyield: ~100%.MS

(LC/MS, M+H*): m/z 295.2
S
L
HCI

Preparation of 4-(2-(hexahydropyrrolo[3,£&]pyrrol-2(1H)yl)phenyl)morpholine
hydrochloride: The title compound was prepared according to the proee for 2-
(hexahydropyrrolo[3,£]pyrrol-2(1H)-yl)benzonitrile hydrochloride except tertbutyl 5-(2-
morpholinophenyl)hexahydropyrrolo[3¢lpyrrole-2(1H)-carboxylate was substituted fotert-
butyl 5(2-cyanophenyl)hexahydropyrrolo[3@pyrrole2(1H)-catboxylate Percent vyield:

~100%.MS (LC/MS, M+H"): m/z 274.2
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Preparation ob-(hexahydropyrrolo[3,£&]pyrrol-2(1H)yl)-1H-indole hydrochloride:The title
compound was prepared according to the procedur2 (foexahydropymlo[3,4-c]pyrrol-2(1H)
yl)benzonitrilehydrochloride exceptert-butyl 5-(1H-indol-5-yl)hexahydropyrrolo[3,&]pyrrole-
2(1H)carboxylate was substituted fortert-butyl 5(2-cyanophenyl)hexahydropyrrolo[3,4
c]pyrrole-2(1H)-carboxylate Percent yield: ~1009MS (LC/MS, M+H"): m/z 228.2

2HCI
HN/\:CN@N

Preparation of 2-(pyridin-4-yl)octahydropyrrolo[3,4c]pyrrole dihydrochloride: The title
compound was prepared according to the procedur2 (foexahydropyrrolo[3,£]pyrrol-2(1H)
yhbenzonitile hydrochloride excepttert-butyl 5(pyridin-4-yl)hexahydropyrrolo[3,4&]pyrrole-
2(1H)-carboxylate was substituted fortert-butyl 5(2-cyanophenyl)hexahydropyrrolo[3,4

c]pyrrole-2(1H)-carboxylate Percent yield: ~10094S (LC/MS, M+H"): m/z 190.2

Preparation oR-(2-isopropylphenyl)octahydropyrrolo[3.@pyrrole To a dry RBF, 0.04 g of
10% Pd/C (20% wt) was added and wet with a small amount of ethyl acetate. Following, a solution
of 2-benzyt5-(2-isopropylphenyl)octalgropyrrolo[3,4c]pyrrole (0.20 g, 0.624 mmol, 1 eq.) in
MeOH (2.1 mL) was added slowly to the Pd/C containing RBF. This system was then flushed 3x
with Hy, using a balloon filled with | The reaction was allowed to stir under 1 atyidi 5 days
at room emperature. The Pd/C was removed via filtration through a plug of Celite. The filtrate was
concentrated in vacuo to afford a crude dfil2-(2-isopropylphenyl)octahydropyrrolo[3,4
c]pyrrolewhich was used in the next step without further purificatRement yield: ~100%.
MS (LC/MS, M+H): m/z 231.2
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Preparation ofl-(p-tolyl)-1,4-diazepaneTo a solution otert-butyl 4-(p-tolyl)-1,4-diazepane
1-carboxylate(309mg, 1.06 mmol, 1 eq.) in MeOH (10m6L) at 0°C was added atyl chloride
(4.5 mL). The reaction was allowed to stir at RIr 30 minutesbefore being diluted with
MeOH and concentrated in vacuo to afford the product as a HCIThaltsalt was then
suspended in sat. NaH@®olution and the free based product wesaeted with DCM
(3x15mL). The combined organic layers were dried ove6Na filtered and concentration

in vacuo to afford the product as a free b&secent yield: ~100%VS (LC/MS, M+H'): m/z

e T

Preparation of 3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&]pyrrol-2(1H)-

1912

yl)ethyl)dihydrofuran2(3H)}-one A mixture of5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-
one(0.075 g, 0.301 mmol, 1 eq.), ACN (3 mi2y(o-tolyl)octahydropyrrolo[3,4]pyrrole (0.073
g, 0.31 mmol, 1.2 eq.) and DIPEA (0.116 g, 0.903 mmol, 3 eq.) was microwaved & @04
hrs. The resulting solution wasncentrated in vacuo to give a crudsidue that was first purified
by column chromatography (methanol/dichloromethane, 0% ~ 10%emsfield: 63%H NMR
(400 MHz, CDC§) 7115 (m, 2H), 6.96 (m, 2H), 4.50 (m, 1H), 3:B®2 (m, 6H), 2.86 (b, 2H),
2.60 (t, J= 6.9 Hz, 2H), 2.37.24 (m, 5H), 2.14 (dd, J= 6.7, 13.0 Hz, 1H), 11985 (m, 3H), 1.64

(m, 4H), 0.94 (dt, J= 7.4, 18.1 Hz, BHIS (LC/MS, M+H?): m/z 371.2

238



Preparation of 3,3-diethy}t5-(2-(5-(m-tolyl)hexahydropyrrolo[3,&£]pyrrol-2(1H)-
ylethyl)dihydrofuran2(3H)}-one The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&£]pyrrol-2(1H)}yl)ethyl)dihydrofuran2(3H)-
one except 2(m-tolyl)octahydropyrrolo[3,4&]pyrrole  was  substituted  for 2-(o-
tolyl)octahydropyrrolo[3,4]pyrrole Percent yield: 47%H NMR (400 MHz, CDCJ) 713 (t,
J=8.0 Hz, 1H), 6.58 (d, J= 7.4 Hz, 1H), 6635 (m, 2H), 4.47 (m, 1H), 3.37 (m, 2H), 3.18 (dt,

J= 2.8, 9.4 Hz, 2H), 2.95 (b, 2H), 2.86 (m, 2H), 2.59 (t, J= 7.0 Hz, 2H), 2.41 (dd, J= 4.0, 8.9 Hz,
2H), 2.33 (s, 3H), 2.12 (dd, J= 6.6, 13.0 HH), 1.971.73 (m, 3H), 1.62 (g, J= 7.5 Hz, 4H), 0.92

(dt, J= 7.5, 14.8 Hz, 6HMS (LC/MS, M+H"): m/z 371.2

Preparation of 3,3-diethyt5-(2-(5-(p-tolyl)hexahydropyrrolo[3,&]pyrrol-2(1H)-
yl)ethyl)dihydrofuran2(3H)-one The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&£]pyrrol-2(1H)yl)ethyl)dihydrofuran2(3H)-
one except 2(p-tolyl)octahydropyrrolo[3,&]pyrrole  was  substituted for 2-(o-
tolyl)octahydropyrrto[3,4-c]pyrrole. Percent yield: 43%H NMR (400 MHz, CDCJ) 689 (d,

J= 8.4 Hz, 2H), 6.45 (d, J= 8.4 Hz, 2H), 4.32 (m, 1H), 3.17 (m, 2H), 2.99 (dt, J= 3.0, 9.2 Hz, 2H),

2.78 (b, 2H), 2.70 (m, 2H), 2.42 (t, J= 6.9 Hz, 2H), 2.42 (dd, J= 4.0, 8.8 H2.24)(s, 3H), 2.97
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(dd, J= 6.8, 13.0 Hz, 1H), 1.8157 (m, 3H), 1.45 (q, J= 7.2 Hz, 4H), 0.76 (dt, J= 7.5, 14.7 Hz,

6H); MS (LC/MS, M+H"): m/z 371.2

Preparation of 2-(5-(2-(4,4-diethyl5-oxotetrahydrofurai2-yl)ethyl)hexahydropyrrolo[3,4
c]pyrrol-2(1H)-yl)benzonitrile The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&]pyrrol-2(1H)yl)ethyl)dihydrofuran2(3H)-
one except2-(hexahydropyrrolo[3,£&]pyrrol-2(1H)yl)benzonitrilehydrochloridewas substituted
for 2-(o-tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 50%4H NMR (400 MHz, CDCJ)
7.45 (dd, J= 1.5, 7.6 Hz, 1H), 7.36 (m, 1H), 6688 (m, 2H), 4.45 (m, 1H), 3.62 (m, 2H), 3.45
(td, J= 2.0, 8.6 Hz2H), 2.92 (b, 2H), 2.74 (m, 2H), 2353 (m, 2H), 2.52.46 (m, 2H), 2.11
(dd, J= 6.8, 13.0 Hz, 1H), 1.9470 (m, 3H), 1.58 (qd, J= 2.6, 7.4 Hz, 4H), 0.88 (dt, J= 7.3, 14.8

Hz, 6H);MS (LC/MS, M+H"): m/z 382.2
o IO

Prepartion of 3-(5-(2-(4,4-diethyl5-oxotetrahydrofurai2-yl)ethyl)hexahydropyrrolo[34
c]pyrrol-2(1H)-yl)benzonitrile The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&£]pyrrol-2(1H)yl)ethyl)dihydrofuran2(3H)-
one except 3-(hexahydropyrrolo[3,£&]pyrrol-2(1H)yl)benzonitrile was substituted for2-(o-
tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 58%4H NMR (400 MHz, CDCY) 7126 (m,

1H), 6.95 (d, J= 7.5 Hz, 1H), 6.8275 (m, 2H), 4.44 (mlH), 3.44 (t, J= 8.7 Hz, 2H), 3.15 (dt, J=
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3.8, 9.4 Hz, 2H), 2.98 (b, 2H), 2.73 (m, 2H), 2.57 (t, J= 7.0 Hz, 2H), 2.50 (dd, J= 3.1, 9.1 Hz, 2H),
2.10 (dd, J= 6.8, 12.9 Hz, 1H), 1:9470 (m, 3H), 1.59 (q, J= 7.3 Hz, 4H), 0.89 (dt, J= 5.4, 14.9

Hz, 6H);MS (LC/MS, M+H"): m/z 382.2

Preparation of 4-(5-(2-(4,4-diethyl5-oxotetrahydrofurai2-yl)ethyl)hexahydropyrrolo[34
c]pyrrol-2(1H)-yl)benzonitrile The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&]pyrrol-2(1H)yl)ethyl)dihydrofuran2(3H)-
one except 4-(hexahydropyrrolo[3,£]pyrrol-2(1H)yl)benzonitrile was substituted for2-(o-
tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 37%H NMR (400 MHz, CDC)) 7144 (d,

J=8.9 Hz, 2H), 6.54 (d, J= 8.7 Hz, 2H), 4.44 (m, 1H), 3.55 (t, J= 9.0 Hz, 2H), 3.23 (dt, J= 3.6, 9.9
Hz, 2H), 3.00 (b, 2H), 2.72 (m, 2H), 28450 (m, 4H), 2.10 (dd, J= 6.7, 13.1 Hz, 1H), 11971

(m, 3H), 1.59 (g, J= 7.5 Hz, 4H), 0.89 (dt, 54, 14.9 Hz, 6H)MS (LC/MS, M+H"): m/z 382.2

Preparation of 3,3-diethyl5-(2-(5-(2-methoxyphenyl)hexahydropyrrolo[3@pyrrol-2(1H)-
yhethyl)dihydrofuran2(3H)-one The title compound was prepared according to thegphae for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&]pyrrol-2(1H)-yl)ethyl)dihydrofurar2(3H)-
one except 2-(2-methoxyphenyl)octahydropyrrolo[3@pyrrole was substituted for2-(o-
tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 65%H NMR (400 MHz, CDC}) 6.836.61

(m, 4H), 4.34 (m, 1H), 3.71 (s, 3H), 3.23 (q, J= 7.5 Hz, 2H), 2.86 (M, 2H), 2.72 (b, 2H), 2.58 (b,
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2H), 2.44 (m, 2H), 2.31 (dt, J= 3.2, 8.8 Hz, 2H), 1.98 (dd, J= 6.8, 13.1 Hz, 1H).ZB4m, 1H),
1.731.58 (m, 2H), 1.47 (qd, J= 1.5, 7.5 H4H), 0.77 (dt, J= 7.3, 15.8 Hz, 6H)S (LC/MS,

M+H™): m/z 387.2

Preparation of 3;8liethyl5-(2-(5-(3-methoxyphenyl)hexahydropyrrolo[3@pyrrol-2(1H)-
yhethyl)dihydrofuran2(3H)-one The title compound was preparettarding to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&£]pyrrol-2(1H)}yl)ethyl)dihydrofuran2(3H)-
one except 2(3-methoxyphenyl)octahydropyrrolo[3@pyrrole was substituted for2-(o-
tolyl)octahydropyrrolo[3,4]pyrrole. Percentjield: 53%.'H NMR (400 MHz, CDCY) 714 (t,
J=8.2 Hz, 1H), 6.30 (m, 2H), 6.20 (t, J= 2.2 Hz, 1H), 4.46 (m, 1H), 3.79 (s, 3H), 3.38 (t, J= 8.2 Hz,
2H), 3.17 (dt, J= 3.0, 9.5 Hz, 2H), 2.94 (b, 2H), 22867 (m, 2H), 2.57 (t, J= 7.1 Hz, 2H), 2.42
(dd, J=3.9, 9.0 Hz, 2H), 2.11 (dd, J= 6.8, 13.0 Hz, 1H), 1198 (m, 3H), 1.61 (qd, J= 1.5, 7.5

