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Abstract

Aminopeptidase N (APN) is a ubiquitous transmembrane ectoenzyme that is widely present in
different types of cells. APN is a member of the zinc dependent M1 aminopeptidase
superfamily of enzymes. APN is one of the most extensively studied metalloaminopeptidases
as an anti-cancer target due to its significant role in the regulation of metastasis and
angiogenesis. Compelling evidence has demonstrated a strong relationship between
dysregulation of APN activity and the development of human malignancies through
extracellular matrix (ECM) degradation, tumour cell migration, and invasion. Despite
continuous efforts over the past decades, few inhibitors have demonstrated desirable efficacy.
Thus, there is an on-going interest to develop potent APN inhibitors as potential anti-cancer

drug candidates.

Previous research identified a hydroxamic acid containing analogue, N-(2-(hydroxyamino)-2-
oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)ethyl)pivalamide (1) as a potent inhibitor of the
APN homologue from the malaria parasite, Plasmodium falciparum, (PfA-M1). This thesis
describes the rationale behind the repurposing of 1 as a novel APN inhibitor for the treatment
of cancer. A series of hydroxamic acid analogues were designed using a structure-based design
approach. The N-pivaloyl group of 1 was replaced with various alkyl and aromatic linkers, and
the synthesised compounds were evaluated for their inhibitory activity against APN. Among
the series of compounds, the methylsulfonamide analogue 6ad was identified as an extremely
potent inhibitor of APN, which was 26-fold more potent than compound 1. Computational
modelling studies demonstrated that 6ad engaged in several hydrophobic and hydrogen
bonding interactions at the S1 and S1' subsites of APN. The inhibitor was also selective against
other zinc dependent enzymes such as matrix metalloproteases (MMPs), possessed limited

cytotoxicity against Ad293 cells and had favourable metabolic and plasma stability properties.



Physicochemical property studies found that 6ad had sub-optimal kinetic solubility. Therefore,
a number of modifications to the lipophilic 3,4,5-trifluorophenyl ring were made to optimise
the binding interactions at the S1 subsite of APN, which has not been explored in the previous
studies, as well as to improve the solubility. A variety of synthetic strategies were extensively
explored for optimisation of multiple synthetic pathways. Suzuki-Miyaura coupling reaction
condition between aryl bromide, arylboronic acids and cycloalkylboronic acids were
successfully optimised to synthesise analogues containing biphenyl and cycloalkyl-aryl
scaffolds. A diverse set of synthetic approaches were employed to generate piperidyl and
piperazinyl compounds through Buchwald-Hartwig aminations. In vitro enzymatic assays
revealed that the 3-fluorophenyl analogue 6f was the most potent inhibitor of this project,
exhibiting a remarkable inhibitory activity of Ki®® = 0.66 nM. This was 178-fold more potent
than compound 1 with reduced cLogP value of 1.81. Molecular docking studies of selected
compounds were performed to investigate the differences in the binding interactions between
each inhibitor. Cell-based assays were conducted to measure the potential anti-proliferative
activity of selected compounds in a cellular environment. Despite being a potent enzyme
inhibitor, compound 6f showed weak anti-proliferative activity against certain types of cancer

cell lines.

Finally, the central phenyl group of the scaffold was proposed to replace with heteroaromatics
such as pyridine and pyrimidine or acetylene group. A number of synthetic pathways were
developed to synthesise a small series of compounds. However, the optimisation of the

synthesis was challenging and requires further investigation in the future.
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Chapter 1: Introduction

1.1 Cancer

Cancer is one of the most concerning health problems in Australia. There are over one million
people who are either living with or have lived with cancer, and the number of new cancer
cases in Australia was estimated to reach 145,000 in 2019.! Although there has been a
promising increase in cancer survival rates and reduced rates of cancer mortality, cancer is still
the second most common cause of death in Australia and accounts for approximately three in
every 10 medical deaths.! Chemotherapeutic agents to treat cancer can range from small
molecules to antibodies and include effective block-buster drugs such as methotrexate,? 3

actinomycin-D,* ® 5-fluorouracil,® and trastuzumab’ (Figure 1.1).
o Ox,OH
0
)I I

Methotrexate Trastuzumab

O N\ F
. ; HNTS
' N o}\u 0

5-Fluorouracil

Actinomycin-D _ O;\
)\/Nm)\/>
o)
Figure 1.1. Structures of block-buster anti-cancer drugs (PDB ID 5XHG for

trastuzumab).



However, many cancer drugs are associated with undesirable side effects, primarily due to their
non-selective activity toward non-cancerous cells. Complications from these adverse side
effects can lead to detrimental cardiac, hepatic, renal, pulmonary and haematological
toxicities.®*2 In addition, the chronic use of anti-cancer drugs inevitably accompanies drug
resistance and reduces its efficacy.!® 14 Therefore, the development of novel anti-cancer drugs

with less toxicity, improved efficacy, and higher selectivity continues to be critically important.

1.2 Cancer Targets and Drugs

With the ever-growing interests in the discovery of less toxic and more selective anti-cancer
agents, extensive research has been conducted to identify and characterise therapeutic targets
for cancer.r® 18 In the last few decades, identification of new anti-cancer targets at the molecular
level has focused on the biological processes that are important for cancer progression, such as
angiogenesis and metastasis.'> 1*® Better understanding of the cell cycle and apoptosis
pathways have also allowed researchers to develop diverse anti-cancer agents.*> 2% 2 Insights
into cancer biology revealed a variety of molecules regulating the cellular signal transduction
machinery, and the most extensively researched area was on protein kinases.* 22 The following
section provides brief explanations on various cancer targets involved in angiogenesis, cell

cycle, and apoptosis, as well as inhibitors that disrupt these three pathways.

1.2.1 Protein Targets Involved in Angiogenesis and Current Drugs

Angiogenesis is the formation of new blood vessels from pre-existing microvasculature.? In
normal physiological conditions, angiogenesis occurs during embryogenesis, menstruation,
and wound healing, and the level of angiogenesis is tightly controlled.?* 2> However in
abnormal conditions such as cancer, uncontrolled level of angiogenesis persists and stimulates
the cancer growth by providing nutrients and oxygen to cancer cells.?> 2 Therefore,

angiogenesis is a requirement not only for continuous cancer growth, but also for metastasis.?”
28

According to compelling experimental and clinical data, it has been shown that most human
cancers can survive for months to years without blood supply until a set of cancer cells acquires
an angiogenic phenotype by a phenomenon called ‘angiogenic switch’.22-3 The activation of
the angiogenic switch is characterised by the increased release of angiogenic factors, mobilised
angiogenic proteins from the extracellular matrix (ECM), and activation of host cells such as

macrophages which produce their own angiogenic molecules.’> 26 2. 30 The angiogenic

2



molecules released send signals to the surrounding normal host tissue and activate genes to

produce proteins that stimulate the growth of new blood vessels.*®

After decades of research on the biology of cancer angiogenesis, a number of molecular targets
for angiogenesis inhibition have been uncovered. ° 3 32 Currently, most of the targets of
angiogenesis are classified into three groups — endothelial cells, endothelial cell growth factor
receptors, and extracellular matrix proteinases.> 22 The early studies of angiogenesis inhibitors
focussed on the discovery of molecules that disrupt the formation of tube networks by
endothelial cells, which are the major components constituting blood vessels.'® Angiostatin and
endostatin are the two peptidyl compounds discovered that effectively antagonised the
angiogenic actions of endogenous angiogenic protein, angiogenin.’® Previous studies indicated
that these 20 — 38 kDa proteins inhibited endothelial cells proliferation, angiogenesis and

tumour growth. 3437

Considerable efforts in anti-angiogenic cancer drug discovery have also been focussed on the
growth factors and growth factor receptors that involve in endothelial cell proliferation.™ The
most studied targets among this class of anti-cancer agents are the vascular endothelial growth
factor (VEGF) and its receptor VEGFR-2.%% 3 VEGF is an angiogenesis inducer responsible
for stimulating growth and proliferation of endothelial cells, as well as regulating the vascular
permeability.*4 VEGF is also a survival factor for endothelial cells by preventing the
apoptosis.** VEGFR-2 is a transmembrane tyrosine kinase that is exclusively expressed in
endothelial cells, therefore it is a promising target for angiogenesis inhibitors.® Bevacizumab
is a recombinant humanised monoclonal antibody to VEGF and blocks tumour cell-derived
VEGF-A to impair the development of new vessels, leading to cancer growth inhibition.**
Combination therapy of bevacizumab with other cancer drugs was assessed against various
types of cancer in clinical trial settings, and bevacizumab was approved by the Food and Drug
Administration (FDA) for the treatment of colorectal, non-small-cell lung, and glioblastoma
multiforme.'> 4548 Sunitinib and Sorafenib are orally available VEGFR inhibitors, and they

were approved by the FDA for renal cell carcinoma (Figure 1.2).15 4950

Another class of targets for angiogenesis inhibition that have been much studied is extracellular
matrix proteinases, particularly the matrix metalloproteinases family (MMPs).%! 52 MMPs
belong to the metzincin superfamily of metalloproteinases, and there are 28 subtypes of MMPs
identified (MMP1 —MMP28).52 MMPs induce angiogenesis by degrading ECM proteins which

3



allow the endothelial cells to invade the surrounding matrix.'®> Studies also suggest that MMP2
is up-regulated in all human cancers.> Many small molecule MMP inhibitors with extremely
potent activity at nanomolar to picomolar range have been developed.® > Some of the first-
generation MMP inhibitors contained hydroxamic acid as the zinc binding group (ZBG).%
Hydroxamic acid based inhibitor, batimastat, and its more water-soluble analogue, marimastat
(Figure 1.2), underwent clinical trials, however, their clinical performance was disappointing.>*
%658 More than 50 MMP inhibitors have been studied in clinical trials, and all of these trials
failed due to varied reasons including poor trial design, unstable metabolism, poor oral
bioavailability, dose-limiting toxicities, and poor knowledge of the complexity of biological

roles of MMPs 53: 54,59, 60

Sunitinib Sorafenib

Batimastat Marimastat

Figure 1.2. Structures of selected anti-angiogenic agents targeting VEGFR (Sunitinib and
Sorafenib) and MMPs (batimastat and marimastat).



1.2.2 Cell Cycle Regulators and Current Drugs

The cell cycle is a complex process consisting of mitosis (M), which is the cell division, and
interphase, which comprises the G:1 (pre-DNA synthesis), S (DNA synthesis), and G2 (pre-
division) phases.? ®1 After interphase, the cell cycle returns to the Go phase (quiescence).? 61
The cell cycle is tightly regulated by different checkpoints under normal physiological
conditions, however, many human cancers are characterised by dysregulated cell cycle,
resulting in uncontrolled growth of cancer cells.’> % % Each stage in the cell cycle is
meticulously regulated by cyclin-dependent kinases (CDKs), a family of serine/threonine
protein kinases, and their regulatory partners, the cyclins.?% 6466 CDK-cyclin complexes are the
key regulatory molecules of the cell cycle, therefore intensive studies have been conducted to
design various CDK inhibitors in order to disturb aberrant cell growth.?® % Among the first-
generation CDK inhibitors, Flavopiridol is one of the most tested in clinical trials (Figure 1.3).
Flavopiridol is a semi-synthetic flavonoid derived from an alkaloid isolated from Dysoxylum
binectariferum and it was primarily used for the treatment of rheumatoid arthritis.®’
Flavopiridol induces cell cycle arrest at the G1 or G2/M phase by association with CDKs 1, 2,
4,6,7, and 9.°8 Despite comprehensive clinical trials, Flavopiridol failed to receive an approval
as an effective anti-cancer agent due to dose-limiting toxicities from poor selectivity.?
Therefore, a new generation of compounds that are capable of inhibiting selective CDKs were
discovered.? For example, Palbociclib is an oral, reversible, and selective CDK4/6 inhibitor
that inactivates early Gi kinases (Figure 1.3).2% % Palbociclib was approved by the FDA for

certain advanced or metastatic breast cancer in combination with other anti-cancer drugs.”

Flavopiridol Palbociclib

Figure 1.3. Structures of CDK inhibitors Flavopiridol and Palbociclib.



1.2.3 Apoptosis Modulators and Current Drugs

Alongside angiogenesis and cell cycle modulators, apoptotic cell death is an attractive pathway
for anti-cancer drug discovery.® Apoptosis is caused by chronological activation of protease
enzymes caspases via two distinct but congregating signalling pathways — the intrinsic and
extrinsic pathways.’" 2 The intrinsic pathway, also known as mitochondrial pathway, is mainly
controlled by Bcl-2 protein family.”> A study has established that Bcl-2 protein family
determines the survival of cells and increased level of anti-apoptotic proteins are responsible
for the progression of various cancers.” Oblimersen sodium is an 18-base antisense
phosphorothioate oligonucleotide that binds to Bcl-2 mRNA to downregulate the expression
of Bcl-2.2% 747 According to several clinical trials, Oblimersen sodium is the most promising
inhibitor of anti-apoptotic Bcl-2 protein for lymphoma.”® In addition, its effectiveness as
combination therapy has been evaluated in numerous clinical settings for other types of cancers

such as multiple myeloma and small-cell lung cancer.”” "

Histone deacetylases (HDACS) are an important class of enzymes involved in tumorigenesis.
HDACSs enzymatic activity involves the removal of an acetyl group from histones, and over-
expression of HDACSs has been observed during critical events of tumorigenesis.”8! A genetic
knock-down of HDAC-1, -2, -3, and -6 resulted in an induced apoptosis and cell cycle arrest
in different cancer types, suggesting that HDAC activity is a critical marker for survival and
tumorigenic capacity.®? A range of HDAC inhibitors have been discovered to be anti-cancer
agents targeting cell apoptosis.? Among them, Vorinostat, Romidepsin, and Belinostat have
been approved by the FDA for the treatment of refractory cutaneous T-cell lymphoma or

peripheral T-cell lymphoma (Figure 1.4).83-%
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Figure 1.4. Structures of selected HDAC inhibitors.



1.3 Aminopeptidase N

Aminopeptidase N (APN/CD13; EC 3.4.11.2) is a member of M1 aminopeptidase superfamily
of enzymes (protease clan MA) that catalyse the cleavage of amino acids from the N-terminus
of polypeptide substrates.®® APN is a ubiquitous transmembrane ectoenzyme that can be found
in various cell types including renal, intestinal, fibroblast, endothelial and tumour cells.®” &
APN displays an identical gene sequence to the human lymphocyte surface cluster of
differentiation CD13 antigen, therefore APN is also called as CD13.8°! The enzyme is
involved in various biological responses with different roles.®> Many peptides including
Angiotensin 111 and IV, neuropeptides and chemokines are processed by APN.% In addition,
APN acts as a signalling molecule for cell adhesion and endocytosis and is also a receptor for

coronavirus.% %97

APN is one of the most studied metalloaminopeptidases associated with cancer.2® A strong
correlation between the level of APN expression of a cell and its invasive characteristics has
been established through multiple studies.®® Dysregulation of APN has been found to evolve
in almost all types of human malignancies.*® Over-expression of APN has been observed in
small cell lung carcinoma,® thyroid carcinoma,!® acute myeloid leukaemia,'®* colon
carcinoma'®? and prostate carcinoma.®® Selective expression of APN was also found on the
surface of angiogenic blood vessels that are mostly absent in normal blood vessels.104 1% |n
addition, APN activity affects metastasis, which contributes to more than 90% of cancer related

deaths, by promoting cell adhesion, cell motility, angiogenesis and ECM degradation,0¢: 107, 108

1.4 Multi-functionality of APN

1.4.1 Enzymatic Activity of APN

APN is described as a “moonlighting” enzyme due to its multi-functional roles: an enzyme to
cleave peptide substrates, a receptor, and a signalling molecule (Figure 1.5).9 The proteolytic
activity of APN involves the removal of N-terminal amino acids from unsubstituted
oligopeptides, amide, or arylamide.*®® APN has a broad substrate specificity from hydrophobic
to Dbasic amino acid residues, and the order of favoured substrates is:
Ala>Phe>Tyr>Leu>Arg>Thr>Trp>Lys>Ser>Asp>His>Val.1®® 1% The most well-known
enzymatic function of APN is hydrolysis of the N-terminal Arg residue of Angiotensin Il to

produce Angiotensin IV as a part of renin-angiotensin system to control blood pressure.®? 111
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APN is also responsible for the inactivation of the neuropeptide hormones, endorphins and
enkephalins.*? 112 Other peptides or proteins such as tuftsin, kinins, hemorphins, chemokines,
and ECM proteins are also substrates of APN,108 112, 114-116

. : * Angiogenesis
Slgnalllllg * Cell adhesion
Molecule | « Phagocytosis

Receptor
for

endocytosis
* Viral receptor

» Cholesterol uptake
* Cholesterol
crystallisation

Exo-peptidase
* Peptide processing
« Tumour cell invasion
* Proliferation

« Differentiation
» Antigen presentation

Figure 1.5. Various biological roles of APN as enzyme, receptor, and signalling molecule.

1.4.2 APN is a Cell Surface Receptor

One of the intensively investigated functions of APN is its role as a viral receptor in various
species.®> Mammalian APN has been reported to behave as the cell entry receptor for canine
enteric coronavirus (CCoV), feline enteric coronavirus (FCoV), porcine transmissible
gastroenteritis virus (TGEV), porcine deltacoronavirus (PDCoV), and human respiratory
coronavirus 229E (HCoV229E).%" 117121 CoV recognition of APN was known to be species
specific which was associated with N-linked glycosylations in APN.*?? Reguera et al. disclosed
crystal structures of the receptor-binding domains of TGEV and porcine respiratory CoV
(PRCV) bound to porcine APN (pAPN) or neutralising antibodies.*?® The results indicated that
these CoVs attached to the cell surface of APN for entry into host cells, and the potent TGEV
neutralising antibodies 6AC3 mAb was able to prevent infection.'?® In addition, more recent
research by Santiago et al. demonstrated the significance of APN dynamics in its activities as

a receptor and an enzyme.*?* The crystal structures of human and porcine APN were obtained



as closed, intermediate and open conformations which represented characteristic functional
states.'? The studies also revealed that CoVs specifically recognised the open conformation
and the allosteric binding of virus proteins prevented conformational change to the closed state,
which consequently disrupted enzymatic activity of APN.1%4

Furthermore, APN has been known to involve in cholesterol absoprtion.'?® The mechanism of
how Ezetimibe, an inhibitor of cholesterol intestinal absorption, was not understood until
Kramer et al. found out that Ezetimibe analogues specifically bound to APN.1%126 The results
also proposed that the cellular trafficking of APN between plasma membrane and intracellular

compartments were disturbed by Ezetimibe.*?®

1.4.3 APN is a Signalling Molecule

Another role of APN unrelated to its enzymatic activity could be explained as a signalling
molecule involved in signalling transduction cascades. %" A series of research using APN
mADbs by Santos et al. demonstrated that APN increased the calcium ion release to activate
monocytes either by phosphorylating tyrosine kinases such as mitogen-activated protein kinase
(MAPK), or by activating inositol triphosphate receptor coupled calcium ion channels.*?” It
was hypothesised that the signalling transduction of APN was likely to involve other auxiliary
proteins due to its short cytoplasmic domain that does not possess any signalling sequences.®*
127,128 |_ater studies identified a number of proteins that were associated with APN in signalling
transduction and they included galectin-3, galectin-4, and reversion-inducing cysteine-rich
protein with kazal motifs and tumour-associated antigen L6.297 12%-131 Bjological processes
involving the signalling function of APN include angiogenesis, cell adhesion, and

phagocytosi5.92, 107, 132, 133



1.5 APN as a Therapeutic Target for Cancer

APN has been intensively studied as a therapeutic target for a variety of diseases including
auto-immune diseases of the central nervous system (CNS), inflammatory bowel diseases,
collagen vascular diseases, systemic sclerosis, rheumatoid arthritis, and infective viral
diseases.?® 413" However, the most heavily researched area is focussed on developing APN
inhibitors for the treatment of various cancers.® Numerous in vitro and in vivo experiments
have proven that APN contributes to angiogenesis, tumour growth, and metastasis, suggesting
that it is an attractive therapeutic target for various cancers.®

1.5.1 Role of APN in Angiogenesis

Angiogenesis is the formation of new blood vessels from pre-existing vasculature.1% 138 |n
normal cells, the process stays transient, but in tumour cells angiogenesis is persistent.1% 1% In
vivo studies by Pasqualini et al. demonstrated that APN is responsible for increasing the level
of angiogenesis.'® An asparagine-glycine-arginine (NGR) motif was discovered during in
vitro screenings using phage-display libraries to identify non-arginine-glycine-aspartic acid
(RGD) integrin binding motifs.14%12 The NGR peptides was shown to bind strictly to the
endothelium of angiogenic blood vessels.**® Further studies discovered that an APN isoform
that is expressed in angiogenic blood vessels acts as a vascular receptor, rather than an enzyme
for the NGR motif.1%* Due to specific binding to APN, the NGR motif is considered as a homing
device for targeted drug delivery, and it has been conjugated with anti-cancer agents in clinical
studies.** In a Phase | study, human tumour necrosis factor integrated NGR (NGR-hTNF) in
combination with cisplatin displayed anti-tumour activity with a favourable toxicity profile.}4*
NGR-hTNF is currently in Phase Il clinical trials for further evaluation in combination with
standard chemotherapy for metastatic colorectal cancer.*®

A study by Bhagwat et al. showed that APN aminopeptidase activity is an important regulator
of endothelial morphogenesis during angiogenesis.**® Up-regulation of APN levels in primary
endothelial cells and cell lines were observed in response to hypoxia, angiogenic growth factors
(bFGF, VEGF, TNFo and IGF-1) and signals regulating capillary tube formation.'*® In addition,
treating HUVECs on Matrigel with APN inhibitors bestatin or amastatin, or with mAb MY7
that interferes APN activity resulted in disrupted capillary tube formation.**® However, the
proliferation of primary vascular endothelial cells was not affected by APN inhibitors,

indicating that APN is important in controlling endothelial cell morphogenesis. 4
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1.5.2 Role of APN in Tumour Growth

The level of APN expression in both tumour and host cells was found to affect tumour
growth.}*” Rangel and colleagues generated APN-null mice, which displayed impaired
neovascularisation in response to hypoxia or growth factor.!*® Subsequent studies by Guzman-
Rojas et al. investigated the role of APN in tumour growth by injecting B16F10 melanoma
cells expressing control-shRNA and APN-shRNA into wild-type and APN-null mice.**’ Post
injection analysis indicated that the wild-type mice that received APN-positive cancer cells
developed an enlarged tumour.* In contrast, a reduction in tumour weight and volume were
observed in APN-null mice.**® Tumours generated from APN-shRNA cells showed a notable
reduction in the tumour growth in wild-type mice.'*® The most remarkable inhibition of
tumorigenesis was found when APN-shRNA cells were injected into APN-null mice, which
showed almost negligible growth after two weeks of administration.!*® These results indicated

the importance of the level of APN expression in both tumour cells and host cells.

1.5.3 Role of APN in Metastasis

Metastasis is a complex multistep process of cell migration, cell invasion, and angiogenesis,
and it is the major cause of cancer related deaths worldwide.'%: 14%-151 Multiple studies have
shown that APN enzymatic activity is involved in ECM degradation, an essential step for
metastasis.1% 15213 Yoneda and co-workers demonstrated that bestatin inhibits tumour cell
invasion and aminopeptidase activity of both murine and human metastatic cells.®? In vitro
studies conducted by Saiki et al. showed that APN is responsible for an increased level of
tumour metastasis by facilitating ECM degradation.'® Later, Liang et al. determined the
correlation between enzymatic and signalling functions of APN in osteosarcoma invasion.!?
Their studies indicated that APN plays an imperative role in modulating the signalling pathway
by the activation of MAPK, phosphoinositide 3-kinases (PI3K) and transcription factor NF-
kB.1® The activation of MAPK/PI3K signalling cascade triggers MMP-2 and MMP-9 to

promote migration and invasion (Figure 1.6).1%
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Figure 1.6. Proposed signalling pathways of substrate-bound APN to achieve degradation
of ECM. Adapted from Liang et al.'>®

1.6 Structure of APN

1.6.1 M1 Aminopeptidase Superfamily

The M1 aminopeptidases superfamily are zinc-dependent enzymes that can be found in all
kingdoms of life except viruses.!'® The M1 metallo-exopeptidases can exist as monomers
and/or dimers, and can be membrane-bound, surface-exposed, or cytosolic.%? 134 15° Generally,
M1 aminopeptidases consist of a short tail from the transmembrane anchor and a large
ectodomain which contains relatively conserved three of four domains.’®® Sequence
comparison and site-directed mutagenesis have demonstrated that most M1 aminopeptidases

family members possess identical zinc coordination and mechanism of action to
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thermolysin.’>"% In addition, domain 11 of M1 metalloaminopeptidases is known as a catalytic
domain where the two important consensus zinc binding motif HEXXHX1gE and substrate-
recognising motif GXMEN are found.110 1%6. 160. 161

1.6.2 Crystal Structure of APN

APN is a zinc dependent aminopeptidase consisting of 967 amino acids with a relative
molecular mass of ~110 kDa.'® As a member of the M1 aminopeptidase superfamily, APN
shares many structural similarities with other M1 metalloaminopeptidases. Figure 1.7 shows

the structure of APN consisting of seven domains characteristic of M1 family proteins.**
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Figure 1.7. Schematic illustration of APN dimer structure and the zinc coordination in
the native state of APN. Proposed structure of the seven domains of APN are illustrated in a
dimer formation on the left. The key zinc binding residues and acetate from crystallisation
buffer are shown as yellow sticks on the right. The catalytic zinc is the grey sphere. Interactions
between the zinc and residues are shown as black dashed lines (PDB 1D 4FYQ).!10

APN is comprised of cytoplasmic domain (residues 1-9, red), transmembrane segment
(residues 10-32, navy), and the serine/threonine-rich stalk (residues 33-65, brown).**® The ecto-
domain(s) of APN structure continues with domain | (residues 66-287, blue) and domain I1
(residues 288-549, yellow).!° Domain I1 also referred to as the catalytic domain and is where
the enzymatic activity occurs, and the catalytic zinc metal, consensus 38HEXXHXsE*! and
352G XMEN?*® motifs are found.**® Wong et al. also disclosed that the catalytic zinc of unbound

APN state forms a pentahedral complex with His*®, His**?, GIlu*!, and acetate oxygen atoms

13



from crystallisation buffer (Figure 1.7).1° Domain 111 (residues 549-636, green), adopts a [3-
sandwich fold and lastly, domain IV (residues 637-967, magenta) assumes a six a-helical
superhelix appearance, and it is responsible for creating the dimeric interface through
hydrophobic interactions and salt-bridge network.!'® Structures of APN complexed with
peptidomimetic inhibitors such as bestatin and amastatin, and as well as its endogenous

substrate angiotensin IV have also been reported.*'

A dimer arrangement of M1 aminopeptidases is rare in lower order species that to date have
only been identified as functional monomers.>¢ 161-166 |nterestingly, APN is typically reported
as a dimeric ectoenzyme with a short N-terminal cytoplasmic domain and large cellular
ectodomain containing the active site, although a soluble form of monomeric APN has also
been identified in the blood.110: 138,156,167, 168 Tha crystal structure of APN revealed the dimeric
arrangement of the enzyme (Figure 1.8) where two monomers of APN are connected by non-

covalent interactions, including hydrogen bonding and salt-bridge interactions at domain V.10

Figure 1.8. Structure of hAPN dimer. Highlighted are the four domains; domain I (blue), 11
(yellow), I11 (green), IV (magenta, grey). Domain IV of each monomer and key residues
involved in the dimeric interaction are shown in magenta and grey. Interactions between the
key residues are illustrated as black dashed lines (PDB ID 4FYQ).!1°
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Functional reasons for the dimer formation of APN have been proposed by Chen et al.*®® Firstly,
cell-surface ectoenzymes encounter harsher environments than intracellular enzymes, therefore,
dimerisation may be essential for stability.™®® Secondly, the M1 aminopeptidase family
enzymes undergo a large conformational change, from a closed or open conformation as part
of their proteolytic activity, and the dimer formation may provide flexibility to facilitate

conformational changes of APN.%

1.6.3 APN’s Catalytic Mechanism

APN has a relatively broad specificity towards N-terminal amino acids of peptide substrates.*'%
1%6 The catalytic mechanism by which APN can cleave an N-terminal amino acid is thought to
be similar to that of thermolysin where an activated water molecule attacks the scissile bond of
peptide substrates.'®® 170 By performing site-directed mutagenesis, Luciani et al. proposed the
mechanism of substrate hydrolysis and revealed the significance of GIu®® in stabilising the
transition state of the enzyme (Figure 1.9).1° The zinc ion is coordinated to three amino acid
residues (His®®, His**2, Glu*'!) and a water molecule. Upon binding of a peptide substrate, the
water molecule is displaced to GIu®®. The carbonyl oxygen of the scissile bond and the free
amino group of the peptide substrate are near the zinc ion, forming a hexa-coordinated zinc

389 \which enhances its

complex (Figure 1.9A). The water molecule is polarised by Glu
nucleophilicity. In addition, the carbonyl carbon of the scissile bond becomes more
electrophilic due to the coordination of the carbonyl oxygen to the zinc ion. The water molecule
attacks the carbonyl carbon, while the zinc metal loses a bond with the free a-amino group,
which creates additional hydrogen bonds with Glu®>® (Figure 1.9B). In this transition state, the
zinc ion forms a penta-coordinated complex and the peptide bond carbon has a tetrahedral
geometry. A proton is transferred from GIu*® to the nitrogen atom (Figure 1.9C), then the

terminal amino acid is cleaved, followed by a second proton transfer (Figure 1.9D).
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Figure 1.9. APN mechanism of action. Coordination of the zinc ion is shown in blue dashed
lines. Hydrogen bonds between the water molecule, substrate and residues are shown in red
dashed lines. Curly arrows indicate the mechanism of chemical reactions occurring. Adapted

from Luciani et al.1"®



1.7 Current Inhibitors of APN

Since abundant scientific evidence has proposed APN as a potential therapeutic target for
cancer, awide range of APN inhibitors have been discovered and evaluated for their anti-cancer
activity. Current inhibitors of APN have been extensively reviewed in a number of literatures.
%.98,171-173 Degpite the tremendous effort to develop drug candidates for the treatment of cancer,
neither the European Medicines Agency (EMA) nor the FDA has approved any APN inhibitor
in an anti-cancer treatment setting.®® The main reasons for developed APN inhibitors to fail in
earlier stages of research include low efficacy, poor selectivity and unfavourable
physicochemical properties. There are ongoing clinical trials to assess the efficacy of two APN

inhibitors: the natural inhibitor, bestatin and a synthetic inhibitor Tosedostat.

1.7.1 Natural Inhibitors

1.7.1.1 Bestatin

One of the most studied and widely used APN inhibitors is bestatin (also known as Ubenimex,
Figure 1.10).1°0 174 Bestatin is a natural dipeptide originally isolated from Streptomyces
olivoreticuli.” This dipeptide analogue was initially used as an immuno-modulating agent by
inhibiting aminopeptidase B (inhibition constant (Ki) = 6 pM) and leucine aminopeptidase
(LAP, Ki = 9 nM).175-178 Bestatin was later found to inhibit APN with a Kj value of 3.03 uM
and exhibited anti-tumour activity.}’* 1’® Bestatin showed therapeutic activity against acute
myeloid leukaemia and lung cancer in clinical trials, and it is available in Japan as an adjuvant
therapy for acute non-lymphatic leukaemia.t’” 179181 A randomised study of bestatin in patients
with non-small cell lung cancer demonstrated that bestatin significantly improved survival
rates.’®2 Another randomised, double-blind placebo controlled clinical study on patients with
completely resected stage | squamous cell lung carcinoma demonstrated improved five-year
cancer-free survival.1”® However, combination therapy with bestatin for inoperable primary
lung cancer patients did not show a statistically significant difference compared to the control
group.®® Adjuvant treatment with other anti-cancer drugs for resectable gastric cancer patients
showed positive results for a restricted subgroup of stage 111 + 1V patients.'8*
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Figure 1.10. Structure of bestatin at physiological pH.

Bestatin inhibits APN by binding in the catalytic site and competing with natural substrates.'’
Scornik et al. and Rich et al. found that bestatin binds slowly at a low concentration resulting
in a delayed inhibition of APN.17® 18 The crystal structure of bestatin bound to APN showed
that bestatin has novel binding pose compared to all of the other available M1 aminopeptidase
- bestatin complexes.t!® ** The most significant difference was observed from the zinc
chelation. In APN, the terminal carboxylic acid of bestatin coordinated to the zinc, whereas in
other M1 aminopeptidases, the backbone hydroxy ketone of bestatin formed a complex with
the zinc (Figure 1.11).11% 1% APN is unable to hydrolyse bestatin because of the unique o-
hydroxy-B-amino acid group.*® Figure 1.11A illustrates the interactions that APN makes with
bestatin where its carboxylate group coordinates to the catalytic zinc.!*® A number of direct
and water-mediated interactions between Ser®®® and Asp!®, Leu'®®, Asp?®, and GIn?®3 residues
are formed. On the other hand, when bestatin is bound to porcine APN, the zinc forms a
complex with the backbone hydroxy ketone and the key zinc binding residues (Figure

1.11B).156
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Figure 1.11. Crystal structures of bestatin bound to APN (A) and pAPN (B). Interactions
between bestatin and enzymes are shown in black dashed lines. Bestatin is illustrated as a
magenta stick. Key residues of APN and porcine APN are shown in wheat and grey,
respectively. (PDB ID 4FYR and 4FYS).!10
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1.7.1.2 Other Natural APN Inhibitors
Besides bestatin, several other natural APN inhibitors have been identified. Figure 1.8 shows
some examples of natural APN inhibitors including amastatin, curcumin, probestin,

psammaplin A, actinonin and betulinic acid (Figure 1.12).
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Figure 1.12. Structures of selected natural APN inhibitors.

Amastatin was first isolated in 1978 from Streptomyces sp. ME98-83 as an aminopeptidase A
inhibitor.8 Similar to bestatin, amastatin is a slow-binding competitive inhibitor of APN.&
In vitro fluorometric assays in the presence of L-Ala-4-methyl-1-coumarylamide as the

competitive substrate confirmed that amastatin possessed weak inhibition activity against
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porcine APN with an ICso value of 3.16 pM.*8" The X-ray structure of human APN bound to
amastatin was revealed by Wong et al. which showed that amastatin has similar non-canonical
binding conformation to bestatin where the a-hydroxy-p-amino group coordinating with the
zinc ion to inhibit APN activity,10 18

Probestin is a tetrapeptide compound discovered from a program designed to find
microorganism-produced inhibitors of APN from Streptomyces azureus MH663-2F6.18
Aoyagi et al. performed an absorbance enzyme assay with L-Leu -naphthylamide as substrate,
and pobestin inhibited APN with a K; value of 19 nM.188

Actinonin is a natural hydroxamic acid compound which was first isolated from a Malayan
strain of Actynomycetes as an antibiotic.'8% 1% Screening the inhibitory activities of actinonin
against various aminopeptidases including leucine aminopeptidase, aminopeptidase A and
aminopeptidase B revealed that it was a selective APN inhibitor (Ki = 0.17 uM, ICsp = 0.2
uM). 187191 sybsequent studies by Xu et al. indicated that actinonin showed anti-tumour activity
against both APN-positive (HL60) and APN-negative (RAJI) leukaemic cell lines.**> Moreover,

actinonin induced G arrest and apoptosis in human leukaemic and lymphoma cells.1%2

Curcumin is a natural product isolated from rhizomes of Asian perennial herbs and the most
well-known representative is Curcuma longa L.}t Fluorometric in vitro high throughput
screenings showed that curcumin was an irreversible APN inhibitor with K; value of 11.2
HM.1%3 1t was also revealed that curcumin possessed APN inhibition activity in vivo against
human umbilical vein endothelial cells (HUVECs) and fibrosarcoma HT1080 cells 1Cso values
of 10 uM and 7 pM, respectively.'®® Curcumin has been recognised as a potential therapeutic
anti-cancer agents due to its capacity to suppress tumour progression, and to induce S and Go/M
phase arrest and apoptosis.'®* 1% Moreover, curcumin has been extensively studied in
innumerable clinical settings to determine its efficacy against a wide range of diseases
including cancers, inflammatory diseases and diabetes.!®® However, curcumin exhibited
limited efficacy in clinical trials due to poor absorption, rapid metabolism and systemic

elimination, which consequently led to limited bioavailability.'%: %7
Psammaplin A was first isolated from three different research groups in 1987 from unidentified

species of marine sponge, Psammaplysilla sp., and Thorectopsamma xana.'%-2% This phenolic

natural product was found to inhibit APN in a non-competitive manner with a K; value of 15
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LM and also suppressed angiogenesis in vitro.?%! In addition, psammaplin A was cytotoxic

against various cancer cell lines.2%2203

Betulinic acid is a pentacyclic that can be found from various vegetal species, and one of the
major source of betulinic acid is bark of several species of plants.1’* In vitro studies conducted
by Melzig et al. measured the inhibitory activity of betulinic acid against APN
spectrophotometrically, which was 1Cso value of 7.3 uM.?** Moreover, compelling evidence
supported that betulinic acid inhibited angiogenesis, metastasis, cell growth, and tumour
invasion, however the mechanism of action proposed was largely related to signalling

transductions instead of APN activity.2%>2"7

1.7.2 Synthetic Inhibitors

Despite the discovery of a number of natural products, most of them could not be pursued
further due to various reasons such as low efficacy, poor bioavailability, proteolytic lability,
rapid excretion, and short duration of action. Therefore, many research groups focussed on
developing a broad range of small molecule APN inhibitors with diverse chemotypes to
overcome these problems. Several synthetic APN inhibitors, including Tosedostat, cyclic
imides, 3-amino-2-tetralones, 3-amino-2-hydroxypriopionaldehydes, 3-amino-1-
hydroxypropan-2-ones, flavone-8-acetic acids, chloramphenicol amines, boronic acid
derivatives, and phosphonic and phosphinic acids are introduced in the following sections.

1.7.2.1 Tosedostat

The APN inhibitor Tosedostat (CHR2797) is an orally bioavailable hydrophobic prodrug that
is converted to the pharmacologically active drug (CHR79888) inside cells.?®® CHR79888 is a
potent inhibitor of multiple intracellular aminopeptidases and also displays anti-proliferative
activity against a range of cancer cell lines in vitro and in vivo.?® In addition, Tosedostat
displayed 300-fold improved anti-proliferative activity against leukaemic cell lines compared
to that of bestatin and favourable cytotoxic profile with myeloma cells.?% 21 Extensive phase
I and Il clinical trials of Tosedostat were conducted for the treatment of actue myeliod
leukaemia, pancreatic cancer, and non-squamous non small cell lung cancer.% 2% 211 |p
addition, Tosedostat demonstrated significant anti-leukemic activity in elderly or relapsing
patients with acute myeloid leukaemia.?*2
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Figure 1.13. Structure of CHR2797 and CHR79888.

1.7.2.2 Cyclic imides

Cyclic imides scaffolds were first introduced as novel non-peptide APN inhibitors by Miyachi
et al.?? Inhibition activity of the novel cyclic imides against APN and dipeptidyl peptidase 1V
(DPP-1V) were measured by intact-cell assays using human acute lymphoblastic leukaemia
cells.?'® The selective inhibition of two N-phenylhomophthalimide analogues towards APN

was confirmed (Figure 1.14A).213

A s
e i
0 0
ICso (APN) = 0.90 pg/mL ICso (APN) = 0.12 pg/mL
ICs0 (DPP-IV) = > 100 ug/mL ICso (DPP-IV) = > 100 pg/mL
B

0
| (0] (0] 0
o) N NQJ\N,OH 0 Q
N N A N oH
0 H H
NH, 0

ICs0 (APN) = 3.1 uM ICs0 (APN) = 1.8 uM

Figure 1.14. Structures of cyclic imide APN inhibitors containing (A) N-
phenylhomophthalimide and (B) hydroxamic acid.
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Later, Li et al. employed cyclic imide scaffold to improve selectivity between APN and MMPs
of L-iso-glutamate derivatives by adding conformational constraints into molecules.?'* In their
studies a hydroxamic acid bearing compound displayed potent activity with a ICso value of 3.1
1M, and the potency was further improved to ICso = 1.8 M by replacing the trimethoxyphenyl
with benzyl group (Figure 1.14B).2** This compound also showed significant inhibition in the

growth and migration of ovarian cancer cell line ES-2 and hepatocellular cancer cell line HuUH-
7 215, 216

1.7.2.3 3-Amino-2-tetralones

3-Amino-2-tetralone derivatives were first reported as competitive zinc dependent
aminopeptidases inhibitors by Schalk et al.?!’ In vitro studies of the compounds synthesised
revealed two compounds that were very selective toward APN compared to aminopeptidase A
and aminopeptidase B.?!" It was proposed that the aminotetralone moiety would act as a
bidentate ligand to interact with the catalytic zinc ion in the active site.?'8 In addition, Albrecht
and co-workers synthesised aminobenzosuberone analogues to improve the stability profile of
aminotetralones.?*® Aminobenzosuberone showed the best potency of Ki = 1000 nM against
porcine APN and this compound was further pursued by Maiereanu et al. to synthesise
extremely potent and selective APN inhibitor biphenyl aminobenzosuberone which showed a
Ki value of 0.06 nM.2!% 220 Despite its excellent potency and selectivity, biphenyl
aminobenzosuberone could not be pursued further to in vivo studies due to undesirable

physicochemical and in vitro pharmacokinetic properties.??

NHz*CI
0% L
o)
NH*CI
C]‘ o)
D g CQ " Q

K{(pAPN) = 0.02 uM K{(pAPN) = 0.08 uM Ki(pAPN) = 1000 nM  Ki(pAPN) = 0.06 nM

Figure 1.15. Structures of 3-amino-2-tetralone APN inhibitors
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1.7.2.4 Flavone-8-acetic acid

Flavone-8-acetic acid derivatives have been first synthesised in 1985 and studied as a treatment
for various solid tumours.1”® 222 Bauvois et al. reported that among a series of novel flavone
acetic acid synthesised, 2’,3-dinitroflavone-9-acetic acid (Figure 1.16) was the most potent
reversible APN inhibitor with a I1Cso value of 25 pM.??® The flavone compound was not
cytotoxic to cultured human cells U937 and did not induce apoptosis.?*® Moreover, the
compound was inactive on other various proteases such as MMPs, angiotensin converting
enzyme, and DPP-IV.?2

HOOC O,N ‘

|C50 =25 HM

Figure 1.16. Structure of a flavone-8-acetic acid APN inhibitor.

1.7.2.5 Chloramphenicol amines

Yang and co-workers generated a series of chloramphenicol amine derivatives (Figure 1.17),
and the (2S,3R)-2-amino-3-hydroxy-3-(4-nitrophenyl)propanoic acid (AHNPA) dipeptide
derivative was the most potent APN inhibitor with a ICso value of 7.1 uM.??* Inspired by the
previous work, Jia et al. investigated the effect of modifying chloramphenicol amine to
(1S,2S)-2,3-diamino-1-(4-nitrophenyl)propan-1-ol (DANP) scaffold on APN inhibition
activity.?® Most of these compounds exhibited moderate selectivity over MMP-2. Aniline
chloroamphenicol compound (Figure 1.17, right) was the most potent inhibitor against APN
(ICs0 = 6.1 uM) and leukaemic cell line HL-60 (ICso = 1.64 uM).

O,N
NH, O H,N .
N OH NH,
%H ;
z O ”
o} NH,

ICSO =71 HM ICSO =6.1 HM

Figure 1.17. Structures of chloramphenicol amine APN inhibitors
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1.7.2.6 Boronic acid derivatives

Aliphatic boronic acid derivatives have been proposed to act as transition-state analogues by
forming tetrahedral boronate ion to inhibit APN activity.??® Shenvi et al. synthesised -
aminoboronic acid derivatives, which showed inhibitory activity against APN in the nanomolar
range.??’ In addition, these boronic acids also showed time-dependent inhibition against

cytosolic and microsomal leucine aminopeptidases.??’

H,N H,N H,N
B, B B, Ty
3£ é_% é_g

MEN
HO™ "OH

IC5O =40 nM IC5O =25nM |C50 =20 nM |C50 =20 nM

Figure 1.18. Structures of boronic acid derivative APN inhibitors.

1.7.2.7 Phosphonic and phosphinic acid derivatives

Due to the tetrahedral shape of the phosphonate or phosphinate groups, phosphonic acids
served as ZBGs.%® Lejczak and colleagues, who were inspired by the earlier studies on
phosphorous amino acids and dipeptide analogues affecting aminopeptidase activity,
synthesised aminophosphonate derivatives which showed inhibitory activity against cytosolic
and microsomal aminopeptidases.??® Cyclohexyl aminophosphonate compound (Figure 1.19,
left) was the most potent inhibitor of the series of analogues with a Kj value of 870 nM.?% Chen
et al. designed new phosphino peptides as transition state analogues that had potential to
interact with the S1, S1’, and S2’ subsite of APN, and two compounds showed significant

inhibitory activities and selectivity towards APN over other aminopeptidases (Figure 1.19).22°

NH,
R
HN HN

HzN OH HoN OH
K. (APM) = 870 nM K; (APN) = 0.60 nM K; (APN) = 1.5 nM
K; (APA) = 160 nM K; (APA) = 40,000 nM

Figure 1.19. Structures of phosphonic acid derivatives as APN inhibitors.
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1.8 Previous Work: Repurposing an anti-malarial agent as a novel APN inhibitor
Previous work by our group generated a series of dual inhibitors of the Plasmodium falciparum
aminopeptidases PfA-M1 and PfA-M17 that show anti-parasitic activity.?32%2 PfA-M1 is an
M1 metalloaminopeptidase from P falciparum, and it is the parasitic homologue of APN, while
PfA-M17 is also a metalloaminopeptidase from the unrelated M17 superfamily (protease clan
MF).16% 233 One of our compounds, N-(2-(hydroxyamino)-2-oxo-1-(3',4',5"-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)pivalamide (1) (Figure 1.20), was a potent inhibitor of both PfA-M1 and
PfA-M17 in the nanomolar range.

Figure. 1.20 Structure of PfA-M1 and PfA-M17 dual inhibitor 1.

Interestingly, 1 displayed a stronger inhibitory activity to the PfA-M1 than bestatin (K;@® =
331 nM, Table 1.1). Preliminary in vitro studies showed that 1 (Ki®® = 118 nM) exhibited
more potent inhibition of APN activity compared to other APN inhibitors bestatin (Ki®®) =
2370 nM) and Tosedostat (K@ = 1180 nM). Therefore, we decided to repurpose 1 as a novel
APN inhibitor.

Table 1.1. Inhibition activities of bestatin, Tosedostat, and compound 1 against APN and PfA-
M1.

Compound Ki@P)(APN) = SEM (nM) Ki@P)(PfA-M1) £ SEM (nM)
Bestatin 2370 + 350 1530 + 58
Tosedostat 1180 + 8 6150 + 275
1 118+ 3 331+ 12
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Please note that compound 1 and all other synthesised inhibitors that are discussed in the
following chapters were evaluated for the inhibitory activities against APN as racemic mixtures.
Resolutions of racemates by diastereomeric salt formation and chiral HPLC were attempted,
but this proved to be challenging and only afforded small amounts of compounds, which was
insufficient to progress. For the efficient progress of this project, all inhibitors were initially
evaluated as racemates, and the resolution can be addressed in the future using chiral reagents

in parallel with optimisation of the cellular activity and in vivo PK profile.

The ability of 1 to inhibit both enzymes can be explained by their common mechanism of action
and the conserved features of the active site of the enzymes. Both APN and PfA-M1 contain
the consensus HEXXHXE zinc binding motif and GXMEN substrate recognising motif in the
catalytic domain.*% ! The co-crystal structure of 1 bound to PfA-M1 (PDB ID 4ZX4) and
molecular modelling of 1 into the crystal structure of APN (PDB ID 4FY Q) are shown in Figure
1.21.

Figure 1.21. (A) X-ray crystal structure of 1 bound to PfA-M1 (PDB ID 4ZX4). (B) A
predicted binding pose of 1 bound to APN obtained from docking (PDB ID 4FYQ). (C) MD
simulation of 1 docked to APN. The ligand is shown in magenta and residues of PfA-M1 and
APN are coloured in blue and dark green, respectively. Interactions between the ligand and

proteins are depicted as black dashed lines. The zinc is represented by the grey sphere.
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Chelation of the hydroxamic acid to the catalytic zinc ion was observed in both PfA-M1 and
APN. In PfA-M1, compound 1 formed water-mediated hydrogen bonding interactions with
nearby backbone residues where fluorines act as acceptors.?®® Val*® and Tyr®"® residues
provided key edge n-m hydrophobic interactions to the biaryl system of 1 (Figure 1.21A).2%°
According to the predicted binding pose of 1 in APN, the 3,4,5-trifluorophenyl ring was
positioned deep into the S1 pocket, and the N-pivaloyl group occupied the S1’ subsite of APN
(Figure 1.21B). Charged residues Arg®! and Arg*? located in the extended region of S1’
pocket of APN was also observed. Further molecular dynamic (MD) simulations of the docked
pose of 1 into APN indicated that the 3,4,5-trifluorophenyl ring engaged in interactions with a
single water molecule and largely maintained face-face stacking interactions with relatively
rigid Phe*’? at the S1 pocket of APN (Figure 1.21C). In addition, the pivaloyl group was facing
the aromatic side chain of Tyr*’" residue. Based on the computational modelling studies, it
was therefore hypothesised that compounds that are capable of improved interactions in the S1’
subsite, as well as extend further to engage residues beyond the S1° pocket of APN might
contribute to improved inhibitory activity toward APN (Figure 1.21C).

As a part of my Honours project, a total of 11 hydroxamic acid analogues with various S1’
anchors were synthesised (Figure 1.22). The N-pivaloyl group of 1 was replaced with a longer
alkyl chain with carboxylate and its derivatives (compound 3-6) to reach Arg®! or Arg**
residues. Aromatic linkers containing hydrogen bond donors and acceptors (compound 7-12)
were also introduced to attract additional hydrophobic interactions with Tyr*’’ residue at the
S1' pocket. Studies on the structure-activity relationships (SAR) concluded that the substituted
aromatic compounds were more favoured than alkyl compounds. Among the series of
compounds, the 3-fluoro-4-hydroxy compound 11 showed the strongest potency with a K@)
value of 29.1 nM, which was 82-fold and 4-fold improved activity compared to bestatin and

compound 1, respectively.

28



R=
0
0 - OH ~. NH,
CHs \\\)J\N,OH Pt N =
E N OH o o
F F 2 3 4 5 6
O _OH ~~
N 0
. | NH, -
o | ot T o
N\
O 7 g 0 9
H
N J
HO N R .
o] ) - F Ny OH
we L X
4 OH F
10 11 12

Figure 1.22. Hydroxamic acid APN inhibitors synthesised previously.

1.9 Project Aims

Continuing from previous work, this project aims to synthesise diverse sets of hydroxamic acid
analogues to improve inhibitory activity toward APN, and hence develop novel lead
candidate(s) for the treatment of cancer. The project proposes to achieve this aim in three
different perspectives (Figure 1.23). Firstly, aromatic compounds containing more variety of
hydrogen bonding groups will be synthesised to probe and optimise the binding interactions at
the S1’ pocket of APN further, and build comprehensive structure-activity relationships.
Appropriate molecular modelling, using the structures of compounds bound to the related PfA-

M1, may be able to guide the design of novel APN inhibitors for optimal binding to APN.

The second part of the project involves replacement of the 3,4,5-trifluorophenyl ring of the lead
compound 1, which was optimised for the S1 pocket of PFA-M1. We aim to investigate the
effect of modifications in the 3,4,5-trifluorophenyl group on the inhibitory activity at the S1
pocket of APN. In addition, earlier studies on compound 1 indicated that the compound
possesses moderate aqueous solubility.?® In order to improve solubility, the 3,4,5-
trifluorophenyl ring can be modified to more hydrophilic aromatic or alkyl groups through
various synthetic chemistry approaches. The hydrophobicity of synthesised compounds will be

compared to that of compound 1, and structure-activity relationships will be discussed in-depth.
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Lastly, the project proposes to expand the chemical space being investigated around the central
aromatic group of compound 1. The central aromatic ring was identified to be engaging in
significant hydrophobic interactions in PfA-M1.2%° Modifications to the central aromatic ring
may result in substantial structural changes to the core biphenyl system. Installation of
heteroaromatic or acetylene groups will allow us to gain insights on how the structural changes

in the core biphenyl moiety affect APN activity.

Explore binding interactions and
improve aqueous solubility
by replacing 3',4’,5'-trifluorophenyl ring

UAimZ

Investigate the effects of losing
core biphenyl system in potency

Aim1 Optimise binding interactions
by introducing diverse aromatic
groups

s1

Figure 1.23. Schematic representation of proposed aims.

The biological activity of the synthesised compounds will be evaluated using a variety of assays.
Target based activity will be assessed via in vitro fluorescence enzymatic assay to determine
the inhibitory activity of compounds against the aminopeptidase activity of APN. Molecular
modelling studies will be performed to investigate the interactions between selected
compounds and APN. In collaboration with the National Cancer Institute (NCI), anti-
proliferative activities of potent APN inhibitors will also be measured using high-content
imaging in cell viability assays across 60 different cancer cell lines. The hydroxamic acid
moiety in the molecules has a strong chelating property that may allow the inhibitors to interact
with other metalloaminopeptidases.?®* Thus, selectivity studies against metal-dependent
enzymes such as MMPs will be completed to investigate potential off-target effects of selective
inhibitors. Lastly, the preliminary absorption, disposition, metabolism, excretion and toxicity
(ADMET) will be assessed in collaboration with the Monash Centre for Drug Candidate
Optimisation (CDCO).
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Chapter 2: Design and Synthesis of Novel APN Inhibitors to
Optimise Binding Interactions at the Subsites of APN

2.1 Introduction

Previous research to repurpose the anti-parasitic agent 1, a potent PfA-ML1 inhibitor, as a novel
APN inhibitor generated a series of 11 hydroxamic analogues. The N-pivaloyl group of
compound 1 was replaced with various carboxylic acid derivative alkyl linkers and substituted
aromatic linkers to achieve optimal binding interactions, and hence improve the inhibitory
activity against APN. From this study, the potency of synthesised APN inhibitors was improved
significantly compared to the lead compound 1. With the promising results obtained, this
project firstly aimed to further probe the binding interactions within the active site of APN.

The design, synthesis, pharmacology, and computational modelling works involved in
developing series of novel APN inhibitors are described in this chapter which is presented as a
journal article: Lee et al. Novel Human Aminopeptidase N Inhibitors: Discovery and
Optimization of Subsite Binding Interactions. J. Med. Chem., 2019, published asap online,
(DOI: 10.1021/acs.jmedchem.9b00757).

31



2.2 Journal Article

Journal of

Medicinal

Chemistry

& Cite This: J. Med. Chem. XXXX, XXX, XXX—-XXX

pubs.acs.org/jmc

Novel Human Aminopeptidase N Inhibitors: Discovery and
Optimization of Subsite Binding Interactions

Jisook Lee,’ Natalie B. Vinh, Nyssa Drmkwater, Wei Yang, Komagal Kannan Sivaraman,’
Mlchelle Gazdik,' Peter M. Grm,

Luke S. Schembri,"
Christopher M. Overall,"*

Susan A. Charman,” Sheena McGowan,*"*

§

Georgina S. Butler, Il-L#

and Peter J. Scammells* "

"Medicinal Chemistry, Monash Institute of Pharmaceutical Sciences and *Centre for Drug Candidate Optimisation, Monash
Institute of Pharmaceutical Sciences, Monash University, Parkville Campus, Parkville, VIC 3052, Australia

Snfection and Immunity Program, Biomedicine Discovery Institute and Department of Microbiology, Monash University, Clayton

Campus, Clayton, VIC 3800, Australia

IDepartment of Biochemistry & Molecular Biology, “Department of Oral Biological & Medical Sciences, and *Centre for Blood
Research, Life Sciences Institute, University of British Columbia, Vancouver, British Columbia V6T 1Z3, Canada

© Supporting Information

Optimize Binding Interactions

F
Hydrophobic

®

stacking interactions

drsoh
RES,
WS
‘{E [
SOrE
A e
SN Large

Compound 1 K@PP) = 118 nM

Hydrophobic

H H interactions
iy ' v NN e
! 81' Pocket O :

5 Hydrogen bonding

4.5 nM

6ad Ki(app)

ABSTRACT: Aminopeptidase N (APN/CD13) is a zinc-dependent M1 aminopeptidase that contributes to cancer progression
by promoting angiogenesis, metastasis, and tumor invasion. We have previously identified hydroxamic acid-containing
analogues that are potent inhibitors of the APN homologue from the malarial parasite Plasmodium falciparum M1
aminopeptidase (PfA-M1). Herein, we describe the rationale that underpins the repurposing of PfA-M1 inhibitors as novel APN
inhibitors. A series of novel hydroxamic acid analogues were developed using a structure-based design approach and evaluated
their inhibition activities against APN. N-(2-(Hydroxyamino)-2-oxo-1-(3',4',S'-trifluoro-[1,1’-biphenyl]-4-yl)ethyl)-4-
(methylsulfonamido)benzamide (6ad) proved to be an extremely potent inhibitor of APN activity in vitro, selective against
other zinc-dependent enzymes such as matrix metalloproteases, and possessed limited cytotoxicity against Ad293 cells and
favorable physicochemical and metabolic stability properties. The combined results indicate that compound 6ad may be a useful

lead for the development of anticancer agents.

Bl INTRODUCTION

Aminopeptidase N (APN/CD13; EC 3.4.11.2) is a ubiquitous
transmembrane ectoenzyme that is widely present in different
types of cells, including renal, intestinal, fibroblast, endothelial,
and tumor cells."”” APN is described as a “moonlighting”
enzyme due to its multifunctional roles: an enzyme to cleave
peptide substrates, a receptor, and a signaling molecule.” The
enzyme cleaves hydrophobic and basic amino acid residues
from the N-terminus of polypeptides with broad substrate
specificity.” For example, APN catalyzes the metabolism of
angiotensin III to generate angiotensin IV to regulate the
renin—angiotensin system® and levels of neuropeptides such as
enkephalins.””
coronavirus, and is a s1gnallng molecule in phagocytosis,
angiogenesis, and cell adhesion.””"?

APN also acts as a viral receptor for mammalian

A 4 ACS Publications  © xxxx American Chemical Society A

APN is a member of the zinc-dependent M1 aminopeptidase
superfamily of enzymes (protease clan MA) that can be found
in all kingdoms of life except viruses.* M1 aminopeptidases are
characterized by a thermolysin fold and two consensus
sequence motifs: an HEXXHX(E zinc-binding motif and a
GXMEN substrate-guiding motif.”'*~'® Wong et al. reported
the X-ray crystal structure of human APN, as well as the
structures of APN bound to generic inhibitors bestatin and
amastatin, and an endogeneous peptide substrate, Angiotensin
IV. Human APN consists of a short intracellular tail, a
transmembrane anchor, a small serine-/threonine-rich extrac-
ellular stalk, and a large ectodomain, composed of four
domains (I-IV) characteristic of M1 aminopeptidase super-
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family.*'* The catalytic domain II contains the consensus
motifs ¥*GXMEN’* and **HEXXHXE", the latter of
which includes the catalytic triad His*®, His**?, and Glu*'! that
coordinates the essential zinc ion."

APN has been extensively studied due to its significant role
in the regulation of metastasis and angiogenesis.'” A significant
body of evidence supports the rationale that APN is an
effective therapeutic target for malignancies.'” ~>° Dysregulated
activity of APN has been found to develop into a wide
spectrum of human malignancies.”' >’ Metastasis is a complex
multistep process of cell migration, cell invasion, and
angiogenesis, and it is the major cause of cancer-related deaths
worldwide.”**" Multiple studies have shown that APN activity
is involved in extracellular matrix (ECM) degradation, an
essential step for metastasis, which was later determined to
increase tumor cell migration and invasion by stimulating
mitogen-activated protein kinases/phosphoinositide 3-kinase
signaling cascade.”***> Thus, there is an ongoing interest to
develop potent APN inhibitors as effective anticancer drug
candidates.

A variety of APN inhibitors have been developed as
potential anticancer candidates.'®'”**** Among them, a
natural peptidomimetic, bestatin, is the most widely studied
competitive APN inhibitor. Originally isolated from Strepto-
myces olivoreticuli as an immunomodulating agent, bestatin was
found to have antitumor activity’®* as well as clinical efficacy
against acute myeloid leukemia and lung cancer in clinical
trials.**™*' Another APN inhibitor Tosedostat (CHR2797) is
an orally bioavailable prodrug that is converted to a
pharmacologically active drug (CHR79888) inside cells.*”
Tosedostat demonstrated significant antileukemic activity in
phase II clinical trials in elderly or relapsing patients with acute
myeloid leukemia.**

Previous work by our group generated a series of
hydroxamic acid-containing compounds that were inhibitors
of the Plasmodium falciparum M1 aminopeptidase, PfA-
M1.*7* We described N-(2-(hydroxyamino)-2-oxo-1-
[3',4",5 -trifluoro(1,1'-biphenyl)-4-yl]ethyl) pivalamide (1)
(Figure 1) as a potent inhibitor of PfA-MI1, exhibiting an

F I F
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o

Figure 1. Structure of N-(2-(hydroxyamino)-2-oxo-1-[3’,4',5'-
trifluoro(1,1’-biphenyl)-4-yl]ethyl)pivalamide (1).

inhibitory constant (K,**P)) in the nanomolar range.** Here,
we show that 1 is also active toward APN and is more potent
than both bestatin and Tosedostat. We have repurposed
compound 1 as a novel APN inhibitor and developed a new
series of analogues with improved potency against APN
through structure-based approaches.

B RESULTS AND DISCUSSION

Compound 1 Can Inhibit Recombinant Human APN.
PfA-M1 is a homologue of APN found in P. falciparum, which
is one of the parasites that causes malaria. Being part of the
same M1 aminopeptidase family, PfA-M1 shares a number of

structural similarities with APN, particularly within the
catalytic domain II. Overall, PfA-M1 and APN share 19%
sequence identity (35% similarity); however, in the highly
conserved catalytic domain II, this sequence identity increases
to 24% (43% similarity). This conserved catalytic domain II
adopts a thermolysin-like fold and in PfA-MI, contains an
H*EYFHX,KE*" zinc-binding motif as well as a G*°AMEN
substrate-guiding motif.'® The catalytic zinc in the active site is
coordinated by a catalytic triad His**, His**, and Glu*"? in the
unbound state.'® Therefore, we were interested to see how the
potent PfA-M1 inhibitor 1 would interact with human APN.
Our standard fluorescence-based aminopeptidase inhibition
assay was used to measure the inhibitory activities of bestatin,
Tosedostat, and 1 against human APN. This assay used
recombinant human APN and a commercially available
fluorophore 7-amino-4-methylcoumarin as the competitive
substrate to determine an inhibitory constant (K, **?)), We
compared the inhibitory activities of bestatin, Tosedostat, and
1 against human APN as well as PA-M1 (Table 1). Bestatin

Table 1. Ki(“"*’) Comparison of Bestatin, Tosedostat, and
Compound 1 against Human APN and PfA-M1

compound  K,**P(APN) + SEM (nM) K, “P)(PfA-M1) + SEM (nM)
bestatin 2370 + 350 1530 + S8
Tosedostat 1180 + 8 6150 + 275

1 118 + 3 33112

showed a moderate loss in potency toward APN compared to
PfA-M1, whereas Tosedostat exhibited a 6-fold improved
potency toward APN compared to PfA-MI. Interestingly,
compound 1 was significantly more potent than Tosedostat
and bestatin, displaying a 10- to 20-fold increase in APN
inhibition activity.

To understand the mechanism by which 1 was able to
inhibit both APN and PfA-M1, we investigated the interactions
the compound made with the active site of the enzymes. To do
this, we used the X-ray crystal structure of PfA-M1 bound to
compound 1 [Protein Data Bank (PDB) ID 4ZX4]* as a
scaffold to dock 1 into the active site of APN (PDB 4FYQ).*
The catalytic domains of the two proteins share 24% sequence
identity and have a root-mean-square deviation (RMSD) of
only 1.244 A (over 257 Ca atoms in domain II). The co-crystal
structure of 1 bound to PfA-M1 revealed extensive water-
mediated interactions of the 3,4,S-trifluorophenyl ring with
backbone residues located at the S1 substrate binding pocket,
as well as key hydrophobic interactions with the biaryl system
of 1 (Figure 2A).** Our docking analysis of 1 bound to APN
showed a similar pose to that observed when bound to PfA-M1
(Figure 2B). Each of the poses obtained from docking 1 were
similar and showed the 3,4,S-trifluorophenyl ring in the same
position, located deep within the S1 pocket of APN, and minor
rotations of the position of the N-pivaloyl group were
observed. In general, there were significantly less interactions
observed between 1 and the active site residues of APN than
that of PfA-M1 (Figure 2B).

