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ABSTRACT
The 5-HT7 receptor is the most recently discovered 5-HT receptor subtype. 5-HT7 is a GPCR
that exhibits a regulatory role in many biological functions in both the central nervous system
(CNS) and the periphery. Recent literature has demonstrated a connection between the 5HT7 receptor and Inflammatory Bowel Disease (IBD) progression. IBD is a devastating disease
that affects 1.4 million Americans. Patients suffer from life altering symptoms as a result of severe,
chronic inflammation of the gastrointestinal tract. Current treatments mitigate symptoms with no
effect on disease progression. Targeting the 5-HT7 receptor as a novel treatment option is a viable
medicinal chemistry project that could result in a therapy capable of providing relief to IBD
patients. A novel series of butyrolactones were discovered during a prior thesis project completed
by Dr. Rong Gao at Temple University’s School of Pharmacy. Broad screening indicated that many
of the compounds within this series were potent binders of the 5-HT7 receptor. These results led to
the initiation of a medicinal chemistry program aimed at the development of this series with the
intent to identify novel 5-HT7 receptor antagonists that are suitable for pre-clinical and clinical
evaluation for the treatment of IBD. 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 feature was systematically changed
while the remaining features were held constant. The particular properties that were studied for
optimization included 5-HT7 affinity, subtype selectivity, liver microsomes stability (mouse and
human), and the topological polar surface area (to minimize CNS penetration). Implementing these
strategies led to the identification of potent 5-HT7 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 adequate in vivo pharmacokinetic
profiles capable of supporting efficacy in an in vivo setting. 170073 distributed rapidly and
ii

extensively into brain tissue, while 230168 moderately distributed into brain tissue. 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 significantly 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 model. The results of this dissertation support the validity of this project and
the use of 5-HT7 antagonists 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 (5-HT), also known as serotonin (Figure 1), is a key neurotransmitter that
is linked to numerous critical functions within the central nervous system (CNS). 5-HT is also
classified as a hormone based on its ability to modulate biochemical processes in the periphery.
Interestingly, 5-HT was not detected in the CNS until 4 years after its discovery in the periphery.
The discovery of 5-HT was the result of a multi-decade long investigation into an unknown
vasoconstrictive substance present in serum that could be extracted from clotted blood.1 This
investigation began in 1912 when O’Conner et. al. concluded that adrenaline was not responsible
for the vasoconstrictive properties of serum. They hypothesized that the observed vasoconstriction
was induced by a different, “unknown substance” which enters the blood during clotting.2 Two
independent research teams identified the “unknown substance” as 5-HT. In 1937, Erspamer et. al.
described an amine produced by rabbit enterochromaffin cells (ECs) extracted from the
gastrointestinal (G.I) tract that elicited vasoconstrictive properties in smooth muscle.3 They coined
the name enteramine based on its biosynthesis in ECs. They did not, however, identify it as the
“unknown substance” in serum isolated by O’Conner et. al.. By 1949, methods for isolating the
“unknown substance” had been reported, and Rapport et. al. determined the structure of the
“unknown substance.” They coined its common name serotonin (AKA 5-HT).4 Further studies
conclusively proved that enteramine and 5-HT were identical in structure and demonstrated that it
is produced in the G.I. tract.5
Prior to the elucidation of its structure, only peripheral tissues were utilized in experiments
focused on determining the pharmacological role of 5-HT. Shortly after 5-HT’s structure was
revealed, however, its function as a neurotransmitter was described. In 1953, Welsh et. al. reported
1

the first neuronal function for 5-HT. They determined that it acted as an excitatory neurotransmitter
at the visceral ganglion in the heart of Venus mercenaria.6 Later that year, Twarog et. al. reported
the presence of high concentrations of 5-HT in the brains of dogs, rats, and rabbits.7 This watershed
discovery triggered intense interest in illuminating the biological role of 5-HT and determining the
potential therapeutic utility of targeting the 5-HT system in various disease states. As of the writing
of this dissertation, these efforts are on-going.

Figure 1: Serotonin (5-hydroxytryptamine, 5-HT)

1.2 5-HT: Biological Synthesis and General Functions
Since its discovery, it has been determined that 5-HT is an essential signaling hormone for a
wide range of biological functions in the CNS and peripheral organs. The majority of 5-HT
biosynthesis occurs in three different locations: 1) peripherally via ECs found in the mucosa of the
G.I. tract, 2) neuronally via serotonergic neurons in the raphe nuclei and, 3) the enteric nervous
system (ENS).8,9 Approximately 95% of the body’s total 5-HT content is produced in the gut via
ECs (90%) and serotonergic neurons of the ENS (10%). The remaining 5% is generated in the CNS.
The process begins with L-tryptophan (1), which undergoes two enzymatic conversions (Figure
2).10 The initial step is catalyzed by tryptophan hydroxylase (TPH) and converts L-tryptophan (1)
into L-5-hydroxytryptophan (2). Decarboxylation of (2) via aromatic amino acid decarboxylase
produces 5-HT. Importantly, 5-HT is incapable of crossing the blood-brain barrier (BBB). Thus,
all of the 5-HT in the CNS is synthesized within the CNS. The rate-limiting step in 5-HT’s
biosynthesis is the conversion catalyzed by TPH. This enzyme exists as one of two isoforms; TPH1
and TPH2.11 TPH1 is predominately expressed in peripheral tissues. TPH2, on the other hand, is
expressed within the CNS. As a result, selective modulation of either peripheral or CNS 5-HT
2

concentrations can be accomplished via alteration of the activity and/or expression of one of the
two isoforms of TPH.

Figure 2: Biosynthesis of 5-HT
The skewed distribution of 5-HT highlights its importance in peripheral functions, but
historically research on the pharmacological role of 5-HT has focused on the CNS. Particularly,
studies suggest that 5-HT regulates various behavioral and neuropsychological processes including
mood, memory, anger and aggression, appetite, addiction, motor control, circadian rhythms,
respiratory drive, body temperature and many others.12 The diverse regulatory functions of 5-HT
within the CNS has led to the development of numerous therapeutic drugs targeting the CNS
specific 5-HT system. Numerous drugs have been approved for the treatment of a wide range of
psychiatric and neurological disorders such as depression, schizophrenia, and chronic pain. The
therapeutic utility of 5-HT mediated pharmacology in the periphery, however, remains largely
untapped. A summary of the pharmacological roles of 5-HT is provided in Figure 3.12,13

1.3 A Large Diverse Family of 5-HT Receptor Subtypes
The diverse action of 5-HT within the periphery and the CNS raises the question of how can a
single hormone/neurotransmitter molecule produce a plethora of effects on numerous organ
systems. The answer is that 5-HT elicits its action through a series of 5-HT receptors. The 5-HT
receptor family is a large and diverse set of receptors whose primordial receptor is thought to have
first appeared more than 700-750 million years ago.14 To date, seven 5-HT receptors have been
identified, some of which have sub-types. A total of 14 subtypes have been reported. The subtypes
were originally classified based on radioligand affinity and functional activity,15,16 but they can also
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be grouped based on their primary signaling mechanisms. Of the 14 receptor subtypes, 13 are Gprotein coupled (GPCR) receptors encoded from distinct genes. They are designated as “type A”
GPCRs based on their bovine rhodopsin-like structure.17. The outlier in the serotonin receptor
family is the 5-HT3 receptor which is a ligand-gated ion channel. Briefly, 5-HT3 is a cation-selective
ion channel and is similar to the nicotinic acetylcholine receptor.18 It is found in both the periphery
and the CNS and is expressed both pre- and post-synaptically. The receptor exists as either a homoor hetero-pentamer of five available subunits, 5-HT3A-E. Upon activation, the ion pore opens and
transports Na+, K+ and Ca2+ ions across the cell membrane.19 5-HT3 receptor antagonists have been
developed for the treatment of nausea (particularly during chemotherapy) and diarrheapredominant irritable bowel syndrome (IBS).20

Figure 3: A summary of the effects 5-HT has on the various peripheral systems in the human
body12
As noted above, the remaining 13 5-HT receptors are GPCRs. The basics of GPCR signaling
can be described as follows. In the resting state, GPCRs are coupled to heterotrimeric GTP-binding
proteins (G-proteins) that consist of G and dimeric Gβγ subunits. Once activated by an appropriate
4

ligand (an agonist), the G-proteins dissociate from the GPCR and interact with effector molecules
to produce secondary messengers that ultimately leads to a biological response. There are four
classes of G-proteins that are designated based on the identity of the G subunit: Gs, Gi/o, Gq,
and G12-13.21 The 5-HT GPCRs, can be grouped into categories based on the identity of their
primary coupled G-protein (Table 1).22
Table 1: Serotonin receptors and their coupled signaling pathways22

The 5-HT2 receptor subfamily has 3 subtypes (5-HT2A, 5-HT2B, 5-HT2C) and is primarily coupled
to Gq/11. This class of GPCRs is generally involved in the elevation of intracellular calcium. This
molecular process is initiated via the hydrolysis of membrane phosphoinositides, producing diacyl
glycerol (DAG) and inositol phosphate, which ultimately leads to the activation of protein kinase
C (PKC) and the release of calcium from intracellular stores. The 5-HT2A receptor is found in high
densities in the CNS on postsynaptic sites and is believed to be the major target for psychedelic
drugs such as LSD.23 In the periphery, 5-HT2A is involved in various functions of the cardiovascular
system such as arterial vasoconstriction24 and proliferation of arterial fibroblasts.25 The 5-HT2B
receptor is primarily expressed in the periphery, with limited expression in the CNS. Interestingly,
the 5-HT2B receptor is known to play a key role in the proper development of vital structures in the
brain26 and heart.27 In addition, 5-HT2B receptors are critical to the normal function of the developed
heart. Activation of the receptor induces myofibroblast proliferation which can lead to valvular
5

heart disease.28 The association of 5-HT2B receptor activation with valvular heart disease was first
identified in the withdrawn obesity drug Fen-Phen (fenfluramine/phentermine). This receptor is
viewed as an “anti-target” based on these facts.29
The 5-HT2C receptor has constitutive activity and its activation can be modulated via posttranscriptional editing.15 It has become a therapeutic target of interest for various neurological
disorders such as drug abuse30, depression31, anxiety32 and epilepsy.33 In addition, 5-HT2C appears
to play a role in weight regulation and obesity. Specifically, 5-HT2C knock-out mice tend to be
severely obese and display abnormal food intake habits.33
The 5-HT1 and 5-HT5 families are primarily Gi/o coupled GPCRs. This class of GPCRs utilizes
the Gi/o subunit. Activation initiates an inhibitory pathway resulting in decreased cAMP
production. The 5-HT1 family is the largest of the 5-HT receptor sub-families, consisting of 5
subtypes (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F). The 5-HT1A receptor has been extensively
studied in neuronal cells. Its primary function is associated with the induction of neuronal
hyperpolarization and reduction of firing rate.34 This is accomplished either via postsynaptic
activation, resulting in the initiation of inhibitory signaling pathways, or presynaptic activation in
which the receptor acts as an autoreceptor and decreases 5-HT biosynthesis.15 The 5-HT1A subtype
has received significant attention as a potential therapeutic target for various CNS related disorders,
such as anxiety,35 schizophrenia36 and epilepsy37. In addition, 5-HT1A receptor ligands show
potential as neuroprotective agents38 and have been used as adjunctive therapies in combination
with selective serotonin reuptake inhibitors (SSRI) for the treatment of depression.

This

combination is believed to induce rapid onset of efficacy.39
The 5-HT1B receptor, like the 5-HT1A receptor, acts as an autoreceptor to modulate 5-HT
biosynthesis. However, it is also expressed on non-serotonergic cells (e.g GABA and glutamatergic
6

neurons) as presynaptic heteroreceptors.40 Antagonism of this receptor has been shown to improve
performance in learning and memory,41,42 whereas activation decreases aggressive behavior.43 In
addition, the 5-HT1B receptor is responsible for 5-HT induced constriction in cerebral and carotid
arteries.44,45 The 5-HT1D and 5-HT1F receptors have emerged as promising targets for migraine
treatment as either selective or dual ligands. Agonists for both the 5-HT1D45 and 5-HT1F46 inhibit
neurogenic inflammation, but selectivity over the 5-HT1B receptor was an issue in early generation
compounds. The pharmacology and details of the 5-HT1E receptor, on the other hand, remain
largely unexplored due to two key factors. First, there are no selective 5-HT1E receptor ligands.
Second, the 5-HT1E gene is absent in mice and rat, which are the primary tools for in vivo
pharmacological research. The guinea pig, however, expresses the 5-HT1E gene, and efforts to
develop pharmacological models using this species to investigate this enigmatic 5-HT subtype were
recently reported.47 Pharmacological assumptions regarding the 5-HT1E receptor are primarily
based on receptor location mapping in human brain tissue.15
The 5-HT5 receptor family has received the least amount of attention and as a result, the function
of this family is not fully understood. There are two genes that code for two sub-types of the 5-HT5
receptor, 5-HT5A and 5-HT5B. To date, however, functional 5-HT5B receptors have only been
detected in rodents.48 The 5-HT5A receptor is expressed in both humans and rodents. Knock-out
mice exhibit increased exploration of novel environments, suggesting it plays a role in cognitive
function. Pharmacological insight into the biological importance of 5-HT5A had been elusive due
to the lack of 5-HT5A selective ligands, but the recent disclosure of selective 5-HT5A antagonists49,50
(Figure 4) supports the conclusions drawn in the knock-out mice studies. Positive results were also
observed with a 5-HT5A antagonist in a ketamine-based rat model of schizophrenia.51
The remaining 5-HT receptors are primarily Gs coupled GPCRs which stimulate adenylyl
cyclase and increase the production of cAMP. The 5-HT4 receptor has been extensively studied to
7

Figure 4: 5-HT5A antagonists
determine its functions in the gastrointestinal tract. Activation of this receptor induces relaxation
of the colon.52 5-HT4 agonists, such as cisapride and prucalopride have been approved for the
treatment of constipation and constipation-predominant IBS. Some of these compounds (e.g.
cisapride) were shown to block the hERG channel, a key cardiovascular anti-target, limiting their
commercial viability.53 Within the CNS, 5-HT4 is involved in various functions such as long-term
potentiation and synaptic plasticity.53 The therapeutic potential of 5-HT4 in the CNS has also been
explored. Activation of this receptor has been linked to pro-cognitive54 and antidepressant55 effects,
whereas antagonists have been studied as potential treatments of anorexia.56 The 5-HT6 receptor is
primarily expressed in the CNS where it modulates neurotransmitters such as acetylcholine, GABA
and dopamine.57 This function has potential implications in various neurological disorders.57 Most
recently, it has received significant attention as a possible Alzheimer’s disease target.58 The final
member of the 5-HT receptor family, the 5-HT7 receptor, is the primary focus of the remainder of
this dissertation and is discussed in detail in the following sections.
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CHAPTER 2

THE 5-HT7 SUBTYPE: BIOCHEMISTRY, LIGANDS AND SIGNALING
2.1 Structure and Distribution
The 5-HT7 gene was discovered in 1993 in multiple independent laboratories.59,60 Human
5-HT7 was cloned from a cDNA library using probes that targeted an adenylate cyclase stimulatory
Drosophila 5-HT gene, 5-HTdro1.61 This receptor has also been cloned in numerous other species
including mouse,62 rat,63 guinea pig64 and pig65. Located on the human chromosome 10q23.3-q24.3,
the 5-HT7 gene contains an open reading frame of 1335 base pairs and encodes for a 445 amino
acid protein of approximately 49 kDa.61 As noted above, 5-HT7 is a member of the rhodopsin-like
family of GPCRs. Structurally, the receptor contains a heptahelical transmembrane domain (7TM)
and ligands bind in a cavity between these domains. The 7TM’s are connected via 3 intracellular
and 3 extracellular alternating loops, with the N terminus located extracellularly and the C terminus
intracellularly. Further, rhodopsin-like GPCRs display certain conserved amino acid residues
throughout the 7TM domains, with a hallmark disulfide bond connecting Cys 3.25 (in
transmembrane helix 3) and Cys 45.50 (in extracellular loop 2).66 The 5-HT7 receptor is the least
homologous 5-HT receptor, exhibiting less than 50% homology with the other members of the 5HT family.67 Currently a high-resolution structure of 5-HT7 is not available, but homology models
have been reported. Early models utilized the crystal structure of bovine rhodopsin as a template68,
but newer homology models using the crystal structures of the β2 adrenergic69,70, 5-HT1B (Figure
5)71 and D372 have been reported.
The 5-HT7 gene contains three introns and alternative splicing can occur in the second intron.
To date, three functional human 5-HT7 isoforms have been reported: 5-HT7A, 5-HT7B and 5-HT7D.73
No significant pharmacological differences in terms of localization, ligand binding and adenylyl
cyclase activation have been reported in the human74,75, mouse76 and rat77 5-HT7 isoforms.
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Differences in the human isoforms include 1) variability in expression levels, 2) difference in length
of the C terminus tail, 3) a different pattern of agonist-induced internalization for 5-HT7D as
compared to the other two isoforms and 4) constitutive internalization of 5-HT7D in the absence of
an agonist (This feature is not observed with the 5-HT7A and 5-HT7B isoforms).78 None of these
features impact the ligand binding domain and as a result the three isoforms are viewed as
interchangeable in medicinal chemistry programs targeting the ligand binding domain.

(A)

(B)

Figure 5: 5-HT7 homology model based on X-ray crystal structure of 5-HT1B. (A) Side view
(B) Top view.
Expression of 5-HT7 occurs in both the periphery and the CNS of various species including
human. A wide variety of techniques have been used to determine the distribution of 5-HT7 encoded
mRNA. This data has been reviewed by Leopoldo et. al.60 Briefly, high densities of 5-HT7 is found
in the hypothalamus, thalamus and hippocampus. In humans, 5-HT7 mRNA has been observed in
the kidney, liver, pancreas, spleen, stomach and smooth muscle cells of the arteries and
gastrointestinal tract. Autoradiographic studies conducted by Bonaventure et. al. were supportive
of the mRNA findings. Their studies employed the non-selective 5-HT receptor binders shown in
Figure

6:

[3H]

5-carboxamidotryptamine

([3H]5-CT)79

and

[3H]-8-hydroxy-2-(di-n-

propylamino)tetralin ([3H]-8-OH-DPAT).80 Through the use of 5-HT1A/B double knock-out and 5HT7 knock-out (5-HT7(-/-)) mice, an anatomical distribution of 5-HT7 displayed visible densities in
thalamic and hypothalamic regions, dorsal raphe nucleus, amygdaloid body and septal nuclei. Low,
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but detectable levels were also found in the hippocampal formation and cerebral cortex.81 This
distribution pattern was further supported in human brain studies conducted by Varnas et. al.
utilizing [3H]SB-269970 (Figure 6), a selective 5-HT7 antagonist.82

Figure 6: Radiolabeled non-selective and selective 5-HT7 ligands

2.2 Signaling and Cellular Mechanisms
As the 20th century ended and the 21st century began, the signaling mechanisms utilized by 5HT7 became clearer as scientific exploration of this receptor continued. Extensive reviews have
been published on this subject,59, 83 but in order to understand the role of 5-HT7 in disease states and
its possible utility as a therapeutic target, a brief review of the complex 5-HT7 signaling pathways
is warranted. As discussed above, 5-HT7 is a GPCR that employs the Gs protein. It is well
established that GPCRs coupled to Gs propagate their signal via a pathway that includes activation
of adenylyl cyclase (AC), which produces cAMP. Increased levels of cAMP lead to the activation
of protein kinase A (PKA), and this enzyme phosphorylates target proteins. Changes in the
phosphorylation state of the target proteins propagate the signaling to the next biochemical event.
One of the first signaling cascades to be associated with 5-HT7 activation is the mitogen
activated protein (MAP) kinase cascade. In cultured rat hippocampal neurons, 5-HT activated the
serine/threonine extracellular signal-regulated kinases (ERK1/2) via 5-HT7.84 As part of an effort
to elucidate the role of 5-HT7 in the signaling pathway leading to activation of ERK1/2, Norum, et.
al. studied this system in HEK293 cells.85, 86 Their studies unraveled a canonical PKA dependent
signaling pathway, evidenced by the abolishment of 5-HT7 mediated ERK1/2 phosphorylation
upon administration of the PKA inhibitor H-89 (Figure 7). Specifically, PKA activates the guanine
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nucleotide exchange factor (GEF), Ras-GEF. Once activated, Ras-GEF initiates Ras activation,
which in turn, activates the kinase c-Raf. MEK1 is phosphorylated by c-Raf, leading to the
activation of ERK1/2. However, simultaneous and subsequent studies demonstrated that 5-HT7
signaling is much more complex and involves changes in intracellular Ca2+ concentrations ([Ca2+]i),
as well as, PKA independent and G12 coupled mechanisms.

Figure 7: H-89
Separately, 5-HT7 mediated activation of ERK1/2 in PC12 cells was reported by D S. Cowen et
al..87 Specifically, activation of 5-HT7 leads to an increase of cAMP concentration and activation
of cAMP-GEFs, such as Epac 1 and 2. How Epac activates ERK is currently 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 process as H-89 had
no impact on 5-HT7 mediated ERK activation. Speculation has arisen about whether or not the
difference in the concentration of H-89 used in both the PC12 and HEK293 studies led to the
contradicting dependence of PKA. Yet, PKA independent 5-HT7-Epac signaling has been shown
to induce phrenic motor facilitation in rat spines.88 Therefore, differing mechanisms across cell
types could also explain the dissimilarities observed in PKA dependence.
Further, 5-HT7 stimulation in PC12 cells activated protein kinase B (PKB), which is dependent
on the increase of [cAMP] and [Ca2+]i.89 Interestingly, it has been demonstrated that activation of
5-HT7 in rat glomerulosa cells produces an increase in [Ca2+]i via T-type calcium channels.90 This
increase in [Ca2+]i can lead to activation of Ca2+/Calmodulin-sensitive AC (AC1 and AC8), an
alternative path to cAMP production.91 Notably, 5-HT7 antagonists have been shown to inhibit non12

G-protein-stimulated AC activity, further supporting this receptor’s role in alternate cAMP
producing pathways.92 Additionally, increases in [Ca2+]i inhibited triggering of ERK1/2 in PC1289
cells but was required for Ras-GEF activation in HEK293 cells.86 These results support the theory
that 5-HT7 signaling varies across cell types.
Alternate 5-HT7 signaling cascades acting via Gα12 coupling have also been identified. In these
instances, activation modulates gene transcription and neuronal morphology. Specifically, 5-HT7’s
influence on neuronal morphology has sparked interest in its role in synaptic plasticity and
development. Kvachnina et. al. demonstrated in NIH3T3 cells that 5-HT7 mediated PKAindependent activity of serum response element (SRE). In these studies, 5-HT7 activation increased
luciferase activity in a cellular assay utilizing a SRE-luciferase reporter construct.93 In addition, it
was established that this effect was mediated by Gα12 coupling rather than Gαs coupling.
The Gα12 protein typically regulates signaling through the Rho family of small GTPases. It has
been demonstrated that 5-HT7 activates RhoA and Cdc42, but not Rac1 in NIH3T3 cells93. A
relationship between neuronal morphology and this 5-HT7 signaling cascade was established
indicating that filopodia formation and cell rounding is mediated by Cdc42 and RhoA respectively.
Conversely, 5-HT7 activation led to a reduction in Ca2+ entry into postsynaptic spines of CA1
pyramidal cells, which is believed to result in an inhibitory effect on RhoA.94 Overall, this data
suggests a receptor-mediated mechanism in which 5-HT7 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 that 5-HT7 promoted
neurite elongation required ERK phosphorylation and Cdk5 activation, in neuronal primary
cultures.95 This signaling mechanism has been attributed to the established 5-HT7 mediated
promotion of synaptogenesis and enhancement of synaptic activity. Interestingly, the effects of 5HT7/Gα12 signaling is observed at the postnatal stages of hippocampal neurons, but abolished in
older neuronal preparations.94 This suggests an age-dependent regulatory influence on 5-HT7/Gα12
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mediated neuronal activity. The central role of 5-HT7 in synaptic plasticity, synaptogenesis and
neuronal circuitry modification has been recently supported by the identification of signaling
pathways similar to those described above (Cdc42, Cdk5)96, as well as the protein kinase C
(PKC)/MAPK pathway.97
Interestingly, new evidence supports a direct interaction between 5-HT7 and the hyaluronan
receptor CD44, which regulates synaptic remodeling.98 The CD44 receptor connects neuronal
cytoskeleton to the extracellular matrix (ECM), and can be cleaved by matrix metalloproteinase 9
(MMP-9) resulting in detachment from the ECM. CD44 is also known to associate with Cdc42.
Upon 5-HT7 activation, MMP-9 activity is increased, and this causes CD44 cleavage, ECM
detachment and CD44-Cdc42 disassociation. These events facilitate dendritic spine elongation via
the 5-HT7/Cdc42 signaling pathway described above.
Activation of 5-HT7 has also been associated with inflammatory signaling cascades, particularly
those involving the induction of interleukin-6 (IL-6) transcription and the enhancement of T-cell
activation. Specifically, 5-HT7 stimulation increased IL-6 production in microglial cells in a cAMPdependent manner (forskolin mimicked results).99 5-HT7’s influence on IL-6 release was also
observed in U373 MG astrocytoma cells. Particularly, stimulation of 5-HT7 resulted in increased
IL-6 transcription via the activation of both p38 MAPK and protein kinase C (PKC) ε, but not ERK
1/2.100 These results suggest a central role for 5-HT7 in neuroinflammation processes. With regard
to T cell activation, Leon-Ponte et. al. demonstrated that 5-HT, via 5-HT7, induced phosphorylation
of ERK 1/2 and the NFκB inhibitory subunit IκBα.101 These findings link 5-HT7 stimulation to
early T-cell activation events. Further, IL-6 is an NFκB-regulated gene, and this provides a possible
explanation for the influence 5-HT7 has on IL-6 production.
Influences of 5-HT7 on dendritic cell (DC) morphology and migration have also been studied.102
Specifically, mature DCs display increased 5-HT7 expression, and activation of this receptor leads
to protrusion formation and elongation via Cdc42 signaling. Separately, DC motility and migration
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are regulated by chemokine receptor CCR7 and interestingly, 5-HT7 expression is required for
proper CCR7 expression. It has been demonstrated that 5-HT7(-/-) mice displayed a significant
reduction in CCR7 expression. However, 5-HT7 activation had no effect on the CCR7 expression
profile. Also, 5-HT7 mediates the directionality and velocity of DC migration, as agonists enhanced
both parameters. Together, these results strongly support a role for 5-HT7 in inflammatory and
immune responses.
The 5-HT7 receptors appear to have a regulatory role in the expression of proteins beyond CCR7.
There have been various publications reporting a regulatory role of 5-HT7 in the expression of other
proteins and receptors. In mammary epithelial MCF-12A cells, 5-HT7 activation resulted in a
decrease in β-casein protein levels.103 Highlighting the neuroprotective properties of 5-HT7,
agonists increase the expression of platelet-derived growth factor β (PDGFβ)104 and tropomyosinrelated kinase B (TrkB)105 receptors in SH-SY5Y cells and other neuronal cell cultures.

2.3 Constitutive Activity, G-Protein Interaction and Dimerization
The complexity of 5-HT7 signaling has led to many questions regarding how this receptor
mediates selectivity towards a certain signaling cascade over others (eq. Gαs vs. Gα12 or PKA
dependence vs. independence). One possible explanation is a dependence on cell types, wherein
certain cell types contain the proper machinery to drive one cascade over another. Other regulatory
mechanisms have been postulated which involve homo- and hetero- receptor dimerization and
regulation of constitutive activity via post-translational modifications.
All 5-HT7 splice variants are known to have high constitutive activity, primarily via Gαs and
AC activation.75 This suggests a constitutively active 5-HT7/Gαs conformational state exists.
However, evidence also exists that supports the presence of an inactive 5-HT7/Gαs conformational
state. In HEK293 cells, Bruheim et. al. demonstrated that increasing 5-HT7 density did not increase
the potency of 5-HT to stimulate AC.106 This indicates that AC stimulation via 5-HT7 is independent
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of Gαs stoichiometry since no spare receptor effects were observed. The “preassociation” between
5-HT7 and Gαs was further supported by observed 5-HT7 induced heterologous desensitization. In
two separate studies, 5-HT7 expression107, agonist stimulation108 and inverse agonist stimulation108
evoked desensitization of two endogenous Gs-couple GPCRs (β-adrenergic and prostanoid EP
receptors). This effect can be explained by the existence of an inactive 5-HT7/Gαs complex, where
the preassociation limits the access of other GPCRs to the common G protein pool.59 Overall, there
is mounting evidence supporting both active and inactive preassociated 5-HT7/Gαs complexes. The
effect this has on cascade selectivity is not fully understood at this time.
Post-translational modifications of 5-HT7 such as N-glycosylation of the N-terminal and
palmitoylation of the C-terminal have been documented. N-glycosylation does not appear to
influence receptor activity, however reduced receptor expression was observed when possible
glycosylation sites were mutated.109 Conversely, palmitoylation of the C-terminal has an impact on
5-HT7’s constitutive activity.110 Mutation analysis indicates that Cys 404 and 438/441 are
palmitoylated via a thioester bond in an agonist-dependent manner. More importantly, mutated 5HT7 that lacked the ability to undergo palmitoylation displayed a significant increase in agonistindependent, Gαs-mediated, but not Gα12-mediated, constitutive activity. The agonist-dependent
activation of both the Gαs and Gα12 proteins was unaffected by a decrease in palmitoylation.
Therefore, the extent of C-terminal palmitoylation could serve as a potential mechanism for
dictating the selectivity of G-protein mediated constitutive signaling.83
GCPRs, including the serotonin family, have been known to form homo- and heterodimers and
the functional consequences of these complexes have been studied.111 Specifically, evidence
revealed that 5-HT7 can exist as either a homodimer or a heterodimer with 5-HT1A.112 The functional
significance of 5-HT7 homodimerization is not currently understood. Protomer-protomer cross talk
has been proposed based on the ability of competitive antagonists to reverse the pseudoirreversible
binding of risperidone (Figure 8).113 It is postulated that risperidone binds to the orthosteric site of
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one protomer which causes an allosteric modulation of the other protomer, resulting in an inactive
homodimer complex. This hypothesis is based on evidence that risperidone only binds to 50% of
the available 5-HT7 receptors. Incubation of a competitive antagonist, which is believed to bind to
the risperidone-unbound protomer, results in the release of wash-resistant risperidone. This
indicates that there is “cross talk” between risperidone-free and risperidone-bound protomers.

Figure 8: Risperidone
Heterodimerization of 5-HT1A and 5-HT7 appears to have significant functional consequences,
primarily with regard to 5-HT1A signaling.112 Specifically, heterodimerization results in a
significant decrease in 5-HT1A/Gi signaling without affecting 5-HT7 signaling. Further,
heterodimerization decreased 5-HT1A activation of G-protein gated inwardly rectifying potassium
channels. Lastly, the formation of 5-HT7/5-HT1A dimers initiates 5-HT-mediated 5-HT1A
internalization, and enhances 5-HT1A’s ability to activate MAPK.

Although 5-HT7/5-HT1A

heterodimerization appears to have a limited impact on 5-HT7 signaling, the concept that other 5HT7 oligomers could exist presents another potential mechanism capable of fine-tuning 5-HT7
signaling.

2.4 Ligands and Long-chained Arylpiperazines
Immediately following the discovery of 5-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 other 5-HT receptors with varying degrees of selectivity.
Figure 9 highlights many of these early, non-selective, 5-HT7 ligands along with their respective
Ki’s towards recombinant 5-HT7.61,114,115 These compounds belong to a variety of structural classes,
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but they all contain the shared structural motif of a basic amine connected to a distal aromatic
system. Furthermore, this group includes antipsychotics agents (methiothepin, clozapine,
risperidone, etc.) and psychoactive molecules (mesulergine, amoxapine, mianserin, etc.). This
revelation sparked considerable interest in the therapeutic potential of 5-HT7 activity modulations
and the identification of selective agonists and antagonists.

Figure 9: Early 5-HT7 ligands with Ki values vs. recombinant humana or ratb 5-HT7.61,114,115
To date, several research teams have published their effort focused on the identification of
selective 5-HT7 ligands. In addition, projects aimed at the identification of dual ligands, either
involving multiple 5-HT receptors116,117,118 or a mixture of 5-HT and dopamine receptors have been
reported.119,120 Many of the early classes of 5-HT7 binders have been extensively reviewed.60,121
More recently discovered classes include: long chained 1,2,3,4-tetraisoquinolines and
decahydoisoquinolines,117,122,

biphenylamines123,

acetamide

substituted

2-oxindoles124,

aryloxyethylpiperidines/pyrrolidines125, and tetrahydropyrido[3,2-c]pyrroles.126 The most wellknown 5-HT7 ligands are described in Table 2. These compounds generally have high-affinity for
5-HT7 and display modest to high selectivity with respect to other 5-HT receptors and other receptor
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families. They have proven pivotal to 5-HT7 research because they have been used as
pharmacological tools in both in vitro and in vivo studies that have determined the biological role
of 5-HT7.127,128,129 They were used to elucidate various cellular signaling pathways and mechanisms
described above. Many were investigated in preclinical pharmacological studies which led to the
identification of numerous potential therapeutic applications of 5-HT7 activity modulation.
Table 2: Exemplary selective 5-HT7 antagonists and agonists (adapted from Thomas, et. al128)
Compound

SB-258719

Structure

Source

GSK

130

SB-269970

GSK131

SB-656104

GSK132

DR-4004

Meiji
Seika133

DR-4446

Meiji
Seika134

PZ-766

KI
(nM)

Function

31.6 Antagonist

Selectivity/Comments
>100-fold selectivity
versus other 5-HT
receptors and the α1B,
D2 and D3 receptors

>100-fold selectivity
versus other 5-HT
receptors and the α1B,
1.25 Antagonist D2 and D3 receptors.
Except 50-fold
selectivity towards 5HT5A. Metabolic issues
>100-fold selectivity
versus other 5-HT
receptors. Except 10fold and 30-fold
1.99 Antagonist
selectivity towards 5HT1D and 5-HT2A
respectively. Improved
pharmacokinetic profile
Full selectivity profile
not determined, >80fold selectivity towards
1.99 Antagonist 5-HT1A,4,6 receptors,
~50-fold selectivity
towards 5-HT2 and D2
receptors

10

Antagonist

100-fold selectivity
towards 5-HT1B,2,3,4,6,
80-fold selectivity
towards 5-HT1A

Full selectivity profile
Jagiellonian
not determined, >100Univ. Med. 0.31 Antagonist fold selectivity towards
College125
5-HT1A,6, α1 and D2
receptors
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Table 2, continued
JNJ18038683

10-50 fold selectivity
Janssen135 6.31 Antagonist towards various 5-HT,
D2 and α receptors.

Partial
Agonist

>100 fold selectivity
towards all 5-HT
receptors, except 5HT1D (10-fold)

Agonist

Full selectivity profile
not determined, >100fold selectivity towards
5-HT1A and 5-HT2A
receptors

AS-19

Johansson
et.
0.63
al.136,137

LP-44

Universita
degli Studi 0.25
di Bari138

LP-12

Universita
degli Studi 0.16
di Bari139

Agonist

Full selectivity profile
not determined, >100fold selectivity towards
5-HT1A and 5-HT2A
receptors

LP-211

Universita
degli Studi 15.8
di Bari140

Agonist

5-50-fold selectivity
towards various 5-HT
receptors

E-55888

Esteve137 2.51

Full
Agonist

>100 fold selectivity
towards all 5-HT
receptors

Many 5-HT7 binders are classified as “long-chained” arylpiperazines (LCAPs), as shown in
Figure 10. This chemical class has produced very potent and selective 5-HT7 ligands and is
characterized by the general structure shown in Figure 11. They contain a functionalized
arylpiperazine core linked to a distal bulky aromatic system. Substituted phenyl piperazines are
routinely employed, but in some instances heteroaromatic piperazines such as 1,2-benzisoazoles
are utilized.141 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 from 1-7 atoms have been
employed,142,143,144,145 and the optimal linker length varies from series to series. This variability is
at least in part dictated by the identity of the bulky aromatic group and changes in the 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

tetrahydrobenzindoles,146,147 arylketones,141 aryl and N-(1,2,3,4-tetrahydronaphthalen-1-yl) amides
(LP-44,

LP-12

benzothiazolones,145

and

LP-211)138,140,

arylpyrroles,142

arylsulfonamides,144,148
oxindoles,149

indoles,150

2-benzoxazolones
hydantoins151

and
and

quinazolinones152,153 (Figure 10).

Figure 10: Structures of reported LCAPs with their respective Ki or IC50 towards the 5-HT7
receptor
The binding mode of LCAPs has been extensively studied using several series of compounds,
some of which have been reviewed recently.154 In general, LCAPs are either inverse agonists or
antagonist of 5-HT7, but there are some notable exceptions. As noted in Table 2, LP-44, LP-12,
and LP-221 are 5-HT7 agonists.138,139,140 The large number of potent LCAP 5-HT7 antagonists
prompted the development of pharmacophore models capable of representing the antagonist
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binding mode.155,156 Homology models have also been developed to show the binding mode of
known LCAP antagonists.157,158 As discussed above, there is wide structural diversity between
series of LCAPs. As a result, the amino acids that different classes of LCAPs interact with vary
from series to series. In spite of these differences, a general pharmacophore model for 5-HT7
antagonist binding has been proposed (Figure 11). The model was proposed by Bielenica et. al. and
proposes a binding pocket with a key interaction with Asp 162.154 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 antagonists. 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/Ar2). 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 (HYD/Ar 1). This region can
interact with the bulky aromatic moiety if the linker chain is long enough to allow 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 forming a H-bond with a ligand. This may explain why
compounds described in Table 2 contains a carbonyl or another H-bond acceptor feature in their
bulky aromatic group. This pocket also contains hydrophobic and aromatic residues for additional
- stacking and van der Waals interactions.

Figure 11: Pharmacophore for 5-HT7 antagonism (adapted from Bielenica et. al)154
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Separately, a pharmacophore model of the 5-HT7 agonist binding mode was developed by E.
S.Vermeulen et. al. using 20 5-HT7 agonists (Figure 12). Their model suggests that agonists of this
receptor should contain an aromatic hydrophobic region (HYD1), a hydrogen bond acceptor region
(HBA) and a protonated nitrogen (PN+) capable of forming an electrostatic interaction.
Interestingly, they noted that the presence of a second aromatic region (HYD2) appropriately
placed relative to HYD1 could compensate for the absence of the HBA. It is also important to note
that while the training set for this model included arylpiperazines, it did not include LCAP 5-HT7
agonist such as LP-12, LP-44 and LP-211159 It is, therefore, unclear as to whether or not this
pharmacophore model is relevant to the LCAP class.

Figure 12: Pharmacophore for 5-HT7 agonism159

2.5 Effects on other Neurotransmitters
It is well known that the serotonergic system is in crosstalk with other neurotransmitters. 160
These effects are attributed to interactions with 5-HT receptors on both serotonergic and nonserotonergic neurons. The 5-HT7 receptor plays a role in this crosstalk as a result of its expression
in variety of locations such as serotonergic neurons, gamma-aminobutyric acid (GABA)
interneurons and glutamate terminals, where they influence dopamine, GABA and glutamate
neurotransmission.161
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Evidence has linked 5-HT7 activity with the proliferation and firing of dopamine neurons. In
cell aggregates obtained from rat mesencephalic precursors, treatment with SB-269970, a potent
and selective 5-HT7 antagonist (Table 2), increased the generation of dopaminergic cells.162
Furthermore, it was concluded that activation of 5-HT7 located on serotonergic neurons, induces a
decrease in the generation of dopaminergic neurons. In addition, blockade of 5-HT7 with SB269970 increased dopamine levels in rat prefrontal cortex,163 In contrast, administration of another
5-HT7 antagonist, DR-4004, did not affect dopamine levels in mouse brain regions but decreased
dopamine turnover in the amygdala.164 DR-4004 has relative high affinity for D2 receptors (Ki=39.8
nM) and exhibits functional activity at this receptor, which may be responsible for this
contradictory effect.165 Lastly, antagonism of 5-HT7 does not alter spontaneous activity of
dopamine neurons, but does prevent amphetamine-induced inhibition of dopamine neuronal firing
in the ventral tegmental area of rats.166
The influence of 5-HT7 on GABAergic signaling is complex. Evidence suggests the effect of 5HT7 activation on GABAergic signaling is dependent upon the neuronal area being surveyed. To
date, 5-HT7 mediated GABAergic effects have been reported in four different neuronal locations:
the suprachiasmatic nucleus, globus pallidus, hippocampus and dorsal raphe nucleus (DRN). In the
suprachiasmatic nucleus, stimulation of 5-HT7 decreases local GABA transmission.167 The opposite
is true in the globus pallidus, where increased 5-HT7 activity enhances local GABA transmission.168
Moreover, 5-HT7 activation in the hippocampus enhances GABAergic transmission via two
different mechanisms. The first is mediated by presynaptic 5-HT7, resulting in excitatory
glutamatergic input to GABAergic interneurons. The second is facilitated by 5-HT7 located on
GABA interneurons resulting in their release of GABA.169 In contrast, 5-HT7 located on GABA
interneurons in the DRN appear to inhibit the release of GABA. In the DRN, GABAergic
interneurons inhibit neuronal serotonergic activity, therefore 5-HT7 activation results in a reduction
in inhibitory tone on serotonergic neurons. This is interesting as evidence suggests that serotonergic
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neurons in the DRN do not express 5-HT7, yet their activity at GABAergic interneurons can alter
serotonergic signaling.161
Similarly, the effect 5-HT7 has on glutamatergic transmission is location dependent. In the
hippocampus, activation of 5-HT7 increases the firing of glutamatergic neurons.170 As noted above,
this effect was attributed to the enhancement of GABAergic transmission following 5-HT7
activation. Stimulation of hippocampal 5-HT7 at the postsynaptic level enhances AMPA-mediated
transmission through phosphorylation of the GluA1 AMPA receptor subunit.171,172 In addition,
glutamatergic transmission is enhanced by 5-HT7 activation in the medial prefrontal and visual
cortexes.173,174 Although single administration of the selective 5-HT7 antagonist SB-269970 does
not attenuate glutamatergic transmission in the frontal cortex, repeated dosing induces a strong
reduction in the mean frequency of glutamate-mediated, spontaneous excitatory postsynaptic
currents.175 Further, 5-HT7 antagonism decreased MK-801 (Figure 13) induced glutamate release
in the prefrontal cortex (MK-801 is a potent, non-competitive antagonist of the N-Methyl-Daspartate (NMDA) receptor,).176 Conversely, 5-HT7 activation inhibits glutamate release in the
midbrain raphe nuclei177 and reverses NMDA receptor-mediated long-term depression in medial
vestibular neurons.178

Figure 13: MK-801
In summary, the pharmacological influence of 5-HT7 extends beyond that observed in
serotonergic neurotransmission. 5-HT7 ligands can effect dopamine, GABA and glutamate
neurotransmission and the observed pharmacological outcomes may be the result of this action on
non-serotonergic systems.
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CHAPTER 3
PHYSIOLOGICAL FUNCTION AND THERAPEUTIC POTENTIAL OF 5-HT7
RECEPTORS
This chapter will describe the various physiological functions of the 5-HT7 receptor, as well as,
the therapeutic potential of targeting this receptor in a number of disorders and disease states.

3.1 Circadian Rhythm and Sleep
One of the first physiological functions attributed to 5-HT7 was the regulation of circadian
rhythm, otherwise known as the internal mammalian clock. This internal clock controls the balance
of sleepiness and wakefulness over a 24-hour period and can be influenced by external stimuli such
as light (photic) or pharmacological substances (non-photic).179 The mammalian circadian clock is
located is the suprachiasmatic nuclei (SCN) region of the brain and 5-HT7 is found in this area.180
5-HT agonists, such as 8-OH-DPAT, have been shown to induce phase shifts within the SCN. Prior
to the discovery of 5-HT7, 8-OH-DPAT was thought to be a selective 5-HT1A agonist, thus leading
to conclusions that 5-HT1A was involved in the regulation of circadian rhythm. It was later
determined that 8-OH-DPAT has moderate binding affinity for 5-HT7, opening the possibility that
5-HT7 could be responsible for its phase shifting activity. Lovenberg et. al. demonstrated that this
was indeed the case in rat SCN slices.63 Specifically, pindolol (Figure 14), a high affinity 5-HT1A
antagonist with low affinity for 5-HT7, did not attenuate the action of 8-OH-DPAT. Further,
ritanserin (Figure 14), a 5-HT7 antagonist with low affinity for 5-HT1A, blocked the phase shifting

Figure 14: Pindolol and Ritanserin
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effect of 8-OH-DPAT. This data indicates that 8-OH-DPAT’s effects are mediated by 5-HT7 and
not 5-HT1A as previously thought.
Since this initial discovery that 5-HT7 has a role in circadian rhythm, numerous studies have
been conducted using either 5-HT7(-/-) mice or selective 5-HT7 modulators. In agreement with the
conclusion presented by Lovenberg et. al., the selective 5-HT7 antagonists SB-269970181, DR4004182 and JNJ-18038683183 all block the phase shifting effects of 8-OH-DPAT. In addition, JNJ1803863 attenuates phase delays and blocks phase advances induced by photic stimuli.183 Further,
Gardani et. al. demonstrated a significant difference in photic induced phase resetting and a lack of
a 8-OH-DPAT response in 5-HT7(-/-) mice.184

Selective 5-HT7 agonists can also influence

disruptions in circadian rhythms. Specifically, LP-211 induced phase advancement in mice leading
to onset of activity 6 hours earlier in treated mice versus control animals.185 Additionally, AS-19, a
5-HT7 partial agonist, caused changes to the expression levels of PER2, a protein involved in the
regulation of circadian rhythms; an effect that was blocked by SB-269970.186
Given its involvement in circadian rhythms, it is not surprising that 5-HT7 plays a role in sleep
regulation. However, 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 selective 5-HT7 antagonist SB-269970
experienced an increased latency in the onset of REMS and a reduction in the total amount of time
spent in REMS.187 Follow-up studies utilizing the selective 5-HT7 antagonists SB-656104188 and
DR-4004189 verified these effects. The inhibitory effects of 5-HT7 blockade on REMS was further
supported by studies with JNJ-18038683135 and 5-HT7(-/-) mice.190 Hedlund et. al. demonstrated that
5-HT7(-/-) mice spent less time in REMS overall, and their sleep patterns were characterized by less
frequent, but longer, periods of REMS. Moreover, studies using JNJ-18038683 demonstrated
translation from rodents to humans. Oral administration of JNJ-18038683 to healthy human
volunteers prolonged REMS latency and reduced the time spent in REMS. It is important to note
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that either pharmacological or genetic blockade of 5-HT7 did not significantly affect either slowwave sleep (SWS) or wakefulness (W).
The lack of the typical activation/blockade interaction model is indicative of the complexity of
5-HT7 regulation of REMS. Specifically, systemic administration of the 5-HT7 agonist LP-211
produced the same reduction in REMS as seen with administration of antagonists. However, unlike
antagonists, LP-211 induced a significant increase in wakefulness.191 Further, microinjection of the
5-HT7 antagonist SB-269970 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 neurons. 192
Briefly, 5-HT7 agonists can produce inhibition of REMS via the activation of 5-HT7 on GABAergic
interneurons, thereby inhibiting REMS-promoting cholinergic cells in the LDT/PPT
(pedunculopontine tegmental) nuclei. On the other hand, 5-HT7 mediated blockade of GABAergic
interneurons would disinhibit synaptically connected 5-HT neurons. This would increase the 5-HT
concentration at postsynaptic sites and lead to the inhibition of REMS-promoting cholinergic cells
via 5-HT1A/1B autoreceptors. These mechanisms could be site specific, which could explain the
effects observed with the microinjection of SB-2699770 into the LDT. Overall, 5-HT7 has proven
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 psychiatric disorders such
as depression, and as a result 5-HT7 modulators have been examined as potential antidepressants
(see below).

3.2 Depression
It is well known that the majority of clinically classified antidepressants affect parameters of
the sleep-wake cycle and circadian rhythms, specifically by increasing the latency of and
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suppressing REMS.193 This overlap in pharmacology led investigators to evaluate the impact of
antagonizing 5-HT7 in in vivo models of depression. The forced swim test (FST) and the tail
suspension test (TST) are behavioral models that are routinely used to evaluate potential
antidepressant agents.194 Briefly, rodents are exposed to short-term stressful situations, and
reduction of immobility induced by test compounds in the assay correlates to the induction of
antidepressant effects in humans. Interestingly, 5-HT7(-/-) mice exhibit reduced immobility times in
both the FST and the TST.190,195 These findings stimulated further research into the pharmacological
blockade of 5-HT7 in these assays. The selective 5-HT7 antagonists SB-269970 and JNJ-18038683
have been shown to induce antidepressant-like activity. SB-269970 induced a reduction in
immobility time in both the FST and the TST in mice and rats190,196,197. Similar results were
observed in the TST model when mice were treated with JNJ-18038683 (corresponding rat studies
have not been reported).135 More recently, a series of potent arylsulfonamide 5-HT7 antagonists
were shown to possess antidepressant properties in both of the aforementioned mouse models
(Figure 15).198 In addition, SB-269970 demonstrated a significantly faster antidepressant response
in olfactory bulbectomized rats when compared to fluoxetine (Figure 16), a commonly prescribed
serotonin selective reuptake inhibitor (SSRI).199 This discovery is important because one of the
main issues with current SSRIs is their late-onset of therapeutic efficacy.

Figure 15: Arylsulfonamides 5-HT7
The potential therapeutic utility of 5-HT7 modulation in depression was further supported by
results suggesting that the antidepressant effects of the antidepressants200 desipramine and
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Figure 16: Fluoxetine
reboxetine and the antipsychotics aripiprazole200, lurasidone201 and amisulpride202 involve 5-HT7
(Figure 17). Although some do not directly bind to 5-HT7, the reduction in immobility time that
these compounds induce in wild-type mice is absent in 5-HT7(-/-) mice. Moreover, synergistic effects
between 5-HT7 antagonists and antidepressant drugs have been reported. Sub-effective
concentrations of SB-269970, for example, have been shown to augment the anti-immobility action
of sub-effective doses of desipramine ,200,203 citalopram,197,200,203 imipramine163,203 and
moclobemide (Figure 17)203 in the FST and the TST. Similarly, a combination of sub-efficacious
doses of citalopram and JNJ-18038683 displayed a synergistic effect resulting in a significant
reduction in immobility time in the TST in mice.135 To date, JNJ-18038683 is the only selective 5HT7 antagonist to reach clinical trials, where it is being evaluated for the treatment of moderate to
serve depression135, and depressive symptoms in bipolar disorder.204
Although 5-HT7 agonists have been shown to suppress REMS, similar to antagonists, studies of
selective 5-HT7 agonists in models of depression have not been reported. However, the selective 5HT7 agonist AS-19 was recently assessed to determine if it possesses antidepressant-like effects in
Parkinson’s disease-associated depression. In these studies a 6-hydroxydopamine (6-OHDA)induced Parkinson’s disease rat model was utilized and the effect of direct injection of AS-19 or
the 5-HT7 antagonist SB-269970 into the brain was evaluated in the FST. Specifically, when 6OHDA induced lesions were localized to the medial prefrontal cortex and test compound was
injected to this region, AS-19 displayed anti-depressant effects while SB-269970 augmented
depressive-like activity.205 Surprisingly, when the lesion and injection site were changed to the
lateral habenular nucleus, the results were inverted; SB-269970 displayed antidepressant activity
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while AS-19 increased immobility time.206 Additional studies are required in order to explain the
injury site dependence on the activity of 5-HT7 agonists and antagonists in the FST. Overall, the
therapeutic potential of selective 5-HT7 agonists for the treatment of depression remains unknown.

Figure 17: FDA approved antidepressants and antipsychotics

3.3 Thermoregulation
It is well known that 5-HT is involved in the regulation of body temperature. Specifically,
agonists such as 5-HT, 5-CT and 8-OH-DPAT all induce hypothermia is a wide range of species.60
Prior to the discovery of 5-HT7, 5-HT mediated thermoregulation was believed to be primarily
facilitated via 5-HT1A as both 5-CT and 8-OH-DPAT are 5-HT1A agonists. However, these agonists
also potently bind to 5-HT7, raising the possibility that 5-HT7 may play a role in hypothermia
induction. Hagan et. al. were the first to establish the association between 5-HT7 and 5-HT induced
hypothermia by demonstrating that SB-269970 attenuates the reduction in body temperature
induced by 5-CT in guinea-pigs (SB-266970 is highly selective for 5-HT7 over 5-HT1A).207 In a
similar manner, the highly selective 5-HT7 antagonist SB-656104 produced the same reversal of
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the hypothermic effect of 5-CT.188 Moreover, 5-HT7(-/-) mice lacked a hypothermic response when
administered 5-HT or 5-CT.208,209 It is worth noting that WAY-100635 (5-HT1A antagonist, Figure
18) and GR-127935 (5-HT1B/D antagonist, Figure 18) were unable to block the effects of 5-CT,
suggesting a predominant role for 5-HT7 in 5-CT induced hypothermia.209

Figure 18: WAY-100635 (5-HT1A antagonist), GR-127935 (5-HT1B/D antagonist)
When investigating 8-OH-DPAT induced hypothermia, Hedlund et. al. demonstrated that
WAY-1000635 was capable of diminishing the effects of 8-OH-DPAT at all doses tested. SB269970, on the other hand, was only able to block the hypothermic response in rodents administered
with a low dose of 8-OH-DPAT. Further low doses of 8-OH-DPAT were ineffective in 5-HT7
knock-out mice, but not at higher doses. These findings suggest that 5-HT7 and 5-HT1A both play a
role in thermoregulation.210
More recently, selective 5-HT7 agonists have been tested for their ability to induce a
hypothermic response. Intracereboventricular injection of the 5-HT7 agonist LP-44 induced
hypothermia in mice, an effect that was successfully blocked by the 5-HT7 antagonist SB269970.211 Similarly, the 5-HT7 agonist LP-211 was able to reduce the body temperature of wildtype mice (attenuated by SB-269970) but not 5-HT7 knock-out mice.212 It has also been suggested
that 5-HT7 in the anteroventral preoptic region (AVPO) are believed to be at least partially
responsible for hypoxia-induced hypothermia.213

3.4 Anxiety
Studies focused on establishing a relationship between 5-HT7 and modulation of anxiety-like
behavior have produced inconsistent results. Early studies demonstrated a lack of anxiolytic effects
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in 5-HT7(-/-) mice, particularly in the light/dark transfer214 and elevated plus maze tests.195
Specifically, genetic inactivation of 5-HT7 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. Conversely, the 5-HT7 antagonist SB-269970 exhibits anxiolytic
properties is a battery of assays sensitive to anxiety states. Intraperitoneal administration of SB269970 increased the time rats spent in the open arms during the elevated plus maze test.196 Further,
this compound also induced an increase in the number of punished crossings in the four-plate test.196
When administered both systematically and intrahippocampally, SB-269970 increased the number
of accepted shocks in the Vogel conflict drinking test.196,215 It is important to note that the dose
response curve for SB-269970 in these assays generally were U-shaped and the responses were not
as pronounced compared to the clinically classified anxiolytic diazepam (Figure 19). More recently,
novel selective 5-HT7 antagonists from a series of arylsulfonamides (Figure 15) produced similar
results in the four-plate test when compared to SB-269970 and diazepam.198 Overall, these results
suggest that partial blockade of 5-HT7 activity, rather than complete inactivation, is a plausible
route for the treatment of anxiety-related disorders. Interestingly, both SB-269970 treated mice and
5-HT7(-/-) mice displayed anxiolytic properties in the marble burying test.216 This test monitors the
number of marbles buried by mice, a behavior related to both anxiety and obsessive-compulsive
disorder. Both genetic and pharmacological blockade of 5-HT7 resulted 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 5-HT7 inactivation required for anxiolytic effects depends on the model utilized.

