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SYNTHETIC EFFORTS TOWARD P97 AAA+ ATPASE AND P75 NEUROTROPHIN
RECEPTOR INHIBITORS

Evan J. Carder, Ph.D.

University of Pittsburgh, 2019

The first chapter presented in this dissertation describes the synthesis of diverse 3-
sulfanyl-1,2,4-triazole allosteric p97 AAA+ ATPase inhibitors for structure activity/property
relationship (SAR/SPR) investigations. This work supported an iterative medicinal chemistry
strategy that led to the systematic development of allosteric p97 inhibitors that
demonstrated single-digit nanomolar biochemical potency. We were able to scale-up selected
analogues to the gram-scale. Further, we synthesized inhibitors to covalently modify p97, as
well as potential p97 protein degraders that utilize the hydrophobic tag (HyT) strategy. The
second chapter describes a gram-scale synthesis of known p75 neurotrophin receptor
inhibitors LM11A-31 and LMI11A-24 without the requirement for chromatography.
Subsequent investigation of LM11A-31 key pharmacophore features was evaluated through
a molecular docking study and the synthesis of LM11A-31 derivatives for SAR investigations.
The pursuit of novel p75~ ™" inhibitors led to the synthesis of the LM11A-31 and LM11A-24
hybrid analog series as well as the 5-aminooxazole series. The chapter is concluded with
efforts toward the 5-aminooxazole series, leading to the development of novel methodology
that enabled C-5 regioselective direct amination followed by C-2 direct (het)arylation of 4-

cyanooxazole.
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1.0 Synthesis of Allosteric p97 AAA+ ATPase Inhibitors

1.1 Introduction

1.1.1 Cancer and the Proteotoxic Stress Hypothesis

Cancer is a complex collection of genetic diseases that develops through an evolutionary
mutagenic process.” > Genes within a cancer genome are characterized with a diverse collection
of alterations that include non-silent point mutations, deletions, amplifications, inversions, and/or
translocations.” * The accumulation of specific alterations that result in both gain-of-function
and/or  overexpression of oncogenes and concomitant loss-of-function and/or
silencing/elimination of key tumor suppressor genes can provide cancer with a selective growth
advantage over normal, healthy cells.” > ¢ The consequence of this genetic reprogramming leads
to abnormal cellular phenotypes that are classically described as hallmarks of cancer.”®

Due to the haphazardous events associated with tumorgenesis, cancer cells can become
dependent on a number of signaling events for their uncontrolled behavior. For example, through
a process described as oncogenic addiction, cancer cells can become addicted to the continuous
expression and activity of their oncogenic drivers.”'' Recent reports have introduced the concept
of non-oncogenic addiction, which is based on the elevated burden of stress the cell endures to
sustain its tumorigenic state.’>'* These stress phenotypes include DNA damage/replication
stress, proteotoxic stress, mitotic stress, metabolic stress, and oxidative stress.'* To manage and

mitigate the non-oncogenic traits incurred by the neoplastic transformation, cancer cells can



become heavily reliant on pathways that do not intrinsically drive cancer but support its
progressive cell performance.

Protein homeostasis or proteostasis refers to a controlled balance of protein synthesis,
folding, transport, and degradation. Due to genomic alterations and extensive genetic rewiring,
cancer cells demonstrate abnormal protein synthesis and a heightened level of mutated
proteins."> '® The improper abundance of proteins within the cancer cell as well as the production
of misfolded mutant protein challenges protein folding and degradation pathways, thereby

.18 To manage this stress, cancer cells portray an elevated

creating proteotoxic stress.
dependence on protein-quality control mechanisms, which include molecular chaperones to
support proper protein folding and the ubiquitin-proteasome system (UPS) to control degradative
processes.”” It was hypothesized that agents that inhibit protein-quality control pathways
heighten the proteotoxic stress within cancer cells inducing a proteotoxic crisis that ultimately
results in cancer cell death.'* '+ 2022

The proteotoxic stress hypothesis suggests protein-quality control inhibitors would
demonstrate selective cytotoxicity toward cancer cells and be an effective therapeutic strategy
against diverse cancer types.”” Support for the proteotoxic stress hypothesis came from the
clinical success of targeting the ubiquitin-proteasome system (UPS).>**° The UPS is a major
protein quality control pathway that degrades target protein and is essential for conserving
protein homeostasis within cells.® Proteins that require degradation by the UPS are
bioconjugated with a ubiquitin protein tag from an ubiquitin-conjugating (E2) and ubiquitin
ligase (E3) enzyme complex. The assembly of polyubiquitin on the target protein results in its

proteolytic degradation by the 26S proteasome, which contain multiple protease enzyme

domains.”” The first clinical proteasome inhibitor, bortezomib, acquired FDA approval for the



treatment of multiple myeloma and mantle cell lymphoma.”*>° Despite its cytotoxicity against
hematological malignancies, bortezomib as well as other proteasome inhibitors have yet to
demonstrate clinical utility in additional cancers, including solid tumors.’'>® The lack of
generality and broad applicability of proteasome inhibitors against diverse cancers challenges the
robustness of the proteotoxic stress hypothesis. However, the clinical success of bortezomib
proved that tumors can be sensitive to modulation of protein homeostasis, thereby encouraging

the investigation of alternative targets influential in protein-quality control.

1.1.2 P97 AAA+ ATPase

p97, also known as valosine-containing protein (VCP), is an abundant and ubiquitous
protein that plays an influential role in a variety of cellular processes that effect protein-quality
control.***® As a member of the ATPase Associated with various cellular Activities (AAA)
protein family, p97 is assembled as a barrel-like homohexameric protein complex that is capable
of performing mechanical processes on target proteins.”” ** This occurs by utilizing energy
generated from the hydrolysis of ATP to undergo significant conformational changes.***!
Topologically, each protomer of p97 contains a regulatory N-terminal domain (N) and two
tandem AAA domains (D1 and D2) (Figure 1, PDB: 5FTK).** ** The N-terminal domain
associates with various co-factors/adaptor proteins and these interacting partners govern p97’s
substrate recognition and subcellular recruitment, implicating p97’s cellular function in different
pathways.” The D1 domain has very low ATPase activity; however, it mediates the assembly of
the hexameric structure and positively cooperates with the D2 domain, which is primarily
responsible for p97’s ATPase activity.** *° The hydrolysis of ATP and the resulting dynamic

conformational changes that occur allow p97 to exert a mechanical force on target proteins.*®
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Top view Side view Monomer

p97 N domain ATPase D1 ATPase D2 806 aa

Figure 1. Structure of p97 AAA ATPase
N domain (purple), D1 domain, (blue), and D2 domain (green); PDB: SFTK 4
p97 is associated in several protein-quality control pathways and is characterized as a
master regulator of protein homeostasis (Figure 2). In general, p97 facilitates the degradation of
ubiquinated protein in the ubiquitin proteasome system by separating targets from protein
complexes or cellular membranes and chaperoning them to the proteasome.’> *’ Therefore, this
segregase function has implicated p97 in a number of important cellular processes, including
endoplasmic reticulum associated degradation (ERAD)*°, mitochondrial associated
degradation (MAD)*'™*, ubiquitin fusion degradation (UFD)**, ribosome associated degradation

(RAD)**", chromatin associated degradation (CAD)’® *°, and autophagy®*®.
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Figure 2. Summary of p97 Biological Function
This figure was reproduced and adapted with permission from Journal of Cell Science
article doi:10.1242/j¢cs.093831

The significance of p97’s physiological function is best characterized and demonstrated
in the endoplasmic reticulum associated degradation pathway (ERAD) (Figure 3). The
endoplasmic reticulum (ER) contains a complex network of interconnected pathways that are
primarily responsible for proper protein assembly, folding, and glycosylation.”> While folded
protein are exported to the Golgi for further processing, misfolded protein are either resubjected
to refolding machinery or cleared from the ER by the ERAD pathway.®* ® The ERAD pathway

is essential for conserving ER protein homeostasis by retrotranslocating excess protein or
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misfolded protein from the ER into the cytoplasm where it can be degraded by the ubiquitin
proteasome system.’“®® During the ERAD process, misfolded protein must be identified,
transported across the ER membrane, and delivered to the proteasome. In this series of events
p97 is recruited to the ER membrane through its association with mammalian ER resident
proteins Derlins, Hrd1, and VIMP where it assists with protein retrotranslocation and subsequent

48, 30. 973 197 recognizes the ubiquinated tag and extracts the

delivery to the proteasome.
misfolded protein from the ER membrane through mechanical force generated through its
dynamic conformational changes upon ATP hydrolysis.”* Dislocated ERAD substrates from the
ER membrane are then presented to the proteasome for degradation.”” ’® Burdening ER function
and/or perturbing ERAD leads to an accumulation of toxic poly-ubiquitinated protein aggregates
consisting of hydrophobic misfolded proteins, which results in significant ER proteotoxic
stress.”” 7® High level of misfolded protein, prolonged ER stress, and/or inhibition of ERAD
activate the lethal unfolded protein response (UPR), leading to cell apoptosis.””®' The UPR is
critical for stress management and the activation of the UPR is necessary to properly regulate
secretory pathways by inversely increasing ER resident chaperones and decreasing overall
protein synthesis.*” Beyond the ER, p97 also manages various other aspects of proteotoxic stress

primarily through its ability to disrupt and clear misfolded proteins in diverse quality control

pathways.



Misfolded *
protein

Proteasome

Figure 3. Biological Function of p97 in ERAD

1.1.3 P97 as a Cancer Target

p97’s role in a diverse array of cellular processes associated in protein homeostasis and

38 597°s expression is

mitigating proteotoxic stress has led to its investigation in cancer.
upregulated in a variety of cancer types (colorectal, pancreatic, thyroid, breast, squamous cell
carcinoma, gastric carcinoma, osteosarcoma, and lung), suggesting a potential role for p97 in
promoting or sustaining abnormal cellular behavior.***® Additionally, elevated levels of p97 in
cancer patients correlated with poor clinical outcomes.?” *® Genetic knockdown of p97 using

siRNA technology led to an increase in polyubiquitinated proteins and the activation of the

unfolded protein response.” Because p97 has a central role in the UPS and protecting cancer



cells from developing proteotoxic stress, it is conceivable that p97 inhibition would induce the
accumulation of misfolded proteins and toxic protein aggregates, leading to cancer cell death.
Further, due to elevated levels of proteotoxic stress that exist in cancer, it is possible that p97
inhibition would demonstrate heightened sensitivity and greater selectivity against cancer cells.
Therefore, there is considerable interest in small molecules that modulate p97 activity to

clinically substantiate p97 as therapeutic target.

1.1.4 Small Molecule Inhibitors of p97

There is growing evidence that p97 is an important regulator of proteotoxic stress and the
conservation of protein homeostasis; thus, inhibition of p97 function provides an opportunity to
target a key vulnerability of cancer. Due to its association in cancer, p97 has garnered attention
as a possible novel anti-cancer target, which led to the identification and development of small
molecule inhibitors that modulate p97 activity.””'%* This includes natural products withaferin
AIOO, rheoemodin99, and anticancer agent sorafenib'” as well as reversible inhibitor 2-
(cyclohexylmethylamino)pyrimidines'* and irreversible inhibitors eeyarestatin’> and NMS-859°
(Figure 4). Many of the described inhibitors were evaluated using an in vitro ATPase assay
measuring recombinant p97 ATPase inhibition through a chemoluminescent readout of ADP
generated from ATP hydrolysis, thereby reporting their respective biochemical 1Csy. Cellular
degradation assays were also employed to identify compounds that distinguish p97-dependent
and p97-independent degradation. Ub“’®-GFP is a fluorescently labeled protein that is degraded
in a p97-dependent manner. The cellular Ub®’®V-GFP reporter assay was utilized to evaluate the
cellular inhibition of p97 by disrupting Ub“®Y-GFP degradation, leading to the
accumulation/stabilization of the fluorescent reporter protein and concomitant elevation of
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fluorescence signaling.'®™ '® Two additional luciferase assays that are associated with p97-
independent degradation pathways were employed in parallel to assess p97 selectivity.
Luciferase was co-expressed with Ub®’®V-GFP and the oxygen-dependent degradation domain of
hypoxia inducible factor la (HIFla) (ODD-Luc).'” '® Degradation of ODD-Luc requires
ubiquitination and is p97 independent. The second luciferase assay used luciferase fused to
Ub“"®V_GFP and the ubiquitin independent degradation domain of ornithine decarboxylase (Luc-
ODC).'” ' Degradation of Luc-ODC requires the proteasome but is ubiquitin and p97
independent.' Selective p97 inhibitors would stabilize Ub%’®Y-GFP protein but not ODD-Luc
or Luc-ODC protein. Results from all assays provided insight into p97 inhibition and cellular

selectivity over related AAA+ ATPases as well as other members of the ubiquitin proteasome

system.
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Figure 4. Select p97 Inhibitors

The earliest reported p97 inhibitors were the eeyarestatins, which primarily consisted of
Eerl and Eerll (Figure 4).” This class of inhibitors was identified through a high-throughput

screen using a developed class I major histocompatibility complex heavy chain linked to
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enhanced green fluorescent protein assay to evaluate ERAD function.'”’” The eeyarestatins
demonstrated poor micromolar potency and utilizing surface-plasmon resonance, Eerl was found
to bind to p97 with a Ky of 5-10 pM and exhibit a cellular Ub“’®V-GFP ICs, of 3.7 uM. > '8
Further, Eerl stabilized both ODD-Luc and Luc-ODC, suggesting additional targets in the UPS
beyond p97. Biochemical investigations found the eeyarestatins are bifunctional compounds,
whereby the aromatic motif is responsible for membrane binding and its nitrofuran motif targets
p97 in an allosteric, irreversible fashion.'® The eeyarestatin compounds were employed in a
number of contexts as a pharmacological tool to elucidate p97 biological functions. Moreover,
cancer cell treatment with a combination of Eerl and proteasome inhibitor bortezomib disrupted
ER secretory pathways and elevated ER stress-induced cell apoptosis.'® ' Eerl was established
as suitable effector of the ERAD pathway and demonstrated synergistic effects with bortezomib
in cancer cell death; however, due to its limited potency and undeveloped mode of action, the
eeyarestatins have yet to advance beyond cellular investigations.

The 2-anilino-4-aryl-1,3-thiazole inhibitors (Figure 4) were the first p97 targeted agents
reported.”® This series was identified through a high-throughput screen using a glucokinase
coupled enzyme assay. The synthetic strategy employed for this series utilized the Hantszsh
thiazole synthesis to conduct parallel medicinal chemistry, resulting in a SAR investigation that
generated a series of nanomolar potent inhibitors. The lead compound demonstrated a p97
ATPase ICsg of 110 nM and a cellular Ub%"*Y_luciferase ECsp of 90 nM. Mechanistically, the
thiazole chemotye demonstrated sensitivity to ATP concentration, indicating a competitive
mechanism. The series provided proof-of-concept, concluding with potent p97 inhibitors with
drug-like characteristics. However, continued investigations indicated a lack of target specificity

with other members of the UPS, therefore, further developments have not occurred.®®
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The discovery and development of the diaminoquinazoline-based compounds led to the
first reported reversible, selective small molecule p97 inhibitor series.”” The hit compound,
DBeQ (Figure 5), was identified through a high-throughput screen from the NIH Molecular
Libraries Small Molecule Repository using an ATPase assay.”’ DBeQ showed a p97 ATPase
ICsp of <10 uM and a cellular UbS"*V_GFP ECsp of 2.3 uM. Mechanistically, DBeQ was found to
be sensitive to ATP, suggesting an ATP competitive mode of action. Further, it was found to
target both D1 and D2 ATPase domain. The selectivity of DBeQ was demonstrated by the
degradation of p97-dependent substrate Ub%’®Y-GFP and the limited effect on p97-indpendent
substrates ODD-Luc and Luc-ODC. Further, DBeQ portrayed no significant inhibition towards
related ATPases as well as a panel of 170 evaluated protein kinases. Cellular treatment of DBeQ
compromised the ERAD and induced the UPR, resulting in cell death. This provided specific
evidence that DBeQ-dependent inhibition of p97 leads to a cytotoxic ER stress-induced
response. Medicinal chemistry hit-to-lead optimization of the quinazoline scaffold led to lead
compound ML240 (Figure 5)."'"> ML240 demonstrated improved p97 ATPase ICso of 110 nM
and cellular Ub“®V-GFP ICs of 2.3 uM. ML240 elicited cell apoptosis and anti-proliferative
activity against a series of cancer cell lines found in the NCI-60 panel. Although potent, ML240
demonstrated poor solubility and high plasma protein binding activity, making its utility in in
vivo studies limited.''? Further lead optimization of the quinazoline series resulted in CB-5083
(Figure 5), which demonstrated an exceptional p97 ATPase ICs of 11 nM.'"® Furthermore, CB-
5083 exhibited excellent oral bioavailability and showcased anti-tumor effects in multiple animal
xenograft models as well as patient-derived xenograft models of colorectal cancer.®® Due to its
promising pre-clinical performance, CB-5083 entered Phase 1 clinical trials for

relapsed/refractory multiple myeloma (NCT02243917) and advanced solid tumors
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(NCT02223598); however, these investigations were recently discontinued due to off-target
PDES inhibition, resulting in retinal toxicity.''* Nonetheless, the pre-clinical performance of CB-
5083 against multiple myeloma and advanced solid tumors has provided credence to p97
inhibition; therefore, there is considerable interest to actively develop alternative small molecules

that modulate p97 activity to clinically substantiate p97 as an anti-cancer target.
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Figure 5. Diaminoquinazoline p97 Inhibitors

Small Molecule Inhibitors of p97: Previous Work from the UPCDC

The University of Pittsburgh Chemical Diversity Center (UPCDC) has been interested in
the development of small molecule inhibitors of p97 as potential anti-cancer agents. Their first
reports identified an indole amide series that was discovered through a high-throughput screen.
The initial hit compound SMDC818909 demonstrated an in vitro ICsy of 11.5 uM in the presence
of 20 uM ATP.”® It was found that SMDC818909 is an uncompetitive inhibitor that presumably
binds at an allosteric site on the D2 domain.”® SMDC818909 demonstrated modest aqueous
solubility of 56 puM; however, its low molecular weight and ease of synthesis provided an
opportunity for rapid medicinal chemistry optimization.”® This effort led to the development of
indole amide (Figure 6), which demonstrated an in vitro ICsy of 0.5 uM using a p97 ADP-Glo

biochemical ATPase assay.” This represented a roughly 7-fold improvement in potency
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compared to SMDC818909. Moreover, the indole amide also had an improved solubility of 330
uM (PBS, pH 7.4).° Further investigation revealed indole amide had an apparent cell
permeability values (P,pp) in @ MDCK bidirectional permeability assay of 71 x 10°and 45 x 10°®
cm/s, respectively, and an in vitro half-life in human microsomal stability of t;, >60 min.”¢
Therefore, indole amide displayed a favorable mechanism of inhibition as well as excellent
pharmaceutical properties that included high potency, aqueous solubility, cell permeability, and
human microsomal stability. However, advancement of indole amide in cellular models
demonstrated limited efficacy, having an Ub“®Y-GFP ECsy > 40 pM.”® Evaluation of indole
amide in the NCI-60 panel revealed a modest anti-proliferative activity (logGlsy = -4.5) in
leukemia (RPMI-8226), breast cancer (MDA-MB-468), and melanoma (LOX IMVI) cell lines.”
Therefore, indole amide is a promising tool compound but requires further development in order
to demonstrate cellular efficacy.

As a continued effort to develop small molecule allosteric inhibitors of p97, the UPCDC
identified the 2-phenyl indole scaffold through a high-throughput screen.''* The first-generation
of the phenyl indole series demonstrated low micromolar activity in a biochemical p97 ATPase
assay. It was found that this class of compounds had an uncompetitive binding mechanism and
exhibited promising drug-like properties: low molecular weight, optimal calculated cell
permeability (cLogP), and total polar surface area (tPSA). An iterative medicinal chemistry
optimization program was pursued to advance the phenyl indole series. This led to the
development and characterization of a number of potent inhibitors, including the fluoro-indole
compound (Figure 6).""* The fluoro-indole compound demonstrated an in vitro biochemical ICs
of 20 nM in ADP-Glo ATPase assay.''* Further, fluoro-indole exhibited excellent physical

properties including aqueous solubility (pH 7.4) of 330 pM.""* The fluoro-indole compound also
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proved to have great metabolic stability in both human and mouse liver microsome stability
assays with a half-life (t,2) of 475 and 277 min, respectively.''* However, advancement of
fluoro-indole in a p97-dependent cell model demonstrated limited efficacy, resulting in an
UbS"*V_GFP ECsp of 15 uM at 1 h.''* Further evaluation of fluoro-indole in the NCI-60 panel
demonstrated broad anti-proliferative activity (mean logGlsy = -5.7) against a number of cancer
cell lines, including leukemia, NSCLC, colon cancer, CNS tumor, melanoma, ovarian cancer,
prostate cancer, and breast cancer.''* The optimization of the phenyl indole series led to the
development of biochemically potent inhibitors that demonstrate excellent physical properties.
The utility of UPCDC30245 (Figure 6) facilitated the structural investigation of p97 utilizing
cryo-electron microscopy, which produced a high-resolution image of UPCDC30245 bound
between the D1 and D2 domains.*’ Although the cellular activity was limited against p97-
dependent activities, the fluoro-indole compound demonstrated anti-proliferative effects in
multiple cancer cell lines, suggesting an opportunity to further develop this series into a possible

novel class of cancer therapeutics.
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Figure 6. p97 Inhibitors Developed by the UPCDC

1.1.5 Discovery and Structure-Activity Relationships of Allosteric 3-Alkylsulfanyl-1,2.4-

triazoles Inhibitors of p97: Previous Work from Nerviano/Genentech

A new class of p97 ATPase inhibitors was pursued in an effort to develop biochemically

potent, reversible compounds that showcase cellular activity and target selectivity. A
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biochemical high-throughput screen of an internal chemical library collection of more than one
million compounds led to the identification of a 3-alkylsulfanyl-1,2,4-triazole compound, NMS-
862 (Figure 7), which showcased an enzymatic p97 ATPase ICso of 2.65 uM.** It was later
revealed that NMS-862 is insensitive to ATP concentration and targets p97 ATPase through a
reversible, noncompetitive allosteric mechanism.”® This mechanism was further investigated
through the performance of photo affinity labeling experiments. Inhibitor derivatives containing
arylazides were UV cross-linked to p97. Subsequent peptidase digestion and mass spectroscopy
analysis indicated modification of amino acid residues Lys615 and Asn616, which are positioned
between the D1 and D2 domains.” Further, several independent mutations were generated within
this general region, including K615V and N616F. Although these mutants were enzymatically
active, inhibition with the alkylsulfanyl compounds were significantly reduced. Therefore, the
reported putative binding site for this class of molecules was postulated to be located at the
juncture between the D1 and D2 domain of each monomeric protomer of p97’s homohexameric
structure. It was recognized that this location undergoes significant conformational changes upon
ATP binding and subsequent hydrolysis and therefore, it was hypothesized that the
sulfanyltriazole compounds stabilized the D2-ADP bound domain and impairs the dynamic
movement necessary for proper biological function. Advancement of the promising hit
compound NMS-862 that demonstrated a favorable and novel mechanism of action into cells
resulted in negligible anti-proliferative effects. Consequentially, this led to the initiation of a hit-
to-lead medicinal chemistry optimization campaign with a focus on enhancing NMS-862

biochemical and biological performance.
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Medicinal Chemistry Strategy

A SAR investigation of the hit 3-alkylsulfanyl-1,2,4-triazole compound NMS-862
surveyed structural derivation at the 1,2,4-triazole core.”® This included the thioisopropyl motif
at position 3 in zone I, the phenyl group at position 4 in zone II, and the phenoxy moiety at
position 5 in zone III (Figure 7). Studying these three zones led to an improved understanding on
the structural determinants that are responsible for p97 inhibition and the generation of

biologically potent inhibitors.

Figure 7. Structural Zones of NMS-862 Evaluated for SAR Analysis

The synthetic strategy employed for medicinal chemistry optimization utilized a modular
approach that was amenable for rapid structural derivation at the 3-, 4-, and 5-position of the
triazole core, leading to diverse analogues. Reacting pre-constructed hydrazide 1-1 with the
appropriately prepared isothiocyanate afforded thiourea intermediate 1-2 that incorporates zone
IT derivation (Scheme 1). The construction of the 3-sulfanyl-1,2,4-triazole core framework
occurred through a subsequent base-mediated cyclization reaction. Employing the advanced
intermediate 1-3 enabled rapid zone I derivation by conducting S-alkylation reactions with

various alkyl and cycloalkyl electrophiles to fashion a biologically relevant compound 1-4.
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Scheme 1. General Synthesis of 3-Alkylsufanyl-1,2,4-triazoles o4

2 a i H H b @ [ @
@LquHz 2, @H\H \g/ @ — @y — @N(S

N-N N-
11 1-2 1-3 1-4

Reagents and conditions: (a) R*NCS, EtOH, reflux; (b) 1 M NaOH, reflux; (c) R'Br or R'L
K,CO3, DMF, tt.

Their initial SAR investigation evaluated the significance of the alkylsulfanyl motif at
position 3 of the triazole core in zone I (Table 1).* It was reported that the presence of a
nonpolar, lipophilic group at this position was necessary; however, the contrary polar analogues
to support such a claim were not disclosed. It was shown that the S-alkyl group was necessary in
zone | for biological efficacy; the absence of an alkyl group entirely, compound 1-5a, resulted in
negligible activity (>30 uM). Replacement of the S-isopropyl motif from hit compound NMS-
862 with aliphatic straight chains, such S-methyl analog 1-Sb and S-ethyl analog 1-5¢, resulted in
decreased activity, >30 uM and 9.92 uM respectively. However, the branched S-isobutyl motif
from analog 1-5d demonstrated improved activity of 1.29 uM. Moreover, select S-cycloalkyl
groups proved beneficial, including S-cyclobutyl analog 1-5e, S-cyclopentyl analog 1-5f, and S-
cyclohexyl analog 1-5g. Contrarily, larger aromatic S-cycloalkyl groups, such as S-phenyl analog
1-5h and S-benzyl analog 1-5i, proved to be detrimental. These results indicate the size of the
alkyl group plays a critical role for biological activity and indicated a narrow structural tolerance
in zone I, whereby the S-cyclopentyl motif proved optimal. Further, it was hypothesized that

these non-polar, lipophilic S-cycloalkyl groups occupy a hydrophobic pocket within p97.>
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Table 1. SAR of Select S-alkyl Motifs at Position 3 in Zone I **

¢

Qo r'e

1-5
Entry R? p97 ICsq (UM)?@ Compound
1 S-isopropyl 2.69 NMS-862
2 S-H >30 1-5a
3 S-methyl >30 1-5b
4 S-ethyl 9.92 1-5¢
5 S-isobutyl 1.29 1-5d
6 S-cyclobutyl 0.96 1-5e
7 S-cyclopentyl 0.72 1-5f
8 S-cyclohexyl 1.15 1-59
9 S-Ph 3.79 1-5h
10 S-Bn >30 1-5i

“Values are the means of two or more experiments.

Sulfur is recognized to readily undergo in vivo oxidative metabolism from cytochrome
P450 and flavin-containing monooxygenase (FMO) enzymes in the liver, making the sulfur atom
in zone I a metabolic liability.''>""” The synthesis and biological evaluation of the S-oxidative
metabolite of hit compound NMS-862, the isopropyl sulfone analog 1-6, demonstrated an ICs of

>30 uM activity, indicating an inactive compound (Figure 8).
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Figure 8. Proposed Sulfur Oxidation®*

To mitigate S-oxidative metabolism, the SAR investigation pursued a heteroatom isostere
replacement of sulfur (Table 2). Accordingly, O-cyclopentyl, NH-cyclopentyl, and CH-
cyclopentyl analogues were initially synthesized and evaluated. The results from these analogues
indicated no conservation or improvement in biological activity compared to the parental
sulfanyl compound 1-5f, providing the following trend in biological potency: S-cyclopentyl 1-5f
(ICsp of 0.72 uM) > CH>-cyclopentyl 1-7¢ (ICsy of 1.97 uM) > O-cyclopentyl 1-7a (ICsy of 2.25
uM) > NH-cyclopentyl 1-7b (ICsy of 2.85 uM). Perhaps due to its bond length and/or preferred
dihedral angle, sulfur in zone I may play a critical role in optimally positioning the cyclopentyl
group in the putative hydrophobic pocket and therefore, changing the heteroatom as well as the
cycloalkyl group may be required to conserve biological potency. Thus, S-cyclohexyl, O-
cyclohexyl, NH-cyclohexyl, and CH)-cyclohexyl analogues were also evaluated. The tested
isostere replacements universally demonstrated lower biological activity. However, compared to
the cyclopentyl motif, the cyclohexyl derivatives provided a different trend in biological
potency: S-cyclohexyl 1-5g (ICsyp of 1.15 uM) > O-cyclohexyl 1-7d (ICsyp of 1.96 uM) > NH-
cyclohexyl 1-7e (ICsy of 3.45 uM) > CH;-cyclohexyl 1-7f (ICsp of 4.30 uM). The medicinal
chemistry optimization at position 3 in zone I was relatively limited, whereby the

cyclopentylsulfanyl group proved to be most optimal.
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Table 2. SAR of Heteroatom Isostere Replacement of Sulfur®

@

Sy ®

1-7
Entry R’ p97 ICsq (M) Compound
1 S-cyclopentyl 0.72 1-5f
2 O-cyclopentyl 2.25 1-7a
3 NH-cyclopentyl 2.85 1-7b
4 CHcyclopentyl 1.97 1-7c
5 soponeyt 115 159
6 O-cyclohexyl 1.96 1-7d
7 NH-cyclohexyl 3.45 1-7e
8 CHxcyclohexyl 4.30 1-7f

“Values are the means of two or more experiments

Next, the aryl substituent at position 4 in zone II was evaluated (Table 3). It was reported
that the phenyl ring, 1-5f, portrayed the ideal size and shape for this region of the molecule.
Assessing substituents on the phenyl ring did not prove beneficial.”® Ortho- and para-
substituents were detrimental to biological activity as well as most of the meta-substituents (1-8¢
to 1-8g); however, meta-chloro or meta-bromo analogues (1-8a and 1-8b) demonstrated
conservation of potency. Replacement of the meta-halogen with nitrogen, resulting in the 3-
pyridyl analog 1-8i, enhanced biological activity. Additionally, the 3-pyridyl motif also
improved aqueous solubility. SAR of zone II indicated substituents on the phenyl ring were not

well tolerated and the 3-pyridyl motif was optimal.
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Table 3. SAR of Zone I1**

@
QO/\Y{,_,(TSD

1-8

Entry R2 p97 ICso (UM)@  Compound
1 Ph 0.72 1-5f
2 3-Cl-Ph 0.74 1-8a
3 3-Br-Ph 0.96 1-8b
4 3-Me-Ph 2.78 1-8¢c
5 3-NO,-Ph 2.81 1-8d
6 3-CF3-Ph >30 1-8e
7 3-NHy-Ph 1.29 1-8f
8 3-No-Ph 2.40 1-8g
9 2-pyridyl >30 1-8h
10 3-pyridyl 0.47 1-8i

“Values are the means of two or more experiments

Investigation of zone III occurred through the manipulation of intermediate 1-8i. Initial
benzyl deprotection of 1-7i using boron trichloride afforded the free hydroxide 1-9 (Scheme 2).
Subsequent chlorination using thionyl chloride nicely provided the electrophilic intermediate 1-
10 that was able to react with varying commercially available phenoxy-based nucleophiles to
rapidly generate zone III derivatives 1-11 in a parallel sequence. Chemical expansion in the
presence of the aryl bromide intermediate 1-11 (X = Br) enabled Suzuki coupling with diverse

boronic acids at 100 °C under microwave irradiation to provide biphenyl analogues 1-12.
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Scheme 2. General Synthesis of Zone IIlI Side Chain Variants o4

N B B
P4 P4 P4
N a N —»b N °
~ rS ~ S ~ rS
BnO N-1 t> HO N-N ‘]:> Cl N-N D
1-8i 1-9 1-10

Ql
Xé;de“% S — éyé:i;"Lofw<»/
4 1-12
Reagents and conditions: (a) 1 M BCl;, CH,Cl,, 0-5 °C; (b) SOCl,, CH,Cl,, 0-5 °C; (c) Ar-OH,
K,CO3, DMF, 80-100 °C; (d) when X = Br: Ar-B(OH),, Pd(dppf)Cl,-CH,Cl,, Cs,CO;, MeCN,
H,0, 100 °C, microwave irradiation.

Evaluation of zone III enabled significant improvement in biological potency. Initially,
over 200 phenoxy 1-11 derivatives were constructed and evaluated, providing no discernable
trends in SAR. Progress was achieved for the biphenyl analogues 1-12, which demonstrated both
biochemical potency and significant anti-proliferative activity. It was initially postulated that the
improved biological performance was due to their enhanced lipophilic character and elevated cell
permeability.” To further understand the effects of the biphenyl system on biological activity a
set of biphenyl analogues were surveyed. It was found that hydrogen-bond acceptor motifs at the
para position were most effective, which included cyano, amides, hydroxamates, ketones,
sulfones, and sulfonamide (1-12a to 1-12f) (Table 4). Therefore, it was hypothesized that the
biphenyl side chain functioned as a linker to optimally position a terminal motif with hydrogen
bonding capabilities. Further developments found that functionalizing the 3’ position of the
proximal ring with a methyl substituent elicited enhanced anti-proliferative activity (Table 4). 2°-
Substituents did not induce the same biological effect, perhaps suggesting the 3’-methyl group

influences the planarity of the biphenyl system. The SAR study was concluded with the

22



identification of NMS-873, which exhibited the most potent biochemical (p97 ICsy = 0.024 uM)

and cellular activity (HCT-116 ICso = 0.38 pM).”*

Table 4. SAR of Zone I11°*

| SN
@ =
N
& WD
1-12
p97 HCT-116
Entry R R2 ICs0 (M) ICs9 (M)  Compound
1 H H 2.031 >10 1-12a
2 CN H 0.088 4.07 1-12b
3 CONHOMe H 0.043 3.13 1-12¢
4 SO,NH, H 0.071 1.37 1-12d
5 CONHMe H 0.042 6.44 1-12e
6 SO,Me H 0.063 3.03 1-12f
7 CN Me 0.071 2.02 1-12g
8 CONHOMe Me 0.058 4.60 1-12h
9 SO,NH, Me 0.025 1.82 1-12i
10 CONHMe Me 0.054 4.98 1-12j
11 SO,Me Me 0.024 0.38 NMS-873

“Values are the means of two or more experiments
Lead candidate - NMS-873

NMS-873 was the most potent compound in the 3-sulfanyl-1,2,4-triazole series.
Molecular docking studies of NMS-873 by Segura-Cabrera et al. led to a proposed 2-D model of
NMS-583 bound p97 (Figure 9).'"® This study employed a blind AutoDock'"® docking protocol
to identify potential allosteric binding sites of NMS-873 on the p97 protein structure (PDB ID:
3CF1).* Evaluated sites included amino acid residues Lys615 and Asp616, which are located at
the protomer interface and were experimentally shown to influence NMS-873 binding.”* Their
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selected putative binding site provided structural insights into NMS-873 inhibition. These
postulated intermolecular interactions between NMS-873 and p97 were predominantly governed
by a collection of positive charged, polar, and hydrophobic residues. It was suggested that in
zone I, the cyclopentyl motif is positioned in a hydrophobic pocket that consists of Ile531,
Ala532, Cys535, Ala537, Pro571, Cys572, and Val493. In zone II, the 3-pyridyl motif
established a m-m interaction with Phe618. Lastly, in zone III, Lys614 was shown to form a
strong hydrogen bond, electrostatic interaction with the terminal methylsulfone of NMS-873 as

well as a cation-r interaction with the proximal phenyl ring.''®

VAL ILE 2 cYs
531 535

PHE
503

ALA
537

PRO
571

cYs
572

496 LYS
51

Figure 9. 2-D Molecular Model of NMS-873 Bound to p97
Blue ball — positive charged residue; green ball — hydrophobic residue, teal ball - polar residue, green line — n-nt
stacking or m-cation interaction, purple line — salt bridge. This figure was reproduced with permission from Springer
Nature Creative Commons Attribution 4.0 International License in Scientific Reports article Scientific Reports

volume 7, Article number: 44912 (2017)

NMS-873 was also advanced for further biological evaluation. NMS-873 induced a dose-

dependent response on key p97 cellular biomarkers associated with ERAD and the UPR,
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including a-Poly-Ub, a-Cyclin E, and a-CHOP.”* NMS-873 also portrayed an excellent
selectivity profile for p97 over other related AAA ATPases (NSF, SPATAS, VPS4B, and cdc6)
as well as against a panel of 50 protein kinases tested at a concentration of 10 uM.>* To assess
the 3-sulfanyl-1,2,4-triazole series as a potential drug candidate, the physicochemical and
pharmacokinetic properties of NMS-873 were also determined. This investigation found NMS-
873 had good cell permeability (P, of 21.6 cm 10%s in Caco-2 cells), however, limited
solubility (7 pM in aqueous ammonium acetate buffer at pH 7).** The in vivo performance of
NMS-873 was subsequently evaluated in a mouse pharmacology study. Oral administration of
NMS-873 in mice demonstrated poor systemic exposure due to high in vivo clearance (115
mL/min/kg), which was also in line with their reported high in vitro clearance in oxidative
metabolism stability testing in human liver microsomes (HLM Cli,, = 400 mL/min/kg).”*
Importantly, NMS-873 demonstrated low exposure, having inadequate bioavailability (F' =
16.4%), perhaps due to elevated first-pass metabolism and low aqueous solubility.”* The poor
physicochemical and pharmacokinetic properties of NMS-873 limited its in vivo efficacy and

therefore, further optimization was required to improve its solubility and metabolic stability.
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1.2 Results and Discussion

The National Cancer Institute Experimental Therapeutics (NExT) program supports
promising new drug discovery and development projects that demonstrate potential clinical
benefit. The Chemical Biology Consortium (CBC) serves as an experimental branch of the NExT
program and members of this consortium utilize their scientific and medical expertise to advance
drug discovery candidate molecules and progress them into clinical development. The CBC
recognized the University of Pittsburgh Chemical Diversity Center (UPCDC) as a dedicated
member responsible for facilitating the progression of NExT discovery projects. The UPCDC
supports this effort through medicinal, synthetic, and computational chemistry. Because p97 is a
promising anti-cancer target, the UPCDC team of chemists pursued a drug discovery program to
develop p97 inhibitors with therapeutic potential. Our objective was to produce an optimal
clinical candidate by performing a structure-activity/property relationship study (SAR/SPR) on
the 3-sulfanyl-1,2,4-triazole series in order to optimize and enhance structural, physicochemical,
biochemical, and pharmacokinetic properties. To achieve this objective, we applied hypothesis-
driven drug design, developed synthetic routes, synthesized and characterized novel compounds,

delivered biweekly submissions, and critically evaluated biological results.

1.2.1 Medicinal Chemistry Strategy

To further investigate and advance the 3-sulfanyl-1,2,4-triazole p97 allosteric inhibitor
series, we initiated our SAR/SPR investigation by strategically and systematically analyzing five
structural zones of NMS-873 in order to optimize each zone’s binding capabilities. Specifically,

each zone featured the following chemical motif: zone I included the cyclopentyl motif; zone II
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included the 1,4-disubsituted benzene; zone III included the 3-methylphenyl motif;, zone IV

included the terminal methyl sulfone; and zone V included the 3-pyridyl motif (Figure 10).

Zone IV Zone Il Zone Il Zone V. Zone |

Q o’\«N,\/TSD

Figure 10. Structural Zones of NMS-873 for SAR/SPR Investigation

To pursue SAR/SPR, we employed a similar synthetic strategy reported by Polucci et al.
(Scheme 1).** Specifically, we proposed to incorporate zone I derivation through a S-alkylation
reaction (Figure 11). Zone II and zone III constitute the left arm of the molecule and was
simplistically described as the side chain, which can be derivatized using diverse aryl and
heteroaryl starting materials to pre-construct the side chain using transition metal-mediated
coupling conditions. Subsequently, the pre-constructed side chain can be attached to the triazole
core through Williamson etherification conditions. Zone IV can exploit an advantageous terminal
functional group (e.g. -OH, -NH;) to undergo a facile acylation reaction. Lastly, zone V
derivation can occur early in the synthetic strategy by forming thiohydrazides using diverse
heteroaryl isothiocyantes followed by cyclization conditions to afford the triazole core. The
established medicinal chemistry discovery routes enabled rapid synthesis for structural

derivation.
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Figure 11. General Synthetic Strategy

1.2.2 Strategy to Improve Solubility

Aqueous solubility is an important physicochemical property that influences in vivo
performance.'?” "' Low aqueous solubility of a drug candidate molecule can result in poor
absorption and cause limited oral bioavailability following oral dosing.'*" '** Because NMS-873
has poor in vivo performance due, in part, to limited aqueous solubility, one objective of our
investigation was to conserve or enhance biological potency while improving aqueous solubility.
To achieve this objective, there are number of reported structural modification strategies to
enhance small molecule solubility in aqueous media.'”" '** Addition of ionizable functional
groups at physiological pH is commonly employed and is an effective strategy to enhance
solubility.'** For example, incorporation of an amine or a carboxylic acid to the small molecule’s
structure has been reported to enhance solubility.'*> ' Moreover, introducing polar groups, for
example those that contain heteroatoms and have the capability to participate in hydrogen
bonding may also enhance aqueous solubility.'?”'*’ Further, addition of out-of-plane substituents
can reduce planarity and disrupt crystal packing and increase solubility.”*” ! In our effort, we
sought to apply a number of these reported strategies to improve the water solubility of NMS-

873 analogues.
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1.2.3 Zone 11

The objective of a chemical bioisosteric replacement is to create a new molecule with
similar biological properties to the parent compound but alter its physicochemical and
pharmacokinetic properties.'”> '** We hypothesized that the biaryl side chain of NMS-873
provided enhanced lipophilicity and contributed to its poor aqueous solubility. To conserve the
appropriate geometrical characteristics of the para-substituted benzene ring in zone II but reduce
planarity and enhance solubility, we hypothesized that zone II could be amenable to a bioisostere
replacement. Therefore, we pursued classical and non-classical bioisosteres of the 1,4-
disubstituted benzene ring.

Our synthetic efforts focused on the pre-construction of phenoxy-based side chains with
zone II bioisostere replacements. The advanced intermediate 1-15 (Scheme 3) was constructed
beginning with the 1,2,4-triazole-3-thiol 1-13, which was supplied by Albany Molecular
Research Inc. (AMRI). During our initial SAR investigation, it was found that the cyclohexene
motif in zone I demonstrated improved biological performance and added novelty."** To initiate
our SAR in zone II, intermediate 1-13 was amenable to S-alkylation with 3-bromocyclohex-1-
ene in the presence of cesium carbonate base to provide the cyclohexenyl adduct 1-14.
Subsequent tetrahydro-2H-pyran (THP) deprotection using catalytic tosyl acid in methanol
provided the advanced intermediate alcohol 1-15. This enabled the attachment of the constructed
phenoxy-based side chains containing zone II derivation to the triazole core by electrophilic
activation of the hydroxyl group of 1-15 followed by a Williamson etherification to afford

biologically relevant derivatives.
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Scheme 3. Construction of the Advanced Intermediate 1-15

B N N
P4 P4 %
N__sH N__s N__s

1-13 1-14 1-15
Reagents and conditions: (a) 3-bromocyclohex-1-ene, Cs,CO;, DMF, 80 °C, 2.5 h, 87%; (b) p-
TsOH, MeOH, rt, 24 h, 98%.

We initiated zone II replacements with the generation of a control compound, a 1,1°-
biphenyl-4-ol side chain 1-17 (Scheme 4), that would serve as a basis for direct comparison of
zone Il analogues. Additionally, the terminal alcohol can participate in hydrogen bonding with
the postulated Lys614 and synthetically provide a functional handle for further derivation in zone
IV. The synthesis of 1-17 was constructed through a Suzuki coupling reaction using
commercially available 4-iodophenol 1-16 and (4-(hydroxymethyl)phenyl)boronic acid in the

presence of Pd/C in water heated at an elevated temperature.

Scheme 4. Synthesis of 1,1’-Biphenyl-4-ol Side Chain 1-17

HOOI ., HoOH

1-16 1-17
Reagents and conditions: (a) (4-(hydroxymethyl)phenyl)boronic acid, Pd/C, K,COs, H,O, 120
°C, 1.5 h, 79%.

Internal alkynes are recognized to be a potential bioisostere of 1,4-disubstituted phenyl
rings due to the 180 degree dihedral angle, comparable distance between substituents, and
conservation of m-character.'” Therefore, we hypothesized it would be a suitable replacement in

zone II. We prepared an alkynyl derivative through a Sonogashira coupling reaction with 4-
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iodophenol 1-16 and propargyl alcohol to furnish the acetylenic phenoxy side chain 1-18

(Scheme 5).

Scheme 5. Synthesis of Acetylenic Phenol Side Chain 1-18

Reagents and conditions: (a) propargyl alcohol, Pd(PPhs),Cl,, Cul, EtsN, THF, rt, 17 h, 73%.

The bicyclo[1,1,1]pentane motif has also been reported to be a bioisostere of a 1,4-
disubstituted benzene ring."*> '*® Similar to the alkyne, the bicyclo[1,1,1]pentane motif can
conserve the linear vector orientation of the para-substituted phenyl ring as well as demonstrate
comparable distance between substituents. However, the bicyclo[1,1,1]pentane motif has
increased three-dimensionality capable of disrupting planarity and escaping the flatness
associated with aryl systems."”’ Replacement of a central, para-substituted phenyl ring with the
bicyclo[1,1,1]pentane motif has been shown to conserve biological potency and enhance aqueous
solubility and drug exposure.'*® Therefore, the bicyclo[1,1,1]pentane side chain 1-24 (Scheme 6)
was a promising alternative in zone II. Synthesis of 1-24 began with the commercially available
tetrahalide 1-19, which underwent cyclization using two equivalents of phenyl lithium to form
propellane 1-20 (Scheme 6). Propellane was isolated by distillation under reduced pressure under
mild heating and due to chemical instability, it was stored as a solution in diethyl ether at -20 °C.
A solution of propellane and 4-iodoanisole was irradiated at 254 nm using a 450-W Mercury
lamp to afford the unstable intermediate 1-21, which was subsequently treated with z-butyl
lithium undergoing lithium-halogen exchange and quenched with an atmosphere of gaseous CO,

to provide the corresponding carboxylic acid 1-22. Demethylation of the anisole occurred with
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the treatment of boron tribromide followed by borane-mediated reduction of the carboxylic acid

to provide the [1.1.1] bicyclopentane phenol side chain 1-24.

Scheme 6. Synthesis of the Bicyclo[1,1,1]pentane Phenol Side Chain 1-24

Br. Br
)Q cl a b c,d 0
/ —— w0 Wt weo— >
\—CI OH
1-21 1-22

1-19 1-20

e 0 f
- s HO‘©—©—/( — > HO —©—<>—\
OH OH
1-23 1-24

Reagents and conditions: (a) PhLi, Et,0, -45-0 °C, 2 h, 95%; (b) 4-iodoanisole, hv, Et,O,
pentane, 6.5 h; (¢) +-BuLi, Et,O, -78 °C, 0.5 h; (d) CO, (g), -78 °C-rt, 0.5 h, 64%; (e¢) BBr3,
CH,Cly, -10 °C-rt, 3 h; (f) BH; THF, -20 °C-rt, 14 h, 54% (two steps).

Next, we were interested in surveying non-classical bioisosteres of the 1,4-disubstituted
benzene ring. This led us to construct a number of derivatives, including the trans-alkene and its
derivatives. Beginning with commercially available para-hydroxyl cinnamic acid 1-25 (Scheme
7), Fischer esterification in the presence of sulfuric acid in methanol afforded the methyl ester 1-

26. Subsequent reduction of the methyl ester 1-26 using lithium aluminum hydride furnished the

para-hydroxyl cinnamyl alcohol side chain 1-27.

Scheme 7. Synthesis of para-Hydroxyl Cinnamyl Alcohol Side Chain 1-27

Reagents and conditions: (a) HySO4, MeOH, reflux, 20 h, 86%; (b) LiAlH,, THF, 0 °C, 2 h, 76%.
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We were interested in further developing diverse ring systems with three-dimensionality,
which led us to explore the trams-cyclopropane derivative 1-31 (Scheme 8). The trans-
cyclopropane is a known bioisostere of the trans-alkene and therefore, we hypothesized the
trans-cyclopropane would demonstrate comparable biological performance.'”® Utilizing the
methyl ester intermediate 1-26, the phenol hydroxyl functionality was temporarily protected
using a methoxy methyl (MOM) ether protecting group to afford intermediate 1-28 (Scheme 8).
Following, we conducted a Corey-Chaykovsky cyclopropanation reaction on the o, f-unsaturated
methyl ester 1-26. The dimethyloxosulfonium methylide Corey-Chaykovsky reagent was
generated in-situ by reacting trimethylsulfoxonium iodide with sodium hydride. 1,4-Addition of
the Corey-Chaykovsky reagent into the trans-enone 1-28 followed by ring closure provided the
trans-cyclopropane 1-29. Lithium aluminum hydride reduction of the methyl ester to the
resulting alcohol 1-30 followed by acid-mediated methoxymethyl ether deprotection generated

the trans-cyclopropyl phenol side chain 1-31.

Scheme 8. Synthesis of the trans-Cyclopropyl Side Chain 1-31

WOMG - /@/\)L /@ %OMe
MOMO MOMO

1-29

c /@\WKOH d \\\‘»kOH
MOMO

HO R
1-30 1-31

Reagents and conditions: (a) chloro(methoxy)methane, DIPEA, CH,Cl,, rt, 18 h, 90%; (b)

trimethyl sulfoxonium iodide, NaH, DMSO, rt, 12 h, 15%; (c¢) LiAlH4, Et,O, 0 °C, 1 h, 94%; (d)
MeOH, AcCl, 0 °C-rt, 24 h, 34%.
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Continuing our pursuit of non-classical bioisosteres in zone II, we were interested in the
development of 1,3-disubstituted cyclobutane derivative 1-41 (Scheme 9). Synthesis began
using commercially available 3-oxycyclobutane-1-carboxylic acid 1-32. Methyl ester formation
as well as ketone protection occurred using trimethyl orthoformate and catalytic amounts of p-
TsOH to generate the dimethyl acetal methyl ester intermediate 1-33. Subsequent lithium
aluminum hydride reduction of the methyl ester afforded the primary alcohol 1-34 followed by
acid-mediated dimethyl acetal deprotection and reformation of cyclobutanone 1-35.
Subsequently, the primary alcohol was then protected to form the fert-butyl diphenyl silyl
(TBDPS) ether 1-36. Freshly prepared 4-methoxyphenyl magnesium bromide Grignard reagent
cleanly reacted with ketone 1-36 to afford the tertiary alcohol 1-37. Tosyl acid-mediated
dehydration resulted in cyclobutene 1-38 formation followed by silyl ether deprotection using
tetra-butyl ammonium fluoride to regenerate the free primary alcohol 1-39. Asymmetric catalytic
hydrogenation of cyclobutene in the presence of hydrogen and Crabtree’s catalyst resulted in the
trans-1,3-disubstituted cyclobutane intermediate 1-40. Lastly, demethylation of the anisole motif
using aluminum trichloride and ethyl mercaptan afforded the trans-cyclobutyl phenol side chain

1-41.
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Scheme 9. Synthesis of trans-Cyclobutyl Phenol Side Chain 1-41
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Reagents and conditions: (a) HC(OMe)s, p-TsOH, MeOH, reflux, 19 h, 99%; (b) LiAlH4, Et,0O,
rt, 69%; (c) HCI, H,0, acetone, rt, 73%; (d) TBDPSCI, imidazole, CH,Cl,, rt, 80%; (e) (4-
methoxyphenyl)magnesium bromide, THF, -78-0 °C, 1 h, 65%; (f) p-TsOH, PhMe, rt, 24 h,
71%; (g) TBAF, THF, 0 °C-rt, 12 h, 53%; (h) Hy, [Ir(cod)(PCy;)(Py)]PFs, CH,Cly, rt, 2 h, 72%;
(i) AICI3, EtSH, 0 °C-1t, 2.5 h, 65%.

The independent assembly of the phenol derivatives to the triazole advanced intermediate
was carried out as previously described. In brief, electrophilic activation of the free alcohol on
the triazole intermediate 1-15 occurred using mesyl chloride (Scheme 10). Subsequently,
Williamson etherification utilizing the respective pre-constructed phenol side chain in the

presence of cesium carbonate enabled the completion of biologically relevant analogues 1-42a-f

with zone 1l derivation.
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Scheme 10. Assembly of Zone II Analogues 1-42a-f

N | SN
| P _
N a,b N_ g
S S
1-15 1-42a-f
HO Q HO X HO
2 %, 2
(0] (6] (0]
1-42a 1-42b 1-42¢
Ho .,
g 0O OO
1-42d 1-42e 1-42f

Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (b) 1-17 or 1-18 or 1-24 or 1-27
or 1-31 or 1-41, Cs,CO3, DMF, rt, 34-68%.

1.2.4 Zone III

In zone III, we explored heterocycles and incorporation of polar substituents to introduce
hydrogen-bonding capabilities that may enhance aqueous solubility. My initial contributions
were focused on developing the pyridine derivative 1-47 (Scheme 11). Synthesis began with
temporarily protecting the hydroxyl group by treating commercially available 6-bromopyridin-3-
ol 1-43 with benzoic anhydride to provide the benzoyl protected intermediate 1-44 (Scheme 11).
Subsequent Sonogashira coupling with propargyl alcohol occurred in modest yield to provide te
coupled intermediate 1-45 followed by benzoyl deprotection to establish the 5-hydroxypyridine
side chain 1-46. Electrophilic activation of the triazole intermediate 1-15 with the treatment of
mesyl chloride followed by subsequent Williamson etherification utilizing 1-46 in the presence

of cesium carbonate completed zone III analog 1-47.
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Scheme 11. Synthesis of Zone III Pyridine Analog 1-47
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Reagents and conditions: A. (a) Bz,0O, Cs>COs, DMF, rt, 14 h, 99%; (b) propargyl alcohol,
Pd(PPh;),Cl,, Cul, Et;N, THF, 60 °C, 13 h, 33%; (c) NaOH, MeOH, THF, H,O, rt, 22 h, 74%;
B. (d) MsCl, DIPEA, CH,Cl,, 0 °C, 1 h; (e) 1-46, Cs,CO3, DMF, rt, 16 h, 68%.

We further explored the replacement of the oxymethylene linker between zone III and the
triazole core with a nitrogen methylene isostere replacement. Our preliminary molecular model
suggested an opportunity to establish a new hydrogen bond intermolecular interaction between
zone III of the 3-sulfanyl-1,2,4-triazole and its putative p97 binding pocket. Therefore, we
hypothesized that the introduction of a hydrogen bond donor in zone III would enhance potency
and perhaps solubility. The synthesis utilized commercially available 3-methyl-4-iodoaniline 1-
48 to perform a Sonogashira coupling reaction with propargyl alcohol to obtain the aniline side
chain 1-49 (Scheme 12). Incorporation of the aniline side chain 1-49 onto the triazole core was
initiated with the 1,2,4-triazole-3-thiol intermediate 1-13. During our initial SAR investigation, it
was found that the dy-cylopentyl motif in zone I conserved biological activity and added
structural novelty, and therefore, the do-cylopentyl motif was commonly employed."** S-

alkylation occurred with 1-13 upon treatment with do-cylopentyl bromide and cesium carbonate
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to furnish the cycloalkyl intermediate 1-50. Subsequent THP-deprotection using catalytic tosyl
acid afforded the free alcohol 1-51. Dess-Martin periodinane (DMP) oxidation of the resulting
alcohol 1-51 resulted in the aldehyde 1-52. Lastly, reductive amination occurred with aldehyde
1-52 and the pre-constructed aniline side chain 1-49 upon treatment of with acetic acid followed

by sodium cyanoborohydride to achieve the nitrogen methylene isostere analog 1-53.

Scheme 12. Synthesis of Zone III Nitrogen Isostere 1-53
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Reagents and conditions: A. (a) Pd(PPhs),Cl,, Cul, Et;N, THF, rt, 24 h, 78%; B. (b)
bromocyclopentane-dy; Cs,COs3, DMF, 80 °C, 2.5 h, 38%; (c) p-TsOH, MeOH, 40 °C, 3 h, 64%;

(d) DMP, CH,Cl, rt, 2 h, 80%; (e) 1-49, AcOH, THF, rt, 19 h; (f) NaBH(OAc);, 24 h, 46% (two
steps).

1.2.5 Zone V

It was previously reported that the introduction of the pyridyl motif in zone V conserved

biological potency and enhanced solubility.”* We explored alternative nitrogen heterocycles in
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zone V to introduce additional hydrogen-bonding capabilities to enhance biological potency and
aqueous solubility. Construction of zone V derivatives required a common acetohydrazide
intermediate 1-56 (Scheme 13). Therefore, synthesis began with the tetrahydropyranyl (THP)
protection of commercially available ethyl glycolate 1-54 (Scheme 13). Subsequent aminolysis
of the ethyl ester of 1-55 occurred in the presence of hydrazine at reflux to afford the necessary
acetohydrazide intermediated 1-56. According to our preliminary molecular model, it was
hypothesized that the 4-aminopyridyl motif in zone V could establish new intermolecular
interactions with p97 and therefore, enhance biological potency. The synthesis of analog 1-64
was initiated with the prepared intermediate tert-butyl (5-aminopyridin-2-yl)carbamate 1-57,
which was provided by Kaylan Karrigan (Wipf group). Treatment of 1-57 with thiophosgene and
sodium bicarbonate in a biphasic solution of methylene chloride and water provided the
isothiocyanate 1-58. Introducing the previously prepared acetohydrazide 1-56 with the
established isothiocyanate 1-58 resulted in the formation of thiourea intermediate 1-59. This
enabled base-mediated cyclization of 1-59 to afford the 3-sulfanyl-1,2,4-triazole core 1-60 with
zone V derivation. S-alkylation with bromocyclopentane yielded intermediate 1-61 followed by
tetrahydropyranyl deprotection using pyridinium p-toluenesulfonate (PPTS) resulted in the
hydroxyl intermediate 1-52. Our SAR investigation of zone 3 found that the 3,5-difluorophenol
motif resulted in enhanced biological performance."”® Therefore, subsequent Williamson
etherification by electrophilic activation of the benzyl alcohol using mesyl chloride followed by
displacement with 3,5-difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol side chain (provided by
AMRI) resulted in the formation of aryl ether intermediate 1-63. Lastly, tert-butyloxycarbonyl
(Boc) deprotection occurred in the presence of potassium carbonate in methanol at 100 °C to

provide the amino pyridine analog 1-64.
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Scheme 13. Synthesis of Amino Pyridine Analog 1-64
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Reagents and conditions: A. (a) DHP, p-TSA, rt, 48 h, 92%; (b) hydrazine, EtOH, reflux, 21 h,
86%:; B. (¢) thiophosgene, NaHCO;, CHCl3, H,O, 0 °C, 3 h, 86%; (d) 1-56, EtOH, 80 °C, 2 h; (e)
NaOH, H,0, 50 °C, 15 h, 56%; (f) bromocyclopentane, Cs,COs;, DMF, rt, 22 h, 73% (g) PPTS,
EtOH, 70 °C, 24 h, 98%; (h) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (i) 3,5-difluoro-4-(3-
hydroxyprop-1-yn-1-yl)phenol, Cs,COs;, DMF, rt, 24 h, 56%; (j) K,CO;, MeOH, 100 °C, 18 h,

63%.

We next developed a series of additional nitrogen-containing heterocycles in zone V. For
this effort, we found it was necessary to construct and use the 1,1'-thiocarbonylbis(pyridin-
2(1H)-one) reagent, 1-67 (Scheme 14), which enabled clean and facile preparation of
isothiocyanate intermediates. To fashion 1-67, treatment of commercially available 2-

hydroxypyridine 1-65 with thiophosgene formed the di(pyridine-2-yl) carbonothioate 1-66.

Subsequent, DMAP-catalyzed rearrangement afforded the desired reagent 1-67 as a bright
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orange solid. Similar to the synthesis of analog 1-64, construction of zone V analogues began
with nitrogen-containing heterocyclic amines 1-68a-c. Isothiocyanation nicely occurred using the
prepared thiocarbonylbis(pyridin-2(1H)-one) reagent 1-67 to form the respective substituted
isothiocyantes 1-69a-c. Introducing 1-69a-c to the previously prepared hydrazide 1-56 provided
the thiourea intermediate 1-70a-c. Subsequent base-mediated cyclization furnished the 1,2,4-
triazole-3-thiol core 1-71a-c, which underwent S-alkylation with 3-bromocyclohex-1-ene to form
1-72a-c followed by tetrahahydropyranyl deprotection using tosyl acid to provide the hydroxyl
intermediate 1-73a-c. Williamson etherification occurred through electrophilic activation of the
established alcohol using mesyl chloride followed by nucleophilic displacement with the
provided 3,5-difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol side chain to provide the terminal
alcohol intermediate 1-74a-c. Our SAR investigation also found that the functionalization of the
propargylic alcohol to form diverse carbamates in zone IV improved biological performance.'*
Therefore, carbodiimidazole-mediated activation of the alcohol followed by treatment with 1-
methylpiperidin-4-amine afforded the carbamates 1-75a-¢, completing the formation of the series

of zone V N-heterocyclic analogues.
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Scheme 14. Synthesis of Zone V N-heterocyclic Analogues 1-75a-c
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Reagents and conditions: A. (a) thiophosgene, Et;N, CH,Cl,, 0 °C, 1 h, 86%; (b) DMAP,
CH,Cly, rt, 13 h, 63%; B. (¢) 1-67, CH,Cl,, rt, 2 h; (d) 1-53, EtOH, 80 °C, 1 h; (¢) NaOH, H,0,
120 °C, 4 h, 55-73%; (f) 3-bromocyclohex-1-ene, Cs,CO;, DMF, rt, 21 h, 38-91%; (g) p-TsOH,
MeOH, rt, 18 h, 72-98%; (h) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (i) 3,5-difluoro-4-(3-
hydroxyprop-1-yn-1-yl)phenol, Cs,COs, DMF, rt, 15 h, 50-63%; (j) 1-methylpiperidin-4-amine,
CDI, CH,Cl, rt, 24 h, 62-92%.

1.2.6 Metabolic Stability

Drug metabolism plays a pivotal role dictating drug exposure and oral bioavailability.'*"

139 Cytochrome P450 are a class of enzymes mostly responsible for oxidative metabolism of
drugs, leading to increased hydrophilicity and rapid elimination."*" '** Our collective SAR/SPR

investigation resulted in improved biological activity and physicochemical properties; however,

42



no significant improvement was demonstrated in oxidative metabolic stability using an in vitro
human and mouse liver microsome assay. Therefore, we sought to address potential metabolic
sites that are susceptible to oxidative metabolism, which influence first pass metabolism and oral
bioavailability.

Although the cyclohexenyl group in zone I improved the biochemical and cellular
performance and provided a degree of novelty from NMS-873, we hypothesized the alkene motif
1-76 (Figure 12) within the carbocyclic framework was a metabolic liability. Reports have
shown alkenes are susceptible to oxidative metabolism by cytochrome P450 enzymes.'*'"'*
Therefore, we envisioned the oxidation of the cycloalkene 1-76 could lead to the transient

formation of epoxide 1-77 followed by ring opening hydrolysis to provide the polar 1,2-diol 1-78

metabolite.

©

.S e} .S

% 1® RO I @@ HO_ 1;5
1-76 1-77 1-78

Figure 12. Postulated Oxidation of Cyclohexene

To initially affirm and test the metabolic stability of the cycloalkene motif, we
constructed and evaluated the cyclohexane derivative 1-82 (Scheme 15) in zone 1. Synthesis of
this analog occurred as previously described. Synthesis began with the S-alkylation of 1,2,4-
triazole-3-thiol 1-13 with bromocyclohexane to provide the cyclohexyl intermediate 1-79
(Scheme 15). Subsequent tetrahydropyranyl deprotection using tosyl acid afforded the free
alcohol 1-80. Williamson etherification occurred through the mesylation of the established

hydroxyl group followed by nucleophilic displacement with the pre-constructed 4-(3-
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hydroxyprop-1-yn-1-yl)-3-methylphenol side chain, furnishing the alcohol intermediate 1-81.
Carbodiimidazole-mediated activation of the alcohol followed by treatment with 1-

methylpiperidin-4-amine afforded the carbamate 1-82.

Scheme 15. Synthesis of Zone I Cyclohexyl Analog 1-82
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Reagents and conditions: (a) bromocyclohexane, Cs,CO;, DMF, 80 °C, 3 h, 28%; (b) p-TsOH,
MeOH, rt, 13 h, 98%; (c) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (d) 4-(3-hydroxyprop-1-yn-1-yl)-3-
methylphenol, Cs;CO3;, DMF, rt, 12 h, 64%; (e) 1-methylpiperidin-4-amine, CDI, CH,Cl,, rt, 24
h, 85%.

Several reported strategies describe structural modifications that assist on mitigating
phase 1 oxidative drug metabolism and enhancing metabolic stability.'?" ** ¥ One strategy
included the removal or replacement of identified metabolically labile groups.'**'** Moreover,
blocking a metabolic site with fluorine or deuterium is also a common and recognized as an
effective strategy.'”'">® Further, introduction of steric interference and electron-withdrawing
groups can influence metabolic stability as well.'** Interestingly, changing ring size or chirality

has also been reported.”> > We explored a number of these strategies in order to enhance

metabolic stability of the 3-sulfanyl-1,2,4-triazole series.
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We initially explored derivatives that replaced the cyclohexenyl motif in zone I.
Previously reported SAR indicated the importance of a nonpolar, lipophilic cycloalkyl group in
zone 1.”* Additionally, SAR of zone I demonstrated a ring size preference, indicating a narrow
spatial requirement (Table 1; Figure 13).** Therefore, this led us to pursue a number of small

aliphatic cyclic and spirocylic ring systems.

