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Abstract

The cystic fibrosis (CF) therapeutic, ivacaftor, restores activity to certain cystic fibrosis
transmembrane regulating protein (CFTR) mutations; however, the nature of ivacaftor's
interaction with mutant CFTR is still under investigation. This study aimed to generate
photoaffinity labelling (PAL) probes that will be used to elucidate putative ivacaftor
binding sites on mutant CFTR.

Structure activity relationship studies indicated retention of ivacaftor's potentiating
activity despite deletion of either of the t-butyl groups from the ivacaftor structure. These
results initiated a synthesis program to prepare PAL probes incorporating a carbene-

generating diazirine moiety in place of a t-butyl group on the ivacaftor scaffold.

Initial synthetic approaches towards creating the diazirine PAL probe were devised with
the ability to afford diversification at a late stage in the synthesis to allow incorporation of
reporter tags into the PAL probe. While these approaches were unsuccessful, ultimately

a linear synthetic approach successfully afforded the target diazirine PAL probe.

Keywords: CFTR; Ilvacaftor; mechanism of action; diazirine; photoaffinity labelling;
synthesis
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Chapter 1.

Introduction

1.1. Cystic fibrosis

Cystic fibrosis (CF) is the most common fatal genetic disease among Canadians
affecting approximately 4100 people throughout Canada.'® CF was first described in the
medical literature in 1938,% and in 1989 the underlying cause of CF was found to result from
mutations in the gene encoding the cystic fibrosis transmembrane regulator protein (CFTR).*®
As an autosomal monogenic recessive disorder, two non-functioning copies of the CFTR gene
are required to develop CF.? Although more commonly described in peoples of European

descent, cases have been described in populations worldwide.”®

CF is a multi-organ disease affecting the hollow organs of the body, including the
respiratory tract, pancreas, skin, stomach, liver, and testes.” The CFTR protein is a
phosphorylation dependent channel primarily responsible for the efflux of chloride and
bicarbonate across the apical membranes of epithelial tissues.'® The chloride efflux activity of
CFTR plays an important role in regulating the quantity and composition of epithelial fluids
required for the normal function of many organs. Mutations causing loss of CFTR function lead
to the development of Cystic Fibrosis. In the respiratory tract, CFTR activity maintains the
airway surface layer (ASL) critical for proper lung function; loss of CFTR activity leads to
depletion of the ASL causing persistent cycles of pulmonary obstruction, inflammation, infection,
and scarring."**? In the pancreas loss of CFTR activity leads to impaired transport of digestive
enzymes leading to malnourishment. Although CF patients experience a myriad of symptoms
and complications, the two primary endpoints for the disease are double-lung transplant or
respiratory failure. Reduced CFTR activity has also been implicated in other respiratory
disorders such as bronchitis and COPD, although the link to these diseases is still under

investigation.*>*



To date, over 2000 CFTR mutations have been identified that are associated with loss of
protein expression or loss of function. The clinical phenotypic presentation of CF is highly
variable between patients, not only between patients with different mutations, but also between
patients of the same genotype.”®'® Despite a correlation between certain mutations and
pancreatic symptom severity, as well as certain classes of CFTR mutations generally leading to
a more severe disease state,'’ there are no clear correlations between specific mutations and
clinical outcomes. Additionally, modifier loci have also been identified which correlate with a
more severe CF disease state.® While the majority of CF patients present with multi-organ
complications, approximately 10% of patients can present with very mild symptoms sometimes
affecting a single organ, such as presenting with bilateral absence of the vas deferens.'® While
people who carry only one copy of a mutant CFTR allele (carriers) do not develop CF, there is
evidence that carriers are less prone to secretory diarrhea caused by Vibrio cholera.™

Although historically thought of as a children’'s disease, improvements in disease
management and diagnosis (including a newborn screening program in all Canadian provinces
and territories, excluding Quebec)® have increased the median age of survival to over 50 years
of age in Canada.>**!®?' As of 2008 there are more adults than children affected by the disease

in Canada.?

Until recently therapeutic options for CF were limited to those which managed the
resulting symptoms; however, in 2012 the first small-molecule CF therapeutic, ivacaftor (1,
Figure 1), was approved by the FDA which rescues the activity for certain classes of CFTR
mutations.?” Therapeutics that rescue CFTR activity are broadly termed as CFTR modulators
and specifically, ivacaftor is termed a CFTR potentiator as it restores gating activity to mutant
CFTR located at the apical membrane. Following the successful development of ivacaftor, other
classes of CFTR modulators have been developed and evaluated in clinical trials. Although the
current pipeline of potential therapeutics holds great promise in the long term management of
CF, the mechanisms of these new CFTR modulators are not fully understood. In order to
improve the understanding of the new CFTR modulators, particularly ivacaftor, there is a need
to determine their binding sites on mutant CFTR as this information can be utilized to further
optimize second generation therapeutics and possibly enable the discovery of novel classes of

structures which modulate mutant CFTR.?® Our goal is to utilize photo-affinity labelling (PAL)



techniques, including the installation of a photo-sensitive diazirine motif onto the ivacaftor
scaffold (2), in order to elucidate the binding site on mutant CFTR.

OH OH N=N
o o o o CFs
N 1 N 2
Figure 1 Chemical structure of the CFTR potentiator ivacaftor (1), and target PAL
probe (2).

1.2. Cystic fibrosis transmembrane regulator protein (CFTR)

1.2.1. Pathophysiology

The activity of CFTR has been shown to play a crucial role in a variety of systems in the
human body, with loss of CFTR activity leading to the development of CF.*> The most widely
accepted hypothesis on the implication of diminished CFTR activity in the lungs is termed the
“low-volume” hypothesis.>** This hypothesis states that decreased CFTR chloride efflux causes
increased sodium adsorption by reducing CFTR-dependent inhibition of epithelial sodium
channels (ENaCs). This unbalanced sodium adsorption/chloride efflux increases fluid transport
into the epithelial tissue, depleting the airway surface layer (ASL). However, results from porcine
CF models have shown that decreased bicarbonate secretion might also play a role in the
pathophysiology of the disease by reducing airway surface pH, impairing bacterial defence

mechanisms, as well as impacting mucous unfolding and rheology.?®

Disruption to the ASL leads to decreased mucocilliary clearance of pathogens coupled
with an exaggerated, neutrophil-driven inflammatory response that leads to scarring of the lung
tissue.'>** Overall, decreased CFTR activity leads to chronic cycles of infection, inflammation,
scarring, and bronchiectasis which eventually results in respiratory failure as the main outcome
for the majority of patients.’” The most common means of measuring a patient’s respiratory
health is by performing a pulmonary function test (PFT), which gives the measure of both the
percent predicted forced expiratory volume in 1 second (FEV,%) and the forced vital capacity
(FVC). CF patients exhibit a slow decline in FEV,% coupled with the progression of

bronchiectasis and lung scarring.



Treatments for pulmonary symptoms have progressively evolved to include the use of
steroids to reduce inflammation, mucolytics and hypertonic saline to aid in airway clearance,
and the use of antibiotics to treat bacterial exacerbations. Although significant improvements in
disease management have been made with these regimes, they do not correct the underlying

defect and at best delay the progression of the disease.™

Exocrine pancreatic insufficiency is a major complication arising from CF.° In the
pancreas, as a result of loss of CFTR activity, reduced bicarbonate and fluid secretion leads to
retention of digestive proenzymes which are prematurely activated in the pancreatic ducts
causing tissue and islet cell destruction, fibrosis, and reduced pB-cell mass. Although
approximately 10% of CF patients are pancreatic sufficient until adulthood, many of these
patients become pancreatic insufficient later in life. Patients with pancreatic insufficiency are
routinely prescribed oral pancreatic enzyme supplements, particularly lipases, amylases, and
proteases. As CF patients experience difficulty absorbing nutrients, they are commonly

prescribed a high salt and high fat/calorie diet.

As well, CF related diabetes (CFRD) has become the most common comorbidity in
CF.?° CFRD describes a spectrum of glucose tolerance abnormalities, ranging from an impaired
glucose tolerance to CFRD with or without a fasting hyperglycemia. With features of both type 1
and 2 diabetes, CFRD is associated with both reduced insulin secretion and insulin resistance.?’
While CFRD is not commonly described in children with CF, 20% of adolescents and 40-50% of
adults develop the disorder. In addition to complicating dietary management for CF patients,

CFRD has also been associated with a reduced pulmonary function.?®

In the sweat gland, malfunctioning CFTR prevents the reabsorption of chloride ions
which subsequently leads to production of hypertonic sweat.® In fact, the main clinical
diagnostic for CF is an elevated sweat chloride measurement (>60 mM), with more severe
CFTR mutations being associated with a higher sweat chloride level.’® Carriers of CFTR also
have a slightly elevated sweat chloride compared to normal. One of the primary measures in

clinical trials for evaluating efficacy of CFTR modulators is a reduction in sweat chloride.

Biliary tract disorders are found in a third of CF patients.® In these patients the bile-duct
epithelium becomes hyperplastic with periductal inflammation and fibrosis; as well, in some

patients, fatty infiltration can lead to cirrhosis. Up to 30% of CF patients also present with a

4



poorly functioning gallbladder and 10% present with gallstones. Although uncommon, liver

transplants are required in some CF patients.

Up to 98% of CF males are infertile, presenting with aspermia resulting from either
blocked or bilateral absence of the vas deferens. However, spermatogenesis is typically normal,
allowing males to become fathers through techniques such as microscopic epididymal sperm
aspiration and intracytoplasmatic sperm injection.*® Although the reproductive systems of
female CF patients are anatomically normal, many female patients experience difficulties
conceiving due to what is presumed to be dehydrated cervical mucus.® Interestingly, there are
anecdotal accounts of female CF patients previously diagnosed with fertility issues successfully
conceiving after beginning treatments with the CFTR modulator ivacaftor.*

1.2.2. ABC proteins

CFTR is a member of the ATP-binding cassette (ABC) protein family of transporters.®
ABC proteins are a ubiquitous class of active transporters which utilize the energy derived from
ATP binding/hydrolysis to transport substrates across membranes.** ABC proteins more
commonly function as exporters; however, ABC protein importers have been described in
prokaryotes.®* Members of the ABC family are responsible for the transport of a variety of
substrates, including amino acids, sugars, ions, proteins, and small molecules. Human ABC
proteins are classified into subfamilies ABC-A through ABC-G, with CFTR being a part of the
ABC-C subfamily (ABC-C7). CFTR is unique in the ABC family as it is the only identified

member that acts as an ion channel.***

1.2.3. CFTR/ABC protein domain organization, structure, and function

CFTR is multi-domain glyco-protein with 1480 amino acids and a molecular weight of
~170 kDa.'**%" As with other ABC proteins, CFTR (Figure 2) is comprised of two membrane
spanning domains (MSDs; each comprised of 6 transmembrane spanning helices) which form
the channel core; as well as two intracellular nucleotide binding domains (NBDs) responsible for
the binding and hydrolysis of ATP. CFTR is unique in the ABC family in that it also contains a

regulatory domain (R), which requires multiple phosphorylation events by protein kinase A



(PKA) in order to activate the channel.®®** The domains of CFTR are arranged from the amino
terminal to the carboxy-terminal in the following order: MSD1-NBD1-R-MSD2-NBD2.%°

Figure 2 Schematic of the domain structure and organization of CFTR

Note: Representation of the CFTR domains and their organization at the cell membrane. MSD1 in pink,
MSD2 in red, NBD1 and NBD?2 in blue, R domain in green, phoshorylation events as orange hexagons,
ATP a small blue ovals, the location of F508 as a yellow triangle, and glycosylation chains as small blue
squares and small green circles.

Adapted from “Servier Medical Art” by Servier under CC BY 3.0
(https://creativecommons.org/licenses/by/3.0/).

To date, a high resolution x-ray crystal structure of whole CFTR protein has not been
obtained; however, high-resolution crystal structures of isolated NBD1 domain constructs have
been obtained enabling the generation of NBD dimer models (Figure 3).**™** Lower resolution
structures such as NMR, and electron crystallography (9 A resolution) structures of the
complete CFTR protein have been obtained indicating that the channel adopts conformations
akin to other ABC proteins.***® In order to gain a better understanding of the CFTR gating cycle,
homology models have been created for both open and closed states by combining the
available CFTR structural data with that of other members of the ABC family (including full
length ABC protein crystals structures).?*=>*>=2 While full protein high-resolution structures of a

few members of the ABC family have been obtained; no single ABC protein has structural data
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for each conformation in a complete gating cycle. The X-ray crystal structures of mouse P-
glycoprotein (P-gp), and Vibrio cholerae MsbA, both ABC multi-drug exporters, are commonly
used to generate homology models of the putative closed state of CFTR, as the NBDs for these
structures are in an apo-state, with the MSDs having a large intracellular vestibule (inward
facing).>® While significant differences are expected as CFTR behaves as a channel rather than
a transporter, these models seem to agree with the low-resolution X-ray data for CFTR. As well,
the structural data from the S. aureus multi-drug exporter Sav1866 is similarly used as a
template to generate models of the putative open-channel state, as the NBDs in this structure
are in an ATP bound dimer-state with the MSDs in an outward facing conformation. While
homology models of the intracellular components of CFTR, including AF508-CFTR-NBD1, have
been successfully utilized in in silico screens to generate novel correctors,”**® the low sequence
homology of the MSDs of CFTR to other members of the ABC family, as well as the unique
presence of the R domain, diminish the accuracy of these models for in silico ligand-protein
docking studies.”>*®*>" Despite this limitation, homology modelling has proven informative in
describing the domain organization and gating cycle of CFTR.*

Similar to other eukaryotic ABC proteins, the NBDs of CFTR combine to form a “head-to-
tail homo-dimer” upon binding two ATP molecules in binding sites located at the dimer interface
(Figure 3). A canonical ATP binding site is comprised of a conserved motif associated with
phosphate binding (Walker A sequence) from one NBD with a matching signature sequence
important for ABC gating (LSGGQ) from the second NBD.*® For ABC transporters typically both
ATP binding sites exhibit ATPase activity and upon hydrolysis of both ATP molecules, the NBD
dimer dissociates to release ADP and Pi.



Figure 3 Molecular model of the human CFTR NBD1-NBD2 heterodimer (top view).

Note: NBD1 and NBD2 are represented by ribbons and colored cyan (NBD1) and green (NBD2). Also
noted are the Walker A motif (blue), Walker B motif (magenta), signature sequence (red), Q-loop
(important for ATP binding, yellow), and ATP molecules indicated in pink. In the figure the lower
portion/binding site is the degenerate site exhibiting reduced ATPase activity (site 1), and the upper
portion /binding site is the consensus binding site (site 2) exhibiting normal ATPase activity.

Reprinted from Journal of Molecular Graphics and Modelling, (27), Huang, S.; Bolser, D.; Liu, H.; Hwang,
T.; Zou, X.; Molecular modeling of the heterodimer of human CFTR’s nucleotide—bindin? domains using a
protein—protein docking approach, p. 7, Copyright 2009, with permission from Elsevier.”

In CFTR and other members of the ABC-C subfamily, the ATP binding sites are
asymmetric with only one site exhibiting normal ATPase activity (consensus site, site 2, lower).
The other binding site (site 1, degenerate site) contains non-consensus sequences in the
Walker A and B motif on NBD1, and in the corresponding signature sequence (LSHGH) on
NBD2. The resulting binding site strongly binds ATP but exhibits limited ATPase activity. As a
result of the limited ATPase activity, evidence has indicated site 1 remains occupied by ATP
during the gating cycle, implying NBD dimer does not fully dissociate to release the hydrolyzed

products from site 2.4



As with other ABC proteins, the six transmembrane spanning helices of each MSD
combine to form the channel core. From the electron crystallography structure, the CFTR
channel core appears to adopt an “hour-glass like” shape with a large intracellular vestibule and
a small extracellular vestibule separated by a constriction closer to the extracellular end of the
channel.*”*® Evidence has shown that the anion selectivity of CFTR may be determined by the
size of the constriction in the pore of the channel.® The transmembrane spanning helices are
linked together by both intracellular loops (ICLs) and extracellular loops (ECLS). The ICLs each
contain long helical portions extending from the membrane joined by a small helical segment
(coupling helices). The coupling helices make crucial contacts with grooves on the NBDs (figure
1), which during the gating cycle of CFTR (and other ABC proteins), couple the NBD
dimerization to the changes in channel configuration.** Homology modelling and molecular
dynamics simulations suggest that the coupling helices act as a pivot point allowing twisting of
the helical extensions and the transmembrane spanning helices.**®® In particular, evidence has
shown that residue phenylalanine 508 is part of a crucial interaction between ICL4 and NBD1 in
this process.h?3343645-47.38.60 |5 ABC transporters, upon NBD dimerization the MSDs change
from an inward facing conformation with a high substrate affinity to an outward facing state with
low substrate affinity. For CFTR, the channel changes from a closed state with high substrate
affinity in the inner vestibule to an anion selective open channel conformation upon NBD
dimerization.* Evidence indicates that channel opening undergoes an “iris-like” mechanism with
twisting of the spanning helices. Recent experiments introducing mutations near the pore
restriction in certain ABC transporters can cause formation of a channel-like state permeable to

chloride ions.®*

The R domain is unique to CFTR and joins NBD1 to MSD2. Experimental data has
indicated that the R domain is phosphorylated on multiple serine residues by PKA with cyclic
adenosine monophosphate (cCAMP) which activates CFTR with increasing phosphorylation
events increasing channel activity.*® Evidence suggests that in the un-phosphorylated (apo)
state, the R domain adopts a loosely packed conformation residing between the NBDs.
Phosphorylation of the R domain causes it to compact and dissociate from the NBDs activating

the channel.}



1.2.4. CFTR/ABC Protein Gating mechanism

The classic gating cycle of ABC transporters is proposed to undergo an ATP switch
model®® (Figure 4) in which changes to MSD configuration is coupled to ATP binding/hydrolysis

events.

Step 4

Figure 4 Gating cycle of ABC transporters.

Note: Representation of the different conformations of an ATP transporter during active transport at a
cellular membrane. Portions overlaying the membrane represent the MSD region, with the blue semi-
circles representing the NBD domains, pink circle representing the substrate to be transported, green
ovals representing ATP, yellow ovals representing ADP and red circles representing inorganic phosphate
(Pi).

Adapted from “Servier Medical Art” by Servier under CC BY 3.0
(https://creativecommons.org/licenses/by/3.0/).

At the start of the cycle the MSDs are inward facing conformation and the NBDs in a
non-dimerized apo state.*”®® The cycle is initiated when two ATP molecules bind to the NBD
binding sites causing formation of the NBD dimer (it has been observed that some ABC
transporters hydrolyze ATP without transporting substrate, suggesting substrate binding is not
required to initiate the cycle). In the second step of the cycle, the conformational change from
NBD dimerization is translated to the MSDs, driving the change to an outward facing
conformation and release of substrate across the membrane. The third step of the cycle
involves the hydrolysis of the ATP molecules to ADP and Pi, causing destabilization of the NBD
dimer. In the final step the NBD dimer opens to release the inorganic products, causing the

MSDs to revert the inward facing closed state to begin another cycle.®®

The classical CFTR gating cycle (Figure 5) is similar to the ABC transporter cycle in that
channel opening events are strictly coupled directly to ATP binding/hydrolysis events.**® The
gating cycle is initiated with phosphorylation of the R domain, allowing binding of one ATP

molecule and formation of a partial NBD dimer. Upon binding of a second ATP molecule the
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NBD fully dimerizes causing opening of the channel. Subsequent to the hydrolysis of ATP at the
consensus site, the NBD dimer partially dissociates releasing ADP and Pi and causing the

channel to close, ready to begin another cycle.

Figure 5 Representation of the classical CFTR gating cycle.

Note: Representation of the different conformations of CFTR during a gating cycle where gating is strictly
coupled to ATP hydrolysis. Portions overlaying the membrane represent the MSD region where the gap
between the regions represents the open/closed states of the channel. The green semi-circles represent
the NBD domains as they progress through a non-dimerized state to a full heterodimer state bound to two
ATP molecules. Pink circle represent the substrate of the channel, blue ovals represent ATP, yellow ovals
representing ADP, orange hexagons representing phosphorylation events, and red circles representing
inorganic phosphate (Pi).C1 represents a closed channel not bound to ATP with the R domain not
phosphorylated; C2 represents a closed activated channel with the R domain phosphorylated and bound
to one ATP molecule. C2-ATP represents a closed state with two ATP molecules to the NBD domains. O
represents the open channel state where the NBD domains have formed the heterodimer bound to two
ATP molecules, causing the channel to open; O’ represents an open channel state where one of the ATP
molecules bound in the NBD hetero-dimer has been hydrolyzed to ADP and Pi. The O’—C2 transition
shows the partial cleavage of the NBD dimer with release of ADP and Pi and closing of the channel.
Adapted from “Servier Medical Art” by Servier under CC BY 3.0
(https://creativecommons.org/licenses/by/3.0/).

CFTR activity can be measured through a variety of means, including the use of patch
clamp assays, and more recently through the use of halide sensitive fluorescent dyes.®*
Through use of these assays in measuring the functional activity of various CFTR mutants,
insight can be gained into the gating mechanism of CFTR. Patch clamp assays measure
potential difference across a membrane, enabling the ability to measure the varying lengths and
intensities of CFTR channel opening events. While the classic gating model mostly accounted
for the normal gating events of wt.-CFTR, recent observations in studies of certain CFTR
mutants, as well as mechanism-of-action studies of new CFTR modulators, have led to a gating
model which takes into account observed channel opening events independent of ATP
hydrolysis (Figure 6).°* This model is designated as the energetic-coupling model which

postulates that the ATP binding and NBD dimerization events promote an energetically
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favourable pathway to channel opening, but that opening events can be decoupled from the
ATP binding/hydrolysis events.®® However, recent studies into gain-of-function mutations which
observed NBD dimerization in the absence of ATP binding at site 2, suggest that channel

opening may be strictly coupled NBD dimerization.®®
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Figure 6 Energetic coupling model of CFTR gating

Note: Representation of the different conformations of CFTR during a gating cycle where the transitions
between each conformation are regulated by rate constants and not strictly coupled to ATP hydrolysis.
Open states begin with an O designation an closed states begin with a C designation. Portions overlaying
the membrane represent the MSD region where the gap between the regions represents the open/closed
states of the channel. The green semi-circles represent the NBD domains as they progress through a
non-dimerized state to a full heterodimer state bound to two ATP molecules. Pink circle represent the
substrate of the channel, blue ovals represent ATP, yellow ovals representing ADP, orange hexagons
representing phosphorylation events, and red circles representing inorganic phosphate (Pi).

