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Abstract

Part 1. Discovery of a Fluorinated Enigmol Analog with Enhanced Pharmacokinetic and Anti-
Tumor Properties. Part 2. Preferential Activation of Metabotropic Glutamate Receptor 3 over

Metabotropic Glutamate Receptor 2

By Eric J. Miller

Part 1: Sphingolipids are a structurally diverse class of biomolecules that perform various functions
within the cell. Of particular interest are sphingosine, which signals for programmed cell death and cell
growth arrest, and sphingosine-1-phosphate, which signals for cell growth and proliferation. Via acute
regulation of the intracellular concentrations of sphingosine and sphingosine-1-phosphate, the
sphingolipid metabolic pathway balances cell growth and cell death signaling, rendering modulation of
this pathway a reasonable strategy for the treatment of cancer. In the late 80s, our lab hypothesized
that a sphingosine mimic incapable of phosphorylation by sphingosine kinase would slow cancer cell
proliferation. Such a compound, Enigmol, which does not contain the primary hydroxyl group
phosphorylated by sphingosine kinase, was developed in our lab. This compound is efficacious against
the proliferation of a variety of human cancer cell lines 77 vitro and in vivo, most notably against those
from prostate cancer. Enigmol also demonstrates attractive pharmacokinetic, metabolic, and toxicity
profiles. The primary objective was to discover novel Enigmol analogs with maintained or enhanced
tumor growth inhibition in animal models of prostate cancer. It was hypothesized that fluorinated
Enigmol analogs with higher lipophilicity would demonstrate enhanced efficacy against prostate cancer
cell proliferation due to increased tissue uptake as compared to Enigmol. Accordingly, a series of
fluorinated Enigmol analogs were designed, synthesized, evaluated for cytotoxicity which indicated an
equipotent relationship between Enigmol and fluorinated analogs. Pharmacokinetic studies
demonstrated that while drug concentrations in plasma correlated with fluorine content, drug
concentrations in various tissues did not. While the most lipophilic analog CFs-Enigmol achieved
significantly higher tissue concentrations than Enigmol, CF2-Enigmol, which is more lipophilic than
Enigmol but less than CFs;-Enigmol, absorbed into tissue at even higher concentrations. Furthermore,
while CF3-Enigmol was not as efficacious as Enigmol in mouse xenograft models of prostate cancer,
CF»-Enigmol is the first analog to demonstrate improved tumor growth inhibition iz vive as compared
to Enigmol. Intellectual property was subsequently claimed, and CF>-Enigmol has been licensed to
Que Oncology.

Part 2: Glutamate is one of the main neurotransmitters in the CNS, and it activates two classes of
glutamate receptors: metabotropic (mGluRs) and ionotropic (iGluRs). The mGluRs, of which there
are 8 subtypes, are class C GPCRs that are further classified into groups I — 111 based on sequence
homology, signal transduction, and pharmacology. While few subtype-selective agonists have been
reported, group-selective agonists are widely used as pharmacological tools and have been implicated
as potential therapeutic agents for a wide array of neurological disorders. In particular, several group
II mGlIuR agonists have demonstrated neuroprotective activity in a vatriety of i vivo settings,
highlighting the potential of group II mGluRs (mGluR2 and mGluR3) as drug targets for treating
neurodegenerative diseases. Contrary to early viewpoints however, a large volume of recent literature



stresses that each individual mGluR has unique functions distinct from those of the other mGluRs,
even others amongst the same group. In particular, several studies using mGIluR2/- and mGIluR3-/-
knockout mice revealed that the neuroprotective actions of selective group II mGluR agonists are
entirely mediated through mGIuR3, whereas selective activation of mGluR2 may be toxic. Thus, the
project goal was to achieve selective mGIluR3 activation, and investigation began with design and
synthesis of a series of analogs of N-acetyl-L-aspartyl glutamate (NAAG) for evaluation of mGluR3
activity 7z vitro using the GloSensor cAMP Biosensor. During assay implementation, it was discovered
that chloride affects activation of mGIuR3 but not mGluR2. Although NAAG and analogs proved to
be inactive at mGluR3 in the GloSensor assay, a combination of computational molecular modeling,
pharmacology, and site-directed mutagenesis enabled elucidation of chloride as an endogenous agonist
of mGluR3 that preferentially activates mGIluR3 over mGluR2. Furthermore, these studies support a
proposed molecular mechanism of chloride discrimination between mGluR3 and mGluR2, which can
likely be exploited for the discovery of an mGluR3-selective agonist with neuroprotective properties.
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Part 1. Discovery of a Fluorinated Enigmol Analog with Enhanced Pharmacokinetic

and Anti-Tumor Properties

1.1. Introduction

1.1.a. Roles of Sphingolipid Biochemistry in Cancer

Sphingolipids are a structurally diverse class of endogenous lipids that contain a common
sphingoid base core, which is 18 carbons in length and decorated with a 25-amino-1,3-diol head group.
Exhibiting this core structure, sphingosine is a versatile biosynthetic intermediate that is enzymatically
modified to generate a wide array of sphingolipid species, many of which act as second messengers!.
The mammalian sphingolipid biosynthetic pathway (Figure 1) begins with serine palmitoyl transferase
(SPT)-catalyzed coupling of I-serine and palmitoyl-CoA to generate 3-ketosphinganine, which can
then be reduced to sphinganine by 3-ketosphinganine reductase (KSR). Sphinganine is a substrate for
dihydroceramide synthase (DS), which facilitates acylation of the sphingoid basic amine to produce
dihydroceramide, which can subsequently be converted to fatty amide-containing ceramide via
enzymatic activity of dihydroceramide desaturase (DD), a type of ceramide synthase (CS). Ceramide,
which is a key component of lipid rafts?, can then be subjected to glycosyltransferase (GT)-mediated
glycosylation of the primary hydroxyl group to generate a class of glycosphingolipids, including
cerebrosides and gangliosides, which are integrally involved in cell-cell communication and can be
converted back to ceramide via action of glycosylceramidase? (GCD). Alternatively, sphingomyelin
synthase (SMS) can catalyze the coupling of ceramide and phosphatidylcholine to yield sphingomyelin,
a structural component of the myelin sheath that is subject to sphingomyelinase (SM)-mediated
retrograde biosynthesis of ceramide. Sphingosine can instead be generated from fatty amide-containing
ceramide via ceramidase (CD)-facilitated deacylation, a reaction that can be reversed by the activity of
sphingosine N-acyltransferase (SN'T), another type of CS. The primary hydroxyl group of sphingosine

is susceptible to phosphorylation by sphingosine kinase (SK), leading to sphingosine-1-phosphate



(S1P), which is the endogenous agonist of a class of seven-transmembrane S1P receptors#; this reaction
can be reversed via sphingosine-1-phosphate phosphatase (S1PP)-mediated dephosphorylation.
Notably, sphingosine is also a substrate for N-methyltransferase (NMT), which converts sphingosine
to N-methyl sphingosine and N,N-dimethyl sphingosine®. Finally, SIP can be degraded by
sphingosine-1-phosphate lyase (S1PL) to yield phosphoethanolamine and hexadec-2-enal, marking the
sole exit of the sphingolipid metabolic pathway. Figure 1 highlights only a small subset of the
sphingolipid biosynthetic route, which can be generally characterized as a complex, highly fluid, and

rapid equilibrium between a large number of pleiotropic signaling molecules!?2.
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Figure I Sphingolipid Biosynthetic and Metabolic Pathway. This simplified depiction of the
sphingolipid biochemical pathway begins with serine palmitoyl transferase (SPT)-mediated coupling of
L-serine and palmitoyl-CoA, involves enzymatic activity of dihydroceramide synthase (DS),
dihydroceramide desaturase (DD), ceramidase (CD), sphingosine N-acyltransferase (SNT),
sphingosine kinase (SK), and sphingosine-1-phosphate phosphatase (S1PP), and ends with spingosine-
1-phosphate lyase (S1PL)-catalyzed degradation of sphingosine-1-phosphate to phosphoethanolamine
and hexadec-2-enal.

Such rapid interconversion has made the cellular processes elicited by specific sphingolipids
difficult to elucidate, typically requiring addition of enzyme inhibitors to control metabolic conversion®,

upregulation’ or downregulation® of metabolic enzymes to shift the sphingolipid equilibrium, or



lipidomics to relate changes in numerous sphingolipid concentrations to vatiations in cellular function®.
Further complicating this scenario are the opposing roles of sphingosine and S1P in processes relating
to cell death and cell survival, respectively (Figure 2). For example, while exogenous sphingosine
inhibited Chinese hamster ovary (CHO) cell viability 7z vitro®, cultured 3T3 fibroblasts overexpressing
recombinant SK demonstrated substantially increased SK activity and concomitant intracellular levels
of S1P, resulting in elevated DNA synthesis, increased cell proliferation, and decreased serum
deprivation-induced apoptosis, as compared to mock transfects!?. Thus, the relative intracellular
concentrations of sphingosine and S1P, which are acutely regulated by the activity of SK and other
metabolic enzymes, crucially influence cell fate decisions. Such functionally contrasting, cell fate-related
activities have implicated a critical role in cancer progression for S1P, as well as for SK, which has been
deemed an oncogene!!. Supporting this claim are reports of (1) reduced doxorubicin-induced and
sphingosine-induced human breast cancer cell death in cultured MCF-7 cells transfected with SK1, as
compared to mock-transfected cells?, (2) pronounced tumor formation in BALB/c nu/nu mice with
mammary fat pads injected with SK1-transfected MCF-7 cells, versus those injected with mock-
transfected cells, (3) induction of tumorigenicity in NOD/SCID mice subcutaneously injected with
recombinant SK-expressing 3T3 fibroblasts, as compared to those injected with mock-transfected
fibroblasts!!, (4) decreased intestinal adenoma diameter in ApcMin/+ SK1+/- knockout mice® versus
ApcMin/+ SK1+/* mice, and (5) elevated expression of SK1 mRNA in solid tumors localized in the
human breast, uterus, ovary, lung, colon, small intestine, and rectum as compared to healthy human
tissue of the same type!?. Alternatively, the intrinsic cell death signaling profile of sphingosine is
highlighted by (1) sphingosine-induced cytotoxicity against CHO cell viability iz vitre®, (2) increased
apoptosis in 3T3 fibroblasts transfected with recombinant S1PP, as compared to mock-transfected
fibroblasts'3, (3) sphingosine-mediated apoptosis in human leukemia (HL60, CMK7, and U937) cells
and human colon cancer (HT29, HRT18, MKN74, and COLO205) cells iz vitro'4, and (4) dose-
dependent, sphingosine-induced cytotoxicity against cultured human melanoma (C8161 and A2058)

cells’>. Despite pro-apoptotic signaling however, the potential for exogenous sphingosine as a



chemotherapeutic agent is substantially limited by rapid conversion to S1P and other metabolites.

Accordingly, inhibition of SK is an anti-cancer strategy that many laboratories have explored!6.17.
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Figure 2 Equilibrium between Cell Death and Cell Survival Signaling. Sphingosine kinase (SK)
and sphingosine-1-phosphate phosphatase (S1PP) regulate relative intracellular concentrations of
cytotoxic sphingosine and growth-stimulatory sphingosine-1-phosphate.
1.1.b. Enigmol, a 1-Deoxy-Sphingoid Base with Anti-Cancer Activity

In contrast, our research group envisioned that a sphingosine mimic insusceptible to
phosphorylation by SK could reestablish a proper balance of sphingosine and S1P activity, which could
result in the inhibition of cancer progression. Specifically, it was hypothesized that sphingoid base
analogs lacking the C-1 hydroxyl group would adopt the cytotoxic signaling profile of sphingosine,
while avoiding conversion to potentially pro-mitotic, S1P-like metabolites; accordingly, 1-deoxy-
sphingosine analogs were pursued (Figure 3). As sphingosine (ICso = 2.8 pM) was more potent against
CHO cell viability than both ceramide (ICsp > 100 uM) and sphingosines of different lengths? (3.2 uM
< ICso = 95 pM), analogs were designed to retain the sphingoid basic amino group and to be 18 carbons
in length. Notably, 1-deoxysphingosine analogs would demonstrate lower aqueous solubility and higher
lipophilicity than sphingosine, due to the decrease in hydrophilicity. Therefore, an additional secondary
hydroxyl group was proposed to facilitate close replication of sphingosine hydrophilicity. C-5 was
chosen as an appropriate position because a class of 5-hydroxy sphingolipids called fumonisins are

fungal toxins that act via inhibition of CS to elevate intracellular concentrations of sphingoid bases®18.



Of course, adding a hydroxyl group to the C-5 position of sphingosine would result in a tautometizable
enol with poor stability. Even if the equilibrium between tautomers heavily favored the enol form due
to intramolecular hydrogen bonding interactions, any keto tautomer that formed would be prone to
intramolecular cyclocondensation and subsequent enamine formation. Because sphingosine (ICso =
2.8 uM) and sphinganine (ICs0 = 2.9 uM) demonstrated equipotent cytotoxicity against CHO cell
viability 7z vitro®, as well as very similar efficacy against cultured human melanoma (C8161 and A2058)
cell survival's, the 4,5-olefin of sphingosine was deemed unnecessary for activity, and thus, unnecessary
for 1-deoxy-sphingosine analogs. The application of these design principles led to the pursuit of fully

saturated, 1-deoxy-5-hydroxy-sphingoid base enigmol.
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Figure 3 Design Principles Leading to the Discovery of Enigmol. Structural motifs highlighted
in green, blue, and red were retained or modified to optimize drug properties relating to cytotoxicity,
metabolism, and solubility, respectively.

While the three unnatural stereoisomers of sphingosine demonstrated equipotent cytotoxicity
to naturally occurring D-erythro-sphingosine against CHO cell viability? (2.0 uM < 1Csp < 2.8 pM),
25,35,58-enigmol was > 3-fold more potent than 2K,35,55-enigmol against human ovarian cancer
(A2780, ICs0 = 3.5 uM and 13 puM, respectively) and human lung cancer (SW1573, ICso = 3.0 pM and
9.7 uM, respectively) cell proliferation!®, suggesting preference for the natural 25 configuration.
Additionally, 2.5,3KR,5R-enigmol was = 5-fold less active against PC3 and LNCaP cell viability (ICso =

49.3 uM and 50.0 pM, respectively) than the other three 25-enigmol diastereomers? (5.0 uM = ICsp <



9.7 uM and 9.7 pM = ICso = 10.3 uM, respectively). Furthermore, a substantially slower rate of CS-
mediated N-acylation was obsetved for the #hreo isomers, 2.5,35,55-engimol (Vimax/Km =5 pmol-mg-
L'min'-um) and 25,35,5R-enigmol (Vima/Kmn =4 pmol-mg!-min-'-um-"), than for the corresponding
erythro stereoisomers, 25,3R,5R-enigmol (Vima/Km = 125 pmol'mg!'min'-um?) and 2S,3R,5S-
enigmol?! (Vine/Km = 42 pmol'mg!min'-um). Since N-acylation would result in ceramide-like
compounds that would likely demonstrate significantly weaker cytotoxicity than the corresponding
sphingoid bases?, a slow rate of CS-mediated metabolism, and accordingly, a sy#-relationship between
the 25 amine and the C-3 hydroxyl group, was desired. These considerations, coupled with a highly
diastereoselective aldol approach developed in our laboratory to furnish 2.5,35,55-enigmol?? (hereafter
referred to as Enigmol), indicated Enigmol as the lead compound for further experimentation.
Importantly, Enigmol is not phosphorylated by SK or other kinases?3, and notably, its mechanism of
action involves inhibition of SK23, C§?!, and protein kinase C?* (PKC).

Enigmol demonstrated cytotoxic activity zz vitro (0.4 uM = 1Cs0 < 14uM) against the
proliferation of all 57 human cancer cell lines screened by the National Cancer Institute, and it
additionally outperformed both the cytotoxic and caspase-stimulatory properties of sphingosine in
human colon carcinoma (HT29) cells and human prostate cancer (DU145) cells®. Enigmol is also
active 7z vitro against the viability of both androgen-sensitive (LNCaP, I1Cso = 9.7 pM) and androgen-
insensitive (PC3, ICsp = 10.3 uM) human prostate cancer cell lines?’. While the majority of compounds
with micromolar anti-cancer activity 7z witro cannot achieve therapeutically effective tumor
concentrations 7z vive, Enigmol efficiently partitions into tissue?, allowing the buildup of drug
reservoirs after multiple oral doses. This is consistent with the significant anti-tumor efficacy of
Enigmol in multiple mouse models of cancer, including Min mouse models of intestinal cancer (6
weeks, once daily oral dosing, 0.025% food by mass, n = 8 per treatment group), as well as DU145 cell
nu/nu Balb/c mouse (32 days, once daily oral dosing, 8 mg/kg via intraperitoneal injection for the first
5 days, n = 10 per treatment group) and PC3 cell nu/nu athymic mouse (40 days, once daily oral dosing,

10 mg/kg via gavage, n = 15 per treatment group) xenograft models of prostate cancer?. Notably,



inhibition of tumor growth was not accompanied by systemic toxicity as evaluated using
histopathology, clinical pathology, body mass monitoring, and liver and kidney function biomarkers.
In a subsequent study, Enigmol (once daily oral dosing, 10 mg/kg) was compared head-to-head with
surgical androgen-derivation therapy (castration, n = 10-12) and with hormone-refractory prostate
cancer standard of care docetaxel (once weekly dosing, 15 mg/kg via intrapetitoneal injection, n = 15)
in LNCaP cell (45 days, once daily oral dosing, 10 mg/kg via gavage, n = 10-12) and PC3 cell (32 days,
once daily oral dosing, 10 mg/kg via gavage, n = 15) mouse xenograft models of prostate cancer,
respectively?). Throughout the time courses of these experiments, Enigmol demonstrated comparable
efficacy to both castration and docetaxel treatment, emphasizing the clinical chemotherapeutic

potential of Enigmol.

1.1.c. Design, Synthesis, and in vitro Cytotoxicity of Enigmol Analogs

These results encouraged the synthesis and subsequent cytotoxic evaluation of various
Enigmol analogs?%2627, the drug discovery process for which was enabled by two highly
diastereoselective syntheses of Enigmol, including a Liebeskind-Srogl cross-coupling approach?, as
well as the aforementioned aldol-based methodology?2. The former synthetic route (Scheme 1a) began
with Liebeskind-Srogl cross-coupling between thioester 1 and boronic acid 2 to yield enone 3, which
was then subjected to substrate-directed, diastereoselective reduction with L-selectride to generate 2,3-
syn-aminoalcohol 4. Subsequent substrate-directed diastereoselective epoxidation with #CPBA,
followed by regioselective epoxide opening with Red-Al, produced aminodiol 5, which was finally
deprotected under acidic conditions to yield Enigmol. Alternatively, the aldol approach to access
Enigmol (Scheme 1b) began with a two-step Weinreb ketone synthesis to convert carboxylic acid 6 to
methyl ketone 7, which subsequently underwent (-)-DiPCl-mediated diastereoselective aldol reaction
with tetradecanal to yield B-hydroxy ketone 8. This crude intermediate, which was carried forward
without chromatographic purification to prevent epimerization of the susceptible C-2 chiral center,

was then subjected to substrate-directed, diastereoselective ketone reduction with sodium borohydride,



producing aminodiol 9 as a single diastereomer. Finally, deprotection under palladium-catalyzed

hydrogenolysis conditions afforded Enigmol.
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Scheme I Synthetic Routes Established in the Liotta Group to Access Enigmol and Analogs.
Synthetic preparation of Enigmol and analogs was enabled by two diastereoselective syntheses of
Enigmol involving either (a) Liebeskind-Srogl coupling?” or (b) aldol reaction??.

These two synthetic approaches to Enigmol were employed for the preparation of various
Enigmol analogs, which were subsequently assayed for cytotoxicity against human prostate cancer cells
in vitro (Table 1). While LNCaP cells represent a cell-based model for hormone-dependent prostate
cancer with low metastatic potential, PC3 cells exemplify an 7 vitro model of hormone-independent
prostate cancer with high metastatic potential®. As described previously, Enigmol potency is relatively
insensitive to change in C-3 or C-5 hydroxyl stereocenter, but changing both to the K configuration
(25,3R,5R-enigmol) decreased cytotoxicity 5-fold?. Furthermore, SK-mediated conversion of Enigmol
to S1P-like derivatives of opposing function was not observed?, CS-mediated transformation to less
active ceramide-like metabolites was relatively slow?!, and NMT-mediated metabolism results in the
production of N-methyl Enigmol and IN,N-dimethyl Enigmol?®, both of which retain Enigmol-like

activity. Although N-methyl Enigmol is 2.5-fold less potent than Enigmol against PC3 cell viability,



N-methyl Enigmol would likely exhibit a slower rate of CS-mediated N-acylation due to the increase
in steric bulk at the reaction center, which could result in a longer biological lifetime than Enigmol.
Coupled with the increase in lipophilicity, which could lead to enhanced oral bioavailability, these
considerations highlight the potential for N-methyl Enigmol to overcome ## vivo the drop in PC3 cell
cytotoxicity 7z vitro. This is consistent with the enhanced systemic exposure and terminal plasma half-
life (ti/2) of N-methyl Enigmol versus Enigmol in mice after oral administration (10 mg/kg or 30
mg/kg via gavage, n = 3 per treatment group), as well as the similar efficacy of Enigmol and N-methyl
Enigmol in a PC3 cell mouse xenograft model of prostate cancer? (20 days, once daily oral dosing, 10
mg/kg via gavage, n = 10 per treatment group). Additionally, three unsaturated analogs were
synthesized to evaluate the effects of lipid chain rigidification on potency?’. While css-olefin 10 and
trans-olefin 11 retained the cytotoxic profile of Enigmol, these compounds were less active against
human prostate cancer cells i vitro. In contrast, alkyne 12 was inactive up to 100 uM against both
LNCaP and PC3 cell lines. These results suggest that not all of the proteins that Enigmol targets can
accommodate tail rigidification, and they demonstrate that the flexibility of the fully saturated lipid tail
is optimal for anti-cancer activity. Furthermore, gez-dimethyl analogs 13, 14, and 15 were prepared in
order to evaluate the activity of analogs with decreased stereochemical complexity and increased steric
bulk proximal to the amino group?. It was hypothesized that these changes would further decrease
CS-mediated N-acylation, which was expected to result in improved cytotoxicity i vitro due to
increased biological lifetime. While oxime 15 demonstrated 2.5-fold diminished activity against both
LNCaP and PC3 cells as compared to Enigmol, analogs 13 and 14 were equipotent to Enigmol against
PC3 cell viability, but 2.5-fold less active against LNCaP cells. These results indicate not only the lack
of preference between 55 analog 13 and 5R analog 14, as was observed for Enigmol and 25,35,5R-
enigmol, but also that anti-cancer activity was not enhanced. Overall, an Enigmol analog with
significantly improved activity had not been achieved at this point, which is likely due to the pleiotropic
activity of these compounds, whereby a single structural modification may simultaneously tune in and

out multiple target proteins. However, as evidenced by the translation of Enigmol’s relatively weak,
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micromolatr cytotoxicity iz vitro to its striking, docetaxel-like anti-tumor efficacy 7 vivo, mediocre

potency can be overcome by appropriately tuning pharmacokinetic properties.
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Table I Cytotoxicity of Enigmol Analogs against Human Prostate Cancer Cells in vitro.
LNCaP or PC3 human prostate cancer cells were incubated with enigmol? or Enigmol analog?’, and
cell viability was quantified by measuring mitochondrial activity with the WST-1 reagent. Experiments
were performed in triplicate, and 1Csy values were calculated using GraphPad Prism software from
concentration-response curves that were generated via nonlinear regression using a four parameter
logistic equation.

1.2. Results and Discussion
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1.2.a. Design and Synthesis of CFo-Enigmol
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Figure 4 New Strategy to Enhance Anti-Tumor Activity by Increasing Lipophilicity. d.ogP
values were calculated using the QikProp application® within Maestro® of the Schrédinger Small
Molecule Drug Discovery software suite.

Encouraged by the heightened systemic exposure of orally administered N-methyl Enigmol
as compared to Enigmol, it was hypothesized that increasing the lipophilicity of Enigmol would
translate to enhanced 7z vivo efficacy by virtue of increased gut absorption, improved tissue distribution,
and ultimately, elevated drug concentration in tumor. Replacing aliphatic C-H bonds with C-F bonds
is a common method by which to increase small molecule hydrophobicity, a physicochemical property
that relates to the octanol:water partition coefficient (LogP), which correlates with the energy of
aqueous solvation. The higher energy of aqueous solvation for fluorocarbons versus hydrocarbons has
been shown computationally to stem from the difference between fluorine and hydrogen atom
Lennard-Jones diameter, or fatness?!. By this rationale, solvation of fatter fluorocarbons requires the
disruption of more hydrogen bonding networks between water molecules than solvation of slimmer
hydrocarbons, resulting in the formation of higher order cavities. In turn, fluorinated Enigmol analogs
would exhibit lower entropic penalties of desolvation, which could result in enhanced biological
membrane permeability and protein binding as compared to Enigmol32. Accordingly, three fluorinated
Enigmol analogs with elevated dLogP values (Figure 4) were designed to incorporate fluorine atoms
at the beginning (CF>-Enigmol), middle (16), and end (CFs-Enigmol) of the lipid tail. As calculated
using the QikProp application? in Maestro® of the Schrédinger Small Molecule Drug Discovery
software suite, CF3-Enigmol had the highest cLogP value, closely followed by CF>-Enigmol and analog

16, in succession.
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Scheme 2: Retrosynthetic Analysis for CF,-Enigmol. Initial retrosynthetic analysis of CFz-Enigmol
involved aldol reaction between methyl ketone 7 and aldehyde 17 as the key step.

Upon joining the Liotta Group, my preliminary goal was to synthesize CFa-Enigmol, and
accordingly, boron-mediated aldol methodology, similar to that utilized for the synthesis of Enigmol?2
was envisioned to deliver the desired product. Retrosynthetic analysis (Scheme 2) illustrates that CFo-
Enigmol was anticipated to come from aldol reaction between IN,N-dibenzyl-a-amino methyl ketone
7 and a,a-difluoro aldehyde 17, followed by reduction of the resulting ketone, and final amino group
deprotection. While electron-withdrawing amine protecting groups, such as zr#butyloxycarbonyl (Boc)
or carboxybenzyl (Cbz), elevate the a-proton acidity of a-amino carbonyl compounds, the N,IN-
dibenzyl protecting group contrastingly shields chiral a-amino carbonyls from potential racemization
via both steric bulk and bond rotation hindrance, disallowing proper orbital alignment for enol
formation?3. Aldehyde 17 was expected to form via nucleophilic fluorination of ketone 18, followed by
primary alcohol deprotection, and subsequent oxidation. Synthesis of ketone 18 was envisioned to
proceed via oxidation of the intermediate resulting from regioselective protection of the primary
alcohol of diol 19. While both Brensted and Lewis acids are well known to catalyze the
tetrahydropyranyl ether (THP) protection of alcohols, efficient regioselective THP protection of
primary alcohols in the presence of secondary alcohols has been demonstrated with bulky Lewis acid
catalysts, such as ruthenium(Ill) acetylacetonate’*. Accordingly, this methodology was employed to
selectively protect the primary hydroxyl group of diol 19, yielding mono-THP ether 20, the secondary

alcohol of which was subsequently oxidized with pyridinium chlorochromate (PCC) to generate ketone
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18 (Scheme 3). Nucleophilic difluorination was then carried out with diethylaminosulfur trifluoride

(DAST) to produce intermediate 21, which was then subjected to para-toluenesulfonic acid-mediated
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Scheme 3 Synthesis of a,a-Difluoro Aldehyde 17. Preparation of aldehyde 17 resulted in a 1:3 ratio
of aldehyde to the corresponding hydrate, the mixture of which did not undergo aldol reaction with
methyl ketone 7 to produce B-hydroxy ketone 24.

deprotection to yield alcohol 22. Subsequent oxidation of the resulting primary alcohol to desired
aldehyde 17, however, proved to be less straightforward. While attempted Dess-Martin and Ley
oxidations mediated by Dess-Martin periodinane (in the absence? or presence’ of water) or by
tetrapropylammonium perruthenate’” (TPAP), respectively, failed to facilitate any conversion of the
starting material, reactions with PCC led to the generation of multiple undesired products. Similar
results were previously reported for the oxidation of a,x-difluoro alcohols to the corresponding
aldehydes, where Dess-Martin periodinane led to low yields and messy product mixtures and
pyridinium dichromate (PDC) led to several overoxidation products. Alternatively, Parikh-Doering
and Swern oxidations each facilitated formation of desired aldehyde 17, which demonstrated poor
stability to silica gel chromatography. Instead, the crude material was subjected to purification by

vacuum distillation at 190°C, which furnished the desired product in relatively low yield as a 1:3 mixture
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of aldehyde to the corresponding hydrate. Notably a 1:4 ratio of aldehyde to hydrate was reported
previously for structurally similar species®. Despite low quantities of aldehyde, the hydrate is, in
principle, capable of reverting back to the aldehyde under the basic conditions used for subsequent
aldol reaction?2. Accordingly, the synthesis of 3-hydroxy ketone 24 was attempted via preformation of
the boron enolate of methyl ketone 7 (prepared by Dr. Manohar Saindane in the Liotta Group using
previously reported methods??) with (-)-DiPCl and dimethylethylamine (DMEA), followed by addition
of the 1:3 mixture of aldehyde 17 to hydrate 23. Unfortunately, aldol reaction under these conditions
failed to produce the desired intermediate en route to CFa-Enigmol, which could have involved
complications with 7z sifu generation of water upon conversion of hydrate to aldehyde. Alternatively,
aldol reactions were also attempted using crude aldehyde 17 produced via Swern oxidation or Parikh-

Doering oxidation, neither of which resulted in the detection of desired 3-hydroxy ketone 24.
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Scheme 4 New Retrosynthetic Analysis for CFz>-Enigmol. Revised retrosynthetic analysis of CFa-
Enigmol involved aldol reaction between aldehyde 25 and methyl ketone 26 as the key step.

Since synthesis and reactivity of a,o-difluoro aldehyde 17 appeared to be problematic, a
modified aldol strategy was designed, for which aldehyde and methyl ketone functionalities were
swapped between coupling partners so as to involve a,x-difluoro methyl ketone 26 and previously
reported IN,N-dibenzyl-a-amino aldehyde 253 (Scheme 4). Synthesis of methyl ketone 26 was
envisioned to involve nucleophilic methylation of «,a-difluoro ester 27, which was expected to be
produced via nucleophilic fluorination of a-keto ester 28. Additionally, installation of the lipid tail of
intermediate 28 was anticipated to involve alkyl Grignard addition into chlorooxalate 29. Accordingly,
a solution of dodecylmagnesium bromide was freshly prepared from magnesium turnings and

commercially available 1-bromododecane, and the resulting Grignard solution was added in dropwise
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fashion to a solution of commercially available 29 at -78°C (Scheme 5). As soon as the addition was

complete, TLC indicated no remaining starting material and four products. After immediate workup,
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Scheme 5. Synthesis of «a-Keto Ester 28. Ketone 28, not produced in sufficient quantity via Grignard
reaction with acid chloride 29, was alternatively afforded by Grignard reaction with Weinreb amide
intermediate 30 or with imidazolide intermediate 31.

TH NMR of the crude material indicated an 11:1 ratio of the symmetrical 1,2-diketone to the desired
a-keto ester 28, as well as the presence of the corresponding tertiary alcohol byproduct. While this
result indicated that Grignard addition directly into chlorooxalate 29 would not be a viable approach
for the preparation of a-keto ester 28, it represented a baseline for subsequent changes to the reaction
conditions. In particular, synthesis of a-keto esters via Grignard addition has been reported to proceed
through a-amido ester intermediates that are prepared by addition of the Weinreb amine or imidazole
to chlorooxalate 29. For example, while Weinreb amide intermediate 30% facilitated the production of
alkynyl a-keto esters in significantly better yield than a-imidazolide 31, synthesis of a-keto esters via
aryl Grignard addition to a-imidazolide intermediate 31% proceeded in moderate to good yield.
Although reported yields from both studies suffered with the use of alkyl nucleophiles, addition of
freshly prepared dodecylmagnesium bromide to each of these intermediates was attempted towards
the synthesis of a-keto ester intermediate 28. Firstly, reaction of starting material 29 with the Weinreb
amine® at 0°C in the presence of triethylamine delivered desired intermediate 30 (52% yield after
column chromatography), which subsequently underwent Grignard addition at -78°C to produce -

keto ester 28 (18% yield after column chromatography) in 9% yield over two steps. Alternatively,
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imidazole#! was treated with chlorooxalate 29 at 0°C to generate intermediate 31, which proved to be
unstable to both silica gel and heat (100°C) during attempted column chromatography and distillation,
respectively. To bypass these purification issues, imidazolide 31 was prepared 7 situ, and the resulting
solid imidazole hydrochloride was filtered off. The mother liquor was then cooled to -78°C, and the
Grignard solution was added in dropwise fashion to yield a-keto ester 28 in 17% yield over two steps
after column chromatography. While 17% yield over the first two steps is certainly not ideal, it was
better than the 9% yield obtained with Weinreb amide intermediate 30, it was on par with yields of
similar reactions reported in the literature®, and it provided enough material to proceed with the

synthesis of CF>-Enigmol.
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Scheme 6. Synthesis of «,a-Difluoro Methyl Ketone 26. Grignard reaction with ester 27 produced
methyl ketone 26, but this reaction was not scalable, unlike preparation of 26 via Weinreb ketone
synthesis.

With ample quantities of intermediate 28 in hand, the next goal was to prepare a,a-difluoro
methyl ketone 26 for subsequent aldol reaction. Difluorination of alkyl-substituted a-keto esters with
DAST has been demonstrated to deliver the corresponding a,a-difluoro esters in good yield, without
fluoride addition to the adjacent ester carbonyl*2. Accordingly, a solution of a-keto ester 28 in DCM at
0°C was treated with DAST (Scheme 6), which was subsequently allowed to warm to room
temperature, producing desired a,a-difluoro ester 27 in 83% yield on both analytical scale (200 mg)
and preparatory scale (5.46 g). Although conversion of esters to the corresponding ketones via
Grignard addition generally does not proceed in high yield due to the increased electrophilicity of the

ketone product as compared to the ester starting material, reaction of an a-fluoro ester with
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methylmagnesium chloride was reported to yield the corresponding a-fluoro methyl ketone in 88%
yield®. In similar fashion, a,x-difluoro ester 27 was treated with a solution of methylmagnesium
chloride at -78°C. While this reaction led to isolation of the desired a,a-difluoro methyl ketone 26 in
30% yield on a small scale (150 mg), the corresponding gen-dimethyl tertiary alcohol was the only
detectable product on a moderate scale (3.73 g). Alternatively, addition of magnesium- and lithium-
based organometallic nucleophiles, including methyllithium, to Weinreb amide intermediates derived
from a,a-difluoro esters was reported to deliver the corresponding o,o-difluoro ketones in excellent
yield*. Attractively, these Weinreb amides were prepared from the appropriate o,a-difluoro esters in
one step that involved deprotonation of both the acidic HCI proton and the remaining amino proton
of Weinreb’s salt with #-butyllithium, followed by addition of the resulting lithium amide into the
starting ester. Accordingly, #-butyllithium was slowly added to a solution of Weinreb’s salt at -78°C,
and a solution of a,a-difluoro ester 27 was subsequently added at -78°C in dropwise fashion. The
reaction produced desired Weinreb amide 32 in 91% yield after column chromatography. Furthermore,
addition of methyllithium to intermediate 32 facilitated the preparation of a,a-difluoro ketone 26 in
83% after column chromatography. Highlighting the efficiency of this two-step sequence, crude 'H
NMR of Weinreb amide 32 indicated pure product, which could be carried forward to the next reaction
to cleanly generate methyl ketone 26 in 93% crude yield over two steps without the need for

purification.
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Scheme 7 Synthesis of NV, N-Dibenzyl-x-Amino Aldehyde 25 and Subsequent Aldol Reaction.
Aldol reaction between aldehyde 25 and methyl ketone 26 successfully furnished the CF.-Enigmol
scaffold exhibited by B-hydroxy ketone 34.

The next goal was to prepare previously reported N,N-dibenzyl-a-amino aldehyde 253 for
aldol reaction with «,a-difluoro methyl ketone 26. As Enigmol and analogs have been synthesized by
the original aldol route beginning with IN,N-dibenzyl-a-amino acid 6 (Scheme 1b), large quantities of
starting material 6 have been produced by Dr. Manohar Saindane in the Liotta Group using previously
reported methods?2. With ample material available, carboxylic acid 6 was reduced to corresponding
N,N-dibenzyl-a-aminoalcohol 33 with borane-dimethyl sulfide complex (Scheme 7); '"H NMR of the
crude material indicated a very clean reaction, and that further purification was unnecessary. Alcohol
33 was then subjected to several oxidative conditions to screen for optimal yield and enantiopurity of
desired N,N-dibenzyl-a-amino aldehyde 25. While attempted Dess-Martin3> and Ley?” oxidations led
to relatively messy reaction mixtures with minimal aldehyde detected by crude 'H NMR, Swern
oxidation*> proceeded smoothly to deliver relatively pure aldehyde before purification. Attempted
purification by column chromatography, however, resulted in decomposition of aldehyde 25.
Alternatively, the crude material was taken directly forward to subsequent aldol reaction, after which

desired B-hydroxy ketone 34 was not detected. Instead, quick exposure of crude IN,N-dibenzyl-a-amino
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aldehyde 25 to a short silica plug with a relatively polar mobile phase facilitated rapid isolation of pure

desired product, the optical rotation of which was consistent with values reported in the literature®.
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Scheme 8. Assignment of Relative Stereochemistry for B-Hydroxy Ketone 35. (a) Subjecting B3-
hydroxy ketone 35 to hydrogenolysis conditions resulted in N,N-dibenzyl group removal, followed by
intramolecular reductive amination, yielding pyrrolidinol 37. (b) Irradiated protons are bolded and
colored red, protons corresponding to detected NOE signals are colored blue, and the green numbers
represent integration values for each detected NOE signal. All integration values were normalized to
that of the strongest NOE signal for a given 1D-NOE experiment. Since the C-2 amine stereocenter
was known, the relative configuration of the hydroxyl group was assignable based on the relative
proximities of the known C-2 chiral proton, the unknown C-3 chiral proton, and both diastereotopic
protons on C-4.

Although the initial aldol-based synthesis of Enigmol employed a chiral borane for
diastereoselective aldol reaction, diastereoselectivity appeared to be driven by the chiral center
substituted with the bulky IN,IN-dibenzylamino group, as opposed to the chiral borane?2. In addition to
this apparent substrate-directed diastereoinduction, the need to define baseline reactivity and
stereoselectivity, as well as the desire to synthesize all four diastereomers of 25-CF,-Enigmol, led to
the utilization of achiral chlorodicyclohexylborane. Notably, chlorodicyclohexylborane-mediated aldol
reaction between alkyl-substituted methyl ketones and N-Boc-a-amino aldehydes proceeded with
moderate to high substrate-directed diastereoinduction*’. Accordingly, chlorodicyclohexylborane and
DMEA were employed for the preformation of the boron enolate of «,a-difluoro methyl ketone 26 7»
sitn at -78°C, and a solution of N,N-dibenzyl-a-amino aldehyde 25 was added in slow dropwise fashion

(Scheme 7). Gratifyingly, liquid chromatography-mass spectrometry (LC-MS) analysis of a small

aliquot that was subjected to mini-workup indicated a 61:39 ratio of diastereomers, suggesting that
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each diastereomer could be isolated in sufficient quantity to facilitate synthesis of each diastereomer of
25-CF2>-Enigmol. The reaction sequence involving reduction of carboxylic acid 6 with borane-dimethyl
sulfide complex, Swern oxidation of resulting alcohol 33, and subsequent aldol reaction with aldehyde
25 to generate the mixture of B-hydroxy ketone diastereomers 34 proceeded in 73% over 3 steps;
column chromatography facilitated isolation of sy»- and anti-stereoisomers 35 and 36 in 46% and 27%
yields, respectively. Importantly, preparation of a racemic standard of the higher yielding diastereomer
and comparative chiral HPLC analysis indicated 96% e.e., and thus, that little to no racemization
occurred during this 3 step sequence. In order to assign relative stereochemistry of the resulting 2,3-
aminoalcohols 35 and 36, the higher yielding diastereomer 35 was subjected to palladium-catalyzed
hydrogenolysis conditions, which resulted in cleavage of the IN,N-dibenzyl protecting group, followed
by tandem intramolecular reductive amination*, generating pyrrolidinol 37 in 65% yield (Scheme 8a).
Subsequent '"H NMR Nuclear Overhauser Effect INOE) spectroscopy facilitated assignment of C-3
stereochemistry relative to the 25-amino group (Scheme 8b). Upon irradiation of the chiral proton on
C-2, which was known to be in the § configuration, strong NOE signals were detected for the methyl
group and the chiral proton on C-3, as well as for one of the diastereotopic protons on C-4 and the
chiral proton on C-5 that arose from intramolecular reductive amination. Consistently, irradiation of
the chiral proton on C-3, for which the stereochemical configuration was unknown, resulted in strong
NOE signals for the chiral proton on C-2 and for the same diastereotopic proton on C-4 that produced
an intense NOE signal in the first experiment. As much weaker NOE signals were observed for the
C-2 methyl group and the other diastereotopic proton on C-4, these results provide convincing
evidence to support the assignment of a syz-relationship between C-2 and C-3 chiral protons of -

hydroxy ketone 35.
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Scheme 9 B-Hydroxy Ketone Reduction and Determination of Relative Diol Stereochemistry.
Reduction of ketones 35 and 36 yielded four diastereomeric 1,3-diols, the stereochemical arrangement
of which was determined using Rychnovsky’s acetonide method involving 3C NMR analysis.
Although a variety of methods for diastereoselective reduction of B-hydroxy ketones to the
corresponding 1,3-diols are known, synthesis of all four diastereomers of 25-CI>-Enigmol was desired
for comparison of in vitro cytotoxicity against human prostate cancer cell proliferation. Accordingly,
sodium borohydride was chosen as an appropriate reagent to reduce chirally pure gyn- and anti-3-
hydroxy ketones 35 and 36, respectively, for the expected absence of diastereoselectivity. Therefore,
intermediates 35 and 36 were each treated with sodium borohydride at room temperature, which
resulted in the production and isolation of all four diastereomers of 25-N,N-dibenzylamino-CF»-
Enigmol 38-41 after chromatographic separation (Scheme 9). Notably, the difference in yield between
each pair of sy#- and anti-diols was a result of column chromatography and not due to inherent
diastereoselectivity of the reaction. Since the C-3 chiral centers of 3-hydroxy ketones 35 and 36 were
assigned relative to the known C-2 stereocenter, determination of the relative configurations of each

1,3-diol 38-41 would facilitate assignhment of absolute stereochemistry. Accordingly, Rychnovsky’s



22

acetonide method, by which 1,3-diols undergo acid-catalyzed cyclization with 2,2-dimethoxypropane
to generate the corresponding acetonides®, was employed. Based on this analytical method, the
quaternary carbon of gy#- and anti-acetonides resonate at 13C NMR shifts < 100 ppm and > 100 ppm,
respectively. Additionally, syz-acetonide gen-dimethyl carbons correspond to 13C NMR shifts around
30 ppm and 20 ppm, while ge-dimethyl carbons of anti-acetonides both resonate around 24 ppm.
Hence, diols 38-41 were converted to the corresponding acetonides 42-45, which were then subjected
to Rychnovsky’s 13C NMR analysis. These experiments indicated a syz-relationship between the
hydroxyl groups of diols 38 and 40, as well as an anzi-relationship between the hydroxyl groups of diols
39 and 41. With the stereochemical configuration of each chiral center proposed, diols 38-40 were
finally subjected to palladium-mediated hydrogenolysis conditions to facilitate reductive cleavage of
N,N-dibenzyl protecting groups, resulting in the production of all four diastereomers of 25-CF»-

Enigmol in 44-82% yield (Scheme 10).
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Scheme 10 Final Deprotection of All Four Diastereomers of 25 CF,-Enigmol.

1.2.b. Cytotoxicity against Human Prostate Cancer Cells in vitro

Each of the four diastercomers was submitted to our collaborators in the laboratory of Dr.
John Petros (Department of Urology, Emory University School of Medicine) for evaluation of
cytotoxic activity against both LNCaP and PC3 human prostate cancer cells iz vitro. In similar fashion

to assays conducted for the previously described Enigmol analogs, cultured LNCaP and PC3 cells were
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incubated overnight at 37°C to allow the cells to adhere to 96-well plates. The next day, cells were
treated with increasing concentrations of 1:1 complexes of drug and fatty-acid free bovine serum
albumin (BSA), which were freshly prepared 1 hr prior to use. Drugs were formulated as 1:1 BSA
complexes not only to enhance drug solubility, but also to mimic the physiological transfer to and
penetration of cancer tissue by sphingolipid analogs bound to BSA in the bloodstream®. BSA was used
as a negative control, and each treatment was performed in triplicate for each cell type. After addition
of the formulated drugs, cells were incubated at 37°C for 24 hrs, and then WST-1 reagent, a substrate
for mitochondrial reductase that results in a luminescent byproduct, was added to each well
Mitochondrial reductase activity is commonly used as a measure of cellular metabolism, and therefore,
of cell viability. Cells were then incubated at 37°C for 1 hr, and luminescence was measured at 450 nm
with a reference wavelength of 690 nm. Baseline luminescence was measured before assay and

subtracted from these data, which were subsequently normalized to

LNCaP IC PC3IC
Compound Structure 50 50
(uM) (uM)
?H OH
CF,-Enigmol S S| 134r11 | 117+1a
NH; FF
OH OH
25,35,55-CF,-Enigmol | "--\---"“"-T<-C'2"'25 17.2+1.1 =105
NH, FF
o on
25,3R,5R-CF,-Enigmol |~ "‘--I;--Cm”?s 16.8+1.1 =10.1
NH, FF
OH OH
25,3R,55-CF,-Enigmol |~~~ Cifs | 196411 =11.6
NH; FF

Table 2 Cytotoxicity of 25-CF,-Enigmol Diastereomers against Human Prostate Cancer Cells
In vitro. LNCaP or PC3 human prostate cancer cells were incubated with drug, and cell viability was
quantified by measuring mitochondrial activity with the WST-1 reagent. Experiments were performed
in triplicate, and ICso values were calculated using GraphPad Prism software from concentration-
response curves that were generated via nonlinear regression using a four parameter logistic equation.