QO/\% N'(TE

1-5
.S .S .S
EARg! % D % \O
1-5e 1-5f 1-5g
IC50=0.96 UM IC50=0.72 UM IC5o = 1.15 uM

Figure 13. Zone I Ring Size Preference o4

We sought to replace the cyclohexenyl group in zone I with small, substituted
carbocycles. The unsubstituted cyclobutyl analog 1-86 (Scheme 16) was initially synthesized.
Synthesis of this analog occurred as previously described. In brief, synthesis began with the S-
alkylation of 1,2,4-triazole-3-thiol 1-13 with bromocyclobutane to provide the cyclobutyl
intermediate 1-83. Subsequent tetrahydropyranyl deprotection using tosyl acid afforded the free
hydroxyl group 1-84. Williamson etherification occurred through the mesylation of the
established hydroxyl group followed by nucleophilic displacement with the pre-constructed 4-(3-
hydroxyprop-1-yn-1-yl)-3-methylphenol side chain, furnishing the alcohol intermediate 1-85.
Carbonyldiimidazole-mediated activation of the alcohol followed by treatment with 1-

methylpiperidin-4-amine afforded the carbamate 1-86.
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Scheme 16. Synthesis of Zone I Cyclobutyl Analog 1-86

SN |\N I\N
= = =

|
i o e L NS L L N
THPO" % ™eo” X O HO L O
1-13 1-83 1-84
SN Me-N S SN
HO F @ \J\N»\O F |
= H =~
== N e =S N
\\Q\ ¢ 77/8 - \\Q\ N S
F ° N O F O O
1-85 1-86
Reagents and conditions: (a) bromocyclobutane, Cs,COs;, DMF, rt, 24 h, 63%; (b) p-TsOH,
MeOH, 1t, 24 h, 94%; (c) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (d) 3,5-difluoro-4-(3-hydroxyprop-1-
yn-1-yl)phenol, Cs,CO3;, DMF, 1t, 21 h, 67%; (e) 1-methylpiperidin-4-amine, CDI, CH,Cl,, rt,
24 h, 86%.

To increase the steric bulk of the initial cyclobutyl motif, we investigated the
incorporation of aliphatic substituents, which included the methylene cyclobutyl analog 1-90
(Scheme 17). Synthesis began with a radical mediated S-alkylation of 1,2,4-triazole-3-thiol 1-13
with the previously prepared propellane 1-20 in the presence of AIBN at 70 °C to provide the
methylene cyclobutyl intermediate 1-87. Subsequent tetrahydropyranyl deprotection using tosyl
acid afforded the free hydroxyl group in 1-88. Williamson etherification occurred through the
mesylation of the established hydroxyl group followed by nucleophilic displacement with the
pre-constructed 4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol side chain, furnishing the alcohol
intermediate 1-89. Carbodiimidazole-mediated activation of the alcohol followed by treatment

with 1-methylpiperidin-4-amine afforded the carbamate 1-90.
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Scheme 17. Synthesis of Zone I Methylenecyclobutyl Analog 1-90
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Reagents and conditions: (a) 1-20, AIBN, THF, 0-70 °C, 13 h, 56%; (b) p-TsOH, MeOH, rt, 21
h, 96%; (c) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h (d) 4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol,
Cs,COs, DMF, 1t, 12 h, 84%; (¢) CDI, CH,Cl,, 0 °C-rt, 2 h; (f) 1-methylpiperidin-4-amine, rt, 22
h, 32%.

We hypothesized that the previous developed cyclobutyl derivatives did not have
sufficient steric bulk to properly secure the aliphatic zone I motif in the postulated hydrophobic
pocket. Therefore, we explored a spirocycle with relatively greater effective volume. Synthesis
of analog 1-99 (Scheme 18) began with the construction of the zone I spirocyclic motif.
Formation of benzyl ester 1-91 from commercially available 3-oxocyclobutane-1-carboxylic acid
1-32 occurred upon treatment with potassium carbonate and benzyl bromide. Olefination of the
ketone occurred using freshly prepared Petasis reagent (dimethyltitanocene) to provide the
methylene cyclobutane intermediate 1-92. Subsequent application of Simmon-Smith
cyclopropanation conditions afforded the spiro[2,3]hexane 1-93. Lithium aluminum hydride-
mediated reduction of the benzyl ester provided the resulting alcohol 1-94, which was then
tosylated to afford the activated spirocyclic motif 1-95. Consequent S-alkylation of 1,2,4-

triazole-3-thiol 1-13 with the prepared electrophile 1-95 established the spirocyclic intermediate

1-96. Then as previously described, tetrahydropyranyl deprotecton to provide the free alcohol 1-
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97, which subsequently underwent Williamson etherification occurred through the mesylation of
the established hydroxyl group followed by nucleophilic displacement with the pre-constructed
4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol side chain to furnish the alcohol intermediate 1-98.
Carbodiimidazole-mediated activation of the alcohol followed by treatment with 1-

methylpiperidin-4-amine afforded the carbamate 1-99.

Scheme 18. Synthesis of Zone I Spirocyclic Analog 1-99
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Reagents and conditions: A. (a) BnBr, K,CO;, CH3CN, rt, 24 h, 76%; (b) Petasis reagent, THF,
60 °C, 5 d, 50%; (¢) CHal,, Et,Zn, TFA, CH,Cly, 0 °C-rt, 72 h, 81%; (d) LiAlH4, THF, -78-0 °C,
1 h; (e) TsCl, pyridine, rt, 2.5 h, 66% (two steps); B. (f) 1-87, Cs,CO3, DMF, 80 °C, 2.5 h, 54%;
(g) TsOH, MeOH, rt, 17 h, 99%; (h) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (i) 4-(3-hydroxyprop-1-
yn-1-yl)-3-methylphenol, Cs,COs;, DMF, rt, 15 h, 84%; (j) CDI, CH,Cl,, rt, 2 h, 1-
methylpiperidin-4-amine, rt, 21 h, 48%.
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1.2.7 Zone I Sulfur Metabolism

Sulfur is known to undergo oxidative-metabolism and therefore, we postulated sulfur in
zone I could also represent a metabolic liability."'® "> It was previously demonstrated that the
oxidized sulfur product, the isopropylsulfone 1-6, resulted in an inactive metabolite (Figure 8).”*
One obvious strategy to reduce metabolic oxidation of sulfur would be to remove and replace it
with a heteroatom isostere.'*® However, it was previously demonstrated that there is a
heteroatom preference in zone I, whereby sulfur demonstrated greater biological potency
compared to oxygen, nitrogen, and carbon (Table 2; Figure 14).* Therefore, we conserved the
sulfur atom in zone I, but we investigated derivatives that introduced steric interference around
the sulfur atom in aspiration to reduce/interfere with CYP450-mediated oxidation. Additionally,
we further explored analogues that reduced sulfur electron density by incorporating an

inductively electron-withdrawing group alpha to the sulfur atom to influence metabolic stability.

Qo/\il N,(TE

s H, H
OOl |
1-5f 1-7c 1-7a 1-7b
ICs0=0.72 UM IC5q = 1.97 uM [ICsg = 2.25 UM IC5o = 2.85 UM

Figure 14. Zone 1 Heteroatom Preference 94

Our initial pursuit incorporated a methyl group at position 2 of the cyclohexenyl motif to
provide steric interference of sulfur. We initiated our synthesis of analog 1-106 (Scheme 19)
with the formation of the methylcyclohexenyl motif in zone I. Electrophilic bromonation of 1-

methylcyclohexene 1-100 using N-bromosuccimide (NBS) followed by hydrolysis with water
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provided the tertiary alcohol intermediate 1-101. Subsequently dehydration using strong lewis
acid boron trifluoride etherate generated 6-bromo-1-methylcyclohexene, 1-102. S-alkylation of
1,2,4-triazole-3-thiol 1-13 with the prepared electrophile 1-102 incorporated the
methylcyclohexenyl motif and provided intermediate 1-103. Tetrahydropyranyl deprotecton
afforded the free alcohol 1-104, which subsequently underwent Williamson etherification
through mesylation of the established hydroxyl group followed by nucleophilic displacement
with the pre-constructed 4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol side chain to furnish the
alcohol intermediate 1-105. Carbonyldiimidazole-mediated activation of the alcohol followed by

treatment with 1-methylpiperidin-4-amine afforded the carbamate 1-106.

Scheme 19. Synthesis of Zone I Methylcyclohexenyl Analog 1-106
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Reagents and conditions: (a) NBS, water, acetone, 0 °C - rt, 21 h, 70%; (b) BF; Et,O, CH,Cl,,
reflux, 2 h, 60%; (c) 1-102, Cs,COs3;, DMF, 80 °C, 2 h, 82%; (d) TsOH, MeOH, rt, 17 h, 98%; (e)
MsCl, DIPEA, CH,Cl,, 0 °C, 1 h; (f) 4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol, Cs,COs,
DMF, rt, 17 h, 27%; (g) CDI, CH,Cl,, rt, 3 h, 1-methylpiperidin-4-amine, rt, 11 h, 58%
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Next, we were interested in developing analogues that reduced sulfur electron density by
incorporating inductively electron-withdrawing groups alpha to the sulfur atom. This led to the
pursuit of thiocyclic-1-carbonitrile analogues 1-111a and 1-111b (Scheme 20). Synthesis of
these analogues began with the S-alkylation of 1,2,4-triazole-3-thiol 1-13 with 2-iodoacetonitrile
to provide the alkyl intermediate 1-107. Treatment of intermediate 1-107 with two equivalents of
sodium hydride and the respective dibromoalkane established the thiocycloalkyl motif 1-108a-b
with the electron withdrawing cyano group alpha to the sulfur. Then, tetrahydropyranyl
deprotecton to provide the free alcohol 1-109a-b, which subsequently underwent Williamson
etherification through the mesylation of the established hydroxyl group followed by nucleophilic
displacement with the pre-constructed 4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol side chain
to furnish the alcohol intermediate 1-110a-b. Carbonyldiimidazole-mediated activation of the

alcohol followed by treatment with 1-methylpiperidin-4-amine afforded the carbamate 1-111a-b.
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Scheme 20. Synthesis of Zone I Cyanocycloalkyl Analogues 1-111a and 1-111b
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Reagents and conditions: (a) 2-iodoacetonitrile, Cs,CO3;, DMF, 80 °C, 2 h, 97%; (b) 1,4-
dibromobutane or 1,5-dibromobutane, NaH, DMF, rt, 4 h, 83%; (c) TsOH, MeOH, rt, 18 h, 85%;
(d) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (e) 3,5-difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol,
Cs,COs, DMF, tt, 24 h, 76%; (f) 1-methylpiperidin-4-amine, CDI, CH,Cl,, rt, 17 h, 85%.

1.2.8 Scale-up

The UPCDC medicinal chemistry team performed an extensive SAR/SPR investigation,
synthesizing over 400 analogues of NMS-873. This effort resulted molecules that demonstrated
promising in vitro and cellular properties. Subsequently, the NIH Chemical Biology Concortium
(CBC) was interested in pursuing animal pharmacology studies to characterize the
pharmacokinetic and pharmacodynamic profile of this scaffold. Accordingly, we pursued a
scale-up synthesis to access product on gram-scale in >98% purity by 'H NMR and LC-MS

ELSD.
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The scale-up began with the construction of the 2,5-difluorophenol side chain 1-116
(Scheme 21). The commercially available 4-bromo-2,5-difluorophenol 1-112 was protected
using pivaloyl chloride and triethylamine to provide the phenol 1-113. Subsequent Sonogashira
coupling occurred with the tetrahydropyranyl protected propargyl alcohol to obtain coupled
intermediate 1-114. Consecutive pivaloyl and tetrahydropyranyl deprotection afforded the

requisite side chain 1-116.

Scheme 21. Synthesis of 2,5-Difluorophenol Side Chain 1-116
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Reagents and conditions: (a) PivCl, Et;N, CH,Clp, 0 °C-rt, 4 h, 99%; (b) 2-(prop-2-yn-1-
yloxy)tetrahydro-2H-pyran, Cul, Pd(PPhs)4, Et;N, 90 °C, 24 h, 74%, NaOH, MeOH, THF, 21 h,
83%:; (d) PPTS, MeOH, rt, 24 h, 42%.

The 2,5-difluorophenol side chain 1-116 was fashioned onto two 3-sulfanyl-1,2,4-triazole
intermediates that differ in their zone I motif: intermediate 1-117a contained the (R)-
cyclohexenyl motif (provided by AMRI) and intermediate 1-117b contained the dy-cyclopentyl
group (provided by Celeste Alverez, Wipf group) (Scheme 22). Williamson etherification
required the treatment of intermediate 1-117a with mesyl chloride and treatment of intermediate
1-117b with thionyl chloride. The electrophilic intermediate reacted with 2,5-difluorophenol
1-116 to furnish the alcohol 1-118a-b. Subsequent, carbonyldiimidazole-mediated activation of

the alcohol followed by treatment with methylamine hydrochloride afforded the
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methylcarbamates 1-119a-b. Both 1-119a and 1-119b demonstrated >98% purity by 'H NMR

and LC-MS ELSD.

Scheme 22. Scale-up of 1-119a and 1-119b
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Reagents and conditions: (a) 1-117a: MsCl, DIPEA, CH,Cl,, 0 °C, 5 h or 1-117b: SOCI,, Et;N,
CH,Cl,, 0 °C, 2 h; (b) 2,5-difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol, Cs,CO;, DMF, rt, 18 h,
91%; (c¢) methylamine hydrochloride, Et;N, CDI, CH,Cl,, rt, 17 h, 98%.

We were also interested in the scale-up of triazole of 1-125 (Scheme 23). The synthesis
started with 2,5-difluorophenyl-2H-1,2,3-triazole intermediate 1-120, which was prepared by Dr.
Joel Walker at Pittsburgh. N-alkylation of 1-120 occurred upon treatment with sodium hydride
and methyl 2-bromoacetate in the presence of tetrabutylammonium iodide to provide the N-
alkylated product 1-121 (Scheme 23). Subsequent benzyl deprotection using Pd/C under an
atmosphere of hydrogen provided the phenol side chain 1-122. The prepared phenol side chain 1-
122 was then incorporated onto the sulfanyl-1,2,4-triazole intermediate 1-117a (supplied by
AMRI) under Williamson etherification conditions. The resulting methyl ester intermediate 1-
123 was saponified using lithium hydroxide and the carboxylic acid was subsequently coupled

with 1-methylpiperazine using propanephosphonic acid anhydride (T3P)-mediated conditions to
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complete the preparation of 1-125. Compound 1-125 demonstrated >98% purity by 'H NMR and

LC-MS ELSD.
Scheme 23. Scale-up of 1-125
A.
F F F
N= o/_Ph a o N7 o/_F>h b o N OH
HN-N — NNy — A NN
F MeO F MeO F
1-120 1-121 1-122
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HOJK/N', P N s —_ > N//\NJK/N'. P N s
N o Me-N N o X Ir
N-N 2 7 N-N 2 7
F F
1-124 1-125
Reagents and conditions: A. (a) methyl 2-bromoacetate, NaH, TBAI, THF, rt, 6 h, 48%; (b) Ha,
Pd/C, MeOH, 1t, 24 h, 93%; B. (¢) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (d) 1-122, Cs,CO;, DMF,
rt, 21 h, 57%; (¢) LiOH, H,O, THF, 0 °C-1t, 24 h, 97%; (f) 1-methylpiperazine, T3P, Et;N, DMF,
rt, 19 h, 65%.
Compound 1-127 (Schme 24) was the final target that was synthesized on gram-scale.
The 2,5-difluoro-4-((1R,3R)-3-(hydroxymethyl)cyclobutyl)phenol side chain (supplied by
AMRI) was fashioned onto the 3-sulfanyl-1,2,4-triazole intermediate 1-117a (supplied by
AMRI). Williamson etherification occurred by mesylation of the alcohol intermediate 1-117a
followed nucleophilic displacement with the provided phenol side chain to provide the alcohol

intermediate 1-126 (Scheme 24). Subsequent carbamoylation occurred upon carbonyldiimide

activation of the terminal alcohol 1-126 followed by treatment of 1-methylpiperidin-4-amine,
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providing over one gram of compound 1-127. Compound 1-127 demonstrated >98% purity by

'"H NMR and LC-MS ELSD.

Scheme 24. Scale-up of 1-127

e
HO X NKTSC Q\o/\« D’

1-117a 1-126

Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 7 h; (b) 2,5-difluoro-4-((1R,3R)-3-
(hydroxymethyl)cyclobutyl)phenol, Cs;COs3, DMF, rt, 21 h, 90%; (c) 1-methylpiperidin-4-amine,
CDI, CH,Cl, rt, 22 h, 45%.

1.2.9 P97 Covalent Modifiers

Targeted covalent inhibitors (TCI) are playing an important role in drug discovery.'®" '®!

This is due, in part, to covalent inhibitors having a number of advantages over reversible
inhibitors, which include sustained target engagement and prolonged pharmacodynamics
effects.'®" ' Accordingly, covalent modifiers can have similar pharmacological responses at

lower concentrations compared to non-covalent inhibitors.'®

TCIs are best developed using
structure-based design of a known, optimized reversible ligand whereby, the reversible ligand

can be strategically modified to optimally position a reactive functional group in proximity to a

nucleophilic amino acid side chain found within the protein’s small-molecule binding site.'®' The
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electrophilic warheads utilized by TCls are well investigated and can be selected to differentiate
between specific amino acid side chains, for example cysteine, lysine, or tyrosine.'** ' Cysteine
is the most frequently targeted amino acid due to its nucleophilic thiol-containing side chain that
is capable of reacting with diverse electrophilic functional groups.'®® Michael acceptors, a,p-
unsaturated carbonyl functional groups, have been extensively employed to react with cysteine
and are the most widely used electrophilic warhead for TCI development.'®”'® Mechanistically,
irreversible covalent inhibitors may bind noncovalently to their respective target, forming a
reversible complex (Figure 15). Then proper positioning of a Michael acceptor motif with the
appropriate orientation to a cysteine thiol side chain found within the binding pocket enables
covalent bond formation, thereby establishing an irreversible complex and inhibiting protein

function.

reversible covalent
bindin linkage
o 9 2 9 5
z — =z
—
TCl ~—— SH s
Reversible complex Irreversible complex

Figure 15. Mechanism of Targeted Irreversible Covalent Inhibitors

We were interested in developing targeted covalent p97 allosteric inhibitors. According
to our preliminary molecular model, we hypothesized that an advantageous cysteine residue 535
(Cys535) within the 3-sulfanyl-1,2,4-triazole binding pocket could be exploited by covalent
linkage. We further hypothesized that the incorporation of an electrophilic o,B-unsaturated
Michael acceptor, specifically the a,B-unsaturated amide (acrylamide), in zone II and/or zone III

would support proper positioning for optimal reactivity. Our initial design focused on
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incorporating the electrophilic warhead off the 5 position of the 3-sulfanyl-1,2,4-triazole core in
zone III. Our synthesis began with the mesylation of alcohol intermediate 1-15 followed by
nucleophilic displacement with sodium azide to provide the organoazide intermediate 1-128
(Scheme 25). Subsequent Staudinger reduction using triphenylphosphine afforded the terminal
amine 1-129. Subsequent amide bond formation using T3P-mediated coupling conditions with

acrylic acid established the acrylamide analog 1-130.

Scheme 25. Synthesis of Acrylamide Analog 1-130
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Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 1 h; (b) NaN3, DMF, rt, 2 h, 87% (two
steps); (¢) PPh;, THF, H,O, rt, 72 h, 93%; (d) acrylic acid, T3P, Et;N, EtOAc, 0 °C-rt, 21 h,
61%.

In order to survey greater physical space to optimally position the electrophilic
acrylamide motif near the postulated Cys535, we sought to independently functionalize the
ortho-, meta-, and para-positions of the phenyl ring in zone II. The respective synthesis of these
analogues began with commercially available ortho-, meta-, and para-substituted aminophenol
building blocks 1-130a-c (Scheme 26). Acylation of the respective amine using acryloyl chloride

furnished the acrylamide functionalized phenol side chains 1-131a-c¢ (Scheme 26). Subsequent

mesylation of alcohol intermediate 1-15 followed by Williamson etherification with the phenol
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side chain 1-131a-c enabled the inclusion of the electrophilic warhead onto the sulfanyl-1,2,4-
triazole core to provide 1-132a-c¢. Further, compounds 1-132a-c were treated with potassium

hydride followed by methyl iodide to generate the N-methyl acrylamide derivatives 1-133a-c.

Scheme 26. Synthesis of Acrylamide Analogues in Zone II
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1-15
1-133a: ortho, 1-133b: meta, 1-133c: para

Reagents and conditions: (a) acryloyl chloride, DIPEA, CH,Cl,, 0 °C; (b) LiOH, MeOH, 0 °C-rt,
30-76% (two steps); (c) 1-15, MsCl, DIPEA, CH,Cl,, 0 °C; (d) 1-131a (ortho) or 1-131a (meta)
or 1-131a (para), Cs,CO;, DMF, rt, 68-89% (two steps); (¢) KH, THF, 0 °C, 0.5 h; Mel, 0 °C-rt,
2 h, 62-74%.

1.2.10 P97 Protein Degraders Using the Hydrophobic Tag Strategy

Small molecule inhibitors are a proven strategy to functionally modulate a respective
target. This occupancy-driven model requires the small molecule inhibitor to stoichiometrically
occupy a functional site within the protein target. Recently, an emerging strategy employs
heterobifinctional small molecules that bind to their respective target and elicit protein
degradation.'”*""* In contrast to small molecule inhibitors, the heterobifunctional small molecule

degraders function through event-driven pharmacology, whereby the degrader catalytically binds

59



to the protein of interest and exploits the endogenous protein-quality control machinery to
selectively degrade the protein target.'”” The hydrophobic tag (HyT) technology employs a
targeted ligand that is strategically functionalized with a hydrophobic motif.'”" "> '™ Ligation of
the functionalized ligand tags the respective target protein with the hydrophobic motif, thereby
mimicking an exposed hydrophobic surface and suggesting an unstable protein in a misfolded
state.'” Therefore, the hydrophobically tagged target protein would be recognized by protein-
quality control machinery as terminally misfolded and subsequently eliminated by the
proteasome (Figure 16).'"° The effectiveness of the HyT strategy has been demonstrated through

the degradation of a number of endogenous proteins, including erythroblastosis oncogene B3

177, 178 179

(Her3) receptor tyrosine kinase and androgen receptor (AR). Therefore, we were
interested in the development of allosteric p97 protein degraders utilizing the HyT technology on

the 3-sulfanyl-1,2,4-triazole inhibitor series.

l Proteasome

o
— 00 (g)OO
OO

Figure 16. General Mechanism of HyT Technology
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We designed a small series of HyT molecules by coupling a hydrophobic adamantyl-
fused linker to the terminus of our p97 small molecule binder.'® It has been demonstrated that
linker length plays a critical role toward the successful function of protein degraders.'®!"'®
Therefore, we initially developed a series of adamantyl-hydrophobic tag linkers with varying
lengths and composition. Synthesis of the four atom (n = 4) linker began with the commercially
available tert-butyl (2-aminoethyl)carbamate 1-134 (Scheme 27). Amide bond formation
occurred using EDC coupling conditions in the presence of 1-adamantanylacetic acid to provide
the amide 1-135 (Scheme 27). Subsequent Boc-deprotection occurred with in sifu generated
hydrogen chloride followed by a basic work-up to provide the four atom adamantyl-fused linker
1-136. Synthesis of the seven atom (n = 7) linker began with EDC-mediated coupling with 2-(2-
aminoethoxy)ethan-1-ol (1-137) and 1-adamantanylacetic acid to provide amide 1-138.
Mesylation of the primary alcohol followed by displacement with sodium azide cleanly provided
the alkyl azide intermediate 1-139. Subsequent Staudinger reduction of the alkyl azide yielded
the terminal amine, concluding the seven atom adamantyl-fused linker 1-140. Lastly, the
synthesis of the ten atom (n = 10) linker began with EDC-mediated coupling between
commercially available (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (1-141) and 1-

adamantanylacetic acid to provide amide 1-142. Subsequent Boc-deprotection using

trifluoroacetic acid (TFA) afforded the ten atom adamantyl-fused linker 1-143 as the TFA salt.
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Scheme 27. Synthesis of HyT linkers
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Reagents and conditions: A. (a) 1-adamantanylacetic acid, EDC HCI, HOBt, DIPEA, CH,Cl,, 0
°C-rt, 24 h, 90%; (b) AcCl, MeOH, 0 °C-rt, 24 h, 82%. B. (c¢) 1-adamantanylacetic acid, EDC
HCI, HOBt, DIPEA, CH,Cly, 0 °C-rt, 24 h, 93%; (d) MsCl, DIPEA, CH,Cl,, 0 °C-rt, 12 h, (e)
NaN3;, DMF, 50 °C, 12 h, 75%, (two steps); (f) PPhs, THF, HyO, rt, 72 h, 94%. C. (g) 1-
adamantanylacetic acid, EDC HCI, HOBt, DIPEA, CH,Cl,, 0 °C-rt, 13 h, 53%; (h) TFA, CH,Cl,,
50 °C, 2 h.

The adamantyl-based linkers were then incorporated onto the 3-sulfanyl-1,2,4-triazole
p97 ligand. This occurred through a carbamoylation reaction utilizing carbonyldiimide-mediated
activation of the previously prepared alcohol intermediate 1-144 followed by the independent

treatment with the constructed amine linker (1-136, 1-140, and 1-143), providing the series of

p97 3-sulfanyl-1,2,4-triazole-based HyT compounds 1-145a-¢ (Scheme 28).
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Scheme 28. Synthesis of p97 Sulfanyl-1,2,4-triazole Based HyT Compounds
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Reagents and conditions: (a) 1-136 or 1-140 or 1-143, CDI, Et;N, CH,Cl,, rt, 14-24 h, 65-92%.
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1.3 Conclusion

This work described the synthesis of diverse 3-sulfanyl-1,2,4-triazole allosteric p97
AAA+ ATPase inhibitors for structure activity/property relationship (SAR/SPR) investigations.
We employed medicinal chemistry strategies to rapidly construct target molecules that enabled a
systematic evalution of biochemical potencies. This effort supported an iterative medicinal
chemistry campaign that led to the development of allosteric p97 inhibitors that demonstated
single-digit nanomolar biochemical potency, increased aqueous solubility, and lower
lipophilicity compared to NMS-873. We were able to scale-up selected analogues to the gram-
scale. Further, we synthesized inhibitors to covalently modify p97, as well as potential p97

protein degraders that utilize the hydrophobic tag (HyT) strategy.
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2.0 Synthesis of p75 Neurotrophin Receptor Inhibitors

2.1 Introduction

2.1.1 Neurotrophins and Neurotrophin Receptors

The neurotrophin family constitutes four secretory proteins that regulate neuronal cell
differentiation, function, and survival. The four identified neurotrophins in the mammalian brain
- nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3),
and neurotrophin 4 (NT4) - are ubiquitously expressed throughout the central nervous system
(CNS) and individually participate in both independent and redundant processes.'®* '®
Neurotrophins regulate these processes by targeting two distinct classes of transmembrane
receptors — the p75 neurotrophin receptor (p75™' %) and the Tropomyosin family of receptor
tyrosine kinases (Trk), which includes TrkA, TrkB, and TrkC."*® '*" Their respective selectivity
and subsequent binding affinity is highly contingent upon the neurotrophin present at the cell
surface and its respective maturity status.'®* '*’

Akin to other secreted proteins, neurotrophins exist in different maturation states and
depending on their maturity status neurotrophins can demonstrate diverse functions in the
CNS."" Neurotrophins are initially synthesized in the endoplasmic reticulum as precursors
proteins called pro-neurotrophins (30-35 kDa). The pro-domain of proneurotrophins can be
proteolytically cleaved by intracellular or extracellular proteases, resulting in mature proteins

called mature-neurotrophins (12-13 kDa)."”" ' The proteolytic processing of pro-neurotrophins

governs neurotrophin action and regulates cell signaling. It is now recognized that pro-
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neurotrophins have distinct biological effects on cell signaling that often oppose those of mature-
neurotrophins.'”® This is due, in part, to proneurtrophin and mature-neurotrophin receptor

selectivity.

NGF NT-4, NT3 NGF, BDNF Pro-NGF,
BDNF NT-3, NT4 Pro-BDNF

9 U U g $

TrkA  TrkB TrkC p75NTR p75NTH
“high-affinity” “low-affinity”  “high-affinity”
binding binding binding

Figure 17. Neurotrophin Receptor Binding Selectivity and Respective Binding Affinity

The Trk family members are receptor tyrosine kinases that display picomolar-binding
affinity to mature-neurotrophins and demonstrate distinct neurotrophin binding specificity
(Figure 17)." At the cell surface, mature-NGF specifically binds to TrkA; whereas, mature-
BDNF and mature-NT-4 selectively bind to Trk B, and mature-NT-3 explicitly targets TrkC.
Upon neurotrophin-receptor ligation, the respective Trk receptor undergoes dimerization, which
induces intracellular autophosphorylation and the subsequent activation of the cyctoplasmic
kinase domain. This initiates downstream signaling by activating the Ras/Erk, PI3K/Akt, and
PLC/PKC pathways, which promote neuronal cell differentiation or survival.'®

Contrary to Trk receptors, mature neurotrophins indiscriminately bind to the extracellular

194 p75NR s associated with

domain of p75"™® with low, nanomolar-binding affinity (Figure 17).

the tumor necrosis factor receptor (TFNR) superfamily, containing the characteristic intracellular

195, 196 NTR
’ 5

death domain. also resides at the cell surface; however, it notably lacks intrinsic

p7
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NTR
5

enzymatic activity. Consequently, p7 promotes the activation of various intracellular

pathways by coordinating with other cell surface proteins - e.g. tropomyosin kinase receptor,

sortilin, NogoR. This can lead to diverse and possibly divergent signaling events. For example,

NTR 197-199
5

the ligation of mature-NGF to p7 alone can lead to survival or cell death (Figure 18).

However, the p75™ ' *-TrkA complex binds to mature-NGF with enhanced affinity and commonly
promotes neuronal cell differentiation or survival (Figure 18).°" ?*! Conversely, the p75™*-
sortilin complex binds to pro-NGF with high affinity and promotes neuronal cell death (Figure
18).> The effective biological signaling event and the resulting physiological outcome is

contingent upon the presence of specific cell surface proteins and the selective secretion of pro-

or mature-neurotrophins.

Mat-NGF Mat-NGF Pro-NGF
p75NTR p75NTR-TrkA  p75N™-sortilin

2 9 S
o 1
| } |

cell cycle arrest  differentiation cell death
cell death survival degeneration
survival

Figure 18. NGF-receptor Mediated Cellular Phenotypes

2.1.2 Cellular Signaling in Disease Implications

NTR
5

Emerging evidence has associated proneurotrophin secretion and p7 -mediated

signaling to a variety of adverse pathological conditions. In a recent report, proneurotrophins
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were found to bind to p75™'™® with high-affinity and elicit cell death.””® This seminal discovery
prompted a surge of new investigations, accelerating our understanding of proneurotrophin and

5NTR related events. Previous studies have demonstrated proneutrophin-mediated cell death in

p7
a variety of cell types;’** 2> however, the mechanism by which cell death occurred was not well
understood. It is now known that the sorting receptor, sortilin, binds to the pro-domain of pro-
NGF or pro-BDNF and serves as a co-receptor with p75™ '~ to mediate cell death.** In p75™'™}
expressing neuronal cells, inhibiting sortilin suppressed pro-NGF-mediated cell death;
conversely, overexpression of sortilin enhanced pro-NGF-mediated cell death. It was concluded
that the presence of both p75™ '~ and sortilin is necessary for proneurotrophin-induced cellular
apoptosis.

5NTR gortilin-

The specific intracellular signaling mechanism for proneurotrophin-p7
mediated cell death is unclear. However, prior investigations of neurotrophin-p75™'~ signaling
provide preliminary insight. Following neurotrophin ligation to the extracellular domain of

5NTR "several intracellular adaptor proteins are recruited to the cell surface, including Traf 6,

p7
neurotrophin receptor-interacting factor (NRIF), melanoma-associated antigen (MAGE), and
neurotrophin receptor p75 interacting MAGE homologue (NRAGE).'® These adaptor proteins
are capable of modulating multiple signaling pathways. The Jun kinase-signaling cascade is one
major pathway activated by neurotrophin binding that can lead to p53 activation and apoptosis.
Activation of this pathway can induce the expression of the Fas ligand in neuronal cells and
subsequent Fas ligation to its cognate Fas receptor also promotes apoptosis.’’® Alternatively,
overexpressing NRAGE can promote NGF-p75™"*-dependent cell cycle arrest and death through

Jun kinase-signaling. Interestingly, NRAGE has been demonstrated to prevent the association of

p75N® with TrkA and reduced cell survive.””” NADE has also been reported to bind to p75™ ~’s
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intracellular death domain and induce caspase activation, resulting in the death of primary
cortical neurons.””® Although a number of adaptor proteins have been associated with

NTR
5

neurotrophin and p7 signaling, continued efforts are required to fully characterize their

complex mechanisms.

5NTR>g association with neuronal cell death has prompted the investigation of p75™ '~ in

p7

NTR
5

neural injury and disease. Traditionally, p7 is ubiquitously expressed during nervous system

5NTR expression is largely suppressed or kept at basal

development; however, in adult neurons, p7
levels.”®* After neural injury or cellular stress p75™ '~ expression is upregulated, which can result
in cell death. For example, thoracic contusions of the spinal cord induce p75™'® expression in
oligodendrocytes, leading to apoptosis.””’ Schwann cells from the distal sciatic nerve unregulated
p75N™® as a result of axotomoy, which led to Schwann cell death.”'® *'' p75N™® expression is
enhanced by neuronal activation following seizures in the hippocampus, which also results in
neuronal cell death.’'* " In disease, elevated levels of p75™'® were observed in cholinergic
neurons of the cortical and basal forebrain in patients with Alzheimer’s disease (AD).*'*
Additionally, in the brains of patients with multiple sclerosis, oligodendrocytes isolated from
plaques contained high levels of p75™'®.*!?

Proneurotrophin secretion is also elevated under similar conditions and is associated with
adverse pathological conditions. Following spinal cord injury, secreted pro-NGF in cerebrospinal
fluid (CBS) induced apoptosis in cultured oligodendrocytes.”'® Treatment with anti-pro-NGF
antibody strongly attenuated this effect and apoptosis was not observed in p75™ '~ knockout cells.
These results indicated proneurotrophin’s role in initiating cell death by activating p75™ ~.

Therefore, disrupting the pro-neurotrophin-p75™ '~ complex can reduce neuronal cell death. This

constitutes a novel therapeutic opportunity; however, the development of targeted
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pharmacological agents has remained largely undeveloped. In order to efficiently develop

targeted agents that disrupt pro-neurotrophin-p75™"~

-mediated pathologies, it is important to
have a clear understanding of the structural determinants necessary for ligand-receptor

complexation.

2.1.3 Protein Structure and Complex Formation

2.1.3.1 Neurotrophin Structure

The neurotrophin family members have similar sequence homology and portray common
structural features. In its monomeric state, the central hydrophobic core of neurotrophins displays
an elongated saddle shape formed by two pairs of twisted, antiparallel beta-stands.”!’
Additionally, they contain three variable beta-hairpin loops (L1-4), which encompass charged
residues that are important for protein solubility and receptor binding specificity. In their
respective X-ray co-crystal structure, beta-hairpin loops 1, 3, and 4 are important for p75~
binding; whereas, beta hairpin loops 2 and 4 coordinate with Trk family members.?'® ?!'* Under
physiological conditions, neurotrophins exist as a tight, non-covalently bound dimers.**
Dimerization is supported by key intermolecular interactions established by the central beta-

strands and a cysteine-knot motif - formed by three disulfide bonds, which stabilizes the protein

fold and locks the two monomers in their dimeric conformation.

2.1.3.2 p75""™® Structure

5NTR is a 75-kDa type I transmembrane glycoprotein.”?' Its extracellular domain is

p7
structurally characterized by four tandem extracellular cysteine-rich domains (CRD1-4, Figure

19A), which contains three intrachain disulfide bridges.””> ** Structure-function studies
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suggested CRD1-2 is primarily responsible for neurotrophin binding.””* *** Its intracellular
domain lacks enzymatic function; however, it contains the characteristic TNFR superfamily
death domain. The intracellular death domain can interact with adapter proteins and potentially
initiate cell apoptosis.”*> The three-dimensional structures for both the extracellular domain and

the intracellular death domain of p75™"~ have been reported.l%’ 226

2.1.3.3 NGF — p75™™ Complex

Endogenous p75™'® complex formation with NGF, specifically, occurs between a dimer
of glycosylated extracellular domains of p75™ '~ and a dimer of NGF (Figure 19A).**" This 2:2
binding stoichiometry leads to high affinity coordination between p75™'~ and NGF. The
molecular features of the NGF-p75™™® complex are well defined and the binding of NGF to

5NTR is a result of key intermolecular interactions, which can be bifurcated into two major sites

p7
- Site 1 and Site 2 (Figure 19B).””**° Site 1 corresponds to the junction of NGF and p75~ ™"
between CRD1 and CRD2 domains. This predominant site is governed by complementary
surface charge, which forms a network of favorable hydrogen bonds and -electrostatic
interactions. Specifically, NGF’s beta-hairpin loop 1 residues Lys32N“" and Lys34 NF establish
a critical salt bridge and a water-mediated hydrogen bond, respectively, with the side chain of
Asp75P°N™R (Figure 20). Additionally, Lys88N“" forms a salt bridge with the side chain of
Asp41P"NR Site 2 is less influential in NGF binding; however, the side chain of Argl14N¢*

forms a stabilizing hydrogen bond and an electrostatic salt bridge with the side chains of residues

Cys136°N™® and Glu119P°M R respectively.
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A. B.

p75NTR p75NTR p75NTR 075N
NGF
L2
L4
Site 1
H d
L3
Site 2
Extracellular Region Extracellular Region
Figure 19. NGF-p75"™ Complex
A. One NGF monomer is shown in red, one NGF monomer is shown in yellow, p75NTR is shown in teal. B.

Simplified view of NGF-p75"™® complex that highlights two major sites of ligand-receptor binding. (PDB: 1SG1)*
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p75NTR

Interface of NGF-p75NTR

Figure 20. The Interface of NGF-p75""™® at Site 1

NTR

The NGF beta-hairpin turn loop 1 amino acid at the interface of NGF-p75™ "site 1 is highlighted. NGF beta-hairpin

turn loop 1 coordinates with Asp75°”°N® through a network of hydrogen bonding and electrostatic interactions with

water, Lys34"“, and Lys32N“". NGF monomer is shown in red, p75™'*

monomer is shown in teal, NGF beta turn
loop 1 is highlighted in white, water is shown as blue, and intermolecular interactions are shown as a black dotted

line. (PDB: 1SG1)*

Efforts to understand the mechanism of p75™'%

activation by neurotrophin ligation
have identified specific structural motifs responsible for activity. Prior to having
crystallographic evidence, early investigations delineated specific NGF domains implicated in
biological activity by conducting a peptide scanning campaign of mouse NGF.”° This work
identified NGF amino acid sequence Lys32-Gly33-Lys34-Glu35 (*’KGKE’), which proved

to be important for biological activity. Site-directed mutagenesis corroborated the functional

relevance of Lys32N" and Lys34™“" in the binding of NGF to p75~ ~.** In an alanine scanning

NGF NGF
2G 4G

mutagenesis campaign mutating Lys3 or Lys3 to alanine resulted in 16% and

50% receptor binding, respectively, in human melanoma A875 cells (Figure 21).>*' Triple

NGF mutant with alanine
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mutations of Lys32NF, Lys34™%, Glu35N" resulted in complete ablation in mutant NGF
binding to p75™ "R %" 22 The X-ray crystal structure of the NGF-p75™'® complex confirmed that
the **KGKE?® amino acid sequence constituted the core of NGF’s beta-hairpin loop 1 domain.
Crystallographic evidence also supports the notion that positively charged residues at the surface
of NGF is required to form critical stabilizing interactions with p75™ '~ at site 1 and disrupting

these interactions have significant impact on NGF binding.

K34A
Mutant
Gly33 Site—directgd Ala34 — loss of HB
mutagenesis 50% receptor binding
(\“ lle31
) K32A
Wild Type Mutant
100% receptor binding

Ala32 — loss of ESI
16% receptor binding

Figure 21. Site-directed Mutagenesis at the Interface of NGF-p75" ' ® at Site 1
Wild-type NGF demonstrated 100% binding to p75~ <. NGF-K34A eliminated a water-mediated hydrogen bond
with Asp75°7°NR | resulting in 50% NGF-K34A binding. NGF-K32A eliminated an electrostatic interaction with
Asp75"NR resulting in 16% NGF-K32A binding. NGF residues are shown in red, p75™'« residues are shown in

teal, water is shown in blue, intermolecular interactions are shown as a black dotted line. (PDB: 1SG1)**
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2.1.4 Targeted Agents

2.1.4.1 NGF Mimetic Peptides

The pursuit of neurotrophin mimetic antagonists led to the development of peptide-based
agents that modulated neurotrophin-mediated signaling.”> A peptide scanning campaign
identified NGF’s amino acid sequence *’KGKE® as an important feature for biological
activity.”" Linear synthetic NGF mimetic peptide C5 (peptide sequence: KGKE) was able to
reduce NGF-promoted neurite outgrowth; however, it had limited effect on the binding of
radiolabelled '*I-NGF.*° The development of linear synthetic peptides derived from NGF’s
primary amino acid sequence demonstrated the capability of antagonizing NGF-mediated
signaling. Later it was discovered through X-ray crystallography that the **KGKE™ constituted
the core of NGF’s beta-hairpin loop 1.>* To address the initial deficiencies of linear synthetic
peptides, cyclized peptide derivatives were pursued in order to stabilize the native three-
dimensional characteristics of the beta-turn structural motif. This led to NGF mimetic cyclic
peptide C7 (peptide sequence: [PenKGKEVCT), which was shown to prevent neuronal cell
death and inhibit NGF-mediated activity.”* In a mechanistic evaluation, the antagonistic activity

5NTR antibody and absent in p75™'% knockout

of C7 was eliminated in the presence of a p7
cells.”** Additionally, cyclic peptides containing the KGKE amino acid sequence had limited off-
target activity against NGF-TrkA ligation.”> These results suggested that the cyclic KGKE
mimetic peptide derivatives were able to selectively modulate NGF signaling through a p75~ '~
mechanism. The pursuit of NGF mimetic peptides determined the functional significance of
NGF’s beta-hairpin loop 1 peptide sequence **KGKE™ for p75™'® binding and highlighted NGF-

p75N™ antagonism in both biochemical- and cell-based assays; however, their therapeutic utility

has not yet expanded beyond pre-clinical evaluation.
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2.1.4.2 Anti-NGF Antibody

Application of therapeutic monoclonal antibody (mAb) drug development has led to
multiple anti-NGF mAbs that potently diminished NGF-mediate signaling. Anti-NGF mAbs
were designed to sequester secreted NGF and obstruct receptor binding. Several pharmaceutical
and biotechnology companies [Pfizer (Tanezumab), Amgen (Fulranumab), Regeneron/Sanofi-
Aventis (REGN475/SAR164877, Medimmune/AstraZeneca (Medi0578), Abbott Laboratories
(ABT-110)] pursued anti-NGF mAbs in clinical trials.”*® Pfizer’s ant-NGF humanized mAb,
Tanezumab, is most notable - advancing to phase III clinical trials, demonstrating exceptional
specificity (Kd > 10 pM) and showcasing prolonged antibody ligation time (Td > 100 h).>*’ In a
phase II proof-of-concept study, Tanezumab effectively treated pain from osteoarthritis of the
knee with limited adverse effects.”® After advancing to phase III clinical trials, a small cohort of
patients receiving Tanezumab treatment experienced severe disease progression and developed
bone necrosis; and therefore, due to these severe adverse side effects, the FDA suspended all
non-cancer pain related clinical trials of anti-NGF mAbs.” It has been proposed that blocking
NGF with anti-NGF antibodies impacts bone remodeling through a NGF-Trk mediated
mechanism; however, further investigations are required.”*® Future efforts to address these
observed adverse effects may lead to alternative targeted strategies that focus on specific
inhibition of NGF-receptor complex formation. Nevertheless, Tanezumab clearly demonstrated
the functional significance of anti-NGF mAbs as effective analgesic agents in humans and

clinically validated NGF-mediated signaling as a therapeutic target.
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2.1.4.3 Small Molecule Antagonists

NGF Inhibitors
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Figure 22. NGF Small Molecule Inhibitors

Pharmacological modulation of NGF-mediated signaling using small molecules has led to
the development of protein-protein interaction inhibitors (PPII) that effectively target both NGF
and p75™'®. Initial library screens focused on modulators that disrupted radiolabelled '*’I-NGF
ligation, resulting in several NGF-binding non-peptide small molecule inhibitors. The first
reported anti-NGF non-peptide small molecule inhibitor was the pyrazoloquinazolinone
PD90780 (Figure 22). PD90780 demonstrated NGF selectivity and inhibited '*I-NGF binding

5NTR with an ICso of 220 nM in a microplate binding assay.**’ In

to the extracellular domain of p7
an in-vitro receptor binding assay, PD90780 inhibited '*’I-NGF binding to Chinese Hamster
Ovary cells (Q1-CHO) expressing p75" '~ with an ICso of 300 nM.**" Moreover, PD90780
inhibition of '*’I-NGF binding using PC12 cells (expressing both p75™ ' ® and TrkA) occurred at
an ICso of 23.1 uM.**' However, PD90780 inhibited '*I-NGF binding using PC12™" cells

NTR
5

(expressing only p7 ) with an ICsy of 1.8 uM. A preliminary docking study suggested

PD90780 binds to a region near NGF beta-hairpin loop I and IV, forming critical intermolecular
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interactions between its acidic functionality with the basic amines of Lys32NF and Lys34N¢F %2
This postulated binding mode corroborated the SAR study and suggests PD90780 antagonized
NGF-mediated signaling through an orthosteric mechanism.*** ***

Further exploration of NGF modulators identified 6-aminokynurenic acid, Sh (Figure 22),
and subsequent SAR generated thienopyridone derivative, 16 (Figure 22), that exhibited an ICs
of 3.1 and 2.3 pM, respectively, against '*I-NGF-receptor ligation in PC12 cells.** Unlike
PD90780, it is unclear whether the kynurenic acid derivatives, Sh and 16, specifically target
NGF or its cognate receptors p75" '~ and TrkA. Since PD90780 and the kynurenic acid
derivatives have similar structural requirements for biological activity, it has been predicted that
the kynurenic acid series target NGF instead of NGF-receptors; however, further studies are
required to validate this hypothesis.

Work conducted at Hoffmann-LaRoche led to the development of a non-peptide small
molecule, Ro 08-2750 (Figure 22), which demonstrated anti-NGF activity. In an equilibrium
ultracentrifugation experiment, Ro 08-2750 molecule was found to bind to the NGF dimer with a
Kp of approximately 1 pM.*** It is presumed that Ro 08-2750 binds to the NGF’s hydrophobic
dimer interface; however, further studies are required to validate this hypothesis. Ro 08-2750
abrogated '*’I-NGF-receptor ligation in both PC12 cells and SK-N-MC cells at low micromolar
concentrations. In a dose-escalation study, Ro 08-2750 treatment of SK-N-MC cells, which
solely express p75" '~ and not TrkA, reduced NGF-mediated apoptosis. Moreover, Ro 08-2750
treatment of PC12 cells did not affect neurite-outgrowth, suggesting the conservation of NGF-
mediated Trk signalling. Addionally, in the absence of NGF, Ro 08-2750 showed little impact on
TrkA intracellular phosphorylation in PC12 cells; however, at 10 uM, Ro 08-2750 treatment

completely inhibited TrkA phosphorylation and the subsequent activation of downstream Trk
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effector proteins.”*> Therefore, it was noted that higher concentrations of Ro 08-2750 showed
enhanced Trk activity. This study highlighted the use of Ro 08-2750 as an anti-NGF agent that
can prevent apoptosis and enhance neuronal cell survival in a context-specific, dose-dependent
manner.

Pursuits toward a dual-specific inhibitor that pharmacologically perturbs both NGF- and
BDNF-mediated cellular function led to the furyl-thioxothiazolidinone compound Y1036 (Figure
22). Y1036 was identified from an in-silico pharmacophore screen against a combinatorial panel
of furan-based derivatives that showed similar structural features to known NGF antagonists
ALE-0540, Ro 08-2750, and PD 90780. A molecular docking study of Y1036 with the crystal
structures of NGF and BDNF established a putative molecular model for each respective
neurotrophin. In an equilibrium ultracentrifugation experiment, Y1036 exhibited low micromolar
affinity for both NGF and BDNF, having a Kp, of 3.0 pM and 3.5 pM, respectively.?*® Moreover,
Y1036 inhibited '*’I-NGF-ligation to p75™'® in PC12 cells at 5.7 uM; and unlike previously
reported NGF small molecule modulators, Y1036 inhibited '*’I-BDNF-ligation to p75~ " at 6.2
uM.>*® Y1036 also demonstrated low-micromolar activity against NGF- and BDNF-binding to
TrkA and TrkB, respectively. Functionally Y1036 was able to block NGF- and BDNF-mediated

neurite outgrowth in rat embryonic dorsal-root ganglions in a dose-dependent manner.
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Figure 23. p75"'® Small Molecule Inhibitors

The pursuit of in-vivo active small molecule probes that antagonize NGF activity led to
the discovery and development of the benzisoquinoline ALE-0540 (Figure 23). ALE-0540 was
found to inhibit '*I-NGF-ligation with low micromolar activity in PC12 cells.**’ Further analysis
showed ALE-0540 inhibited ligand binding to both NGF-receptors p75™ ~ and TrkA with similar
micromolar potency, 3.7 and 5.8 UM, respectively.**’ Functional characterization of ALE-0540
showed dose-dependent reduction in neurite outgrowth of DRG neurons and NGF-mediated
TrkA autophosphorylation in a PC12 cells.**’ Contrary to the previously described inhibitors,
preliminary results from NGF-affinity chromatography suggested ALE-0540 does not bind to
NGF; and therefore, ALE-0540 may exploit a common NGF-epitope recognition site on both

5NTR and TrkA. Pre-clinical evaluation and in-vivo application of ALE-0540 demonstrated

p7
pharmacological perturbation of NGF induced antiallodynic effects in a rat pain model, which
supports the association of NGF-mediated signaling in pain.

Peptide scanning studies, site-directed mutagenesis, and X-ray crystallography identified
critical NGF-p75™"™® binding motifs at the protein-protein interface, providing strategic insight

toward developing targeted pharmacological agents that can modulate NGF-p75™ '} activity. The

structural interpretation of the NGF-p75™'® complex enabled the rational design of non-peptide
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small molecule protein-protein interaction inhibitors (PPII) that targeted p75" ' ~. The

5NTR js enriched with acidic, anionic

electrostatic complementarity of the target region of p7
amino acids, which can be targeted by a small molecule to compete with NGF. A high-
throughput virtual pharmacophore screen resembling the structural and chemical features of
NGF beta-hairpin loop 1 domain sequence *KGKE™ led to the identification of LM11A-31
(Figure 23) and LM11A-24 (Figure 23).**® LM11A-31, an isoleucine derivative, and LM11A-24,
a theophylline derivative, are small molecule, non-peptide p75™ '~ ligands that potently inhibit
NGF-p75"™ signaling. Also, LM11A-31 and LM11A-24 potently diminished NGF-induced
apoptosis of hippocampal neurons in culture at picomolar concentrations.**® It has been implied
that LM11A-31 and LM11A-24 target p75™'® at the **KGKE™ recognition site and disrupt
neurotropic ligation; however, there is currently no experimental evidence justifying their
molecular mode of action.

A general synthesis of LM11A-31 was reported.”*” Synthesis of LM11A-31 began with
amide bond formation of Boc-protected L-isoleucine with 2-morpholinoethan-1-amine using the
coupling carbonyldiimide reagent EDC and hydroxybenzotriazole (Scheme 29). Subsequent Boc

deprotection occurred in the presence of trifluoroacetic acid, leading to the synthesis of LM11A-

31 as a TFA salt.

Scheme 29. General Synthesis of LM11A-31 *¥
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Reagents and conditions: (a) 2-morpholinoethan-1-amine, EDC, HOBt, DIPEA, DMF, rt; (b)
TFA, CH,Cly, rt.



A general synthesis of LM11A-23 was also reported.”*” The synthesis of LM11A-24
began with commercially available theophylline acetic acid (Scheme 30). Amide bond formation
occurred between theophylline acetic acid and N,N-dimethyl-1,3-propanediamine using known

coupling reagent HBTU (Scheme 30).

Scheme 30. General Synthesis of LM11A-24 *¥
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Theophylline Acetic Acid LM11A-24 !

Reagents and conditions: (a) N,N-dimethyl-1,3-propanediamine, HBTU, DIPEA, DMF, rt.

2.1.5 Pharmacological Profile of LM11A-31

LMI11A-31 treatment has demonstrated efficacy in mitigating adverse phenotypes in
various neuropathological conditions.**® 2°°*>* In a spinal contusion injury mouse model, oral
treatment with LM11A-31 was shown to improve motor coordination and functional recovery
without noticeable toxicity.”>* This occurred, in part, by increasing survival of oligodendrocytes
and enhancing myelinated axons in the spinal cord, which was a result of in-vivo inhibition of
proNGE-p75~™® signaling and subsequent attenuation of the INK3-mediate apoptotic pathway.>*
In an early stage Alzheimer disease (AD) mouse model, oral treatment of LM11A-31 improved
cognitive function and prevented further degeneration of cholinergic neurites.”> Interestingly, in

an advanced AD mouse model, LM11A-31 treatment prevented the progression and reversed
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atrophy of basal forebrain cholinergic neurites and cortical dystrophic neurites.””' These findings

further suggest p75™' "}

as a promising therapeutic target and demonstrate LM11A-31 as
important lead for further drug development.

Currently, the selectivity profile of LM11A-31 is not well established. It is known that
LM11A-31 inhibits NGF and proNGF binding to p75™'™® without effecting TrkA signaling.*** ***

In p75N"™ -/- knockout model LM11A-31 treatment did not promote neuronal cell survival.

SNT SNTR

Additionally, anti-p75™'® antibodies that target the extracellular domain of 7 completely

abolished LM11A-31 functional activity.”>* Screening LM11A-31 against a CEREP panel of

receptors did not indicate any off-target activity.*>

Additional studies are required to elucidate
possible off-target mechanisms.

The in-vivo performance of LMI11A-31 was evaluated and provided an initial
pharmacokinetic and toxicological profile.”>® Oral administration of LM11A-31 in an APP"®
mouse model demonstrated favorable therapeutic brain concentrations and efficacy on cognitive
impairment and neurodegeneration. After 50 mg/kg oral dosing, the maximum concentration of
LMI11A-31 in the brain of CD-1 mice was 1.08 uM, which significantly exceeds the reported
therapeutic does of 100 nM (Figure 24).”>® Furthermore, the maximum brain concentration
occurred after 0.5 h and the brain half-life was 3-4 hours.”>® Conversely, the maximum plasma
concentration of LM11A-31 exceeded 600 ng/mL and demonstrated a significantly poor half-
life, resulting in plasma levels less than 200 ng/mL in less than 1 h following oral administration
(Figure 24).>* In a toxicology study, mice treated with LM11A-31 at 50 mg/kg once daily for
nine continuous days exhibited no behavior fluctuations (assessed according to total ambulatory

events and total fine movements) and 2-week dosing indicated no weight change in treatment

groups.”
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Figure 24. LM11A-31 In-vivo Performance
Concentration after a single 50-mg/kg oral dose in CD-1 mice 253

This figure was reproduced with permission from Elsevier in Neurobiology of Aging article
https://doi.org/10.1016/j.neurobiolaging.2013.02.015

2.2 Results and Discussion

2.2.1 Gram-Scale Synthesis of LM11A-31 and LM11A-24 for Mouse Studies

In collaboration with Professor Anthony Kanai at the University of Pittsburgh
Department of Medicine, we were interested in investigating p9
(SCI) induced lower urinary tract dysfunction using a mouse model using p9
pharmacological agents. For this mouse study, adult female Ts-To transected mice were

independently treated with with daily doses (100 mg/kg) of LM11A-31 and LM11A-24 for up to

six weeks.>

NTR
7

Subsequently, mice were evaluated in vivo using urine spot analysis,

cystometrograms, and external urethral sphincter electromyograms.
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To support this investigation, we were interested in developing a gram-scale synthesis of
both LM11A-31 and LM11A-24 without the requirement for chromatography. Previous reports
introduced a general synthetic strategy; however, percent yields were not reported and both
product as well as intermediates required chromatography.” Our gram-scale synthesis of
LMI11A-31 was efficiently conducted using peptide coupling conditions followed by protecting
group removal. Amide bond formation occurred between commercially available 2-
morpholinoethan-1-amine and Boc-L-isoleucine in the presence of propylphosphonic anhydride
(T3P) (Scheme 31). Following dilution with ethyl acetate, impurities were readily removed
through multiple aqueous washes, resulting in pure intermediate 2-1 in 84% yield as a white
solid. Subsequent Boc-deprotection occurred in the presence of in-situ generated hydrogen
chloride resulting from a pre-mixed solution of acetyl chloride in methanol. Acid was quenched
with a saturated aqueous solution of potassium carbonate and the resulting aqueous mixture was
concentrated under reduced pressure. The produced solid was triturated in methylene chloride
and upon filtration, the isolated filtrate was concentrated under reduced pressure and dried to
afford pure LM11A-31 in 80% yield as a white solid. LM11A-31 was produced on gram-scale in
two steps in 67% overall yield with >95% purity by H' NMR and LC-MS ELSD without
requiring chromatographic purification. In total, over six grams were produced in two batches for

animal investigation.

Scheme 31. Gram-Scale Synthesis of LM11A-31

H H
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BOC.H\fd‘/OH BOC.N\fdi\/\N/\ HzN\'di\/\N/\
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Boc-L-lle 2-1 LM11A-31

Reagents and conditions: (a) 2-morpholinoethan-1-amine, T3P, Et;N, EtOAc, 0 °C-rt, 84%; (b)
AcCl, MeOH, 0 °C-rt, 3 h; K,COs, H,0, 80%.
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The gram-scale synthesis for LM11A-24 was also efficiently constructed through a two-
step process that included an N-alkylation reaction followed by ester aminolysis. Facile N-
alkylation of commercially available theophylline with ethyl 2-chloroacetate occurred in the
presence of potassium carbonate at elevated temperature (Scheme 32). Dilution in water
followed by ethyl acetate extraction provided pure intermediate 2-2 in 79% yield as a white
solid. Amide bond formation occurred through nucleophilic displacement of the ethyl ester 2-2
with N,N-dimethyl-propane-1,3-diamine in a high pressure vial contiaing ethanol and heated to
110 °C. The completed reaction mixture was concentrated under reduced pressure and the
resulting solid was triturated with diethyl ether to remove impurities. The isolated solid was
dried to provide pure LM11A-24 in 73% as a white solid. LM11A-24 was produced on gram-
scale in two steps in 58% overall yield >95% purity by H' NMR and LC-MS ELSD without
requiring chromatography. In total, approximately 4 grams of LM11A-24 were produced in two

batches for animal studies.

Scheme 32. Gram-Scale Synthesis of LM11A-24
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Reagents and conditions: (a) ethyl 2-chloroacetate, K,CO3, DMF, 90 °C, 12 h, 79%; (b) N,N-
dimethyl-1,3-propanediamine EtOH, 110 °C, 2 h, 73%.
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2.2.2 Molecular Modeling Studies of LM11A-31

The determination of a NGF-p75™"'™® co-crystal structure provided an opportunity to
investigate LM11A-31 binding mode and enabled the application of structure-based
methodology. Prior to performing medicinal chemistry, we conducted a molecular docking study

of LM11A-31 at site 1 of p75™'®, giving priority to p75™'}

amino acid residues that significantly
contribute to the binding of NGF’s **KGKE®® peptide sequence. Twenty configurations of
LM11A-31 were evaluated for complementarity to p75™ ~’s **KGKE® recognition site using the
software program Glide (Schrédinger, LLC.). Following, we manually examined each binding
mode for features not explicitly recognized by the scoring function - specifically, the interaction
with key polar residue Asp75. Ultimately, four binding modes were considered, providing a
putative model of LM11A-31-mediated p75™ "~ inhibition.

There is currently no co-crystal structure of the inhibitor-receptor complex of LM11A-31
bound to p75""™; however, molecular docking of LM11A-31 at the *’KGKE™ recognition site of
p75N™® established a series of putative binding modes that suggest potential key interactions
between LM11A-31 and p75™'". The target region of p75" " is enriched with acidic, anionic
amino acids, which can be exploited by LM11A-31 and compete with NGF (Figure 25).
Consistent with our structural predictions, the molecular model of LM11A-31 bound to p75~ '~
highlighted electrostatic complementarity and recapitulated a number of notable ionic and
hydrogen bonding interactions (Figure 25). The cationic primary amine of LM11A-31 formed
hydrogen bonds with the amino acid backbone of Pro70P”N™ and Asp76°”°N'®. Additional

hydrogen bonding was also observed between the amide hydrogen of LM11A-31 and the side

chain of Asp75°”™™®. Furthermore, the flexible ethyl linker enabled the positioning of the
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cationic tertiary amine, establishing an ion-pair, salt bridge with the amino acid side chain of

aLa
77

Figure 25. Putative Binding Mode of LM11A-31 at the NGF ¥KGKE?® Recognition Site of p75~ '}

NTR
5

A. LMI11A-31 bound to an electrostatic potential map of p7 at site 1. Red surface indicates an electron-rich

environment; blue surface indicates an electron-poor environment; white indicates a neutral environment. B. three-
dimensional putative binding mode of LM11A-31. P75"™ is teal, LM11A-31 is colored according to its elemental
composition, and intermolecular interactions are indicated by black dotted lines. C. two-dimensional putative

binding mode of LM11A-31. Intermolecular interactions are indicated by arrows.

2.2.3 Focused Structure Activity Relationship Study of LM11A-31

There is currently no experimental evidence to support LM11A-31’s mechanism of
action. Furthermore, the structural determinants necessary for LM11A-31’s potent and selective
modulation of NGF-p75™ " ®-mediated signaling are unknown. We conducted a focused SAR to
further enhance our understanding of LM11A-31 and delineate the chemical features necessary
for inhibition. To simplify our effort and guide our SAR, we partitioned LM11A-31 into five
zones and each respective zone contained a key chemical feature that was independently

evaluated. Zones are the following: the primary amine (Zone I), sec-butyl side chain (Zone II),
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the internal amide (Zone III), the alkyl linker (Zone 1V), and the morpholine ring (Zone V)

(Figure 26).

Zone ll

Figure 26. Structural Zones of LM11A-31 for SAR Investigation

Zone I analogues were pursued to determine the functional significance of LM11A-31’s
primary amine. Zone I analogues (2-5, 2-6, 2-9, 2-10) were synthesized by independently
performing peptide coupling reactions with 2-morpholinoethan-1-amine using amide bond
formation conditions with propylphosphonic anhydride (T3P) (Schemes 33, 34, and 35).’
Molecular modeling suggested the primary amine of LM11A-31 functioned as a hydrogen bond
donor with the main chain amide-carbonyl of Pro70°”™™® and Asp76"""™®. The functional
significance of the amine of LM11A-31 was evaluated by synthesizing the deaminated analog 2-
5 (Scheme 33). Synthesis of 2-5 began with the diazotization of L-isoleucine using sodium nitrite
(NaNQ,) in the presence of a 47% aqueous solution of hydrogen bromide (HBr) at 0 °C followed
by the formation of the corresponding o-bromo carboxylic acid intermediate 2-3.7>* % 2-3 was
then reduced by elemental zinc and copper (I) chloride in the presence of ammonium chloride in
methanol to generate (S)-3-methylpentanoic acid 2-4 in 44% yield. Subsequent peptide coupling
with 2-morpholinoethan-1-amine resulted in analog 2-5 in 57% yield. The a-bromo analog 2-6

may be able to recapitulate binding affinity by forming a stabilizing halogen bond, suggesting

the presence of an electron rich environment. Carboxylic acid 2-3 was coupled with 2-
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morpholinoethan-1-amine using the previously described amide coupling conditions with T3P to

afford a-bromo analog 2-6 in 63% yield.

Scheme 33. Formation of Zone I Analogues 2-5 and 2-6

o) o} L_o
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——— Br ~TNTY

Reagents and conditions: (a) NaNO,, HBr, H,O, 0 °C, 2 h; (b) Zn, CuCl, NH,4Cl, MeOH, rt, 3 h,
44%; (¢) 2-morpholinoethan-1-amine, T3P, Et;N, EtOAc, 0 °C-rt, 57-63%.

Based on the performance of 2-5, the primary amine may demonstrate functional
significance; therefore, further investigation is required to delineate its potential role. Although
unlikely, the primary amine of LM11A-31 may act as a hydrogen bond acceptor. To test this
hypothesis, the a-methoxy derivative 2-9 was pursued — the presence of the methoxy substituent
would reduce the HBA effect. Synthesis occurred by diazotization of L-isoleucine with the
treatment of sodium nitrite (NaNO,) and in the presence of aqueous sulfuric acid led to the a-
hydroxyl carboxylic acid (Scheme 34). Subsequent Fisher esterification of the crude acid
resulted in the methyl ester 2-7 in 24% yield over two steps. Deprotonation of the a-hydroxyl
group of 2-7 using sodium hydride followed by treatment with methyl iodide resulted in the a-
methoxy ester. Subsequent, saponification of the a-methoxy ester provided the carboxylic acid 2-
8, which enabled peptide coupling with 2-morpholinoethan-1-amine to afford the a-methoxy

analog 2-9 in 23% yield over three steps.
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Scheme 34. Formation of Zone I Analog 2-9
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“Reagents and conditions: (a) NaNO,, H,SOy4, H,O, 0 °C-1t, 12.5 h; (b) AcCl, MeOH, reflux, 3 h,
24% (two steps); (¢) NaH, Mel, THF, 0 °C-rt, 2 h; (d) LiOH, H,O, rt, 17 h; (e) 2-
morpholinoethan-1-amine, T3P, Et;N, EtOAc, 0 °C-rt, 23% (three steps).

The methyl group of 2-9 may influence its performance through adverse steric events. To
address this concern, we pursued the dimethyl amine analog 2-10 (Scheme 35), which should
conserve a potential HBD effect and therefore, indicate if the methyl substituent is tolerated. The
synthesis of 2-10 occurred by functionalizing the primary amine of LM11A-31 under reductive

amination conditions using formaldehyde in the presence of hydrogen gas at 8 bar of pressure

and Pd/C (Scheme 35).

Scheme 35. Formation of Zone I Analog 2-10
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LM11A-31 2-10

Reagents and conditions: (a) CH,0, H,, Pd/C, MeOH, 8 bar, rt, 15 h, 18%.