Figure 19: Diazepam
The selective 5-HT7 agonist LP-211 has also been reported to display anxiolytic properties, and
is an illustration of the complexity of the relationship between 5-HT7 and anxiety-like behavior.
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Specifically, mice treated with LP-211 spent more time in aversive lit chambers in both the blackwhite box and dark-light transfer tests compared to untreated mice.185 Further, adult mice that were
chronically treated with LP-211 during adolescence demonstrated a reduction in anxiety-like
behavior during the dark-light transfer test.217 Collectively, these results suggest that 5-HT7 agonists
and antagonists may act on independent pathways that result in the attenuation of anxiety-like
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 related disorders.
Given the role of 5-HT7 in symptoms of depression it is not surprising that evidence suggests an
influence on stress-related responses and disorders. In particular, 5-HT7 blockade has been shown
to attenuate various stress-induced phenomena. Mice submitted to the contextual fear-conditioning
test, for example, tend to undergo stress-induced defecation. It was recently demonstrated that the
5-HT7 antagonist SB-269970 decreased the amount of feces produced by rats subjected to these
conditions when compared to untreated rats.218 Further, restraint-induced stress causes specific
long-lasting cognitive deficits in rats, as indicated by impairments during the extra- dimensional
(ED) portion of the attentional set-shifting task (AST).219 Additionally, restraint-induced stress
results in the reduction of long-term potentiation (LTP) in rat frontal cortex.220 Both of these stressinduced effects were attenuated by administration of SB-269970.220,221 Stress is also known to
induce analgesia which can be designated as either the opioid or non-opioid type. As indicated by
the tail-flick and hot plate tests, SB-269970 blocked both opioid and non-opioid stress-induced
analgesia.222 These findings suggest that 5-HT7 is involved in physiological responses prompted
from stressful situations.
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Separately, it is well known that some stress-related disorders are linked to endocrine
dysregulation as a result of chronic activation of the hypothalamic-pituitary-adrenal (HPA) axis,
the primary stress-responsive system.223 Moreover, recent results have suggested that excessive
secretion of stress mediators through chronic activation of the HPA axis is mediated by 5-HT7.224
Garcia-Inglesias et. al demonstrated that rats submitted to acute restraint exhibited increased
secretion of corticosterone (CORT) and adrenocorticotropic hormone (ACTH). Interestingly, this
effect was attenuated when rats were pretreated with SB-656104, a selective 5-HT7 antagonist.
Conversely, when rats were preconditioned with 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 result of chronic stress. Under these chronic stress conditions, SB-656104 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 expression of 5-HT7 in the adrenal
cortex of chronically stressed rats.225 This hypothesis is supported by the observation that 5-HT7
mRNA expression was increased in the hippocampus of rats exposed to acute stress226, whereas in
rats submitted to chronic unpredictable mild stress this increase was observed in both the
hippocampus and the hypothalamus.227 Further, repeated CORT administration has been used as a
model to study depression related stress. Tokarski et. al. demonstrated that the activity of 5-HT7
was increased in the CA3 hippocampus in rats that were administered repetitive doses of CORT
for up to 7 and 21 days.228 This suggests an increase in 5-HT7 function as a result of stressful
conditions.
The 5-HT7 receptor has been implicated in other endocrine dysregulation related disorders such
as ACTH-independent 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 hyperplasia tissue, 5-HT7 blockade significantly attenuated the 5-HT
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mediated increase of cortisol, while no effect was observed in normal adrenal gland tissue.229 These
findings support the concept of an involvement of 5-HT7 in AIMAHs causing Cushing syndrome.
Most recently, Takeda et. al. identified a relationship between 5-HT7 activation and stress
adaptation.230 In this study, a single exposure to 60 minutes of restraint stress caused a reduction in
the head-dipping response in the hole-board test. Further, this response was 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 head-dipping behavior. These mice were labeled stress-maladaptive. The frontal cortex and
hippocampus of stress-adaptive mice exhibited increases in 5-HT7 protein expression and ERK
phosphorylation, an effect not observed in stress-maladaptive mice. It was therefore postulated that
administration of a selective 5-HT7 agonist could address stress-adaptation in mice submitted to
stress-maladaptive conditions. This was indeed the case, as chronic treatment with the 5-HT7
agonist LP-12 attenuated the reduction in the head-dipping response of mice restrained for 240
min/day for 14 days.

3.6 Learning and Memory
Significant research efforts have been focused on elucidating the role of 5-HT7 in cognitive
function. These efforts were preceded by evidence that 5-HT7 is expressed in numerous regions of
the brain known to facilitate learning and memory, including the hippocampus. 60 Specifically,
various in vivo rodent models have been employed to probe different aspects of cognition. In
general, these 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 role of 5-HT7 is 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 administration.231
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Hypotheses based on cellular mechanics have been proposed in an effort to explain many of the
reported discrepancies. These hypotheses have been extensively discussed in recent review articles.
232,233,234

Herein, the effect of either genetic inactivation or pharmacological inactivation/stimulation

of 5-HT7 on various animal models of cognition is discussed.
Roberts et. al. initially laid the ground work for cognition-focused research on 5-HT7.214 In these
studies, 5-HT7(-/-) mice were subjected to a wide variety of behavioral models aimed at detecting
cognitive improvements or impairments. Preliminary studies demonstrated that 5-HT7(-/-) mice
displayed normal visual and locomotor activity, balance and motor learning ability compared to
normal mice. These findings indicate that the aforementioned attributes are not a factor in changes
to cognitive function in 5-HT7(-/-) mice. Further, these mice exhibited normal activity in the cued
fear conditioning, operant food conditioning, rotarod and Barnes maze tests. 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 increased freezing behavior upon entrance into the environments associated with
the aversive stimulus. It is important to note that 5-HT7(-/-) mice did not display impairment in the
cued fear conditioning test, where the conditioned context is changed to a conditioned stimulus
such as a tone. It was suggested that 5-HT7 may be associated with contextual hippocampusdependent learning. The observation that 5-HT7(-/-) mice exhibited decreased long-term synaptic
plasticity within the hippocampus, specifically the CA1 region, is 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 (PTSP). 235 Efforts to
understand the impact of 5-HT7 stimulation/inactivation on fear memory have been reported
recently. As seen in the 5-HT7(-/-) mice, microinjections of the 5-HT7 antagonist SB-269970 into the
ventral hippocampus of rats induced a significant reduction in freezing behavior in the contextual
fear condition test when compared to control rats.218 Moreover, administration of SB-269970 had
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no effect on rats submitted to the elevated plus maze test suggesting that 5-HT7 regulates fear
memory retrieval with no effect on memory-independent fear activity. Another selective 5-HT7
antagonist, DR-4004 displayed similar results, where systematic administration decreased freezing
behavior in mice during both tone and contextual fear conditioning tests.236 This is the first
indication of a role for 5-HT7 in tone-dependent fear memory, where previously 5-HT7(-/-) mice
exhibited normal behavior in the cue fear test.214 In contrast, Schmidt et. al. reported that
microinjection of SB-269970 to the CA1 region of the dorsal hippocampus facilitated both the
consolidation and reconsolidation of fear memory.237 Further, direct injection of the 5-HT7 agonist
LP-44 to the ventral hippocampus enhanced memory-dependent fear expression218, whereas
microinjection of the 5-HT7 agonist AS-19 to the CA1 region of the dorsal hippocampus had no
effect on freezing behavior.237 This suggests that mechanisms involving fear memory and 5-HT7
are location dependent. In support of this claim, ERK activity was shown to increase in both the
amygdala and hippocampus following test sessions. The 5-HT7 antagonist DR-4004 blocked this
increase in the amygdala but enhanced it in the hippocampus.236 In the CA3 region of the ventral
hippocampus, it was proposed that activation of 5-HT7 enhances the sensitivity to inputs and
facilitates the retrieval of fear memory and this mechanism is mediated via hyperpolarizationactivated cyclic nucleotide 2 and 4 channels.218
The passive avoidance test, like fear conditioning, is also employed to determine the impact of
pharmacological agents on fear memory.238 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 5-HT1A/7 agonist 8-OH-DPAT has been shown to produce amnesic effects on mice
submitted to the passive avoidance test suggesting a possible role for 5-HT7.239 Eriksson et. al.
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demonstrated that a combination of the 5-HT7 antagonist SB-269970 and 8-OH-DPAT intensified
the amnesia induced by 8-OH-DPAT alone.239 The authors suggested that 8-OH-DPAT’s negative
impact on the passive avoidance test was mediated by activation of 5-HT1A and that 5-HT7
stimulation counteracted these effects. This hypothesis is supported by the observation that when
8-OH-DPAT and NAD-299 (a selective 5-HT1A antagonist, Figure 20) were administered together,
performance was increased; an effect also seen with co-administration of the SSRI fluoxetine and
NAD-299.240 In both cases, the facilitation of fear memory was blocked by SB-269970. It was
proposed that, when 5-HT1A is blocked, increased 5-HT7 activation via 8-OH-DPAT or the SSRI
enhanced memory. Interestingly, SB-269970 (unless under suboptimal learning conditions) and the
5-HT7 agonists AS-19 and LP-44 had no effect in the passive avoidance test when administered
alone.240 Nevertheless, the evidence supports a key role for 5-HT7 in the consolidation and retrieval
of fear memory.

Figure 20: NAD-299
Evidence has also suggested a pivotal role for 5-HT7 in novel object/location seeking behavior.
Sarkisyan et. al.. for example, demonstrated that 5-HT7(-/-) mice were impaired in the novel location
(NLR), but not the novel object (NOR), recognition test.241 5-HT7(-/-) mice were unable to
distinguish a novel environment from a previously explored familiar one. This effect was replicated
in normal mice via administration of the 5-HT7 antagonist SB-269970. Similar to both fear models
described above, the novel location recognition test involves hippocampus dependent learning, and
these findings suggest a critical role for 5-HT7 in cognitive processes regulated by the hippocampus.
In contrast to the findings by Sarkisyan et. al., however, other research teams have reported that
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targeting 5-HT7 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 an intra-trial interval of 24
hrs is applied.242 It is well known that the time period (inter-trial 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 of SB-269970, which correlates to a brain concentration
of 0.89 µM. In contrast, when SB-269970 is administered after the acquisition trial (training), with
a 2 hour intra-trial interval, impairment in recognition was observed during the retention session.243
In addition, with a 4 hour intra-trial interval, 5-CT induced an increase in object recognition. This
effect was blocked by SB-269970 but not by antagonists of 5-HT1A, 5-HT1B, or 5-HT1D suggesting
5-CT’s precognitive effects were mediated by 5-HT7. Most recently, the effects of the 5-HT7
agonist LP-211 in the novel-preference test were explored.244 In this model, LP-211 prompted an
improvement in the consolidation of chamber-shape memory that the authors suggested was
representative of information inherent to spatial environments. These results suggest a potential
role for 5-HT7 in the consolidation, or recall, of recognition memory.
Studies by Ballaz, et. al revealed a potential link between 5-HT7 expression levels and novelseeking behavior. Initially, rats were identified as either high (HR) or low (LR) responders.245 HR
displayed increased activity when placed into a novel environment, as well as increased drug-taking
and decreased anxiety-like behavior compared to LR. An analysis of 5-HT7 expression levels
showed that in areas of information trafficking, such as the thalamo-cortical projection areas and
dorsal hippocampus, 5-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 novel one.246 It was proposed that HR’s lack of novel-object exploration could be
attributed to decreased expression levels of 5-HT7. This hypothesis was supported by the
observation that administration of SB-269970 (15 mg/kg) inhibited novel-object exploration in LR,
such that their performance was decreased to the same levels as untreated HR in the NOR test.
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These results not only support the role of 5-HT7 in memory processes related to novelty recognition
but also raise the possibility that variation of 5-HT7 expression levels across test subjects, or species,
may be the causal factor leading to disparate results in the studies of 5-HT7 and cognition.
Some of the previously described models (contextual fear, NOL and novel-preference test)
require spatial learning and environmental awareness, but there are other models more suited to
determining the impact of pharmacological intervention on these aspects of learning and memory.
The role of 5-HT7 in spatial memory and navigation were recently investigated in these models.247
Specifically, the Barns maze is a useful test for monitoring impairments to spatial learning.231 Mice
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 conditions, 5-HT7(-/-) mice perform equally as well as
wild type mice.214 However, under more sophisticated conditions where two additional trials are
added (probe and reversal sessions), 5-HT7(-/-) mice exhibited poor performance compared to wild
type.241 In the probe and reversal session the escape box is removed or moved 180 degrees from
the original location, respectively. In these sessions, 5-HT7(-/-) mice spent more time in the quadrant
where the box was originally located. Furthermore, it was observed that 5-HT7(-/-) mice exhibited
back-tracking 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 has been moved. This was attributed to reliance on egocentric
spatial memory (memory of an individual’s position relative to objects), formed from overtraining,
that was spared in 5-HT7(-/-) mice.241 Moreover, it was hypothesized that wild type mice
demonstrated improved performance due to their utilization of a search strategy that required
greater allocentric spatial processing. Since 5-HT7(-/-) mice appeared unable to employ this strategy,
it was concluded that 5-HT7 may play a critical role in allocentric memory. Interestingly, the
expression of 5-HT7 in the hippocampal CA3 region, an area of the brain involved in allocentric
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navigation, has been shown to decrease with increasing age.247 This suggests that the age-related
cognitive decline in the ability to use allocentric strategies could be attributed to decreased 5-HT7
activity in this region of the brain. However, K. M. Franklin et. al. recently demonstrated that
hippocampal expression of 5-HT7 does not change with age but exhibit 24 hour rhythms, especially
in the CA1 region.248 Additional research is required to determine the relationship between 5-HT7
expression and age-related cognitive decline.
Results from a study involving the radial arm maze supported the conclusion that there is a role
for 5-HT7 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 access. Mice are trained 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 administration of the 5-HT7 antagonist SB-269970 had no effect
on working memory, it improved performance in reference memory by decreasing the number of
errors during that phase of the experiment.249 These findings mirror 5-HT7 expression levels in two
key regions of the brain associated with reference and working memory. High concentrations of 5HT7 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 working memory.
Interestingly, it was proposed that SB-269970 improved performance because it forced the rats to
utilize a more rigid, egocentric driven strategy.231 In addition, influences from allocentric driven
strategies, which were blocked by SB-269970, could interfere with performance. These findings
suggest a regulatory role for 5-HT7 in spatial learning.
The effect of targeting 5-HT7 on instrumental conditioning has also been explored, particularly
employing a 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 time period, the 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 test, 8-OH-DPAT
improved performance by increasing the amount of CR. This effect was reversed with coadministered of either SB-269970 or DR-4004 (both 5-HT7 antagonists) suggesting that activation
of 5-HT7 improved memory consolidation during this task.250 Administration of the 5-HT7 agonist
AS-19 increased the number of CR and enhanced learning, an effect that was blocked by SB269970, lending further support for the role of 5-HT7 in this instrumental conditioning.251
Interestingly, both 5-HT7 agonists (LP-211252 and AS-19251) and antagonists250 (SB-269970 and
DR-4004) attenuated the amnesic effects induced by scopolamine. This paradoxical result is not
uncommon as both 5-HT1A agonists and antagonist also have antiamnesic properties.232,251 The P/IA
task assay can also be used to probe both short-term (STM) and long-term (LTM) memory,
depending on the length between training and testing sessions (1.5 vs. 24 hr). Specifically, AS-19
impaired STM253, whereas LP-211 had no effect on STM.254 However, both AS-19 and LP-211
improved performance during the LTM testing session. The effects of LP-211 were blocked by SB269970, but co-administration of AS-19 and SB-269970 impaired LTM. Overall, studies in the
P/IA task assay are supportive of a role for 5-HT7 in memory consolidation, STM and LTM and
revealed potential antiamnesic properties of 5-HT7 ligands.

As previously discussed, SB-269970 was able to attenuate the stress-induced cognitive deficits
in the extra-dimensional portion of the AST. Results from this study also revealed that in unstressed
control rats, administration of SB-269970 improved performance in the extra-dimensional portion
of the AST.221 Furthermore, this procognitive outcome could be replicated when a sub-efficacious
dose of SB-269970 was co-administered with the SSRI escitalopram (Figure 21), which indicates
that there is a synergic effect. These results suggest that 5-HT7 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 associations.255

Figure 21: Escitalopram
Despite the experimental evidence developed to date, the role of 5-HT7 in cognitive processes
is not fully understood. It is clear, however, that 5-HT7 modulates learning and memory, which
suggests that 5-HT7 ligands have potential value as therapeutic agents for treating cognitive deficit
disorders and disease states. Specifically, activation of 5-HT7 produced positive results in a rat
model of hyperactivity and attention deficit disorder.256 Sub-chronic administration of the 5-HT7
agonist LP-211 to Naples High Excitability rats improved their performance in the Olton’s maze.
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 disorder Rett syndrome.257 The MeCP2-308 male mouse is routinely used to
model Rett syndrome and exhibit decreased performance in various models of anxiety, exploratory
behavior and cognition.258 LP-211 was able to restore performance of MeCP2-308 mice to wildtype standards in several models of cognition including a spatial novelty preference task, suggesting
an improvement in hippocampus-dependent cognition.258 Furthermore, it was concluded that 5-HT7
may be involved in higher-order learning (e.g., cognitive flexibility), an aspect that is reduced in
both autism spectrum disorders259 and fragile X syndrome.260 It has therefore been proposed that 5HT7 ligands could be potential treatment options for both of these conditions.259 In fact, LP-211
was able to reverse excessive glutamate receptor-mediated LTD in Fmr1 knock-out mice, a mouse
model of fragile X syndrome.261
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3.7 Schizophrenia
The hypothesis that 5-HT7 plays a role in schizophrenia dates back to the initial discovery that
several known antipsychotics have high affinity for this receptor.114 Further, post mortem studies
indicated that the dorsolateral prefrontal cortex of schizophrenia patients exhibited decreased
expression levels of 5-HT7.262 After this discovery, investigations into the impact of 5-HT7
antagonists on models of schizophrenia were conducted.129 There are several pharmacological
models of chemically-induced behavioral changes that reflect certain aspects of schizophrenia. 263
Amphetamine (Figure 22) administration, for example, can be used to probe positive symptoms
(hyperactivity) of schizophrenia. On the other hand, NMDA-receptor antagonists (phencyclidine
(PCP), ketamine and dizocilpine, Figure 22) have 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 associated with schizophrenia.

Figure 22: Pharmacological agents used to probe symptoms of schizophrenia in in vivo animal
models
Induction of hyperactivity and prepulse inhibition (PPI) deficits of the startle reflex can be used
to probe the positive symptoms of schizophrenia.264 Attenuation of these behaviors is commonly
used to evaluate the anti-psychotic potential of a certain compound or target. Interestingly,
ketamine, PCP, and amphetamine-induced hyperactivity were all significantly reduced by the 5HT7 antagonist SB-269970 in both rats and mice.242,265 Moreover, SB-269970 successfully reversed
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amphetamine-induced PPI deficits265 but not those evoked by PCP266 and ketamine.267 This suggests
that 5-HT7 may be involved in the dopaminergic, but not the glutamatergic, component of PPI. In
contrast, another 5-HT7 antagonist SB-258741 was ineffective in the amphetamine-based model
but attenuated PCP-induced PPI impairments in rats.268 Further, 5-HT7(-/-) mice were less
susceptible to PPI disruption elicited by PCP compared to wild type mice.266 These results indicate
that with respect to the dopaminergic (amphetamine) and glutamatergic (PCP) components of PPI,
the influence of 5-HT7 inactivation may depend on the test subject (wild type vs. knock-out) and
the test compound employed (SB-269970 vs. SB-258741).
Probing negative symptoms of schizophrenia has proven to be a considerable challenge. The
majority of negative symptoms are unique to humans and cannot be replicated in animal models.264
There are, however, a limited number of reports on efforts to examine the role of 5-HT7 on negative
symptoms, specifically those associated with social withdrawal. Ketamine induced social
withdrawal in rats is significantly attenuated by treatment with SB-269970.269 This is in stark
contrast to the inability of another 5-HT7 antagonist’s, SB-258741, to ameliorate PCP induced
social withdrawal. 268 There is also evidence suggesting that amisulpride’s pro-social action is
mediated via inactivation of 5-HT7. Specifically, amisulpride (5-HT7 KI=11.5 nM202, Figure 17)
attenuates ketamine-induced social withdrawal in rats, an effect that is blocked when coadministrated with the 5-HT7 agonist AS-19.270 Consequently, these results demonstrate the antipsychotic potential of 5-HT7 antagonists in treating both positive and negative symptoms of
schizophrenia.
The cognitive deficits associated with schizophrenia are considered the more debilitating
symptoms and continue to be difficult to treat.264 When examining a compound’s potential in
treating these types of symptoms, models similar to 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 recently demonstrated that intraprefrontal cortex infusion, but not systemic
administration, of SB-269970 attenuates amnesia to STM evoked by ketamine in the P/IA task
assay.271 In the same assay, amnesia induced by dizocilpine was reversed with systemic
administration of 5-HT7 antagonists,250 SB-269970 and DR-4004, and agonist AS-19.251 As
previously stated, this effect is not uncommon as antiamnesic effects are routinely associated with
both agonists and antagonists of 5-HT1A and 5-HT7.232,251 In contrast, the 5-HT7 antagonist SB269970, but not the 5-HT7 agonist AS-19, reversed amnesia elicited by PCP in the reversal learning
task assay.272,273 These effects may depend on the model and amnesia inducing agent employed. In
the NOR assay, SB-269970 increased performance in rats that were impaired by either PCP274 or
ketamine.269 Further, dizocilpine induced deficits were blocked by the 5-HT7 antagonist SB-656104
in both the passive avoidance and Morris water maze tests,275 and by SB-269970 in the delayed
non-matching to position task (DNMTP), a model of working memory.176 Antagonist treatment also
alleviated ketamine-induced dysfunction of cognitive flexibility, as SB-269970 improved
performance in the ED portion of the AST.269 More recently, 5-HT7 antagonists have been explored
in the five-choice serial reaction time task, a model in which induced deficits have been shown to
mirror various cognitive deficits displayed by schizophrenia patients.276 In this task, SB-269970
ameliorated increases in impulsive action evoked by dizocilpine.277
Moreover, the procognitive effects of various antipsychotics may be mediated via inactivation
of 5-HT7. Specifically, AS-19 blocked the improvements elicited by lurasidone (5-HT7 KI= 0.495
nM278, Figure 17) and amisulpride in the passive avoidance279 and NOR274 tasks when deficits were
induced by dizocilpine and PCP, respectively. Furthermore, in the NOR task when amnesia was
induced by PCP, a synergetic effect was observed when sub-efficacious doses of SB-269970 were
co-administered with lurasidone or amisulpride.274
Pituitary adenylate cyclase-activating polypeptide (PACAP) mice are considered a genetic
experimental model for psychiatric disorders and can be used to probe psychomotor and cognitive
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deficits associated with schizophrenia.280 Specifically these mice exhibit abnormal jumping
behavior, longer immobility in the FST and impaired performance in the Y-maze test. Interestingly,
SB-269970 administration was effective in reversing or suppressing all three of these observed
behavioral abnormalities. In summary, 5-HT7 antagonists represent a promising strategy for
treating the various symptoms and dysfunctions associated with schizophrenia, as well as,
enhancing the effects of established antipsychotics.

3.8 Epilepsy
The first indication that 5-HT7 could be a potential target for the treatment of epilepsy occurred
before the development of selective 5-HT7 ligands. Bourson et. al. investigated whether there was
a correlation between the binding affinity of 8 non-selective 5-HT7 antagonists and their in vivo
potency towards inhibiting audiogenic seizures in DBA/2J mice.281 This study concluded that there
was a correlation, thus suggesting that selective 5-HT7 antagonists could exhibit anticonvulsant
properties. In line with this conclusion, the 5-HT7 antagonist SB-258719 significantly decreased
spontaneous epileptic activity in WAG/Rij rats, a model for absence epilepsy.282 Further, 5-HT7
antagonist SB-269970 was able to attenuate the number of seizures in a rat model of pilocarpineinduced temporal lobe epilepsy, whereas administration of the 5-HT7 agonist AS-19 significantly
increased epileptic activity.283 An analysis of 5-HT7 expression levels demonstrated that brain tissue
extracted from rats examined in the pilocarpine-induced temporal lobe epilepsy model and human
patients with intractable epilepsy had increased levels of 5-HT7 mRNA and staining, respectively,
compared to normal subjects. Therefore 5-HT7 may have a role in the pathogenesis of temporal
lobe epilepsy. It has also been suggested that 5-HT7 may be involved in tonic-clonic seizureinduced antinociception.284 Specifically, microinjection of methiothepin (Figure 23) into the dorsal
raphe nucleus of rats antagonized tonic-clonic seizure-induced antinociception. However,
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methiothepin is a non-selective 5-HT7 antagonist. As such, further studies using selective 5-HT7
ligands are required in order to clarify whether or not this effect is mediated specifically by 5-HT7.

Figure 23: Methiothepin
In contrast to these results, Pericic et. al. suggested that activation of 5-HT7 had positive effects
on epileptic activity.285 In a model of generalized convulsive epilepsy, the threshold for picrotoxininduced seizures is increased in stressed mice compared to unstressed mice. Although SB-269970
had no effect on epileptic activity evoked by picrotoxin, 5-CT displayed anticonvulsant activity in
both stressed and unstressed mice. Moreover, the effects of 5-CT were blocked by SB-269970 but
not WAY-100635 (5-HT1A antagonist, Figure 18) in stressed mice. This suggests that activation of
5-HT7 by 5-CT resulted in the attenuation of convulsant activity elicited by picrotoxin.
Furthermore, 5-HT7(-/-) mice displayed decreased thresholds for tonic, but not clonic, seizures
induced by electrical stimulation compared to wild-type mice. 286 Also the noncompetitive GABA
antagonist pentylenetetrazole and cocaine (Figure 24), were more potent in inducing seizures in 5HT7(-/-) mice.286 However, the authors suggested that since there has yet to be reports of 5-HT7
antagonists exacerbating seizures or lowering seizure thresholds, the effects observed in 5-HT7(-/-)
mice may be a result of adaptive changes. Nevertheless, there appears to be therapeutic potential
for 5-HT7 ligands in epilepsy. Additional research is required to clarify the role of 5-HT7 in

Figure 24: Noncompetitive GABA antagonist pentylenetetrazole and cocaine
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modulating seizures, specifically if the type of epilepsy studied influences whether activation or
blockade of the 5-HT7 will produce anticonvulsant activity.

3.9 Pain
Numerous studies have focused on the role of 5-HT7 in pain processing. Various animal models
looking at both inflammatory and neuropathic associated pain have been executed to determine if
the function of 5-HT7 is either pro- or antinociceptive. Collectively, these results have supported
an antinociceptive role for 5-HT7, thus suggesting a therapeutic potential for 5-HT7 agonists in 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 regulatory role of 5-HT7 in pain perception has been
reviewed and is complex.287 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 is routinely
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, a direct influence on primary afferent or nociceptive dorsal
neurons should augment these effects.288 In contrast, both thermal and mechanical hypersensitivity
were attenuated by systemic administration of three different 5-HT7 agonists: MSD-5a (Figure 25)
and E-55888 in rats289 and AS-19 in both species.289,290 In addition, micro-injection of AS-19 into
the periaqueductal gray291 and systemic administration of the 5-HT7 agonist LP-211292 elicited antihyperalgesic properties in rats with chronic constriction injury (CCI) of the SN. Moreover,
activation of 5-HT7 in the ventrolateral orbital cortex were associated with the anti-allodynic
activity of 5-HT in rats with spared nerve injury.293 Therefore, this inhibitory action on neuropathic
pain can be explained by two possible theories. One theory states that 5-HT7 agonists cause rapid
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desensitization of 5-HT7 thus inactivating them. This is likely not the case because repeated
treatment of E-55888289 or E-57431290 did not cause tolerance to analgesic effects or rapid
desensitization. An alternative scenario involves activation of inhibitory interneurons via 5-HT7.
The latter theory is supported by the observation that the effects of 5-HT7 agonists were blocked
by a GABAA antagonist, but not by an antagonist for GABAB or opioid receptors in rats with nerve
injury 289 Therefore it was hypothesized that the analgesic effects were attributed to activation of 5HT7 located on inhibitory GABAergic interneurons in models of neuropathic pain. Furthermore, 5HT7 stimulation also attenuates other aspects of pain regulation disrupted by nerve injury. Ligation
of the L5 and L6 spinal nerves in rats, for example, abolishes diffuse noxious inhibitory controls
(DNIC), an endogenous analgesic pathway otherwise known as “pain inhibits pain”. Bannister et.
al. demonstrated that excess spinal 5-HT, as a result of spinal administration of SSRIs, restored
DNIC.294 This effect was blocked by the 5-HT7 antagonist SB-269970, suggesting that excess spinal
5-HT activates 5-HT7 and reinstates DNIC. At the cellular level, neuropathic pain causes neuronal
excitability of L5 pyramidal neurons in the anterior cingulate cortex by functionally
downregulating hyperpolarization-activated-and-cyclic-nucleotide-regulated (HCH) channels,
which can lead to mechanical hyperalgesia and negative emotional symptoms. 295 Systemic
administration of LP-211 was able to increase the function of HCN in rats with CCI of the SN. 292
Overall, these studies support the use of 5-HT7 agonists in treating neuropathic pain.

Figure 25: MSD-5a137
Chemically induced pain models are routinely used to probe pain associated with inflammation
and disease states. Typically, an irritant such as capsaicin (Figure 26), formalin or carrageenan is
injected into the paw or muscle and consequential behaviors are monitored.296 With regard to
inflammatory pain, the 5-HT7 agonists AS-19, E-57431 and E-55888 significantly decreased
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Figure 26: Capsaicin
formalin-induced late phase licking/biting behavior in wild-type mice.297 These agonists were
ineffective in 5-HT7(-/-) mice, suggesting their antinociceptive properties were mediated directly by
activation of 5-HT7. Furthermore, systemic administration of AS-19, MSD-5A and E-55888 to
mice,137 and E-57431298 to rats, significantly attenuated mechanical hypersensitivity associated
with intraplanter injection of capsaicin. In mice, these effects were blocked by the 5-HT7
antagonists SB-258719 and SB-269970, yet when administered alone these antagonists promoted
capsaicin-induced mechanical hypersensitivity.137 It is important to note that the 5-HT7 antagonist
SB-258719 induced mechanical hypersensitivity in sham-operated mice.290 It appears that 5-HT7 is
not involved in all types of inflammatory pain. Although intrathecal AS-19 reversed the increase
in the flinching response evoked by formalin, neither AS-19 nor SB-269970 had an effect on
carrageenan-induced mechanical allodynia.299 In one study, however, AS-19 produced antiinflammatory effects in carrageenan induced paw edema.300 Lastly, 5-HT7 may be involved in
diabetic neuropathic pain, which can be chemically induced in mice. Following intraperitoneal
injection of streptozocin (Figure 27), mice develop diabetes and display thermal hyperalgesia,
followed by prolonged thermal hypoalgesia. Administration of AS-19 reversed the resulting
thermal hyperalgesia, but was ineffective against late-stage thermal hypoalgesia.301 Collectively,
these results suggest an antinociceptive role for 5-HT7 in some inflammatory pain processes, as
well as, a potential role for 5-HT7 agonists in treating diabetic neuropathic pain.
The 5-HT7 receptor has been associated with the antinociceptive effects of various established
analgesics such as morphine,302 tramadol303 and acetaminophen304 (Figure 28). Although these
analgesics do not directly bind to 5-HT7, it has been hypothesized that they stimulate descending
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Figure 27: Streptozocin
serotonergic pathways that involve the activation of 5-HT7. In support of this theory, intrathecal
administered 5-HT7 antagonists (SB-269970 or SB-25719) blocked the antinociceptive and
antihyperalgesic effects of the aforesaid analgesics. The 5-HT7 agonist E-55888 potentiated the
analgesic effects of morphine in the tail-flick test.305 While SB-25719 was able to block the
potentiating effects of E-55888, it alone had no effect on morphine-induced analgesia. This
contradicting result could be explained by differing routes of administration (subcutaneous vs
intrathecal). Furthermore, SB-269970 reverses the effects of amitriptyline (Figure 28), a commonly
prescribed serotonin–norepinephrine reuptake inhibitor (SNRI) for chronic neuropathic pain that
reduces the number of flinches in mice injected with formalin.306 Mechanistically, the authors
proposed that amitriptyline effects are dependent upon activation of spinal adenosine A1 receptors
secondary to 5-HT7. The mechanism of action of nefopam (Figure 28), a non-opioid analgesic used
to control postoperative pain, is unclear, but recent results suggest a role for 5-HT7. Particularly,
SB-269970 blocked the effects of nefopam in both the formalin and paw incision test in rats.307
Moreover, SB-269970 reversed the antiallodynic properties of nefopam in spinal nerve ligated
rats.308 Interestingly, nefopam’s mechanism of action appears to involve descending serotonergic
pathways during the paw incision test but not in spinal nerve ligated rats; results were inconclusive
for formalin-induced nociception. Intrathecal administration of SB-269970 was also able to block
the effects of tianeptine, an atypical antidepressant shown to reduce mechanical allodynia elicited
by L5/L6 nerve ligation in rats.309 Similar to nefopam’s effect in nerve injured rats, the action of
tianeptine also appears to be independent of descending serotonergic pathways.
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Figure 28: Analgesics associated with 5-HT7
All of these results support an antinociceptive impact via direct or indirect activation of 5-HT7.
Conversely, there are reports that have suggested a pronociceptive role for 5-HT7. In these studies,
5-HT7 antagonists inhibit pain signals, while 5-HT7 agonists stimulate them. The 5-HT7 agonist
AS-19, for example, produced a pronociceptive effect that lasted for 7 hours in naïve rats, despite
having an antinociceptive effect in sciatic nerve ligated rats.287 Moreover, both effects were blocked
by the GABAA receptor antagonist bicuculline. An explanation proposed for this paradoxical
finding is that nerve injury causes GABA’s action to switch from inhibitory to excitatory due to
changes in chloride ion transport dynamics.287
Some inconsistent results could be explained by evidence that suggest that peripheral, but not
spinal, 5-HT7 evoke pronociceptive effects. Specifically, local administration of the 5-HT7
antagonist SB-269970 reduced formalin-induced flinching and blocked the augmenting effects of
intraplantar 5-HT and 5-CT in rats.310 In support of this theory, Brenchat et. al. demonstrated that
an intraplantar injection of the 5-HT7 agonist E-57431 enhanced the action of an ineffective dose
of capsaicin and induced mechanical hypersensitivity, whereas, systematic and intrathecal E-57431
displayed opposite effects.298 It was concluded that during systemic exposure, the antinociceptive
influence of spinal 5-HT7 predominates over the pronociceptive effect of 5-HT7 in the periphery.
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Inconsistent with these conclusions, however, is the observation that spinal and systemic
administration of 5-HT7 agonists and antagonists have been shown to augment and reverse,
respectively, the pronociceptive action of both formalin and capsaicin.311,312 In addition, SB-269970
displayed some antinociceptive effect when intraperitoneally administered to rats with constricted
injury to the sciatic nerve.289 More studies are required in order to determine whether or not there
are opposing roles for spinal and peripheral 5-HT7.
Finally, conflicting results across differing models of pain may be a consequence of changes to
5-HT7 expression in response to injury or an irritant. When the model being utilized results in a
decrease in 5-HT7 expression in pain processing areas of the spine, antagonists appear to display
antinociceptive effects. When 5-HT7 expression is increased, however, agonists are
antinociceptive. In L5/L6 spinal nerve ligated rats, for instance, 5-HT7 expression is decreased in
the ipsilateral dorsal root ganglia and spinal cord. These rats exhibit tactile allodynia, which is
attenuated by spinal and systemic administration of the 5-HT7 antagonist SB-269970.313 Moreover,
both CCI in rats and partial ligation of the sciatic nerve in mice induced an increase in 5-HT7
expression in the midbrain periaqueductal gray and dorsal horn respectively. In both these cases,
5-HT7 agonists produced antinociceptive effects.290,291 This theory may explain the lack of efficacy
of 5-HT7 ligands in the carrageenan model of inflammatory pain.299 An analysis of spinal 5-HT7
expression in both control and carrageenan injected rats, concluded that there was no significant
difference between the two.314 Changes in spinal 5-HT7 expression may be required for efficacy of
5-HT7 ligands in a specific model.
Taken together, these observations suggest that 5-HT7 plays a prominent role in regulating pain
in both the periphery and CNS. There also appears to be therapeutic potential for 5-HT7 agonists in
mediating pain, especially neuropathic pain. Future studies are necessary to clarify the mechanisms
behind the effect of 5-HT7 ligands on nociception.
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3.10 Migraine
It is well established that there is a link between 5-HT and migraine.315 Not surprisingly, the
effects of 5-HT on migraine pathophysiology are not mediated by a single receptor subtype, but
rather involve receptors in the 5-HT1, 5-HT2 and 5-HT7 families.316 Implications that 5-HT7 is a
potential target in treating migraine attacks arose from observations that several prophylactic antimigraine drugs displayed affinity for 5-HT7.60 Furthermore, it has been proposed that 5-HT7
mediates vasodilation in vascular structures associated with migraines.317 Direct evidence using the
5-HT7 antagonist SB-269970 supported this theory, as it was concluded that 5-CT induceddilatation in the middle meningeal artery (MMA) was mediated via activation of 5-HT7.318
Whether or not animals can experience migraine-like episodes is debatable, however,
experimental models of migraine have been proposed.319 Of 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 place during a migraine attack. Specifically, stimulation of TG results
in the release of calcitonin gene-regulated peptide (CGRP), a key modulator in the pathophysiology
of migraine headaches. Similarly, plasma levels of CGRP are increased during migraine attacks.
Interestingly, the 5-HT7 antagonist SB-269970 significantly decreased serum CGRP levels
following TG stimulation. Although the 5-HT7 agonist AS-19 had no effect on the plasma
concentration of CGRP when administered alone, it was capable of reversing the effect of SB269970.320 It is important to note that it was recently demonstrated that 5-HT7 is not involved in the
release of CGRP in rat primary TG neurons.321 This may be due to differences between in vitro and
in vivo settings and stimulatory conditions (electrical vs. chemical). Moreover, neurogenic dural
vasodilation plays an important role in the on-set of migraine headaches and can be experimentally
reproduced by increasing the blood flow of the MMA via stimulation of the DM. Intravenous
injection of AS-19 and SB-269970 increased and decreased, respectively, the basal and stimulated
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dural blood flows of the MMA.322 Thus, activation of 5-HT7 may be involved in both neurogenic
dural vasodilation and the release of CGRP, key aspects in the pathophysiology of migraine.
Additional research is required in order to decipher the role of 5-HT7 in migraine, but these results
suggest a potential therapeutic used for 5-HT7 antagonists for the treatment of migraine.

3.11 Substance Abuse
The involvement of 5-HT7 in substance abuse is relatively unexplored. To date, there are no
reports of 5-HT7 ligands directly influencing alcohol or drug consumption. However, a limited
amount of studies have suggested a potential role for 5-HT7 in alcohol addiction and drug-taking
behaviors.161 It is widely accepted that alcohol addiction is a complex disorder that can be
influenced by various genetic factors.323 A few human genetic studies have proposed that a 5-HT7
polymorphism could be one of these genetic factors and act as a predisposition for alcohol
dependence. Specifically, Zlojutro et. al. conducted a genome-wide association study (GWAS) of
theta band event-related oscillations (EROs) which represent highly heritable neuroelectrical
correlates of human perception and cognitive performance.324 It was proposed that deficits in ERO
may represent an endophenotype for alcohol dependence based on their presence in alcoholdependent individuals, as well as those at high risk for alcohol addiction. This study found a 5-HT7
polymorphism that was associated with: altered EROs, diagnoses of alcohol dependence (DSMIV) among case controls and theta ERO reductions among homozygotes for alcohol dependence in
both case controls and family-based samples. These results were supported by a follow up study
that associated a 5-HT7 polymorphism with the Alcohol Use Disorders Identification Test (AUDIT)
and concluded that genetic variations of 5-HT7 may contribute to the predisposition for alcohol
dependence.325 Finally, a collective analysis of all GWASs of alcohol dependence further supported
a potential important role for 5-HT7.326 It is important to note, from a preclinical perspective, that
although it was demonstrated that 5-HT7 expression is increased in the brain of mice exposed to
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alcohol vapor, the 5-HT7 antagonist SB-258719 did not alter alcohol consumption in this animal
model.327 Therefore, despite the consistent evidence suggesting 5-HT7 as a genetic factor associated
with alcohol dependence, supporting preclinical results on alcohol consumption are lacking.
Pharmacological manipulation of 5-HT7 has influenced drug-taking behaviors such as sensation
seeking and impulsivity. As previously mentioned, Ballaz, et. al. demonstrated a difference in 5HT7 expression between HR and LR rats who express opposing phenotypes in novelty-seeking and
drug-taking behaviors.245 Specifically, HR rats display high levels of these particular behaviors and
decreased 5-HT7 mRNA levels in areas of information trafficking compared to LR. Furthermore,
HR rats exhibit poor performance in the NOR task, while LR can successfully discriminated an old
object from a novel one.246 Although administration of the 5-HT7 antagonist SB-269970 has no
effect on the behavior of HR rats it did decreased the performance of LR rats. Therefore it is
plausible to suggest that low expression of 5-HT7 in HR rats may result in their particular
phenotypes and increased drug-taking behaviors. Moreover, an enhancement in impulsivity in rats
was attributed to a reduction in 5-HT7 activity.328 Briefly, methylphenidate (MPD, Figure 29)
administered to adolescent rats reduced impulsive behaviors in adulthood and increased 5-HT7
expression in the nucleus accumbens. Interestingly, SB-269970 was able to block the effects of
MPD and augmented impulsivity when given alone, whereas 5-HT7 activation via 8-OH-DPAT
reduced impulsive behavior in both adolescent and naïve adult rats. Conversely, SB-269970
attenuated the increase in impulsive action evoked by dizocilpine (Figure 22) in the five-choice
serial reaction time task.277 This could be due to the difference in the animal models utilized, where
one induced impulsive behavior and the other observed changes to basal levels of impulsivity.
Recently, the 5-HT7 agonist LP-211 demonstrated anti-impulsive properties in rats subjected to the
probabilistic-delivery task where it shifted the choice of reward towards one that is larger, but
unlikely.244 The authors concluded that activation of 5-HT7 promoted risk-prone behavior which
can have implications in gambling disorder. This is interesting because gambling disorder shares
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clinical characteristics with substance abuse, such as increased impulsivity. 329 Since 5-HT7
activation appears to reduce impulsive behaviors, yet promote risk taking, the clinical relevance
remains unclear.

Figure 29: Methylphenidate
Collectively, these results suggest a potential role for 5-HT7 in alcohol dependence and the
manifestation of drug-taking behaviors, however more research needs to be conducted in order to
determine the therapeutic potential in targeting this receptor for the treatment of alcohol and drug
addiction.

3.12 Locomotion
As noted above, 5-HT7(-/-) mice displayed normal locomotor activity, balance and motor learning
ability compared to normal mice.214 However, substantial evidence suggests a fundamental role for
5-HT7 in spinal locomotion.60,330 Specifically, 5-HT is known to activate spinal central pattern
generators (CPGs), which can be produced via stimulation of the parapyramidal region (PPR).
Furthermore, locomotion elicited by the PPR is mediated by 5-HT7, as 5-HT7 antagonists block
locomotion in cat, rat and mouse preparations. In addition, an increase of endogenous 5-HT
mediated by citalopram (Figure 17) modulates CPGs partially through the 5-HT7.331 Moreover, 5HT7 antagonists exhibit no effect on locomotion in 5-HT7(-/-) mice, but when administered to adult
wild-type mice the resultant impairment to locomotion resembles that induced by 5-HT in 5-HT7(/-)

mice. In spinal cords isolated from 5-HT7(-/-) mice, 5-HT administration provoked either

uncoordinated rhythmic activity or resulted in synchronous discharges of the ventral roots.332
During voluntary locomotion, the maximum extension at the hip and ankle joints was greater in 5HT7(-/-) mice compared to controls. These results suggest 5-HT7 is involved in alternating activity
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during locomotion. Using perinatal mouse preparations, it was demonstrated that 5-HT7 are
involved in spinal locomotion in early development as evidenced by the blockade of 5-HT-induced
fictive locomotion via the 5-HT7 antagonist SB-269970.333 Recently it was suggested that a
developmental shift related to 5-HT7 mediated locomotion occurs from neonates to adults, such
that, direct control of 5-HT7 on locomotor interneurons in neonates shifts to control of afferent
input from the moving limb in adults. 334 It is important to note that while activation of 5-HT7 has
a promoting effect on locomotion elicited by spinal 5-HT7, activation of 5-HT7 by AS-19 in the
medial nucleus accumbens decreased ambulatory activity in food-deprived rats.335 These results
indicate that 5-HT7 plays different roles in locomotion depending on their location.
Activation of 5-HT7 has also shown promise in restoring locomotion function after spinal cord
injury. In mice whose spinal cord was transected at the low-thoracic level, a single dose of 8-OHDPAT induced hindlimb movements that resembled normal locomotion.336 When these paraplegic
mice were pretreated with SB-269970, the effects of 8-OH-DPAT were partially blocked. A
complete blockade could be achieved with a pretreatment with both 5-HT1A and 5-HT7 antagonists.
Similarly, 8-OH-DPAT improved intra- and interlimb coordination in mice after spinal injury.337
The authors of this study concluded that the action mediated by 5-HT1A and 5-HT7 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 brainstem 5-HT neurons into the
spinal cord below the level of spinal injury could restore coordinated hindlimb locomotion.338
Interestingly, this effect was also deemed to be partially mediated by 5-HT7. Therefore, 5-HT7
agonists may represent a promising therapeutic strategy for treating impairments to locomotion
following spinal injury.
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3.13 Respiratory System
Several investigations have suggested involvement of 5-HT7 in various aspects of the respiratory
system. For instance, 5-HT7 may play a role in regulating phrenic nerve motor output.339 Other
studies indicate that 5-HT elicits an inhibitory effect on the hypoxic venilatory response (HVR) via
5-HT7. In rats, microinjection of the 5-HT7 antagonist SB-269970 to the anteroventral preoptic
region increased the HVR during hypoxia exposure.340 In a separate study, SB-266970 augmented
acute intermittent hypoxia-induced phrenic long-term facilitation.341 Taken together, these studies
suggest that 5-HT7 may play a key role in respiratory plasticity under hypoxia conditions.
Interestingly, 5-HT7 may regulate inflammatory responses within lung tissues and be a potential
target for the treatment of sepsis in the lung. In two distinct models of sepsis, 5-HT7 activation
decreased inflammation within, and damage to, lung tissue. Briefly, in rats with cecal ligation and
puncture (CLP) induced sepsis, administration of the 5-HT7 agonist AS-19 increased survival time
and decreased oxidative stress within the lung, the serum cytokine response and sepsis-induced
lung injury.342 As with CLP-induced sepsis, rats with lipopolysaccharide (LPS)-induced sepsis
displayed increased 5-HT7 expression in lung tissue.343 The same authors explored the effect of 5HT7 activation in LPS-treated adenocarcinomic human alveolar basal epithelial (A549) cells.
Similar to in vivo conditions, LPS induces an increase in iNOS and TNF-α production in A549
cells, an effect that was blocked by the 5-HT7 agonist LP-44. The authors concluded that the
increase in 5-HT7 expression in models of sepsis may suggest a protective role for this particular
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, antagonism of 5-HT7 displayed
protective properties in an in vivo model of idiopathic pulmonary fibrosis. In a rat model, daily
intraperitoneal injections of the 5-HT7 antagonist SB-269970 ameliorated the increase in the lung
fluid content, inflammatory cytokines levels and oxidative stress burden induced via intra-tracheal
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bleomycin.344 The role 5-HT7 plays in pulmonary inflammation may be dictated by the
pathogenesis of the inflammatory state.
In an animal model of allergic asthma, 5-HT7 expression was similarly increased in lung tissue
from sensitized guinea pigs.345 However, the exact role for this 5-HT receptor subtype in acute
airway obstruction has not been explored.

3.14 Cardiovascular System
As previously discussed, 5-HT7 modulates vasodilation in vascular structures implicated in
migraine. Similarly, a regulatory role for 5-HT7 has been proposed in other aspects of the
cardiovascular system.346 Intracisternal administration of the 5-HT7 antagonist SB-269970, for
example, reduced responses to baro-, chemo- and cardiopulmonary reflex activation in both awake
and anaesthetized rats.347,348 This effect on all three reflexes suggests that brainstem 5-HT7 may
facilitate the processing of the autonomic responses to cardiovascular reflex activation.
Furthermore, SB-269970 caused an increase in blood pressure, but not in heart rate, in rats
previously submitted to activation of cardiovascular reflexes.347 This is indicative of a 5-HT7
mediated pathway that provides a normalizing input during challenges produced by cardiovascular
reflex activation. It has been postulated that these effects may be mediated by 5-HT7 within the
nucleus tractus solitarii (nTS) where they appear to play a complex role.349 Specifically, 5-HT7
activation in rat nTS altered both evoked and spontaneous excitatory postsynaptic currents, but
reduced the amplitude of GABAA-mediated inhibitory currents.
Other cardiovascular actions believed to be mediated by 5-HT7 include 5-HT-induced relaxation
of pulmonary arteries of weaned pigs,350 tachycardia in cats,351 increase in coronary flow in isolated
rat heart352, long-lasting hypotension in vagosympathectomized rats,353 inhibition of vagal evoked
bradycardia in rats354 and splanchnic venous dilation associated with a fall in blood pressure in
rats.355 In contrast to previous results, one study demonstrated that activation of 5-HT7 indirectly
62

inhibits hypotension. Cuesta et. al. reported that the administration of the 5-HT7 agonist AS-19
inhibited the vasodepressor response induced by electrical stimulation of the perivascular sensory
outflow in pithed rats.356 However, AS-19 was unable to block the effect of exogenous α-CGRP,
thus suggesting that the inhibitory action of 5-HT7 is mediated by prejunctional receptors whose
activation inhibits the vasodepressor sensory outflow. The role of 5-HT7 in the cardiovascular
system is complex and includes the possibility that pharmacological responses driven by 5-HT7
may be tied to their location in the cardiovascular system.357

3.15 Micturition (Urination)
A growing body of evidence supports a physiological role for 5-HT in micturition and voiding
function.358 The effect of 5-HT can be either facilitatory or inhibitory depending upon the location
and receptor subtype being targeted. Activation of 5-HT7, both locally in the urinary bladder and
centrally, elicits an inductive response on micturition. In pig urinary bladder neck preparations,
stimulation of smooth muscle 5-HT7 induced relaxation.359 Moreover, 5-HT7 antagonists attenuate
the enhancement effect of 5-HT on neurogenic contractions of rat isolated urinary bladder.360,361
Taken together, these results suggest that activation of peripheral 5-HT7 at the bladder neck and
autonomic excitatory nerve terminals induces micturition by causing relaxation of the neck and
contraction of the bladder, respectively.358 Activation of central 5-HT7 also induces bladder
contraction. Specifically, the 5-HT7 antagonists SB-269970 and SB-656104 significantly decreased
distension-induced bladder contraction and at high doses blocked the micturition reflex.362
Interestingly, these effects were only observed with intracerebroventricular injection and not with
intrathecal or intravenous administration.
There are indications of therapeutic potential in targeting 5-HT7 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 deficiency based on the observed 5-HT7 mediated
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relaxation of the urinary bladder neck.359 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 the 5-HT7 agonist LP-44 increased voiding efficacy in
spinal cord injured rats exhibiting lower voiding efficacy compared to uninjured rats.363 This raises
the possibility that 5-HT7 agonists may be able to address voiding dysfunction in patients with
spinal cord injuries. Additionally, blockade of central 5-HT7 may have a beneficial impact on
lessening the exacerbation of urinary dysfunction in patients under psychological stress.
Specifically, when the stress-related neuropeptide bombesin is administered to the brain of rats, it
induces an increase in urination frequency. The effect of bombesin was attenuated by centrally
administered SB-269970 which suggests that central 5-HT7 may be involved in the stress-induced
augmentation of voiding dysfunction symptoms.364 Lastly, 5-HT7 mRNA expression is
significantly increased in the urothelium of patients with benign prostatic hyperplasia compared
with healthy patients.365 The pathological and therapeutic significance of these results are currently
unknown but a potential role for 5-HT7 in this disease state exists.

