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LAY ABSTRACT

Antibiotics, such as aminoglycosides and carbapenems, are losing their
effectiveness against bacteria responsible for deadly diseases. This is often due to
resistance enzymes such as aminoglycoside N-acetyltransferase-3 (AAC(3)) and O-
nucleotidyltransferase-2” (ANT(2”)), which inactivate aminoglycosides, and the
New Delhi metallo-B-lactamase-1 (NDM-1), which destroys carbapenems. If these
enzymes are blocked, the antibiotics should work against bacteria again.

In order to develop compounds that will inhibit these enzymes, sets of
similar compounds are made and tested. Patterns of what chemical groups improve
or worsen inhibitory activity are noted and used to make another set of compounds
in an iterative process. This thesis describes the development of inhibitors of
AAC(3)-1a and ANT(2”)-Ia by this process. Additionally, a specific compound

was made to test if a particular chemical group has a role in inhibiting NDM-1.
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ABSTRACT

Widespread antimicrobial resistance, particularly in Gram-negative
pathogens, is a serious threat facing the global community. Aminoglycosides are
inactivated by enzymes such as aminoglycoside N-acetyltransferase-3 (AAC(3))
and O-nucleotidyltransferase-2” (ANT(2)), while the New Delhi metallo-3-
lactamase-1 (NDM-1) degrades carbapenems. Inhibition of these enzymes should
result in bacteria becoming once again susceptible to aminoglycosides and
carbapenems. This thesis describes the development of inhibitors to these enzymes,
in an effort to rescue the utility of aminoglycoside and carbapenem drug classes

through adjuvant therapy.

High-throughput screening of protein kinase libraries identified two
AAC(3)-Ia inhibitors with a common 3-benzylidene-2-indolinone core. New
methods for purification of AAC(3)-Ia and monitoring its activity were developed.
A chemical library was built around this scaffold and assessed for SAR. It was
found that the initial hit (Z)-methyl 3-(3,5-dibromo-4-hydroxybenzylidene)-2-
oxoindoline-5-carboxylate was the most active against AAC(3)-Ia, and alterations
to either the 3,5-dibromo-4-hydroxybenzyl warhead or methyl ester substituent

resulted in a decrease in activity.

Previous whole-cell screening had identified two protein kinase inhibitors
with a biphenyl isonicotinamide scaffold as inhibitors of ANT(2”)-la. A
convergent parallel synthesis was developed, involving Suzuki and amide

couplings and protecting group strategies. This methodology was used to assemble
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a focused chemical library for SAR analysis. Stepwise removal of extraneous
complexity from the initial hits yielded a selective ANT(2”)-Ia inhibitor which

demonstrated in vivo synergy with gentamicin.

Aspergillomarasmine A (AMA) is a natural product with activity against
NDM-1. Several derivatives of AMA have been synthesized to assess SAR, but
the specific contributions of individual carboxylic acids have yet to determined due
to difficulties accessing position 6. A synthetic approach was developed via
reductive amination using Garner’s aldehyde as a serine equivalent. This strategy
was used to synthesize an AMA analog with a hydroxyl group in place of the
carboxylic acid in position 6. Additionally, an imine-promoted isomeric resolution

was discovered.
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1.0 INTRODUCTION

1.1 MEDICINAL CHEMISTRY AND DRUG DISCOVERY

Though medical prescriptions have been recorded since before 1500 BC,! a
systematic approach to drug discovery really only began in 1907 with Paul
Ehrlich’s screening of arsenic compounds (initially against trypanosomes), and
subsequent identification anti-syphilitic arsphenamine (Salvarsan) in 1909.> The
drug discovery and development process of modern times is even more intensive.
Theoretically, before work on a specific drug can even begin, a target must be
identified and validated.’* This process often starts with bioinformatics, followed
up with basic science research and integration of clinical feedback to ensure that
the target is relevant, without obvious safety concerns, and “druggable”: accessible
to and able to bind a potential drug with high affinity in order to provoke a
measurable response.®®’ A vast and expanding assortment of tools are available to
aid in target validation, including antibodies, recombinant proteins, inducible gene
knock-outs and knock-ins, RNA interference, and small molecule probes.>®

Once there is a validated target, an assay can be developed. There are two
main types of assay: cell-based, where the target is overexpressed to assess
functional response, and biochemical, where the target protein is purified; results
from biochemical assays usually give a measure of the affinity of the hit for its
target.?> The type and features of the assay chosen depend on the target and desired
modification (activation, modulation, or inhibition), but relevance, reproducibility,

cost, and quality need to be considered.>®® Positive and negative controls are
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tested to determine the screening window and quality of the assay for high-
throughput screening.>!° This is done through calculation of the Z’ factor, which
compares the data variability to the relative signal intensity; Z’ > 0.5 indicates a
robust screening assay.'°

There are various approaches to screening: high-throughput screens (HTS)
are usually only done by large pharmaceutical companies due to the cost of building
and maintaining the huge compound collections required, although there has been
a movement towards collaborations with academic centres for screening as a cost-

cutting measure.>!!:12

The average pharmaceutical library houses 1 million
compounds and can screen up to 200 (384- or 1536-well) plates a day, with hit rates
ranging from 0.01% (or less) to 3%.3:%!13-15 Antagonist screens typically have higher
hit rates due to false positives from signal interference.> Focused (or knowledge-
based) screens involve subsets of libraries with higher probabilities of interacting
with the target, based on previous screens of related targets and other insights found
in the literature.>>!! Adjunct screening strategies include fragment-based screens
(where compound fragments added to crystalized proteins and visualized by X-ray
or NMR are linked to build molecules with desired binding properties), virtual
screens (virtual compounds are docked into the protein crystal structure), and
physiological or phenotypic screens (effects of the drug are tested at the tissue rather
than cellular or biochemical level).?

Once “hits” are identified through primary screens, and confirmed with

follow-up assays, medicinal chemistry- the development of molecules to treat

disease states, begins. Structure-activity relationships (SAR) are explored by
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adding or removing various parts of the molecule and analyzing the effect on

34611 This is an iterative

potency, selectivity, and physicochemical properties.
process resulting in one or more leads which can go on to pre-clinical testing.>-
Pre-clinical testing is often done in tandem with hit-to-lead optimization to
give early feedback regarding toxicity and pharmacokinetics, as poor
bioavailability, metabolic instability, drug-drug interactions, and other toxicity
issues are responsible for up to 90% of drug candidate failure.*>'® There are many
in vitro assays available to assess these ADMET (absorption-distribution-
metabolism-excretion-toxicity) properties (Table 1-1), though ultimately these
parameters must be evaluated in animal models.>*!¢ The choice of animal model
is dependent on the therapy indication, but the Federal Drug Administration (FDA)
and other regulatory bodies generally require safety data from two different species,
at least one of which must be non-rodent.*> Mice, rats, dogs, and primates are the
most commonly used models.* These studies provide important information about
the pharmacodynamic, pharmacokinetic, and safety profiles, allowing predictions
of the dosing levels and regimens required for efficacy (via allometric scaling), drug
metabolism and interactions with food or other drugs, and toxicity (including
neurological, cardiovascular, hepatic, pulmonary, and reproductive toxicity and
carcinogenicity).*> Animal studies should include higher doses and longer
durations than those expected for human testing, and pharmaceutical-grade purity
is not required at this step, though the formulation and production methods should
be established by this point, with all impurities identified and no single impurity

present at greater than 0.5%.%°
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Table 1-1. Commonly Used Absorption-Distribution-Metabolism-Excretion-Toxicity
(ADMET) Assays (Summarized from references 3, 4, and 16)

Absorption Caco-2 cells + verapamil (intestinal)

MDR1-MDCK cells (intestinal and CNS permeability, efflux)
Drug metabolism | Liver microsomes and NADPH (Phase I)

S9 fraction (Phase I and II)

Hepatocytes
Inhibitory Genetically-engineered microsomes with one human cP450 isoform
drug-drug and fluorescent substrates

interaction

. . Liver microsomes with isoform-specific cP450 substrates: ex.
(increased toxicity)

testosterone for isoform CYP3A4 and dextromethorphan for CYP2D6
Pooled hepatocytes and isoform-specific cP450 substrates

Inductive PXRE-luciferase assay (CYP3A4)
drug-drug
interaction

(therapeutic failure) | Hepatocytes and Western or northern blotting (to detect P450 isoform

Hepatocytes and isoform-specific cP450 substrates

proteins or mRNA respectively)

Toxicity hERG channel activity (cardiac effects)

Hep G2 cells (hepatotoxicity)

ATP measurement via luciferin-luciferase assay

MTT assay (mitochondrial activity)

Cytoplasmic enzyme release (membrane integrity): LDH, ALT, AST
Neutral red uptake (lysosomal activity)

Radiolabeled precursors (DNA, RNA, or protein synthesis)
Glutathione measurement using O-phthaldehyde (toxic metabolites)

Caco-2: Caucasian colon adenocarcinoma-2; MDRI: multidrug
resistance protein 1 (p-glycoprotein 1, ATP-binding cassette Bl) ;
MDCK: Madin-Darby canine kidney; NADPH: dihydronicotinamide-
adenine dinucleotide phosphate; cP450 or CYP: cytochrome P450;
PXRE: pregnane-X-receptor response element; hERG: human Ether-
a-go-go Related Gene; Hep G2: Hepatoma G2; MTT: 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl  tetrazolium bromide;, LDH:
lactate dehydrogenase; ALT: alanine aminotransferase; AST:
aspartate aminotransferase

It is only after robust animal studies that an Investigational New Drug
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application can be filed for the compounds (now called drug candidates) to be tested
in humans. There are four stages of clinical trials. Phase 1 trials involve 10-50
healthy subjects (unless the drug carries significant risk of adverse effects or
involves invasive procedures for administration, in which case they are tested in
patients most likely to benefit), looking for adverse drug effects not picked up in
pre-clinical testing and to establish the pharmacokinetic profile in humans. Phase
2 trials test the drug candidate on a small group (50-250) of affected patients,
looking for efficacy and to establish dosing regimens before the large, expensive
Phase 3 trials commence. Phase 2 trials are randomized, controlled, and blinded,
but surrogate rather than clinical endpoints are usually used due to the size. Phase
3 are massive studies (up to 1500 patients over various time points) assessing
clinical endpoints to confirm that the drug is safe and effective for its given
indication; the FDA generally requires two Phase 3 trials demonstrating efficacy at
p <0.05.* Phase IV trials are longitudinal studies after drug approval looking for
long-term complications.!’

This is a costly process, with the average drug taking 12 years and costing
$1 billion USD.* Pre-clinical studies alone can cost $1 million. Along the way,
many compounds are discarded, with only 10% of leads making it through
preclinical development, and 80-90% of those failing during clinical development,
especially in Phase 2 trials.>*> Approved drugs can also be pulled off the market for
toxicity issues.!¢ In addition, the regulatory environment is extremely complex,
with stringent requirements for compound manufacturing and testing, although

there are procedures in place to fast-track desperately needed drugs.*
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1.1.1 COMBINATORIAL CHEMISTRY
Combinatorial chemistry is a method of synthesizing large numbers of
compounds using combinations of interchangeable building blocks, generally for

18 There are two main subsets of

the purpose of building libraries for screening.
combinatorial chemistry: split-pool synthesis and parallel synthesis. In the split-
pool method, a set of reactions are conducted using different reagents, the products
of which are pooled and divided for the next synthetic step.!” Compounds are
screened in mixtures, and mixtures containing hits are then de-convoluted.'*!® In
contrast, during parallel synthesis, each reaction is set up separately, and the
identity of hits does not need to be determined following screening. !

Geysen et al. was one of the earliest groups to use a combinatorial approach.
Building off the broad applicability of Merrifield’s solid phase peptide synthesis,
a library of 400 peptide analogs was made and screened against monoclonal
antibodies to deduce the sequence of viral epitopes.?! Solid phase synthesis was
rapidly adapted to small molecules, and the first small molecule combinatorial
library followed in 1992.222  Coupled with technological advances in high-
throughput screening around the same time (implemented between 1989 and 1991),
the popularity of this methodology skyrocketed.®?*2> However, as intensive but
indiscriminate screening yielded few useable drug leads (no drugs from purely
combinatorial origins were approved until 2005, and only two since), people began

look for ways of focusing screening efforts.%%-25-27

After studying orally-available compounds that reached phase II clinical

trials, Lipinski noted that approximately 90% of them shared similar
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physicochemical properties, thus engendering his famous Rule of Five (ROS5) for
druglikeness:?*

e No more than 500 Da

e No more than 5 hydrogen-bond donors

e No more than 10 hydrogen-bond acceptors

e cLogP not greater than 5
A fifth rule- no more than ten freely-rotatable bonds, is usually added to round them
out.?® Follow-up criteria were later added for lead-likeness, to compensate for the
fact that mass and complexity are habitually added during the drug optimization
process: 230

e No more than 350 Da

e cLogP not greater than 3

e Affinity of approximately 0.1 uM
Benjamin Evans coined the term “privileged” to describe scaffolds that were over-
represented in unrelated, biologically-active drug families (for example, indoles,
biphenyls, quinolines, and benzoxazoles) and surmised that they must be in
possession of distinctive properties not found by the majority of compounds
populating chemical space.®!231-32

Camille Wermuth built on this idea with her selective optimization of side

activities (SOSA) approach. SOSA involves screening libraries of already
approved drugs against new targets then optimizing their activity and selectivity

using medicinal chemistry techniques.!>3* Since only compounds that had already

been shown to be biologically-relevant (and had compiled human pharmacokinetic
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and safety data) were included, libraries could be much smaller (approximately
1000 compounds) and any hits would be unlikely to have significant toxicity or
bioavailability issues.'>¥ This approach is not uncommon, as pharmaceutical
screening libraries are often populated by compounds made during previous
optimization campaigns.>® An early example of this approach was the use of a
sulfonamide antibiotic as a lead for phase II drug for congestive heart failure by
Bristol-Myers-Sqibb.3* More recently, Pollinger ef al. combined this approach with

computational modeling to derive a PPARa modulator.?

Stuart Schreiber proposed a different a solution: diversity-oriented synthesis
(DOS).2¢ DOS uses short (three- to five-step) synthetic strategies to build libraries
with as much diversity (in terms of appendages, functional groups, stereochemistry,

and the underlying scaffolds) as possible.!!12:18.37

Diversity is developed in one of
two ways: in the reagent-based approach is a differentiating process, where a
common starting material is subjected to different reaction conditions.!’*” The
starting material chosen must either have many functional groups, or one functional
group with versatile reactivity.!! In the substrate-based approach, the starting
material is pre-modified by c-elements so that the same reaction conditions produce
different products; this is termed a “folding process” in reference to the analogous

folding of amino acid chains into proteins.!!=’

Library members are typically three-
dimensional, natural product-like compounds with abundant chiral centres, and
cascade, multicomponent, and pericyclic or ring-closing reactions are commonly

employed in their synthesis.>!’!8  Although DOS is often saddled with the

auspicious goal of developing small molecule probes for every biological target, in
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reality DOS libraries tend to be much smaller than traditional combinatorial

6,11,12,18

libraries, while still accessing much more chemical space. This strategy is

especially useful for poorly characterized or undruggable targets, multi-target
pathways, and exploring biological systems.”!2:18

Complexity-to-diversity (CtD) is an off-shoot of this strategy, where the
natural product starting material provides initial complexity, and the various
functional groups present are treated with one or more reaction conditions to

increase diversity in a combinatorial fashion.?%

Samuel Danishefsky’s approach was somewhere in between. Noting the
widespread therapeutic success of natural products (over half of drugs on the market
at that time were natural product or natural product-derived, and even with the
advent of biologics and vaccines, natural products and their derivatives account for
approximately a third of approved drugs, nearly two thirds in enriched areas such
as antibacterial drugs),?®?’40 he proposed a method that involves diverting total
synthesis of natural products to allow simultaneous development and testing of
analogs: diverted total synthesis (DTS).2>3¢# In this way, evolutionary pressures
are exploited as an intensive preliminary screening, followed by SAR analysis to
enhance activity and remove unnecessary complexity.?>3641

Biology-oriented synthesis (BIOS), proposed by Herbert Waldman,
similarly takes note of the small subset of chemical space occupied by natural

products, and likens it to the conservation of protein folds.*>*}

Waldman posited
that, as nature selected for three-dimensional structures of proteins, it also selected

for chemical compounds to interact with them; therefore, proteins with similar folds
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should interact with the same scaffold.** Just as chemical scaffolds are tuned by
the addition of different functional groups, the binding site set by the protein fold
is modified by the specific amino acid sequence.** Thus, in this approach, natural
products are deconstructed down into their base, single-ringed parent scaffolds that
will interact with the members of the protein structure cluster, and then built up into
simplified analogs that retain the activity of the more complex molecules but with
better selectivity for the target.*>** Known inhibitors of the related proteins can
instruct scaffold deconstruction and analog development, and may be useful in
predicting drug side effects.*

Fragment-based drug design (FBDD), first theorized by William Jencks in
19814 and reported by Abbott researchers in 1996,% takes the reductionist
approach to the extreme. Simple molecular “fragments” (compounds with
molecular masses less than 300 Da, less than three rotatable bonds, less than three
hydrogen-bond donors or acceptors, cLogP no greater than three, and with
generally less than 20 non-hydrogen atoms) are screened at high concentrations
against a protein target.!!*>#6 Initial hits have very poor affinities for the protein of
interest (micro- or even millimolar concentrations), but they can quickly and easily
be optimized to high-affinity (nanomolar) leads by “linking” multiple low-affinity
fragments, “merging” their features, or “growing” the fragment based on
knowledge about the binding site.!'*>%¢ This method has wide applicability,
targeting even the notoriously difficult protein-protein interactions as the
streamlined fragments can identify and bind tiny pockets inaccessible to larger

compounds, and binding site information is built into the screening process.*>+#6

10
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Additionally, due to the combinatorial nature of linking fragment building blocks,
a large number of possible inhibitors are represented in a small collection
(Meompounas = (Muinkers) X (Myragments) "Pmdimgsites) 3 Nuclear ~ magnetic
resonance (NMR), surface plasmon resonance (SPR) and X-ray crystallization
techniques are the traditional screening methods, leading to the nickname “SAR by
NMR?”, but there have been many technical advances in recent years, including
thermal shift assays (TSAs), weak affinity chromatography, computational
docking, off-rate screening, and even cell assays, to the point where structural
knowledge of the binding site is no longer essential for optimization of hit
fragments.*>—

Function-oriented synthesis (FOS), while not a new or strictly-
combinatorial method, can also be appropriated for medicinal chemistry. FOS
involves designing a molecular structure to perform a desired function, and doing

so in an efficient way.**%

Paul Wender used this approach to develop novel
inhibitors of protein kinase C by comparing the special orientations of key oxygen
atoms of two unrelated protein kinase C inhibitor ligands and building functional,

but not structural, analogs.*$->°

1.1.2 ANTIMICROBIAL CHEMISTRY

Though antimicrobials were instrumental in the establishment of our current
drug development procedures, they also present some unique challenges due to both
their intrinsic chemical properties as well as their indications for use.? First of all,

antibiotics have traditionally been natural products, which do not follow Lipinski’s

11
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ROS, despite many of them being orally dosed (the synthetic sulfonamide class is
a notable exception).?**!2 Antimicrobials targeting Gram-positive bacteria do not
appear to be size-limited (members up to 2000 Da were found), but must be more
lipophilic relative to Gram-negative-targeting antibiotics to allow them to pass

through bacterial membranes.>?

Gram-negative-targeting compounds are almost
exclusively under 600 Da (450 Da for orally-available), but require much greater
polarity in order to displace the hydration shell guarding the entrance to porins.>? It
is thought that many antimicrobials utilize cellular transporters.?#32-33
Nevertheless, intracellular accumulation can be problematic, especially for drugs
targeting the notoriously impermeable Gram-negative pathogens.’*->® Some groups
are working on ways to circumvent this through the use of siderophores or

liposomes.>*-6!

Also, much higher exposure levels are needed to stop bacterial
growth and prevent resistance (compare the maximum serum concentration of
amoxicillin (12 pg/mL) with that of atorvastatin (55 ng/mL)), resulting in issues
involving tolerability and toxicity.¢-:62

Prescription practices compound the scientific difficulties. Antibiotics are
often prescribed empirically (ie. before the causative organism is known), but
treatment regimens are short (often less than two weeks).’%6>% The widespread
success of antibiotics has not only resulted in resistance, but also in market
saturation with low-cost generics, limiting the price of new drugs, which in any
case are reserved to delay resistance onset.’662%5 Resistance development is

unpredictable, and may appear as a sudden outbreak that society is unprepared for,

or as a slow accumulation adding time and cost to clinical trials.’® There are also

12
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regulatory issues to overcome in clinical trials, such as recruitment of patients
(larger numbers are required since it is unknown at onset which patients are infected
with the target bacteria, and traditionally patients were required to be antibiotic-free
for 24 hours before trial commencement) and setting endpoints (obviously, it is
unethical to withhold treatment from the control group).’®? This, coupled with
technical challenges and the low return on investment has resulted in a well-
documented retreat from this area by major pharmaceutical companies and a
slowing of the antimicrobial pipeline.’®%%¢ Only five new classes have been
approved since the 1960s - linezolid (2000), daptomycin (2003), retapamulin
(2007), fidaxomyxin (2011), and bedaquiline (2012), and all of them targeting

67,68

Gram-positive pathogens. However, there has been considerable effort in

recent years to address these concerns, through academic-industrial-government

partnerships, regulatory changes, and financial incentives.*>!-6-62

1.2 ANTIMICROBIAL RESISTANCE

Since the discovery of penicillin by Sir Alexander Fleming in 1928,%
antimicrobial therapy has become a cornerstone of modern medicine, with
indications ranging from prophylaxis to acute resuscitation to chronic
complications (such as diabetic foot infections), and everything else in
between.%7%72 Unfortunately, their widespread use (and misuse) has selected for
bacteria carrying resistance genes, who survive and multiply.®>73-"* Currently, there

are bacterial species resistant to all known classes of antibiotics, and multidrug

13
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resistant organisms are found with alarming frequency.®>7>76 Tt is estimated that
antibiotic-resistant organisms are responsible for 700 000 deaths each year, and that
number is predicted to explode to 10 million by 2050 and cost the global community
$100 trillion.*® In response to this threat, the World Health Organization (WHO)
launched the Global Action Plan on Antimicrobial Resistance, which highlights the
need for education, appropriate and efficient antibiotic use, and development of
new technologies.”” Of particular concerns are the ESKAPE pathogens:
Enterococcus  faecium, Staphylococcus aureus, Klebsiella pneumoniae,

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species.””’

Resistance arises through spontaneous mutations over time. If the change
results in a survival advantage, it will be passed on. Nature is replete in genes with
the potential to confer resistance, even in the absence of human involvement.5>80-
82 Many resistance mechanisms (for example efflux and PB-lactamases) are
adaptation of normal physiological roles such as signaling, detoxification, and
peptidoglycan homeostasis.?%#3-85  Antimicrobial producing organisms may be a
source of resistance, as they must develop means of protecting themselves from the
compounds they produce, and competition with neighbouring microbes potentiates
the development of resistance genes.’"®! Nevertheless, the selective pressure
imposed by human activity has greatly accelerated this process.®! In addition to
problematic prescription practices (approximately half of antibiotics are improperly
prescribed), millions of kilograms of antimicrobials are used every year for pest
control, agricultural/aquacultural prophylaxis, animal growth promotion, plant

cloning, and cleaning products, not to mention scientific applications in research

14
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and industry.>8!

Run-off and improper waste treatment also create perfect
conditions for resistance development and dissemination.®*8! Resistance elements
are easily spread within and between species by conjugation, transformation, and

rarely, transduction and cellular fusion.>373-81

1.2.1 MECHANISMS OF RESISTANCE

Resistance is categorized as intrinsic, adaptive, or acquired. Intrinsic
resistance refers inherent characteristics, such as the outer membrane of Gram-
negative species, that protect against the actions of antimicrobial drugs.®!-83:86
Adaptive resistance is a temporary change in protein expression that protects
against an environmental trigger.®® Acquired resistance is the archetypal resistance:
decreased susceptibility to the actions of antibiotics as result of new genetic
material either through mutations or horizontal gene transfer.®*%¢ Often, transient
adaptive changes are followed by sequential mutations until breakthrough or high-
level resistance is realized.®® Multidrug resistant (MDR) species have acquired
defenses to at least three or more antimicrobial classes, extensively drug resistant
(XDR) species have resistance to all but one or two classes, and pandrug-resistant
species are resistant to all classes.®

There are five main mechanisms of antibiotic failure: drug inactivation,
target modification, porin alteration, efflux upregulation, and biofilm

formation.30-83.86.87

Most species employ multiple mechanisms. Antibiotics are
typically inactivated one of two ways: they are destroyed by hydrolytic enzymes

(for example B-lactamases, macrolide esterases, and fosfomycin epoxidases) or

15
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they are covalently modified by chemical groups that prevent them from binding to
their targets (O- or N-acetylation, O-glycosylation, O-nucleotidylation, O-
phosphorylation, and O-ribosylation); there are also examples of lyase- or redox-
associated degradation.’’ Antimicrobials can also be prevented from binding to
their target by modification of the target itself, through structure changes (as in the
PBP2a peptidase in MRSA)38 post-translational modifications (for example
methylation of the ribosome by erm and rmt methylases which interferes with
macrolide and aminoglycoside binding respectively)?®!, alternative substrates
(substitution of terminal D-Ala-D-lac or D-Ala-D-Ser for D-Ala-D-Ala in Lipid II
prevents recognition by vancomycin)®?, or shielding proteins (PRPs provide
protection from quinolones).?6-%3

Because they both reduce intracellular antibiotic concentration, porin and
efflux changes have a synergistic effect, and they are often the first steps in the

gradual progression of resistance.53-86-4

Porins provide size- and charge-selective
entry points for antibiotics and other substrates to enter the cell, particularly the
relatively impenetrable Gram-negative bacteria.>’#>-8¢ Mutations that delete, down-
regulate expression, or constrict the lumen of porins therefore prevent drugs from
accessing their target, leading to (usually low-level) resistance.®® Efflux pumps
evolved to protect cells (both eukaryotic and prokaryotic) against toxins in their
environment. Mutations related to efflux are most commonly in the regulatory
regions, typically at a fitness cost.>%¢  ATP-binding cassette (ABC) transporters

use primary active transport, while resistance-nodulation-cell division (RND),

major facilitator superfamily (MFS), multidrug and toxic compound extrusion

16
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(MATE), and small multidrug resistance (SMR) superfamilies use secondary active
transport.®> The MDR RND pumps are the most widely distributed in clinically-
relevant Gram-negative species, while Gram-positive species tend to use MFS
antiporters.®** Efflux also plays a role in biofilm-associated resistance. 5337
Biofilms are groups of physiologically heterogeneous cells, adherent to a
surface and surrounded by an extracellular matrix.?” They have increased resistance
and tolerance to antimicrobial compounds relative to their planktonic states,
resulting from multifaceted and interconnected factors, including physical
sequestration by polysaccharides, cyclic glycans, and environmental DNA (eDNA)
in their extracellular matrix, peptidoglycan modification via the PhoPQ and PrmAB
resistance pathways, decreased antibiotic uptake from changes to their outer
membrane potential (due to hypoxia and spermidine synthesis), reduced oxidative
stress from hypoxia and nutrition-limited stringent response activation, and lowered
metabolic activity, resulting in a greater proportion of dormant persister cells.’
They also utilize other resistance mechanisms such as secreted -lactamases and
other resistance enzymes, porin alterations, and increased efflux, and their close

proximity facilitates increased horizontal gene transfer and hypermutability.®*-%7

1.2.2 THE ESKAPE PATHOGENS
In 2008, the Infectious Disease Society of America (IDSA) coined the
“ESKAPE” acronym to describe problematic group of bacteria on the leading edge

t'95

of resistance developmen These pathogens: Enterococcus faecium,

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

17
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Pseudomonas aeruginosa, and Enterobacter species, are a major cause of
nosocomial infections in both the developed and developing world.”®° Of the
six pathogens, four (K. pneumonia, A. baumannii, P. aeruginosa, and Enterobacter)
are Gram-negative, and two are Gram-positive.

Enterococcus faecium are Gram-positive, catalase-negative, facultatively
anaerobic cocci that are part of the normal bowel flora in healthy individuals.”
However, nearly all isolates are resistant to 3-lactam antibiotics, and over 60% are
resistant to the second line agent vancomycin via alternative peptidoglycan

7896 Vancomycin-resistant enterococci (VRE) can cause severe

precursors.
infections in immune-compromised patients, and the responsible genes (van A-E)
have spread to other species.”®’®7 They can also form biofilms.”