The evaluation of isoleucine’s sec-butyl side chain and derivation of R' in Zone II led to
analogues 2-13a-e (Scheme 36). These amino acid derivatives - Gly, Ala, Val, Leu, Phe —
contain hydrophobic, aliphatic side chains that exhibit increasing steric bulk. If the sec-butyl side
chain of LM11A-31 is positioned in a hydrophobic pocket, these derivatives provide insight into
the importance of the aliphatic side chain and suggest the relative size of the hydrophobic pocket.
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Synthesis of Zone II analogues occurred through previously described peptide coupling
conditions using commercially available Boc-protected L-amino acids 2-11a-e and 2-

morpholinoethan-1-amine followed by subsequent Boc-deprotection (Scheme 36).

Scheme 36. Formation of Zone II Analogues 2-13a-e

a b
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2-11a-e 2-12a-e 2-13a-e

R':a=H;b=Me;c=iPr;d=iBu;e=Bn
“Reagents and conditions: (a) 2-morpholinoethan-1-amine, T3P, Et;N, EtOAc, 0 °C-rt, 71-96%;
(b) AcCl, MeOH, 0 °C-1t, 3 h; K,CO;, H,0, 21-62%.

The functional significance of the internal amide moiety of LM11A-31, specifically the
carbonyl oxygen and the N-H, led to evaluation of Zone III. The amide functional group has dual
pharmacophoric features — the carbonyl may be acting as a hydrogen bond acceptor and the N-H
may be acting as a hydrogen bond donor. Analog 2-17 (Scheme 37) was synthesized to assess
the carbonyl. Synthesis began with the Weinreb amide intermediate 2-14, which was formed
through peptide coupling of Boc-protected L-isoleucine and N,O-dimethylhydroxylamine
hydrochloride in the presence of EDC and HOBt (Scheme 37). Subsequent reduction of the
Weinreb amide intermediate with lithium aluminum hydride afforded the aldehyde 2-15. Then,
reductive amination of the aldehyde with sodium triacetoxyborohydride in the presence of 2-
morpholinoethan-1-amine provided 2-16 followed by Boc-deprotection afforded the desired

analog 2-17 in 67% yield over two steps.
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Scheme 37. Formation of Zone III Analog 2-17

|
a b c
BOC'N\'d(OH Boc'l\l\'d(N'O/ Boc.Nji(H
H o 0 H o
2-15

H
Boc-L-lle 2-14
OC. N N N /\ H2N N N /\
H Lo Lo
2-16 2-17

“Reagents and conditions: (a) MeNH(OMe) HCI1, EDC, HOBt, NMM, CH,Cl,, 0 °C-rt, 22 h,
88%; (b) LiAlHy, THF, 0 °C-rt, 1 h, 60%; (c) 2-morpholinoethan-1-amine, NaBH(OAc);, DCE,
1t, 23 h, 64%; (d) AcCl, MeOH, 0 °C-rt, 3 h; NaOH, H,0, 67%.

Our putative molecular model suggested LM11A-31’s amide N-H participates as an
important HBD. To test this hypothesis, the amide N-H feature was evaluated by pursuing analog
2-19 (Scheme 38) — the presence of the ester functionality eliminates the possibility for hydrogen
bonding. Also, the additional electron density from the lone pair electrons of oxygen may have a
repulsive effect and deter 2-19 binding. Synthesis of 2-19 occurred through a Steglich

esterification with Boc-protected L-isoleucine in the presence of 2-morpholinoethan-1-ol to form

intermediate 2-18 followed by subsequent Boc-deprotection to generate ester 2-19 (Scheme 38).

Scheme 38. Formation of Zone III analog 2-19

a b
BOC.N\lm)'(OH BOC.Nji(O\/\N/\ HgNji(o\/\N/\
H o o} L_o

H o L_o

Boc-L-lle 2-18 2-19

Reagents and conditions: (a) 2-morpholinoethan-1-ol, EDC HCI, DMAP, CH,Cl,, rt, 11 h, 87%;
(b) AcCl, MeOH, 0 °C-rt, 3 h; K,COs, H,0, 69%.
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The ethyl linker in Zone IV provides flexibility that may promote the optimal positioning
of the morpholine ring. Additionally, the distance between the primary amine and tertiary amine
may be critical for receptor binding. To assess the alkyl linker length on inhibitor binding, we
pursued analog 2-21 (Scheme 39), which constitutes an extended three carbon chain in zone IV.
Synthesis of 2-21 occurred through peptide coupling of Boc-protected L-isoleucine and 3-
morpholinopropan-1-amine followed by subsequent Boc-deprotection to provide the desired

product 2-21 (Scheme 39).

Scheme 39. Formation of Zone IV Analog 2-21

a H (o b H (o
BOC\Hji(OH BOC\,\ﬁm)’(N\/\/N\/ NN NN
o} o} o}

H

Boc-L-lle 2-20 2-21

Reagents and conditions: (a) 3-morpholinopropan-1-amine, T3P, Et;N, EtOAc, 0 °C-rt, 81% (b).
AcCl, MeOH, 0 °C-rt, 3 h; K,COs, H,0, 58%.

The morpholine ring in Zone V may present critical functionality necessary for p75™'~
inhibition. Therefore, Zone V analogues 2-23a-c¢ (Scheme 40) were generated to evaluate the
morpholino moiety, specifically the tertiary amine and the cyclic ether functionality. Zone V
analogs were synthesized using previously described peptide coupling conditions in the presence
of Boc-protected L-isoleucine and the respective amine derivative (Scheme 40). Molecular
modeling suggested the tertiary amine from the morpholine ring formed a critical electrostatic
interaction with the side chain of Asp75°”™"®. Removal of this feature may result in reduced
inhibitor binding. To test this hypothesis, we replaced the morpholine ring with a methoxy

group, resulting in analog 2-23a. The cyclic ether functionality may also play a role in LM11A-
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31 binding. The dimethyl amine analog 2-23b was synthesized, which conserves the tertiary
amine functionality but eliminates the cyclic ether. Both chemical features were eliminated by

replacing the morpholine ring, forming the cyclohexyl analog 2-23c¢.

Scheme 40. Formation of Zone V Analogues 2-23a-c

H H

a b

Boc.Nji(OH BOC'Nji(NV\Fﬂ HZN\'d(N\/\R‘
H o o} 0

H

Boc-L-lle 2-22a-c 2-23a-c
R': a = OMe; b = NMe,; ¢ = c-Hex

Reagents and conditions: (a) N,N-dimethylethylenediamine (1-26a) or 2-methoxyethylamine (1-
26b) or 2-cyclohexylethylamine (1-26¢), T3P, Et;N, EtOAc, 0 °C-rt, 80-93% (b). AcCl, MeOH,
0 °C-rt, 3 h; K,COs, Hy0, 42-58%.

2.2.4 Novel p75 Neurotrophin Receptor Inhibitors

2.2.4.1 Hybrid Series

LMI11A-31 displayed potent inhibition of NGF-mediated p75™'® signaling in cellular
assays; however, it exhibited poor bioavailability and rapid clearance in a mouse model, which
limits its in-vivo utility.”® Therefore, we were interested in developing a novel NGF-p75~'*

modulator that demonstrates improved physiochemical and pharmacokinetic characteristics that

NTR
5

would allow for in-vivo evaluation of NGF-p7 -mediated events. Our discovery efforts began

260-263

with the application of small molecule hybridization strategies. By grafting chemical

features of p75™ '~ inhibitors LM11A-31 and LM11A-24 (Figure 27), we were able to develop a

NTR
5

series of novel p7 inhibitors.
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Figure 27. Structure of LM11A-31 (green) and LM11A-31 (blue)

The primary amine of LM11A-31 is a potential site for metabolism.”** Therefore, our
design focused on eliminating the potential biochemically labile primary amine by replacing it
with LM11A-24’s theophylline core. Amide bond formation occurred through nucleophilic
displacement of 2-2 with the 2-morpholinoethan-1-amine of LM11A-31 to provide 2-24 in 76%

yield (Scheme 41).

Scheme 41. Formation of Hybrid Analog 2-24

oy ¥,
O
Me. N O\ a Me., N NH
PR —— 1 T2
O”'N N 0”"N N N
Me Me (J
2.2 2-24 e}

Reagents and conditions: (a) 2-morpholinoethylamine, EtOH, 110 °C, 2 h, 76%.

Simplification of the theophylline core by eliminating the pyrimidine-dione ring led to
the imidazole-based analogues 2-26 and 2-27 (Scheme 42). Synthetic efforts followed the
previous analogues. Base-mediated alkylation of imidazole with ethyl 2-chloroacetate provided

intermediate 2-25 in 49% yield. Amide bond formation occurred through nucleophilic
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displacement of 2-25 with the respective amine under thermal heating, resulting in analouges 2-

26 and 2-27 in 77% and 100% yield, respectively.

Scheme 42. Formation of Hybrid Analogues 2-26 and 2-27

H
N
oy
(N;’ o] L_o
H . . b 2-26
| » — /N ~ —
L. @“rr
2-25 H ,1]
. 7 N/\n/ ~ NN
N= O
2-27

Reagents and conditions: (a) ethyl 2-chloroacetate, K,COs3;, MeCN, reflux, 3 h, 49%; (b) 2-
morpholinoethylamine (2-26) or N,N-dimethyl-1,3-propanediamine (2-27), EtOH, 110 °C, 2 h,
77-100%.

Next, we were interested in incorporating the chiral aliphatic, sec-butyl side chain from
LMI11A-31 on the imidazole hybrid analog series. Using L-isoleucine, we performed a multi-
component dehydration-cyclization reaction using glyoxal, formaldehyde, and ammonia under
basic conditions to form the corresponding crude sodium salt 2-28 (Scheme 43).®> Subsequent
amide bond formation proved to be challenging, presumably due to the sterically encumbered
chiral acid. However, the application of the peptide coupling reagent pentafluorophenyl
diphenylphosphinate (FDPP) in the presence of the respective amine provided analogues 2-29

and 2-30 in modest yields of 34-45%.

97



Scheme 43. Formation of Hybrid Analogues 2-29 and 2-30

H
N
— 7 r\i >N
(N\/J o] L_o
2-29
a b
Hzl\irOH (/\Nji(ONa

o) N= O
L-lle 2-28 H '
(/\N N A~CNC
N= O

2-30

Reagents and conditions: (a) glyoxal, CH,O, NH; NaOH, H,O, 50 °C, 5 h; (b) 2-
morpholinoethylamine (2-29) or N,N-dimethyl-1,3-propanediamine (2-30), FDPP, DIPEA,
CH,Cly, 1t, 34-45%.

2.2.4.2 5-Aminooxazole Series

The peptide bond of LM11A-31 may be subjected to in-vivo proteolytic hydrolysis and
contribute toward its rapid clearance.’®* ?® Additionally, the primary amine of LM11A-31 is also
a potential site for metabolism.”** Replacement of biochemically labile functionality may
increase its plasma and metabolic stability and improve its pharmacokinetic profile."*'** We
envisaged installing an isosteric surrogate that would demonstrate enhanced physiochemical
properties and metabolic stability. Incorporation of heterocyclic moieties to replace sites of
metabolism is an effective strategy toward improving a peptidomimetic’s pharmacokinetic
profile.*”?" Qur initial design unified the primary amine with the amide carbonyl, leading to a
5-aminooxazole core (Figure 28). According to our molecular model, we hypothesized that the
2-morpholinoethan-1-amine was critical for p75™'® binding and therefore, this feature was
conserved. However, medicinal chemistry efforts were necessary to optimize the 5-aminooxazole

series.
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LM11A-31 5-aminooxazole series

Figure 28. Design of the 5-Aminooxazole Series

Medicinal chemistry optimization began by evaluating substituents at C-2. Since
LM11A-31 contained an aliphatic side-chain, we explored C-2 substituents with similar chemical
properties. Synthesis of the S5-aminooxaozole analogues 2-34a-e began with a microwave
mediated cyclization of an acid chloride 2-31a-e with aminomalononitrile p-toluenesulfonate at
120 °C in N-methyl-2-pyrrolidone (NMP), resulting in the 5-aminooxazole intermediate 2-32a-¢
(Scheme 44).*"" Direct functionalization of the heteroaryl amine with an alkyl halide under
thermal and microwave heating proved inconsequential, perhaps due to the lack of
nucleophilicity of the heteroaryl amine. Pre-treatment of 2-32a-e with NaH did not facilitate
electrophilic alkylation as well. In order to circumvent this problem, a Sandmeyer reaction was
performed by treating 2-32a-e with fert-butyl nitrite in the presence of copper (II) bromide,
generating the heteroaryl bromide 2-33a-e.”’* This enabled nucleophilic aromatic substitution

using 2-morpholinoethan-1-amine to furnish analogues 2-34a-e.

Scheme 44. Formation of S-Aminooxazole Analogues 2-34a-e
o a e b e CN (\ 0
R1”\C| RVQ;\S\NHz R14O\ R1A‘S\ /\/
2-31a-e 2-32a-e 2-33a-e 2-34a-e
R':a=Et; b = ¢-Pr; ¢ = c-Pent; d = c-Hex; e = Ph

Reagents and conditions: (a) aminomalononitrile p-toluenesulfonate, NMP, 120 °C, uW, 0.25 h,
18-72%:; (b) tert-BuONO, CuBr;, MeCN, rt, 3 h, 33-60%; (c) 2-morpholinoethan-1-amine, THF,
70 °C, 2 h, 45-80%.
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Oxazoles are a well-established structural motif in biologically relevant molecules.””® To
further expand our SAR of the 5-aminooxazole series and mitigate the utility of a repetitive
multistep synthesis, we were interested in pursuing a late stage, advanced intermediate that
would enable rapid derivation. Direct functionalization of oxazoles provides an attractive

approach toward this effort.””

To date, there are multiple reports that independently demonstrate
effective direct arylation and amination of oxazoles.””>"" Therefore, we initially envisaged 4-
cyanooxazole as a reasonable platform for sequential C-5 selective direct amination to afford the
S5-aminooxazole intermediate followed by C-2 direct arylation to provide the polyfunctionalized
product (Figure 29). However, there are a number of challenges that require investigation.
Regioselective functionalization of an unsubstituted oxazole is well studied; whereby, C-2
activation is preferred over C-5.2"® Further, metalation of an oxazole can be challenging and
requires strictly controlled reaction conditions due to the instability of the intermediary metal

species and its tendency to favor the ring open isonitrile tautomer.>2%!

N CN N CN " CN
Qo‘g > Q}NWRZ - (h<et)/\r/<(3_§‘NFﬂFx2

4-cyanooxazole C-5 direct amination C-2 direct (het)arylation

Figure 29. Sequential C-5 Direct Amination C-2 Direct (het)arylation of 4-Cyanooxazole

Our investigation demonstrated successive metalations initiated by regioselective C-5
zincation followed by copper-catalyzed electrophilic amination and subsequent palladium-
catalyzed C-2 direct arylation to rapidly provide diversely functionalized aminooxazole
derivatives. Selective C-H amination occurred utilizing a strong, non-nucleophilic zinc base,

ZnTMP-LiCl (TMP=2,2,6,6-tetramethylpiperidyl). Treatment of 4-cyanooxazole underwent
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ortho-metalation to regioselectively deprotonate the C-5 position. The resulting organozincate
intermediate was then able to react with O-acylhydroxylamines in the presence of a copper
catalyst, Cu(OAc),, to furnish the C-5 aminated product. Lastly, employing established
palladium-catalyzed direct arylation conditions, C-2 functionalization occurred with diverse
(hetero)arenes.

Our synthetic approach began with commercially available ethyl oxazole-4-carboxylate
2-35 (Scheme 45). Nucleophilic substitution with ammonia furnished the primary amide 2-36 in
99% yield followed by TFAA-mediated dehydration to generate 4-cyanooxazole 2-37 in 84%
yield. 4-Cyanooxazole 2-37 was generated on gram-scale in 83% over two steps without

requiring chromatography.

Scheme 45. Synthesis of 4-Cyanooxazole 2-37

(0] o
—
o) NH, CN
N a N b N
Q \ —_— Q \ —_— ;o\
(6] (6] O
2-35 2-36 2-37

Reagents and conditions: (a) NH3;, MeOH, 60 °C, 20 h, 99%; (b) TFAA, Et;N, THF, 0 °C-rt, 1.5
h, 84%.

Previous reports have demonstrated the application of a cyano group to achieve
regioselective alpha-metalation of pi-deficient heterocycles in the presence TMP-Zinc base.”
Therefore, we hypothesized that the inductive and/or possibly complex-induced proximity
effects of the 4-cyano substituent would lead to preferential directed ortho metalation (DoM) at
the C-5 position.”***® To test this hypothesis, we utilized Knochel’s mixed lithium and zinc
base, TMPZnCl,-LiCl, which has indefinite stability at room temperature in the absence of

air.”™ ¢ To evaluate regioselectivity, 2-37 was treated with TMPZnCl,-LiCl at -78 °C for 2 h
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and subsequently quenched with bromine. Gratifyingly, upon warming to 0 °C, this reaction
resulted in the exclusive regioselective metalation and bromination of C-5 to provide 2-38 in
60% vyield (Entry 1, Table 5). Subsequent evaluation of other electrophilic bromine sources,

(CLLBrC), and NBS, resulted in lower yields (Entry 2 and 3).

Table 5. Regioselective C-5 Zincation

N CN TMPZnCl,- LiCl N CN
Qﬁ THF, -78 °C, 2 h; «X
(o) o) Br

E*,-78-0°C,1h

2-37 2-38
Entry E+ Yield?
1 Br, 60%
2 (Cl,BrC), 329,
3 NBS 19%

TMPZnCl,-LiCl (1.1 eq); E+ (1.1 eq); “Isolated yields

Regioselective metalation and subsequent bromonation of C-5 was affirmed using 1D
and 2D nuclear magnetic resonance (NMR) spectroscopy. 'H-">C Heteronuclear Multiple Bond
Correlation (HMBC) analysis of 2-37 clearly demonstrated correlation between H-5 and the 4-
cyano carbon. Following TMPZnCl-LiCl-mediated metalation and subsequent bromination, 'H-
3C HMBC analysis of 2-38 no longer indicated the correlation between H-5 and the 4-cyano
carbon (Figure 30). This suggested C-5 metalation occurred, resulting in the C-5 brominated
product. Interestingly, the '*C chemical shift of 2-38 for C-5 was 136.0 ppm — a difference of
10.4 ppm upfield compared to 2-37. This observed *C chemical shift may be due to two possible
phenomena: the heavy-atom a-effect or the mesomeric effect.”*’ The heavy-atom o-effect is

attributed to bromine’s non-bonding lone-pair electrons that provide enhanced diamagnetic
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shielding. Alternatively, the mesomeric effect is associated with bromine’s non-bonding lone-
pair electrons that interact with the conjugated pi-electrons of the oxazole ring, which would

enhance the electron density of C-5.

J k ppm
2-38, 'H-'3C HMBC, CDCI3

100

<«4— No correlation between 110
© Hpr and CN

E120
130

140
0 0 150
E160
E170

-180

88 86 84 82 80 78 76 74 72 70 68 66 64 6.2 ppm

Figure 30. "H-"C HMBC of 2-38

Encouraged by the regioselective C-5 deprotonation and metalation of 4-cyanooxazole,
we next investigated the feasibility of C-H amination with electrophilic amines. Based on
previous reports and ease of preparation, we utilized O-acylhydroxylamines as a suitable
electrophilic nitrogen source.”™ *¥ Treatment of diverse secondary amines with benzoic
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anhydride and disodium hydrogen phosphate led to the facile construction of

acylhydroxylamines 2-40a-e in 49-89% yield (Scheme 46).

Scheme 46. Synthesis of O-Acylhydroxylamines

Ry a Ry
NH ——  N-OBz
2-39a-e 2-40a-e
E:N OBz O N-OBz  Boc-N N-OBz
2-40a 2-40b 2-40c
Bn‘ \
N-OBz N-OBz
Me //—/
2-40d 2-40e

Reagents and conditions: (a) (BzO),, Na;HPO4, DMF, tt, 2 h, 49-89%

Treatment of the heteroaryl zincate intermediate with diverse O-acylhydroxylamines 2-

40a-e in the presence of Cu(OAc), gratifyingly provided the respective aminated product in

modest to good yields (58-67%) (Table 6). The focused scope of the amination reaction included

cyclic (Entry 1-3) and acyclic (Entry 4 and 5) alkylamino groups. Notably, cleavage of the

benzyl or allyl group under mild conditions can afford either a secondary or primary amino

derivatives (e.g. Entry 4 and 5).
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Table 6. C-5 Direct Amination

TMPZnCl,- LiCl

CN
N N THE 78°C, 2 h: N
« ﬁ ¢} NR'R2
o Cu(OAc),, -78 °C-rt 0
2-37 BzO-NR'R2 2-41a-e
Entry -NR'R2 Yield?  Compound
1 §—Nij 67% 2-41a
/—\
2 S-N © 64% 2-41b
\__/
/~ \
3 $~N N-Boc  63% 2-41c
_/
an
4 -N. 60% 2-41d
Me
/_//
5 $-N 58% 2-41e

TMPZnCl,-LiCl (1.1 eq); BZO-NR'R? (1.2 eq), Cu(OAc), (10 mol%); “Isolated yields

Next, we explored C-H arylation at C-2 utilizing the morphilino derivative 2-41b.
Multiple reports have demonstrated direct arylation of oxazole at C-2; however, to the best of our
knowledge, there are no literature examples for the direct functionalization of 4-cyano and/or 5-
aminooxazole. Due to the electron-withdrawing effect of the 4-cyano substituent, our initial
efforts employed Hoarau’s conditions, which effectively demonstrated palladium-catalyzed
direct arylation of an electron-deficient ethyl oxazole-4-carboxylate using an electron-rich
JohnPhos ligand with various iodo, bromo, and chloro (hetero)arenes.”” **' Gratifyingly, direct
C-2 arylation of 2-41b using Hoarau’s conditions afforded the respective arylated product 2-42a-
e in a respectable 69-81% yield (Table 7). Both electron rich (Entry 1 and 3) and electron

deficient (Entry 2 and 4) arenes at the meta- and para-position were surveyed as well as 2-
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pyridyl derivative (Entry 5). This work established an effective platform for rapid and efficient

C-5 direct amination followed by C-2 direct arylation of 4-cyanooxazole.

Table 7. C-2 Direct (het)Arylation

Rl CN

CN
N-g\ N~
U U
% N/\\O P(OAC),, JohnPhos  R' "0 NA\O

N Cs,COg, 1,4-dioxane N
2-41b 110 °C, Ar 2-42a-e

Entry R! Yield? Compound

1 E@om 81% 2-42a
2 Q—O—COZEt 70% 2-42b

Me
3 30 71% 2-42¢
4 § 75% 2-42d

N
5 3 —<__\> 69% 2-42e

R'-I (2 eq.), PA(OAc); (5 mol %), JohnPhos (10 mol%), Cs,COs (2 eq.); “Isolated yields

The developed methodology was applied toward the pursuit of our medicinal chemistry
optimization of the 5-aminooxazole series. The advanced 5-amino-4-cyanooxazole intermediate
2-43 was established in 76% yield through nucleophilic aromatic substitution of bromide 2-38

with pre-constructed N-benzyl-2-morpholinoethan-1-amine at 80 °C (Scheme 47).
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Scheme 47. Synthesis of 4-Cyanooxazole Advanced Intermediate

CN . CN (:)O
G P
0" Br o” N

Bn
2-38 2-43

Reagents and conditions: (a) N-benzyl-2-morpholinoethan-1-amine, THF, 80 °C, 43 h, 76%.

With the advanced 5-amino-4-cyanooxazole intermediate 2-43 in hand, continuation of
SAR of C-2 occurred in Table 8 through direct arylation with various electron rich (Entry 1) and

electron deficient arenes (Entry 2 and 3) to provided the C-2 functionalized product 2-44a-¢ in

modest to good yields (55-82%).

Table 8. Direct C-2 Arylation of an Advanced Intermediate

e (:j ]| e (:j

Qi\g\ ~N 14& ~N

o” N Pd(OAc),, JohnPhos ~ R' 07 N
Bn Bn

Cs,COg3, 1,4-dioxane
2-43 110 °C, Ar 2-44a-c

Entry R! Yield? Compound

1 E—@— OMe 55% 2-44a
2 3@ CO,Et 77% 2-44b

3 3—@— CF, 82% 2-44¢c

R'-I (2 eq.), PA(OAc), (5 mol %), JohnPhos (10 mol%), Cs,COs (2 eq.); “Isolated yields
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2.3 Conclusion

Our initial effort provided a gram-scale synthesis of known p75 neurotrophin receptor
(p75N™) inhibitors LM11A-31 and LM11A-24 without the requirement for chromatography.
Additionally, we investigated the experimental binding of LM11A-31 to p75™'} through the
development of a computational model and the synthesis of LM11A-31 derivatives for SAR
investigation. Furthermore, we constructed two p75™ '~ inhibitor series — the hybrid analog series
and the 5-aminooxazole series. Due to inconsistent and irreproducible biological results, further
studies evaluating the performance of the synthesized compounds will be necessary. Efforts
toward the 5-aminooxazole series led to the development of novel methodology that enabled C-5
regioselective direct amination followed by C-2 direct (het)arylation of 4-cyanooxazole. This
work supported the construction of a 5-aminooxazole advanced intermediate and rapid C-2

substitution using direct arylation conditions.
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3.0 Appendix

The following appendix describes the synthesis of additional chapter 1 NMS-873
analogues that do not fit within the framework and the context of the main text. These analogues
include zone I-1V derivation as well as HyT derivatives. The experimental procedures associated

with these intermediates and final products are found in the experimental section.

Scheme 48. Synthesis of A-5

A. a
O O
—_—
A-1 A-2
B.
| N | SN | SN
P4 P P4
b c
N

1-13 A-3 A-4
QN
d,e M902S O
Q O/\« D/ \O
A-5

Reagents and conditions: A. (a) NBS, AIBN, CCly, 90 °C, 2 h; B. (b) A2, Cs,CO3, DMF, 80 °C,
2 h; (¢) p-TsOH, MeOH, rt, 24 h, 33%; (d) MsCl, DIPEA, CH,Cl,, 0 °C, 1 h; (e) 2-methyl-4'-
(methylsulfonyl)-[1,1'-biphenyl]-4-o0l, Cs,CO3s, DMF, rt, 21 h, 60%.
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Scheme 49. Synthesis of A-6 and A-7

- QM

)
=
N a,b
o™ S SN
N-N |
ci _
Cl
1-15 cl
— N._s
o X Ir
iy
Cl A7

Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 1 h; (b) pentafluorophenol (A-6) or
pentachlorophenol (A-7), Cs,CO3;, DMF, 1t, 16 h, 54-57%.

Scheme 50. Synthesis of A-8 and A-9

$ T QO/\«V

>
N a,b
~ S
HO™ *@ |\N
F >
1-117a N g
o X
F N-N

Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 2 h; (b) 2,5-difluorophenol (A-8) or
3,5-difluorophenol (A-9), Cs,COs, DMF, tt, 20 h, 84-87%.
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Scheme 51. Synthesis of A-13

A. OH OH
a b Me
— —— v~ s
Me Me
|

A-10 A-11 A-12

z Me §

=
N ¢, d = N
i8S t8e

1-15 A-13

Reagents and conditions: A. (a) KI, KIOs;, HCI, MeOH, H0, rt, 1 h; (b) Pd(PPh3),Cl,, Cul, Et;N,
THF, rt, 17 h, 79%; B. (¢) MsCl, DIPEA, CH,Cl,, 0 °C, 1 h; (d) A-12, Cs,CO;, DMF, rt, 13 h,
64%.

Scheme 52. Synthesis of A-14

o/\(% @L MGNJN)LOO/\(&%VSO

1-42a A-14
Reagents and conditions: (a) 1-methylpiperidin-4-amine, CDI, CH,Cl,, rt, 14 h, 70%

Scheme 53. Synthesis of A-15

o)
Me- X
SV NQ\ % N
HO | N 0 | _
= a § N
= /\(NYS . O/\« D/S
TR NG

1-42b A-15

Reagents and conditions: (a) 1-methylpiperidin-4-amine, CDI, CH,Cl,, rt, 18 h, 68%
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Scheme 54. Synthesis of A-18

| /N HO | /N
X a, b X c
Ho ™ ST O SN T
N-N N-N
1-117a A-16

q I :N Me |\N
d 'NJ Z
~rSen T H% ~"rs
D gige
A-17 A-18
Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 2 h; (b) 34, Cs,CO3, DMF, rt, 22 h,
61%; (c) DMP, CH,Cl,, 0 °C, 1.5 h, 87%; (d) 1-methylpiperidin-4-amine, NaBH4, MeOH, 1t, 16
h, 42%.

Scheme 55. Synthetic Efforts Toward A-25
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Reagents and conditions: (a) H;SO4, MeOH, 80 °C, 24 h, 100%; (b) NaOH, THF, MeOH, rt, 13
h, 86%; (c) 2-hydroxyisoindoline-1,3-dione, DIC, DMAP, CH,Cl,, rt, 18 h, 89%; para-anisole
magnesium bromide, NiCl, glyme, dtbbpy, DMF/THF, rt, 2 h, 39%, LiAlH4, Et,0, CH,Cl,, -10
°C-rt, 18 h; (f) 1-dodecanethiol, AICl3;, PhMe, 0 °C-rt, 14 h.
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Scheme 56. Synthesis of A-31
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Reagents and conditions: A. (a) KI, KIOs;, HCIl, MeOH, H,O, 2 h; (b) 2-(prop-2-yn-1-
yloxy)tetrahydro-2H-pyran, Pd(PPh;),Cl,, Cul, Et;N, MeCN, 38 h, 41%; B. (c) MsCl, DIPEA,
CH,Cly, 0 °C, 2 h; (d) A-28, Cs,COs;, DMF, rt, 15 h, 49%; () p-TsOH, MeOH, 1t, 48 h, 20%;
(f) 4-nitrophenyl chloroformate, DMAP, 2-aminopyridine, CH,Cly, rt, 0.5 h; 2-aminopyridine, rt
—70°C, 1 h, 62%.

Scheme 57. Synthesis of A-33
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Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (b) 4-(3-hydroxyprop-1-yn-1-yl)-
3-methylphenol, Cs,CO;, DMF, rt, 26 h, 79%, K,COs3;, MeOH, 100 °C, 18 h, 68%.
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Scheme 58. Synthesis of A-35a and A-35b
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Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (b) 2,5-difluoro-4-(3-
hydroxyprop-1-yn-1-yl)phenol, Cs,COs;, DMF, rt, 15 h, 81%; (c) methylamine hydrochloride
(A-35a), EtsN, CDI, CH,Cly, rt, 16 h, 97% or 1-methylpiperidin-4-amine, (A-35b), CDI, CH,Cl,,
rt, 16 h, 91%.

Scheme 59. Synthesis of A-38
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Reagents and conditions: (a) DPPA, DBU, THF, 0 °C —rt, 18 h, 65%; (b) PPh;, THF, H,O, rt, 20
h, 78%; (c) propionic acid, T3P Et;N, DMF, rt, 15 h, 70%.
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Scheme 60. Synthesis of A-40a and A-40b
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Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (b) 3,5-difluoro-4-(3-
hydroxyprop-1-yn-1-yl)phenol, Cs;COs3, DMF, rt, 18 h, 74%; (c) methylamine hydrochloride (A-
40a), EtsN, CDI, CH,Cl,, 1t, 22 h, 95% or 1-methylpiperidin-4-amine, (A-40b), CDI, CH,Cl,, tt,
7 h, 92%.

Scheme 61. Synthesis of A-38
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Reagents and conditions: (a) DPPA, DBU, THF, 0 °C —rt, 24 h, 70%; (b) PPh;, THF, H,O, rt, 22
h, 67%:; (c) propionic acid, EDC, HOBt, DIPEA, DMF, rt, 18 h, 53%.
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Scheme 62. Synthesis of A-45
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Reagents and conditions: (a) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; (b) 2,5-difluoro-4-((1r,3r)-3-
(hydroxymethyl)cyclobutyl)phenol, Cs,COs;, DMF, rt, 14 h, 64%; (c) methylamine
hydrochloride, Et;N, CDI, CH,Cl,, rt, 16 h, 96%.

Scheme 63. Synthetic efforts toward A-51
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Reagents and conditions: A. (a) glutaraldehyde, K,COs, H>O, rt, 0.5 h, 70%; (b) PPhs, CBry,
Et,0, rt, 24 h, 46%; B. (c) A-48, Cs,CO;, DMF, 80 °C, 2.5 h, 59%; (d) p-TsOH, MeOH, rt, 24 h,

89%; (¢) MsCl, DIPEA, CH,Cl,, 0 °C, 3 h; Ar-OH, Cs,COs, DMF, 1t or Ar-OH, PPh;, DIAD,
THF, 0 °C-rt.

116



Scheme 64. Synthesis of A-52
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Reagents and conditions: (a) 1-methylpiperidin-4-amine, T3P, Et;N, DMF, rt, 17 h, 43%.

Scheme 65. Synthesis of A-54 and A-55
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Reagents and conditions: (a) 1-136 (A-53), CDI, CH,Cl,, rt, 24 h, 90% or 1-140 (A-54), CDI,
CH,Cly, 1t, 24 h; 70%.

Scheme 66. Synthesis of A-56
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Reagents and conditions: (a) 1-methylpiperidin-4-amine, CDI, CH,Cl,, rt, 24 h, 48%
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4.0 Experimental Section

4.1 General

4.1.1 Molecular Modeling and In-Silico Docking

NTR
5

Molecular modeling and in-silico receptor-ligand docking studies of p7 inhibitors to

NTR NTR
5 5

was performed using the Glide software program (Schrodinger, LLC). p7 structural

p7
coordinates were obtained from the X-ray co-crystal structure of the NGF-p75"'™" complex
(PDB: 1SG1). The NGF co-structure was deleted and the p75™ '~ structure was preprocessed and
optimized using an Optimized Potentials for Liquid Simulations 3 (OPLS3) molecular

mechanical force field prior to docking. p75™'}

inhibitors were also prepared using an OPLS3
molecular mechanical force field prior to docking. Inhibitor ionization states were determined
using Epik (pH range between 2-7) and specific chiralities were conserved. The inhibitor binding
site was defined by a rectangular docking grid confined to site 1 — NGF **KGKE?*® recognition
site residues. Inhibitor binding was also constrained to interact with Asp75°”°™ '}, The search grid
was expanded to 20 A from Asp75. Glide standard (SP) and extra-precision (XP) modes were

employed for docking and the maximum number of confirmations per inhibitor was set to 20.

The pose that demonstrated the most favorable binding to Asp75 was reported.
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4.1.2 Chemistry

Moisture and air-sensitive reactions were performed under nitrogen or argon atmosphere
and glassware used for these reactions was flamed dried and cooled under nitrogen or argon prior
to use. THF and Et,O were distilled from sodium/benzophenone and CH,Cl, were distilled from
CaH,. 1,4-Dioxane was purchased from Acros (Sure/Seal bottle) and used as received. Et;N was
distilled from CaH, and stored over KOH. Toluene was purified by passage through an activated
alumina filtration system. Melting points were determined using a Mel-Temp II instrument and
are not corrected. Infrared spectra were determined using a Smiths Detection IdentifyIR FT-IR
spectrometer. High-resolution mass spectra were obtained on a Micromass UK Limited, Q-TOF
Ultima API, Thermo Scientific Exactive Orbitrap LC-MS. 'H and C NMR spectra were
obtained on Bruker Advance 300 MHz, 400 MHz, or 500 MHz instruments. Chemical shifts ()
were reported in parts per million with the residual solvent peak used as an internal standard, o
'H (Solvent): 7.26 (CDClLy); 2.50 ((CD3),S0), 3.31 (CD,OD); and are tabulated as follows:
chemical shift, multiplicity (s = singlet, br. s = broad singlet, d = doublet, br. d = broad doublet, t
= triplet, app. t = apparent triplet, q = quartet, m = multiplet), number of protons, and coupling
constant(s). °C NMR spectra were obtained at 75 MHz, 100 MHz, or 125 MHz using a proton-
decoupled pulse sequence and are tabulated by observed peak. Thin-layer chromatography was
performed using pre-coated silica gel 60 F,, plates (EMD, 250 um thickness) and visualization
was accomplished with a 254 nm UV light or by staining with a KMnOj, solution (1.5 g of
KMnO4 and 1.5 g of K»COj3 in 100 mL of a 0.1% NaOH solution). Chromatography on SiO,
(Silicycle, Silia-P Flash Silica Gel or SiliaFlash® P60, 40-63 pum) was used to purify crude

reaction mixtures. Final products were of >95% purity as analyzed by reverse phase HPLC
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(Alltech Prevail C-18, 100 x 4.6 mm, 1 mL/min, CH,CN, H,O and 0.1% TFA) with UV (210,
220 and 254 nm), ELS (nebulizer 45 °C, evaporator 45 °C, N, flow 1.25 SLM), and S7 MS

detection using a Thermo Scientific Exactive Orbitrap LC-MS (ESI positive). All other materials

were obtained from commercial sources and used as received.

4.2 Procedures

4.2.1 Chapter 1.0 Procedures

~N
%

Qo”*gf,g* SO

1-14

4-(Pyridin-3-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4 H-1,2 ,4-triazole-3-thiol
(1-14). 3-Bromocyclohexene (1.03 mL, 8.04 mmol) was added to a high pressure reaction vial
containing a mixture of 4-(pyridin-3-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-
triazole-3-thiol 1-13 (1.00 g, 3.42 mmol), cesium carbonate (1.39 g, 4.28 mmol) in
dimethylformamide (7 mL). The reaction vial was sealed and heated to 80 °C for 2.5 h. The
reaction mixture was cooled to room temperature, diluted with a saturated aqueous solution of
sodium bicarbonate (25 mL), and extracted with ethyl acetate (50 mL, three times). The
combined organic solutions were washed with water (50 mL), brine (50 mL), dried (MgSQO,),
filtered, concentrated under reduced pressure, and purified by chromatography on SiO, (ethyl

acetate) to provide 1-14 (1.10 g, 2.96 mmol, 87%) as an off-white solid: Rf (ethyl acetate) 0.28;
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Mp (methylene chloride) 122-124 °C; IR (neat) 2934.1, 1575.0, 1481.8 cm™; "H NMR (CDCls,
500 MHz) 6 8.76 (dd, 1 H, J = 4.8, 1.5 Hz), 8.65 (br. d, 1 H, J = 2.5 Hz), 7.73-7.71 (m, 1 H),
7.49 (ddd, 1 H, J = 8.1, 4.8, 0.7 Hz), 5.87 (dtd, 1 H, J = 9.8, 3.8, 1.5 Hz), 5.76-5.73 (m, 1 H),
4.68 (dd, 1 H, J=12.6, 5.0 Hz), 4.57 (app. q, | H, J= 2.9 Hz), 4.55-5.53 (m, 1 H), 4.50 (dd, 1 H,
J=12.6, 4.8 Hz), 3.47-3.39 (m, 2 H), 2.11-1.96 (m, 4 H), 1.77-1.39 (m, 9 H); *C NMR (CDCl;,
125 MHz) 6 152.8, 152.7, 150.9, 148.4, 135.0, 132.2, 130.4, 125.5, 123.9, 98.2, 98.2, 61.6, 58.8,
44.0, 30.0, 29.2, 25.1, 24.8, 19.1, 18.7; LC-MS (ES) m/z caled for C;oH»50,N4S [M+H]"

373.1693, found 373.1691.

1-15
3-(3-(Cyclohex-2-en-1-ylthio)-5-(((tetrahydro-2 H-pyran-2-yl)oxy)methyl)-4 H-1,2 ,4-
triazol-4-yl)pyridine (1-15). A solution of 1-14 in methanol (18 mL) was treated with p-
toluenesulfonic acid monohydrate (0.258 g, 1.36 mmol) at room temperature and stirred for 24 h.
The reaction mixture was quenched with a saturated aqueous solution of sodium bicarbonate (10
mL). Organic solvent was removed under reduced pressure and the resulting aqueous solution
was extracted with a 10% solution of methanol in methylene chloride (20 mL, three times). The
combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure
to provide 1-15 (0.765 g, 2.65 mmol, 98%) as an off-white solid: Rf (EtOAc; neutral alumina)
0.14; Mp (methanol) 150-152 °C; IR (neat) 3152.2, 2921.7, 2856.7, 1482.9, 14259 cm™; 'H
NMR (CDCls, 500 MHz) 6 8.80 (s, 1 H), 8.71 (s, 1 H), 7.88 (ddd, 1 H, J = 8.1, 2.1, 1.3 Hz),
7.56-7.53 (m, 1H), 5.89 (dtd, 1 H, J=9.7, 3.9, 1.4 Hz), 5.76-5.72 (m, 1H), 4.66 (s, 2 H), 4.52-
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4.51 (m, 1 H), 2.11-1.95 (m, 4 H) 1.79-1.62 (m, 2 H); *C NMR (CDCl;, 125 MHz) § 150.9,
147.9, 135.1, 132.3, 130.1, 125.4, 124.2, 54.2, 44.1, 29.2, 24.8, 19.1; LC-MS (ES) m/z calcd for

C14H17ON4S [M+H]" 289.1118, found 289.1116.

oL )~
OH

1-17

4'-(Hydroxymethyl)-[1,1'-biphenyl]-4-0l (1-17). Potassium carbonate (1.26 g, 9.09
mmol) and 10% palladium on carbon (0.0484 g, 0.0455 mmol) was sequentially added to a high
pressure reaction vial containing a mixture of 4-hydroxymethylphenylboronic acid (0.345 g, 2.27
mmol) and 4-iodophenol 1-16 (0.500 g, 2.27 mmol) in 11 mL of water. The reaction vial was
sealed and heated at 120 °C for 1.5 h The reaction mixture was cooled to room temperature,
neutralized with a 1M aqueous solution of potassium hydrogen sulfate, and extracted with ethyl
acetate (20 mL, three times). The combined organic solutions were passed through a plug of
silica, dried (MgSQO,), filtered, and concentrated under reduced pressure to provide 1-17 (0.362
g, 1.81 mmol, 79%) as an-off white solid: Rf (50% ethyl acetate in hexane) 0.57; "H NMR
((CD»)2S0, 400 MHz) 6 9.51 (s, 1H), 7.49 (dd, J = 21.5, 8.4 Hz, 4H), 7.34 (d, J = 8.1 Hz, 2H),

6.83 (d, J= 8.6 Hz, 2H), 5.17 (t, J = 5.7 Hz, 1H), 4.50 (d, J = 5.7 Hz, 2H).

HO
%QOH
1-18
4-(3-Hydroxyprop-1-yn-1-yl)phenol (1-18). Propargyl alcohol (0.315 mL, 545 mmol)
was added to a mixture of 4-iodophenol 1-16 (1.00 g, 4.55 mmol),

bis(triphenylphosphine)palladium chloride (0.159 g, 0.227 mmol), copper iodide (0.0866 g,
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0.455 mmol) in anhydrous, degassed triethylamine (2.8 mL) and tetrahydrofuran (2.8 mL) under
an atmosphere of argon. The reaction mixture was stirred for 17 h, diluted with water (10 mL),
and extracted methylene chloride (15 mL, three times). The combined organic solutions were
dried (MgS0,), filtered, concentrated under reduced pressure, and purified by chromatography
on silica (50-60 % ethyl acetate in hexane; dry loaded) to provide 1-18 (0.491 g, 3.32 mmol,
73%) as a brown/tan solid: Rf (50% ethyl acetate in hexane) 0.50; "H NMR ((CD3),SO, 300
MHz) 6 9.80 (s, 1 H), 7.23 (d, J = 8.6 Hz, 2 H), 6.74 (d, J = 8.6 Hz, 2 H), 5.24-5.20 (m, 1 H),

4.25 (d, J=4.7 Hz, 2 H); Characterization: NB-00789.028.

<P
1-20
Propellane (1-20). A three-neck 1 L round bottom flask was equipped with a graduated
addition funnel fitted with a jacket, inert gas valve, and an internal thermometer. The reaction
flask was charged with 1,1-dibromo-2,2-bis(chloromethyl)cyclopropane 1-19 (50.0 g, 168 mmol)
in anhydrous diethyl ether (105 mL) under an atmosphere of nitrogen and cooled to
-45 °C (dry ice dissolved in isopropanol). A 1.9 M solution of phenyl lithium in n-butyl ether
(177 mL, 337 mmol) was slowly cannulated to the graduated addition funnel. The 1.9 M solution
of phenyl lithium in n-butyl ether was cooled to -50 °C (dry ice in acetone) and then slowly
added dropwise to the reaction mixture over a span of 2 h under an atmosphere of nitrogen. The
reaction mixture was warmed to 0 °C and stirred for an additional 2 h. The reaction mixture was
purified using vacuum distillation (vacuum aspirator, -700 mmHg; water bath, 30 °C) with a
collection flask cooled to -78 °C. The concentration of (1-20) in diethyl ether was determined by

quantitative H NMR. A sample of (1-20) (200 uLl) in diethyl ether was diluted with
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dichloroethane (50 wuL, 0.63 mmol) and CDCIl; (ca. 0.5 mL). The ratio of
dichloroethane:propellane based on H NMR peak integration indicated a 1.68 M solution of (1-
20) in diethyl ether (10.5 g, 159 mmol, 95%) as a colorless solution: "H NMR (CDCls, 300

MHz) § 1.94 (s, 6 H).

IMOMe
1-21

1-Iodo-3-(4-methoxyphenyl)bicyclo[1.1.1]pentane (1-21). A quartz vessel was charged
with a mixture of 4-iodoanisole (42.5 g, 182 mmol) and 1-20 (4.00 g, 36.0 mL, 1.68 M in diethyl
ether solution) in anhydrous diethyl ether (105 mL) and pentane (420 mL). The reaction mixture
was irradiated at 254 nm using a 450-W Mercury lamp for 6.5 h and then concentrated under
reduced pressure, and purified by chromatography (2.5% ethyl acetate in hexane; dry loaded,
absorbed onto Celite; silica pre-washed with 1% Et;N in hexane) to provide crude 1-21 (1.03 g,
1.86 mmol, 3%, ~60% purity by "H NMR) as a green solid. This material was carried forward
without further purification: Rf (10% ethyl acetate in hexane) 0.43. This experimental procedure

was redacted from NB-00789.007.

o
%OMe
HO

1-22
3-(4-Methoxyphenyl)bicyclo[1.1.1]pentane-1-carboxylic acid (1-22). A 1.7 M solution
of tert-butyllithium in pentane (2.49 mL, 4.16 mmol) was added dropwise to a solution of crude
1-21 (0.500 g, 1.67 mmol) in anhydrous diethyl ether (6.7 mL) at -78 °C under an atmosphere of

nitrogen. The reaction mixture was stirred for 0.5 h and then carbon dioxide gas was bubbled
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through the solution. The reaction mixture was stirred for 10 minutes and then slowly warmed to
room temperature and stirred for an additional 20 minutes. The reaction mixture was extracted
with water (5 mL, three times) and the combined aqueous solutions were acidified with a 2 M
aqueous solution of hydrogen chloride until a pH of 2 was reached and subsequently saturated
with brine. The resulting aqueous mixture was extracted with diethyl ether (25 mL, three times)
and the combined organic solutions were dried (MgSQ,), filtered, and concentrated under
reduced pressure. Pivalic acid was removed by Kugelrohr distillation (100 °C, high vacuum)
resulting in 1-22 (0.233 g, 1.07 mmol, 64%) as an off-white solid: "H NMR (CDCls, 500 MHz)

8 7.16-7.13 (m, 2 H), 6.87-6.84 (m, 2 H), 3.80 (s, 3 H), 2.33 (s, 6 H).

0
1-23

3-(4-Hydroxyphenyl)bicyclo[1.1.1]pentane-1-carboxylic acid (1-23). A 1 M solution
of boron tribromide in methylene chloride (0.57 mL, 0.57 mmol) was added dropwise to a
solution of 1-22 (0.0500 g, 0.229 mmol) in anhydrous methylene chloride (1.15 mL) at -10 °C
under an atmosphere of argon. The reaction mixture was warmed to room temperature and
stirred for 3 h. The reaction mixture was diluted with water (5 mL) and extracted with ethyl
acetate (10 mL, three times). The combined organic solutions were dried (MgSQ,), filtered, and
concentrated under reduced pressure to provide 1-23 (0.0581 g) as a black solid. This material
was used in the subsequent reaction without further purification: "H NMR (CDsOD, 400 MHz) &

7.04 (d, J= 8.5 Hz, 2 H), 6.71 (d, J= 8.5 Hz, 2 H), 2.23 (s, 6 H).
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Ho¥{>—QOH
1-24

4-(3-(Hydroxymethyl)bicyclo[1.1.1]pentan-1-yl)phenol (1-24). Borane tetrahydrofuran
(0.57 mL, 0.57 mmol) was added dropwise to solution of 1-23 (0.0468 g, 0.229 mmol) in
anhydrous tetrahydrofuran (0.43 mL) at -20 °C under an atmosphere of nitrogen. The reaction
mixture was slowly warmed to room temperature and stirred for 14 h. The reaction mixture was
cooled to 0 °C, diluted with water (2 mL), treated with solid potassium carbonate (0.42 g), and
stirred for 15 minutes. The resulting mixture was extracted with ethyl acetate (5 mL, three times)
and the combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced
pressure, and purified by chromatography on silica (30% ethyl acetate in hexane, dry loaded) to
provide 1-24 (0.0237 g, 0.124 mmol, 54%, two steps) as a white solid: Rf (ethyl acetate) = 0.65;
Mp (methanol, decomposition) > 102 °C; IR (neat) 3420.7, 3137.7, 2972.9, 2908.3, 2868.8,
1610.9, 1521.5 cm™; "H NMR (CD;OD, 500 MHz) 8 & 7.02 (d, J = 8.5 Hz, 2 H), 6.69 (d, J =
8.5 Hz, 2 H), 3.58 (s, 2 H), 1.89 (s, 6 H); *C NMR (CD;OD, 100 MHz) & 155.6, 132.3, 126.6,
114.4, 62.0, 50.3, 41.2, 38.4; LC-MS (ES) m/z calcd for C;,H;50, [M+H]" 191.1067, found

191.1066.

HO—< —
\ CO,Me

1-26
Methyl (E)-3-(4-hydroxyphenyl)acrylate (1-26) Three drops of concentrated sulfuric
acid was added to a solution of (£)-3-(4-hydroxyphenyl)acrylic acid 1-25 (1.50 g, 9.14 mmol) in
methanol (18 mL) and stirred at reflux for 24 h. The reaction mixture was concentrated under

reduced pressure and resuspended in a saturated aqueous solution of sodium bicarbonate (15
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mL). The aqueous solution was extract with ethyl acetate (25 mL, three times) and the combined
organic solutions were dried (MgSQ,), filtered, and concentrated under reduced pressure to
provide 1-26 (1.53 g, 8.59 mmol, 94%) as an off-white solid: Rf (20% ethyl acetate in hexane)
0.23; "H NMR (CDCls, 300 MHz) & 7.64 (d, J = 16.0 Hz, 1H), 7.44-7.41 (m, 2H), 6.86 (d, J =

8.6 Hz, 2H), 6.30 (d, J= 16.0 Hz, 1H), 5.70 (s, 1H), 3.80 (s, 3H).

o)\

OH
1-27

(E)-4-(3-hydroxyprop-1-en-1-yl)phenol (1-27). A 1M solution of lithium aluminum
hydride in ether (4.21 mL, 4.21 mmol) was slowly added dropwise to a solution of 1-26 (0.500 g,
2.81 mmol) in anhydrous THF (11.2 mL) at 0 °C under an atmosphere of nitrogen and stirred for
2 h. The reaction mixture was slowly quenched with acetone (5 mL) and diluted with a 0.2 M
aqueous solution of hydrogen chloride (20 mL). The resulting mixture was extracted with ethyl
acetate (25 mL, three times). The combined organic solutions were dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (35% ethyl
acetate in hexane) to provide 1-27 (0.321 g, 2.14 mmol, 76%) as white solid: Rf (50% ethyl
acetate in hexane) 0.59; "H NMR ((CD5),SO, 300 MHz) & 9.42 (s, 1H), 7.22 (d, J = 8.6 Hz, 2H),
6.71 (d, J = 8.6 Hz, 2H), 6.41 (d, J = 16.0 Hz, 1H), 6.12 (dt, J = 15.9, 5.4 Hz, 1H), 4.74 (t, J =

5.5 Hz, 1H), 4.06 (td, J= 5.4, 1.5 Hz, 2H).
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o
o
MOMO
1-28
Methyl (E)-3-(4-(methoxymethoxy)phenyl)acrylate (1-28). Chloro(methoxy)methane
(0.78 mL, 10 mmol) was added to a mixture of 1-26 (1.53 g, 8.59 mmol), N,N-
diisopropylethylamine (2.24 mL, 12.9 mmol) in anhdrous methylene chloride (43 mL) at room
temperature under an atmosphere of nitrogen and stirred for 18 h. The reaction mixture was
washed with water (25 mL), dried (MgSQO,), filtered, and concentrated under reduced pressure to
provide 1-28 (1.71 g, 7.69 mmol, 90%) as a light-brown oil: Rf (20% ethyl acetate in hexane)
0.37; "H NMR (CDCl3, 500 MHz) & 7.65 (d, J = 16.0 Hz, 1H), 7.48-7.46 (m, 2H), 7.06-7.03 (m,

2H), 6.33 (d, J= 16.0 Hz, 1H), 5.20 (s, 2H), 3.80 (s, 3H), 3.48 (s, 3H).

\\“‘%/O\
3

MOMO
1-29

Methyl 2-(4-(methoxymethoxy)phenyl)cyclopropane-1-carboxylate (1-29). Sodium
hydride (0.410 g, 15.4 mmol) was added to a solution of trimethylsulfoxonium iodide (3.39 g,
15.4 mmol) in anhydrous DMSO (40 mL) at room temperature under nitrogen and stirred for 0.5
h. A solution of 1-28 (0.250 g, 1.12 mmol) in anhydrous DMSO (10 mL) was added dropwise
and the reaction mixture was stirred for 11.5 h. The reaction mixture was quenched with a
saturated aqueous solution of ammonium chloride (100 mL) and then diluted with ethyl acetate
(100 mL). The isolated organic solution was washed with water (50 mL, three times). The
resulting organic solution was dried (MgSQ,), filtered, concentrated under reduced pressure, and

purified by chromatography on silica (10% ethyl acetate in hexane) to provide 1-29 (0.282 g,
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1.19 mmol, 15%) as a colorless oil: Rf (20% ethyl acetate in hexane) 0.32; IR 3001.4, 2952.6,
2901.1, 2827.1, 1612.2, 1515.3 cm™; "H NMR (CDCls, 400 MHz) & 7.04-7.01 (m, 2H), 6.97-
6.94 (m, 2H), 5.15 (s, 2H), 3.71 (s, 3H), 3.46 (s, 3H), 2.52-2.47 (m, 1H), 1.83 (ddd, J = 8.4, 5.2,
4.2 Hz, 1H), 1.59-1.54 (m, 1H), 1.27 (ddd, J = 8.4, 6.6, 4.5 Hz, 1H); *C NMR (CDCls, 126
MHz) & 173.9, 156.0, 133.3, 127.4, 116.4, 94.6, 55.9, 51.8, 25.7, 23.6, 16.7; LC-MS (ES) m/z

caled for Cy3Hi704 [M+H]" 237.1121, found 237.1119.

Ao
MOMO/©

1-30

2-(4-(Methoxymethoxy)phenyl)cyclopropyl)methanol (1-30). A 1 M solution of
lithium aluminum hydride in diethyl ether (1.79 mL, 1.79 mmol) was added dropwise to a
solution of 1-29 (0.282 g, 1.19 mmol) in anhydrous diethyl ether (12 mL) at 0 °C under nitrogen
and stirred for 1 h. The reaction mixture was slowly quenched with water (5 mL) and further
diluted with a saturated aqueous solution of Rochelle salt (10 mL). The mixture was stirred for
0.5 h and the isolated aqueous solution was extracted with ethyl acetate (15 mL, three times).
The combined organic solutions were dried (MgSQ,), filtered and concentrated under reduced
pressure to provide 1-30 (0.233 g, 1.12 mmol, 94%) as a colorless oil: Rf (20% ethyl acetate in
hexane) 0.15; "H NMR (CDCls, 500 MHz) & 7.01 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 8.7 Hz, 2H),
5.14 (s, 2H), 3.61 (quintet, J = 9.1 Hz, 2H), 3.47 (s, 3H), 1.79 (dt, /= 8.9, 4.6 Hz, 1H), 1.41-1.37

(m, 2H), 0.91-0.86 (m, 2H).
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1-31

4-2-(Hydroxymethyl)cyclopropyl)phenol (1-31). 1-30 (0.233 g, 1.12 mmol) was added
to a solution of acetyl chloride (0.48 mL, 6.7 mmol) in methano (11 mL) at 0 °C. The reaction
mixture was warmed to room temperature and stirred for 24 h. The reaction mixture was diluted
with water 10 mL and extracted with ethyl acetate (15 mL, three times). The combined organic
solutions were dried (MgSQO,), filtered, and concentrated under reduced pressure to provide 1-31
(0.0622 g, 0.379 mmol, 34%) as a colorless residue: Rf (50% ethyl acetate in hexane) 0.2; 'H
NMR (CDCls, 400 MHz) 6 6.99-6.97 (m, 2H), 6.76 (d, J = 8.6 Hz, 2H), 3.66-3.61 (m, 2H), 1.81-

1.78 (m, 1H), 1.57 (d, J= 3.3 Hz, 1H), 1.41-1.37 (m, 2H), 0.92-0.88 (m, 2H).

)

/J:R\OMe
MeO
)

Me

1-33
Methyl 3,3-dimethoxycyclobutane-1-carboxylate (1-33). p-Toluenesulfonic acid
monohydrate (1.13 g, 6.57 mmol) was added to a mixture of trimethyl orthoformate (36.0 ml,
329 mmol), 3-oxo-cyclobutanecarboxylic acid 1-32 (7.5 g, 65.7 mmol) in methanol (94 ml) and
stirred at reflux for 19 h. The reaction mixture was concentrated under reduced pressure,
suspended in diethyl ether (100 mL), washed with a saturated aqueous solution of sodium
bicarbonate (50 mL, twice), dried (MgSO,), filtered, and concentrated under reduced pressure to

provide 1-33 (11.4 g, 65.2 mmol, 99%) as a yellow oil: Rf (20% ethyl acetate in hexane) 0.36;
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'H NMR (CDCls, 500 MHz) & 3.69 (s, 3H), 3.15 (d, J = 10.3 Hz, 6H), 2.92-2.85 (m, 1H), 2.46-

2.36 (m, 4H).

™
MeO

OMe
1-34
(3,3-Dimethoxycyclobutyl)methanol (1-34). A 4M solution of lithium aluminum
hydride in diethyl ether (8.18 mL, 32.7 mmol) was added dropwise over a span of 1 h to a
solution of 1-33 (11.4 g, 65.4 mmol) in anhydrous diethyl ether (65 mL) at 0 °C under an
atmosphere of nitrogen. The reaction mixture was warmed to room temperature and stirred for 1
h. The reaction mixture was cooled to 0 °C and quenched with water (50 mL) followed by 15%
aqueous solution of sodium hydroxide (50 mL). The solid material was filtered through a Celite
and the resulting filtrate was extracted with diethyl ether (50 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, and concentrated under reduced pressure to
provide 1-34 (6.60 g, 45.2 mmol, 69%) as a colorless oil. Rf (50% ethyl acetate in hexane) 0.15;
"H NMR (CDCls, 300 MHz) & 3.66-3.64 (m, 2H), 3.15 (d, J = 6.0 Hz, 6H), 2.31-2.25 (m, 3H),

1.91-1.88 (m, 2H).

o

0
1-35
3-(Hydroxymethyl)cyclobutan-1-one (1-35). 1M aqueous hydrogen chloride (4.52 mL,
4.52 mmol) was added to a mixture of 1-34 (6.60 g, 45.2 mmol) and water (8.13 mL, 452 mmol)

in acetone (45 mL) at room temperature and stirred for 18 h. The reaction mixture was cooled to
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0 °C and quenched with a saturated aqueous solution of sodium bicarbonate (10 mL). The
resulting aqueous solution was extracted with ethyl acetate (50 mL, three times) and the
combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure
to provide 1-35 (3.29 g, 32.9 mmol, 73%) as a colorless oil: Rf (50% ethyl acetate in hexane)
0.15; "H NMR (CDCls, 300 MHz) & 3.80 (d, J = 6.4 Hz, 2H), 3.18-3.09 (m, 2H), 2.92-2.84 (m,

2H), 2.63 (tquintet, J= 8.8, 6.1 Hz, 1H), 1.62 (s, 2H).

J;(\OTBDS

o
1-36

3-(((Tert-butyldiphenylsilyl)oxy)methyl)cyclobutan-1-one (1-36). Tert-
butylphenylchlorosilane (10.3 mL, 39.4 mmol) was added to a solution of 1-35 (3.29 g, 32.9
mmol), imidazole (3.36 g, 49.3 mmol) in anhydrous methylene chloride (132 mL) at 0 °C under
an atmosphere of nitrogen. The reaction mixture was warmed to room temperature and stirred for
2.5 h. The reaction mixture was washed with water (50 mL), a saturated aqueous solution of
sodium bicarbonate (50 mL, twice), brine (50 mL), dried (MgSQO,), filtered, and concentrated
under reduced pressure. The resulting crude material was purified by recrystallization using
hexane to provide 1-36 (8.86 g, 26.2 mmol, 80%) as a white solid: Rf (20% ethyl acetate in
hexane) 0.70; Mp (CH.Cl,) 82-84 °C; IR (neat) 2931.7, 2857.1, 1778.8, 1092.5cm™"; "H NMR
(CDCls, 400 MHz) 6 7.66-7.64 (m, 4H), 7.46-7.37 (m, 6H), 3.80 (d, J = 5.4 Hz, 2H), 3.09-3.01
(m, 2H), 2.98-2.91 (m, 2H), 2.64-2.57 (m, 1H), 1.06 (s, 9H); *C NMR (CDCl;, 125 MHz) &
207.6, 135.6, 133.4, 129.8, 127.8, 66.0, 49.3, 26.9, 25.7, 19.3; LC-MS (ES) m/z calcd for

C,1H2,0,Si [M+H]" 339.1775; found 339.1999.
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3-(((Tert-butyldiphenylsilyl)oxy)methyl)-1-(4-methoxyphenyl)cyclobutan-1-ol (1-
37). A three-neck round bottom flask was equipped with a stopper, condenser, and septum and
charged with metallic magnesium turnings (0.179 g, 7.39 mmol). lodine (ca. 2 mg) was added
and the mixture was briefly heated with a Bunsen burner and vigorously stirred under an
atmosphere of nitrogen. Once cooled to room temperature, anhydrous THF (12 mL) was added
followed by 4-bromoanisole (0.925 g, 7.39 mmol). The mixture spontaneously began to reflux
and stirred for 0.5 h to provide freshly prepared Grignard reagent.

The Grignard reagent was added dropwise to a solution of 1-36 in anhydrous THF (12
mL) at -78 °C. The reaction mixture was warmed to 0 °C and stirred for 1 h. The reaction
mixture was quenched with a saturated aqueous solution of ammonium chloride (15 mL) and
extracted with ethyl acetate (20 ml, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (20% ethyl acetate) to provide 1-37 (0.854 g, 1.91 mmol, 65%) as colorless oil: Rf (20%
ethyl acetate in hexane) 0.38; IR 3425.0, 3070.6, 2930.7, 2893.3, 1610.7, 1512.7 cm™; "H NMR
(CDCls, 300 MHz) 6 7.72-7.68 (m, 4H), 7.47-7.38 (m, 8H), 6.94-6.90 (m, 2H), 3.82 (s, 3H), 3.73
(d, J = 4.5 Hz, 2H), 2.73-2.66 (m, 2H), 2.32-2.25 (m, 2H), 1.10 (s, 9H); *C NMR (CDCl;, 125
MHz) ¢ 158.7, 138.3, 135.7, 133.6, 129.7, 127.7, 126.5, 113.7, 73.2, 67.2, 55.3, 39.8, 27.8, 26.9,

19.3; LC-MS (ES) m/z calcd for CpsH3503Si [M+H]" 447.2350; found 447.2833.
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1-38
Tert-butyl((3-(4-methoxyphenyl)cyclobut-2-en-1-yl)methoxy)diphenylsilane  (1-38).
p-Toluenesulfonic acid monohydrate (0.434 g, 2.28 mmol) was added to a solution of 1-37
(0.850 g, 1.90 mmol) in toluene (7.6 mL) at room temperature and stirred for 24 h. The reaction
mixture was quenched with a saturated aqueous solution of sodium bicarbonate (10 mL) and
extracted with methylene chloride (15 mL, three times). The combined organic solutions were
dried (MgS0,), filtered, concentrated under reduced pressure, and purified by chromatography
on silica (0-5% ethyl acetate in hexane) to provide 1-38 (0.580 g, 1.35 mmol, 71%) as a colorless
oil: Rf (20% ethyl acetate in hexane) 0.56; "H NMR (CDCls;, 500 MHz) & 7.69-7.67 (m, 4H),
7.42-7.35 (m, 9H), 7.28 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 6.16 (d, J = 1.1 Hz, 1H),
3.81 (s, 3H), 3.77 (ddd, J = 6.6, 4.7, 2.1 Hz, 2H), 3.02-2.98 (m, 1H), 2.83 (dd, J = 13.0, 4.5 Hz,

1H), 2.38 (dd, J = 13.0, 1.7 Hz, 1H), 1.06 (s, 9H).

OH

()

MeO
1-39
(3-(4-Methoxyphenyl)cyclobut-2-en-1-yl)methanol (1-39). A IM solution of
tetrabutylammonium fluoride in THF (2.03 mL, 2.03 mmol) was added dropwise to a solution of
1-38 (0.580 g, 1.35 mmol) in anhydrous THF (13.5 mL) at 0 °C under an atmosphere of nitrogen.
The reaction mixture was slowly warmed to room temperature and stirred for 12 h. The reaction

mixture was quenched with a saturated aqueous solution of sodium bicarbonate (15 mL) and
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extracted with ethyl acetate (20 mL, three times). The combined organic solution was dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (20-30% ethyl acetate in hexane) to provide 1-39 (0.137 g, 0.721 mmol, 53%) as a white
solid: Rf (20% ethyl acetate in hexane) 0.11; "H NMR (CDCls, 500 MHz) § 7.31 (d, J= 8.3 Hz,
2H), 6.86 (d, J= 8.3 Hz, 2H), 6.18 (s, 1H), 3.81 (s, 3H), 3.76 (d, /= 5.9 Hz, 2H), 3.03 (d, /=4.8

Hz, 1H), 2.88 (dd, J = 13.1, 4.2 Hz, 1H), 2.48 (d, J= 12.9 Hz, 1H).