3.16 Mammary Gland
Despite limited research, an important role for 5-HT7 in mammary gland function has been
proposed. Evidence suggests that 5-HT, via 5-HT7, dynamically regulates mammary epithelial tight
junctions which is essential for maintaining epithelial integrity during lactation.366 Furthermore, 5HT7 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 concentrations, tight junctions remain closed and lactation occurs. However, when the
concentration of 5-HT increases and activates 5-HT7, early involution is initiated by the opening of
tight junctions. This hypothesis is supported by the observation that 5-HT7(-/-) female mice were
inefficient at sustaining their pups and displayed an inability to transition from lactation to
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involution.367 Moreover, 5-HT7 regulates the expression of the milk protein, β-casein. Specifically,
5-HT-induced activation of 5-HT7 in MCF-12A cells suppresses the expression of β-casein via a
signaling pathway involving the PTP1B protein and phosphorylation of STAT5.368

3.17 Cancer and Fibrosis
It is well established that 5-HT acts as a mitogenic factor in a variety of normal and tumoral
cells.369 Thus, 5-HT receptors may play a role in the pathogenesis of various types of cancers.
Recently it has been suggested that the 5-HT7 may be involved in the pathology of certain cancer
types, making it a potential therapeutic target.
As noted above, 5-HT7 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 removal of epithelial cells via apoptosis. Since breast cancer can develop as a result
of epithelial homeostasis dysregulation, it is plausible that 5-HT7 could play a role in the pathology
of certain types of breast cancer. Interestingly, 5-HT prompts a significant inhibition of
proliferation in normal mammary epithelial cells through the activation of 5-HT7, an effect that is
absent in certain breast cancer cell lines.370 Alteration to 5-HT7 expression or function in breast
cancer cell lines may explain this phenomena. The ER positive breast cancer cells lines MCF7 and
T47D, for example, are devoid of 5-HT7 expression. It has been postulated that these cell lines are
resistant to growth inhibition because they lack 5-HT7, which suggests a pathological role for 5HT7 in MCF7 and T47D cells. The opposite expression pattern was observed in MDA-MB-231
cells (triple-negative breast cancer cell line), which exhibit similar levels of 5-HT7 compared to
mammary epithelial cells. Similarly, when 5-HT7 expression profiles were examined using the
Oncomine database it was concluded that an increase of 5-HT7 expression is observed in some
types of breast cancers and is amplified with tumor grade. MDA-MB-231 cells also react differently
to 5-HT, in that growth was stimulated by exposure to 5-HT. This effect was attributed to altered
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5-HT7 Gs-coupled signaling. Significantly, blockade of 5-HT7 attenuated 5-HT-induced cell
invasion and proliferation in MDA-MB-231 cells via differing signaling pathways.371,372
Furthermore, the 5-HT7 antagonist SB-269970 suppressed tumor formation in a MDA-MB-231
cancer cell-inoculated chick chorioallantoic membrane assay. Consequently, 5-HT7 antagonists
may have therapeutic potential for the treatment of triple negative breast cancer and as well as other
forms of breast cancer exhibiting altered 5-HT7 signaling.
There is also evidence indicating that 5-HT7 modulation may have therapeutic value for the
treatment of liver cancer. This is not unprecedented, as 5-HT7 has been implicated in hepatocyte
proliferation.373 Small intestinal neuroendocrine neoplasms (NEN) are tumors derived from
enterochromaffin cells (ECs) and when they metastasize to the liver, a hepatic tumor
microenvironment is formed. Under these pathological conditions, liver 5-HT concentrations are
significantly higher than normal levels and result in unfavorable cross-talk between the metastatic
tumor cell and hepatocytes. Specifically, a model has been hypothesized that indicates that at these
pathological liver 5-HT concentrations, 5-HT7 on hepatocytes are activated. This causes secretion
of the growth factor IGF-1, which in turn promotes proliferation of the metastatic tumor cell.374
Based on these studies, targeting hepatic 5-HT7 with an antagonist should block these events and
be useful for the treatment 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 cancer-related deaths worldwide. Dysregulation of the Wnt/βcatenin pathway, leading to accumulation of β-catenin, is highly associated with HCC.
Furthermore, 5-HT promotes proliferation of HCC and the expression of β-catenin, possibly via
the 5-HT7.375 The expression of 5-HT7 is increased in HCC cell lines and the 5-HT7 antagonist SB258719 is effective in attenuating the 5-HT-induced increase of β-catenin levels and cell viability.
Remarkably, SB-258719 suppressed proliferation of patient-derived primary HCC cultures and
tumor growth in an in vivo tumor xenograft mouse model. These finding suggest that 5-HT7
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antagonists may be useful for the treatment of HCC. Interestingly, liver fibrosis is strongly
associated with HCC and is considered a common risk factor associated with this condition, but the
impact of 5-HT7 modulation is notably different from HCC itself. Specifically, in a chemicalinduced model of progressive cirrhosis, 5-HT7 expression is reduced and the 5-HT7 agonist LP-44
protected liver tissue from oxidative stress and significantly reduced liver damage markers and
inflammatory cytokine production.376 These findings suggest that 5-HT7 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 aforementioned HCC model. Additional research is required to
determine the therapeutic value of 5-HT7 modulation in these conditions.
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CHAPTER 4

5-HT7 RECEPTORS AND INFLAMMATORY BOWEL DISEASE
4.1 A Brief Introduction on Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) is a major, unmet medical need. According to the Crohn’s
and Colitis Foundation of America (http://www.crohnsandcolitisinfo.com/IBD), there are nearly
1.4 million Americans suffering from various forms of IBD, and 70,000 new cases are diagnosed
in the U.S. annually. The two major classes of IBD, Crohn’s disease (CD) and Ulcerative Colitis
(UC), have an annual incidence rate of 6.5 and 11 per 100,000 respectively, and the majority of
these cases are diagnosed in patients under the age of 30. Although 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 strictures, 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 these disease states are separate entities.
UC manifests as diffuse continual mucosal inflammation, generally in the descending colon,
whereas in CD inflammation occurs in patches that can appear anywhere in the G.I. tract.
Furthermore, continuous mucosal friability and small superficial ulcers are seen in UC, but in CD
ulcers are deep, fissuring, and are present along with aphtous lesions.377 Currently there is no cure
for IBD, and as a result, patients must spend their 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 anti-inflammatory aminosalicylates (e.g.
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 associated with extended corticosteroid treatment. Longer term
therapies for symptom suppression include the application of immunomodulator drugs (6mercaptopurine, azathioprine, cyclosporin A, and methotrexate) and anti-TNF- monoclonal
antibodies (e.g. Remicade, Humira). These immunosuppressive agents are, however, 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 cancer (e.g. lymphoma).
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 continues to grow (Therapies and Biomarkers for Inflammatory Bowel
Disease (PHM125A), BBC Research, www.bccresearch.com).
Importantly, symptom management using current standard of care medications is often
insufficient. Nearly 70% of CD patients require surgery as a 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 result of reoccurrence of symptoms in a different region of the intestines. This
figure rises to nearly 60% at 10 years post-surgery.378 Surgical intervention in patients with UC is
less frequent, with approximately 1/3 of patients requiring surgical intervention.379 Although
surgical intervention is curative in UC, the procedure is life altering. The standard protocol, an
ileal pouch-anal anastomosis, requires removal of the colon and rectum followed by attachment of
the small intestines to the anal area to allow stool 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 severe. In the absence of additional therapeutic interventions, IBD
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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 treatments that halt the progression of IBD.
Despite decades of research, the underlying pathophysiology 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 intestinal microbial flora.377 A detailed discussion of the various
hypotheses regarding these factors and the pathogenesis of UC and CD is beyond the scope of this
dissertation. Several review articles and book chapters are available on this subject.377,380,381 This
dissertation was inspired by a number of studies that provided compelling evidence that alternations
in 5-HT signaling leads to improper immune responses that significantly contribute to the
pathogenesis of IBD. 382

4.2 Serotonergic System and Intestinal Inflammation
As previously stated, roughly 95% of the body’s total 5-HT content is produced in the intestinal
mucosa, predominantly by EC cells via THP1. Acting as sensory transducers, EC cells release 5HT is response to both mechanical and chemical stimuli.383 The major site of release is at the basal
surface of EC cells, however, evidence suggests that release also occurs at the apical surface.384 In
addition, a smaller amount of 5-HT is expressed by enteric neurons. Unlike EC cells, 5-HT
synthesized by enteric neurons is dependent upon TPH2. Approximately 2% of the neurons in the
myenteric plexus are serotonergic, making up a chain of serotonergic interneurons projecting
downstream along the gastrointestinal tract.385
Once released, 5-HT contributes to numerous gut functions via activation of five of the seven
families of 5-HT receptors (5-HT1,2,3,4,7). These receptors are expressed throughout the
gastrointestinal tract on various cells, including neurons, muscle, immune and epithelial cells.386
These receptors play a functional role in peristalsis, secretion, vasodilation and perception of pain
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or nausea (see reviews385,387,388,389). Following release, the actions of 5-HT are terminated by two
independent mechanisms: cellular uptake into adjacent epithelial cells via the serotonin reuptake
transporter (SERT) and degradation by monoamine oxidase A (MOAA).390 5-HT has emerged as a
key player in intestinal inflammation thus making its receptors potential therapeutic targets for
treating GI disorders associated with inflammation.382
In general, abnormal infiltration of activated immune cells in both the enteroendocrine and
enteric nervous systems (ENS) is associated with intestinal inflammation. Interruption in normal
GI function manifests in persistent symptoms including diarrhea, cramping, pain, abnormal
secretion, altered patterns of motility and visceral hypersensitivity.382 Many of these symptoms are
affiliated with inflammatory-based GI disorders, including IBD and irritable bowel syndrome
(IBS). In order to develop novel therapeutics for intestinal inflammation, 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 damage. The most widely
used animal models of IBD are chemical models of colitis in which administration of a chemical
compound induces a rapid onset of intestinal inflammation. The choice of chemical can be used to
focus on specific features of IBD. Dinitrobenzene- and trinitrobenzene-sulfonic acid (DNBS,
TNBS) induced colitis, for example, resemble both UC and CD, but most closely mimic CD. Both
DNBS and TNBS prompt an increase in various inflammatory mediators that correlate with colonic
myeloperoxidase (MPO) activity. Additionally, dextran sulfate sodium (DSS)-induced colitis
specifically results in symptomatic features resembling UC. DSS causes increased expression of
inflammatory cytokine genes such as IL-1, TNF-α and IL-6. Moreover, increased activation of NFᴋB occurs with the resulting colitis classified as progressive and severe. 391 These models have been
utilized to determine the influence 5-HT, produced by both EC cells and the ENS, has on intestinal
inflammation. The site of origin for gastrointestinal 5-HT has been determined with TPH1 and
TPH2 knock-out mice. As noted above, these enzymes are the rate limiting step in the production
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of 5-HT. TPH1 knock-out mice display depleted levels of 5-HT produced by EC cells while 5-HT
originating from the ENS is unaltered. The reverse phenotype is observed in TPH2 knock-out mice.
In the normal gut, neuronal 5-HT is neuroprotective, a function that is hypothesized to be an
important factor in reducing the severity of IBD.382 TPH2 knock-out mice experience increased
severity of DSS-induced colitis compared to wild type, suggesting that neuronal 5-HT may shield
enteric neurons from inflammatory damage as a result of its neuroprotective properties.392 In
support of this theory, TPH2 knock-out mice exhibited deceased myenteric neuronal density and
proportions of dopaminergic and GABAergic neurons. Furthermore, in vitro addition of 5-HT to
enteric crest-derived cells promoted total and dopaminergic neuronal development.393 In addition,
ENS-derived 5-HT promotes growth and turnover of the intestinal epithelium via 5-HT2A receptors
on submucosal cholinergic neurons.394 Since damage to the intestinal surface barrier is a common
feature of IBD, neuronal 5-HT may have a potential effect on intestinal epithelial wound healing.382
Taken together, these results suggest a protective role for ENS-derived 5-HT in intestinal
inflammation, as well as, the recovery following damage.
In contrast, 5-HT produced by EC cells has a pro-inflammatory effect in intestinal inflammation.
When colitis is induced by either DSS or DNBS in THP1 knock-out mice, the severity of colitis is
significantly lessened compared to wild-type mice, as indicated by the reduction in proinflammatory marker production. Moreover, depletion of mucosal 5-HT delayed the onset of
colitis, while restoration of 5-HT levels increased the severity of DSS-induced colitis.395 In a similar
manner, peripheral-restricted TPH inhibitors reduced the severity of both chemical- and infectioninduced intestinal inflammation by significantly lowering the expression of inflammation-related
cytokines and chemokines.396,397 Similar results were obtain in IL-13 knock-out mice when colitis
was induced with DSS and DNBS. This is relevant because IL-13 knock-out mice exhibit
significantly lower numbers of EC cells and mucosal 5-HT content. Furthermore, increasing
colonic 5-HT levels in IL-13 knock-out mice, via administration of 5-hydroxytrytophan (5-HTP),
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increased the severity of DSS-induced colitis, thus identifying 5-HT as a regulating factor.398
Finally, SERT knock-out mice experience increased severity in TNBS-induced colitis.399 These
results were attributed to enhanced enteric 5-HT signaling because SERT knock-out mice lack the
ability to terminate 5-HT signaling. Up-regulation of mucosal 5-HT signaling may also be
responsible for IBS-like symptoms in IBD patients.382 Also noteworthy, EC cell-derived 5-HT does
not appear to be solely pro-inflammatory, as intraluminal administration of a 5-HT4 agonist reduced
the severity of both TNBS- and DSS-induced colitis by increasing epithelial cell proliferation,
migration and resistance to oxidative stress-induced apoptosis.400
The pro-inflammatory actions of mucosal 5-HT appears to involve the recruitment of immune
cells to sites of inflammation. This is evidenced by the association between decreased mucosal 5HT concentration and reduced rolling of leukocytes.401,402 In fact, EC cells in the gut mucosa are in
contact with or in very close proximity to immune cells. Interestingly, the infiltration of F4/80+
macrophages induced by DSS is significantly lower in both TPH1 and IL-13 knock-out mice when
compared to wild-type animals.382 Further, direct application of 5-HT to colon epithelial cells
induced the production of reactive oxygen species and monocyte-epithelial adhesion, an early event
of inflammation.403 Lastly, 5-HT modulation of dendritic cell (DC) function is important in the
pathogenesis of colitis.390 Specifically, DCs isolated from DSS-induced TPH1 knock-out mice
produced less IL-12 and exhibited a deficit in conditioning T cells to produce IFN-γ and IL-17
compared to wild-type mice. When these cells were cultured in the presence of 5-HT, IL-12 levels
were restored to levels comparable to those observed using DCs from wild-type mice. Finally, when
5-HT-pulsed DCs were transferred into THP1 knock-out mice, an increase in the severity of DSSinduced colitis was observed.404
Animal models of intestinal inflammation show a near uniform increase in 5-HT levels and
number of EC cells numbers, as well as decreased epithelial SERT epression.385 However, this trend
is not observed in human mucosal biopsies of IBD patients. Patients with UC, for example, display
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decreased numbers of EC cells405 and lower levels of mucosal 5-HT compared to control patients.406
Yet, UC patients in remission exhibit increased mucosal 5-HT levels and TPH1 expression.407 In
CD patients, EC cell populations in the ileum are higher compared to normal patients408 and
demonstrate amplified immune-mediated 5-HT secretion.409 These results suggest that mucosal 5HT levels would be increased in CD patients, however this is not what is observed. In fact, 5-HT
levels in inflamed mucosa are lower in CD patients compared to controls.410 In addition to
decreased concentrations of mucosal 5-HT, both UC and CD patients exhibit decreased expression
of epithelial SERT385 and increased serotonin-immunoreactive cell area in colonic tissue.411
Discrepancies between animal models and human mucosal biopsies might reflect the duration of
the inflammatory condition.385 Animal models, particularly the DSS and TNBS models, represent
acute disease duration but not chronic inflammatory conditions inflicted upon tissue samples
derived from IBD patients. Nevertheless, taken together these results demonstrate that the
serotonergic system is important to intestinal inflammation and alternations to 5-HT signaling may
have pivotal implications on the pathology and progression of IBD. Therefore, targeting the
gastrointestinal serotonergic system may prove to be a beneficial therapeutic strategy for the
treatment of UC and CD.

4.3 The 5-HT7 Receptor Subtype as a Potential Target for IBD
There is limited research describing the elucidation of the pharmacological role of 5-HT7
receptors in normal gastrointestinal functions. To date, it has been suggested that 5-HT7 receptors
are involved in colonic motility, as evidenced by their role in generating the murine colonic
migrating motor complex.412 Furthermore, these receptors appear to be responsible for 5-HTinduced smooth muscle relaxation in the human colon413, canine stomach414 and guinea pig
ileum.415 There may also be a role for 5-HT7 receptors in peristalsis, but this remains controversial.
One study concluded that the 5-HT7 antagonist SB-269970 restores 5-HT inhibited peristalsis416
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while another demonstrated the opposite result.417 These conflicting results may be a result of
differing sites of action (ENS vs. periphery). Of particular interest, 5-HT7 receptors seem to mediate
the pro-inflammatory effects of mucosal 5-HT described in the previous section.390
As noted above, EC cells are in close proximity to immune cells and mucosal 5-HT initiates and
promotes the recruitment of immune cells to sites of inflammation. Of these adjacent immune cells,
DCs appear to be important in the onset of intestinal inflammation induced by mucosal 5-HT.
Several independent studies have provided evidence that 5-HT7 receptors are expressed on the
surface of DCs, thus providing a potential link between 5-HT and its influence on DC
function.418,419,420 In addition, 5-HT7 receptor expression is up-regulated in the colon, cecum and
rectum of mice following DSS-induced colitis.419,420 Expression of the 5-HT7 receptor was also
increased in colonic biopsies from UC patients in remission407 and in inflamed sections of CD
patients.420 Also, 5-HT7 receptors have been associated with inflammatory signaling cascades
indicating a role in inflammatory and immune responses (see chapter 2). Based on these
observations, it has been proposed that antagonizing colonic 5-HT7 receptors on DCs could
attenuate 5-HT-induced immune cell activation and intestinal inflammation. Thus, the 5-HT7
receptor is a promising target for the development of novel IBD treatment strategies.
Specific evidence in support of this hypothesis include Kim et. al’s demonstration that
pharmacological inactivation and/or genetic deletion of the 5-HT7 receptor significantly improved
colitis induced by both DSS and DNBS.419 Specifically, administration of the 5-HT7 antagonist SB269970 for 6 days, starting one day prior to DSS treatment, attenuated induced colitis. This was
indicated by a significant reduction of disease activity index, as well as both the macroscopic and
histological score (Figure 30A-C). Microscopic analysis of intestinal tissues from SB-269970
treated mice showed clear improvement versus control (Figure 30D). Moreover, SB-269970
significantly attenuated the production of inflammatory markers such as MPO, TNF-α, IL-1β and
IL-6 (Figure 30E). Similar results were obtained when 5-HT7 receptor knock-out mice were treated
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with DSS and DNBS. Importantly, when wild-type mice were reconstituted with bone marrow cells
from 5-HT7 receptor deficient donors, they exhibited a reduction in the severity of DSS-induced
colitis. Since IBD is a chronic disorder, SB-269970’s ability to reverse DSS-induced chronic colitis
was also investigated. Briefly, chronic DSS-induced colitis was induced in mice by adding DSS to
drinking water (5%) for 5 days followed by 7 days of water. This cycle was repeated twice with
3% DSS. Mice were treated with vehicle or test compounds for 6 days beginning one day before
starting the 3rd DSS cycle. Remarkably, when SB-269970 was administered during the third cycle
of DSS-treatment, the disease activity index was significantly reduced (Figure 31).

Figure 30: Comparison of vehicle and SB-269970 treated mice subjected to the acute DSS-induced
colitis model of IBD. A.) Disease activity index, B.) Macroscopic score, C.) Histological score, D.)
Light micrographs of H&E-stained colon sections, E.) Lev els of inflammatory biomarkers (MPO,
IL-1β, TNF-α and IL-6) in colonic tissue samples.419
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Figure 31: Comparison daily disease activity index for vehicle and SB-269970 treated mice
subjected to the chronic DSS-induced colitis model of IBD.
Finally, a role for 5-HT7 receptors in cytokine release by mature DCs was confirmed.419
Compared to controls, DCs isolated from DSS-treated 5-HT7 receptor knock-out mice produced
lower levels of IL-12p40, IL-1β and 1L-6 when stimulated by LPS. Additionally, 5-HT augments
LPS-induced 1L-12p40 production in DCs isolated from wild-type mice, an effect that is abolished
with coincubation with SB-269970. Taken together, these results support the hypothesis that
colonic 5-HT7 receptors on DCs mediate intestinal inflammation in experimental colitis.
As previously discussed, 5-HT induced the production of reactive oxygen species and
monocyte-epithelial adhesion in colonic epithelial cells, an initial event of inflammation.
Interestingly, this effect was blocked by SB-269970 which suggests an involvement of 5-HT7
receptors.403 These results in conjunction with the studies conducted by Kim et. al. strongly support
the development of 5-HT7 antagonists for the treatment of IBD. Moreover, this represents an
opportunity to improve upon the current standard of care that focuses on the mitigation of
symptoms. A 5-HT7 antagonist driven therapeutic strategy has the potential to halt the progression
of IBD and may prevent the initial events observed in the pathogenesis of IBD.
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These studies are, however, contradicted by Guseva et. al. who reported that antagonizing 5HT7 receptors with SB-269970 or eliminating 5-HT7 receptors via genetic manipulation leads to an
increased inflammatory response in the DSS model.420 This discrepancy may be due to notable
differences in experimental design and housing condition of animals. Particularly, mice subjected
to experimental conditions under Guseva et. al. died, which is inconsistent with properly executed
DSS studies.
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Adding to the controversy, Rapalli, et. al demonstrated that 5-HT7 receptor

antagonism had no significant effect on the severity of TNBS-induced colitis in mice.421 Therefore,
an additional beneficial outcome of this project would be to provide further clarification on the role
5-HT7 receptors play in experimental colitis.
The aim of this project is to develop novel, selective 5-HT7 receptor antagonists for the treatment
of IBD. In addition to potency and selectively, ideal lead compounds will be restricted to the
periphery, in order to mitigate the risk of CNS related unwanted side effects. Lead compounds will
have high microsomal stability and exhibit adequate pharmacokinetic profiles capable of
supporting a once-daily dosing regimen therapy.
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CHAPTER 5
PRELIMINARY RESULTS
A novel series of butyrolactones were discovered during a prior thesis project completed by Dr.
Rong Gao at Temple University’s School of Pharmacy. 422 Dr. Gao was investigating this series to
identify potential muscarinic ligands.423 Many compounds were submitted to a broad screen to
determine off-target binding affinities for a wide variety of drugable 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 many of the compounds within this
butyrolactone series were potent binders of 5-HT receptors, particularly for the 5-HT7 receptor. The
KI values for these compounds are shown in Table 3. At approximately the same time, the potential
role of 5-HT7 receptors in the pathogenesis of IBD was disclosed as noted above. Targeting 5-HT7
receptors for the treatment of IBD was an unexplored area. Several organizations had previously
reported their work on 5-HT7 receptor agonist and antagonist, but all of these drug discovery
projects were focused on treating CNS disorders. This novel project was initiated with the intent of
developing the butyrolactone series in order to generate potent and selective 5-HT7 receptor
antagonists for the treatment of IBD.
The synthetic route utilized to prepare these butyrolactones was developed by Dr. Rong Gao
and is shown in Scheme 1.424 Briefly, carboxylic acid/ester (1) is alkylated with allyl bromide to
produce (2). The resulting alkene then undergoes a modified Prins reaction to achieve the
intermediate (3). This macrocycle is then hydrolytically opened and reclosed to the more stable
butyrolactone (4). The free alcohol is tosylated, (5), and the resulting leaving group is displaced
with an arylpiperazine to provide the arylpiperazinyl butyrolactone (6). Dr. Rong Gao also
developed novel methods to prepare sterically hindered N-arylpiperazines.425This synthetic route
allows for variation in the lactone appendages (R2, R3) and the aromatic group of the arylpiperazine
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(R1). Notably, these butyrolactones contain a chiral center at the gamma carbon and thus
compounds generated from this synthesis are racemic mixtures of enantiomers. Also, the linker
chain length cannot be altered.
Table 3: Binding affinities for preliminary series towards 5-HT receptors

MC #

R1

160162
170085
160129
170108
170109
170112
170058

Ph
Ph
Ph
Cyclohexyl
2-Me-Ph
2-iPr-Ph
2-tBu-Ph

170060 2-morpholine-Ph
170082
2-OMe-Ph
160131
2-OMe-Ph
170084
2-OH-Ph
160132
2-OH-Ph
170117
2-CN-Ph
160134
2-Cl-Ph
170106
2-pyridyl
170091
3-OMe-Ph
160130
3-OMe-Ph
170101
3-OH-Ph
160128
3-OH-Ph
160166
4-Me-Ph
170090
4-Me-Ph
160127
4-OMe-Ph
160163
4-OH-Ph
170073
4-OH-Ph
160140
4-OH-Ph
160164
4-CN-Ph
170083
4-CN-Ph
160142
4-CN-Ph
160135
4-Cl-Ph
170074
4-NO2-Ph

R2

R3

Methyl Methyl
Ethyl Ethyl
̶ (CH2)5 ̶
Ethyl Ethyl
Ethyl Ethyl
Ethyl Ethyl
̶ (CH2)4 ̶
̶ (CH2)4 ̶
Ethyl Ethyl
̶ (CH2)5 ̶
Ethyl Ethyl
̶ (CH2)5 ̶
Methyl Methyl
̶ (CH2)5 ̶
Ethyl Ethyl
Ethyl Ethyl
̶ (CH2)5 ̶
Ethyl Ethyl
̶ (CH2)5 ̶
Methyl Methyl
Ethyl Ethyl
̶ (CH2)5 ̶
Methyl Methyl
Ethyl Ethyl
̶ (CH2)5 ̶
Methyl Methyl
Ethyl Ethyl
̶ (CH2)5 ̶
̶ (CH2)5 ̶
Ethyl Ethyl

170086

4-NH2-Ph

160165

4-CF3-Ph

Methyl Methyl

Ethyl

Ethyl

160136
160137
170107
170113
170059

4-CF3-Ph
4-pyridyl
2,6-diMe-Ph
2,4-diMe-Ph
2,6-diiPr-Ph

̶ (CH2)5 ̶
̶ (CH2)5 ̶
Ethyl Ethyl
Ethyl Ethyl
̶ (CH2)4 ̶

KI (nM)
5-HT7 5-HT1A 5-HT1B 5-HT1D 5-HT1E 5-HT2A 5-HT2B 5-HT2C 5-HT3 5-HT5A 5-HT6
245

161

10000

10000

10000

10000

758

10000

10000

10000

21

63

10000

10000

10000

453

521

10000

10000

352

10000
1043

33

134

10000

10000

10000

393

303

2308

10000

597

10000

3758

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

104

63

10000

1040

10000

1611

10000

2380

10000

10000

10000

6

8.4

432

53

10000

174

19

10000

10000

10000

2500

1924

10000

10000

10000

10000

2140

778

10000

10000

10000

10000

17

39

2442

124

10000

10000

25

10000

10000

491

10000

118

11

10000

1993

10000

2385

50

10000

10000

2368

10000

72

15

10000

1372

10000

3153

33

1613

10000

2641

10000

156

3.5

10000

10000

10000

412

494

10000

10000

1110

10000

49

15

10000

10000

10000

657

316

10000

10000

3008

10000

74

43

10000

10000

10000

10000

10000

3886

10000

10000

8511

81

58

10000

1391

10000

323

37

1321

10000

2363

10000

46

55

10000

10000

10000

10000

600

10000

10000

805

10000

165

50

10000

10000

10000

1093

438

304

10000

10000

10000

56

132

10000

999

10000

1144

160

1051

10000

10000

10000

324

155

10000

10000

10000

10000

3755

10000

10000

10000

10000

207

422

10000

10000

10000

4685

1756

10000

10000

10000

10000

76

732

10000

10000

10000

10000

362

10000

10000

10000

10000

10

523

10000

855

10000

651.5

295

10000

10000

10000

10000

898

10000

10000

10000

10000

1486

769

10000

10000

10000

10000

316

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

89

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

96

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

1976

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

134

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

402

3329

10000

10000

10000

2738

10000

10000

10000

10000

10000

40

883

10000

917

10000

79

374

2556

10000

1786

10000

54

10000

10000

1749

10000

10000

10000

10000

10000

10000

10000

471

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

549

1432

10000

10000

10000

10000

742

10000

10000

10000

10000

183

4306

10000

2660

10000

437

417

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

1379

264

10000

10000

10000

10000

759

10000

10000

10000

10000

363

172

10000

1591

10000

10000

10000

1236

10000

10000

10000

10000

10000

10000

10000

10000

10000

1019

10000

10000

10000

10000
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Scheme 1: Synthesis of Preliminary Compounds

As seen in Table 3, these compounds display affinity for the 5-HT1A, 5-HT2A,B and 5-HT7
receptors, with sub-μM KI values, and are consistently inactive at 5-HT1B,D,E, 5-HT2C, 5-HT3, 5HT5A and 5-HT6 receptors. In addition, we have identified key structure activity relationships
(SAR) with respect to binding affinity and selectivity. The binding affinity for the 5-HT7 receptor
is significantly increased when the appendages of the lactone (R2, R3) are changed from dimethyl
to diethyl (160162 vs. 170085, 160166 vs. 170090, 160163 vs. 170073, and 160164 vs. 170083),
without drastic changes to the selectivity profile. Furthermore, tethering the appendages into a
spirocyclohexyl ring does not significantly affect 5-HT7 receptor binding or selectivity (170085 vs.
160129, 170082 vs. 160131, 170073 vs. 160140, etc.). The substitution pattern of the arylpiperazine
appears to have a strong influence on both binding affinity and selectivity. Importantly, aromaticity
is required for affinity to the 5-HT receptors within this series as evidenced by 170108; significant
loss of affinity when compared to the phenyl analog 170085.
Promising results have been obtained with functionalization at the 4-position of the aryl ring.
As seen in Table 3, some of these compounds have high affinity for the 5-HT7 receptor (KI<100
nM). Strong electron withdrawing substituents such as 4-CN and 4-CF3 (170083 and 1601365)
negatively affect affinity, with the exception of 4-NO2 (170074). Weak electron withdrawing and
electron donating groups are generally tolerated well, as seen with 170073 (4-OH), 170090 (4-Me)
and 160135 (4-Cl). Notable exceptions to these trends include substituting with 4-OMe and 4-NH2
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which significantly decreased 5-HT7 binding affinity. These finding suggest that factors other than
the electronic nature of the aryl ring can dictate affinity. Interestingly, significant selectivity was
achieved with numerous 4-substituted analogs. Functionalizing with 4-OH (170073 and 160163),
for example, resulted in complete selectivity (>100X) over all other 5-HT receptors. Furthermore,
170090 (4-Me) and 170074 (4-NO2) display ~30X selectivity over the nearest 5-HT receptor (5HT2B and 5-HT1D respectively).
Functionalizing at the 2-position, especially with bulky groups (170112 and 170060) resulted
in substantial affinity for the 5-HT7 receptor. A notable exception to this trend is the tert-butyl group
(170058), which may indicate a steric limitation in this region of the molecule. This substitution
pattern is, however, detrimental to selectivity as compounds with 2-position substituents are potent
binders of the 5-HT1A receptor. In addition, affinity for the 5-HT2B receptor is significant for the
majority of 2-substituted analogs prepared to date. The electronic nature of the functional group
does not have significant impact on 5-HT1A and 5-HT7 binding affinity, as compounds with electron
donating or withdrawing groups display similar KI values; 170109 (2-Me) vs. 170082 (2-OMe) vs.
170117 (2-CN). Also, a few di-substituted analogs were available that contained functionality at
the 2-position (170107, 170113 and 170059). Interestingly all exhibited poor 5-HT7 affinity,
suggesting that the addition of a second functional group is detrimental to 5-HT7 binding. This
comes to quite a surprise and warrants further investigation.
Only two 3-substituted arylpiperazines were prepared and screened in this preliminary set (3hydroxyphenylpiperazine and 3-methoxyphenylpiperazine). As a result, limited conclusions can be
drawn from substituting at this position. It is apparent, however, that compared to the corresponding
2-substituted and 4-substituted analogs, a drop in affinity is observed at both the 5-HT7 receptor
and off-target 5-HT receptors.
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The impact of converting the aryl ring to a pyridine was the subject of limited exploration in the
preliminary data set (170106 and 160137). Surprisingly, conversion to a 4-pyridyl ring (160137)
abolished 5-HT activity, while a 2-pyridyl ring (170106) was very well tolerated, but unselective.
The preliminary compounds were subjected to a battery of in vitro ADME assays in order to
determine the drug-like properties of this series. The results of these assays and the physiochemical
properties for select compounds are shown in Table 4. All compounds exhibit acceptable
physiochemical properties that fall with Lipinski’s rules: MW’s and cLogP’s below 500 and 5
respectively. Tested analogs, except for 160136, displayed adequate to exceptional solubility.
Majority of analogs are inactive at Cyp450 3A4, 2C9, and 2D6 (IC50>10,000 nM) suggesting a low
risk for drug/drug interactions.
Table 4: In vitro ADME of preliminary series

160162
Ph
Methyl Methyl
170085
Ph
Ethyl
Ethyl
160129
Ph
̶ (CH2)5 ̶
170109
2-Me-Ph
Ethyl
Ethyl
170112
2-iPr-Ph
Ethyl
Ethyl
170060 2-morpholine-Ph
̶ (CH2)4 ̶
170082
2-OMe-Ph
Ethyl
Ethyl
170084
2-OH-Ph
Ethyl
Ethyl
170117
2-CN-Ph
Methyl Methyl
160134
2-Cl-Ph
̶ (CH2)5 ̶
170106
2-pyridyl
Ethyl
Ethyl
170091
3-OMe-Ph
Ethyl
Ethyl
170101
3-OH-Ph
Ethyl
Ethyl
170090
4-Me-Ph
Ethyl
Ethyl
170073
4-OH-Ph
Ethyl
Ethyl
170083
4-CN-Ph
Ethyl
Ethyl
160135
4-Cl-Ph
̶ (CH2)5 ̶

302.41
330.46
342.48
344.49
372.54
413.55
360.49
346.46
327.42
376.92
331.45
360.49
346.46
344.49
346.46
355.47
376.92

2.57
3.47
3.57
3.75
4.6
2.57
3.43
3.1
2.29
4.19
2.56
3.43
3.1
3.75
3.1
3.19
4.19

32.8
32.8
32.8
32.8
32.8
45.3
42
53
56.6
32.8
45.7
42
53
32.8
53
56.6
32.8

Solubility
(uM)
192.0
200.0
186.0
194.0
37.0
181.0
200.0
N/A
N/A
69.9
200.0
N/A
N/A
200.0
168.0
155.0
61.6

170074

4-NO2-Ph

Ethyl

Ethyl

375.46

3.34

75.9

N/A

170086

4-NH2-Ph

Ethyl

Ethyl

345.48

2.72

58.8

N/A

>60

36.8

>60

>10000

N/A

N/A

160136

4-CF3-Ph

̶ (CH2)5 ̶

410.47

4.57

32.8

9.5

N/A

4.1

25.2

>10000

>10000

>10000

160137
170107
170113

4-pyridyl
2,6-diMe-Ph
2,4-diMe-Ph

̶ (CH2)5 ̶
Ethyl
Ethyl
Ethyl
Ethyl

343.46
358.52
258.52

2.27
4.03
4.03

45.7
32.8
32.8

200.0
142.0
126.0

N/A
<2
<2

>60
N/A
4.2

>60
N/A
27.2

>10000
>10000
>10000

8890
>10000
N/A

3060
245.0
>10000

MC #

R1

R2

R3

MW

cLogP TPSA
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RLM

5.5

2.6

N/A
2.9
N/A
<2
<2
2.1
N/A
6.3
4.9
N/A
6.0
4.4
5.5
3.7
17.0
11.4
N/A

MLM
T1/2 (min)
13.8
<2
<2
<2
2.4
5.0
N/A
2.0
2.9
<2
<2
<2
<2
2.0
18.4
3.5
2.6

HLM

CYP3A4

CYP2D6

>10000
>10000
>10000
7400
>10000
8930
N/A
>10000
>10000
>10000
>10000
>10000
>10000
>10000
>10000
8570
>10000

CYP2C9
IC 50 (nM)
N/A
>10000
>10000
>10000
>10000
>10000
N/A
N/A
N/A
>10000
>10000
N/A
N/A
>10000
>10000
>10000
6390

N/A
48.0
>60
21.8
7.5
8.8
N/A
>60
>60
15.0
46.3
37.8
17.6
40.6
>60
23.7
33.0
13.7

>10000

>10000

>10000

N/A
N/A
>10000
2390.0
667.0
235.0
N/A
2400
N/A
4670.0
>10000
N/A
N/A
>10000
>10000
>10000
>10000

There are, however, some issues with this preliminary series of compounds. Mouse liver
microsomal (MLM) stability is a concern as it is a predictor of T1/2 in mice and the majority of the
in vivo models of IBD employ mice as the model organism. It is critical that lead compounds have
an adequate in vivo T1/2 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 with the intention of improving MLM stability could prove beneficial for
increasing the in vivo T1/2 of next generation compounds in mice. However, with the exception of
170112 and 170060, the preliminary compounds are moderately or highly stable to incubation with
human liver microsomes (HLM). Some compounds display T1/2s greater than 60 minutes. This is
very promising as it suggests that these compounds may have long half-lives in humans.
Another issue is that these preliminary compounds are likely CNS penetrant. According to the
pharmacology discussed above, colonic 5-HT7 receptors are the target for a 5-HT7 driven therapy
for IBD. Therefore, subjecting IBD patients to a CNS penetrant drug would be unnecessary. Due
to the possibility of unwanted side-effects as a result of interactions with CNS located off-targets,
lead compounds will be peripherally restricted. Topological polar surface area (TPSA) is a useful
calculated physiochemical property for predicting CNS penetration. As a general guideline, nonCNS penetrant oral drugs have a TPSA greater than 80.426 Since none of the preliminary compounds
have TPSAs above 80, they are very likely to exhibit unwanted CNS exposure. Therefore, since it
is desired that lead compounds going forward stay out of the brain, next generation compounds will
be designed to have TPSA’s greater than 80.
Taken together, analysis of this preliminary set demonstrates that potent and selective 5-HT7
binders can be identified in the aryl butyrolactone series. Further, given the relationship between
5-HT7 and IBD, it is apparent that these butyrolactones are viable for the development of novel
IBD therapies.
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CHAPTER 6
SPECIFIC AIMS AND RESEARCH PLAN
The overarching goal of this program is the identification of 5-HT7 receptor antagonists that are
suitable for pre-clinical and clinical evaluation for the treatment of IBD. This goal will be pursued
in a drug discovery program that will take advantage of the industrial and academic research
experience within the Moulder Center, using the methods described in Aims 1-3. The aims will be
pursued in parallel when possible. In addition, synthesis and in vitro screening (pharmacological,
ADME) will occur in an iterative fashion. Data from each round of exploration will be incorporated
into our database and used to improve compound design to maximize program efficiency.

6.1 Specific Aims and Hypothesis
1. Develop butyrolactone series by generating SAR data in the following areas: 1) Binding
affinity at 5-HT7, 2) Subtype selectivity against all other members of the 5-HT receptor family,
and 3) In vitro drug-like properties (e.g. solubility, microsomal stability, CYP450 inhibition).
a. Sub-Aim 1: Synthesize new analogs and develop enantiomerically pure synthesis
b. Sub-Aim 2: Screen all compounds for binding affinity at all 5-HT receptors
c. Sub-Aim 3: Determine in vitro ADME properties.
2. Determine 5-HT7 functional activities of promising compounds prepared in Aim 1 in order to
identify antagonists.
3. Determine in vivo PK profiles of lead compounds identified in Aim 2 in C57BL/6 mice to
support future in vivo efficacy studies. This will ensure that advancing compounds have a PK
profile that will provide sufficient systemic exposure to support efficacy in animal models of
IBD. Compounds with low CNS penetration will be prioritized.
Hypothesis: The structurally novel butyrolactone series can be optimized to produce compounds
that are selective, potent 5-HT7 antagonists and exhibit drug-like properties. Further, compounds
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in this series will be capable of producing systemic concentrations capable of supporting in vivo
efficacy in animal models of IBD with minimum CNS penetration.

6.2 Specific Aim 1: Develop Butyrolactone Series and Generate SAR
6.2.1 Sub-Aim 1: Synthesize New Analogs and Develop Enantiomerically Pure Synthesis
6.2.1.1 Extend 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 screened. In order to
achieve this, it is critical that when investigating the influence of one structural variable, all other
variables are held constant. Therefore, initial efforts will be dedicated towards synthesizing suitable
analogs that meld with the preliminary series so that a better picture of the SAR will be available.
The variables that will be investigated in this expansion of the preliminary data set include the
appendages on the lactone (R2, R3), the chain length between the lactone core and the pendant
piperazine ring, and the substitution pattern of the aryl ring (R1). Table 5 shows an ideal set of target
compounds that will be prepared in this initial investigation. Green highlighted analogs represent
those that have not been synthesized to date, and will be the first analogs prepared in this program.
Non-highlighted compounds are part of the existing data set (Table 3).
The first variables to be investigated will be the chain length between the lactone core and the
pendant piperazine ring and the lactone appendages (R2, R3). The preliminary series is limited to a
chain length of two carbons. Also, the only lactone appendages that were present in comparable
analogs within the preliminary series included dimethyl, diethyl and spirocyclohexane (eq. 160162,
170085, 160129). Therefore it is important that both these parameters are optimized early so that
they can be held constant when inspecting the influence of aryl substitution, which will require a
high quantity of analogs.
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Table 5: Extension of preliminary series

ID
170085
KB1
KB2
KB3
160162
KB4
KB5
160129
KB6
KB7
170090
170112
KB8
KB9
170082
170091
KB10
170084
170101
170073
KB11
KB12
170086
KB13
KB14
KB15
KB16
KB17
KB18
KB19
KB20
170083
KB21
KB22
170074
170106
KB23
KB24
KB25
KB26
KB27
170107
170113
KB28
KB29
KB30

R1
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
2-Me-Ph
3-Me-Ph
4-Me-Ph
2-iPr-Ph
2-tBu-Ph
2-Ph-Ph
2-OMe-Ph
3-OMe-Ph
4-OMe-Ph
2-OH-Ph
3-OH-Ph
4-OH-Ph
2-NH3-Ph
3-NH3-Ph
4-NH3-Ph
2-Cl-Ph
3-Cl-Ph
4-Cl-Ph
2-CF3-Ph
3-CF3-Ph
4-CF3-Ph
2-CN-Ph
3-CN-Ph
4-CN-Ph
2-NO2-Ph
3-NO2-Ph
4-NO2-Ph
2-pyridyl
3-pyridyl
4-pyridyl
2-pyrimidyl
4-pyrimidyl
2-pyrazyl
2,6-diMe-Ph
2,4-diMe-Ph
2,6-diiPr-Ph
2,4-diCl-Ph
3,5-diCl-Ph
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n
2
1
3
4
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

R2
R3
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Methyl Methyl
̶ (CH2)3 ̶
̶ (CH2)4 ̶
̶ (CH2)5 ̶
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl
Ethyl

Compounds KB1-3 will be synthesized and compared to 170085 in order to probe the chain
length. Diethyl lactone appendages were chosen as a constant variable based on the binding affinity
of 170085 (KI= 21 nM), therefore a loss of activity due to structural changes will be readily
apparent. The original synthetic 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 core. Briefly, racemic epoxides (8) of varying
chain length can be prepared from hydroxyalkenes (7). These epoxides can then undergo ring
opening via attack of the enolate of amide (9) followed by acid mediated ring closure to provide a
benzyl protected lactone (10). Deprotection via palladium mediated hydrogenation followed by
conversion of the resulting free alcohol to the tosylate will provide lactone (11) which can be
coupled to phenylpiperazine using the methodology described in Scheme 1.
Scheme 2: Synthesis for Probing Chain Length

Data from the preliminary series suggested that MLM stability and 5-HT7 binding affinity are
not significantly impacted by exchanging the diethyl units with a spirocyclohexyl group. However,
the dimethyl substituents decreased 5-HT7 binding affinity but improved MLM stability. This
suggests that the alkyl substituents are a potential site of metabolism where smaller, restricted
appendages are more metabolically stable, while increasing the size of these appendages positively
impacts 5-HT7 binding affinity. Further, although it was not observed with a spirocyclohexyl
appendage, tethering together flexible aliphatic chains is a well-known strategy for blocking
unwanted metabolism. Therefore, compounds KB4-5 are proposed in order to complete the set of
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possible spirocycles by decreasing the ring size from a 6 membered ring to a 4 membered ring. It
is possible that these smaller, restrained spirocycles will display binding affinities comparable to
170085 and 160129, while exhibiting improved MLM stability. These compounds can be prepared
using the methods described in Scheme 1, starting with the commercially available carboxylic acid.
The remaining compounds in the proposed second generation series will enable an
understanding of the influence the substitution pattern around the aryl ring has on 5-HT7 binding
affinity, selectivity and in vitro ADME properties. The diethyl lactone appendages and a linker
chain length will remain constant in order to allow direct comparison with the unsubstituted
compound 170085, the parent compound of this series. A wide range of functional groups will be
utilized that vary from strongly electron donating (OMe) to strongly electron withdrawing (NO 2).
The 2-, 3- and 4-substituted analogs with be prepared for each functional group (KB6,7,10-22).
This will facilitate the development of an understanding of the impact of shifting each
functionalities on binding affinities and in vitro ADME parameters. Also, as noted above, bulky
groups in the 2-position results in potent 5-HT7 binding, with the exception of t-butyl (170058, 5HT7 KI = 1924 nM). The single example in the preliminary data set, however, contains a
spirocyclopentyl lactone, and it is possible that this combination is not conducive to 5-HT7 binding.
In order to further test the limitations of the 2-position and its relationship with the lactone alkyl
appendages, we propose to include KB8 in the second generation series. Steric tolerance of the 2position will also be tested with the 2-Ph analog (KB9). Incorporation of nitrogen atoms into the
aryl ring is of particular interest as the 2-pyridyl analog 170106 exhibited potent binding while the
corresponding 4-pyridyl analog 160137 was inactive at the 5-HT7 receptor. MLM half-life was also
substantially different as 160137 was resistant to MLM metabolism (T1/2>60 minutes) while
170106 was rapidly metabolized (MLM T1/2 = 2.6 minutes). The 3-pyridyl analog KB23 will be
prepared to complete this aspect of the SAR. The corresponding diethyl analog of 160137 (KB24)
will also be prepared to determine if the combination of a 4-pyridyl moiety and the spirocyclohexyl
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lactone caused the loss of 5-HT7 affinity observed in 160137. Further di-nitrogen heterocycles with
be explored, such as pyrimidines and pyrazines (KB25-27). The incorporation of two nitrogen
atoms will increase the TPSA by more than 20 units. It is possible that these compounds may
display the affinity similar to that of 170106 and the improved MLM stability observed with
160137. Finally, di-substitution will be briefly revisited in order to gain a better understanding of
the surprising decrease in 5-HT7 binding affinity observed with 170059 (2,6-iPr-Ph). The loss of
binding potency of 170059 is in stark contrast to the highly potent 2-substitued analog 170112 (2iPr-Ph), which had the highest affinity of all of the preliminary compounds. The diethyl analog of
170059 (KB28) will be prepared in order to determine if a bulky 2,6 substitution pattern is
detrimental to 5-HT7 binding. In addition, di-chlorophenyl analogs (KB29-30) will be synthesized
in order to explore the impact of multiple electron withdrawing groups.
The preparation of these second generation compounds will expand the available SAR data that
will drive the design of next generation compounds. The 5-HT7 binding and in vitro ADME data
obtained with this series will support optimization of variables, such as chain length and aryl
piperazine substitution patterns, that will be critical to identifying viable lead compounds.
6.2.1.2 Explore Alternate Arylamine Systems
Following optimization of the chain length and lactone appendages, alternate arylamine systems
(Figure 32) will be explored. While a significant amount of data has been collected using the
phenylpiperazine system it is possible that this system may not be the optimal one for 5-HT7 affinity
and selectivity. Moreover, the phenyl ring represents a likely site of metabolism. Alternate systems
may provide an increase in microsomal stability. Furthermore, some of the systems shown in Figure
32 add substantial polarity and increase the TPSA of the full structure. For example, (13) adds ~40
units to the TPSA value when compared to a corresponding phenylpiperazine analog. For these
reasons, investigating replacements for the arylpiperazine system is worthwhile.
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Figure 32: Proposed alternate arylamine systems

The starting materials necessary to incorporate the proposed alternate systems are either
commercially available or can be readily prepared with known synthetic methods. Specifically,
arylamine analogs (16-25) can be purchased as the free amine, while the remaining examples (1215) will need to be synthesized using the methods described below. Indole (12) can be prepared
using Buchwald coupling outlined in Scheme 3. Bromoindole (27) is TIPS protected, and the
resulting protected indole (28) is coupled to 1-boc-piperazine using PdCl2[P-(o-tol)3]2 in the
presence of BINAP and a base.427 Subsequent deprotection will provide 5-(piperazin-1-yl)-1Hindole (29). The bicyclic systems (13-15) can be synthesized using the versatile synthetic route
outlined in Scheme 4. Starting with arylhalide (30), direct chlorine displacement with 1-bocpiperazine provides the arylpiperazine (31). The para-nitro group can be reduced with H2 in the
presence of Pd/C to provide intermediate (32) which can then undergo various transformations to
provide multiple cyclized products. Heating (32) with trifluoroacetic acid will cyclize the two
aniline nitrogens with an equivalent of the acid and remove the boc protecting group in one step to
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produce 5-(piperazin-1-yl)-2-(trifluoromethyl)-1H-benzo[d]imidazole (33). Cyclization with either
acetic acid or CDI, followed by deprotection, will provide 2-methyl-5-(piperazin-1-yl)-1Hbenzo[d]imidazole (34) and 5-(piperazin-1-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (35)
respectively. The synthesized and purchased amines can then be coupled to the lactone core using
the methods described in Scheme 1 in order to generate the proposed analogs (Figure 32).
Scheme 3: Synthesis of 5-(piperazin-1-yl)-1H-indole

Scheme 4: Versitle Synthesis for Bicyclic Aromatic Piperazines

Biological screening data developed using the aforementioned compounds will be used to
driving the design of next generation compounds. If active compounds are identified in this set,
additional, further functionalized analogs will be prepared and screened as appropriate.
6.2.1.3 Piperazine Bioisosteres
Another possible variation to the arylpiperazine moiety is replacing the piperazine ring with a
bioisostere. Piperazine bioisosteres will have a limited effect on the TPSA and could possibly alter
microsomal stability; it is currently unknown if the piperazine core is a site of metabolism. They
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could, however, have a substantial impact on 5-HT7 binding properties. As noted in chapter 2, the
piperazine core is pivotal to 5-HT7 binding as its basic amine forms a key salt bridge with Asp 162.
Variations to this portion of the molecule are likely to influence this key interaction. The three
proposed bioisosteres can be viewed in Figure 33: 2,6-diazaspiro[3.3]heptane (36),
octahydropyrrolo[3,4-c]pyrrole (37) and homopiperazine (38). Notably, there have been instances
reported in the literature that demonstrate that utilization of these bioisosteres lead to an increase
in potency and/or affinity at a particular target when compared to a corresponding piperazine
analog.428,429,430

Figure 33: Arylpiperazine bioisosteres
These piperazine bioisosteres will alter the basicity of the amine partaking in the Asp 162 salt
bridge, the distance between the two nitrogens in the ring and the directionality of the terminal aryl
moieties. As noted in Figure 34, the distance between the two nitrogens in (39) is ~0.5 Å longer
compared to the piperazine ring in 170085. This distance in the bicyclic systems (40,41) is even
larger, extending over 4 Å. 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 suggests that these bioisosteres will not cause any major
displacements of the lactone core or aryl rings. However, (39) exhibits a slight displacement in the
linker and lactone core, which could have some effect on the binding properties. Also, there are
notable differences in the rotation of the aryl ring between the piperazine and bioisostere analogs.
How these minor changes may affect 5-HT7 binding affinity or selectivity is unclear.
Compounds (39-41) will be prepared and screened in program assays. If any of the bioisosteres
show promise, additional compounds with varying substitution patterns around the aryl ring will
be prepared. These 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 nitrogen
atoms and orintation of lactone, aryl ring and linker. Structures were omtimized to their minimun
energy. A.) Piperazine core, B.) homopiperazine core, C.) 2,6-diazaspiro[3.3]heptane core, D.)
octahydropyrrolo[3,4-c]pyrrole core, E.) Overlay
Scheme 5: Synthesis of Piperazine Bioisosteres

analogs in order to identify differences in the SAR of the cores. The synthetic routes to prepare
analogs containing these bioisosteres are shown in Scheme 5. Commercially available bocprotected diamines (42-44) can be coupled to a desired functionalized arylhalide using Buchwald
coupling. Following deprotection, the resulting secondary amines (45-47) can be attached to the
lactone core using the methodology described in Scheme 1.
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6.2.1.3 Increasing Polarity of Lactone Appendage
The final structural feature to be functionalized, with the intent of increasing TPSA, is the
lactone appendage. Thus far, only identical alkyl chains or aliphatic spirocycles on the lactone have
been investigated or proposed. Since it has already been demonstrated that a spirocyclohexyl ring
is well tolerated in this position with respect to 5-HT7 binding affinity, steric demands are clearly
not an issue. It is possible that polar atoms could be incorporated into this ring. This could provide
an opportunity for a branch point suitable for the attachment of additional polar substituents. As
shown in Figure 35, integration of a polar atom (O or N) at the X position would added ~10-12
value to the TPSA. This position was chosen because it avoids the creation of a second chiral center.
Of particular interest is whether or not a nitrogen atom at this position will be tolerated. If so, this
would provide an opportunity to incorporate various functional groups at this position. Figure 35
highlights the versatile functionalization that could be accomplished to produce a wide range of
amides, carbamates, ureas and sulfonamides. All of these functional groups present the opportunity
to significantly increase the TPSA of final compounds. In addition, it is possible that the lactone
appendages are metabolically labile and additional functionalization may have a beneficial impact
on microsomal stability.

Figure 35: Proposed analogs with increased TPSA
The synthetic route displayed in Scheme 1, or a modified version thereof, can be used to make
these heteroatom containing spirocycles. To make the oxygen containing compounds, Scheme 1
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can be used without modifications using ethyl tetrahydro-2H-pyran-4-carboxylate as the starting
material. Nitrogen containing compounds require the additional steps described in Scheme 6. First,
the enolate of benzyl protected piperidine (48) is alkylated with allyl iodide to provide alkene (49).
This intermediate can then undergo the modified Prins reaction as described in Scheme 1 to
generate alcohol (50). It is important to note that a benzyl protecting group was chosen because it
can withstand the harsh acidic and basic conditions utilized in the Prins reaction. The primary
alcohol of (50) will then be TBS protected in order to allow a protecting group swap on the nitrogen
atom (benzyl to boc). The resulting boc-protected intermediate (51) can be treated with TBAF to
Scheme 6: Synthesis of Spiropiperidine Based Analogs
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provide the free alcohol (52). This alcohol can then be converted to the tosylate (53) and coupled
to a desired arylpiperazine. The nitrogen protecting group exchange is required because
hydrogenation to remove the benzyl group at this point could be incompatible with some functional
groups on the aryl piperazine.