Staphylococcus aureus are catalase-positive, Gram-positive cocci present
on the skin of about half the population at any time.”*>” They are generally benign,
but can cause endocarditis, meningitis, osteomyelitis, pneumonia, septic arthritis,
and urinary tract infections.%>’37 They also produce exotoxins (responsible for
gastroenteritis and Toxic Shock Syndrome), and have a proclivity for forming
biofilms.%*7378 Development of an alternative PBP, PBP2a, confers resistance to
B-lactam antibiotics, resulting in the notorious methicillin-resistant S. aureus
(MRSA).878  Some species then go on to develop glycopeptide resistance,
through changes to their peptidoglycan thickness and composition (vancomycin-

intermediate S. aureus, VISA) or acquisition of the van genes from enterococci

(vancomycin-resistant S. aureus, VRSA).”8"
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Klebsiella pneumoniae is a Gram-negative, encapsulated enteric pathogen
that usually only affects hospitalized patients, though it causes violent pneumonia
in diabetic and alcoholic patients.5®73787 Tt is the second leading cause of sepsis
(after E. coli), and the initial source of two carbapenemases: the K. pneumonia
carbapenemase (KPC) and the New Delhi metallo-B-lactamase (NDM).”3:97-98

Acinetobacter baumannii is an opportunistic, facultatively anaerobic Gram-
negative pathogen wreaking havoc in intensive care units due to its environmental

persistance.5>7879

Its thick peptidoglycan cell wall allows it to survive in dry
conditions for up to five months, while its Omp38 exotoxin promotes
colonization.%>’® Tt has intrinsic resistance conferred by constitutively-expressed
efflux pumps and restrictive porins.”®®>  Additionally, most of the OXA-type
carbapenemases originated in this species.’82%100

Pseudomonas aeruginosa are rod-shaped, facultatively anaerobic, Gram-
negative pathogens with impressive arsenal of intrinsic resistance mechanisms,
including the pro-adherent pili, substrate-specific or closed porins, constitutive
efflux, siderophores and pigments, and biofilm formation.>3:627879.83.87 = While
relatively innocuous in immune-competent individuals, this bacteria causes a host
of infections in immune-compromised patients, including chronic cystic fibrosis
lung infections, ventilator-associated pneumonia, osteomyelitis and malignant
external otitis in diabetic patients, catheter-associated pyelonephritis, acute
endocarditis in IV drug users, burn wound infections, and high-mortality
sepsis.6373:10L192 Fyrthermore, the first reported metallo-B-lactamase, imipenemase

(IMP), was found in this species.!00:103.104
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Enterobacter species are Gram-negative rods that are part of the normal gut
bacteria.”> However, they can acquire resistance elements and cause opportunistic
infections.”®”® Strains of this species, like 4. baumannii and P aeruginosa, have

also been found to harbor the NDM carbapenemases. !%°

1.3 RESISTANCE IN GRAM-NEGATIVE PATHOGENS

Gram-negative bacteria have two membranes separated by a thin layer of
peptidoglycan. The outer membrane is composed of lipopolysaccharide (LPS) and
is a source of intrinsic drug resistance and virulence.””’® Lipid A (a component of
LPS) acts as an endotoxin, triggering a severe immune response, while the tightly-
packed lipopolysaccharides form a non-fluid barrier to large and hydrophobic
molecules.’”*%73 Intracellular antimicrobial concentration is further decreased by
the presence of efflux pumps, such as the RND transporters.®*** As a result, only a
limited number of classes of antibiotics have activity against these pathogens: select
B-lactams (ureidopenicillins, later-generation cephalosporins, carbapenems, and
aztreonam), aminoglycosides, fluoroquinolones, polymyxins, tetracyclines and
glycylcycline, amphenicols, sulphonamides, and fosfomycin,3863:64106  The (-

lactams and fosfomycin interfere with peptidoglycan synthesis.”?-107-199

Polymyxins (colistin) disrupt the outer membrane and neutralize endotoxin.®*64

Aminoglycosides, chloramphenicol and tetracyclines bind the ribosome.53:6473

Fluoroquinolones block DNA replication by inhibiting DNA gyrase, while

sulfonamides block folate synthesis.®36473:19 These antimicrobials employ a
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variety of mechanisms to cross the outer membrane. B-lactams and amphenicols
diffuse through porins.»-°> Tetracyclines and fluoroquinolones primarily use
porins, but are also able to diffuse through the membrane in their charge-neutral
state.>> Polymyxins and aminoglycosides promote their own uptake, by binding to

negatively-charge LPS and replacing stabilizing cations,!!%!!!

while fosfomycin
utilizes sugar transporters.!'%

Gram-negative pathogens are a major source of infections in critically-ill
patients.!'? Acquisition of resistance elements have made pathogenic species such
as K. pneumoniae, A. baumannii, P. aeruginosa, Enterobacter spp, and Neisseria
spp much more problematic. While there has been some success in recent years to
develop new classes of Gram-positive-targeting antimicrobials following the
emergence of methicillin-resistant S. aureus (MRSA), vancomycin-intermediate
and vancomycin-resistant S. aureus (VISA and VRSA), and vancomycin-resistant

enterococcus (VRE) in the 1990s, there have been no new classes effective against

Gram-negative pathogens since the discovery of the fosfomycin in 1969.62:67:68.109

1.3.1 AMINOGLYCOSIDE ANTIBIOTIC MECHANISMS OF ACTION AND RESISTANCE
Aminoglycosides are historically tri-ringed structures, each containing
double-ringed neamine ((2R,3S,4R,5R,6R)-5-amino-2-(aminomethyl)-6-
[(IR,2R,3S,4R,6S)-4,6-diamino-2,3-dihydroxycyclohexyl]oxyoxane-3,4-diol),
with the substitution pattern of the third ring on 2’-deoxystreptamine differentiating
neomycin/paromomycin (4,6-substitution, Figure 1-1) and gentamicin/kanamycin

families (5,6-substitution).!’®> They are active against Gram-negative pathogens
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(aerobic or facultative anaerobic, especially bacilli), as well some Gram-positive
(streptococci and enterococci) and Mycobacteria species, usually as part of a

combination therapy.3:6+114

They block the A-site of bacterial ribosomes by
binding to the S12 protein of the 30S subunit, with the conserved lock-and-key
interaction of the ribosome to the neamine rings supplemented by fuzzy interactions
to the third ring.!'>!'> Aminoglycosides’ concentration-dependent bactericidal
activity is due to corruption of the genetic code, resulting in the incorporation of
misfolded proteins in the bacterial cell membrane.53-64114-116 The subsequent effect
on membrane integrity promotes increased uptake of aminoglycosides until a
sufficient concentration is reached to block all ribosomes.!!>

The first aminoglycoside, streptomycin, was isolated from Streptomyces

griseus by Schatz and Waksman at Rutgers University in 1943 and brought to clinic

the following year.!%%!1¢ Several others followed quickly: neomycin in 1949,!'!
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paromomycin in 1956,''® kanamycin in 1958,'" gentamicin in 1963,!!4.120

tobramycin in 1968,'?! and semisynthetic amikacin and netilmicin in 1972 and 1983
respectively.!!61217123 The newest aminoglycoside, plazomicin, was approved in
2018.9%124 While initially very successful, particularly against tuberculosis,
aminoglycosides have largely fallen out of favour, mostly due to their toxicity
profile (nephrotoxicity, audiovestibular toxicity, and prolongation of
neuromuscular blockade).63:64106.114116 There are several possible reasons for this
toxicity, including the inherent structure of the drug, its ability to generate reactive
oxygen species, and the single base pair difference between eukaryotic and
prokaryotic ribosomes at the A-site.!!'®12>:126 Nevertheless, aminoglycosides are
still used in select circumstances: gentamicin is used for sepsis of unknown origin
(in combination with a third-generation cephalosporin), intra-abdominal abscesses
(with metronidazole), neonatal meningitis (with penicillin), and endocarditis (with
vancomycin or a penicillin).®*%* Tobramycin is also used for sepsis of unknown
origin, and where P. aeruginosa is suspected (ventilator-associated pneumonia,
cystic fibrosis, burns).%3:6+78101 Amikacin is used for bowel perforations (with

clindamycin),> and when organisms are resistant to tobramycin or

63,64,106,114 63,64

gentamicin. Neomycin is used to treat hepatic encephalitis.

Aminoglycosides remain first-line treatments for exotic diseases such as plague,
brucellosis (in combination with doxycycline), tularemia, and verruga peruana, and

second-line treatment for tuberculosis .6*64106.127 They also have a role in surgical

prophylaxis®3-$470 and treatment of protozoal infections, and are being investigated

as potential cancer, cystic fibrosis, and muscular dystrophy therapies.!2>:126.128
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High-level resistance in aminoglycosides results primarily from drug
modification by aminoglycoside-modifying enzymes (AMEs).!!1%12°  The three
broad categories of AMEs are aminoglycoside acetyltransferases (AACs),
aminoglycoside  nucleotidyltransferases = (ANTs), and  aminoglycoside
phosphotransferases (APHs).!2>:126:129 - AACs use acetyl-coenzyme A (acetyl-CoA)
to acetylate an amine of the aminoglycoside; ANTs and APHs transfer adenyl-
phosphate and phosphate groups respectively from ATP (or GTP) to a hydroxyl
substituent (Figure 1-2).!25126.129.130 " Thege resistance enzymes may be encoded
chromosomally or on plasmids, and originate from the self-protective mechanisms
of producing bacteria or from genes involved in normal cellular function through

mutation.!'?’

1.3.1.1 Aminoglycoside N-Acetyltransferase-3

In 1973, aminoglycoside N-acetyltransferase-3-la (AAC(3)-la, or
gentamicin acetyltransferase-I) was found in resistant P. aeruginosa isolates.'*!
AAC(3)-Ia uses acetyl-CoA to acetylate the 3-amino substituent of
aminoglycosides via a random mechanism, where the order of substrate binding
does not matter, as binding of either aminoglycoside or acetyl-CoA will promote
the binding of the other, but both must be bound before catalysis can occur.!3%!33
The aminoglycoside interacts via the amines on its two outer rings (2°, 3°, and 6”),

and the rate-limiting step is dependent on which aminoglycoside is used.!3?-134
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1.3.1.2 Aminoglycoside O-Nucleotidyltransferase-2”

Aminoglycoside O-nucleotidyltransferase-2”-Ia (ANT(2”)-Ia) is an
aminoglycoside-modifying enzyme found in K. pneumonia, P. aeruginosa, A.
baumanii, and Enterobacter.'*® First described in 1971, it catalyzes the transfer of

an adenylphosphate group from ATP to the 2”-hydroxyl group of gentamicin,
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tobramycin, and kanamycin.!2%135:136 Adenylation proceeds by an ordered Theorell-
Chance mechanism, where ATP binds to the active site first, stabilized and oriented
by the two magnesium ions, followed by the aminoglycoside.!3>!37 The 2”-
hydroxyl is then activated by an aspartic acid for nucleophilic attack on the a-
phosphate of ATP, pyrophosphate is released, followed by the rate-limiting exit of

the adenylated aminoglycoside.'3>:137

1.3.2 B-LACTAM ANTIBIOTIC MECHANISMS OF ACTION AND RESISTANCE

The B-lactam class was the initial antibiotic class, and is still the most
commonly prescribed class.!%6198.138 Tt consists of four main subclasses- penicillins,
cephalosporins, carbapenems, and monobactams (Figure 1-3), with multiple
subgroups. The B-lactam core is required for antimicrobial activity; however,
within the subclasses and subgroups, structural modifications have been used to
tailor coverage to specific pathogens.!3*'4! The penicillins have a thiazolidine as
the second ring in the bicyclic structure, the cephalosporins a dihydrothiazine, and
the carbapenems a 2-pyrroline, while monobactams have only the single B-lactam
ring N-substituted with a sulfonic acid.

Penicillin G (benzylpenicillin) was  famous contaminating
antibiotic.6%6%:106.108.142 = Although first reported in 1929, purification and scale-up

issues delayed clinical use until 1941 6269.106,108,143,144

Both penicillin G and
penicillin V (phenoxymethylpenicillin- also a natural product, approved in 1968),

suffer from extensive resistance; however, they are still effective against

spirochetes such as Treponema pallidum (syphilis) and group A B-hemolytic
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streptococci (responsible for streptococcal pharyngitis, scarlet fever, and some skin
infections, including necrotizing fasciitis).53-¢*73145 The accidental discovery and
production of 6-aminopenicillanic acid by Beecham Research Laboratories opened

the door for semisynthetic penicillin analogs.>!%¢:146:147  Penicillinase-resistant
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penicillins debuted in 1960 with the approval of methicillin; oxacillin (1962),
dicloxacillin (1968), nafcillin (1970), and cloxacillin (1974) followed.!4814°
Cloxacillin or dicloxacillin in combination with rifampin and mupirocin is
moderately successful in treating MRSA carriers (50% recurrence).®> The
aminopenicillins, ampicillin and amoxicillin, were approved in 1963 and 1972

d 73,108

respectively and are still frequently use They are susceptible to

penicillinases, but have increased Gram-negative and enterococci coverage.®3-6473
Amoxicillin is especially well-absorbed orally and is used for outpatient conditions

such as bronchitis, sinusitis, and urinary tract infections.6364.73:147

Ampicillin can
be taken orally, but is more commonly used intravenously, often in combination
with gentamicin, for severe infections including meningitis, endocarditis,
pneumonia, pyelonephritis, skin-infections, intra-abdominal infections, and sepsis,

and for empiric Gram-negative coverage.®*6473.108

The carboxypenicillins-
ticarcillin (approved 1976) and carbenicillin (approved 1972, since discontinued),
and ureidopenicillins- piperacillin and mezlocillin (both 1981) were developed for
enhanced activity against Gram-negative rods, in particular Pseudomonas
aeruginosa, hence their antipseudomonal descriptors.63:6473-108149 They also have
activity against anaerobes such as Bacteroides fragilis.”>  Ticarcillin and
piperacillin are widely used, generally in formulation with B-lactamase inhibitors,
though metronidazole or clindamycin is usually the preferred agent for anaerobes,
and tobramycin for Pseudomonas.®*%*

The first cephalosporin, cephalosporin C, was discovered in 1953 by

Newton and Abraham after analyzing various extracts of an antibacterial-producing
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mold isolated by Giuseppe Brotzu.!3%!31 Although it was not as active as its sister
compound cephalosporin N (later renamed penicillin N upon structural
determination) or penicillin G, it sparked interest due to its improved stability to

penicillinases.?!°

Scientists at Eli Lilly were able to improve its antibacterial
activity by hydrolyzing it to 7-amino-cephalosporinic acid and functionalizing
position 7.%15%153  First-generation cephalosporins cephalothin and cephaloridine
became commercially-available in 1964, followed by cephalexin (1965), cefazolin
(1973), cefaclor (1979), and others.>!%15! First-generation cephalosporins have
good coverage against Gram-positive methicillin-sensitive cocci, but are
susceptible to Gram-negative penicillinases.®3%*!15! There are two subclasses of
second-generation cephalosporins: cephems (with prototype cefuroxime approved
in 1983) and cephamycins (cefoxitin, 1978).73:19%8151 They have moderate coverage
against both Gram-negative bacilli and Gram-positive cocci.’”> The addition of a
7a-methoxy group in cephamycins was a surprising but welcome medicinal
chemistry modification that conferred stability to -lactamases, including extended
spectrum B-lactamases (ESBLs).>!9%151  Cefoxitin extended the spectrum of
activity to include anaerobes.? Third-generation cephalosporins are active against
Gram-negative pathogens (usually at the cost of Gram-positive activity).”3108:151
This diverse groups includes N-acyl cephems (such as cefoperazone, approved
1982 and ceftibutin, 1995), oxyimino-cephems (such as cefotaxime, 1981;
ceftriaxone, 1984; ceftazidime, 1985; cefixime, 1989; cefpodoxime, 1992; cefdinir,

1997), oxacephems (latamoxef, 1982), carbacephems, and isocephems.”198:151 The

oxime group enhanced stability to P-lactamases, leading to the designation of
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cefotaxime, ceftriaxone, and ceftazidime as expanded-spectrum cephalosporins,
together with cefoperazone and fourth generation cefepime.'®® Oxacephems have
improved activity (due to increased porin uptake and B-lactam-reactivity), but are
more susceptible to B-lactamases, with the exception of latamoxef, which is stable
to ESBLs.!%%15! Carbacephems have comparable activity but superior stability.!>!
Fourth generation cephalosporins such as cefepime (approved 1996), cefclidine,
and cefprozan) have antipseudomonal activity stemming from their quaternary
ammonium moiety (also found in third generation cefpimizole and
ceftazidime).53-:6473:108.151 Thejr zwitterionic nature also promotes uptake through
porins.>%!3! Fifth generation cephalosporins are catechol-containing cephems with
have antipseudomonal activity that exploit the fonB-dependent iron transporters for
improved cellular access; none have been approved thus far.!%:15! Sixth generation
cephalosporins are narrow-spectrum agents and include antipseudomonal
ceftolozane (2014), and anti-MRSA ceftaroline (2010) and ceftobiprole
(2013).93:64108.151 Cephalosporins are widely used. First-generation cephalosporins
are used orally for simple soft tissue infections, recurrent uncomplicated urinary
tract infections, open fractures and dental prophylaxis. Intravenous cefazolin may
be used for methicillin-sensitive S. aureus endocarditis and surgical

636470 Second-generation cephalosporins cefuroxime, cefoxitin, or

prophylaxis.
cefotetan are also used for surgical prophylaxis, and the cephamycins can be used
to provide anaerobic coverage.®*%+’0 Third generation cephalosporins are the

mainstay treatment for Gram-negative infections.’®% Notable uses (amongst the

many) include cefotaxime, ceftriaxone, or ceftazidime for empiric coverage for
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septic shock of unknown origins, ceftriaxone for meningitis, ceftazidime or
cefepime for nosocomial pneumonia, and ceftriaxone or cefixime for sexually-
transmitted infections (gonorrhea or chancroid).®***7* Ceftriaxone is also being
investigated for its ability to modulate glutamate transporter-1, which is involved
in neuroprotection, immunomodulation, and addiction.'’ Later generation
cephalosporins are considered drugs of last resort and not used unless absolutely
necessary.%

The first carbapenem, thienamycin, was isolated by Merck in 1976, but it
was too unstable to be useful.»!>* Addition of a N-formidoyl group to the 2-
aminoethylsulfanyl substituent improved stability sufficiently to allow clinical
introduction of imipenem in 1985, although it (and panipenem, approved 1993)
requires coadministration with a dehydropeptidase 1 inhibitor (cilastatin or
betamipron) to prevent rapid metabolism.>!1%%155 The addition of a C1 methyl group
in meropenem (1995) overcame this problem, and long-acting ertapenem (2001)
has a long enough half-life to permit once-daily dosing.?!%8:135:156 Carbapenems
have broad-spectrum activity against both Gram-positive and Gram-negative
species.®364155 Imipenem and panipenem tend to be more effective against Gram-
positive species, while meropenem, biapenem (2001), and ertapenem have more
activity against Gram-negative (with the exceptions of A baumanni and P.
aeruginosa for meropenem and ertapenem respectively).!%®!55 Doripenem (2007)
has both Gram-positive and Gram-negative coverage, and superior activity against
P. aeruginosa and A. baumannii.'®®'>> Tebipenem, the first oral carbapenem

(approved 2009 in Japan) has just commenced clinical trials.!%%157-158 Carbapenems
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are intrinsically resistant to most B-lactamases.>!%%:155:15% This is attributed to their
ability to form a stable acyl-enzyme complex, where the pyrroline ring has
tautomerized to a more stable configuration, the carbonyl is positioned outside the
oxyanion hole, and the 6oa-hydroxy substituent interferes with the hydrogen-
bonding network necessary for deacylating attack.!>>!>° However, they are usually
reserved for severe infections that do not respond to first-line medications. %153

Aztreonam (first reported in 1981 and approved in 1986) is the only

2.62,14L160.161 Tt hag activity against Gram-negative bacteria

approved monobactam.
(via the 2-aminothiazolyl side chain also found in third generation cephalosporins),
but not Gram-positive or anaerobes.®? 64108141 Ag it is the only B-lactam resistant to

metallo-B-lactamases, it is held in reserve. 665108

The targets of these diverse antimicrobials are penicillin-binding proteins
(PBPs), a heterogenous group of enzymes involved in the metabolism of
peptidoglycan, a fundamental component of the bacterial cell wall.”?:13%:135.162 pBPg
include transpeptidases (catalyze the final step of peptidoglycan synthesis by
forming a cross-bridge between the terminal D-aspartic acid of one glycan polymer
and an amine acceptor on an adjacent strand), carboxypeptidases (hydrolyze D-Ala-
D-Ala bonds to limit amount of substrate available for cross-linking), and
endopeptidases (cleave crosslinks to allow peptidoglycan recycling).84858%139 They
are roughly organized into class A, B, or C high-molecular-weight (often
multifunctional proteins containing transpeptidase domains) or low-molecular-

weight (usually carboxypeptidases).’#833 All PBPs have a conserved active site
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(a? and o/ domains connected by loop) featuring a serine residue for nucleophilic
attack on the peptide carbonyl required for proteoglycan -crosslinking or
hydrolysis.?*85162 B_-Jlactams mimic the terminal D-Ala-D-Ala substrate with an
adjacent carboxylic acid (sulfonic acid in monobactams); however, when the serine
residue attacks the carbonyl of the B-lactam, this forms a stable ester linkage,
trapping the acylated enzyme in an inactive state.!*>192 The pattern of essential and
supporting PBPs varies from species to species, with different PBPs having
different affinities for the various B-lactam antimicrobials and inducing different

84,85,89,163-166 As

morphological responses. a general rule, though, the bactericidal

action of P-lactams is due to cell lysis following unchecked peptidoglycan

degradation after inhibition of essential transpeptidases.63:64:107.142.164

In Gram-positive species, the main mechanism of resistance to 3-lactams is
target modification.® A classic example of this is the infamous methicillin-resistant
S. aureus (MRSA). Here, resistance arises from the expression of an alternative,
low-affinity PBP (PBP2a, encoded by mecA) in response to acylation of MecR
transmembrane proteins by B-lactams.®>7%7%% PBP2a then takes over the
transpeptidase activity, releasing the stalled acyl-enzymes.® In contrast, in Gram-
negative species, resistance through drug-inactivation predominates.®-142:167 The
first B-lactamases were reported even before the clinical introduction of [-
lactams.!®® Serine B-lactamases evolved from PBPs, and while they share the
common fold, they are able to rapidly hydrolyze the ester linkage formed upon (-

lactam ring-opening and release the catalytic serine.3*%5 Currently, there are over
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1500 B-lactamases described, and more being added.'® Traditionally B-lactamases
have been classified according to their amino acid sequence (Ambler system),
where Class A are penicillinases susceptible to B-lactamase inhibitors, Class B are
metallo-B-lactamases, Class C are cephalosporinases (AmpC-type), and Class D are
the oxacillinases (OXA).!42170-172° Now, the Ambler system has largely been
superseded by the Bush-Jacoby system, wherein B-lactamases are classified by
functional characteristics such as substrates and inhibitors.”®!14>167 Under the Bush-
Jacoby system, Classes A and D are combined into Group 2, while Class C is
replaced by Group 1 and Class B by Group 3.'®” Groups 1 and 3 are serine f-
lactamases (SBLs), while group 3 are metallo-f3-lactamases (MBLs).

Group 1 (Class C) cephalosporinases were in fact the first B-lactamases
described.!”® There are over 200 members of this group, including the AAC, ACT,
CFE, CMY, DHA , FOX, LAT, MIR, and MOX families.!®® Though group 1 B-
lactamases first came to light as a result of ampicillin-resistant isolates (thus the
early AmpC moniker), cephalosporins are their preferential substrate, with turnover
rates approaching the diffusion limit.!”*-!7* They are resistant to clavulanic acid, but
may be inhibited by aztreonam.”®-!42167.173 There are some variants (CMY-10,
CMY-19, CMY-37, and others) with extended-spectrum [-lactamase activity
(extended-spectrum AmpC B-lactamases or ESACs, group 1e).'®” Group 1 -
lactamases are generally susceptible to carbapenems, with resistance due to high
expression plus increased efflux and/or altered porins.'4>13%167.173 However, there

are reports of Group 1 members with carbapenemase activity: CMY-10 in

34



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

Enterobacter aerogenes, and ADC-68 in A. baumanni.'® The use of B-lactams,
specifically aminopenicillins, clavulanic acid, and imipenem, has been shown to
induce overexpression through AmpD de-repression. !42167.173

Group 2 is the largest group of B-lactamases, consisting of 12 subgroups.
Subgroups 2a, 2b (except 2br and 2ber), 2c, 2e, and 2f are in Ambler Class A and
inhibited by clavulanic acid; the 2d subgroups are in Ambler Class D and are
not.”142167 Group 2a are the original penicillinases that are inactive against
cephalosporins, carbapenems, and aztreonam.”'®” Group 2b B-lactamases

hydrolyze penicillins and early cephalosporins.’:!42167

Group 2be are extended-
spectrum  B-lactamases (ESBLs), which by definition hydrolyze the
oxyiminocephalosporins (cefotaxime, ceftriaxone, ceftazidime, and other Group
IIIB cephalosporins), as well as aztreonam.!%131175 Group 2¢ B-lactamases can
hydrolyze the carboxypenicillins; Group 2ce have additional activity against

79,142,167 Group 2e are cephalosporinases, distinguishable from

cephalosporins.
Group 1 by their susceptibility to clavulanic acid and lack of affinity to
aztreonam.”142167  Group 2d are the OXA enzymes, which hydrolyze penicillins
(with a preference for oxacillin and cloxacillin, hence their name).”®!¢” They are
always plasmid-mediated, and not usually susceptible to clavulanic acid.”-'¢’
Group 2de are extended-spectrum OXA enzymes: OXA-11,0XA-13, OXA-14,
OXA-16, OXA-17, OXA-19, OXA-28; they are mostly derived from OXA-10 and
found in P. aeruginosa.®*'®’ Groups 2f and 2df are Class A and Class D

167

carbapenemases respectively. Constraints to their active sites (predominately

through disulfide and hydrophobic bridges respectively) force carbapenem-enzyme
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intermediates into the correct orientation for turnover.!> Class A carbapenemases
include SME, IMI, NMC-A, KPC, and GES enzymes and are inhibited by
clavulanic acid.!0%-1% SME, IMI, and NMC-A are mostly chromosomally-
encoded, while KPC and GES are on plasmids.!? Although all OXA enzymes can
sufficiently deactivate carbapenems in poorly permeable species such as A4.
baumannii, only ten clades are considered true OXA carbapenemases: OXA-23,
OXA-24/40, OXA-51, and OXA-58, OXA-143, OXA-211, OXA-213, OXA-214,
OXA-229, OXA-235.2%159%167 The first OXA carbapenemase, OXA-23, was found
in Edinburgh in 1985, the same year imipenem was introduced.” ! OXA
carbapenemases are found most commonly in Acinetobacter, all except the OXA-
134, OXA-211, OXA-213, OXA-214, OXA-229, and OXA-235 have been
mobilized on to plasmids.”®!>

While Groups 1 and 2 (Classes A, C, and D) all share the conserved serine
residue of their PBP ancestors, Group 3 (Class B) is not related, belonging instead
to the metallohydrolase superfamily, and uses a metal ion (Zn?") to activate water
molecules for nucleophilic attack.!%*15%176  The first transferable metallo-B-
lactamase, imipenemase (IMP), was discovered in Japan in 1988.!% Since then
many more members have been reported.!?®!’¢ There are three subclasses of
metallo-f-lactamases: B1 (subgroup 3a) and B3 (3c) have two zinc ions and two
water molecules (one bridging and one apical) in their active sites, whereas B2 (3b)
has only a single zinc atom.!3%-15%:167.176 T subclasses B1 and B3, the first zinc (Zn1)

acts as both a Lewis acid and a general base, guiding bridging water to attack the

B-lactam ring and stabilizing the tetrahedral intermediate, while the second zinc
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(Zn2) accepts the anionic pyrroline intermediate.!**!>° Subclass B2 has preferential
activity against carbapenems relative to penicillins and cephalosporins, while
Subclass B3 has poor carbapenem activity.!”® Subclass B1 is the most concerning,
as it contains the broad-spectrum and plasmid-mobilized imipenemase (IMP),
Verona imipenemase (VIM), and New Delhi metallo-f-lactamase (NDM)
subfamilies, as well as others,!+15%:167.176. A]] MBLs hydrolyzes carbapenems, in
addition to penicillins and cephalosporins, and are not inhibited by B-lactamases
inhibitors such as clavulinate,!0%-15515%.167.176 = However, most are still susceptible
to aztreonam and chelation of the metal cores destroys their activity.!>%167:176

Polymyxins may also be used, as MBLs are often encoded on plasmids containing

resistance genes for aminoglycosides and fluroquinolones.!’¢

1.3.2.1 New Delhi Metallo-B-Lactamase-1

The New Delhi metallo-f-lactamase (NDM) is a plasmid-mediated Class
B1 metallo-B-lactamase with activity against all penicillins, cephalosporins, and
carbapenems (Figure 1-4).°7-195177 Furthermore it is often co-transmitted with
resistance genes to aminoglycosides, chloramphenicol, macrolides, quinolones, and
other B-lactamases.””!"7!17® First reported in 2008, it is now the third-most abundant
carbapenemase, and has spread around world with outbreaks in 22 countries.””-!%
There are currently 24 variants, some of which have increased carbapenemase
activity.!0

NDM is unique amongst the B-lactams in that it is anchored to the outer

membrane protein, which enhances its ability to withstand zinc deprivation.!® Tt
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Figure 1-4. Mechanism of Carbapenem Hydrolysis by New Dehli Metallo-3-
Lactamase-1

also benefits from a broad, shallow active site bordered by flexible loops that is able
to accommodate and orient any carbapenem for hydrolysis.!”” There is still some
ambiguity about the precise mechanism, but the general consensus is that the
association of the carbapenem substrate replaces the bridging water atom from Zn2,
activating it for nucleophilic attack on the B-lactam, which is now stabilized by

coordination to both zinc centres.!””-179:180

The negative charge is distributed
around the pyrroline ring until it is quenched at C3 by rate-limiting protonation
from bulk solvent; the now-inactivated carbapenem is released, and water enters
the active site to regenerate the enzyme.!””:17%180 Many groups are working on
elucidating this mechanism in hopes it will lead to new effective antimicrobials or

inhibitors. 22177

1.4 COMBINATION THERAPY

Combination therapy is the use of two or more agents to treat a single
condition. It is found ubiquitously throughout clinical practice guidelines for
conditions ranging from cancer and cardiovascular disease to diabetes and

depression.b>181-185 The international Surviving Sepsis Campaign in particular
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specifically recommends use of multiple antimicrobials (typically at least a 3-
lactam and an aminoglycoside) for empiric coverage and synergistic effect, in
addition to corticosteroids and vasopressors.®*!186 Coverage of multiple pathways
and heterogeneous disease states, side effect attenuation, lower toxicity, clinical
flexibility, and financial savings are other commonly-cited benefits,!83-186-188
Combination therapy is an especially useful tool in the treatment of
infectious disease, where, in addition to the benefits described above, it can be used
to suppress the development of resistance and to counteract existing resistance
pathways. For example, highly active anti-retroviral therapy (HAART) uses two
nucleoside reverse-transcriptase inhibitors (NRTIs) plus either a non-nucleoside
reverse-transcriptase inhibitor (NNRTI) or an integrase inhibitor (INSTI) to
suppress viral load in HIV patients, thereby reducing development of resistant
phenotypes, lowering risk of transmission, and slowing progression to
AIDS.63.73:189.190 Treatment for mutation-prone hepatitis C virus (HCV), responsible
for chronic infection leading to end-stage liver disease, became curative upon
addition of direct-acting antiviral agents (DAAs) telaprevir or boceprevir to the
existing pegylated interferon and ribavirin regimen.'”! Current guidelines now use
combinations of DAAs with or without interferon and ribavirin.®*'%? Plasmodium
falciparum, the parasite commonly responsible for chloroquine-resistant malaria, is
treated with artemisinin-based combination therapy (ACT), where a rapid-acting
artemisinin derivative (usually artesunate) is partnered with longer-acting second
agent (lumefantrine, amodiaquine, mefloquine, sulfadoxine-pyrimethamine, or

piperaquine).’>!%? First-line treatment for Mycoplasma tuberculosis is treated by
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quadruple therapy: isoniazid (INH), rifampin (RIF), pyrazinamide (PZA), and
ethambutol (EMB), although resistance to this regimen is becoming more

prominent. 3106

1.4.1 ANTIMICROBIAL COMBINATION THERAPY

Polypharmacy is an established practice in antimicrobial therapy. In
addition to broad-spectrum coverage, such as required in tuberculosis and when the
responsible organisms are not known, combinations of antibiotics are used to elicit
synergistic effects.!®* Sulfamethoxazole (a sulfonamide class, the first approved
class of antibiotic) and trimethoprim inhibit steps in the folate synthesis pathway;
individually, both are bacteriostatic, but together they are bactericidal.®3-64106.194
The streptogramins, dalfopristin/quinopristin and pristinamycin IA/IIA, similarly

are only used together.61%

The binding of the streptogramin A facilitates the
subsequent binding of the streptogramin B.!% Oxacillin and vancomycin have a
particularly interesting synergistic interaction; oxacillin induces expression of
PBP2a, but PBP2a cannot accommodate the D-Ala-D-Lac peptidoglycan
precursors used to evade vancomycin.!** Antibiotics with different modes of action
are also commonly co-administered. For example, peptidoglycan-targeting [3-
lactams are used to increase the intracellular concentrations of ribosomal-targeting
aminoglycosides.!* Colistin (polymyxin E) has been investigated for its effects on

outer membrane permeability.!”* Additionally, some groups have taken this

combinatorial approach a step further by physically linking two antimicrobial drugs
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together to take advantage of synergistic interactions without the added complexity
arising from administration of two separate drugs.®

For pan-resistant NDM infections, combination therapies are the only
options. Regimens that showed some efficacy include dual therapy colistin and
rifampin (or triple therapy with meropenem), colistin and aztreonam (with/without
meropenem), colistin and fosfomycin, polymyxin B with aztreonam and amikacin,

tigecycline and levofloxacin, and fosfomycin with meropenem and ertapenem.!%

1.4.2 ADJUVANT THERAPY
The initial response to emerging bacterial resistance was to develop
semisynthetic antibiotics with chemical groups that protected against B-lactamase

2,148,194

hydrolysis. However, with the rapid advent of new [-lactamases with
activity against these “lactamase-resistant” antimicrobials, coupled with a decline
in the discovery of new classes, the need for stewardship rose to prominence. The
discovery of clavulanic acid, a B-lactam compound with only weak activity on its
own that potentiates the activity of other antibacterial B-lactams,!®> turned attention
towards the potential of adjuvants: compounds that enhance the activity of the
primary agent but have little efficacy on their own.'”® Adjuvants can extend the life
of already-approved drugs by counteracting resistance mechanisms, particularly
enzyme-mediated ones such as -lactamases, aminoglycoside-modifying enzymes,
and ribosomal methyltransferases.!”® They also slow the development of resistance

through enhancement of bactericidal activity, allowing lower doses to be given and

for shorter intervals.>!1961%7  As they generally target nonessential pathways,
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resistance to adjuvants develop at a much slower pace.!*”-!% Adjuvants can also be
used to modify the pharmacokinetic and pharmacodynamic properties of drugs.
Dehydropeptidase 1 inhibitor cilastatin is administered alongside imipenem to
prevent rapid metabolism, and lower doses may limit associated toxicity of some
antibiotics.>!-108

Class I adjuvants act on bacteria, and are broken down into two subclasses:
IA, which inhibit active resistance mechanism (enzymatic modification, target
alteration, and efflux upregulation), and IB, which inhibit passive mechanisms
(efflux, membrane impermeability, and biofilms).!*¢ Class II adjuvants modulate
the host’s response.'?® Currently, all approved antibiotic adjuvants (the serine-f-
lactamase inhibitors) belong to adjuvant class 1A, and despite their success, no

similar inhibitors have been approved for metallo-f-lactamases or resistance-

conferring enzymes to other antibiotic classes.

