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Abstract

Boron is a versatile atom in synthetic organic and medicinal chemistry. Thatinmofa
variety of carborcarbon ad carborheteroatom bondsnd theability to actas apharmacophore
makes boron a powerful tool in drug discovery. An area dfug discovery that remains
underexplored with boron is the application and preparatiopalit chiral boronates to synthesize
bioactive scaffolds of interest. The use of chiral boronates is particularly appealing for the
preparation of privileged scaffolds, as a greater amount of synthetic diversity can be become
available, which has importaimplications in drug repurposing, @aiscovering new biological
activity with common molecular scaffolds. With such great potential, the chemistry and
applications of chiral boronates warrant further study.

To study the application of cyclic boronates;apid library of analogs for vacquol-1
(vac1)d a preclinical candidate against glioblastoma multiforme (GBMpas synthesized using
racemic allylic piperidinyl boronates and quinoline aldehydes. This library was generated to try
and find a more poterdand efficient analog, as wdchas nowbeen abandoned as a clinical
candidate, largely due to its pdarvivo activity in mice transplanted wit@BM tumouss. For the
preparation of chiral boronates, a variety of cyclobutenones were synthesized using an optimized
route. This library of cyclokienones were subjected to a catalytic enantioselective conjugate
borylation reaction to examine the generality of thaction and limitations of substrates. This
project is particularly noteworthy, as it is one of the first successful examples of pyepatiary
trisubstituted cyclobutylboronates using conjugate borylation chemistry. Since these
cyclobutylboronates arenknown, they represent a wonderful opportunity to discover potential

drug candidates incorporatiagpolysubstitutedyclobutane motif.



Preface

The research conducted in Chapt emast@s thesis a ¢
Samantha syn#sized, characterized, and tested all enantioenriched stereoisowerguinotl

1, and its dehydro analo@y. She was alssuc@ssfulin the preparation of enantioenrichieo
isomers of the bromine v&k analog18, which became the leacbmpound of interest and
ultimately led to the current SAR study to improvedhe u g ¢ a potémcyl Byt cenérilsutions

to the project were the scessful synthesis, characterization, and testing of radbneic vac-1
analogsl8-29, 45, 47-54, 62, and75. Thein vitro testing of vael analogsagainstU251 and A4

004 glioblastoma multiforme cklineswas conducted via a collaboration with Dr. Sakah and

Dr. Roseline Godboutom the Department of Oncology at the University of Alberta

The conjugate borylation reaction methodology outlined in Chapter 1 and Chapter 3 was developed
and optimized by Michele Boghi and Helen Clement in collaboratitim Jack C. LegLouise
Bernier, William Farrell, Neal Sach, Matthew R. Reese, Jothamadd&; hristopher J. Helaht
Pfizer Inc. Michele optimized the first synthetic route towards cyclobutentmeand was
successful in developing conjugate borylatioonditions to access the racemic version of
cyclobutylboronateé8a. Jack andhe otheteammembers at Pfizeperformed a higlthroughput
screen (HTS) to discover the optim§|S)-BDPP chiral ligand for an enantioselective conjugate
borylation reactionand gave us feedback throughout the projgsing the chiral ligand, Helen
successfully optimized the enantioselective reaction 7@n to acquire enantioenriched
cyclobutylboronat®ain good isolated yield and high diastereoselectivity. She was alssstidce

in obtaining a crystal structure toqve the stereochemistry of the cyclobutylboronate products
and synthesizethe correspondingyclobutyboronatedrom cyclobutenonegj, and9-15 for the
substrate scop®ly contributions to the project were tdevelopment of a nealkene migration
reaction, which led to the preparation of cyclobutenob&sand 7b-7j. | also performed a
preliminary substrate spe with the optimized conjugate borylation reaction, which led to
cyclobutylboronates2a, 8b-8g. We currently have an acceptedmanuscriptin press for
Angewandte&ChemielnternationaEdition (ACIE).
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Chapter 1: The Utility of Organoboron Compounds in Modern Drug