Hz, 4H), 0.91 (dt, J= 7.4, 14.8 Hz, 6H)S (LC/MS, M+H"): m/z 387.2

Ox 0 N&NOOMe

Preparation of 3;8liethyt5-(2-(5-(4-methoxyphenyl)hexahydpyrrolo[3,4-c]pyrrol-2(1H)
yl)ethyl)dihydrofuran2(3H)-one The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&]pyrrol-2(1H)}yl)ethyl)dihydrofuran2(3H)-
one except 2(4-methoxyphenyl)octahydpyrrolo[3,4c]pyrrole was substituted for2-(o-

tolyl)octahydropyrrolo[3,4c]pyrrole. Percent yield: 529%4H NMR (400 MHz, CDCJ) 6183 (d,
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J= 9.0 Hz, 2H), 6.65 (d, J= 9.0 Hz, 2H), 4.46 (m, 1H), 3.76 (s, 3H), 3.28 (m, 2H), 3.10 (dt, J= 3.2,
9.1 Hz, 2H), 22 (b, 2H), 2.84 (b, 2H), 2.6351 (m, 2H), 2.39 (dd, J= 4.0, 8.7 Hz, 2H), 2.11 (dd,
J= 6.8, 13.0 Hz, 1H), 1.97.71 (m, 3H), 1.61 (qd, J= 1.3, 7.4 Hz, 4H), 0.91 (dt, J= 7.3, 14.8 Hz,

6H); MS (LC/MS, M+H"): m/z 387.2
.
-

a0

Premration of3,3-diethyl5-(2-(5-(2-morpholinophenyl)hexahydropyrrolo[3@pyrrol-2(1H)
yhethyl)dihydrofuran2(3H)-one The title compound was prepared according to the procedure for
3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,&£]pyrrol-2(1H)}yl)ethyldihydrofuran2(3H)-
one except4-(2-(hexahydropyrrolo[3,&]pyrrol-2(1H)-yl)phenyl)morpholinenhydrochloridewas
substituted fo@-(o-tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 52%H NMR (400 MHz,
CDCL) 756.94 (m, 3H), 6.95.83 (m, 1H)4.49 (m, 1H) 3.85 (t, J= 4.7 Hz, 4H), 3:8812
(m, 4H), 3.222.84 (m, 10H), 2.61 (b, 2H), 2.30 (b, 1H), 2.19 (dd, J= 6.7, 13.2 Hz, 1H)}12005
(m, 1H), 1.84 (dd, J= 9.3, 13.2 Hz, 1H), :BB86 (m, 4H), 0.91 (dt, J= 7.3, 16.5 Hz, 6)S

(LC/IMS, M+H"): m/z 442.2

Preparation of 5-(2-(5-(1H-indol-5-yl)hexahydropyrrolo[3,&]pyrrol-2(1H)-yl)ethyl)-3,3
diethyldihydrofurar2(3H)-one The title compound was prepared according to the procedure for

3,3-diethyt5-(2-(5-(o-tolyl) hexahydropyrrolo[3,£&]pyrrol-2(1H)-yl)ethyl)dihydrofurar2(3H)-
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one excepts-(hexahydropyrrolo[3,4€]pyrrol-2(1H)-yl)-1H-indole hydrochloridewas substituted
for 2-(o-tolyl)octahydropyrrolo[3,4&]pyrrole and a second purification viacolumn
chromatographgn a C18 column was need€dCN/H-0, 0% ~ 100%, w/ 0.1% NIDH). Percent
yield: 20%.H NMR (400 MHz, CDC{) 807 (b, 1H), 7.28 (t, J= 4.2 Hz, 1H), 7.15 (t, J= 2.7 Hz,
1H), 6.93 (d, J= 2.0 Hz, 1H), 6.79 (dd, J= 2.3, 8.8 Hz, 1H), 6.43 (m, 1H), 4.48 (m, 1+§.3739
(m, 2H), 3.253.13 (m, 2H), 3.04.85 (m, 4H), 2.61 (t, J= 7.0 Hz, 2H), 2.42 (m, 2H), 2.12 Jdd,
6.7, 13.0 Hz, 1H), 2.00.85 (m, 1H), 1.871.73 (m, 2H), 1.62 (g, J= 7.5 Hz, 4H), 0.91 (dt, J= 5.3,

12.7 Hz, 6H)MS (LC/MS, M+H'): m/z 396.2

Preparation of5-(2-(5-(2-(benzyloxy)phenyl)hexahydropyrrolo[3@pyrrol-2(1H)-yl)ethyl)-
3,3-diethyldihydrofurar2(3H)-one The title compound was prepared according to the procedure
for 3,3diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,£&]pyrrol-2(1H)}yl)ethyl)dihydrofuran
2(3H)}one except 2-(2-(benzyloxy)phenyl)octahydropyrrd®,4-clpyrrole hydrochloride was
substituted fo@-(o-tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 78%H NMR (400 MHz,
CDCl) 7.467.29 (m, 5H), 7.086.86 (m, 3H), 6.81 (dd, J= 1.4, 7.7 Hz, 1H), 5.03 (s, 2H), 4.43
(m, 1H), 3.61 (b, 2H), 3.36 (@= 10.6 Hz, 2H), 3.12.97 (m, 3H), 2.91 (td, J= 5.3, 12.2 Hz, 1H),
2.862.73 (m, 2H), 2.58.37 (m, 2H), 2.30 (m, 1H), 2.17 (dd, J= 6.7, 13.1 Hz, 1H),-1.93 (m,

2H), 1.61 (q, J= 7.4 Hz, 4H), 0.91 (dt, J= 7.0, 13.9 Hz, 649;(LC/MS, M+H"): m/z 463.2

OBn
o)
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Preparation of5-(2-(5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3¢pyrrol-2(1H)-yl)ethyl)-
3,3-diethyldihydrofurar2(3H)-one The title compound was prepared according to the procedure
for 3,3-diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4c]pyrrol-2(1H)}yl)ethyl)dihydrofuran
2(3H)}ong except 2(3-(benzyloxy)phenyl)octahydropyrrolo[3¢]pyrrole hydrochloride was
substituted foB-(o-tolyl)octahydropyrrolo[3,4]pyrrole. Percent yield: 38%H NMR (400 MHz,
CDCl;) 7.397.33 (m, 2H), 7.3%.26 (m, 2H), 7.2&.20 (m, 1H), 7.05 (m, 1H), 6.29 (dd, J=1.7,
8.1 Hz, 1H), 6.245.18 (m, 2H), 4.96 (s, 2H), 4.37 (m, 1H), 3.28 (m, 2H), 3.08 (dt, J= 2.9, 9.3 Hz,
2H), 2.932.81 (m, 2H), 2.82.69 (m, 2H), 2.50 (t, J= 7.2 Hz, 2H), 2.381(J 3.9, 8.9 Hz, 2H),
2.02 (dd, J= 6.7, 13.0 Hz, 1H), 1-863 (m, 3H), 1.52 (qd, J= 1.2, 7.4 Hz, 4H), 0.82 (dt, J= 7.4,

14.9 Hz, 6H)MS (LC/MS, M+H"): m/z 463.2

Ox_0 N@NOO%

Preparation of §2-(5-(4-(benzyloxy)phenyl)hexahydropyio[3,4-c]pyrrol-2(1H)-yl)ethyl)-
3,3diethyldihydrofurar2(3H)}-one The title compound was prepared according to the procedure
for 3,3diethyt5-(2-(5-(o-tolyl)hexahydropyrrolo[3,£&]pyrrol-2(1H)}yl)ethyl)dihydrofuran
2(3H)}one except 2(4-(benzyloxy)phayl)octahydropyrrolo[3,&£]pyrrole hydrochloride was
substituted foR-(o-tolyl)octahydropyrrolo[3,4]pyrrole Percent yield: 50%H NMR (400 MHz,
CDCL) 7877.31 (m, 2H), 7.377.25 (m, 2H), 7.24.18 (m, 1H), 6.81 (d, J= 9.0 Hz, 2H), 6.55
(d, J= 9.0 Hz, 2H), 4.92 (s, 2H), 4.37 (m, 1H), 3.19 (m, 2H), 3.01 (dt, J= 3.1, 9.3 Hz, 2H), 2.89
2.80 (m, 2H), 2.82.70 (m, 2H), 2.48 (t, J= 6.9 Hz, 2H), 2.29 (d&.9, 8.6 Hz, 2H), 2.02 (dd, J=
6.7, 13.1 Hz, 1H), 1.81.62 (m, 3H), 1.52 (q, J= 7.3 Hz, 4H), 0.82 (dt, J= 7.5, 14.5 Hz,@B);

(LC/IMS, M+H"): m/z 463.2
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Preparation of 3;8liethyl5-(2-(5-(2-hydroxyphenyl)hexahydropywito[3,4-c]pyrrol-2(1H)-
yl)ethyl)dihydrofuran2(3H)}-one To a dry RBF, 0.013 g of 10% Pd/C (20% wt) was added and
wet with a small amount of ethyl acetate. Following, a solution 55§2-(5-(2-
(benzyloxy)phenyl)hexahydropyrrolo[3@pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)one(0.065 g, 0.140 mmol, 1 eq.) in MeOH (1.5 mL) was added slowly to the Pd/C containing
RBF. This system was then flushed 3x with Hsing a balloon filled with H The reaction was
allowed to stir under 1 atmjHor overnidht at room temperature. The Pd/C was removed via
filtration through a plug of Celite. The filtrate wasncentrated in vacuo give a crudeesidue
that was first purified by column chromatography (methanol/dichloromethane, 0% ~ 10%)
Percent yield: 85%4H NMR (400 MHz, CDCJ) 743 (dd, J=1.3, 7.8 Hz, 1H), 7.05 (td, J= 1.3,
7.7 Hz, 1H), 6.93 (dd, J= 1.3, 8.1 Hz, 1H), 6.85 (td, J= 1.4, 7.7 Hz, 1H), 4.52 (m, 1H}.G012
(m, 2H), 2.982.74 (m, 6H), 2.65 (t, J= 7.3 Hz, 2H), 2:8816 (m, 2H), 2.16 (ddl= 6.7, 13.1 Hz,
1H), 2.061.76 (m, 3H), 1.64 (g, J= 7.5 Hz, 4H), 0.95 (dt, J= 7.4, 22.8 Hz, BIS){LC/MS,

M+H*): m/z 373.2

Preparation of 3,3-diethyl-5-(2-(5-(3-hydroxyphenyl)hexahydropyrrolo[3€]pyrrol-2(1H)

yl)ethyl)dihydrofuran2(3H)-one The title compound was prepared according to the procedure for

246



3,3diethyt5-(2-(5-(2-hydroxyphenyl)hexahydropyrrolo[3-@]pyrrol-2(1H)
yhethyl)dihydrofuran2(3H)}one except 5-(2-(5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3,4
c]pyrrol-2(1H)-ylethyl)-3,3-diethyldihydrofurar2(3H)one was substituted for5-(2-(5-(2-
(benzyloxy)phenyl)hexahydropyrrolo[3@}pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)one Percent yield: 64%H NMR (400 MHz, CDC) 685 (t, J= 8.1 Hz, 1H),.60 (td, J=
1.8, 7.6 Hz, 2H), 5.91 (t, J= 2.3 Hz, 1H), 4.24 (m, 1H), 3T% (m, 2H), 2.97 (d, J= 9.2 Hz, 2H),
2.832.64 (m, 4H), 2.44 (t, J= 7.3 Hz, 2H), 2.25 (m, 2H), 1.91 (dd, J= 6.7, 13.1 Hz, 1H),.5%7

(m, 3H), 1.40 (g, J= 7.4 Hz, 4H), 0.70 (@ 7.4, 15.6 Hz, 6HMS (LC/MS, M+H"): m/z 373.2
TFA