Adapted from “Servier Medical Art” by Servier under CC BY 3.0
(https://creativecommons.org/licenses/by/3.0/).
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1.2.5. Biosynthesis

The biosynthesis of wild-type CFTR is a highly regulated process involving several
control mechanisms in a variety of cellular compartments (Figure 7).'°"®® Starting with
transcription in the nucleus, the mRNA is translated predominantly in the endoplasmic reticulum
(ER) to give the nascent polypeptide. Protein maturation begins in the ER lipid bilayer and ER
lumen with a series of complex folding processes mediated by chaperone proteins. CFTR
folding proceeds in a modular fashion, beginning with MSD1; NBD1 is then synthesized and
stabilized by chaperone proteins until the synthesis of the R domain is complete. MSD2 is then
synthesized and inserted into the ER membrane where it forms the channel with MSD1, as well
as making contacts between the ICLs of MSD2 to NBD1 which stabilize the protein, leading to
dissociation of some of the chaperone proteins. Finally NBD2 is synthesized and interactions
with the rest of the protein lead to a more stable tertiary structure. This initial folding process is
surprisingly inefficient with misfolding occurring in over half of wild-type CFTR proteins.*”®° The
chaperone proteins monitor proper protein folding and coordinate with the quality control ER-
associated degradation process (ERAD) which tags misfolded CFTR with ubiquitin for
degradation in the ubiquitin proteasome system (UPS).

Following translation, CFTR is glycosylated with core N-linked glycosylation on the 4"
ECL (Figure 7 and Figure 2 for location of glycosylation on CFTR) before being transferred by
chaperone proteins to the Golgi apparatus via the cytoplasm. During transport to the Golgi
apparatus, quality control processes involving the coat protein complex Il assess proper cellular
CFTR protein folding."*

Ensuing trafficking to the Golgi body, CFTR undergoes final processing and
glycosylation from a mannose-enriched to a complex oligosaccharide side-chain. This complex
oligosaccharide side-chain is thought to increase the stability of the mature protein at the
plasma membrane. As well, the glycosylation state of CFTR is routinely used in Western blot
analyses (particularly as a tool for measuring rescue of mutant CFTR protein by small
molecules) to assess protein maturation with the lower molecular weight core N-glycosylated

state referred to as band B, while the heavier complex glycosylated state is referred to as band
C.70'71
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Following glycosylation in the Golgi body, mature CFTR is shuttled to the apical
membrane via clathrin-coated vesicles. Once at the apical membrane, wild-type CFTR
undergoes a high turnover rate (similar to other membrane proteins) with a half-life between 12-
24 hours. CFTR is internalized into endosomes where quality control processes assess protein
function. The CFTR protein is then either recycled back to the apical membrane or removed for

lysosomal degradation.®”

\\@%ﬁ% | Nucleus

Figure 7 CFTR biosynthetic pathway overview

Note: Representation of the biosynthetic pathway of CFTR beginning with transcription in the nucleus,
insertion into the ER during translation, where domain assembly and core-glycosylation occur, followed
by transportation to the Golgi body for complex glycosylation then final trafficking to the cell membrane.
Once at the cell membrane CFTR can be internalized into endosomes where it is either recycled to the
cell membrane or sent for lysosomal degradation.

Reprinted from The International Journal of Biochemistry & Cell Biology, (52), Pranke, I.; Sermet-
Gaudelus, |.; Biosynthesis of cystic fibrosis transmembrane conductance regulator, p. 13, Copyright 2014,
with permission from Elsevier. 2
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1.2.6. CFTR Mutations

To date, over 2000 CFTR genetic variants have been identified, of which approximately

375 \While the most common CF

242 variants have been characterized as disease causing.
causing mutation, AF508-CFTR, appears in at least one allele of 90% of all CF patients, only
approximately 20 other variants appear with a frequency above 0.1% worldwide.”® Aside from
AF508-CFTR, the next 4 most common mutations appear with a frequency between 1-3%
worldwide.”” The majority of CFTR mutations remain to be fully characterized and each
accounts for less than 0.01% of observed mutations worldwide; however, in some populations
certain less common mutations appear with significantly higher frequency. The characterized
mutations are grouped into 5 classes (Figure 8) depending on the nature of how each mutation
affects the activity or biosynthesis of CFTR.’®"®"°

Class | mutations result in the absence of translated CFTR protein due to nonsense
mutations, frame-shift mutations, and mRNA splicing defects. In particular, nonsense mutations
(designated as a mutations ending in X), can introduce pre-mature termination codons (PTCs)
resulting in a truncated mRNA and absence of CFTR protein translation.

Class Il mutations give rise to misfolding, trafficking, and maturation defects causing the
premature CFTR protein to be sent for proteosomal degradation. Class Il mutations are
exemplified by the most common CFTR variant AF508-CFTR. This mutation involves the
deletion of a phenylalanine residue from NBD1 (F508). The deletion of F508 increases the
energy required for proper folding as well as increasing the thermal instability of NBD1 which
disrupts the folding and assembly of the whole protein.* As well, deletion of AF508-CFTR
significantly alters the surface region that normally provides a stabilizing interaction at the
interface between NBD1 and the coupling helices of ICL4 (Figure 2) important for proper protein
folding and assembly.”” While AF508-CFTR is successfully translated in the ER, misfolding
prevents proper trafficking to the Golgi apparatus and leads to retention of the protein in the
ER.®" In AF508-CFTR expressing cell lines, incubation at 27 °C gives rise to fully glycosylated
protein which is properly trafficked to the cell surface; however, while “temperature-rescued”
AF508-CFTR protein displays diminished gating at the cell surface, (similar to a class Il
mutation) the protein is responsive to CFTR potentiators (such as the isoflavone genistein)
which restore chloride conductance. Therapeutics which rescue the expression of trafficking

mutations are generally referred to as correctors.
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Class Ill mutants, classified as gating mutants, consist of substitutions to residues in
either NBD which result in protein which exhibits defective channel function despite being
properly translated and trafficked to the cell membrane. The most prevalent class Ill mutation is
the G551D missense mutation found in at least one allele of ~3% of CF patients worldwide. The
G551D-CFTR mutation involves replacing a neutral glycine residue located at the NBD dimer
interface with a charged aspartic acid. Introduction of a negative charge at the dimer interface
hinders the NBD dimerization process upon binding of a second nucleotide molecule, which
renders the channel inactive. Although G551D-CFTR is clinically inactive, a limited burst-like
channel activity was observed in patch-clamp assays of G551D-CFTR. The observation of this
limited channel activity aided in the generation of the energetic-coupling gating mechanism
(Figure 6), which postulated that G551D-CFTR could proceed to a normally short lived open-
channel state 02, independent of NBD dimerization.®*® Patients with a G551D-CFTR mutation
were the first approved cohort for the CFTR therapeutic ivacaftor. As a therapeutic aimed at
restoring function to gating mutations, ivacaftor is referred to as a potentiator.

Class IV mutations result from mutations in the MSDs which leads to CFTR protein

properly expressed at the cell membrane but exhibiting reduced chloride conductance.

Class V mutants, the least common class, give rise to functional CFTR protein; however
at significantly reduced levels. In Class V mutations, either splicing defects lead to reduction in
transcription of CFTR protein, or high turnover of protein at the cell membrane leads to a

reduction of available CFTR protein.
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Figure 8 CFTR Mutation classifications and the mechanisms of CFTR modulators

Note: CFTR mutation classes |, Il, V (and formally Class VI, now part of class V) cause an absence or
reduced quantity of CFTR at the cell membrane. CFTR mutation classes Ill and IV affect the function of
CFTR at the cell membrane. Correctors aim to increase the amount of mutant CFTR at the cell
membrane, while potentiators restore function to mutant CFTR at the cell membrane.

Reprinted from Genome Medicine, (7), Brodlie, M.; Haq, |.; Roberts, K.; Elborn, J., p. 102, Copyright
2015, under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).%

1.3. Correcting CFTR

Despite the improvements in clinical outcomes through management of disease
symptoms, restoration of CFTR function is the most optimistic therapeutic strategy.®”’>"82-8
While this continues to be a challenge, clinical observations suggest that restoring 5-30% of
CFTR function compared to wild-type may be enough to exhibit a clinical therapeutic benefit.®?
Towards this goal many strategies have been employed, including various gene therapy
techniques and more recently small-molecule CFTR modulators targeting specific mutations
derived from high-throughput functional assays which assess rescue of CFTR activity

independent of mechanism-of-action. 788
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1.3.1. Gene therapy

Following the identification of the CFTR gene, a variety of gene therapy approaches
utilizing both viral and non-viral methods to deliver copies a of functional CFTR gene have been

attempted with limited success.'*%*

Despite the majority of past clinical trials involving gene therapy not meeting their

desired endpoints,®**

a recently completed phase llb clinical trial conducted by UK CF Gene
Therapy Consortium utilizing a non-viral CFTR gene/liposome complex delivery method was
able to show a statistically significant halting of the decline of FEV,% in treatment arm versus

placebo.®

As well, research into the utility of other gene editing technologies including Zinc-finger
nucleases and CRISPR/CAS9 have shown promise for delivering a functional CFTR gene.**
In particular, the use of CRISPR/CAS9 as a delivery method was successful in restoring CFTR

activity in primary intestinal stem cell organoids from patients homozygous for AF508-CFTR.%>%

1.3.2. Small-molecule CFTR Modulators

Recently efforts have been focused towards finding small-molecule CFTR modulators
which can restore protein activity. Due to the varying nature in the types of malfunctions arising

from the different CFTR mutations,®® multiple classes of CFTR modulators have been described

70,78,81,97,98 9

which affect protein trafficking and/or function including: potentiators, correctors,’

39,100 85 101,102

activators, read-through agents,” and proteostatics, and inhibitors.’®® Despite the
success of potentiators, correctors, and read-through agents in showing efficacy in clinical

application, many challenges remain in finding a cure or control for CF."®79104-110

In 2006,'*7* the Cystic Fibrosis Trust (US based CF advocacy group) partnered with
Vertex Pharmaceuticals to initiate a drug discovery effort to develop small-molecule modulators
which restored mutant CFTR activity,”® particularly for AF508-CFTR. Vertex developed two
high-throughput screening (HTS) assays using fibroblast NIH/3T3 cells expressing AF508-
CFTR;">™° the first measured the ability of compounds to rescue AF508-CFTR trafficking and
expression (correctors), while the other measured the ability of compounds to rescue AF508-

CFTR gating at the plasma membrane (potentiators).
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Both of the HTS assays determined CFTR gating by monitoring changes in chloride
conductance through measurement of fluorescence resonance energy transfer (FRET) between
a membrane-soluble voltage sensitive dye and a plasma membrane-localized fluorescent
coumarin-linked phospholipid. Stimulation of CFTR gating caused depolarization of the
membrane leading to a decrease in FRET and an increase in the fluorescence signal from the
coumarin linked phospholipid.**

In the AF508-CFTR corrector assay, compounds were screened for the ability to enable
synthesis and trafficking of function AF508-CFTR protein to the membrane by incubating cells
with compounds at 37 °C then measuring chloride conductance upon stimulation with genistein
(CFTR potentiator) and forskolin (activates CFTR by increasing the concentration of the PKA
substrate cAMP). By comparing the signal obtained from each compound relative to
temperature rescued AF508-CFTR controls, a measure of the amount of functional protein

rescued to the membrane could be established.’*115117:118

In order to discover potentiators, a similar HTS assay was developed which measured
the ability of compounds to increase conductance of temperature-rescued AF508-CFTR in
NIH/3T3 cells. Following temperature rescue of AF508-CFTR to the plasma membrane, the
cells were treated with test compounds and stimulated with forskolin to activate channel
gating.”®* Following identification of active hits in the HTS assays confirmation of the CFTR
modulating effects of the compounds were tested in a variety of functional assays. Significant
medicinal chemistry efforts from initial hits generated compounds which eventually showed
efficacy in clinical trials.”>"* Importantly, the assays used to develop CFTR modulating

compounds measured functional/trafficking rescue independent of any mechanistic data.

Read-through agents are being investigated for treating Class | mutations for their ability
to allow ribosomes to “read-through” PTCs in mRNA of mutant CFTR. These compounds act by
binding to the decoding site of rRNA interfering in the codon-anticodon binding process,
allowing the incorporation of an amino acid in place of a PTC and enabling translation to
continue®. The first examples of read-through agents were aminoglycosides such as
gentamicin. Unfortunately, these compounds exhibited toxicity issues at the concentrations

required to exhibit ribosomal read-through activity. The most important read-through agent is
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ataluren, a non-aminoglycoside currently being evaluated in a phase Il clinical trial in CF
patients with a nonsense mutation (NCT02139306).

1.3.3. Lumacaftor

CFTR correctors are compounds which aid in repairing the processing and maturation of
mutant CFTR. Correctors have been shown to act through enabling proper folding of the mutant
protein by direct interactions, or through modulation of the quality control mechanisms
assessing proper folding.®>%%1° | umacaftor (VX-809),"***® developed by Vertex
Pharmaceuticals, was the first CFTR corrector to obtain FDA approval. Lumacaftor (Figure 9-B)
was discovered following a medicinal chemistry effort on a hit from a HTS assays which
assessed the correction of trafficking, maturation, and eventual conductance of AF508-CFTR."
164K compounds were screened in the HTS Fret assay and hits were further tested using an
immunoblot assay which assessed the maturation of AF508-CFTR from the core-N glycosylated
to the complex glycosylated state (band B to band C).*** One hit from this assay, VRT-768
(Figure 9-A), increased the maturation of AF508-CFTR by 2.5 + 0.1 fold (ECsp 16 £ 6 uM; n = 4)
as well as also displaying potentiating activity, increasing chloride transport (ECso 7.9 £ 1.1 uM;
n = 4) in Fischer rat thyroid cells expressing AF508-CFTR. Utilizing the pharmacophore of the
central amide bond an extensive medicinal chemistry effort focused on independently varying
the amine and acid moieties eventually led to the discovery of the clinical candidate VX-809
(Figure 9-B) which would later be named lumacaftor.
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Figure 9 Structures of A) initial hit from HTS AF508-CFTR corrector assay VRT-768,
and B) eventual clinical candidate VX-809

As lumacaftor was also partially active as a potentiator in AF508-CFTR functional
assays, it was hoped that it could be administered as monotherapy in homozygous AF508-
CFTR patients. However, when administered as a monotherapy in clinical trials for patients
homozygous for AF508-CFTR, lumacaftor failed to display efficacy in improving FEV;%.
Previous studies had suggested that AF508-CFTR corrected by lumacaftor would be sensitive

104,120

to combination therapies with other CFTR modulators, particularly potentiators. This lead
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to clinical testing of lumacaftor co-administered with the potentiator ivacaftor as a combination
therapy. This combination therapy, later named Orkambi, gave a modest improvement in clinical
endpoints for patients homozygous for AF508-CFTR. In 2015, the combination therapy,

Orkambi, was approved for the treatment of patients homozygous for AF508-CFTR.**

While lumacaftor stabilizes the folding of AF508-CFTR in the ER, there is debate as to
the location of the binding site on AF508-CFTR.'# In silico screening experiments suggest that
lumacaftor docks in a pocket at the NBD1-ICL4 interface, providing a favourable interaction
normally absent due to the deletion of the Phe residue;'*® while competing evidence suggests
that lumacaftor helps stabilize the folding of MSD1.29*** Most recently the second-generation
corrector VX-661, based on the lumacaftor scaffold, is currently in a phase Il clinical trial as a
combination therapy with ivacaftor for patients both homozygous for AF508-CFTR, and
heterozygous AF508-CFTR with certain mutations (NCT02565914).

Potentiators in the context of CFTR are compounds which restore gating activity to
CFTR proteins at the cell membrane (typically Class Ill and IV mutants).”’** Although
potentiators and activators both increase the gating of CFTR, recent definitions place activators
as modulators which directly cause an increase in CFTR gating (usually by stimulating cAMP

126,127

production), whereas potentiators increase gating activity in response to CcAMP

signalling;***?" importantly some modulators display both activating and potentiating effects on
mutant CFTR. Many compounds have been found which potentiate CFTR either in vitro or in
animal models, including some natural products (e.g. capsaicin);*® however only one compound,

ivacaftor, has shown efficacy in clinical application.**®

1.3.4. Ivacaftor

Approved in 2012 by the FDA, the drug ivacaftor (1, Figure 1) was the result of a
medicinal chemistry effort improving on a hit from the high-throughput functional FRET screen
(p.18) which measured potentiation of temperature rescued AF508-CFTR in NIH/3T3 cells.”® As
potentiators act on CFTR present at the cell membrane, Vertex also tested their compounds
against gating (Class Ill) CFTR mutations such as G551D with the intent of finding a compound

which could act on multiple forms of mutant CFTR including those rescued by correctors.™
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The initial hit from the HTS assay la (Figure 10) was found to potentiate chloride efflux
with an ECso = 2.1 £ 1.4 yM (a 4-fold improvement compared to the standard genistein (ECso =
8.0 £ 2.0 uM)). The chloride efflux response to this initial hit was only observed following CFTR
activation with forskolin, indicating that this hit acted as a potentiator. In order to confirm
potentiating activity, the hit was tested in human bronchial epithelial (HBE) cells isolated from
CF patients who were either homozygous AF508-CFTR or heterozygous G551D/AF508-CFTR.
Compound 1a potentiated chloride conductance in both cell types with ECso values of 1.5 uM
and 12.2 uM respectively. This result indicated that the hit could be active against multiple
CFTR variants including Class Ill mutants. Based on these results, as well as the low molecular
weight (368 g-mol™) and cLogP of 2.9, this hit was chosen as the starting point to initiate a
medicinal chemistry effort. Initially, Vertex pursued variation to the 1a quinolinone moiety which
tested whether activity existed for both the keto and enol forms. While a naphthol derivative was
active, removal of the 4-oxo group, methylation of the quinolinone nitrogen, and truncation of the
fused ring all lead to reduced activity. Of the variations attempted in this series, the 4-oxo

quinolinone ring remained the most potent.

o,

Figure 10 Structure of the initial hit from HTS CFTR potentiator assay

Vertex next pursued many variations of the amine constituent, including primary,
secondary, aliphatic, aromatic, and heterocyclic amines. Out of the more than 70 compounds
tested the most potent compound incorporated an indolyl moiety 1b (Figure 11) which had an
ECso = 0.1 uM, a 20-fold increase in potency versus la. Compound 1b was then tested in a lead
profiling screen against important biological targets and was found to interact with a GABAA
benzodiazepine receptor, a ligand-gated chloride channel, with an ICsq = ~0.1 uM. Further
testing found showed that 1b had a cLogP of 1.6, but low solubility, and low oral bioavailability
in rats (11). As well as, 1b displayed a short intravenous (IV) half-life (ty» = 0.9 h) in dogs

primarily due to clearance (17 mL-min™-kg).

Other compounds from this series indicated that a phenyl ring with alkyl substituents

both ortho and para to the nitrogen were tolerated. Two of these analogues, 1d and le, in the
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NIH/3T3 cell assay showed a 5 to 10-fold increase in potency from compound 1la, each
obtaining an ECso = 0.2 yM. As well, the reduced version of 1b, indoline 1c also showed activity
with an ECgo = 0.4 uM.

Figure 11 Important intermediate during the development of ivacaftor varying amine
portion

From these results, Vertex pursued efforts to increase the solubility, bioavailability, and
potency, while decreasing GABA, activity by following two approaches. The first pursued adding
substituents to the 3 and 5 positions on the indole ring of compound 1b. Of note from this series
were structures 1f and 1g (Figure 12) which had 10-fold increases in potency to ECs, values of
0.009 uM and 0.011 uM respectively, showing tolerance for alkyl groups both small and bulky at
these positions.
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Figure 12 Important intermediate during the development of ivacaftor varying indole
ring
The second approach based on the results of the indoline 1¢ which indicated that a
hydrogen bond donating group meta to the aniline moiety with an alkyl group para could show
activity. This series focused on ring-opened anilines with various alkyl substituents. Although
few of the structures from this series showed any dramatic increase in potency, introduction of a

bulky t-butyl group as in compound 1h retained activity compared to compound 1b.
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H 1h

Figure 13 Important intermediate during the development of ivacaftor with ring alkyl
groups and an aniline moiety.

In order to explore the role of the aniline moiety from compound 1h (Figure 13),
substitutions which retained hydrogen bond donating character, as well as aniline bioisosteres
were prepared. Of significant note from this series was the replacement of the aniline from 1h
with a phenol as in compound 1i, giving a 40-fold increase in potency to an ECs, = 0.003 puM.
Phenol 1i (Figure 14) showed a potency of 5 nM in potentiating AF508-CFTR in HBE cells a
300-fold improvement from compound 1la.

H 1i

Figure 14 Important intermediate during the development of ivacaftor resulting from
exploring role of aniline.

Finally, following the observation of the effects of substituents at the 5-position on
compound 1g (Figure 12), the effects of alkyl substituents para to the phenol were tested,
ranging from hydrogen to a t-butyl group. While none of those tested showed an increase in
potency, they all were active. However, introduction of a t-butyl group to give compound 1
(Figure 1) lead to an improved pharmacokinetic profile in rats with a low clearance (CL = 5.5
mL-min*-kg™) and long half-life (ty, = 9.5 h). Further profiling of compound 1 indicated an
improved solubility, as well as no significant activity against GABA, CYP4so, or inhibition of the
cardiac potassium channel hERG. Potentiating activity was confirmed in human bronchial
epithelial cells (HBE) from CF patients heterozygous for the G551D CFTR mutation and showed
an increase in chloride secretion with an ECsy of 0.0236 puM, as well as a maximum chloride

secretion approximately 50% compared to HBE cells from healthy individuals**.