BSA treatment. Concentration response curves were generated via nonlinear regression using
Graphpad Prism software, and 1Cso values (£ S.E.M.) were calculated from curves using a four

parameter logistic equation (Table 2). While each diastereomer of 25-CF»-Enigmol demonstrated
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virtually equipotent cytotoxicity against both LNCaP (13 uM < ICso < 20 uM) and PC3 (10 uM = ICso
=< 12 uM) human prostate cancer cell lines, it is notable that the diastereomer least potent against
LNCaP cell viability (25,3R,55-CF2-Enigmol) has the same aminodiol configuration as the least potent
Enigmol diastereomer®. As CF,-Engimol exhibits the same stereochemical arrangement as CIs-
Enigmol?” and difluoro-Enigmol analog 1626, both of which were synthesized by Dr. Mark Baillie in
the Liotta Group similarly to Enigmol via the original aldol route??, comparison of the 7 vitro anti-
cancer activities of these compounds was also important. Concentration response curves wete
generated via nonlinear regression using Graphpad Prism software, and 1Cso values (£ S.E.M.) were
calculated from curves fit with a four parameter logistic equation (Table 3). Similar to the flat structure-
activity relationship observed for previously described Enigmol analogs, as well as for the 25-CF»-
Enigmol diastereomers, Enigmol (LNCaP, n = 4; PC3, n = 3), CF3-Enigmol (LNCaP, n = 4; PC3, n
= 3), 16 (LNCaP, n = 3; PC3, n = 3), and CF>-Enigmol (LNCaP, n = 3; PC3, n = 3) demonstrated
virtually equipotent cytotoxicity against both LNCaP (11 pM =< 1Csp < 18 uM) and PC3 (12 uM =< ICsp
< 21 uM) cells. These results indicate that replacement of Enigmol C-H bonds with C-F bonds did
not alter cytotoxic activity, which is consistent with the hypothesis that fluorinated Enigmol analogs

will exhibit enhanced anti-tumor efficacy iz vivo by virtue of increased tissue absorption. Thus, the next

LNCaP IC PC3IC
Compound Structure 50 50
(uM) (uM)
OH OH
Enigmol "‘--I-"l‘-~-~-’l'“c,JHN 11.7+1.1 121+1.0
NH
OH OH
CF-Enigmol "*-r'l'»---"Li}-'}'CFB 11.3+1.1 214+1.2
NH, 12
OH OH F
NG
16 T M ek 18 13
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Table 3 Cytotoxicity of Fluorinated Enigmol Analogs against Human Prostate Cancer Cells
in vitro. LNCaP or PC3 human prostate cancer cells were incubated with drug, and cell viability was
quantified by measuring mitochondrial activity with the WST-1 reagent. Experiments were performed
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in triplicate, and ICso values were calculated using GraphPad Prism software from concentration-
response curves that were generated via nonlinear regression using a four parameter logistic equation.
series of experiments with which to discriminate between Enigmol analogs necessarily involved
pharmacokinetic studies 7 vivo to compare plasma and tissue exposure after intravenous (1.v.) and oral
(p.0.) administration. Since experiments involving whole animals are resource-intensive, it was not
feasible to evaluate the pharmacokinetic properties of each fluorinated Enigmol analog. Due to both
consistent stereochemical configuration and synthetic accessibility, CFs-Enigmol and CF>-Enigmol
were chosen as the two fluorinated Enigmol analogs to scale up and submit for pharmacokinetic
analysis 7z vive. Small molecule therapeutics with attractive pharmacokinetic properties generally achieve
1Co levels (concentrations required to elicit 90% of the maximal effects) in the appropriate
physiological compartment(s), and accordingly, ICoy values were also calculated from concentration-

response curves (Figure 5) to indicate therapeutically effective concentrations desired to be reached 7

vivo.
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Figure 5 Concentration-Response Curves of Enigmol, CF;-Enigmol, and CF;-Enigmol.
Concentration-response curves were generated with GraphPad Prism software via nonlinear regression
using a four parameter logistic equation, from which 1Co values were calculated. Data are represented
as the mean * S.E.M.
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1.2.c. 17 Scale Up Preparation of CF-Enigmol

While CFa-Enigmol had been prepared successfully on a small scale, it quickly became
apparent that a larger scale synthesis would present more challenges. Starting with 50 g of chlorooxalate
29, preformation of imidazolide intermediate 31, filtration of the resulting imidazole hydrochloride,
and subsequent reaction with dodecylmagnesium bromide at -78°C resulted in a much messier mixture
of products than on a smaller scale (Scheme 11). After several attempts at purification via column
chromatography, careful TLC analysis indicated that desired a-keto ester 28 was significantly
contaminated with 2 undesired byproducts that virtually coeluted on silica gel. Secondarily, separation
of this mixture was attempted via vacuum distillation, during which intermediate 28 and one of the
byproducts coevaporated and condensed into the collection flask, leaving the other undesired product
in the distillation flask. At this point, a-keto ester 28 was still contaminated with a compound exhibiting
very similar polarity and boiling point. Accordingly, a small fraction of this mixture was subjected to
the nucleophilic difluorination conditions required for synthesis of a,x-difluoro ester 27. Delightfully,
DAST converted a-keto ester 28 to intermediate 27, which was easily separated from the undesired
byproduct via column chromatography. Therefore, the entire impure batch of a-keto ester 28 (8% yield
over 2 steps assuming 100% purity) was split into two portions, each of which was subjected to DAST-
mediated difluorination. These reactions resulted in the production of a,a-difluoro ester 27 in 56% and
33% yield on 2.98 g and 4.91 g scales, respectively, assuming that the starting a-keto ester 28 was 100%
pure. While this 3-step sequence for the synthesis of intermediate 27 would cleatly need to be improved
if production of more material were necessary, an ample supply was obtained to continue the scale up
of CF»-Enigmol for pharmacokinetic evaluation. Accordingly, 3.52 g of a,a-difluoro ester 27 was slowly
added to the in sitn-generated, Weinreb amine-derived lithium amide, resulting in the delivery of
Weinreb amide 32. Intermediate 32 was then subjected to aqueous workup, and was directly submitted
for methyl ketone synthesis without further purification. Addition of methyllithium at -78°C afforded

desired o,a-difluoro methyl ketone 26 in 72% yield over 2 steps. Although a sufficient quantity of
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methyl ketone 26 was obtained, the synthetic approach suffered substantially on this larger scale,

proceeding in < 3% overall yield, as compared to 11% yield on the previous scale.
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Scheme 11 1%t Scale Up of a,a-Difluoro Methyl Ketone 26. Preparation of ketone 28 via Grignard
reaction with imidazolide intermediate 31 suffered substantially on a large scale, but nonetheless
enabled synthesis of a sufficient quantity of methyl ketone 26.

Unexpected challenges were also encountered during larger scale synthesis of IN,N-dibenzyl-
a-amino aldehyde 25, which began with the previously described borane-dimethyl sulfide (BH3-Me:S)-
mediated reduction of carboxylic acid 6 to corresponding alcohol 33 on a 5.00 g scale (Table 4, Batch
1). Carboxylic acid 6 was dissolved in THF (0.6 M), and BH3-MexS (1.5 eq) was added at room
temperature in slow dropwise fashion via syringe pump. Partway through the addition, precipitation of
a white solid was observed, and the resulting mixture was stirred overnight. The next morning, white
precipitate remained, and LC-MS analysis indicated only 33% conversion of 6 to desired alcohol 33.
During the original synthesis of CF.-Enigmol, neither white precipitate, nor sluggish reactivity, was
observed for this transformation. To examine the possibility that 1.5 eq BH3-Me:S from the current
reagent bottle was not enough to push the reaction to completion, the reaction was attempted again
on a 1.00 g scale with 3.5 eq BH3-MesS (Table 4, Batch 2). This experiment similarly resulted in white
precipitate formation during BH3-Me,S addition, as well as the exact same 33:67 ratio of starting
material 6 to desired product 33 after stirring overnight at room temperature. The next hypothesis was

that the dropwise addition of BH3-MezS was too slow, allowing the formation and precipitation of
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insoluble complexes involving BH3, Me,S, THF, 6, and/or 33, which sequestered reagent and/or
starting material, resulting in a stalled reaction. Accordingly, the experiment was attempted one more
time on a 1.00 g scale (0.6 M), during which BH3-MesS (3.0 eq) was added by hand in dropwise fashion
as fast as possible while maintaining control over the ensuing exothermic, gas-evolving reaction (Table
4, Batch 3). Precipitation of white solid was quickly observed, after which apparent reaction with
additional BH3-MesS was nonexistent. Dilution with THF (0.2 M) did not facilitate dissolution of the
white precipitate, nor did it reendow quickly added BH3-MezS (3.00 eq) with visually-detectable
reactivity. Based on the hypothesis that dissolution of the white precipitate would liberate starting
material 6 and/or BH; that was sequestered from the reaction medium via precipitation, 4 small
aliquots were removed from the main reaction mixture and transferred to 4 mL screwcap vials
equipped with stir bars. The first aliquot was a taken as a control reaction, and therefore, the reaction
mixture remained unaltered. The other aliquots were diluted with an equal volume (0.1 M) of either
EtOAc, DCM, or Et2O as BH3-MexS was reported to be soluble in each of these solvents®, and all
reaction vessels were stirred overnight at room temperature. While the reaction mixtures containing
1:1 THF/EtOAc (18% 33, 82% 6) and 1:1 THE/DCM (12% 33, 88% 6) resulted in a lower degree of
conversion of 6 to 33 than the control aliquot containing THF only (32% 33, 68% 6), the reaction
mixture containing 1:1 THF/Et,O outperformed all other aliquots with an 83:17 ratio of alcohol 33 to
carboxylic acid 6. This result is likely due to the decreased coordination ability of Et2O as compared to
THF, making the insoluble complexes less likely to form, ultimately freeing up more reagent and
starting material to facilitate reaction progression. Accordingly, the main reaction vessel from which
aliquots were removed was diluted with an equal volume of Et,O, no additional BH3-Me>S was added,
and the reaction mixture was allowed to stir overnight at room temperature. The next morning, L.C-
MS analysis indicated a 96:4 ratio of alcohol 33 to carboxylic acid 6, demonstrating that a reaction
solvent of 1:1 THF/EtO at a concentration of 0.1 M provided for a viable preparation of desired
alcohol 33. Therefore, these reaction conditions were reproduced on a 13.4 g scale, for which BH3-

Me:S (3.5 eq) was added in dropwise fashion via syringe pump, and the resulting reaction mixture was
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stirred overnight at room temperature (Zable 4, Batch 4). The next morning, LC-MS analysis indicated
a 14:86 ratio of alcohol 33 to carboxylic acid 6, indicating that the reaction stalled even when diluted
to 0.1 M with weaker coordinating Et2O. At this point, it was hypothesized that gentle heating would
help to disaggregate and solubilize the white precipitate, which was still present but much less prevalent
than before. After heating the same reaction mixture to 40°C for 8 hrs, LC-MS analysis indicated a 98:2
ratio of alcohol 33 to carboxylic acid 6. Verifying the success of these reaction conditions, a final 4.15
g scale batch was pushed through, for which BH3-Me2S (3.5 eq) was added in dropwise fashion via
syringe pump, and the resulting reaction mixture was stirred overnight at 40°C (Table 4, Batch 5). The
next morning, LC-MS analysis indicated 100% conversion of carboxylic acid 6 to desired alcohol 33.
Ultimately, by changing (1) the solvent from 100% THF to 1:1 THEF/EtO, (2) the reaction
concentration from 0.6 M to 0.1 M, (3) the temperature from = 22°C to 40°C, and (4) the quantity of
BH3-MesS from 1.5 eq to 3.5 eq, the progression of carboxylic acid reduction was greatly improved

from 33% to 100%, facilitating isolation of desired IN,IN-dibenzyl-a-aminoalcohol 33 in 91% yield on

2 4.15 g scale.
0
U BHa-Me,S ~——~
 “oH sMez 23 OH
6 NBn; NBny
Scale Temperature | Concentration | BH;-Me,S .
Batch Solvent P 3VE2 Time %33 | %6
(g) (°c) (M) (eq)
1 5.00 THF rt 0.6 15 overnight 33 67
2 1.00 THF rt 0.4 1.5 overnight 33 67
1.00 THF rt 0.6 3.0 (quickly) 10 min Reaction Stalled
1.00 THF rt 0.2 3.0 (quickly) 10 min Reaction Stalled
A'lqiu‘:' THF rt 0.2 N/A overnight | 32 68
r
3 Al“;" 1:1 THF/EtOAc rt 0.1 N/A overnight | 18 82
Ali
quu" 1:1 THF/DCM rt 0.1 N/A overnight | 12 88
Aliquo .
t4 1:1 THF/Et,0 rt 0.1 N/A overnight 83 17
1.00 1:1 THF/Et,0 rt 0.1 N/A overnight 96 4
a 13.4 1:1 THF/Et,0 rt 0.1 35 overnight 14 86
13.4 1:1 THFfEtE.O 40°C 0.1 3.5 8 hrs 98 2
5 4.15 1:1 THF/Et,0 40°C 0.1 3.5 overnight 100 0
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Table 4 Optimization of BH3-Me,S Reduction of Carboxylic Acid 6. LC-MS analysis utilizing ion
extraction was employed to measure relative quantities of carboxylic acid 6 and alcohol 33.

With sufficient quantities of «,a-difluoro methyl ketone 26 and IN,N-dibenzyl-a-aminoalcohol
33, the subsequent aldol sequence began with Swern oxidation of alcohol 33 to generate the
corresponding aldehyde 25, which was purified via rapid silica plug (Scheme 12). This reaction
proceeded in 91% yield, and measurement of optical rotation indicated that no racemization occurred
during the reaction or during silica gel purification. Aldehyde 25 and methyl ketone 26 were then
subjected to chlorodicyclohexylborane-mediated aldol treaction, resulting in the production of B-
hydroxy ketone 35 in 43% yield after chromatographic separation of the ensuing mixture of
diastereomers. While the previously described aldol sequence (740 mg scale in methyl ketone 26)
yielded in 46% desired syn-stereoisomer 35 over 3 steps (reduction, oxidation, and aldol reaction), scale
up of this sequence (1.59 g scale in methyl ketone 26) facilitated isolation of intermediate 35 in 36%
yield over 3 steps. This reduced yield was due, in part, to purification via column chromatography of
alcohol 33, which was carried forward in crude form during the smaller scale synthesis. As before, -
hydroxy ketone 35 was then subjected to reduction with sodium borohydride on a 1.23 g scale,
generating a 1:1 mixture of gyn- and anti-diols in situ; column chromatography allowed isolation of the
desired N,N-dibenzylamino CF.-Enigmol precursor 38 in 28% isolated yield. This relatively low yield,
which equals that obtained previously on a 300 mg scale, stemmed from difficult separation of
diastereomers via column chromatography. While a sufficient quantity of sy#-diol 38 was obtained, the
low yield marks an opportunity for significant improvement of the synthetic route for future scale up
endeavors, which would necessarily involve induction of diastereoselectivity during the reduction of 8-
hydroxy ketone 35. Lastly, sy#-diol 38 was subjected to palladium-mediated hydrogenolysis (350 mg
scale) to remove the IN,N-dibenzyl protecting group, producing CFz-Enigmol in 66% yield, which was

the same result obtained previously (93 mg scale).
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Scheme 12 1%t Scale Up of CF:-Enigmol. Aldol reaction between aldehyde 25 and methyl ketone
26, as well as subsequent reduction of resulting 3-hydroxy ketone 35, suffered on a moderate scale due
to little to no diastereoselectivity and difficult chromatographic separation of undesired diastereomers.
1.2.d. Pharmacokinetics of Fluorinated Enigmol Analogs

With sufficient quantities of CFz-Enigmol submitted for pharmacokinetic analysis to the
Emory Institute for Drug Development, a series of 7z vivo experiments involving Enigmol, CFs-
Enigmol, and CF,-Enigmol were designed to evaluate the effect of compound lipophilicity on (1)
plasma elimination, (2) oral absorption, and (3) tissue distribution. As rapid i.v. injection effectively
normalizes the plasma absorption properties of different drugs, pharmacokinetic studies involving i.v.
administration were conducted to enable reliable assessment of plasma elimination profiles and
accurate estimation of ti/2 and rate of clearance (Cl), in the absence of variable oral absorption kinetics.
Accordingly, pre-cannulated SD rats (250-300 g) were injected i.v. with a single 2 mg/kg dose of either
Enigmol (n = 3), CF3-Enigmol (n = 4), or CF,-Enigmol (n = 4) in a PEG400/EtOH/Tween80/H,O
(40:10:3:47) vehicle. Blood samples were taken at 8 or 9 time points up to 8 hrs after administration,
and drug concentrations in isolated plasma were quantified using LC-MS/tandem mass spectrometty
(LC-MS/MS) analysis (Figure 6). Although plasma elimination was anticipated to trend inversely with
lipophilicity due to increased plasma protein binding, ti2 and Cl values, as well as the maximum
observed plasma concentration (Cmay) and area under the curve (AUC), indicated that CFs-Enigmol

was removed from plasma remarkably faster than both Enigmol and CF»-Enigmol. Although this result
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could have stemmed from increased metabolism or excretion, the high d.ogP value of CFs-Enigmol
was consistent with rapid distribution out of circulation into tissue, which was a desirable property for

maximal anti-tumor activity.
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Trvax (1s) Corax (HM) tyz (hrs) | AUC,., (uM*hrs) | CI (L/kg/hrs)
Enigmol 0.08%0.00 | 245£0.128 | 4.0+£0.24 1.45 £ 0.045 4.57+£0.143
CF,-Enigmol | 0.08+0.00 | 1.68+0.075 | 1.3+0.18 0.688 £ 0.020 8.18+0.232
CF,-Enigmol | 0.08 £0.00 | 4.40+0.067 | 5.7+0.98 2.91+0.067 2.04 £ 0.047

Drug

Figure 6. Plasma Pharmacokinetics after 2 mg/kg i.v. Administration. SD rats (n = 3-4 per
group) wete treated with 2 mg/kg of either Enigmol, CF3-Enigmol, or CF,-Enigmol via i.v. injection
(vehicle = 40:10:3:47 PEG400/EtOH/Tween80/H,0), and plasma concentrations wete measured
petiodically using LC-MS/MS analysis. Graphs were generated using GraphPad Prism softwate, and
data are represented as the mean + S.E.M.

With plasma elimination profiles characterized, further pharmacokinetic experiments were
designed to compare both plasma absorption and tissue distribution properties after oral
administration. Although plasma elimination after i.v. administration, as indicated by t1/2and Cl values,
did not trend inversely with lipophilicity as expected, increased lipophilicity could improve penetration
across the enterocyte lining of the intestinal wall, which was anticipated to translate to a positive
correlation between lipophilicity and systemic exposure after p.o. administration. Accordingly, pre-
cannulated SD rats (250-300 g) were dosed via oral gavage with 10 mg/kg of either Enigmol (n = 4),
CF3-Enigmol (n = 4), or CF2-Enigmol (n = 4) in vehicles composed of 90:10 olive oil/EtOH (Enigmol
and CF3-Enigmol) or 95:5 PEG400/Tween80 (CF-Enigmol). Blood samples were taken at 10 time

points up to 24 hrs after administration when rats were sacrificed for tissue harvest. Drug

concentrations in isolated plasma and various vital tissue compartments were subsequently quantified
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using LC-MS/MS. In contrast to results from i.v. expetiments, systemic exposure, as indicated by Cpax
and AUC, trended with lipophilicity after p.o. administration (Figure 7a). Consistently, CF3-Enigmol
required the longest amount of time (Tmax) to reach Cma, and it also demonstrated substantially
improved oral bioavailability (68%) as compared to Enigmol (11%) and CF.-Enigmol (10%). Although
Enigmol and CF3-Enigmol were dosed with a different vehicle than CF,-Enigmol, results were very
similar to those observed during previous pharmacokinetic experiments with Enigmol and CFs-
Enigmol in the same vehicle as CF2-Enigmol (Figure 8). Therefore, these results suggest a positive
correlation between compound lipophilicity and the rate of absorption into the portal blood supply via

diffusion through enterocytes.
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Parameters
Drug
Tmax Crnax [ $77] AUCp., . . .
(hrs) | (nm) | (hrs) |(nmi*hrs) %F RBC Brain | Lungs | Liver | Kidney | Prostate
Enigmol 801 |B46%| 83+ | B832¢ 11 0.041+ [ 325+ | 534+ |106+| 1.35%+ | 0.766 ¢
8 1.4 287 | 4.2 26.2 0.016 0.179 | 0.414 | 0.144 | 0.095 0.106
CE.-Enigmol 12+ | 193+ | 551 | 2340+ 68 0.153% | 6.01% | 187+ |194%| 474 346t
rEnig 0.50 | 30.2 1.4 236 0.034 1.46 2.83 | 0.234 | 0.334 0.627
CF,-Enigmol 80% 119+ |99%| 1470+ 10 0936+ | 161+ | 445+ |9.29%| 148% 6.94
rEnig 0.0 16.1 | 1.6° 175 0.039 1.46 2.07 | 0.816 1.30 1.33

Figure 7 Plasma Pharmacokinetics and Tissue Distribution after 10 mg/kg p.o.
Administration. SD rats (n = 4 per group) were treated via oral gavage with 10 mg/kg of either
Enigmol (vehicle = 90:10 olive oil/EtOH), CF3-Enigmol (vehicle = 90:10 olive oil/EtOH), or CF,-
Enigmol (vehicle = 95:5 PEG400/Tween80), and (a) plasma concentrations were measured
periodically using LC-MS/MS. (b) After 24 hrs, animal subjects were sacrificed, the indicated tissues
were harvested, and drug levels in tissue were measured by LC-MS/MS. Graphs were generated using
GraphPad Prism software, and data are represented as the mean £ S.E.M. “The CF»-Enigmol ti/2 value
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is reported with the exclusion of one rat from the group due to inappropriate semilog plots of the
terminal 2, 3, or 4 non-zero data points (positive linear slopes or R? = 0.038).

Notably, the high oral bioavailability of CF3-Enigmol (68-71%) is not only related to the high
AUC after p.o. dose, but also to the low AUC after i.v. dose. Consistent with the 1.v. experiments, CFs-
Enigmol exhibited an unexpectedly shorter ti,> than CF>-Enigmol after p.o. dose, which could have
been due to elevated tissue distribution, metabolic degradation, and/or drug excretion from the body.
The ti1/2 values calculated for CFs-Enigmol and CF>-Enigmol after p.o. administration are likely less
accurate than those calculated after i.v. administration because the p.o. curve shapes illustrate
elimination phases that are convoluted by long, complex absorption phases. While exponential decay
of CFs-Enigmol plasma concentration after Cmax was detectable due to a relatively short ti/a,
exponential decay in the p.o. curve for CF>-Enigmol was not observed. This phenomenon is likely due
to the combination of a relatively high ti/> and a long, complex absorption phase that overlaps with
the elimination phase, all of which would be consistent with drug precipitation in the gut and/or with
competing uptake via the lymphatic system. While CF;-Enigmol demonstrated the highest oral
bioavailability as hypothesized, CF2-Enigmol unexpectedly showed no improvement over Enigmol in
this respect, perhaps suggesting the role of differential absorption mechanisms for uptake of CFs-

Enigmol and CFz-Enigmol.
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Figure 8 Plasma Pharmacokinetics in the Same Vehicle. SD rats (n = 4 per group) were treated
via oral gavage with 10 mg/kg of either Enigmol, CFs-Enigmol, or CF»-Enigmol in a vehicle composed
of 95:5 PEG400/Tween80, and plasma concentrations were measured periodically using LC-MS/MS.
Graphs were generated using GraphPad Prism software, and data are represented as the mean + S.E.M.
The CFz-Enigmol curve is reproduced from Figure 7a for comparison.

With plasma elimination virtually complete by the 24 hr time point for each orally administered
compound, accumulation of Enigmol, CF3-Enigmol, and CF.-Enigmol in red blood cells, brain, lung,
liver, kidney, and prostate was quantified using LC-MS/MS (Figure 7b). Although tissue distribution
was anticipated to correlate with compound lipophilicity, CF2-Enigmol (n = 4) unexpectedely achieved
substantially higher concentrations than both Enigmol (n = 4) and CFs-Enigmol (n = 4) in all tissue
types analyzed. Thus, in unanticipated contrast to plasma exposure after oral administration, tissue
accumulation did not trend with lipophilicity. As described previously, ICoy concentrations represent
the drug levels desired to be achieved at the site of action 7 wivo, and measurement of tissue
accumulation facilitates prediction of relative absorption into tumor. While Enigmol did not achieve
1Co levels (= 14 uM) in any tissue type, CF3-Enigmol achieved the desired concentration (= 19 uM)
in lung. Remarkably, CF2-Enigmol achieved 1Co levels (= 15 uM) in lung (45 uM), brain (16 pM), and

kidney (15 uM), into which Enigmol and CFs-Enigmol preferentially distributed as well. Also notable

are the relative drug levels in prostate, where CFa-Enigmol achieved 2-fold higher concentrations than
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CF3-Enigmol and 9-fold higher concentrations than Enigmol. The extremely high concentration of
CF>-Engimol in lung is another piece of evidence to suggest an alternative mechanism of drug
absorption. Partial uptake by the lymphatic system, for instance, would bypass the liver to deposit the
drug into the thoracic duct, which empties into the superior vena cava, thereby transporting CFo-
Engimol into the right atrium of the heart, passing it through the heart’s right ventricle, and finally
pumping it out through the pulmonary artery to the lungs. While CF3-Enigmol was expected to achieve
the highest tissue concentrations due to both lipophilicity and rapid elimination from plasma, it must
be noted that tissue accumulation was only examined at a single time point. If efficient removal of CI;-
Enigmol from plasma was related to increased metabolism and/or excretion as opposed to tissue
uptake, it is possible that CFs-Enigmol was also eliminated from tissue faster than Enigmol and CF»-
Enigmol. If this were the case, CFs;-Enigmol could have achieved the highest maximum tissue
concentrations at earlier time points, which were not examined during this study. While it is additionally
tempting to speculate that highly lipophilic CF3-Enigmol could have preferentially partitioned into fatty
tissue as opposed to the organs examined during this study, a systematic series of pharmacokinetic
studies involving quantitation of orally-administered compounds and corresponding metabolites in
various tissue types at multiple time points would be required to appropriately address these
considerations. Regardless of the reason for differences between tissue accumulation of CFs;-Enigmol
and CF»-Enigmol, both of these drugs achieved higher tissue concentrations than Enigmol, as
originally anticipated, which is consistent with the hypothesis that increased lipophilicity will translate

to enhanced 7 vivo anti-tumor efficacy.

1.2.e. 2" Scale Up Preparation of CF>-Enigmol

In order to compare the anti-cancer activities of Enigmol, CFs-Enigmol, and CF>-Enigmol 7
vivo, a 204 scale up of CF-Enigmol was required. Accordingly, several of the synthetic challenges
encountered during the 15t scale up endeavor, including detrimentally low yield of a,a-difluoro ester 27

and poor diastereoselectivity of both the aldol reaction and reduction of the resulting 3-hydroxy ketone



37

35, needed to be addressed. First, the synthetic route previously employed for preparation of a,o-
difluoro ester 27 was not amenable to large scale synthesis, as indicated by the low yields obtained
during the 15t scale up synthesis (< 4% yield over 3 steps), as well as during the original small scale
synthesis (14% yield over 3 steps). These low yields resulted largely from poor-yielding production of
a-keto ester 28 via Grignard addition to chlorooxalate 29-derived imidazolide 31 on both small (17%
vield over 2 steps) and moderate scales (< 8% vyield over 2 steps). Accordingly, a more efficient
synthesis of a,o-difluoro ester 27 was sought. Although nucleophilic difluorination of a-keto ester 28
to generate o,a-difluoro ester 27 proceeded in good yield when the starting material was not
contaminated, an alternative approach involving a commercially available synthon with the proper
fluorination pattern already installed was envisioned. In particular, ethyl bromodifluoroacetate is such
a reagent with a reactivity profile that was predicted to enable a transition metal-mediated cross-
coupling approach. This versatile synthon has been demonstrated to undergo zinc-mediated
Reformatsky reactions® with aldehydes, ketones, and imines, as well as copper-mediated cross-
couplings®? with aryl and vinyl iodides. While attempted copper-mediated cross-couplings between
ethyl bromodifluoroacetate and alkyl iodides or alkynyl iodides resulted in no reaction or homo-
coupling, respectively, cross-couplings with both ¢s and #rans vinyl iodides delivered the corresponding
B,y-unsaturated-o,o-difluoro esters in good yield>. Accordingly, an alternative synthetic route to o,a-
difluoro ester 27 was planned to proceed via copper-mediated cross-coupling of alkyl-substituted
terminal vinyl iodide 46 and ethyl bromodifluoroacetate (Scheme 13a). Synthesis of terminal vinyl
iodides has been reported to occur via tandem hydrozirconation/iodination of the corresponding
terminal alkynes®%. Therefore, a solution of commercially available terminal alkyne 47 was treated with
Schwartz reagent at 0°C (Scheme 13b), and the resulting reaction mixture was allowed to warm to
room temperature to generate the corresponding terminal vinyl zirconium species. This solution was
immediately cooled to -78°C, and a solution of electrophilic iodine was added slowly, resulting in the
formation of desired terminal vinyl iodide 46. This tandem hydrozitconation/iodination of terminal

alkyne 47 occurred in good to excellent yield, which trended inversely with scale. While the reaction
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sequence itself resulted in complete conversion of alkyne 47 to terminal vinyl iodide 46 on all scales,
yields suffered as scale increased largely because of purification via column chromatography. Next,
cross-coupling® between vinyl iodide 46 and ethyl bromodifluoroacetate was mediated by copper
powder that was activated to remove copper oxides and salts>>. Activated copper powder was diluted
with DMSO, terminal vinyl iodide 46 and ethyl bromodifluoroacetate were added in succession at
room temperature, and the resulting mixture was warmed to 60°C and allowed to stir vigorously
overnight. Although this copper-mediated cross-coupling produced B,y-unsaturated-o,a-difluoro ester
48 in only 49% yield on a 200 mg scale, production of 48 on moderate to large scales was relatively

consistent between 64 and 71% yield.

a Copper-Mediated
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Scheme 13: Retrosynthetic Analysis and 274 Scale Up Preparation of a,x-Difluoro Ester 27. (a)
Alternative  retrosynthesis of ester 27 involved copper-mediated coupling of ethyl
bromodifluoroacetate and vinyl iodide 46, followed by hydrogenation of the resulting olefin. (b)
Implementation of this new strategy facilitated robust, scalable production of ester 27.

Generation of o,a-difluoro ester 27 via palladium-catalyzed hydrogenation® of allylic gez-
difluoride 48, however, was more variable (Table 5). While o,a-difluoro ester 27 was produced in 84%
yield on a 97 mg scale (Table 5, Batch 1), the same conditions applied to a 2.07 g scale (Table 5, Batch
2) failed to facilitate complete conversion of olefin 48, delivering a mixture of 48 and 27 that was not

separable via silica gel chromatography. These results indicated not only that the reaction should be

monitored by LC-MS instead of TLC, but also that the reaction would need to be pushed to completion
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to allow isolation of pure a,a-difluoro ester 27. Therefore, hydrogenation of olefin 48 was applied to a
4.1 g scale (Table 5, Batch 3), for which reaction progress was monitored by LC-MS via positive ion
extraction, and an extra 0.05 eq of catalyst was added each additional day prior to complete conversion.
Although pure a,a-difluoro ester 27 was produced in 64% yield after column chromatography, the
reaction was quite inefficient, requiring 6 days and five times the initial catalyst loading, making further
optimization desirable. Since each of the hydrogenation reactions of olefin 48 described thus far (Table
5, Batch 1-3) utilized a balloon of hydrogen at 14.7 psi, it was hypothesized that increased reaction
efficiency would result from elevating the pressure of hydrogen. Accordingly, the reaction was carried
out on a 2 g scale using a Patr shaker (Table 5, Batch 4), and the starting pressure at was set to 30 psi.
After 1 hr, LC-MS analysis indicated 27% conversion of olefin 48 to saturated ester 27, but
unfortunately, an additional 1.5 hrs at 30 psi resulted in only 30% conversion total. Similarly, increasing
the pressure to 40 psi for 2 hrs led to only 39% total reaction progress. While raising the pressure to
50 psi for an additional 1 hr pushed the reaction to 43% o,a-difluoro ester 27, 5% of a 27-derived
byproduct whose mass corresponded to the replacement of one fluorine atom with a hydrogen atom
was observed. Decreasing the pressure to 45 psi and shaking overnight resulted in little further
conversion of olefin 48 to wo,a-difluoro ester 27, but 10% total conversion of 27 to the mono-
defluorinated byproduct. While these results suggested that hydrogenation under elevated pressure
would not be an optimal method for the preparation of a,x-difluoro ester 27 due byproduct formation,
all hydrogenations attempted by that point emphasize the challenges and inconsistencies associated
with scaling up a reaction that involves heterogeneous reaction medium and a gaseous reagent. Issues
with scaling palladium-catalyzed hydrogenations are well documented, and poor reaction efficiency is
commonly associated with insufficient reaction vessel head space, less than optimal stirring efficiency,
and/or solid catalyst aggregation. In order to push hydrogenation reactions to completion efficiently,
ample volume in the reaction flask should be available for gaseous hydrogen occupation, and mixing
should be vigorous to maximize the surface area of the solid palladium catalyst, as well as to minimize

catalyst aggregation. With these strategies in mind, the ratio of solvent volume to vessel volume was
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dropped below 0.3, reaction mixtures were stirred with large stir bars as vigorously as possible, and
fresh catalyst was added each day (if necessary) after removal of the old catalyst via filtration (Table 5,
Batch 5-7). While application of these parameters to the hydrogenation of olefin 48 on a 3.06 g scale
(Table 5, Batch 5) delivered o,a-difluoro ester 27 in 94% yield after 1 day without the need for catalyst
replacement, scaling up to 5.88 g (Table 5, Batch 6) and 7.58 g (Table 5, Batch 7) both required 3
days of reaction time with fresh catalyst each day to produce o,a-difluoro ester 27 in 83% yield after
column chromatography. Thus, the preparation of 27 was improved from 4% maximum yield over 3
steps during the 15t scale up (imidazolide formation, Grignard addition, and nucleophilic difluorination)
to 62% maximum yield over 3 steps (hydrozirconation/iodination, cross-coupling, and hydrogenation)

during the 20d scale up.

ji o PAIC, Hg, 1:1 EIOH/EOAC, 1t ,?L o
EO™ ST £O” W NNy
r 48 FF 27
Batch Scale | Concentration | Solvent Volume : Time Catall\rst H. H. Results
(g) (M) Vessel Volume Loading | Pressure | Vessel
1 |0.097 0.01 0.132 lday | 5mol% (x1) | 14.7 psi |Balloon 84% yield
2.07 0.01 0.356 lday | 5mol% (x1) | 14.7 psi |Balloon |Inseparable mixture of 48 and 27
3 4.10 0.02 0.415 6days | Smol % (x5) | 14.7 psi | Balloon 64% yield
2.00 0.10 0.138 1hr | 5mol % (x1) 30 psi Parr 73% 48, 27% 27
2.00 0.10 0.138 1.5 hrs N/A 30 psi Parr 70% 48, 30% 27
4 2.00 0.10 0.138 2hrs N/A 40 psi Parr 61% 48, 39% 27
2.00 0.10 0.138 1hr N/A 50 psi Parr 52% 48, 43% 27, 5% 27 - 1F
2.00 0.10 0.138 1 day N/A 45 psi Parr | 47% 48, 43% 27, 10% 27 - 1F
3.06 0.04 0.264 lday | 10 mol % (x 1) | 14.7 psi | Balloon 94% yield
5.88 0.06 0.169 3days | 10mol % (x 3) | 14.7 psi | Balloon 83% yield
7.58 0.05 0.174 3days | 10mol % (x 3) | 14.7 psi | Balloon 83% yield

Table 5. Optimization of Hydrogenation of Olefin 48 to a,0-Difluoro Ester 27. LC-MS analysis
utilizing ion extraction was employed to measure relative quantities of starting material 48, desired
product 27, and undesired byproduct 27 — 1F.

Although this reaction sequence could have been optimized further, an ample quantity of a,-
difluoro ester 27 was available to continue with the 274 scale up of CF>-Enigmol. Accordingly, o,o-

difluoro ester 27 was subjected to the subsequent 2-step Weinreb ketone synthesis for preparation of

o,a-difluoro methyl ketone 26, which proceeded in 72% yield over 2 steps during the 15t scale up.
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Although this moderate yield was obtained without purification of Weinreb amide intermediate 32, it
was desirable to examine the effect of increasing scale on yield during the 274 scale up (Scheme 14).
While Weinreb amidation of a,x-difluoro ester 27 applied to a 3.68 g scale produced Weinreb amide
32 in only 48% yield after column chromatography, purification via recrystallization on 7.23 g and 8.78
g scales delivered 32 in 87% yield and 99% yield, respectively. Thus, yield was improved drastically by
using recrystallization instead of column chromatography as the method of purification, and increasing
the scale maximized the yield of Weinreb amide 32 by ease of bulk solid precipitation and isolation. In
contrast, preparation of o,a-difluoro methyl ketone 26, which included purification via column
chromatography, resulted in an inverse trend between scale and yield. While the yield was robustly
stable at 78-79% on 2 g, 3.65 g, and 4 g scales, increasing the scale to 7 g and 9.53 g resulted in a
reduction to 67% yield and 61% yield, respectively. Consequently, the preparation of «,x-difluoro
methyl ketone 26 on scale was elevated slightly from 72% yield over 2 steps during the 15t scale up to

78% maximum yield over 2 steps during the 27 scale up.

MeNH{OMe)-HCI, nBuLi, THF, -78°C

FF 27 48% yield (3.68 g scale, chromatography) I gF 32
87% yield (7.23 g scale, crystallization)
99% yield (8.78 g scale, crystallization)

MeLi, THF, -78°C
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/

78% yield (2.00 g scale) EF 26
79% yield (3.65 g scale)
78% yield (4.00 g scale)
67% vyield (7.00 g scale)
61% vyield (9.53 g scale)

Scheme 14: 204 Scale Up of «,a-Difluoro Methyl Ketone 26. Preparation of methyl ketone 26 via
Weinreb ketone synthesis of ester 27 proved to be robust on relatively large scale.

With a sufficient quantity of a,a-difluoro methyl ketone 26 for subsequent aldol reaction, the
next task was moderate scale preparation of aldol coupling partner N,N-dibenzyl-a-amino aldehyde
25. Although precursor N,N-dibenzyl-a-aminoalcohol 33 was previously synthesized via BH3-Me»S-
mediated reduction of carboxylic acid 6, preparation of 6 required saponification of N,N-dibenzyl-a-

amino ester 49, which was derived from [ -alanine?? (Scheme 15). In contrast, preparation of N,IN-
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dibenzyl-a-aminoalcohol 33 via lithium aluminum hydride-mediated reduction of benzyl ester 49
would render the additional saponification step unnecessary. Notably, reduction of benzyl ester 49 to

alcohol 33 with lithium aluminum hydride has been reported to proceed in 56% yield on a moderate
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Scheme 15 Retrosynthetic Analyses for N,N-Dibenzyl-a-Amino Aldehyde 25. Alternative
retrosynthesis of aldehyde 25 involved direct reduction of ester 49 as opposed to saponification and
subsequent reduction of resulting carboxylic acid 6.

scale®’, and the analogous reduction of N,N-dibenzyl-I_-phenylalanine benzyl ester was demonstrated
on a larger scale to deliver the corresponding IN,N-dibenzyl-a-aminoalcohol in 75-87% yield®.
According to the methods described in these reports, an aqueous solution of I-alanine (20 g scale) was
treated with benzyl bromide under basic conditions at refluxing temperatures to produce IN,IN-
dibenzyl-a-amino benzyl ester 49 in 67% yield after column chromatography (Scheme 16). Benzyl
ester 49 (5 g scale) was then subjected to reduction facilitated by solid lithium aluminum hydride or by
a solution of lithium aluminum hydride, which cleanly delivered N,N-dibenzyl-a-aminoalcohol 33 after
column chromatography in 77% yield and 95% yield, respectively. Alcohol 33 was then oxidized to
N,N-dibenzyl-a-amino aldehyde 25 under Swern conditions as previously described. Although
conversion of alcohol 33 to aldehyde 25 via Swern oxidation was robust on all scales, the need for
quick column chromatography via silica gel plug to prevent racemization and decomposition resulted
in variable yields (68-89%) on moderate scales (4.5-8 g). Also to avoid potential racemization and
decomposition, aldehyde 25 was freshly prepared shortly before subsequent aldol reaction, for which
optical purity of aldehyde 25 was verified via optical rotation prior to each aldol batch. Ultimately,

synthesis of alcohol 33 via lithium aluminum hydride-mediated reduction of benzyl ester 49 (95% yield)
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outperformed the preparation of alcohol 33 via saponification of benzyl ester 49 and subsequent BHs-
MesS-mediated reduction of carboxylic acid 6 (91% yield from the 1st scale up), even if the
saponification of benzyl ester 49 to carboxylic acid 6 occurred in 100% yield. Overall, the production
of N,N-dibenzyl-a-amino aldehyde 25 during the 27 scale up proceeded in 58% yield over 3 steps
from I-alanine, exceeding the efficiency of the 1%t scale up both in terms of yield and number of

synthetic steps.

o]
o BnBr, K2CO5, NaOH, H:0, reflux, 1l LiAlH4, Et;0, 0°C lo 1,
-.I. OH . [ oen
NH; 67% yield (20 g scale) NBn; 49 77% yield (5 g scale, solid LAH)
95% yield (5 g scale, solution LAH)

oH (COCI);, DMSO, EtaN, DCM, -78°C, 2

I “H

NBn; 33 91% yield (1 g scale) ,}43,.2 25

91% yield (2.73 g scale)
68% yield (4.5 g scale)
89% yield (8 g scale)

Scheme 16: 204 Scale Up Preparation of N, N-Dibenzyl-a-Amino Aldehyde 25. Implementation
of the new synthetic strategy for preparation of aldehyde 25 saved one synthetic step and substantially
improved the overall yield.

Although the isolation of both B-hydroxy ketone diastereomers resulting from achiral borane-
mediated aldol reaction between a,a-difluoro methyl ketone 26 and IN,IN-dibenzyl-a-amino aldehyde
25 was originally desirable, the total yield of CF,-Enigmol suffered during the 1¢t scale up, in part due
to poor aldol diastereoselectivity (d7. = 61:39 syn/anti), which produced desired diastereomer 35 in
43% yield. This result is consistent with the reported lack of diastereoselectivity observed during aldol
reaction between IN,N-dibenzyl-a-amino aldehydes and achiral boron enolates’. In contrast,
chlorodicyclohexylborane-mediated aldol reaction between tridecane-substituted methyl ketone and
N-Boc-alaninal was reported to proceed with excellent substrate-directed diastereoselectivity (d.7. =
95:5 syn/anti), albeit in low isolated yield (20%) regardless of the significantly enhanced d.r.,
emphasizing the importance of N-protecting groups in diastereoinduction. Proposed Zimmerman-
Traxler chair transition states>® (Figure 9, top) illustrate that the structural distinction between enolate

attack of aldehyde 25 from 7¢ and si faces involves potential interaction between the cyclohexyl borane
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ligands and the chiral N,N-dibenzylamino group (r¢ transition state) or the chiral methyl group (57
transition state). Putative steric repulsion between the enolate axial a-proton and the chiral methyl
group (re transition state) or the chiral N,N-dibenzylamino group (s/ transition state) marks an
additional point of differentiation. Although unfavorable steric interaction between the cyclohexyl
ligands and the chiral N,N-dibenzylamino group (re transition state) would be predicted to fuel a strong
preference for the s/ transition state, only very modest sy#-diastereoselectivity was observed during aldol
reaction with achiral chlorodicyclohexylborane. Alternatively, sy#-diastereoselectivity of aldol reactions
involving N,N-dibenzyl-a-amino aldehyde 25 and a,x-difluoro methyl ketone 26 could, in principle, be
improved with the use of chiral boranes. While the original aldol-based synthesis of Enigmol utilized
(-)-DiPCl for aldol reaction between IN,N-dibenzyl-a-amino methyl ketone 7 and tridecanal, the
resulting sy#z-aminoalcohol was exclusively detected with the use of either (-)-DiPCl or (+)-DiPCI?,
indicating that the diastereoselectivity was surprisingly under strong substrate control. In contrast,
N,N-dibenzyl-a-amino aldehydes derived from valine and phenylalanine were each reported to
undergo aldol reactions with RR- and S,5-2,5-diphenylborolane-stablized enolates derived from
thioacetate isopropyl ester in moderate to good yield (50-85%) with complete reagent control of
diastereoselectivity (14:1 < d.r. < 28:1) for the matched aldehyde enantiomers>. Similatly, aldehyde 25,
as well as IN,N-dibenzyl-a-amino aldehydes derived from I.-valine, I -leucine, I -isoleucine, and I~
phenylalanine, underwent aldol reaction with a thioacetate zer-butyl ester-derived enolate stabilized by
a chiral borane reagent prepared from either (+)-menthol or (-)-menthol, resulting in moderate to good
yield (71-80%) with complete reagent control of diastereoselectivity®® (95:5 < dr = 99:1).
Unfortunately, preparation of bromo or chloroboranes linked via carbon to two chiral substituents
derived from 2,5-diphenylborolane® or menthol! is particulatly inefficient, requiring isolation of a
single bis-substituted haloborane enantiomer away from several undesired stereoisomers. Since the
ultimate goal was to scale up CF2-Enigmol, which was already successful during the 1%t scale up even
with poor aldol diastereoselectivity, aldol reactions between a,a-difluoro methyl ketone 26 and IN,IN-

dibenzyl-a-amino aldehyde 25 were attempted with commercially available chiral boranes (-)-DiPCI
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and (+)-DiPClL. While (+)-DiPCl-mediated aldol reaction (Figure 9, Batch 2) led to a mixture of -
hydroxy ketone diastereomers 35 and 36 that favored anti-stereoisomer 36 (d.r. = 27:73 syn/anti) via
the 7e transition state, (-)-DiPCl (Figure 9, Batch 3) facilitated a slight boost in sy#-diastereoselectivity
(d.r. = 66:34 syn/anti) via the s transition state over that (dr = 61:39 syn/anti) induced by achiral
chlorodicyclohexylborane (Figure 9, Batch 1). All diastereomeric ratios resulting from aldol reaction

were determined via LC-MS analysis.
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Figure % Diastereoselectivity of Aldol Reaction between Methyl Ketone 26 and Aldehyde 25.
Competition between borane-stabilized Zimmerman-Traxler chair transition states, or between
chelation-controlled and Felkin-Anh-controlled transition states, dictate diastereoselectivity of aldol
reaction between methyl ketone 26 and aldehyde 25.

