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CHAPTER |

DISCOVERY AND DEVELOPMENT OF NOVEL, SELECTIVE METABOTROPIC
GLUTAMATE RECEPTOR 7 NEGATIVE ALLOSTERIC MODULATORS

Background and Introduction

G Protein-Coupled Receptors: Metabotropic Glutamate Receptors

G protein-coupled receptors (GPCRs) encompass a wide variety of extracellular
proteins that are responsible for detecting extracellular ligands and activating internal
signal transduction pathways, resulting in specific cellular responses.-3 Activation of
GPCRs and the subsequent induction of these cellular responses have been shown to
have direct effects on endocrinal signaling pathways, anti-inflammatory/immune
responses, physiological homeostasis, human behavior, and the chemical senses of
smell and taste.*® As of 2016, 826 GPCRs have been identified from the human
genome.® Approximately 30% of the FDA-approved drugs target one of these GPCRs,
reinforcing the notion of their attractive therapeutic potential.® Given that GPCRs have
the highest level of receptor expression in the central nervous system (CNS) coupled
with the prevalence and burden of CNS disorders, recent effort has focused on targeting

CNS GPCRs as potential therapeutic targets.10-12

Glutamate, the major excitatory and most abundant neurotransmitter in the CNS,
is responsible for maintaining various physiological processes including
neurotransmission, interneuron signaling, learning, memory, and cognitive function.

Therefore, glutamate is regarded as one of the most important neurotransmitters
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associated with neurological homeostasis.3'4 Regulation of glutamate is of paramount
importance for normal physiological function. The glutamatergic hypotheses of
neurological disorders postulate that disturbances in glutamatergic neurotransmission
are implemented in disorders such as schizophrenia, substance abuse, mood disorders,
Alzheimer’s disease, and autism-spectrum disorders.*® This has led to increasing
interest in a specific family of GPCRs, the metabotropic glutamate (mGlu) receptor

family, as novel therapeutic targets.6-18

The mGlu receptors are widely distributed within the central nervous system
(CNS) and are involved in modulating neuronal excitability and synaptic transmission.®-
20 mGlu receptors belong to the Class C family of GPCRs. These receptors possess a
large extracellular N-terminal domain that contains the endogenous ligand binding site
(Venus flytrap domain), a cysteine-rich domain, a heptahelical transmembrane domain,
and an intracellular C-terminal domain responsible for interacting with specific

heterotrimeric G proteins consisting of a, B, and y subunits (Figure 1.1).*° The mGlu

Figure 1.1: Generic representation of mGlu receptor homodimer



receptors exist and function as either constitutive homodimers or heterodimers.?1-22

The Venus flytrap domain (VFD) is responsible for binding the endogenous
ligand glutamate and consists of two lobes.?123?4 The name for this N-terminal domain
is derived from the way these two lobes “bite” down onto glutamate after ligand binding.
The cysteine rich domain (CRD) consists of nine important cysteine residues. Eight of
these cysteine residues are linked together via disulfide bonds.?®> Upon binding of
glutamate, a new disulfide bond between the ninth cysteine residue of the CRD and a
cysteine residue found in one of the lobes of the VFD is formed. The new disulfide bond
results in conformational changes within the receptor.?® This conformational change is
propagated through the CRD and the heptahelical domain, also referred to as the
seven-transmembrane domain (7-TM), to the C-terminal domain of the receptor.® As a
result, the G protein associated with the C-terminal domain is enabled to act as a
guanine nucleotide exchange factor (GEF).?’ In the inactive state, the Gq subunit of the
heterotrimeric G protein is bound to guanosine diphosphate (GDP). Binding of
glutamate and the subsequent conformational changes enable GEF activity and result
in the exchange of GDP for guanosine triphosphate (GTP).2” The G-protein is now
considered to be “activated”, and the Ga subunit dissociates from the Gpy dimeric
subunit. Both the liberated Ga and Ggy are capable of activating different second
messenger cascades depending on the nature of the parent mGlu receptor/G protein

pair.28

The eight mGlu receptors are divided into three groups based upon their
sequence homology, pharmacology, and signal-transduction mechanisms. Group |
contains mGlui and mGlus, Group Il contains mGluz and mGlus, while Group Il contains
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mGlus, mGlus, mGluz, and mGlus.'® Group | mGlu receptors are primarily located on
postsynaptic terminals and couple to Gg11, which leads to the activation of
phospholipase Cg.'° This results in the hydrolysis of phosphoinositides within the
plasma membrane leading to the formation of inositol 1,4,5-triphosphate (IP3) and
diacyl glycerol. IP3 results in the activation of calcium channels and increases
intracellular [Ca?*], while diacyl glycerol participates as a cofactor for the activation of
protein kinase C.2°-3! This increase in intracellular [Ca2*] can promote neuronal
excitability.®? In contrast to Group | mGlu receptors, both Group Il and Group Il mGlu
receptors are primarily located on presynaptic terminals and couple to Gio.23 Upon
activation of Gip, the liberated Ga subunit inhibits adenylyl cyclase, causing a reduction
of intracellular cyclic adenosine monophosphate (CAMP).3* The Ggy dimer is capable of
modulating the activity of ion channels, leading to a decrease in intracellular [Ca?*] and
an increase in [K*].%* This decrease in intracellular [Ca?*] can inhibit neurotransmitter

release.3°

Metabotropic Glutamate Receptor 7 (mGlu7) and Known Physiological Roles

Considerable effort and progress has been made in assigning potential
therapeutic roles for all of the mGlu receptors. While much effort has been devoted to
the exploration of the physiological roles and therapeutic potentials of both group | and
group Il mGlu receptors, much is still unknown regarding the physiology of group Il
mGlu receptors.3® Of these group Il mGlu receptors, perhaps the least is known about
mGlur. Preliminary genetic knockout experiments have associated mGluz with

neuropsychiatric disorders (anxiety, depression, and schizophrenia),



neurodevelopmental disorders (epilepsy, ADHD, and autism), and normal cognitive

development (learning and memory).37-4°

mGluz is localized to the active zone of excitatory presynaptic terminals and is
primarily located in the neocortex, prefrontal cortex, hippocampus, and amygdala.3®
Unlike other Group Il mGlu receptors, mGluz has a low affinity for glutamate (500 yM -
1 mM), which led to the hypothesis that mGluz serves as an “emergency brake” for cells
to avoid overstimulation and glutamatergic excitotoxicity.*6-*’ In addition to glutamatergic
regulation, mGluz possesses heteroreceptor characteristics, with the ability to also
influence GABAergic and monoamine (dopamine, serotonin, and epinephrine)

regulation.3®

Due to its high level of conservation in mammalian species and hippocampal
localization, mGluz has been implicated in important biological processes such as
learning and memory; for example, Niswender and coworkers have discovered that
activation of mGluz is critical for the induction of long-term potentiation (LTP) at
hippocampal Schaffer collateral CA1 (SC-CA1) synapses.*® LTP is a persistent
strengthening of synapses that occurs after certain types of stimulation parameters.*°
This persistent activity results in an increase in synaptic inter-transmission between
these synapses, forming stronger synaptic connections.*® Since memories are believed
to be formed via strengthening of synaptic connections, activation of mGluz has been

hypothesized to play an important role in memory processes at SC-CA1 synapses.®°

One potential mechanism for LTP involves NMDA-receptor dependent processes

(Figure 1.2).5 In this mechanism, postsynaptic AMPA receptors are activated by the



release of glutamate and result in the influx of Na* into the cell. As more glutamate is
released via more frequent action potentials, more Na* can enter into the cell and
results in the removal of the voltage-dependent Mg?* block of NMDA receptors. The
influx of Ca?* through these “opened” NMDA receptors results in the expression of more
AMPA receptors on the postsynaptic terminal. Due to the presence of these additional
AMPA receptors, response to glutamate is increased which strengthens the synaptic
connection.%! In the present case of SC-CA1 synapses, Niswender and coworkers
found that activation of mGluz results in the inhibition of GABA release from inhibitory

synapses. It is this disinhibition mechanism that enables the induction of LTP at these
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Figure 1.2: NMDA-receptor dependent mechanism of LTP
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SC-CA1 synapses.*®

Orthosteric vs. Allosteric Probe Development Strategies

In order to further probe the physiological relevance of mGluz, fully selective in
vivo tool compounds for mGluz must be developed. Traditional probe development
approaches involve targeting the orthosteric site where the endogenous ligand binds. In
this case, a small molecule that binds to the orthosteric site and activates the receptor is
referred to as an agonist.>? On the other hand, a small molecule that competes with the
endogenous ligand for binding to the orthosteric site and antagonizes the receptor is
referred to as an antagonist.>? Both agonists and antagonists can be exemplified in the
“light switch” analogy. An agonist can be thought of as turning a light switch “on”
(activation of the receptor), while an antagonist can be thought of as turning a light
switch “off” (prevention of activation of the receptor). While this orthosteric ligand
development method can be useful for certain scenarios, it can complicate matters
when the therapeutic window for receptor activation is small and subtype selectivity is
crucial.>® For example, xanomeline, a muscarinic acetylcholine receptor 1 and 4
(M1/Mg)-preferring orthosteric agonist, was developed in hopes of improving cognition in
schizophrenia patients.>* However, the following side effects were observed in patients
(diarrhea, urination, muscle weakness, bronchorrhea, bradycardia, emesis, lacrimation,
and salivation) which were indicative of cholinergic toxicity.>*> This was attributed to
overactivation of the muscarinic receptors and off-target activity at M2 and M3

receptors.54-55

Traditional orthosteric ligand development strategies cannot be used for

developing effective in vivo tool compounds for mGluz for additional reasons. Pursuing



orthosteric analogs of the endogenous ligand glutamate would result in the formation of
amino acid-like small molecules which would suffer from poor in vivo pharmacokinetic
(PK) properties. These small, charged molecules would suffer from high hepatic
clearance and would not be able to cross the blood brain barrier following traditional
administration pathways. To further exacerbate this problem, the orthosteric binding site
of all mGlu receptors is highly conserved, which would not enable the required level of
subtype selectivity needed for interrogating the physiological importance of a single

mGlu receptor.1®

In order to achieve this level of subtype selectivity amongst the mGlu receptors,
an allosteric modulation strategy is the preferred method.*® As a whole, allosteric
modulators bind to a site which is distinct from the orthosteric site (Figure 1.3). For
mGlu receptors, these allosteric binding sites are usually found within the 7-TM
domain.5”-%° Binding of an allosteric modulator within the 7-TM domain results in new
interactions between the ligand and specific amino acid residues (referred to as the

Orthosteric binding site

“—

Putative allosteric binding
site

Figure 1.3: Orthosteric and putative allosteric binding sites for mGlu receptors



“trigger switch” and the “transmission switch” domains) which results in conformational

changes of the receptor.®°

Allosteric modulators can be classified as either positive allosteric modulators
(PAMS), negative allosteric modulators (NAMs), or neutral allosteric ligands (NALS).
Upon binding of an allosteric modulator, the effect that the endogenous ligand has on
the native receptor can be either potentiated (PAM) or antagonized (NAM).®! This is
possible because these allosteric modulators can stabilize either active confirmations of
the receptor that promote orthosteric ligand binding (PAMSs) or inactive confirmations of
the receptor that hinder orthosteric ligand binding (NAMs).6! This can be described by
the mathematical relationship presented in the allosteric ternary complex model shown
in Figure 1.4.%% As a result, PAMs are capable of increasing the potency and/or efficacy
of an orthosteric agonist when that orthosteric agonist is present (positive cooperativity),
while NAMs reduce the affinity and/or efficacy of an orthosteric agonist when that
orthosteric agonist is present (negative cooperativity).%® In the case of a NAL, the

allosteric ligand will bind and occupy an allosteric site but will neither potentiate nor

Ka
R+A+B B + RA

Legend:

R = Receptor

A = Orthosteric Ligand

B = Allosteric Ligand

Ks aKg K, = Dissociation Constant of A with R
Kg = Dissociation Constant of B with R
o = Cooperativity factor (describes one
ligand's effect on the binding of the
second ligand)

A +RB RAB
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Figure 1.4: Representative allosteric ternary complex model



antagonize the effect that the endogenous ligand has on the native receptor. As
opposed to the “light switch” analogy for orthosteric agonists and antagonists, allosteric
modulators can be described using the “dimmer switch” analogy. The specific level of
activity of a receptor can be modulated to a certain degree in either direction as
opposed to defined “on” and “off” states. Therefore, the modulatory capability of
allosteric ligands, combined with their potential subtype selectivity, make them the

preferred probe development strategy for studying the physiological roles of mGlus~.

mGluz Tool Compounds: Negative Allosteric Modulators and Allosteric Antagonists

The majority of data associated with mGluz prior to 2005 came from genetic
knockout experiments. mGluz knockout mice have been shown to have epileptic,
anxiolytic, and antidepressant phenotypes, deficits in learning, amygdala-dependent
learning, amygdala-fear extinction response, impaired working memory, and
conditioned taste aversion.3’-*> Recently, significant effort has been devoted to the
development of selective negative allosteric modulators (NAMs) and allosteric
antagonists in order to elucidate and validate the pharmacology of mGluz (Figure 1.5).

In 2007, isoxazolopyridone 1.1 (MMPIP) was discovered to be a potent mGluz NAM.%4

MMPIP ADX71743 XAP044
1.1 1.2 1.3

Figure 1.5: Known mGlu7 NAMs and allosteric antagonists 1.1-1.3
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However, further investigation led to the discovery that 1.1 displays complex
pharmacology in different cellular contexts (mGluz ICso = 70 nM utilizing Ga1s calcium
mobilization assay versus mGluz ICso = 718 nM utilizing Gaino thallium flux assay) and
does not show in vitro efficacy in electrophysiology experiments performed at SC-CA1
synapses.®4% This complex pharmacology has precluded the further use of MMPIP as
a viable mGluz tool compound. In 2013, ADX71743 (1.2) was discovered to be a potent
mGluz NAM (rat mGlu7 ICso = 88 nM and human mGluz ICso = 63 nM) by Addex
Therapeutics.®” ADX71743 (1.2) was subsequently utilized as an in vivo mGluz tool
compound. Lutjens and coworkers were able to show that 1.2 displayed an anxiolytic-
like profile in mice using both the marble burying assay and the elevated plus maze
assay.®’” However, the low CNS penetrance of 1.2 required Litjens and coworkers to
dose the mice with relatively high dosing paradigms of 1.2 (50-150 mg/kg) via
subcutaneous administration.®” In addition, 1.2 displayed weak mGlu: activity in our cell
assays and contains an undesirable ketone moiety.®® Most recently, 1.3 (XAP044), an
allosteric antagonist, was reported in 2014.5° Interestingly, 1.3 was shown to engage a
binding pocket localized to the Venus flytrap domain (VFD).”® However, 1.3 displayed
weak mGluz activity (mGlu7ICso = 5.5 pM) in comparison to 1.2. In addition, the
isoflavone scaffold of 1.3 complicates the pharmacological interpretation around this
molecule and analogs thereof. This scaffold has the potential to be a pan-assay
interference compound (PAIN) via redox activity and should be avoided for optimization
efforts.” With all of these data, the further development of tool compounds for mGluz
devoid of aforementioned pitfalls is necessary to better understand the pharmacological

complexities associated with this receptor.
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Potential Therapeutic Avenue for mGluz NAMs: Anxiety-Related Disorders

According to the World Health Organization (WHO) in 2010, the leading cause of
disability-adjusted life-years (DALYS) in the United States was attributed to
neuropsychiatric disorders, a broad term encompassing mental, behavioral, and
neurological deficits.”? Over the past decade, physicians have reported an exponential
increase in patients presenting with such disorders or their corresponding symptoms.
Therefore, immense effort has been devoted to unveiling the etiology of these diseases
to elucidate potential therapeutic avenues. For example, one of the pioneering forms of
treatment for broad anxiety disorders and depression is the use of selective serotonin
reuptake inhibitors (SSRIs) such as Zoloft (1.4), Celexa (1.5), Prozac (1.6), and
Cymbalta (1.7) (Figure 1.6). This therapy was developed in response to the serotonin
hypothesis of depression, which attributed the presentation of anxiety and depression to
deficits in brain serotonin levels.”®7> However, the clinical efficacy of SSRIs is variable,
suggesting that the pharmacological mechanisms associated with this particular disease
may be more complex than originally hypothesized.1%7%77 As such, additional
hypotheses involving the major excitatory neurotransmitter, glutamate, the major

inhibitory neurotransmitter, y-aminobutyric acid (GABA), and their association with
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Figure 1.6: Commonly prescribed SSRIs 1.4-1.7
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disease-state aberrant neuroplasticity, have been proposed to supplement the serotonin
imbalance hypothesis.1? 7677 Recent attention has focused on the glutamatergic system,
and in particular, metabotropic glutamate (mGlu) receptors, as potential therapeutic

targets for the treatment of such neuropsychiatric disorders.*-1?

Given the localization of mGluz in the neocortex, prefrontal cortex, hippocampus,
amygdala, and locus coeruleus, and the knowledge that mGluz knockout animals
display anxiolytic profiles, it has been hypothesized that selective negative allosteric
modulation of mGluz may be effective in eliciting anxiolytic behaviors and may provide
an alternative therapeutic strategy for treating anxiety.”® However, mGluz knockout mice
also display epileptic phenotypes.?’ It has been shown that protein-protein interactions
between mGluz and PICK1 and mGluz and ELFN1 are important for mGlu~ cell surface
expression and cellular trafficking.”®-82 Disruptions of these protein-protein interactions
result in seizure phenotypes in mice.”-83 At this point, it is not clear whether or not
mGluz NAMs would disrupt such protein-protein interactions and warrants further

exploration before any therapeutic applications can be rationalized.

Conclusion

After conducting a high-throughput screening (HTS) campaign, we will identify
novel mGluz NAM chemotypes that can be optimized through traditional medicinal
chemistry approaches en route to a suitable tool compound. Structure-activity
relationships (SAR) will be used to guide our chemical approaches, as there is no
known crystal structure of the seven transmembrane domain of mGluz. Although
considerably more challenging, by targeting putative allosteric sites as opposed to the

highly conserved orthosteric site, we hope to achieve the necessary subtype selectivity
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required for in vitro and/or in vivo validation and behavioral studies. The following
sections of this chapter will summarize our efforts that led to the discovery of both novel

in vitro and in vivo mGluz NAM tool compounds.

Materials and Methods

General Synthetic Methods and Instrumentation

All NMR spectra were recorded on a 400 MHz AMX Bruker NMR spectrometer.
'H and 3C chemical shifts are reported in d values in ppm downfield with the deuterated
solvent as the internal standard. Data are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, g = quartet, b = broad, m = multiplet), integration,
coupling constant (Hz). Low resolution mass spectra were obtained on an Agilent 6120
or 6150 with ESI source. MS parameters were as follows: fragmentor: 70, capillary
voltage: 3000 V, nebulizer pressure: 30 psig, drying gas flow: 13 L/min, drying gas
temperature: 350 °C. Samples were introduced via an Agilent 1290 UHPLC comprised
of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD
flow cell. UV absorption was generally observed at 215 nm and 254 nm with a 4 nm
bandwidth. Column: Waters Acquity BEH C18, 1.0 x 50 mm, 1.7 um. Gradient
conditions: 5% to 95% CH3CN in H20 (0.1% TFA) over 1.4 min, hold at 95% CH3sCN for
0.1 min, 0.5 mL/min, 55 °C. High resolution mass spectra were obtained on an Agilent
6540 UHD Q-TOF with ESI source. MS parameters were as follows: fragmentor: 150,
capillary voltage: 3500 V, nebulizer pressure: 60 psig, drying gas flow: 13 L/min, drying

gas temperature: 275 °C. Samples were introduced via an Agilent 1200 UHPLC
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comprised of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD
with ULD flow cell. UV absorption was observed at 215 nm and 254 nm with a 4 nm
bandwidth. Column: Agilent Zorbax Extend C18, 1.8 um, 2.1 x 50 mm. Gradient
conditions: 5% to 95% CHsCN in H20 (0.1% formic acid) over 1 min, hold at 95%
CHsCN for 0.1 min, 0.5 mL/min, 40 °C. For compounds that were purified on a Gilson
preparative reversed-phase HPLC, the system comprised of a 333 aqueous pump with
solvent-selection valve, 334 organic pump, GX-271 or GX-281 liquid hander, two
column switching valves, and a 155 UV detector. UV wavelength for fraction collection
was user-defined, with absorbance at 254 nm always monitored. Method 1:
Phenomenex Axia-packed Luna C18, 30 x 50 mm, 5 um column. Mobile phase: CH3sCN
in H20 (0.1% TFA). Gradient conditions: 0.75 min equilibration, followed by user defined
gradient (starting organic percentage, ending organic percentage, duration), hold at
95% CH3CN in H20 (0.1% TFA) for 1 min, 50 mL/min, 23 °C. Method 2: Phenomenex
Axia-packed Gemini C18, 50 x 250 mm, 10 um column. Mobile phase: CHsCN in H20
(0.1% TFA). Gradient conditions: 7 min equilibration, followed by user defined gradient
(starting organic percentage, ending organic percentage, duration), hold at 95% CHsCN
in H20 (0.1% TFA) for 7 min, 120 mL/min, 23 °C. All reagents were purchased from
Aldrich Chemical Co. and were used without purification. All final compounds were
>98% pure by LCMS (254 nm, 214 nM and ELSD). Following these purification
protocols, final compounds were transferred to a barcode vial and diluted to a
concentration of 10 uM using molecular biology grade dimethylsulfoxide (DMSO). These
compounds were registered into Dotmatics and assigned a VU identification number

before being tested in the primary screening assay.
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Primary Screening (Calcium Mobilization) Assay

Human mGlua/Ggis/CHO cells (30,000 cells/20 pL/well), rat mGlu7/Gais/HEK cells
(15,000 cells/20 pL/well), and rat mGlus/Gais/HEK cells (15,000 cells/20 pyL/well) were
plated in black-walled, clear-bottomed, TC treated, 384 well plates (Greiner Bio-One,
Monroe, NC) in DMEM containing 10% dialyzed FBS, 20 mM HEPES, 100 units/mL
penicillin/streptomycin, and 1 mM sodium pyruvate (Plating Medium). The cells were
grown overnight at 37 °C in the presence of 5% COz2. The next day, the medium was
removed and replaced with 20 yL of 1 uM Fluo-4, AM (Life Technologies, Thermo
Fisher Scientific, Grand Island, NY) prepared as a 2.3 mM stock in DMSO and mixed in
a 1:1 ratio with 10% (w/v) pluronic acid F-127 and diluted in Assay Buffer (Hank's
balanced salt solution, 20 mM HEPES and 2.5 mM Probenecid (Sigma-Aldrich, St.
Louis, MO)) for 45 minutes at 37 °C. Dye was removed and replaced with 20 uL of
Assay Buffer. For concentration-response curve experiments, compounds were serially
diluted 1:3 into 10 point concentration response curves in DMSO, transferred to
daughter plates using an Echo acoustic plate reformatter (Labcyte, Sunnyvale, CA)
Echo, and diluted in Assay Buffer to a 2X final concentration. Calcium flux was
measured using the Functional Drug Screening System 6000 or 7000 (FDSS6000/7000,
Hamamatsu, Japan). After establishment of a fluorescence baseline for 4 seconds (4
images at 1 Hz; excitation, 470 £ 20 nm; emission, 540 + 30 nm), 20 pL of test
compounds were added to the cells, and the response was measured. 142 seconds
later, 10 pL (5X) of an EC20 concentration of glutamate was added to the cells, and the
response of the cells was measured; after an additional 120 seconds, 12 uL (5X) of an
ECso concentration of agonist was added and readings taken for an additional 40

seconds. Calcium fluorescence was recorded as fold over basal fluorescence and raw
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data were normalized to the maximal response to glutamate. Potency (ECso) and
maximum response (% Glu or L-AP4 Max) for compounds were determined using a four
parameter logistical equation in GraphPad Prism (La Jolla, CA) or Dotmatics (XX.XX)
software. For efficacy and selectivity experiments, a constant amount of compound was
applied prior to the addition of a full glutamate concentration-response curve and the
shift of the ECso of the curves was calculated as “fold shift”. mGlu receptor selectivity

profiling, and GIRK assay were performed as previously reported8485 45,

In Vitro DMPK Methods: Intrinsic Clearance in Murine and Rat Liver Microsomes

Murine or rat liver microsomes (0.5 mg/mL) and 1 uM test compound were
incubated in 100 mM potassium phosphate pH 7.4 buffer with 3 mM MgCl2 at 37 °C with
constant shaking. After a 5 min preincubation, the reaction was initiated by addition of
NADPH (1 mM). At selected time intervals (0, 3, 7, 15, 25, and 45 min), 50 pL aliquots
were taken and subsequently placed into a 96-well plate containing 150 pL of cold
acetonitrile with internal standard (50 ng/mL carbamazepine). Plates were then
centrifuged at 3000 rcf (4 °C) for 10 min, and the supernatant was transferred to a
separate 96-well plate and diluted 1:1 with water for LC/MS/MS analysis. The in vitro
half-life (T2, min, EqQ. 1), intrinsic clearance (CLint, mL/min/kg, Eq. 2) and subsequent
predicted hepatic clearance (CLuer, mL/min/kg, Eqg. 3) were determined employing the

following equations:

Ln(2)
T1/2 =

(1) K
where k represents the slope from linear regression analysis of the natural log percent

remaining of test compound as a function of incubation time
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ascale-up factor that is species specific
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®3)

where Qn (hepatic blood flow) is species specific.

Mouse and Rat Plasma Protein Binding

The protein binding of each compound was determined in rat or mouse plasma
via equilibrium dialysis employing HT Dialysis Teflon dialysis chamber and cellulose
membranes (MWCO 12-14 K) (HTDialysis LLC, Gales Ferry, CT). Plasma was added to
the 96-well plate containing test compound and mixed thoroughly for a final
concentration of 5 uM. Subsequently, 150 pL of the plasma-compound mixture was
transferred to the dialysis chamber, with an accompanying 150 pL of phosphate buffer
(25 mM, pH 7.4) on the other side of the membrane. The device plate was sealed and
incubated for 4 hours at 37 °C with shaking. At completion, aliquots from each chamber
were diluted 1:1 with either plasma (for the buffer sample) or buffer (for the plasma
sample) and transferred to a new 96-well plate, at which time ice-cold acetonitrile
containing internal standard (50 ng/mL carbamazepine) (2 volumes) was added to
extract the matrices. The plate was centrifuged (3000 rcf, 10 min) and supernatants
transferred and diluted 1:1 (supernatant: water) into a new 96 well plate, which was then
sealed in preparation for LC/MS/MS analysis. Each compound was assayed in triplicate
within the same 96-well plate. Fraction unbound was determined using the following
equation:
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Mouse and Rat Brain Homogenate Binding

The brain homogenate binding of each compound was determined in brain
homogenate via equilibrium dialysis employing HTDialysis Teflon dialysis chamber and
cellulose membranes (MWCO 12-14 K) (HTDialysis LLC, Gales Ferry, CT). Brain tissue
homogenate was prepared by diluting one volume whole mouse or rat brain tissue with
one to three volumes (species specific) of phosphate buffer (25 mM, pH 7.4). The
mixture was then subjected to mechanical homogenization employing a Mini-
Beadbeater™ and 1.0 mm Zirconia/Silica Beads (BioSpec Products). Brain homogenate
spiked with test compound and mixed thoroughly for a final concentration of 5
MM. Subsequently, 150 pL of the brain homogenate-compound mixture was transferred
to the dialysis chamber with an accompanying 150 uL of phosphate buffer (25 mM, pH
7.4) on the other side of the membrane. The block was sealed and incubated for 6
hours at 37 °C with shaking. At completion, aliquots from each side of the chamber were
diluted 1:1 with either brain homogenate (to the buffer side) or buffer (to the brain
homogenate side) in a new 96 well plate, at which time ice-cold acetonitrile containing
internal standard (50 ng/mL carbamazepine) was added to extract the matrices. The
plate was centrifuged (3000 rcf, 10 min) and supernatants transferred and diluted 1:1
(supernatant: water) into a new 96 well plate, which was then sealed in preparation for
LC/MS/MS analysis. Each compound was assayed in triplicate within the same 96-well

plate. Fraction unbound was determined using the following equation:
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Where Funhom represent the measured fraction unbound in the diluted homogenate and

Dr represents dilution factor.

Metabolite Identification in Rat Hepatic S9

Compound 11a was incubated with rat hepatic S9 fractions (5 mg/mL) +/-
NADPH and +/- UDPGA and PAPs. Substrates (5 or 20 uM) were incubated at 37 °C in
borosilicate glass test tubes under ambient oxygenation for 60 minutes in a potassium
phosphate-buffered reaction (100 mM, pH 7.4) containing hepatic S9 from rat and
MgCl2 (3 mM). The total incubation volume was 0.5 mL. Reactions were initiated by
the addition of substrate, terminated with the addition of 2 volumes of ice-cold
acetonitrile, and subsequently centrifuged at 4000 rcf for 10 min. The resulting
supernatants were dried under a stream of nitrogen and reconstituted in initial mobile

phase in preparation for LC/MS analysis.

LC/MS/MS Analysis of Samples from In Vitro Assays

Samples were analyzed via electrospray ionization (ESI) on an AB Sciex API-
4000 (Foster City, CA) triple-quadrupole instrument that was coupled with Shimadzu
LC-10AD pumps (Columbia, MD) and a Leap Technologies CTC PAL auto-sampler
(Carrboro, NC). Analytes were separated by gradient elution using a Fortis C18 3.0 x 50
mm, 3 um column (Fortis Technologies Ltd, Cheshire, UK) thermostated at 40 °C.
HPLC mobile phase A was 0.1% formic acid in water (pH unadjusted), mobile phase B
was 0.1% formic acid in acetonitrile (pH unadjusted). The gradient started at 10% B

after a 0.2 min hold and was linearly increased to 90% B over 1.2 min; held at 90% B for

20



0.1 min and returned to 10% B in 0.1 min followed by a re-equilibration (0.9 min). The
total run time was 2.5 min and the HPLC flow rate was 0.5 mL/min. The source
temperature was set at 500 °C and mass spectral analyses were performed using
multiple reaction monitoring (MRM), with transitions specific for each compound utilizing

a Turbo-lonspray® source in positive ionization mode (5.0 kV spray voltage).

In Vivo PK Methods

All rodent PK experiments were conducted in accordance with the National
Institute of Health regulations of animal care covered in Principles of Laboratory Animal
Care (National Institutes of Health publication 85-23, revised 1985) and were approved

by the Institutional Animal Care and Use Committee.

Time Course PK and Single Time Point Tissue Distribution Studies

IV cassette PK experiments in rats were carried out according to methods
described previously.®® Briefly, a cassette of compounds (n = 4-5/cassette) were
formulated from 10 mM solutions of compounds in DMSO. In order to reduce the
absolute volume of DMSO that was administered, the compounds were combined and
diluted with ethanol and PEG 400 to achieve a final concentration of 0.4-0.5 mg/mL for
each compound (2 mg/mL total) administered in each cassette. The final dosing
solutions consisted of approximately 10% ethanol, 40% PEG400, and 50% DMSO (v/v).
For time course PK studies, each cassette dose was administered IV via the jugular
vein to two dual-cannulated (carotid artery and jugular vein) adult male Sprague—
Dawley rats, each weighing between 250 and 350 g (Harlan, Indianapolis, IN) for a final
dose of 0.2-0.25 mg/kg per compound. Whole blood collections via the carotid artery

were performed at 0.033, 0.117, 0.25, 0.5, 1, 2, 4, 7, and 24 hours post dose and
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plasma samples prepared for bioanalysis. For single time point tissue distribution
studies, compounds were formulated as described above (in cassette format) and
dosed to male Sprague-Dawley rats for a final dose of 0.2-0.25 mg/kg per compound.
Brain dissection and blood collections via the carotid artery were performed 0.25 hr post
dose. The brain samples were rinsed in PBS, snhap frozen and stored at -80 °C. Prior
to LC/MS/MS analysis, brain samples were thawed to room temperature and subjected
to mechanical homogenation employing a Mini-Beadbeater™ and 1.0 mm

Zirconia/Silica Beads (BioSpec Products).

Mouse Tissue Distribution Studies

Tissue distribution studies with compound-in mice were performed by formulating
the compound in 20% BCD and dosing via intraperitoneal injection to 20 week old male
C57/BI6 mice (3-4 per time point). At 0.5 hours post dose, animals were euthanized and
decapitated, blood was collected via cardiac puncture and the brains were removed,
thoroughly washed in cold phosphate-buffered saline, and immediately frozen on dry

ice.

Plasma and Brain Sample Preparation

Plasma was separated by centrifugation (4000 rcf, 4 °C) and stored at —80 °C
until analysis. On the day of analysis, frozen whole brains were weighed and diluted
with 1:3 (w/w) parts of 70:30 isopropanol:water. The mixture was then subjected to
mechanical homogenation employing a Mini-Beadbeater™ and 1.0 mm Zirconia/Silica
Beads (BioSpec Products) followed by centrifugation. The sample extraction of plasma
(20 pL) or brain homogenate (20 uL) was performed by a method based on protein

precipitation using three volumes of ice-cold acetonitrile containing an internal standard
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(50 ng/mL carbamazepine). The samples were centrifuged (3000 rcf, 5 min) and
supernatants transferred and diluted 1:1 (supernatant: water) into a new 96-well plate,

which was then sealed in preparation for LC/MS/MS analysis.

LC/MS/MS Bioanalysis of Samples from In Vivo Assays

In vivo samples were analyzed via electrospray ionization (ESI) on an AB Sciex
API-4000 (Foster City, CA) triple-quadrupole instrument that was coupled with
Shimadzu LC-10AD pumps (Columbia, MD) and a Leap Technologies CTC PAL auto-
sampler (Carrboro, NC). Analytes were separated by gradient elution using a Fortis C18
3.0 x 50 mm, 3 um column (Fortis Technologies Ltd, Cheshire, UK) thermostated at 40
°C. HPLC mobile phase A was 0.1% formic acid in water (pH unadjusted), mobile phase
B was 0.1% formic acid in acetonitrile (pH unadjusted). The source temperature was set
at 500 °C and mass spectral analyses were performed using multiple reaction
monitoring (MRM), with transitions specific for each compound utilizing a Turbo-
lonspray® source in positive ionization mode (5.0 kV spray voltage). The calibration
curves were constructed, and linear response was obtained by spiking known amounts
of test compound in blank brain homogenate or plasma. All data were analyzed using
AB Sciex Analyst software v1.5.1. The final PK parameters were calculated by
noncompartmental analysis using Phoenix (version 6.2) (Pharsight Inc., Mountain View,

CA).

Extracellular Field Potential Recordings

The 6-week-old male C57BL/6J mice (The Jackson Laboratory) were
anesthetized with isofluorane, and the brains were removed and submerged in ice-cold

cutting solution containing the following (in mM): 230 sucrose, 2.5 KCI, 8 MgSQOg4, 0.5
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CaCl2, 1.25 NaH2PO4, 10 D-glucose, 26 NaHCOs. Coronal slices containing the
hippocampus were cut at 400 m using a Compresstome (Precisionary Instruments).
Slices were transferred to a holding chamber containing NMDG-HEPES recovery
solution (in mM) as follows: 93 NMDG, 2.5 KCI, 1.2 NaH2PO4, 30 NaHCOs, 20 HEPES,
25 D-glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSOa, 0.5
CaClz, pH 7.3, 305 mOsm, for 15 min at 32 °C. Slices were then transferred to a room
temperature holding chamber for at least 1 h containing aCSF (in mM) as follows: 126
NacCl, 1.25 NaH2PO4, 2.5 KCI, 10 D-glucose, 26 NaHCOs, 2 CaCl2, 1 MgSOa,
supplemented with 600 M sodium ascorbate for slice viability. All buffers were
continuously bubbled with 95% 0O2/5% CO2. Subsequently, slices were transferred to a
30 °C submersion recording chamber where they were perfused with a CSF at a rate of
2 mL/min. Borosilicate glass electrodes were pulled using a Flaming/Brown micropipette
puller (Sutter Instruments) and had a resistance of 3-5 MQ when filled with aCSF.
Paired-pulse field EPSPs (fEPSPs) were recorded by from the stratum radiatum of CAl
and evoked by electrical stimulation (200 ms duration, every 20 s) delivered through a
concentric bipolar stimulating electrode placed near the CA3-CA1 border. Input— output
curves were generated for each slice, and the stimulation intensity was adjusted to 50%
of the maximum response. VU6010608 was prepared in DMSO vehicle (0.05%). After a
10 min baseline recording, 10 uM VU6010608 was bath-applied for 10 min followed by
2 trains of high-frequency stimulation (HFS, 2 trains of 100 Hz, 20 sec inter-stimulus
interval). All slopes calculated were normalized to the average slope calculated during

the predrug period (percentage of baseline).

Eurofins Lead Profiling Data
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A radioligand binding panel of 68 targets (GPCRs, ion channels, transporters,
and nuclear hormones) with data reported as % inhibition of radioligand binding at a 10

MM concentration of VU6010608 and VU6012962 from two independent determinations.

Behavioral Pharmacology: Animals

All studies were carried out in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals and approved by the Vanderbilt
University Institutional Animal Care and Use Committee. Separate cohorts of C57BI/6J
male mice (8 weeks old) were used for behavioral testing. All mice were grouped
housed on a 12:12 light—dark cycle with lights on at 0600. All experiments were

conducted during the light phase. Food and water were available ad libitum.

Behavioral Pharmacology: Elevated Zero Maze (EZM)

Mice received i.p. injections of either vehicle (10% Tween 80) or various doses of
VU6012962 (VU’962; 1-10 mg/kg) 60 minutes prior to testing. To start the EZM test,
mice were lowered by their tail and placed at a randomly chosen boundary between an
open and a closed zone, facing the inside of the closed zone on the elevated circular
platform (40 cm off the ground, 50 cm in diameter). Activity of the mouse was monitored
for five minutes via an overheard camera connected to a computer in a separate room
using video acquisition and ANY-maze analysis software (Stoelting, Wood Dale, IL,
USA). Data analyzed included the time spent in the open versus closed arm, the total
distance traveled in the maze, and the number of arm entries. Time spent in the open
versus closed arm is shown as percentage of time in open to total time. Two mice were

excluded from analysis due to sedative-like effects observed at the highest dose.