Compound 1 (designated ivacaftor) was selected for clinical evaluation, and in a phase

128,129

Il clinical trial of patients heterozygous for the G551D-CFTR mutation , showed an overall

10.6% increase in FEV,%, mean weight gain of 3.1 kg, as well as a 55% decrease in the rate of
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pulmonary exacerbations, and a mean decrease in sweat chloride concentration*** to 47.8
mmol/L, well below the diagnostic threshold of 60 mmol/L. In the study, ivacaftor showed few
severe side effects, however, elevated hepatic enzyme levels lead to the discontinuation in one
study subject. As well, ivacaftor was found to have good oral bioavailability, which was
augmented when administered with a fat containing meal (20 g of fat). Peak plasma levels for
ivacaftor were reached within 4 hours, and displayed a half-life t;;, = 12 hours. It was found that
the majority of ivacaftor in the blood was bound (>97%) to the plasma proteins albumin and a;-
acid glycoprotein. The metabolism of ivacaftor is primarily mediated by CYP3A and the
metabolites are cleared via feces. **#'#

As part of ivacaftor's development it was also tested against other gating mutation
constructs, and after receiving approval for the use in patients with a G551D mutation, ivacaftor
received approval in 2014 for expanded use in treating 8 other gating mutations. Having shown
that ivacaftor can potentiate corrected AF508-CFTR in vivo; ivacaftor was tested as a
combination therapy with lumacaftor. A phase lll clinical trial exploring the use of ivacaftor as
part of a combination treatment with a AF508-CFTR corrector (lumacaftor) showed positive

results in treating homozygous AF508-CFTR patients,**

a group which constitutes
approximately 70% of Canadian CF patients. Unfortunately, initial results of clinical studies in
heterozygous AF508-CFTR were less promising and imply better therapies are needed for this

cohort of patients.**®

As these compounds were discovered using functional screens, there was no immediate
evidence as to their exact molecular mechanism or binding sites on CFTR. Although
determination of the binding site of ivacaftor was not critical for approval by the FDA, knowledge
of the binding site location could help in the basic understanding of the disease as well as aid in
the design of second-generation CFTR potentiators. Recent work suggests that ivacaftor acts
directly with CFTR and potentiates gating activity by stabilizing a normally short lived open-
channel state,®*®" however, the exact mechanism remains unknown. Despite ivacaftor’s’ initial
clinical success as a co-therapy with lumacaftor for homozygous AF508-CFTR patients, recent

studies have shown that in cells,0"110:134

chronic exposure to ivacaftor decreased the thermal
stability of chemically rescued AF508-del CFTR, increasing the rate at which the protein is
removed from the membrane. These results underscore the importance of determining the

mechanism of action and the binding site (or sites) of ivacaftor on CFTR.
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Currently, many groups are actively researching the mechanism of action of ivacaftor,
particularly how ivacaftor affects the gating cycle of mutant CFTR. A study has shown that
ivacaftor interacts directly with, and potentiates, both purified G551D- and AF508-CFTR
constructs.® This study also showed ivacaftor did not alter the dose response for ATP-mediated
halide flux over a range of ATP concentrations when wild-type-CFTR (wt.-CFTR) was pretreated
with ivacaftor; this suggests ivacaftor does not compete for binding at the canonical ATP binding
site.®* Other evidence indicates that the binding site of ivacaftor is potentially located in the MSD
of CFTR.%3%267.135136 imnortantly, the development of ivacaftor focused on the G551D-CFTR
mutation which lacks ATP hydrolysis activity in the canonical binding site. The G551D mutation
contains mutations which preclude the formation of the NBD dimer, presumably due to the
introduction of a charged Asp residue at the dimer interface. Studies have shown that while
G551D can bind a second molecule of ATP, this has no impact on the gating activity of the
channel. Importantly, the potentiating activity of ivacaftor is not affected by varying
concentrations of ATP, implying that ivacaftor interacts with the MSDs.®® The observation that
ivacaftor promotes opening of the channel in a manner independent of NBD dimerization helped
lead to the development of the energetic-coupling gating mechanism (Figure 6).°>®" This gating
model proposes that ivacaftor can shift the equilibrium of the C2 < O2 transition, increasing the
P, in an ATP independent manner,®%6%67.135136

Despite the advancements in understanding the effects on the gating of CFTR through
mechanistic studies, determination of the binding sites(s) on CFTR will play an important part in
understanding how potentiators function, and how to develop more efficacious ones in the

future.

1.4. Binding site determination

Determination of the binding site of a drug/natural product on its target protein is critical
to understanding its mechanism of action, as well as in the development of molecular probes

and second generation therapeutics.”*”** Many techniques have been developed to enable

139-141

binding site identification, including hydrogen/deuterium exchange, in silico docking

142,143 137,144-148

experiments,** NMR spectroscopy, and photo-affinity labelling.
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While solution NMR spectroscopy is a powerful tool for elucidating protein-small

molecule interactions, it is still generally utilized in the analysis of smaller proteins.'*?

Hydrogen/deuterium exchange mass spectrometry (HX MS), (as well as HX NMR
spectrometry) utilizes the rate of exchange based on solvent accessibility of peptide backbone
hydrogen atoms with deuterium atoms. HX MS has been successfully utilized to measure
protein folding/dynamics, protein-protein interactions, as well as small-molecule-protein
interactions.*****! Recently, HX MS was successfully applied to model the conformations of a

bacterial multi-drug ABC transporter,™*°

implying the potential to utilize HX MS to evaluate
CFTR. However, transmembrane proteins remain a challenging task for HX MS due to the
difficulty of digesting the large hydrophobic membrane spanning regions and removal of the lipid
components.**

In silico docking experiments generally require high resolution crystal structures, or
homology models with >50% sequence homology to similar proteins with crystal structures.
Although modelling structures with >30% sequence homology can still inform on the
“druggability” of a protein, lower (<30% sequence homology) homology models become
138

speculative.
which interact with NBDs,>® the low sequence homology of the MSDs of CFTR to other ABC

While in silico modelling has proven successful in generating CFTR correctors

transporters hinder the utility of this strategy for whole protein CFTR, especially with the
assumption that the binding site for ivacaftor is located on the MSDs.*°

1.4.1. Photo-affinity labelling

Photo-affinity labelling (PAL) is a common technique used in medicinal chemistry and
drug design to determine the interactions between small molecules and their target
proteins.’*"**® PAL probes incorporate photo-reactive chemical groups into the small molecule
of interest, which upon activation bind the probe irreversibly to the residues lining the binding
pocket of the target protein. Another component commonly incorporated into a PAL probe is a
reporter tag containing an identification or purification handle; such as an alkyne enabling cross-

linking to biotin via “click-chemistry”, or a dansyl group to enable FRET analysis.

When designing a PAL probe, it is important to identify a site on the parent compound

which can tolerate a diverse range of substituents and does not disrupt the binding and activity.
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While this typically means that PAL probes require optimization with a variety of analogues and
photo-reactive groups, this can be made easier if a structure activity relationship (SAR) from a

set of analogues of the parent compound is already known.**’

In choosing a photo-reactive group to incorporate into the PAL probe, several traits
require consideration.”*”**’ Firstly, the photo-reactive group should have structural similarity to
the substituents of the parent small-molecule. The activation wavelength of the photo-reactive
group should not also damage biological molecules, and the probe should be stable to a range
of pH’s and reaction conditions. As well, the half-life of the generated reactive species should be
shorter than the dissociation rate of the ligand/protein complex. The most commonly used

137

photo-reactive groups for PAL are benzoquinones, azides, and diazirines (Figure 15),”" which

upon photo-activation produce a diradical, a nitrene and a carbene respectively.

Benzophenone ‘)J\‘ 350-360 nm__ “ Diradical

Phenylazide 250-350 nm__ Nitrene

Trifluoromethylphenyldiazirine 350-380 nm Carbene

Figure 15 Common classes of photo reactive groups used in PAL and the reactive
species they produce

Benzophenones are commonly utilized in PAL probes as they are activated by a long
wavelength, are easy to prepare, and are stable in many solvents. Despite these advantages,
benzophenones are large substituents and often require long irradiation periods; both of these

factors if not accounted for can lead to increased nonspecific labelling.

Phenylazides are advantageous in that they are easy to synthesize and many are
commercially available. However, phenylazides have several disadvantages in that they require
shorter wavelength light which can damage biological molecules. As well, the reactive nitrene
intermediate produced is less reactive than carbenes, can rearrange to form benzazirines and

other side products, and can also be reduced to amines by thiols under alkaline conditions. As
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well, nitrenes generated from azides are known to undergo undesired intramolecular

cyclizations with ortho substituents.**"**

1.4.2. Diazirines

Phenyldiazirines, particularly trifluoromethylphenyldiazirines, have come to be the most

137,145-

commonly used photoreactive group in PAL probes. 148,151 Trifluoromethylphenyldiazirines

have many desirable traits; they are a relatively small and lipophilic functional group, they are

stable to a variety of reagents (i.e. nitrating and iodinating reagents),*>*?

temperatures,
nucleophiles, acidic and basic conditions, as well as oxidizing and reducing agents. As well, the
long wavelength required to produce the reactive carbene species reduces the potential
damage to biological molecules. Upon irradiation, pyrolysis or ultrasonification,™’
phenyldiazirines produce a singlet carbene. One drawback to the phenyldiazirine is that up to
~30% can convert to a diazo species which can participate in dark reactions which is not
favoured in photolabelling experiments; however, this species will itself slowly convert to a
singlet carbine. The use of the trifluoromethylphenyldiazrine analogue promotes and stabilizes
the formation of a singlet carbene reducing the rate of intramolecular rearrangements.**"**! The
carbene species generated from photolysis of a diazirine is well suited to photo-labelling as it is
very reactive with a short half-life compared to the off-rate of most ligand-protein complexes,
and readily inserts into the N-H, O-H and C-H bonds of peptide residues and backbones (Figure
16). Indeed, this reactivity be can utilized to characterize diazirines by performing photolysis in

151

an alcohol solution (e.g. methanol or phenol),™" to produce an ether photo-adduct. As carbenes

readily react with water to produce an alcohol, the chance of nonspecific binding in cell-based

experiments is minimized.**
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While many synthetic routes to generate a diazirine have been developed,***** the first

Figure 16 Photolytic products of a diazirine

and most commonly utilized route to synthesize the diazirine moiety proceeds from a
trifluoromethylketone.** The trifluoromethylketone is converted to an oxime upon reaction with
hydroxylamine hydrochloride, then tosylated using tosyl chloride in a pyridine/methanol mixture
to give a tosyl-oxime. The tosyl-oxime is then converted to a diaziridine upon reaction with liquid
ammonia, then finally to a diazirine via a variety of oxidants (i.e. Swern, Dess-Martin, MnO,,
Ag,0O) (Figure 17). The trifluoromethylketone can be installed on the aromatic ring via a
synthetic handle, such as a halide, through a variety of methods including direct reaction of an
aryl anion formed via lithium-halogen exchange chemistry,"* Friedel-Crafts reactions, Fries

rearrangements,*® Stille couplings,™® and magnesium-halogen exchange reactions.

Os_CF3 N\

A _ HONHsCI CFs TsCL Y CF3 NH; () HN
2:1 pyr/MeOH oy
heat

~SOzH
0 3

5

H
O+ CF, N« _CF3 HN,N CFs N,[“ CFs
B H,NOSO5H NH3 () _fol

Figure 17 Common synthetic routes to obtaining diazirines from
trifluoromethylketones
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1.5. Diazirine containing ivacaftor PAL probe

After generating or using an established structure-activity-relationship (SAR) of the
ivacaftor scaffold, putative sites can be identified for photo-label installation. Recently, our
collaborators at the University of Toronto and Ryerson University used a similar approach to
generate an azide containing PAL of the CFTR potentiator VX-532 following generation of a
SAR for that compound.*®” Similarly, it can be hypothesized that a PAL based on an ivacaftor
analogue containing a diazirine functional group (Figure 19) could be used to elucidate the
binding site on mutant CFTR. Binding studies could be performed with purified mutant-CFTR, as
well as studies in whole-cell constructs overexpressing AF508-CFTR to elucidate any

secondary binding interactions for ivacaftor.

CFTR
CF3
355 nm hv
- analogue
Reporter \ Reporter
ta
g N

Figure 18 Schematic of a PAL ivacaftor probe binding to residues lining the binding
site on CFTR.

Upon successful labelling of mutant CFTR with the ivacaftor PAL probe, limited
proteolysis of the protein-label complex into the constituent domains will allow mass
spectrometry studies to identify the domain to which ivacaftor is bound. Further proteolysis
studies would identify the exact residue(s) that is labeled and then homology modelling can then
be used to characterize the structural features of the putative binding site on CFTR (Figure
19).%0124.158-162 Aq \well, if successful, future probes containing a synthetic handle to allow for
purification may be used to confirm that similar labelling takes place in cells and a second
affinity element can be incorporated into the probe to allow crosslinking to closely associated

proteins that may be complexed with the target (i.e., CFTR) in the cell.**’
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Figure 19 Schematic representing the process used to identify site of labelling by
PAL probe on CFTR.

Schematic demonstrates the process by which one could analyze a photolabeled CFTR protein. While
the schematic shows the photolabel attached to MSD1, this is just for illustrative purposes and is not
meant to imply that the binding site is located on this domain. Following labelling of the CFTR protein with
a PAL ivacaftor probe, the CFTR protein can be isolated and partially digested into its constituent
domains. Through use of a reporter tag, the labelled domain can be isolated and further digested into
peptide fragments. Then through use of mass spectrometry and computer modelling, the binding site can
be identified and modelled.
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Chapter 2.
Design and Retrosynthesis of PAL Ivacaftor Probe

Along with our collaborators (Dr. Christine E. Bear, University of Toronto; Dr. Russel
Viirre, Ryerson University) a set of ivacaftor analogues were synthesized and tested in an
adapted fluorescence assay measuring potentiation of AF508-CFTR (unpublished data).** The
results from this assay showed that removal of either t-butyl group from the ivacaftor scaffold
could be tolerated with retention of potentiating activity while at least one was critical for potent
activity. These results indicated that substitution of either t-butyl group with a photo-labelling

motif could be possible, leading to the design of the diazirine targets 2, 3 (Figure 20).

OH OH N=N
(0] O O O CF3 (6] (0]
Figure 20 Ivacaftor and the target PAL diazirine analogues

|70

After initiating a synthesis program towards these analogues, Hadida et al.™ published
the paper on the medicinal chemistry program which produced ivacaftor (81.3.4). In this paper, it
was found that while the phenol was critical for activity, alkyl substituents of varying size were
tolerated at the positions both ortho and para to the phenol. While their results indicated that the
t-butyl group ortho to the phenol increased potency, potentially making favourable contacts with
residues in the binding site, there remained potential for substitution at this position. While a
compound with a t-butyl group para to the phenol but lacking the t-butyl group ortho to the
phenol was not reported, these combined results supported our original hypothesis that
replacing either t-butyl group with a PAL motif could be tolerated without significantly altering the

binding/activity of the compound.
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2.1. Retrosynthetic analysis of desired PAL ivacaftor probes

Retrosynthetic analyses were performed for the two regio-isomers containing diazirines
(2, 3). For both compounds 2 and 3, there are two important retrosynthetic steps (Figure 21): a
functional-group interconversion from the diazirine to a synthetic handle allowing
trifluoromethylketone installation on the phenol “right-hand side” (RHS) ring, and an amide

disconnection to the 4-oxo-quinolne “left-hand side” (LHS) ring.

(0] (0]
R ,
/N
| “H
N
H
disconnection F.G.I
OH

OH N=N
o o o o X
R CF4
[ OH« 7N
HoN H
N N
H H
4
XG.I disconnection/
o o OH
R X
[ OH
HoN
N 2
H

Figure 21 Retrosynthetic disconnection options

OH N=N

< CFy

From a medicinal chemistry perspective, performing the amide bond formation after
installing the diazirine (compound 4), would allow for late-stage elaboration to LHS analogues
containing various synthetic, purification, or analysis handles such as: acetylenes for “click-
chem”, dansyl groups for FRET, or iodine to allow for installation of a tritium radio-label.
However, this route requires use of protecting groups during the diazirine synthesis to mask the
aniline functionality, which adds synthetic steps and possible complications in removal of the

protecting groups.

Performing the amide bond formation prior to the diazirine synthesis would be a more
linear synthetic approach; however, this would mean that for any LHS analogues, elaboration

would happen at an early stage requiring synthetic optimization for each LHS-RHS analogue
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combination. As such, initial synthetic efforts were focused on installing the diazirine prior to

forming the amide bond.

Regardless of which synthetic approach is taken, for both compounds 2 and 3, both
retro-synthetic options lead back to a RHS aniline-phenol intermediate featuring a synthetic
handle allowing installation of the trifluoromethylketone (81.4.2), as well as the commercially
available LHS 4-oxo-1,4-dihydroquinoline-3-carboxylic acid (5).

In considering the retrosynthesis of the aniline-diazirine-phenol 4 and the corresponding
intermediate (compound 8) for the synthesis of compound 3, possible options involved installing
the trifluoromethylketone required for the diazirine (compounds 6 and 9) via lithium-halogen
exchange reactions from a halide or Friedel-Crafts type reactions. In searching the literature,
compounds 7 and 10 were identified as potential intermediates that would afford the
trifluoromethylketones 6 and 9. The syntheses for 7 and 10 were adapted from the Vertex

patent literature (Figure 23).1%%1%4

OH N=N OH N=N OH O OH

B
0o o CF4 o 0 CF, CF, '
= =
N
N 2 H 5 4 6 7

Vertex
OH OH
— /©)<
HoN 10

intermediate
Vertex

(0] intermediate

Figure 22 Retrosynthetic analyses for the aniline-diazirine-phenols 4 and 8 to be used
in the synthesis of the PAL ivacaftor probes.

2.2. Adapted Vertex Chemistry

The RHS intermediate 7 required for the synthesis of 2 was prepared from commercially
available phenol 11, the synthesis of which was adapted from a Vertex Patent.'®® Namely,
(Figure 23) bromination of 4-tert-butyl phenol 11 afforded bromo-phenol 12 in quantitative yield.

Phenol 12 was then protected as a carbonate to give compound 13, which during the
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subsequent nitration produced a 9:1 mixture of the desired regioisomer nitro 14 and the
corresponding 6-nitro isomer.'®*** The mixture was subsequently treated with potassium
hydroxide in methanol to remove the carbonate groups, and the nitro-phenol regioisomers were
then separated via silica chromatography to provide crystalline solid bromo-nitro-phenol 7 in

~60% yield over 4 steps.

o™ o™
OH OH o o)\o o)\o OH

Br, Br /\OJLCI Br KNOs, H,S0, Br KOH Br

g g o MeOH

oM DIPEA 0°C>t g ON
THF, 0°C 570
9 -~ ~

11>99% 1 ~9%% 1 70% 14 b 7

Figure 23 Synthesis of 2-bromo-4-(tert-butyl)-5-nitrophenol.

Compound 10 was prepared based on a procedure adapted from a Vertex Patent
(Figure 24).*** Aniline 15 was nitrated in a mixture of H,SO, and solid KNOj; to produce aniline-
nitro 17 in 72% yield. The amino group of compound 16 was diazotized and subsequently
hydrolyzed to produce phenol 17 in 66% yield as red/brown crystals. The nitro group of

compound 17 was hydrogenated to produce aniline-phenol 10 in 84% vyield as white crystalline

OH
__KNO3 __NaNO, 10% Pd/C, H,
90% H,S0, sto4 sto4 HQO EtOH
H,N

72% 16 52% 17 84% 10

solid.

Figure 24 Synthesis of 5-amino-2-(tert-butyl)phenol.
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Chapter 3.

Synthesis of 5-amino-4-(tert-butyl)-2-(3-(trifluoromethyl)-
3H-diazirin-3-yl)phenol (4)

Having identified intermediate 4 as a desired intermediate in the synthesis of 2, initial
efforts focused on utilizing compound 7 as a starting point. In order to mask the phenol and
aniline moieties of compound 4 during the installation of the diazirine, various protecting groups
were utilized. The following chapter will discuss some of the various routes which were

attempted, as well as the ultimately successful synthesis of the aniline-phenol-diazirine 4.

3.1. Synthesis of the diazirine with the use of benzyl protecting
groups on the aniline and phenol moieties

The first synthetic route attempted towards compound 4 began with protecting the
phenol of compound 7 with a benzyl group to give compound 18. As aryl-nitro groups are known

to react with organolithium reagents,*®®

conditions were established to selectively reduce the
nitro group of compound 18 over the aryl-bromide bond with iron and ammonium chloride to
give aniline 19, which was then protected with benzyl groups to give compound 20. The tri-
benzylated species (Figure 25) was devised with the intent that following installation of the
diazirine (giving compound 25), it would be possible to selectively hydrogenate the benzyl
protecting groups to afford the globally deprotected intermediate 4.'*" Lithium-halogen exchange
of bromide 20 with n-BuLi at -78°C in THF followed by reaction with ethyl trifluoroacetate gave
trifluoromethylketone 21. Following methods similar to those described previously (81.3.4),
diazirine 25 was successfully prepared. While this route afforded the protected diazirine 25, the

global deprotection to give 4 was ultimately unsuccessful.
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Figure 25 Installaion of the diaziring using benzyl protecting groups on the aniline

and phenol moieties

While 4 was not observed by mass-spectrometry following hydrogenolysis, a species
was isolated which had a mass consistent with decomposition of the diazirine as well as loss of
the three benzyl groups. Although a variety of reduction conditions were attempted, conditions
were not found which gave evidence of the desired compound 4. Orthogonal approaches which
aimed to remove the O- and N-benzyl groups were also attempted including, utilizing BBr; to
remove the O-Bn protection; however, removal of the N-Bn, protecting groups was not

successful.

3.2. Nitrating aromatic ring after diazirine installation

As an alternative to carrying a protected nitrogen species through the diazirine

|.168169 suggested it could be possible to

synthesis, the work by Brunner,**® and Hatanaka et a
nitrate following the diazirine installation. It was hoped that the ethyl-carbonate group could be
used in a similar manner as before to aid in directing the ultimate nitration to the position meta
to the oxygen in the presence of the diazirine. However, as carbonate groups are base-labile

and the diazirine synthesis involves multiple steps in basic conditions, the carbonate group
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would have to be installed after synthesizing the diazirine and a base stable phenol protecting
group would be required. In place of the O-Bn protecting group, the readily acid-labile

ethoxymethyl ether (EOM, a MOM analogue) phenol protecting group was chosen.