Preference for the gyn-adduct with achiral chloroborane suggests that asymmetric induction is
formally under slight chelation control as opposed to Felkin-Anh control, which preferences ant-
versus Jsyn-stereoisomers after addition of nucleophiles to N,N-dibenzyl-a-amino aldehydes. For
instance, nucleophilic addition of achiral aryl and alkyl lithium species, aryl and alkyl Grignards,
Gillman-type reagents, and alkyl zinc reagents to IN,N-dibenzyl-a-amino aldehyde 25 was reported to
proceed under Felkin-Anh control through re face attack (Figure 9, bottom), favoring the

corresponding anti-aminoalcohols332 (75:25 < d.r. < 97:3). In contrast, syn-diastereoselectivity (57 face

attack) could only be afforded via chelation-controlled nucleophilic addition mediated by particularly
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hatsh reagents, such as methyltitanium trichloride (d.z. = 94:6) and allyltrimethylsilyl/tin tetrachloride®?
(d.r. = 84:106). Furthermore, aldol reaction of IN,N-dibenzyl-a-amino aldehyde 25 with lithium enolates
derived from methyl acetate and isopropyl acetate both occurred in good yield (82% and 84%,
respectively), and both strongly favored the corresponding anti-aminoalcohols (d.r. = 95:5 and 97:3,
respectively) through Felkin-Anh control (re transition state). Alternatively, titanium tetrachloride-
mediated aldol reaction between aldehyde 25 and phenyl acetate-derived trimethylsilyl ketene acetal
was reported to proceed with good chelation-controlled diastereoselectivity (d.7. = 95:5) via s face
attack, generating the corresponding syz-aminoalcohol in 25% yield. Similarly, titanium tetrachloride-
mediated aldol reaction between o,x-difluoro methyl ketone 26 and IN,N-dibenzyl-a-amino aldehyde
25 resulted in substantially improved syn-diastereoselectivity (d.7. = 81:19) as compared to that achieved
with achiral chlorodicyclohexylborane (d.r. = 61:39), suggesting the a chelation mechanism was at play
(Figure 9, Batch 4). Unfortunately, very little of the desired B-hydroxy ketone 35, which was

contaminated with several impurities, was isolated after column chromatography.

o]
it 2 Cy;BCI, DMEA, {9
Y H + /.A\'r/N.‘-/\/.N\-/\'/.A\/\' i
NEBn; 25 FF 26 THF, -78°C NBn, FF 35
Batch Scale Quench Method TLC Temperature TLC Results % Yield Syn
1*ScaleUp | 1.59g | Dropwise at-78°C, to -10°C | -78°C (pre-quench) High ratio of 35 to 26 43
1 2.00g | Dropwise at-78°C, to -10°C | -78°C (pre-quench) High ratio of 35 to 26 9
. R -78°C (pre-quench) High ratio of 35 to 26
2 3.30g | Dropwise at-78°C, to -10°C - 10
-10°C (post-quench) Low ratio of 35 to 26
3 847 mg | Cannulafrom -78°Cto 0°C | -78°C (pre-quench) High ratio of 35 to 26 19
-78°C (pre-quench) High ratio of 35 to 26
. . -60°C (pre-quench) High ratio of 35 to 26
4 200 mg Pour from -20°Cto 0°C - 38
-40°C (pre-quench) High ratio of 35 to 26
-20°C (pre-quench) High ratio of 35 to 26
-78°C (pre-quench) High ratio of 35 to 26
5 141g Pour from -20°Cto 0°C 38
-30°C (pre-quench) High ratio of 35 to 26
. A -78°C (pre-quench) High ratio of 35 to 26
6 286g Pour from -20°C to 0°C 36
-30°C (pre-quench) High ratio of 35 to 26
7 496¢g Pour from -20°Cto 0°C -78°C (pre-quench) | Moderate ratio of 35 to 26 30

Table 6: 24 Scale Up of B-Hydroxy Ketone 35. Retro-aldol reaction during quench of aldol reaction
between aldehyde 25 and methyl ketone 26 was overcome by altering the method of reaction quench.
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Due to the low yield obtained with titanium tetrachloride, and due to the higher cost of chiral
chloroboranes versus achiral chloroboranes, chlorodicyclohexylborane-mediated aldol reaction
remained the most viable option for the 20d scale up of B-hydroxy ketone 35. During the 15t scale up
of CF>-Enigmol, aldol reaction between a,a-difluoro methyl ketone 26 (1.59 g scale) and IN,IN-dibenzyl-
a-amino aldehyde 25 produced syz-aminoalcohol 35 in 43% yield after column chromatography (Table
6, 15t Scale Up Batch). In contrast, scaling the reaction up to a 2 g scale (Table 6, Batch 1) anda 3.3 g
scale (Table 6, Batch 2) both resulted in substantially decreased isolation of desired product 35 (9%
yield and 10% yield, respectively), as well as recovery of a significant quantity of a,x-difluoro methyl
ketone 26. Notably, the reaction was quenched in each case via dropwise addition of aqueous
phosphate buffer (pH = 7) at -78°C after TLC indicated complete consumption of methyl ketone 26,
and the resulting biphasic mixtures were allowed to slowly warm to room temperature. For the 3.3 g
scale aldol reaction (Table 6, Batch 2), TLC analysis at -10°C during the warm up period indicated a
large ratio of starting methyl ketone 26 to desired sy#z-aminoalcohol 35, suggesting that retro-aldol
occurred during reaction quench. Since quenching the reaction at -78°C via dropwise addition of an
aqueous solution results in a very slow quench as the reaction mixture warms up, transfer of the
reaction mixture at -78°C via cannula into a large volume of aqueous phosphate buffer (pH = 7) at 0°C
was applied to an 847 mg scale aldol reaction (Table 6, Batch 3) in order to facilitate a more rapid
quench. While this method of reaction quench delivered desired 3-hydroxy ketone 35 in 19% yield
after column chromatography, yield still suffered due to retro-aldol reaction. It was then hypothesized
that B-hydroxy ketone 35 was thermally unstable at temperatures < -10°C under the reaction
conditions. Accordingly, the aldol reaction was carried out on a 200 mg scale (7able 6, Batch 4), and
TLC analysis was conducted prior to reaction quench at -80°C, -60°C, -40°C, and -20°C, each of which
demonstrated a large ratio of desired syz-aminoalcohol 35 to starting methyl ketone 26. The reaction
mixture at -20°C was then poured over a large volume of aqueous phosphate buffer (pH = 7) at 0°C,
the biphasic mixture shaken vigorously, and the resulting aqueous layer was quickly removed,

facilitating isolation of gy#z-aminoalcohol 35 in 38% yield after column chromatography. This new
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workup method was subsequently applied to 1.41 g (Table 6, Batch 5), 2.86 g (Table 6, Batch 6), and
4.96 g (Table 6, Batch 7) scales, which facilitated production of desired product 35 in 38% yield, 36%
yield, and 30% yield, respectively. Although yield trended inversely with reaction scale, this was a result
of tricky separation of 35 and the closely-eluting anz-diastereomer 36 via silica gel chromatography, as
opposed to retro-aldol during reaction quench.

While diastereoselectivity and scalability could be improved for the aldol reaction between a0
difluoro methyl ketone 26 and N,N-dibenzyl-a-amino aldehyde 25, a substantial quantity of B-hydroxy
ketone 35 was available to proceed with the 2 scale up of CIz-Enigmol. With substantial
improvements to the synthesis of a,a-difluoro ester 27 during the 27 scale up endeavor, the non-
diastereoselective reduction of B-hydroxy ketone 35 remained the least efficient step of the entire
synthetic route, facilitating isolation of desired sy#-diol 38 in only 28% yield during the 1t scale up.
While the reduction of 3-hydroxy ketone 35 with sodium borohydride at room temperature led to
complete conversion of the starting material, a roughly equal mixture of diastereomers was rapidly
generated, and the isolated yield of syz-diol 38 suffered from difficult chromatographic separation from
the closely eluting undesired anz-diol 39; thus, an improvement in syz-diastereoselectivity was sought.
One of the most well-established methods for syz-reduction of B-hydroxy ketones involves the addition
of sodium borohydride to preformed dialkylborane chelates, which direct hydride addition on the face
opposite that of the adjacent axial hydrogen® (Figure 10, top). For example, a series of B-hydroxy
(mono-alkyl-, aryl-, or vinyl-substituted) ketones (alkyl-, aryl-, or B-ester-substituted) premixed with
diethylmethoxyborane at -78°C were reported to undergo highly diastereoselective reduction to the
corresponding syn-1,3-diols (98:2 < d.r. < 99:1) upon addition of sodium borohydride in moderate to
excellent yield%* (68-99%). This led to the hypothesis that sodium borohydride-mediated reduction of
an /n sitn-generated, dialkylborane chelate derived from B-hydroxy ketone 35 would diastereoselectively
generate desired gyz-diol 38. In order to establish a baseline diastereomeric ratio, 3-hydroxy ketone 35
was first subjected to sodium borohydride-mediated reduction at -78°C (Figure 10, Batch 1), which

resulted in a 41:59 ratio between sy#- and anti-diols, as indicated by LC-MS analysis. Next, starting
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material 35 was premixed with diethylmethoxyborane at -78°C to generate the corresponding
dialkylborane chelate 7 sitn, and sodium borohydride was added at -78°C (Figure 10, Batch 2), resulting
in a similar ratio between 38 and 39 (d.~. = 45:55 syn/ anti). As the gem-difluoro group of 35 likely renders
the adjacent alcohol pootly nucleophilic, it was hypothesized that the intermediate boron chelate did
not form at -78°C after 30 min of stirring. In an attempt to improve formation of the boron chelate,
reduction of B-hydroxy ketone 35 involving diethylmethoxyborane and sodium borohydride was
carried out at 0°C (Figure 10, Batch 3), which resulted in LC-MS detection of the same diastereomeric
ratio (45:55 gyn/anti). In a final attempt to utilize an intermediate dialkylborane chelate to induce syn-
diastereoselectivity, a solution of 8-hydroxy ketone 35 was treated with diethylmethoxyborane at -78°C
(Figure 10, Batch 4), the reaction mixture was stirred at -78°C for 30 min, and the resulting mixture
was allowed to slowly warm to 0°C, at which point the solution was cooled back down to -78°C where
sodium borohydride was added. Although these conditions facilitated a slight depletion in an#-
diastereoselectivity (d.r. = 51:49 syn/ anti), they suggested that sodium borohydride- mediated reduction
of B-hydroxy ketone 35 via the corresponding boron chelate would not be a viable option for the

diastereoselective production of desired syz-diol 38.
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Figure 10 Diastereoselectivity of Reduction of §-Hydroxy Ketone 35. Competition between a
Zimmerman-Traxler-type chair transition state and metal-fluorine interaction-controlled transition
state dictates diastereoselectivity of reduction of 3-hydroxy ketone 35.

An alternative approach to gyz-reduction of B-hydroxy ketones to give the corresponding syn-
1,3-diols was reported to involve diisobutylaluminum hydride, which similarly directed
diastereoselective hydride delivery via an aluminum-chelated transition state®>. For example,
diisobutylaluminum hydride-mediated reduction of 3-hydroxy (mono-alkyl- vinyl-, or aryl-substituted)
ketones (alkyl- or aryl-substituted) at -78°C was reported to proceed with fair to excellent degrees of
syn-diastereoinduction (67:30 < d.r. < 95:5), as well as good to excellent yields (81-91%). Accordingly,
a solution of B-hydroxy ketone 35 was treated with diisobutylaluminum hydride at -78°C (Figure 10,
Batch 5), which contrastingly led to a mixture of diols 38 and 39 that favored the an#-diastereomer (d.r.
= 83:17). Consistent with this result, the reduction of a,a-difluoro-B-hydroxy (mono-alkyl- or aryl-
substituted) ketones (alkyl- or aryl-substituted) with diisobutylaluminum hydride at -78°C was reported
to demonstrate poor to excellent ant/-diastereoselectivity (53:47 < d.r. < 100:0) for the large majority
of substrates examined®. The authors rationalized that an#-diastereoinduction must not result from
the typical diisobutylaluminum hydride-stabilized transition state, and alternatively proposed that
hydride delivery was instead directed by metal-fluorine interactions between a fluorine atom and
another molecule of diisobutylaluminum hydride. Therefore, the reaction was carried out in the
presence of various Lewis acids in an effort to identify a reagent that could disrupt the putative fluorine-
aluminum interaction, thereby allowing diastereoselective hydride direction via the typical transition
state. This screen resulted in the reported discovery that diisobutylaluminum hydride-mediated
reduction of a variety of substrates in the presence of zinc(ll) bromide delivered the corresponding
2,2-difluoro-gyn-1,3-diols with good to excellent diastereoselectivity (78:22 < dr. = 95:5) and in
excellent yield (97-100% of the mixture of diastereomers). Zinc(Il) bromide likely served to coordinate
the gem-difluoro group, preventing an interaction between fluorine and aluminum that stabilized the
metal-fluorine interaction transition state and favored conversion to the an#-diol. Accordingly,

diisobutylaluminum hydride-mediated reduction of B-hydroxy ketone 35 (100 mg scale) was carried



51

out in the presence of zinc(Il) bromide at -78°C (Figure 10, Batch 6), which gratifyingly proceeded
with moderate syn-diastereoselectivity (d.7. = 71:29), delivering the desired sy»-1,3-diol 38 in 53% yield
(Scheme 17). Therefore, zinc(Il) bromide likely disrupted the metal-fluorine interaction transition
state, causing the typical aluminum-chelated transition state to predominate. Similar metal-fluorine
interactions could have been responsible for the poor diastereoselectivity observed for achiral and
chiral borane-mediated aldol reactions, which may have involved competition between a Zimmerman-
Traxler-type chair transition state and a metal-fluorine interaction transition state®’. Alternatively, the
DiBAL-H-mediated an#i-reduction could have resulted from an acyclic transition state, due to the poor
Lewis basicity of the a,a-difluoro ketone oxygen. With this result, intermediate 35 was subjected to the
same conditions for the preparation of ample quantities of sy#-diol 38 on progressively larger scales
(0.5-1.35 g), which resulted in relatively consistent isolated yields of the desired diastereomer after
column chromatography (43-56% yield). Thus, synthesis of 38 via diisobutylaluminum hydride-
mediated reduction of B-hydroxy ketone 35 in the presence of zinc(Il) bromide during the 27 scale up
endeavor proceeded with a maximum of 56% yield, outperforming preparation of 38 via sodium
borohydride-mediated reduction during the 1t scale up, which occurred in only 28% yield. Finally,
N,N-dibenzylamino CF>-Enigmol precursor 38 underwent palladium-catalyzed hydrogenolysis to yield
CF>-Enigmol in 70% yield and 75% yield on scales of 375 mg (x 4 batches) and 406 mg (x 3 batches),
respectively. Ultimately, the synthesis of CF.-Enigmol was improved from 0.2% yield during the 1st
scale up preparation from chlorooxalate 29 and intermediate carboxylic acid 6 to a maximum of 4.5%

yield during the 20d scale up from terminal alkyne 47 and [ -alanine.
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Scheme 17 274 Scale Up Preparation of CF2-Enigmol. Diastereoselective reduction of 3-hydroxy
ketone 35 mediated by DiBAL-H in the presence of ZnBr, substantially improved the scalability of
CF»-Enigmol.
1.2.£. Synthesis and in vitro Cytotoxicity of CF>-Enigmol Metabolites

Although a maximum of 4.5% overall yield of CF,-Enigmol certainly left room for further
improvement, ample quantities of CF>-Engimol were available both for evaluation of anti-cancer
activity 7z vivo, and for synthesis of CF,-Enigmol metabolites for evaluation of cytotoxicity u vitro.
Metabolism of Enigmol iz vive results in NMT-mediated generation of N-methyl and IN,N-dimethyl
Enigmol?3%5, both of which retain the cytotoxic signaling properties of Enigmol iz vitro, as well as slow
CS-mediated conversion to N-acyl Enigmols, which are substantially less active. As this attractive
metabolic profile of Enigmol is crucial to effective inhibition of tumor growth, it was important to
characterize the cytotoxic properties of N-methylated and N-acylated metabolites of CF>-Enigmols 7
vitro, prior to comparison between Enigmol and CF2-Enigmol anti-cancer activity iz vivo. Accordingly,
syntheses of N-methyl CF2-Enigmol, N,N-dimethyl CF-Enigmol, and CF,-Enigmol Ciz-ceramide
were initiated (Scheme 18). First, N,N-dimethyl CF>-Enigmol was prepared in 60% yield via sodium
cyanoborohydride-facilitated reductive amination between CFz-Enigmol and formaldehyde in an
acetate buffer. Next, synthesis of N-methyl CF.-Enigmol was carried out over 2 steps starting with
Boc protection of the CF»-Enigmol amino group, which proceeded in 72% yield, followed by
microwave-assisted reduction of the resulting ferbutyl carbamate with lithium aluminum hydride?,
which occurred in 59% yield after only 5 min at 150°C. Finally, a solution of CF>-Enigmol was treated
with dodecanoyl chloride and Hiinig’s base at 0°C, which delivered the desired CF»>-Enigmol Cio-

ceramide metabolite in 31% yield.
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Scheme 18: Synthesis of CF,-Enigmol Metabolites. As mechanisms of CFz-Enigmol metabolism
were expected to match those of Enigmol metabolism, N-methyl CFa-Enigmol, N,N-dimethyl CF»-
Enigmol, and CF>-Enigmol Ci2-Ceramide were synthesized from CF,-Enigmol for evaluation of
cytotoxicity against human prostate cancer cell viability i vitro.

Each of the CF,-Enigmol metabolites was submitted to our collaborators in the laboratory of
Dr. John Petros (Department of Urology, Emory University School of Medicine) for evaluation of
cytotoxic activity against both LNCaP and PC3 human prostate cancer cells 7z vitro. In similar fashion
to assays conducted for the fluorinated Enigmol analogs, cultured LNCaP and PC3 cells were treated
with increasing concentrations of 1:1 complexes of drug and fatty acid-free BSA, which were freshly
prepared in ethanol 1 hr prior to addition. Upon addition of the formulated drugs, cells were incubated
for 24 hrs, after which the WST-1 reagent was added and luminescence was measured. Concentration
response curves were generated via nonlinear regression using Graphpad Prism software, and 1Cso
values (+ S.E.M.) were calculated from curves fit based on a four parameter logistic equation (7able
7). While N-methyl CF,-Enigmol and N,N-dimethyl CF»-Enigmol each demonstrated concentration-
dependent cytotoxicity against both LNCaP (ICso = 5 uM and 6 uM, respectively) and PC3 (ICso = 10
uM and 10 uM, respectively) human prostate cancer cells, CF>-Enigmol Cy2-ceramide was completely
inactive up to 80 uM in both cell lines. Thus, while methylated metabolites of CF>-Enigmol retained
the cell death signaling properties just as methylated metabolites of Enigmol, CF.-Enigmol Cio-
ceramide, like acylated metabolites of Enigmol, was substantially less active than the parent compound.

Ultimately, verification of the similar signaling profiles of methylated and acylated metabolites of
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Enigmol and CF»-Enigmol suggested that anti-cancer efficacy of these drugs 7z vive would not vary as

a function of metabolite activity.
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Table 7- Cytotoxicity of CF,-Enigmol Metabolites against Human Prostate Cancer Cells in
vitro. LNCaP or PC3 human prostate cancer cells were incubated with drug, and cell viability was
quantified by measuring mitochondrial activity with the WST-1 reagent. Experiments were performed
in triplicate, and ICso values were calculated using GraphPad Prism software from concentration-
response curves that were generated via nonlinear regression using a four parameter logistic equation.

1.2.g. Anti-Tumor Activity of Fluorinated Enigmol Analogs in vivo

Based on the established tissue accumulation levels, both CFs;-Enigmol and CF>-Enigmol were
expected to achieve higher tumor concentrations than Enigmol, which was anticipated to enhance anti-
tumor efficacy iz vivo. To test this hypothesis, two separate 7z wvivo experiments involving mouse
xenograft models of prostate cancer were designed to assess anti-tumor activity of Enigmol versus
CFs-Enigmol or CFz-Enigmol. Xenograft studies, the first of which was conducted to compare
Enigmol and CFs-Enigmol, were carried out by our collaborators in the laboratory of Dr. John Petros
(Department of Urology, Emory University School of Medicine) and at the Emory Institute for Drug
Development. Nude mice were injected subcutaneously between scapulae with cultured PC3 human
prostate cancer cells, and tumors were established for 16 days (until palpable). Once tumors became
palpable, mice were divided into five groups in such a way that tumor volumes were evenly distributed

amongst the groups. Subjects in each group were then treated once daily with either vehicle (95:5 olive

oil/EtOH, n = 11), 3 mg/kg Enigmol (n = 11), 10 mg/kg Enigmol (n = 11), 3 mg/kg CF3-Enigmol
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(n = 10), or 10 mg/kg CFs-Enigmol (n = 11) via oral gavage (200 uL). Drug formulations were freshly
prepared each day prior to administration. During the treatment course, tumor volume was measured
every 2-3 days with digital calipers (Volume = "2*Length*Width?) to characterize drug-induced growth
inhibition until excessive tumor burden was reached on day 33, ethically requiring animal subject
sacrifice (Figure 11a). While 3 mg/kg dosing regiments were ineffective for both Enigmol (n = 11)
and CF3-Enigmol (n = 10), treatment with 10 mg/kg Enigmol (n = 11) resulted in significant tumor
growth inhibition (p = 0.02) as compared to control. Although 10 mg/kg CF3-Enigmol (n = 11)
appeared to have some growth inhibitory effect, anti-tumor efficacy did not reach statistical significance
(p = 0.17). Thus, despite the substantially elevated tissue concentrations achieved by CFs-Enigmol
versus Enigmol, this pharmacokinetic enhancement did not translate to improved anti-tumor efficacy.
Furthermore, mouse body weight was measured periodically as an indication of systemic toxicity
(Figure 11b). While no substantial weight loss was observed amongst control, 3 mg/kg Enigmol, 10
mg/kg Enigmol, or 3 mg/kg CFs-Enigmol treatment groups, the 10 mg/kg CF3;-Enigmol treatment
group lost an alarming amount of body weight (11.6 = 1.32%) over the treatment course of 17 days (p
= 0.0037). This phenomenon was not previously observed during 7z vive studies with Enigmol or with
related analogs, and thus, this result marks CF3-Enigmol as a systemically toxic liability. A working
hypothesis is that, due to the larger volume of CF; versus CHs, the w-trifluoromethyl group of CFs-
Enigmol could disrupt cell membrane lipid stacking, which could lead to membrane leakage and
ultimately to systemic toxicity. If true, this would be consistent with the relatively low t1,2 and high CI
of CF3-Enigmol, and accordingly, future experiments will be implemented to address this question. To
evaluate the relationship between 7# vivo etficacy and drug concentrations achieved at the site of action,
tumor accumulation of Enigmol and CF3;-Enigmol was measured. Tumors were harvested on the final
day of treatment from xenograft-bearing mice (n = 4 per treatment group), tumors were homogenized,
and drug concentrations were quantified using LC-MS/MS (Figure 11¢). For both Enigmol and CF3-
Enigmol, tumor accumulation was dose-dependent, where 10 mg/kg Enigmol (5.2 pM) achieved 5-

fold higher concentrations than 3 mg/kg Enigmol (1.1 pM) and 10 mg/kg CF3-Enigmol (25 uM)
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reached 8-fold higher levels than 3 mg/kg CF3-Enigmol (3.2 uM). While 10 mg/kg Enigmol did not
achieve I1Cq concentrations (14 uM) in PC3 tumors after 17 days of once daily treatment, 10 mg/kg
CF3-Enigmol did (ICoo = 24 uM); a related boost in anti-tumor activity, however, was unexpectedly

not observed.
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Figure 11 Enigmol vs. CF3;-Enigmol in Mouse Xenograft Model of Prostate Cancer. Nude mice
(n = 10-11 per group) with palpable tumors derived from PC-3 human prostate cancer cells were
treated once daily via oral gavage with either vehicle (95:5 olive oil/EtOH), Enigmol (3 or 10 mg/kg),
ot CF3-Enigmol (3 or 10 mg/kg). (a) Tumor volume and (b) change in body weight were measured
periodically throughout the study, until excessive tumor burden was reached, at which point, mice were
sacrificed, tumors were harvested, and (c) tumor accumulation was measured using LC-MS/MS.
Graphs were generated using GraphPad Prism software, and data are represented as the mean + S.E.M.
Statistical significance (*p < 0.05, **p < 0.01, or **p < 0.001) of tumor growth inhibition between
groups was assessed via linear mixed model for repeated measurement with autoregressive covariance
structure using Statistical Analysis System (SAS) software. Significance of change in body mass was
determined using one-way ANOVA followed by Sidak’s multiple comparison test in GraphPad Prism.

Thus, focus was shifted to CF-Enigmol, which was similarly compared head-to-head with
Enigmol in a subsequent mouse xenograft study. As CFz-Enigmol reached higher tissue levels than
Enigmol, it was hypothesized that CF>-Enigmol would demonstrate enhanced inhibition of the rate of
tumor growth zz vivo by virtue of increased drug concentration in tumor. Accordingly, PC3 cells were
subcutaneously implanted into nude mice, and tumors were established for 22 days (until palpable)
before beginning once daily dosing via oral gavage with either vehicle (95:5 PEG400/Tween80,n = 9
or 10, 1 mouse died on day 32), 10 mg/kg Enigmol (n = 9 or 10, 1 mouse died on day 36), 10 mg/kg

CF»-Enigmol (n = 10) or 30 mg/kg CF,-Enigmol (n = 10). During the treatment course, tumor volume

and body weight were measured periodically until excessive tumor burden was reached on day 38,
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ethically requiting animal subject sactifice (Figure 12a). While 30 mg/kg CF,-Enigmol did not
demonstrate enhanced efficacy over 10 mg/kg CF,-Enigmol, 10 mg/kg CF.-Enigmol significantly
enhanced tumor growth rate inhibition relative to both control (p = 0.0003) and 10 mg/kg Enigmol
(p = 0.04). Importantly, neither 10 mg/kg nor 30 mg/kg CF,-Enigmol caused weight loss (Figure
12b), suggesting that systemic toxicity associated with CFs;-Enigmol resulted from fluorine atoms
specifically at the end of the lipid tail. To determine whether the improved iz vivo performance of CFa-
Enigmol versus Enigmol was accompanied by increased tumor uptake, tumors were harvested 24 hrs
after the final oral gavage from xenograft-bearing mice (n = 4 per treatment group), tumors were
homogenized, and drug concentrations were quantified using LC-MS/MS (Figure 12c). Consistent
with the observed tissue distribution properties, 10 mg/kg CF»-Enigmol (24 uM) achieved strikingly
higher concentrations (15-fold) in tumor than 10 mg/kg Enigmol (1.6 uM). Furthermore, while 10
mg/kg Enigmol did not achieve ICo concentrations (14 uM) in tumor after 16 days of once daily
treatment, both 10 mg/kg and 30 mg/kg CF>-Enigmol did (ICo = 15 uM). Despite the fact that 30
mg/kg CF»-Enigmol reached extraordinary tumor levels (62 uM), both 10 mg/kg and 30 mg/kg CF,-
Enigmol demonstrated indistinguishable iz wivo anti-tumor efficacy, suggesting that a saturating

concentration in tumor cells is achieved after two weeks of a once daily oral dosing at < 10 mg/kg.
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Figure 12 Enigmol vs. CF2-Enigmol in Mouse Xenograft Model of Prostate Cancer. Nude mice
(n = 10-11 per group) with palpable tumors derived from PC-3 human prostate cancer cells were
treated once daily via oral gavage with either vehicle (95:5 PEG400/Tween80), Enigmol (10 mg/kg),
or CF»-Enigmol (10 or 30 mg/kg). (a) Tumor volume and (b) change in body weight were measured
periodically throughout the study, until excessive tumor burden was reached, at which point, mice were
sacrificed, tumors were harvested, and (c) tumor accumulation was measured using LC-MS/MS.
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Graphs were generated using GraphPad Prism software, and data are represented as the mean + S.E.M.
Statistical significance (*p < 0.05, **p < 0.01, or ***p < 0.001) of tumor growth inhibition between
groups was assessed via linear mixed model for repeated measurement with autoregressive covariance
structure using Statistical Analysis System (SAS) software.

1.3. Conclusions

Ultimately, the hypothesis that flat 7 vitro and 7n vive structure activity relationships could be
overcome by increasing compound lipophilicity was examined. Enhancement in lipophilicity was
accomplished by conceptually replacing aliphatic C-H bonds with C-F bonds, leading to the design of
CF3-Enigmol and CF2-Enigmol. Each of these novel, fluorinated Enigmol analogs were synthesized
via aldol methodology, and were subsequently evaluated for anti-cancer activity. As anticipated, all
three compounds demonstrated very similar potency and efficacy against LNCaP and PC3 human
prostate cancer cell viability 7 witro. Subsequent plasma pharmacokinetic experiments not only
confirmed the oral bioavailability of CFs-Enigmol and CFz-Enigmol, but also indicated that plasma
exposure after oral dose trended with compound lipophilicity. In contrast, CF»>-Enigmol unexpectedly
absorbed into tissue at strikingly higher concentrations than CFs;-Enigmol, suggesting that
physicochemical characteristics other than lipophilicity control tissue distribution after oral
administration. While Enigmol and CFs-Enigmol did not achieve therapeutically effective
concentrations (ICo value against PC3 cell viability) in any tissue compartment, CF-Enigmol
accumulated into lung, brain, and kidney at levels = 1Coo. Despite improved pharmacokinetic properties
and achievement of ICog levels in tumor, CFs-Enigmol did not demonstrate enhanced tumor growth
inhibition over Enigmol 7z vivo, and furthermore, once daily oral gavage of 10 mg/kg CF3-Enigmol
proved systemically toxic. Alternatively, CFz-Enigmol demonstrated statistically enhanced tumor
growth suppression as compared to Enigmol, without signs of systemic toxicity, marking the first
Enigmol analog to date with significantly improved 7 vivo efficacy. While Enigmol did not reach ICo
levels in tumor, CFz-Enigmol did achieve I1Cqy tumor concentrations, which is consistent with elevated

in vivo activity. CF>-Enigmol was subsequently licensed to Que Oncology for clinical consideration.
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Since Enigmol was equally efficacious to androgen-independent prostate cancer standard of care
docetaxel®, CF>-Enigmol could offer therapeutic advantage over taxane-based chemotherapeutics for
hormone-refractory prostate cancer. Moreover, CIF-Enigmol is orally bioavailable, whereas docetaxel
is typically administered via injection, and accordingly, prescription of CF»-Enigmol compared to
docetaxel could improve patient compliance. Additionally, the apparent absence of CF>-Enigmol-
induced systemic toxicity could further translate to a much larger therapeutic window than that
exhibited by more aggressive docetaxel. Furthermore, due to enormous CFz-Enigmol concentrations
in lung, brain, and kidney, anti-tumor efficacy could prove to be even more profound for the treatment
of solid tumors residing in these tissues. Finally, the remarkable tissue distribution properties of CF-
Enigmol suggest its utility in lipid conjugation prodrug strategies for improving systemic exposure and

tissue accumulation of pootly bioavailable cargo.

1.4. Experimental Methods

1.4.a. Synthetic Procedures

For water and/or air sensitive reactions, all solvents were dried and degassed by the SG Waters
Glass Contour solvent purification system unless otherwise specified. Automated flash column
chromatography was performed using a Teledyne ISCO CombiFlash Companion system with silica
gel-packed columns (SiliCycle Inc.). Analytical thin-layer chromatography was carried out on
aluminum-supported silica gel plates (Sigma, thickness = 200 pm) with fluorescent indicator (F-254).
Visualization of compounds on TLC plates was accomplished with UV light (254 nm) or with
phosphomolybdic acid, ninhydrin, potassium permanganate, or sulfuric acid stains. Melting points were
obtained using capillary tubes and a 200 W MelTemp melting point apparatus. Optical rotation was
measured with a sodium lamp using a Perkin Elmer 341 Polarimeter. Infrared absorption spectra were
obtained on a Thermo Scientific Nicolet 370 FT-IR spectrophotometer via the Smart Orbit Diamond

Attenuated Total Reflectance accessory, and peaks are reported in cm'. NMR spectra ('H, °F, and
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13C) were obtained using a Varian INOVA 400 MHz spectrometer in deuterated chloroform (CDCls)
with the residual solvent peak (CDCls: 'H = 7.27 ppm, 13C = 77.23 ppm) as an internal reference and
trifluoroacetic acid (TFA) as external reference (TFA: F = -76.55 ppm) unless otherwise specified.
NMR data is reported to include chemical shifts (8) reported in ppm, multiplicities indicated as s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broadened), or app (apparent), coupling
constants (J) reported in Hz, and integration normalized to 1 atom (H, C, or F). High resolution mass
spectrometry was performed by the Emory University Mass Spectrometry Center, directed by Dr. Fred
Strobel. LC-MS was performed on an Agilent 1200 HPLC equipped with a 6120 Quadrupole mass
spectrometer (ESI-API) using mixtures of HPLC grade MeOH/H>O (spiked with 0.1% formic acid)
and an analytical, reverse-phase, Agilent C18 XDB eclipse column (150 x 4.6 mm or 50 x 4.6 mm).
Chiral HPLC was performed on a Varian ProStar HPLC equipped with a 335 series diode array
detector using mixtures of HPLC grade hexanes//PrOH and an analytical, normal-phase, Daicel
ChiralPak AD-H column (150 x 4.6 mm). Elemental analyses were performed by Atlantic Microlab,
Inc (Norcross, GA). Compounds listed below for which full characterization is not presented were
previously reported in the literature as referenced in the main text. Enigmol was synthesized by Dr.
Ethel Garnier-Amblard at the Emory Institute for Drug Development, according to previously
reported methods®. CFs-Enigmol?” and compound 1626 were synthesized by Dr. Mark Baillie in the
Liotta Group.

1-((tetrabydro-2H-pyran-2-yl)oxcy)tetradecan-2-o! (20): 1,2-tetradecanediol (19, 5.00 g, 21.7 mmol, 1.00 eq)
OTHP and ruthenium(I1Il) acetylacetonate (0.173 g, 0.434 mmol, 0.02 eq) were added to a

Ci2Hzs
flame-dried flask with a stir bar. The solid mixture was diluted with chloroform (75.0

OH
mL) and stirred under Ar. 3,4-Dihydro-2H-pyran (2.18 mL, 23.9 mmol, 1.10 eq) was added slowly, and
the reaction mixture was warmed to 65°C and allowed to reflux under Ar overnight. The next morning,
the crude mixture was diluted with diethyl ether and evaporated under reduced pressure to yield 7.50

g crude product. The crude material was purified via column chromatography eluting with 1:8

EtOAc/hexanes, to yield a pale yellow oil as a mixture of four stereoisomers (3.62 g, 11.5 mmol, 53%
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yield). Re = 0.22 (1:5 EtOAc/hexanes), Rf = 0.17 (1:10 EtOAc/hexanes). IR (Vmax, cmt) 3446, 2922,
2852, 1135, 1074, 1024. HRMS (APCI) 7/ z = 315.28973 (Theo. for CioH3303 + H: 315.28937). Anal.
Calcd. for C19H3303: C, 72.56; H, 12.18. Found: C, 72.82; H, 12.45.
1-((tetrabydro-2H-pyran-2-yl)oxcy)tetradecan-2-one ~ (18): A solution of 1-(tetrahydro-2H-pyran-2-
OTHP yloxy)tetradecan-2-ol (20, 0.248 g, 0.789 mmol, 1.00 eq) in DCM (10.0 mL) was added
5 to a flame-dried flask with a stir bar. Pyridinium chlorochromate (0.129 g, 0.946 mmol,
1.20 eq) and celite (0.108 g) were subsequently added to the solution, which was further diluted with
DCM (7.00 mL). The resulting mixture was stirred under Ar at room temperature overnight. The next
day, TLC showed little progression from the night before, and accordingly, pyridinium chlorochromate
(0.194 g, 1.42 mmol, 1.50 eq), celite (0.194 g), and DCM (6.00 mL) were added. Once starting material
ceased to convert, as indicated by TLC, the reaction mixture was poured over a plug of silica gel and
flushed with 1:5 EtOAc/hexanes. Purification was carried out using column chromatography eluting
with 1:11 EtOAc/hexanes to yield a cleat, pale-yellow oil (0.110 g, 0.355 mmol, 45% yield). R¢ = 0.39
(1:5 EtOAc/hexanes), Re = 0.23 (1:10 EtOAc/hexanes). IR (Vmax, cml) 2922, 2852, 1720, 1128, 1075,
1036. 'H NMR (400 MHz, CDCls) 8 4.64 (t, ] = 3.2 Hz, 1H), 4.26 (d, ] = 17.2 Hz, 1H), 412 (d, ] =
17.2 Hz, 1H), 3.80-3.85 (m, 1H), 3.49-3.54 (m, 1H), 2.45 (dt, ] = 1.6 Hz, 7.2 Hz, 2H), 1.60-1.88 (m,
4H), 1.54-1.58 (m, 4H), 1.25-1.27 (m, 18H), 0.876 (t, ] = 6.8 Hz, 3H). 13C (100 MHz, CDCl;) 3 208.9,
98.8, 72.1, 62.4, 39.2, 32.1, 30.4, 29.8, 29.6, 29.6, 29.5, 29.4, 25.5, 23.5, 22.8, 19.3, 14.3. HRMS (APCI)
m/ %= 313.27393 (Theo. for C19H3¢03 + H: 313.27372). Anal. Calcd. for C19H3sO35: C, 73.03; H, 11.61.

Found: C, 72.84; H, 11.76.

OTHP 2-((2,2-diflnorotetradecyl)oxcy)tetrabydro-2H-pyran (21): 1-(tetrahydro-2H-pyran-2-
Ci2Hos
£F yloxy)tetradecan-2-one (18, 0.100 g, 0.320 mmol, 1.00 eq) was diluted with DCM

(0.700 mL) and added to a 2 mL. Eppendorf tube under a funnel of Ar. The reaction vessel was cooled
to 0°C, and diethylaminosulfur trifluoride (0.211 mL, 1.60 mmol, 5.00 eq) and methanol (0.004 mL,
0.096 mmol, 0.030 eq) were added dropwise in succession. The reaction vessel was sealed, and the

resulting reaction mixture was allowed to warm to room temperature and to stir overnight. Reaction
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progress was monitored by TLC. Upon consumption of starting material, the reaction was quenched
dropwise with cold saturated aqueous sodium bicarbonate. The resulting aqueous layer was extracted
with DCM, and combined organic layers were dried over MgSQy, filtered, and evaporated under
reduced pressure. Column chromatography was employed for purification, eluting with 1:1
DCM/hexanes to yield a yellow oil (0.083 g, 0.250 mmol, 78% yield). Rf = 0.59 (1:1 DCM/hexanes),
R = 0.41 (1:2 DCM/hexanes). IR (vmax, cmt) 2923, 2853, 1130, 1078, 1037. '"H NMR (400 MHz,
CDCls) 8 4.69 (t, ] = 3.6 Hz, 1H), 3.81-3.90 (app dd, J = 11.8 Hz, 22.6 Hz, 1H), 3.80-3.86 (m, 1H),
3.55-3.64 (app dd, / = 11.4 Hz, 23.4 Hz, 1H), 3.52-3.57 (m, 1H), 1.80-2.00 (m, 3H), 1.46-1.79 (m, 7TH),
1.24-1.31 (m, 18H), 0.883 (t, ] = 6.8 Hz, 3H). 3C (100 MHz, CDCls) 8 123.0 (t, ] = 960 Hz), 98.6, 67.4
(t, ] = 120 Hz), 61.8, 33.7 (t, ] = 93.6 Hz), 31.8, 30.1, 29.5, 29.4, 29.3, 25.2, 22.6, 21.7, 18.8, 14.0. YF
(376 MHz, CDCls) 8 -105.3 (m, 1F), -106.2 (m, 1F). HRMS (APCI) »/z = 335.27562 (Theo. for
CioH3602F2 + H: 335.27561).
OH oy 22diortetradeian1-al (22; 2-22-diflsororetradecyloyetrahydro-2H-pyran. (21,
KFKF o 1.85 g, 5.53 mmol, 1.00 eq) was diluted with methanol (30.0 mL), p-toluenesulfonic
acid monohydrate (0.105 g, 0.553 mmol, 0.100 eq) was added, and the resulting reaction mixture was
allowed to stir at room temperature. After 90 min, TLC indicated complete consumption of starting
material. Solvent was evaporated under reduced pressure, and the crude material was purified via
column chromatography eluting with 1:6 EtOAc/hexanes to yield a white solid (1.34 g, 5.36 mmol,
97% yield). Re = 0.22 (1:8 EtOAc/hexanes), Re = 0.28 (1:4 DCM/hexanes). Mp 50-52°C. IR (Vimax, cm-
1) 3365, 2917, 2847, 1088, 1038, 1017, 897, 806, 698. 'H NMR (400 MHz, CDCl3) 6 3.75 (t, ] = 12.8
Hz, 2H), 1.84-1.97 (m, 2H), 1.83 (br s, 1H), 1.44-1.54 (p, ] = 7.8 Hz, 2H), 1.23-1.39 (m, 18H), 0.888 (t,
J = 6.8 Hz, 3H). ¥C NMR (100 MHz, CDCls) 6 123.6 (t, ] = 961 Hz), 64.3 (t, ] = 126 Hz), 33.5 (t, ] =
95.2 Hz), 32.1, 29.9, 29.7, 29.6, 22.9, 22.0, 14.3. I NMR (376 MHz, CDCl3) 8 -109.1 (m, 2F). HRMS
(ESI) m/z = 249.20340 (Theo. for C1oH36OoF, - H: 249.20355). Anal. Caled. for Ci4HasF2O: C, 67.16;

H, 11.27; F, 15.18. Found: C, 66.89; H, 11.23; F, 14.95.
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0 2,2-difluorotetradecanal (17): Oxalyl chloride (0.471 ml, 5.38 mmol, 3.00 eq) was
H)KK;:QHZS added to a flame-dried flask with a stir bar, diluted with DCM (8.00 mL), cooled to
—78°C,Fand stirred under Ar. DMSO (0.770 mL, 10.8 mmol, 6.00 eq) was added dropwise, and the
resulting reaction mixture was allowed to stir at -78°C under Ar for 20 min. A solution of 2,2-
difluorotetradecan-1-ol (22, 0.449 g, 1.79 mmol, 1.00 eq) in DCM (6.00 mL) was added dropwise, and
the resulting mixture was allowed to stir at -78°C under Ar for 90 min. Finally, triethylamine (3.00 mL,
21.5 mmol, 12.0 eq) was added dropwise, and the resulting mixture was allowed to slowly warm to 0°C
and stir under Ar. Once TLC indicated complete consumption of starting material, the reaction mixture
was filtered over celite and washed with DCM. The resulting solution was evaporated under reduced
pressure. Purification was accomplished via distillation, during which the desired product was collected
at 190°C under vacuum (0.75 mm Hg) as a 1:3 ratio of desired aldehyde (0.023 g, 0.092 mmol, 5%
yield) to the corresponding gem-diol hydrate (0.073 g, 0.275 mmol, 15% yield). Rf = 0.14 (1:4
EtOAc/hexanes), 0.28 (1:1 EtO/hexanes). Mp 52-54°C, 65-67°C. IR (Vmax, cm!) 2954, 2917, 2850,
1767, 1244, 1227, 1103, 1062, 1014, 911, 879, 682.1H NMR (400 MHz, CDCls) 8 9.51 (s, 0.25 H), 5.01
(app t, ] = 6.6 Hz, 0.75 H), 1.88-2.03 (m, 2H), 1.45-1.57 (m, 2H), 1.20-1.36 (m, 18H), 0.888 (t, ] = 6.8
Hz, 3H).

o Ethyl  2-oxotetradecanoate (28): Weinreb Ketone Synthesis: N,O-Dimethyl
Eto)k[( CraFtzs , . 4
0 hydroxylamine (5.00 g, 82.0 mmol, 1.00 eq) was added to a flame-dried flask with
a stir bar. The reagent was diluted with DCM (273 mL), cooled to 0°C, and stirred under Ar.
Triethylamine (22.8 mL, 164 mmol, 2.00 eq) and ethyl chlorooxoacetate (29, 11.0 mL, 98.0 mmol, 1.20
eq) were subsequently added, and the resulting mixture was allowed to slowly warm to room
temperature while stirring under Ar. Once starting material disappeared on TLC, the reaction was
quenched with MeOH, and solvent was evaporated under reduced pressure. The crude material was
diluted with a small volume of THF, triethylammonium hydrochloride precipitated, and the solid was

filtered and washed with THF. The mother liquor was then evaporated under reduced pressure, and

the resulting crude material was purified via column chromatography to yield the desired Weinreb
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amide intermediate. 'H NMR (400 MHz, CDCls) 6 4.28 (q, ] = 7.2 Hz, 2H), 3.70 (s, 3H), 3.17 (s, 3H),
1.31 (t, ] = 7.0 Hz, 3H). A small portion of the Weinreb amide (0.100 g, 0.621 mmol, 1.00 eq) was then
added to a flame-dried flask with a stir bar. The intermediate was diluted with THF (3.6 mL), cooled
to -78°C, and stirred under Ar. A freshly prepared THF solution of dodecylmagnesium bromide (0.310
ml, 0.621 mmol, 1.00 eq) was added dropwise at -78°C, and the resulting mixture was allowed to stir
under Ar at -78°C. Once starting material disappeared on TLC, the reaction was quenched slowly with
saturated aqueous ammonium chloride, and the resulting aqueous layer was extracted with DCM.
Combined organic layers were washed with brine, dried over MgSOy, filtered, and evaporated under
reduced pressure. The resulting rude material was purified via column chromatography to deliver the
desired a-keto ester (0.030 g, 0.111 mmol, 18% yield).

Imidazolide-Mediated Ketone Synthesis: Imidazole (18.3 g, 268 mmol, 2.00 eq) was added to a
flame-dried flask with a stir bar, diluted with THF (244 mlL), cooled to 0°C, and stirred under Ar. A
solution of ethyl chlorooxoacetate (29, 15.0 mL, 134 mmol, 1.00 eq) in THF (61.0 mL) was added
dropwise at 0°C, and the reaction mixture was stirred under Ar at 0°C for 2 hr. The mixture was then
filtered to remove imidazole hydrochloride, and the resulting solution was cooled to -78°C and stirred
under Ar. A freshly prepared THF solution of dodecylmagnesium bromide (74.0 mL, 147 mmol, 1.10
eq) was added dropwise at -78°C, and the resulting mixture was stirred under Ar at -78°C. Once starting
material disappeared on TLC, the reaction was quenched slowly with saturated aqueous ammonium
chloride. The organic layer was washed with brine, dried over MgSQOsy, filtered, and evaporated under
reduced pressure. Purification was carried out via column chromatography to yield a slightly yellow oil
(6.25 g, 22.7 mmol, 17% yield over 2 steps). Re = 0.55 (1:8 EtOAc/Hex), Re = 0.42 (1:20 EtOAc/Hex).
IR (Vmax, cmt) 2923, 2853, 1728, 1464, 1247, 1177, 1128, 1054, 722. 'H NMR (400 MHz, CDCl3) &
432 (q, ] =7.2Hz, 2H), 2.83 (t, ] = 7.6 Hz, 2H), 1.63 (p, ] = 7.2 Hz, 2H), 1.37 (t, ] = 7.2 Hz, 3H), 1.26
(m, 18H), 0.89 (t, ] = 6.8 Hz, 3H). 3C NMR (100 MHz, CDCl3) 8 194.7, 161.3, 62.3, 39.3, 32.0, 29.7,
29.7, 29.7, 29.5, 29.4, 29.4, 29.0, 23.0, 22.8, 14.1, 14.0. HRMS (ESI) »/z = 271.22684 (Theo. for

Ci6H3003 + H: 271.22677).
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I\/\C10H21 (E)-1-iodododec-1-ene (46): Schwartz reagent (ZrCp,HCI, 6.92 g, 26.8 mmol, 1.60 eq)
was added to a flame-dried flask with a stir bar. The solid was diluted with THF (78.0 mL), cooled to
0°C, and stirred under Ar. Dodec-1-yne (47, 3.59 mL, 16.8 mmol, 1.00 eq) was added dropwise at 0°C,
and the resulting mixture was allowed to warm to room temperature and to stir for 3.5 hrs. The
resulting very dark reaction mixture was cooled to -78°C, and a solution of iodine (5.11 g, 20.1 mmol,
1.20 eq) in THF (34.0 mL) was added via syringe pump over 50 min. The mixture was stirred for
another 2 hrs at -78°C under Ar. At this point, the reaction mixture was warmed to 0°C and poured
over 0.1 N aqueous HCI (78 mL). The aqueous layer was extracted with diethyl ether (3 x 50 mL). The
combined organic layers were washed with saturated aqueous NaHCO3 (50 mL), saturated aqueous
Na:$:03 (50 mL), and brine (50 mL), dried over MgSOQy, filtered, and evaporated under reduced
pressure. Purification was carried out via column chromatography eluting with hexanes to yield a clear
oil (4.59 g, 15.6 mmol, 93% yield). Re = 0.90 (Hex). IR (max, cmt) 2922, 2852, 1461, 1376, 1197, 943,
721, 660. 'H NMR (400 MHz, CDCl3) 8 6.52 (dt, ] = 7.6 Hz, ] = 14.4 Hz, 1H), 5.97 (dt, ] = 1.2 Hz, |
=144 Hz, 1H), 2.05 (dq, ] = 1.2 Hz, | = 7.6 Hz, 2H), 1.39 (p, ] = 7.2 Hz, 2H), 1.26 (m, 14H), 0.89 (t,
J = 6.8 Hz, 3H). BC NMR (100 MHz, CDCl3) 5 146.8, 74.5, 36.3, 32.1, 29.8, 29.7, 29.6, 29.5, 29.1, 28.6,

22.9,14.3. HRMS (ESI) »/z = 295.09178 (Theo. for Ci2HasI + H: 295.09173).

Q (E)-ethyl 2,2-djflnorotetradec-3-enoate (48): Activated copper powder (17.0 g,
EtO)KK\/CmHm

F F 268 mmol, 3.10 eq) was added to a 1 L 3-neck flame-dried flask with a stir
bar. DMSO (Dri-Solv, 292 mL) was added, and the resulting solution was stirred vigorously under Ar
at room temperature. A solution of (E)-1-iodododec-1-ene (46, 25.3 g, 86.0 mmol, 1.00 eq) in DMSO
(Dri-Solv, 138 mL) was added via addition funnel, and then ethyl 2-bromo-2,2-difluoroacetate (11.0
mlL, 86.0 mmol, 1.00 eq) was added via syringe. The reaction flask was equipped with a reflux
condenser, warmed to 60°C, and stirred overnight under Ar. In the morning, the mixture was pouted
over a cold 1:1 solution of saturated aqueous ammonium chloride to water. The aqueous layer was
extracted with diethyl ether 4 times. The combined organic layers were washed twice with saturated

aqueous ammonium chloride and twice with brine, dried over MgSOy, filtered, and evaporated under
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reduced pressure. The resulting crude oil was purified via column chromatography eluting with 1:40
EtOAc to hexanes to yield a clear oil (17.3 g, 59.6 mmol, 69% yield). Re = 0.40 (1:40 EtOAc/Hex), Rf
= 0.45 (1:20 EtOAc/Hex). IR (Vmax, cmt) 2925, 2855, 1767, 1674, 1465, 1372, 1292, 1227, 1079, 969,
854, 780, 721. "TH NMR (400 MHz, CDCl;) 5 6.27 (m, 1H), 5.67 (m, 1H), 4.33 (q, J = 7.2 Hz, 2H), 2.14
(m, 2H), 1.42 (p, ] = 7.2 Hz, 2H), 1.36 (t, ] = 7.2 Hz, 3H), 1.27 (m, 14H), 0.89 (t, ] = 6.8 Hz, 3H). 13C
NMR (100 MHz, CDCls) 8 164.4 (t, ] = 34.6 Hz), 140.2 (t, ] = 8.9 Hz), 121.1 (t, ] = 25.0 Hz), 112.6 (t,
J = 246 Hz), 63.0, 32.1 (2C), 29.8, 29.7, 29.6, 29.5, 29.2, 28.3, 22.9, 14.3, 14.1. "F NMR (376 MHz,
CDCls) 6 -103.2 (dd, J = 3.0 Hz, ] = 5.6 Hz, 1F), -103.2 (dd, ] = 3.0 Hz, | = 5.6 Hz, 1F). HRMS (ESI)
m/ % = 291.21313 (Theo. for CisHaOoF2 + H: 291.21301). Anal. Caled. for Ci¢HasO,Fs: C, 66.18; H,
9.72; F, 13.08. Found: C, 65.98; H, 9.50; F, 12.84.