If, for example, the desired arylpiperazine was 4-

chlorophenylpiperazine, hydrogenation conditions could remove the chlorine atom. Deprotection
prior to piperazine coupling is not an option because this synthesis was designed for diversification
of the nitrogen substituents beginning with (54). The free amine of (54) can undergo a wide range
of transformations to form amides (55), carbamates (56), ureas (57) and sulfonamides (58).
6.2.1.4 Chiral Synthesis
Racemic material can be used in preliminary studies to develop a significant amount of data,
but in order to advance the program towards the pre-clinical stage, it will be necessary to identify
single enantiomers that are effective in providing 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 receptor, or have different
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 enantiomers of potential lead compounds so that only the
most promising enantiomers enter future in 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 enolate. Therefore, 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 chemistry outlined in Scheme 7. Both enantiomers of the two carbon chained epoxide
(61) can be produced starting with L, or D-aspartic acid (59).431 In order to obtain enantiomers of
the one, three and four carbon chained epoxides (63), Jacobsen’s Co catalyst can be utilized to
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resolve the racemic form (62) via selective ring opening.432 In the event that Jacobsen’s Co catalyst
fails to effectively resolve the racemic form of the epoxides (62), alternative asymmetric
epoxidations (e.g Sharpless and Shi epoxidations.433,434) will be explored. These enantiomerically
pure epoxides can then be subjected to the synthesis described in Scheme 2 for the production of
enantiomerically pure lactones.
Scheme 7: Synthesis of Enantiomerically Pure Epoxides

This synthesis will be employed to generate a small library containing both enantiomers of
compounds from the first and second generation series described above. These new compounds
will enable a direct comparison of the binding affinities and in vitro ADME properties of racemates
and the corresponding enantiomers. This data could indicate that one enantiomeric configuration
has advantages in areas such as 5-HT7 binding affinity, selectivity, microsomal stability, or other
important biochemical properties.
6.2.2 Sub-Aim 2: Screen All Compounds for Binding Affinity at All 5-HT Receptors
All compounds will be submitted to binding affinity assays against all 5-HT receptors. This is
to assure lead compounds are not only potent binders to the 5-HT7 receptor, but also selective for
this subtype. As outlined in chapter 1, off target activity at other 5-HT receptors, specifically 5HT2B, could lead to serious unwanted side effects. Screening at all of the members of the 5-HT
family will enable the development of “off-target” SAR and allow for improved compound design
as the program moves forward.
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Screening capacity to accomplish this is available via the NIHM’s Psychoactive Drug Screening
Program (PDSP) at UNC. The PDSP provides screening data on >60 drug targets including hERG
and is a free service for academic institutions. Initially, compounds will be submitted to a
preliminary radioligand binding assay. This assay will determine a compound’s percent inhibition
of radioligand binding at a fixed concentration of 10 μM. Analogs that display greater than 50%
inhibition of radioligand binding will then undergo a secondary binding assay utilizing a traditional
concentration gradient for determination of KI values. The preliminary assay will eliminate
unnecessary screening of low affinity compounds. Data from this screening service will be used to
prioritize compounds for advancement and development of SAR. The general protocols used by
PDSP are described below.
6.2.2.1 Preliminary Radiolabel Binding Studies for 5-HT receptors
Test and reference compounds (Table 6) are diluted to 5X final assay concentration (50 μM for
a final assay concentration of 10 μM) in the appropriate radioligand binding buffer (50 mM Tris
HCl, 10 mM MgCl2, 0.1 mM EDTA, pH 7.4). Then, 50-μl aliquots of buffer (negative control),
test compound, and reference compound are added in quadruplicate to the wells of a 96-well plate,
each of which contains 50 μl of 5X radioligand (see Table 6 for final assay concentration for each
radioligand) and 100 μl of buffer. Finally, receptor-containing, crude membrane fractions are
resuspended in an appropriate volume of buffer and dispensed (50 μl per well) into 96-well plate.
Radioligand binding is allowed to equilibrate, and then bound radioactivity is isolated by filtration
onto 0.3% polyethyleneimine-treated, 96-well filter mats using a 96-well 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 Microbeta 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%; non-specifically bound radioactivity is assessed from quadruplicate wells
containing 10 μM of a suitable reference compound and adjusted to 0%. The average bound
radioactivity in the presence of the test compound (10 μM final assay concentration, quadruplicate
determinations) is then expressed on the percent scale.
Table 6: Radioligands and reference compounds for binding assays
Receptor
5-HT1A
5-HT1B
5-HT1D
5-HT1E
5-HT2A
5-HT2B
5-HT2C
5-HT3
5-HT5A
5-HT6
5-HT7

Radioligand (Assay Conc.)
[3H]-OH-DPAT (0.5 nM)
[3H]GR125743 (0.3 nM)
[3H]GR125743 (0.3 nM)
[3H]5-HT (3 nM)
3
[ H]Ketanserin (0.5 nM)
[3H]LSD (1 nM)
3
[ H]Mesulergine (0.5 nM)
[3H]LY278584 (0.3 nM)
[3H]LSD (1 nM)
[3H]LSD (1 nM)
[3H]LSD (1 nM)

Reference Compound
Methysergide
Ergotamine
Ergotamine
5-HT
Chlorpromazine
5-HT
Chlorpromazine
LY278584
Ergotamine
Chlorpromazine
Chlorpromazine

6.2.2.2 Secondary Radiolabel Binding Studies for 5-HT receptors
Solutions of a test compound are prepared as a 10 mM stock in assay buffer (50mm TRIS, pH
7.5, 10mM MgCl2, 0.5mM EDTA) or DMSO according to its solubility. 11 dilutions (5X assay
concentration) of test and reference compounds in assay buffer are prepared by serial dilution to
yield final assay concentrations ranging from 10 pM to 10 μM. In a 96 well polypropylene plate,
100 uL of assay buffer is added to all wells, then 50 uL of assay buffer or diluted reference
compound (Table 6) or diluted test compound is added to selected wells. Then to all wells, 50 uL
of crude membrane fractions of cells expressing recombinant target and 50 uL of radioligand
solution (at 5X its assay concentration in assay buffer, Table 6, is added. Reactions are incubated
at room temperature for 1.5 hours and harvested by rapid filtration onto 0.3% polyethyleneiminetreated GF/B filter plates using a Filtermate harvester. 4 rapid 500-μl washes are performed with
chilled 50 mm TRIS buffer, pH 7.5. Filter plates are dried, scintillant added, and the radioactivity
retained on the filters is counted in a Microbeta scintillation counter. IC50’s of test compounds at
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inhibiting specific binding are calculated using GraphPad’s Prism 5 non-linear sigmoidal curve
fitting program. Specific binding equals total binding minus nonspecific binding. Nonspecific
binding is defined by 10 μM of reference compound. Ki values are calculated using the ChengPrusoff equation.
6.2.3 Sub-Aim 3: Determine In Vitro ADME Properties.
The physicochemical properties of lead compounds must be considered as this program
advances toward viable pre-clinical leads. Compounds that are potent, selective 5-HT7 receptor
antagonists cannot be advanced if they do not have physicochemical properties capable of
supporting in vivo efficacy studies. Lead compounds should be suitable for development as an
orally bioavailable therapy with PK parameters consistent with once or twice daily dosing. In order
to ensure that lead compounds meet these criteria, they will be screened in a battery of in vitro
ADME assays that are maintained at the Moulder Center for Drug Discovery Research. All
compounds will be subjected to solubility and microsomal stability (mouse and human) assays.
Promising compounds will undergo additional assays such as CYP450 inhibition (3A4, 2D6, 2C9).
Table 7: In vitro ADME criteria for advancement
Assay
Aqueous Stability
Solubility (pH 7.4)
Microsomal Stability
CYP P450 Inhibition

Criteria for Advancement
> 95% remaining @ 4 hours @ 37oC
≥ 100 ug/mL
t1/2 ≥ 60 minutes (mouse/human
microsomes)
< 30% inhibition @ 10 uM

The pharmaceutical industry employs these screens to select compounds for in vivo PK assessment
using the guidelines in Table 7, and these guidelines will be employed to ensure that compounds
selected for PK studies (Aim 3) have a high probability of success.
 Solubility (pH 7.4) will be assessed with Millipore MultiScreen Solubility filter system.
Analysis: LC/MS/MS.
 Microsomal stability will be assessed by incubating compounds with liver microsomes (mouse,
human) and an NADPH regenerating system at 37oC.435 Phase II metabolism is assessed in
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allomethicin-activated microsomes in the presence of UDP glucuronosyltransferase cofactors.436
Microsomal protein content will be adjusted to give accurate rates of substrate consumption.
Analysis: LC/MS/MS.
 CYP450 inhibition (3A4, 2D6, 2C9) will be determined with expressed enzymes to minimize
non-specific binding and membrane partitioning issues.437 3A4 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 Compounds
In addition to having affinity for the 5-HT7 receptor, it is critical that lead compounds act as
potent antagonists. High affinity compounds identified in Aim 1 will be submitted to functional
screening for the 5-HT7 receptor. In vitro ADME results and selectivity profiles will not heavily
influence which compounds are submitted to functional screening because SAR related to
functional activity needs to be established. 5-HT7 binding affinity will be the main determining
factor. Functional screening will be performed “in house” at the MCDR using the protocol
described below.
6.3.1 Functional Screening for 5-HT7 Receptor (MCDR):
Potency of compounds as 5-HT7 receptor antagonists are determined using the cAMP HunterTM
eXpress GPCR luminescence assay (DiscoveRx, 95-0163E3) using the manufacturer’s protocol.
Cryopreserved U2OS cells expressing human 5-HT7D are thawed and seeded into a 96 well white–
walled clear bottom tissue culture treated plate (31250 cells in 100 uL cell plating media/well).
After 24 hr at 37°C in a humidified incubator with 5 % CO2, media 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 (1/2-log serial dilutions to obtain a final concentrations of 10μM to
0.316 nM) in CAB. Cells are incubated @ 37°C for 15 minutes and then stimulated with 7.5 uL of
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900nM of the full agonist 5-HT in CAB (final 5-HT concentration of 150 nM; an EC80
concentration) added to all compound-treated 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. IC50’s of test compounds are calculated using GraphPad’s Prism 5 non-linear sigmoidal
curve fitting program. KB values of key compounds are determined by Schild analysis of the shift
in 5-HT’s potency elicited by 6 1/2-log concentrations of test compound. Key compounds will also
be assessed to determine inverse agonist activity (inhibition of forskolin-stimulated adenylate
cyclase).

6.4 Specific Aim 3: Determine In Vivo PK of Lead Compounds
It is critical that we understand the in vivo PK of lead compounds. Mouse PK studies will be
conducted on lead compounds to ensure that sufficient systemic exposure is achieved to support
efficacy in an in vivo setting. In addition, brain/plasma will be determined in order to identify
compounds with minimal brain penetration. PK studies will have oral and IV routes of
administration to facilitate oral bioavailability determinations. Ideal compound will have an oral
bioavailability of no less than 30%, minimal BBB penetration (<10%), a T1/2 >4 hours and exposure
of at least 2x its KB at that T1/2. The results of these PK studies will be used to guide dosing
selections for future in vivo studies. These PK studies will be conducted at Temple University.
6.4.1 Pharmacokinetic Assays:
PK parameters (plasma, brain) will be determined for compounds that meet the Aim 2
advancement criteria in C57BL/6 mice. Plasma concentrations and free brain-to-plasma ratios will
be determined. Analysis will be conducted on an API-4000 or Waters Xevo TQ LC/MS/MS
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instrument using positive or negative electrospray or APCI ionization. Assay acceptance criteria
will be 20% for standards and 25% for the LLOQ. Pharmacokinetic parameters will be determined
by non-compartmental or multi-compartmental equations using the WinNonlin program. Models
will be compared using the Akaike Information Criteria.438 Pharmacokinetic parameters will be
compared for statistical significance using paired t-tests. 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 mice per time point per dose per sex (48 mice per route).

6.5 Future In Vivo IBD Models:
Novel compounds identified in Aim 3 will be screened in successive in vivo UC models by Dr.
Kahn and his team at McMasters University. Dosing will be based on PK data from Aim 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 compounds (dose selection
based on Aim 3 PK data) or vehicle for 6 days beginning 1 day before colitis induction (4% DSS).419
Mean DSS consumption will be recorded from each cage per day. Mice will be sacrificed on day 5
post-DSS to assess disease activity index (DAI), macroscopical and histological damage scores,
MPO activity, and pro-inflammatory cytokines (IL-1, TNF-, IL-6, IL-12, IL-17) in colonic
tissues. Efficacious compounds will advance into a chronic DSS mouse model. Briefly, chronic
DSS-induced colitis will be induced in C57BL/6 mice (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
cycle will be repeated twice with 2% DSS. Mice will be treated with vehicle or test compounds for
6 days beginning one day before starting the 3rd DSS cycle. Mice will be sacrificed 3 or 7 days after
the last cycle to assess macroscopic and histological scores, MPO activity, and pro-inflammatory
cytokines (IL-1, TNF-, IL-6, IL-12, IL-17) in colonic tissues.419 Plasma, brain, and GI 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 SPECIFIC AIM 1
This chapter encompasses the structural activity relationships (SAR) determined through the
execution of the research plan outlined in specific aim 1 of the previous chapter. Through an
extension of the preliminary series, a foundational SAR was developed that provides insight into
the optimization of several key structural features of the arylpiperazinyl butyrolactone core. The
properties that were probed for optimization include: 5-HT7 receptor affinity, subtype selectivity,
mouse liver microsomal stability and TPSA. A detailed discussion of the results from specific aim
1 and the resulting SAR data is described below.

7.1 Extension of Preliminary Series
Early efforts were focused on synthesizing comparable analogs that meld with the preliminary
series and allowed for a more complete SAR analysis. All compounds synthesized were compared
to the parent compound, 170085 (Table 3) and contained a single structural change while the
remaining features were held constant. Structural features that were probed included the chain
length (between lactone and piperazine), lactone appendages and the functionalization of the aryl
ring.
7.1.2 Influence of Chain Length
All compounds within the preliminary series contained a chain length of 2 carbons. As shown
in Figure 10, 5-HT7 antagonists that fall within the LCAP class can contain chain lengths that vary
between 1 to 4 carbons depending on the identity of the fragment distal from the arylpiperazine
core. Therefore the question arose as to whether or not a chain length of 2 carbons is optimal for a
butyrolactone distal fragment. In order to answer this question, the 1, 3 and 4 carbon chain length
analogs of 170085 were prepared. The binding affinities towards the 5-HT receptors and select in
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vitro ADME properties for these compounds are shown in Table 8. With respect to affinity for the
5-HT7 receptor, a 2 carbon linker is optimal (5-HT7 KI= 21 nM). Shorting the chain length (230215)
significantly decreased 5-HT7 affinity (13X), while extending the length of the linker by 1 or 2
carbons (230057 and 230055) slightly decreased affinity (2.5-3X). The chain length also influences
the selectivity profile. A 1 carbon linker generally decreases affinity at all 5-HT receptors, however
a slight increase in 5-HT2B affinity compared to the parent compound 170085 (1.25X) was
observed. Increasing the chain length had a positive impact on selectivity over 5-HT5A and 5-HT6
but decreased selectivity over 5-HT1A, 5-HT2A and 5-HT2B. Specifically, extending the chain length
beyond 2 carbons reversed the selectivity so that compounds with the longer linker were slightly
more selective for 5-HT1A over 5-HT7. Also the 3 carbon linker analog displayed some affinity for
the 5-HT1D receptor which is absent for compounds with the other linkers. With regard to in vitro
ADME properties, 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 solubility. Based on these observations for
this particular core it was concluded that a linker length of 2 carbons in optimal and would be used
moving forward.
Table 8: Influence of chain length on binding affinity and in vitro ADME properties
ID

n

170085
230215
230057
230055

2
1
3
4

KI (nM)
5-HT7 5-HT1A 5-HT1B 5-HT1D

5-HT1E

5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT5A

21

63

10000

10000

10000

453

521

10000

10000

352

1043

273

708

10000

10000

10000

10000

412

10000

10000

10000

10000

55

43

10000

1719

10000

768

948

10000

10000

1737

10000

61

26

10000

10000

10000

482

743

10000

10000

1219

10000

Solubility MLM
TPSA
(uM) T1/2 (min)

ID

n

MW

cLogP

170085
230215
230057
230055

2
1
3
4

330.5

3.5

32.8

200.0

<2

316.4

3.0

32.8

200.0

2.0

344.5

3.9

32.8

182.0

2.3

358.5

4.4

32.8

169.0

<2
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5-HT6

7.1.3 Influence of Lactone Appendages
Data from the preliminary series suggested that the lactone α-appendages influence 5-HT7
binding affinity and may be a site of metabolism. It was determined that decreasing the length of
the lactone appendages from ethyl (170085) to methyl (160162) significantly decreased 5-HT7
affinity, while tethering together both ethyl chains (160129; cyclohexyl) did not affect 5-HT7
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
appendages are more metabolically stable but negatively impact 5-HT7 affinity. Therefore analogs
containing smaller restrained spirocycles were prepared as a potential strategy to fine-tune both 5HT7 affinity and MLM stability while not significantly impacting the MW, cLogP, TPSA and
solubility.
Table 9: Influence of lactone appendages on binding affinity and in vitro ADME properties
ID

R1

R2

170085 Ethyl Ethyl
160162 Methyl Methyl
̶ (CH2)3 ̶
230208

KI (nM)
5-HT7 5-HT1A

5-HT1B

5-HT1D

5-HT1E

5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT5A

21

63

10000

10000

10000

453

521

10000

10000

352

5-HT6
1043

245

161

10000

10000

10000

10000

758

10000

10000

10000

10000

113

119

10000

10000

10000

10000

353

10000

10000

868

10000

230207

̶ (CH2)4 ̶

177

93

10000

10000

10000

10000

420

10000

10000

10000

10000

160129

̶ (CH2)5 ̶

33

134

10000

10000

10000

393

303

2308

10000

597

10000

R1

R2

MW

cLogP

TPSA

330.5

3.5

32.8

200.0

<2

302.4

2.6

32.8

192.0

13.8

314.4

2.7

32.8

187.0

6.8

3.1

32.8

183.0

3.3

3.6

32.8

186.0

<2

ID

170085 Ethyl Ethyl
160162 Methyl Methyl
̶ (CH2)3 ̶
230208
230207

̶ (CH2)4 ̶

328.5

160129

̶ (CH2)5 ̶

342.5

Solubility
MLM
(uM) T1/2 (min)

In line with this hypothesis, decreasing the size of the spirocyclohexyl ring (160129) to 5 and 4
membered rings did decrease the 5-HT7 affinity by approximately 5X and 3.5X respectively, but
both displayed higher affinity compared to the dimethyl analog. Decreasing the ring size of the
spirocycle did slightly increase MLM stability from a T1/2 < 2 minutes to 3.3 and 6.8 minutes for a
5 (230207) and 4 (230208) membered ring respectively. There was, however, a negative impact on
the selectivity profile with respect to the 5-HT1A and 5-HT2B receptors. Decreasing the size of the
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spirocycle either abolished (230208) or reversed (230207) the selectivity for 5-HT7 over 5-HT1A.
More importantly, the selectivity over 5-HT2B was decreased from >9X to 2.3-3.1X. Since the 5HT2B receptor is an “anti-target” (it is associated with serious cardiovascular safety issues) 29 this
was considered a serious issue. Therefore, based on the increase in affinity for 5-HT2B and the
>3.4X drop in 5-HT7 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 improved selectivity profile against 5-HT2B compared to the
spirocyclohexyl analog (160129).
7.1.4 Influence of Arylpiperazine Functionality
The preliminary data set demonstrated that functionality of the arylpiperazine can have
significant influence on 5-HT7 binding affinity as well as the selectivity profile. In order to further
investigate the SAR surrounding the substitution pattern of the aryl ring, a more comprehensive set
of comparable analogs was synthesized (ortho vs meta vs para). Since a chain length of 2 carbons
and diethyl lactone appendages were considered optimal (see above), the parent compound 170085
was used as a point of comparison.
A variety of electron-donating groups were used to determine the effect of an electron rich ring
system on 5-HT7 affinity within this class of compounds (Table 10). Location dependence of these
groups was investigated to determine if there is an optimal location for functionalization. Further a
few analogs were prepared that contained a bulky aliphatic/aryl group at the ortho position in order
to gain a better understanding of the high 5-HT7 affinity of 170112 (KI=6 nM) and 170060 (KI=17
nM) and the puzzling loss of affinity seen with 170058 (KI=1924 nM); see chapter 6.
Substituting with a weakly electron donating methyl group in the 2 and 4 position (230107 and
170090) resulted in high affinity compounds with 5-HT7 KI= 60 and 10 nM respectively. When
located in the 3 position (230112) 5-HT7 affinity drops considerably (Ki = 10,000 nM). When the
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methyl group is in the para position, subtype selectivity is achieved. This compound is ~30X less
potent at the nearest 5-HT receptor, 5-HT2B. Both 230107 (2-Me-Ph) and 230112 (3-Me-Ph), on
the other hand, exhibited significant affinity for the 5-HT1A (17 and 15 nM) and 5-HT2B (28 and 57
nM) receptors.
Table 10: Influence of electron-donating groups on affinity and selectivity

Separately, the preliminary results demonstrated that increasing the size of the aliphatic group
in the 2-position with an isopropyl group led to significant increase in 5-HT7 affinity (170112, 5HT7 KI=6 nM). The 2-phenyl and 2-tert-butyl analogs of 170112 were prepared to test the steric
limits of this region of the molecule. Results similar to those of 170112 were observed with a
phenyl ring (230110, 5-HT7 KI=12 nM). However, a tert-butyl group (230186) at this position
greatly reduced 5-HT7 affinity (KI=1895 nM). This suggests that there is a steric limitation when
substituting in the 2-position. Bulky substituents that are relatively flat, such as iso-propyl
(170112), phenyl (230110) and morpholine (170060 preliminary set) can fit into this portion of the
binding pocket, leading to high 5-HT7 affinity. Those groups that extend in all directions, such a
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tert-butyl, cannot occupy this pocket, which leads to a significant loss of 5-HT7 affinity. These
findings also support the loss of 5-HT7 activity observed in 170058, an analog with a 2-tert-butyl
phenyl piperazine and a spirocyclohexyl lactone. In line with the conclusions drawn from the
preliminary series, these compounds have limited selectivity and bind to the 5-HT1A, 5-HT1D, 5HT2A and 5-HT2B receptors. Consequently, substituting with a bulky substituent at the 2-position is
a promising strategy to achieve high 5-HT7 affinity but would need to be utilized in conjunction
with an approach designed to improve subtype selectivity.
Strongly electron donating substituents (OMe, OH and NH3) tend to decrease affinity at the 5HT7 receptor. A methoxy or hydroxyl group in the othro (170082, 170084) and meta (170091,
170101) position of the phenyl ring led to moderate 5-HT7 affinity (118-324 nM) and poor
selectivity with respect to the 5-HT1A and 5-HT2B receptors. Interestingly, there is a stark difference
when substituting in the para position. Specifically, a 4-methoxy group (230204) dramatically
diminished binding to all of the 5-HT receptors, whereas the 4-hydroxyl analog (170073) led to
high 5-HT7 affinity (KI=89 nM) and excellent subtype selectivity. This suggests that there may be
a size limitation for functionalization at the para position. Small groups (e.g. Me and OH) can fit
the available space but slightly large substituents (e.g. OMe) are too large and lead to poor binding.
Finally, there is modest tolerance for an amino (NH3) functionality. Moderate to low binding was
observed at only the 5-HT7, 5-HT1A and 5-HT2B receptors for the ortho and meta analogs (230214,
230212). Similar to 170073 (4-OH-Ph), substituting at the para position with an amino group
(170086) resulted in excellent subtype selectivity, but this analog displayed moderate 5-HT7
binding affinity (KI= 471 nM).
Promising results were obtained when substituting with electron-withdrawing groups such as a
halogen (Cl), trifluoromethyl (CF3), cyano (CN) and nitro (NO2); see Table 11. Functionalization
with a chlorine led to high affinity compounds (<100 nM). The meta position analog (230280)
demonstrated the most potent 5-HT7 affinity (6.7 nM). Similar results were obtained with
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trifluoromethyl functionality. The order of 5-HT7 affinity ranked from meta (230108, Ki=22 nM))
> para (230206, KI=232 nM) > ortho (230125, KI=10,000 nM). Therefore halogens or halogen
containing groups substituted at the meta position appears to be a viable strategy to produce high
affinity 5-HT7 ligands. Functionalization with cyano (CN) decreased 5-HT7 affinity to greater than
100 nM in all three analogs examined. Moderate affinity was maintained when cyano substitution
was in the meta (230123) and para (170083) positions, while ortho functionalization lead to a
substantial drop in 5-HT7 affinity (230111, KI=10,000 nM). Substitution with a nitro (NO2) group
was well tolerated, as all three analogs had 5-HT7 affinity below 100 nM, with the optimal location
being the ortho position (230213, KI=29 nM). Consistent with electron-donating groups, othro and
meta substitution with electron-withdrawing substituents resulted in decreased selectivity,
particularly over the 5-HT1A and 5-HT2B receptors. Similar to 170073 (4-OH-Ph) and 170090 (4Me-Ph), para substitution with chloro (230205), nitro (170074) and cyano (170083) led to excellent
selectivity while 5-HT7 affinity was maintained.
Table 11: Influence of electron-withdrawing groups on affinity and selectivity

In summary, substitution with electron donating or electron withdrawing substituents has been
demonstrated to produce high 5-HT7 affinity compounds, but position and size of the substituents
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can significantly impact potency and selectivity. In addition, an increase or decrease in lipophicity
of substituents also did not correlate with an increase in affinity or selectivity for 5-HT7.
Specifically, functionalization with methoxy (OMe), amino (NH3) and cyano (CN) resulted in
decreased 5-HT7 affinity (>100 nM) in all analogs screened to date. High affinity compounds have
been identified with methyl (Me), hydroxyl (OH), chloro (Cl), trifluoromethyl (CF 3) and nitro
(NO2). Interestingly, the optimal location with respect to 5-HT7 affinity varied from group to group.
The optimal location for a methyl and hydroxyl group, for example, is in the para position. Chloro
and trifluoromethyl substituents were ideal when located at the meta position, whereas for a nitro
group the othro substitution is preferred. Further, bulky substituents at the othro position led to high
5-HT7 affinity but size limitations were observed. Therefore the identity of the substituting group,
rather than the electronic nature of the ring, dictates 5-HT7 affinity and its optimal position around
the ring system. With respect to subtype selectivity, a general trend was identified. Othro and meta
functionalized compounds were less selective, as these analogs displayed high affinity for the 5HT1A and 5-HT2B receptors. In some cases these analogs also displayed affinity for the 5-HT2A
receptor. Excellent subtype selectivity was achieved, however, with para substituents.
Consequently, functionalization at the para position may be a viable strategy moving forward to
achieve subtype selectivity, while maintaining 5-HT7 affinity. This was indeed the case for several
compounds, as 170090, 170073, 230205, 170083 and 170074 are all highly potent 5-HT7 binders
with low affinity towards the other 5-HT receptors.
Consistent with the preliminary data, compounds from this series had MWs and cLogPs within
Lipinski’s rule of five (Table 12). The majority of compounds demonstrated high aqueous
solubility. Notable exceptions included 170112, 230186, 230110 and 230206, each of which had
aqueous solubility values below 50 uM. This does not come as a surprise as these compounds have
moderate cLogP values due to the presence of nonpolar groups such as an isopropyl, phenyl, tertbutyl and trifluoromethyl. Modulation of the TPSA was not a focus of this series, therefore the
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Table 12: Influence of aryl substitution on in vitro ADME properties

majority of these compounds fall short of the desired value of 80. However, functionalization with
polar substituents such as hydroxyl (OH), amino (NH3), cyano (CN) and nitro (NO2) caused a
significant increase in the TPSA compared to the parent compound. This series provided little
insight on how to improve mouse liver microsomal (MLM) stability, as many compound exhibited
T1/2 values of less than 10 minutes. There was a trend with several compounds where shifting the
functional group from the ortho to the para position increased microsomal stability. For example,
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230214 has a MLM T1/2 of 7.7 minutes, but when this amino group is moved to the meta positon
(230212), the T1/2 increases to 14.6 minutes. An even longer T1/2 (36.8 minutes) is observed when
the amino group is in the para position (170086). A similar trend is seen with trifluoromethyl,
cyano, and nitro functionalities. Specifically, substitution with hydroxyl (170073) or amino
(170086) in the para position resulted in the most promising T1/2s in MLM, 18.4 and 36.8 minutes,
respectively.
Based on its high affinity for the 5-HT7 receptor, excellent subtype selectivity, improved TPSA
and MLM stability, 170073 (4-OH-Ph) has been identified as a lead compound in this program.
7.1.5 Influence of Nitrogen Containing Aromatic Systems
In conjunction with the concept of incorporating heteroatoms to increase the TPSA of new
analogs, observations from the preliminary series lead to an interest in converting the aryl ring to a
pyridine. Specifically, the 2-pyridyl analog 170085 demonstrated high 5-HT7 affinity (KI=46 nM)
but poor sub-type selectivity and low MLM stability. These observations are similar to the results
noted in the 2-substituted analogs. Incorporating a 4-pyridyl ring (230209) significantly improved
MLM stability (T1/2>60 min), but unfortunately 5-HT7 activity was significantly reduced. The 3pyridyl analog (230210) was prepared but it too exhibited low 5-HT7 activity and only a modest
improvement in MLM stability was observed (T1/2= 5.4 min).

In an effort to identify additional suitable nitrogen containing aromatic systems, pyrimidines
and pyrazines were investigated. These systems contain two nitrogens and this increases the TPSA
by more than 20. The strategy utilized held one nitrogen constant at the 2-position (ortho) based on
the high affinity of the 2-pyridyl analog 170106. The second nitrogen was shifted around the ring
to see if 5-HT7 activity could be maintained and if an improvement in MLM stability would be
observed as seen with 230209. Unfortunately, all three analogs exhibited moderate to poor 5-HT7
affinity. Interestingly a similar trend in 5-HT7 affinity was observed when compared to the pyridyl
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system. When the second nitrogen is moved from the corresponding 2-position (230106) to the 3position (230126) or to the 4-position (230129) the MLM stability is improved but 5-HT7 affinity
drops significantly.
Based on these observations, pyridyl or di-nitrogen containing rings appear to be sub-optimal
systems in the arylpiperazinyl butyrolactone series.
Table 13: Influence of nitrogen containing aromatic systems on binding affinity and in vitro ADME
properties
ID

KI (nM)

R1

5-HT7 5-HT1A 5-HT1B 5-HT1D

170085
Ph
170106 2-pyridyl
230210 3-pyridyl
230209 4-pyridyl
230106 2-pyrimidyl
230129 4-pyrimidyl
230126 2-pyrazyl

ID

5-HT1E

5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT5A

21

63

10000

10000

10000

453

521

10000

10000

352

5-HT6
1043

46

55

10000

10000

10000

10000

600

10000

10000

805

10000

678

1718

10000

10000

10000

10000

10000

10000

10000

10000

10000

5474

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

215

150

10000

10000

10000

10000

1455

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

446

2301

10000

10000

10000

10000

10000

10000

10000

10000

10000

R1

170085
Ph
170106 2-pyridyl
230210 3-pyridyl
230209 4-pyridyl
230106 2-pyrimidyl
230129 4-pyrimidyl
230126 2-pyrazyl

Solubility
MLM
TPSA
(uM) T1/2 (min)

MW

cLogP

330.5

3.5

32.8

200.0

331.5

2.6

45.7

200.0

<2

331.5

2.2

45.7

193.0

5.4

331.5

2.2

45.7

199.0

60.0

332.4

2.1

58.6

200.0

<2

332.4

2.0

58.6

197.0

8.8

332.4

1.3

58.6

197.0

4.2

<2

7.1.6 Influence of a Di-substitution Pattern
To further explore the surprising drop in 5-HT7 affinity seen with the di-substituted analogs in
the preliminary series, some additional di-substituted compounds were prepared. Specifically, the
loss of binding affinity of 170059 (2,6-di-iPr-Ph, KI=10,000 nM) is in stark contrast to the highly
potent 2-substitued analog 170112 (2-iPr-Ph, KI=6 nM), which had the highest affinity of all of the
preliminary compounds. An initial hypothesis suggested that loss of affinity for 170059 was due to
the presence of a spirocyclopentyl as the lactone appendage instead of the diethyl unit seen in
170112. This theory was disproven, however, by 230200 which incorporates both the diethyl
lactone substituents and the 2,6-di-iPr-Ph moiety, but exhibits poor 5-HT7 affinity.
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A possible explanation for the decrease in 5-HT7 affinity in the 2,6-di-sibstituted compounds is
that there is an optimal rotational angle for the aryl ring with respect to the piperazine core that
these compounds cannot achieve. The di-substituted analogs 170107 and 230200, for example,
likely align the aryl ring perpendicular to the piperazine rings due to the presence of substituents in
the 2 and 6 position. This orientation could be detrimental to 5-HT7 affinity. The moderate 5-HT7
affinity of 170113 supports this theory. A 2,4 di-substitution pattern would have less impact on the
dihedral angle when compared to 2,6 di-functionalization. Unlike a substituent in the 6-position, a
substituent at the 4 position will not cause significant steric stress that would result in rotation of
the aryl ring. A direct comparison between 170107 and 170113 demonstrates that shifting the
second methyl group from the 6-position to the 4-position increased 5-HT7 affinity by 3.8X.
Therefore the dihedral angle between the aryl and piperazine rings of 170113 may be less than 90°.
The fact that 230113, which also has a 2,4 substitution pattern, is devoid of 5-HT7 affinity suggests
that electron-withdrawing groups cannot be utilized in a di-substitution driven strategy. However
there is only two examples with electron-withdrawing groups (230113 and 230116), more analogs
would need to be prepared to support this hypothesis. The current data suggests that a disubstitution strategy is viable with a 2,4 functionalization pattern that does not result in a
perpendicular orientation. 5-HT7 affinity is sensitive to the substituent utilized as aliphatic groups
were tolerated but chloro substituents were not. Finally, there were no observed benefit to MLM
stability with di-substitution and having multiple aliphatic groups resulted in a reduction in
solubility due to an increase in cLogP.
To summarize the findings from extending the preliminary series: 1.) The optimal chain length
is a two carbon linker. 2.) Diethyl or spirocyclohexyl lactone appendages are suitable, but the later
may lead to issues with 5-HT2B affinity. 3.) The electronic or lipophilic nature of the aryl ring
appears to have limited influence on 5-HT7 affinity and selectivity, 4.) Functionalization with a
methyl (Me), hydroxyl (OH), chloro (Cl), trifluoromethyl (CF 3) or nitro (NO2) group resulted in
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analogs with high 5-HT7 affinity while substituting with a methoxy (OMe), amino (NH3) or cyano
(CN) led to moderate to poor 5-HT7 affinity. 5.) The optimal location of substitution on the aryl
ring is dependent upon the functional group utilized, but functionalization in the 4-position lead to
excellent selectivity and in some cases improved MLM stability. 6.) Pyridyl or di-nitrogen
containing rings do not appear to be optimal systems for this series. 7.) Di-substitution patterns can
be unfavorable for 5-HT7 binding possibly by causing the aryl and piperazine rings to adopt a
perpendicular orientation.
Table 14: Influence of a di-substitution pattern on binding affinity and in vitro ADME properties
ID

R1

170085
Ph
170107 2,6-diMe-Ph
170113 2,4-diMe-Ph
230200 2,6-diiPr-Ph
230113 2,4-diCl-Ph
230116 3,5-diCl-Ph

ID

KI (nM)
5-HT7 5-HT1A 5-HT1B 5-HT1D

5-HT1E

5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT5A

21

63

10000

10000

10000

453

521

10000

10000

352

5-HT6
1043

1379

264

10000

10000

10000

10000

759

10000

10000

10000

10000

363

172

10000

1591

10000

10000

10000

1236

10000

10000

10000

7851

10000

10000

10000

10000

10000

1245

10000

10000

10000

10000

10000

214

10000

1325

10000

1586

38

871

10000

10000

10000

10000

73

10000

1628

10000

10000

10000

544

10000

10000

10000

R1

170085
Ph
170107 2,6-diMe-Ph
170113 2,4-diMe-Ph
230200 2,6-diiPr-Ph
230113 2,4-diCl-Ph
230116 3,5-diCl-Ph

Solubility MLM
TPSA
(uM) T1/2 (min)

MW

cLogP

330.5

3.5

32.8

200.0

<2

358.5

4.0

32.8

142.0

N/D

358.5

4.0

32.8

126.0

<2

414.6

5.7

32.8

6.1

2.3

399.4

4.7

32.8

58.4

2.2

399.3

4.7

32.8

14.2

3.3

7.2 Exploration of Alternate Arylamine Systems
At the start of this project it was unknown whether or not an arylpiperazine core was optimal.
In order to investigate this area of the molecule, multiple alternate arylamine systems were
proposed. In addition to possibly discovering a new arylamine core with improved 5-HT7 affinity,
selectivity, and/or MLM stability, multiple proposed systems also increase the TPSA of the overall
structure. As shown in Table 15 and 16, incorporating some of these alternate systems did lead to
an improvement in some of these properties. Unfortunately, the majority of these analogs
demonstrated significantly decreased 5-HT7 affinity. It is worth noting that some spirocyclohexyl
analogs were synthesized prior to the start of this project (Dr. Rong Gao: 160146, 160150 and
160159) and were available for screening. As discussed above, replacing the diethyl lactone
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appendages with a spirocyclohexyl system has limited impact on the 5-HT7 affinity of analogs
prepared to date. Therefore, it is likely that changes in 5-HT7 affinity observed for these compounds
is due to the changes in the arylamine system and not the difference in the lactone appendages.
Replacing the phenyl ring with an indole (160146) resulted in a slight decrease (<2X) in 5-HT7
affinity compared to the parent compound (160129, Table 9).

In addition, selectivity was

significantly impacted. Selectivity versus the 5-HT1A receptor was unaffected, but affinity for the
5-HT1D, 5-HT2A, 5-HT2B, 5-HT2C and 5-HT5A receptors was significantly increased. This could be
a result of the similarity to serotonin’s structure, as they both contain indoles. Interestingly, similar
heteroaromatic

systems

such

as

1,3-dihydro-2H-benzo[d]imidazol-2-one

(160150),

2-

(trifluoromethyl)-1H-benzo[d]imidazole (230068) and 2-methyl-1H-benzo[d]imidazole (230069)
displayed minimal affinity for all the 5-HT receptors. This loss of affinity could be due to steric
limitations in this portion of the receptor binding site. As noted above, it was hypothesized that a
4-OMe-Ph ring (230204, Table 10) in this portion of the molecule led to a substantial decrease 5HT7 affinity because the methoxy group was too large for the available space in this pocket. The
same reasoning can be applied for these ring systems as they are all larger than an indole ring (and
by extension the 4-OMe-Ph ring). It is also possible that the space that these ring systems occupy
is hydrophobic and since they are more polar compared to an indole ring, unfavorable interactions
occur and decrease binding energy.
These changes had a limited impact on the solubility, but the TPSA and the MLM stability was
improved by 15-41 units and 2-22 minutes, respectively. This further supports the notion that the
arylpiperazine is a site of metabolism. Since high 5-HT7 affinity was maintained when a 6(piperazin-1-yl)-1H-indole system was employed, this may be a promising alternate system if
selectivity issues can be addressed.
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Table 15: Influence of alternate arylamine systems on 5-HT7 affinity and selectivity

ID

R1

R2

R3

KI (nM)
5-HT7

5-HT1A 5-HT1B 5-HT1D 5-HT1E 5-HT2A 5-HT2B 5-HT2C 5-HT3 5-HT5A 5-HT6

160146 ̶ (CH2) 5 ̶

56

245

10000

692

10000

99

57

1706

10000

10000

10000

160150 ̶ (CH2) 5 ̶

1232

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

230068 Ethyl Ethyl

10000

10000

10000

10000

10000

10000

2315

10000

10000

10000

10000

230069 Ethyl Ethyl

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

230117 Ethyl Ethyl

10000

60

10000

488

10000

1494

10000

964

10000

2388

10000

230124 Ethyl Ethyl

N/D

10000

10000

10000

10000

10000

10000

10000

10000

10000

N/D

160159 ̶ (CH2) 5 ̶

2158

10000

10000

10000

10000

10000

1069

10000

10000

10000

10000

170116 Ethyl Ethyl

13

575

10000

10000

10000

10000

10000

10000

10000

889

10000

230070 Ethyl Ethyl

7.5

116

10000

1385

10000

10000

74

10000

10000

649

10000

230071 Ethyl Ethyl

9.9

307

10000

10000

10000

10000

373

10000

10000

1768

10000

230104 Ethyl Ethyl

64

829

10000

10000

10000

10000

1039

10000

10000

10000

10000

230103 Ethyl Ethyl

258

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

230102 Ethyl Ethyl

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

230118 Ethyl Ethyl

N/D

10000

10000

10000

10000

10000

10000

10000

10000

10000

N/D

230064 Ethyl Ethyl

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000

230065 Ethyl Ethyl

1164

10000

10000

10000

10000

10000

10000

10000

10000

10000

10000
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Table 16: Influence of alternate arylamine systems on in vitro ADME properties
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Based on the observation that using bulky substituents in the 2-position of a phenylpiperazine
system leads to high 5-HT7 affinity, two bicyclic systems (230117 and 230124) that project an aryl
ring into the same direction were explored. It was interesting to observe that the naphthalene analog
(230117) exhibited poor 5-HT7 binding (KI= 10,000 nM) while 230110 (2-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 the 2-position of the aryl ring. Specifically, relatively flat substituents (e.g.
iso-propyl, phenyl and morpholine) are accommodated in this pocket while non-flat groups (tertbutyl) cause unfavorable binding interactions. The poor binding observed with the naphthalene
analog further builds upon this hypothesis on the structural specifications of this binding pocket.
The data thus far suggests that the 2-position binding pocket is narrow (flat substituents) and does
not orient parallel to the aryl ring. This is supported with the comparison between 230117
(naphthalene) and 230110 (2-Ph-Ph). Both have phenyl rings protruding into this binding pocket
but only one binds with high affinity. The phenyl ring of 230110 is capable of rotating and can
orient in a non-parallel fashion and can 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 poor 5-HT7 binding. Binding data
for 230124 will help test this hypothesis as a benzo[d]isoxazole system is also locked into a parallel
fashion, however, 5-HT7 binding data for this analog is still pending.
In order to explore alternatives to the arylpiperazine core, more restricted arylamine cores such
as tetrahydroquinoline (160159) and tetrahydroisoquinoline (170116) were examined. Despite
improving the MLM stability (T1/2=12.1 min), the tetrahydroquinoline core significantly decreased
affinity at all the 5-HT receptors. On the other hand, utilizing a tetrahydroisoquinoline core resulted
in high affinity for the 5-HT7 receptor (KI=13 nM) and good subtype selectivity, but MLM stability
did not improve (T1/2<2 min) in the initial analog. This core was further investigated to determine
if improved MLM stability could be achieved. Halogenation of the 7-position with either chlorine
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(230070) or fluorine (230071) did not increase MLM stability but did result in analogs with a 5HT7 KI <10 nM. Unfortunately, affinity also increased at the 5-HT1A and 5-HT2B receptors. To
block potential sites of metabolism and raise the TPSA, a nitrogen atom was incorporated into the
aryl ring of the tetrahydroisoquinoline core in all four possible positions (230104, 23103, 230102
and 230118). A small increase in MLM was observed in all 4 analogs with the largest improvement
occurring when the nitrogen was placed in the 5-position (230118) or 6-position (230102).
Moderate to high 5-HT7 affinity was observed when the nitrogen is in the 7-position (230103,
KI=258 nM) or the 8-position (230104, KI=64 nM)), but limited affinity was observed when the
nitrogen was placed in the 6-position (230102). 5-HT7 binding data for the 5-position analog
(230118) is still pending. In addition, 230103 and 230104 display relatively high selectivity. These
compounds could be used in next generation compounds in conjunction with strategies designed to
increase MLM stability and TPSA.
Finally, two additional cores were investigated: 5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3a]pyrazine (230064) and 5,6,7,8-tetrahydroimidazo[1,2-a]pyrazine (230065). Like the previous 4
analogs, these cores were chosen to increase the TPSA and improve MLM stability through the
incorporation of nitrogen atoms. These analogs also decrease the size of the aryl ring. As expected,
MLM stability and TPSA were significantly improved for both compounds, especially 230064
(T1/2> 60 min and TPSA= 60.2). Unfortunately both of these analogs exhibited limited affinity for
all 5-HT receptors.
In summary, this investigation into alternate arylamine systems provided additional insight into
the SAR related to this portion of the pharmacophore. The fact that MLM stability and 5-HT7
affinity varied throughout this series further supports the theory that the arylamine core is pivotal
for 5-HT7 binding and is a major driver of metabolism. Potential alternate arylamine systems for
replacement of a functionalized phenylpiperazine identified to date include: 1.) 6-(piperazin-1-yl)1H-indole (160146) as 5-HT7 affinity was retained, MLM stability improved and the TPSA were
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increased. Subtype selectivity, however, would require optimization. 2.) Substituted
tetrahydroisoquinolines (170116, 230070 and 230071) due to their high affinity for the 5-HT7
receptor (KI< 13 nM) and high subtype selectivity (>10X). The TPSA and MLM stability (T1/2< 2
min) would require further optimization. 3.) 5,6,7,8-tetrahydro-1,7-naphthyridine (230104) and
1,2,3,4-tetrahydro-2,7-naphthyridine (230103) as subtype selectivity was moderate (>13X) while
5-HT7 affinity was maintained. The TPSA and MLM stability would 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 compounds. In this program, the piperazine core is pivotal to 5-HT7 binding as its basic
amine forms a key salt bridge with Asp 162. Piperazine bioisosteres could have major implications
on 5-HT7 affinity and selectivity. Also, if the piperazine core is a site of metabolism, bioisostere
replacement may increase MLM stability. As noted in the previous chapter, three piperazine
bioisosteres were selected for investigation.
Initially, single analogs were prepared that varied in the bioisostere core, while the other
variables were held constant (diethyl lactone appendages, a two carbon linker and the aromatic
group as a phenyl ring). As shown in Table 17, two out of three piperazine bioisosteres
demonstrated potent 5-HT7 binding, while the third had significantly less 5-HT7 affinity. Compared
to the corresponding piperazine analog (170085), homopiperazine (230227) maintained high
affinity for the 5-HT7 receptor and increased selectivity over 5-HT1A, 5-HT2A, 5-HT5A and 5-HT6.
The selectivity over the 5-HT2B and 5-HT2C receptors, however, was decreased. Remarkably,
utilization of the octahydropyrrolo[3,4-c]pyrrole bioisostere (230105) resulted in complete subtype
selectivity and high affinity for the 5-HT7 receptor (KI= 64 nM). Lastly, a 2,6diazaspiro[3.3]heptane analog (230179) demonstrated limited 5-HT receptor binding. This 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 p-orbitals of each nitrogen in this ring systems are orientated perpendicular to each other,
unlike a parallel orientation that takes place in both the piperazine, homopiperazine and
octahydropyrrolo[3,4-c]pyrrole ring systems. As a result, the inability for the nitrogen p-orbitals to
interact in the 2,6-diazaspiro[3.3]heptane ring system may be unfavorable for 5-HT7 binding.
Unfortunately only the 2,6-diazaspiro[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, the retention of 5-HT7 affinity seen with both the homopiperazine
(230227) and octahydropyrrolo[3,4-c]pyrrole (230105) bioisosteres, as well to the excellent
selectivity profile of the later, warranted the preparation of additional analogs.
In order to determine if improved selectivity could be achieve with the homopiperazine core, a
single analog was prepared that contained 4-methylphenyl as the aromatic group (230228), as this
system led to high affinity and excellent selectivity in the piperazine series (170090, Table 10).
Surprisingly, affinity at the 5-HT7 receptor and selectivity against 5-HT2B were both decreased.
This suggests that the SAR for a homopiperazine core is different than that of a piperazine core.
Additionally, this core does not affect the TPSA of the final structure, but it does cause an increase
in the cLogP and a slight decrease in solubility. This may prove counterproductive towards the goal
of increasing the polarity of final compounds with the intent of limiting CNS penetration. Based
on these observations and the lack of an improvement in MLM stability, this bioisostere was not
further pursued.
The octahydropyrrolo[3,4-c]pyrrole core demonstrated promise not only because of the high
affinity and excellent selectivity profile of 230105, but also this analog displayed an increase in
polarity compared to the corresponding piperazine analog. This is not apparent in the cLogP or
TPSA, but this analog exhibited an increased retention time on a silica gel column and a decreased
retention time on a reverse phase column. This may be due to a change in basicity of the aliphatic
nitrogen. This increase in polarity may have a beneficial impact on limiting CNS penetration.
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Table 17: Influence of piperazine bioisosteres on 5-HT7 affinity and selectivity
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Table 18: Influence of piperazine bioisosteres on in vitro ADME properties

ID

Core

MW

230227

Ph

344.5

3.9

32.8

183.0

<2

230105

Ph

356.5

3.7

32.8

200.0

<2

230179

Ph

342.5

3.1

32.8

200.0

5.1

230228

4-Me-Ph

358.5

4.2

32.8

166.0

<2

230248

2-OMe-Ph

386.5

3.6

42.0

191.0

2.4

230251

2-OH-Ph

372.5

3.3

53.0

154.0

3.1

230183

2-iPr-Ph

398.6

4.8

32.8

62.5

<2

230254

2-morpholinePh

441.6

3.1

45.3

121.0

2.0

230242

2-Me-Ph

370.5

3.9

32.8

177.0

<2

230245

2-CN-Ph

381.5

3.4

56.6

197.0

<2

230249

3-OMe-Ph

386.5

3.6

42.0

200.0

<2

230252

3-OH-Ph

372.5

3.3

53.0

170.0

2.7

230243

3-Me-Ph

370.5

3.9

32.8

194.0

<2

230246

3-CN-Ph

381.5

3.4

56.6

178.0

2.0

230250

4-OMe-Ph

386.5

3.6

42.0

190.0

5.9

230253

4-OH-Ph

372.5

3.3

53.0

177.0

5.3

230247

4-CN-Ph

381.5

3.4

56.6

151.0

2.4

230244

4-Me-Ph

370.5

3.9

32.8

177.0

2.1

230172

4-pyridyl

357.5

2.4

45.7

200.0

>60

230255

5-indole

395.5

4.3

48.6

148.0

5.8
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cLogP TPSA

Solubility MLM
(uM) T1/2 (min)

Ar

A similar SAR investigation was performed on octahydropyrrolo[3,4-c]pyrrole core using the
data and strategies from the piperazine analogs as a guide. Specifically, the aryl ring was
functionalized with electron-donating and electron-withdrawing substituents that were shifted
around the ring. In addition, bulky 2-position substituents that were active in the piperazine series
were examined.
As seen in Table 17, most 2-substituited analogs displayed a decrease in 5-HT7 affinity but
moderate affinity was maintained. This decrease in 5-HT7 binding was even more apparent when
substituting at the 3 and 4-position. The highest affinity analogs, 230243 and 230253, displayed 5HT7 affinity of 104 nM and 130 nM respectively. As was the case for the homopiperazine
bioisostere, the SAR for this moiety is different than piperazine. High affinity is not observed when
substituting at the 2-position with either electron-donating groups or bulky substituents. In addition,
selectivity versus the 5-HT1A receptor is high when functionalizing the 2-position (230183 is a
notable exception), a dramatic shift from the piperazine series. The selectivity over 5-HT2A and 5HT2B is y improved in some examples, but affinity for these receptors remains in others.
Interestingly, functionalization with an electron-withdrawing group (cyano, 230245) at this
position results in significant 5-HT7 affinity (KI= 8.9 nM) and excellent subtype selectivity despite
the modest affinity for the 5-HT2B receptor (KI=345 nM, 38X 5-HT7). This suggests that electronwithdrawing groups at the 2-position is optimal for this bioisosteric replacement. It remains unclear
why a methyl group is tolerated at the 3-position (230243, Ki = 104 nM)), but the 4-position analog
is significantly less potent (230244, Ki = 10,000 nM). This loss in affinity may be explained by
steric effects. It was hypothesized in 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 larger substituents (OMe) are too big and lead to poor binding. The same reasoning
was used to explain the decreased affinity observed with some of the bicyclic heteroaromatic
systems in the piperazine series (160150, 230068 and 230069). Since the aliphatic nitrogen binds
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to Asp 162 and this bioisostere is over 1 Å longer than the corresponding piperazine (Figure 34),
the aryl ring may be projected further into the pocket. As a result, the steric limitation at the para
position may be more restrictive. This could explain why the small hydroxyl group (230253, KI=
130 nM) is tolerated at the 4-position but slightly larger groups produce a significant decrease in
binding potency.
Since the SAR of the a octahydropyrrolo[3,4-c]pyrrole analogs is different from the piperazine
analogs, the 4-pyridyl system (230172) was examined with the octahydropyrrolo[3,4-c]pyrrole core
to determine its impact on 5-HT7 affinity. Observed affinity would be intriguing because a 4pyridylpiperazine core (230209) produced a dramatic increase in MLM stability (T1/2>60 min) but
demonstrated poor receptor binding across the entire 5-HT family. Although 230172 exhibited
excellent MLM stability, it too demonstrated poor receptor binding across the entire 5-HT family.
In a similar manner, the high 5-HT7 affinity, improved MLM stability and increased TPSA seen
with 160146 (Table 15&16), suggested that an indole aromatic system be examined in the
octahydropyrrolo[3,4-c]pyrrole series (230255). As expected MLM stability was slightly increased,
but affinity for 5-HT7 was poor. This is likely due to the same steric effects that lead to decreased
5-HT7 binding potency with the 4-substituted analogs.
Analogs in the octahydropyrrolo[3,4-c]pyrrole series remained soluble, cLogP values remain
within the drug-like range, and the TPSA of final compounds are not significantly different from
the corresponding piperazine analogs. Unfortunately the majority of the compounds in this series
were unstable to MLM. There was, however, a slight increase in MLM stability seen with 4substituted analogs. This is similar to what was observed with the piperazine series. Based on these
observations and the fact that the majority of analogs exhibited decreased 5-HT7 affinity,
octahydropyrrolo[3,4-c]pyrrole may not be an optimal bioisostere replacement for piperazine in
this series of compounds. Some specific octahydropyrrolo[3,4-c]pyrrole analogs displayed
promise: 1.) 2-phenyloctahydropyrrolo[3,4-c]pyrrole (230105) as it has high 5-HT7 affinity (KI=
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64 nM) and complete subtype selectivity. 2.) 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile (230245) as it displayed excellent 5-HT7 affinity (KI= 8.9 nM) and subtype
selectivity. 3.) 4-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)phenol (230253) because, despite its
modest affinity for the 5-HT7 receptor (KI= 130 nM), it displayed high selectivity, a slightly
increased TPSA, and was slightly more stable in MLM (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 project is to produce 5-HT7 antagonists that have low CNS
penetration. If achieved, the risk of causing CNS driven adverse effects will be significantly
reduced. The 5-HT7 receptor is highly expressed in the brain and as noted in chapter 3, antagonizing
5-HT7 in the brain may have an impact on 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 lessen the need for subtype selectivity.
Potential adverse effects could be a result of interacting with another 5-HT receptor subtype located
in the CNS. Therefore, limiting CNS exposure will decrease the likelihood of potential 5-HT
receptor mediated side effects even though a compound has affinity for that particular subtype. This
scenario is seen with antihistamines used for allergic rhinitis, as they have limited CNS exposure
and, as a result, exhibit less sedation than would be expected based on their receptor binding
patterns suggest.
As discussed in the research plan the TPSA of final compounds will be used to assist in
predicting CNS penetration. As a general guideline, non-CNS penetrant oral drugs have a TPSA
greater than 80. Since none of the previously described compounds have TPSA values above 80,
they are very likely to exhibit unwanted CNS exposure. Therefore a plan to incorporate more
polarity into new analogs was implemented. Specifically it was hypothesized that there is additional
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space in the 5-HT7 binding pocket and by building out from the lactone ring, that space could be
used to incorporate polar functional groups. This is based on the diversity of 5-HT7 antagonists
found within the LCAP class. As previously discussed the arylpiperazine moiety interacts with Asp
162, and longer chain lengths extend the distal fragment (e.g. the lactone) farther into its respective
pocket. A re-examination of Table 10 indicates that 5-HT7 antagonists that fall within the LCAP
class can vary in chain length from 1 to 5 carbons. This suggests that the distal pocket is fairly
large. Results from an exploration of larger groups in the α–region of the lactone ring designed to
test this hypothesis are shown in Table 19.
Initial efforts began with the incorporation of a heteroatom into the spirocyclohexyl lactone
appendage to determine if this would be tolerated. The first compound prepared in this series,
230163 (Table 19 and 20), contained an oxygen atom at the X position and its binding data was
compared to that of the parent compound 160129. Fortunately, 5-HT7 affinity was preserved but
decreased by ~4.5X. In addition, selectivity against 5-HT2A and 5-HT2B were maintained and
selectivity over 5-HT1A was significantly improved. Surprisingly, the MLM stability was
substantially improved, raising the T1/2 from less than 2 minutes up to 35 minutes. This observation
along with the preservation of 5-HT7 affinity indicated that further exploration of this portion of
the pharmacophore was warranted.
Next, a nitrogen atom was placed at the X position (Table 19 and 20) to determine if this
heteroatom would be tolerated, because this would provide a branching point for further
functionalization. The parent compound used for comparison was changed from 160129 to 170099
due to its increased 5-HT7 affinity, despite the decrease in selectivity. Therefore the next series of
compounds were prepared with 4-methylphenylpiperazine as the arylamine with the intent of
avoiding the drop in 5-HT7 affinity seen when the 4-position is a hydrogen as seen in 230163. A
drop in affinity was still observed, however, as 230167 displayed similar affinity (KI= 149 nM) and
selectivity comparable to 230163. Interestingly, conversion from an oxygen to a nitrogen increased
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MLM stability even further as 230167 exhibited a T1/2> 60 min in MLM. Therefore, incorporation
of a heteroatom into the spirocyclic ring improved both the TPSA and MLM stability. Since
incorporation of a nitrogen atom at the X position was well tolerated, the effect of functionalization
at this position (particularly with polar substituents) was investigated. The precursor to 230167
(230166) was screened to determine the impact of the benzyl protecting group on 5-HT7 affinity
and selectivity. Interestingly, a benzyl group caused a significant increase in 5-HT7 affinity (KI= 18
nM) and significantly improved selectivity over 5-HT2A. The increase in 5-HT7 affinity suggests
that the benzyl group is accessing a hydrophobic/aromatic pocket located in this region of the
pharmacophore (Figure 11). Unfortunately, the MLM stability that was gained by incorporating the
nitrogen atom was lost once it was capped with the benzyl group (T1/2= 2.4 minutes). This may be
due to the additional sites of metabolism provided by the benzyl protecting group. Next, a few
compounds were prepared that contained small but polar functional groups: acetamide (230170),
methyl carbamate (230169), methyl urea (230171) and methanesulfonamide (230168). Although
these groups are small they raise the TPSA above 50 and close to 80. Converting the free amine to
an acetamide (230170) had minimum effect on 5-HT7 affinity (KI= 122 nM) and MLM stability
(T1/2> 60 min) compared to 230167, but selectivity was significantly improved. Affinity for 5-HT2B
was very low (Ki = 10000 nM) and selectivity over 5-HT2A was increased by more than 2X.
Incorporation of a methyl carbamate (230169) slightly improved 5-HT7 affinity (KI= 81 nM).
However while selectivity over 5-HT2A and 5-HT2B was slightly improved compared to 230167,
affinity for the 5-HT1A receptor was restored (Ki = 374 nM). In addition, a significant decrease in
MLM stability was observed (T1/2= 33.1 min vs >60 min for 230167). Employing either a methyl
urea (230171) or a methylsulfonamide (230168) group resulted in recovery of MLM stability with
a T1/2> 60 min, while 5-HT7 affinity was maintained (KI≈100 nM). Although affinity at the 5-HT1A,
5-HT2A and 5-HT2B receptors was observed for these analogs, modest selectivity was maintained
(>4.9X). Compound 230168 was of particular interest because it was 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 80. Collectively, these findings suggested that the sulfonamide series
should have priority moving forward.
In order to build on the promising results obtained with 230166 (high 5-HT7 affinity and no 5HT1A activity) and 230168 (MLM stability and TPSA) a library of aromatic sulfonamides was
prepared. Incorporation of an aryl ring increased 5-HT7 affinity in the majority of cases.
Compared to 230168, conjugation with an electron rich ring system (230216, 230217, 230220
and 230222) caused a slight increase in 5-HT7 affinity, while electron deficient ring systems
(230218 and 230221) slightly decreased affinity. Unexpectedly, 5-HT1A affinity increased and
selectivity dropped to <4X selective in some analogs. A comparison between 230166 and 230216
suggests that the presence of a hydrogen bond acceptor (SO2) between the aryl ring and the
piperidine nitrogen is responsible for 5-HT1A affinity. In addition, these analogs displayed high
affinity towards both the 5-HT2A and 5-HT2B receptors suggesting that an aryl ring interacts with
this region of the binding pocket for these receptors. A significant reduction in solubility also
occurred, most likely as a result of increased MW and higher lipophilicity. Most analogs
exhibited solubility below 50 uM. Finally, similar to 230166, all these compound demonstrated
poor MLM stability with only 230221 having a T1/2> 2 minutes. This supports the theory that this
aryl group is a significant site of metabolism. Collectively, these observations lead to the
conclusion that incorporation of an aryl sulfonamide to this portion of the lactone appendage is
not a viable strategy.
A few additional sulfonamide analogs containing non-aryl functional groups were also
prepared. The tetrahydro-2H-pyran compound (230219) was designed to determine if aromaticity
is required for this binding pocket. A cyclohexyl ring was not used because the inclusion of an
oxygen atom increased TPSA and would support solubility. Interestingly, 230219 displayed similar
5-HT7 affinity as 230168 suggesting that aromaticity is not required. In addition, affinity for the 5133