To evaluate any potential dynamics of 1 bound within the
active site of APN as well as any effect from water-mediated
interactions, we performed molecular dynamics (MD)
simulations of 1 docked into APN. Molecular modeling for
metallo-proteins presents significant challenges, and traditional
force fields are often not appropriate for simulation.”” In the
case of APN, the presence of zinc in the active site means that
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Figure 2. (A) X-ray crystal structure of 1 bound to PfA-M1 (PDB ID 4ZX4). (B) Predicted binding pose of 1 bound to APN obtained from
docking (PDB ID 4FYQ). (C) Molecular dynamics (MD) simulation of 1 docked to APN showed that the trifluorophenyl group formed stable
interactions in the S1 pocket. The ligand is shown in magenta, and residues of PfA-M1 and APN are colored in blue and dark green, respectively.
Interactions between the ligand and proteins are depicted as black dashed lines. The zinc is represented by the gray sphere.

this problem cannot be computationally ignored. Recently, our
team has produced the necessary parameters to use the zinc
Amber force field (ZAFF) to simulate the active site of PfA-
ML.** We used this system to simulate our docking of APN
bound to 1. MD simulations (n = 3) were performed for the
duration of 50 ns, which should be sufficient to observe the
movements of small molecules. The results were surprising and
showed that in two of the three MD runs, 1 experienced
significant movement within the active site (Figure S2).
Investigation into the motion of 1 indicated that the 3,4,5-
trifluorophenyl ring engaged in interactions with a single water
molecule and largely maintained face—face stacking inter-
actions with relatively rigid Phe*’? at the S1 pocket of APN
(Figure 2C). In addition, the pivaloyl group was facing the
aromatic side chain of Tyr*”’ residue. We hypothesized
therefore that compounds that are capable of improved
interactions in the S1’ subsite as well as extending further to
engage residues beyond the S1’ pocket of APN may contribute
to improved inhibitory activity toward APN. To this end, we
turned our attention to residues Tyr*”’, Arg®®', and Arg*** that
are located within the S1” and beyond the S1’ pocket of APN
which may allow the formation of hydrophobic interactions as
well as polar interactions with inhibitor compound(s).
Substitution of the N-Pivaloyl Group To Optimize
Binding at the S1’ Subsite of APN. The molecular
modeling revealed the potential to achieve enhanced binding
interactions at, and beyond, the S1’' pocket of APN by
replacing the N-pivaloyl group of 1 with aromatic groups that
target the Tyr*”’ residue. We designed and produced a series of
hydroxamic acid analogues that contained elongated alkyl and
aryl linkers to reach deeper into the pocket (Figure 3). Various
hydrogen-bonding groups were also incorporated to capture
additional interactions with Arg®®' or Arg*” residues and
improve inhibition activities of the designed compounds. In
addition, we were interested to investigate the effect of various
heteroaromatic groups, such as indole and indoline. Analogues
with benzyl linkers that contain an additional methylene group
were also designed to increase flexibility and allow the phenyl
group to penetrate more deeply beyond the S1” pocket.
Chemistry. The synthesis of the key intermediate, the
phenyl glycine derivative 4 (Scheme 1), was adapted from

R= —Alkyl

Figure 3. Structures of targeted hydroxamic acid analogues.

Mistry et al.* Installation of the 3,4,5-trifluorophenyl ring was
successfully achieved using a Suzuki coupling reaction between
4'-bromoacetophenone and (3,4,5-trifluorophenyl)boronic
acid under reported conditions producing acetophenone 2 in
excellent yield (99%).‘“% Oxidation of 2 with selenium dioxide
in anhydrous pyridine®® afforded the corresponding a-keto
acid 3 in quantitative yield. The product produced from the
reductive amination of 3 underwent an acid-catalyzed
esterification and subsequent debenzylation to successfully
afford key precursor 4 in 47% yield over three steps.

The key intermediate (4) was then used to incorporate a
range of functionalities in place of the N-pivaloyl group present
in 1, which was predominately achieved with traditional
peptide coupling reagents such as HCTU or EDCI. The first
synthetic attempt to obtain benzamide analogues Sr and Ss
involved the synthesis of their respective acid chlorides in situ
and subsequent acylation with intermediate 4. However,
benzonitriles Sn and So were produced instead by dehydration
of the carboxamide group. Ring-opening reactions of cyclic
acid anhydrides were also performed to synthesize alkyl
carboxylate analogues. Cyclic anhydrides such as succinic
anhydride and Meldrum’s acid have been commonly used in
the literature to form amide bonds through ring-opening
reactions.”' >’ The butyric acid analogue (5e) was synthesized
from intermediate 4 via nucleophilic attack on the carbonyl 7
system present in succinic anhydride. Subsequent (benzo-
triazol-1-yloxy)tripyrrolidinophosphonium hexafluorophos-
phate (PyBOP) amide coupling of Se converted the acid
moiety to the corresponding carboxamide S5f. However,
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Scheme 1. Synthesis of Hydroxamic Acid Inhibitors®
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6ag, 6ar,6av 6 5 4
6ax, 6az
a -CH; r -CgH4C(O)NH;, (m) aj -indol-5-yl
b -CH,C(O)OBu s -CgH4C(O)NH; (p) ak -indazol-5-yl
¢ -CH,C(O)OH (6c from 5b) t -CegH4C(O)NHMe (p) al -benzotriazol-5-yl
d -CH,C(O)NHOH (6d from 5b) u  -CgH4C(O)NMe, (p) am  -benzimidazol-5-yl
e -CH,CH,C(O)OH v -CgH4C(O)NHEL (p) an -(2-oxoindolin-5-yl)
f -CH,CH,C(O)NH, w  -CgH4C(O)NHPr (p)
x  -CgH4C(O)NHCH,CHL0H (p) ao -CH,CgHs
g -CeHs y -CgH4SONH; (p) ap -CHyCgH4F (m)
h -CgH4F (m) z -CgH4NHBoc (m) aq -CH,CgH4F (p)
i -CgH4F (p) aa -CgH4NHBoc (p) ar -CH,CgH4OMe (p)
j -CgH4OMe (m) ab -CgH4NH, (m) (6ab from 5z) as -CH,CgH4OH (p) (6as from 6ar)
k -CgH4sOMe (p) ac -CgH4NH; (p) (6ac from 5aa) at -CH,CgH4C(O)NH, (p)
I -CgH4OH (m) (61 from 6j) ad -CgH4NHSO,Me (p) au -CH,CgH3(3,4-OMe)
m -CgH4OH (p) (6m from 6k) ae -CgH4NHSO,NH,; (p) av -CH,CgH3(3,4-OH) (6av from 6au)
n -CgH4CN (m) af -CgH3(3,4-OMe) aw -CH,CgHj (3-F,4-OMe)
o -CgH4CN (p) ag -CgHj3(3,4-OH) (6ag from 6af) ax -CH,CgH3(3-F,4-OH) (6ax from 6aw)
p -CgH4C(NHOH)NH;, (m) (6p from 5n) ah -CgH3(3-F, 4-OH) ay -CH,CgHj(4-F,3-OMe)
q -CgH4C(NHOH)NH; (p) (6q from 50) ai -CgHj(4-F, 3-OH) az -CH,CgHj(4-F,3-OH) (6az from 6ay)

“Reagents and conditions: (a) 3,4,5-trifluorophenylboronic acid, Pd(PPh;),Cl,, 1 M Na,COj, tetrahydrofuran (THEF), reflux, 2 h; (b) SeO,, anhyd.
pyridine, reflux, 24 h; (c) (i) benzylamine, Na(OAc);BH, dichloroethane (DCE), room temperature (rt), 24 h; (ii) concd H,SO,, MeOH, reflux,
24 h; (iii) Hy 10% Pd/C, cat. HCl MeOH, rt, 24 h; (d) (i) carbamoylbenzoic acid, (COCI),, dimethylformamide (DMF), dichloromethane
(DCM), 1t, 1 h; (ii) 4, N,N-diisopropylethylamine (DIPEA), DCM, rt, 30 min; (e) carboxylic acid, O-(1H-6-chlorobenzotriazol-l-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HCTU), DIPEA, DMF, DCM, rt, 24 h; (f) carboxylic acid, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDCI), 4-dimethylamonipyridine (DMAP), DCM, rt, 24 h; (g) NH,OH-HCl, S M KOH in anhyd. MeOH, rt; (h) 20%
trifluoroacetyl (TFA) in DCM, rt; (i) 1 M BBr; in DCM, —78 °C to rt, 2—24 h.

reaction with Meldrum’s acid under identical reaction
conditions resulted in decarboxylation, generating the
acetamide analogue (Sa) instead of the expected propionic
analogue.

The methyl ester in S was converted to the corresponding
hydroxamic acids (6) using hydroxylamine hydrochloride and
methanolic potassium hydroxide. In some cases, minor
conversion to the carboxylic acid through base-mediated
hydrolysis was detected. Occasionally, complete conversion
to the desired product was not successful due to unexpected
side reactions. For instance, liquid chromatography—mass
spectrometry (LC—MS) analysis of the tert-butyl propanoate
analogue (5b) indicated only partial conversion. Interestingly,
when more of the reagents were added to the reaction mixture,
condensation of both methyl and tert-butyl esters occurred,
generating the desired mono-hydroxamic acid 6b and

dihydroxamic acid analogue 6d. For the benzonitrile
compounds Sn and So, nucleophilic attack of hydroxylamine
on the electrophilic nitrile carbon resulted in the formation of
amidoxime compounds 6p and 6q, respectively.*”®' The APN
inhibitory activity of these unintended analogues was still
evaluated due to their potential ability to form hydrogen bonds
or ionic interactions at the S1” pocket. Compounds with acidic
functionality (Sc, and phenolic analogues) showed poor
solubility in methanol when deprotonated by potassium
hydroxide, which consequently resulted in a longer reaction
times and poor reaction yields.

Further deprotection reactions were required to produce
carboxylic acid 6c, anilines 6ab and 6ac, and phenols 6ag, 6as,
6av, 6ax, and 6az. The tert-butyl propanoate analogue (Sb)
and Boc-protected aniline analogues (Sz, Saa) were hydrolyzed
under mild acidic conditions to give propionic acid 6c and

DOI: 10.1021/acs.jmedchem.9b00757
J. Med. Chem. XXXX, XXX, XXX—=XXX

35



Journal of Medicinal Chemistry

Scheme 2. Synthesis of Benzylamine Analogue 9
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“Reagents and conditions: (a) benzaldehyde, Na(OAc);BH, anhyd. DCE, t, 24 h; (b) NH,OH-HCl, $ M KOH in anhyd. MeOH, 1t; (c) (i) 1 M

BBr, in DCM, —78 °C to rt, 2—24 h; (ii) 1 M HCI, MeOH, rt, 24 h.

Table 2. Summary of Inhibitory Activity of Hydroxamic Acid Analogues against APN

F F

F l F
B o
N

A

FIF

compound R K. + SEM (nM)
6w —CgH,C(O)NHPr (p) 631 + 70
6x —C,H,C(O)NHCH,CH,0H (p) 163 + 26
6y —~C¢H,SO,NH, (p) 240 £ 7
6ab —CgH,NH, (m) 131 + 10
6ac —CGH,NH, (p) 205 + 17
6ad —C¢H,NHSO,Me (p)* 450 + 0.80
6ae —C4H,CNHSO,NH, (p)* 8.20 + 0.90
6af —CgH, (3,4-OMe) 175 + 16
6ag C¢H; (3,4-OH) 430 + 42
6ah —CgH, (3-F4-OH)" 29.1 + 36
6ai —C¢H; (4-F,3-OH)“ 40.0 + 2.2
6aj -indol-5-yl 11143
6ak -indazol-Syl” 192 + 2.5
6al -benzotriazol-5-yl 234 +£23
6am -benzimidazol-5-yl" 170 + 17
6an -(2-oxoindolin-S-yl) 156 + 9
6a0 —CH,C¢H, 4420 + 720
6ap —CH,CH,F (m) 442 + 36
6aq —CH,CH,F (p) 158 + 5
6ar —CH,C¢H,OMe (p) 978 + 120
6as —CH,C4H,0H (p) 235 + 24
6at —CH,C¢H,C(O)NH, (p) 604 + 66
6au —CH,C4Hj; (3,4-OMe) 119 + 12
6av —CH,CH, (3,4-OH) 137 + 6
6ax —CH,C¢H, (3-F4-OH) 431 + 5.0
6az —CH,CH, (4-F3-OH) 138+ 5

9 —CH,C¢H, (4-F,3-OH)"” >1 mM

N” 'R N” 'R

o H o "

6a-6az 9
compound R K%) + SEM (nM)
bestatin 2370 + 350
Tosedostat 1180 + 77
1 —C(CHy), 118 + 3
6a —CH, 560 + 50
6¢ —CH,COOH 188 + 9
6d —CH,C(O)NHOH 348 + 33
6e —CH,CH,COOH 172 £ 9
6f —CH,CH,C(O)NH, 497 + 3§
6g —C¢H, 522 + 37
6h —CgH,F (m) 919 + 160
6i —C4H,F (p) 704 + 68
6j —C¢H,OMe (m) 462 + 6
6k —C4H,0Me (p) 745 + 53
6l —C¢H,OH (m) 366 + 31
6m —C4H,OH (p) 102 + 5
6p —C4H,C(NHOH)NH, (m)“ 373 +29
6q —C4H,C(NHOH)NH, (p)* 49.1 + 37
6r —C4H,C(O)NH, () 712 + 65
6s —C¢H,C(O)NH, (p)* 82.1 + 9.8
6t —C4H,C(O)NHMe (p) 185 + 22
6u —C4H,C(0)NMe, (p) 182 +5
6v —C4H,C(O)NEt (p) 277 + 22

“Biological triplicates were performed for inhibitors with K,@PP) < 100
nM from initial triage screenings. “The compound is secondary amine
derivative.

anilines 6ab and 6ac, respectively. O-Demethylation was
carried out in the presence of boron tribromide to form the
corresponding phenols/catechols 6ag, 6as, 6av, 6ax, and 6az.

In addition to the analogues with an amide linker, a
benzylamine analogue (9) was also synthesized (Scheme 2).
Further physicochemical studies on the parent compound (1)
indicate that it has an aqueous solubility ranging between 12
and 25 4M and a Log D of 3.0.** This study demonstrated that
there was room to improve its physicochemical properties for
optimal pharmacokinetic profiles. Incorporating bulkier groups
inevitably increases the hydrophobicity of molecules, con-
sequently decreasing aqueous solubility. However, the
introduction of a secondary amine would allow the molecule

to be formulated as a salt to overcome solubility issues. As
described previously, reductive amination of intermediate 4
with 4-fluoro-3-methoxybenzylaldehyde yielded 7, which was
converted to the corresponding hydroxamic acid (8). The
methoxy group in 8 was readily deprotected using boron
tribromide, then reacted with hydrochloric acid to obtain the
4-fluoro-3-hydroxybenzylamine analogue (9) as a hydro-
chloride salt.

Substituted Aromatic Group Is Important for
Potency toward Human APN. The inhibitory activities
(K@) of the synthesized hydroxamic acids were measured
against recombinant human APN (Table 2). Initial exper-
imental triplicates were performed for all compounds to
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Figure 4. Three conformations of compound 6ad (A—C) observed during MD simulation. The carbon atoms of the flexible loop are colored in
light pink, and other residues in the binding site are wheat-colored. Interactions between compound 6ad (carbon atoms in white) and APN are
shown in black dashed lines. (D) Overlay of two predicted binding poses of compound 6ae. Residues around compound 6ae (carbon atoms in
magenta) are wheat-colored (PDB ID 4FYQ). Overlaid Arg**” residues are shown in green. Interactions between the compound and APN are

depicted in black dashed lines.

determine compounds of higher priority with K < 100
nM, which were assessed further in biological triplicate. In
general, the aliphatic carboxamides (6a—f) were less potent
than the lead compound (1) but more potent than bestatin
and Tosedostat (Table 2). This suggests that the appended
carboxylic acid and carboxamide moieties (in the case of 6a,
6e, and 6f) were unable to make the intended polar
interactions with the S1’ subsite of APN, potentially due to
the short linker length. The unsubstituted benzamide 6g
showed over 4-fold loss in inhibitory activity compared to 1.
However, introduction of hydrogen-bond-donating groups to
the phenyl ring led to a recovery in potency. For example,
hydroxyl, amidoxime, and carboxamide monosubstituted
benzamides 6m—s were all more potent than compound 1.
On the other hand, hydrogen-bond acceptors such as fluorine
(6h and 6i) and methoxy (6j and 6k) were not well tolerated.
We also examined eight functionalized carboxamides (6t—x),
sulfonamides (6y and 6ad), and sulfamide (para-

(sulfamoylamino)benzoic acid) (6ae) analogues, which have
the capacity to increase ligand binding interactions in the S1’
pocket via hydrogen-bonding interactions. The benzamide
derivatives 6t—x exhibited a decrease in activity ranging from
2- to 8-fold compared to carboxamide 6s. A trend of decreasing
activity was observed from the benzamide derivatives as the
size of the hydrophobic group increases from methyl, dimethyl,
ethyl, and isopropyl, indicating that a loss in polar contacts
may result in reduced binding to APN. Additionally, the
inhibitory activities of the methyl (6t) and dimethyl (6u)
analogues were essentially identical, suggesting that the
hydrogen-bond-donating capability of benzamide does not
play a significant role in potency. 4-Methylsulfonamide 6ad
(K%P) = 4.5 nM) and sulfamide 6ae (K *®) = 8.2 nM) were
the most potent inhibitors of the series and showed a greater
than 10-fold improvement in potency compared to 1,
potentially due to its multiple hydrogen-bond-forming capacity
for strong binding interactions with APN.
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Among the disubstituted benzamides (6af—ai), the fluo-
rohydroxyl analogues (6ah and 6ai) showed improved activity
relative to 1. Compared to the corresponding monosubstituted
benzamide derivatives, disubstituted analogues showed stron-
ger inhibition activity. For example, 3-fluorobenzamide 6h and
4-hydroxybenzamide 6m displayed activities of 919 and 366
nM, respectively, whereas the potency of the 3-fluoro-4-
hydroxyl analogue (6ah) significantly increased to 29 nM,
suggesting that both fluoro and hydroxyl are making important
interactions with APN. A similar result was observed for the 4-
fluoro-3-hydroxy analogue (6ai), which exhibited significantly
greater potency (KP») = 40 nM) than the corresponding
monosubstituted analogues 4-fluorobenzamide 6i (KP) =
704 nM) and 3-hydroxybenzamide 6l (K@) = 102 nM).
Similarly, the 3,4-dimethoxy analogue (6af) exhibited an
increased potency compared to 3- and 4-methoxy analogues, 6j
and 6k, respectively.

The activities of compounds where benzamide was replaced
with various heterocyclic amides (6aj—an) were also
investigated. The indole analogue (6aj) was equipotent with
the parent compound (1). A significant increase in the potency
was observed from indazole 6ak (K*? = 19.2 nM) and
benzotriazole 6al (K,**?) = 23.4 nM).

In general, replacement of benzamide with acetamide to
introduce sp” characteristics for increased flexibility resulted in
a significant loss in potency (6ao—ay). The 3-fluoro-4-
hydroxyl analogue 6ax was the only compound in this series
that proved to be more potent than 1 with an inhibition
activity of 43.1 nM. Inconsistent relationships were observed
between the benzamide and matching acetamide analogues.
For instance, the potency observed for the benzyl analogue
(6a0) reduced drastically compared to the phenyl analogue
(6g). This trend was also observed for the 4-methoxy (6k and
6ar), 4-hydroxy (6m and 6as), 4-fluoro-3-hydroxy (6ai and
6az), and 4-benzamide (6s and 6at) pairs. In contrast, an
increase in potency was observed for the fluoro analogues (6h,
6i, 6ap, 6aq) and the 3,4-dimethoxy analogues (6af and 6au),
while 3-fluoro-4-hydroxyl compounds 6ah and 6ax were the
most potent compounds in each series. The 4-fluoro-3-
hydroxybenzylamine analogue (9) was the weakest inhibitor
of this series; full inhibition was not achieved at a
concentration of 1 mM, suggesting that carbonyl oxygen of
the amide linker is crucial for potent activity, potentially by
providing appropriate rigidity and also hydrogen-bonding
interaction with nearby residues.

Structure—activity relationship (SAR) investigations around
the S1’ pocket of APN through modifications of the N-pivaloyl
group of compound 1 indicated that substituted aryls were
essential for inhibitory activity, where hydrogen-bond donors
were more favored than hydrogen-bond acceptors. A
substantial decrease in activity observed from acetamide and
secondary amine analogues revealed that rigidity and the
carbonyl oxygen of the benzamide were vital. In addition,
studies on functionalized carboxamides and sulfonamides
showed that there was a decreasing trend in activity as the
size of the hydrophobic group increases, while incorporating
polar groups led to a significant rise in activity. This suggested
that hydrogen-bonding interactions played a major role to
enhance activity against APN.

Core Biaryl System Engages in Hydrophobic Inter-
actions with Flexible Loop at the S1 Pocket of APN. To
understand why 6ad and 6ae displayed such an improvement
in potency, we undertook molecular docking followed by MD

simulations to generate a model of APN bound to both
inhibitors. A rigid-docking into the APN crystal structure
(PDB ID 4FYQ) of compounds 6ad and 6ae was performed
based on the docked pose of compound 1 into APN using
Surflex Docking software available from SYBYL2.1. The
common fragments of the biphenyl core structure and the
hydroxamic group were set as constraints. Similar to the
molecular docking of compound 1, the most preferred
structures of 6ad and 6ae bound to APN were selected
based on the total docking score (Table S6). MD simulations
showed that the ligands occupy different conformations in a
time-dependent manner (Movies S1 and S2). Compound 6ad
participated in water-mediated hydrogen-bonding interactions
with the fluorine atoms and the nearby residues at the S1
subsite of APN, both of which were also observed in the co-
crystal structure of compound 1 bound to PfA-M1.** One
compelling result from the MD simulation was a flexible loop
located at domain IV acting as an effective “cap” to close the
active site of APN (Figure 4). The flexible loop and the Phe®”
residue are believed to play important roles in conformational
changes of APN." The flexible loop consists of eight amino
acid residues (*'YGGGSFSF**®) and has been shown to
undergo a dramatic change in conformation upon complex
formation with a peptide substrate.” The binding mode of
bestatin, which binds APN differently to other M1 amino-
peptidases (noncanonical binding pose), is also thought to be
related to the flexible loop, in particular Phe®®. As opposed to
other M1—bestatin complexes in which the loop is shorter and
different in sequence and therefore does not impede bestatin
from binding with canonical geometry, the Phe®® of APN was
positioned away from the binding pocket to accommodate the
bulky phenyl group of bestatin at the S1 pocket. In our
simulations, we saw that the biphenyl ring system of 6ad
maintained face-to-face stacking interactions with Phe®* to
keep the inhibitor locked in the active site of APN; however, it
was clear that this interaction varied within the biphenyl
system between different poses. Generally, the side chain of
Phe®® interacted with the top trifluorophenyl (Figure 4B,C),
but interactions with the central aromatic ring of compound
6ad were also observed (Figure 4A).

Interestingly, stable hydrophobic stacking interactions
between the flexible loop and compound 6ae were not
observed (Figure 4). Without the flexible loop stabilizing the
biaryl core moiety and restricting the movement of the
molecule, the flat biphenyl system of 6ae gained freedom to
move within the S1 pocket. Although prominent stacking
interactions that were observed with 6ad were missing from
6ae, the phenylalanine-rich region provided a favorable
environment for the hydrophobic biaryl group to maintain
its overall position within the pocket.

Sulfonamide Moiety Provides Multiple Hydrogen-
Bonding Interactions at the S1’ Pocket of APN. Based on
our MD simulations, the large arylsulfonamide derivatives of
both 6ad and 6ae were able to reach the S1’ pocket of APN.
The bottom aromatic group of 6ad was flexible enough to
interact with the side chain of Phe*® or Tyr"” (Figure 4A—C).
Due to the high flexibility of the sulfonamide moiety, these
interactions were occasionally lost and replaced with a
cation—7z interaction between the Arg**' side chain and the
electron-rich aromatic ring of arylsulfonamide. The results also
revealed that the sulfonyl oxygen atoms can engage in dual
hydrogen bonds with Asn®” and Arg**? (Table S3), where the
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Tight binding

Figure S. Comparison of the binding interactions occurred with tight-binding inhibitor 6ad (left) and the weaker inhibitor 6ag (right) (4FYQ).
The carbon atoms of the flexible loop are colored in light pink, and other residues in the binding site are wheat-colored. Compounds 6ad and 6ag
are colored in white and green, respectively. Interactions between the ligands and APN are shown in black dashed lines.

arginine residue stayed in a relatively rigid manner throughout
simulations.

Compound 6ae behaved similarly to 6ad, exhibiting multiple
binding positions. The aromatic ring located in the S1’ pocket
of APN displayed extensive interactions with the side chain of
Arg*? and Asn®®. As described above, the flexible loop was not
accessible to the molecule, but the bottom aromatic was
located closer to Tyr'”’, forming hydrophobic edge-face
stacking interactions (Figure 4D). The backbone amide of
Ala*”* could also participate in a hydrogen-bond interaction
with a sulfonyl oxygen atom of 6ae (Table S4). In the case,
where the sulfamide was pointing deeper into the S1” subsite of
APN, the amino group is located in close proximity to Asp*®.

To rationalize our SAR analysis, we also investigated the
interactions between one of the weaker inhibitors, 6ag (K2
= 430 nM), which contains 3,4-hydroxyl group (Figure 5). In
contrast to compounds 6ad and 6ae, which showed extensive
hydrophobic interactions with the flexible loop, the biphenyl
system of compound 6ag made no interactions with the key
phenylalanine residues of the flexible loop. Throughout most
of the simulation, the trifluorophenyl moiety participated in a
water-mediated hydrogen-bonding network with Ser*® and
hydrophobic interactions between Phe*’?. However, the
flexible loop was located too far away from the biphenyl
system to capture essential nonpolar interactions, which may
explain the significant decrease in the potency. Hydrogen-
bonding interactions between the catechol group and the side
chain of Glu*'® residue were also observed. However, these
interactions appear not able to compensate the missing
stacking interactions between the S1’ aromatic group and
Tyr*”” or the Phe®® residues, which may contribute to the
reduced inhibition activity of 6ag against APN.

Role of Glu®*®® Residue as the Zinc—Hydroxamic Acid
Complex Stabilizer. Another intriguing phenomenon was
observed from the formation of the zinc—hydroxamic acid
complex. In the M1 aminopeptidases, inhibitors often bind
with a pentahedral coordination to the zinc, which mimic the
transition state of the activated enzyme.”®* In the simulations
we performed, the hydroxyl group of hydroxamic acid readily
lost contact with the zinc, with bond distance ranging from 2.2
to 3.4 A while the carbonyl oxygen possessed a very stable
coordination with a bond distance range of 1.9-2.0 A,
resulting in tetrahedral coordination. Given the challenges

associated with metallo-protein simulations, this observation is
possibly biased by the ZAFF parameters used. To accurately
simulate the change in ligand interaction with the zinc ion, a
quantum mechanics/molecular mechanics simulation would be
needed. However, we did observe that the loss of pentahedral
coordination of 6ad and 6ae to the zinc ion resulted in the
formation of a hydrogen bond with Glu®®’ (Figure 6). This

Figure 6. Hydroxamic acid—zinc complex in the active site of APN.
APN residues are wheat-colored, and the ligand is shown in magenta.
Interactions between the ligand and the catalytic triad and Glu* are
illustrated in black dashed lines (PDB ID 4FYQ).

interaction was extremely stable and maintained a bond
distance of 2.4—2.9 A throughout our simulations (Tables S3
and S4). Further computational and experimental investigation
is required to determine whether this interaction plays a role in
the catalytic mechanism by stabilizing the zinc—ligand
complex.
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Table 3. Physicochemical and Metabolic Properties of 6ad and 6ae

F I F
f o]
g
° NHSO,Me

F
4 o]
g

° NHSO,NH,

6ad 6ae
kinetic solubility liver microsome stability plasma stability
compound Solyys 20 Solys 65 mouse t;/, (min) human t,/, (min) mouse t,/, (min) human t,/, (min)
6ad 12.5-2§ 12.5-25 >250 >250 >1020 >1020
6ae 6.3—-12.5 12.5-25§ >250 >250 >1020 >1020

Compounds 6ad and 6ae Show Selectivity for APN
over Matrix Metalloproteinases (MMPs). As the hydroxa-
mic acid moiety is a strong zinc chelator, there is a possibility
that our potent APN inhibitors may interact with other zinc-
dependent enzymes. To assess the selectivity and potential off-
target effects of 6ad and 6ae, we performed quenched
fluorescence assays with MMP2, 7, 8, 9, and 13 (Figure S1).
The activity of the parent compound (1), Tosedostat, and the
broad spectrum MMP inhibitor, Marimastat, were also
evaluated as comparison and controls (Table 1). MMP2 and
9 were effectively inhibited by Marimastat (ICg, 0.43 and 3.1
nM, respectively) and weakly by Tosedostat (ICsy: 0.19 and
1.5 uM, respectively), whereas 6ad and 6ae weakly inhibited
MMP2 (1.3 and 2.1 uM, respectively) and only inhibited
MMP9 at relatively high concentrations (ICs, > 100 puM).
Similar observations were made for collagenases MMP8 and
MMP13 as well as matrilysin MMP7, which were all inhibited
with low nM IC, by Marimastat, high nM IC;, by Tosedostat,
and uM to mM ICs, by the novel inhibitors, with 1
demonstrating the lowest extent of inhibition (Figure S1).
Collectively, these findings show that the novel APN inhibitors
demonstrate low off-target inhibitory effects on MMPs.

Cellular Toxicity, and Physicochemical and Pharma-
cokinetic Properties of 6ad and 6ae. Evaluation of cellular
toxicity, and physicochemical and stability properties provide
important early-stage data to determine whether or not a
compound has the necessary features to be pursued further as a
drug candidate. In our cellular toxicity study, we used Ad293
cell line, which was used to measure cell toxicity in other
literature reports, is derived from the human embryonic kidney
293 (HEK293) cell line, but transfected with a special gene for
improved cell adherence to make cell handling easier during
cell cultures and assays.”” The compounds show limited
cytotoxicity against Ad293 cells with CCs, values of 41 + 2 uM
for 6ad and 149 + 13 uM for 6ae. In vitro physicochemical
properties and metabolic/plasma stabilities of two potent APN
inhibitors 6ad and 6ae were measured (Table 3). The kinetic
solubility of each compound was determined by nephelometry.
Both compounds showed moderate solubility under pH
conditions representative of the stomach (pH 2) and upper
fasted state small intestine (pH 6.5) suggesting that solubility
could be a factor that limits oral absorption. The partition
coefficients at pH 7.4 (LogDpH ,4) were estimated using a
chromatographic method and found to be 2.8 and 2.6,
respectively. The metabolic stabilities were assessed by
incubating compounds in mouse and human hepatic micro-
somes at 37 °C and a protein concentration of 0.4 mg/mL.
The compounds showed minimal degradation and very long

halflives of longer than 4 h in both mouse and human
microsomes, resulting in low in vitro intrinsic clearance values
[CL, < 7 pL/(min mg protein)]. In vitro plasma stability
studies were performed by incubating compounds in human
and mouse plasma at 37 °C for up to 4 h. Both compounds
displayed minimal loss, indicating that they are not readily
susceptible to the action of hydrolytic enzymes present in the
plasma.

B CONCLUSIONS

Rapid metastasis of cancer cells through complex mechanisms
of ECM degradation, angiogenesis, cell invasion, and cell
adhesion is a major burden in effective cancer therapy.
Therefore, continuous development of novel anticancer agents
targeting metastasis is urgently required. Being involved in
mechanisms of angiogenesis and metastasis, APN has been
broadly studied as a therapeutic target for cancer. Here, we
have reported the design, synthesis, and biological evaluations
of novel APN inhibitors that were derived from a potent
inhibitor of parasitic homologue PfA-M1. Through compre-
hensive structure-based design, we were able to generate a
small library of novel hydroxamic acid analogues targeting
APN and discover a potent compound 6ad that showed 527-
fold improved inhibition activity than a known APN inhibitor
bestatin. Molecular docking and MD simulations highlighted
the significance of the flexible loop in domain VI in providing
hydrophobic interactions at the S1 pocket. The results also
revealed the combination of stacking and dual hydrogen-
bonding interactions was crucial to optimize the binding at the
S1’ subunit of APN. In addition, cross-activity studies showed
that 6ad and 6ae possessed low off-target activity on MMPs.
The evaluation of the cellular activities of 6ad and 6ae against
Ad293 cell line also indicated that they displayed limited
cytotoxicity. Moreover, 6ad and 6ae had favorable metabolic
and plasma stability in both human and mouse models.
However, the solubility of these compounds is suboptimal and
should be addressed by further medicinal chemistry
approaches.

B EXPERIMENTAL SECTION

Chemistry. Chemicals and solvents were purchased from standard
suppliers and used without further purification unless otherwise
indicated. '"H NMR, 'F NMR, and '*C NMR spectra were recorded
on a Bruker Avance Nanobay III 400 MHz Ultrashield Plus
spectrometer at 400.13, 376.46, and 100.61 MHz, respectively.
NMR experiments were obtained at the temperature of 298 K. Data
acquisition and processing was managed using Topspin software
package version 3. Chemical shifts () are recorded in parts per
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million with reference to the chemical shift of the deuterated solvent.
Coupling constants (J) and carbon—fluorine coupling constants (Jg)
are recorded in hertz, and multiplicities are described as singlet (s),
doublet (d), triplet (t), multiplet (m), doublet of doublets (dd),
doublet of triplets (dt), doublet of doublets of doublets (ddd), and
broad (br). Overlapped nonequivalent '*C peaks were identified by
heteronuclear single quantum coherence and heteronuclear multiple-
bond correlation NMR.

Analytical thin-layer chromatography (TLC) was performed on
Merck silica gel 60F, 5, aluminum-backed plates, which were visualized
by fluorescence quenching under a UV lamp at 254 nm or by
Fe(III)Cl; staining for hydroxamic acid compounds. Flash chroma-
tography was performed with silica gel 60 (particle size, 0.040—0.063
pm).

Analytical high-performance liquid chromatography (HPLC) was
performed using an Agilent 1260 Infinity Analytical HPLC with a
Zorbax Eclipse Plus C18 Rapid Resolution 4.6 X 100 mm? 3.5 ym
column. Buffer A: 0.1% TFA in H,O and buffer B: 0.1% TFA in
MeCN were used. Samples were run at a gradient of 5% buffer B/
buffer A (0—9 min) to 100% buffer B (9—10 min) at a flow rate of 1
mL/min. Unless otherwise indicated, all compounds were >95% pure
by HPLC (254 and 214 nm) prior to biological evaluation.

Preparative HPLC was performed using an Agilent 1260 Infinity
instrument coupled with a binary preparative pump and an Agilent
1260 FC-PS fraction collector using Agilent OpenLAB CDS software
(revision C.01.04) and an Altima C8 22 X 250 mm? 5 #M column,
and a 1260 Infinity diode array detector VL. The following buffers
were used: buffer A: 0.1% TFA in H,0 and buffer B: 0.1% TFA in
MeCN. The sample was run at a gradient of 30—100% buffer B over
10 min at a flow rate of 20 mL/min.

LC—MS was performed using system A or B. System A: Agilent
6100 series single quadrupole instrument coupled to an Agilent 1200
series HPLC instrument fitted with a Luna 120 C8(2) S um 50 X 4.6
mm? column. Samples were run at a flow rate of 0.5 mL/min for 12
min: 5% buffer B/buffer A (0—4 min), 100% buffer B (4—7 min), and
5% buffer B/buffer A (7—12 min). Mass spectra were obtained in
positive- and negative-ion modes with a scan range of 100—1000 m/z.
UV detection was carried out at 254 nm. System B: Agilent 6120
series single quadrupole instrument coupled to an Agilent 1260 series
HPLC instrument fitted with a Poroshell 120 EC-C18 50 X 3.0 mm?,
2.7 um column. The following buffers were used: buffer A: 0.1%
formic acid in H,O and buffer B: 0.1% formic acid in MeCN. Samples
were run at a flow rate of 0.5 mL/min for S min: 5% buffer B/buffer A
(0—1 min), 100% buffer B (1—2.5 min), and held at this composition
until 3.8 min, 5% buffer B/buffer A (3.8—4 min), and held until 5 min
at this composition. Mass spectra were obtained in positive- and
negative-ion modes with a scan range of 100—1000 m/z. UV
detection was carried out at 214 and 254 nm.

High-resolution mass spectrometry (HRMS) was carried out using
an Agilent 6224 TOF LC—MS mass spectrometer coupled to an
Agilent 1290 Infinity device. All data were acquired and referenced via
dual-spray electrospray ionization source. Acquisition was performed
using Agilent Mass Hunter Data Acquisition software version B.05.00
Build 5.0.5042.2, and analysis was conducted using Mass Hunter
Qualitative Analysis version B.05.00 Build 5.0.519.13.

Instant JChem was used for data management: Instant JChem
16.9.12.0, ChemAxon (http://www.chemaxon.com).

General Procedure A: Amide Coupling Using HCTU and DIPEA.
Carboxylic acid (1.1 equiv) and HCTU (1.2 equiv) were dissolved in
anhydrous DMF (2 mL/mmol) and stirred for 30 min in a N,-flushed
microwave vial. DIPEA (2.1 equiv) was added dropwise followed by
compound 4 (1.0 equiv) in anhydrous DCM (2 mL/mmol). The
reaction mixture was stirred at rt for 1 day. If the reaction did not
reach completion after 1 day, then a further 1.2 equiv HCTU and 2.1
equiv DIPEA were added. After completion, the reaction mixture was
diluted with sat. NaHCOj; (10 mL) and extracted with DCM (3 X 15
mL). The combined organic layers were washed with water (2 X 10
mL) and brine (15 mL). The organic layer was dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo. The crude was purified

by column chromatography using either DCM/MeOH or petroleum
ether (PE)/EtOAc as the eluent.

General Procedure B: Amide Coupling Using EDCI and DMAP.
Compound 4 (1.0 equiv), carboxylic acid (1.2 equiv), EDCI (1.2
equiv), and DMAP (1.3 equiv) were dissolved in DCM (8 mL/
mmol) or DMF (8 mL/mmol) and stirred at rt overnight. If the
reaction did not reach completion, then a further 1.2 equiv EDCI and
1.3 equiv DMAP were added. The reaction mixture was diluted with
sat. NaHCOj; (10 mL) and extracted with DCM (3 X 10 mL). The
combined organic layers were washed with a 1 M HCl solution (15
mL), dried over anhydrous Na,SO,, filtered, and concentrated in
vacuo. The crude residue was purified by column chromatography
using PE/EtOAc as the eluent.

General Procedure C: Direct Aminolysis of Methyl Ester to the
Hydroxamic Acid. To a solution of methyl ester (1.0 equiv) in
anhydrous MeOH (3 mL/mmol) was added NH,OH-HCI (4—10
equiv) followed by KOH ($ M in MeOH, 5—10 equiv). The reaction
mixture was stirred at rt and monitored by LC—MS and TLC using an
Fe(IIT)Cl, stain. Once the reaction was complete, the suspension was
dry-loaded onto silica and purified by column chromatography.

General Procedure D: O-Demethylation Using BBr;. To a
solution of the methyl ether substrate (1.0 equiv) in DCM (2 mL/
mmol) was added BBr; (1 M in DCM, $.0 equiv for mono O-
demethylation, 10.0 equiv for double O-demethylation) at —78 °C.
The reaction mixture was stirred at rt for 2 h to 1 day. The reaction
was quenched by the addition of a 1 M HCl and stirred vigorously for
10 min. The resulting precipitate was filtered and purified by
preparative HPLC.

1-(3',4',5'-Trifluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (2). To a
nitrogen-flushed 500 mL round-bottom flask were added 4'-
bromoacetophenone (5.00 g, 25.1 mmol), 3,4,5-trifluorophenylbor-
onic acid (5.74 g, 32.7 mmol), anhydrous THF (180 mL), and a 1 M
Na,COj solution (60 mL). PdCL,(PPh;), (529 mg, 0.754 mmol) was
added, and the mixture was heated at reflux for 2 h. The reaction
mixture was concentrated under reduced pressure and extracted with
Et,0 (3 X S0 mL). The combined organic layers were dried over
anhydrous Na,SO,, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography (PE/EtOAc 100:0—
50:50) to afford compound 2 as a yellow-brown solid (6.29 g, 100%);
"H NMR [dy-dimethyl sulfoxide (DMSO)] & 8.03 (d, ] = 8.6 Hz, 2H),
7.89 (d, ] = 8.5 Hz, 2H), 7.80 (dd, ] = 9.6, 6.8 Hz, 2H), 2.62 (s, 3H);
YF NMR (d-DMSOQ) & —134.6 (d, J = 21.7 Hz), —162.1 (dd, J =
21.7/21.7 Hz); “C NMR (ds-DMSO) § 197.5, 150.6 (ddd, Jop =
247.0/9.8/4.2 Hz), 141.1-141.0 (m), 138.79 (dt, Jor = 250.5/15.6
Hz), 136.5, 135.6 (dt, Jop = 12.8/6.4 Hz), 128.8, 127.1, 1122—111.3
(m), 26.8; m/z MS C,4H,(F;0 [MH]" calcd 251.1, found 251.0.

2-Ox0-2-(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetic Acid (3).
Compound 2 (6.29 g, 25.1 mmol) and SeO, (4.18 g, 37.7 mmol)
were dissolved in anhydrous pyridine (200 mL). The reaction mixture
was sonicated and then heated at 110 °C overnight under nitrogen.
Once the reaction was complete, the mixture was filtered through
Celite and the filtrate was concentrated in vacuo. A 1 M HCl solution
(20 mL) was added, and the compound was extracted with EtOAc (3
X 50 mL). The combined organic layers were dried over anhydrous
Na,SO,, filtered and concentrated under reduced pressure to afford
compound 3 as a brown solid (7.04 g, 100%); 'H NMR (d;-DMSO)
5 8.05—7.93 (m, 4H), 7.84 (dd, ] = 9.5/6.7 Hz, 2H); °F NMR (d,-
DMSO) 6 —134.4 (d, J = 21.7 Hz), —161.3 (dd, J = 21.7/21.7 Hz);
13C NMR (d;-DMSO) 5 188.0, 165.8, 150.7 (ddd, Jop = 247.2/9.8/
4.1 Hz), 142.9-142.8 (m), 139.1 (dt, Joy = 248.4/14.2 Hz), 135.8—
1345 (m), 131.6, 130.2, 127.7, 116.5—1053 (m); m/z MS
C,H¢F;05 [M — H]™ caled 279.0, found 279.0.

Methyl 2-Amino-2-(3',4’,5'-trifluoro-[1,1'-biphenyl]-4-yl)acetate
(4). Compound 3 (7.04 g, 25.1 mmol) and benzylamine (4.12 mL,
37.7 mmol) were dissolved in anhydrous DCE (200 mL) and stirred
for 30 min. Na(OAc);BH (7.99 g, 56.6 mmol) was added, and the
mixture was stirred at rt overnight. Once the reaction was complete,
water (30 mL) was added and the mixture was stirred vigorously for 5
min. DCE was removed in vacuo and the solid was filtered and
washed with ethanol to give 9.33 g of 2-(benzylamino)-2-(3',4,5'-
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trifluoro-[1,1'-biphenyl]-4-yl)acetic acid as a yellow solid. The crude
solid was dissolved in MeOH (250 mL) and conc. H,SO, (5.36 mL,
101 mmol) was added dropwise. The reaction mixture was refluxed
for 16 h and then concentrated under reduced pressure. Sat. NaHCO;
was added and the mixture was extracted with DCM (3 X 150 mL).
The combined organic layers were dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure to afford 7.86 g of
methyl 2-(benzylamino)-2-(3',4’,5'-trifluoro-[1,1’-biphenyl]-4-yl)-
acetate. The crude ester was subsequently dissolved in MeOH (200
mL), and 32% HCI (5 mL) was added. The flask was evacuated and
flushed with nitrogen three times before the addition of 10% Pd/C
(1.60 g). The reaction mixture was stirred vigorously under a
hydrogen atmosphere at rt overnight. Upon completion, the reaction
mixture was filtered through Celite and washed with MeOH (50 mL).
The filtrate was concentrated in vacuo followed by dilution with sat.
NaHCO; and extraction with EtOAc (3 X 100 mL). The organic
layer was dried over anhydrous Na,SO,, filtered, and concentrated
under reduced pressure. The crude product was purified by column
chromatography (PE/EtOAc 50:50—0:100) to afford compound 4 as
a sticky yellow solid (3.51 g 47% over three steps). 'H NMR
(CDCL,) & 7.47 (m, 4H), 7.20—7.10 (m, 2H), 4.67 (s, 1H), 3.72 (s,
3H), 2.30 (s, 2H); "F NMR (CDCl;) § —134.0 (d, J = 20.5 Hz),
—162.4 (dd, J = 20.6/20.6 Hz); *C NMR (CDCl;) § 174.3, 151.5
(ddd, Jer = 249.6/10.0/4.3 Hz), 140.5, 140.9—137.9 (m), 138.1—
137.9 (m), 136.8 (td, Jop = 7.8/4.7 Hz), 127.7, 127.3, 111.3—-110.9
(m), 58.4, 52.6; m/z MS C,sH,5;F;NO, [MH]" calcd 296.1, found
296.1.

Methyl 2-Acetamido-2-(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)-
acetate (5a). To a mixture of compound 4 (300 mg, 1.01 mmol)
in anhydrous toluene (4 mL) was added Meldrum’s acid (161 mg,
1.12 mmol). The reaction mixture was refluxed for 3 h. After cooling
to rt, the resulting precipitate was filtered and washed with Et,O to
afford compound 5a as a white solid (172 mg, 50%). "H NMR (d,-
DMSO) & 8.80 (d, J = 7.3 Hz, 1H), 7.89—7.64 (m, 4H), 7.48 (d, ] =
8.3 Hz, 2H), 5.48 (d, ] = 7.3 Hz, 1H), 3.63 (s, 3H), 1.91 (s, 3H); °F
NMR (d;-DMSO) 8 —134.8 (d, ] = 21.8 Hz), —163.3 (dd, J = 21.7/
21.7 Hz); *C NMR (d-DMSO) & 171.0, 169.3, 150.6 (ddd, Jc =
246.6/9.7/42 Hz), 1384 (dt, Jop = 249.5/15.7 Hz), 136.9—136.8
(m), 136.7, 136.3 (td, Jor = 8.1/4.5 Hz), 128.4, 127.2, 117.8—108.1
(m), 55.8, 52.3, 22.2; m/z MS C,;H,;F;NO, [MH]* caled 338.1,
found 338.1.

tert-Butyl 3-((2-Methoxy-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphen-
ylI-4-yl)ethyl)amino)-3-oxopropanoate (5b). 3-(tert-Butoxy)-3-oxo-
propanoic acid (198 mg, 1.24 mmol) was coupled to compound 4
(330 mg, 1.12 mmol) according to General Procedure A. The crude
product was purified by column chromatography (PE/EtOAc 0:100—
50:50) to afford compound 5b (185 mg, 38%) as an orange oil. 'H
NMR (d-DMSO) & 9.00 (d, J = 7.3 Hz, 1H), 7.80~7.67 (m, 4H),
7.50 (d, ] = 8.3 Hz, 2H), 5.52 (d, ] = 7.3 Hz, 1H), 3.65 (s, 3H), 3.31—
321 (m, 2H), 1.39 (s, 9H); F NMR (d;-DMSO) 6 —134.9 (d, J =
217 Hz), —163.3 (dd, J = 21.7/21.7 Hz); 3C NMR (ds-DMSO) &
170.6, 166.9, 165.5, 150.6 (ddd, Jor = 246.6/9.8/4.2 Hz), 138.4 (dt,
Jor = 249.7/15.6 Hz), 136.9-136.8 (m), 136.6, 136.3 (m), 128.3,
127.2, 111.7-111.0 (m), 80.6, 55.8, 52.4, 432, 27.7; m/z MS
Cy,H, F;NO; [M — H]™ caled 436.1, found 436.1.

4-((2-Methoxy-2-oxo-1-(3',4',5'-trifluoro-[1,1’-biphenyl]-4-yl)-
ethyl)amino)-4-oxobutanoic Acid (5e). To a mixture of compound 4
(428 mg, 1.45 mmol) in anhydrous toluene (10 mL) was added
succinic anhydride (160 mg, 1.60 mmol). The reaction mixture was
refluxed for 3 h. After cooling to rt, the resulting precipitate was
filtered and washed with Et,O to afford compound Se as a white solid
(267 mg, 49%). 'H NMR (d-DMSO) § 12.11 (s, 1H), 8.83 (d, J =
7.3 Hz, 1H), 7.80—7.65 (m, 4H), 7.49 (d, ] = 8.3 Hz, 2H), 549 (d, J
= 7.3 Hz, 1H), 3.63 (s, 3H), 2.46—2.39 (m, 4H); "’F NMR (d,-
DMSO) 5 —134.82 (d, ] = 21.8 Hz), —163.24 (dd, ] = 21.8/21.8 Hz);
13C NMR (d-DMSO) & 173.7, 171.2, 171.0, 150.6 (ddd, Jo5 = 246.4/
9.6/4.0 Hz), 138.4 (m), 137.0 (m), 136.8, 136.3 (m), 128.4, 127.1,
111.5-1112 (m), 55.8, 523, 29.6, 28.9; m/z MS C,,H,,F;NO;
[MH]* caled 396.1, found 396.1.

Methyl 2-(4-Amino-4-oxobutanamido)-2-(3',4’,5'-trifluoro-[1,1'-
biphenyl]-4-yl)acetate (5f). Compound Se (272 mg, 0.688 mmol)
and PyBOP (531 mg, 1.02 mmol) in DMF (10 mL) were stirred for
10 min. DIPEA (0.2 mL, 1.02 mmol) and ammonium carbonate (332
mg, 3.45 mmol) were added to the reaction mixture which was stirred
at rt overnight. After completion, the mixture was diluted with water
(10 mL) and extracted with DCM (3 X 15 mL). The combined
organic layers were washed with sat. NaHCO, (2 X 30 mL) and brine
(30 mL). The organic layer was dried over anhydrous Na,SO,,
filtered, and concentrated in vacuo. The crude product was purified by
column chromatography (PE/EtOAc 50:50—0:100) to afford
compound 5f as a white solid (84 mg, 31%). '"H NMR (d;-DMSO)
5881 (d, ] = 7.3 Hz, 1H), 7.87—7.60 (m, 4H), 7.49 (d, ] = 8.3 Hz,
2H), 729 (brs, 1H), 6.75 (br s, 1H), 5.49 (d, J = 7.3 Hz, 1H), 3.63
(s, 3H), 2.47—2.25 (m, 4H); "’F NMR (d,-DMSO) 6 —134.8 (d, ] =
21.8 Hz), —163.3 (dd, J = 21.8/21.8 Hz); *C NMR (d;-DMSO) §
1734, 171.7, 171.0, 150.6 (ddd, Jor = 246.5/9.7/4.2 Hz), 138.4 (dt,
Jor = 249.6/15.7 Hz), 136.8 (2C), 136.34 (td, Jor = 8.2/4.2 Hz),
1284, 127.2, 11161109 (m), 55.8, 52.3, 302, 30.1; m/z MS
CyoH,sF3N,0, [MH]* caled 395.1, found 395.1.

Methyl 2-Benzamido-2-(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)-
acetate (5g). Benzoic acid (99.3 mg, 0.813 mmol) was coupled to
compound 4 (200 mg, 0.678 mmol) according to General Procedure
B. The crude product was purified by column chromatography (PE/
EtOAc 100:0—50:50) to afford compound Sg as a bright yellow foam
(244 mg, 90%). 'H NMR (d-DMSO) & 9.26 (d, ] = 7.3 Hz, 1H),
8.00-7.91 (m, 2H), 7.79-7.66 (m, 4H), 7.61 (d, ] = 8.3 Hz, 2H),
7.58=7.53 (m, 1H), 7.51—=7.45 (m, 2H), 5.79 (d, ] = 7.3 Hz, 1H),
3.69 (s, 3H); F NMR (d,-DMSO) § —134.8 (d, J = 21.7 Hz),
—163.4 (dd, J = 21.6/21.6 Hz); *C NMR (d-DMSO) 6 170.9, 166.5,
150.6 (ddd, Jop = 246.7/9.7/4.2 Hz), 1384 (dt, Jop = 249.5/15.6 Hz),
136.8, 136.8—136.7 (m), 136.5—136.3 (td, Jcg = 8.1/4.4 Hz), 133.5,
131.6, 128.9, 1282, 127.7, 127.0, 111.6—111.0 (m), 56.4, 52.3; m/z
MS C,,H,,F;NO; [MH]* calcd 400.1, found 400.1.

Methyl 2-(3-Fluorobenzamido)-2-(3',4',5'-trifluoro-[1,1'-biphen-
yll-4-yl)acetate (5h). 3-Fluorobenzoic acid (114 mg, 0.812 mmol)
was coupled to compound 4 (200 mg, 0.677 mmol) according to
General Procedure B. The crude product was purified by column
chromatography (PE/EtOAc 100:0—50:50) to afford compound Sh
as a bright yellow foam (243 mg, 86%). 'H NMR (d,-DMSO) 5 9.35
(d, J = 7.1 Hz, 1H), 7.82—7.66 (m, 6H), 7.60 (d, J = 8.3 Hz, 2H),
7.54 (ddd, ] = 8.0/7.9/5.9 Hz, 1H), 7.44—7.38 (m, 1H), 5.77 (d, ] =
7.1 Hz, 1H), 3.69 (s, 3H); F NMR (d-DMSO) 6 —112.9, —134.8
(d, J = 21.7 Hz), —163.3 (dd, J = 21.7/21.7 Hz); *C NMR (d,-
DMSO) & 170.7, 165.2 (d, Jop = 2.5 Hz), 1619 (d, Jor = 244.3 Hz),
150.6 (ddd, Jor = 246.7/9.7/4.1 Hz), 138.4 (dt, Jop = 249.5/15.7 Hz),
136.9-136.6 (m), 136.5, 136.4—136.2 (m), 135.7 (d, Jep = 6.9 Hz),
1304 (d, Jop = 8.0 Hz), 129.0, 127.0, 123.9 (d, Jor = 2.8 Hz), 1185
(d, Jep = 21.2 Hz), 114.5 (d, Jop = 22.9 Hz), 112.1-110.6 (m), 56.5,
52.4; m/z MS C,,H,,F,NO; [MH]" calcd 418.1, found 418.1.

Methyl 2-(4-Fluorobenzamido)-2-(3',4',5'-trifluoro-[1,1’-biphen-
yll-4-yl)acetate (5i). 4-Fluorobenzoic acid (114 mg, 0.812 mmol) was
coupled to compound 4 (200 mg, 0.677 mmol) according to General
Procedure B. The crude product was purified by column
chromatography (PE/EtOAc 100:0—50:50) to afford compound Si
as a bright yellow foam (150 mg, 53%). '"H NMR (d;-DMSO) & 9.28
(d, J = 7.2 Hz, 1H), 8.08—=7.97 (m, 2H), 7.75 (d, J = 8.3 Hz, 2H),
7.72-7.64 (m, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.34—7.25 (m, 2H),
5.77 (d, J = 7.2 Hz, 1H), 3.69 (s, 3H); ’F NMR (d,-DMSO) &
—108.8, —134.8 (d, J = 21.6 Hz), —163.4 (dd, ] = 21.6/21.6 Hz); *C
NMR (dDMSO) & 170.8, 165.4, 164.1 (d, Jop = 249.1 Hz), 150.6
(ddd, Jor = 246.8/9.7/4.1 Hz), 1384 (dt, Jor = 249.6/15.6 Hz),
136.8—136.7 (m), 136.6, 136.4 (td, Jo = 8.1/4.4 Hz), 1304 (d, Jor =
9.1 Hz), 123.0 (d, Jop = 2.9 Hz), 1289, 127.0, 115.1 (d, Jop = 21.8
Hz), 1112 (m), 56.5, 52.3; m/z MS Cp,H;;F,NO; [MH]" caled
418.1, found 417.8.

Methyl 2-(3-Methoxybenzamido)-2-(3',4’,5'-trifluoro-[1,1'-bi-
phenyl]-4-yl)acetate (5j). 3-Methoxybenzoic acid (247 mg, 1.63
mmol) was coupled to compound 4 (400 mg, 1.36 mmol) according
to General Procedure B. The crude product was purified by column
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chromatography (PE/EtOAc 100:0—50:50) to afford compound §j as
a bright yellow foam (578 mg, 99%). "H NMR (d;-DMSO) 6 9.25 (d,
J =72 Hz, 1H), 7.75 (d, ] = 8.4 Hz, 2H), 7.69 (m, 2H), 7.61 (d, ] =
8.3 Hz, 2H), 7.56—7.51 (m, 1H), 7.51-7.48 (m, 1H), 7.39 (t, ] = 7.9
Hz, 1H), 7.15—7.09 (m, 1H), 5.78 (d, ] = 7.2 Hz, 1H), 3.81 (s, 3H),
3.69 (s, 3H); °F NMR (d,-DMSO) & —134.8 (d, J = 21.7 Hz),
—163.3 (dd, ] = 21.6/21.6 Hz); *C NMR (d,-DMSO) 6 170.9, 166.2,
159.1, 150.6 (ddd, Jop = 246.8/9.8/4.2 Hz), 138.4 (dt, Joy = 249.5/
15.6 Hz), 136.9—136.7 (m, 2C), 1364 (td, Jop = 8.1/4.4 Hz), 134.9,
129.4, 128.9, 127.0, 120.0, 117.5, 112.8, 112.0~110.4 (m), 56.5, 55.3,
52.3; m/z MS Cy3;H 4F;NO, [MH]" calcd 430.1, found 429.9.

Methyl 2-(4-Methoxybenzamido)-2-(3',4’,5'-trifluoro-[1,1'-bi-
phenyll-4-yl)acetate (5k). 4-Methoxybenzoic acid (199 mg, 1.31
mmol) was coupled to compound 4 (322 mg, 1.09 mmol) according
to General Procedure B. The crude product was purified by column
chromatography (PE/EtOAc 100:0—50:50) to afford compound Sk
as a white solid (154 mg, 33%). 'H NMR (CDCl;) 5 7.80 (d, J = 8.9
Hz, 2H), 7.54—7.49 (m, 2H), 7.48—7.42 (m, 2H), 7.29 (d, ] = 6.7 Hz,
1H), 7.13 (m, 2H), 6.90 (d, ] = 8.9 Hz, 2H), 5.81 (d, ] = 6.8 Hz, 1H),
3.82 (s, 3H), 3.78 (s, 3H); °F NMR (CDCL,) 6 —134.0 (d, ] = 20.5
Hz), —162.3 (dd, ] = 20.5 Hz); *C NMR (CDCL;) 6 171.5, 166.3,
1627, 151.5 (ddd, Joi = 249.7/9.9/4.2 Hz), 139.5 (dt, Jop = 252.2/
15.5 Hz), 138.6-138.4 (m), 1372, 136.7 (td, Jox = 7.7/4.6 Hz),
129.2,128.2, 127.5, 125.7, 113.9, 111.1 (m), 56.6, 55.5, 53.1; m/z MS
Cy3H,sFsNO, [MH]* caled 430.1, found 429.9.

Methyl 2-(3-Cyanobenzamido)-2-(3',4’,5'-trifluoro-[1,1'-biphen-
yll-4-yl)acetate (5n). Oxalyl chloride (130 yL, 1.51 mmol) was added
dropwise to a mixture of 3-carbamoylbenzoic acid (167 mg, 1.01
mmol) in DCM (10 mL) containing a catalytic amount of DMF (20
uL). After stirring the mixture at rt for 1 h, the DCM was
concentrated in vacuo. A mixture of DIPEA (126 uL, 1.31 mmol) and
compound 4 (300 mg, 1.01 mmol) in DCM (10 mL) was added to
the acid chloride. The reaction mixture was stirred at rt for 30 min
and then diluted with water (15 mL) and extracted with DCM (3 X
10 mL). The combined organic layers were dried over Na,SO,,
filtered, and concentrated in vacuo. LC—MS of the crude product
indicated dehydration of the carboxamide group occurred to form a
cyano analogue. The crude product was purified by column
chromatography (PE/EtOAc 100:0—0:100) to afford compound Sn
as a clear oil (383 mg, 89%). '"H NMR (CDCL;) & 8.12 (s, 1H), 8.06
(d, ] =7.9 Hz, 1H), 7.80 (d, ] = 7.8 Hz, 1H), 7.58 (t, ] = 7.7 Hz, 1H),
7.54—7.48 (m, 4H), 7.44 (d, ] = 6.7 Hz, 1H), 7.19-7.10 (m, 2H),
5.79 (d, ] = 6.7 Hz, 1H), 3.81 (s, 3H); ’F NMR (CDCl;) 6 —133.7
(d, ] = 20.6 Hz), —161.9 (dd, ] = 20.6/20.6 Hz); *C NMR (CDCl,)
§171.1,164.7, 151.6 (ddd, Jep = 250.0/10.1/4.2 Hz), 139.6 (dt, Jor =
252.4/15.4 Hz), 138.9—138.7 (m), 136.6—136.5 (m), 136.4, 135.3,
1347, 1315, 1312, 129.8, 128.2, 127.7, 117.9, 1132, 112.0—110.2
(m), 56.8, 53.4; m/z MS C,3H,,F3N,0; [M — H]™ caled 423.1, found
423.1.

Methyl 2-(4-Cyanobenzamido)-2-(3',4’,5'-trifluoro-[1,1'-biphen-
ylI-4-yl)acetate (50). Oxalyl chloride (130 L, 1.51 mmol) was added
dropwise to a mixture of 4-carbamoylbenzoic acid (167 mg, 1.01
mmol) in DCM (10 mL) containing a catalytic amount of DMF (20
uL). After stirring the mixture at rt for 1 h, the DCM was removed in
vacuo. A mixture of DIPEA (126 uL, 1.31 mmol) and compound 4
(300 mg, 1.01 mmol) in DCM (10 mL) was added to the acid
chloride. The reaction mixture was stirred at rt for 30 min, then
diluted with water (15 mL), and extracted with DCM (3 X 10 mL).
The combined organic layers were dried over anhydrous Na,SO,,
filtered, and concentrated in vacuo. LC—MS of the crude product
indicated dehydration of the carboxamide group occurred to form a
cyano analogue. The crude product was purified by column
chromatography (PE/EtOAc 100:0—0:100) to afford compound So
as a yellow oil (185 mg, 43%). '"H NMR (CDCl,) § 7.98—7.73 (m,
4H), 7.54—7.45 (m, 4H), 7.34 (app. t, ] = 6.6 Hz, 1H), 7.19—7.11 (m,
2H), 5.79 (d, ] = 6.6 Hz, 1H), 3.81 (s, 3H); ’F NMR (CDCl;) §
—133.7 (d, ] = 20.5 Hz), —161.9 (dd, J = 20.5/20.5 Hz); *C NMR
(CDCLy) 6 171.1, 164.9, 151.6 (ddd, Jop = 250.0/10.1/4.3 Hz), 139.6
(dt, Jop = 252.5/15.3 Hz), 139.0—138.8 (m), 137.4, 136.8—136.3 (m,

2C), 132.7, 128.2, 128.0, 127.7, 118.0, 115.8, 111.9—110.6 (m), 56.7,
53.5; m/z MS C,3H(F;N,0; [MH]* caled 425.1, found 425.1.

Methyl 2-(3-Carbamoylbenzamido)-2-(3',4',5'-trifluoro-[1,1’-bi-
phenyl]-4-yl)acetate (5r). 3-Carbamoylbenzoic acid (205 mg, 1.24
mmol) was coupled to compound 4 (332 mg, 1.13 mmol) according
to General Procedure A. The crude product was purified by column
chromatography (PE/EtOAc 50:50—0:100) to afford compound Sr as
a light yellow solid (328 mg, 66%). '"H NMR (d,-DMSO) 6 9.37 (d, ]
=7.1 Hz, 1H), 842 (t, ] = 1.6 Hz, 1H), 8.07 (br s, 1H), 8.06—7.99
(m, 2H), 7.78=7.69 (m, 4H), 7.64—7.54 (m, 3H), 7.50 (br s, 1H),
5.78 (d, J = 7.1 Hz, 1H), 3.69 (s, 3H); "F NMR (dc-DMSO) &
—134.8 (d, J = 21.7 Hz), —163.3 (dd, J = 21.7/21.7 Hz); *C NMR
(dsDMSO) & 1709, 167.5, 1662, 150.7 (ddd, Jor = 246.6/9.7/4.1
Hz), 138.4 (dt, Jop = 249.5/15.6 Hz), 136.9—136.8 (m), 136.7, 136.4
(td, Jop = 8.1/4.4 Hz), 134.5, 133.6, 130.5, 130.4, 129.0, 128.4, 127.1,
1269, 112.9-109.9 (m), 56.6, 52.5; m/z MS Cy;H,¢F;N,0, [MH]*
calcd 443.1, found 443.1.

Methyl 2-(4-Carbamoylbenzamido)-2-(3',4',5'-trifluoro-[1,1’-bi-
phenyl]-4-yl)acetate (5s). 4-Carbamoylbenzoic acid (246 mg, 1.49
mmol) was coupled to compound 4 (400 mg, 1.35 mmol) according
to General Procedure A. The crude product was purified by column
chromatography (PE/EtOAc 50:50—0:100) to afford compound $s as
a light yellow solid (383 mg, 64%). '"H NMR (d,-DMSO) 6 9.38 (d, ]
=72 Hz, 1H), 8.10 (br s, 1H), 8.02—7.91 (m, 4H), 7.84—7.68 (m,
4H), 7.60 (d, J = 8.3 Hz, 2H), 7.52 (br s, 1H), 5.77 (d, ] = 7.1 Hz,
1H), 3.68 (s, 3H); ’F NMR (d<-DMSO) & —134.8 (d, J = 21.8 Hz),
—163.2 (dd, ] = 21.7/21.7 Hz); °C NMR (d-DMSO) 6 170.8, 167.2,
165.9, 150.6 (ddd, Joi = 246.4/9.5/4.1 Hz), 138.4 (dt, Jop = 249.8/
15.7 Hz), 136.9, 136.4 (td, Jor = 8.2/5.5 Hz), 135.8—135.7 (m),
1334, 13222, 129.0, 127.7, 1274, 127.1, 111.6—111.1 (m), 56.5, 52.5;
m/z MS Cy3H sF5N,0, [MH]* calcd 443.1, found 443.1.

Methyl 2-(4-(Methylcarbamoyl)benzamido)-2-(3',4’,5'-trifluoro-
[1,1"-biphenyl]-4-yl)acetate (5t). 4-(Methylcarbamoyl)benzoic acid
(97.3 mg, 0.504 mmol) was coupled to compound 4 (107 mg, 0.364
mmol) according to General Procedure B. Upon completion, the
mixture was added to a 0.1 M HCI solution (50 mL) and extracted
with EtOAc (3 X S0 mL). The combined organic layers were washed
with brine (50 mL), dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure. The residue was then taken up
in minimal DMF and added to an ice—water mixture. The precipitate
was filtered and washed with minimal MeOH to afford compound 5t
as a yellow solid (98.4 mg, 59%). '"H NMR (d-DMSO) 6 9.38 (d, ] =
7.1 Hz, 1H), 8.57 (d, ] = 4.5 Hz, 1H), 8.04—7.96 (m, 2H), 7.92 (d,
= 8.4 Hz, 2H), 7.79—7.67 (m, 4H), 7.60 (d, J = 8.3 Hz, 2H), 5.78 (d,
J =7.1 Hz, 1H), 3.69 (s, 3H), 2.80 (d, ] = 4.5 Hz, 3H); '’F NMR (d,-
DMSO) 5 —134.8 (d, J = 21.7 Hz), —163.3 (dd, J = 21.7/21.7 Hz);
3C NMR (d-DMSO) 6 170.8, 166.0 (2C), 150.7 (ddd, Jcg = 246.4/
9.7/42 Hz), 139.9-137.1 (m), 137.2, 136.9 (br s), 136.6, 136.5—
1364 (m), 129.0, 127.8, 127.1, 127.0, 112.7—108.5 (m), 56.6, 52.5,
26.3; m/z MS Cy,H,0F3N,0, [MH]" calcd 457.1, found 456.8.