Behavioral Pharmacology: Light-Dark Box
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Sixty minutes prior to behavioral testing, mice received one of the following
treatment conditions: vehicle (10% Tween 80; i.p.), 15 mg/kg fluoxetine (FLX; i.p.) or 3
mg/kg VU6012962 (VU’962; i.p.). Mice were individually placed into sound-attenuating
chambers (27.9 x 27.9 cm; MED-OFA-510; MED Associates, St. Albans, VT, USA)
containing dark box inserts that split the chamber into light (~25 lux) and dark (<5 lux)
halves (Med Associates ENV-511). Beam breaks from 16 infrared beams were recorded
by Activity Monitor v5.10 (MED Associates) to monitor position and behavior during a
10-min testing period. Data analyzed only included the first five minutes of the session
and included total distance traveled and time spent in light to total time. Data are

presented as Mean + S.E.M and is shown as a ratio of time in light to total time

Behavioral Pharmacology: Marble Burying Assay

Mice were pretreated with either vehicle (10% Tween 80; i.p.), 15 mg/kg
fluoxetine (FLX; i.p.) or 3 mg/kg VU6012962 (VU’962; i.p.). Forty-five minutes after
injection, mice habituated for 15 minutes to 2.5 cm Diamond Soft Bedding (Harlan
Teklad, Madison, WI, USA). Mice were then placed back in Plexiglass cages in which
15 blue marbles (14 mm diameter) were distributed in a 3 x 5 layout with 1.5 cm
between each marble on top of the Diamond Soft Bedding. The amount of marbles
buried was quantified following a 30 minute interval. The mice were then removed from
the cages and the number of buried marbles was counted by two blinded experimenters
using a criterion of greater than 2/3" covered by bedding. Data are presented as Mean
+ S.E.M. Three mice were excluded from analysis for being outliers as assessed by the

Grubb’s Outlier Test.

Behavioral Pharmacology: Data Analysis
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Behavioral data were analyzed by a one-way analysis of variance (ANOVA)
followed by post hoc Dunnett’'s multiple comparison test unless otherwise specified. All
statistical analyses were conducted with Prism GraphPad 6 (San Diego, CA, USA).
Data sets in Prism were run through the Grubb’s test. Results are shown as Mean %

S.E.M. Statistical significance was set at P<0.05.

Discovery and Development of Novel, Selective Metabotropic Glutamate Receptor

7 Negative Allosteric Modulators

High-Throughput Screening Campaign: Identification of VU6009748

In order to explore novel chemotypes, a high-throughput screening (HTS)
campaign was initiated on a 63,000-membered library to identify novel mGluz NAM
scaffolds.®®84 A calcium mobilization assay was used to determine the in vitro potency
and efficacy of compounds tested for mGluz activity. One of the HTS hits, VU6009748

(1.8) (Figure 1.7), was of particular interest. Although 1.8 was a weak mGluz NAM

Reverse amides, linkers
AI.ternate'eIectrqn-' Alternate substituents
withdrawing moieties

—_—
0 /
O\ Alternate ethers/
~—— electron-donating
O/ groups

and analyze different
substitution patterns

VU6009748
1.8

Alternate 5- and 6-

Cl

H
N
membered heterocycles ——> IEJJ/N

Figure 1.7: Structure of HTS hit VU6009748 (1.8) and our proposed SAR strategy
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(mGlu7 ICs0 = 5.8 uM, 19% L-AP4min), it provided us with a novel N-(2-(1H-1,2,4-triazol-
1-yl)phenyl)benzamide chemotype. Figure 1.7 also depicts the initial strategy taken for
lead optimization and exploration into the structure-activity relationship (SAR) for

analogs in this series.®®

Initial SAR of Western Aromatic Ring: Analogs 1.13-1.34

To begin our SAR campaign, we elected to first focus on the western aromatic
ring of 1.8. Specifically, we wanted to examine additional analogs containing different
electron-withdrawing and electron-donating groups with different aromatic substitution
patterns. The synthesis of analogs of this nature was facile (2 steps), allowing for the
rapid generation of analogs (Scheme 1.1). Commercially available anilines 1.9 were
reacted with 3,4-dimethoxybenzoic acid 1.10 under microwave-assisted PyClU-
mediated amide coupling conditions to form amides 1.11. Modified Ullmann coupling
conditions using diamine ligand 1.12 were then utilized to access analogs 1.13-1.34.87

SAR data is shown below in Table 1.1.

PyCIU DIEA

R
1H-1,2,4-triazole o)
(0] 1.12, K3POy,, Cul o
DCM 100 °C O > N ~
microwave, 30 min H DMF, 100 °C, 16 h N H _
47-82% 51-68% ¢ N (o)
o Y
N
H 113 -1.34
N\
112 = O/
oy

N
H

1.9 1.10 1.1

Scheme 1.1: SAR of western aromatic ring - synthesis of analogs 1.13-1.34

R 2
3 1 fo)
N
- o”
N—"

1.13-1.34
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Compound mGluz mGluz
Ar = Number VUID ICs0 (UM) % L-AP4min

FJ?\A 1.13 VU6010276 Inactive N/A
MeO
\@\/ 1.14 VU6010277 Inactive N/A

Cl
\@\/ 1.15 VU6010278 >10 51%

@\; 1.16 VU6010279 Inactive N/A
F5CO

\@\/ 1.17 VU6010280 >10 51%

CF3

@j\} 1.18 VU6010603 >10 38%

F

@\/ 1.19 VU6010606 >10 63%
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VU6010607

VU6012570

VU6014051

VU6010608
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VU6012699
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VU6012961

>10

Inactive

Inactive

0.759

Inactive

Inactive

>10

>10

49%

N/A

N/A

15%

N/A

N/A

55%
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1.28

1.29

1.30

1.31

1.32

1.33

VU6013213

VU6014054

VU6014096

VU6014097

VU6014317

VU6014318

31

2.4

5.67

2.47

1.51

5.78

9.8

38%

18%

41%

32%

19%

12%



D

¥

1.34 VU6014319 1.17 11%

Table 1.1: SAR around the western aromatic ring — analogs 1.13-1.34

As can be seen in Table 1.1, the vast majority of analogs synthesized (1.13-1.22)
were either inactive at the mGluz receptor or had potency values (ICso) greater than 10
MM. Incorporation of azaheterocycles (1.24-1.25) was also not tolerated. However, it
was found that the incorporation of a trifluoromethoxy group at the 2-position
(numbering scheme established in Table 1.1) (1.23) resulted in the most potent mGlu~
NAM thus far with an mGluz ICso = 759 nM and 15% L-AP4min. Cyclization onto the
western aromatic ring as the geminal difluoro-acetal 1.26 resulted in considerable loss
in potency. Swapping the trifluoromethoxy group for the isosteric difluoromethoxy group
(analog 1.27) also resulted in loss of potency. Surprisingly, even the incorporation of a
fluorine atom at the 3-position (analog 1.28) resulted in a ~3-fold loss in potency (mGluz
ICs0 = 2.4 yM and 38% L-AP4nmin). Both sterically-hindered and cyclic alkyl groups have
also been reported in the literature to serve as suitable bioisosteres for trifluoromethoxy
groups.® However, none of these analogs (1.29-1.34) showed improved potency over

1.23.

SAR of the Southern Heterocyclic Ring: Analogs 1.35-1.59

Next, we wanted to examine the effects that different 5- and 6-membered
heterocycles would have on the activity of our analogs. The synthesis of analogs of this

nature is shown in Scheme 1.2. Amides 1.11 proved to be competent coupling partners
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in modified Ullmann reactions (to install N-linked heterocycles) and Suzuki or Stille

reactions (to install C-linked heterocycles) en route to analogs 1.35-1.59 (Table 1.2).

R
(@]
(0] a,b,orc O o
ONG N ~
N H P
B (@]
' o~ @

1.1 1.35-1.59

Scheme 1.2: SAR of southern heterocyclic ring — analogs 1.35-1.59. Reagents and conditions: a)
azaheterocycle, KsPOa, Cul, DMF, 100 °C, 16 h, 51-68%; b) aryl- or heteroaryl-boronic acid, Cs2COs,
Pd(dppf)Clz, 1,4-dioxane:H20 (4:1), 100 °C, 16 h, 63-87%; c) heteroaryl-stannane reagent, Pd(PPhs)a,
1,4-dioxane, 100 °C, 16 h, 47-56%. R

LA

N BN
H

(et o

1.35-1.59
_ Compound mGluz mGluz
R= Het Number Vuib ICoo (UM) % L-APAmi
Cl SN 1.35 VU6010269 > 10 55%
1
—N
Cl g 1.36 VU6010270 Inactive N/A
N—N
AN
Cl 1.37 VU6010271 > 10 48%
g/ ;o
Cl 1.38 VvU6010272 Inactive N/A
g/ s
Cl N 1.39 VU6010273 Inactive N/A
\ S
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OCF3

OCF3

OCF3

OCF3

OCF3

OCF3

1.40

141

1.42

1.43

1.44

1.45

1.46

1.47

1.48

1.49

1.50

34

VU6010403

VU6010404

VU6010405

VU6011333

VU6011334

VU6011335

VU6011462

VU6011464

VU6011465

VU6011467

VU6014007

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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OCFs (\/g 151 VU6011457 Inactive N/A
N

OCFs 1.52 VU6011458 Inactive N/A

OCFs | N 1.53 VU6011342 Inactive N/A

E\S
OCFs | | 1.54 VU6011345 Inactive N/A
=

OCFs P; 1.55 VU6011459 Inactive N/A

OCFs | N 1.56 VU6011461 Inactive N/A

OCFs N 1.57 vU6013214 Inactive N/A
OCFs3 N 1.58 VU6013339 Inactive N/A

OCFs (N\ 1.59 VU6013906 Inactive N/A
\

Table 1.2: SAR of the southern heterocyclic ring — analogs 1.35-1.59

The data in Table 1.2 show that the identity of the southern heterocycle is critical

for maintaining activity at mGluz. Various 5- and 6-membered heterocycles were
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surveyed (analogs 1.35-1.59), but all of these compounds were either inactive or
showed very weak activity (> 10 uM). Therefore, the 1,2,4-triazole motif was kept
constant for further analog exploration. We hypothesize that this 1,2,4-triazole
heterocycle is involved in an intramolecular hydrogen bond (IMHB) with the N-H bond of
the amide. This IMHB could place an important conformational restraint within our

scaffold which is necessary for activity.

SAR Around the Eastern Aromatic Ring: Analogs 1.63-1.96

Since we had yet to explore the effect of different substituents on the eastern
aromatic ring of this scaffold, we implemented a synthetic route to accommodate the
synthesis of analogs of this nature (Scheme 1.3). Commercially available aniline 1.60
was coupled with various aryl- and heteroaryl- benzoic acids 1.61 via microwave-
assisted PyClU-mediated amide coupling conditions. The resulting amides 1.62 were
reacted with 1H-1,2,4-triazole under modified Ullmann coupling conditions to afford the

desired analogs 1.63-1.96. The results of this SAR campaign are summarized below in

Table 1.3.
OCF,4
OCF
OCF3 3 1H-1,2,4-triazole
2, o)
o PyCIU, DIEA o 1.12, K3PO,, Cul )]\
* HOJ\Ar DCM, 100 °C M N° A
NH . ’ . N~ Ar DMF, 100 °C, 16 h N
2 microwave, 30 min H 40-63% N
Br 56-78% Br ° { y
N
1.60 1.61 1.62 1.63-1.96

Scheme 1.3: Synthesis of analogs 1.63-1.96
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_ Compound mGluz mGluz
Ar= Number VUIb ICso (M) % L-AP4min
o)
j 1.63 VU6011109 Inactive N/A
(@]
o]
0> 1.64 VU6011110 Inactive N/A
=N
| P 1.65 VU6011112 Inactive N/A
I
| N 1.66 VU6011122 Inactive N/A
F
1.67 VU6011113 Inactive N/A
m 1.68 VU6011114 Inactive N/A
F
cl
1.69 VU6011135 Inactive N/A
A@{:l 1.70 VU6011118 Inactive N/A
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Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

>10

Inactive

N/A

N/A

N/A

N/A

N/A

N/A

N/A

60%

N/A
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1.84
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Inactive
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Inactive
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N/A
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Table 1.3: SAR of the eastern aromatic ring — analogs 1.63-1.96
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1.90

191

1.92

1.93

1.94
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VU6011339

VU6011343

VU6012567

VU6012694

VU6012697

VU6012698

VU6014818

VU6015155
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Inactive

Inactive

Inactive

Inactive

>10

2.22

N/A

N/A

N/A

N/A

N/A

N/A

51%
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As is common with trying to develop allosteric modulators of GPCRs, the SAR
encountered was steep. In our case, attempts at cyclizing the two methoxy groups into
either a 6-membered or 5-membered fused ring (analogs 1.63 and 1.64 respectively)
led to inactive compounds. Additionally, different substituents on both aryl- and
heteroaryl-groups were not tolerated (analogs 1.65-1.90). With this information, we
accepted the necessity for the dimethoxy groups on this eastern aromatic ring; however,
we also wanted to probe if different dimethoxy substituent patterns were viable
alternatives. Unfortunately, analogs of this nature (1.91-1.94) were not active. Finally, a
fluorine walk around this eastern aromatic ring (analogs 1.95-1.96) was also futile in
producing an analog with improved potency when compared to 1.23. Analog 1.95 was
significantly less active than analog 1.96. This observation lends credence to our
intramolecular hydrogen bond (IMHB) hypothesis. Fluorine atom incorporation at this
position in 1.95 can form a IMHB with the N-H bond of the amide, which can compete
with the proposed IMHB between the N-H bond of the amide and one of the nitrogen

atoms of the 1,2,4-triazole heterocycle.

Assessment of VU6010608 (1.23) as a Viable Tool Compound

1.23 was found to be highly selective for mGlu7 (mGluz,2,3,4568 ICs0 > 10 uM) and
displayed no ancillary pharmacology in a Eurofins lead profiling panel, meaning there
was no off-target activity noted at 10 uM for 68 common GPCRs, ion channels, and
transporters (Table 1.4). In addition, 1.23 had an attractive in vitro DMPK profile; 1.23
possessed an acceptable clogP (clogP = 2.86), good CNS penetration (Kp = 3.4), and
moderate predicted hepatic clearance in mice (CLnep = 48.5 mL/min/kg). With these

data, we were excited to further explore the utility of 1.23 as a mGluz tool compound.
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Target/Protein Species % Inhibition
Adenosine A1 Human 19
Adenosine Aza Human -1
Adenosine Az Human 49
Adrenergic aia Rat 35
Adrenergic ais Rat 6
Adrenergic aip Human 10
Adrenergic aza Human 1
Adrenergic B1 Human 1
Adrenergic B2 Human 1
Androgen (Testosterone) Human 9
Bradykinin B1 Human 5
Bradykinin B2 Human -18
Calcium Channel L-Type, Benzothiazepine Rat 15
Calcium Channel L-Type, Dihydropyridine Rat 29
Calcium Channel N-Type Rat -3
Cannabinoid CB1 Human 28
Dopamine D1 Human 7
Dopamine Dazs Human 1
Dopamine Ds Human 4
Dopamine Da.2 Human 4
Endothelin ETa Human 6
Endothelin ETs Human -11
Epidermal Growth Factor (EGF) Human -5
Estrogen Era Human 4
GABAA,, Flunitrazepam, Central Rat -10
GABAA, Muscimol, Central Rat -3
GABABg1A Human 17
Glucocorticoid Human -4
Glutamate, Kainate Rat 8
Glutamate, NMDA, Agonism Rat 16
Glutamate, NMDA, Glycine Rat 4
Glutamate, NMDA, Phencyclidine Rat 14
Histamine Hi Human 11
Histamine H: Human 3
Histamine Hs Human -11
Imidazoline Iz, Central Rat 12
Interleukin IL-1 Mouse 8
Leukotriene, Cysteinyl CysLT1 Human 1
Melatonin MT1 Human 10
Muscarinic My Human 3
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Muscarinic M2 Human 2
Muscarinic M3 Human 6
Neuropeptide Y Y1 Human 4
Neuropeptide Y Y2 Human 1
Nicotinic Acetylcholine Human -7
Nicotinic Acetylcholine a1, Bungarotoxin Human -5
Opiate 81 (OP1, DOP) Human 3
Opiate k (OP2, KOP) Human 12
Opiate p (OP3, MOP) Human 6
Phorbol Ester Mouse -1
Platelet Activating Factor (PAF) Human -7
Potassium Channel [Katp] Hamster 8
Potassium Channel hERG Human 33
Prostanoid EP4 Human 11
Purinergic P2X Rabbit -1
Purinergic P2Y Rat 4
Rolipram Rat 45
Serotonin (5-HT1a) Human 4
Serotonin (5-HT2g) Human 14
Serotonin (5-HT3) Human 49
Sigma o1 Human -4
Sodium Channel, Site 2 Rat -1
Tachykinin NK1 Human -22
Thyroid Hormone Rat -11
Transporter, Dopamine (DAT) Human 12
Transporter, GABA Rat -3
Transporter, Norepinephrine (NET) Human 15
Transporter, Serotonin (SERT) Human 7

Table 1.4: Eurofins lead profile panel for 1.23. Significant activity is defined as >50% inhibition
at a 10 uM concentration of 1.23. Data courtesy of Eurofins.

Although 1.23 possessed only a moderate predicted in vitro hepatic clearance, in
vivo clearance data in rats showed that there was poor in vitro: in vivo correlation (in
vivo CLp = 64.2 mL/min/kg). Given the high in vivo clearance and low potency of 1.23
(mGluz ICso = 759 nM), we decided that 1.23 would not be an exceptional candidate for

an in vivo mGlurz tool compound. Even though these data preclude 1.23 from being a
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viable in vivo tool compound, we still wanted to explore its utility as an in vitro probe. In
electrophysiology experiments, administration of a mGluz NAM onto brain slices of
Schaffer Collateral SC-CA1 synapses has been shown to block long-term potentiation
(LTP), a process contingent upon the successful activation of mGluz.*8 Indeed, as
shown in Figure 1.8, Branden Stansley found that administration of 1.23 was also
capable of blocking LTP at SC-CA1 synapses in wild type brain slices.® Given that
mGluz is the only mGlu receptor expressed presynaptically at SC-CA1 synapses in adult
animals, we were confident to say that 1.23 negatively modulates mGluy in this

environment.48.68
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Figure 1.8: VU6010608 (1.23) is capable of blocking the induction of LTP at SC-CA1 synapses.
Data courtesy of Branden Stansley, Ph.D.%8

Addressing the Potential Metabolic Liabilities of 1.23: Discovery of VU6012962

By analysis of the structure of 1.23, we hypothesized that the high in vivo
clearance could be due to two potential metabolic pathways: 1) cytochrome p450-
mediated dealkylation/oxidation of the eastern 3,4-dimethoxy aryl ring or 2) amide
hydrolysis (Figure 1.9). Therefore, two separate synthetic strategies were initiated in

order to access analogs that could further address these issues.®* To further guide our
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efforts, metabolic ID studies were also initiated on 1.23 to determine the major mode(s)

of metabolism and the resulting metabolite(s).

OCF, Potential Amide

/—\ Hydrolysis
(0]
(0] .
N N Potential Cytochrome
H
o~

N <—— P450-Mediated
« °N Dealkylation/Oxidation
N—

Figure 1.9: Potential metabolic liabilities of VU6010608 (1.23)

In order to address the potential cytochrome p450-mediated
dealkylation/oxidation sequence on the eastern 3,4-dimethoxy aryl ring, we
hypothesized that invocation of either the kinetic isotope effect or increasing the steric
environment around the dimethoxy-motif (AKA alternative alkoxy groups) might be
sufficient strategies for mitigating such a mode of metabolism. In addition to increasing
steric congestion, larger alkoxy substituents at these positions might also aid in
achieving a tighter fit into an allosteric pocket. The synthesis of analogs with alternative

alkyl groups at both the 3- and 4-position are described below in Scheme 1.4.

Methyl isovanillate 1.97 and methyl vanillate 1.98 were alkylated with various
alkyl halides under standard conditions. The corresponding esters 1.99 and 1.100 were
hydrolyzed with lithium hydroxide, followed by a microwave-assisted PyClU-mediated
amide coupling with aniline 1.60 to afford amides 1.103 and 1.104, respectively.
Modified Ullmann coupling conditions were used to install the desired 1,2,4-triazole

heterocycle, forming the desired both 3-alkoxy derivatives (1.105 — 1.113) and 4-alkoxy

45



derivatives (1.114 — 1.132). The results of these efforts are summarized below in Table

1.5.
o) .
RX, K,COj3 o LiOH o]
~ OH _
o ~ OR OR
_ DMF, 100 °C, 3h o THF:H,0, rt, 1h HO
(o] 89-95% o 85-90% o
1.97 1.99 1.101
o o RX, K,COg o LiOH o
N
o o DMF, 100 °C, 3h o N THF:H,0, rt, 1h HO 2N
OH 89-95% 85-90%
OR OR
1.98 1.100 1.102
OCF,4 ) s
1H-1,2,4-triazole
1.101, PyCIU, DIEA o 1.12, K3PO,, Cul o
-, OR
. N
microwave, min 40-63% N O/
OCF; o o~ ’ YE,JN
1.103 1.105 - 1.113
NH,
Br OCF, _ OCFs
1H-1,2,4-triazole
1.60 1.102, PyCIU, DIEA o 1.12, K3PO,, Cul 9
S e S o]
o N h
“DCM, 100300 _ ”)K©:O\ DMF, 100 °C, 16 h N H)KQ:
microwave, min 40-63% N OR
Br OR ° ([ijJ/N
1.104 1.114 -1.132
Scheme 1.4: Synthesis of 3-alkoxy analogs 1.105-1.113 and 4-alkoxy analogs 1.114-1.132
OCF3
O
N OR;
H
N,
« N OR;
N—/
1.105-1.132
Compound mGlu mGlu
R, = R, = P VUID / 0 .
Number ICs0 (MM) 76 L-AP4min
CDs CHs 1.105 VU6014321 1.0 13%
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CHs
CDs

CHs

CHs

CHs

CHs

CHs

CHs

CHs

CDs3
CDs3

CHs

CHs

CHs

CHs

CHs

CHs

PR S

7
g /C/NH

1.106
1.107

1.108

1.109

1.110

1.111

1.112

1.113

1.114

1.115

1.116

1.117

1.118

1.119

1.120
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VU6014320
VU6014322

VU6011347

VU6011349

VU6011350

VU6011356

VU6011351

VU6011328

VU6011121

VU6010953

VU6010955

VU6012964

VU6011353

VU6012963

VU6013341

1.0
14

>10

Inactive

Inactive

>10

Inactive

Inactive

0.51

0.78

0.78

0.71

1.06

>10

>10

13%
13%

46%

N/A

N/A

N/A

N/A

N/A

11%

19%

14%

11%

12%

28%

41%



CHs /O 1121 VU6011111 14 10%
=

CHs Q 1.122 VU6013751 2.9 10%
=

CHs /@ 1.123 VU6014315 >10 46%
g

CHs H’Hq/\CFs 1.124 VU6011327 Inactive N/A
CHs %/\( 1.125 VU6013571 1.2 35%
CHs aﬂl‘/\’< 1.126 VU6013572 >10 25%
CHs %/W 1.127 VU6012962 0.35 12%

CHs %/\Q 1.128 VU6013215 14 15%
CHs %/\O 1.129 VU6014099 2.8 27%

CHs %/\O 1.130 VU6014100 > 10 57%
CHs ”a/\@ 1.131 VU6013340 3.1 19%

CHs CFz2H 1.132 VU6014316 >10 48%

Table 1.5: Alternative alkoxy groups surveyed — analogs 1.105-1.132

First, a -OCD3s group was incorporated into the 3- (analog 1.105) and 4-positions
(analog 1.106), and a bis —OCD3 analog (1.107) was also synthesized to test the
hypothesis that we can utilize the kinetic isotope effect to mitigate this potential mode of

metabolism. However, no significant improvement in the predicted in vitro hepatic
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clearance was observed when compared to 1.23, leading us to conclude this would not
be a viable solution for addressing clearance. Another strategy that was thought to
potentially alter the rate of metabolism was increasing the steric environment around the
two methoxy groups, which could slow the rate of cytochrome p450 enzyme activity. As
a whole, alternative alkoxy groups at the 3-position (analogs 1.108-1.113) were not
tolerated, as most of these compounds lost mGluz activity. However, we found that
alternative alkoxy groups in the 4-position were tolerated well. In our efforts, we
discovered that the incorporation of a lipophilic methylene cyclopropyl group,
VU6012962 (1.127), led to a ~2-fold increase in potency (Figure 1.10). Additionally,
1.127 was found to possess favorable DMPK properties with improved predicted
hepatic clearance values (Figure 1.10). Like our previous in vitro tool compound (1.23),
1.127 also possessed a high selectivity for mGluz, with no activity observed at the other

at one off-target receptor (Serotonin 5-HT2g) in a Eurofins lead profiling panel (Table

1.6).
DMPK Parameter Value
OCF3 MW 448 g/mol
o cLogP 3.8
(|3 PSA 84.7 A2
N CLpep (Mouse) 44.0 mL/min/kg
N. H)UO Ko, (rat) 2.35
ﬁ B /W Ko, 0.75
f, (mouse) 0.026
1.127 tyj (rat) 40 min
% F (rat) 74.9%

Figure 1.10: Structure of VU6012962 (1.127) with respective DMPK parameters
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Target/Protein Species % Inhibition
Adenosine A1 Human 9
Adenosine Aza Human -1
Adenosine As Human 45
Adrenergic aia Rat -3
Adrenergic ais Rat -5
Adrenergic aip Human 8
Adrenergic aza Human -6
Adrenergic B1 Human 6
Adrenergic B2 Human 6
Androgen (Testosterone) Human -9
Bradykinin B: Human -5
Bradykinin B2 Human -5
Calcium Channel L-Type, Benzothiazepine Rat -3
Calcium Channel L-Type, Dihydropyridine Rat 14
Calcium Channel N-Type Rat -5
Cannabinoid CB1 Human 49
Dopamine D1 Human 5
Dopamine D2s Human 3
Dopamine Ds Human -4
Dopamine D42 Human 0
Endothelin ETa Human 0
Endothelin ETs Human -5
Epidermal Growth Factor (EGF) Human 9
Estrogen Era Human -3
GABAAa, Flunitrazepam, Central Rat 3
GABAAa, Muscimol, Central Rat 23
GABAB1A Human 5
Glucocorticoid Human -4
Glutamate, Kainate Rat -1
Glutamate, NMDA, Agonism Rat 10
Glutamate, NMDA, Glycine Rat -5
Glutamate, NMDA, Phencyclidine Rat 8
Histamine Hi Human -3
Histamine H: Human 2
Histamine Hs Human -14
Imidazoline Iz, Central Rat 5
Interleukin IL-1 Mouse 2
Leukotriene, Cysteinyl CysLT: Human -5
Melatonin MT1 Human 6
Muscarinic My Human -2
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Muscarinic M2 Human -18

Muscarinic M3 Human -2
Neuropeptide Y Y1 Human 3
Neuropeptide Y Y2 Human -6

Nicotinic Acetylcholine Human -6
Nicotinic Acetylcholine a1, Bungarotoxin Human 11
Opiate 01 (OP1, DOP) Human 0

Opiate k (OP2, KOP) Human 14

Opiate y (OP3, MOP) Human -6

Phorbol Ester Mouse -3

Platelet Activating Factor (PAF) Human 22
Potassium Channel [Katp] Hamster -5
Potassium Channel hERG Human 17

Prostanoid EP4 Human 10

Purinergic P2X Rabbit 10

Purinergic P2Y Rat -3

Rolipram Rat 25

Serotonin (5-HT1a) Human -1
Serotonin (5-HT2g) Human 73
Serotonin (5-HT5s) Human -3
Sigma o1 Human -9

Sodium Channel, Site 2 Rat 30
Tachykinin NK1 Human 7
Thyroid Hormone Rat 6
Transporter, Dopamine (DAT) Human 0
Transporter, GABA Rat 5
Transporter, Norepinephrine (NET) Human 4
Transporter, Serotonin (SERT) Human -9

Table 1.6: Eurofins lead profile panel for 1.127. Data courtesy of Eurofins.

Due to the relative improvement of the in vivo clearance of 1.127 in comparison
to 1.23, we were excited to explore the utility of 1.127 as an in vivo tool compound.
Previous mGluz NAMs, such as ADX71743, have shown to be effective in mouse
models of anxiety, albeit using high dosing paradigms (50-150 mg/kg).6” Therefore, we

wanted to explore the in vivo utility of 1.127 in mouse models of anxiety in collaboration
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with the Conn lab. As shown in Figure 1.11, Samantha Yohn was able to show that
1.127 was efficacious in eliciting anxiolytic behavior in three mouse models of anxiety
(the elevated zero maze assay, the light/dark box assay, and the marble burying assay)

at doses as low as 3 mg/kg.8°
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Figure 1.11: Anxiolytic behavioral assays of 1.127: (A) elevated zero maze assay, (B) light/dark
box assay, and (C) marble burying assay. VEH = vehicle and FLX = fluoxetine (positive control).
Data courtesy of Samantha Yohn, Ph. D.8°

Addressing the True Metabolic Liability of VU6010608 (1.23): Amide Hydrolysis

Results from the metabolic ID studies of 1.23 revealed that while dealkylation of
the dimethoxy motif occurs to an extent, the major mode of metabolism is hydrolysis of
the amide. With the minimum pharmacophore and the major metabolic liability
identified, we sought to address this issue by exploring a variety of different strategies

that have been reported in the literature for mitigating this mode of metabolism.®°

Therefore, the first strategy we initiated was the incorporation of traditional amide
bioisosteres. In theory, bioisosteres can mimic the physical and chemical properties of
the amide bond, with the advantage of decreased hydrolytic liabilities. Table 1.7
summarizes the different amide bioisosteres that we synthesized for this purpose.
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OCF;

R1 Linker \QOCH?’ }
R
N 2
) OCH;

¢ N
N—/
1.133 - 1.140
Compound mGluz mGluz
Linker Number VUID ICs0 (UM) % L-AP4min
X
Ri~
! ITI Ry 1.133 VU6010268 Inactive N/A
RN
1 N
\(I)r Ro 1.134 VU6014004 Inactive N/A
o]
Ris J\ -Ry )
u ” 1.135 VU6012560 Inactive N/A
_0
RhN}¥ .
R 1.136 VU6012695 Inactive N/A
H 2
CF3
Rixy A
! ” R, 1.137 VU6014705 Inactive N/A
R1\N g R, 1.138 VU6016247 Inactive N/A
H
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0 R 1.139 VU6014095 > 10 56%

H 1.140 VU6014706 59 18%

Table 1.7: SAR of traditional amide bioisosteres — analogs 1.133-1.140

Unfortunately, the N-Me amide, reverse amide, urea, and sulfonamide analogs
(1.133-1.136 respectively) were not active. Additionally, a-trifluoromethyl amine 1.137
and spirocyclic oxetane 1.138 were inactive. While both phenol 1.139 and aniline 1.140

did show weak activity, their low potencies did not justify their further use in this context.

Elongation of the Amide Linker: Discovery of Phenoxy Benzamide Linker

With the failure of the traditional amide bioisosteres, a rather simplistic strategy
was next employed. It has been previously reported that increasing the distance
between two aryl rings joined together by an amide linker can sometimes decrease the
hydrolytic rates of the respective amides.?® Therefore, analysis of previously
disregarded HTS hits led to the observation that a phenoxy benzamide linker was a
common motif in multiple compounds. The inclusion of such a motif was prioritized
(VU6014098) (1.141), and to our delight, 1.141 displayed activity at mGluz with a

potency comparable of thatto 1.127 (Scheme 1.5 A).
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The synthesis of analogs of this nature was pursued in order to better understand
the SAR associated with this new scaffold (Scheme 1.5 B). As representative
examples, vanillin or substituted vanillin derivatives (1.142) were alkylated under
standard conditions with a variety of alkyl halides to afford aldehydes 1.143. Dakin
oxidation and subsequent Sn2 displacement with ethyl bromoacetate led to the
formation of esters 1.144. Saponification of 1.144 afforded benzoic acids 1.145, which
were reacted with aniline 1.146 utilizing PyClU-mediated amide bond coupling
conditions to form analogs 1.147-1.172. The results of this SAR campaign are

summarized in Table 1.8.

A B
o) ‘ o) ‘ 1) mCPBA, DCM, 1t, 5 h o) ‘
( : 0 R1X, KoCO3 ( : 1o 2) LIOH, THF:H,O, rt, 2 h e O)K/o o
2
DMF, 100 °C, 3 h _R, 3) ethyl bromoacetate, K,CO. \C[ _R
OCF, oH 86-92% o e e a0 o
o) (40-75% over three steps)
&o o 1142 1.143 1144 R, = Et
N \C[ LiOH, THF:H,O, rt, 3 h
N 95
¢ N o~ 89-95% 1.145R, = H
N—
1141 OCF. OCF
VU6014098 3 3
ICsp = 348 NM 1.145, PyCIU, DIEA o |
3% L-AP4;
& min NH, DCM, 100 °C, microwave, 30 min Nk/o o
N 61-88% N H R,
N N
1.146 1.147 -1.172

Scheme 1.5: (A) Structure of VU6014098 (1.141) and (B) Synthesis of analogs 1.147-1.172.

OCF,4
0]
v
N
o

N
1.141;1.147 - 1.172
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_ Compound mGluy mGluz
R= Number VuID ICoo (M) % L-AP4min
L_o OMe
\©i 1.141 VUB014098 0.35 3%
OMe
Lo 0CD;
\@ 1.147 VUB015156 0.16 3%
0CDs,
f\(o OMe
\@ 1.148 VUB014707 >10 18%
OMe
9{(0 OMe
E \@ 1.149 VUB014713 0.66 3%
OMe
J%(o OMe
FF \@ 1.150 VUB014712 1.09 3%
OMe
S«{/OIZOMe
0,
. oM 1.151 VU6014819 0.14 6%
Lo OMe
OMe 1.152 VUB015157 1.16 19%
F
OMe
1.153 VU6015153 > 10 61%
OMe
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1.154 VU6015154 Inactive N/A
1.155 VU6015332 Inactive N/A
1.156 VU6014951 0.87 27%
1.157 VU6014952 Inactive N/A
1.158 VU6014953 > 10 54%
1.159 VU6014954 2.90 54%
1.160 VU6014711 0.26 3%
1.161 VU6014713 0.20 6%
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Lo OMe
L

Lo OMe
L

1.162

1.163

1.164

1.165

1.166

1.167

1.168
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VU6014714

VU6014715

VU6014820

VU6014716

vU6014822

vu6014717

VvU6014821

0.32

0.13

0.26

0.47

0.97

0.20

0.62

6%

5%

6%

3%

9%

6%

24%



1.169 VU6014719 2.00 64%

@) 1.170 VU6014720 1.35 53%

é&/o O
O> 1.171 VU6014949 Inactive N/A

L0 0
\©ioj 1172 VUB014950 0.75 22%

Table 1.8: SAR of elongated amide analogs 1.141; 1.147-1.172

Through our efforts, we observed that the incorporation of a methyl group
(analog 1.148) in the methylene linker led to a drastic drop in potency. The incorporation
of mono-fluoro and geminal difluoro groups (analogs 1.149 and 1.150, respectively) at
this position also resulted in reduced potency. Both C-linked and N-linked benzamide
linker alternatives (analogs 1.153-1.155) were also inactive. As we noticed before, it
appeared that the only tolerated changes to the scaffold included the incorporation of
alternative alkoxy groups at the 4-position of the eastern aromatic ring (analogs 1.160-
1.170). Unfortunately, while some of the analogs in this series (ex: 1.147, 1.151, and
1.163) were the most potent compounds to date, these compounds suffered from either
high predicted hepatic clearance or plasma instability in both mice and rats. Based on

these data, we elected to pursue other strategies to mitigate this amide hydrolysis.
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Extended Amide Linker Replacements: Carbamate Congeners

Given the structure of 1.141, it did not escape our attention that carbamate
and/or urea functionalities in the linker might be suitable amide alternatives. Therefore,
VU6015158 (1.173) (Scheme 1.6 A) was synthesized, and encouragingly, 1.173
retained activity at mGluz. Even though 1.173 is a weak mGluz NAM (mGlu7 ICso = 5.44
uM), we further explored the SAR around the more stable carbamate motif. Carbamate
analogs were synthesized as shown in Scheme 1.6 B. As a representative example,
Ullmann coupling of 1H-1,2,4-triazole with commercially available 1.174 led to the
formation of benzoic acid 1.175. A Curtius rearrangement was utilized to form the
corresponding isocyanate in situ, followed by reaction with benzylic alcohols 1.176 to
afford the corresponding carbamates 1.177-1.204. The results for this SAR campaign

are shown below in Table 1.9.

A B
OCF,4
OCF; 1H-1,2,4-triazole
1.12, Cs,CO3, Cul
CO,H
COH DMF, 120 °C, 1 h N.
OCF,4 Br mlc;;(;\%ave (kl_//N

o 1.174 1175
N
~ O/
OCF,
1.173 o 0
VU6015158 HO > 1175 T3P®, TMSN,, Et;N ©\ L cl)
N~ O

15% L-AP4 R THF, rt to 80 °C, 4 h N
N

64-77%
1.176 1.177 - 1.204

Scheme 1.6: (A) Structure of VU6015158 (1.173) and (B) Synthesis of carbamate analogs 1.177-
1.204
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1.
N
(N\ R,
\_Y
1173, 1.177 - 1.204
mGluz mGlu;
R; = R, = Rs = C%Trﬁ’]%‘é’r‘d VUID ICso % L-
(“M) AI:)4min
Ir{ OMe
OCFs H o/\@ 1.173 VU6015158  5.44 15%
OMe
L 0CD,
OCFs H 0/\@ 1.177 VU6015849  5.56 15%
OCD;4
JJJ{ OMe
OCFs H O/\/©i 1178 VU6015330  2.85 13%
F OMe
F{O OMe
OCFs H 1.179 VU6015331 > 10 45%
OMe
F
F
OCF3 H r\‘"‘io/\@OMe 1.180 VU6016764  Inactive N/A
OMe
ﬁﬁi N OMe
OCFs H O/\(\/E 1.181 VU6016538 > 10 43%
~
N~ OMe
OCF3 H f{o)\@OMe 1.182 VU6016773  Inactive N/A
OMe
3
OCFs VU6016758  Inactive N/A

CF
H f{o)\@m"e 1.183
OMe
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1.184

1.185

1.186

1.187

1.188

1.189

1.190

1.191

1.192

VU6015852

VU6015853

VU6015854

VU6016243

VU6016248

VU6016249

VU6015860

VU6015861

VU6016239

4.72

8.26

Inactive

>10

Inactive

>10

2.64

Inactive

1.84

20%

16%

N/A

54%

N/A

50%

22%

N/A

17%
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1.193

1.194

1.195

1.196

1.197

1.198

1.199

1.200

1.201

VU6016241

VU6016242

VU6015858

VU6015859

VU6015857

VU6016240

VU6016250

VU6015329

VU6015855

3.77

3.56

>10

1.64

Inactive

Inactive

1.77

Inactive

Inactive

23%

14%

20%

50%

N/A

N/A

21%

N/A
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Iﬁ\o OMe
OCFs CHs 1.202 VU6015856 Inactive N/A
OMe
F
ﬁ{ OMe .
OCF3 H 'Tl/\@ 1.203 VU6015159 Inactive N/A
OMe

A

OCFs H OMe 1.204 VU6015328  Inactive N/A

OMe

Table 1.9: SAR of carbamate analogs 1.173, 1.177-1.204

As shown in Table 1.9, the incorporation of a fluorine atom at the 6-position of
the eastern aromatic ring (analog 1.178) was conducive for potency. We hypothesize
that with this elongated linker, we are no longer observing a competing intramolecular
hydrogen bond interaction between this fluorine atom and the N-H bond of our amide as
we had observed previously with the shorter amide linker (analog 1.95). Unfortunately,
the incorporation of azaheterocycles (analog 1.181) and additional functionality on the
methylene group of the linker (analogs 1.182 and 1.183) resulted in a loss in potency
and/or activity. As previously observed, alternative alkoxy groups in the 4-position of the
eastern aromatic ring (analogs 1.184-1.185) and sterically-hindered alkoxy bioisosteres
on the western aromatic ring (analogs 1.190, 1.192-1.194, 1.196, and 1.199) were well
tolerated. Both the incorporation of the N-Me carbamate (analogs 1.200-1.202) and
urea congeners (analogs 1.203 and 1.204) led to inactive compounds. Even with these

data, the best compound in this series, 1.199, still lacked considerably in potency when
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compared to 1.127; therefore, we elected to continue pursuing effort in finding other

suitable amide replacements.