Q Ethyl  2,2-djfluorotetradecanoate  (27): Nucleophilic Difluorination: Ethyl 2-
Eto&

C12Has

F F oxotetradecanoate (28, 0.200 g, 0.740 mmol, 1.00 eq) was added to an Eppendorf
tube with a stir bar and diluted with DCM (1.40 mlI). The solution was cooled to 0°C, and
diethylaminosulfur trifluoride (0.107 mlL, 0.814 mmol, 1.10 eq) was added dropwise. The resulting
mixture was allowed to warm to room temperature, and progress was monitored by TLC. After 5 hrs,
starting material disappeared on TLC. The reaction mixture was transferred to a separatory funnel,
diluted with DCM, and quenched very carefully with water. The solution was adjusted to neutral pH
with dropwise addition of saturated aqueous sodium bicarbonate. The aqueous layer was extracted with
DCM, and the combined organic layers were dried over MgSQOy, filtered, and evaporated under reduced
pressure. Purified via column chromatography to yield a clear oil (0.180 g, 0.616 mmol, 83% yield).
Hydrogenation: A solution of (E)-ethyl 2,2-difluorotetradec-3-enoate (48, 3.06 g, 10.5 mmol, 1.00 eq)
in EtOAc (132 mlL) was added to a 1 L flask with a stir bar. The solution was further diluted with
EtOH (132 mL), and the resulting solution was stirred vigorously under Ar at room temperature. 10%
palladium on carbon (1.12 g, 1.05 mmol, 0.100 eq) was added, and the resulting mixture was stirred

vigorously under Ar at room temperature. The flask was evacuated for 5 min via low vacuum, and then

filled with Ar. These 2 steps were repeated twice more. Finally, one last evacuation was carried out,
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and the flask was filled with H» via balloon. The resulting mixture was stirred vigorously at room
temperature under Ho balloon for 24 hrs. The reaction was monitored by LC-MS. Upon consumption
of starting material, the reaction mixture was filtered over celite, which was washed thoroughly with
EtOAc. Solvent was evaporated under reduced pressure. The crude product was purified via column
chromatography eluting with 1:40 EtOAc to hexanes to yield a slightly yellow oil (2.89 g, 9.88 mmol,
94% yield). R = 0.59 (1:20 EtOAc/Hex), R¢ = 0.75 (1:10 EtOAc/Hex). IR (Vmas, cmt) 2924, 2854,
1764, 1465, 1374, 1336, 1304, 1189, 1130, 1095, 1034, 849, 778, 724, 642. 'H NMR (400 MHz, CDCl5)
8 4.33 (q, ] = 6.8 Hz, 2H), 2.06 (m, 2H), 1.46 (app p, ] = 7.6 Hz, 2H), 1.36 (t, ] = 7.2 Hz, 3H), 1.27 (m,
18H), 0.89 (t, ] = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl5) 6 164.6 (t, ] = 33.1 Hz), 116.6 (t, ] = 248.6
Hz), 62.8, 34.7 (t, ] = 23.1 Hz), 32.1, 29.8, 29.8, 29.8, 29.6, 29.6, 29.4, 29.3, 22.9, 21.6 (t, ] = 4.1 Hz),
14.3, 14.1. F NMR (376 MHz, CDCls) 6 -106.5 (t, ] = 16.9 Hz, 2F). HRMS (ESI) 7/% = 293.22788
(Theo. for CigH30O2F2 + H: 293.22866). Anal. Caled. for CisH30O2F2: C, 65.72; H, 10.34; I, 12.99.
Found: C, 66.31; H, 10.30; I, 12.71.

2,2-diflnoro-IN-methoxy-IN-methyltetradecanamide (32): N,O-
o. )KK
-

CioH
'Tl FF o dimethylhydroxylammonium chloride (8.78 g, 90.0 mmol, 3.00 eq) was added
to a 1 L 3-neck flame-dried flask equipped with an addition funnel and a stir bar. The solid was diluted
with THF (159 mL), cooled to -78°C, and stitred under Ar. A solution of #-butyllithium in hexanes
(72.0 mL, 180 mmol, 6.00 eq) was added dropwise via addition funnel at -78°C, and the resulting
solution was allowed to stir at -78°C for 30 min. The dry ice-acetone bath was removed for 15 min,
and the reaction mixture was subsequently recooled to -78°C. A solution of ethyl 2,2-
difluorotetradecanoate (27, 8.78 g, 30.0 mmol, 1.00 eq) in THF (141 mL) was added slowly via addition
funnel at -78°C, and the resulting mixture was stirred under Ar at -78°C. 15min after the addition was
completed, TLC indicated consumption of starting material. The cold bath was removed for 10 min,
and the reaction was quenched with saturated aqueous ammonium chloride. Once the mixture warmed

to room temperature, a small volume of water was added to dissolve salts. The aqueous layer was

extracted 3 times with EtOAc. Combined organic layer were washed with brine, dried over MgSOs,
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filtered, and evaporated under reduced pressure. The crude product was recrystallized from cold
pentane to yield a white solid (9.09 g, 29.6 mmol, 99% yield). R¢ = 0.35 (1:10 EtOAc/Hex), Re = 0.50
(1:4 EtOAc/Hex). Mp 33-35°C. IR (vVma, cmt) 2917, 2849, 1678, 1461, 1184, 1161, 1016, 968, 876,
725, 653. "TH NMR (400 MHz, CDCls) 8 3.75 (s, 3H), 3.27 (br s, 3H), 2.12 (m, 2H), 1.49 (app p, ] =
7.6Hz, 2H), 1.26 (m, 18H), 0.89 (t, ] = 6.8Hz, 3H). 3*C NMR (100 MHz, CDCls) & 164.2 (t, ] = 23.1
Hz), 118.2 (t, ] = 248.2 Hz), 61.9, 34.5 (t, ] = 23.1 Hz), 32.9, 32.0, 29.7, 29.7, 29.7, 29.5, 29.4, 29.4,
29.3,22.7,21.5,14.1. F (376 MHz, CDCl5) 6 -104.1 (app s, 2F). HRMS (ESI) 7/ 3 = 308.23974 (Theo.
for CisH31F2NO»2 + H: 308.23956). Anal. Caled. for CisH31FoNO2: C, 62.51; H, 10.16; F, 12.36; N,

4.56. Found: C, 62.58; H, 10.07; F, 12.21; N, 4.56.

CioHos

)?\K 3,3-difluoropentadecan-2-one (26): Grignard  Addition: Ethyl 2,2-
FF

difluorotetradecanoate (27, 0.150 g, 0.513 mmol, 1.00 eq) was added to a flame-dried
flask with a stir bar. The a,a-difluoro ester was diluted with THF (10.1 mL), cooled to -78°C, and
stitred under Ar. A commercially available solution of methylmagnesium chloride (0.171 mL, 0.515
mmol, 1.00 eq) was added in dropwise fashion, and the resulting mixture was allowed to stir under Ar
at -78°C. Once starting material disappeared on TLC, the reaction was quenched with saturated
aqueous ammonium chloride, and the mixture was allowed to warm to room temperature. The
resulting organic layer was washed with brine, dried over MgSOy, filtered, and evaporated under
reduced pressure. Purification was accomplished via column chromatography to yield a pale yellow oil
(0.040 g, 0.152 mmol, 30% yield).

Weinreb Ketone Synthesis: 2,2-difluoro-N-methoxy-N-methyltetradecanamide (32, 4.00 g, 13.0
mmol, 1.00 eq) was added to a 3-neck, 500 mL, flame-dried flask equipped with a low temperature
internal thermometer and a stir bar. The solid was diluted with THF (130 mL), cooled to -78°C, and
stirred vigorously under Ar. A solution of methyllithium in diethyl ether (8.13 mL, 13.0 mmol, 1.00 eq)
was added via syringe pump (0.14 mlL/min). Temperature was maintained below -70°C during
addition. After the addition was completed, TLC indicated some remaining starting material. Another

0.300 eq methyllithium was added via syringe pump at the same rate. After addition was complete,



69

TLC still indicated remaining starting material. Another 0.300 eq methyllithium was added via syringe
pump at the same rate. After the addition was completed, TLC indicated consumption of starting
material. The reaction was quenched with saturated aqueous ammonium chloride, and the resulting
mixture was transferred to a single neck flask. Solvent was evaporated under reduced pressure. A small
volume of water was added to dissolve salts, and the resulting aqueous layer was extracted 3 times with
EtOAc. The combined organic layers were washed twice with brine, dried over MgSOy, filtered, and
evaporated under reduced pressure. The crude product was purified via column chromatography
eluting with 1:50 EtOAc to hexanes to yield a clear oil (2.67 g, 10.2 mmol, 78% yield). Rf = 0.82 (1:10
EtOAc/Hex), R = 0.60 (1:30 EtOAc/Hex), Re = 0.49 (1:40 EtOAc/Hex). IR (Vmax, cm!) 2924, 2854,
1747, 1465, 1361, 12006, 1137, 1034, 984. '"H NMR (400 mHz, CDCls) 8 2.33 (t, ] = 1.6 Hz, 3H), 1.97
(m, 2H), 1.44 (m, 2H), 1.26 (m, 18H), 0.89 (t, ] = 6.8 Hz, 3H). 3C NMR (100 MHz, CDCls) 8 199.2 (t,
J=33.1Hz), 1183 (t, ] = 249.7 Hz), 32.5 (t, ] = 22.7 Hz), 32.1, 29.8, 29.8, 29.8, 29.6, 29.6, 29.5, 29.5,
24.1, 229, 21.4 (t, ] = 4.1 Hz), 14.2. °F (376 MHz, CDCls) 8 -107.6 (dt, ] = 17.5 Hz, 1.5 Hz, 2F).
HRMS (APCI) 7/z = 263.21811 (Theo. for CisHoF.O + H: 263.21810). Anal. Calcd. for CisHxsF2O:

C, 68.60; H, 10.76; F, 14.48. Found: C, 68.78; H, 10.74; F, 14.62.

\HOJ\ (8)-benzyl 2-(dibengylamino)propanoate (49): Sodium hydroxide (18.0 g, 449 mmol, 2.00 eq)
OBn

NBn, and potassium carbonate (62.0 g, 449 mmol, 2.00 eq) were added to a 1 L 3-neck flask
equipped with a reflux condenser, an addition funnel, and a stir bar. The solids were diluted with water
(374 mL) and stirred at room temperature. Added L-alanine (20.0 g, 224 mmol, 1.00 eq), and warmed
the mixture to 115°C. Benzyl bromide (80.0 mL, 673 mmol, 3.00 eq) was added dropwise via addition
funnel over 1 hr, and the resulting mixture was stirred at reflux. Reaction progress was monitored by
LC-MS. The reaction mixture was allowed to cool to room temperature, and was extracted three times
with diethyl ether. The combined organic layers were washed twice with brine, dried over MgSOy,
filtered, and evaporated under reduced pressure. The crude product was purified via column

chromatography eluting with 1:10 EtOAc to hexanes to yield a viscous clear oil (53.7 g, 149 mmol,

67% yield). [«]p? = -78.7 (c = 1.00 in CHCL). 'H NMR (400 MHz, CDCl;) & 7.21-7.42 (m, 15H), 5.24
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(d, J =12.0 Hz, 1H), 5.17 (d, ] = 12.0 Hz, 1H), 3.84 (d, ] = 14.4 Hz, 2H), 3.64 (d, ] = 14.0 Hz, 2H),
3.57 (q, ] = 7.2 Hz, 1H), 1.36 (d, ] = 7.2 Hz, 3H). 3*C NMR (100 MHz, CDCl;) 8 173.6, 139.9 (2C),
136.2,128.7 (6C), 128.3 (6C), 127.0 (3C), 66.1, 56.3, 54.5, 15.0. HRMS (APCI) 7/ = 360.19515 (Theo.
for Ca4H2sN2Og + H: 360.19581).
Y\ OH (8)-2-(dibenzylamino)propan-1-ol (33): Carboxylic Acid Reduction: A solution of (§)-2-
NBn, (dibenzylamino)propanoic acid (6, 4.15 ¢, 15.4 mmol, 1.00 eq) in THF (77.0 mL) was
added to a flame-dried, 500 mL flask with a stir bar. The solution was further diluted with diethyl ether
(77.0 mL), and was stirred vigorously under Ar at room temperature. Borane-dimethyl sulfide complex
(5.11 mL, 53.9 mmol, 3.50 eq) was added dropwise via syringe pump (6.0 mL/hr) at room temperature.
After the addition was completed, the flask was quickly equipped with a reflux condenser, and heated
to 40°C. The reaction mixture was allowed to reflux overnight. In the morning, LC-MS indicated
complete conversion of starting material to desired product. The reaction was quenched dropwise with
MeOH, and solvent was evaporated under reduced pressure. The crude product was purified via
automated column chromatography (CombiFlash, 80 g column, 15 min isocratic 20% EtOAc in
hexanes) to yield a white solid (3.59 g, 14.1 mmol, 91% yield).
Benzyl Ester Reduction: (5)-Benzyl 2-(dibenzylamino)propanoate (49, 5.00 g, 13.9 mmol, 1.00 eq)
was added to a flame-dried, 250 mL flask with a stir bar. The oil was diluted with diethyl ether (39.7
mlL), cooled to 0°C, and stirred vigorously under Ar. Added a THF solution of lithium aluminum
hydride (8.35 mL, 16.7 mmol, 1.20 eq) dropwise via syringe pump (10.0 mL/hr). The resulting reaction
mixture was allowed to warm to room temperature and stir overnight. In the morning, a clear solution
was observed, and TLC indicated almost complete conversion of starting material. The reaction
mixture was cooled to 0°C, and water (0.620 mL) was catefully added dropwise. Then, 15% aqueous
sodium hydroxide (0.620 mL) was carefully added dropwise, and this was followed by the careful
addition of water (1.91 mL). The resulting mixture was filtered, and the precipitate was washed with
diethyl ether (4 x 6 mL). The combined organic layers were dried over MgSQOs, filtered, and evaporated

under reduced pressure. The crude product was purified via automated column chromatography
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(CombiFlash, 80 g column, 15 min gradient from 0-20% EtOAc in hexanes, 10 min isocratic 20%
EtOAc in hexanes, and 5 min gradient to 50% EtOAc in hexanes) to yield a white solid (3.36 g, 13.2
mmol, 95% yield). [a]p? = +42.4 (c = 1.00 in EtOAc). 'H NMR (400 MHz) 8 7.23-7.35 (m, 10H), 3.83
(d,J=13.6 Hz, 2H), 3.47 (app t, ] = 10.4 Hz, 1H), 3.37 (m, 1H), 3.36 (d, ] = 13.2 Hz, 2H), 3.16 (br s,
1H), 3.00 (m, 1H), 0.99 (d, ] = 6.8 Hz, 3H). HRMS (APCI) /3 = 256.16941 (Theo. for C17H»NO +
H: 256.16959).

Q (8)-2-(dibenzylamino)propanal (25): Oxalyl chloride (2.34 mL, 26.7 mmol, 2.50 eq) was added
\l\‘irtH to a flame-dried, 500 mL with a stir bar. The oil was diluted with DCM (59.0 mL), cooled
to -78°C, and stirred under Ar. Added dimethylsulfoxide (3.44 mL, 48.1 mmol, 4.50 eq) dropwise via
sytinge pump (6.9 mL/ht). The resulting mixture was allowed to stit at -78°C under Ar for 1 hr. A
solution of (§)-2-(dibenzylamino)propan-1-ol (33, 2.73 g, 10.7 mmol, 1.00 eq) in DCM (48.0 mL) was
added dropwise via syringe pump (24.0 mL/hr). White solid formation was obsetrved towards the end
of the addition, so DCM (24.0 mL) was added to help break up the solid. The resulting mixture was
allowed to stir at -78°C under Ar for 15 min. Ttiethylamine (7.44 mL, 53.4 mmol, 5.00 eq) was added
dropwise via syringe pump (10.0 mL/hr). The resulting mixture was allowed to stir at -78°C under Ar
for 1 hr. At this point, TLC indicated complete consumption of starting material. The cold bath was
removed, and the reaction was quenched with saturated aqueous sodium bicarbonate until neutral pH
was achieved. Once the mixture warmed above 0°C, a small volume of water was added. The organic
layer was washed twice with brine, dried over MgSQy, filtered, and evaporated under reduced pressure.
The crude product was purified via a silica plug eluting quickly with 30% EtOAc in hexanes to yield a
waxy yellow solid (2.45 g, 9.67 mmol, 91% yield). [«]p* = -31.9 (c = 1.00 in CHCl3). 'H NMR (400
MHz) 8 9.73 (s, 1H), 7.23-7.42 (m, 10H), 3.73 (d, / = 13.6 Hz, 2H), 3.57 (d, ] = 13.6 Hz, 2H), 3.33 (q,
J=06.8Hz, 1H), 1.18 (d, ] = 6.8 Hz, 3H).

Aldol Method A: N,N-dimethylethanamine (4.73 mL, 43.6 mmol, 4.00 eq) was added to a flame-dried

1 L 3-neck flask equipped with an internal temperature probe and a stir bar. The liquid was diluted

with THF (31.0 mL), cooled to -78°C via recirculating chiller, and stirred under Ar. Added a solution
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of chlorodicyclohexylborane in hexanes (14.7 ml, 14.7 mmol, 1.35 eq) dropwise via syringe pump
(15.0 mL/hr). Temperature during addition was maintained below -77°C. The resulting reaction
mixture was allowed to stir at -78°C for 15 min. Added a solution of 3,3-difluoropentadecan-2-one
(26, 2.86 g, 10.9 mmol, 1.00 eq) in THF (53.0 mL) dropwise via syringe pump (35.0 mL/hr).
Temperature during addition was maintained below -75°C. The resulting mixture was allowed to stir
for 15 min at -78°C under Ar. The cold bath was removed, and THF (76.0 mL) was added while the
solution was warming. Once the internal temperatute reached -27.5°C, the cold bath was replaced, and
the mixture was stirted under Ar undl temperature reached -75°C. Added a solution of (§)-2-
(dibenzylamino)propanal (25, 3.04 g, 12.0 mmol, 1.10 eq) in THF (31.0 mL) dropwise via syringe pump
(16.0 mL/hr). Temperature during addition remained below -74°C. After the addition was completed,
TLC indicated almost complete consumption of starting material, and LC-MS indicated a
diastereomeric ratio of 61:39 favoring the syn-(25,35) diastereomer. The cold bath was removed, and
the reaction mixture was allowed to warm to -30°C. At this point, TLC indicated complete
consumption of starting material. The reaction mixture was allowed to warm to -20°C, at which point
the mixture was poured over phosphate buffer (600 mL, pH = 7) in a separatory funnel. The separatory
funnel was shaken until gas release ceased. The aqueous layer was quickly removed, and the organic
layer was poured into a 500 mL round bottom flask equipped with a stir bar and an internal temperature
probe. The organic layer was cooled to -20°C, and an aqueous solution of hydrogen peroxide (3.01
mlL, 29.5 mmol, 2.70 eq) was added slowly. The resulting mixture was allowed to warm to 5°C and was
poured into the separatory funnel. After sufficient shaking and gas release, the aqueous layer was
removed. The organic layer was washed twice with brine, dried over MgSOsy, filtered, and evaporated
under reduced pressure. The crude product was purified via column chromatography eluting with 1:8
EtOAc to hexanes to yield separable diastereomers as clear oils: 25,35 (2.02 g, 3.92 mmol, 36% yield)
and 25,3R (1.10 g, 2.13 mmol, 20% yield). Chiral HPLC verified that little to no racemization occurred

during the reaction.
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Aldol Method B: A solution of (§)-2-(dibenzylamino)propanal (25, 0.100 g, 0.395 mmol, 1.00 eq) in
THF (4.00 mL) was added to a flame-dried Flask A with a stir bar. The solution was cooled to -78°C,
and stirred under Ar. Added a DCM solution of titanium(IV) chloride (0.434 mL, 0.434 mmol, 1.10
eq) dropwise at -78°C, and the resulting mixture was stitred at -78°C for 1 hr. A solution of 3,3-
difluoropentadecan-2-one (26, 0.114 g, 0.434 mmol, 1.10 eq) in THF (4.00 mL) was added to a flame-
dried Flask B with a stir bat. The solution was cooled to -78°C, and stirred under Ar. Added a solution
of potassium hexamethyldisilazane (0.908 mL, 0.454 mmol, 1.15 eq) in toluene dropwise at -78°C, and
stitred at -78°C under Ar for 1 hr. The cold bath was removed for 10 min, and then replaced for 10
min. The resulting enolate solution was diluted with THF (4.00 mL), and transferred slowly to Flask A
via cannula. The resulting reaction mixture was stirred under Ar at -78°C. Reaction progress was
monitored by LC-MS. LC-MS showed a diastereomeric ratio of 81:19 favoring the desired sy»-(25,35)
stereoisomer. The reaction was quenched with saturated aqueous ammonium chloride. Once the
mixture warmed to room temperature, a small volume of water was added to dissolve salts. The
aqueous layer was extracted 3 times with diethyl ether. The combined organic layers were washed with
twice with brine, dried over MgSOy, filtered, and evaporated under reduced pressure. The small amount
of isolated crude product was purified via column chromatography to yield impure and very little
desired product.

Aldol Method C: N,N-dimethylethanamine (0.050 mL, 0.457 mmol, 4.00 eq) was added to a flame-
dried flask with a stir bar. The liquid was diluted with THF (0.500 mL), cooled to -78°C, and stirred
under Ar. A solution of (+)-DiPCl or (-)-DiPCl (0.107 mL, 0.154 mmol, 1.35 eq) was added, and the
resulting mixture was allowed to stir at -78°C for 15min. A solution of 3,3-difluoropentadecan-2-one
(26, 0.030 g, 0.114 mmol, 1.00 eq) in THF (0.500 mL) was added dropwise, and the resulting mixture
was stirred at -78°C for 1hr. The cold bath was removed for 10min, and then replaced. A solution of
(S)-2-(dibenzylamino)propanal (25, 0.032 g, 0.126 mmol, 1.10 eq) in THF (0.500 mL) was added

dropwise, and the resulting mixture was allowed to stir at -78°C. Reaction progress and
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diastereoselectivity were monitored by LC-MS, which indicated the following diastereoselectivities:
(+)-DiPCl, 27:73 syn/ ants, (-)-DiPCl, 66:34 syn/ anti.

OH O . . .
CooHs (28,38)-2-(dibenzylamino)-6,6-diflnoro-3-hydroxyoctadecan-5-one (35): Re = 0.25

NBn, FF (1:15 EtOAc/Hex), Rf = 0.35 (1:10 EtOAc/Hex). [«]p? = +4.3 (c = 1.00

in BEtOAc). IR (Vmax, cl) 34406, 2924, 2853, 1737, 1454, 1377, 1208, 1149, 1095, 1072, 1048, 1027,
746, 698. "TH NMR (400 MHz, CDCl3) 8 7.22-7.39 (m, 10H), 4.07 (app t, ] = 8.6 Hz, 1H), 3.74 (d, ] =
14.0 Hz, 2H), 3.44 (app d, ] = 18.8 Hz, 1H), 3.41 (d, ] = 13.6 Hz, 2H), 2.67 (dq, ] = 6.7 Hz, 8.6 Hz,
1H), 2.52 (br s, 1H), 2.47 (dd, | = 9.8 Hz, 19.0 Hz, 1H), 1.93 (m, 2H), 1.43 (app p, /] = 7.6 Hz, 2H),
1.27 (m, 18H), 1.19 (d, ] = 6.4 Hz, 3H), 0.892 (t, ] = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCls) 8 202.7
(t, ] = 31.7 Hz), 139.7 (2C), 129.0 (4C), 128.5 (4C), 127.2 (2C), 118.3 (t, ] = 250.4 Hz), 69.0, 56.8, 54.6
(20), 42.1, 32.7 (t, ] = 22.7 Hz), 32.1, 29.8 (3C), 29.6, 29.5, 29.4 (2C), 22.9, 21.3, 14.3, 8.4. F NMR
(376 MHz, CDCl3) 6 -107.8 (dt, ] = 17.7 Hz, 271.8 Hz, 1F), -108.6 (dt, ] = 17.7 Hz, 271.8 Hz, 1F).
HRMS (APCI) 7/% = 516.36529 (Theo. for C3HyFoNO, + H: 516.36476). LC-MS (ES-API, + ion)
95% MeOH in H,O isocratic, 3 min, 1.00 mL/min, C18 (Agilent Zorbax XDB-18, 50 mm x 4.6 mm,
3.5 um), z/z = 516.4, t = 1.847 min. Chiral HPLC (254 nm) 2% iPrOH in hexane, 20 min, 1.00
ml/min, AD-H (Daicel ChiralPak, 150 mm x 4.6 mm, 5 pm), t = 11.317 min. Anal. Calcd. for
CsHyFoNO2: C, 74.53; H, 9.19; N, 2.72; F, 7.37. Found: C, 74.65; H, 9.08; N, 2.88; F, 7.31.

?H Q (28,3R)-2-(dibengylamino)-6,6-difluoro-3-hydroxyoctadecan-5-one (36): R = 0.38

CqoHos
(1:15 EtOAc/Hex), R = 0.49 (1:10 EtOAc/Hex). [a]p? = +7.7 (¢ = 1.00

NBn, FF
in BtOAC). TR (nas, cml) 3407, 2923, 2853, 1744, 1454, 1379, 1208, 1144, 1055, 1027, 1002, 944, 747,
731, 698, 627. TH NMR (400 MHz, CDCLy) & 7.25-7.35 (m, 10H), 4.35 (br s, 1H), 4.06 (ddd, ] = 4.7
Hz, 6.7 Hz, 9.4 Hz, 1H), 3.87 (d, ] = 13.6 Hz, 2H), 3.33 (d, ] = 13.2 Hz, 2H), 2.67 (m, 1H), 2.65 (m,
1H), 2.64 (m, 1H), 1.94 (m, 2H), 1.4 (app p, ] = 7.7 Hz, 2H), 1.27 (m, 18H), 1.05 (d, ] = 6.8 Hz, 3H),
0.898 (t, ] = 7.0 Hz, 3H). 3C NMR (100 MHz, CDCL3) 3 199.9 (t, ] = 31.7 Hz), 138.7 (2C), 129.2 (4C),
128.7 (4C), 1275 (2C), 1185 (t, ] = 250.0 Hz), 66.9, 58.0, 53.4 (2C), 41.4, 32.5 (t, ] = 22.3 Hz), 32.1,

29.8 (2C), 29.7, 29.6, 29.5, 29.4 (2C), 22.9, 21.2, 14.3, 8.14. 19F NMR (376 MHz, CDCl3) & -107.9 (dt, |
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= 18.0 Hz, 271.8 Hz, 1F), -108.7 (dt, J = 17.9 Hz, 271.8 Hz, 1F). HRMS (APCI) 7/ = 516.36540
(Theo. for C3xHy7FaNO» + H: 516.36476). LC-MS (ES-API, + ion) 95% MeOH in H>O isocratic, 3
min, 1.00 mL/min, C18 (Agilent Zorbax XDB-18, 50 mm x 4.6 mm, 3.5 um), 7/ = 516.3, t = 1.035

min. Anal. Calcd. for Cs,H47F2NO2: C, 74.53; H, 9.19; N, 2.72; F, 7.37. Found: C, 74.79; H, 9.19; N,

2.90; F, 7.21.
H OH

(28,38,58)-5-(1,1-diflnorotridecyl)-2-methylpyrrolidin-3-ol (37): A solution of (25, 35)-2-
(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-one (0.080 g, 0.155 mmol,

1.00 eq) in EtOH (5.20 mL) was added to a flame-dried flask with a stir bar. 10%

palladium on carbon (0.017 g, 0.016 mmol, 0.100 eq) was added, and the mixture was stirred vigorously
at room temperature. The flask was placed under low vacuum for 5 min, and then flushed with Ar.
These two steps were repeated twice, followed by a final evacuation. Finally, the flask was placed under
H» atmosphere via balloon, and the resulting reaction mixture was stirred vigorously overnight. In the
morning, the mixture was filtered over celite, which was washed with methanol. The solvent was
evaporated under reduced pressure. Impurities were dissolved in diethyl ether and pipetted off to yield
pure white solid (0.032 g, 0.100 mmol, 65% yield). 'H NMR (400 MHz, CDs;OD) & 4.30 (app s, 1H),
4.07 (m, 1H), 3.53 (m, 1H), 2.58 (m, 1H), 1.99 (m, 2H), 1.97 (m, 1H), 1.54 (m, 2H), 1.41 (d, ] = 6.6 Hz,
3H), 1.30 (m, 18H), 0.901 (t, /] = 6.9 Hz, 3H). NOE experiments summarized below. LC-MS (ES-API,
+ ion) 95% MeOH in H>O isocratic, 3 min, 1.00 mL/min, C18 (Agilent Zorbax XDB-18, 50 mm x
4.6 mm, 3.5 um), 7z/z = 320.2, t = 0.531 min; 75-95% MeOH in H>O, 3 min, 1.00 mL/min, C18
(Agilent Zotbax XDB-18, 50 mm x 4.6 mm, 3.5 um), 7/ = 320.2, t = 1.802 min.

Reduction Method A: Sodium borohydride (0.135 g, 3.58 mmol, 1.50 eq) was added to a flame-dried
flask with a stir bar. The solid was diluted with THF (12.0 mL). Added a solution of (25,35)-2-
(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-one (35, 1.23 g, 2.38 mmol, 1.00 eq) in THF (12.0
ml) via syringe pump over 30 min. Once starting material was undetectable by TLC, the reaction was
quenched dropwise with water. Added 2 N aqueous HCl in dropwise fashion until neutral pH was

achieved. The aqueous layer was extracted with EtOAc. The combined organic layers were washed
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with brine, dried over MgSQOy, filtered, and evaporated under reduced pressure. The crude mixture of
separable diastereomers was purified via column chromatography eluting with 1:4 EtOAc to hexanes
to yield two yellow oils: 25,35,5R (0.350 g, 0.676 mmol, 28% yield) and 2.5,35,55 (0.510 g, 0.985 mmol,
41% yield).

Reduction Method B: A solution of (25,35)-2-(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-
one (35, 0.015 g, 0.029 mmol, 1.00 eq) in THF (0.600 mL) was added to a flame-dried vial with a stir
bar. The solution was cooled to -78°C, and stirred under Ar. Added sodium borohydride (1.21 mg,
0.032 mmol, 1.10 eq), and the resulting mixture was stirred at -78°C under Ar. Reaction progress and
diastereoselectivity were monitored by LC-MS. LC-MS showed a diastereomeric ratio of 41:59
disfavoring the desired syn-(25,35) stereoisomer.

Reduction Method C: A solution of (25,35)-2-(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-
one (35, 0.015 g, 0.029 mmol, 1.00 eq) in THF (0.500 mL) was added to a flame-dried vial with a stir
bat. Added MeOH (0.120 mL), cooled to -78°C, and stirred under Ar. Added diethylmethoxyborane
(4.20 pl, 0.032 mmol, 1.10 eq) via a 10 pL syringe, and the resulting mixture was stirred for 30 min at
-78°C under Ar. Added sodium borohydride (1.21 mg, 0.032 mmol, 1.10 eq), and the resulting mixture
was stirred at -78°C under Ar. Reaction progress and diastereoselectivity were monitored by LC-MS.
LC-MS showed a diastereomeric ratio of 45:55 disfavoring the desired syn-(25,35) stereoisomer.
Reduction Method D: A solution of (25,35)-2-(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-
one (35, 0.015 g, 0.029 mmol, 1.00 eq) in THF (0.500 mL) was added to a flame-dried vial with a stir
bat. Added MeOH (0.120 mL), cooled to -78°C, and stirred under Ar. Added diethylmethoxyborane
(4.20 pl, 0.032 mmol, 1.10 eq) via a 10 pL syringe, and the resulting mixture was stirred at -78°C under
Ar for 30 min. The resulting mixture was warmed to 0°C, and cooled back down to -78°C. Added
sodium borohydride (1.21 mg, 0.032 mmol, 1.10 eq), and the resulting mixture was stirred under Ar at
-78°C. Reaction progress and diastercoselectivity were monitored by LC-MS. LC-MS showed a

diastereomeric ratio of 51:49 favoring the desired sy#-(25,35) stereoisomer.
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Reduction Method E: A solution of (25,35)-2-(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-
one (35, 0.015 g, 0.029 mmol, 1.00 eq) in THF (0.500 mL) was added to a flame-dried vial with a stir
bar. Added MeOH (0.120 mL), cooled to 0°C, and stirred under Ar. Added diethylmethoxyborane
(4.20 ul, 0.032 mmol, 1.10 eq) via a 10 pL syringe, and the resulting mixture was stirred for 30 min
under Ar at 0°C. Added sodium borohydride (1.21 mg, 0.032 mmol, 1.10 eq), and the resulting mixture
was stitred at 0°C under Ar. Reaction progress and diastereoselectivity were monitored by LC-MS. LC-
MS showed a diastereomeric ratio of 45:55 disfavoring the desired gy7-(25,3S5) stereoisomer.
Reduction Method F. A solution of (25,35)-2-(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-
one (35, 0.015 g, 0.029 mmol, 1.00 eq) in THF (0.600 mL) was added to a flame-dried vial with a stir
bat. The solution was cooled to -78°C and stirred under Ar. Added a solution of diisobutylaluminum
hydride in THF (0.087 mL, 0.087 mmol, 3.00 eq) dropwise, and the resulting mixture was stirred under
Ar at -78°C. Reaction progress and diastereoselectivity wete monitored by LC-MS. LC-MS showed a
diastereomeric ratio of 17:83 disfavoring the desired sy»-(25,35) stereoisomer.

Reduction Method G. A solution of (25,35)-2-(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-
one (35, 1.35 g, 2.62 mmol, 1.00 eq) in THF (21.0 mL) was added to a flame-dried flask with a stir bar.
Added anhydrous (dtied overnight under high vacuum at 55°C) zinc(Il) bromide (0.648 g, 2.88 mmol,
1.10 eq), cooled to -78°C, and stirred under Ar. Added a solution of diisobutylaluminum hydride in
THF (7.85 mL, 7.85 mmol, 3.00 eq) dropwise at -78°C via syringe pump (0.13 mL/min). The resulting
mixture was stitred at -78°C under Ar. Reaction progress was monitored by TLC, and
diastereoselectivity was determined by LC-MS. LC-MS showed a diastereomeric ratio of 71:29 favoring
the desired sy#-(25,35) stereoisomer. Once starting material was undetectable by TLC, the reaction
mixture was poured over of a 1:1 mixture of saturated aqueous ammonium chloride and concentrated
HCI (28.0 mL). Water (8.00 mL) was added to dissolve salts. The aqueous layer was extracted 3 times
with EtOAc. The combined organic layers were washed twice with brine, dried over MgSOy, filtered,
and evaporated under reduced pressure. The crude product was taken up in DCM, and an equal volume

of saturated aqueous sodium potassium tartarate was added. The biphasic mixture was stirred
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vigorously for 6 hrs. The resulting mixture was separated, and the aqueous layer lightly washed with
DCM. The combined organic layers were washed twice with brine, dried over MgSQOy, filtered, and
evaporated under reduced pressure to yield a clear yellow oil. The crude product was purified via
column chromatography eluting with 1:4 EtOAc to hexanes to yield the 25,35,5K aminodiol as a clear

oil (0.762 g, 1.47 mmol, 56% yield).
OH OH

~_C12H2s

NBn,  EF EtOAc/Hex), Rr = 0.18 (1:10 EtOAc/Hex). [a]p® = +1.1 (c = 1.00 in

(28,38, 5R)-2-(dibengylamino)-6,6-difluorooctadecane-3,5-diol (38): Re = 0.41 (1:5

FtOAC). TR (Vamas, cm-1) 3405, 2923, 2853, 1454, 1147, 1010, 1073, 1027, 1001, 745, 698. TH NMR (400
MHz, CDCl3) & 7.23-7.35 (m, 10H), 3.87 (m, 1H), 3.79 (d, ] = 14.0 Hz, 2H), 3.76 (m, 1H), 3.44 (d, ] =
13.6 Hz, 2H), 2.79 (p, ] = 6.9 Hz, 1H), 2.25 (app d, ] = 14.4 Hz, 1H), 1.77-1.97 (m, 2H), 1.51 (m, 2H),
1.4 (m, 1H), 1.28 (m, 18H), 1.16 (d, ] = 6.8 Hz, 3H), 0.892 (¢, ] = 6.8 Hz, 3H). 13C NMR (100 MHz,
CDCls) § 139.7 (2C), 129.1 (4C), 128.6 (4C), 127.4 (2C), 123.8 (t, ] = 244.1 Hz), 74.5, 74.3 (t, ] = 28.3
Hz), 57.8, 55.2 (2C), 32.8, 32.4 (t, ] = 23.8 Hz), 32.1, 29.8 (3C), 29.7 (2C), 29.6, 29.5, 22.9, 21.5, 14.3,
8.7. F NMR (376 MHz, CDCLy) & -111.1 (m, 1F), -114.1 (m, 1F). HRMS (APCI) /5 = 518.38075
(Theo. for CsHyFaNO, + H: 518.38041). LC-MS (ES-API, + ion) 85% MeOH in H,O isocratic, 5
min, 1.00 mI/min, C18 (Agilent Zorbax XDB-18, 50 mm x 4.6 mm, 3.5 um), 7/3 = 518.4, t = 3.777

min. Anal. Calcd. for C3HaoFo2NO2: C, 74.24; H, 9.54; N, 2.71; F, 7.34. Found: C, 73.49; H, 9.57; N,

2.03; F, 7.02.
OH OH . . , . _
CooH (28,38,58)-2-(dibengylamino)-6,6-difluorooctadecane-3,5-diol (39): Re = 0.34 (1:5
121125
NBn, FF EtOAc/Hex), Re = 0.13 (1:10 EtOAc/Hex). [«]p? = +14.4 (¢ = 1.00 in

EtOAC). TR (vmas, cm1) 3360, 2920, 2851, 1453, 1379, 1247, 1205, 1162, 1073, 1028, 1002, 976, 933,
905, 731, 697, 663. 'H NMR (400 MHz, CDCls) & 7.23-7.35 (m, 10H), 3.93 (td, ] = 2.1 Hz, 8.0 Hz,
1H), 3.83 (m, 1H), 3.76 (d, ] = 13.6 Hz, 2H), 3.42 (d, ] = 14.0 Hz, 2H), 2.78 (app p, ] = 6.6 Hz, 1H),
2.59 (br's, 1H), 2.31 (br s, 1H), 1.99 (ddd, J = 2.7 Hz, 10.0 Hz, 14.4 Hz, 1H), 1.76-1.92 (m, 2H), 1.70
(ddd, ] = 2.4 Hz, 8.8 Hz, 14.4 Hz, 1H), 1.50 (app p, | = 7.5 Hz, 2H), 1.28 (m, 18H), 1.19 (d, ] = 6.8

Hz, 3H), 0.891 (t, ] = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCLy) & 139.8 (2C), 129.2 (4C), 128.5 (4C),
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127.3 (2C), 124.6 (t, | = 243.3 Hz), 70.9, 70.2 (t, ] = 28.3 Hz), 57.2, 54.8 (2C), 33.0, 32.8 (t, ] = 23.8
Hz), 32.1,29.9 (3C), 29.8, 29.7, 29.6, 29.6, 22.9, 21.5, 14.3, 8.75. "F NMR (376 MHz, CDCl5) 8 -111.6
(m, 1F), -113.6 (m, 1F). HRMS (APCI) 7/% = 518.38041 (Theo. for CsHyF2NO, + H: 518.38041).
LC-MS (ES-API, + ion) 85% MeOH in HyO isocratic, 5 min, 1.00 mL/min, C18 (Agilent Zotbax
XDB-18, 50 mm x 4.6 mm, 3.5 um), 7/3 = 518.4, t = 2.314 min. Anal. Calcd. for C3HyF>NO2: C,
74.24; H, 9.54; N, 2.71; I, 7.34. Found: C, 74.38; H, 9.60; N, 2.85; I, 7.18.
Rychnovsky’s Acetonide Method A: Each epimer of (25,35)-2-(dibenzylamino)-6,6-
difluorooctadecane-3,5-diol (0.150 g, 0.290 mmol, 1.00 eq) was added to a flask with a stir bar. The oils
were diluted with 2,2-dimethoxypropane (4.51 mlL, 36.8 mmol, 127 eq), and p-toluenesulfonic acid
monohydrate (0.011 g, 0.058 mmol, 0.200 eq) was added. The flasks were equipped with reflux
condensers, warmed to 55°C, and stirred overnight. Progress of the reactions was monitored by LC-
MS. Once LC-MS indicated almost complete conversion to desired products, the reaction mixtures
were cooled to room temperature, diluted with diethyl ether, and washed with saturated aqueous
sodium bicarbonate. The organic layers were dried over MgSQOs, filtered, and evaporated under reduced
pressure. The crude products were purified via column chromatography eluting with 1:80 EtOAc to
hexanes to yield the desired acetonides as clear oils.
>< (8)-N,N-dibenzyl-1-(45,6R)-6-(1,1-diflnorotridecyl)-2,2-dimethyl-1, 3-dioxcan-4-
D CygHog Iethanamine (42): (0.143 g, 0.256 mmol, 88% yield). Ry = 0.41 (1:80
NBn, FF EtOAc/Hex); Re = 0.49 (1:40 EtOAc/Hex). [«]p? = -5.8 (c = 1.00 in
CHCl). IR (vmax, cm!) 2924, 2853, 1454, 1379, 1258, 1201, 1165, 1116, 1027, 1009, 969, 872, 744, 733,
698. 'TH NMR (400 MHz, CDCls) & 7.22-7.37 (m, 10H), 3.95 (m, 1H), 3.88 (m, 1H), 3.77 (d, ] = 13.6
Hz, 2H), 3.47 (d, ] = 14.0 Hz, 2H), 2.64 (p, /] = 6.7 Hz, 1H), 1.90 (app d, ] = 13.2 Hz, 1H), 1.78-1.85
(m, 2H), 1.48 (m, 2H), 1.40 (s, 3H), 1.35 (s, 3H), 1.28 (m, 19H), 1.10 (d, ] = 6.8 Hz, 3H), 0.897 (t, ] =
7.0 Hz, 3H). 13C NMR (100 MHz, CDCls)  140.4 (2C), 128.9 (4C), 128.4 (4C), 127.1 (2C), 123.2 (t, ]
=241.7Hz),99.1,71.1,70.7 (t, ] = 29.5 Hz), 57.4, 54.8 (2C), 32.5 (t, ] = 24.3 Hz), 32.1, 30.0, 29.9, 29.8

(2C), 29.7, 29.6, 29.6, 29.6, 27.8, 22.9, 21.5, 19.7, 14.3, 8.1. F NMR (376 MHz, CDCLy) & -110.4 (m,
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1F), -113.0 (m, 1F). HRMS (APCI) 7/z = 558.41126 (Theo. for C3sHs;sFoaNO, + H: 558.41171). Anal.
Calcd. for C3sHssFoNO2: C, 75.36; H, 9.58; N, 2.51; F, 6.81. Found: C, 75.06; H, 9.58; N, 2.44; T, 6.64.
>< (8)-N,N-dibenzyl-1-((45,65)-6-(1,1-difluorotridecyl)-2, 2-dimethyl-1, 3-dioxan-4-
7 : C1oHos Wethanamine (43): (0.118 g, 0.212 mmol, 73% yield). Rr = 0.30 (1:80
NBn, FF EtOAc/Hex); Re = 0.54 (1:40 EtOAc/Hex). [o]p® = +10.1 (c = 1.00 in
CHCl3). IR (vmay, ca!) 2924, 2853, 1494, 1454, 1379, 1311, 1225, 1172, 1108, 1020, 942, 909, 843, 732,
698, 648. 'H NMR (400 MHz, CDCl3) 8 7.22-7.37 (m, 10H), 3.89 (m, 1H), 3.81 (m, 1H), 3.75 (d, ] =
14.0 Hz, 2H), 3.43 (d, ] = 13.6 Hz, 2H), 2.67 (p, ] = 6.9 Hz, 1H), 2.16 (m, 1H), 1.79-1.92 (m, 2H), 1.64
(m, 1H), 1.47 (m, 2H), 1.37 (s, 3H), 1.29 (m, 21H), 1.11 (d, /] = 6.4 Hz, 3H), 0.899 (t, ] = 7.0 Hz, 3H).
3C NMR (100 MHz, CDCl3) 8 140.2 (2C), 129.0 (4C), 128.4 (4C), 127.1 (2C), 123.7 (t, ] = 242.6 Hz),
101.0, 69.2, 67.8 (t, ] = 30.5 Hz), 56.7, 54.6 (2C), 33.4 (t, ] = 23.8 Hz), 32.1, 29.9 (2C), 29.8, 29.7, 29.0,
29.6 (20), 29.6, 24.7, 24.5, 22.9, 21.7, 14.4, 8.5. 9F NMR (376 MHz, CDCl;) & -112.1 (m, 1F), -113.4
(m, 1F). HRMS (APCI) /3 = 558.41098 (Theo. for CssHssFo2NO; + H: 558.41171). Anal. Caled. for
CssHs3lNOs: C, 75.36; H, 9.58; N, 2.51; F, 6.81. Found: C, 75.20; H, 9.68; N, 2.49; I, 6.61.
Reduction Method H: Sodium borohydride (0.041 g, 1.09 mmol, 1.50 eq) was added to a flame-dried
flask with a stit bar. The solid was diluted with THF (3.65 mL). Added a solution of (25,3R)-2-
(dibenzylamino)-6,6-difluoro-3-hydroxyoctadecan-5-one (36, 0.375 g, 0.727 mmol, 1.00 eq) in THF
(3.65 mL) via syringe pump over 30 min. Once starting material was undetectable by TLC, the reaction
was quenched with water. Added 2 N aqueous HCI dropwise until neutral pH was achieved. The
aqueous layer was extracted with EtOAc. The combined organic layers were washed with brine, dried
over MgSQOy, filtered, and evaporated under reduced pressure. The crude mixture of separable
diastereomers was purified via column chromatography eluting with 1:4 EtOAc to hexanes to yield

two yellow oils.

OH OH ooy (SRS dibenylamin) .- difnoroctadecane,5-diol (40 (0150 g, 0.290
12125

NBn, L F mmol, 40% yield). Re = 0.60 (1:5 EtOAc/Hex), Ry = 0.44 (1:10

EtOAc/Hex). [e]p? = +23.5 (c = 1.00 in EtOAc). IR (vmax, cl) 3475, 2924, 2852, 1454, 1143, 1110,
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1075, 1057, 1027, 980, 748, 732, 699. 'H NMR (400 MHz, CDCls) 8 7.25-7.36 (m, 10H), 4.90 (bt s,
1H), 4.34 (br s, 1H), 3.98 (m, 1H), 3.83 (d, ] = 13.2 Hz, 2H), 3.70 (m, 1H), 3.33 (d, ] = 13.2 Hz, 2H),
2.61 (m, 1H), 1.91 (m, 2H), 1.87 (m, 2H), 1.506 (m, 2H), 1.27 (m, 18H), 1.07 (d, ] = 6.8 Hz, 3H), 0.897
(t, ] = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl;) 8 138.7 (2C), 129.2 (4C), 128.8 (4C), 127.6 (2C), 124.0
(t,] = 242.6 Hz), 733 (t, ] = 30.1 Hz), 71.7, 58.9, 53.4 (2C), 32.9, 32.7 (t, ] = 23.8 Hz), 32.1, 29.8 (3C),
29.7,29.7,29.6, 29.5, 22.9, 21.7, 14.3, 8.16. VF NMR (376 MHz, CDC3) 8 -110.1 (m, 1F), -115.1 (m,
1F). HRMS (APCI) 7/ = 518.38066 (Theo. for CoHiwF,NO, + H: 518.38041). Anal. Caled. for
CyHaFoNOy: C, 74.24; H, 9.54; N, 2.71; F, 7.34. Found: C, 73.94; H, 9.61; N, 2.70; F, 7.17.