Methyl 2-(4-(Dimethylcarbamoyl)benzamido)-2-(3',4’,5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (5u). 4-(Dimethylcarbamoyl)-
benzoic acid (102 mg, 0.491 mmol) was coupled to compound 4
(114 mg, 0.385 mmol) according to General Procedure B. Upon
completion, the mixture was added to a 0.1 M HCI solution (50 mL)
and extracted with EtOAc (3 X S0 mL). The combined organic layers
were washed with brine (50 mL), dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. The residue was
then taken up in minimal DMF and added to an ice—water mixture.
The precipitate was filtered and washed with minimal MeOH to
afford compound 5u as a white solid (92.0 mg, 51%) 'H NMR (d,-
DMSO) 6 9.36 (d, J = 7.2 Hz, 1H), 8.07—7.86 (m, 2H), 7.79—7.68
(m, 4H), 7.60 (d, J = 8.3 Hz, 2H), 7.53—7.46 (m, 2H), 5.77 (d, ] =
7.2 Hz, 1H), 3.68 (s, 3H), 2.9 (s, 3H), 2.88 (s, 3H); 'F NMR (d-
DMSO) 5 —134.8 (d, ] = 21.7 Hz), —163.3 (dd, J = 21.8/21.8 Hz);
B3C NMR (ds-DMSO) 8 171.0, 169.7, 166.3, 150.8 (ddd, Jop = 14.1/
9.4/3.6 Hz), 139.9—137.2 (m), 139.7, 137.0 (d, Jog = 1.5 Hz), 136.8,
136.69—136.36 (m), 134.2, 129.2, 128.0, 127.2, 127.0, 111.4 (dd, Jcr
= 162/53 Hz), 56.7, 52.6, 349; m/z MS C,H,,F;N,0, [MH]*
caled 471.2, found 470.9.
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Methyl 2-(4-(Ethylcarbamoyl)benzamido)-2-(3',4',5'-trifluoro-
[1,1-biphenyl]-4-yl)acetate (5v). Carboxylic acid 12 (102 mg,
0.491 mmol) was coupled to compound 4 (114 mg, 0.385 mmol)
according to General Procedure B. Upon completion, the mixture was
added to a 0.1 M HCl solution (50 mL) and extracted with EtOAc (3
X 50 mL). The combined organic layers were washed with brine (50
mL), dried over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure. The residue was then taken up in minimal DMF
and added to an ice—water mixture. The precipitate was filtered and
washed with minimal MeOH to afford compound Sv as a yellow solid
(92.0 mg, 51%). '"H NMR (ds-DMSO) 5 9.39 (d, J = 7.1 Hz, 1H),
8.61 (t, ] = 5.5 Hz, 1H), 8.03—7.98 (m, 2H), 7.93 (d, J = 8.4 Hz, 2H),
7.76 (d, ] = 8.3 Hz, 2H), 7.71 (dd, J = 9.4, 6.8 Hz, 2H), 7.61 (d, ] =
8.3 Hz, 2H), 5.78 (d, J = 7.1 Hz, 1H), 3.69 (s, 3H), 3.34—3.26 (m,
2H), 1.14 (t, ] = 7.2 Hz, 3H); "’F NMR (d,-DMSO) § —134.8 (d, ] =
21.7 Hz), —163.3 (dd, J = 21.7/21.7 Hz); 3C NMR (d-DMSO) &
170.8, 165.9, 165.2, 150.6 (ddd, Jop = 246.8/9.6/4.4 Hz), 138.4 (dt,
Jor = 33.6/15.7 Hz), 137.3, 136.8, 136.6, 136.4 (td, Jcp = 8.1/4.6 Hz),
129.0, 127.7, 127.07, 127.05, 111.3 (dd, Jop = 15.9/5.5 Hz), 56.5,
52.4, 34.2, 14.7; m/z MS C,sH,,F3;N,0, [MH]" caled 471.2, found
470.9.

Methyl 2-(4-(Isopropylcarbamoyl)benzamido)-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (5w). 4-(Isopropylcarbamoyl)-
benzoic acid (119 mg, 0.573 mmol) was coupled to compound 4
(118 mg, 0.401 mmol) according to General Procedure B. Upon
completion, the mixture was added to a 0.1 M HCI solution (50 mL)
and extracted with EtOAc (3 X S0 mL). The combined organic layers
were washed with brine (50 mL), dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. The residue was
then taken up in minimal DMF and added to an ice—water mixture.
The precipitate was filtered and washed with minimal MeOH to
afford compound Sw as a white solid (177 mg, 91%). '"H NMR (ds-
DMSO) 6 9.40 (d, J = 7.1 Hz, 1H), 837 (d, ] = 7.7 Hz, 1H), 8.02 (d,
J = 8.5 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.76 (d, ] = 8.3 Hz, 2H),
7.69 (dd, J = 9.3, 6.8 Hz, 2H), 7.62 (d, ] = 8.3 Hz, 2H), 5.80 (d, ] =
7.1 Hz, 1H), 4.22—4.00 (m, 1H), 3.70 (s, 3H), 1.18 (d, J = 6.6 Hz,
6H); F NMR (d,-DMSO) § —130.0 (d, J = 21.6 Hz), —158.5 (dd, J
= 21.6/21.6 Hz); “C NMR (de-DMSO) & 170.90, 166.0, 164.7,
153.0—148.6 (m), 138.4 (dt, Jor = 30.9/13.8 Hz), 137.5, 136.9, 136.6,
136.5-136.3 (m), 135.5, 129.0, 127.7, 127.2, 127.1, 111.3 (dd, Js =
18.9/2.5 Hz), 56.6, 52.4, 41.2, 22.3; m/z MS C,4H,,F;N,0, [MH]*
calcd 485.2, found 484.9.

Methyl 2-(4-((2-Hydroxyethyl)carbamoyl)benzamido)-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetate (5x). A sealed vessel
containing (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)-
dimethylamino-morpholino-carbenium hexafluorophosphate (2.23 g,
0.584 mmol), triethylamine (1.10 mL, 7.89 mmol), carboxylic acid 14
(746 mg, 3.56 mmol), and compound 4 (761 mg, 2.58 mmol) was
purged twice with nitrogen and charged with DMF (S mL). The
reaction mixture was allowed to stir at rt overnight. The mixture was
then added to a half saturated NaHCOj; solution (80 mL) and
extracted with EtOAc (3 X 80 mL). The combined organic layers
were washed with brine (S0 mL), dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. The residue was
then taken up in minimal DMF and added to an ice—water mixture.
The precipitate was filtered and washed with minimal MeOH and
further purified by column chromatography (DCM/MeOH 98:2—
94:6) to afford compound Sx as a cream solid after lyophilization
(182 mg, 14%). '"H NMR (dsDMSO) & 9.41 (d, J = 7.2 Hz, 1H),
8.61 (t, J = 5.7 Hz, 1H), 8.06-7.99 (m, 2H), 8.00~7.93 (m, 2H),
7.78=7.72 (m, 2H), 7.67 (dd, | = 9.4, 6.6 Hz, 2H), 7.65—7.58 (m,
2H), 5.80 (d, ] = 7.1 Hz, 1H), 4.81 (br s, 1H), 3.70 (s, 3H), 3.56 (t, ]
= 6.2 Hz, 2H), 3.38 (q, ] = 6.0, 2H); '’F NMR (d;-DMSO) § —134.8
(d, J = 21.8 Hz), —1632 (dd, J = 21.7/21.7 Hz); C NMR (d-
DMSO) § 170.9, 166.1, 165.8, 150.7 (ddd, Jor = 246.8/9.7/4.2 Hz),
138.5 (dt, Jop = 30.6/12.4 Hz), 137.3, 137.0, 136.7, 136.5 (td, Jor =
8.1/4.4 Hz), 135.7, 129.1, 127.8, 127.3, 127.1, 111.3 (dd, J = 16.0/
5.5 Hz), 59.8, 56.7, 52.5, 42.4; m/z MS CysH,,F;N,05 [MH]" caled
487.1, found 486.8.

Methyl 2-(4-Sulfamoylbenzamido)-2-(3',4',5'-trifluoro-[1,1'-bi-
phenyl]-4-yl)acetate (5y). 4-Carboxybenzenesulfonamide (274 mg,
1.36 mmol) was coupled to compound 4 (290 mg, 0.981 mmol)
according to General Procedure B. Upon completion, the mixture was
added to a 0.1 M HCl solution (50 mL) and extracted with EtOAc (3
X S0 mL). The combined organic layers were washed with brine (50
mL), dried over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure. The residue was then taken up in minimal DMF
and added to an ice—water mixture. The fine precipitate was
centrifuged, the supernatant removed, and the solid resuspended in
EtOAc twice to afford compound Sy as a light yellow solid after
lyophilization (101 mg, 22%). '"H NMR (ds-DMSO) 5 9.46 (d, ] = 7.1
Hz, 1H), 8.07 (d, ] = 8.4 Hz, 2H), 7.91 (d, ] = 8.3 Hz, 2H), 7.79—
7.69 (m, 4H), 7.60 (d, ] = 8.2 Hz, 2H), 7.51 (s, 2H), 5.76 (d, ] = 7.0
Hz, 1H), 3.68 (s, 3H); '’F NMR (d;-DMSO) 6 —134.8 (d, ] = 21.4
Hz), —163.2 (dd, J = 21.5/21.5 Hz); *C NMR (d¢-DMSO) § 171.2,
166.1, 151.1 (ddd, Jor = 13.9/9.3/3.7 Hz), 147.1, 140.8—137.5 (m),
137.4, 136.9, 136.8, 129.5, 128.9, 127.5, 126.1, 111.8 (dd, Jo5 = 16.0/
S4 Hz), 57.1, 52.9; m/z MS Cyp,H sF;N,0,S [MH]" caled 479.1,
found 478.8.

Methyl 2-(3-((tert-Butoxycarbonyl)amino)benzamido)-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetate (5z). 3-((tert-
Butoxycarbonyl)amino)benzoic acid (289 mg, 122 mmol) was
coupled to compound 4 (300 mg, 1.02 mmol) according to General
Procedure B. The crude product was purified by column
chromatography (PE/EtOAc 100:0—50:50) to afford compound Sz
as a yellow oil (353 mg, 67%). "H NMR (d;-DMSO) & 9.48 (s, 1H),
9.17 (d, ] = 7.3 Hz, 1H), 7.99 (m, 1H), 7.78—7.66 (m, 4H), 7.63—
7.56 (m, 3H), 7.54—7.48 (m, 1H), 7.34 (t, ] = 7.9 Hz, 1H), 5.74 (d, J
= 7.1 Hz, 1H), 3.68 (s, 3H), 1.48 (s, 9H); °F NMR (d;-DMSO) &
—134.8 (d, J = 21.7 Hz), —163.4 (dd, J = 21.7/21.7 Hz); *C NMR
(d;DMSO) & 170.8, 166.7, 152.8, 150.6 (ddd, Jep = 246.7/9.7/4.3
Hz), 139.9-136.9 (m) (2C), 136.8, 136.7—136.6 (m), 136.4 (td, Jor
= 8.1/4.4 Hz), 134.3, 128.9, 128.4, 127.0, 121.2, 1212, 117.8, 113.1—
1103 (m), 79.2, 56.4, 52.3, 28.1; m/z MS CypH,sF,N,0, [MH]*
caled 515.2, found 515.1.

Methyl 2-(4-((tert-Butoxycarbonyl)amino)benzamido)-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetate (5aa). 4-((tert-
Butoxycarbonyl)amino)benzoic acid (289 mg, 122 mmol) was
coupled to compound 4 (300 mg, 1.02 mmol) according to General
Procedure B. The crude product was purified by column
chromatography (PE/EtOAc 100:0—50:50) to afford compound
Saa as a bright yellow foam (370 mg, 70%). '"H NMR (ds-DMSO) &
9.62 (s, 1H), 9.04 (d, J = 7.2 Hz, 1H), 7.86 (d, ] = 8.8 Hz, 2H), 7.78—
7.67 (m, 4H), 7.58 (d, ] = 8.3 Hz, 2H), 7.53 (d, ] = 8.8 Hz, 2H), 5.74
(d,] = 8.5 Hz, 1H), 3.67 (s, 3H), 1.48 (s, 9H); °F NMR (d;-DMSO)
& —134.8 (d, ] = 21.7 Hz), —163.3 (dd, ] = 21.7/21.7 Hz); 3C NMR
(d¢DMSO) & 171.0, 166.0, 152.6, 150.6 (ddd, Jor = 246.5/9.7/4.1
Hz), 142.7, 1384 (dt, Jor = 249.9/15.7 Hz), 136.9, 136.8—136.6 (m),
1364 (td, Jor = 8.1/4.3 Hz), 128.9, 128.6, 127.0, 126.7, 117.0, 111.5—
111.0 (m), 79.5, 56.4, 52.3, 28.0; m/z MS C,,H,,F;N,0, [M — H]"
caled 513.2, found 512.9.

Methyl 2-(4-(Methylsulfonamido)benzamido)-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (5ad). 4-((Methyl)-
sulfonylamino)benzoic acid (106 mg, 0.494 mmol) was coupled to
compound 4 (118 mg, 0.401 mmol) according to General Procedure
B. Upon completion, the mixture was added to a 0.1 M HCl solution
(50 mL) and extracted with EtOAc (3 X 50 mL). The combined
organic layers were washed with brine (50 mL), dried over anhydrous
Na,SO,, filtered, and concentrated under reduced pressure. The
residue was then taken up in minimal DMF and added to an ice—
water mixture. The precipitate was filtered and washed with minimal
MeOH to afford compound Sad as a light yellow solid (142 mg,
72%). '"H NMR (d-DMSO) & 10.14 (s, 1H), 9.14 (d, J = 7.2 Hz,
1H), 7.95—7.88 (m, 2H), 7.78—7.68 (m, 4H), 7.58 (d, ] = 8.3 Hz,
2H), 7.30—7.18 (m, 2H), 5.74 (d, ] = 7.2 Hz, 1H), 3.67 (s, 3H), 3.07
(s, 3H); F NMR (d,-DMSO) 5 —134.8 (d, J = 21.8 Hz), —163.3
(dd, J = 21.7/21.7 Hz); *C NMR (d-DMSO) 6 171.0, 165.9, 150.7
(ddd, Jcp = 246.7/9.7/4.2 Hz), 141.6, 136.8—136.7(m), 136.8, 136.4
(td, Jop = 7.8/4.2 Hz), 1292, 129.0, 1282, 127.0, 117.9, 111.3 (dd,
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Jer = 16.0/5.5 Hz), 56.5, 52.4, 40.6; m/z MS C3H,,F;N,0,S [MH]*
caled 493.1, found 492.8.

Methyl 2-(4-(Sulfamoylamino)benzamido)-2-(3',4’,5’-trifluoro-
[1,1'-biphenyl]-4-yl)acetate (5ae). Carboxylic acid 15 (160 mg,
0.742 mmol) was coupled to compound 4 (191 mg, 0.645 mmol)
according to General Procedure B. Upon completion, the mixture was
added to a 0.1 M HCI solution (50 mL) and extracted with EtOAc (3
X S0 mL). The combined organic layers were washed with brine (S0
mL), dried over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure. The residue was then taken up in minimal DMF
and added to an ice—water mixture. The precipitate was sonicated in
Et,0O for 10 min and then centrifuged. The supernatant was removed
and the solid resuspended in Et,O twice to afford compound Sae as a
cream solid (170 mg, 53%). '"H NMR (ds-DMSO) 6 9.94 (s, 1H),
9.05 (d, J = 7.2 Hz, 1H), 7.86 (d, ] = 8.8 Hz, 2H), 7.80—7.63 (m,
4H),7.58 (d, ] = 8.3 Hz, 2H), 7.29 (s, 2H), 7.18 (d, J = 8.8 Hz, 2H),
573 (d, J = 7.2 Hz, 1H), 3.67 (s, 3H); "°F NMR (d;-DMSO) &
—134.8 (d, ] = 21.7 Hz), —163.3 (dd, ] = 21.7/21.7 Hz); *C NMR
(d¢-DMSO) & 171.1, 166.1, 150.7 (ddd, Jor = 246.3/9.6/4.0 Hz),
142.8, 138.5 (dt, Jop = 30.9/15.2 Hz), 137.0, 136.8, 136.5 (td, Jor =
8.1/4.4 Hz), 129.0, 128.9, 127.0, 126.3, 1163, 111.3 (dd, Jcr = 16.0/
5.4 Hz), 56.5, 52.4; m/z MS Cy,H oFsN;0.S [MH]* calcd 494.1,
found 493.8.

Methyl 2-(3,4-Dimethoxybenzamido)-2-(3',4',5'-trifluoro-[1,1'-
biphenyl]-4-yl)acetate (5af). 3,4-Dimethoxybenzoic acid (148 mg,
0.813 mmol) was coupled to compound 4 (200 mg, 0.677 mmol)
according to General Procedure B. The crude product was purified by
column chromatography (PE/EtOAc 100:0—50:50) to afford
compound Saf as a bright yellow foam (233 mg, 75%). 'H NMR
(d¢DMSO) 6 9.10 (d, ] = 7.1 Hz, 1H), 7.80—~7.65 (m, 4H), 7.64—
7.56 (m, 3H), 7.53 (d, ] = 2.0 Hz, 1H), 7.03 (d, 7.1 Hz, 1H), 5.76 (d,
J = 7.2 Hz, 1H), 3.82 (s, 3H), 3.81 (s, 3H), 3.69 (s, 3H); F NMR
(d¢DMSO) & —134.8 (d, J = 21.7 Hz), —163.3 (dd, J = 21.7/21.7
Hz); 3C NMR (d-DMSO) & 171.1, 165.9, 151.7, 150.6 (ddd, Jor =
246.7/9.7/42 Hz), 1482, 1384 (dt, Jop = 249.7/15.7 Hz), 136.9,
136.8—136.7 (m), 1364 (td, Jor = 8.1/4.5 Hz), 129.0, 127.0, 125.6,
1213, 111.4—111.1 (m), 111.0, 110.8, 56.5, 55.60, 55.58, 52.3; m/z
MS C,,H,F;NOg [MH]* caled 460.1, found 460.1.

Methyl 2-(1H-Indole-5-carboxamido)-2-(3',4',5'-trifluoro-[1,1'-
biphenyl]-4-yl)acetate (5aj). 1H-Indole-S-carboxylic acid (98 mg,
0.610 mmol) was coupled to compound 4 (150 mg, 0.508 mmol)
according to General Procedure B. Upon completion, the DCM was
concentrated in vacuo. The solution was quenched with a 1 M HCI
solution and extracted with EtOAc (1 X 30 mL). The organic phase
was then washed with a saturated NaHCO; solution (20 mL) and
finally brine (20 mL). The organic phase was dried over anhydrous
Na,SO,, filtered, and concentrated in vacuo. The crude product was
purified by flash column chromatography (PE/EtOAc 100:0—60:40)
to afford compound $aj as a maroon solid (220 mg, 99%). 'H NMR
(MeOD) 5 8.19 (dd, ] = 1.7/0.5 Hz, 1H), 7.69—7.58 (m, SH), 7.46—
7.39 (m, 3H), 7.32 (d, ] = 3.2 Hz, 1H), 6.56 (dd, ] = 3.2/0.8 Hz, 1H),
5.81 (s, 1H), 3.77 (s, 3H); '°F NMR (MeOD) 6 —136.9 (d, J = 19.8
Hz), —166.0 (dd, J = 19.8/19.8 Hz); 3C NMR (MeOD) & 172.8,
1714, 152.6 (ddd, Jop = 247.8/9.8/4.1 Hz), 141.9—139.2 (m), 139.7,
139.2, 138.5—138.3 (m), 138.3, 129.8 (2C), 129.0, 128.3 (2C), 127.3,
125.6, 1219, 121.9, 112.3—112.0 (m, 3C), 103.7, 58.4, $3.2; m/z MS
(system A) CypH;(F3N,0; [M — H]™ calcd 437.1, found 437.1.

Methyl 2-(1H-Indazole-5-carboxamido)-2-(3',4',5'-trifluoro-
[1,1"-biphenyl]-4-yl)acetate (5ak). 1H-Indazole-S-carboxylic acid
(59 mg, 0.366 mmol) was coupled to compound 4 (90 mg, 0.30S
mmol) according to General Procedure B. Upon completion, the
DCM was concentrated in vacuo. The solution was quenched with a 1
M HCl solution and extracted with EtOAc (1 X 30 mL). The organic
phase was then washed with a saturated NaHCOj solution (20 mL)
and finally brine (20 mL). The organic phase was dried over
anhydrous Na,SO,, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography (PE/EtOAc 100:0—
40:60) to afford compound Sak as a white solid (76 mg, 57%). 'H
NMR (deDMSO) & 9.24 (d, ] = 7.2 Hz, 1H), 8.46 (s, 1H), 8.22 (s,
1H), 7.91 (dd, J = 8.8/1.5 Hz, 1H), 7.80—7.68 (m, SH), 7.65—7.56

(m, 3H), 5.79 (d, ] = 7.2 Hz, 1H), 3.69 (s, 3H); '%F NMR (d,-
DMSO) 5 —134.8 (d, J = 21.7 Hz), —163.3 (dd, J = 21.7/21.7 Hz);
3C NMR (ds-DMSO) & 171.0, 166.8, 150.6 (ddd, Jop = 246.7/9.7/
4.1 Hz), 141.0, 139.8—136.9 (m), 136.9, 136.7, 136.6—136.3 (m),
134.9, 128.9 (2C), 127.0 (2C), 126.0, 125.7, 122.3, 121.4, 111.3 (dd,
Jer = 16.1/5.4 Hz), 109.7, 56.5, 52.3; m/z MS Cy3H,,FsN,05 [MH]*
caled 440.1, found 439.8.

Methyl 2-(1H-Benzo[d][1,2,3]triazole-5-carboxamido)-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetate (5al). 1H-Benzo[d]-
[1,2,3]triazole-S-carboxylic acid (60 mg, 0.366 mmol) was coupled
to compound 4 (90 mg, 0.305 mmol) according to General Procedure
B. Upon completion, the DCM was concentrated in vacuo. The
solution was quenched with a 1 M HCI solution and extracted with
EtOAc (1 X 30 mL). The organic phase was then washed with a
saturated NaHCOj solution (20 mL) and finally brine (20 mL). The
organic phase was dried over anhydrous Na,SO,, filtered, and
concentrated in vacuo. The crude product was purified by flash
chromatography (PE/EtOAc 100:0—40:60) to afford compound Sal
as a white solid (100 mg, 75%). 'H NMR (MeOD) & 8.47 (s, 1H),
7.98 (dd, J = 8.7/1.5 Hz, 1H), 7.88 (d, J = 8.7 Hz, 1H), 7.66—7.56
(m, 4H), 7.43—7.35 (m, 2H), 5.82 (s, 1H), 3.78 (s, 3H); '’F NMR
(MeOD) 5 —136.8 (d, ] = 19.9 Hz), —165.8 (dd, J = 19.8/19.8 Hz);
C NMR (MeOD) & 172.5, 169.5, 152.7 (ddd, Jcg = 248.0/9.9/4.2
Hz), 141.9-139.0 (m), 139.5, 139.2, 138.5—138.2 (m), 137.8," 132.5,
129.9 (2C), 129.8, 128.4, 128.4 (2C), 126.8, 112.4—112.1 (m, 2C),
58.6, 53.2; m/z MS C,,H,4F3;N,O5 [MH]" caled 441.1, found 440.8.

Methyl 2-(1H-Benzol[d]imidazole-5-carboxamido)-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (5am). 1H-Benzo[d]imidazole-5-
carboxylic acid (99 mg, 0.610 mmol) was coupled to compound 4
(150 mg, 0.508 mmol) according to General Procedure B. Upon
completion, the DCM was concentrated in vacuo. The solution was
quenched with a 1 M HCl solution and extracted with EtOAc (1 X 30
mL). The organic phase was then washed with a saturated NaHCO;
solution (20 mL) and finally brine. The organic phase was dried over
anhydrous Na,SO,, filtered, and concentrated in vacuo. The crude
product was purified by flash column chromatography (DCM/MeOH
100:0—90:10) to afford compound Sam as a dull yellow/brown solid
(174 mg, 78%). '"H NMR (MeOD) & 8.30 (s, 1H), 821 (d, ] = 1.1
Hz, 1H), 7.83 (dd, J = 8.5/1.6 Hz, 1H), 7.69—7.58 (m, SH), 7.45—
737 (m, 2H), 5.81 (s, 1H), 3.78 (s, 3H); '°F NMR (MeOD) &
—136.8 (d, J = 19.8 Hz), —165.9 (dd, J = 19.8/19.8 Hz); '*C NMR
(MeOD) & 172.6, 1703, 152.6 (ddd, Jor = 248.1/10.0/4.1 Hz),
144.8, 141.0—140.8 (m), 141.8—138.8 (m), 139.3, 139.1, 138.6—
138.1 (m), 137.9, 129.8 (2C), 129.5, 128.3 (2C), 123.5, 116.9, 115.8,
112.1 (m, 2C), 58.5, 53.3; m/z MS (system A) C,,H;,F;N;0, [MH]*
caled 440.1, found 439.8.

Methyl 2-(2-Oxoindoline-5-carboxamido)-2-(3',4',5'-trifluoro-
[1,1"-biphenyl]-4-yl)acetate (5an). 2-Oxoindoline-5-carboxylic acid
(72 mg, 0.406 mmol) was coupled to compound 4 (100 mg, 0.339
mmol) in DMF according to General Procedure B. Upon completion,
the reaction mixture was poured onto ice-cold water. The precipitate
was filtered and washed thoroughly with water and Et,O to afford
compound $an as a brown solid (152 mg, 99%). 'H NMR (MeOD) &
7.83—7.76 (m, 2H), 7.67—7.62 (m, 2H), 7.59—7.55 (m, 2H), 7.42
(dd, J = 9.3/6.6 Hz, 2H), 6.94 (dd, J = 8.1/0.5 Hz, 1H), 5.76 (s, 1H),
3.76 (s, 3H); '’F NMR (MeOD) & —136.8 (d, ] = 19.8/19.8 Hz),
—165.9 (dd, J = 19.8/19.8 Hz); *C NMR (MeOD) § 179.9, 172.6,
169.7, 152.7 (ddd, Jop = 248.0/10.0/4.1 Hz), 1483, 141.9-138.9
(m), 139.4—139.1 (m), 138.4—138.2 (m), 138.0, 129.8 (2C), 129.5,
128.6, 128.3 (2C), 127.2, 1252, 1122 (m, 2C), 1103, 58.4, 532,
39.6; m/z MS (system A) C,,H,F3sN,0, [MH]" caled 455.1, found
455.7.

Methyl 2-(2-Phenylacetamido)-2-(3',4',5'-trifluoro-[1,1’-biphen-
yll-4-yl)acetate (5a0). Phenylacetic acid (99.6 mg, 0.732 mmol) was
coupled to compound 4 (180 mg, 0.610 mmol) according to General
Procedure B. The crude product was purified by column
chromatography (PE/EtOAc 100:0—50:50) to afford compound
5a0 as a yellow solid (100 mg, 40%). "H NMR (CDCly) 6 7.43—7.37
(m, 2H), 7.37—7.19 (m, 7H), 7.16—7.04 (m, 2H), 6.60 (d, ] = 6.9 Hz,
1H), 5.57 (d, J = 7.0 Hz, 1H), 3.68 (s, 3H), 3.59 (s, 2H); °F NMR
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(CDCly) 6 —133.9 (d, J = 20.5 Hz), —162.2 (dd, J = 20.5/20.5 Hz);
3C NMR (CDCly) § 171.1, 170.5, 151.5 (ddd, Jc = 249.8/10.0/4.3
Hz), 139.5 (dt, Jop = 252.4/15.4 Hz), 138.5—138.4 (m), 1369, 136.6
(td, Jop = 7.7/4.5 Hz), 129.5, 129.2, 127.9, 127.6, 127.5, 111.5—110.9
(m), 56.2, 53.1, 43.6; m/z MS C,3H,oF;NO; [MH]" caled 414.1,
found 413.9.

Methyl 2-(2-(3-Fluorophenyl)acetamido)-2-(3',4’,5'-trifluoro-
[1,1-biphenyl]-4-yl)acetate (5ap). 2-(3-Fluorophenyl)acetic acid
(125 mg, 0.813 mmol) was coupled to compound 4 (200 mg,
0.667 mmol) according to General Procedure B. The crude product
was purified by column chromatography (PE/EtOAc 100:0—50:50)
to afford compound Sap as a white solid (248 mg, 85%). '"H NMR
(d¢-DMSO) 6 9.08 (d, J = 7.1 Hz, 1H), 7.75 (d, ] = 8.4 Hz, 2H),
7.72—7.63 (m, 2H), 7.51 (d, J = 8.3 Hz, 2H), 7.38—7.28 (m, 1H),
7.12 (m, 2H), 7.08—6.98 (m, 1H), 5.51 (d, J = 7.1 Hz, 1H), 3.64 (s,
3H), 3.61 (app. d, ] = 4.3 Hz, 2H); "’F NMR (d-DMSO) 5 —113.9,
—134.8 (d, J = 21.6 Hz), —163.3 (dd, J = 21.7/21.7 Hz); *C NMR
(ds-DMSO) & 170.8, 169.7, 162.0 (d, Jog = 242.9 Hz), 150.6 (ddd, Jce
=246.7/9.7/4.1 Hz), 138.8 (d, Jor = 7.9 Hz), 138.4 (dt, o = 249.7/
15.7 Hz), 136.9 (d, J = 12 Hz), 136.5, 136.3 (td, Jop = 8.1/4.4 Hz),
123.0 (d, Jop = 8.4 Hz), 1284, 127.2, 1252 (d, Jop = 2.7 Hz), 115.8
(d, Jep = 21.4 Hz), 113.2 (d, Jcp = 20.8 Hz), 111.8—110.3 (m), 56.0,
52.3, 41.1; m/z MS Cy3H (F,NO; [MH]" calcd 432.1, found 431.8.

Methyl 2-(2-(4-Fluorophenyl)acetamido)-2-(3',4',5'-trifluoro-
[1,1'-biphenyl]-4-yl)acetate (5aq). 2-(4-Fluorophenyl)acetic acid
(94.0 mg, 0.610 mmol) was coupled to compound 4 (150 mg,
0.508 mmol) according to General Procedure B. The crude product
was purified by column chromatography (PE/EtOAc 100:0—50:50)
to afford compound Saq as a white solid (155 mg, 71%). '"H NMR
(CDCL,) 6 7.35 (d, ] = 8.4 Hz, 2H), 7.27 (d, ] = 8.3 Hz, 2H), 7.19—
7.12 (m, 2H), 7.08—7.01 (m, 2H), 6.98—6.91 (m, 2H), 6.61 (d, ] =
6.9 Hz, 1H), 5.51 (d, ] = 7.0 Hz, 1H), 3.63 (s, 3H), 3.50 (s, 2H); "°F
NMR (CDCl,) & —115.1, —133.9 (d, J = 20.5 Hz), —162.1 (dd, J =
20.5/20.5 Hz); *C NMR (CDCly) 6 171.1, 170.2, 1623 (d, Jor =
246.1 Hz), 151.5 (ddd, Jor = 249.8/10.0/4.3 Hz), 140.9—137.8 (dt,
Jor = 252.2/15.2 Hz), 138.7—138.5 (m), 136.8, 136.6 (td, Jop = 7.8/
4.7 Hz), 131.0 (d, Jcg = 8.1 Hz), 130.3 (d, Jcr = 3.3 Hz), 128.0, 127.5,
1159 (d, Jop = 21.5 Hz), 1111 (m), 56.2, 53.1, 42.5; m/z MS
C,3H,sF,NO; [MH]" caled 432.1, found 431.8.

Methyl 2-(2-(4-Methoxyphenyl)acetamido)-2-(3',4',5'-trifluoro-
[1,1'-biphenyl]-4-yl)acetate (5ar). 2-(4-Methoxyphenyl)acetic acid
(270 mg, 1.63 mmol) was coupled to compound 4 (400 mg, 1.35
mmol) according to General Procedure B. The crude product was
purified by column chromatography (PE/EtOAc 100:0—50:50) to
afford compound Sar as a white solid (195 mg, 32%). '"H NMR
(CDCly) §7.42 (d, ] = 8.3 Hz, 2H), 7.35 (d, ] = 8.3 Hz, 2H), 7.19 (d,
J = 8.6 Hz, 2H), 7.12 (m, 2H), 6.89 (d, ] = 8.6 Hz, 2H), 6.70 (d, ] =
7.0 Hz, 1H), 5.61 (d, ] = 7.1 Hz, 1H), 3.80 (s, 3H), 3.71 (s, 3H), 3.55
(s,2H); "YF NMR (CDCl;) § —133.9 (d, J = 20.5 Hz), —162.2 (dd, J
= 20.5/20.5 Hz); °C NMR (CDCL) § 171.1, 170.9, 159.0, 151.5
(ddd, Jo = 249.8/10.0/4.2 Hz), 139.5 (dt, Jop = 32.4/154 Hz),
138.4—138.4 (m), 136.9, 136.6 (td, Jor = 7.8/4.6 Hz), 130.5, 127.9,
1274, 1264, 1145, 1111 (m), 56.1, 553, 53.0, 42.6; m/z MS
C,4H,,F;NO, [MH]" caled 444.1, found 443.9.

Methyl 2-(2-(4-Carbamoylphenyl)acetamido)-2-(3',4",5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (5at). 2-(4-Carbamoylphenyl)-
acetic acid (146 mg, 0.813 mmol) was coupled to compound 4
(200 mg, 0.677 mmol) according to General Procedure B. Upon
completion, the reaction mixture was diluted with sat. NaHCO; (15
mL) and extracted with DCM (3 X 15 mL). The combined organic
layers were dried over anhydrous Na,SO,, filtered, and concentrated
in vacuo to afford compound Sat as a white solid (261 mg, 85%). 'H
NMR (dg-DMSO) 6 9.09 (d, ] = 7.2 Hz, 1H), 7.91 (br s, 1H), 7.87—
7.65 (m, 6H), 7.51 (d, J = 8.3 Hz, 2H), 7.34 (d, ] = 8.3 Hz, 2H), 7.30
(brs, 1H), 5.50 (d, J = 7.1 Hz, 1H), 3.64 (s, 3H), 3.62 (d, ] = 2.3 Hz,
2H); F NMR (d,-DMSO) & —134.8 (d, ] = 21.7 Hz), —163.2 (dd,
=21.7/21.7 Hz); *C NMR (ds-DMSO) & 170.9, 169.8, 167.8, 150.6
(ddd, Jep = 246.7/9.7/42 Hz), 139.4, 138.4 (dt, Jor = 249.5/15.5
Hz), 137.0-136.8 (m), 136.6, 1362 (td, Jor = 8.1/4.3 Hz), 132.5,

128.9, 128.5, 127.4, 127.2, 111.6—111.0 (m), 56.0, 52.4, 41.4; m/z
MS C,,H,F3N,0, [MH]" calcd 457.1, found 456.9.

Methyl 2-(2-(3,4-Dimethoxyphenyl)acetamido)-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (5au). 2-(3,4-Dimethoxyphenyl)-
acetic acid (319 mg, 1.63 mmol) was coupled to compound 4 (400
mg, 135 mmol) according to General Procedure B. The crude
product was purified by column chromatography (PE/EtOAc 100:0—
50:50) to afford compound Sau as a white solid (446 mg, 70%). 'H
NMR (de-DMSO) 5 9.03 (d, J = 7.3 Hz, 1H), 7.87—7.62 (m, 4H),
7.51 (d, ] = 8.3 Hz, 2H), 6.94—6.75 (m, 3H), 5.51 (d, ] = 7.2 Hz,
1H), 3.72 (s, 3H), 3.71 (s, 3H), 3.64 (s, 3H), 3.48 (s, 2H); '’F NMR
(dDMSO) 6 —134.8 (d, J = 21.7 Hz), —163.3 (dd, J = 21.7/21.7
Hz); 3C NMR (d;-DMSO) & 170.9, 170.4, 150.6 (ddd, Jop = 246.8/
9.8/4.3 Hz), 148.5, 147.5, 1384 (dt, Jor = 30.6/15.6 Hz), 136.9—
136.8 (m), 1367, 136.3 (td, Jor = 8.1/4.4 Hz), 128.5, 1284, 127.1,
121.0, 112.9, 111.7, 111.3 (dd, Jo = 16.0/5.6 Hz), 55.9, 55.5, 55.3,
52.3, 41.2; m/z MS CysH,3F;NOs [MH]* caled 474.1, found 473.9.

Methyl 2-(2-(3-Fluoro-4-methoxyphenyl)acetamido)-2-(3',4',5'-
trifluoro-[1,1'-biphenyl]-4-yl)acetate (5aw). 2-(3-Fluoro-4-
methoxyphenyl)acetic acid (187 mg, 1.02 mmol) was coupled to
compound 4 (250 mg, 0.847 mmol) according to General Procedure
B. The crude product was purified by column chromatography (PE/
EtOAc 100:0—50:50) to afford compound Saw as a yellow solid (134
mg, 34%). "H NMR (CDCL,) 5 7.4 (d, ] = 8.4 Hz, 2H), 7.36 (d, ] =
8.2 Hz, 2H), 7.14 (m, 2H), 7.05—6.90 (m, 3H), 6.60 (d, ] = 6.9 Hz,
1H), 5.59 (d, J = 7.0 Hz, 1H), 3.89 (s, 3H), 3.73 (s, 3H), 3.54 (s,
2H); '’F NMR (CDCl;) 6 —133.9 (d, J = 20.5 Hz), —134.2, —162.1
(dd, J = 20.5/20.5 Hz); 3C NMR (CDCL;) § 171.1, 1702, 152.5 (d,
op = 246.9 Hz), 151.6 (ddd, Jop = 249.8/10.0/4.2 Hz), 147.2 (d, Jcr
= 10.6 Hz), 139.6 (dt, Jop = 252.3/15.3 Hz), 138.7—138.5 (m),
136.82, 136.6 (td, Jop = 7.8/4.7 Hz), 128.0, 127.6, 127.2 (d, Jop = 6.4
Hz), 1253 (d, Jep = 3.6 Hz), 1172 (d, Jop = 18.6 Hz), 113.9 (d, Jor =
2.2 Hz), 111.2 (m), 56.4, 563, 53.2, 42.5 (d, Jep = 1.0 Hz); m/z MS
Cy3H,0F,NO, [MH]* caled 462.1, found 461.9.

Methyl 2-(2-(4-Fluoro-3-methoxyphenyl)acetamido)-2-(3',4',5'-
trifluoro-[1,1'-biphenyl]-4-yl)acetate (5ay). 2-(4-Fluoro-3-
methoxyphenyl)acetic acid (225 mg, 1.22 mmol) was coupled to
compound 4 (300 mg, 1.02 mmol) according to General Procedure B.
The crude product was purified by column chromatography (PE/
EtOAc 100:0—50:50) to afford compound Say as a white solid (410
mg, 87%). 'H NMR (CDCL,) 6 7.47—7.32 (m, 4H), 7.18—7.10 (m,
2H), 7.08—7.00 (m, 1H), 6.89 (dd, J = 8.1/2.1 Hz, 1H), 6.78 (ddd, J
=8.2/4.2/2.1 Hz, 1H), 6.66 (d, ] = 7.0 Hz, 1H), 5.60 (d, ] = 7.0 Hz,
1H), 3.85 (s, 3H), 3.72 (s, 3H), 3.57 (s, 2H); "°F NMR (CDCL;) 6
—133.8 (d, ] = 20.5 Hz), —137.0, —162.1 (dd, J = 20.5/20.5 Hz); 3C
NMR (CDCly) § 171.1, 170.1, 1519 (d, Jop = 245.8 Hz), 151.53
(ddd, Jor = 249.9/10.0/4.2 Hz), 147.97 (d, Jcp = 10.8 Hz), 139.5 (dt,
Jor = 252.4/15.4 Hz), 138.6 (d, Jor = 1.6 Hz), 136.8, 136.5 (td, Jor =
7.8/4.7 Hz), 130.76 (d, ] = 4.0 Hz), 128.0, 127.5, 121.6 (d, Jox = 6.9
Hz), 1164 (d, Jop = 18.4 Hz), 114.5 (d, Jop = 2.0 Hz), 111.1 (dd, Jop
=15.9/6.0 Hz), 56.3, 56.2, 53.1, 43.0; m/z MS C,,H,,F,NO, [MH]"*
calcd 462.1, found 461.8.

2-Acetamido-N-hydroxy-2-(3',4',5'-trifluoro-[1,1'-biphenyl]-4-
yl)acetamide (6a). Compound Sa (101 mg, 0.300 mmol) was
converted to the corresponding hydroxamic acid according to General
Procedure C. The crude product was purified by column
chromatography (DCM/MeOH/AcOH 99:0:1—90:9:1) to afford
compound 6a as a pink solid (64 mg, 65%). 'H NMR (d-DMSO) &
11.02 (s, 1H), 9.01 (s, 1H), 8.71 (d, J = 8.4 Hz, 1H), 7.86—7.64 (m,
4H), 7.49 (d, ] = 8.3 Hz, 2H), 5.41 (d, ] = 8.4 Hz, 1H), 1.91 (s, 3H);
F NMR (d-DMSO) § —134.9 (d, J = 21.8 Hz), —163.5 (dd, | =
21.8/21.8 Hz); *C NMR (ds-DMSO) 6 169.1, 166.5, 150.7 (ddd, Jc
= 13.6/9.8/43 Hz), 139.4, 134.0-136.8 (m), 136.7-1364 (m),
136.3—135.9 (m), 127.7, 126.8, 111.3 (dd, Jog = 16.0/5.4 Hz), 53.5,
22.4; m/z HRMS (TOF ES*) C,¢H,,F;N,0; [MH]"* calcd 339.0951,
found 339.0953.

3-((2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)amino)-3-oxopropanoic Acid (6¢). Compound Sb (185
mg, 0.485 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. After 1 day, only partial
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conversion had occurred and therefore NH,OH-HCI (135 mg, 1.94
mmol) and KOH (5 M in MeOH, 0.486 mL) were added. The
reaction mixture was stirred for a further 24 h. LC—MS indicated that
Sb was converted to the desired product and the dihydroxamic acid
N'-hydroxy-N*-(2-(hydroxyamino)-2-oxo-1-(3',4,5'-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)malonamide (6d). These two compounds were
isolated by column chromatography (DCM/MeOH/AcOH 99:0:1—
90:9:1). The desired hydroxamic acid was treated with 20% TFA/
DCM (5 mL) and stirred at rt overnight. The reaction mixture was
concentrated in vacuo and extracted with EtOAc (3 X S mL). The
combined organic layers were dried over Na,SO,, filtered, and
concentrated in vacuo. The crude product was purified by column
chromatography (DCM/MeOH/AcOH 99:0:1-90:9:1) to afford
compound 6¢ as a light brown oil (10 mg, 6% over two steps). 'H
NMR (d-DMSO) & 11.28 (s, 1H), 9.29 (d, ] = 8.2 Hz, 1H), 7.86—
7.58 (m, 4H), 7.49 (d, ] = 8.3 Hz, 2H), 541 (d, J = 8.2 Hz, 1H),
3.26—3.06 (m, 2H); F NMR (d;-DMSO) § —134.9 (d, ] = 21.7
Hz), —163.5 (dd, ] = 21.8/21.8 Hz); *C NMR (d,-DMSO) § 170.2,
166.9, 166.3, 150.6 (ddd, Jcr = 246.5/9.7/4.1 Hz), 139.3, 138.3 (dt,
Jor = 251.1/16.7 Hz), 136.6 (td, Jor = 8.1/4.5 Hz), 136.2—136.1 (m),
127.6, 126.8, 113.1-108.6 (m), $3.7, 43.3; m/z HRMS (TOF ES*)
Cy,H,4F5N,05 [MH]" caled 383.0849, found 383.0857.

N'-Hydroxy-N3-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-
[1,1"-biphenyl]-4-yl)ethyl)malonamide (6d). The title compound
was synthesized by aminolysis of both methyl and tert-butyl esters of
compound 5b as explained above. 'H NMR (ds-DMSO) 5 10.64 (s,
2H), 9.08 (s, 1H), 8.94 (s, 1H), 8.84 (d, ] = 8.2 Hz, 1H), 7.81-7.58
(m, 4H), 7.49 (d, J = 8.3 Hz, 2H), 5.39 (d, ] = 8.2 Hz, 1H), 3.07 (s,
2H); "F NMR (d¢-DMSO) 6 —134.9 (d, J = 21.7 Hz), —163.5 (dd, |
=21.7/21.7 Hz); *C NMR (d--DMSO) & 166.1, 165.9, 163.8, 150.6
(ddd, J = 246.5/9.7/4.4 Hz), 139.4, 138.3 (dt, J = 249.8/19.6 Hz),
136.6 (td, J = 8.2/4.5 Hz), 1362—136.0 (m), 127.5, 126.8, 111.8—
109.8 (m), 53.8, 40.3; m/z MS (TOF ES™) C,;H,3F;N;05 [M — H]~
caled 396.1, found 396.0; m/z HRMS (TOF ES*) C;H,sF;N;O;
[MH]* caled 398.0958, found 398.0954.

4-((2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)amino)-4-oxobutanoic Acid (6e). Compound Sc (267 mg,
0.675 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. After 1 day, only partial
conversion had occurred; therefore, NH,OH-HCI (188 mg, 2.71
mmol) was added and the reaction mixture was heated at 40 °C for 2
h. The reaction progressed slowly and therefore the temperature was
increased to 50 °C overnight. LC—MS showed degradation of Se to 4.
The reaction was stopped, and compounds 4, Se, and 6e were isolated
by column chromatography (DCM/MeOH/AcOH 99:0:1-95:4:1).
Compound 6e was obtained as a white solid (15 mg, 6%). "H NMR
(d¢-DMSO) & 11.95 (s, 1H), 11.01 (s, 1H), 9.04 (s, 1H), 8.72 (d,] =
8.3 Hz, 1H), 8.08—7.61 (m, 4H), 7.49 (d, ] = 8.3 Hz, 2H), 5.41 (d, J
= 8.3 Hz, 1H), 2.49—2.02 (m, 4H); "’F NMR (d,-DMSO) 5 —134.9
(d, J = 21.8 Hz), —163.5 (dd, J = 21.8/21.8 Hz); *C NMR (d,-
DMSO) § 174.1, 171.1, 166.5, 150.7 (ddd, Jep = 246.4/9.7/4.1 Hz),
139.4, 138.4 (dt, Jop = 248.9/15.1 Hz), 136.6 (td, Jcr = 8.0/4.3 Hz),
136.3—136.0 (m), 127.7, 126.8, 111.5—111.0 (m), 53.6, 29.9, 29.2;
m/z HRMS (TOF ES*) C,sH,¢F;N,0, [MH]* calcd 397.1006, found
397.1018.

N'-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)succinamide (6f). Compound Sf (84 mg, 0.213 mmol) was
converted to the corresponding hydroxamic acid according to General
Procedure C. The crude product was purified by column
chromatography (DCM/MeOH/AcOH 95:4:1-90:9:1) to afford
compound 6f as a white solid (43 mg, 52%). '"H NMR (ds-DMSO) &
11.00 (s, 1H), 9.01 (s, 1H), 8.66 (d, J = 8.3 Hz, 1H), 7.79—7.62 (m,
4H), 7.49 (d, ] = 8.4 Hz, 2H), 7.27 (br s, 1H), 6.74 (br s, 1H), 5.41
(d,] = 8.3 Hz, 1H), 2.43 (t, ] = 7.9 Hz, 2H), 228 (t, ] = 7.2 Hz, 2H);
F NMR (d¢-DMSO) 6 —134.9 (d, J = 21.7 Hz), —163.5 (dd, ] =
21.8/21.8 Hz);"*C NMR (d;-DMSO) & 173.5, 171.4, 166.4, 150.6
(ddd, Jop = 246.4/9.8/4.3 Hz), 139.4, 1383 (dt, Jop = 258.4/15.8
Hz), 136.6 (td, Jcr = 8.1/4.2 Hz), 136.2—135.9 (m), 127.7, 126.8,
1112 (dd, Jor = 16.0/5.4 Hz), 53.6, 30.4, 30.3; m/z HRMS (TOF
ES*) CsH,,F3N;0, [MH]* calcd 396.1166, found 396.1173.

N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5 -trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)benzamide (6g). Compound Sg (S0 mg) was converted to
the corresponding hydroxamic acid according to General Procedure
C. The crude product was purified by column chromatography
(DCM/MeOH 100:0—90:10) followed by preparative HPLC to
afford compound 6g as a white solid (10.7 mg, 21%). '"H NMR (d,-
DMSO) 6§ 11.08 (s, 1H), 9.06 (s, 1H), 8.94 (d, ] = 8.1 Hz, 1H), 7.93
(d,] = 7.3 Hz, 2H), 7.78—7.60 (m, 6H), 7.58—7.39 (m, 3H), 5.68 (d,
J = 8.1 Hz, 1H); F NMR (d¢-DMSO) & —134.9 (d, J = 21.6 Hz),
—163.5 (dd, ] = 21.7/21.7 Hz); '*C NMR (d-DMSO) § 166.5, 166.3,
150.6 (ddd, Jor = 246.6/9.7/4.2 Hz), 1389, 138.3 (dt, Jop = 249.1/
154 Hz), 136.6 (td, Jop = 8.0/4.3 Hz), 136.3—136.1 (m), 133.8,
131.5, 128.2, 128.1, 127.8, 126.8, 113.5—109.6 (m), 54.4; m/z HRMS
(TOF ES*) Cy,H,(F;N,0; [MH]* caled 401.1108, found 401.1104.

3-Fluoro-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5 -trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)benzamide (6h). Compound Sh (50 mg, 0.120
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 100:0—90:10) followed
by preparative HPLC to afford compound 6h as a white solid (28.6
mg, 57%). "H NMR (de-DMSO) & 11.08 (s, 1H), 9.11 (d, J = 8.0 Hz,
1H), 9.06 (s, 1H), 7.84—7.59 (m, 8H), 7.52 (dd, J = 13.9/7.9 Hz,
1H), 7.43—7.36 (m, 1H), 5.66 (d, J = 8.0 Hz, 1H); "°F NMR (d,-
DMSO) & —113.1, —134.9 (d, J = 21.7 Hz), —163.5 (dd, ] = 21.6/
21.6 Hz); *C NMR (ds-DMSO) § 166.3, 165.0 (d, Jog = 2.4 Hz),
161.8 (d, Jor = 244.0 Hz), 150.6 (ddd, Jop = 246.5/9.7/4.2 Hz),
138.6, 138.3 (dt, Jcr = 248.8/15.4 Hz), 136.5 (td, Jor = 8.2/4.7 Hz),
1364—136.2 (m), 136.1 (d, Jop = 6.9 Hz), 130.3 (d, Jop = 7.9 Hz),
128.2, 126.8, 124.0 (d, Jop = 2.7 Hz), 118.3 (d, Jop = 21.1 Hz), 114.6
(d, Jer = 22.9 Hz), 111.9-110.5 (m), 54.5; m/z HRMS (TOF ES*)
Cy H,sF,N,O; [MH]* caled 419.1013, found 419.1020.

4-Fluoro-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5 -trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)benzamide (6i). Compound Si (100 mg, 0.240
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 100:0—90:10) to afford
compound 6i as a white solid (48 mg, 48%). '"H NMR (ds-DMSO) &
11.06 (s, 1H), 9.13—8.97 (m, 2H), 8.08—7.96 (m, 2H), 7.78—7.60
(m, 6H), 7.36—7.22 (m, 2H), 5.67 (d, J = 8.0 Hz, 1H); ’F NMR (d-
DMSO) & —109.1, —135.0 (d, J = 21.7 Hz), —163.5 (dd, ] = 21.6/
21.6 Hz); 3C NMR (d,-DMSO) § 166.5, 165.3, 164.0 (d, Jp = 241.0
Hz), 150.6 (ddd, Jor = 246.6/9.7/4.2 Hz), 138.8, 138.3 (dt, Jor =
249.4/15.6 Hz), 136.6 (td, Joz = 8.0/43 Hz), 136.3—136.2 (m),
130.5 (d, Jop = 9.0 Hz), 130.3 (d, Jop = 2.9 Hz), 128.1, 126.8, 115.1
(d, Jor = 217 Hz), 1112 (m), 54.5; m/z HRMS (TOF ES*)
Cy,H,E,N,0; [MH]* calcd 419.1013, found 419.1019.

N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5 -trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-3-methoxybenzamide (6j). Compound Sj (528 mg, 1.23
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 100:0—90:10) to afford
compound 6j as a white solid (350 mg, 66%). '"H NMR (d;-DMSO) §
8.99 (d, J = 8.1 Hz, 1H), 7.76—7.61 (m, 6H), 7.53 (m, 2H), 7.37 (dd,
] =7.9/7.9 Hz, 1H), 7.10 (dd, J = 8.1/2.3 Hz, 1H), 5.72 (d, ] = 8.0
Hz, 1H), 3.81 (s, 3H); ’F NMR (d,-DMSO) § —134.9 (d, ] = 21.6
Hz), —163.5 (dd, J = 21.6/21.6 Hz); *C NMR (ds,-DMSO) § 166.6,
166.2, 159.2, 150.7 (ddd, Jor = 246.7/9.7/4.1 Hz), 139.0, 138.4 (dt,
Jop = 249.5/15.6 Hz), 136.7 (td, Jop = 8.0/4.4 Hz), 136.5—136.0 (m),
135.3, 129.4, 128.2, 126.8, 120.1, 117.6, 112.9, 111.2 (m), 55.3, 54.5;
m/z HRMS (TOF ES*) C,,H,4F;N,0, [MH]" calcd 431.1213, found
431.1207.

N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5 -trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-4-methoxybenzamide (6k). Compound Sk (154 mg,
0.359 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified by
column chromatography (DCM/MeOH 100:0—90:10) to afford
compound 6k as a white solid (95.3 mg, 62%). '"H NMR (d;-DMSO)
511.06 (s, 1H), 9.05 (s, 1H), 8.76 (d, J = 8.2 Hz, 1H), 7.93 (d, ] = 8.9
Hz, 2H), 7.81-7.65 (m, 4H), 7.61 (d, ] = 8.4 Hz, 2H), 6.99 (d, ] =
8.9 Hz, 2H), 5.66 (d, ] = 8.1 Hz, 1H), 3.81 (s, 3H); 'F NMR (d,-
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DMSO) & —134.9 (d, J = 21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz);
3C NMR (ds-DMSO) 6 166.6, 165.7, 161.8, 150.6 (ddd, Jcr = 246.6/
9.7/4.2 Hz), 139.1, 138.3 (dt, Jop = 249.3/15.5 Hz), 136.6 (td, Jop =
8.1/4.5 Hz), 1362—136.0 (m), 129.7, 128.1, 1267, 126.0, 113.4,
111.2 (m), $5.4, 54.3; m/z HRMS (TOF ES*) Cy,H,¢F,N,0, [MH]*
caled 431.1213, found 431.1216.
3-Hydroxy-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)benzamide (6l). Compound 6j (230 mg, 0.534
mmol) was treated with BBry (1 M in DCM, 2.67 mL, 2.67 mmol)
according to General Procedure D. The crude product was purified by
preparative HPLC to afford compound 6l as a white solid (62 mg,
28%). '"H NMR (d,-DMSO) & 11.07 (s, 1H), 9.61 (br s, 1H), 8.79 (d,
] = 8.1 Hz, 1H), 7.68 (m, 6H), 7.37 (d, ] = 7.8 Hz, 1H), 7.33—7.20
(m, 2H), 6.94 (dd, ] = 8.0/1.7 Hz, 1H), 5.65 (d, ] = 8.1 Hz, 1H); “F
NMR (d,DMSO) 8§ —134.9 (d, J = 21.7 Hz), —163.5 (dd, J = 21.7/
217 Hz); °C NMR (ds-DMSO) 5 166.6, 166.4, 157.3, 150.7 (ddd,
Jor = 246.5/9.7/4.1 Hz), 139.0, 1384 (dt, Jor = 249.4/15.6 Hz),
136.6 (td, Jop = 8.0/4.3 Hz), 136.4—136.1 (m), 135.3, 129.3, 128.1,
126.8, 118.5, 118.3, 114.7, 1112 (m), 54.4; m/z HRMS (TOF ES*)
CyyH,FsN,O, [MH]* caled 417.1057, found 417.1064.
4-Hydroxy-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)benzamide (6m). Compound 6k (125 mg,
0.290 mmol) was treated with BBr; (1 M in DCM, 2.90 mL, 2.90
mmol) according to General Procedure D. The crude product was
purified by column chromatography (DCM/MeOH 100:0—90:10)
followed by preparative HPLC to afford compound 6m as a white
solid (3.00 mg, 2.5%). '"H NMR (ds-DMSO) & 11.03 (s, 1H), 10.0 (s,
1H), 9.03 (s, 1H), 8.60 (d, J = 8.2 Hz, 1H), 7.83—7.78 (m, 2H),
7.76=7.65 (m, 4H), 7.60 (d, ] = 8.4 Hz, 2H), 6.83—6.77 (m, 2H),
5.63 (d, ] = 8.1 Hz, 1H); '%F NMR (d;-DMSO) 6 —134.9 (d, J = 21.7
Hz), —163.5 (dd, ] = 21.7/21.7 Hz); "*C NMR (d-DMSO) & 166.6,
165.8, 160.4, 150.6 (ddd, Jr = 246.5/9.8/4.3 Hz), 139.2, 1382 (dt,
Jor = 247.8/15.7 Hz), 136.8—136.3 (m), 136.2—136.1 (m), 129.7,
128.0, 126.7, 1244, 114.7, 111.7—110.8 (m), 54.2; m/z HRMS (TOF
ES") C,,H,¢F3N,0, [MH]" calcd 417.1057, found 417.1072.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5 -trifluoro-[1,1’-biphenyl]-
4-yl)ethyl)-3-(N'-hydroxycarbamimidoyl)benzamide (6p). Com-
pound Sn (372 mg, 0.883 mmol) was converted to the amidoxime
6j according to General Procedure C. After stirring at rt for 1 day, the
nitrile of 5n was completely converted to the corresponding
amidoxime, but none of the ester had converted to the hydroxamic
acid. The reaction was left for a further 3 days, but only partial
conversion to the desired hydroxamic acid 6p was observed. NH,OH-
HCI (244 mg, 3.51 mmol) and KOH (S M in MeOH, 0.876 mL)
were added. After stirring the reaction mixture at rt for 1 day, the
reaction was complete and the mixture was purified by column
chromatography (DCM/MeOH 100:0—90:10) to afford compound
6p as white flakes (132 mg, 33%). 'H NMR (d,-DMSO) & 11.11 (s,
1H), 9.72 (s, 1H), 9.08 (s, 1H), 8.98 (d, J = 8.2 Hz, 1H), 8.20 (s,
1H), 7.86 (dd, J = 20.8/7.9 Hz, 2H), 7.76—7.67 (m, 4H), 7.62 (d, ] =
8.4 Hz, 2H), 7.46 (t, ] = 7.8 Hz, 1H), 5.93 (s, 2H), 5.68 (d, J = 8.1
Hz, 1H); F NMR (d¢-DMSO) & —134.9 (d, J = 21.7 Hz), —163.5
(dd, J = 21.8/21.8 Hz); '*C NMR (ds-DMSO) & 166.4, 166.1, 150.6
(ddd, Jor = 246.5/9.7/4.2 Hz), 150.3, 139.0, 138.3 (dt, Jor = 247.1/
14.4 Hz), 136.7-136.4 (m), 136.4—1362 (m), 133.7, 133.3, 128.3
(2C), 1282, 128.0, 126.8, 124.7, 112.2—109.2 (m), 54.3; m/z HRMS
(TOF ES*) C,,H,sF;N,0, [MH]" calcd 459.1275, found 459.1276.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1’-biphenyl]-
4-yl)ethyl)-4-(N'-hydroxycarbamimidoyl)benzamide (6q). Com-
pound So (212 mg, 0.500 mmol) was converted to the corresponding
amidoxime 6q according to General Procedure C. The crude product
was purified by column chromatography (DCM/MeOH 100:0—95:5)
to afford 6q as a white solid (34 mg, 15%). '"H NMR (d,-DMSO) &
11.05 (s, 1H), 9.81 (s, 1H), 9.07 (s, 1H), 9.00 (d, J = 8.1 Hz, 1H),
7.92 (d, J = 8.5 Hz, 2H), 7.79—7.66 (m, 6H), 7.62 (d, J = 8.4 Hz,
2H), 591 (s, 2H), 5.66 (d, ] = 8.1 Hz, 1H); '°F NMR (d,-DMSO) &
—134.9 (d, ] = 21.8 Hz), —163.5 (dd, J = 21.7/21.7 Hz); *C NMR
(d-DMSO) & 166.5, 165.9, 150.6 (ddd, Jop = 246.2/9.5/4.1 Hz),
1502, 138.9, 138.3 (m), 136.7—136.4 (m), 136.3—136.2 (m), 136.1,
133.9, 128.1, 127.7, 126.8, 125.0, 111.2 (m), 54.4; m/z HRMS (TOF

ES*) C,,HgFsN,O4 [M + H]* caled 459.1275, found 459.1281;
purity 85%.

N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5 -trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)isophthalamide (6r). Compound Sr (328 mg, 0.741
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 95:5—-90:10) to afford
compound 6r as a white solid (153 mg, 47%). "H NMR (d;-DMSO)
5 1111 (s, 1H), 9.09 (s, 1H), 9.07 (d, J = 8.2 Hz, 1H), 8.41 (br s,
1H), 8.07 (br s, 1H), 8.05—7.95 (m, 2H), 7.77—7.67 (m, 4H), 7.62
(d, ] = 8.4 Hz, 2H), 7.55 (dd, J = 7.8/7.8 Hz, 1H), 7.50 (s, 1H), 5.68
(d,] = 8.1 Hz, 1H); YF NMR (ds-DMSO) 6 —134.9 (d, ] = 21.8 Hz),
—163.4 (dd, ] = 21.7/21.7 Hz); 3C NMR (d,DMSO) 6 167.5, 166.4,
165.9, 150.6 (ddd, Jcg = 246.5/9.7/4.1 Hz), 140.2—136.8 (m), 138.9,
136.6 (td, Jor = 8.0/4.3 Hz), 1364—136.3 (m), 134.3, 133.9, 130.6,
130.4, 128.3, 128.1, 126.8, 126.7, 112.6—109.7 (m), 54.4; m/z HRMS
(TOF ES*) C,,H,;F;N;0, [MH]" calcd 444.1166, found 444.1172.

N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5 -trifluoro-[1,1'-biphenyl]-
4-ylethyl)terephthalamide (6s). Compound Ss (383 mg, 0.865
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 100:0—90:10) to afford
compound 6s as a white solid (38 mg, 10%). '"H NMR (d,-DMSO) &
11.08 (s, 1H), 9.11 (d, J = 8.1 Hz, 1H), 9.07 (br s, 1H), 8.09 (br s,
1H), 8.01-7.89 (m, 4H), 7.78—7.58 (m, 6H), 7.50 (br s, 1H), 5.67
(d,] = 8.1 Hz, 1H); °F NMR (dsDMSO) & —134.9 (d, J = 21.8 Hz),
—163.5 (dd, J = 21.7/21.7 Hz); *C NMR (ds-DMSO) § 167.2, 166.4,
165.8, 150.6 (ddd, Jo = 246.5/9.9/4.3 Hz), 138.7, 138.2 (dt, Joi =
262.9/14.7 Hz), 136.7, 136.5 (dt, Jop = 6.4/5.2 Hz), 136.4—136.2
(m), 136.1, 128.1, 127.8, 127.3, 126.8, 112.3 (dd, Jcx = 16.0/5.4 Hz),
54.4; m/z HRMS (TOF ES*) Cy,H,,F,N;O, [MH]* calcd 444.1166,
found 444.1172.

N'-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-N*-methylterephthalamide (6t). Compound St (52.7 mg,
0.115 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. Upon completion, the mixture was
purified by preparative HPLC to afford compound 6t as a white flufty
solid after lyophilization (24.5 mg, 47%). '"H NMR (ds-DMSO) &
11.09 (s, 1H), 9.11 (d, J = 8.1 Hz, 1H), 9.07 (br s, 1H), 8.57 (d, J =
4.6 Hz, 1H), 8.00 (d, ] = 8.4 Hz, 2H), 7.90 (d, ] = 8.4 Hz, 2H), 7.78—
7.66 (m, 4H), 7.62 (d, J = 8.3 Hz, 2H), 5.67 (d, ] = 8.0 Hz, 1H), 2.80
(d, J = 4.5 Hz, 3H); '’F NMR (d-DMSO) —134.9 (d, ] = 21.8 Hz),
—163.5 (dd, J = 21.8/21.8 Hz); 13C NMR (d,DMSO) 6 166.4, 165.9,
165.8, 150.6 (ddd, Jor = 246.2/9.3/3.9 Hz), 138.8, 139.8—137.0 (m),
137.0, 136.6 (td, Jop = 7.9/4.8 Hz), 136.3, 135.9, 128.1, 127.8, 126.9,
126.8, 111.2 (dd, Jop = 162/5.2 Hz), 54.4, 263; m/z HRMS (TOF
ES*) Cp3H,yN;O,F, [MH]" caled 458.1322, found 458.1323.