Preparation of 3,3-diethyl-5-(2-(5-(4-hydroxyphenyl)hexahydropyrrolo[3&pyrrol-2(1H)
yhethyl)dihydrofuran2(3H)-one trifluoroacetateThe title compound was prepareccarding to
the procedure for3,3-diethyt5-(2-(5-(2-hydroxyphenyl)hexahydropyrrolo[3&pyrrol-2(1H)
yhethyl)dihydrofuran2(3H)}one except 5(2-(5-(4-(benzyloxy)phenyl)hexahydropyrrolo[3,4
c]pyrrol-2(1H)yl)ethyl)-3,3-diethyldihydrofurar2(3H)one was substituted for 5-(2-(5-(2-
(benzyloxy)phenyl)hexahydropyrrolo[3@}pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran
2(3H)oneand the reaction time was extended to 3 days. A second purification was nesdmia
chromatography on a C18 column. (ACN® (6 ~ 100%, w/ 0.1% TFA Percent yield: 54%.
H NMR (400 MHz, MeOD 6{86.67 (m, 4H), 4.54 (m, 1H), 3.69 (b, 2H), 3.45 (dd, J=7.2, 9.6
Hz, 2H), 3.403.09 (m, 6H), 2.98 (m, 2H), 2.28 (dd, J= 6.7, 13.2 Hz, 1H),-2.9@ (m, 2H), 1.91
(dd, J= 9.4, 13.2 HAH), 1.741.52 (m, 4H), 0.94 (dt, J= 5.0, 14.9 Hz, 6MIS (LC/MS, M+H"):

m/z 373.2
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Preparation of3,3-diethyl-5-(2-(5-(2-isopropylphenyl)hexahydropyrrolo[3@pyrrol-2(1H)-
yhethyl)dihydrofuran2(3H)}one A mixture of 5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)-
one (59.2 mg, 0.238 mmol, 1 eq.), ACN (2 mL3;(2-isopropylphenyl)octahydropyrrolo[3.,4
c]pyrrole (60 mg, 0.262 mmol, 1.2 eq.) and@®0O; (165 mg, 1.19 mmol, 5 eq.) was refluxed and
stirred for 3 days. The reléimg mixture was then filtered armbncentrated in vacuo to give a crude
residue that was first purified lwplumn chromatogphy (methanol/dichloromethane, 0% ~ 10%).
Percent yield: 20%H NMR (400 MHz, CDCY) 708 (dd, J= 1.5, 7.4 Hz, 1H), 7-8000 (m,
3H), 4.43 (m, 1H), 3.38 (sept, J= 6.9 Hz, 1H), 2084 (m, 4H), 2.82.66 (M, 4H), 2.52 (t, J= 6.8
Hz, 2H), 2.19 (m, 2H), 2.06 (dd, J= 6.8, 13.1 Hz, 1H), L &F (m, 3H), 1.63.44 (m, 4H), 1.15

(d, J= 6.9 Hz, 6H), 0.86 (dt, J= 7.3, 19.3 Hz, M} (LC/MS, M+H): m/z 399.2

o O

Preparation of 3,3-diethyt5-(2-(5-phenylhexahydropyrrolo[3;4]pyrrol-2(1H)-
yhethyl)dihydrofuran2(3H)-one The title compound wasrepared according to the procedure for
3,3-diethyt5-(2-(5-(2-isopropylphenyl)hexahydropyrrolo[3@pyrrol-2(1H)
yhethyl)dihydrofuran2(3H)-oneexcept,2-phenyloctahydropyrrolo[3;4]pyrrole dihydrochloride
was substituted fo2-(2-isopropylphenyl)octahydropyrrolo[3@pyrrole. Percent yield: 98%¢H
NMR (400 MHz CDCkL) 7.4 (m, 2H), 6.64 (t, J= 7.1 Hz, 1H), 6.57 (d, J= 8.1 Hz, 2H), 4.37 (m,

1H), 3.29( t, J= 8.0 Hz, 2H), 3.08 (dt, J= 2.9, 9.3 Hz, 2H), 2.85 (b, 2H), 2.72 (m, 2H), 2.47 (t, J=
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6.8 Hz, 2H), 2.32 (dd, J= 3.9, 8.9 Hz, 2H), 2.02 (dd, J= 6.7, 12.9 Hz, B8)1 B1 (m, 3H), 1.51

(g, J= 7.5 Hz, 4H), 0.81 (dt, J= 7.5, 14.0 Hz, W% (LC/MS, M+H'): m/z 357.2

OO

Preparation 0f3,3-diethyl5-(2-(6-phenyl2,6-diazaspiro[3.3]heptal-yl)ethyl)dihydrofuran
2(3H)}one The title compoud wasprepared according to the procedure 33-diethyt5-(2-(5-
(2-isopropylphenyl)hexahydropyrrolo[3@pyrrol-2(1H)-yl)ethyl)dihydrofuran2(3H)-one
except, 2-phenyl2,6-diazaspiro[3.3]heptanetrifluoroacetate was substituted fo2-(2-
isopropylphenyl)otahydropyrrolo[3,4]pyrrole. Percent yield: 10%tH NMR (400 MHz, CDCJ)

7.13 (m, 2H), 6.67 (t, J= 7.4 Hz, 1H), 6.37 (d, J= 8.2 Hz, 2H), 4.36 (m, 1H), 3.85 (s, 4H), 3.29 (s,
4H), 2.48 (t, J= 7.1 Hz, 2H), 2.04 (dd, J= 6.7, 13.0 Hz, 1H), 1.71 (dd4J2®1 Hz, 1H), 1.67

1.43 (m, 6H), 1.83.61 (m, 6H), 0.85 (dt, J= 7.5, 21.9 Hz, 6M)S (LC/MS, M+H'): 343.2

0] o N

o

Preparation oB,3-diethyl5-(2-(4-phenytl,4-diazeparl-yl)ethyl)dihydrofuran2(3H)-one In
a microwave vial pepared a solution & (2-bromoethyl}3,3-diethyldinydrofurar2(3H)-one (55
mg, 0.2 mmol, 11 eq.) andl-pheny}l,4-diazepang35.1mg, 0.2 mmol, 1 eq.) in acetonitrile (3
mL). Added K.COs; (125 mg, 0.9 mmol, 4.5 eq.) and microwaved mixatr&2®C for 1hour. The
resulting mixture was then filtered and the filter cake washed with acetonitrile. The filtrate was
concentrated under reduced pressure and the crude product was purified by flash chromatography
(silica; MeOH:dichloromethane, 0% ~ 10%). Percentdy 68%. 'H NMR (400 MHz, CDCJ)

7.22 (m, 2H), 6.7%.64 (m, 3H), 4.45 (m, 1H), 3.56 (t, J= 4.8 Hz, 2H), 3.50 (t, J= 6.2 Hz, 2H), 2.80
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(t, J= 4.9 Hz, 2H), 2.72.56 (m, 4H), 2.09 (dd, J= 6.8, 13.1 Hz, 1H), 1.97 (b, 2H),-1.90 (m,

3H), 1.62 (g, J= 7.5 Hz, 4H), 0.93 (dt, J= 7.6 3118z, 6H);MS (LC/MS, M+H"): 345.2

OO Nr\
\\/N\©\
Preparation of3,3-diethyt5-(2-(4-(p-tolyl)-1,4-diazeparl-yl)ethyl)dihydrofuran2(3H)-one
The title compound wagrepared according to the procedure 3@-diethyl5-(2-(4-phenytl,4-
diazeparl-yl)ethyl)dihydrofuranr2(3H)}-one exceptl-(p-tolyl)-1,4-diazepanavas substituted for
1-phenytl,4-diazepanePercent yield: 51%H NMR (400 MHz, CDCJ) 6189 (d, J= 8.4 Hz,
2H), 6.48 (d, J= 8.2 Hz, 2H), 4.30 (m, 1H), 3.39 (t, J= 4.7 Hz, 2H), 3.33 (t, J= 6.0 Hz, 2H), 2.64 (t,

J= 4.6 Hz, 2H), 2.58.41 (m, 4H), 2.11 (s, 3H), 1.94 (dd, J= 6.7, 13.0 Hz, 1H), 1.80 (b, 2H), 1.75

1.55 (m, 3H), 1.48 (g, J= 71z, 4H), 0.79 (dt, J= 7.4, 18.0 Hz, 6HJS (LC/MS, M+H): 359.2

O 0 NN_N
/F}J\/\/

Preparation of3,3-diethyl-5-(2-(4-(pyridin-4-yl)piperazirl1-yl)ethyl)dihydrofurar2(3H)-one
The title compound wagrepared according to the procedure 3@-diethyt5-(2-(4-phenytl,4-
diazeparl-yl)ethyldihydrofurar2(3H}one  except  2-(pyridin-4-yl)octahydropyrrolo[3,4
c]pyrrole dihydrochloride was substituted fdrphenytl,4-diazepane Percent yield: 38%'H
NMR (400 MHz,CDCf) & 8.13 (dd, J= 1.4, 3.5 Hz, 2H),
1H), 3.45 (dd, J= 8.3, 9.2 Hz, 2H), 3.12 (dt, J= 3.4, 9.9 Hz, 2H), 2.90 (m, 2H), 2.62 (m, 2H), 2.50
(t, J= 7.4 Hz, 2H), 2.46 (m, 2H), 2.02 (dd, J= 6.8, 13.0 Hz, 1H);1L.&6(m, #), 1.52 (¢, IJ= 7.5

Hz, 4H), 0.82 (dt, J= 5.7, 13.2 Hz, 6HJIS (LC/MS, M+H"): m/z 358.2
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12.5 Preparation of Final Compoundsthat Increasethe Polarity of the Lactone
Appendage

-~

Preparation ofethyl l-benzylpiperidined-carboxylate To a solution ofethyl piperidined-

carboxylatg5.0 g, 31.8 mmol, 1.0 eq) and ethanol (15.0 mL), benzyl bromide (7.07 g, mmol, 1.3

eq) was added dropwise at@. Following, triethylamine (1.06 g, 10.5 mmol, 1.5 eq) was added

in one portionwhile at 0°C. The resulting mixture was allowed to warm to RT and stir overnight.

The reaction was concentrated in vacuo to remove the presence of ethanol. The resulting residue

was suspended in a mixture of ethyl acetate: D.I. water (20 mL:20Thke)aganic layer was

separated and the aquetayger was extracted with ethyl acetate (2 x1ilQ. The combined extract

wwasdried overNaSQy, then filtered through a plug of silica gel and washed with ethyl acetate.

The filtrated was concentratéa vacuo togive productthat was used in the next step without
further purification Percent yield: 83%H NMR (400 MHz, CDCJ) U -720 (#h,5H), 4.14 (q,
J = 7.2 Hz, 2H), 3.51 (s, 2H), 2.8, J = 3.5, 11.8 Hz, 2H), 2.29 (m, 1H), 2.04, @d 2.5, 11.4

Hz, 2H), 1.951.85 (m, 2H), 1.88..70 (m, 2H), 1.26 (t, J= 7.1 Hz, 3H).

Preparation omethyl 4allyltetrahydre2H-pyran4-carboxylate This reaction was performed
in ovendried glassware under a nitrogen atmosphere. To a@okitiithium diisopropylammide
(1M, 1.20 equiv) in dry tetrahydrofuraid.16 mL) methyl tetrahydre?H-pyran4-carboxylatg0.5
g, 3.47mmol, 1.0 equiv)in 5 mL dry THF was added dropwise during 0.5 hours7&°C. The

mixture was allowed to stat this temperature for 1 Hollowed by theaddition of allyl bromide
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(0.457 g, 3.78 mmol, 1.1 eq) dropwigene reaction mixture wasdlowed to warm to RT over a 1

hr period. The reaction wagienched with 10% HCI (while cooling in ice bath) until acidic H

2). The organic layer was separated and the aquagerswas extracted with ethyl acetate (3 x 10
mL). The extract wadried overNaSQy and therconcentrated in vacuo to give prodtitat was
used in the next step without further purification. Pergezit: 99%.'H NMR (400 MHz, CDC))

0 55.52 8n, 1H), 5.03..91 (m, 2H), 3.75 (dt, J= 3.7, 11.8 Hz, 2H), 3.63 (s, 3H), 3.37 (td, J=

2.1, 11.6 Hz, 2H), 2.21 (d= 7.4 Hz, Bl), 2.031.95 (m, 2H), 1.53.40 (m, 2H).