After protection of phenol 12 with chloro-methyl ethyl ether to give compound 26, lithium-
halogen exchange with n-BuLi followed by quenching with ethyl trifluoroacetate gave
trifluoromethylketone 27. Diazirine 31 was synthesized in four steps from compound 27
following established methodology; proceeding through oxime 28, to the mesyl-oxime 29,
followed by rearrangement to diaziridine 30, and oxidization using a Swern reaction to give
diazirine 31. The EOM group of compound 31 was successfully removed using TFA in DCM to
give phenol 32 which was protected using ethyl chloroformate to give carbonate 33. However,
unlike in the previous nitration reactions, conditions could not be established which directed the
nitration to the position meta to the oxygen.***>**2 The loss of selectivity for directing the nitration
may be because the o,p-directing character of bromide is stronger than that of the diazirine. A
similar report in the literature using a phenyl-carbonate to direct the nitration to the meta position
lost selectivity with the removal of a halide ortho to the oxygen, suggesting that the carbonate
aids in directing the nitration by tuning the directing capability of the oxygen, and allowing the

o,p-directing character of the halide to play a dominant role in the selectivity.'®®
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Figure 26 Synthesis of the diazirine prior to the installation of the aniline moiety

3.3. Installation of diazirine with acid-labile protecting groups on
the aniline and phenol moieties

As efforts to install the nitrogen functionality onto the ring after installation of the diazirine
were unsuccessful, synthetic routes to install the diazirine were again attempted with the
nitrogen functionality on the ring already in place. Having found that the O-EOM protecting
group was readily removed with acid in the previous series (compound 31 to 32), two synthetic
routes were devised which utilized acid-labile aniline protecting groups in order to enable a 1-
step global deprotection (following installation of the diazirine group) to give compound 4. It was
hoped that following global deprotection compound 4 could be used in amide coupling reactions
to give easy access to compound 2 as well as any other desired LHS analogues. Two aniline
protecting groups, (which are both base-stable and acid-labile) that could be used are the
pivaloyl (Piv) and t-butyl carbonyl (Boc) groups. Syntheses were performed for both N-Boc
(Figure 27) and N-Piv (Figure 28) RHS analogues.

The synthesis using the N-Boc protecting group began with protection of phenol 7 with

chloromethylethyl ether to give compound 35. Reduction of the nitro group on compound 35

40



with iron and ammonium chloride gave aniline 36. Protection of aniline 36 was performed
successfully with di-tert-butyl dicarbonate (Boc,0O) in THF to give compound 37. To perform the
lithium-halogen exchange of the bromide of compound 37 to give the trifluoromethylketone 38,
methyl lithium (MeLi), was added to deprotonate the carbamate; followed by addition of n-BulLi,
and reaction with ethyl trifluoroacetate. Trifluoromethylketone 38 was reacted with
hydroxylamine hydrochloride in a 2:1 pyridine/methanol mixture to give a mixture of isomers of
oxime 39. Tosylation (or mesylation, not shown) of 39 with tosyl chloride (or mesyl chloride)
gave tosyl-oxime 40. While the reaction of tosyl-oxime 40 (or the mesyl-oxime equivalent) with
liquid ammonia successfully gave diaziridine 42, a significant amount of material was converted
to a byproduct which was later identified as amidine 41 (discussed later). While compounds 41
and 42 had similar retention times on silica chromatography, it was possible to obtain partial
separation of the two compounds by recrystallization (amidine 41 crystallized slightly before
diaziridine 42 from a DCM/Hexanes mixture), as well good separation on a small scale by high-
pressure liquid chromatography (HPLC). While this process was useful for characterization, it
was noted that the (at this point unidentified) amidine 41 was not affected by the oxidation
conditions which successfully converted diaziridine 42 to diazirine 43. Using this observation,
when subsequent repeats of the synthesis were performed on larger scales, the oxidation to
give diazirine 43 was performed on the mixture of compounds 41 and 42. This enabled
separation and isolation of the less polar diazirine 43 from amidine 41 via silica

chromatography.
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Figure 27 Synthetic scheme for diazirine installation utilizing an N-Boc protecting
group.

Prior to and concurrent with the synthesis of compound 43, a similar synthesis was
performed utilizing an N-Piv protecting group (Figure 28). Reaction of aniline 39 with pivaloyl
chloride (PivCl) in dichloromethane (DCM) in a microwave reactor gave compound 44. Similar
to the N-Boc metalation (Figure 27), in order to perform the lithium-halogen exchange on
compound 44, methyl lithium (MeLi), was added to deprotonate the pivalyl group; followed by
addition of n-BuLi, and reaction with ethyl trifluoroacetate to provide compound 45. The
synthesis of diaziridine 49 proceeded in a similar manner as that of diaziridine 42 with significant
conversion of mesyl-oxime 47 to byproduct amidine 48 and a lesser amount of compound 49.
The timeline for this synthesis arrived at diaziridine 49 around a similar time as for the N-Boc
diazirine 43 and while evidence of the conversion of diaziridine 49 to diazirine 50 was observed
by mass spectrometry in test reactions, this species was not isolated and the N-Piv route was

halted while exploring the results of the N-Boc synthetic route (Figure 27).
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Figure 28 Synthetic scheme for diazirine installation utilizing an N-Piv protecting
group.

3.3.1. Identification of the amidine byproduct obtained during diaziridine
synthesis

During the synthesis of both compounds 42 and 49 a byproduct was observed with
identical mass to their diaziridine counterparts but containing a broad 2H singlet in the *H NMR
instead of the characteristic pair of 1H doublets expected for the diaziridine. Ultimately species
41 was confirmed to be an amidine through x-ray crystallography (Figure 29). These amidine
byproducts were most likely the result of a Beckmann rearrangement, and were observed for
both tosyl- and mesyl-oxime versions of compounds 39 and 47. Although trifluoroacetamidines

have previously been prepared in the past by reaction of nitriles and amines*"*"*

, the work
presented here is the first report in the literature of a trifluoromethylamidine produced via a
trifluoromethyl tosyl-oxime. As well, placing the double bond in conjugation with the phenyl ring
is supported by data from the single crystal x-ray diffraction of 41 (Figure 29-B), which indicated

that the bond between N1-C11 was shorter than the bond between N3-C11 (Table 1).
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Figure 29 Crystal structure of compound 41. A) View describing connectivity B)
Confirming tautomeric form of amidine in the crystal structure, bond
distances listed in Table 1

Table 1. Bond distances of residues in the amidine moeity

Bond Distance /A

N1-C11 1.270(3)

N3 - C11 1.327(3

(3)
C11-C12 | 1.519(4)
N1-C2 1.426(3)

While Beckmann rearrangements are classically performed at high temperatures in

[ 173

harsh conditions,'’* a report by Takuwa et al.'”® showed that an oxime following subsequent

treatment with trifluoromethanesulfonic anhydride and ammonia at low temperature can

undergo Beckmann rearrangement to an amidine. Takuwa et a.l'”®

propose a mechanism
similar to that shown in Figure 30-A, in which a tosyl oxime undergoes a [1,2]-shift to form the
imino-carbocation 51 which is subsequently attacked by ammonia to give the amidine; however,
in the case of the trifluoromethyltoxyl-oximes 40 and 47 one would expect the alpha
trifluoromethyl group would supress this reaction. An alternative mechanism (Figure 30-B) could
involve a concerted rearrangement involving the formation of a three membered ring (structure

52) followed by attack of ammonia to finish the rearrangement.*”
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Figure 30 Proposed mechanisms for Beckmann rearrangement to amidine 41.

Presumably, as the Beckmann rearrangement was not observed in the conversion of the
previous trifluoromethyl mesyl-oximes 25 and 32, the para-NH may play a role in favouring this
transformation, through electron donation into the aromatic ring. Interestingly, conversion to the
amidine from the tosyl —oximes (or mesyl-oximes) was greater for the N-Boc analogue versus
the N-Piv analogue, and both formed an amidine species in a greater ratio than for the 4-
oxoquinoline analogue 65 (Figure 37, p.51). These observations suggest that the electronics of
the para-nitrogen may play a role in enabling this transformation. Although circumstantial, this
may explain the scarcity of published examples of diaziridines with a protic-para-nitrogen. In a
series of phenyltrifluoromethyltosyl oximes featuring hydrazine groups, conversion to a
diaziridine for a parahydrazine analogue gave a 7% vyield compared to 77% for the meta-
hydrazine analogue (Figure 31),'” though the authors make note of the discrepancy in yields

they do not ascribe a cause.
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Figure 31 Literature yields for trifluoromethylphenyldiaziridines with a hydrazine in
para and meta positions.'”

3.3.2. Deprotection of diazirine 43 and attempted amide bond formation
with compound 5

In order to confirm that the diazirine exhibited photolytic reactivity, a solution of diazirine
43 in methanol was exposed to UV light to generate the methanol photo-adduct 53 (Figure 32).

This species was confirmed by mass spectrometry and NMR spectroscopy.

070 N=N ~“0"0 {4 o—
0 CF3  MeOH o CFs3
Lol W A
43 98% yield 53
Figure 32 Photolysis of compound 43 in methanol

The deprotection of the diazirine 43 with methanolic hydrogen chloride was successful in
giving the desired intermediate aniline 4; however this intermediate proved too unstable to
survive the subsequent amide bond formation with 4-oxo-1,4-dihydroquinoline-3-carboxylic acid
(5). Indeed, this compound had degraded ~30% by *H and *F NMR within 10 minutes in an
amber NMR tube and interior lighting turned off, giving what appeared to be the deuterated
methanol photo-adduct by LC-MS, though this potentially implies a “dark” reaction, possibly via
isomerization to the diazo and subsequent carbene formation, regardless, the compound readily
degraded on a short time-scale. For the amide bond forming reactions, attempting to give
compound 2, the major species from these reactions contained a proton (and another group)
apparently attached in place of the diazirine. Many conditions were evaluated to affect the

amide coupling of aniline 4 with the LHS acid 5 but without success.
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Figure 33 Global deprotection of compound 43 to give compound 4 and attempted
amide coupling reactions

Other phenol-aniline-diazirines have been reported by Kosemura et al.'”® who were able
to generate the phenol-aniline-diazirine 55 (Figure 34). Although the authors were able to
quickly protect the ortho-phenol-aniline as carbamate 57, they note that the intermediate 55 was
highly susceptible to degradation, though the authors ascribe this to possible oxidation in air.*"

PhOCOCI
—_—
THF- H,O
r.t., 5 min

FsC\ s5 FsC

Figure 34 Synthesis by Kosemura et al of diazirine 57

Due to the instability of aniline 4 it was hoped that a fast amide bond forming reaction
could be found to enable the synthesis of compound 2 before decomposition. The work by
Hadida et al.”” on the discovery of ivacaftor reported use of HATU in the amide bond formation,
with an 18 hour reaction time with yields ranging from 50-80%. Indeed, experiments using the
intermediate 58 (obtained through deprotection of compound 40 using methanolic hydrogen
chloride similar the conditions used to produce aniline 4) (Figure 35), indicated that the amide
bond formation was slow and only partial conversion was observed after 18 hours at room
temperature. A search through the patents filed by Vertex on the synthesis of their analogues
indicated that many other amide bond forming conditions were tolerated, including the use of
pentafluorophenyl esters, mixed anhydrides, T3P, acyl chlorides, and other agents similar to
HATU.'®'® Degpite attempts with a variety of amide bond forming conditions, compound 2

could not obtained from aniline 4.
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Figure 35 Modelling global deprotection conditions with methanolic HCI

However, synthesizing aniline 4 was an important milestone for exploring the possibility
of route towards compound 2 that would afford late-stage elaboration to LHS analogues. Having
found the aniline-diazirine-phenol 4 to be too sensitive to survive the amide bond formation in
the attempted conditions, the possibility of an orthogonal deprotection was explored. One
possible route was the selective removal of the N-Boc group resulting in an intermediate that
could be stable enough to survive the amide bond formation. While conditions were found which
selectively removed the Boc group from compounds bromo 37 and trifluoromethylketone 38
using TBAF in THF'"", similar reactions were unsuccessful for the deprotection of the diaziridine
42 or diazirine 43.*"® These studies showed that the diazirine was stable as long as the N-H was
in an amide bond and with this result, it was decided that forming the amide bond at an earlier
stage in the synthesis of the diazirine might be a more successful option.
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Figure 36 Methods attempted for the selective deprotection of the N-Boc group
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Chapter 4.

Synthesis of N-(2-(tert-butyl)-5-hydroxy-4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)phenyl)-4-o0xo0-1,4-
dihydroquinoline-3-carboxamide (2)

Having a significant quantity of compounds N-Boc-bromo 37 and N-Boc-
trifluoromethylketone 38 on hand, as well as effective conditions for selective N-Boc cleavage to
give anilines 36 and 59, an attempt was made to pursue a synthetic approach towards target
diazirine 2 which involved forming the amide bond prior to installing the diazirine. Formation of
the amide bond was attempted with both anilines 36 and 59 in concurrent efforts. The amide
bond formation with 36 using HATU, DMAP, HOBt, and DIPEA in DMF at 60°C for 48 h gave
bromo-amide 62 in good yield; however, conditions could not be established which produced

trifluoromethylketone-amide 63 from aniline 59.

Lithium-halogen exchange of bromo 62 was achieved with MeLi added first to
deprotonate the 4-oxoquinoline and amide nitrogens (to prevent proton quenching of the
carbanion during the lithium-halogen exchange), and then n-BuLi was added to generate the tri-
anion, which upon reaction with ethyl trifluoroacetate produced trifluoromethylketone 63 as one
of a mixture of products. Analysis of the product mixture by high pressure liquid chromatography
(HPLC) and mass spectrometry (MS) identified five species including: the desired
trifluoromethylketone 63, its hydrate and ethanol hemi-acetal species, as well as unreacted
starting material bromo 62, and the proton-quenched product. Presumably the presence of
bromo 62 and the proton quenched species indicated that the MeLi deprotonation did not go to
completion. If the deprotonation did not proceed to completion, then on addition of n-BuLi, some
of this reagent would be consumed generating butane; as well, some of the successfully lithium
exchanged species would be quenched in situ. However, even significantly increasing the
amount of MeLi failed to fully solve this issue. Regardless, in subsequent repetitions of this

reaction, the crude material containing a mixture of trifluoromethylketone 63 and its related
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species was carried forward without purification into the oxime 66 formation reactions. In these
reactions all of the 63 related species were successfully converted to oxime 64 as a mixture of
isomers, which were successfully isolated by precipitation from methanol/DCM/hexanes without

need for further chromatography in 66% yield over the two steps.

In designing this synthetic route it was noted in the literature that it was possible to form
a tosylate at the 4-oxoquinoline nitrogen,'” although it was assumed that during the reaction
with liquid ammonia this tosyl group would likely be removed. During the tosylation of 64 using 1
equivalent of p-TsCl, LC-MS data showed a mixture of species including starting material oxime
64, and both a singly and doubly tosylated species, indicating tosylation of both the oxime
moiety and the 4-oxoquinoline nitrogen. This crude reaction mixture was utilized in the
diaziridine formation and, upon reaction with liquid ammonia, no tosylated species remained in
the crude mixture, only the desired diaziridine 66, amidine 65 (isolated, but only confirmed by
characteristic *"H NMR signals and by LC-MS), and unreacted oxime. In subsequent reactions
with increasing equivalents of tosyl chloride, this profile improved to minimize remaining oxime,
and confirming that tosylation of the 4-oxoquinoline nitrogen did not impact the formation of the
desired diaziridine 66. The diaziridine 66 was successfully isolated by preparative-scale HPLC
(prep-HPLC) and oxidized with Dess-Matrtin periodinane to give diazirine 69.
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Figure 37 Successful synthesis of ivacaftor PAL probe 2

To model the deprotection of diazirine 67, conditions were established for deprotection
of bromo 62 to give phenol 68 using concentrated methanolic HCI (Figure 38). Using these
conditions with diazirine 67 successfully gave the desired PAL probe 2 without need of further

work-up or purification.

~0"o
Br
o O _HCl
N MeOH
| H
N 62
Figure 38 Modelling phenol deprotection conditions using compound 62

During initial attempts to characterize compound 2 in deuterated DMSO, it was found
that diazirine 2 was quite unstable at room temperature in this solvent and formed multiple
dimeric species apparently resulting from the photolysis of the diazirine. Subsequent attempts to
characterize and analyze compound 2 using deuterated methanol were successful as

compound 2 showed greater stability at room temperature in this solvent.
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As part of the characterization process, the diazirine 2 was assessed in photolysis
studies in methanol. Following the progress of the photo-decomposition of 2 in methanol by LC-
MS under a mixture of UV and ambient light showed the methoxy photo-adduct product 69 was
the major photolytic product; and importantly, species resulting from an intramolecular reaction

of the carbene with the adjacent phenol were not observed.
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Figure 39 Photolysis of 2 in methanol to give the methoxy adduct 69
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Chapter 5.
Conclusion and perspectives

Despite several challenges, a synthesis of the diazirine containing ivacaftor PAL probe 2
was achieved. Having confirmed that in methanol in the presence of light, diazirine 2 forms the
methanol adduct 69, future work will include determining the photolytic half-life of diazirine 2 in
methanol and water (to generate an alcohol); as well as determining the confirming the activity
and stability of compound 2 in a CFTR potentiation assay. Future synthetic efforts will also focus

on completing the synthesis and characterization of compound 3.

As ivacaftor is known to have significant interactions with plasma proteins (>97%

plasma-protein bound),*®

model PAL experiments with 2 will be performed with the plasma
proteins, human serum albumin (HSA), and a;-acid glycoprotein (AGP). Both of these proteins
are commercially available and small enough to be analyzed on the mass spectrometer in our
lab. As both HSA and AGP are inexpensive and readily available (in stark contrast to CFTR),
these proteins will be useful in developing an optimized protocol for the PAL studies with mutant

CFTR.

HSA is the most prevalent plasma protein functioning as a transporter.*®® HSA has two
major drug binding sites, as well as up to 7 fatty acid binding sites; however no difference was

noted in the binding of ivacaftor to non-delipidated and delipidated HSA.*®°

AGP is the principle
extracellular lipocalin in the blood plasma and is responsible for the transport of a variety of
compounds. Commercially available AGP preparations are a heterogeneous mixture of two
major variants (A and F1*S); while this may complicate the analysis of PAL studies, many
binding studies have utilized these preparations as they more closely resemble an in vivo
setting. As well, as AGP is a glycosylated protein, it may require de-glycosylation prior to

analysis by mass spectrometry.
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The recent study by Schneider et al.*®

measured the binding affinities and inhibition
constants (Ki’s) of ivacaftor (and other drugs commonly used in the treatment of CF) to HSA
and AGP proteins and showed that ivacaftor binds to AGP, with a K; (a measure of drug affinity)
of 0.13 £ 0.02 uM (indicating a strong affinity for AGP) and binding affinities for HSA of Kp =
15.3 uM*®. As well, in silico modelling of the putative AGP binding of site of ivacaftor indicated
that the t-butyl group on ivacaftor that is substituted for a diazirine on 2 may provide an
interaction with the protein. While human serum albumin is more commonly used to test for
drug-plasma protein interactions, the strong binding affinity of ivacaftor for AGP indicates it may

be useful for modelling the conditions required for PAL with 2

After confirming the potentiating activity of 2 and determining a protocol for the PAL
studies with AGP and HSA. 2 will be utilized in PAL studies with both purified AF508-CFTR and
whole cell constructs. Complicating the analysis of the PAL studies is the large size of CFTR
(>170 kDa), which may require partial proteolytic digestion of the labelled protein into its
constituent domains for analysis by mass spectrometry. In order to aid in the separation and
isolation of labelled domains, future probes (currently in progress) will incorporate an acetylene
moiety on the LHS which will enable “clicking” the labelled protein to either a biotin tag, or a

fluorescence tag.
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Appendix A.

Experimental Details

General Experimental:

THF was distilled from Na and benzophenone under N,. N,N’-diisopropylethylamine
(DIPEA) and triethylamine (EtsN) were distilled from CaH, and stored under N,. All other
reagents and solvents were used as received from commercial suppliers unless otherwise
stated. Analytical thin-layer chromatography (TLC) was performed on aluminum plates pre-
coated with silica gel 60F-254 as the absorbent, and eluted with the solvent systems indicated,
visualization of the plates was done with UV light (254 nm) and the indicated stains. Flash
chromatography was performed with a Biotage Isolera One system using SiliCycle SiliaSep™
Cartridges of indicated size and solvent gradient. *H, *°F and **C NMR spectra were recorded
with either Bruker Avance [I™ 600 MHz, Bruker Avance [II™ 500 MHz or Bruker Avance [II™

181 and

400 MHz. 'H and **C NMR spectra were referenced to the various solvent signals
processing of the spectra was performed with MestRec™ software (Note: humbering of atoms
for the purposes of signal assignment did not follow IUPAC numbering schemes). The high-
resolution mass spectra were recorded in positive ion-mode with an ESI ion source on an
Agilent™ Time-of-Flight LC/MS mass spectrometer Model 6210). All HPLC analyses were
performed utilizing a Advanced Materials Technologies Halo™ C18 reverse-phase analytical 5u
column (4.6 x 50 mm). All HPLC purifications were carried out using a Phenomenex Kinetex 5p
C18 reverse-phase preparatory column (21.2 x 150 mm). UV-Vis spectra were collected in
solution phase in a quartz cuvette on a Varian Cary 5000 UV-Vis-NIR Spectrophotometer. ATR
spectra were collected with a Perkin Elmer Spectrum Two™ FT-IR spectrometer, and
absorption bands were designated as weak (w), broad (br), medium (m), or strong (s). Photo-
decomposition studies were performed (when indicated) in a light-box composed of two
Dreamall 36W UV Acrylic Curing Light Lamps taped together each with 4 x 9W UV bulbs

emitting at 365 nm.

Single-Crystal X-ray diffraction structure determinations for each compound single
crystals were selected and mounted using Paratone oil on a 150 um MiTeGen Dual-Thickness
MicroMount. Data was collected at room temperature with a Bruker SMART APEX Il Duo CCD
diffractometer using a TRIUMPH graphite-monochromated Cu-Ka radiation (A = 1.54184 A).
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Crystallographic information for 41 can be found in Table 2 in Appendix A. All diffraction data

were processed with the Bruker Apex Il software suite. Initial solutions were obtained by using

d182 L183

the intrinsic phasing metho on the

SHELXle platform®®*. Diagrams were prepared by using ORTEP-3'% and POV-RAY*

with subsequent refinements performed with SHELX

Experimental Procedures

1-(Benzyloxy)-2-bromo-4-(tert-butyl)-5-nitrobenzene (18)

12 10

9
13 >0
2
14 3 Br

A mixture of 2-bromo-4-(tert-butyl)-5-nitrophenol (7) (2.82 g, 10.3 mmol), KI (170 mg, 1.0 mmol,
0.2 equiv.), and K,CO3 (3.55 g, 25.7 mmol, 2.5 equiv.) was dissolved in THF (10 mL) ina 10 mL
microwave vial. Benzyl bromide (1.84 mL, 015.5 mmol, 1.5 equiv.) was added via syringe, and
the reaction vessel was sealed then purged with Argon and the reaction mixture was heated at
80 °C for 2 hours in a microwave reactor. The progress of the reaction was monitored by TLC
(5% EtOAc/Hexanes {Hex}, product rf. 0.3. The reaction mixture was cooled then quenched with
water (5 mL) and sat. NaHCOs; (ag., 10 mL). The mixture was transferred to a separatory funnel
and extracted into EtOAc (30 mL). The organic fractions were combined and washed with sat.
ag. NaHCO; (30 mL), brine (30 mL) dried over Na,SO,, filtered and concentrated to dryness.
The crude material was purified by automated flash chromatography on an 80 g silica cartridge,
and eluted (0-10 % EtOAc/Hex gradient) to give compound 18 as a light yellow crystalline solid
(3.5 g, 9.6 mmol, 93% yield).