N’-(2—(Hydr0)?/amino)-2—oxo— 1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-N*,N*-dimethylterephthalamide (6u). Compound Su
(51.3 mg, 0.109 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the mixture was purified by column chromatography
(DCM/PE/AcOH 1:1:0.1 to DCM/MeOH/AcOH 95:5:0.1) fol-
lowed by preparative HPLC to afford compound 6u as a white fluffy
solid after lyophilization (8.0 mg, 16%). 'H NMR (di-DMSO) &
11.07 (s, 1H), 9.08 (d, J = 8.1 Hz, 2H), 7.96 (d, ] = 8.4 Hz, 2H),
7.78=7.64 (m, 4H), 7.62 (d, J = 8.4 Hz, 2H), 7.47 (d, ] = 8.4 Hz,
2H), 5.66 (d, J = 8.0 Hz, 1H), 2.99 (s, 3H), 2.89 (s, 3H); F NMR
(dsDMSO) & —134.9 (d, J = 21.7 Hz), —163.5 (dd, ] = 21.6/21.6
Hz); m/z HRMS (TOF ES*) C,,H,,N;0,F; [MH]" calcd 472.1479,
found 472.1480.

N'-Ethyl-N*-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)terephthalamide (6v). Compound Sv (50.7 mg,
0.108 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. Upon completion, the resulting
mixture was purified by column chromatography (DCM/PE/AcOH
1:1:0.1 to DCM/MeOH/AcOH 95:5:0.1) followed by preparative
HPLC to afford compound 6v as a white fluffy solid after
lyophilization (10.0 mg, 13%). '"H NMR (d,-DMSO) & 11.08 (s,
1H), 9.10 (d, J = 8.1 Hz, 1H), 9.06 (br s, 1H), 8.59 (t, J = 5.2 Hz,
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1H), 7.99 (d, ] = 8.4 Hz, 2H), 7.90 (d, ] = 8.3 Hz, 2H), 7.75—7.68
(m, 4H), 7.62 (d, ] = 8.3 Hz, 2H), 5.66 (d, ] = 8.0 Hz, 1H), 3.30 (q, J
= 7.1 Hz, 2H), 1.13 (t, ] = 7.2 Hz, 3H); '’F NMR (d,-DMSO) &
—134.9 (d, ] = 21.8 Hz), —163.5 (dd, ] = 21.6/21.6 Hz); m/z HRMS
(TOF ES*) C,4H,N;0,F; [MH]* caled 472.1479, found 472.1480.
N'-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-N*-isopropylterephthalamide (6w). Compound 5w (56.8
mg, 0.117 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. Upon completion, the
mixture was purified by column chromatography (DCM/PE/AcOH
1:1:0.1 to DCM/MeOH/AcOH 95:5:0.1) followed by preparative
HPLC to afford compound 6w as a white fluffy solid after
lyophilization (11.6 mg, 20%). 'H NMR (d¢-DMSO) & 11.09 (s,
1H), 9.10 (d, J = 8.1 Hz, 1H), 9.07 (d, ] = 0.8 Hz, 1H), 8.35 (d, ] =
7.7 Hz, 1H), 7.99 (d, ] = 8.5 Hz, 2H), 7.91 (d, ] = 8.5 Hz, 2H), 7.77—
7.66 (m, 4H), 7.62 (d, ] = 8.4 Hz, 2H), 5.67 (d, ] = 8.1 Hz, 1H),
4.19-3.97 (m, 1H), 1.18 (d, ] = 6.6 Hz, 6H); '’F NMR (d,-DMSO)
5 —1349 (d, J = 21.8 Hz), —163.5 (dd, J = 21.8/21.8 Hz); m/z
HRMS (TOF ES*) C, H,;N;O,F; [MH]* caled 486.1635, found
486.1638.
N'-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-N*-(2-hydroxyethyl)terephthalamide (6x). Compound Sx
(54.1 mg, 0.111 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the mixture was purified by preparative HPLC to afford
compound 6x as a white fluffy solid after lyophilization (18.4 mg,
34%). '"H NMR (d;-DMSO) & 11.08 (s, 1H), 9.11 (d, ] = 8.1 Hz,
1H), 9.07 (s, 1H), 8.57 (t, ] = 5.6 Hz, 1H), 8.00 (d, ] = 8.4 Hz, 2H),
7.92 (d, ] = 8.4 Hz, 2H), 7.78—7.66 (m, 4H), 7.62 (d, ] = 8.3 Hz,
2H), 5.67 (d, ] = 8.0 Hz, 1H), 4.74 (s, 1H), 3.52 (q, ] = 9.7 Hz, 2H),
3.40—3.30 (m, 2H); F NMR (d-DMSO) 6 —134.9 (d, J = 21.7
Hz), —163.4 (dd, ] = 21.7/21.7 Hz); *C NMR (d,-DMSO) & 166.4,
165.8, 165.7, 150.6 (ddd, Jcp = 246.8/9.5/4.3 Hz), 138.7, 138.3 (dt,
Jer = 31.2/16.1 Hz), 137.0, 136.6 (td, Jop = 8.2/4.7 Hz), 136.3, 135.9,
1282, 127.8, 127.1, 126.8, 112.4—109.4 (m), 59.7, 4.4, 42.3; m/z
HRMS (TOF ES*) C,H,N;OF; [MH]* calcd 488.1428, found
488.1428S.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-4-sulfamoylbenzamide (6y). Compound Sy (55.2 mg,
0.115 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. Upon completion, the mixture was
then purified by column chromatography (DCM/PE/AcOH 1:1:0.1
to DCM/MeOH/AcOH 95:5:0.1) followed by preparative HPLC to
afford compound 6y as a white fluffy solid after lyophilization (10.0
mg, 18%). 'H NMR (d;-DMSO) 5 11.09 (d, ] = 0.9 Hz, 1H), 9.22 (d,
] = 8.0 Hz, 1H), 9.07 (d, ] = 1.1 Hz, 1H), 8.15-7.99 (m, 2H), 7.97—
7.84 (m, 2H), 7.71 (dt, J = 10.6/6.2 Hz, 4H), 7.62 (d, ] = 8.4 Hg,
2H), 7.50 (s, 2H), 5.66 (d, J = 8.0 Hz, 1H); '°F NMR (d;-DMSO) &
—134.9 (d, ] = 21.7 Hz), —163.4 (dd, ] = 21.6/21.6 Hz); m/z HRMS
(TOF ES*) C,H};F;N;0,S [MH]" calcd 480.0836, found 480.0835.
3-Amino-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)benzamide TFA Salt (6ab). Compound 5z (228
mg, 0.443 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. Upon completion, the
mixture was purified by column chromatography (DCM/MeOH
100:0—95:5) to afford tert-butyl (3-((2-(hydroxyamino)-2-oxo-1-
(3',4',5'-trifluoro-[ 1,1’-biphenyl]-4-yl)ethyl) carbamoyl) phenyl)-
carbamate (108 mg). This was dissolved in 20% TFA/DCM and
stirred at rt for 4 h to remove the boc group. The reaction mixture was
concentrated in vacuo and purified by preparative HPLC to afford
compound 6ab as a pale brown solid (28.5 mg, 12% over two steps).
'"H NMR (de-DMSO) & 11.09 (s, 1H), 8.82 (d, ] = 8.0 Hz, 1H),
7.77-7.65 (m, 4H), 7.61 (d, ] = 8.3 Hz, 2H), 7.51—-7.42 (m, 2H),
733 (t, ] = 7.8 Hz, 1H), 7.09 (dd, J = 7.9/1.3 Hz, 1H), 672 (brs,
3H), 5.64 (d, ] = 8.0 Hz, 1H); "’F NMR (de-DMSO) 6 —74.5,
—134.9 (d, ] = 21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz); *C NMR
(d¢-DMSO, TFA signals are not included) 5 166.4, 166.1, 150.7 (ddd,
Jor = 246.6/9.7/4.0 Hz), 141.2—141.0 (m), 138.9, 138.3 (dt, Jor =
31.0/13.9 Hz), 1366 (td, Jor = 8.3/4.6 Hz), 1363, 135.0, 129.2,

128.0, 126.8, 121.1, 120.6, 117.5, 111.7—110.6 (m), 54.3; m/z HRMS
(TOF ES*) Cy H,F3N;0; [MH]" caled. 416.1217, found 416.1229
4-Amino-N-(2-(hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-[1,1'-
biphenyl]-4-yl)ethyl)benzamide TFA Salt (6ac). Compound Saa
(235 mg, 0.457 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the mixture was purified by column chromatography
(DCM/MeOH 100:0—95:5) to afford tert-butyl (4-((2-(hydroxyami-
no)-2-oxo-1-(3',4,5'-trifluoro-[ 1,1’-biphenyl]-4-yl)ethyl) carbamoyl)-
phenyl)carbamate (128 mg). This was dissolved in 20% TFA/DCM
and stirred at rt for 4 h to remove the boc group. The reaction
mixture was concentrated in vacuo and purified by preparative HPLC
to afford compound 6ac as a pale brown solid (69 mg, 28% over twe
steps). "H NMR (d-DMSO) 6 11.08 (br s, 1H), 8.53 (d, ] = 8.1 Hz,
1H), 7.78 (d, J = 8.6 Hz, 2H), 7.74—7.56 (m, 6H), 7.17 (br s, 3H),
6.80 (d, J = 8.5 Hz, 2H), 5.66 (d, J = 8.0 Hz, 1H); F NMR (d
DMSO) 6 —74.5, —=134.9 (d, ] = 21.6 Hz), —163.6 (dd, ] = 21.6/21.¢
Hz); C NMR (de-DMSO, TFA signals are not included) & 166.8,
166.0, 150.7 (ddd, Jop = 246.6/9.7/4.2 Hz), 147.5, 139.4, 138.4 (dt
Jer = 249.4/15.6 Hz), 136.7 (td, Jop = 8.1/4.6 Hz), 136.3 (m), 129.4,
128.1, 127.0, 123.9, 115.4, 111.7—110.6 (m), 54.3; m/z HRMS (TOE
ES") C,H;;F;N;0; [MH]" caled 416.1217, found 416.1234.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-4-(methylsulfonamido)benzamide (6ad). Compound
Sad (65.2 mg, 0.132 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the mixture was purified by column chromatography
(DCM/PE/AcOH 1:1:0.1 to DCM/MeOH/AcOH 95:5:0.1) fol-
lowed by preparative HPLC to afford compound 6ad as a white fluffy
solid after lyophilization (30.0 mg, 46%). '"H NMR (ds-DMSO) ¢
11.07 (s, 1H), 10.13 (s, 1H), 9.06 (s, 1H), 8.83 (d, ] = 8.1 Hz, 1H),
792 (d, J = 8.8 Hz, 2H), 7.79—7.65 (m, 4H), 7.60 (d, ] = 8.4 Hz
2H), 7.25 (d, ] = 8.8 Hz, 2H), 5.65 (d, ] = 8.1 Hz, 1H), 3.07 (s, 3H);
F NMR (ds,-DMSO) 6 —134.9 (d, J = 21.8 Hz), —163.5 (dd, J =
21.8/21.8 Hz); 3C NMR (d-DMSO) 6 166.5, 165.6, 150.6 (ddd, Js
= 246.5/9.6/4.3 Hz), 1414, 139.0, 138.3 (dt, Jor = 31.4/16.1 Hz),
136.6 (td, Jor = 8.2/4.2 Hz), 136.3—136.1 (m), 1292, 128.5, 128.0,
126.8, 117.8, 111.2 (dd, Jop = 15.8/5.5 Hz), 54.3, 40.6; m/z HRMS
(TOF ES*) Cy,H,,FyN;0,S [MH]" caled 494.0992, found 494.0993
N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-4-(sulfamoylamino)benzamide (6ae). Compound Sae
(542 mg, 0.110 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the mixture was purified by preparative HPLC to afford
compound 6ae as a beige fluffy solid after lyophilization (39.3 mg
72%). 'H NMR (d-DMSO) & 11.07 (s, 1H), 9.93 (s, 1H), 8.75 (d, ]
=82 Hz, 1H), 7.88 (d, ] = 8.7 Hz, 2H), 7.81-7.65 (m, 4H), 7.61 (d
J = 8.4 Hz, 2H), 7.29 (s, 2H), 7.19 (d, ] = 8.8 Hz, 2H), 5.66 (d, ] =
8.1 Hz, 1H); F NMR (d;-DMSO) & —134.9 (d, J = 21.7 Hz),
—163.5 (dd, ] = 21.7/21.7 Hz); *C NMR (d,-DMSO) & 166.6, 165.8,
150.7 (ddd, Jop = 246.7/9.8/4.3 Hz), 142.5, 139.1, 138.3 (dt, Joy =
31.1/15.9 Hz), 136.6 (td, Jo = 8.1/4.6 Hz), 1362 (d, J = 1.5 Hz),
128.8, 128.1, 126.8, 126.6, 116.2, 111.2 (dd, Jor = 16.0/5.4 Hz), 54.2;
m/z HRMS (TOF ES*) C,HFN,0,S [MH]* calcd 495.0945,
found 495.0947.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-3,4-dimethoxybenzamide (6af). Compound Saf (1823
mg, 0.398 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. The crude product was
purified by column chromatography (DCM/MeOH 100:0—90:10) tc
afford compound 6af as a white solid (93.4 mg, 51%). "H NMR (d-
DMSO) 6 11.08 (s, 1H), 9.07 (s, 1H), 8.86 (d, J = 8.2 Hz, 1H),
7.79—7.47 (m, 8H), 7.01 (d, J = 8.6 Hz, 1H), 5.68 (d, J = 8.1 Hz,
1H), 3.82 (s, 3H), 3.81 (s, 3H); 'F NMR (d-DMSO) § —134.9 (d, j
=21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz); "*C NMR (ds;-DMSO) ¢
166.6, 165.8, 151.5, 150.6 (ddd, Jor = 246.6/9.7/42 Hz), 148.1,
139.1, 1383 (dt, Jop = 248.0/15.7 Hz), 136.6 (td, Joy = 8.2/4.5 Hz),
1363-135.7 (m), 128.1, 126.8, 126.0, 121.3, 111.4—111.1 (m),
111.1, 110.8, 55.6 (2C), 54.3; m/z HRMS (TOF ES*) C,3H,,FsN,O:
[MH]" calcd 461.1319, found 461.1322.
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3,4-Dihydroxy-N-(2-(hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-
[1,1'-biphenyl]-4-yl)ethyl)benzamide (6ag). Compound 6af (200
mg, 0.434 mmol) was treated with BBr; (1 M in DCM, 4.34 mL, 4.34
mmol) according to General Procedure D to form the corresponding
catechol. The crude product was purified by preparative HPLC to
afford compound 6ag as a white solid (69.3 mg, 37%). "H NMR (d,-
DMSO) & 11.05 (s, 1H), 9.49 (s, 1H), 9.15 (s, 1H), 9.06 (s, 1H),
849 (d, J = 8.1 Hz, 1H), 7.80=7.64 (m, 4H), 7.61 (d, J = 8.3 Hz,
2H), 7.39—-7.21 (m, 2H), 6.78 (d, J = 8.2 Hz, 1H), 5.63 (d, J = 8.1
Hz, 1H); F NMR (d,-DMSO) 6 —134.9 (d, J = 21.6 Hz), —163.5
(dd, J = 21.7/21.7 Hz); *C NMR (d-DMSO) § 166.8, 166.0, 150.7
(ddd, Jop = 246.6/9.7/4.2 Hz), 148.8, 144.9, 139.3, 138.4 (dt, Joz =
249.5/15.8 Hz), 1367 (td, Jor = 8.1/44 Hz), 1363—1362 (m),
128.1, 126.8, 125.0, 119.7, 115.5, 114.9, 112.7—109.9 (m), 54.3; m/z
HRMS (TOF ES*) C,,H,eFsN,0; [MH]" caled 433.1006, found
433.1003.

3-Fluoro-4-hydroxy-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)ethyl)benzamide (6ah). 3-Fluoro-4-hy-
droxybenzoic acid (194 mg, 1.24 mmol) was coupled to compound
4 (330 mg, 1.12 mmol) according to General Procedure A. Upon
completion, the reaction mixture was diluted with a 1 M HCI solution
(10 mL) and extracted with DCM (3 X 15 mL). The combined
organic layers were washed with water (2 X 20 mL) and brine (20
mL). The organic layer was dried over anhydrous Na,SO,, filtered,
and concentrated under reduced pressure. The crude product was
purified by column chromatography (DCM/MeOH 100:0—95:5) to
afford 430 mg of the desired product (64% of purity). The crude
product was converted to the corresponding hydroxamic acid
according to General Procedure C. The mixture was purified by
column chromatography (DCM/MeOH 100:0-90:10) to afford
compound 6ah as a white solid (30 mg, 7%). "H NMR (d,-DMSO) &
11.05 (s, 1H), 10.53 (s, 1H), 9.05 (s, 1H), 8.82 (d, J = 8.1 Hz, 1H),
7.85—7.47 (m, 8H), 6.99 (t, ] = 8.7 Hz, 1H), 5.63 (d, ] = 8.1 Hz, 1H);
E NMR (d,-DMSO) & —134.9 (d, J = 21.8 Hz), —136.6, —163.5
(dd, J = 21.8/21.8 Hz); *C NMR (ds-DMSO) § 166.5, 164.9 (d, Jcr
= 2.0 Hz), 150.6 (ddd, Jc; = 246.5/9.8/4.2 Hz), 150.3 (d, Jc = 241.0
Hz), 148.1 (d, Jop = 12.1 Hz), 138.9, 138.3 (dt, Jop = 249.1/15.9 Hz),
136.8—136.4 (m), 136.3—136.1 (m), 128.1, 126.7, 125.0 (d, Jor = 2.8
Hz), 1249 (d, Jop = 5.3 Hz), 117.0 (d, Jc = 2.9 Hz), 1159 (d, Jo =
19.6 Hz), 111.6-110.6 (m), 54.4; m/z HRMS (TOF ES')
C,yH,sF,N,0, [MH]* caled 435.0962, found 435.0968.

4-Fluoro-3-hydroxy-N-(2-(hydroxyamino)-2-oxo-1-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)ethyl)benzamide (6ai). 4-Fluoro-3-hy-
droxybenzoic acid (233 mg, 1.49 mmol) was coupled to compound
4 (400 mg, 1.3§ mmol) according to General Procedure A. Upon
completion, the reaction mixture was diluted with a 1 M HCI solution
(10 mL) and extracted with DCM (3 X 15 mL). The combined
organic layers were washed with water (2 X 20 mL) and brine (20
mL). The organic layer was dried over anhydrous Na,SO,, filtered,
and concentrated under reduced pressure. The crude was purified by
column chromatography (DCM/MeOH 98:2—90:10) to afford 577
mg of a white solid ($3% purity). The product was converted to the
corresponding hydroxamic acid according to General Procedure C.
After stirring at rt for 1 day, 40% of the starting material had
converted to compound 6ai. The reaction was left for a further 6 days
reaching 70% conversion according to LC—MS. The reaction was
stopped, and the starting material and compound 6ai were isolated by
column chromatography (DCM/MeOH 100:0—90:10), in which 68
mg (13%) of compound 6ai was obtained as a pale yellow solid and
10 mg of the starting material was recovered. '"H NMR (d;-DMSO) &
11.04 (s, 1H), 10.11 (s, 1H), 9.04 (s, 1H), 8.87 (d, J = 8.1 Hz, 1H),
7.74—7.66 (m, 4H), 7.60 (d, ] = 8.4 Hz, 2H), 7.49 (dd, ] = 8.6/2.2
Hz, 1H), 7.41 (ddd, J = 8.4/4.3/2.2 Hz, 1H), 7.21 (dd, ] = 11.0/8.5
Hz, 1H), 5.60 (d, ] = 8.1 Hz, 1H); 'F NMR (d;-DMSO) § —132.2,
—134.9 (d, J = 21.7 Hz), —163.5 (dd, ] = 21.7/21.7 Hz); *C NMR
(ds-DMSO) 6 166.5, 165.5, 153.1 (d, Jop = 246.2 Hz), 150.6 (ddd, Jor
= 246.4/10.2/4.0 Hz), 144.6 (d, Jog = 12.4 Hz), 138.9, 138.3 (dt, Jop
= 243.0/12.5 Hz), 136.6 (td, Jop = 7.9/4.6 Hz), 136.3—136.1 (m),
130.6 (d, Jop = 3.1 Hz), 128.1, 126.8, 1193 (d, Jop = 7.4 Hz), 117.7
(d, Jep = 3.9 Hz), 115.8 (d, Jop = 18.9 Hz), 111.9-110.6 (m), 54.4;

m/z MS (TOF ES™) C,H,3F,N,0, [M — H]™ caled 433.1, found
433.1; m/z HRMS (TOF ES*) C,H,E,N,0, [MH]* calcd
435.0962, found 435.0973.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-1H-indole-5-carboxamide (6aj). Compound Saj (200
mg, 0.456 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. Upon completion, the solvent
was concentrated in vacuo. An aqueous 10% citric acid solution was
added dropwise to the crude residue. The precipitate was filtered and
purified by flash column chromatography (PE/EtOAc 100:0—15:85)
to afford compound 6aj as a white solid (129 mg, 64%). '"H NMR
(MeOD) 6§ 8.19 (d, ] = 1.3 Hz, 1H), 7.69—7.59 (m, SH), 7.47—7.36
(m, 3H), 7.32 (d, ] = 3.2 Hz, 1H), 6.56 (dd, ] = 3.2, 0.8 Hz, 1H), 5.73
(s, 1H); 1F NMR (MeOD) & —136.9 (d, ] = 19.8 Hz), —166.0 (dd, ]
=19.9/19.9 Hz); *C NMR (MeOD) § 171.0, 169.5, 152.6 (ddd, Jcr
= 247.9/9.9/4.2 Hz), 141.8—139.2 (m), 139.7, 139.5, 139.0, 138.5
(td, Jop = 7.8/4.5 Hz), 1292 (2C), 129.0, 1282 (2C), 127.4, 125.6,
121.8, 121.7, 112.3—111.9 (m, 3C), 103.7, 56.2; m/z HRMS (TOF
ES*) C,3H,,F;N;0; [MH]* calcd 440.1217, found 440.1210.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-1H-indazole-5-carboxamide (6ak). Compound Sak (45
mg, 0.102 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. Upon completion, the solvent
was concentrated in vacuo. An aqueous 10% citric acid solution was
added dropwise to the crude residue. The precipitate was filtered and
washed thoroughly with water, then triturated with Et,O to afford
compound 6ak as an off-white solid (40 mg, 89%). '"H NMR (d¢-
DMSO) 6 13.32 (s, 1H), 11.11 (s, 1H), 9.09 (s, 1H), 8.93 (d, ] = 8.1
Hz, 1H), 8.48 (s, 1H), 8.21 (s, 1H), 7.91 (dd, J = 8.8/1.2 Hz, 1H),
7.80—7.52 (m, 7H), 5.70 (d, ] = 8.0 Hz, 1H); '°F NMR (ds;-DMSO)
5 —1349 (d, ] = 21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz); 3C NMR
(dDMSO) § 167.0, 166.9, 150.9 (ddd, Jor = 246.9/9.7/42 Hz),
141.4, 139.2, 138.6 (dt, Jop = 31.4/15.9 Hz), 136.8 (td, Jop = 7.9/4.4
Hz), 136.6, 135.3, 128.4 (2C), 127.1 (2C), 1264, 126.0, 122.6, 121.7,
1114 (m, 2C), 110.1, 54.8; m/z HRMS (TOF ES*) Cp,H,¢FsN,O;
[MH]" caled 441.1169, found 441.1176.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide (6al). Com-
pound Sal (90 mg, 0.204 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the solvent was concentrated in vacuo. An aqueous
10% citric acid solution was added dropwise to the crude residue. The
precipitate was filtered and washed thoroughly with water, then
triturated in Et,O to afford compound 6al as a yellow solid (75 mg,
83%). 'H NMR (de-DMSO) & 11.09 (s, 1H), 9.22 (d, J = 8.0 Hz,
1H), 9.07 (s, 1H), 8.60 (s, 1H), 8.02—7.91 (m, 2H), 7.79—7.61 (m,
7H), 5.75—5.63 (m, 1H); "’F NMR (ds-DMSO) § —134.9 (d, ] =
21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz); *C NMR (d,-DMSO,
rotamers) & 171.9, 171.5, 166.6, 166.3, 150.8 (ddd, Jor = 246.8/9.8/
4.3 Hz), 138.9 (2C), 138.5 (dt, Jor = 248.9/15.7 Hz), 136.8—136.6
(m),* 136.5, 129.0, 128.4 (3C), 127.0, 126.9 (3C), 111.6—111.2 (m),
54.8; m/z HRMS (TOF ES*) C,,H,;F;N,O, [MH]* calcd 442.1122,
found 442.1127.
N-(2-(Hydroxyamino)-2-oxo-1-(3',4’,5'-trifluoro-[1,1'-biphenyl]-
4-yl)ethyl)-1H-benzo[d]imidazole-5-carboxamide (6am). Com-
pound Sam (80 mg, 0.182 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. Upon
completion, the solvent was concentrated in vacuo. An aqueous
10% citric acid solution was added dropwise to the crude residue. The
resultant solid was filtered and washed thoroughly with water, then
triturated in Et,O to afford compound 6am as an off-white solid (75
mg, 94%). 'H NMR (MeOD) & 8.33 (s, 1H), 822 (d, ] = 1.0 Hz,
1H), 7.85 (dd, J = 8.5/1.6 Hz, 1H), 7.71-7.61 (m, SH), 7.46—7.37
(m, 2H), 5.73 (s, IH); "’F NMR (MeOD) 6 —136.8 (d, ] = 19.8 Hz),
—165.9 (dd, J = 19.8/19.8 Hz); '*C NMR (MeOD) & 170.0, 169.4,
152.6 (ddd, Jop = 247.9/9.9/4.1 Hz), 144.8, 141.9—138.3 (m), 140.7,
139.2, 139.1, 138.6, 138.5—138.3 (m), 129.8, 129.3 (2C), 128.2 (2C),
123.6, 116.8, 115.8, 112.1 (m, 2C), 56.5; m/z HRMS (TOF ES*)
Cy,H (F;N,O; [MH]" calcd 441.1169, found 441.1176.
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N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1"-biphenyl]-
4-yl)ethyl)-2-oxoindoline-5-carboxamide (6an). Compound San
(70 mg, 0.154 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. Upon completion, the solvent
was concentrated in vacuo. An aqueous 10% citric acid solution was
added dropwise to the crude residue. The resultant solid was filtered
and washed thoroughly with water. The solid was purified by flash
column chromatography (DCM/MeOH 100:0—-90:10) to afford
compound 6an as a dull yellow solid (30 mg, 43%). "H NMR (d,-
DMSO) 5 11.05 (s, 1H), 10.63 (s, 1H), 9.05 (s, 1H), 8.72 (d, J = 8.1
Hz, 1H), 7.82 (d, J = 7.7 Hz, 2H), 7.76—7.65 (m, 4H), 7.60 (d, ] =
8.4 Hz, 2H), 6.86 (d, ] = 8.5 Hz, 1H), 5.64 (d, ] = 8.1 Hz, 1H), 3.53
(s, 2H); F NMR (ds-DMSO) 6 —134.9 (d, J = 21.8 Hz), —163.5
(dd, J = 21.7/21.7 Hz); 3C NMR (ds-DMSO) 6 177.9, 167.3, 166.9,
1512 (ddd, Jor = 247.0/9.8/4.2 Hz), 147.18, 139.12, 138.9 (dt, Jor =
32.1/15.4 Hz), 137.1-136.8 (m, 2C), 128.6 (3C), 127.4 (2C), 127.2,
1263, 124.5, 111.7 (m, 2C), 109.3, 54.9, 36.1; m/z HRMS (TOF
ES*) Cy3H,,F3N;0, [MH]* caled 456.1166, found 456.1172.

N-Hydroxy-2-(2-phenylacetamido)-2-(3',4',5'-trifluoro-[1,1'-bi-
phenyl]-4-yl)acetamide (6ao). Compound Sao (54.0 mg, 0.131
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 100:0—90:0) to afford
compound 6ao as a white solid (26.7 mg, 49%). 'H NMR (d-
DMSO) 5 11.0 (s, 1H), 9.04 (s, 1H), 8.92 (d, J = 8.3 Hz, 1H), 7.76—
7.64 (m, 4H), 7.50 (d, ] = 8.3 Hz, 2H), 7.32—7.17 (m, SH), 5.42 (d, ]
= 8.3 Hz, 1H), 3.58 (s, 2H); 'F NMR (d¢-DMSOQ) 6 —134.9 (d, ] =
21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz); 3C NMR (d,-DMSO)
169.9, 1663, 150.6 (ddd, Jop = 246.4/9.8/4.3 Hz), 139.3, 138.3 (dt,
Jor = 31.3/16.9 Hz), 136.5 (td, Jop = 7.8/4.1 Hz), 136.4, 136.2—136.1
(m), 129.1, 128.2, 127.5, 126.8, 126.3, 111.8—110.3 (m), 53.5, 41.7;
m/z HRMS (TOF ES*) C,,H 4F3;N,05 [MH]" calcd 415.1264, found
415.1264.

2-(2-(3-Fluorophenyl)acetamido)-N-hydroxy-2-(3',4',5'-trifluoro-
[1,1'-biphenyl]-4-yl)acetamide (6ap). Compound Sap (198 mg,
0.459 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified by
column chromatography (DCM/MeOH 100:0—90:10) followed by
preparative HPLC to afford compound 6ap as a white solid (101 mg,
51%). '"H NMR (d;-DMSO) & 11.07 (s, 1H), 9.07 (s, 1H), 8.99 (d, ]
= 8.2 Hz, 1H), 7.84—7.61 (m, 4H), 7.51 (d, ] = 8.2 Hz, 2H), 7.32
(dd, J = 14.5/7.5 Hz, 1H), 7.18—6.90 (m, 3H), 5.43 (d, ] = 8.2 Hz,
1H), 3.63 (s, 2H); F NMR (d,DMSO) & —113.8, —134.9 (d, ] =
21.7 Hz), —163.5 (dd, J = 21.6/21.6 Hz); *C NMR (d&-DMSO) §
169.4, 166.4, 162.0 (d, Jop = 243.0 Hz), 150.6 (ddd, Jor = 246.7/9.7/
4.1Hz),139.2 (d, ] = 4.3 Hz), 139.1, 138.3 (dt, J o = 249.5/15.7 Hz),
136.5 (td, Jop = 8.1/4.4 Hz), 1363 (m), 130.0 (d, Jor = 8.4 Hz),
127.6,126.8, 1252 (d, Jop = 2.5 Hz), 115.8 (d, Jop = 21.3 Hz), 1132
(d, Jer = 20.8 Hz), 1112 (m), 53.6, 41.3; m/z HRMS (TOF ES*)
C,,H-F,N,0, [MH]* calcd 433.1170, found 433.1188.

2-(2-(4-Fluorophenyl)acetamido)-N-hydroxy-2-(3',4',5'-trifluoro-
[1,1'-biphenyl]-4-yl)acetamide (6aq). Compound Saq (47 mg, 0.109
mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified
by column chromatography (DCM/MeOH 100:0—90:10) followed
by preparative HPLC to afford compound 6aq as a white solid (40.6
mg, 38%). 'H NMR (d;-DMSO) 5 11.05 (s, 1H), 9.06 (s, 1H), 8.94
(d, J = 8.3 Hz, 1H), 7.82—7.61 (m, 4H), 7.50 (d, J = 8.2 Hz, 2H),
731 (m, 2H), 7.10 (t, ] = 8.8 Hz, 2H), 5.42 (d, ] = 8.3 Hz, 1H), 3.58
(s, 2H); YF NMR (d-DMSO) & —116.78 (s), —134.9 (d, J = 21.7
Hz), —163.5 (dd, J = 21.7/21.7 Hz); 3C NMR (d,-DMSO) & 169.8,
166.4, 161.0 (d, Jcp = 241.9 Hz), 150.6 (ddd, Jop = 246.7/9.8/4.2
Hz), 139.2, 138.3 (dt, Jop = 249.5/15.6 Hz), 136.5 (td, Jop = 8.0/4.4
Hz), 136.3—136.1 (m), 132.5 (d, Jop = 3.0 Hz), 1309 (d, Jer = 8.0
Hz), 127.5, 1268, 114.9 (d, J = 21.1 Hz), 111.5-110.7 (m), 53.5,
40.8; m/z HRMS (TOF ES*) C,,H,,F,N,0; [MH]* calcd 433.1170,
found 433.1173.

N-Hydroxy-2-(2-(4-methoxyphenyl)acetamido)-2-(3',4',5’-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetamide (6ar). Compound Sar (195
mg, 0.440 mmol) was converted to the corresponding hydroxamic

acid according to General Procedure C. The crude product was
purified by column chromatography (DCM/MeOH 100:0—90:10) to
afford compound 6ar as a white solid (124 mg, 64%). '"H NMR (d,-
DMSO) & 11.03 (s, 1H), 9.04 (s, 1H), 8.83 (d, ] = 8.4 Hz, 1H),
7.95—7.61 (m, 4H), 7.49 (d, J = 8.3 Hz, 2H), 7.19 (d, ] = 8.7 Hz,
2H), 6.84 (d, J = 8.7 Hz, 2H), 5.41 (d, J = 8.3 Hz, 1H), 3.71 (s, 3H),
3.50 (s, 2H); 'F NMR (ds-DMSO) & —134.9 (d, J = 21.7 Hz),
—163.5 (dd, J = 21.7/21.7 Hz); *C NMR (ds-DMSO) 6 170.2, 166.4,
157.9, 150.6 (ddd, Jop = 246.6/9.7/4.1 Hz), 139.3, 1383 (dt, Jo5 =
249.2/15.6 Hz), 136.5 (td, Jop = 8.1/4.4 Hz), 1362-136.0 (m),
130.0, 128.3, 127.5, 126.8, 113.6, 111.2 (m), 55.0, 53.4, 40.9; m/z
HRMS (TOF ES') C,3H,F3;N,0, [MH]" caled 445.1370, found
445.1362.
N-Hydroxy-2-(2-(4-hydroxyphenyl)acetamido)-2-(3',4’,5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetamide (6as). Compound 6ar (184
mg, 0.414 mmol) was treated with BBr; (1 M in DCM, 2.07 mL, 2.07
mmol) according to General Procedure D. The crude product was
purified by preparative HPLC to afford compound 6as as a white solid
(58 mg, 32%). 'H NMR (d;-DMSO) 6 11.05 (s, 1H), 9.21 (s, 1H),
9.05 (s, 1H), 8.78 (d, ] = 8.4 Hz, 1H), 7.75—7.63 (m, 4H), 7.50 (d, ]
= 8.3 Hz, 2H), 7.07 (d, ] = 8.5 Hz, 2H), 6.68 (d, ] = 8.5 Hz, 2H), 5.42
(d,] = 8.3 Hz, 1H), 3.45 (s, 2H); "°F NMR (d,-DMSO) & —134.9 (d,
J =21.7 Hz), —163.5 (dd, J = 21.7/21.7 Hz); "*C NMR (d,-DMSO)
5 170.5, 166.4, 155.9, 150.6 (ddd, Jop = 246.6/9.7/4.2 Hz), 139.4,
1383 (dt, Jop = 249.3/15.7 Hz), 136.6 (td, Jop = 8.1/4.4 Hz), 136.3—
136.0 (m), 130.0, 127.5, 126.8, 126.5, 115.0, 111.6—110.9 (m), 53.5,
41.0; m/z HRMS (TOF ES*) C,,H,4F3;N,0, [MH]" calcd 431.1213,
found 431.1214.
4-(2-((2-(Hydroxyamino)-2-oxo-1-(3',4',5'-trifluoro-[1,1'-biphen-
ylI-4-yl)ethyl)lamino)-2-oxoethyl)benzamide (6at). Compound Sat
(198 mg, 0.434 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. The crude
product was purified by column chromatography followed by
preparative HPLC to afford compound 6at as a white solid (33.5
mg, 17%). 'H NMR (d,-DMSO) & 11.05 (s, 1H), 9.0 (s, 1H), 8.99
(d, ] = 8.3 Hz, 1H), 7.90 (brs, 1H), 7.78 (d, ] = 8.2 Hz, 2H), 7.74—
7.64 (m, 4H), 7.50 (d, ] = 8.3 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 7.29
(brs, 1H), 5.41 (d, ] = 8.3 Hz, 1H), 3.64 (s, 2H); '°F NMR (d,-
DMSO) & —134.9 (d, J = 21.7 Hz), —163.5 (dd, ] = 21.7/21.7 Hz);
3C NMR (ds-DMSO) 8 169.5, 167.8, 166.3, 150.6 (ddd, Jcr = 246.3/
9.4/4.6 Hz), 139.7, 139.9-139.0 (m), 139.2, 136.5 (td, Jor = 5.3/2.2
Hz), 1363—136.1 (m), 132.5, 128.9, 127.5, 127.4, 126.8, 111.4—
111.0 (m), 3.5, 41.5; m/z HRMS (TOF ES*) C,3H,sF;N;0, [MH]"
caled 458.1322, found 458.1320.
2-(2-(3,4-Dimethoxyphenyl)acetamido)-N-hydroxy-2-(3',4',5'-
trifluoro-[1,1'-biphenyl]-4-yl)acetamide (6au). Compound Sau (413
mg, 0.872 mmol) was converted to the corresponding hydroxamic
acid according to General Procedure C. The crude product was
purified by column chromatography (DCM/MeOH 100:0—90:0) to
afford compound 6au as a white solid (100 mg, 24%). 'H NMR (dj-
DMSO) § 11.04 (s, 1H), 9.04 (s, 1H), 8.84 (d, J = 8.4 Hz, 1H),
7.75—7.63 (m, 4H), 7.50 (d, J = 8.3 Hz, 2H), 6.92 (d, J = 1.9 Hz,
1H), 6.85 (d, ] = 8.2 Hz, 1H), 6.78 (dd, ] = 8.2/1.9 Hz, 1H), 5.42 (d,
J = 8.4 Hz, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 3.49 (s, 2H); '"F NMR
(d¢-DMSO) & —134.9 (d, J = 21.7 Hz), —163.5 (dd, ] = 21.7/21.7
Hz); *C NMR (de-DMSO) § 170.1, 166.4, 150.6 (ddd, Jcg = 246.5,/
9.7/42 Hz), 148.5, 147.5, 139.3, 138.3 (dt, Jop = 31.0/15.7 Hz),
136.5 (td, Jor = 8.0/4.3 Hz), 136.2—136.1 (m), 128.8, 127.5, 126.8,
121.0, 112.9, 111.8, 111.5-110.5 (m), 55.5, 55.4, 53.4, 41.4; m/z
HRMS (TOF ES*) C,,H,,FN,0, [MH]" caled 475.1475, found
475.1477.
2-(2-(3,4-Dihydroxyphenyl)acetamido)-N-hydroxy-2-(3',4’,5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetamide (6av). Compound 6au (213
mg, 0.449 mmol) was treated with BBr; (1 M in DCM, 4.49 mL, 4.49
mmol) according to General Procedure D to form the corresponding
catechol. The crude product was purified by preparative HPLC to
afford compound 6av as a white solid (97.9 mg, 49%). "H NMR (d,-
DMSO) § 11.0S (s, 1H), 9.05 (br s, 1H), 8.85—8.53 (m, 3H), 7.76—
7.62 (m, 4H), 7.49 (d, ] = 8.3 Hz, 2H), 6.69 (d, J = 2.0 Hz, 1H), 6.64
(d,J = 8.0 Hz, 1H), 6.53 (dd, ] = 8.0/2.0 Hz, 1H), 5.41 (d, ] = 8.3 Hz,

DOI: 10.1021/acs jmedchem.9b00757
J. Med. Chem. XXXX, XXX, XXX=XXX

51



Journal of Medicinal Chemistry

1H), 3.39 (s, 2H); ’F NMR (d;-DMSO) & —134.9 (d, J = 21.7 Hz),
—163.5 (dd, J = 21.7/21.7 Hz); *C NMR (ds,-DMSO) § 170.5, 166.4,
150.7 (ddd, Jp = 246.5/9.6/4.1 Hz), 145.0, 143.9, 139.4, 138.3 (dt,
Jor = 236.0/15.9 Hz), 136.6 (td, Jo = 8.2/4.4 Hz), 136.3—136.2 (m),
127.5,127.1, 126.8, 119.9, 116.6, 115.4, 112.6—109.0 (m), 53.4, 41.3;
m/z HRMS (TOF ES*) C,,H 4F3;N,05 [MH]" calcd 447.1162, found
444.1162.

2-(2-(3-Fluoro-4-hydroxyphenyl)acetamido)-N-hydroxy-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetamide (6ax). Compound
Saw (104 mg, 0.225 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C, affording 67.2 mg
of 2-(2-(3-fluoro-4-methoxyphenyl)acetamido)-N-hydroxy-2-
(3',4',5'-trifluoro-[1,1’-biphenyl]-4-yl)acetamide (6aw). This was
treated with BBry (1 M in DCM, 0.724 uL, 0.724 umol) according
to General Procedure D. The resulting precipitate was filtered to
afford compound 6ax as an off-white solid (46.5 mg, 72%). "H NMR
(d-DMSO) 11.07 (s, 1H), 9.71 (br s, 1H), 8.84 (d, J = 8.2 Hz, 1H),
7.79=7.60 (m, 4H), 7.49 (d, J = 8.3 Hz, 2H), 7.11-6.98 (m, 1H),
6.93—6.74 (m, 2H), 5.40 (d, ] = 8.2 Hz, 1H), 3.47 (s, 2H); 'F NMR
(d-DMSO) 6 —134.8 (d, ] = 21.7 Hz), —136.8, —163.5 (dd, ] = 21.6/
21.6 Hz); *C NMR (d,-DMSO) § 170.2, 166.5, 150.8 (d, J = 240.0
Hz), 150.7 (ddd, J = 12.7/9.6/4.2 Hz), 143.4 (d, ] = 12.1 Hz), 139.3,
1384 (dt, J = 249.1/15.4 Hz), 136.6 (td, ] = 8.2/4.5 Hz), 136.4—
136.3 (m), 127.7, 127.6, 126.9, 1252 (d, ] = 3.0 Hz), 117.5 (d, ] = 3.0
Hz), 116.7 (d, ] = 18.4 Hz), 111.3 (m), 53.6, 40.7; m/z HRMS (TOF
ES*) C,,H,;F,N,0, [MH]* calcd 449.1117, found 449.1125.

2-(2-(4-Fluoro-3-methoxyphenyl)acetamido)-N-hydroxy-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetamide (6ay). Compound
Say (367 mg, 0.795 mmol) was converted to the corresponding
hydroxamic acid according to General Procedure C. The crude
product was purified by column chromatography (DCM/MeOH
100:0—90:0) to afford the desired hydroxamic acid analogue as a
white solid (6ay) (226 mg, 61%). "H NMR (d,-DMSO) & 11.05 (s,
1H), 9.05 (s, 1H), 8.95 (d, J = 8.3 Hz, 1H), 7.81—7.63 (m, 4H), 7.50
(d, ] = 8.3 Hz, 2H), 7.19-7.01 (m, 2H), 6.81 (ddd, J = 8.2/4.3/2.0
Hz, 1H), 541 (d, ] = 8.3 Hz, 1H), 3.80 (s, 3H), 3.55 (s, 2H); "°F
NMR (d¢DMSO) 5 —134.9 (d, J = 21.7 Hz), —138.9 (s), —163.5
(dd, J = 21.7/21.7 Hz); *C NMR (d¢-DMSO) § 169.7, 166.3, 150.6
(ddd, Jop = 246.7/9.8/4.3 Hz), 150.4 (d, Jop = 242.0 Hz), 146.7 (d,
Jor = 10.6 Hz), 139.3, 138.3 (dt, Jor = 31.4/15.9 Hz), 136.5 (td, Jor =
8.1/4.4 Hz), 136.3—136.1 (m), 133.1 (d, Jor = 3.7 Hz), 127.5, 126.8,
1212 (d, Jop = 6.7 Hz), 1154 (d, Jog = 17.9 Hz), 114.6 (d, Jog = 1.5
Hz), 111.7-110.4 (m), 55.8, $3.5, 41.3; m/z MS C,H,F,N,O,
[MH]" calcd 463.1, found 462.8.

2-(2-(4-Fluoro-3-hydroxyphenyl)acetamido)-N-hydroxy-2-
(3',4',5'-trifluoro-[1,1'-biphenyl]-4-yl)acetamide (6az). Compound
6ay (205 mg, 0.443 mmol) was treated with BBr; (1 M in DCM, 2.22
mL, 2.22 mmol) according to General Procedure D to form the
corresponding phenol. The crude product was purified by preparative
HPLC to afford compound 6az as a white solid (156 mg, 78%). 'H
NMR (dg-DMSO) & 11.05 (s, 1H), 9.73 (s, 1H), 9.06 (s, 1H), 8.89
(d, J = 8.3 Hz, 1H), 7.76—7.63 (m, 4H), 7.49 (d, J = 8.3 Hz, 2H),
7.07-6.96 (m, 1H), 6.88 (dd, ] = 8.7/2.1 Hz, 1H), 6.67 (ddd, ] = 8.2/
4.3/2.1 Hz, 1H), 5.40 (d, ] = 8.3 Hz, 1H), 3.48 (s, 2H); ’F NMR
(d-DMSO) 6 —134.9 (d, ] = 21.7 Hz), —139.8, —163.5 (dd, J = 21.7/
21.7 Hz); C NMR (ds-DMSO) & 169.9, 166.4, 150.6 (ddd, Je =
246.5/9.7/4.1 Hz), 150.0 (d, Jop = 239.0 Hz), 144.4 (d, Jor = 122
Hz), 1393, 138.3 (dt, Jor = 249.1/15.5 Hz), 136.6 (td, Jor = 8.0/4.1
Hz), 136.3—136.0 (m), 132.7 (d, Jo = 3.4 Hz), 127.5, 126.8, 119.9
(d, Jop = 6.4 Hz), 118.5 (d, Jop = 2.7 Hz), 115.6 (d, Jop = 18.0 Hz),
111.8—110.8 (m), 3.5, 41.0; m/z HRMS (TOF ES*) C,,H,,F,N,0,
[MH]"* calcd 449.1117, found 449.1113.

Methyl 2-((4-Fluoro-3-methoxybenzyl)amino)-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetate (7). 4-Fluoro-3-methoxybenzalde-
hyde (172 mg, 1.12 mmol) was added to a solution of compound 4
(300 mg, 1.02 mmol) in DCE (10 mL) and stirred for 30 min before
adding Na(OAc);BH (540 mg, 2.55 mmol). The reaction mixture
was stirred at rt overnight. Upon completion, the reaction mixture was
diluted with sat. NaHCO; (20 mL) and extracted with DCM (3 X 20
mL). The combined organic layers were dried over anhydrous

Na,SO,, filtered, and concentrated in vacuo. The crude product was
purified by column chromatography (PE/EtOAc 100:0—50:50) to
afford compound 7 as a clear oil (405 mg, 92%). 'H NMR (CDCL,) &
7.53=7.41 (m, 4H), 7.22—7.13 (m, 2H), 7.01—6.93 (m, 2H), 6.83—
6.76 (m, 1H), 441 (s, 1H), 3.87 (s, 3H), 3.72 (s, 3H), 3.71 (s, 2H),
242 (br s, 1H); F NMR (CDCl;) 6 —134.0 (d, J = 20.6 Hz),
—137.4, —162.3 (dd, J = 20.5/20.5 Hz); '*C NMR (CDCl,) § 173.2,
1517 (d, Jop = 244.9 Hz), 151.5 (ddd, Jop = 249.7/10.1/4.3 Hz),
147.6 (d, Jop = 10.8 Hz), 140.9—137.9 (m), 138.3, 138.1—138.0 (m),
1367 (td, Jor = 7.8/4.7 Hz), 135.6 (d, Jop = 3.7 Hz), 1283, 127.3,
120.5 (d, Jop = 6.8 Hz), 115.8 (d, Jop = 18.3 Hz), 113.4 (d, Jop = 1.9
Hz), 111.4—110.6 (m), 63.9, 562, 52.5, 51.1; m/z MS C,;H,0F,NO,
[MH]* caled 434.1, found 433.9.
2-((4-Fluoro-3-methoxybenzyl)amino)-N-hydroxy-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetamide (8). Compound 7 (365 mg,
0.842 mmol) was converted to the corresponding hydroxamic acid
according to General Procedure C. The crude product was purified by
column chromatography (DCM/MeOH 100:0—-90:0) to afford
compound 8 as a white solid (242 mg, 66%). 'H NMR (d¢-
DMSO) 5 10.80 (s, 1H), 8.95 (s, 1H), 7.77—7.61 (m, 4H), 7.51 (d, J
= 83 Hz, 2H), 7.18-7.06 (m, 2H), 6.85 (ddd, J = 8.1/4.4/1.8 Hz,
1H), 4.09 (s, 1H), 3.82 (s, 3H), 3.61 (s, 2H), 3.10 (br s, 1H); F
NMR (di-DMSO) 6 —135.0 (d, J = 21.7 Hz), —138.4, —163.7 (dd, J
=21.7/21.7 Hz); *C NMR (d;-DMSO) & 168.3, 150.6 (ddd, Jop =
246.5/9.7/4.2 Hz), 150.5 (d, Jop = 242.0 Hz), 1469 (d, Jor = 10.6
Hz), 140.3, 139.8—136.9 (m), 137.0 (d, Jc¢ = 3.5 Hz), 136.7 (td, Jcr
= 8.1/4.3 Hz), 136.1-135.9 (m), 128.0, 126.6, 1199 (d, Jor = 6.7
Hz), 1153 (d, Jop = 17.8 Hz), 113.3 (d, Jor = 1.4 Hz), 111.9-110.6
(m), 61.8, 55.8, 49.9; m/z MS Cy,H,F,N,O; [MH]* caled 435.1,
found 434.9
2-((4-Fluoro-3-hydroxybenzyl)amino)-N-hydroxy-2-(3',4',5'-tri-
fluoro-[1,1'-biphenyl]-4-yl)acetamide HCI Salt (9). Compound 8
(200 mg, 0.460 mmol) was treated with BBr; (1 M in DCM, 2.30 mL,
2.30 mmol) according to General Procedure D. Upon completion, the
reaction was quenched with a 1 M HCI solution (3 mL) and stirred
vigorously for 10 min. The mixture was neutralized to pH 7 with sat.
NaHCO, and extracted with EtOAc (3 X 10 mL). The combined
organic layers were dried over anhydrous Na,SOs, filtered, and
concentrated in vacuo. To convert the neutralized product to the
corresponding HCl salt, the crude product (126 mg, 0.300 mmol) was
dissolved in MeOH (8 mL) before addition of 1 M HCI (600 uL,
0.600 mmol) and stirred overnight at rt. The reaction mixture was
concentrated in vacuo and lyophilized to remove excess HCI to afford
compound 9 as a white solid (125 mg, 27%). '"H NMR (d-DMSO) &
11.55 (s, 1H), 10.21 (s, 1H), 10.13 (br s, 2H), 9.40 (br s, 1H), 7.84
(d, J = 8.4 Hz, 2H), 7.81-7.73 (m, 2H), 7.70 (d, ] = 8.4 Hz, 2H),
7.23—7.09 (m, 2H), 6.90 (ddd, ] = 8.1/4.0/2.1 Hz, 1H), 4.84 (s, 1H),
393 (q, J = 12.6 Hz, 2H); '%F NMR (daDMSO) & —134.7 (d, J =
21.7 Hz), —135.7, —162.8 (dd, ] = 21.7/21.7 Hz); 3C NMR (d,-
DMSO) 5 162.8, 151.5 (d, Jop = 242.8 Hz), 150.7 (ddd, o = 246.7/
9.7/4.2 Hz), 144.9 (d, ] = 12.3 Hz), 138.6 (dt, Jop = 249.0/15.5 Hz),
137.89—137.7 (m), 135.9 (dt, Jor = 8.4/4.0 Hz), 132.4, 129.1, 127.2,
121.7 (d, Jop = 6.6 Hz), 1202 (d, Jop = 2.9 Hz), 116.1 (d, Jor = 18.5
Hz), 111.8—110.9 (m), $9.3, 48.5; m/z HRMS (TOF ES*)
CyH,E4N,05 [MH]" caled 421.1170, found 421.1175.

Biology. Protein Expression and Purification. A soluble form of
human APN ectodomain was expressed and purified as reported
previously." In brief, human APN was expressed in a stably transfected
HEK293S GnT1 cell line, which was a kind gift from Prof. James Rini
from the University of Toronto, Canada. The cell growth and
passaging of the cells, as well as collection of the culture supernatant,
were conducted by Monash Protein Production Unit. Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)/F-12
supplemented with 3% fetal bovine serum (FBS) Invitrogen, 1X
penicillin—streptomycin (Invitrogen), 1 mg/L doxycycline (Sigma),
and 1 mg/L aprotinin (Bioshop Canada). The APN—protein A fusion
protein was purified by IgG-Sepharose (GE Healthcare) affinity
chromatography. The protein A tag was removed by on-column
tobacco etch virus protease digestion and the liberated APN was
further purified by size exclusion chromatography on a Superdex S200
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10/300 column in S0 mM N-(2-hydroxyethyl)piperazine-N’-ethane-
sulfonic acid pH 8.0, 300 mM NaCl, and 5% glycerol buffer.
Biochemical parameters K, (31 + S uM) and k., (456 + 14 FU/s)
were determined in the presence of L-leucine-7-amido-4-methylcou-
marin hydrochloride (H-Leu-NHMec) (Sigma L214S).

APN Enzymatic Analysis. Aminopeptidase assays were based on
the modified report of Drinkwater et al.** The activity of APN was
determined by measuring the release of the fluorogenic leaving group,
NH,Mec, from the fluorogenic peptide H-Leu-NHMec (Sigma
L2145). The reactions were carried out in 384-well microtiter plates,
S0 uL total volume at 37 °C using a spectrofluorimeter (BMG
FLUOstar) with excitation at 355 nm and emission at 460 nm. APN
was preincubated in 100 mM Tris pH 8.0 at 37 °C with the inhibitors
for 10 min prior to the addition of substrate (25 uM). Inhibitor
concentrations were assayed with highest working concentrations of
2—320 uM, diluted 1:4 to assess an overall 1000-fold concentration
series. Initially, assays were performed in experimental triplicate, and if
a Ki(“m value of <100 nM was calculated, the inhibitor was
considered of high priority, and assessed further in biological
triplicate. The fluorescence signal was monitored for 1 h at 37 °C.
Only a linear range of velocity was considered in data analysis. K;**P)
values were then calculated by using the Morrison equation for
competitive and tight-binding inhibitors.***> Analysis and graphical
output were performed in GraphPad Prism 7.

Ad293 Cellular Viability Assay. Compounds were prepared as a
0.1 M stock solution in DMSO. A total of 5000 cells/well were plated
out in a 96-well sterile clear TC plates in 100 uL of DMEM + 10%
FBS + 1% Penstrep (Invitrogen). The plates were incubated at 37 °C
and 5% CO, overnight. Media was aspirated off followed by washing
with 100 uL of PBS pH 7.4 (Invitrogen). In a separate plate, 240 uL
of each compound was prepared at the working concentration by
diluting the stock solutions with the media. This was serially diluted in
1:2 ratios across well plate. From the dilution plate, 100 uL of each
compound dose was dispensed into the cell-seeded plate. Final
concentration ranges of 0—800 uM (bestatin) and 0—400 uM
(compound 6ad and 6ae) were achieved. After addition of the
compound, the plate was incubated for an additional 72 h. At the 72 h
mark, 10 yL of CellTiter-Blue (Promega) was added to the cells
followed by an additional 4 h of incubation. Fluorescence readings
were obtained on EnVision (PerkinElmer) at $565/595 nm. The
results were expressed as % proliferation relative to a negative DMSO
control. CCjs, values were calculated from dose—response curves
(log[compound concentration] vs % proliferation) using GraphPad
Prism 7.

Estimation of Kinetic Solubility Using Nephelometry. Com-
pounds in DMSO was spiked into either pH 6.5 phosphate buffer or
0.01 M HCI (pH ~ 2.0) with the final DMSO concentration being
1%. After 30 min had elapsed, the samples were then analyzed via
Nephelometry to determine a solubility range.*®

Estimation of Distribution Coefficient Using Chromatography.
Partition coefficient values (LogD) of the test compounds were
estimated at pH 7.4 by correlation of their chromatographic retention
properties against the characteristics of a series of standard
compounds with known partition coefficient values. The method
employed is a gradient HPLC-based derivation of the method
developed by Lombardo et al.”’

In Vitro Metabolic Stability. The metabolic stability assay was
performed by incubating each compound in human or mouse liver
microsomes at 37 °C and a protein concentration of 0.4 mg/mL. The
metabolic reaction was initiated by the addition of a reduced
nicotinamide adenine dinucleotide phosphate (NADPH)-regenerat-
ing system and quenched at various time points over a 60 min
incubation period by the addition of acetonitrile containing diazepam
as internal standard. Control samples (containing no NADPH) were
included (and quenched at 2, 30, and 60 min) to monitor for
potential degradation in the absence of cofactor. The human liver
microsomes used in this experiment were supplied by XenoTech, lot #
1410230. The mouse liver microsomes used in this experiment were
supplied by XenoTech, lot # 1510256. Microsomal incubations were
performed at a substrate concentration of 1 yM.

In Vitro Plasma Stability. Human plasma (pooled; n = 3 donors)
was separated from whole blood procured from the Victorian Blood
Donor Registry. Mouse plasma (pooled; multiple mice) from male
Swiss outbred mice was collected in-house. Aliquots of plasma were
spiked with DMSO/MeCN/H,0 solutions of test compound to a
nominal compound concentration of 1000 ng/mL. The maximum
final DMSO and acetonitrile concentrations were 0.2% (v/v) and
0.4% (v/v), respectively. Immediately after compound spiking, plasma
was vortex-mixed and aliquots of spiked plasma (SO uL) were
transferred into fresh microcentrifuge tubes and maintained at 37 °C
under 10% CO, conditions. At various time points over the 240 min
incubation period, triplicate plasma samples were taken and
immediately snap-frozen in dry ice. All samples were stored frozen
at —80 °C until analysis by LC—MS. Plasma samples were quantified
relative to calibration standards prepared using blank plasma of the
same species. Calibration standards were spiked with test compound
over the range of 0.5—10000 ng/mL. Internal standard (diazepam)
was added to calibration standards and incubation samples and then
immediately quenched using two volumes of MeCN to precipitate
plasma proteins. Samples were vortex-mixed and centrifuged (10 000
rpm for 3 min) in a microcentrifuge and the supernatant analyzed by
LC—MS (Water Micromass Quattro Premier coupled to a Waters
Acquity UPLC). The bioanalytical method was validated with respect
to calibration range, linearity, accuracy, and precision. The mean and
standard deviation of measured plasma concentrations were calculated
for each time point and expressed as a percentage remaining relative
to the initial time point (S min).

Computational Chemistry. Molecular Modeling. Molecular
docking of compounds 1, 6ad, 6ae, and 6ag were carried out using
Surflex docking interfaced with SYBYL2.1.1 in SFXC mode. The
domain II of reference PfA-MI1 structure (PDB ID 4ZX4, residues
392—649) and APN structure (PDB ID 4FYQ, residues 287—546)
were chosen for alignment due to the fact this domain incorporates
the active site of interest and also shares the highest structural and
sequence similarity across M1 aminopeptidase superfamily. A
superimposed structural alignment was then performed using Pymol
1.8.23% with domain I of both PfA-M1 and APN. The coordinates of
compound 1 in the superimposed APN was subsequently extracted
for later use of fragment constraints. The bond constants and charge
distribution for 1 were derived using the GAFF® and AM1-BCC
models,”””" respectively. To prepare the crystal structures, water
molecules were removed and any missing regions were modeled using
the program Modeller v9.10.”> The flexible loop *'YGGGSFSF**
was not resolved in the unbound structure of APN (PDB ID 4FYQ);
however, it was resolved in electron density when APN was bound to
either small-molecule inhibitors such as bestatin (PDB ID 4FYR) and
amastatin (PDB ID 4FYT) or a peptide substrate angiotensin IV
(PDB ID 4FYS)." We rebuilt the missing loop in 4FYQ using
Modeller, and the structure was overlaid with the bound APN
structures to examine if the flexible loop was modeled into a sensible
position. Side-chain amides were protonated and fixed alongside
charge addition using the Gasteiger—Marsili method.”* The charge for
zinc metal was 2.0. The two-dimensional ligand structures were
prepared with default settings from SYBYL2.1.1. In grid generation,
the core biphenyl system and hydroxamic acid were set as fragment
constraints with a constraint penalty of 10. A total of 20 poses were
produced for each ligand that were similar in their conformations and
interactions. The differences in the total docking score between the
most preferred pose and the second best pose of 1, 6ad, 6ae, and 6ag
were 0.02, 0.003, 0.127, and 0.046, respectively. The best pose
according to the total docking scores was selected to perform MD
simulations.

MD Simulations. The APN—ligand complex models were solvated
in a rectangular simulation box leaving at least 12 A of water shell
thickness at all sides of the protein with a periodic box of 117 A X 125
A x 120 A. System charges were neutralized with sodium
counterions.”* Proteins and ions were modeled using the AMBER
force field FF14SB and waters represented using the three-particle
TIP3P model.”*”* M1 aminopeptidase zinc and zinc-binding residues
(His*®, His*, and Glu*'!) were prepared as described previously.**
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MD simulations were performed using NAMD 2.9 on an IBM Blue
Gene/Q.”° Equilibration was performed in three stages. First,
potential steric clashes in the initial configuration were relieved with
2000 steps of energy minimization. Initial velocities for each system
were then assigned randomly according to a Maxwell-Boltzmann
distribution at 100 K. Each system was then heated to 300 K over 0.1
ns, under the isothermal—isometric ensemble (NVT) conditions, with
the protein atoms (excluding hydrogens) harmonically restrained
[with a force constant of 10 kcal/(mol A?)]. Following this, each
system was simulated for another 0.1 ns under the isothermal—
isobaric ensemble (NPT) with applied harmonic restraints. For each
system, we repeated the above process three times to initiate the
production simulations with different initial velocities in NPT.
Simulation time step was set to 2 fs and the SHAKE algorithm was
used to constrain all bonds involving hydrogen atoms.”” All
simulations were run at constant temperature (300 K) and pressure
(1 atm), using a Langevin damping coefficient of 0.5 fs™' and a
Berendsen thermostat relaxation time of 7p, = 1.0 ps.m'w For each
simulated system, periodic boundary conditions were used together
with the particle-mesh Ewald method for long-range electrostatic
interactions, and a real space cutoff of 10 A was used.*” To increase
the efficiency of sampling, production MD simulations for APN were
run in triplicate for 50 ns. The conformation was sampled every S000
steps (one snapshot per 10 ps). We then used one snapshot per 100
ps to analyze the MD trajectories.
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Bl ABBREVIATIONS

DIPEA, N,N-diisopropylethylamine; HCTU, O-(1H-6-chlor-
obenzotriazol-l-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate; DMAP, 4-dimethylamonipyridine; EDCI, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide; PyBOP, (benzotria-
zol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate

B ADDITIONAL NOTE

“May account for two carbons, as there are many overlapping
quaternary carbons in this region.
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2.3 Supplementary information
The following section discloses data that was not included in the publication Lee et al., J. Med.

Chem, 2019 to show that the research completed in this doctoral research.

2.3.1 Cell-based assays of APN inhibitors betatin, Tosedostat, 6ad, and 6ae

Cell-based assays are one of the most commonly used methods to measure the level of living
cells or to determine the cytotoxic effects of testing compounds. These assays are developed
based on biological processes that take place in healthy cells. There are various types of cell
proliferation assays, such as tetrazolium reduction, resazurin reduction, protease markers, and
ATP detection.?® In this project, the resazurin reduction assay was performed to determine the

effects of 6ad and 6ae on cell proliferation.

In order to detect the level of viable cells, a small volume of resazurin dye is added to cell
culture after treating the cells with testing compounds for an adequate period of time. Resazurin
is a non-fluorescent blue dye that is irreversibly reduced to pink fluorogenic resorufin by active
metabolism in viable cells (Figure SI.1). Therefore, the level of fluorescence generated from
resorufin indicates the number of functioning cells. The more pink fluorescence that is
generated, the higher the number of viable cells present and hence, less active the testing
compounds are in the cell environment. Resorufin can be further reduced to a colourless and

non-fluorescent compound hydroresorufin when cells are overgrown.

NADH NAD+ NADH NAD+
irreversible reversible
HO O 0]
HO 0] 0] HO O OH

+

l}l = =

0 N N

Resazurin Resorufin (fluorescent) Hydroresorufin

Figure S1.1. Reduction of resazurin to resorufin and hydroresorufin in viable cells.

In this project, the resazurin assay was conducted to estimate the effects of 6ad and 6ae on

cancer cell proliferation in the presence of bestatin as a positive control. Two types of cancer
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cell lines were used - ES-2 ovarian cancer cell line is (high APN-expressing) and REH acute
lymphatic leukemic cell line (low-APN expressing). The use of these cancer cell lines may
allow us to investigate how 6ad and 6ae behave in cellular environments with different levels
of APN. The fluorescence signals detected were calculated as percentage proliferation relative
to DSMO control and the concentration where 50% loss in cell proliferation was represented
as ICso (Table SI.1). In both APN-positive ES-2 and APN-negative REH cell lines, bestatin
reached approximately 80% cell proliferation at the working concentration of 400 pM.
Although both 6ad and 6ae were more potent than bestatin, they only displayed weak anti-
proliferative activities in a micromolar range. Compound 6ad was more potent than 6ae by
approximately 3-fold in both ES-2 and REH cells. Anti-proliferative activities of both
compounds were significantly stronger in APN-negative REH cell line, indicating the cell
proliferation might not be related to APN activity. There is also the possibility of off-target
effects where the inhibitors interact with other proteases in the cells other than APN to reduce
the efficacy. Further investigations are required to determine the factors that cause significant

loss in cellular efficacy in the future.

Table SI.1. Anti-proliferative activities of bestatin, 6ad, and 6ae on cell proliferation in
ES-2, and REH cell lines.