Extended Amide Linker Replacements: Des-Carbonyl Analogs

In addition to examining amide replacements, we also investigated the possibility
of deleting the carbonyl of the amide, resulting in substituted aniline derivatives. In this
case, there would be no amide functional group present for hydrolysis, and we may be
able to exploit this in order to decrease clearance. Therefore, the synthesis of des-
carbonyl analogs was initiated. As a representative example, homologated aniline
VU6015848 (1.210) was synthesized according to Scheme 1.7. In this case, Wittig
reaction of 3,4-dimethoxybenzaldehyde 1.205 and resonance-stabilized ylide 1.206
afforded ester 1.207. Reduction of the a,B-unsaturated olefin followed by saponification
of the ester using lithium hydroxide resulted in the formation of homologated acids
1.208. PyClU-mediated amide coupling of aniline 1.146 with acids 1.208 yielded amides

1.209, which were subsequently reduced with lithium aluminum hydride to form anilines

1.210-1.230.
0
o Eto)vppm o o
\ oM oM 1) NaBH,, AcOH, Pd/C oM
OMe DCM, 11, 16 h OMe  2)LiOH, THF:H,O (1:1) OMe
92% r,3h
1.205 1.207 ' 1.208
86% over two steps
OCF,4 OCF,4 OCF,4
1.208 o
.208, PyCIU, DIEA OMe LiAIH, OMe
NH, — . ” - - H
N DCM, 100 °C, m|0crowave, 30 min N, THF,0°C. 2h N,
« N 51% « N OMe 46% « N OMe
N—/ N—/ N—/
1.146 1.209 1.210 - 1.230

Scheme 1.7: Synthesis of des-carbonyl analogs 1.210-1.230
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Homologation of the linker was found to be beneficial for potency (comparing to
aniline analog 1.140). Different linker groups were synthesized and incorporated into the
aniline scaffold as described above to further explore the SAR around compounds of

this nature (Table 1.10).

R1
R
_- Linker OCH3
N
N, Ji;[
« N R3 OCH3
N—/
1.210 - 1.230
mGIu7
_ _ _ . _ Compound mGlu~
R; = R, = Rs3 = Linker = Number VUID ICso % L-AP4mi
(uM)
OCFs3 H H 1.210 VU6015848 1.6 10%
OCFs3 H H m 1.211 VU6016244 2.98 10%
OCFs H H o 1.212 VU6016497 1.97 6%
OCF3 H H W 1.213 VU6017724 2.47 12%
OCFs H H 1.214 VU6017981 2.92 5%
OCFs H F 1.215 VU6016771 1.3 10%
OCF3 H F m 1.216 Vu6017722 2.81 10%
OCFs H F 1.217 VU6016769 1.2 6%
ﬁ{\/oy
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OCF3

OCFs

OCF3

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

1.218

1.219

1.220

1.221

1.222

1.223

1.224

1.225

1.226

1.227

1.228

1.229

1.230

Table 1.10: SAR of des-carbonyl analogs 1.210 — 1.230
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VU6017983

VU6016532

VU6016533

VU6016759

VU6016760

VU6016765

VU6017740

VU6017980

VU6017738

VU6017741

VU6017982

VU6016766

VU6016767

5.36

5.95

>10

1.64

0.92

281

7.52

2.94

4.53

2.86

6.14

4.66

5.73

10%

12%

18%

11%

8%

8%

18%

7%

11%

7%

14%

19%

18%



We observed that both OCFs- and CI- substituted analogs were tolerated, in
addition to a variety of different alkyl linkers differing in either their steric or electronic
properties. However, the analogs from this series suffered from high predicted hepatic
clearance in mice (e.g. mouse predicted CLnep for analog 1.222 = 87.2 mL/min/kg).
Additionally, high plasma protein binding and rat brain homogenate binding were
observed in in vitro and in vivo PK experiments, likely due to the presence of the N-H
bond of the aniline functional group. These data precluded us from further exploring this

scaffold.8®

Heterocycles as Viable Amide Replacements

Recently, the use of heterocycles as amide bond mimics has been reported in
the literature.®® Therefore, a vast array of heterocyclic linker congeners of 1.23 were
synthesized (Table 1.11). We discovered that the incorporation of 1,3,4-oxadiazole
(VU6017094) (1.231) and 1,2,4-oxadiazole (VU6017095) (1.232) heterocycles led to

moderately potent mGluz NAMs, warranting additional SAR.%!

OCF;
R4 HET OCH;

N. Rz

« N OCH3

N—/

_ Compound mGluz mGluz
Het = Number VuIb ICso (MM) % L-AP4min
R1 O Ro
\(Itl—rj?/ 1.231 VU6017094 1.58 7%
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1.232

1.233

1.234

1.235

1.236

1.237

1.238

1.239
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VU6017095

VU6017096

VU6018504

VU6017976

VU6018798

vU6018797

vU6018218

VU6018226

1.32

>10

>10

Inactive

>10

2.39

7.63

2.08

15%

42%

34%

N/A

32%

8%

21%

37%



1.240 VU6018301 Inactive N/A

N
N—-N

cr

N .

R

1\< ) 1.241 VU6018503 Inactive N/A
N—N

R1_§\,N “N/>_ R 1.242 VU6018506 Inactive N/A

S
—N
vy’
- Vs
N \( 1.243 VU6017977 Inactive N/A
Ro

Table 1.11: SAR of diversity-oriented heterocyclic linker library

1,3,4-Oxadiazole and 1,2,4-Oxadiazole Heterocyclic Analogs

Both 1,3,4-oxadiazole and 1,2,4-oxadiazole analogs were synthesized as
depicted in Scheme 1.8. For 1,3,4-oxadiazole variants, commercially available esters
1.244 were reacted with hydrazine to form acyl hydrazides 1.245. A SnAr reaction
between nitrogen-containing heterocycles 1.246 and commercial 1.247 yielded nitriles
1.248, which were subsequently hydrolyzed to benzoic acids 1.249. A TsP®-mediated,
one-pot, microwave-assisted tandem amide coupling/condensation was utilized to afford
analogs 1.250-1.271 (Table 1.12).°2 For 1,2,4-oxadiazole variants, commercially
available aldehydes 1.272 were transformed into nitriles 1.273, which were reacted with

hydroxylamine hydrochloride to afford the corresponding amidoximes 1.274. Reaction of
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1.274 with 1.249 using the TsP® conditions aforementioned resulted in analogs 1.275-

1.288 (Table 1.13).%?

A
o) H,NNH, o H,0 o
I R)kN,NH2
Ry~ "OMe EtOH, 160 °C T H o
microwave, 1 h NH;OH ¢ HCI oN
1.244 81-889 1.245 _—
o R H DMSO, 100 °C, 2 h Ri”
1.272 85-93% 1.273
OCF,
OCF,
‘ K,COs NH,OH e HCI, NaHCO; N‘/OH
K/Het\; DM 150 °C CN EtOH:H,0, 85 °C, 16 h R1)\ NH,
teet CN microwave, 30 min _N__ 46-63%
F 53-71% “Het; 1.274
1.246 1.247 1.248 OCF3
1.249, T3P®, Et;N
e Es
QCFa QCFs EtOAc, 150 °C B
1.245, T3P®, Et;N C, LN
KOH —3> microwave, 1 h AN N\/<
o 47-60% et Ry
EtOH:H,0, 160 °C COH  EtOAc, 150 °C L )R ° )
mlcrozvg_\;_)eétyfo min l/HNt\‘ microwave, 1 h l/HNt\‘ N~N 1.275-1.288
Het | 27-42% e
1.249 1.250 - 1.271
Scheme 1.8: Synthesis of (A) 1,3,4-oxadiazole analogs 1.250-1.271 and (B) 1,2,4-oxadiazole
analogs 1.275-1.288
° OYR1
\
N—N
§ N
N—/
1.250 - 1.271
Compound mGlu mGlu
Ar R; = P VUID A 7
Number ICs0 (MM) % L-AP4nmin
OCF;
1.250 VU6017730 2.11 10%
OCD3
OCD4
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OCF,

2%

OMe
ﬁ\/\@om
OMe

OCF,

2%

OCF,

-n; 5
o o
< <
o o

OCF,

2%

OMe
OMe
F

OCF,

®)
<
o

OMe

ool

OCF,

a%a

OCF3

=
al

1.251

1.252

1.253

1.254

1.255

1.256

1.257
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VU6017718

VU6018221

VU6017726

VU6017721

VU6017731

VU6017714

vuU6017727

Inactive

Inactive

>10

Inactive

4.38

1.31

1.55

N/A

N/A

73%

N/A

14%

13%

10%



OCF,

2%

&

OCF,

2%

OCF,

2%

OCF,

2%

OCF,

2%

OCF,

a%a

OCF,

-

OMe

OMe

o
o,

\

OMe

OMe

/

1.258

1.259

1.260

1.261

1.262

1.263

1.264

73

VU6017732

VU6017733

VU6017729

VU6017985

VU6017986

VU6017715

VU6017734

Inactive

Inactive

Inactive

Inactive

>10

Inactive

Inactive

N/A

N/A

N/A

N/A

68%

N/A

N/A



OCF,

2%

OCF,

2%

OCF,

Cl

,:i : :OMe
OMe
,:‘i : :OMe
OMe
,yi : :OMe
OMe

1.265

1.266

1.267

1.268

1.269

1.270

1.271

Table 1.12: SAR of 1.3.4-oxadiazole analoas 1.250-1.271
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VU6017728

VU6017974

VU6017973

VU6017975

VU6017725

VU6017742

VU6017984

Inactive

Inactive

Inactive

Inactive

>10

>10

Inactive

N/A

N/A

N/A

N/A

34%

43%

N/A



() o
,\( /N
N4

N.
( /N R1
N—/
1.275 - 1.288
_ Compound mGluy mGluz
Ar Ry = Number Vuib ICso (UM) % L-AP4min
OCF4
1.275 VU6018310 1.16 23%
< : :ocog
OCD;
OCF;
1.276 vVuU6018223 >10 23%
OMe
OCF4
1.277 VU6018225 Inactive N/A
Hﬁ\/\@om
OMe
OCF4
1.278 VU6017716 >10 58%
‘.r‘i‘ : :OMe
F OMe
OCF4
@ 1.279 VuU6017737 >10 55%

OMe
OMe
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OCF,

=

OCF,

OCF,

Cl

o ®)
<
o

rﬁ\ :: :OMe
OMe
rﬁj :: :OMe
F OMe
OMe
OMe

F

F

OMe

o

OMe

1.280

1.281

1.282

1.283

1.284

1.285

1.286
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vU6017717

VU6017735

VU6017736

VU6017743

vu6018227

VU6018229

VU6018231

>10

2.6

>10

1.18

3.65

2.75

Inactive

52%

22%

29%

30%

47%

52%

N/A



Cl

F
\@ 1.287 VU6017978 >10 52%

Cl

1.288 VU6017979 1.03 46%

< : :OMe

OMe

F < : :OMe
OMe

Table 1.13: SAR of 1,2,4-oxadiazole analogs 1.275-1.288

As a whole, 1,3,4-oxadiazole analogs were more potent and possessed more
favorable DMPK parameters than 1,2,4-oxadiazole analogs. However, as was observed
before with the other scaffolds, SAR was steep. Modifications to the eastern aromatic
ring were not tolerated, and incorporation of bulky alkoxy groups at the 4-position (like
those of 1.127) did not contribute to an increase in potency or efficacy. The OCFs group

on the western aromatic ring was found to be the optimal substituent in these cases.

However, the absence of the N-H bond of the amide led us to hypothesize that
an intramolecular hydrogen bond was no longer critical for activity, meaning that the
southern 1,2,4-triazole heterocycle may not be optimal for analogs of this nature.
Therefore, different saturated and unsaturated N-linked heterocycles and C-linked

heterocycles were surveyed for the 1,3,4-oxadiazole variants (Table 1.14).
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OMe
Het N-N
1.289 - 1.315
_ Compound mGluz mGlu7
Ri= Het Number VUIb ICso (M) % L-AP4min
OCF3 2: 1.289 VU6019274 3.53 49%
N
s/
Cl 1.290 VU6019275 Inactive N/A
7 "N
s/
OCFs 1.291 VU6019280 1.32 21%
7 N~
1
—N
Cl 1.292 VU6019281 1.48 36%
OCFs N 1.293 VU6019282 2.24 10%
\
N—NH
Cl 1.294 VU6019283 1.59 27%
{ AN
N—NH
OCFs g; 1.295 VU6019496 Inactive N/A
N—N
\
Cl g; 1.296 VU6019493 Inactive N/A
N—N
\
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OCF3

Cl

OCFs

Cl

OCF3

Cl

OCF3

Cl

OCF3

Cl

/

N\
z

B
_N
E%
—
N

+ O O

pd

/

—
~
Z

—
~
Z

1.297

1.298

1.299

1.300

1.301

1.302

1.303

1.304

1.305

1.306
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VU6019494

VU6019488

VU6019486

VU6019489

vU6019487

VU6019490

VU6019485

VU6019484

VU6019279

VU6019276

Inactive

Inactive

>10

Inactive

>10

>10

>10

Inactive

2.04

Inactive

N/A

N/A

28%

N/A

28%

53%

43%

N/A

51%

N/A



OCF3

Cl

OCFs

Cl

OCF3

Cl

OCF3

Cl

OCF3

Table 1.14: SAR of 1,3,4-oxadiazole: southern heterocyclic ring — analogs 1.289-1.315

R

B
Z
Z =~

=

—
Z =~

=4 =4 =

7

=

pd

p

/

z— —

pd

_/

z— —

/

o

1.307

1.308

1.309

1.310

1.311

1.312

1.313

1.314

1.315

VU6019278

vU6019277

VU6020234

VU6020232

VU6020230

VU6020228

VU6020233

VU6020229

VU6020231

0.57

0.82

Inactive

Inactive

5.86

Inactive

Inactive

Inactive

1.18

6%

17%

N/A

N/A

65%

N/A

N/A

N/A

23%



As a whole, C-linked heterocycles were unproductive, either resulting in inactive
compounds or compounds that lacked considerably in potency when compared to the
parent 1,3,4-oxadiazole analog 1.231. While the incorporation of saturated azacine
(pyrrolidine, piperidine, morpholine, and N-Me piperazine) heterocycles yielded a similar
result, we discovered that the incorporation of an imidazole ring (analog 1.307) was
optimal, with potency comparable to 1.23 (VU6010608). We were pleased that we were
no longer limited to the intramolecular hydrogen bond restraints of the 1,2,4-triazole
heterocycle, and we were excited to examine compound 1.307 further. 1.307 possessed
low predicted hepatic clearance in rat (CLnhep = 27.7 mL/min/kg) and high CNS

penetration (Kp = 4.9, Kp,uu = 0.65).

Conclusion

In conclusion, we have discovered three mGluz NAM tool compounds containing
a previously unexplored chemotype. These tool compounds include VU6010608 (1.23),
VU6012962 (1.127), and VU6019278 (1.307) (Figure 1.12). Both 1.127 and 1.307 were
developed to address two different metabolic liabilities of our first generation in vitro tool
compound 1.23. With collaboration with the Conn lab, we were able to show that 1.127
shows utility as an in vivo tool compound, while efforts are still ongoing with 1.307 to
fully explore its potential as an alternative tool compound. We hope that with the
development of these mGluz selective NAMs, we can begin to learn more about the
physiological role of mGluz and any potential therapeutic avenues for mGluz that may

come as a result of these studies.
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VU6010608 VU6012962 VU6019278
1.23 1.127 1.307

Figure 1.12: Structures of novel mGluz NAM tool compounds 1.23, 1.127, and 1.307

Experimental Methods

General Synthetic Methods and Instrumentation

Unless otherwise stated, all reactions were conducted in flame-dried or oven-
dried glassware under inert atmospheres of argon. All commercially available reagents
and reaction solvents were used as received, unless otherwise noted. All NMR spectra
were recorded on a 400 MHz AMX Bruker NMR spectrometer. *H and 13C chemical
shifts are reported in & values in ppm downfield with the deuterated solvent as the
internal standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, b = broad, m = multiplet), integration, coupling constant
(Hz). Low resolution mass spectra were obtained on an Agilent 6120 or 6150 with ESI
source. MS parameters were as follows: fragmentor: 70, capillary voltage: 3000 V,
nebulizer pressure: 30 psig, drying gas flow: 13 L/min, drying gas temperature: 350 °C.
Samples were introduced via an Agilent 1290 UHPLC comprised of a G4220A binary
pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD flow cell. UV

absorption was generally observed at 215 nm and 254 nm with a 4 nm bandwidth.
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Column: Waters Acquity BEH C18, 1.0 x 50 mm, 1.7 um. Gradient conditions: 5% to
95% CH3CN in H20 (0.1% TFA) over 1.4 min, hold at 95% CH3CN for 0.1 min, 0.5
mL/min, 55 °C. High resolution mass spectra were obtained on an Agilent 6540 UHD Q-
TOF with ESI source. MS parameters were as follows: fragmentor: 150, capillary
voltage: 3500 V, nebulizer pressure: 60 psig, drying gas flow: 13 L/min, drying gas
temperature: 275 °C. Samples were introduced via an Agilent 1200 UHPLC comprised
of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD
flow cell. UV absorption was observed at 215 nm and 254 nm with a 4 nm bandwidth.
Column: Agilent Zorbax Extend C18, 1.8 um, 2.1 x 50 mm. Gradient conditions: 5% to
95% CH3CN in H20 (0.1% formic acid) over 1 min, hold at 95% CHsCN for 0.1 min, 0.5
mL/min, 40 °C. For compounds that were purified on a Gilson preparative reversed-
phase HPLC, the system comprised of a 333 aqueous pump with solvent-selection
valve, 334 organic pump, GX-271 or GX-281 liquid hander, two column switching
valves, and a 155 UV detector. UV wavelength for fraction collection was user-defined,
with absorbance at 254 nm always monitored. Method 1: Phenomenex Axiapacked
Luna C18, 30 x 50 mm, 5 pm column. Mobile phase: CH3CN in H20 (0.1% TFA).
Gradient conditions: 0.75 min equilibration, followed by user defined gradient (starting
organic percentage, ending S3 organic percentage, duration), hold at 95% CHsCN in
H20 (0.1% TFA) for 1 min, 50 mL/min, 23 °C. Method 2: Phenomenex Axia-packed
Gemini C18, 50 x 250 mm, 10 um column. Mobile phase: CHsCN in H20 (0.1% TFA).
Gradient conditions: 7 min equilibration, followed by user defined gradient (starting
organic percentage, ending organic percentage, duration), hold at 95% CH3CN in H20

(0.1% TFA) for 7 min, 120 mL/min, 23 °C. All reagents were purchased from Aldrich
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Chemical Co. and were used without purification. Sure-Seal solvents were purchased
from Sigma Aldrich. Analytical thin layer chromatography was performed on 250 uM
silica gel 60 F2s4 plates. Visualization was accomplished with UV light, and/or the use of

potassium permanganate or Seebach stain followed by development with a heat gun.

Synthesis of methyl 3-methoxy-4-(vinyloxy)benzoate (1.316)

An oven dried vial was sequentially charged with methyl vanillate (250 mg, 1.37 mmol),
sodium carbonate (51.9 mg, 0.480 mmol), chloro(1,5-cyclooctadiene)iridium(l) dimer
(9.21 mg, 0.0137 mmol), toluene (1.0 mL), and vinyl acetate (0.253 mL, 2.74 mmaol).
The resulting solution was degassed by vigorously bubbling argon through the reaction
mixture for two minutes. The vial was then heated to 110 °C, monitoring the reaction by
LCMS. After 3 hours, the reaction was allowed to cool to room temperature and was
filtered through a pad of celite. The resulting organic material was concentrated and
purified using flash chromatography (Teledyne ISCO system; silica gel column;
hexanes:EtOAc) to afford the desired material as a yellow oil (165 mg, 58% yield). *H
NMR (400 MHz, CDCl3) 8 7.64 (dd, J = 8.0 Hz, 1.9 Hz, 1H), 7.61 (d, J = 1.9 Hz, 1H),
7.00 (d, J = 8.3 Hz, 1H), 6.62 (dd, J = 12.0 Hz, 6.0 Hz, 1H), 4.87 (dd, J = 12.0 Hz, 2.0
Hz, 1H), 4.54 (dd, J = 4.0 Hz, 2.0 Hz, 1H), 3.93 (s, 3H), 3.90 (s, 3H); **C NMR (100
MHz, CDClz) 5 = 166.7, 149.8, 149.6, 147.7, 125.7, 123.2, 116.5, 113.3, 96.8, 56.3,

52.3 ppm. HRMS (TOF, ES+) calc’'d for C11H1204 , 208.0736 ; found, 208.0737.

General Procedure 1: Synthesis of Esters
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To a suspension of methyl vanillate (100 mg, 0.549 mmol) and potassium carbonate
(154 mg, 1.10 mmol) in DMF (1 mL) was added the appropriate alkyl halide (1.10 mmol)
at room temperature. The resulting suspension was then heated to 100 °C and was
monitored by LCMS. Once LCMS indicated complete consumption of starting material,
the reaction was diluted with DCM and quenched with the addition of water. The layers
were separated, and the aqueous layer was washed with DCM x 3. The combined
organic material was passed through a phase separator, concentrated, and purified via
flash chromatography (Teledyne ISCO system, silica gel column, hexanes:EtOAc) to

afford the desired products.

Synthesis of methyl 4-ethoxy-3-methoxybenzoate (1.100a)

This compound was synthesized according to general procedure 1. White solid (113.1
mg, 98% yield). *H NMR (400 MHz, CDCls) 8 7.65 (dd, J = 8.4 Hz, 2.0 Hz, 1H), 7.54 (d,
J=2.0 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 4.15 (g, 2H), 3.91 (s, 3H), 3.88 (s, 3H), 1.48 (t,
3H); 13C NMR (100 MHz, CDCl3) 5 = 167.1, 152.5, 148.9, 123.7, 122.6, 112.4, 111.4,
64.6, 56.2, 52.1, 14.8 ppm. HRMS (TOF, ES+) calc’'d for C11H1404, 210.0892; found,

210.0890.

Synthesis of methyl 3-methoxy-4-propoxybenzoate (1.100b)
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This compound was synthesized according to general procedure 1. Colorless oil (120.5
mg, 98% yield). *H NMR (400 MHz, CDCI3) 5 7.63 (dd, J = 8.4 Hz, 2.0 Hz, 1H), 7.53 (d,
J=2.0Hz, 1H), 6.86 (d, J = 8.5 Hz, 1H), 4.01 (t, 2H), 3.90 (s, 3H), 3.87 (s, 3H), 1.87 (m,
2H), 1.03 (t, 3H); 3C NMR (100 MHz, CDCI3) & = 167.1, 152.8, 149.0, 123.7, 122.5,
112.5, 111.6, 70.6, 56.2, 52.1, 22.5, 10.5 ppm. HRMS (TOF, ES+) calc’d for C12H1604,

224.1049; found, 224.1047.

o |
@)
Synthesis of methyl 4-isopropoxy-3-methoxybenzoate (1.100c)

This compound was synthesized according to general procedure 1. Colorless oil (117.3
mg, 94% yield). *H NMR (400 MHz, CDCls) 8 7.62 (dd, J = 8.5 Hz, 2.0 Hz, 1H), 7.53 (d,
J=2.0 Hz, 1H), 6.87 (d, J = 8.5 Hz, 1H), 4.62 (m, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 1.38
(d, 6H); ¥3C NMR (100 MHz, CDCI3) 5 = 167.0, 151.6, 149.6, 123.5, 113.4, 112.7, 71.3,
56.1, 52.0, 22.0 ppm. HRMS (TOF, ES+) calc’d for Ci12H1604, 224.1049; found,

224.1046.

o |
o
Synthesis of methyl 4-cyclopropoxy-3-methoxybenzoate (1.100d)

To a solution of methyl 3-methoxy-4-(vinyloxy)benzoate C (115 mg, 0.552 mmol) and
diiodomethane (0.356 mL, 4.42 mmol) in DCE (2.0 mL) at O °C was added diethylzinc

(4.42 mL, 4.42 mmol, 1.0 M solution in hexanes) dropwise. After the addition was
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complete, the flask was allowed to slowly warm to room temperature, stirring for an
additional 16 hours. The reaction was diluted with DCM, quenched with the addition of
saturated NH4Cl, and filtered through a pad of celite. The layers were separated, and
the aqueous layer was washed with DCM x 3. The combined organic material was
passed through a phase separator, concentrated, and purified using flash
chromatography (Teledyne ISCO system; silica gel column; hexanes:EtOAc) to afford
the desired material 7e as a slight yellow oil (74.1 mg, 60% yield). 'H NMR (400 MHz,
CDCl3) 8 7.67 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 7.53 (d, J = 1.9 Hz, 1H), 7.27 (d, J = 8.4 Hz,
1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.80 (m, 1H), 0.90-0.83 (m, 4H); 3C NMR (100 MHz,
CDCl3) & = 167.0, 152.6, 148.6, 123.5, 123.1, 112.7, 112.2, 56.1, 52.1, 51.9, 6.5 ppm.

HRMS (TOF, ES+) calc’'d for C12H1404 , 222.0892 ; found, 222.0892.

LD
o)
Synthesis of methyl 4-(cyclopentyloxy)-3-methoxybenzoate (1.100e)

This compound was synthesized according to general procedure 1. Colorless oil (131.4
mg, 96% yield). *H NMR (400 MHz, CDCls) 8 7.62 (dd, J = 8.4 Hz, 2.0 Hz, 1H), 7.51 (d,
J=1.9 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 4.81 (m, 1H), 3.87 (s, 3H), 3.86 (s, 3H), 1.98-
1.77 (m, 6H), 1.64-1.56 (m, 2H); 3C NMR (100 MHz, CDCls) & = 167.0, 152.0, 149.4,
123.5, 122.2,113.1, 112.6, 80.5, 56.1, 52.0, 32.9, 24.2 ppm. HRMS (TOF, ES+) calc’d

for C14H1804 , 250.1205; found, 250.1204.
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Synthesis of methyl 3-methoxy-4-(2,2,2-trifluoroethoxy)benzoate (1.100f)

This compound was synthesized according to general procedure 1. White solid (273
mg, 94% yield).'H NMR (400 MHz, CDClz) & 7.64 (dd, J = 8.4, 2.0 Hz, 1H), 7.60 (d, J =
1.9 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 4.45 (g, 2H), 3.93 (s, 3H), 3.90 (s, 3H); 3C NMR
(100 MHz, CDCIs) & = 166.6, 150.7, 149.9, 125.7, 123.4 (q, Jcr = 277.0 Hz), 123.3,
115.6, 113.5, 67.4 (q, Jcr = 35.5 Hz), 56.2, 52.3 ppm. HRMS (TOF, ES+) calc’d for

C11H11F304, 264.0609; found, 264.0613.

Synthesis of methyl 3-methoxy-4-(neopentyloxy)benzoate (1.1009)

This compound was synthesized according to general procedure 1. Colorless oil (219
mg, 79% yield). *H NMR (400 MHz, CDCl3) 8 7.64 (dd, J = 8.4, 2.0 Hz, 1H), 7.54 (d, J =
2.0 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.67 (s, 2H), 1.06 (s,
9H); 3C NMR (100 MHz, CDCIs) & = 167.1, 153.7, 149.3, 123.7, 122.4, 113.2, 112.0,
78.9, 56.4, 52.0, 32.2, 26.7 ppm. HRMS (TOF, ES+) calc’d for C14H2004, 252.1362;

found, 252.1366.
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Synthesis of methyl 4-isobutoxy-3-methoxybenzoate (1.100h)

This compound was synthesized according to general procedure 1. White solid (249
mg, 95% vyield).!H NMR (400 MHz, CDCls) & 7.64 (dd, J = 8.4, 2.0 Hz, 1H), 7.54 (d, J =
2.0 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H), 3.88 (s, 3H), 3.82 (d, 2H), 2.18 (m,
1H), 1.04 (d, 6H); 3C NMR (100 MHz, CDCI3) 5 = 167.1, 153.0, 149.1, 123.7, 122.5,
112.7, 111.7, 75.4, 56.3, 52.1, 28.2, 19.4 ppm. HRMS (TOF, ES+) calc’d for C13H180s4,

238.1205; found, 238.1206.

Synthesis of methyl 4-(cyclopropylmethoxy)-3-methoxybenzoate (1.100i)

This compound was synthesized according to general procedure 1. White solid (249
mg, 96% yield).'H NMR (400 MHz, CDClz) & 7.63 (dd, J = 8.4, 2.0 Hz, 1H), 7.54 (d, J =
1.9 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 3.92 (s, 3H), 3.91 (d, 2H), 3.88 (s, 3H), 1.37-1.31
(m, 1H), 0.69-0.64 (m, 2H), 0.39-0.35 (m, 2H); 3C NMR (100 MHz, CDCl3) & = 167.1,
152.7,149.0, 123.6, 122.7, 112.4,111.8, 74.0, 56.2, 52.1, 10.2, 3.6 ppm. HRMS (TOF,

ES+) calc’d for C13H1604, 236.1049; found, 236.1052.

Synthesis of methyl 4-(cyclobutylmethoxy)-3-methoxybenzoate (1.100j)
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This compound was synthesized according to general procedure 1. White solid (258
mg, 94% vyield).!H NMR (400 MHz, CDCls) & 7.64 (dd, J = 8.4, 2.0 Hz, 1H), 7.53 (d, J =
2.0 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 4.04 (d, 2H), 3.90 (s, 3H), 3.89 (s, 3H), 2.91-2.81
(m, 1H), 2.21-2.13 (m, 2H), 2.00-1.82 (m, 4H); 3C NMR (100 MHz, CDCl3) & = 167.1,
153.0, 149.1, 123.6, 122.6, 112.7, 111.9, 73.3, 56.2, 52.1, 34.5, 25.2, 18.8 ppm. HRMS

(TOF, ES+) calc’d for C14aH1804, 250.1205; found, 250.1207.

Synthesis of methyl 4-(cyclopentylmethoxy)-3-methoxybenzoate (1.100k)

This compound was synthesized according to general procedure 1. Colorless oil (244
mg, 84% yield). *H NMR (400 MHz, CDCls) 8 7.64 (dd, J = 8.4, 2.0 Hz, 1H), 7.54 (d, J =
2.0 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 3.93 (d, 2H), 3.90 (s, 3H), 3.88 (s, 3H), 2.45 (m,
1H), 1.90-1.83 (m, 2H), 1.68-1.57 (m, 4H), 1.41-1.34 (m, 2H); 3C NMR (100 MHz,
CDCl3) & =167.1, 153.1, 149.1, 123.7, 122.5, 112.7, 111.8, 73.4, 56.3, 52.1, 39.0, 29.7,

25.4 ppm. HRMS (TOF, ES+) calc’'d for C1sH2004, 264.1362; found, 264.1367.

Synthesis of methyl 4-(benzyloxy)-3-methoxybenzoate (1.100L)

This compound was synthesized according to general procedure 1. White solid (278

mg, 93% vield). *H NMR (400 MHz, CDCls) & 7.61(dd, J = 8.4, 2.0 Hz, 1H), 7.57 (d, J =
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2.0 Hz, 1H), 7.44-7.30 (m, 5H), 6.90 (d, J = 8.4 Hz, 1H), 5.21 (s, 2H), 3.94 (s, 3H), 3.88
(s, 3H); 13C NMR (100 MHz, CDCl3) & = 167.0, 152.2, 149.3, 136.5, 128.8, 128.2, 127.3,
123.5, 123.1, 112.58, 112.56, 70.9, 56.2, 52.1 ppm. HRMS (TOF, ES+) calc’d for

Ci16H1604, 272.1049; found, 272.1049.

General Procedure 2: Synthesis of Benzoic Acids

To a solution of the appropriate methyl ester (1.0 eq) in THF: H20 (1:1; 0.2 M) was
added lithium hydroxide (1.5 eq). The resulting reaction was heated to 60 °C and
monitored by LCMS. After 2 hours, the reaction was allowed to cool to room
temperature before the organic solvent was removed in vacuo. The resulting aqueous
solution was acidified to pH = 2 using 2 M HCI, which resulted in a white precipitate
crashing out of solution. This white solid was collected via vacuum filtration, dried in

vacuo, and carried forward to the next step without any further purification.

Synthesis of 4-ethoxy-3-methoxybenzoic acid (1.102a)

This compound was synthesized according to general procedure 2. White solid (88.8
mg, quantitative yield).*H NMR (400 MHz, DMSO-ds) & 7.54 (dd, J = 8.4 Hz, 2.0 Hz,
1H), 7.44 (d, J = 2.0 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 4.08 (q, 2H), 3.80 (s, 3H), 1.34 (t,
3H); 13C NMR (100 MHz, DMSO-ds) & = 167.1, 151.9, 148.3, 123.1, 122.8, 112.0,
111.7,63.8, 55.4, 14.6 ppm. HRMS (TOF, ES+) calc’d for C10H1204 , 196.0736 ; found,

196.0734.
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Synthesis of 3-methoxy-4-propoxybenzoic acid (1.102b)

This compound was synthesized according to general procedure 2. White solid (95.3
mg, quantitative yield).'H NMR (400 MHz, DMSO-ds) & 7.54 (dd, J = 8.4 Hz, 2.0 Hz,
1H), 7.44 (d, J = 1.9 Hz, 1H), 7.02 (d, J = 8.5 Hz, 1H), 3.98 (t, 2H), 3.80 (s, 3H), 1.75
(m, 2H), 0.97 (t, 3H); 13C NMR (100 MHz, DMSO-ds) d = 167.1, 152.0, 148.4, 123.2,
122.8,112.1, 111.8, 69.7, 55.5, 22.0, 10.4 ppm. HRMS (TOF, ES+) calc’d for C11H1404 ,

210.0892 ; found, 210.0889.

0 |
L1
(0)
Synthesis of 4-isopropoxy-3-methoxybenzoic acid (1.102c)

This compound was synthesized according to general procedure 2. White solid (112.1
mg, quantitative yield). 'H NMR (400 MHz, DMSO-ds) d 7.53 (dd, J = 8.0 Hz, 2.0 Hz,
1H), 7.44 (d, J = 2.0 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 4.67 (m, 1H), 3.78 (s, 3H), 1.28
(d, 6H); ¥3C NMR (100 MHz, DMSO-ds) 6 = 167.1, 150.8, 149.0, 123.1, 122.7, 113.3,
112.4,70.2, 55.4, 21.8 ppm. HRMS (TOF, ES+) calc’'d for C11H1404, 210.0892 ; found,

210.0892.
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Synthesis of 4-cyclopropoxy-3-methoxybenzoic acid (1.102d)

This compound was synthesized according to general procedure 2. White solid (112.4
mg, quantitative yield). *H NMR (400 MHz, DMSO-ds) & 7.58 (dd, J = 8.4 Hz, 1.9 Hz,
1H), 7.44 (d, J = 1.8 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 3.89 (m, 1H), 3.77 (s, 3H), 0.83-
0.78 (m, 2H), 0.70-0.66 (m, 2H); 13C NMR (100 MHz, DMSO-ds) 5 = 167.1, 151.9,
148.2,123.4, 123.0, 112.9, 112.0, 55.4, 51.4, 5.9 ppm. HRMS (TOF, ES+) calc’d for

C11H1204, 208.0736; found, 208.0735.

o |
L0
o)
Synthesis of 4-(cyclopentyloxy)-3-methoxybenzoic acid (1.102e)

This compound was synthesized according to general procedure 2. White solid (122.0
mg, quantitative yield). 'H NMR (400 MHz, DMSO-ds) d 7.53 (dd, J = 8.0 Hz, 2.0 Hz,
1H), 7.43 (d, J = 2.0 Hz, 1H), 7.01 (d, J = 8.5 Hz, 1H), 4.86 (m, 1H), 3.78 (s, 3H), 1.96-
1.90 (m, 2H), 1.73-1.68 (m, 4H), 1.61-1.54 (m, 2H); 3C NMR (100 MHz, DMSO-ds) & =
167.1, 151.0, 148.9, 123.1, 122.6, 113.1, 112.3, 79.6, 55.4, 32.3, 23.7 ppm. HRMS

(TOF, ES+) calc’d for Ci3H1604 , 236.1049 ; found, 236.1050.

o |

Synthesis of 3-methoxy-4-(2,2,2-trifluoroethoxy)benzoic acid (1.102f)

This compound was synthesized according to general procedure 2. White solid (225

mg, 95% yield). IH NMR (400 MHz, DMSO-ds) & 7.55 (dd, J = 8.4, 1.9 Hz, 1H), 7.51 (d,
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J=1.9 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 4.81 (g, 2H), 3.84 (s, 3H); 13C NMR (100 MHz,
DMSO-ds) 6 = 166.9, 149.9, 148.6, 125.1, 123.9 (q, Jcr = 277.0 Hz), 122.7, 113.6,
112.7, 65.3 (q, Jcr = 34.1 Hz), 55.7 ppm. HRMS (TOF, ES+) calc’d for C1o0HoF304,

250.0453; found, 250.0454.