STOH

S

1-40
trans-3-(4-Methoxyphenyl)cyclobutyl)methanol (1-40). A mixture of (1,5-
cyclooctadiene)(pyridine)(tricyclohexylphosphine)-iridium(I) hexafluorophosphate (0.0174 g,
0.0216 mmol) and 1-39 (0.132 g, 0.720 mmol) in anhydrous methylene chloride (14 mL) was
purged with hydrogen. The reaction mixture was stirred at room temperature under an
atmosphere of hydrogen for 2 h. The reaction mixture was concentrated under reduced pressure,
resuspended in a 50% solution of ethyl acetate in hexane (10 mL), filtered through a pad of
silica, and concentrated under reduced pressure to provide 1-40 (0.0993 g, 0.516 mmol, 72%) as

a yellow oil: Rf (20% ethyl acetate in hexane) 0.15; "H NMR (CDCls;, 500 MHz) & 7.18-7.16

(m, 2H), 6.87-6.85 (m, 2H), 3.81 (s, 1H), 3.80 (s, 4H), 3.58-3.51 (m, 2H).
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1-41
4-(trans-3-(Hydroxymethyl)cyclobutyl)phenol (1-41). A solution of 1-40 (0.0993 g,
0.517 mmol) in ethanethiol (0.5 mL) was added to a solution of anhydrous aluminum chloride
(0.344 g, 2.58 mmol) in ethanethiol (1.5 mL) at 0 °C. The reaction mixture was slowly warmed
to room temperature and stirred for 2.5 h. The reaction mixture was poured into a 0.2 M aqueous
solution of hydrogen chloride (5 mL) and extracted with methylene chloride (10 mL, three
times). The combined organic solutions were washed with brine (10 mL), dried (MgSO,),
filtered, and concentrated under reduced pressure to provide 1-41 (0.0597 g, 0.335 mmol, 65%)
as a light yellow solid: Rf (50% ethyl acetate in hexane) 0.38; "H NMR (CD;0D, 500 MHz) &
7.07-7.05 (m, 2H), 6.71 (d, J = 8.6 Hz, 2H), 3.70 (dd, J = 7.3, 2.8 Hz, 2H), 3.48 (quintet, J = 8.5

Hz, 1H), 2.45-2.39 (m, 1H), 2.45-2.39 (m, 1H), 2.19-2.15 (m, 4H).

SN
o Q
1-42a
(4'-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
[1,1'-biphenyl]-4-yl)methanol (1-42a). Methanesulfonyl chloride (0.024 mL, 0.31 mmol) was
added dropwise to mixture of 1-15 (0.0750 g, 0.260 mmol) and N,N-diisopropylethylamine

(0.068 mL, 0.39 mmol) in anhydrous methylene chloride (2.6 mL) under an atmosphere of

nitrogen at 0 °C and stirred for 3 h. The reaction mixture was diluted with a saturated aqueous

136



solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL, three
times). The combined organic solutions were dried (MgSQO,), filtered, and concentrated under
reduced pressure. This material was carried forward without further purification.

1-17 (0.0625 g, 0.312 mmol) was added to a mixture of crude mesylate and cesium
carbonate (0.169 g, 0.520 mmol) in anhydrous DMF (1.8 mL) under an atmosphere of nitrogen
and stirred at room temperature for 20 h. The reaction mixture was diluted with water (5 mL) and
extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (ethyl acetate, dry loaded) to provide 1-42a (0.0787 g, 0.167 mmol, 64%) as a white solid:
Rf (ethyl acetate) 0.16; Mp (methylene chloride) 158-160 °C; IR 3339.5, 3029.2, 2925.1,
1604.7, 1583.9, 1498.6 1484.9 cm™; "H NMR (CDCls;, 500 MHz) & 8.76 (dd, J = 4.8, 1.2 Hz,
1H), 8.76 (dd, J=4.8, 1.2 Hz, 1H), 8.65 (d, /= 2.4 Hz, 1H), 8.65 (d, /= 2.4 Hz, 1H), 7.71 (dt, J
=8.1, 1.9 Hz, 1H), 7.71 (dt, J = 8.1, 1.9 Hz, 1H), 7.51-7.45 (m, 4H), 7.51-7.45 (m, 4H), 7.41 (d,
J=28.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 6.94-6.92 (m, 2H), 6.94-6.92 (m, 2H), 5.89-5.86 (m,
1H), 5.89-5.86 (m, 1H), 5.77-5.73 (m, 1H), 5.77-5.73 (m, 1H), 5.15-5.10 (m, 2H), 5.15-5.10 (m,
2H), 4.73 (d, J = 4.8 Hz, 2H), 4.73 (d, /= 4.8 Hz, 2H), 4.58 (d, /= 2.3 Hz, 1H), 4.58 (d,J=2.3
Hz, 1H), 2.13-2.06 (m, 1H), 2.13-2.06 (m, 1H), 2.06-1.98 (m, 3H), 2.06-1.98 (m, 3H), 1.86-1.84
(m, 1H), 1.86-1.84 (m, 1H), 1.75-1.64 (m, 2H), 1.75-1.64 (m, 2H); *C NMR (CDCls, 126 MHz)
o 156.7, 153.4, 151.6, 151.1, 148.1, 139.9, 139.6, 134.83, 134.70, 132.3, 130.1, 128.2, 127.4,
126.8, 125.5, 124.0, 115.1, 64.9, 60.1, 44.1, 29.2, 24.8, 19.2; LC-MS (ES) m/z calcd for

C,7H270,N4S [M+H]" 471.1849, found 471.1664.
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1-42b

3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)prop-2-yn-1-ol (1-42b). Methanesulfonyl chloride (0.018 mL, 0.23 mmol)
was added dropwise to mixture of 1-15 (0.0600 g, 0.208 mmol), N,N-diisopropylethylamine
(0.045 mL, 0.26 mmol) in anhydrous methylene chloride (2 mL) under an atmosphere of
nitrogen at 0 °C and stirred at room temperature for 1 h. The reaction mixture was diluted with a
saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with methylene chloride
(15 mL, three times) The isolated organic solution was dried (MgSQ.,), filtered, and concentrated
under reduced pressure. This material was carried forward without further purification.

1-18 (0.0339 g, 0.229 mmol) was added to a mixture of crude mesylate, cesium carbonate
(0.136 g, 0.416 mmol) in anhydrous DMF (1 mL) under an atmosphere of nitrogen and stirred at
room temperature for 23 h. The reaction mixture was diluted with water (5 mL) and extracted
with ethyl acetate (10 mL, three times). The combined organic solutions were dried (MgSOy),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (ethyl
acetate, dry loaded) to provide 1-42b (0.0578 g, 0.137 mmol, 66%) as a white solid: "H NMR
(CDCls, 500 MHz) 6 7.67 (d, J = 8.4 Hz, 1 H), 7.47 (dt, J=6.1, 3.1 Hz, 1 H), 7.31 (d, J = 8.7
Hz, 2 H), 6.80 (d, J = 8.7 Hz, 2 H), 5.89-5.86 (m, 1 H), 5.76-5.73 (m, 1 H), 5.12-5.06 (m, 2 H),
4.58-4.57 (m, 1 H), 4.47 (s, 2 H), 2.12-2.05 (m, 1 H), 2.03-1.98 (m, 3 H), 1.82-1.76 (m, 2 H),
1.77-1.64 (m, 3 H); LC-MS (ES) m/z caled for C,3Hy30,N4S [M+H]Jr 419.1536, found

419.1533.
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(3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)bicyclo[1.1.1]pentan-1-yl)methanol (1-42¢). Methanesulfonyl chloride
(0.011 mL, 0.15 mmol) was added dropwise to mixture of 1-15 (0.0417 g, 0.145 mmol), N,N-
diisopropylethylamine (0.034 mL, 0.19 mmol) in anhydrous methylene chloride (1.3 mL) under
an atmosphere of nitrogen at 0 °C for 2 h. The reaction mixture was diluted with a saturated
aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL,
three times) The isolated organic solution was dried (MgSQO,), filtered, and concentrated under
reduced pressure. This material was carried forward without further purification.

1-24 (0.0250 g, 0.131 mmol) was added to a mixture of crude mesylate, cesium carbonate
(0.0856 g, 0.263 mmol) in anhydrous DMF (0.7 mL) under an atmosphere of nitrogen and stirred
at room temperature for 22 h. The reaction mixture was diluted with water (5 mL) and extracted
with ethyl acetate (10 mL, three times). The combined organic solutions were dried (MgSQy,),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (ethyl
acetate, dry loaded) to provide 1-42¢ (0.0409 g, 0.0888 mmol, 68%) as a white solid: Rf (ethyl
acetate) 0.40; Mp (methanol) 53-55 °C; IR 3334.4, 3032.3, 2957.5, 2905.9, 2905.9, 2865.7,
1484.1 cm™; "H NMR (CDCls, 500 MHz) & 8.73 (d, J= 3.6 Hz, 1 H), 8.61 (s, 1 H), 7.69 (ddd, J
=8.1,1.9, 1.6 Hz, 1 H), 7.45 (dd, /= 8.0, 4.8 Hz, 1 H), 7.08 (d, /= 8.6 Hz, 2 H), 6.78 (d, /= 8.6
Hz, 2 H), 5.88-5.84 (m, 1 H), 5.73 (dt, /=9.9, 2.0 Hz, 1 H), 5.06 (d, /= 1.3 Hz, 2 H), 4.55 (d, J
=2.3 Hz, 1 H), 3.67 (s, 2 H), 2.08-1.97 (m, 5 H), 1.89 (d, J = 3.8 Hz, 6 H), 1.74-1.63 (m, 3 H).;
C NMR (CDCls, 125 MHz) & 155.9, 153.4, 151.6, 151.0, 148.0, 134.84, 134.8, 132.3, 127.3,
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125.5, 124.0, 114.5, 63.1, 60.1, 50.7, 44.1, 41.5, 39.0, 29.2, 24.8, 19.2; LC-MS (ES) m/z calcd

for CasH290,N4S [M+H]" 461.2006, found 461.2004.

HO N
g
DY
1-42d
(E)-3-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)prop-2-en-1-ol (1-42d). Methanesulfonyl chloride (0.015 mL, 0.19 mmol)
was added dropwise to mixture of 1-15 (0.0500 g, 0.173 mmol), N,N-diisopropylethylamine
(0.045 mL, 0.26 mmol) in anhydrous methylene chloride (1.7 mL) under an atmosphere of
nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a saturated aqueous solution of
sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, and concentrated under reduced
pressure. This material was carried forward without further purification.
1-27 (0.0286 g, 0.191 mmol) was added to a mixture of crude mesylate, cesium carbonate
(0.113 g, 0.347 mmol) in anhydrous DMF (0.85 mL) under an atmosphere of nitrogen and stirred
at room temperature for 24 h. The reaction mixture was diluted with water (5 mL) and extracted
with ethyl acetate (10 mL, three times). The combined organic solutions were dried (MgSQO,),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (ethyl
acetate, dry loaded) to provide 1-42d (0.0250 g, 0.0594 mmol, 34%) as an off-white solid: Rf
(ethyl acetate) 0.41; Mp (methylene chloride) °C; IR 3309.6, 3030.2, 2929.3, 2853.5, 1720.1,
1639.3, 1603.1, 1578.0, 1508.9 cm™; "H NMR (CD;OD, 600 MHz) & 8.72 (d, J = 4.4 Hz, 1H),
8.65 (d, J=1.8 Hz, 1H), 7.97 (d, /= 8.1 Hz, 1H), 7.63 (dd, /= 8.1, 4.9 Hz, 1H), 7.29 (d, /= 8.6
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Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H), 6.51 (d, J = 15.9 Hz, 1H), 6.22 (dt, J = 15.9, 5.7 Hz, 1H),
5.90-5.88 (m, 1H), 5.68-5.66 (m, 1H), 5.15 (s, 2H), 4.33 (s, 1H), 4.18 (d, J = 5.4 Hz, 2H), 2.05-
2.00 (m, 4H), 1.91 (ddt, J = 13.7, 6.5, 3.4 Hz, 1H), 1.71 (ddt, J = 13.8, 7.0, 3.4 Hz, 1H), 1.66-
1.62 (m, 1H); *C NMR (CD;0D, 151 MHz) & 156.8, 153.0, 152.4, 150.6, 147.7, 135.9, 132.2,
131.1, 130.4, 129.4, 127.28, 127.19, 124.8, 124.5, 114.5, 62.3, 59.7, 44.5, 28.8, 24.4, 18.6; LC-

MS (ES) m/z calcd for Cp3Ha50,N4S [M+H]" 421.1693, found 421.1689.

HO) Qo/\ﬁ NKT s®

1-42¢
2-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-

y)methoxy)phenyl)cyclopropyl)methanol (1-42e). Methanesulfonyl chloride (0.032 mL, 0.42
mmol) was added dropwise to mixture of 1-15 (0.100 g, 0.327 mmol) and N,N-
diisopropylethylamine (0.091 mL, 0.52 mmol) in anhydrous methylene chloride (3.5 mL) under
an atmosphere of nitrogen at 0 °C and stirred for 3 h. The reaction mixture was diluted with a
saturated aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride
(10 mL, three times). The combined organic solutions were dried (MgSQ,), filtered, and
concentrated under reduced pressure. This material was carried forward without further
purification.

1-31 (0.0569 g, 0.347 mmol) was added to a mixture of crude mesylate and cesium
carbonate (0.226 g, 0.694 mmol) in anhydrous DMF (1.8 mL) under an atmosphere of nitrogen
and stirred at room temperature for 19 h. The reaction mixture was diluted with water (5 mL) and
extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
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(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (ethyl acetate, dry loaded) to provide 1-42e (0.0702 g, 0.162 mmol, 47%) as a white solid:
Rf (ethyl acetate) 0.15; Mp (methylene chloride) 55-57 °C; IR 3344.4, 3029.2, 2932.2, 2862.4,
1484.9, 1445.4, 1393.8 cm™; "H NMR (CDCls, 500 MHz) & 8.74 (dd, J = 4.8, 1.4 Hz, 1H), 8.61
(d, J=2.4 Hz, 1H), 7.68 (ddd, /= 8.1, 2.5, 1.6 Hz, 1H), 7.45 (dd, J= 8.1, 4.8 Hz, 1H), 6.95 (d, J
= 8.7 Hz, 2H), 6.76-6.74 (m, 2H), 5.89-5.85 (m, 1H), 5.76-5.73 (m, 1H), 5.05 (d, J = 1.4 Hz,
2H), 4.56 (s, 1H), 3.60 (s, 2H), 2.11-1.98 (m, 4H), 1.77-1.65 (m, 3H); *C NMR (CDCls, 126
MHz) § 155.4, 153.3, 151.7, 151.0, 148.0, 136.0, 134.8, 132.3, 130.1, 127.1, 125.5, 124.0, 114.8,
66.3, 60.2, 44.1, 29.2, 24.92, 24.81, 20.5, 19.2, 13.4; LC-MS (ES) m/z calcd for Cy4H270,N4S

[M+H]" 435.1849, found 435.1854.

Oy O

1-42f
(trans-3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-

yl)methoxy)phenyl)cyclobutyl)methanol (1-42f). Methanesulfonyl chloride (0.026 mL, 0.34
mmol) was added dropwise to mixture of 1-15 (0.0971 g, 0.337 mmol) and N,N-
diisopropylethylamine (0.073 mL, 0.42 mmol) in anhydrous methylene chloride (3.3 mL) under
an atmosphere of nitrogen at 0 °C and stirred for 1 h. The reaction mixture was diluted with a
saturated aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride
(5 mL, three times). The combined organic solutions were dried (MgSOQ,), filtered, and
concentrated under reduced pressure. This material was carried forward without further
purification.
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1-41 (0.0500 g, 0.281 mmol) was added to a mixture of crude mesylate and cesium
carbonate (0.183 g, 0.561 mmol) in anhydrous DMF (1.6 mL) under an atmosphere of nitrogen
and stirred at room temperature for 8.5 h. The reaction mixture was diluted with water (10 mL)
and extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (80% ethyl acetate in hexane, dry loaded) to provide 1-42f (0.0661 g, 0.147 mmol, 53%) as
a white solid: Rf (ethyl acetate) 0.31; Mp (CH,Cl,) 98-100 °C; IR 3385.2, 3045.1, 2926.5,
2858.8, 1706.3, 1642.9 cm™; '"H NMR (CDCls, 300 MHz) & 8.77 (s, 1H), 7.70 (d, J = 8.1 Hz,
1H), 7.47 (s, 1H), 7.12 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 5.91-5.85 (m, 1H), 5.77-
5.72 (m, 1H), 5.07 (s, 2H), 4.58-4.56 (m, 1H), 3.79 (d, /= 7.3 Hz, 2H), 3.57-3.45 (m, 1H), 2.50-
2.43 (m, 1H), 2.23-2.15 (m, 4H), 2.10-1.99 (m, 4H), 1.75-1.55 (m, 4H); *C NMR (CDCl;, 125
MHz) § 155.4, 151.0, 148.0, 139.8, 135.6, 134.8, 132.3, 129.7, 127.67, 127.50, 126.5, 125.5,
114.6, 66.6, 60.1, 44.1, 36.0, 32.9, 31.1, 29.2, 24.8, 19.2; LC-MS (ES) m/z calcd for

Ca5H290,N40,S [M+H]" 449.2006, found 449.2007.

N=
Br \ / OBz

1-44
6-Bromopyridin-3-yl benzoate (1-44). Benzoic anhydride (3.90 g, 17.2 mmol) was
added to a mixture of 6-bromopyridin-3-ol 1-43 (2.00 g, 11.5 mmol) and cesium carbonate (5.62
g, 17.2 mmol) in anhydrous DMF (57 mL) under an atmosphere of nitrogen. The reaction was
stirred for 14 h, diluted with water (500 mL), and extracted with ethyl acetate (250 mL, three
times). The combined organic solutions were dried (MgSQO,), filtered, and concentrated under

reduced pressure to provide 1-44 (3.15 g, 11.3 mmol, 99%) as a white solid: Rf (20% ethyl
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acetate in hexane) = 0.46; "H NMR (CDCls, 300 MHz) § 8.35 (d, J = 2.7 Hz, 1 H), 8.19 (app.

dd, J= 8.0, 0.9 Hz, 2 H), 7.68 (tt, J= 7.4, 1.5 Hz, 1 H), 7.58-7.49 (m, 4 H).

HO N=

1-45

6-(3-Hydroxyprop-1-yn-1-yl)pyridin-3-yl benzoate (1-45). 1-44 (1.00 g, 3.59 mmol),
propargyl alcohol (0.23 mL, 3.9 mmol), copper (I) lodide (0.0685 g, 0.359 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.126 g, 0.179 mmol) was added to a reaction
vial. The reaction vial was degassed under vacuum and refilled with argon; this process was
conducted three times. Degassed, anhydrous tetrahydrofuran (4.5 mL) and triethylamine (2.00
mL, 14.4 mmol) was added to the reaction vial and the reaction vial was purged with argon for 5
minutes. The reaction vial was sealed and stirred at 60 °C for 13 h. The reaction mixture was
diluted with methylene chloride (25 mL) and sequentially washed with a saturated aqueous
solution of ammonium chloride (25 mL) and water (25 mL). The organic solution was dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (60% ethyl acetate in hexane, dry loaded) to provide 1-45 (0.300 g, 1.18 mmol, 33%) as a
yellow solid: Rf (ethyl acetate) 0.55; "H NMR (CDCls, 400 MHz)  8.17 (d, J = 2.7 Hz, 1 H),
8.03 (dd, J=8.4, 1.3 Hz, 2 H), 7.58-7.54 (m, 1 H), 7.43 (t,J= 7.7 Hz, 2 H), 7.33 (d, /= 8.5 Hz,

1 H), 7.20 (dd, J = 8.6, 2.8 Hz, 1 H), 5.08 (s, 2 H).
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1-46

6-(3-Hydroxyprop-1-yn-1-yl)pyridin-3-ol (1-46). A 2.2 M aqueous solution of sodium
hydroxide (3 mL) was added dropwise to a mixture of 1-45 (0.300 g, 1.18 mmol) in
tetrahydrofuran (6 mL) and methanol (6 mL) at room temperature. The reaction mixture was
stirred for 22 h and then slowly quenched with a 1 M aqueous solution of potassium hydrogen
sulfate at 0 °C until a pH 7 was reached. The resulting aqueous solution was extracted with ethyl
acetate (25 mL, three times). The combined organic solutions were dried (MgSQ,), filtered, and
concentrated under reduced pressure to provide 1-45 (0.131 g, 0.880 mmol, 74 %) as a white
solid: Rf (ethyl acetate) 0.40; "H NMR ((CD3),SO, 500 MHz) & 10.30 (s, 1 H), 8.08 (d, J=2.8
Hz, 1 H), 7.32 (d, J=8.5 Hz, 1 H), 7.15-7.12 (m, 1 H), 5.33 (t,J=5.7Hz, 1 H), 4.27 (d,J=5.3

Hz, 2 H).

HO |

1-47
3-(5-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yD)methoxy)pyridin-2-yl)prop-2-yn-1-ol (1-47). Methanesulfonyl chloride (0.015 mL, 0.19
mmol) was added dropwise to mixture of 1-15 (0.0500 g, 0.173 mmol), N,N-
diisopropylethylamine (0.0378 mL, 0.22 mmol) in anhydrous methylene chloride (1.73 mL)
under an atmosphere of nitrogen at 0 °C and stirred at room temperature for 1 h. The reaction

mixture was diluted with a saturated aqueous solution of sodium bicarbonate (10 mL) and
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extracted with methylene chloride (15 mL, three times). The isolated organic solution was dried
(MgSOQ,), filtered, and concentrated under reduced pressure. This material was carried forward
without further purification.

1-46 (0.0284 g, 0.191 mmol) was added to a mixture of crude mesylate, cesium carbonate
(0.113 g, 0.347 mmol) in anhydrous DMF (0.85 mL) under an atmosphere of nitrogen and stirred
at room temperature for 16 h. The reaction mixture was diluted with water (10 mL) and extracted
with ethyl acetate (20 mL, three times). The combined organic solutions were dried (MgSQ,),
filtered, concentrated under reduced pressure, and purified by reverse-phase chromatography on
C18 silica (55% acetonitrile in water, dry loaded) to provide 1-47 (0.0498 g, 0.119 mmol, 68%)
as a yellow solid: Rf (1% methanol in ethyl acetate) 0.07; Mp (methylene chloride) 151-153 °C;
IR 3263.3, 2926.9, 1566.1, 1484.7 cm™; "H NMR (CD;OD, 300 MHz) & 8.75-8.73 (m, 1 H),
8.69-8.68 (m, 1 H), 8.11 (d, /= 1.6 Hz, 1 H), 8.02-7.98 (m, 1 H), 7.67-7.63 (m, 1 H), 7.42 (t,J =
2.3 Hz, 1 H), 5.93-5.87 (m, 1 H), 5.71-5.65 (m, 1 H), 5.28 (s, 2 H), 4.39 (s, 2 H), 4.35 (s, 1 H),
2.06-2.00 (m, 3 H), 1.96-1.87 (m, 2 H), 1.75-1.62 (m, 3 H), 0.97-0.81 (m, 1 H); *C NMR
(CDs;OD, 125 MHz) & 153.5, 153.3, 151.6, 150.9, 147.7, 137.8, 135.9, 135.7, 132.3, 127.9,
124.8, 124.6, 122.1, 87.4, 82.3, 60.1, 49.6, 44.5, 28.8, 24.4, 18.6; LC-MS (ES) m/z calcd for

CH20,N5S [M+H]" 420.1489, found 420.1487.

3-(4-Amino-2-methylphenyl)prop-2-yn-1-ol (1-49). 4-lodo-3-methylaniline 1-48 (2.00
g, 8.58 mmol), propargyl alcohol (0.99 mL, 17 mmol), copper (I) lodide (0.163 g, 0.858 mmol),
bis(triphenylphosphine)palladium(II) chloride (0.301 g, 0.429 mmol) was added to a reaction
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vial. The reaction vial was degassed under vacuum and refilled with argon; this process was
conducted three times. The premixed degassed, anhydrous THF (9 mL) and anhydrous
triethylamine (9 mL) was added to reaction vial. The reaction vial was purged with argon for 5
minutes. The reaction vial was sealed and stirred at room temperature for 24 h. The reaction
mixture was diluted with a saturated aqueous solution of ammonium chloride (25 mL) and
extracted with methylene chloride (25 mL, three times). The organic solution was dried
(MgSOQ,), filtered, and concentrated under reduced pressure, and purified by chromatography on
S10, (50% ethyl acetate in hexane, dry loaded) to provide 1-49 (1.08 g, 6.69 mmol, 78%) as a
brown residue: Rf (50% ethyl acetate in hexane) 0.46; IR (neat) 3340.8, 3221.0, 2917.9, 2857.2,
2216.1, 1607.9 cm™; "H NMR (CDCls, 500 MHz) & 7.20 (d, 1 H, J=8.2 Hz), 6.50 (d, 1 H, J =
2.0 Hz), 6.44 (dd, 1 H,J=8.2,2.3 Hz),4.51 (d,2 H,J=6.1 Hz),3.73 (s,2 H), 3.49(d, 1 H, J =
5.5 Hz), 2.34 (s, 3 H); ®C NMR (CDCls, 125 MHz) § 146.7, 141.8, 133.5, 115.8, 112.3, 112.0,

88.9, 85.2, 51.8, 20.7; LC-MS (ES) m/z calcd for C1oH;2ON [M+H]" 162.0913, found 162.0913.

)
=
Y .DpP,
s
THPO/\%_’\’?/[PQ\D
D
Pb b

1-50
3-(3-((Cyclopentyl-d9)thio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-
triazol-4-yl)pyridine (1-50). Bromocyclopentane-d9 (0.23 mL, 2.1 mmol) was added to a high
pressure reaction vial containing a mixture of 1-13 (0.500 g, 1.71 mmol), cesium carbonate
(0.697 g, 2.14 mmol) in DMF (3.5 mL). The reaction vial was sealed and stirred at room
temperature for 12 h. The reaction mixture was cooled to room temperature, diluted with a

saturated solution of aqueous sodium bicarbonate (15 mL), and extracted with ethyl acetate (25
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mL, three times). The combined organic solutions were washed with water (25 mL), brine (25
mL), dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by
chromatography on SiO, (60% ethyl acetate in hexane) to provide 1-50 (0.242 g, 0.654 mmol,
38%) as an off-white solid: Rf (ethyl acetate) 0.52; "H NMR (CDCl3, 300 MHz) & 8.74 (dd, 1 H,
J=428,14Hz),8.70 (d, J=2.2 Hz, 1H), 7.85 (ddd, 1 H, J=8.1,2.3, 1.6 Hz), 7.50 (dd, 1 H, J =
8.2,4.7 Hz),4.53 (t,2 H, J=10.1 Hz), 4.33 (d, 1 H, J=12.6 Hz), 3.42-3.38 (m, 2 H), 1.63-1.39

(m, 6 H).

N s DD

HO ™) Dﬁo

DB p°

1-51

(5-((Cyclopentyl-d9)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methanol (1-51). p-
Toluenesulfonic acid monohydrate (0.0623 g, 0.327 mmol) was added to a solution of 1-50
(0.242 g, 0.655 mmol) in methanol (6.5 mL). The reaction mixture was stirred at 40 °C for 3 h.
The reaction mixture was quenched with a saturated solution of aqueous sodium bicarbonate (5
mL). Organic solvent was removed under reduced pressure and the resulting aqueous solution
was extracted with a 10% solution of methanol in methylene chloride (10 mL, three times). The
combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure
to provide 1-51 (0.187 g, 0.422 mmol, 64%) as an off-white solid: '"H NMR (CDCls, 500 MHz)
0870 (d, 1 H,J=42Hz),8.67(d, 1 H,J=1.7Hz), 7.89 (ddd, 1 H, J= 8.1, 2.5, 1.5 Hz), 7.51

(dd, 1 H,J=8.1,4.9 Hz),4.54 (d, 2 H, J= 1.5 Hz), 2.74 (d, 1 H, J= 4.8 Hz)..
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H =
D D
N S D
O)\%-KTDQD
D
Pb b
1-52

3-Methyl-4-((phenylsulfonyl)ethynyl)phenol5-((cyclopentyl-d9)thio)-4-(pyridin-3-
yl)-4H-1,2,4-triazole-3-carbaldehyde (1-52). Dess-Martin Periodinane (0.372 g, 0.876 mmol)
was added to a solution of 1-51 (0.200 g, 0.700 mmol) in anhydrous methylene chloride (3.5 mL)
at 0 °C under an atmosphere of nitrogen. The reaction mixture was warmed to room temperature
and stirred for 2 h. The reaction was diluted with methylene chloride (10 mL) and a saturated
aqueous solution of sodium thiosulfate (10 mL). The mixture was stirred for 5 minutes and the
isolated organic solution was sequentially washed with sodium bicarbonate (10 mL) and brine
(10 mL). The organic solution was dried (MgSQ,), filtered, concentrated under reduced pressure
to provide 1-52 (0.158 g, 0.558 mmol, 80%) as an off-white solid: Rf (ethyl acetate) 0.47; IR
3044.5, 2878.4, 2226,6, 1687.6 cm™; "H NMR (CDCls, 300 MHz) & 9.98 (s, 1 H), 8.79 (dd, 1 H,
J=48,14Hz),855(d, 1 H,J=2.2Hz), 7.63 (ddd, 1 H, J=8.1, 2.5, 1.6 Hz), 7.52-7.47 (m, 1
H); *C NMR (CDCls, 125 MHz) & 179.4, 158.3, 151.7, 151.2, 147.3, 134.3, 130.0, 124.0; LC-

MS (ES) m/z calcd for C13H302N4SDy [M+H;0]" 302.1631, found 302.1494.

)
Me ¥z

— " DD |

HO N6 »/DS b
H N-N

D D

1-53
3-(4-(((5-((Cyclopentyl-d9)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-

y)methyl)amino)-2-methylphenyl)prop-2-yn-1-ol (1-53). Acetic acid (0.020 mL, 0.35 mmol)
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was added to a mixture of 1-52 (0.0500 g, 0.176 mmol), 1-49 (0.0341, 0.212 mmol) in anhydrous
THF (0.9 mL) and stirred at room temperature under nitrogen for 19 h. Sodium
triacetoxyborohydride (0.0935 g, 0.441 mmol) was added and the reaction mixture was stirred
for an additional 24 h. The reaction mixture was quenched with a saturated aqueous solution of
sodium bicarbonate (5 mL) and extracted with a 10% solution of methanol in methylene chloride
(10 mL, three times). The combined organic solutions were dried (MgSQO,), filtered, concentrated
under reduced pressure, and purified by chromatography on SiO; (7% methanol in methylene
chloride) to provide 1-53 (0.0350 g, 0.0817, 46%) as a brown solid: Rf (ethyl acetate) 0.11; Mp
(methylene chloride): 68-70 °C; IR 3277.8, 2923.2, 2222.2, 1608.0 cm™; '"H NMR (CDCls, 500
MHz) 6 8.77 (d, 1 H, J=3.9 Hz), 8.56 (d, 1 H, J= 1.9 Hz), 7.61-7.59 (m, 1 H), 7.46 (dd, 1 H, J
=8.0,4.8 Hz), 7.14 (d, 1 H, J = 8.3 Hz), 6.32 (s, 1H), 6.28 (dd, 1 H, J = 8.3, 2.1 Hz), 4.50 (s, 2
H), 4.30 (s, 2 H), 2.28-2.25 (m, 3 H); *C NMR (CDCls, 125 MHz) § 153.2, 153.0, 151.2, 147.8,
146.7, 141.8, 134.7, 133.4, 130.1, 124.3, 113.9, 112.2, 110.4, 89.3, 84.9, 51.8, 39.1, 20.9; LC-

MS (ES) m/z caled for Co3H7ONsSDy [M+H]" 429.2417, found 429.2416.

0
o N OTHP

1-55
Ethyl 2-((tetrahydro-2H-pyran-2-yl)oxy)acetate (1-55). 3,4,-Dihydro-2H-pyran (4.39
mL, 48.0 mmol) was added dropwise to a mixture of ethyl glycolate 1-54 (4.55 mL, 48.0 mmol)
and p-toluenesulfonic acid (0.0914 g, 0.480 mmol) at room temperature and stirred for 48 h. The
reaction mixture was diluted with diethyl ether (250 mL), washed with a saturated aqueous
solution of sodium bicarbonate (50 mL, two times), and brine (50 mL). The organic layer was

then dried (MgSQ,), filtered, and concentrated under reduced pressure to provide 1-55 (8.32 g,

150



44.2 mmol, 92%) as a light-yellow oil: Rf (20% ethyl acetate in hexane) 0.38; "H NMR (CD;Cl,
400 MHz) 6 4.74 (t, J = 3.4 Hz, 1H), 4.24-4.18 (m, 4H), 3.86 (ddd, J = 11.4, 8.9, 2.9 Hz, 1H),
3.54-3.49 (m, 1H), 1.88-1.80 (m, 1H), 1.75 (dt, J=9.2, 3.7 Hz, 2H), 1.62-1.52 (m, 4H), 1.28 (t, J

=7.1 Hz, 3H).

o)
H2N\NJ\/OTHP
H

1-56

2-((Tetrahydro-2H-pyran-2-yl)oxy)acetohydrazide (1-56). Hydrazine monohydrate
(4.29 mL, 88.4 mmol) was added to a solution of 1-55 (8.32 g, 44.2 mmol) in ethanol (35 mL)
and heated to reflux for 21 h. The reaction mixture was cooled to room temperature and
concentrated under reduced pressure. The resulting oil was resuspended in water (25 mL) and
extracted with methylene chloride (50 mL, three times). The combined organic layers were
washed with brine, dried (MgSQ4), and concentrated under reduced pressure to provide 1-56
(6.65 g, 38.2 mmol, 86%) as a light-yellow oil: Rf (ethyl acetate) 0.11; '"H NMR (CDsCl, 500
MHz) 6 4.61 (dd, J=4.4,2.9 Hz, 1 H), 4.28 (d, /= 15.5 Hz, 1 H), 4.09 (d, J = 15.5 Hz, 1 H),

3.82 (ddd, J=11.3, 8.0, 3.3 Hz, 1 H), 3.56-3.51 (m, 1 H).

1-58
Tert-butyl (5-isothiocyanatopyridin-2-yl)carbamate (1-58). Thiophosgene (0.431 mL,
4.78 mmol) was added dropwise to a mixture of 1-57 (1.00 g, 4.78 mmol) and sodium

bicarbonate (1.20 g, 14.3 mmol) in chloroform (4.25 mL) and water (0.5 mL) at 0 °C. The
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reaction mixture was stirred for 3 h, diluted with water (10 mL), and filtered through a pad of
Celite. The pad of Celite was washed with methylene chloride and the isolated aqueous solution
was extracted with methylene chloride (20 mL, three times). The combined organic solutions
were dried (MgSQ,), filtered, and concentrated under reduced pressure to provide 1-58 (1.03 g,
4.09 mmol, 86%) as a brown solid: Rf (ethyl acetate) 0.83; "H NMR (CDsCl, 300 MHz) & 8.33
(s, 1 H), 8.22 (dd, J=2.6,0.6 Hz, 1 H), 8.01 (d,J=9.0 Hz, 1 H), 7.51 (ddd, /= 9.0, 2.6, 0.3 Hz,

1 H), 1.55 (s, 9 H).

AN o
BocHN/(Nj s
1-59

Tert-butyl (5-(2-(2-((tetrahydro-2H-pyran-2-yl)oxy)acetyl)hydrazine-1-
carbothioamido)pyridin-2-yl)carbamate (1-59). 1-58 (1.03 g, 4.09 mmol) was added to a high
pressure vial containing a solution of 1-56 (0.714 g, 4.09 mmol) in ethanol (5.8 mL). The
reaction vial was sealed and stirred at 80 °C for 2 h. The reaction mixture was concentrated under
reduced pressure to provide crude 1-59 (1.71 g) as a brown solid. This material was carried

forward without further purification: LC-MS (ES) m/z calcd for C;gH;50sN5S [M+H]+

426.1806, found 426.1805.
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1-60

Tert-butyl (5-(3-mercapto-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-
triazol-4-yl)pyridin-2-yl)carbamate (1-60). Crude 1-59 (1.20 g, 2.82 mmol) was added to a
solution of sodium hydroxide (0.113 g, 2.82 mmol) in water (9.4 mL) and stirred at 50 °C for 15
h. The reaction mixture was diluted with water (10 mL), acidified to a pH of 6 using a 1M
aqueous solution of potassium hydrogen sulfate, and extracted with ethyl acetate (25 mL, six
times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
reduced pressure, and purified by column chromatography on silica (50% ethyl acetate in
hexane) to provide 1-60 (0.639 g, 1.568 mmol, 56%) as a yellow solid: Rf (50% ethyl acetate in
hexane) 0.37; Mp (methylene chloride) 198-200 °C; IR 2923.4, 2754.2, 1724.8, 1593.4, 1534.6;
"H NMR (CDsCl, 400 MHz) & 11.85 (s, 1 H), 8.35 (d, J = 2.4 Hz, 1 H), 8.20 (d, J = 8.6 Hz, 2
H), 7.79 (dd, J=9.0, 2.5 Hz, 1 H), 4.56-4.53 (m, 2 H), 4.34 (d, /= 12.8 Hz, 1 H), 3.56-3.43 (m,
2 H), 1.70-1.62 (m, 2 H), 1.54-1.48 (m, 14 H); ®C NMR (CDsCl, 125 MHz) & 153.1, 152.2,
149.6, 146.8, 138.3, 124.8, 112.5, 98.3, 81.8, 61.8, 58.7, 29.9, 28.2, 25.0, 18.6; LC-MS (ES) m/z

caled for CisHys04NsS [M+H]" 408.1700, found 408.1698.
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1-61

Tert-butyl (5-(3-(cyclopentylthio)-5-(hydroxymethyl)-4H-1,2,4-triazol-4-yl)pyridin-
2-yl)carbamate (1-61). Bromocyclopentane (0.20 mL, 0.19 mmol) was added to a mixture of 1-
60 (0.639 g, 1.57 mmol) and cesium carbonate (0.295 g, 0.906 mmol) in DMF (1.2 mL) and
stirred at room temperature for 22 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were washed with water (10 mL), brine (10 mL), dried (MgSQO,),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (80%
ethylacetate in hexane) to provide 1-61 (0.541 g, 1.14 mmol, 73%) as a light-yellow solid: Rf
(ethyl acetate) 0.48; Mp (methylene chloride) 190-192 °C; IR 3190.1, 2947.9, 2870.7, 1731.3,
1590.9, 1529.9; "H NMR (CDsCl, 500 MHz) & 8.23 (d, J=2.3 Hz, 1 H), 8.14 (d, /= 8.9 Hz, |
H), 7.75 (s, 1 H), 7.66 (dd, J=8.9, 2.5 Hz, 1 H), 4.66 (d,J=12.5 Hz, 1 H), 4.60 (d, /J=3.0 Hz, 1
H), 4.47 (d,J=12.5 Hz, 1 H), 4.05-3.99 (m, 1 H), 3.54-3.49 (m, 1 H), 3.45-3.42 (m, 1 H), 2.23-
2.15 (m, 2 H), 1.73-1.68 (m, 2 H), 1.67-1.59 (m, 6 H), 1.54 (s, 11 H), 1.51-1.41 (m, 5 H); *C
NMR (CDsCl, 125 MHz) & 153.6, 153.1, 152.9, 152.1, 146.4, 137.3, 124.9, 112.2, 98.2, 81.9,
61.6, 58.7, 45.9, 33.8, 30.0, 28.2, 25.1, 24.6, 18.7; LC-MS (ES) m/z calcd for Cy3H3404NsS

[M+H]" 476.2326, found 476.2325.
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1-62

Tert-butyl (5-(3-(cyclopentylthio)-5-(hydroxymethyl)-4H-1,2,4-triazol-4-yl)pyridin-
2-yl)carbamate (1-62). A high pressure vial containing solution of 1-61 (0.400 g, 0.841 mmol)
in ethanol (6.50 mL) was treated with pyridinium p-toluenesulfonate (0.0634 g, 0.252 mmol).
The reaction vial was sealed and the reaction mixture was stirred at 70 °C for 24 h. The reaction
mixture was concentrated under reduced pressure and resuspended with a saturated aqueous
solution of sodium bicarbonate (10 mL). The resulting aqueous solution was extracted with
methylene chloride (15 mL, three times). The combined organic solutions were dried (MgSO,),
filtered, and concentrated under reduced pressure to provide 1-62 (0.321 g, 0.820 mmol, 98%) as
an off-white solid: "H NMR (CD;OD, 500 MHz) & 8.28 (d, J=2.2 Hz, 1 H), 8.08 (d, J= 8.9 Hz,
1 H), 7.80 (dd, /= 8.9, 2.7 Hz, 1 H), 4.56 (s, 2 H), 3.87-3.82 (m, 1 H), 2.14-2.07 (m, 2 H), 1.75-
1.72 (m, 2 H), 1.66-1.58 (m, 4 H), 1.55 (s, 9 H). LC-MS (ES) m/z calcd for C;sH»cO3NsS

[M+H]"392.1751, found 392.1749.

1-63
Tert-butyl (5-(3-(cyclopentylthio)-5-((3,5-difluoro-4-(3-hydroxyprop-1-yn-1-
y)phenoxy)methyl)-4H-1,2,4-triazol-4-yl)pyridin-2-yl)carbamate (1-63). Methanesulfonyl
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chloride (0.033 mL, 0.42 mmol) was added dropwise to mixture of 1-62 (0.150 g, 0.383 mmol),
N,N-diisopropylethylamine (0.10 mL, 0.58 mmol) in anhydrous methylene chloride (3.8 mL)
under an atmosphere of nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a
saturated aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride
(10 mL, three times). The combined organic solutions were dried (MgSQ,), filtered, and
concentrated under reduced pressure. This material was carried forward without further
purification.

3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.0776 g, 0.421 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.249 g, 0.766 mmol) in anhydrous DMF (1.9 mL)
under an atmosphere of nitrogen and stirred at room temperature for 21 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (ethyl acetate, dry loaded) to provide 1-63 (0.120 g,
0.215 mmol, 56%) as a white solid: "H NMR (CDCls, 300 MHz) & 8.18 (d, /= 2.4 Hz, 1H), 8.15
(d, J=9.0 Hz, 1H), 7.76 (s, 1H), 7.60 (dd, J = 8.9, 2.5 Hz, 1H), 6.50 (d, J = 8.6 Hz, 2H), 5.03 (s,
2H), 4.52 (s, 2H), 4.10-4.01 (m, 1H), 2.26-2.17 (m, 2H), 1.73-1.60 (m, 6H), 1.53 (s, 9H); LC-

MS (ES) m/z calcd for Cp7H3004NsS [M+H]" 558.1983, found 558.1979.
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3-(4-((4-(6-Aminopyridin-3-yl)-5-(cyclopentylthio)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-ol (1-64). Potassium carbonate (0.0309 g, 0.224 mmol) was
added to a high pressure reaction vial containing a solution of 1-63 (0.0500 g, 0.0897 mmol) in
methanol (0.90 mL). The reaction vial was sealed and stirred at 100 °C for 18 h. The reaction
mixture was concentrated under reduced pressure and purified by chromatography on silica
(ethyl acetate, dry loaded) to provide 1-64 (0.0259 g, 0.0566 mmol, 63%) as a white solid: Rf
(5% methanol in ethyl acetate) 0.45; Mp (methanol) 103-105 °C; IR 3335.3, 3208.3, 2952.7,
2865.4, 1634.72, 1501.01 cm™; "H NMR (CD;0D, 500 MHz) & 7.91 (d, J = 2.3 Hz, 1H), 7.46
(dd, J = 8.9, 2.6 Hz, 1H), 6.67 (dd, J = 8.9, 4.2 Hz, 3H), 5.13 (s, 2H), 4.42 (s, 2H), 3.91 (t, J =
6.4 Hz, 1H), 2.17-2.12 (m, 2H), 1.76-1.74 (m, 2H), 1.67-1.59 (m, 5H); *C NMR (CD;0D, 126
MHz) 6 164.66, 164.59, 162.66, 162.60, 160.4, 159.07, 158.96, 158.85, 154.9, 151.8, 145.3,
136.8, 118.6, 108.9, 100.0, 98.72, 98.68, 98.55, 98.50, 96.6, 70.4, 60.2, 49.8, 45.9, 33.3, 24.1;
YF NMR (CD;OD, 470 MHz) & -108.4; LC-MS (ES) m/z calcd for CpHx0,NsS [M+H]'

458.1457, found 458.1458.

“1 % L
SN oJLo SN
1-66

0,0-Di(pyridin-2-yl) carbonothioate (1-66). Thiophosgene (3.33 mL, 36.9 mmol) was

slowly added dropwise to a solution of 2-hydroxypyridine 1-65 (7.03 g, 73.9 mmol),
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triethylamine (10.8 mL, 77.6 mmol) in androus methylene chloride (185 mL) at 0 °C under argon
and stirred for 1 h. The reaction mixture was diluted with a 5% aqueous solution of sodium
bicarbonate (100 mL). The isolated aqueous solution was extracted with methylene chloride (50
mL, three times). The combined organic solutions were dried (MgSQO,), filtered, concentrated
under reduced pressure, and purified by chromatography on silica (50% ethyl acetate) to provide
1-66 (7.38 g, 31.8 mmol, 86%) as a yellow solid: Rf (ethyl acetate) 0.75; "H NMR (CDCls, 300
MHz) $ 8.52-8.50 (m, 1H), 7.93-7.88 (m, 1H), 7.35 (ddd, J = 7.4, 4.9, 0.8 Hz, 1H), 7.26 (t, J =

8.0 Hz, 1H).

s o
1-67
1,1'-Thiocarbonylbis(pyridin-2(1H)-one (1-67). 4-(Dimethylamino)pyridine (0.332 g,
2.72 mmol) was added to a solution of 1-66 (6.32 g, 27.2 mmol) in anhydrous methylene
chloride (82 mL) and stirred at room temperature under an atmosphere of nitrogen for 18 h. The
reaction mixture was sequentially washed with 5% aqueous solution of hydrogen chloride (50
mL) and brine (50 mL). The resulting organic solution was dried (MgSQO,), filtered, concentrated
under reduced pressure to provide 1-67 (5.94 g, 25.6 mmol, 94%) as a bright-orange/red solid:
Rf (ethyl acetate) 0.57; "H NMR (CDCls, 500 MHz) & 7.77 (dd, J = 7.3, 1.9 Hz, 1H), 7.32 (ddd,

J=9.1,6.7,2.2 Hz, 1H), 6.39 (d, J = 9.4 Hz, 1H), 6.29-6.26 (m, 1H).
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1-69a
Pyrimidin-5-amine (1-69a). Pyrimidin-5-amine 1-68a (0.409 g, 4.31 mmol) was added
to a solution of 1-67 (1.00 g, 4.31 mmol) in anhydrous methylene chloride (11 mL) at room
temperature under an atmosphere of nitrogen. The reaction mixture was stirred for 2 h and then
concentrated under reduced pressure. The crude material was carried forward without

purification.

H
NS NN NN OTHP
(s s H
N
1-70a

N-(Pyrimidin-5-yl)-2-(2-((tetrahydro-2H-pyran-2-yl)oxy)acetyl)hydrazine-1-
carbothioamide (1-70a). Crude 1-69a (0.591 g, 4.31 mmol) was added to a high pressure
reaction vial containing a solution of 1-56 (0.750 g, 4.31 mmol) in ethanol (12 mL). The reaction
vial was sealed and stirred at 80 °C for 1 h. The reaction mixture was concentrated under reduced
pressure and resuspended in water (15 mL). The aqueous solution was extracted with ethyl
acetate (25 mL, three times) and the combined organic solutions were dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (85-100% ethyl
acetate in hexane) to provide 1-70a (1.26 g) as a tan solid: '"H NMR ((CD3),SO, 500 MHz) &
11.54 (bs, 1H), 10.07-10.05 (m, 2H), 9.82 (bs, 1H), 8.98 (s, 1H), 8.83 (s, 2H), 7.41 (ddd, J=9.1,

6.7,2.3 Hz, 1H), 7.35 (dd, J= 6.5, 1.6 Hz, 1H), 6.30 (d, J = 9.2 Hz, 1H), 6.16-6.13 (m, 1H), 4.71
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(s, 1H), 4.12 (q, J = 19.0 Hz, 2H), 3.79-3.74 (m, 1H), 3.49-3.45 (m, 1H), 1.80-1.78 (m, 1H),

1.68-1.62 (m, 2H), 1.53-1.44 (m, 4H).

N
THPO ™ 1
N-N

1-71a
4-(Pyrimidin-5-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazole-3-
thiol (1-71a). 1-70a (0.900 g, 2.89 mmol) was added to a solution of sodium hydroxide (0.116 g,
2.89 mmol) in water (10 mL) and stirred at room temperature for 45 h. The reaction mixture was
diluted with water (5 mL), acidified to a pH of 6 using a 1M aqueous solution of potassium
hydrogen sulfate, and extracted with ethyl acetate (25 mL, six times). The combined organic
solutions were dried (MgSQOy), filtered, concentrated under reduced pressure, and purified by
chromatography on silica (45% ethyl acetate in hexane, dry loaded) to provide 1-71a (0.465 g,
1.59 mmol, 55%, three steps) as a white solid: Rf (ethyl acetate) 0.57; Mp (methylene chloride)
134-136 °C; IR 3107.8, 3037.3, 2921.9, 1570.4, 1496.9, 1433.5 cm™; "H NMR (CDCl;, 400
MHz) & 12.28 (s, 1H), 9.37 (s, 1H), 8.96 (s, 2H), 4.59 (t, J = 12.1 Hz, 2H), 4.42 (d, J = 13.0 Hz,
1H), 3.55-3.44 (m, 2H); *C NMR (CDCl;, 126 MHz) & 170.0, 159.0, 156.2, 149.1, 129.6, 98.8,
62.4, 58.8, 29.9, 24.9, 18.9; LC-MS (ES) m/z calcd for C;,H;60,NsS [M+H]" 294.1019, found

294.1016.
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1-72a
5-(3-(Cyclohex-2-en-1-ylthio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2.,4-
triazol-4-yl)pyrimidine (1-72a). 3-Bromocyclohexene (0.21 mL, 1.8 mmol) was added to a
mixture of 1-71a (0.445 g, 1.52 mmol) and cesium carbonate (0.741 g, 2.28 mmol) in DMF (3
mL) and stirred at 80 °C for 2.5 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three times).
The combined organic solutions were washed with water (10 mL), brine (10 mL), dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (30% ethyl acetate in hexane, dry loaded) to provide 1-72a (0.216 g, 0.578 mmol, 38%) as
a white solid: Rf (ethyl acetate) 0.52; Mp (methylene chloride) 86-88 °C; IR 3218.7, 3028.3,
2924.2, 2849.9, 1664.7, 1558.8 cm™; "H NMR (CDCls, 400 MHz) & 9.33 (s, 1H), 8.81 (s, 2H),
5.89 (dd, J=10.0, 1.3 Hz, 1H), 5.76-5.73 (m, 1H), 4.72 (dd, J = 12.8, 3.7 Hz, 1H), 4.57-4.52 (m,
3H), 3.50-3.43 (m, 2H), 2.08-2.01 (m, 4H), 1.72-1.40 (m, 8H); *C NMR (CDCl;, 151 MHz) &
159.1, 155.4, 152.7, 132.5, 129.5, 125.28, 125.27, 98.58, 98.56, 62.1, 58.9, 44.56, 44.53, 30.0,
29.20, 29.18, 25.00, 24.80, 19.10, 18.95; LC-MS (ES) m/z caled for C;sH0,NsS [M+H]"

374.1645, found 374.1644.
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1-73a
(5-(Cyclohex-2-en-1-ylthio)-4-(pyrimidin-5-yl)-4H-1,2,4-triazol-3-yl)methanol (1-
73a). A solution of 10 (0.216 g, 0.578 mmol) in methanol (4 mL) was treated with p-
toluenesulfonic acid monohydrate (0.0550 g, 0.289 mmol) at room temperature and stirred for
24 h. The reaction mixture was quenched with a saturated aqueous solution of sodium
bicarbonate (5 mL). Organic solvent was removed under reduced pressure and the resulting
aqueous solution was extracted with a 10% solution of methanol in methylene chloride (10 mL,
three times). The combined organic solutions were dried (MgSQ,), filtered, and concentrated
under reduced pressure to provide 1-73a (0.151 g, 0.521 mmol, 90%) as a white solid: '"H NMR
(CD;0D, 400 MHz) & 9.34 (s, 1H), 8.98 (s, 2H), 5.91-5.89 (m, 1H), 5.67-5.66 (m, 1H), 4.64 (s,
2H), 4.28-4.27 (m, 1H), 2.05-1.98 (m, 3H), 1.93-1.86 (m, 1H), 1.74-1.61 (m, 2H); LC-MS (ES)

m/z caled for C13H;6ONsS [M+H]" 290.1070, found 290.1066.

1-74a
3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyrimidin-5-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-ol (1-74a). Methanesulfonyl chloride (0.040 mL, 0.52 mmol)
was added dropwise to mixture of 1-73a (0.100 g, 0.346 mmol), N,N-diisopropylethylamine

(0.12 mL, 0.69 mmol) in anhydrous methylene chloride (3.5 mL) under an atmosphere of

162



nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a saturated aqueous solution of
sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, and concentrated under reduced
pressure. This material was carried forward without further purification.
3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.0955 g, 0.518 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.225 g, 0.691 mmol) in anhydrous DMF (1.8 mL)
under an atmosphere of nitrogen and stirred at room temperature for 15 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (50% ethyl acetate in hexane, dry loaded) to provide 1-
74a (0.0995 g, 0.218 mmol, 63%) as a white solid: Rf (ethyl acetate) 0.76; Mp (methylene
chloride) 132-134 °C; IR 3207.2, 2929.9, 2859.6, 1635.8, 1562.3 cm™; "H NMR (CD;0D, 400
MHz) & 9.33 (s, 1H), 8.99 (s, 2H), 6.67 (d, J = 9.0 Hz, 2H), 5.93-5.89 (m, 1H), 5.25 (s, 2H), 4.42
(s, 2H), 4.35 (s, 1H), 2.05-2.02 (m, 2H), 1.98-1.91 (m, 1H), 1.76-1.63 (m, 2H); *C NMR
(CDs0OD, 126 MHz) & 164.67, 164.60, 162.67, 162.60, 159.2, 158.6, 155.7, 153.3, 151.5, 132.4,
129.2, 124.7, 100.0, 98.70, 98.65, 98.52, 98.47, 96.79, 96.76, 95.1, 70.3, 60.3, 49.8, 45.0, 28.8,
24.3, 18.6; F NMR (CD;0D, 376 MHz) & -108.2; LC-MS (ES) m/z calcd for Ca,HaO02N5sF>S

[M+H]" 456.1300, found 456.1300.
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1-75a
3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyrimidin-5-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-75a).
Carbonyldiimidazole (0.0267 g, 0.165 mmol) was added to a solution of 1-74a (0.0500 g, 0.109
mmol) in anhydrous methylene chloride (1 mL) and stirred for 2 h under nitrogen. 4-Amino-1-
methylpiperidine (0.0413 mL, 0.329 mmol) was added and stirred for an additional 13 h. The
reaction mixture was concentrated under reduced pressure and purified by chromatography on
silica (8% methanol in methylene chloride, dry loaded) to provide 1-75a (0.0603 g, 0.101 mmol,
92%) as a white solid: Rf (50% methanol in ethyl acetate) 0.13; Mp (methylene chloride) 154-
156 °C; IR 3303.6, 2936.9, 2777.4, 1690.3, 1637.3 cm™"; "H NMR (CDsOD, 400 MHz) & 9.33 (s,
1H), 9.33 (s, 1H), 8.99 (s, 2H), 8.99 (s, 2H), 6.68 (d, J = 8.9 Hz, 2H), 6.68 (d, J = 8.9 Hz, 2H),
5.94-5.89 (m, 1H), 5.94-5.89 (m, 1H), 5.70-5.66 (m, 1H), 5.70-5.66 (m, 1H), 5.25 (s, 2H), 5.25
(s, 2H), 4.35 (s, 1H), 4.35 (s, 1H), 3.47-3.42 (m, 1H), 3.47-3.42 (m, 1H), 2.89-2.85 (m, 2H),
2.89-2.85 (m, 2H), 2.31 (s, 2H), 2.31 (s, 2H), 2.23-2.16 (m, 2H), 2.23-2.16 (m, 2H), 2.05-2.02
(m, 2H), 2.05-2.02 (m, 2H), 1.94-1.89 (m, 3H), 1.94-1.89 (m, 3H), 1.75-1.64 (m, 2H), 1.75-1.64
(m, 2H), 1.60-1.49 (m, 2H), 1.60-1.49 (m, 2H); >°C NMR (CD;OD, 126MHz) & 164.74, 164.67,
162.74, 162.67, 159.2, 158.9, 155.86, 155.70, 153.3, 151.5, 132.4, 129.2, 124.7, 98.8, 98.5, 60.3,
53.86, 53.81, 53.4, 52.1, 45.0, 44.6, 31.3, 31.1, 28.8, 24.3, 22.3, 18.6, 13.0; "°F NMR (CD;O0D,
376 MHz) & -108.0; LC-MS (ES) m/z calcd for CaoH3,03N7F,S [M+H]" 596.2250, found

596.2251.
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1-69b
4-Isothiocyanatopyridine (1-69b). 4-Aminopyridine (0.405 g, 4.31 mmol) was added to
a high pressure reaction vial containing 1-67 (1.00 g, 4.31 mmol) in anhydrous THF (11 mL).
The reaction vial was sealed and stirred at 60 °C for 2 h. The reaction mixture was concentrated

under reduced pressure and carried forward without purification.

1-70b
N-(Pyridin-4-yl)-2-(2-((tetrahydro-2H-pyran-2-yl)oxy)acetyl)hydrazine-1-

carbothioamide (1-70b). 1-56 (0.569 g, 3.27 mmol) was added to a solution of crude 1-69b
(0.405 g, 2.97 mmol) and N,N-diisopropylethylamine (0.777 mL, 4.46 mmol) in anhydrous THF
(10 mL) at room temperature under an atmosphere of nitrogen. The reaction mixture was stirred
for 17 h and then concentrated under reduced pressure. The resulting residue was resuspended in
water (10 mL) and concentrated with sodium chloride. The aqueous solution was extracted with
10% methanol in methylene chloride (15 mL, six times). The combined organic solutions were
dried (MgS0,), filtered, concentrated under reduced pressure, and purified by chromatography
on silica (10% methanol in methylene chloride) to provide 1-70b (0.475 g) as a yellow solid: "H
NMR (CD;0D, 500 MHz) ¢ 8.19-8.17 (m, 2H), 8.01 (s, 2H), 4.79 (t, /= 3.1 Hz, 1H), 4.31 (d, J
= 15.5 Hz, 1H), 4.15 (d, J = 15.5 Hz, 1H), 3.96-3.92 (m, 1H), 3.57 (dtd, J = 11.3, 4.1, 1.3 Hz,
1H), 2.08-2.04 (m, 1H), 1.84-1.81 (m, 2H), 1.65-1.55 (m, 3H), 1.37 (d, J = 6.6 Hz, 2H); LC-MS
(ES) m/z caled for C13H903N4S [M+H]" 311.1172, found 311.1167.
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1-71b

4-(Pyridin-4-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazole-3-thiol
(1-71b). Sodium hydroxide (0.0612 g, 0.1.53 mmol) was added to a solution of 1-70b (0.475 g,
1.53 mmol) in water (5 mL) and stirred at 100 °C for 3 h. The reaction mixture was diluted with
water (5 mL), acidified to a pH of 6 using a 1M aqueous solution of potassium hydrogen sulfate,
and extracted with ethyl acetate (25 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (4% methanol in methylene chloride) to provide 1-71b (0.266 g, 0.911 mmol, 60%) as a
white residue: Rf (ethyl acetate in hexane) 0.67; Mp (methylene chloride) 188-190 °C; IR
3055.2, 2942.8, 2735.7, 1586.5, 1503.6 cm™; "H NMR (CD;0D, 500 MHz) & 8.79 (dd, J = 4.7,
1.5 Hz, 2H), 7.64 (dd, J = 4.7, 1.5 Hz, 2H), 4.61 (d, J = 13.1 Hz, 1H), 4.51 (t, J = 3.2 Hz, 1H),
4.46 (d, J=13.0 Hz, 1H), 3.47 (td, /= 10.2, 2.7 Hz, 1H), 3.41-3.38 (m, 1H), 1.63-1.34 (m, 6H);
BC NMR (CDCl;, 126 MHz) & 151.3, 148.8, 141.3, 122.6, 98.4, 62.0, 58.7, 29.9, 25.0, 18.7;

LC-MS (ES) m/z caled for C13H;70,N4S [M+H]"293.1067, found 293.1064.

N
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1-72b
4-(3-(Cyclohex-2-en-1-ylthio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-

triazol-4-yl)pyridine (1-72b). 3-Bromocyclohex-1-ene (0.12 mL, 1.1 mmol) was added to a
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mixture of 1-71b (0.255 g, 0.872 mmol) and cesium carbonate (0.426 g, 1.31 mmol) in DMF
(1.75 mL) and stirred at 80 °C for 2 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three times).
The combined organic solutions were washed with water (10 mL), brine (10 mL), dried
(MgSO0,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (85% ethyl acetate in hexane, dry loaded) to provide 1-72b (0.297 g, 0.797 mmol, 91%) as
an off-white solid: Rf (ethyl acetate) 0.37; Mp (methylene chloride) 92-94 °C; IR 3031.9,
2939.9, 2870.6, 1587.1, 1573.0 cm™; '"H NMR (CDCls, 300 MHz) & 8.76 (d, J = 4.8 Hz, 2H),
7.34 (d,J=5.6 Hz, 2H), 5.82 (d, /= 10.0 Hz, 1H), 5.71-5.67 (m, 1H), 4.64 (dd, J=12.6, 3.5 Hz,
1H), 4.55-4.46 (m, 3H), 3.50-3.36 (m, 2H), 1.97 (d, J = 2.9 Hz, 4H), 1.68-1.36 (m, 8H); "*C
NMR (CDCIs, 126 MHz) 6 151.5, 141.1, 132.3, 125.5, 121.6, 98.28, 98.25, 61.9, 58.7, 44.1,
30.0, 29.23, 29.21, 25.1, 24.8, 19.2, 18.8; LC-MS (ES) m/z caled for CjoHsO,N4S [M+H]

373.1693, found 373.1690.
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1-73b
(5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)methanol (1-73b).
A solution of 1-72b (0.280 g, 0.752 mmol) in methanol (5 mL) was treated with p-
toluenesulfonic acid monohydrate (0.0715 g, 0.376 mmol) at room temperature and stirred for 18
h. The reaction mixture was quenched with a saturated aqueous solution of sodium bicarbonate

(5 mL). Organic solvent was removed under reduced pressure and the resulting aqueous solution

was extracted with a 10% solution of methanol in methylene chloride (10 mL, three times). The
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combined organic solutions were washed with a saturated aqueous solution of sodium
bicarbonate (10 mL), dried (MgSQ,), filtered, and concentrated under reduced pressure to
provide 1-73b (0.157 g, 0.544 mmol, 72%) as white solid: "H NMR ((CD3),SO, 500 MHz) &
8.81 (dd, J=4.5, 1.5 Hz, 2H), 7.58 (dd, J = 4.5, 1.6 Hz, 2H), 5.86-5.84 (m, 1H), 5.67 (ddd, J =
7.9, 4.0, 2.0 Hz, 1H), 5.51 (t, J = 5.6 Hz, 1H), 4.49-4.48 (m, 2H), 4.27-4.26 (m, 1H), 1.97-1.94
(m, 2H), 1.93-1.89 (m, 1H), 1.84-1.78 (m, 1H), 1.62-1.55 (m, 2H).; LC-MS (ES) m/z calcd for

C14H17ON4S [M+H]" 289.1118, found 289.1113.

N\
HO F Q
= N o
1-74b

(5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)methanol (1-74b).
Methanesulfonyl chloride (0.025 mL, 0.33 mmol) was added dropwise to mixture of 1-73b
(0.0450 g, 0.156 mmol), N,N-diisopropylethylamine (0.12 mL, 0.69 mmol) in anhydrous
methylene chloride (1.6 mL) under an atmosphere of nitrogen at 0 °C for 5 h. The reaction
mixture was diluted with a saturated aqueous solution of sodium bicarbonate (5 mL) and
extracted with methylene chloride (10 mL, three times). The combined organic solutions were
dried (MgSQO,), filtered, and concentrated under reduced pressure. This material was carried

forward without further purification.
3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.0345 g, 0.187 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.107 g, 0.328 mmol) in anhydrous DMF (0.80
mL) under an atmosphere of nitrogen and stirred at room temperature for 24 h. The reaction

mixture was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
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combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (80% ethyl acetate in hexane, dry loaded) to provide 1-
74b (0.0425 g, 0.0935 mmol, 60%) as a white solid: Rf (ethyl acetate) 0.61; Mp (methylene
chloride) 163-165 °C; IR 3308.1, 3037.2, 2928.5, 1635.7, 1587.9 cm™'; "TH NMR (CDCl;, 500
MHz) & 8.83 (dd, J=4.5, 1.5 Hz, 2H), 7.32-7.31 (m, 2H), 6.52 (d, J = 8.5 Hz, 2H), 5.92-5.89 (m,
1H), 5.78-5.75 (m, 1H), 5.10-5.05 (m, 2H), 4.63-4.62 (m, 1H), 4.53 (s, 2H), 2.11-2.00 (m, 5H),
1.75-1.66 (m, 2H), 1.61-1.58 (m, 1H); *C NMR (CDCl;, 126 MHz) & 164.8, 162.7, 158.4,
153.1, 151.8, 149.7, 140.5, 132.6, 125.2, 121.2, 99.02, 98.97, 98.84, 98.79, 96.4, 72.2, 60.3, 51.6,
442, 29.2, 24.8, 19.2; ’F NMR (CDCl;, 471 MHz) & -105.4; LC-MS (ES) m/z caled for

Ca3H210,N4F,S [M+H]" 455.1348, found 455.1346.