OH OH (28,3R,5R)-2-(dibenzylamin)-6,6-difluorooctadecane-3,5-diol (41): (0.094 g, 0.182

CioHos
LF mmol, 25% vyield. Re = 043 (1:5 EtOAc/Hex), Re = 024 (1:10

NBn,
EtOAc/Hex). [a]p? = +5.5 (¢ = 1.00 in EtOACc). IR (Vmax, cmt) 3399, 2923, 2852, 1454, 1143, 1093,
1058, 1027, 983, 748, 732, 698, 627. '"H NMR (400 MHz, CDCl3) 6 7.26-7.35 (m, 10H), 4.70 (br s, 1H),
2.85(d, /] = 13.2 Hz, 2H), 3.82 (m, 1H), 3.34 (d, ] = 13.2 Hz, 2H), 3.17 (app d, ] = 4.8 Hz, 1H), 2.68
(m, 1H), 1.85 (m, 2H), 1.82 (m, 1H), 1.48 (m, 1H), 1.45 (m, 2H), 1.27 (m, 18H), 1.05 (d, ] = 6.8 Hz,
3H), 0.890 (t, ] = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl;) 8 138.8 (2C), 129.2 (4C), 128.8 (4C), 127.6
(2C), 124.4 (t, ] = 243.3 Hz), 69.7 (t, ] = 29.4 Hz), 68.1, 57.9, 53.5 (2C), 32.9 (t, ] = 23.9 Hz), 32.5, 32.1,
29.8 (30), 29.7, 29.7, 29.6, 29.6, 22.8, 21.6, 14.3, 8.20. F NMR (376 MHz, CDCls) & -111.3 (m, 1F), -
114.3 (m, 1F). HRMS (APCI) 7/ z = 518.38074 (Theo. for C3,H4F2NO; + H: 518.38041). Anal. Calcd.
for C32HeF2NOg: C, 74.24; H, 9.54; N, 2.71; F, 7.34. Found: C, 74.16; H, 9.68; N, 2.72; F, 7.10.
Rychnovsky’s Acetonide Method B FEach epimer of (25,3R)-2-(dibenzylamino)-6,6-
difluorooctadecane-3,5-diol (0.010 g, 0.019 mmol, 1.00 eq) was added to a vial with a stir bar and
diluted with 2,2-dimethoxypropane (0.300 mlL, 245 mmol, 127 eq). p-Toluenesulfonic acid
monohydrate (0.919 mg, 0.005 mmol, 0.250 eq) was added. The resulting reaction mixtures were
warmed to 40°C and allowed to stir overnight. In the morning, the reaction mixtures were diluted with

diethyl ether, washed with saturated aqueous sodium bicarbonate, dried over MgSOs, filtered, and

evaporated under reduced pressure.
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>< (S)-N,N-dibenzyl-1-((4R,65)-6-(1,1-difluorotridecyl)-2,2-dimethyl-1,3-dioxan-4-

0]
i _Guytys ethanamine (44 "C NMR (100 MHz, CDCE) 8 141.1 (20), 129.0 (40),
NBn, FF 128.2 (4C), 126.8 (2C), 99.1, 72.1, 56.2, 54.9 (2C), 32.5, 32.1, 30.2, 29.9 (3C),

29.7,29.6 (2C), 29.6, 26.9, 22.9, 21.5, 19.4, 14.3, 11.0.

>< ()-N,N-dibenzyl-1-((AR,6R)-6-(1,1-difluorotridecyl)-2,2-dimethyl-1,3-dioxan4-
0

CioHas  Vethanamine (45): 13C NMR (100 MHz, CDCl5) 8 141.0 (2C), 128.9 (4C),
NBn, FF 128.3 (4C), 126.8 (2C), 101.0, 70.2, 55.7, 54.8 (2C), 31.2, 29.9 (3C), 29.7,
29.6 (2C), 29.6, 29.0, 24.8, 24.4, 22.9, 21.7, 14.4, 11.3.
General Deprotection Procedure: A solution of each stereoisomer of (25)-2-(dibenzylamino)-6,6-
difluorooctadecane-3,5-diol (1.00 eq) in EtOH (0.03 M) was added to a flame-dried flask with a stir
bar. Palladium(I) hydroxide (20%, 0.100 eq) was added, and the resulting mixtures were stirred
vigorously under Ar at room temperature. The reaction mixtures were placed under low vacuum for 5
min, and then flushed with Ar. These two steps were repeated twice more. The reaction mixtures were
placed under low vacuum again, and finally placed under Hz atmosphere via balloons. The reaction
mixtures were allowed to stir at room temperature overnight. The next day, the reaction contents were
filtered over plugs of celite, which were subsequently washed with MeOH. Solvent was evaporated
under reduced pressure. The crude Enigmols were purified via column chromatography eluting with
mixtures of DCM (or CHCIl3), MeOH, and NH4OH to yield enantiomerically pure Co6-difluoro-

Enigmols as white solids.
OH OH
CazHzs
NH, FF 0.444 mmol, 66% yield). R¢ = 0.32 (86:15:1 DCM/MeOH/NH4OH); R¢ =

(28,38,5R)-2-amino-6,6-difluorooctadecane-3,5-diol (CFz-Enigmol): (0.150 g,

0.14 (89:10:1 CHCl;/MeOH /NH,OH). Mp 117-119°C. [¢]p® = -5.5 (c = 1.00 in BtOH). IR (Vanas, cmr
1) 3250, 2917, 2850, 1468, 1383, 1216, 1167, 1104, 1064, 1034, 1000, 963, 931, 712, 641. 1H NMR (400
MHz, CD;OD) & 3.88 (m, 1H), 3.79 (m, 1H), 3.03 (m, 1H), 1.91 (m, 2H), 1.84 (m, 1H), 1.67 (m, 1H),
1.51, m (2H), 1.30 (m, 18H), 1.12 (d, ] = 6.8Hz, 3H), 0.902 (t, ] = 6.8 Hz, 3H). 13C NMR (100 MHz,

CD;OD) & 125.5 (t, ] = 244.1 Hz), 71.4 (t, | = 28.2 Hz), 70.1, 51.9, 33.8, 33.5, 33.2, 30.9, 30.9 (2C),
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30.8, 30.8, 30.7, 30.6, 23.9, 22.6, 14.6, 12.6. "F NMR (376 MHz, CD;0D) & -107.0 (m, 1F), -111.0 (m,
1F). HRMS (APCI) /3 = 338.28651 (Theo. for CisHyFoNO, + H: 338.28651). Anal. Caled. for

C1sH3F>NO2: C, 64.06; H, 11.05; N, 4.15; F, 11.26. Found: C, 63.97; H, 10.86; N, 4.15; F, 11.08.

OH OH

= CH (28,38,58)-2-amino-6,6-difluorooctadecane-3,5-diol  (28,38,55-CFz-Enigmol):
121125

NH, L F 0060 ¢ 0178 mmol, 75% yield). Re = 021 (62:38:2
DCM/MeOH/NH,OH); R¢ = 0.18 (70:30:2 DCM/MeOH/NH,OH). Mp 119-122°C. [o]p® = +19.8
(c = 1.00 in BtOH). IR (vmax, cm-1) 3317, 2917, 2850, 2354, 1089, 1064, 1031, 1008, 976, 962, 683, 645.
IH NMR (400 MHz, CD;0D) 8 3.91 (m, 1H), 3.87 (m, 1H), 3.09 (m, 1H), 1.90 (m, 2H), 1.65 (m, 1H),
1.55 (m, 1H), 1.51 (m, 2H), 1.30 (m, 18H), 1.16 (d, ] = 7.2 Hz, 3H), 0.902 (t, ] = 6.8 Hz, 3H). 13C NMR
(100 MHz, CD;0OD) & 125.8 (t, | = 243.3 Hz), 69.9 (t, ] = 28.7 Hz), 69.0, 53.3, 34.0, 33.9 (t, | = 24.5
Hz), 33.2, 30.9, 30.9 (2C), 30.8 (2C), 30.7, 30.6, 23.8, 22.7, 14.6, 13.6. 1F NMR (376 MHz, CD;0D) &
107.3 (m, 1F), -110.9 (m, 1F). HRMS (APCI) /3 = 338.28633 (Theo. for CisHzF,NO, + H:
338.28651). Anal. Caled. for CisHyFoNOo: C, 64.06; H, 11.05; N, 4.15; F, 11.26. Found: C, 60.72; H,
10.50; N, 3.92; F, 10.28.

oH OH (25,3R, 55)-2-amino-6,6-diflworooctadecane-3,5-diol  (28,3R, 5S-CFy-Enigmol):

12H25

NH, LF 0043 g 0127 mmol, 44% yield. Re = 044 (86:151
DCM/MeOH/NH,OH); R¢ = 0.27 (89:10:1 CHCl;/MeOH/NH,OH). Mp 79-82°C. [a]p® = +5.9 (c
= 1.00 in EtOH). IR (vims, cml) 3369, 2922, 2853, 1461, 1381, 1259, 1152, 1087, 961, 858, 806, 721,
666. TH NMR (400 MHz, CD;0D) 8 3.93 (m, 1H), 3.59 (m, 1H), 2.82 (m, 1H), 1.92 (m, 2H), 1.91 (m,
1H), 1.60 (m, TH), 1.50 (m, 2H), 1.30 (m, 18H), 1.11 (d, ] = 6.4 Hz, 3H), 0.903 (;, J= 6.8 Hz, 3H). 13C
NMR (100 MHz, CD;0D) & 125.7 (t, ] = 242.9 Hz), 75.3, 71.9 (t, ] = 29.0 Hz), 52.2, 34.8, 33.7 (t, ] =
24.6 Hz), 33.2, 31.0, 30.9 (3C), 30.8, 30.7, 30.6, 23.9, 22.7, 19.5, 14.6. ’F NMR (376 MHz, CDs;0OD) &
-107.3 (m, 1F), -111.3 (m, 1F). HRMS (APCI) /3 = 338.28622 (Theo. for CisH3FoNO; + H:

338.28651). Anal. Caled. for CigH37FoaNO2: C, 64.06; H, 11.05; N, 4.15; F, 11.26. Found: C, 64.72; H,

11.00; N, 3.92; F, 10.29.
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OH OH (28,3R,5R)-2-amino-6,6-difluorooctadecane-3,5-diol  (28,3R,5R-CF;-Enigmol):
: Ci2Hazs

(0.050 g 0.148 mmol, 82% yield). Rf = 047 (86:15:1
F
NH, F

DCM/MeOH/NH,OH); R¢ = 0.22 (89:10:1 CHCl3/MeOH/NH,OH). Mp 69-72°C. [a]p® = -21.2 (c
= 1.00 in EtOH). IR (v, cml) 3405, 2916, 2850, 2361, 1469, 1090, 1072, 1053, 1008, 974, 950, 932,
717, 699, 654. TH NMR (400 MHz, CD;0D) & 3.92 (m, 1H), 3.57 (m, 1H), 3.35 (s, 1H), 2.84 (app p, ]
= 6.2 Hz, 1H), 1.91 (m, 2H), 1.63 (app t, ] = 6.4 Hz, 1H), 1.51 (m, 2H), 1.30 (m, 18H), 1.13 (d, ] = 6.0
Hz, 3H), 0.902 (t, ] = 6.8 Hz, 3H). 13C NMR (100 MHz, CD;OD) & 125.9 (t, ] = 243.3 Hz), 72.4, 70.1
(t, ] = 29.0 Hz), 53.2, 35.0, 33.9 (t, ] = 24.5 Hz), 33.2, 31.0, 30.9 (2C), 30.8 (2C), 30.7, 30.6, 23.9, 22.8,
18.6, 14.6. F NMR (376 MHz, CD;OD) & -108.0 (m, 1F), -111.4 (m, 1F). HRMS (APCI) /5 =
338.28616 (Theo. for CisHsFaNO, + H: 338.28651). Anal. Caled. for CisHsFoNOy: C, 64.06; H,

11.05; N, 4.15; F, 11.26. Found: C, 62.58; H, 10.70; N, 4.09; F, 10.10.

OH OH

C12Has
FF CF;-Engimol): Sodium bicarbonate (0.015 g, 0.181 mmol, 1.00 eq) was

tert-butyl ((28,358,5R)-6,6-difluoro-3,5-dihydroxyoctadecan-2-yl)carbamate (N-Boc

NHBoc
added to a flame-dried flask with a stir bar. A solution of CFz-Enigmol (0.061 g, 0.181 mmol, 1.00 eq)
in ethanol (3.61 mL) was added, and the resulting mixture was allowed to stir at room temperature
under Ar. Added di-er+-butyl dicarbonate (0.039 g, 0.181 mmol, 1.00 eq), and the resulting mixture was
allowed to stir under Ar at room temperature. After 1 hr, TLC indicated complete consumption of
starting material to one major product. The reaction mixture was filtered over a fine fritted funnel,
which was subsequently washed with thoroughly with MeOH. Solvent was evaporated under reduced
pressure. The crude solid was purified via column chromatography eluting with 40:1 DCM/MeOH to
yield a white solid (0.057 g, 0.130 mmol, 72% yield). Rf = 0.40 (40:1 DCM/MeOH); R = 0.60 (20:1
DCM/MeOH). Mp 80-82°C. [o]p? = -16.2 (¢ = 1.00 in CHCL3). IR (Vmas, cmt) 3342, 2915, 2849, 2360,
1682, 1527, 1465, 1390, 1367, 1327, 1297, 1273, 1239, 1212, 1166, 1105, 1047, 1023, 976, 855, 808,
781,761, 718, 657. '"H NMR (300 MHz, CDCls) 8 4.65 (br s, 1H), 4.00 (m, 1H), 3.93 (m, 1H), 3.79 (m,
1H), 1.93 (m, 2H), 1.72 (m, 1H), 1.66 (m, 1H), 1.51 (m, 2H), 1.46 (s, 9H), 1.27 (m, 18H), 1.15 (d, J =

7.2 Hz, 3H), 0.888 (t, ] = 6.8 Hz, 3H). 13C NMR (75 MHz, CDCL) & 157.0, 123.9 (t, ] = 242.4 Hz),
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80.5,75.7, 73.2 (t, ] = 29.0 Hz), 51.6, 32.6 (t, | = 23.6 Hz), 32.1, 30.7, 29.8 (2C), 29.6 (4C), 29.6, 29.0,
285 (3C), 22.9, 21.6, 14.3. 19F NMR (376 MHz, CDCls) & -111.1 (m, 1F), -115.1 (m, 1F). HRMS (NSI)

m/z = 438.33858 (Theo. for C3HysO4NF, + H: 438.33894).
OH OH

C12Hos

F F Enigmol): A solution of N-Boc CFz-Enigmol (0.057 g, 0.130 mmol, 1.00

(28,38,5R)-6,6-diflnoro-2-(methylamino)octadecane-3,5-diol  (N-methyl — CF»-

HN__

eq) in THF (11.84 mL) was added to a flame-dried microwave vial with a stir bar, and was stirred under
Ar at room temperature. Added a solution of lithium aluminum hydride in THF (0.195 mlL, 0.391
mmol, 3.00 eq) dropwise, and the resulting mixture was allowed to stir at room temperature under Ar
for 15 min. The microwave vial cap was replaced with a fresh cap before placing the vial in the
microwave for 5 min at 150°C. LC-MS (utilizing mini-workup) indicated complete conversion to the
desired product. The reaction mixture was quenched very slowly at room temperature via dropwise
addition of water, followed by the slow addition of dilute aqueous NaOH, followed by the slow
addition of water. This mixture was extracted 3 times with EtOAc. Combined organic layers were
washed once with brine, dried over NaxSOy, filtered, and evaporated under reduced pressure to yield
65 mg of a white solid. The crude solid was purified via column chromatography eluting with 20:1:0.3
DCM/MeOH/NEf; to yield a yellowish white solid, which was triturated with hexanes and EtO to
yield pure white solid (0.027 g, 0.077 mmol, 59% yield). R¢ = 0.25 (30:1:0.3 DCM/MeOH/NEts); Re
=0.32 (20:1:0.3 DCM/MeOH/NEt3). Mp 60-62°C. [¢]p? = +18.7 (c = 0.500 in CHCl;). IR (Vmax, cm-
1) 3450, 3285, 2964, 2919, 2851, 1465, 1372, 1349, 1280, 1225, 1185, 1154, 104, 1079, 1040, 1007, 983,
968, 930, 885, 824, 790, 723, 702, 656. 'H NMR (400 MHz, CDCl;) 6 4.13 (m, 1H), 3.97 (m, 1H), 3.56
(m, 1H), 2.87 (m, 1H), 2.53 (s, 3H), 1.95 (m, 2H), 1.77 (m, 2H), 1.50 (m, 2H), 1.27 (m, 18H), 1.16 (m,
3H), 0.890 (t, ] = 6.4 Hz, 3H). 3C NMR (75 MHz, CDCls) 8§ 124.4 (t, ] = 242.7 Hz), 71.4,71.2 (t, ] =
29.6 Hz), 62.7, 58.8, 33.2, 32.9, 32.1, 31.6, 29.8 (2C), 29.7 (3C), 29.6 (2C), 22.9, 21.6, 13.6. ’FF NMR
(376 MHz, CDCl3) & -110.1 (m, 1F), -115.1 (m, 1F). HRMS (NSI) »/z = 352.30209 (Theo. for

Ci9H30O,NF, + H: 352.30210).
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OH OH (28,38,5R)-2-(dimethylamino)-6,6-diflnorooctadecane-3,5-diol (N, N-dimethyl

CiaHas CF;-Enigmol): CF>-Enigmol (0.075 g, 0.222 mmol, 1.00 eq) was added to
Fr a flask with a stir bar, diluted with a solution of sodium acetate (0.576 g,
7.02 mmol, 31.6 eq) in water (4.12 mL) and acetic acid (0.412 mL), and stirred at room temperature
until maximum solubility was achieved. Formaldehyde (37% wt. in H,O, 0.830 g, 10.22 mmol, 46.0 eq)
was added, and the resulting mixture was allowed to stir at room temperature for 30 min. Sodium
cyanoborohydride (0.102 g, 1.62 mmol, 7.30 eq) and MeOH (1.03 mL, 25.5 mmol, 113 eq) were added
in succession, and the resulting mixture was allowed to stir at room temperature for 2 hrs. Once starting
material was undetectable by LC-MS, the reaction mixture was diluted with diethyl ether and basified
with saturated aqueous sodium bicarbonate (to pH = 8-9). This aqueous layer was subsequently
extracted once with diethyl ether. Combined organic layers were washed once with saturated aqueous
sodium bicarbonate, washed once with brine, dried over MgSOy, filtered, and evaporated under
reduced pressure. The crude material was purified via column chromatography eluting with 40:1:0.3
DCM/MeOH/NEt; to yield a clear oil/white solid (0.049 g, 0.134 mmol, 60% yield). R¢ = 0.30
(50:1:0.3 DCM/MeOH/NEt); Re = 0.39 (40:1:0.3 DCM/MeOH/NEts). Mp 38-40°C. [o]p® = +4.4
(c = 1.00 in CHCI3). IR (vmax, cm) 3425, 2957, 2920, 2851, 2692, 1468, 1376, 1338, 1272, 1212, 1132,
1099, 1035, 1008, 971, 942, 930, 881, 803, 771, 720, 689, 640. 'H NMR (400 MHz, CDCl3) 3 4.03 (app
dd, ] = 6.2 Hz, | = 10.4 Hz, 1H), 3.95 (m, 1H), 2.63 (p, /] = 6.6 Hz, 1H), 2.36 (s, 6H), 1.95 (m, 2H),
1.87 (m, 1H), 1.84 (m, 1H), 1.52 (m, 2H), 1.26 (m, 18H), 1.11 (d, / = 6.8 Hz, 3H), 0.885 (t, ] = 6.6 Hz,
3H). BC NMR (75 MHz, CDCl3) 8 124.3 (t, ] = 243.0 Hz), 71.8, 70.6 (t, ] = 29.6 Hz), 63.3, 41.4 (2C),
34.1,32.8 (t, ] = 24.2 Hz), 32.1, 29.8 (4C), 29.7 (3C), 29.5, 22.9, 21.7, 14.3. YF NMR (376 MHz, CDCl;)
8 -111.0 (m, 1F), -115.2 (m, 1F). HRMS (NSI) 7/z = 366.31764 (Theo. for CoH4O.NF, + H:
366.31781).

OH OH

C.oH N-((25,358,5R)-6,6-difluoro-3,5-dihydroxyoctadecan-2-yl)dodecanamide
121125

NH £F (CF,-Enigmol Cp-Ceramide): CF,-Enigmol (0.050 g, 0.148

T

0] mmol, 1.00 eq) was added to a flame-dried flask with a stir bar.

Cq1H23
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The solid was diluted with THF (3.53 mL), cooled to 0°C, and stitted under Ar. N-ethyl-N-
isopropylpropan-2-amine (0.020 g, 0.156 mmol, 1.05 eq) was added, and was followed by the dropwise
addition of dodecanoyl chloride (0.03 g, 0.156 mmol, 1.05 eq). The resulting mixture was stirred under
Ar at 0°C for 5 min, and subsequently allowed to warm to room temperature. After 1 hr, the starting
material was not visible by TLC. The reaction mixture was diluted with DCM and washed twice with
H2O. The resulting organic layer was washed twice with brine, dried over MgSQO,, filtered, and
evaporated under reduced pressure. The crude material was purified via column chromatography
eluting with 1:30 DCM/MeOH, followed by precipitation with Et,O and hexanes to yield a white solid
(0.024 g, 0.046 mmol, 31% yield). Re = 0.11 (1:6 EtOAc/Hex); Re = 0.23 (1:4 EtOAc/Hex); Mp 63-
65°C. [a]p? = -15.7 (c = 1.00 in CHCL). IR (Vnax, cm!) 3260, 3089, 2955, 3916, 2847, 2360, 1739,
1627, 1579, 1468, 1438, 1384, 12606, 1237, 1205, 1171, 1145, 1084, 1042, 1024, 1011, 976, 931, 797,
721, 632. 'TH NMR (400 MHz, CDCl3) 8 5.62 (d, ] = 8.4 Hz, 1H), 4.90 (app q, J = 4.4 Hz, 1H), 4.38
(app q, ] = 7.6 Hz, 1H), 3.88 (m, 1H), 2.35 (t, ] = 7.6 Hz, 2H), 2.18 (m, 2H), 2.03 (app dd, | = 4.4 Hz,
J =144 Hz, 1H), 1.94 (m, 2H), 1.78 (m, 1H), 1.63 (m, 3H), 1.50 (m, 2H), 1.27 (m, 31H), 1.14 (d, ] =
6.4 Hz, 3H), 0.887 (t, ] = 6.6 Hz, 6H). *C NMR (75 MHz, CDCls) 8 173.9, 127.6 (t, ] = 244.2 Hz),
74.5,73.2,69.7 (t, ] = 27.9 Hz), 46.9, 37.1, 34.7, 32.8, 32.1, 30.3, 29.8 (4C), 29.7 (4C), 29.5 (4C), 29.4,
25.9,25.2,22.9,21.7,16.3, 14.3. YF NMR (376 MHz, CDCl;) 6 -110.6 (m, 1F), -115.7 (m, 1F). HRMS

(APCI) 7/ = 520.45569 (Theo. for C30Hs0O3NF, + H: 520.45358).

1.4.b. cLogP Calculations

LogP calculations were performed using Maestro® within the 2015 Schrédinger Small
Molecule Drug Discovery Suite. Each chemical structure was built in ChemDraw, saved as a .sdf file,
and imported into Maestro as a two-dimensional compound lacking nonpolar hydrogen atoms. Each
compound was then prepared using the LigPrep® application, which added nonpolar hydrogens, added

charges where appropriate at pH = 7.4 £ 0.2 (protonated amine), and generated all possible
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stereoisomers. Once the proper stereoisomers were selected, physicochemical properties, including

cLogP values, were computed using the QikProp? application.

1.4.c. Human Prostate Cancer Cell 1 iability Assays

LNCaP and PC3 human prostate cancer cells (American Type Culture Collection, Rockville,
MD) were cultured in RPMI-1640 medium (Cellgro, Manassas, VA) supplemented with 10% fetal
bovine serum (FBS, Atlanta Biologics). Each cell line tested negative for mycoplasma prior to use in
these studies. Sphingoid base analogs were formulated as 1:1 molar complexes with fatty-acid free BSA,
as previously described’. Briefly, stock solutions of analogs in ethanol (50 mM) were diluted with a 2
mM solution of fatty-acid free BSA in phosphate-buffered saline (PBS) that had been sterile-filtered
and pre-warmed to 37°C. BSA-drug complexes were vortexed and incubated at 37°C for 1 hr before
use. PC3 or LNCaP cells were seeded in 96-well culture plates at densities that yielded 70% confluence
the next day (10,000 cells/well and 15,000 cells/well, respectively). After adhering overnight, cells were
treated with increasing concentrations of BSA-drug complexes (or the same concentrations of BSA +
ethanol) for 24 hrs. Treatments were performed in triplicate, and each compound was assayed three
times with each cell type. After 24 hr incubation, 10 pL. WST-1 reagent (Roche) was added to each
well, and plates were incubated at 37°C for 1 hr. Absorbance was measured at 450 nm with a reference
wavelength of 690 nm. Baseline luminescence was measured before assay and subtracted from these
data, which were subsequently normalized to BSA treatment. Concentration response curves wete
generated using Graphpad Prism software, and 1Cso and ICo values were calculated via nonlinear

regression using a four parameter logistic equation.

1.4.d. Rat Plasma Pharmacokinetic Assays (i.v.)
All animal studies were performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee at Emory University. Male jugular pre-cannulated SD rats (250-300

g, Chatrles River Laboratories or Harlan Laboratories) were acclimated for at least 2 days upon receipt
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before experiments were conducted. Rats were weighed the day before dosing to determine the dose
and volume for each subject. Each animal was infused intravenously with 2 mg/kg (1 mg/mL) Enigmol
(n = 3), CF3-Enigmol (n = 4), or CF>-Enigmol (n = 4) at a rate of 50 ul./s in a vehicle comprised of
PEG400/EtOH/Tween80/H,O (40:10:3:47). During experiments, ample food was left in each cage.
Blood samples (0.3 mL) were removed at 8 or 9 time points up until 8 hrs after administration, and
these samples were immediately transferred to either K EDTA or Li-Heparin tubes and stored in ice
water for a maximum of 1 hr. Plasma was then isolated from each blood sample via refrigerated
centrifugation at 2000 g for 10 min, followed by transfer of 200 uL. supernatant to an Eppendorf tube
in ice water, freezing on dry ice, and storage at -80°C until LC-MS/MS analysis. Bioanalytical L.C-
MS/MS assay protocol and specifications are described in a separate methods section. The
pharmacokinetic parameters (Tmax, Cmas, t1/2, AUCo, and CI) represent the mean (£ S.E.M.) values for
all subjects in a particular group. For each rat, Timax and Cpax were directly extracted from the raw data,
AUCq. was calculated using GraphPad Prism software, and Cl was calculated using the following
equation: Cl = Dose / AUC... Additionally for each rat, terminal ti/> was calculated (ti/2 = In2/k) using
Excel by finding the slope (-k) of a linear fit to the semi natural logarithmic plot (In[Drug] in plasma
vs. time) of data points after Tma. For each rat, decisions concerning the number of terminal phase
data points to use for each linear fit and subsequent ti/> calculation were based on the best obtained

fits (R? values, # points = 3, negative slope).

1.4.e. Rat Plasma Pharmacokinetic Assays (p.o.)

Male jugular pre-cannulated SD rats (250-300 g, Harlan Laboratories) were acclimated for at
least 2 days upon receipt before experiments commenced. Rats were weighed the day before dosing to
determine the exact dose and volume for each subject. Each animal was dosed via oral gavage with 10
mg/kg (2 mg/mL) Enigmol (n = 4), CFs-Enigmol (n = 4), or CF>-Enigmol (n = 4) in a vehicle
comprised of either 90:10 olive oil/EtOH or 95:5 PEG400/Tween80. During experiments, ample

food was left in each cage, and blood samples (0.3 mL) were removed at 10 time points up until 24 hrs



90

after administration. Blood samples were immediately transferred to Li-Heparin tubes and stored in
ice water for a maximum of 1 hr. Plasma was then isolated from each blood sample via refrigerated
centrifugation at 2000 g for 10 min, followed by transfer of 200 uL supernatant to an Eppendorf tube
in ice water, freezing on dry ice, and storage at -80°C until LC-MS/MS analysis. Bioanalytical LC-
MS/MS assay protocol and specifications are described in a separate section. The pharmacokinetic
parameters (Tmax, Cmax, AUCo., and %F) represent the mean (£ S.E.M.) values for all subjects in a
particular group. For each rat, Timax and Cpax were directly extracted from the raw data, and AUCo. was
calculated using GraphPad Prism software. With AUC. determined after both 10 mg/kg p.o. (AUC.
#°) and 2 mg/kg i.v. (AUC.") administration, %F was calculated using the following equation: %F =
100*[AUC . / (5*AUC.v)]. Additionally for each rat, terminal ti/> was calculated (ti/2 = In2/k) using
Excel by finding the slope (-k) of a linear fit to the semi natural logarithmic plot (In[Drug] in plasma
vs. time) of data points after Tma. For each rat, decisions concerning the number of terminal phase
data points to use for each linear fit and subsequent ti/2 calculation were based on the best obtained
fits (R? values, # points = 2, negative slope). Due to long absorption phases, clean exponential decay
of drug concentration in plasma was not observed for every subject, making ti/2 calculations more
cumbersome than they were after i.v. administration. The t1/2 values reported were calculated with the
exclusion of one rat from the CF,-Enigmol group because linear fits to the last 2 or 3 points exhibited
positive slopes While the linear fit to the last 4 points displayed a negative slope, the fit was particularly

poor (R? = 0.038).

1.4.f. Rat Tissue Distribution Assays (p.o.)

Male jugular pre-cannulated SD rats (250-300 g, Harlan Laboratories) that were dosed via oral
gavage with either 10 mg/kg Enigmol (n = 4), CFs-Enigmol (n = 4), or CF>-Enigmol (n = 4) for
plasma pharmacokinetic experiments were euthanized 24 hrs after dosing via CO» asphyxiation. Red
blood cells (RBC), brain, lung, liver, kidney, and prostate were harvested from each subject, transferred

to culture tubes, frozen on dry ice, and stored at -80°C until LC-MS/MS analysis. Bioanalytical LC-
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MS/MS assay protocol and specifications ate described in a separate section. Reported drug

concentrations in tissue represent the mean (+ S.E.M.) values for all subjects in a particular group.

1.4.g. Mouse Xenograft Studies

Male nude mice (Athymic NCt-nu/nu, 5 weeks old) were purchased from the NCI and
acclimated for at least 2 days upon receipt before experiments commenced. PC3 cells were plated on
10 cm tissue culture dishes and grown in 10% FBS-supplemented RPMI-1640 medium until 90%
confluency was achieved. Cultured cells were then detached from tissue culture dishes via addition of
trypsin, suspensions from all dishes were combined into a 50 mL centrifuge tube, and cells were
counted using a hemocytometer. Harvested cells were spun down and resuspended in 20 mL serum-
free RPMI-1640. Each mouse was anesthetized via intraperitoneal injection (100-150 puL. depending on
body mass) of a mixture of ketamine (0.045 M) and xylazine (0.0078 M). Tumors were then initiated
via subcutaneous injection of suspended PC3 cells (2 x 10¢ cells per mouse in 200 pL) between the
scapulae of each mouse. Once tumors were established (16 days or 22 days for CFs-Enigmol and CF»-
Enigmol xenograft studies, respectively), mice were divided into 5 groups such that mean and standard
deviation of tumor volumes were as evenly distributed as possible (n = 10 or 11 mice per group).
During the CFs-Enigmol xenograft study, mice were treated once daily via oral gavage (200 uL) with
either vehicle (95:5 olive oil/EtOH), Enigmol (3 mg/kg or 10 mg/kg) or CF3-Enigmol (3 mg/kg or
10 mg/kg); for the xenograft study involving CF»-Enigmol, mice were administered either vehicle (95:5
PEG400/Tween80), Enigmol (10 mg/kg), or CF,-Enigmol (10 mg/kg or 30 mg/kg) via once daily
oral gavage (200 pL). For both experiments, drug formulations were freshly prepared each day prior
to dosing. During the treatment period, tumor volumes were measured in two dimensions (Volume =
V2*Length*Width?) every 2-3 days with digital calipers. Changes in body masses were also measured
every 2-3 days (A Mass = Mass — Massiniial) both to ensure accurate dosing amounts and as an indication
of systemic toxicity. Notably, two mice died before the end of the CF>-Enigmol xenograft study, one

from the control group (day 32) and one from the 10 mg/kg Enigmol group (day 36). All mice were
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sacrificed via CO; asphyxiation once excessive tumor burden was reached (17 days or 16 days after
dosing initiation for CF3-Enigmol and CF,-Enigmol xenograft studies, respectively). Significance of
tumor growth inhibition between groups was determined using linear mixed models for repeated
measurements with autoregressive covariance structure, conducted with Statistical Analysis System
(SAS) software. Significance of weight change between control and treatment groups was determined
by one-way ANOVA followed by Sidak’s multiple comparison test (GraphPad Prism software). P <
0.05 was considered statistically significant. Finally, tumors were harvested 24 hrs after the last oral
gavage from 4 mice in each treatment group, and the harvested tumors were stored at -80°C until LC-

MS/MS analysis.

1.4.h. Bioanalytical I.C-MS/MS Assay

Plasma samples (collected after i.v. or p.o. drug administration) or tissue samples (collected
from RBC, brain, lung, liver, kidney, prostate, or tumor after p.o. drug administration) wete allowed to
thaw and equilibrate to room temperature before beginning LC-MS/MS sample prepatration. Plasma
samples (50 pl) or tissue samples (50 mg) were diluted with 930 uL or 900 uL. methanol, respectively
(for protein precipitation), and combined with 20 pL internal standard solution containing either D-
erythro-Ci7-sphinganine (for Enigmol and CFs-Enigmol) or CFs;-Enigmol (for CF.-Enigmol).
Resulting plasma samples were vortexed for 5 min and refrigeration-centrifuged at 3000 rpm for 10
min; resulting tissue samples were homogenized and refrigeration-centrifuged at 13200 rpm for 10-15
min until supernatants were clear. Supernatants were then pipetted into HPLC vials, and drug
concentrations were subsequently determined via LC-MS/MS analysis using an Agilent 1200 Series
HPLC (binary pump) equipped with a Dionex Polar Advantage II column (50 mm x 3.0 mm, 3 pm)
and either an AB SCIEX API5500 QTRAP mass spectrometer (for Enigmol and CF;-Enigmol, spray
voltage = 4000 V, 10-1000 ng/mL detection limit) or with an AB SCIEX API4000 mass spectrometer
(for CF2-Enigmol, spray voltage = 2200 V, 10-10000 ng/mL detection limit). Threshold ionization

(TIS) mass spectrometry was utilized to detect the corresponding ammonium ions (M + H) for
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Enigmol (m/z = 302.3), CFs-Enigmol (/3 = 356.3), and CF»-Enigmol (#/3z = 338.2). Samples
containing Enigmol (rt = 2.5 min) and CFs-Enigmol (rt = 1.5 min) were evaluated using an isocratic
method (70:30 MeOH/H-O, 0.1% formic acid, 5 min, 30°C, 0.6 mL/min, 3 uL injection volume),
while those containing CF.-Enigmol were analyzed using a slightly different isocratic method (70:30
MeOH/H;0, 0.1% formic acid, 5 min, 30°C, 0.5 mL/min, 4 uL injection volume). Finally, extracted
ion counts were converted to drug concentrations using Analyst software package, based on calibration

curves generated to correlate ion count and drug concentration.
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Part 2. Preferential Activation of Metabotropic Glutamate Receptor 3 over

Metabotropic Glutamate Receptor 2

2.1. Introduction

2.1.a. Seven-Transmembrane Receptors and G Protein Coupling

Roughly one third of all FDA-approved drugs target seven-transmembrane receptors
(7TMRYs), the largest class of integral membrane proteins, which initiate intracellular signaling cascades
in response to extracellular stimuli. Each type of these membrane-bound receptors selectively detects
and functionally reacts to specific endogenous ligands®, including proteins, peptides, nucleotides,
amino acids, and photons, and 7TMRs are consequently essential to many aspects of human
physiology. Particularly notable are the roles of 7TMRs in neurological function”, by which
information in the form of neurotransmitters, such as dopamine, serotonin, epinephrine, acetylcholine,
and glutamate, is processed. According to the currently accepted model of 7TMR activation (Figure
13), an extracellular agonist binds to a receptor (1), thereby stabilizing an active 7TMR conformation’,
which initiates intracellular signal transduction at the inner leaflet of the plasma membrane mediated
by heterotrimeric G proteins. The activated 7TMR then undergoes (2) desensitization via G protein-
coupled receptor kinase-mediated phosphorylation™ of several setine, threonine, and/or tyrosine
residues located on intracellular portions of the receptor. Next, B-arrestin binds to the phosphorylated
regions of the desensitized receptor’, and the agonist-7TMR-(B-arrestin complex (3) clusters into
clathrin-coated pits (CCPs), where B-arrestin-mediated signaling events have been reported to occur
after activation of several 7TMR subtypes’. Endocytosis subsequently commences with dynamin-
facilitated vesicle fission, by which the receptor is fully internalized (4) into a clathrin-coated
endosome’. Once the endosome is uncoated (), the receptor becomes resensitized via G protein-
coupled receptor phosphatase activity’®, and uncoated endosomes either (6) recycle the receptor back

to the plasma membrane or (7) traffic the receptor to the lysosome for degradation. Interestingly,
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intracellular signaling events initiating from endosomal membranes after agonist-mediated activation

of several 7TMR subtypes have additionally been reported recently’”.
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Figure 13 Current Model of 7TMR Activation. The seven-transmembrane receptor (7TMR)
activation cycle involves (1) agonist (Ag) binding and subsequent G protein (G) signaling, (2) receptor
desensitization via phosphorylation (P), (3) clustering into clathrin-coated pits where B-Arrestin
signaling can occur, (4) internalization into endosomes, (5) endosome uncoating and receptor
resensitization, and either (6) receptor recycling or (7) receptor degradation.

B-Arrestin

While agonist stabilization of active 7TMR conformations can also lead to signaling events
facilitated by intracellular effector proteins other than G proteins or B-arrestin’s, G protein coupling is
the primary and most well-characterized mechanism of 7TMR-mediated signal transduction. G
proteins are heterotrimeric guanine nucleotide-binding GTPases that consist of «, 3, and y subunits, as
illustrated by the G protein structure extracted from the first resolved x-ray crystal structure of a
7IMR-G protein complex™ (Figure 14a). G protein activity is regulated (1) via interaction of
intracellular 7TMR motifs with Go subunits, of which there are four principal isoforms™ (Goyg, Gati/o,
Guas, and Gaiz/13), and (2) by enzyme-mediated exchange of guanosine diphosphate (GDP) and
guanosine triphosphate (GTP), both of which bind at the cleft between Go subunit helical bundles™.

When GDP is bound, the G protein rests in an inactive state until a guanine nucleotide exchange factor
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(GEF) catalyzes the displacement of GDP and replacement with GTP (Figure 14b). G protein
activation then occurs via dissociation of the GTP-bound Gu subunit from the Gy complex, after
which both Ga-GTP and Gy transduce intracellular signals to various downstream proteins, including
kinases, lipases, and ion channels. G protein signaling ensues until GTPase-activating protein (GAP)-
catalyzed hydrolysis of GTP to GDP, which not only deactivates the Ga subunit, but also accelerates
the reassociation of Ga-GDP and Gy. This guanine nucleotide exchange cycle, which is modulated
by the specific interaction of each 7TMR type with predominantly Gog, Gatijo, Gas, or Gariz/13 subunits,

serves as a switch by which to turn G protein activity on and off.
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Figure 14. G Protein Activation Cycle. (a) Depiction of a heterotrimeric G protein, which contains
o (red), B (blue), and y (green) subunits, as extracted from the first x-ray structure of a 7TMR-G protein
complex”™. PyMOL® was employed for figure generation. (b) Schematic representation of the G
protein activation cycle, which is regulated not only by interaction with 7TMRs, but also by guanine
nucleotide exchange factor (GEF)-mediated and GTPase-activating protein (GAP)-mediated activity.

Although the majority of the > 800 members of the 7TMR family identified in the human
genome’ all couple to G proteins with specificity for one of four Go subunits, 7TMRs are organized

into three major classes based on sequence homology and structural similarity®!. Class A 7TMRs are

the most thoroughly characterized class, which comprises rhodopsin-like receptors such as dopamine,
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serotonin, adrenergic, muscatinic, sphingosine-1-phosphate, and chemokine receptors. Secondly, class
B is known as the secretin family of receptors, which contains glucagon receptors, parathyroid
hormone receptors, calcitonin receptors, etc. Thirdly, class C 7TMRs include GABAs, Ca*?-sensing,
and taste receptors, as well as metabotropic glutamate receptors (mGluRs). While each 7TMR type
exhibits a transmembrane domain that consists of seven a-helices connected by three intracellular
loops and three extracellular loops (Figure 15), structures of extracellular N-terminal domains (NTDs),
intracellular C-terminal domains (CTDs), and orthosteric ligand binding domains vary substantially
between classes. For example, x-ray crystallographic analysis of the Bz-adrenergic receptor®? (32AR), a
prototypical class A 7TMR, illustrated a relatively short and simple NTD (Figure 15a), as compared
to the particularly large and complex NTD exhibited by mGIuR3%? (Figure 15¢), a representative class
C 7TMR. Similarly, class A CTDs, as exemplified by the B2AR CTD (Figure 15a), are also quite small
compared to class C CTDs (Figure 15¢). Class C 7TMRs are also uniquely equipped with a cysteine-
rich domain (CRD) that includes several intramolecular disulfide bridges (Figure 15c). Orthosteric
ligand binding domains also differ significantly between 7TMR classes. For instance, while endogenous
class A 7TMR ligands, such as epinephrine, bind to class A 7TMRs, such as B2AR, within the 7TMD
amidst the heptahelical bundle (Figure 15b), physiological class C ligands, such as glutamate, bind to
class C 7TMRs, such as mGluR3, at the hinge region of the clamshell-like NTD between the top and
bottom lobes (Figure 15¢). Thus, agonist binding to class A 7TMRs directly induces a conformational
change in the 7TMD during receptor activation, whereas agonist binding to the clamshell-like class C
NTD causes the top and bottom lobes to clamp down, which mechanically translates to a

conformational change in the 7TMD via rearrangement of the CRD.



98

a ) ()
NTD S {:'i-.‘. | .Extraceﬂu.'arMafrix. "
- .‘% *.7 -. O 0
é : k'-* B q B ~"00

7TMID |

NH
o Glutamate

\ m? ) Plasma Membrane

ir_ﬁ’i

*

Cytosol

PDB ID: 4LDO @90
b _
B,AR " ., |
0 tracellular

I —— T

"--*‘\" R‘W &= Martrix

HO_~ A _NH,

>

HO™ ~.=" Epinephrine

PDB ID: 4LDO "W

Figure 15 Structural Comparison of Class A (82AR) and Class C (mGluR3) 7TMRs. (a)
Depiction of an x-ray ctystal structure of the B2-adrenergic receptor (B2AR) illustrates small class A
7TMR N-terminal and C-terminal domains (NTD and CTD, respectively) that are connected by a
heptahelical seven-transmembrane domain (7TMD). (b) While endogenous class A 7TMR agonists,
such as epinephrine, bind in the 7TMD, (c) class C 7TMRs, such as metabotropic glutamate receptor
3 (mGluR3) bind agonists, such as glutamate, in the clamshell-like NTD, as represented by x-ray crystal
structure of the mGIluR3 NTD#. Although class C 7TMRs exhibit 7TMDs similar to those of class A
7TMRS, class C 7TMRS exhibit large NTDs and CTDs, and additionally incorporate an extracellular
cysteine-rich domain (CRD). PyMOLS was employed for figure generation.

2.1.b. Metabotropic Glutamate Receptors
While the earliest 7TMR to be isolated, the Bi-adrenergic receptor, was purified in the early
1980s%4, the first mGluR was discovered in the mid to late 1980s with the observation that glutamate

stimulated phosphatidylinositol hydrolysis in oocytes injected with mRNA that was isolated from rat

brain®. To date, eight mGluR subtypes, which are organized into three groups according to sequence
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Figure 16: mGluR-Mediated G Protein Signaling. Gog proteins stimulate phospholipase C (PLC)
activity leading to generation of phosphatidylinositol 4,5-bisphosphate (IP3), which causes release of
intracellular calcium stores, and diacyl glycerol (DAG), which activates protein kinase C (PKC). Gai/o
proteins inhibit adenylyl cyclase (AC) leading to reduction of intracellular cAMP levels and protein
kinase A (PKA) activity. GBy stimulates G protein-regulated inwardly rectifying potassium channel
(GIRK)-mediated potassium efflux.

homology, pharmacology, and signal transduction, have been characterized®. Group I includes
mGluR1 and mGlIuR5, group Il encompasses mGluR2 and mGluR3, and group 111 contains mGIluR4,
mGluR6, mGluR7, and mGluR8. Group I mGluRs predominantly couple to Guq subunit-containing
G proteins (Figure 16), which results in the stimulation of phospholipase C (PLC)-mediated hydrolysis
of phosphatidylinositol 4,5-bisphosphate, generating diacyl glycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). While water-soluble IP3 then translocates to the endoplasmic reticulum where it
binds to the IP; receptor causing the release of intracellular calcium stores, highly lipophilic DAG
remains within the plasma membrane and activates PKC. In contrast, group II and group III mGluRs
selectively couple to G proteins equipped with the Gai/o subunit, which, upon dissociation from the

GBy complex, inhibits adenylyl cyclase (AC). This, in turn, reduces intracellular concentrations of cyclic
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adenosine monophosphate (cAMP), and protein kinase A (PKA) activity consequently decreases.
Although Gfy-mediated signaling is less well-characterized than Ga-mediated signaling, activation of
mGluRs has been demonstrated to result in Gfy-dependent efflux of potassium via G protein-

regulated inwardly rectifying potassium channel®’ (GIRK) stimulation.
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Figure 17 Homodimeric Arrangement of mGluRs. mGluRs signal through G proteins via a
homodimeric organization that exhibits maximal activation when glutamate is bound to each NTD.
PyMOL®0 was employed for figure generation.

In addition, all mGluR subtypes are thought to function predominantly as homodimers®?
(Figure 17), which achieve full G protein activation potential upon orthosteric binding of one
glutamate molecule, or one molecule of another competitive agonist, to each protomerss. Although
glutamate and cyclopropyl analog CCG (Table 8) are relatively nonselective between mGluR isoforms,
numerous group-selective, competitive agonists and antagonists have been discovered. For instance,
mGluR1, mGluR2, and mGluR4 were originally distinguished based on selective activation by
heterocyclic analog quisqualate®’, tricarboxylate DCG-1V#, and phosphonate AP4%, respectively, each

of which is more potent than glutamate at the corresponding subgroup of receptors. The next
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generation of group-selective agonists included 3,5-DHPG?!, 1.Y35474092, and LSP1-3081% for group
I, group 11, and group III mGluRs, respectively. While the a-amino carboxylate motif is common to
all of these pharmacological agents, glutamate is the only full mGluR agonist amongst the twenty

essential amino acids, with the exception of aspartate and cysteine, which are functional in some cases
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Table 8 Group-Selectivity of Competitive mGluR Agonists. Rigidification of glutamate or
bioisosteric replacement of the glutamate y-carboxylate led to group-selective mGluR agonists.

but demonstrate poor potency”. This indicates (1) the impressive receptor specificity for glutamate
amidst the pool of endogenous amino acids, and (2) the requirement of a negatively ionizable functional
group extending from the glutamate backbone. As the structural arrangement of the orthosteric
binding site is highly conserved between mGluR subtypes, achieving group-selective mGluR activation
has typically required the fine-tuning of ligand-receptor interactions by making small changes to the
orientation of glutamate functional groups®. This is further emphasized via structural comparison
(Table 9 of the relatively nonselective antagonist LY341495% and LY367366, EGlu, and CPPG,
which are group-selective, competitive antagonists for group 1, group 11, and group 111, respectively”’.
Although the bulky, lipophilic motifs extending from the o carbon vary substantially, the distal
carboxylate or phosphonate motifs bind selectively to the appropriate mGluR orthosteric binding
pockets with subtly different functional group orientations, in similar fashion to the corresponding

group-selective agonists.
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Table ¢ Group-Selectivity of Competitive mGluR Antagonists. Group-selective mGIluR
antagonists resemble the corresponding group-selective mGluR agonists.