Synthesis of 3-methoxy-4-(neopentyloxy)benzoic acid (1.102g)

This compound was synthesized according to general procedure 2. White solid (166
mg, 88% vyield).!H NMR (400 MHz, DMSO-ds) 5 7.54 (dd, J = 8.4, 1.9 Hz, 1H), 7.44 (d,
J=1.9 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 3.81 (s, 3H), 3.68 (s, 2H), 1.00 (s, 9H); 13C
NMR (100 MHz, DMSO-ds) d = 167.1, 152.6, 148.5, 123.3, 122.8, 112.5, 112.1, 77.9,
55.8, 31.7, 26.3 ppm. HRMS (TOF, ES+) calc’d for C13H1804, 238.1205; found,

238.1207.

Synthesis of 4-isobutoxy-3-methoxybenzoic acid (1.102h)

This compound was synthesized according to general procedure 2. White solid (188
mg, 91% yield). *H NMR (400 MHz, DMSO-ds) & 7.54 (dd, J = 8.4, 1.9 Hz, 1H), 7.44 (d,
J=1.8Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 3.80 (s, 3H), 3.79 (d, 2H), 2.04 (m, 1H), 0.97

(d, 6H); 13C NMR (100 MHz, DMSO-ds) 6 = 167.1, 152.2, 148.5, 123.2, 122.8, 112.2,
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111.9, 74.4, 55.6, 27.7, 19.0 ppm. HRMS (TOF, ES+) calc’d for C12H1604, 224.1049;

found, 224.1051.

Synthesis of 4-(cyclopropylmethoxy)-3-methoxybenzoic acid (1.102i)

This compound was synthesized according to general procedure 2. White solid (199
mg, 96% vyield).!H NMR (400 MHz, DMSO-ds) & 7.52 (dd, J = 8.4, 1.9 Hz, 1H), 7.44 (d,
J=1.9 Hz, 1H), 6.99 (d, J = 8.5 Hz, 1H), 3.86 (d, 2H), 3.81 (s, 3H), 1.28-1.19 (m, 1H),
0.60-0.55 (m, 2H), 0.34-0.30 (m, 2H); **C NMR (100 MHz, DMSO-ds) & = 167.1, 152.0,
148.3, 123.1, 122.8, 112.0, 111.8, 72.8, 55.4, 10.1, 3.2 ppm. HRMS (TOF, ES+) calc’d

for C12H1404, 222.0892; found, 222.0894.

o |

Synthesis of 4-(cyclobutylmethoxy)-3-methoxybenzoic acid (1.102j)

This compound was synthesized according to general procedure 2. White solid (202
mg, 93% vyield). IH NMR (400 MHz, DMSO-ds) 8 7.54 (dd, J = 8.4, 1.9 Hz, 1H), 7.43 (d,
J=1.9 Hz, 1H), 7.03 (d, J = 8.5 Hz, 1H), 4.00 (d, 2H), 3.79 (s, 3H), 2.72 (m, 1H), 2.11-
2.03 (m, 2H), 1.94-1.78 (m, 4H) ; 13C NMR (100 MHz, DMSO-de) & = 167.1, 152.2,
148.4,123.2,122.9, 112.2, 112.0, 72.3, 55.5, 33.9, 24.4, 18.1 ppm. HRMS (TOF, ES+)

calc’'d for C13H1604, 236.1049; found, 236.1051.
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Synthesis of 4-(cyclopentylmethoxy)-3-methoxybenzoic acid (1.102k)

This compound was synthesized according to general procedure 2. White solid (190
mg, 91% vyield). 1H NMR (400 MHz, DMSO-ds) 8 7.53 (dd, J = 8.4, 1.7 Hz, 1H), 7.44 (d,
J=1.6 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H), 3.89 (d, 2H), 3.80 (s, 3H), 2.32 (m, 1H), 1.80-
1.72 (m, 2H), 1.62-1.51 (m, 4H), 1.36-1.28 (m, 2H); 13C NMR (100 MHz, DMSO-ds) & =
167.1, 152.2, 148.4, 123.2, 122.8, 112.2, 112.0, 72.3, 55.6, 38.4, 29.0, 24.9 ppm.

HRMS (TOF, ES+) calc’'d for C14H1804, 250.1205; found, 250.1211.

Synthesis of 4-(benzyloxy)-3-methoxybenzoic acid (1.102L)

This compound was synthesized according to general procedure 2. White solid (242
mg, 97% yield). *H NMR (400 MHz, DMSO-ds) 5 7.54 (dd, J = 8.4, 1.9 Hz, 1H), 7.47 (d,
J=1.9 Hz, 1H), 7.45-7.32 (m, 5H), 7.13 (d, J = 8.5 Hz, 1H), 5.16 (s, 2H), 3.81 (s, 3H);
13C NMR (100 MHz, DMSO-ds) 5 = 167.1, 151.6, 148.6, 136.6, 128.5, 128.0, 127.9,
123.2, 123.0, 112.4, 112.2, 69.9, 55.5 ppm. HRMS (TOF, ES+) calc’d for C15H1404,

258.0892; found, 258.0896.
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Synthesis of 2-(2-fluoro-4,5-dimethoxyphenoxy)acetic acid (1.208d)

This compound was synthesized according to general procedure 2. White solid (173
mg, 97% vyield). 1H NMR (400 MHz, DMSO-ds) 8 6.95 (d, Jur = 12.8 Hz, 1H), 6.80 (d,
JuF = 8.4 Hz, 1H), 4.70 (s, 2H), 3.72 (s, 3H), 3.70 (s, 3H); 13C NMR (100 MHz, DMSO-
de) 6 =170.1, 145.6 (d, Jcr = 235.0 Hz), 144.9 (d, Jcr = 2.0 Hz), 143.2 (d, JcF = 8.0 Hz),
138.4 (d, Jcr = 12.0 Hz), 102.3 (d, Jcr = 2.0 Hz), 102.1 (d, Jcr = 23.0 Hz), 66.4, 56.4,

56.3 ppm. HRMS (TOF, ES+) calc’d for C10H11FOs, 230.0591; found, 230.0592.

General Procedure 3: Synthesis of Benzamides

To a solution of the appropriate aniline (1.0 eq) in DCM (0.1 M) in a Biotage microwave
vial was sequentially added N,N-diisopropylethylamine (2.0 eq), the appropriate benzoic
acid (1.0 eq), and 1-(chloro-1-pyrrolidinylmethylene)pyrrolidiniumhexafluorophosphate
(PyClIU) (1.0 eq). The reaction vial was sealed and heated to 100 °C for 20 minutes
using a Biotage microwave reactor. After cooling to room temperature, the reaction was
diluted with DCM and quenched with the addition of saturated NH4Cl. The layers were
separated, and the aqueous layer was washed with DCM x 3. The combined organic
layer was passed through a phase separator, concentrated, and purified using flash

chromatography (Teledyne ISCO system, silica gel column, hexanes:EtOAc).

OCF;

o |
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-4-ethoxy-3-
methoxybenzamide (1.104a)
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This compound was synthesized according to general procedure 3. White solid (37.5
mg, 74% vyield). 1H NMR (400 MHz, CDCls) 5 8.61 (d, J = 2.5 Hz, 1H), 8.48 (bs, 1H),
7.58 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.1 Hz, 1H), 7.44 (dd, J = 8.4 Hz, 2.1 Hz, 1H), 6.94
(d, J = 8.4 Hz, 1H), 6.89 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 4.18 (q, 2H), 3.96 (s, 3H), 1.51 (t,
3H); 13C NMR (100 MHz, CDCIl3) d = 165.1, 152.3, 149.8, 149.2, 137.4, 132.9, 126.5,
120.6 (g, YJcr = 256 Hz), 119.7,117.2,114.3,111.7, 111.2, 110.7, 64.8, 56.3, 14.8 ppm.

HRMS (TOF, ES+) calc’'d for C17H1sBrFsNO4, 433.0137 ; found, 433.0136.

OCF,4
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-3-methoxy-4-
propoxybenzamide (1.104b)

This compound was synthesized according to general procedure 3. White solid (24.6
mg, 47% yield). 1H NMR (400 MHz, CDCls) & 8.61 (d, J = 2.4 Hz, 1H), 8.48 (bs, 1H),
7.58 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.1 Hz, 1H), 7.44 (dd, J = 8.0 Hz, 2.1 Hz, 1H), 6.94
(d, J = 8.4 Hz, 1H), 6.89 (dd, J = 8.0 Hz, 1.9 Hz, 1H), 4.06 (t, 2H), 3.95 (s, 3H), 1.91 (m,
2H), 1.07 (t, 3H); 3*C NMR (100 MHz, CDCl3) d = 165.1, 152.6, 149.9, 149.3, 149.2,
137.4, 132.9, 126.5, 120.6 (q, }JcF = 257 Hz), 119.8, 117.2, 114.3, 111.9, 111.3, 110.7,
70.8, 56.4, 22.5, 10.6 ppm. HRMS (TOF, ES+) calc’'d for C1sH17BrFsNOa, 447.0293 ;

found, 447.0288.

OCF,4
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-4-isopropoxy-3-
methoxybenzamide (1.104c)

This compound was synthesized according to general procedure 3. White solid (56.8
mg, 65% yield). *H NMR (400 MHz, CDCI3) 5 8.61 (d, J = 2.4 Hz, 1H), 8.48 (bs, 1H),
7.58 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.1 Hz, 1H), 7.43 (dd, J = 8.0 Hz, 2.2 Hz, 1H), 6.96
(d, J = 8.4 Hz, 1H), 6.89 (dd, J = 8.0 Hz, 1.9 Hz, 1H), 4.66 (m, 1H), 3.94 (s, 3H), 1.43 (d,
6H); 13C NMR (100 MHz, CDCIz) d = 165.0, 151.4, 150.5, 149.1, 137.4, 132.9, 126.5,
120.5 (q, Wcr = 257 Hz), 119.6, 117.1, 114.2, 113.8, 111.5, 110.7, 71.6, 56.3, 22.1 ppm.

HRMS (TOF, ES+) calc’'d for C1sH17BrFsNOa4 , 447.0293 ; found, 447.0285.

OCF3
O
N
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-4-cyclopropoxy-3-
methoxybenzamide (1.104d)

This compound was synthesized according to general procedure 3. White solid (28.6
mg, 82% yield).!H NMR (400 MHz, CDCls) 8 8.61 (d, J = 2.2 Hz, 1H), 8.49 (bs, 1H),
7.59 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.0 Hz, 1H), 7.47 (dd, J = 8.0 Hz, 2.1 Hz, 1H), 7.35
(d, J = 8.4 Hz, 1H), 6.89 (m, 1H), 3.94 (s, 3H), 3.83 (m, 1H), 0.92-0.86 (M, 4H); 13C
NMR (100 MHz, CDCIs) & = 165.0, 152.3, 149.5, 149.2, 137.3, 132.9, 127.0, 120.5 (q,
Jcr = 257 Hz), 119.5, 117.2, 114.2, 113.0, 111.0, 110.7, 56.2, 52.1, 6.5 ppm. HRMS

(TOF, ES+) calc’d for CisH1sBrFsNOa4, 445.0137 ; found, 445.0140.
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-4-(cyclopentyloxy)-3-
methoxybenzamide (1.104e)

This compound was synthesized according to general procedure 3. White solid (65.7
mg, 71% vyield).!H NMR (400 MHz, CDCls) & 8.61 (d, J = 2.4 Hz, 1H), 8.48 (bs, 1H),
7.59 (d, J = 8.8 Hz, 1H), 7.53 (d, J = 2.1 Hz, 1H), 7.43 (dd, J = 8.0 Hz, 2.2 Hz, 1H), 6.94
(d, J = 8.4 Hz, 1H), 6.89 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 4.86 (m, 1H), 3.93 (s, 3H), 2.03-
1.84 (m, 6H), 1.68-1.63 (m, 2H); 13C NMR (100 MHz, CDCls) 5 = 165.1, 151.8, 150.3,
149.2, 137.4, 132.9, 126.2, 120.5 (g, }Jcr = 255 Hz), 119.6, 117.1, 114.2, 113.5, 111.4,
110.7, 80.8, 56.3, 33.0, 24.3 ppm. HRMS (TOF, ES+) calc’d for C20H19BrFsNOa,

473.0450 ; found, 473.0450.
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Synthesis of N-(2-bromo-5-chlorophenyl)-3,4-dimethoxybenzamide (1.11b)

This compound was synthesized according to general procedure 3. White solid (102.1
mg, 57% yield). 1H NMR (400 MHz, CDCls) & 8.66 (d, J = 2.5 Hz, 1H), 8.41 (bs, 1H),
7.53(d, J = 2.1 Hz, 1H), 7.48 (d, J = 8.6 Hz, 1H), 7.46 (dd, J = 8.4 Hz, 2.2 Hz, 1H ), 6.99
(dd, J = 8.6 Hz, 2.5 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H); 13C

NMR (100 MHz, CDCls) & = 164.9, 152.8, 149.6, 137.0, 134.7, 132.9, 126.9, 125.1,
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121.5,119.8, 111.2, 110.9, 110.7, 56.3, 56.2 ppm. HRMS (TOF, ES+) calc'd for

C15H13BrCINOs, 368.9767 ; found, 368.9768.
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-3,4-dimethoxybenzamide
(1.11a)

This compound was synthesized according to general procedure 3. White solid (32.6
mg, 81% yield).'H NMR (400 MHz, CDCls) & 8.60 (d, J = 2.6 Hz, 1H), 8.48 (bs, 1H),
7.58 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 2.8 Hz, 1H), 7.46 (dd, J = 8.4 Hz, 2.1 Hz, 1H), 6.95
(d, 3 =8.4 Hz, 1H), 6.89 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H); 13C
NMR (100 MHz, CDCI3) 6 = 164.9, 152.8, 149.6, 149.1, 137.3, 132.9, 126.7, 120.7 (q,
1Jce = 257 Hz), 119.2, 117.2, 114.2, 110.9, 110.7, 110.6, 56.3, 56.2 ppm. HRMS (TOF,

ES+) calc’d for Cis6H13BrFsNOa4 , 418.9980 ; found, 418.9981.
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Synthesis of N-(2-bromo-5-(trifluoromethoxy)phenyl)-4-(cyclopropylmethoxy)-3-
methoxybenzamide (1.104i)

This compound was synthesized according to general procedure 3. White solid (1.86 g,
53% yield). *H NMR (400 MHz, CDCls) & 8.61 (d, J = 2.3 Hz, 1H), 8.47 (bs, 1H), 7.58 (d,

J=8.8 Hz, 1H), 7.54 (d, J = 2.1 Hz, 1H), 7.43 (dd, J = 8.4, 2.1 Hz, 1H), 6.93 (d, J = 8.4
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Hz, 1H), 6.91-6.87 (m, 1H), 3.97 (s, 3H), 3.94 (d, 2H), 1.40-1.33 (m, 1H), 0.71-0.66 (m,
2H), 0.42-0.38 (m, 2H); 13C NMR (100 MHz, CDCls) & = 165.0, 152.4, 149.9, 149.1,
137.3, 132.9, 126.6, 120.5 (q, Jcr = 256.6 Hz), 119.6, 117.1, 114.2, 112.2, 111.2, 110.7,
74.1,56.3, 10.2, 3.6 ppm. HRMS (TOF, ES+) calc'd for C1H17BrFaNO4, 459.0293;

found 459.0296.

General Procedure 4: Synthesis of Triazoles

To a suspension of the appropriate benzamide (1.0 eq), 1,2,4-triazole (1.0 eq),
potassium phosphate tribasic (2.5 eq), and copper (1) iodide (0.05 eq) in DMF (0.1 M)
was added trans-N,N-dimethylcyclohexane-1,2-diamine (0.10 eq). The resulting
suspension was degassed by vigorously bubbling argon through the mixture for one
minute. The reaction was then heated to 100 °C for 16 hours, whereupon LCMS
indicated complete consumption of starting material and formation of the desired
product. The reaction was diluted with EtOAc and filtered over a pad of celite. The
resulting organic material was concentrated and purified using a Gilson HPLC system
(30 x 50 mm column; H20 with 0.1% TFA:acetonitrile). Fractions containing the desired
product were quenched with saturated NaHCOs, extracted with DCM, and concentrated

to liberate the product as the free base.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-ethoxy-3-
methoxybenzamide (1.114)
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This compound was synthesized according to general procedure 4. White solid (15.6
mg, 60% yield). *H NMR (400 MHz, CDCI3) 3 10.50 (bs, 1H), 8.76 (d, J = 2.0 Hz, 1H),
8.53 (s, 1H), 8.30 (s, 1H), 7.51 (d, J = 2.1 Hz, 1H), 7.44 (d, J = 8.8 Hz, 1H), 7.41 (dd, J =
8.5 Hz, 2.2 Hz, 1H), 7.09 (m, 1H), 6.93 (d, J = 8.4 Hz, 1H), 4.18 (g, 2H), 3.95 (s, 3H),
1.51 (t, 3H); 13C NMR (100 MHz, CDCl3) & = 165.1, 153.1, 152.2, 149.8, 149.5, 143.9,
133.7, 126.3, 123.8, 123.6, 120.5 (q, 1JcF = 257 Hz), 120.1, 116.0, 115.6, 111.7, 110.9,
64.7, 56.2, 14.8 ppm. HRMS (TOF, ES+) calc’d for C19H17F3N4O4 , 422.1202 ; found,

422.1204.

Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-3-methoxy-4-
propoxybenzamide (1.115)

This compound was synthesized according to general procedure 4. Colorless oil (13.7
mg, 51% vield). 2H NMR (400 MHz, CDCls) & 10.52 (bs, 1H), 8.76 (d, J = 2.1 Hz, 1H),
8.51 (s, 1H), 8.30 (s, 1H), 7.51 (d, J = 2.2 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.41 (dd, J =
8.5 Hz, 2.2 Hz, 1H), 7.09 (m, 1H), 6.93 (d, J = 8.4 Hz, 1H), 4.06 (t, 2H), 3.95 (s, 3H),
1.91 (m, 2H), 1.06 (t, 3H); 3C NMR (100 MHz, CDCl3) & = 165.1, 153.1, 152.4, 149.7,
149.6, 143.9, 133.7, 126.2, 123.8, 123.6, 120.5 (q, Jcr = 257 Hz), 120.1, 116.0, 115.6,
111.9, 111.0, 70.7, 56.2, 22.5, 10.5 ppm. HRMS (TOF, ES+) calc’d for C20H19F3N4Oa,

436.1358; found, 436.1358.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-isopropoxy-
3-methoxybenzamide (1.116)

This compound was synthesized according to general procedure 4. Colorless oil (11.0
mg, 56% yield). *H NMR (400 MHz, CDCIs3) 8 10.51 (bs, 1H), 8.76 (d, J = 2.0 Hz, 1H),
8.51 (s, 1H), 8.30 (s, 1H), 7.51 (d, J = 2.1 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.40 (dd, J =
8.4 Hz, 2.2 Hz, 1H), 7.09 (m, 1H), 6.95 (d, J = 8.5 Hz, 1H), 4.66 (m, 1H), 3.94 (s, 3H),
1.42 (d, 6H); 3C NMR (100 MHz, CDClI3) 5 = 165.1, 153.1, 151.3, 150.3, 149.8, 143.9,
133.8, 126.2, 123.8, 123.7, 120.5 (g, *JcF = 255 Hz), 120.0, 116.0, 115.6, 113.7, 111.3,
71.5, 56.2, 22.1 ppm. HRMS (TOF, ES+) calc’d for C20H19F3N4O4 , 436.1358 ; found,

436.1361.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-
cyclopropoxy-3-methoxybenzamide (1.117)

This compound was synthesized according to general procedure 4. White solid (8.7 mg,
68% yield).'H NMR (400 MHz, CDCIz) d 10.54 (bs, 1H), 8.77 (d, J = 2.1 Hz, 1H), 8.51
(s, 1H), 8.31 (s, 1H), 7.51 (d, J = 2.0 Hz, 1H), 7.44 (d, J = 8.8 Hz, 1H), 7.43 (dd, J = 8.4
Hz, 2.1 Hz, 1H), 7.33 (d, J = 8.4 Hz, 1H), 7.09 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 3.93 (s,
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3H), 3.82 (m, 1H), 0.90-0.84 (m, 4H); 13C NMR (100 MHz, CDCl3) & = 165.1, 153.2,
152.3, 149.8, 149.3, 143.9, 133.7, 126.8, 123.8, 123.6, 120.5 (q, XJcr = 257 Hz), 119.9,
116.0, 115.6, 113.0, 110.9, 56.1, 52.0, 6.5 ppm. HRMS (TOF, ES+) calc'd for

C20H17F3N40a4, 434.1202; found, 434.1204.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-
(cyclopentyloxy)-3-methoxybenzamide (1.121)

This compound was synthesized according to general procedure 4. White solid (25.3
mg, 58% yield).!H NMR (400 MHz, CDCls) 8 10.50 (bs, 1H), 8.76 (d, J = 2.1 Hz, 1H),
8.51 (s, 1H), 8.30 (s, 1H), 7.49 (d, J = 2.0 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.39 (dd, J =
8.4 Hz, 2.1 Hz, 1H), 7.08 (dd, J = 8.7 Hz, 1.6 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 4.85 (m,
1H), 3.92 (s, 3H), 2.02-1.83 (m, 6H), 1.67-1.62 (m, 2H); 3C NMR (100 MHz, CDCl3) & =
165.2, 153.1, 151.7, 150.1, 149.7, 143.9, 133.8, 125.9, 123.8, 123.6, 120.5 (q, JcF =
257 Hz), 120.0, 115.9, 115.6, 113.4, 111.2, 80.7, 56.2, 33.0, 24.3 ppm. HRMS (TOF,

ES+) calc’d for C22H21F3sN4O4 ,462.1515 ; found, 462.1518.
Cl
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Synthesis of N-(5-chloro-2-(1H-1,2,4-triazol-1-yl)phenyl)-3,4-dimethoxybenzamide
(1.8)

This compound was synthesized according to general procedure 4. White solid (49.7
mg, 51% yield).'H NMR (400 MHz, CDCI3) 5 10.50 (bs, 1H), 8.81 (d, J = 2.3 Hz, 1H),
8.50 (s, 1H), 8.28 (s, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.43 (dd, J = 8.4 Hz, 2.0 Hz, 1H),
7.34 (d, J = 8.6 Hz,, 1H), 7.20 (dd, J = 8.5 Hz, 2.3 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 3.96
(s, 3H), 3.95 (s, 3H); 13C NMR (100 MHz, CDCls) & = 165.0, 153.0, 152.7, 149.3, 143.8,
135.8, 133.1, 126.6, 124.1, 123.4, 123.1, 120.1, 110.7, 110.6, 56.2, 56.1 ppm. HRMS

(TOF, ES+) calc’d for C17H15CIN4O3 ,358.0833 ; found, 358.0835.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-3,4-
dimethoxybenzamide (1.23)

This compound was synthesized according to general procedure 4. White solid (11.7
mg, 60% yield).!H NMR (400 MHz, CDCls) 8 10.50 (bs, 1H), 8.77 (d, J = 1.9 Hz, 1H),
8.51 (s, 1H), 8.30 (s, 1H), 7.52 (d, J = 2.1 Hz, 1H), 7.44 (m, 2H), 7.10 (m, 1H), 6.95 (d, J
= 8.4 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H); 3C NMR (100 MHz, CDCl3) & = 165.1, 153.1,
152.8, 149.7, 149.4, 143.9, 133.7, 126.5, 123.8, 123.6, 120.5 (q, Jcr = 257 Hz), 120.1,
116.0, 115.6, 110.7, 110.6, 56.2, 56.1 ppm. HRMS (TOF, ES+) calc’d for C1sH15F3N4Oa,

408.1045 ; found, 408.1047.
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Synthesis of 1-(4-chloro-2-nitrophenyl)-1H-1,2,4-triazole (1.317)

This compound was synthesized according to general procedure 4. Beige solid (2.13 g,
56% yield). *H NMR (400 MHz, CDCIz) & 8.39 (s, 1H), 8.11 (s, 1H), 8.02 (d, J = 2.3 Hz,

1H), 7.74 (dd, J = 8.5, 2.3 Hz, 1H), 7.55 (d, J = 8.5 Hz, 1H); 13C NMR (100 MHz, CDCls)
0 =153.4,144.8, 144.0, 136.4, 133.9, 128.8, 128.6, 125.9 ppm. HRMS (TOF, ES+)

calc’'d for CsHsCIN4O2, 224.0101; found, 224.0103.
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Synthesis of 1-(2-nitro-4-(trifluoromethoxy)phenyl)-1H-1,2,4-triazole (1.318)

This compound was synthesized according to general procedure 4. White solid (2.35 g,
49% yield). *H NMR (400 MHz, CDClz) 6 8.41 (s, 1H), 8.12 (s, 1H), 7.90 (d, J = 2.5 Hz,

1H), 7.67 (d, J = 8.5 Hz, 1H), 7.63-7.61 (m, 1H) ; 13C NMR (100 MHz, CDCls) & = 153.5,
149.4 (d, Jcr = 2.0 Hz), 145.0, 144.1, 129.2, 128.7, 125.7, 120.3 (g, Jcr = 259.0 Hz),

118.4 ppm. HRMS (TOF, ES+) calc’d for CoHsF3N4Os, 274.0314; found, 274.0315.

General Procedure 5: Synthesis of Triazoles

To a solution of aniline (1.146) (1.0 eq) in CH2CI2 (0.1 M) in a Biotage microwave vial
was added the appropriate benzoic acid (12, 17a-g, or 27) (1.0 eq), N,N-
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diisopropylethylamine (3.0 eq), and chlorodipyrrolidinocarbenium hexafluorophosphate
(PyClIU) (1.0 eq) at room temperature. The vial was sealed and heated to 100 °C using
a Biotage microwave reactor for 30 min, whereupon LCMS showed formation of the
desired product. The reaction mixture was diluted with DCM and quenched with the
addition of saturated NH4Cl. The layers were separated, and the aqueous layer was
washed with DCM x 3. The combined organic layer was passed through a phase
separator, concentrated, and purified using a Gilson HPLC system (30 x 50 mm column;
H20 with 0.1% TFA:acetonitrile). Fractions containing the desired product were
guenched with saturated NaHCOs, extracted with DCM, and concentrated to liberate the

product as the free base.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-3-(3,4-
dimethoxyphenyl)propanamide (1.209b)

This compound was synthesized according to general procedure 5. White solid (91.1
mg, 51% vield). 2H NMR (400 MHz, CDCls) & 9.52 (bs, 1H), 8.55 (d, J = 2.2 Hz, 1H),
8.40 (s, 1H), 8.18 (s, 1H), 7.34 (d, J = 8.8 Hz, 1H), 7.05 (dd, J = 8.7, 1.4 Hz, 1H), 6.75-
6.69 (m, 3H), 3.85 (s, 3H), 3.80 (s, 3H), 2.96 (t, 2H), 2.64 (t, 2H) ;3C NMR (100 MHz,
CDCIl3) 6 =170.9, 153.1, 149.6, 149.0, 147.7, 143.7, 133.1, 132.8, 123.8, 123.6, 120.5
(q, Jer = 257.2 Hz), 120.2, 116.1, 115.7, 111.8, 111.4, 56.0, 55.9, 40.4, 31.0 ppm.

HRMS (TOF, ES+) calc’d for C20H19F3sN4O4, 436.1358; found, 436.1363.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-3-(2-fluoro-
4,5-dimethoxyphenyl)propanamide (1.209a)

This compound was synthesized according to general procedure 5. White solid (107
mg, 57% yield). *H NMR (400 MHz, CDCIs) 8 9.59 (bs, 1H), 8.55 (d, J = 2.1 Hz, 1H),
8.40 (s, 1H), 8.19 (s, 1H), 7.34 (d, J = 8.8 Hz, 1H),7.07-7.04 (m, 1H), 6.64 (d, J = 7.2
Hz, 1H), 6.54 (d, J = 11.2 Hz, 1H), 3.83 (s, 3H), 3.75 (s, 3H), 2.96 (t, 2H), 2.63 (t, 2H);
13C NMR (100 MHz, CDCls) & = 170.8, 155.0 (d, Jcr = 236.4 Hz), 153.1, 149.6, 148.5
(d, Jcr = 9.8 Hz), 145.1 (d, Jcr = 2.0 Hz), 143.7, 133.1, 123.7, 123.6, 120.5 (q, JcF =
257.1 Hz), 117.3 (d, Jcr = 17.2 Hz), 116.1, 115.7, 113.0 (d, Jcr = 6.1 Hz), 100.2 (d, Jcr
= 27.9 Hz), 56.4, 56.2, 38.8, 24.9 ppm. HRMS (TOF, ES+) calc’d for C20H18FaN4Osa,

454.1264; found, 454.1264.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-2-(2-fluoro-
4,5-dimethoxyphenoxy)acetamide (1.209d)

This compound was synthesized according to general procedure 5. White solid (91.6
mg, 49% yield). *H NMR (400 MHz, CDCI3) & 10.72 (bs, 1H), 8.65 (d, J = 2.4 Hz, 1H),
8.44 (s, 1H), 8.19 (s, 1H), 7.42 (d, J = 8.8 Hz, 1H), 7.14-7.11 (m, 1H), 6.73 (d, J = 12.1
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Hz, 1H), 6.58 (d, J = 7.9 Hz, 1H), 4.60 (s, 2H), 3.84 (s, 6H) ;13C NMR (100 MHz, CDCls)
5 =167.1, 153.4 (d, Jcr = 2.5 Hz), 149.7, 146.8 (d, Jcr = 238.0 Hz), 145.3 (d, Jcr = 2.6
Hz), 144.9 (d, Jcr = 7.9 HZ), 143.6, 137.9 (d, Jcr = 12.0 Hz), 132.7, 124.3, 124.2, 120.5
(q, Jcr = 257.4 Hz), 116.7, 115.7, 102.3 (d, Jcr = 2.0 Hz), 101.8 (d, Jcr = 23.4 Hz), 70.3,
56.8, 56.7 ppm. HRMS (TOF, ES+) calc’d for C19H16F4N4Os, 456.1057; found,

456.1063.

OCF,4

Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-3-methoxy-4-
(2,2,2-trifluoroethoxy)benzamide (1.124)

This compound was synthesized according to general procedure 5. White solid (16.0
mg, 41% yield). 1H NMR (400 MHz, CDCls) & 10.60 (bs, 1H), 8.74 (d, J = 2.1 Hz, 1H),
8.52 (s, 1H), 8.29 (s, 1H), 7.56 (d, J = 2.0 Hz, 1H), 7.45 (d, J = 8.8 Hz, 1H), 7.39 (dd, J =
8.3, 2.0 Hz, 1H), 7.10 (dd, J = 8.7, 1.6 Hz, 1H), 7.03 (d, J = 8.3 Hz, 1H), 4.46 (g, 2H),
3.95 (s, 3H); *C NMR (100 MHz, CDCI3) 5 = 164.7, 153.1, 150.6, 150.3, 149.7 (d, JcF =
1.7 Hz), 143.9, 133.4, 129.5, 123.9, 123.5, 123.4 (q, JcF = 277.0 Hz), 120.5 (q, Jcr =
257.0 Hz), 119.6, 116.24, 116.16, 115.6, 112.1, 67.5 (q, Jcr = 35.5 Hz), 56.2 ppm.

HRMS (TOF, ES+) calc’d for C19H14FeéN4O4, 476.0919; found, 476.0923.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-3-methoxy-4-
(neopentyloxy)benzamide (1.126)

This compound was synthesized according to general procedure 5. Colorless oil (14.4
mg, 38% yield). *H NMR (400 MHz, CDCIs3) 8 10.51 (bs, 1H), 8.77 (d, J = 2.1 Hz, 1H),
8.51 (s, 1H), 8.29 (s, 1H), 7.50 (d, J = 2.1 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.41 (dd, J =
8.4, 2.2 Hz, 1H), 7.09 (dd, J = 8.8, 1.7 Hz, 1H) 6.92 (d, J = 8.4 Hz, 1H), 3.93 (s, 3H),
3.70 (s, 2H), 1.08 (s, 9H); 13C NMR (100 MHz, CDCIz) d = 165.2, 153.3, 153.1, 150.0,
149.7 (d, Jcr = 2.0 Hz),, 143.9, 133.8, 126.1, 123.8, 123.6, 120.5 (q, Jcr = 257.3 Hz),
120.3, 116.0, 115.6, 112.4, 111.6, 79.1, 56.5, 32.3, 26.8 ppm. HRMS (TOF, ES+) calc'd

for C22H23F3N404, 464.1671; found, 464.1675.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-isobutoxy-3-
methoxybenzamide (1.125)

This compound was synthesized according to general procedure 5. White solid (14.8
mg, 40% yield). *H NMR (400 MHz, CDCls) 8 10.52 (bs, 1H), 8.75 (d, J = 2.2 Hz, 1H),
8.51 (s, 1H), 8.29 (s, 1H), 7.49 (d, J = 2.1 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.40 (dd, J =
8.4, 2.1 Hz, 1H), 7.07 (dd, J = 8.8, 1.6 Hz, 1H) 6.92 (d, J = 8.4 Hz, 1H), 3.93 (s, 3H),
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3.83 (d, 2H), 2.19 (m, 1H), 1.05 (d, 6H); 13C NMR (100 MHz, CDCls) & = 165.1, 153.1,
152.7, 149.7, 143.9, 133.7, 126.2, 123.8, 123.6, 120.5 (q, Jcr = 257.0 Hz), 120.1, 115.9,
115.6, 112.1, 111.2, 75.6, 56.3, 28.2, 19.4 ppm. HRMS (TOF, ES+) calc'd for

C21H21F3N4Oa4, 450.1515; found, 450.1520.
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-
(cyclopropylmethoxy)-3-methoxybenzamide (1.127)

This compound was synthesized according to general procedure 5. Beige solid (16.2
mg, 44% yield). 1H NMR (400 MHz, CDCls) & 10.52 (bs, 1H), 8.75 (d, J = 2.2 Hz, 1H),
8.51 (s, 1H), 8.28 (s, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.39 (dd, J =
8.4, 2.1 Hz, 1H), 7.07 (dd, J = 8.7, 1.7 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 3.95 (s, 3H),
3.92 (d, 2H), 1.39-1.32 (m, 1H), 0.69-0.65 (m, 2H), 0.40-0.36 (m, 2H); 3C NMR (100
MHz, CDCl3) 6 = 165.1, 153.1, 152.3, 149.7 (d, Jcr = 2.0 Hz), 149.6, 143.9, 133.7,
126.3,123.8, 123.6, 120.5 (g, Jcr = 257.1 Hz), 120.0, 115.9, 115.5, 112.1, 111.0, 74.1,
56.2, 10.2, 3.6 ppm. HRMS (TOF, ES+) calc’d for C21H19F3N4O4, 448.1358; found,

448.1365.

OCF;
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Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-
(cyclobutylmethoxy)-3-methoxybenzamide (1.128)

This compound was synthesized according to general procedure 5. White solid (14.8
mg, 39% yield). *H NMR (400 MHz, CDCI3) 3 10.52 (bs, 1H), 8.76 (d, J = 2.1 Hz, 1H),

8.51 (s, 1H), 8.29 (s, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.40 (dd, J

8.5, 2.0 Hz, 1H), 7.08 (dd, J = 8.7, 1.6 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 4.06 (d, 2H),
3.93 (s, 3H), 2.87 (m, 1H), 2.21-2.14 (m, 2H), 2.04-1.83 (m, 4H); 13C NMR (100 MHz,
CDCls) & = 165.1, 153.1, 152.7, 149.8, 143.9, 133.8, 126.3, 123.8, 123.6, 120.5 (q, Jcr
= 257.2 Hz), 120.1, 116.0, 115.6, 112.2, 111.2, 73.5, 56.3, 34.5, 25.2, 18.8 ppm. HRMS

(TOF, ES+) calc’d for C22H21F3N4Oa4, 462.1515; found, 462.1515.

OCF,

Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-
(cyclopentylmethoxy)-3-methoxybenzamide (1.129)

This compound was synthesized according to general procedure 5. Colorless oil (18.7
mg, 48% yield). *H NMR (400 MHz, CDCI3) d 10.52 (bs, 1H), 8.76 (d, J = 2.0 Hz, 1H),

8.51 (s, 1H), 8.29 (s, 1H), 7.49 (d, J = 2.0 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.40 (dd, J

8.4, 2.0 Hz, 1H), 7.08 (dd, J = 8.8, 1.6 Hz, 1H) 6.93 (d, J = 8.4 Hz, 1H), 3.95 (d, 2H),
3.93 (s, 3H), 2.46 (M, 1H), 1.90-1.83 (m, 2H), 1.68-1.56 (M, 4H), 1.40-1.33 (m, 2H); 13C
NMR (100 MHz, CDCl3) & = 165.1, 153.1, 152.7, 149.7, 143.9, 133.7, 126.1, 123.8,

123.6, 120.5 (q, Jcr = 257.0 Hz), 120.1, 115.9, 115.6, 112.1, 111.2, 73.5, 56.3, 39.0,
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29.7, 25.4 ppm. HRMS (TOF, ES+) calc’'d for C23H23F3N4Oa, 476.1671; found,

476.1680.

OCF,

Synthesis of N-(2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)phenyl)-4-(benzyloxy)-
3-methoxybenzamide (1.131)

This compound was synthesized according to general procedure 5. White solid (19.8
mg, 50% vield). 1H NMR (400 MHz, CDCls) & 10.52 (bs, 1H), 8.75 (d, J = 2.2 Hz, 1H),
8.50 (s, 1H), 8.28 (s, 1H), 7.53 (d, J = 2.1 Hz, 1H), 7.45-7.31 (m, 7H), 7.08 (dd, J = 8.8,
1.6 Hz, 1H), 6.94 (d, J = 8.4, 1H), 5.25 (s, 2H), 3.97 (s, 3H); 13C NMR (100 MHz, CDCl5)
0 =165.0, 153.1, 1561.9, 149.9, 149.7 (d, Jcr = 2.0 Hz), 143.9, 136.4, 133.6, 128.8,
128.3, 127.3, 126.8, 123.8, 123.6, 120.5 (q, Jcr = 257.2 Hz), 119.9, 116.0, 115.6, 112.9,
111.2, 71.0, 56.2 ppm. HRMS (TOF, ES+) calc’d for C24H19F3N4O4, 484.1358; found,

484.1364.