)
BHNQ{)/\
AN

Prepaation ofethyl 4allyl-1-benzylpiperidined-carboxylate This reaction was performed in
ovendried glassware under a nitrogen atmosphere. To a solutietinyf 1-benzylpiperidined-
carboxylate(6.24 g, 26.7 mmol, 1.0 eq) and dry THF (50 niLthium diisopropylammide (1M,
1.10 equiv) in dry tetrahydrofuraf29.3 mL)was added dropwise during 0.5 hours7&°C. The
mixture was allowed to stat this temperature for 1 fallowed by theaddition of allyl iodine (6.73
g, 3.78 mmol, 1.5 eq) dropwis€he eaction mixture waallowed to warm to RT and stir for 2 hr.
The reaction was quenched with sat. aqg.GlHintil neutral pH (while cooling in ice bathhe
organic layer was separated and the aquines was extracted with ethyl acetate (2 xn&l0).
The combined extract walsied oveMNaSQy, then filtered through a plug of silica gel and washed
with ethyl acetate. The filtrated was concentrémeghcuo to give produthat was used in the next
step without further purificatiarPercent yield: 93%H NMR (400 MHz, CDC}) U -720 (8,7
5H), 5.785.62 (m, 1H), 5.181.97 (m, 2H), 4.17 (q, J= 7.1 Hz, 2H), 3.47 (s, 2H), 2} (M

2H), 2.28 (d, J= 7.4 Hz, 2H), 2.1B03 (m, 4H), 1.641.46 (m, 2H), 1.26 (t, J= 7.1 Hz, 3H).
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Preparation 08-(2-hydroxyethyl}2,8-dioxaspiro[4.5]decatl-one A mixture of glacial acetic
acid (10.9 g, 18énmol, 536 eq), paraformaldehyde (0.309 g, 10.3 mmol, 3)@ed HSQ: (0.191
g, 1.95mmol, 0.57eq) was stirred for 30min at AT beforemethyl 4allyltetrahydre2H-pyran4-
carboxylate(0.632 g, 3.43nmol, 1.0 equiv) was added dropwise during 10 min. The reaction
mixture was then maintained at 70~8Dand allowed to stir overnight. Acetic acid was removed
under reduced pressure and thectiea was quenched with 10% NaHg€blution. The mixture
was then exticted with ethyl acetate (3 x frfl.) and the combined organic phase was concentrated

in vacuo to give a crude oil. The crude oil was used for next step without further purification.

A mixture of the crude 0il {15 mg) and 30% NaOH (2.86 §laOH, 4x crude oi) aqueous
solution was refluxed for 2 hours. The mixture was cooled in an ice bath and excessS30% H
was added until acidic (pH < 2). The resulting mixture was extracted withastbtate (3 x 25
mL), the combined organic phase was washed with 10% NaHBOmL), brine (50mL), dried
over NaSQx and concentrated in vacuo to give a crude product whichused in the next step
without further purificationPercent yield: 479%H NMR (400 MHz,CDGX) U 4. 57 ( m,
(dt, J= 4.5, 11.8 Hz, 1H), 3.79 (dt, J= 4.5, 12.0 Hz, 1H), 3.66 (t, J= 6.0 Hz, 2HR.3%64m, 1H),
3.433.34 (m 1H), 3.13 (b, 1H), 2.41 (dd, J= 6.1, 13.2 Hz, 1H), 21081 (m, 1H), 1.84..64 (m,

4H), 1.541.44 (m, 1H), 1.42.33 (m, 1H).

BnN

OH
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Preparation oB-benzyl3-(2-hydroxyethyl}2-oxa-8-azaspiro[4.5]decati-one A mixture of
glacial acetic acid (78.1 g, 11fiol, 536 eq), paraformaldehyde (2.21 g, 73.5 mmol, 3.)Daeql
H.SOQr (3.63 g, 37 mmol,1.5 eq was stirred for 30min at 70°C before ethyl 4allyl-1-
benzylpiperidined-carboxylatg7.03 g, 24.5nmol, 1.0 equiv) was added dropwise during 10 min.
The reaction mixture was then maintained at 70*38@nd allowed to stir overnight. Acetic acid
was removed under reduced pressure and the reaction was quenched with 10% StaAtt©0.
The mixture was then exicted with ethyl acetate (3 x 40L) and the combined organic phase
was concentrated in vacuo to give a crude oil. The crude oil was useekf@tep without further

purification.

A mixture of the crude 0il.07 mg) and 30% NaOH (28\aO0H,4x crude oi) aqueous solution
was refluxed for 2 hours. The mixture was cooled in an ice bath and excessS0pAvHS added
until acidic (pH < 2). Te resulting mixture wathe neutralized (pH=-8) with sat. agNaHCQ
solutionand thenextracted with ethyl acetate (3 x 161Q0.), the combined organic phase was dried
over Na&SQx and concentrated in vacuo to give a crude product whichused in the ext step
without further purificationPercent yield: 56%4H NMR (400 MHz, CDC)) U -722 (&,%H),
4.65 (m, 1H), 3.83 (t, J= 5.6 Hz, 2H), 3.54 (s, 2H), 2984 (m, 1H), 2.82.73 (m 1H), 2.42 (dd,
J=6.1, 13.0 Hz, 1H), 2.32.07 (m, 4H), 2.0€..84 (m, 3H), 1.78.59 (m, 2H), 1.58.48 (m, 1H).

0]

BnN
OTBS
Preparation oB-benzyt3-(2-((tert-butyldimethylsilyl)oxy)ethyl}2-oxa8-azaspiro[4.5]decan
1-one To a solution 0f8-benzy}t3-(2-hydroxyethyl}2-oxa8-azaspiro[4.5]decaf-one (10.0 g,

34.6 mmol, 1.0 eq.), imidazole (2.47 g, 36.3 mmol, 1.05 eq.) antbchamethane (70 mL), was
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added a solution ofert-Butyldimethylsilyl chloride (1M, 5.47 g, 36.3 mmol, 1.05 eq.) in
dichloromethane (36.3 mL). The reaction was allowed to stir at RT for 2 hr, before being quenched
with D.I. water (50 mL)The organic layewas separated and the aqudaysr was extracted with
dichloromethane (2 x 50nL). The combined organic phase was dried oMzSO, and
concentrated in vacuo to give a crude product which was further purified by column
chromatogaphy (Ethyl acetate/Hexase0% ~ 20%)Percent yield: 72%tH NMR (400 MHz,

CDClL)  { -721 (8,5H), 4.52 (m, 1H), 3.7865 (m, 2H), 3.46 (s, 2H), 2.8776 (m, 1H), 2.72

(dt, J= 4.5, 11.8 Hz, 1H), 2.31 (dd, J= 6.2, 12.9 Hz, 1H),-2.28 (m, 1H), 2.08.97 (m, 2H),
1.923-:1.70 (m, 3H), 1.62 (dd, J= 9.8, 12.8 Hz, 1H), 31580 (m,1H), 1.491.38 (m, 1H), 0.83 (s,

9H), 0.00 (s, 6H).

BocN
OTBS

Preparation of tertbutyl 3-(2-((tertbutyldimethylsilyl)oxy)ethyl}1-oxo-2-oxa8-
azaspiro[4.5]decan@-carboxylate A mixture of 8-benzyt3-(2-((tert
butyldimethylsilyloxy)ethyl)}2-oxa-8-azaspiro[4.5]decat-one (4.77 g, 11.8 mmol, 1 eq.), Pd/C
(954 mg, 20% wt) and MeOH (79 mL) was stirred at RT under 1 atmdfilléd balloon)
overnight. The mixture was filtered through a plug of Celite, washed with MeOH (50 mL) and
concentratedn vacuo to give a crude oil. The crude oil (3.78 g) was dissolved in dichloromethane
(79 mL) and cooled t0 °C before the addition ddi-tert-butyl dicarbonaté2.83 g, 13.0 mmol, 1.1
eg.) and trimethylamine (1.8 g, 17.7 mmol, 1.5 eq.). Elaetion was allowed to warm to RT and
stir for 45 min. At this point the reaction was diluted with saf. NaHCQ solutionand then
extractedwith ethyl acetate (3 x 5@L), the combined organic phase was dried NeSQ: and

concentrated in vacuo to gvwa crude produaihich wasusedin the next step without further
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purification Percent yield: 93%H NMR (400 MHz,CDC)) 4 4. 57 ( m, 1H), 3.

(b, 1H), 3.733.66 (M, 2H), 3.1B.05 (m, 1H), 3.042.93 (m 1H), 2.31 (dd, J= 6.2, 13.0 Hz, 1H),
1.961.81 (m, 2H), 1.841.64 (m, 3H), 1.59..48 (m, 1H), 1.48.32 (m, 10H), 0.83 (s, 9H), 0.00

(s, 6H).

BocN
OH

Preparation dfert-butyl 3-(2-hydroxyethyl}1-oxo-2-oxa8-azaspiro[4.5]decanr@carboxylate
To a solution of tertbutyl 3(2-((tertbutyldimethylsilyl)oxy)ethyl}1-oxo-2-oxa8-
azaspiro[4.5]decan@-carboxylate(4.88 g, 11.8 mmol, 1 eq.) and THF (70 mL) was adeé&s:
n-butylammonium fluorid€3.24 g, 12.4 mmol, 1.05 eq.); using THF (10 mL) to complete transfer.
The esulting solution was allowed to stir at RT for 30 min before beamgentrated in vacuo to
give a crude produathich was further purified by column chromataghy (MeOH/DCM, 0% ~
10%).Percent yield: 919%H NMR (400 MHz, CDCJ) U 4. 67 ( ml=5.0,#36,Hz,3. 95
1H), 3.873.73 (m, 3H), 3.238.10 (m, 1H), 3.02.98 (m, 1H), 2.39 (dd, J= 6.0, 13.0 Hz, 1H), .99
1.84 (m, 4H), 1.83..68 (m, 2H), 1.6&.53 (m, 1H), 1.54.36 (m, 10H).

)

Br
Preparation of 3-(2-bromoethyl}2,8-dioxaspiro[4.5]decati-one A solution of 3-(2-
hydroxyethyl}2,8-dioxaspiro[4.5]decaii-one(0.320 g, 1.60 mmol, 1 eq.) and THF (15 mL) was
cooled to0 °C before triphenylphosphine (0.630 g. 2.4 mmol, 1.5 eq.) and carbon tetrabromide
(0.795 g, 2.4 mmol1.5 eq.) weresequentiallyadded to the solution. The reaction solution was

allowed to warm to RT and stir overnight. The resulting mixture was then filterezbandntrated
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in vacuo to give a crudmixture. This mixture was suspended in diethyl etBérriL) and filtered
2x using diethyl ether to wash the filter cakes. The final filtrate was loaded onto iGelgeuo
andfurther purified by column chromataaphy (ethyl acetate/hexanes, 0% ~ 40@€xcent yield:
70%.'H NMR (400 MHz, CDCJ) U 4 1Hj, 2.04((dn J= 4.6, 11.8 Hz, 1H), 3.91 (dt, J= 4.6,
12.1 Hz, 1H), 3.60 (m, 1H), 3.8645 (m, 3H), 2.50 (dd, J= 6.1, 12.9 Hz, 1H), 22302 (m, 3H),
1.91 (m, 1H), 1.76 (dd, J= 9.8, 13.0 Hz, 1H), 31685 (m, 1H), 1.52.44 (m, 1H).

o]

BocN
Br

Preparation oftert-butyl 3-(2-bromoethyl}1-oxo-2-oxa8-azaspiro[4.5]decan@carboxylate
The title compound was prepared according to the procedure3-{@bromoethyl}2,8
dioxaspiro[4.5]decaii-one except tert-butyl 3(2-hydroxyethyl}1-oxo-2-oxa-8-
azaspiro[4.5]decan@-carboxylate  was substituted for  3-(2-hydroxyethyl}2,8
dioxaspiro[4.5]decaii-one Percent yield: 67%H NMR (400 MHz,CDCJ) U 4. 68 ( m,
(dt, J= 5.0, 13.5 Hz, 1H), 3.83 (dt, J= 5.0, 13.7 Hz, 1H), 3.54 (dd, J= 5.3, 7.5 Hz, 2H3,B127
(m, 1H), 3.133.01 (m, 1H), 2.42 (dd, J= 6.0, 13.0 Hz, 1H), 22320 (m, 1H), 2.2¢2.09 (m, 1H),
2.02-1.90 (m, 1H), 1.84..78 (m, 1H, 1.74 (dd, J= 9.8, 12.8 Hz, 1H), 1:666 (m, 1H), 1.54..36

(m, 10H).
HCOOH

BnN
Br
Preparation of 8-benzyt3-(2-bromoethylj2-oxa-8-azaspiro[4.5]decafi-one formate A
solution of3-(2-hydroxyethyl}2,8-dioxaspiro[4.5]decati-one(2.07 g, 7.16 mmol, 1 eq.) and THF

(70 mL) was cooled t0 °C before triphenylphosphine (2.83 g. 10.8 mmol, 1.5 eq.) and carbon
257
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tetrabromide (3.58 g, 10.8 mmol, 1.5 eq.) weegquentiallyadded to the solution. The reaction
solution was allowed to warm toTRand stir overnight. The resulting mixture was then filtered and
concentrated in vacuo to give a crudeture. This mixture was suspended in diethyl ether (50
mL) and filtered 2x using diethyl ether to wash the filter cakes. The final filtrate was loatted
Celitein vacuoandfurther purified by column chromatagwhy on a C18 column. (ACN#B, 0%