Discovery of these group-selective agents enabled not only pharmacological, but also
physiological characterization of each mGluR group, all of which are expressed in the central nervous
system. According to the tripartite synapse model of neurotransmission (Figure 18), which comprises
a presynaptic neuron, a postsynaptic neuron, and a glial cell, the presynaptic neuron releases
neurotransmitters from prepackaged vesicles into the cleft between synaptic neurons, thereby leading
to the activation of receptors expressed on the postsynaptic neuron. Receptors expressed on glial cells
can then respond to neurotransmitters that spill out of the synaptic cleft. Glial cells also secrete second
messengers that regulate the packaging and release of neurotransmitters into presynaptic vesicles. For
example, mGluR-mediated glutamatergic synaptic transmission is regulated in part by glial cell-localized
cysteine-glutamate antiporter proteins that exchange extracellular cysteine for intracellular glutamate®.
The release of glutamate into extracellular space facilitates activation of group II mGluRs expressed
on pre-terminal portions of presynaptic neuronal axons that are distal from the synaptic cleft?. This
signaling event results in the inhibition of neurotransmitter release from the presynaptic neuron into
the synaptic cleft, and thus, represents a feedback mechanism for sensing and controlling the amount
of synaptic glutamate®. A similar feedback loop also holds for group III mGluRs expressed on terminal
portions of the presynaptic neuron. Upon the release of presynaptic vesicles prepackaged with

glutamate into the synaptic cleft, group I mGluRs localized on postsynaptic neuronal terminals undergo
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glutamate-induced activation, which allows glutamatergic signals to propagate from the presynaptic
neuron to the postsynaptic neuron®. Notably, ionotropic glutamate receptors!® (iGluRs) expressed on
postsynaptic neurons compete for the same pool of synaptically-released glutamate as postsynaptic
group I mGluRs. Glutamate that is not sequestered by postsynaptically-localized glutamate receptors
can spill out of the synaptic cleft towards glial cells, which predominantly express mGluR3 and
mGluR5!, Thus, mGluRs are important players in the maintenance of normal neurophysiological

function.
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Figure 18 mGluR-Mediated Glutamatergic Synaptic Transmission. Group I, group 11, and group
III mGluRs all participate in glutamatergic synaptic transmission according to the tripartite synapse
model. While group II and III mGluR neuronal expression is predominantly presynaptic, group I
mGluR expression in neurons is largely postsynaptic. mGluR3 and mGluRS5 are also expressed by glia.

Accordingly, mGluRs have been implicated as potential drug targets for a wide array of

neurological disorders, such as anxiety and stress disorders!?2, diabetic neuropathy!®, schizophrenial®4,

pain!®s, fragile X syndrome!®, and addiction!?’, as well several neurodegenerative disorders, including



104

Parkinson’s disease!®, Huntington’s disease!??, cerebral ischemial’?, and Alzheimer’s disease!!!. While
a large body of literature supports the therapeutic potential of targeting group I''2 or group III'3
mGluRs (specifically mGluR4) for the treatment of various neurodegenerative diseases, evidence
advocating the activation of group II mGluRs as a neuroprotective strategy is increasingly promising.
Selective activation of group II mGluRs has been demonstrated not only to inhibit synaptic release of
glutamate from prepackaged, presynaptic vesicles, which combats glutamate-mediated excitotoxicity
that is associated with some conditions, but also to increase expression of a vatiety of growth factors,
including brain-derived neurotrophic factor'4, nerve growth factor!!5, glial-derived neurotrophic
factor!!6, and transforming growth factor B'7 (TGF-B); upregulation of glutamate transporters and
subsequent reuptake of glutamate out of the synaptic cleft has also been reported!!8. The combination
of these neuroprotective signaling mechanisms has empowered selective group 1I mGluR agonists to
protect cultured neurons from N-methyl-D-aspartate!’® (NMDA)-, kainic acid-, or staurosporine-
induced toxicity'?’, as well as to defend cultured astrocytes from apoptosis induced by nitric oxide!?!
ot by oxygen/glucose deprivation!?2. Selective group II mGluR agonists have also demonstrated
neuroprotective activity iz vivo, decreasing MPTP-induced toxicity in mice'!¢, reducing neuronal death
after treatment with MK-801 in adult rats'?3, and promoting neuroprotection in gerbil models of global

ischemial?4,

2.1.c. Subtype-Selective mGIuR3 Activation and Neuroprotection

Despite the implication of both mGIluR2 and mGIuR3 as potential therapeutic targets for
treatment of neurodegeneration, each of these receptors plays distinct roles in processes relating to
neuronal death and neuroprotection, which is predominantly a result of differences in synaptic
expression. While both mGluR2 and mGluR3 are expressed on presynaptic neurons, only mGluR3 is
expressed on macroglial cells, such as astrocytes, which are the brain’s first line of defense, contributing
to neuronal survival during development, blood-brain barrier permeability, homeostatic blood flow,

regulation of synaptic transmission, trophic support for neuronal injury, and perhaps even
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synaptogenesis!''8. Although mGIluR2 and mGluR3 share several common intracellular signaling
mechanisms, neurons comprise an entirely different set of cellular machinery than astrocytes, which
are likely responsible for the selective group II mGluR agonist-mediated release of growth factors and
associated neuroprotection. For example, mGluR3 becomes upregulated on reactive astrocytes after
cerebral insult, and abnormally high levels of astrocytic mGluR3 has been observed in animal models
of multiple sclerosis, persistent inflammation, and epilepsy!!®. Additionally, treating co-cultures of
neurons and astrocytes isolated from wild-type, mGluR2/- knockout, or mGIluR3-/- knockout mice
with a selective group II mGluR agonist revealed that neuroprotection against NMDA- or MPTP-
mediated neuronal death was controlled exclusively by astrocytic mGIluR31%., Similarly, a selective
group II mGluR agonist protected rat co-cultures against toxic B-amyloid fragments, which are
putatively associated with the pathology of Alzheimer’s disease, via a paracrine mechanism involving
glial mGluR3-dependent astrocytic release of TGF-B, which is thought to combat the progression of
Alzheimer’s disease!?; in contrast, subtype-selective potentiation of mGIluR2 was reported to
exacerbate $-amyloid toxicity!'?”. Furthermore, treatment of primary cultures of rat astrocytes with a
selective group 1I mGluR agonist promoted proper o-secretase-mediated processing of amyloid
precursor protein (APP) into soluble cleavage products, which is an aberrant process in the Alzheimet’s
brain!?. Each of these pharmacological and pathophysiological results, including the sustained
astrocytic expression of mGluR3 from development through adulthood!?, implicate the therapeutic
potential of a subtype-selective mGluR3 agonist for the treatment of Alzheimer’s disease.

Despite this strong rationale for targeting mGluR3 selectively, pharmacological differentiation
between mGIuR2 and mGIuR3 has proven challenging, and as a result, ligands exhibiting subtype-
selectivity are sparse. The classic selective group II mGluR agonist DCG-1V demonstrated no subtype-
selectivity between mGIluR2 and mGIluR3 in transfected CHO cells, as indicated by functional
inhibition of forskolin-stimulated cAMP production!3" (Table 10), nor did it bind in a subtype-selective
manner to membranes harvested from transfected baby hamster kidney (BHK) cells, as determined by

competition experiments with [*H]-LY354740131, While the parent bicyclic glutamate analog of Eli
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Lilly’s group II mGluR agonist program, 1.Y354740, exhibited 4-5-fold subtype-selectivity for mGluR2
over mGluR3 both in radioligand binding assays quantitating displacement of [?H]-LY354740%31, and
in functional assays measuring inhibition of forskolin-stimulated cAMP production!?; oxygen- and
sulfur-containing analogs LY379268 and LY389795, respectively, each demonstrated reduced
functional subtype-selectivity under the same conditions!?3. In contrast to these heterocyclic analogs,
methyl substituted derivative LY395756 and the corresponding epimer (gp-1.Y395756) were each
reported to achieve improved subtype-selectivity as compared to unsubstituted LY354740 in the same
functional assay'32. While ¢p-1.Y395756 demonstrated agonist activity at both mGIluR2 and mGIuR3
with a 5-6-fold subtype-selectivity for mGIluR2, LY395756 exhibited potent agonist activity at mGluR2,
and interestingly, moderate antagonist activity at mGluR3. Although LY395756 can uniquely
distinguish between mGIluR2 and mGluR3 functionally, it preferentially activates mGluR2, rendering
it a suboptimal tool with which to explore the neuroprotective properties of subtype-selective mGluR3
activation. Aside from Eli Lilly’s group II mGluR agonist program, little success has been achieved
towards the discovery of subtype-selective group II mGluR agonists. One minor success involves
quisqualate, the classic selective group I mGIluR agonist. While quisqualate is much more potent at
mGluR1 and mGluR5, it has been shown to weakly inhibit forskolin-stimulated cAMP production via
mGluR3 activation in transfected CHO cells!*, but not via mGIuR2 activation under similar assay
conditions'?. Although quisqualate subtype-selectivity for mGIuR3 over mGluR2 was 5-6-fold using
radioligand binding assays measuring the displacement of [*H]-LY354740'31, potent activity at group 1
mGluRs would convolute studies in native systems aimed at characterizing neuroprotection mediated

by subtype-selective activation of mGIluR3.
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Table 10 Potency and Subtype-Selectivity of Competitive Group II mGluR Agonists. Potencies
of DCG-IV13, 1.Y354740132, 1.Y395756, epi-1.Y395756, LY279268133, 1.Y389795, quisqualate!3+135, and
NAAG were measured via inhibition of forskolin-stimulated cAMP production. All K; values!3! were
measured via displacement of [3H]-LY354740 and are italicized. ICsp values are underlined.
Alternatively, structurally distinct N-acetylaspartylglutamate (NAAG), the most prevalent
peptide neurotransmitter in the mammalian central nervous system'?, has been reported not only to
exhibit TGF-B-dependent!3® neuroprotective properties endogenously!®, but also to subtype-
selectively activate mGluR3 over mGluR2. NAAG was identified in the mammalian brain in the mid-
196054, and in the mid-1980s, it was reported to interact with a portion of [*H]-glutamate-sensitized
binding sites in rat brain!#!, suggesting that NAAG is a second endogenous ligand for a subset of
glutamate receptors. Subsequent studies conducted by Wroblewska et al., established that NAAG
inhibited forskolin-stimulated cAMP production in rat cerebellar granule cells!#? as well as in
transfected CHO cells expressing mGluR313, but not in transtected CHO cells expressing mGluR1,
mGIluR2, mGluR4, mGIluR5, or mGluR6. NAAG additionally stimulated both Ca*? flux and
phosphatidylinositol hydrolysis in human embryonic kidney (HEK293) cells expressing

mGluR3/mGluR1 chimeric receptors, which signal though Gayq proteins instead of Ga/o proteins; in

contrast, NAAG did not elicit Gog protein activity in HEK293 cells expressing mGluR2/mGluR1
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chimeric receptors. NAAG-mediated inhibition of forskolin-stimulated cAMP production was also
observed in primary cultures of rat cerebellar astrocytes, where mRNA corresponding to all mGluRs
except for mGluR2 was detected!®. While AP4 had little effect on cAMP levels, indicating low
expression levels of group III mGluRs, cAMP levels were unaffected by NAAG in the presence of
nonselective mGluR antagonists, as well as selective group 11 mGluR antagonist EGlu, indicating that
NAAG was functioning through group II mGluRs. Validating this interaction, NAAG subtype-
selectively displaced [PH]-LY354740 from isolated BHK cell membranes containing mGluR3 in 12-13-
fold preference to membranes containing mGluR231. Furthermore, this subtype-selectivity translated
into neuroprotection of rat neuronal-glial co-cultures against insult with high glucose!*, or with 2-
deoxyglucose and potassium cyanide!#. Under both of these conditions, NAAG-mediated
neuroprotection was (1) blocked by EGlu, (2) not inhibited by selective group I or selective group 111
antagonists, and (3) drastically desensitized in the absence of glial cells, further implicating mGIuR3 as
the endogenous protein target of NAAG. Although NAAG did not activate mGluR3-mediated K*
flux through GIRK channels in HEK cells transfected with mGIluR2 or mGluR3!46, or in oocytes
injected with both mGluR3 and GIRK channel mRNA47, activation of K* flux is a GBy complex-
dependent process, as opposed to inhibition of forskolin-stimulated cAMP, which is a Gai/o-dependent
process. As the multifaceted signaling profiles of 7TMRs continue to complexify, it is becoming clear
that all agonists, even orthosteric agonists for the same receptor subtype, do not interact and function
in an equal manner!, Thus, the fact that glutamate endogenously stimulates both Guaii/o-mediated and
Gpy-mediated signaling events does not necessarily mean that NAAG should be expected to activate
the GBy complex in addition to Goi/. Ultimately, the few reports of NAAG inactivity towards
mGluR3-mediated K* flux is not inconsistent with the body of literature supporting NAAG-mediated

neuroprotection via stimulation of mGluR3-dependent Gai/, activity!#.
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2.2. Results and Discussion

2.2.a. Design of NAAG Analogs

Despite the relatively poor potency of NAAG at mGluR313, the remarkable selectivity for
mGluR3 versus mGIuR2, coupled with the established neuroprotective properties!'>, inspired our
laboratory to deem NAAG an attractive lead compound with which to commence the search for a
more potent mGluR3-selective agonist with therapeutic potential against Alzheimer’s disease.
Although quisqualate, which exhibits similar mGIuR3 versus mGluR2 selectivity, would have been a
reasonable option as well, potent activity at other mGluRs and iGluRs renders quisqualate a suboptimal
starting point. The unique chemical structure of NAAG, as compared to structures of all other
established orthosteric group II mGluR agonists, was further intriguing. Although NAAG analogs
would eventually need to be modified to slow or obviate peptidase-mediated metabolism, the
preliminary priority was to predict the active conformation of NAAG at mGluR3 via computational
molecular modeling, which would be followed by synthesis and pharmacological evaluation of a series
of NAAG analogs designed to probe the predicted conformations. With support for a putative active
conformation, subsequent reduction of the number of rotatable bonds via design and synthesis of
cyclic NAAG analogs that rigidify the active pharmacophore was anticipated to substantially increase
both potency and affinity by virtue of lowering the entropic penalty of binding. Improved mGluR3
activity would not likely be accompanied by increased mGluR2 activity because the active NAAG
conformation naturally discriminates between these receptors, and because cyclic analogs would
reinforce and robustify this active conformation. Ultimately, the expected outcome was a NAAG
analog with elevated agonist activity at mGIluR3, as well as increased selectivity for mGluR3 over

mGIluR2.
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Figure 19 mGluR3 Orthosteric Binding Pocket Interactions with Glutamate and DCG-IV.
Compatison of x-ray crystal structures of mGluR3# bound to (a) glutamate and (b) DCG-1V illustrates
that these agonists interact with many common mGluR3 residues, but also that they bind with different
arrangements of structural water molecules. PyMOLS30 was employed for figure generation.
Preliminarily, it was necessary to predict the conformation by which NAAG selectively
activates mGIuR3. While structures of the mGluR3 NTD bound to several orthosteric agonists,
including glutamate and DCG-1V (Figure 19), have been elucidated using x-ray crystallography®3, the
structure of an mGIuR3-NAAG complex has been published. Accordingly, molecular modeling was
employed (1) to analyze and compare the resolved agonist-bound mGIluR3 structures, (2) to virtually
dock NAAG into the orthosteric ligand binding pocket, and (3) to computationally explore the lowest
energy conformation(s) of NAAG when bound to the mGluR3 NTD i silico. Examination of the
glutamate-bound (Figure 19a) and DCG-1V-bound (Figure 196) mGluR3 NTD crystal structures
reveals that the agonist amino group is stabilized via salt bridge interaction with the D301 side chain
carboxylic acid, as well as by hydrogen bonding interactions with the T174 side chain hydroxyl group
and the A172 backbone carbonyl oxygen. Additionally, agonist a-carboxylic acids interact via hydrogen
bond with both the side chain hydroxyl group and the backbone amide nitrogen of S151, whereas
agonist y-carboxylic acids engage in electrostatic interactions with the cationic side chains of R68 and
KK389. Alternative to these common binding motifs, the binding mode of DCG-IV differs from that
of glutamate due to distinct arrangements of structural water molecules. While three water molecules
remain bound while glutamate occupies the pocket, only one structural water molecule is present

during DCG-1IV binding, a difference that stems from displacement of two water molecules by the
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extra carboxylic acid of DCG-IV. Although the guanidine side chain of R64 and the agonist y-
carboxylic acids form hydrogen bonds with the only common water molecule, this water molecule
engages in an additional hydrogen bond with a second water molecule when glutamate is bound, and
alternatively, with the extra agonist carboxylic acid when DCG-IV is bound. The glutamate-bound
structure additionally conveys electrostatic interactions between this second water molecule and both
the backbone amide nitrogen of S278 and the third water molecule, which further stabilizes the -
carboxylic acid of glutamate with an additional hydrogen bond. In contrast, the absence of the second
and third water molecules at the DCG-IV-bound structure is somewhat energetically offset by
hydrogen bonding interaction between the backbone amide nitrogen of S278 and the extra DCG-IV
carboxylic acid. Interestingly, [PH]-DCG-IV affinity was reported to be virtually absent at mGluR3
R64A, RO8A, K389A, S151A, T174A, and D301A mutant receptors!®, indicating that agonist

interaction with each of these residues is essential for ligand binding.

PDB ID: 2E4U
mGluR3-3H,0

PDB ID: 264V
mGIuR3-1H;0

Figure 20 Control Docking Experiments at mGluR3 in silico Models. Glutamate and DCG-1V
were computationally docked using the Glide application!>? in Maestro® into molecular models of
mGluR3 containing three (#G/xR3-3H;0) and one (mG/uR3-1H>0) structural water molecule(s) that
were based on glutamate- and DCG-IV-bound mGluR3 x-ray structures®3, respectively. PyMOLS0 was
employed for figure generation.

Although glutamate and DCG-IV share several common binding motifs at mGluR3, larger
and structurally unique NAAG likely interacts with distinct amino acid residues upon binding to
mGluR3. To enable computational prediction of the active conformation of NAAG, all agonist-bound

structures of mGIluR3 were subjected to visual inspection, which indicated that orientations of the

amino acid residues essential for ligand binding were exquisitely conserved between structures.
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Accordingly, the highest resolution agonist-bound mGIluR3 NTD x-ray structure$® available on the
protein data bank (PDB ID: 2E4W, agonist = 1.5,35-ACPD) was imported into Maestro® within the
Schrédinger Small-Molecule Drug Discovery software suite. This structure was subsequently
prepared!> for ligand docking via (1) addition of hydrogen atoms to satisfy valence requirements, (2)
adjustment of amino acid residue ionization to represent physiological pH, and (3) removal of all water
molecules except for the aforementioned structural water molecules. This resulted in two mGluR3
models, one with one structural water molecule (#G/#R3-1H>0) in the ligand binding pocket as in the
DCG-1V-bound structure, and one with three structural water molecules (wG/uR3-3H,0) as in the
glutamate-bound structure. Using the Glide application!52 in Maestro, an identical ligand binding region
was subsequently defined for each of these models to encompass a relatively large volume beyond that
occupied by 15,35-ACPD, a rigidified glutamate analog, in order to accommodate larger NAAG. To
ensure that molecular modifications made to the original crystal structure did not deleteriously affect
any of the essential ligand binding pocket residues, control docking experiments were conducted using
the Glide application, with which glutamate was docked into #G/uR3-3H>0 and DCG-1V was docked
into mGMmR1-TH>0. Comparison of the resulting agonist conformations that were predicted
computationally (Figure 20, blue carbons) with those from crystal structures that were resolved

empirically (Figure 20, gray carbons) revealed highly accurate and reproducible results.
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Figure 2I Predicted NAAG Docking Poses at mGluR3. (a) NAAG was computationally docked
using the Glide application!? in Maestro® into a molecular model of mGluR3 without any structural
water molecules (#G/uR3-0H;0). (b) A representative NAAG conformation illustrates several
interactions common to multiple NAAG poses. PYMOLS? was employed for figure generation.

The conformational accuracy exhibited by these control experiments indicated that both
mGluR3 models, wGuR1-TH,0 and mGuR3-3H,0, were appropriate for docking experiments
involving NAAG. However, despite all attempts to dock NAAG with the Glide application into each
of these models using varying levels of stringency, not one NAAG binding pose was predicted at either
mGluR3 model. Since DCG-1V displaces two more structural water molecules than glutamate, and
because NAAG is larger than both DCG-IV and glutamate, it is possible that NAAG binding does not
involve any structural water molecules. Accordingly, a third mGIluR3 model, which was prepared in
similar fashion to the first two mGIluR3 models except for the incorporation of 0 water molecules
(mGluR3-0H>0), was generated in Maestro. Subsequent utilization of the Glide application enabled
docking of NAAG into mG/uR3-0H;0, which resulted in several different predicted NAAG
conformations within the ligand binding pocket (Figure 21a). A representative orientation (Figure

21p) llustratively facilitates description of the two commonalities amongst the pool of lowest energy

NAAG conformations: (1) one NAAG carboxylate residing in the cationic sub-pocket composed of
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R64, R68, and K389, and (2) an almost perfectly linear hydrogen bond between the central peptide
carbonyl oxygen of NAAG and the backbone amide hydrogen of S278. This linear hydrogen bond acts
as a pivot between predicted conformations, about which NAAG conceptually rotates to vary which
of the three carboxylates occupies the cationic sub-pocket. Residues commonly engaged in electrostatic
interaction with the other functional groups included S151, S152, R277, and N61. Notably, only two
of NAAG’s three carboxylates were predicted to be stabilized via salt bridge interaction, and this
observation led to the hypothesis that only two of the three carboxylates actually require ionization for
NAAG to be active at mGluR3. To test this hypothesis, three mono-methyl ester dicarboxylate analogs
of NAAG, compounds 50, 51, and 52 (Scheme 19), were designed to retain two ionized carboxylates
while varying which NAAG carboxylate was a neutral methyl ester. If only two of NAAG’s
carboxylates require a negative charge for mGIuR3 activity, one of the three NAAG analogs would
retain the potency of NAAG at mGluR3. Whichever of the analogs this proved to be, the position of
the methyl ester would likely correspond to the NAAG carboxylate that does not engage in salt bridge

interactions, but rather forms hydrogen bonding interactions with both the side chain hydroxyl group
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Scheme 19 Design of NAAG Analogs to Probe Putative Binding Poses at mGluR3. These
compounds were designed to interrogate the active pharmacophore of NAAG, which likely requires
mGluR3 interaction with the N-acetyl group, but perhaps not all three negatively charged carboxylates.
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and the backbone amide hydrogen of S151. It was further hypothesized that hydrogen bonding
interactions of the N-acetyl group with mGluR3 was important for NAAG activity. There are two
ways in which the N-acetyl group can participate in hydrogen bonding: (1) hydrogen bond donation
from the amide hydrogen and/or (2) hydrogen bond acceptance from the amide oxygen. Accordingly,
compound 53 was designed to probe the electrostatic requirements of the N-acetyl group. While the
N-acetyl group of analog 53 would be a better hydrogen bond donor than the corresponding NAAG
moiety, it would be a worse hydrogen bond acceptor, due in each case to the inductively electron-
withdrawing character of the trifluoromethyl group. Therefore, if the N-acetyl group acts as a hydrogen
bond donor at mGluR3, compound 53 would be more potent than NAAG, and on the contrary, if the

N-acetyl group acts as a hydrogen bond acceptor, NAAG would be more potent than analog 53.

2.2.b. Synthesis of NAAG Analogs
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Scheme 20 Retrosynthetic Analyses of NAAG Analogs. Retrosynthesis of (a) NAAG and
trifluoroacetyl analog 53, as well as of (b) methyl ester analogs 50, 51, and 52, involved peptide coupling
and the use of easily removable benzyl ester protecting groups.

Retrosynthetic analysis of NAAG and trifluoroacetyl analog 53 (Scheme 20a) illustrates that

these compounds were envisioned to be produced via deprotection of benzyl esters 54 and 55,

respectively, which were expected to form via peptide coupling between carboxylic acid-bearing



116

aspartate derivative 56 and amine-bearing dibenzyl glutamate 57, followed by amine deprotection and
subsequent N-acetylation with either acetic anhydride or trifluoroacetic anhydride. Similarly,
retrosynthetic analysis of methyl ester analogs 50, 51, and 52 (Scheme 20b) began with deprotection
of dibenzyl ester intermediates 58, 59, and 60, respectively. Preparation of these compounds was
expected to proceed through peptide coupling between carboxylic acid 56 and amine 62 or 63, as well
as between carboxylic acid 61 and amine 57, followed by successive amine deprotection and IN-
acetylation with acetic anhydride. Because four of the five final compounds contain N-acetyl groups,
it would obviously be advantageous to use acetyl instead of Boc protecting groups for the amines of
synthons 56 and 61. However, N-acetyl groups, which are more electron-withdrawing than N-Boc
groups, were preliminarily observed to undergo epimerization during peptide coupling with amine 57.
Alternatively, Boc-protected 56 was resistant to racemization when exposed to 0.1 eq potassium #zerr-
butoxide in zr#-butanol for 24 hrs at room temperature, as well as when dissolved in pyridine for 24
hrs at room temperature, and therefore, Boc protecting groups were installed before peptide coupling

and removed afterward.
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Scheme 2I Preparation of Amino Acid Synthons for Synthesis of NAAG Analogs. Syntheses of
NAAG and all four proposed analogs were enabled via preparation of only five total amino acid
synthons, including (a) carboxylic acid 56, as well as ammonium salts (b) 63, (c) 62, and (d) 57.
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Accordingly, synthesis of the required protected amino acid building blocks began with Boc
protection of commercially available aspartyl 3-benzyl ester 64 (Scheme 21a), which yielded desired
carbamate 56 in 69% yield. Additionally, commercially available glutamyl methyl ester 65 was subjected
to benzyl protection of the y-carboxylic acid with benzyl bromide under mildly basic conditions
(Scheme 21b), producing in 91% yield the diester intermediate 66'>4, which was subsequently exposed
to TFA to facilitate amine deprotection, yielding the corresponding trifluoroacetate salt 63'5> in 98%.
Similarly, commercially available glutamate y-methyl ester 67 was Boc-protected (Scheme 21c), and
the resulting carbamate!> was then treated with benzyl bromide to protect the a-carboxylic acid as a
benzyl ester. This two-step reaction sequence produced in 54% yield the diester intermediate 68157,
which was subsequently exposed to TFA to facilitate Boc-deprotection, generating the corresponding
trifluoroacetate salt 62. In similar fashion, commercially available carboxylic acid 69 was treated with
benzyl bromide under mildly basic conditions to yield in 85% yield benzyl ester 70'°8 (Scheme 21d),
which was then subjected to acid-mediated amine deprotection, producing the corresponding
trifluoroacetate salt 571> in 79% yield. Next, trifluoroacetate salts 63, 62, and 57 were desalted i sitn
with N,N-diisopropylethylamine (DiPEA), and each resulting free amine underwent peptide coupling
with carboxylic acid 56 (Scheme 22), which was pre-mixed with DIPEA and HATU in order to activate
the carboxylic acid for peptide bond formation!®; HATU-mediated peptide couplings produced

protected dipeptides 71, 72, and 73 in 64%, 87%, and 85% yields, respectively, without epimerization
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Scheme 22: Synthesis of NAAG Analogs. Preparation of NAAG and three analogs with only four
amino acid synthons for evaluation of mGluR3 agonist activity z vitro.

of the aspartyl chiral center. Boc protecting groups were subsequently removed with TFA, which
yvielded corresponding trifluoroacetate salts 74, 75, and 76 in 78%, 73%, and 98%, respectively. Each
of these three intermediates was then treated with acetic anhydride and DiPEA to facilitate preparation
of N-acetylation products 60, 59, and 54, which proceeded in 64%, 92%, and 95% yields, respectively.
Subsequent palladium-catalyzed hydrogenolysis of all benzyl-protected carboxylic acids produced
methyl esterified NAAG analogs 52 and 51, as well as NAAG!¢! itself, in 68%, 77%, and 80% yields,
respectively. Additionally, tribenzyl ester 76 was treated with trifluoroacetic anhydride in the presence
of DIiPEA, generating in 71% yield the corresponding trifluoroacetamide 55, which was finally
subjected to palladium-catalyzed hydrogenolysis for benzyl ester cleavage, affording desired

trifluoroacetamide analog 53 in 50% yield.
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2.2.c. GloSensor Assay Measures Group 11 and 111 mGIluR Activity. Some of the information presented in
the section is reprinted!3 with permission of the American Society for Pharmacology and Experimental
Therapeutics. All rights reserved. Copyright © 2014 by the American Society for Pharmacology and

Experimental Therapeutics.
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Figure 22: Forskolin-Stimulated cAMP Production in CHO-Glo Cells'*. (a) CHO cells, stably
transfected with the GloSensor cAMP biosensor (CHO-Glo), showed concentration-dependent
increases in relative light units (RLU) over time when treated with increasing concentrations of the AC
activator forskolin. The reading from each well was normalized to its own basal luminescence,
determined before forskolin addition. (b) The forskolin concentration-response curve was generated
from data obtained 16 min after forskolin treatment. (c) Group 1I and group III mGluR agonists and
antagonists do not affect forskolin-mediated cAMP production in CHO-Glo cells (lacking a transfected
receptor). Data are presented as the mean * S.E.M. of three individual experiments performed in
triplicate.

Preparation of aspartyl methyl ester analog 50 was underway when these five compounds,
including NAAG, were submitted to colleagues in the laboratory of Dr. Jarda Wroblewski (Department
of Pharmacology and Physiology, Georgetown University) as we collaborated to design and implement
a real-time assay paradigm'*” with which to compare the pharmacological properties of group 1I and
group III mGluRs. This assay utilized the GloSensor cAMP Biosensor!? (Promega), a recombinant
firefly luciferase conjugated to a cAMP binding domain. cAMP binding promotes a conformational
shift within the GloSensor protein, which induces luciferase activity. cAMP levels, which are modulated

by group II and group III mGluR activation, are positively correlated with light output resulting from

the luciferase-mediated breakdown of D-luciferin. Accordingly, CHO cells were transfected with the



120

GloSensor plasmid, and multiple clones were tested for maximal luminescence in response to the AC
activator forskolin (10 uM). The clone with the largest increase in luminescence in response to forskolin
was selected, and a single cell line (CHO-Glo) was established. Untransfected CHO cells lacking the
GloSensor construct did not produce a detectable signal, whereas treatment of CHO-Glo cells with
forskolin caused a concentration-dependent increase in relative light units (RLU) over time (Figure
22a). The concentration dependence of cAMP production is shown using data measured 16 min after
the addition of forskolin (Figure 22b). The ECs for forskolin was calculated in this system to be 9.44
+ 0.60 uM, which is comparable to the reported forskolin ECsy of 5-10 pM!®. From these data, 1 uM
forskolin was chosen as a concentration sufficient to stimulate cAMP production with minimal
potential for substrate depletion and a reliable signal-to-noise ratio. As a control, common group 1I
and group III mGluR ligands were tested on CHO-Glo cells to ensure that these compounds would
not affect cAMP levels in the absence of transfected mGluRs (Figure 22¢). Several group 11 and/or
group III mGluR agonists (glutamate, DCG-IV, and AP4) and antagonists (LY341945, EGlu, and
CPPG) were assayed at saturating concentrations. As expected, none of these drugs significantly altered
cAMP production in CHO-Glo cells, indicating not only the lack of endogenous mGluRs in CHO
cells, but also that measurement of ligand-mediated mGluR activity would not be confounded by

mGluR-independent signaling mechanisms.
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Figure 23 Ion Sensitivity of Glutamate-Mediated Group II and ITI mGluR Activation'3. CHO-
Glo or mGlu-Glo cells were treated with vehicle (white bars) or 100 uM glutamate (gray bars) in a
series of modified Locke’s buffers (Table 11). In each buffer, data were normalized as a percent of
vehicle treatment. Glutamate-mediated decreases in cAMP production were statistically significant (P
< 0.01) at all mGlu-Glo cell lines, with the exception of mGlu3-Glo. Glutamate activation of mGIuR3
was significant only when Locke-Cl- was used as the assay buffer. Statistical differences in the data
were assessed by a Student’s t test. Data are presented as the mean * S.E.M. of three individual
experiments performed in triplicate. ***P < 0.001.

Next, CHO-Glo cells were transfected with individual group II or III mGluR cDNAs,
previously cloned into pIRES2-AcGFP1. Stable clones of CHO-Glo cells expressing individual mGluR
types (mGlu2-Glo, mGlu3-Glo, mGlu4-Glo, mGlu6-Glo, mGlu7-Glo, and mGlu8-Glo) were selected
based on AcGFP fluorescence and maximal light output in response to forskolin treatment. In Locke’s
buffer, all mGlu-Glo cell lines, except for mGlu3-Glo, showed significant decreases in forskolin-
stimulated cAMP production in response to 100 uM glutamate (Figure 23). Since several studies
demonstrated that mGluR activation is sensitive to ions!®+165 it was hypothesized that a buffer
constituent precluded mGlu3-Glo cells from inhibiting forskolin-stimulated cAMP production in

response to glutamate treatment. To test this hypothesis, each buffer constituent was individually

replaced with a structurally distinct ion of like charge (Table 11). Sodium was replaced with choline
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(Locke-Na™). Potassium, magnesium, or calcium was replaced with sodium (Locke-K*, Locke-Mg*?,
and Locke-Ca*?, respectively). Chloride, replaced with gluconate, was reduced from 164.2 to 4.6 mM
(Locke and Locke-CI-, respectively). HEPES was replaced with Tris, and the pH was adjusted to 7.4
with gluconic acid (Locke-HEPES). The removal of K¥, Mg*2, or Ca*? had no significant effect on
cAMP production in any mGlu-Glo cell line (Figure 23). Locke-Na* or Locke-HEPES showed

nonspecific decreases in cAMP inhibition at all mGlu-Glo cells. In low chloride buffer (Locke-Cl-),

Component Concentration (mM)
Locke | Locke-Na* | Locke-Cl' | Locke-K* | Locke-Ca*? | Locke-Mg*? | Locke-HEPES
Nacl 154 - - 154 156.6 156 154
KCl 5.6 5.6 - - 5.6 5.6 5.6
cacl, 1.3 1.3 1.3 1.3 - 1.3 1.3
mgcl, 1.0 1.0 1.0 1.0 1.0 - 1.0
NaHCO, 3.6 - 36 3.6 3.6 3.6 36
Glucose 5.6 5.6 5.6 5.6 5.6 5.6 5.6
HEPES 20 20 20 20 20 20
Cholinecl - 154 - 5.6 - -
CholineHCO, - 3.6
NaGluconate - - 154
KGluconate - - 5.6
Tris - - - - - - 20

Table 11. Composition of Buffers Used to Examine Group II and III mGluR Ion Sensitivity!3.

glutamate significantly inhibited forskolin-stimulated cAMP production in mGlu3-Glo cells. In
contrast, the removal of chloride decreased glutamate efficacy at mGlu4-Glo cells, a result consistent
with previously reported work!¢. Chloride removal showed no significant effect at any other mGlu-
Glo cell line. Because this finding allowed reliable measurements of mGluR3 activation, all subsequent
GloSensor assays involving mGluR3 were performed in Locke’s buffer containing 4.6 mM chloride
(Locke-CI), whereas all GloSensor assays involving mGluR2, mGluR4, mGluR6, and mGIuR8 were
performed using traditional Locke’s buffer. Unfortunately, mGlu7-Glo cells did not respond to

glutamate under any of the conditions described.



123

mGlu2-Glo mGlud-Glo mGlu-Glo
100 g 550 100 § 50 100 s
o 5 --1 0 -1 2
— 80 3 80 3 80 3
(= < O --3 £ 3 <
g 60 g 60 = 60 2
® 40 a 8yl 40 o 40 -
3 - = 4 . o --10 s —
g 20 /o 20 o o--100 20 ol Q
= R T s sssaa i, &
= 8 4 0 4 8 12 16 20 8 4 0 4 8 12 16 20 8 4 0 4 8 12 16 20 3
> Time (min) Time (min) Time (min) o
2 3,
£ mGlu3-Glo mGIlu6-Glo
g : " E
2 100 § 5 --0 100 8 =20
o s 3 g 80 3
< o --3 < -1 -0~ Vehicle
5 60 2 60 = o8B -3
9 4 ?' oo 40 ? o0 —-100 -0~ Glutamate
20 g8o-00 10 29 A
8 4 0 4 8 12 16 20 8 4 0 4 8 12 16 20
Time (min) Time (min)

Figure 24 Group II and III mGluR-Mediated Inhibition of cAMP Production!®. mGlu-Glo cell
lines were treated with 1 uM forskolin and increasing concentrations of glutamate. Concentration-
dependent decreases in RLU were observed at all mGlu-Glo cell lines. Data from each treatment was
normalized to its own basal luminescence. Data are presented as the mean * S.E.M. of three individual
experiments performed in triplicate.

When assayed in normal Locke’s buffer at mGlu2-, mGlu4-, mGlu6-, and mGlu8-Glo and
Locke-Cl- at mGlu3-Glo cells, all cell lines showed glutamate-mediated, concentration-dependent
decreases in forskolin-stimulated cAMP production in real time (Figure 24). By 8 min after drug
addition, glutamate-mediated decreases in cAMP production were proportional at all subsequent time
points. Data from the 16 min time point showed the best signal-to-noise ratio and were therefore used

for all concentration-response curves (Figure 25). To ensure that effects on cAMP levels were entirely

mediated by mGluR activation of Guai/, proteins, the ability of glutamate to inhibit cAMP production
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Figure 25 Concentration-Dependent, PTX-Sensitive, Agonist-Mediated mGluR Activation'*.
mGlu-Glo cells were pretreated with (or without) PTX before each assay. Vehicle (white bars) or 100
uM glutamate (gray bars), + PTX, were normalized to their respective vehicle-treated values. mGlu-
Glo cell lines were treated with vehicle or increasing concentrations of mGluR agonists, glutamate, or
either DCG-IV or AP4. Statistical significance was assessed by a Student’s t test. Data for
concentration-response curves were normalized to vehicle-treated values. Data are presented as the
mean * S.E.M. of three individual experiments performed in triplicate. ***P < 0.001.

was measured in the presence of pertussis toxin (PTX). PTX, which alone had no effect on forskolin-
stimulated cAMP production in CHO-Glo cells, is a bacterial exotoxin that inactivates Gai/o proteins
via ADP-ribosylation of Guai/, subunits. As previously demonstrated, 100 uM glutamate was sufficient
to significantly reduce cAMP levels at all mGlu-Glo cell lines (Figure 23). However, in cells pretreated
overnight with 1 mg/mIL PTX, glutamate failed to inhibit cAMP production (Figure 25, bars). These
results indicate that inhibition of cAMP production in mGlu-Glo cell lines is receptor-mediated and
entirely modulated by Gui/o proteins. To further characterize these cell lines, the potencies of two
agonists were determined at each receptor. All cell lines were assayed with the endogenous mGluR
agonist glutamate. Additionally, mGlu2- and mGlu3-Glo cell lines were assayed with the group 11
mGluR-selective agonist DCG-1V; mGlu4-, mGlu6-, and mGlu8-Glo cell lines were assayed with the
group III mGluR-selective agonist AP4 (Fig. 4). As expected, both DCG-1V and AP4 were more

potent than glutamate at their respective receptors, as indicated by ECsy values calculated for glutamate,

DCG-1V, and AP4 (Table 12). Additionally, DCG-IV and AP4 were inactive up to 100 uM at group



125

III and group II mGluRs, respectively, and agonist potencies measured via GloSensor assay were

comparable to ECsp values reported in the literatureo.

Glutamate (pM) DCG-IV (uM) AP4 (pM)
Receptor
ECs, | 95% Cl | Reported | ECs, 95% ClI Reported | ECs, 95% Cl Reported
mGIuR2 29 1.8-4.7 4-20 0.91 0.50-1.7 0.3 > 100 - > 100
mGIluR3 3.2 2.4-43 4-5 0.87 0.79-0.96 0.2 > 100 - > 100
mGIuR4 39 2.2-6.9 3-20 > 100 - > 100 0.26 | 0.16-0.42 0.4-1.2
mGIluR6 1.2 0.67-2.1 16 > 100 - > 100 0.28 0.19-0.42 0.9
mGIuR8 0.62 | 0.35-1.1 0.02 =100 - =100 0.19 | 0.06-0.56 0.4

Table 12 Comparison of Previously Reported Agonist Potencies with those from GloSensor!30.
Ranges of glutamate, DCG-1V, and AP4 of ECs values were reviewed in the literature®’.

To ensure that decreases in cAMP mediated by agonists were attributed to receptor-specific,
orthosteric interactions, competition assays were performed to determine whether the competitive
antagonist 1.Y341495 would reverse glutamate-mediated inhibition of cAMP production. Vehicle,
glutamate (100 uM), or LY341495 (1 pM) was added to mGlu-Glo cells, and light output was measured
every 2 min for 18 min (Figure 26). A second drug treatment (vehicle, 1 mM glutamate, or 10 uM
LY341495) was applied 18 min after the first addition, and light output was measured every 2 min for
18 min. Ten-fold higher concentrations of drug were used during the second treatment to ensure full
competition with the prior treatment. During the first addition (time = 0-18 min), glutamate prevented
cAMP production in all mGlu-Glo cell lines, but not in CHO-Glo cells. Notably, treatment with the
antagonist 1.Y341495 showed inverse efficacy during the first addition, increasing cAMP production
above vehicle treatment in mGlu4-, mGlu6-, and mGlu8-Glo cell lines, suggesting its action as an
inverse agonist. After the second addition (time = 18-36 min), glutamate inhibited cAMP production
in all vehicle-treated and 1Y341495-treated mGlu-Glo cells, but not in CHO-Glo cells. Additionally
after the second addition, glutamate-treated mGlu-Glo cells challenged with LY341495 not only

reversed glutamate-mediated inhibition of cAMP production, but also showed inverse agonism at all
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Figure 26: Real-Time Reversibility of Agonist and Antagonist Effects on cAMP Production!*.
CHO-Glo or mGlu-Glo cells were pre-equilibrated with the substrate in Locke’s buffer (Locke 4.6 at
mGlu3-Glo), and basal luminescence was measured as before. Vehicle (black line), glutamate (100 uM,
green dashed line), or LY341495 (1 uM, red dashed line) was added first. A second treatment of vehicle
(black line), glutamate (1 mM, green, solid line), or 1Y341495 (10 uM, red solid line) was added at 18
min. For the sake of clarity, S.E.M. is not shown, but averaged 8% through the experiment. Data are
presented as the means of three individual experiments performed in triplicate.

cell lines. Interestingly, inverse agonism was present in mGlu2- and mGlu3-Glo cell lines only when
LY341495 was added to agonist treated cells, whereas mGlu4-, mGlu6-, and mGlu8- Glo cell lines
showed inverse agonism both in the presence and in the absence of agonist. After the second treatment,
nonspecific, transient decreases in RLU signal, probably due to volume change in the wells, were
observed at all cell lines, including the control CHO-Glo cell line. Decreases in luminescence were also
observed after 30 min for all mGlu-Glo cell lines, a phenomenon that was likely due to
phosphodiesterase activity. To further examine the behavior of antagonists, L.Y341495 was used at
increasing concentrations to shift the concentration-response curve of glutamate at mGluR3 (Figure
27). As expected for this competitive antagonist, a rightward shift in the glutamate concentration-

response curve was observed with increasing concentrations of LY341495. Each curve was normalized

to its own maximal RLU in the absence of glutamate, and glutamate ECso values were determined at
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each concentration of L.Y341495. On the basis of these calculations, a Schild plot was constructed,
yielding a Ky, of .Y341495 at rat mGIluR3 of 1.8 nM, which is comparable to the .Y341495 affinity!6¢

(0.75 nM) determined empirically using transfected human mGluR3.
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Figure 27 Quantitation of mGluR Antagonist Potency Using GloSensor!*. mGlu3-Glo cells
were pre-equilibrated with substrate in Locke-Cl-. Increasing concentrations of glutamate were added,
without or with several concentrations of LY341495 (0 M, white circles; 10-8 M, black circles; 107 M,
black squares; 10-¢ M, black triangles). The K}, values were calculated using GraphPad Prism software.
(Inset) A Schild plot is shown where dr indicates dose ratio and the values of dr-1 are plotted versus
antagonist concentration. Data are mean presented as the mean * S.E.M. of three individual
experiments performed in triplicate.

The GloSensor cAMP assay, which is represented schematically in Figure 28, provides several
advantages over other methods for measuring mGluR activation: (1) every assay that has measured
mGluR-mediated Gai/, activity has been an endpoint assay, requiring phosphodiesterase inhibitors to
facilitate quantitation of total cAMP produced. In contrast, the GloSensor method measures cAMP
production in real time. This novelty enables pharmacological stimulation and inhibition of receptor
activity on the same cells in the same assay, demonstrating the competitive and reversible nature of
orthosteric ligands acting at group 1I and III mGluRs. (2) The GloSensor method allows direct,
functional measurements of the classic signaling pathway modulated by group II and group III

mGluRs. Although competition binding assays allow for measurements of ligand affinity, they do not

address any functional properties associated with the ligand, thereby disallowing definition of a ligand
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as an agonist, partial agonist, antagonist, or inverse-agonist. Furthermore, alternative methods focus
on measurement of noncanonical GBy-mediated potassium flux as a substitute indicator for receptor
activation. (3) In contrast to many electrophysiological and biophysical methods, the GloSensor
method does not require expensive equipment, as all measurements can be performed with any
luminescence detector. The substrate D-luciferin is inexpensive, and experiments were performed
using several luciferin salts, all of which produced similar results. Additionally, setup and assay times
are particularly short, making GloSensor an efficient assay paradigm that can facilitate rapid and reliable

measurements of ligand activity in a high-throughput screening format.

o

e
Group Il and lll mGluRs

e . e ]

Oxyluciferin
GloSensor \C["HJ

Figure 28 Schematic Representation of the GloSensor Assay!®. Forskolin stimulates cAMP
production via AC. cAMP binding to the GloSensor construct causes a conformational shift that
increases luciferase activity, whereby the D-luciferin substrate is oxidized to produce oxyluciferin and
light. Agonist stimulation of group II or group III mGluRs activates heterotrimeric Gi/, proteins, where
the liberated a-subunit then inhibits AC activation. Agonist activity is measured as decreased light
output relative to vehicle treatment.
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2.2.d. mGuR3 Activity of NAAG and Analogs

With the GloSensor assay established, NAAG and analogs 51, 52, and 53 were evaluated for
activity at mGluR3. Although full mGIuR3 activation resulted from treating mGlu3-Glo cells with a
saturating concentration (100 uM) of glutamate (Figure 29, none of the synthetic dipeptides, including
NAAG, decreased forskolin-stimulated cAMP levels at 1 mM drug concentrations. Additionally, a
robust inverse agonist response resulted from treatment with a saturating concentration of .Y341495
(1 uM), indicating that NAAG, 51, 52, or 53 did not inhibit mGluR3 activity. Notably, addition of high
concentrations of NAAG to mGlu3-Glo cells that were incubated in either normal Locke’s buffer or
in Locke’s buffer with low chloride concentration did not lead to mGIuR3 activation in either case.
Despite the large body of literature describing measurements of Goi/o-mediated AC inhibition that

supports NAAG as a selective agonist of mGluR3149, several alternative reports involving measurement
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Figure 29 Activity of NAAG and Analogs and mGluR3. mGlu3-Glo cells were treated with 100
uM glutamate, 1 pM LY341495, 1 mM NAAG, or 1 mM NAAG analog, and inhibition of forskolin-
stimulated cAMP production was evaluated using the GloSensor assay. Glutamate-mediated decrease
and LY341495-mediated increase in cAMP production were statistically significant (P < 0.01). NAAG
and analogs did not stimulate mGluR3-mediated AC inhibition like glutamate, nor did they act as
inverse agonists at mGIluR3 like 1.Y341495. Statistical differences in the data were assessed by a
Student’s t test. Data are presented as the mean = S.E.M. of three individual experiments performed
in triplicate. ***P < 0.001.

of GBy signaling claim that NAAG does not activate mGIluR31¢7. As the multifaceted signaling profiles
of 7TMRs continue to complexify, it is becoming clear that all agonists, even orthosteric agonists for

the same receptor subtype, do not interact and function in an equal manner'#8. Thus, while these results
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are not inconsistent per se, the NAAG controversy has pervaded the literature for over two decades,
and unfortunately, preliminary evaluation using the newly implemented GloSensor assay was unable to
rectify these issues. However, as NAAG-mediated mGluR3 activity has been measured inconsistently
using different cell types and different assay systems, it is possible that NAAG successfully activates
mGluR3 in some settings but not others. For instance, this discrepancy could be explained with the
requirement of some sort of cofactor, an endogenous small molecule, peptide, or protein that exists in
some cell types but not others. One provocative hypothesis was reported to involve colocalization and
association of mGluR3 with endogenous NAAG peptidase, both of which have been shown on
astrocytic membranes!®. It was further proposed by the same author that endogenous NAAG is
actually a protected glutamate that does not signal through post-synaptic neurons, but rather survives
long enough to translocate outside of the synaptic cleft to astrocytes!®. Here, NAAG could interact
with the putative mGIluR3-NAAG peptidase complex, and then be cleaved by NAAG peptidase into
N-acetylaspartate and glutamate, which could then stimulate proximal mGluR3. While this would be
quite an interesting hypothesis to examine, the inactivity of NAAG at mGluR3 in the GloSensor assay
ultimately rendered it a poor lead compound with which to discover novel mGluR3-selective agonists
with neuroprotective properties, at least until a more detailed understanding of endogenous NAAG

activity is achieved.