General Procedure 6: Synthesis of Anilines

To a solution of LiAlH4 (3.5 eq, 1.0 M stock solution in THF) cooled to 0 °C was added a
solution of the appropriate triazole in THF (1.0 mL) dropwise under an inert atmosphere
of argon. Upon completion of addition, the reaction was stirred at room temperature for
3 hr, whereupon LCMS indicated complete consumption of starting material and
formation of the desired product. The reaction was cooled to 0 °C and quenched with

the sequential addition of EtOAc and saturated aqueous Rochelle salt solution. The
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resulting mixture was stirred at room temperature for 2 hr before the layers were
separated. The aqueous layer was washed with EtOAc x 3. The combined organic
material was passed through a phase separator, concentrated, and purified using a
Gilson HPLC system (30 x 50 mm column; H20 with 0.1% TFA:acetonitrile). Fractions
containing the desired product were quenched with saturated NaHCOg3, extracted with

DCM, and concentrated to liberate the product as the free base.

OCF,

Synthesis of N-(3,4-dimethoxybenzyl)-2-(1H-1,2,4-triazol-1-yl)-5-
(trifluoromethoxy)aniline (1.140a)

This compound was synthesized according to general procedure 6. White solid (26.7
mg, 51% yield). *H NMR (400 MHz, CDCls) 5 8.34 (s, 1H), 8.13 (s, 1H), 7.18 (d, J=8.4
Hz, 1H), 6.87-6.81 (m, 3H), 6.62-6.58 (m, 2H), 5.87 (t, 1H), 4.28 (d, 2H), 3.86 (s, 3H),
3.84 (s, 3H); 13C NMR (100 MHz, CDCls) & = 152.8, 150.8 (d, Jcr = 1.3 Hz), 149.4,
148.6, 143.8, 143.7, 130.1, 125.4, 120.8, 120.5 (q, Jcr = 256.3 Hz), 119.6, 111.4, 110.6,
108.2, 105.3, 56.00, 55.96, 47.5 ppm. HRMS (TOF, ES+) calc’d for C1gH17F3N4Os,

394.1253; found, 394.1257.

Cl
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Synthesis of 5-chloro-N-(3,4-dimethoxybenzyl)-2-(1H-1,2,4-triazol-1-yl)aniline
(1.140b)

This compound was synthesized according to general procedure 6. Beige solid (32.1
mg, 58% yield). *H NMR (400 MHz, CDCl3) 5 8.33 (s, 1H), 8.12 (s, 1H), 7.10 (d, J = 8.3
Hz, 1H), 6.87-6.81 (m, 3H), 6.77 (d, J = 2.1 Hz, 1H) , 6.71 (dd, J = 8.3, 2.2 Hz, 1H), 5.81
(bs, 1H), 4.28 (d, 2H), 3.86 (s, 3H), 3.85 (s, 3H); **C NMR (100 MHz, CDCI3) & = 152.8,
149.4, 148.6, 143.8, 143.1, 136.3, 130.3, 125.2,121.1, 119.5, 116.5, 112.8, 111.5,
110.5, 56.02, 56.0, 47.4 ppm. HRMS (TOF, ES+) calc’d for C17H17CIN4O2, 344.1040;

found, 344.1043.

OCF,

Synthesis of N-(3-(3,4-dimethoxyphenyl)propyl)-2-(1H-1,2,4-triazol-1-yl)-5-
(trifluoromethoxy)aniline (1.210)

This compound was synthesized according to general procedure 6. Colorless oil (22.7
mg, 47% yield). *H NMR (400 MHz, CDCIs3) & 8.31 (s, 1H), 8.16 (s, 1H), 7.15(d, J=8.4
Hz, 1H), 6.78 (d, J = 7.8 Hz, 1H), 6.71-6.69 (m, 2H), 6.58-6.55 (m, 2H), 5.47 (t, 1H),
3.86 (s, 3H), 3.84 (s, 3H), 3.13 (g, 2H), 2.65 (t, 2H), 1.93 (m, 2H);'3C NMR (100 MHz,
CDCIl3) & = 152.8, 151.0, 149.1, 147.5, 143.9, 143.8, 133.7, 125.4, 120.6, 120.5 (q, JcF
= 256.0 Hz), 120.3, 111.7, 111.4, 107.7, 104.7, 56.0, 55.9, 42.6, 32.8, 30.5 ppm. HRMS

(TOF, ES+) calc’d for C20H21F3N4Os, 422.1566; found, 422.1568.
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Synthesis of N-(3-(2-fluoro-4,5-dimethoxyphenyl)propyl)-2-(1H-1,2,4-triazol-1-yl)-5-
(trifluoromethoxy)aniline (1.215)

This compound was synthesized according to general procedure 6. Colorless oil (21.8
mg, 45% yield). *H NMR (400 MHz, CDCls) 5 8.31 (s, 1H), 8.16 (s, 1H), 7.16 (d, J=8.4
Hz, 1H), 6.63-6.55 (m, 4H), 5.49 (t, 1H), 3.84 (s, 3H), 3.80 (s, 3H), 3.14 (q, 2H), 2.66 (t,
2H), 1.91 (m, 2H); 33C NMR (100 MHz, CDCl3) & = 155.1 (d, Jcr = 236.0 Hz), 152.9,
151.0, 148.3 (d, Jcr = 9.8 Hz), 145.3 (d, Jcr = 2.4 Hz), 143.9, 143.8, 125.5, 120.7, 120.5
(9, Jcr = 256.0 Hz), 118.3 (d, Jcr = 17.2 Hz), 112.9 (d, Jcr = 6.4 Hz), 107.7, 104.7,
100.3 (d, Jcr = 28.4 Hz), 56.6, 56.3, 42.6, 29.4, 26.1 ppm. HRMS (TOF, ES+) calc’d for

C20H20F4N403, 440.1472; found, 440.1472.

OCF,4

Synthesis of N-(2-(2-fluoro-4,5-dimethoxyphenoxy)ethyl)-2-(1H-1,2,4-triazol-1-yl)-
5-(trifluoromethoxy)aniline (1.217)

This compound was synthesized according to general procedure 6. White solid (20.8
mg, 43% yield). *H NMR (400 MHz, CDCl3) 5 8.33 (s, 1H), 8.17 (s, 1H), 7.20 (d, J = 8.6
Hz, 1H), 6.69-6.59 (m, 4H), 5.92 (t, 1H), 4.20 (t, 2H), 3.82 (s, 3H), 3.80 (s, 3H), 3.50 (q,
2H);13C NMR (100 MHz, CDCl3) & = 153.0, 151.0, 147.6 (d, Jcr = 237.4 Hz), 145.2 (d,
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Jcr = 2.4 Hz), 144.6 (d, Jcr = 8.2 Hz), 143.9, 143.8, 138.8 (d, Jcr = 11.9 Hz), 125.7,
121.2,120.6 (q, Jcr = 256.3 Hz), 108.4, 105.0, 104.0 (d, JcF = 2.5 Hz), 101.6 (d, JcF =
23.9 Hz), 70.1, 56.7, 56.6, 43.0 ppm. HRMS (TOF, ES+) calc’d for C19H18F4N4Oa4,

442.1264; found, 442.1265.

General Procedure 7: Synthesis of Anilines

To a solution of the appropriate ortho-nitro triazole compound (1.0 eq) in EtOH : H20
(5:1) (0.3M) was sequentially added Fe powder (10.0 eq) and NH4Cl (10.0 eq). The
resulting suspension was heated to 75 °C for 4 hr, whereupon LCMS indicated
complete consumption of starting material and formation of the desired product. Upon
cooling to room temperature, the crude reaction mixture was filtered over a pad of celite
and concentrated. The residue was dissolved in EtOAc and water. The layers were
separated, and the aqueous layer was washed with EtOAc x 3. The combined organic
material was washed with brine, dried over MgSOa, filtered, concentrated, and purified
via flash chromatography (Teledyne ISCO system, silica gel column, hexanes:EtOAc) to

afford the desired products.

Cl

Synthesis of 5-chloro-2-(1H-1,2,4-triazol-1-yl)aniline (1.146b)
This compound was synthesized according to general procedure 7. White solid (1.01 g,
58% yield). *H NMR (400 MHz, CDCls) & 8.33 (s, 1H), 8.14 (s, 1H), 7.10 (d, J = 8.4 Hz,

1H), 6.84 (d, J = 2.2 Hz, 1H), 6.76 (dd, J = 8.8, 2.2 Hz, 1H), 4.64 (bs, 2H); 13C NMR
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(100 MHz, CDCls) 6 = 152.7, 143.5, 142.2, 135.7, 125.3, 121.3, 118.2, 117.1 ppm.

HRMS (TOF, ES+) calc’d for CsH7CIN4, 194.0359; found, 194.0360.

OCF,4

Synthesis of 2-(1H-1,2,4-triazol-1-yl)-5-(trifluoromethoxy)aniline (1.146a)

This compound was synthesized according to general procedure 7. White solid (1.1g,
53% yield).'H NMR (400 MHz, CDCl3) & 8.34 (s, 1H), 8.16 (s, 1H), 7.19 (d, J = 8.6 Hz,
1H), 6.70-6.69 (m, 1H), 6.67-6.64 (m, 1H), 4.64 (bs, 2H) ; 13C NMR (100 MHz, CDCls) &
= 152.8, 150.3 (d, Jcr = 2.0 Hz), 143.6, 142.7, 125.6, 121.1, 120.5 (q, Jcr = 256.0 Hz),
110.1, 109.4 ppm. HRMS (TOF, ES+) calc’d for CoH7F3N4O, 244.0572; found,

244.0574.

Synthesis of ethyl (E)-3-(2-fluoro-4,5-dimethoxyphenyl)acrylate (1.207a)

To a solution of 6-fluoroveratraldehyde (300 mg, 1.63 mmol) in DCM (6.52 mL) was
added (carbethoxymethylene)triphenylphosphorane (681 mg, 1.95 mmol) at room
temperature. The resulting solution was stirred for 16 hr at room temperature
whereupon LCMS indicated complete consumption of starting material and formation of
the desired product. The crude reaction mixture was concentrated and purified via flash

chromatography (Teledyne ISCO system; silica gel column; hexanes:EtOAc; 0-30%
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EtOAc gradient) to afford the desired material as a white solid (372 mg, 90% vyield). 1H
NMR (400 MHz, CDCI3) 6 7.77 (d, J = 16.1 Hz, 1H), 6.95 (d, Jur = 6.8 Hz, 1H), 6.63 (d,
Jur = 11.6 Hz, 1H), 6.37 (d, J = 16.1 Hz, 1H), 4.26 (q, 2H), 3.89 (s, 3H), 3.88 (s, 3H),
1.33 (t, 3H); 3C NMR (100 MHz, CDCls) & = 167.1, 156.5 (d, Jcr = 247.0 Hz), 152.0 (d,
Jor = 10.1 Hz), 145.7, 137.0 (d, Jcr = 2.1 Hz), 118.0 (d, Jcr = 5.8 Hz), 113.5 (d, Jcr =
12.7 Hz), 109.4 (d, Jcr = 4.4 Hz), 100.2 (d, Jcr = 28.1 Hz), 60.5, 56.4, 56.3, 14.4 ppm.

HRMS (TOF, ES+) calc’d for CisH1sFOa4, 254.0954; found, 254.0954.

(0]

Synthesis of 3-(2-fluoro-4,5-dimethoxyphenyl)propanoic acid (1.208a)

To a suspension of ethyl (E)-3-(2-fluoro-4,5-dimethoxyphenyl)acrylate (1.207a) (340
mg, 1.34 mmol) and Pd/C (285 mg, 0.134 mmol, 10% w/w Pd) in toluene (10.6 mL) was
sequentially added acetic acid (153 uL, 2.67 mmol) and sodium borohydride (203 mg,
5.35 mmol) portionwise. The reaction was sealed and stirred at room temperature for 1
hr whereupon LCMS showed complete reduction of the a,3-unsaturated olefin. The
reaction was diluted with EtOAc and filtered over a pad of celite. The crude organic
material was concentrated to yield a colorless oil. This oil was redissolved in THF : H20
(1:1) (16 mL), and lithium hydroxide (100 mg, 4.01 mmol) was added. After stirring at
room temperature for 3 hr, the reaction was diluted with EtOAc and acidified to pH ~ 1
using 2 M HCI. The layers were separated, and the agueous layer was washed with
EtOAc x 3. The combined organic material was passed through a phase separator and

concentrated to afford the desired material as a colorless oil (262 mg, 86% yield) which
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was carried forward to the next step without any further purification. *H NMR (400 MHz,
DMSO-ds) & 6.86 (d, Jur = 7.5 Hz, 1H), 6.82 (d, Jur = 11.6 Hz, 1H), 3.72 (s, 3H), 3.71 (s,
3H), 2.75 (t, 2H), 2.48 (m, 2H); 3C NMR (100 MHz, DMSO-ds) & = 173.6, 154.3 (d, Jcr
=234.0 Hz), 148.0 (d, Jcr = 10.0 Hz), 144.9 (d, Jcr = 2.0 Hz), 117.6 (d, Jcr = 17.0 H2),
113.4 (d, Jcr = 7.0 Hz), 100.5 (d, Jcr = 28.0 Hz), 56.0, 55.8, 34.3, 23.4 ppm. HRMS

(TOF, ES+) calc’d for C11H13FO4, 228.0798; found, 228.0798.

Synthesis of 2-fluoro-4,5-dimethoxyphenol (1.319)

To a solution of 6-fluoroveratraldehyde (300 mg, 1.63 mmol) in DCM (7.50 mL) was
added 3-chloroperoxybenzoic acid (562 mg, 2.44 mmol) at room temperature
portionwise. Upon completion of addition, the reaction was stirred at room temperature
for 5 hr whereupon LCMS indicated complete consumption of starting materials and
formation of the desired formate ester. The reaction was diluted with DCM and
guenched with the addition of saturated sodium thiosulfate. The layers were separated,
and the aqueous layer was washed with DCM x 3. The combined organic material was
passed through a phase separator and concentrated. The crude formate ester was
redissolved in THF : H20 (1:1), and lithium hydroxide (4.89 mmol) was added. The
reaction was stirred at room temperature for 1 hr before dilution with EtOAc and
acidification to pH ~1 using 2 M HCI. The layers were separated, and the aqueous layer
was washed with EtOAc x 3. The combined organic material was passed through a
phase separator, concentrated, and purified via flash chromatography (Teledyne ISCO

system; silica gel column; hexanes:EtOAc; 0-30% EtOAc gradient) to afford the desired
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product as a beige solid (205 mg, 73% yield). *H NMR (400 MHz, CDCIz) d 6.68 (d, JnF
=11.6 Hz, 1H), 6.59 (d, JuF = 8.4 Hz, 1H), 4.79 (bd, 1H), 3.82 (s, 3H), 3.81 (s, 3H); *C

NMR (100 MHz, CDCls) & = 145.7 (d, Jcr = 2.5 Hz), 144.5 (d, Jcr = 228.3 Hz), 142.5 (d,
Jcr = 7.8 Hz), 136.6 (d, Jcr = 15.0 Hz), 102.0 (d, Jcr = 2.1 Hz), 101.0 (d, JcF = 23.2 Hz),

56.8, 56.5 ppm. HRMS (TOF, ES+) calc’d for CsHoFOs, 172.0536; found, 172.0536.

Synthesis of ethyl 2-(2-fluoro-4,5-dimethoxyphenoxy)acetate (1.207d)

To a solution of 2-fluoro-4,5-dimethoxyphenol (190 mg, 1.10 mmol) in MeCN (3.17 mL)
in a Biotage microwave vial was added potassium carbonate (310 mg, 2.21 mmol) and
ethyl bromoacetate (244 uL, 2.21 mmol). The vial was sealed and heated to 170 °C for
1 hr using a Biotage microwave reactor whereupon LCMS indicated complete
consumption of starting material and formation of the desired product. The reaction was
diluted with EtOAc, filtered, concentrated, and purified via flash chromatography
(Teledyne ISCO system; silica gel column; hexanes:EtOAc; 0-30% EtOAc gradient) to
afford the desired product as a white solid (231 mg, 81% yield). *H NMR (400 MHz,
CDCl3) 8 6.70 (d, Jur = 5.6 Hz, 1H), 6.67 (d, Jur = 10.2 Hz, 1H), 4.64 (s, 2H), 4.26 (q,
2H), 3.83 (s, 3H), 3.82 (s, 3H), 1.30 (t, 3H); 3C NMR (100 MHz, CDCls) & = 169.2,
147.4 (d, Jcr = 237 Hz), 145.1 (d, Jcr = 3.0 Hz), 144.9 (d, Jcr = 8.0 Hz), 138.5 (d, JcF =
12.0 Hz), 104.5 (d, Jcr = 2.0 Hz), 101.5 (d, Jcr = 24.0 Hz), 69.0 (d, Jcr = 3.0 Hz), 61.4,
56.6, 56.5, 14.3 ppm. HRMS (TOF, ES+) calc’d for C12H15FOs, 258.0904; found,

258.0906.
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Relevant Spectra for Chapter 1
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CHAPTER I

PROGRESS TOWARDS THE DEVELOPMENT OF METABOTROPIC GLUTAMATE
RECEPTOR 7 POSITIVE ALLOSTERIC MODULATORS

Background and Introduction

Known mGluz Orthosteric and Allosteric Agonists, and Positive Allosteric Modulators

Unlike the development of small molecule negative allosteric modulators (NAMS)
for mGluz, the development of selective positive allosteric modulators (PAMSs) has been
considerably more challenging.'? Figure 2.1 summarizes the progress made in this
area thus far.2 While orthosteric agonists 2.1-2.4 show selectivity for the group 11l mGlu
receptors, the highly conserved orthosteric binding site prevents obtaining selectivity
amongst mGlus, mGlus, mGluz, and mGlus receptors.®’ Therefore, targeting an
allosteric site as opposed to an orthosteric site (previously discussed in Chapter I) is

paramount for achieving subtype selectivity for mGluz.2

In 2005, the first mGlu7-specific tool compound, AMNO82 (2.5), was reported in
the literature (mGluz ECso = 0.26 uM).° 2.5, an allosteric agonist, displayed an
anxiolytic- and antidepressant-like profile in rat and mouse behavioral assays.®
However, conflicting results were observed with 2.5; anxiogenic behavior was also
observed in rat behavioral assays, resulting in a pharmacological paradox. To explain
these conflicting data, 2.5 has been shown to induce desensitization of mGluz via
receptor internalization. Additionally, one of the major metabolites of 2.5 has

considerable off-target activity at serotonin transporters (SERT) which confounds the
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Figure 2.1: Known mGlur orthosteric and allosteric agonists, and positive allosteric modulators
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interpretation of in vivo data.%'2 Due to this complex pharmacology and off-target
activity, efforts have shifted towards exploring selective positive allosteric modulators of
mGluz. However, achieving selectivity for mGluz through an allosteric modulation
strategy has proven difficult. For example, YU0422288 (2.6), VU0155094 (2.7), and
VU6005649 (2.8) were small molecules discovered through previous probe
development campaigns, but these compounds were found to be either pan-group Il
PAMs (2.6 and 2.7) or a dual mGlu7s PAM (2.8).1415 Additionally, 2.8 shows off-target
activity at the neurokinin-1 receptor (NK1), which is believed to induce sedative effects
and complicates the interpretation of in vivo experiments.®> Due to the lack of receptor
selectivity of these small molecules, the concomitant use of additional tool compounds
such as ADX88178 (2.9), a mGluas PAM, and ADX71743 (2.10), a mGluz NAM
previously discussed in Chapter I, is critical for confirming mGluz-mediated effects in

both in vitro and in vivo experiments.16-18

Most recently, scientists from Janssen have reported their efforts on using
proteochemometric modeling (PCM) techniques to identify novel mGluz allosteric
agonist chemotypes.1®?2 In their computational modeling experiments, they have
created a homology model for the seven-transmembrane (7-TM) domain of mGluz
based upon the known crystal structures of the 7-TM domains for mGlu1 and mGlus in
combination with sequence alignment data associated with all of the mGlu receptors.?*
25 They used this mGluz 7-TM homology model to predict the binding mode of 2.5.%!
With this computationally determined allosteric site in hand, they virtually screened a
small molecule library (~2800 compounds) for mGlur allosteric binding and reported on

the discovery of 2.11 and 2.12.?1?2 Both 2.11 and 2.12 were confirmed to be selective
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mGlu~ allosteric agonists in subsequent in vitro cell based assays, with mGluz ECso
values of 30 uM and 0.22 uM respectively. While 2.12 seems to be the superior choice
with regards to potency, 2.12 was predicted to have high intrinsic clearance in humans
and rats (both >346 uL/min/mg). Additionally, 2.12 contains the same benzhydryl motif
as 2.5, and as a result, it is unclear whether 2.12 would possess the same off-target

effects as 2.5.2122

Based on the limitations associated with these known mGluz tool compounds,
continued effort for the development of additional selective mGluz PAMs is warranted.
As stated previously, preliminary knockout experiments have associated mGluz with
neuropsychiatric disorders, neurodevelopmental disorders, and normal cognitive
development.?6-32 In particular, mGluz has been implicated in Rett syndrome (RTT), and
positive allosteric modulation of mGluz may serve as a viable therapeutic avenue for this

disorder.34

Neurodevelopmental Disorders: Rett Syndrome (RTT)

Rett syndrome (RTT) is a rare X-linked neurodevelopmental disorder which
affects approximately 1:10,000 females.35-3° Characteristic features of RTT are evident
anywhere within 6-18 months of age.*° At this stage, both normal development and
cognitive development begin to regress. Patients diagnosed with RTT suffer from
symptoms including repetitive hand clasping (stereotypic hand movements), limited
speech, intellectual disabilities, motor impairment, apneas, epilepsy, scoliosis, gait
ataxia, apraxia, and decreased growth.#**4 Depending on the severity of the disease,
the average life expectancy of patients suffering from this disease is approximately 14

years, where either epileptic seizures or aspiration pneumonia are the most common
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causes of death.*®> However, patients suffering from mild forms of the disease can live

well into adulthood.4®

Recently, it has been discovered that mutations in the methyl CpG binding
protein 2 (Mecp2) gene are associated with the majority of incidences (~85-90%) of
RTT.%® Mecp2 belongs to the methyl-CpG-binding domain (MBD) family of proteins and
plays an important role in regulating the epigenome.*’ In order to achieve this level of
epigenetic regulation, Mecp2 contains three important protein domains that are required
for activity: the aforementioned MBD, the transcription repression domain (TRD), and
the C-terminal domain (CTD).48°° The MBD of Mecp2 is responsible for binding to
symmetrical methylated 5’ CpG pairs.* It has been experimentally shown that Mecp2
prefers to bind to CpG islands with AT sequences (approximately 4 base pairs in length)
within close proximity (approximately 6-9 base pairs away).>! This preferential binding
led to the hypothesis that AT-hook domains were responsible for DNA binding as
opposed to the MBD.>! However, further genetic analysis has revealed that while AT-
hook domains exist within the Mecp2 gene, their role is limited to secondary protein-
protein interactions within the TRD. Specifically, upon binding of Mecp2 to DNA, it has
been shown that the transcriptional co-repressor Sin3A and histone deacetylases 1 and
2 (HDAC1 and HDAC?2) can be recruited through the TRD via interactions with these
AT-hook domains.>3-% Activation of HDAC1 and HDAC?2 results in DNA being wound
more tightly around histones, resulting in an overall decrease in gene transcription.53-5
Although Mecp2 has been widely considered to be a transcriptional repressor through
this mechanism, recent evidence has shown that Mecp2 can also serve as a

transcriptional activator.>” Through this mechanism, cAMP Responsive Element Binding
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Protein 1 (CREB1) is recruited to the TRD of Mecp2 and is thought to serve as a
transcriptional activator for certain genes.>” For example, Zoghbi and coworkers were
the first to show that Mecp2 activates transcription of genes encoding for neuropeptidic
receptors (such as CNS GPCRs) and represses transcription of genes encoding for

olfactory receptors.>’

Known Mutations of Mecp2 Gene Responsible for RTT

It has been established that mutations of the Mecp2 gene are responsible for
most cases of RTT.%¢ While approximately 200 mutations have been identified as
pathogenic, only 8 of these mutations are responsible for over 66% of RTT patients.5861
These 8 common mutations are either missense mutations (R106W, R133C, T158M,
and R306C) or nonsense mutations (R168X, R255X, R270X, and R294X, where “X”
represents a premature stop codon) and are depicted in Figure 2.2.5861 A missense
mutation occurs when a single nucleotide point mutation results in a codon for a

different amino acid, while a nonsense mutation occurs when a single nucleotide point

Ti58M

Missense Mutations R106W R133C

o

Nonsense Mutations

R255X

- = Methyl Binding Domain (MBD)

- » Transcription Repression Domain (TRD)

Figure 2.2: 8 common mutations of the Mecp2 gene that lead to RTT
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mutation results in a premature stop codon and leads to a truncated protein during

translation.

Nonsense mutations have been shown to correlate with more severe disease
phenotypes as opposed to the missense mutations in mouse models of RTT.>8
Nonsense mutations occurring at either the third or fourth exon of the Mecp2 gene
(Figure 2.2) have been shown to result in the formation of stable mMRNA transcripts that
are not targeted for degradation through the compensatory nonsense-mediated decay
(NMD) pathway.?? These stable mRNA transcripts are then translated into their
corresponding truncated Mecp?2 protein products (which do not contain the whole TRD
necessary for activity), and as a result, the biological consequences are devastating.
For example, the R270X mutation results in protein truncation before a critical AT-hook
domain within the TRD that is responsible for mediating important protein-protein
interactions. This mutation has been shown to result in severe neonatal encephalopathy
and death.%! On the other hand, missense mutations (such as R106W and R133C)
result in less severe disease phenotypes. These mutations occur within the MBD and
destabilize the interaction between Mecp2 and methylated CpG DNA segments.® The
arginine residues R106 and R133 have been shown to form critical hydrogen bonds to
methylated CpG DNA segments.®46% Mutation of these arginine residues to either
tryptophan or cysteine residues disrupts this critical hydrogen bonding interaction.%4-6°
However, both the R106W and R133C Mecp2 proteins are still able to bind to DNA,
albeit at much weaker binding affinities.®4%> DFT calculations infer that the binding of
these mutated Mecp2 proteins to DNA is approximately 100 times less stable than wild-

type Mecp2 DNA binding because the preferred hydrogen bond network is replaced by
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less favorable Van der Waal interactions.®® Since Mecp2 is still able to bind to DNA to a
certain extent, both the R106W and R133C mutations are considered to result in milder
phenotypes of RTT.53-65 Additionally, differing degrees of X-chromosomal inactivation in
female patients has also been observed and can result in the variable severity of

disease symptoms even amongst patients with the same genetic mutation.3-6°

The Correlation Between mGluy and RTT

mGluz is primarily localized in the neocortex, prefrontal cortex, hippocampus,
amygdala, and locus coeruleus of the brain and is believed to play an important role in
learning, memory, and synaptic plasticity.?’” Although Mecp2 is expressed in all tissues,
it is expressed primarily in the brain and at GABAergic interneurons. Additionally,
Mecp2 has been found to be expressed at low levels during early stages of childhood
development with increased expression observed as development progresses; this
experimental observation is in accordance with the delayed presentation of RTT.66-67
Mouse models of RTT have shown cognitive deficits and altered hippocampal
architecture which correspond to reduced synaptic transmission and attenuated LTP at
hippocampal SC-CA1 synapses.®"3 Since it has been shown that activation of mGluz is
necessary for the induction of LTP at SC-CAL synapses via a disinhibition mechanism
of GABAergic interneurons,’* Niswender and coworkers were interested to see if these
RTT impairments correlated with deficits in mGluz activity in this region of the brain.3* By
examining RTT brain autopsy samples compared to unaffected patient brain autopsy
samples, it was found that mGluz expression was significantly decreased in total cortex

structures and hippocampal synapses. These data suggest that since Mecp2 deficits
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lead to a decrease in mGlur protein levels, Mecp2 is a transcriptional activator for the

GRM?7 gene (the gene that codes for the mGluz protein).34

To test whether this decrease in mGluz expression contributes to any deficits in
synaptic mGluz-mediated processes, Niswender and coworkers utilized in vitro
electrophysiology experiments. Since it has been reported that agonism of mGluz leads
to a decrease in the slope of fEPSPs (field excitatory post-synaptic potentials) at SC-
CALl synapses, these electrophysiology experiments can be used to measure the ability
of these neurons to participate in normal synaptic transmission.'#1874 Application of the
group Il orthosteric agonist, LSP4-2022, (2.2) to hippocampal slices of Mecp2*¥ mice
decreased the slope of fEPSPs, while administration of 2.2 to hippocampal slices of
Mecp2Y mice did not lead to a change in slope of fEPSPs. These data suggest that the
decreased levels of synaptic mGluz in Mecp2Y mice lead to deficits in normal synaptic
transmission across these synapses. Subsequently, it was observed that coapplication
of pan group Ill PAMs (2.6 and 2.7) with 2.2 to hippocampal slices of Mecp2”Y mice did
lead to a decrease in the slope of fEPSPs. Since mGluz has been shown to be the only
mMGlu receptor expressed presynaptically at these SC-CAL synapses in adult mice, it
can be deduced that positive allosteric modulation of mGluz can reverse deficits in

synaptic transmission in mouse models of RTT.3*

Since activation of mGluz is necessary for the induction of LTP at SC-CA1
synapses, Niswender and coworkers hypothesized that the deficits in LTP observed in
both Mecp2” and Mecp2*- hippocampal slices were due to this decreased synaptic
expression of hippocampal mGluz.3* Indeed, high-frequency stimulation (HFS)-induced

LTP was reduced in both Mecp2”Y and Mecp2*- hippocampal slices when compared to
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wild-type controls. Application of pan group Ill PAM 2.6 was able to restore HFS-
induced LTP in these mouse models, which indicates that positive allosteric modulation

of mGluv is capable of reversing deficits in synaptic plasticity in mouse models of RTT.34

With these hypotheses validated in vitro, Niswender and coworkers tested the
ability of positive allosteric modulation of mGluz in reversing cognitive deficits in mouse
models of RTT using in vivo behavioral experiments.3* Administration of the pan group
Il PAM 2.6 in Mecp2*" mice led to the correction of learning and memory deficits
(compared to wild-type controls) in contextual fear conditioning, novel object
recognition, elevated plus maze, and social recognition assays. To serve as a negative
control, Mecp2*- mice were also dosed with the dual mGluss PAM ADX88178 (2.9). No
reversal of these cognitive deficits was observed in these behavioral assays when
compared to wild-type controls. Additionally, the co-administration of pan group 11l PAM
2.6 with the mGluz NAM ADX71743 (2.10) in these behavioral assays resulted in the
loss of any benefits observed in comparison to treatment with solely 2.6. Treatment of
Mecp2*- mice with the pan group Ill PAM 2.6 also led to a decrease in apneas when
compared to wild-type controls. These data suggest that the social, cognitive, anxiety,
and respiratory deficits of Mecp2*- mice are mGluz-mediated, and positive allosteric

modulation of mGlu is capable of restoring such deficits.3*

As a whole, Niswender and coworkers have established that several mutations of
the Mecp2 gene found in RTT patients lead to decreased expression of synaptic mGluz
in the hippocampus. This reduction of protein expression is responsible for deficits in
normal synaptic transmission and synaptic plasticity in mouse models of RTT.

Furthermore, the abnormal social, cognitive, anxiety, and respiratory phenotypes of RTT
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could be rescued via treatment with the pan group [Il PAM 2.6 in vivo. The use of
control compounds 2.9 and 2.10 were carefully used to demonstrate that these effects
are mGlu7-mediated as opposed to other group Il mGlu receptors, such as mGlus and
mGlus. These data suggest that the selective, positive allosteric modulation of mGluz

may serve as a potential therapeutic strategy for the treatment of RTT.3*

Therapeutic Strategies for Treating RTT

In 2007, Bird and coworkers were the first to demonstrate that RTT can be
reversed in transgenic mouse models of the disease via restoration of Mecp2 gene
expression.’”® These data suggest that RTT is indeed a neurodevelopmental disorder
and not a neurodegenerative disorder because neurological symptoms of the disease
are reversible in both immature and mature animals.” The revocability of RTT
symptoms in these mouse models has served as an inspiration for identifying viable
therapeutic avenues for treating RTT. While our labs are interested in exploring mGluz
as a novel therapeutic target for RTT, other targets are also being explored for their
efficacy in treating this disease, with a few of these alternatives entering clinical trials

(Figure 2.3).76

One of these additional targets is brain-derived neurotrophic factor (BDNF).”®
BDNF is responsible for activating tropomyosin receptor kinase B (TrkB) receptors and
plays a crucial role in promoting neural growth and regulating synaptic plasticity.”’
Mutations in the Mecp2 gene lead to decreased expression of BDNF, and restoration of
BDNF expression in transgenic mice rescues neurological phenotypes of RTT.78-80
Since BDNF suffers from low blood-brain barrier (BBB) penetration, BDNF boosters and

mimetics have been proposed as viable therapeutic alternatives.”® For example,
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Figure 2.3: Current small molecules in ongoing clinical trials for the treatment of RTT

Fingolimod (2.13),a sphingosine-1 phosphate receptor modulator, increases BDNF
levels via the mitogen-activated protein kinase pathway, while Glatiramer acetate is an
immunomodulatory protein which increases BDNF levels via activation of autoreactive T
cells.81-82 Additionally, other proteins such as insulin-like growth factor-1 (IGF-1) are
able to cross the BBB and activate TrkB receptors in the same manner as BDNF.83
Other compounds such as NMDA receptor antagonists (Dextromethorphan (2.14) and
Ketamine (2.15)) and norepinephrine reuptake inhibitors (Desipramine (2.16)) have also
been proposed as potential therapeutic avenues for targeting RTT.848 However, 2.14

and 2.16 have failed to show efficacy in clinical trials.84-86

Perhaps the most unique therapeutic strategy proposed is the use of gene

therapy to reactivate Mecp2 gene expression.’® However, a therapeutic strategy based
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on reactivation of Mecp2 genes can be extremely risky. Neurological deficits have been
observed as a result of overexpression of Mecp2.8” Indeed, the overexpression of
Mecp2 (known as Mecp2 Duplication syndrome) has been known to lead to severe
forms of intellectual disability in patients coupled with other complications such as
recurrent respiratory infections, hypotonia, limited speech, intellectual-disabilities,
autism-like behaviors, and epileptic seizures.®891 Additionally, the variable severity of
RTT due to different Mecp2 mutations, coupled with the process of X-chromosome
inactivation in female patients, would need to confine gene therapy strategies to a
patient-by-patient basis in order to avoid potential toxicity caused by an overexpression
of Mecp2. Therefore, this therapeutic approach should be approached with extreme

caution.

Conclusion

In conclusion, the seminal work of Niswender and coworkers has shown that
mGluz protein levels are diminished in RTT brain autopsy samples. Mouse models of
RTT show deficits in normal synaptic transmission and the regulation/induction of
synaptic plasticity mechanisms, and these deficits have been hypothesized to be a
result of decreased mGluz expression. Indeed, positive allosteric modulation of mGluz is
capable of restoring social, cognitive, anxiety, and respiratory phenotypes in mouse
models of RTT. These data are important because they provide a novel glutamatergic
mechanism that may be a reliable therapeutic avenue for treating RTT. Furthermore,
depending on the severity and underlying mutation of the disease, either full-PAMs or
partial PAMs could be used to restore mGlur activity to basal levels. However, the lack

of selective mGluz PAM tool compounds impedes further investigation into this
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receptor’s therapeutic potential and warrants additional effort in the field. Therefore, the
following sections of this chapter will detail our efforts and progress made towards the

development of a novel class of selective mGluz PAMs.