HT2B receptor was reduced compared to the arylsulfonamide analogs. This further supports the
hypothesis that aryl sulfonamides located at this portion of the lactone appendage is detrimental to
5-HT2B selectivity. MLM stability was also significantly impacted as 230219 had a T 1/2= 4.8
minutes. Since various functional groups are tolerated in this region, it raises the question if there
is a binding pocket present or is this region of the receptor solvent exposed. Additional analogs will
need to be prepared in order to investigate the nature of this region of the pharmacophore.
To probe the polarity threshold of this region of the pharmacophore, analogs 230224 and 230223
were synthesized. These compounds have TPSA values greater than 100 and cLogPs ≤ 1.0. Both
compounds displayed 5-HT7 affinities around 100 nM. Unexpectedly, these analogs exhibited
moderate affinity for the 5-HT1A, 5-HT2A and 5-HT2B receptors (selectivity versus 5-HT7 <3X).
Similar to compounds 230168-230171, both these analogs exhibited modest to excellent stability
in MLM (T1/2 = 23.1 and 60 min. respectively). This further supports the concept that small polar
groups in this portion of the lactone are advantageous in respect to MLM stability.
In summary, increasing the polarity of the lactone appendage proved to be a viable strategy for
increasing the TPSA while maintaining 5-HT7 binding affinity. Unexpectedly, this addition led to
a means of increasing MLM stability. The following SAR related conclusions were made: 1.)
Incorporation of a heteroatom (O or N) into the X position of the spirocyclohexyl lactone
appendage was tolerated with respect to 5-HT7 affinity and significantly improved MLM stability.
2.) The binding pocket in this portion of the 5-HT7 pharmacophore may be ambiguous or solvent
exposed. 3.) Aromatic moieties in this region of the scaffold led to increased 5-HT7 affinity but
poor/moderate selectivity over 5-HT1A, 5-HT1D, 5-HT2A and 5-HT2B. 4.) Small polar substitutes are
tolerated and modest selectivity is achieved. 5.) Significant MLM stability is attained when the
functional group is non-aromatic and small.
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Table 19: Influence of increasing the polarity of the lactone appendage on 5-HT7 affinity and
selectivity
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Table 20: Influence of increasing the polarity of the lactone appendage on in vitro ADME
properties
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7.5 Influence of Lactone Chirality
As previously stated, the lactone core of the scaffold contains a chiral center. Furthermore, all
previously described data was collected with racemic material to allow for rapid generation of SAR
data. It is critical, however, to develop synthetic methods capable of producing single enantiomers
of lead compounds in this series because racemic mixtures are rarely considered by the FDA as
clinical candidates. This is due to the fact that two enantiomers may possess different capacities to
antagonize a receptor, have different pharmacokinetic profiles, and different off-target effects. A
small library of single enantiomers was 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 scheme? 2.) Is one enantiomer more stable to MLM (and HLM) compared to
the other? 3.) Does one enantiomer display higher 5-HT7 affinity over the other? 4.) What effect
does lactone chirality have on subtype selectivity?
Fortunately the proposed synthetic route was employed successfully to prepare nine sets of
enantiomers shown in Table 21. Referring to Scheme 8, the reaction rate of opening the
enantiomerically pure epoxides with the enolate of (65) proved to be very slow such that the
reaction time is 5 days. This suggests the presence of the lactone appendages (diethyl chains) causes
unfavorable steric effects thus slowing down the reaction rate. Nine set of compounds were
prepared and allowed for conclusions to be made on the remaining three questions.
Scheme 8: Synthesis of Enantiomerically Pure Lactones

Similar to the racemic material, the 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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enantiomer as compared to the S enantiomer. Specifically, the potenial lead compound 170073 (4OH-Ph) is the most stable analog examined in this series. As noted in Table 21, the R enantiomer
(230079) is more stable than the racimic material and displayed an T1/2> 20 minutes. This suggests
that the chirality of the influences the rate of its metabolism.
Table 21: Influence of lactone chirality on MLM stability

With regard to 5-HT7 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 170112 (2-iPr-Ph), one of the most potent 5-HT7 binder
identified to date. Both enantiomers exhibited KI values 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-HT7 affinity between the R and S enantiomers ranging from 1.3X and 3.4X. Unfortunately, the R
enantiomers also consistently display higher affinities for the other 5-HT receptor subtypes when
compared to the corresponding S enantiomer. The selectivity profile at some of these receptor
subtypes is not significantly improved when compared to the racemate, as the affinity at the 5-HT7
receptors is increased at roughly the same ratio as the off-target 5-HT receptors.
Table 22: Influence of lactone chirality on 5-HT7 affinity and selectivity

Based on the data presented above, it was concluded that the R enantiomer is preferred over the
S enantiomer due to its improved 5-HT7 affinity and MLM stability. Additional effort will be
required, however, to improve compound selectivity over the other 5-HT receptor subtypes. In
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addition, confirmation that the increase in 5-HT7 affinity and MLM stability observed with the R
enantiomer translates to an increase in potency with respect to 5-HT7 antagonism and half-life in
an in vivo setting is required.
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CHAPTER 8
RESULTS OF SPECIFIC AIM 2
Execution of the proposed medicinal chemistry plan resulted in the identification of several high
affinity 5-HT7 ligands (see above). In addition, some of these analogs exhibit moderate to excellent
5-HT receptor subtype selectivity and significantly improved MLM stability. While the
identification of these 5-HT7 ligands is a significant achievement, utility as potential therapeutic
agents for the treatment of IBD requires the identification of 5-HT7 antagonists. It is hypothesized
that the compounds described above will function as antagonists because they fit the 5-HT7
pharmacophore for antagonism (Figure 11). A select handful of compounds that were highlighted
in specific aim 1 were examined in a 5-HT7 functional screen that was conducted “in-house” at the
MCDDR. As expect, all of the selected compounds did function as 5-HT7 antagonists and ranged
in potency (Kb) from 1.98 nM up to ~2 μM (Table 23).
As noted in the previous sections, investigation into the lactone appendages demonstrated that
there is not a significant difference in 5-HT7 affinity between diethyl chains (170085) and a
spirocyclohexyl group (160129). There was, however, a difference in 5-HT2B affinity wherein
170085 displayed better selectivity. This led to the determination that the diethyl lactone
appendages were optimal with respect to 5-HT2B selectivity. In order to determine if this advantage
extended into 5-HT7 functionality, 170085 and 160129 were screened in a 5-HT7 functional assay.
As shown in Table 23, both are 5-HT7 antagonists, but 170085 demonstrated a clear advantage over
160129. The diethyl analog is ~4.8X more efficacious than the corresponding spirocyclohexyl
analog (170085 Kb= 11.2 nM vs.160129 Kb= 54.6 nM). This data supports the hypothesis that
diethyl lactone appendages are optimal compared to a spirocyclohexyl 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 identified within the preliminary series and its extension.
Compounds 170074 and 170083 were particularly interesting because not only did they exhibit 5HT7 affinity but they were polar in nature (TPSA of 75.9 and 56.6 respectively) and displayed
excellent subtype selectivity. Unfortunately, these compounds’ potencies as antagonists are ~3X
less than their binding affinities (KI’s). Thus even though they bind to the 5-HT7 receptor, they are
not very efficient antagonists. Both of these analogs contain a strongly deactivating 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 substituted analogs 230205 (4-Cl) and 230280 (3-Cl), however,
displayed excellent antagonist potency with Kb values 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 substitution may be optimal in this regard. Sterics could also play a role as the larger
deactivating groups (4-cyano and 4-nitro) lead to moderate potency while the smaller deactivating
4-chloro group resulted in high potency. It is worth noting that 230280 is the most potent antagonist
prepared to date. Unfortunately, this compound is not selective, as it has high affinity for 5-HT1A
and has low stability in the presence of MLM (T1/2 = 2.1 min.). On the other hand, 230205
demonstrated improved subtype selective (compared to 230280). It is possible that the
corresponding 3,4-dichlorophenylpiperazine analog will possess the positive attributes of 230205
and 230280 (high antagonist potency and good selectivity), making this an attractive target for
future study.
The incorporation of an electron poor 2-pyridyl system (170106) led to an improvement in
antagonist potency (Kb= 4.91 nM) compared to the parent compound (170085), despite its ~2X
decrease in 5-HT7 binding affinity. This observation supports the hypothesis that steric effects,
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rather than electronic effects, lead to the decreased potency of 170074 (4-nitro) and 170083 (4cyano).
Compounds 170090, 170073 and 170112 are potent 5-HT7 antagonists (Kb’s of 7.76, 21.8, and
48.7 nM respectively) and they all contained electron rich aromatic systems. Compared to the
parent compound 170085, substituting at the 4-position with the weak electron donating methyl
group (170090) caused a slight increase in antagonist potency (Kb= 7.76 nM). A similar trend was
observed with the binding affinity. Further, para substitution with a strong electron donating group
(4-OH, 170073) led to high antagonist potency (Kb = 21.8 nM). This analog exhibited a 4 fold drop
in 5-HT7 affinity compared to the parent compound, but <2 fold drop in antagonist potency was
observed. For these two examples the compound’s Kb was lower than its KI which highlights the
use of electron rich aryl rings as a means to increase the potency of final compounds. The 2isopropyl phenyl analog (170112) is a notable exception. As previously stated, this compound
displayed one of the highest affinities for the 5-HT7 receptor compared to all other compounds
screened (KI= 6 nM). However, this compound exhibited a Kb (48.7 nM) that was higher than its
KI. This drop in antagonist potency relative to binding affinity could be due to the bulky nature of
the isopropyl group, its location at the ortho position, or a combination of the two.
One of the most interesting compounds discovered thus far is 170073, as it was one of the few
compounds that demonstrated complete subtype selectivity and a 5-HT7 KI <100 nM. In addition
the hydroxyl group slightly increased the compound’s TPSA (relative to the phenyl parent 170085)
and improved the MLM stability (T1/2= 18.4 min). As previously discussed, this compound is a 5HT7 antagonist with a Kb= 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 preferred enantiomer is 230079 (R) as it displays increased 5-HT7 affinity and
MLM stability. This conclusion is further supported by the observation that 230079 is more potent
as an antagonist than the corresponding enantiomer (~3.6X).
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Exploration of alternate 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 high 5-HT7 affinity (KI< 13
nM). This high affinity did not, however, translate into high antagonist potency in all cases. While
the un-substituted analog (170116) demonstrated adequate antagonist potency (Kb= 63.9 nM), the
remaining two THIQ analogs were substantially less potent 5-HT7 antagonists with Kb’s >400 nM.
Two similar analogs (tetrahydro-2,7-naphthyridine 230103, KI = 258 nM and tetrahydro-1,7naphthyridine 230104, KI = 64 nM) were identified as interesting compounds even though their 5HT7 affinities were not as high as 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 potency as 5-HT7
antagonists with Kb values in the µM range. Based on these results, it was concluded that the
incorporation of a THIQ system is not optimal for the design of 5-HT7 antagonists.
One alternate arylamine analog was identified as a highly potent 5-HT7 antagonist. Replacing
the phenyl ring of the spirocyclohexyl lactone 160129 with an indole as seen in 160146 produced
an unexpected 20X increase in antagonist potency (Kb =2.63 nM). This analog is one of the more
potent 5-HT7 antagonists that has been identified from this series to date. This may be the result of
the strong resemblance a 5-(piperazine-1-yl)-1H-indole system has to serotonin. As previously
discussed, however, 160146 does have a selectivity issue as it displays high affinity for other 5-HT
receptors, the most concerning of which is 5-HT2B (KI = 48 nM). In addition, MLM stability
(T1/2=17.8 min.) and TPSA (48.6) were both improved compared to 160129. Therefore if the issue
with selectivity could be addressed, a 5-(piperazine-1-yl)-1H-indole system could prove 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 has high 5-HT7 affinity
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(Ki = 29 nM), but also has activity at other 5-HT 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 the 5-HT7 functional assay. These studies demonstrated
that 230227 is a potent 5-HT7 antagonist (Kb= 10.7 nM). Therefore, the homopiperazine bioisostere
may be revisited at a later date.
The octahydropyrrolo[3,4-c]pyrrole bioisostere did not alter functional activity. As with
majority of piperazine based compounds, the three octahydropyrrolo[3,4-c]pyrrole analogs
(230105, 230245 and 230253) displayed Kb values comparable to their respective KI’s.
Interestingly, analogs with 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 stability and increase TPSA.
Incorporation of heteroatoms into the spirocyclohexyl lactone appendage was an implemented
strategy for increasing the TPSA of final compounds. Fortunately, not only was 5-HT7 affinity
maintained, MLM stability was dramatically improved (MLM T1/2 = 60 min. in several cases, see
above). This made compounds from this series of particular interest. It was hypothesized that these
compounds would function as 5-HT7 antagonists with Kbs comparable to the KIs. Fortunately this
was indeed the case with 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 potency (K b=212
nM vs. 175 nM). This could be due to the presence of a 4-Me-Ph system in 230167 compared to
an un-substituted phenyl ring found in 230163. Nonetheless, 5-HT7 antagonist potency was
maintained with these changes. Five additional compounds were identified that contained small
polar groups extending from the nitrogen atom of 230167 that maintained 5-HT7 affinity, greatly
increased TPSA and displayed significant stability in the presence of MLM. All five compounds
had Kb values that were within 2X of their respective KI and ranged in antagonist potency from 78
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nM to 192 nM. These are the first identified 5-HT7 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 study (e.g. in vivo PK, efficacy).
The data discussed above indicates that the butyrolactone arylpiperazine scaffold can be utilized
for the preparation of novel, potent 5-HT7 antagonists. Additional conclusions included the
following. 1.) Incorporating diethyl lactone appendages leads to higher potency compared to a
spirocyclohexyl system (170085 vs. 160129). 2.) Strongly deactivating groups in the para position,
such as cyano and nitro,lead to poor antagonist potency, despite high affinity. Steric effects may
influence the observed drop in antagonist potency. 3.) Chloro substitution resulted in excellent
antagonist potency, specifically positioned at the meta or para position. 4.) Incorporation of a 2pyridyl ring system led to improved antagonist potency. 5.) Electron rich ring systems are well
tolerated with respect to antagonist potency. 6.) The THIQ system is not optimal and leads to
inadequate antagonist potency, despite the high affinity observed in these analogs. 7.) The 5(piperazine-1-yl)-1H-indole system leads to very high antagonist potency. 8.) Both the
homopiperazine and octahydropyrrolo[3,4-c]pyrrole bioisosteres did not significantly alter
antagonist potency when compared to piperazine. 9.) Antagonist potency can be maintained while
implementing the strategy for increasing polarity of lactone appendages.
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Table 23: Binding affinities and functional data for selected compounds
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Table 23, continued
KI (nM)

Kb (cAMP antag.) (nM)

230280

6.7

1.98

170112

6

48.7

170106

46

4.91

170073

89

21.8

230078

106

102

230079

61

28.1

170116

13

63.9

MC #

STRUCTURE
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Table 23, continued
KI (nM)

Kb (cAMP antag.) (nM)

230071

9.9

421

230070

7.5

652

230103

258

2210

230104

64

1020

160146

41.5

2.63

230227

29

10.7

230105

64

67.9

MC #

STRUCTURE
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Table 23, continued
KI (nM)

Kb (cAMP antag.) (nM)

230245

8.9

32.1

230253

130

134

230163

69

212

230167

149

175

230168

93

147.5

230170

122

115

230171

102

78

MC #

STRUCTURE
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Table 23, continued
KI (nM)

Kb (cAMP antag.) (nM)

230223

116

192.35

230224

86

163.5

MC #

STRUCTURE
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CHAPTER 9
RESULTS OF SPECIFIC AIM 3
The intent of specific aim 3 is to determine if lead compounds identified in the previous aims
exhibit in vivo PK profiles capable of supporting efficacy in an in vivo setting. Key properties
surveyed included half-life, exposure (AUC) and oral bioavailability. These parameters will be
used to determine if a lead compound 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 injectables such as Humira® and
Remicade®. In addition, BBB penetration was determined. Minimizing CNS exposure is a means
of de-risking lead compounds. As noted in the previous chapters, minimizing CNS penetration will
limit the risk of off-target effects.

9.1 Identification of Lead Compounds
Analysis of the results described above led to the selection of two lead compounds. 170073 was
selected based on its selectivity profile and antagonist potency (Table 24). There were other
compounds that demonstrated complete subtype selectivity but only 170073 displayed adequate
stability in MLM (T1/2=18.4 min). Therefore, despite a low TPSA, 170073’s selectivity, potency
and stability makes in a potential proof of concept molecule. If this compound were to exhibit
efficacy in an animal model of IBD, its excellent selectivity would further validate the 5-HT7
receptor as a target for IBD. It is also noteworthy that 170073 displays moderate stability in rat
liver microsomes (RLM, T1/2 = 17 min) and excellent stability in human liver microsomes (HLM,
T1/2 > 60 min). This suggests that this compound should exhibit adequate exposure in rats and
humans which would be critical for pre-clinical safety/toxicology studies and clinical trials. In
addition, the risk for drug-drug interactions is low as 170073 does not 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

Kb (nM)
5-HT7
21.8

KI (nM)
5-HT7 5-HT1A
89

10000

5-HT1B

5-HT1D

5-HT1E

5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT5A

5-HT6

10000

10000

10000

10000

10000

10000

10000

10000

10000

RLM

MLM
T1/2 (min)

HLM

CYP3A4

17.0

18.4

>60

>10000

MW

cLogP

TPSA

Solubility
(uM)

346.5

3.1

53.0

168.0

CYP2C9 CYP2D6
IC 50 (nM)
>10000

>10000

A second lead compound, 230168, was chosen because this was one of the first compounds
from the spiropiperidine series that displayed antagonist potency, moderate selectivity, excellent
MLM stability (T1/2 > 60 min.), and an improved TPSA value (Table 25). If 230168 exhibited
decreased CNS penetration over 170073 and systemic exposure sufficient to support in 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 preliminary 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

Kb (nM)
5-HT7
147.5

KI (nM)
5-HT7 5-HT1A
93

742

5-HT1B

5-HT1D

5-HT1E

5-HT2A

5-HT2B

5-HT2C

5-HT3

5-HT5A

5-HT6

10000

10000

10000

478

444

10000

10000

10000

10000

RLM

MLM
T1/2 (min)

HLM

CYP3A4

>60

>60

N/D

>10000

MW

cLogP

TPSA

Solubility
(uM)

435.6

1.5

78.5

200.0
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CYP2C9 CYP2D6
IC 50 (nM)
>10000

>10000

9.2 In Vivo PK of 170073
Mice (C57BL/6) were dosed with 1 mg/kg 170073 via IV administration 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 fourth mouse 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 the 1st h post IV injection. Following this 1 hr period, the plasma
concentration levels out indicating steady state has been reached. PK parameters were calculated
using non-compartmental analysis (Table 27). At 1 mg/kg (IV), 170073 exhibited an AUC of
0.1415 ug/mL*hr and a Cmax of 0.081 ug/mL. In addition, 170073 demonstrated adequate metabolic
stability with a Cl of 0.125 L/h. This was consistent with the moderate stability 170073
demonstrated in MLM (T1/2= 18.4 min). In addition, 170073 does not distribute extensively
throughout the body as evidence by its low Vss (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 produced a T 1/2 of 4.44 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 dosing in future studies is a viable option.
Table 26: Plasma concentration of 170073 at select time points in C57BL/6 mice
Sample Conc (ug/mL)
Time
(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
1
0.0233 0.0209 0.0267
N/D
0.024 0.003
2
0.0101 0.0167 0.0101
N/D
0.012 0.004
4
0.0094 0.0109 0.0239
N/D
0.015 0.008
8
0.0088 0.0091 0.0081
N/D
0.0087 0.000
24
BDL
BDL
BDL
N/D
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Sample Conc. (ug/mL)

1 mg/kg IV Injection of 170073

0.100

0.010

0.001
0

2

4

6

8

10

Time (h)

Figure 36: Average plasma concentration of 170073 vs. time
Table 27: PK parameters determined for 170073
Dose
(mg/kg)
1

Cmax
(ug/mL)
0.081

Tmax
(h)
0.25

AUC
(ug/mL*h)
0.1415

T1/2
(h)
4.44

Cl
(L/h)
0.125

Vss
(L)
0.77

%F
17%

As discussed in the research plan, another in vivo PK parameter that is of importance is the
brain to plasma ratio, as lower brain penetration will decrease the risk of CNS-driven off-target
effects. Therefore an additional 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 across all three mice 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 that 170073 would be a viable candidate for clinical study, but
its potency, subtype selectivity and adequate in vivo PK profile indicate that it could be useful as a
Table 28: Plasma and brain concentration of 170073 after 2 mg/kg IV injection into C57BL/6
mice
Time
(h)
0.25
0.5
1
2

Plasma Conc.
(ug/ml)
1
2
3
0.863 N/D
N/D
0.352 0.270 0.106
0.191 0.030 0.016
0.004 0.059 0.005

Brain Conc. (ug/ml)
1
1.187
0.422
0.153
0.041

2
N/D
0.496
0.362
0.103
155

3
N/D
0.544
0.100
0.036

B/P Ratio
1
1.38
1.20
0.80
10.25

2
N/D
1.84
12.07
1.75

3
N/D
5.13
6.25
7.20

Average
B/P
1.38
2.72
6.37
6.40

proof-of-concept compound. Consequently, 170073 was tested in the DSS mouse model of colitis
(see chapter 11).

9.3 In 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 compared to 170073. Steady state is reached after 2 h. PK parameters were
extrapolated from the plasma concentration vs. time plot using non-compartmental analysis (Table
30). At 1 mg/kg (IV), 230168 exhibited an AUC of 0.401 ug/mL*hr and a C max of 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 compounds (T1/2> 60 min vs. 18.4 min). Unfortunately
this did not manifest into an increase in the in vivo T1/2. The T1/2 of 230168 is 2.76 h, approximately
two-thirds of the T1/2 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 230168 is off-set by the decrease
in distribution, and this resulted in a shortened in vivo T1/2. This observation should be considered
during the design of next generation compounds as continuing to increase compound TPSA may
result in the lowering of the in vivo T1/2 as compound distribution is restricted. Importantly, the
bioavailability for 230168 has not been determined.
Table 29: Plasma concentration of 230168 at select time points in C57BL/6 mice
Sample Conc (ug/mL)
Time (h)
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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Figure 37: Average plasma concentration of 230168 vs. time
Table 30: PK parameters determined for 230168
Dose
Cmax
(mg/kg) (ug/mL)
1
0.36

Tmax
(h)
0.083

AUC
(ug/mL*h)
0.401

T1/2
(h)
2.76

Cl
(L/h)
0.057

Vss
(L)
0.227

%F
N/D

The strategy utilized for decreasing CNS exposure by increase the TPSA of compounds did
produce the desired outcome. As indicated in Tables 25 and 24, 230168’s TPSA is 25.5 higher than
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 concentration of 230168 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 exposure at 8 h. Nonetheless, 230168 was tested in the DSS mouse model of colitis as
a proof-of-concept molecule for the spiropiperidine sulfonamide analogs.
Table 31: Plasma and brain concentration of 230168 after 1 mg/kg IV injection into C57BL/6
mice
B/P Ratio
Time Plasma Conc. (ug/ml)
Average
Brain (ug/ml)
(h)
B/P
1
2
3
1
2
3
1
2
3
0.083 0.412 0.431 0.238 0.308 0.332 0.157 0.75 0.77 0.66
0.73
0.25 0.254 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
1
0.130 0.070 0.100 0.109 0.066 0.082 0.84 0.95 0.82
0.87
2
0.037 0.047 0.048 0.046 0.054 0.053 1.27 1.17 1.10
1.18
4
0.023 0.020 0.018 0.036 0.029 0.027 1.53 1.48 1.52
1.51
8
0.009 0.009 0.010 0.020 0.020 0.022 2.26 2.30 2.20
2.25
157

CHAPTER 10
RESULTS OF THE DSS MOUSE MODEL OF COLITIS
It is critical for the future of the broader 5-HT7/IBD program that of the 5-HT7 antagonists
identified in this project exhibit efficacy in a mouse model of colitis. This result would further
strengthen the validity of 5-HT7 as a target for IBD. As outlined in chapter 4, contradictory results
have been reported on the effect of antagonizing 5-HT7 in chemically-induced mouse models of
colitis. These studies, however, all used the same 5-HT7 antagonist, SB-269970. The use of a novel
5-HT7 antagonist from a different structural class would clarify the role of 5-HT7 and indicate that
the effects reported in the literature are not specific to SB-269970. In addition, a demonstration of
efficacy would be a watershed development for the broader 5-HT7/IBD program as it would
strongly support future exploration of the arylpiperazinyl butyrolactones as treatments for IBD.
The DSS model was selected because it is a practical model routinely used as a preliminary in
vivo model for colitis. Moreover, the anti-inflammatory response of SB-269970 was demonstrated
with the DSS model by Kim et. al.419 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 to determine if lead compounds could prevent/lessen DSS-induced
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 of 170073 in the DSS Model
Initially 170073 was studied in the acute model of DSS-induced 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 selected based on the PK studies, which
indicated that it would provide a systemic concentration 170073 of 3x its K b at 6 h. Multiple
biomarkers were monitored in order to determine 170073’s effect on disease severity. The disease
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activity index, for example, correlates 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
disease activity index on days 4 and 5 after DSS exposure (Figure 38). Following the 5 th day of
DSS exposure, mice were sacrificed and their colons were removed. During this dissection period,
macroscopic damage is determined by observations made on distension, fluid content, 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 with SB-269970.
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Once the colons were removed, sections were stained with hematoxylin and eosin (H&E) stain
to determine the extent of DSS-induced increases in leukocyte infiltration, goblet cells depletion,
disruption to epithelial cell architecture, and thickening 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 indicate that DSS causes significant crypt abscess and architecture disruption.
Treatment with 170073 mitigates these effects, restoring normal architecture that is comparable to
the control
mice
(notforexposed
to DSS).
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Figure 40: Histological score and micrograph comparison of control and DSS treated C57BL/6
mice (acute) with 170073 or saline administration (10mg/kg i.p.)
Finally, myeloperoxidase (MPO) activity and pro-inflammatory 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-α, and IL-1β. These changes were attenuated by
administration of 170073, as MPO activity, TNF-α, and IL-1β were restored to nearly that of the
control mice. Changes in colonic IL-6 levels did not reach statistical significance and as a result
170073’s effect on IL-6 levels could not be determined (although a positive trend was clearly
noted.). Notably, the original DSS study performed by Kim et. al., DSS did cause a significant
increase in IL-6 levels. These differences may be the result of different DSS exposure levels. In the
Kim et. al. disclosure, a DSS concentration of 5% was employed, whereas 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 IL-6 over the control mice. Nonetheless, 170073’s ability to decrease colitis
severity is associated with a statistically significantly decrease in colonic MPO activity and
proinflammatory cytokines.

Figure 41: Comparison of MPO activity and cytokine levels in control and DSS treated C57BL/6
mice (acute) with 170073 or saline administration (10mg/kg i.p.)
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The impact of 170073 was next studied in DSS-induced chronic colitis. In this model, C57BL/6
mice are administered three cycles (5 days) of DSS solution (4%-2%-2%) and 170073 treatment is
initiated during the last cycle. Between each cycle of DSS exposure, DSS-free water was provided
for 7 days. This is different from the acute model wherein 170073 administration takes place before
DSS exposure. In the chronic model, colitis is established before 170073 treatment, thereby
providing an opportunity to determine the compound’s ability to attenuate DSS-induced colitis in
colonic tissue that is already chronically inflamed. This experimental design more closely
resembles the chronic nature of IBD. Furthermore, IBD patients are generally already experiencing
symptoms when they start treatment. Thus it is important to determine if new therapies can lessen
or reverse the pathology of IBD once it is already established.
Remarkably, 170073 suppressed DSS-induced chronic colitis. This was evidenced by a
statistically significant reduction in the macroscopic score, IL-1β, and MPO activity observed in
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Figure 42: Comparison of macroscopic score, IL-1B levels and MPO activity in control and DSS
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 administered saline (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, these results indicate that 170073 is capable of attenuating DSS-induced
colitis under both acute and chronic conditions and provides proof-of-concept for the over-arching
5-HT7/IBD program.
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10.2 Results of 230168 in the DSS Model
In the mouse DSS 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 its Kb at 4 h. Treatment with 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
C 5 7230168
B L / 6 + 5 - is
H Tbetter
7 A n taat
g odelaying
n is t ( n e w the
c o monset
p o u n of
d ) DSS-induced colitis.
index until day 4. This suggests that

D is e a s e A c tiv it y I n d e x

8

C 5 7 BDSS
L /6 + 5 % D S S + V e h ic le
5%

5%
C 6 7 BDSS
L /6 + 5 %+
D SMC230168
S + 5 -H T 7 A n t a g o n is t

****

6

***
4

**
***

2

5
D

4
D

3
D

2
D

1
D

D

0

0

H i s t o l oindex
g i c a l s ccomparison
o r i n g f o r C 5 7 B Lof
/ 6 +control
5 - H T 7 a n tand
a g o n iDSS
s t ( n e wtreated
) +5% DSS
Figure 44: Disease activity
C57BL/6 mice (acute)
with 230168 or saline administration (10mg/kg i.p.)

*

H is to lo g ic a l s c o re s

8

6

4

2

0

5% DSS +
MC230168

C

5

7

B

L

/6

+

C

5

5

7

-H

B

T

L

7

/6

a

n

+

ta

V

g

e

o

h

n

ic

is

le

+

t+

5

5

%

%

D

D

S

S

S

S

5% DSS

C57BL/6+5%DSS+Vehicle
100X
5% DSS

C57BL/6+5%DSS+5-HT
5% DSS + MC230168
7 Antagonist
100X

Figure 45: Histological score and micrograph comparison of control and DSS treated C57BL/6
mice (acute) with 230168 or saline administration (10mg/kg i.p.)
164

In addition, a statistically significant reduction of the histological score was observed and normal
architecture was restored (Figure 45). Lastly, 230168 caused a statistically significant attenuation
in MPO activity and production of the proinflammatory cytokines IL-1β, IL-6 and IL-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 proof-of-concept molecule for the spiropiperidine
sulfonamides, but its potential to move forward as a clinical lead remains unclear. It is worth noting
IL - 1 B e t a f o r C 5 7 B L / 6 + 5 % D S S + 5 - H T 7 A n t a g n o s t ( n e w ) IL - 6 f o r C 5 7 B L / 6 + 5 % D S S
that 230168
has not been studied in the chronic DSS-induced colitis model.
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CHAPTER 11
SUMMARY AND FUTURE DIRECTIONS
Manipulation of serotonin (5-HT) signaling mechanisms has exhibited therapeutic and
commercial success as evidenced by currently marketed drugs targeting this system. Prominent
examples include selective serotonin reuptake inhibitors (SSRIs)439 and antiemetics.440 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 5-HT signaling. This explains its involvement in many disease states, making certain
subtypes popular drug targets. The most recently discovered subtype is the 5-HT7 receptor, a GPCR
that exhibits a regulatory role in many biological functions in both the central nervous system
(CNS) and the periphery. Recent literature has demonstrated a connection between the 5HT7 receptor and the progression of Inflammatory Bowel Disease (IBD). It has been demonstrated
that suppressing 5-HT7 activity decreases IBD associated inflammation. In the dextran sulfate
sodium (DSS) induced mouse model of IBD, the application of a highly-selective 5-HT7 antagonist,
SB-269970, significantly reduced disease severity. Similar results were demonstrated in 5HT7 knock-out mice. Importantly, these studies suggest that selective 5-HT7 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 severe, 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 only option. Therefore,
pursuit of targeting the 5-HT7 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 butyrolactones at Temple University School
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of Pharmacy that displayed high affinity for the 5-HT7 receptor represents the genesis of this
dissertation project.
Dr. Rong Gao discovered an arylpiperazinyl butyrolactone based pharmacophore for 5-HT7
affinity while executing his dissertation for the identification of muscarinic ligands.422,423 Within
the diverse library of compounds prepared by Dr. Gao multiple high affinity 5-HT7 ligands were
identified, some of which exhibited a high degree of subtype selectivity. However, the majority of
these compounds were unstable to MLMs with T1/2’s less than 2 minutes. This was of concern
because mice are the preferred species for the DSS-induced model of colitis. Therefore a lack in
microsomal stability could translate to poor in vivo pharmacokinetic profiles for lead compounds.
In addition, the preliminary compounds were highly lipophilic as evidenced by low TPSA. As
previously discussed there is a compelling need to prevent potential IBD therapies that are 5-HT7
antagonist from penetrating the BBB. There are high expression levels of 5-HT7 within the CNS,
and modulating neuronal 5-HT7 activity could lead to unwanted side effects such a cognitive
impairment. Limiting CNS exposure would be beneficial as a means to de-risk lead compounds at
an early-stage of development. Therefore, a medicinal chemistry strategy was fashioned that
allowed further development of the arylpiperazinyl butyrolactone pharmacophore and the
generation of SAR revolving around distinct structural features it contained. The generated SAR
would be used to optimize each structural feature with respect to 5-HT7 affinity, subtype selectivity
and MLM stability. Additional strategies were implemented 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 system, 4.) the 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 length 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 lower 5-HT7 affinity and decreased
selectivity. 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 within 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 influence 5-HT7 affinity or selectivity. Specifically, high
affinity analogs were identified that contained a mono-substituted methyl, hydroxyl, chloro,
trifluoromethyl or nitro group. Substituting with a methoxy, amino or cyano group provided only
moderate/poor 5-HT7 affinity. Location of functionalization did impact 5-HT7 affinity, selectivity
and in some cases MLM stability. With respect to 5-HT7 affinity, each functional group varied in
its optimal location. For example, hydroxyl and methyl groups are optimal when located in the para
position, while chloro and 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 nitrogen containing aryl systems were explored with the intent of boosting
MLM stability and the TPSA. Unfortunately, compounds incorporating these ring systems had
either lower 5-HT7 affinity or decreased selectivity when compared to the non-heteroatom
containing comparators. Additionally, 2,6-di-substituted arylpiperazine analogs were prepared but
suffered from low 5-HT7 affinity. This could be to the result of steric strain causing the aryl and
piperazine rings to orient themselves in a perpendicular fashion.
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 5-HT7 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) in 5-HT7 affinity and negatively impacted subtype
selectivity. Similar heteroaromatic systems such as 1,3-dihydro-2H-benzo[d]imidazol-2-one
(160150),

2-(trifluoromethyl)-1H-benzo[d]imidazole

(230068)

and

2-methyl-1H-

benzo[d]imidazole (230069) displayed limited affinity for the 5-HT receptors. This loss in affinity
was attributed to 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 (morpholine), 170112 (isopropyl)
and 230110 (phenyl) were examined. Interestingly, the naphthalene (230117) system substantially
decreased 5-HT7 affinity; 5-HT7 affinity for the benzisoxazole (230124) analog has yet to be
determined. The fact that this bicyclic system is restricted to a flat orientation may cause this drop
in affinity, while the high affinity 2-susbtituent analogs can orientate their substituents in a
perpendicular fashion.
More restricted arylamine sub-structures such as tetrahydroquinoline (160159) and
tetrahydroisoquinoline (170116) were also examined. A tetrahydroquinoline fragment significantly
decreased affinity at all the 5-HT receptors, while a tetrahydroisoquinoline core resulted in high
affinity for the 5-HT7 receptor (KI=13 nM) and good subtype selectivity. Unfortunately, MLM
stability was very poor for all three tetrahydroisoquinoline based compounds (T1/2< 2 min). To
block potential sites of metabolism and raise the TPSA value, a nitrogen atom was incorporated in
the aryl ring of the tetrahydroisoquinoline core in the 5-, 6-, 7-, and 8-positions (230104, 23103,
230102 and 230118). High 5-HT7 affinity is observed only when the nitrogen is at the 7-position
(230103) or the 8-position (230104) with moderate to high affinity respectively. These two analogs
display relatively high selectivity, but MLM stability was only minimally increased. These substructures could be used in next generation compounds in conjunction with other strategies aimed
at further increasing MLM stability and TPSA. To further increase the TPSA value and improve
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MLM stability two additional cores were investigated: 5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3a]pyrazine (230064) and 5,6,7,8-tetrahydroimidazo[1,2-a]pyrazine (230065). The MLM stability
and TPSA were significantly improved for both compounds, however both of these analogs
exhibited low affinity for all 5-HT receptors.
Bioisosteric replacement of the piperazine ring was also investigated. Three bioisosteres were
examined: homopiperazine (230227), octahydropyrrolo[3,4-c]pyrrole (230105) and 2,6diazaspiro[3.3]heptane (230179). The 2,6-diazaspiro[3.3]heptane ring system resulted in decreased
5-HT7 activity, while the octahydropyrrolo[3,4-c]pyrrole analog (230105) displayed high affinity
for the 5-HT7 receptor (KI= 64 nM) and complete subtype selectivity. The homopiperazine ring
system led to high 5-HT7 affinity as well, but an increase in the cLogP and a slight decrease in
solubility were also observed. Additional substituted analogs containing the octahydropyrrolo[3,4c]pyrrole core were prepared. Unexpectedly, the SAR of this core was different from the piperazine
core. Substituting at the 2-position resulted in moderate 5-HT7 affinity (KI> 100 nM), except
230245 (2-CN) which displayed a KI= 8.9 nM. Substituting at the 3- and 4- position was not well
tolerated, as only two analogs retained moderate 5-HT7 affinity. The remaining examples with this
substitution pattern demonstrated low 5-HT7 binding. Based on these results and the lack of
significant improvement in MLM stability, the octahydropyrrolo[3,4-c]pyrrole ring system was
deprioritized relative to the piperazine ring system.
The results of probing the arylamine ring system supported the use of mono-substituted
phenylpiperazine cores, specifically with functionalization in the para position. Potential
replacements

include:

1.)

6-(piperazin-1-yl)-1H-indole

(160146),

2.)

substituted

tetrahydroisoquinolines (170116, 230070 and 230071), 3.) 5,6,7,8-tetrahydro-1,7-naphthyridine
(230104) and 1,2,3,4-tetrahydro-2,7-naphthyridine (230103), 4.) 2-phenyloctahydropyrrolo[3,4c]pyrrole (230105), 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile (230245) and 4(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)phenol (230253).
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Efforts were also undertaken to increase the TPSA of target 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 tolerated with respect to 5-HT7 affinity and significantly improved MLM
stability. Further functionalization of the spiropiperidine system provided mixed results. Aromatic
moieties in this binding pocket led to increased 5-HT7 affinity but the improvements in MLM
stability were lost. Small, polar substitutes are also tolerated in this region of the molecule. Modest
sub-type selectivity was observed and significant MLM stability was retained. Based on these
results, small, polar substituents may be a viable option for future 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 enantiomer based on its improved affinity for the 5-HT7
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 systems) have not been prepared at this time.
Promising compounds that were identified in aim 1 were examined in a 5-HT7 functional assay
to determine if they are antagonists. The majority of compounds tested were identified as potent 5HT7 antagonists. Strongly deactivating groups in the para position, such as cyano and nitro,
displayed poor potency while electron rich and 2-pyridyl based arylpiperazines were well tolerated.
Specifically, chloro substitution led to the highest observed antagonist potency (K b= 1.98 nM).
Interestingly, the high 5-HT7 affinity observed with tetrahydroisoquinoline based analogs did not
translate into high antagonist potency. On the other hand, the 5-(piperazine-1-yl)-1H-indole system
did provide very high antagonist potency (Kb=2.63 nM) possibly due to its resemblance to
serotonin. In addition, utilizing the piperazine bioisosteres and polar lactone appendages did not
171

significantly change antagonist potency, as KB values of analogs examined were comparable to
their respective KI. These results indicate that the butyrolactone arylpiperazine scaffold can be
utilized for the identification of novel and potent 5-HT7 antagonists.
Two lead compounds were selected for in vivo pharmacokinetic studies and for possible future
in vivo efficacy studies. 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 potency and sub-type
selectivity, but more importantly its excellent MLM stability and higher TPSA. Both compounds
exhibited PK profiles capable of supporting in vivo efficacy in a mouse model of IBD. As expected,
230168 was more metabolically stable than 170073 as evidenced by the decrease in clearance (Cl).
However, 230168 does not distribute to the extent of 170073. As a result despite its increased
stability, 230168 demonstrated a shorter T1/2 (2.76 hr) compared to 170073 (4.44 hr). With respect
to CNS exposure, 230168 distributed slower and to a lesser extent into brain tissue than 170073.
This validated the strategy utilized for decreasing CNS exposure by increase the TPSA of
compounds. Although both compounds exhibited significant CNS penetration, they displayed
adequate in vivo PK profiles, and were examined in the mouse model of DSS-induced colitis as
first and second generation proof-of-concept analogs.
Both 170073 and 230168 exhibited efficacy in the acute mouse model of DSS-induced colitis.
Specifically, these compounds significantly lowered the disease activity index of induced colitis,
attenuated macroscopic and histological damage, and decreased proinflammatory cytokine
production. Furthermore, 170073 was examined in the chronic model of DSS-induced colitis where
its ability to reduce DSS-induced colitis in colonic tissue that has been priorly exposed to chronic
inflammation was determined. A reduction in the disease activity index was observed during the
treatment period. In addition, 170073 treated mice exhibited 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 support the hypothesis of involvement of the 5-HT7
receptor in immune response and inflammation in the gut, as well as, the assertion that it is a
promising target for novel IBD treatment. More importantly, these results support the theory behind
this project and the continued development of these arylpiperazinyl butyrolactones as 5-HT7
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 colitis.441 This model is considered the “gold-standard” model for colitis. Positive
results would further support the hypothesized link between the 5-HT7 receptor and IBD, and
further highlight 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 the following intermediates were prepared according to the work published by Dr. Rong
Gao.422,424

Preparation of methyl 2,2-dimethylpent-4-enoate: This reaction was performed in oven-dried
glassware under a nitrogen atmosphere. To a well-stirred solution of freshly prepared lithium
diisopropylammide (1M, 1.10 equiv) in dry 35 ml tetrahydrofuran, isobutyric acid methyl ester
(3.32 g, 32.6 mmol, 1.0 equiv) was added dropwise during 0.5 hours at -78 oC. 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% HCl (while cooling
in ice bath) until acidic (pH = 2). The organic layer was separated and the aqueous layer was
extracted with hexanes (3 x 100mL). The extract was washed with 10% NaHCO3 (200mL) and
brine (200mL). The solution was then dried over MgSO4, concentrated in vacuo and distilled to
give pure product. 1H NMR (400 MHz, CDCl3) δ 5.73 (dd, J = 9.4, 17.7, 1H), 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 (s, 6H); 13C NMR
(101 MHz, CDCl3) δ 177.42, 134.42, 117.88, 77.68, 77.36, 77.04, 60.35, 44.91, 42.25, 24.92, 14.35
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Preparation of Ethyl 2,2-diethylpent-4-enoate: The title compound was prepared according to
the procedure for methyl 2,2-dimethylpent-4-enoate, except 2-ethyl-butyric acid ethyl ester was
substituted for isobutyric acid methyl ester 1H NMR (300 MHz, CDCl3) δ 5.68 (dd, J = 9.9, 17.2,
1H), 5.16 – 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)

Preparation of 1-allylcyclobutanecarboxylic acid: This reaction was performed in oven-dried
glassware under a nitrogen atmosphere. To a well-stirred solution of freshly prepared lithium
diisopropylammide (1M, 10.76 mmol, 2.30 equiv) in dry 107 ml tetrahydrofuran,
cyclobutanecarboxylic acid (4.68 g, 46.8 mmol, 1.0 equiv) was added dropwise during 0.5 hours at
0 oC. The mixture was heated to 50 oC for 6 hours, then cooled to 0 oC followed by the addition of
NaI (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% HCl (while cooling in ice
bath) until acidic (pH = 2). The organic layer was separated and the aqueous layer was extracted
with ether (3 x 250mL). The organic phases were combined and washed with brine. The solution
was then dried over MgSO4 and concentrated in vacuo to afford a crude oil which was purified
through flash chromatography (silica; ethyl acetate/hexanes, 1% ~ 10%). 1H NMR (400 MHz,
CDCl3) δ 5.77 (ddt, J = 7.1, 10.2, 17.2, 1H), 5.17 – 4.99 (m, 2H), 2.59 – 2.38 (m, 4H), 2.07 – 1.84
(m, 4H). 13C NMR (101 MHz, CDCl3) δ 184.04, 133.90, 118.19, 47.20, 41.74, 29.57, 15.65; Rf,
0.43 (Hexane: Ethyl Acetate 10:1); HRMS (CI): [M+H], calcd for C8H13O2, 141.0916; found
141.0911.
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Preparation of 1-allylcyclopentanecarboxylic acid: The title compound was prepared according
to the procedure for 1-allylcyclobutanecarboxylic acid, except cyclopentane carboxylic acid was
substituted for cyclobutanecarboxylic acid: 1H NMR (400 MHz, CDCl3) δ 5.77 (ddt, J = 7.2, 10.2,
17.4, 1H), 5.17 – 4.94 (m, 2H), 2.38 (d, J = 7.2, 2H), 2.20 – 2.02 (m, 2H), 1.79 – 1.47 (m, 6H). 13C
NMR (101 MHz, CDCl3) δ 184.94, 134.96, 118.02, 53.75, 42.96, 35.89, 25.47. Rf, 0.50 (Hexane:
Ethyl Acetate 10:1); HRMS (CI): [M+H], calcd for C9H15O2, 155.1072; found 155.1068.

Preparation of 1-allylcyclohexanecarboxylic acid: The title compound was prepared according
to the procedure for 1-allylcyclobutanecarboxylic acid, except cyclohexane carboxylic acid was
substituted for cyclobutanecarboxylic acid: 1H NMR (400 MHz, CDCl3) δ 12.13 (broad, 1H), 5.83
– 5.63 (m, 1H), 5.12 – 5.00 (m, 2H), 2.27 (m, 2H), 2.04 (m, 2H), 1.66 – 1.50 (m, 3H), 1.49 – 1.33
(m, 2H), 1.33 – 1.17 (m, 3H)

Preparation of 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one: A mixture of glacial
acetic acid (28.6 g, 477 mmol, 53.6 equiv), paraformaldehyde (0.80 g, 26.7 mmol, 3.0 equiv) and
H2SO4 (0.5 g, 4.45 mmol, 0.57equiv) was stirred for 30min at 70 oC before methyl 2,2dimethylpent-4-enoate (1.26 g, 8.9mmol, 1.0 equiv) was added dropwise during 10 min. The
reaction mixture was then maintained at 70~80 oC and allowed to stir overnight. Acetic acid was
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removed under reduced pressure and the reaction was quenched with 10% NaHCO3 solution. 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 next step without 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 hours. The mixture was cooled in an ice bath
and excess 30% H2SO4 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% NaHCO3, (50 mL),
brine (50mL), dried over MgSO4 and concentrated in vacuo to give a crude product which was
further purified by column chromatography (Ethyl acetate/Hexanes, 10% ~ 60%). Percent yield:
81% 1H NMR (400 MHz, CDCl3) δ 4.70-4.60 (m, 1H), 3.90-3.78 (m, 2H), 2.22 (dd, J = 5.9, 12.7,
1H), 1.98 – 1.87 (m, 2H), 1.80 (dd, J = 5.9, 12.7, 1H), 1.28 (d, J = 4.8, 6H). 13C NMR (101 MHz,
CDCl3) δ 182.26, 75.01, 59.58, 43.93, 40.62, 38.69, 25.31, 24.61; Rf, 0.34 (Hexane: Ethyl Acetate
1:1); Anal. Calcd for C8H14O3: C, 60.74; H, 8.92; Found: C, 60.47; H, 8.86.

Preparation of 3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one: The title compound
was prepared according to the procedure for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2one, except ethyl 2,2-diethylpent-4-enoate was substituted for methyl 2,2-dimethylpent-4-enoate.
Percent yield: 76%. 1H NMR (400 MHz, CDCl3) δ 4.62 (dtd, J = 5.3, 7.3, 9.5, 1H), 3.78 (t, J = 6.1,
2H), 3.20 (s, 1H), 2.19 (dd, J = 6.8, 13.1, 1H), 1.97 – 1.81 (m, 3H), 1.70 – 1.56 (m, 4H), 0.93 (dt,
J = 7.5, 20.7, 6H); 13C NMR (101 MHz, CDCl3) δ 181.46, 75.10, 58.91, 48.77, 39.13, 37.76, 29.21,
28.30, 8.83, 8.73; Rf, 0.36 (Hexane: Ethyl Acetate 5:2); Anal. Calcd for C10H18O3: C, 64.49; H,
9.74; Found: C, 64.20; H, 9.57.
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Preparation of 7-(2-hydroxyethyl)-6-oxaspiro[3.4]octan-5-one: The title compound was
prepared according to the procedure for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one,
except 1-allylcyclobutanecarboxylic acid was substituted for methyl 2,2-dimethylpent-4-enoate.
Percent yield: 74%. 1H NMR (400 MHz, CDCl3) δ 4.60 – 4.50 (m, 1H), 3.82 (t, J = 5.9, 2H), 2.61
– 2.40 (m, 3H), 2.19 – 1.96 (m, 5H). 1.92-185 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 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 C9H15O3, 171.1021; found 171.1016.

Preparation of 3-(2-hydroxyethyl)-2-oxaspiro[4.4]nonan-1-one: The title compound was
prepared according to the procedure for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one,
except 1-allylcyclopentanecarboxylic acid was substituted for methyl 2,2-dimethylpent-4-enoate.
Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 4.65 – 4.56 (m, 1H), 3.84 – 3.76 (m, 2H), 2.74
(s, 1H), 2.28 (dd, J = 5.8, 12.6, 1H), 2.20 – 2.10 (m, 1H), 2.00 – 1.56 (m, 10H); 13C NMR (101
MHz, CDCl3) δ 183.02, 75.77, 59.20, 50.35, 43.41, 38.41, 37.49, 36.93, 25.67, 25.58; Rf, 0.46
(Hexane: Ethyl Acetate 1:2); HRMS (CI): [M+H], calcd for C10H17O3, 185.1178; found 185.1171.

Preparation of 3-(2-hydroxyethyl)-2-oxaspiro[4.5]decan-1-one: The title compound was
prepared according to the procedure for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one,
except 1-allylcyclohexanecarboxylic acid was substituted for methyl 2,2-dimethylpent-4-enoate.
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Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 4.62 (m, 1H), 3.82 (t, J = 5.9, 2H), 2.43 (dd, J
= 6.2, 12.9, 1H), 2.22 (s, 1H), 2.00 – 1.17 (m, 13H). 13C NMR (101 MHz, CDCl3) δ 181.96, 75.37,
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 C11H18O3: C, 66.64; H, 9.15; Found: C, 66.48; H, 9.17.

Preparation of 2-(4,4-dimethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate: To
a stirred solution of 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one (0.316 g, 2 mmol, 1.0
equiv) and Et3N (0.152 g, 1.5 mmol, 1.5 equiv) in dry dichloromethane, a solution of p-TosCl
(0.475 g, 2.5 mmol, 1.25 equiv) in dichloromethane was added drop wise at 0 oC. The resulting
mixture was stirred at 0 oC for 1 hour and allowed to stir overnight at room temperature. Then, the
reaction mixture was diluted with dichloromethane (50 mL), washed with 10 % HCl, brine, dried
over MgSO4 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 afford desired tosylate.
H NMR (300 MHz, CDCl3) δ 7.72 (m, 2H), 7.29 (m, 2H), 4.39 (m, 1H), 4.10 (m, 2H), 2.38 (s,
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3H), 2.09 (m, 1H), 1.93 (m, 2H), 1.65 (m, 1H), 1.16 (d, J = 4.8, 6H); 13C NMR (101 MHz, CDCl3)
C NMR (101 MHz, CDCl3) δ 181.26, 145.16, 132.53, 130.03, 127.84, 77.68, 77.36, 77.04, 72.93,
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66.83, 42.99, 40.23, 34.97, 24.82, 24.12, 21.57; HRMS (CI): [M+H] 313.1; Anal. Calcd for
C15H20O5S: C, 57.67; H, 6.45; Found: C, 57.85; H, 6.63.

Preparation of 2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate: The
title compound was prepared according to the procedure for 2-(4,4-dimethyl-5-oxotetrahydrofuran179

2-yl)ethyl 4-methylbenzenesulfonate, except 3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)one was substituted for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one: 1H NMR (300
MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.55 – 4.33 (m, 1H), 4.14 (dd, J
= 6.5, 13.3 Hz, 3H), 2.46 (s, 3H), 2.21 – 1.84 (m, 3H), 1.83 – 1.68 (m, 1H), 1.58 (t, J = 7.4 Hz, 4H),
0.89 (dt, J = 7.5, 18.0 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 180.33, 145.30, 132.72, 130.15,
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 C17H24O5S: C, 59.98; H, 7.11; Found: C, 60.27; H, 7.25

Preparation of 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate: The title
compound was prepared according to the procedure for 2-(4,4-dimethyl-5-oxotetrahydrofuran-2yl)ethyl 4-methylbenzenesulfonate, except 7-(2-hydroxyethyl)-6-oxaspiro[3.4]octan-5-one was
substituted for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one: 1H NMR (400 MHz,
CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 4.37 (tdd, J = 8.8, 6.0, 4.3 Hz, 1H),
4.21 – 4.05 (m, 2H), 2.57 – 2.32 (m, 6H), 2.19 – 1.82 (m, 7H); 13C NMR (101 MHz, CDCl3) δ
180.41, 145.24, 132.68, 130.10, 128.02, 73.38, 66.76, 44.33, 41.79, 35.10, 31.72, 29.28, 21.76,
16.51.