~ 100%, w/ 0.1% formic acid). Percent yield: 19%4. NMR (400 MHz, Me OD)
7.47 (b, 3H), 4.75 (m, 1H), 4.27 (s, 2H), 3:B47 (m, 3H), 3.34 (m, 1H), 3.19 (b, 1H), 3.08 (b,
1H), 2.52 (m, 1H), 2.38.15 (m, 3H), 2.18.97 (m, 2H), 1.961..81 (m, 2H).

o

Preparatia of 3-(2-(4-phenylpiperaziri-yl)ethyl)-2,8-dioxaspiro[4.5]decail-one A solution
of 3-(2-bromoethyl)2,8-dioxaspiro[4.5]decati-one (0.050 g, 0.190 mmol, 1 eq.) , THF (4 mL)
andl-phenylpiperazing€0.065 g, 0.399 mmol, 2.1 eq.) was heated and stirréd°a for 3 days.
The resulting mixture was then filtered asmhcentrated in vacuo to give a crudsidue that was
further purified by column chromatagwhy (methanol/dichloromethane, 0% ~ 10%). Percent yield:
85%.'"HNMR (400MHz,CDC)) 4 7.27 (m, 2H), 6.93 (d, J=
4.58 (m, 1H), 4.06 (dt, J= 4.6, 11.9 Hz, 1H), 3.93 (dt, J= 4.6, 12.0 Hz, 1H), 3.61 (m, 1H), 3.51 (m,
1H), 3.21 (t, J= 5.0 Hz, 4H), 2.7052 (m, 6H), 2.47 (dd, J= 6.0, 12.8 Hz, 1H), 2/h] {H), 2.01
1.83 (m, 3H), 1.79 (dd, J= 9.7, 13.1 Hz, 1H), 11654 (m, 1H), 1.54..45 (m, 1H)MS (LC/MS,

M+H"*): 344.8
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Preparation of8-benzyt3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decaf-
one A sdution of 8-benzyt3-(2-bromoethyl}2-oxa8-azaspiro[4.5]decafi-one format€0.545 g,
1.37 mmol, 1 eq.) , THF (13.7 mL}-(p-tolyl)piperazine(0.507 g, 2.88 mmol, 2.1 eq.) and
triethylamine (0.107 g, 1.5 mmol, 1.1 eq.) was heated and stirre®@tféd 3 days. The resulting
mixture was then filtered armbncentrated in vacuo to give a crudsidue that wassirther purified
by column chromatogiphy (methanol/dichloromethane, 0% ~ 10%). Percent yield: #%MR
(400 MHz, CDCY) U -723 (8,%H), 710 (d, J= 8.3 Hz, 2H), 6.87 (d, J= 8.6 Hz, 2H), 4.53 (m,
1H), 3.54 (s, 2H), 3.17 (t, J= 5.0 Hz, 4H), 2885 (m, 1H), 2.82.75 (m, 1H), 2.7€.49 (m, 6H),
2.40 (dd, J= 6.2, 12.8 Hz, 1H), 2.30 (s, 3H), 2205 (m, 3H), 2.04L.79 (m, 3H), 1.74..58 (m,
2H), 1.581.46 (m, 1H)MS (LC/MS, M+H"): 447.8

0]

HN ,\\li/\\

Preparation of 3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-azaspiro[4.5]decah-one A
mixture of 8-benzyt3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-azaspiro[4.5]decal-one (445
mg, 0.993 mmol, 1 eq.), Pd/C (90 mg, 20% wt) and EtOH (6.6 mL) was stirred at RT under 1 atm
of H; (filled balloon) for 48 hrs. The mixture was filtered through a plug of Celite, washed with
MeOH (50 mL) anctoncentratedh vacuo to give a cde oil. Percent yield: 97%H NMR (400
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MHz, MeOD) U 6.95 (d, J= 8.2 Hz, 2H), 6:77 (d,
3.18 (m, 1H), 3.1B.09 (m, 1H), 3.02.96 (m, 5H), 2.6&.46 (m, 6H), 2.42 (dd, J= 6.0, 13.0 Hz,
1H), 2.14 (s, 3H), 2.22.00 (m, 1H), 2.0€L.91 (m,1H), 1.921.80 (m, 4H), 1.8@..70 (m, 1H)MS

(LCIMS, M+H"): 357.8
(@)
o (0]
>—N N/\\
—0 \\/N\©\

Preparation of methyl Loxo-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-
azaspiro[4.5]decan@-carboxylate A solution of 3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-
azaspiro[4.5]decaf-one (0.05 g, 0.14 mmol, 1 eq.), dichloromethane (2 mL) and triethylamine
(0.44 g, 0.41 mmol, 3 eq.) was cooledttC before methyl chloroformate (0.027 g. 0.28 mmol, 2
ed.) was added to the solution. The reactiontsm was allowed to warm to RT and stir for 3
hours. The reaction was diluted with dichloromethane and loaded ontoi@e&hteuoandfurther
purified by column chromatogphy on a C18 column. (ACNBD, 0% ~ 100%, w/ 0.1% formic
acid). The resulting forate acid salt was dissolved in MeOH (2 mL) and Amberlite-fRA(OH)
resin was added. This mixture was allowed to stir at RT for 30 min and then filtered and
concentrated in vacuo to afford pure free based proBectent yield: 53%¢H NMR (400 MHz,
cbC G 7.08 (d, J= 8.4 Hz, 2H), 6.85 (d, J= 8.°¢
3.72 (s, 3H), 3.38.24 (m, 1H), 3.238.10 (m, 5H), 2.72.50 (m, 6H), 2.38 (dd, J= 6.0, 12.8 Hz,

1H), 2.28 (s, 3H), 2.061.72 (m, 5H), 1.64..47 (m, 2H)MS (LC/MS, M+H"): 415.8

260



Preparation of 8-acetyt3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decaf-
one The title compound was prepared according to the proceduradtyl *oxo-3-(2-(4-(p-
tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan@carboxylate except acetic anhydride
was substituted famethyl chloroformate. Percent yield: 64%. NMR (400 MHz, CDCJ) G4 7. 08
(d, J= 8.3 Hz, 2H), 6.85 (d, J= 8.5 Hz, 2H), 4.60 (m, 1H), 4.19 (m, 0.5 H)}34884m, 1H), 3.72
(m, 0.5H), 3.483.22 (m, 2H), 3.15 (t, J= 4.8 Hz, 4H), 2:2319 (m, 6H), 2.42.32 (m, 1H), 2.27
(s, 3H), 2.10 (s, 3H), 2.05.72 (m, 5H), 1.64.49 (m, 2H);MS (LC/MS, M+H'): 399.8

)

DRSS

Preparation of N-methyt1-oxo-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-
azaspiro[4.5]decar@-carboxamideThe title compound was prepared according to the procedure
for methyl LToxo-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decand-
carboxylate except N-methytlH-imidazolel-carboxamide was substituted for methyl
chloroformate. Percent yield: 2006 NMR (400 MHz, MeOD) U 6.96 (d,
J= 8.2 Hz, 2H), 4.52 (m, 1H), 3.79 (dt, J= 4.7, 13.8 Hz, 1H), 3.68 (dt, J= 4.5, 13.8 Hz, 1H), 3.22
(m, 1H), 3.162.86 (M, 6H), 2.63 (s, 3H), 2.8836 (m, 7H), 2.15 (s, 3H), 1.9167 (m, 3H), 1.66
1.50 (m, 2H), 1.5@..38 (M, 1H)MS (LC/MS, M+H"): 414.8
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Preparation of tert-butyl 1-0x0-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-
azaspiro[4.5]decan@-carboxylate A solution of tertbutyl 3-(2-bromoethyl}1-oxo-2-oxa-8-
azaspiro[4.5]decan@-carboxylat€1.5 g, 4.11 mmol, 1.1 eq.) , THF (36 mlL)(p-tolyl)piperazine
(0.660 g, 3.74 mmol, 1 eq.) and triethylamine (0.416 g, 4.11 mmol, 1.1 eq.) was heated and stirred
at 70°C for 3 days. The resulting mixture was thédtered andconcentrated in vacuo to give a
cruderesidue that wasirther purified by column chromatagwhy (methanol/dichloromethane, 0%
~ 10%). Percent yield: 829%4H NMR (400 MHz,CDCY) 4 7. 05 (d, J= 8.3 Hz,
Hz, 2H), 4.55 (m, 1H)3.96 (m, 1H), 3.81 (m, 1H), 3.2298 (m, 6H), 2.62.45 (m, 6H), 2.36 (dd,

J= 6.2, 12.9 Hz, 1H), 2.25 (s, 3H), 2:0B6 (m, 5H), 1.57 (m, 1H), 1.8B34 (m, 10H);MS

(LCIMS, M+H"): 457.8

¢
o)
0,S—N N/\\
/ \\/
N
Preparation of 8-(methylsulfony)-3-(2-(4-(p-tolyl)piperazin1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decati-one A  solution of 3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-
azaspiro[4.5]decaf-one (0.05 g, 0.14 mmol, 1 eq.), dichloromethane (2 mL) and triethylamine
(0.44 g, 0.41 mmol, 3 egwas cooled tO °C before methanesulfonyl chloride (0.032 g. 0.28 mmol,

2 eq.) was added to the solution. The reaction solution was allowed to warm to RT and stir for 3
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hours. The reaction was diluted with dichloromethane and loaded ontoi@e&hteuoandfurther

purified byflashcolumn chromatogphy (methanol/dichloromethane, 0% ~ 10@grcent yield:

75%.H NMR (400 MHz, DMSO) U 7.01 (d, J= 8.5 Hz,
3.583.45 (m, 1H), 3.448.33 (m, 1H), 3.12.95 (m, 5H),2.88 (s, 3H), 2.8&2.78 (m, 1H), 2.62

2.31 (m, 7H), 2.19 (s, 3H), 1.9757 (m, 7H)MS (LC/MS, M+H"): 435.8

0]

0,5—N N/\\
L

Preparation of 8-(phenylsulfony3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-
azaspiro[4.5]decafi-one The tile compound was prepared according to the procedur8- for
(methylsulfonyl}3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decath-one
formate exceptbenzenesulfonyl chloridevas substituted fomethanesulfonyl chloridePercent
yield: 219%.’"H NMR (400 MHz, CDC))ii 7. 69 (m, 2H), 7.53 (m, 1H),
8.3 Hz, 2H), 6.75 (d, J= 8.5 Hz, 2H), 4.44 (m, 1H), 3.46 (m, 1H), 3.22H)0 3.10 (t J= 4.7 Hz,
4H), 2.97 (m1H), 2.87 (m, 1H), 2.78.44(m, 6H), 2.19 (s, 3H), 2.12 (dd= 6.1, 13.0 Hz, H),

2.02-1.77 (M, 4H), 1.72.53 (m, 3H) MS (LC/MS, M+H"): 498.2

0]
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MeO
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Preparation 0f8-((4-methoxyphenyl)sulfonyiB-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-
azaspiro[4.5]decafi-one The title compound was prepared accordinght® procedure foB-
(methylsulfonyl}3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decath-one
formate excep®d-methoxybenzenesulfonyl chlorideas substituted fanethanesulfonyl chloride
Percent yield: 26%4H NMR (400 MHz,CDC))t 7.62 (d, J= 9.0 Hz, 2H),
6.91 (d, J= 8.9 Hz, 2H), 6.75 (d, J= 8.6 Hz, 2H), 4.45 (m, 1H), 3.80 (s, 3H), 3.42 (m, 1H), 3.18 (m
1H), 3.04 (t J= 4.9 Hz, 4H), 2.95 (jH), 2.86 (m, 1H), 2.52.39(m, 6H), 2.19 (s, 3H), 2.11 (dd
J=6.1, 12.9 Hz, H), 2.0:1.86 (m, 2H), 1.84..50 (m, 5H) MS (LC/MS, M+H"): 528.2

O,

0,8—N Q

Preparation of 8-((4-chlorophenyl)sulfonyb3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-

Cl

azaspiro[4.5]decafi-one The title compound waprepared according to the procedure 8or
(methylsulfonyl}3-(2-(4-(p-tolyl)piperazin1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decafi-one

formate exceptd-chlorobenzenesulfonyl chlorideas substituted fomethanesulfonyl chloride

Percent yield: 23%4H NMR (400 MHz,CDCR)Gt 7 .56 (d, J= 8.6 Hz, 2H),
6.93 (d, J= 8.4 Hz, 2H), 6.69 (d, J= 8.6 Hz, 2H), 4.40 (m, 1H), 3.37 (m, 1H), 3,161(n3.02 (t