Compound ES-2 (ICso / pM) REH (ICso / pM)
Bestatin > 400 > 400
6ad 63.7+2.1 9.78 £ 0.29
6ae 185+ 6 39.9+19

Consistent results were obtained when the inhibitors were tested against 60 different cancer
cell lines at a single dose of 10 uM in collaboration with NCI (Figure SI.2). Compounds 6ad
and 6ae exhibited very weak activity against certain leukaemic, renal, and prostate cancer cell
lines. This was comparable to that of Tosedostat which showed growth inhibition in several
cancer cell lines, but the most notable results were renal cancer cell RXF 393 and breast cancer
cell MDA-MB-231, which showed very low growth rate of 7.55% and 9.77%, respectively
(Figure S1.2).
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Figure SI1.2. One-dose mean growth graph of compound 6ad, 6ae, and Tosedostat. Testing
compounds were evaluated for growth inhibition activity at a single dose of 10 uM. Data

acquisition and analysis were completed by NCI.
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2.3.2 Experimental

Resazurin assays of bestatin, 6ad, and 6ae were performed as described in the journal article.

NCI-60 Screening
The sulforhodamine B (SRB) assays were performed by the NCI-60 screening service

(https://dtp.cancer.gov/discovery development/nci-60/methodology.htm). The protocol used

is reported as follows. The human cancer cell lines are grown in RPMI 1640 medium
containing 5% fetal bovine serum and 2 mM L-glutamine. Cells are seeded into 96 well
microtiter plates in 100 pL at cell densities ranging from 5,000 to 40,000 cells/well. The seeded
plates are incubated at 37 °C, 5% CO», 95% air and 100% relative humidity for 24 h.

After 24 h, two plates of each cell line are fixed with trichloroacetic acid (TCA) in
situ. Tosedostat, 6ad, and 6ae are solubilised in DMSO at 400-fold the desired final test
concentration (10 uM) and stored frozen. When testing compounds are added, an aliquot of
frozen concentrate is thawed and diluted to 20 pM with complete medium containing 50 pg/ml
gentamicin. Aliquots of 100 puL from each testing compound are added to the appropriate

microtiter wells already containing 100 pl of the medium.

After drug addition, the plates are incubated for an additional 48 h at 37 °C, 5% CO>, 95% air,
and 100% relative humidity. For adherent cells, the assay is terminated by adding cold TCA.
Cells are fixed in situ by the addition of 50 pl of cold 50% (w/v) TCA and incubated for 1 h at
4 °C. The supernatant is discarded, and the plates are washed five times with tap water and air-
dried. SRB solution (100 pl) at 0.4% (w/v) in 1% acetic acid is added to each well, and plates
are incubated for 10 min at room temperature. After staining, unbound dye is removed by
washing with 1% acetic acid and the plates are air-dried. Bound stain is subsequently
solubilised with 10 mM trizma base, and the absorbance is read using an automated plate reader
at a wavelength of 515 nm. For suspension cells, the assay is terminated by fixing settled cells
at the bottom of the wells by adding 50 uL of 80% TCA (final concentration, 16 % TCA).
Using the three absorbance measurements [time zero, (Tz), no-drug control, (C), and test
growth in the presence of drug at 10 uM (Ti)], the percentage growth is calculated of the drug
at the testing concentration level. The growth inhibition calculated is reported as a mean graph
of the percentage growth of treated cells.
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2.4 Appendices
Supplementary information of Lee et al., J. Med. Chem., 2019 is provided as appendices in the

following section.

The molecular formula strings of all synthesised compounds, PDB file of the docked pose of
compound 1, and MD simulations of compound 6ad and 6ae are available at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.9b00757.
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General Procedure E: Amide coupling of mono-methyl terephthalate using HCTU and
TEA. A sealed vessel containing HCTU (1.6 eq.), mono-methyl terephthalate (1.0 eq.) and amine
(2.0 eq.) in anhydrous DMF (0.5 mL) was purged twice with dry N2(g) and charged with TEA (5.0
eq.). The mixture was allowed to stir at rt for 17 h. The mixture was then added to a solution of
half-saturated NaHCO3 (60 mL) and extracted with EtOAc (3 x 50 mL). The combined organic
extracts were washed with additional half-saturated NaHCO3 (2 x 60 mL), dried with brine (30 mL)
and NaxSOq, filtered and the solvent evaporated under reduced pressure. The residue was then
taken up in a solution of MeOH, THF and 1 M LiOH (1:1:1, 6 mL) and stirred at rt for 17 h.
Sodium hydroxide solution (0.1 M, 100 mL) was added and the aqueous layer washed with EtOAc
(3 x 50 mL). The aqueous layer was acidified with concentrated HC1 (6 M, 5 mL) and extracted
with a mixture of isopropanol and CHCI; (1:3, 3 x 50 mL). The combined organic extracts were
dried with NaxSOy, filtered and the solvent evaporated under reduced pressure. The residue was
purified by column chromatography (DCM:MeOH:AcOH 98.9:1:0.1 to 95.9:4:0.1)

4-(Methylcarbamoyl)benzoic acid (10). The compound was generated according to General
Procedure E, which was a different synthetic route reported previously.! Mono-methyl terephthalate
(248 mg, 1.38 mmol) was coupled to MeNH2.HCI (195 mg, 2.89 mmol) in the presence of HCTU
(925 mg, 2.24 mmol) and TEA (1 ml, 7.17 mmol). The crude product was purified by column
chromatography (DCM:MeOH:AcOH 98.9:1:0.1 to 95.9:4:0.1) followed by lyophilization to obtain
compound 10 as a white, fluffy solid (182 mg, 73%). '"H NMR (ds-DMSO) & 8.64-8.55 (m, 1H),
8.02-7.97 (m, 2H), 7.94-7.88 (m, 2H), 2.79 (d, J = 4.6 Hz, 3H); '3C NMR (ds-DMSO) & 166.8,
166.0, 138.3, 132.9, 129.3, 127.3, 26.3; m/z MS CoHsNO3 [M-H] calcd 178.1, found 178.0.

4-(Dimethylcarbamoyl)benzoic acid (11). The compound was generated according to General
Procedure E, which was a different synthetic route reported previously.? Mono-methyl
terephthalate (259 mg, 1.44 mmol) was coupled to Me:2NH.HCI1 (266 mg, 3.26 mmol) in the
presence of HCTU (1.22 g, 2.24 mmol) and TEA (1 ml, 7.17 mmol). The crude product was
purified by column chromatography (DCM:MeOH:AcOH 98.9:1:0.1 to 95.9:4:0.1) followed by

lyophilization to obtain compound 11 as a white, fluffy solid after lyophilization (260 mg, 94%).
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'"H NMR (ds-DMSO) 8 7.98 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 2.98 (s, 3H), 2.86 (s, 3H);
3C NMR (ds-DMSO) & 169.4, 166.9, 140.7, 131.4, 129.4, 127.1, 34.7; m/z MS CioHoNO3 [M-H]
caled 192.1, found 192.0.

4-(Ethylcarbamoyl)benzoic acid (12). A sealed vessel containing HCTU (1.28 g, 3.10
mmol), mono-methyl terephthalate (246 mg, 1.37 mmol) and EtNH,.HCI (239 mg, 2.92 mmol) in
anhydrous DMF (1 ml) was purged twice with nitrogen and charged with TEA (1 mL, 7.17 mmol).
The mixture was allowed to stir at rt overnight. The mixture was then added to a solution of half-
saturated NaHCO3 (60 ml) and extracted with EtOAc (3 x 50 mL). The combined organic layers
were washed with additional half-saturated NaHCO3 (2 x 60 mL), brine (30 mL) and dried over
anhydrous Na>SQOys, filtered and the solvent evaporated under reduced pressure. The residue was
then taken up in a solution of MeOH, THF and 1M LiOH (1:1:1, 6 mL) and stirred at rt overnight.
A 0.1 M NaOH solution (100 mL) was added and the aqueous layer washed with EtOAc (3 x 50
mL). The aqueous layer was acidified with concentrated HCI (6 M, 5 mL) and extracted with a
mixture of isopropanol and CHCl; (1:3, 3 X 50 mL). The combined organic layers were dried with
anhydrous NaxSOg, filtered and the solvent evaporated under reduced pressure. The residue was
purified by column chromatography with a gradient mixture of MeOH (1 - 4%) and AcOH (0.1%)
in DCM to afford compound 12 as a white fluffy solid after lyophilization (252 mg, 94%). 'H NMR
(d+-MeOD) 6 8.63 (t, J = 5.4 Hz, 1H), 8.00 (d, J = 8.5 Hz, 2H), 7.92 (d, J = 8.6 Hz, 2H), 3.31-3.24
(m, 2H), 1.13 (t, J = 7.2 Hz, 3H); '*C NMR (d+MeOH) § 166.9, 165.4, 138.5, 132.9, 129.3, 127.4,
34.3, 14.7; m/z MS C1oH10NO;3 [M-H] calcd 192.1, found 192.0.

4-(Isopropylcarbamoyl)benzoic acid (13). The compound was generated according to
General Procedure E, which was a different synthetic route reported previously.* Mono-methyl
terephthalate (403 mg, 2.23 mmol) was coupled to isopropylamine (500 pL, 5.87 mmol) in the
presence of HCTU (1.52 g, 3.67 mmol). The crude product was purified by column
chromatography (DCM:MeOH:AcOH 98.9:1:0.1 to 95.9:4:0.1) followed by lyophilization to obtain
compound 13 as a white, fluffy solid (233 mg, 50%). '"H NMR (ds-DMSO) & 8.38 (d, J = 7.7 Hz,

1H), 8.00 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 8.4 Hz, 2H), 4.22-3.99 (m, 1H), 1.17 (s, J = 3.7 Hz, 3H),
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1.15 (s, 3H); 1*C NMR (ds-DMSO) 8 167.0, 164.8, 138.7, 132.9, 129.2, 127.6, 41.3, 22.3; m/z MS
C11H12NO3 [M-H] caled 206.1, found 206.0.

4-((2-Hydroxyethyl)carbamoyl)benzoic acid (14). A sealed vessel containing PyBOP (1.95
g, 3.75 mmol), mono-methyl terephthalate (332 mg, 1.84 mmol) and ethanolamine (550 pL, 9.09
mmol) in anhydrous DMF (3.0 ml) was purged twice with nitrogen. The mixture was allowed to
stir at rt for 1 h. The mixture was then added to a 0.1 M KOH solution (100 mL) and extracted with
1:3 isopropanol:EtOAc (5 x 50 mL). The combined organic layers were dried over anhydrous
NazSOq, filtered and concentrated under reduced pressure. The residue was then taken up in a
solution of MeOH, THF and 1 M LiOH (1:1:1, 6 mL) and stirred at 40 °C overnight. A NaOH
solution (0.1 M, 100 mL) was added and the aqueous layer was washed with 1:3 isopropanol: CHCl;3
(3 x 100 mL). The aqueous layer was acidified with concentrated HCI (6 M, 5 mL) and extracted
with 1:3 isopropanol:EtOAc (5 x 100 mL). The combined organic layers were dried over
anhydrous Na»SOs, filtered and concentrated under reduced pressure. The crude product was
purified by column chromatography (10% MeOH and 0.1% AcOH in DCM) to afford compound 14
as a white fluffy solid after lyophilization (195 mg, 51%). 'H NMR (1:5 ds-DMSO:D-0) & 8.04 (d,
J = 8.0 Hz, 2H), 7.83 (d, J = 8.0 Hz, 2H), 3.73 (t, J = 5.3 Hz, 2H), 3.51 (t, J = 5.3 Hz, 2H); 1*C
NMR (1:5 ds-DMSO:D20) & 170.6, 170.3, 139.5, 134.1, 131.4, 128.9, 61.3, 43.6; m/z MS
Ci10H10NO4 [M-H]  calcd 208.1, found 208.0.

4-(Sulfamoylamino)benzoic acid (15). To a stirring solution of CSI (550 pL, 7.37 mmol) in
DCM (50 mL) at 0 °C was added ~~-BuOH (705 uL, 7.37 mmol) dropwise. The solution was stirred
for 30 min at 0 °C. This solution was then added portion-wise to a solution of ethyl 4-
aminobenzoate (1.01 g, 6.14 mmol) and TEA (1.70 mL, 12.2 mmol) in DCM at 0°C. The solution
was allowed to warm to rt and stirred overnight. DCM (100 mL) was added and the solution
washed with a 0.2 M HCI (2 x 100 mL) followed by brine (50 mL) and dried with NaxSO4. The
mixture was filtered and the solvent evaporated. The residue was taken up in TFA (20 mL) and
DCM (80 mL) and stirred at rt for 17 h. The solvent was evaporated and the residue taken up in a

solution of MeOH, THF and 2 M LiOH (3:1:1, 25 mL) and stirred at rt for 6 h. H>O (80 mL) was
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added and the solution extracted with 1:3 isopropanol:CHCI3 (3 x 100 mL). The aqueous layer was
acidified with HCI (6M, 5 mL) and extracted with 1:3 isopropanol:EtOAc (3 x 100 mL). The latter
organic layers were dried with Na2SOs, filtered and the solvent evaporated. The solid was taken up
in Et:O and triturated twice followed by purification by column chromatography (10% MeOH and
0.1% AcOH in DCM) to give the title compound as a pale brown solid (484 mg, 36%). 'H NMR
(ds-DMSO) 8 10.06 (s, 1H), 7.94-7.78 (m, 2H), 7.32 (s, 2H) 7.29-7.14 (m, 2H); '3C NMR (ds-
DMSO) § 167.1, 143.7, 130.5, 123.5, 116.4; m/z MS C7H7N204S [M-H] calcd 215.0, found 214.9.
2-Oxoindoline-5-carboxylic acid (16). The title compound was synthesized according to a
previously described procedure.* Briefly, indolin-2-one (2.00 g, 15 mmol) was added to a stirred
suspension AICl3 (6.91 g, 51.8 mmol) in DCE (9 mL) in an ice bath. Chloroacetyl chloride (2.39
mL, 30.0 mmol) was slowly added and HCI gas evolved. After 10 minutes of stirring, the reaction
was warmed to 40 - 50 °C for 1.5 h. The mixture was cooled to room temperature and poured into
ice water. The precipitate was collected by vacuum filtration, washed with water, and dried under
vacuum to afford 5-(2-chloroacetyl)indolin-2-one (2.63 g, 84%). The solid was stirred in pyridine
(25 mL, 314 mmol) at 80 — 90 °C for 3 h and then cooled to room temperature. The precipitate was
collected by vacuum filtration and washed with EtOH (10 mL). The solid was dissolved in a 2.5 N
sodium hydroxide solution (25 mL, 63 mmol) and stirred at 70 — 80 °C for 3 hours. The mixture
was cooled to room temperature and acidified with a 0.5 N HCI solution until no more precipitate
formed. The precipitate was collected by vacuum filtration and washed thoroughly with water to
afford compound 16 as a dark brown solid. After standing overnight, the filtrate provided more of
16 as a yellow solid. The combined yield was 85% (1.88 g). 'H NMR (ds-DMSO) § 12.55 (s, 1H),
10.70 (s, 1H), 7.82 (dd, J= 8.2, 1.0 Hz, 1H), 7.75 (s, 1H), 6.88 (d, J = 8.1 Hz, 1H), 3.54 (s, 2H). 3C
NMR (ds-DMSO) 6 176.76, 167.34, 147.99, 130.02, 125.96, 125.45, 123.58, 108.77, 35.55. m/z MS

CoHgNO3; [MH]" caled 178.0, found 177.9.
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MMP Enzymatic Analysis. Purified matrix metalloproteinases (MMPs) were activated using
1 mM 4-aminophenylmercuric acetate in buffer containing 50 mM HEPES, 150 mM NaCl, 5 mM
CaClz, pH 7.0 for 1 h at rt, at working MMP concentrations of 1 uM (MMP2, 9 or 13) or 10 uM
(MMP7 or 8). Each activated MMP was incubated at 2 — 20 nM concentrations with increasing
inhibitor concentrations (0.1 pM—100 uM) of 1, 6ad, 6ae, marimastat, or tosedostat in fluorimetry
assay buffer (100 mM Tris-HCI, 100 mM NaCl, 10 mM CacCls, 0.15% Brij-35, pH 7.5) for 1 h at rt.
Quenched fluorescent (QF)-24 substrate (ChinaPeptides Co. Ltd., Shanghai, China) was dissolved
in DMSO and diluted to 10 uM working concentrations in fluorimetry assay buffer. QF assays
were performed by incubating each MMP-inhibitor solution with 1 uM QF24 substrate at 37 °C and
measuring fluorescence at excitation and emission wavelengths of 320 and 405 nm, respectively, at
I-minute intervals over 1 h using a Fluorescence Plate Reader (POLARStar, OPTIMA, BMG
Labtech, Ortenberg, Germany). ICso values for each inhibitor were calculated by plotting
log(inhibitor concentration) vs. activity rate (pmol of QF24 substrate cleaved/h) and applying the 4-
parameter Hill equation (GraphPad Prism 5.0, La Jolla, CA). Each MMP was assayed with all

inhibitors in 3 independent experiments.

Table S1 Inhibition activity of APN inhibitors (6ad and 6ae) and controls (Marimastat, Tosedostat,

and 1) against MMP2 and MMP9.

Compound MMP2 MMP9
ICs0 (M) ICso (UM)
Marimastat 0.43 nM 3.1nM
Tosedostat 0.19 1.5
1 26 > 10 mM
6ad 1.3 > 10 mM
6ae 21 > 10 mM
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Figure S1. MMP2 (A), MMP9 (B), MMPS (C), MMP13 (D), and MMP?7 (E) activity in response to
increasing concentrations of potent APN inhibitors (6ad and 6ae) and controls (Marimastat,

Tosedostat, and 1).
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trajectory.
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Table S2 Hydrogen bond occupancy analysis of 1 with APN. Bonds with occupancy fraction >

0.005 are shown.

C15, H8-10

C16, H11-13

€17, H14-16

Acceptor | DonorH Donor Occupancy Average Distance (A) | Average Angle (°)
Protein acceptor / ligand donor

GLU389@OE1L | LIG@H18 LIG@02 0.2520 2.5802 166.3056
GLU389@OE2 | LIG@H18 LIG@02 0.2107 2.5728 166.5114
GLU411@OE2 | LIG@H7 LIG@N 0.0707 2.9110 153.8766
ALA353@0 LIG@H17 LIG@N1 0.0593 2.8692 154.3729
GLN213@OE1 | LIG@H17 LIG@N1 0.0567 2.8736 149.9532
GLN857@OE1 | LIG@H18 LIG@02 0.0173 2.6792 162.9816
PHE472@0 LIG@H18 LIG@02 0.0080 2.7487 163.1202
Ligand acceptor / protein donor

LIG@O GLY352@H GLY352@N 0.1300 2.8611 152.7941
LIG@02 GLN213@HE21 | GLN213@NE2 0.1113 2.9039 160.2485
LIG@N1 GLN213@HE21 | GLN213@NE2 0.0467 2.9389 145.4461
LIG@O ASN900@HD21 | ASN9O0O@ND2 0.0380 2.8658 160.1753
LIG@01 GLY352@H GLY352@N 0.0320 2.8792 151.2775
LIG@01 TYR477@HH TYR477@OH 0.0153 2.8069 161.3428
LIG@02 GLU355@H GLU355@N 0.0147 2.9276 146.5107
LIG@F2 ALA214@H ALA214@N 0.0120 2.8815 150.6386
LIG@01 ASNSO00@HD22 | ASN9OO@ND2 0.0080 2.8366 159.1932
LIG@F1 ALA214@H ALA214@N 0.0080 2.8823 144.4548
LIG@H17 GLN213@HE21 | GLN213@NE2 0.0080 2.8839 137.8437
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Table S3 Hydrogen bond occupancy analysis of 6ad with APN. Bonds with occupancy fraction >

0.005 are shown.

C16, H9

Acceptor | DonorH Donor Occupancy Average Distance (A) | Average Angle (°)
Protein acceptor / ligand donor

GLU389@OEL1 | LIG@H17 LIG@04 1.0000 2.5791 168.2348
GLN213@OE1 | LIG@H16 LIG@N2 0.1380 2.8715 146.2220
ALA353@0 LIG@H16 LIG@N2 0.1240 2.8845 150.7804
TYR477@0H | LIG@H7 LIG@N 0.0960 2.9075 149.0200
TYR477@HH LIG@H7 LIG@N 0.0300 2.8436 140.4882
MET354@HA | LIG@H16 LIG@N2 0.0187 2.8892 139.2854
TYR477@HH LIG@H4 LIG@C10 0.0047 2.8975 144.3194
TYR4A77@HEL1 | LIG@H7 LIG@N 0.0047 2.9320 150.9237
Ligand acceptor / protein donor

LIG@04 GLN213@HE21 | GLN213@NE2 0.1947 2.9159 163.3118
LIG@03 TYR477@HH TYR477@O0OH 0.1787 2.8295 156.5810
LIG@01 ARG442@HH12 | ARG442@NH1 0.1667 2.8322 156.6878
LIG@02 ASN900@HD21 | ASN9OO@ND2 0.1033 2.8622 160.1093
LIG@O GLY352@H GLY352@N 0.1000 2.8582 154.0260
LIG@02 ARG442@HH12 | ARG442@NH1 0.0840 2.8292 156.4282
LIG@01 ARG442@HH22 | ARG442@NH2 0.0560 2.8530 149.4766
LIG@N2 GLN213@HE21 | GLN213@NE2 0.0540 2.9426 146.4858
LIG@02 ASN900@HD22 | ASN9OO@ND2 0.0373 2.8383 160.1685
LIG@H16 MET354@HA MET354@CA 0.0360 2.9151 147.1097
LIG@01 ASN900@HD21 | ASNSOO@ND2 0.0227 2.8467 157.9495
LIG@02 ARG442@HH22 | ARG442@NH2 0.0153 2.8501 150.4100
LIG@H16 GLN213@HE21 | GLN213@NE2 0.0100 2.9016 145.0138
LIG@F2 ASN350@HD21 | ASN350@ND2 0.0093 2.8718 146.1015
LIG@02 ASN900@H ASNSO00@N 0.0080 2.8918 152.3064
LIG@01 ALA474@H ALA474@N 0.0067 2.8767 144.1850
LIG@F ALA214@H ALA214@N 0.0067 2.9107 144.1248
LIG@01 ASN900@H ASN900@N 0.0060 2.9234 143.2368
LIG@H ASN350@HD21 | ASN350@ND2 0.0047 2.8587 143.0663
LIG@H2 ASN350@HD21 | ASN350@ND2 0.0047 2.9156 143.5178
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Table S4 Hydrogen bond occupancy analysis of 6ae with APN. Bonds with occupancy fraction >
0.005 are shown.

{% 0%
N H12

Acceptor | DonorH Donor Occupancy | Average Distance (A) | Average Angle (°)
Protein acceptor / ligand donor

GLU389@OE1 | LIG@H16 LIG@04 0.9960 2.5813 167.3761
TYR477@0OH LIG@H7 LIG@N 0.1387 2.9007 150.3463
GLN213@OE1 | LIG@H15 LIG@N3 0.1293 2.8880 146.4075
ALA353@0 LIG@H15 LIG@N3 0.0867 2.8793 153.3946
TYR477@HH LIG@H7 LIG@N 0.0307 2.8377 141.3187
MET354@HA | LIG@H15 LIG@N3 0.0133 2.8283 141.1887
TYR477@HE2 | LIG@H7 LIG@N 0.0113 2.8993 147.6918
GLU389@OE2 | LIG@H16 LIG@04 0.0080 2.7863 150.2529
Ligand acceptor / protein donor

LIG@02 ARG442@HH12 | ARG442@NH1 0.2113 2.8374 156.1366
LIG@04 GLN213@HE21 | GLN213@NE2 0.2113 2.9167 163.6767
LIG@03 TYR477@HH TYR477@0H 0.1420 2.8081 158.7084
LIG@02 ARG442@HH22 | ARG442@NH2 0.1333 2.8594 154.9591
LIG@N2 ARG442@HH12 | ARG442@NH1 0.1307 2.8818 156.2908
LIG@N3 GLN213@HE21 | GLN213@NE2 0.0880 2.9378 145.7857
LIG@N2 ARG442@HH22 | ARG442@NH2 0.0553 2.8708 159.5539
LIG@0 GLY352@H GLY352@N 0.0353 2.8268 158.1149
LIG@01 ARG442@HH12 | ARG442@NH1 0.0260 2.8424 150.8653
LIG@01 ASNS00@HD21 | ASNSOO@ND2 0.0260 2.8861 162.2496
LIG@H15 MET354@HA MET354@CA 0.0227 29171 154.1892
LIG@H14 ARG442@HH12 | ARG442@NH1 0.0180 2.9059 147.0976
LIG@01 ARG442@HH22 | ARG442@NH2 0.0147 2.8693 151.4265
LIG@H15 GLN213@HE21 | GLN213@NE2 0.0120 2.8362 139.8136
LIG@02 ASN900@HD21 | ASNSOO@ND2 0.0113 2.8790 158.3034
LIG@01 ARG442@HH11 | ARG442@NH1 0.0093 2.8357 155.6258
LIG@N2 ARG442@HH21 | ARG442@NH2 0.0093 2.8508 152.0718
LIG@02 ALA474@H ALA474@N 0.0087 2.8470 153.6096
LIG@H14 ARG442@HH22 | ARG442@NH2 0.0073 2.8993 148.6655
LIG@F ALA214@H ALA214@N 0.0073 2.9115 148.2595
LIG@F ASN350@HD21 | ASN350@ND2 0.0073 2.9227 146.3335
LIG@01 ARG442@HH21 | ARG442@NH2 0.0067 2.8224 150.3570
LIG@02 ARG442@HH21 | ARG442@NH2 0.0047 2.8020 159.3886
LIG@H13 ARG442@HH12 | ARG442@NH1 0.0047 2.9248 145.1204
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Table S5 Hydrogen bond occupancy analysis of 6ag with APN. Bonds with occupancy fraction >
0.005 are shown.

C17, H11

Acceptor I DonorH Donor Occupancy Average Distance (A) | Average Angle (°)
Protein acceptor / ligand donor

GLU389@OE1 | LIG@H8 LIG@01 0.9620 2.6167 164.2574
ALA353@0 LIG@H7 LIG@N 0.4407 2.8838 160.7565
GLU418@OE2 | LIG@H12 LIG@03 0.4280 2.6369 163.8371
GLU418@OE2 | LIG@H14 LIG@04 0.4120 2.6671 164.9260
GLU418@OE1 | LIG@H14 LIG@04 0.2613 2.6822 164.3662
GLU418@OE1 | LIG@H12 LIG@03 0.2353 2.6495 161.1446
GLU418@CD LIG@H12 LIG@03 0.1833 2.9159 144.1679
GLU389@OE2 | LIG@H8 LIG@01 0.0767 2.8019 148.5760
MET354@HA | LIG@H7 LIG@N 0.0087 2.8315 137.7612
Ligand acceptor / protein donor

LIG@02 GLY352@H GLY352@N 0.4333 2.8641 152.7699
LIG@01 GLN213@HE21 | GLN213@NE2 0.2413 2.9059 152.5440
LIG@O TYR477@HH TYR477@0OH 0.2213 2.8370 162.4522
LIG@H7 MET354@HA MET354@CA 0.1060 2.9029 145.4880
LIG@04 ARG442@HH12 | ARG442@NH1 0.0120 2.8819 160.7464
LIG@N GLN213@HE21 | GLN213@NE2 0.0080 2.9678 154.1978
LIG@F1 SER932@HG SER932@0G 0.0060 2.8474 149.4747
LIG@O GLN213@HE21 | GLN213@NE2 0.0053 2.9063 146.4989
LIG@01 GLU355@H GLU355@N 0.0047 2.9364 142.7386
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Table S6 Binding scores® for the 20 docked poses of compounds 1, 6ad, 6ae and 6ag into APN.

Total Score Crash Polar FragRMSD D score PMF score G score ChemScore
Compound 1
5.5168 -2.196 5.3507 0.336 -107.649 -92.0788 -189.614 -26.2188
5.4958 -2.212 5.4135 0.338 -108.816 -96.8674 -192.487 -26.5314
5.4269 -2.3433 5.334 0.374 -112.527 -98.3004 -186.06 -27.3774
5.4012 -2.2669 5.2499 0.361 -114.814 -98.8207 -226.585 -27.223
5.3868 -2.2993 5.3371 0.366 -109.331 -96.1585 -193.538 -26.916
5.3705 -2.1395 5.3176 0.332 -110.069 -95.2558 -192.922 -26.3935
5.3633 -2.496 5.3551 0.356 -111.901 -93.7594 -193.568 -26.7976
5.3613 -2.2278 5.2936 0.339 -111.678 | -96.8794 -193.496 -26.6659
5.3008 -2.4363 4.996 0.348 -117.902 -94.6245 -204.726 -27.2519
5.2984 -2.173 5.3541 0.328 -108.817 -94.8249 -192.42 -26.3421
5.2711 -1.8023 5.1592 0.393 -110.572 -101.67 -172.7 -26.6053
5.2514 -1.7674 5.0289 0.439 -110.879 -99.2608 -176.785 -26.9812
5.218 -1.7974 5.1087 0.386 -110.741 -103.267 -173.22 -26.6771
5.2031 -2.4108 5.0072 0.326 -115.454 -97.0622 -200.346 -27.0806
5.1086 -1.7438 5.1422 0.411 -112.608 -103.59 -175.295 -26.8849
4.979 -2.184 5.2913 0.342 -106.761 -92.4709 -188.953 -26.0689
4.8863 -1.4284 4.913 0.361 -107.271 -104.323 -169.793 -26.2131
4.8234 -1.6138 4.5525 0.384 -117.515 -105.801 -184.214 -27.4717
4.7917 -2.4203 5.1049 0.332 -113.284 -99.9642 -197.087 -26.7167
4.5379 -2.9104 4.3485 0.412 -129.67 -77.8838 -269.542 -24.4934
Compound 6ad
5.8499 -1.2187 4.4618 0.36 -129.864 -95.2487 -171.214 -27.3399
5.8468 -1.1179 4.388 0.339 -129.899 -95.6599 -171.589 -27.3589
5.8264 -0.836 4.1447 0.394 -121.268 -91.5471 -161.455 -27.1541
5.7242 -0.8378 4.1269 0.384 -126.91 -92.6742 -156.682 -27.0187
5.6828 -1.0987 3.247 0.318 -134.482 -106.566 -164.536 -28.5796
5.6673 -0.7936 3.0018 0.423 -132.813 -95.9156 -150.614 -27.5169
5.6449 -1.1563 3.146 0.3 -133.42 -104.013 -166.65 -28.2581
5.6425 -0.9737 4.1944 0.376 -130.353 -95.2522 -161.614 -26.8992
5.6403 -0.9503 3.2781 0.341 -131.533 -100.453 -156.215 -28.2825
5.5951 -0.9387 4.5847 0.327 -115.07 -91.6739 -160.234 -25.8054
5.5893 -0.7583 2.9547 0.385 -133.565 -97.1698 -149.767 -28.4505
5.57 -0.7301 4.102 0.38 -117.285 -94.0912 -154.209 -26.5293
5.5421 -0.9936 4.4991 0.308 -125.669 -95.7022 -159.998 -26.6003
5.5121 -0.924 4.4976 0.29 -114.561 -91.8541 -154.425 -26.4597
5.5079 -0.8562 4.1001 0.366 -118.155 -94.6052 -151.898 -26.3575
5.5032 -1.0251 3.2799 0.379 -132.158 -100.976 -157.126 -28.7218
5.4784 -0.9002 44717 0.306 -115.264 -94.0283 -158.46 -26.0446
5.4709 -0.9747 4.502 0.299 -118.238 -94.5523 -154.11 -26.1766
5.4613 -0.7275 4.114 0.366 -117.02 -95.0333 -153.068 -26.3349
5.4591 -1.0214 4.4808 0.295 -118.625 -98.004 -154.895 -26.2492
Compound 6ae
6.0707 -1.1883 5.6459 0.301 -125.682 -99.0949 -181.189 -27.818
5.9437 -1.2319 5.6375 0.289 -125.115 -98.0537 -176.38 -28.4462
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5.8116 -1.2712 5.6558 0.295 -127.208 -102.879 -172.85 -29.0811
5.6174 -0.865 4.9957 0.301 -124.946 -104.303 -192.885 -31.3854
5.5122 -1.0416 3.933 0.299 -127.993 -105.324 -146.123 -29.0573
5.4358 -0.9888 4.3904 0.347 -124.433 -93.4953 -157.373 -26.4973
5.3932 -0.9039 4.141 0.414 -119.555 -92.347 -156.987 -26.8237
5.382 -1.4015 4.8294 0.455 -127.948 -93.2636 -179.224 -28.805
5.3717 -0.8674 4.1633 0.356 -125.602 -98.474 -162.585 -26.3388
5.3353 -1.1759 3.8065 0.366 -130.348 -100.769 -159.586 -30.5242
5.33 -1.0346 4.4353 0.307 -118.368 -97.6234 -164.415 -26.2954
5.2738 -0.9636 3.9164 0.374 -119.622 -88.0054 -167.277 -24.3176
5.2529 -0.8757 4.1268 0.365 -119.682 -95.8169 -162.93 -26.38
5.2118 -1.0272 4.4276 0.376 -117.723 -91.3257 -158.062 -26.2028
5.2071 -0.9486 4.4796 0.281 -111.437 -93.6697 -153.771 -25.5381
5.1782 -1.0788 4.3393 0.349 -118.855 -94.5424 -163.362 -26.4993
5.1679 -1.1769 4.6263 0.404 -126.94 -89.9427 -173.302 -26.5427
5.0913 -1.002 4.5224 0.293 -116.931 -91.1068 -156.104 -25.3769
5.0695 -1.024 4.516 0.317 -124.183 -93.3478 -153.998 -25.6391
5.055 -1.0947 4.494 0.333 -116.963 -96.842 -163.411 -26.1729
'Compound Gagr 7 i '
6.6773 -0.7386 4.8505 1.639 -115.418 -84.8864 -205.277 -27.3128
6.6312 -0.8802 4.961 1.551 -114.597 -85.299 -212.382 -27.2732
6.5302 -0.8628 4.7152 1.622 -109.365 -91.8747 -200.08 -25.2895
6.4185 -0.8727 4.7579 1.583 -111.191 -84.8147 -207.023 -26.8443
6.3751 -1.3271 4.9491 0.59 -117.496 -84.2348 -222.182 -27.7804
6.3363 -0.8763 4.8536 1.653 -110.104 -79.8375 -203.14 -26.6084
6.3207 -0.9768 4.7708 1.816 -108.075 -91.0772 -194.016 -25.3876
6.2477 -1.8158 4.4148 2.095 -115.51 -83.9242 -195.924 -24.6921
6.246 -0.8582 4.729 1.433 -109.313 -91.1799 -212.594 -28.6567
6.2416 -0.9981 4.6943 1.451 -114.706 -85.2842 -225.084 -26.6986
6.1699 -0.7661 4.4429 1.547 -107.257 -93.5184 -194.802 -26.5301
6.1616 -0.6594 5.7827 8.772 -101.835 -36.6042 -145.23 -20.791
6.127 -1.2146 4.4754 0.518 -117.098 -82.7772 -221.425 -25.1872
5.9032 -1.3043 4.7958 0.621 -115.549 -84.3334 -210.164 -26.9125
5.899 -0.8463 5.4005 8.754 -110.007 -31.2335 -155.423 -22.9152
5.8757 -1.2952 | 4.4566 0.475 -119.744 -87.698 -180.363 -24.9448
5.7147 -1.3885 4.5657 0.558 -116.718 -88.161 -227.894 -27.0993
5.6105 -1.0328 3.6727 1.718 -108.97 -81.9326 -202.927 -24.4841
5.5915 -0.8496 5.8074 7.902 -100.012 -103.046 -158.24 -22.1368
5.5905 -1.3058 3.5781 1.452 -114.892 -95.8201 -202.188 -25.0279
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HPLC Traces of Biologically Evaluated Compounds (6a - 6az and 9).
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Chapter 3: Replacing the 3,4,5-Trifluorophenyl for Improved
Solubility and Optimised Activity at the S1 Pocket of APN

3.1 Introduction

In Chapter 2, a series of hydroxamic acid analogues were synthesised to optimise the binding
interactions around and beyond the S1’ subsite of the target protein, APN for the treatment of
cancer. Among them, the 4-methylsulfonyl analogue 6ad showed the most potent inhibition
against APN with a Ki®P value of 4.8 nM, which was a 500-fold improvement in activity
compared to a known APN inhibitor bestatin (Ki@®" = 2.4 uM). Compound 6ad also showed
favourable metabolic and plasma stability in vitro. Despite its potent activity and promising
pharmacokinetic properties, 6ad could not be pursued further as an anti-cancer lead candidate
due to its sub-optimal aqueous solubility (12.5 — 25 pg/mL in pH 2.0 and 6.0) which could

potentially limit the absorption into the body, and poor efficacy in the cellular environment.

Therefore, the focus of this project changed to the modifications of the 3,4,5-trifluorophenyl
moiety of 6ad that is positioned at the S1 binding site of APN. The 3,4,5-trifluorophenyl group
was derived from the SAR studies and structure-guided optimisations of the parasitic
homologue PfA-M1.2%° However there was limited exploration to the S1 subsite of APN for
optimised binding interactions. According to the molecular modelling studies described in
Chapter 2, the trifluorophenyl ring formed various hydrophobic interactions with the flexible
loop 3'YGGGSFSF® in domain 1V, creating a stable binding site for the inhibitors within
APN. Therefore, complete removal of the trifluorophenyl group may allow us to investigate if
the biphenyl system is essential for obtaining potency against APN and if the result is consistent
with our molecular modelling studies. In addition, replacing the hydrophobic 3,4,5-
trifluorophenyl to various heteroaromatic groups may improve the solubility as well as binding
interactions by introducing additional polar atoms into the molecule, which may also increase

the hydrogen bonding capacity. Moreover, previous studies heavily focussed on the biaryl or
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4-haloaryl units, therefore, incorporating sp® — rich groups as replacements of trifluorophenyl

moiety may create new chemical scaffolds to probe the activities around the S1 pocket of APN.

Chapter 3 aims to investigate the S1 pocket of APN by modifying the 3,4,5-trifluorophenyl
moiety to less hydrophobic substituted aromatic, heteroaromatic or cycloalkyl groups. A
number of hydroxamic acid analogues were designed to achieve improved aqueous solubility
and optimised binding interactions at the S1 subsite of APN based on the molecular modelling
studies conducted in Chapter 2. Diverse synthetic strategies such as Suzuki-Miyaura couplings
and Buchwald-Hartwig aminations are employed to produce the designed molecules efficiently.
Compounds synthesised were evaluated for inhibitory activity against APN in vitro and SAR
was developed from biological data to identify the essential properties required for the desired
activity. In addition, the hydrophobicity of molecules was compared using the cLogP parameter
as an indication of aqueous solubility. Finally, molecular docking studies were performed for

selected compounds to investigate binding interactions made between the ligands and APN.

3.2 Design and syntheses of new hydroxamic acid analogues with diverse S1 head groups

3.2.1 Design of the target compounds

A new series of compounds was designed to explore the S1 pocket of APN by replacing the
trifluorophenyl moiety with other substituents. Instead of the methanesulfonyl group of 6ad,
which was the most potent inhibitor discovered in the previous chapter, the sulfamide group of
6ae (Ki®® = 8.2 nM) was retained as the S1’ tail group to increase the polarity of molecules
(Figure 3.1). In addition, the compounds were carefully developed to ensure that they have
lower cLogP values compared to compound 6ae. Various phenylglycine analogues where the
3,4,5-fluorophenyl ring is completely removed may determine if the biphenyl system is crucial
for activity. In addition, halogen groups of substituted phenylglycines create dipole moments
which can involve in dipole-dipole interactions. Mono- or di-fluorophenyls are also included
to reduce the hydrophobicity of compounds and assess which position of the substituent is

preferred for potency.
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Figure 3.1. Structure of designed hydroxamic analogues to investigate the binding
interactions at the S1 subsite of APN.

Nitrogen containing heteroaromatic groups such as pyridine and pyrimidine can be introduced
as they are known as isosteres of a benzene ring. Meanwell et al. and Dalvie et al. extensively
reviewed the use of heteroaromatics in drug development and details the advantages of
replacing phenyl ring with other heteroaromatic groups.?3®2® Firstly, the additional
electronegative nitrogen atom(s) of pyridine and pyrimidine create larger dipole moment,
allowing molecules to be involved in intermolecular dipole-dipole interactions with the target
protein.?3® 227 Additionally, the nitrogen atoms could act as hydrogen bond acceptors to form
hydrogen bonding interactions with the backbone residues.?*® 23’ Moreover, physicochemical

or pharmacokinetic properties could be enhanced while maintaining activity.?%" 23

The molecular sizes of pyridine and pyrimidine are comparable to that of benzene, and the
designed analogues would retain the biphenyl core scaffold so that the compounds could
engage in m-stacking hydrophobic interactions with the phenylalanine residues of domain 1V
as described in Chapter 2. However, incorporating nitrogen-containing heteroaromatics may
changes the physicochemical properties significantly due to lowered LogP/LogD, increased
hydrogen bond capacity and polar surface area.?® These changes would improve agqueous
solubility and other aspects of pharmacokinetic profiles such as ADMET.?®
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Apart from six-membered heteroaromatic, five-membered heteroaryl groups such as furan and
thiophene would be interesting to investigate its effect on APN activity. Furan bears an
electronegative oxygen atom which is capable of capturing additional hydrogen bonding
interactions with the nearby residues. Thiophene is one of the most widely exploited sulfur-
containing heteroaromatics in medicinal chemistry due to its unique structural and chemical
properties. A sulfur atom is electropositive because it donates p; electron to the aromatic ©
system. Therefore, sulfur is able to interact with electronegative oxygen atoms.?*® The S-O
interactions have been much discussed in the context of intramolecular interactions.?" 2%
However, there is growing evidence of intermolecular interactions between sulfur of a ligand

and the carbonyl oxygen of backbone residue.?3®

Moreover, the installation of sp3-rich cycloalkyl groups such as cyclohexyl and cyclopropyl
may increase the solubility of the compounds by removing the aromaticity and symmetry of
the biphenyl scaffold. This strategy has few advantages over introducing a hydrophilic group
to enhance solubility.?*® Firstly, reducing cLogP by adding hydrophilic atoms is the general
approach; however, such methods may not be effective because polar groups can interfere with
target-drug interactions.?*° Secondly, the change of crystal polymorphs for better solubility
may be able to reach an ideal balance between solubility and hydrophobicity, which is essential
for optimal oral bioavailability.?*° Piperidine and piperazine derivatives may have advantages
in two-fold because they are not only sp3-rich but also contain additional nitrogen atom(s) that

can be ionised as salt to achieve improved solubility.

3.2.2 Optimisation of Suzuki-Miyaura coupling reactions to form a C-C bond of designed
compounds

Successful syntheses of designed analogues containing biaryl or cycloalkyl-aryl scaffolds
involve the formation of aryl-aryl and aryl-alky C-C bonds, respectively. There are numerous
reported reactions that used to form C-C bonds, but the most widely known would be Suzuki-
Miyaura coupling, which is the palladium catalysed the reaction between aryl halides and
boronic acids. In the following sections, synthesis optimisations to generate biaryl and

cycloalkyl-aryl analogues are discussed in detail.
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3.2.2.1 Synthetic strategies employed to form an aryl-aryl C-C bond

Synthesis of sulfamide analogues was attempted as described in Scheme 3.1. Acid catalysed
esterification was performed to form methyl 2-amino-2-(4-bromophenyl)acetate (1d) in an
excellent yield of 90% yield. The amino group of 1d was coupled to pre-synthesised 4-((N-
(tert-butoxycarbonyl)sulfamoyl)amino)benzoic acid in the presence of EDCI and DMAP,
generating the intermediate compound 2. The synthesis of the benzoic acid was performed as
described in Lee et al.?*! Following deprotection of the tert-butyl carbamate group (Boc)
through acid hydrolysis with 20% TFA/DCM efficiently produced the free sulfamide
compound 3 in 50% vyield. Suzuki-Miyaura coupling reactions were attempted in various
conditions to replace the bromide of intermediate 3 with 4-fluorophenylboronic acid. (Table
3.1).

Scheme 3.1. Proposed multi-step synthesis to generate sulfamide analogues.

Br
Br Br
(a) (b) o
(@]
HO 0 - N 0
NH, -~ NH, 0 H g//o
(@] (@] ”/ “NHBoc
1d 2
J (c)
R Br

Reagents and conditions: (a) conc. H.SOs, MeOH, reflux, overnight, 90%; (b) 4-((N-(tert-
butoxycarbonyl)sulfamoyl)amino)benzoic acid, EDCI, DMAP, DCM, rt, overnight, 78%; (c)
20% TFA/DCM, rt, 3 h, 50%; (d) Suzuki-Miyaura coupling; (¢) NH2OH-HCI, 5 M
KOH/MeOH, anhydrous MeOH, rt, overnight.
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When a mixture of compound 3, 4-fluoroboronic acid, 1 M Na>CO3z, and Pd(PPh3).Cl, in THF
was heated at reflux for 2 hours (Table 3.1, Entry 1), 40% of 3 was hydrolysed to the
corresponding carboxylic acid. When the reaction was refluxed for another 2 hours, minimal
conversion to the desired product was observed. The base hydrolysis was easily prevented by
changing the base to triethylamine in an anhydrous condition (Table 3.1, Entry 2). However,
the reaction failed to achieve complete conversion despite the prolonged reaction time of 20
hours. After isolation, a mixture of the desired product and aniline compound was obtained,
indicating that the desired product was formed, but degraded to aniline by sulfonamide
cleavage. Similar results were obtained when Pd(PPhs)s, K.CO3z, DME and a minimal amount
of water were heated at 150 °C for 10 minutes in a microwave (Table 3.1, Entry 3); the cleavage

of the sulfonamide group still occurred together with debromination of compound 3.

Coupling reactions between free sulfamide intermediate 3 and 4-fluoroboronic acid were not
successful, mainly due to the base-mediated methyl ester hydrolysis and sulfonamide cleavage.
One causative factor of the unsuccessful reactions could be the presence of sulfonamide group,
which are also known as zinc (I1) chelators.?*> Being one of the sulfonamide derivatives,
sulfamide may have potential to chelate metals including palladium, which can be detrimental
for metal-catalysed reaction to work effectively. Therefore, the Boc-protected intermediate 2
was used as the new starting molecule to provide sufficient steric hindrance so that chelation
of sulfamide to palladium could be prevented. With the conditions described in Table 3.1, Entry
4, compound 2 was converted to the desired product by 10%. Unfortunately, most of compound
2 remained unreacted, or the Boc group was cleaved to produce compound 3. Heating the
reaction mixture in a microwave reactor for a short period of time was able to minimise the
Boc-deprotection, however complete conversion to the product was not achieved (Table 3.1,
Entry 5). Isolation of the product from starting material 2 by column chromatography was
challenging due to the poor resolution on silica gel, suggesting a complete conversion of the
starting material is essential. An increase in the reaction time (Table 3.1, Entry 6) or a reduction
in the temperature with increased reaction time (Table 3.11, Entry 7) led to sulfonamide

cleavage and minimal formation of the product
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Table 3.1. Summary of Suzuki-Miyaura coupling reactions attempted from compound 3
(Entry 1-3) and 2 (Entry 4-7).

Br

0 N 0
o H s7 o}
N"" NHR - N o}
H o H g//o
R=H(3) N” " NHR
Boc (2) H

n_0

Entry Catalyst Base Solvent Conditions Results
1 Pd(PPhs).Cl 1M Na;COs THF Reflux,2—4h  Base hydrolysis
2 Pd(PPh3)2Cl: EtsN THF Reflux, 2 —-20h Partial conversion
and sulfonamide
cleavage
3 Pd(PPh3)4 K2CO3 DME/water  Microwave 10 Sulfonamide
min, 150 °C cleavage
4 Pd(PPh3).Cl> 1 M NaxCO3 THF Reflux, Boc deprotection
: and 10%
overnight .
conversion
5 Pd(PPh3)2Cl> 1 M NaxCO3 THF Microwave 10 A mixture of 2 and
min, 100 °C product after
isolation.
6  Pd(PPh3):Cl. 1M NaxCO3 THF Microwave 30 Minimal
min. 100 °C conversmn.and
sulfonamide
cleavage
7 Pd(PPh3).Cl> 1 M NaxCO3 THF Microwave 30 Minimal
. o conversion and
min, 90 °C .
sulfonamide
cleavage

From Suzuki-Miyaura coupling reactions with sulfamide derivatives 2 and 3, it was concluded
that the sulfamide group was unstable in both anhydrous and biphasic conditions. Therefore,
our focus turned to the sulfonamide group of 6ad (cLogP = 2.10), which showed the best
activity in the S1’ region of APN but was slightly more hydrophobic than 6ae (cLogP = 1.64).
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The synthesis of intermediate 4 was accomplished by applying the synthetic approach

described in Scheme 3.2.

Scheme 3.2. Optimised synthetic pathway to produce mono-aryl analogues 6a-d and

biaryl analogues 6e-s.

R R W

6a: H (from 4a) 1a-d
6b: F (from 4b)

6c: CI (from 4c) d
6d: Br (from 4d) R (d) w)
6e: phenyl
H
HO”

a-

6f: 3-fluorophenyl
69g: 4-fluorophenyl
6h: 3,4-difluorophenyl
6i: 3,5-diflurophenyl

0] (0]
, N 0] - N O
6j: 3-furan o H g//O 5 H g e
6k: 3-thiophenyl N H/ ~

6l: 3-pyridyl H
6m: 4-pyridyl

6n: pyrimidyl

60: cyclopropyl
6p: cyclopentenyl
6q: cyclopentyl
6r: cyclohexenyl
6s: cyclohexyl

Reagents and conditions: (a) conc. H2SOs, MeOH, reflux, overnight, 75-90%; (b) 4-
(methylsulfonamido)benzoic acid, EDCI, DMAP, DCM, rt, overnight, 61-92%; (c) Suzuki-
Miyaura coupling reactions; (d) NH2OH-HCI, 5 M KOH/MeOH, anhydrous MeOH, rt,
overnight, 5-78%.

Suzuki-Miyaura coupling reactions between the aryl bromide 4d and aryl boronic acids were
successfully optimised (Table 3.2). The microwave-assisted reaction was able to generate
compound 5c in 34% yield after purification (Table 3.2, Entry 1). However, this result was not
reproducible when the same reaction conditions were applied to the coupling of 3-fluorophenyl
boronic acid (Table 3.2, Entry 2). The purified compound 5b was obtained in a low yield of
14%, and a mixture of 5b and the methyl ester hydrolysed product was generated in 20% yield.
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The yield of 5b was significantly improved to 73% when the reaction was conducted under
anhydrous conditions in the presence of powdered KzPO4 to avoid hydrolysis (Table 3.2, Entry
3). It was also noted that longer reaction time was required to reach complete conversion in the
absence of water. The optimised coupling reaction condition was deployed for the synthesis of

compounds 5a-o.

Table 3.2. Summary of Suzuki-Miyaura coupling reactions attempted from compound 4
with aryl boronic acids.

Br R R = 3-fluorophenyl (5b) ’
4-fluorophenyl (5¢)
o) o)
gaae! Raae!
o M N,”/\O o N/”/\O
4d : 5 :
Entry R Catalyst Base  Solvent Conditions Results
1 4- Pd(PPh3):Cl, 1M DMF  Microwave
fluorophenyl Na2COs 10 min, 34% yield
100 °C
2 3- Pd(PPh3).Cl, 1M DMF  Microwave Mixture of
fluorophenyl Na2COs 10 min, product +
100 °C hydrolysed
dimer (20%
yield)
3 3- Pd(PPh3):Cl2 KsPOs DMF  Microwave 73% vyield
fluorophenyl 2 h, 100 °C

While the introduction of the hydroxamic acid could be achieved by direct aminolysis of
methyl ester in the presence of hydroxylamine hydrochloride and potassium hydroxide
(Scheme 3.2), we also investigated alternative synthetic routes which involved the formation
of protected hydroxamic acid from a carboxylic acid via amide coupling (Scheme 3.3).
Synthesis of protected hydroxamic acid consists of the use of weak organic bases. Therefore,

hydrolysis of methyl ester, which was occasionally observed from direct aminolysis due to
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excess strong base, may be eradicated. Additionally, the protected hydroxamic acid may also
prevent potential chelation to metal effectively, which is essential for palladium-catalysed
reactions such as Suzuki-Miyaura and Buchwald-Hartwig coupling reactions to work

successfully.

Scheme 3.3. Proposed scheme to synthesise protected hydroxamic acid.

Br Br
(@)
o) e m H 0
H Ri<.-N
H 11_.0 H 11_0
(0] N/ ~ O N
7 H 8 H
 (b)
v

Reagents and conditions: (a) 7, O-protected hydroxylamine, EDCI, bases, HOBt, anhydrous
DMF, rt, overnight; (b) 3,4-difluorophenylboronic acids, Pd(PPh3).Cl,, K3PQO4, anhydrous

DMF, 100 °C, 15 min, microwave reactor; (c) silyl deprotection.

Protecting groups that were attempted to install included tert-butyldimethylsilyl (TBS), benzyl
(Bn), and tri-isopropyldimethylsilyl (TIPS). Amide coupling reactions between the carboxylic
acid 7 and commercially available O-TBS hydroxylamine and O-Bn hydroxylamine
hydrochloride were conducted in the presence of EDCI as an activator, different bases (EtzN,
DMAP, and DIPEA), and additive (HOBt). However, there was no conversion to the desired
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product observed. *H NMR and LC-MS of crude indicated the presence of multiple compounds,
including the starting material 7. Isolation of each compound through column chromatography

was not successful because of the poor separation on silica gel.

Since the synthesis of intermediate 8 from carboxylic acid 7 was disappointing, several
reactions were attempted to introduce protecting groups from hydroxamic acid 6d to
investigate how stable the protected hydroxamic acid would be in coupling reaction conditions
(Scheme 3.4). A classical TBS protection with free hydroxamic acid 6d was carried out in the
presence of imidazole under anhydrous conditions. Despite increasing the amount of the
reagents and the reaction temperature, the hydroxamic acid 6d was not converted to the TBS-
protected intermediate 8a. This could be explained by the steric hindrance of the bulky tert-
butyl groups that potentially limited the access to hydroxamic acid, which adversely affected
forming the desired product. When the silylating agent changed to less bulky TIPS chloride,
the reaction was able to reach a moderate conversion. Complete conversion was achieved by
adding 10% mol loading of DMAP as a catalyst to obtain the TIPS-protected hydroxamic acid
intermediate 8b in 50% of yield. Unfortunately, subsequent Suzuki-Miyaura coupling reaction

resulted in the removal of TIPS group from compound 9.

Scheme 3.4. Synthesis of TBS/TIPS protected hydroxamic acid from compound 6d.

R1
(8a) TBS
(8b) TIPS

Reagents and conditions: (a) 6d, imidazole, anhydrous DMF, TIPSCI, rt, overnight, 0-50%; (b)
3,4-difluorophenylboronic acid, Pd(PPhs).Cl,, K3POs, anhydrous DMF, 100 °C, 15 min,

microwave reactor.
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3.2.2.2 Synthetic approaches attempted to form an alkyl-aryl C-C bond

The optimised synthetic pathway developed for compounds biphenyl scaffold was applied to
generate compounds containing an alky-aryl core, except that the Suzuki-Miyaura coupling
reaction involved the use of alkylboronic acids instead of arylboronic acids. Innumerable
Suzuki-Miyaura couplings have been established to form C-C bonds between aryl halides and
arylboronic acids through extensive research in the past.?* In contrast, cross-coupling reactions
of alkylboronic acids still remain challenging because of a number of serious issues such as
decomposition of palladium-alkyl intermediate via f-elimination, slow transmetallation, and
generation of unwanted side products.?** Doucet et al. reviewed a wide range of Suzuki-
Miyaura reactions focussed on alkylboronates.?*3. Selected reactions from previously reported
procedures were applied to synthesise cyclopropyl analogue 5k from aryl bromide 4d (Table
3.3). It was surprising that the complete hydrolysis of methyl ester occurred when the optimised
reaction conditions for arylboronic acids was performed (Table 3.3, Entry 1), which could arise

from using a solvent that was potentially contaminated by water

Table 3.3. Reactions attempted to synthesise cyclopropyl analogue 5k from aryl bromide
4d.

Br
0 i 0
0 NJ\Q e Nk@
H 1.0 H 1.0
0] N/ ~ o N
4d : 5k "
Entry Catalyst/ligand Base Solvent Conditions Results

1 Pd(PPh3).Cl,  K3POs DMF  Microwave 1 h, 100 °C Complete hydrolysis

2 Pddppf)Cl, K,COs THF 80 °C, O/N 94% yield

The reaction outcome was significantly improved when ferrocene-containing palladium
catalyst Pd(dppf)Cl. was used. Molander et al. reported successful coupling reactions between
alkylboronic acids and either electron-deficient or electron-excessive aryl bromides in the
presence of Pd(dppf)Cl,, potassium carbonate, and biphasic solvent THF/water.?*® It was also
noted that Pd(dppf)Cl, was commonly used catalyst for coupling reactions with alkylboronic

acids which usually required forcing conditions.?*® Therefore, using the reaction conditions
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reported by Molander et al. but in an anhydrous environment to avoid hydrolysis of the methyl
ester group, the product 5k was obtained in an excellent yield of 94% (Table 3.3, Entry 2).
Unfortunately, the reaction conditions described in Entry 2 of Table 3.3 were not able to couple
the cyclobutyl and cyclopentylboronic acids to compound 4d. There was no conversion to the
desired product, and the starting material 4d was completely recovered. Several literatures
reported that cyclopropylboronic acid derivatives are widely explored as a competent
nucleophile in Suzuki-Miyaura coupling reactions due to its unique hybridisation and
aromaticity characteristics.?4* 2% In contrast, there is extremely limited evidence for coupling
reactions of other secondary alkylboronic acids because of steric hindrance, which leads to
slow transmetallation rates with palladium.?*® 246 A strategy applied to accelerate the
transmetallation step involves the use of silver(ll) oxide (Ag20) as an additive 23 247, 248
However, when this approach was applied to couple aryl bromide 4d with cyclopentylboronic
acid, only resulted in a complete debromination of 4d. Therefore, an alternative method was
used; cyclopentenyl and cyclohexenyl boronic acids that have more planarity were coupled to
4d. The C=C bond was reduced in the subsequent transfer catalytic reduction reaction (Scheme
3.5).

Scheme 3.5. Synthesis of cyclopentyl and cyclohexyl analogues.

R1 = 1-cyclopentenyl (5l) R, = cyclopentyl (5m)
1-cyclohenxenyl (5n) R, cyclohenxyl (50)
\? (a) \? ?
S\ \ N/S\
H
51, 5n 5m, 50

Reagents and conditions: (a) boronic acid, K.COs, Pd(dppf)Cl,, THF, 80 °C, overnight, 78-
87%; (b) ammonium formate, 10% Pd/C EtOH or MeOH, reflux, 2 h, 80-83 %.

With the introduction of additional C=C bond, the cycloalkenyl substrates gained sp?
characteristics which were favoured in Suzuki-Miyaura coupling reactions. Indeed, the reaction
outcome was significantly improved when the reaction conditions described in Table 3.3, Entry

2 were applied. Cyclopentenyl and cyclohexenyl analogues 51 and 5n were synthesised
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smoothly with 87% and 78% of yield, respectively. The C=C bond present in the molecules
were reduced effortlessly via transfer catalytic hydrogenation and generated fully saturated

cyclopentyl and cyclohexyl analogues 5m and 50 in good yields of 80% and 83%, respectively.

3.2.3 Synthesis of amine-containing analogues through metal catalysed reactions: chemistry
optimisation to form C-N bonds

In order to synthesise analogues containing piperidine and piperazine derivatives, various
metal-catalysed reactions were attempted. Such reactions included palladium catalysed
Buchwald-Hartwig amination and copper catalysed Chan-Evans-Lam (CEL) coupling

reactions which are widely used to form C-N bonds.

Firstly, series of studies was conducted to optimise Buchwald-Hartwig amination reaction of
4d with 1-methylpiperazine and 4-methylpiperidine with different combinations of commonly
used catalyst Pd>(dba)s, ligands (XPhos and BINAP), and bases (NaOtBu, KzPOs, and Cs2COs)
(Table 3.4). Unfortunately, the outcomes were discouraging. Debromination of the aryl
bromide 4d was observed when the reaction was carried out under conditions described in
Table 3.4, Entry 1. The reaction was attempted again in a microwave reactor with reduced
reaction time to achieve a conversion to the desired product and to prevent debromination that
could potentially occur from prolonged reaction time, simultaneously (Table 3.4, Entry 2).
When the catalyst and base were changed to BINAP and K3POs there was no conversion of
compound 4d, but this could be because the reactant was completely insoluble in toluene (Table
3.4, Entry 3). To solve this problem, the solvent was replaced with DMF for improved
solubilisation of compound 4d. However, the result was not promising as a mixture of
unidentifiable compounds was obtained, and a similar effect was observed when the base was
changed to NaOtBu (Table 3.4, Entry 4 and 5).
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Table 3.4. Summary of Buchwald-Hartwig Reactions attempted between aryl bromide 4d

and 1-methylpiperazine (Entry 1-2) or 4-methylpiperidine (Entry 3-7).

Br
N
O -
/O N)‘\©\ o (0]
H n_
O N/ ~N /O N
H H n_0
NN
4d 11 H
Entry  Catalyst/Ligand Base Solvent Condition Results
1 Pd2(dba)s/Xphos NaOtBu  Dioxane  reflux, O/N Debromination,
hydrolysis
2 Pd2(dba)s/Xphos NaOtBu  Dioxane microwave
No conversion
reflux, 4 h
3 Pd(dba)s/BINAP K3POs4 Toluene reflux, O/N No conversion
due to poor
solubility
4 Pd2(dba)s/BINAP K3PO4 DMF 100 °C, O/N Mixture of
unidentifiable
products
5 Pd2(dba)z/BINAP  NaOtBu DMF 100 °C, O/N Mixture of
unidentifiable
products
6 Pd2(dba)s/Xphos Cs2CO3 Toluene reflux, O/N No conversion
7 Pd2(dba)s/Xphos Cs2C0Os DMF 100 °C, O/N Mixture of
unidentifiable
products

It was hypothesised that the sulfonamide group of 4d might be interfering the reaction

progression by interacting with the palladium catalyst or being deprotonated in a basic reaction

condition. Therefore, a model study was performed to investigate if the sulfonamide substituent

was the main cause of the failure of amination reactions. Methyl 2-benzamido-2-(4-(4-

methylpiperidin-1-yl)phenyl)acetate (12) was selected as the model system to attempt

Buchwald-Hartwig aminations under the conditions adapted from Piscitelli et al. (Scheme

3.6).2%% A mixture of compound 12, 4-methylpiperidine or 4,4-difluoropiperidine, Pdz(dba)s,
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XPhos, and cesium carbonate in anhydrous toluene was heated at reflux to successfully
generate 4-methylpiperidyl analogue 13a and 4,4-difluoropiperidyl analogue 13b in 41% and
72% of yield, respectively.

Scheme 3.6. Buchwald-Hartwig amination of 2-benzamido-2-(4-(4-methylpiperidin-1-
ylDphenyl)acetate (12) with piperidine derivatives.

piperidine derivatives R R2
Br sz(dba) 13a (R1 CH3 R2 = H)
XPhos 13b (Ry= Ry =F)
032003
Toluene
0 Refl
eflux
/O N
(@] H )K@
12

However, the result was disappointing when the identical reaction conditions were employed
to couple 4-methylpiperidine to aryl bromide 4d, suggesting that unsuccessful Buchwald-
Hartwig amination was originated from the sulfonamide substituent of compound 4d. Not
surprisingly, there was no conversion of compound 4d due to its poor solubility in toluene
(Table 3.4, Entry 6). Changing of the solvent to DMF was not able to improve the outcome,

and a mixture of unidentifiable compounds was produced (Table 3.4, Entry 7).

Since the results acquired from the model study indicated that the sulfonamide group of
compound 4d was detrimental for successful Buchwald-Hartwig amination, an alternative
synthetic approach was proposed as illustrated in Scheme 3.7. As a replacement of sulfonamide,
nitro-containing intermediate 14 was synthesised, hoping that the alternative substituent is
more favoured in the following Buchwald-Hartwig amination reaction. The nitro group could
be easily reduced to the aniline intermediate 15 by hydrogenation, and methansulfonyl chloride
could react with the aniline to successfully incorporate sulfonamide group. The reaction
conditions discussed in Scheme 3.6 were applied to install 4-methylpiperidine into compound
14. However, the reaction struggled to achieve a complete conversion even with an excess
amount of reagents and longer reaction time. Most of the aryl bromide 14 were recovered,

therefore, the desired product was obtained in an extremely low yield.

103



Scheme 3.7. Proposed synthetic scheme to generate sulfonamide analogue 5s from nitro

intermediate 14.
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Reagents and conditions: (a) 14, 4-methylpiperidine, Pd2(dba)s, XPhos, Cs>COgz, anhydrous
toluene, reflux, overnight; (b) 10% Pd/C, MeOH, H, rt, overnight; (c) DIPEA, anhydrous

DCM, 0 °C, MsCl, rt, overnight.

Despite substantial efforts to optimise the synthesis of piperidyl and piperazinyl analogues

through Buchwald-Hartwig amination with different aryl bromides, we were not able to

generate the desired compounds successfully. As such, an alternative synthetic pathway was

established, which involved the use of relatively simple molecule methyl 2-(4-bromophenyl)-

2-((tert-butoxycarbonyl)amino)acetate (17) as the key aryl bromide intermediate (Scheme 3.8).
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Scheme 3.8. Optimised synthetic pathway of amino-containing hydroxamic acid

analogues through Buchwald-Hartwig amination

Br Br R
(a) (b)
i (0] i (@]
o) o) )< o) )<
(@] (0] (0]
1d 17

18a-i

R = (6t) N,N-diethylamino
6u) piperidyl \ c)
6v) morpholinyl
6w) 4-methylpiperidyl
6x) 4-fluoropiperidyl
6
6
6
6

y) 4,4-difluoropiperidyl
z) 4-(trifluoromethyl)piperidyl
aa) 1-methylpiperazinyl
ab) piperazinyl
)K©\ h_O )K©\ _0

6t-ab Sp-y

I

Reagents and conditions: (a) 1d, Boc20, sat. NaHCOs, water, THF, rt, overnight; 75%; (b)
amines, Cs2COs, Pd2(dba)s, XPhos, anhydrous toluene, reflux, overnight, 50-99%; (c) (i) 20%
TFA/DCM, rt, 3 h, quantitative; (ii) HCTU, DIPEA, 4-(methylsulfonamido)benzoic acid, rt,
overnight, 41-70%; (d) NH20OH-HCI, 5 M KOH/MeOH, rt, overnight, 35-73%.