Preparation of 2-(1-oxo-2-oxaspiro[4.4]nonan-3-yl)ethyl 4-methylbenzenesulfonate: The title
compound was prepared according to the procedure for 2-(4,4-dimethyl-5-oxotetrahydrofuran-2yl)ethyl 4-methylbenzenesulfonate, except 3-(2-hydroxyethyl)-2-oxaspiro[4.4]nonan-1-one was
substituted for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one:1H NMR (400 MHz,
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CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.51 – 4.35 (m, 1H), 4.25 – 4.06 (m,
2H), 2.45 (s, 3H), 2.28 – 2.08 (m, 2H), 2.08 – 1.91 (m, 2H), 1.87 – 1.52 (m, 9H); 13C NMR (101
MHz, CDCl3) δ 181.90, 145.26, 132.76, 130.12, 128.07, 73.71, 66.85, 50.19, 43.07, 37.44, 36.81,
35.19, 25.61, 25.50, 21.79

Preparation of 2-(1-oxo-2-oxaspiro[4.5]decan-3-yl)ethyl 4-methylbenzenesulfonate: The title
compound was prepared according to the procedure for 2-(4,4-dimethyl-5-oxotetrahydrofuran-2yl)ethyl 4-methylbenzenesulfonate, except 3-(2-hydroxyethyl)-2-oxaspiro[4.5]decan-1-one was
substituted for 5-(2-Hydroxy-ethyl)-3,3-dimethyl-dihydro-furan-2-one: 1H NMR (400 MHz,
CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 4.51 – 4.38 (m, 1H), 4.26 – 4.12 (m,
2H), 2.45 (s, 3H), 2.36 (dd, J = 12.9, 6.2 Hz, 1H), 2.12 – 1.87 (m, 2H), 1.85 – 1.68 (m, 3H), 1.65 –
1.50 (m, 5H), 1.43 – 1.14 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 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

Preparation of 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one: To a solution of crude
3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one (4.8 g, 25.8 mmol, 1 eq.) in DCM (240 mL)
was added triphenylphosphine (10.15 g, 38.7 mmol, 1.5 eq.). Following, carbon tetrabromide (21.4
g, 64.5 mmol, 2.5 eq.) was added and the reaction 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 and the crude product purified by flash chromatography (silica; ethyl acetate/hexanes, 0% ~
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35%). Percent yield: 56%. 1H NMR (400 MHz, CDCl3) δ 4.52 (m, 1H), 3.51-3.41 (m, 2H), 2.192.01 (m, 3H), 1.76 (dd, J= 9.3, 13.0 Hz, 1H), 1.63-1.48 (m, 4H), 0.85 (dt, J= 7.5, 24.4 Hz, 6H).

Preparation of 3-(2-bromoethyl)-2-oxaspiro[4.5]decan-1-one: The title compound was prepared
according to the procedure for 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one, except 3-(2hydroxyethyl)-2-oxaspiro[4.5]decan-1-one

was

substituted

for

3,3-diethyl-5-(2-

hydroxyethyl)dihydrofuran-2(3H)-one. Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 4.61 (m,
1H), 3.53 (dd, J= 5.5, 7.7 Hz, 2H), 2.43 (dd, J= 6.3, 12.8 Hz, 1H), 2.28-2.07 (m, 2H), 1.89-1.70 (m,
3H), 1.70-1.54 (m, 4H), 1.53-1.44 (m, 1H), 1.43-1.16 (m, 3H).

Preparation of 2,2-diethylpent-4-enoic acid: Ethyl 2,2-diethylpent-4-enoate (0.2g, 0.28mmol)
is mixed with NaOH (0.4g, 10mmol), MeOH (2.5 mL) and H2O (2.5 mL) in a microwave vial. The
mixture is then heated in a microwave reactor at 160 oC for 2 hours. The mixture was then acidified
with 10% HCl, washed with ether (3 x 30 ml). The combined organic phase was dried over MgSO4
and concentrated in vacuo to give a crude product which was used in the next step without further
purification.

Preparation of 3,3-diethyl-5-(iodomethyl)dihydrofuran-2(3H)-one: 2,2-diethylpent-4-enoic
acid (1.77 g, 11.67mmol) is stirred with tetrahydrofuran (34 mL), ether (12mL) and saturated
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NaHCO3 solution (57mL). The mixture is protected from sunlight. I2 was dissolved in 12 mL of
tetrahydrofuran and added to the mixture in one portion at 0 oC. The 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). The combined organic phase
was dried over MgSO4 and concentrated in vacuo to give a crude oil which was purified by flash
chromatography (silica gel; Ethyl acetate/Hexanes, 0% ~ 25%). 1H NMR (400 MHz, CDCl3) δ 4.42
(dtd, J = 9.0, 7.3, 4.6 Hz, 1H), 3.41 (dd, J = 10.2, 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).

Preparation of ((pent-4-en-1-yloxy)methyl)benzene: To a dry 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 under N2 atmosphere. Under positive N2 pressure, added 18 mL of dry THF
and cooled mixture to 0oC using an ice bath. At 0oC, pent-4-en-1-ol (1.5 g, 17.4 mmol, 1 eq.) was
added dropwise. Let stir at 0oC 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 sat. NH 4Cl (15 mL) and then
extracted 3x10 mL diethyl ether. Combined organics were dried over Na2SO4, filtered and
concentrated onto Celite under reduced pressure. Crude material was purified by flash
chromatography (silica; ethyl acetate/hexanes, 0% ~ 5%). Percent yield: ~100%. 1H NMR (400
MHz, CDCl3) δ 7.45-7.26 (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).
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Preparation of ((hex-5-en-1-yloxy)methyl)benzene: The title compound was prepared according
to the procedure for ((pent-4-en-1-yloxy)methyl)benzene, except hex-5-en-1-ol was substituted for
pent-4-en-1-ol. Percent yield: ~100%. 1H NMR (400 MHz, CDCl3) δ 7.26-7.11 (m, 5H), 5.68 (m,
1H), 4.88 (dq, 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), 1.57-1.46 (m, 2H), 1.41-1.29 (m, 2H).

Preparation of 2-(3-(benzyloxy)propyl)oxirane: To a RBF is added ((pent-4-en-1yloxy)methyl)benzene (3.15 g, 17.9 mmol, 1 eq.) and dissolved in DCM (45 mL). Resulting
solution is then cooled to 0oC with an ice bath. At 0oC, added in portions 3-chloroperbenzoic acid
(5.25 g (6.82 g, 77% purity), 30 mmol, 1.67 eq.) and then let stir at RT overnight. Filtered through
a plug of Celite and washed filter with DCM. Washed filtrate 3x10 mL of 1N NaOH (aq.) solution.
Organic layer was dried over Na2SO4, filtered and concentrated under reduced pressure. Crude oil
was used in the next step without further purification. Percent yield: 72%. 1H NMR (400 MHz,
CDCl3) δ 7.41-7.24 (m, 5H), 4.53 (s, 2H), 3.55 (m, 2H), 2.95 (m, 1H), 2.75 (dd, J= 4.2, 5.0 Hz,
1H), 2.48 (dd, J= 2.6, 5.0 Hz, 1H), 1.89-1.55 (m, 4H).

Preparation of 2-(4-(benzyloxy)butyl)oxirane: The title compound was prepared according to
the procedure for 2-(3-(benzyloxy)propyl)oxirane, except ((hex-5-en-1-yloxy)methyl)benzene was
substituted for ((pent-4-en-1-yloxy)methyl)benzene. Percent yield: 96%. 1H NMR (400 MHz,
CDCl3) δ 7.40-7.25 (m, 5H), 4.52 (s, 2H), 3.51 (t, J= 6.4 Hz, 2H), 2.93 (m, 1H), 2.76 (dd, J= 4.0,
5.0 Hz, 1H), 2.48 (dd, J= 2.7, 5.1 Hz, 1H), 1.76-1.65 (m, 2H), 1.64-1.50 (m, 4H).
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Preparation of 5-(3-(benzyloxy)propyl)-3,3-diethyldihydrofuran-2(3H)-one: A dry RBF was
put under N2 atmosphere and then charged with 1M LDA solution (THF/Hexanes, 23 mL, 23 mmol,
2.3 eq.) and cooled to -78OC. While at -78OC, added dropwise 2-ethyl-N,N-dimethylbutanamide
(2.86 g, 20 mmol, 2 eq.). Let resulting mixture stir at -78OC for 30 minutes, then let warm to 0OC
and stir at that temperature for 15 minutes. Then let warm to RT and stir for 5 minutes before
cooling back to 0OC with an ice bath. At 0OC, added 2-(3-(benzyloxy)propyl)oxirane (2.0 g, 10
mmol, 1 eq.) and let stir at 0OC for 15 minutes before letting reaction warm to RT. Let stir at RT
for 2 days. Quenched with sat. NH4Cl solution (aq.) and extracted 3x20 mL DCM. Combined
organic layers were dried over Na2SO4, filtered and concentrated under reduced pressure.
Crude material was then dissolved 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. NaHCO3 solution (aq.) and extracted with 3x10 mL DCM. The combined organic layers
were dried over Na2SO4, filtered and concentrated under reduced pressure. Crude product was
purified by flash chromatography (silica; ethyl acetate/hexanes, 0% ~ 30%). Percent yield: 32%.
H NMR (400 MHz, CDCl3) δ 7.35-7.18 (m, 5H), 4.46 (s, 2H), 4.35 (m, 1H), 3.48 (m, 2H), 2.05

1

(dd, J= 6.7, 13.1 Hz, 1H), 1.81-1.68 (m, 5H), 1.57 (q, J= 7.5 Hz, 4H), 0.88 (dt, J= 7.4, 16.5 Hz,
6H).

Preparation of 5-(4-(benzyloxy)butyl)-3,3-diethyldihydrofuran-2(3H)-one: The title compound
was prepared according to the procedure for 5-(3-(benzyloxy)propyl)-3,3-diethyldihydrofuran185

2(3H)-one,

except

2-(4-(benzyloxy)butyl)oxirane

was

substituted

for

2-(3-

(benzyloxy)propyl)oxirane. Percent yield: 37%. 1H NMR (400 MHz, CDCl3) δ 7.40-7.19 (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), 1.72-1.34 (m, 10H), 0.89 (dt, J= 7.4, 19.7 Hz, 6H).

Preparation of 3,3-diethyl-5-(3-hydroxypropyl)dihydrofuran-2(3H)-one: To a RBF was added
10% Pd/C (182 mg, 20% wt) followed by a solution of 5-(3-(benzyloxy)propyl)-3,3diethyldihydrofuran-2(3H)-one (910 mg, 3.13 mmol, 1 eq.) in EtOH (18 mL). System was put
under H2 (1 atm) using a balloon. Let stir at RT under H2 atm 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%. 1H NMR (400 MHz, MeOD) δ 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), 1.681.32 (m, 8H), 0.81 (dt, J= 7.6, 18.8 Hz, 6H).

Preparation of 3,3-diethyl-5-(4-hydroxybutyl)dihydrofuran-2(3H)-one: The title compound was
prepared according to the procedure for 3,3-diethyl-5-(3-hydroxypropyl)dihydrofuran-2(3H)-one,
except 5-(4-(benzyloxy)butyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for 5-(3(benzyloxy)propyl)-3,3-diethyldihydrofuran-2(3H)-one. Percent yield: ~100%. 1H NMR (400
MHz, MeOD) δ 4.38-4.23 (m, 3H), 2.08 (dd, J= 6.5, 13.0 Hz, 1H), 1.77-1.63 (m, 1H), 1.63-1.20
(m, 10H), 0.76 (dt, J= 7.4, 17.7 Hz, 6H).
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Preparation of 3-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)propyl 4-methylbenzenesulfonate: To
a solution of triethylamine (493 mg, 4.85 mmol, 1.5 eq.) and p-toluenesulfonyl chloride (744 mg,
3.90 mmol, 1.2 eq.) in DCM (25 mL) was added a solution of 3,3-diethyl-5-(3hydroxypropyl)dihydrofuran-2(3H)-one (650 mg, 3.25 mmol, 1.0 eq.) in DCM (5 mL) at 0OC.
Reaction solution was allowed to stir at RT overnight before being washed with 2x20 mL of sat.
NaHCO3 solution (aq.). Organic layer was dried over Na2SO4, filtered and concentrated under
reduced pressure. Crude product was purified by flash chromatography (silica; ethyl
acetate/hexanes, 0% ~ 40%). Percent yield: 55%. 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J= 8.3 Hz,
2H), 7.28 (d, J= 8.1 Hz, 2H), 4.23 (m, 1H), 4.05-3.91 (m, 2H), 2.36 (s, 3H), 2.00 (dd, J= 6.7, 13.2
Hz, 1H), 1.84-1.40 (m, 9H), 0.80 (dt, J= 7.5, 19.5 Hz, 6H).

Preparation of 4-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)butyl 4-methylbenzenesulfonate: The
title compound was prepared according to the procedure for 3-(4,4-diethyl-5-oxotetrahydrofuran2-yl)propyl 4-methylbenzenesulfonate, except 3,3-diethyl-5-(4-hydroxybutyl)dihydrofuran-2(3H)one was substituted for 3,3-diethyl-5-(3-hydroxypropyl)dihydrofuran-2(3H)-one. Percent yield:
4.65%. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J= 8.3 Hz, 2H), 7.28 (d, J= 8.1 Hz, 2H), 4.24 (m,
1H), 4.00-3.90 (m, 2H), 2.38 (s, 3H), 2.00 (dd, J= 6.7, 13.0 Hz, 1H), 1.76-1.29 (m, 11H), 0.84 (dt,
J= 7.5, 22.5 Hz, 6H).
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12.2 Preparation of Final Compounds for Extension of Preliminary Series

Preparation

of

3,3-diethyl-5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one

trifluoroacetate: To a small vial was added 4-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)butyl 4methylbenzenesulfonate (25 mg, 0.0679 mmol, 1 eq.) and 1-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 reduced pressure. Crude product was then purified by HPLC (CH3CN/H2O,
0.1% Trifluoroacetic acid), 0%~100%) to give desired product as a trifluoroacetic acid salt. Percent
yield: 41.4%. 1H NMR (400 MHz, CDCl3) δ 7.24 (t, J= 7.9 Hz, 2H), 6.92 (t, J= 7.4 Hz, 1H), 6.87
(d, J= 8.3 Hz, 2H), 4.29 (m, 1H), 3.78-3.47 (m, 4H), 3.34-3.14 (m, 2H), 3.09-2.79 (m, 4H), 2.04
(dd, J= 6.8, 13.1 Hz, 1H), 1.88-1.64 (m, 3H), 1.64-1.34 (m, 8H), 0.85 (dt, J= 7.5, 20.9 Hz, 6H)
LC/MS [M+H]= m/z 359.2

Preparation of 3,3-diethyl-dihydro-5-(3-(4-phenylpiperazin-1-yl)propyl)furan-2(3H)-one: The
title compound was prepared according to the procedure for 3,3-diethyl-5-(4-(4-phenylpiperazin1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 3-(4,4-diethyl-5-oxotetrahydrofuran-2yl)propyl 4-methylbenzenesulfonate was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2yl)butyl 4-methylbenzenesulfonate and the crude product was purified by flash chromatography
(silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield: 32%. 1H NMR (400 MHz, CDCl3) δ
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, J= 7.5, 22.4, 6H) LC/MS [M+H]= m/z 345.2

Preparation

of

3,3-diethyl-5-(2-(4-(o-tolyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate: The title compound was prepared according to the procedure for 3,3-diethyl-5-(4(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2-bromoethyl)3,3-diethyldihydrofuran-2(3H)-one was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2yl)butyl 4-methylbenzenesulfonate and 1-(2-methylphenyl)piperazine for 1-phenylpiperazine.
Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 7.21 (t, J= 7.0, 2H), 7.12-6.99 (m, 2H), 4.47
(m, 1H), 3.87-3.68 (m, 2H), 3.46-2.99 (m, 8H), 2.34-2.18 (m, 5H), 2.07 (m, 1H), 1.87 (dd, J= 9.3,
13.2, 1H), 1.70-1.58 (m, 4H), 0.93 (dt, J= 7.5, 18.1, 6H) LC/MS [M+H]= m/z 345.2

Preparation

of

3,3-diethyl-5-(2-(4-(o-tolyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate: The title compound was prepared according to the procedure for 3,3-diethyl-5-(4(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2-bromoethyl)3,3-diethyldihydrofuran-2(3H)-one was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2yl)butyl 4-methylbenzenesulfonate and 1-(3-methylphenyl)piperazine for 1-phenylpiperazine.
Percent yield: 77%. 1H NMR (400 MHz, CDCl3) δ 7.20 (t, J= 7.9 Hz, 1H), 6.82 (d, J= 7.6 Hz,
1H), 6.76 (s, 1H), 6.75 (d, J= 7.6 Hz, 1H), 4.45 (m, 1H), 4.15-2.70 (b, 10H), 2.33 (s, 3H), 2.28 (m,
1H), 2.21 (dd, J= 6.7, 13.1 Hz, 1H), 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
189

Preparation

of

5-(2-(4-(2-(tert-butyl)phenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-

2(3H)-one formate: The title compound was prepared according to the procedure for 3,3-diethyl5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one
bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

trifluoroacetate,
substituted

for

except

5-(2-

4-(4,4-diethyl-5-

oxotetrahydrofuran-2-yl)butyl 4-methylbenzenesulfonate and 1-(2-(tert-butyl)phenyl)piperazine
formate for 1-phenylpiperazine. In addition, 2.1 eq. of triethylamine was added in order to free base
1-(2-(tert-butyl)phenyl)piperazine formate. The acid modifier for HPLC purification was changed
from trifluoroacetic acid to formic acid. Percent yield: 33%. 1H NMR (400 MHz, CDCl3) δ 8.32
(b, 1H), 7.32-7.24 (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 (tt, 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), 2.77-2.60 (m, 2H), 2.21-2.04 (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
[M+H]= m/z 387.2

Preparation

of

5-(2-(4-([1,1'-biphenyl]-2-yl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-

2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for 3,3diethyl-5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

4-(4,4-diethyl-5-

oxotetrahydrofuran-2-yl)butyl 4-methylbenzenesulfonate and 1-([1,1'-biphenyl]-2-yl)piperazine
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for 1-phenylpiperazine. Percent yield: 51%. 1H NMR (400 MHz, CDCl3) δ 7.54 (dt, 1.5, 7.0 Hz,
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, 11.2 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

Preparation of 5-(2-(4-(2-chlorophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one trifluoroacetate: The title compound was prepared according to the procedure for 3,3-diethyl5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one
bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

trifluoroacetate,
substituted

for

except

5-(2-

4-(4,4-diethyl-5-

oxotetrahydrofuran-2-yl)butyl 4-methylbenzenesulfonate and 1-(2-chlorophenyl)piperazine for 1phenylpiperazine. Percent yield: 80%. 1H NMR (400 MHz, CDCl3) δ 7.38 (dd, J= 1.6, 8.2 Hz,
1H), 7.25 (dt, J= 1.4, 8.1 Hz, 1H), 7.06 (m, 2H), 4.46 (m, 1H), 3.74 (t, J= 10.3 Hz, 2H), 3.45 (m,
2H), 3.39-3.20 (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), 1.62 (m, 4H), 0.92 (dt, J= 7.5, 17.2 Hz, 6H) LC/MS [M+H]= m/z
365.20

Preparation

of

3,3-diethyl-5-(2-(4-(2-(trifluoromethyl)phenyl)piperazin-1-

yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5191

(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one
oxotetrahydrofuran-2-yl)butyl

was

substituted

4-methylbenzenesulfonate

for

4-(4,4-diethyl-5and

1-(2-

(trifluoromethyl)phenyl)piperazine for 1-phenylpiperazine. In addition the crude product was
purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield: 83%.
1H NMR (400 MHz, CDCl3) δ 7.62 (d, J= 8.1 Hz, 1H), 7.51 (t, J= 7.7 Hz, 1H), 7.38 (d, J= 8.0 Hz,
1H), 7.22 (t, J= 7.7 Hz, 1H), 4.50 (m, 1H), 2.97 (t, J= 4.6 Hz, 4H), 2.72-2.45 (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
399.20

Preparation

of

3,3-diethyl-5-(2-(4-(3-(trifluoromethyl)phenyl)piperazin-1-

yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate: The title compound was prepared according to
the

procedure

for

3,3-diethyl-5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one

trifluoroacetate, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for
4-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)butyl

4-methylbenzenesulfonate

and

1-(3-

(trifluoromethyl)phenyl)piperazine for 1-phenylpiperazine. Percent yield: 73%. 1H NMR (400
MHz, CDCl3) δ 7.42 (t, J= 8.4 Hz, 1H), 7.23 (d, J= 8.1 Hz, 1H), 7.10 (s, 1H), 7.09 (dd, J= 2.2, 8.1
Hz, 1H), 4.46 (m, 1H), 3.76 (b, 4H), 3.33 (m, 4H), 3.06 (b, 2H), 2.28 (m, 1H), 2.22 (dd, J= 6.7,
12.6 Hz, 1H), 2.05 (m, 1H), 1.86 (dd, J= 9.4, 13.1 Hz, 1H), 1.63 (m, 4H) 0.92 (dt, J= 7.4, 16.6 Hz,
6H) LC/MS [M+H]= m/z 399.2
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Preparation

of

3-(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-

yl)benzonitrile: The title compound was prepared according to the procedure for 3,3-diethyl-5-(4(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2-bromoethyl)3,3-diethyldihydrofuran-2(3H)-one was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2yl)butyl 4-methylbenzenesulfonate and 3-(piperazin-1-yl)benzonitrile for 1-phenylpiperazine. In
addition the crude product was purified by flash chromatography (silica; MeOH:dichloromethane,
0% ~ 10%). Percent yield: 81%. 1H NMR (400 MHz, CDCl3) δ 7.30 (m, 1H), 7.09 (m, 3H), 4.49
(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, 19.0 Hz, 6H) LC/MS [M+H]= m/z 356.20

Preparation of 3,3-diethyl-5-(2-(4-(pyrimidin-2-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 3,3-diethyl-5-(4-(4phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2-bromoethyl)-3,3diethyldihydrofuran-2(3H)-one was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)butyl
4-methylbenzenesulfonate and 2-(piperazin-1-yl)pyrimidine for 1-phenylpiperazine. In addition
the crude product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~
10%). Percent yield: 94%. 1H NMR (400 MHz, CDCl3) δ 8.28 (d, J= 4.7 Hz, 2H), 6.46 (d, J= 4.8
Hz, 1H), 4.47 (m, 1H), 3.81 (t, J= 4.9 Hz, 4H), 2.52 (m, 6H), 2.13 (dd, J= 6.8, 13 Hz, 1H), 1.86 (m,
3H), 1.61 (m, 4H), 0.91 (dt J= 7.5, 20 Hz, 6H), LC/MS [M+H]= m/z 333.2
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Preparation of 3,3-diethyl-5-(2-(4-(pyrimidin-4-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 3,3-diethyl-5-(4-(4phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2-bromoethyl)-3,3diethyldihydrofuran-2(3H)-one was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)butyl
4-methylbenzenesulfonate and 4-(piperazin-1-yl)pyrimidine for 1-phenylpiperazine. In addition
the crude product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~
10%). Percent yield: 52%. 1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 8.13 (d, J= 6.2 Hz, 1H),
6.44 (dd, J= 1.0, 6.3 Hz, 1H), 4.42 (m, 1H), 3.62 (b, 4H), 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= 7.5, 20.0 Hz,
6H) LC/MS [M+H]= m/z 333.20

Preparation of 3,3-diethyl-5-(2-(4-(pyrazin-2-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one:
The title compound was prepared according to the procedure for 3,3-diethyl-5-(4-(4phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2-bromoethyl)-3,3diethyldihydrofuran-2(3H)-one was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)butyl
4-methylbenzenesulfonate and 2-(piperazin-1-yl)pyrazine for 1-phenylpiperazine. In addition the
crude product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%).
Percent yield: 86%. 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J= 1.4 Hz, 1H), 8.04 (dd, J= 1.6, 2.6
Hz, 1H), 7.83 (d, J= 2.6 Hz, 1H), 4.48 (m, 1H), 3.59 (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)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-

2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for 3,3diethyl-5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

4-(4,4-diethyl-5-

oxotetrahydrofuran-2-yl)butyl 4-methylbenzenesulfonate and 1-(2,4-dichlorophenyl)piperazine for
1-phenylpiperazine. Percent yield: 42%. 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J= 2.4 Hz, 1H),
7.25 (dd, J= 2.5, 8.5 Hz, 1H), 7.01 (d, J= 8.5 Hz, 1H), 4.46 (m, 1H), 3.76 (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, 1H), 1.86 (dd, J= 9.3,
13.1 Hz, 1H) 1.64 (q, J= 7.3 Hz, 4H), 0.93 (dt, J= 7.4, 18.2 Hz, 6H) LC/MS [M+H]= m/z 399.10

Preparation

of

5-(2-(4-(3,5-dichlorophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-

2(3H)-onetrifluoroacetate: The title compound was prepared according to the procedure for 3,3diethyl-5-(4-(4-phenylpiperazin-1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 5-(2bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

4-(4,4-diethyl-5-

oxotetrahydrofuran-2-yl)butyl 4-methylbenzenesulfonate and 1-(3,5-dichlorophenyl)piperazine for
1-phenylpiperazine. Percent yield: 59%. 1H NMR (400 MHz, CDCl3) δ 6.93 (t, J= 1.6 Hz, 1H),
6.77 (d, J= 1.7 Hz, 2H), 4.44 (m, 1H), 4.00-2.60 (b, 10H), 2.27 (m, 1H), 2.21 (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 Ramanjulu

Preparation of 3,3-dimethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one: The
title compound was prepared according to the procedure for 3,3-diethyl-5-(4-(4-phenylpiperazin1-yl)butyl)dihydrofuran-2(3H)-one trifluoroacetate, except 2-(4,4-dimethyl-5-oxotetrahydrofuran2-yl)ethyl 4-methylbenzenesulfonate was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2yl)butyl 4-methylbenzenesulfonate and the crude product was purified by flash chromatography
(silica; MeOH:dichloromethane, 0% ~ 10%). 1H NMR (400 MHz, CDCl3) δ 7.32 (m, 2H), 6.99
(d, J= 7.9 Hz, 2H), 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

Preparation of 3-(2-(4-phenylpiperazin-1-yl)ethyl)-2-oxaspiro[4.5]decan-1-one: The title
compound was prepared according to the procedure for 3,3-diethyl-5-(4-(4-phenylpiperazin-1yl)butyl)dihydrofuran-2(3H)-one

trifluoroacetate,

except

2-(1-oxo-2-oxaspiro[4.5]decan-3-

yl)ethyl 4-methylbenzenesulfonate was substituted for 4-(4,4-diethyl-5-oxotetrahydrofuran-2yl)butyl 4-methylbenzenesulfonate and the crude product was purified by flash chromatography
(silica; MeOH:dichloromethane, 0% ~ 10%). 1H NMR (400 MHz, CDCl3) δ 7.27 (t, J = 7.3 Hz,
2H), 6.93 (d, J = 8.2 Hz, 2H), 6.85 (t, J = 7.3 Hz, 1H), 4.50 (m, 1H), 3.21 (t, J = 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 7-(2-(4-phenylpiperazin-1-yl)ethyl)-6-oxaspiro[3.4]octan-5-one: In a microwave
vial prepared a solution of 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate (50
mg, 0.2 mmol, 1 eq.) and 1-phenylpiperazine (50.5 mg, 3.10 mmol, 2.1 eq.) in acetonitrile (2 mL).
Microwaved solution at 120OC for 1 hour. 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%).
Percent yield: 96%. 1H NMR (400 MHz, CDCl3) δ 7.27 (m, 2H), 6.94 (d, J = 8.3 Hz, 2H), 6.86 (t,
J = 7.2 Hz, 1H), 4.45 (m, 1H), 3.21 (t, J = 4.8 Hz, 4H) 2.69-2.37 (m, 9H), 2.20-1.95 (m, 5H), 1.951.76 (m, 2H) LC/MS [M+H]= m/z 315.2

Preparation of 3-(2-(4-phenylpiperazin-1-yl)ethyl)-2-oxaspiro[4.4]nonan-1-one: The title
compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1-yl)ethyl)-6oxaspiro[3.4]octan-5-one,
methylbenzenesulfonate

was

except

2-(1-oxo-2-oxaspiro[4.4]nonan-3-yl)ethyl

4-

substituted

for

4-

2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl

methylbenzenesulfonate. Percent yield: 52%. 1H NMR (400 MHz, CDCl3) δ 7.19 (t, J= 7.8 Hz,
2H), 6.85 (d, J= 8.5 Hz, 2H), 6.78 (t, J = 7.3 Hz, 1H), 4.41 (m, 1H), 3.13 (t, J = 5.0 Hz, 4H) 2.622.40 (m, 6H), 2.17 (dd, J= 5.9, 12.6 Hz, 1H), 2.11 (m, 1H), 1.93-1.46 (m, 10H) LC/MS [M+H]=
m/z 329.2
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Preparation of 3,3-diethyl-5-((4-phenylpiperazin-1-yl)methyl)dihydrofuran-2(3H)-one: The
title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1-yl)ethyl)6-oxaspiro[3.4]octan-5-one,

except

3,3-diethyl-5-(iodomethyl)dihydrofuran-2(3H)-one

was

substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate. Percent yield:
66%. 1H NMR (400 MHz, CDCl3) δ 7.28 (t, J= 8.1 Hz, 2H), 6.94 (d, J= 8.4 Hz, 2H), 6.87 (t, J =
7.4 Hz, 1H), 4.62 (m, 1H), 3.22 (t, J = 5.0 Hz, 4H) 2.84-2.76 (m, 2H), 2.75-2.67 (m, 3H), 2.67-2.59
(m, 1H), 2.10 (dd, J= 6.9, 13.0 Hz, 1H), 1.95 (dd, J= 9.6, 13.1 Hz, 1H), 1.65 (qd, J= 2.5, 7.5 Hz,
4H), 0.96 (dt, J= 7.5, 19.3 Hz, 6H) LC/MS [M+H]= m/z 317.2

Preparation of 5-(2-(4-(3-chlorophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1yl)ethyl)-6-oxaspiro[3.4]octan-5-one, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate and 1(3-chlorophenyl)piperazine for 1-phenylpiperazine. Percent yield: 89%. 1H NMR (400 MHz,
CDCl3) δ 7.04 (t, J= 8.1 Hz, 1H), 6.75 (d, J= 2.1 Hz, 1H), 6.67 (td, J = 1.8, 8.2 Hz, 2H), 4.37 (m,
1H), 3.08 (t, J = 5.0 Hz, 4H) 2.55-2.35 (m, 6H), 2.02 (dd, J= 6.8, 13.0 Hz, 1H), 1.84-1.64 (m, 3H),
1.56-1.46 (m, 4H), 0.81 (dt, J= 7.5, 19.0 Hz, 6H) LC/MS [M+H]= m/z 365.2
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Preparation of 5-(2-(4-(4-chlorophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1yl)ethyl)-6-oxaspiro[3.4]octan-5-one, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate and 1(4-chlorophenyl)piperazine for 1-phenylpiperazine. Percent yield: 83%. 1H NMR (400 MHz,
CDCl3) δ 7.20 (d, J= 9.0 Hz, 2H), 6.84 (d, J= 9.0 Hz, 2H), 4.49 (m, 1H), 3.17 (t, J = 5.0 Hz, 4H)
2.68-2.48 (m, 6H), 2.15 (dd, J= 6.9, 12.8 Hz, 1H), 1.96-1.77 (m, 3H), 1.70-1.56 (m, 4H), 0.94 (dt,
J= 7.5, 19.2 Hz, 6H) LC/MS [M+H]= m/z 365.2

Preparation

of

3,3-diethyl-5-(2-(4-(4-(trifluoromethyl)phenyl)piperazin-1-

yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
7-(2-(4-phenylpiperazin-1-yl)ethyl)-6-oxaspiro[3.4]octan-5-one,

except

5-(2-bromoethyl)-3,3-

diethyldihydrofuran-2(3H)-one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4methylbenzenesulfonate and 1-(4-(trifluoromethyl)phenyl)piperazine for 1-phenylpiperazine.
Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J= 8.6 Hz, 2H), 6.93 (d, J= 8.6 Hz,
2H), 4.50 (m, 1H), 3.29 (t, J = 5.0 Hz, 4H) 2.69-2.48 (m, 6H), 2.15 (dd, J= 6.8, 13.1 Hz, 1H), 1.981.78 (m, 3H), 1.69-1.58 (m, 4H), 0.94 (dt, J= 7.5, 19.0 Hz, 6H) LC/MS [M+H]= m/z 399.2

Preparation of 3,3-diethyl-5-(2-(4-(2-nitrophenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1199

yl)ethyl)-6-oxaspiro[3.4]octan-5-one, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate and 1(2-nitrophenyl)piperazine for 1-phenylpiperazine. Percent yield: 68%. 1H NMR (400 MHz,
CDCl3) δ 7.69 (dd, J= 1.5, 8.2 Hz, 1H), 7.43 (m, 1H), 7.10 (dd, J= 1.0, 8.3 Hz, 1H), 6.99 (m, 1H),
4.44 (m, 1H), 3.03 (t, J = 5.0 Hz, 4H) 2.63-2.41 (m, 6H), 2.11 (dd, J= 6.9, 13.1 Hz, 1H), 1.90-1.72
(m, 3H), 1.58 (quin, J= 7.2 Hz, 4H), 0.88 (dt, J= 7.5, 19.8 Hz, 6H) LC/MS [M+H]= m/z 376.2

Preparation of 3,3-diethyl-5-(2-(4-(3-nitrophenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1yl)ethyl)-6-oxaspiro[3.4]octan-5-one, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate and 1(3-nitrophenyl)piperazine for 1-phenylpiperazine. Percent yield: 78%. 1H NMR (400 MHz,
CDCl3) δ 7.62 (d, J= 2.4 Hz, 1H), 7.56 (dd, J= 1.9, 8.0 Hz, 1H), 7.31 (t, J= 8.2 Hz, 1H), 7.13 (dd,
J= 2.5, 8.3 Hz, 1H), 4.46 (m, 1H), 3.23 (t, J = 5.0 Hz, 4H) 2.65-2.36 (m, 6H), 2.11 (dd, J= 6.6, 13.0
Hz, 1H), 1.90-1.73 (m, 3H), 1.66-1.48 (m, 4H), 0.88 (dt, J= 7.5, 17.8 Hz, 6H) LC/MS [M+H]= m/z
376.2

Preparation of 3,3-diethyl-5-(2-(4-(pyridin-3-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one:
The title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1yl)ethyl)-6-oxaspiro[3.4]octan-5-one, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate and 1200

(pyridin-3-yl)piperazine for 1-phenylpiperazine. Percent yield: 44%. 1H NMR (400 MHz, CDCl3)
δ 8.31 (b, 1H), 8.10 (b, 1H), 7.17 (m, 2H), 4.49 (m, 1H), 3.23 (t, J = 5.3 Hz, 4H) 2.68-2.48 (m, 6H),
2.14 (dd, J= 6.7, 13.0 Hz, 1H), 1.95-1.78 (m, 3H), 1.69-1.57 (m, 4H), 0.93 (dt, J= 7.5, 19.1 Hz, 6H)
LC/MS [M+H]= m/z 332.2

Preparation of 3,3-diethyl-5-(2-(4-(pyridin-4-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one:
The title compound was prepared according to the procedure for 7-(2-(4-phenylpiperazin-1yl)ethyl)-6-oxaspiro[3.4]octan-5-one, except 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4-methylbenzenesulfonate and 1(pyridin-4-yl)piperazine for 1-phenylpiperazine. Percent yield: 37%. 1H NMR (400 MHz, CDCl3)
δ 8.27 (d, J= 5.7 Hz, 2H), 6.67 (d, J= 5.9 Hz, 2H), 4.50 (m, 1H), 3.35 (t, J = 5.2 Hz, 4H) 2.68-2.46
(m, 6H), 2.15 (dd, J= 6.6, 13.0 Hz, 1H), 1.95-1.77 (m, 3H), 1.69-1.57 (m, 4H), 0.93 (dt, J= 7.5,
19.3 Hz, 6H) LC/MS [M+H]= m/z 332.2

Preparation of 5-(2-(4-(2,6-diisopropylphenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one formate: The title compound was prepared according to the procedure for 7-(2-(4phenylpiperazin-1-yl)ethyl)-6-oxaspiro[3.4]octan-5-one,

except

5-(2-bromoethyl)-3,3-

diethyldihydrofuran-2(3H)-one was substituted for 2-(5-oxo-6-oxaspiro[3.4]octan-7-yl)ethyl 4methylbenzenesulfonate and 1-(2,6-diisopropylphenyl)piperazine for 1-phenylpiperazine. In
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addition, the crude product was purified by HPLC (CH3CN/H2O, 0.1% Formic acid), 0%~100%)
Percent yield: 63%. 1H NMR (400 MHz, CDCl3) δ 7.19 (dd, J= 6.8, 8.4 Hz, 1H), 7.10 (d, J= 7.0
Hz, 2H), 4.49 (m, 1H), 3.48-3.27 (m, 6H) 3.07-2.86 (m, 6H), 2.27 (m, 1H), 2.21 (dd, J= 6.8, 13.3
Hz, 1H), 2.02 (m, 1H), 1.87 (dd, J= 9.3, 13.0 Hz, 1H), 1.69-1.58 (m, 4H), 1.21 (d, J= 6.7 Hz, 12H),
0.93 (dt, J= 7.6, 19.7 Hz, 6H) LC/MS [M+H]= m/z 415.2

Preparation of 5-(2-(4-(2-aminophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one: To a RBF containing 10% Pd/C (76 mg, 40% wt) was added a solution of 3,3-diethyl-5-(2-(4(2-nitrophenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one (95 mg, 0.253 mmol, 1 eq.) in MeOH
(0.840 mL). System was put under H2 atmosphere (1 atm) using a balloon. Reaction mixture was
allowed to stir at RT under N2 atmosphere for 3 hours. Mixture was filtered through a plug of Celite
and the filter cake washed with MeOH. The filtrate was concentrated under reduced pressure and
the crude product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~
10%). Percent yield: 49%. 1H NMR (400 MHz, CDCl3) δ 7.02 (dd, J= 1.6, 8.2 Hz, 1H), 6.94 (m,
1H), 6.78-6.71 (m, 2H), 4.50 (m, 1H), 4.12-3.81 (b, 2H), 2.95 (t, J= 4.9 Hz, 4H), 2.73-2.41 (m, 6H),
2.16 (dd, J= 6.8, 13.0 Hz, 1H), 1.98-1.78 (m, 3H), 1.71-1.59 (m, 4H), 0.95 (dt, J= 7.5, 21.0 Hz, 6H)
LC/MS [M+H]= m/z 346.2

Preparation of 5-(2-(4-(3-aminophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one: The title compound was prepared according to the procedure for 5-(2-(4-(2202

aminophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one, except 3,3-diethyl-5-(2(4-(3-nitrophenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one was substituted for 3,3-diethyl-5(2-(4-(2-nitrophenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one. Percent yield: 55%. 1H NMR
(400 MHz, CDCl3) δ 6.96 (t, J= 7.9 Hz, 1H), 6.28 (dd, J= 2.2, 8.1 Hz, 1H), 6.17 (t, J= 2.1 Hz, 1H),
6.14 (dd, J= 2.0, 7.7 Hz, 1H), 4.41 (m, 1H), 3.78-3.28 (b, 2H), 3.09 (t, J= 5.0 Hz, 4H), 2.57-2.39
(m, 6H), 2.06 (dd, J= 6.8, 12.9 Hz, 1H), 1.89-1.70 (m, 3H), 1.61-1.50 (m, 4H), 0.85 (dt, J= 7.5,
19.4 Hz, 6H) LC/MS [M+H]= m/z 346.2
The following 16 compounds were prepared by Dr. Rong Gao.

Preparation

of

2-(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-

yl)benzonitrile: 2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate (0.102
g, 0.3mmol, 1.0 equiv) was treated with 2-piperazin-1-yl-benzonitrile (168.3 mg, 0.9 mmol, 3.0
equiv) in dry tetrahydrofuran and refluxed for 72 hours. The tetrahydrofuran was evaporated under
reduced pressure, the residue dissolved in dichloromethane, washed with H2O, and brine, then dried
over MgSO4 and concentrated in vacuo to give a crude product which was purified by flash
chromatography (silica gel; 2 % ~ 8 % MeOH in dichloromethane) to afford pure product. The
purified product was then dissolved in ether and treated with HCl solution (2.0 M in diethyl ether)
to afford the hydrochloride salt which was recrystallized with isopropanol or a MeOH/Ether
mixture. 1H NMR (400 MHz, CDCl3) δ 7.62 – 7.42 (m, 2H), 7.01 (dd, J = 7.8, 5.0 Hz, 2H), 4.48
(dq, J = 9.2, 6.7 Hz, 1H), 3.35 – 3.17 (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, 6H); 13C NMR (101 MHz, CDCl3) δ
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, M+H+): 356.2
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Preparation

of

3,3-diethyl-5-(2-(4-(4-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran-

2(3H)-one: The title compound was prepared according to the procedure for 2-(4-(2-(4,4-diethyl5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

1-(4-Methoxy-phenyl)-

piperazinewas substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, CDCl3) δ 6.95 –
6.75 (m, 4H), 4.48 (ddd, J = 19.8, 8.4, 6.4 Hz, 1H), 3.76 (s, 3H), 3.14 – 2.99 (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 – 0.88 (m,
6H); 13C NMR (101 MHz, CDCl3) δ 180.90, 153.93, 145.74, 118.29, 114.53, 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, M+H+): 361.2

Preparation of 3,3-diethyl-5-(2-(4-(4-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one dihydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile, except 4-piperazin-1-ylphenol was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, D2O) δ 7.16 (d, J =
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), 1.77 – 1.50 (m,
4H), 0.90 (dt, J = 7.5, 12.5, 6H); 13C NMR (101 MHz, D2O) δ 187.92, 155.62, 143.21, 123.52,
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 C20H32Cl2N2O3: C, 57.28; H, 7.69; N, 6.68; Found: C, 57.53; H,
7.74; N, 6.62
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Preparation of

3,3-diethyl-5-(2-(4-(4-nitrophenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-

one hydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2-(4,4diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile, except 1-(4-Nitro-phenyl)piperazine was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, MeOH) δ 8.15
(d, J = 9.3, 2H), 7.11 (d, J = 9.4, 2H), 4.59 (dd, J = 3.6, 6.5, 1H), 4.37 – 3.08 (m, 10H), 2.36 – 2.21
(m, 2H), 2.21 – 2.08 (m, 1H), 1.95 (dd, J = 9.4, 13.2, 1H), 1.75 – 1.52 (m, 4H), 0.94 (dt, J = 7.5,
13.2, 6H);13C NMR (101 MHz, MeOH) δ 183.19, 156.05, 141.97, 127.53, 116.10, 77.01, 55.81,
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

Preparation

of

3,3-diethyl-5-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran-

2(3H)-one dihydrocholoride: The title compound was prepared according to the procedure for 2(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

methoxy-phenyl)-piperazine was substituted for 2-piperazin-1-yl-benzonitrile:

1

1-(2-

H NMR (400

MHz, D2O) δ 7.06 (ddd, J = 7.8, 7.2, 1.5 Hz, 2H), 6.96 (dd, J = 8.1, 1.3 Hz, 1H), 6.93 – 6.82 (m,
1H), 4.50 (dt, J = 9.2, 7.5 Hz, 1H), 3.80 (s, 3H), 3.72 – 3.22 (m, 10H), 2.28 – 2.10 (m, 2H), 2.10 –
1.96 (m, 1H), 1.86 (dd, J = 13.3, 9.4 Hz, 1H), 1.68 – 1.42 (m, 4H), 1.00 – 0.75 (m, 6H); 13C NMR
(101 MHz, D2O) δ 182.35, 153.90, 138.69, 126.90, 122.35, 120.49, 113.32, 76.15, 56.21, 54.97,
53.20, 49.93, 49.35, 38.35, 31.74, 30.05, 29.19, 9.00, 8.91; MS (LC/MS, M+H+): 361.2; Anal.
Calcd for C21H34Cl2N2O3: C, 58.20; H, 7.91; N, 6.46; Found: C, 58.05; H, 7.95; N, 6.39.
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Preparation of 4-(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile
hydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2-(4,4diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

4-piperazin-1-yl-

benzonitrile was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, MeOD) δ 7.69
– 7.54 (m, 2H), 7.23 – 7.02 (m, 2H), 4.59 (ddd, J = 15.8, 9.3, 3.7 Hz, 1H), 4.31 – 3.30 (m, 10H),
2.36 – 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 = 13.3, 7.5 Hz, 6H); 13C NMR (101 MHz, MeOD) δ 182.32, 153.74, 134.73,
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 C21H30ClN3O2: C, 64.35; H, 7.72; N, 10.72; Found:
C, 64.46; H, 7.65; N, 10.65.

Preparation of 3,3-diethyl-5-(2-(4-(2-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one dihydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile, except 2-piperazin-1-ylphenol was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, D2O) δ 7.35 – 7.16
(m, 2H), 7.00 (m, 2H), 4.74 – 4.65 (m, 1H), 3.91 – 3.34 (m, 10H), 2.40 – 2.10 (m, 3H), 1.99 (dd, J
= 13.5, 9.4 Hz, 1H), 1.72 – 1.48 (m, 4H), 0.87 (dt, J = 13.0, 7.5 Hz, 6H); 13C NMR (101 MHz, D2O)
δ 185.26, 149.63, 133.87, 128.39, 121.34, 120.76, 116.89, 76.88, 53.96, 51.49, 49.77, 48.95, 36.75,
30.19, 29.27, 28.04, 8.37, 8.24; MS (LC/MS, M+H+): 347.2; Anal. Calcd for C20H32Cl2N2O3: C,
57.28; H, 7.69; N, 6.68; Found: C, 57.37; H, 7.64; N, 6.59.
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Preparation

of

3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

dihydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2-(4,4diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

1-phenyl-

piperazinewas substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, D2O) δ 7.43 (m,
2H), 7.27 – 7.13 (m, 3H), 4.69 (m, 1H), 4.11 – 3.09 (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, 6H);

C NMR (101 MHz, D2O) δ
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187.92, 150.20, 132.89, 127.03, 121.14, 79.53, 56.52, 54.13, 52.41, 50.87, 39.37, 32.81, 31.91,
30.68, 11.00, 10.87; MS (LC/MS, M+H+): 331.2; Anal. Calcd for C20H32Cl2N2O2: C, 59.55; H,
8.00; N, 6.94; Found: C, 59.62; H, 8.11; N, 6.90

Preparation of 5-(2-(4-(4-aminophenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one dihydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile, except 4-piperazin-1-ylphenylamine was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, MeOD) δ 7.31
(d, J = 9.0 Hz, 2H), 7.16 (d, J = 9.0 Hz, 2H), 4.58 (ddd, J = 15.9, 9.3, 3.8 Hz, 1H), 4.06 – 3.30 (m,
10H), 2.38 – 2.06 (m, 3H), 1.95 (dd, J = 13.3, 9.4 Hz, 1H), 1.78 – 1.50 (m, 4H), 0.94 (dt, J = 13.4,
7.5 Hz, 6H); 13C NMR (101 MHz, MeOD) δ 182.43, 151.41, 124.89, 124.66, 118.73, 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, M+H+): 346.2

Preparation

of

3,3-diethyl-5-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

dihydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2-(4,4diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile, except 1-p-tolyl-piperazine
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was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, MeOD) δ 7.25 – 7.13 (m,
4H), 4.62 – 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, 7.5 Hz, 6H); 13C NMR (101 MHz, MeOD) δ 182.36, 144.75,
136.86, 131.47, 119.95, 76.10, 54.89, 52.04, 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 C21H34Cl2N2O2: C, 60.43; H, 8.21; N, 6.71;
Found: C, 60.33; H, 8.20; N, 6.61

Preparation

of

3,3-diethyl-5-(2-(4-(3-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran-

2(3H)-one dihydrocholoride: The title compound was prepared according to the procedure for 2(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

1-(3-

methoxy-phenyl)-piperazine was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400
MHz, DMSO) δ 7.16 (t, J = 8.2 Hz, 1H), 6.65 – 6.35 (m, 3H), 4.54 (s, 1H), 3.82 (d, J = 8.9 Hz,
3H), 3.57 (s, 2H), 3.16 (dd, J = 27.5, 16.8 Hz, 6H), 2.28 – 2.04 (m, 3H), 1.82 (dd, J = 13.1, 9.4 Hz,
1H), 1.64 – 1.44 (m, 4H), 0.85 (dt, J = 10.2, 7.5 Hz, 6H); 13C NMR (101 MHz, MeOD) δ 182.37,
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 C21H34Cl2N2O3: C, 58.20; H, 7.91; N, 6.46; Found: C,
58.24; H, 7.93; N, 6.46

Preparation

of

3,3-diethyl-5-(2-(4-(3-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran-

2(3H)-one dihydrocholoride: The title compound was prepared according to the procedure for 2(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,
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except

3-

piperazin-1-yl-phenol was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz,
DMSO) δ 6.93 (t, J = 8.1, 1H), 6.33 (d, J = 8.2, 1H), 6.27 (s, 1H), 6.21 (d, J = 7.9, 1H), 4.43 (s,
10H), 3.64 (s, 2H), 3.47 (s, 2H), 3.12 (s, 2H), 3.00 (d, J = 9.1, 4H), 2.16 – 1.92 (m, 3H), 1.78 – 1.67
(m, 1H), 1.44 (dd, J = 7.4, 23.5, 4H), 0.75 (dt, J = 7.4, 10.3, 6H); 13C NMR (101 MHz, MeOD) δ
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+H+): 347.2; Anal. Calcd for C20H32Cl2N2O3: C,
57.28; H, 7.69; N, 6.68; Found: C, 57.33; H, 7.76; N, 6.62.

Preparation of 3,3-diethyl-5-(2-(4-(pyridin-2-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one
dihydrocholoride: The title compound was prepared according to the procedure for 2-(4-(2-(4,4diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

1-pyridin-2-yl-

piperazine was substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400 MHz, D2O) δ 8.10 (ddd,
J = 9.1, 7.2, 1.8 Hz, 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), 4.31 – 3.26 (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, 6H); 13C NMR (101 MHz, D2O)
δ 187.89, 155.57, 147.93, 140.42, 117.97, 115.85, 79.49, 56.71, 53.74, 52.39, 46.15, 39.38, 32.77,
31.88, 30.66, 26.67, 10.99, 10.86; MS (LC/MS, M+H+): 332.2.

Preparation

of

5-(2-(4-(2,6-dimethylphenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-

2(3H)-one hydrocholoride: The title compound was prepared according to the procedure for 2-(4(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

dimethyl-phenyl)-piperazine was substituted for 2-piperazin-1-yl-benzonitrile:
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1

1-(2,6-

H NMR (400

MHz, MeOH) δ 6.99 (s, 3H), 4.59 (ddd, J = 16.1, 9.4, 3.8 Hz, 1H), 3.99 – 3.32 (m, 8H), 3.27 – 2.98
(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); 13C NMR (101 MHz, MeOH) δ 182.40, 147.75, 127.37, 76.24, 55.23, 54.81, 54.72, 49.92,
48.11, 38.34, 31.75, 30.05, 29.18, 9.01, 8.92; MS (LC/MS, M+H+): 359.3; Anal. Calcd for
C22H35ClN2O2: C, 66.90; H, 8.93; N, 7.09; Found: C, 66.76, H, 8.89, N, 7.01

Preparation of

3,3-diethyl-5-(2-(4-(2-isopropylphenyl)piperazin-1-yl)ethyl)dihydrofuran-

2(3H)-one hydrocholoride: The title compound was prepared according to the procedure for 2-(4(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

1-(2-

Isopropyl-phenyl)-piperazinewas substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400
MHz, DMSO) δ 7.30 (dd, J = 7.4, 1.6 Hz, 1H), 7.23 – 7.08 (m, 3H), 4.66 – 4.43 (m, 1H), 3.54 (t, J
= 9.6 Hz, 2H), 3.41 (dd, J = 13.7, 6.8 Hz, 1H), 3.33 – 3.12 (m, 6H), 3.02 (d, J = 10.7 Hz, 2H), 2.31
– 2.03 (m, 3H), 1.83 (dd, J = 13.2, 9.3 Hz, 1H), 1.69 – 1.34 (m, 4H), 1.16 (d, J = 6.9 Hz, 6H), 0.85
(dt, J = 10.6, 7.5 Hz, 6H); 13C NMR (101 MHz, DMSO) δ 179.77, 148.90, 143.85, 126.51, 125.20,
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

Preparation of

5-(2-(4-(2,4-dimethylphenyl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran-

2(3H)-one hydrocholoride: The title compound was prepared according to the procedure for 2-(4(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-yl)benzonitrile,

except

1-(2,4-

Dimethyl-phenyl)-piperazinewas substituted for 2-piperazin-1-yl-benzonitrile: 1H NMR (400
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MHz, DMSO) δ 7.11 – 6.75 (m, 3H), 4.55 (dt, J = 11.8, 8.4 Hz, 1H), 3.53 (m, 2H), 3.33 – 3.02 (m,
8H), 2.31 – 2.07 (m, 9H), 1.83 (dd, J = 13.2, 9.3 Hz, 1H), 1.67 – 1.39 (m, 4H), 0.85 (dt, J = 10.6,
7.5 Hz, 6H);

C NMR (101 MHz, DMSO) δ 179.75, 147.31, 132.64, 131.80, 131.62, 127.05,
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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 for Alternate Arylamine Series

Preparation of 5-bromo-1-(triisopropylsilyl)-1H-indole: This reaction was performed in ovendried glassware under a nitrogen atmosphere. To a RBF containing 5-bromo-1H-indole (1.0 g, 5.1
mmol, 1.0 eq.) was added anhydrous THF (12mL) and the resulting solution was cooled to -78 oC.
At -78 oC, 1M LiHMDS solution in THF (5.61 mL, 5.61 mmol, 1.1 eq.) was added dropwise.
Following, TIPSCl (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 RT was reached, the reaction was quenched with sat. NH4Cl (aq.)
solution and washed with ethyl acetate (20 mL). The organic layer was separated and the aqueous
layer was extracted with ethyl acetate (2 x 10 mL). The combined organic layers were dried over
Na2SO4 and concentrated in vacuo to give a crude residue that was further purified by column
chromatography (hexanes, 100%). Percent yield: 95%. 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J=
2.0 Hz, 1H), 7.38 (d, J= 8.8 Hz, 1H), 7.27-7.19 (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).