J= 4.7 Hz, 4H), 2.96 (niH), 2.87 (m, 1H), 2.52.34(m, 6H), 2.13 (s, 3H), 2.06 (dd=5.9, 12.9

Hz, 1H), 1.951.81 (m, 2H), 1.841.67 (m, 2H), 1.68..49 (m, 3H) MS (LC/MS, M+H"): 532.2
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Preparation 08-((tetrahydre2H-pyran4-yl)sulfonyl)-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-
oxa-8-azaspiro[4.5]decaf-one The title compound was prepared according to the procedure for
8-(methylsulfonyl}3-(2-(4-(p-tolyl)piperazin1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decah-one
formate excepttetrahydre2H-pyran4-sulfonyl chloride was substituted fomethanesulfonyl
chloride. Percent yield: 85%H NMR (400 MHz, CDG}) 4 7. 08 ( d, J= 8.3 Hz,
8.5 Hz, 2H), 4.60 (m, 1H), 4.08 (dd, J= 3.6, 11.5 Hz, 2H), 3.80 (m, 1H)%334&7(m 4H), 3.41
3.30 (m, 3H), 3.28.06 (m 5H), 2.69-2.47(m, 6H), 2.30 (dd, J= 6.1,2.9 Hz, 1H), 2.27 (SH),

2.031.65 (M, 9H) MS (LC/MS, M+H): 506.2

o)

0,S—N N/\\
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Preparation  of 8-(thiophen2-ylsulfonyl)-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-
azaspiro[4.5]decafi-one The title compound was prepared aciiog to the procedure fd-
(methylsulfonyl}3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decath-one
formate exceptthiophene2-sulfonyl chloride was substituted fomethanesulfonyl chloride
Percent yield98%.'H NMR (400 MHz, CDC))tt 7. 53 ( dd, J= 1.2, 5.0 Hz
Hz, 1H), 7.06 (dd, J= 3.8, 5.0 Hz, 1H), 6.99 (d, J= 8.4 Hz, 2H), 6.75 (d, J= 8.5 Hz, 2H), 4.46 (m,
1H), 3.49 (m, 1H), 3.24 (nH), 3.122.97 (m, 5H), 2.92 (m, 1H), 2.61.41 (m 6H), 2.19 (s, 3H),
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2.14 @d, J= 6.0, 13.0 Hz, 1H), 2.0488 (m 2H), 1.881.73 (M, 2H), 1.7&.57 (m, 3H) MS

(LCIMS, M+H?): 504.1

0,5—N '\\li/\\

NC

Preparation of4-((1-oxo-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-azaspiro[4.5]decaB-
yl)sulfonyl)benzonitrie: The title compound was prepared according to the procedur8- for
(methylsulfonyl}3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa-8-azaspiro[4.5]decath-one
formate except4-cyanobenzenesulfonyl chlorideas substituted fomethanesulfonyl chloride
Perent yield: 70%!H NMR (400 MHz,CDC)t 7.89 (d, J= 8.1 Hz,
7.08 (d, J= 8.2 Hz, 2H), 6.84 (d, J= 8.5 Hz, 2H), 4.57 (m, 1H), 3.53 (m, 1H), 3,2H[n8.20
3.07 (m, 5H), 2.6.48 (m, 6H) 2.28 (s, 3H), 2.21 (dd, J= 6.0, 134@, 1H), 2.081.97 (m 2H),

1.97-1.65 (M, 5H) MS (LC/MS, M+H"): 523.2

Preparation of8-((6-chloroimidazo[2,1b]thiazol5-yl)sulfonyl)-3-(2-(4-(p-tolyl)piperazinl1-
yl)ethyl)-2-oxa-8-azaspiro[4.5]decafi-one The title compund was prepared according to the
procedure for 8-(methylsulfonyl}3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-

azaspiro[4.5]decaf-one formateexcept6-chloroimidazo[2,ib]thiazole5-sulfonyl chloridewas
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substituted fomethanesulfonyl chloridePecent yield: 87%H NMR (400 MHz, CDC})ii 7. 90
(d, J= 4.5 Hz, 1H), 7.21.02 (m, 3H), 6.84 (d, J= 8.6 Hz, 2H), 4.57 (m, 1H), 3.74 (m, 1H), 3.52
(m, 1H), 3.26 (m, 1H),3.20-3.06 (m, 5H), 2.62.47 (m, 6H) 2.322.21 (m, 4H), 2.13.97 (M

2H), 1.971.82 (m 2H), 1.821.65 (m, 3H) MS (LC/MS, M+H"): 578.1

@)

Preparation of8-(((methylsulfonyl)methyl)sulfonyB-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-
oxa-8-azaspiro[4.5]decati-one The title compound was prepared according &ptocedure for
8-(methylsulfonyl}3-(2-(4-(p-tolyl)piperazin1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decafh-one
formate except(methylsulfonyl)methanesulfonyl chlorideas substituted fomethanesulfonyl
chloride Percent yield: 36%4H NMR (400 MHz, CDC}) 4t 7. 09 (d, J= 8.3 Hz,
8.6 Hz, 2H), 4.61 (m, 1H), 4.45 (s, 2H), 3.89 (m, 1H), 3.661r), 3.45 (m, 1H), 3.34 (m, 1H),

3.23 (s, 3H), 3.17 (t, J= 4.9 Hz, 4H), 22232 (m, 6H)2.37 (dd, J= 6.1, 12.9 Hz, 1H), 2.28 (s,
3H), 2.151.85 (m, 4H, 1.851.65 (m 3H); MS (LC/MS, M+H"): 514.2

O
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Preparation of2-((1-oxo-3-(2-(4-(p-tolyl)piperazinl-yl)ethyl)-2-oxa8-azaspiro[4.5]decaB-

yl)sulfonyl)acetonitrile The title compound was prepared according to the proeefiur8-

(methylsulfonyl}3-(2-(4-(p-tolyl)piperazin1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decafi-one
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formate exceptcyanomethanesulfonyl chlorideas substituted fomethanesulfonyl chloride

Percent yield 46%H NMR (400 MHz,CDC))i 7. 09 (d, J= 8.3 Hz, 2H),
4.64 (m, 1H), 4.08.91 (m, 3H), 3.69 (m, 1H), 3.58 (11H), 3.48 (M, 1H), 3.18 (t, J= 4.9 Hz, 4H),
2.732.54 (m, 6H)2.34 (dd, J= 6.1, 13.0 Hz, 1H), 2.29 (s, 3H), 21& (m, 2H), 2.02.89 (M

2H), 1.89-1.71 (m, 3H) MS (LC/MS, M+H): 461.2

12.6 Preparation of Enantiomerically Pure Final Compounds
H Br

HOOC\¢>§\//\COOH

Preparation ofR)-3-bromohexanedioic acid o a RBF was added NaBr (61.8g mol, 4 eq.)
which was then dissolved B8N H,SQ: (140 mL). Once all NaBr is dissolved;d&3partic acid (20
g, 0.15 mol, 1 eq.) was added and the resulting solution was coole@.tat00°C, NaNQ (12.4
g, 0.18 mol, 1.2 eq.) was added slowing in small portions at a time. After addition, nvietsire
allowed to stir at 8C for 10 minutes. Mixture was diluted with D.I.® (60 mL) and urea (4.62
g) was added. Mixture was diluted with diethyl ether (60 mL) and the organic layer separated. The
aqueous layer was backwashed with 2x60 mL diethyl ethar.cbmbined organics were dried
over NaSQ, filtered and concentrated under reduced pressure to afford crude product that was
used in the next step without further purification. Percent yield: 3% MR (400 MHz, MeOD

04.56 (dd, J= 6.3, 8.7 Hz, 1H), 3.21 (dd, J= 8.7, 17.2 Hz, 1H), 2.95 (dd, J= 6.2, 17.2 Hz, 1H).

\\\\I

Br

HOOC -
COOH

Preparation ofS)-3-bromohexanedioic acid he title compound wagsreparedaccording to the
procedure foR)-3-bromohexangioic acidexcept L-aspartic acid was substituted foraSpartic
acid. Percent yield: 71%H NMR (400 MHz, MeODU 4 .58 (dd, J= 6.2, 8.7

8.7, 17.1 Hz, 1H), 2.96 (dd, J= 6.2, 17.2 Hz, 1H).
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HO
OH

Preparatiorof (R)-2-bromobutanel,4-diol: To a dry RBF was addd®)-3-bromohexanedioic
acid (11.85 g, 0.06 mol, 1 eq.) and system was put undertiosphere. Once under, N
atmosphere, dry THF (125 mL) was added and the resulting solution was coaléeaisinga
dry ice/acetone bath. A78°C, 2M BH:-DMS complex in THF solution (90 mL, 0.18 mol, 3 eq.)
was added dreiise. Reaction was then allowed to slowly warm to RT and then stirred at this
temperature for 3 days. MeOH (70 mL) was added to quenched thiemesadd stirring continued
for 30 minutes. All solvents were removed under reduced pressure and the resulting oil was
dissolved in MeOH, transferred to a new RBF and concentrated under reduced pressutelel he
product was used in the next step withautHer purification. Percent yield: ~100%i NMR (400
MHz,CDCk)U 4. 36 ( B3,77 (inHIM), 2.22.0596, 2H).

He Br
HO\/EQ/\OH

Preparation ofS)-2-bromobutanel,4-diol: The title compound wagreparedaccording to the
procedure fofR)-2-bromobutanel,4-diol except(S)-3-bromohexanedioic acidas substituted for
(R)-3-bromohexanedioic acidPercent yield: ~100%H NMR (400 MHz, CDC}))ti 4. 28 ( m,

3.883.69 (M, 4H), 2.14..96 (M, 2H).

o) s\\\\\H

| "oH
Preparation of(S)-2-(oxiran-2-yl)etharrl-ol: To a solution of(R)-2-bromobutanel,4-diol
(32.58 g, 0.192 mol, 1 eq.) in DCM (642 mL) was addedCOs(112.3 g, 0.345 mol, 1.8 eq.). The
resulting mixture was then allowed to stir at RT overnigtit.solids were filtered off and the
filtrate was concentrated under reduced pressThe crude product was used in the next step
without further purification. Percent yield: 93% NMR (400 MHz, CDC))i 3. 81 (t, J
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2H), 3.11 (m, 1H), 2.82 (t, J= 4.2 Hz, 1H), 2.60 (dd, J= 2.8, 4.9 Hz, 1H), 1.99 (m, 2H), 1.71 (m,

1H).

WOH

Preparation ofR)-2-(oxiran-2-yl)etharr1-ol: The title compound waseparedccording to the
procedure fo(S)-2-(oxiran-2-yl)ethanl-ol except(S)2-bromobutanel,4-diol was substituted for
(R)-2-bromobutanel,4-diol. Percent yield: 99%H NMR (400 MHz, CDC))d 3. 81 (t, J
2H), 3.11 (m, 1H), 2.81 (t, J= 4.2 Hz, 1H), 2.60 (dd, J= 2.8H&91H), 2.11 (t, J= 5.2 Hz, 1H),

1.98 (m, 1H), 1.71 (m, 1H).

(@) ‘\\\\\H

\>\/\OBn

Preparation ofS)-2-(2-(benzyloxy)ethyl)oxiraneTo a solution o S)-2-(oxiran-2-yl)ethar1-
ol (2.5 g, 28.4 mmol, 1.0 eq) in dry THF (30 mL) was added 60% (27 g, 56.8 mmol, 2 eq)
at 0°C and under NatmosphereFollowing, tetrabutylammonium iodide (13.5 mg, 0.05 mmol,
0.0017 eq) and benzyl bromide (4.06 mL, 34.1 mmol, 1.2 eq) were addéfCaR@action was
allowed to warm to room temperature and ftir3 hours. Once the reaction was complete, the
mixture was cooled to ©C and quenched with sat. WEl (ag.) solution until neutral pH. Diluted
with 20 mL ethyl acetate and extracted the organic layer. The aqueous layer was further extracted
with 2x10 mL ethyl acetate. The combined organic layers were then dried oy&ONand
concentrated in vacuo to afford a crude oil which was purified through flash chromatography
(silica; ethyl acetate/hexanes, 0%%)5 Percent yield: 68%H NMR (400 MHz, CDCJ) Ui 7.42
7.25 (m, 5H), 4.56 (s, 2H), 3.65 (m, 2H), 3.10 (m, 1H), 2.80 (t, J= 4.3 Hz, 1H), 2.55 (dd, J= 2.6,

5.0 Hz, 1H), 1.94 (m, 1H), 1.81 (m, 1H).
'e) H
\></\OBn
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Preparation ofR)-2-(2-(benzyloxy)ethyl)oxiraneThe title compound wasreparedaccording
to the procedure fofS)-2-(2-(benzyloxy)ethyl)oxiranexcept(R)-2-(oxiran-2-yl)ethan1-ol was
substituted fol(S)-2-(oxiran-2-yl)ethan1-ol. Percent yield: 63%4H NMR (400 MHz, CDCJ) U
7.427.25 (m, 5H), 4.56 (s, 2H), 3.65 (M, 2H), 3.10 (m, 1H), 2.80 (t, J= 4.3 Hz, 1H), 2.55 (dd, J=

2.6, 5.0 Hz, 1H), 1.94 (m, 1H), 1.81 (m, 1H).