1.4.2.1 Serine B-lactamase Inhibitors

The emergence of [-lactamases were described even before clinical
introduction of B-lactam antibiotics.!®® In 1976, the first B-lactamase inhibitor-
clavulanic acid, was reported, and was introduced to the clinic in 1981 (Figure 1-
5). 147195199 Qulbactam and tazobactam followed in 1978 and 1984,
respectively.??2%1 These inhibitors are based on the B-lactam scaffold, and work
by a “suicide” mechanism.!#7-14819 They generally only have activity against Class
A B-lactamases.'®” Clavulanic acid is usually combined with amoxicillin as orally-

available Augmentin, but is occasionally used with ticarcillin (Timentin).”3:!48
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Serine-Beta-Lactamase Inhibitors
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Figure 1-5. Inhibitors of B-Lactamases

Sulbactam is usually combined with ampicillin (Unasyn), and tazobactam with
piperacillin (Zosyn) and ceftolozane (Zerbaxa).”*-!48:19

Avibactam, the first diazabicyclooctane inhibitor, was conditionally
approved in 2015 as a combination with ceftazidime (Avycaz).!4%15%19 Avibactam
has activity against Class A and C B-lactamases, including KPC
carbapenemases.'#%15%202  Unlike the previous inhibitors, avibactam does not
contain the B-lactam core and reversibly inhibits serine B-lactamases, allowing it to
be given as a single dose (except against KPC-2, which causes fragmentation).!48:15
Other members in the pipeline include relebactam (in Phase 3 clinical trials) and

RG6080, which may have some activity against OXA B-lactamases (preparing for

Phase 2).148:203
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Vaborbactam is another non-f-lactam inhibitor, which acts by mimicking
the tetrahedral intermediates.!>-2°* Approved in 2017, it has activity against Class

A, C, and D B-lactamases.!9-204.205

1.4.2.2. Metallo-B-Lactamase Inhibitors

Metallo-f-lactamases present several unique obstacles to inhibitor
development. First of all, they have shallow, flexible active sites, with few
conserved residues, rather than the narrow, deep sites of serine B-lactamases.!%*!77
Hydrolysis is catalyzed by zinc ions rather than amino acid residues, so stable
reaction intermediates are not formed.!**!76177 Also, while there is very little
sequence similarity between and even within (20% and 30% respectively)
subclasses, there is sufficient similarity to human metalloenzymes to cause
toxicity.!04176.177

No MBL inhibitors are currently approved. However, in recent years there
has been flurry of work in this area, yielding over 500 reported MBL inhibitors
from natural products, de novo synthesis, and in silico screening.!”” They can be
roughly grouped into four categories: covalent, “copying”, coordinating, and
chelating.

There are a number of potential inhibitors that form covalent bonds with
residues of the MBL active site. The first-generation cephalosporin cefaclor
irreversibly acylates the conserved lysine residue in NDM-1 at supratherapeutic

doses, and 3-formyl-chromone forms a Schiff base.??627 3-formyl-chromone is

noteworthy in that it shows selectivity for NDM over VIM.?% Ebselen forms a
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selenium-sulfide bond with Cys208 which results in loss of the zinc from the NDM-
1 active site.2%® Nitroprusside and p-chloromercuricbenzoic acid (pCMB) also form
covalent bonds with Cys208.2%

Cyclic boronic acids, which act by “copying” the tetrahedral transition
states of B-lactam hydrolysis, are some of the most promising broad-spectrum f3-
lactamase inhibitors.?!®  Vaborbactam was approved in 2017 as a serine
carbapenemase inhibitor, and cyclic boronic acids have since been shown to also
inhibit metallo-B-lactamases NDM, VIM, IMP and BcIl.2%3?!% Venatorx is
preparing to launch phase 3 clinical trial testing VNRX-5133 for efficacy in
complicated urinary tract infections involving NDM, VIM, KPC, ESBL, and OXA
carbapenemases.’?32!! Acyclic boronic acids have also been investigated as broad-

212

spectrum B-lactamase inhibitors.>'= The bisthiazolidine and dipicolinic phosphonic

acid derivatives (described below) also mimic the B-lactam ring and tetrahedral
intermediates respectively.!9%177

Coordinating inhibitors, which displace ligands from the zinc coordination
complex without removing metal from the enzyme, are the most abundant.!%!"7 D-
captopril (an approved ACE inhibitor) showed early promise as an MBL inhibitor,
using its thiol group to replace the bridging water molecule in NDM, VIM, IMP,
SPM, Bcll, CphA, ad BlaB carbapenemases.?!*2!> This spawned a plethora of
analogs.!”” One interesting family are the bisthiazolidine (BZT) inhibitors, which
integrate the mercaptocarboxylic acid scaffold of D-captopril into a bicyclic system

reminiscent of B-lactam antibiotics, rescuing their activity against bacterial strains

harbouring NDM and other MBLs.2!¢ Thiorphan, tiopronin, dimercaprol, and
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methisazone also showed ability to inhibit NDM, VIM, and IMP via zinc-
coordinating  thiol  moieties, and  isatin-B-thiosemicarbazone  and
spiro[indol]thiadiazole derivatives were optimized for activity against NDM-
1.104177.217.218 = Azolylsulfanylacetamides showed broad-spectrum inhibition of
NDM, CcrA, Imis, and L1 enzymes via azole-coordination, with the exception of
nitrobenzimidazole analogs which coordinate via their nitro substituents.!”’
Interestingly, the full acetamide scaffold appears not to be necessary, as zinc can be
coordinated by the thiol and triazole moieties.?!® Rhodanine derivatives similarly
use nitro groups, and have been reported to inhibit all three classes of MBLs as well
as SBLs.??* Degradation products such as ML302F also coordinate zinc.??!
Dipicolinic acid itself chelates the zinc ion, but derivatives are able to inhibit VIM,
NDM, and IMP enzymes through formation of stable zinc complexes with their
carboxylic acids. 2-(4-Fluorobenzoyl)benzoic acid also forms complexes with
VIM-2 through acid functionalities.???

Chelating inhibitors work by removing one or more zinc ions from the

194 The best example of this is ethylenediamine-N,N,N’, N -tetracetic acid

enzyme.
(EDTA), used in the lab to test for the presence of MBLs but generally too toxic for
medicinal use.!%*!'”7 However, the disodium salt (Ca-EDTA), which is approved to
treat lead toxicity in Japan, was shown to restore carbapenem activity in NDM-1 E.
coli.??® 1,4,7-Triazacyclo- nonane-1,4,7-triacetic acid (NOTA) was also shown to
inhibit NDM-1, as was its dithioic acid derivative.!””-?2* Tris-picolylamine (TPA)

and peptide-linked derivatives had activity against both VIM- and NDM-expressing

K. pneumonia and P. aeruginosa strains, and disodium 2,3-diethylmaleate (DEM)
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restored the activity of carbapenems and cephalosporins in VIM-, and to a smaller
extent, NDM-containing 4. baumannii and Enterobacteriaceae.?>>26

Natural product Aspergillomarasmine A (AMA) also works by a chelating
mechanism, through its four carboxylic acids and two backbone amines.??72%8
Previously investigated as an angiotensin-converting enzyme (ACE) and
endothelin-converting enzyme (ECE) inhibitor, it was re-discovered through a

whole-cell screen of potential MBL inhibitors.??’

AMA has activity against class
B1 VIM, IMP, SPM, and most importantly, NDM lactamases.!**??" [n vivo activity
was confirmed in mice infected with lethal doses of NDM-1-expressing K.
pneumonia, and AMA has since been advanced to safety tests in rats and dogs.??"-*?
There are four reported syntheses (using aziridine, acetonide-protected diols, and
sulfamidate building blocks) that were used to assign the configuration (AMA is
the S, S, stereoisomer) and make a series of analogs to explore the structure-activity

relationship.230-234

1.4.2.3 Aminoglycoside Modifying Enzyme Inhibitors

Copious examples of aminoglycoside kinase inhibitors, such as
wortmannin, quercetin, 4-anilinoquinazoline, anthrapyrazolone, isoquinoline
sulfonamide, and pyrazolopyrimidine derivatives, have been described in the
literature (Figure 1-6).2>>%° An analog of acetylated gentamicin was shown to
inhibit AAC(3) in vitro,'** while chlorhexidine, pyrrolpyraziniums, and pyrrolidin-

240,241

3-ols have been shown to inhibit various acetyltransferases. Wortmannin,

aranorosin, and isoquinoline sulfonamides inhibit the dual enzyme AAC(6’)-
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APH(27).236:238.242 B_thujaplicinol and various a-hydroxytropolone derivatives are

the only scaffolds reported to inhibit ANTs.243-244
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Figure 1-6. Inhibitors of Aminoglycoside-Modifying Enzymes

1.5 STATEMENT OF THESIS

Gram-negative bacteria cause serious infections, particularly in immune-
compromised patients.”®” Our limited arsenal of antimicrobials effective against
these pathogens is being rendered obsolete by resistance enzymes such as the
aminoglycoside =~ N-acetyltransferase-3 ~ (AAC(3)), aminoglycoside  O-
nucleotidyltransferases-2” (ANT(2”)), and New Delhi metallo-f-lactamase-1
(NDM-1).''2 The objective of this thesis is to develop inhibitors to these enzymes
that can be co-administered as adjuvant therapy with aminoglycosides and

carbapenems in order to rescue their activity. Chapter 2 deals with the examination
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of 3-benzylidene-2-indolinone inhibitors of AAC(3)-Ia. Chapter 3 describes the
development of parallel synthetic methodology and subsequent SAR analysis of
biphenyl isonicotinamide inhibitors of ANT(2”)-Ia. Chapter 4 comprises a new

synthetic approach designed to access position 6 of NDM-1 inhibitor AMA.
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2.0 DEVELOPMENT AND STRUCTURE-ACTIVITY
RELATIONSHIP ANALYSIS OF SUBSTITUTED INDOLINONES
AS AMINOGLYCOSIDE 3-N-ACETYLTRANSFERASE AAC(3)-

IA INHIBITORS

2.1 BACKGROUND

Bacterial resistance is a widespread and growing problem, with dire
medical, social, and economic implications.! WHO has responded with the Global
Action Plan on Antimicrobial Resistance, which focuses on, amongst other things,
development of new technologies that counteract the development of resistance.?

Resistance can arise through a variety of mechanisms, including biofilm
formation, target alteration or bypass, efflux pumps upregulation, porin loss, and
drug inactivation.’* With the tremendous challenges involved with bringing new
antimicrobials to market,>¢ researchers are studying these processes in hopes of
finding a way to recycle the utility of old antibiotic classes. By targeting the
enzymes involved in drug inactivation and discovering new inhibitors for these
pathways, co-drugs or adjuvants can be developed and co-administered in order to
circumvent antibiotic inactivation. This adjuvant approach was first used in 1970s
with the addition of the B-lactamase inhibitor clavulanic acid to amoxicillin, but to

date has not been successfully implemented in any other antibiotic class.®’:8
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Aminoglycosides and the enzymes involved in their inactivation are well-
studied, and thus represent ideal candidates for this approach.’'> Aminoglycosides
act on the 30S subunit of the ribosome, exerting their effects via mistranslation,
membrane permeability and irreversible blockade of the initiation complex.!® They
are used primarily to treat Gram-negative infections, though they also have a role
in the treatment of some Gram-positive and Mycobacterial infections.!®!*!5 Two
aminoglycosides, gentamicin and amikacin, are designated as essential medicines
by WHO.!®

Resistance to aminoglycosides is mediated by aminoglycoside-modifying
enzymes (AMEs). There are three main classes: aminoglycoside acetyltransferases
(AACs), aminoglycoside nucleotidyltransferases (ANTs), and aminoglycoside
phosphotransferases (APHs).”!”  Aminoglycoside phosphotransferases and
nucleotidyltransferases transfer phosphate and adenylphosphate groups
respectively from ATP; acetyltransferases inactivate aminoglycosides by
transferring acetyl groups from acetyl-CoA (Figure 2-1). While there are copious
examples of APH and ANT inhibitors in the literature, there are comparatively

fewer AAC inhibitors,!8:19-28-3120-27 and only one reported in vitro inhibitor*? for

~N

NH
HO,, @,OH

Ac-CoA HS-CoA
NH, /

AAC(3)-Ia

(0} (0] -

NH, NH,

Figure 2-1. Mechanism of Gentamicin Inactivation by AAC(3)-Ia
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AAC(3)-1a, despite the fact that the enzyme is found in clinical isolates of three
ESKAPE pathogens (Acinetobacter baumannii, Klebsiella pneumonia, and
Pseudomonas aeruginosa).'’

The chapter describes a high-throughput screening campaign aimed at
discovering new small molecule inhibitors of AAC(3)-Ia and the identification of
an indolinone family of heterocycles as a lead series. The chemistry that allows for
the parallel synthesis of structurally related indolinones and the determination of a

preliminary structure-activity relationship is also presented.

2.2 SCREENING AND TARGET IDENTIFICATION

In vivo screening of AAC(3)-la was done using hyperpermeable, efflux-
deficient E. coli BW25113 AbamB AtolC strains with pGDP4-aac(3)-1a (Z’ =0.61)
against two protein kinase libraries provided by GlaxoSmithKline.?*3* These
libraries were selected as it was hypothesized that the ability of kinase inhibitors to
enter nucleotide-binding pockets of their target enzymes may allow them to
similarly displace the purine-containing acetyl-CoA from the active site of AAC(3)-
Ia.>> Hyperpermeable E. coli was used to ensure compound penetration. It was
noted that the hyperpermeable strains were sensitive to kanamycin despite the
resistance gene, so gentamicin was used (MIC = 63 - 125 pg/mL). Of the 8§90
compounds screened, 21 showed selective inhibition (identified by percent growth
difference of the resistant strain compared over the wildtype strain of > 3 standard

deviations from the mean).

73



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

In vitro testing with purified AAC(3)-la was performed using a coupled Ellman
assay (Figure 2-2). An acetyl group is transferred from acetyl-CoA to gentamicin,
freeing the thiol group of coenzyme A to attack 5,5’-dithiobis-(2-nitrobenzoic acid)
(DTNB). A disulfide bond is formed, releasing 2-nitro-5-sulfanylbenzoic acid,
which can be monitored by absorbance at 412 nm. This assay was used to verify
in vivo hits (eight true hits, shown in Figure 2-3, panel A), and to screen the Bio
Screen-Well kinase inhibitor library (80 compounds), yielding an additional six
hits. Two were confirmed (Figure 2-3, panel B), and ICso data determined. Of the

confirmed hits from the three libraries, two compounds (II-1 and II-10) shared a

0._O 1
I{”) HO SH
111‘07 + 07ﬁ
_S< o)
A
co S Amax =412 nm
O, Ol
S
Hojjijs\s
O
o)
DTNB
“NH +

HO, NH, AAC(3)
."'/O\ v
NH,
Gentamicin

Figure 2-2. AAC(3)-Ia-Coupled Ellman Assay

74



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

common substituted 3-benzylidene-2-indolinone scaffold. This scaffold formed the

basis for our subsequent library development.

1C5) =562+ 12.8 uM 0
cl
cl
HO F
2
cl §=0
NH F uN N=
0 S
N
\ . o
m4 HN sy N N
0 NO; -5 | A |
N

1I-10

1C5y=328+122uM

Figure 2-3. Confirmed Hits from GlaxoSmithKline (panel A) and Bio Screen-
Well Kinase Inhibitor Libraries (panel B). Hits containing the 3-benzylidene-2-
indolinone scaffold are boxed
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2.3 INDOLINONE LIBRARY SYNTHESIS

In an effort to determine the structure-activity interactions of the 3-
benzylidine-2-indolinone family with AAC(3)-Ia and to provide compounds with
better overall pharmacokinetic properties, a synthetic method was developed that
would allow for the parallel synthesis of a family of related indolin-2-one

derivatives substituted at the 3- and 5-positions (Figure 2-4).

0
Ar
o ot R
o)
E 20% piperidine N
EtOH, 80°C, #W, 30 min H

Figure 2-4. Synthetic Scheme for Parallel Synthesis of AAC(3)-Ia Inhibitor
Library

While the preparation of these heterocycles has been described previously
in the literature, the approaches suffer from long reaction times and/or harsh
conditions.**% The most promising of the protocols involves the Knoevenagel
condensation of indolin-2-one and an aromatic aldehyde in the presence of 20%
piperidine refluxed in ethanol (mechanism shown in Figure 2-5).3¢ When these
conditions were replicated with microwave irradiation in place of conventional
heating, reaction times were reduced to 30 min. Use of an ammonium acetate:acetic
acid buffer further improved this reaction, as studies have shown that acidic

environments promote imine formation, with optimal formation at pH 4.5.%°

76



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

0 ) Q
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0 NOH NH
NH- NH

Figure 2-5. Mechanism of Imine-Promoted Knoevenagel Aldol Condensation

Using this methodology, a small 3-benzylidine-2-indolinone library was
prepared and screened for inhibitory activity (Figure 2-6). Original hit II-1 was re-
synthesized, as was a close analog of hit II-10 (with a bromine instead of an iodine).
Analogs with a carboxylic acid, hydroxyl, or hydrogen were also made to further
explore the effect of substituents at position 5 (II-18, II-21, and II-29). The
essentiality of the 3,5-dibromo-4-hydroxyphenyl pharmacophore was also
investigated, with analogs where one or more of the substituents on the benzyl ring
was missing (for example I1-14, 1I-16, 1I-30, I1-32, and I1-34) or substituted (II-
13, I1-33, II-35, 11-36, and I1-37), or the phenyl group was replaced by a furan (1I-
12) or pyridine ring (II-31). It should also be noted that most of the compounds
were formed as a mixture of the (£)- and (Z)-isomers, typically with the (Z)-isomer
predominating. However, in almost all of the compounds with a carboxylic acid at

position 5 the (E)-isomer predominated.
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Figure 2-6. Indolinone Library with Reaction Conditions and Isomeric Ratios
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2.4 STRUCTURE-ACTIVITY RELATIONSHIP ANALYSIS

Preliminary testing with the AAC(3)-la-coupled Ellman assay used in
screening verification revealed several problems that needed to be addressed before
a complete SAR analysis could proceed. It became apparent that the initial hit II-
1 degrades in DMSO thus complicating analysis. In addition, the poor solubility of
the library in DMSO made acquiring meaningful ICso data impossible, as many of
the compounds initially screened precipitated out of solution even at very low
concentrations, and thus could not be properly tested for SAR.

It was initially thought that hydrolysis of the methyl ester at position 5
would provide a quick and facile way to improve the solubility of the indolinone
library and allow for more accurate inhibition studies. However, searching the
literature yielded no examples of hydrolysis of 5-carbomethoxy-2-indoline olefins.
Attempts at hydrolysis of the esters formed under standard conditions with multiple

reagents resulted in degradation of the heterocyclic system (Table 2-1), so a small

Table 2-1. Methyl Ester Hydrolysis Conditions Tested
Methyl Ester
-1 NaOH (aq) |i. MeOH, 65°C, 1h
ii. DOWEX exchange resin
. v | NaOH (aq) |i. MeOH, 65°C, 1h
"o / o ii. DOWEX exchange resin
11-34 LiOH i. 10:1 MeOH:H,O, RT, 19 h
ii. DOWEX exchange resin
11-34 NaOH (aq) |i. MeOH, 50°C, 24 h
11-1 LiOH 10:1 MeOH:H,O, RT, 24h
II-1 LiOH 1. 10:1 MeOH: H>O, 50°C, 48
h
ii. DOWEX exchange resin
11-1 Mes;SnOH | 1 anh DCE, 85°C, 2h
ii. 5% HCIl wash
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number of carboxylic acid-analogs were made using the developed methodology in
Figure 2-4. Unfortunately, the presence of a carboxylic acid at position 5 reversed
the geometric isomer ratio in almost all cases. Isomeric resolution by differential
crystallization and by preparative HPLC was attempted without success, so SAR
analysis was done with the understanding that the mixture composition would be a
confounding factor.

An additional issue with the AAC(3)-Ia-coupled Ellman assay was also
discovered. Many of the compounds (particularly those with bromobenzyl
substituents) had high absorbance at 412 nm, generating high background signal.
A fluorescence-based assay was therefore sought. The original plan was to simply
to replace Ellman’s reagent with fluorescent indicator BODIPY FL L-cysteine,*
but this was unsuccessful. Thankfully, a commercially-available fluorescent thiol
quantitation kit from Sigma Aldrich*! was found, allowing analysis to proceed.

Freshly-purified AAC(3)-la was used for SAR analysis. As previously
reported affinity purification procedures were not reproducible,*> a new protocol
was developed, using freeze-thaw cycles for cell lysis and cobalt beads to pull out
His-tagged protein.

A total of 28 compounds were screened for activity against AAC(3)-Ia at
200 pM using this assay. ICso values were determined for compounds showing at
least 50% inhibition (Figure 2-7). These results show that the 3,5-dibromo-4-
hydroxybenzyl pharmacophore present in both of the initial hits is the ideal moiety
for inhibitory activity (ICso = 4.3 £ 1.4 uM). The benzylidene functionality is

essential- replacement of the benzyl with a furanyl or pyridinyl functionality results
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in immediate loss of activity. The 3-bromine substituent is essential as well, while
loss of the 3-hydroxyl groups can be tolerated to some degree, as shown by II-14,
I1-16, and II-34. Substitution at the 5-position of the 3-benzylidine-2-indolinone
scaffold (II-29, II-11, and II-18) is also accommodated fairly well, though the
methyl ester functionality of the II-1 has the greatest activity. A notable exception
to this trend is carboxylic acid-analog II-21, which does not display inhibitory
activity.

These results were followed up with checkerboard assays to test for synergy
between the compounds and gentamicin. Synergy is when the activity of
combination is greater than the activity of the two independent drugs; this would
be expected if the AAC(3)-Ia inactivation of gentamicin was inhibited. Increasing
concentrations of one compound (in this case gentamicin) were added along one
axis and increasing concentrations of the other compound (in this case the AAC(3)-
Ia inhibitors) were added along the other, and synergy was assessed through

calculation of the Fractional Inhibitory Concentration (FIC, Equation 2-1):

MICy i i MICpg ; i i
FIC — Ain combination + B in combination (2_ 1)
MICy MICp

A FIC < 0.5 indicates a synergistic interaction while a FIC > 2 is considered
antagonistic. Values in between are indeterminant. Unfortunately, none of the
compounds tested showed synergy, though two of them, II-1 and II-11 had some
intrinsic activity against E. coli BW25113 AbamB AtolC pGDP4-aac(3)-1a strains

with MICs of 8-16 pg/mL and 4 ng/mL respectively (Figures 2-9 and 2-10).
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1I-14

1I-1
IC5y= 116.7 £79.0 uM

I1-18 11-29
ICso = 139.5 £32.5 uM

11-16
IC5,=95.0 + 87.1 uM ICs, =106 + 53.8 uM

11-34
ICsy = 1358 £ 79.1 uM

Figure 2-7. AAC(3)-1a Inhibitors with ICso Values

E. coli BW25113 AbamB AtolC :: pGDP4 (AAC(3)-Ia)

128
64
32
16

[Gentamicin]
(ug/mL)

16 8 4 2 1 0 16 8
[11-1] (ng/mL)

Growth

Low | |High

Figure 2-8. Checkerboard Assay for Interaction of II-1 and Gentamicin in E.
coli BW25113 AtolCAbamB pGDP4:aac(3)-la. FIC < 0.5 is considered
synergistic, FIC > 2 is antagonistic, and 0.5 < FIC < 2 is indeterminant/additive
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E. coli BW25113 AbamB_AtolC :: pGDP4 (AAC(3)-1a)

128

[Gentamicin]
(ng/mL)

— W
SRS

4 2 1 0.5 0.25 0 4 2 1 0.5 0.25 0
[11-11] (ng/mL)
Growth
Lowl |High

Figure 2-9. Checkerboard Assay for Interaction of II-11 and Gentamicin in E.
coli BW25113 AtolCAbamB pGDP4:aac(3)-la. FIC < 0.5 is considered
synergistic, FIC > 2 is antagonistic, and 0.5 < FIC < 2 is indeterminant/additive

2.5 IMPLICATIONS AND FUTURE WORK

A collection of kinase inhibitors was screened against AAC(3)-Ia using both
cell- and enzyme-based assays. Two of the hits possessed a 3-benzylidene-2-
indolinone core, which formed the scaffold for subsequent library assembling and
SAR analysis. It was determined the most potent inhibitor is the initial hit II-1
(ICso = 43 = 1.4 uM), and that modifications to either the 3,5-dibromo-4-
hydroxybenzylidine pharmacophore at position 3 or the methyl ester at position 5
had a detrimental effect on activity. The ineffectiveness of II-1 in the cell-based
assay may indicate that these compounds are not able to penetrate even the hyper-
permeable E. coli strain.

Future directions include SAR to explore the effect of substitutions at other
locations on the indolinone core to improve solubility and potency and to develop

methods to control or resolve geometric isomers.
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2.6 EXPERIMENTAL

2.6.1 SYNTHESIS
Materials and Instrumentation

Microwave reactions were performed in 2.0 — 5.0 mL microwave vials,
sealed under ambient atmosphere, and loaded to a CEM Discover SP-D 80
Microwave Reactor (100 W, < 100 psi). Heated non-microwave reactions were
performed in a temperature-controlled oil bath. TLC was performed on F-254 (0.25
mm) precoated silica gel (Merck) and visualized under UV, aqueous KMnOs, or
aqueous ninhydrin stain. Flash column chromatography purifications were
performed using a normal phase Teledyne Isco CombiFlash® Rf 200 with standard
RediSep RF 12 g silica columns.

Compounds were characterized by 'H NMR, 13C NMR, DEPT Q, NOESY,
ESI-MS, and HRMS. NMR spectra were obtained from a Bruker Avancelll 700
(700 MHz). Chemical shifts are reported as ppm, coupling constants in Hz, and
peaks were calibrated to the solvent residual peak (CDCl; = 7.26 ('H), 77.16 (13C),
DMSO-ds = 2.50 ('H), 39.51 (!3C)). Mass spectrometry was conducted with a

Bruker Maxis 4G/TOF in either positive or negative ion mode with direct infusion.

General Procedure for Microwave-Assisted Aldol Condensation

To a clean microwave vial charged with a stir bar was added the oxindole
(1.0 equiv.), aldehyde (1.2 equiv.), piperidine (0.2 equiv.), and absolute ethanol (to
achieve a concentration of 0.25 M) as the solvent. The vial was then sealed with a

microwave cap and irradiated for thirty minutes at 79 °C. After cooling to room
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temperature, the contents of the vial were purified by flash column chromatography

or filtration to yield the corresponding title compound.