M8~N ())3\ N\
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1-75b
3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-4-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-75b).
Carbonyldiimidazole (0.0268 g, 0.165 mmol) was added to a solution of 1-74b (0.0500 g, 0.110
mmol) in anhydrous methylene chloride (1.1 mL) and stirred for 3 h under nitrogen. 4-Amino-1-
methylpiperidine (0.0414 mL, 0.330 mmol) was added and stirred for an additional 18 h. The
reaction mixture was concentrated under reduced pressure and purified by reverse-phase
chromatography on C18 silica (65% acetonitrile in water, dry loaded) to provide 1-75b (0.0408
g, 0.0686 mmol, 62%) as a white solid: Rf (50% methanol in ethyl acetate) 0.22; Mp (methylene

chloride) 73-75 °C; IR 2938.3, 2789.0, 1717.9, 1635.6, 1503.3 cm™; '"H NMR (CDCls, 400
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MHz) & 8.83 (dd, J = 4.5, 1.6 Hz, 2H), 7.30 (d, J = 6.1 Hz, 2H), 6.52 (d, J = 8.5 Hz, 2H), 5.93-
5.88 (m, 1H), 5.78-5.74 (m, 1H), 5.07 (d, J = 0.2 Hz, 2H), 4.92 (s, 2H), 4.75-4.71 (m, 1H), 4.65-
4.61 (m, 1H), 3.55-3.50 (m, 1H), 2.77-2.72 (m, 2H), 2.27 (s, 3H), 2.12-2.01 (m, 6H), 1.98-1.93
(m, 2H), 1.78-1.67 (m, 3H), 1.52-1.42 (m, 2H); *C NMR (CDCls, 126 MHz) § 164.94, 164.88,
162.93, 162.86, 158.6, 153.1, 151.8, 149.7, 140.5, 132.6, 125.3, 121.1, 99.03, 98.98, 98.84,
98.80, 92.5, 72.9, 60.4, 54.26, 54.25, 53.1, 46.1, 44.2, 32.44, 32.43, 29.2, 24.8, 19.2; ’F NMR
(CDCLs, 376 MHz) § -105.0; LC-MS (ES) m/z caled for C3Hs305NgF,S [M+H]™ 595.2297,

found 595.2296.

.S
N N"C

(J
1-69c¢
2-Isothiocyanatopyrazine (1-69). Pyrazin-2-amine 1-68c (0.409 g, 4.31 mmol) was
added to a solution of 1-67 (1.00 g, 4.31 mmol) in anhydrous methylene chloride (11 mL) at
room temperature under an atmosphere of nitrogen. The reaction mixture was stirred for 16 h and
then concentrated under reduced pressure. The crude material was carried forward without

purification.

NN R R ome
(J LA
N

1-70¢
N-(pyrazin-2-yl)-2-(2-((tetrahydro-2H-pyran-2-yl)oxy)acetyl)hydrazine-1-

carbothioamide (1-70¢). Crude 1-69¢ (0.591 g, 4.31 mmol) was added to a high pressure
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reaction vial containing a solution of 1-56 (0.750 g, 4.31 mmol) in ethanol (12 mL). The reaction
vial was sealed and stirred at 80 °C for 2 h. The reaction mixture was concentrated under reduced
pressure and the resulting solid material was washed with water. The solid material was
dissolved in methylene chloride (50 mL), dried (MgSQO,), filtered, and concentrated under
reduced pressure to provide 1-70c (1.06 g, 3.40 mmol, 79%) as a brown solid: '"H NMR
((CD»)2S0, 500 MHz) & 12.76 (s, 1H), 11.37 (s, 1H), 10.48 (s, 1H), 8.62 (s, 1H), 8.31 (s, 2H),
4.74 (t, J = 3.3 Hz, 1H), 4.16 (q, J = 17.5 Hz, 2H), 3.78 (ddd, J = 12.5, 7.2, 2.9 Hz, 1H), 3.50-
3.46 (m, 1H), 1.82-1.76 (m, 1H), 1.71-1.66 (m, 1H), 1.63-1.58 (m, 1H), 1.53-1.45 (m, 3H); LC-

MS (ES) m/z calcd for C1,H;703N5S [M+H]" 312.1052, found 312.0782.

(N

N~
THPO/\«ND/SH
N-N
1-71¢
4-(Pyrazin-2-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazole-3-

thiol (1-71¢). Sodium hydroxide (0.0384 g, 2.12 mmol) was added to a solution 1-70¢ (0.660 g,
2.12 mmol) in water (7 mL) and stirred at 120 °C for 4 h. The reaction mixture was diluted with
water (5 mL), acidified to a pH of 6 using a 1M aqueous solution of potassium hydrogen sulfate,
and extracted with ethyl acetate (25 mL, four times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (40-50% ethyl acetate in hexane) to provide 1-71¢ (0.456 g, 1.56 mmol, 73%) as a white
yellow solid: Rf (ethyl acetate) 0.71; IR 3127.1, 3057.4, 2941.9, 2869.4, 2756.9, 1577.5, 1472.5,
14272 em™; "TH NMR (CDCls, 500 MHz) & 11.50 (t, J = 0.6 Hz, 1H), 9.20 (s, 1H), 8.72 (d, J =

2.4 Hz, 1H), 8.61 (t, J = 0.9 Hz, 1H), 4.84 (d, J = 13.1 Hz, 1H), 4.68 (d, J = 13.1 Hz, 1H), 4.47
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(d, J=3.2 Hz, 1H), 3.55-3.49 (m, 1H), 3.45-3.42 (m, 1H), 1.50-1.43 (m, 3H), 1.43-1.38 (m, 2H),
1.26-1.15 (m, 2H); *C NMR (CDCls, 126 MHz)149.7, 144.7, 144.2, 143.2, 98.5, 62.0, 59.6,

29.8,25.0, 18.6; LC-MS (ES) m/z calcd for C1,H;40,N5S [M+H]" 294.1019, found 294.1015.

1-72¢
2-(3-(Cyclohex-2-en-1-ylthio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2.,4-

triazol-4-yl)pyrazine (1-72¢). 3-Bromocyclohexene (0.32 mL, 2.8 mmol) was added to a
mixture of 1-71¢ (0.681 g, 2.32 mmol) and cesium carbonate (1.13 g, 3.48 mmol) in DMF (4.6
mL) and stirred at room temperature for 21 h. The reaction mixture was diluted with a saturated
aqueous solution of sodium bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three
times). The combined organic solutions were washed with water (10 mL), brine (10 mL), dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (30% ethyl acetate in hexane, dry loaded) to provide 1-72¢ (0.594 g, 1.59 mmol, 68%) as a
light-yellow residue: Rf (ethyl acetate) 0.52; IR 3028.7, 2940.0, 2867.5, 1473.3, 1418.0 cm™; 'H
NMR (CDCls, 500 MHz) ¢ 8.84 (d, J= 1.1 Hz, 1H), 8.72 (d, J = 2.5 Hz, 1H), 8.62 (dd, J = 2.4,
1.4 Hz, 1H), 5.89-5.86 (m, 1H), 5.76-5.73 (m, 1H), 4.90 (dd, /= 12.8, 4.1 Hz, 1H), 4.73 (dd, J =
12.8, 3.0 Hz, 1H), 4.54 (d, J = 2.6 Hz, 2H), 3.58-3.54 (m, 1H), 3.45-3.41 (m, 1H), 2.07-1.97 (m,
4H), 1.76-1.70 (m, 1H), 1.69-1.62 (m, 3H), 1.55-1.47 (m, 3H), 1.43-1.37 (m, 2H); “C NMR
(CDCls, 126 MHz) 6 152.6, 151.70, 151.68, 144.9, 144.3, 143.4, 142.6, 132.2, 125.5, 98.35,
98.31, 61.9, 59.39, 59.37, 44.6, 30.0, 29.1, 25.0, 24.8, 19.1, 18.8; LC-MS (ES) m/z calcd for
C15H240,N5S [M+H]" 374.1645, found 374.1643.
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1-73¢
(5-(Cyclohexylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methanol (1-73c¢). A
solution of 1-72¢ (0.0469 g, 0.247 mmol) in methanol (3.3 mL) was treated with p-
toluenesulfonic acid monohydrate (0.0469 g, 0.247 mmol) at room temperature and stirred for 13
h. The reaction mixture was quenched with a saturated aqueous solution of sodium bicarbonate
(5 mL). Organic solvent was removed under reduced pressure and the resulting aqueous solution
was extracted with a 10% solution of methanol in methylene chloride (10 mL, three times). The
combined organic solutions were dried (MgSQ,), filtered, and concentrated under reduced
pressure to provide 1-73¢ (0.141 g, 0.486 mmol, 98%) as a white solid: "H NMR ((CDs),SO,
500 MHz) 6 8.74 (dd, J = 4.8, 1.3 Hz, 1H), 8.65 (d, J = 2.0 Hz, 1H), 7.95 (ddd, J=8.1, 2.4, 1.5
Hz, 1H), 7.64 (dd, J= 7.9, 5.0 Hz, 1H), 5.44 (s, 1H), 4.44 (d, J= 5.6 Hz, 2H), 1.92-1.90 (m, 2H),
1.64-1.61 (m, 2H), 1.53-1.50 (m, 1H), 1.36-1.25 (m, 4H).; LC-MS (ES) m/z calcd for

C14H19ON4S [M+H]" 291.1274, found 291.1271.
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1-74¢

3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyrazin-2-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-ol (1-74c). Methanesulfonyl chloride (0.040 mL, 0.52 mmol)
was added dropwise to mixture of 1-73¢ (0.100 g, 0.346 mmol), N,N-diisopropylethylamine
(0.12 mL, 0.69 mmol) in anhydrous methylene chloride (3.5 mL) under an atmosphere of
nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a saturated aqueous solution of
sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, and concentrated under reduced
pressure. This material was carried forward without further purification.

3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.0955 g, 0.518 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.225 g, 0.691 mmol) in anhydrous DMF (1.8 mL)
under an atmosphere of nitrogen and stirred at room temperature for 20 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (50% ethyl acetate in hexane, dry loaded) to provide 1-
74c¢ (0.0784 g, 0.172 mmol, 50%) as a white solid: Rf (ethyl acetate) 0.78; Mp (methylene
chloride) 143-145 °C; IR 3329.1, 3059.4, 2925.0, 2856.7, 1634.8, 1579.0 cm™; '"H NMR
(CDCls, 500 MHz) 6 8.82 (d, /= 1.0 Hz, 1H), 8.73 (d, /= 2.4 Hz, 1H), 8.56 (dd, /= 2.4, 1.4 Hz,
1H), 6.37-6.34 (m, 2H), 5.92-5.88 (m, 1H), 5.77-5.74 (m, 1H), 5.33 (s, 2H), 4.60 (dd, J=4.1, 1.7
Hz, 1H), 4.52 (s, 2H), 2.10-2.00 (m, 4H), 1.78-1.65 (m, 3H); *C NMR (CDCls;, 126 MHz) &
164.70, 164.63, 162.69, 162.62, 158.4, 152.5, 150.3, 145.3, 143.70, 143.65, 141.9, 132.6, 125.2,
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98.81, 98.77, 98.63, 98.59, 96.49, 96.47, 95.3, 72.0, 61.1, 51.5, 44.8,29.2, 24.8, 19.1; ’F NMR
(CDCl;, 471 MHz) § -105.5; LC-MS (ES) m/z calcd for CyHy0,.NsF,S [M+H]™ 456.1300,

found 456.1298.

1-75¢
3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyrazin-2-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-75¢).
Carbonyldiimidazole (0.0267 g, 0.165 mmol) was added to a solution of 1-74¢ (0.0500 g, 0.109
mmol) in anhydrous methylene chloride (1.1 mL) and stirred for 2 h under nitrogen. 4-Amino-1-
methylpiperidine (0.041 mL, 0.33 mmol) was added and stirred for an additional 24 h. The
reaction mixture was concentrated under reduced pressure and purified by chromatography on
silica (11% methanol in methylene chloride, dry loaded) to provide 1-75¢ (0.0602 g, 0.101
mmol, 92%) as a white solid: Rf (50% methanol in ethyl acetate) 0.14; Mp (methylene chloride)
144-146 °C; IR 3320.6, 2936.2, 2789.0, 1718.3, 1635.7 cm™; "H NMR (CDCl3;, 500 MHz) &
8.81 (d, J=1.2 Hz, 1H), 8.73 (d, /= 2.4 Hz, 1H), 8.55 (dd, J=2.2, 1.5 Hz, 1H), 6.36 (d, J= 8.4
Hz, 2H), 5.91-5.88 (m, 1H), 5.77-5.75 (m, 1H), 5.33 (s, 2H), 4.91 (s, 2H), 4.75-4.73 (m, 1H),
4.60 (t, J = 1.8 Hz, 1H), 3.55-3.51 (m, 1H), 2.77-2.75 (m, 2H), 2.27 (s, 3H), 2.12-2.00 (m, 7H),
1.97-1.94 (m, 2H), 1.76-1.65 (m, 3H), 1.52-1.45 (m, 2H); *C NMR (CDCl;, 126 MHz) &
164.85, 164.79, 162.83, 162.77, 158.78, 158.67, 158.57, 154.7, 152.4, 150.3, 145.3, 143.67,

143.64, 141.8, 132.6, 125.2, 98.86, 98.81, 98.68, 98.63, 95.23, 95.08, 92.44, 92.42, 72.9, 61.2,
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542, 53.1, 46.1, 44.8, 32.4, 29.2, 24.8, 19.1; ’F NMR (CDCls, 471 MHz) & -105.1; LC-MS

ES) m/z calcd for Co9H3,03N7F,S [M+H]" 596.2250, found 596.2250.
(
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1-79

3-(3-(Cyclohexylthio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazol-4-
yDpyridine (1-79). 3-Bromocyclohexene (0.25 mL, 2.1 mmol) was added to a mixture of 1-13
(0.500 g, 1.71 mmol) and cesium carbonate (0.836 g, 2.56 mmol) in DMF (3.5 mL) and stirred at
80 °C for 3 h. The reaction mixture was diluted with a saturated aqueous solution of sodium
bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three times). The combined
organic solutions were washed with water (10 mL), brine (10 mL), dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (40-50% ethyl
acetate in hexane, dry loaded) to provide 1-79 (0.182 g, 0.485 mmol, 28%) as a colorless oil: Rf
(ethyl acetate) 0.43; IR 2930.7, 2852.8, 1484.2, 1444.8, 1392.7 cm™; '"H NMR (CDCls, 400
MHz) & 8.77-8.76 (m, 1H), 8.64 (d, /= 1.4 Hz, 1H), 7.71 (d, /= 8.0 Hz, 1H), 7.49 (dd, J="7.9,
4.9 Hz, 1H), 4.67 (d, J = 12.6 Hz, 1H), 4.57 (s, 1H), 4.50 (d, J = 12.6 Hz, 1H), 3.80-3.75 (m,
1H), 3.46-3.39 (m, 2H), 2.11-2.08 (m, 2H), 1.73-1.70 (m, 3H), 1.61-1.51 (m, 4H); *C NMR
(CDCls, 126 MHz) & 152.8, 152.5, 150.8, 148.4, 135.0, 130.5, 123.8, 98.2, 61.6, 58.8, 46.9, 33 .4,
30.0, 25.7, 25.5, 25.1, 18.7; LC-MS (ES) m/z caled for Cj9H,70,N,4S [M+H]" 375.1849, found

375.1846.
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(5-(Cyclohexylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methanol (1-80). A solution
of 1-79 (0.0469 g, 0.247 mmol) in methanol (3.3 mL) was treated with p-toluenesulfonic acid
monohydrate (0.0469 g, 0.247 mmol) at room temperature and stirred for 13 h. The reaction
mixture was quenched with a saturated aqueous solution of sodium bicarbonate (5 mL). Organic
solvent was removed under reduced pressure and the resulting aqueous solution was extracted
with a 10% solution of methanol in methylene chloride (10 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, and concentrated under reduced pressure to
provide 1-80 (0.141 g, 0.486 mmol, 98%) as white solid: '"H NMR ((CD3),SO, 500 MHz) & 8.74
(dd, J=4.8, 1.3 Hz, 1H), 8.74 (dd, /= 4.8, 1.3 Hz, 1H), 8.65 (d, J= 2.0 Hz, 1H), 8.65 (d, /=2.0
Hz, 1H), 7.95 (ddd, J = 8.1, 2.4, 1.5 Hz, 1H), 7.95 (ddd, J = 8.1, 2.4, 1.5 Hz, 1H), 7.64 (dd, J =
7.9, 5.0 Hz, 1H), 7.64 (dd, J= 7.9, 5.0 Hz, 1H), 5.44 (s, 1H), 5.44 (s, 1H), 4.44 (d, J = 5.6 Hz,
2H), 4.44 (d, J = 5.6 Hz, 2H), 1.92-1.90 (m, 2H), 1.92-1.90 (m, 2H), 1.64-1.61 (m, 2H), 1.64-
1.61 (m, 2H), 1.53-1.50 (m, 1H), 1.53-1.50 (m, 1H), 1.36-1.25 (m, 4H), 1.36-1.25 (m, 4H); LC-

MS (ES) m/z calcd for C14H;9ON4S [M+H] 291.1274, found 291.1271.
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1-81

3-(4-((5-(Cyclohexylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-2-
methylphenyl)prop-2-yn-1-ol (1-81). Methanesulfonyl chloride (0.029 mL, 0.39 mmol) was
added dropwise to mixture of 1-80 (0.0750 g, 0.258 mmol), N,N-diisopropylethylamine (0.089
mL, 0.52 mmol) in anhydrous methylene chloride (2.6 mL) under an atmosphere of nitrogen at 0
°C for 3 h. The reaction mixture was diluted with a saturated aqueous solution of sodium
bicarbonate (5 mL) and extracted with methylene chloride (10 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, and concentrated under reduced pressure. This
material was carried forward without further purification.

4-(3-Hydroxyprop-1-yn-1-yl)-3-methylphenol (0.0628 g, 0.387 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.168 g, 0.517 mmol) in anhydrous DMF (1.3 mL)
under an atmosphere of nitrogen and stirred at room temperature for 12 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (85% ethyl acetate in hexane, dry loaded) to provide 1-
81 (0.0717 g, 0.165 mmol, 64%) as a white solid: Rf (ethyl acetate) 0.52; Mp (methylene
chloride) 143-145 °C; IR 3288.9, 2928.3, 2856, 1604.5, 1486.1 cm™; '"H NMR (CDCls, 500
MHz) 6 8.75 (d, J = 4.4 Hz, 1H), 8.60-8.60 (m, 1H), 7.66 (dt, J = 8.2, 1.8 Hz, 1H), 7.47 (dd, J =
8.1, 4.9 Hz, 1H), 7.28 (s, 1H), 6.68 (d, J = 2.2 Hz, 1H), 6.63 (dd, J = 8.5, 2.4 Hz, 1H), 5.06 (s,
2H), 4.51 (s, 2H), 3.83-3.79 (m, 1H), 2.35 (s, 3H), 2.12-2.09 (m, 2H), 1.73-1.70 (m, 3H), 1.62-
1.58 (m, 1H), 1.47-1.37 (m, 5H), 1.27-1.24 (m, 2H); *C NMR (CDCl;, 126 MHz) & 157.1,
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153.3, 151.3, 151.1, 148.0, 142.3, 134.9, 133.5, 130.1, 124.0, 116.1, 115.7, 111.9, 90.5, 83.8,
59.9, 51.6, 46.9, 33.4, 25.7, 25.4, 20.9; LC-MS (ES) m/z calcd for CyHy;0,N4S [M+H]

435.1849, found 435.1847.

3-(4-((5-(Cyclohexylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-2-
methylphenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-82).
Carbonyldiimidazole (0.0278 g, 0.172 mmol) was added to a solution of 1-81 (0.0500 g, 0.115
mmol) in anhydrous methylene chloride (1.1 mL) and stirred for 2 h under nitrogen. 4-Amino-1-
methylpiperidine (0.043 mL, 0.35 mmol) was added and stirred for an additional 24 h. The
reaction mixture was concentrated under reduced pressure and purified by chromatography on
silica (14% methanol in methylene chloride, dry loaded) to provide 1-82 (0.0561 g, 0.0976
mmol, 85%) as a white solid: Rf (50% methanol in ethyl acetate) 0.15; Mp (methylene chloride)
166-168 °C; IR 3291.8, 2937.8, 2852.4, 2792.4, 1717.1, 1604.1 cm™; "H NMR (CDCl;, 500
MHz) & 8.75 (dd, J=4.8, 1.4 Hz, 1H), 8.59 (d, J = 2.4 Hz, 1H), 7.66-7.64 (m, 1H), 7.46 (dd, J =
8.1, 4.8 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 6.68 (d, J = 2.2 Hz, 1H), 6.63 (dd, J = 8.6, 2.4 Hz,
1H), 5.06 (s, 2H), 4.90 (s, 2H), 4.74-4.72 (m, 1H), 3.83-3.78 (m, 1H), 3.53 (s, 1H), 2.78 (s, 2H),
2.35 (s, 3H), 2.29 (s, 3H), 2.12-2.09 (m, 4H), 1.97-1.95 (m, 2H), 1.73-1.70 (m, 2H), 1.62-1.37
(m, 7H), 1.29-1.23 (m, 2H).; *C NMR (CDCls, 126 MHz) & 157.3, 154.8, 153.3, 151.25,

151.11, 148.1, 142.7, 134.8, 133.7, 130.1, 124.0, 115.7, 111.9, 86.4, 84.7, 59.9, 54.2, 53.4, 46.9,
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46.0, 33.4, 32.3, 25.7, 25.4, 20.8; LC-MS (ES) m/z calcd for C3;H3903N6S [M+H]" 575.2799,

found 575.2794.
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1-83

3-(3-(Cyclobutylthio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazol-4-
yDpyridine (1-83). Bromocyclobutane (0.32 mL, 3.4 mmol) was added to a mixture of 1-13
(0.500 g, 1.71 mmol) and cesium carbonate (0.836 g, 2.56 mmol) in DMF (3.5 mL) and stirred at
room temperature for 24 h. The reaction mixture was diluted with a saturated aqueous solution of
sodium bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three times). The
combined organic solutions were washed with water (10 mL), brine (10 mL), dried (MgSQO,),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (40-50%
ethyl acetate in hexane, dry loaded) to provide 1-83 (0.372 g, 1.07 mmol, 63%) as a colorless oil:
Rf (ethyl acetate) 0.21; IR 2942.1, 2868.8, 1484.0, 1443.0 cm™; "H NMR (CDCl;, 500 MHz) &
8.76 (dd, J=4.6, 1.0 Hz, 1H), 8.64 (d, J=2.1 Hz, 1H), 7.71 (ddd, J= 8.1, 2.5, 1.6 Hz, 1H), 7.49
(dd, J=8.0,4.7 Hz, 1H), 4.67 (d, J=12.6 Hz, 1H), 4.57 (t, J=2.9 Hz, 1H), 4.49 (d, /= 12.6 Hz,
1H), 4.30 (t, /= 8.1 Hz, 1H), 3.46-3.38 (m, 2H), 2.56-2.49 (m, 2H), 2.14-2.07 (m, 2H), 2.04-1.95
(m, 2H), 1.64-1.50 (m, 3H), 1.49-1.39 (m, 3H); *C NMR (CDCl;, 126 MHz) & 152.73, 152.61,
150.9, 148.3, 134.9, 130.4, 123.9, 98.2, 61.6, 58.7, 40.0, 31.0, 30.0, 25.1, 18.87, 18.68; LC-MS

(ES) m/z calcd for C17H230,N,4S [M+H]" 347.1536, found 347.1534.
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(5-(Cyclobutylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methanol (1-84). A solution
of 1-83 (0.372 g, 1.07 mmol) in methanol (7 mL) was treated with p-toluenesulfonic acid
monohydrate (0.102 g, 0.533 mmol) at room temperature and stirred for 24 h. The reaction
mixture was quenched with a saturated aqueous solution of sodium bicarbonate (5 mL). Organic
solvent was removed under reduced pressure and the resulting aqueous solution was extracted
with a 10% solution of methanol in methylene chloride (10 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, and concentrated under reduced pressure to
provide 1-84 (0.265 g, 1.01 mmol, 94%) as white solid: "H NMR ((CD3),SO, 500 MHz) § 8.74
(dd, /=4.8, 1.2 Hz, 1H), 8.66 (d, J= 2.4 Hz, 1H), 7.96 (ddd, J= 8.1, 2.4, 1.5 Hz, 1H), 7.64 (dd,
J=28.1,4.8 Hz, 1H), 5.45 (t, J= 5.6 Hz, 1H), 4.44 (d, /= 5.6 Hz, 2H), 4.04 (q, J = 8.0 Hz, 1H),
2.36-2.30 (m, 2H), 2.03-1.97 (m, 2H), 1.91-1.85 (m, 2H); LC-MS (ES) m/z calcd for

C12H15ON4S [M+H]" 263.0961, found 263.0959.
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1-85

3-(4-((5-(Cyclobutylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-2,6-

difluorophenyl)prop-2-yn-1-o0l (1-85). Methanesulfonyl chloride (0.044 mL, 0.57 mmol) was
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added dropwise to mixture of 1-84 (0.100 g, 0.381 mmol), N,N-diisopropylethylamine (0.13 mL,
0.76 mmol) in anhydrous methylene chloride (3.8 mL) under an atmosphere of nitrogen at 0 °C
for 3 h. The reaction mixture was diluted with a saturated aqueous solution of sodium
bicarbonate (5 mL) and extracted with methylene chloride (10 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, and concentrated under reduced pressure. This
material was carried forward without further purification.
3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.105 g, 0.572 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.248 g, 0.762 mmol) in anhydrous DMF (1.9 mL)
under an atmosphere of nitrogen and stirred at room temperature for 21 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (85% ethyl acetate in hexane, dry loaded) to provide 1-
85 (0.109 g, 0.256 mmol, 67%) as a white solid: Rf (ethyl acetate) 0.68; Mp (methylene
chloride) 64-66 °C; IR 3269.5, 3053.3, 1984.8, 2948.4, 2862.1, 1635.8 cm™; "H NMR (CDCls,
500 MHz) 6 8.79 (d, J = 4.5 Hz, 1H), 8.61 (d, /=2.2 Hz, 1H), 7.67 (d, /= 8.1 Hz, 1H), 7.51 (dd,
J=28.1,4.8 Hz, 1H), 6.47 (d, J = 8.5 Hz, 2H), 5.05 (s, 2H), 4.52 (s, 2H), 4.38-4.32 (m, 1H), 2.58-
2.52 (m, 2H), 2.17-2.09 (m, 3H), 2.07-1.97 (m, 3H); *C NMR (CDCls;, 126 MHz) & 164.69,
164.62, 162.68, 162.61, 158.39, 158.28, 158.18, 153.9, 151.51, 151.37, 150.3, 148.0, 147.8,
134.7, 129.8, 124.36, 124.25, 98.97, 98.94, 98.89, 98.76, 98.71, 96.7, 95.4, 71.8, 60.3, 51.4, 39.9,
31.0, 19.0; F NMR (CDCls, 471 MHz) § -105.5; LC-MS (ES) m/z calcd for CyiH902N4F>S

[M+H]"429.1191, found 429.1188.
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3-(4-((5-(Cyclobutylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-2,6-
difluorophenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-86).
Carbonyldiimidazole (0.0284 g, 0.175 mmol) was added to a solution of 1-85 (0.0500 g, 0.117
mmol) in anhydrous methylene chloride (1.2 mL) and stirred for 2 h under nitrogen. 4-Amino-1-
methylpiperidine (0.044 mL, 0.35 mmol) was added and stirred for an additional 24 h. The
reaction mixture was concentrated under reduced pressure and purified by chromatography on
silica (14% methanol in methylene chloride, dry loaded) to provide 1-86 (0.0570 g, 0.100 mmol,
86%) as a white solid: Rf (50% methanol in ethyl acetate) 0.12; Mp (methylene chloride) 68-70
°C; IR 2940.5, 2786.3, 1718.9, 1635.7 cm™; "H NMR (CDCls, 500 MHz) & 8.79 (d, J = 4.8 Hz,
1H), 8.60 (d, J= 2.3 Hz, 1H), 7.67-7.64 (m, 1H), 7.50 (dd, J = 8.1, 4.8 Hz, 1H), 6.49 (d, J= 8.5
Hz, 2H), 5.05 (s, 2H), 4.92 (s, 2H), 4.76-4.73 (m, 1H), 4.35 (quintet, J = 8.0 Hz, 1H), 3.54 (s,
1H), 2.78 (s, 2H), 2.59-2.52 (m, 2H), 2.29 (s, 3H), 2.16-2.08 (m, 4H), 2.05-1.95 (m, 4H), 1.55-
1.47 (m, 2H); *C NMR (CDCls, 126 MHz) & 164.90, 164.83, 162.88, 162.81, 158.68, 158.57,
158.46, 154.7, 153.9, 151.48, 151.43, 150.2, 147.8, 134.60, 134.56, 129.8, 124.23, 124.18, 98.99,
98.94, 98.81, 98.76, 95.1, 92.47, 92.44, 72.9, 60.4, 54.2, 53.1, 46.1, 39.9, 32.3, 31.6, 31.0, 22.6,
19.0, 14.1; ’F NMR (CDCls, 471 MHz) & -105.0; LC-MS (ES) m/z calcd for CogH3,03N6F>S

[M+H]"569.2141, found 569.2137.
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3-(3-((3-Methylenecyclobutyl)thio)-5-(((tetrahydro-2 H-pyran-2-yl)oxy)methyl)-4 H-
1,2,4-triazol-4-yl)pyridine (1-87). Azobisisobutyronitrile (0.00843 g, 0.0513 mmol) was added
to a mixture of 1-13 (0.500 g, 1.71 mmol) and 1.58 M solution of propellane 1-20 (1.19 mL, 1.88
mmol) in anhydrous THF (5.7 mL) at 0 °C. The reaction vial was sealed and stirred at 70 °C for
13 h. The reaction mixture was concentrated under reduced pressure and purified by
chromatography on silica (1% methanol in ethyl acetate) to provide 1-87 (0.341 g, 0.949 mmol,
56%) as a tan solid: Rf (ethyl acetate) 0.11; Mp (methylene chloride) 99-101 °C; IR 2938.9,
2857.9, 1674.2, 1576.6, 1479.4 cm™; "H NMR (CDCls, 400 MHz) & 8.76 (dd, J = 4.8, 1.5 Hz, |
H), 8.76 (dd, J=4.8, 1.5 Hz, 1 H), 8.65 (dd, /= 2.5, 0.6 Hz, 1 H), 8.65 (dd, /= 2.5, 0.6 Hz, 1 H),
7.72 (ddd, J=8.1, 2.5, 1.6 Hz, 1 H), 7.72 (ddd, /= 8.1, 2.5, 1.6 Hz, 1 H), 7.49 (ddd, /= 8.1, 4.8,
0.8 Hz, 1 H), 7.49 (ddd, J= 8.1, 4.8, 0.8 Hz, 1 H), 4.82 (quintet, J = 2.5 Hz, 2 H), 4.82 (quintet, J
=2.5Hz, 2 H), 4.66 (d,J=12.6 Hz, 1 H), 4.66 (d, J=12.6 Hz, 1 H), 4.56 (t, J=3.0 Hz, 1 H),
4.56 (t,J=3.0Hz, 1 H),4.49 (d,J=12.6 Hz, 1 H), 4.49 (d, J=12.6 Hz, 1 H), 4.25 (tt, J= 8.1,
6.7 Hz, 1 H), 4.25 (tt, J = 8.1, 6.7 Hz, 1 H), 3.47-3.37 (m, 2 H), 3.47-3.37 (m, 2 H), 3.31-3.23
(m, 2 H), 3.31-3.23 (m, 2 H), 2.77 (dddtd, J = 15.6, 6.6, 3.9, 2.6, 1.2 Hz, 2 H), 2.81-2.73 (m, 2
H), 1.66-1.37 (m, 7 H), 1.66-1.37 (m, 7 H); *C NMR (CDCls, 400 MHz) & 152.9, 152.5, 151.0,
148.2, 143.2, 134.8, 130.3, 124.0, 107.6, 98.2, 61.6, 58.7, 40.69, 40.68, 34.9, 30.0, 25.1, 18.7;

LC-MS (ES) m/z caled for C13H230,N4S [M+H]" 359.1536, found 359.1535.
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(5-((3-Methylenecyclobutyl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methanol (1-
88). A solution of 1-87 (0.340 g, 0.949 mmol) in methanol (6.5 mL) was treated with p-
toluenesulfonic acid monohydrate (0.0902 g, 0.474 mmol) at room temperature and stirred for 21
h. The reaction mixture was quenched with a saturated aqueous solution of sodium bicarbonate
(10 mL). Organic solvent was removed under reduced pressure and the resulting aqueous
solution was extracted with a 10% solution of methanol in methylene chloride (20 mL, three
times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
reduced pressure to provide 1-88 (0.249 g, 0.906 mmol, 96%) as a tan solid: "H NMR
((CD3)2S0, 500 MHz) ¢ 8.75 (dd, J = 4.8, 1.5 Hz, 1 H), 8.68 (dd, J = 2.5, 0.7 Hz, 1 H), 7.98
(ddd, J=8.1, 2.6, 1.5 Hz, 1 H), 7.64 (ddd, J = 8.1, 4.8, 0.8 Hz, 1 H), 5.46 (t, /= 5.6 Hz, 1 H),
4.81 (quintet, J=2.5 Hz, 2 H), 4.44 (d, /= 5.6 Hz, 2 H), 4.02 (tt, /= 8.1, 6.6 Hz, 1 H), 3.17-3.09
(m, 2 H), 2.73-2.65 (m, 2 H); *C NMR ((CD;),SO, 400 MHz) & 156.0, 151.1, 150.6, 148.4,
143.9, 135.7, 130.7, 124.8, 107.9, 100.0, 54.0, 35.4; LC-MS (ES) m/z calcd for C;3H;sON4S

[M+H]"275.0961, found 275.0959.
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3-(2-Methyl-4-((5-((3-methylenecyclobutyl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)prop-2-yn-1-ol (1-89). Methanesulfonyl chloride (0.031 mL, 0.40 mmol)
was added dropwise to mixture of 1-88 (0.100 g, 0.365 mmol), N,N-diisopropylethylamine
(0.079 mL, 0.46 mmol) in anhydrous methylene chloride (3.6 mL) under an atmosphere of
nitrogen at 0 °C and stirred at room temperature for 3 h. The reaction mixture was diluted with a
saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with methylene chloride
(15 mL, three times) The isolated organic solution was dried (MgSQ,), filtered, and concentrated
under reduced pressure. This material was carried forward without further purification.

4-(3-Hydroxyprop-1-yn-1-yl)-3-methylphenol (0.0650 g, 0.401 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.238 g, 0.729 mmol) in anhydrous DMF (1.8 mL)
under an atmosphere of nitrogen and stirred at room temperature for 12 h. The reaction mixture
was diluted with water (10 mL) and extracted with ethyl acetate (20 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (6% methanol in methylene chloride, dry loaded) to
provide 1-89 (0.129 g, 0.307 mmol, 84%) as a tan solid: Mp (methylene chloride) 135-137 °C;
IR 3242.5, 2920.2, 1669.9, 1604.2 cm™; "TH NMR (CDCl;, 400 MHz) & 8.76 (dd, J = 4.8, 1.5
Hz, 1 H), 8.62 (d, J=2.5 Hz, 1 H), 7.69 (ddd, J = 8.1, 2.5, 1.5 Hz, 1 H), 7.48 (ddd, J = 8.1, 4.8,
0.6 Hz, 1 H), 7.26 (q, J = 2.9 Hz, 2 H), 6.72-6.61 (m, 2 H), 5.06 (s, 2 H), 4.84 (quintet, J = 2.5
Hz, 2 H), 4.51 (s, 2 H), 4.32-4.24 (m, 1 H), 3.30 (dddt, J=17.3, 8.3, 4.3, 2.2 Hz, 2 H), 2.82-2.74
(m, 2 H), 2.35 (s, 3 H). ; ®C NMR (CDCls, 500 MHz) & 157.3, 153.5, 151.5, 151.4, 148.0,
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143.2, 142.5, 134.8, 133.8, 133.7, 130.1, 124.3, 116.7, 116.2, 115.9, 112.1, 107.9, 90.4, 84.2,
59.9, 51.9, 40.8, 35.1, 21.0; LC-MS (ES) m/z calcd for Cy3H;30,N4S [M+H]" 419.1536, found

419.1536.

1-90
3-(2-Methyl-4-((5-((3-methylenecyclobutyl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-90).
Carbonyldiimidazole (0.0285 g, 0.176 mmol) was added to a solution of 1-89 (0.0490 g, 0.117
mmol) in anhydrous methylene chloride (1.2 mL) and stirred for 2 h under nitrogen. 4-Amino-1-
methylpiperidine (0.044 mL, 0.35 mmol) was added and stirred for an additional 22 h. The
reaction mixture was concentrated under reduced pressure and purified by reverse-phase
chromatography on C18 silica (65% acetonitrile in water, dry loaded) to provide 1-90 (0.0212 g,
0.0379 mmol, 32%) as an off-white solid: Rf (50% methanol in ethyl acetate) 0.11; Mp
(methylene chloride) 143-145 °C; IR 3187.5, 2943.5, 2851.9, 2780.1, 1702.46 cm™; '"H NMR
(CDCls, 500 MHz) 6 8.76-8.75 (m, 1 H), 8.61 (d, /J=2.2 Hz, 1 H), 7.68-7.66 (m, 1 H), 7.46 (dd,
J=28.1,48 Hz, 1 H), 7.28 (d, /= 8.5 Hz, 1 H), 6.67 (d, /= 1.9 Hz, 1 H), 6.62 (dd, J = 8.6, 2.3
Hz, 1 H), 5.06 (s, 2 H), 4.90 (s, 2 H), 4.83 (t, J=2.3 Hz, 2 H), 4.75 (s, 1 H), 4.30-4.24 (m, 1 H),
3.53 (s, 1 H), 3.32-3.27 (m, 2 H), 2.80-2.75 (m, 4 H), 2.35 (s, 3 H), 2.28 (s, 3 H), 2.11 (t, J=11.0
Hz, 3 H), 1.95 (d, J=11.5 Hz, 2 H), 1.54-1.46 (m, 2 H); ®C NMR (CDCls, 125 MHz) & 157.3,

154.8, 153.2, 151.4, 151.3, 147.9, 143.0, 142.7, 134.6, 133.7, 129.9, 124.1, 115.8, 115.7, 111.9,
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107.6, 86.5, 84.7, 59.8, 54.2, 53.3, 46.0, 40.7, 35.0, 32.3, 20.8; LC-MS (ES) m/z calcd for

C30H3503NS [M+H]" 559.2486, found 559.2486.
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Benzyl 3-oxocyclobutane-1-carboxylate (1-91). Benzyl bromide (5.76 mL, 48.2 mmol)
was added dropwise to a mixture of 3-oxocyclobutane-1-carboxylic acid 1-32 (5.00 g, 43.8
mmol) and potassium carbonate (18.2 g, 131.5 mmol) in acetonitrile (86 mL) at room
temperature under an atmosphere of nitrogen and stirred for 24 h. The reaction mixture filtered
through Celite and concentrated under reduced pressure. The resulting residue was purified by
chromatography on silica (20-25% ethyl acetate in hexane) to provide 1-91 (6.81 g, 33.3 mmol,
76%) as a colorless liquid: Rf (20% ethyl acetate in hexane) 0.44; "H NMR (CDCl;, 300 MHz) &

7.37 (s, 5 H), 5.20 (s, 2 H), 3.50-3.24 (m, 5 H).

Cp_Me
JTi
Cp Me

Petasis Reagent
Petasis reagent. A 1.45 M solution of methyl lithium in ether (8.73 mL, 12.7 mmol) was
added dropwise to a solution of titanocene dichloride (1.50 g, 6.03 mmol) in anhydrous diethyl
ether (16 mL) under an atmosphere of nitrogen at 0 °C. The reaction mixture was stirred for 2 h
and then carefully quenched with water (15 mL). The isolated aqueous solution was extracted

with diethyl ether (25 mL, three times). The combined organic solutions were dried (MgSQ,),
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filtered and concentrated under reduced pressure to provide the Petasis reagent (1.21 g, 5.21

mmol, 87%) as an orange solid. "H NMR (CDCls, 300 MHz) & 6.06 (s, 10 H), -0.15 (s, 6 H).

0}
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1-92

Benzyl 3-methylenecyclobutane-1-carboxylate (1-92).  Freshly prepared Petasis
reagent (1.02 g, 4.89 mmol) was added to a high pressure reaction vessel containing a solution of
1-91 (1.00 g, 4.89 mmol) in anhydrous THF (10 mL) under nitrogen. The reaction vessel was
sealed, wrapped in aluminum foil, and heated to 60 °C in the dark for 5 d. The reaction mixture
was diluted with diethyl ether (25 mL) and a saturated aqueous solution of sodium bicarbonate
(15 mL). The resulting mixture was filtered through Celite and the resulting filtrate was extracted
with diethyl ether (25 mL, three times). The combined organic solutions were dried (MgSQ,),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (15-20%
ethyl acetate in hexane) to provide 1-92 (0.492 g, 2.43 mmol, 50%) as a yellow oil: Rf (20%
ethyl acetate in hexane) 0.73; '"H NMR (CDCls, 400 MHz) & 7.38-7.32 (m, 5 H), 5.14 (s, 2 H),

4.81 (quintet, J= 2.4 Hz, 2 H), 3.22-3.14 (m, 1 H), 3.07-2.99 (m, 2 H), 2.95-2.87 (m, 2 H).

o
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1-93
Benzyl spiro[2.3]hexane-5-carboxylate (1-93). A solution of trifluoroacetic acid (0.43

mL, 5.9 mmol) in anhydrous methylene chloride (6 mL) was added dropwise to a solution of
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diethyl zinc (0.57 mL, 5.9 mmol) in anhydrous methylene chloride (25 ml) at 0 °C under an
atmosphere of nitrogen. A solution of diiodomethane (0.45 mL, 5.9 mmol) in anhydrous
methylene chloride (6 ml) was added dropwise and stirred for 1 h. A solution of 1-92 (0.492 g,
2.43 mmol) in anhydrous methylene chloride (2.5 mL) was added dropwise and the reaction
mixture was warmed to room temperature and stirred for 24 h. H NMR of the reaction mixture
indicated an approximate 1:1 mixture of starting material to product. The reaction mixture was
quenched with a saturated aqueous solution of ammonium chloride (15 mL) and extracted with
methylene chloride (20 mL, three times). The combined organic solutions were dried (MgSO,),
filtered, concentrated under reduced pressure to provide a crude mixture. A solution of
trifluoroacetic acid (0.428 mL, 5.95 mmol) in anhydrous methylene chloride (6 mL) was added
dropwise to a solution of diethyl zinc (0.57 mL, 5.9 mmol) in anhydrous methylene chloride (25
ml) at 0 °C under an atmosphere of nitrogen. A solution of diiodomethane (0.45 mL, 5.9 mmol)
in anhydrous methylene chloride (6 ml) was added dropwise and stirred for 1 h. A solution of the
crude mixture in anhydrous methylene chloride (2.5 mL) was added dropwise and the reaction
mixture was warmed to room temperature and stirred for 48 h. The reaction mixture was
quenched with a saturated aqueous solution of ammonium chloride (15 mL) and extracted with
methylene chloride (20 mL, three times). The combined organic solutions were dried (MgSO,),
filtered, concentrated under reduced pressure to provide 1-93 (0.427 g, 1.97 mmol, 81%) as a
yellow oil. Rf (20% ethyl acetate in hexane) 0.64; IR 3067.9, 3033.6, 2933.1, 2859.5, 1731.2
cm™ "H NMR (CDCls, 500 MHz) § 7.39-7.35 (m, 4 H), 7.39-7.30 (m, 1 H), 5.15 (s, 2 H), 3.33
(tt, J=9.2, 7.4 Hz, 1 H), 2.54-2.50 (m, 2 H), 2.27-2.23 (m, 2 H), 0.48-0.40 (m, 4 H); *C NMR
(CDCl3, 125 MHz) 6 175.4, 136.3, 128.5, 128.1, 66.2, 33.78, 33.68, 16.7, 12.4, 11.1; LC-MS

(ES) m/z calcd for C14H;70, [M+H] 217.1223, found 217.1222.
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d:rOH
1-94

Spiro[2.3]hexan-5-ylmethanol (1-94). A 1M solution of lithium aluminum hydride in
diethyl ether (0.93 mL, 0.93 mmol) was added to a solution of 1-93 (0.100 g, 0.462 mmol) in
anhydrous THF (1.85 mL) at -78 °C under an atmosphere of nitrogen. The reaction mixture was
warmed to 0 °C and stirred for 1. The reaction mixture was sequentially diluted with water
(0.056 mL), 15% aqueous sodium hydroxide (0.056 mL), and water (0.14 mL). The mixture was
warmed to room temperature and stirred for 15 minutes. Anhydrous magnesium sulfate was
added and stirred for 15 minutes. The mixture was filtered through a pad of Celite and the pad of
Celite was washed with diethyl ether (10 mL). The combined organic solution were concentrated
under reduced pressure and carried forward without further purification. Rf (20% ethyl acetate in

hexane) 0.26.

d:(\ OTs

1-95
Spiro[2.3]hexan-5-ylmethyl 4-methylbenzenesulfonate (1-95). A solution of crude 1-
94 (0.0519 g, 0.462) in anhydrous pyridine (1 mL) was treated with p-toluenesulfonyl chloride
(0.220 g, 1.16 mmol) at 0 °C under nitrogen and stirred for 2.5 h. The reaction mixture was
quenched with water (5 mL) and extracted with diethyl ether (10 mL, three times). The resulting
organic solution was dried (MgSQO,), filtered, concentrated under reduced pressure, and purified
by chromatography on silica (10% ethyl acetate in hexane, dry loaded absorbed onto Celite) to

provide 1-95 (0.0814 g, 0.306 mol, 66%, two steps) as a colorless oil: Rf (20% ethyl acetate in
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hexane) 0.52; IR 3067.1, 2956.4, 2927.1, 2855.9, 1598.5, 1358.6 cm™'; "H NMR (CDCls, 400
MHz) § 7.82-7.79 (m, 2 H), 7.35 (dd, J = 8.6, 0.6 Hz, 2 H), 4.10 (d, J = 7.3 Hz, 2 H), 2.75-2.64
(m, 1 H), 2.45 (s, 3 H), 2.16-2.11 (m, 2 H), 1.81-1.77 (m, 2 H), 0.40-0.30 (m, 4 H); *C NMR
(CDCLs, 125 MHz) § 144.6, 133.4, 129.8, 127.9, 74.4, 32.8, 21.6, 16.5, 11.9, 11.6; LC-MS (ES)

m/z caled for C14H1905S [M+H]" 267.1049, found 267.1049.

THPO/\«N’_\II\’Y/ S\/QA
1-96

3-(3-((Spiro[2.3]hexan-5-ylmethyl)thio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-
4H-1,2,4-triazol-4-yl)pyridine (1-96). 1-95 (0.50 mL, 1.7 mmol) was added to a high pressure
reaction vial containing a mixture of 1-13 (0.500 g, 1.71 mmol), and cesium carbonate (0.697 g,
2.14 mmol) in DMF (3.42 mL). The reaction vial was sealed and heated to 80 °C for 2.5 h. The
reaction mixture was cooled to room temperature, diluted with a saturated aqueous solution of
sodium bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three times). The
combined organic solutions were washed with water (10 mL), brine (10 mL), dried (MgSQO,),
filtered, concentrated under reduced pressure, and purified by chromatography on silica (80%
ethyl acetate in hexane) to provide 1-96 (0.359 g, 0.930 mmol, 54%) as a colorless oil: Rf (ethyl
acetate) 0.33; IR 3414.5, 3066.5, 2944.9, 2850.8, 1484.4, 1445.5 cm™; "H NMR (CDCl;, 500
MHz) 6 8.75 (d, J=3.0 Hz, 1 H), 8.64 (s, 1 H), 7.72 (ddd, J = 8.1, 2.1, 1.6 Hz, 1 H), 7.48 (dd, J
=8.0,48 Hz, 1 H),4.65(d, J=12.6 Hz, 1 H), 4.55(d,J=33Hz 1 H), 448 (d,J=12.6 Hz, 1
H), 3.45-3.38 (m, 4 H), 2.80-2.73 (m, 1 H), 2.19-2.15 (m, 2 H), 1.84 (dd, /= 12.4, 6.4 Hz, 2 H),

1.63-1.38 (m, 6 H), 0.39-0.33 (m, 4 H); *C NMR (CDCls, 125 MHz) § 153.1, 152.9, 150.9,
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148.3, 130.4, 123.9, 98.2, 61.6, 58.7, 39.3, 36.0, 30.1, 29.9, 25.1, 18.7, 16.1, 11.72, 11.6; LC-MS

(ES) m/z calcd for CoH70,N,4S [M+H]" 387.1849, found 387.1848.

Ho/\(&'_\lg’ SVQA
1-97
(4-(Pyridin-3-yl)-5-((spiro[2.3]hexan-5-ylmethyl)thio)-4H-1,2,4-triazol-3-
yDmethanol (1-97). A solution of 1-96 (0.359 g, 0.929 mmol) in methanol (6.2 mL) was treated
with p-toluenesulfonic acid monohydrate (0.0883 g, 0.464 mmol) at room temperature and
stirred for 17 h. The reaction mixture was quenched with a saturated aqueous solution of sodium
bicarbonate (10 mL). Organic solvent was removed under reduced pressure and the resulting
aqueous solution was extracted with a 10% solution of methanol in methylene chloride (15 mL,
three times). The combined organic solutions were dried (MgSQ,), filtered, and concentrated
under reduced pressure to provide 1-97 (0.278 g, 0.919 mmol, 99%) as white solid: "H NMR
((CD3)2S0, 500 MHz) 6 8.74 (dd, J=4.8, 1.5 Hz, 1 H), 8.67 (d, J=2.3 Hz, 1 H), 7.97 (ddd, J =
8.1,2.5, 1.5 Hz, 1 H), 7.64 (ddd, /= 8.1,4.8,0.5 Hz, 1 H), 5.44 (t, /J=5.6 Hz, 1 H),4.43 (d, J =
5.6 Hz, 2 H), 3.32 (s, 1 H), 3.26-3.25 (m, 2 H), 2.64 (td, J=11.3, 5.4 Hz, 1 H), 2.50 (t, /= 1.8
Hz, 4 H), 2.09-2.04 (m, 2 H), 1.83-1.79 (m, 2 H), 0.39-0.32 (m, 4 H); LC-MS (ES) m/z calcd for

C15H19ON4S [M+H]" 303.1274, found 303.1006.
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\Qo/\(ﬁﬂg’ SVQA
1-98

3-(2-Methyl-4-((4-(pyridin-3-yl)-5-((spiro[2.3]hexan-5-ylmethyl)thio)-4H-1,2,4-
triazol-3-yl)methoxy)phenyl)prop-2-yn-1-ol (1-98). Methanesulfonyl chloride (0.028 mL, 0.36
mmol) was added dropwise to a mixture of 1-97 (0.100 g, 0.331 mmol), N,N-
diisopropylethylamine (0.086 mL, 0.49 mmol) in anhydrous methylene chloride (3.3 mL) under
an atmosphere of nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a saturated
aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL,
three times). The combined organic solutions were dried (MgSQ,), filtered, and concentrated
under reduced pressure. This material was carried forward without further purification.

4-(3-hydroxyprop-1-yn-1-yl)-3-methylphenol (0.0590 g, 0.364 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.216 g, 0.661 mmol) in anhydrous DMF (1.7 mL)
under an atmosphere of nitrogen and stirred at room temperature for 15 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (ethyl acetate, dry loaded) to provide 1-98 (0.123 g,
0.277 mmol, 84%) as a white solid: Rf (ethyl acetate) 0.52; Mp (methylene chloride) 128-130
°C; IR 3216.4, 2919.9, 2851.6, 1601.9 cm™; "H NMR (CDCls, 500 MHz) & 8.76 (d, J = 3.6 Hz,
1 H), 8.62 (s, 1 H), 7.68 (ddd, J= 8.1, 2.4, 1.5 Hz, 1 H), 7.48-7.46 (m, 1 H), 6.68 (d, /= 2.5 Hz,
1 H), 6.63 (dd, /= 8.5, 2.6 Hz, 1 H), 5.07 (s, 2 H), 4.51 (s, 2 H), 3.47 (d, J= 7.8 Hz, 2 H), 2.82-
2.76 (m, 1 H), 2.36 (s, 3 H), 2.21-2.17 (m, 2 H), 1.88-1.84 (m, 3 H), 0.41-0.35 (m, 4 H); *C

NMR (CDCls, 125 MHz) 6 157.1, 151.1, 147.9, 142.3, 134.8, 133.5, 124.1, 116.1, 115.7, 111.9,
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100.0, 90.5, 83.8, 59.8, 51.6, 39.3, 36.0, 30.1, 20.9, 16.1, 11.7, 11.6; LC-MS (ES) m/z calcd for

C,5H270,N4S [M+H]" 447.1849, found 447.1848.

o}
Moy m U
\Qo/\f\:‘( s L
1-99
3-(2-Methyl-4-((4-(pyridin-3-yl)-5-((spiro[2.3]hexan-5-ylmethyl)thio)-4H-1,2,4-
triazol-3-yl)methoxy)phenyl)prop-2-yn-1-yl  (1-methylpiperidin-4-yl)carbamate (1-99).
Carbonyldiimidazole (0.0272 g, 0.168 mmol) was added to a solution of 1-98 (0.0490 g, 0.117
mmol) in anhydrous methylene chloride (1.1 mL) and stirred for 2 h under nitrogen. 4-Amino-1-
methylpiperidine (0.042 mL, 0.34 mmol) was added and stirred for an additional 21 h. The
reaction mixture was concentrated under reduced pressure and purified by reverse-phase
chromatography on C18 silica (65% acetonitrile in water, dry loaded) to provide 1-99 (0.0315 g,
0.0537 mmol, 48%) as a white solid: Rf (50% methanol in ethyl acetate) 0.17; Mp (methylene
chloride) 48-50 °C; IR 3270.2, 2944.2, 2850.1, 2792.1, 1714.0 cm™; "H NMR (CDCls, 500
MHz) 6 8.75 (dd, J=4.8, 1.3 Hz, 1 H), 8.61 (d, J=2.3 Hz, 1 H), 7.67 (ddd, /= 8.1, 2.3, 1.6 Hz,
1 H), 7.46 (dd, J=8.1, 49 Hz, 1 H), 7.28 (d, /= 8.5 Hz, 1 H), 6.68 (d, J = 2.3 Hz, 1 H), 6.63
(dd, J=8.5,2.4 Hz, 1 H), 5.06 (s, 2 H), 4.90 (s, 2 H), 4.80 (s, 1 H), 3.60 (s, 1 H), 3.46 (d,/J=7.8
Hz, 2 H), 2.94 (s, 2 H), 2.83-2.74 (m, 1 H), 2.40 (s, 2 H), 2.35 (s, 3 H), 2.21-2.17 (m, 2 H), 2.02
(d, J=11.1 Hz, 2 H), 1.86 (dd, J = 12.5, 6.4 Hz, 2 H), 0.39-0.36 (m, 4 H); *C NMR (CDCl;,
125 MHz) 6 157.3, 153.8, 151.4, 151.2, 148.0, 142.7, 134.6, 133.7, 130.0, 124.0, 115.7, 111.9,
86.4, 84.7, 60.4, 59.9, 54.1, 53.4, 45.7, 39.3, 36.0, 31.9, 31.6, 30.1, 22.6, 21.0, 20.8, 16.1, 14.2,

14.1,11.7, 11.6; LC-MS (ES) m/z calcd for C3;H3903NgS [M+H]" 587.2799, found 587.2801.
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¥ Me

GOH

1-101
2-Bromo-1-methylcyclohexan-1-o0l (1-101). N-Bromosuccinimide (5.09 g, 28.6 mmol)
was added to a mixture of 1-methylcyclohex-1-ene 1-100 (3.08 mL, 25.9) in acetone (85 mL)
and water (45 mL) at 0 °C. The reaction was warmed to room temperature and stirred for 21 h.
Acetone was removed under reduced pressure and the resulting aqueous solution was extracted
with methylene chloride (50 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (40-50% ethyl acetate in hexane, dry loaded) to provide 1-101 (3.49 g, 18.1 mmol, 70%) as
a light-yellow oil: Rf (50% ethyl acetate in hexane) 0.69; '"H NMR (CDCls, 300 MHz) & 4.15
(dd, J=11.6,4.3 Hz, 1 H), 2.29-2.20 (m, 1 H), 2.11 (s, 1 H), 2.04-1.97 (m, 1 H), 1.89-1.83 (m, 1

H), 1.75-1.67 (m, 2 H), 1.56-1.37 (m, 3 H), 1.35 (s, 3 H).

Br
Q/Me
1-102
6-Bromo-1-methylcyclohex-1-ene (1-102). Boron trifluoride diethyl etherate (2.13 mL,
36.2mmol) was added dropwise to a solution of 1-101 (3.49 g, 18.1 mmol) in anhydrous
methylene chloride (90 mL) at room temperature under nitrogen. The reaction mixture was
heated at reflux for 2 h and then cool to room temperature. The reaction mixture was quenched
with a 50% aqueous solution of sodium bicarbonate (50 mL). The isolated aqueous solution was
extracted with methylene chloride (50 mL, three times) and the combined organic solutions were
dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by kugelrohr
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distillation (high vacuum, ca. 70-75 °C) to provide 1-101 (1.89 g, 10.8 mmol, 60 %) as a
colorless oil: Rf (20% ethyl acetate in hexane) 0.87; '"H NMR (CDCls, 500 MHz) & 5.61 (ddd, J
=5.0, 2.6, 1.3 Hz, 1 H), 4.67 (s, 1 H), 2.28-2.23 (m, 1 H), 2.21-2.07 (m, 3 H), 2.03-1.99 (m, 1

H), 1.96-1.89 (m, 1 H), 1.81-1.80 (m, 3 H), 1.70-1.65 (m, 1 H).

B
P4
N s Me
T~
THPO™ %/

1-103

3-(3-((2-Methylcyclohex-2-en-1-yl)thio)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-
4H-1,2,4-triazol-4-yl)pyridine (1-103). 1-102 (0.374 g, 2.14 mmol) was added to a high
pressure reaction vial containing a mixture of 1-13 (0.500 g, 1.71 mmol), cesium carbonate
(0.697 g, 2.14 mmol) in anhydrous DMF (3.5 mL). The reaction vial was sealed and stirred at 80
°C for 2 h. The reaction mixture was cooled to room temperature, diluted with a saturated
aqueous solution of sodium bicarbonate (15 mL), and extracted with ethyl acetate (25 mL, three
times). The combined organic solutions were washed with water (25 mL), brine (25 mL), dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (ethyl acetate) to provide 1-103 (0.542 g, 1.40 mmol, 82%) as white solid: Rf (ethyl
acetate) 0.14; Mp (methanol): 121-123 °C; IR 3046.5, 2937.6, 1482.8 cm'l; '"H NMR (CDCls,
500 MHz) 6 8.75 (d, J=4.1 Hz, 1 H), 8.66 (s, 1 H), 7.73 (dt, J=8.1, 1.9 Hz, 1 H), 7.49 (dd, J =
8.1,4.8 Hz, 1 H), 5.58 (s, 1 H), 4.67 (dd, J=12.6, 1.3 Hz, 1 H), 4.56 (s, 1 H), 4.50 (dd, J=12.6,
1.5 Hz, 1 H), 4.35 (s, 1 H), 3.46-3.38 (m, 2 H), 2.15 (ddq, J = 12.4, 5.2, 2.6 Hz, 1 H), 1.97-1.90
(m, 3 H), 1.70 (dd, J = 8.3, 2.3 Hz, 3 H), 1.67-1.39 (m, 8 H); *C NMR (CDCl;, 500 MHz) &
153.3, 152.9, 150.8, 148.4, 135.0, 130.9, 130.9, 130.5, 128.2, 127.2, 123.9, 98.2, 61.6, 58.8, 49.3,

197



30.0, 29.7, 25.1, 25.0, 22.1, 18.7, 17.6; LC-MS (ES) m/z calcd for CaH;0,N4S [M+H]

387.1849, found 387.1846.

B
P4
N s Me
T~
HO™ X 7

1-104
(5-((2-Methylcyclohex-2-en-1-yl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yDmethanol (1-104). A solution of 1-103 (0.500 g, 1.29 mmol) in methanol (8.6 mL) was
treated with p-toluenesulfonic acid monohydrate (0.123 g, 0.647 mmol) at room temperature and
stirred for 17 h. The reaction mixture was quenched with a saturated aqueous solution of sodium
bicarbonate (25 mL). Organic solvent was removed under reduced pressure and the resulting
aqueous solution was extracted with a 10% solution of methanol in methylene chloride (25 mL,
three times). The combined organic solutions were dried (MgSQ,), filtered, and concentrated
under reduced pressure to provide 1-104 (0.383 g, 1.27 mmol, 98%) as white solid: "H NMR
((CD3)2S0, 400 MHz) ¢ 8.75 (dd, J = 4.8, 1.5 Hz, 1 H), 8.70 (dd, J = 2.5, 0.6 Hz, 1 H), 8.00
(ddd, J=8.1,2.5, 1.5 Hz, 1 H), 7.64 (ddd, /= 8.1, 4.8, 0.8 Hz, 1 H), 5.56-5.55 (m, 1 H), 5.46 (t,
J=56Hz, 1 H),445(d,J=5.6 Hz,2 H),3.94 (d,J=0.4 Hz, 1 H), 1.96-1.90 (m, 3 H), 1.83-
1.74 (m, 1 H), 1.57-1.53 (m, 4 H); LC-MS (ES) m/z caled for C;5sH;9ON,S [M+H]" 303.1274,

found 303.1272.
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Z
= N Me
O/\« »/S
N-N { ]
1-105

3-(2-Methyl-4-((5-((2-methylcyclohex-2-en-1-yl)thio)-4-(pyridin-3-yl)-4H-1,2,4-
triazol-3-yl)methoxy)phenyl)prop-2-yn-1-ol (1-105). Methanesulfonyl chloride (0.028 mL,
0.36 mmol) was added dropwise to mixture of 1-104 (0.100 g, 0.331 mmol), N,N-
diisopropylethylamine (0.072 mL, 0.41 mmol) in anhydrous methylene chloride (3.3 mL) under
an atmosphere of nitrogen at 0 °C and stirred at room temperature for 1 h. The reaction mixture
was diluted with a saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with
methylene chloride (15 mL, three times) The isolated organic solution was dried (MgSO,),
filtered, and concentrated under reduced pressure. This material was carried forward without
further purification.

4-(3-Hydroxyprop-1-yn-1-yl)-3-methylphenol (0.0590 g, 0.364 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.216 g, 0.661 mmol) in anhydrous DMF (1.65
mL) under an atmosphere of nitrogen and stirred at room temperature for 17 h. The reaction
mixture was diluted with water (10 mL) and extracted with ethyl acetate (20 mL, three times).
The combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced
pressure, and purified by chromatography on silica (50% ethyl acetate in hexane, dry loaded) to
provide 1-105 (0.0392 g, 0.0878 mmol, 27%) as an off-white solid: Rf (5% methanol in ethyl
acetate) 0.44; Mp (methylene chloride) 153-155 °C; IR 3290.9, 2918.4, 2856.6, 2232.6, 1603.8,
1485.5 cm™; "H NMR (CDCls, 500 MHz) & 8.75 (d, J= 4.1 Hz, 1 H), 8.63 (s, 1 H), 7.70-7.69
(m, 1 H), 7.48-7.45 (m, 1 H), 7.26 (d, J=4.5 Hz, 1 H), 6.67 (s, 1 H), 6.64-6.62 (m, 1 H), 5.60 (s,
1H), 5.06 (s, 2 H), 4.51 (s, 2 H), 4.40 (s, 1 H), 2.35 (s, 3 H), 2.18-2.15 (m, 1 H), 1.98-1.93 (m, 3
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H), 1.72 (s, 3 H), 1.65 (s, 2 H); C NMR (CDCls, 500 MHz) & 157.2, 154.1, 151.4, 151.1,
148.0, 142.4, 134.8, 133.5, 130.8, 130.1, 128.4, 124.1, 116.0, 115.7, 111.9, 90.3, 84.0, 59.8, 51.7,
49.3, 29.7, 25.0, 22.1, 20.9, 17.7; LC-MS (ES) m/z caled for CosHyyO,N,S [M+H]' 447.1849,

found 447.1848.

1-106
3-(2-Methyl-4-((5-((2-methylcyclohex-2-en-1-yl)thio)-4-(pyridin-3-yl)-4H-1,2,4-
triazol-3-yl)methoxy)phenyl)prop-2-yn-1-yl  (1-methylpiperidin-4-yl)carbamate (1-106).
Carbonyldiimidazole (0.0458 g, 0.282 mmol) was added to a solution of 1-105 (0.0840 g, 0.188
mmol) in anhydrous methylene chloride (1.88 mL) and stirred for 3 h under nitrogen. 4-Amino-
I-methylpiperidine (0.0708 mL, 0.564 mmol) was added and stirred for 11 h. The reaction
mixture was concentrated under reduced pressure and purified by chromatography on silica (8-
10% methanol in methylene chloride, dry loaded) to provide 1-106 (0.0641 g, 0.109 mmol, 58%)
as a white solid: Rf (50% methanol in ethyl acetate) 0.14; Mp (methylene chloride) 53-55 °C; IR
3265.3, 2939.0, 2790.4, 1701.7 cm™; "H NMR (CDCls, 500 MHz) & 8.75 (dd, J=4.7, 1.1 Hz, 1
H), 8.63 (d,J=2.5Hz, 1 H), 7.68 (dt,J=8.1, 1.8§ Hz, 1 H), 7.46 (dd, /= 8.2, 4.8 Hz, 1 H), 7.29
(d,J=85Hz 1H),6.69(d,/J=23Hz 1H),6.64(dd, J=28.5,2.5Hz, 1 H), 5.60 (d, /=0.2 Hz,
1 H), 5.07 (s, 2 H), 4.90 (s, 2 H), 4.74-4.72 (m, 1 H), 4.40 (d, J=0.3 Hz, 1 H), 3.65 (s, 1 H), 3.53
(s, 1 H), 2.78 (s, 2 H), 2.36 (s, 3 H), 2.29 (s, 4 H), 2.19-2.08 (m, 4 H), 1.99-1.93 (m, 7 H), 1.72
(s, 3 H), 1.66-1.63 (m, 2 H), 1.55-1.46 (m, 3 H); *C NMR (CDCl;, 500 MHz) & & 157.3, 154.9,

154.0, 151.4, 151.1, 148.0, 142.7, 134.8, 133.7, 132.2, 130.8, 130.0, 128.4, 124.0, 115.7, 111.9,
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86.4, 84.7, 59.8, 54.3, 53.3, 49.3, 46.1, 32.3, 29.7, 25.0, 22.1, 20.9, 17.7; LC-MS (ES) m/z calcd

for C3,H3003N6S [M+H]" 587.2799, found 587.2799.