Preparation of tert-butyl 4-(1-(triisopropylsilyl)-1H-indol-5-yl)piperazine-1-carboxylate: This
reaction was performed in oven-dried glassware under a nitrogen atmosphere. To a solution of 1211

boc-piperazine (1.37 g, 7.35 mmol, 1.0 eq.) and 5-bromo-1-(triisopropylsilyl)-1H-indole (2.59 g,
7.35 mmol, 1.0 eq.) in xylenes (23.5 mL) was added the following in this order: PdCl2[P(o-tol)3]2
(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 110 oC overnight, under a sweep of N2. The reaction mixture was cooled to
RT and then filtered through a plug of Celite. The collected filtrate was concentrated in vacuo to
give a crude residue that was further purified by column chromatography (hexanes/ethyl acetate,
5%, the 5%-30%). Percent yield: 72%. 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J= 8.9 Hz, 1H), 7.14
(d, J= 2.8 Hz, 1H), 7.10-7.00 (b, 1H), 6.89-6.73 (b, 1H), 6.47 (d, J= 2.8 Hz, 1H), 3.55 (b, 4H), 3.03
(b, 4H), 1.60 (sept, J= 7.5 Hz, 3H), 1.42 (s, 9H), 1.06 (d, J= 7.5 Hz, 18H); MS (LC/MS, M+H+):
m/z 458.2

Preparation of tert-butyl 4-(1H-indol-5-yl)piperazine-1-carboxylate: To a solution of tert-butyl
4-(1-(triisopropylsilyl)-1H-indol-5-yl)piperazine-1-carboxylate (2.39 g, 5.22 mmol, 1.0 eq.) in
THF (45 mL) was added 1M TBAF solution in THF (34 mL, 34.2 mmol, 6.55 eq.). The resulting
solution was allowed to stir at RT overnight. The reaction solution was concentrated in vacuo and
the resuspended in diethyl ether. The resulting mixture was washed with sat. NaHCO3 (aq.) and the
organic layer was separated. The aqueous layer was back-extracted with diethyl ether (2 x 10 mL).
The combined organic layers were dried over Na2SO4 and concentrated in vacuo to give a crude
residue that was further purified by column chromatography (hexanes/ethyl acetate, 30%). Percent
yield: 94%. 1H NMR (400 MHz, CDCl3) δ 8.02 (b, 1H), 7.24 (d, J= 8.9 Hz, 1H), 7.13-7.07 (m, 2H),
6.89 (dd, J= 2.2, 8.8 Hz, 1H), 6.40 (m, 1H), 3.54 (t, J= 5.0 Hz, 4H), 3.00 (t, J= 4.9 Hz, 4H), 1.42
(s, 9H); MS (LC/MS, M+H+): m/z 302.2
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Preparation of 5-(piperazin-1-yl)-1H-indole dihydrochloride: To a solution of tert-butyl 4-(1Hindol-5-yl)piperazine-1-carboxylate (1.47 g, 4.87 mmol, 1 eq.) in MeOH (3.66 mL) at 0 oC was
added 1M methanolic HCl (11 mL). The reaction was allowed to stir at RT overnight before

being diluted with MeOH and concentrated in vacuo to afford the product as a di-HCl salt.
Percent yield: 93%. MS (LC/MS, M+H+): m/z 202.2

Preparation of tert-butyl 4-(3,4-diaminophenyl)piperazine-1-carboxylate: To a RBF containing
10% Pd/C (0.4 g, 40% wt) was added a solution of tert-butyl 4-(3-amino-4-nitrophenyl)piperazine1-carboxylate (1.0 g, 3.10 mmol, 1 eq., provided by Mercy Ramanjulu) in MeOH (400 mL).
System was put under H2 atmosphere (1 atm) using a balloon. Reaction mixture was allowed to stir
at RT under N2 atmosphere for 3 hours. Mixture was filtered through a plug of Celite and the filter
cake washed with MeOH. The filtrate was concentrated under reduced pressure and the crude
product was used in the next step without further purification. Percent yield: ~100%. 1H NMR (400
MHz, CDCl3) δ 6.57 (d, J= 8.3 Hz, 1H), 6.30 (d, J= 2.4 Hz, 1H), 6.25 (dd, J= 2.6, 8.3 Hz, 1H), 3.48
(t, J= 5.4 Hz, 4H), 2.89 (t, J= 4.9 Hz, 4H), 1.40 (s, 9H). MS (LC/MS, M+H+): m/z 293.2

Preparation of 5-(piperazin-1-yl)-2-(trifluoromethyl)-1H-benzo[d]imidazole: To a RBF was
added tert-butyl 4-(3,4-diaminophenyl)piperazine-1-carboxylate (0.5 g, 1.71 mmol, 1 eq.) and
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trifluoroacetic acid (10.5 mL). The resulting solution was stirred at 70OC 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. NaHCO3 (aq.). The aq. layer was backwashed 3x20 mL ethyl
acetate. The combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo
to give a crude product that was used in the next step without further purification. Percent yield:
63%. 1H NMR (400 MHz, MeOD) δ 7.50 (d, J= 8.9 Hz, 1H), 7.09 (dd, J= 2.2, 8.9 Hz, 1H), 7.04 (d,
J= 2.2 Hz, 1H), 3.20-3.14 (m, 4H), 3.11-3.05 (m, 4H). MS (LC/MS, M+H+): m/z 271.2

Preparation of 2-methyl-5-(piperazin-1-yl)-1H-benzo[d]imidazole: To a RBF was added tertbutyl 4-(3,4-diaminophenyl)piperazine-1-carboxylate (0.34 g, 1.16 mmol, 1 eq.) and acetic acid
(7.2 mL). The resulting solution was stirred at 70OC overnight. Following, acetic acid was removed
under reduced pressure. The crude intermediate was dissolved in MeOH (7.5 mL), then conc. HCl
(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 with sat. NaHCO3 (aq.). The aq. layer was backwashed 3x20 mL ethyl acetate. The
combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo to give a crude
product that was used in the next step without further purification. Percent yield: 16%. 1H NMR
(400 MHz, MeOD) δ 7.38 (d, J= 8.8 Hz, 1H), 7.05 (d, J= 2.0 Hz, 1H), 6.97 (dd, J= 2.1, 8.6 Hz,
1H), 3.14-3.07 (m, 4H), 3.05-2.96 (m, 4H), 2.53 (s, 3H). MS (LC/MS, M+H+): m/z 217.2
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Preparation

of

3,3-diethyl-5-(2-(4-(2-methyl-1H-benzo[d]imidazol-5-yl)piperazin-1-

yl)ethyl)dihydrofuran-2(3H)-one: In a microwave vial prepared a solution of 2-(4,4-diethyl-5oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate (150 mg, 0.441 mmol, 1 eq.) and 2methyl-5-(piperazin-1-yl)-1H-benzo[d]imidazole

(145

mg,

0.661

mmol,

1.5

eq.)

in

dimethylacetamide (6 mL). Added triethylamine (200 mg, 1.98 mmol, 4.5 eq.) and microwaved
solution at 120OC for 2 hour. The resulting mixture was then filtered and the filter cake washed
with DCM. The filtrate was concentrated under reduced pressure and the crude product was purified
by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield: 7%. 1H NMR
(400 MHz, CDCl3) δ 7.35 (d, J = 8.8, 1H), 6.95 (s, 1H), 6.86 (dd, J= 2.3, 8.7 1H), 4.42 (m, 1H),
3.10 (m, 4H), 2.61-2.42 (m, 9H), 2.07 (dd, J=6.6, 12.9, 1H), 1.80 (m, 3H), 1.56 (m, 4H), 0.86 (dt,
J= 7.3, 19.5, 6H) LC/MS [M+H]= m/z 385.1

Preparation of 3,3-diethyl-5-(2-(4-(2-(trifluoromethyl)-1H-benzo[d]imidazol-5-yl)piperazin-1yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(4-(2-methyl-1H-benzo[d]imidazol-5-yl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one, expect 5-(piperazin-1-yl)-2-(trifluoromethyl)-1H-benzo[d]imidazole was substituted
for 2-methyl-5-(piperazin-1-yl)-1H-benzo[d]imidazole. Percent yield: 21%. 1H NMR (400 MHz,
CDCl3) δ 7.59 (b, 1H), 7.02 (b, 1H), 6.85 (b, 1H), 4.43 (m, 1H), 3.11 (m, 4H), 2.61-2.39 (m, 6H),
2.08 (dd, J=6.9, 13.0, 1H), 1.79 (m, 3H), 1.56 (m, 4H), 0.85 (dt, J= 7.6, 19.5, 6H) LC/MS [M+H]=
m/z 439.2
The following three compounds were prepared by Mercy Ramanjulu

215

Preparation of 3-(2-(4-(1H-indol-5-yl)piperazin-1-yl)ethyl)-2-oxaspiro[4.5]decan-1-one: The
title compound was prepared according to the procedure for 3,3-diethyl-5-(2-(4-(2-methyl-1Hbenzo[d]imidazol-5-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one,

expect

2-(1-oxo-2-

oxaspiro[4.5]decan-3-yl)ethyl 4-methylbenzenesulfonate was substituted for 2-(4,4-diethyl-5oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate and 5-(piperazin-1-yl)-1H-indole for 2methyl-5-(piperazin-1-yl)-1H-benzo[d]imidazole. 1H NMR (400 MHz, CDCl3) δ 8.34 (s, 1H),
8.11 (s, 1H), 7.31 (d, J = 8.7 Hz, 1H), 7.19 (d, J = 2.4 Hz, 2H), 6.94 (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

Preparation of 5-(4-(2-(1-oxo-2-oxaspiro[4.5]decan-3-yl)ethyl)piperazin-1-yl)-1,3-dihydro2H-benzo[d]imidazol-2-one: The title compound was prepared according to the procedure for 3,3diethyl-5-(2-(4-(2-methyl-1H-benzo[d]imidazol-5-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one, expect 2-(1-oxo-2-oxaspiro[4.5]decan-3-yl)ethyl 4-methylbenzenesulfonate was substituted
for 2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate and 5-(piperazin-1yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one

for

2-methyl-5-(piperazin-1-yl)-1H-

benzo[d]imidazole. 1H NMR (400 MHz, MeOD) δ 6.84 (m, 1H), 6.68-6.62 (m, 2H), 4.46 (m, 1H),
3.08 (b, 4H) 2.91-2.56 (m, 6H), 2.42 (dd, J= 6.2, 13.1 Hz, 1H), 1.99-1.80 (m, 2H), 1.75-1.49 (m,
5H), 1.49-1.33 (m, 3H), 1.33-1.11 (m, 3H) LC/MS [M+H]= m/z 399.2
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Preparation of 3-(2-(3,4-dihydroquinolin-1(2H)-yl)ethyl)-2-oxaspiro[4.5]decan-1-one: The title
compound was prepared according to the procedure for 3,3-diethyl-5-(2-(4-(2-methyl-1Hbenzo[d]imidazol-5-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one,

expect

2-(1-oxo-2-

oxaspiro[4.5]decan-3-yl)ethyl 4-methylbenzenesulfonate was substituted for 2-(4,4-diethyl-5oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate and 1,2,3,4-tetrahydroquinoline for 2methyl-5-(piperazin-1-yl)-1H-benzo[d]imidazole. 1H NMR (400 MHz, CDCl3) δ 7.07 (t, J= 7.8
Hz, 1H), 6.97 (d, J= 7.5 Hz, 1H), 6.63-6.56 (m, 2H), 4.49 (m, 1H), 3.57-3.47 (m, 1H) 3.47-3.37
(m, 1H), 3.31 (t, J= 5.4 Hz, 2H), 2.77 (t, J= 6.3 Hz, 2H), 2.40 (dd, J= 6.1, 12.6 Hz, 1H), 2.08-1.92
(m, 3H), 1.91-1.71 (m, 4H), 1.71-1.45 (m, 6H), 1.45-1.17 (m, 2H) LC/MS [M+H]= m/z 314.2

Preparation of 3,3-diethyl-5-(2-(4-(naphthalen-1-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one trifluoroacetate: To a small vial was added 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one (50 mg, 0.2 mmol, 1 eq.) and 1-(naphthalen-1-yl)piperazine (89 mg, 0.42 mmol, 2.1 eq.) then
both were dissolved in THF (4 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 reduced
pressure. Crude product was then purified by HPLC (CH3CN/H2O, 0.1% Trifluoroacetic acid),
0%~100%) to give desired product as a trifluoroacetic acid salt. Percent yield: 33%. 1H NMR (400
MHz, CDCl3) δ 8.07 (m, 1H), 7.88 (m, 1H), 7.66 (d, J= 8.2 Hz, 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), 3.81 (t, J= 9.3 Hz, 2H), 3.54-3.05 (m, 8H), 2.36 (m,
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1H), 2.25 (dd, J= 6.8, 13.3 Hz, 1H), 2.08 (m, 1H), 1.88 (dd, J= 9.3, 13.3 Hz, 1H), 1.65 (q, J= 7.5
Hz, 4H), 0.95 (dt, J= 7.4, 17.7 Hz, 6H) LC/MS [M+H]= m/z 381.2

Preparation of 5-(2-(4-(benzo[d]isoxazol-3-yl)piperazin-1-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one: The title compound was prepared according to the procedure for 3,3-diethyl-5-(2-(4(naphthalen-1-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate,

except

3-

(piperazin-1-yl)benzo[d]isoxazole was substituted for 1-(naphthalen-1-yl)piperazine. In addition
the crude product was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~
10%). Percent yield: 63%. 1H NMR (400 MHz, CDCl3) δ 7.36 (dd, J= 0.7, 7.7 Hz, 1H), 7.25 (d,
J= 7.8 Hz, 1H), 7.16 (td, J= 1.0, 7.8 Hz, 1H), 7.02 (td, J= 1.1, 7.7 Hz, 1H), 4.50 (m, 1H), 3.72 (t,
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 [M+H]= m/z 372.2
The following compound was prepared by Dr. Rong Gao

Preparation of 5-(2-(3,4-dihydroisoquinolin-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)one hydrocholoride: The title compound was prepared according to the procedure for 3,3-diethyl5-(2-(4-(naphthalen-1-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate, except 2(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate was substituted for 5-(2bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one and 1,2,3,4-tetrahydro-isoquinolinewas for 1(naphthalen-1-yl)piperazine. In addition the crude product was purified by flash chromatography
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(silica; MeOH:dichloromethane, 0% ~ 10%) and converted to the HCl salt using HCl in ether. 1H
NMR (400 MHz, MeOH) δ 7.39 – 7.17 (m, 4H), 4.63 – 4.54 (m, 1H), 4.49 (s, 2H), 3.75 –3.63 (m,
2H), 3.54 – 3.37 (m, 2H), 3.22 (m, 2H), 2.36 – 2.24 (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, 6H); 13C NMR (101 MHz, MeOH) δ 183.24,
132.92, 130.75, 130.38, 129.74, 129.17, 128.70, 77.07, 55.67, 55.33, 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 for C19H28ClNO2: C,
67.54; H, 8.35; N, 4.15; Found: C, 67.60; H, 8.36; N, 4.14

Preparation

of

5-(2-(5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-yl)ethyl)-3,3-

diethyldihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(4-(naphthalen-1-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one
trifluoroacetate, except 2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate
was substituted for 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one and 5,6,7,8-tetrahydro[1,2,4]triazolo[4,3-a]pyrazine for 1-(naphthalen-1-yl)piperazine. In addition the crude product was
purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield: 20%.
1H NMR (400 MHz, CDCl3) δ 8.05 (s, 1H), 4.44 (m, 1H), 4.01 (t, J= 5.5 Hz, 2H), 3.85 (d, J= 15.2
Hz, 1H), 3.71 (d, J= 15.3 Hz, 1H), 2.93-2.79 (m, 2H), 2.78-2.64 (m, 2H), 2.07 (dd, J= 6.7, 13.0 Hz,
1H), 1.89-1.71 (m, 3H), 1.56 (qd, J= 2.6, 7.4 Hz, 4H) 0.85 (dt, J= 7.5, 17.2 Hz, 6H) LC/MS [M+H]=
m/z 293.2
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Preparation

of

5-(2-(5,6-dihydroimidazo[1,2-a]pyrazin-7(8H)-yl)ethyl)-3,3-

diethyldihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(4-(naphthalen-1-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one
trifluoroacetate, except 2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl 4-methylbenzenesulfonate
was

substituted

for

5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

and

5,6,7,8-

tetrahydroimidazo[1,2-a]pyrazine for 1-(naphthalen-1-yl)piperazine. In addition the crude product
was purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield:
42%. 1H NMR (400 MHz, CDCl3) δ 6.93 (d, J= 1.1 Hz, 1H), 6.75 (d, J= 1.1 Hz, 1H), 4.46 (m,
1H), 3.99-3.86 (m, 2H), 3.71 (d, J= 14.7 Hz, 1H), 3.58 (d, J= 14.9 Hz, 1H), 2.90-2.76 (m, 2H),
2.73-2.59 (m, 2H), 2.06 (dd, J= 6.7, 13.0 Hz, 1H), 1.85-1.70 (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

Preparation of 5-(2-(7-chloro-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one: To a small vial was added 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one (50
mg, 0.2 mmol, 1 eq.) and 7-chloro-1,2,3,4-tetrahydroisoquinoline (37 mg, 0.22 mmol, 1.1 eq.) then
both were dissolved in dimethylformamide (2 mL). Then added K2CO3 (61 mg, 0.42 mmol, 2.1
eq.) and then allowed mixture to stir at reflux for 2.5 hrs then let cool to RT. Mixture was filtered,
washed with DCM and filtrate was concentrated under reduced pressure. Crude product was then
purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield: 41%.
1H NMR (400 MHz, CDCl3) δ δ 7.02 (dd, J = 2.2, 8.2, 1H), 6.95 (m, 2H), 4.45 (m, 1H), 3.52 (s,
2H), 2.77 (m, 2H), 2.63 (m, 4H), 2.07 (dd, J = 6.7, 13.0, 1H), 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 of 3,3-diethyl-5-(2-(7-fluoro-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)dihydrofuran2(3H)-one: The title compound was prepared according to the procedure for 5-(2-(7-chloro-3,4dihydroisoquinolin-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one except, 7-fluoro-1,2,3,4tetrahydroisoquinoline was substituted for 7-chloro-1,2,3,4-tetrahydroisoquinoline. Percent yield:
37%. 1H NMR (400 MHz, CDCl3) δ 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), 4.54 (m, 1H), 3.62 (s, 2H), 2.86 (m, 2H), 2.75 (m, 2H), 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, 15.8, 6H) LC/MS [M+H]=
m/z 320.1

Preparation of 5-(2-(5,8-dihydro-1,7-naphthyridin-7(6H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one: To a small vial was added 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one (50
mg, 0.2 mmol, 1 eq.) and 5,6,7,8-tetrahydro-1,7-naphthyridine dihydrochloride (50 mg, 0.24 mmol,
1.2 eq.) then both were suspended in ACN (1 mL). Then added K2CO3 (137 mg, 1.0 mmol, 5 eq.)
and then allowed mixture to stir at reflux for 2-3 days then let cool to RT. Mixture was filtered,
washed with ACN and filtrate was concentrated under reduced pressure. Crude product was then
purified by flash chromatography (silica; MeOH:dichloromethane, 0% ~ 10%). Percent yield: 90%.
1H NMR (400 MHz, CDCl3) δ 8.34 (d, J= 4.9 Hz, 1H), 7.40 (d, J= 7.7 Hz, 1H), 7.06 (dd, J= 4.8,
7.6 Hz, 1H), 4.52 (m, 1H), 3.71 (m, 2H), 2.96-2.81 (m, 2H), 2.80-2.64 (m, 4H), 2.13 (dd, J= 6.8,
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13.0 Hz, 1H), 2.01-1.77 (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 303.2

Preparation of 5-(2-(3,4-dihydro-2,7-naphthyridin-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one: The title compound was prepared according to the procedure for 5-(2-(5,8-dihydro-1,7naphthyridin-7(6H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one except, 1,2,3,4-tetrahydro-2,7naphthyridine

dihydrochloride

was

substituted

for

5,6,7,8-tetrahydro-1,7-naphthyridine

dihydrochloride. Percent yield: 63%. 1H NMR (400 MHz, CDCl3) δ 8.36-8.23 (m, 2H), 7.02 (d,
J= 5.0 Hz, 1H), 4.52 (m, 1H), 3.64 (m, 2H), 2.92-2.82 (m, 2H), 2.80-2.63 (m, 4H), 2.15 (dd, J= 6.8,
13.1 Hz, 1H), 1.99-1.79 (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-naphthyridin-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one: The title compound was prepared according to the procedure for 5-(2-(5,8-dihydro-1,7naphthyridin-7(6H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one except, 1,2,3,4-tetrahydro-2,6naphthyridine

dihydrochloride

was

substituted

for

5,6,7,8-tetrahydro-1,7-naphthyridine

dihydrochloride. Percent yield: 45%. 1H NMR (400 MHz, CDCl3) δ 8.29 (s, 1H), 8.24 (d, J= 4.7
Hz, 1H), 6.87 (d, J= 5.0 Hz, 1H), 4.50 (m, 1H), 3.55 (s, 2H), 2.82 (t, J= 5.7 Hz, 2H), 2.76-2.66 (m,
2H), 2.66-2.56 (m, 2H), 2.07 (dd, J= 6.7, 13.0 Hz, 1H), 1.92-1.72 (m, 3H), 1.55 (qd, J= 2.1, 7.5 Hz,
4H), 0.85 (dt, J= 7.7, 15.8 Hz, 6H) LC/MS [M+H]= m/z 303.2
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Preparation of 5-(2-(7,8-dihydro-1,6-naphthyridin-6(5H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one: The title compound was prepared according to the procedure for 5-(2-(5,8-dihydro-1,7naphthyridin-7(6H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one except, 5,6,7,8-tetrahydro-1,6naphthyridine was substituted for 5,6,7,8-tetrahydro-1,7-naphthyridine dihydrochloride. Percent
yield: 30%. 1H NMR (400 MHz, CDCl3) δ 8.40 (d, J= 4.5 Hz, 1H), 7.33 (d, J= 7.4 Hz, 1H), 7.07
(dd, J= 4.8, 7.6 Hz, 1H), 4.53 (m, 1H), 3.66 (s, 2H), 3.06 (t, J= 5.9 Hz, 2H), 2.94-2.80 (m, 2H),
2.72 (t, J= 6.9 Hz, 2H), 2.16 (dd, J= 6.7, 13.0 Hz, 1H), 2.00-1.90 (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

Preparation of 1-(benzyloxy)-2-bromobenzene: To a solution of 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
K2CO3 (1.09 g, 7.87 mmol, 1.38 eq.). This mixture was allowed to stir at RT overnight. The reaction
was filtered and concentrated in vacuo to give a crude residue that was further purified by column
chromatography (hexanes/ethyl acetate, 0% ~ 10%). Percent yield: ~100%. 1H NMR (400 MHz,
CDCl3) δ7.60 (dd, J= 1.6, 7.8 Hz, 1H), 7.51 (m, 2H), 7.42 (t, J= 7.6 Hz, 2H), 7.35 (m, 1H), 7.297.22 (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).
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Preparation of 1-(benzyloxy)-3-bromobenzene: The title compound was prepared according to
the procedure for 1-(benzyloxy)-2-bromobenzene, except 3-bromophenol was substituted for 2bromophenol. Percent yield: ~100%. 1H NMR (400 MHz, CDCl3) δ7.50-7.34 (m, 5H), 7.23-7.10
(m, 3H), 6.95 (m, 1H), 5.08 (s, 2H).

Preparation of 1-(benzyloxy)-4-bromobenzene: The title compound was prepared according to
the procedure for 1-(benzyloxy)-2-bromobenzene, except 4-bromophenol was substituted for 2bromophenol. Percent yield: ~100%. 1H NMR (400 MHz, CDCl3) δ7.51-7.33 (m, 7H), 6.91 (d, J=
9.1 Hz, 2H), 5.08 (s, 2H).

Preparation of 4-(2-bromophenyl)morpholine: This reaction was performed in oven-dried
glassware under a nitrogen atmosphere. To a solution of 1,2-dibromobenzene (1.0 g, 4.24 mmol,
1.0 eq.) and morpholine (0.370 g, 4.24 mmol, 1.0 eq.) in anhydrous toluene (10.6 mL) was added
the following in this order: Pd2(dba)3 (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 at 80 oC overnight, under
a sweep of N2. The reaction mixture was cooled to RT and then filtered through a plug of Celite.
The collected filtrate was concentrated in vacuo to give a crude residue that was further purified by
column chromatography (hexanes/ethyl acetate, 0% ~ 20%). Percent yield: 80%. 1H NMR (400
MHz, CDCl3) δ7.55 (dd, J= 1.5, 7.9 Hz, 1H), 7.25 (td, J= 1.4, 7.8 Hz, 1H), 7.00 (dd, J= 1.4, 8.0 Hz,
1H), 6.89 (td, J= 1.4, 7.7 Hz, 1H), 3.83 (m, 4H), 2.99 (m, 4H); MS (LC/MS, M+H+): m/z 241.9,
243.8
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Preparation of tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate: This
reaction was performed in oven-dried glassware under a nitrogen atmosphere. To a solution of tertbutyl hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate (500 mg, 2.35 mmol, 1.1 eq.) and 1bromo-2-methylbenzene (364 mg, 2.11 mmol, 1.0 eq.) in anhydrous toluene (3.1 mL) was added
the following in this order: Pd2(dba)3 (56 mg, 2.5 mol %), BINAP (84 mg, 1.5/Pd), triethylamine
(238 mg, 2.35 mmol, 1.1 eq.) and NaOtBu (677 g, 7.05 mmol, 3.3 eq.). The resulting mixture was
allowed to stir at 110 oC overnight, under a sweep of N2. The reaction mixture was cooled to RT
and then filtered through a plug of Celite. The collected filtrate was concentrated in vacuo to give
a crude residue that was further purified by column chromatography (hexanes/ethyl acetate, 0% ~
30%). Percent yield: 77%. 1H NMR (400 MHz, CDCl3) δ 7.18-7.10 (m, 2H), 6.96-6.89 (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
(LC/MS, M+H+): m/z 303.2

Preparation of tert-butyl 5-(m-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate: The
title

compound

was

prepared

according

to

the

procedure

for

tert-butyl

5-(o-

tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-bromo-3-methylbenzene was
substituted for 1-bromo-2-methylbenzene. Percent yield: 85%. 1H NMR (400 MHz, CDCl3) δ 7.17
(t, J= 7.8 Hz, 1H), 6.59 (d, J= 7.5 Hz, 1H), 6.46-6.37 (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, 9H); MS (LC/MS, M+H+): m/z
303.
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Preparation of tert-butyl 5-(p-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate: The
title

compound

was

prepared

according

to

the

procedure

for

tert-butyl

5-(o-

tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-bromo-4-methylbenzene was
substituted for 1-bromo-2-methylbenzene. Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 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, 9H); MS (LC/MS, M+H+): m/z 303.2

Preparation

of

tert-butyl

5-(2-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate: The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-bromo-2-methoxybenzene was
substituted for 1-bromo-2-methylbenzene. Percent yield: 79%. 1H NMR (400 MHz, CDCl3) δ6.916.78 (m, 3H), 6.76-6.67 (m, 1H), 3.80 (s, 3H), 3.61 (b, 2H), 3.45 (b, 2H), 3.40-3.22 (m, 2H), 3.14
(b, 2H), 2.90 (b, 2H), 1.46 (s, 9H); MS (LC/MS, M+H+): m/z 319.2

Preparation

of

tert-butyl

5-(3-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-bromo-3-methoxybenzene was
substituted for 1-bromo-2-methylbenzene. Percent yield: 64%. 1H NMR (400 MHz, CDCl3) δ 7.13
(t, J= 8.1 Hz, 1H), 6.29 (dd, J= 2.2, 8.1 Hz, 1H), 6.18 (dd, J= 1.8, 8.1 Hz, 1H), 6.10 (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), 3.30-3.11 (m, 3H), 2.95 (b, 2H), 1.48
(s, 9H); MS (LC/MS, M+H+): m/z 319.2

Preparation

of

tert-butyl

5-(4-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate: The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-bromo-4-methoxybenzene was
substituted for 1-bromo-2-methylbenzene. Percent yield: 67%. 1H NMR (400 MHz, CDCl3) δ 6.83
(d, J= 9.0 Hz, 2H), 6.50 (d, J= 9.0 Hz, 2H), 3.73 (s, 3H), 3.62 (m, 2H), 3.48-3.29 (m, 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, M+H+): m/z 319.2

Preparation of tert-butyl 5-(2-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate:
The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate,

except

2-bromobenzonitrile

was

substituted for 1-bromo-2-methylbenzene. Percent yield: 62%. 1H NMR (400 MHz, CDCl3) δ 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, 9H); MS
(LC/MS, M+H+): m/z 314.2

Preparation of tert-butyl 5-(3-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate:
The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate,
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except

3-bromobenzonitrile

was

substituted for 1-bromo-2-methylbenzene. Percent yield: 28%. 1H NMR (400 MHz, CDCl3) δ 7.22
(m, 1H), 6.88 (d, J= 7.5 Hz, 1H), 6.71-6.64 (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, 9H); MS (LC/MS, M+H+): m/z 314.2

Preparation of tert-butyl 5-(4-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate:
The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate,

except

4-bromobenzonitrile

was

substituted for 1-bromo-2-methylbenzene. Percent yield: 61%. 1H NMR (400 MHz, CDCl3) δ 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, 1H), 3.21-3.06
(m, 3H), 2.95 (b, 2H), 1.37 (s, 9H); MS (LC/MS, M+H+): m/z 314.2

Preparation

of

tert-butyl

5-(2-(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate: The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-(benzyloxy)-2-bromobenzene
was substituted for 1-bromo-2-methylbenzene. Percent yield: 92%. 1H NMR (400 MHz, CDCl3) δ
7.36-7.23 (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), 3.27-3.02 (m, 3H), 2.76 (b, 2H), 1.35 (s, 9H); MS (LC/MS, M+H+): m/z 395.2

Preparation

of

tert-butyl

5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate: The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-(benzyloxy)-3-bromobenzene
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was substituted for 1-bromo-2-methylbenzene. Percent yield: 74%. 1H NMR (400 MHz, CDCl3) δ
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), 3.33-3.14 (m, 3H),
2.99 (b, 2H), 1.49 (s, 9H); MS (LC/MS, M+H+): m/z 395.2

Preparation

of

tert-butyl

5-(4-(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate: The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 1-(benzyloxy)-4-bromobenzene
was substituted for 1-bromo-2-methylbenzene. Percent yield: 62%. 1H NMR (400 MHz, CDCl3) δ
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, 9H); MS (LC/MS, M+H+): m/z 395.2

Preparation

of

tert-butyl

5-(2-morpholinophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-

carboxylate: The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 4-(2-bromophenyl)morpholine
was substituted for 1-bromo-2-methylbenzene. Percent yield: 93%. 1H NMR (400 MHz, CDCl3)
δ7.04-6.89 (m, 3H), 6.85 (d, J= 7.8 Hz, 1H), 3.85 (t, J= 4.5 Hz, 4H), 3.62 (b, 2H), 3.48-3.21 (m,
6H), 3.04 (t, J= 4.5 Hz, 4H), 2.92 (b, 2H), 1.48 (s, 9H); MS (LC/MS, M+H+): m/z 374.2
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Preparation of 2-benzyl-5-(2-isopropylphenyl)octahydropyrrolo[3,4-c]pyrrole: The title
compound was prepared according to the procedure for tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylate, except 2-benzyloctahydropyrrolo[3,4-c]pyrrole was substituted for
tert-butyl hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate and 1-bromo-2-isopropylbenzene for
1-bromo-2-methylbenzene. In addition, the product was purified by flash chromatography
(dichloromethane/MeOH, 0% ~ 5%). Percent yield: 73%. 1H NMR (400 MHz, CDCl3) δ 7.54-7.33
(m, 6H), 7.32-7.11 (m, 3H), 3.77 (s, 2H), 3.65 (sept, J= 6.9 Hz, 1H), 3.15 (m, 2H), 3.09-2.99 (m,
4H), 2.96 (m, 2H), 2.47 (dd, J= 4.9, 8.8 Hz, 2H), 1.39 (d, J= 6.9 Hz, 9H); MS (LC/MS, M+H+):
m/z 321.2

Preparation of tert-butyl 5-(pyridin-4-yl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate:
The title compound was prepared according to the procedure for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate, except 4-bromopyridine hydrochloride
was substituted for 1-bromo-2-methylbenzene. In addition, the product was purified by flash
chromatography (dichloromethane/MeOH, 0% ~ 5%). Percent yield: 56%. 1H NMR (400 MHz,
CDCl3) δ 8.10 (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, 9H); MS (LC/MS, M+H+): m/z 290.2

230

Preparation of tert-butyl 4-(p-tolyl)-1,4-diazepane-1-carboxylate: The title compound was
prepared according to the procedure for tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrole2(1H)-carboxylate, except tert-butyl 1,4-diazepane-1-carboxylate was substituted for tert-butyl
hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate and 1-bromo-4-methylbenzene for 1-bromo-2methylbenzene. Percent yield: 88%. 1H NMR (400 MHz, CDCl3) δ 6.91 (d, J= 7.8 Hz, 2H), 6.51
(d, J= 8.1 Hz, 2H), 3.50-3.34 (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, 4H). MS (LC/MS, M+H+): m/z 291.2

Preparation

of

tert-butyl

5-(1-(triisopropylsilyl)-1H-indol-5-yl)hexahydropyrrolo[3,4-

c]pyrrole-2(1H)-carboxylate: This reaction was performed in oven-dried glassware under a
nitrogen atmosphere. To a solution of tert-butyl hexahydropyrrolo[3,4-c]pyrrole-2(1H)carboxylate (0.500 g, 2.36 mmol, 1.0 eq.) and 5-bromo-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: PdCl 2[P(o-tol)3]2
(0.092 g, 0.116 mmol, 0.05 eq.) and NaOtBu (0.340 g, 3.54 mmol, 1.5 eq.). The resulting mixture
was allowed to stir at 110 oC overnight, under a sweep of N2. The reaction mixture was cooled to
RT and then filtered through a plug of Celite. The collected filtrate was concentrated in vacuo to
give a crude residue that was further purified by flash chromatography (hexanes/ethyl acetate, 0%
~ 10%). Percent yield: 39%. 1H NMR (400 MHz, CDCl3) δ 7.41 (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), 3.36-3.18 (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, 18H); MS (LC/MS, M+H+): m/z 484.2
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Preparation of tert-butyl 5-(1H-indol-5-yl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate:
To a solution of tert-butyl 5-(1-(triisopropylsilyl)-1H-indol-5-yl)hexahydropyrrolo[3,4-c]pyrrole2(1H)-carboxylate (0.440 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 at RT overnight. The
reaction solution was concentrated in vacuo and the resuspended in diethyl ether. The resulting
mixture was washed with sat. NaHCO3 (aq.) and the organic layer was separated. The aqueous
layer was back-extracted with diethyl ether (2 x 10 mL). The combined organic layers were dried
over Na2SO4 and concentrated in vacuo to give a crude residue that was further purified by flash
chromatography (hexanes/ethyl acetate, 30%). Percent yield: ~100%. 1H NMR (400 MHz, CDCl3)
δ8.07 (b, 1H), 7.17 (d, J= 8.8 Hz, 1H), 7.03 (t, J= 2.7 Hz, 1H), 6.71 (s, 1H), 6.55 (dd, J= 21, 8.7
Hz, 1H), 6.32 (m, 1H), 3.57 (m, 2H), 3.44 (m, 2H), 3.33 (m, 1H), 3.26-3.05 (m, 3H), 2.91 (b, 2H),
1.38 (s, 9H); MS (LC/MS, M+H+): m/z 328.2

Preparation of 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole: To a solution of tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate (0.490 g, 1.62 mmol, 1 eq.) in
dichloromethane (4 mL) at 0 oC was added trifluoroacetic acid (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. NaHCO3 solution and the free
based product was extracted with DCM (3x15mL). The combined organic layers were dried
over Na2SO4, filtered and concentration in vacuo to afford the product as a free base. Percent
yield: ~100%. MS (LC/MS, M+H+): m/z 203.2
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Preparation of 2-(m-tolyl)octahydropyrrolo[3,4-c]pyrrole: The title compound was prepared
according to the procedure for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole, except tert-butyl 5-(mtolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for tert-butyl 5-(mtolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS (LC/MS,
M+H+): m/z 203.2

Preparation of 2-(p-tolyl)octahydropyrrolo[3,4-c]pyrrole: The title compound was prepared
according to the procedure for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole, except 5-(ptolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for tert-butyl 5-(otolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS (LC/MS,
M+H+): m/z 203.2

Preparation of 2-(2-methoxyphenyl)octahydropyrrolo[3,4-c]pyrrole: The title compound was
prepared according to the procedure for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole, except tertbutyl 5-(2-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for
tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%.
MS (LC/MS, M+H+): m/z 219.2
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Preparation of 2-(4-methoxyphenyl)octahydropyrrolo[3,4-c]pyrrole: The title compound was
prepared according to the procedure for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole, except tertbutyl 5-(4-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for
tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%.
MS (LC/MS, M+H+): m/z 219.2

Preparation of 3-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile: The title compound
was prepared according to the procedure for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole, except tertbutyl 5-(3-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for
tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%.
MS (LC/MS, M+H+): m/z 214.2

Preparation of 4-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile: The title compound
was prepared according to the procedure for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole, except tertbutyl 5-(4-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for
tert-butyl 5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%.
MS (LC/MS, M+H+): m/z 214.2

Preparation of 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile hydrochloride: To a
solution of tert-butyl 5-(2-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate (0.408
g, 1.30 mmol, 1 eq.) in MeOH (1 mL) at 0 oC was added 1M methanolic HCl (3 mL). The reaction
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was allowed to stir at RT overnight before being diluted with MeOH and concentrated in vacuo
to afford the product as a HCl salt. Percent yield: ~100%. MS (LC/MS, M+H+): m/z 214.2

Preparation of 2-(3-methoxyphenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride: The title
compound was prepared according to the procedure for 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride, except tert-butyl 5-(3-methoxyphenyl)hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylate

was

substituted

for

tert-butyl

5-(2-

cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS
(LC/MS, M+H+): m/z 219.2

Preparation of 2-(2-(benzyloxy)phenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride: The title
compound was prepared according to the procedure for 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride, except tert-butyl 5-(2-(benzyloxy)phenyl)hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylate

was

substituted

for

tert-butyl

5-(2-

cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS
(LC/MS, M+H+): m/z 295.2

Preparation of 2-(3-(benzyloxy)phenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride: The title
compound was prepared according to the procedure for 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride, except tert-butyl 5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3,4235

c]pyrrole-2(1H)-carboxylate

was

substituted

for

tert-butyl

5-(2-

cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS
(LC/MS, M+H+): m/z 295.2

Preparation of 2-(4-(benzyloxy)phenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride: The title
compound was prepared according to the procedure for 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride, except tert-butyl 5-(4-(benzyloxy)phenyl)hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylate

was

substituted

for

tert-butyl

5-(2-

cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS
(LC/MS, M+H+): m/z 295.2

Preparation

of

4-(2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)phenyl)morpholine

hydrochloride: The title compound was prepared according to the procedure for 2(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile hydrochloride, except tert-butyl 5-(2morpholinophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate was substituted for tertbutyl

5-(2-cyanophenyl)hexahydropyrrolo[3,4-c]pyrrole-2(1H)-carboxylate.

~100%. MS (LC/MS, M+H+): m/z 274.2
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Percent

yield:

Preparation of 5-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)-1H-indole hydrochloride: The title
compound was prepared according to the procedure for 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride, except tert-butyl 5-(1H-indol-5-yl)hexahydropyrrolo[3,4-c]pyrrole2(1H)-carboxylate was substituted for tert-butyl 5-(2-cyanophenyl)hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS (LC/MS, M+H+): m/z 228.2

Preparation of 2-(pyridin-4-yl)octahydropyrrolo[3,4-c]pyrrole dihydrochloride: The title
compound was prepared according to the procedure for 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)benzonitrile hydrochloride, except tert-butyl 5-(pyridin-4-yl)hexahydropyrrolo[3,4-c]pyrrole2(1H)-carboxylate was substituted for tert-butyl 5-(2-cyanophenyl)hexahydropyrrolo[3,4c]pyrrole-2(1H)-carboxylate. Percent yield: ~100%. MS (LC/MS, M+H+): m/z 190.2

Preparation of 2-(2-isopropylphenyl)octahydropyrrolo[3,4-c]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-benzyl-5-(2-isopropylphenyl)octahydropyrrolo[3,4-c]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 H2, using a balloon filled with H2. The reaction was allowed to stir under 1 atm H2 for 5 days
at room temperature. The Pd/C was removed via filtration through a plug of Celite. The filtrate was

concentrated in vacuo to afford a crude oil of 2-(2-isopropylphenyl)octahydropyrrolo[3,4c]pyrrole which was used in the next step without further purification. Percent yield: ~100%.
MS (LC/MS, M+H+): m/z 231.2
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Preparation of 1-(p-tolyl)-1,4-diazepane: To a solution of tert-butyl 4-(p-tolyl)-1,4-diazepane1-carboxylate (309 mg, 1.06 mmol, 1 eq.) in MeOH (10.6 mL) at 0 oC was added acetyl chloride
(4.5 mL). The reaction was allowed to stir at RT for 30 minutes before being diluted with

MeOH and concentrated in vacuo to afford the product as a HCl salt. The salt was then
suspended in sat. NaHCO3 solution and the free based product was extracted with DCM
(3x15mL). The combined organic layers were dried over Na2SO4, filtered and concentration
in vacuo to afford the product as a free base. Percent yield: ~100%. MS (LC/MS, M+H+): m/z
191.2

Preparation

of

3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-

yl)ethyl)dihydrofuran-2(3H)-one: A mixture of 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one (0.075 g, 0.301 mmol, 1 eq.), ACN (3 mL), 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole (0.073
g, 0.361 mmol, 1.2 eq.) and DIPEA (0.116 g, 0.903 mmol, 3 eq.) was microwaved at 120 oC for 4
hrs. The resulting solution was concentrated in vacuo to give a crude residue that was first purified
by column chromatography (methanol/dichloromethane, 0% ~ 10%). Percent yield: 63%. 1H NMR
(400 MHz, CDCl3) δ 7.15 (m, 2H), 6.96 (m, 2H), 4.50 (m, 1H), 3.08-2.92 (m, 6H), 2.86 (b, 2H),
2.60 (t, J= 6.9 Hz, 2H), 2.37-2.24 (m, 5H), 2.14 (dd, J= 6.7, 13.0 Hz, 1H), 1.99-1.75 (m, 3H), 1.64
(m, 4H), 0.94 (dt, J= 7.4, 18.1 Hz, 6H); MS (LC/MS, M+H+): m/z 371.2
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Preparation

of

3,3-diethyl-5-(2-(5-(m-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-

yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one,

except

2-(m-tolyl)octahydropyrrolo[3,4-c]pyrrole

was

substituted

for

2-(o-

tolyl)octahydropyrrolo[3,4-c]pyrrole: Percent yield: 47%. 1H NMR (400 MHz, CDCl3) δ 7.13 (t,
J= 8.0 Hz, 1H), 6.58 (d, J= 7.4 Hz, 1H), 6.53-6.45 (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 Hz, 1H), 1.97-1.73 (m, 3H), 1.62 (q, J= 7.5 Hz, 4H), 0.92
(dt, J= 7.5, 14.8 Hz, 6H); MS (LC/MS, M+H+): m/z 371.2

Preparation

of

3,3-diethyl-5-(2-(5-(p-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-

yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one,

except

2-(p-tolyl)octahydropyrrolo[3,4-c]pyrrole

was

substituted

for

2-(o-

tolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 43%/ 1H NMR (400 MHz, CDCl3) δ 6.89 (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 Hz, 2H), 2.11 (s, 3H), 2.97
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(dd, J= 6.8, 13.0 Hz, 1H), 1.81-1.57 (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-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)hexahydropyrrolo[3,4-

c]pyrrol-2(1H)-yl)benzonitrile: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile hydrochloride was substituted
for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 50%. 1H NMR (400 MHz, CDCl3) δ
7.45 (dd, J= 1.5, 7.6 Hz, 1H), 7.36 (m, 1H), 6.81-6.68 (m, 2H), 4.45 (m, 1H), 3.62 (m, 2H), 3.45
(td, J= 2.0, 8.6 Hz, 2H), 2.92 (b, 2H), 2.74 (m, 2H), 2.63-2.53 (m, 2H), 2.52-2.46 (m, 2H), 2.11
(dd, J= 6.8, 13.0 Hz, 1H), 1.94-1.70 (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

Preparation

of

3-(5-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)hexahydropyrrolo[3,4-

c]pyrrol-2(1H)-yl)benzonitrile: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 3-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile was substituted for 2-(otolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 58%. 1H NMR (400 MHz, CDCl3) δ 7.26 (m,
1H), 6.95 (d, J= 7.5 Hz, 1H), 6.82-6.75 (m, 2H), 4.44 (m, 1H), 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), 1.94-1.70 (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-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)hexahydropyrrolo[3,4-

c]pyrrol-2(1H)-yl)benzonitrile: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 4-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)benzonitrile was substituted for 2-(otolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 37%. 1H NMR (400 MHz, CDCl3) δ 7.44 (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), 2.64-2.50 (m, 4H), 2.10 (dd, J= 6.7, 13.1 Hz, 1H), 1.94-1.71
(m, 3H), 1.59 (q, J= 7.5 Hz, 4H), 0.89 (dt, J= 5.1, 14.9 Hz, 6H); MS (LC/MS, M+H+): m/z 382.2

Preparation of 3,3-diethyl-5-(2-(5-(2-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 2-(2-methoxyphenyl)octahydropyrrolo[3,4-c]pyrrole was substituted for 2-(otolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 65%. 1H NMR (400 MHz, CDCl3) δ 6.83-6.61
(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), 1.84-1.73 (m, 1H),
1.73-1.58 (m, 2H), 1.47 (qd, J= 1.5, 7.5 Hz, 4H), 0.77 (dt, J= 7.3, 15.8 Hz, 6H); MS (LC/MS,
M+H+): m/z 387.2

Preparation of 3,3-diethyl-5-(2-(5-(3-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 2-(3-methoxyphenyl)octahydropyrrolo[3,4-c]pyrrole was substituted for 2-(otolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 53%. 1H NMR (400 MHz, CDCl3) δ 7.14 (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), 2.86-2.77 (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), 1.95-1.72 (m, 3H), 1.61 (qd, J= 1.5, 7.5
Hz, 4H), 0.91 (dt, J= 7.4, 14.8 Hz, 6H); MS (LC/MS, M+H+): m/z 387.2

Preparation of 3,3-diethyl-5-(2-(5-(4-methoxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 2-(4-methoxyphenyl)octahydropyrrolo[3,4-c]pyrrole was substituted for 2-(otolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 52%. 1H NMR (400 MHz, CDCl3) δ 6.83 (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), 2.92 (b, 2H), 2.84 (b, 2H), 2.63-2.51 (m, 2H), 2.39 (dd, J= 4.0, 8.7 Hz, 2H), 2.11 (dd,
J= 6.8, 13.0 Hz, 1H), 1.97-1.71 (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

Preparation of 3,3-diethyl-5-(2-(5-(2-morpholinophenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)one, except 4-(2-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)phenyl)morpholine hydrochloride was
substituted for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 52%. 1H NMR (400 MHz,
CDCl3) δ 7.05-6.94 (m, 3H), 6.91-6.83 (m, 1H), 4.49 (m, 1H) 3.85 (t, J= 4.7 Hz, 4H), 3.68-3.42
(m, 4H), 3.22-2.84 (m, 10H), 2.61 (b, 2H), 2.30 (b, 1H), 2.19 (dd, J= 6.7, 13.2 Hz, 1H), 2.05-1.90
(m, 1H), 1.84 (dd, J= 9.3, 13.2 Hz, 1H), 1.67-1.56 (m, 4H), 0.91 (dt, J= 7.3, 16.5 Hz, 6H); MS
(LC/MS, M+H+): m/z 442.2

Preparation

of

5-(2-(5-(1H-indol-5-yl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)-3,3-

diethyldihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)243

one, except 5-(hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)-1H-indole hydrochloride was substituted
for

2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole

and

a

second

purification

via

column

chromatography on a C18 column was needed. (ACN/H2O, 0% ~ 100%, w/ 0.1% NH4OH). Percent
yield: 20%. 1H NMR (400 MHz, CDCl3) δ 8.07 (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, 1H) 3.39-3.27
(m, 2H), 3.25-3.13 (m, 2H), 3.04-2.85 (m, 4H), 2.61 (t, J= 7.0 Hz, 2H), 2.42 (m, 2H), 2.12 (dd, J=
6.7, 13.0 Hz, 1H), 2.00-1.85 (m, 1H), 1.87-1.73 (m, 2H), 1.62 (q, 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 of 5-(2-(5-(2-(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)3,3-diethyldihydrofuran-2(3H)-one: The title compound was prepared according to the procedure
for

3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-

2(3H)-one, except 2-(2-(benzyloxy)phenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride was
substituted for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 78%. 1H NMR (400 MHz,
CDCl3) δ7.46-7.29 (m, 5H), 7.01-6.86 (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 (t, J= 10.6 Hz, 2H), 3.17-2.97 (m, 3H), 2.91 (td, J= 5.3, 12.2 Hz, 1H),
2.86-2.73 (m, 2H), 2.58-2.37 (m, 2H), 2.30 (m, 1H), 2.17 (dd, J= 6.7, 13.1 Hz, 1H), 1.92-1.73 (m,
2H), 1.61 (q, J= 7.4 Hz, 4H), 0.91 (dt, J= 7.0, 13.9 Hz, 6H); MS (LC/MS, M+H+): m/z 463.2
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Preparation of 5-(2-(5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)3,3-diethyldihydrofuran-2(3H)-one: The title compound was prepared according to the procedure
for

3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-

2(3H)-one, except 2-(3-(benzyloxy)phenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride was
substituted for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 38%. 1H NMR (400 MHz,
CDCl3) δ 7.39-7.33 (m, 2H), 7.33-7.26 (m, 2H), 7.26-7.20 (m, 1H), 7.05 (m, 1H), 6.29 (dd, J= 1.7,
8.1 Hz, 1H), 6.24-6.18 (m, 2H), 4.96 (s, 2H), 4.37 (m, 1H), 3.28 (m, 2H), 3.08 (dt, J= 2.9, 9.3 Hz,
2H), 2.93-2.81 (m, 2H), 2.81-2.69 (m, 2H), 2.50 (t, J= 7.2 Hz, 2H), 2.33 (dd, J 3.9, 8.9 Hz, 2H),
2.02 (dd, J= 6.7, 13.0 Hz, 1H), 1.87-1.63 (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

Preparation of 5-(2-(5-(4-(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)3,3-diethyldihydrofuran-2(3H)-one: The title compound was prepared according to the procedure
for

3,3-diethyl-5-(2-(5-(o-tolyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-

2(3H)-one, except 2-(4-(benzyloxy)phenyl)octahydropyrrolo[3,4-c]pyrrole hydrochloride was
substituted for 2-(o-tolyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 50%. 1H NMR (400 MHz,
CDCl3) δ 7.37-7.31 (m, 2H), 7.31-7.25 (m, 2H), 7.24-7.18 (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), 2.892.80 (m, 2H), 2.80-2.70 (m, 2H), 2.48 (t, J= 6.9 Hz, 2H), 2.29 (dd, J 3.9, 8.6 Hz, 2H), 2.02 (dd, J=
6.7, 13.1 Hz, 1H), 1.87-1.62 (m, 3H), 1.52 (q, J= 7.3 Hz, 4H), 0.82 (dt, J= 7.5, 14.5 Hz, 6H); MS
(LC/MS, M+H+): m/z 463.2
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Preparation of 3,3-diethyl-5-(2-(5-(2-hydroxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(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 of 5-(2-(5-(2(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran2(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 H2, using a balloon filled with H2. The reaction was
allowed to stir under 1 atm H2 for overnight at room temperature. The Pd/C was removed via
filtration through a plug of Celite. The filtrate was concentrated in vacuo to give a crude residue
that was first purified by column chromatography (methanol/dichloromethane, 0% ~ 10%) .