For experimental and characterization of (Z)-methyl 3-(3,5-dibromo-4-
hydroxybenzylidene)-2-oxoindoline-5-carboxylate  (II-1), (Z)-5-bromo-3-(3,5-
dibromo-4-hydroxybenzylidene)indolin-2-one  (II-11),  (Z)-methyl  3-((5-
methylfuran-2-yl)methylene)-2-oxoindoline-5-carboxylate (II-12), (Z)-methyl 3-
(3-nitrobenzylidene)-2-oxoindoline-5-carboxylate (II-13), (Z)-methyl 3-(4-bromo-
3-hydroxybenzylidene)-2-oxoindoline-5-carboxylate (I1-14), (2)-3-(5-
methylfuran-2-yl)methylene)indolin-2-one (II-15), (Z)-methyl 3-(3-
bromobenzylidene)-2-oxoindoline-5-carboxylate (II-16), (Z)-3-(4-hydroxy-3,5-
dimethylbenzylidene)indolin-2-one (I1-17), (£)-3-(3,5-dibromo-4-
hydroxybenzylidene)indolin-2-one (I1-18), (2)-3-(3,5-dibromo-4-
hydroxybenzylidene)-5-hydroxyindolin-2-one (II-29), (Z)-methyl 3-(3,5-dibromo-
4-hydroxybenzylidene)-2-oxoindoline-5-carboxylate (II-30), (Z)-methyl 2-ox0-3-
(pyridin-3-ylmethylene)indoline-5-carboxylate ~ (II-31),  (Z)-methyl  3-(4-
hydroxybenzylidene)-2-oxoindoline-5-carboxylate  (II-32), (Z)-methyl 3-(4-
hydroxy-3,5-dimethylbenzylidene)-2-oxoindoline-5-carboxylate ~ (II-33), (2)-
methyl 3-(3,5-dibromobenzylidene)-2-oxoindoline-5-carboxylate (I1-34), (2)-
methyl 2-oxo-3-[4-(trifluoromethyl)benzylidene]indoline-5-carboxylate (I1-35),
and (Z)-methyl 3-(4-nitrobenzylidene)-2-oxoindoline-5-carboxylate (II-36), please

see Leckett 2016.%3
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(E)-3-(4-methoxybenzylidene)-5-carboxyindolin-2-one (II-19)

5-carboxyoxindole (24.2 mg, 0.14 mmol) and 4-methoxybenzaldehyde (18.5 pL,
0.17 mmol) were added to ethanol (3 mL) in a microwave tube charged with a stir
bar as per general procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube
was sealed and microwaved for 90 minutes. After cooling to room temperature, the
solution was concentrated under reduced pressure and purified by column
chromatography (5% methanol in dichloromethane) to provide the title compound
as a yellow powder in a mixture with the Z isomer (8 mg, 20%). 'H NMR (700
MHz; DMSO-dg) for the E isomer: 612.64 (bs, 1H), 10.93 (s, 1H), 8.27 (s, 1H), ,
7.85 (dd, J = 8.2 Hz, *J = 1.4 Hz, 1H), 7.74 (d, J= 8.6 Hz, 2H), 7.67 (s, 1H), 7.11
(d, J = 8.7 Hz, 2H), 6.95 (d, J = 8.2 Hz, 1H), 3.86 (s, 3H). '*C NMR (176 MHz;
DMSO-ds) for the E isomer: 6169.24 (C), 167.18 (C), 161.55 (C), 160.88 (C),
146.22 (C), 137.39 (CH), 131.74 (CH), 131.62 (CH), 126.38 (C), 124.81 (C),
123.07 (CH), 121.10 (C), 114.35 (CH), 109.70 (CH), 55.51 (CH3). 'H NMR (700
MHz; DMSO-ds) for the Z isomer: 610.94 (s, 1H), 8.54 (d, J = 8.8 Hz, 2H), 8.27
(s, 1H), 7.96 (s, 1H), 7.82 (dd, J = 8.1 Hz, *J = 1.5 Hz, 1H), 7.05 (d, J = 8.9 Hz,
2H), 6.90 (d, J = 8.1 Hz, 1H), 3.85 (s, 3H). *C NMR (176 MHz; DMSO-d¢) for
the Z isomer: §167.71 (C), 167.55 (C), 143.77 (C), 138.52 (CH), 134.84 (CH),
131.19 (CH), 126.97 (C), 125.39 (C), 122.88 (C), 120.52 (CH), 113.87 (CH),
108.88 (CH), 48.64 (CH3). HRMS (ESI) for Ci7H13NO4: Calculated [M+H]":
296.0918 and [M+Na]*: 318.0737. Found [M+H]": 296.0913 and [M+Na]":

318.0731.
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(E)-3-benzylidene-5-carboxyindolin-2-one (I1-20)

5-carboxyoxindole (25.0 mg, 0.14 mmol) and benzaldehyde (17 pL, 0.17 mmol)
were added to ethanol (2 mL) in a microwave tube charged with a stir bar as per
general procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube was sealed
and microwaved for 90 minutes. After cooling to room temperature, the solution
was concentrated under reduced pressure and purified by column chromatography
(5% methanol in dichloromethane) to provide the title compound as a yellow
powder in a mixture with the Z isomer (9.4 mg, 25%). 'HNMR (700 MHz; DMSO-
de) for the E isomer: 612.65 (bs, 1H), 10.98 (bs, 1H), 8.18 (s, 1H), 7.86 (d, ] =8.2
Hz, 1H), 7.74 (m, 3H), 7.54 (m, 3H), 6.96 (d, J = 7.0 Hz, 1H). *C NMR (176 MHz;
DMSO-dg) for the E isomer: §168.83 (C), 167.30 (C), 137.03 (CH), 134.13 (C),
133.84 (C), 132.00 (CH), 130.01 (CH), 129.31 (CH), 128.75 (CH), 126.87 (C),
123.35 (CH), 120.71 (C), 109.72 (CH). 'H NMR (700 MHz; DMSO-ds) for the Z
isomer: 610.98 (bs, 1H), 8.43 (m, 2H), 8.33 (s, 1H), 8.02 (s, 1H), 7.86 (d, J =8.2
Hz, 1H), 7.48 (m, 3H), 6.90 (d, 7.8 Hz, 1H). 3C NMR (176 MHz; DMSO-ds) for
the Z isomer: §167.00 (C), 146.48 (C), 144.23 (C), 138.38 (CH), 132.12 (CH),
130.85 (CH), 130.67 (CH), 128.17 (CH), 125.72 (C), 124.81 (C), 121.03 (CH),
108.95 (CH). HRMS (ESI) for CisHi1NOs: Calculated [M+H]*: 266.0812 and

[M+Na]": 288.0631. Found [M+H]": 266.0810 and [M+Na]": 288.0629.

(£)-3-(3,5-dibromo-4-hydroxybenzylidene)-5-carboxyindolin-2-one (I1I-21)
S5-carboxyoxindole  (46.0 mg, 0.26 mmol) and  3,5-dibromo-4-
hydroxybenzaldehyde (98.5 mg, 0.35 mmol) were added to a 0.44 M ammonium

acetate in 3:1 ethanol:acetic acid solution (pH 4.5) (3 mL) in a microwave tube
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charged with a stir bar as per general procedure. Piperidine (3 pL, 0.03 mmol) was
added and the tube was sealed and microwaved for 30 minutes. After cooling to
room temperature, ether was added to precipitate the product, which was filtered
by gravity and washed with methanol to yield the title compound as a yellow
powder in a mixture with the £ isomer (14.8 mg, 13%). 'H NMR (700 MHz;
DMSO-dg) for the Z isomer: 612.66 (bs, 2H), 11.03 (s, 1H), 8.87 (s, 2H), 8.30 (s,
1H), 7.93 (s, 1H), 7.85 (dd, J = 8.1 Hz, 4] = 1.5 Hz, 1H), 6.94 (d, ] = 8.1 Hz, 1H).
13C NMR (176 MHz; DMSO-de) for the Z isomer: §167.60 (C), 167.35 (C), 136.49
(CH), 135.71 (CH), 130.62 (CH), 125.02 (C), 123.69 (C), 123.57 (C), 120.90 (CH),
120.71 (C), 111.96 (C), 111.23 (C), 109.09 (CH). 'H NMR (700 MHz; DMSO-ds)
for the E isomer: 610.99 (s, 1H), 10.70 (bs, 2H), 8.21 (s, 1H), 7.97 (s, 2H), 7.88 (dd,
J=8.2Hz, *J=1.5Hz, 1H), 7.58 (s, 1H), 6.97 (d, ] = 8.2 Hz, IH). 3C NMR (176
MHz; DMSO-d¢) for the E isomer: 8168.77 (C), 166.85 (C), 146.67 (C), 144.12
(C), 134.53 (CH), 133.48 (CH), 132.02 (CH), 123.16 (CH), 109.92 (CH). HRMS
(ESI) for CisHoBraNOs: Calculated [M+H]™: 437.8971 and [M+Na]*: 461.8770.

Found [M+H]": 437.1927 and [M+Na]*: 461.8748.

(E)-3-(3-hydroxybenzylidene)-5-carboxyindolin-2-one (I1-22)

5-carboxyoxindole (30.5 mg, 0.17 mmol) and 3-hydroxybenzaldehyde (34.7 mg,
0.28 mmol) were added to a 0.44 M ammonium acetate in 3:1 ethanol:acetic acid
solution (pH 4.5) (3 mL) in a microwave tube charged with a stir bar as per general
procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube was sealed and
microwaved for 30 minutes. After cooling to room temperature, the solution was

concentrated under reduced pressure and purified by column chromatography
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(3.6% acetic acid 6.4% methanol in dichloromethane) to provide the title compound
in a mixture with the Z isomer (19.8 mg, 41%). 'H NMR (700 MHz; DMSO-ds)
for the E isomer: 610.97 (s, 1H), 9.78 (bs, 1H), 8.23 (s, 1H), 7.86 (dd, J = 8.1 Hz,
4] =1.5 Hz, 1H), 7.63 (s, 1H), 7.34 (t, 7.8 Hz, 1H), 7.13 (d, 7.5 Hz, 1H), 7.09 (s,
1H), 6.96 (d, J=8.2 Hz, 1H), 6.90 (dd, J=7.9 Hz, 4T =2.3 Hz, 1H). BCNMR (176
MHz; DMSO-d¢) for the E isomer: 6169.12 (C), 167.57 (C), 157.81 (C), 157.14
(O), 137.61 (CH), 135.51 (C), 135.22 (C), 132.15 (CH), 130.09 (CH), 126.84 (C),
123.91 (CH), 120.96 (C), 120.19 (CH), 117.30 (CH), 115.90 (CH), 109.91 (CH).
"H NMR (700 MHz; DMSO-ds) for the Z isomer: §10.97 (s, 1H), 9.59 (s, 1H), 8.31
(s, IH), 7.97 (s, 1H), 7.91 (s, 1H), 7.86 (dd, J = 8.4 Hz, T = 1.5 Hz, 1H), 7.79 (d, J
=7.7Hz, 1H), 7.27 (t,J = 7.9 Hz, 1H), 6.90 (m, 2H). '*C NMR (176 MHz; DMSO-
de) for the Z isomer: 6167.30 (C), 139.01 (CH), 130.99 (CH), 129.31 (CH), 123.91
(CH), 121.27 (CH), 118.67 (CH), 118.29 (CH), 109.12 (CH). HRMS (ESI) for
Ci6H11NO4: Calculated [M+H]": 282.0761 and [M+Na]": 304.0580. Found

[M+H]": 282.0759 and [M+Na]*: 304.0576.

(E)-3-(4-hydroxybenzylidene)-5-carboxyindolin-2-one (I1-23)

5-carboxyoxindole (25.5 mg, 0.14 mmol) and 4-hydroxybenzaldehyde (21.6 mg,
0.18 mmol) were added to a 0.44 M ammonium acetate in 3:1 ethanol:acetic acid
solution (pH 4.5) (3 mL) in a microwave tube charged with a stir bar as per general
procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube was sealed and
microwaved for 30 minutes. After cooling to room temperature, the solution was
concentrated under reduced pressure and purified by column chromatography

(3.6% acetic acid 6.4% methanol in dichloromethane) to provide the title compound
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in a mixture with the Z isomer (9.3 mg, 23%). 'HNMR (700 MHz; DMSO-d¢) for
the £ isomer: §10.91 (s, 1H), 10.24 (s, 1H), 8.33 (s, 1H), 7.85 (dd, J= 8.1 Hz, 4] =
1.5 Hz, 1H), 7.65 (d, J = 8.6 Hz, 2H), 7.63 (s, 1H), 6.94 (d, J = 8.3 Hz, 1H), 6.92
(d, J = 8.6 Hz, 2H). 3C NMR (176 MHz; DMSO-ds) for the E isomer: §169.29
(©), 167.68 (C), 159.57 (C), 131.95 (CH), 131.28 (CH), 125.53 (C), 125.49 (C),
124.69 (C), 123.85 (C), 122.94 (CH), 121.14 (C), 120.18 (CH), 115.61 (CH),
109.48 (CH). 'H NMR (700 MHz; DMSO-ds) for the Z isomer: §10.89 (s, 1H),
10.31 (s, 1H), 8.47 (d, J = 8.8 Hz, 2H), 8.26 (s, 1H), 7.86 (s, 1H), 7.81 (dd, J = 8.1
Hz, 7= 1.6 Hz, 1H), 6.89 (d, J = 7.9 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H). *C NMR
(176 MHz; DMSO-ds) for the Z isomer: 8167.50 (C), 167.12 (C), 164.46 (C),
138.94 (CH), 137.86 (CH), 135.18 (CH), 129.80 (CH), 121.70 (C), 115.21 (CH),
108.67 (CH). HRMS (ESI) for Ci6H11NO4: Calculated [M+H]": 282.0761. Found

[M+H]": 282.0759.

(E)-3-(3,4-dihydroxybenzylidene)-5-carboxyindolin-2-one (I1-24)

5-carboxyoxindole (29.9 mg, 0.17 mmol) and 3,4-dihydroxybenzaldehyde (24.0
mg, 0.17 mmol) were added to a 0.44 M ammonium acetate in 3:1 ethanol:acetic
acid solution (pH 4.5) (3 mL) in a microwave tube charged with a stir bar as per
general procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube was sealed
and microwaved for 30 minutes. After cooling to room temperature, the solution
was concentrated under reduced pressure and purified by column chromatography
(3.6% acetic acid 6.4% methanol in dichloromethane) to provide the title compound
in a mixture with the Z isomer (32.9 mg, 66%). 'H NMR (700 MHz; DMSO-ds)

for the E isomer: 510.89 (bs, 1H), 8.41 (s, 1H), 7.85 (dd, J = 8.3 Hz, *J = 1.3 Hz,
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1H), 7.81 (s, 1H), 7.56 (s, 1H), 7.19 (d, 4T = 1.4 Hz, 1H), 7.12 (dd, J= 8.9 Hz, *J =
1.6 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 6.89 (d, J = 8.1 Hz, 1H). 3C NMR (176
MHz; DMSO-d¢) for the £ isomer: 6169.42 (C), 167.65 (C), 148.11 (C), 145.46
(O), 138.36 (CH), 131.22 (CH), 125.63 (C), 125.12 (C), 123.53 (C), 123.15 (CH),
122.50 (CH), 121.23 (C), 116.92 (CH), 115.68 (CH), 109.50 (CH), 48.56 (C). 'H
NMR (700 MHz; DMSO-ds) for the Z isomer: 68.28 (d, 47 = 1.4 Hz, 1H), 8.26 (d,
4] =1.3 Hz, 1H), 7.81 (m, 1H), 6.89 (d, J = 8.1 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H).
BBC'NMR (176 MHz; DMSO-dg) for the Z isomer: §167.49 (C), 167.13 (C), 149.44
(C), 146.07 (C), 144.64 (C), 143.51 (C), 139.64 (CH), 129.67 (CH), 127.08 (CH),
125.97 (C), 121.32 (C), 120.12 (CH), 119.61 (CH), 115.14 (CH), 108.62 (CH),
43.75 (C). HRMS (ESI) for C1¢H11NOs: Calculated [M+H]": 298.0710. Found

[M+H]": 298.0707.

(E)-3-(3-bromo-4-hydroxybenzylidene)-5-carboxyindolin-2-one (II-25)

5-carboxyoxindole (25.0 mg, 0.14 mmol) and 3-bromo-4-hydroxybenzaldehyde
(36.6 mg, 0.18 mmol) were added to a 0.44 M ammonium acetate in 3:1
ethanol:acetic acid solution (pH 4.5) (3 mL) in a microwave tube charged with a
stir bar as per general procedure. Piperidine (3 pL, 0.03 mmol) was added and the
tube was sealed and microwaved for 30 minutes. After cooling to room
temperature, the precipitate was filtered by gravity and washed with methanol to
yield the title compound as a yellow powder in a mixture with the Z isomer (18.3
mg, 36%). 'H NMR (700 MHz; DMSO-d¢) for the E isomer: §12.62 (bs, 1H),
11.03 (bs, 1H), 10.95 (s, 1H), 8.27 (s, 1H), 7.94 (d, J = 2.0 Hz, 1H), 7.86 (dd, J =

8.1 Hz, *J = 1.6 Hz, 1H), 7.64 (dd, J = 8.4 Hz, *J = 1.9 Hz, 1H), 7.60 (s, 1H), 7.09
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(d, ] = 8.4 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H). '3C NMR (176 MHz; DMSO-ds) for
the E isomer: 8169.00 (C), 166.98 (C), 146.43 (C), 136.25 (CH), 134.55 (CH),
131.69 (CH), 130.63 (CH), 126.39 (C), 125.16 (C), 123.46 (C), 123.08 (C), 123.05
(CH), 120.95 (C), 116.27 (CH), 109.76 (CH), 108.92 (CH). 'H NMR (700 MHz;
DMSO-de) for the Z isomer: 811.27 (s, 1H), 10.97 (s, 1H), 9.74 (d, J = *1.5 Hz,
1H), 8.99 (d, J = 2.3 Hz, 1H), 8.33 (dd, ] = 8.6 Hz, 4] = 2.1 Hz, 1H), 8.29 (d, %] =
1.7 Hz, 1H), 7.91 (s, 1H), 7.84 (dd, ] = 8.2 Hz, T = 1.6Hz, 1H), 7.04 (d, ] = 8.5 Hz,
1H), 6.91 (d, J = 8.1 Hz, 1H). 3C NMR (176 MHz; DMSO-ds) for the Z isomer:
5167.66 (C), 167.41 (C), 156.73 (C), 155.96 (C), 143.89 (C), 137.39 (CH), 137.25
(CH), 134.19 (CH), 130.26 (CH), 127.02 (C), 125.26 (C), 123.55 (C), 120.61 (CH),
115.87 (CH), 109.64 (C), 109.20 (C). HRMS (ESI) for C1¢H 0BrNO: Calculated
[M+H]": 359.9866 and [M+Na]": 381.9685. Found [M+H]": 359.9858 and

[M+Na]": 381.9676.

(E)-3-(3,5-dimethyl-4-hydroxybenzylidene)-5-carboxyindolin-2-one (I1I-26)

5-carboxyoxindole  (25.6 mg, 0.14 mmol) and 3,5-dimethyl-4-
hydroxybenzaldehyde (27.5, 0.18 mmol) were added to a 0.44 M ammonium
acetate in 3:1 ethanol:acetic acid solution (pH 4.5) (3 mL) in a microwave tube
charged with a stir bar as per general procedure. Piperidine (3 pL, 0.03 mmol) was
added and the tube was sealed and microwaved for 30 minutes. After cooling to
room temperature, the precipitate was filtered by gravity and washed with methanol
to yield the title compound as a yellow powder in a mixture with the Z isomer (19.6
mg, 44%). 'H NMR (700 MHz; DMSO-d¢) for the E isomer: §12.60 (bs, 1H),

10.89 (s, 1H), 9.07 (bs, 1H), 8.25 (s, 1H), 7.84 (dd, J = 8.2 Hz, 4J = 1.6 Hz, 1H),
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7.58 (s, 1H), 7.42 (s, 2H), 6.95 (d, J = 8.2 Hz, 1H), 2.23 (s, 6H). '*C NMR (176
MHz; DMSO-dg) for the E isomer: 8169.28 (C), 167.05(C), 155.65 (C), 146.05
(C), 138.16(CH), 133.88 (CH), 131.13 (CH), 130.59 (CH), 124.67 (C), 124.54 (C),
123.71 (C), 123.64 (C), 121.25 (C), 109.50 (CH), 16.36 (CHz). 'H NMR (700
MHz; DMSO-de) for the Z isomer: 810.86 (s, 1H), 9.07 (bs, 1H), 8.45 (s, 2H), 8.25
(s, 1H), 7.81 (m, 2H), 6.90 (d, J = 8.1 Hz, 1H), 2.22 (s, 6H). 3C NMR (176 MHz;
DMSO-dg) for the Z isomer: §167.59(C), 167.46(C), 156.75 (C), 143.52 (C),
139.30(CH), 129.67 (CH), 125.64 (C), 125.50 (C), 123.37 (C), 123.12 (CH), 121.44
(C), 120.06 (CH), 108.66 (CH), 16.66 (CHs). HRMS (ESI) for CisHisNOs:

Calculated [M+H]": 310.1074. Found [M+H]": 310.1065.

(E)-3-(4-nitrobenzylidene)-5-carboxyindolin-2-one (I1I-27)

5-carboxyoxindole (25.6 mg, 0.14 mmol) and 4-nitrobenzaldehyde (26.5 mg, 0.18
mmol) were added to a 0.44 M ammonium acetate in 3:1 ethanol:acetic acid
solution (pH 4.5) (3 mL) in a microwave tube charged with a stir bar as per general
procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube was sealed and
microwaved for 30 minutes. After cooling to room temperature, the precipitate was
filtered by gravity and washed with methanol to yield the title compound as an
orange powder in a mixture with the Z isomer (17.3 mg, 37%). '"HNMR (700 MHz;
DMSO-ds) for the E isomer: 810.99 (bs, 1H), 8.38 (d, J = 8.6 Hz, 2H), 8.01 (m,
2H), 7.89 (m, 1H), 7.75 (s, 1H), 6.97 (d, J = 8.1 Hz, 1H). '3C NMR (176 MHz;
DMSO-ds) for the E isomer: 6168. 41 (C), 167.05 (C), 147.60 (C), 147.54 (C),
141.19 (C), 140.08 (C), 132.69 (CH), 130.57 (CH), 129.36 (C), 123.81 (CH),

123.67 (CH), 121.90 (CH), 120.07 (C), 109.92 (CH). "H NMR (700 MHz; DMSO-
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ds) for the Z isomer: 610.99 (bs, 1H), 8.56 (d, J = 8.8 Hz, 2H), 8.38 (s, 1H), 8.31
(d, J = 8.9 Hz, 2H), 8.15 (s, 1H), 8.01 (s, 1H), 7.89 (m, 1H), 6.92 (d, J = 8.1 Hz,
1H). '3C NMR (176 MHz; DMSO-ds) for the Z isomer: 8167.27 (C), 166.89 (C),
146.72 (C), 144.78 (C), 134.91 (CH), 133.95 (CH), 132.66 (CH), 131.87 (CH),
129.16 (C), 124.12 (C), 123.13 (CH), 109.24 (CH). HRMS (ESI) for C16H1o0N2Os:
Calculated [M+H]": 311.0663 and [M+Na]*: 333.0482. Found [M+H]": 311.0653

and [M+Na]": 333.0471.

(E)-3-|4-(trifluoromethyl)benzylidene]|-5-carboxyindolin-2-one (I1-28)

5-carboxyoxindole (27.9 mg, 0.15 mmol) and 4-(trifluoromethyl)benzaldehyde (24
pL, 0.18 mmol) were added to a 0.44 M ammonium acetate in 3:1 ethanol:acetic
acid solution (pH 4.5) (3 mL) in a microwave tube charged with a stir bar as per
general procedure. Piperidine (3 pL, 0.03 mmol) was added and the tube was sealed
and microwaved for 30 minutes. After cooling to room temperature, the solution
was concentrated under reduced pressure and purified by column chromatography
(1.8% acetic acid 3.2% methanol in dichloromethane) to provide the title compound
as a powder in a mixture with the Z isomer (29.3 mg, 58%). 'H NMR (700 MHz;
DMSO-de) for the E isomer: §11.07 (s, 1H), 8.01 (d, *J = 1.1 Hz, 1H), 7.93 (m,
4H), 7.89 (dd, J = 8.1 Hz, *J = 1.4 Hz, 1H), 7.77 (s, 1H), 6.99 (d, J = 8.2 Hz, 1H).
13C NMR (176 MHz; DMSO-de) for the E isomer: 3168.50 (C), 167.76 (C), 138.53
(C), 136.06 (CH), 135.01 (CH), 132.50 (CH), 129.97 (CH), 128.58 (C), 125.62 (C),
124.92 (CH), 123.50 (CH), 121.64 (CH), 120.34 (C), 109.97 (CH), 70.66 (C), 19.18
(C). '"HNMR (700 MHz; DMSO-dg) for the Z isomer: §11.07 (s, 1H), 8.53 (d, J =

8.2 Hz, 2H), 8.37 (d, 4T = 1.1 Hz, 1H), 8.12 (s, 1H), 7.89 (dd, J = 8.1 Hz, “J = 1.4
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Hz, 1H), 7.84 (d, ] = 8.3 Hz, 2H), 6.94 (d, ] = 8.1 Hz, 1H). '*C NMR (176 MHz;
DMSO-dg) for the Z isomer: 8167.22 (C), 167.11 (C), 146.84 (C), 144.79 (C),
137.62 (C), 132.20 (CH), 131.57 (CH), 128.00 (C), 125.60 (C), 124.90 (CH),
124.33 (C), 109.23 (CH), 70.25 (C), 18.09 (C). HRMS (ESI) for Ci7H oF3NOs:

Calculated [M-H]": 332.0529. Found [M-H]: 332.0535.

(Z)-Methyl 3-(4-methoxybenzylidene)-2-oxoindoline-5-carboxylate (I11-37)

Methyl  oxindole-5-carboxylate  (0.144 g, 0.754 mmol) and 4-
methoxybenzaldehyde (110 pL, 0.905 mmol) were added to methanol (3 mL) in a
microwave tube charged with a stir bar as per general procedure. Piperidine (0.0148
mL, 0.150 mmol) was then added and the tube was sealed and microwaved for 30
min to provide the title compound (195.5 mg, 84%). 'H NMR (700 MHz; DMSO-
de): 810.99 (s, 1H), 8.30 (s, 1H), 7.87 (dd, J= 8.2 Hz, J= 1.5 Hz, 1H), 7.74 (d, ] =
8.7 Hz, 2H), 7.69 (s, 1H), 7.12 (d, J = 8.7 Hz, 2H), 6.98 (d, J = 8.2 Hz, 1H), 3.87
(s, 3H), 3.78 (s, 3H). 3C NMR (176 MHz; DMSO-ds): 169.13 (C), 166.03 (C),
160.98 (C), 146.72 (C), 137.77 (CH), 131.77 (CH), 131.42 (CH), 126.28 (C),
124.54 (C), 122.84 (CH), 122.28 (C), 121.31 (C), 114.34 (CH), 109.89 (CH), 55.53
(CH3), 51.99 (CH3). HRMS (ESI) for CisHisNO4: Calculated [M+H]": 310.1074

and [M+Na]": 332.0893. Found [M+H]": 310.1089 and [M+Na]*: 332.0917.

2.6.2 BIOLOGICAL TESTING
Escherichia coli BW25113 AbamB AtolC Screening Constructs and Screening
Conditions

For screening constructs and conditions, please see Azad 2016.4?
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Purification of Aminoglycoside 3-NV- Acetyltransferase AAC(3)-1a

Unless stated otherwise, materials were purchased from Sigma (Oakville,
Ontario). A 10 mL overnight LB culture of BL21 (DE3) pLysS E. coli harbouring
pET28a-aac(3)-1a (supplemented with 50 pg/mL kanamycin) was used to inoculate
2 x 250 mL LB broth supplemented with 50 pg/mL kanamycin. Cells were grown
at 30°C for 2-3 h, then induced with 1 mM IPTG and grown for another 3 h. Cells
were harvested (6000 rpm for 15 min at 15°C) and washed with 60 mL of saline.
Cells were collected by centrifugation at 4200 rpm for 30 min at 15°C and stored
at -20°C for future use. Thawed pellets were resuspended in ice cold lysis buffer
(50 mM HEPES, 150 mM NaCl, 1 mM PMSF, 0.1 mg/mL DNase, | mM 2-
mercaptoethanol) and lysed by 5 freeze-thaw cycles. Lysate was centrifuged for 10
minutes at 4°C and the supernatant was added to Talon Superflow cobalt resin.
Samples were incubated at room temperature for 30 minutes on the rotator, pelleted,
and washed (50 mM HEPES, 300 mM NaCl, 10 mM imidazole) and eluted with 50
mM HEPES, 300 mM NaCl, 500 mM imidazole. Fractions containing AAC(3)-Ia
were identified on 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel (a band of ~18.6 kDa corresponded to AAC(3)-Ia), pooled, and
dialyzed to remove imidazole to yield 670 mg of protein. Protein concentrations
were estimated by absorbance at 280 nm. Samples were aliquoted and stored in

15% glycerol at -80°C.

Monitoring AAC(3)-1a Activity in vitro (Ellman Assay)
AAC(3)-Ia activity was monitored spectrophotometrically by measuring

production of 2-nitro-5-thiobenzoate (TNB?", extinction coefficient = 14, 150 M-
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lem!) resulting from the cleavage of 5,5°- dithiobis-(2-nitrobenzoic acid) (DTNB)
by free coenzyme A sulfhydryl groups released upon acetyl transfer.** AAC(3)-Ia
activity was monitored spectrophotometrically for 10 min at 25°C at 412 nm using
a TECAN M1000 plate reader in a 96-well format. Reactions were initiated with
gentamicin sulfate following 10 min incubation time at room temperature. Final

concentrations of 3 mM DTNB and 0.1 M HEPES (pH 8) were used.

Monitoring AAC(3)-Ia Activity in vitro (Sigma-Aldrich® Fluorometric Thiol
Quantification Assay)

AAC(3)-Ia activity was monitored fluorometrically via the thiol
quantification kit from Sigma-Aldrich (Aex = 490 nm, Aem = 535 nm).*! Inhibitors
(in 1-2% DMSO), AAC(3)-Ia (final concentration ~0.1 mg/mL), and acetyl-CoA
(final concentration 50 uM) were incubated in kit buffer for 10 minutes at room
temperature. Thiol reagent® was added and the reaction was immediately initiated
with gentamicin (final concentration 250 pM) and monitored for 15 min at room
temperature using a TECAN M100 plate reader in 96-well format. GraphPad Prism

was used to plot ICso data.