N
Pz

N
THPO % KTS\/CN

1-107
2-((4-(Pyridin-3-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazol-3-
yDthio)acetonitrile (1-107). Iodoacetonitrile (0.19 mL, 2.7 mmol) was added to a mixture of 1-
13 (0.650 g, 2.22 mmol) and cesium carbonate (1.09 g, 3.33 mmol) in DMF (4.4 mL) and stirred
at 80 °C for 3 h. The reaction mixture was diluted with a saturated aqueous solution of sodium
bicarbonate (10 mL), and extracted with ethyl acetate (20 mL, three times). The combined
organic solutions were washed with water (10 mL), brine (10 mL), dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (85% ethyl
acetate in hexane, dry loaded) to provide 1-107 (0.714 g, 2.15 mmol, 97%) as a brown tar: Rf
(ethyl acetate) 0.21; "H NMR ((CD3),SO, 500 MHz) & 8.79-8.77 (m, 2H), 8.08 (ddd, J = 8.1, 2.5,
1.5 Hz, 1H), 7.68 (ddd, J= 8.1, 4.8, 0.7 Hz, 1H), 4.63 (d, /= 12.8 Hz, 1H), 4.54 (d, /= 12.8 Hz,
1H), 4.48 (t, J = 3.0 Hz, 1H), 4.26 (d, J = 0.4 Hz, 2H), 3.29-3.26 (m, 1H), 3.22-3.16 (m, 1H),
1.47-1.34 (m, 4H), 1.30-1.22 (m, 2H).; LC-MS (ES) m/z calcd for C;sH;gO,N4S [M+H]

332.1176, found 332.1143.

201



N
P4

/N

N I
~ D/S

THPO N-N

1-108a
1-((4-(Pyridin-3-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazol-3-
yDthio)cyclopentane-1-carbonitrile (1-108a). Sodium hydride (0.0380 g, 1.58 mmol) was
added to a solution of 1-107 (0.250 g, 0.754 mmol) in anhydrous DMF (15 mL) at 0 °C under an
atmosphere of nitrogen and stirred for 5 minutes. 1,4-Dibromobutane (0.090 mL, 0.75 mmol)
was added and the reaction mixture was warmed to room temperature and stirred for an
additional 16 h. The reaction mixture was quenched with a saturated aqueous solution of
ammonium chloride (10 mL) the resulting aqueous solution was extracted with methylene
chloride (15 mL, three times). The combined organic solutions were dried (MgSQy), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (60-80% ethyl
acetate in hexane) to provide 1-108a (0.240 g, 0.623 mmol, 83%) as a brown oil: Rf (ethyl
acetate) 0.44; Mp (methylene chloride) °C; IR 2943.8, 2874.2, 1483.7, 1440.2 cm™; '"H NMR
(CDCls, 300 MHz) 6 8.80 (s, 1H), 8.65 (s, 1H), 7.85 (d, J = 8.1 Hz, 1H), 7.55-7.51 (m, 1H), 4.73
(d, J = 12.7 Hz, 1H), 4.58-4.54 (m, 2H), 3.49 (s, 1H), 3.45-3.41 (m, 2H), 2.35-2.31 (m, 4H),
2.01-1.83 (m, 5H), 1.63-1.41 (m, 9H).; ®C NMR (CDCl;, 126 MHz) & 154.5, 151.1, 148.8,
148.1, 135.8, 123.8, 121.2, 98.4, 61.7, 58.9, 48.9, 39.91, 39.85, 29.9, 25.0, 24.0, 18.7; LC-MS

(ES) m/z calcd for C19H240,N5S [M+H]" 386.1645, found 386.1642.
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1-109a
1-((5-(Hydroxymethyl)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)thio)cyclopentane-1-
carbonitrile (1-109a). A solution of 1-108a (0.300 g, 0.778 mmol) in methanol (5.2 mL) was
treated with p-toluenesulfonic acid monohydrate (0.0740 g, 0.389 mmol) at room temperature
and stirred for 18 h. The reaction mixture was quenched with a saturated aqueous solution of
sodium bicarbonate (5 mL). Organic solvent was removed under reduced pressure and the
resulting aqueous solution was extracted with a 10% solution of methanol in methylene chloride
(10 mL, three times). The combined organic solutions were washed with a saturated aqueous
solution of sodium bicarbonate (10 mL), dried (MgSQO,), filtered, and concentrated under
reduced pressure to provide 1-109a (0.200 g, 0.664 mmol, 85%) as an off-white solid: '"H NMR
((CD3)2S03, 500 MHz) & 8.76-8.73 (m, 2H), 8.03 (ddd, J = 8.1, 2.4, 1.5 Hz, 1H), 7.65 (dd, J =
8.1,4.8 Hz, 1H), 5.56 (t, J = 5.6 Hz, 1H), 4.50 (d, J= 5.6 Hz, 2H), 2.24 (dd, /= 7.5, 6.0 Hz, 2H),
2.10-2.07 (m, 2H), 1.74-1.69 (m, 4H).; LC-MS (ES) m/z caled for C;4H;cONsS [M+H]"

302.1070, found 302.1068.

HO | N
F
— ¢ N
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S
o/\« b
F N-N

1-110a
1-((5-((3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenoxy)methyl)-4-(pyridin-3-yl)-

4H-1,2,4-triazol-3-yl)thio)cyclopentane-1-carbonitrile (1-110a). Methanesulfonyl chloride
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(0.031 mL, 0.39 mmol) was added dropwise to mixture of 1-1-109a (0.100 g, 0.331 mmol), N,N-
diisopropylethylamine (0.087 mL, 0.49 mmol) in anhydrous methylene chloride (3.3 mL) under
an atmosphere of nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a saturated
aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL,
three times). The combined organic solutions were dried (MgSQ,), filtered, and concentrated
under reduced pressure. This material was carried forward without further purification.
3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.733 g, 0.398 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.216 g, 0.664 mmol) in anhydrous DMF (1.6 mL)
under an atmosphere of nitrogen and stirred at room temperature for 24 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (80% ethyl acetate in hexane, dry loaded). The
resulting material was purified by reverse-phase chromatography on C18-silica (65% acetonitrile
in water) to provide 1-110a (0.118 g, 0.253 mmol, 76%) as a white solid: Rf (ethyl acetate) 0.57;
Mp (methylene chloride) 185-187 °C; IR 3243.3, 1635.8, 1578.1, 1503.1 cm™; '"H NMR
(CDCl3, 500 MHz) & 8.82 (d, J = 4.5 Hz, 1H), 8.62 (s, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.53 (dd, J
=17.8,4.9 Hz, 1H), 6.46 (d, J= 8.4 Hz, 2H), 5.11 (s, 2H), 4.52 (d, J = 5.9 Hz, 2H), 2.40-2.30 (m,
3H), 2.04-1.87 (m, 4H); *C NMR (CDCls, 126 MHz) & 164.78, 164.72, 162.77, 162.71, 158.2,
151.9, 151.7, 149.2, 148.3, 135.4, 129.5, 124.1, 121.1, 98.97, 98.93, 98.79, 98.75, 96.37, 96.35,
72.2, 60.5, 51.6, 49.0, 40.0, 24.0; ’F NMR (CDCl3, 376 MHz) & -105.3; LC-MS (ES) m/z calcd

for C23H200,NsF,S [M+H]" 468.1300, found 468.1298.
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1-111a
3-(4-((5-((1-Cyanocyclopentyl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-111a).
Carbonyldiimidazole (0.0260 g, 0.160 mmol) was added to a solution of 1-110a (0.0500 g, 0.107
mmol) in anhydrous methylene chloride (1.1 mL) and stirred for 3 h under nitrogen. 4-Amino-1-
methylpiperidine (0.04 mL, 0.32 mmol) was added and stirred for an additional 14 h. The
reaction mixture was concentrated under reduced pressure and purified by reverse-phase
chromatography on C18-silica (65% acetonitrile in water, dry loaded) to provide 1-110a (0.0554
g, 0.0912 mmol, 85%) as a white solid: Rf (50% methanol in ethyl acetate) 0.15; Mp (methylene
chloride) 61-63 °C; IR 3328.1, 3054.3, 2944.9, 2785.3, 1718.2, 1635.8, 1574.8 cm™; '"H NMR
(CDCls, 400 MHz) o 8.82-8.81 (m, 1H), 8.62-8.61 (m, 1H), 7.80-7.77 (m, 1H), 7.55-7.51 (m,
1H), 6.47 (d, J = 8.4 Hz, 2H), 5.10 (s, 2H), 4.92 (s, 2H), 4.73-4.70 (m, 1H), 3.52 (s, 1H), 2.81-
2.70 (m, 2H), 2.37-2.32 (m, 3H), 2.26 (s, 3H), 2.09-2.04 (m, 2H), 1.98-1.88 (m, 6H), 1.73 (s,
3H), 1.52-1.43 (m, 2H); *C NMR (CDCls, 126 MHz) & 164.90, 164.84, 162.88, 162.82, 158.54,
158.43, 154.6, 151.9, 151.7, 149.2, 148.3, 135.4, 129.4, 124.1, 121.1, 98.97, 98.93, 98.79, 98.75,
95.3,92.54,92.51, 72.9, 60.6, 54.2, 53.1, 49.0, 46.1, 39.9, 32.4, 31.6, 24.0, 22.6, 14.1; ’F NMR
(CDCls, 376 MHz) & -104.9; LC-MS (ES) m/z caled for C30H3,03N;F,S [M+H]" 608.2177,

found 608.2244.
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1-108b
1-((4-(Pyridin-3-yl)-5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)-4H-1,2,4-triazol-3-
yDthio)cyclohexane-1-carbonitrile (1-108b). Sodium hydride (0.0532 g, 2.22 mmol) was added
to a solution of 1-107 (0.350 g, 0.754 mmol) in anhydrous DMF (21 mL) at 0 °C under an
atmosphere of nitrogen and stirred for 5 minutes. 1,5-Dibromopentane (0.14 mL, 1.1 mmol) was
added and the reaction mixture was warmed to room temperature and stirred for an additional 16
h. The reaction mixture was quenched with a saturated aqueous solution of ammonium chloride
(10 mL) the resulting aqueous solution was extracted with methylene chloride (15 mL, three
times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
reduced pressure, and purified by chromatography on silica (60-80% ethyl acetate in hexane) to
provide 1-108b (0.329 g, 0.824 mmol, 88%) as a brown oil: Rf (ethyl acetate) 0.35; IR 2939.1,
2859.5, 1483.8, 1440.0 cm™; "H NMR (CDCls, 300 MHz) & 8.80-8.78 (m, 1H), 8.64 (dt, J= 1.0,
0.5 Hz, 1H), 7.84 (ddd, J = 8.1, 2.4, 1.5 Hz, 1H), 7.54-7.50 (m, 1H), 4.73 (d, J = 12.7 Hz, 1H),
4.59-4.54 (m, 2H), 3.44-3.41 (m, 2H), 2.36-2.29 (m, 2H), 1.86-1.77 (m, 4H), 1.70-1.38 (m,
12H); *C NMR (CDCls, 126 MHz) § 154.7, 151.1, 148.8, 146.9, 135.9, 130.1, 123.8, 119.9,
98.4, 61.7, 59.0, 47.7, 36.77, 36.72, 29.9, 25.0, 24.4, 23.3, 18.7; LC-MS (ES) m/z calcd for

C0H260,N5S [M+H]" 400.1802, found 400.1796.
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1-109b
1-((5-(Hydroxymethyl)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)thio)cyclohexane-1-
carbonitrile (1-109b). A solution of 1-108b (0.300 g, 0.751 mmol) in methanol (5 mL) was
treated with p-toluenesulfonic acid monohydrate (0.0714 g, 0.375 mmol) at room temperature
and stirred for 18 h. The reaction mixture was quenched with a saturated aqueous solution of
sodium bicarbonate (5 mL). Organic solvent was removed under reduced pressure and the
resulting aqueous solution was extracted with a 10% solution of methanol in methylene chloride
(10 mL, three times). The combined organic solutions were washed with a saturated aqueous
solution of sodium bicarbonate (10 mL), dried (MgSQO,), filtered, and concentrated under
reduced pressure to provide 1-109b (0.228 g, 0.722 mmol, 96%) as a tan solid: '"H NMR
(CDCls, 300 MHz) & 8.76-8.72 (m, 2H), 8.01 (ddd, /= 8.2, 2.5, 1.5 Hz, 1H), 7.65 (ddd, J = 8.2,
4.8, 0.6 Hz, 1H), 5.55 (t, J= 5.6 Hz, 1H), 4.50 (d, J= 5.6 Hz, 2H), 2.14-2.09 (m, 2H), 1.72-1.63
(m, 4H), 1.57-1.51 (m, 1H), 1.44-1.36 (m, 2H), 1.32-1.22 (m, 2H); LC-MS (ES) m/z calcd for

C15H1sONsS [M+H]" 316.1227, found 316.1223.

N
Pz

N
F N-N

1-110b

HO E I

1-((5-((3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenoxy)methyl)-4-(pyridin-3-yl)-4H-

1,2,4-triazol-3-yl)thio)cyclohexane-1-carbonitrile (1-110b). Methanesulfonyl chloride (0.029
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mL, 0.38 mmol) was added dropwise to mixture of 1-109b (0.100 g, 0.317 mmol), N,N-
diisopropylethylamine (0.083 mL, 0.48 mmol) in anhydrous methylene chloride (3.2 mL) under
an atmosphere of nitrogen at 0 °C for 3 h. The reaction mixture was diluted with a saturated
aqueous solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (10 mL,
three times). The combined organic solutions were dried (MgSQ,), filtered, and concentrated
under reduced pressure. This material was carried forward without further purification.
3,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (0.0700 g, 0.380 mmol) was added to a
mixture of crude mesylate, cesium carbonate (0.207 g, 0.634 mmol) in anhydrous DMF (1.1 mL)
under an atmosphere of nitrogen and stirred at room temperature for 24 h. The reaction mixture
was diluted with water (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (80% ethyl acetate in hexane, dry loaded). The
resulting material was then purified by reverse-phase chromatography on CI18-silica (65%
acetonitrile in water) to provide 1-110b (0.109 g, 0.228 mmol, 72%) as a white solid: Rf (ethyl
acetate) 0.61; Mp (methylene chloride) 175-177 °C; IR 3203.6, 3095.0, 2942.9, 2859.2, 1633.3,
1577.8 ecm™; '"H NMR (CDCls, 500 MHz) & 8.81 (d, J = 4.4 Hz, 1H), 8.61 (t, J = 0.3 Hz, 1H),
7.79-7.78 (m, 1H), 7.54-7.51 (m, 1H), 6.46 (d, J = 8.4 Hz, 2H), 5.10 (s, 2H), 4.52 (d, /= 5.3 Hz,
2H), 2.37-2.32 (m, 2H), 2.03-2.01 (m, 1H), 1.85-1.78 (m, 4H), 1.70-1.66 (m, 1H), 1.64-1.55 (m,
4H), 1.33-1.30 (m, 1H); *C NMR (CDCls, 126 MHz) & 164.78, 164.72, 162.77, 162.70, 158.2,
152.1, 151.6, 148.4, 148.0, 135.8, 135.5, 129.6, 124.1, 119.8, 98.98, 98.93, 98.80, 98.75, 96.40,
96.37, 96.35, 95.57, 95.41, 72.1, 60.6, 51.6, 48.0, 36.8, 24.4, 23.3; "’F NMR (CDCl;, 376 MHz)

8 -105.4; LC-MS (ES) m/z calcd for C24H20,NsF,S [M+H]" 482.1457, found 482.1456.
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1-111b
3-(4-((5-((1-Cyanocyclohexyl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-yl (1-methylpiperidin-4-yl)carbamate (1-111b).
Carbonyldiimidazole (0.0253 g, 0.156 mmol) was added to a solution of 1-110b (0.0500 g, 0.104
mmol) in anhydrous methylene chloride (1.0 mL) and stirred for 3 h under nitrogen. 4-Amino-1-
methylpiperidine (0.039 mL, 0.31 mmol) was added and stirred for an additional 14 h. The
reaction mixture was concentrated under reduced pressure and purified by reverse-phase
chromatography on C18-silica (65% acetonitrile in water, dry loaded) to provide 1-111b (0.0372
g, 0.0598 mmol, 58%) as a white solid: Rf (50% methanol in ethyl acetate) 0.14; Mp (methylene
chloride) 87-89 °C; IR 3045.9, 2939.5, 2858.4, 2785.9, 1717.4, 1635.3 cm™; "H NMR (CDCl,
400 MHz) & 8.81-8.80 (m, 1H), 8.60 (d, J = 2.2 Hz, 1H), 7.79-7.76 (m, 1H), 7.54-7.50 (m, 1H),
6.46 (d, J= 8.4 Hz, 2H), 5.10 (s, 2H), 4.92 (s, 2H), 4.76-4.73 (m, 1H), 3.52 (s, 1H), 2.76 (s, 2H),
2.36 (d, J=12.2 Hz, 2H), 2.28 (s, 2H), 2.10 (t, J = 11.2 Hz, 2H), 1.97-1.93 (m, 2H), 1.86-1.79
(m, 4H), 1.71-1.44 (m, 6H); *C NMR (CDCls, 126 MHz) & 152.1, 151.6, 148.4, 148.0, 135.5,
129.6, 124.0, 119.8, 98.98, 98.93, 98.75, 72.9, 60.6, 54.2, 53.09, 53.07, 48.0, 46.1, 36.8, 32.4,
31.6, 24.4, 23.3, 22.6, 14.1; ’F NMR (CDCls, 376 MHz) & -104.9; LC-MS (ES) m/z calcd for

C31H3403N;F,S [M+H]" 622.2406, found 622.2397.
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4-Bromo-2,5-difluorophenyl pivalate (1-113). Pivaloyl chloride (8.99 mL, 195 mmol)
was slowly added to a solution of 4-bromo-2,5-difluorophenol 1-112 (20.0 g, 95.7 mmol) and
triethylamine (14.8 mL) in methylene chloride (200 mL) at 0 °C under atmosphere of nitrogen.
The reaction mixture was warmed to room temperature and stirred for 4 h. The reaction mixture
was diluted with ether (200 mL) and filtered through a pad of Celite. The filtrate was
concentrated under reduced pressure and the resulting material was resuspended in diethyl ether
(200 mL) and filtered through a pad of Celite. The filtrate was concentrated under reduced
pressure to provide 1-113 (27.8 g, 94.9 mmol, 99%) as a tan solid: Rf (20% ethyl acetate in
hexane) 0.76; "H NMR (CDCls, 400 MHz) & 7.38 (dd, J=9.0, 6.2 Hz, 1H), 6.97 (dd, J=8.1, 6.5
Hz, 1H), 1.36 (s, 9H); ’F NMR (CDCls, 376 MHz) & -110.5 (d, J= 14.4 Hz), -131.4 (d, /= 14.8

Hz).

F

o=
OTHP

F
1-114

2,5-Difluoro-4-(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)phenyl pivalate (1-

114). 1-113 (10.0 g, 34.1 mmol), 2-(prop-2-yn-1-yloxy)tetrahydro-2H-pyran (6.24 mL, 44.4

mmol), copper (I) iodide (0.650 g, 3.41 mmol), tetrakis(triphenylphosphine)palladium(0) (1.97 g,

1.71 mmol) was added to a reaction vial. The reaction vial was degassed under vacuum and

refilled with argon; this process was conducted three times. Degassed triethylamine (26.4 mL)
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was added to reaction vial and the reaction mixture was purged with argon for 5 minutes. The
reaction vial was sealed and stirred at 90 °C for 20 h. The reaction mixture was diluted with
diethyl ether (100 mL) and filtered through a pad of Celite. The isolated filtrate was washed with
a saturated aqueous solution of ammonium chloride (50 mL, twice), dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (6% ethyl acetate
in hexane) to provide 1-114 (8.85 g, 25.1 mmol, 74%) as a yellow oil: Rf (20% ethyl acetate in
hexane) 0.56; "H NMR (CDCls, 400 MHz) & 7.22 (dd, J= 9.8, 6.3 Hz, 1H), 6.89 (dd, J=8.8, 6.4
Hz, 1H), 4.88 (t, J = 3.3 Hz, 1H), 4.55-4.50 (m, 2H), 3.91-3.85 (m, 1H), 3.60-3.54 (m, 1H), 1.86-

1.73 (m, 3H), 1.68-1.54 (m, 6H), 1.36 (s, 9H).

F

HO—< >—\:
OTHP

F
1-115

2,5-Difluoro-4-(3-((tetrahydro-2H-pyran-2-yl)oxy)prop-1-yn-1-yl)phenol (1-115). A
1 M aqueous solution of sodium hydroxide (164 mL, 164 mmol) was added dropwise to a
solution of 1-114 (11.6 g, 32.8 mmol) in THF/MeOH (1:1, 320 mL) and stirred for 21 h. The
organic solutions were removed under reduced pressure and the resulting aqueous solution was
neutralized to pH 7 with a 1 M aqueous solution of potassium hydrogen sulfate. The aqueous
solution was extracted with methylene chloride (150 mL, three times) and the combined organic
solutions were dried (MgSQO,) and filtered through a pad of silica to provide 1-115 (7.31 g, 27.3
mmol, 83%) as an off-white solid: Rf (methylene chloride) 0.2; "H NMR (CDCls, 400 MHz) &

7.11 (dd, J=104, 6.4 Hz, 1H), 6.72 (dd, J=9.6, 7.4 Hz, 1H), 4.91 (t, J= 3.3 Hz, 1H), 4.54-4.44
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(m, 2H), 3.92-3.86 (m, 1H), 3.60-3.56 (m, 1H), 1.87-1.69 (m, 3H), 1.69-1.52 (m, 5H); '°F NMR

(CDCls, 376 MHz) § -112.7 (d, J = 14.8 Hz), -145.2 (d, J = 15.2 Hz).

F
Ho@%
- OH
1-116
2,5-Difluoro-4-(3-hydroxyprop-1-yn-1-yl)phenol (1-116). Pyridinium p-
toluenesulfonate (3.42 g, 13.6 mmol) was dded to a solution of 1-115 (7.31 g, 27.3 mmol) in
methanol (182 mL) and stirred for 24 h at room temperature. The reaction mixture was water
(100 mL) and extracted with methylene chloride (100 mL, thee times). The combined organic
solutions were dried (MgSQy), filtered, concentrated under reduced pressure, and purified by
chromatography on silica (40-50% ethyl acetate in hexane) to provide 1-116 (2.12 g, 11.5 mmol,
42%) as a light-yellow solid: Rf (25% ethyl acetate in hexane) 0.19; "H NMR ((CD3),SO, 500
MHz) ¢ 10.83 (d, J = 0.2 Hz, 1H), 7.30 (dd, J = 11.2, 6.9 Hz, 1H), 6.81 (dd, J = 10.6, 7.4 Hz,
1H), 5.34 (dd, J= 1.3, 0.7 Hz, 1H), 4.29 (s, 2H); "’F NMR ((CD3),SO, 470 MHz) & -109.6 (d, J

=14.5 Hz), -135.7 (d, J= 15 Hz).

)

F pZ
HOO =S N_ g
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- N-N

1-118a
(R)-3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
y)methoxy)-2,5-difluorophenyl)prop-2-yn-1-ol (1-118a). Methanesulfonyl chloride (1.29 mL,

16.6 mmol) was added dropwise to mixture of (R)-(5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-
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4H-1,2,4-triazol-3-yl)methanol 1-117a (4.00 g, 13.9 mmol) and N,N-diisopropylethylamine
(3.62 mL, 20.8 mmol) in anhydrous methylene chloride (140 mL) under an atmosphere of
nitrogen at 0 °C and stirred for 5 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (50 mL) and extracted with methylene chloride (50 mL, three
times). The combined organic solutions were dried (MgSQO,), filtered, and concentrated under
reduced pressure. This material was carried forward without further purification.

1-116 (3.07 g, 16.6 mmol) was added to a mixture of crude mesylate and cesium
carbonate (9.04 g, 27.7 mmol) in anhydrous DMF (70 mL) under an atmosphere of nitrogen and
stirred at room temperature for 18 h. The reaction mixture was diluted with water (100 mL) and
extracted with ethyl acetate (100 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (0-4% methanol in ethyl acetate, dry loaded) to provide 1-118a (5.74 g, 12.6 mmol, 91%)
as a white solid: Rf (ethyl acetate) 0.48; "H NMR (CDCls, 500 MHz) & 8.78 (dd, J= 4.7, 1.0 Hz,
1H), 8.64 (d, J = 2.3 Hz, 1H), 7.75-7.73 (m, 1H), 7.50 (dd, J = 8.1, 4.8 Hz, 1H), 7.07 (dd, J =
10.8, 6.5 Hz, 1H), 6.86 (dd, J = 9.8, 7.0 Hz, 1H), 5.90-5.87 (m, 1H), 5.77-5.74 (m, 1H), 5.11 (s,
2H), 4.60 (s, 1H), 4.49 (s, 2H), 2.13-2.07 (m, 1H), 2.04-2.03 (m, 4H), 1.76-1.65 (m, 2H); °F
NMR (CDCls, 470 MHz) 6 -111.6 (d, J = 14.1 Hz), -138.5 (d, J = 14.1 Hz); LC-MS (ES) m/z

caled for Co3Hp OoN4F,S [M+H]" 455.1348, found 455.1349.
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1-119a

(R)-3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
y)methoxy)-2,5-difluorophenyl)prop-2-yn-1-yl methylcarbamate (1-119a).
Carbonyldiimidazole (2.22 g, 13.7 mmol) was added to a solution of 1-118a (4.14 g, 9.11 mmol)
in anhydrous methylene chloride (91 mL) and stirred for 4 h under nitrogen. Triethylamine (3.84
mL, 27.3 mmol) and methylamine hydrochloride (1.85 g, 27.3 mmol) were sequentially added
and stirred for an additional 13 h. The reaction mixture was concentrated under reduced pressure
and purified by chromatography on silica (4-6% methanol in methylene chloride, dry loaded) to
provide 1-119a (4.57 g, 8.93 mmol, 98%) as a white solid: Rf (20% methanol in ethyl acetate)
0.64; Mp (methylene chloride) 138-140 °C; [a]p = +107.5 (c. 0.272, CH,Cl,); "H NMR (CDCl;,
400 MHz) 6 8.77 (dd, /=4.8, 1.4 Hz, 1H), 8.63 (d, J= 2.4 Hz, 1H), 7.75-7.72 (m, 1H), 7.49 (dd,
J=28.1,4.8 Hz, 1H), 7.10 (dd, J=10.8, 6.5 Hz, 1H), 6.89-6.85 (m, 1H), 5.91-5.86 (m, 1H), 5.77-
5.73 (m, 1H), 5.11 (s, 2H), 4.90 (s, 2H), 4.75 (s, 1H), 4.60-4.59 (m, 1H), 2.83 (d, J = 4.9 Hz,
3H), 2.13-1.98 (m, 4H), 1.77-1.64 (m, 2H); ’F NMR (CDCl;, 376 MHz) & -111.1 (d, J = 14.2
Hz), -138.6 (d, J = 13.9 Hz); LC-MS (ES) m/z calcd for C,sHO3NsF,S [M+H]" 512.1562,

found 512.1560.
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1-119a composite
(R)-3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)-2,5-difluorophenyl)prop-2-yn-1-yl methylcarbamate Composite (1-119a
composite). 1-119a from NB-00851.028, NB-00851.076, and NB-00851.081 were composited
in a container and thoroughly homogenized to provide 1-119a composite (NB-00851.083)
(10,012.48 mg) as a uniform, white solid. All subsequent analytical testing were performed on
NB-00851.083. Rf (20% methanol in ethyl acetate) 0.62; Mp 139-140 °C; [a]p = +108.6 (c.
0.277, CH,Cl,); IR 3334.4, 3032.3, 2950.1, 1713.5, 1674.5 cm™; "H NMR (CDCls, 500 MHz) &
8.78 (dd, J=4.7, 1.1 Hz, 1H), 8.63 (d, J=2.2 Hz, 1H), 7.74 (ddd, J= 8.1, 2.4, 1.5 Hz, 1H), 7.50
(dd, J = 8.0, 4.7 Hz, 1H), 7.10 (dd, J = 10.7, 6.5 Hz, 1H), 6.87 (dd, J = 9.7, 7.0 Hz, 1H), 5.90-
5.87 (m, 1H), 5.77-5.74 (m, 1H), 5.11 (s, 2H), 4.90 (s, 2H), 4.72 (s, 1H), 4.60 (s, 1H), 2.83 (d, J
= 4.9 Hz, 3H), 2.13-2.07 (m, 1H), 2.05-2.00 (m, 3H), 1.77-1.65 (m, 2H); *C NMR (CDCl;, 125
MHz) & 160.20, 160.19, 158.2, 156.1, 154.0, 151.39, 151.34, 150.3, 149.07, 149.04, 147.9,
147.12, 147.10, 146.48, 146.40, 146.38, 146.30, 135.0, 132.4, 129.8, 125.4, 124.1, 120.11,
120.09, 119.94, 119.92, 104.22, 104.16, 104.08, 104.02, 103.8, 103.6, 88.90, 88.87, 78.11, 78.09,
61.3,53.0,44.2,29.3,24.8,19.2; ’F NMR (CDCl3, 470 MHz) & -111.1 (d, J = 14.6 Hz), -138.5

(d, J=14.6 Hz); LC-MS (ES) m/z calcd for Co5H,403NsF,S [M+H]" 512.1562, found 512.1559.
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3-(4-((5-((Cyclopentyl-d9)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-2,5-
difluorophenyl)prop-2-yn-1-ol (1-118a). Thionyl chloride (0.28 mL, 1.6 mmol) was added
dropwise to mixture of 1-117b (0.730 g, 2.56 mmol) in anhydrous methylene chloride (26 mL)
under an atmosphere of nitrogen at 0 °C and stirred for 2 h. The reaction mixture was diluted
with a saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with methylene
chloride (15 mL, three times). The combined organic solutions were dried (MgSQO,), filtered, and
concentrated under reduced pressure. This material was carried forward without further
purification.

1-116 (0.518 g, 2.81 mmol) was added to a mixture of crude chloride and cesium
carbonate (1.25 g, 3.84 mmol) in anhydrous DMF (13 mL) under an atmosphere of nitrogen and
stirred at 50 °C for 2 h. The reaction mixture was diluted with water (50 mL) and extracted with
ethyl acetate (50 mL, three times). The combined organic solutions were dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (ethyl acetate,
dry loaded) to provide 1-118b (0.920 g, 2.04 mmol, 80%) as a white solid: Rf (1% methanol in
ethyl acetate) 0.52; "H NMR (CDCls, 400 MHz) & 8.78 (dd, J = 4.8, 0.9 Hz, 1H), 8.64 (d, J=2.2
Hz, 1H), 7.75 (ddd, J = 8.2, 2.4, 1.5 Hz, 1H), 7.50 (dd, J = 8.1, 4.9 Hz, 1H), 7.07 (dd, J = 10.8,
6.5 Hz, 1H), 6.85 (dd, J = 9.8, 7.0 Hz, 1H), 5.10-5.09 (m, 2H), 4.49-4.48 (m, 2H); ’F NMR

(CDCls, 375 MHz) 5 111.6 (d, J = 14.6 Hz), 138.6 (d, J = 14.3 Hz).
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1-119b

3-(4-((5-((Cyclopentyl-d9)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-yl)methoxy)-2,5-
difluorophenyl)prop-2-yn-1-yl methylcarbamate (1-119b). Carbonyldiimidazole (0.496 g,
3.06 mmol) was added to a solution of 1-118b (0.920 g, 2.04 mmol) in anhydrous methylene
chloride (20 mL) and stirred for 3 h under nitrogen. Triethylamine (0.86 mL, 6.1 mmol) and
methylamine hydrochloride (0.413 g, 6.11 mmol) were sequentially added and stirred for an
additional 4 h. The reaction mixture was concentrated under reduced pressure and purified by
chromatography on silica (5% methanol in methylene chloride, dry loaded) to provide 1-119b
(1.03 g, 2.03 mmol, 99%) as a white solid: Rf (10% methanol in ethyl acetate) 0.59; Mp
(CH,Cl,) 161-163 °C; IR (neat) 3296.5, 3057.9, 2932.4, 2231.2, 1711.5, 1510.3 cm™; "H NMR
(CDCl3, 500 MHz) & 8.78 (dd, J = 4.8, 1.4 Hz, 1H), 8.63 (d, J= 2.4 Hz, 1H), 7.73 (ddd, J = 8.1,
2.5, 1.6 Hz, 1H), 7.50-7.48 (m, 1H), 7.10 (dd, J = 10.8, 6.5 Hz, 1H), 6.87 (dd, J = 9.8, 7.0 Hz,
1H), 5.10 (s, 2H), 4.90 (s, 2H), 2.83 (d, J = 4.9 Hz, 3H); *C NMR (CDCl;, 125 MHz) & 160.20,
160.18, 158.2, 156.1, 154.6, 151.4, 150.2, 149.0, 147.89, 147.85, 147.07, 147.05, 146.50, 146.42,
146.39, 146.31, 134.9, 129.80, 129.76, 129.39, 129.33, 128.36, 128.31, 124.2, 120.07, 119.90,
103.7, 103.5, 88.86, 88.83, 78.1, 61.2, 53.0, 27.7; F NMR (CDCl;, 375 MHz) § 111.1 (d, J =
11.3 Hz), 138.6 (d, J = 11.3 Hz); LC-MS (ES) m/z caled for CosH;sF,03NsSDy [M+H]"

509.2127, found 509.2126.
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1-121
Methyl 2-(4-(4-(benzyloxy)-2,5-difluorophenyl)-2H-1,2,3-triazol-2-yl)acetate (1-121).
Crude 1-120 (NB-00831.041, Dr. Joel Walker) was concentrated onto Celite and purified by
chromatography on silica (30% ethyl acetate in hexane) to provide 1-121 (3.00 g, 8.35 mmol,
48%) as a white solid: Rf (50% ethyl acetate in hexane) 0.57; '"H NMR (CDCls, 400 MHz) &
7.98 (d, J=4.0 Hz, 1H), 7.72 (dd, J=11.6, 6.9 Hz, 1H), 7.46-7.35 (m, 6H), 6.84-6.79 (m, 1H),

5.26 (s, 2H), 5.16 (s, 2H), 3.80 (s, 3H).

F
Q N@OH
NI
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1-122

Methyl 2-(4-(2,5-difluoro-4-hydroxyphenyl)-2H-1,2,3-triazol-2-yl)acetate (1-122). A
Parr hydrogenation vessel was charged with 10% palladium on carbon (0.296 g, 0.278 mmol)
and 1-121 (1.00 g, 2.78 mmol) in methanol (28 mL). This process was repeated two additional
times. The reaction vessel was purged with argon and then hydrogen three times each. The
reaction mixture was then stirred under an atmosphere of hydrogen at 13-15 bar at room
temperature for 24 h. The reaction mixture was filtered through a pad of Celite and concentrated
under reduced pressure to provide 1-122 (2.08 g, 7.73 mmol, 93%) as a white solid: Rf (ethyl
acetate) 0.81; "H NMR ((CDs),SO, 500 MHz) & 10.74 (s, 1H), 8.07 (d, J= 3.3 Hz, 1H), 7.60 (dd,

J=11.6, 7.0 Hz, 1H), 6.91 (dd, J = 11.8, 7.3 Hz, 1H), 5.52 (s, 2H); "’F NMR ((CD3),SO0, 470
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MHz) § -117.9 (d, J = 15.5 Hz), -140.3 (d, J = 15.0 Hz); LC-MS (ES) m/z caled for

C11H1903N3F, [M+H]"270.0685, found 270.0684.
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1-123

Methyl (R)-2-(4-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
y)methoxy)-2,5-difluorophenyl)-2H-1,2,3-triazol-2-yl)acetate ~ (1-123).  Methanesulfonyl
chloride (0.64 mL, 8.3 mmol) was added dropwise to mixture of 1-117a (2.00 g, 6.94 mmol) and
N,N-diisopropylethylamine (1.81 mL, 10.4 mmol) in anhydrous methylene chloride (69 mL)
under an atmosphere of nitrogen at 0 °C and stirred for 3 h. The reaction mixture was diluted
with a saturated aqueous solution of sodium bicarbonate (50 mL) and extracted with methylene
chloride (50 mL, three times). The combined organic solutions were dried (MgSQO,), filtered, and
concentrated under reduced pressure. This material was carried forward without further
purification.

1-122 (2.05 g, 7.63 mmol) was added to a mixture of crude mesylate and cesium
carbonate (4.52 g, 13.9 mmol) in anhydrous DMF (35 mL) under an atmosphere of nitrogen and
stirred at room temperature for 21 h. The reaction mixture was diluted with water (50 mL) and
extracted with ethyl acetate (50 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (80-100% ethyl acetate in hexane, dry loaded) to provide 1-123 (2.12 g, 3.93 mmol, 57%)
as a white solid: Rf (ethyl acetate) 0.44; "H NMR (CDCls, 500 MHz) & 8.77 (dd, J= 4.8, 1.5 Hz,
1H), 8.65 (d, J= 2.5 Hz, 1H), 8.01 (s, 1H), 7.97 (d, J = 4.0 Hz, 1H), 7.76 (ddd, J = 8.1, 2.5, 1.6
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Hz, 1H), 7.67 (dd, J = 11.5, 6.7 Hz, 1H), 7.51-7.48 (m, 1H), 6.96 (dd, J = 11.3, 6.8 Hz, 1H),
5.90-5.87 (m, 1H), 5.77-5.74 (m, 1H), 5.25 (s, 2H), 5.15 (d, J = 0.8 Hz, 2H), 4.59 (dd, J = 4.0,
1.7 Hz, 1H), 3.79 (s, 3H), 2.95 (s, 2H), 2.88 (s, 2H), 2.13-2.07 (m, 1H), 2.05-2.00 (m, 3H), 1.76-
1.63 (m, 4H); °’F NMR (CDCls, 470 MHz) & -116.2 (d, J = 15.0 Hz), -138.2 (d, J = 15.5 Hz);

LC-MS (ES) m/z caled for CosH2403N7F,S [M+H]" 540.1624, found 540.1624.
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1-124
(R)-2-(4-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yD)methoxy)-2,5-difluorophenyl)-2H-1,2,3-triazol-2-yl)acetic acid (1-124). A 1 M aqueous
solution of lithium hydroxide (11.8 mL, 11.8 mmol) was added to a solution of 1-123 (2.12 g,
3.93 mmol) in THF (26 mL) at 0 °C. The reaction mixture was warmed to room temperature and
stirred for 24 h. The reaction mixture was acidified to a pH of 5 with a 1 M aqueous solution of
potassium hydrogen sulfate. The resulting solution was extracted with a 10% solution of
methanol in chloroform (50 mL, five times). The combined organic solutions were dried
(MgS0y), filtered, and concentrated under pressure to provide 1-124 (2.01 g, 3.82 mmol, 97%)
as a white solid: "H NMR ((CD3),S0O, 500 MHz) & 8.73 (dd, J = 4.8, 1.5 Hz, 1H), 8.71 (d, J =
2.3 Hz, 1H), 8.02-8.00 (m, 2H), 7.63-7.60 (m, 2H), 7.39 (dd, J=12.0, 7.2 Hz, 1H), 5.87-5.83 (m,
1H), 5.68-5.65 (m, 1H), 5.35 (s, 2H), 5.06 (d, J = 0.3 Hz, 2H), 4.30-4.29 (m, 1H), 1.98-1.91 (m,

3H), 1.88-1.82 (m, 1H), 1.62-1.56 (m, 2H); ’F NMR ((CD;),SO, 470 MHz) & -116.6 (J = 15.0

220



Hz), -138.6 (J = 14.6 Hz); LC-MS (ES) m/z calcd for Co4Hz03N;F,S [M+H]" 526.1467, found

526.1465.
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1-125
(R)-2-(4-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-

yDmethoxy)-2,5-difluorophenyl)-2H-1,2,3-triazol-2-yl)-1-(4-methylpiperazin-1-yl)ethan-1-

one (1-125). A 50% solution of propylphosphonic anhydride in ethyl acetate (2.58 mL, 1.07
mmol) was added dropwise to a mixture of 1-124 (1.90 g, 3.62 mmol), 1-methylpiperazine (0.48
mL, 4.3 mmol), triethylamine (1.26 mL, 9.04 mmol) in anhydrous DMF (18 mL) at 0 °C under
an atmosphere of nitrogen. The reaction mixture was warmed to room temperature and stirred for
19 h. The reaction mixture was diluted with a saturated aqueous solution of sodium bicarbonate
(50 mL) and extracted with a 10% solution of methanol in chloroform (50 mL, four times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (10% methanol in methylene chloride) to provide 1-
125 (1.42 g, 2.33 mmol, 65%) as a white solid. Rf (50% methanol in ethyl acetate) 0.19; [a]p =
+85.8 (c. 0.290 , CH,Cl,); "H NMR (CDCl3, 500 MHz) & 8.77 (dd, J=4.8, 1.5 Hz, 1H), 8.65 (d,
J=2.5Hz, 1H), 7.97 (d, /= 4.0 Hz, 1H), 7.76 (ddd, J= 8.1, 2.5, 1.5 Hz, 1H), 7.68 (dd, J=11.5,
6.7 Hz, 1H), 7.49 (ddd, J = 8.2, 4.8, 0.6 Hz, 1H), 6.94 (dd, J=11.2, 6.8 Hz, 1H), 5.90-5.87 (m,
1H), 5.78-5.74 (m, 1H), 5.33 (s, 2H), 5.14 (d, J = 1.0 Hz, 2H), 4.60 (dd, J = 4.1, 1.8 Hz, 1H),
3.66 (t, J=4.9 Hz, 2H), 3.52 (t, J = 5.0 Hz, 2H), 2.43-2.40 (m, 4H), 2.32 (s, 3H), 2.13-2.07 (m,
1H), 2.05-2.00 (m, 3H), 1.76-1.65 (m, 2H); ’F NMR (CDCls, 470 MHz) § -116.2 (J = 14.6 Hz),
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-138.4 (J = 15.5 Hz); LC-MS (ES) m/z caled for CyoH30,NoF,S [M+H]" 608.2362, found

608.2359.
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1-126

(trans-3-(4-((5-(((R)-cyclohex-2-en-1-yl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
y)methoxy)-2,5-difluorophenyl)cyclobutyl)methanol (1-126). Methanesulfonyl chloride (0.48
mL, 6.2 mmol) was added dropwise to mixture of (R)-(5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-
yl)-4H-1,2,4-triazol-3-yl)methanol 1-117a (1.50 g, 5.20 mmol) and N,N-diisopropylethylamine
(1.36 mL, 7.80 mmol) in anhydrous methylene chloride (52 mL) under an atmosphere of
nitrogen at 0 °C and stirred for 7 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (25 mL) and extracted with methylene chloride (25 mL, three
times). The combined organic solutions were dried (MgSQO,), filtered, and concentrated under
reduced pressure. This material was carried forward without further purification.

2,5-Difluoro-4-((1r,3r)-3-(hydroxymethyl)cyclobutyl)phenol (1.34 g, 6.24 mmol) was
added to a mixture of crude mesylate and cesium carbonate (3.39 g, 10.4 mmol) in anhydrous
DMF (26 mL) under an atmosphere of nitrogen and stirred at room temperature for 21 h. The
reaction mixture was diluted with water (50 mL) and extracted with ethyl acetate (50 mL, three
times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
reduced pressure, and purified by chromatography on silica (80% ethyl acetate in hexane, dry
loaded) to provide 1-126 (2.27 g, 4.68 mmol, 90%) as a white solid: Rf (ethyl acetate) 0.31; 'H
NMR (CDCls, 500 MHz) & 8.77 (dd, J = 4.8, 1.5 Hz, 1H), 8.64 (d, J= 2.4 Hz, 1H), 7.77 (ddd, J
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=8.1,2.5, 1.5 Hz, 1H), 7.51-7.48 (m, 1H), 6.96 (dd, J=11.7, 7.0 Hz, 1H), 6.75 (dd, J=10.5, 7.0
Hz, 1H), 5.88 (dtd, J=9.8, 3.8, 1.4 Hz, 1H), 5.75 (ddd, J= 9.9, 4.0, 1.9 Hz, 1H), 5.07 (d, J= 0.8
Hz, 2H), 4.58 (dd, J = 4.0, 1.8 Hz, 1H), 3.79 (dd, J = 7.2, 5.4 Hz, 2H), 3.71-3.64 (m, 1H), 2.52-
2.46 (m, 1H), 2.22-2.17 (m, 4H), 2.13-2.06 (m, 1H), 2.05-1.99 (m, 3H), 1.76-1.66 (m, 2H), 1.50
(t, J = 5.5 Hz, 1H); ’F NMR (CDCls, 470 MHz) & -119.7 (J = 15.5 Hz), -139.1 (J = 15.5 Hz);

LC-MS (ES) m/z caled for CosH270,N4F,S [M+H]" 485.1817, found 485.1817.

SN
P s
NJN)LOAOW N_ s
F

1-127
(trans-3-(4-((5-(((R)-cyclohex-2-en-1-yl)thio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
y)methoxy)-2,5-difluorophenyl)cyclobutyl)methyl (1-methylpiperidin-4-yl)carbamate (1-
127). Carbonyldiimidazole (1.14 g, 7.03 mmol) was added to a solution of 1-126 (2.27 g, 4.68
mmol) in anhydrous methylene chloride (47 mL) and stirred for 3 h under nitrogen. 4-Amino-1-
methylpiperidine (1.76 mL, 14.1 mmol) was added and stirred for an additional 19 h. The
reaction mixture was concentrated under reduced pressure, and purified by chromatography on
silica (10-15% methanol in methylene chloride, dry loaded). The resulting material dissolved
into chloroform (50 mL) and washed with a saturated aqueous solution of sodium bicarbonate
(25 mL, three times). The resulting organic solution was dried (MgSQ,), filtered, and
concentrated under reduced pressure to provide 1-127 (1.31 g, 2.09 mmol, 45%) as a white solid:
Rf (50% methanol in ethyl acetate) 0.14; [a]p = +75.5 (c. 0.290 , CH,Cl,); "H NMR (CDCls,
400 MHz) ¢ 8.77 (dd, J = 4.8, 1.5 Hz, 1H), 8.65-8.64 (m, 1H), 7.77 (ddd, J = 8.1, 2.5, 1.5 Hz,
1H), 7.49 (ddd, J= 8.1, 4.8, 0.7 Hz, 1H), 6.94 (dd, J=11.7, 7.0 Hz, 1H), 6.75 (dd, J = 10.5, 7.0

223



Hz, 1H), 5.91-5.86 (m, 1H), 5.77-5.73 (m, 1H), 5.07 (s, 2H), 4.60-4.57 (m, 2H), 4.20 (d, J = 7.2
Hz, 2H), 3.73-3.64 (m, 1H), 3.54-3.47 (m, 1H), 2.78-2.73 (m, 2H), 2.59-2.54 (m, 1H), 2.27 (s,
3H), 2.22-2.18 (m, 4H), 2.12-2.07 (m, 3H), 2.06-2.01 (m, 4H), 1.98-1.93 (m, 2H), 1.76-1.64 (m,
3H), 1.52-1.42 (m, 3H); '°F NMR (CDCls, 376 MHz) § -119.6 (J = 15.0 Hz), -139.1 (J = 15.4

Hz); LC-MS (ES) m/z caled for C3pH39O3NgF,S [M+H]" 625.2767, found 625.2768.
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1-128

3-(3-(Azidomethyl)-5-(cyclohex-2-en-1-ylthio)-4H-1,2,4-triazol-4-yl)pyridine (1-128).
Methanesulfonyl chloride (0.059 mL, 0.76 mmol) was added to a mixture of 1-15 (0.200 g, 0.694
mmol) and N,N-diisopropylethylamine (0.14 mL, 0.87 mmol) in anhydrous methylene chloride
(7 mL) under and atmosphere of nitrogen at 0 °C. The reaction mixture stirred for 2 h and then
concentrated under reduced pressure and dried under high vacuum. The resulting off-white solid
(0.410 g) was carried forward as a crude mesylate without additional purification: Rf (ethyl
acetate) 0.41; "H NMR (CDCls, 500 MHz) & 8.82 (dd, 1 H, J=4.8, 1.4 Hz), 8.61 (d, 1 H, J=2.5
Hz),7.72 (ddd, 1 H, J=8.1, 2.5, 1.6 Hz), 7.56-7.54 (m, 1H), 5.90 (dtd, 1 H, /J=9.8, 3.8, 1.4 Hz),
5.77-5.73 (m, 1 H), 5.20 (s, 2 H), 4.62-4.59 (m, 1 H), 3.02 (s, 3 H), 2.14-1.98 (m, 6 H), 1.78-1.65
(m, 3 H).

Sodium azide (0.146 g, 2.24 mmol) was added to a crude mesylate (0.410 g) in
dimethylformamide (5.6 mL) and stirred at room temperature for 2 h. The reaction mixture was
diluted with water (10 mL) and extracted with ethyl acetate (10 mL, three times). The combined
organic solutions were washed with brine (10 mL, three times), dried (MgSQO,), filtered,
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concentrated under reduced pressure, and dried under high vacuum to provide 1-128 (0.189 g,
0.601 mmol, 87%, two steps) as a light-brown solid: Rf (ethyl acetate) 0.46; Mp (ethyl acetate)
117-119 °C; IR 2924.8, 2095.3, 1483.0 cm™; "H NMR (CDCls, 500 MHz) & 8.81 (d, 1 H, J=4.4
Hz), 8.62 (s, 1 H), 7.71 (dtd, 1 H, J=8.1, 1.6, 0.7 Hz), 7.54 (dd, 1 H, J= 8.1, 4.8 Hz), 5.90-5.87
(m, 1H), 5.76-5.73 (m, 1H), 4.58-4.57 (m, 1 H), 4.38 (s, 2 H), 2.13-1.98 (m, 4H), 1.77-1.64 (m,
3H); “C NMR (CDCls, 125 MHz) & 153.5, 151.5, 150.8, 147.9. 134.8, 132.4, 129.7, 125.4,
124.4, 442, 44.1, 29.2, 24.8, 19.1; LC-MS (ES) m/z calcd for Ci4HN7S [M+H]" 314.1182,

found 314.1184.

N
=

N
HN7C S
N-N O

1-129

(5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4 H-1,2,4-triazol-3-yl) methanamine  (1-
129). Triphenylphosphine (0.133 g, 0.508 mmol) was added to a high-pressure vial containing a
mixture of 1-128 (0.139 g, 0.508 mmol), water (50 uL), and anhydrous, degassed THF (4.4 mL).
The reaction vial was sealed under argon and stirred at room temperature for 24 h. TLC indicated
the presence of starting material so additional triphenylphosphine (0.133 g, 0.508 mmol) and
water (50 puL) were added to the reaction mixture and stirred for 24 h. This was repeated three
additional times. The reaction mixture was concentrated under reduced pressure and purified by
reverse-phase chromatography on C18 silica (40% acetonitrile in water, dry-loaded) to provide
1-129 (0.118 g, 0.412 mmol, 93%) as a white solid: Rf (10% methanol in ethyl acetate; neutral
alumina) 0.15; Mp (methylene chloride) 96 — 98 °C; IR 3368.9, 3299.7, 3028.9, 1920.9, 2857.1,
1574.1, 1480.9 cm™; "H NMR (CDCl;, 500 MHz) & 8.77 (dd, 1 H, J=4.8, 1.5 Hz), 8.62 (d, 1 H,
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J=2.5Hz),7.72 (ddd, 1 H, J= 8.1, 2.5, 1.6 Hz), 7.52-7.50 (m, 1 H), 5.86 (dtd, 1 H, J=9.7, 3.8,
1.3 Hz), 5.73-5.71 (m, 1H), 4.49-4.48 (m, 1 H), 3.84 (br. s, 2 H), 2.09-1.95 (m, 5 H), 1.76-1.61
(m, 6 H); *C NMR (CDCls, 125 MHz) § 156.4, 151.9, 151.0, 148.0, 134.8, 132.2, 130.3, 125.5,
1242, 44.1, 37.1, 29.2, 24.8, 19.1; LC-MS (ES) m/z caled for C14H;sNsS [M+H]" 288.1277,

found 288.1275.

|\N
4
\SL /\(NYS
MDYy
1-130

N-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4 H-1,2 ,4-triazol-3-
yl)methyl)acrylamide (1-130). A solution of 50% propylphosphonic anhydride in ethyl acetate
(0.12 mL, 0.19 mmol) was added drop wise to a solution of 1-129 (0.0450 g, 0.157 mmol),
acrylic acid (0.011 mL, 0.16 mmol) and triethylamine (0.065 mL, 0.46 mmol) in anhydrous ethyl
acetate (2.5 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture was warmed to
room temperature and stirred for 21 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (5 mL) and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by reverse-phase chromatography on C18 silica (40% acetonitrile in water) to
provide 1-130 (0.0325 g, 0.0952 mmol, 61%) as a white solid: Rf (10% methanol in ethyl
acetate; neutral alumina) 0.33; Mp (methylene chloride) 172-174 °C; IR 3334.8, 3032.0, 2920.6,
2850.9, 1628.9, 1518.0 cm™; "H NMR (CDCls, 500 MHz) & 8.79 (dd, 1 H, J = 4.8, 1.3 Hz), 8.59
(d, 1 H,J=24Hz), 7.77 (ddd, 1 H, J = 8.1, 2.5, 1.5 Hz), 7.54-7.51 (m, 1H), 7.44 (br. s, 1 H),
6.25(dd, 1 H,J/=17.0, 1.7 Hz), 6.17 (dd, 1 H, J=17.0, 10.0 Hz), 5.89-5.85 (m, 1 H), 5.72-5.69
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(m, 1 H), 5.64 (dd, 1 H, J=10.0, 1.7 Hz), 4.47 (br. d, 3 H, J= 5.3 Hz), 2.05-1.96 (m, 5 H), 1.76-
1.61 (m, 3 H); *C NMR (CDCls, 125 MHz) & 165.7, 153.2, 152.5, 151.4, 148.1, 135.0, 132.5,
130.2, 129.6, 127.2, 125.3, 124.4, 44.2, 343, 29.1, 24.8, 19.1; LC-MS (ES) m/z calcd for

C17H20ONsS [M+H]" 342.1383, found 342.1381.

O

NP
HO\©
1-131a

N-(2-Hydroxyphenyl)acrylamide (1-131a). A solution of acryloyl chloride (0.41 mL,
5.0 mmol) in methylene chloride (10 mL) was added dropwise to a mixture of 2-aminophenol 1-
130a (0.500 g, 4.58 mmol), N,N-diisopropylethylamine (1.59 mL, 9.16 mmol) in anhydrous
methylene chloride (46 mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed
to room temperature and stirred for 1 h. Additional acryloyl chloride (0.407 mL, 5.04 mmol) was
added and the reaction mixture was stirred for 1 h. The reaction mixture was concentrated under
reduced pressure and the resulting residue was resuspended in methanol (10 mL). The solution
was cooled to 0 °C and diluted with a 1 M aqueous solution of lithium hydroxide (10 mL). The
mixture was warmed to room temperature and stirred for 3 h. The solution was cooled to °0 C
and neutralized with a 1 M aqueous solution of potassium bisulfate. The aqueous solution was
extracted with methylene chloride (20 mL, three times) and the combined organic solutions were
dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by column
chromatography on SiO, (30-40% ethyl acetate in hexane) to provide 1-131a (0.569 g, 3.48
mmol, 76%) as an off-white solid: Rf (50% ethyl acetate in hexane) 0.56; Mp (methylene

chloride) 123-125 °C; IR 3404.8, 3093.7, 2873.6, 1659.5 cm™; "H NMR ((CD;),SO, 500 MHz)
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59.88 (s, 1 H), 9.50 (s, 1 H), 7.84 (dd, 1 H, J=7.9, 1.0 Hz), 6.96 (td, 1 H, J= 7.7, 1.2 Hz), 6.88
(dd, 1 H, J = 8.0, 1.4 Hz), 6.80-6.76 (m, 1 H), 6.69 (dd, 1 H, J=17.0, 10.2 Hz), 6.23 (dd, 1 H, J
= 17.0, 2.0 Hz), 5.72 (dd, 1 H, J = 10.2, 1.9 Hz); *C NMR ((CD;),SO, 125 MHz) & 163.9,
148.4, 132.3, 127.2, 126.6, 125.4, 122.8, 119.5, 116.2; LC-MS (ES) m/z calcd for CoH;O,N

[M+H]" 164.0706, found 164.0705.

1-132a

N-(2-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yD)methoxy)phenyl)acrylamide (1-132a). Methanesulfonyl chloride (0.012 mL, 0.15 mmol)
was added dropwise to mixture of 1-15 (0.0450 g, 0.139 mmol), N,N-diisopropylethylamine
(0.030 mL, 0.15 mmol) in anhydrous methylene chloride (1.4 mL) under an atmosphere of
nitrogen at 0 °C and stirred for 1 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (5 mL, three
times) The isolated organic solution was dried (MgSQ,), filtered, and concentrated under
reduced pressure to provide crude mesylate. This material was carried forward without further
purification.

1-131a (0.0249 g, 0.153 mmol) was added to a mixture of crude mesylate, cesium
carbonate (0.0904 g, 0.277 mmol) in anhydrous DMF (0.7 mL) under an atmosphere of nitrogen
and stirred at room temperature for 19 h. The reaction mixture was diluted with water (5 mL) and

extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
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(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on SiO,
(EtOAc, dry loaded) to provide 1-132a (0.0457 g, 0.105 mmol, 76%) as a white solid: Rf (ethyl
acetate) 0.50; Mp (methylene chloride) 152-154 °C; IR 3258.7, 2919.8, 1654.0, 1522.3, 1487.5
cm™; "TH NMR (CDCls, 500 MHz) 6 8.74 (dd, 1 H, J = 4.8, 1.5 Hz), 8.58 (d, 1 H, J = 2.4 Hz),
837(d, 1 H,J=7.1 Hz), 7.65 (s, 1 H), 7.51 (ddd, 1 H, J=8.1,2.4, 1.6 Hz), 7.41 (ddd, l H, J =
8.1, 4.8, 0.6 Hz), 7.03-6.94 (m, 3 H), 6.42 (dd, 1 H, J=16.8, 1.3 Hz), 6.23 (dd, 1 H, J = 16.8,
10.2 Hz), 5.88 (dtd, 1 H, J=9.8, 3.8, 1.5 Hz), 5.79 (dd, 1 H, J=10.2, 1.3 Hz), 5.74-5.71 (m, 1
H), 5.21 (s, 2 H), 4.57-4.54 (m, 1 H), 2.11-1.97 (m, 4 H), 1.76-1.65 (m, 3 H); *C NMR (CDCl;,
125 MHz) 6 163.3, 153.6, 151.4, 151.2, 147.5, 146.0, 134.6, 132.5, 131.4, 129.9, 127.9, 127.7,
125.3,124.2,124.2, 122.8, 121.1, 112.4, 61.1, 44.2, 29.2, 24.8, 19.1; LC-MS (ES) m/z calcd for

C23H240,N5S [M+H]" 434.1645, found 434.1644.

1-133a
N-(2-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)-N-methylacrylamide (1-133a). Potassium hydride (0.00407 g, 0.0761
mmol) was added to a solution of 1-132a (0.0400 g, 0.0923 mmol) in anhydrous THF (0.7 mL)
at 0 °C under an atmosphere of nitrogen and stirred for 0.5 h. Methyl iodide (0.01 mL, 0.10
mmol) was added and the reaction mixture was warmed to room temperature and stirred for 2 h.
The reaction was quenched with water (5 mL) and the aqueous solution was extracted with ethyl

acetate (10 mL, three times). The combined organic solutions were dried (MgSQ,), filtered,
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concentrated under reduced pressure, and purified by chromatography on Si0, (5% methanol in
methylene chloride, dry loaded) to provide 1-133a (0.0306 g, 0.0684 mmol, 74%) as an off-
white solid: Rf (ethyl acetate) 0.23; Mp (methylene chloride) 47 °C, gel; IR 3449.5, 3029.1,
2926.3,1653.6 cm™; "H NMR (CDCl3, 500 MHz) & 8.72 (dd, 1 H, J=4.8, 1.3 Hz), 8.56 (d, 1 H,
J=2.5Hz),7.65(dq, 1 H,J=28.1, 1.9 Hz), 7.46 (ddd, 1 H, J= 7.8, 5.0, 2.6 Hz), 7.34-7.30 (m, 1
H), 7.18 (d, 1 H, J=8.4 Hz), 7.10 (dd, 1 H,J=17.5, 0.9 Hz), 7.01 (td, 1 H, J= 7.6, 0.8 Hz), 6.31
(ddd, 1 H, J = 16.8, 5.2, 2.0 Hz), 5.90-5.81 (m, 2 H), 5.77-5.74 (m, 1 H), 5.46 (ddd, 1 H, J =
10.3, 5.4, 2.0 Hz), 5.14-5.06 (m, 2 H), 4.58-4.57 (m, 1 H), 3.09 (d, 3 H, J = 2.2 Hz), 2.12-2.02
(m, 4 H), 1.76-1.65 (m, 4 H); *C NMR (CDCls, 125 MHz) & 165.9, 153.8, 153.1, 151.3, 150.9,
147.5, 135.1, 132.4, 132.42, 131.8, 129.8, 129.8, 129.6, 127.9, 127.9, 127.6, 127.5, 125.4, 124.5,
122.4, 113.4, 60.2, 44.1, 44.1, 36.2, 29.2, 24.8, 19.1; LC-MS (ES) m/z calcd for C,4H2602N5sS

[M+H]"448.1802, found 448.1799.

HN P
CL,

1-131b
N-(3-Hydroxyphenyl)acrylamide (1-131b). A solution of acryloyl chloride (0.41 mL,
5.0 mmol) in methylene chloride (10 mL) was added dropwise to a mixture of 3-aminophenol 1-
130b (0.500 g, 4.58 mmol), N,N-diisopropylethylamine (1.59 mL, 9.16 mmol) in anhydrous
methylene chloride (46 mL) at 0 °C under an atmosphere of nitrogen. The reaction was stirred
for 1 h and then warmed to room temperature and stirred for 1 h. Additional acryloyl chloride
(0.407 mL, 5.04 mmol) was added and the reaction mixture was stirred for 1 h. The reaction

mixture was concentrated under reduced pressure and the resulting residue was resuspended in
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methanol (10 mL). The solution was cooled to 0 °C and diluted with a 1 M aqueous solution of
lithium hydroxide (10 mL). The mixture was warmed to room temperature and stirred for 3 h.
The solution was cooled to 0 °C and neutralized with a 1 M aqueous solution of potassium
bisulfate. The aqueous solution was extracted with methylene chloride (20 mL, three times) and
the combined organic solutions were dried (MgSQy), filtered, concentrated under reduced
pressure, and purified by column chromatography on silica (60% ethyl acetate in hexane, dry
loaded) to provide 1-131b (0.222 g, 1.36 mmol, 30%) as a white solid: Rf (50% ethyl acetate in
hexane) 0.32; Mp (CH,Cl,) 158-160 °C; IR 3306.3, 3088.1, 1738.6, 1656.1 cm™; "H NMR
((CD»)2S0, 500 MHz) 6 9.99 (s, 1 H), 9.40 (s, 1 H), 7.25 (t, 1 H, J=2.1 Hz), 7.08 (t, 1 H, J =
8.0 Hz), 7.02 (ddd, 1 H, J= 8.1, 1.7, 1.0 Hz), 6.46 (ddd, 1 H, J= 8.0, 2.4, 1.0 Hz), 6.42 (dd, 1 H,
J=17.0,10.1 Hz), 6.23 (dd, 1 H, J=17.0, 2.0 Hz), 5.73 (dd, 1 H, J = 10.1, 2.0 Hz); *C NMR
((CD»)2S0, 125 MHz) 6 163.5, 158.1, 140.5, 132.4, 129.9, 127.1, 111.1, 110.6, 106.9; LC-MS
(ES) m/z caled for CoH;pO,N [MJrH]+ 164.0706, found 164.0707. Full Characterization: NB-

00746.019.
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1-132b
N-(3-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)acrylamide (1-132b). Methanesulfonyl chloride (0.01 mL, 0.15 mmol) was
added dropwise to mixture of 1-15 (0.0400 g, 0.139 mmol), N,N-diisopropylethylamine (0.03
mL, 0.15 mmol) in anhydrous methylene chloride (1.4 mL) under an atmosphere of nitrogen at 0
°C and stirred for 19 h. The reaction mixture was diluted with a saturated solution of aqueous
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sodium bicarbonate (5 mL) and extracted with methylene chloride (5 mL, three times) The
isolated organic solution was dried (MgSQ,), filtered, and concentrated under reduced pressure
to provide crude mesylate. This material was carried forward without further purification.