The intermediate 17 was synthesised by Boc protection of the amino acid derivative 1d. A total
of 10 alkyl amines were coupled with 17 smoothly using the identical reaction conditions
described in Scheme 3.6. Unlike other cyclic amino analogues, the installation of N,N-diethyl
moiety resulted in a low yield of 42%, because N,N-diethylamine is volatile (b.p. = 56 °C) and
it can be quickly evaporated at high reaction temperature of 120 °C, particularly when such a
small volume of amine (350 pL) was used for reaction. This problem was easily rectified by
increasing the amount of N,N-diethylamine added and by heating the reaction mixture in a
closed microwave vessel, which significantly improved the yield to 84%. Synthesis of free
piperazinyl analogue 5y required additional steps because the piperazine contained two
unprotected nitrogen atoms that had equal capacity to participate in the coupling reaction. In

order to avoid potential complications, mono-benzyl carbamate (Cbz) protected piperazine was
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used as the source of amine. The Cbz group was removed effortlessly by a transfer catalytic
hydrogenation with ammonium formate and 10% Pd/C. The Boc group of intermediates 18a-i
was removed by acid hydrolysis with 20% TFA in DCM to give the corresponding free amines
as TFA salts. The following amide coupling reaction was performed in the presence of excess
DIPEA, HCTU, and 4-(methylsulfonamido)benzoic acid to produce methyl ester intermediates
5p-y. Finally, the methyl ester group of 5p-y underwent aminolysis to generate hydroxamic

acid analogues 6t-ab.

Alongside the synthesis optimisation through Buchwald-Hartwig amination, copper-catalysed
coupling reaction was investigated as an alternative pathway. The new synthetic approach
involved Chan-Evans-Lam (CEL) reaction, which is a coupling reaction between boronic acid

derivatives and amines to form C-N bonds.

Scheme 3.9. Proposed synthetic pathway of 4-methylpiperidyl analogue 5s using CEL

coupling reaction.
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Reactions and conditions: (a) Biszpinz, AcOK, Pd(dppf)Cl..DCM, DPPF, dioxane, reflux, 2 d,
86%; (b) 4-methylpiperidine, Cu(OAc)2, B(OH)s or EtsN, powdered MS 3 A, anhydrous DCM
or MeCN, rt or reflux, overnight; (c) ammonium acetate, sodium periodate, acetone/water (1:1),

rt, overnight, 49 %.
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The proposed synthetic route to 4-methylpiperidyl analogue 5s is shown in Scheme 3.9. The
first step involved the synthesis of pinacol ester 19 from aryl bromide 4d by heating a mixture
of Biszpinz, AcOK, Pd(dppf)Cl..DCM and DPPF at reflux for 2 days. The corresponding
pinacol ester was produced with an excellent yield of 86%. Intermediate 19 was as the essential
precursor of the subsequent CEL coupling reactions, or it underwent an additional step of
deprotection to generate free boronic acid 20. Various conditions were applied to achieve a
successful CEL coupling reaction from pinacol ester 19 or boronic acid 20 in the presence of
copper acetate, boric acid, and molecular sieves using previously reported procedures (Table

3.6).250’ 251

Table 3.6. Reaction conditions applied of CEL couplings between pinacol ester 18 or
boronic acid 19 with 4-methylpiperidine.

Entry Starting  Catalyst Additive Solvent Conditions Results
material
1 19 Cu(OAc) B(OH)s MeCN 80 °C, O/N oxidation and
(0.03 M) photodeboronation
2 19 Cu(OAc) EtsN MeCN 80 °C, O/N complete
(0.03 M) conversion,

inseparable by-

products
3 20 Cu(OAc). B(OH)s DCM or rt, O/N starting material
MeCN not soluble.
(0.03 M)
4 20 Cu(OAc). B(OH): MeCN 80 °C, O/N product +
(0.03 M) oxidation +
photodeboronation
5 20 Cu(OAc)2 B(OH); MeCN 80 °C, O/N product +
(0.5 M) oxidation +

photodeboronation

Under the reaction conditions described in Table 3.6, Entry 1, oxidation and photodeboronation,
which are the commonly observed side reactions in CEL couplings occurred. The pinacol ester

group of compound 19 was oxidised to hydroxyl or completely cleaved (Figure 3.2). Change
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of the additive from boric acid to triethylamine resulted in the complete consumption of the
starting material 19. However, four other unknown compounds were also produced, which

made isolation of 5s from other impurities extremely challenging (Table 3.6, Entry 2).

Coupling reactions with free boronic acid 20 were also attempted. The reaction temperature
was decreased to room temperature initially to prevent unwanted side reactions from oxidation
and photodeboronation. However, compound 20 was utterly insoluble in both DCM and MeCN
at room temperature, which consequently led to no consumption of compound 20 (Table 3.6,
Entry 3). Increasing the reaction temperature indeed improved the conversion rate, however,
oxidation and photodeboronation could not be avoided (Table 3.6, Entry 4). Vantourout et al.
reported that the reaction concentration affects the rate of side-product formations from
oxidation and photodeboronation.?® However, the occurrence of two side-reactions was still
detected, although there was an increase in the reaction concentration from 0.03 M to 0.5 M
(Table 3.6, Entry 4 and 5).
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Figure 3.2. Products formed from a CEL coupling reaction.
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3.3 Relationships between the structure and inhibitory activity, and the comparisons of
solubility of novel hydroxamic acids

A total of 28 novel hydroxamic acid analogues were successfully synthesised (6a—ab) to probe
the interactions occurring at the S1 pocket of APN as well as to improve aqueous solubility by
replacing the hydrophobic 3,4,5-trifluorophenyl ring of our best APN inhibitor 6ad (from
Chapter 2). The inhibitory activities of these compounds were evaluated by a fluorescence-
based assay using recombinant human APN in the presence of Leu-Mec as a competitive
substrate (Table 3.7), as described in Chapter 2 (pg. 51). The measured inhibition constants
(Ki@P) were compared between different analogues comprehensively based on their structural
variations to determine which group successfully replaced the 3,4,5-trifluorophenyl group

without sacrificing the activity.

Considering phenylglycine analogues 6a-d, it was noted that a complete removal of the 3,4,5-
trifluoropheny! group resulted in a significant loss in the activity from K@ = 4.90 nM (6ad)
to K@ =116 nM (6a). However, activity was regained once halogen groups introduced in the
descending order of Cl > Br > F, indicating dipole-induced interactions play a role in improving
potency. It was also interesting to observe that phenyl analogue 6e (Ki®P = 4.1 nM) was
comparable to that of the lead compound 6ad but more potent than the bromophenylglycine
analogue 6d (Ki@P = 9.47 nM) which contained bromo group as a bioisostere of phenyl. The
result suggested that biphenyl is the preferred scaffold over phenylglycines.

The fluorine substituted phenyl compounds 6f-i were well tolerated. For example, 3-
fluorophenyl analogue 6f was determined to be the most potent inhibitor of this project with a
Ki®@P value of 0.660 nM. There was a decrease in potency when fluorine was substituted at the
4-position. For instance, 4-fluorophenyl analogue 6g showed a reduced inhibitory activity of
Ki@P) = 954 nM compared to 3-fluorophenyl 6f. Similarly, 3,4-difluorophenyl analogue 6h
possessed potency of Ki@P = 6.15 nM, which was approximately 6-fold less potent than 3,5-
difluorophenyl analogue 6i (Ki®® = 1.1.9 nM). Based on these results, it was proposed that
substituent at 3-position is preferred to 4-position and trifluoro group is not required for

achieving the potent activity.
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Table 3.7. Inhibition activities (K;@P)) of synthesised compounds against APN.

M
Compound R Ki@P) + SEM/nM  cLogP
6ad 3,4,5-Trifluorophenyl 4.90 £ 0.80 2.10
6a H 166 + 15 0.0200
6b F 48.6 £ 1.3 0.170
6c Cl 7.38+0.17 0.630
6d Br 9.47 £ 0.17 0.790
6e Phenyl 415+0.24 1.67
6f 3-Fluorophenyl 0.660 £ 0.060 1.81
69 4-Fluorophenyl 9.54 + 0.97 1.81
6h 3,4-Difluorophenyl 6.15+ 0.29 1.96
Bi 3,5-Difluorophenyl 1.19+0.13 1.96
6j 3-Furan 346+1.2 0.810
6k 3-Thiophene 10.2+1.0 1.45
6l 3-Pyridyl 9.77£0.19 0.450
6m 4-Pyridyl 2.41+0.30 0.450
6n Pyrimidyl 490+ 4.4 -0.250
60 Cyclopropyl 9.74 + 0.62 0.810
6p 1-Cyclopentenyl 90.6+4.1 1.43
6q Cyclopentyl 114+1.2 1.70
6r 1-Cyclohexenyl 343+ 5 1.87
6s Cyclohexyl 4.87+£0.34 2.14
6t N,N-Diethylamino 548+ 4.1 0.850
6u Piperidyl 151+ 13 0.980
6v Morpholine 224 + 6 -0.0900
6w 4-Methylpiperidyl 212+ 9 1.27
6X 4-Fluoropiperidyl 548+ 4.6 0.340
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6y 4,4-Difluoropiperidyl 63.5+6.2 1.20

6z 4-(Trifluoromethyl)piperidyl 158 + 10 1.55
6aa 1-Methylpiperazinyl 424+ 18 -0.0200
6ab Piperazinyl 27.0+£1.9 -0.400

Most heteroaromatic analogues 6j-n displayed decreased level of activity against APN, except
4-pyridyl analogue 6m which showed enhanced inhibitory activity of Ki®? = 2.41 nM. The
potent activity of compound 6m compared to phenyl analogue 6e could be possibly due to the
pyridine moiety that is capable of participating in hydrogen bonding interaction as a hydrogen
bond donor. Five-membered heteroaromatic furan analogue 6j and thiophene analogue 6k
displayed potency of K@ = 34.6 nM and 10.2 nM, respectively. In addition, pyrimidyl
analogue 6n exhibited a reduced inhibition activity (Ki®" = 49.0 nM) compared to 3-pyridyl
analogue 61 and 4-pyridyl analogue 6m by 5- and 10-fold. The preference towards pyrimidyl
compound over pyridyl compounds could be explained by the differences in electronic
characteristics and basicity. The basicity of pyridine is triggered by the sp? hybridised nitrogen
atom which possesses one pair of electrons available outside the 7 system for protonation. On
the other hand, pyrimidine bears two sp? hybridised nitrogen atoms with one pair of electrons
outside the aromatic ring individually. Due to the electron-withdrawing and inductive effect,
protonation at the second nitrogen atom is unlikely, making pyrimidine less basic than pyridine.

Therefore, it can be suggested that less basic group is favoured at the S1 subsite of APN.

According to the molecular modelling studies discussed in Chapter 2, the biphenyl scaffold
engaged in multiple hydrophobic interactions with a flexible loop located in domain 1V, and it
was proposed that these interactions may play an imperative role in locking inhibitors within
the active site of APN effectively. Therefore, it was hypothesised that analogues containing
alkyl groups as replacement of 3,4,5-trifluorophenyl (i.e. compounds 60-ab) would display
significantly reduced potency. Indeed, a decreased level of potency was observed from the
majority of alkyl analogues, and cyclopropyl analogue 60 and cyclohexyl analogue 6s
displayed tight-bindings to APN. Despite the small size and less degree of planarity, the
cyclopropyl analogue 60 retained good activity (Ki®" = 9.74 nM). Interestingly, a trend of
decreasing activities was observed from cycloalkenyl analogues compared to its saturated
cycloalkyl pairs. Cyclopentyl 6q showed a Ki®"® value of 11.4 nM but its unsaturated pair
cyclopentenyl 6p showed a decreased potency (Ki® of 90.6 nM). Similarly, cyclohexyl 6s
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(Ki®®) = 4.87 nM) which was equipotent to 6ad, was nearly 70-fold more active than
cyclohexenyl 6r (Ki®® = 343 nM). However, there was an exceptional case as well, where the

phenyl analogue 6e was equally potent to cyclohexyl 6s.

Unfortunately, amine analogues 6t-ab were not well tolerated and showed significantly
diminished inhibitory activities. N,N-Diethyl analogue 6t showed a potency of Ki@" = 54.8
nM and the activity even more deteriorated when cyclised amino groups were incorporated
(6u-6w). Additional fluorine(s) of 4-fluoropiperidyl 6x and 4,4-difluoropiperidyl 6y were able
to enhance the potency (Ki®P = 63.5 nM) compared to the unsubstituted piperidyl analogue
6u (Ki®® = 151 nM) or the 4-methylpiperidyl analogue 6w (Ki®® = 212 nM). Piperazinyl
analogues were determined to be more potent than its corresponding piperidyl compounds. For
example, piperazinyl analogue 6ab (Ki®? = 27.0 nM) was nearly 6-fold more active than
piperidyl analogue 6u (Ki®® = 212 nM). A similar relationship was observed between 4-
methylpiperidyl analogue 6w and 1-methylpiperazinyl 6aa (Ki@®? = 27.0 nM). There are two
aspects that potentially contributed to the enhanced potency of piperazinyl compounds
compared to piperidyl compounds. Firstly, piperazine derivatives possess an additional basic
aliphatic nitrogen atom that can be readily ionised in physiological pH condition. However, the
nitrogen atom present in piperidine derivatives would have similar properties as arylamines,
which are significantly less basic than aliphatic amines. With the greater capacity of ionisation,
piperazinyl analogues may form strong ionic interactions with nearby basic residues. Secondly,
the aliphatic amine of piperazinyl is also able to engage in hydrogen bonding interactions acting

as a hydrogen bond donor.

Alongside optimisation of inhibition activity at the S1 subsite of APN, improving the solubility
of novel hydroxamic acid compounds by replacing hydrophobic 3,4,5-trifluorophenyl ring was
another goal to achieve in this chapter. Therefore, hydrophobicity of compounds was compared
to the lead compound 6ad, and investigation of the relationships between potency and
solubility of analogues was also attempted. As a measure of solubility, partition coefficient
cLogP, which reflects the partitioning of a molecule between lipophilic and aqueous layers was
used. High cLogP of a molecule indicates high lipophilicity, suggesting the molecule is likely
to have low aqueous solubility whereas a low cLogP implies low hydrophobicity. Negative
cLogP value of a molecule demonstrates that the molecule is more likely to partition into the
aqueous layer, hence more aqueous soluble. The cLogP values of synthesised compounds were

calculated in silico by ChemAxon Instant JChem software 16.9.12.0. The analogues
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synthesised displayed smaller cLogP values than the lead compound 6ad (cLogP = 2.10),
suggesting that this series of analogues could potentially have improved solubility than 6ad.
We attempted to establish relationships between the potency and cLogP of this series of
compounds, however, there was no striking trend observed. Morpholine analogue 6v showed
the second weakest potency among the series of analogues (Ki®P = 224 nM) although the
analogue was hydrophilic with a cLogP value of -0.09. On the other hand, the best inhibitor

of this series, 3-fluoropheny! 6f, displayed a relatively high cLogP compared to other analogues.

3.4 Predicted binding poses of selected APN inhibitors and their interactions within the
S1 pocket of APN

According to the inhibitory activities of APN inhibitors synthesised, the S1 subsite of APN
turned out to be capable of tolerating various chemical moieties. A number of substituted
aromatic and heteroaromatic analogues were extremely potent. In addition, some cycloalkyl
and amine-containing analogues also displayed good inhibition activity against APN in
nanomolar rage, although most of them were not as potent as the parent compound 6ad. In
order to investigate how different chemical moieties may interact within the S1 pocket of APN
APN and how the differences in these interactions affected the potency of each compound, a

series of molecular modelling studies were performed.

Among the series of hydroxamic acids, seven analogues were selected based on their activities
for molecular docking studies. Compounds with diverse chemical structures were chosen so
that binding interactions across different structures from aromatics, alkyls, and amines could
be explored. Docking studies of phenylglycine analogue 6a would allow us to understand how
the complete removal of the top aromatic ring affected the potency adversely. The two best
inhibitors of this series, 3-fluorophenyl analogue 6f and 4-pyridyl analogue 6m were also
selected. In addition, cyclopropyl analogue 60 and cyclohexyl analogue 6s were included to
assess how these inhibitors were able to maintain potent activity despite drastic structural
changes compared to 6ad. Lastly, the binding interactions of piperazinyl analogue 6ab, which

was the most potent inhibitor among the amine analogues, were also studied.
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Molecular docking was carried out using Surflex docking available in Sybyl 2.1.1, as described
in Chapter 2.2*! The final APN-6ad bound structure obtained at the end of MD simulations in
previous studies was used as the template structure for ligand docking. The structures of ligand
6a, 6e, 6f, 6m, 60, 6s, and 6ab were prepared with the default settings from Sybyl 2.1.1, and
the hydroxamic acid group was set as fragment constraint to ensure that the crucial coordination
to catalytic zinc is not lost during the modelling process. A maximum of 20 different poses
were obtained for each ligand, and they were superimposed in order to visualise the differences
between each pose (Figure 3.3).

Compound 6a showed the most dynamic changes in the hydroxamic acid position (Figure
3.3A). Among 20 poses obtained, six poses had the hydroxamic acid positioned relatively far
from the catalytic zinc to form a metal complex. The coordination between hydroxamic acid
and zinc became more stable when ligands possessed biaryl or alkyl-aryl scaffolds (Figure
3.3B-G). Significant changes in the aryl sulfonamide position between different poses were
commonly observed from all the ligands, where the most notable conformational changes were
detected from cyclohexyl analogue 6s (Figure 3.3F). The biaryl analogues 6e, 6f, and 6m
showed negligible changes in the conformations of the top aryl group, whereas alkyl-aryl

analogues 60, 6s, and 6ab had considerable movements in the cyclic alkyl groups.

The binding energy scores of each predicted binding pose were tabulated (Appendix A) and
used as a guide to determine the most plausible pose of each ligand. The binding pose that
showed the highest total score was considered to possess a more favoured conformation.
Moreover, the conformation of the hydroxamic acid and the core scaffolds were manually
interrogated to exclude any poses that were distant from catalytic zinc ion (six poses from
compound 6a and one pose from 60), or the position of core scaffolds and aryl sulfonamide

were flipped (2 poses from 6s). Figure 3.4 illustrates the selected binding pose of each ligand.

The docked pose of ligands showed coordination between the hydroxamic acid and the zinc
ion that was coordinated by the catalytic triad His*®, His**? and Glu*!* residues. Another
interaction that was observed in common was a hydrogen bonding interaction between Glu&
and the hydroxyl group of hydroxamic acid. This result was consistent with the MD simulations
discussed in Chapter 2, where the role of Glu®® was hypothesised to stabilise the relatively
weak coordination bond between hydroxyl of hydroxamic acid and zinc ion.?** Phenylglycine

analogue 6a showed a similar binding pose as the trifluorophenyl analogue 6ad, except that 6a
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did not have an additional aromatic ring to engage in n-r stacking interactions with Phe8% of
the flexible loop in domain 1V (Figure 3.4A). A decreased potency of compound 6a could be
explained by the absence of hydrophobic interactions. Enzymatic assay results also indicated
that phenyl analogue 6e was equipotent to 6ad. With a phenyl group introduced, the analogue
might have regained potency by participating in additional hydrophobic interactions with
Phe8%® residue (Figure 3.4B).

However, the information gained from docking studies was not sufficient to analyse the
predicted binding interactions of from the docked poses of 3-fluorophenyl 6f, cyclopropyl 60,
and cyclohexyl 6s analogues comprehensively. Polar interactions such as water-mediated
hydrogen bonding interactions that the fluorine or nitrogen atom of 6f and 6m may engage
could not be observed due to the absence of water molecules in the docked poses. Moreover,
there were no distinct differences found in the binding interactions of cycloalkyl analogues to
investigate how the different sizes (6o and 6s) and polarity (6s and 6ab) of the cyclic alkyl
group lead to different binding modes. Therefore, further studies will be required in the future
for a comprehensive analysis of the binding interactions by performing extensive
computational studies such as MD simulations or producing X-ray crystal structures of the

APN-inhibitor complexes.
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Figure 3.3. Superimposed predicted binding poses of 6a (A), 6e (B), 6f (C), 6m (D), 60 (E), 6s (F), and 6ab (G) into APN. The predicted
binding pose of compound 6ad (magenta stick) obtained from MD simulation was included for comparison. Ligands 6a, 6e, 6f, 6m, 60, 6s, and

6ab are depicted as sticks in white, yellow, pink, green, tilt green, cyan, and grey, respectively.
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3.5 Anti-proliferative activity of hydroxamic acids against various cancer cell lines

Selected novel hydroxamic acid analogues were also evaluated for anti-proliferative activity in
cellular environment to measure how effectively potent APN inhibitors could disrupt cancer
cell proliferation. The top ten compounds (6c, 6e, 6f, 6i, 6m, 60, 6q, 6s, 6X, and 6ab) were
selected based on the potency. As described in Chapter 2 (pg. 60), single-dose assays were
carried out by NCI to screen the compounds chosen across 60 different cancer cell lines.
Although the inhibitors exhibited excellent potency towards APN, they showed limited activity
against cancer cell lines, which was consistent with the screening results of compound 6ad and
6ae in Chapter 2 (Appendix B). The most potent APN inhibitor 6f displayed weak anti-
proliferative activities against certain cancer cell lines such as HOP-92, NCI-H522 (non-small
cell lung cancer cell line), SNB-75 (CNS cancer cell line), and UO-31 (renal cancer cell line)
with mean growth inhibition of 30% at 10 pM. The low cellular efficacy could arise by various
reasons such as poor permeability and off-target effect. Therefore, extensive research will be
required in order to identify the reasons for such a drastic change in the potency against purified

APN and cancer cells.

3.6 Conclusion

In this chapter, a new series of hydroxamic acid analogues were designed to probe the binding
interactions at the S1 pocket of APN and to enhance solubility by modulating hydrophobicity.
The 3,4,5-trifluorophenyl moiety of the lead compound 6ad was modified to substituted
aromatic and heteroaromatic groups so that the biaryl system is maintained and hydrophobicity
of the molecule is reduced. Microwave-assisted Suzuki-Miyaura coupling reaction was
successfully optimised to form an aryl-aryl C-C bond between key precursor aryl bromide 4d
and various arylboronic acids to produce biaryl analogues 6e-6n. In addition, an alternative
synthetic route by the formation of O-Bn, TBS, and TIPS protected hydroxamic acids were
also explored. Installation of cycloalkyl groups was attempted through diverse synthetic
approaches. Synthesis of cyclopropyl analogue 60 was achieved using previously reported
conditions. However, direct coupling reactions with cyclopentyl and cyclohexylboronic acids
were challenging. This problem was solved by changing the boronic acid to the corresponding
cycloalkenylboronic acids. The C=C bond of cyclopentenyl and cyclohexenyl intermediates
synthesised were further reduced to generate fully saturated cyclopentyl 6s and cyclohexyl 6s

analogues.
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A diverse range of synthetic methods was employed to couple amines with aryl bromide 4d to
generate amine-containing analogues 6t-6ab. A number of model studies were performed on
palladium catalysed Buchwald-Hartwig amination was attempted and found out that the
sulfonamide group of 4d is detrimental to achieve a successful conversion. Therefore, new
synthetic strategies were applied and Boc-protected aryl bromide 17 was used as the key
intermediate for Buchwald-Hartwig aminations. Alkyl amine, piperidine, and piperazine
derivatives reacted with 17 to generate desired analogues successfully. Copper-catalysed CEL
coupling reactions between amines and boronic acid derivative of 4d were also investigated.
Unfortunately, CEL coupling reactions were not pursued further due to limited conversion to

product and formation of by-products via oxidation and photodeboronation.

A total of 28 novel hydroxamic acids were synthesised through optimised synthetic pathways,
and their inhibitory activity against APN was measured by in vitro enzyme assays to establish
comprehensive structure-activity relationships. Majority of the hydroxamic acid analogues
showed inhibition at a low nanomolar range, and four compounds were more potent than the
lead compound 6ad. The results revealed that various chemical moieties could be tolerated at
the S1 pocket of APN. The halo-phenylglycine analogues 6b-d showed improved potency
compared to phenylglycine analogue 6a. Unsubstituted phenyl analogue 6e was equipotent to
6ad, and the potency was enhanced with additional fluorine atoms. The most potent inhibitor
identified in the series of analogues was 3-fluorophenyl analogue 6f which displayed a
remarkable Ki@P of 0.66 nM, and this was 7-fold and 3600-fold more active than 6ad and
bestatin, respectively. Intriguing results were obtained from cycloalkyl analogues; fully
saturated cyclopentyl 6q and cyclohexyl 6s analogues were preferred to its corresponding
unsaturated analogues. Moreover, a considerable decrease in the activity was observed from

amine analogues.

Binding interactions between selected compounds and APN were investigated through
molecular docking studies. Some predicted binding poses of phenylglycine analogue 6a
showed movements in the hydroxamic acid position, and the significant loss in potency
compared 6ad could be explained by a complete loss of hydrophobic interactions with Phe8%,
Analogues containing biaryl scaffold 6e, 6f, 6m, and 60 possessed extremely stable
hydroxamic acid — zinc coordination and the movement of the biaryl scaffold at the S1 pocket
was almost negligible. Cycloalkyl moiety of alkyl-aryl analogues 6s and 6ab displayed some

differences in conformation between each pose. Unfortunately, the fragment-based docking
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provided limited information to understand the differences in potency observed between the
APN inhibitors.

Anti-proliferative activities of top ten APN inhibitors were also determined by NCI single-dose
screening assays. Compounds 6c, 6e, 6f, 6i, 6m, 60, 6q, 6s, 6x, and 6ab were selected not only
because they showed most active potency, but also they possessed distinct chemical scaffolds.
The selected compounds were screened against 60 different cancer cell lines of diverse cancer
types. The most potent inhibitor 6f was the only analogue that showed a weak anti-proliferative
activity against certain cancer cell lines. Other chosen analogues showed no activity in the
cellular environment. The reasons for the extremely weak anti-proliferative activity of these
potent APN inhibitors is not yet understood, and more extensive investigation of target
selectivity and the role of APN in these cancer lines is required in the future.
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3.7 Experimental

3.7.1 Biology
Protein expression and purification, enzymatic assay, and NCI-60 screenings were performed
as per Chapter 2, pg 52-53.24

3.7.2 Chemistry
General experimental

The general instrument information is provided in Chapter 2, pg 40-41.24

General Procedure A: Acid catalysed the esterification of substituted 2-amino-2-phenylacetic
acids. To a round bottom flask was added appropriate 2-amino-2-phenylacetic acid (1.0 eq.),
MeOH (13 mL/mmol) and conc. H2SO4 (4.0 eq.) dropwise. The mixture was heated at reflux
for overnight. Upon completion, the mixture was concentrated in vacuo and neutralised by sat.
NaHCOs to pH 7-8 and extracted with EtOAc (3 x 20 mL). The combined organic layer was
dried over anhydrous Na>SO4 and concentrated in vacuo. The crude product obtained was used

for subsequent reactions without further purifications.

General Procedure B: Amide coupling using EDCI and DMAP. Methyl 2-amino-2-
phenylacetate (1.0 eq.), carboxylic acid (1.2 eq.), EDCI (1.2 eg.) and DMAP (1.3 eq.) were
dissolved in DCM/DMF (1:1) mixture (10 mL/mmol) and stirred at room temperature for
overnight. DCM was removed in vacuo, and the resulting mixture was diluted with a 1 M HCI
(20 mL) and extracted with EtOAc (3 x 15 mL). The combined organic layer was washed with
water (2 x 20 mL) and brine (20 mL), which was then dried over Na,SO4 and concentrated in
vacuo. The crude was taken up into a minimum amount of DMF and added to ice-water
dropwise. The solid was filtered with minimal MeOH wash and dried under vacuum overnight.

General Procedure C: Suzuki-coupling reaction of aryl bromide containing sulfonamide. To a
N2 flushed 0.5-2 mL microwave vial was added the aryl bromide (1.0 eq.), boronic acid (1.2
eq.), KsPOs (2.4 eq.) and anhydrous DMF (2 mL), which was stirred and degassed for 5 min
before adding Pd (PPhs)2Cl> (0.05 eq.). The mixture was heated at 100 °C for 1-20 h in a
microwave reactor until completion. The reaction mixture was diluted witha 1 M HCI (20 mL)
and extracted with EtOAc (3 x 15 mL). The combined organic layer was further washed with
water (2 x 20 mL) and brine (20 mL) which was then dried over anhydrous Na>SO4 followed
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by concentration in vacuo. The crude was taken up into a minimal amount of DMF and added
to ice-water dropwise. The solid was filtered with minimal MeOH wash and dried under

vacuum overnight.

General Procedure D: Buchwald-Hartwig amination between aryl bromide and alkylamines.
A mixture of aryl bromide (1.0 eq.), Pd2(dba)s (0.03 eq.), XPhos (0.1 eq.), Cs.CO3 (2.5-5.0
eq.), and amine (2.5 eq.) in degassed anhydrous toluene (10 mL) was heated at reflux for
overnight. After cooling, the mixture was diluted with water (6 mL) and extracted with EtOAc
(3 x 20 mL). The combined organic layer was washed with brine, dried over anhydrous Na;SO4

and concentrated in vacuo. The crude was purified by column chromatography.

General Procedure E: Synthesis of aryl sulfonamide compounds 5p-y from Boc-protected
intermediates 18a-i. A round bottom flask was charged with Boc-protected intermediate (1.0
eq.) and 20% TFA in DCM (10 mL/mmol). The mixture was stirred at room temperature for 3
h. Upon completion, excess TFA was removed in vacuo, and the residue was dried under
vacuum overnight. The residue was dissolved in DCM (5 mL/mmol), and DIPEA (3.0 eq.) was
added before stirring for 30 min (mixture 1). To a separate dried round bottom flask was added
4-(methylsulfonamido)benzoic acid (1.1 eq.), HCTU (1.2 eq.), DIPEA (2.0 eq.), and DMF (5
mL/mmol) and stirred for 30 min (mixture 2). Mixture 1 and 2 were combined and stirred at
room temperature for overnight. Upon completion, the mixture was concentrated in vacuo and
diluted with a half sat. NaHCO3 (10 mL) and extracted with EtOAc (3 x 15 mL). The combined
organic layer was further washed with water (3 x 20 mL) and brine (20 mL) followed by drying
over anhydrous Na>SO4 and concentration in vacuo. The crude was purified by column
chromatography.

General Procedure F: Direct aminolysis of methyl ester to the hydroxamic acid. To a solution
of methyl ester (1.0 eq.) in anhydrous MeOH (3 mL/mmol) was added NH,OH-HCI (8.0 eq.),
followed by 5 M KOH in anhydrous MeOH (10 eq.). The reaction was stirred at room
temperature for overnight. Upon completion, the suspension was concentrated in vacuo
followed by addition of a 10% citric acid (10 mL) and extraction with EtOAc (3 x 10 mL). The
combined organic layer was dried over anhydrous Na>SO4 and concentration in vacuo. The
crude product was purified by column chromatography or Preparative HPLC.
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Methyl 2-amino-2-phenylacetate (1a). Compound 1a was synthesised from 2-
amino-2-phenylacetic (200 mg, 1.32 mmol) according to General Procedure A.
N The crude product (164 mg) was obtained as a brown oil in 75% of yield. H
NMR (CDCl3) 6 7.42—7.29 (m, 5H), 4.65 (s, 1H), 3.70 (s, 3H), 2.49 (br. s, 2H);

13C NMR (CDCl3) 6 170.6, 129.0, 128.3, 128.2, 127.0, 58.9, 52.6.

F Methyl 2-amino-2-(4-fluorophenyl)acetate (1b). Compound 1b was synthesised
from 2-amino-2-(4-fluorophenyl)acetic acid (200 mg, 1.18 mmol) according to
General Procedure A. The crude product (188 mg) was obtained as a brown oil

N in 87% of yield. *H NMR (CDCls) & 7.41-7.29 (m, 2H), 7.11-6.96 (m, 2H),
4.63 (s, 1H), 3.70 (s, 3H), 2.27 (br. s, 2H); °F NMR (CDCls) § -114.1; *C

NMR (CDCls) & 174.2, 162.6 (d, Jcr = 246.7 Hz), 135.8 (d, Jcr = 3.3 Hz), 128.7 (d, Jcr = 8.2
Hz), 115.8 (d, Jcr = 21.6 Hz), 58.1, 52.7.

¢! Methyl 2-amino-2-(4-chlorophenyl)acetate (1c). Compound 1c was synthesised
from 2-amino-2-(4-chlorophenyl)acetic acid (200 mg, 1.08 mmol) according to
General Procedure A. The crude product (181 mg) was obtained as a brown oil
in 84% of yield. *H NMR (CDCls) § 7.33 (app. s, 4H), 4.61 (s, 1H), 3.70 (s, 3H),

2.13 (br. s, 2H); 3C NMR (CDCls) & 174.0, 138.5, 134.11, 129.1, 128.4, 58.6, 52.7.

Methyl  2-amino-2-(4-bromophenyl)acetate (1d). Compound 1d was

synthesised from 2-amino-2-(4-bromophenyl)acetic acid (2.00 g, 8.69 mmol)
according to General Procedure A. The crude product (1.90 g) was obtained as
a brown oil in 90% of yield. *H NMR (CDCls) & 7.48 (d, J = 7.4 Hz, 2H), 7.30
(d, J=7.9 Hz, 2H), 4.70 (s, 1H), 3.70 (s, 3H), 3.42 (br. s, 2H).

Methyl 2-(4-bromophenyl)-2-(4-((N-(tert-
butoxycarbonyl)sulfamoyl)amino)benzamido)acetate (2).
4-((N-(tert-butoxycarbonyl)sulfamoyl)amino)benzoic

9 OJL J< acid (1.24 g, 3.93 mmol) was coupled to compound 1d

N (800 mg, 3.28 mmol) according to General Procedure B.
The crude was purified by column chromatography using PE/EtOAc (100:0 to 50:50) afford
1.38 g (76%) of the desired product as a creamy yellow solid. *H NMR (DMSO-dg) & 11.46 (s,

1H), 10.71 (s, 1H), 9.10 (d, J = 7.1 Hz, 1H), 7.87 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H),
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7.44 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 5.67 (d, J = 7.1 Hz, 1H), 3.66 (s, 3H), 1.32
(s, 9H); 23C NMR (DMSO-de) 5 170.7, 165.8, 149.9, 140.8, 135.8, 131.4, 130.5, 128.9, 127.9,
121.5, 117.6, 81.8, 56.2, 52.4, 27.6; m/z MS Ca1HosBrNsO7S [MH]* calcd 542.1, found 541.7.

Br Methyl 2-(4-bromophenyl)-2-(4-
(sulfamoylamino)benzamido)acetate (3). Compound 2 (100
0 mg, 184 pmol) was dissolved in DCM (20 mL). To this
0 H)b\ ?.,,0 mixture was added TFA (4 mL) at 0 € and stirred at room
© H'S\NHz temperature for 3 h. Excess TFA was removed by
concentrating under reduced pressure. The residue was diluted with EtOAc (30 mL) and
washed with sat. NaHCO3 (3 x 30 mL). The organic layer was dried over anhydrous Na>SOg,
filtered, and concentrated in vacuo. The crude (49.3 mg, 60%) showed > 95% purity based on
NMR, therefore it was used without further purification. *H NMR (DMSO-dg) & 9.94 (s, 1H),
9.02 (d, J=7.1Hz, 1H), 7.84 (d, J = 8.8 Hz, 2H), 7.68-7.54 (m, 2H), 7.43 (d, J = 8.5 Hz, 2H),
7.29 (s, 2H), 7.17 (d, J = 8.8 Hz, 2H), 5.66 (d, J = 7.1 Hz, 1H), 3.66 (s, 3H); 1*C NMR (DMSO-
de) 8 170.8, 165.9, 142.6, 135.9, 131.4, 130.5, 128.7, 126.1, 121.4, 116.2, 56.1, 52.4; m/z MS
C16H17BrNsOsS [MH]* calcd 442.0, found 441.7.

Methyl  2-(4-(methylsulfonamido)benzamido)-2-phenylacetate
(4a). Compound la (164 mg, 0.993 mmol) was coupled to

E o)
/Oo H)b\ 9 o (methylsulfonamido)benzoic acid (228 mg, 1.19 mmol)
N
H

S according to General Procedure B. The crude was dissolved in
minimal amount of DMF and added into ice-water mixture dropwise. The precipitate was
filtered and washed with minimal MeOH to produce 220 mg (61%) of a white solid. *H NMR
(DMSO-de) 8 10.13 (s, 1H), 9.06 (d, J = 7.1 Hz, 1H), 8.01-7.79 (m, 2H), 7.47 (m, 2H), 7.44—
7.33 (m, 3H), 7.30-7.09 (m, 2H), 5.65 (d, J = 7.1 Hz, 1H), 3.65 (s, 3H), 3.06 (s, 3H); *C NMR
(DMSO-ds) 8 171.1, 165.8, 141.5, 136.2, 129.2, 128.5, 128.2, 128.2, 128.1, 117.8, 56.9, 52.2,

39.5; m/z MS C17H19N205S [MH]" calcd 363.1, found 362.8.

F Methyl 2-(4-fluorophenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (4b). Compound 1b (188

o mg, 1.03 mmol) was coupled to (methylsulfonamido)benzoic acid
- \Ej 0
NI

.o (236 mg, 1.23 mmol) according to General Procedure B. The

H crude was dissolved in minimal amount of DMF and added into
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ice-water mixture dropwise. The precipitate was filtered and washed with minimal MeOH to
produce 300 mg (77%) of a white solid. *H NMR (DMSO-ds) & 10.13 (s, 1H), 9.07 (d, J=7.1
Hz, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.59-7.45 (m, 2H), 7.27-7.21 (m, 4H), 5.67 (d, J = 7.0 Hz,
1H), 3.65 (s, 3H), 3.06 (s, 3H): °F NMR (DMSO-ds) 5 -114.1; 3C NMR (DMSO-ds) 5 171.0,
165.8, 161.9 (d, Jcr = 244.4 Hz), 141.5, 132.5, 130.4 (d, Jcr = 8.4 Hz), 129.2, 128.1, 117.8,
115.3 (d, Jcr = 21.5 Hz), 56.1, 52.3, 39.6; m/z MS C17H18FN20sS [MH]* calcd 381.1, found
380.8.

Cl Methyl 2-(4-chlorophenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (4c). Compound 1c (181

mg, 0.907 mmol) was coupled to (methylsulfonamido)benzoic
H
N/

g,,\o acid (209 mg, 1.09 mmol) according to General Procedure B. The
H reaction produced 332 mg (92%) of the crude product, and it was
used for the next reaction without further purification. *H NMR (DMSO-dg) § 10.14 (s, 1H),
9.10 (d, J = 7.1 Hz, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.53-7.44 (m, 4H), 7.25 (d, J = 8.8 Hz, 2H),
5.69 (d, J=7.1 Hz, 1H), 3.66 (s, 3H), 3.06 (s, 3H); *°C NMR (DMSO-ds) 6 171.3, 166.3, 142.1,
135.9, 133.4, 130.7, 129.7, 129.0, 128.5, 118.3, 56.6, 52.8, 40.2; m/z MS C17H18CIN20sS

[MH]* calcd 397.1, found 396.8.

Br Methyl 2-(4-bromophenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (4d). 4-

o (Methylsulfonamido)benzoic acid (2.06 g, 9.59 mmol) was
RO
H

1.0 coupled to compound 1d (1.95 g, 7.99 mmol) according to
N > General Procedure B. The crude was dissolved in minimal
amount of DMF and added into ice-water mixture dropwise. The precipitate was filtered and
washed with minimal MeOH to afford 2.32 g (66%) of a light yellow solid. *H NMR (DMSO-
de) § 10.15 (s, 1H), 9.11 (d, J = 7.1 Hz, 1H), 7.97-7.81 (m, 2H), 7.64-7.56 (m, 2H), 7.48-7.39
(m, 2H), 7.31-7.20 (m, 2H), 5.67 (d, J = 7.1 Hz, 1H), 3.66 (s, 3H), 3.07 (s, 3H); 13C NMR
(DMSO-de) 6 170.7, 165.8, 141.6, 135.8, 131.4, 130.5, 129.2, 128.0, 121.5, 117.8, 56.2, 52.4,

39.6; m/z MS C17H18BrN2OsS [MH]* calcd 441.0, found 441.3.
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O Methyl 2-([1,1'-biphenyl]-4-yl)-2-(4-
(methylsulfonamido)benzamido)acetate (5a). Phenylboronic acid

O (49.7 mg, 0.408 mmol) was coupled to compound 4d (150 mg,
0 0.340 mmol) according to General Procedure C. The reaction

0
- I HJ\©\ §¢° mixture was heated at 120 °C for 4 h to complete. The crude was
N/

H ™ dissolved in minimum amount of DMF and added into ice-water

mixture dropwise. The precipitate was filtered and washed with minimal MeOH to produce
58.5 mg (39%) of the desired product as a white solid. tH NMR (DMSO-dg) & 10.13 (s, 1H),
9.11 (d, J = 7.0 Hz, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.73-7.62 (m, 4H), 7.56 (d, J = 8.2 Hz, 2H),
7.52-7.43 (m, 2H), 7.42-7.34 (m, 1H), 7.25 (d, J = 8.6 Hz, 2H), 5.71 (d, J = 7.0 Hz, 1H), 3.68
(s, 3H), 3.07 (s, 3H); 3C NMR (DMSO-ds) 5 171.1, 165.8, 141.5, 140.1, 139.7, 135.4, 129.2,
129.0, 128.9, 128.1, 127.6, 126.9, 126.7, 117.8, 56.6, 52.3, 39.6; m/z MS C23H23N205S [MH]*
calcd 439.1, found 438.8.

F Methyl 2-(3'-fluoro-[1,1'-biphenyl]-4-yl)-2-(4-
O (methylsulfonamido)benzamido)acetate (5b). (3-
O Fluorophenyl)boronic acid (57.1 mg, 0.406 mmol) was coupled
o] to compound 4d (150 mg, 0.340 mmol) according to General

A ”J\@ 9/0 Procedure C. The reaction mixture was heated at 100 °C for 1.5 h
N/

o] sZ . L
>  to complete. The crude was dissolved in minimum amount of

H
DMF and added into ice-water mixture dropwise. The precipitate was filtered and washed with

minimal MeOH to produce 114 mg (74%) of a light pink solid. *H NMR (DMSO-ds) § 10.14
(s, 1H), 9.13 (d, J = 7.1 Hz, 1H), 8.00-7.84 (m, 2H), 7.78-7.70 (m, 2H), 7.58 (d, J = 8.3 Hz,
2H), 7.56-7.48 (m, 3H), 7.29-7.24 (m, 2H), 7.23-7.18 (m, 1H), 5.73 (d, J = 7.1 Hz, 1H), 3.68
(s, 3H), 3.07 (s, 3H); F NMR (DMSO-de) & -112.7; *3C NMR (DMSO-dg) & 171.0, 165.8,
162.7 (d, Jcr = 243.3 Hz), 142.1 (d, Jcr = 7.8 Hz), 141.6, 138.6 (d, Jcr = 2.2 Hz), 136.1, 130.9
(d, Jcr = 8.6 Hz), 129.2, 128.9, 128.1, 127.0, 122.8, 117.8, 114.3 (d, Jcr = 21.0 Hz), 113.4 (d,
Jcr = 22.1 Hz), 56.5, 52.3, 39.6; m/z MS C23H22FN20sS [MH]" calcd 457.1, found 456.7.
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F Methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-(4-

O (methylsulfonamido)benzamido)acetate (5c). A nitrogen flushed

5 mL microwave vial was charged with compound 4d (150 mg,

O 0.340 mmol), (4-fluorophenyl)boronic acid (57.1 mg, 0.408
0

g/,\o mixture was bubble through N2 while stirring for 5 min before
NI
H adding Pd(PPhsz)2Cl> (11.9 mg, 0.017 mmol). The mixture was

heated at 100 °C for 15 min. After cooling, the mixture was diluted with a 1 M HCI (10 mL)

o mmol), 1 M Na,COs (1 mL) and degassed DMF (3 mL). The
- N o

and extracted with EtOAc (3 x 10 mL). The combined organic layer was washed with water (2
x 20 mL) and brine (20 mL) and then dried over anhydrous Na,SO4 before concentration in
vacuo. The crude product was purified by column chromatography using DCM/MeOH (95:5
to 90:10) to obtain 118 mg (77%) of a pale yellow solid. *tH NMR (DMSO-ds) § 10.14 (s, 1H),
9.12 (d, J = 7.1 Hz, 1H), 8.00-7.87 (m, 2H), 7.75-7.69 (m, 2H), 7.68-7.64 (m, 2H), 7.56 (d, J
=8.3 Hz, 2H), 7.36-7.21 (m, 4H), 5.72 (d, J = 7.0 Hz, 1H), 3.68 (s, 3H), 3.07 (s, 3H); 1°F NMR
(DMSO-ds) & -115.2; 3C NMR (DMSO-dg) & 171.1, 165.9, 162.0 (d, Jcr = 244.5 Hz), 141.6,
139.1, 136.2 (d, Jcr = 3.0 Hz), 135.4, 129.2, 128.9, 128.7 (d, Jcr = 8.2 HZz), 128.2, 126.8, 117.8,
115.8 (d, Jcr = 21.4 Hz), 56.6, 52.3, 39.6; m/z MS C23H22FN20sS [MH]* calcd 457.1, found
456.8.

F Methyl 2-(3',4'-difluoro-[1,1'-biphenyl]-4-yl)-2-(4-
O ] (methylsulfonamido)benzamido)acetate (5d). (3,4-
Difluorophenyl)boronic acid (51.5 mg, 0.326 mmol) was coupled
O to compound 4d (120 mg, 0.271 mmol) according to General
o . i o Procedure C. The reaction mixture was heated at 100 °C for 1.5 h
a H)J\©\N’gz,\0 to complete. The crude was dissolved in minimum amount of

H

DMF and added into ice-water mixture dropwise. The precipitate
was filtered and washed with minimal MeOH to produce 95.0 mg (74%) of the desired product
as a light beige solid. *"H NMR (DMSO-ds) & 10.14 (s, 1H), 9.13 (d, J = 7.1 Hz, 1H), 7.92 (d,
J =8.8 Hz, 2H), 7.84-7.75 (m, 1H), 7.71 (d, J = 8.4 Hz, 2H), 7.61-7.50 (m, 4H), 7.26 (d, J =
8.8 Hz, 2H), 5.73 (d, J = 7.1 Hz, 1H), 3.68 (s, 3H), 3.07 (s, 3H); **F NMR (DMSO-ds) & -138.1
(d, J = 22.5 Hz), -140.6 (d, J = 22.5 Hz); 3C NMR (DMSO-ds) 5 171.0, 165.8, 149.8 (dd, Jcr
=245.3/12.6 Hz), 149.2 (dd, Jcr = 246.4/12.7 Hz), 141.6, 137.8, 137.3 (dd, Jcr = 6.1/3.9 Hz),
136.1,129.2,128.9, 128.1, 126.9, 123.5 (dd, Jcr = 6.6/3.3 Hz), 118.0 (d, Jcr = 17.0 Hz), 117.8,
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115.8 (d, Jcr = 17.8 Hz), 56.5, 52.3, 39.64; m/z MS C23H21F2N20sS [MH]" calcd 475.1, found
474.8.

F F Methyl 2-(3',5'-difluoro-[1,1'-biphenyl]-4-yl)-2-(4-
O (methylsulfonamido)benzamido)acetate (5e). (3,5-
O Difluorophenyl)boronic acid (51.5 mg, 0.326 mmol) was coupled

o] to compound 4d (120 mg, 0.271 mmol) according to General

-0 ”J\©\ 0 Procedure C. The reaction mixture was heated at 100 °C for 1.5 h

H' to complete. The crude was dissolved in minimal amount of DMF
and added into ice-water mixture dropwise. The precipitate was filtered and washed with
minimal MeOH to produce 69.0 mg (53%) of the desired product as a yellow solid. *H NMR
(DMSO-ds) & 10.14 (s, 1H), 9.14 (d, J = 7.2 Hz, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 8.4
Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 7.47 (dd, J = 9.0/2.2 Hz, 2H), 7.32-7.18 (m, 3H), 5.74 (d, J
= 7.1 Hz, 1H), 3.68 (s, 3H), 3.07 (s, 3H); °F NMR (DMSO-dg) & -109.4; 3C NMR (DMSO-
de) 8 171.0, 165.8, 162.9 (dd, Jcr = 245.6/13.7 Hz), 143.3 (t, Jcr = 9.8 HZ), 141.6, 137.4 (t, JcF
= 2.4 Hz), 136.9, 129.2, 128.9, 128.1, 127.1, 117.8, 111.2-109.1 (m), 102.9 (t, Jcr = 26.0 Hz),

56.5, 52.4, 39.6; m/z MS Ca23H21F2N20sS [MH]" calcd 475.1, found 474.8.

7 Q Methyl 2-(4-(furan-3-yl)phenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (5f). Furan-3-ylboronic
acid (36.5 mg, 0.326 mmol) was coupled to compound 4d (120

mg, 0.271 mmol) according to General Procedure C. The reaction
H
N/

1.0 mixture was heated at 100 °C for 1 h to complete. The crude was
~N

H dissolved in minimum amount of DMF and added into ice-water
mixture dropwise. The precipitate was filtered and washed with minimal MeOH to produce 96
mg (82%) of the desired product as a pale yellow solid. *tH NMR (DMSO-ds) & 10.13 (s, 1H),
9.06 (d, J=7.0 Hz, 1H), 8.26-8.08 (m, 1H), 7.91 (d, J = 8.8 Hz, 2H), 7.78-7.68 (m, 1H), 7.63
(d, J=8.3 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H), 7.30-7.20 (m, 2H), 6.97 (dd, J = 1.9/0.8 Hz, 1H),
5.65 (d, J = 7.0 Hz, 1H), 3.66 (s, 3H), 3.06 (s, 3H); 3C NMR (DMSO0-dg) § 170.9, 165.5, 141.5,
134.8, 131.9, 129.2 (2C), 128.7, 128.1, 125.6, 125.4, 117.8, 108.6, 56.5, 52.3, 39.6; m/z MS
C21H21N206S [MH]" calcd 429.1, found 428.8.
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/S Methyl  2-(4-(methylsulfonamido)benzamido)-2-(4-(thiophen-3-

2 yDphenyl)acetate (5g). Thiophen-3-ylboronic acid (41.8 mg,

0.326 mmol) was coupled to compound 4d (120 mg, 0.271 mmol)

o o according to General Procedure C. The reaction mixture was
g S Hk@ fs)-,,o heated at 100 °C for 1 h to complete. The crude obtained (116 mg,
H’ > 95%) was for the subsequent reaction without further purification.

'H NMR (DMSO-ds) & 10.13 (s, 1H), 9.08 (d, J = 7.1 Hz, 1H), 7.94-7.90 (m, 2H), 7.90-7.85
(m, 1H), 7.76-7.71 (m, 2H), 7.67-7.64 (m, 1H), 7.57-7.54 (m, 2H), 7.52-7.49 (m, 1H), 7.25
(d, J = 8.8 Hz, 2H), 5.67 (d, J = 7.0 Hz, 1H), 3.67 (s, 3H), 3.06 (s, 3H); 3C NMR (DMSO-ds)
0 169.5, 158.2, 141.5, 140.9, 135.1, 134.9, 129.2, 128.9, 128.8, 128.7, 126.2, 126.1, 121.3,
117.8, 56.6, 52.3, 39.6; m/z MS C21H19N205S, [M-H] calcd 443.1, found 442.8.

SN Methyl  2-(4-(methylsulfonamido)benzamido)-2-(4-(pyridin-3-
yhphenyl)acetate (5h). Pyridin-3-ylboronic acid (40.4 mg, 0.326
mmol) was coupled to compound 4d (120 mg, 0.272 mmol)

0 according to General Procedure C. Only 70% of conversion to the

o
- I HJ\©\ Es):,lo desired product was observed based on LC-MS after heating at
ﬂ’ ™ 100 °C for 20 h. After cooling, the solvent was removed by

concentrating in vacuo. 1 M HCI was added dropwise to the residue to adjust pH to 8-9 and

extracted with EtOAc (3 x 10 mL). The combined organic layer was washed with water (2 x

20 mL) and brine (20 mL) and then dried over anhydrous Na>SQO4 before concentration in vacuo.
The crude was dissolved in minimum amount of DMF and added into ice-water mixture

dropwise. The precipitate was filtered and washed with minimal MeOH to obtain 40.0 mg (33%)
of the product as an off-white solid. *H NMR (DMSO-ds) & 10.14 (s, 1H), 9.13 (d, J = 7.1 Hz,

1H), 8.96-8.86 (m, 1H), 8.64-8.53 (m, 1H), 8.14-8.04 (m, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.79—
7.73 (m, 2H), 7.64-7.58 (m, 3H), 7.25 (d, J = 8.8 Hz, 2H), 5.74 (d, J = 7.1 Hz, 1H), 3.68 (s,

3H), 3.07 (s, 3H); 3C NMR (DMSO-dg) § 171.0, 165.8, 148.7, 147.7, 141.6, 137.0, 136.3,

135.1, 134.2,129.3,129.1, 128.1, 127.1, 124.0, 117.8, 56.5, 52.3, 39.6; m/z MS C22H22N30sS

[MH]" calcd 440.1, found 439.8.
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N Methyl  2-(4-(methylsulfonamido)benzamido)-2-(4-(pyridin-4-
= yhphenyl)acetate (5i). Pyridin-4-ylboronic acid (40.1 mg, 0.326

mmol) was coupled to compound 4d (120 mg, 0.271 mmol)
o] according to General Procedure C. The reaction mixture was

A0 ”J\@ 25 heated at 100 °C for 1.5 h to complete. The crude was dissolved
ST L )
N“" in minimum amount of DMF and added into ice-water mixture

H
dropwise. The precipitate was filtered and washed with minimal MeOH to produce 67.4 mg
(56%) of the desired product as a yellow solid. *H NMR (DMSO-dg) & 10.14 (s, 1H), 9.15 (d,
J=7.1Hz, 1H), 8.65 (d, J = 6.1 Hz, 2H), 7.92 (d, J = 8.8 Hz, 2H), 7.86-7.81 (m, 2H), 7.75—
7.69 (m, 2H), 7.65-7.59 (m, 2H), 7.25 (d, J = 8.8 Hz, 2H), 5.75 (d, J = 7.1 Hz, 1H), 3.68 (s,
3H), 3.07 (s, 3H); 3C NMR (DMSO-dg) § 170.9, 165.8, 150.3, 147.2, 141.4, 137.4, 137.0,
129.2, 129.1, 128.2, 127.0, 121.2, 117.8, 56.5, 52.4, 39.6; m/z MS C22H22N30sS [MH]" calcd

440.1, found 439.8.

NN Methyl 2-(4-(methylsulfonamido)benzamido)-2-(4-(pyrimidin-5-
yl)phenyl)acetate (5j). Pyrimidin-5-ylboronic acid (40.4 mg,
0.326 mmol) was coupled to compound 4d (120 mg, 0.272 mmol)

0 according to General Procedure C. The reaction mixture was

o
- I HJ\@ §,,o heated at 100 °C for 6 h to complete. After cooling, the solvent
ﬂ’ ™ was removed by concentrating in vacuo. 1 M HCI was added

dropwise to the concentrated residue and sonicated for 2 min. The precipitate formed was
filtered and washed with minimal Et>O to afford 70 mg (58%) of the product as a white solid.
'H NMR (DMSO-ds) § 10.14 (s, 1H), 9.20 (s, 1H), 9.18-9.14 (m, 3H), 7.91 (d, J = 8.8 Hz, 2H),
7.84 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.8 Hz, 2H), 5.76 (d, J = 7.2 Hz,
1H), 3.68 (s, 3H), 3.07 (s, 3H); *C NMR (DMSO0-ds) 5 170.9, 165.8, 154.8, 141.6, 137.2, 133.6,
132.8,129.3,129.2, 128.1, 127.1, 126.9, 117.8, 56.4, 52.4, 39.6; m/z MS C21H21N40sS [MH]*
calcd 441.1, found 440.8.

Methyl 2-(4-cyclopropylphenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (5k). To a N2 flushed 5

o mL microwave vial was added compound 4d (100 mg, 0.227

0 I HJ\©\ 0 5 mmol), cyclopropylboronic acid (21.4 mg, 0.245 mmol), K>COs

H’S’\ (94 mg, 0.680 mmol) and anhydrous THF (4 mL). The mixture
was degassed while stirring for 2 min before adding Pd(dppf)Cl2
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(16.6 mg, 0.023 mmol), and heated at reflux for overnight. The reaction mixture was diluted
with a 1 M HCI (5 mL) and extracted with EtOAc (3 x 10 mL). The combined organic layer
was dried over anhydrous Na>SOs4 and concentrated under reduced pressure. The crude
obtained (85.9 mg, 94%) was used for the subsequent reaction without further purification. *H
NMR (DMSO-ds) 6 10.13 (s, 1H), 8.98 (d, J = 7.0 Hz, 1H), 7.89 (d, J = 8.7 Hz, 2H), 7.33 (d,
J=8.2 Hz, 2H), 7.24 (d, J = 8.7 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 5.57 (d, J = 6.9 Hz, 1H),
3.64 (s, 3H), 3.06 (s, 3H), 1.95-1.79 (m, 1H), 1.06-0.83 (m, 2H), 0.77-0.53 (m, 2H); *C NMR
(DMSO-de) 6 171.2, 165.8, 143.9, 141.5, 133.0, 129.2, 128.2, 125.5, 117.8, 56.6, 52.2, 39.6,
14.8, 9.5, 9.4; m/z MS C0H23N20sS [MH]* calcd 403.1, found 402.8.

Q Methyl 2-(4-(cyclopent-1-en-1-yl)phenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (51). A dry round bottom
O flask was charged with compound 4d (400 mg, 906 umol), 1-
_o . i o cyclopentenylboronic acid (162 mg, 1.45 mmol), K2CO3z (564 mg,
o H l :l N/gc\o 4.08 mmol), and anhydrous THF (2 mL). The mixture was

H

bubbled through N2 for 10 min prior to addition of Pd(dppf)Cl2
(99.5 mg, 136 umol). The mixture was refluxed for overnight. Upon completion, THF was
removed in vacuo, the residue was acidified witha 1 M HCI (10 mL) and extracted with EtOAc
(3 x 10 mL). The combined organic layer was dried over anhydrous Na,SO4 and concentrated
in vacuo. The crude product triturated with Et,O and the filtered solid was washed with
minimum amount of 1:2 MeOH/Et>0 to obtain 337 mg (87%) of the desired product as a dark
brown solid. *H NMR (DMSO-ds) § 10.13 (s, 1H), 9.04 (d, J = 7.1 Hz, 1H), 7.93-7.85 (m, 2H),
7.47 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.29-7.17 (m, 2H), 6.35-6.18 (m, 1H), 5.63
(d, 3 = 7.0 Hz, 1H), 3.65 (s, 3H), 3.06 (s, 3H), 2.73-2.58 (m, 2H), 2.49-2.44 (m, 2H), 2.04—
1.84 (m, 2H); 3C NMR (DMSO-ds) & 171.1, 165.8, 141.5 (2C), 136.1, 134.7, 129.2, 128.3,
128.2, 126.6, 125.6, 117.8, 56.6, 52.2, 39.6, 32.9, 32.7, 22.7; m/z MS C2H2sN20sS [MH]+
calcd 429.1, found 429.0.

Methyl 2-(4-cyclopentylphenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (5m). A 50 mL round

bottom flask was charged with compound 51 (174 mg, 406 umol),

o ammonium formate (256 mg, 4.06 mmol) and EtOH (10 mL). The
J\©\ ,gf,o mixture was stirred and purged with N2 thoroughly before adding

10% Pd/C (20 mg), which was refluxed for 2 h. Upon completion,
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the reaction mixture was cooled to room temperature and filtered through Celite. The filtrate
was concentrated in vacuo and extracted with EtOAc (3 x 10 mL) from water (10 mL). The
combined organic layers were dried over anhydrous Na>SO4 and concentrated in vacuo to
obtain 144 mg (83%) of the desired product as a white solid. The crude product was used for
subsequent reaction without further purification. 'H NMR (DMSO-dg) § 10.12 (s, 1H), 8.99 (d,
J=6.9 Hz, 1H), 7.94-7.87 (m, 2H), 7.37 (d, J = 8.2 Hz, 2H), 7.31-7.20 (m, 4H), 5.58 (d, J =
6.9 Hz, 1H), 3.64 (s, 3H), 3.06 (s, 3H), 3.00-2.90 (m, 1H), 2.06-1.89 (m, 2H), 1.82-1.71 (m,
2H), 1.71-1.59 (m, 2H), 1.59-1.45 (m, 2H); 3C NMR (DMSO-dg) 6 171.2, 165.8, 146.0, 141.5,
1335, 129.2, 128.2, 128.1, 127.2, 117.8, 56.7, 52.2, 45.1, 39.6, 34.2, 25.0; m/z MS
C22H27N20sS [MH]* calcd 431.2, found 431.0.

o Methyl 2-(4-(methylsulfonamido)benzamido)-2-(2',3',4',5'-
tetrahydro-[1,1'-biphenyl]-4-yl)acetate (5n). A dry round bottom

O flask was charged with compound 4d (404 mg, 915 umol), 1-
0 cyclohexenylboronic acid (185 mg, 1.46 mmol), K2CO3 (569 mg,

o
- I H)b\ gllo 4.12 mmol), and anhydrous THF (15 mL). The mixture was
N/

H > bubbled through N2 for 10 min prior to addition of Pd(dppf)Cl:

(100 mg, 137 umol). The mixture was refluxed for overnight. Upon completion, the reaction
mixture was concentrated in vacuo, and the resulting residue was acidified witha 1 M HCI (10
mL) and extracted with EtOAc (3 x 10 mL). The combined organic layer was dried over
anhydrous Na>SO4 and concentrated in vacuo. The crude product was purified by column
chromatography using PE/EtOAc (70:30 to 0:100) to obtain 315 mg (78%) of the desired
product as a brown solid. *H NMR (DMSO-ds) & 10.13 (s, 1H), 9.03 (d, J = 7.0 Hz, 1H), 8.03—
7.79 (m, 2H), 7.40 (app. s, 4H), 7.29-7.19 (m, 2H), 6.23-6.09 (m, 1H), 5.62 (d, J = 7.0 Hz,
1H), 3.65 (s, 3H), 3.06 (s, 3H), 2.41-2.27 (m, 2H), 2.26-2.05 (m, 2H), 1.82-1.68 (m, 2H),
1.67-1.47 (m, 2H); 1°C NMR (DMSO-ds) & 171.1, 165.8, 141.8, 141.5, 135.6, 134.4, 129.2,
128.2,128.2,124.8,124.7,117.8,56.6, 52.2, 39.6, 26.7, 25.3, 22.5, 21.6; m/z MS C23H27N205S
[MH]" calcd 443.2, found 443.0.
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Methyl 2-(4-cyclohexylphenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (50). A 50 mL round

bottom flask was charged with compound 5n (263 mg, 594 pmol),

0 ammonium formate (375 mg, 5.94 mmol) and MeOH (10 mL).

o
- I Hﬂ\@ fs):,/o The mixture was stirred and purged with N2 thoroughly before
H' > adding 10% Pd/C (20 mg), which was refluxed for overnight.

Upon completion, DMF was added until the reaction mixture becomes a homogeneous black
solution to dissolve solid formed. Pd was filtered through Celite and the filtrate was
concentrated in vacuo and extracted with EtOAc (3 x 20 mL) from water (30 mL). The
combined organic layer was further washed with water (3 x 50 mL) and brine (50 mL). The
combined organic layer was dried over anhydrous Na,SO4 and concentrated in vacuo to obtain
210 mg (80%) of the desired product as a beige solid. *tH NMR (DMSO-dg) § 10.10 (s, 1H),
9.00 (d, J =6.9 Hz, 1H), 7.97-7.76 (m, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.28-7.21 (m, 4H), 5.58
(d, J=6.9 Hz, 1H), 3.64 (s, 3H), 3.06 (s, 3H), 1.87—1.49 (m, 6H), 1.49-1.09 (m, 5H); *C NMR
(DMSO-ds) 8 171.2, 165.8, 147.6, 141.5, 133.5, 129.2, 128.2, 128.1, 126.9, 117.8, 56.7, 52.2,
43.5, 39.6, 33.9, 33.8, 26.3, 25.6; m/z MS C23H29N205S [MH]" calcd 445.2, found 445.0.

Br Methyl 2-(4-bromophenyl)-2-((tert-butoxycarbonyl)amino)acetate (17).

In a round bottom flask was added compound 1d (3.10 g, 12.7 mmol),

o JOL sat. NaHCO3 (30 mL) and water (30 mL). The mixture was stirred at room
S N © temperature for 30 min after adding Boc.O (2.77 g, 12.7 mmol).