'H NMR (500 MHz, CDClg) & 7.72 (s, 1H, C-6-H), 7.47 — 7.43 (m, 2H, C-12-H), 7.43 — 7.38 (m,
2H, C-13-H), 7.37 — 7.33 (m, 1H, C-14-H), 6.89 (s, 1H, C-3-H), 5.13 (s, 2H, C-10-H), 1.37 (s,
9H, C-8-H).
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13C NMR (126 MHz, CDCI3) & 153.4 (C-2), 150.4 (C-4),135.5 (C-11), 135.1 (C-5), 133.5 (C-6),
128.9 (C-13), 128.5 (C-14), 127.3 (C-12), 115.1 (C-1), 109.0 (C-3), 71.5 (C-10), 35.3 (C-7), 30.8
(C-8).

HRMS: Did not observe ionization in positive or negative mode on ESI-MS.
m.p.=77-78°C

5-(Benzyloxy)-4-bromo-2-(tert-butylaniline (19)

12 10

9
13 1 O
2
14 3 Br

Compound 18 (447 mg, 1.23 mmol) was dissolved in MeOH (10 mL), then Fe powder (400 mg,
7.16 mmol, 5.8 equiv.) and AcOH (glacial, 1 mL) were added and the mixture was stirred at 80
°C for 1 hour. The reaction was monitored by TLC (20% EtOAc/Hex product rf. 0.35, visualized
using a ninhydrin stain). Upon completion of the reaction, the mixture was cooled, filtered
through a bed of celite, washing solids with MeOH, and then the filtrate was concentrated to
dryness. The crude residue was purified by automated flash chromatography on a 25 g silica
cartridge (5-50% EtOAc/Hex gradient) to give compound 19 (411 mg, 1.23 mmol, quantitative

yield) as a yellow solid foam.

'H NMR (400 MHz, CDCl5) 8 7.50 — 7.45 (m, 2H), 7.42 — 7.36 (m, 2H), 7.35 (s, 1H), 7.35 — 7.29
(m, 1H), 6.26 (s, 1H), 5.08 (s, 2H), 3.83 (s, 2H), 1.38 (s, 9H).

*C NMR (101 MHz, CDCl;) & 153.8, 145.0, 137.0, 131.3, 128.7, 128.3, 127.9, 127.0, 103.8,
100.4, 70.9, 33.9, 29.8.

HRMS: m/z calcd. for C;7;H2BrNO: 336.0781 (M+H); found 336.0801.

m.p. = 85-86 °C
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N,N-Dibenzyl-5-(benzyloxy)-4-bromo-2-(tert-butyl)aniline (20)

14

To a solution of aniline 19 (2.57 g, 7.7 mmol) dissolved in acetonitrile (ACN) (20 mL), K,CO3
(9.3 g, 76.8 mmol, 8.8 equiv.) was added. The reaction vessel was sealed, purged with argon
then BnBr (6.4 mL, 53.9 mmol, 5.0 equiv.) was added via syringe. The reaction mixture was
heated at 80 °C overnight and monitored by TLC (5% EtOAc/Hex, product rf. 0.6). Upon
completion the reaction mixture was cooled and quenched with H,O (20 mL), transferred to a
separatory funnel and extracted into EtOAc (200 mL). The organic fractions were combined,
washed with sat. NaHCO;3; (100 mL), brine (100 mL) and dried over Na,SO, then concentrated
to dryness. The crude residue was purified by automated flash chromatography on a 120 g
silica cartridge (0-1% EtOAc/Hex gradient) to give compound 20 (3.41 g, 6.6 mmol, 86% vyield)

as a white crystalline solid.

'H NMR (500 MHz, CDCl3) & 7.54 (s, 1H), 7.39 — 7.27 (m, 11H), 7.19 — 7.14 (m, 4H), 6.41 (s,
1H), 4.83 (s, 2H), 3.96 (bs, 2H), 3.91 (bs, 2H), 1.39 (s, 9H).

'H NMR (400 MHz, CDCl3) & 7.44 (s, 1H), 7.32 — 7.26 (m, 2H), 7.25 — 7.13 (m, 8H), 7.13 — 7.04
(m, 5H), 6.32 (s, 1H), 4.73 (s, 2H), 3.84 (m, 4H), 1.29 (s, 9H).

¥C NMR (101 MHz, CDCls) & 152.5, 151.0, 141.9, 137.4, 136.9, 132.0, 130.0, 128.7, 128.3,
128.2, 128.0, 127.3, 127.2, 115.3, 109.2, 77.2, 70.6, 58.3, 35.6, 31.5.

HRMS: m/z calcd. for Cs;Ha, °BrNO: 514.1740 (M+H); found 514.1808

m.p. = 133-135°C
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1-(2-(Benzyloxy)-5-(tert-butyl)-4-(dibenzylamino)phenyl)-2,2,2-trifluoroethan-1-one (21)

'

Compound 20 (1.0 g, 1.9 mmol) was dissolved in THF (20 mL) and cooled to -78 °C, then n-
BuLi (1.5 M in Hex, 2.9 mL, 4.3 mmol, 2.2 equiv.) was added slowly and the reaction mixture
was stirred for 15 min. Ethyl trifluoroacetate (2.0 mL, 21 mmol,11 equiv.) was added rapidly and
the reaction mixture was warmed to room temperature. The reaction mixture was quenched with
sat. NH4Cl (20 mL), and transferred to a separatory funnel and extracted into EtOAc (50 mL).
The organic fractions were washed with brine (60 mL) and dried over Na,SO,, and concentrated
to dryness. The crude residue was purified by automated flash chromatography on a 50 g silica
cartridge (1-20% EtOAc/Hex gradient) to give compound 21 (860 mg, 1.62 mmol, 78 % yield) as

a white crystalline solid.

'H NMR (500 MHz, CDCl,) & 7.82 (s, 1H), 7.42 — 7.27 (m, 11H), 7.21 — 7.09 (m, 4H), 6.40 (s,
1H), 4.80 (s, 2H), 3.97 (s, 4H), 1.47 (s, 9H).

F NMR (471 MHz, CDCl;) 6 -73.3.
HRMS: m/z calcd. for C33H3,FsNO,: 532.2467 (M+H); found 532.2467

m.p. = 90 - 92 °C
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1-(2-(Benzyloxy)-5-(tert-butyl)-4-(dibenzylamino)phenyl)-2,2,2-trifluoroethan-1-one oxime

(22)
¢
O 1L
oy

To a solution of trifluoromethylketone 21 (775 mg, 1.14 mmol) dissolved in a 2:1 pyridine/MeOH
mixture (18 mL), hydroxylamine hydrochloride (118 mg, 1.71 mmol, 1.5 equiv.) was added and
the reaction mixture was heated at 60 °C for 24 hours and monitored by TLC (15% EtOAc/Hex,
product rf. 0.3). The reaction mixture was cooled and concentrated to dryness. The crude
residue was purified by automated flash chromatography on a 50 g silica cartridge (2-30 %
EtOAc/Hex gradient) to give compound 22 (592 mg, 1.08 mmol, 95 % yield) as a white

crystalline solid as a 2:1 mixture of isomers.

'H NMR (500 MHz, CDCl5) & 8.29 (s, 1H), 7.99 (s, 1H), 7.40 — 7.27 (m, 16H), 7.23 — 7.13 (m,
7H), 6.46 (s, 1H), 6.40 (s, 1H), 4.77 (s, 1H), 4.74 (s, 2H), 3.97 (s, 7TH), 1.44 (s, 9H), 1.43 (s, 5H).

3C NMR (151 MHz, CDCl;) 8 155.0, 154.4, 154.3, 153.8, 148.3 (q, “Jc.r = 32 Hz), 147.2 (q, *Jcr
= 34 Hz), 140.0, 139.9, 137.3, 137.3, 137.0, 136.7, 130.1, 130.1, 129.9, 128.6, 128.6, 128.3,
128.3, 128.3, 128.0, 127.9, 120.7 (q, “Jcr = 275 Hz), 118.2 (q, Jcr = 282 Hz), 117.0, 114.0,
113.8, 113.2, 70.3, 70.1, 58.1, 58.0, 35.6, 35.6, 31.6.

F NMR (471 MHz, CDCl;) 6 -64.9, -67.4.
HRMS: m/z calcd. for C33Hs3F3N2O,: 547.2566 (M+H); found 547.2565

m.p. = 80-89 °C
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N,N-Dibenzyl-5-(benzyloxy)-2-(tert-butyl)-4-(3-(trifluoromethyl)diaziridin-3-yl)aniline (24)

<.

To a solution of oxime 22 (577 mg, 1.06 mmol) dissolved in DCM (15 mL), DIPEA (220 L, 1.27
mmol, 1.2 equiv.) was added with stirring for 5 minutes at 0 °C. MsCl (95 pL, 1.21 mmol, 1.15
equiv.) was added slowly via syringe, and the solution was stirred for 30 minutes while warming
to room temperature. The reaction mixture was washed with sat. ag. NaHCO; (20 mL), brine (20
mL), dried over Na,SO,4 and concentrated to dryness to give crude mesyl-oxime 23 (489 mg) as
a yellow oily foam. The crude mesyl-oxime 23 (46 mg, ~0.07 mmol) was dissolved in Et,O (100
uL), transferred to a sealable reaction vessel and cooled to -78 °C. NH3; was condensed (~ 200
ML) into the reaction vessel which was sealed and let warm to room temperature and stirred
overnight. The reaction vessel was again cooled to -78 °C for 15 minutes and then opened
carefully. The reaction mixture was allowed to warm to room temperature with stirring and the
reaction mixture was washed with sat. aq. NaHCO; (1 mL), dried over Na,SO, and concentrated
to dryness. The crude residue was purified by automated flash chromatography on a 4 g silica
cartridge (14% EtOAc/Hex isocratic elution) to give compound 24 (34 mg, 0.062 mmol, 84%
yield) as an off-white crystalline solid.

'H NMR (500 MHz, CDCls) 8 7.51 (s, 1H), 7.41 — 7.27 (m, 11H), 7.19 (d, J = 6.9 Hz, 4H), 6.40
(s, 1H), 4.78 (s, 2H), 3.96 (s, 4H), 2.71 (d, J = 8.92 Hz, 1H), 2.56 (d, J = 8.8 Hz, 1H), 1.45 (s,
9H).

3C NMR (151 MHz, CDCly) & 155.0, 139.9, 137.2, 136.9, 130.1, 129.0, 128.8, 128.4, 128.0,
127.4, 127.0, 126.5, 123.8 (g, J = 279 Hz), 117.1, 113.8, 69.9, 58.1, 56.3 (q, J = 37 Hz), 35.6,
31.6.

F NMR (471 MHz, CDCl;) & -76.9.

HRMS: m/z calcd. for C33H3,F3N3;O: 546.2700 (M+H); found 546.2700
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m.p. =119 -121°C

N,N-Dibenzyl-5-(benzyloxy)-2-(tert-butyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)aniline (25)

-

A solution of DMSO (12 pL, 0.17 mmol, 2.2 equiv.) in DCM (500 uL), was cooled to -78 °C, then
(COCl), (13 uL, 0.16 mmol, 2.0 equiv.) was added dropwise and stirred for 15 minutes. A
solution of diaziridine 24 (43 mg, 0.079 mmol, 1 equiv.) in DCM was added and stirred for 15
minutes. Et;N (55 pL, 0.40 mmol, 5 equiv.) was added, and the solution was allowed to warm to
room temperature. The reaction mixture was concentrated to dryness and the crude material
was separated via silica chromatography on a 12 g silica cartridge (12% EtOAc/Hex isocratic

elution) to give diazirine 25 (34 mg, 0.063 mmol, 80% yield) as a pale yellow oil.

'H NMR (500 MHz, CDCl3) & 7.47 (s, 1H), 7.42 — 7.27 (m, 10H), 7.18 — 7.11 (m, 5H), 6.38 (s,
1H), 4.82 (s, 2H), 3.95 (s, 4H), 1.41 (s, 9H).

3C NMR (151 MHz, CDCl;) & 156.4, 140.5, 137.0, 136.9, 130.1, 130.0, 128.7, 128.4, 128.1,
127.4,127.1, 122.4 (q, J = 275 Hz), 114.1, 113.9, 70.0, 58.1, 35.6, 31.6, 26.7 (q, J = 42 Hz).

F NMR (471 MHz, CDCl;) & -68.7.

FT-IR (cm™): 2955.4 s, 2922.9 s, 2854.2 s, 1602.0 w, 1566.7 w, 1502.3 s, 1454.4 s, 1259.6 m,
1219.4 m, 1166.4 s, 1027.8 w, 995.7 w, 735.5 s, 697.3 s.

HRMS: m/z calcd. for Cs3H32F3NsO: 544.2566 (M+H); found 544.2744

62



2-Bromo-4-(tert-butyl)-1-(ethoxymethoxy)benzene (26)

In a round bottom flask, under nitrogen, NaH (60% dispersion in mineral oil, 7.05 g, 176.4 mmol,
2.0 equiv.) was washed with hexanes (50 mL) and suspended in THF (90 mL) and cooled to O
°C. A solution of 2-bromo-4-(tert-butyl)phenol 12 (20.2 g, 88.2 mmol) dissolved in THF (10 mL)
was added dropwise over a span of 30 minutes. The reaction mixture was warmed to room
temperature and stirred for 45 minutes then cooled to 0 °C. Chloromethylethyl ether (9.0 mL, 97
mmol, 1.1 equiv.) was added dropwise via syringe, and the reaction mixture was warmed to
room temperature and stirred for 2 hours. The reaction mixture was quenched with 2N agq.
NaOH (50 mL) and extracted into Et,O (400 mL). The organic fractions were combined, and
washed with H,O (200 mL), brine (200 mL), dried over MgSQO, and concentrated to dryness to
give compound 26 (19.0 g, 68.3 mmol, 77% yield) as a pale yellow oil.

'H NMR (400 MHz, CDCl,) & 7.53 (d, J = 2.4 Hz, 1H, C-6-H), 7.25 (dd, J=2.4, 8.5 1H, C-4-H),
7.10 (d, J = 8.6 Hz, 1H, C-3-H), 5.26 (s, 2H, C-9-H), 3.78 (q, J = 7.1 Hz, 2H, C-10-H), 1.29 (s,
9H, C-8-H), 1.24 (t, J = 7.1 Hz, 3H, C-11-H).

3C NMR (101 MHz, CDCl;) & 151.7 (C-2), 146.5 (C-5), 130.5 (C-6), 125.5 (C-4), 116.1 (C-3),
112.6 (C-1), 94.1 (C-9), 64.7 (C-10), 34.4 (C-7), 31.5 (C-8), 15.2 (C-11).

HRMS: m/z calcd. for C13H1"°BrO,: 241.0223 (M-C,HsO fragment);: found 241.0191
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1-(5-(tert-Butyl)-2-(ethoxymethoxy)phenyl)-2,2,2-trifluoroethan-1-one (27)

o0 O
o

A solution of compound 26 (3.27 g, 11.7 mmol) dissolved in THF (11 mL) under nitrogen, was
cooled to -78 °C. n-BuLi (1.5 M in Hex, 9.42 mL, 14.0 mmol, 1.2 equiv.) was added dropwise via
syringe and stirred for 5 minutes resulting in a cloudy colourless solution. Ethyl trifluoroacetate
(3.2 mL, 33.6 mmol, 2.9 equiv.) was added rapidly via syringe, and the reaction mixture was
warmed to room temperature. The reaction mixture was quenched with sat. ag. NH4CI (10 mL),
and extracted into EtOAc (50 mL). The organic fractions were combined and washed with 1M
ag. NaOH (20 mL), sat. ag. NaHCO; (20 mL), brine (60 mL), dried over Na,SO, and
concentrated to dryness to give a pale yellow oil. The crude material was recrystalized from an
MTBE/Hex mixture to give compound 27 (2.63 g, 8.64 mmol, 74% yield) as a white crystalline

solid.

'H NMR (500 MHz, CDCls) & 7.64 (d, J = 2.1 Hz, 1H, C-6-H), 7.59 (dd, J = 2.4, 8.8 Hz, 1H, C-4-
H), 7.23 (d, J = 8.8 Hz, 1H, C-3-H), 5.27 (s, 2H, C-9-H), 3.75 (g, J = 7.1 Hz, 2H, C-10-H), 1.32
(s, 9H, C-8-H), 1.23 (t, J = 7.1 Hz, 3H, C-11-H).

13C NMR (126 MHz, CDCl;) 8 183.9 (q, “Jcr = 37 Hz, C-12), 155.5 (C-2), 144.8 (C-5), 133.1 (C-
4), 127.9 (C-6), 122.2 (C-1), 116.4 (9, “Jcr = 291 Hz, C-13), 115.1 (C-3), 93.7 (C-9), 64.9 (C-
10), 34.5 (C-7), 31.4 (C-8), 15.1 (C-11).

F NMR (471 MHz, CDCl;) 6 -74.3.
HRMS: m/z calcd. for C15H19F303: 343.0923 (M+K); found 343.0907.

m.p. = 27-29 °C
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1-(5-(tert-butyl)-2-(ethoxymethoxy)phenyl)-2,2,2-trifluoroethan-1-one oxime (28)

To a solution of trifluoromethylketone 27 (200 mg, 0.657 mmol) dissolved in a 2:1
pyridine/MeOH mixture (9 mL), hydroxylamine hydrochloride (68 mg, 0.99 mmol, 1.5 equiv.)
was added and the solution was heated at 60 °C for 24 hours. The progress of the reaction was
monitored by TLC (15% EtOAc/Hex, product rf. 0.33). The reaction mixture was cooled to room
temperature and concentrated to dryness. The crude material was purified by automated flash
chromatography on a 12 g silica cartridge (3-30 % EtOAc/Hex gradient) to give compound 28
(178 mg, 0.58 mmol, 85 % yield) as a clear colourless oil in a 2:1 mixture of isomers.

'H NMR (400 MHz, CDCls) & 8.63 (s, 2H), 8.31 (s, 1H), 7.43 (dd, J = 2.5, 8.8 Hz, 1H), 7.42 (dd,
J=2.5,8.7 Hz, 2H), 7.25 (d, J = 2.5 Hz, 2H), 7.19 (d, J = 8.9 Hz, 2H), 7.17 (d, J = 2.6 Hz, 1H),
7.15 (d, J = 8.7 Hz, 2H), 5.21 (s, 4H), 5.21 (s, 2H), 3.72 (9, J = 7.1 Hz, 4H), 3.71 (g, J = 7.1 Hz,
2H), 1.30 (s, 27H), 1.22 (t, J = 7.1 Hz, 6H), 1.21 (t, J = 7.1 Hz, 3H).

®C NMR (151 MHz, CDCls) & 153.6, 152.1, 147.9 (q, J = 32.5 Hz), 147.0 (g, J = 33.5 Hz),
144.0, 144.0, 128.4, 128.3, 127.1, 125.5, 120.0 (obs. d, J = 274.5 Hz), 119.2, 117.4 (q, J =
282.2 Hz) 115.4, 113.7, 113.4, 92.9, 92.8, 63.9, 63.8, 33.7, 30.9, 30.9, 14.5.

F NMR (471 MHz, CDCI3) & -65.2, -67.7.

HRMS: m/z calcd. for C;5H,0F3NO3: 318.1323 (M-H); found 318.1400.
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1-(5-(tert-butyl)-2-(ethoxymethoxy)phenyl)-2,2,2-trifluoroethan-1-one O-methylsulfonyl
oxime (29)

To a solution of oxime 28 (1.07 g, 3.36 mmol) dissolved in DCM (30 mL), DIPEA (0.70 mL, 4.03
mmol, 1.2 equiv.) was added with stirring, and the solution was cooled to 0 °C for 5 minutes.
MsCI (300 puL, 3.86 mmol, 1.15 equiv.) was added slowly via syringe, and the reaction mixture
was stirred for 30 minutes and allowed to warm to room temperature. The reaction mixture was
washed with sat. aq. NaHCO3; (20 mL), brine (20 mL), and dried over Na,SO, and concentrated
to dryness to give compound 29 (1.30 g, 3.27 mmol, ~97% yield) as a yellow oil as a 2:1 mix of

isomers.

'H NMR (500 MHz, CDCls) & 7.51 (dd, J = 2.5, 8.8 Hz, 3H), 7.47 (dd, J = 2.4, 8.9 Hz, 1H), 7.27
(d, J = 2.5 Hz, 3H), 7.21 (d, J = 9.0 Hz, 1H), 7.19 (d, J = 8.8 Hz, 3H), 7.16 (d, J = 2.4 Hz, 1H),
5.23 (s, 5H), 5.22 (s, 3H), 3.71 (g, J = 7.1 Hz, 5H), 3.71 (g, J = 7.1 Hz, 3H), 3.24 (s, 8H), 3.24 (s,
4H), 1.32 (s, 22H), 1.30 (s, 11H), 1.22 (t, J = 7.1 Hz, 8H), 1.22 (t, J = 7.1 Hz, 4H).

3C NMR (151 MHz, CDCl3) & 156.5 (q, J = 34.6 Hz), 154.4, 154.2 (g, J = 34.6 Hz), 152.6,
144.9, 144.7, 130.6, 130.2, 127.5, 125.1, 119.7 (d, J = 277.3 Hz), 117.1 (g, J = 283.0 Hz),
114.5, 114.2, 114.1, 93.6, 93.5, 64.8, 64.7, 37.0, 36.9, 34.5, 34.4, 31.5, 31.5, 15.2, 15.1.

F NMR (471 MHz, CDCl;) & -64.4, -67.8.