0]

OBn

Preparation ofS)5-(2-(benzyloxy)ethyh3,3-diethyldihydrofuran2(3H)}one While under N
atmosphere and a8 °C, N,N-dimethylisobutyramidg3.41 g, 23.8mmol, 2 eq.) wasadded
dropwise 0 a solution of 1M LDA (25 mL, 2%nmol, 2.1eq.) The resulting mixture was allowed
to stir at-78 °C for 30 min, then at 6C for fifteenmin, then at room temperature for 5 min and
finally cooled to (°C. At 0°C, a solution ofR)-2-(2-(benzyloxy)ethyl)oxiran€2.12 g, 11.9nmol,
1 eq) in 2mL dry THF was added dropwise to the reaction mixture. Let stir°at for 20 min
then warmed toaom temperature and let sfor approximately 5 daysThe reaction was then
guenched with sat. Ni&l until neutral pH. . Diluted with 20 mL ethyl acetate and extracted the
organic layer. The aqueous layedis further extracted with 3x2BL ethyl acetateThe combined
organic layers were then dried over,88, and concentrated in vacuo to afford a crude oil. This
oil was hen dissolved in 30 mL DCM andnBL of TFA was added dropwise. The solution stirred
for 30 min before being diluted with 15 mL of DCM and. water. The layers were separated and
the aqueous layer was backwashed with 2x 15 mL DCM. The combined organic layers were then
dried over Na&SQ, and concentrated in vacuo to afford a crude oil which was purified through flash
chromatography (silicagthyl acetate/hexanes, 0% ~ 20%rcent yield: 64%H NMR (400

MHz, CDCE) 7.257.07 (m, 5H), 4.45 (m, 1H), 4.37 (q, J= 5.7 Hz, 2H), B58 (m, 2H), 1.95
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(dd, J= 6.8, 13.2 Hz, 1H), 1.8671 (m, 2H), 1.67 (dd, J= 9.5, 13.3 Hz, 1H), 1540 (m, 4H),

0.77 (dt, J=7.5, 20.4 Hz, 6H).

OBn
Prepartion of (R)-5-(2-(benzyloxy)ethyl3,3-diethyldihydrofurar2(3H)}one The title
compound wasprepared according to the procedure fofS)5-(2-(benzyloxy)ethyh3,3
diethyldihydrofurar2(3H)-oneexcept(S)-2-(2-(benzyloxy)ethyl)oxiranevas substituted fofR)-
2-(2-(benzyloxy)ethyl)oxiranePercent yield72%.'H NMR (400 MHz, CDCY) 71257.07 (m,
5H), 4.45 (m, 1H), 4.37 (q, J= 5.7 Hz, 2H), 3%30 (m, 2H), 1.95 (dd, J= 6.8, 13.2 Hz, 1H), 1.86
1.71 (m, 2H), 1.67 (dd, J= 9.5, 13.3 Hz, 1H), 31540 (m, 4H), 0.77 (dt, J= 7.5, 20.4 Hz, 6H).

0o

OH

Preparéion of (S)3,3-diethyt5-(2-hydroxyethyl)dihydrofuras2(3H}one To a RBF was
added 10% Pd/C (186 mg, 20% wt) followed by a solutioffS)5-(2-(benzyloxy)ethyh3,3
diethyldihydrofurar2(3H)-one (930 mg, 3.37mmol, 1 eq.) in EtOH (18 mL). System was put
under H (1 atm) using a balloon. Let stir at RT underatm overnight. Filtered through a plug of
Celite and concentrated filtrate under reduced pressure. Crude product was used in next step
without further purification. Percent yield: ~100%1 NMR (400 MHz, CDCk) 451 (m, 1H),
4.46 (b, 1H), 3.85 (b, 2H), 2.18 (dd, J= 6.6, 13.0 Hz, 1H),-1.98 (m, 3H), 1.63 (quin, J= 7.3 Hz,

4H), 0.93 (dt, J= 7.3, 20.9 Hz, 6H).

OH
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Preparation ofR)-3,3-diethyl5-(2-hydroxyethyl)ditydrofuranr2(3H)-one The title compound
was preparedaccording to the procedure f¢6)3,3-diethyt5-(2-hydroxyethyl)dihydrofuran
2(3H)}one except(R)-5-(2-(benzyloxy)ethy3,3-diethyldihydrofurar2(3H)}-one was substituted
for (S)5-(2-(benzyloxy)ethyl3,3-diethyldihydrofurar2(3H)-one Percent yield: ~100%:!H
NMR (400 MHz, CDC4) 550 (b, 1H), 4.59 (m, 1H), 3.81 (b, 2H), 2.15 (dd, J= 6.5, 13.0 Hz, 1H),

1.961.76 (m, 3H), 1.60 (quin, J= 7.6 Hz, 4H), 0.90 (dt, J= 7.4, 20.3 Hz, 6H).

o)

Br

Preparation ofS)-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)}one To a solution of S}
3,3-diethyt5-(2-hydroxyethyl)dihydrofuras? (3H)}one(1.45 g, 7.8 mmol, 1 eq.) in DCM (80L)
was added triphenylphosphi@&07 g, 11.7mmol, 1.5 eq.). Following, carbdatrabromide (6.46
g, 19.5mmol, 2.5 eq.) was added ancetheaction was allowed to stir at room temperature
overnight. All DCM was removed under reduced pressure and the resulting residue was
resuspended in ethyl acetate and filtered through a plug of Celite. The filtrate was dry loaded on
Celite andhe crude pductpurified byflash chromatography (silica; ethyl acetate/hexanes, 0% ~
35%) Percent yield: 5294H NMR (400 MHz, CDC) 459 (m, 1H), 3.52 (dd, J= 5.6, 7.6 Hz,
2H), 2.262.05 (m, 3H), 1.81 (ddJ= 9.4, 13.0 Hz, 1H), 1.63 (m, 4H), 0.93, (@ 7.6,25.8 Hz,

6H).

Br
Pre@ration of(R)-5-(2-bromoethyl)3,3-diethyldihydrofurar2(3H)-one The title compound
was preparedccording to the procedure f8)-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)

oneexcept(R)-3,3-diethyl5-(2-hydroxyethyl)dihydrofurar2(3H)}onewas substituted fdiS)-3,3
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diethyk5-(2-hydroxyethyl)dihydrofurar2(3H)}one Percent yield: 47%'H NMR (400 MHz,
CDCl) 419 (m, 1H), 3.52 (dd, J=5.5, 7.5 Hz, 2H), 2265 (m, 3H), 1.81 (dd= 9.4, 13.0 Hz,

1H), 1.63 (m, 4H), 0.92 (df= 7.5, 25.7 Hz, 18).

Q

Preparation of (S)3,3-diethyl5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuan2(3H)-one
trifluoroacetate: To a small vial was add@&}-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H)
one(50 mg, 0.2 mmol, 1 eq.) angphenylpiperazine (66.5 mg, 0.41 mmol, 2.1 eq.) then both were
dissolved in THF (4 mL). Reaction mixture was @il to reflux for 72 hours and then cooled to
RT. Mixture was filtered, washed with THF and filtrate was concentrated under reduced pressure.
Crude productvas therpurified by HPLC (CHCN/H:O, 0.1%Trifluoroacetic acigl, 0%~100%)
to give desired productsaa trifluoroacetic acidgalt. Percent yield: 80%H NMR (400 MHz,
CDCl;) 7180 (t, J= 7.8 Hz, 2H), 6.98 (t, J= 7.3 Hz, 1H), 6.93 (d, J= 7.9 Hz, 2H), 4.44 (m, 1H),
3.982.74 (b, 10H), 2.32.14 (m, 2H), 2.04 (m, 1H), 1.84 (dd, J= 9.4, 13.3 Hz, 1H), (M6 1UH),
0.90 (dt, J= 7.7, 16.3 Hz, 6H) LC/MS [M+H]= m/z 331

Q

Preparation of (R)-3,3-diethyl5-(2-(4-phenylpiperaziri-yl)ethyl)dihydrofurar2(3H)-one
The title compound was prepareatcording to the procedure fdiS)3,3-diethyt5-(2-(4-
phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-onetrifluoroacetate excefdR)-5-(2-bromoethyl}
3,3-diethyldihydrofurar2(3H}one  was substituted for (S)5-(2-bromoethyl}3,3

diethyldihydrofurar2(3H)-one In addition asecond purificatio took place using an HP amine
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flash column (ethyl acetate/hexanes, 0% ~24pMPercent yield45%.*H NMR (400 MHz, CDCJ)
07.40 (t, J= 8.0 Hz, 2H), 7.18 (t, J= 7.5 Hz, 1H), 7.15 (d, J= 7.7 Hz, 2H), 4.49 (m, 1H3.@703
(b, 10H), 2.322.18 (m, 2H), 27 (m, 1H), 1.87 (dd, J= 9.3, 13.2 Hz, 1H), 1.64 (m, 4H), 0.93 (dt,

J=7.5, 16.7 Hz, 6H) LC/MS [M+H]= m/z 33

Preparation of(S)3,3-diethyt5-(2-(4-(2-methoxyphenyl)piperazit-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepaecbrding to the procedure f(B)
3,3-diethyt5-(2-(4-phenylpiperazidl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate excepit-
(2-methoxyphenyl)piperazingvas substituted for -phenylpiperazine. Percent yiel83%. 'H
NMR (400 MHz, CDCY) 7.09 (m, 1H), 6.9%.85 (m, 3H), 4.45 (m, 1H), 3.85 (s, 3H), 3882
(b, 10H), 2.322.15 (m, 2H), 2.04 (m, 1H), 1.84 (dd, J= 9.2, 13.2 Hz, 1H), 1.61 (m, 4H), 0.90 (dt,

J=7.5, 17.0 Hz, 6H) LC/MS [M+H]= m/z 361

Preparation of (R3,3-diethyt5-(2-(4-(2-methoxyphenyl)piperaziti-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepaaedording to the procedure f($8)
3,3-diethyt5-(2-(4-phenylpiperazifl-yl)ethy)dihydrofuran2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H}one was substituted for (S)-5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H}one and 1-(2-methoxyphenyl)piperazinefor 1-

phenylpiperazine. Percent yield: 13%. NMR (400 MHz, CDCJ) 707 (m, 1H), 6.9%.81 (m,

275



3H), 4.37 (m, 1H), 3.80 (s, 3H), 32592 (b, 10H), 2.22.07 (m, 2H), 1.95 (m, 1H), 1.77 (dd, J=

9.3, 13.2 Hz, 1H), 1.55 (m, 4H), 0.84 (dt, J= 7.5, 18.1 Hz, 6H) LC/MS [M+H]= m/2361

®) TFA

Preparation ofS)-3,3-diethyt5-(2-(4-(2-isopropylphenyl)piperazii-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepaaedording to the procedure f(B)
3,3-diethyt5-(2-(4-phenylpiperazidl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate excepit-
(2-isopropylphenyl)piperazinavas substituted for -phenylpiperazine. Percent yield: 2891
NMR (400 MHz, CDC4)  7.30 (m, 1H), 7.20 (m, 2H), 7.13 (m, 1H), 4.48 (m, 1H), 3.78 (m, 2H),
3.47-2.98 (b, 9H), 2.3@.19 (m, 2H), 2.06 (m, 1H), 1.87 (dd, J= 9.3, 13.3 Hz, 1H), 1.64 (m, 4H),

1.22 (d, J= 6.9 Hz, 6H), 0.93 (dt, J= 7.4, 18.6 Hz, 6H) LC/MS [M+H]= m/z373

\\/N

Preparation ofR)-3,3-diethyt5-(2-(4-(2-isopropylphenyl)piperazid-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepagedording to the procedure f($8)
3,3-diethyt5-(2-(4-phenylpiperazifl-yl)ethyl)dihydrofuranr2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H}one was  substituted for (S)-5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H)}one and 1-(2-isopropylphenyl)piperazinefor 1-
phenylpiperazine. Percentyil: 10%.'"H NMR (400 MHz, CDCJ) 7180 (m, 1H), 7.20 (m, 2H),
7.14 (m, 1H), 4.47 (m, 1H), 3.75 (m, 2H), 3.297 (b, 9H), 2.32 (m, 1H), 2.24 (dd, J= 6.8, 13.2
Hz, 1H), 2.05 (m, 1H), 1.87 (dd, J= 9.2, 13.2 Hz, 1H), 1.65 (m, 4H), 1.22 (d, J= 6.7 HD,BH),