Checkerboard Assays

Checkerboard assays were performed in 96-well plates using Escherichia
coli BW25113 AbamB AtolC with pGDP4-aac(3)-Ia. Colonies taken from an
overnight LB plate containing 100 pg/mL ampicillin were suspended in saline at an
ODeoo 0of 0.1, and diluted for a final concentration of 1/500 in Mueller-Hinton broth

(Thermo Fisher Scientific, Nepean, ON) per well. One well with no antibiotic or
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compound served as a positive growth control on each plate. MICs were performed
according to the National Committee of Laboratory Safety and Standards (NCLSS)
guidelines prior to testing and used to determine the concentration range needed.
Decreasing concentrations of gentamicin were combined with decreasing
concentrations of compound. Plates were incubated at 37°C for 24 h. Cell viability

was monitored by OD (A = 600 nm). FIC was calculated using Equation 2-1:

MICy i i MICpg ; i i
FIC — Ain combination + B in combination (2_ 1)
MICy MICp

where FIC <0.5 is considered synergistic, 0.5 < FIC < 2.0 is neutral, and FIC > 2.0

is antagonistic.
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Figure S2-14. 3C NMR of 3-(4-Hydroxybenzylidene)-5-Carboxyindolin-2-one (II-
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Figure S2-15. NOE of 3-(4-Hydroxybenzylidene)-5-Carboxyindolin-2-one (I1-23)
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Figure S2-16. '"H NMR of 3-(3,4-Dihydroxybenzylidene)-5-Carboxyindolin-2-one
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Figure S2-19. 'H NMR of 3-(3-Bromo-4-Hydroxybenzylidene)-5-Carboxyindolin-

2-one (I1-25)
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Figure S2-25. "TH NMR of 3-(4-Nitrobenzylidene)-5-Carboxyindolin-2-one (I1-27)
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Figure S2-27. NOE of 3-(4-Nitrobenzylidene)-5-Carboxyindolin-2-one (I1-27)



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

20121206_57WT-J £9-13
1H DMSO /USERdata/capretta leungmr 11

— o ~ © OO T N0 o~ o
0 = 0 © NOOWITNHOG WO MO o 0 ™M
00 ™M ™M ~H O OGO O)OY D 0 A O W O M~ oo
@ © @ © @ 00 00 [~ [~ [~ [~ [~ [~ [~ [~~~ =~ [CRCRERE
\/ \/ \\ \v = ‘/
— |
= = |

8.6 8.5 8 7.6 7.5 7.4 7.3 7.2 7.1 7.0 ppm
[ [T
\u:[ of |
‘c:, ‘—] a

11 10 9 8
S

) I P JJL
(9 offcfof o & = [ ™
- ol dlal <l A e

ol

Figure S2-28. 'H NMR of 3-[4-(Trifluoromethyl)benzylidene]-5-Carboxyindolin-
2-one (I1-28)

121



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

5TWT-J

T60° 8T~
Z8T 6T —

70 60 50 40 30

852 0L~
299 0L—"

L

LZZ°60T —_

0L6°60T— T

zver ozt
6£9 12T\
205" €2TA\\
GzeT vzl
mmm.vmﬂ)éz
mhm.qahuww
T09°6ZT—
229 szt
866°LZT —
€85°82T
m@m.mwﬁumw
GLGTTET
wmﬁ.mmﬁ“w\
G0G ZET
mﬂo.mMﬂumw
[9079€1//
mﬂ@.FMﬂ\\\

L2S"8ET

G8L ' VPT—
€r8 9P T —

€9L799T
90T LOT -\
LTZ L9T—
€05°89T"

13Cpg DMSO /USERdata/capretta leungmr 11

ppr

ppr

115

120

T T T
155 150 145 140 135 130 125

160

165

170

160°8T —_
28T 6T —

8VZ 0L~
299 0L—"

Lee:
oLe"
4450
6€9°
205
qece”
868"
816"
109"
229"
866"
£€8G6°
G96°
SLS”
861°¢C
G0G”
S10°
T90 "¢
S19°
LeS:
G8L”
£€r8”
€9L”
901"
LTZ"
€06°

i)

Lol J‘\‘h I

Ly

ppm

130 120 110 100 90 80 70 60 50 40 30 20

140
/USERdata/capretta leungmr 11

150

160

— o=>-

=D

170

NOESY_500ms DMSO

S5TWT-J

Figure S2-29. 13C NMR of 3-[4-(Trifluoromethyl)benzylidene]-5-Carboxyindolin-

2-one (1I-28)

ppm

Figure S2-30. NOE of 3-[4-(Trifluoromethyl)benzylidene]-5-Carboxyindolin-2-

one (I1-28)

T
.8

6

122




Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

KL-28
1H DMSO /USERdata/capretta leungmr 22
o ~n o — O I~ N O mn m
o ~~0o nm o N O @ ~
™ 00 0 0 o~ ) — [N
© SEAE EE = ©
\ ) \ ) \ ) \ )
‘ \\// \ \/ ¥
T T T T T T T T T T T T T T T T
8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 ppm
L ] | S J | ) J
o[ Mol 10/ of of of
K 31313 K
g oMUV 0O~ NO M @ N o o
o O~ WVWOINMWON O W~ O N o
MWW ™WHAOMNO @ ~ ™ wn
et e e e SR Mmoo ™ ~
~ |/ | \ )/
| NN \[ |
1 L
T T T T T T T T T T T T
11 10 9 8 7 6 5 4 3 2 1 ppnr

\

| 46433 43 K

Figure S2-31. 'H NMR of Methyl 3-(4-Methoxybenzylidene)-2-Oxoindoline-5-
Carboxylate (II-37)

123



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

KL-28
13Cpg DMSO /USERdata/capretta leungmr 22
~ w0 o 0 ™~ wn < ~ < o o ee]
~N (58] [ee] — ~ o~ N ~ st 00 s o)
— o o ~ ~ ~ < N n N ™M s} eo]
o © o © ~ o NN < o
(o) o e} Sl ™ [seles] N N NN N — o
— — — — — — — o~ — —
\ )/ \
. \/ A | |
T T T T T T T T T T T T T
170 165 160 155 150 145 140 135 130 125 120 115 110 ppm
~mn o e} AN~ A M
N ™M [ee] — SN S <00 S0 w0
e @ ToonnTaneanae bR
o WO o e} SO NN AT O Lﬂ- J
o w < MMM ANNNNN—AO wn
o~ — L e B B I e B e R | n
| \ | |
I AN\ N
T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 50 40 30 20 10 ppm

Figure S2-32. *C NMR of Methyl 3-(4-Methoxybenzylidene)-2-Oxoindoline-5-

Carboxylate (II-37)
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Figure S2-33. NOE of Methyl 3-(4-Methoxybenzylidene)-2-Oxoindoline-5-

Carboxylate (II-37)
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Figure S2-36. AAC(3)-Ia/16 Concentration-Response Curve
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3.0 DEVELOPMENT AND STRUCTURE-ACTIVITY
RELATIONSHIP ANALYSIS OF BIPHENYL ISONICOTINAMIDES
AS AMINOGLYCOSIDE 2”-O-NUCLEOTIDYLTRANSFERASE

ANT(2)-IA INHIBITORS

3.1 BACKGROUND

Antibiotic resistance is a growing threat with severe social, political, and
economic ramifications.!? However, development of new antimicrobials has
become an increasingly challenging area for the pharmaceutical sector, with
scientific roadblocks, complex regulatory landscapes, and diminished investment
returns.®> As a result, strategies that minimize the inherent risk associated with drug
campaigns have become very attractive, and efforts are being made to repurpose
current compounds rather than reinventing the wheel.

The selective optimization of side activities (SOSA) method involves
screening focused libraries of existing pharmaceuticals for “side effects” that confer
activity against a new target; medicinal chemistry techniques are then used to
optimize that desired activity and decrease activity against the previous target.*
Since these compounds have been previously investigated as drug candidates, some
data on human safety and pharmacologic properties already exists, streamlining the
approval process and decreasing the likelihood that late-stage leads will have to be

thrown out for toxicity issues.*?

127



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

Another method that has been become increasingly popular in antibacterial
circles is the use of adjuvants: compounds with minimal inherent antimicrobial
activity themselves that enhance or restore the activity of other antibiotic drugs.®
For example, -lactamase inhibitors such as clavulinate have been used since 1981

7.8

to prevent inactivation of penicillin antibiotics from serine P-lactamases.”® In

addition to extending the life of already-approved drugs, as adjuvants generally do
not target essential pathways, resistance to them develops at a much slower
rate.5’6’9’1°

Aminoglycosides are a class of antibiotics used to treat serious Gram-

=13 Resistance most commonly arises through actions of

negative infections.
aminoglycoside-modifying enzymes (AMEs), which catalyze the addition of a
chemical adduct, thereby blocking access to its binding side.!* Aminoglycoside 2”-

O-nucleotidyltransferase ANT (2”), is one such enzyme, transferring an adenine-

phosphate group from ANT to the 2”-hydroxyl (Figure 3-1)."° It is hypothesized

||,O_

P” ~NH

0, OH

ATP PP,
e 0" o
ANT(2”)-Ia NH](

o}

NH,

Gentamicin

Figure 3-1. Mechanism of Gentamicin Inactivation by ANT(2”)-Ia
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that inhibiting ANT (2”°) will suppress resistance, restoring the efficacy of this drug
class.

Previous in vivo screening of two protein kinase libraries!®:!”

provided by
GlaxoKlineSmith identified two compounds (compounds II1-1 and IT1-2, Figure 3-
2) with a N-[(1,1-biphenyl)-3-yl]-pyridine-4-carboxamide core as inhibitors of
ANT (2”)-Ia.'® These compounds were initially investigated as p38 MAP kinase

inhibitors for rheumatoid arthritis, but are thought to similarly inhibit other

nucleotide-binding enzymes through the ATP-binding pocket.!3-2¢

O
[ )
N
. (@) N N
HN h J Y
III-1 I11-2

Amide coupling

Figure 3-2. Hits from Cell-Based ANT(2”)-la Screen with the Common
Biphenyl Isonicotinamide Scaffold. Retrosynthetic deconstruction is shown
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This chapter describes the development of streamlined parallel synthetic
approach that allows for functionalization of the biphenyl isonicotinamide scaffold

and preliminary structure-activity relationship against ANT(2”)-Ia.

3.2 PARALLEL SYNTHESIS METHODOLOGY

The two hits from the ANT(2”)-Ia cell-based screen both contain a 6-
methyl-(1,1")-biphenyl core, decorated on the Eastern side (position 4’) with a
methylcyclopropylamide, and coupled on the Western side to isonicotinic acid (4-
pyridine-carboxylic acid) through an amide linkage. Variation is introduced at
position 2” through a nucleophilic aromatic substitution (SnAr). Our initial
synthetic strategy (Figure 3-3) focused on building a core biphenyl isonicotinamde
scaffold, which could be functionalized on either end. The 5’-amino-2’-methyl-
[1,1°-biphenyl]-4-carboxylic core would be formed by a Suzuki coupling, followed
by an acyl chloride coupling to install the isonicotinamide (pyridine-4-
carboxamide) moiety. Lewis acid-catalyzed transacylation with various amines
would allow variation to be introduced at the Eastern end, and a nucleophilic
aromatic substitution would do likewise on the Western side.

Suzuki reactions are palladium-catalyzed cross-coupling reactions between
organohalides and boronic acids. The mechanism is shown in Figure 3-4. The first
step is oxidative addition, where the Pd(0) catalyst with its coordinated ligands
donate electron density into the o* molecular orbital of the aryl halide. The carbon-

halide bond is cleaved and the catalyst is oxidized to Pd(II). Electron-withdrawing
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20eqBoc,0 0 5% Pd(PPh;),, 2.1 eq NaHCO,
H,N I 50°C,25h 0_0 o DME, 70°C, 24 h
hd + 13
. HN I HO g
L5 95% Oi HO 58%
119 11-10
cl
o)
N 0 3 eq NEt3 cl . 1:1 TFA:IDCM \c|)/ o 9
) o- ACN,RT.5h NS O 0" 0°CtoRT,2h NG 0~
HN O 13 S0 + BN O HN
® 89% - 93% )
1114 ) fH-12 111

1.3 eq LiBr Ry NVHR,
HNR,,50°C,24 h N 85°C 24h

7-95% (‘) 14-60%

Figure 3-3. Initial Parallel Synthetic Route

Pd(O)
Oxidative Addition
Reductive Elimination

L

L——Pd(I)—Ar X_Pd(m Ar

R /—\ ‘Base
O OH
I Base - R— B>\
Cis/Trans Ligand L ‘ OH

Isomerization )
R—— Pd(II) Ar Transmetallation

OOH

Base—B

N\

Figure 3-4. Suzuki Mechanism

groups on the aryl halide aid in this step by destabilizing the  bond and therefore
lowering the energy of the o* orbital. Next, the boronic acid is activated by base,
which donates electrons into boron’s empty p orbital to complete its octet. Boron

is a group 3 metal, stable with six electrons; it therefore ejects the “R” group in the
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above scheme, which displaces the halide from palladium during transmetallation.
Electron-donating groups will increase this process. There is rearrangement of
ligands around the palladium core, then the coupled product is released and the
catalyst returns to its Pd(0) state. Boronic esters can also be used, and are more
stable to oxygen due to electron density from their alkyl chains, but therefore less
reactive.?’

There were two possible sets of commercially-available coupling partners
that could be wused for the purposes of this synthesis: 5-amino-2-
methylphenylboronic acid pinacol ester (III-3) and 4-iodobenzoic acid (I1I-4), or
3-iodo-4-methylaniline (III-5) and 4-carboxyphenylboronic acid (III-6) (Figure 3-
5). It was expected that 5-amino-2-methylphenylboronic acid pinacol ester and 4-
iodobenzoic acid would work better, as amino groups are electron-donating and
carboxylic acids are withdrawing. However, upon extensive optimization of
reaction conditions (Table 3-1), it was found that the iodoaniline and 4-

carboxyphenylboronic acid pairing was in fact superior. Various ligands were also

L 9%? tfo

0._0
9J§< Y
H)N By H,N : :1 NH : By NH : :1
1I1-3 II1-5 1I1-7 1I1-9
0 o 0 o
I (HO),B I (HO),B
111-4 II1-6 I11-8 II1-10

Figure 3-5. Possible Suzuki Coupling Partners
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sampled, including Buchwald ligand "BuXPhos and 2,4-dimethoxyphenyl
phosphaadamantane (PAPh(OMe),, Figure 3-6) but results were not superior to
those obtained with the standard triphenylphosphine (PPhs) ligand. Poisoning of
the catalyst was also a concern due to heteroatom functional groups present on the
coupling partners. Thus, the amine was protected with a tert-butoxycarbonyl (Boc)
group (compound III-9) and coupled with commercially-available 4-
methoxyphenylboronic acid (III-10) using tetrakistriphenylphosphine palladium
(0) as the catalyst and sodium bicarbonate as the base to yield methyl 5°-{[(fer?-
butoxy)carbonyl]amino}-2’-methyl-1,1’-biphenyl-4-carboxylate (III-11).2% The
Boc protecting group was removed with trifluoroacetic acid, and the resulting

amine III-12 reacted

with  commercially- CP; /Q/O\
o7 ~p
available @ @ O /0*7@& I

PPhy ‘BuXPhos PAPh(OMe),
chloropyridinyl-4-

Figure 3-6. Suzuki Ligand Structures

carbonyl chloride (ITI-
13) to form the amide (ITI-14) in a protocol modified from Angell e al.?>**23

The isonicotinamide biphenyl scaffold III-14 has two functionalities
susceptible to amine attack: an acyl chloride-like imine on the Western end and a
methyl ester-protected carboxylic acid on the Eastern, and so careful consideration
reaction order and conditions were needed to control product formation. While
work could simultaneously proceed on both ends of the molecule, it was soon

apparent that the Eastern carbonyl was much more reactive than the Western imine,

and so this amide bond was formed first.
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Table 3-1. Suzuki Coupling Conditions Screened

:lll?z:(:l-e B(::i):;ic Catalyst Base Solvent CI({)f::ici:ii?)lllls ‘({(i;)l)d Ref.
ms e SNORE o a1 T T
me e e PO ponieo  oan’ | 6
mo | me | SIHORR o 21U WE o
w4 e PO ponieo  oan | 20|
ms o e PO ponieo  oan | 18 2
ns | man | SIHORE o O WE
M9 | IM-10 2%?,51?1??8;43’@2 Cs:C0s | Tolwene | ), 35 |30
T U APE’("OMG)Z]Z Cs:C0s | Tolwene | ), 46 | 31
T U o (1(;/;/[6)2]2 Cs:C0s | Tolwene | ), 16 | 31
2 x {0.5% 70°C
I1-9 1II-10 Pdzdbas, 1% Cs2CO3 Toluene 24 h’ 33 30
PAPh(OMe),}
M9 | IM-10 1?&%?3?31’5? Cs:C0;  Toluene | 5 Zr?mcpw 19 | 30
T U APE’("OMG)Z]Z Cs:C0;  Toluene | 5 Zr?mcpw 7 31
T U APE’("OMG)Z]Z Cs:COs | Tolwene | 90 | 36 | 3l
M9 | TI-10  5%Pd(PPhs) | NaHCOs DM%}HZO Do
T U AI{I?Z")MG)Z]Z Cs:C0s | Toluwene | ), 27 | 31

The Eastern amide bond was readily installed using a variety of methods:
the amide could be formed directly from the methyl ester via lithium bromide-
catalyzed transacylation (modified from Abaee et al.*?, Figure 3-3), or from the
deprotected carboxylic acid via thionyl chloride activation or coupling agents. The
lithium bromide-catalyzed transacylation had the benefit of being a single-step

reaction, but was limited to inexpensive, readily-available, and liquid amines, and
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removal of excess amine afterwards was difficult. Furthermore, this method was
not well-adapted for parallel synthesis as it was discovered that the nucleophilic
aromatic substitution (S~xAr) on the Western side of the molecule was prevented by
a methyl ester. Thus, it was decided to cleave the methyl ester and couple the
resulting carboxylic acid.

Cleavage of the methyl ester proceeded rapidly under based-catalyzed
conditions, usually reaching completion in under an hour (Figure 3-7A).21%° 5°-(2-
Chloropyridine-4-amido)-2’-methyl-[ 1,1’ -biphenyl]-4-carboxylic acid (I1I-15) had
improved phase separation relative to the Boc-protected biphenyl (I1I-16), but the
amide bond was susceptible to cleavage with longer reaction times.
Serendipitously, it was noted that the unprotected 5’-amino-2’-methyl-[1,1’-
biphenyl]-4-carboxylic acid (III-17) precipitated upon neutralization, allowing for
isolation of pure product following vacuum filtration without need for further
workup.  Furthermore, the two deprotection steps could be performed
consecutively, obviating the neutralization and extraction steps following the Boc

cleavage, to give the desired product in 89% yield for two steps (Figure 3-7B).

~ 0 1:1 TFA:DCM o 4 eq NaOH (aq) 0
0,0 O o _ 0°CloRT.2h O o-  McOH65°C, Ih O on
AN O 93% HN O 49% HN O
a)
m—11 m—12 m—17
i) 1:1 TFA:DCM
0°C to RT, 24 h
~} i) 1 NNaOH
0

0 (0]
) O o MeOH, 70°C, 1 h s
HN O 89% (two-step) 2 O
b)

M—11 mr—17

Figure 3-7. Formation of 5’-Amino-2’-Methyl-[1,1’-Biphenyl]-4-Carboxylic
Acid (III-17) via a) sequential and b) one-pot TFA-catalyzed Boc and base-
catalyzed methyl ester deprotections

135



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

Thus III-17 became the new core scaffold, as it could be easily produced in gram
quantities.

Following methyl ester hydrolysis, various coupling agents were
investigated for use in forming the amide bond. The HATU/HBTU combination
used by Angell ef al.> (Figure 3-8) worked well, but purification was problematic
for some compounds, particularly III-18 and III-19. Thionyl chloride and
dimethylformamide could be used to activate the carboxylic acid to an acid chloride
through in situ formation of a Vilsmeier salt (Figure 3-9), thereby circumventing
the purification issues in troublesome compounds, but toxicity and water-
susceptibility made this method unwieldy.?° Attempts to use the Vilsmeier salt as

a substitute chlorinating agent were unsuccessful. EDC was finally identified as a

Cl 1.5 HNRi a
] 3 eq DIPEA, 1.1 eq HBTU, 1.2 eq HATU ]
N\\))\fo % DMF, RT, 24 h N\\))\fo 0 R
oy o
HN O 40-70% HN O H
m—15

Figure 3-8. HATU/HBTU Coupling Combination from Angell et al.®

i. SOCIy,N,,75°C, 1 h
al ii. 3eqNEt;, 1.7 eq NHZ/W al

ACN,RT, 24 h N”

SO0 OH SO O N
HN 52% HN H
n U ®

9) NAY SN RAYAE]
‘ Q/g‘a—>/§\v®s/sl)—» ‘ C}“ bu M —»/Ij\vro\er — )(J)\
N0 DI N €l 07 R ~s a” R
O c N ©
3 Vilsmaier-Haack:
B) ... Reagent |

Figure 3-9. A) Sample Amide Coupling via Thionyl Chloride Activation and B)
Reaction Mechanism with /n Sifu Vilsmeier-Haack Reagent Formation
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suitable coupling agent, striking a balance between activity and ease of purification
(Figure 3-10).

As previously

29 HN
o 1.4 eq EDC 0
mentioned, the 2- O OH DCM, RT,24h $ N
H,N O 34% H,N O
chloropyridine on the 1-17 I11-20

Western end was  Figure 3-10. Sample Amide Coupling Using EDC
much more stable to substitution. This was surprising, as the chloro-imine
functionality was expected to have reactivity similar to an acid chloride. However,
yields were poor, even with the extremely harsh conditions required (microwave
reflux in neat amine for several hours), and removal of excess amine was difficult.
Several key compounds could not be synthesized, including initial hit ITI-2 and any
compounds containing the methyl ester functionality (for example III-21 and III-
22). While pyrrolide-containing III-1 and its analog II1-23 could be obtained, such
substantial product loss and the requirement for individualized purification
protocols at the final step of a multistep synthesis was not viable for library
generation. Consequently, the synthetic protocol was revised to that shown in
Figure 3-11, where the limiting SxAr step is moved to a separate arm of the
synthesis. This change also allowed for coupling with commercially-available
aromatic acids, thereby greatly increasing the amount of variation generated.
Nucleophilic aromatic substitution on 2-chloropyridine-4-carboxylic acid
(ITI-24) proceeded rapidly in N-propylamine, typically not requiring further
purification. The 2-morpholin-4-yl-pyridine-4-carboxylic acid (III-25) required

for III-2 was more challenging. The reaction was pushed to completion after 6 h

137



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

2.0 eq Boc,0O \|/
50°C,2.5h 0_0
_— Y +13 HO

HN I B
IM-5 95% O; HO

111-9 1I-10

R},NHRZ
NS 85°C yW,30 min-6h

Ry NR;

9-99%

i NA O NR]
4 e
q ‘\>\KOH * HN H
O 34%
o o

5% Pd(PPhy),, 2.1 eq NaHCO;  ~}- o
o DME, 70°C, 24 h

gy o
58% O

III-11

i) 1:1 TFA:DCM
0°CtoRT, 18 h
ii) 1 N NaOH
MeOH, 70°C, 1 h

89% (two-step)

(6]

1I1-17

29 H,NRi
o 1.4 eq EDC
DCM, RT, 24 h

1.2 eq EDC

DCM,RT, 24 h

32-44%

Figure 3-11. Revised Parallel Synthesis Strategy

in the microwave, but removal of morpholine was problematic. The product was

too polar for extraction and automated column chromatography system purification

was not sufficient. A review of the literature suggested that refluxing ethyl acetate

would dissolve morpholine and allow product collection by filtration.’* When this

method was tried, however, it was discovered that the filtered crystals were in fact

the morpholine salt and the filtrate contained the desired product. These conditions

were reproduced by adding saturated ammonium chloride to the crude reaction

mixture, lyophilizing it to an off-
white powder, and refluxing it in
ethyl acetate. The filtrate could then
be purified by an automated column
chromatography system to yield the

pure product (Figure 3-12).

(e}

0
cl [ ]
neat K/NH N
N 85°C, sealed tube, 6 h
(Ao 13% NTS
OH
o} =
11124 o
11-25
Figure 3-12. SnAr Reaction of

Isonicotinic Acid in Morpholine
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The resulting substituted isonicotinic acid could then be coupled to the 5°-
amino-2’-methyl-[1,1’-biphenyl]-4-carboxylic acid scaffold. Various coupling
conditions were screened (HATU, PyBop, Vilsmaier salt, thionyl chloride, and
EDC), and EDC was selected for its coupling effectiveness and ease of purification.

With this synthetic methodology in hand, a small library of 19 compounds
was assembled (Figure 3-13), including re-syntheses of initial hits III-1 and ITI-2
and various analogs with which to investigate structure-activity relationships.
Compounds III-18 and III-29 are analogs of the initial hits with a chlorine or
hydrogen atom respectively at position 2” instead of a SxAr substituent. Compound
III-23 is an analog of initial hit III-1 with a carboxylic acid in place of the
methylcyclopropamide. Compounds III-21, III-29, and ITI-30 can be directly
compared to further investigate the effect of the Eastern substituent, as can I1I-14,
II1-15, 1I1-18, 1I1-19, II1-27, and II1-28. Compound III-22 is similar to II1-21,
but with phenyl instead of pyridine ring, testing the effect of the aromatic
heterocycle. Compounds II1-12, I1I-17, and I11-20 similarly test the essentiality of
the isonicotinamide, paring down the Western end to the core biphenyl motif, and
can be compared against each other to determine the effect of the Eastern

substituent.

3.3 STRUCTURE-ACTIVITY RELATIONSHIP ANALYSIS

The inhibitor library was screened for activity against E. coli BW25113

AtolC AbamB pGDP4:ant(2”)-1a (Figure 3-14). Compounds were tested at a final
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Figure 3-13. ANT(2”)-1a Inhibitor Library. Initial hits are boxed

concentration of 50 pM in the presence of a sub-inhibitory concentration of
gentamicin (4 MIC = 4 pg/mL), and growth was measured by absorbance at 600
nm after 18 h incubation at 37°C. B-Thujaplicinol was used as a positive control.>*
Percent growth was calculated using matched parent-strain controls, and
compounds with the highest relative inhibition were followed up with specificity
and dose-dependency studies. Re-synthesis of III-1 showed about 25% inhibition.

Re-synthesis of III-2 did not show inhibition against the resistant strain, though
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previous results have noted variable response. Several compounds showed
improved activity against ANT (2) at 50 pM, most notably III-16 (66%), I111-14
(87%), 1I1-21 (100%), ITI-22 (55%), and ITI-30 (95%). Compound II1-29 showed
inhibition similar to the initial hit III-1. These results indicate that the N-
cyclopropylmethylamide is not essential for activity, and indeed has a detrimental

effect. The methyl ester and carboxylic acid show similar activity at this position.

On the Western end, substitution at 2” position has a Compound % Inhibition
B-thuj 101%

. . . . . 11I-1 25%
similarly nonessential/negative effect. A chlorine atom — 36%
I11-12 15%

. . . 111-14 87%
(ITI-14) is tolerated, perhaps because of in sifu removal. L5 S8
III-16 66%

. . . . . II1-17 8%
The isonicotinamide moiety appears to have the greatest 118 o
I11-19 7%

<t . . . . 71 111-2 5%
activity; any modification results in a loss of activity, 11170 ot
I11-21 100%

particularly when the hydrophobic functionality is iﬁi; ;?;
I11-26 36%

removed. 11-27 4%
111-28 16%

111-29 26%

111-30 95%

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-1a) with 4 pg/mL Gentamicin

HI-11 111-11 11-12 1-12 111-14 111-14 1m1-27 1m-27 1I-18 1I-18
111-20 111-20 111-28 111-28 111-26 111-26 111-16 111-16 111-15 11-15
111-23 111-23 111-20 111-20 111-1 111-1 111-2 11-2 1I-17 1I-17
111-29 111-29 111-22 111-22 111-21 111-21 111-30 111-30 B-thuj B-thuj
Growth
Low | I High

Figure 3-14. E. coli BW25113 AtolCAbamB pGDP:ant(2”)-Ia Screening
Results

The majority of the compounds in the inhibitor library showed equivalent
or greater nonspecific inhibition of the parent strain E. coli BW25113 AtolC AbamB
in the absence of gentamicin (Figure 3-15). Compound III-21 showed complete

inhibition at 50 puM, as did B-thujaplicinol. Interestingly, III-30 showed only
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partial inhibition (56%), indicating some selectivity. Follow-up MICs were

performed on II-1, I1I-16, 111-14, ITI-18, I11-21, and ITI-30 to test for any intrinsic

antibiotic activity. Compounds ITI-16 and I1I-21 had MICs of 128 and 16 pg/mL

respectively. Compounds I1I-18, III-1, and III-30 showed dose-dependence, but

did not show complete inhibition of cell growth at 128 ng/mL. Compounds I11-14

also showed dose-dependence, but to a maximum of 85% inhibition at 8 pg/mL.

E. coli AbamB AtlC

II-11 111-11 111-12 11-12 11-14 111-14 111-27 111-27 111-18 11-18
111-19 111-19 111-28 111-28 111-26 111-26 1I-16 111-16 II-15 111-15
111-23 111-23 111-20 111-20 111-1 111-1 111-2 111-2 1I-17 1I-17
111-21 111-21 111-29 111-29 111-22 111-22 111-30 111-30 B-thuj B-thuj
E. coli AbamB AtolC
128 64 EY) 16 3 ) 05 Compound % Inhibition
[I11-1] (pg/mL) B-thuj 99%
-1 75%
E. coli AbamB AtolC I-11 75%
111-12 50%
111-14 89%
128 64 2 16 s 2 05 mI-15 38%
111-17 21%
E. coli AbamB AtolC 111-18 89%
111-19 19%
" 0,
128 64 32 16 8 2 0.5 -2 810/0
[I11-16] (ug/mL) 111-20 45%
111-21 72%
E. coli AbamB AtolC 111-22 56%
111-23 33%
111-26 81%
128 64 ) 16 8 2 05 1r-27 81%
[I11-18] (ug/mL) 111-28 20%
111-29 96%
E. coli AbamB AtolC 111-30 56%
128 64 32 16 8 2 0.5
[111-21] (ug/mL)
E. coli AbamB AtolC
128 64 32 16 8 2 0.5
[111-30] (ng/mL)
Growth
Lowl |High

Figure 3-15. E. coli BW25113 AtolCAbamB Screening Results and MICs
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Compound III-21 demonstrated dose-dependent inhibition of E. coli BW25113
AtolC AbamB pGDP4:ant(2”)-la with an MIC of 16 pg/mL (Figure 3-16).
Checkerboard assays using combinations of varying concentrations of gentamicin
and inhibitor were run to assess synergy. Compound III-21 showed only additive
effects with gentamicin (FIC = 1, Figure 3-17), providing further evidence of a
nonspecific method of inhibition. Interestingly, Compound III-30, which differed
from I1I-21 only in the methyl ester protecting group, had minimal intrinsic activity
of its own (MIC >128 ng/mL, Figure 3-16), but showed synergy with gentamicin
(FIC = 0.4, Figure 3-18). This indicates that the methyl ester contributes to
nonspecific inhibition and does not actually target ANT (2”)-Ia. It may be that this

nonspecific inhibition masks the effect of III-21 on its own, as the synergistic effect

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-1a) with 4 ng/mL Gentamicin

128 64 32 16 8 4 2 1 0.5
[I11-21] (ng/mL)

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-Ia) with 4 pg/mL Gentamicin

128 64 32 16 8 4 2 1 0.5
[I11-30] (pg/mL)

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-1a)

128 64 32 16 8 4 2 1 0.5
[111-21] (ug/mL)

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-Ia)

128 64 32 16 8 4 2 1 0.5
[II1-30] (pg/mL)

Growth
Low | | High

Figure 3-16. Dose-Dependency and MIC Determinations for III-21 and ITI-30
in E. coli BW25113 AtolCAbamB pGDP:ant(2”)-1a
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E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-1a)

64

3 32
£ 16
3
g 4
.g 5
5 1
2 os
0

128 64 32 16 8 4 2 1 0
[I11-21] (ng/mL)
E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-1a)

64

g 32
5 16
3
g 4
g 5
5 1
S o5
0

128 64 32 16 8 4 2 1 0
[I11-21] (pg/mL)
Growth
Low| |High

Figure 3-17. Checkerboard Assays for Interaction of III-21 and Gentamicin in
E. coli BW25113 AtolCAbamB pGDP:ant(2”)-la. FIC < 0.5 is considered
synergistic, FIC > 2 is antagonistic, and 0.5 < FIC < 0.2 is
indeterminant/additive

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-Ia)

[Gentamicin] (pg/mL)
%

128 64 32 16 8 4 2 1 0
[I11-30] (ug/mL)

E. coli BW25113 AbamB AtolC :: pGDP4 (ANT(2")-Ia)

[Gentamicin] (png/mL)
%

128 64 32 16 8 4 2 1 0
[I11-30] (ng/mL)
Growth
Lowl |High

Figure 3-18. Checkerboard Assays for Interaction of III-30 and Gentamicin in
E. coli BW25113 AtolCAbamB pGDP:ant(2”)-la. FIC < 0.5 is considered
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of III-30 appears at a concentration of 16-32 pg/mL.

The library was also screened at 100 uM, 200 pM, and 500 pM against
purified ANT(2”)-Ia coupled to the EnzCkek® pyrophosphatase assay (Figure 3-
19) as previously described.’** B-Thujaplicinol was tested alongside as a positive
control.** Solubility issues were noted at 500 puM for many of the compounds.
Surprisingly, the almost all compounds, including III-30, showed no inhibition.
Compound III-22 was the notable exception, showing 59% inhibition at 500 uM;
however, this is suspected to be due to an excess of precipitate as the compound
was not fully soluble even at 100 uM with heat and showed only 14% at both 100
puM and 200 uM. Furthermore, biphenyls are known in the literature to cause false
positives through aggregation.>® These results reinforce the notion that any cellular
growth inhibition was the result of nonspecific interaction. It is unknown why III-
30 did not inhibit the purified enzyme as it demonstrated some selectivity and
synergy with cells. The enzyme assay chosen may not be the best selection as it
has a narrow response window (the maximum signal was only 0.2 AU above the
background absorbance) and significant problems with solubility at the

concentrations used for screening.