HRMS: m/z calcd. for Ci6H2,FsNOsS: 415.1509 (M+(NH,"); found 415.1490
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3-(5-(tert-butyl)-2-(ethoxymethoxy)phenyl)-3-(trifluoromethyl)diaziridine (30)

PN
0" 'O HN-NH
F

F
F

A solution of mesyl-oxime 29 (1.15 g, 2.90 mmol) dissolved in DCM (2 mL) was transferred to a
sealable reaction vessel and cooled to -78 °C. NH3 was condensed (~ 2 mL) into the reaction
vessel and the vessel was sealed and let warm to room temperature and stirred overnight. The
reaction vessel was again cooled to -78 °C for 15 minutes then opened and allowed to warm to
room temperature with stirring. The reaction mixture was transferred to a separatory vessel and
washed with sat. aq. NaHCO3; (1 mL), dried over Na,SO, and concentrated to dryness. The
crude residue was purified by automated flash chromatography on a 4 g silica cartridge (14%
EtOAc/Hex isocratic) to give compound 30 (902 mg, 2.83 mmol, 97 % yield) as an off-white

crystalline solid.

IH NMR (600 MHz, CDCl,) & 7.48 (d, J = 2.5 Hz, 1H), 7.40 (dd, J = 2.6, 8.8 Hz, 1H), 7.14 (d, J =
8.8 Hz, 1H), 5.29 — 5.21 (m, 2H), 3.73 (q, J = 7.1 Hz, 2H), 2.72 — 2.68 (m, 1H), 2.55 — 2.49 (m,
1H), 1.31 (s, 9H), 1.22 (t, J = 7.1 Hz, 3H).

3C NMR (151 MHz, CDCl;) & 154.3, 144.4, 128.5, 127.9, 123.7 (q, J = 278.7 Hz), 119.9, 114.0,
93.3, 64.6, 56.5 (q, J = 37.1 Hz), 34.3, 31.5, 15.2.

F NMR (471 MHz, CDCl3) & -77.05.
HRMS: m/z calcd. for C5H,1F3N>O,: 319.1628 (M+H); found 319.1617

m.p. =36 -37°C
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3-(5-(tert-Butyl)-2-(ethoxymethoxy)phenyl)-3-(trifluoromethyl)-3H-diazirine (31)

To a solution of DMSO (90 pL, 1.3 mmol, 3 equiv.) in DCM (5 mL), at -78 °C under nitrogen,
(COCIl), (55 uL, 0.64 mmol, 1.5 equiv.) was added via syringe, and the solution was stirred for
15 minutes. A solution of diaziridine 30 (135 mg, 0.424 mmol, 1 equiv.) in DCM (3 mL) was
added slowly via syringe and stirred for 60 minutes. Then EtzN (295 pL, 2.12 mmol, 5 equiv.)
was added via syringe, and the solution was allowed to warm to room temperature. The reaction
mixture was quenched with sat. aq. NH,Cl (10 mL), transferred to a separatory funnel, washed
with brine (10 mL), dried over Na,SO, and concentrated to dryness to give compound 31 (135

mg, 0.042 mmol, quantitative yield) as an orange oil.

'H NMR (500 MHz, CDCl,) & 7.43 (d, J = 2.23 Hz, 1H), 7.37 (dd, J = 2.4, 8.8 Hz, 1H), 7.11 (d, J
= 8.8 Hz, 1H), 5.31 (s, 2H), 3.78 (q, J = 7.07 Hz, 2H), 1.29 (s, 9H), 1.24 (t, J = 7.09 Hz, 3H).

¥C NMR (151 MHz, CDCly) 5 155.5 (C-2) , 145.1 (C-5), 129.1 (C-4), 127.6 (C-6), 122.3 (q, “Jcr
= 274.8 Hz, C-13), 116.6 (C-1), 114.5 (C-3), 93.2 (C-9), 64.6 (C-10), 34.4 (C-7), 31.5 (C-8), 26.9
(q, 2Jer = 42.4 Hz, C-12), 15.2 (C-11).

F NMR (471 MHz, CDCl;) & -69.03.
HRMS: did not observe positive or negative ionization by ESI-MS.

4-(tert-Butyl)-2-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenol (32)

OH N=N

CF;

To a solution of compound 31 (601 mg, 1.90 mmol) dissolved in DCM (5 mL), TFA (10 mL) was

added and the solution was stirred for 1 hour. The reaction was monitored via TLC and HPLC
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and upon completion, the reaction mixture was concentrated to dryness to give 32 (0.48 g, 1.8
mmol) which was used immediately (appeared to decompose/oxidise rapidly as a crude

residue) in the next step.

'H NMR (400 MHz, CDCls) & 7.44 (d, J = 2.4 Hz, 1H), 7.32 (dd, J = 2.4, 8.6 Hz, 1H), 6.78 (d, J =
8.6 Hz, 1H), 5.12 (s, 1H), 1.28 (s, 9H).

F NMR (471 MHz, CDCl;) 5 -68.52.
HRMS: m/z calcd. for C1,Hi13F3N,0: 257.0907 (M-H); found 257.0908

4-(tert-Butyl)-2-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenyl ethyl carbonate (33)

To a solution of compound 32 (0.48 g, 1.8 mmol) dissolved in THF (30 mL), DIPEA (490 uL, 2.8
mmol, 1.5 equiv.) was added, and the solution was cooled to 0 °C. Ethyl chloroformate (195 L,
2.0 mmol, 1.1 equiv.) was added via syringe and the solution was stirred and let warm to room
temperature overnight. The reaction was not complete by TLC (10% EtOAc/Hex, product rf.
0.8). The solution was cooled to 0 °C, then DIPEA (980 pL, 5.6 mmol, 3 equiv.) and ethyl
chloroformate (200 uL, 4 mmol, 2.2 equiv.) were added and the solution was stirred for 6 hours,
and warmed to rt. Upon consumption of the starting material by TLC, the reaction mixture was
guenched with 0.1 M HCI aqg. (50 mL), transferred to a separatory funnel and extracted into Et,O
(200 mL). The organic fractions were combined, washed with brine (100 mL) dried over Na,SO,
and concentrated to dryness to give crude compound 33 (640 mg). An aliquot of the crude
material of compound 33 (130 mg) was purified by automated flash chromatography on a 12 g
silica cartridge (0-40% Toluene/Hex gradient) to give compound 33 (66 mg, 0.2 mmol, 55%

recovery) as a yellow oil.

'H NMR (500 MHz, CDCls) & 7.54 (d, J = 2.4 Hz, 1H), 7.49 (dd, J = 2.4, 8.7 Hz, 1H), 7.17 (d, J =
8.7 Hz, 1H), 4.39 (q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H), 1.32 (s, 9H).
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3C NMR (151 MHz, CDCls) 8 153.4, 150.4, 149.0, 129.4, 127.6, 122.9, 122.0 (q, J = 274.9 Hz),
119.9, 65.5, 34.8, 31.3, 26.3 (q, J = 42.6 Hz), 14.3.

F NMR (471 MHz, CDCl;) & -68.43.
HRMS: m/z calcd. for C15H;7F3N,O3: 331.1264 (M+H); found 331.1279

1-Bromo-5-(tert-butyl)-2-(ethoxymethoxy)-4-nitrobenzene (35)

00

To a solution of compound 7 (9.9 g, 36 mmol) in THF (60 mL) at room temperature under N,
DIPEA (19 mL, 109 mmol) was added followed by chloromethylethyl ether (5.3 mL, 58 mmol)
and stirred overnight. The reaction mixture was quenched with sat. ag. NH,Cl (100 mL)
extracted with Et,O (50 mL, 3x). The organic layers were combined, washed with brine (100 mL)
dried over Na,SOy, filtered, and concentrated to dryness to give compound 35 (10.7 g, 32 mmol,

89%) as a yellow crystalline solid.

'H NMR (600 MHz, CDCI3) &: 7.69 (s, 1H, C-6-H), 7.17 (s, 1H, C-3-H), 5.28 (s, 2H, C-9-H), 3.76
(g, J = 7.07 Hz, 2H, C-10-H), 1.37 (s, 9H, C-8-H), 1.23 (t, J = 7.07 Hz, 3H, C-11-H).

3C NMR (151 MHz, CDCly) &: 152.4 (C-2), 150.5 (C-4), 135.8 (C-5), 133.3 (C-6), 115.3 (C-1),
111.4 (C-3), 94.3 (C-9), 65.2 (C-10), 35.3 (C-7), 30.8 (C-8), 15.1 (C-11).

HRMS: Did not observe positive or negative ionization by ESI-MS.

m.p. =62 - 63 °C.
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4-Bromo-2-(tert-butyl)-5-(ethoxymethoxy)aniline (36)

205070

Method A: To a solution of 1-bromo-5-(tert-butyl)-2-(ethoxymethoxy)-4-nitrobenzene (35) (502
mg, 1.51 mmol) dissolved in MeOH (15 mL), Fe powder (2 g, 36 mmol, 24 equiv.), and NH,CI
(1.5 g, 28 mmol, 18 equiv.) were added and the reaction was heated at 60 °C for 4 hours. The
progress of the reaction was monitored by TLC. The crude mixture was allowed to cool and was
filtered through a bed of celite, washed with MeOH, and the filtrate was concentrated to
dryness. The crude residue was purified by automated flash chromatography on a 25 g silica
cartridge (20% EtOAc/Hex isocratic ellution) to give compound 36 (345 mg, 1.14 mmol, 76%

yield) as a yellow oil.

Method B: To a solution of tert-butyl (4-bromo-2-(tert-butyl)-5-(ethoxymethoxy)phenyl)
carbamate (37) (500 mg, 1.24 mmol) in THF, TBAF (1M in THF, 1.86 mL, 1.86 mmol, 1.5
equiv.) was added and the reaction mixture was heated at 60°C for 2 hours, and the progress of
the reaction was monitored by TLC (20% EtOAc/Hex). The reaction mixture was cooled to room
temperature and diluted with DCM (20 mL). The solution was transferred to a separatory funnel
and washed with H,O (25 mL), and brine (25 mL). The organic layer was dried over Na,SO,
concentrated to dryness to give 36 as yellow oil (384 mg, quantitative yield).

'H NMR (400 MHz, CDCly) & 7.33 (s, 1H, C-3-H), 6.54 (s, 1H, C-6-H), 5.25 (s, 2H, C-9-H), 3.87
(s, 2H, N-12-H), 3.80 (q, J = 7.1 Hz, 2H, C-10-H), 1.40 (s, 9H, C-8-H), 1.26 (t, J = 7.1 Hz, 3H, C-
11-H).

3C NMR (101 MHz, CDCly) & 152.7 (C-5), 145.1 (C-1), 131.1 (C-3), 129.3 (C-2), 105.7 (C-6),
100.7 (C-4), 94.1 (C-9), 64.7 (C-10), 34. (C-7), 29.8 (C-8), 15.2 (C-11).

HRMS: m/z calcd. for C13H,0BrNO,: 302.0750 (M+H); found 302.0781.
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tert-Butyl (4-bromo-2-(tert-butyl)-5-(ethoxymethoxy)phenyl)carbamate (37)

11/10\0/9\0

A solution of aniline 36 (2.6 g, 8.6 mmol) dissolved in toluene (5 mL) was placed in a microwave
vial, sealed and then degassed under argon. Under a bed of Argon, Boc,O (7.5 g, 34.4 mmol, 4
equiv.) was added, the microwave vial was sealed and the reaction mixture was heated in the
microwave reactor for 18 h at 105 °C. The reaction mixture was cooled to room temperature and
the vial was vented by puncturing the septa with a large bore needle. The crude mixture was
concentrated to dryness, and the crude residue was purified by column chromatography on an
80 g silica cartridge (2-20 % EtOAc/Hex gradient) to give 37 (2.49 g, 6.2 mmol, 72 %) as a white
crystalline solid. Remaining S.M. (369 mg, 1.2 mmol, 14%) was recovered and recycled.

'H NMR (500 MHz, CDCl3) & 7.48 (s, 1H), 7.46 (s, 1H), 6.35 (s, 1H), 5.28 (s, 2H), 3.79 (q, J =
7.1 Hz, 2H), 1.50 (s, 9H), 1.37 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H).

*C NMR (126 MHz, CDCls) & 153.2, 152.2, 136.2, 130.9, 114.0, 108.3, 94.0, 80.8, 77.2, 64.9,
34.2, 30.8, 28.5, 15.2.

HRMS: m/z calcd. for C1gH,sBrNO,: 402.1274 (M+H); found 402.1271.
m.p. = 94 - 95 °C.

tert-Butyl (2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoroacetyl)phenyl)carbamate (38)

A solution of bromo 37 (526 mg, 1.31 mmol) in distilled THF under N, was cooled to -40°C. MeLi
(1.75 mL, 2.6 mmol, 2 equiv.) was added via syringe and the reaction mixture was warmed to O

°C for 2 minutes. The reaction mixture was cooled to -78°C and n-BuLi (1.30 mL, 1.96 mmol, 1.5
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equiv.) was added dropwise via syringe and the reaction mixture was stirred for 1 hour. Ethyl
trifluoroacetate (2.0 mL, 17 mmol, 13 equiv) was added quickly via syringe and the reaction
mixture was warmed to room temperature and quenched with sat. ag. NH,Cl (10 mL),
transferred to a separatory funnel and extracted with EtOAc (50 mL). The organic fractions were
combined and washed with Brine (30 mL) dried over Na,SQ,, filtered and concentrated to
dryness. The crude residue was purified via automated flash chromatography on a 12 g silica

cartridge, to afford compound 41 (520 mg, 1.24 mmol, 95 % yield) as a white crystalline solid.

IH NMR (400 MHz, CDCl,) & 7.97 (s, 1H, C-6-H), 7.72 (s, 1H, C-3-H), 6.88 (s, 1H, N-17-H), 5.32
(s, 2H, C-14-H), 3.77 (q, J = 7.1 Hz, 2H, C-12-H), 1.54 (s, 9H, C-16-H), 1.42 (s, 9H, C-8-H), 1.24
(t, J = 7.1 Hz, 3H, C-13-H).

3C NMR (101 MHz, CDCl3) & 181.3 (q, ?Jcr = 36.1 Hz, C-9), 157.4 (C-1), 152.1 (C-14), 144.0
(C-5), 131.1 (C-4), 130.2 (C-3), 116.7 (g, "Jcr = 290.8 Hz, C-10), 116.4 (C-2), 107.9 (C-6), 93.6
(C-11), 81.8 (C-15), 65.1 (C-12), 33.9 (C-7), 30.7 (C-16), 28.5 (C-8), 15.1 (C-13).

19F NMR (376 MHz, CDCl5) & -73.68.
HRMS: m/z calcd. for CaoH,sFsNOs: 420.1992 (M+H); found 420.2003.
m.p. = 89.5 — 90.5 °C.

tert-butyl (2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoro-1-
(hydroxyimino)ethyl)phenyl)carbamate (39)

A solution of compound 38 (110 mg, 0.262 mmol) and hydroxylamine hydrochloride (22 mg,
0.315 mmol) in a 2:1 mixture of pyridine/MeOH (7.5 mL) was stirred at 60°C overnight. The
reaction mixture was cooled to room temperature and concentrated to dryness. The crude

residue was purified via automated flash chromatography (12 g silica cartridge, 4-40 %
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EtOAc/Hex gradient) to afford compound 39 (90 mg, 207 mmol, 79 % vyield) as a white

crystalline solid.

'H NMR (400 MHz, CDCl;) & 8.08 (s, 1H), 7.72 (s, 1H), 7.69 (s, 1H), 7.63 (s, 2H), 7.18 (s, 2H),
7.11 (s, 1H), 6.56 (s, 2H), 5.24 (s, 4H), 5.23 (s, 2H), 3.72 (q, J = 7.1, 6H), 3.71 (q, J = 7.2 Hz,
6H),1.52 (s, 11H), 1.52 (s, 16H), 1.39 (s, 11H), 1.39 (s, 16H), 1.22 (td, J = 7.1, 2.1 Hz, 9H).

C NMR (151 MHz, CDCl;) & 154.8, 153.6, 147.6 (q, J = 32.0 Hz), 146.6 (q, J = 33.6 Hz),
139.1, 128.7, 127.1, 120.7 (q, J = 274.4 Hz), 118.2 (q, J = 282.3 Hz), 116.3, 112.3, 111.3, 93.5,
93.4, 81.3, 64.7, 64.6, 34.1, 34.0, 30.8, 30.7, 28.5, 15.1.

HRMS: m/z calcd. for CyoH,9F3N,Os: 433.1956 (M-H); found 433.2044.
m.p. = 149 - 157 °C

tert-butyl (2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoro-1-
((tosyloxy)imino)ethyl)phenyl)carbamate (40)

Method A: To a solution of oxime 39 (353 mg, 0.81 mmol) in DCM (10 mL) at 0°C, Et3N (170 L,
1.22 mmol, 1.5 equiv.) was added via syringe and stirred for 5 minutes. p-TsCl (170 mg, 0.89
mmol, 1.1 equiv.) was added and the reaction mixture was stirred for 15 minutes while warming
to room temperature. The reaction mixture was quenched with sat. aq. NaHCO; (10 mL), the
organic layer was washed with brine (10 mL), dried over Na,SQOy,, filtered and concentrated to
dryness to give compound 40 (495 mg) as a yellow foam which can be utilized as a crude
product. Alternatively, the crude residue of compound 40 can be recrystallized from a 8:2

DCM/Hex mixture to give compound 40 as a white crystalline solid.

Method B: To a solution of oxime 39 (87 mg, 0.20 mmol) in DCM (3 mL) at 0°C, Et;N (42 uL,
0.30 mmol, 1.5 equiv.), DMAP (3 mg, 0.02 mmol, 0.1 equiv.) and p-TsCl (42 mg, 0.22 mmol, 1.1

equiv.) were added. The reaction mixture was stirred for 15 minutes while warming to room
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temperature then used immediately as a crude solution during the reaction with ammonia to

give diaziridine 42.

'H NMR (400 MHz, CDCl,) & 7.9-7.85 (m, 7H), 7.76 (s, 1H), 7.69 (s, 2H), 7.38-7.35 (m, 7H),
7.02 (s, 1H), 6.90 (s, 2H), 6.61 (s, 1H), 6.60 (s, 2H), 5.15 (s, 4H), 5.13 (s, 2H), 3.63 (g, J=7.1
Hz, 4H), 3.62 (g, J=7.0 Hz, 2H), 2.48 (s, 3H), 2.46 (s, 6H), 1.53 (s, 9H), 1.51 (s, 18H), 1.38 (s,
9H), 1.34 (s, 18H), 1.19 (t, J = 7.1, 3H), 1.18 (t, J = 7.1, 6H).

F NMR (376 MHz, CDCl;) 5 -64.5, -67.6.

tert-butyl (2-(tert-butyl)-5-(ethoxymethoxy)-4-(3-(trifluoromethyl)diaziridin-3-
yhDphenyl)carbamate (42) and tert-butyl (2)-(4-((1-amino-2,2,2-trifluoroethylidene)amino)-2-
(tert-butyl)-5-(ethoxymethoxy)phenyl)carbamate (41)

>‘\ o) NyCFs o) CF,
NH >L
OJ\N 2 OJ\N
H
41 42

Method A: Ammonia was condensed (~1.5 mL) at -78°C into a sealable reaction vessel, the
reaction mixture of tosyl-oxime 40 (theoretical mass of 118 mg, 0.2 mmol) in DCM (3 mL) was
transferred via pipette into the liquid ammonia. The reaction vessel was sealed and the reaction
mixture was warmed to room temperature in a water bath and stirred overnight. The reaction
vessel was cooled at -78 °C for 15 minutes then carefully opened and the reaction mixture was
warmed at room temperature for 30 minutes. The reaction mixture was concentrated to dryness
and the residue was purified by column chromatography to afford a mixture of diaziridine 42 and
amidine 41 in ratios varying from 1:1.6 to 1:2.5 by *H NMR. Recrystallization of the mixture from
an 8:2 Et,O/Hex mixture gave amidine 41 as a crystalline product used to confirm structure by
X-ray crystallography (performed by Michael Hamilton with instruction and assistance from John
Thompson, Ph.D.).

Alternatively, the mixture of 42 and 41 can be utilized in the next step (oxidation to the diazirine)
and separation of the diazirine 43 and amidine 41 post-oxidation can be performed by

automated flash chromatography.
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Conversely, an 80 mg mixture of 42 and 41 was separated by semi-preparative HPLC to give 45

as a white crystalline solid (16 mg).

Characterization data for 41

IH NMR (400 MHz, CDCl) & 7.29 (s, 1H, C-6-H), 6.89 (s, 1H, C-3-H), 6.28 (s, 1H, C-18-H), 5.10
(s, 2H, C-12-H), 5.07 (s, 2H, N-10-H), 3.67 (g, J = 7.1 Hz, 2H, C-13-H), 1.48 (s, 9H, C-17-H),
1.34 (s, 9H, C-8-H), 1.18 (t, J = 7.1 Hz, 3H, C-14-H).

13C NMR (101 MHz, CDCl;) & 153.9 (C-15), 145.3 (C-5), 145.3 (q, “Jc.r = 35.2 Hz, C-9), 137.7
(C-2), 133.0 (C-4), 132.7 (C-1), 121.3 (C-3), 118.3 (q, *Jcr = 277.9 Hz, C-11), 116.6 (C-6), 94.5
(C-12), 80.4 (C-16), 64.6 (C-13), 34.3 (C-7), 30.8 (C-8), 28.5 (C-17), 15.0 (C-14).

19F NMR (376 MHz, CDCl5) & -72.80.
HRMS: m/z calcd. for CaoHaoF3sNsO4: 434.2261 (M+H); found 434.2249
m.p. = 124 - 126 °C

IR (cm™) 3427 (w), 3288 (w), 3186 (w), 2981-2896 (m), 1700 (s), 1682 (s), 1625 (w), 1483
(s),1139 (s).
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Table 2 Single-Crystal X-ray Diffraction of compound 41

Compound reference

CMH-04-045amidine

Chemical formula CaoHagF3N304
Formula Mass 432.46
Crystal system Triclinic
alA 9.6508(3)
bIA 10.7941(4)
A 11.6332(3)
al® 68.832(2)
gI° 87.760(2)
yI° 87.527(3)
Unit cell volume/A3 1128.67(6)
Temperature/K 296(2)
Space group P1

No. of formula units per unit cell, Z 2
Radiation type CuKa
Absorption coefficient, p/mm-’ 0.89%4

No. of reflections measured 10993

No. of independent reflections 3923

Rint 0.0719
Final Rs values (/> 20(1)) 0.0566
Final wR(F?) values (I > 20(l)) 0.1479
Final R; values (all data) 0.0913
Final wR(F?) values (all data) 0.1721
Goodness of fit on F? 1.048




Characterization data for 42

IH NMR (500 MHz, CDCl) & 7.59 (s, 1H, C-1-H), 7.41 (s, 1H, C-4-H), 6.53 (s, 1H, N-19-H), 5.35
—5.18 (M, 2H, C-8-H), 3.78 — 3.70 (m, 2H, C-10-H), 2.65 (d, J = 9.0 Hz, 1H, N-17-H), 2.49 (d, J
= 8.7 Hz, 1H, N-18-H), 1.51 (s, 9H, C-13-H), 1.39 (s, 9H, C-22-H), 1.24 (t, J = 7.1 Hz, 3H, C-11-
H).