1-131b (0.0249 g, 0.153 mmol) was added to a mixture of crude mesylate, cesium
carbonate (0.0904 g, 0.277 mmol) in anhydrous DMF (0.7 mL) under an atmosphere of nitrogen
and stirred at room temperature for 20 h. The reaction mixture was diluted with water (5 mL) and
extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (ethyl acetate, dry loaded) to provide 1-132b (0.0503 g, 0.116 mmol, 84%) as a white
solid: Rf (ethyl acetate) 0.38; Mp (methylene chloride) 157-159 °C; IR 3268.4, 3083.1, 2927.9,
1682.7, 1604.4 cm™; "H NMR (CDCl;, 500 MHz) & 8.74 (dd, 1 H, J=4.8, 1.5 Hz), 8.62 (d, 1 H,
J=2.4Hz),7.71 (ddd, 1 H,J=8.1,2.5, 1.6 Hz), 7.56 (br. s, 1 H), 7.48 (dd, 1 H, J= 8.1, 4.9 Hz),
7.18 (br. d, 2 H, J= 5.6 Hz,), 6.63 (dt, 1 H, J = 6.0, 2.9 Hz), 6.42 (dd, 1 H, J=16.8, 1.2 Hz),
6.25(dd, 1 H,J=16.8,10.2 Hz), 5.87 (dtd, 1 H,J=9.8, 3.8, 1.5 Hz), 5.77 (dd,  H, J=10.2, 1.2
Hz), 5.75-5.72 (m, 1 H), 5.07 (d, 2 H, J = 1.5 Hz), 4.56-4.54 (m, 1 H), 2.11-1.98 (m, 5 H), 1.77-
1.63 (m, 4 H); ®C NMR (CDCl;, 125 MHz) § 163.8, 157.6, 153.5, 151.6, 151.2, 148.0, 139.4,
134.9, 132.4, 131.2, 129.9, 129.9, 127.8, 125.3, 124.2, 115.1, 113.5, 110.8, 106.4, 59.9, 44.2,

29.2,24.8,19.1; LC-MS (ES) m/z calcd for C23H40,N5S [M+H]" 434.1645, found 434.1646.
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1-133b
N-(3-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yl)methoxy)phenyl)-N-methylacrylamide (1-133b). Potassium hydride (0.00407 g, 0.0761
mmol) was added to a solution of 1-132b (0.0400 g, 0.0923 mmol) in anhydrous THF (0.9 mL)
at 0 °C under an atmosphere of nitrogen and stirred for 0.5 h Methyl iodide (0.01 mL, 0.10
mmol) was added and the reaction mixture was warmed to room temperature and stirred for 2 h.
The reaction was quenched with water (5 mL) and the aqueous solution was extracted with ethyl
acetate (10 mL, three times). The combined organic solutions were dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (5% methanol in
methylene chloride, dry loaded) to provide 1-133b (0.0258 g, 0.0576 mmol, 62%) as an off-
white solid: Rf (ethyl acetate) 0.53; Mp (methanol) 56 °C, gel; IR 3427.8, 3028.6, 2925.7,
1652.8 cm™; "H NMR (CDCls, 500 MHz) & 8.76 (dd, 1 H, J=4.8, 1.4 Hz), 8.63 (d, 1 H, J=2.4
Hz), 7.71 (ddd, 1 H, J = 8.1, 2.5, 1.6 Hz), 7.48 (dd, 1 H, J = 8.1, 4.8 Hz), 7.29-7.26 (m, 1 H),
6.89 (dd, 1 h,/=8.3,2.4Hz), 6.79 (dd, 1 H,J=17.5, 1.5 Hz), 6.66 (t, 1 H, J=2.2 Hz), 6.35 (dd,
1 H,J=16.8,2.0Hz), 6.04 (dd, 1 H, J=16.7, 10.5 Hz), 5.89-5.86 (m, 1 H), 5.76-5.73 (m, 1 H),
5.52(dd, 1 H,J=10.3, 1.9 Hz), 5.08 (s, 2 H), 4.58 (dd, 1 H, J=4.2, 1.8 Hz), 3.30 (s, 3 H), 2.12-
2.06 (m, 1 H), 2.05-1.98 (m, 4 H), 1.77-1.63 (m, 3 H); *C NMR (CDCl;, 125 MHz) &; LC-MS

(ES) m/z calcd for C4Ha60,NsS [M+H]"448.1802, found 448.1800.
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1-131c

N-(4-Hydroxyphenyl)acrylamide (1-131c). A solution of acryloyl chloride (0.41 mL,
5.0 mmol) in methylene chloride (10 mL) was added dropwise to a mixture of 4-aminophenol 1-
130c (0.500 g, 4.58 mmol), N,N-diisopropylethylamine (1.59 mL, 9.16 mmol) in anhydrous
methylene chloride (46 mL) at 0 °C under an atmosphere of nitrogen. The reaction was stirred
for 1 h and then warmed to room temperature and stirred for 1 h. Additional acryloyl chloride
(0.41 mL, 5.0 mmol) was added and the reaction mixture was stirred for 1 h. The reaction
mixture was concentrated under reduced pressure and the resulting residue was resuspended in
methanol (10 mL). The solution was cooled to 0 °C and diluted with a 1 M aqueous solution of
lithium hydroxide (10 mL). The mixture was warmed to room temperature and stirred for 3 h.
The solution was cooled to 0 °C and neutralized with a 1 M aqueous solution of potassium
bisulfate. The aqueous solution was extracted with methylene chloride (20 mL, three times) and
the combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced
pressure, and purified by column chromatography on silica (60% EtOAc in hexane, dry loaded)
to provide 1-131¢ (0.478 g, 2.89, 63%) as an off-white solid: Rf (50% ethyl acetate in hexane)
0.28; Mp (methanol) 196-198 °C; IR 3297.2, 3096.6, 1654.5, 1439.3 cm™; "H NMR ((CD3),SO,
500 MHz) 6 9.89 (s, 1 H), 9.23 (s, 1 H), 7.46-7.43 (m, 2 H), 6.72-6.69 (m, 2 H), 6.38 (dd, 1 H, J
=17.0, 10.1 Hz), 6.19 (dd, 1 H, J = 17.0, 2.1 Hz), 5.68 (dd, 1 H, J = 10.1, 2.1 Hz); *C NMR
((CD»)2S0, 125 MHz) 6 163.0, 154.0, 132.5, 131.1, 126.4, 121.5, 115.6; LC-MS (ES) m/z calcd

for CoH;00,N [M+H]" 164.0706, found 164.0706.
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1-132c¢

N-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
yD)methoxy)phenyl)acrylamide (1-132¢). Methanesulfonyl chloride (0.024 mL, 0.31 mmol)
was added dropwise to mixture of 1-15 (0.0800 g, 0.277 mmol), N,N-diisopropylethylamine
(0.06 mL, 0.35 mmol) in anhydrous methylene chloride (2.8 mL) under an atmosphere of
nitrogen at 0 °C and stirred for 2 h. The reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (5 mL) and extracted with methylene chloride (5 mL, three
times) The isolated organic solution was dried (MgSQ,), filtered, and concentrated under
reduced pressure to provide crude mesylate. This material was carried forward without further
purification.

1-131c¢ (0.0498 g, 0.305 mmol) was added to a mixture of crude mesylate, cesium
carbonate (0.181 g, 0.555 mmol) in anhydrous DMF (1.4 mL) under an atmosphere of nitrogen
and stirred at room temperature for 28 h. The reaction mixture was diluted with water (5 mL) and
extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
(MgSO0,), filtered, concentrated under reduced pressure, and purified by chromatography on SiO,
(ethyl acetate, dry loaded) to provide 1-132¢ (0.0821 g, 0.189 mmol, 68%) as a white solid. Rf
(ethyl acetate) 0.21; Mp (methylene chloride) > 65 °C, gel; IR 3264.9, 3029.8, 2928.9, 1664.2,
1542.3 cm™; "H NMR (CDsCl, 500 MHz) & 8.75 (dd, 1 H, J=4.8, 1.5 Hz), 8.62 (d, 1 H, J=2.4
Hz), 7.69 (ddd, 1 H, J = 8.1, 2.4, 1.6 Hz), 7.57 (br. s, 1 H), 7.47 (dt, 3 H, J = 8.3, 4.3 Hz), 6.81
(d,2H,J=9.0Hz), 6.41 (dd, 1 H,J=16.9, 1.0 Hz), 6.25 (dd, 1 H,J=16.9, 10.2 Hz), 5.87 (dtd,
1 H,J=9.8, 3.8, 1.4 Hz), 5.76-5.72 (m, 2 H), 5.09-5.03 (m, 2 H), 4.55 (t, 1 H, J=1.9 Hz), 2.11-
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1.97 (m, 4 H), 1.76-1.63 (m, 3 H); *C NMR (CD,Cl, 125 MHz) § 163.7, 153.8, 153.5, 151.7,
151.2, 147.9, 134.9, 132.6, 132.5, 131.3, 130.0, 127.3, 125.3, 124.2, 121.8, 115.1, 60.1, 44.1,

29.2,24.8,19.1; LC-MS (ES) m/z calcd for C23H40,N5S [M+H]" 434.1645, found 434.1644.
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1-133c¢
N-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4H-1,2,4-triazol-3-
y)methoxy)phenyl)-N-methylacrylamide (1-133c). Potassium hydride (0.00457 g, 0.114
mmol) was added to a solution of 1-132¢ (0.0450 g, 0.104 mmol) in anhydrous THF (1 mL) at 0
°C under an atmosphere of nitrogen and stirred for 0.5 h Methyl iodide (0.01 mL, 0.11 mmol)
was added and the reaction mixture was warmed to room temperature and stirred for 2 h. The
reaction was quenched with water (5 mL) and the aqueous solution was extracted with ethyl
acetate (10 mL, three times). The combined organic solutions were dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on Si0, (5% methanol in
methylene chloride, dry loaded) to 1-133¢ (0.0328 g, 0.0733 mmol, 71%) as an off-white solid:
Rf (ethyl acetate) 0.54; Mp (methanol) 53 °C, gel; IR (neat) 3252.2, 3029.4, 2926.9, 1650.9 cm’
' TH NMR (CDCls, 500 MHz) & 8.78 (dd, 1 H, J= 4.8, 1.5 Hz), 8.65 (d, 1 H, J=2.5 Hz), 7.72
(ddd, 1 H, J=8.1, 2.5, 1.5 Hz), 7.50 (ddd, 1 H, J= 8.1, 4.8, 0.7 Hz), 7.07-7.04 (m, 2 H), 6.93-
6.90 (m, 2 H), 6.34 (dd, 1 H, J=16.8, 2.0 Hz), 6.02 (dd, 1 H, J=16.8, 10.3 Hz, 1H), 5.91-5.87
(m, 1 H), 5.77-5.74 (m, 1 H), 5.50 (dd, 1 H, J=10.3, 1.1 Hz, 1H), 5.10 (s, 2 H), 4.61-4.58 (m, 1
H), 3.29 (s, 3 H), 2.14-2.07 (m, 1 H), 2.06-1.99 (m, 3 H), 1.78-1.65 (m, 2 H), 1.63 (s, 1 H); *C
NMR (CDCl;, 126 MHz) 8 165.8, 156.4, 153.6, 151.23, 151.19, 148.0, 137.4, 134.8, 132.4,
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130.0, 128.6, 128.4, 127.4, 125.4, 124.1, 115.6, 60.1, 44.1, 37.5, 29.2, 24.8, 19.2; LC-MS (ES)

m/z caled for CasHo60,NsS [M+H]'448.1802, found 448.1799.

O
BocHNV\N

N
1-135

Tert-butyl (2-(2-((3R,5R,7R)-adamantan-1-yl)acetamido)ethyl)carbamate (1-135).
Hydroxybenzotriazole (0.527 g, 3.90 mmol) and N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (0.606 g, 3.12 mmol) were added to a mixture of tert-butyl (2-
aminoethyl)carbamate 1-134 (0.494 g, 3.12 mmol), N,N-diisopropylethylamine (1.03 mL, 6.24
mmol), and 1-adamantaneacetic acid (0.606 g, 3.12 mmol) in anhydrous methylene chloride (16
mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture was warmed to room
temperature and stirred for 24 h. The reaction was concentrated under reduced pressure and
purified by chromatography on silica (70% ethyl acetate in hexane) to provide 1-135 (0.943 g,
2.80 mmol, 90%) as a white solid: Rf (ethyl acetate) 0.65; Mp (methylene chloride) 114-116 °C;
IR (neat) 3297.1, 2901.2, 2847.2, 1684.5, 1546.4 cm™; "H NMR (CDCls, 500 MHz) & 6.02 (br.
s, 1 H), 4.95 (br.s, 1 H), 3.35 (app. q, 2 H, J= 5.6 Hz), 3.27 (app. q, 2 H, J = 5.5 Hz), 1.96 (br. s,
3 H), 1.92(s,2 H), 1.70 (br. s, 1 H), 1.68 (br. s, 2 H), 1.64 (app. d, 2 H, J=4.3 Hz), 1.60 (d, 7 H,
J=2.4Hz), 1.43 (s, 9 H); *C NMR (CDCls, 125 MHz) & 171.8, 156.9, 79.5, 51.7, 42.6, 40.5,
40.4, 36.7, 32.7, 28.6, 28.4; LC-MS (ES) m/z calcd for C19H3303N, [M+H]" 337.2486, found

337.2484.
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N
1-136

2-((3R,5R,7R)-adamantan-1-yl)-N-(2-aminoethyl)acetamide (1-136). 1-135 (0.500 g,
1.49 mmol) was added to a solution of acetyl chloride (1.69 mL, 23.8 mmol) in methanol (15
mL) at 0 °C. The reaction mixture was warmed to room temperature and stirred under nitrogen
for 24 h. The reaction was cooled to 0 °C and slowly quenched with a 1M aqueous solution of
sodium hydroxide until a pH of 12 was reached. The resulting mixture was concentrated under
reduced pressure and resuspended in anhydrous methylene chloride (25 mL). The heterogeneous
mixture was sonicated for roughly 30 minutes and filtered. The resulting filtrate was
concentrated under reduced pressure and dried under high vacuum to provide 1-136 (0.287 g,
1.21 mmol, 82%) as an off-white solid: Rf (10% methanol in ethyl acetate) 0.26; Mp (methylene
chloride) 55-57 °C; IR (neat) 3291.1, 2897.9, 2845.6, 1630.2, 1541.4 cm™; "H NMR (CDCl;,
500 MHz) & 5.82 (s, 1 H), 3.48 (s, 1 H), 3.30 (q, 2 H, J = 5.9 Hz), 2.83 (s, 2 H), 1.97 (s, 3 H),
1.94 (s, 2 H), 1.71 (s, 1 H), 1.69 (s, 2 H), 1.63 (dd, 10 H, J=9.4, 1.7 Hz, 1.36 (s, 2 H); ®C NMR
(CDCl3, 125 MHz) & 171.2, 51.9, 42.7, 36.8, 32.7, 28.7; LC-MS (ES) m/z calcd for C14H250N;

[M+H]"237.1961, found 237.1960.

0
HO/\/O\/\N@

b
1-138

2-((3R,5R,7R)-adamantan-1-yl)-N-(2-(2-hydroxyethoxy)ethyl)acetamide (1-138).

Hydroxybenzotriazole (0.562 g, 4.16 mmol) and N-(3-dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (0.798 g, 4.16 mmol) were added to a mixture of 2-(2-
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aminoethoxy)ethan-1-ol 1-137 (0.334 mL, 3.33 mmol), N,N-diisopropylethylamine (1.10 mL,
6.66 mmol), and 1-adamantaneacetic acid (0.647 g, 3.33 mmol) in anhydrous methylene chloride
(17 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture was warmed to room
temperature and stirred for 24 h. The reaction was concentrated under reduced pressure and
purified by chromatography on silica (ethyl acetate) to provide 1-138 (0.872 g, 3.09 mmol, 93%)
as a colorless oil: Rf (ethyl acetate) 0.19; IR 3299.4, 2846.5, 1639.5, 1545.5, 1450.5 cm'l; '"H
NMR (CDCls, 500 MHz) 8) 5.80 (br. s, 1 H), 3.75 (q, 2 H, J = 4.6 Hz), 3.59-3.55 (m, 4 H), 3.46
(q, 2 H,J=5.2 Hz), 2.17 (t, 1 H, J=5.9 Hz), 1.96 (br. s, 3 H), 1.94 (s, 2 H), 1.71 (br. s, 1 H),
1.68 (s, 3 H), 1.64 (s, 2 H), 1.62 (d, 7 H, J = 2.4 Hz); *C NMR (CDCls, 125 MHz) & 171.3,
72.3, 70.1, 61.7, 51.7, 42.6, 39.1, 36.8, 32.7, 28.6; LC-MS (ES) m/z calcd for C;sH230;N

[M+H]" 282.2064, found 282.2062.

O
N3/\/O\/\NJ\@

H
1-139

2-((3R,5R,7R)-adamantan-1-yl)-N-(2-(2-azidoethoxy)ethyl)acetamide (1-139).
Methanesulfonyl chloride (0.26 mL, 3.4 mmol) was added to a mixture of 1-138 (0.872 g, 3.09
mmol) and N,N-diisopropylethylamine (0.64 mL, 3.9 mmol) in anhydrous methylene chloride
(30 mL) under and atmosphere of nitrogen at 0 °C. The reaction mixture was warmed to room
temperature, stirred for 12 h, concentrated under reduced pressure, and completely dried under
high vacuum. The crude material was dissolved in anhydrous DMF (15 mL). Sodium azide
(0.403 g, 6.19 mmol) was added and the reaction mixture was stirred at 50 °C for 12 h. The
reaction mixture was diluted with water (50 mL) and extracted with ethyl acetate (50 mL, three

times). The combined organic solutions were washed with brine (10 mL, three times), dried

239



(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (40% ethyl acetate in hexane) to provide 1-139 (0.711 g, 2.31 mmol, 75%, two steps) as a
colorless oil: Rf (ethyl acetate) 0.44; IR 3300.2, 2899.7, 2846.8, 2098.4, 1640.2, 1543.8 em™; 'H
NMR (CDCl3, 500 MHz) & 5.78 (s, 1 H), 3.68-3.66 (m, 2 H), 3.56 (dd, 2 H, J = 5.5, 4.6 Hz),
3.48-3.45 (m, 2 H), 3.37 (t, 2 H, J = 4.9 Hz), 1.97 (s, 3 H), 1.93 (s, 2H), 1.71 (s, 1 H), 1.69 (s, 2
H), 1.65 (app. d, J= 1.3 Hz, 2 H), 1.62 (app. d, 7 H, J = 2.5 Hz); *C NMR (CDCl;, 125 MHz) &
171.0, 70.2, 70.1, 51.7, 50.7, 42.6, 38.9, 36.8, 32.7, 28.7; LC-MS (ES) m/z calcd for C;sH270,N4

[M]"307.2129, found 307.2126.

(0]
HoN /\/O\/\NJ\/@

H
1-140

2-((3R,5R,7R)-adamantan-1-yl)-N-(2-(2-aminoethoxy)ethyl)acetamide (1-140).
Triphenylphosphine (0.256 g, 0.976 mmol) was added to a solution of 1-139 (0.250 g, 0.813
mmol) in degassed, anhydrous THF (4 mL) at room temperature under an atmosphere of
nitrogen. After 2 h, water (35 ulL) was added and the reaction mixture was stirred for an
additional 22 h. TLC indicated the presence of starting material so additional triphenylphosphine
(0.256 g, 0.976 mmol) and water (35 uL) were added to the reaction mixture and stirred for 24 h.
This was repeated an additional time. The reaction was concentrated under reduced pressure and
the resulting residue was resuspended with a 1M aqueous solution of hydrogen chloride (5 mL)
and washed with ethyl acetate (5 mL, two times). The aqueous solution was basified with a 3M
aqueous solution of sodium hydroxide (20 mL) and extracted with a 10% solution of methanol in
methylene chloride (25 mL, four times). The combined organic solutions were sequentially

washed with water (10 mL), brine (10 mL), dried (MgSO4), filtered, and concentrated under
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reduced pressure to provide 1-140 (0.214 g, 0.762 mmol, 94%) as a colorless residue: Rf (10%
methanol in ethyl acetate; neutral alumina) 0.48; IR 3284.5, 2899.0, 2846.4, 1640.0, 1544.1,
1450.6 cm™; "H NMR (CDCls, 500 MHz) & 5.98 (br. s, 1 H), 3.52 (dt, 4 H, J = 12.0, 5.2 Hz),
3.45(q,3 H,J=5.2Hz), 290 (t,2 H, J= 5.2 Hz), 2.26 (br. s, 2 H), 1.96 (br. s, 3 H), 1.94 (s, 3
H), 1.71 (s, 1 H), 1.68 (s, 2 H), 1.64-1.62 (m, 11 H); *C NMR (CDCls, 125 MHz) § 171.1, 72.4,
69.9, 51.7, 42.6, 41.5, 39.1, 36.8, 32.7, 28.7; LC-MS (ES) m/z caled for C;sHy30,N, [M]

281.2224, found 281.2221.

o}
BocHN \/\o/\/o\/\Nk@

N
1-142

Tert-butyl (2-(2-(2-2-((3R,5R,7R)-adamantan-1-
yDacetamido)ethoxy)ethoxy)ethyl)carbamate (1-142). Hydroxybenzotriazole (0.340 g, 2.52
mmol), 1-adamanylacetic acid (0.391 g, 2.01 mmol), and N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (0.218 g, 1.14 mmol) were added to a mixture of tert-butyl (2-
(2-(2-aminoethoxy)ethoxy)ethyl)carbamate ~ 1-141  (0.48 mL, 2.0 mmol), N,N-
diisopropylethylamine (0.67 mL, 4.0 mmol) in anhydrous methylene chloride (10 mL) at 0 °C
under an atmosphere of nitrogen. The reaction mixture was warmed to room temperature and
stirred for 13 h. The reaction mixture was concentrated under reduced pressure and purified by
chromatography on silica (ethyl acetate) to provide 1-142 (0.460 g, 1.08 mmol, 54%) as a
colorless oil: Rf (ethyl acetate) 0.43; "H NMR (CDCls, 300 MHz) & 5.87-5.82 (m, 1H), 5.02-
4.96 (m, 1H), 3.61 (s, 3H), 3.55 (t, J= 5.2 Hz, 4H), 3.45 (q, J = 5.0 Hz, 2H), 3.35-3.29 (m, 2H),

1.96-1.94 (m, 4H), 1.72-1.62 (m, 13H), 1.45 (s, SH).
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H
1-143
2-((3R,5R,7R)-adamantan-1-yl)-N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)acetamide
trifluoroacetate salt (1-143). Trifluoroacetic acid (1.21 mL, 16.3 mmol) was added to a high-
pressure reaction vial containing a solution of 1-142 (0.460 g, 1.08 mmol) in anhydrous
methylene chloride (9 mL). The reaction vial was sealed and the reaction mixture was stirred at
50 °C for 2 h. The reaction mixture was cooled to room temperature and concentrated under
reduced pressure. The resulting residue was dissolved in THF (5 mL) and concentrated under
reduced pressure; this was repeated two additional times. The resulting material was dried under
high vacuum to provide the 1-143 (0.496 g) as a colorless residue. This material was carried
forward without purification: '"H NMR (CDCls, 300 MHz) & 8.09-7.99 (m, 2H), 6.61-6.55 (m,
1H), 5.16-5.05 (m, 2H), 3.79-3.76 (m, 2H), 3.69-3.58 (m, 5H), 3.46-3.43 (m, 2H), 3.21-3.17 (m,

2H), 1.99-1.95 (m, 4H), 1.73-1.56 (m, 10H).

N
OB =gy X
~_NH S
AL i e
1-145a
3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4 H-1,2 ,4-triazol-3-yl)methoxy)-

2,6-difluorophenyl)prop-2-yn-1-yl (2-(2-((3R,5R,7R)-adamantan-1-
yDacetamido)ethyl)carbamate (1-145a). Carbonyldiimidazole (0.0268 g, 0.165 mmol) was
added to a solution of 1-144 (0.0500 g, 0.110 mmol) in anhydrous methylene chloride (1.60 mL).

The reaction mixture was stirred at room temperature under an atmosphere of nitrogen for 3 h. 1-
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136 (0.0555 g, 0.220 mmol) was added and the reaction mixture was stirred for 21 h. The
reaction mixture was diluted with methylene chloride (5 mL) and washed with water (2.5 mL).
The organic solution was dried (MgSQ,), filtered, concentrated under reduced pressure, and
purified by reverse-phase chromatography on C18-silica (65% acetonitrile in water) to provide 1-
145a (0.0742 g, 0.104 mmol, 94%) as a white solid: Rf (10% methanol in ethyl acetate) 0.59;
Mp (methylene chloride) 81-83 °C; IR 3305.8, 2902.1, 2846.4, 1719.3, 1635.8, 1503.4, 1484.6
cm™; "TH NMR (CDCl;, 300 MHz) & 8.78 (dd, J = 4.8, 1.5 Hz, 1H), 8.61 (d, J = 2.4 Hz, 1H),
7.67 (ddd, J = 8.1, 2.5, 1.6 Hz, 1H), 7.52-7.48 (m, 1H), 6.53-6.46 (m, 2H), 5.92-5.87 (m, 1H),
5.78-5.72 (m, 1H), 5.37-5.31 (m, 1H), 5.06 (s, 2H), 4.92 (s, 2H), 4.61-4.59 (m, 1H), 3.41-3.34
(m, 4H), 2.12-2.01 (m, 3H), 1.95-1.92 (m, 5H), 1.71-1.59 (m, 16H); *C NMR (CDCl, 126
MHz) 6 171.9, 164.91, 164.85, 162.89, 162.83, 158.6, 156.3, 154.0, 151.4, 150.3, 147.9, 134.6,
132.5, 129.8, 125.3, 124.2, 99.00, 98.96, 98.82, 98.78, 95.10, 94.94, 92.35, 92.33, 92.31, 73.0,
60.4, 53.3, 51.7, 44.1, 42.6, 41.3, 39.8, 36.7, 32.7, 31.6, 29.2, 28.6, 24.8, 22.6, 19.2, 14.1; F
NMR (CDCls, 376 MHz) & -105.0; LC-MS (ES) m/z calcd for C3sH4304N6S [M+H]" 717.3029,

found 717.3030.

1-145b
3-(4-((5-(cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4 H-1,2,4-triazol-3-yl)methoxy)-2,6-
difluorophenyl)prop-2-yn-1-yl (2-2-2-((3R,5R,7TR)-adamantan-1-
yDacetamido)ethoxy)ethyl)carbamate (1-145b). Carbonyldiimidazole (0.0268 g, 0.165 mmol)
was added to a solution of 1-144 (0.0500 g, 0.110 mmol) in anhydrous methylene chloride (1.60
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mL). The reaction mixture was stirred at room temperature under an atmosphere of nitrogen for 3
h. 1-140 (0.0652 g, 0.220 mmol) was added and the reaction mixture was stirred for 21 h. The
reaction mixture was diluted with methylene chloride (5 mL) and washed with water (2.5 mL).
The organic solution was dried (MgSQ,), filtered, concentrated under reduced pressure, and
purified by reverse-phase chromatography on C18-silica (65% acetonitrile in water) to provide 1-
145b (0.0750 g, 0.0986 mmol, 90%) as a white solid: Rf (10% methanol in ethyl acetate) 0.52;
Mp (methylene chloride) 64-66 °C; IR 3292.9, 2899.3, 1718.1, 1634.9, 1503.6, 1484.6 cm™; '"H
NMR (CDCls, 300 MHz) 6 8.78 (dd, J = 4.8, 1.5 Hz, 1H), 8.61 (d, J= 2.3 Hz, 1H), 7.67 (ddd, J
= 8.1, 2.5, 1.6 Hz, 1H), 7.52-7.48 (m, 1H), 6.52-6.48 (m, 2H), 5.06 (s, 2H), 4.94 (s, 2H), 4.61-
4.58 (m, 1H), 3.54-3.51 (m, 4H), 3.46-3.37 (m, 4H), 2.10-2.05 (m, 4H), 1.95 (d, J = 4.5 Hz, 6H),
1.72-1.59 (m, 18H); *C NMR (CDCl;, 126 MHz) & 171.1, 165.17, 165.09, 162.65, 162.57,
158.6, 155.6, 154.0, 151.4, 150.3, 147.9, 134.6, 132.6, 129.7, 125.3, 124.2, 99.03, 99.02, 98.7,
95.1, 92.36, 92.33, 73.0, 69.95, 69.80, 60.4, 51.7, 44.1, 42.6, 39.0, 36.8, 34.7, 32.7, 31.6, 29.2,
28.6,25.3,24.8,22.7,19.1, 14.1; YF NMR (CDCls, 376 MHz) & -105.1; LC-MS (ES) m/z calcd

for C40H4705NgF2S [M+H]" 761.3291, found 761.3288.

B
: TP S
ol N
NH
S N M g WO

1-145¢
3-(4-((5-(Cyclohex-2-en-1-ylthio)-4-(pyridin-3-yl)-4 H-1,2 ,4-triazol-3-yl)methoxy)-
2,6-difluorophenyl)prop-2-yn-1-yl (2-(2-2-(2-((3R,5R,7R)-adamantan-1-
ylhacetamido)ethoxy)ethoxy)ethyl)carbamate (1-145¢). Carbonyldiimidazole (0.0401 g, 0.248
mmol) was added to a solution of 1-144 (0.0750 g, 0.165 mmol) in anhydrous methylene
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chloride (2.4 mL). The reaction mixture was stirred at room temperature under an atmosphere of
nitrogen for 3 h. 1-143 (0.145 g, 0.330 mmol) and triethylamine (0.115 mL, 0.825 mmol) were
added and the reaction mixture was stirred for 11 h. The reaction mixture was diluted with
methylene chloride (5 mL) and washed with water (2.5 mL). The organic solution was dried
(MgS0,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (5% methanol in methylene chloride) to provide 1-145¢ (0.0865 g, 0.107 mmol, 65%) as a
white solid: Rf (10% methanol in ethyl acetate) 0.52; Mp (methylene chloride, gel) 52 °C; IR
3313.5,3062.3, 2902.7, 2847.6, 1719.5, 1636.1 cm™; "H NMR (CDCls, 400 MHz) § 8.79 (d, J =
4.5 Hz, 1H), 8.61 (s, 1H), 7.69-7.66 (m, 1H), 7.51 (dd, J = 8.3, 4.8 Hz, 1H), 6.50 (d, J = 8.5 Hz,
2H), 5.91-5.84 (m, 2H), 5.78-5.73 (m, 1H), 5.45-5.41 (m, 1H), 8.79-1.60 (m, 100H), 5.06 (s,
2H), 4.94 (s, 2H), 4.61-4.60 (m, 1H), 3.61-3.54 (m, 7H), 3.43 (dq, J = 16.9, 5.4 Hz, 4H), 2.14-
2.01 (m, 3H), 1.95-1.92 (m, 5H), 1.76-1.66 (m, 6H), 1.61 (t, J= 4.2 Hz, 9H); *C NMR (CDCl;,
100 MHz) 6 171.1, 165.16, 165.07, 162.64, 162.56, 158.75, 158.62, 158.48, 155.5, 154.0, 151.4,
150.3, 147.9, 134.7, 132.5, 129.7, 125.3, 124.2, 99.0, 98.8, 70.25, 70.15, 69.9, 60.4, 53.3, 51.7,
44.1, 42.6, 40.9, 39.1, 36.8, 32.7, 29.2, 28.7, 24.8, 19.1; ’F NMR (CDCl;, 376 MHz) & -105.0;

LC-MS (ES) m/z caled for C42Hs106NgF,S [M+H]" 805.3553, found 805.3557.
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4.2.2 Chapter 2.0 Procedures

2-1
Tert-butyl-((2S,3S5)-3-methyl-1-((2-morpholinoethyl)amino)-1-oxopentan-2-
yl)carbamate (2-1). A solution of 50% propylphosphonic anhydride in ethyl acetate (14.5 mL,
48.6 mmol) was added drop wise to a solution of Boc-L-isoleucine (4.50 g, 19.5 mmol), 4-(2-
aminoethyl)morpholine (2.55 mL, 19.5 mmol), and triethylamine (8.14 mL, 58.4 mmol) in
anhydrous ethyl acetate (130 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 18 h. The reaction was diluted with ethyl
acetate (100 mL) and washed with water (75 mL), saturated sodium bicarbonate (75 mL), dried
(MgS0,), filtered, and concentrated under reduced pressure to 2-1 (5.61 g, 16.3 mmol, 84%) as a
white solid: Rf (5% methanol in ethyl acetate) 0.32; Mp (ethyl acetate) 113-115 °C; IR 3312.1,
2961.7, 2933.7, 2874.1, 2810.7, 2245.9, 1649.5, 1502.3 1166.8 cm™; "H NMR (CDCls, 300
MHz) 6 6.35 (br.s, 1 H),5.09 (d, 1 H,J=7.8 Hz),3.93 (dd, 1 H, J=8.4, 6.3 Hz),3.71 (t,4 H, J
=4.2 Hz), 3.41-3.35 (m, 2 H), 2.51-2.46 (m, 6 H), 1.84 (br. S, 1 H), 1.54-1.37 (m, 10 H), 1.23-
1.06 (m, 1 H), 0.94-0.89 (m, 6 H); *C NMR (CDCls, 125 MHz) § 171.4, 155.7, 79.7, 66.8, 59.2,
56.8, 53.3, 37.5, 35.5, 28.3, 24.9, 15.5, 11.5; LC-MS (ES) m/z caled C;7H3,04N; for [M+H]"

344.2544, found 344.2539.
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LM11A-31

(28,35)-2-Amino-3-methyl-NV-(2-morpholinoethyl)pentanamide (LM11A-31). 2-1
(5.61 g, 16.3 mmol) was added to a solution of acetyl chloride (18.6 mL, 261 mmol) in
anhydrous methanol (160 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 16 h. The reaction was slowly neutralized with
a saturated solution of aqueous potassium carbonate. The resulting mixture was concentrated
under reduced pressure and resuspended in anhydrous methylene chloride (100 mL). The
heterogeneous mixture was sonicated for roughly 30 minutes and filtered. The resulting filtrate
was concentrated under reduced pressure and dried under high vacuum to provide LM11A-31
(3.19 g, 13.1 mmol, 80%) as a white solid. Rf (12:3:5 BuOH:AcCO,H:H,0) 0.15; [a]} =-16.0
(c. 1.18 in CHCI3); Mp (hexane) 52-53 °C; IR 3306.5, 2959.8, 2931.8, 2870.3, 1627.1, 1550.7,
1457.5, 1118.3 ecm™; '"H NMR (CDCls, 300 MHz) & 7.47 (br. s, 1H), 3.73 (t, 4 H, J = 4.5 Hz),
3.46-3.32 (m, 2 H), 3.29 (d, 1 H, J = 3.6 Hz), 2.54-2.48 (m, 6 H), 2.01-1.93 (m, 3 H), 1.48-1.35
(m, 1 H), 1.19-1.05 (m, 1 H), 0.96 (d, 3 H, J = 6.9 Hz), 0.90 (t, 3 H J = 7.2 Hz); °C NMR
(CDCl3, 125 MHz) 6 174.1, 66.9, 59.9, 57.3, 53.4, 38.1, 35.4, 23.9, 16.0, 11.9; LC-MS (ES) m/z

caled C12H,60,N;5 for [M+H]" 244.2020, found 244.2019.
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2-2
Ethyl 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)acetate  (2-2).
Ethyl chloroacetate (2.67 mL, 24.9 mmol) was added to a solution of theophylline (4.50 g, 24.9
mmol) and potassium carbonate (3.79 g, 27.5 mmol) in DMF (120 mL) and heated to 90 °C
under an atmosphere of nitrogen. The reaction was stirred for 12 h and then cooled to room
temperature. The mixture was diluted with water (250 mL) and extracted with ethyl acetate (150
mL, three times). The combined organic solutions were dried (MgSO,4) and concentrated under
reduced pressure to provide 2-2 (5.27 g, 19.8 mmol, 79 %) as a white solid: Rf (1% methanol in
ethyl acetate) 0.43; Mp (methylene chloride) 145-146 °C; IR 3116.4, 2991.5, 2952.4, 1750.2,
1698.0, 1643.9, 1547.0 cm™; "H NMR (CDCl3, 300 MHz) & 7.59 (s, 1 H), 5.08 (s, 2 H), 4.27 (q,
2 H, J=7.2Hz),3.59 (s, 3 H), 3.38 (s, 3 H), 1.31 (t, 3 H, J = 7.2 Hz); *C NMR (CDCl;, 125
MHz) 6 167.0, 155.3, 151.7, 148.5, 141.9, 107.1, 62.4, 47.3, 29.8, 27.9, 14.1; LC-MS m/z calcd

for Cy1H;sN;O4 [M+H]"267.1088, found 267.1086.
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LM11A-24
2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7 H-purin-7-yl)-N-(3-
(dimethylamino)propyl)acetamide (LM11A-24). 2-2 (0.800 g, 3.00 mmol) was added to a high

pressure vial containing a solution of 3-(dimethylamino)-1-propylamine (0.42 mL, 3.3 mmol) in
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ethanol (3.75 mL). This was repeated for four additional reactions. Each vial was sealed, heated
to 110 °C, and stirred for 2 hours. All reaction mixtures were combined and the unified solution
was concentrated under reduced pressure. The solid material was crushed into small particles,
suspended in anhydrous diethyl ether (10 mL), sonicated for 30 min, and filtered. The resulting
solid was dried under reduced pressure to provide LM11A-24 (3.53 g, 10.95 mmol, 73%) as a
white solid: Rf (1% methanol in ethyl acetate) 0.57; Mp (methylene chloride) 169-171 °C; IR
3340.0, 3105.2, 2946.8, 2777.1, 2245.9 1699.8, 1647.7, 1548.9 cm™; "H NMR (CDCls, 500
MHz) & 7.99 (s, br, 1 H), 7.68 (s, 1 H), 4.90 (s, 2 H), 3.60 (s, 3 H), 3.40 (s,3 H),3.35(q,2 H, J =
6 Hz), 2.33 (t,2 H, J= 6.5 Hz), 2.10 (s, 6 H), 1.62 (quin, 2 H, J= 6 Hz); *C NMR (CDCl;, 125
MHz) § 165.5, 155.4, 151.6, 148.8, 142.3, 106.8, 58.7, 49.7, 45.3, 40.0, 29.8, 27.9, 25.3; LC-MS

(ES) m/z caled C14H2303Ng for [M+H]" 323.1826, found 323.1825.

o}
2-3
(2S,35)-2-Bromo-3-methylpentanoic acid (2-3).**> Sodium nitrite (1.68 g, 24.4 mmol)
was added portion wise to a mixture of L-isoleucine (1.00 g, 7.62 mmol), 47% aqueous solution
of hydrogen bromide (7.05 mL, 60.9 mmol) in water (30 mL) at 0 °C and stirred for 2 h. The
reaction mixture was degassed under reduced pressure and extracted with diethyl ether (30 mL,
three times). The combined organic solution was washed with water (30 mL), brine (30 mL),
dried (MgSQO,), filtered, and concentrated under reduced pressure to provide crude 2-3 as a

yellow liquid. This material was carried forward without further purification.
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(8)-3-Methylpentanoic acid (2-4).*> A solution of crude 2-3 (1.00 g, 5.13 mmol) in
methanol (8 mL) was added dropwise to a mixture of zinc dust (3.35 g, 51.3 mmol), copper (I)
chloride (0.976 g, 5.13 mmol) in methanol (10 mL) at room temperature. The reaction was
allowed to stir for 17 h and then filtered through a pad of silica. The pad of silica was washed
with ether (25 mL) and the combined organic solutions were concentrated under reduced
pressure. The resulting residue was resuspended in a 1M aqueous solution of hydrogen chloride
(10 mL) and extracted with diethyl ether (15 mL, three times). The combined organic solutions
were dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by Kugelrohr
distillation (ca. 75 °C, high vacuum) to provide 2-4 (0.261 g, 2.25 mmol, 44%) as a colorless oil:
"H NMR (CDCls, 500 MHz) & 2.36 (dd, 1 H, J = 15.0, 6.0 Hz), 2.15 (dd, 1 H, J=15.0, 8.2 Hz),
1.93-1.86 (m, 1 H), 1.43-1.36 (m, 1 H), 1.30-1.21 (m, 1 H), 0.97 (d, 3 H, J = 6.7 Hz), 0.90 (t, 3

H,J=7.4 Hz); ®C NMR (CDCl;, 125 MHz) 180.1,41.2,31.7,29.3,19.2, 11.2.
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2-5
(8)-3-Methyl-N-(2-morpholinoethyl)pentanamide (2-5). A solution of 50%
propylphosphonic anhydride in ethyl acetate (0.807 mL, 1.36 mmol) was added drop wise to a
solution of 2-4 (0.126 g, 1.08 mmol), 2-morpholinoethan-1-amine (0.14 mL, 1.1 mmol), and

triethylamine (0.45 mL, 3.23 mmol) in anhydrous ethyl acetate (7.25 mL) at 0 °C under an
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atmosphere of nitrogen. The reaction mixture was warmed to room temperature and stirred for
11 h. The reaction was diluted with a saturated solution of aqueous sodium bicarbonate (5 mL)
and extracted with ethyl acetate (10 mL, three times). The combined organic solutions were dried
(MgS0,), filtered, concentrated under reduced pressure, and purified on neutral alumina (5%
methanol in ethyl acetate) to provide 2-5 (0.140 g, 0.613 mmol, 57%) as an off-white solid:
[a]L” = +3.0 (c. 1.09 in CHCl;3); Rf (10% methanol in ethyl acetate; neutral alumina) 0.44; Mp
(CH,Cl,) 61-63°C; IR (neat) 3289.7, 2965.4, 2810.7, 1638.3, 1550.7, 1112.7 cm™; "H NMR
(CDCl3, 400 MHz) 6 6.02 (br. s, 1 H), 3.73 (br. s, 4 H), 3.38 (app. q, 2 H, J= 5.6 Hz), 2.50 (br. s,
6 H), 2.20 (dd, 1 H, J=13.2, 5.6 Hz), 1.99-1.87 (m, 2 H), 1.44-1.33 (m, 1 H), 1.27-1.14 (m, 1
H), 0.93-0.88 (m, 6 H); C NMR (CDCls, 125 MHz) & 172.7, 66.7, 57.2, 53.3, 44.1, 35.4, 32.3,

29.4,19.2, 11.3; LC-MS (ES) m/z calcd for C1,H50,N, [M+H]" 229.1911, found 229.1910.

H
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2-6
(25,35)-2-Bromo-3-methyl-NV-(2-morpholinoethyl)pentanamide (2-6). A solution of
50% propylphosphonic anhydride in ethyl acetate (1.91 mL, 3.20 mmol) was added drop wise to
a solution of 2-3 (0.500 g, 2.56 mmol), (2-aminoethyl)morpholine (0.33 mL, 2.6 mmol) and
triethylamine (1.07 mL, 7.69 mmol) in anhydrous ethyl acetate (17 mL) at 0 °C under an
atmosphere of nitrogen. The reaction mixture was warmed to room temperature and stirred for
16 h. The reaction mixture was diluted with a saturated aqueous solution of sodium bicarbonate
(10 mL) and extracted with ethyl acetate (20 mL, three times). The combined organic solutions

were dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by
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chromatography on silica (ethyl acetate) to provide 2-6 (0.494 g, 1.61 mmol, 63%) as an off-
white solid: Rf (10% methanol in ethyl acetate) 0.40; [a]L’ = -20.1 (c. 1.08 in CHCls); Mp
(methylene chloride) 83-85 °C; IR 3259.9, 3101.5, 2956.1, 1647.7, 1567.5, 1114.6 cm™; 'H
NMR (CDCls, 400 MHz) 6 7.15 (br. s, 1 H),4.32 (d, 1 H,J=5.2 Hz), 3.73 (t, 4 H, J = 4.8 Hz),
3.46-3.32 (m, 2 H), 2.57-2.50 (m, 6 H), 2.20-2.07 (m, 1H), 1.60-1.50 (m, 1 H), 1.34-1.23 (m, 1
H), 1.04 (d, 3 H, J= 6.8 Hz), 0.91 (t, 3 H, 7.6 Hz); C NMR (CDCl;, 125 MHz) & 168.2, 66.9,
60.3, 56.5, 53.2 38.8, 36.2, 25.7, 17.1, 11.2; LC-MS (ES) m/z calcd for C;,H»40,N,Br [M+H]"

307.1016, found 307.1016.

o}

2-7
(2S,35)-2-Hydroxy-3-methylpentanoic acid (2-7).”> A solution of sodium nitrite (1.57
g, 22.9 mmol) in water (8§ mL) was added drop wise to a solution of L-isoleucine (2.00 g, 15.2
mmol) in 2.5 N aqueous H,SO4 (10 mL) at 0 °C. The reaction was slowly warmed to room
temperature and stirred for 12.5 h. The reaction mixture was saturated with sodium chloride and
the resulting aqueous solution was extracted with ethyl acetate (25 mL, three times). The
combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure
to provide the crude acid (0.810 g) as a colorless oil. The crude acid was added to a solution of
acetyl chloride (0.5 mL) in methanol (40 mL) and heated to reflux for 3 h. The reaction mixture
was concentrated under reduced pressure, resuspended in ethyl acetate (40 mL), and sequentially
washed with a saturated aqueous solution of sodium bicarbonate (20 mL), brine (20 mL), dried

(MgSOQ,), filtered, concentrated under reduced pressure to provide 2-7 (0.532 g, 3.64 mmol,
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24%; two steps) as a colorless liquid: Rf (50% ethyl acetate in hexane) 0.81; '"H NMR (CDCls,
300 MHz) 6 4.09 (d, 1 H, J= 3.6 Hz), 3.79 (s, 3 H), 2.66 (br. s. 1 H), 1.88-1.78 (m, 1 H), 1.42-
1.33 (m, 2 H), 0.98 (d, J = 6.9 Hz), 0.89 (t, 3 H, J = 7.5 Hz); *C NMR (CDCl;, 100 MHz) §

175.5,74.8,52.3,39.1,23.8, 15.4, 11.7.

o}

2-8
(28,35)-2-Methoxy-3-methylpentanoic acid (2-8). A solution of 2-7 (0.532 g 3.64
mmol) in anhydrous THF (2.5 mL) was added drop wise to a solution of sodium hydride (0.218
g, 5.46 mmol) in anhydrous THF (5 mL) at 0 °C under an atmosphere of nitrogen. The reaction
mixture was stirred for 15 minutes and then methyl iodide (0.34 mL, 5.5 mmol) was added drop
wise. The reaction mixture was warmed to room temperature and stirred for 2 h. The reaction
was diluted with 1 M aqueous lithium hydroxide (5 mL) and stirred for 17 h. The organic solvent
was removed under reduced pressure and the resulting aqueous solution was washed with ethyl
acetate (5 mL). The aqueous solution was cooled to 0 °C and acidified with 1 M aqueous
hydrogen chloride until pH 2 was reached. The resulting mixture was extracted with ethyl acetate
(15 mL, three times). The combined organic solutions were washed with brine (10 mL), dried
(MgSQ,), filtered, and concentrated under reduced pressure to provide crude 2-8 as red liquid.

This material was carried forward without further purification.
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(25,35)-2-Methoxy-3-methyl-N-(2-morpholinoethyl)pentanamide (2-9). A solution of
50% propylphosphonic anhydride in ethyl acetate (2.71 mL, 4.55 mmol) was added drop wise to
a solution of crude 2-8, 2-morpholinoethan-1-amine (0.48 mL, 3.6 mmol), and triethylamine
(1.52 mL, 10.9 mmol) in anhydrous ethyl acetate (24 mL) at 0 °C under an atmosphere of
nitrogen. The reaction mixture was warmed to room temperature and stirred for 18 h. The
reaction was diluted with a saturated aqueous solution of sodium bicarbonate (10 mL) and
extracted with ethyl acetate (20 mL, three times). The combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on SiO,
(ethyl acetate) to provide 2-9 (0.221 g, 0.855 mmol, 23%, three steps) as a light yellow solid:
[a@]l’ = -50.2 (c. 1.01 in CHCI;); Rf (15% methanol in ethyl acetate) 0.17; Mp (methylene
chloride) 60-62°C; IR 3297.2, 2959.8, 1643.9, 1526.5, 1112.7 cm™; "H NMR (CDCl;, 400
MHz) 6 6.83 (br. s, 1 H), 3.69 (t, 4 H, J=4.6 Hz), 3.46 (d, 1 H, J = 4.8 Hz), 3.42-3.37 (m, 5 H),
2.52-2.46 (m, 6 H), 1.87-1.76 (m, 1 H), 1.53-1.43 (m, 1 H), 1.27-1.14 (m, 1 H), 0.95 (d,3 H, J =
6.8 Hz), 0.88 (t, 3 H, J = 7.6 Hz); *C NMR (CDCl;, 125 MHz) & 171.9, 87.2, 66.9, 59.1, 57.2,
53.4, 38.1, 35.1, 24.2, 15.3, 11.7; LC-MS (ES) m/z calcd for C;3H,,03N, [M+H]™ 259.2016,

found 259.2015.
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2-10

(25,35)-2-(Dimethylamino)-3-methyl-V-(2-morpholinoethyl)pentanamide (2-10).
10% Palladium on carbon (0.525 g, 0.493 mmol) was added to a mixture of LM11A-31 (0.150 g,
0.616 mmol), 37% formaldehyde solution (0.577 mL, 10.5 mmol) in methanol (5 mL) in a Parr
hydrogenation apparatus. The reaction mixture was hydrogenated under 8 bar of hydrogen for 15
h at room temperature. The reaction mixture was filtered through Celite and the resulting
filtrated was extracted with ethyl acetate (5 mL, three times). The combined organic solutions
were dried (MgSQO,), filtered, and concentrated under reduced pressure, and purified by
chromatography on neutral alumina (70% ethyl acetate in hexane) to provide 2-10 (0.0307 g,
0.113 mmol, 18%) as a colorless residue: [a]}’ = -5.1 (c. 1.08 in CHCl;); Rf (ethyl acetate,
neutral alumina) 0.48; IR 3321.4, 2957.9, 2866.6, 1638.3, 1116.5 cm™; "H NMR (CDCls, 400
MHz) 6 6.68 (br. s, 1 H), 3.69 (t,4 H, J = 4.6 Hz), 3.39 (q, 2 H, /= 5.4 Hz), 2.51-2.44 (m, 6 H),
2.29 (br. s, 5 H), 1.84-1.81 (m, 1 H), 1.60-1.56 (m, 1 H), 1.26-1.14 (m, 1 H), 0.96-0.89 (m, 6 H);
BC NMR (CDCls, 125 MHz) 8 171.0, 74.5, 66.9, 57.3, 53.3, 42.9, 35.2, 34.3, 26.7, 14.5, 11.9;

LC-MS (ES) m/z caled for C14H300,N; [M+H]" 272.2333, found 272.2329.

0 H
PN
Sis e

2-12a
Tert-butyl (2-((2-morpholinoethyl)amino)-2-oxoethyl)carbamate (2-12a). A solution

of 50% propylphosphonic anhydride in ethyl acetate (2.12 mL, 3.57 mmol) was added drop wise
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to a solution of Boc-glycine 2-11a (0.500 g, 2.85 mmol), 4-(2-aminoethyl)morpholine (0.38 mL,
2.9 mmol), and triethylamine (1.19 mL, 8.56 mmol) in anhydrous ethyl acetate (19 mL) at 0 °C
under an atmosphere of nitrogen. The reaction mixture was warmed to room temperature and
stirred for 13.5 h. The reaction was diluted with a saturated solution of aqueous sodium
bicarbonate (10 mL) and extracted with ethyl acetate (15 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure to provide
2-12a (0.786 g, 2.74 mmol, 96%) as a light yellow residue: Rf (5% methanol in ethyl acetate)
0.10; "H NMR (CDCls, 300 MHz) § 6.58 (br. s, 1 H), 5.16 (br. s, 1 H), 3.80 (d, 2 H, J= 6.0 Hz),

3.73 (br. s, 4 H), 3.40 (app. q, 2 H, J = 5.4 Hz), 2.52 (br. s, 6 H), 1.46 (s, 9 H).

H
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2-13a

2-Amino-N-(2-morpholinoethyl)acetamide (2-13a). 2-12a (0.786 g, 2.74 mmol) was
added to a solution of acetyl chloride (3.11 mL, 43.8 mmol) in dry methanol (27 mL) at 0 °C
under an atmosphere of nitrogen. The reaction was warmed to room temperature and stirred for 3
h. The reaction mixture was slowly neutralized with a saturated aqueous solution of potassium
carbonate until pH of 12 was reached. The solution was concentrated under reduced pressure and
resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture was
sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure to provide the 2-13a (0.106 g, 0.568 mmol, 21%) as a white solid: Rf (10%
methanol in ethyl acetate, neutral alumina) 0.15; Mp (methylene chloiride) 38-40 °C; IR 3343.8,
2952.4, 2851.7, 1647.7, 1526.5, 1112.7 cm™; '"H NMR (CDCls, 300 MHz) & 7.44 (br. s, 1 H),
3.71 (t, 4 H, J = 4.5 Hz), 3.41-3.36 (m, 4 H), 2.52-2.45 (m, 6 H), 1.58 (br. s, 2 H); *C NMR
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(CDCls, 125 MHz) & 172.7, 66.9, 57.3, 53.4, 44.9, 35.4; LC-MS (ES) m/z caled for CsH;30,N3

[M+H]", 188.1394 found 188.1394.
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2-12b

Tert-butyl (S)-(1-((2-morpholinoethyl)amino)-1-oxopropan-2-yl)carbamate (2-12b).
A solution of 50% propylphosphonic anhydride in ethyl acetate (1.97 mL, 3.30 mmol) was added
drop wise to a solution of Boc-L-alanine 2-11b (0.500 g, 2.64 mmol), 4-(2-
aminoethyl)morpholine (0.35 mL, 2.6 mmol), and triethylamine (1.11 mL, 7.93 mmol) in
anhydrous ethyl acetate (18 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 13.5 h. The reaction was diluted with a
saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with ethyl acetate (15
mL, three times). The combined organic solutions were dried (MgSQO,), filtered, concentrated
under reduced pressure to provide 2-12b (0.568 g, 1.88 mmol, 71 %) as a light yellow residue:
Rf (5% methanol in ethyl acetate) 0.10; "H NMR (CDCls, 300 MHz) & 6.59 (br. s, 1 H), 5.03 (br.
s, 1 H), 4.17-4.11 (m, 1 H), 3.75 (br. s, 4 H), 3.39 (br. s, 2 H), 2.53 (br. s, 6 H), 1.45 (s, 9 H),

1.36 (d, 3 H, J= 6.9 Hz).
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HZNJ\WN\/\N/\
o} L_oO

2-13b
(5)-2-Amino-N-(2-morpholinoethyl)propanamide (2-13b). 2-12b (0.568 g, 1.88 mmol)
was added to a solution of acetyl chloride (2.14 mL, 30.1 mmol) in dry methanol (24 mL) at 0 °C
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under an atmosphere of nitrogen. The reaction was warmed to room temperature and stirred for 3
h. The reaction mixture was slowly neutralized with a saturated aqueous solution of potassium
carbonate until a pH of 12 was reached. The solution was concentrated under reduced pressure
and resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture was
sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure to provide 2-13b (0.186 g, 0.926 mmol, 49%) as a white solid: Rf (10%
methanol in ethyl acetate, neutral alumina) 0.30; [a]} = +2.9 (c. 1.30 in CHCl;); Mp
(methylene chloride) 52-54 °C; IR 3317.7, 2954.2, 2808.8, 1647.7, 1522.8, 1114.6 cm™; 'H
NMR (CDCls, 300 MHz) & 7.47 (br. s., 1 H), 3.71 (t, 4 H, J=4.5 Hz), 3,50 (q, 1 H, J= 6.9 Hz),
3.37 (q, 2 H, J = 6 Hz), 2.53-2.47 (m, 6 Hz), 1.78 (br. s., 2 H), 1.34 (d, 3 H, J = 6.9 Hz); *C
NMR (CDCls, 125 MHz) & 175.6, 66.9, 57.3, 53.4, 50.8, 35.5, 21.8; LC-MS (ES) m/z calcd for

CoH00,N3 [M+H]" 202.1550, found 202.1550.
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2-12¢

Tert-butyl (S)-(3-methyl-1-((2-morpholinoethyl)amino)-1-oxobutan-2-yl)carbamate
(2-12¢). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.71 mL, 2.88 mmol)
was added drop wise to a solution of Boc-L-valine 2-11c¢ (0.500 g, 2.30 mmol), 4-(2-
aminoethyl)morpholine (0.30 mL, 2.3 mmol), and triethylamine (0.96 mL, 6.9 mmol) in
anhydrous ethyl acetate (15 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 11 h. The reaction was diluted with a saturated
aqueous solution of sodium bicarbonate (10 mL) and extracted with ethyl acetate (15 mL, three

times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
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reduced pressure to provide 2-12¢ (0.644 g, 1.96 mmol, 85%) as a white solid: Rf (5% methanol
in ethyl acetate) 0.13; "H NMR (CDCls, 300 MHz) & 6.40 (br. s, 1 H), 5.09 (br. s, 1 H), 3.88
(app. g, 1 H, J= 6.3 Hz), 3.72 (app. t, 4 H, J=4.2 Hz), 3.39 (br. s, 2 H), 2.50 (br. s, 6 H), 2.14-

2.04 (m, 1 H), 1.4 (s, 9 H), 0.93 (app. q, 6 H, J= 7.2 Hz).

i-Pr :
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2-13¢

(5)-2-Amino-3-methyl-N-(2-morpholinoethyl)butanamide (2-13c). 2-12¢ (0.645 g,
1.96 mmol) was added to a solution of acetyl chloride (2.23 mL, 31.3 mmol) in dry methanol (20
mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room temperature and
stirred for 3 h. The reaction mixture was slowly neutralized with a saturated aqueous solution of
potassium carbonate until a pH of 12 was reached. The mixture was concentrated and the
resulting aqueous solution was washed with ethyl acetate (15 mL), concentrated under reduced
pressure, and resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture
was sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure and dried under high vacuum to provide 2-13¢ (0.279 g, 1.22 mmol, 62%) as a
colorless residue: Rf (10% methanol in ethyl acetate, neutral alumina) 0.33; [a]h’ = -19.7 (c.
1.13 in CHCl); IR 3310.2, 2954.2, 2887.1, 1645.8, 1517.2, 1114.6 cm™; "H NMR (CDCls, 300
MHz) § 7.41 (br. s, 1 H), 3.70 (t, 4 H, J=4.8 Hz), 3.47-3.29 (m, 2 H), 3.22 (d, 1 H, J= 3.9 Hz),
2.52-2.46 (m, 6 H), 2.33-2.24 (m, 1 H), 1.58 (br. s, 2 H), 0.98 (d,3 H,J=6.9 Hz), 0.84 (d,3 H, J
= 6.9 Hz); C NMR (CDCls, 125 MHz) & 174.4, 66.9, 60.4, 57.4, 53.4, 35.5, 31.0, 19.6, 16.2;

LC-MS (ES) m/z caled for C;;H240,N;5 [M+H]" 230.1863, found 230.1863.
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2-12d

Tert-butyl (S)-(4-methyl-1-((2-morpholinoethyl)amino)-1-oxopentan-2-yl)carbamate
(2-12d). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.61 mL, 2.70 mmol)
was added drop wise to a solution of Boc-L-leucine 2-11d (0.500 g, 2.16 mmol), 4-(2-
aminoethyl)morpholine (0.28 mL, 2.2 mmol), and triethylamine (0.91 mL, 6.5 mmol) in
anhydrous ethyl acetate (14 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 10.5 h. The reaction was diluted with a
saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with ethyl acetate (15
mL, three times). The combined organic solutions were dried (MgSQO,), filtered, concentrated
under reduced pressure to provide 2-12d (0.634 g, 1.85 mmol, 85%) as a colorless residue: Rf
(1% methanol in ethyl acetate) 0.15; "H NMR (CDCls, 400 MHz) & 6.66 (br. s, 1 H), 4.97 (br. s,
1 H), 4.09 (br. s, 1 H), 3.74 (t, 4 H, J=4 Hz), 3.37 (q, 2 H, J = 5.6 Hz), 2.53 (br. s, 6 H), 1.69-

1.62 (m, 2 H), 1.44 (s, 9 H), 0.94 (dd, 6 H, J= 6.0, 3.6 Hz).
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2-13d
(5)-2-Amino-4-methyl-N-(2-morpholinoethyl)pentanamide (2-13d). 2-12d (0.634 g,
1.85 mmol) was added to a solution of acetyl chloride (2.10 mL, 29.6 mmol) in dry methanol (19
mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room temperature and
stirred for 2 h. The reaction mixture was slowly neutralized with a saturated aqueous solution of

potassium carbonate. The resulting solution was concentrated under reduced pressure and
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suspended in anhydrous methylene chloride (20 mL). The heterogeneous mixture was sonicated
for roughly 30 minutes and filtered. The resulting filtrate was concentrated under reduced
pressure and dried under high vacuum to provide 2-13d (0.230 g, 0.945 mmol, 51%) as a
colorless oil: Rf (10% methanol in ethyl acetate, neutral alumina) 0.77; [a]} =-7.4 (c. 1.14 in
CHCls); IR 3340.0, 2950.5, 2864.8, 2857.3, 1645.8, 1519.0 cm™; "H NMR (CDCls, 300 MHz) &
7.47 (br.s, 1 H), 3.73 (t, 4 H, J = 4.5 Hz), 3.42-3.35 (m, 3 H), 2.53-2.48 (m, 6 H), 1.87 (br. s, 2
H), 1.75 (m, 2 H), 1.39-1.32 (m, 1 H), 0.95 (dd, 6 H, J = 8.1, 6.3 Hz); *C NMR (CDCl;, 125
MHz) & 175.6, 66.9, 57.3, 53.7, 53.4, 44.3, 35.5, 24.9, 23.4, 21.5; LC-MS (ES) m/z calcd for

C12H260,N3 [M+H]" 244.20195, found 244.20040.
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2-12e¢

Tert-butyl (S)-(1-((2-morpholinoethyl)amino)-1-0xo-3-phenylpropan-2-yl)carbamate
(2-12e). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.40 mL, 2.36 mmol)
was added drop wise to a solution of Boc-L-phenylalanine (0.500 g, 1.89 mmol), 4-(2-
aminoethyl)morpholine (0.25 mL, 1.9 mmol), and triethylamine (0.79 mL, 5.7 mmol) in
anhydrous ethyl acetate (13 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 10.5 h. The reaction was diluted with a
saturated aqueous solution of sodium bicarbonate (10 mL) and extracted with ethyl acetate (15
mL, three times). The combined organic solutions were dried (MgSQO,), filtered, concentrated
under reduced pressure to provide 2-12e (0.707 g, 1.87 mmol, 99%) as a white solid: Rf (1%
methanol in ethyl acetate) 0.14; "H NMR (CDCls, 300 MHz) § 7.34-7.29 (m, 3H), 7.26-7.22 (m,

2 H), 6.11 (br. s, 1 H), 5.22 (br. s, 1 H), 4.31 (q, 1 H, J= 6.6 Hz), 3.64 (br. s, 4 H), 3.26 (br. s, 2
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H), 3.13 (dd, 1 H, J = 13.5, 6.3 Hz), 3.00 (dd, 1 H, J = 12.9, 8.1 Hz), 2.33 (br. s, 6 H), 1.45 (s, 9

H).
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2-13e

(5)-2-Amino-N-(2-morpholinoethyl)-3-phenylpropanamide (2-13e). 2-12¢ (0.566 g,
1.49 mmol) was added to a solution of acetyl chloride (1.71 mL, 23.9 mmol) in dry methanol (15
mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room temperature and
stirred for 3 h. The reaction mixture was slowly neutralized with a saturated aqueous solution of
potassium carbonate until a pH of 12 was reached. The mixture was concentrated and the
resulting aqueous solution was washed with ethyl acetate (15 mL), concentrated under reduced
pressure, and resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture
was sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure and dried under high vacuum to provide 2-13e (0.135 g, 0.487 mmol, 32%) as a
colorless oil: Rf (10% methanol in ethyl acetate, neutral alumina) 0.49; [a]}’ = -2.1 (c. 1.21 in
CHCl;); IR 3368.0, 2954.2, 1647.7, 1517.2, 1451.9, 1114.6 cm™; "H NMR (CDCl, 300 MHz) &
7.44 (br.s., 1 H), 7.37-7.24 (m, 5 H), 3.72 (t,4 H, J=4.5 Hz), 3.63 (dd, 1 H,J=9, 4.5), 3.39 (q,
2H,J=6.0Hz),3.26 (dd, 1 H,J =13.8, 4.5 Hz), 2.77 (dd, 1 H, J=13.5, 9 Hz), 2.52-2.46 (m, 6
H), 1.75 (br. s., 2 H); ®C NMR (CDCls, 125 MHz) & 174.2, 138.0, 129.3, 128.6, 126.7, 66.9,
57.2, 56.7, 53.4, 41.3, 35.5; LC-MS (ES) m/z caled for C;5H0,N; [M+H]" 278.1863, found

278.1860.
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2-14
Tert-butyl-((25,3S5)-1-(methoxy(methyl)amino)-3-methyl-1-oxopentan-2-

yl)carbamate (2-14).”* Hydroxybenzotriazole (0.643 g, 4.76 mmol and EDC HCI (0.995 g, 5.19
mmol) were added to a solution of Boc-L-isoleucine (1.00 g, 4.32 mmol) in anhydrous
methylene chloride (18 mL) at 0 °C under an atmosphere of nitrogen. The mixture was allowed
to stir for 15 minutes and then N,O-dimethylhydroxylamine hydrogen chloride (0.485 g, 4.97
mmol) and N-methylmorpholine (0.57 mL, 5.2 mmol) was added. The reaction was warmed to
room temperature and stirred for 22 h. The reaction mixture was concentrated under reduced
pressure and resuspended in ethyl acetate (20 mL). The organic solution was sequentially washed
with 1IN aqueous hydrogen chloride (10 mL), saturated aqueous solution of sodium bicarbonate
(10 mL), and brine (10 mL). The organic solution was dried (MgSQ,), filtered, concentrated
under reduced pressure, purified by chromatography on silica (15% ethyl acetate in hexane) to
provide 2-14 (1.05 g, 3.81 mmol, 88%) as a colorless oil: Rf (ethyl acetate) 0.77; "H NMR
(CDCl3, 300 MHz) 6 5.09 (d, 1 H, J=9.6 Hz), 4.82 (app. t, 1 H, J=9.3 Hz), 3.77 (s, 3 H), 3.21
(s, 3 H), 1.76-1.67 (m, 1 H), 1.58-1.49 (m, 1 H), 1.43 (s, 9 H), 1.17-1.05 (m, 1 H), 0.93-0.86 (m,

6 H).
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2-15

Tert-butyl ((2S,3S5)-3-methyl-1-oxopentan-2-yl)carbamate (2-15).° A 1 M solution
of lithium aluminum hydride (2.28 mL, 2.28 mmol) was added drop wise to a solution of 2-14
(0.500 g, 1.82 mmol) in anhydrous THF (38 mL) at 0 °C under an atmosphere of nitrogen. The
reaction was warmed to room temperature and stirred for 0.75 h. The reaction was quenched
with a 1 M aqueous solution of potassium bisulfate (2.75 mL). The organic solution was
sequentially washed with 1 N aqueous hydrogen chloride (15 mL, three times), saturated
aqueous solution of sodium bicarbonate (15 mL, three times), and brine (15 mL, three times).
The resulting organic solution was dried (MgSQO,), filtered, concentrated under reduced pressure
to provide 2-15 (0.237 g, 1.10 mmol, 60%) as a colorless oil: Rf (30% ethyl acetate in hexane)
0.74; "H NMR (CDCls, 400 MHz) & 9.66 (s, 1 H), 5.11 (br. s, 1 H), 4.29 (app. q, J = 4.4 Hz),

2.02 (br. s, 1 H), 1.53-1.43 (m, 11 H), 1.32-1.19 (m, 1 H), 0.99-0.94 (m, 6 H).