3.4 IMPLICATIONS AND FUTURE WORK

A parallel synthetic methodology was developed for synthesizing various
N-[(1,1-biphenyl)-3-yl]-pyridine-4-carboxamide analogs. It was anchored by a

core scaffold of 5’-amino-2’-methyl-[1,1’-biphenyl]-4-carboxylic acid, which
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Figure 3-19. Pyrophosphatase-Coupled ANT(2”)-Ia Assay>?

could be produced in gram quantities, and then coupled on either end to introduce
amide and substituted isonicotinamide functionalities. @A small library of
compounds was produced and tested for inhibitory activity against ANT (2”)-Ia in
live-cell and enzyme assays. SAR analysis revealed that substitution at position 2”
of the isonicotinamide moiety had a detrimental effect on activity, as did amide
functionalities at position 4’ of the biphenyl. Compound III-30 was the most
promising compound of this series, selectively rescuing gentamicin activity in cells
harbouring ant(2”)-la. However, these results were not translatable to assays with
purified ANT(2)-Ia, possibly due to obscuration from poor compound solubility

coupled with the narrow detection window of the assay. Future work includes
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optimizing the enzyme assay and further SAR exploring the effect of substituents

on the biphenyl and pyridine rings.

3.5 EXPERIMENTAL

3.5.1 SYNTHESIS
Materials and Instrumentation

Microwave reactions were performed in 2.0 — 5.0 mL microwave vials,
sealed under ambient atmosphere, and loaded to a CEM Discover SP-D 80
Microwave Reactor (100 W, < 100 psi). Heated non-microwave reactions were
performed in a temperature-controlled oil bath. TLC was performed on F-254 (0.25
mm) precoated silica gel (Merck) or F-254 (0.2 mm) precoated RP-18 (C18)
modified silica gel (MilliporeSigma) and visualized under UV. Ninhydrin,
bromocresol green, or anisaldehyde stains were used as needed. Flash column
chromatography purifications were performed using a normal phase Teledyne Isco
Combiflash® Rf 200 with standard RediSep RF silica columns (4 g to 24 g).

Compounds were characterized by 'H NMR, 3C NMR, DEPT Q, and
HRMS. NMR spectra were obtained from a Bruker Avancelll 700 (700 MHz).
Chemical shifts are reported as ppm, coupling constants in Hz, and peaks were
calibrated to the solvent residual peak (CDCls = 7.26 ('H), 77.16 (**C) or MeOD =
3.31 ('H), 49.00 ('3C)). Mass spectrometry was conducted with a Bruker Maxis

4G/TOF in either positive or negative ion mode with direct infusion.
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tert-Butyl-N-(3-iodo-4-methylphenyl)carbamate (II1-9): 3-iodo-4-
methylaniline (III-5) (1047.9 mg, 4.48 mmol) and di-tert-butyl dicarbonate
(2165.9 mg, 9.92 mmol) were stirred at 50°C for 2.5 h. The resulting dark brown
reaction mixture was purified by automated column chromatography system (10%
ethyl ether in hexanes, Rrf = 0.32) to yield tert-butyl-N-(3-iodo-4-
methylphenyl)carbamate as an off-white powder (674.2 mg, 95%). 'H NMR (700
MHz; CDCl3) 6 7.88 (s, 1H), 7.21 (dd, J = 9.4 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H),
6.35 (s, 1H), 2.37 (s, 3H), 1.51 (s, 9H)). 3*C NMR (176 MHz; CDCl3) 3 152.62 (C),
137.01 (C), 136.01 (C), 129.60 (CH), 128.66 (CH), 118.56 (CH), 100.89 (C), 80.91
(C), 28.45 (CH3), 27.33 (CH3). HRMS (ESI) for Ci12H6INO2: Calculated [M+Na]*

356.0118. Found [M+Na]* 356.0116.

Methyl 5’-{[(tert-butoxy)carbonyl]amino}-2’-methyl-[1,1’-biphenyl]-4-
carboxylate (III-11): fert-Butyl-N-(3-iodo-4-methylphenyl)carbamate (I1I-9)
(255.5 mg, 0.77 mmol), 4-methoxyphenylboronic acid (III-10) (172.5 mg, 0.95
mmol), and Pd(PPhs)4 (46.6 mg, 0.04 mmol) were dissolved in 12.5 mL of 1,2-
dimethyoxyethane and  flushed with nitrogen for 5 min.  Sodium
bicarbonate (146.9mg, 2.91 mmol) was added and the system purged for 2
min.?® The solution was refluxed at 70°C for 24 h then purified by solid-loading
automated column chromatography system to yield methyl 5’-(tert-
butoxycarbonylamino)-2’-methyl-1,1’-biphenyl-4-carboxylate as an off-white
powder (151.4 mg, 58%). 'H NMR (600 MHz; CDCls) & 8.06 (d, J = 8.5 Hz, 2H),
7.38(d,J=7.8 Hz, 2H), 7.28 (s, 1H), 7.25 (d, 9.9 Hz, 1H), 7.18 (d, J = 8.5 Hz, 1H),

6.48 (s, broad, 1H), 3.94 (s, 3H), 2.16 (s, 3H), 1.51 (s, 3H). '*C NMR (151 MHz;
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CDCls) & 167.18 (C), 152.95 (C), 146.58 (C), 141.53 (C), 136.35 (C), 131.12 (CH),
129.96 (C), 129.56 (CH), 129.35 (CH), 128.80 (C), 119.90 (CH), 118.26 (CH),
80.64 (C), 52.26 (CHs), 28.47 (CHs), 19.77 (CHs). HRMS (ESI) for C20Ha3NO4:

Calculated [M+Na]* 364.1519. Found [M+H]" 364.1516.

Methyl 5’-amino-2’-methyl-[1,1’-biphenyl]-4-carboxylate (III-12): Methyl 5’-
{[(tert-butoxy)carbonyl]amino}-2’-methyl-1,1’-biphenyl-4-carboxylate ~ (III-11)
(221.1 mg, 0.65 mmol) was dissolved in 8 mL of dichloromethane and chilled to
0°C. 8 mL of chilled trifluoroacetic acid was added dropwise, and the reaction
mixture was stirred at room temperature for two hours. The reaction mixture was
neutralized with sodium hydroxide, extracted into ethyl acetate, washed with brine,
dried with magnesium sulfate, and concentrated yield methyl 5’-amino-2’-methyl-
1,1’-biphenyl-4-carboxylate as a pale yellow residue (144.2 mg, 93%). 'H NMR
(700 MHz; CDCls) 6 8.07 (d, J = 8.5 Hz, 2H), 7.38 (d, ] = 9.9 Hz, 2H), 7.06 (d, 8.1
Hz, 1H), 6.64 (dd, J = 8.0 Hz, *J = 2.6 Hz, 1H), 6.58 (d, *J = 2.5 Hz, 1H), 3.94 (s,
3H), 3.60 (s, 2 H, broad), 2.14 (s, 3H). *C NMR (176 MHz; CDCl3) § 167.17 (C),
147.10 (C), 144.34 (C), 141.60 (C), 131.41 (CH), 129.40 (CH), 129.21 (CH),
128.58 (C), 125.06 (C), 116.44 (CH), 114.90 (CH), 52.17 (CH3), 19.43 (CHs).
HRMS (ESI) for CisHisNOa: Calculated [M+H]" 242.1176. Found [M+H]"

242.1175.

5’-Amino-2’-methyl-[1,1’-biphenyl]-4-carboxylic acid (III-17): Methyl 5’-
{[(tert-butoxy)carbonyl]amino}-2’-methyl-1,1’-biphenyl-4-carboxylate  (III-11)

(453.2 mg, 1.33 mmol) was dissolved in 9 mL of dichloromethane and cooled to
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0°C. 9 mL of trifluoroacetic acid at 0°C was added dropwise and the reaction stirred
at room temperature overnight. The reaction mixture was evaporated and re-
dissolved in 4 mL of methanol. Sodium hydroxide (1N, 12 mL) was added and the
reaction refluxed at 70°C for 1 h. The product was neutralized with hydrochloric
acid (1N, 6 mL) and the white powder collected by vacuum filtration and washed
with water (268.1 mg, 89%).

Compound III-17 could also be made from methyl 5’-amino-2’-methyl-1,1’-
biphenyl-4-carboxylate (III-12). Compound III-12 (43.0 mg, 0.18 mmol) was
dissolved in 1 mL of methanol. Sodium hydroxide (350 pL, 1.0 M) was added, and
the reaction was refluxed for 30 min. The reaction mixture was evaporated,
redissolved in water and neutralized with hydrochloric acid, and the resulting tan
powder filtered and washed with water (16.3 mg, 40%). 'H NMR (700 MHz;
MeOD) 6 8.06 (d, J = 8.1 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 8.1 Hz,
1H), 6.73 (dd, J = 8.1 Hz, *J = 2.3 Hz, 1H), 6.67 (d, J = 2.2 Hz, 1H), 2.13 (s, 3H).
3C NMR (176 MHz; MeOD) 8 169.84 (C), 148.62 (C), 145.21 (C),142.84 (C),
132.23 (CH), 130.57 (CH), 130.34 (C), 130.24 (CH), 126.56 (C), 118.38 (CH),
117.05 (CH), 19.57 (CH3). HRMS (ESI) for Ci4H;3NO;: Calculated [M+H]"

228.1020. Found [M+H]" 228.1023.

5’-Amino-N-(cyclopropylmethyl)-2’-methyl-[1,1’-biphenyl]-4-carboxamide

(II1-20): 5’-amino-2’-methyl-[1,1’-biphenyl]-4-carboxylic acid (III-17) (268.1
mg, 1.18 mmol) and EDC (306.3 mg, 1.60 mmol) were dissolved in 20 mL of
dichloromethane. Methylcyclopropylamine (480 pL, 5.5 mmol) was added, and

the reaction was capped and stirred at room temperature overnight. 250 mL of
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water was added, and the crude product was extracted into ethyl acetate (2 x 25
mL), washed with water (25 mL) and brine (25 mL), dried with magnesium sulfate,
and purified by automated column chromatography system to yield 5’-amino-N-
(cyclopropylmethyl)-2’-methyl-[1,1’-biphenyl]-4-carboxamide as a colourless oil
(65.6 mg, 20%). 'HNMR (600 MHz; CDCl3) & 7.81 (d, J = 8.0 Hz, 2H), 7.37 (d, J
= 8.0 Hz, 2H), 7.06 (d, J = 8.0 Hz, 1H), 6.66 (dd, J = 8.1 Hz, “J =2.3 Hz, 1 H), 6.59
(d, 47 = 2.2 Hz, 1H), 6.27 (s, 1H, broad), 3.80 (s, 2H, broad), 3.35 (t, J = 6.2 Hz,
2H), 2.13 (s, 3H), 1.09 (m, 1H), 0.57 (dt, J = 5.2 Hz, J = 6.6 Hz, 2H), 0.29 (dt, J =
5.0 Hz, J = 5.0 Hz, 2H). *C NMR (151 MHz; CDCl3)  167.47 (C), 145.53 (C),
144.01 (C), 141.76 (C), 133.24 (C), 131.45 (CH), 129.42 (CH), 126.80 (CH),
125.46 (C), 116.72 (CH), 115.02 (CH), 45.11 (CH), 19.51 (CH3), 10.92 (CH), 3.64
(CHz). HRMS (ESI) for C1gH20NOz: Calculated [M+H]" 281.1648. Found [M+H]"

281.1663.

5’-{[(tert-Butoxy)carbonyl]amino}-2’-methyl-[1,1’-biphenyl]-4-carboxylic

acid (I1I-16): Methyl 5’-{[(tert-butoxy)carbonyl]amino}-2’-methyl-1,1’-biphenyl-
4-carboxylate (III-11) (101.1 mg, 0.30 mmol) was dissolved in 2 mL of methanol.
Sodium hydroxide (280 uL of 2.5 M) was added, and the reaction was refluxed for
1 h. The reaction mixture was evaporated, redissolved in ethyl acetate/water and
neutralized with hydrochloric acid, then extracted twice into ethyl acetate, washed
with water and brine, and dried with magnesium sulfate to produce 5’-{[(tert-
butoxy)carbonyl]amino}-2’-methyl-[1,1’-biphenyl]-4-carboxylic acid as a white
powder (28.1 mg, 29%). 'H NMR (700 MHz; MeOD-ds) & 8.07 (d, J = 8.3 Hz,

2H), 7.41 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 10.2 Hz, 1H), 7.28 (s, 1H), 7.18 (d, J =
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8.3 Hz, 1H), 2.18 (s, 3H), 1.50 (s, 9H). 3C NMR (176 MHz; MeOD-d4) 8 169.96
(C), 155.44 (C), 148.04 (C), 142.54 (C), 138.40 (C), 131.80 (CH), 130.63 (CH),
130.40 (C), 130.29 (CH), 120.92 (CH), 119.44 (CH), 80.84 (C), 28.73 (CH3), 19.81
(CH3). HRMS (ESI) for Ci9H21NO4: Calculated [M+Na]® 350.1363. Found

[M+Na]" 350.1361.

tert-Butyl N-{6-methyl-4’-(propylcarbamoyl)-[1,1’-biphenyl]-3-yl}carbamate
(III-26): Methyl 5’-{[(tert-butoxy)carbonyl]amino}-2’-methyl-1,1’-biphenyl-4-
carboxylate (III-11) (45.2 mg, 0.13 mmol) and lithium bromide (8.4 mg, 0.10
mmol) was dissolved 2 mL of N-propylamine, stirred at 50°C overnight,
evaporated, and purified by automated column chromatography system to yield
tert-butyl N-[6-methyl-4’-(propylcarbamoyl)-[1,1’-biphenyl]-3-yl)carbamate as a
colourless o0il (32.3 mg, 66%). 'H NMR (700 MHz; CDCl3) § 7.79 (d, J = 8.0 Hz,
2H), 7.36 (d, J = 8.6 Hz, 2H), 7.25 (m, 2H), 7.18 (d, J = 9.2 Hz, 1H), 6.51 (s, 1H),
6.21 (t, broad, 1H), 3.45 (q, J = 6.6 Hz, 2H), 2.18 (s, 3H), 1.66 (sex, J = 7.5 Hz,
2H), 1.50 (s, 9H), 1.01 (t, J = 8.0 Hz, 3H). *C NMR (176 MHz; CDCl3) § 167.56
(C), 152.93 (C), 145.00 (C), 141.51 (C), 136.28 (C), 133.41 (C), 131.10 (CH),
129.92 (C), 129.47 (CH), 126.83 (CH), 199.90 (CH), 118.16 (CH), 80.61 (CH),
41.86 (CH>), 28.47 (CH3), 23.13 (CH»), 19.75 (CHs), 11.59 (CHs). HRMS (ESI)
for C22H28N203: Calculated [M+H]* 369.2173, [M+Na]* 391.1992. Found [M+H]"

369.2156 [M+Na]" 391.1983.

Methyl 5’-(2-chloropyridine-4-amido)-2’-methyl-[1,1’-biphenyl]|-4-

carboxylate (III-14): Methyl 5’-amino-2’-methyl-[1,1’-biphenyl]-4-carboxylate
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(I-12)  (132.0 mg, 0.55 mmol) was dissolved in 5 mL of
acetonitrile. Triethylamine (250 pL, 1.79 mmol) was added and the reaction
mixture cooled to 0°C. 2-chloropyridine-4-carbonyl chloride (90 pL, 0.73 mmol)
was dissolved in 5 mL of acetonitrile and added dropwise. The reaction was stirred
at room temperature for 5 h, evaporated, and purified by automated column
chromatography system (gradient to 10% ethyl acetate in hexanes) to yield methyl
5’-(2-chloropyridine-4-amido)-2’-methyl-[ 1,1’-biphenyl]-4-carboxylate =~ (185.0
mg, 89%). "H NMR (700 MHz; CDCls) & 8.48 (d, J = 4.8 Hz, 1H), 8.43 (s, broad,
1H), 8.04 (d, J = 8.3 Hz, 2H), 7.75 (s, 1H), 7.64 (d, 4.9 Hz, 1H), 7.61 (dd, J = 8.3
Hz, 47 = 2.0 Hz, 1H), 7.43 (d, 7 = 1.7 Hz, 1H), 7.34 (d, ] = 8.3 Hz, 2H), 7.25 (d,J
= 8.6 Hz, 1H), 3.91 (s, 3H), 2.22 (s, 1H). 3C NMR (176 MHz; CDCls) & 167.30
(C), 162.69 (C), 152.66 (C), 150.69 (CH), 146.02 (C), 145.15 (C), 141.64 (C),
135.00 (C), 132.64 (C), 131.38 (CH), 129.63 (CH), 129.25 (CH), 128.86 (C),
122.23 (CH), 121.79 (CH), 120.25 (CH), 119.98 (CH), 52.36 (CH3), 19.98 (CH3).
HRMS (ESI) for C2;H;7CIN,O3: Calculated [M+Na]" 403.0825. Found [M+Na]"

403.0828.

5’-(2-Chloropyridine-4-amido)-2’-methyl-[1,1’-biphenyl]-4-carboxylic  acid
(III-15):  Methyl 5°-(2-chloropyridine-4-amido)-2’-methyl-[1,1’-biphenyl]-4-
carboxylate (III-14) (376.0 mg, 0.99 mmol) was dissolved in 11 mL of
methanol. Sodium hydroxide (4 mL, 1 N) was added, and the reaction was refluxed
for 1 h. The reaction mixture was evaporated to a bright green residue, redissolved
in ethyl acetate/water, and brought to pH 7 with hydrochloric acid. Brine was added

to precipitate the desired product as a white powder, and 5’-(2-chloropyridine-4-
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amido)-2’-methyl-[1,1’-biphenyl]-4-carboxylic acid was collected by filtration
(176.6 mg, 49%). "H NMR (700 MHz; MeOD) 4 8.54 (d, J = 5.1 Hz, 1H), 8.01, (d,
J=8.1 Hz, 2H), 7.93 (s, 1H), 7.83 (dd, J = 5.1 Hz, *J = 1.4 Hz, 1H), 7.69 (dd, J =
8.3 Hz, 41 =2.2 Hz, 1H), 7.52 (d, *J = 2.2 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 7.30
(d, J=8.3 Hz, 1H), 2.25 (s, 3H). *C NMR (176 MHz; MeOD) & 175.25 (C), 164.89
(C), 153.15 (C), 151.53 (CH), 147.38 (C), 144.84 (C), 143.57 (C), 137.96 (C),
137.09 (C), 133.38 (C), 131.84 (CH), 130.28 (CH), 129.59 (CH), 123.76 (CH),
123.29 (CH), 121.98 (CH), 121.30 (CH), 20.14 (CH3). HRMS (ESI) for

Ca20H15CIN2O3: Caleulated [M-H] 365.0693. Found [M-H] 365.0699.

2-Chloro-N-{6-methyl-4’-(propylcarbamoyl)-[1,1’-biphenyl]-3-yl} pyridine-4-
carboxamide (III-27): Methyl 5’-(2-chloropyridine-4-amido)-2’-methyl-[1,1’-
biphenyl]-4-carboxylate (III-14) (25 mg, 0.66 mmol) and lithium bromide (7.5 mg,
0.086 mmol) were dissolved 1.5 mL of N-propylamine, heated at 50°C overnight,
evaporated, and purified by automated column chromatography system to yield 2-
chloro-N-[6-methyl-4’-(propylcarbamoyl)-[ 1,1’-biphenyl]-3-yl]pyridine-4-

carboxamide as a yellow oil (25.7 mg, 95%). 'H NMR (600 MHz; CDCl3) & 9.35
(s, 1H), 8.45 (d, T = 5.0 Hz, 1H), 7.88 (s, 1H), 7.78 (dd, J = 8.1, *J = 1.9 Hz, 1H),
7.75 (d, J = 5.2 Hz, 1H), 7.68 (d, J = 8.2 Hz, 2H), 7.34 (d, ¥J = 1.7 Hz, 1H), 7.23
(m, 3H), 6.42 (t, ] = 5.9 Hz, 1H), 3.32 (q, J = 6.8 Hz, 2H), 2.18 (s, 3H), 1.80 (s,
1H), 1.58 (sex, J= 7.3 Hz, 2H), 0.91 (t, J = 7.3, 3H). 3C NMR (176 MHz; CDCl3)
0 167.68 (C), 162.67 (C), 152.59 (C), 150.61 (CH), 145.23 (C), 144.60 (C), 141.41
(C), 135.37 (C), 133.25 (C), 132.35 (C), 131.27 (CH), 129.40 (CH), 126.83 (CH),

122.46 (CH),121.87 (CH), 120.34 (CH), 120.13 (CH), 42.00 (CHa), 22.98 (CHs),
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19.96 (CHs), 11.56 (CHs). HRMS (ESI) for Ca3H2,CIN3O,: Calculated [M+Na]*

430.1298. Found [M+Na]* 430.1299.

2-Chloro-N-{4’-[(cyclopropylmethyl)carbamoyl]-6-methyl-[1,1’-biphenyl]-3-

yl}pyridine-4-carboxamide (III-18): 5’-(2-Chloropyridine-4-amido)-2’-methyl-
[1,1°-biphenyl]-4-carboxylic acid (III-15) (29.4 mg, 0.08 mmol) was dissolved in
1 mL of thionyl chloride and refluxed under nitrogen for 1 h. The mixture was
coevaporated with 1:1 toluene:dichloromethane to form a yellow powder that was
dissolved in 2 mL of acetonitrile. Triethylamine (29 pL, 0.21 mmol) and
methylcyclopropylamine (10 pL, 0.12 mmol) were added, and the reaction stirred
at room temperature overnight, evaporated, and purified by automated column
chromatography system (16.4 mg, 52%). '"H NMR (700 MHz; CDCls) & 9.20 (s,
1H), 8.49 (d, *J = 5.0 Hz, 1H), 7.88 (s, 1H), 7.80 (dd, J =8.0 Hz, *J = 1.1 Hz, 1H),
7.76 (d, J =4.6 Hz, 1H), 7.73 (d, J = 8.1 Hz, 2H), 7.37 (s, 1H), 7.27 (m, 3H), 6.42
(t, J =5.0 Hz, 1H), 3.22 (t, J = 6.2 Hz, 2H), 2.21 (s, 3H), 1.01 (m, 1H), 0.54 (m,
2H), 0.23 (m, 2H). '3C NMR (176 MHz; CDCl3) & 167.63 (C), 162.88 (C), 152.52
(C), 150.54 (CH), 145.34 (C), 144.72 (C), 141.34 (C), 135.55 (C), 133.08 (C),
132.30 (C), 131.30 (CH), 129.41 (CH), 126.90 (CH), 122.54 (CH), 121.93 (CH),
120.50 (CH), 120.33 (CH), 45.22 (CH»), 20.01 (CHj3), 10.73 (CH), 3.66 (CH>).
HRMS (ESI) for C24H2:CIN3O;: Calculated [M+H]* 420.1473. Found [M+H]*

420.1477. Calculated [M+Na]" 442.1293. Found [M+Na]" 442.1299.

2-Chloro-N-{6-methyl-4’-(morpholine-4-carbonyl)-[1,1’-biphenyl]-3-

yl}pyridine-4-carboxamide (III-19): 5’-(2-Chloropyridine-4-amido)-2’-methyl-
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[1,1°-biphenyl]-4-carboxylic acid (III-15) (27.8 mg, 0.08 mmol), HATU (40.9 mg,
0.11 mmol), and HBTU (29.8 mg, 0.08 mmol) were dissolved 1 mL of
dimethylformamide. DIPEA (36 pL, 0.21 mmol) and morpholine (10 pL, 0.11
mmol) were added and the reaction was stirred at room temperature for two days.
Crude product was extracted into ethyl acetate, washed with water and brine, dried
over magnesium sulfate, and partially purified by automated column
chromatography system (crude yield 13.7 mg, 42%). 'H NMR (700 MHz; CDCls)
0 8.52(d,J=5.1Hz, 1H), 8.41 (s, 1H), 7.78 (s, 1H), 7.66 (d, J = 4.6 Hz, 1H), 7.56
(d, J= 8.1 Hz, 1H), 7.50 (s, 1H), 7.42 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H),
7.28 (d, J = 8.3 Hz, 1H), 3.51-3.77 (m, 8H), 2.24 (s, 3H). 3C NMR (176 MHz;
CDCl3) 6 170.51 (C), 162.55 (C), 152.68 (C), 150.74 (CH), 145.22 (C), 143.17 (C),
141.66 (C), 135.17 (C), 134.00 (C), 132.60 (C), 131.31 (CH), 129.47 (CH), 127.15
(CH), 122.25 (CH), 121.98 (CH), 120.08 (CH), 120.04 (CH), 67.03 (CH>), 38.75
(CHz), 20.09 (CH3). HRMS (ESI) for C4H22CIN3Os: Calculated [M+H]*

436.1422. Found [M+H]" 436.1143.

2-Chloro-N-{6-methyl-4’-(pyrrolidine-1-carbonyl)-[1,1’-biphenyl]-3-

yl}pyridine-4-carboxamide (III-28): 5’-(2-Chloropyridine-4-amido)-2’-methyl-
[1,1°-biphenyl]-4-carboxylic acid (III-15) (25.0 mg, 0.07 mmol), HATU (36.9 mg,
0.10 mmol), and HBTU (31.3 mg, 0.08 mmol) were dissolved 1 mL of
dimethylformamide. DIPEA (36 pL, 0.21 mmol) and pyrrolidine (10 pL, 0.11
mmol) were added and the reaction was stirred at room temperature for two days.
Crude product was extracted into ethyl acetate, washed with water and brine, dried

over magnesium sulfate, and purified by automated column chromatography
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system (4.0 mg, 14%). '"HNMR (700 MHz; CDCls) & 8.54 (s, ] = 5.1 Hz, 1H), 8.48
(s, 1H), 7.83 (s, 1H), 7.70 (d, J = 4.4 Hz, 1H), 7.67 (dd, J = 6.7 Hz, *J = 1.5 Hz,
1H), 7.52 (d, J=8.1 Hz, 2H), 7.43 (s, 1H), 7.31 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.3
Hz, 1H), 3.62 (t,J = 7.0 Hz, 2H), 3.49 (t, ] = 7.6 Hz, 2H), 2.25 (s, 3H), 1.97 (quint,
J=6.8 Hz, 2H), 1.91 (quint, J = 6.5 Hz, 2H). 3C NMR (176 MHz; CDCl3) & 169.74
(©), 162.50 (C), 152.74 (C), 150.76 (CH), 145.28 (C), 142.96 (C), 141.89 (C),
135.88 (C), 135.11 (C), 132.68 (C), 131.32 (CH), 129.14 (CH), 127.18 (CH),
122.28 (CH), 121.95 (CH), 120.03 (CH), 120.03 (CH), 49.87 (CH>), 46.46 (CH>),
26.56 (CH2), 24.59 (CH:), 20.09 (CHs). HRMS (ESI) for C24H2CIN3O:

Calculated [M+Na]" 442.1293. Found [M+Na]" 442.1294.

2’-Methyl-5’-[(2-pyrrolidin-1-yl)pyridine-amido]-1,1’-biphenyl-4-carboxylic

acid  (III-23): 5’-(2-Chloropyridine-4-amido)-2’-methyl-[ 1,1’-biphenyl]-4-
carboxylic acid (III-15) (27.4 mg, 0.07 mmol) was dissolved in 0.5 mL of
pyrrolidine and stirred at 85°C for 1 d. Reaction mixture was evaporated, extracted
into ethyl acetate. The evaporated reaction mixture was dissolved in ethyl acetate,
washed with saturated ammonium chloride and brine, dried with magnesium
sulfate, and purified by automated column chromatography system (4.3 mg, 14%).
'"H NMR (700 MHz; MeOD) & 8.13 (dd, J = 5.4 Hz, *J = 0.53 Hz, 1H), 8.09 (d, J =
8.3 Hz, 2H), 7.65 (dd, J = 8.2 Hz, ] = 2.3 Hz, 1H), 7.58 (d, J = 2.2 Hz, 1H), 7.46
(d, J=8.3 Hz, 2H), 7.31 (d, J = 8.3 Hz, 1H), 6.98 (dd, J = 5.4 Hz, *J = 1.4 Hz, 1H),
6.95 (s, broad, 1H), 3.50 (t, J = 6.7 Hz, 4H), 2.25 (s, 3H), 2.06 (m, 4H). 3*C NMR
(176 MHz; MeOD) 6 167.51 (C), 158.66 (C), 148.97 (CH), 147.62 (C), 145.25 (C),

142.69 (C), 137.41 (C), 132.92 (C), 131.93 (CH), 130.70 (CH), 130.53 (C), 130.29

157



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

(CH), 130.21 (C), 123.30 (CH), 121.77 (CH), 109.57 (CH), 106.64 (CH), 48.03
(CHb), 26.44 (CHa), 20.01 (CHs). HRMS (ESI) for C24H23N30s: Calculated [M-H]

400.1661. Found [M-H]400.1672.

N-{4’-[(cyclopropylmethyl)carbamoyl]-6-methyl-[1,1’-biphenyl]-3-yl}-2-

(pyrrolidin-1-yl)pyridine-4-carboxamide (III-1): 2-Chloro-N-{4’-
[(cyclopropylmethyl)carbamoyl]-6-methyl-[ 1,1°-biphenyl]-3-yl} pyridine-4-

carboxamide (III-18) (15.7 mg, 0.04 mmol) was dissolved in 0.5 mL of pyrrolidine
at stirred at 85°C for 18 h. Reaction mixture was evaporated, extracted into ethyl
acetate, washed with water and brine, and dried over magnesium sulfate. Crude
product was re-dissolved in methanol and brought to pH 8 with aqueous sodium
bicarbonate to remove pyrrolidinium chloride salt prior to purification by
automated column chromatography system (7.2 mg, 42%). 'H NMR (700 MHz;
CDCls) 68.24 (d, J = 5.2 Hz, 1H), 8.07 (s, 1H, broad), 7.81 (d, J = 8.1 Hz, 2H), 7.62
(dd, J = 8.6 Hz, 1H), 7.50 (s, 1H), 7.39 (d, J = 8.1 Hz, 2H), 7.28 (d, 8.3 Hz, 1H),
6.85 (s, 1H), 6.81 (d, J = 5.0 Hz, 1H), 6.30 (t, 1H), 3.51 (s, 4H), 3.33 (t, ] = 6.2 Hz,
2H), 2.24 (s, 3H), 2.03 (m, 4H), 1.08 (m, 1H), 0.57 (m, 2H), 0.29 (m, 2H). *C NMR
(176 MHz; CDCl3) 8167.40 (C), 165.03 (C),144.71 (CH), 143.28 (C),141.61
(C),135.66 (C),133.50 (C),131.98 (C),131.26 (CH), 129.47 (CH), 127.94
(©),127.12 (C),126.93 (CH), 121.62 (CH), 11991 (CH), 107.34 (CH), 104.99
(CH), 47.06 (CH»), 45.15 (CH»), 25.66 (CHz), 20.02 (CHs), 10.82 (CH), 3.66
(CHz). HRMS (ESI) for C,3H3oN4O,: Calculated [M+H]*455.2442. Found

[M+H]".455.2441.
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Methyl 2’-methyl-5’-(pyridine-4-amido)-[1,1’-biphenyl]-4-carboxylate (III-
21): Methyl 5’-amino-2’-methyl-[1,1’-biphenyl]-4-carboxylate (I1I-14) (23 mg,
0.10 mmol), isonicotinic acid (33 mg, 0.27 mmol), and EDC (27 mg, 0.14 mmol)
were dissolved in 2.5 mL off dichloromethane and stirred overnight. The reaction
mixture was extracted into ethyl acetate, washed with water and brine, dried over
magnesium sulfate, and purified by automated column chromatography system (9.0
mg, 29%). 'H NMR (700 MHz; MeOD) § 8.72 (d, J = 6.0 Hz, 2H), 8.09 (d, J = 8.2
Hz, 2H), 7.88 (dd, J = 4.6 Hz, J = 1.5 Hz, 2H), 7.65 (dd, J = 8.2 Hz, J = 2.2 Hz,
1H), 7.61 (d, 4T = 2.1 Hz, 1H), 7.47 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.3 Hz, 1H),
3.94 (s, 3H), 2.25 (s, 3H). 3C NMR (176 MHz; MeOD) 8 168.41 (C), 166.25 (C),
151.01 (CH), 147.97 (C), 144.51 (C), 142.59 (C), 137.37 (C), 133.08 (C), 132.03
(C), 130.51 (CH), 130.45 (CH), 130.10 (CH), 123.17 (CH), 123.14 (CH), 121.74
(CH), 52.68 (CH3), 20.02 (CH3). HRMS (ESI) for C>1H1sN2O3: Calculated [M+H]*
347.1390. Found [M+H]" 347.1414. Calculated [M+Na]" 369.1210. Found

[M+Na]" 369.1258.