13C NMR (126 MHz, CDCl;) & 154.9(C-6), 153.0(C-25), 138.9(C-2), 133.3(C-3), 128.9(C-4),
123.7 (q, “Jer = 278.8 Hz, C-27), 115.8(C-5), 110.7(C-1), 93.3(C-8), 81.0(C-6), 64.8(C-10), 56.2
(@, YJer = 37.1 Hz, C-16), 34.0 (C-12), 30.8 (C-13-15), 28.5 (C-22-24), 15.2 (C-11).

F NMR (471 MHz, CDCly) & -77.0.
HRMS: m/z calcd. for CaoHaoF3N30,: 472.1825 (M+K); found 472.1837
m.p. = 127-128 °C.

tert-Butyl (2-(tert-butyl)-5-(ethoxymethoxy)-4-(3-(trifluoromethyl)-3H-diazirin-3-
yl)phenyl)carbamate (43)

oS

31
P o
H

O N=N

The residue containing amidine 41 and diaziridine 42 (222 mg, 1:1.6 ratio of diaziridine/amidine,
approx. 0.2 mmol diaziridine 42, total 0.5 mmol of combined 42 and 41 species) was dissolved
in MeOH (3 mL), then EtzN (180 pl, 1.28 mmol, 2.5 equiv.) was added and the reaction mixture
was stirred for 5 minutes. I, (71 mg, 0.56 mmol, 1.1 equiv) was added and the reaction mixture
was stirred overnight and monitored by TLC. The reaction mixture was quenched with Na,S;0,

(aq.) and extracted into EtOAc (10 mL). The organic fractions were combined and washed with
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sat. ag. NaHCO3; (10 mL), brine (10 mL), and dried over Na,SO, and concentrated to dryness.
The crude residue was purified by automated flash chromatography on a 12 g silica cartridge (4-
40% EtOAc/Hex gradient) to give compound 43 (63 mg, 0.15 mmol, 18% yield over 3 steps) as

a white crystalline solid.

'H NMR (400 MHz, MeOD) & 7.46 (s, 1H), 7.16 (s, 1H), 5.34 (s, 2H), 3.78 (q, J = 7.1 Hz, 2H),
3.31 (s, 5H), 1.50 (s, 9H), 1.37 (s, 9H), 1.22 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, MeOD) & 157.3 (C-1), 156.6 (C-14), 140.9 (C-4), 140.7 (C-2), 129.7 (C-3),
123.6 (0, 1 cr = 273.9 Hz, C-13), 117.8 (C-6), 115.6 (C-5), 94.4 (C-9), 81.5 (C-15), 65.7 (C-10),
35.5 (C-7), 31.1 (C-8), 28.7 (C-16), 27.6 (q, 2J ¢ = 42.4 Hz, C-12), 15.4 (C-11).

9F NMR (376 MHz, MeOD) & -70.7.
HRMS: m/z calcd. for CpoHsFaN3Oy: 449.2370 (M+NH,*); found 449.2365.

N-(4-bromo-6-(tert-butyl)-3-(ethoxymethoxy)cyclohexa-1,3-dien-1-yl)pivalamide (44)

o0

To a solution of aniline 36 (2.06 g, 6.82 mmol) in DCM (20 mL) under argon, DIPEA (5.9 mL, 34
mmol, 5 equiv.) and PivCl (2.5 mL, 21 mmol, 3 equiv.) were added and the reaction mixture was
heated at 40 °C overnight. The reaction mixture was allowed to cool and was quenched with
sat. ag. NH4CI (10 mL) and extracted with DCM (50 mL). The organic layers were combined and
washed with brine (50 mL), dried over Na,SO, and concentrated to dryness. The crude material
was recrystallized in batches, the crystalline material was combined and purified by automated
flash chromatography on a 25 g silica column (0-50% EtOAc/Hex gradient) to give 44 (1.19 g,
3.08 mmol, 45 % combined yield) as white crystalline solid. The mother liquor from the

crystallization contained significant amounts of 36 which was recovered and recycled.

IH NMR (400 MHz, CDCls) & 7.69 (s, 1H), 7.49 (s, 1H), 7.45 (s, 1H), 5.28 (s, 2H), 3.79 (q, J =
7.1 Hz, 2H), 1.39 (s, 9H), 1.34 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H).
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13C NMR (101 MHz, CDCly) & 176.0 (C14), 152.0 (C1), 136.0 (C4), 135.9 (C5), 130.9 (C3),
114.1 (C6), 108.8 (C2), 93.9 (C9), 64.8 (C10), 39.7 (C12), 34.0 (C7), 30.6 (C8), 27.7 (C13), 15.0
(C11).

HRMS: m/z calcd. for C1gH,3BrNO;3 : 386.1325 (M+H); found 386.1373
m.p. =111-113°C

N-(6-(tert-butyl)-3-(ethoxymethoxy)-4-(2,2,2-trifluoroacetyl)cyclohexa-1,3-dien-1-
ylpivalamide (45)

300 0O

A solution of compound 44 (76 mg, 0.20 mmol) dissolved in THF (2.5 mL) under nitrogen was
cooled to -45 °C. MeLi (1.5 M in Et,0O, 250 uL, 0.38 mmol, 1.9 equiv.) was added via syringe
and the reaction mixture was warmed to ~0 °C and stirred for 2 minutes. The reaction mixture
was cooled to -78 °C, then n-BuLi (1.5 M in hexanes, 215 pL, 0.33 mmol, 1.7 equiv.) was added
via syringe, and let stir for 2 hours giving a cloudy white reaction mixture. Ethyl trifluoroacetate
(700 pL, 7.3 mmol, 36 equiv.) was added rapidly via syringe and the reaction mixture was
quickly warmed to room temperature. The reaction mixture was quenched with sat. ag. NH,CI (2
mL) and extracted into Et,O (20 mL). The organic fractions were combined and washed with
brine (15 mL) dried over Na,SO, and concentrated to dryness to give 45 (74 mg, no remaining

starting material by *H NMR) as a crude mixture which was used immediately in next step.

IH NMR (500 MHz, CDCls) & 8.26 (s, 1H), 7.84 (s, 1H), 7.74 (s, 1H), 5.32 (s, 2H), 3.77 (g, J =
7.1 Hz, 2H), 1.45 (s, 9H), 1.36 (s, 9H), 1.27 — 1.22 (m, 3H).

13C NMR (151 MHz, CDCl3) & 181.7 (q, J = 36.3 Hz, C9), 176.3 (C19), 157.1 (C1), 143.5 (C2),
131.7 (C4), 130.0 (C3), 117.3 (C5), 116.7 (g, J = 290.7 Hz, C10), 109.5 (C6), 93.6 (C11), 65.3
(C12), 40.4 (C15), 33.9 (C7), 30.7 (C8), 27.8 (C16), 15.1 (C13).

HRMS: m/z calcd. for CygH,sFsNO, : 404.2043 (M+H); found 404.2049
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m.p. =118 -119 °C

N-(2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoro-1-
(hydroxyimino)ethyl)phenyl)pivalamide (46)

oo NN

The crude trifluoromethylketone 45 (70 mg, 0.17 mmol) residue was dissolved in a 2:1
pyridine/MeOH mixture (3 mL), hydroxylamine hydrochloride (18 mg, 0.26 mmol, 1.5 equiv.)
was added and the reaction mixture was heated at 60 °C for 2 hours and monitored by TLC
(30% EtOAc/Hex product rf. 0.25). The reaction mixture was allowed to cool and concentrated
to dryness. The crude residue was purified by automated flash chromatography on a 12 g silica
cartridge (6-60 % EtOAc/Hex gradient) to give compound 46 (60 mg, 0.14 mmol, 84 % vyield) as

a clear colourless oil as a 2:1 ratio of isomers.

'H NMR (600 MHz, CDCl;) 6 9.00 (s, 1H), 8 8.27 (s, 1H), 7.88 (s, 1H), 7.73 (s, 1H), 7.61 (s, 1H),
7.58 (s, 1H), 7.14 (s, 1H),7.14 (s, 1H), 5.22 (s, 4H),5.22 (s, 2H), 3.70 (m {overlapping q}, J =
7.1, Hz, 3H), 1.41 (s, 9H), 1.40 (s, 9H), 1.36 (s, 9H), 1.35 (s, 22H), 1.23 — 1.19 (m {overlapping
t}, 4H), 1.23 — 1.19 (m, 11H).

13C NMR (151 MHz, CDCl;) 8 176.5, 176.3, 154.7, 153.5, 147.5 (q, “Jc.r = 32.0 Hz), 146.9(obs.
d, 2Jcr = 33.58 Hz), 139.0, 138.7, 133.8, 133.3, 128.8, 127.2, 120.7(obs. d, *Jcr=274.56 Hz),
118.1(q, ek = 282.27 Hz) 117.1, 112.7, 111.7, 111.6, 93.4, 93.3, 77.2, 64.8, 64.7, 39.9, 34.0,
30.8, 29.9, 27.8, 27.8, 15.1.

HRMS: m/z calcd. for CygH,9F3N,04: 417.2007 (M-H); found 417.1963.

m.p. = 162 - 168 °C
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N-(2-(tert-butyl)-5-(ethoxymethoxy)-4-(3-(trifluoromethyl)diaziridin-3-yl)phenyl)pivalamide
(49)

To a solution of oxime 46 (28 mg, 0.067 mmol) dissolved in DCM (2.8 mL), DIPEA (15 uL, 0.086
mmol, 1.3 equiv.) was added and the solution was cooled at 5 °C for 5 minutes. MsClI (6.5 pL,
0.081 mmol, 1.2 equiv.) was added via syringe, and the reaction mixture was stirred for 30
minutes and allowed to warm to room temperature. The reaction mixture was washed with sat.
ag. NH,Cl (5 mL), brine (5 mL), dried over Na,SO, and concentrated to dryness to give crude
intermediate 47 (38 mg) as a yellow oil. The crude mesyl-oxime 47 (46 mg, ~0.07 mmol) was
dissolved in DCM (1 mL), transferred to a sealable reaction vessel and cooled to -78 °C. Then
NH; was condensed (1 mL) into reaction vessel which was sealed and let warm to room
temperature and stirred overnight. The reaction mixture was cooled at -78 °C for 15 minutes and
opened, and allowed to warm to room temperature. The reaction mixture was filtered and
concentrated to dryness. The crude material was purified by automated flash chromatography
on a 4 g silica cartridge (7-70% EtOAc/Hex gradient) to give a mixture of 49 (34 mg, 0.062
mmol, 84% vyield) and amidine byproduct 48. The mixture of compounds 48 and 49 were
recrystallized from an 8:2 Et,O/Hex mixture to give a mixture of two crystalline species which
were manually separated to give diaziridine 49 (8 mg, 0.019 mmol, 29% vyield) as cubic yellow

crystals and amidine 48 (11mg, 0.026 40% yield) as whilte spindles.

'H NMR (500 MHz, CDCls) & 7.82 (s, 1H), 7.59 (s, 1H), 7.46 (s, 1H), 5.33 — 5.24 (m, 2H), 3.74
(qd, J = 1.6, 7.1 Hz, 2H), 2.64 (d, J = 9.1 Hz, 1H), 2.50 (dd, J = 1.7, 8.9 Hz, 1H), 1.42 (s, 9H),
1.35 (s, 9H), 1.23 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, CDCls) & 176.2, 154.8, 138.7, 133.3, 129.0, 124.9 (observed d, J = 626.7
Hz), 116.5, 111.2, 93.3, 77.2, 64.9, 40.0, 34.0, 30.8, 27.8, 15.2.

F NMR (471 MHz, CDCls) & -77.0.
HRMS: m/z calcd. for CooHzoF3N3Os: 418.2312 (M+H); found 418.2322
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m.p. = 113-116 °C

tert-Butyl (2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoro-1-
methoxyethyl)phenyl)carbamate (53)

A solution of diazirine 43 (3 mg, 7 ymol) dissolved in MeOH (300 L) was placed in an NMR
tube, which was suspended in a UV light box and irradiated for 48h. The reaction mixture was
concentrated to dryness. The crude residue was dissolved in MeOD (500 uL) and concentrated
to dryness (repeated this process 3 times to remove residual MeOH) to give 53 as a clear

colourless oil (3 mg, 6.9 uymol, 98% vyield).

'H NMR (600 MHz, MeOD) & 7.50 (s, 1H, C-3-H), 7.10 (s, 1H, C-6-H), 5.29 — 5.23 (m, 2H, C-12-
H), 5.14 (g, J = 6.7 Hz, 1H, C-9-H), 3.72 (q, J = 7.1 Hz, 2H, C-13-H), 3.35 (s, 3H, C-11-H), 1.51
(s, 9H, C-18-H), 1.38 (s, 9H, C-8-H), 1.21 (t, J = 7.1 Hz, 3H, C-14-H).

3C NMR (151 MHz, MeOD) & 157.0 (C-20), 155.7 (C-5), 140.8 (C-2), 138.8 (C-1), 127.5 (C-3),
125.6 (obs. d, JJcr = 281.3 Hz, C-10), 120.4 (C-4), 117.6 (C-6), 94.5 (C-12), 81.2 (C-17), 75.3
(@, 2Jcr = 31.2 Hz (C-9)), 65.5 (C-13), 58.3 (C-11), 35.6 (C-7), 31.3 (C-8), 28.8 (C-18), 15.4 (C-
14).

F NMR (376 MHz, MeOD) & -78.2.
MS: m/z calcd. for C,;H3,F3NOs: 453.2571 [M+NH,]*; found 453.2577.

m.p.=71-73°C
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5-Amino-4-(tert-butyl)-2-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenol (4)

OH N=N
CF,4

HoN

To a solution of compound 46 (62 mg, 0.144 mmol) dissolved in MeOH (1 mL), sat. methanolic
HCI (1 mL, prepared by bubbling HCI (g) through methanol) was added and the reaction mixture
was stirred for 1 hour, monitored by TLC and LC-MS. The reaction mixture was blown dry under
a stream of nitrogen (g), concentrated in vacuo to give compound 4 (34 mg, 0.124 mmol, 86 %

yield) as an HCI salt as a crystalline solid which was used immediately in subsequent reactions.
'H NMR (500 MHz, MeOD) & 7.29 (s, 1H), 6.44 (s, 1H), 1.38 (s, 9H).

F NMR (471 MHz, MeOD) & -70.68.

HRMS: m/z calc’d. for CioH14F3N3O: 274.1162 (M+H); found 274.1142.
5-Amino-2-bromo-4-(tert-butyl)phenol (58)

OH
Br

H,N

To a solution of compound 37 (30 mg, 0.075 mmol) dissolved in MeOH (1 mL), sat. methanolic
HCI (1 mL, prepared by bubbling HCI (g) through methanol) was added and the reaction mixture
was stirred for 1 hour. The reaction mixture was blown dry under a stream of nitrogen (g) to give
compound 58 as the HCI salt as a crystalline solid, which was used immediately in subsequent

reactions.
'H NMR (400 MHz, CDCl3) 6 7.22 (s, 1H), 6.33 (s, 1H), 5.22 (s, 1H), 3.82 (s, 2H), 1.37 (s, 9H).

3C NMR (101 MHz, CDCl3) & 150.9 (C1), 145.8 (C5), 129.7 (C3), 128.6 (C4), 104.6 (C6),
98.5(C2), 34.0 (C7), 29.9 (C8).
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HRMS: m/z calc’d. for C,0H14BrNO: 244.0332 (M+H); found 244.0327.

1-(4-Amino-5-(tert-butyl)-2-(ethoxymethoxy)phenyl)-2,2,2-trifluoroethan-1-one (59)

o0 0O

To a solution of compound 38 (50 mg, 0.119 mmol) in THF (1mL), TBAF (1 M in THF, 125 pL,
0.125 L, 1.05 equiv.) was added and the reaction mixture was heated at 40°C for 5 hours, and
monitored by TLC (20% EtOAc/Hex). The reaction mixture was cooled to room temperature and
extracted into DCM (4 mL). The organic fractions were combined and washed with H,O (6 mL),
brine (3 mL), dried over Na,SO, and concentred to dryness to give compound 59 (36 mg, 0.113
mmol, 95% yield) as an orange solid.

'H NMR (500 MHz, CDCls) & 7.72 (s, 1H), 6.42 (s, 1H), 5.24 (s, 2H), 4.56 (s, 2H), 3.75 (q, J =
7.1 Hz, 2H), 1.39 (s, 9H), 1.23 (t, J = 7.1 Hz, 3H).

¥C NMR (151 MHz, CDCls) & 179.3, 179.1, 178.9, 178.6, 158.9, 152.8, 131.9, 126.7, 120.1,
118.2, 116.3, 114.4, 111.4, 102.1, 93.5, 77.2, 64.9, 33.9, 29.7, 15.1.

F NMR (471 MHz, CDCl;) 6 -72.7.

HRMS: m/z calcd. for C15H,0F3NO3: 318.1323 (M-H); found 318.1369
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N-(4-bromo-2-(tert-butyl)-5-(ethoxymethoxy)phenyl)-4-oxo-1,4-dihydroquinoline-3-
carboxamide (62)

3000

A mixture of aniline 36 (2.00 g, 6.62 mmol), HATU (5.03 g, 6.62 mmol, 2 equiv.), 1,4-dihydro-4-
oxoquinoline-3-carboxylic acid (commercially obtained, 1.88 g, 9.93 mmol, 1.5 equiv.), DMAP
(81 mg, 0.66 mmol, 0.1 equiv.), and HOBt (895 mg, 6.62 mmol, 1 equiv.) were dissolved in DMF
(20 mL). DIPEA (3.5 mL, 19.9 mmol, 3 equiv.) was added and the reaction mixture was stirred
overnight at 60 °C. The reaction mixture was cooled to room temperature and concentrated to
remove DMF. The crude residue was diluted with EtOAc (200 mL) and washed with sat. aqg.
NaHCO; (100 mL), and brine (50 mL) dried over Na,SO, and concentrated to dryness. The
crude residue was purified by automated flash chromatography on an 80 g silica cartridge (75-
100% EtOAc/Hex) to give 62 as a white crystalline solid (2.6 g, 5.5 mmol, 83 % vyield).

'H NMR (400 MHz, MeOD) & 8.89 (s, 1H), 8.43 (ddd, J = 8.2, 1.4, 0.5 Hz, 1H), 7.82 (ddd, J =
8.4, 7.0, 1.5 Hz, 1H), 7.68 (d, J = 8.3 Hz, 1H), 7.60 (s, 1H), 7.56 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H),
7.47 (s, 1H), 5.29 (s, 2H), 3.77 (9, J = 7.1 Hz, 2H), 1.45 (s, 9H), 1.22 (t, J = 7.1 Hz, 3H).

'H NMR (500 MHz, CDCl5) & 12.60 (s, 1H, N-10-H), 12.52 (d, J = 6.4 Hz, 1H, N-14-H), 9.08 (d, J
= 6.8 Hz, 1H, C-15-H), 8.43 (dd, J = 1.8, 7.8 Hz, 1H, C-18-H), 7.77 (s, 1H, C-3-H), 7.46 (dq, J =
7.2, 1.2 Hz, 1H, C-20-H), 7.43 (dg, J = 7.0, 1.3 Hz, 1H, C-19-H), 7.34 (s, 1H, C-6-H), 6.02 (dd, J
= 1.2, 7.4 Hz, 1H, C-21-H), 5.08 (s, 2H, C-11-H), 3.48 (g, J = 7.1 Hz, 2H, C-12-H), 1.45 (s, 9H,
C-8-H), 0.97 (t, J = 7.1 Hz, 3H, C-13-H).

13C NMR (126 MHz, CDCl3) & 177.9 (C-17), 165.8 (C-24), 152.5 (C-5), 144.4 (C-15), 141.4 (C-
2), 139.2 (C-22), 135.5 (C-1), 133.1 (C-20), 131.7 (C-3), 126.6 (C-23), 126.1 (C-18), 125.6 (C-
19), 118.6 (C-21), 117.9 (C-6), 111.1 (C-4), 110.3 (C-16), 93.8 (C-11), 64.8 (C-12), 34.8 (C-7),
30.8 (C-8), 14.9 (C-13).

HRMS: m/z calcd. for C3H,5BrN,O4: 473.1071 (M+H); found 473.1051.
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m.p. = 205 - 206.5 °C.

N-(2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoroacetyl)phenyl)-4-oxo-1,4-

dihydroquinoline-3-carboxamide (63)

100 0

To a solution of compound 62 (20 mg, 0.042 mmol) in THF (1 mL) under N,, cooled at -40 °C,
MeLi (1.5 M, 70 pL, 2.5 equiv.) was added via syringe, and the reaction mixture was warmed to
0°C and stirred for 2 minutes. The reaction mixture was cooled to -78 °C then n-BulLi (1.5 M, 42
uL, 1.5 equiv.) was added slowly via syringe. The reaction mixture was warmed to 0°C, then
cooled to -78 °C, and stirred for 15 minutes. Ethyl trifluoroacetate (300 uL, 60 equiv.) was added
quickly via syringe and the reaction mixture was warmed to 0°C then quenched with sat. aq.
NH4CI (1 mL). The reaction mixture was extracted into EtOAc (5 mL) and the organic fractions
were combined and washed with brine (2 mL) dried over Na,SO,4 and concentrated to dryness.
The crude residue was purified by HPLC then lyophilized to give 63 (11 mg, 0.022 mmol, 53 %

yield) as a white crystalline solid.