2-16
Tert-butyl ((35)-3-methyl-1-((2-morpholinoethyl)amino)pentan-2-yl)carbamate (2-
16). 2-Morpholinoethan-1-amine (0.14 mL, 1.1 mmol) was added to a solution of 2-15 (0.237 g,
1.10 mmol) in dichloroethane (6.5 mL) and stirred under an atmosphere of nitrogen at room
temperature for 1 h. Sodium triacetoxyborohydride (0.664 g, 2.13 mmol) was added the reaction

mixture was stirred for an additional 23 h. The reaction mixture was concentrated under reduced
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pressure and purified by chromatography on neutral alumina (8% methanol in ethyl acetate, dry
loaded) to provide 2-16 (0.233 g, 0.706 mmol, 64%) as a white residue: Rf (10% methanol in
ethyl acetate, neutral alumina) 0.42; "H NMR (CDCls, 400 MHz) 6 4.98 (d, 1 H, J = 6.8 Hz),
3.71 (t, 5 H, J=4.4 Hz), 3.01-2.91 (m, 3 H), 2.85-2.79 (m, 1 H), 2.69 (br. s, 2 H), 2.49 (br. s, 4

H), 1.62 (br. s, 1 H), 1.55-1.38 (m, 10 H), 1.22-1.10 (m, 1 H), 0.94-0.91 (m, 6 H).
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2-17

(2S,35)-3-Methyl-N'-(2-morpholinoethyl)pentane-1,2-diamine (2-17). 2-16 (0.230 g,
0.698 mmol) was added to a mixture of acetyl chloride (0.79 mL, 11 mmol) in anhydrous
methanol (7 mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room
temperature and stirred for 3 h. The reaction was then cooled to 0 °C and quenched with a 1M
aqueous solution of sodium hydroxide until pH 12 was reached. The mixture was concentrated
under reduced pressure and resuspended in methylene chloride (15 mL). The heterogeneous
mixture was sonicated for 15 minutes, filtered, and the resulting filtrate was concentrated under
reduced pressure to provide 2-17 (0.107 g, 0.467 mmol, 67%) as a tan residue: Rf (20%
methanol in ethyl acetate, neutral alumina) 0.15; [a]} = +5.1 (c. 1.06 in CHCl;); IR 3292.9,
2930.0, 2855.0, 1454.9, 1115.0 cm™; "H NMR (CDCls, 400 MHz) & 3.80 (br. s, 3 H), 3.70 (t, 4
H, J=4.4 Hz), 2.99-2.92 (m, 2 H), 2.89-2.84 (m, 1 H), 2.81-2.75 (m, 1 H), 2.69-2.57 (m, 2 H),
2.50-2.48 (m, 5 H), 1.57-1.43 (m, 2 H), 1.25-1.16 (m, 1 H), 0.91 (app. q, 6 H); *C NMR
(CDCl3, 100 MHz) 8 66.9, 56.6, 54.4, 53.5, 51.0, 45.1, 38.7, 25.3, 14.9, 11.5; LC-MS (ES) m/z

caled for Cj,HpsON3 [M+H]' 230.2227, found 230.2226.
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2-18

2-Morpholinoethyl (25,35)-2-((tert-butoxycarbonyl)amino)-3-methylpentanoate (2-
18). EDC HCI (0.497 g, 2.59 mmol) and DMAP (0.264 g, 2.16 mmol) were sequentially added
to a solution of Boc-L-isoleucine (0.500 g, 2.16 mmol) and 2-morpholinoethan-1-ol (0.26 mL,
2.2 mmol) in anhydrous methylene chloride (6 mL) at room temperature under an atmosphere of
nitrogen and stirred for 11 h. The reaction mixture was sequentially washed with water (5 mL)
and brine (5 mL). The resulting organic solution was dried (MgSQO,), filtered, concentrated under
reduced pressure, and purified by chromatography on SiO, (50% ethyl acetate in hexane) to
provide 2-18 (0.649 g, 1.88 mmol, 87%) as a colorless oil: Rf (ethyl acetate) 0.37; '"H NMR
(CDCls, 400 MHz) 6 5.03 (d, 1 H, J = 8.4 Hz), 4.37-4.31 (m, 1 H), 427 (dd, 1 H, J= 8.8, 4.8
Hz), 4.22-4.15 (m, 1 H), 3.69 (t, 4 H, J = 4.8 Hz), 2.67-2.58 (m, 2 H), 2.49 (app. q, J = 4 Hz),

1.85 (br. s, 1 H), 1.50-1.40 (m, 10 H), 1.28-1.13 (m, 1 H), 0.95-0.90 (m, 6 H).

HQNji(O\/\N/\
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2-19
(S)-2-Morpholinoethyl (35)-2-amino-3-methylpentanoate (2-19). 2-18 (0.649 g, 1.88
mmol) was added to a solution of acetyl chloride (2.14 mL, 30.2 mmol) in dry methanol (19 mL)
at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room temperature and
stirred for 3 h. The reaction mixture was slowly neutralized with a saturated aqueous solution of

potassium carbonate until a pH of 12 was reached. The mixture was concentrated and the
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resulting aqueous solution was washed with ethyl acetate (15 mL), concentrated under reduced
pressure, and resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture
was sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure and dried under high vacuum to provide 2-19 (0.318 g, 1.30 mmol, 69%) as a
colorless oil: Rf (10% methanol in ethyl acetate, neutral alumina) 0.60; IR (neat) 2957.9, 2870.3,
1727.8, 1114.6 cm™; "H NMR (CDCl;, 400 MHz) & 4.34-4.28 (ddd, 1 H, J =11.6, 6.2, 5.6 Hz),
4.22-4.17 (m, 1 H), 3.69 (t, 4 H,/=4.4Hz),3.37(d, 1 H,J=4.8 Hz), 2.62 (td, 2 H, J=5.2, 2.0
Hz), 1.77-1.70 (m, 1 H), 1.65 (br. s, 2 H), 1.52-1.42 (m, 1 H), 1.29-1.14 (m, 1 H), 0.96 (d, 3 H, J
= 6.8 Hz), 0.91 (3 H, J=7.2 Hz); *C NMR (CDCls, 125 MHz) & 175.5, 66.9, 61.4, 59.1, 57.1,
53.7,39.2, 24.6, 15.6, 11.7; LC-MS (ES) m/z caled for C1;Has03N, [M+H]' 245.1860, found

245.1859.

2-20
Tert-butyl-((25,3S5)-3-methyl-1-((3-morpholinopropyl)amino)-1-oxopentan-2-
yl)carbamate (2-20). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.61 mL,
2.70 mmol) was added drop wise to a solution of Boc-L-isoleucine (0.500 g, 2.16 mmol), N-(3-
aminopropyl)morpholine (0.32 mL, 2.2 mmol), and triethylamine (0.91 mL, 6.5 mmol) in
anhydrous ethyl acetate (14 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 19 h. The reaction was diluted with a saturated
aqueous solution of sodium bicarbonate (10 mL) and extracted with ethyl acetate (15 mL, three

times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
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reduced pressure to provide 2-20 (0.628 g, 1.76 mmol, 81%) as a white solid: Rf (10% methanol
in ethyl acetate, neutral alumina) 0.70; '"H NMR (CDCls;, 300 MHz) & 7.01 (br. s, 1 H), 5.06 (br.
s, 1 H), 3.88 (t, 1 HJ=6.9 Hz), 3.74 (br. s, 4 H), 3.44-3.29 (m, 2 H), 2.47 (br. s, 5 H), 1.87-1.83

(m, 1 H), 1.70 (br. s, 2 H), 1.52-1.44 (m, 11 H), 1.18-1.04 (m, 1 H), 0.93-0.88 (m, 7 H).

BaNs
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2-21

(25,35)-2-Amino-3-methyl-N-(3-morpholinopropyl)pentanamide (2-21). 2-20 (0.628
g, 1.76 mmol) was added to a solution of acetyl chloride (1.99 mL, 28.1 mmol) in dry methanol
(17.5 mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room
temperature and stirred for 3 h. The reaction mixture was slowly neutralized with a saturated
aqueous solution of potassium carbonate until a pH of 12 was reached. The mixture was
concentrated and the resulting aqueous solution was washed with ethyl acetate (15 mL),
concentrated under reduced pressure, and resuspended in anhydrous methylene chloride (30 mL).
The heterogeneous mixture was sonicated for roughly 30 minutes and filtered. The resulting
filtrate was concentrated under reduced pressure and dried under high vacuum to provide 2-21
(0.452 g, 0.264 mmol, 58%) as a yellow oil: Rf (10% methanol in ethyl acetate, neutral alumina)
0.16; [a]y =-18.2 (¢ =1.01 in CHCl3); IR (neat) 3304.6, 2954.2, 2808.8, 1643.9, 1114.6 cm™;
"H NMR (CDCls, 400 MHz) & 7.78 (br. s, 1 H), 3.73 (t, 4 H, J = 4.8 Hz), 3.41-3.29 (m, 2 H),
3.24 (d, 1 H, J= 3.6 Hz), 2.46-2.42 (m, 6 H), 2.02-1.92 (m, 1 H), 1.70 (quint, 2 H, J = 6.8 Hz),

1.57 (br. s, 1 H), 1.44-1.33 (m, 1 H), 1.18-1.04 (m, 1 H), 0.96 (d, 3 H, J=7.2 Hz), 0.89 (t, 3 H, J
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= 7.2 Hz); *C NMR (CDCl;, 125 MHz) § 174.3, 66.9, 60.2, 57.4, 53.8, 38.2, 38.1, 25.8, 23.8,

16.2, 11.9; LC-MS (ES) m/z caled for C13H,30,N3 [M+H]" 258.2176, found 258.2173.
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2-22a
Tert-butyl-((25,35)-1-((2-methoxyethyl)amino)-3-methyl-1-oxopentan-2-
yl)carbamate (2-22a). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.61
mL, 2.70 mmol) was added drop wise to a solution of Boc-L-isoleucine (0.500 g, 2.16 mmol), 2-
methoxyethylamine (0.19 mL, 2.2 mmol), and triethylamine (0.91 mL, 6.5 mmol) in anhydrous
ethyl acetate (14 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture was warmed
to room temperature and stirred for 16 h. The reaction was diluted with a saturated aqueous
solution of sodium carbonate (10 mL) and extracted with ethyl acetate (15 mL, three times). The
combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure
to provide 2-22a (0.579 g, 2.01 mmol, 93%) as a white solid: Rf (10% methanol in ethyl acetate,
neutral alumina) 0.85; "H NMR (CDCls, 300 MHz) § 6.21 (br. s, 1 H), 5.04 (br. s, 1 H), 3.92 (t,
1 H, J= 8.1 Hz), 3.45-3.44 (m, 4 H), 3.34 (s, 3 H), 1.88 (br. s, 1 H), 1.52-1.44 (m, 11 H), 1.19-

1.06 (m, 1 H), 0.93-0.88 (m, 6 H).

269



2-23a

(28,35)-2-Amino-N-(2-methoxyethyl)-3-methylpentanamide (2-23a). 2-22a (0.623 g,
2.16 mmol) was added to a solution of acetyl chloride (2.46 mL, 34.6 mmol) in dry methanol (22
mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room temperature and
stirred for 3 h. The reaction mixture was slowly neutralized with a saturated aqueous solution of
potassium carbonated until a pH of 12 was reached. The mixture was concentrated and the
resulting aqueous solution was washed with ethyl acetate (15 mL), concentrated under reduced
pressure, and resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture
was sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure and dried under high vacuum to provide 2-22a (0.279 g, 1.48 mmol, 69%) as a
light yellow oil: Rf (10% methanol in ethyl acetate, neutral alumina) 0.25; [a]}’ = -28.8 (¢ =
1.17 in CHCL3); IR 3306.5, 2957.9, 2890.8, 1647.7, 1520.9, 1122.0cm™; "H NMR (CDCl;, 400
MHz) 6 7.49 (br. s, 1 H), 3.46-3.45 (m, 4 H), 3.36 (s, 3 H), 3.27 (d, 1 H, J = 3.6 Hz), 2.04-1.94
(m, 1 H), 1.47 (br. s, 2 H), 1.44-1.33 (m, 1 H), 1.16-1.04 (m, 1 H), 0.96 (d, 3 H, J= 6.8 Hz), 0.89
(t, 3 H, J = 7.6 Hz); “C NMR (CDCls, 125 MHz) & 174.4, 71.4, 59.9, 58.7, 38.7, 38.0, 23.7,

16.2, 11.9; LC-MS (ES) m/z caled for CoH,;O,N, [M+H]" 189.1598, found 189.1598.
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2-22b
Tert-butyl-((25,35)-1-((2-(dimethylamino)ethyl)amino)-3-methyl-1-oxopentan-2-
yl)carbamate (2-22b). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.61
mL, 2.70 mmol) was added drop wise to a solution of Boc-L-isoleucine (0.500 g, 2.16 mmol), 2-
dimethylaminoethylamine (0.20 mL, 2.2 mmol), and triethylamine (0.91 mL, 6.5 mmol) in
anhydrous ethyl acetate (14 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture
was warmed to room temperature and stirred for 15 h. The reaction was diluted with a saturated
aqueous solution of sodium bicarbonate (10 mL) and extracted with ethyl acetate (15 mL, three
times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
reduced pressure, and purified by chromatography on SiO; (10% methanol in ethyl acetate) to
provide 2-22b (0.498 g, 1.65 mmol, 76%) as a white solid: Rf (10% methanol in ethyl acetate,
neutral alumina) 0.68; "H NMR (CDCls, 400 MHz) § 6.69 (br. s, 1 H), 5.14 (d, 1 H, J = 7.6 Hz),
394 (t,1 H,J=7.6 Hz), 3.37 (q, 2 H, J= 5.2 Hz), 2.55-2.44 (m, 2 H), 2.29 (br. s, 6 H), 1.85 (br.

s, 1 H), 1.56-1.44 (m, 11 H), 1.17-1.04 (m, 1 H), 0.93-0.89 (m, 6 H).
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2-23b
(28,35)-2-Amino-N-(2-(dimethylamino)ethyl)-3-methylpentanamide (2-23b). 2-22b
(0.498 g, 1.65 mmol) was added to a solution of acetyl chloride (1.9 mL, 26 mmol) in dry

methanol (16.5 mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room
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temperature and stirred for 3 h. The reaction mixture was slowly neutralized with a saturated
aqueous solution of potassium carbonate until a pH of 12 was reached. The mixture was
concentrated and the resulting aqueous solution was washed with ethyl acetate (15 mL),
concentrated under reduced pressure, and resuspended in anhydrous methylene chloride (30 mL).
The heterogeneous mixture was sonicated for roughly 30 minutes and filtered. The resulting
filtrate was concentrated under reduced pressure and dried under high vacuum to provide 2-23b
(0.140 g, 0.697 mmol, 42%) as a colorless oil: Rf (10% methanol in ethyl acetate, neutral
alumina) 0.62; [a]}’ = -19.3 (¢ = 1.09 in CHCIl;); IR 3306.5, 2956.1, 2872.2, 1645.8, 1520.9,
1457.5 cm™; "TH NMR (CDCls, 400 MHz) § 7.42 (br. s, 1 H), 3.35 (q, 2 H, J= 6 Hz), 3.24 (d, 1
H, J=4Hz),2.43 (t,2 H, J= 6 Hz), 2.25 (br. s, 6 H), 1.99-1.89 (m, 1 H), 1.83 (br. s, 2 H), 1.44-
1.34 (m, 1 H), 1.17-1.05 (m, 1 H), 0.95 (d, 3 H, J= 6.8 Hz), 0.89 (t, 3 H, J= 7.2 Hz); "C NMR
(CDCls, 125 MHz) 6 174.5, 60.1, 58.2, 45.2, 38.2, 36.5, 23.8, 16.1, 11.8; LC-MS (ES) m/z calcd

for C1oH24ON3 [M+H] 202.1914, found 202.1915.
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2-22¢
Tert-butyl-((25,35)-1-((2-cyclohexylethyl)amino)-3-methyl-1-oxopentan-2-
yl)carbamate (2-22¢). A solution of 50% propylphosphonic anhydride in ethyl acetate (1.61 mL,
2.70 mmol) was added drop wise to a solution of Boc-L-isoleucine (0.500 g, 2.16 mmol), 2-
cyclohexylethan-1-amine (0.275 g, 2.16 mmol), and triethylamine (0.91 mL, 6.5 mmol) in
anhydrous ethyl acetate (14 mL) at 0 °C under an atmosphere of nitrogen. The reaction mixture

was warmed to room temperature and stirred for 15 h. The reaction was diluted with a saturated
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solution of aqueous sodium bicarbonate (10 mL) and extracted with ethyl acetate (15 mL, three
times). The combined organic solutions were dried (MgSQ,), filtered, concentrated under
reduced pressure, and purified by chromatography on SiO, (30% ethyl acetate in hexane) to
provide 2-22¢ (0.587 g, 1.72 mmol, 80%) as a white solid: Rf (ethyl acetate, neutral alumina)
0.81; "H NMR (CDCls, 300 MHz) & 5.82 (br. s, 1 H), 5.02 (br. s, 1 H), 3.85 (dd, 1 H, J=8.7 6.6
Hz), 3.37-3.19 (m, 2 H), 1.88 (br. s, 1 H), 1.71-1.63 (m, 6 H), 1.43-1.35 (m, 12 H), 1.29-1.05 (m,

6 H), 0.95-0.88 (m, 8 H).

2-23¢

(28,35)-2-Amino-N-(2-cyclohexylethyl)-3-methylpentanamide (2-23c). 2-22¢ (0.587 g,
1.72 mmol) was added to a solution of acetyl chloride (1.96 mL, 27.6 mmol) in dry methanol (17
mL) at 0 °C under an atmosphere of nitrogen. The reaction was warmed to room temperature and
stirred for 3 h. The reaction mixture was slowly neutralized with a saturated aqueous solution of
potassium carbonate until a pH of 12 was reached. The mixture was concentrated and the
resulting aqueous solution was washed with ethyl acetate (15 mL), concentrated under reduced
pressure, and resuspended in anhydrous methylene chloride (30 mL). The heterogeneous mixture
was sonicated for roughly 30 minutes and filtered. The resulting filtrate was concentrated under
reduced pressure and dried under high vacuum to provide 2-23¢ (0.241 g, 1.00 mmol, 58%) as a
white solid: Rf (10% methanol in ethyl acetate, neutral alumina) 0.38; [a]} = -26.6 (¢ = 1.13 in
CHCl;); Mp (methylene chloride): 56-58 °C; IR 3293.4, 2916.9, 2849.8, 1627.1, 1554.5, 1448.2

em™; "TH NMR (CDCLs, 500 MHz) § 7.20 (br. s, 1 H), 3.36-3.21 (m, 3 H), 2.06-1.96 (m, 1 H),
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1.73-1.62 (m, 5 H), 1.43-1.03 (m, 11 H), 0.96 (d, 3 H, J = 6.5 Hz), 0.922-0.88 (m, 5 H); *C
NMR (CDClLs, 125 MHz) § 174.0, 59.9, 37.9, 37.1, 36.8, 35.5, 33.2, 33.1, 26.5, 26.2, 23.7, 16.2,

11.9; LC-MS (ES) m/z calcd for C14H20ON, [M+H]" 241.2274, found 241.2273.

O

’//<NH
BN
»

. JO

2-24
2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(2-
morpholinoethyl)acetamide (2-24). 2-2 (0.200 g, 0.751 mmol) was added to a high pressure
vial containing a solution of 4-(2-aminoethyl)morpholine (0.11 mL, 0.83 mmol) in ethanol (1
mL). The reaction vial was sealed, heated to 110 °C, and stirred for 2 h. The reaction mixture
was concentrated under reduced pressure and purified by chromatography on SiO, (10%
methanol in methylene chloride) to provide 2-24 (0.200 g, 0.571 mmol, 76%) as a white solid:
Rf (10% methanol in ethyl acetate, neutral alumina) 0.62; Mp (methylene chloride): 203-204 °C;
IR 3280.6, 2948.9, 2815.6, 1648.3, 1548.01, 1114.23 cm™; "H NMR (CDCls, 400 MHz) & 7.71
(s, 1 H), 7.13 (br. s, 1 H), 4.89 (s, 2 H), 3.69 (t, 4 H, J= 4.4 Hz), 3.60 (s, 3 H), 3.39-3.34 (m, 5
H), 2.51-2.46 (m, 6 H); *C NMR (CDCls, 100 MHz) § 165.5, 155.7, 151.5, 148.9, 142.3, 106.7,
66.8, 56.7, 53.2, 49.9, 36.1, 29.9, 28.0; LC-MS (ES) m/z caled for C;sHy304Ng [M+H]

351.1775, found 351.1772.
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N=l O

2-25

Ethyl 2-(1H-imidazol-1-yl)acetate (2-25).°° Ethyl bromoacetate (0.81 mL, 7.3 mmol)
was added to a mixture of imidazole (0.500 g, 7.34 mmol), potassium carbonate (2.13 g, 15.4
mmol) in acetonitrile (30 mL). The reaction mixture was heated to reflux and stirred for 2.5 h.
The reaction mixture was cooled to room temperature and quenched with a saturated aqueous
solution of ammonium chloride (20 mL) and extracted with ethyl acetate (30 mL, three times).
The combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced
pressure, and purified by column chromatography on SiO, (ethyl acetate) to provide 2-25 (0.558
g, 3.62 mmol, 49%) as a yellow oil. Rf (ethyl acetate) 0.13; "H NMR (CDCls, 300 MHz) & 7.58
(s, 1 H), 7.11 (s, 1 H), 6.96 (s, 1 H), 4.70 (s, 2 H), 4.24 (q, 2 H,J=7.2 Hz), 1.29 (t, 3 H,J=7.2

Hz).

2-(1H-Imidazol-1-yl)-V-(2-morpholinoethyl)acetamide (2-26). 2-25 (0.100 g, 0.649
mmol) was added to a high pressure vial containing a solution of 4-(2-aminoethyl)morpholine
(0.09 mL, 0.65 mmol) in ethanol (0.800 mL). The reaction vial was sealed, heated to 110 °C, and
stirred for 3 hours. The reaction mixture was concentrated under reduced pressure and heated to
85 °C under high vacuum overnight to provide 2-26 (0.119 g, 0.499 mmol, 77%) as a brown
residue: Rf (10% methanol in ethyl acetate, neutral alumina) 0.23; IR 3321.4, 2930.0, 1664 .4,

1112.7 cm™; "H NMR (CDCls, 300 MHz) § 7.53 (s, 1 H), 7.18 (s, 1 H), 6.97 (s, 1 H), 6.18 (br.
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s., 1 H), 4.66 (s, 2 H), 3.59 (t, 4 H, J= 4.5 Hz), 3.31 (q, 2 H, J= 5.7 Hz), 2.41 (t, 2 H, J = 6 Hz),
2.35 (t, 4 H, J= 4.5 Hz); *C NMR (CDCl;, 125 MHz) § 166.7, 138.1, 130.6, 119.6, 66.8, 56.1,

53.1, 50.1, 35.6; LC-MS (ES) m/z caled for C1;H 90N, [M+H]' 239.1503, found 239.1502.

2-27

N-(3-(Dimethylamino)propyl)-2-(1H-imidazol-1-yl)acetamide (2-27). 2-25 (0.100 g,
0.649 mmol) was added to a high pressure vial containing a solution of 3-(dimethylamino)-1-
propylamine (0.08 mL, 0.65 mmol) in ethanol (0.800 mL). The reaction vial was sealed, heated
to 110 °C, and stirred for 13.5 hours. The reaction mixture was concentrated under reduced
pressure and heated to 85 °C under high vacuum overnight to provide 2-27 (0.136 g, 0.647
mmol, 100%) as a light yellow residue: Rf (10% methanol in ethyl acetate, neutral alumina)
0.26; IR 3280.4, 2939.3, 2890.8, 1662.6, 1558.2, 1505.0 cm™; "H NMR (CDCls, 300 MHz) &
8.16 (br.s., 1 H), 7.48 (s, 1 H), 7.12 (s, 1 H), 6.92 (s, 1 H), 4.61 (s, 2 H),3.36 (q,2 H, J=5.4
Hz), 2.31 (t,2 H, J= 5.4 Hz), 1.99 (s, 6 H), 1.56 (quin, 2 H, J = 5.4 Hz); ®C NMR (CDCl;, 125
MHz) & 166.9, 137.9, 130.3, 119.8, 59.6, 50.2, 45.1, 40.9, 24.3; LC-MS (ES) m/z calcd for

CioH19ON4 [M+H]" 211.1553, found 211.1553.
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2-28

Sodium (25,35)-2-(1H-imidazol-1-yl)-3-methylpentanoate (2-28). A mixture of
(28,35)-1soleucine (2.50 g, 19.1 mmol), sodium hydroxide (0.762 g, 19.1 mmol), and 7 N aq.
ammonia (2.99 mL, 20.9 mmol) in water (25 mL) was slowly added drop wise to a mixture of
37% formaldehyde solution (1.56 mL, 20.9 mmol) and 39% glyoxal solution (2.46 mL, 20.9
mmol) at 50 °C. The reaction mixture was allowed to stir for 4 h and then concentrated under
reduced pressure. The resulting residue was diluted with methanol, sonicated, and concentrated
under reduced pressure three times. The final material was dried on high vacuum overnight to
provide 2-28 (3.94 g, 101% by mass) as a light red/brown solid: "H NMR ((CD3),SO, 400 MHz)
0 7.59 (s, 1 H), 7.17 (s, 1 H), 6.76 (s, 1 H), 4.05 (d, 1 H, J=9.2 Hz), 2.01-1.94 (m, 1 H), 1.10-
1.04 (m, 1 H), 0.85 (d, 3 H, J = 6.4 Hz), 0.83-0.77 (m, 1 H), 0.75-0.72 (m, 3 H); “C NMR
((CD»)2S0O, 125 MHz) & 172.8, 137.5, 127.2, 119.8, 68.9, 38.4, 25.0, 16.5, 11.4; LC-MS (ES)

m/z caled for CoHsN,O, [M+H]" 183.1128, found 183.1044.

T

{,;o L_o

(28,35)-2-(1H-imidazol-1-yl)-3-methyl-N-(2-morpholinoethyl)pentanamide (2-29). 2-
28 (0.250 g, 0.1.22mmol), pentafluorophenyl diphenylphosphinate (0.517 g, 0.1.35 mmol, and
N,N-diisopropylethylamine (0.32 mL, 0.74 mmol) were sequentially added to anhydrous

methylene chloride (8.15 mL) under an atmosphere of nitrogen. 4-(2-aminoethyl)morpholine
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(0.16 mL, 1.2 mmol) was added and the reaction mixture and was allowed to stir for 23 h. The
reaction mixture was concentrated, diluted with a 50% aqueous solution of sodium bicarbonate
(5 mL), and extracted with ethyl acetate (10 mL, three times). The combined organic solutions
were dried (MgSOQ,), filtered, concentrated under reduced pressure, and purified by RP-HPLC to
provide 2-29 (0.163 g, 0.552 mmol, 45%) as a colorless oil: [@]}’ =+11.1 (c. 1.27 in CHCI;); IR
3057.8,2973.8, 2882.8, 1665.5, 1176.1 cm™; "H NMR ((CD3),S0, 373 K, 400 MHz) & 8.90 (s, 1
H), 8.59 (br. s, 1 H), 7.66 (s, 1 H), 7.53 (s, 1 H), 4.81 (d, 1 H, J=9.2 Hz), 3.76 (t, 4 H, /= 4.4
Hz), 3.50-3.44 (m, 2 H), 3.04-2.99 (m, 6 H), 2.33-2.22 (m, 1 H), 1.28-1.19 (m, 1 H), 1.08-1.01
(m, 1 H), 0.97 (d, 3 H, J= 6.8 Hz), 0.84 (t, 3 H, J = 7.2 Hz); ®C NMR (CD;0OD, 125 MHz) &
172.5, 139.2, 125.9, 123.3, 70.8, 67.4, 59.5, 55.9, 41.9, 37.6, 28.2, 18.1, 13.2; LC-MS (ES) m/z

caled for CysHy0oN4 [M+H] 295.2129, found 295.2126.

H |
Njfy(N\/\/N\
]

N= O
2-30
(28,35)-N-(3-(dimethylamino)propyl)-2-(1H-imidazol-1-yl)-3-methylpentanamide (2-
30) 2-28 (0.250 g, 1.22 mmol), pentafluorophenyl diphenylphosphinate (0.517 g, 1.35 mmol, and
N,N-diisopropylethylamine (0.32 mL, 1.8 mmol) were sequentially added to anhydrous
methylene chloride (5 mL) under an atmosphere of nitrogen. N,N'-dimethyl-1,3-propanediamine
(0.15 mL, 1.2 mmol) was added and the reaction mixture and was allowed to stir for 19.5 h. The
reaction mixture was concentrated, diluted with a 50% aqueous solution of sodium bicarbonate
(5 mL), and extracted with ethyl acetate (10 mL, three times). The combined organic solutions

were dried (MgSQ,), filtered, concentrated under reduced pressure, and purified by RP-HPLC to
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provide 2-30 (0.111 g, 0.418 mmol, 34%) as a colorless oil: [@]} =+10.7 (c. 1.07 in CHCI;); IR
3063.5,2947.4,2728.2, 1666.5, 1176.1 cm’”; "H NMR ((CD»),S0, 373 K, 400 MHz) 6 8.79 (s, 1
H), 8.57 (br. s, 1 H), 7.62 (s, 1 H), 7.47 (s, 1 H), 478 (d, 1 H, J=9.6 Hz), 3.77 (t, 1 H, J = 4.4
Hz), 3.28-3.16 (m, 2 H), 3.07-2.95 (m, 3 H), 2.77 (s, 6 H), 2.33-2.22 (m, 1 H), 1.92-1.79 (m, 2
H), 1.26-1.16 (m, 1 H), 1.07-0.89 (m, 5 H), 0.83 (t, 3 H, J = 7.6 Hz); *C NMR (CD;OD, 125
MHz) ¢ 168.2, 135.1, 121.9, 119.4, 67.1, 63.6, 55.3, 42.1, 37.6, 36.2, 24.3, 24.2, 14.1, 9.2; LC-

MS (ES) m/z calcd for C14H270N, [M+H]" 267.2179, found 267.2177.

e
\/4;\& NH,
2-32a
5-Amino-2-ethyloxazole-4-carbonitrile (2-32a). Aminomalononitrile p-toluenesulfonate
(0.500 g, 1.97 mmol) was added to a microwave vial containing a solution of propionyl chloride
(0.21 mL, 2.4 mmol) in N-methyl-2-pyrrolidone (19 mL). The vessel was sealed and irradiated to
120 °C for 15 minutes. This reaction was repeated an additional time. The combined reaction
mixtures were diluted with ethyl acetate (80 mL) and sequentially washed with water (60 mL,
twice) and a saturated aqueous solution of sodium bicarbonate (60 mL, twice). Each aqueous
solution was back extracted with ethyl acetate (60 mL). The organic solutions were combined,
dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by chromatography
on Si0; (15% ethyl acetate in hexane) to provide 2-32a (0.209 g, 1.52 mmol, 39%) as an off-
white solid: Rf (30% ethyl acetate in hexane) 0.30; Mp (methylene chloride) 149-151 °C; IR
3306.5, 3146.2, 2212.4, 1653.2, 1591.7, 1424.0, 1155.6 cm™; "H NMR (CD;0D, 400 MHz) &
2.62(q, 2 H,J=7.6 Hz), 1.24 (t, 3 H, J= 7.6 Hz); ®C NMR (CD;0D, 125 MHz) § 162.5 155.2,
114.4, 82.7,20.5, 9.6; LC-MS (ES) m/z calcd CsHsONj3 for [M+H]" 138.0662, found 138.0662.
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CN
2-33a

5-Bromo-2-ethyloxazole-4-carbonitrile (2-33a). Tert-butylnitrite (0.35 mL, 2.9 mmol)
was added to a solution of copper (II) bromide (0.651 g, 2.92 mmol) in anhydrous acetonitrile
(8.5 mL). 2-32a (0.200 g, 1.46 mmol) was added to the mixture portion wise and stirred at room
temperature for 3 h. The reaction mixture was diluted with a 1:1 solution of ethyl acetate and
water (30 mL) and washed with a 5% aqueous solution of hydrogen chloride (10 mL). The
aqueous layer was isolated and extracted with ethyl acetate (20 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure, purified by
chromatography on SiO, (10% ethyl acetate in hexane) to provide 2-33a (0.171g, 0.848 mmol,
58%) as a white solid: Rf (30% ethyl acetate in hexane) 0.66; Mp (methylene chloride) 39-41
°C; IR 2987.8, 2238.5, 1582.4, 1138.8, 1051.2, 913.3 cm™; "H NMR (CDCls, 300 MHz) & 2.83
(q, 2 H, J= 7.8 Hz), 1.35 (t, 3 H, J = 7.5 Hz); *C NMR (CDCls;, 100 MHz) & 168.5, 130.5,
115.7, 111.1, 21.9, 10.5; LC-MS (ES) m/z caled C¢HsON,Br for [M+H]" 200.9658, found

200.9658.

CN \)O
ek
H
2-34a

2-Ethyl-5-((2-morpholinoethyl)amino)oxazole-4-carbonitrile (2-34a). 2-33a (0.100 g,
0.497 mmol) was added to a microwave vial containing a solution of 4-(2-
aminoethyl)morpholine (0.65 mL, 4.9 mmol) in anhydrous THF (1.25 mL). The microwave vial
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was sealed and heated to 70 °C for 1.5 h. The reaction mixture was diluted with ethyl acetate (10
mL) and washed with water (5 mL). The resulting organic solution was dried (MgSQ,), filtered,
concentrated under reduced pressure, purified by chromatography on silica (5% methanol in
ethyl acetate) to provide 2-34a (0.0997 g, 0.398 mmol, 80%) as a white solid: Rf (ethyl acetate)
0.21; Mp (methylene chloride) 52-53 °C; IR 3185.3, 2974.7, 2816.3, 2197.5, 1638.3, 1597.3,
1455.7, 1349.4, 1110.9 cm™; "H NMR (CDCls, 300 MHz) & 5.39 (s, br, 1 H), 3.72 (t, 4 H, J =
4.2 Hz), 3.47 (app. q, 2 H, J=5.1 Hz), 2.66-2.59 (m, 4 H), 2.49 (app. d, 4 H, J=4.2 Hz), 1.27 (4,
3 H, J = 7.8 Hz); ®C NMR (CDCl;, 125 MHz) & 160.6, 155.3, 115.4, 84.6, 66.8, 56.5, 53.2,

39.4,21.3, 10.7; LC-MS (ES) m/z caled C12,H;90,N, for [M+H]" 251.1503, found 251.1501.

N
oot

2-32b
5-Amino-2-cyclopropyloxazole-4-carbonitrile  (2-32b).””” Aminomalononitrile  p-
toluenesulfonate (0.500 g, 1.97 mmol) was added to a microwave vial containing a solution of
cyclopropanecarbonyl chloride (0.22 mL, 2.4 mmol) in N-methyl-2-pyrrolidone (19 mL). The
vessel was sealed and irradiated to 120 °C for 15 minutes. This reaction was repeated an
additional time. The combined reaction mixtures were diluted with ethyl acetate (80 mL) and
sequentially washed with water (60 mL, twice) and a saturated aqueous solution of sodium
bicarbonate (60 mL, twice). Each aqueous solution was back extracted with ethyl acetate (60
mL). The combined organic solutions were dried (MgSQ,), filtered, concentrated under reduced
pressure, and purified by chromatography on SiO, (30% ethyl acetate in hexane) to provide 2-

32b (0.1043 g, 0.699 mmol, 18%) as a yellow solid: Rf (30% ethyl acetate in hexane) 0.48; 'H
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NMR (CDCls, 300 MHz) & 4.85 (s, br, 2 H), 1.89 (p, 1 H, J= 6.9 Hz) 0.99 (app. d, 4 H, /= 6.6

Hz). LC-MS (ES) m/z caled for C;HgON; [M+H]" 150.0662, found 150.0662.

e
2-33b

5-Bromo-2-cyclopropyloxazole-4-carbonitrile (2-33b). 7Tert-butylnitrite (0.17 mL, 1.4
mmol) was added to a solution of copper (II) bromide (0.312 g, 1.39 mmol) in anhydrous
acetonitrile (4 mL). 2-32b (0.104 g, 0.699 mmol) was added to the mixture portion wise and
stirred at room temperature for 3 h. The reaction mixture was dilute with a 1:1 solution of ethyl
acetate and water (10 mL) and washed with a 5% aqueous solution of hydrogen chloride (5 mL).
The aqueous layer was isolated and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
purified by chromatography on SiO, (0-5% ethyl acetate in hexane) to provide 2-33b (0.0894 g,
0.419 mmol, 60%) as a white solid: Rf (30% ethyl acetate in hexane) 0.81; Mp (methylene
chloride) 57-58 °C; IR 2231.0, 1575.0, 1547.0, 1148.1, 1058.7, 1049.4 cm™; "H NMR (CDCl,
300 MHz) & 2.12-2.03 (m, 1 H), 1.15-1.13 (m, 4 H); ®C NMR (CDCl;, 100 MHz) & 168.9,
129.1, 115.7, 111.16, 9.21, 9.03; LC-MS (ES) m/z caled for C;HsON,Br [M+H]" 212.9658,
found 212.9659.

CN Q
VJNNNJ
2-34b

2-Cyclopropyl-5-((2-morpholinoethyl)amino)oxazole-4-carbonitrile (2-34b). 2-33b

(0.0250 g, 0.117 mmol) was added to a microwave vial containing a solution of 4-(2-
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aminoethyl)morpholine (0.15 mL, 1.2 mmol) in anhydrous THF (0.3 mL). The microwave vial
was sealed and heated to 70 °C for 1.5 h. The reaction mixture was diluted with ethyl acetate (10
mL) and washed with water (5 mL). The resulting organic solution was dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on SiO, (70% ethyl
acetate in hexane) to provide 2-34b (0.0182 g, 0.069 mmol, 59%) as a tan solid: Rf (ethyl
acetate) 0.32; Mp (methylene chloride) 70-72 °C, IR 3293.4, 2952.4, 2855.4, 2204.9, 1642.1,
1597.3, 1114.6 cm™; "H NMR (CDCls, 300 MHz) & 5.42 (s, br., 1 H), 3.70 (t, 4 H, J = 4.5 Hz),
3.43 (app.q, 2 H,J=5.1Hz),2.59 (t,2H,J=6 Hz), 2.47 (t, 4H,J=4.5Hz), 1.85 (p, 1 H, J =
6.9 Hz), 0.96 (app. d, 4 H); *C NMR (CDCls, 125 MHz) § 160.2, 155.5, 115.4, 84.6, 66.8. 56.5,
53.2, 39.5, 8.32, 7.44; LC-MS (ES) m/z caled C;3H;90,N,; for [M+H]" 263.1503, found

263.1501.

W
O/Qé\ NH,
2-32¢

5-Amino-2-cyclopentyloxazole-4-carbonitrile  (2-32¢). = Aminomalononitrile  p-
toluenesulfonate (0.500 g, 1.97 mmol) was added to a microwave vial containing a solution of
cyclopentanecarbonyl chloride (0.26 mL, 2.2 mmol) in N-methyl-2-pyrrolidone (19 mL). The
vessel was sealed and irradiated to 120 °C for 15 minutes. This reaction was repeated an
additional time. The reaction mixtures were combined and diluted with ethyl acetate (80 mL) and
sequentially washed with water (60 mL, twice) and sodium bicarbonate (60 mL, twice). Each
aqueous solution was back extracted with ethyl acetate (60 mL). The organic solutions were
combined, dried (MgSQO,), filtered, concentrated under reduced pressure, and purified by

chromatography on SiO, (40% ethyl acetate in hexane) to provide 2-32¢ (0.484 g, 2.73 mmol,
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69%) as a white solid: Rf (30% ethyl acetate in hexane) 0.2; Mp (methylene chloride) 171-173
°C; IR 3315.8, 3146.2, 2963.5, 2866.6, 2212.4, 1647.7, 14259 cm™; '"H NMR (CDCl;, 300
MHz) & 4.82 (s, br, 2 H), 3.10-2.99 (m, 1 H), 2.06-1.95 (m, 2 H), 1.87-1.75 (m, 6 H); *C NMR
(CDs0OD, 125 MHz) 6 162.4, 157.3, 114.5, 82.7, 37.8, 30.4, 24.8; LC-MS (ES) m/z calcd for

CoH1,ON; [M+H]" 178.0975, found 178.0974.

e
A
2-33¢

5-Bromo-2-cyclopentyloxazole-4-carbonitrile (2-33c¢). 7Tert-butylnitrite (0.47 mL, 3.9
mmol) was added to a solution of copper (II) bromide (0.882 g, 3.95 mmol) in anhydrous
acetonitrile (11.5 mL). 2-32¢ (0.350 g, 1.98 mmol) was added to the mixture portion wise and
stirred at room temperature for 3 h. The reaction mixture was dilute with a 1:1 solution of ethyl
acetate and water (30 mL) and washed with a 5% aqueous solution of hydrogen chloride (10
mL). The aqueous layer was isolated and extracted with ethyl acetate (20 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (5% ethyl acetate in hexane) to provide 2-33c¢ (0.157 g,
0.651 mmol, 33%) as a yellow oil: Rf (30% ethyl acetate in hexane) 0.69; IR 2957.9, 2870.3,
2238.5, 1573.1, 1122.0 cm™; "H NMR (CDCls, 300 MHz) & 3.26-3.18 (m, 1 H), 2.12-2.04 (m,
2H), 1.93-1.66 (m, 6 H); *C NMR (CDCls, 125 MHz) & 171.1, 130.2, 115.5, 111.2, 38.6, 31.1,

25.4; LC-MS (ES) m/z calcd for CoH;0ON,Br [M+H]" 240.9971, found 240.9969.
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Q*NNNNJ
2-34c¢

2-Cyclopentyl-5-((2-morpholinoethyl)amino)oxazole-4-carbonitrile (2-34¢). 2-32c¢
(0.150 g, 0.622 mmol) was added to a microwave vial containing a solution of 4-(2-
aminoethyl)morpholine (0.82 mL, 6.2 mmol) in anhydrous THF (1.55 mL). The microwave vial
was sealed and heated to 70 °C for 1.5 h. The reaction mixture was diluted with ethyl acetate (10
mL) and washed with water (5 mL). The resulting organic solution was dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (ethyl acetate) to
provide 2-34c¢ (0.103 g, 0.354 mmol, 57%) as a white solid: Rf (ethyl acetate) 0.29; Mp
(methylene chloride) 111-113 °C; IR 3174.2, 2957.9, 2862.9, 2197.5, 1636.5, 1591.7, 1349.4,
1114.6 cm™; "H NMR (CDCls, 300 MHz) & 5.37 (s, br, 1 H), 3.73 (t, J = 4.5 Hz), 3.47 (app. q, 2
H, J=5.1 Hz), 3.03 (quin, 1 H, J=7.8 Hz), 2.62 (t, 2 H, J= 6 Hz), 2.49 (t, 4 H, J= 4.8 Hz); "*C
NMR (CDCls, 125 MHz) 6 160.6, 157.6, 115.6, 84.4, 66.8, 56.5, 53.2, 39.4, 38.0, 30.9, 25.4;

LC-MS (ES) m/z caled for C1sHy30,N4 [M+H]" 291.1816, found 291.1814.

N

2-32d
5-Amino-2-cyclohexyloxazole-4-carbonitrile  (2-32d).””  Aminomalononitrile  p-
toluenesulfonate (0.500 g, 1.97 mmol) was added to a microwave vial containing a solution of

cyclohexanecarbonyl chloride (0.32 mL, 2.4 mmol) in N-methyl-2-pyrrolidone (19 mL). The

vessel was sealed and irradiated to 120 °C for 15 minutes. This reaction was repeated an
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additional time. The combined reaction mixtures were diluted with ethyl acetate (80 mL) and
sequentially washed with water (60 mL, twice) and a saturated aqueous solution of sodium
bicarbonate (60 mL, twice). The organic solutions were combined, dried (MgSQ.), filtered,
concentrated under reduced pressure, and purified by chromatography on SiO, (30% ethyl
acetate in hexane). The resulting material was washed with water and dried under reduced
pressure to provide 2-32d (0.477 g, 2.49 mmol, 63%) as a white solid: Rf (30% ethyl acetate in
hexane) 0.65; "H NMR ((CD3),SO, 500 MHz) & 7.56 (s, 2 H), 2.64-2.58 (m, 1 H), 1.89-1.87 (m,

2 H), 1.71-1.67 (m, 2 H), 1.62-1.59 (m, 1 H), 1.43-1.18 (m, 5H).

e
2-33d

5-Bromo-2-cyclohexyloxazole-4-carbonitrile (2-33d).%’” Tert-butylnitrite (0.19 mL, 1.6
mmol) was added to a solution of copper (II) bromide (0.347 g, 1.55 mmol) in anhydrous
acetonitrile (4.5 mL). 2-32d (0.149 g, 0.777 mmol) was added to the mixture portion wise and
stirred at room temperature for 3 h. The reaction mixture was dilute with a 1:1 solution of ethyl
acetate and water (10 mL) and washed with a 5% aqueous solution of hydrogen chloride (5 mL).
The aqueous layer was isolated and extracted with ethyl acetate (10 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on SiO; (5% ethyl acetate in hexane) to provide 2-33d (0.1279
g, 0.466 mmol, 60%) as a colorless oil. Rf (30% ethyl acetate in hexane) 0.87; "H NMR (CDCl,

300 MHz) § 2.85-2.76 (m, 1 H), 2.06-2.02 (m, 2 H), 1.87-1.80 (m, 2 H), 1.73-1.32 (m, 6 H).
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2-34d

2-Cyclohexyl-5-((2-morpholinoethyl)amino)oxazole-4-carbonitrile (2-34d). 2-33d
(0.200 g, 0.784 mmol) was added to a microwave vial containing a solution of 4-(2-
aminoethyl)morpholine (1.03 mL, 7.84 mmol) in anhydrous THF (2 mL). The microwave vial
was sealed and heated to 70 °C for 10 h. The reaction mixture was diluted with ethyl acetate (20
mL) and washed with water (10 mL). The resulting organic solution was dried (MgSQO,), filtered,
concentrated under reduced pressure, and purified by chromatography on SiO, (70% ethyl
acetate in hexane) to provide 2-34d (0.145 g, 0.475 mmol, 61%) as a white solid: Rf (ethyl
acetate) 0.31; Mp (methylene chloride) 108-110 °C; IR 3181.6, 2928.1, 2848.0, 2199.4, 1634.6,
1589.9, 1444.5, 1349.4, 1114.6 cm™; "H NMR (CDCls, 300 MHz) & 5.44 (s, br, 1 H), 3.73 (t, 4
H,J=4.5Hz), 3.47 (app. q, 2 H,J=5.1 Hz), 2.63 (t,2 H, 6.3 Hz), 2.50 (t,4 H, J=4.5 Hz), 2.08
(s, br., 1 H), 2.00-1.28 (m, 10 H); *C NMR (CDCl;, 125 MHz) & 160.4, 157.7, 115.6, 84.4,
66.7, 56.6, 53.2, 39.4, 37.0, 30.2, 25.6, 25.4; LC-MS (ES) m/z calcd for C;sHys0,N; [M+H]"

305.1972, found 305.1969.

e
N\
ittt
2-32e¢
5-Amino-2-phenyloxazole-4-carbonitrile (2-32e). Aminomalononitrile p-

toluenesulfonate (0.500 g, 1.97 mmol) was added to a microwave vial containing a solution of

benzoyl chloride (0.25 mL, 2.2 mmol) in N-methyl-2-pyrrolidone (19 mL). The vessel was
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sealed and irradiated to 120 °C for 15 minutes. This reaction was repeated an additional time.
The reaction mixtures were combined and diluted with ethyl acetate (80 mL) and sequentially
washed with water (60 mL, twice) and a saturated aqueous solution of sodium bicarbonate (60
mL, twice). Each aqueous solution was back extracted with ethyl acetate (60 mL). The organic
solutions were combined, dried (MgSQO,), filtered, concentrated under reduced pressure, and
purified by chromatography on SiO, (40% ethyl acetate in hexane) to provide 2-32e (0.529 g,
2.86 mmol, 72%) as a white solid: Rf (30% ethyl acetate in hexane) 0.24; Mp (methylene
chloride, decomp.) > 248 °C; IR 3306.5, 3161.1, 2204.9, 1647.7, 1599.2, 1051.2 cm™; "H NMR
((CDs),S0, 300 MHz) & 7.98 (s, br, 1 H), 7.78-7.75 (m, 2 H), 7.50-7.48 (m, 3 H); *C NMR
((CD»)2S0, 125 MHz) & 162.8, 149.9, 130.5, 129.6, 126.4, 125.4, 115.9, 84.7; LC-MS (ES) m/z

caled for C1oHsON; [M+H]" 186.0662, found 186.0659.

NN
2-33e

5-Bromo-2-phenyloxazole-4-carbonitrile (2-33e). Tert-butylnitrite (0.39 mL, 3.2 mmol)
was added to a solution of copper (II) bromide (0.724 g, 3.24 mmol) in anhydrous acetonitrile
(9.5 mL). 1-41e (0.300 g, 1.62 mmol) was added to the mixture portion wise and stirred at room
temperature for 4 h. The reaction mixture was dilute with a 1:1 solution of ethyl acetate and
water (30 mL) and washed with a 5% aqueous solution of hydrogen chloride (10 mL). The
aqueous layer was isolated and extracted with ethyl acetate (20 mL, three times). The combined
organic solutions were dried (MgSQ,), filtered, concentrated under reduced pressure, purified by

chromatography on SiO, (5% ethyl acetate in hexane) to provide 2-33e (0.206 g, 0.827 mmol,
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51%) as a white solid: Rf (30% ethyl acetate in hexane) 0.69; Mp (methylene chloride) 139-140
°C; IR 2969.1, 2242.2, 2195.6, 1640.2, 1446.4 cm™; "H NMR (CDCl;, 300 MHz) & 8.03-7.99
(m, 2 H), 7.59-7.47 (m, 3 H); *C NMR (CDCls, 125 MHz) & 163.9, 132.2, 130.8, 129.2, 126.7,

124.9, 117.1, 111.1; LC-MS (ES) m/z calced for C;oHsON,Br [M+H]" 248.9658, found 248.9658.

o

2-34e

5-((2-Morpholinoethyl)amino)-2-phenyloxazole-4-carbonitrile (2-34e). 2-33e (0.150
g, 0.602 mmol) was added to a microwave vial containing a solution of 4-(2-
aminoethyl)morpholine (0.79 mL, 6.0 mmol) in anhydrous THF (1.50 mL). The microwave vial
was sealed and heated to 70 °C for 2 h. The reaction mixture was diluted with ethyl acetate (10
mL) and washed with water (5 mL). The resulting organic solution was dried (MgSQ,), filtered,
concentrated under reduced pressure, and purified by chromatography on SiO, (90% ethyl
acetate in hexane) to provide 2-34e (0.129 g, 0.433 mmol, 72%) as a white solid: Rf (ethyl
acetate) 0.28; Mp (methylene chloride) 121-122 °C; IR 2974.7, 2816.3, 2201.2, 1629.0, 1450.1,
1347.6 cm™; "H NMR (CDCls, 300 MHz) & 7.88-7.85 (m, 2 H), 7.43 (t, 3 H, J= 3.6 Hz), 5.63 (s,
br., 1 H), 3.75 (t, 4 H, J=4.5 Hz), 3.58 (app. q, 2 H, J= 5.1 Hz), 2.67 (t,2 H, J= 5.7 Hz), 2.53
(t, 4 H, J = 4.2 Hz); ®C NMR (CDCl;, 125 MHz) & 160.6, 151.3, 130.2, 128.8, 126.2, 125.6,
115.3, 86.5, 66.9, 56.5, 53.2, 39.5; LC-MS (ES) m/z calcd for CiH;90,N4 [M+H]" 299.1503,

found 299.1499.

289



3 NH
2
o
2-36

Oxazole-4-carboxamide (2-36). Ethyl oxazole-4-carboxylate 2-35 (1.05 g, 7.44 mmol)
was added to a microwave vial containing a 7 N solution of ammonia in methanol (23.8 mL, 167
mmol). The microwave vial was sealed and heated to 60°C for 20 h. The reaction mixture was
cooled to room temperature and concentrated under reduced pressure to provide 2-36 (0.829 g,
7.46 mmol, 98%) as a brown solid: Rf (ethyl acetate) 0.37; Mp (methylene chloride, decomp.) >
162 °C; IR 3364.3, 3107.1, 3149.9, 1649.5, 1588.0, 1409.1 cm™; "H NMR ((CDs),SO, 300
MHz) & 8.58 (d, 1 H, J = 0.6 Hz), 8.48 (s, 1 H), 7.64 (s, 1 H), 7.49 (s, 1 H); *C NMR
((CD»)2S0O, 125 MHz) ¢ 162.2, 152.6, 142.4, 136.3; LC-MS (ES) m/z calcd for C4HsO,N,

[M+H]" 113.0346, found 113.0347.

CN

5

(0]

=z

2-37

Oxazole-4-carbonitrile (2-37). Trifluoroacetic anhydride (2.92 mL, 21.0 mmol) was
added drop wise to a solution of 2-36 (2.14 g, 19.1 mmol) and triethylamine (5.37 mL, 38.2
mmol) in anhydrous THF (38 mL) at 0 °C under an atmosphere of nitrogen. The reaction was
warmed to room temperature and stirred for 20 h. The reaction mixture was diluted with water
(30 mL) and extracted with ether (50 mL, three times). The combined organic solutions were
sequentially washed with a 1N aqueous solution of hydrogen chloride (30 mL), a saturated
aqueous solution of sodium bicarbonate (30 mL), and brine (30 mL). The resulting solution was

dried (MgS0,), filtered, concentrated under reduced pressure, and purified by chromatography
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on SiO; (20% ethyl acetate in hexane) to provide 2-37 (1.51 g, 16.1 mmol, 84%) as a yellow
liquid. Rf (ethyl acetate) 0.81; IR 3144.3, 3095.9, 2247.8 1511.6, 1110.9 cm™; '"H NMR
(CDCls, 300 MHz) & 8.22 (d, 1 H, J = 0.9 Hz), 7.99 (s, 1 H); *C NMR (CDCls, 125 MHz) &

151.9, 146.5,115.0, 111.3.

ZnClI LiCl
O
TMPZnClI-LiCl

Preparation of a 0.5 M solution of ZnCl, in THF: Zinc (II) chloride (4.49 g, 33 mmol)
was dried under vacuum at 160 °C for 3 hours. The flask was cooled to room temperature and
charged with anhydrous THF (66 mL). The salts were vigorously stirred until it was completely
dissolved.

Preparation of a 1.05 M solution of TMPZnCI-LiCl in THF. Dry 250 mL round bottom
flask was charged with freshly distilled 2,2,6,6-tetramethylpiperidine (5.10 mL, 29.9 mmol)
dissolved in anhydrous THF (30 mL) under at atmosphere of nitrogen. The solution was cooled
to -40 C and a 1.82 M solution of n-butyl lithium in hexane (16.5 mL, 29.9 mmol) was added
dropwise. The reaction mixture was slowly warmed to -10 °C and stirred for 1 h. A 0.5 M
solution of zinc (II) chloride in anhydrous THF (66 mL, 33 mmol) was added dropwise and the
reaction mixture was stirred for 0.5 h at -10 °C and then at room temperature for an additional
0.5 h. The reaction mixture was concentrated under reduced pressure and then resuspended in
fresh anhydrous THF (30 mL). The mixture was vigorously stirred until salts were completely
dissolved. The resulting solution was cannulated into a dry 100 mL Schlenk flask. The solution
was titrated using benzoic acid (0.122 g, 1 mmol) and 4-(phenylazo)diphenylamine (2 mg) as a

indicator in anhydrous THF (10 mL) to indicate a 1.05 M solution of TMPZnCI.LiCl in THF.
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2-38

5-Bromooxazole-4-carbonitrile (2-38). A fresh 0.65 M solution of TMPZnCl-LiCI**® in
THF (8.99 mL, 5.85 mmol) was added drop wise to a solution of 2-37 (0.500 g, 5.31 mmol) in
anhydrous THF (3 mL) at -78 °C under an atmosphere of nitrogen and stirred for 2 h. Bromine
(0.301 mL, 5.85 mmol) was introduced drop wise and the reaction was warmed to 0 °C. After 1
h, the reaction was sequentially diluted with a saturated aqueous solution of ammonium chloride
(10 mL) and a saturated aqueous solution of sodium thiosulfate (10 mL). The resulting mixture
was extracted with ether (20 mL, three times) and the combined organic solutions were dried
(MgSOQ,), filtered, concentrated under reduced pressure, and purified by chromatography on
silica (20% ethyl acetate in hexane) to provide 2-38 (0.552 g, 3.19 mmol, 60%) as a yellow oil:
Rf (20% ethyl acetate in hexane) 0.53; "H NMR (CDCls, 300 MHz) & 8.21 (s, 1 H); *C NMR

(CDCl3, 125 MHz) 6 149.3, 136.0, 117.6, 110.2.

QBz
N

U

2-40a
Pyrrolidin-1-yl benzoate (2-40a). Pyrrolidine (1.52 mL, 18.6 mmol) was added
portionwise to a mixture of benzoyl peroxide (4.50 g, 18.6 mmol), disodium phosphate (2.96 g,
27.9 mmol) in anhydrous DMF (37 mL) at room temperature under an atmosphere of nitrogen.
The reaction was stirred for 3 h, diluted with ethyl acetate (100 mL), and washed with water (40

mL, three times) and a saturated aqueous solution of sodium bicarbonate (40 mL, twice). The
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resulting organic solution was dried (MgSQ,), filtered, concentrated under reduced pressure, and
purified by chromatography onsilica (20% ethyl acetate in hexane) to provide 1 (1.81 g, 9.47
mmol, 51%) as a tan solid: Rf (20% ethyl acetate in hexane) 0.17; "H NMR (CDCls, 500 MHz)
0 7.98-7.96 (m, 2H), 7.55 (tt, J= 7.4, 1.5 Hz, 1H), 7.44-7.41 (m, 2H), 3.33-3.30 (m, 4H), 1.97 (s,

4H).

O N-OBz
\__/

2-40b

Morpholino benzoate (2-40b). Morpholine (1.60 mL, 18.6 mmol) was added
portionwise to a mixture of benzoyl peroxide (4.50 g, 18.6 mmol), disodium phosphate (2.96 g,
27.9 mmol) in anhydrous DMF (37 mL) at room temperature under an atmosphere of nitrogen.
The reaction was stirred for 3 h and then diluted with ethyl acetate (100 mL) and washed with
water (40 mL, three times) and a saturated aqueous solution of sodium bicarbonate (40 mL,
twice). The resulting organic solution was dried (MgSQ,), filtered, concentrated under reduced
pressure, and purified by chromatography on silica (20% ethyl acetate in hexane) to provide 2-
40b (2.29 g, 11.1 mmol, 59%) as a white solid: Rf (20% ethyl acetate in hexane) 0.16; '"H NMR
(CDCl3, 500 MHz) 6 8.02-8.00 (m, 2H), 7.59-7.56 (m, 1H), 7.45 (t, J = 7.7 Hz, 2H), 3.99-3.85

(m, 4H), 3.45 (d, J = 9.6 Hz, 2H), 3.06-3.03 (m, 2H).

/\
Boc-N N-OBz
_/

2-40c
Tert-butyl 4-(benzoyloxy)piperazine-1-carboxylate (2-40c). 1-Boc-piperazine (2.50 g,

13.4 mmol) was added portionwise to a mixture of benzoyl peroxide (3.25 g, 13.4 mmol),
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disodium phosphate (2.86 g, 20.1 mmol) in anhydrous DMF (27 mL) at room temperature under
an atmosphere of nitrogen. The reaction mixture was stirred for 2.5 h, diluted with ethyl acetate
(100 mL), and washed with water (30 mL, three times) and a saturated aqueous solution of
sodium bicarbonate (30 mL, twice). The resulting organic solution was dried (MgSQO,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (20% ethyl
acetate in hexane) to provide 2-40c (2.72 g, 8.88 mmol, 66%) as a white solid: Rf (20% ethyl
acetate in hexane) 0.17; "H NMR (CDCls;, 500 MHz) & 8.01-7.99 (m, 2H), 7.59-7.56 (m, 1H),
7.45 (t,J=7.8 Hz, 2H), 4.03 (s, 2H), 3.44 (s, 2H), 3.32 (s, 2H), 2.92 (s, 2H), 1.48 (d, J = 0.6 Hz,

9H).

QBZ

Ph Ny

2-40d

O-benzoyl-N-benzyl-N-methylhydroxylamine (2-40d). N-Benzylmethylamine (1.73
mL, 13.4 mmol) was added portionwise to a mixture of benzoyl peroxide (3.25 g, 13.4 mmol),
disodium phosphate (2.86 g, 20.1 mmol) in anhydrous DMF (27 mL) at room temperature under
an atmosphere of nitrogen. The reaction mixture was stirred for 2 h, diluted with ethyl acetate
(100 mL), and washed with water (30 mL, three times) and a saturated aqueous solution of
sodium bicarbonate (30 mL, twice). The resulting organic solution was dried (MgSQO,), filtered,
concentrated under reduced pressure, and purified by chromatography on silica (25% ethyl
acetate in hexane) to provide 2-40d (2.88 g, 11.9 mmol, 89%) as a colorless oil: Rf (20% ethyl
acetate in hexane) 0.34; "H NMR (CDCls, 500 MHz) & 7.90 (dd, J = 8.4, 1.3 Hz, 2H), 7.54-7.51

(m, 1H), 7.43-7.38 (m, 4H), 7.33-7.30 (m, 2H), 7.28-7.25 (m, 1H), 4.17 (s, 2H), 2.93 (s, 3H).

294



OBz
/\/N\/\

2-40e

N,N-diallyl-O-benzoylhydroxylamine (2-40e). Diallylamine (2.29 mL, 18.6 mmol) was
added portionwise to a mixture of benzoyl peroxide (4.50 g, 18.6 mmol), disodium phosphate
(2.96 g, 27.9 mmol) in anhydrous DMF (37 mL) at room temperature under an atmosphere of
nitrogen. The reaction mixture was stirred for 6 h, diluted with ethyl acetate (100 mL), and
washed with water (40 mL, three times) and a saturated aqueous solution of sodium bicarbonate
(40 mL, twice). The resulting organic solution was dried (MgSQ,), filtered, concentrated under
reduced pressure, and purified by chromatography on SiO, (20% ethyl acetate in hexane).
Desired fractions were combined and washed with a saturated aqueous solution of sodium
bicarbonate (50 mL, four times). The resulting organic solutions were dried (MgSQO,), filtered,
and concentrated under reduced pressure. The resulting material was dissolved into methanol (25
mL) and diluted with a saturated aqueous solution of sodium thiosulfate and stirred overnight.
The mixture was extracted with methylene chloride (50 mL, three times). The combined organic
solutions were dried (MgSQO,), filtered, and concentrated under reduced pressure to provide 2-
40e (1.96 g, 9.01 mmol, 49%) as light-yellow oil: Rf (20% ethyl acetate in hexane) 0.36; 'H
NMR (CDCls, 300 MHz) 6 7.98 (dd, J = 8.4, 1.4 Hz, 2H), 7.58-7.53 (m, 1H), 7.46-7.40 (m, 2H),

6.02 (ddt, J=17.0, 10.3, 6.7 Hz, 2H), 5.30-5.16 (m, 4H), 3.67 (dt, J = 6.6, 1.1 Hz, 4H).
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2-41a

5-(Pyrrolidin-1-yl)oxazole-4-carbonitrile (2-41a). A 0.95 M solution of TMPZnCl-LiCl
in THF (1.23 mL, 1.17 mmol) was added dropwise to a solution of 2-37 (0.100 g, 1.063 mmol)
in anhydrous THF (5.32 mL) at -78 °C under an atmosphere of nitrogen and stirred for 2 h. A
solution of 2-40a (0.224 g, 1.28 mmol) and copper (II) acetate (0.0193 g, 0.106 mmol) in
anhydrous THF (1 mL) was added and the reaction mixture was slowly warmed to room
temperature and stirred for 22 h. The reaction mixture was quenched with a saturated aqueous
solution of ammonium chloride (10 mL), and extracted with ethyl acetate (15 mL, three times).
The combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced
pressure, and purified by chromatography on silica (20% ethyl acetate in hexane) to provide 2-
41a (0.116 g, 0.713 mmol, 67%) as a tan solid: Rf (20% ethyl acetate in hexane) 0.21; Mp
(CH,Cly) 109-111 °C; IR 3160.2, 2969.0, 2883.1, 2235.2, 1643.0 cm™; "H NMR (CDCls, 500
MHz) & 7.67 (s, 1H), 3.53-3.50 (m, 4H), 2.02-1.99 (m, 4H); *C NMR (CDCls, 125 MHz) &
160.3, 139.9, 114.7, 112.9, 47.5, 25.6; LC-MS (ES) m/z caled for CsH;oON; [M+H]" 164.0818,

found 164.0818.

WO
Q} N
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2-41b
5-Morpholinooxazole-4-carbonitrile (2-41b). A 1.05 M solution of TMPZnCI-LiCl in
THF (1.11 mL, 1.17 mmol) was added dropwise to a solution of 2-37 (0.100 g, 1.06 mmol) in

anhydrous THF (5.3 mL) at -78 °C under an atmosphere of nitrogen and stirred for 2 h. A
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solution of 2-40b (0.264 g, 1.28 mmol) and copper (II) acetate (0.0193 g, 0.106 mmol) in
anhydrous THF (1 mL) was added and the reaction mixture was warmed to room temperature
and stirred for 18 h. The reaction mixture was quenched with a saturated aqueous solution of
ammonium chloride (15 mL) and extracted with ethyl acetate (15 mL, three times). The
combined organic solutions were dried (MgSQO,), filtered, concentrated under reduced pressure,
and purified by chromatography on silica (20% ethyl acetate in hexane). The selected fractions
were combined, washed with a saturated aqueous solution of sodium bicarbonate (15 mL), dried
(MgSOQ,), filtered, and concen