Methyl 5'-benzamido-2'-methyl-[1,1'-biphenyl]-4-carboxylate (I1I-22): Methyl
5'-amino-2'-methyl-[1,1'-biphenyl]-4-carboxylate (III-14) (27.0 mg, 0.11 mmol),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (28.4 mg, 0.15
mmol), and benzoic acid (34.4 mg, 0.28 mmol) was dissolved in 2 mL of
dichloromethane and stirred overnight. The orange liquid was extracted into ethyl
acetate, then washed with brine and dried with magnesium sulfate. The organic
phase was then purified by normal phase, solid-loading automated column

chromatography system (25% hexanes:ethyl acetate) to yield methyl 5'-benzamido-
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2'-methyl-[1,1'-biphenyl]-4-carboxylate. (13.5 mg, 35%).'H NMR (600 MHz;
CDCl3) 6 8.07 (d, J = 8.1 Hz, 2H), 7.93 (bs, 1H), 7.87 (d, J = 7.6 Hz, 2H), 7.60 (d,
J=6.9 Hz, 1H), 7.54 (t, ] = 7.4 Hz, 1H), 7.51 (s, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.40
(d, J=8.1 Hz, 2H), 7.27 (d, J = 9.1 Hz, 1H), 3.94 (s, 3H), 2.24 (s, 3H). *C NMR
(151 MHz; CDCl3) & 167.19 (C), 165.88 (C), 146.34 (C), 141.57 (C), 135.94 (C),
135.02 (C), 133.77 (C), 131.99 (CH), 131.64 (C), 131.26 (CH), 129.59 (CH),
129.36 (CH), 128.92 (CH), 127.14 (CH), 121.52 (CH), 119.96 (CH), 52.29 (CHa),
19.98 (CH3). HRMS (ESI) for C22H19NOs3: Calculated [M+H]" 346.1438. Found

[M+H]" 346.1441. Calculated [M+Na]* 368.1257. Found [M+Na]" 368.1265.

N-{4’-[(cyclopropylmethyl)carbamoyl]-6-methyl-[1,1’-biphenyl]-3-

yl}pyridine-4-carboxamide  (III-29):  5’-amino-N-(cyclopropylmethyl)-2’-
methyl-[1,1’-biphenyl]-4-carboxamide (II1-20) (23.9 mg, 0.09 mmol), isonicotinic
acid (29.9 mg, 0.24 mmol), and EDC (22.0 mg, 0.11 mmol) were dissolved in 2 mL
of dichloromethane and stirred at room temperature overnight. The reaction was
quenched with water, and the product was extracted into ethyl acetate, washed with
water and brine, dried over magnesium sulfate, and purified by automated column
chromatography system (10.5 mg, 32%). 'H NMR (700 MHz; CDCls) & 8.77 (bs,
2H), 8.41 (s, 1H), 7.79 (m, 4H), 7.70 (d, J =7.4 Hz, 1H), 7.46 (s, 1H), 7.36 (d, J=
8.1 Hz, 2H), 7.29 (d, J = 8.3 Hz, 1H), 6.31 (t,J = 4.6 Hz), 3.28 (dd, J=5.6 Hz, ] =
6.8 Hz, 2H), 2.23 (s, 3H), 1.05 (m, 1H), 0.56 (dt, J = 6.1 Hz, ] = 6.4 Hz, 2H), 0.26
(dt,J=4.9 Hz, J= 5.0 Hz, 2H). '*C NMR (176 MHz; CDCl3) 8 167.46 (C), 163.88
(C), 150.67 (CH), 144.68 (C), 142.33 (C), 141.61 (C), 135.48 (C), 133.43 (C),

132.33 (C), 131.36 (CH), 129.48 (CH), 126.95 (CH), 121.75 (CH), 121.25 (CH),
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120.15 (CH), 45.20 (CH,), 20.05 (CHs), 10.85 (CH), 3.68 (CH,). HRMS (ES]I) for

C24H23N305: Calculated [M+H]" 386.1863. Found [M+H]" 386.1880.

2-(Morpholin-4-yl)pyridine-4-carboxylic acid (III-25): 2-chloropyridine-4-
carboxylic acid (I1I-24) (314.0 mg, 2.00 mmol) was dissolved in 4 mL of
morpholine and heated in a sealed tube (85°C) for 6 hours. A salt was formed
by protonating excess morpholine with 10 mL of saturated ammonium chloride.
The salt was refluxed in ethyl acetate at 80°C for 2 hours, then filtered, and the
filtrate purified by automated column chromatography system to yield a 1:1 ratio
of the two rotomers (54.2 mg, 13%). 'H NMR (600 MHz; MeOD) * denotes
rotomer. 6 8.49 (d, J = 5.0 Hz, 1H), *8.22 (d, J = 5.1 Hz, 1H), 7.89 (s, 1H), 7.83
(dd, J= 5.0 Hz, 47 =0.9 Hz, 1H), *7.33 (s, 1H), *7.18 (dd, J = 5.2 Hz, ] = 0.9 Hz,
1H), 3.80 (t, J = 4.9 Hz, 4H), 3.53 (t, ] =4.9 Hz, 4 H). 'HNMR (151 MHz; MeOD)
* denotes rotomer. & 168.94 (C), 167.68 (C), 161.47 (C), 153.03 (C), 151.43 (CH),
*149.15 (CH), 145.41 (C), 142.18 (C), 125.28 (CH), 123.46 (CH), *113.90 (CH),
*108.52 (CH), 67.72 (CH>), 46.88 (CH2). HRMS (ESI) for C10H12N>O3: Calculated

[M+H]" 209.0921. Found [M+H]" 209.0924.

N-{4’-[(cyclopropylmethyl)carbamoyl]-6-methyl-[1,1’-biphenyl]-3-yl}-2-

(morpholin-4-yl)pyridine-4-carboxamide = (III-2): To  2-(morpholin-4-
yl)pyridine-4-carboxylic acid (44.2 mg, 0.21 mmol) and EDC (27.0 mg, 0.14
mmol) was added 5’-amino-N-(cyclopropylmethyl)-2’-methyl-[1,1’-biphenyl]-4-
carboxamide (III-20) (17.5 mg, 0.06 mmol) dissolved in 3 mL of dichloromethane.

The reaction was stirred overnight and quenched with water. The product was
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extracted into ethyl acetate, washed with water and brine, dried over magnesium
sulfate, and purified by automated column chromatography system (1.4 mg, 4 %).
'"H NMR (700 MHz; CDCl3) 6 8.31 (d, J = 5.0 Hz, 1H), (7.83, d, ] = 8.3 Hz, 3H),
7.60 (d, J=7.77 Hz, 1H), 7.47 (s, 1H), 7.40 (d, J =8.1 Hz, 2H), 7.30 (d, J = 8.3 Hz,
1H), 7.13 (s, 1H), 6.92 (d, J = 4.8 Hz), 6.25 (s, 1H), 3.82 (t, ] = 4.9 Hz, 4H), 3.59
(t,J=4.9Hz,4H),3.35(dd, J=7.0 Hz, J = 5.5 Hz, 2H), 2.24 (s, 3H), 1.10 (m, 1H),
0.58 (dt, J = 6.7 Hz, J = 5.3 Hz, 2H), 0.30 (dt, ] = 4.8 Hz, J = 5.0 Hz, 2H). 3C
NMR (176 MHz; CDCl3) 8 167.33 (C), 160.34 (C), 149.15 (CH), 144.86 (C),
144.62 (C), 143.84 (C), 141.74 (C), 135.40 (C), 133.60 (C), 132.27 (C), 131.35
(CH), 129.49 (CH), 126.97 (CH), 121.60 (CH), 119.89 (CH), 109.60 (CH), 105.12
(CH), 66.83 (CH»), 45.56 (CH»), 45.18 (CH»), 20.06 (CH3), 10.91 (CH), 3.68
(CHz). HRMS (ESI) for CisH3oN4Os: Calculated [M+H]"471.2391. Found

[M+H]" 471.2399.

2’-Methyl-5’-(pyridine-4-amido)-[1,1’-biphenyl]-4-carboxylic acid (III-30):
Isonicotinic acid (34.5 mg, 0.28 mmol) and EDC (27.8 mg, 0.15 mmol) were stirred
at room temperature for 1 hour. 5’-Amino-2’-methyl-[1,1’-biphenyl]-4-carboxylic
acid (II-17) (26.7 mg, 0.12 mmol) was then added and stirred at room temperature
for 48 h. Ammonium chloride (~6-7 mL) was added to the colourless liquid and the
product was extracted into ethyl acetate, washed with brine, dried with magnesium
sulfate., and purified by solid-loading automated column chromatography system
to yield a white powder (10.0 mg, 26%). "H NMR (700 MHz; MeOD) & 8.74 (d, J
= 5.3 Hz, 2H), 8.10 (d, J = 8.2 Hz, 2H), 7.89 (d, J = 5.3 Hz, 2H), 7.66 (dd, J = 8.7

Hz, 47 = 2.0 Hz, 1H), 7.61 (d, “J = 2.0 Hz, 1H), 7.47 (d, ] = 8.2 Hz, 2H), 7.33 (d, J
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= 8.3 Hz, 1 H), 2.26 (s, 3H). 3C NMR (176 MHz; MeOD) § 169. 90 (C), 166.25
(C), 151.01 (CH), 147.67 (C), 144.54 (C), 142.75 (C), 137.34 (C), 133.17 (C),
131.99 (CH), 130.94 (C), 130.73 (CH), 130.32 (CH), 123.20 (CH), 123.14 (CH),
121.69 (CH), 20.02 (CHs). HRMS (ESI) for C20HisN2Os: Calculated [M+H]'
333.1234. Found [M+H]" 333.1327. Calculated [M+Na]* 355.1053. Found

[M+Na]" 355.1148. Calculated [M-H] 331.1088. Found [M-H] 331.1346.

3.5.2 BIOLOGICAL TESTING

Escherichia coli BW25113 AbamB AtolC Screening Constructs and Screening
Conditions

For screening constructs and conditions, please see Cox 2017.!%

Overexpression and Purification of ANT(2”)-1a

For ANT(2”)-1a purification conditions, please see Cox 2015.!°

Testing In Vivo Activity of Inhibitors

Inhibitors were first screened at 74 of the MIC for gentamicin (4 pg/mL) in
E. coli BW25113 AtolCAbamB pGDP:ant(2”)-Ia as described Cox 2017.'% 1 uL
of 5 mM compound solutions in DMSO were added to wells of 96-well U-bottom
plates. Compounds were screened in duplicate. [-Thujaplicinol was included in
every plate as an inhibition control. DMSO was used as a growth control.
Overnight cultures were diluted 1:1000 in MHB II. 99 uL of diluted cell culture
and gentamicin (4 MIC) were added to each well for a final compound
concentration of 50 pM. Plates were incubated at 37°C with aeration for 18 h. Cell

growth was monitored by OD (A = 600 nm). The parental strain E. coli BW25113
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AtolCAbamB was subjected to identical conditions to account for background
absorbance. ODsoo of each well was compared to growth controls to determine
percent inhibition of growth.

Dose-dependency studies and minimum inhibitory concentrations (MICs)
were assessed in diluted overnight cultures of in E. coli BW25113 AtolCAbamB
pGDP:ant(2”)-1a as described above. "4 MIC gentamicin was added to the diluted
culture for dose-dependency studies. No gentamicin was used in MIC tests.

Compounds were tested in duplicate at concentrations of 0.5 to 128 pg/mL.

Inhibitors were also screened against parental E. coli BW25113
AtolCAbamB for nonspecific inhibition. 1 pL of 5 mM compound solutions in
DMSO were added to wells of 96-well U-bottom plates in duplicate. Overnight
cultures were diluted 1:1000 in MHB II, and 99 pL of diluted cell culture were
added to each well for a final compound concentration of 50 pM. ODgoo was read
following 18 h incubation at 37°C with aeration and compared to growth controls.
Some compounds were selected for follow-up MIC determination in the parental

strain, as described above.

Checkerboard Assays

1 pL of increasing gentamicin (0.5 to 64 pg/mL) and inhibitor
concentrations (1 to 64 pg/mL) were added to wells of a U-bottom 96-well plate.
Overnight cultures of E. coli BW25113 AbamB AtolC with pGDP4-ant(2”)-la were
diluted 1:1000 in MHB 11, and 98 pL. added to each well for a final volume of 100

puL. Plates were incubated at 37°C with aeration for 18 h. Cell growth was
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monitored by OD (A = 600 nm). FIC was calculated according to the equation:

_ MICA in combination MICB in combination

FIC =
MIC, MIC,
where FIC < 0.5 is considered synergistic, 0.5 < FIC < 2.0 is neutral, and FIC >

2.0 is antagonistic.

Monitoring ANT(2”)-1a Activity In Vitro

The EnzChek® pyrophosphate assay was used to monitor inhibition of
ANT(2”)-Ia according to manufacturer’s guidelines.>> Assays were performed in
duplicate in flat bottom 96-well plates. Final concentrations of ANT(2”)-Ia and
ATP were 50 pg/mL and 50 uM respectively. Inhibitors (max 1% v/v DMSO) were
dissolved in buffer and heated to improve solubility. The reaction mixture was
incubated at room temperature for 10 min before initiation with gentamicin (final
concentration 40 uM), and monitored at 360 nm for 15 min at room temperature
using a TECAN M100 plate reader in 96-well format. GraphPad Prism was used

to plot ICso data.
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3.7 SUPPLEMENTARY DATA

t-butyl-N-(3-iodo-4-methylphenyl)carbamate
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Figure S3-1. '"H NMR of fert-Butyl-N-(3-Iodo-4-Methylphenyl)carbamate (I11-9)
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Figure S3-2. *C NMR of tert-Butyl-N-(3-Iodo-4-Methylphenyl)carbamate (I11-9)
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Figure S3-5. 'H NMR of Methyl 5’-Amino-2’-Methyl-[1,1’-Biphenyl]-4-
Carboxylate (I11-12)

BP-m

13Cpg CDC13 /USERdata/capretta leungmr 17
™ © ) — N oo o [
™ — o~ ® ) < o
p ) © ISRNEN o < N
v < o - oo © 0 O
<« < < %) ISESES] IS\ — —
— — - — o — — =
LA |

[

T T T T
145 140 135 130 125 120 115 ppm

0 Moo dnO e ™
28202323823 e ® o
g Sh8IaaR8IR ; 2 2
S R el o © @
o PR DU .
S R . o o
9 R A R B e B = N 2

( | | )

LAY,

VI | /

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Biphenyl]-4-Carboxylic Acid (I11-16)
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Figure S3-13. 'H NMR of tert-Butyl N-{6-Methyl-4’-(Propylcarbamoyl)-[1,1’-
Biphenyl]-3-yl}carbamate (I11-26)
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Figure S3-14. 3C NMR of fert-Butyl N-{6-Methyl-4’-(Propylcarbamoyl)-[1,1’-
Biphenyl]-3-yl}carbamate (I11-26)
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Figure S3-15. 'H NMR of Methyl 5’-(2-Chloropyridine-4-Amido)-2’-Methyl-
[1,1°-Biphenyl]-4-Carboxylate (I11-14)
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Figure S3-16. '*C NMR of Methyl 5’-(2-Chloropyridine-4-Amido)-2’-Methyl-
[1,1°-Biphenyl]-4-Carboxylate (I11-14)

176



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

1H MeOD /USERdata/capretta leungmr 14

CP-BP-OH

68¢C"°
T0€”
6Ce”
Ive”

SI6°
816"

€89°
989°
§69°
869"

134h
€28°
8¢8°
0€8”

8€6 "

L00"
610"

GEG”
€ve”

8 —_
g_—

8

8—"

P

ppm

«

o

|

ol

0Te"€

L78"

68¢C"
o€’
62¢"
ire’
SI6°
816"
€89°
989"
§69°
869"
128"
€28°
878"
0€8"
8€6°
L00"
610°8-
GEG”

ppr
ppr

125 120

130

160 155 150 145 140 135

'H NMR of 5’-(2-Chloropyridine-4-Amido)-2’-Methyl-[1,1°-

Biphenyl]-4-Carboxylic Acid (I11-15)

170

|

175

13Cpg MeOD /USERdata/capretta leungmr 14

Figure S3-17.

CP-BP-OH

6E€T 00—

Tt
Hmﬁ/

\
A

62T
.OSV
TTET—
teeT”
LET—7
TLET

EVT—~

.wva\

LPT

v
ear/

P9l —

ST SLT—

BC NMR of 5’-(2-Chloropyridine-4-Amido)-2’-Methyl-[1,1°-

Biphenyl]-4-Carboxylic Acid (I1I-15)

140 130 120 110 100 90 80 70 60 50 40 30 20 10

l‘ Il | ”‘J

|
Figure S3-18.

|




Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

10670
1670
9z6°0"

9€C 1T

8rz T
6571

[437 AN

Em.ﬁ/
oE.H/

285 17
wmm.ﬁ\

108 T—

€€0°C—

G8T°C—

viv”
298
€er”

~ w0 m
~ ® ®
© ~ ~

Account caprettta
LH-NMR CDC13 /USERda

[ e O Lt el ol ol o S

e N

Vi

L

ﬂMMM |

2
7

4

T—

3
e

T~
cp_

99

o
)
//

o

=

—

L e e e e e e e S

.
—

©

o
\
|

LETSET— —

|

o

=)

&

|

-

:
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Figure S3-22. 3C NMR of 2-Chloro-N-{4’-[(Cyclopropylmethyl)carbamoyl]-6-

Methyl-[1,1’-Biphenyl]-3-yl}pyridine-4-Carboxamide (III-18)
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Figure S3-26. '*C NMR of 2-Chloro-N-{6-Methyl-4’-(Pyrrolidine-1-Carbonyl)-

[1,1°-Biphenyl]-3-yl} pyridine-4-Carboxamide (ITI-28)
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Figure S3-28. 3C NMR of 2’-Methyl-5’-[(2-Pyrrolidin-1-yl)pyridine-Amido]-

1,1’-Biphenyl-4-Carboxylic Acid (III-23)

10

20

30

40

50

60

‘ 8‘0 70
182

90

T T T T T
140 130 120 110 100

150

| hud | ’




Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

pyrro—-CP-BP-mcPrA

5 g —_ 5
. Q— 3" Q
€62°0—" o Fa LW.,. 066" 50T — AH L e
99670 — 98¢°0 . = e .
L1590 —6°T c6z 0> IR T © LEETLOT— ] 659°€—
995°0 [ - 0T
2950~ S 5T M_ o 268701
e © —~ = .
8L0 T — SO . Lo - ﬁo.mw‘
— 8L0 T — A 0T e .l_. GG9°GZ—
an,.I L9
Lo Lo £= )
— — < O
o ZST°Sh—
. 2 2 L0676TT— — LR o90rLyr—
. PR S
. LS 7 Leore— RN nnw m 029° 12T — [
Leore— NS 9z 7 — T o
e SR
o = 2 0£6°921T =
[ o O = T 2T vL6 9L
: - EQ i | PR (et
. - — L& LeerLe
mNm.mV WA_. 662 TET—_ N B
) (430 SCHR Y] LL6 TET— —A
e eve e G o pRape
™ . G 867" €€T 1
sos e~ ™ - Q= 0
Gze'e he) e Lo .
Zee e N\ T 9 .= LS9°GET— —4 [S 0667701
Zhe e == o o = 1 LEE LOT-N\.
€ e L< >~ L06°6TT ™
G0G g _— -8t - = .
o= o 0297121
— < o)
N~ S 0€6°9¢1 /
0 [a— y 9" .
L9 f 909 TPT— — STT \[S%
5 = ! — .
- . b16°L2T
cezo & S 282 €PT— 4 L67LET-\
o~ =5 & 5oL 51 o TLP 62T
50€°9 °0 o ~ .8 — Ty £ T 652 I~
[0 I z ® im.ﬁﬁ\
© = m m@.mﬂ\
& Logo 0 pm e £ - Emumﬁ\
W PT87 9N\ ~6°0 K 8 5 = mewﬁ\
E 678°9— —6°0 o & 2 X
g . o 2~ S 90L ¥vT/
£ 292" L - o = p
8 rLzL \ 662°9 o M & S [ 6£0°69T—_
L 98TL mom.@/ ) Z I — 96E°L9T—
tmwm.w/ —T°T L0894 < 60 ~= a
26687 L\ 077 718794 L an! .IVw g
5 €06 L~ [ ©——— 67879\ © f N o
mqow.»v 7uu.H mmNAV /60 T en 3 ra
5 80917 S AT Y - ke
e 5T @mw.»/ e o~ > B
vE9 L L /TT )
el [°T e n
& momé\ [ o~ 66E " L\ o 07 N m g2 se07g9t Sy
Goe L/ w 80 €05 L— Fo=57T en S de .
/wwmm < w09L TSoT m-. G| 96€"L9T— —
o EECT8— 50 609°L 6T 1 88
g s — zeocdf o — o M 9o il
a 59" L/ Fo 80 H o« 9o -
o 608 L) — ) — 08
m ~60 8N >
B 3 o
e

ppm

Figure S3-30. 3C NMR of N-{4’-[(Cyclopropylmethyl)carbamoyl]-6-Methy]-

[1,1°-Biphenyl]-3-yl}-2-(Pyrrolidin-1-yl)pyridine-4-Carboxamide (III-1)
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Figure S3-32. 3C NMR of Methyl 2’-Methyl-5’-(Pyridine-4-Amido)-[1,1’-
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Figure S3-36. 3C NMR of N-{4’-[(Cyclopropylmethyl)carbamoyl]-6-Methy]-

[1,1°-Biphenyl]-3-yl} pyridine-4-Carboxamide (I1I-29)
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Figure S3-37. 'H NMR of 2-(Morpholin-4-yl)pyridine-4-Carboxylic Acid (I1I-25)
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Figure S3-40. 3C NMR of N-{4’-[(Cyclopropylmethyl)carbamoyl]-6-Methy]-
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4.0 SYNTHESIS OF ASPERGILLOMARASMINE A (AMA)
ANALOGS AS INHIBITORS OF THE NEW DELHI METALLO-3-

LACTAMASE 1 (NDM-1)

4.1 BACKGROUND

Carbapenems play a critical role in the treatment of severe Gram-negative
infections.!™ Their efficacy is threatened by the emergence of carbapenemases,
particularly metallo-B-lactamases such as the New Delhi metallo-f-lactamases
(NDMs).3> The NDM carbapenemases are class Bl metallo-B-lactamases, which
use two Zn>" ions to position and activate water for nucleophilic attack on the -
lactam carbonyl .>>¢ In the decade since they were first described,’ this family has
emerged as a global threat, with at least 24 variants, and members are often co-
acquired with aminoglycoside modifying enzymes, extended-spectrum -
lactamases, and other resistance mechanisms.>%® While there are several examples
of serine-fB-lactamase inhibitors, there are no metallo-B-lactamase inhibitors
approved thus far,3%:10

In 2014, a cell-based screen of natural product extracts identified
aspergillomarasmine A (AMA, Figure 4-1) as an inhibitor of NDM-1.!! AMA is a
natural product produced by Aspergillus versicolor that has previously been
investigated for inhibition of angiotensin-converting enzyme (ACE) and

endothelin-converting enzyme (ECE).!>"'* It was able to rescue the activity of
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meropenem both in Acinetobacter, Enterobacter, and Pseudomonas clinical strains
and as well as in a murine model of K. pneumonia sepsis, and has a comparatively
good safety profile.!"'* AMA has since been advanced to preclinical safety and

efficacy studies in rats and dogs.'?

4.2 PREVIOUS TOTAL SYNTHESES AND SAR ANALYSIS

While AMA can be obtained via fermentation,'! a synthetic route is
desirable for advancement through the drug development pathway. Analogs are
needed to explore structure-activity relationships, and to improve physiochemical
and pharmacokinetic properties. Often several iterations of analog libraries are
tested in a bid to improve potency and selectivity. This is particularly important in
the case of AMA, which has already been investigated for its effects on other
enzymes and thus is expected to have cross-reactivity.!?!3 Furthermore, synthetic
methods are more easily adapted to provide subsequent generation drugs, which is
essential given the rapid evolution of NDM variants with superior zinc-binding

properties.’

_____________________________

AMA can be retrosynthetically
dissected into three modules: an aspartic

acid and two serine analogs. Though
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initially the stereochemistry was reported
as (R,R,S) it has since been reassigned as  Figure 4-1. Deconstruction of

Aspergillomarasmine A (AMA)
(S,S,S) through total synthesis efforts.!6-1%
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There are four reported syntheses of AMA. Koteva et al. used aziridines as serine
equivalents in an 8-step synthesis with an overall yield of just over 1% (Figure 4-
2).17  Liao et al. coupled acetonide-protected diols by sequential reductive
aminations to install the serine moieties (Figure 4-3, 15 steps, 4% overall yield).!8
Albu et al. completed the synthesis in 7 steps (Figure 4-4, 19% overall yield) using
sulfamidates as activated serine equivalents,!” while Zhang achieved 28% by
combining the aziridine approach with the Mitsunobu amine alkylation (Figure 4-
5, 6 steps).2® Using these syntheses, a series of analogs have been made, permitting

an introductory SAR analysis.

i TFA
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0 MsCI, NE 0°C. 39 min W)L o NH Hﬁ: h
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Figure 4-2. Koteva’s Synthesis of AMA via Aziridine Ring-Opening
Reactions!’

AMA is generally considered to chelate zinc (from the second zinc binding
site, Zn2, preferentially) through its four carboxylic acids and two backbone
amines.?*2! In keeping with this mechanism, it was shown that stereochemistry has

minimal effect on activity, as SRR-, SRS-, SSR-, and RSS-AMA all have essentially
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Figure 4-3. Liao’s Synthesis of AMA via Reductive Amination of Acetonide-
Diols'®

i SOCl,
anh ACN, N, -40°C, 30 min
ii. 5 eq anh pyridine \4/
anh ACN,RT, 18 h

o) ii. 2% RuCl;, NalO,, H,0 O 0
Yk J< ACN.0°C.3h 9 W/\/ 1:1 ACN:THF, 60°C, 12 h Hj:
= o) N
o - le < \k NH
75% :
NHCbz 75% fo) \C bz )< o \[]/\_/ \

O5© o 0 O5© Hj, 20% PA/C
o gji i 1:1 ACN:THE, 60°C, 12 h éw . o gj 1:1 EIOAC:DCM, 60°C, 30 min
~UNo ~—— =S~
0¢\)o< 0o 0”0

’ . Oy _OH

H,.20% Pd/C CF;SO;H, anisole
1:1 ELOAC DCM, 60°C, 30 min \I NH DCM HO g ~_NH,
A NH EEEEE—— N
\’/ N \n/\/ N ;

79% for 2 steps

I :
0/\0 oo 07 oH 07> oH

K K

Figure 4-4. Albu’s Synthesis of AMA via Sulfamidate Ring-Opening
Reactions!

193



Ph.D. Thesis- M. Colden Leung; McMaster University — Chemical Biology

J i
o) NsClI BnO” > OH DEAD, PPh, W)\ o NH,
PN EtOAC/NaHCO;, RT, 3 h O fm THF, 0°C, 30 min ¥ NOB" YO
BnO”~ >~ “OH =8~ " o O, + 0 P~
NH, 7% NO, © >
0
NEt
THF,RT, 20 h
70%
NHTr

2
OBn WOB O;E/NH
1
PhSH, K,CO; 0 ONO:  DEAD.PPh; .o o v 4o

N
\
DMF, RT, 4 h 0=3 tol, RT, 16 h
N I} - oH + e
929% 53%  TeHN' Ir 7L
[ N

n

OB
j CF3S0;H, anisole
\f/ \”/\/ NH)\NHTH DCM, 0°CtoRT, 1.5h /\/NHZ

% oo 90%
© OBn O 0“0 0/\OH

Figure 4-5. Zhang’s Synthesis of AMA via Mitsunobu Couplings?’
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Koteva, Albu, and Zhang, and Colleagues!”:!-2°

identical ICso values (Figure 4-6).!71%20 The amine at position 9 was similarly
shown to have no effect as demonstrated by the retained activity of

aspergillomarasmine B (AMB).!” However, spatial separation is important, shown
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by the loss of activity in Toxin A, which has available carboxylic acids at positions
2,3, and 6 but lacks the third unit.! Furthermore, while AMA is still the most
effective inhibitor, having just two available carboxylic acids is generally sufficient
for an analog to retain activity. Which two carboxylates is not certain: Zhang et al
found that at least one of the carboxylic acids at positions 2 and 3 were essential
(compare analogs Z3 and Z4), and that loss at position 3 had a more pronounced
effect (Z1 vs Z2).2° However, Albu et al. found that zert-butyl ester protection of
these moieties was tolerated, so long as both carboxylic acids at positions 6 and 9
were present (A22)." The next logical step would be to determine the individual
contributions of carboxylic acids 9 and especially 6. However, this has not been
possible due to limitations in the ability of the current total syntheses to access

position 6.