Materials and Methods

General Synthetic Methods and Instrumentation

All NMR spectra were recorded on a 400 MHz AMX Bruker NMR spectrometer.
'H and 3C chemical shifts are reported in d values in ppm downfield with the deuterated
solvent as the internal standard. Data are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, b = broad, m = multiplet), integration,
coupling constant (Hz). Low resolution mass spectra were obtained on an Agilent 6120
or 6150 with ESI source. MS parameters were as follows: fragmentor: 70, capillary
voltage: 3000 V, nebulizer pressure: 30 psig, drying gas flow: 13 L/min, drying gas
temperature: 350 °C. Samples were introduced via an Agilent 1290 UHPLC comprised
of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD
flow cell. UV absorption was generally observed at 215 nm and 254 nm with a 4 nm
bandwidth. Column: Waters Acquity BEH C18, 1.0 x 50 mm, 1.7 um. Gradient
conditions: 5% to 95% CH3CN in H20 (0.1% TFA) over 1.4 min, hold at 95% CH3sCN for
0.1 min, 0.5 mL/min, 55 °C. High resolution mass spectra were obtained on an Agilent
6540 UHD Q-TOF with ESI source. MS parameters were as follows: fragmentor: 150,
capillary voltage: 3500 V, nebulizer pressure: 60 psig, drying gas flow: 13 L/min, drying

gas temperature: 275 °C. Samples were introduced via an Agilent 1200 UHPLC
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comprised of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD
with ULD flow cell. UV absorption was observed at 215 nm and 254 nm with a 4 nm
bandwidth. Column: Agilent Zorbax Extend C18, 1.8 um, 2.1 x 50 mm. Gradient
conditions: 5% to 95% CH3CN in H20 (0.1% formic acid) over 1 min, hold at 95%
CHsCN for 0.1 min, 0.5 mL/min, 40 °C. For compounds that were purified on a Gilson
preparative reversed-phase HPLC, the system comprised of a 333 aqueous pump with
solvent-selection valve, 334 organic pump, GX-271 or GX-281 liquid hander, two
column switching valves, and a 155 UV detector. UV wavelength for fraction collection
was user-defined, with absorbance at 254 nm always monitored. Method 1:
Phenomenex Axia-packed Luna C18, 30 x 50 mm, 5 um column. Mobile phase: CH3sCN
in H20 (0.1% TFA). Gradient conditions: 0.75 min equilibration, followed by user defined
gradient (starting organic percentage, ending organic percentage, duration), hold at
95% CH3CN in H20 (0.1% TFA) for 1 min, 50 mL/min, 23 °C. Method 2: Phenomenex
Axia-packed Gemini C18, 50 x 250 mm, 10 um column. Mobile phase: CH3sCN in H20
(0.1% TFA). Gradient conditions: 7 min equilibration, followed by user defined gradient
(starting organic percentage, ending organic percentage, duration), hold at 95% CHsCN
in H20 (0.1% TFA) for 7 min, 120 mL/min, 23 °C. All reagents were purchased from
Aldrich Chemical Co. and were used without purification. All final compounds were
>98% pure by LCMS (254 nm, 214 nM and ELSD). Following these purification
protocols, final compounds were transferred to a barcode vial and diluted to a
concentration of 10 uM using molecular biology grade dimethylsulfoxide (DMSO). These
compounds were registered into Dotmatics and assigned a VU identification number

before being tested in the primary screening assay.
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Primary Screening (Calcium Mobilization) Assay

Human mGlua/Ggis/CHO cells (30,000 cells/20 pL/well), rat mGlu7/Gais/HEK cells
(15,000 cells/20 pL/well), and rat mGlus/Gais/HEK cells (15,000 cells/20 pyL/well) were
plated in black-walled, clear-bottomed, TC treated, 384 well plates (Greiner Bio-One,
Monroe, NC) in DMEM containing 10% dialyzed FBS, 20 mM HEPES, 100 units/mL
penicillin/streptomycin, and 1 mM sodium pyruvate (Plating Medium). The cells were
grown overnight at 37 °C in the presence of 5% COz2. The next day, the medium was
removed and replaced with 20 yL of 1 uM Fluo-4, AM (Life Technologies, Thermo
Fisher Scientific, Grand Island, NY) prepared as a 2.3 mM stock in DMSO and mixed in
a 1:1 ratio with 10% (w/v) pluronic acid F-127 and diluted in Assay Buffer (Hank's
balanced salt solution, 20 mM HEPES and 2.5 mM Probenecid (Sigma-Aldrich, St.
Louis, MO)) for 45 minutes at 37 °C. Dye was removed and replaced with 20 uL of
Assay Buffer. For concentration-response curve experiments, compounds were serially
diluted 1:3 into 10 point concentration response curves in DMSO, transferred to
daughter plates using an Echo acoustic plate reformatter (Labcyte, Sunnyvale, CA)
Echo, and diluted in Assay Buffer to a 2X final concentration. Calcium flux was
measured using the Functional Drug Screening System 6000 or 7000 (FDSS6000/7000,
Hamamatsu, Japan). After establishment of a fluorescence baseline for 4 seconds (4
images at 1 Hz; excitation, 470 £ 20 nm; emission, 540 + 30 nm), 20 pL of test
compounds were added to the cells, and the response was measured. 142 seconds
later, 10 pL (5X) of an EC20 concentration of glutamate was added to the cells, and the
response of the cells was measured; after an additional 120 seconds, 12 uL (5X) of an
ECso concentration of agonist was added and readings taken for an additional 40

seconds. Calcium fluorescence was recorded as fold over basal fluorescence and raw
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data were normalized to the maximal response to glutamate. Potency (ECso) and
maximum response (% Glu or L-AP4 Max) for compounds were determined using a four
parameter logistical equation in GraphPad Prism (La Jolla, CA) or Dotmatics (XX.XX)
software. For efficacy and selectivity experiments, a constant amount of compound was
applied prior to the addition of a full glutamate concentration-response curve and the
shift of the ECso of the curves was calculated as “fold shift”. mGlu receptor selectivity

profiling, and GIRK assay were performed as previously reported8485 45,

In Vitro DMPK Methods: Intrinsic Clearance in Murine and Rat Liver Microsomes

Murine or rat liver microsomes (0.5 mg/mL) and 1 uM test compound were
incubated in 100 mM potassium phosphate pH 7.4 buffer with 3 mM MgCl2 at 37 °C with
constant shaking. After a 5 min preincubation, the reaction was initiated by addition of
NADPH (1 mM). At selected time intervals (0, 3, 7, 15, 25, and 45 min), 50 pL aliquots
were taken and subsequently placed into a 96-well plate containing 150 pL of cold
acetonitrile with internal standard (50 ng/mL carbamazepine). Plates were then
centrifuged at 3000 rcf (4 °C) for 10 min, and the supernatant was transferred to a
separate 96-well plate and diluted 1:1 with water for LC/MS/MS analysis. The in vitro
half-life (T2, min, EqQ. 1), intrinsic clearance (CLint, mL/min/kg, Eq. 2) and subsequent
predicted hepatic clearance (CLuer, mL/min/kg, Eqg. 3) were determined employing the

following equations:

Ln(2)
T1/2 =

(1) K
where k represents the slope from linear regression analysis of the natural log percent

remaining of test compound as a function of incubation time

271



CL - 0.693 « mL incubation X45mg microsomesx45agram liver
™ invitroT,,, mg microsomes gram liver kg body wt

2)
ascale-up factor that is species specific

_ Q,-CLint

CL,, =—"—~——
"PQ, +CLint

®3)

where Qn (hepatic blood flow) is species specific.

Mouse and Rat Plasma Protein Binding

The protein binding of each compound was determined in rat or mouse plasma
via equilibrium dialysis employing HT Dialysis Teflon dialysis chamber and cellulose
membranes (MWCO 12-14 K) (HTDialysis LLC, Gales Ferry, CT). Plasma was added to
the 96-well plate containing test compound and mixed thoroughly for a final
concentration of 5 uM. Subsequently, 150 pL of the plasma-compound mixture was
transferred to the dialysis chamber, with an accompanying 150 pL of phosphate buffer
(25 mM, pH 7.4) on the other side of the membrane. The device plate was sealed and
incubated for 4 hours at 37 °C with shaking. At completion, aliquots from each chamber
were diluted 1:1 with either plasma (for the buffer sample) or buffer (for the plasma
sample) and transferred to a new 96-well plate, at which time ice-cold acetonitrile
containing internal standard (50 ng/mL carbamazepine) (2 volumes) was added to
extract the matrices. The plate was centrifuged (3000 rcf, 10 min) and supernatants
transferred and diluted 1:1 (supernatant: water) into a new 96 well plate, which was then
sealed in preparation for LC/MS/MS analysis. Each compound was assayed in triplicate
within the same 96-well plate. Fraction unbound was determined using the following

equation:
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Mouse and Rat Brain Homogenate Binding

The brain homogenate binding of each compound was determined in brain
homogenate via equilibrium dialysis employing HTDialysis Teflon dialysis chamber and
cellulose membranes (MWCO 12-14 K) (HTDialysis LLC, Gales Ferry, CT). Brain tissue
homogenate was prepared by diluting one volume whole mouse or rat brain tissue with
one to three volumes (species specific) of phosphate buffer (25 mM, pH 7.4). The
mixture was then subjected to mechanical homogenization employing a Mini-
Beadbeater™ and 1.0 mm Zirconia/Silica Beads (BioSpec Products). Brain homogenate
spiked with test compound and mixed thoroughly for a final concentration of 5
MM. Subsequently, 150 pL of the brain homogenate-compound mixture was transferred
to the dialysis chamber with an accompanying 150 uL of phosphate buffer (25 mM, pH
7.4) on the other side of the membrane. The block was sealed and incubated for 6
hours at 37 °C with shaking. At completion, aliquots from each side of the chamber were
diluted 1:1 with either brain homogenate (to the buffer side) or buffer (to the brain
homogenate side) in a new 96 well plate, at which time ice-cold acetonitrile containing
internal standard (50 ng/mL carbamazepine) was added to extract the matrices. The
plate was centrifuged (3000 rcf, 10 min) and supernatants transferred and diluted 1:1
(supernatant: water) into a new 96 well plate, which was then sealed in preparation for
LC/MS/MS analysis. Each compound was assayed in triplicate within the same 96-well

plate. Fraction unbound was determined using the following equation:
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Where Funhom represent the measured fraction unbound in the diluted homogenate and

Dr represents dilution factor.

LC/MS/MS Analysis of Samples from In Vitro Assays

Samples were analyzed via electrospray ionization (ESI) on an AB Sciex API-
4000 (Foster City, CA) triple-quadrupole instrument that was coupled with Shimadzu
LC-10AD pumps (Columbia, MD) and a Leap Technologies CTC PAL auto-sampler
(Carrboro, NC). Analytes were separated by gradient elution using a Fortis C18 3.0 x 50
mm, 3 um column (Fortis Technologies Ltd, Cheshire, UK) thermostated at 40 °C.
HPLC mobile phase A was 0.1% formic acid in water (pH unadjusted), mobile phase B
was 0.1% formic acid in acetonitrile (pH unadjusted). The gradient started at 10% B
after a 0.2 min hold and was linearly increased to 90% B over 1.2 min; held at 90% B for
0.1 min and returned to 10% B in 0.1 min followed by a re-equilibration (0.9 min). The
total run time was 2.5 min and the HPLC flow rate was 0.5 mL/min. The source
temperature was set at 500 °C and mass spectral analyses were performed using
multiple reaction monitoring (MRM), with transitions specific for each compound utilizing

a Turbo-lonspray® source in positive ionization mode (5.0 kV spray voltage).

In Vivo PK Methods

All rodent PK experiments were conducted in accordance with the National
Institute of Health regulations of animal care covered in Principles of Laboratory Animal
Care (National Institutes of Health publication 85-23, revised 1985) and were approved

by the Institutional Animal Care and Use Committee.
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Time Course PK and Single Time Point Tissue Distribution Studies

IV cassette PK experiments in rats were carried out according to methods
described previously.® Briefly, a cassette of compounds (n = 4-5/cassette) were
formulated from 10 mM solutions of compounds in DMSO. In order to reduce the
absolute volume of DMSO that was administered, the compounds were combined and
diluted with ethanol and PEG 400 to achieve a final concentration of 0.4—0.5 mg/mL for
each compound (2 mg/mL total) administered in each cassette. The final dosing
solutions consisted of approximately 10% ethanol, 40% PEG400, and 50% DMSO (v/v).
For time course PK studies, each cassette dose was administered IV via the jugular
vein to two dual-cannulated (carotid artery and jugular vein) adult male Sprague—
Dawley rats, each weighing between 250 and 350 g (Harlan, Indianapolis, IN) for a final
dose of 0.2—-0.25 mg/kg per compound. Whole blood collections via the carotid artery
were performed at 0.033, 0.117, 0.25, 0.5, 1, 2, 4, 7, and 24 hours post dose and
plasma samples prepared for bioanalysis. For single time point tissue distribution
studies, compounds were formulated as described above (in cassette format) and
dosed to male Sprague-Dawley rats for a final dose of 0.2-0.25 mg/kg per compound.
Brain dissection and blood collections via the carotid artery were performed 0.25 hr post
dose. The brain samples were rinsed in PBS, snap frozen and stored at -80 °C. Prior
to LC/MS/MS analysis, brain samples were thawed to room temperature and subjected
to mechanical homogenation employing a Mini-Beadbeater™ and 1.0 mm

Zirconia/Silica Beads (BioSpec Products).

Mouse Tissue Distribution Studies
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Tissue distribution studies with compound-in mice were performed by formulating
the compound in 20% BCD and dosing via intraperitoneal injection to 20 week old male
C57/BIl6 mice (3-4 per time point). At 0.5 hours post dose, animals were euthanized and
decapitated, blood was collected via cardiac puncture and the brains were removed,
thoroughly washed in cold phosphate-buffered saline, and immediately frozen on dry

ice.

Plasma and Brain Sample Preparation

Plasma was separated by centrifugation (4000 rcf, 4 °C) and stored at —80 °C
until analysis. On the day of analysis, frozen whole brains were weighed and diluted
with 1:3 (w/w) parts of 70:30 isopropanol:water. The mixture was then subjected to
mechanical homogenation employing a Mini-Beadbeater™ and 1.0 mm Zirconia/Silica
Beads (BioSpec Products) followed by centrifugation. The sample extraction of plasma
(20 L) or brain homogenate (20 uL) was performed by a method based on protein
precipitation using three volumes of ice-cold acetonitrile containing an internal standard
(50 ng/mL carbamazepine). The samples were centrifuged (3000 rcf, 5 min) and
supernatants transferred and diluted 1:1 (supernatant: water) into a new 96-well plate,

which was then sealed in preparation for LC/MS/MS analysis.

LC/MS/MS Bioanalysis of Samples from In Vivo Assays

In vivo samples were analyzed via electrospray ionization (ESI) on an AB Sciex
API-4000 (Foster City, CA) triple-quadrupole instrument that was coupled with
Shimadzu LC-10AD pumps (Columbia, MD) and a Leap Technologies CTC PAL auto-
sampler (Carrboro, NC). Analytes were separated by gradient elution using a Fortis C18

3.0 x 50 mm, 3 um column (Fortis Technologies Ltd, Cheshire, UK) thermostated at 40
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°C. HPLC mobile phase A was 0.1% formic acid in water (pH unadjusted), mobile phase
B was 0.1% formic acid in acetonitrile (pH unadjusted). The source temperature was set
at 500 °C and mass spectral analyses were performed using multiple reaction
monitoring (MRM), with transitions specific for each compound utilizing a Turbo-
lonspray® source in positive ionization mode (5.0 kV spray voltage). The calibration
curves were constructed, and linear response was obtained by spiking known amounts
of test compound in blank brain homogenate or plasma. All data were analyzed using
AB Sciex Analyst software v1.5.1. The final PK parameters were calculated by
noncompartmental analysis using Phoenix (version 6.2) (Pharsight Inc., Mountain View,

CA).

Eurofins Lead Profiling Data

A radioligand binding panel of 68 targets (GPCRs, ion channels, transporters,
and nuclear hormones) with data reported as % inhibition of radioligand binding at a 10

MM concentration of compounds from two independent determinations.

Progress Towards the Development of Metabotropic Glutamate Receptor 7

Positive Allosteric Modulators

Identification of Molecular Switch: Discovery of VU6014181
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In the process of our medicinal chemistry efforts for identifying novel, small
molecule mGluz NAM tool compounds, the optimization of multiple mGluz NAM
scaffolds was initiated. Scientists in our Cool Springs facility focused on the optimization
of VU6009339 (2.17), a weak mGluz NAM (Figure 2.4). Through their efforts, it was
discovered that the replacement of the ethyl ester functionality of 2.17 for a nitrile group
at the 3-position of the quinoline ring resulted in the formation of an mGluz PAM,
VU6014181 (2.18) (Figure 2.4). Subtle chemical modifications to a ligand that change
the mode of pharmacology are known as ‘molecular switches’ and have been reported
in the literature for other mGlu receptors.®? These molecular switches are thought to
change a ligand’s mode of binding to a receptor’s allosteric site and stabilize different
conformations of the receptor. In this case, binding of the mGluz PAM stabilizes a

conformation of mGluz that potentiates the effect of glutamate on this receptor. 2.18 was

M) M)
/\F /\F
/N\ /N\
\N/ 0 \N/
~ > > ~
/\N/ /\N/
/O /O
217 2.18
VU6009339 VU6014181
mGlu; NAM mGlu; PAM
ICg59 = 6.09 uM ECso = 1.27 uM
12% L-AP4,,, 69% L-AP4 .«

Figure 2.4: Structures of the mGluz NAM VU6009339 (2.17) and the molecular switch mGluz PAM
VU6014181 (2.18)
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found to be highly selective for mGlu7 (mGlui,2,3,456,8 ECso > 10 uM). However, in a
Eurofins lead profiling panel, 2.18 was found to significantly inhibit the human dopamine

transporter (DAT) with an ICso = 0.54 uM (Table 2.1).

Target/Protein Species % Inhibition
Adenosine Ax Human 34
Adenosine Aza Human 34
Adenosine As Human 39
Adrenergic aia Rat 40
Adrenergic ais Rat 13
Adrenergic aip Human 13
Adrenergic aza Human 20
Adrenergic B Human
Adrenergic (32 Human
Androgen (Testosterone) Human 8
Bradykinin B1 Human 19
Bradykinin B2 Human 9
Calcium Channel L-Type, Benzothiazepine Rat 16
Calcium Channel L-Type, Dihydropyridine Rat -5
Calcium Channel N-Type Rat 19
Cannabinoid CB1 Human 19
Dopamine D1 Human 17
Dopamine D2s Human 10
Dopamine Ds Human -3
Dopamine Das.2 Human 6
Endothelin ETa Human 4
Endothelin ETs Human 3
Epidermal Growth Factor (EGF) Human -5
Estrogen Era Human 9
GABAAa, Flunitrazepam, Central Rat -1
GABAAx, Muscimol, Central Rat
GABAB1A Human 1
Glucocorticoid Human 15
Glutamate, Kainate Rat -8
Glutamate, NMDA, Agonism Rat 3
Glutamate, NMDA, Glycine Rat 6
Glutamate, NMDA, Phencyclidine Rat 21
Histamine Hi Human 4
Histamine H: Human -10
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Histamine Hs Human -14

Imidazoline Iz, Central Rat 34
Interleukin IL-1 Mouse -20
Leukotriene, Cysteinyl CysLT: Human 0
Melatonin MT1 Human 43
Muscarinic My Human 13
Muscarinic M2 Human 6
Muscarinic M3 Human -4
Neuropeptide Y Y1 Human 0
Neuropeptide Y Y2 Human -2
Nicotinic Acetylcholine Human 0
Nicotinic Acetylcholine a1, Bungarotoxin Human -5
Opiate 81 (OP1, DOP) Human -1
Opiate k (OP2, KOP) Human 14
Opiate p (OP3, MOP) Human 9
Phorbol Ester Mouse 12
Platelet Activating Factor (PAF) Human -4
Potassium Channel [Katr] Hamster 4
Potassium Channel hERG Human -3
Prostanoid EP4 Human 15
Purinergic P2X Rabbit -14
Rolipram Rat 16
Serotonin (5-HT1a) Human 2
Serotonin (5-HT2g) Human 36
Serotonin (5-HT53) Human -5
Sigma o1 Human 31
Sodium Channel, Site 2 Rat 42
Tachykinin NK1 Human 12
Thyroid Hormone Rat 13
Transporter, Dopamine (DAT) Human 85
Transporter, GABA Rat 8
Transporter, Norepinephrine (NET) Human 18
Transporter, Serotonin (SERT) Human -6

Table 2.1: Eurofins lead profiling panel of VU6014181 (2.18). Significant activity is defined as >50%
inhibition at a 10 uM concentration of 2.18. Data courtesy of Eurofins.

Even though 2.18 showed off-target activity at the DAT, we wanted to further

explore this quinoline PAM scaffold, as this was the first mGluz PAM chemotype with full
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mGlu receptor selectivity. Through our optimization efforts, we hope to not only improve
the potency and efficacy of related analogs, but we also hoped to engender selectivity
against human DAT. Therefore, the remaining sections of this chapter will summarize

the optimization efforts that both myself and Jacob Kalbfleisch have achieved thus far.

SAR of Western Heterocyclic Ring

To begin our optimization campaign, we elected to first observe what effects
different substituted heterocycles would have on mGluz activity. The synthesis of
analogs of this nature is depicted below in Scheme 2.1. Anthranilic acids 2.19 are
reacted with TMS diazomethane to form methyl esters 2.20 in 76-90% yield. Treatment
of 2.20 with DMFeDMA under microwave irradiation resulted in the formation of

amidines 2.21. Crude amidines 2.21 are reacted with the conjugate base of acetonitrile

) TMSCHN, o DMFeDMA

OH Benzene:MeOH o~ MeOH
R 0°C,1h R 150 °C, microwave, 1 h
NH, 76-90% NH, quantitative
219 2.20
o) O
e a) nBuLi, MeCN, THF, -78 °C, 30 min CN
R o ’ » THF, : R | POCI
N b) AcOH, -78 °Ctort, 1 h H 100 °C, 30 min
QN/ 58-77% 78-93%
221 | 2.22

Q,
Cl E DIEA N
€ ()
R DMF, 150 °C, 15 min
N/ [ ] microwave N

N 60-82% N CN
H R _
N
2.23 2.24 2.25-2.50

Scheme 2.1: SAR of western heterocyclic ring: synthesis of analogs 2.25-2.50
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(formed from the deprotonation of acetonitrile with n-BuLi) followed by subsequent

treatment with acetic acid to form quinolones 2.22 in moderate to good yields (58-

77%).%3 Quinolones 2.22 are then heated to 100 °C in neat POCIs to form

chloroquinolines 2.23 in 78-93% yield. An SnAr reaction between 2.23 and substituted

piperazine 2.24 yielded analogs 2.25-2.50 in good yields (60-82%). The results of this

SAR campaign are shown below in Table 2.2.

)
o
2.25-2.50
Compound mGluz mGluy

Het Number VuID ECso (MM) % L-AP4max

Zah -
| _ 2.25 VU6026235 Inactive N/A

ST N
S S
N, | P 2.26 VU6026236 Inactive N/A

N
Vi S
N | - 2.27 VU6026237 Inactive N/A

N
H
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SMe

CF3

OCF,4

4
N N/
/
/7 ~
N ]
NN
Ph

N

N

/

N

/

N

2.28

2.29

2.30

2.31

2.32

2.33

2.34

VU6026238

VU6026500

VU6026510

VU6026502

VU6026498

VU6026499

VU6026503
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>10

Inactive

Inactive

Inactive

Inactive

>10

4.02

30%

N/A

N/A

N/A

N/A

48%

29%



2/

2.35
Cl
3
P 2.36
MeO N
MeO S
_ 2.37
N
F X
P 2.38
N
F I
_ 2.39
F N
MeO \
P 2.40
MeO N
2.41

MeO

M
2?\ /é §

VU6026507

VU6026505

VU6026508

VU6027580

VU6027581

VU6027578

VU6027579
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>10

>10

Inactive

>10

Inactive

>10

Inactive

42%

64%

N/A

80%

N/A

38%

N/A



F ~
P 2.42
MeO N

MeO N
-
N 2.43
OMe
MeO X
-
N 2.44
F
F ~
o
N 2.45
F
— | =3
N s N/ 2.46
OMe
S
o~
F N 2.47
OMe
F
S 2.48
-
N
OMe

VU6027582

VU6027445

VU6027449

VU6027461

VU6027260

VU6026241

VU6026243
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Inactive

>10

Inactive

Inactive

Inactive

1.79

1.4

N/A

67%

N/A

N/A

N/A

53%

99%



=
N/ 2.49 VU6026242 >10 35%
OMe
F =3
E N/ 2.50 vu6027447 1.11 62%
OMe

Table 2.2: SAR of western heterocyclic ring: analogs 2.25-2.50

Unfortunately, steep SAR was observed in analogs 2.25-2.50. The incorporation
of quinoline bioisosteres (analogs 2.25-2.29) led to total loss of mGlu7 activity. The
nitrogen atom of the quinoline was found to be essential, as the anthracene analog 2.30
was inactive. The incorporation of electron withdrawing substituents at the 8-position of
the quinoline ring (analogs 2.31-2.35) was not conducive for potency. A survey of
alternative substituent patterns around the quinoline ring (analogs 2.36-2.45) led to
either inactive or low potency compounds. Even the incorporation of azaheterocycles
(analog 2.46) was not tolerated. Fortunately, a fluorine walk around the quinoline ring
was productive. We observed that the incorporation of a fluorine atom was tolerated in
both the 7-position (analog 2.47) and the 6-position (analog 2.48) of the quinoline ring,
while fluorine atom incorporation at the 5-position (analog 2.49) led to a dramatic loss in
potency. Due to the increased efficacy of 2.48 (99% L-AP4max), we decided that the
incorporation of a fluorine atom at the 6-position was beneficial, and we would elect to

pursue both 6-fluoro and des-fluoro analogs within our future SAR campaigns.

SAR of Piperazine Linkers
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Next, we wanted to see if piperazine isosteres or alternative amine linkers were
tolerated within this chemotype. Therefore, we initiated the synthesis of analogs of this
nature, as shown in Scheme 2.2. Buchwald-Hartwig coupling of amines 2.51 with 2-
fluorobromobenzene 2.52 yielded aryl amines 2.53 in 45-81% yield. Boc-deprotection of
2.53 with trifluoroacetic acid formed amines 2.54, which underwent a subsequent SNAr
reaction with chloroquinolines 2.55 to afford analogs 2.56-2.82 in good yield. The results

of this SAR campaign are shown below in Table 2.3.

F
H
N Pdjdbag, rac-BINAP N
; , Linker! TFA
1 Linker, + Qn tj .
\N/ F NaOtB:J, toluene N DCM. t, 2 h
| Br 110°C, 16 h ' o
2.51 2.52 2.53
F
Cl N
DIEA 7N
F R AN CN ' Linker,
NG _ DMF, 80 °C, 2 h SN
 Linker, N 60-82% R CN
SN OMe N
H ~
N
OMe
2.54 2.55 2.56 - 2.82

Scheme 2.2: SAR of piperazine linkers: analogs 2.56-2.82
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OMe

2.56 - 2.82
. Compound mGluz mGluz
Linker Number Vuib ECso (M) % L-APAmax
;@ 2,56 VU6026239 Inactive N/A
N
e
2.57 VU6026240 Inactive N/A
N
b
N
[ > 258 VU6027456 Inactive N/A
N
ol
'\T\/‘
[N] 2,59 VU6026504 Inactive N/A
NT
e
'-VT\!‘
[N ]\ 2.60 VU6026511 > 10 33%
N
e
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2.65
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2.66
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VU6026509

VU6026506

VU6026493

VU6026494

VU6026495

VU6026496

VU6026497

Inactive

3.11

Inactive

Inactive

Inactive

>10

Inactive

N/A

50%

N/A

N/A

N/A

35%

N/A



2.68

2.69

2.70

271

2.72

2.73

2.74

2.75

290

VU6027448

VU6027466

VU6027465

VU6027453

VU6027468

VU6027269

vu6027277

VU6027274

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

>10

Inactive

N/A

N/A

N/A

N/A

N/A

N/A

36%

N/A



2.76 VU6027267 1.89

'\I]/\/‘
of
N
v
N
F 2.77 VU6027462 Inactive
N
’\f'l‘\f‘
rv'\.[w
N

F ’ ’ 2.78 VU6027463 Inactive
N
e
N
F 2.79 VU6027464 Inactive
N
e
N
F [ > 2.80 VU6027458 Inactive
N
.
t
F @ 2.81 VU6027451 >10
N
v
’V].IV"
F ENﬂ 2.82 VU6027455 Inactive
N

Table 2.3: SAR of piperazine linkers: analogs 2.56-2.82
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As observed before with the SAR of the western heterocyclic motif, we
encountered steep SAR. The incorporation of azetidine, piperazine, and diazepane
heterocycles (analogs 2.56-2.58) led to complete loss of mGluz activity. The presence of
chiral methyl groups on the piperazine ring (analogs 2.59-2.62) were not conducive for
potency. Even the use of piperazine isosteres such as spirocyclic congeners (analogs
2.63-2.67) and bicyclic congeners (analogs 2.68-2.72) did not lead to any benefits in
potency and/or efficacy. The same linkers as described above were also applied to the
6-fluoro-8-methoxyquinoline congener, which we previously identified as the best
alternative substitution pattern (analogs 2.73-2.82); however, none of these

modifications led to any appreciable improvements in potency and/or efficacy.

SAR of Alternative Alkoxy Groups

Similar to the optimization approach that we used for the mGluz NAMs, we also
investigated the incorporation of different alkoxy groups at the 8-position of the quinoline
ring. In doing so, we could extend the length of our analogs in hopes of achieving a
tighter fit into the allosteric site of the mGluz receptor. Additionally, we were excited to

test the possibility of any enantiopreference that the mGluz receptor may possess with

2, . o

F F
[N] BBr3 [N] RzBr, K2CO3 [N]
N DCM, -78 °C to rt, 16 h N MeCN, 150 °C N
54-76% microwave, 1 h R N
R4 xCN R4 o CN 47-68% 1 -C
— — —
N N N
OMe OH OR,
2.83 2.84 2.85-2.111

Scheme 2.3: SAR of alternative alkoxy groups: synthesis of analogs 2.85-2.111
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the incorporation of chiral alkoxy groups. Therefore, we initiated a synthetic strategy in

order to arrive at compounds of this nature (Scheme 2.3). Methoxy-substituted

quinolines 2.83 were demethylated upon treatment with boron tribromide, forming

phenols 2.84 in 54-76% yield. Phenols 2.84 were then alkylated under microwave

conditions using alkyl bromides to form alkoxy-substituted quinolines 2.85-2.111 in

moderate to good yields (47-68% yield). The results from this SAR campaign are

summarized below in Table 2.4.

0
N
R4 CN
b
N
OR,
2.85-2.111
Compound mGluz mGluz
Ri Re Number vuIb ECso (uM) % L-AP4max
H H 2.85 VU6027261 >10 90%
H CDs 2.86 VU6027264 1.51 73%
H CF2H 2.87 VU6027259 >10 68%
H 2.88 VU6027254 1.25 67%
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2.89

2.90
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2.92

2.93

2.94

2.95

2.96

2.97

2.98

2.99

VU6027255

VU6027253

VU6027271

VU6027266

VU6027268

VU6026501

VU6027252

vU6028183

VU6027257

VU6027256

VU6027258
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1.82

7.63

1.3

6.74

>10

>10

>10

2.28

4.93

1.35

Inactive

67%

80%

74%

66%

73%

56%

55%

84%

80%

88%

N/A



CDs

CF2H

S OO o

2.100

2.101

2.102

2.103

2.104

2.105

2.106

2.107

2.108

2.109

2.110

VU6027262

VU6027459

VU6027460

VU6027446

vU6027272

VU6027273

VU6027275

VU6027695

VU6027694

VU6027583

VU6027584
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>10

1.13

3.84

0.69

>10

Inactive

0.51

Inactive

>10

Inactive

0.65

90%

98%

98%

88%

23%

N/A

71%

N/A

31%

N/A

76%



F 2.111 VU6027276 1.34 39%

Table 2.4: SAR of alternative alkoxy groups: analogs 2.85-2.111

To our delight, alternative alkoxy groups at the 8-position of the quinoline ring
were well tolerated for both the 6-fluoro and des-fluoro quinoline motifs. In particular, we
were excited about the further evaluation of 2.91 (mGlu7 ECso = 1.30 pM, 74% L-
AP4max), 2.98 (mGlu7 ECso = 1.35 uM, 88% L-AP4max), 2.101 (mGlu7 ECs0 = 1.13 pM,
98% L-AP4max), and 2.103 (mGlu7 ECso = 0.69 uM, 88% L-AP4max). Due to their limited
solubility, we decided to delay the investigation of 2.106 and 2.110 in favor of the

aforementioned soluble compounds.

Since both analogs 2.91 and 2.98 possess chiral alkoxy groups, we were eager
to test our enantiopreference hypothesis. The enantiomers of both 2.91 and 2.98 were
separated via chiral supercritical fluid chromatography (SFC) in order to test both the
(+)- and (-)-enantiomers in our cell based assays. Unfortunately, both the (+)- and (-)-
enantiomers for 2.91 and 2.98 possessed comparable potency and efficacy values

(Table 2.5). These data indicate that an enantiopreference does not exist for 2.91 and

o, N

N
(] "
N )
CN
AN
@f\TCN
N/
~
O N
0 J
(e} "WO

2.91 296 2.98



mGIu7 mGIu7

Parent Compound Stereoisomer VUID ECso (uM) % L-AP4may
2.91 (+) VU6028358 111 85%
2.91 ) VU6028359 1.17 70%
2.98 (+) VU6028357 1.99 77%
2.98 ) VU6028356 1.33 89%

Table 2.5: SAR of enantiomers of both 2.91 and 2.98

SAR of Buchwald-Hartwig Library

Given the success of examining alternative alkoxy groups at the 8-position of the
quinoline ring, we also wanted to explore incorporating different amino groups at this 8-
position. In order to synthesize analogs of this nature, we developed the synthetic route
as shown in Scheme 2.4. 8-bromoquinoline 2.112 was reacted with azaheterocycles
2.113 in a Buchwald-Hartwig coupling reaction to form analogs 2.114-2.124. The results

of this SAR campaign are summarized below in Table 2.6.

F
F N
" ()
W N
N N /H\ Pd,dbas, rac-BINAP - CN
A + Het . = ~
_ * NaOtBu, toluene N
N 110 °C, 16 h
32-61% N
Br ' Het
2.112 2.113 2.114 - 2.124

Scheme 2.4: Synthesis of alternative 8-aminoquinoline analogs 2.114-2.124
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N

L/

N
Cry
=
N

2.114 - 2.124
Compound mGluz mGluz
Het Number Vuib ECso (M) % L-APAmax
\TTV"
N.
i\ {(N 2.114 VU6028180 Inactive N/A
\ﬁ]"u'
N
\ 2.115 VU6028179 6.73 81%
N
\JT\I‘
N.
( JN 2.116 VU6028182 Inactive N/A
N
N
! ) 2.117 VU6027467 Inactive N/A
N
Q 2.118 VUB027588 Inactive N/A
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N
Q 2.120

.
O
0

N
/J: j\ 2.124
0]

VU6027592

VU6028195

VU6027452

VU6028192

VU6028193

Vu6027707

Table 2.6: SAR of 8-aminoquinoline analogs 2.114-2.124

>10

Inactive

1.31

7.14

Inactive

9.31

70%

N/A

74%

84%

N/A

74%

We found that the incorporation of unsaturated azacines such as pyrazole,

imidazole, and 1,2,4-triazole heterocycles led to either loss of activity at mGluz or a

dramatic loss of potency (analogs 2.114-2.116). The incorporation of saturated
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heterocycles such as pyrrolidine, piperidine, N-Me piperazine, and geminal-

difluoropiperidine heterocycles (analogs 2.117-2.120) were not conducive for potency.

Surprisingly, the morpholino analog 2.121 possessed comparable potency and efficacy

to our initial molecular switch lead 2.18. Unfortunately, substitutions on the morpholine

ring appeared to hinder the potency of these compounds (analogs 2.122-2.124).

Identification of Potential In Vivo Tool Compounds

Given the SAR data we have collected thus far, we chose four of our most potent

compounds (2.91, 2.101, 2.103, and 2.121) to examine further. We hypothesized that

through our SAR efforts, we would be able to eliminate the off-target activity at human

DAT. To our delight, we were pleased to find that these compounds did not show off-

target activity at human DAT, based on radioligand binding assays performed by

Eurofins. In order to select viable options for an in vivo tool compound, we also wanted

to examine the rat in vivo PK properties of these molecules (summarized in Table 2.7).
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DMPK Parameter 2.91 2.101 2.103 2.121

plasma fu 0.033 0.010 0.005 0.011

brain fu 0.006 0.002 0.001 0.002

CLp (mL/min/kg) 209 79.3 105 85.1
ti2 (min) 31.2 126 149 126
Vss (L/kg) 8.54 8.34 11.5 8.10
Kp 4.36 4.78 4.99 6.84

Kpuu 0.79 0.96 1.00 1.24

Table 2.7: Rat in vivo PK parameters for potential tool compounds 2.91, 2.101, 2.103, and 2.121

Although these compounds show high clearance in rats, they readily cross the blood
brain barrier (Kp > 4 for all compounds) and possess large volumes of distribution at
steady state (Vss > 8 L/kg for all compounds). Therefore, even though oral
administration is ruled out, intraperitoneal administration for these compounds should
be sufficient for achieving concentrations within their respective in vitro ECso values.
Additional mGlu selectivity assays for these compounds are underway and will be

disclosed in future reports.

Addressing Potential Metabolic Sites of Quinoline Scaffold

Given the high in vivo clearance of 2.91, 2.101, 2.103, and 2.121, we wanted to
mitigate this by examining the potential sites of metabolism for this quinoline scaffold en
route to improved tool compounds. To name a few, we hypothesized that potential AO
(aldehyde oxidase) metabolism may include oxidation of either the 2-position of the
quinoline ring or oxidation of the quinoline nitrogen atom. While metabolic identification
studies are currently underway for these compounds, we wanted to test out our

metabolic hypotheses.
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First, we wanted to investigate the potential oxidation at the 2-position of the
quinoline ring to form substituted quinolone derivatives. To aid in the future identification
of potential metabolites, the synthesis of these quinolones is paramount for validation of
the metabolic ID studies. Analogs of this nature were synthesized according to Scheme
2.5. Anthranilic acids 2.125 were treated with triphosgene to form isatoic anhydrides
2.126 in excellent yield. Subsequent reaction with methyl cyanoacetate and
triethylamine yielded quinolones 2.127, which upon treatment with POCIs formed
dichloroquinolines 2.128. A regioselective SNAr reaction of 2.128 with aryl piperazine

2.24 resulted in the formation of chloroquinolines 2.129. Acidic hydrolysis of 2.129 with

(@] O
R o triphosgene, Et3N R o methyl cyanoacetate, EtzN
H P P
THF, it, 5h A DMF, 150 °C, 2 h
NH, 87-93% H @] 62-68%
OMe OMe
2.125 2.126
OH Cl ©\
POCI DIEA
R N CN 3 R N CN F
100 °C, 1 h _ * N DMF, rt, 30 min
N o) 80-91% N~ Cl [ ] 67-74%
OMe OMe N
H
2.127 2.128 2.24
L, L, L,
[N] TFA:H,O [N] NaH, Mel [N]
N 80 °C,2h N DMF,0°Ctort,3h N
30-38% 46-50%
R XN CN ° R XN CN ° R XN CN
~
N Cl ” (@] N (@]
OMe OMe OMe |
2.129 2.130-2.131 2.132-2.133

Scheme 2.5: Synthesis of quinolone analogs 2.130-2.131 and N-methyl quinolones 2.132-2.133
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aqueous trifluoroacetic acid yielded the desired quinolones 2.130-2.131. Additionally,
we wanted to explore whether N-methyl quinolone derivatives would show activity at
mGlur. Therefore, subsequent chemoselective N-methylation was accomplished with
sodium hydride and methyl iodide to form the N-methyl quinolones 2.132-2.133. Results
for these compounds are shown below in Table 2.8. Unfortunately, none of these

compounds displayed activity at the mGluz receptor.

Compound mGluz mGluz
Het Number Vuib ECso (UM) % L-AP4nay
N
N 0 2.130 VU6029264 Inactive N/A
OMe ™!
F N
N 0 2.131 VU6029268 Inactive N/A
OMe
=
N 0 2.132 VU6029269 Inactive N/A
OMe |
2.133 VU6029270 Inactive N/A

Table 2.8: SAR of quinolones 2.130-2.131 and N-methyl quinolones 2.132-2.133
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Next, we wanted to examine whether we could block the potential oxidation of
the quinoline nitrogen atom via fusing imidazo- and triazolo-heterocycles between the
nitrogen atom and the 2-position of the quinoline ring. Previous efforts within the
VCNDD have shown this to be a viable method for blocking such a mode of
metabolism; therefore, the synthesis of such analogs was prioritized.®* Analogs of this
nature were synthesized according to Scheme 2.6. A SnAr reaction between
chloroquinolines 2.129 and sodium azide followed by Staudinger reduction with
trimethylphosphine yielded aminoquinolines 2.134. Aminoquinolines 2.134 were either
reacted with chloroacetaldehyde and sodium bicarbonate to form fused imidazo-analogs
2.135-2.136 or reacted with dimethylformamide dimethylacetal and hydroxylamine O-

sulfonic acid to form the fused triazolo-analog 2.137. Results for these compounds are

chloroacetaldehyde N

NaHCO
3 R XN CN
F F EtOH:H,0 NN
N N 80°C,4h N
[ j [ j 46-61% OMe =/
N N 2.135-2.136
R N 1) NaN,, DMF, 100 °C, 2 h R - CN
N >Cl 2) MesP, THF:H,0, 50 °C, 16 h N” “NH, F
OMe 22-25% over two steps OMe 1) DMFsDMA [Nj
2.129 2134 MeOH, microwave N
150 °C, 1 h
R CN
2) H,NOSOSH, pyr.
MeOH, 50 °C, 16 h N™ SN
38% over two steps OMe N=/
2.137

Scheme 2.6: Synthesis of fused imidazo- and triazolo-heterocycles 2.135-2.137
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shown below in Table 2.9. Unfortunately, none of these compounds showed activity at

the mGluz receptor.