Percent yield: 85%. 1H NMR (400 MHz, CDCl3) δ 7.13 (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), 3.12-3.00
(m, 2H), 2.98-2.74 (m, 6H), 2.65 (t, J= 7.3 Hz, 2H), 2.58-2.46 (m, 2H), 2.16 (dd, J= 6.7, 13.1 Hz,
1H), 2.00-1.76 (m, 3H), 1.64 (q, J= 7.5 Hz, 4H), 0.95 (dt, J= 7.4, 22.8 Hz, 6H); MS (LC/MS,
M+H+): m/z 373.2

Preparation of 3,3-diethyl-5-(2-(5-(3-hydroxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
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3,3-diethyl-5-(2-(5-(2-hydroxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one, except 5-(2-(5-(3-(benzyloxy)phenyl)hexahydropyrrolo[3,4c]pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for 5-(2-(5-(2(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one. Percent yield: 64%. 1H NMR (400 MHz, CDCl3) δ 6.85 (t, J= 8.1 Hz, 1H), 6.00 (td, J=
1.8, 7.6 Hz, 2H), 5.91 (t, J= 2.3 Hz, 1H), 4.24 (m, 1H), 3.18-3.05 (m, 2H), 2.97 (d, J= 9.2 Hz, 2H),
2.83-2.64 (m, 4H), 2.44 (t, J= 7.3 Hz, 2H), 2.25 (m, 2H), 1.91 (dd, J= 6.7, 13.1 Hz, 1H), 1.77-1.53
(m, 3H), 1.40 (q, J= 7.4 Hz, 4H), 0.70 (dt, J= 7.4, 15.6 Hz, 6H); MS (LC/MS, M+H+): m/z 373.2

Preparation of 3,3-diethyl-5-(2-(5-(4-hydroxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate: The title compound was prepared according to
the procedure for 3,3-diethyl-5-(2-(5-(2-hydroxyphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one, except 5-(2-(5-(4-(benzyloxy)phenyl)hexahydropyrrolo[3,4c]pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for 5-(2-(5-(2(benzyloxy)phenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)-3,3-diethyldihydrofuran2(3H)-one and the reaction time was extended to 3 days. A second purification was need via column
chromatography on a C18 column. (ACN/H2O, 0% ~ 100%, w/ 0.1% TFA). Percent yield: 54%.
H NMR (400 MHz, MeOD) δ 6.78-6.67 (m, 4H), 4.54 (m, 1H), 3.69 (b, 2H), 3.45 (dd, J= 7.2, 9.6

1

Hz, 2H), 3.40-3.09 (m, 6H), 2.98 (m, 2H), 2.28 (dd, J= 6.7, 13.2 Hz, 1H), 2.20-1.97 (m, 2H), 1.91
(dd, J= 9.4, 13.2 Hz, 1H), 1.74-1.52 (m, 4H), 0.94 (dt, J= 5.0, 14.9 Hz, 6H); MS (LC/MS, M+H+):
m/z 373.2
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Preparation of 3,3-diethyl-5-(2-(5-(2-isopropylphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one: A mixture of 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one (59.2 mg, 0.238 mmol, 1 eq.), ACN (2 mL), 2-(2-isopropylphenyl)octahydropyrrolo[3,4c]pyrrole (60 mg, 0.262 mmol, 1.2 eq.) and K2CO3 (165 mg, 1.19 mmol, 5 eq.) was refluxed and
stirred for 3 days. The resulting mixture was then filtered and concentrated in vacuo to give a crude
residue that was first purified by column chromatography (methanol/dichloromethane, 0% ~ 10%).
Percent yield: 20%. 1H NMR (400 MHz, CDCl3) δ 7.18 (dd, J= 1.5, 7.4 Hz, 1H), 7.10-6.90 (m,
3H), 4.43 (m, 1H), 3.38 (sept, J= 6.9 Hz, 1H), 3.01-2.84 (m, 4H), 2.83-2.66 (m, 4H), 2.52 (t, J= 6.8
Hz, 2H), 2.19 (m, 2H), 2.06 (dd, J= 6.8, 13.1 Hz, 1H), 1.91-1.67 (m, 3H), 1.63-1.44 (m, 4H), 1.15
(d, J= 6.9 Hz, 6H), 0.86 (dt, J= 7.3, 19.3 Hz, 6H); MS (LC/MS, M+H+): m/z 399.2

Preparation

of

3,3-diethyl-5-(2-(5-phenylhexahydropyrrolo[3,4-c]pyrrol-2(1H)-

yl)ethyl)dihydrofuran-2(3H)-one: The title compound was prepared according to the procedure for
3,3-diethyl-5-(2-(5-(2-isopropylphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)yl)ethyl)dihydrofuran-2(3H)-one except, 2-phenyloctahydropyrrolo[3,4-c]pyrrole dihydrochloride
was substituted for 2-(2-isopropylphenyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 98%. 1H
NMR (400 MHz, CDCl3) δ 7.14 (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, 1H), 1.86-1.61 (m, 3H), 1.51
(q, J= 7.5 Hz, 4H), 0.81 (dt, J= 7.5, 14.0 Hz, 6H); MS (LC/MS, M+H+): m/z 357.2

Preparation of 3,3-diethyl-5-(2-(6-phenyl-2,6-diazaspiro[3.3]heptan-2-yl)ethyl)dihydrofuran2(3H)-one: The title compound was prepared according to the procedure for 3,3-diethyl-5-(2-(5(2-isopropylphenyl)hexahydropyrrolo[3,4-c]pyrrol-2(1H)-yl)ethyl)dihydrofuran-2(3H)-one
except,

2-phenyl-2,6-diazaspiro[3.3]heptane

trifluoroacetate

was

substituted

for

2-(2-

isopropylphenyl)octahydropyrrolo[3,4-c]pyrrole. Percent yield: 10%. 1H NMR (400 MHz, CDCl3)
δ 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 (dd, J= 9.4, 13.1 Hz, 1H), 1.671.43 (m, 6H), 1.83-1.61 (m, 6H), 0.85 (dt, J= 7.5, 21.9 Hz, 6H); MS (LC/MS, M+H+): 343.2

Preparation of 3,3-diethyl-5-(2-(4-phenyl-1,4-diazepan-1-yl)ethyl)dihydrofuran-2(3H)-one: In
a microwave vial prepared a solution of 5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one (55
mg, 0.22 mmol, 1.1 eq.) and 1-phenyl-1,4-diazepane (35.1 mg, 0.2 mmol, 1 eq.) in acetonitrile (3
mL). Added K2CO3 (125 mg, 0.9 mmol, 4.5 eq.) and microwaved mixture at 120OC for 1 hour. 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%). Percent yield: 68%. 1H NMR (400 MHz, CDCl3) δ
7.22 (m, 2H), 6.73-6.64 (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), 2.73-2.56 (m, 4H), 2.09 (dd, J= 6.8, 13.1 Hz, 1H), 1.97 (b, 2H), 1.90-1.70 (m,
3H), 1.62 (q, J= 7.5 Hz, 4H), 0.93 (dt, J= 7.6, 18.3 Hz, 6H); MS (LC/MS, M+H+): 345.2

Preparation of 3,3-diethyl-5-(2-(4-(p-tolyl)-1,4-diazepan-1-yl)ethyl)dihydrofuran-2(3H)-one:
The title compound was prepared according to the procedure for 3,3-diethyl-5-(2-(4-phenyl-1,4diazepan-1-yl)ethyl)dihydrofuran-2(3H)-one except 1-(p-tolyl)-1,4-diazepane was substituted for
1-phenyl-1,4-diazepane. Percent yield: 51%. 1H NMR (400 MHz, CDCl3) δ 6.89 (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), 2.58-2.41 (m, 4H), 2.11 (s, 3H), 1.94 (dd, J= 6.7, 13.0 Hz, 1H), 1.80 (b, 2H), 1.751.55 (m, 3H), 1.48 (q, J= 7.5 Hz, 4H), 0.79 (dt, J= 7.4, 18.0 Hz, 6H); MS (LC/MS, M+H+): 359.2

Preparation of 3,3-diethyl-5-(2-(4-(pyridin-4-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one:
The title compound was prepared according to the procedure for 3,3-diethyl-5-(2-(4-phenyl-1,4diazepan-1-yl)ethyl)dihydrofuran-2(3H)-one

except

2-(pyridin-4-yl)octahydropyrrolo[3,4-

c]pyrrole dihydrochloride was substituted for 1-phenyl-1,4-diazepane. Percent yield: 38%. 1H
NMR (400 MHz, CDCl3) δ 8.13 (dd, J= 1.4, 3.5 Hz, 2H), 6.32 (dd, J= 1.5, 3.5 Hz, 2H), 4.37 (m,
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), 1.85-1.61 (m, 3H), 1.52 (q, J= 7.5
Hz, 4H), 0.82 (dt, J= 5.7, 13.2 Hz, 6H); MS (LC/MS, M+H+): m/z 358.2
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12.5 Preparation of Final Compounds that Increase the Polarity of the Lactone
Appendage

Preparation of ethyl 1-benzylpiperidine-4-carboxylate: To a solution of ethyl piperidine-4carboxylate (5.0 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 0 oC. Following, triethylamine (1.06 g, 10.5 mmol, 1.5 eq) was added
in one portion while at 0 oC. 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:20 mL). The organic layer was
separated and the aqueous layer was extracted with ethyl acetate (2 x 10 mL). The combined extract
wwas dried over Na2SO4, then filtered through a plug of silica gel and washed with ethyl acetate.
The filtrated was concentrated in vacuo to give product that was used in the next step without
further purification. Percent yield: 83%. 1H NMR (400 MHz, CDCl3) δ 7.41-7.20 (m, 5H), 4.14 (q,
J = 7.2 Hz, 2H), 3.51 (s, 2H), 2.87 (dt, J = 3.5, 11.8 Hz, 2H), 2.29 (m, 1H), 2.04 (td, J= 2.5, 11.4
Hz, 2H), 1.95-1.85 (m, 2H), 1.85-1.70 (m, 2H), 1.26 (t, J= 7.1 Hz, 3H).

Preparation of methyl 4-allyltetrahydro-2H-pyran-4-carboxylate: This reaction was performed
in oven-dried glassware under a nitrogen atmosphere. To a solution of lithium diisopropylammide
(1M, 1.20 equiv) in dry tetrahydrofuran (4.16 mL), methyl tetrahydro-2H-pyran-4-carboxylate (0.5
g, 3.47 mmol, 1.0 equiv), in 5 mL dry THF, was added dropwise during 0.5 hours at -78 oC. The
mixture was allowed to stir at this temperature for 1 hr followed by the addition of allyl bromide
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(0.457 g, 3.78 mmol, 1.1 eq) dropwise. The reaction mixture was allowed to warm to RT over a 1
hr period. The reaction was quenched with 10% HCl (while cooling in ice bath) until acidic (pH =
2). The organic layer was separated and the aqueous layer was extracted with ethyl acetate (3 x 10
mL). The extract was dried over Na2SO4 and then concentrated in vacuo to give product that was
used in the next step without further purification. Percent yield: 99%. 1H NMR (400 MHz, CDCl3)
δ 5.68-5.52 (m, 1H), 5.03-4.91 (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, J= 7.4 Hz, 2H), 2.03-1.95 (m, 2H), 1.53-1.40 (m, 2H).

Preparation of ethyl 4-allyl-1-benzylpiperidine-4-carboxylate: This reaction was performed in
oven-dried glassware under a nitrogen atmosphere. To a solution of ethyl 1-benzylpiperidine-4carboxylate (6.24 g, 26.7 mmol, 1.0 eq) and dry THF (50 mL), lithium diisopropylammide (1M,
1.10 equiv) in dry tetrahydrofuran (29.3 mL) was added dropwise during 0.5 hours at -78 oC. The
mixture was allowed to stir at this temperature for 1 hr followed by the addition of allyl iodine (6.73
g, 3.78 mmol, 1.5 eq) dropwise. The reaction mixture was allowed to warm to RT and stir for 2 hr.
The reaction was quenched with sat. aq. NH4Cl until neutral pH (while cooling in ice bath). The
organic layer was separated and the aqueous layer was extracted with ethyl acetate (2 x 50 mL).
The combined extract was dried over Na2SO4, then filtered through a plug of silica gel and washed
with ethyl acetate. The filtrated was concentrated in vacuo to give product that was used in the next
step without further purification. Percent yield: 93%. 1H NMR (400 MHz, CDCl3) δ 7.37-7.20 (m,
5H), 5.78-5.62 (m, 1H), 5.10-4.97 (m, 2H), 4.17 (q, J= 7.1 Hz, 2H), 3.47 (s, 2H), 2.78-2.64 (m,
2H), 2.28 (d, J= 7.4 Hz, 2H), 2.18-2.03 (m, 4H), 1.61-1.46 (m, 2H), 1.26 (t, J= 7.1 Hz, 3H).
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Preparation of 3-(2-hydroxyethyl)-2,8-dioxaspiro[4.5]decan-1-one: A mixture of glacial acetic
acid (10.9 g, 180 mmol, 53.6 eq), paraformaldehyde (0.309 g, 10.3 mmol, 3.0 eq) and H2SO4 (0.191
g, 1.95 mmol, 0.57 eq) was stirred for 30min at 70 oC before methyl 4-allyltetrahydro-2H-pyran-4carboxylate (0.632 g, 3.43 mmol, 1.0 equiv) was added dropwise during 10 min. The reaction
mixture was then maintained at 70~80 oC and allowed to stir overnight. Acetic acid was removed
under reduced pressure and the reaction was quenched with 10% NaHCO3 solution. The mixture
was then extracted with ethyl acetate (3 x 10 mL) 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 oil (715 mg) and 30% NaOH (2.86 g NaOH, 4x crude oil) aqueous
solution was refluxed for 2 hours. The mixture was cooled in an ice bath and excess 30% H2SO4
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% NaHCO3, (50 mL), brine (50mL), dried
over Na2SO4 and concentrated in vacuo to give a crude product which was used in the next step
without further purification. Percent yield: 47%. 1H NMR (400 MHz, CDCl3) δ 4.57 (m, 1H), 3.91
(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, 2H), 3.54-3.44 (m, 1H),
3.43-3.34 (m, 1H), 3.13 (b, 1H), 2.41 (dd, J= 6.1, 13.2 Hz, 1H), 2.01-1.91 (m, 1H), 1.89-1.64 (m,
4H), 1.54-1.44 (m, 1H), 1.42-1.33 (m, 1H).
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Preparation of 8-benzyl-3-(2-hydroxyethyl)-2-oxa-8-azaspiro[4.5]decan-1-one: A mixture of
glacial acetic acid (78.1 g, 1.3 mol, 53.6 eq), paraformaldehyde (2.21 g, 73.5 mmol, 3.0 eq) and
H2SO4 (3.63 g, 37 mmol, 1.5 eq) was stirred for 30 min at 70 oC before ethyl 4-allyl-1benzylpiperidine-4-carboxylate (7.03 g, 24.5 mmol, 1.0 equiv) was added dropwise during 10 min.
The reaction mixture was then maintained at 70~80 oC and allowed to stir overnight. Acetic acid
was removed under reduced pressure and the reaction was quenched with 10% NaHCO3 solution.
The mixture was then extracted with ethyl acetate (3 x 40 mL) 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 oil (7.07 mg) and 30% NaOH (28 g NaOH, 4x crude oil) aqueous solution
was refluxed for 2 hours. The mixture was cooled in an ice bath and excess 30% H2SO4 was added
until acidic (pH < 2). The resulting mixture was the neutralized (pH= 8-9) with sat. aq. NaHCO3
solution and then extracted with ethyl acetate (3 x 100 mL), the combined organic phase was dried
over Na2SO4 and concentrated in vacuo to give a crude product which was used in the next step
without further purification. Percent yield: 56%. 1H NMR (400 MHz, CDCl3) δ 7.39-7.22 (m, 5H),
4.65 (m, 1H), 3.83 (t, J= 5.6 Hz, 2H), 3.54 (s, 2H), 2.95-2.84 (m, 1H), 2.83-2.73 (m, 1H), 2.42 (dd,
J= 6.1, 13.0 Hz, 1H), 2.30-2.07 (m, 4H), 2.00-1.84 (m, 3H), 1.75-1.59 (m, 2H), 1.58-1.48 (m, 1H).

Preparation of 8-benzyl-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-oxa-8-azaspiro[4.5]decan1-one: To a solution of 8-benzyl-3-(2-hydroxyethyl)-2-oxa-8-azaspiro[4.5]decan-1-one (10.0 g,
34.6 mmol, 1.0 eq.), imidazole (2.47 g, 36.3 mmol, 1.05 eq.) and dichloromethane (70 mL), was
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added a solution of tert-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 layer was separated and the aqueous layer was extracted with
dichloromethane (2 x 50 mL). The combined organic phase was dried over Na2SO4 and
concentrated in vacuo to give a crude product which was further purified by column
chromatography (Ethyl acetate/Hexanes, 0% ~ 20%). Percent yield: 72%. 1H NMR (400 MHz,
CDCl3) δ 7.32-7.11 (m, 5H), 4.52 (m, 1H), 3.73-3.65 (m, 2H), 3.46 (s, 2H), 2.87-2.76 (m, 1H), 2.72
(dt, J= 4.5, 11.8 Hz, 1H), 2.31 (dd, J= 6.2, 12.9 Hz, 1H), 2.22-2.08 (m, 1H), 2.08-1.97 (m, 2H),
1.91-1.70 (m, 3H), 1.62 (dd, J= 9.8, 12.8 Hz, 1H), 1.59-1.50 (m, 1H), 1.49-1.38 (m, 1H), 0.83 (s,
9H), 0.00 (s, 6H).

Preparation

of

tert-butyl

azaspiro[4.5]decane-8-carboxylate:

3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1-oxo-2-oxa-8A

mixture

of

8-benzyl-3-(2-((tert-

butyldimethylsilyl)oxy)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-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 atm of H2 (filled balloon)
overnight. The mixture was filtered through a plug of Celite, washed with MeOH (50 mL) and
concentrated in vacuo to give a crude oil. The crude oil (3.78 g) was dissolved in dichloromethane
(79 mL) and cooled to 0 oC before the addition of Di-tert-butyl dicarbonate (2.83 g, 13.0 mmol, 1.1
eq.) and trimethylamine (1.8 g, 17.7 mmol, 1.5 eq.). The reaction was allowed to warm to RT and
stir for 45 min. At this point the reaction was diluted with sat. aq. NaHCO3 solution and then
extracted with ethyl acetate (3 x 50 mL), the combined organic phase was dried over Na2SO4 and
concentrated in vacuo to give a crude product which was used in the next step without further
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purification. Percent yield: 93%. 1H NMR (400 MHz, CDCl3) δ 4.57 (m, 1H), 3.91 (b, 1H), 3.77
(b, 1H), 3.73-3.66 (m, 2H), 3.17-3.05 (m, 1H), 3.04-2.93 (m, 1H), 2.31 (dd, J= 6.2, 13.0 Hz, 1H),
1.96-1.81 (m, 2H), 1.81-1.64 (m, 3H), 1.59-1.48 (m, 1H), 1.48-1.32 (m, 10H), 0.83 (s, 9H), 0.00
(s, 6H).

Preparation of tert-butyl 3-(2-hydroxyethyl)-1-oxo-2-oxa-8-azaspiro[4.5]decane-8-carboxylate:
To

a

solution

of

tert-butyl

3-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1-oxo-2-oxa-8-

azaspiro[4.5]decane-8-carboxylate (4.88 g, 11.8 mmol, 1 eq.) and THF (70 mL) was added tetran-butylammonium fluoride (3.24 g, 12.4 mmol, 1.05 eq.); using THF (10 mL) to complete transfer.
The resulting solution was allowed to stir at RT for 30 min before being concentrated in vacuo to
give a crude product which was further purified by column chromatography (MeOH/DCM, 0% ~
10%). Percent yield: 91%. 1H NMR (400 MHz, CDCl3) δ 4.67 (m, 1H), 3.95 (dt, J= 5.0, 13.6 Hz,
1H), 3.87-3.73 (m, 3H), 3.23-3.10 (m, 1H), 3.09-2.98 (m, 1H), 2.39 (dd, J= 6.0, 13.0 Hz, 1H), 1.991.84 (m, 4H), 1.83-1.68 (m, 2H), 1.63-1.53 (m, 1H), 1.53-1.36 (m, 10H).

Preparation of 3-(2-bromoethyl)-2,8-dioxaspiro[4.5]decan-1-one: A solution of 3-(2hydroxyethyl)-2,8-dioxaspiro[4.5]decan-1-one (0.320 g, 1.60 mmol, 1 eq.) and THF (15 mL) was
cooled to 0 oC before triphenylphosphine (0.630 g. 2.4 mmol, 1.5 eq.) and carbon tetrabromide
(0.795 g, 2.4 mmol, 1.5 eq.) were sequentially added to the solution. The reaction solution was
allowed to warm to RT and stir overnight. The resulting mixture was then filtered and concentrated
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in vacuo to give a crude mixture. This mixture was suspended in diethyl ether (50 mL) and filtered
2x using diethyl ether to wash the filter cakes. The final filtrate was loaded onto Celite in vacuo
and further purified by column chromatography (ethyl acetate/hexanes, 0% ~ 40%). Percent yield:
70%. 1H NMR (400 MHz, CDCl3) δ 4.67 (m, 1H), 4.04 (dt, J= 4.6, 11.8 Hz, 1H), 3.91 (dt, J= 4.6,
12.1 Hz, 1H), 3.60 (m, 1H), 3.56-3.45 (m, 3H), 2.50 (dd, J= 6.1, 12.9 Hz, 1H), 2.30-2.02 (m, 3H),
1.91 (m, 1H), 1.76 (dd, J= 9.8, 13.0 Hz, 1H), 1.64-1.55 (m, 1H), 1.52-1.44 (m, 1H).

Preparation of tert-butyl 3-(2-bromoethyl)-1-oxo-2-oxa-8-azaspiro[4.5]decane-8-carboxylate:
The title compound was prepared according to the procedure for 3-(2-bromoethyl)-2,8dioxaspiro[4.5]decan-1-one,

except

azaspiro[4.5]decane-8-carboxylate

was

tert-butyl
substituted

3-(2-hydroxyethyl)-1-oxo-2-oxa-8for

3-(2-hydroxyethyl)-2,8-

dioxaspiro[4.5]decan-1-one. Percent yield: 67%. 1H NMR (400 MHz, CDCl3) δ 4.68 (m, 1H), 3.97
(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, 2H), 3.27-3.14
(m, 1H), 3.13-3.01 (m, 1H), 2.42 (dd, J= 6.0, 13.0 Hz, 1H), 2.31-2.20 (m, 1H), 2.20-2.09 (m, 1H),
2.01-1.90 (m, 1H), 1.89-1.78 (m, 1H), 1.74 (dd, J= 9.8, 12.8 Hz, 1H), 1.66-1.56 (m, 1H), 1.54-1.36
(m, 10H).

Preparation of 8-benzyl-3-(2-bromoethyl)-2-oxa-8-azaspiro[4.5]decan-1-one formate: A
solution of 3-(2-hydroxyethyl)-2,8-dioxaspiro[4.5]decan-1-one (2.07 g, 7.16 mmol, 1 eq.) and THF
(70 mL) was cooled to 0 oC before triphenylphosphine (2.83 g. 10.8 mmol, 1.5 eq.) and carbon
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tetrabromide (3.58 g, 10.8 mmol, 1.5 eq.) were sequentially added to the solution. The reaction
solution was allowed to warm to RT and stir overnight. The resulting mixture was then filtered and
concentrated in vacuo to give a crude mixture. This mixture was suspended in diethyl ether (50
mL) and filtered 2x using diethyl ether to wash the filter cakes. The final filtrate was loaded onto
Celite in vacuo and further purified by column chromatography on a C18 column. (ACN/H2O, 0%
~ 100%, w/ 0.1% formic acid). Percent yield: 19%. 1H NMR (400 MHz, MeOD) δ 7.53 (b, 2H),
7.47 (b, 3H), 4.75 (m, 1H), 4.27 (s, 2H), 3.64-3.47 (m, 3H), 3.34 (m, 1H), 3.19 (b, 1H), 3.08 (b,
1H), 2.52 (m, 1H), 2.35-2.15 (m, 3H), 2.15-1.97 (m, 2H), 1.96-1.81 (m, 2H).

Preparation of 3-(2-(4-phenylpiperazin-1-yl)ethyl)-2,8-dioxaspiro[4.5]decan-1-one: A solution
of 3-(2-bromoethyl)-2,8-dioxaspiro[4.5]decan-1-one (0.050 g, 0.190 mmol, 1 eq.) , THF (4 mL)
and 1-phenylpiperazine (0.065 g, 0.399 mmol, 2.1 eq.) was heated and stirred at 60 oC for 3 days.
The resulting mixture was then filtered and concentrated in vacuo to give a crude residue that was
further purified by column chromatography (methanol/dichloromethane, 0% ~ 10%). Percent yield:
85%. 1H NMR (400 MHz, CDCl3) δ 7.27 (m, 2H), 6.93 (d, J= 8.3 Hz, 2H), 6.86 (t, J= 7.3 Hz, 1H),
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), 2.70-2.52 (m, 6H), 2.47 (dd, J= 6.0, 12.8 Hz, 1H), 2.11 (m, 1H), 2.011.83 (m, 3H), 1.79 (dd, J= 9.7, 13.1 Hz, 1H), 1.65-1.54 (m, 1H), 1.54-1.45 (m, 1H); MS (LC/MS,
M+H+): 344.8
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Preparation of 8-benzyl-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1one: A solution of 8-benzyl-3-(2-bromoethyl)-2-oxa-8-azaspiro[4.5]decan-1-one formate (0.545 g,
1.37 mmol, 1 eq.) , THF (13.7 mL), 1-(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 stirred at 60 oC for 3 days. The resulting
mixture was then filtered and concentrated in vacuo to give a crude residue that was further purified
by column chromatography (methanol/dichloromethane, 0% ~ 10%). Percent yield: 75%. 1H NMR
(400 MHz, CDCl3) δ 7.39-7.23 (m, 5H), 7.10 (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), 2.95-2.85 (m, 1H), 2.84-2.75 (m, 1H), 2.70-2.49 (m, 6H),
2.40 (dd, J= 6.2, 12.8 Hz, 1H), 2.30 (s, 3H), 2.27-2.05 (m, 3H), 2.01-1.79 (m, 3H), 1.76-1.58 (m,
2H), 1.58-1.46 (m, 1H); MS (LC/MS, M+H+): 447.8

Preparation of 3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one: A
mixture of 8-benzyl-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-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 H2 (filled balloon) for 48 hrs. The mixture was filtered through a plug of Celite, washed with
MeOH (50 mL) and concentrated in vacuo to give a crude oil. Percent yield: 97%. 1H NMR (400
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MHz, MeOD) δ 6.95 (d, J= 8.2 Hz, 2H), 6.77 (d, J= 8.5 Hz, 2H), 4.56 (m, 1H), 3.47 (m, 1H), 3.283.18 (m, 1H), 3.17-3.09 (m, 1H), 3.08-2.96 (m, 5H), 2.66-2.46 (m, 6H), 2.42 (dd, J= 6.0, 13.0 Hz,
1H), 2.14 (s, 3H), 2.10-2.00 (m, 1H), 2.00-1.91 (m, 1H), 1.91-1.80 (m, 4H), 1.80-1.70 (m, 1H); MS
(LC/MS, M+H+): 357.8

Preparation

of

methyl

1-oxo-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decane-8-carboxylate: A solution of 3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8azaspiro[4.5]decan-1-one (0.05 g, 0.14 mmol, 1 eq.), dichloromethane (2 mL) and triethylamine
(0.44 g, 0.41 mmol, 3 eq.) was cooled to 0 oC before methyl chloroformate (0.027 g. 0.28 mmol, 2
eq.) was added to the solution. The reaction solution was allowed to warm to RT and stir for 3
hours. The reaction was diluted with dichloromethane and loaded onto Celite in vacuo and further
purified by column chromatography on a C18 column. (ACN/H2O, 0% ~ 100%, w/ 0.1% formic
acid). The resulting formate acid salt was dissolved in MeOH (2 mL) and Amberlite IRA-400(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 product. Percent yield: 53%. 1H NMR (400 MHz,
CDCl3) δ 7.08 (d, J= 8.4 Hz, 2H), 6.85 (d, J= 8.6 Hz, 2H), 4.59 (m, 1H), 4.02 (b, 1H), 3.85 (b, 1H),
3.72 (s, 3H), 3.35-3.24 (m, 1H), 3.23-3.10 (m, 5H), 2.71-2.50 (m, 6H), 2.38 (dd, J= 6.0, 12.8 Hz,
1H), 2.28 (s, 3H), 2.07-1.72 (m, 5H), 1.69-1.47 (m, 2H); MS (LC/MS, M+H+): 415.8
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Preparation of 8-acetyl-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1one: The title compound was prepared according to the procedure for methyl 1-oxo-3-(2-(4-(ptolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decane-8-carboxylate, except acetic anhydride
was substituted for methyl chloroformate. Percent yield: 64%. 1H NMR (400 MHz, CDCl3) δ 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), 4.04-3.84 (m, 1H), 3.72
(m, 0.5H), 3.45-3.22 (m, 2H), 3.15 (t, J= 4.8 Hz, 4H), 2.70-2.49 (m, 6H), 2.43-2.32 (m, 1H), 2.27
(s, 3H), 2.10 (s, 3H), 2.05-1.72 (m, 5H), 1.69-1.49 (m, 2H); MS (LC/MS, M+H+): 399.8

Preparation

of

N-methyl-1-oxo-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decane-8-carboxamide: The title compound was prepared according to the procedure
for

methyl

1-oxo-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decane-8-

carboxylate, except N-methyl-1H-imidazole-1-carboxamide was substituted for methyl
chloroformate. Percent yield: 20%. 1H NMR (400 MHz, MeOD) δ 6.96 (d, J= 8.3 Hz, 2H), 6.78 (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), 3.16-2.86 (m, 6H), 2.63 (s, 3H), 2.59-2.36 (m, 7H), 2.15 (s, 3H), 1.91-1.67 (m, 3H), 1.661.50 (m, 2H), 1.50-1.38 (m, 1H); MS (LC/MS, M+H+): 414.8
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Preparation

of

tert-butyl

1-oxo-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decane-8-carboxylate: A solution of tert-butyl 3-(2-bromoethyl)-1-oxo-2-oxa-8azaspiro[4.5]decane-8-carboxylate (1.5 g, 4.11 mmol, 1.1 eq.) , THF (36 mL), 1-(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 oC for 3 days. The resulting mixture was then filtered and concentrated in vacuo to give a
crude residue that was further purified by column chromatography (methanol/dichloromethane, 0%
~ 10%). Percent yield: 82%. 1H NMR (400 MHz, CDCl3) δ 7.05 (d, J= 8.3 Hz, 2H), 6.82 (d, J= 8.5
Hz, 2H), 4.55 (m, 1H), 3.96 (m, 1H), 3.81 (m, 1H), 3.22-2.98 (m, 6H), 2.67-2.45 (m, 6H), 2.36 (dd,
J= 6.2, 12.9 Hz, 1H), 2.25 (s, 3H), 2.00-1.66 (m, 5H), 1.57 (m, 1H), 1.53-1.34 (m, 10H); MS
(LC/MS, M+H+): 457.8

Preparation

of

azaspiro[4.5]decan-1-one:

8-(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8A

solution

of

3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decan-1-one (0.05 g, 0.14 mmol, 1 eq.), dichloromethane (2 mL) and triethylamine
(0.44 g, 0.41 mmol, 3 eq.) was cooled to 0 oC 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 onto Celite in vacuo and further
purified by flash column chromatography (methanol/dichloromethane, 0% ~ 10%). Percent yield:
75%. 1H NMR (400 MHz, DMSO) δ 7.01 (d, J= 8.5 Hz, 2H), 6.82 (d, J= 8.5 Hz, 2H), 4.59 (m, 1H),
3.58-3.45 (m, 1H), 3.44-3.33 (m, 1H), 3.13-2.95 (m, 5H), 2.88 (s, 3H), 2.86-2.78 (m, 1H), 2.622.31 (m, 7H), 2.19 (s, 3H), 1.97-1.57 (m, 7H); MS (LC/MS, M+H+): 435.8

Preparation

of

8-(phenylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decan-1-one: The title compound was prepared according to the procedure for 8(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except benzenesulfonyl chloride was substituted for methanesulfonyl chloride. Percent
yield: 21%. 1H NMR (400 MHz, CDCl3) δ 7.69 (m, 2H), 7.53 (m, 1H), 7.46 (m, 2H), 7.00 (d, J=
8.3 Hz, 2H), 6.75 (d, J= 8.5 Hz, 2H), 4.44 (m, 1H), 3.46 (m, 1H), 3.22 (m, 1H), 3.10 (t, J= 4.7 Hz,
4H), 2.97 (m, 1H), 2.87 (m, 1H), 2.75-2.44 (m, 6H), 2.19 (s, 3H), 2.12 (dd, J= 6.1, 13.0 Hz, 1H),
2.02-1.77 (m, 4H), 1.72-1.53 (m, 3H); MS (LC/MS, M+H+): 498.2

263

Preparation of 8-((4-methoxyphenyl)sulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8azaspiro[4.5]decan-1-one: The title compound was prepared according to the procedure for 8(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except 4-methoxybenzenesulfonyl chloride was substituted for methanesulfonyl chloride.
Percent yield: 26%. 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J= 9.0 Hz, 2H), 6.99 (d, J= 8.3 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 (m, 1H), 2.86 (m, 1H), 2.57-2.39 (m, 6H), 2.19 (s, 3H), 2.11 (dd,
J= 6.1, 12.9 Hz, 1H), 2.01-1.86 (m, 2H), 1.86-1.50 (m, 5H); MS (LC/MS, M+H+): 528.2

Preparation

of

8-((4-chlorophenyl)sulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decan-1-one: The title compound was prepared according to the procedure for 8(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except 4-chlorobenzenesulfonyl chloride was substituted for methanesulfonyl chloride.
Percent yield: 23%. 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J= 8.6 Hz, 2H), 7.37 (d, J= 8.5 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), 3.10 (m, 1H), 3.02 (t,
J= 4.7 Hz, 4H), 2.96 (m, 1H), 2.87 (m, 1H), 2.59-2.34 (m, 6H), 2.13 (s, 3H), 2.06 (dd, J= 5.9, 12.9
Hz, 1H), 1.95-1.81 (m, 2H), 1.81-1.67 (m, 2H), 1.66-1.49 (m, 3H); MS (LC/MS, M+H+): 532.2
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Preparation of 8-((tetrahydro-2H-pyran-4-yl)sulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared according to the procedure for
8-(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except tetrahydro-2H-pyran-4-sulfonyl chloride was substituted for methanesulfonyl
chloride. Percent yield: 85%. 1H NMR (400 MHz, CDCl3) δ 7.08 (d, J= 8.3 Hz, 2H), 6.84 (d, J=
8.5 Hz, 2H), 4.60 (m, 1H), 4.08 (dd, J= 3.6, 11.5 Hz, 2H), 3.80 (m, 1H), 3.57-3.42 (m, 4H), 3.413.30 (m, 3H), 3.22-3.06 (m, 5H), 2.69-2.47 (m, 6H), 2.30 (dd, J= 6.1, 12.9 Hz, 1H), 2.27 (s, 3H),
2.03-1.65 (m, 9H); MS (LC/MS, M+H+): 506.2

Preparation

of

8-(thiophen-2-ylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decan-1-one: The title compound was prepared according to the procedure for 8(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except thiophene-2-sulfonyl chloride was substituted for methanesulfonyl chloride.
Percent yield: 98%. 1H NMR (400 MHz, CDCl3) δ 7.53 (dd, J= 1.2, 5.0 Hz, 1H), 7.46 (dd, 1.3, 3.8
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 (m, 1H), 3.12-2.97 (m, 5H), 2.92 (m, 1H), 2.61-2.41 (m, 6H), 2.19 (s, 3H),
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2.14 (dd, J= 6.0, 13.0 Hz, 1H), 2.04-1.88 (m, 2H), 1.88-1.73 (m, 2H), 1.73-1.57 (m, 3H); MS
(LC/MS, M+H+): 504.1

Preparation of 4-((1-oxo-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-8yl)sulfonyl)benzonitrile: The title compound was prepared according to the procedure for 8(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except 4-cyanobenzenesulfonyl chloride was substituted for methanesulfonyl chloride.
Percent yield: 70%. 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J= 8.1 Hz, 2H), 7.85 (d, 7.8 Hz, 2H),
7.08 (d, J= 8.2 Hz, 2H), 6.84 (d, J= 8.5 Hz, 2H), 4.57 (m, 1H), 3.53 (m, 1H), 3.24 (m, 2H), 3.203.07 (m, 5H), 2.68-2.48 (m, 6H), 2.28 (s, 3H), 2.21 (dd, J= 6.0, 13.0 Hz, 1H), 2.08-1.97 (m, 2H),
1.97-1.65 (m, 5H); MS (LC/MS, M+H+): 523.2

Preparation of 8-((6-chloroimidazo[2,1-b]thiazol-5-yl)sulfonyl)-3-(2-(4-(p-tolyl)piperazin-1yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared according to the
procedure

for

8-(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-

azaspiro[4.5]decan-1-one formate, except 6-chloroimidazo[2,1-b]thiazole-5-sulfonyl chloride was
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substituted for methanesulfonyl chloride. Percent yield: 87%. 1H NMR (400 MHz, CDCl3) δ 7.90
(d, J= 4.5 Hz, 1H), 7.11-7.02 (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), 2.67-2.47 (m, 6H), 2.32-2.21 (m, 4H), 2.13-1.97 (m,
2H), 1.97-1.82 (m, 2H), 1.82-1.65 (m, 3H); MS (LC/MS, M+H+): 578.1

Preparation of 8-(((methylsulfonyl)methyl)sulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2oxa-8-azaspiro[4.5]decan-1-one: The title compound was prepared according to the procedure for
8-(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
formate, except (methylsulfonyl)methanesulfonyl chloride was substituted for methanesulfonyl
chloride. Percent yield: 36%. 1H NMR (400 MHz, CDCl3) δ 7.09 (d, J= 8.3 Hz, 2H), 6.86 (d, J=
8.6 Hz, 2H), 4.61 (m, 1H), 4.45 (s, 2H), 3.89 (m, 1H), 3.66 (m, 1H), 3.45 (m, 1H), 3.34 (m, 1H),
3.23 (s, 3H), 3.17 (t, J= 4.9 Hz, 4H), 2.73-2.52 (m, 6H), 2.37 (dd, J= 6.1, 12.9 Hz, 1H), 2.28 (s,
3H), 2.15-1.85 (m, 4H), 1.85-1.65 (m, 3H); MS (LC/MS, M+H+): 514.2

Preparation of 2-((1-oxo-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-8yl)sulfonyl)acetonitrile: The title compound was prepared according to the procedure for 8(methylsulfonyl)-3-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)-2-oxa-8-azaspiro[4.5]decan-1-one
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formate, except cyanomethanesulfonyl chloride was substituted for methanesulfonyl chloride.
Percent yield 46%. 1H NMR (400 MHz, CDCl3) δ 7.09 (d, J= 8.3 Hz, 2H), 6.86 (d, J= 8.5 Hz, 2H),
4.64 (m, 1H), 4.02-3.91 (m, 3H), 3.69 (m, 1H), 3.58 (m, 1H), 3.48 (m, 1H), 3.18 (t, J= 4.9 Hz, 4H),
2.73-2.54 (m, 6H), 2.34 (dd, J= 6.1, 13.0 Hz, 1H), 2.29 (s, 3H), 2.13-2.02 (m, 2H), 2.02-1.89 (m,
2H), 1.89-1.71 (m, 3H); MS (LC/MS, M+H+): 461.2

12.6 Preparation of Enantiomerically Pure Final Compounds

Preparation of (R)-3-bromohexanedioic acid: To a RBF was added NaBr (61.8 g, 0.6 mol, 4 eq.)
which was then dissolved in 6N H2SO4 (140 mL). Once all NaBr is dissolved, D-aspartic acid (20
g, 0.15 mol, 1 eq.) was added and the resulting solution was cooled to 0OC. At 0OC, NaNO2 (12.4
g, 0.18 mol, 1.2 eq.) was added slowing in small portions at a time. After addition, mixture was
allowed to stir at 0OC for 10 minutes. Mixture was diluted with D.I. H2O (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 ether. The combined organics were dried
over Na2SO4, filtered and concentrated under reduced pressure to afford crude product that was
used in the next step without further purification. Percent yield: 59%. 1H NMR (400 MHz, MeOD)
δ 4.56 (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).

Preparation of (S)-3-bromohexanedioic acid: The title compound was prepared according to the
procedure for (R)-3-bromohexanedioic acid except L-aspartic acid was substituted for D-aspartic
acid. Percent yield: 71%. 1H NMR (400 MHz, MeOD) δ 4.58 (dd, J= 6.2, 8.7 Hz, 1H), 3.20 (dd, J=
8.7, 17.1 Hz, 1H), 2.96 (dd, J= 6.2, 17.2 Hz, 1H).
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Preparation of (R)-2-bromobutane-1,4-diol: To a dry RBF was added (R)-3-bromohexanedioic
acid (11.85 g, 0.06 mol, 1 eq.) and system was put under N2 atmosphere. Once under N2
atmosphere, dry THF (125 mL) was added and the resulting solution was cooled to -78OC using a
dry ice/acetone bath. At -78OC, 2M BH3-DMS complex in THF solution (90 mL, 0.18 mol, 3 eq.)
was added drop-wise. 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 the reaction and 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 pressure. The crude
product was used in the next step without further purification. Percent yield: ~100%. 1H NMR (400
MHz, CDCl3) δ 4.36 (m, 1H), 3.96-3.77 (m, 4H), 2.23-2.05 (m, 2H).

Preparation of (S)-2-bromobutane-1,4-diol: The title compound was prepared according to the
procedure for (R)-2-bromobutane-1,4-diol except (S)-3-bromohexanedioic acid was substituted for
(R)-3-bromohexanedioic acid. Percent yield: ~100%. 1H NMR (400 MHz, CDCl3) δ 4.28 (m, 1H),
3.88-3.69 (m, 4H), 2.14-1.96 (m, 2H).

Preparation of (S)-2-(oxiran-2-yl)ethan-1-ol: To a solution of (R)-2-bromobutane-1,4-diol
(32.58 g, 0.192 mol, 1 eq.) in DCM (642 mL) was added Cs2CO3 (112.3 g, 0.345 mol, 1.8 eq.). The
resulting mixture was then allowed to stir at RT overnight. All solids were filtered off and the
filtrate was concentrated under reduced pressure. The crude product was used in the next step
without further purification. Percent yield: 93%. 1H NMR (400 MHz, CDCl3) δ 3.81 (t, J= 6.2 Hz,
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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).

Preparation of (R)-2-(oxiran-2-yl)ethan-1-ol: The title compound was prepared according to the
procedure for (S)-2-(oxiran-2-yl)ethan-1-ol except (S)-2-bromobutane-1,4-diol was substituted for
(R)-2-bromobutane-1,4-diol. Percent yield: 99%. 1H NMR (400 MHz, CDCl3) δ 3.81 (t, J= 5.7 Hz,
2H), 3.11 (m, 1H), 2.81 (t, J= 4.2 Hz, 1H), 2.60 (dd, J= 2.8, 4.9 Hz, 1H), 2.11 (t, J= 5.2 Hz, 1H),
1.98 (m, 1H), 1.71 (m, 1H).

Preparation of (S)-2-(2-(benzyloxy)ethyl)oxirane: To a solution of (S)-2-(oxiran-2-yl)ethan-1ol (2.5 g, 28.4 mmol, 1.0 eq) in dry THF (30 mL) was added 60% NaH (2.27 g, 56.8 mmol, 2 eq)
at 0 OC and under N2 atmosphere. Following, tetrabutylammonium iodide (13.5 mg, 0.05 mmol,
0.0017 eq) and benzyl bromide (4.06 mL, 34.1 mmol, 1.2 eq) were added at 0 OC. Reaction was
allowed to warm to room temperature and stir for 3 hours. Once the reaction was complete, the
mixture was cooled to 0 OC and quenched with sat. NH4Cl (aq.) 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 over Na2SO4 and
concentrated in vacuo to afford a crude oil which was purified through flash chromatography
(silica; ethyl acetate/hexanes, 0% ~ 5%). Percent yield: 68%. 1H NMR (400 MHz, CDCl3) δ 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).
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Preparation of (R)-2-(2-(benzyloxy)ethyl)oxirane: The title compound was prepared according
to the procedure for (S)-2-(2-(benzyloxy)ethyl)oxirane except (R)-2-(oxiran-2-yl)ethan-1-ol was
substituted for ((S)-2-(oxiran-2-yl)ethan-1-ol. Percent yield: 63%. 1H NMR (400 MHz, CDCl3) δ
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).

Preparation of (S)-5-(2-(benzyloxy)ethyl)-3,3-diethyldihydrofuran-2(3H)-one: While under N2
atmosphere and at -78 OC, N,N-dimethylisobutyramide (3.41 g, 23.8 mmol, 2 eq.) was added
dropwise to a solution of 1M LDA (25 mL, 25 mmol, 2.1 eq.) The resulting mixture was allowed
to stir at -78 OC for 30 min, then at 0 OC for fifteen min, then at room temperature for 5 min and
finally cooled to 0 OC. At 0 OC, a solution of (R)-2-(2-(benzyloxy)ethyl)oxirane (2.12 g, 11.9 mmol,
1 eq.) in 2 mL dry THF was added dropwise to the reaction mixture. Let stir at 0 OC for 20 min
then warmed to room temperature and let stir for approximately 5 days. The reaction was then
quenched with sat. NH4Cl until neutral pH. . Diluted with 20 mL ethyl acetate and extracted the
organic layer. The aqueous layer was further extracted with 3x25 mL ethyl acetate. The combined
organic layers were then dried over Na2SO4 and concentrated in vacuo to afford a crude oil. This
oil was then dissolved in 30 mL DCM and 6 mL of TFA was added dropwise. The solution stirred
for 30 min before being diluted with 15 mL of DCM and D.I. water. The layers were separated and
the aqueous layer was backwashed with 2x 15 mL DCM. The combined organic layers were then
dried over Na2SO4 and concentrated in vacuo to afford a crude oil which was purified through flash
chromatography (silica; ethyl acetate/hexanes, 0% ~ 20%). Percent yield: 64%. 1H NMR (400
MHz, CDCl3) δ 7.25-7.07 (m, 5H), 4.45 (m, 1H), 4.37 (q, J= 5.7 Hz, 2H), 3.53-3.10 (m, 2H), 1.95
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(dd, J= 6.8, 13.2 Hz, 1H), 1.86-1.71 (m, 2H), 1.67 (dd, J= 9.5, 13.3 Hz, 1H), 1.51-1.40 (m, 4H),
0.77 (dt, J= 7.5, 20.4 Hz, 6H).

Preparation of (R)-5-(2-(benzyloxy)ethyl)-3,3-diethyldihydrofuran-2(3H)-one: The title
compound was prepared according to the procedure for (S)-5-(2-(benzyloxy)ethyl)-3,3diethyldihydrofuran-2(3H)-one except (S)-2-(2-(benzyloxy)ethyl)oxirane was substituted for (R)2-(2-(benzyloxy)ethyl)oxirane. Percent yield: 72%. 1H NMR (400 MHz, CDCl3) δ 7.25-7.07 (m,
5H), 4.45 (m, 1H), 4.37 (q, J= 5.7 Hz, 2H), 3.53-3.10 (m, 2H), 1.95 (dd, J= 6.8, 13.2 Hz, 1H), 1.861.71 (m, 2H), 1.67 (dd, J= 9.5, 13.3 Hz, 1H), 1.51-1.40 (m, 4H), 0.77 (dt, J= 7.5, 20.4 Hz, 6H).

Preparation of (S)-3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one: To a RBF was
added 10% Pd/C (186 mg, 20% wt) followed by a solution of (S)-5-(2-(benzyloxy)ethyl)-3,3diethyldihydrofuran-2(3H)-one (930 mg, 3.37 mmol, 1 eq.) in EtOH (18 mL). System was put
under H2 (1 atm) using a balloon. Let stir at RT under H2 atm 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%. 1H NMR (400 MHz, CDCl3) δ 4.61 (m, 1H),
4.46 (b, 1H), 3.85 (b, 2H), 2.18 (dd, J= 6.6, 13.0 Hz, 1H), 1.99-1.78 (m, 3H), 1.63 (quin, J= 7.3 Hz,
4H), 0.93 (dt, J= 7.3, 20.9 Hz, 6H).
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Preparation of (R)-3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one: The title compound
was prepared according to the procedure for (S)-3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran2(3H)-one except (R)-5-(2-(benzyloxy)ethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted
for (S)-5-(2-(benzyloxy)ethyl)-3,3-diethyldihydrofuran-2(3H)-one. Percent yield: ~100%. 1H
NMR (400 MHz, CDCl3) δ 5.50 (b, 1H), 4.59 (m, 1H), 3.81 (b, 2H), 2.15 (dd, J= 6.5, 13.0 Hz, 1H),
1.96-1.76 (m, 3H), 1.60 (quin, J= 7.6 Hz, 4H), 0.90 (dt, J= 7.4, 20.3 Hz, 6H).

Preparation of (S)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one: To a solution of (S)3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one (1.45 g, 7.8 mmol, 1 eq.) in DCM (80 mL)
was added triphenylphosphine (3.07 g, 11.7 mmol, 1.5 eq.). Following, carbon tetrabromide (6.46
g, 19.5 mmol, 2.5 eq.) was added and the reaction 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 and the crude product purified by flash chromatography (silica; ethyl acetate/hexanes, 0% ~
35%). Percent yield: 52%. 1H NMR (400 MHz, CDCl3) δ 4.59 (m, 1H), 3.52 (dd, J= 5.6, 7.6 Hz,
2H), 2.26-2.05 (m, 3H), 1.81 (dd, J= 9.4, 13.0 Hz, 1H), 1.63 (m, 4H), 0.93 (dt, J= 7.6, 25.8 Hz,
6H).

Preparation of (R)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one: The title compound
was prepared according to the procedure for (S)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one except (R)-3,3-diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one was substituted for (S)-3,3273

diethyl-5-(2-hydroxyethyl)dihydrofuran-2(3H)-one. Percent yield: 47%. 1H NMR (400 MHz,
CDCl3) δ 4.59 (m, 1H), 3.52 (dd, J= 5.5, 7.5 Hz, 2H), 2.26-2.05 (m, 3H), 1.81 (dd, J= 9.4, 13.0 Hz,
1H), 1.63 (m, 4H), 0.92 (dt, J= 7.5, 25.7 Hz, 6H).

Preparation

of

(S)-3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate: To a small vial was added (S)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)one (50 mg, 0.2 mmol, 1 eq.) and 1-phenylpiperazine (66.5 mg, 0.41 mmol, 2.1 eq.) then both were
dissolved in THF (4 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 reduced pressure.
Crude product was then purified by HPLC (CH3CN/H2O, 0.1% Trifluoroacetic acid), 0%~100%)
to give desired product as a trifluoroacetic acid salt. Percent yield: 80%. 1H NMR (400 MHz,
CDCl3) δ 7.30 (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),
3.98-2.74 (b, 10H), 2.31-2.14 (m, 2H), 2.04 (m, 1H), 1.84 (dd, J= 9.4, 13.3 Hz, 1H), 1.61 (m, 4H),
0.90 (dt, J= 7.7, 16.3 Hz, 6H) LC/MS [M+H]= m/z 331.2

Preparation of (R)-3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one:
The title compound was prepared according to the procedure for (S)-3,3-diethyl-5-(2-(4phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except (R)-5-(2-bromoethyl)3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

(S)-5-(2-bromoethyl)-3,3-

diethyldihydrofuran-2(3H)-one. In addition, a second purification took place using an HP amine
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flash column (ethyl acetate/hexanes, 0% ~ 100%). Percent yield: 45%. 1H NMR (400 MHz, CDCl3)
δ 7.40 (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, 1H), 4.03-3.07
(b, 10H), 2.32-2.18 (m, 2H), 2.07 (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 331.2

Preparation of (S)-3,3-diethyl-5-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except 1(2-methoxyphenyl)piperazine was substituted for 1-phenylpiperazine. Percent yield: 83%. 1H
NMR (400 MHz, CDCl3) δ 7.09 (m, 1H), 6.97-6.85 (m, 3H), 4.45 (m, 1H), 3.85 (s, 3H), 3.82-2.82
(b, 10H), 2.32-2.15 (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 361.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

(S)-5-(2-

bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one and 1-(2-methoxyphenyl)piperazine for 1phenylpiperazine. Percent yield: 13%. 1H NMR (400 MHz, CDCl3) δ 7.07 (m, 1H), 6.97-6.81 (m,
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3H), 4.37 (m, 1H), 3.80 (s, 3H), 3.75-2.92 (b, 10H), 2.29-2.07 (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/z 361.2

Preparation of (S)-3,3-diethyl-5-(2-(4-(2-isopropylphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except 1(2-isopropylphenyl)piperazine was substituted for 1-phenylpiperazine. Percent yield: 28%. 1H
NMR (400 MHz, CDCl3) δ 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), 2.36-2.19 (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/z 373.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(2-isopropylphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

(S)-5-(2-

bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one and 1-(2-isopropylphenyl)piperazine for 1phenylpiperazine. Percent yield: 10%. 1H NMR (400 MHz, CDCl3) δ 7.30 (m, 1H), 7.20 (m, 2H),
7.14 (m, 1H), 4.47 (m, 1H), 3.75 (m, 2H), 3.45-2.97 (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 Hz, 6H), 0.94
(dt, J= 7.4, 19.1 Hz, 6H) LC/MS [M+H]= m/z 373.2
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Preparation of (S)-3,3-diethyl-5-(2-(4-(pyridin-2-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one trifluoroacetate: The title compound was prepared according to the procedure for (S)-3,3diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except 1(pyridin-2-yl)piperazine was substituted for 1-phenylpiperazine. Percent yield: 85%. 1H NMR (400
MHz, CDCl3) δ 7.87 (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, 6H) LC/MS [M+H]= m/z 332.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(pyridin-2-yl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)one trifluoroacetate: The title compound was prepared according to the procedure for (S)-3,3diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except (R)-5(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for (S)-5-(2-bromoethyl)-3,3diethyldihydrofuran-2(3H)-one and 1-(pyridin-2-yl)piperazine for 1-phenylpiperazine. Percent
yield: 30%. 1H NMR (400 MHz, MeOD) δ 8.13 (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), 2.28-2.08 (m, 2H), 1.95 (dd, J= 9.4, 13.2 Hz, 1H), 1.76-1.52 (m, 4H), 0.95 (dt, J= 7.4, 13.8
Hz, 6H) LC/MS [M+H]= m/z 332.2
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Preparation of (S)-3,3-diethyl-5-(2-(4-(3-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except 1(3-methoxyphenyl)piperazine was substituted for 1-phenylpiperazine. Percent yield: 68%. 1H
NMR (400 MHz, CDCl3) δ 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), 3.77-2.71 (b, 10H), 2.33-2.16 (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]= m/z 361.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(3-methoxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

was

substituted

for

(S)-5-(2-

bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one and 1-(3-methoxyphenyl)piperazine for 1phenylpiperazine. Percent yield: 31%. 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J= 8.2 Hz, 1H), 6.806.66 (m, 3H), 4.49 (m, 1H), 3.82 (s, 3H), 3.81-3.12 (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]= m/z 361.2
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Preparation of (S)-3,3-diethyl-5-(2-(4-(3-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except 3(piperazin-1-yl)phenol was substituted for 1-phenylpiperazine. Percent yield: 67%. 1H NMR (400
MHz, MeOD) δ 7.11 (t, J= 8.1 Hz, 1H), 6.54-6.37 (m, 3H), 4.55 (m, 1H), 4.18-2.72 (b, 10H), 2.29
(dd, J= 6.6, 13.2 Hz, 1H), 2.25-2.05 (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 347.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(3-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one trifluoroacetate: The title compound was prepared according to the procedure for (S)3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except
(R)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one
bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

and

was

substituted

for

3-(piperazin-1-yl)phenol

(S)-5-(2for

1-

phenylpiperazine. Percent yield: 28%. 1H NMR (400 MHz, MeOD) δ 7.10 (t, J= 8.2 Hz, 1H), 6.45
(m, 3H), 4.56 (m, 1H), 3.97-2.88 (b, 10H), 2.31 (dd, J= 6.9, 13.2 Hz, 1H), 2.27-2.06 (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/z 347.2

Preparation of (S)-3,3-diethyl-5-(2-(4-(4-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one: The title compound was prepared according to the procedure for (S)-3,3-diethyl-5-(2(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except 4-(piperazin-1279

yl)phenol was substituted for 1-phenylpiperazine. In addition, the title compound was purified
using flash chromatography (MeOH/dichloromethane, 0% ~ 10%). Percent yield: 53%. 1H NMR
(400 MHz, CDCl3) δ 6.74 (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), 2.64-2.40 (m, 6H), 2.04 (dd, J= 6.8, 13.2 Hz, 1H), 1.89-1.67 (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 347.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(4-hydroxyphenyl)piperazin-1-yl)ethyl)dihydrofuran2(3H)-one: The title compound was prepared according to the procedure for (S)-3,3-diethyl-5-(2(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate

except

(R)-5-(2-

bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for (S)-5-(2-bromoethyl)-3,3diethyldihydrofuran-2(3H)-one and 4-(piperazin-1-yl)phenol for 1-phenylpiperazine. In addition,
the title compound was purified using flash chromatography (MeOH/dichloromethane, 0% ~ 10%).
Percent yield: 57%. 1H NMR (400 MHz, CDCl3) δ 6.75 (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), 2.64-2.40 (m, 6H), 2.04 (dd, J= 6.7, 13.0 Hz, 1H), 1.89-1.67
(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/z 347.2

Preparation

of

(S)-4-(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-

yl)benzonitrile trifluoroacetate: The title compound was prepared according to the procedure for
(S)-3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate

except 4-(piperazin-1-yl)benzonitrile was substituted for 1-phenylpiperazine. Percent yield: 53%.
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H NMR (400 MHz, CDCl3) δ 7.54 (d, J= 8.8 Hz, 2H), 6.91 (d, J= 8.7 Hz, 2H), 4.45 (m, 1H), 4.09-

1

2.77 (b, 10H), 2.32-2.17 (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 356.2

Preparation

of

(R)-4-(4-(2-(4,4-diethyl-5-oxotetrahydrofuran-2-yl)ethyl)piperazin-1-

yl)benzonitrile trifluoroacetate: The title compound was prepared according to the procedure for
(S)-3,3-diethyl-5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate

except (R)-5-(2-bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for (S)-5-(2bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one

and

4-(piperazin-1-yl)benzonitrile

for

1-

phenylpiperazine. Percent yield: 20%. 1H NMR (400 MHz, CDCl3) δ 7.58 (d, J= 8.9 Hz, 2H), 6.93
(d, J= 9.0 Hz, 2H), 4.46 (m, 1H), 3.86 (b, 4H), 3.50-3.23 (m, 4H), 3.04 (b, 2H), 2.36-2.17 (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 356.2

Preparation of (S)-3,3-diethyl-5-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one
trifluoroacetate: The title compound was prepared according to the procedure for (S)-3,3-diethyl5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one

trifluoroacetate

except

1-(p-

tolyl)piperazine was substituted for 1-phenylpiperazine. Percent yield: 88%. 1H NMR (400 MHz,
CDCl3) δ 7.13 (d, J= 7.8 Hz, 2H), 6.91 (d, J= 8.5 Hz, 2H), 4.45 (m, 1H), 4.05-2.77 (b, 10H), 2.29
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(s, 3H), 2.27-2.16 (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 345.2

Preparation of (R)-3,3-diethyl-5-(2-(4-(p-tolyl)piperazin-1-yl)ethyl)dihydrofuran-2(3H)-one
trifluoroacetate: The title compound was prepared according to the procedure for (S)-3,3-diethyl5-(2-(4-phenylpiperazin-1-yl)ethyl)dihydrofuran-2(3H)-one trifluoroacetate except (R)-5-(2bromoethyl)-3,3-diethyldihydrofuran-2(3H)-one was substituted for (S)-5-(2-bromoethyl)-3,3diethyldihydrofuran-2(3H)-one and 1-(p-tolyl)piperazine for 1-phenylpiperazine. Percent yield:
35%. 1H NMR (400 MHz, CDCl3) δ 7.15 (d, J= 8.3 Hz, 2H), 6.93 (d, J= 8.5 Hz, 2H), 4.46 (m, 1H),
3.96-2.94 (b, 10H), 2.31 (s, 3H), 2.28-2.16 (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 345.2
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APPENDIX
NMR SPECTRA
Ligands submitted for functional data
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