2.2.e. Group 1I mGiuR Antagonist-Mediated Inverse Agonism. Some of the information presented in
the section is reprinted!”? with permission of the American Society for Pharmacology and Experimental
Therapeutics. All rights reserved. Copyright © 2015 by the American Society for Pharmacology and

Experimental Therapeutics.
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Figure 30 Group II and III mGluR Antagonist-Mediated, PTX-Sensitive Inverse Agonism!".
(a-e, bars) The nonselective, competitive antagonist L.Y341495 (10 uM), significantly increased
forskolin-stimulated cAMP levels in mGlu3-, mGlu4-, mGlu6-, and mGlu8-, but not mGlu2-, Glo cell
lines. When these cell lines were pretreated with PTX however, this apparent inverse agonism was
absent. Maximal cAMP production was independently normalized in the absence of or presence of
PTX. (a-e, curves) Concentration-response curves of LY341495 demonstrate dose-dependence, and
concentration-response curves of either EGlu or CPPG demonstrate specificity for group Il and 111
mGluRs, respectively. cAMP levels, stimulated with 1 pM forskolin, were measured by the GloSensor
method. (f) In primary cultures of rat cerebellar astrocytes, treatment with 10 pM 1Y341495
significantly increased cAMP levels, indicating a similar disinhibition of AC as observed in mGlu-Glo
cells. cAMP levels, stimulated with 1 uM forskolin were measured by the LANCE method and
calculated relative to a cAMP standard curve. Data are normalized to maximal cAMP levels and are
presented as the mean * S.E.M. of three individual experiments performed in triplicate. Statistical
significance was assessed using a two-tailed Student’s #test. *** P < 0.001.

Despite this negative result, the fact that chloride effected mGluR3 activity but not mGluR2
activity was quite intriguing. If this difference stemmed from direct interaction between chloride and
mGluR3 but not mGluR2, identification of the structural determinants of chloride selectivity could
translate into a strategy for achieving selective mGluR3 activation. Therefore, the effect of chloride on
mGluR3 but not mGIluR2 activity, which appeared to be related to 1.Y341495-mediated inverse
agonism, became the subject of subsequent evaluation. During GloSensor assay development!3, group
1T and III mGluR competitive antagonist .Y341495 was observed to significantly increase forskolin-

stimulated cAMP production, relative to vehicle treatment, in mGlu3-, mGlu4-, mGlu6-, and mGlu8-

, but not mGlu2-, Glo cell lines'”" (Figure 30a-e, bars). Pretreatment with PTX completely eliminated
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the effect of LY341495, indicating that this antagonist-mediated increase in cAMP was due to Goti/o
signaling, and resulted from a disinhibition of AC. Concentration-response curves of LY341495, EGlu,
and CPPG demonstrated dose-dependence (Figure 30a-e, curves), confirming that inverse agonism
was mGluR-mediated and was not unique to LY341495. These results encouraged the determination
of whether .Y341495 could disinhibit cAMP production in a native system. Indeed, in primary cultures
of cerebellar astrocytes, L.Y341495 increased forskolin-stimulated cAMP levels (Figure 30f), and
furthermore, glutamate did not significantly inhibit cAMP production. These results are consistent with
those in transfected cells, which could indicate that antagonists of mGIluR3, mGluR4, mGIluR6, and

mGluR8 are actually inverse agonists of high constitutive GPCR activity (= 80% at mGIluR3 and

mGluR8).
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Figure 31 Antagonist-Mediated, Glutamate-Independent Inverse Agonism at mGIluR3!70. (a)
Concentration-response curves of LY341495 in the absence or presence of GPT show no statistical
difference in antagonist potency in mGlu3-Glo cells. (b) When spiked with 30 uM glutamate,
concentration-response curves of 1.Y341495 in the absence of GPT show a 9-fold rightward shift in
antagonist potency, relative to the presence of GPT. ECsy values of L.Y341495 were statistically
different in the absence versus in the presence of GPT. For experiments represented in both panels,
relative increases in 1.Y341495 efficacy were observed in the presence of GPT. Cells were incubated
in DMEM buffer in the absence or presence of GPT for 4 hrs prior to assay. ECso values were
calculated using the four parameter logistic equation. Statistical significance was assessed using a two-
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tailed Student’s ~test. Data are presented as the mean £ S.E.M. of three individual experiments
performed in triplicate.

Alternatively, antagonists could have been competing with residual glutamate. Therefore,
experiments were performed using glutamate-pyruvate transaminase (GPT), an enzyme that converts
glutamate to an inactive metabolite, a-ketoglutarate. Concentration-response curves of LY341495 at
mGluR3 showed statistically indistinguishable potencies in the absence (ECsp = 21 nM) and presence
(ECso = 14 nM) of GPT (Figure 31a). In the presence of 30 pM glutamate, however, the
concentration-response curve of 1.Y341495 was shifted 9-fold to the right (ECso = 420 nM) without
GPT, relative to the control (ECso = 47 nM) with GPT (Figure 31b). If antagonist-mediated efficacy
were due to competition with residual glutamate, 1.Y341495 potency would be statistically different in
the presence of GPT, or LY341495 efficacy would be absent. In contrast, no statistical change in
potency or efficacy was observed. These results indicate that the antagonist-mediated efficacy was not
due to competition with glutamate; rather, it represents either true inverse agonism of constitutive

group II and III mGluR activity, or competition with an unidentified agonist.
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2.2.f. Pharmacological Characterization of Chloride. Some of the information presented in the section is

reprinted!”’ with permission of the American Society for Pharmacology and Experimental
Therapeutics. All rights reserved. Copyright © 2015 by the Ametican Society for Pharmacology and

Experimental Therapeutics.
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Figure 32 Chloride-Specific Activity at Group II and IIT mGluRs!". (a) cAMP levels modulated
by 100 uM glutamate or 10 pM LY341495 in mGlu2-Glo cells are unaffected by chloride, gluconate,
or methanesulfonate. (b) cAMP levels modulated by glutamate or LY341495 in mGlu3-Glo cells are
identical in 4.6 mM chloride, whether chloride is replaced with gluconate, methanesulfonate, or
bicarbonate. (c-e) cAMP levels modulated by 100 pM glutamate or 10 pM LY341495 in mGlu3-,
mGlu4-, mGlu6-, and mGlu8-Glo cells are significantly different in 125 mM vs. 4.6 mM chloride.
However, cAMP levels modulated by glutamate or LY341495 in mGlu4-, mGlu6-, and mGlu8-Glo
cells are identical in 4.6 mM chloride, whether chloride is replaced with gluconate, or methanesulfonate.
All data are normalized to maximal forskolin-stimulated cAMP levels, for each buffer condition. Data
are presented as the mean * S.E.M. of three individual experiments performed in triplicate. Statistical
significance was assessed using a two-tailed Student’s #test. ** P < 0.01, *** P < 0.001.

Replacement of chloride with gluconate was previously described to improve agonist efficacy
at mGluR313 (Figure 23). To determine that this effect was, in fact, due to chloride removal as
opposed to gluconate addition, experiments were performed using structurally distinct anion

substitutions. Substitution of chloride with gluconate or methanesulfonate at all receptors, as well as

bicarbonate at mGluR3, revealed statistically indistinguishable results at each group II and III mGluR
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type examined (Figure 32), confirming that this effect was chloride-specific. To investigate the effects
of chloride on the activation of these receptors, buffers containing increasing concentrations of
chloride (replaced with gluconate) were employed. To compare chloride concentration-response
curves between different cell lines, data were normalized to maximal cAMP production at each chloride
concentration. As a negative control, a saturating concentration (10 uM) of the competitive antagonist
LY341495 was employed to measure receptor-independent cAMP production. Additionally, a

saturating concentration of glutamate (1 mM) was used as a positive control to establish the maximal
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Figure 33 Chloride Activation of mGluR3, mGluR4, mGluR6, and mGIluRS8, but not
mGIluR2'70. (a) cAMP levels in CHO-Glo cells were unaffected by 10 pM LY341495 or 1 mM
glutamate, regardless of chloride concentration. (b) cAMP levels in mGlu2-Glo cells were reduced by
glutamate, but unaffected by 1.Y341495 or chloride. (c-f) cAMP levels in mGlu3-, mGlu4-, mGlu6-,
and mGlu8-Glo cells were reduced by 1 mM glutamate, and by chloride in a concentration-dependent
manner. Chloride ECsp values were calculated to be 29.0 mM, ~275 mM, ~120 mM, and 21.1 mM at
mGluR3, mGluR4, mGluR6, and mGluR8, respectively. Data were normalized independently at each
chloride concentration to the maximal cAMP resulting from either .Y341495, vehicle, or glutamate
treatment. Gray bars represent the physiological range of chloride, from 95 to 125 mM. ECsg values
were calculated using the four parameter logistic equation. Data are presented as the mean + S.E.M.
of three individual experiments performed in triplicate and are summarized in Table 13.
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level of mGluR-mediated inhibition of cAMP production. Using this experimental paradigm,
increasing chloride concentrations revealed a concentration-dependent, chloride-mediated activation
of mGluR3 (ECso = 29 mM), mGluR4 (ECso = 280 mM), mGluR6 (ECso = 120 mM), and mGIuR8
(ECso = 21 mM), but not mGluR2 (Figure 33b-f. A summary of ECs values, standard errors, and
hill slopes are reported in Table 13. Importantly, cAMP levels in CHO-Glo cells were unaffected by
10 uM LY341495 or by 1 mM glutamate, regardless of chloride concentration (Figure 33a). Maximal
cAMP inhibition by glutamate was variable between receptor subtypes, possibly due to different
transfection or Gis-coupling efficiencies between cell lines or receptor subtypes, respectively. At
mGluR3 and mGluRS, these data indicate that chloride and glutamate inhibit cAMP production with
the same degree of efficacy, and that high chloride concentrations produce maximal receptor activation
that is neither additive with nor affected by glutamate. Therefore, it was concluded that chloride

independently activates mGluR3, mGluR4, mGluR6, and mGluR8, but not mGIluR2.

Receptor | Chloride ECsy (mM) | Hill Slope
mGluR2 Inactive Inactive
mGIluR3 28.9 -1.26
mGIluR4 =275 -1.29
mGluRé =120 -2.13
mGIluR8 21.1 -1.56

Table 13 Quantitation of Chloride-Mediated Group II and III mGluR Activity!™. Chloride ECso
values and Hill slopes were calculated from concentration-response curves displayed in Figure 33.

It was subsequently hypothesized that the previously reported “putative chloride binding
site!”!”” is, in fact, the orthosteric pocket for chloride. Although no crystal structures of mGIluR2,
mGluR4, mGluR6, or mGluR8 N'TDs are available on the PDB, several agonist-bound mGIluR3 NTD
crystal structures have been published®. Unfortunately, the corresponding x-ray structures do not
show chloride occupation of the putative site; rather, this pocket is occupied by a water molecule. In

contrast, an unpublished crystal structure of the mGIluR3 NTD bound to 1.Y341495 (PDB ID: 3SM9)
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does contain a chloride ion in the “putative chloride binding site.” Comparison between the agonist-
bound and antagonist-bound structures revealed that the residues comprising this site were identically
aligned, and furthermore, that the respective water molecule and chloride ion were oriented precisely.
To illustrate the proximity of the “putative chloride binding site” and orthosteric glutamate, Figure
34a displays the glutamate-bound crystal structure of the mGluR3 NTD (PDB ID: 2E4U) where the
water molecule is colored green to represent chloride. Although it has been proposed that the “putative
chloride binding site” may exist at all group 1I and III mGluRs!"172, data presented in Figure 34b
indicate that mGluR2 is not activated by chloride. Thus, it was hypothesized that the “putative chloride
binding site” present at mGluR3 is disrupted at mGluR2. To preliminarily evaluate this hypothesis, 7
sitico mGluR3 model »G/uR3-0H>0 previously generated using Maestro® was utilized as a three-
dimensional template with which to build a corresponding homology model of mGluR2 (mG/uR2-

0H0) using the Prime application!”® in Maestro. The mGIluR3 model lacking all water molecules was
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Figure 34. Disruption of the mGluR3 Chloride Binding Pocket at mGluR2!7, (a-d) mGluR3 and
mGluR2 are represented in pale-yellow and pale-blue, respectively. Glutamate is displayed as a mesh
surface with gray carbons, and chloride (actually a water molecule from agonist-bound structures) is
green. (a) The glutamate-bound crystal structure of the mGluR3 NTD# illustrates the proximity of
the orthosteric glutamate and chloride sites. (b) An  si/ico mGluR3 model (#G/uR3-0H0), built from
the 15,35-ACPD-bound mGIluR3 crystal structure®?, is displayed, focusing on the chloride binding
pocket. Predicted interactions between chloride and T98, S149, and Y150 are magenta. (c) An i silico
mGluR2 homology model (#G/uR2-0H;0), generated from mG/uR3-0H>0, shows no predicted
interactions between chloride and S91, S143, and Y144. (d) An ovetlay of these models demonstrates
a backbone shift at mGluR2 (pale-blue arrow), versus mGluR3 (pale-yellow arrow), which disrupts the
chloride site at mGIuR2. () cAMP levels modulated by 100 pM glutamate or 10 uM LY341495 in
wild-type mGlu3-Glo cells were significantly different in 125 mM versus 4.6 mM chloride, relative to
vehicle treatment. However, cAMP levels modulated by glutamate or L'Y341495 at the mGluR3 T98D
mutant were less affected by chloride. Data are presented as the mean = S.E.M. of three individual
experiments performed in triplicate. Statistical significance was assessed using a two-tailed Student’s #
test. ¥ P < 0.05, #* P < 0.001. Modeling figures were generated using PyMOLS0,

selected over water-containing models to allow maximum flexibility in the binding pocket during
homology model construction. Superposition of #G/uR3-0H,0 with the water molecule (colored green
to represent chloride) from PDB ID: 2E4U shows that chloride is appropriately positioned for
hydrogen bonding interactions with the polar hydrogen of the T98 side chain, as well as with the polar
hydrogens of the Y150 and S149 backbone nitrogens (Figure 34b). Alternatively, the corresponding
mGuR2-0H,0 homology model shows substantial differences in the conformations of analogous
residues S91, Y144, and S143 (Figure 34¢), all of which are impropetly aligned for hydrogen bonding
interactions with chloride. An ovetlay of these models (Figure 34d) suggests that a backbone shift

(indicated with arrows) is responsible for these conformational differences, and ultimately for mGluR2

chloride-insensitivity.
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Figure 35. Definition of Chloride as Both an Agonist and a PAM at Group II and ITI mGluRs!7.
(a-d) Concentration-response curves of glutamate in the presence of increasing chloride
concentrations (determined for each receptor based on chloride ECsg values from Figure 31) show an
increase in basal cAMP inhibition (Eo) at low glutamate concentrations, but no change in maximal
cAMP inhibition (Ema) at high glutamate concentrations. The ECsy of glutamate was significantly
decreased in the absence of chloride at mGluR4 and mGIluR6, but was statistically unaffected by
chloride at mGIuR3 and mGIuR8. (e) A table of Eo, Ema, and ECsy values highlights statistical
differences. All data were normalized as a percent of maximal cAMP levels in the absence of chloride.
Eo, Emax, and ECso values were calculated using the four parameter logistic equation. Statistics were
calculated using a one-way ANOVA with a Bonferroni post-hoc test, where statistical significance was
defined at P < 0.05. Data are presented as the mean = S.E.M. of three individual experiments
performed in triplicate. **P < 0.01, *** P < 0.001.

Although the “putative chloride binding site” is strongly implicated as the orthosteric chloride
pocket, chloride interaction at this site has never been validated empirically. In principle, mutation of
T98 to a larger and negatively charged aspartate residue should sterically and electrostatically preclude
chloride function. Accordingly, an mGIluR3 T98D mutant, which, unlike wild-type mGIuR3, showed
considerably less LY341495-mediated inverse agonism (p = 0.048) in the presence of 125 mM chloride
(Figure 34¢), as well as a strong response to glutamate treatment, was constructed. Also in contrast to
the wild-type receptor, the mutant receptor responded to both drugs in a chloride-independent

manner. This not only demonstrates that T98 is critical for chloride binding, but ultimately supports

the hypothesis that the “putative chloride binding site” is, in fact, the orthosteric binding pocket for
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chloride. Because T98 is conserved as either a threonine or serine at all group II and III mGluRs!7, it
is probable that chloride-mediated activation of mGluR4, mGluR6, and mGIluRS also results from
chloride binding in this orthosteric region. To further investigate the relationship between the two
agonists, glutamate and chloride, concentration-response curves of glutamate at several chloride
concentrations were generated (Figure 35a-d). The parameters Enmay, Eo, and ECso were analyzed for
statistically significant differences (Figure 35€). The results show no significant difference in the Emax
of glutamate at mGIluR3, mGluR4, mGluR6, or mGIluR8, suggesting that glutamate efficacy is
unaffected by chloride. However, Eo increased in response to increasing concentrations of chloride.
These data further support that chloride activates mGIluR3, mGluR4, mGIluR6, and mGIuR8 in the
absence of glutamate, and that both ligands are agonists of these receptors. Finally, ECso values for
glutamate at mGluR4 and mGluR6 were statistically different with increasing chloride, suggesting that
chloride acts as a positive allosteric modulator (PAM) of glutamate activity at these receptors. In

contrast, the ECso values of glutamate at mGluR3 and mGIluR8 were statistically unaffected.

“Arginine
Flip’,

D279

Figure 36. “Arginine Flip”-Mediated Chloride Discrimination between mGluR3 and
mGluR2'7, (a) Overlay of mGuR3-0H,0 (pale-yellow) and mGiuR2-0H,0 (pale-blue) i silico models
reveals strikingly different conformations of R277/R271. This “Arginine Flip” (curved arrow) alters
the conformation of Y150/Y144, which causes a backbone to diverge between mGIluR2 (pale-blue
arrow) and mGIluR3 (pale-yellow arrow). Glutamate (gray carbons) illustrates proximity to the
orthosteric glutamate site. (b) The mGIuR3 model (pale-yellow) shows a n-cation interaction between
R277 and Y150, and that D279 (E273 at mGluR?2) stabilizes the conformation of R277 via a salt bridge.
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The mGIuR2 homology model (pale-blue) shows that the “Arginine Flip” precludes a m-cation
interaction with Y144 because R271 is stabilized by a salt bridge with D146 (§152 at mGIluR3).
Furthermore, this overlay of glutamate, chloride, »G/uR3-0H,0 (pale-yellow), and #G/uR2-0H>0 (pale-
blue) illustrates the structural differences that chloride exploits to selectively activate mGIuR3, but not
mGluR2. At mGluR3, the orientation of Y150 aligns S149 and T98 appropriately to bind chloride. At
mGluR2 however, the conformation of Y144 facilitates a backbone shift (pale-blue arrow), relative to
mGluR3 (pale-yellow arrow), which disrupts the chloride binding site. Glutamate is displayed as a mesh
surface (gray carbons) to convey proximity to the orthosteric glutamate site, and molecular interactions
are colored magenta. Modeling figures were generated using PyMOLS0.

Preliminary comparison mG/uR3-0H>O with the corresponding #G/uR2-0H,O homology
model illustrated a change in backbone conformation that appears to preclude chloride binding at
mGIluR2 (Figure 34d). Further analysis revealed that this backbone shift stems from a stark
conformational difference between cotresponding arginine and tyrosine residues, R277/Y150 and
R271/Y144, at mGuR3-0H,0 and mGIiuR2-0H;O, tespectively (Figure 36a). The mGluR3 model
shows that R277 interacts with Y150, one of the key residues in the orthosteric chloride pocket, via a
n-cation interaction (Figure 36b). At the mGluR2 model however, R271 adopts a conformation that
precludes a m-cation interaction, causing Y144 to adopt a different orientation that leads to the
aforementioned backbone shift. Consequently, this “Arginine Flip,” which appears to be mediated by
two homologous amino acids that are different between mGluR2 and mGIuR3, disrupts the orthosteric
chloride site at mGluR2. While the conformation of R277 at mGluR3 is stabilized by a salt bridge with
D279 (E273 at mGluR2), the orientation of R271 at mGluR2 is stabilized by a salt bridge with D146
(8152 at mGluR3). As D146 is a unique residue of mGIuR2 (a conserved serine at all other mGluRs!30),
it was hypothesized that D146 and S152 are responsible for chloride discrimination between mGluR2
and mGIuR3. To test this hypothesis empirically, an mGluR2 D146S mutant and the corresponding
mGluR3 S$152D mutant were constructed. In support of the hypothesis, and in contrast to wild-type
mGluR2 (Figure 37a), the D146S mutant, was activated by chloride (Figure 37c). The converse
mutation at mGluR3 (§152D) however, resulted in a chloride-insensitive, constitutively active mutant
receptor (Figure 37d). Based on this unexpected constitutive activity, the hypothesis was broadened

to include E273 and D279 as residues responsible for chloride discrimination between mGluR2 and

mGluR3, respectively. Accordingly, a new series of mGluR2 mutants (E273D and D146S/E273D)
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and corresponding mGIluR3 mutants (D279E and S152D/D279E) were constructed. The mGluR2
E273D mutant was chloride-insensitive (Figure 38a), similar to the wild-type mGluR2. The mGluR3
D279E mutant however, showed a rightward shift in chloride potency (Figure 38b), suggesting that
the larger glutamate residue partially destabilizes the m-cation interaction between Y150 and R277,
relative to wild-type mGluR3. The mGluR2 D146S/E273D mutant (Figure 38¢) showed similar
chloride-sensitivity to that observed at the mGluR2 D146S mutant, suggesting that E273 does not
participate in stabilizing the conformation of R271. Conversely, the mGIluR3 S§152D/D279E mutant
was neither chloride-sensitive nor constitutively active (Figure 37e), effectively resulting in a singly-
mutated mGIuR3 that behaved like wild-type mGIluR2. These results demonstrate that the sole
structural determinant of chloride-insensitivity at mGIuR2 is D146, which facilitates the R271
“Arginine Flip,” thereby precluding a n-cation interaction with Y144. These findings strongly suggest
that the n-cation interaction between R277 and Y150 structurally rigidifies the orthosteric chloride site

at mGluR3, and that the absence of a similar interaction at mGIluR2 prevents chloride-mediated

activation.
a mGlu2 WT b mGIu3 WT
100{® "'*""Béés 1003_ totitooté'
80 i 80 ® 10 uM LY341495
~ 60{0 0°°°o°oco$§o €0 < Vehicle
© 40 i 40 i
£ 2 20::50000000098 O 1 mM Glutamate
X 93 2z 4 03 2 4
£ [CI7, log (M) [CI], log (M)
X C mGlu2 D146S d mGlu3 $152D € mGlu3 S152D/D279E
S % 5 .
0. 100{ § $% 1003 3335335353385 100v FrogsEaBe Rl
<E: go| 3 !‘Q: 80- H sofo °is
60 % 60 T 60-
© & 0500 jol” 558 3556?;; 401 :
20 oooooéo 200 0000000004ly 20, 0000000004i0
0o 3 2 1 0 3 3 4 0 3 2 1

[CIT, log (M) [CI], log (M) [CI7, log (M)



143

Figure 37 Molecular Switch-Controlled Chloride Sensitivity at mGluR3 and mGluR2!70. (a-b)
Chloride concentration-response curves for wild-type mGluR2 and mGIluR3 are reproduced from
Figure 31 for comparison. Remaining panels show chloride concentration-response curves at (c) the
mGluR2 D146S mutant, (d) the mGluR3 S152D mutant, and (e) the mGluR3 S152D/D279E mutant.
All mutant receptors responded to 1 mM glutamate. Data were normalized independently at each
chloride concentration to the maximal cAMP resulting from either 1.Y341495, vehicle, or glutamate
treatment. Gray bars represent the physiological range of chloride (95 to 125 mM). Curves were fit
using the four parameter logistic equation. Data ate the mean * S.E.M. of three experiments performed
in triplicate.

Other laboratories have reported antagonist-mediated increases in cAMP production at group
II and III mGluRs as well'™. In agreement with Suzuki et al.1”> data described above demonstrate that
antagonist-mediated efficacy is PTX-sensitive, indicating an already engaged Goii/o-coupled signaling
mechanism. Furthermore, LY341495-mediated inverse agonism was observed in primary cultures of
cerebellar astrocytes, suggesting that, even in the absence of glutamate, group II and III mGluRs are
highly active 7z vivo. Furthermore, results displayed above indicate that high basal receptor activity is
not due to glutamate contamination, but is rather due to the presence of the endogenous agonist,
chloride. Before the mGluRs were cloned, several studies reported that chloride enhanced [*H]-
glutamate binding in rat brain'’%, and also in astrocytes at binding sites that were unaffected by kainic
acid and NMDA!7". Since, it has been reported that radioligand binding to truncated mGluR3 and
mGluR4 was improved by physiologically relevant chloride concentrations!'®>. Alternatively, while
other research groups have suggested that cations affect group II mGluRs'3!, one report concludes
with the claim that increasing concentrations of Ca*? activated mGluR3, but not mGluR2, although
the counterion was not specified, nor was the concurrent increase in anion concentration controlled
for. Somewhat surprisingly, there appears to be no reported functional studies that have controlled for
chloride concentration while measuring activation of group II and III mGluRs. Because nearly all
physiological buffers contain chloride, it is likely that chloride has been a confounding variable in many
reports of group II and III mGluR, perhaps including claims that NAAG selectively activates mGluR3.
While results displayed in Figure 23indicated that Ca*™ does not modulate glutamate-mediated group

II or III mGluR activity, much of the data described above supports that chloride activates mGIuR3,

mGluR4, mGluR6, and mGIuR8, but not mGluR2. Because receptor activation results from direct
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interaction of the endogenous ion chloride with its own binding site, chloride is, by definition, an
orthosteric agonist of these mGluRs. Chloride also potentiates glutamate potency at mGluR4 and
mGluR6, and therefore, chloride is a PAM with respect to glutamate activity at these receptors. Future
experiments will clarify not only whether glutamate is a PAM with respect to chloride, but also how
chloride modulates the potency of other orthosteric ligands. Ultimately, our data show that, with the
exception of mGIuR2, the group II and III mGluRs are as much chloride receptors as they are

glutamate receptors.
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Figure 38 Chloride Sensitivity Unaffected by Mutation of D279 or E273'70. Chloride-response
curves for (a) the mGIluR2 E273D mutant, (b) the mGluR2 D146S/E273D dual mutant, and (c) the
mGluR3 D279E mutant. All mutant receptors responded to 1 mM glutamate. Data were normalized
independently at each chloride concentration to the maximal cAMP resulting from either Y341495,
vehicle, or glutamate treatment. Gray bars represent the physiological range of chloride (95 to 125
mM). Curves were fit using the four parameter logistic equation. Data are the mean + S.E.M. of three
independent experiments performed in triplicate.

Interestingly, the chloride binding site at group II and III mGluRs is structurally conserved at
atrial natriuretic peptide receptors!’t178 (ANPRs). While chloride is not an ANPR agonist, chloride has

been shown to modulate ANPR oligimerization!”. In the absence of chloride, ANPRs exist exclusively
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as homodimers, regardless of receptor number. In the presence of 150 mM chloride however, free
monomers predominate, but shift towards the dimeric state as a function of increasing receptor
expression. While preliminary competition binding experiments using [?H]-LY341494 and membranes
harvested from mGlu3-Glo cells revealed complex, chloride-dependent effects on both ligand potency
and the number of glutamate binding sites, further investigation will determine if a similar phenomenon
underscores a dynamic interplay between monomeric, homodimeric, and heterodimeric mGluR states,
regulated by both chloride concentration and receptor expression.

Because mGluR2 is the only group 1I and III mGluR subtype not activated by chloride, it can
reasonably be proposed that chloride-sensitivity is a fundamental property of these receptors, and that
mGluR2 chloride-insensitivity is exceptional. Results described above suggest that this chloride-
insensitivity stems from the absence of a n-cation interaction between R271 and Y144, which is present
between R277 and Y150 at mGIluR3. While this n-cation interaction has been previously described as
a structural motif of both mGIluR2 and mGIluR38317, it is not absolutely required for glutamate-
mediated activation!>179.180 and results described above support that it is only present at mGIuR3.
Instead, it is proposed that D146 at mGIuR2 (a conserved serine at all other mGluRs!™) precludes a
m-cation interaction by facilitating an “Arginine Flip,” relative to mGluR3, which consequently disrupts
the orthosteric chloride site. Supporting this claim are the chloride-sensitive mGIluR2 D146S and
D146S/E273D mutants, as well as the chloride-insensitive mGIluR3 S152D and S152D/D279E
mutants. This swap of chloride-sensitivity by site-directed mutagenesis is consistent with other studies,
where the differential ion-sensitivities of the wild-type receptors were reversed by D146S mutation at
mGluR2 and corresponding S152D mutation at mGluR3164180, These results are in accord with a
scenario under which the “Arginine Flip” is induced by mutation of a single amino acid, which acts as
a chloride switch between mGluR2 and mGluR3. Because the arginine and tyrosine residues are not
conserved through the group III mGluRs!", this chloride switch marks a unique structural divergence
between mGluR3 and mGluR2, which share 80% sequence homology, and are largely thought to

activate and signal in the same fashion.
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2.2.g. Implications for Selective mGIluR3 Agonist Design

Despite a shared Gi/o-coupled signaling mechanism, recent studies demonstrate that activation
of mGluR2 and mGIuR3 can elicit opposing neurotrophic and cognitive effects!!3125181 " thus
highlighting the need for subtype-selective agonists to evaluate the therapeutic potential of each mGluR
subtype individually. Unfortunately, selective activation of mGluR3 or mGluR2 has been difficult to
achieve due to the lack of identified structural differences. Results described above, however,
demonstrate a subtle difference in tyrosine conformation that may be exploitable for drug selectivity.
In support of this claim, a previous study showed that a 4-fold difference in [3H]-LY354740 affinity
between mGluR2 and mGluR3 was reversed at the D146S and S152D mutants, respectively!®, Because
S152 and D146 do not directly interact with agonists®3, it is proposed that this affinity reversal was due
to an “Arginine Flip” that alters the conformation of more proximal tyrosine. Furthermore, a new,
selective mGluR2 agonist has been proposed to bind near S278/5272132 which ate directly adjacent to
R277/R271 at mGluR3 and mGluR2, respectively. As #G/uR3-0H>0 and mG/uR2-0H,0 models do
not predict different conformations of S278 and S272, the selective mGluR2 agonist may actually

exploit different conformations of the neighboring tyrosine and/or arginine residues.
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Figure 39 Preferential Activation of mGluR3 over mGluR2 by Quisqualate. Concentration-
response curves of quisqualate at (a) mGluR3, (b) mGluR2, and (c) the mGluR3 S152D/D279E dual
mutant were generated via nonlinear regression with a four parameter logistic equation using GraphPad
Prism software. Data are the mean = S.E.M. of three independent experiments performed in triplicate.
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Results described above also reveal a second region of dissimilarity between mGluR3 and
mGluR2: the orthosteric chloride site. While targeting this region has already been proposed as a
strategy for the design of subtype-selective group III mGluR agonists!’1182, mGluR4, mGluR6, and
mGluR8 all contain functional chloride sites. In contrast to the claim that all mGluRs share the
“putative chloride binding site'”!,” functional assays indicated that this site is not conserved at mGIuR2.
Thus, the opportunity for subtype-selectivity between group II mGluRs by targeting the orthosteric
chloride site (or lack thereof) is much more pronounced than for group 11 mGluRs, where this strategy
may have already had some success!®2. Ultimately, the close proximity of chloride and glutamate
binding sites, as well as the effects of chloride on glutamate potency at mGluR4 and mGIluR6, renders
selective orthosteric drug design inextricably intertwined with chloride function. In fact, quisqualate
may discriminate between mGluR3 and mGIuR2 based on some of the same structural motifs that
differ between the two receptors. While the ECsy of quisqualate was determined to be 29.4 uM at
mGluR3 using the GloSensor assay (Figure 39a), treatment of mGlu2-Glo cells with increasing
concentrations of quisqualate did not robustly inhibit forskolin-stimulated cAMP production (Figure
39b), even at 1 mM drug concentrations, obviating calculation of an ECsy value at mGIluR2.
Interestingly, concentration-response cutve of quisqualate at the mGluR3 S152D/D279E dual mutant
(Figure 39¢) demonstrates a substantial decrease in both potency and efficacy, acting more like wild-
type mGluR2 than wild-type mGluR3. The fact that this dual mutant mGluR3 also responded to
chloride like wild-type mGluR2 (Figure 37e), it is likely that quisqualate interaction is similarly quite
sensitive to the “Arginine Flip.” Even if quisqualate does not differentiate between mGluR3 and
mGluR2 based on this proposed mechanism, the quisqualate heterocycle is a structural motif that could
be incorporated into nonselective group II mGluR agonist scaffolds, such as that of DCG-1V, to
induce mGluR3 subtype-selectivity (Scheme 23). Such DCG-1V / quisqualate hybrids not only could
represent new chemical tools with which to study pharmacological differences between mGIuR3 and
mGIluR2, but could also exhibit therapeutic value against neurodegenerative diseases such as

Alzheimer’s disease by virtue of selective activation of astrocytic mGluR3.
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Scheme 23 New Design Principles for mGluR3 Selectivity. A molecule with the group II mGluR

selectivity of DCG-1V, as well as the mGIuR3 versus mGluR2 preference of quisqualate, could achieve
subtype-selective mGIluR3 activation.

2.3. Conclusions

Although design, synthesis, and biological evaluation of NAAG analogs 51, 52, and 53 did not
result in the achievement of selective mGIluR3 activation, it was discovered that chloride, an
endogenous anion generally deemed a passive participant in neuronal excitability, preferentially
activates mGluR3 over mGluR2 via interaction with its own binding site. Chloride was also determined
to be an agonist of mGIluR8 and an ago-PAM of mGIluR4 and mGIuR6. Therefore, it can be concluded
that these mGluRs have two, distinct orthosteric sites!®3, one for glutamate and one for chloride,
making group 1I and III mGluRs, with the exception of mGIuR2, as much chloride receptors as they
are glutamate receptors. Furthermore, chloride-insensitivity of mGIluR2 results from a single amino
acid difference, highlighting a molecular switch for chloride-insensitivity that is proposed to be
transduced through an “Arginine Flip.” These structural differences between mGluR2 and mGIluR3
mark a new strategy for the design of subtype-selective group II mGluR agonists, which must
necessarily be considered within the context of chloride function. Ultimately, these findings underscore

a scenario in which either (1) mGluR3, mGluR4, mGluR6, and mGluR8 are highly active iz vivo due to
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static extracellular chloride concentrations, or (2) chloride microdomains exist throughout the CNS,
rendering local, extracellular chloride levels far more tightly regulated, both spatially and temporally,

than currently accepted.

2.4. Experimental Methods

2.4.a. Synthetic Procedures

All solvents were dried and degassed by the SG Waters Glass Contour System unless otherwise
specified. Automated flash column chromatography was performed using a Teledyne ISCO
CombiFlash Companion system with silica gel-packed columns (SiliCycle Inc.). Analytical thin-layer
chromatography was carried out on aluminum-supported silica gel plates (Sigma, thickness = 200 pm)
with fluorescent indicator (F-254). Visualization of compounds on TLC plates was accomplished UV
light (254 nm) or with phosphomolybdic acid, ninhydrin, Seebach’s stain, or bromocresol green.
Melting points were obtained using capillary tubes and a 200 W MelTemp melting point apparatus.
Optical rotation was measured using a Perkin Elmer 341 Polarimeter. Infrared absorption spectra were
obtained on a Thermo Scientific Nicolet 370 FT-IR spectrophotometer via the Smart Orbit Diamond
Attenuated Total Reflectance accessory, and peaks are reported in cm'. NMR spectra ('H, F, and
13C) were obtained using a Varian INOVA 400 MHz spectrometer in deuterated chloroform (CDCls)
with the residual solvent peak (CDCls: 'H = 7.27 ppm, 3C = 77.23 ppm) as an internal reference and
trifluoroacetic acid (TFA) as external reference (TFA:°F = -76.55 ppm) unless otherwise specified.
NMR data is reported to include chemical shifts (8) reported in ppm, multiplicities indicated as s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broadened), or app (apparent), coupling
constants (J) reported in Hz, and integration normalized to 1 atom (H, C, or F). High resolution mass
spectrometry was performed by the Emory University Mass Spectrometry Center, directed by Dr. Fred
Strobel. HPLC and LC-MS analysis was performed on an Agilent 1200 HPLC equipped with a 6120

Quadrupole mass spectrometer (ESI-API) using mixtures of HPLC grade MeOH/H>O (spiked with
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0.1% formic acid) and an analytical, reverse-phase, Agilent C18 XDB eclipse column (150 x 4.6 mm or
50 x 4.6 mm). Elemental analyses were performed by Atlantic Microlab, Inc (Norcross, GA).
Compounds listed below for which full characterization is not presented were previously reported in
the literature as referenced in the main text.
General Procedure for Boc-Protecting Amines: Protected glutamic or aspartic acid (1.00 eq) was
added to a flask with a stir bar. The starting material was diluted with 1:2 water/dioxane (0.20 M).
Sodium bicarbonate (2.00 eq) was added, and the resulting mixture was cooled to 0°C. Added di-tert-
butyl dicarbonate (1.30 eq), and the resulting reaction mixture was allowed to warm to room
temperature and stir overnight. Reaction progress was monitored by LC-MS. In the morning, solvent
was evaporated under reduced pressure. The crude product was dissolved in 10% aqueous sodium
bicarbonate (2/3 reaction volume), and then washed once with diethyl ether. Solid citric acid was added
to adjust the pH to 4. The resulting aqueous layer was extracted 6 times with EtOAc. The combined
organic layers were washed twice with water and twice with brine, dried over MgSOy, filtered, and
evaporated under reduced pressure.

O NHBoc ()4 (benzyloxy)-2-((tert-butosxcycarbonyl)amino)4-oxobutanoic acid (56): The crude
BnO OH . . . . .

H 5 material was recrystallized from EtOAc and hexanes to yield white solid (5.02

g, 15.5 mmol, 69% yield). [«|p? = +25.6 (¢ = 1.00 in 1 N HCI). '"H NMR (400 MHz, CDCls) 8 7.32-
7.40 (m, 5H), 5.56 (d, /] = 8.0 Hz, 1H), 5.17 (d, ] = 15.2 Hz, 1H), 5.14 (d, ] = 15.6 Hz, 1H), 4.64 (m,
1H), 3.10 (dd, ] = 17.2 Hz, ] = 4.0 Hz, 1H), 2.90 (dd, ] = 17.2 Hz, ] = 4.8 Hz, 1H), 1.46 (s, 9H). HRMS
(APCI) m/ % = 322.13013 (Theo. for C1H21NOg - H: 322.12961). LC-MS (ES-APIL, - ion) 95% MeOH
in HO isocratic, 3 min, 1.00 mL/min, C18 (Agilent Zorbax XDB-18, 50 mm x 4.6 mm, 3.5 um), /3
=322.0, rt = 0.577 min; 75-95% MeOH in H,O, 3 min, 1.00 mL/min, C18 (Agilent Zorbax XDB-18,
50 mm x 4.6 mm, 3.5 pm), 7/z = 322.0, rt = 1.002 min.
General Procedure for Benzyl-Esterifying Carboxylic Acids:. Protected glutamic acid (1.00 eq) and
sodium bicarbonate (3.00 eq) were added to a flask with a stir bar. The solids were diluted with DMF

(0.22 M) and stirred at room temperature. Added benzyl bromide (3.00 eq), and the resulting mixture
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was allowed to stir at room temperature. Reaction progress was monitored by LC-MS. Once starting
material was undetectable by LC-MS, the reaction mixture was diluted with EtOAc, and was washed 3
times with 10% aqueous sodium bicarbonate and twice with water. The organic layer was dried over
MgSOQOy, filtered, and evaporated under reduced pressure.
BocHN !:i 1 oB 5-benzgyl 1-methyl (tert-butoxycarbonyl)-1 ~glutamate (66): The crude product was
n
Oj/fo\Me)‘\ purified by column chromatography to yield a white solid (0.854 g, 2.43
mmol, 91% yield). 1TH NMR (400 MHz, CDCl3) 7.32-7.40 (m, 5H), 5.13 (m, 3H), 4.36 (dd, ] = 8.4 Hz,
J = 13.2Hz, 1H), 3.74 (s, 3H), 2.47 (m, 2H), 2.20 (m, 1H), 1.98 (m, 1H), 1.44 (s, 9H). 3C NMR (100
MHz, CDCl3) 8 173.1, 172.7, 155.6, 135.9, 128.8 (2C), 128.5, 128.5 (2C), 80.3, 66.7, 53.0, 52.7, 30.5,

28.5 (3C), 28.0. HRMS (ESI) /3 = 374.15749 (Theo. for CisHasNOg + Na: 374.15741).
0

BocHN i\)kOMe T-benzyl 5-methyl (tert-butoscycarbonyl)-1 -glutamate (68): The crude material was
0% 0Bn recrystallized from diethyl ether and hexanes to yield white solid (3.12 g,
8.87 mmol, 54% yield). [¢]p?® = -16 (c = 0.16 in MeOH). 'H NMR (400 MHz, CDCls) 6 7.32-7.39 (m,
5H), 5.16 (m, 3H), 4.38 (app dd, J = 8.0 Hz, ] = 12.8 Hz, 1H), 3.67 (s, 3H), 2.39 (m, 2H), 2.20 (m, 1H),
1.98 (m, 1H), 1.44 (s, 9H). HRMS (ESI) 7/z = 352.17498 (Theo. for Ci1sH2sNOg + H: 352.17546).
BocHN !:' i Dibenzyl  (tert-butoxycarbonyl)-1-glutamate (70): The crude material was
O;\(O:n)‘\ oo recrystallized from diethyl ether and hexanes to yield white solid (5.39 g,
12.6 mmol, 85% yield). Mp 68-71°C. IR (Vmax, cm) 33306, 2974, 1723, 1678, 1514, 13406, 1263, 1250,
1204, 1170, 1102, 1057, 1012, 748, 726, 696. '"H NMR (400 MHz, CDCls) & 7.28-7.43 (m, 10H), 5.08-
5.23 (m, 5H), 4.39 (m, 1H), 2.38-2.52 (m, 2H), 2.18-2.28 (m, 1H), 1.92-2.03 (m, 1H), 1.43 (s, 9H). 13C
NMR (100 MHz, CDCls) 6 172.7,172.3,155.5, 135.9, 135.4, 128.8, 128.8 (4C), 128.7, 128.4 (4C), 80.2,
67.4, 66.7, 53.1, 30.4, 28.5 (3C), 27.9. HRMS (APCI) 7/z = 428.20752 (Theo. for CosHoNOs + H:
428.20676).
General Procedure for Boc-Deprotection: Boc-protected amine (1.00 eq) was added to a flask with

a stir bat, and diluted with DCM (0.08 M). The resulting solution was cooled to 0°C, and 2,2,2-

trifluoroacetic acid (43.5 eq) was added. The resulting mixture was allowed to warm to room
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temperature, and reaction progress was monitored by TLC. Once starting material disappeared on

TLC, solvent was evaporated under reduced pressure.

LFZQ !:l 5-bengyl 1-methyl 1-glutamate trifluoroacetic acid salt (63): No further purification

OBn
was required (1.12 g, 3.07 mmol, 98% yield). [¢]p?" = +8.0 (c = 1.00 in DCM).

0~ “OMe
'H NMR (400 MHz, CDCL) & 7.80-8.70 (br s, 3H), 7.32- 7.38 (m, 5H), 5.11 (s, 2H), 4.21 (app t, | =
5.6 Hz, 1H), 3.77 (s, 3H), 2.65 (t, ] = 6.4 Hz, 2H), 2.30 (m, 2H). HRMS (APCI) /5 = 252.12309

(Theo. for C13H1sNO4 + H: 252.12303).

TFA H 1-benzyl 5-methyl 1-glutamate trifluoroacetic acid salt (62): The crude material was
HoN 3 2 e LG
( OMe
0" 0B purified via column chromatography to yield a pale yellow oil (2.93 g, 8.02
n

mmol, 90% yield). '"H NMR (400 MHz, CDCLy) & 7.34-7.38 (m, 5H), 5.19 (m, 2H), 4.20 (m, 1H), 3.61

(s, 3H), 2.53 (m, 2H), 2.28 (m, 2H). HRMS (APCI) /3 = 252.12293 (Theo. for Ci3sHsNO, + H:

252.12303).
TFA @ _ _ o . .
HN_ < Dibenzyl 1-glutamate trifluoroacetic acid salt (57): The crude material was purified
[ OBn
07 0B via recrystallization from diethyl ether and hexanes at 0°C to yield a white
n

solid (4.40 g, 9.96 mmol, 79% yield). [«]p** = -3.3 (c = 1.00 in DCM). 'H NMR (400 MHz, CDCl;3) &
7.22-7.40 (m, 10H), 5.16 (m, 2H), 5.04 (m, 2H), 4.20 (t, ] = 6.0 Hz, 1H), 2.55 (m, 2H), 2.28 (m, 2H).
HRMS (ESI) 7/z = 328.15400 (Theo. for Ci9H21NOy4 + H: 328.15433).