Compound mGluz mGluz
Het Number vuIb ECso (M) % L-APAmax

2.135 VU6028361 Inactive N/A

2.136 VU6028364 Inactive N/A

~ 2 2.137 VU6028363 Inactive N/A
\
N™ N
OMe N=/

Table 2.9: SAR of fused imidazo- and triazolo-heterocycles 2.135-2.137

Conclusions/Future Directions

Given these data, further exploration into the potential metabolites of our
quinoline scaffold is warranted. In particular, we are interested in incorporating a
deuterium atom at the 2-position of our quinoline scaffold. By doing so, we can hopefully
improve upon the high clearance of first-generation analogs (2.91, 2.101, 2.103, and
2.121) via slowing down potential oxidation of the quinoline heterocycle at this position.

Additional mGlu selectivity assays and mouse in vivo PK experiments are still needed
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for 2.91, 2.101, 2.103, and 2.121 before selecting a suitable tool compound for use in
either in vitro electrophysiology validation experiments or in vivo mouse models of RTT.
These chemistry efforts will be pioneered by graduate student Jacob Kalbfleisch and will

be disclosed in future reports.

Experimental Methods

General Synthetic Methods and Instrumentation

All NMR spectra were recorded on a 400 MHz AMX Bruker NMR spectrometer.
'H and 3C chemical shifts are reported in d values in ppm downfield with the deuterated
solvent as the internal standard. Data are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, g = quartet, b = broad, m = multiplet), integration,
coupling constant (Hz). Low resolution mass spectra were obtained on an Agilent 6120
or 6150 with ESI source. MS parameters were as follows: fragmentor: 70, capillary
voltage: 3000 V, nebulizer pressure: 30 psig, drying gas flow: 13 L/min, drying gas
temperature: 350 °C. Samples were introduced via an Agilent 1290 UHPLC comprised
of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD
flow cell. UV absorption was generally observed at 215 nm and 254 nm with a 4 nm
bandwidth. Column: Waters Acquity BEH C18, 1.0 x 50 mm, 1.7 um. Gradient
conditions: 5% to 95% CHsCN in H20 (0.1% TFA) over 1.4 min, hold at 95% CH3CN for
0.1 min, 0.5 mL/min, 55 °C. High resolution mass spectra were obtained on an Agilent
6540 UHD Q-TOF with ESI source. MS parameters were as follows: fragmentor: 150,

capillary voltage: 3500 V, nebulizer pressure: 60 psig, drying gas flow: 13 L/min, drying
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gas temperature: 275 °C. Samples were introduced via an Agilent 1200 UHPLC
comprised of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD
with ULD flow cell. UV absorption was observed at 215 nm and 254 nm with a 4 nm
bandwidth. Column: Agilent Zorbax Extend C18, 1.8 um, 2.1 x 50 mm. Gradient
conditions: 5% to 95% CHsCN in H20 (0.1% formic acid) over 1 min, hold at 95%
CHsCN for 0.1 min, 0.5 mL/min, 40 °C. For compounds that were purified on a Gilson
preparative reversed-phase HPLC, the system comprised of a 333 aqueous pump with
solvent-selection valve, 334 organic pump, GX-271 or GX-281 liquid hander, two
column switching valves, and a 155 UV detector. UV wavelength for fraction collection
was user-defined, with absorbance at 254 nm always monitored. Method 1:
Phenomenex Axia-packed Luna C18, 30 x 50 mm, 5 um column. Mobile phase: CH3sCN
in H20 (0.1% TFA). Gradient conditions: 0.75 min equilibration, followed by user defined
gradient (starting organic percentage, ending organic percentage, duration), hold at
95% CH3CN in H20 (0.1% TFA) for 1 min, 50 mL/min, 23 °C. Method 2: Phenomenex
Axia-packed Gemini C18, 50 x 250 mm, 10 um column. Mobile phase: CH3sCN in H20
(0.1% TFA). Gradient conditions: 7 min equilibration, followed by user defined gradient
(starting organic percentage, ending organic percentage, duration), hold at 95% CHsCN
in H20 (0.1% TFA) for 7 min, 120 mL/min, 23 °C. All reagents were purchased from
Aldrich Chemical Co. and were used without purification. All final compounds were
>98% pure by LCMS (254 nm, 214 nM and ELSD). Following these purification
protocols, final compounds were transferred to a barcode vial and diluted to a

concentration of 10 uM using molecular biology grade dimethylsulfoxide (DMSO). These
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compounds were registered into Dotmatics and assigned a VU identification number

before being tested in the primary screening assay.

General Procedure 1: Synthesis of Methyl Esters 2.20

To a solution of the corresponding anthranilic acid (1.0 eq) in benzene (0.45 M) and
methanol (1.0 M) cooled to 0 °C was added (trimethylsilyl)diazomethane (1.3 eq) (2.0 M
solution in hexanes) dropwise. Upon completion of addition, the reaction was warmed to
room temperature and stirred for 1 hr before being quenched with the dropwise addition
of glacial acetic acid (4.0 eq). The crude reaction mixture was concentrated and purified
via flash chromatography (Teledyne ISCO flash purification system; silica gel column;

hexanes:EtOAc; 0-15% EtOAc gradient) to afford the desired products.

O

O/

NH,

Synthesis of methyl 2-amino-3-methoxybenzoate (2.20a)

This compound was synthesized according to general procedure 1. White solid (1.07 g,

82% yield). *H NMR (400 MHz, CDClz) d 7.48 (dd, J =8.2 Hz and 1.2 Hz, 1H), 6.86 (dd,
J=7.8Hzand 1.1 Hz, 1H), 6.59 (t, 1H), 5.88 (bs, 2H), 3.87 (s, 6H); 13C NMR (100 MHz,
CDCls) 6 = 168.8, 147.3, 141.5, 122.6, 115.0, 113.1, 110.5, 55.9, 51.6. LCMS (TOF,

ES+) for CoH12NO3 [M+H]*; 182.1.
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Synthesis of methyl 2-amino-5-fluoro-3-methoxybenzoate (2.20b)

This compound was synthesized according to general procedure 1. White solid (1.18 g,
76% yield). *H NMR (400 MHz, CDCls) 8 7.14 (dd, J = 9.8 Hz and 2.8 Hz, 1H), 6.65 (dd,
J=9.6 Hz and 2.8 Hz, 1H), 5.71 (bs, 2H), 3.86 (s, 3H), 3.85 (s, 3H); 3C NMR (100
MHz, CDCl3) 8 = 168.1 (d, Jcr = 3.3 Hz), 153.2 (d, Jcr = 232.0 Hz), 148.0 (d, Jcr = 9.4
Hz), 138.5, 109.0 (d, Jcr = 8.7 Hz), 106.4 (d, Jcr = 23.0 Hz), 102.9 (d, Jcr = 28.0 Hz),

56.1, 51.8. LCMS (TOF, ES+) for CoH11FNOs [M+H]*; 199.9.

General Procedure 2: Synthesis of amidines 2.21

To a solution of the corresponding methyl ester 2.20 (1.0 eq) in methanol (0.55 M) in a
Biotage microwave vial was added N,N-dimethylformamide dimethyl acetal (13.6 eq).
The vial was sealed and heated to 150 °C for 1 hr using a Biotage microwave reactor.
Upon cooling to room temperature, the crude reaction mixture was concentrated and
dried on high vacuum overnight to afford the desired products in quantitative yields,

which could be carried forward to the next step without further purification.

Synthesis of methyl (E)-2-(((dimethylamino)methylene)amino)-3-methoxybenzoate
(2.21a)

This compound was synthesized according to general procedure 2. Crude yellow oil

(1.40 g, quantitative yield). For characterization purposes, an aliquot of this material was
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purified via flash chromatography (Teledyne ISCO flash purification system; hexanes
with 1% EtsN:EtOAc; 10-70% EtOAc gradient) to afford the desired product as a
colorless oil. *H NMR (400 MHz, CDCls) & 7.33 (s, 1H), 7.30 (dd, J = 6.8 Hz and 2.5 Hz,
1H), 6.94-6.92 (m, 2H), 3.79 (s, 3H), 3.78 (s, 3H), 3.00 (bs, 6H); 3C NMR (100 MHz,
CDCl3) & = 168.8, 154.6, 152.8, 142.6, 125.2, 122.3, 121.8, 114.3, 56.2, 51.7, 40.1,

34.3. LCMS (TOF, ES+) for C12H17N203 [M+H]*; 237.1.

Synthesis of methyl (E)-2-(((dimethylamino)methylene)amino)-5-fluoro-3-
methoxybenzoate (2.21b)

This compound was synthesized according to general procedure 2. Crude yellow oil
(1.506 g, quantitative yield). For characterization purposes, an aliquot of this material
was purified via flash chromatography (Teledyne ISCO flash purification system;
hexanes:EtOAc; 0-60% EtOAc gradient) to afford the desired product as a colorless oil.
'H NMR (400 MHz, CDCI3) 6 7.28 (s, 1H), 7.01 (dd, J = 9.0 Hz and 2.6 Hz, 1H), 6.69
(dd, J = 10.0 Hz and 2.6 Hz, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 3.00 (bs, 6H); 13C NMR
(100 MHz, CDCls) & = 167.5 (d, Jcr = 2.1 Hz), 157.6 (d, Jcr = 238.4 Hz), 155.0, 153.7
(d, Icr = 9.6 Hz), 139.3, 124.7 (d, Jcr = 8.7 Hz), 107.6 (d, Jcr = 23.4 Hz), 102.7 (d, JcF =

26.5 Hz), 56.4, 52.0, 40.2, 34.3. LCMS (TOF, ES+) for C12H16FN203 [M+H]*; 255.0.

General Procedure 3: Synthesis of Chloroquinolines (2.23)
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To a RBF charged with THF (2.65 M with respect to 2.21) cooled to -78 °C was
sequentially added n-BulLi (2.7 eq) (2.5 M solution in hexanes) and then a solution of
acetonitrile (2.8 eq) in THF (1.77 M with respect to 2.21) dropwise. The reaction was
stirred for 30 min at -78 °C before the dropwise addition of a solution of the
corresponding amidine 2.21 (1.0 eq) in THF (0.48 M with respect to 2.21). After 1 hr of
stirring at -78 °C, acetic acid (6.0 eq) was added, and the reaction was warmed to room
temperature and stirred for an additional 30 min. Volatiles were removed in vacuo, and
water was added to the crude residue. The resulting precipitate was isolated via
vacuum filtration, washing with cold water to afford intermediate quinolones 2.22 which
were immediately carried forward to the next step. 2.22a was obtained as a beige solid
(865 mg, 75% yield), while 2.22b was obtained as a beige solid (960 mg, 77% yield).
Intermediate quinolones 2.22 were treated with POCIs (28.0 eq) and heated to 100 °C
for 30 min. Volatiles were removed in vacuo, and the resulting residue was diluted with
DCM and quenched with the addition of sat. NaHCOs. The layers were separated, and
the aqueous layer was washed with DCM x 3. The combined organic material was
passed through a phase separator and concentrated to afford the desired products,

which could be carried forward to the next step without further purification.

Cl

\CN

7

N

Synthesis of 4-chloro-8-methoxyquinoline-3-carbonitrile (2.23a)

This compound was synthesized according to general procedure 3. Beige solid (787

mg, 83% yield from quinolone intermediate 2.22a). For characterization purposes, a
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small aliquot of this material was purified via flash chromatography (Teledyne ISCO
flash purification system; silica gel column; hexanes:EtOAc; 0-50% EtOAc gradient). *H
NMR (400 MHz, CDCls) & 8.95 (s, 1H), 7.86 (dd, J = 8.6 Hz and 0.9 Hz, 1H), 7.70 (t,
1H), 7.27 (d, 1H), 4.12 (s, 3H); 13C NMR (100 MHz, CDCIz) d = 155.8, 148.5, 147.3,
141.2,129.9, 126.4, 116.4, 114.9, 111.6, 108.4, 56.7. LCMS (TOF, ES+) for

C11HsCIN20 [M+H]*; 219.0.

Synthesis of 4-chloro-6-fluoro-8-methoxyquinoline-3-carbonitrile (2.23b)

This compound was synthesized according to general procedure 3. Beige solid (926
mg, 89% yield from quinolone intermediate 2.22b). For characterization purposes, a
small aliquot of this material was purified via flash chromatography (Teledyne ISCO
flash purification system; silica gel column; hexanes:EtOAc; 0-50% EtOAc gradient). *H
NMR (400 MHz, CDCl3) & 8.90 (s, 1H), 7.48 (dd, J = 9.0 Hz and 2.5 Hz, 1H), 7.03 (dd, J
=10.2 Hz and 2.4 Hz, 1H), 4.12 (s, 3H) ; 13C NMR (100 MHz, CDCl3) & = 162.8 (d, Jcr =
250.8 Hz), 157.9 (d, Jcr = 11.7 Hz), 147.8 (d, Jcr = 2.8 HZ), 146.5 (d, Jcr = 6.7 Hz),
138.8, 127.1 (d, Jcr = 12.6 HZ), 114.6, 109.4, 102.8 (d, Jcr = 29.8 Hz), 100.1 (d, Jcr =

25.3 Hz), 57.1. LCMS (TOF, ES+) for C11H7CIFN20 [M+H]*; 236.9.

General Procedure 4: Synthesis of Quinolines (2.25-2.50)

To a solution of the corresponding chloroquinoline 2.23 (1.0 eq) in DMF (0.2 M) in a

Biotage microwave vial was sequentially added N,N-diisopropylethylamine (3.0 eq) and
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aryl piperazine 2.24 (1.2 eq). The vial was sealed and heated to 150 °C for 15 min using
a Biotage microwave reactor. Upon cooling to room temperature, the reaction was
diluted with EtOAc and water. The layers were separated, and the aqueous layer was
washed with EtOAc x 3. The combined organic material was passed through a phase
separator, concentrated, and purified via flash chromatography (Teledyne ISCO flash
purification system; silica gel column; hexanes:EtOAc; 0-100% EtOAc gradient) to

afford the desired products.

Q,

N

(]

N
CN

X
7
N

Synthesis of 4-(4-(2-fluorophenyl)piperazin-1-yl)-8-methoxyquinoline-3-
carbonitrile (2.18)

This compound was synthesized according to general procedure 4. Light orange solid
(919 mg, 73% yield). *H NMR (400 MHz, CDCls) 6 8.78 (s, 1H), 7.63 (dd, J = 8.7 Hz and
0.8 Hz, 1H), 7.49 (t, 1H), 7.15-6.97 (m, 5H), 4.08 (s, 3H), 3.88 (M, 4H), 3.37 (M, 4H);
13C NMR (100 MHz, CDCls) & = 159.5, 156.1, 156.0 (d, Jcr = 244.9 Hz), 151.5, 141.9,
139.7 (d, Jcr = 8.5 Hz), 127.1, 124.7 (d, Jcr = 3.4 Hz), 124.3, 123.4 (d, Jcr = 7.9 Hz),
119.5 (d, Jcr = 2.6 Hz), 118.6, 116.5 (d, Jcr = 20.5 Hz), 116.3, 110.4, 97.2, 56.4, 52.9,

51.33, 51.30. LCMS (TOF, ES+) for C21H20FN4O [M+H]*: 363.0.
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Synthesis of 6-fluoro-4-(4-(2-fluorophenyl)piperazin-1-yl)-8-methoxyquinoline-3-
carbonitrile (2.48)

This compound was synthesized according to general procedure 4. Light orange solid
(1.11 g, 77% vyield). *H NMR (400 MHz, CDCls) & 8.73 (s, 1H), 7.24 (dd, J = 10.1 Hz and
2.4 Hz, 1H), 7.12-6.97 (m, 4H), 6.91 (dd, J = 10.1 Hz and 2.4 Hz, 1H), 4.08 (s, 3H), 3.82
(m, 4H), 3.37 (m, 4H); 13C NMR (100 MHz, CDCls) & = 161.2 (d, Jcr = 246.2 Hz), 158.9
(d, Jcr = 5.5 Hz), 158.1 (d, Jcr = 11.5 Hz), 156.0 (d, Jcr = 244.8 Hz), 150.8 (d, Jcr = 2.2
Hz), 139.6 (d, Jcr = 8.6 Hz), 139.5, 124.9 (d, Jcr = 10.9 Hz), 124.7 (d, Jcr = 3.5 Hz),
123.4 (d, Jcr = 7.9 Hz), 119.5 (d, Jcr = 2.6 Hz), 118.1, 116.5 (d, Jcr = 20.5 Hz), 101.4
(d, Jcr = 29.5 Hz), 99.9 (d, Jcr = 24.2 Hz), 98.5, 56.8, 52.5, 51.3, 51.2. LCMS (TOF,

ES+) for C21H19F2N4O [M+H]*; 380.8.

General Procedure 5: Synthesis of Phenols 2.84

To a solution of the corresponding quinoline 2.83 (1.0 eq) in DCM (0.1 M) cooled to -78
°C was added BBrs solution (6.5 eq) (1.0 M solution in DCM) dropwise. Upon
completion of addition, the reaction was stirred for 30 min at -78 °C before warming to
room temperature and stirring for an additional 16 hr. The reaction was diluted with
DCM and quenched with the careful addition of water, stirring vigorously. Upon

formation of two distinct layers, the layers were separated, and the aqueous layer was
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washed with DCM x 3. The combined organic material was washed with brine, passed
through a phase separator, concentrated, and purified via flash chromatography
(Teledyne ISCO flash purification system; silica gel column; hexanes:EtOAc; 0-80%

EtOAc gradient) to afford the desired products.

a,

N

(]

N
CN

X
—
N
OH

Synthesis of 4-(4-(2-fluorophenyl)piperazin-1-yl)-8-hydroxyquinoline-3-carbonitrile
(2.84a)
This compound was synthesized according to general procedure 5. Yellow solid (510
mg, 59% yield). *H NMR (400 MHz, CDCIs) & 8.63 (s, 1H), 8.20 (bs, 1H), 7.52 (dd, J =
8.6 Hz and 0.6 Hz, 1H), 7.46 (t, 1H), 7.24 (dd, J = 7.5 Hz and 0.8 Hz, 1H), 7.14-6.98 (m,
4H), 3.94 (m, 4H), 3.38 (m, 4H); 3C NMR (100 MHz, CDCIz) d = 159.7, 156.0 (d, Jcr =
244.7 Hz), 153.2, 150.6, 140.0, 139.7 (d, Jcr = 8.4 Hz), 127.9, 124.7 (d, Jcr = 3.5 H2),
123.4 (d, Jcr = 7.9 Hz), 123.2, 119.5 (d, Jcr = 2.5 Hz), 118.7, 116.5 (d, Jcr = 20.5 H2),

115.1, 113.0, 96.7, 52.9, 51.4, 51.3. LCMS (TOF, ES+) for C20H18FN4O [M+H]*; 349.0.
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Synthesis of 6-fluoro-4-(4-(2-fluorophenyl)piperazin-1-yl)-8-hydroxyquinoline-3-
carbonitrile (2.84b)

This compound was synthesized according to general procedure 5. Yellow solid (748
mg, 70% yield). *H NMR (400 MHz, DMSO-ds) 6 10.66 (bs, 1H), 8.74 (s, 1H), 7.24-7.01
(m, 6H), 3.76 (m, 4H), 3.31 (m, 4H); 3C NMR (100 MHz, DMSO-ds) § = 160.7 (d, JcF =
242.4 Hz), 158.6 (d, Jcr = 5.3 Hz), 156.5 (d, Jcr = 14.0 Hz), 155.0 (d, Jcr = 242.9 Hz),
149.4, 139.5 (d, Jcr = 8.1 Hz), 137.8, 124.9 (d, Jcr = 3.2 Hz), 124.0 (d, Jcr = 11.6 Hz),
122.9 (d, Jcr = 7.8 Hz), 119.7, 118.2, 116.1 (d, Jcr = 20.4 Hz), 104.1 (d, Jcr = 27.7 Hz),
98.7 (d, Jcr = 24.6 Hz), 97.4, 51.8, 50.70, 50.68. LCMS (TOF, ES+) for C20H17F2N4O

[M+H]*: 366.8.

General Procedure 6: Synthesis of Alkoxy-Substituted Quinolines 2.85-2.111

To a solution of the corresponding phenol 2.84 (1.0 eq) in MeCN (0.15 M) in a Biotage
microwave vial was added potassium carbonate (2.0 eq) and the corresponding alkyl
halide (1.0 eq). The vial was sealed and heated to either 80 °C for 2 hr under
conventional heating (general procedure 6A) or to 150 °C for 1 hr using a Biotage
microwave reactor (general procedure 6B). Upon cooling to room temperature, the

reaction was diluted with EtOAc, filtered, concentrated, and purified via flash
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chromatography (Teledyne ISCO flash purification system; silica gel column;

hexanes:EtOAc; 0-80% EtOAc gradient) to afford the desired products.

0,
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Synthesis of 4-(4-(2-fluorophenyl)piperazin-1-yl)-8-((tetrahydrofuran-3-
yl)oxy)quinoline-3-carbonitrile (2.91)
This compound was synthesized according to general procedure 6B. Beige solid (35
mg, 58% yield). *H NMR (400 MHz, CDCI3) & 8.79 (s, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.47
(t, 1H), 7.12-6.97 (m, 5H), 5.18 (m, 1H), 4.14 (d, J = 3.7 Hz, 2H), 4.13-4.07 (m, 1H),
3.97-3.92 (m, 1H), 3.88 (m, 4H), 3.37 (m, 4H), 2.38-2.29 (m, 2H); 3C NMR (100 MHz,
CDCls) 6 = 159.5, 156.0 (d, Jcr = 244.8 Hz), 154.2, 151.6, 142.5, 139.6 (d, Jcr = 8.5
Hz), 126.9, 124.7 (d, Jcr = 3.4 Hz), 124.6, 123.4 (d, Jcr = 7.9 HZz), 119.4 (d, JcF = 2.5
Hz), 118.5, 117.0, 116.5 (d, Jcr = 20.5 Hz), 113.6, 97.1, 79.2, 72.9, 67.4, 52.9, 51.29,

51.27, 33.2. LCMS (TOF, ES+) for C24H24FN4O2 [M+H]*; 419.0.
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Synthesis of 6-fluoro-4-(4-(2-fluorophenyl)piperazin-1-yl)-8-(methoxy-ds)quinoline-
3-carbonitrile (2.101)

This compound was synthesized according to general procedure 6A. White solid (18
mg, 68% yield). *H NMR (600 MHz, CDCl3) & 8.74 (s, 1H), 7.25 (dd, J = 9.9 Hz and 2.4
Hz, 1H), 7.12-6.98 (m, 4H), 6.91 (dd, J = 10.0 Hz and 2.3 Hz, 1H), 3.83 (m, 4H), 3.37
(m, 4H); 13C NMR (150 MHz, CDCls) & = 161.2 (d, Jcr = 246.4 Hz), 159.0 (d, Jcr = 5.3
Hz), 158.0 (d, Jcr = 11.3 Hz), 156.0 (d, Jcr = 244.8 Hz), 150.7, 139.6 (d, Jcr = 8.5 Hz),
139.2, 124.9 (d, Jcr = 10.9 Hz), 124.7 (d, Jcr = 3.3 Hz), 123.5 (d, Jcr = 7.8 Hz), 119.5
(d, Jcr = 2.0 Hz), 118.1, 116.5 (d, Jcr = 20.6 Hz), 101.4 (d, Jcr = 29.4 Hz), 99.9 (d, JcF =
24.2 Hz), 98.4, 56.1 (M, Jcp = 22.0 Hz), 52.6, 51.27, 51.26. LCMS (TOF, ES+) for

C21H16[?H3]F2N4O [M+H]*; 384.0.

o,

)

\(O

7

N

318



Synthesis of 6-fluoro-4-(4-(2-fluorophenyl)piperazin-1-yl)-8-isopropoxyquinoline-
3-carbonitrile (2.103)

This compound was synthesized according to general procedure 6B. White solid (15
mg, 54% yield). 'H NMR (400 MHz, CDCl3) d 8.76 (s, 1H), 7.22 (dd, J = 9.9 Hz and 2.6
Hz, 1H), 7.13-6.97 (m, 4H), 6.92 (dd, J = 10.6 Hz and 2.5 Hz, 1H), 4.77 (m, 1H), 3.82
(m, 4H), 3.37 (m, 4H), 1.53 (d, 6H); 13C NMR (100 MHz, CDCI3) & = 161.2 (d, Jcr =
245.4 Hz), 159.0 (d, Jcr = 5.6 Hz), 156.5 (d, Jcr = 11.5 Hz), 156.0 (d, Jcr = 244.7 Hz),
150.6 (d, Jcr = 1.8 Hz), 140.1, 139.6 (d, Jcr = 8.5 Hz), 125.2 (d, Jcr = 11.1 HZz), 124.7
(d, Icr = 3.5 Hz), 123.4 (d, Jcr = 7.8 Hz), 119.5 (d, Jcr = 2.3 Hz), 118.2, 116.5 (d, Jcr =
20.4 Hz), 103.3 (d, Jcr = 29.1 Hz), 99.5 (d, Jcr = 24.3 Hz), 98.3, 72.3, 52.5, 51.3, 51.2,

21.8. LCMS (TOF, ES+) for C2sH2aF2N4O [M+H]*; 409.0.
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CHAPTER I

A GENERAL, ENANTIOSELECTIVE SYNTHESIS OF 2-SUBSTITUTED
THIOMORPHOLINES AND THIOMORPHOLINE 1,1-DIOXIDES

Background and Introduction

Importance of Saturated Azaheterocycles

Azaheterocycles are perhaps the most important motif within agrochemical
products and are also extensively explored pharmacophores within medicinal chemistry
programs.'-? In comparison to their unsaturated, aromatic counterparts, saturated

azaheterocycles are preferable for lead optimization due to their improved solubility and

O oL !
s PN :
\\Q\ QS OH
NHAc

3.1 3.2 3.3
Sutezolid A =

0= :
\XN\N/ | © NO, N
Ve [%

2N

O
34 3.5
Nifurtimox ™ Artemisone

Figure 3.1. Examples of pharmaceutically relevant thiomorpholines 3.1-3.3 and their oxidized
congeners (thiomorpholine 1,1-dioxides) 3.4-3.5.
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favorable metabolic and pharmacokinetic profiles.?# Of the saturated azaheterocycles,
the thiomorpholine ring is an example of a privileged medicinal chemistry scaffold and
has attracted more attention in recent years in comparison to its related morpholine
counterpart.®# The presence of the sulfur atom in lieu of the oxygen atom not only
increases this heterocycle’s lipophilicity but also allows access to related heterocycles
with differing oxidation states (chiral thiomorpholine 1-oxides, chiral sulfoximines, and
achiral thiomorpholine 1,1-dioxides), which provides more opportunities for substrate

derivatization.3

Figure 3.1 shows a few examples of biologically active compounds containing
such functionalities. For example, Sutezolid A (3.1), an oxazolidinone antibiotic, is used
to treat drug resistant strains of Mycobacterium tuberculosis.>® Compound 3.2, a
thiomorpholine amide derivative of the non-steroidal anti-inflammatory drug (NSAID)
Naproxen, retains the anti-inflammatory properties of Naproxen while also displaying
hypolipidemic activity in a rat model of hyperlipidemia.®! In addition, the thiomorpholine
amide in compound 3.3 was conducive for both hypolipidemic and antioxidant activity in
Triton WR-1339-induced hyperlipidemic rats.! Unique biological activity is not solely
limited to thiomorpholine analogs; thiomorpholine 1,1-dioxides are also privileged
pharmacophores. For example, Nifurtimox (3.4) is FDA-approved for the treatment of
chronic Chagas disease, while Artemisone (3.5) is effective in the treatment of malaria

in patients infected with artemisinin resistant Plasmodium falciparum.12-14

Traditional Methods for Synthesizing Substituted Thiomorpholine Heterocycles

Despite their prevalence and interesting biological activity, the various synthetic

strategies for accessing 2- or 3-substituted chiral thiomorpholines are lacking.'>18
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Scheme 3.1 describes the most common traditional approaches for synthesizing
substituted thiomorpholines. 3-substituted thiomorpholines are made in a two-step
protocol, starting with L-cysteine 3.6.%° 3.6 is first deprotonated and reacted with ethyl
chloroacetate 3.7 in a Sn2 reaction followed by intramolecular cyclization to form acid
3.8. Treatment of 3.8 with an excess of lithium aluminum hydride results in the desired
chiral thiomorpholine 3.9. Unfortunately, this synthetic route relies heavily on the use of
the chiral pool (cysteine amino acids) or would rely on the development of an
asymmetric Strecker reaction to obtain chiral cysteine analogs.?%-?! Furthermore, this
route does not present easy opportunities for derivatization with regards to analog

development.

Scheme 3.1 also describes the traditional strategy for accessing 2-substituted
thiomorpholines, which are made in a three-step protocol.?? Michael addition of ethyl
thioglycolate 3.11 with a,B-unsaturated nitro compounds 3.10 affords esters 3.12. Nitro

reduction followed by intramolecular cyclization gives amides 3.13, which can be

A: Access to Chiral 3-Substituted Thiomorpholines

o)
J o~ Q Na HLNH LiAIH, NH
HO SH " o A &

: Cl - =
'i“"z EtOH S\)"'/‘(OH THF S\)-.,,/OH
(o]

3.6 3.7 3.8 3.9

B: Access to Racemic 2-Substituted Thiomorpholines

o
0 K,CO4 s. R Zn R LiAIH, R
R N0, + M s — - EtO)K/ _ L Ty e A TYTNA
EtO DMF AcOH s\/§o THF s
O,N
3.10 3.11 3.12 3.13 3.14

Scheme 3.1: Synthetic strategies for accessing both 3- and 2-substituted thiomorpholines.
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reduced with an excess of lithium aluminum hydride to racemic thiomorpholines 3.14.
Unfortunately, with this approach, chiral HPLC/SFC is required to access

enantioenriched products.

Recent Thiomorpholine Synthetic Strategies Using Transition Metals

Given these pitfalls, recent work has been devoted to improving access to both
2- and 3- chiral substituted thiomorpholines. Most notably, in 2013, the Bode group
developed a facile, one-step SnAP (Stannyl Amine Protocol) reaction to access 3-aryl

substituted morpholine, piperazine, and thiomorpholine heterocycles (Scheme 3.2).23-24

A: Initial Reaction Development Involving Stoichiometric Copper

s
[S\/SnBus H Cu(OTf),, 2,6-lutidine [SvSnBua [ l
+ —_—
NH, O)\Ar 4AMS, HFIP N” SAr N "Ar
3.15 3.16 317 3.18

B: Proposed Catalytic Cycle

S
[S\/SnBu3 HFIP [ ~.
2N
Né\Ar /\ +,}l/ Ar
H

cu" cu'

s l
S oy

CF );
Y 3 H cu" b
CF3

Yo

C: Improved Catalytic Reaction Conditions

H o
[O\lfSnBu3 ) Cu(OTf), (cat.), Ligand 3.22 [ j)
o
NH, 4AMS, HFIP N /@
82% yield

60% ee 3.21

h

0. X 0

|

D

Ph P
3.22

3.19 3.20

Scheme 3.2. Synthetic strategy developed by Bode and coworkers to obtain 3-aryl substituted
thiomorpholines
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In this protocol, organostannane 3.15 is condensed with benzaldehydes 3.16 to form
intermediate imines 3.17. Intramolecular cyclization then occurs to afford desired
thiomorpholine heterocycles 3.18.23 Initial reports required stoichiometric amounts of
Cu(OTf)2 in order for the reaction to proceed at a reasonable rate, which led the authors
to putatively assign the mechanistic role of Cu(OTf)2 solely as a Lewis acid, activating
imine 3.17 for nucleophilic attack.?*-?* However, further mechanistic investigation
utilizing radical trap experiments with TEMPO confirmed the hypothesis that the
reaction does indeed involve a radical pathway, and Cu'/Cu' species would serve as
electron donor/acceptor pairs in an overall redox neutral reaction (Scheme 3.2).2°
Therefore, Bode and coworkers hypothesized that the use of ligands to stabilize the
Cu'/Cu" species throughout the catalytic cycle would decrease catalyst inactivation and
obliviate the need for stoichiometric Cu(OTf)2. Refinement of the reaction conditions
utilizing racemic PhBox ligands allowed for the incorporation of catalytic amounts (as
low as 5 mol%) of Cu(OTf)2and the synthesis of heteroatom-substituted
thiomorpholines, which were elusive under the seminal reaction conditions.?® Given
these results, the use of chiral ligand 3.22 ((S)-PhBox)) was further investigated for its
utility in the enantioselective formation of these heterocycles. SnAP reagent 3.19 was
condensed with benzaldehyde 3.20, and intramolecular cyclization afforded morpholine
3.21 in excellent yield, albeit with low enantioselectivity (60% ee).?® Interestingly, the
application of these reaction conditions were not applied/reported towards the
thiomorpholine congeners.?®> However, even though the improved catalytic reaction
conditions are a considerable improvement, the reliance on transition metal catalyzed

reactions and the use of toxic organostannane reagents are of concern. Additionally, the
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SnAP strategy for synthesizing morpholine, piperazine, or thiomorpholine heterocycles
only allows for the incorporation of aryl groups and not alkyl groups at the 3-position. By
analyzing the proposed mechanism in Scheme 3.2, it is evident that the success of the
reaction entails formation of imine 3.17. Since alkyl substitutions would allow for
imine/enamine tautomerization, the desired intramolecular radical cyclization would not
occur. Indeed, Bode and coworkers observed only protodestannylated side products for
alkyl substituted aldehydes in their reaction methodology.?®> Given these issues and the
low enantioselectivity observed for the synthesis of morpholine 3.21, considerable effort

is still needed to access heterocycles of this nature.

In 2015, Stoltz and coworkers reported their efforts towards the enantioselective
synthesis of 2,2-disubstituted thiomorpholin-3-ones, as shown in Scheme 3.3.26-?7
In this work, thiomorpholine-3-ones 3.23 were treated with Pdz(dba)s and (S)-t-BuPHOX
ligand 3.25 to initiate a palladium-catalyzed decarboxylative allylation reaction to afford
2,2-disubstituted thiomorpholine-3-ones 3.24 in high yields (79-95%) and excellent
enantioselectivities (86-99% ee). Various R groups (alkyl groups, benzyl groups, benzyl
ethers, methyl esters, and aliphatic nitriles) were well tolerated for this reaction.?6-?7
However, this methodology also requires transition metal catalysis and involves lengthy
synthetic routes to obtain the starting materials 3.23, which would complicate efforts for

diversification in a medicinal chemistry program.

0_o0 o
5 R P Pd,(dba)s, 3.25 5 R CF3
‘NMO/\/ o \N)H_n ~F
oluene
! s .
)
3.23 3.24 (4-CFsCeHy),P N~/
79-95% yield tBu
86-99% ee 3.25

Scheme 3.3: Synthetic strategy developed by Stoltz and coworkers to obtain 2,2-disubstituted
thiomorpholine-3-ones 3.24
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activation then S\2

6-exo-tet
cyclization SPG

3.26 3.27 3.28

where PG = Protecting Group

Figure 3.2: Key bond disconnections used to access [3-chloro alcohols 3.28

Proposed Synthetic Strategy for Accessing Chiral 2-Substituted Thiomorpholines Using
Organocatalysis

In light of these current synthetic strategies, we sought to develop a robust
synthetic approach for synthesizing chiral 2-substituted thiomorpholines 3.26, where
Figure 3.2 highlights the key bond disconnections and our retrosynthetic analysis
towards these compounds. B-chloro alcohols 3.28 were identified as ideal synthetic
precursors en route to thiomorpholines 3.26. Since we did not want to rely on the
preexisting chiral pool for defining the stereochemistry at the B-position, we wanted to
utilize robust asymmetric induction strategies to access both enantiomers of 3.28 for a
diverse substrate scope. In order to achieve this level of asymmetric induction, chemists
have relied heavily on the use of C>-symmetric organocatalysts.2® Utilizing
organocatalysis with C>-symmetric amines is a very powerful synthetic strategy for
inducing asymmetry within a scaffold, since the unique steric environment introduced by
these chiral auxiliaries reduces the number of competing, diastereomeric transition
states for a given chemical transformation.?® Both Whitesell and Katsuki have previously

demonstrated the synthetic utility of C>-symmetric pyrrolidine chiral auxiliaries in a
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variety of asymmetric reactions including the alkylation of enamides and amides, aldol

reactions, [2,3]-Wittig rearrangements, and Diels-Alder reactions.?%-38

In 2004, Jérgensen and coworkers published their efforts towards the
asymmetric a-chlorination of aldehydes utilizing different C>-symmetric amine
organocatalysts.*° In this methodology, reaction of aldehydes 3.29 with the C»-
symmetric (2R,5R)-diphenylpyrrolidine organocatalyst 3.31 and N-chlorosuccinimide
(NCS) as an electrophilic chlorine source afforded a-chloro aldehydes 3.30 in high
yields (up to 99% yield) and excellent enantioselectivities (up to 95% ee) (Figure 3.3)%°.
While the substrate scope was limited to simple aliphatic systems, we decided that
Jorgensen’s efforts would serve as an excellent starting point for our methodology en

route to B-chloro alcohols 3.28.

o NCS O
: oy
R\)J\H Organocatalyst \‘)J\H Ph ”

3.31 Cl

3.29 3.30 3.31

Figure 3.3: Jérgensen’s asymmetric a-chlorination of aldehydes methodology

In order to explain the diastereofacial selectivity observed in these reactions, we
propose Figure 3.4 as a putative rational. Reaction of organocatalyst 3.31 with
aldehydes 3.29 results in the formation of the thermodynamically favored (E)-enamines
3.33, avoiding A2 strain, which would be a consequence of (Z)-enamine formation.
Steric congestion about the Re-face of enamines 3.33 favors the electrophilic chlorine

source to approach from the Si-face. Following nucleophilic addition of enamines 3.33
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Using (2R,5R)-2,5-diphenylpyrrolidine (3.31) as
organocatalyst

C2-Symmetric Diphenylpyrrolidine ,\\Ph
Organocatalysts NCS Cl. H
N R L__0O
Ph ]\ (Si-face addition)
p-llph H R
Ph” N
3.33 3.30
3.31
Using (2S,5S)-2,5-diphenylpyrrolidine (3.32) as
organocatalyst
Ph
,Q'Ph C( NCS H ClI
Ph N L 0
H Z ]\ (Re-face addition) R&
3.32 Ph Nk

Figure 3.4: Putative rational for diastereofacial selectivity observed in a-chlorination reaction

with NCS, hydrolysis of the resulting imine provides a-chloro aldehydes 3.30. Although it
was not used in Jérgensen’s seminal methodology, we propose that the enantiomer of
3.31, (2S,5S)-diphenylpyrrolidine 3.32, could also be used in a similar manner. In this
case, steric congestion around the Si-face of enamines 3.34 would result in the

electrophile approaching from the Re-face, allowing access to aldehydes 3.35.