This chapter describes the development of a synthetic route to access the
overlooked carboxylic moiety at position 6, using Garner’s aldehyde to incorporate
a 2-amino-3-hydroxy moiety as module 2 of AMA. In keeping with the overall
synthetic approach to the AMA system, tert-butyl (4S5)-4-formyl-2,2-dimethyl-1,3-
oxazolidine-3-carboxylate (IV-1), or Garner’s aldehyde, can be seen as another
potential serine equivalent. The amino group and methylene alcohol group are
protected by an acetonide to form the oxazolidine ring, while an aldehyde moiety
replaces the carboxylic acid for ease in coupling. A versatile chiral building block
widely used to introduce one or more stereocentres,’>?* Garner’s aldehyde contains
a cloaked 2-amino-3-hydroxy moiety, which when coupled with the aspartic acid

of module 1 by reductive amination installs a hydroxyl group in position 6. This 6-
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hydroxy AMA analog is ideal for exploring the contributions of the carboxylic acid

at that position, as it lacks the acid functionality but retains the associated hydroxyl

group.

4.3 SYNTHETIC STRATEGY TO ACCESS POSITION 6 OF AMA

A synthetic approach was designed using commercially-available (S)-
Garner’s aldehyde as a serine equivalent and is presented in Figure 4-7. Garner’s
aldehyde (IV-1) is coupled to fert-butyl-protected L-aspartic acid (IV-2) by
reductive amination to give IV-3. The fert-butyl protecting groups were chosen to
take advantage of the triflic acid/anisole deprotection conditions reported by Liao
et al.'® After selective deprotection of the amine functionality, the resulting IV-4 is
coupled to an oxidized serine equivalent (the tert-butyl aziridine I'V-5 was chosen
for ease of use). Compound IV-6 is then deprotected to yield the 6-hydroxy analog
(IV-8).

(S)-Garner’s aldehyde was freshly-made from N-Boc-L-serine methyl ester
in two steps according the published protocol due to concerns about racemization
(Figure 4-7).2% 1t was coupled to di-zert-butyl protected L-aspartic acid (IV-4), and
reduced with sodium triacetoxyborohydride (STAB). Attempts at purification by
column chromatography were largely unsuccessful; however, recrystallization
from methanol and water gave fine, needle-like crystals in of IV-3 in 56% yield.
At this stage, a sample of IV-3 was submitted for X-ray crystallography.

Surprisingly, the analysis showed the compound with (S,R) stereochemistry rather
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Figure 4-7. Synthetic Route to 6-Hydroxy AMA Analog I'V-8

than the expected (S,S) stereochemistry. The epimerization at position 6 is
discussed in section 4.5. The decision was made to continue the synthesis
regardless.

Selective cleavage of the acetonide and Boc groups of 1,4-di-tert-butyl 2-
[({3-[(tert-butoxy)carbonyl]-2,2-dimethyl-1,3-oxazolidin-4-
yl}methyl)amino]butanedioate (IV-3) in the presence of tert-butyl protecting
groups was challenging, as reagents such as TFA resulted in pan deprotection. This
was further complicated by the poor resolution of reaction mixtures by TLC. It was
found that 4 M hydrochloric acid in dioxane in anhydrous conditions at 0°C would
preferentially remove the acetonide then N-Boc group in quantitative yield,

although mixtures with loss of one or more tert-butyl groups were common.?*
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Reaction completion was monitored by LC-MS. The product was co-evaporated
with anhydrous diethyl ether to remove residual hydrochloric acid, and the resulting
1,4-di-tert-butyl 2-[(-2-amino-3-hydroxypropyl)amino]butanedioate (IV-4) could
be used in the next step without further purification.

Koteva’s aziridine ring-opening reaction was used to attach the final serine
module.!”  Compound IV-4 and aziridine IV-5 were dissolved in anhydrous
tetrahydrofuran with triethylamine and stirred under nitrogen overnight.
Purification by automated column chromatography yielded IV-6 as a colourless oil
which formed crystals upon addition of methanol.

The tert-butyl groups were removed by Liao’s triflic acid/anisole
deprotection conditions.!®?® The resulting compound IV-7 neutralized with and
stored in sodium bicarbonate. Thiophenol and potassium carbonate was then used
to remove the nosyl protecting group to yield 6-hydroxy analog I'V-8 following
desalting by gel chromatography and purification by reverse-phase
chromatography.?® The product stains with ninhydrin, and is optically active
(optical rotation of -4.0° in water). Mass spectrometry has fragmentation but shows
the correct [M+H]" peak at m/z = 294. 'H and '*C NMR are consistent with 11
aliphatic protons and 7 aliphatic carbons respectively in D,O; splitting pattern and

correlation spectroscopy were used to assign connectivity.
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4.4 ATTEMPTED TOTAL SYNTHESIS OF AMA USING GARNER’S

ALDEHYDE

Compound IV-4 is a linkage point between synthesis of the 6-hydroxy
analog and another total synthesis of AMA (Figure 4-8). In this strategy, a second
reductive amination of IV-4 with Garner’s aldehyde (I'V-1) to yield IV-9 could be
followed by protection of the free nitrogen with a Boc group (IV-10). Jones reagent
could simultaneously cleave the oxazolidine ring and oxidize the two hydroxyl
groups to give IV-11. Universal deprotection with triflic acid/anisole would then

yield AMA, in a total of 6 steps.
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Figure 4-8. Planned Total Synthesis of Aspergillomarasmine A Using Garner’s
Aldehyde

Reductive amination with a second equivalent of Garner’s aldehyde was
therefore attempted, but steric hindrance prevented imine formation. Multiple

conditions, including the use of titanium catalysts (titanium (IV) chloride and
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titanium (IV) isopropoxide),>>~2’ were tried unsuccessfully (Table 4-1), and resulted

in degradation of the starting material.

Table 4-1. Reaction Conditions Tried for Second Reductive Amination

Amine Lewis Reaction Conditions Notes
Acid
IvV-4 - i. Anh iPrOH, N, RT, 15 min No reaction
ii. STAB, RT, 16 h
IvV-4 - i. Anh iPrOH, N, RT, 16 h No reaction
ii. STAB, RT, 16 h
IvV-4 TiCl4 i 3 eq NEt; tBu cleavage

(4.5¢eq) Anh iPrOH, N2, RT, 15 min
ii. STAB, RT, 96 h

" JEOH Ti(OiPr)4 i. Anh iPrOH, N2, RT, 16 h Product not
ymog M1 (1eq) ii. STAB, RT, 16 h detected

" J[o” TiCls i. Anh iPrOH, N2, RT, 16 h Product not
*@m " (4.5¢0) ii. STAB, RT, 16 h detected

4.5 KINETIC RESOLUTION OF (S,R)-STEREOISOMER

Compound IV-3 was analyzed by X-ray crystallography and the resulting
structure deposited in the Cambridge Crystallographic Data Centre (CCDC
1952742).%8 Analysis showed an orthorhombic crystal (a=5.86 A, b=21.14 A, ¢
=21.15 A) with good resolution (R-factor of 4.5%). The crystal displayed P21212;
symmetry, with four atoms per unit cell. Surprisingly, however, it was shown to be
exclusively the (3§,6R)-diastereomer (Figure 4-9, Flack parameter = -0.22 £ 18).

This occurred whether racemic or optically-pure (S)-Garner’s aldehyde was used.
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- -

Figure 4-9. X-Ray Crystallographic Structure of IV-3

It is thought that the removal of acidic proton of the oxazolidine ring
facilitated rearrangement into the ene-amine tautomer (Figure 4-10). This would
have destroyed chirality at position 6, as the planar double bond could be protonated
on either face to re-form the imine. Since there were now two imine species present
(Imine A and Imine B), it was expected that subsequent reduction would result in a
racemic mixture of (3S,6S5)- and (3S,6R)-diastereomers. However, as only the
(3S,6R)-diastereomer was formed, the reduction of Imine B must be favoured in
some way. One possible explanation is that Imine B is much more stable than Imine
A, so there is an excess of Imine B being present at equilibrium. However, there is

no obvious reason for a difference in stability between the two imines, and one
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would expect to see at least some (3S5,65)-product in that case. The more likely
explanation is that only Imine B is reduced by STAB, and this irreversible step
drives the equilibrium forward according to Le Chatelier’s principle, resulting in
the conversion of Imine A to Imine B. Thus, the choice of reducing agent could
play a role in which (S)- or (R)-isomer is formed, and the relative ratios of the two.
Imine-promoted chiral resolution through an keto-enol tautomerization has been
previously been reported in the literature as a means to synthesize optically-pure
CCK antagonist.?” While SAR studies have shown that the stereochemistry of AMA
have little influence on its ability to effectively sequester zinc, this phenomenon
could prove useful as a means to obtain optically-pure products from racemic
starting materials, especially if later NDM inhibitor leads do require a specific

isomeric configuration.

T — T T
Z Die K X,
i " |

=0 0, 0
H i H
N~
Yo 1:0 i %Ow(dﬁ’“ﬁo J[ k

0.9 O 0ySo O - \\( >
0/\0

O

<A kox

V-3 Imine B

Figure 4-10. Possible Mechanism of Reductive Amination and Kinetic
Resolution
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4.6 IMPLICATIONS AND FUTURE WORK

A synthetic strategy was developed that allows access to position 6 of AMA.
The 6-hydroxyl analog I'V-8 produced by this methodology will be assayed for
activity against NDM-1 in biochemical and cell-based assays in order to elucidate
the contribution of the carboxylic acid at position 6 to activity. Cysteine can also
be easily substituted for serine in the Garner’s aldehyde ring, allowing the
introduction of a thiol ligand, commonly seen in other metallo-B-lactamase
inhibitors such as D-captopril.®**3! 2 3-Diaminopropionic acid could similarly
introduce an amine group.

A total synthesis of AMA using Garner’s aldehyde as a serine equivalent
was also attempted. Unfortunately, this was unsuccessful as steric hindrance
prevented the formation, or subsequent reduction, of the imine needed for the
second reductive amination. Further investigation into methods of imine formation
is therefore warranted and may provide a solution to this problem.

Finally, a method of producing a single stereoisomer (3-S,6-R) from racemic
starting materials was demonstrated. This should be followed up with a screen of
various reducing conditions to see if this method can be applied to the resolution of

the other stereoisomers.

4.7 EXPERIMENTAL

Materials and Instrumentation

Reactions were performed in a temperature-controlled oil bath. TLC was
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performed on F-254 (0.25 mm) precoated silica gel (Merck) or F-254 (0.2 mm)
precoated RP-18 (C18) modified silica gel (MilliporeSigma) and visualized under
UV. Ninhydrin, bromocresol green, or anisaldehyde stains were used as needed.
Flash column chromatography purifications were performed using a normal phase
Teledyne Isco CombiFlash® Rf 200 with standard RediSep RF silica columns (4
g

Compounds were characterized by 'H NMR, '*C NMR, DEPT Q, and LC-
HRMS. NMR spectra were obtained from a Bruker Avancelll 700 (700 MHz).
Chemical shifts are reported as ppm, coupling constants in Hz, and peaks were
calibrated to the solvent residual peak (CDCl3 = 7.26 ('H), 77.16 (13C), DO = 4.79
('H), or MeOD = 3.31 ('H), 49.00 (*3C)). The following LC gradient (a) was used:
from 0 to 1 min isocratic 95% Solvent A (0.1% formic acid in water) and 5%
Solvent B (acetonitrile), from 1 to 15 min linear gradient up to 95% Solvent B.
Mass spectrometry was conducted with a MicrOTOF ESI-TOF coupled to an
Agilent 1200 HPLC in either positive or negative ion mode. Optical rotation data

are recorded as [a]3° (concentration in grams in 1 mL solution).

(-)- tert-Butyl (4S)-4-formyl-2,2-dimethyl-1,3-o0xazolidine-3-carboxylate (IV-
1). (-)- tert-butyl (45)-4-formyl-2,2-dimethyl-1,3-oxazolidine-3-carboxylate
(Garner’s aldehyde) was synthesized from N-Boc-L-serine methyl ester according
to the procedure reported in literature.??> Anhydrous toluene was used instead of

benzene with a standard distillation head at 150°C.
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1,4-Di-tert-butyl (25)-2-[({(4R)-3-|(tert-butoxy)carbonyl]-2,2-dimethyl-1,3-
oxazolidin-4-yl}methyl)amino]butanedioate (IV-3). L-Aspartic acid di-tert-
butyl ester hydrochloride (IV-2) (748.8 mg, 2.66 mmol) and Garner’s aldehyde
(IV-1) (624.2 mg, 2.72 mmol) were dissolved in 20 mL anhydrous isopropanol in
a round bottom flask and stirred at room temperature under nitrogen for 15 minutes.
Sodium triacetoxyborohydride (725.3 mg, 3.42 mmol) was added in two portions
over 30 minutes, and the flask was sealed and stirred overnight. The reaction was
quenched in 20 mL of water, then extracted in ethyl acetate (50 mL x 3), washed
with brine (40 mL), and dried with sodium sulfate. The yellow oil was crystallized
in methanol/water to yield needle-like crystals (689.6 mg, 56%). 'H NMR (700
MHz; CDCl3) 63.90 (dd, J =24.8 Hz, ] = 9.1 Hz, 2H), 3.86 (tt, J = 52.8 Hz, ] = 5.0
Hz, 1H), 3.48 (dt, J =20.0 Hz, J = 14.2 Hz, 1H), 2.69 (ddd, 64.0 Hz, J = 54.1 Hz, J
=13.6 Hz, 1H), 2.58 (ddd, ] = 83.7 Hz, ] =37.3 Hz, ] = 11.2 Hz, 1 H), 2.56 (dd, J
= 15.5 Hz, J = 4.5 Hz, 1H), 2.36 (dd, J = 15.4 Hz, J = 8.8 Hz, 1H), 1.80 (s, 1H,
broad), 1.45 (m, 33H). Spectrum was processed with altered parameters to allow
coupling constant determination. '*C NMR (176 MHz; CDCls) §173.44 (C), 170.31
(C), 151.84(C), 93.94 (C), 81.68 (C), 80.99 (C),79.66 (C), 66.43 (CH), 66.04 (CH),
58.54 (CH»), 58.23 (CH»), 57.44 (CH»), 56.86 (CH»), 49.47 (CH), 48.93 (CH),
39.87 (CH), 28.64 (CH3), 28.56 (CHs), 28.22 (CH3), 28.20 (CH3), 27.66 (CHa),
26.96 (CHz3), 24.61 (CHs3), 23.29 (CH3z). HRMS (ESI) for C23H42N207: Calculated
[M+H]" 459.3064. Found [M+H]" 459.3044. R 8.9 min (a). Optical rotation: -

27.4° (CHCI;, ¢ 1%).
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1,4-Di-tert-butyl (25)-2-{[(2R)-2-amino-3-hydroxypropyl]amino}butanedioate
(IV-4). To (25)-2-[({(4R)-3-[(tert-butoxy)carbonyl]-2,2-dimethyl-1,3-oxazolidin-
4-yl}methyl)amino]butanedioate (IV-3) (69.6 mg, 0.15 mmol) at 0°C under argon
was added 1 mL of 4 M hydrochloric acid in dioxane. The reaction was stirred in
an ice bath for 2 h, co-evaporated with ice-cold anhydrous ether (2 x 1 mL), and
evaporated to an orange precipitate (38.1 mg, 79%). 'H NMR (700 MHz; CDCls)
04.22 (dt, J =31.9 Hz, ] = 6.1 Hz, 1H), 3.85 (dd, J = 8.3 Hz, J = 5.4 Hz, 2H), 3.69
(tt, 8.6 Hz, 1.5 Hz, 1H), 3.57 (ddd, J = 12.5 Hz, J = 4.1 Hz, ] = 4.1 Hz, 1H), 3.41
(ddd, J=40.3 Hz,J=12.2Hz,J =4.4 Hz, 1H), 3.11 (ddd, ] =21.8 Hz, ] = 10.2 Hz,
J=9.9 Hz, 1H), 3.05 (dd, J = 14.1 Hz, J = 6.7 Hz, 2H), 1.51 (m, 18H). Spectrum
was processed with altered parameters to allow coupling constant determination.
BCNMR (176 MHz; CDCl3) §170.94 (C), 85.94 (C), 83.85 (C), 61.35 (CHz), 61.26
(CH), 59.13 (CH), 51.07 (CH?), 43.55 (CH>), 28.35 (CH3), 28.13 (CH3). HRMS
(ESI) for C15H30N20s: Calculated [M+H]" 319.2227. Found [M+H]*319.2224. R¢:
6.0 min (a). Compound was converted to the free base to allow determination of

optical rotation. Optical rotation: -7.0° (CHCls, ¢ 0.5%).

1,4-Di-tert-butyl (28)-2-{[(2R)-2-{[(25)-3-(tert-butoxy)-2-(2-
nitrobenzenesulfonamido)-3-oxypropyl]amino}-3-

hydroxypropyl]amino}butanedioate (IV-6). 1,4-Di-tert-butyl (25)-2-{[(2R)-2-
amino-3-hydroxypropyl]amino } butanedioate (IV-4) (89.7 mg, 0.28 mmol) and
tert-butyl (25)-1-(2-nitrobenzenesulfonyl)aziridine-2-carboxylate (IV-5) (85.1 mg,
0.26 mmol) were dissolved in anhydrous tetrahydrofuran. Triethylamine (36 pL,

0.26 mmol) was added, and the reaction stirred at room temperature under nitrogen
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for 20 min. Product was purified by combiflash to a clear oil that crystallized upon
addition of methanol (36.3 mg, 22%). 'H NMR (700 MHz; CDCIs) 58.09 (ddd, J
=4.7Hz,J=4.7Hz, J=3.6 Hz, 1H), 7.90 (ddd, ] = 4.7 Hz, ] =4.7 Hz, ] = 3.7 Hz,
1H), 7.71 (ddd, J = 4.5 Hz, ] = 4.5 Hz, ] = 3.6 Hz, 2H), 4.14 (t, ] = 5.1 Hz, 1H),
3.62(dd, J=11.3 Hz, ] =4.2 Hz, 1H), 3.56 (dd, J = 11.2 Hz, J = 3.9 Hz, 1H), 3.43
(dd, J=7.4 Hz, ] = 5.2 Hz, 1H), 3.03 (ddd, J =24.2 Hz, ] = 12.7 Hz, ] = 5.8 Hz,
2H), 2.90 (dd, J = 11.9 Hz, ] = 4.9 Hz, 1H), 2.65 (tt, ] = 12.2 Hz, J = 6.6 Hz, 1H),
2.54 (m, 3H), 1.45 (m, 18 H), 1.27 (s, 9H). '*C NMR (176 MHz; CDCl3) §172.73
(C), 170.29 (C), 169.24 (C), 147.98 (C), 134.58 (C), 133.61 (CH), 132.89 (CH),
130.73 (CH), 125.63 (CH), 82.95 (C), 81.92 (C), 81.34 (C), 64.03 (CH>), 58.94
(CH), 57.87 (CH), 57.76 (CH), 50.23 (CHz), 49.25 (CH>), 39.39 (CH»), 28.21
(CHs), 28.19 (CHj3), 27.87 (CHs). HRMS (ESI) for CosH4sN4O11S: Calculated
[M+H]" 647.2957. Found [M+H]" 647.3053. R 8.6 min (a). Optical rotation: -

14.7° (CHCls, ¢ 1%).

Sodium (25)-2-{[(2R)-2-{[(25)-2-carboxylato-2-(2-
nitrobenzenesulfonamido)ethyl]amino}-3-
hydroxypropyl]amido}butanedioate (IV-7). 1,4-Di-tert-butyl (25)-2-{[(2R)-2-
{[(2S)-3-(tert-butoxy)-2-(2-nitrobenzenesulfonamido)-3-oxypropyl]amino}-3-
hydroxypropyl]amino}butanedioate (IV-6) was dissolved in 3 mL of
dichloromethane under nitrogen and cooled to 0°C. Anisole (76 pL, 0.70 mmol)
and triflic acid (62 pL, 1.01 mmol) were added and the reaction stirred on ice for
30 min. The reaction was allowed to warm to room temperature and stirred another

1.5 h. Sodium bicarbonate (71.0 mg, 0.85 mmol) in 4.5 mL of water at 0°C was
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added and the reaction stirred for 1 h on ice. The product was washed with
dichloromethane (3 x 6 mL), lyophilized, and used directly in the next step without
further purification. HRMS (ESI) for C16H22N4O11S: Calculated [M+H]" 479.1079.

Found [M+H]" 479.4394. R: 3.9 min (a).

(29)-2-{[(2R)-2-{[(25)-2-amino-2-carboxyethyl]amino}-3-
hydroxypropyl]amino}butanedioic acid (IV-8). Crude sodium (25)-2-{[(2R)-2-
{[(2S)-2-carboxylato-2-(2-nitrobenzenesulfonamido)ethylJamino}-3-
hydroxypropyl]lamido}butanedioate (IV-7) was dissolved in 1 mL of
dimethylformamide under argon. Potassium carbonate (110.6 mg, 0.80 mmol) and
thiophenol (39 pL, 0.38 mmol) were added and the reaction stirred at room
temperature for 2.5 h. 4 mL of water was added, and the product was washed with
dichloromethane (3 x 2.5 mL), evaporated, and purified by gel and reverse-phase
chromatography. Yield was determined through 'H NMR integration using
pyridine as an internal standard (0.5 mg, 6%). 'HNMR (700 MHz; D>0) 54.03 (t,
J=7.3 Hz, 1H), 3.79 (ddd, J = 20.4 Hz, ] = 8.8 Hz, J = 4.2 Hz, 1H), 3.76 (dd, ] =
11.6 Hz, J =3.3 Hz, 1H), 3.70 (dd, J=11.4 Hz, ] = 3.3 Hz, 1H), 3.42 (m, 4H), 2.83
(m, 3H). *C NMR (176 MHz; D20) §77.08 (CH>), 62.70 (CH), 58.93 (CH), 58.01
(CH), 50.74 (CH»), 48.97 (CH»), 37.71 (CHz). HRMS (ESI) for CioH19N;O7:
Calculated [M+H]" 294.1296. Found [M+H]* 294.8639. R¢: 1.2 min (a). Optical

rotation: -4.0° (H20, ¢ 0.2%).
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Figure S4-1. 'H NMR of 1,4-Di-tert-Butyl (25)-2-[({(4R)-3-[(tert-
Butoxy)carbonyl]-2,2-Dimethyl-1,3-Oxazolidin-4-yl} methyl)amino]butanedioate
(Iv-3)
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Figure S4-2. Re-processed 'H NMR of (IV-3) for coupling constants
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Figure S4-3. COSY of 1,4-Di-tert-Butyl (25)-2-[({(4R)-3-[(tert-Butoxy)carbonyl]-
2,2-Dimethyl-1,3-Oxazolidin-4-yl } methyl)amino]butanedioate (IV-3)
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Figure S4-4. 1BC NMR of 1,4-Di-tert-Butyl (25)-2-[({(4R)-3-[(tert-
Butoxy)carbonyl]-2,2-Dimethyl-1,3-Oxazolidin-4-yl} methyl)amino]butanedioate
(Iv-3)
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Figure S4-5. HSQC of 1,4-Di-tert-Butyl (25)-2-[({(4R)-3-[(tert-Butoxy)carbonyl]-
2,2-Dimethyl-1,3-Oxazolidin-4-yl } methyl)amino]butanedioate (IV-3)
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Figure S4-6. 'H NMR of 1,4-Di-tert-Butyl (25)-2-{[(2R)-2-Amino-3-
Hydroxypropyl]amino } butanedioate (IV-4)
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Figure S4-7. Re-processed 'H NMR of (IV-4) for coupling constants
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Figure S4-8. COSY of 1,4-Di-tert-Butyl  (25)-2-{[(2R)-2-Amino-3-
Hydroxypropyl]amino } butanedioate (IV-4)
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5.0 CONCLUSIONS AND FUTURE DIRECTIONS

Aminoglycoside N-acetyltransferase-3, aminoglycoside O-
nucleotidyltransferase-2”, and New Delhi metallo-B-lactamase-1 are three enzymes
responsible for resistance in Gram negative pathogens. AAC(3) and ANT(2”)
interfere with the activity of aminoglycosides by covalent modifications with acetyl
and adenylphosphate groups respectively,!> while NDM-1 inactivates
carbapenems by cleaving the B-lactam ring.>® This thesis describes the
development of inhibitors to these enzymes, which can be co-prescribed with these

classes of antibiotics to suppress resistance and prolong clinical utility.

First, a high-throughput screen using cell- and enzyme-based assays
identified the 3-benzylidene-2-indolinone scaffold as an inhibitor of AAC(3)-lIa. A
focused library of 28 compounds was made around this scaffold using a
Knoevenagel aldol condensation. Preliminary SAR using an Ellman-coupled assay
was obfuscated by the poor solubility and high background absorbance of
compounds, and lack of replicability in the enzyme purification protocol.
Accordingly, a superior purification method using cobalt beads for AAC(3)-la was
described, and a fluorescence-based biochemical assay was developed. Direct
cleavage of the methyl ester at position 5 was attempted, but was not successful, so
compound solubility was addressed by selecting polar indolinone building blocks,
such as those containing hydroxyl or carboxylic acid groups.

SAR analysis using freshly purified enzyme and the newly-optimized

fluorescent assay identified initial hit II-1 as the best inhibitor (Figure 5-1).
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Compound II-1 has a methyl ester at position 5 and the 3,5-dibromo-4-
hydroxybenzyl pharmacophore. Some variability was tolerated at position 5 (R =
H, OH, or Br), though activity was affected.

Similarly, some activity was retained with loss

of the 4-hydroxy and 5-bromo substituents on -1
ICsy=43+14uM

the benzylidine ring; the 3-bromo group,
Figure 5-1. Lead AAC(3)-la

however, was essential. Inhibitor I1-1

These results will direct the assembly of another chemical library designed
to improve in vivo activity. The 3,5-bromo-4-hydroxy pharmacophore will be
retained, and analogs will be made with different substitutions around the 3-
benzylidene-2-indolinone scaffold. In particular, analogs with charged and
zwitterionic groups will be investigated, as these groups have been implicated in
the cellular uptake of antibiotics in Gram-negative pathogens.!%13

Furthermore, as the majority of compounds were tested as a mixture of the

(E)- and (Z2)-isomers, work will be done to isolate the two isomers, either through
selective synthesis or post-synthetic resolution, and test them individually. It is
expected that only one isomer would be active due to restrictions within the
enzyme’s active site. Thus, isomeric resolution should result in an increase in
potency, as the presence of the inactive isomer would have decreased the effective
concentration. For II-1, which had a 2:1 Z/E ratio, if the (Z)-isomer is active, the

ICso would be expected to become 2-3 uM. If the (E)-isomer is active, the ICso

would drop to ~1 pM.
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Secondly, kinase inhibitors with a biphenyl isonicotinamide scaffold were
identified as inhibitors of ANT(2”)-Ia through a previous whole-cell screen.!® A
parallel synthesis was developed, where core scaffold ITI-17 was assembled via a
Suzuki coupling and subsequent Boc and methyl ester deprotections followed by
functionalization on either end through amide couplings (Figure 3-11). Further
variation could be introduced on the Western end via S~nAr on 2-chloropyridine
prior to coupling. Using this methodology, a small library was assembled and
assayed for activity against E. coli BW25113 AtolC AbamB producing ANT(2”)-
Ia.

Remarkably, this extremely focused library (just 19 compounds) was
sufficient for SAR analysis. While both original hits had functionalization at
position 2 of the Western isonicotinamide, paring this down to the base pyridine
ring resulted in superior activity against ANT(2”)-Ia. Similarly, the Eastern amide
was shown to be detrimental to inhibitory activity, and was replaced with either a
carboxylic acid or methyl ester. The carboxylic acid III-30 had the best activity
against ANT(2”)-la-producing cells (FIC = 0.4) and selectivity over the parent
strand. This compound will form the basis of the next generation of ANT(2”)-Ia
inhibitors (Figure 5-2). Unfortunately, this compound was not shown to inhibit

purified ANT(2”)-Ila using the previously-

N~ 0
|
reported EnzChek pyrophosphatase assay.!”-!® N 0 ‘ OH
HN
This may be due to solubility issues of the O
FIC=04

compound library, or the narrow detection
Figure 5-2. Lead ANT(2”)-1a

window of the assay. Inhibitor ITI-30
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Future work will address both of these issues. A second-generation library
will be assembled based off of I11-30, allowing exploration of substitutions around
the ring system. In particular, the effect of polar substituents such as amines and
hydroxyls will be investigated in an effort to improve solubility of the library. Other
biochemical assays will also be investigated. For instance, a fluorescence-based
assay is a more sensitive detection method and less prone to background noise, and

thus would provide a larger inhibition detection window.

Finally, while previous AMA analog SAR analyses have explored the effect
of stereochemistry, spatial arrangement, and loss of amine and carboxylic acid
moieties, investigation into the essentiality of individual carboxylic acid groups was
incomplete as previous synthetic strategies were unable to produce analogs lacking
the carboxylic acid functionality at position 6.!°2! A synthetic approach was
therefore developed to access this position using Garner’s aldehyde as a chiral
building block (Figure 4-7). Reductive amination of Garner’s aldehyde with zert-
butyl-protected L-aspartic acid was followed by cleavage of the oxazolidine ring
and subsequent coupling to an aziridine (an oxidized serine equivalent) to provide
AMA analog IV-8, which has a hydroxyl group at position 6 in place of the
carboxylic acid. A total synthesis of AMA via a second reductive amination with
Garner’s aldehyde was attempted, but unfortunately steric hindrance prevented
formation of the imine intermediate.

A crystal structure of compound IV-3 was obtained. Surprisingly, this
showed complete epimerization to the (S,R)-isomer, despite the use of optically-

pure (S)-starting materials. It is proposed that the rearrangement to the ene-amine
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results in the presence of diastereomeric imines (Figure 4-10). One of these
diastereomers is preferentially reduced, and the irreversibility of this step drives the
consumption of the other. This method of kinetic resolution is a useful way of
obtaining optically-pure products from racemic starting materials.

The next step for this project is to assemble a library of analogs using this
methodology. For example, replacing serine with cysteine or 2,3-diaminopropionic
acid in the Garner’s aldehyde would introduce a thiol or amine group respectively,
which could alter binding to zinc (Figure 5-3). These moieties could also be
coupled to other functional groups to introduce further variation. This library
would then be tested against NDM-1 and other variants to further investigate SAR.

There will also be further investigation into the reductive amination. If
reaction conditions can be found to allow the second imine formation, the total
synthesis of AMA may be completed via this approach. A screen of reducing agents
will also be undertaken to identify one that will selectively form the (S)-isomer.

This would allow stereospecific synthesis of AMA and its analogs from racemic

O O
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Figure 5-3. AMA Analog IV-8 and Other Potential Analogs That Could Be

Synthesized via Reductive Amination of Garner’s Aldehyde-Like Building
Blocks
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starting materials, obviating the need for optically-pure serine equivalents. This
imine-driven resolution of stereoisomers could also have applications in other total

syntheses.

With a greater focus in recent years on antimicrobial stewardship, the use
of adjuvants and other combination therapy strategies is becoming an increasingly
attractive approach, giving older classes of antibiotics new life and allowing newer
drugs to be reserved for the most desperate cases. There are ample targets against
which this approach can be applied, including newer NDM variants with improved
zinc affinity and ribosome methyltransferases such as rmt.?>? Furthermore, the
techniques described in this thesis- combinatorial and total synthesis, assay
development, and structure-activity relationship analysis, are fundamental
components of the drug discovery process, both antimicrobial and otherwise. And
while primitive remedies have been around since ancient times, modern medicine
is dependent on the continued influx of new and improved therapies to alleviate

suffering.
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