Additional Boc.O (1.39 g, 6.35 mmol) and THF (90 mL) were added. The reaction mixture
was stirred at room temperature for overnight. Upon completion, THF was removed under
reduced pressure. 1 M HCI was added to the residue until pH 3 and the mixture was extracted
with EtOAc (3 x 50 mL). The combined organic layer was dried over anhydrous Na>SO4 and
concentrated in vacuo. The crude was purified by column chromatography using PE/EtOAc
(100:0 to 40:60) to obtain 3.28 g (75%) of the desired product as a pale-yellow foam. *H NMR
(DMSO-ds) & 7.84 (d, J = 8.1 Hz, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.43-7.12 (m, 2H), 5.23 (d, J
= 8.1 Hz, 1H), 3.61 (s, 3H), 1.38 (s, 9H); 3C NMR (DMSO-ds) § 171.0, 155.1, 136.1, 131.4,
130.1, 121.3, 78.7, 56.9, 52.3, 28.1.
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L Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-
(diethylamino)phenyl)acetate (18a). To a dried 20 mL microwave vessel
was added 17 (250 mg, 726 pmol), Pdz(dba)s (20.0 mg, 21.8 umol),
o NJOLOJ< XPhos (34.6 mg, 72.6 pmol), Cs.CO3 (592 mg, 1.82 mmol), diethylamine

o H (376 pL, 3.63 mmol), and degassed anhydrous toluene (10 mL) which

rd

was heated at reflux for overnight. After cooling, the mixture was diluted with water (6 mL)
and extracted with EtOAc (3 x 20 mL). The combined organic layer was washed with brine
(50 mL), dried over anhydrous Na>SO4 and concentrated in vacuo. The crude was purified by
column chromatography PE/EtOAc (100:0 to 70:30) to obtain 204 mg (83%) of the desired
product as a dark brown solid. *H NMR (DMSO-dg) & 7.51 (d, J = 7.7 Hz, 1H), 7.13 (d, J = 8.8
Hz, 2H), 6.58 (d, J = 8.8 Hz, 2H), 5.00 (d, J = 7.8 Hz, 1H), 3.58 (s, 3H), 3.34-3.12 (m, 4H),
1.38 (s, 9H), 1.06 (t, J = 7.0 Hz, 6H); 3C NMR (DMSO-ds) & 172.1, 155.2, 147.1, 128.8, 122.3,
111.1,78.3,57.1,51.9, 43.6, 28.2, 12.4.

L Methyl 2-(4-(diethylamino)phenyl)-2-(4-
N
N (methylsulfonamido)benzamido)acetate (5p). Compound 18a
(292 mg, 868 umol) was converted to the desired compound
0

o . o according to General Procedure E. The crude was purified by

o H [ :l 220 column chromatography PE/EtOAc (100:0 to 40:60) to obtain
264 mg (70%) of the desired product as an apricot solid. *H NMR
(DMSO-de) 6 10.12 (s, 1H), 8.82 (d, J = 6.6 Hz, 1H), 7.97-7.82 (m, 2H), 7.30-7.13 (m, 4H),
6.64 (d, J = 8.9 Hz, 2H), 5.41 (d, J = 6.6 Hz, 1H), 3.62 (s, 3H), 3.33 (9, J = 7.1 Hz, 4H), 3.06
(s, 3H), 1.08 (t, J = 7.0 Hz, 6H); 3C NMR (DMSO-de) & 171.7, 165.8, 147.3, 141.4, 129.3,
129.2, 128.3, 121.7, 117.7, 111.2, 56.6, 51.9, 43.6, 39.6, 12.4; m/z MS C31H28N30sS [MH]*
calcd 434.2, found 434.0.

O Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-(piperidin-1-
N yl)phenyl)acetate (18b). Compound 17 (363 mg, 1.05 mmol) was coupled
to piperidine (260 pL, 2.64 mmol) according to General Procedure D.

JOL J< The crude was purified by column chromatography using PE/EtOAc

N~ O (100:0to 70:30) to obtain 186 mg (50%) of the desired product as a brown

oil. 'TH NMR (CDCl3) § 7.18 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H),

5.46 (d, J = 6.8 Hz, 1H), 5.19 (d, J = 7.3 Hz, 1H), 3.67 (s, 3H), 3.17-3.04 (m, 4H), 1.83-1.59
(m, 4H), 1.61-1.48 (m, 2H), 1.40 (s, 9H); 3C NMR (CDCls) & 172.0, 154.9, 151.7, 128.0,
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127.0, 116.5, 79.9, 57.1, 52.5, 50.4, 28.3, 25.6, 24.2; m/z MS C19H29N204 [MH]" calcd 349.2,
found 349.1.

O Methyl 2-(4-(methylsulfonamido)benzamido)-2-(4-(piperidin-1-

N yhphenyl)acetate (5g). Compound 18b (186 mg, 534 umol) was

converted to the titled product according to General Procedure E.

0 The crude was purified by column chromatography using

-° HJ\©\ 0.0 PE/EtOAC (70:30 to 10:90) to obtain 149 mg (58%) of the desired

° H,s\ product as a brown solid. *H NMR (DMSO-ds) § 10.12 (s, 1H),

8.90 (d, J = 6.7 Hz, 1H), 8.06-7.78 (m, 2H), 7.44-7.14 (m, 4H), 6.92 (br. d, J = 6.8 Hz, 2H),

5.48 (d, J = 6.7 Hz, 1H), 3.63 (s, 3H), 3.22-3.10 (m, 4H), 3.06 (s, 3H), 1.67-1.43 (m, 6H); 3C

NMR (DMSO-ds) & 171.5, 165.8, 151.4, 141.4, 129.2, 129.0, 128.3 (2C), 117.8, 115.8 (br.),
56.5, 52.0, 49.3, 39.6, 25.1, 23.9; m/z MS C2H2sN30sS [MH]" calcd 446.2, found 446.0.

o Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-morpholinophenyl)acetate
ENj (18c). Compound 17 (250 mg, 726 umol) was coupled to morpholine

(158 mg, 1.82 mmol) according to General Procedure D. The crude was

_O

o] purified by column chromatography using PE/EtOAc (100:0 to 50:50) to

N 0J< obtain 233 mg (91%) of the desired product as a yellow oil. *H NMR

(DMSO-dg) 8 7.62 (d, J = 7.9 Hz, 1H), 7.22 (d, J = 8.7 Hz, 2H), 6.89 (d,

J=8.8 Hz, 2H), 5.07 (d, J = 7.9 Hz, 1H), 3.80-3.64 (m, 4H), 3.59 (s, 3H), 3.19-2.97 (m, 4H),

1.38 (s, 9H); 3C NMR (DMSO-dg) & 171.8, 155.2, 150.8, 128.5, 126.7, 114.8, 78.4, 66.1, 57.0,
52.0, 48.2, 28.2; m/z MS C1sH27N20s [MH]" calcd 351.2, found 351.0.

(o)

o Methyl 2-(4-(methylsulfonamido)benzamido)-2-(4-

ENj morpholinophenyl)acetate (5r). Compound 18c (218 mg, 622
numol) was converted to the titled compound according to General

o] Procedure E. The crude was triturated with MeOH (10 mL) and

-0 ”J\©\ 20 filtered to afford 114 mg (41%) of the desired product as a white
© N">S solid. TH NMR (DMSO-ds) 3 10.12 (s, 1H), 8.91 (d, J = 6.8 Hz,

H
1H), 7.89 (d, J = 8.8 Hz, 2H), 7.31 (d, J = 8.7 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 6.95 (d, J =

8.8 Hz, 2H), 5.50 (d, J = 6.8 Hz, 1H), 3.78-3.69 (m, 4H), 3.63 (s, 3H), 3.16-3.08 (M, 4H), 3.06
(s, 3H); 3C NMR (DMSO-ds) 5 171.5, 165.8, 151.0, 141.4, 129.2., 129.0, 128.2, 126.3, 117.8,
114.9, 66.0, 56.5, 52.1, 48.3, 39.6; M/z MS C21H26N306S [MH]* calcd 448.1, found 447.9.
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Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-(4-methylpiperidin-1-

é yh)phenyl)acetate (18d). Compound 17 (200 mg, 582 pmol) was coupled

1 to 4-methylpiperidine (172 pL, 1.45 mmol) according to General

o Procedure D. The crude was purified by column chromatography using

o \ JLO J< PE/EtOAc (100:0 to 70:30) to obtain 137 mg (65%) of the desired

o H compound as an orange crystalline solid. *H NMR (DMSO-ds) & 7.59 (d,

J=7.9Hz, 1H), 7.17 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 5.04 (d, J = 7.9 Hz, 1H),

3.74-3.62 (m, 2H), 3.59 (s, 3H), 2.63 (td, J = 12.3/2.3 Hz, 2H), 1.75-1.58 (m, 2H), 1.57-1.44

(m, 1H), 1.38 (s, 9H), 1.25-1.15 (m, 2H), 0.92 (d, J = 6.5 Hz, 3H); 1*C NMR (DMSO-ds) &

171.9, 155.2, 150.9, 128.5, 125.7, 115.3, 78.4, 57.0, 52.0, 48.5, 33.4, 30.2, 28.2, 21.8; m/z MS
C20H31N204 [MH]" calcd 363.2, found 363.1.

7

Methyl 2-(4-(4-methylpiperidin-1-yl)phenyl)-2-(4-

h (methylsulfonamido)benzamido)acetate (5s). Compound 18d

1 (137 mg, 378 umol) was converted to the titled compound
according to General Procedure E. The crude was purified by

_o N)OJ\©\ o column chromatography using PE/EtOAc (70:30 to 20:80) to
o H N,g"\o obtain 99 mg (62%) as a beige solid. *H NMR (CDCl3) & 7.93 (s,

H 1H), 7.74 (d, J = 8.7 Hz, 2H), 7.29 (d, J = 8.7 Hz, 2H), 7.23 (d, J

=8.7 Hz, 2H), 7.12 (d, J = 6.8 Hz, 1H), 6.94 (d, J = 8.4 Hz, 2H), 5.64 (d, J = 6.8 Hz, 1H), 3.73
(s, 3H), 3.66-3.51 (m, 2H), 2.97 (s, 3H), 2.76-2.64 (m, 2H), 1.71 (app. d, J = 11.4 Hz, 2H),
1.60-1.45 (m, 1H), 1.44-1.28 (m, 2H), 0.95 (d, J = 6.4 Hz, 3H); *C NMR (CDCls) § 172.0,

166.2, 150.7, 140.9, 129.4, 129.0, 128.5, 119.1, 117.0 (br.), 60.6, 56.6, 53.0, 50.3, 39.7, 33.6,
30.5, 21.8; m/z MS C23H30N305S [MH]" calcd 460.2, found 460.0.

F Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-(4-fluoropiperidin-1-
ﬁj yl)phenyl)acetate (18e). Compound 17 (250 mg, 726 pmol) was coupled
N to 4-fluoropiperidine hydrochloride (253 mg, 1.82 mmol) according to

General Procedure D. The crude was purified by column chromatography

o NJOLOJ< using PE/EtOAc (100:0 to 60:40) to obtain 264 mg (99%) of the desired
g H product as a sticky yellow solid. *H NMR (DMSO-dg) & 7.61 (d, J = 7.9

Hz, 1H), 7.20 (d, J = 8.7 Hz, 2H), 6.98-6.82 (m, 2H), 5.06 (d, J = 7.9 Hz, 1H), 4.95-4.65 (m,
1H), 3.59 (s, 3H), 3.45-3.31 (m, 2H), 3.21-3.05 (m, 2H), 2.07-1.87 (m, 2H), 1.82-1.68 (m,
2H), 1.38 (s, 9H); F NMR (DMSO-ds) & -177.2; 3C NMR (DMSO-ds) & 171.8, 155.2, 150.2,
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128.6, 126.2, 115.5, 88.5 (d, Jcr = 169.4 Hz), 78.4, 57.0, 52.0, 44.8 (d, Jcr = 6.8 Hz), 30.5 (d,
J =19.0 Hz), 28.2; m/z MS C19H28FN204 [MH]" calcd 367.2, found 367.0.

3 Methyl 2-(4-(4-fluoropiperidin-1-yl)phenyl)-2-(4-

ﬁj (methylsulfonamido)benzamido)acetate (5t). Compound 18e

N (226 mg, 617 pmol) was converted to the titled compound

according to General Procedure E. The crude was taken up into 5

o N n . mL of MeOH and filtered to obtain 132 mg (46%) of the desired

S HJ\©\N’§¢\O product as a light beige solid. *H NMR (DMSO-dg) & 10.06 (s,

H 1H), 8.91 (d, J = 6.8 Hz, 1H), 8.01-7.78 (m, 2H), 7.29 (d, J = 8.8

Hz, 2H), 7.26-7.18 (m, 2H), 6.96 (d, J = 8.8 Hz, 2H), 5.49 (d, J = 6.8 Hz, 1H), 5.01-4.65 (m,

1H), 3.63 (s, 3H), 3.44-3.33 (m, 2H), 3.21-3.09 (m, 2H), 3.06 (s, 3H), 2.04-1.86 (m, 2H),

1.86-1.69 (m, 2H); **F NMR (DMSO-dg) § -177.2; 1*C NMR (DMSO-ds) 5 171.5, 165.8, 150.4,

1415, 129.2, 129.0, 128.2, 125.7, 117.7, 115.6, 88.5 (d, Jcr = 169.4 Hz), 56.5, 52.1, 44.8 (d,

Jcr = 6.9 Hz), 39.6, 30.5 (d, Jcr = 19.0 Hz); m/z MS C22H27FN30sS [MH]" calcd 464.2, found
464.0.

F e Methyl  2-((tert-butoxycarbonyl)amino)-2-(4-(4,4-difluoropiperidin-1-
ﬁj yl)phenyl)acetate (18f). Compound 17 (270 mg, 784 pmol) was coupled
N to 4,4-difluoropiperidine hydrochloride (309 mg, 1.96 mmol) according

to General Procedure D. The crude was purified by column

o NJOLOJ< chromatography using PE/EtOAc (100:0 to 70:30) to obtain 245 mg (81%)

o H of the desired product as orange oil. 'H NMR (DMSO-ds) § 7.63 (d, J =

7.9 Hz, 1H), 7.22 (d, J = 8.7 Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 5.08 (d, J = 7.9 Hz, 1H), 3.59

(s, 3H), 3.39-3.28 (m, 4H), 2.02 (ddd, J = 19.8/14.1/6.0 Hz, 4H), 1.38 (s, 9H); °F NMR

(DMSO-dg) & -95.2; 13C NMR (DMSO-ds) & 171.8, 155.2, 149.3, 128.7, 126.8, 122.8 (t, Jcr =

240.7/240.7 Hz), 115.8, 78.4, 57.0, 52.0, 45.5 (t, Jcr = 5.0/5.0 Hz), 32.8 (t, Jcr = 22.4/22.4 Hz),
28.2; m/z MS C1gH27F2N204 [MH]" calcd 385.2, found 385.0.
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Methyl 2-(4-(4,4-difluoropiperidin-1-yl)phenyl)-2-(4-
(methylsulfonamido)benzamido)acetate (5u). Compound 18f
(225 mg, 585 pmol) was converted to the titled compound
according to General Procedure E. The crude was purified by
triturating with MeOH (10 mL) to obtain 123 mg (44%) of the
2.0 desired product as an off-white solid. *H NMR (DMSO-ds) &

N’S,\

H 10.12 (s, 1H), 8.92 (d, J = 6.9 Hz, 1H), 8.06-7.77 (m, 2H), 7.31

(d, J = 8.8 Hz, 2H), 7.26-7.19 (m, 2H), 7.01 (d, J = 8.8 Hz, 2H), 5.51 (d, J = 6.8 Hz, 1H), 3.63
(s, 3H), 3.40-3.33 (m, 4H), 3.06 (s, 3H), 2.03 (ddd, J = 19.8/14.0/5.6 Hz, 4H); °F NMR
(DMSO-ds) & -95.2; 3C NMR (DMSO-ds) 5 171.5, 165.8, 149.5, 141.5, 129.2, 129.1, 128.2,
126.3,122.8 (t, Jcr = 240.7/240.7 Hz), 117.8, 115.9, 56.4, 52.1, 45.5 (t, Jcr = 5.2/5.2 Hz), 39.6,
32.8 (t, Jcr = 22.4/22.4 Hz); m/z MS C22H26F2N30sS [MH]* calcd 482.1, found 482.0.

(0]
/o NJL0J<
H

(o)

Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-(4-
(trifluoromethyl)piperidin-1-yl)phenyl)acetate (18g). Compound 17 (250
mg, 726 umol) was coupled to 4-(trifluoromethyl)piperidine
hydrochloride (344 mg, 1.82 mmol) according to General Procedure D.
The crude was purified by column chromatography using PE/EtOAc
(100:0 to 70:30) to obtain 278 mg (92%) of the desired product as orange
flakes. *H NMR (DMSO-ds) & 7.62 (d, J = 7.8 Hz, 1H), 7.25-7.14 (m,

2H), 6.91 (d, J = 8.8 Hz, 2H), 5.06 (d, J = 7.9 Hz, 1H), 3.91-3.72 (m, 2H), 3.59 (s, 3H), 2.79—

2.62 (M, 2H), 2.49-2.

42 (m, 1H), 1.98-1.77 (m, 2H), 1.66-1.42 (m, 2H), 1.38 (s, 9H); 1°F NMR

(DMSO-ds) & -72.5; 3C NMR (DMSO-ds) § 171.8, 155.2, 150.3, 129.2, 128.6, 126.4, 115.6,
78.4,57.0,52.0, 47.2 (d, Jcr = 3.4 Hz), 38.9 (d, Jcr = 26.5 Hz), 28.7, 23.7 *J coupling of CF3
signal was difficult to observe; m/z MS CaoH2sF3sN204 [MH]* calcd 417.2, found 417.0.

Methyl 2-(4-(methylsulfonamido)benzamido)-2-(4-(4-
(trifluoromethyl)piperidin-1-yl)phenyl)acetate (5v). Compound
18g (258 mg, 620 umol) was converted to the titled compound
according to General Procedure E. The crude was triturated with
MeOH to obtain 134 mg (56%) of the desired compound as a light

_0 NJ\@ o  beigesolid. 'H NMR (DMSO-ds) 5 8.91 (d, J = 6.8 Hz, 1H), 7.95-
H 1.0
N/

s 7.79 (m, 2H), 7.29 (d, J = 8.8 Hz, 2H), 7.26-7.18 (m, 2H), 6.96
(d, J = 8.9 Hz, 2H), 5.50 (d, J = 6.8 Hz, 1H), 3.92-3.72 (m, 2H),
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3.63 (s, 3H), 3.06 (s, 3H), 2.81-2.62 (m, 3H), 1.92-1.79 (m, 2H), 1.68-1.40 (m, 2H) * NH of
sulfonamide was not observed; *°F NMR (DMSO-dg) § -72.5; 3C NMR (DMSO-ds) 5 171.5,
165.8, 150.5,141.5,129.2,129.1, 128.2, 125.9, 117.8, 115.7,56.5, 52.1, 47.2, 47 .1, 39.6, 38.9—
38.1 (M), 23.6; M/z MS CasH27FsN30sS [MH]* calcd 514.2, found 513.9.

| Methyl 2-((tert-butoxycarbonyl)amino)-2-(4-(4-methylpiperazin-1-
[ j yh)phenyl)acetate (18h). Compound 17 (250 mg, 726 umol) was coupled

N
to 1-methylpiperazine (201 pL, 1.82 mmol) according to General
o Procedure D. Upon completion, the mixture was cooled to room
0 \ )Lo J< temperature and concentrated in vacuo. The residue was extracted with 2
o H M HCI (3 x 20 mL) from Et,O (15 mL). The aqueous layer was basified

with sat. NaHCOs3 to pH 8 and extracted with EtOAc (3 x 100 mL). The combined organic

7

layer was washed with brine (200 mL), dried over anhydrous Na;SOs and concentrated in
vacuo to obtain 195 mg (73%) of the desired product as yellow oil. *H NMR (DMSO-ds) &
7.61 (d,J=7.9 Hz, 1H), 7.19 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 5.06 (d, J = 7.8 Hz,
1H), 3.59 (s, 3H), 3.16-3.02 (m, 4H), 2.46-2.35 (m, 4H), 2.21 (s, 3H), 1.38 (s, 9H); 1*C NMR
(DMSO-ds) 6 171.8, 155.2, 150.7, 128.5, 126.3, 115.0, 78.4, 57.0, 54.5, 52.0, 47.8, 45.7, 28.2;
m/z MS C1gH30N304 [MH]" calcd 364.2, found 364.1.

'!l Methyl 2-(4-(4-methylpiperazin-1-yl)phenyl)-2-(4-

E j (methylsulfonamido)benzamido)acetate (5w). Compound 18h
(195 mg, 537 pmol) was converted to the titled compound

according to General Procedure E. Brown oil obtained (131 mg,

_o N )J\©\ o 53 %) was used for subsequent reaction without further
o H N,'s!’/\° purification. 'H NMR (DMSO-ds) & 10.20 (s, 1H), 8.90 (d, J =

H 6.8 Hz, 1H), 7.97-7.79 (m, 2H), 7.29 (d, J = 8.8 Hz, 2H), 7.26—

7.20 (m, 2H), 6.93 (d, J = 8.9 Hz, 2H), 5.49 (d, J = 6.8 Hz, 1H), 3.63 (s, 3H), 3.21-3.08 (m,
4H), 3.06 (s, 3H), 2.47-2.33 (m, 4H), 2.22 (s, 3H); 3C NMR (DMSO-ds) 5 171.5, 165.8, 150.9,

1415, 129.1, 129.0, 128.2, 125.8, 117.8, 115.1, 56.5, 54.5, 52.1, 47.9, 45.7, 39.6; m/z MS
C22H29N4OsS [MH]" calcd 461.2, found 461.0.
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Benzyl 4-(4-(2-methoxy-1-(4-(methylsulfonamido)benzamido)-2-
oxoethyl)phenyl)piperazine-1-carboxylate (18i). Compound 17 (350 mg,

2.54 mmol) according to General Procedure D. The crude was purified

(

oYo 1.02 mmol) was coupled to benzyl piperazine-1-carboxylate (560 mg,
N
J

by column chromatography using PE/EtOAc (100:0 to 50:50) to obtain

463 mg (94%) of the desired product as a yellow oil. *H NMR (DMSO-

o Nj\ok de) & 7.63 (d, J = 8.0 Hz, 1H), 7.41-7.29 (m, 5H), 7.22 (d, J = 8.8 Hz,

g H 2H), 7.01-6.84 (m, 2H), 5.10 (s, 2H), 5.07 (d, J = 7.8 Hz, 1H), 3.59 (s,

3H), 3.53 (br. s, 4H), 3.15-3.09 (m, 4H), 1.38 (s, 9H); 3C NMR (DMSO-ds) & 154.4, 150.5

(2C), 145.3, 136.8, 128.6, 128.4, 127.9, 127.4, 127.0, 115.6, 78.4, 66.3, 57.0, 52.0, 48.1, 43.2,
28.2; m/z MS C26H34N30s [MH]" calcd 484.2, found 484.1.

\/@ Benzyl 4-(4-(2-methoxy-1-(4-(methylsulfonamido)benzamido)-2-
OYO oxoethyl)phenyl)piperazine-1-carboxylate (5x). Compound 18i
ENj (493 mg, 937 umol) was converted to the titled compound

N according to General Procedure E. The crude product was

triturated with EtO to obtain 271 mg (50%) of the desired
o 2 product as an off-white solid. *H NMR (DMSO-ds) & 10.12 (s,
7 - \Ej

o

5o 1H), 8.92 (d, J = 6.8 Hz, 1H), 8.02-7.72 (m, 2H), 7.43-7.28 (m,
H 7H), 7.28-7.18 (m, 2H), 6.96 (d, J = 8.8 Hz, 2H), 5.51 (d, J = 6.8
Hz, 1H), 5.11 (s, 2H), 3.63 (s, 3H), 3.54 (br. s, 4H), 3.21-3.08 (m, 4H), 3.06 (s, 3H); 3C NMR
(DMSO-dg) 5 171.4, 165.8, 154.4, 150.7, 141.4, 136.8, 129.2, 129.0, 128.4, 128.2, 127.9, 127.6,
126.6,117.8, 115.8, 66.3, 56.4, 52.1, 48.1, 43.2, 39.6; m/z MS Ca9H33N407S [MH]"* calcd 581.2,

found 581.0.

N Methyl 2-(4-(methylsulfonamido)benzamido)-2-(4-(piperazine-1-
E j yl)phenyl)acetate (5y). A 50 mL round bottom flask was charged
with 5x (261 mg, 450 pmol), ammonium formate (283 mg, 4.49
mmol) and MeOH (10 mL). The mixture was stirred and purged
with N2 thoroughly before adding 10 % Pd/C (20 mg), which was

1.0

S refluxed for 4 h. Upon completion, the reaction mixture was

\
O
(@)
=
o

N
H : :

cooled to room temperature and filtered through Celite. The

filtrate was concentrated in vacuo and extracted with EtOAc (3 x 10 mL) from water (10 mL).

The combined organic layers were dried over anhydrous Na>SO4 and concentrated in vacuo to
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give 14 mg of a clear oil. LC-MS of the aqueous layer indicated the presence of the product
which was recovered by lyophilisation to afford 118 mg (59%) of the desired product as a white
solid. *H NMR (DMSO-ds) & 8.91 (d, J = 6.9 Hz, 1H), 8.32 (s, 1H), 8.03-7.74 (m, 2H), 7.30
(d, J=8.8 Hz, 2H), 7.26-7.16 (m, 2H), 6.95 (d, J = 8.8 Hz, 2H), 5.50 (d, J = 6.8 Hz, 1H), 3.63
(s, 3H), 3.28-3.14 (m, 4H), 3.05 (s, 3H), 3.02-2.90 (m, 4H) *NH of sulfonamide was not
observed; 3C NMR (DMSO-ds) & 171.5, 165.8, 150.9, 141.7, 129.2, 129.0, 128.1, 126.4, 117.8,
115.4,56.4,52.1, 47.6, 44.1, 39.6; m/z MS C21H27N40sS [MH]" calcd 447.2, found 447.0.

N-(2-(Hydroxyamino)-2-oxo-1-phenylethyl)-4-

H? o] (methylsulfonamido)benzamide (6a). Compound 4a (120 mg,

Ho N H)b\ 9 o 0.331 mmol) was converted to the corresponding hydroxamic

© H's,\ acid according to General Procedure F. The crude was purified

by column chromatography using DCM/MeOH (100:0 to 90:10) to afford 27 mg (23%) of

white solid. *H NMR (DMSO-ds) § 11.02 (s, 1H), 10.12 (s, 1H), 9.02 (s, 1H), 8.75 (d, J = 8.2

Hz, 1H), 7.91 (d, J = 8.7 Hz, 2H), 7.55-7.46 (m, 2H), 7.41-7.32 (m, 2H), 7.32-7.27 (m, 1H),

7.27-7.20 (m, 2H), 5.60 (d, J = 8.1 Hz, 1H), 3.06 (s, 3H); 1*C NMR (DMSO-ds) & 166.7, 165.5,

141.4, 138.5, 129.2, 128.5, 128.3, 127.6, 127.4, 117.8, 54.6, 39.6; m/z HRMS (TOF ES")
C16H18N30sS [MH]* calcd 364.0962, found 364.0950; HPLC 98%.

F N-(1-(4-Fluorophenyl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6b). Compound 4b (100 mg,

H 0.263 mmol) was converted to the corresponding hydroxamic
HO" HJ\@ 0.0 acid according to General Procedure F. The crude was purified

N ™~ by column chromatography using DCM/MeOH (100:0 to 90:10)
to afford 78 mg (78%) of white solid. *tH NMR (DMSO-ds) & 11.03 (s, 1H), 10.12 (s, 1H), 9.04
(s, 1H), 8.79 (d, J = 8.1 Hz, 1H), 7.91 (d, J = 8.7 Hz, 2H), 7.58-7.50 (m, 2H), 7.25 (d, J = 8.7
Hz, 2H), 7.23-7.15 (m, 2H), 5.60 (d, J = 8.1 Hz, 1H), 3.06 (s, 3H); 1°F NMR (DMSO-ds) & -
114.9; 3C NMR (DMSO-ds) & 166.7, 165.6, 161.7 (d, Jcr = 243.7 Hz), 141.4, 134.8 (d, JcF =
3.0 Hz), 129.5 (d, Jcr = 8.3 Hz), 129.3, 128.5, 117.8, 115.1 (d, Jcr = 21.4 HZz), 53.9, 39.5; m/z

HRMS (TOF ES™) C16H17FN30sS [MH]" calcd 382.0867, found 382.0861; HPLC 98%.
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Cl N-(1-(4-Chlorophenyl)-2-(hydroxyamino)-2-oxoethyl)-4-

(methylsulfonamido)benzamide (6¢). Compound 4c (152 mg,
0

H 0.383 mmol) was converted to the corresponding hydroxamic
HO" o HJ\@ Do acid according to General Procedure F. The crude was purified

N ~ by column chromatography using DCM/MeOH (100:0 to 90:10)
to afford 80 mg (53%) of white solid. *H NMR (DMSO-ds) § 11.05 (s, 1H), 10.13 (s, 1H), 9.06
(s, 1H), 8.82 (d, J = 8.1 Hz, 1H), 7.91 (d, J = 8.8 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 7.46-7.38
(m, 2H), 7.24 (d, J = 8.8 Hz, 2H), 5.60 (d, J = 8.1 Hz, 1H), 3.06 (s, 3H); *C NMR (DMSO-ds)
5 166.4, 165.6, 141.5, 137.5, 132.3, 129.3, 129.2, 128.4, 128.3, 117.8, 54.0, 40.0; m/z HRMS

(TOF ES™) C16H17CIN30sS [MH]" calcd 398.0572, found 398.0569; HPLC 98%.

Br N-(1-(4-Bromophenyl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6d). Compound 4d (600 mg,

H 1.36 mmol) was converted to the corresponding hydroxamic
"o HJ\@ 0.0 acid according to General Procedure F. The crude was purified

N S by column chromatography using DCM/MeOH (100:0 to 90:10)
to afford 109 mg (18%) of white solid. *H NMR (DMSO-ds) & 11.04 (app. d, J = 1.0 Hz, 1H),
10.12 (s, 1H), 9.05 (app. d, J = 1.3 Hz, 1H), 8.81 (d, J = 8.1 Hz, 1H), 8.01-7.85 (m, 2H), 7.62—
7.54 (m, 2H), 7.50-7.42 (m, 2H), 7.26-7.19 (m, 2H), 5.57 (d, J = 8.1 Hz, 1H), 3.06 (s, 3H);
13C NMR (DMSO-ds) & 166.3, 165.6, 141.4, 137.9, 131.2, 129.6, 129.2, 128.4, 120.8, 117.7,
54.0, 39.6; m/z HRMS (TOF ES™) C16H17BrNsOsS [MH]" calcd 442.0067, found 442.0073;

HPLC 95%.
O N-(1-([1,1'-Biphenyl]-4-yl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6e). Compound 5a (126 mg,
O 0.287 mmol) was converted to the corresponding hydroxamic

0

acid according to General Procedure F. The crude was purified

H
Ho N I HJ\©\ ES):,,O Preparative HPLC to obtain 31 mg (14%) of the desired product

N" > asawhite solid. *H NMR (DMSO-de) § 11.04 (s, 1H), 10.12 (s,
1H), 9.03 (s, 1H), 8.79 (d, J = 8.1 Hz, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.71-7.63 (m, 4H), 7.58
(d, J =8.3 Hz, 2H), 7.54-7.42 (m, 2H), 7.39-7.33 (m, 1H), 7.24 (d, J = 8.8 Hz, 2H), 5.64 (d, J
= 8.1 Hz, 1H), 3.06 (s, 3H); *C NMR (DMSO-ds) & 166.6, 165.5, 141.4, 139.8, 139.6, 137.7,
129.2, 128.9, 128.5, 128.0, 127.5, 126.7, 126.6, 117.8, 54.3, 39.6; m/z HRMS (TOF ES™)

C22H22N30sS [MH]" calcd 440.1275, found 440.1276; HPLC 95%.
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F N-(1-(3'-Fluoro-[1,1'-biphenyl]-4-yl)-2-(hydroxyamino)-2-
O oxoethyl)-4-(methylsulfonamido)benzamide (6f). Compound

O 5b (114 mg, 0.250 mmol) was converted to the corresponding

H o] hydroxamic acid according to General Procedure F. The crude

Ho H)J\©\ Qo Was purified by column  chromatography  using
© NS DCM/MeOH/ACOH (99:0:1 to 84:15:1) and Preparative HPLC

to obtain 4.2 mg (4%) of the desired product as a white solid. *H NMR (DMSO-ds) § 11.05 (s,
1H), 8.81 (d, J = 8.1 Hz, 1H), 7.92 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.59 (d, J =
8.3 Hz, 2H), 7.56-7.42 (m, 3H), 7.24 (d, J = 8.7 Hz, 2H), 7.23-7.10 (m, 1H), 5.64 (d, J=8.1
Hz, 1H), 3.06 (s, 3H) *exchangeable protons NH of hydroxamic acid and sulfonamide were
not observed; *F NMR (DMSO-ds) & -112.8; m/z HRMS (TOF ES*) C22H21FN30sS [MH]*
calcd 458.1180, found 458.1180; HPLC 95%.

F N-(1-(4'-Fluoro-[1,1'-biphenyl]-4-yl)-2-(hydroxyamino)-2-
O oxoethyl)-4-(methylsulfonamido)benzamide (6g). Compound
5c was converted to the corresponding hydroxamic acid

O according to General Procedure F. The crude was purified by
0

H column chromatography using DCM/MeOH/AcOH (99:0:1 to
0
J\©\ 1.0 89:9:1) to obtain 60 mg (52%) of white solid. 'H NMR (DMSO-

N“TN

H de) 5 11.06 (s, 1H), 10.15 (s, 1H), 9.06 (s, 1H), 8.81 (d, J = 8.1
Hz, 1H), 7.93 (d, J = 8.8 Hz, 2H), 7.75-7.67 (m, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.4
Hz, 2H), 7.33-7.20 (m, 4H), 5.65 (d, J = 8.1 Hz, 1H), 3.07 (s, 3H); 1*F NMR (DMSO-ds) & -
115.4; 3C NMR (DMSO-ds) 5 166.7, 165.6, 161.9 (d, Jer = 244.3 Hz), 141.5, 138.6, 137.7,
136.3 (d, Jcr = 3.1 Hz), 129.2, 128.7 (d, Jcr = 8.2 Hz), 128.5, 128.0, 126.6, 117.8, 115.8 (d,
Jor = 21.3 Hz), 54.3, 39.7; m/z HRMS (TOF ES*) C22H21FN30sS [MH]* calcd 458.1180, found
458.1185; HPLC 98%.

F N-(1-(3',4'-Difluoro-[1,1'-biphenyl]-4-yl)-2-(hydroxyamino)-

O ] 2-oxoethyl)-4-(methylsulfonamido)benzamide (6h). Compound

5d (85.0 mg, 0.179 mmol) was converted to the corresponding

O hydroxamic acid according to General Procedure F. The crude

’H i was purified by column chromatography using DCM/MeOH

HO I HJ\@N’@,\O (100:0 to 90:10) to afford 38 mg (45%) of the desired product
H

as a white solid. *H NMR (DMSO-dg) § 11.06 (s, 1H), 10.12 (s,
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1H), 9.05 (s, 1H), 8.82 (d, J = 8.1 Hz, 1H), 7.96-7.87 (m, 2H), 7.82-7.73 (m, 1H), 7.68 (d, J =
8.4 Hz, 2H), 7.59 (d, J = 8.4 Hz, 2H), 7.55-7.45 (m, 2H), 7.31-7.19 (m, 2H), 5.65 (d, J = 8.1
Hz, 1H), 3.07 (s, 3H); 1°F NMR (DMSO-ds) § -138.2 (d, J = 22.5 Hz), -140.8 (d, J = 22.5 H2);
13C NMR (DMSO-ds) & 166.6, 165.7, 149.8 (dd, Jcr = 245.2/12.8 Hz), 149.2 (dd, Jcr =
246.2/12.6 Hz), 141.5, 138.4, 137.5 (dd, Jcr = 6.1/3.8 Hz), 137.4, 129.3, 128.5, 128.1, 126.8,
1235 (dd, Jcr = 6.4/3.3 Hz), 118.0 (d, Jcr = 17.0 Hz), 117.8, 115.8 (d, Jcr = 17.7 Hz), 54.3,
39.7; miz HRMS (TOF ES*) Cz:H20F2N30sS [MH]* calcd 476.1086, found 476.1078; HPLC
95%.

F F N-(1-(3',5'-Difluoro-[1,1'-biphenyl]-4-yl)-2-(hydroxyamino)-
O 2-oxoethyl)-4-(methylsulfonamido)benzamide (6i). Compound

O 5e (59.0 mg, 0.124 mmol) was converted to the corresponding

H o] hydroxamic acid according to General Procedure F. The crude
o™ HJ\©\ Qo Was purified by column  chromatography  using
© H’s’\ DCM/MeOH/AcOH (100:0:1 to 89:9:1) and preparative HPLC

to obtain 13.3 mg (23%) of the desired product as a white solid. *H NMR (DMSO-ds) § 11.06
(s, 1H), 10.13 (s, 1H), 9.05 (s, 1H), 8.83 (d, J = 8.1 Hz, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.74 (d,
J =8.3 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.45 (dd, J = 8.9/2.0 Hz, 2H), 7.34-7.03 (m, 3H),
5.65 (d, J = 8.1 Hz, 1H), 3.07 (s, 3H); °F NMR (DMSO-de) & -109.4; 13C NMR (DMSO-dg) &
166.5, 165.6, 162.9 (dd, Jcr = 245.5/13.7 Hz), 143.4 (d, Jcr = 9.8 Hz), 141.4, 139.1, 136.9,
129.2,128.4, 128.0, 126.8, 117.8, 110.1-109.6 (m), 102.6 (d, Jcr = 26.2 Hz), 54.23, 39.6; m/z
HRMS (TOF ES™) C22H20F2N30sS [MH]" calcd 476.1086, found 476.1085; HPLC 98%
T Q N-(1-(4-(Furan-3-yl)phenyl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6j). Compound 5f (96.0 mg,
0.224 mmol) was converted to the corresponding hydroxamic
H acid according to General Procedure F. The crude was purified
HO” HJ\©\ lg,,o by column chromatography using DCM/MeOH (100:0 to 90:10)
N > to afford 59.5 mg (62 %) of the product as a white solid. H
NMR (DMSO-ds) 6 11.03 (s, 1H), 10.13 (s, 1H), 8.77 (d, J = 8.1 Hz, 1H), 8.26-8.13 (m, 1H),
7.92 (d, J=8.7 Hz, 2H), 7.77-7.70 (m, 1H), 7.60 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H),
7.25 (d, J = 8.8 Hz, 2H), 6.96 (dd, J = 1.8/0.7 Hz, 1H), 5.60 (d, J = 8.1 Hz, 1H), 3.07 (s, 3H)
*NH of hydroxamic acid was not observed; 13C NMR (DMSO-ds) § 166.7, 165.6, 144.3, 141 .4,
139.4, 137.1, 131.4, 129.2, 128.6, 127.9, 125.5, 125.4, 117.8, 108.8, 54.4, 39.7; m/z HRMS
(TOF ES™) C20H20N306S [MH]" calcd 430.1067, found 430.1072; HPLC 98 %.
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T S N-(2-(Hydroxyamino)-2-oxo-1-(4-(thiophen-3-

yhphenyl)ethyl)-4-(methylsulfonamido)benzamide (6k).

Compound 5g (116.0 mg, 0.260 mmol) was converted to the

H ? corresponding hydroxamic acid according to General
Ho" 5 Hﬂ\@ §,,o Procedure F. The crude was purified by column
H’ > chromatography using DCM/MeOH (100:0 to 90:10) to afford

64.0 mg (55%) of the product as a white solid. *H NMR (DMSO-ds) § 11.05 (s, 1H), 10.13 (s,
1H), 9.05 (s, 1H), 8.79 (d, J = 8.1 Hz, 1H), 7.93 (d, J = 8.7 Hz, 2H), 7.89-7.85 (m, 1H), 7.71
(d, J=8.3 Hz, 2H), 7.66-7.61 (m, 1H), 7.60-7.49 (m, 3H), 7.26 (d, J = 8.7 Hz, 2H), 5.62 (d, J
= 8.1 Hz, 1H), 3.07 (s, 3H); *C NMR (DMSO-ds) & 166.7, 165.6, 141.4, 141.1, 137.3, 134.6,
129.2, 128.5, 127.9, 127.1, 126.2, 126.0, 121.0, 117.8, 54.4, 39.7; m/z HRMS (TOF ES")
C20H20N30sS, [MH]* calcd 446.0839, found 446.0837; HPLC 95%

SN N-(2-(Hydroxyamino)-2-oxo-1-(4-(pyridin-3-yl)phenyl)ethyl)-
4-(methylsulfonamido)benzamide TFA salt (61). Compound 5h
(40.0 mg, 0.910 mmol) was converted to the corresponding

H 0 hydroxamic acid according to General Procedure F. The crude

_N
HO I HJ\@ ,CS{,IO was purified by preparative HPLC to afford 12.5 mg (31%) of
N“™  the product as a white solid. *H NMR (DMSO-dg) & 11.09 (s,

1H), 10.14 (s, 1H), 9.05 (s, 1H), 8.86 (d, J = 8.1 Hz, 1H), 8.72 (br. s, 1H), 8.40 (app. d, J = 8.2
Hz, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.82-7.72 (m, 3H), 7.66 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.8
Hz, 2H), 5.67 (d, J = 8.1 Hz, 1H), 3.07 (s, 3H); 1°F NMR (DMSO-ds) 5 -74.5; 3C NMR
(DMSO-ds) 5 166.3, 165.5, 145.3, 144.6, 141.3, 139.2, 137.6, 135.0 (2C), 129.1, 128.3, 128.1,
126.9, 125.1, 117.7, 54.2, 39.5; m/z HRMS (TOF ES*) Ca1H21N4OsS [MH]* calcd 441.1227,
found 441.1233; HPLC 95%

N N-(2-(hydroxyamino)-2-oxo-1-(4-(pyridin-4-yl)phenyl)ethyl)-

/

Z 4-(methylsulfonamido)benzamide TFA salt (6m). Compound 5i

(62.0 mg, 0.141 mmol) was converted to the corresponding

H o] hydroxamic acid according to General Procedure F. The crude

Ho N HJ\@ 9 o, Was purified by preparative HPLC to afford 22.4 mg (36%) of
0 .S% . .

N“">  the product as a white solid. *H NMR (DMSO-dg) & 11.11 (s,

H
1H), 10.14 (s, 1H), 8.90 (d, J = 8.1 Hz, 1H), 8.83 (d, J = 6.3 Hz, 2H), 8.12 (d, J = 6.5 Hz, 2H),

8.04-7.86 (M, 4H), 7.70 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.8 Hz, 2H), 5.70 (d, J = 8.1 Hz, 1H),
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3.07 (s, 3H) *exchangeable NH proton of hydroxamic acid was not observed; *F NMR
(DMSO-ds) & -74.3; 3C NMR (DMSO-ds) 5 166.4, 165.6, 149.8, 147.1, 141.4, 139.8, 136.4,
129.2, 128.4, 128.2, 126.8, 121.4, 117.8, 54.3, 39.6; m/z HRMS (TOF ES") C21H21N4OsS
[MH]" calcd 441.1227, found 441.1223; HPLC 95 %

N N-(2-(Hydroxyamino)-2-oxo-1-(4-(pyrimidin-5-
yl)phenyl)ethyl)-4-(methylsulfonamido)benzamide TFA salt
(6n). Compound 5j (87.0 mg, 0.198 mmol) was converted to

0 the corresponding hydroxamic acid according to General

HO” I HJ\@ §¢° Procedure F. The crude was purified by preparative HPLC to

ﬂ’ > afford 12 mg (14%) of the product as a white solid. *H NMR
(DMSO-ds) 6 11.07 (s, 1H), 10.13 (s, 1H), 9.19 (s, 1H), 9.14 (s, 2H), 8.85 (d, J = 8.1 Hz, 1H),
7.92 (d, J=8.7 Hz, 2H), 7.81 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.7 Hz,
2H), 5.66 (d, J = 8.1 Hz, 1H), 3.07 (s, 3H) *exchangeable NH proton of hydroxamic acid was
not observed; 1°F NMR (DMSO-ds) & -74.5; *°C NMR (DMSO-ds) 5 166.4, 165.6, 154.7, 141.4,
139.4,133.1, 132.9, 129.2 (2C), 128.4, 128.3, 126.9, 117.7, 54.3, 39.6; m/z HRMS (TOF ES")

C20H20N505S [MH]" calcd 442.1180, found 442.1166; HPLC 95%

ZT

N-(1-(4-Cyclopropylphenyl)-2-(hydroxyamino)-2-oxoethyl)-4-

(methylsulfonamido)benzamide (60). Compound 5k (86.0 mg,

y o 0.214 mmol) was converted to the corresponding hydroxamic

Ho N HJ\©\ o5 acid according to General Procedure F. The crude was purified

H’S’\ by column chromatography using DCM/MeOH (100:0 to 90:10)

and preparative HPLC to afford 31.8 mg (37%) of the product

as a sticky solid. *H NMR (DMSO-ds) & 10.94 (s, 1H), 10.10 (s, 1H), 8.97 (s, 1H), 8.66 (d, J =

8.1 Hz, 1H), 7.89 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H), 7.05

(d, J =8.2 Hz, 2H), 5.53 (d, J = 8.1 Hz, 1H), 3.06 (s, 3H), 2.03-1.69 (m, 1H), 1.10-0.86 (m,

2H), 0.76-0.57 (m, 2H); *C NMR (DMSO-ds) & 166.9, 165.4, 143.2, 141.5, 135.4, 129.2,

128.4, 127.3, 125.2, 117.8, 54.3, 39.7, 14.8, 9.4, 9.3; m/z HRMS (TOF ES") C19H22N305S
[MH]" calcd 404.1275, found 404.1275; HPLC 95%
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Q N-(1-(4-(Cyclopent-1-en-1-yl)phenyl)-2-(hydroxyamino)-2-

oxoethyl)-4-(methylsulfonamido)benzamide (6p). Compound 5I

O (150 mg, 350 pmol) was converted to the corresponding
o}

H hydroxamic acid according to General Procedure F. The crude
HO” N 0
o H 420 was purified by a preparative HPLC to obtain 30 mg (20%) of

-5
i N the desired product as a light apricot coloured solid. *H NMR
(DMSO-dg) 6 11.00 (s, 1H), 10.11 (s, 1H), 9.01 (s, 1H), 8.73 (d, J =8.1 Hz, 1H), 7.90 (d, J =
8.7 Hz, 2H), 7.44 (app. s, 4H), 7.24 (d, J = 8.7 Hz, 2H), 6.32-6.21 (m, 1H), 5.57 (d, J = 8.1 Hz,
1H), 3.06 (s, 3H), 2.71-2.59 (m, 2H), 2.50-2.43 (m, 2H), 2.03-1.87 (m, 2H); *C NMR
(DMSO-ds) 6 166.7, 165.5, 141.6, 141.4,137.1, 135.5, 129.2, 128.5, 127.4,126.1, 125.4, 117.8,
54.4,39.6, 32.9, 32.7, 22.7; m/z HRMS (TOF ES*) C21H24N30sS [MH]" calcd 430.1431, found

430.1436; HPLC 98%.

N-(1-(4-Cyclopentylphenyl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6g). Compound 5m (134 mg,

311 pmol) was converted to the corresponding hydroxamic acid
0

o \ o according to General Procedure F. The crude was purified by

3 HJ\©\N,§¢\° preparative HPLC to obtain 53 mg (40%) of the desired product

H as a white solid. tH NMR (DMSO-ds) 5 10.96 (s, 1H), 10.11 (s,

1H), 8.97 (s, 1H), 8.67 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H),

7.38-7.07 (m, 4H), 5.53 (d, J = 8.0 Hz, 1H), 3.06 (s, 3H), 2.99-2.86 (m, 1H), 2.07-1.92 (m,

2H), 1.83-1.70 (m, 2H), 1.69-1.57 (m, 2H), 1.58-1.42 (m, 2H); 3C NMR (DMSO-ds) & 166.9,

165.5, 145.4, 141.4, 135.9, 129.2, 128.6, 127.3, 126.8, 117.8, 54.4, 45.0, 39.7, 34.3, 25.0; m/z
HRMS (TOF ES™) C21H26N30sS [MH]* calcd 432.1576, found 432.1588; HPLC 98%.

I

‘ N-(2-(Hydroxyamino)-2-oxo-1-(2',3',4',5'-tetrahydro-[1,1'-
biphenyl]-4-yl)ethyl)-4-(methylsulfonamido)benzamide  (6r).

O Compound 5n (120 mg, 271 pumol) was converted to the
o corresponding hydroxamic acid according to General

H
Ho™" ﬂ)‘\©\ 9,,0 Procedure F. The crude was purified preparative HPLC to

H’S\ obtain 58 mg (48%) of the desired product as an apricot
coloured solid. *H NMR (DMSO-ds) & 10.99 (s, 1H), 10.11 (s, 1H), 9.01 (s, 1H), 8.71 (d, J =
8.1 Hz, 1H), 7.91 (d, J = 8.7 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 7.24
(d, J = 8.7 Hz, 2H), 6.13 (m, 1H), 5.57 (d, J = 8.1 Hz, 1H), 3.06 (s, 3H), 2.40-2.23 (m, 2H),
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2.26-2.04 (m, 2H), 1.79-1.66 (m, 2H), 1.66-1.48 (m, 2H); 3C NMR (DMSO-ds) 5 166.8,
165.5, 141.4, 141.3, 136.8, 135.7, 129.2, 128.5, 127.3, 124.6, 124.4, 117.8, 54.3, 39.6, 26.7,
25.3, 22.6, 21.7; m/z HRMS (TOF ES*) Ca2H2sN30sS [MH]* calcd 444.1588, found 444.1600;
95%.

N-(1-(4-Cyclohexylphenyl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6s). Compound 50 (200 mg,
450 pmol) was converted to the corresponding hydroxamic acid

H o according to General Procedure F. The crude product was

_N
HO I HJ\@ Es):,lo purified by a preparative HPLC to obtain 73 mg (36%) of the
H’ ™ desired product as a light pink solid. *H NMR (DMSO-ds) &

10.96 (s, 1H), 10.11 (s, 1H), 8.98 (s, 1H), 8.67 (d, J = 8.0 Hz, 1H), 7.90 (d, J = 8.7 Hz, 2H),
7.40 (d, J = 8.2 Hz, 2H), 7.28-7.14 (m, 4H), 5.54 (d, J = 8.0 Hz, 1H), 3.06 (s, 3H), 2.49-2.41
(m, 1H), 1.84-1.62 (m, 5H), 1.51-1.13 (m, 5H); 3C NMR (DMSO-ds) 5 166.9, 165.5, 147.0,
141.4, 135.9, 129.2, 128.5, 127.4, 126.5, 117.8, 54.4, 43.5, 39.6, 33.9, 26.4, 25.6; m/z HRMS
(TOF ES*) C22H2sN30sS [MH]" calcd 446.1752, found 446.1744; HPLC 97%.

L N-(1-(4-(Diethylamino)phenyl)-2-(hydroxyamino)-2-oxoethyl)-
N
\ 4-(methylsulfonamido)benzamide TFA salt (6t). Compound 5p
(150 mg, 346 pmol) was converted to the corresponding
0

H hydroxamic acid according to General Procedure F. The crude
HO” N 0
H 829 was purified by column chromatography using DCM/MeOH

4z

; N (100:0 to0 90:10) followed by preparative HPLC to obtain 88 mg
(59%) of the desired product as a white solid. *H NMR (DMSO-dg) & 11.01 (s, 1H), 10.13 (s,
1H), 8.72 (d, J = 7.5 Hz, 1H), 7.90 (d, J = 8.7 Hz, 2H), 7.51 (br. d, J = 6.2 Hz, 2H), 7.31-6.71
(m, 4H), 5.56 (d, J = 7.9 Hz, 1H), 3.48 (br. d, J = 6.9 Hz, 4H), 3.06 (s, 3H), 1.02 (t, J = 7.1 Hz,
6H) *exchangeable NH proton of hydroxamic acid was not observed; 1°F NMR (DMSO-ds) &
-74.5; BC NMR (DMSO-dg) § 166.7, 165.5, 141.4, 129.2, 128.9, 128.5, 117.8 (2C), 54.1, 39.6,
11.2 *Quaternary carbon atoms of the arylamine group and ethylene carbon atom were difficult
to observe; m/z HRMS (TOF ES™) C20H27N4OsS [M]* caled 435.1697, found 435.1704; HPLC

95%
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O N-(2-(Hydroxyamino)-2-oxo-1-(4-(piperidin-1-
N yhphenyl)ethyl)-4-(methylsulfonamido)benzamide (6u).
Compound 5q (122 mg, 274 pmol) was converted to the

H 0 corresponding hydroxamic acid according to General

_N
HO I HJ\@ §c° Procedure F. The crude was purified by column
ﬂ’ > chromatography using DCM/MeOH (100:0 to 90:10) to obtain

58 mg (48%) of the desired product as a light pink solid. tH NMR (DMSO-ds) § 10.90 (s, 1H),
10.10 (s, 1H), 8.95 (s, 1H), 8.58 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 8.8 Hz, 2H), 7.31 (d, J = 8.8
Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 5.47 (d, J = 8.0 Hz, 1H), 3.16-3.08
(m, 4H), 3.06 (s, 3H), 1.68—1.46 (m, 6H); 1*C NMR (DMSO-ds) 5 167.3, 165.4, 151.2, 141.3,
129.2, 128.7, 128.1, 117.8, 115.5, 54.1, 49.6, 39.6, 25.1, 24.0; m/z HRMS (TOF ESY)
Ca1H27N40sS [MH]* calcd 447.1697, found 447.1706; HPLC 95%

o N-(2-(Hydroxyamino)-1-(4-morpholinophenyl)-2-oxoethyl)-4-

ENj (methylsulfonamido)benzamide (6v). Compound 5r (104 mg,

232 mol) was converted to the corresponding hydroxamic acid

H o] according to General Procedure F. The crude was purified by

Ho HJ\©\ 25 column chromatography using DCM/MeOH (100:0 to 90:10)
© NS to obtain 36 mg (35%) of the desired product as an off-white

H
solid. 'H NMR (DMSO-dg) § 10.92 (s, 1H), 10.17 (s, 1H), 8.96 (s, 1H), 8.60 (d, J = 8.1 Hz,

1H), 7.90 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 8.8 Hz, 2H), 7.29-7.12 (m, 2H), 6.92 (d, J = 8.8 Hz,
2H), 5.48 (d, J = 8.0 Hz, 1H), 3.87-3.51 (m, 4H), 3.10-2.91 (m, 7H); *C NMR (DMSO-de) &
167.2, 165.4, 150.7, 141.4, 129.2, 129.0, 128.7, 128.2, 117.8, 114.9, 66.1, 54.1, 48.6, 39.6; m/z
HRMS (TOF ES*) CaoH25N40sS [MH]* calcd 449.1486, found 449.1466; HPLC 99%

N-(2-(Hydroxyamino)-1-(4-(4-methylpiperidin-1-yl)phenyl)-2-
oxoethyl)-4-(methylsulfonamido)benzamide (6w). Compound
1 5s (96 mg, 209 umol) was converted to the corresponding
hydroxamic acid according to General Procedure F The crude
0
HO,H N was purified by column chromatography using DCM/MeOH
g H
N
H

0
,'s:"\o (100:0 to 90:10) to obtain 60 mg (63%) of the desired product

as a white solid. *H NMR (DMSO-ds) & 10.90 (s, 1H), 10.11 (s,
1H), 8.95 (s, 1H), 8.58 (d, J = 8.1 Hz, 1H), 8.01-7.80 (m, 2H), 7.31 (d, J = 8.8 Hz, 2H), 7.29—
7.15 (m, 2H), 6.89 (d, J = 8.9 Hz, 2H), 5.47 (d, J = 8.0 Hz, 1H), 3.79-3.53 (m, 2H), 3.06 (s,
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3H), 2.62 (td, J = 12.3/2.4 Hz, 2H), 1.84-1.58 (m, 2H), 1.48 (ddd, J = 11.1/9.0/5.4 Hz, 1H),
1.20 (m, 2H), 0.92 (d, J = 6.5 Hz, 3H); *C NMR (DMSO-ds) & 167.3, 165.4, 150.8, 141.3,
129.2, 128.7, 128.2, 128.0, 117.8, 115.3, 54.1, 48.9, 39.6, 33.4, 30.3, 21.8; m/z HRMS (TOF
ES*) Ca2H20N4OsS [MH]"* calcd 461.1853, found 461.1864; HPLC 95%.

F N-(1-(4-(4-Fluoropiperidin-1-yl)phenyl)-2-(hydroxyamino)-2-

ﬁj oxoethyl)-4-(methylsulfonamido)benzamide (6x). Compound

N 5t (122 mg, 263 pmol) was converted to the corresponding

hydroxamic acid according to General Procedure F. The crude

HO'H . i . was purified by column chromatography using DCM/MeOH

S HJ\©\N'§”\O (100:0 to 90:10) to obtain 88 mg (72%) of the desired product

H as an off-white solid. 'H NMR (DMSO-ds) § 10.92 (s, 1H),

10.12 (s, 1H), 8.96 (s, 1H), 8.60 (d, J = 8.1 Hz, 1H), 8.13-7.77 (m, 2H), 7.33 (d, J = 8.8 Hz,

2H), 7.29-7.13 (m, 2H), 6.94 (d, J = 8.8 Hz, 2H), 5.48 (d, J = 8.0 Hz, 1H), 5.10-4.60 (m, 1H),

3.49-3.26 (m, 2H), 3.17-3.08 (m, 2H), 3.01 (s, 3H), 2.13-1.81 (m, 2H), 1.86-1.60 (m, 2H);

¥F NMR (DMSO-dg) & -177.1; *C NMR (DMSO-dg) & 167.2, 165.4, 150.1, 141.4, 129.2,

128.7, 128.5, 128.3, 117.8, 115.5, 88.6 (d, Jcr = 169.3 Hz), 54.1, 45.1 (d, Jcr = 6.8 Hz), 39.6,

30.5 (d, Jcr = 18.9 Hz); m/z HRMS (TOF ES*) C21H26FN4OsS [MH]* calcd 465.1602, found
465.1592; HPLC 99%

F e N-(1-(4-(4,4-Difluoropiperidin-1-yl)phenyl)-2-

ﬁj (hydroxyamino)-2-oxoethyl)-4-(methylsulfonamido)benzamide

N (6y). Compound 5u (108 mg, 224 umol) was converted to the
corresponding hydroxamic acid according to General

H i Procedure F. The crude was purified by column
HO” I HJ\@N,@'\O chromatography using DCM/MeOH (100:0 to 90:10) to obtain
H 76.5 mg (71%) of the desired product as an off-white solid. *H

NMR (DMSO-ds) 5 10.93 (s, 1H), 10.08 (s, 1H), 8.98 (s, 1H), 8.63 (d, J = 8.1 Hz, 1H), 7.91
(d, J=8.8 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H),
5.50 (d, J =8.1 Hz, 1H), 3.36-3.28 (m, 4H), 3.06 (s, 3H), 2.02 (ddd, J = 19.8/14.0/5.5 Hz, 4H);
F NMR (DMSO0-ds) § -95.1; *°C NMR (DMSO-de) 6 167.2, 165.4, 149.2, 141.4,129.2, 129.0,
128.7, 128.3, 122.8 (t, Jcr = 240.7/240.7 Hz), 117.8, 115.8, 54.1, 45.8 (t, Jcr = 5.1/5.1 Hz),

39.6, 32.8 (t, Jor = 22.4/22.4 Hz); miz HRMS (TOF ES*) CziHzsF2N4OsS [MH]* calcd
483.1508, found 483.1517; HPLC 98%
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F N-(2-(Hydroxyamino)-2-oxo-1-(4-(4-
(trifluoromethyl)piperidin-1-yl)phenyl)ethyl)-4-
(methylsulfonamido)benzamide (6z). Compound 5v (114 mg,

) 222 pmol) was converted to the corresponding hydroxamic acid

. o according to General Procedure F. The crude was purified by

Ho N o column chromatography using DCM/MeOH (100:0 to 90:10)
0 HJ\@\W%”\O and triturated with Et2O to obtain 55 mg (48%) of the desired

H
product as a white solid. *H NMR (DMSO-ds) & 10.90 (s, 1H),

10.10 (s, 1H), 8.94 (s, 1H), 8.60 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.33 (d, J = 8.7
Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 5.47 (d, J = 8.1 Hz, 1H), 3.78 (app.
d, J = 12.6 Hz, 2H), 3.05 (s, 3H), 2.70 (dd, J = 12.4/10.5 Hz, 2H), 1.97-1.64 (m, 2H), 1.63—
1.43 (m, 2H) *CH of trifluoromethylpiperidine was is hidden under DMSO solvent peak; °F
NMR (DMSO-dg) & -72.5; 3C NMR (DMSO-ds) & 167.2, 165.4, 150.2, 141.3, 129.1, 128.7,
128.6,128.2,126.4,117.8, 115.7, 54.0, 47.5, 39.6, 38.8-38.1 (m), 23.6; m/z HRMS (TOF ES")
C22H26F3N4OsS [MH]* caled 515.1571, found 515.1558; HPLC 95%.

I N-(2-(Hhydroxyamino)-1-(4-(4-methylpiperazin-1-yl)phenyl)-
E j 2-oxoethyl)-4-(methylsulfonamido)benzamide TFA salt (6aa).
Compound 5w (169 mg, 367 pmol) was converted to the
corresponding hydroxamic acid according to General Procedure

HO,H \ o F. Upon completion, the reaction mixture was concentrated in
H N,'s:”\o vacuo. The residue was purified by preparative HPLC to obtain

H (63 mg, 37%) of the desired product as a yellow fluffy solid. *H
NMR (DMSO-ds) 5 10.95 (s, 1H), 10.13 (s, 1H), 9.88 (s, 1H), 8.98 (s, 1H), 8.64 (d, J = 8.2 Hz,
1H), 7.88 (d, J = 8.7 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 6.98 (d, J =
8.8 Hz, 2H), 5.50 (d, J = 8.1 Hz, 1H), 3.83 (br. s, 2H), 3.15 (br. s, 2H), 3.06 (s, 3H), 2.94 (br.
s, 2H), 2.85 (s, 3H) * CH. of 1-methylpiperazine were observed as a broadened signal close to
water peak; °F NMR (DMSO-de) & -73.6; 3C NMR (DMSO-ds) & 166.9, 165.3, 148.9, 141.3,
129.9, 129.0, 128.5, 128.2, 117.7, 115.6, 53.8, 52.1, 45.6, 42.0, 39.5; m/z HRMS (TOF ES")

C21H28Ns50sS [M]* calcd 462.1806, found 462.1815; HPLC 95%.
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N-(2-(Hydroxyamino)-2-oxo-1-(4-(piperazin-1-

H
EN] yl)phenyl)ethyl)-4-(methylsulfonamido)benzamide TFA salt

N (6ab). Compound 5y (108 mg, 242 umol) was converted to the
corresponding hydroxamic acid according to General

H 9 Procedure F. Upon completion the reaction mixture was
HO™ 3 H)k©\ fsiz,\o concentrated in vacuo and purified by a preparative HPLC to
H obtain 67 mg (62%) of the desired product as a yellow solid. *H

NMR (DMSO-ds) § 10.92 (s, 1H), 10.10 (s, 1H), 8.89 (s, 2H), 8.60 (d, J = 8.0 Hz, 1H), 7.85
(d, J=8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H),
5.46 (d, J = 8.0 Hz, 1H), 3.29 (br. s, 4H), 3.19 (br. s, 4H), 3.02 (s, 3H); 1*F NMR (DMSO-ds)
5 -73.9; 3C NMR (DMSO-ds) 3 167.0, 165.4, 149.6, 141.4, 123.0, 129.2, 128.6, 128.3, 117.8,
115.8, 54.0, 45.7, 42.6, 39.6; m/iz HRMS (TOF ES*) CaoH2sNs0sS [M]* calcd 448.1649, found
448.1657; HPLC 95%.

Br 2-(4-Bromophenyl)-2-(4-(methylsulfonamido)benzamido)acetic
acid (7). To a round bottom flask was added compound 4d (150

HO ° mg, 0.340 mmol), 2 M NaOH (0.680 pL, 1.36 mmol) and 2 mL
H)k©\ fs?,,o of THF/EtOH (4:1). The mixture was heated at 50 °C overnight.

N7
H Upon completion, the reaction mixture was acidified with 2 M

(0]

HCI until precipitation stopped. Solid was collected by filtration and washed with minimal
amount of Et,0 to afford 113 mg (78%) of the titled compound. *H NMR (DMSO-dg) & 13.01
(s, 1H), 10.12 (s, 1H), 8.96 (d, J = 7.5 Hz, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.58 (d, J = 8.5 Hz,
2H), 7.45 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 5.59 (d, J = 7.5 Hz, 1H), 3.06 (s, 3H);
m/z MS C16H14BrN2OsS [M-H]  calcd 425.0, found 424.8.

Br N-(1-(4-Bromophenyl)-2-oxo-2-
(((triisopropylsilyl)oxy)amino)ethyl)-4-

/< >\H 0 (methylsulfonamido)benzamide (8b). To an oven dried
YsuofN I H)kCL o\\s ,0 round bottom flask, was added compound 6d (175 mg,
ﬂ/ \ 396 umol), imidazole (135 mg, 1.98 mmol), DMAP (5

mg) and anhydrous DMF (4 mL). TIPSCI (169 uL, 791 umol) was added dropwise under inert
atmosphere. The mixture was stirred at room temperature for overnight. Upon completion, the
reaction mixture was diluted with water (15 mL) and extracted with EtOAc (3 x 10 mL). The

combined organic layer was washed with water (2 x 20 mL), brine (10 mL), dried over
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anhydrous Na»SO4 followed by concentrating in vacuo. The crude was purified by column
chromatography using PE/EtOAc (100:0 to 50:50) to obtain 118 mg (50%) of the desired
product as a white solid. *H NMR (DMSO-ds) & 10.12 (s, 1H), 8.84 (d, J = 8.1 Hz, 1H), 7.97—
7.79 (m, 2H), 7.61-7.52 (m, 2H), 7.45 (d, J = 8.5 Hz, 2H), 7.29-7.17 (m, 2H), 5.65 (d, J = 8.1
Hz, 1H), 3.06 (s, 3H), 1.12-1.01 (m, 3H), 1.00-0.93 (m, 18H); *C NMR (DMSO-ds) & 165.6,
165.5, 141.5, 137.6, 131.1, 129.6, 129.2, 128.3, 120.8, 117.7, 56.9, 39.6, 17.4, 11.1.