General Procedure for Peptide Coupling: Carboxylic acid (1.10 eq) was added to a flask with a stir
bar, and diluted with DMF (60% of volume for 0.10 M reaction). Hunig's base (1.00 eq) was added,
and the resulting mixture was cooled to 0°C. HATU (1.00 eq) was added, and the resulting mixture
was stirred at 0°C for 15 min. Added a solution of trifluoroacetate salt (1.00 eq) in DMF (40% of
volume for 0.10 M reaction) and Hunig's base (1.00 eq) dropwise via syringe pump over 1 hr at 0°C.
Reaction progress was monitored by LC-MS. Once reaction progress ceased, the reaction mixture was
diluted with EtOAc, and was washed once with 10% aqueous citric acid, once with water, once with
saturated aqueous sodium bicarbonate, once again with water, and finally once with brine. The organic

layer was dried over MgSQy, filtered, and evaporated under reduced pressure.
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1-bengyl 5-methyl ((S)4-(benzyloxcy)-2-((tert-butoxycarbonyl)amino)-4-

0 NHBO|E:| y 0
BnO N j:\)k OMe oxobutanoyl)-L-glutamate (12): The crude material was purified
H
O 0%~ “OBn via column chromatography to yield a pale yellow oil (0.544 g,

0.977 mmol, 87% vield). [o]p = +6.5 (c = 1.00 in DCM). IR (Vamas, cm1) 3347, 2977, 1733, 1678, 1498,
1453, 1367, 1249, 1163, 1050, 1025, 910, 858, 730, 697, 648. 'H NMR (400 MHz, CDCL) 8 7.31-7.39
(m, 10H), 7.18 (d, ] = 7.6 Hz, 1H), 5.68 (d, ] = 8.8 Hz, 1H), 5.16 (s, 2H), 5.13 (s, 2H), 4.64 (dt, ] = 8.0
Hz, ] = 5.2 Hz, 1H), 4.55 (m, 1H), 3.66 (s, 3H), 3.08 (dd, ] = 4.4 Hz, ] = 17.2 Hz, 1H), 2.71 (dd, ] =
6.0 Hz, | = 17.2 Hz, 1H), 2.36 (m, 2H), 2.25 (m, 1H), 2.00 (m, 1H), 1.46 (s, 9H). 13C NMR (100 MHz,
CDCly) 8 173.1, 171.7, 171.2, 170.7, 155.4, 135.4, 135.2, 128.6 (2C), 128.6 (3C), 128.5, 128.3, 128.2
(3C), 80.5, 67.3, 66.8, 51.8 (2C), 50.6, 36.1, 29.7, 28.2 (3C), 27.2. HRMS (ESI) 7/5 = 557.24999 (Theo.
for CaoHaN,Oo + H: 557.24936). HPLC Method A (75-95% MeOH in H,O, 3 min, 1.00 mL/min,

C18) rt = 2.128 min; Method B (95% MeOH in H,O isocratic, 3 min, 1.00 mI./min, C18) rt = 0.620

min.
o NHBoc 0
/LM\WH H S-bengyl 1-methyl ((S)-4-(bengyloxy)-2-((tert-butoxycarbonyl)amino)-4-
BnO f OBn
H o I\)k oxobutanoyl)-1 -glutamate (711): The crude material was purified
0~ "OMe

via column chromatography to yield a pale yellow oil (0.400 g, 0.719 mmol, 64% yield). [«]p2 = +9.2
(c = 1.00 in DCM). IR (Vmas, c;1!) 3346, 2976, 1732, 1498, 1453, 1389, 1366, 1211, 1160, 1050, 1025,
970, 911, 858, 738, 697. 'H NMR (400 MHz, CDCl;) 8 7.31-7.38 (m, 10H), 7.13 (d, ] = 8.0 Hz, 1H),
5.66 (d, | = 8.8 Hz, 1H), 5.11 (m, 4H), 4.61 (dt, ] = 8.0 Hz, ] = 5.0 Hz, 1H), 4.55 (m, 1H), 3.72 (m,
3H), 3.10 (dd, ] = 4.4 Hz, ] = 17.6 Hz, 1H), 2.72 (dd, ] = 6.0 Hz, | = 17.2 Hz, 1H), 2.44 (m, 2H), 2.25
(m, 1H), 2.00 (m, 1H), 1.45 (s, 9H). 3C NMR (100 MHz, CDCl;) § 172.7, 171.9 (2C), 170.9, 155.6,
135.9, 135.5, 128.7 (4C), 128.5 (2C), 128.4 (4C), 80.7, 67.0, 66.6, 52.7, 51.8, 50.7, 36.2, 30.1, 28.4 (3C),
27.4. HRMS (ESI) 72/ = 579.23184 (Theo. for C2oH3sN2O9 + Na: 579.23130). HPLC Method A (75-
95% MeOH in H,O, 3 min, 1.00 mL/min, C18) rt = 2.231 min; Method B (95% MeOH in H,O

isocratic, 3 min, 1.00 mI./min, C18) rt = 0.629 min.
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o NHBoc 0 Dibengy! ((8)-4-(benzyloxy)-2-((tert-butoxycarbonyl)amino)-4-
H H
BnO)%( Ni\)kOBn oxobutanoyl)-L-glutamate (713): The crude material was purified
O . . .
O~ OBn via column chromatography to yield a pale yellow oil (0.604 g,

0.955 mmol, 85% yield). [a]p® = +5.3 (c = 1.00 in DCM). 1H NMR (400 MHz, CDCls) & 7.31-7.37
(m, 15H), 7.16 (d, ] = 8.0 Hz, 1H), 5.64 (d, ] = 8.0 Hz, 1H), 5.11 (m, 6H), 4.66 (dt, ] = 8.0 Hz, ] = 5.2
Hz, 1H), 4.54 (m, 1H), 3.08 (dd, ] = 4.4 Hz, ] = 17.2 Hz, 1H), 2.70 (dd, ] = 6.0 Hz, ] = 17.2 Hz, 1H),
2.41 (m, 2H), 2.27 (m, 1H), 2.01 (m ,1H), 1.45 (s, 9H). HRMS (ESI) »/5 = 633.28107 (Theo. for

C35H40N209 + H: 63328066)

L'T_IA 1-benzyl — S-methyl  ((S)-2-amino-4-(benzgyloxy)-4-oxobutanoyl)-1-
0] 2 )
H
B O/Lu\WN !:l OM Glntamate triflnoroacetic acid salt (715): The crude material was
n H e
O 0% >0OBn purified via column chromatography to yield a pale yellow oil

(0.459 g, 0.805 mmol, 73% yield). [«]p® = -1.6 (¢ = 1.00 in DCM). IR (Vmas, cm-1) 3036, 2954, 1730,
1668, 1554, 1439, 1393, 1177, 1131, 1003, 910, 836, 799, 742, 722, 697. 'H NMR (400 MHz, CDCL) &
8.17 (d, ] = 7.2 Hz, 1H), 7.28-7.31 (m, 10H), 5.09 (m, 4H), 4.55 (m, 2H), 3.57 (s, 3H), 2.99 (app t, ] =
6.8 Hz, 2H), 2.34 (app t, | = 6.0 Hz, 2H), 2.16 (m, 1H), 1.98 (m, 1H). 3C NMR (100 MHz, CDCl3) 8
173.5, 170.8 (2C), 168.3, 161.9, 135.2, 135.0, 128.7 (2C), 128.6 (2C), 128.5, 128.5, 128.4 (2C), 128.3
(2C), 116.6 (q, ] = 383.2 Hz), 67.5, 67.4, 52.2, 51.8, 49.7, 34.9, 29.8, 26.4. 1F NMR (376 MHz, CDCl,)
8-76.0 (s, 3F). HRMS (ESI) /5 = 457.19737 (Theo. for Co4HasN2O7 + H: 457.19693). HPLC Method
A (50-95% MeOH in H,0, 3 min, 1.00 mL/min, C18) rt = 2.716 min; Method B (95% MeOH in H,O

isocratic, 3 min, 1.00 mI./min, C18) rt = 0.533 min.

LZA S-bengyl  T-methyl — ((S)-2-amino-4-(benzylosxcy)-4-oxobutanoyl)-1 -
O 2 0O

H

N : utamate trifluoroacetic acid salt : e crude material was
BnO H OBn gl 1 ¢ acid salt (74): Th d ial
H

urified via column chromatography to yield a pale yellow oi
O "> oMe purified via col h graphy to yield a pale yellow oil

(0.321 g, 0.563 mmol, 78% yield). [a]p? = +7.2 (c = 1.00 in DCM). IR (vasas, cm1) 3036, 2955, 1731,
1668, 1499, 1453, 1393, 1361, 1176, 1131, 1002, 835, 799, 737, 722, 697. 'H NMR (400 MHz, CDCL)

88.15 (d, ] = 7.2 Hz, 1H), 7.28-7.32 (m, 10H), 5.10 (m, 4H), 4.54 (m, 2H), 3.61 (s, 3H), 3.06 (app t, ]
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= 7.8 Hz, 2H), 2.42 (app t, | = 7.4 Hz, 2H), 2.16 (m, 1H), 1.99 (m, 1H). 3C NMR (100 MHz, CDCl;)
8173.0,171.5,170.9, 168.3, 162.4, 135.8, 135.0, 128.6 (3C), 128.5, 128.4 (2C), 128.3, 128.3 (3C), 116.6
(q, ] = 381.3 Hz), 67.6, 66.7, 52.6, 52.3, 49.8, 35.0, 30.2, 26.5. 19F NMR (376 MHz, CDCls) & -76.0 (s,
3F). HRMS (ESI) 7/3 = 457.19702 (Theo. for CoyHasNoO5 + H: 457.19693). HPLC Method A (50-
95% MeOH in H,0, 3 min, 1.00 mL/min, C18) rt = 2.715 min; Method B (75-95% MeOH in H,O, 3

min, 1.00 mL/min, C18) rt = 0.738 min.

-Il-\lFI-’?\ Dibenzy! ((S)-2-amino-4-(benzyloxy)-4-oxobutanoyl)-1 -glutamate
0 2 @)
H
BnO M\W N !:i OB trifluoroacetic acid salt (76): The crude material was recrystallized
n H n
O 0% NOBn from diethyl ether and hexanes to yield a white solid (0.604 g,

0.934 mmol, 98% yield). Mp 101-103°C. [¢]p? = +1.2 (c = 1.00 in DCM). 'H NMR (400 MHz, CDCl;)
8 8.08 (m, 4H), 7.24-7.33 (m, 15H), 5.07 (m, 6H), 4.57 (m, 2H), 3.13 (m, 1H), 3.00 (m, 1H), 2.38 (app
t, /] = 7.6 Hz, 2H), 2.17 (m, 1H), 2.00 (m, 1H). HRMS (APCI) 7/ 7 = 533.22829 (Theo. for C30H32N20
+ H: 533.22823).
General Procedure for Acetyl-Protecting Amines: A solution of trifluoroacetate salt (1.00 eq) in
DCM (0.13 M) was added to a flask with a stir bar. Added Hiunig’s base (1.00 eq), and then added
acetic anhydride (1.20 eq). The resulting reaction mixture was allowed to stir at room temperature, and
reaction progress was monitored by TLC. Once starting material disappeared on TLC, solvent was
evaporated under reduced pressure. The crude product was diluted with DCM, washed twice with
water, dried over MgSQOy, filtered, and evaporated under reduced pressure.
o) NHACH ) 0 1-benzgyl 5-methyl ((S)-2-acetamido-4-(benzyloxy)-4-oxobutangyl)-1 -
Bno)%( N i\)konne dutamate (59): The crude material was purified via column
0
O™ OBn chromatography to vield a white solid (0.370 g, 0.742 mmol,
92% yield). Mp = 133-135°C. [o]p?® = -24.5 (¢ = 1.00 in MeOH). IR (Vmax, cmt) 3297, 1747, 1723,
1677, 1647, 1537, 1383, 1238, 1211, 1168, 1138, 752, 698, 670. 'H NMR (400 MHz, CDCls) & 7.33-
7.39 (m, 10H), 7.29 (d, J = 7.6 Hz, 1H), 6.76 (d, ] = 8.4 Hz, 1H), 5.15 (m, 4H), 4.86 (m, 1H), 4.59 (m,

1H), 3.66 (s, 3H), 3.05 (dd, | = 4.0 Hz, | = 16.8 Hz, 1H), 2.66 (d, ] = 6.8 Hz, ] = 17.2 Hz, 1H), 2.36
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(m, 2H), 2.21 (m, 1H), 2.03 (m, 4H). 13C NMR (100 MHz, CDCls) 8 173.4, 172.0, 171.2, 170.6, 170.4,
135.5, 135.3, 128.8 (2C), 128.7 (2C), 128.6, 128.5, 128.4 (4C), 67.4, 67.1, 52.2, 52.0, 49.3, 36.1, 30.0,
26.9, 23.3. HRMS (APCI) 7/ = 499.20758 (Theo. for C26H3N2Og + H: 499.20749). HPLC Method
A (75-95% MeOH in H,O, 3 min, 1.00 mI./min, C18) rt = 1.035 min; Method B (95% MeOH in H,O
isocratic, 3 min, 1.00 mI./min, C18) rt = 0.555 min.
0 NHACH y 0 S-bengyl  1-methyl  ((8)-2-acetamido-4-(benzgyloxy)-4-oxobutanoyl)-L-
Bno)%(“i\)kom glutamate (60): The crude material was purified via column
© O~ OMe chromatography to yield a white solid (0.173 g, 0.347 mmol,
64% yield). Mp = 107-109°C. [o]p? = -17.2 (c = 1.00 in MeOH). IR (Vmax, cmt) 3293, 1753, 1728,
1640, 1539, 1381, 13006, 1211, 1162, 1131, 966, 753, 698, 612. 'H NMR (400 MHz, CDCls) § 7.32-7.36
(m, 10H), 7.25 (m, 1H), 6.74 (m, 1H), 5.13 (m, 4H), 4.87 (m, 1H), 4.56 (m, 1H), 3.71 (s, 3H), 3.06 (dt,
J=34Hz ] =172 Hz, 1H), 2.68 (dd, ] = 6.4 Hz, ] = 17.2 Hz, 1H), 2.45 (m, 2H), 2.23 (m, 1H), 2.02
(m, 4H). 3C NMR (100 MHz, CDCls) 6 172.8, 171.7, 170.6, 170.4, 135.8, 135.4. 128.7 (3C), 128.5,
128.4, 128.3 (3C), 128.3 (2C), 67.0, 66.7, 52.6, 52.0, 49.2, 36.1, 30.2, 26.9, 23.2. HRMS (APCI) »/z =
499.20752 (Theo. for C2sH30N20g + H: 499.20749). HPLC Method A (75-95% MeOH in H>O, 3 min,
1.00 mL/min, C18) rt = 1.040 min; Method B (95% MeOH in H,O isocratic, 3 min, 1.00 mI./min,

C18) rt = 0.606 min.

o NHAc 0 Dibenzyl  ((S)-2-acetamido-4-(bengyloxy)-4-oxobutanoyl)-1 ~glutamate
H H
BnOM\WN > oBn (®4): The crude material was recrystallized from diethyl ether
H
o . L ,
O~ OBn to yield a white solid (4.88 g, 8.49 mmol, 95% yield). [«|p? = -

18.7 (c = 1.00 in MeOH). 'H NMR (400 MHz, CDCl5) § 7.30-7.40 (m, 15H), 7.26 (bt d, ] = 7.6 Hz,
1H), 6.71 (bt d, ] = 8.0 Hz, 1H), 5.11-5.19 (m, 6H), 4.86 (m, 1H), 4.61 (m, 1H), 3.05 (dd, ] = 17.2 Hz,
J=3.6Hz, 1H), 2.65 (dd, ] = 17.4 Hz, ] = 6.8 Hz, 1H), 2.41 (m, 2H), 2.24 (m, 1H), 2.01 (m, 1H), 2.00

(s, 3H). HRMS (ESI) /3 = 597.22103 (Theo. for Cs,H3N,Og + Na: 597.22074).
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Dibengyl ((8)4-(benzyloxcy)-4-ox0-2-(2,2,2-
CF;
triflunoroacetamido)butanoyl)-L-glutamate (55): (S)-4-(benzyloxy)-1-
0 HN™ ~O 0
H H (((S)-1,5-bis(benzyloxy)-1,5-dioxopentan-2-yl)amino)-1,4-
BnO 4 [ OBn
O 0% >0Bn dioxobutan-2-aminium 2,2,2-trifluoroacetate (76, 1.00 g, 1.55

mmol, 1.00 eq) was added to flask with a stir bar, and was diluted with DCM (11.90 mL). Added
Hinig’s base (0.540 mlI., 3.09 mmol, 2.00 eq), followed by 2,2,2-trifluoroacetic anhydride (0.262 mlL,
1.86 mmol, 1.20 eq), and the resulting mixture was stirred at room temperature. Reaction progress was
monitored by TLC, and disappearance of starting material was observed after about 45 min. Solvent
was evaporated under reduced pressure. The crude material was diluted with DCM, washed twice with
water, dried over MgSQOy, filtered, and evaporated under reduced pressure. The crude material was
recrystallized from diethyl ether to yield a white solid (0.690 g, 1.10 mmol, 71% yield). Mp 92-95°C.
[¢]p2 = +11.4 (c = 1.00 in DCM). IR (Vimax, cr't) 3312, 3277, 1747, 1728, 1708, 1660, 1543, 1341, 1169,
1126, 941, 751, 728, 696. 'H NMR (400 MHz, CDCls) 6 7.67 (d, J = 5.2 Hz, 1H), 7.26-7.35 (m, 16H),
5.07 (m, 6H), 4.78 (m, 1H), 4.54 (m, 1H), 2.99 (dd, J = 3.6 Hz, | = 17.2 Hz, 1H), 2.66 (dd, ] = 8.0 Hz,
J = 17.6 Hz, 1H), 2.34 (m, 2H), 2.17 (m, 1H), 1.98 (m, 1H). 13C NMR (100 MHz, CDCl;) 5 172.8,
171.3,170.9,169.0, 157.0 (q, / = 50.1 Hz), 135.7,135.1, 135.1, 128.7 (2C), 128.7 (2C), 128.7 (3C), 128.6,
128.5 3C), 128.4 (4C), 115.7 (q, ] = 381.0 Hz), 67.5, 67.4, 66.8, 52.4, 49.4, 36.1, 30.2, 26.6. F NMR
(376 MHz, CDCl3) 8 -76.6 (s, 3F). HRMS (ESI) »/z = 651.19211 (Theo. for C3H31N>Og + H:
651.19247). HPLC Method A (75-95% MeOH in H>O, 3 min, 1.00 mL/min, C18) rt = 2.535 min;
Method B (95% MeOH in H>O isocratic, 3 min, 1.00 mL/min, C18) rt = 0.596 min.

General Procedure for Benzyl Ester Deprotection: Benzyl ester (1.00 eq) was added to a flask with
a stir bar, and diluted with ethanol (0.05 M). Added 20% palladium(II) hydroxide on carbon (0.100 eq),
and the resulting mixture was stirred vigorously under Ar. The flask was evacuated via low vacuum for
5 min, and then flushed with Ar. These 2 steps were repeated twice more, followed by a final evacuation
and final flush with H; via balloon. The reaction mixture was stirred vigorously overnight at room

temperature under H». Reaction progress was monitored by LC-MS. Once starting material was
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undetectable by LC-MS, the reaction mixture was filtered over a plug of celite, which was subsequently
washed thoroughly with MeOH. Solvent was evaporated under reduced pressure. The crude product

was purified via a polystyrene resin, eluting with combinations of water and methanol.

o NHAc o (8)-2-((8)-2-acetamido-3-carboxcypropanamido)-5-methoxy-5-
H H
HO% Ni\)J\OMe oxopentanoic acid (51): White solid (0.178 g, 0.559 mmol, 77%
O . .
O~ OH yield). Mp 148-150°C. [«]p® = -23.1 (c = 1.00 in MeOH). IR

(vemas, €m1) 3322, 2938, 2357, 1716, 1660, 1552, 1440, 1419, 1377, 1313, 1285, 1223, 1176, 1137, 978,
888, 677, 643, 620. 'H NMR (400 MHz, CD;OD) & 4.74 (dd, ] = 4.8 Hz, | = 7.6 Hz, 1H), 4.43 (dd, |
= 4.4 Hz, ] = 8.4 Hz, 1H), 3.66 (s, 3H), 2.82 (dd, ] = 5.2 Hz, ] = 16.8 Hz, 1H), 2.70 (dd, ] = 8.4 Hz, |
=16.8 Hz, 1H), 2.44 (t, | = 7.6 Hz, 2H), 2.21 (m, 1H), 1.95 (m, 4H). 3C NMR (100 MHz, CD;OD) &
175.1, 174.8, 173.9, 173.6, 173.4, 53.1, 52.4, 51.4, 36.8, 31.0, 27.8, 22.6. HRMS (ESI) /3 = 341.09487
(Theo. for CioHigNoOg + Na: 341.09554). Anal. Caled. for C,HisN,Og: C, 45.28; H, 5.70; N, 8.80.

Found: C, 45.42; H, 5.86; N, 8.86.

o NHAc o (8)-4-((8)-2-acetamido-3-carboxcypropanamido)-5-methoxy-5-oxopentanoic
H H
HO)%( Ni\)kOH acid (52): The crude material was triturated with EtOAc to yield
@)
O~ OMe a white solid (0.069 g, 0.217 mmol, 68% yield). Mp 158-160°C.

[o]p® = -32.8 (¢ = 1.00 in MeOH). TR (vamas, cm') 3295, 2922, 1734, 1694, 1631, 1543, 1436, 1415,
1385, 1311, 1281, 1254, 1233, 1212, 1173, 1127, 1016, 958, 926, 689, 628. 'H NMR (400 MHz,
CD;0D) 8 4.73 (m, 1H), 4.45 (dd, ] = 5.2 Hz, ] = 9.2 Hz, 1H), 3.72 (s, 3H), 2.81 (dd, ] = 4.4 Hz, ] =
16.8 Hz, 1H), 2.69 (dd, | = 7.6 Hz, | = 16.4 Hz, 1H), 2.41 (t, ] = 6.8 Hz, 2H), 2.16 (m, 1H), 1.94 (m,
4H). 13C NMR (100 MHz, CD;OD) & 173.5, 53.4, 52.9, 51.5, 37.0, 31.2, 27.7, 22.6. HRMS (APCI) /5
= 319.11327 (Theo. for Ci,HisN,Og + H: 319.11359). Anal. Caled. for C1oHgN2Os: C, 45.28; H, 5.70;
N, 8.80. Found: C, 46.90; H, 6.03; N, 8.12.

o NHAc N-acetyl-1-aspartyl-1-glutamic acid NAAG): After purification via

SCAp
HO & I\)J\OH polystyrene tresin column, the material was recrystallized from
o

O~ OH EtOAc to yield a white solid (2.06 g, 6.76 mmol, 80% yield).
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[]p20 = -30.0 (c = 1.00 in H,O). 'H NMR (400 MHz, CD;OD) & 4.75 (dd, ] = 8.0 Hz, ] = 4.8 Hz,
1H), 4.43 (dd, ] = 8.8 Hz, | = 4.8 Hz, 1H), 2.83 (dd, ] = 16.8 Hz, | = 5.2 Hz, 1H), 2.71 (dd, ] = 17.2
Hz, | = 8.4 Hz, 1H), 2.41 (t, ] = 7.6 Hz, 2H), 2.20 (m, 1H), 2.03 (s, 3H), 1.95 (m, 1H).

CF;
(2,2, 2-trifluoroacetyl)-1 -aspartyl-L-glutamic ~ acid ~ (53):  After

M(“ H 0 purification via polystyrene resin column, the material was
recrystallized from EtOAc to yield a white solid (0.156 g, 0.435

mmol, 50% yield). Mp 154-156°C. [a]p?’ = -26.8 (c = 1.00 in MeOH). IR (Vmay, cm!) 3291, 3097, 1725,
1697, 1569, 1446, 1417, 1278, 1226, 1173, 1157, 1085, 906, 863, 810, 758, 730, 685, 665, 624. '"H NMR
(400 MHz, CD;OD) & 4.82 (dd, | = 4.8 Hz, | = 9.6 Hz, 1H), 4.43 (dd, | = 4.8 Hz, | = 8.8 Hz, 1H),
293 (dd, J=4.8 Hz, ] = 17.2 Hz, 1H), 2.79 (dd, ] = 9.2 Hz, ] = 17.2 Hz, 1H), 2.42 (t, ] = 7.6 Hz, 2H),
2.02 (m, 1H), 1.96 (m, 1H). 3C NMR (100 MHz, CDCls) 8 176.6, 174.7, 173.6, 172.0, 159.1 (q, ] =
36.7 Hz), 117.5 (q, ] = 285.0 Hz), 53.3, 51.9, 36.4, 31.2, 27.8.F NMR (376 MHz, CD;0D) 8 -73.9 (s,
3F). HRMS (APCI) 7/ = 359.06957 (Theo. for C1iH13N2OsF5 + H: 359.06968). Anal. Calcd. for

Ci11H13F3N2Os: C, 36.88; H, 3.66; N, 7.82; F, 15.91. Found: C, 37.52; H, 3.73; N, 7.58; F, 15.32.

2.4.b. Molecular Modeling

X-ray crystal structures of mGIluR3 NTDs% bound to glutamate (and three orthosteric water
molecules) or DCG-1V (and one orthosteric water molecule) were downloaded from the PDB and
imported into Maestro within the Schrodinger 2011 software suite. One of the monomers of each of
these symmetrical homodimeric structures was removed along with its bound ligand and all associated
water molecules. Using the ProteinPrep workflow!? within Maestro, the remaining monomer-ligand
complexes were preliminarily prepared for molecular modeling via (1) addition of hydrogen atoms to
satisfy valence requirements, (2) adjustment of amino acid residue ionization to represent physiological
pH (7.4 £ 0.2), and (3) removal of all water molecules except for three or one structural orthosteric
water molecule(s) for glutamate-bound and DCG-IV-bound structures, respectively. This resulted in

two mGluR3 models, one with three structural water molecules (#G/uR3-3H0) in the ligand binding
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pocket, as in the glutamate-bound structure, and one with one structural water molecule (G/uR3-
1H>0), as in the DCG-IV-bound structure. Using the Glide application!> in Maestro, an identical
ligand binding region was subsequently defined for each of these models according to the following
specifications: use input partial charges, centroid of workspace ligand, dock ligands similar in size to
workspace ligand, and allow rotation of receptor hydroxyl groups. To ensure that modifications made
to the original structures did not deleteriously affect any of the essential ligand binding pocket residues,
control docking experiments were conducted prior to NAAG docking. Accordingly, glutamate and
DCG-IV were imported into Maestro from ChemDraw in .sdf format, and the agonists were
subsequently prepared with the LigPrep application®. LigPrep was used (1) to add hydrogens to the
appropriate valence, (2) to adjust ligand ionization to represent physiological pH, and (3) to select the
desired stereoisomers according to the following parameters: OPLS_2005 force field, pH = 7.4 £ 0.2,
and Epik ionization. With each agonist prepared appropriately, glutamate was docked into wG/uK3-
3H>0 and DCG-1V was docked into #G/uR1-1H,0 using standard precision Glide docking according
to the following parameters: dock flexibly, sample N inversions, sample ring conformations, include
input ring conformations, penalize nonplanar amide conformations, add Epik state penalties, use
enhanced planarity force field, and perform post-docking minimization. Each of these control docking
studies resulted in highly accurate agonist binding conformations as compared to the crystal structure
agonist orientations. Therefore, NAAG was prepared using LigPrep in similar fashion to glutamate
and DCG-1V, and subsequent standard precision Glide docking was attempted at each model.
Although the conformational accuracy exhibited by control experiments indicated that the both
mGIluR3 models, »GuR1-1H,O and mGluR3-3H>0, were appropriate for docking experiments
involving NAAG. However, despite all attempts to dock NAAG with the Glide application into each
of these models using varying levels of stringency, not one NAAG binding pose was predicted at either
mGluR3 model. Accordingly, a third mGluR3 model excluding all structural water molecules (#G/uR3-
0H;0) to give NAAG ample space to bind was prepared in Maestro using more advanced

computational techniques for protein optimization. X-ray structure of the homodimeric mGluR3 NTD
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complexed with 15,35-ACPD# (PDB ID: 2E4W), which was chosen over the other agonist-bound
mGIuR3 structures for best resolution (2.40 A) and fewest unresolved loops, was downloaded from
the PDB and imported into Maestro. As performed for the other mGIuR3 models, one of the
monomers was removed along with its bound ligand and all water molecules. Using the ProteinPrep
workflow!? within Maestro, the remaining monomer-ligand complex was preliminarily prepared for
molecular modeling. With the Prime application!” in Maestro, the resulting structure was further
subjected to a series of loop refinements and energy minimizations to optimize side chain geometries
and orientations, which were subsequently analyzed using web-based ProCheck!84. With the mG/uR3-
1H>0 model prepared and optimized, utilization of the Glide application enabled standard precision
docking of NAAG into #G/uR3-0H>O, resulting in several predicted NAAG conformations within the
ligand binding pocket, the lowest energy conformation being represented in Figure 21. Due to the
absence of water molecules in the orthosteric binding pocket of #G/uR3-0H>0, this mGluR3 model
was also employed for generation of a corresponding mGIluR2 homology model (wG/uR2-0H,0) in
order to allow maximum flexibility of residues in the orthosteric binding region. Using the Prime
application, mG/uR3-0H0 was used as a three-dimensional template on which to base #G/xR2-0H>O.
A web-based version of Protein BLAST was used for multiple sequence alignment of all 8 mGluRs,
resulting in an mGluR3 and mGluR2 sequence alignment that was 66% identical and 80% homologous.
This alignment was imported into Prime, where all sequence gaps were left untreated, except for a
three residue gap in the mGIuR3 sequence. Secondary structure prediction indicated «-helical character
spanning this gap, and accordingly, the single displaced a-helical residue (S503 at mGluR3) was moved
to the other side of the gap. Using Prime, the resulting mGIuR2 structure was subjected to a series of
loop refinements, energy minimizations, and side chain predictions. Model specifications were again
analyzed with web-based ProCheck, and optimized mGIluR2 homology model #G/uR2-0H;0 was
generated. Finally, #GuR3-0H;0 and mGuR2-0H>0 were exported from Maestro as .pdb files and

subsequently imported into PyMOLS# for figure prepatation.
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2.4.c. GloSensor Assays

cDNA encoding rat mGIluR2, mGluR3, mGluR4, mGluR6, or mGIluR8 were cloned into the
pIRES2-AcGFP1 vector, digested with EcoRl (New England Biolabs, Ipswich, MA) using the In-
Fusion cloning method (Clontech, Mountain View, CA). Polymerase chain reactions (PCR) to amplify
mGluR ¢cDNAs for insertion into the pIRES2-AcGFP1 vector were performed using the Phusion
High-Fidelity DNA Polymerase Kit (New England Biolabs). The entire sequence of each mGluR
construct was confirmed by sequence analysis (Genewiz, South Plainfield, NJ). The pGloSensor-22F
cAMP plasmid was purchased from the Promega Corporation. Dulbecco’s modified Eagle’s medium
(DMEM), proline, FBS, hygromycin, Lipofectamine LTX, and dialyzed FBS for cell culture were
purchased from Invitrogen (Carlsbad, CA). G-418 was purchased from Research Products
International (Mount Prospect, IL). Forskolin and PTX, as well as receptor agonists glutamate, DCG-
1V, AP4, and quisqualate and receptor antagonists LY341495, EGlu, and CPPG, were obtained from
Tocris Bioscience (Ellisville, MO). D-Luciferin potassium salt was purchased from Gold
Biotechnology (St. Louis, MO). Pyruvate, sodium chloride, potassium chloride, calcium chloride,
magnesium chloride, sodium bicarbonate, HEPES, sodium gluconate, potassium gluconate, calcium
gluconate, magnesium gluconate, sodium methanesulfonate, potassium methanesulfonate, gluconic
acid, and TPP tissue culture plasticware were purchased from Sigma-Aldrich (St. Louis, MO). GPT
was purchased from Roche Diagnostics (Indianapolis, IN). All buffers were prepared using ultrapure
H>0O from a Milli-Q water purification system (EMD Millipore, Billerica, MA).
Cell Culture: Cell culture was performed as described previously!3%170. CHO-K1 cells were transfected
with the pGloSensor-22F plasmid using Lipofectamine LTX, and cells were subsequently selected
using 200 pg/mL hygromycin. CHO cells stably expressing the pGloSensor-22F construct (CHO-Glo)
were then transfected with pIRES-AcGFP1 encoding mGluR2, mGluR3, mGluR4, mGluR6, or
mGluR8, and cells were selected using 200 pg/mL G-418. Stable cell lines were maintained with 0.8
ug/mL hygromycin and 0.8 pg/mL G-418. All cells were cultured in 6% CO> at 37°C in DMEM (high

glucose) containing 10% FBS, 300 uM proline, 2 mM glutamine, and antibiotic-antimycotic
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(Invitrogen) and in the presence of G-418 and/or hygromycin. Cell lines were maintained in 6 cm
polystyrene dishes. Cells for assay were plated on 96-well, white-walled, clear-bottom plates (Corning
Life Sciences, Tewksbury, MA) and grown to confluence without G-418 or hygromycin. Rat cerebellar
astrocyte cultures were prepared as previously described!43. Briefly, dissociated cerebellar cells from 7
day old female rat pups were trypsin-digested and grown in DMEM containing 10% FBS on 60 mm
TPP dishes, where the medium was exchanged every 3-5 days. Cells were assayed after 9-12 days 7z
vitro. Animal use was reviewed and approved by Georgetown IACUC.

Buffers: With the exception of assays involving GPT, all assays were performed in either Locke’s
buffer or a modified Locke’s buffer to replace specific ions (Table 11). To substitute for sodium
(Locke-Na*), sodium chloride and sodium bicarbonate were replaced with choline chloride and choline
bicarbonate, respectively. To substitute for chloride (Locke-Cl), sodium chloride, potassium chloride,
magnesium chloride, and calcium chloride were replaced with (1) sodium gluconate, potassium
gluconate, magnesium gluconate, and calcium gluconate, respectively, (2) sodium bicarbonate,
potassium bicarbonate, magnesium bicarbonate, and calcium bicarbonate, respectively, or (3) sodium
methanesulfonate and potassium methanesulfonate. Potassium (Locke-K*), magnesium (Locke-Mg*?),
or calcium (Locke-Ca*?) was replaced with sodium chloride. HEPES (Locke-HEPES) was replaced
with Tris and adjusted to pH 7.4 with gluconic acid.

cAMP Measurements: All GloSensor assays were performed using live cells, in a 96-well format on
sterile white-walled, clear-bottom plates. Culture medium was aspirated and replaced with 100 pL of
the appropriate Locke’s buffer containing 0.45 mg/mL or 1.8 mg/mL D-luciferin (Locke-Luc). To
equilibrate the cells with substrate, plates were preincubated in the dark at room temperature for 1 hr.
Bioluminescence was quantified using the EnVision Multilabel Plate Reader (PerkinElmer Life and
Analytical Sciences, Waltham, MA) using a 1 s integration time. Before drug addition, each plate was
read five times at 2 min intervals to establish basal bioluminescence levels from each well. The average
of these five prereadings was used to normalize each well’s response to account for differences in

GloSensor expression and cell density. After the five prereadings, a final concentration of 1 uM
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forskolin with the appropriate final concentration of agonist, and/or antagonist was added in 50 pL
Locke-Luc buffer (150 pL final volume). Measurements were taken every 2 min for 18 min after drug
addition. The bioluminescence measured at 16 min was used for generation of bar graphs and
concentration-response curves. For real-time competition experiments, a second treatment (vehicle,
agonist, or antagonist) was applied at 18 min in 50 uL. Locke-Luc buffer (200 pL final volume). To
account for the volume increase, forskolin and the first treatment drug were also added to maintain
initial concentrations. For experiments involving PTX, 1 pg/mL PTX was added to each well 24 hrs
prior to assay. The GPT assay protocol was similar to all other GloSensor assays, with the exception
that the assay was performed in DMEM buffer containing 10% dialyzed FBS, 1.8 mg/mlI. D-Luciferin,
10 mM pyruvate, and either vehicle or 33 pg/mL GPT in DMEM. The medium on confluent cells was
replaced with DMEM buffer with or without GPT, and plates were subsequently returned to the
incubator for 3 hrs. These plates were then removed from the incubator and incubated in the dark at
room temperature for 1 hr. Drugs were added in DMEM buffer after baseline readings, and
luminescence was quantified as described above.

Site-Directed Mutagenesis. Mutations to mGIluR cDNAs were performed by PCR-based
mutagenesis using the In-Fusion HD cloning system (Clontech). Briefly, for each point mutation, two
PCR products were produced with 15 bp complementary at both the 3’ end of the first PCR product
and at the 5 end of the second PCR product. Each point mutation was engineered into the
complementary 15 bp overhangs. PCR reactions were performed using the Phusion High-Fidelity
DNA Polymerase Kit (New England Biolabs, Ipswich, MA), and products were cloned into an EcoRI
cut-site using the In-Fusion cloning method. Each mutation was confirmed by sequence analysis
(Genewiz, South Plainfield, NJ). Vectors expressing mutant mGluRs were individually transfected into
CHO-Glo cells using Lipofectamine LTX.

Statistical Analysis: Statistical significance was assessed using either a two-tailed Student’s t test, or a

one-way ANOVA with a Bonferroni post-hoc test, as appropriate. Concentration-response curves
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were calculated by nonlinear regression using a four parameter logistic equation. All calculations were

performed using GraphPad Prism software.

2.4.d. LANCE ¢AMP Assays

cAMP production from astrocytes was measured using the LANCE cAMP kit (PerkinElmer)
according to the manufacturer’s instructions. Concisely, the media on cerebellar astrocytes that were
grown on 60 mm TPP plates was exchanged for Locke’s buffer, and plates were equilibrated to room
temperature for 1 hr. Cells were scraped from the dishes, centrifuged at 1000 x g for 1 min, and washed
once with Locke’s buffer. The cells were then resuspended in Stimulation buffer (containing a 1:100
dilution of the Alexa-Fluor 647 antibody), and subsequently mixed with drug dilutions in a ProxiPlate-
384 microplate (PerkinElmer). Cells were stimulated for 30 min at room temperature, Detection Mix
was added, and the plates were further incubated for 1 hr at room temperature. Fluorescence was
stimulated with an excitation wavelength of 340 nm, and emission was read at 615 nm and 665 nm.

Data were normalized to the readings from the control emission wavelength (615 nm).
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Part 3. Overall Conclusions

3.1. Crossover between Sphingolipids and mGluRs

Although the projects described in Part 1 and Part 2 were considered, designed, and
implemented separately, the respective topics in biochemistry and pharmacology may actually be more
intertwined than originally appreciated. Since sphingolipids and 7TMRs are both localized
predominantly within lipid bilayers, 7TMR structure and function could, in principle, be modulated via
sphingolipid interaction. While this is, of course, highlighted by the class of S1PRs, there are a few
alternative reports in the literature of such phenomena. For instance, addition of fumonisin B; to CHO
cells stably expressing serotoninia 7TMRs (5-HT1aR), decreased membrane levels of sphingomyelin in
a concentration-dependent manner, which translated not only into reduced 5-HT1aR orthosteric
agonist binding, but also into diminished G protein-dependent signaling!®>. In contrast, addition of
sphingosine to cells treated with fumonisin B replenished membrane sphingolipid concentrations and
reverted agonist binding back to control levels. Importantly, receptor expression remained unaffected
after addition of fumonisin By, both with and without sphingosine, suggesting that membrane-
associated sphingolipids regulate agonist binding, 5-HT1aR conformation, and ultimately, G protein-
dependent signaling. Additionally, reduction of intracellular levels of glycosphingolipids via addition of
glycosyltransferase inhibitor PDMP to cultured human cervical cancer (Hela) cells expressing 5-HT7R
resulted in decreased maximal serotonin binding, but did not affect serotonin binding affinity or 5-
HT7R expression!®. PDMP also reduced orthosteric agonist binding to 5-HT1aR in transfected CHO
cells 7z wvitro, but did not alter binding affinity or coupling to G proteins'®”. Furthermore,
monosialotetrahexosylganglioside (GM1) was reported to alter both the Kp and Bmax of orthosteric
antagonist [3H]-spiperone to membranes containing 5-HTR that were harvested from rat dorsal
cerebral cortex!88. Interestingly, putative sphingolipid binding motifs have been detected
computationally in various 5-HTR across several species!$>, as well in the 6™ transmembrane helix of

human mGIuR2'%, which bound to radiolabeled sphingolipid precursors and/or metabolites in
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transiently transfected Hel.a cells. Furthermore, elevation of intracellular GM1 in F11 cells or in
transfected CHO cells modulated 8-opioid receptor G protein coupling and intracellular
concentrations of cAMP 7u vitro, which likely stemmed from changes in receptor conformation!®.
Overall, these results suggest that various sphingolipid species naturally bind to and modulate the
activity of several 7TMR subtypes, and future developments relating to these interactions will not only
enhance our understanding of 7TMR conformational dynamics within the plasma membrane, but
could also present powerful opportunities for the discovery of novel therapeutic agents.

In turn, identification of novel sphingolipid analogs that selectively modulate the activity of 5-
HTR could represent an opportunity to develop therapeutic agents with novel mechanisms of action.
Such a project will be used as a platform to discuss important considerations, including lessons learned
from the trenches during the implementation of the projects described in Part 1 and Part 2, for each
stage of the drug discovery process. Drug discovery typically begins with identification of a biological
target (protein, oligonucleotide, biochemical pathway, etc.) that has been therapeutically validated for
some disease state. For example, inhibition of certain isoforms of 5-HTR clinically attenuates
symptoms associated with the psychotic symptoms of schizophrenial®!. 5-HTR was validated as a
viable target for atypical anti-psychotics by preclinical biological studies'??, just as mGIuR3 was
validated as a therapeutic target for Alzheimer’s disease through preclinical biological experiments
involving mGluR3-- and mGluR2/- KO mice!?. While these studies certainly point towards mGluR3
as the group II mGluR to target for neuroprotection, it has been argued that the results are perhaps
confounded by compensatory mechanisms whereby, in the absence of mGIluR2 7x vivo, mGluR3 adopts
several roles normally specific to mGluR2. In the case of 5-HTR, the successful clinical evaluation of
5-HTR antagonism directly supports inhibition of 5-HTR as a viable strategy with which to treat the
psychotic symptoms of schizophrenial?!. However, because several 5-HTR inhibitors have been FDA-
approved, the barrier to approval for second generation 5-HTR inhibitor anti-psychotics is much
higher than for those with novel mechanisms of action. Perhaps sphingolipid pathway modulators lie

somewhere between these two extremes. While pathway modulator and S1PR agonist prodrug
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fingolimod has been FDA-approved for treatment of multiple sclerosis, no other pathway modulator
has been approved for any other indication, emphasizing an opportunity to develop sphingolipid
pathway modulators for other disease states with novel mechanisms of action!®3. Whatever the disease
state of interest, it is imperative not only to pursue therapeutic targets that have been appropriately
validated, but also to evaluate the potential risks versus the potential rewards, especially if the major
research goal is an approved clinical agent. While both industrial and academic researchers obviously
value high reward discoveries, academia is generally more tolerant of high risk projects, especially if the
research involves validation of a novel mechanism of action. In contrast to industrial research, which
is generally corporately structured, academic research typically facilitates more seamlessly the pursuit
of discoveries made while examining something else for a different purpose, such as chloride activity
and mGluR3, which was discovered while searching for selective mGIuR3 agonists. In this case,
discovery of chloride activity at mGluR3 but not mGluR2 actually highlights a new opportunity for
selective mGluR3 agonist design, bringing full circle this synergistic serendipity.

The next stage of the drug discovery process involves the identification of hit compounds,
which are typically discovered via high throughput screening and/or computational molecular
modeling, or in contrast, via slight modification of endogenous small molecules. The latter is
exemplified by the conceptual removal of the sphingosine primary hydroxyl group to prevent metabolic
phosphorylation to S1P, which resulted in the identification of 1-deoxysphingosine as a hit
compound?. In general, a hit compound demonstrates proof-of-concept activity, even if the potency
and/or efficacy is weak; in the case of sphingosine analogs with anti-cancer potential, the desired
activity profile constituted an improvement in cytotoxic signaling and an attenuation of sphingosine
kinase-mediated phosphorylation, as compared to the parent compound sphingosine. Similarly, a
DCG-1IV/quisqualate hybrid would mark a hit compound if it demonstrated selectivity for mGluR3.
As exemplified by the apparent inactivity of NAAG at mGluR3 in the GloSensor assay, it is extremely
important to verify the measurable activity of both hit and parent compounds in the desired assay

paradigm so as to avoid wasting valuable time and resources on the synthetic preparation of analogs
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(e.g. NAAG analogs) of invalidated parent compounds (e.g. NAAG). These considerations could also
be applied to the discovery of sphingolipid analogs with anti-psychotic properties by virtue of
inhibition of 5-HTR. For example, suppose that sphingomyelin acts as either a PAM or a cofactor of
5-HTR. It would follow that the sphingomyelin binding site, which must be occupied by sphingomyelin
for maximal receptor activity, could be accessed by sphingomyelin analogs exhibiting bulky and
lipophilic structural modifications, which could inhibit receptor function. Because sphingolipids
undergo rapid interconversion inside the cell to a vast number of metabolites however, it would be of
utmost importance to verify that the active species responsible for PAM and/or cofactor activity is
actually sphingomyelin. This could be accomplished using a variety of methods including but not
limited to appropriately designed binding experiments, cell-based assays utilizing enzyme inhibitors,
and lipidomics analyses. Sphingomyelin analog selectivity between 5-HTR subtypes must also be
considered, and a true hit compound would inhibit selectively the desired isoform(s), even if analog
potency and/or efficacy is weak at this stage.

Traditional medicinal chemistry comes into play during both the hit-to-lead optimization stage,
as well as the lead refinement stage, of the drug discovery process. Drug design at these stages is highly
enabled by computational molecular modeling, either with ligand-based (e.g. pharmacophore mapping)
ot structure-based techniques (e.g. ligand docking). The major goals duting the hit-to-lead optimization
stage and the lead refinement stage are to maximize on-target potency, attenuate off-target activity, and
optimize solubility, metabolism, and bioavailability. Falling into this category is incorporation of the C-
5 hydroxyl group of Enigmol to retain sphingosine-like solubility, as well as utilization of the unnatural
C-3 hydroxyl group stereocenter of Enigmol to slow CS-mediated N-acylation. As described herein,
the lead compound Enigmol was further refined via fluorination of the lipid tail to improve
bioavailability. Notably, lead compounds and refined lead compounds alike typically need to be
prepared on large scale to provide ample material for rigorous biological characterization. Comparison
of Enigmol and its fluorinated analogs for example, could not be conducted with the use of cell-based

assays, but rather required whole animals for analysis of pharmacokinetic properties. As exemplified
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by the assessment of Enigmol, CF3-Enigmol, and CF2-Enigmol in mouse xenograft models of prostate
cancer, the final stage of the drug discovery process involves preclinical evaluation of efficacy in various
animal models of the desired disease state. Accordingly, launching CIF>-Engimol from the drug
discovery process into the drug development process would likely require 1) significant efficacy in
alternative animal models of prostate cancer and/or lung cancer, 2) successful toxicity results at high
doses (e.g. 100 mg/kg) in multiple mammalian species (e.g. mice, rats, and dogs), and 3) an improved
synthetic process to enable more efficient preparation of CFa-Enigimol in 2 10 g batches. Although
most of these points concerning the discovery of CF>-Enigmol within the context of the drug discovery
process would apply to the discovery of sphingolipid-derived 5-HTR inhibitors with anti-psychotic
properties, one exception is emphasized by the need to further optimize the CF.-Enigmol scale up
process. While this perhaps would not have been an ideal graduate student project, preclinical
development of CF»>-Enigmol would have profoundly benefited from early improvements to the
corresponding synthetic route. Although many improvements were made, process optimization was
not the focus, and most of the enhancements were marginal. This highlights that organic synthesis is
often the bottleneck of the drug discovery process, and that it doesn’t matter how many appropriate
animal models of a disease state are available if sufficient quantities of the experimental drug cannot
be produced. Therefore, consideration of synthetic accessibility eatly on in the drug discovery process
is advantageous to the successful development of clinical candidates, such as sphingolipid-derived 5-
HTR inhibitors designed to treat the psychotic symptoms of schizophrenia. For such a class of
neuroactive compounds, it would also be imperative to ensure that lead compounds and refined lead
compounds alike penetrate the blood-brain barrier by either passive or active transport. If the lead
compound demonstrates poor absorption into the brain, a series of refined leads would be designed
with the goal of either 1) increasing compound lipophilicity to enhance passive transport or 2)
discovering prodrugs to target active transport mechanisms. Overall, the drug discovery process is
much less linear than it is typically depicted, and it more accurately involves numetous, interdisciplinary,

simultaneously moving parts that must work in concert towards the common goal of clinical
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development, without which discoveries made in the laboratory can never reach the bedside of the

patient in need.
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