To a solution of compound 62 (230 mg, 0.486 mmol) in THF (10 mL) under N,, cooled at -40 °C,
MelLi (1.6 M, 700 pL, 1.12 mmol, 2.3 equiv.) was added via syringe, the reaction mixture was
stirred for 2 minutes. At -40 °C, n-BuLi (1.58 M, 370 pL, 0.583 mmol, 1.5 equiv.) was added
slowly via syringe and the reaction mixture was stirred for 15 minutes. Ethyl trifluoroacetate (1.7
mL, 15 mmol, 30 equiv.) was added quickly via syringe and the reaction mixture was warmed to
0°C then quenched with sat. ag. NH,Cl (1 mL). The reaction mixture was extracted into EtOAc
(5 mL) and the organic fractions were combined and washed with brine (2 mL) dried over
Na,SO, and concentrated to dryness to give crude compound 63 as a mixture of species as a
yellow oil (270 mg, prep-HPLC analysis at 254 nm showed conversion of approximately 65 %,
based on this value the theoretical yield = 0.32 mmol). This crude material was utilized without

purification in the subsequent oxime formation reaction (Compound 64, Methods B and C).
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IH NMR (600 MHz, CDCl,) & 12.66 (s, 1H, C-10-H), 11.63 (s, 1H, C-14-H), 9.01 (s, 1H, C-15-H),
8.49 — 8.42 (m, 1H, C-20,21-H), 7.91 (s, 1H, C-3-H), 7.78 (s, 1H, C-10-H), 7.44 (m, 2H), 6.65 (d,
J=7.4Hz, 1H), 5.19 (s, 2H), 3.59 (g, J = 7.1 Hz, 2H), 1.52 (s, 9H), 1.08 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, CDCl;) 8 182.4 (q, J ¢ = 36.0 Hz, C-9), 177.7 (C-17), 165.2 (C-24), 156.2
(C-5), 144.4 (C-15), 142.8 (C-1), 139.0 (C-22), 137.9 (C-2), 133.2 (C-20), 130.4 (C-3), 126.7 (C-
23), 126.6 (C-18), 125.9 (C-19), 119.4 (C-4), 118.2 (C-21), 116.5 (g, J c.r = 290.7 Hz, C-25),
114.8 (C-6), 110.7 (C-16), 93.4 (C-11), 65.2 (C-12), 34.8 (C-7), 30.5 (C-8), 15.0 (C-13).

HRMS: m/z calcd. for CysH,6F3N,Os: 491.1788 (M+H); found 491.1741 m/z.
m.p. = 107 — 109 °C.

N-(2-(tert-butyl)-5-(ethoxymethoxy)-4-(2,2,2-trifluoro-1-(hydroxyimino)ethyl)phenyl)-4-oxo-
1,4-dihydroquinoline-3-carboxamide (64)

14

Method A: To a solution of trifluoromethylketone 63 (37 mg, 0.075 mmol) in a 2:1 mixture of
pyridine/MeOH (6 mL), hydroxylamine hydrochloride (6 mg, 0.083 mmol, 1.1 equiv) was added
and the reaction mixture was heated at 60°C for 24 hours concentrated to dryness, purified by
semi-prep HPLC (75% ACN/H,O, 5mM NH4AcOH) to give compound 64 as a white residue (rt.
2.7 min).

Method B: To the crude residue of compound 63 (52 mg, 0.106 mmol of ketone) dissolved in 2:1
pyridine/MeOH mixture, hydroxylamine hydrochloride (9 mg, 0.132 mmol, 1.1 eqiuv.) was
added. The reaction mixture was heated at 60 °C overnight. Progress of the reaction was
monitored by HPLC. Another aliquot of hydroxylamine hydrochloride (2 mg, 0.03 mmol, 0.3
equiv.) was added and the reaction mixture was heated at 60 °C for 72 hours. The reaction
mixture was cooled to room temperature and concentrated to dryness. The crude residue was
purified by semi-preparative HPLC (70% isocratic eluent ACN/H,O, 5 mM NH4OAc, rt 2.7 min.)
to give compound 64 as a white fluffy powder, (35 mg, 0.069 mmol, 65 % yield over 2 steps).
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Method C: To the crude residue of compound 63 (270 mg, ~0.32 mmol), in a 2:1 mixture of
pyridine/MeOH, hydroxylamine hydrochloride (42 mg, 0.61 mmol, ~1.9 equiv.) was added and
the reaction mixture was heated overnight at 60 °C. The progress of the reaction was monitored
by HPLC. The crude reaction mixture was cooled to room temperature concentrate to dryness,
and the crude residue was purified by automated flash chromatography on a 12 g silica column
(30-100% EtOAc/Hex gradient). The recovered material was then, recrystallized from a 1:10:2
MeOH/DCM/Hexanes mixture to give compound 64 (285 mg, 0.56 mmol, 53% vyield over two
steps) as a white solid >90% pure by HPLC.

'H NMR (600 MHz, CDCl,) & 12.46 (d, J = 9.8 Hz, 1H), 11.75 (s, 1H), 9.02 (t, J = 2.7 Hz, 1H),
8.41 (dt, J = 8.2, 2.0 Hz, 1H), 7.57 (s, OH), 7.49 — 7.45 (m, 2H), 7.37 — 7.33 (m, 2H), 7.33 (s,
OH), 6.64 (dd, J = 8.0, 3.8 Hz, 1H), 5.13 (s, 1H), 5.10 (s, 1H), 3.56 (q, J = 7.0 Hz, 2H), 3.54 (d, J
= 12.8 Hz, OH), 1.43 (s, 3H), 1.34 (s, 6H), 1.06 (t, J = 7.1 Hz, 2H), 1.05 (t, J = 7.0 Hz, 1H).

C NMR (151 MHz, CDCls) & 198.4, 177.8, 177.7, 154.7, 154.5, 153.2, 144.3, 139.1, 139.0,
138.4, 138.3, 133.3, 129.4, 127.7, 126.6, 126.4, 125.6, 118.6, 118.5, 115.2, 114.4, 93.3, 93.2,
77.2,64.8, 64.6, 34.6, 30.7, 30.7, 15.0, 15.0.

HRMS: m/z calcd. for CysH,6F3N3Os: 506.1897 (M+H); found 506.1920.

m.p. = 207 - 210 °C.
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N-(2-(tert-butyl)-5-(ethoxymethoxy)-4-(3-(trifluoromethyl)diaziridin-3-yl)phenyl)-4-oxo0-1,4-
dihydroquinoline-3-carboxamide (66)

0750 HN-NH

To a solution of oxime 64 (126 mg, 0.250 mmol) in DCM, DIPEA (133 uL, 0.75 mmol, 3 equiv.)
was added and stirred until all solids dissolved, then the reaction mixture was cooled to 0°C and
p-TsCl (62 mg, 1.3 equiv.) was added. The reaction mixture was stirred for 15 minutes, then
warmed to room temperature and stirred for 15 minutes. The progress of the reaction was
monitored by LC-MS. The crude reaction mixture was added directly to a sealable vessel
containing NH; (1) at -40 °C. The reaction mixture was sealed in the vessel and stirred overnight
at room temperature. The reaction mixture was cooled to -60 °C and stirred for 15 minutes, then
the reaction vessel was opened, and the reaction mixture was allowed to warm to room
temperature and stirred for 15 minutes. The reaction mixture was purified by preparatory scale
HPLC, (55% ACN/H,0O, 5mM NH4OAc isocratic elution) and lyophilized to give diaziridine 66 (44
mg, 0.087 mmol, 35% over 2 steps) as a white amorphous solid.

'H NMR (601 MHz, CDCl3) & 12.51 (s, 1H, C-26-H), 11.97 (s, 1H, C-27-H), 9.05 (d, J = 4.5 Hz,
1H, C-16-H), 8.45 (dd, J = 1.5, 8.1 Hz, 1H, C-19-H), 7.70 (s, 1H, C-3-H), 7.51 — 7.45 (m, 2H, C-
6-H, C-21-H), 7.44 — 7.39 (m, 1H, C-20-H), 6.35 (d, J = 8.2 Hz, 1H, C-22-H), 5.11 (s, 2H, C-13-
H), 3.59 — 3.45 (m, 2H, C-14-H), 2.72 (d, J = 9.0 Hz, 1H, C-11-H), 2.32 (d, J = 9.0 Hz, 1H, C-12-
H), 1.50 (s, 8H, C-8-H), 1.04 (t, J = 7.1 Hz, 3H, C-15-H).

3C NMR (151 MHz, CDCl;) & 177.7 (C-18), 165.4 (C-25), 154.6 (C-5), 144.4 (C-16), 139.1 (C-
23), 138.5 (C-2), 138.1 (C-1), 132.9 (C-21), 129.7 (C-3), 126.7 (C-24), 126.5 (C-19), 125.6 (C-
20), 123.6 (9, "Jcr = 279.1 Hz, C-10), 118.3 (C-4), 118.3 (C-22), 115.1 (C-6), 110.7 (C-17), 93.1
(C-13), 64.8 (C-14), 56.3 (observed d, 2Jc. = 37.0 Hz, C-9), 34.7 (C-7), 30.8 (C-8), 15.0 (C-15).

F NMR (471 MHz, CDCl;) 5 -76.86.

HRMS: m/z calcd. for CsH27F3N4O,4: 505.2057 (M+H); found 505.2085
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m.p. = 145 - 147 °C
IR (cm™): 3235 (w), 2959 (w), 1644 (m), 1568 (m), 1520 (s), 1476 (s), 1148 (s).

N-(2-(tert-butyl)-5-(ethoxymethoxy)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenyl)-4-oxo-
1,4-dihydroquinoline-3-carboxamide (67)

15/14\0/13\0 1N=N 12

To a solution of diaziridine 66 (15 mg, 0.030 mmol) in DCM (300 yL) in an amber vial wrapped
in foil, DMP (38 mg, 0.090 mmol, 3.0 equiv.) was added and the reaction mixture was stirred for
1 hour. The progress of the reaction was monitored by TLC (EtOAc) and HPLC. The reaction
mixture was quenched with 1M aq. NaOH (2 mL), and the organic layer was washed with H,O
(2 mL), brine (1 mL), and dried over Na,SO, filtered and blown dry under a stream of N, then
placed under vacuum to give 67 (11 mg, 0.022 mmol, 74% yield) as a white powder >95% pure
by *H NMR and LC-MS.

'H NMR (600 MHz, CDCl3) & 12.57 (s, 1H, C-26-H), 12.08 (s, 1H, C-27-H), 9.04 (d, J = 4.9 Hz,
1H, C-16-H), 8.44 (dd, J = 1.5, 8.1 Hz, 1H, C-19-H), 7.64 (s, 1H, C-3-H), 7.48 (s, 1H, C-6-H),
7.42 (ddd, J = 1.1, 7.0, 8.1 Hz, 1H, C-20-H), 7.30 — 7.25 (m, 1H, C-21-H), 6.30 (d, J = 8.3 Hz,
1H, C-22-H), 5.15 (s, 2H, C-13-H), 3.56 (g, J = 7.1 Hz, 2H, C-14-H), 1.48 (s, 9H, C-8-H), 1.03 (t,
J =7.1Hz, 3H, C-15-H).

3C NMR (151 MHz, CDCly) & 177.7 (C-18), 165.5 (C-25), 155.9 (C-5), 144.3 (C-16), 139.2 (C-
2), 139.1 (C-23), 138.8 (C-1), 133.0 (C-21), 129.2 (C-3), 126.6 (C-17), 126.4 (C-19), 125.6 (C-
20), 122.2 (q, “Jcr = 274.9 Hz, C-10), 118.1 (C-22), 115.6 (C-6), 115.0 (C-4), 110.5 (C-17), 93.0
(C-13), 64.8 (C-14), 34.7 (C-7), 30.7 (C-8), 26.6 (q, 2Jc.r = 42.6 Hz, C-13), 15.0 (C-15).

HRMS: m/z calcd. for CysH,5F3N4O4: 503.1901 (M+H); found 503.1914
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N-(4-bromo-2-(tert-butyl)-5-hydroxyphenyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide
(68)

To a solution of compound 62 (3 mg, 6.3 umol) dissolved in MeOH (0.5 mL), sat. methanolic
HCI (0.5 mL, prepared by bubbling HCI (g) through methanol) was added and the reaction
mixture was stirred for 1 hour. The reaction mixture was blown dry under a stream of nitrogen

(g) to give compound 68 (2.5 mg, 6.0 pmol, 95 % yield) as a crystalline solid.

'H NMR (600 MHz, MeOD) & 8.88 (s, 1H), 8.42 (ddd, J = 0.7, 1.4, 8.2 Hz, 1H), 7.81 (ddd, J =
1.4,7.1, 8.4 Hz, 1H), 7.67 (dt, J = 0.9, 8.3 Hz, 1H), 7.55 (ddd, J = 1.1, 7.1, 8.2 Hz, 1H), 7.50 (s,
1H), 7.17 (s, 1H), 1.43 (s, 8H).

13C NMR (151 MHz, MeOD) & 178.8 (C-15), 165.9 (C-11), 153.3 (C-5), 145.5 (C-13), 140.7 (C-
20), 138.2 (C-2), 136.1 (C-1), 134.4 (C-18), 131.8 (C-3), 127.7 (C-21), 126.9 (C-16), 126.8 (C-
17), 119.9 (C-19), 117.7 (C-6), 112.0 (C-14), 108.0 (C-4), 35.1 (C-7), 31.1 (C-8).

HRMS: m/z calcd. for C,gH19BrN,O3: 415.0632 (M+H); found 415.0602.

N-(2-(tert-butyl)-5-hydroxy-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenyl)-4-oxo-1,4-

dihydroquinoline-3-carboxamide (2)

To a solution of diazirine 67 (11 mg, 0.022 mmol) in MeOH (400 pL), in an amber vial wrapped
in foil, sat. methanolic HCI (250 yL) was added and the reaction mixture was stirred at room

temperature for 2 hours. The progress of the reaction was monitored by LC-MS and TLC
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(EtOAC). The reaction mixture was blown dry under a stream of N, (g) and then concentrated in
vacuo to give phenol 2 (10 mg, 0.022 mmol, quantitative yield) as a white solid residue.

'H NMR (601 MHz, DMSO) & 12.95 (s, 1H, N-25-H), 12.15 (s, 1H, N-22-H), 10.27 (s, 1H, O-13-
H), 8.87 (s, 1H, C-14-H), 8.31 (dd, J = 1.4, 8.1 Hz, 1H, C-16-H), 7.79 (t, J = 7.6 Hz, 1H, C-18-H),
7.74 (d, J = 8.2 Hz, 1H, C-19-H), 7.52 (s, 1H, C-3-H), 7.50 (t, J = 7.5 Hz, 1H, C-17-H), 7.31 (s,
1H, C-6-H), 1.40 (s, 9H, C-8-H).

'H NMR (600 MHz, MeOD) & 8.88 (s, 1H, C-H-14), 8.41 (d, J = 8.0 Hz, 1H, C-H-16), 7.82 (t, J =
7.5 Hz, 1H, C-H-18), 7.68 (d, J = 8.1 Hz, 1H, C-H-19), 7.56 (t, J = 7.4 Hz, 1H, C-H-17), 7.44 (s,
1H, C-H-3), 7.23 (s, 1H, C-H-6), 1.45 (s, 9H, C-H-8).

3C NMR (151 MHz, MeOD) & 178.7 (C-23), 165.8 (C-24), 157.7 (C-5), 145.6 (C-14), 140.7 (C-
20), 139.4 (C-1), 136.5 (C-2), 134.5 (C-18), 129.4 (C-3), 127.6 (C-21), 126.9 (C-16), 126.8 (C-
17), 123.8 (g, J = 273.9 Hz, C-10), 120.0 (C-19), 117.1 (C-6), 112.5 (C-4), 111.8 (C-16), 35.1
(C-7), 30.9 (C-8), 27.6 (q, J = 42.5 Hz, C-9).

F NMR (376 MHz, MeOD) & -70.54.
HRMS: m/z calcd. for C,H19F3N4O4: 445.1487 (M+H); found 445.1474

UV (MeOH) Amax 311 nm.
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Appendix B.

Initial progress and experimental of synthetic efforts towards
alternative ivacaftor PAL probe 3

Syntheses of the PAL probe compound 3 via diazirine 8 were attempted beginning with
the use of aniline 10. Although diazirine 8 was not synthesized prior to writing this manuscript,
the route which progressed towards this species the furthest involved a Friedel-Crafts reaction
of aniline 10 with trifluoroacetic anhydride and AICI; which successfully installed the
trifluoromethyl ketone moiety to give compound 70. Protection of phenol 70 with an EOM group
gave compound 71. Concurrent to this synthesis, the stability issues experienced in the
synthesis of compound 4 were experienced and therefore efforts towards aniline-diazirine 8

were paused for re-evaluation of the synthetic path.

OH
ACly
TFAA Et3
THF, rt.
H2N r F3C
12% \\
CF; 8

10 CFs 79 91% CF3 4
;' OH
0 o
Ly
N
N \/ CF3

Following the successful tri-anion chemistry and diazirine synthesis towards 2 (see

Figure 40 Synthetic progress towards intermediate 8

Chapter 4), two possible routes to towards synthesizing compound 3 have been designed and
will be attempted (Figure 41). Among the intermediates synthesized during synthetic efforts
towards aniline-diazirine 8 was iodo 72. Protection of the phenol moiety of compound 72 would
lead to aniline 73. This species could potentially be utilized in a similar manner as the bromo-
aniline 39 in subsequent amide bond reactions with LHS acid 5 to give iodo 74 affording the
ability to perform lithium-halogen exchange reactions to give trifluoromethylketone 76. As well,
rather than installing the diazirine prior to deprotection (which would vyield 8), the

trifluoroacetamide could be removed from trifluoromethylketone 71, giving aniline 75. This
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species could be used give generate amide 76 following amide bond formations with LHS acid

5. In future efforts these options will be explored.

96%

OH 0o
K1, KIOg, HCI e . 0 o
H,0, H,0,0°C to rt.
HoN HoN |
72 73 N
H

74

CF3 7 CF3 75 0O~ CF; 76

IZ

Figure 41 Possible synthetic routes to 3 viaiodo 72 and via trifluoroacetamide 71

Experimental Procedures

N-(4-(tert-butyl)-5-hydroxy-2-(2,2,2-trifluoroacetyl)phenyl)-2,2,2-trifluoroacetamide (70)

OH

Aniline 10 (500 mg, 3.03 mmol) was placed in a vial, and TFAA (10 mL) was added slowly with
stirring. AICl; (403.5 mg, 3.03 mmol, 1.0 equiv.) was added and the reaction mixture was left to
stir for 2 weeks. The reaction mixture was quenched into a mixture of ice and 1M HCI (20 mL)
and stirred for 15 minutes. The mixture was extracted into DCM (50 mL), and the organic
fractions were combined and washed with brine (50 mL), dried over Na,SO, concentrated to
dryness. The crude residue was diluted with MeOH (5 mL), stirred for 5 minutes, and
concentrated to dryness. The crude residue was purified by automated flash chromatography on
a 40 g silica cartridge (2-30 % EtOAc/Hex) to give compound 70 (128 mg, 0.358 mmol, 12 %

yield) as a white crystalline solid.
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IH NMR (500 MHz, CDCl) & 12.63 (s, 1H), 8.63 (s, 1H), 8.48 (s, 1H), 8.02 (d, J = 2.0 Hz, 1H),
1.43 (s, 9H).

3C NMR (151 MHz, CDCl;) & 181.5 (q, J = 34.4 Hz), 163.5, 156.5 (g, J = 38.4 Hz), 140.0,
134.1, 131.8 (q, J = 4.1 Hz), 128.2, 118.4, 116.3 (g, J = 290.7 Hz), 115.0 (q, J = 287.9 Hz),
114.4, 108.7, 34.4, 28.5.

F NMR (471 MHz, CDCl3) 8 -69.10, -76.04.
HRMS: m/z calcd. for C14H13F¢NO3: 358.0872 (M+H); found 358.0870
m.p. = 163-164 °C

N-(4-(tert-butyl)-5-(ethoxymethoxy)-2-(2,2,2-trifluoroacetyl)phenyl)-2,2,2-

trifluoroacetamide (71)

To a solution of phenol 70 (51 mg, 0.143 mmol) in THF (1 mL) at room temperature under N,
DIPEA (55 L, 0.315 mmol, 2.2 equiv.) was added via syringe, followed by chloromethylethyl
ether (16 pL, 0.172 mmol, 1.2 equiv.) via syringe and the reaction mixture was stirred overnight.
The reaction mixture was quenched with sat. aq. NH,4CI (100 mL) extracted into Et,O (50 mL,
3x). The organic layers were combined, washed with brine (100 mL) dried over Na,SO,, filtered,

and concentrated to dryness to give compound 71 (54 mg, 0.13 mmol, 91%) as a yellow solid.

'H NMR (601 MHz, CDCly) 8 12.19 (s, 1H), 8.55 (s, 1H), 7.99 (t, J = 2.0 Hz, 1H), 5.45 (s, 2H),
3.78 (g, J = 7.1 Hz, 2H), 1.40 (s, 9H), 1.27 (t, J = 7.1 Hz, 3H).

®C NMR (151 MHz, CDCls) & 182.1 (g, J = 34.4 Hz), 163.8, 155.9 (g, J = 38.1 Hz), 141.8,
135.7, 131.2 (d, J = 4.5 Hz), 125.7, 116.9 (g, J = 290.9 Hz), 115.6 (q, J = 288.6 Hz), 109.9,
106.7, 93.3, 65.7, 35.2, 29.4, 15.1.

F NMR (376 MHz, CDCl;) & -69.34, -76.32.
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HRMS: m/z calcd. for C;;H;9FsNO,4: 416.1291 (M+H); found 416.1290
m.p.=29-31°C

5-amino-2-(tert-butyl)-4-iodophenol (72)

OH
H,N
I

To a solution of aniline 10 (1.084 g, 6.56 mmol) suspended in H,O (25 mL), HCI (conc., 550 uL,
6.56 mmol, 1 equiv.) was added and the reaction mixture was stirred at room temperature for 10
minutes until compound 10 dissolved. The reaction mixture was cooled to 0 °C then a solution
of KI (719 mg, 4.33 mmol, 0.66 equiv.) and KlO; (463 mg, 2.16 mmol, 0.33 equiv.) in H,O (2
mL), was added dropwise forming a brown precipitate The reaction mixture was stirred for 1
hour at room temperature and filtered to give compound 72 (1.84 g, 6.3 mmol, 96 % yield) as a

brown solid.

'H NMR (400 MHz, CDCl;) 8 7.41 (s, 1H), 6.16 (s, 1H), 1.34 (s, 9H).

3C NMR (101 MHz, CDCl;) & 155.5, 145.7, 137.0, 129.5, 103.4, 73.8, 34.0, 29.9.
HRMS: m/z calcd. for C1gH14INO: 292.0193 (M+H); found 292.0174

m.p. = 136-139 °C
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Appendix C
Supplemental Data File
Description:

The accompanying PDF file contains relevant characterization data for the final series of novel
compounds (that were described in Chapter 4) that were generated in the synthesis of
compound 2, as well as for other select compounds in the thesis.

Filename:

Appendix C Supplemental data file.pdf
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