Br Methyl 2-benzamido-2-(4-bromophenyl)acetate (12). Benzoic acid (300

mg, 2.46 mmol) was coupled to compound 1d (500 mg, 2.05 mmol)

o 1 according to General Procedure B. The crude was purified by column

)J\© chromatography using PE/EtOAc (100:0 to 50:50) as eluent to afford

573 mg (80%) of the desired product as a yellow sticky solid. *H NMR

(DMSO-de) 6 9.22 (d, J = 7.2 Hz, 1H), 7.90 (m, 2H), 7.64-7.53 (m, 3H), 7.51-7.42 (m, 4H),

5.70 (d, J=7.2 Hz, 1H), 3.67 (s, 3H); *C NMR (DMSO ds) § 170.7, 166.4, 135.8, 133.4, 131.6,

131.5, 130.5, 128.3, 127.7, 121.6, 56.2, 52.4; m/z MS C1sH15BrNO3 [MH]" calcd 348.0, found
347.8

Methyl 2-benzamido-2-(4-(4-methylpiperidin-1-yl)phenyl)acetate (13a).

Hj 4-Methylpiperidine (85.0 uL, 718 mmol) was coupled to compound 12

1 (100 mg, 287 mmol) according to General Procedure D to obtain 43 mg
(41%) of the desired product as an orange oil. *H NMR (CDCls) & 7.85—

_o N)OJ\© 7.72 (m, 2H), 7.57-7.47 (m, 1H), 7.45-7.39 (m, 2H), 7.32 (d, J = 8.6 Hz,
o H 2H), 7.10-6.95 (m, 3H), 5.67 (d, J = 6.9 Hz, 1H), 3.75 (s, 3H), 3.65 (br.

d, J = 12.4 Hz, 2H), 2.75 (br. t, J = 11.6 Hz, 2H), 1.74 (br. d, J = 11.6 Hz, 2H), 1.62-1.45 (m,
2H), 1.32-1.21 (m, 1H), 0.98 (d, J = 6.3 Hz, 3H); 3C NMR (CDCls) & 171.8, 166.7, 150.0,

133.8, 132.0, 131.9, 128.7 (2C), 128.5, 127.3, 56.4, 52.9, 34.6, 33.5, 30.5, 21.8; m/z MS
C22H27N203 [MH]* calcd 367.2, found 367.2
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F Methyl 2-benzamido-2-(4-(4,4-difluoropiperidin-1-yl)phenyl)acetate
ﬁj (13b). 4,4-Difluoropiperidine hydrochloride (113 mg, 718 mmol) was
N coupled to compound 12 (100 mg, 287 mmol) according to General
Procedure D. The crude product was purified by column chromatography

compound as a brown oil. *H NMR (DMSO-ds) & 9.07 (d, J = 6.9 Hz,
1H), 7.91 (m, 2H), 7.59-7.50 (m, 1H), 7.49-7.42 (m, 2H), 7.34 (d, J =
8.7 Hz, 2H), 7.04 (d, J = 8.8 Hz, 2H), 5.54 (d, J = 6.9 Hz, 1H), 3.64 (s, 3H), 3.44-3.28 (m, 4H),
2.05 (ddd, J = 19.8/14.1/5.6 Hz, 4H); *F NMR (DMSO-ds) & -95.2; *C NMR (DMSO-dg) &
171.4, 166.5, 149.2, 133.6, 131.5, 129.2, 128.2, 127.7, 126.7, 122.7 (t, Jcr = 240.7/240.7 Hz),
116.0, 56.4, 52.1, 45.7 (t, Jcr = 4.9/4.9Hz), 32.8 (t, Jcr = 22.5/22.5 Hz); m/z MS C21H23F2N203
[MH]" calcd 389.2, found 389.0

o Il using PET/EtOACc (100:0 to 60:40) to afford 80 mg (72%) of the desired

Br Methyl 2-(4-bromophenyl)-2-(4-nitrobenzamido)acetate (14). 4-
Nitrobenzoic acid (411 mg, 2.46 mmol) was coupled to compound
1d according to General Procedure B. The crude was triturated from

)k©\ Et>O with minimal wash with MeOH to afford 659 mg (82%) of the

desired compound as a white solid. *H NMR (DMSO-ds) & 9.59 (d,

J=7.0 Hz, 1H), 8.39-8.25 (m, 2H), 8.15-7.96 (m, 2H), 7.69-7.55 (m, 2H), 7.53-7.24 (m, 2H),

5.72(d,J=7.0 Hz, 1H), 3.68 (s, 3H); 3C NMR (DMSO0-ds) 5 170.4, 164.9, 149.3, 139.0, 135.3,

131.5,130.5, 129.2, 123.5, 121.7, 56.4, 52.5; m/z MS C16H14BrN>Os [MH]" calcd 393.0, found

392.7.

NO,

Methyl 2-(4-(methylsulfonamido)benzamido)-2-(4-(4,4,5,5-

0.g° tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acetate (19).

Compound 4d (960 mg, 2.18 mmol), AcOK (641 mg, 6.53 mmol),

o Bis2Pin2 (663 mg, 2.61 mmol), Pd(dppf)Cl..DCM (107 mg, 131

O HJ\@ o o umol), and DPPF (169 mg, 305 pumol) were suspended in
o _S”

N\ anhydrous 1,4-dioxane (40 mL) and purged through N2 for 5 min

before heated at reflux for 2 days. Upon completion, the mixture
was filtered through Celite and washed with EtOAc followed by concentration under reduced
pressure. The crude was purified by column chromatography using PE/EtOAc (50:50 to 0:100)
to obtain 736 mg (69%) of a mixture of the desired product as a pale yellow solid. *H NMR
(DMSO-de) 6 10.14 (s, 1H), 9.09 (d, J = 7.2 Hz, 1H), 8.13-7.81 (m, 2H), 7.69 (d, J = 8.1 Hz,
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2H), 7.49 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 8.7 Hz, 2H), 5.70 (d, J = 7.2 Hz, 1H), 3.65 (s, 3H),
3.06 (s, 3H), 1.29 (s, 12H); 3C NMR (DMSO-ds) & 170.9, 165.8, 141.5, 139.6, 134.6, 129.2,
128.1, 127.7, 117.8, 83.7, 56.8, 52.3, 39.6, 24.6; m/z MS C23H30BN207S [MH]" calcd 489.2
found 489.0.

HO, ;,OH (4-(2-Methoxy-1-(4-(methylsulfonamido)benzamido)-2-
oxoethyl)phenyl)boronic acid (20). Boronic acid 19 (284 mg, 582

o umol), ammonium acetate (112 mg, 1.45 mmol) and sodium

O NJ\©\ 0 periodate (249 mg, 1.16 mmol) were stirred in acetone/water (1:1,
o " H'\\S<O 20 mL) for overnight. Upon completion, acetone was removed

under reduced pressure and acidified to pH 3 with 1 M HCI. The
mixture was extracted with EtOAc (3 x 20 mL), dried over anhydrous Na»>SOs, and
concentrated in vacuo to afford 116 mg (49%) of the desired product as a pale orange solid. *H
NMR (DMSO-ds) 6 10.13 (s, 1H), 9.04 (d, J = 7.1 Hz, 1H), 8.07 (s, 2H), 7.90 (d, J = 8.8 Hz,
2H), 7.79 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 5.65 (d, J =
7.1 Hz, 1H), 3.65 (s, 3H), 3.06 (s, 3H); *C NMR (DMSO-ds) § 171.1, 165.8, 141.5, 137.8,
134.3,129.2, 128.2, 127.2, 117.8, 56.9, 52.2, 39.6; m/z MS C17H20BN207S [MH]" calcd 407.1
found 406.9.

3.7.3 Computational Chemistry

Molecular dockings of compounds 6a, 6e, 6f, 6m, 60, 6s, and 6ab were carried out using
Surflex docking interfaced with SYBYL2.1.1 in SFXC mode. The final pose obtained from
MD simulations of 6ad-APN complex (in Chapter 2) was selected as the template structure for
grid generation and ligand dockings. The coordinates of compound 6ad bound to APN was
extracted for the later use of fragment constraints. To prepare the modelled structure, water
molecules were removed, and sidechain amides were protonated and fixed alongside charge
addition using Gasteiger-Marsli method.?®2 The charge for zinc metal was set to 2.0. The 2D
ligand structures of 6a, 6e, 6f, 6m, 60, 6s, and 6ab were prepared with default settings from
SYBYL2.1.1. In grid generation, the hydroxamic acid was set as fragment constraints with a
constraint penalty of 10. A total of 20 poses were produced for each ligand. The coordination
of hydroxamic acid to catalytic zinc ion and the positions of biaryl or alky-aryl scaffolds were
manually examined. The binding poses that showed the highest total docking score were
selected for more detailed analysis of predicted binding interactions between the ligand and
APN.
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3.8 Appendices

A. Anti-proliferative activities of 6c, 6e, 6f, 61, 6n, 60, 6q, 6s, 6X, and 6b at 10 uM. The data

was generated and analysed by NCI.
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Developmental Therapeutics Program

NSC: D-814548 /1 Conc: 1.00E-5 Molar

Test Date: Apr 29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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Developmental Therapeutics Program

NSC: D-814549/1

Conc: 1.00E-5 Molar

Test Date: Apr 29, 2019

One Dose Mean Graph Experiment ID: 19040599 Report Date: May 16, 2019
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Developmental Therapeutics Program

One Dose Mean Graph

NSC: D-814550/1

Conc: 1.00E-5 Molar

Test Date: Apr29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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Developmental Therapeutics Program

One Dose Mean Graph

NSC: D-814552 /1

Conc: 1.00E-5 Molar

Test Date: Apr29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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Developmental Therapeutics Program

One Dose Mean Graph

NSC: D-814551/1

Conc: 1.00E-5 Molar

Test Date: Apr 29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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Developmental Therapeutics Program

One Dose Mean Graph

NSC: D-814553 /1

Conc: 1.00E-5 Molar

Test Date: Apr29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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One Dose Mean Graph

NSC: D-814554 /1

Conc: 1.00E-5 Molar

Test Date: Apr29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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One Dose Mean Graph

NSC: D-814555/1 ‘ Conc: 1.00E-5 Molar

Test Date: Apr29, 2019

Experiment ID: 19040599

Report Date: May 16, 2019
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NSC: D-814556 /1 ‘ Conc: 1.00E-5 Molar

Test Date: Apr 29, 2019

One Dose Mean Graph Experiment ID; 19040899 Report Date: May 16, 2019
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MALME-3M 99.66 B
M14 104.13
MDA-MB-435 107.44 :
SK-MEL-2 111.17 -
SK-MEL-28 97.40 |
SK-MEL-5 104.16
UACC-257 108.41 |
UACC-62 95.09 |
Ovarian Cancer
IGROV1 103.98
Ve e :
- 113.21
OVCAR-5 89.96 L
OVCAR-8 106.66 L
NCI/ADR-RES 103.74
SK-0V-3 104.59
Renal Cancer
786-0 97.76 =
A438 105.75
ACHN 95.84 =
CAKI-1 98.20 B
RXF 303 116.63 -
SN12G 99.97 |
TK-10 99.17
Uo-31 96.74 |
Prostate Cancer
PC-3 105.75
DU-145 105.02
Breast Cancer
MCF7 97.91
MDA-MB-231/ATCC 111.35
HS 578T 104.69
BT-549 108.16
T-47D 100.00
MDA-MB-468 101.08
Mean 104.51
Delta 14.55 p—
Rangg 44 .84 T
150 100 50 0 -50 -100 -150
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B. Binding scores of 6a, 6e, 6f, 6m, 60, 6s, and 6ab.

Total Score = Crash = Polar FragRMSD Dscore PMFscore G score ChemScore

Compound 6a
8.6429 -1.1904 6.4145 0.877 -112.243 -63.852 -216.36 -34.022
8.5111 -1.103  6.295 0.825 -112.704  -64.7495  -203.453  -33.6031
8.0252 -1.312  6.035 0.412 -114.32  -81.5735  -205.198  -39.5266
7.8118 -1.5644 6.0558 1.09 -117.19  -82.9726  -244.782  -37.0422
7.7237 -1.2875 5.8301 0.34 -120.803  -96.4463 = -212.11 -38.138
7.6495 -1.0966 5.5162 1.008 -110.824  -57.2553 | -179.612  -32.4251
7.5942 -1.7323  6.0093 0.418 -115.21 -71.902 -206.888 = -37.1663
7.515 -1.8237 6.0811 0.414 -115.481 -72.6518  -210.365  -38.1969
7.4204 -0.7615 5.7791 0.382 -107.597 -100.8 -194.235 -37.9737
7.357 -1.4583 5.6804 0.47 -112.728 -71.7013  -208.088  -35.3211
7.3405 -1.6918 5.8973 0.701 -117.896  -71.0647 | -203.936 -36.542
7.2498 -1.4265 5.7768 0.46 -112.643 -74.0138  -201.515  -36.2999
7.1291 -1.2353  4.8349 0.83 -114.678  -112.574 | -203.715  -31.7405
7.1162 -0.8731 5.7119 0.736 -114.263  -105.646  -195.169  -35.6958
7.1091 -1.1537  4.3511 0.861 -111.493  -69.9055 @ -225.657  -27.8341
7.0966 -1.2911  4.8128 0.709 -113.683  -119.252 | -212.825  -32.9145
7.0801 -1.366  4.8738 0.519 -109.58 -79.0431  -218.845  -34.4333
7.0345 -1.227  4.8289 0.778 -114.738  -112.807  -207.486  -30.8889
6.9139 -1.0428 4.8479 0.685 -112.35 -84.2305  -220.178 = -29.9807
6.8392 -1.2969 4.6679 0.735 -114.782 -116.68 -204.432 -32.961

Compound 6e
7.429 -0.9663  4.5045 0.508 -138.387  -111.787 | -241.564 -39.842
7.3377 -0.693  4.4076 0.438 -124.254  -105.841 | -196.635  -37.8822
7.2375 -1.4634 3.9724 0.232 -141.882 -119.47 -240.261 = -41.8665
7.0153 -1.5747  4.3332 0.231 -137.98 -117.659  -233.144  -42.0203
6.8767 -0.8368  4.4549 0.417 -124.25 -110.074  -202.975  -38.7559
6.7458 -0.6847 4.4089 0.285 -128.433  -119.088  -179.879  -43.0787
6.5785 -0.7476  4.3542 0.428 -123.692 -111 -196.016 = -37.7846
6.3925 -0.7217 4.2888 0.466 -121.278  -108.589  -193.805 -36.7086
6.3756 -0.7742  4.3001 0.428 -120.141  -109.767  -193.438  -37.7904
6.3036 -0.4762 3.9746 0.386 -110.62 -117.851  -181.351  -38.4799
6.2459 -1.6727 4.8196 0.385 -106.303  -91.9616  -194.141  -35.5327
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6.1588
6.1215
6.1164
6.0943
6.0919
6.0079
5.9217
5.7344
5.7265
Compound 6f
7.9841
7.2425
7.1943
6.9942
6.8967
6.8633
6.8481
6.764
6.7355
6.6952
6.6596
6.6055
6.5579
6.5404
6.5391
6.4848
6.4673
6.4655
6.2796
6.2748
Compound 6m
7.6639
7.5126
7.426
6.3479

-1.646
-0.778
-0.7319
-1.59
-1.6566
-0.4851
-0.6834
-0.9044
-0.9436

-0.6706
-0.7075
-0.7615
-0.7436
-1.231
-0.8203
-0.73
-0.6627
-0.663
-0.6753
-0.6553
-0.7249
-0.6519
-0.6328
-0.6531
-0.6633
-0.5826
-0.7699
-0.6969
-0.7763

-0.7147
-0.7769
-0.7783
-0.4884

4.7912
4.2145
4.2278
4.7249
4.8506
4.0034
4.1015
3.8403
3.1079

4.3396
4.2889
3.7464
4.3284
3.0296
4.0034
4.3093
4.0379
4.2762
4.2663
4.2542
4.2895
4.158
4311
3.9511
4.1571
3.9291
4.4315
3.5312
3.691

4.4805
4.3305
4.3038
4.1235

0.366
0.34
0.346
0.351
0.375
0.372
0.424
0.41
0.238

0.453
0.43
0.379
0.435
0.279
0.383
0.436
0.404
0.439
0.359
0.389
0.411
0.339
0.403
0.356
0.405
0.397
0.456
0.351
0.353

0.25
0.432
0.429
0.402

-106.829
-115.279
-114.573
-107.485
-113.95
-121.416
-127.088
-122.641
-128.197

-127.209
-128.354
-127.838
-130.717
-148.685
-127.936
-132.291
-132.15
-131.638
-122.073
-125.759
-127.596
-122.303
-126.623
-126.156
-123.213
-132.76
-131.368
-119.736
-128.081

-134.275

-121.371

-122.072
-121.77

-91.4451
-115.853
-120.436
-90.8995
-92.5371
-132.093
-123.926
-127.296
-122.702

-107.597
-104.97
-105.964
-108.618
-133.489
-106.5
-114.619
-139.474
-117.571
-116.685
-123.285
-103.434
-119.529
-113.544
-125.096
-112.648
-131.266
-119.747
-120.551
-101.27

-129.776
-110.504
-107.61
-143.259

-193.497
-186.867
-184.402
-193.685
-203.566
-182.662
-187.291
-174.075
-199.007

-190.377
-187.151
-185.418
-192.609
-219.88
-187.878
-181.503
-196.145
-180.925
-200.134
-194.22
-193.393
-197.48
-186.878
-194.947
-188.172
-195.685
-199.675
-174.147
-194.293

-203.598
-193.111
-192.396
-194.372

-36.2726
-39.7264
-39.7173
-36.0185
-37.6131
-39.4691
-37.1906
-40.1219
-38.4512

-37.4864
-37.3224
-36.5526
-38.1086
-38.9128
-37.6721
-37.8111
-42.7243
-37.7121
-39.674
-38.1498
-37.6738
-39.2034
-37.2745
-36.4677
-37.3008
-42.9123
-38.3925
-37.7429
-36.5223

-41.8999
-36.1502
-35.9283
-41.4498
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6.3289
6.2791
6.2476
6.1298
6.0102
5.9814
5.9241
5.8581
5.7926
5.7749
5.7747
5.7587
5.7313
5.7064
5.6389
5.6378
Compound 60
7.2922
7.1957
7.073
7.0092
6.9969
6.9955
6.7818
6.7542
6.6765
6.6595
6.6504
6.5782
6.4616
6.4337
6.4179
6.3626
6.2531
6.2206

-0.8513
-0.6327
-0.6495
-0.8439
-0.7221
-0.6678
-0.7584
-0.5192
-0.7988
-0.5627
-0.5557
-0.756
-0.7318
-0.7893
-0.8676
-0.6786

-1.1745
-0.6128
-1.1847
-1.3202
-1.0061
-1.4768
-1.0579
-0.8679
-0.9948
-1.5858
-0.8272
-0.9098
-1.0599
-1.4275
-0.9798
-3.4378
-1.6279
-1.0086

4.3386
4.0402
4.2751
3.744
3.8023
3.7029
4.134
4.0129
3.879
4.1071
3.9845
3.3699
3.9084
3.7755
3.9851
3.4072

3.956
3.7436
4.06
3.4912
3.8023
4.4873
3.8375
3.61
3.5092
3.3753
3.7948
4.792
3.6792
3.7398
4.7231
3.6846
4.453
3.4647

0.437
0.408
0.414
0.342
0.374
0.346
0.4
0.42
0.388
0.376
0.356
0.315
0.388
0.373
0.363
0.323

0.265
0.249
0.245
0.248
0.225
0.22
0.243
0.202
0.21
0.24
0.221
0.238
0.216
0.27
0.235
0.208
0.627
0.528

-119.019
-127.067
-117.123
-120.121
-129.647
-128.462
-117.863
-127.084
-125.499
-112.942
-125.029
-127.87
-116.457
-121.157
-117.493
-127.119

-126.197
-114.991
-124.508
-119.59
-129.959
-124.175
-122.594
-134.029
-136.432
-132.389
-125.242
-119.228
-126.295
-124.645
-118.925
-133.53
-135.834
-116.394

-114.666
-142.758
-119.146
-128.124
-142.846
-144.964
-122.901
-140.994
-111.234
-116.234
-144.516
-140.891
-118.948
-117.28
-127.675
-140.219

-87.3787
-105.875
-90.4421
-95.9897
-105.135
-93.4727
-101.072
-105.759
-102.181
-98.1713
-107.475
-102.603
-103.376
-99.0691
-101.046
-95.0358
-102.206
-105.596

-200.401
-191.932
-186.29
-183.825
-197.656
-186.585
-196.343
-184.647
-173.001
-176.931
-186.833
-186.858
-193.062
-192.291
-206.775
-185.775

-209.804
-194.073
-212.379
-207.273
-207.02
-224.098
-212.856
-203.567
-207.83
-225.138
-197.815
-193.054
-208.056
-202.371
-187.419
-226.472
-237.569
-207.583

-36.4845
-41.2374
-35.7476
-36.6454
-40.9495
-40.498
-35.833
-37.5757
-34.6694
-36.0863
-41.4823
-38.8775
-35.5206
-35.3091
-37.9215
-39.2091

-34.9626
-32.5015
-36.2918
-34.0889
-34.341
-37.0103
-34.6351
-33.3703
-33.0777
-31.1083
-33.5289
-37.3353
-34.6131
-33.299
-36.9649
-32.9437
-39.9425
-31.5332
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6.1978
6.1854
Compound 6s
5.8648
5.4732
5.3457
5.2384
5.0622
5.0605
4.9221
4.8332
4.8185
4.8073
4.7894
4.7319
4.2477
4.0799
3.9728
3.9541
3.8482
3.7442
3.7106
3.5759

Compound 6ab

5.7808
5.7218
5.3024
5.1061
5.0867
4.9591
4.9337
4.8386
4.789
4.7339
4.6988

-1.8765
-1.7013

-3.3753
-3.3033
-3.4838
-3.3108
-3.6838
-3.4543
-1.9776
-2.3228
-2.208

-2.3721
-1.8873
-2.005

-3.4854
-4.6573
-4.7965
-4.7929
-4.6064
-4.9182
-4.8731
-5.0972

-2.4741
-2.9907
-2.1431
-2.4018
-2.4613
-3.2422
-2.2855
-5.4046
-2.4956
-2.2244
-2.0737

3.4919
3.5114

4.7935
4.5994
4.6245
4.2118
4.5705
4.3759
3.4147
3.4254
3.5429
2.5247
3.727
3.5081
4.2365
45217
45154
4.4244
4.5169
4.3957
4.2357
4.7828

4.6152
4.5868
3.8097
3.4861
3.3875
3.2891
3.5883
4.0497
3.1294
3.282
3.2459

0.271
0.249

0.463
0.404
0.433
0.458
0.377
0.41

0.28

0.288
0.291
0.377
0.294
0.277
0.359
0.351
0.342
0.375
0.373
0.324
0.335
0.365

0.307
0.31
0.291
0.32
0.282
0.326
0.305
0.307
0.305
0.275
0.269

-138.007
-133.5

-116.685
-118.564
-115.46
-143.819
-112.258
-116.366
-126.106
-129.684
-128.469
-137.837
-124.253
-125.559
-119.749
-129.557
-124.098
-118.048
-119.99
-113.979
-119.989
-120.335

-158.573
-156.623
-153.594
-155.899
-156.977
-155.714
-156.576
-161.953
-154.857
-146.985
-143.12

-98.4803
-101.953

-83.2182
-86.6251
-83.2
-97.6079
-81.3224
-82.6337
-120.225
-125.894
-124.45
-114.366
-122.828
-122.404
-89.1278
-105.257
-108.809
-94.0504
-102.373
-98.0392
-91.9887
-105.649

-120.87
-117.392
-123.88
-121.518
-120.698
-121.28
-122.138
-85.293
-121.842
-124.37
-127.869

-224.604
-218.576

-212.272
-215.886
-214.31
-253.617
-215.972
-217.399
-213.813
-234.078
-230.94
-247.219
-183.839
-213.439
-206.784
-217.246
-209.392
-193.394
-196.583
-215.238
-199.935
-234.932

-217.188
-220.293
-225.843
-230.518
-233.674
-234.186
-229.063
-267.572
-226.091
-204.525
-197.026

-33.6775
-33.7577

-34.7676
-32.7803
-33.704
-37.8772
-33.9747
-32.7011
-33.6986
-36.4026
-35.5288
-29.6996
-34.17
-34.2802
-32.6638
-34.6633
-35.9548
-33.7258
-34.1744
-33.835
-33.5103
-36.258

-43.8919
-43.1289
-41.0438
-40.5774
-38.6209
-38.636
-41.4755
-36.8002
-36.013
-34.6988
-34.1361
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4.6767
4.604
4.53
4.4875
4.4237
4.414
4.353
4.3518
4.308

-2.5646
-3.1336
-2.27
-2.2108
-2.2736
-1.653
-2.1441
-2.0288
-1.9343

4.3072
3.4039
3.9588
3.2755
3.6895
3.2506
3.2292
3.0988
3.1927

0.368
0.263
0.316
0.29
0.284
0.285
0.297
0.303
0.28

-138.643
-160.69
-131.452
-146.452
-134.086
-132.471
-148.893
-131.526
-129.78

-115.635
-138.343
-124.976
-136.717
-128.645
-123.26
-126.086
-115.68
-136.89

-228.227
-244.646
-217.455
-197.557
-216.775
-202.402
-199.079
-190.328
-195.592

-38.0572
-36.3227
-34.4083
-31.3788
-32.7746
-32.4825
-35.3229
-32.3879
-33.3587
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Chapter 4: Introduction of New Linkers — Modification of the

Central Aromatic Core

4.1 Introduction

In Chapter 3, the binding interactions at the S1 subsite of APN were successfully investigated,
and an extremely potent APN inhibitor 6f was discovered which had a Ki©@® value of 0.66 nM.
After the binding interactions at the S1 and S1’ pocket of APN were optimised through
modifications of the 3,4,5-trifluorophenyl and the N-pivaloyl group of the parent compound 1
(Chapter 1 and 2), the focus of this project changed to the central aromatic ring of the biphenyl
core scaffold. There have been very limited studies conducted within this region for both the
APN and PfA-M1 inhibitors generated within our group. Therefore, it would be intriguing to
explore how the changes in the structure of the centric aromatic ring affected the potency of

novel inhibitors. A small series of analogues were designed as described in Figure 4.1.

Figure 4.1. Structures of the proposed analogues.
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4.2 Modifications of the central aromatic ring — designing of the proposed analogues with
novel core scaffolds

The first proposed modification of the central aromatic ring was to introduce heteroaromatic
groups such as pyridine and pyrimidine which are the bioisostere of benzene. As discussed in
the Chapter 3, there are several advantages of deploying heteroaromatic groups in drug design;
heteroatoms create dipole moments that can increase the potential of forming polar interactions
with protein targets, and alter physicochemical properties to improve various aspects of
pharmacokinetic profiles.?®2® Replacing the central phenyl moiety with pyridine and
pyrimidine not only reduces hydrophobicity of the molecule without changing the size of
molecule significantly, but also allows to maintain the biaryl scaffold. This aspect is
particularly imperative because although various chemical moieties were tolerated at the S1
subsite of APN, biaryl scaffold was identified as the preferred core unit to achieve potent
activity. Moreover, the additional nitrogen atom(s) may boost capacity of molecules to actively

engage in hydrogen bonding interactions with the backbone residues.

The second modification suggested was to install an internal alkyne group as a replacement of
the centric phenyl group. This modification results into a complete loss of the biaryl scaffold,
however acetylene group shares a number of similarities with a benzene ring. Alkynes are rich
in  electrons and have high electron density around its C-C triple bonds. In addition, internal
alkyne can act as an effective rigid spacer due to its linear structure. Furthermore, several
studies demonstrated that alkynes could be non-classical isostere of phenyl moiety. Lenz et al.
proved that the n-electronic system of enediyne could be used as a fancy bioisostere for the
catechol fragment of dopamine, while Stepan et al. and Makarov et al. reported the use of
bicyclo[1.1.1]pentane as a non-classical isostere of para-substituted phenyl and internal alkyne
(Figure 4.2).25%-2% The acetylene analogue could be a precursor to generate other heterocyclic
analogues such as triazole-bearing compounds through Click chemistry. Various synthetic
approaches were attempted to generate the proposed analogues using previously reported
procedures, which are discussed in the following section of this chapter.
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Figure 4.2. Applications of acetylene and bicyclo[1.1.1]pentane as non-classical isosteres

of para-substituted phenyl.

4.3 Synthetic Routes Attempted to Synthesise the Desired Hydroxamic Acid Analogues

4.3.1 Synthesis of 2,5-substituted pyridine analogue

The first part of this chapter involved the synthesis of the 2,5-substituted pyridine analogue.
The most efficient synthesis of the heteroaromatic analogues would start from 2-bromopyridyl
glycinates, however such unusual synthetic amino acid derivatives are rarely commercially
available. Therefore, the synthesis of 2-bromopyridyl glycinate was essential. In the past,
several reaction procedures generating heteroaromatic amino acids were published, and some
of the selected reactions are introduced in Figure 4.3. One of the approaches started from
heteroaryl acetates where bromination and amination were performed to install amino groups
at the a-carbon position.?*528 Boto et al. reported syntheses of heteroaromatic amino acids
from a primary alkoxide radical derived from serine through one-pot reaction.?®® In addition,
Saaby et al. successfully synthesised optically active heteroaromatic amino acids from N-

protected a-imino ester.?%

173



ROT(%N/PG

1

. / \
;  — Heteroaromatic
/ \ ,

N ,

RO R
J o L

0 o]
1

’

1

'

! '

v ’
N ,

Figure 4.3. Synthetic pathways reported to generate heteroaromatic amino acids.

It was also identified that oxidation of 1-(pyridin-3-yl)ethan-1-one formed the corresponding
o-keto acid in the presence of selenium dioxide.?® This particular reaction was attractive
because the conditions applied were similar to that of previously established synthetic methods
(Chapter 2), and it also could save significant amount of time in optimising novel synthesis
pathways. Therefore, the established synthetic route from Chapter 2 was trialled to produce 2-

amino-2-(6-bromopyridin-3-yl)acetic acid (Scheme 4.1).

Scheme 4.1. Proposed scheme to synthesise pyridine-containing intermediate.

Br Br
Br Br

Br NN NN
l\N (@) |/ (b) (©) (d) I/

_ ——— Nz ------ > OH =~ > O\ ------ >

OH HN HN o
0 o 0 H,N ~
0]
1 2 3 4 5

Reagents and conditions: (a) SeO., pyridine, 80 °C, overnight; (b) benzylamine, DCE,
NaBH(OAC)sz, rt, overnight; (c) conc. H.SO4, MeOH, reflux, overnight; (d) Ho, cat. HCI, 10%
Pd/C MeOH, rt, overnight.
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Commercially available 1-(6-bromopyridin-3-yl)ethan-1-one 1 did undergo selenium dioxide
assisted oxidation to form the keto-acid intermediate 2 using reported procedure. The
conversion of the starting material was monitored qualitatively by TLC and staining with
bromocresol solution produced a bright yellow spot, which indicated the presence of carboxylic
acid. After filtration of SeO and concentration of the filtrate, a thick residue was obtained
which was not soluble in organic solvents besides DMF and DMSO. The residue was dissolved
with minimal amount of DMF and added dropwise into a mixture of ice-water and the resulting
precipitate was collected to give less than 10 mg of a solid. The analytical HPLC indicated that
most of the product stayed in the aqueous filtrate, possibly due to the zwitterionic feature of
compound 2. Lyophilisation was performed and the collected material was analysed by running
a 'H NMR. The methyl group of the acetophenone 1 which was observed at 2.61 ppm
disappeared, supporting that compound 1 was completely consumed. However, the aromatic
region was extremely messy for analysis and this suggested that significant amount of
impurities present. Since compound 2 is a water-soluble compound, reverse-phase

chromatography and HPLC could be considered as alternative purification methods.

Instead of performing oxidation of the acetophenone, a Suzuki-Miyaura coupling reaction with
3-fluorophenyl boronic acid was carried out first to increase the lipophilicity of the intermediate,
which would ease the purification step (Scheme 4.2). Moreover, the additional phenyl group
provided better chromophore, which facilitated monitoring of the reaction accurately.

Scheme 4.2. Alternative synthetic pathway attempted to produce the pyridyl intermediate
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Reagents and conditions: (a) 3-Fluorophenylboronic acid, 1 M Na>COgz, Pd (PPhs3).Cl,, THF,
reflux, overnight, 82%; (b) SeOz, pyridine, 80 °C, overnight, quantitative; (c) Mel, Cs.COs,
DMF, rt, 3 d; (d) benzylamine, DCE, NaBH(OAC)s, rt, overnight.
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The coupling reaction afforded intermediate 6 without difficulty with a high yield of 82%. The
following oxidation reaction was able to afford the desired keto-acid intermediate 7 in a
quantitative yield. Successful formation of compound 7 was supported by *H NMR and LC-
MS analyses where the singlet peak at 2.66 ppm for CH3s protons of compound 6 was not
observed and m/z of 246.0 was detected which corresponded to the positively charged
molecular ion. The *H NMR of the crude also confirmed that pyridine was the only impurity
present in approximately 1:1 ratio to the product. Therefore, the crude was lyophilised for two

days to remove excess pyridine.

The subsequent step involved converting the carboxylic acid 7 to methyl ester 8 in the presence
of methyl iodide and cesium carbonate. Previously, reductive amination with benzylamine was
conducted prior to acid catalysed esterification to generate protected amino acid derivative
(Chapter 2, pg. 33). The reason for conducting esterification in a basic condition was to convert
the water-soluble intermediate 7 into more hydrophobic molecule so that successful
purification could be achieved prior to the following reductive amination. Unfortunately,
intermediate 7 mostly remained unreacted even with excess amount of reagents and prolonged
reaction time applied. The LC-MS analysis showed a molecular ion mass of methylated
compound (m/z = 260.0). However, it should be noted that there was also possibility of N-
methylation to occur at the nitrogen atom of pyridyl moiety. The desired product 8 and N-
methylpyridinium by-product have the same molecular ion mass, and LC-MS would not be

able to discriminate between the two.

Instead of synthesising the methyl ester 8 from keto-acid 7 under basic conditions, acid-
catalysed esterification was also attempted in the presence of concentrated sulfuric acid and
methanol. It was predicted that both the carboxylic acid and ketone moieties of intermediate 7
would react simultaneously with methanol in the presence of excess acid to generate methyl
ester, ketal intermediate 10, which could be hydrolysed back to a ketone with mild acids such
as trifluoroacetic acid (Scheme 4.3). Surprisingly, *H NMR of the crude revealed that only
carboxylic acid group of 7 reacted to form a single methyl ester intermediate 8. There was one
singlet peak observed at 3.95 ppm which corresponded to the CHs of methyl ester. 3C NMR
further supported the formation of intermediate 8 where the CHs carbon atom of methyl ester
was detected at 53.2 ppm. Pure methyl ester intermediate 8 was then reacted with benzylamine
and NaBH(OACc)3 to form the N-benzyl protected amino acid derivative 9. The intermediate 8

was stirred with benzylamine for one hour prior to addition of the reducing agent NaBH(OAC)s3
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to ensure that the ketone moiety was fully converted to the corresponding imine. However,
according to the LC-MS analysis, the molecular ion of desired product 9 (m/z = 351.1) was not
shown. Instead, the starting material achieved nearly complete conversion to a compound that
had m/z of 262.2. Compound that could be possibly produced in the reaction was proposed to
be methyl 2-(6-(3-fluorophenyl)pyridin-3-yl)-2-hydroxyacetate (11) where the ketone moiety
of 8 was reduced to a hydroxyl group, suggesting that the imine intermediate was not produced
successfully for reduction. The production of a-hydroxy ester as a side-product during

reductive amination of a-keto acid has been previously reported.?%2

Scheme 4.3. Synthesis of methyl ester intermediate 8 and subsequent reductive amination

reaction.
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Reagents and conditions: (a) conc. H2SOs, MeOH, reflux, overnight, 83%; (b) TFA, H20, rt,
overnight; (c) benzylamine, DCE, NaBH(OAC)s, rt, overnight.

Several attempts were made to synthesise 2,5-substituted pyridine analogue through an

established multi-synthesis pathway, however, a number of different challenges were

encountered. Further investigations will be needed to identify the factors that could have
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affected the reaction outcomes. In addition, alternative synthetic plans can be employed to

generate the designed novel compounds successfully, which will be introduced in Chapter 5.

4.3.2 Introducing novel core scaffold: synthesis of acetylene-containing analogue

Alongside synthesis of 2,5-substituted pyridine analogue, the replacement of the central
aromatic group with acetylene moiety was also attempted through various synthetic strategies.
a-Ethynyl glycine derivatives have attracted interest of many researchers as an important
building block of biologically active compounds because they can be functionalised through
various modifications of the amino acid or acetylene moiety.?%? Therefore, a diverse range of
syntheses of a-ethynyl glycine derivatives have been reported in the past, and this includes

synthesis of optically active alkynyl glycine derivatives (Figure 4.3).262 263
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Figure 4.3. Various synthetic pathways discovered to produce alkynyl glycine derivatives.
Adapted from Bolsakova et al.?%

Among the reported synthetic pathways, nucleophilic alkynylation from a-halo glycinate was
attempted for this project, using modified reaction conditions of Kumar et al. and
Girijavallabhan et al. (Scheme 4.4).2%% 25 This proposed synthetic approach has two
advantages over other pathways described in the literature because it forms TMS-protected

acetylene intermediate that are structurally similar to the ultimate desired products. Moreover,
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the TMS and Boc protecting groups can be easily removed to incorporate the essential 3-

fluorophenyl and arylsulfonamide groups.

Scheme 4.4. Proposed synthetic pathway to generate acetylene analogue.
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Reagents and conditions: (a) tert-butyl carbamate, Et2O, rt, overnight, quantitative; (b)
anhydrous MeOH, conc. H2SO4, 0 °C - rt, overnight; (c¢) PCls, anhydrous CCls, 24 h (d)
bis(trimethylsilyl)acetylene, AICIs, anhydrous DCM, 0 °C - rt, overnight; (e) Sonogashira
coupling (f) (i) 20% TFA/DCM, rt, 4 h (ii) DIPEA, HCTU, 4-(methylsulfonamido)benzoic

acid, rt, overnight.

The first step of this synthesis involved a nucleophilic acyl addition between glyoxylic acid 12
and tert-butyl carbamate to generate intermediate 13a. According to Sci-Finder database search
in Jun 2019, 344 reactions between glyoxylate derivatives and carbamates were reported and
it was noted that a range of solvents such as acetone, diethyl ether, cyclohexane, toluene, and
benzene under both normal and anhydrous conditions were used. To investigate if the choice
of different solvent affects reaction outcome, we performed a model study using anhydrous

and normal diethyl ether as the solvent (Table 4.1).
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Table 4.1. Summary of reactions attempted to synthesise glyoxylate derivatives.

0 . OH O 13a: (Ry) = OH (R,) = Boc
. amide / carbamate R )]\ 13b: (R{) = OH (R,) = CHj
1%,4 ! N” "R, | 13c: (R4) = OEt (R,)=CH,
5 o H 13d: (R;) = OEt (R,) = Boc
Entry R1 R2 Conditions Results Notes
1 OH Boc  Normal Et.O Successful
Boc and acetamide groups
2 OH Boc Anhydrous Et;O  Successful
were cleaved by the acid in
3 OH CHs Normal Et20 Successful the subsequent reaction
4 OCH:CHs CHs Toluene, 80 °C
-60°C, 4d Ethyl ester H H
N__N
5 OCH2CH3 CHs Toluene, 60 °C, group cleaved \fg OH 701/
O/N 19
6  OCH:CHz Boc Et.O, RT Productwas ~ NMR indicated a mixture

not formed of unknow compounds was
formed. CH and NH
protons of 13d were

missing

It turned out that the use of anhydrous solvent was not important to achieve the formation of
intermediate 13a. Both anhydrous and normal diethyl ether were able to generate intermediate
13a in quantitative yield, and this was confirmed by the two doublet peaks at 7.55 ppm and
5.13 ppm which corresponded to the NH and methine protons, respectively (Table 4.1, Entry
1 and 2). In addition, *3C NMR proved the formation of compound 13a by showing the carbon
atom of methine which was observed at 72.7 ppm. The next reaction involved introducing
methyl groups to the carboxylic acid and a-hydroxy of intermediate 13a under acidic condition.
Unfortunately, *H NMR showed a mixture of unknown compounds were produced and also
confirmed that the singlet peak at 1.39 ppm for CHs protons of the Boc group disappeared,
indicating that the Boc group was cleaved through acid hydrolysis. Therefore, the Boc group
was replaced with acetamide group, which is known to be more acid resistant. Synthesis of 2-
acetamido-2-hydroxyacetic acid 13b was easily achieved and both the *H NMR and *C NMR
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matched with the reported values.?® In the following reaction, there was no consumption of
compound 13b after two days of stirring. In order to facilitate the reaction, an additional
equivalence of concentrated sulfuric acid was added. Similar to the reaction described above,
a mixture of unidentifiable compounds was formed (Table 4.1, Entry 3). Moreover, the singlet
peak at 1.84 ppm, which corresponded to the acetamide CHs protons of compound 13b, was

not observed in the *H NMR, which indicated cleavage of acetamide (Table 4.1, Entry 3).

Although the synthesis of intermediate 13a and 13b was successful, the acid hydrolysis of the
Boc group or acetamide group could not be avoided in the following esterification reaction.
Therefore, ethyl glyoxylate (50% w/w in toluene) was selected as the new starting molecule so
that the esterification step could be avoided, which would effectively prevent the potential
hydrolysis of the amide group. Reaction conditions reported by Xie et al. was attempted first
(Table 4.1, Entry 4).287 An extremely pure product was obtained from the reaction, however,
the characteristic peaks of ethyl group were absent in the *H NMR and this suggested that the
ethyl ester group was cleaved during the reaction. and formed a symmetrical compound N,N'-
(hydroxymethylene)diacetamide (19). The formation of diacetamide compound was supported
by the single peak at 1.84 ppm and double peak at 8.61 ppm, which corresponded to the six
CHs protons and two NH protons, respectively. The mechanism of how the ester group was
cleaved and formed compound 19 still needs to be elucidated. The reaction was attempted again
with a reduced reaction time that could potentially prevent the cleavage of the ethyl ester (Table
4.1, Entry 5). However, formation of the compound 19 was verified by NMR analyses. The
last reaction trialled was to install the Boc group on ethyl glyoxylate under the same conditions
used to synthesise glyoxylic acid derivatives 13a-c (Table 4.1, Entry 6). The *H NMR showed
that the methine CH proton and NH protons which were found as double peaks between 5-8

ppm were absent, and demonstrated the desired product was not generated.

4.4 Conclusion

A small series of novel hydroxamic acid analogues were designed to investigate the effect of
changes in the central aromatic ring to the inhibitory activity against APN. 3-Fluorophenyl
group and methylsulfonamide groups were incorporated in the molecules to ensure the optimal
potency was achieved at the S1 and S1’ of APN. Attempts were made to replace the central
phenyl ring of the biaryl scaffold with heteroaromatics to synthesise 2,5-pyridyl and pyrimidyl

analogues so that physicochemical properties can be enhanced while maintaining excellent
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activity. It was also suggested to introduce acetylene group, which is a non-classical isostere
of a para-substituted phenyl moiety, to introduce completely novel scaffold structure which

has not been explored in previous studies.

Chemistry optimisation to synthesise the designed compounds was rather disappointing.
Despite various synthetic strategies explored in different aspects, the synthesis of these
designed novel APN inhibitors was unsuccessful. The previously optimised synthetic route
was employed to obtain pyridyl analogue from commercially available 1-(6-bromopyridin-3-
ylethan-1-one. Methyl 2-(6-(3-fluorophenyl)pyridin-3-yl)-2-oxoacetate intermediate 8 was
successfully generated after a series of studies. However, the subsequent reductive amination
led to reduction of the ketone moiety. Synthesis of acetylene analogue was also trialled which
involved alkynylation of a-halo glycinate. A series of synthetic investigations were performed
to generate the a-hydroxy carboxylic acid derivatives from glyoxylic acid and ethyl glyoxylate.
Compound 13a was synthesised by reacting glyoxylic acid with tert-butyl carbamate, but the
Boc group was easily cleaved by acid hydrolysis in the following esterification reaction.
Changing the amide group to acetamide, which was deemed to be more acid resistant was not
able to solve the problem. Various reactions were tried with ethyl glyoxylate but none of the
attempted reactions was able to synthesise the proposed compound. Nevertheless, these
designed novel hydroxamic acids analogues still remain as intriguing molecules to explore,
therefore, more comprehensive and thorough investigations must be carried out to optimise the

synthetic pathways.
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4.5 Experimental

Chemistry

General information on instrumental methods is provided in Chapter 2.

F  1-(6-(3-Fluorophenyl)pyridin-3-yl)ethan-1-one (6). To a nitrogen flushed 50 mL
round bottom flask was added 1-(6-bromopyridin-3-yl)ethan-1-one (150 mg, 0.750
IN mmol), 3-fluorophenylboronic acid (136 mg, 0.974 mmol), degassed THF" (6 mL)
and 1 M Na.COs3 (2 mL) the mixture was purged with N2 before adding Pd(PPhs).Cl
(o) (15.8 mg, 22.5 pmol). The mixture was heated at reflux for overnight. The reaction
mixture was concentrated under reduced pressure and extracted with EtOAc (3 x 10 mL). The
organic layer was dried over anhydrous Na>SOg, filtered, and concentrated in vacuo. The crude
was purified by column chromatography (PE/EtOAc 100:0 to 30:70) to obtain 132 mg (82%)
of the desired product as a white solid. “THF was degassed by bubbling through inert N2 gas
for at least 30 min before the use. Although purging method is known to be the least effective
way of generating degassed solvents, many metal-catalysed reactions described in this thesis
successfully generated desired products without significant amount of side-products formed by
oxidation. *H NMR (DMSO-ds) 6 9.20 (dd, J = 2.3/0.8 Hz, 1H), 8.37 (dd, J = 8.3/2.3 Hz, 1H),
8.19 (dd, J = 8.3/0.7 Hz, 1H), 8.07-8.01 (m, 1H), 7.98 (ddd, J = 10.7/2.5/1.7 Hz, 1H), 7.58 (td,
J=8.0/6.1 Hz, 1H), 7.42-7.28 (m, 1H), 2.66 (s, 3H); °F NMR (DMSO-ds) & -112.6; 3C NMR
(DMSO-de) 6 196.9, 162.7 (d, Jcr = 243.4 Hz), 157.5 (d, Jcr = 2.7 HZ), 149.7 (d, Jcr = 2.3 HZ),
140.0 (d, Jcr = 7.7 Hz), 137.0, 131.0, 131.0 (d, Jcr = 8.3 Hz), 123.2 (d, Jcr = 2.6 Hz), 120.4,
116.9 (d, Jcr = 21.2 Hz), 113.7 (d, Jcr = 23.0 Hz), 27.0; m/z MS C13H11FNO [MH]* calcd
216.1, found 216.0.

F 2-(6-(3-Fluorophenyl)pyridin-3-yl)-2-oxoacetic acid (7). To a solution of
compound 6 (122 mg, 0.567 mmol) in pyridine (685 L) was added SeO» (157 mg,

i IN 1.42 mmol) and then the mixture was stirred at 80 °C for overnight. Upon
Z completion, the reaction mixture was cooled to room temperature and the insoluble
OH : N . .
) material was removed by filtration. The filtrate was concentrated in vacuo. The
o}

crude product was obtained as a sticky orange solid. *H NMR of the crude
indicated 1:1 ratio between compound 7 and pyridine. Excess pyridine was removed by
Iyophilisation to afford the desired product in quantitative yield. *H NMR (DMSO-ds) & 9.24—
9.08 (m, 1H), 8.40 (dd, J = 8.4/2.2 Hz, 1H), 8.21 (dd, J = 20.1/8.4 Hz, 1H), 8.05 (d, J = 7.9 Hz,
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1H), 8.02-7.95 (m, 1H), 7.59 (td, J = 8.0/6.2 Hz, 1H), 7.37 (td, J = 8.3/2.1 Hz, 1H) *OH
exchangeable proton was not observed; °F NMR (DMSO-ds) & -112.5; 3C NMR (DMSO-ds)
5 187.6, 165.0, 162.7 (d, Jor = 243.6 Hz), 158.7, 150.9, 139.8 (d, Jcr = 7.7 Hz), 138.4, 131.1
(d, Jcr = 8.2 Hz), 127.5, 123.4 (d, Jcr = 2.6 Hz), 120.6, 117.2 (d, Jcr = 21.2 Hz), 113.9 (d, Jcr
= 23.0 Hz); m/z MS C13HoFNO3 [MH]" calcd 246.1, found 246.0.

F Methyl 2-(6-(3-fluorophenyl)pyridin-3-yl)-2-oxoacetate (8). To a solution of
compound 7 (228 mg, 0.932 mmol) in MeOH (13 mL) was added conc. H2SOq4

| I (298 pL, 5.59 mmol) dropwise. The mixture was heated at refluxed for 2 d. Upon

Z completion, the reaction mixture was concentrated in vacuo and neutralised with

0 N st NaHCOs, followed by extraction with EtOAc (3 x 30 mL). The combined
o}

organic layer was dried over anhydrous Na,SO4 and concentrated in vacuo to
obtain 202 mg (83%) of the desired compound as a beige solid. *tH NMR (DMSO-ds) & 9.32—
9.14 (m, 1H), 8.47 (dd, J = 8.4/2.3 Hz, 1H), 8.26 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H),
8.07-7.96 (m, 1H), 7.61 (td, J = 8.0/6.1 Hz, 1H), 7.39 (td, J = 8.5/2.6 Hz, 1H), 3.95 (s, 3H);
19F NMR (DMSO-dg) 5 -112.4; *C NMR (DMSO-ds) & 183.8, 162.7 (d, Jcr = 243.7 Hz), 162.1,
158.9, 151.3, 139.7 (d, Jcr = 7.5 Hz), 138.9, 131.1 (d, Jcr = 8.4 Hz), 127.5, 123.4, 120.5, 117.3
(d, Jcr = 21.2 Hz), 113.9 (d, Jcr = 23.0 Hz), 53.2; m/z MS C14H11:FNO3 [MH]* calcd 260.1,
found 259.9.

o |y 2-((tert-Butoxycarbonyl)amino)-2-hydroxyacetic acid (13a). A mixture
N__O
HO hig of the tert-butyl carbamate (200 mg, 1.71 mmol), glyoxylic acid
OH O

monohydrate (164 mg, 2.22 mmol) in Et2O (8 mL) was stirred at room
temperature for overnight. Upon completion, the reaction mixture was concentrated in vacuo
to obtain the desired product in quantitative yield. The crude was used without further
purification. tH NMR (DMSO-de) & 12.74 (s, 1H), 7.55 (d, J = 8.6 Hz, 1H), 6.10 (br. s, 1H),
5.13 (d, J=8.8 Hz, 1H), 1.39 (s, 9H); *C NMR (DMSO-ds) & 171.3, 154.7, 78.4, 72.7, 28.1.

O OH O

)LN)\NJ\ N,N'-(Hydroxymethylene)diacetamide (19). Acetamide (200 mg, 3.39 mmol)
H H

and 50% wi/w ethyl glyoxylate in toluene (805 pL, 4.06 mmol) was heated at
60 °C for overnight. Upon completion, the solid cake formed was collected by filtration and

dried under vacuum to obtain 41 mg (7%) as an off-white solid. *H NMR (DMSO-ds) & 8.61
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(d, J=7.7 Hz, 2H), 5.50 (t, J = 7.7 Hz, 1H), 1.84 (s, 6H) *exchangeable OH proton was not
observed; *C NMR (DMSO-ds) § 169.3, 55.9, 22.2.
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Chapter 5: Conclusions and Future Directions

5.1 Thesis summary

APN has been extensively studied, and there is compelling evidence that proves a relationship
between APN dysregulated activity and angiogenesis or metastasis. An enormous number of
inhibitors, ranging from synthetic peptidomimetic or non-peptide small molecule inhibitors to
monoclonal antibodies have been developed.®® Despite continuous efforts, only a few APN
inhibitors such as bestatin and Tosedostat displayed clinical efficacy. Therefore, there is

continuous interest in the discovery of novel APN inhibitors for the treatment of cancer.

This project aimed to repurpose PfA-M1 inhibitors that were developed as potential anti-
malarial agents.?*® APN is a human homologue of PfA-M1 and investigation into the selectivity
of 1 (Chapter 1 and 2) showed that it was a more potent inhibitor of APN than PfA-M1 (K@)
= 118 nM vs 331 nM respectively). Based on the X-ray crystal structure of PfA-M1 bound to
1, a model of APN bound to 1 was produced. From this model, it was hypothesised that the
binding interactions between the inhibitor and the S1’ subsite of APN could be improved by
modifying the N-pivaloyl group of the inhibitor. Therefore, in a previous study, 1 was
repurposed as the novel APN inhibitor to develop a series of hydroxamic acid analogues as
novel anti-cancer drug candidates. A total of 11 hydroxamic acid analogues with various S1’
anchors were synthesised by replacing the N-pivaloyl group of 1 with a longer alkyl chain or
aromatic linkers containing hydrogen bond donors and acceptors. Among the series of
compounds, the 3-fluoro-4-hydroxyphenyl compound showed the most potent activity with a
Ki@P) of 29.1 nM.

This project first aimed to further optimise the binding interactions occurring at and beyond
the S1' pocket of APN to enhance the potency of inhibitors (Chapter 2). The previously
optimised multi-step synthesis was applied to successfully generate a total of 35 novel APN

inhibitors and their inhibitory activity against APN was measured using an in vitro
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fluorescence-based enzyme assay to establish comprehensive structure-activity relationships.
Among this series of analogues, methylsulfonamide analogue 6ad and sulfamide analogue 6ae
(Figure 5.1) were found to possess excellent potency with Ki®?) values of 4.5 nM and 8.2 nM,
respectively. The binding interactions between the inhibitors and APN were predicted through
extensive computational modelling studies. According to the MD simulations of the docked
pose of 6ad and 6ae into APN crystal structure, the biphenyl core scaffold played a significant
role in providing multiple hydrophobic interactions with the 81Y GGGSFSF8% flexible loop. It
was also noted that the sulfonamide moiety of 6ad and 6ae engaged in dual hydrogen bonding
interactions with the side chain of Asn®® and Arg**? residues. In order to assess cross-activity
with other zinc-dependent enzymes, the inhibitory activity of 6ad and 6ae against MMP2, 7,
8, 9, and 13 was determined, and the results revealed that the inhibitors were selective against
the MMPs.

6ad 6ae 6f

Figure 5.1. Structures of potent APN inhibitors.

Resazurin cell-based assays were also performed to measure the anti-proliferative activities of
compound 6ad and 6ae in a cell environment. Although both compound 6ad and 6ae exhibited
low cytotoxicity against Ad293 cells with 1Cso values of greater than 40 puM, they only
displayed very weak anti-proliferative activities against ovarian cancer cell line ES-2 and
leukaemic cell line REH. The assay results also showed that both inhibitors were more active
in low-APN expressing REH cell line than high-APN expressing ES-2 cell line. Growth
inhibition activity of Tosedostat, 6ad and 6ae at a single dose of 10 tM against various cancer
cell lines was also determined by NCI. Despite the weaker APN inhibition activity, Tosedostat
displayed more significant growth inhibition compared to 6ad and 6ae. Physicochemical and

pharmacokinetic studies of 6ad and 6ae indicated high in vitro metabolic and plasma stability
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properties which were desirable, however, the kinetic solubilities of the inhibitors were at a

sub-optimal level.

Although the novel APN inhibitor 6ad exhibited extremely potent activity, the compound was
identified to possess sub-optimal solubility, which could be further improved by medicinal
chemistry approaches. Therefore, the second aspect of this project aimed to modify the
hydrophobic 3,4,5-trifluorophenyl group to improve the solubility while maintaining optimal
binding interactions at the S1 pocket of APN. Chapter 3 introduced various synthetic
approaches to form C-C bond between arylboronic / alkylboronic acids and the aryl bromide
intermediate 4d. Suzuki-Miyaura coupling reaction conditions were successfully optimised to
synthesise 15 analogues containing biphenyl / cycloalkyl-aryl scaffolds efficiently. A diverse
set of synthetic strategies were employed to produce 9 compounds with various amino groups

installed through Buchwald-Hartwig aminations.

According to the enzymatic assay results, many of the hydroxamic acid analogues showed
potent activity at a low nanomolar range, indicating that various chemical moieties were
tolerated at the S1 subsite of APN. 3-Fluorophenyl analogue 6f (Figure 5.1) was identified as
the most potent inhibitor of this project, with an outstanding Ki®" value of 0.66 nM. Binding
interactions between APN and selected compounds 6a (phenylglycine), 6e (phenyl), 6f (3-
fluorophenyl), 6m (4-pyridyl), 60 (cyclopropyl), 6s (cyclohexyl), and 6ab (piperazinyl) were
studied through molecular docking studies. While some differences in the binding interactions
between each ligand were observed, the docking studies provided insufficient information to
correlate with the SAR Anti-proliferative activities of 10 selected APN inhibitors 6c¢
(chlorophenylglycine), 6e (phenyl), 6f (3-fluorophenyl), 6i (3,5-difluorophenyl), 6m (4-
pyridyl), 60 (cyclopropyl), 6q (cyclopentyl), 6s (cyclohexyl), 6x (4-fluoropiperidyl), and 6ab
(piperazinyl) were also determined. Unfortunately, compound 6f was the only inhibitor that

possessed a weak anti-proliferative activity against certain cancer cell lines.

With binding interactions at both the S1 and S1’ subsite of APN optimised, the last aspect of
this project proposed to modify the centric aromatic ring to investigate the effect of such
structural changes to the inhibitory activity against APN. In Chapter 4, a small series of novel
hydroxamic acid analogues were designed where 3-fluorophenyl group and methylsulfonamide
groups were incorporated to maintain the optimal potency within the S1 and S1' of APN,

respectively. The middle phenyl ring of the biaryl scaffold was suggested to replace with
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heteroaromatics such as pyridine and pyrimidine. It was also proposed to install the acetylene
group to introduce a completely new structure that has not been explored much in previous
studies. Although considerable efforts were made to synthesise the designed compounds,
chemistry optimisation was unsuccessful. The previously optimised synthetic route discussed
in Chapter 2 was employed to produce pyridyl analogue. The methyl ester intermediate 8 was
successfully generated (Figure 5.2). However, the following reductive amination resulted in a
reduction of the ketone moiety 11 instead of the desired product 9. Synthesis of the acetylene
analogue was attempted through multi-step synthesis developed by other research groups.
Unfortunately, the earlier steps of the proposed synthetic pathway failed to afford the desired

products, which require further investigations in the future.
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Figure 5.2. Structures of compound 8, 9, and 11.

5.2 Concluding remarks and future works

A number of tight-binding novel APN inhibitors were successfully developed through
structure-based approaches and this involved applications of a wide range of synthetic
chemistry and structural biology strategies. However, there were also several limitations and

challenges identified which should be addressed in the future.

One of the biggest challenges of this project lies with the weak cellular activity of inhibitors

observed despite their excellent inhibitory activities against APN. There have been numerous
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examples of small molecules reported showing activity towards their isolated target protein in
an in vitro screening but failed to display biological activity.?®® The major factors of such huge
discrepancies were caused by poor membrane permeability and off-target effects.?®® Therefore,
appropriate experiments are required to determine which properties of the inhibitors are closely
associated with cellular activity. In vitro Caco-2 permeability assays can be performed as a
measure of cell permeability of the inhibitors and their potential to interact with drug
transporters.?®® The APN inhibitors bear a hydroxamic acid group which is known as strong
metal chelator. Therefore, there is a possibility of non-selective binding to other
metalloenzymes which can lead to off-target effects. As such, the selectivity of the inhibitors
needs to be determined by measuring activities against other zinc-dependent enzymes.
Moreover, the inhibitors developed in this project will be a valuable tool to establish
comprehensive structure-property relationships that can assist the identification of desired

features for improved cell efficacy.

Resazurin assays of 6ad and 6ae indicated that both inhibitors exerted stronger anti-
proliferative activity against APN-negative cell line than APN-positive cell line. This result
implied that APN enzymatic activity might not be associated with cell proliferation. Indeed,
there are controversies about the role of APN in cell proliferation.® %2 Another theory that
explains this result would be the off-target effects of the compounds in cellular environment.
In the APN positive cell line, the compounds would be more actively consumed by APN than
when the compounds are present in APN-negative cell line. This would leave higher
concentration of inhibitors available in the APN-negative cell line to interact with other
unknown targets to exert anti-proliferative activity. Therefore, it is vital to be aware that the
inhibitors may participate in cell proliferation through APN-independent mechanisms.

Additionally, it would be also interesting to explore the effects of the APN inhibitors developed
on angiogenesis and metastasis. Although the inhibitors were not able to display noticeable
anti-proliferative activities, they could be potential anti-cancer drug candidates as effective
angiogenesis and metastasis suppressors. A classical capillary tube formation assay may
provide information on the impact of the potent APN inhibitors on endothelial cell
tubulogenesis which is one of the targets for angiogenesis.*> 2° Changes in cell motility, which

contributes to metastasis of cancer cells, can be evaluated by wound healing assays.?"
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The binding interactions between potent inhibitors and APN were studied through extensive
molecular modelling strategies. One of the limitations of docking studies performed is that any
water-mediated interactions that might be significant in affecting activity were not investigated,
because water molecules were removed during the docking process. In addition, several poses
that lost hydroxamic acid-zinc coordination or showed a completely flipped position of ligands
were excluded for analysis. However, the results might be suggesting that those ligands are
unstable within the binding site of APN, or there might be other poses available. Therefore, X-
ray crystallography of the APN-inhibitor complex will be required for precise analysis of

binding interactions made within the binding sites.

A wide range of synthetic chemistry strategies was explored and optimised to synthesise a total
of 63 novel hydroxamic acid analogues successfully. The compounds were evaluated for
pharmacological activities as a racemic mixture. Therefore, selected potent inhibitors are
required to be resolved as pure enantiomeric compounds through chiral chromatography or
diastereomeric salt formation to determine the active enantiomer and measure its activities in

biological systems.

Synthesis of 2,5-disubstituted pyridine and alkynyl analogues through various chemistry
approaches was trialled to modify the central phenyl ring. However, optimisations of proposed
synthetic pathways were not achieved. As an alternative, 2,5-disubstituted pyridine or 2,5-
disubstituted pyrimidine compounds can be produced by new synthetic route using modified

conditions reported by Moon et al. and Sabbatini et al. as described in Scheme 5.1.27% 272

The first step involves decarboxylative arylation of 3-ethoxy-3-oxopropanoic acid 1 by
oxidative catalysis in the presence of arylboronic acid and copper(ll) triflate, followed by
Suzuki-Miyaura coupling reaction optimised in Chapter 3.2 The a-carbon of intermediate 3
is brominated and reacts with sodium azide which is reduced by hydrogenolysis to produce
primary amine 5. The amine is coupled with 4-(methylsulfonamide)benzoic acid, and the ethyl

ester is converted to the corresponding hydroxamic acid using established methods.
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Scheme 5.1. Alternative synthetic pathway proposed to produce 2,5-pyridine and

pyrimidine analogues.

Br
F F F ‘(d)
@\(/N | o ©YN | o ©YN | o
7 O NH 6 O NH 5 NH,
O _NH Q_NH
2 e

Reagents and conditions: (a) Cu(OTf),, phenylboronic ester, DMA, EtsN, rt, overnight; (b) 3-
fluorophenylboronic acid, KsPO4, Pd(PPhs3).Cl,, DMF, 100 °C; (c) benzoyl chloride, NBS,
CCly, reflux; (d) (i) NaNHs, MeCN, rt, overnight; (ii) H2, 10% Pd/C, MeOH, rt, overnight; (e)
4-(methylsulfonamido)benzoic acid, EDCI.HCI, DMAP, DCM, DMF, rt, overnight; (f)
NH2OH -HCI, 5 M KOH/MeOH, anhydrous MeOH, rt, overnight.

Numerous chemistry methods to generate a-ethynyl glycines have been introduced.?? Among

them, the synthesis of B,y-alkynyl a-amino acid derivatives optimised by Ji et al. can be used

as an alternative approach to produce alkynyl-containing analogues (Scheme 5.2).273
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Scheme 5.2. Synthesis of alkynyl analogue 13 from ethyl glyoxylate 8.
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Reagents and conditions: (a) 8, 4-methoxyaniline, DCM, rt, 30 min; (b) 3-
fluorophenylacetylene, AgOTT, hexane, rt; (c) conc. H2SOs, Hs10s, MeCN/H20 1:1, rt or 90 °C;
(d) 4-(methylsulfonamido)benzoic acid, EDCI-HCI, DMAP, DCM, DMF, rt, overnight; (e)
NH2OH -HCI, 5 M KOH/MeOH, anhydrous MeOH, rt, overnight.

Ethyl glyoxylate reacts with 4-methoxyaniline to generate imine intermediate 9. Using the
optimised conditions of silver(l)-catalysed alkynylation by Ji et al., 3-fluorophenylacetylene is
introduced to produce alkynyl intermediate 10, and the 4-methoxyphenyl protecting group can
be reduced in the presence of periodic acid and concentrated sulfuric acid to afford free amine
intermediate 11.2% 274 The last two steps involve installation of the methylsulfonamide moiety

and formation of hydroxamic acid.

Furthermore, replacement of the hydroxamic acid moiety of APN inhibitors developed could
be considered as part of the future work to solve several issues associated with hydroxamic
acid. Being a strong ZBG, compounds that contain hydroxamic acid may suffer from low
selectivity towards other types of zinc-dependent aminopeptidases. In addition, hydroxamic
acid may cause pharmacokinetic and toxicology problems. It was also shown that hydroxamic
acids might be hydrolysed to the corresponding carboxylic acid under physiological
condition.?’”® The downside of this effect is that compounds may lose biological efficacy
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because carboxylic acid is weaker ZBG.2® Moreover, hydroxylamine generated as a by-
product can be toxic due to its mutagenicity.?’” Some of the commonly used ZBGs include
carboxylate, sulfonamide, phosphonate, heteroaromatic pyrazole and tetrazole, urea, and

boronic acid.?*?

The work detailed within this thesis has shown that a large series of hydroxamic acid analogues
were generated and N-(1-(3'-fluoro-[1,1'-biphenyl]-4-yl)-2-(hydroxyamino)-2-oxoethyl)-4-
(methylsulfonamido)benzamide (6f) achieved a remarkable improvement in potency against
APN. Further modifications on this compound will be conducted to develop novel inhibitors
with improved cellular activity and physicochemical properties as suitable drug candidate for

the treatment of cancer.
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