By using both enantiomers of the diphenylpyrrolidine organocatalyst (3.31 and
3.32), we plan to develop a method for accessing either enantiomer of 2-alkyl
substituted thiomorpholine heterocycles from key 3-chloro alcohol intermediates 3.28,
which can be synthesized from commercially available aldehydes 3.29. To lend
credence to our ideology, previous effort in our lab has also demonstrated the synthetic
utility of intermediates 3.28 in the enantioselective synthesis of other saturated

azaheterocycles including aziridines, azetidines, morpholines, and piperazines.*%-43
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Materials and Methods

General Synthetic Methods and Instrumentation

Unless otherwise stated, all reactions were conducted in flame-dried or oven-
dried glassware under inert atmospheres of argon. All commercially available reagents
and reaction solvents were used as received, unless otherwise noted. All NMR spectra
were recorded on a 400 MHz AMX Bruker NMR spectrometer. 'H and '*C chemical
shifts are reported in & values in ppm downfield with the deuterated solvent as the
internal standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, g = quartet, b = broad, m = multiplet), integration, coupling constant
(Hz). Low resolution mass spectra were obtained on an Agilent 6120 or 6150 with ESI
source. MS parameters were as follows: fragmentor: 70, capillary voltage: 3000 V,
nebulizer pressure: 30 psig, drying gas flow: 13 L/min, drying gas temperature: 350 °C.
Samples were introduced via an Agilent 1290 UHPLC comprised of a G4220A binary
pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD flow cell. UV
absorption was generally observed at 215 nm and 254 nm with a 4 nm bandwidth.
Column: Waters Acquity BEH C18, 1.0 x 50 mm, 1.7 um. Gradient conditions: 5% to
95% CH3CN in H20 (0.1% TFA) over 1.4 min, hold at 95% CHsCN for 0.1 min, 0.5
mL/min, 55 °C. High resolution mass spectra were obtained on an Agilent 6540 UHD Q-
TOF with ESI source. MS parameters were as follows: fragmentor: 150, capillary
voltage: 3500 V, nebulizer pressure: 60 psig, drying gas flow: 13 L/min, drying gas
temperature: 275 °C. Samples were introduced via an Agilent 1200 UHPLC comprised
of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD

flow cell. UV absorption was observed at 215 nm and 254 nm with a 4 nm bandwidth.
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Column: Agilent Zorbax Extend C18, 1.8 um, 2.1 x 50 mm. Gradient conditions: 5% to
95% CHsCN in H20 (0.1% formic acid) over 1 min, hold at 95% CH3CN for 0.1 min, 0.5
mL/min, 40 °C. For compounds that were purified on a Gilson preparative reversed-
phase HPLC, the system comprised of a 333 aqueous pump with solvent-selection
valve, 334 organic pump, GX-271 or GX-281 liquid hander, two column switching
valves, and a 155 UV detector. UV wavelength for fraction collection was user-defined,
with absorbance at 254 nm always monitored. Method 1: Phenomenex Axiapacked
Luna C18, 30 x 50 mm, 5 pm column. Mobile phase: CHsCN in H20 (0.1% TFA).
Gradient conditions: 0.75 min equilibration, followed by user defined gradient (starting
organic percentage, ending S3 organic percentage, duration), hold at 95% CHsCN in
H20 (0.1% TFA) for 1 min, 50 mL/min, 23 °C. Method 2: Phenomenex Axia-packed
Gemini C18, 50 x 250 mm, 10 um column. Mobile phase: CH3sCN in H20 (0.1% TFA).
Gradient conditions: 7 min equilibration, followed by user defined gradient (starting
organic percentage, ending organic percentage, duration), hold at 95% CH3CN in H20
(0.1% TFA) for 7 min, 120 mL/min, 23 °C. All reagents were purchased from Aldrich
Chemical Co. and were used without purification. Sure-Seal solvents were purchased
from Sigma Aldrich. Analytical thin layer chromatography was performed on 250 uM
silica gel 60 F2s4 plates. Visualization was accomplished with UV light, and/or the use of
potassium permanganate or Seebach stain followed by development with a heat gun.
Chiral SFC was performed using either an Agilent 1260 Series SFC or Waters
Corporation SFC utilizing a Chiralpak IE column (4.6 x 250 mm); co-solvent = methanol

(0.1% DEA); 5-50% gradient/5min, hold for 5 min.
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General Enantioselective Synthesis of 2-Substituted Thiomorpholines and

Thiomorpholine 1,1-Dioxides

Synthesis of C2-Symmetric Organocatalysts 3.31 and 3.32

Our methodology begins with the synthesis of both enantiomers of our
diphenylpyrrolidine organocatalyst (3.31 and 3.32) following literature precedent, as
shown in Scheme 3.4 4446, Diketone 3.36 is first stereoselectively reduced to the
corresponding syn-1,4-diols; 3.37 was formed via (-)DIP-Chloride reduction*’ ,while 3.38
was formed via Corey-Bakshi-Shibata (CBS) reduction*®. Both 3.37 and 3.38 were
treated with an excess of mesyl chloride to form the bis-mesylates and subsequently
reacted with allylamine in a Sn2 reaction/cyclization to form N-allyl pyrrolidines 3.39 and
3.40. Treatment of 3.39 and 3.40 with Wilkinson’s catalyst in aqueous acetonitrile
resulted in olefin isomerization followed by hydrolysis of the corresponding imines to

afford (2R,5R)-diphenylpyrrolidine 3.31 and (2S,5S)-diphenylpyrrolidine 3.32.

OH
(-)>-Ipc,BCI, THF, -78 °C to rt /'\/\(Ph p "'Ph p "'Ph
16 hr Ph pr” N P N

n Ou  1-MsCl, Et;N, DCM,

o 2% -20°C, 3 hr )\ (PhsP)sRhCI

)K/\[(Ph 3.37 3.39 > 3.31
Ph —_—
- i MeCN:H,O (84:16)
o O dlphe;ye]:ﬁg:;ndm 2-y)) OH 2. allylamine, -20 °C @Ph 100 °C, 5 hr
3.36 F Ph tort, 16 hr N 62-70% i Ph
B(OMe)s, BHy SMey, THF Ph Y 69-75% Ph \\\ P N
i, 2.5 hr 5
: OH
91% ! 3.32
3.38 3.40 :

Scheme 3.4: Synthesis of diphenylpyrrolidine organocatalysts 3.31 and 3.32.

Synthesis of B-Chloro Alcohols (R)-3.41a-h and (S)-3.42a-h

With our organocatalysts 3.31 and 3.32 in hand, we were ready to apply
Jorgensen’s methodology to synthesize optically active B-chloro alcohols (Scheme 3.5).

Commercially available aldehydes 3.29 were treated with a catalytic amount (10 mol %)
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of either 3.31 or 3.32 followed by the addition of NCS at 0 °C. Upon completion of the

reaction via TLC, the intermediate chiral a-chloro aldehydes were reduced via sodium

borohydride in methanol in the same pot to obtain B-chloro alcohols (R)-3.41a-h and

(S)-3.42a-h in good yields (60-86%).5! It was crucial that the intermediate chiral a-chloro

aldehydes be reduced in the same pot immediately upon formation, as they were found

to readily decompose even with storage at -20 °C. In addition, previous efforts within our

lab involving the synthesis of morpholine and piperazine heterocycles have noted that

these a-chloro aldehyde intermediates are prone to racemization under mild, basic

reaction conditions, which ruled out the feasibility of direct reductive amination

strategies to install the amine functionality in 3.27.43

‘ Ph p “Ph
R~on e le\ e R
: (10 mol %) H (10 mol %) Y oH
cl NCS, DCM, 0 °C 3.29 NCS, DCM, 0 °C c
3.41 2. NaBH,, MeOH 2. NaBH,, MeOH 3.42
R =

/O\©\/\
R

3.41a, 70% 3.41b, 86%
3.42a, 74% 3.42b, 72%
A(\O M
X
O)\/\’H‘ 4;
3.41e, 60% 3.41f, 70%
3.42e, 65% 3.42f 70%

Scheme 3.5: Synthesis of B-chloro alcohols (R)-3.41a-h and (S)-3.42a-h.
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Synthesis of Cyclization Precursors: Thioesters 3.45a-h and 3.46a-h

Since the direct reductive amination strategy for installing the amine functionality
in 3.27 was not a viable synthetic approach, the chemoselective functionalization of
alcohols 3.41a-h and 3.42a-h was achieved as shown in Scheme 3.6. Alcohols 3.41a-h
and 3.42a-h were reacted with triflic anhydride in the presence of 2,6-lutidine to form the
corresponding triflates. Subsequent treatment of these triflates with N-
benzylethanolamine resulted in a chemoselective Sn2 reaction to afford amino alcohols

3.43a-h and 3.44a-h in 60-78% yield.>! With the presence of the alcohol functional

R _.B
R Bn \;/\N "
R YO & H
" OH cl
3.41a-h 1. Tf,0, 2,6-lutidine, DCM 3.43a-h PhsP, DIAD, 3.45a-h
0 °C, 30 min thioacetic acid R 5
_Bn
2. N-benzylethanolamine, R _Bn THF,0°Ctort, 3 hr \A/\N
DCM, 0°C, 3 hr Y ON Cl

R
cl

3.42a-h 3.44a-h 3.46a-h
R =
% /om W [ :
3.43a, 68% 3.43b, 69% 3.43c, 70% 3.43d, 64%
3.44a, 61% 3.44b, 77% 3.44c, 67% 3.44d, 70%
3.45a, 77% 3.45b, 65% 3.45¢c, 68% 3.45d, 64%
3.46a, 80% 3.46b, 62% 3.46¢c, 72% 3.46d, 66%
i e, O, QT
NS
o)\/\fw X

3.43e, 70% 3.43f, 67% 3.439g, 78% 3.43h, 80%
3.44e, 66% 3.44f, 63% 3.44qg, 60% 3.44h, 72%
3.45e, 74% 3.45f, 66% 3.45¢g, 60% 3.45h, 72%
3.46e, 69% 3.46f, 68% 3.469, 72% 3.46h, 82%

Scheme 3.6: Synthesis of cyclization precursors: thioesters 3.45a-h and 3.46a-h.

368



group, we envisioned that a Mitsunobu reaction with a protected thiol moiety would
grant us access to suitable cyclization precursors. Gratifyingly, Mitsunobu reaction of
amino alcohols 3.43a-h and 3.44a-h with thioacetic acid afforded thioesters 3.45a-h and
3.46a-h in good yields (60-80%).51

Optimization of the Deprotection/Cyclization Cascade: Synthesis of Chiral C2-
Substituted Thiomorpholines 3.47a-h and 3.48a-h

With thioesters 3.45a-h and 3.46a-h in hand, we wanted to test the feasibility of a
one-pot deprotection/cyclization cascade sequence. Upon orthogonal removal of the
acetyl protecting group, the nucleophilic thiolate anion should engage in a favorable 6-
exo-tet cyclization to afford the desired thiomorpholine heterocycles.*® We chose to use
substrate 3.45a as a model system to test different reaction conditions in pursuit of

achieving this transformation (Table 3.1).5!

@\/\/\ ,Bn
Y N
Cl H Conditions N Bn
—_—m

3.45a 3.47a
Entry Reaction Conditions Conversion
1 NaOMe, 0 °C, THF complex mixture by LCMS
2 NaOMe, -20 °C, THF complex mixture by LCMS
3 tBuOK, 0 °C, DMF complex mixture by LCMS
4 tBuOK, -20 °C, DMF complex mixture by LCMS
5 LiBH4, 0 °C to rt, THF > 95%

Table 3.1: Reaction optimization of the deprotection/cyclization cascade.
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Attempts at cleaving the acetyl protecting group of 3.45a under a variety of basic
conditions (entries 1-4) led to formation of complex reaction mixtures devoid of the
desired thiomorpholine 3.47a as determined by LCMS. However, treatment of 3.45a
under reductive conditions using lithium borohydride resulted in the successful removal
of the thiol protecting group followed by concomitant cyclization to thiomorpholine 3.47a
in excellent conversion. Upon workup and purification via flash chromatography, 3.47a
was isolated in 79% yield with 95% ee.>! Enantioselectivity was determined by chiral
SFC analysis with comparison to a racemic thiomorpholine sample synthesized in the

same manner, but using DL-proline as the organocatalyst for the a-chlorination step.

These reaction conditions were applied to the remainder of the thioester
substrates to afford thiomorpholines (S)-3.47a-h and (R)-3.48a-h, as shown in Scheme

3.7. Overall, the deprotection/cyclization was determined to be a robust method for

R\/\ ,Bn ' R ,Bn
LiBH,, THF - N : YN LiBH,, THF

R Bn A R Bn
N — al H | Cl H : SO
S\) 01%:12” ° 1% thorrt S\)

3.47a-g 3.45a-g ' 3.46a-g 3.48a-g

Q. T, o g7

3.47a, 79%, 95% ee 3.47b, 60%, 93% ee 3.47c, 63%, 94% ee 3.47d, 72%, 96% ee
3.48a, 72%, 91% ee 3.48b, 73%, 94% ee 3.48c, 74%, 94% ee  3.48d, 78%, 84% ee

T, Wy O, O

3.47e, 67%, 95% ee 3.47f, 81%, 96% ee 3.479g, 58%, 52% ee 3.47h, 75%, 94% ee
3.48e, 63%, 94% ee 3.48f, 72%, 95% ee 3.489, 62%, 61% ee 3.48h, 69%, 92% ee

Scheme 3.7: Synthesis of chiral C2-substituted thiomorpholines 3.47a-h and 3.48a-h.
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achieving this transformation in good yields (58-79%) amongst all the different
substrates in this study. Additionally, all of the thiomorpholine products are accessible in
high enantioselectivities (84-96% ee) except for the sterically hindered pyranyl analogs

3.47g and 3.48g, which were found to have 52% ee and 61% ee respectively.5?

Synthesis of Chiral C2-Substituted Thiomorpholine 1,1-Dioxides 3.49

With the synthesis of chiral C2-substituted thiomorpholines completed, we
wanted to focus our attention to the related thiomorpholine 1,1-dioxide heterocycle,
another high demand pharmacophore. The synthesis of these oxidized congeners is
shown in Scheme 3.8. Attempts at the chemoselective oxidation of the sulfur atom of
thiomorpholines 3.47 were not trivial. Mixtures of the desired product and formation of
an undesired tertiary amine-N-oxide were always obtained. Therefore, to circumvent
this issue of selectivity, exhaustive oxidation of 3.47 using an excess of oxone followed
by treatment with bis(pinacolato)diboron (Bzpinz) in the same pot, which has been
shown to chemoselectively reduce amine-N-oxides, afforded the desired thiomorpholine

1,1-dioxides 3.49 in 56-72% yield without a loss of enantioselectivity (95-96% ee).50-51

_.Bn
N

R%N,Bn a) Oxone, MeOH:H,0 (1:1), rt, 1 hr R%
, o=s._J
S b) Bopiny, MeCN, rt, 1 hr &

3.47b,c,e 3.49b,c,e

3.49b, 56%, 95% ee 3.49¢, 72%, 95% ee 3.49e, 66%, 96% ee

Scheme 3.8: Synthesis of chiral C2-substituted thiomorpholine 1,1-dioxides 3.49
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Conclusion

Herein, we have reported a robust, enantioselective synthetic strategy for
accessing C2-substituted thiomorpholine and thiomorpholine 1,1-dioxide heterocycles,
which are often high demand pharmacophores for drug discovery programs. The
abundance of commercially available aldehydes is an attractive feature for high-
throughput medicinal chemistry campaigns. Additionally, our method utilizes
organocatalysis as opposed to transition metal catalyzed approaches, and it does not

rely on the chiral pool or chiral chromatography to access enantioenriched products.®?

Experimental Methods

General Synthetic Methods and Instrumentation

Unless otherwise stated, all reactions were conducted in flame-dried or oven-
dried glassware under inert atmospheres of argon. All commercially available reagents
and reaction solvents were used as received, unless otherwise noted. All NMR spectra
were recorded on a 400 MHz AMX Bruker NMR spectrometer. H and '°C chemical
shifts are reported in & values in ppm downfield with the deuterated solvent as the
internal standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, g = quartet, b = broad, m = multiplet), integration, coupling constant
(Hz). Low resolution mass spectra were obtained on an Agilent 6120 or 6150 with ESI
source. MS parameters were as follows: fragmentor: 70, capillary voltage: 3000 V,
nebulizer pressure: 30 psig, drying gas flow: 13 L/min, drying gas temperature: 350 °C.
Samples were introduced via an Agilent 1290 UHPLC comprised of a G4220A binary

pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD flow cell. UV
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absorption was generally observed at 215 nm and 254 nm with a 4 nm bandwidth.
Column: Waters Acquity BEH C18, 1.0 x 50 mm, 1.7 um. Gradient conditions: 5% to
95% CH3CN in H20 (0.1% TFA) over 1.4 min, hold at 95% CH3CN for 0.1 min, 0.5
mL/min, 55 °C. High resolution mass spectra were obtained on an Agilent 6540 UHD Q-
TOF with ESI source. MS parameters were as follows: fragmentor: 150, capillary
voltage: 3500 V, nebulizer pressure: 60 psig, drying gas flow: 13 L/min, drying gas
temperature: 275 °C. Samples were introduced via an Agilent 1200 UHPLC comprised
of a G4220A binary pump, G4226A ALS, G1316C TCC, and G4212A DAD with ULD
flow cell. UV absorption was observed at 215 nm and 254 nm with a 4 nm bandwidth.
Column: Agilent Zorbax Extend C18, 1.8 um, 2.1 x 50 mm. Gradient conditions: 5% to
95% CH3CN in H20 (0.1% formic acid) over 1 min, hold at 95% CH3CN for 0.1 min, 0.5
mL/min, 40 °C. For compounds that were purified on a Gilson preparative reversed-
phase HPLC, the system comprised of a 333 aqueous pump with solvent-selection
valve, 334 organic pump, GX-271 or GX-281 liquid hander, two column switching
valves, and a 155 UV detector. UV wavelength for fraction collection was user-defined,
with absorbance at 254 nm always monitored. Method 1: Phenomenex Axiapacked
Luna C18, 30 x 50 mm, 5 pm column. Mobile phase: CHsCN in H20 (0.1% TFA).
Gradient conditions: 0.75 min equilibration, followed by user defined gradient (starting
organic percentage, ending S3 organic percentage, duration), hold at 95% CHsCN in
H20 (0.1% TFA) for 1 min, 50 mL/min, 23 °C. Method 2: Phenomenex Axia-packed
Gemini C18, 50 x 250 mm, 10 um column. Mobile phase: CH3CN in H20 (0.1% TFA).
Gradient conditions: 7 min equilibration, followed by user defined gradient (starting

organic percentage, ending organic percentage, duration), hold at 95% CH3CN in H20
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(0.1% TFA) for 7 min, 120 mL/min, 23 °C. All reagents were purchased from Aldrich
Chemical Co. and were used without purification. Sure-Seal solvents were purchased
from Sigma Aldrich. Analytical thin layer chromatography was performed on 250 uM
silica gel 60 F2s4 plates. Visualization was accomplished with UV light, and/or the use of
potassium permanganate or Seebach stain followed by development with a heat gun.
Chiral SFC was performed using either an Agilent 1260 Series SFC or Waters
Corporation SFC utilizing a Chiralpak IE column (4.6 x 250 mm); co-solvent = methanol

(0.1% DEA); 5-50% gradient/5min, hold for 5 min.

General Procedure 1A: Synthesis of B-chloro alcohols 3.41

To a solution of the requisite aldehyde (1.0 eq) in DCM (0.50 M) cooled to 0 °C was
subsequently added (2S, 5S)-2,5-diphenylpyrrolidine (0.1 eqg) and N-chlorosuccinimide
(1.3 eq). The reaction was allowed to stir at 0 °C for 1 hr before being allowed to slowly
warm to room temperature and stir for an additional 16 hr. The reaction was then cooled
to 0 °C for the addition of methanol (0.18 M) and sodium borohydride (5.0 eq)
portionwise. After an additional 30 min of stirring at 0 °C, the reaction was quenched
with the addition of water and diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc x 3. The combined organic material was
washed with brine, dried over MgSOs, filtered, concentrated, and purified via flash
chromatography (Teledyne ISCO flash purification system; silica gel column;

hexanes:EtOAc) to afford the desired products.

General Procedure 1B: Synthesis of B-chloro alcohols 3.42

This general procedure is identical to General Procedure 1A, but (2R, 5R)-2,5-

diphenylpyrrolidine is used as the organocatalyst.
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Note: Racemic samples were also prepared, with a procedure identical to General
Procedure 1A, but using DL-proline as the organocatalyst. These racemic samples were
carried forward throughout the rest of the route (procedures described below) in order to

determine %ee for enantioenriched samples.

Cl

Synthesis of (R)-2-chloro-4-phenylbutan-1-ol (3.41a)

This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(163 mg, 70% yield). *H NMR (400 MHz, CDCls): 7.32-7.29 (m, 2H), 7.23-7.20 (m, 3H),
4.01-3.95 (m, 1H), 3.80-3.76 (m, 1H), 3.72-3.67 (m, 1H), 2.94-2.87 (m, 1H), 2.80-2.73
(m, 1H), 2.09-2.00 (m, 3H). 13C NMR (100 MHz, CDCls): 140.7, 128.7, 128.6, 126.4,
67.1, 64.3, 35.9, 32.5. HRMS (TOF, ES+) calcd for CioH12Cl [M-OH]*, 167.0622; found,

167.0620. [a]%5= +60.6 (C = 2.76, CHCls).

Ol

Cl

Synthesis of (S)-2-chloro-4-phenylbutan-1-ol (3.42a)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(185 mg, 74% yield). Spectral data matched that of 3.41a, but [a]4>= -55.8 (c = 1.23,

CHCl3).

375



Synthesis of (R)-2-chloro-4-(4-methoxyphenyl)butan-1-ol (3.41b)

This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(165 mg, 86% yield). 'H NMR (400 MHz, CDCls): 7.12 (d, J = 8.6 Hz, 2H), 6.84 (d, J =
8.6 Hz, 2H), 3.99-3.93 (m, 1H), 3.79 (s, 3H), 3.79-3.75 (m, 1H), 3.71-3.66 (m, 1H), 2.87-
2.80 (m, 1H), 2.74-2.67 (m, 1H), 2.05-1.99 (m, 3H). 13C NMR (100 MHz, CDCls): 158.2,
132.8, 129.6, 114.1, 67.2, 64.3, 55.4, 36.1, 31.5. HRMS (TOF, ES+) calcd for

C11H14CIO [M-OH]*, 197.0728; found, 197.0727. [a]3°= +64.0 (c = 1.21, CHClIs).

@]

Cl

Synthesis of (S)-2-chloro-4-(4-methoxyphenyl)butan-1-ol (3.42b)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(150 mg, 72% yield). Spectral data matched that of 3.41b, but [«]4°= -58.4 (c = 1.06,

CHCls).

OH

Synthesis of (R)-2-chloro-3-cyclopentylpropan-1-ol (3.41c)
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This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(146 mg, 66% yield). *H NMR (400 MHz, CDCls): 4.06-4.03 (m, 1H), 3.82-3.78 (m, 1H),
3.68-3.63 (m, 1H), 2.09-1.99 (m, 2H), 1.87-1.78 (m, 3H), 1.70-1.50 (m, 5H), 1.18-1.02
(m, 2H). 3C NMR (100 MHz, CDCls): 67.4, 65.1, 40.6, 37.2, 32.9, 32.2, 25.2, 25.1.
HRMS (TOF, ES+) calcd for CsH14Cl [M-OH]*, 145.0779; found, 145.0776. [a]3°= +35.8

(c = 1.03, CHCl).

Cl

Synthesis of (S)-2-chloro-3-cyclopentylpropan-1-ol (3.42c)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(134 mg, 69% yield). Spectral data matched that of 3.41c, but [a]3°= -31.9 (c = 1.11,

CHCl3).

OH

Synthesis of (R)-2-chloro-3-cyclohexylpropan-1-ol (3.41d)

This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(168 mg, 67% vyield). *H NMR (400 MHz, CDCls): 4.16-4.10 (m, 1H), 3.79-3.75 (m, 1H),
3.66-3.61 (m, 1H), 2.06 (bs, 1H), 1.81-1.49 (m, 8H), 1.32-1.09 (m, 3H), 1.02-0.80 (m,

2H). 3C NMR (100 MHz, CDCIls): 67.6, 63.3, 41.8, 34.5, 33.9, 32.3, 26.6, 26.3, 26.1.
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HRMS (TOF, ES+) calcd for CoH1sCl [M-OH]J*, 159.0935; found, 159.0934. [a]25= +29.5

(c = 1.20, CHCl5).

OH
Cl

Synthesis of (S)-2-chloro-3-cyclohexylpropan-1-ol (3.42d)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(156 mg, 73% yield). Spectral data matched that of 3.41d, but [a]%°= -28.7 (c = 1.06,

CHCl3).

Synthesis of (R)-2-chloro-4-(5,5-dimethyl-1,3-dioxan-2-yl)butan-1-ol (3.41e)

This compound was synthesized according to general procedure 1A and purified via
flash chromatography (3:1 hexanes:EtOAc) to afford the product as a colorless oil (165
mg, 60% vyield). 1H NMR (400 MHz, CDCls): 4.47 (t, 1H), 4.10-4.04 (m, 1H), 3.79 (dd, J
=12.0, 4.0 Hz, 1H), 3.67 (dd, J = 12.0, 6.9 Hz, 1H), 3.59 (d, 2H), 3.41 (d, 2H), 2.02-1.74
(m, 5H), 1.17 (s, 3H), 0.72 (s, 3H). 13C NMR (100 MHz, CDCls): 101.4, 77.3, 67.0, 65.0,
31.4, 30.3, 28.5, 23.1, 21.9. HRMS (TOF, ES+) calcd for CioH19ClOsNa [M+Na]",

245.0915; found, 245.0917. [«]3°= +15.2 (c = 1.11, CHCl=).

Cl
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Synthesis of (S)-2-chloro-4-(5,5-dimethyl-1,3-dioxan-2-yl)butan-1-ol (3.42e)
This compound was synthesized according to general procedure 1B and purified via
flash chromatography (3:1 hexanes:EtOAc) to afford the product as a colorless oil (172

mg, 65% yield). Spectral data matched that of 3.41e, but [a]3°= -14.7 (c = 1.01, CHCI=).

Synthesis of (R,2)-2-chlorodec-7-en-1-ol (3.41f)

This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(172 mg, 70% vyield). 'H NMR (400 MHz, CDCls): 5.41-5.28 (m, 2H), 4.05-3.99 (m, 1H),
3.81-3.77 (m, 1H), 3.69-3.64 (m, 1H), 2.07-2.00 (m, 4H), 1.92 (bs, 1H), 1.83-1.67 (m,
2H), 1.58-1.51 (m, 1H), 1.47-1.32 (m, 3H), 0.96 (t, 3H). 13C NMR (100 MHz, CDCls):
132.2,128.8, 67.2, 65.5, 34.3, 29.3, 27.0, 26.1, 20.7, 14.5. HRMS (TOF, ES+) calcd for

C10H20CIO [M+H]*, 191.1197; found, 191.1199. [a]3°= +20.2 (c = 1.05, CHClI3).

Cl

Synthesis of (S,Z)-2-chlorodec-7-en-1-ol (3.42f)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(160 mg, 70% vyield). Spectral data matched that of 3.41f, but [a]3°= -24.1 (c = 3.48,

CHCls).
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Synthesis of (R)-2-chloro-2-(tetrahydro-2H-pyran-4-yl)ethan-1-ol (3.419)

This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-50% EtOAc gradient) to afford the product as a colorless oil
(203 mg, 79% yield). *H NMR (400 MHz, CDCls): 4.03-3.97 (m, 2H), 3.88-3.75 (m, 3H),
3.41-3.34 (m, 2H), 2.17 (bs, 1H), 2.04-1.94 (m, 1H), 1.83-1.78 (m, 1H), 1.66-1.59 (m,
1H), 1.57-1.44 (m, 2H). 13C NMR (100 MHz, CDCls): 69.7, 67.8, 67.5, 64.5, 38.5, 30.1,
29.6. HRMS (TOF, ES+) calcd for C7H14ClO2 [M+H]*, 165.0677; found, 165.0676. [a]3°=

+14.8 (¢ = 1.27, CHCla).
@)
OH
Cl

Synthesis of (S)-2-chloro-2-(tetrahydro-2H-pyran-4-yl)ethan-1-ol (3.429)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-50% EtOAc gradient) to afford the product as a colorless oil
(200 mg, 62% yield). Spectral data matched that of 3.41g, but [a]3°= -13.5 (c = 1.03,

CHCls).

Synthesis of (R)-2-chloro-3-phenylpropan-1-ol (3.41h)
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This compound was synthesized according to general procedure 1A and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(260 mg, 68% yield). 1H NMR (400 MHz, CDCls): 7.34-7.21 (m, 5H), 4.25-4.19 (m, 1H),
3.82-3.78 (m, 1H), 3.71-3.66 (m, 1H), 3.17-3.11 (m, 1H), 3.07-3.02 (m, 1H), 2.15 (bs,
1H). C NMR (100 MHz, CDClz): 137.2, 129.4, 128.7, 127.1, 66.0, 64.9, 40.8. LCMS:

m/z = 153.0 [M-OH] *. [a]%5= +14.6 (c = 1.97, CHCls).

OH
Cl

Synthesis of (S)-2-chloro-3-phenylpropan-1-ol (3.42h)

This compound was synthesized according to general procedure 1B and purified via
flash chromatography (0-20% EtOAc gradient) to afford the product as a colorless oil
(250 mg, 66% yield). Spectral data matched that of 3.41h, but [a]%°= -15.7 (c = 1.98,

CHCl3).

General Procedure 2: Synthesis of amino alcohols 3.43 and 3.44

To a solution of the requisite B-chloro alcohol (1.0 eq) in DCM (0.18 M) cooled to 0 °C
was sequentially added 2,6-lutidine (5.0 eq) and trifluoromethanesulfonic anhydride (1.2
ed, 1.0 M solution in DCM) dropwise. The resulting solution was stirred for 30 min at O
°C before being transferred to a syringe and added dropwise to a solution of N-
benylethanolamine (10.0 eq) in DCM (7.0 M, with respect to N-benzylethanolamine)
cooled to 0 °C. The reaction was allowed to stir for an additional 3 hr before being
diluted with DCM and quenched with sat. NaHCOs. The layers were separated, and the
aqueous layer was extracted with DCM x 3. The combined organic material was

washed with brine, dried over MgSOs, filtered, concentrated, and purified via flash
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chromatography (Teledyne ISCO flash purification system; silica gel column;

hexanes:EtOAc) to afford the desired products.

©\/\/\ -Bn
; N

Cl
OH

Synthesis of (R)-2-(benzyl(2-chloro-4-phenylbutyl)amino)ethan-1-ol (3.43a)

This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (166 mg,
68% yield). 'H NMR (400 MHz, CDCls): 7.33-7.17 (m, 10H), 3.91 (bs, 1H), 3.72-3.55
(m, 4H), 2.90-2.60 (m, 7H), 2.13-2.02 (m, 1H), 1.93-1.84 (m, 1H). 3C NMR (100 MHz,
CDCls): 141.0, 138.3, 129.2, 128.7, 128.6, 127.6, 126.3, 61.3, 60.4, 59.5, 58.9, 56.5,
37.8, 32.4. HRMS (TOF, ES+) calcd for CioH2sCINO [M+H]*, 318.1619; found,

318.1618. [a]3°= -9.38 (C = 0.93, CHCl3).

@\/\ﬁi”

Cl
OH

Synthesis of (S)-2-(benzyl(2-chloro-4-phenylbutyl)amino)ethan-1-ol (3.44a)
This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (200 mg,

77% yield). Spectral data matched that of 3.43a, but [a]3°= +10.4 (c = 1.29, CHCl3).
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OH

Synthesis of (R)-2-(benzyl(2-chloro-4-(4-methoxyphenyl)butyl)amino)ethan-1-ol
(3.43b)

This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (200 mg,
69% yield). IH NMR (400 MHz, CDCls): 7.34-7.27 (m, 5H), 7.10 (d, J = 8.6 Hz, 2H), 6.85
(d, J = 8.6 Hz, 2H), 3.91 (bs, 1H), 3.80 (s, 3H), 3.73-3.56 (m, 4H), 2.85-2.63 (m, 7H),
2.09-2.00 (m, 1H), 1.92-1.82 (m, 1H). 3C NMR (100 MHz, CDCls): 158.1, 138.3, 133.0,
129.5, 129.2, 128.6, 127.6, 114.1, 61.3, 60.4, 59.5, 58.9, 56.4, 55.4, 38.0, 31.5. HRMS
(TOF, ES+) calcd for C20H27CINO2 [M+H]*, 348.1725; found, 348.1725. [a]%°= -9.42 (c =

1.03, CHCla).

o
\©\/Y\ ,Bn
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OH

Synthesis of (S)-2-(benzyl(2-chloro-4-(4-methoxyphenyl)butyl)amino)ethan-1-ol
(3.44b)

This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (95 mg,

65% yield). Spectral data matched that of 3.43b, but [a]3°= +10.8 (c = 0.46, CHCI3).
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Synthesis of (R)-2-(benzyl(2-chloro-3-cyclopentylpropyl)amino)ethan-1-ol (3.43c)

This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (136 mg,
70% vyield). 1H NMR (400 MHz, CDCls): 7.34-7.25 (m, 5H), 3.93 (bs, 1H), 3.77-3.56 (m,
4H), 2.77-2.68 (m, 5H), 2.11-1.98 (m, 1H), 1.80-1.48 (m, 8H), 1.13-1.04 (m, 1H), 1.01-
0.91 (m, 1H). 3C NMR (100 MHz, CDCls): 138.4, 129.2, 128.6, 127.6, 61.8, 61.0, 59.7,
58.9, 56.6, 42.7, 37.2, 33.0, 32.0, 25.13, 25.08. HRMS (TOF, ES+) calcd for

C17H27CINO [M+H]*, 296.1776; found, 296.1777. [a]4’= -25.7 (c = 1.10, CHCI3).

aTe

OH

Synthesis of (S)-2-(benzyl(2-chloro-3-cyclopentylpropyl)amino)ethan-1-ol (3.44c)
This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (127 mg,

68% yield). Spectral data matched that of 3.43c, but [a]3°= +27.4 (c = 1.01, CHCI3).

OH

Synthesis of (R)-2-(benzyl(2-chloro-3-cyclohexylpropyl)amino)ethan-1-ol (3.43d)
This compound was synthesized according to general procedure 2 and purified via flash

chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (145 mg,
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64% yield). H NMR (400 MHz, CDCls): 7.38-7.27 (m, 5H), 4.00 (bs, 1H), 3.80-3.50 (m,
4H), 2.86-2.63 (m, 4H), 1.73-1.52 (m, 9H), 1.30-1.07 (m, 3H), 0.98-0.88 (m, 1H), 0.82-
0.72 (m, 1H). 3C NMR (100 MHz, CDCls): 138.4, 129.1, 128.5, 127.5, 61.9, 59.6, 59.1,
58.9, 56.5, 43.9, 34.5, 33.9, 32.1, 26.5, 26.3, 26.0. HRMS (TOF, ES+) calcd for

C18H2oCINO, 310.1932; found, 310.1937. [a]4’= -18.5 (c = 1.12, CHCI5).

SAaY

OH

Synthesis of (S)-2-(benzyl(2-chloro-3-cyclohexylpropyl)amino)ethan-1-ol (3.44d)
This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-20% EtOAc gradient) to afford the product as a yellow oil (153 mg,

64% yield). Spectral data matched that of 3.43d, but [@]3°= +17.0 (c = 0.91, CHCI3).

QCO
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Synthesis of (R)-2-(benzyl(2-chloro-4-(5,5-dimethyl-1,3-dioxan-2-

ybutyl)amino)ethan-1-ol (3.43e)

This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-30% EtOAc gradient) to afford the product as a yellow oil (157 mg,
70% yield). IH NMR (400 MHz, CDCls): 7.34-7.28 (m, 5H), 4.44 (t, 1H), 4.04 (m, 1H),
3.75 (m, 4H), 3.59 (d, 2H), 3.41 (d, 2H), 2.80 (m, 5H), 2.01-1.95 (m, 1H), 1.90-1.81 (m,
1H), 1.80-1.72 (m, 2H), 1.17 (s, 3H), 0.71 (s, 3H). 13C NMR (100 MHz, CDCls): 138.1,

129.1, 128.4, 127.4, 101.2, 77.1, 61.0, 59.4, 58.8, 56.3, 31.2, 30.10, 30.08, 23.0, 21.8.
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HRMS (TOF, ES+) calcd for C1oHa1CINOz [M+H]*, 356.1987; found, 356.1995. [a]25= -

24.4 (c = 0.66, CHCIa).

¥WH

OH
Synthesis of (S)-2-(benzyl(2-chloro-4-(5,5-dimethyl-1,3-dioxan-2-
yl)butyl)amino)ethan-1-ol (3.44e)
This compound was synthesized according to general procedure 2 and purified via flash
chromatography (0-30% EtOAc gradient) to afford the product as a yellow oil (145 mg,

74% yield). Spectral data matched that of 3.43e, but [a]3°= +24.9 (c = 0.64, CHCl3).

OH

Synthesis of (R,2)-2-(benz