(dt, J= 7.4, 19.1 Hz, 6H) LC/MS [M+H]= m/z 323
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Preparation of(S)-3,3-diethyt5-(2-(4-(pyridin-2-yl)piperazinl-yl)ethyl)dihydrofuran2(3H)
one trifluoroacetate The title compound was preparadcording to the preclure for(S)-3,3
diethyt5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate exceptl-
(pyridin-2-yl)piperazinewas substituted for-phenylpiperazine. Percent yieB5%.'H NMR (400
MHz, CDCkL) 787 (d, J= 5.6 Hz, 1H), 7.77 (m, 1H), 6.92 (d, J= 9.0 Hz, 1H), 6.82 (t, J= 6.6 Hz,
1H), 4.21 (m, 1H), 3.88 (b, 4H), 3.29 (b, 4H), 3.10 (m, 2H), 1.97 (m, 2H), 1.81 (m, 1H), 1.60 (dd,
J=9.4, 13.2 Hz, 1H), 1.36 (m, 4H), 0.66 (dt, J= 7.9, 16.4 Hz, 6HYIBGM+H]= m/z 3322

Q TF

A
LT
A

Preparation ofR)-3,3-diethyt-5-(2-(4-(pyridin-2-yl)piperazir1-yl)ethyl)dihydrofuranr2(3H)-
one trifluoroacetate: The title compound was prepaaedording to the procedure f¢%)-3,3
diethyt5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate excedR)-5-
(2-bromoethyl}3,3-diethyldihydrofuran2(3H)}onewas substituted fofS)-5-(2-bromoethyl}3,3-
diethyldihydrofurar2(3H)}-one and 1-(pyridin-2-yl)piperazine for 1-phenylpiperaine. Percent
yield: 30%.*H NMR (400 MHz, MeOD) 8i13 (m, 1H), 8.08 (m, 1H), 7.40 (d, J= 9.1 Hz, 1H),
7.10 (m, 1H), 4.58 (m, 1H), 4.04 (b, 4H), 3.58 (b, 4H), 3.42 (m, 2H), 2.31 (dd, J= 6.8, 13.2 Hz,
1H), 2.282.08 (m, 2H), 1.95 (dd, J= 9.4, 13.2 Hz, 1#)76:1.52 (m, 4H), 0.95 (dt, J= 7.4, 13.8

Hz, 6H) LC/MS [M+H]= m/z 332
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Preparation of (S)-3,3-diethyl5-(2-(4-(3-methoxyphenyl)piperazit-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was pregaaecording to the procedure f($B)
3,3-diethyt5-(2-(4-phenylpiperazidl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate excepit-
(3-methoxyphenyl)piperazingvas substituted for -phenylpiperazine. Percent yield: 68%
NMR (400 MHz, CDC}) 7.21 (t, J= 8.3 Hz, 1H), 6.53 (dt, J= 2.4, 8.3 Hz, 2H), 6.46 (t, J= 2.2 Hz,
1H), 4.44 (m, 1H), 3.79 (s, 3H), 32771 (b, 10H), 2.32.16 (M, 2H), 2.02 (m, 1H), 1.84 (dd, J=

9.4, 13.1 Hz, 1H), 1.62 (m, 4H), 0.91 (dt, J= 7.6, 16.6 Hz, 6H) LC/MS [M+h{[=3612

Preparation of (R)-3,3-diethyl-5-(2-(4-(3-methoxyphenyl)piperazit-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepaaedording to the procedure f(B)
3,3diethyt5-(2-(4-phenylpperazinl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H}one was  substituted for (S)-5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H)}one and 1-(3-methoxyphenyl)piperazinefor 1-
phenylpiperazine. &tcent yield: 31%'H NMR (400 MHz, CDC{) 7.32 (t, J= 8.2 Hz, 1H), 6.80
6.66 (M, 3H), 4.49 (m, 1H), 3.82 (s, 3H), 3812 (b, 10H), 2.24 (m, 2H), 2.07 (m, 1H), 1.86 (dd,

J=9.3,13.2 Hz, 1H), 1.64 (m, 4H), 0.92 (dt, J= 7.5, 16.9 Hz, 6H) LC/MS [M+H}=3612

Q TFA
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Preparation of (S)-3,3-diethyl5-(2-(4-(3-hydroxyphenyl)piperazii-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepaaedording to the procedure f(8)
3,3diethyt5-(2-(4-phenylpperazinl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate excep-
(piperazinl-yl)phenolwas substituted for-phenylpiperazine. Percent yield: 67%. NMR (400
MHz, MeOD) 711 (t, J= 8.1 Hz, 1H), 6.5&.37 (m, 3H), 4.55 (m, 1H), 4.1872 (b, 10H), 2.29
(dd, J= 6.6, 13.2 Hz, 1H), 2.2505 (m, 2H), 1.93 (dd, J= 9.4, 13.2 Hz, 1H), 1.64 (m, 4H), 0.94 (dt,

J=7.5, 14.0 Hz, 6H) LC/MS [M+H]= m/z 3&

Preparation of (R)-3,3-diethyl-5-(2-(4-(3-hydroxyphenyl)piperazui-yl)ethyl)dihydrofuran
2(3H)onetrifluoroacetate: The title compound was prepaaedording to the procedure f(B)
3,3-diethyt5-(2-(4-phenylpiperazidl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl}3,3-diethyldihydrofurar2(3H}one was substituted for (S)5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H}one and 3-(piperazinl-yl)phenol for  1-
phenylpiperazine. Percent yield: 28%.NMR (400 MHz, Mé@D) 710 (t, J= 8.2 Hz, 1H), 6.45
(m, 3H), 4.56 (m, 1H), 3.92.88 (b, 10H), 2.31 (dd, J= 6.9, 13.2 Hz, 1H), 2276 (m, 2H), 1.94

(dd, J= 9.4, 13.2 Hz, 1H), 1.64 (m, 4H), 0.95 (dt, J= 7.4, 14.1 Hz, 6H) LC/MS [M+H]= m/2 347

Preparation of (S)-3,3-diethyl5-(2-(4-(4-hydroxyphenyl)piperazui-yl)ethyl)dinhydrofuran
2(3H)one The title compound was preparadcording to the procedure f(8)-3,3-diethyt5-(2-

(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate except -fpiperazinl-
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yl)phenolwas substituted for-phenylpiperazine. In addition, the title compound was purified
using flash chromatography (MeOH/dichloromethane, 0%%)1@ercent yield: 53%H NMR
(400 MHz, CDC}) 614 (d, J=8.9 Hz, 2H), 6.64 (d, J= 9.0 Hz, 2H), 4.37 (m, 1H), 3.00 (t, J= 5.0
Hz, 4H), 2.642.40 (m, 6H), 2.04 (dd, J= 6.8, 13.2 Hz, 1H), 11887 (m, 3H), 1.53 (qd, J= 2.9, 7.4
Hz, 4H), 0.83 (dt, J= 7.4, 20.7 Hz, 6H) LC/MS [M+H]= m/z 37
° 0
O
OH

Preparation of (R)-3,3-diethyl-5-(2-(4-(4-hydroxyphenyl)piperazii-yl)ethyl)dihydrofuran
2(3H)}one The title compound was preparaccording to the procedure f(8)3,3-diethyk5-(2-
(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate  except (R)-5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H)}one was substituted for(S)5-(2-bromoethyl}3,3-
diethyldihydrofurar2(3H)-one and 4(piperazinl-yl)phenolfor 1-phenylpiperazine. In addition,
the title compound was puigfd using flash chromatography (MeOH/dichloromethane, 0984).10
Percent yield: 57%4H NMR (400 MHz, CDCJ) 6.5 (d, J= 8.9 Hz, 2H), 6.65 (d, J= 9.0 Hz, 2H),
4.39 (m, 1H), 3.00 (t, J= 4.9 Hz, 4H), 2:8410 (m, 6H), 2.04 (dd, J= 6.7, 13.0 Hz, 1H), 11887

(m, 3H), 1.54 (qd, J= 2.9, 7.4 Hz, 4H), 0.83 (dt, J= 7.3, 20.6 Hz, 6H) LC/MS [M+H]= m/2 347

Preparation of  (S)4-(4-(2-(4,4-diethyl-5-oxotetrahydrofurai2-yl)ethyl)piperazinl-
yl)benzonitriletrifluoroacetate: Theitte compound was preparegcording to the procedure for
(S)-3,3-diethyl5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate

except4-(piperazinl-yl)benzonitrilewas substituted for-phenylpiperazine. Percent yield: 53%.

280



IH NMR (400 MHz, CDC}) 7.54 (d, J= 8.8 Hz, 2H), 6.91 (d, J= 8.7 Hz, 2H), 4.45 (m, 1H);4.09
2.77 (b, 10H), 2.32.17 (m, 2H), 2.05 (m, 1H), 1.84 (dd, J= 9.2, 13.2 Hz, 1H), 1.61 (m, 4H), 0.90

(dt, J= 7.4, 16.4 Hz, 6H) LC/MS [M+H]= m/z 355

PO

Preparation of  (R)-4-(4-(2-(4,4-diethyl5-oxotetrahydrofurat2-yl)ethyl)piperazinl-
yl)benzonitriletrifluoroacetate: The title compound was prepaaedording to the procedure for
(S)-3,3-diethyl5-(2-(4-phenylpiperaziri-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate
except (R)-5-(2-bromoethyly3,3-diethyldihydrofurar2(3H)-one was substituted for(S)-5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H)}one and 4-(piperazinl-yl)benzonitrile for 1-
phenylpiperazine. Percent yield: 2044.NMR (400MHz, CDCkL) 7.%8 (d, J= 8.9 Hz, 2H), 6.93
(d, J= 9.0 Hz, 2H), 4.46 (m, 1H), 3.86 (b, 4H), 3%@3 (M, 4H), 3.04 (b, 2H), 2.3817 (m, 2H),

2.05 (m, 1H), 1.86 (dd, J= 9.3, 13.2 Hz, 1H), 1.64 (m, 4H), 0.93 (dt, J= 7.3, 17.1 Hz, 6H) LC/MS

[M+H]= m/z 3562

Preparation of (S)-3,3-diethyt5-(2-(4-(p-tolyl)piperazir1-yl)ethyl)dihydrofuran2(3H)-one
trifluoroacetate: The title compound was prepaecording to the procedure f(8)-3,3-diethyk
5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)}-one trifluoroacetate  except 1-(p-
tolyl)piperazinewas substituted for-phenylpiperazine. Percent yield: 88%. NMR (400 MHz,

CDCl) 7113 (d, J= 7.8 Hz, 2H), 6.91 (d, J= 8.5 Hz, 2H), 4.45 (m, 1H);2.05 (b, 10H)2.29

281



(s, 3H), 2.272.16 (m, 2H), 2.05 (m, 1H), 1.86 (dd, J= 9.3, 13.3 Hz, 1H), 1.61 (m, 4H), 0.91 (dt, J=

7.4, 16.3 Hz, 6H) LC/MS [M+H]= m/z 348.

?EB\/\N/\\\/\N\Q\

Preparation of (R)-3,3-diethyl-5-(2-(4-(p-tolyl)piperazin1-yl)ethyl)dihydrofuranr2(3H)-one
trifluoroacetate: The title compound was prepaecdording to the procedure f($)-3,3-diethyk
5-(2-(4-phenylpiperazirl-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate except(R)-5-(2-
bromoethyl}3,3-diethyldihydrofurar2(3H)}one was substituted for(S)5-(2-bromoethyl}3,3-
diethyldihydrofurar2(3H)-one and 1-(p-tolyl)piperazinefor 1-phenylpiperazine. Percent vyield:
35%.H NMR (400 MHz, CDCY) 745 (d, J= 8.3 Hz, 2H), 6.93 (d, J= 8.5 Hz, 2H), 4.46 (m, 1H),
3.962.94 (b, 10H), 2.31 (s, 3H), 2.28B16 (m, 2H), 2.05 (m, 1H), 1.85 (dd, J= 9.3, 13.2 Hz, 1H),

1.63 (m, 4H), 0.92 (dt, J= 7.5, 16.9 Hz, 6H) LC/MS [M+H]= m/z 245.
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