Discovery

1.1 The Importance of Diug Discovery, and the Growing Need for New Strategies in the Field

Drug discovery is the process of finding new chemical entities (NCESs) to treat a disease
through innovdons in the fields of chemistry, biology, pharmacology, biochemistry, and
biotechmlogy! The inception of this multidisciplinary process can be traced back to prehistoric
times and Chinese medicine practices, where the ingestion of plants or extracts thereof could
induce a myriad of different medicinal effects on the subject, suciseassdreatment, symptom
alleviation, and psychoactive effectslowever, the more rational foundations of modern drug

di scovery come from the industrial era, and P
from 187218741
Ehrl i chdos sevatpns orn dya hffinitte® for biological tissues led him to

hypothesize the idea ohemoreceptotsand how such receptor cells on parasites, microorganisms,
and cancer cells would be chemically unigue from the chemoreceptors on healthy surrounding
tissues whe interacting with moleculesEhrlich then surmised that the chemoreceptors of
harmful pathogens and/or cells could be selectively targeted with therapeutics, while leaving the
healthy tissues unharméd@. hi s fAmagi ¢ bul | e toodsteprhteeaevegiopmeats t h e
of modern chemotherapy, and aided Ehrlich in the discovery of the arsenic chemotherapeutic drug
Salvarsad one of the first treatments for SyphfiSEhr | i chds cruci al hypoth
modern recepteligand theory antdhe cacept of pharmacophores. These concepts warllder
the basic conceptual ideas for drug discovery. However, it would take another 100 years for
advances in animal modeling,-rdy crystallography, molecular modeling, hitfittoughput
screening (HTS)and DNA recombination and transfection, to evolve drug discovery into the
multifaceted juggernaut it is today.

There is no question about the profound effects drug discovery can have on tbeimgell
of humanity. In 1935, Gerhard Domagk helped disc@ral dstribute Prontosil, a red dye that
would be the foundation for treulpha drugsor sulphonamides, which were the first treatments

for systemic bacterial infectiofd. Domagkds di scovery was an i nsf



revolution, as isolatio of large quantities of penicillin came to fruition in 194Q@nly four years

after penicillin became readily available, Albert Schatz isolated the aminoglycoside streptomycin
from soil bacteria, which would inspire further exploration for antibioticsanimgtetracyclines

a n dlactams in the 1950960s, effectively bringing bacterial diseases under control for several
decades.From this success in treating infections, several other milestones in medicine would
result from drug discovery efforts: thesychoative benzodiazepines, which revolutionized
therapy in psychiatry; the statins, which reduced illness and mortality in heart disease; Nucleoside
Reverse Transcriptase Inhibitors (NRTIs) for the treatment of HIV/AIDS; and lastly, the platins,
taxanes kinag inhibitors, and other agents that expanded the arsenal against cancer (Figure 1
1).1° This renaissance of small molecules helped pharmaceutical giants prosper, which rapidly
expanded research and development into even more therapeutics thathangedthe face of
modern medicine. Despite these breakthroughs

1950s to the present day, drug discovery innovations in pharma began to decline at a steady rate.
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Figurel-1: o me s mal | mol ecul e milestones in the tre

of drug discovery:®

Despite an annual spending of $130 billion in pharmaceutical R&D in 2012, and a

consistent rise in drug discovery investments, the annual muowhbeCEs approved by the FDA
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was between 282 from the period of 2007 to 2012Vith an average cost of over $illion, a

30% failure rate in preclinical development, and a ~60% attrition rate of experimental drugs in

phase Il and phase lll clinical&is,

8 These alarming
Moorebs Law),

industry(Figure 22)°Mo o r e

the likelihood of an NCE reaching the market is a dismdl 4%.
nNumbEr eomas c b am-andéhéek isversemhn g b e A
aptly summari ze the downward tr

6s Law states that every two ye

an integrated circuit wildouble® When applied to the pharmaceutical industry, the reverse of

Mooreds Law is

the backwards moniker Eroorh).
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Figure 12: 2010 deche in innovation from the pharmaceutical industry, reproduced with

permission by Springer Natufe.

This apparent innovation gap can largedydttributed to two economic factors: 1) generic drugs,

and 2) the patent cliff, and two scientific factors: liical attrition, and 2) increasing complexity

of disease targefs®

Generic drugs are medications that contain the same active pharcecegredient

(API) as a branshame drug, and

mimics its dosage, safety profile, and general perforthahce.
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From their foundation to increase competition and lower drug prices, 80% of prescriptions are now
generics, and the global generics industrgstmated to be $385 billion dollars by 2049@his
rising industry, coupl ed etewwith dnbraachamednug fiouryearsl r u g 0 s
after it hits the market with an Abbreviated New Drug Application (ANDA), has cost the
pharmaceutical ingstries $290 billion from 20120181° Directly tied to this competition is the
patent cliff, which in its simpk form, is the expiration of major blockbuster drugs that have/can
earn between $1-0.5 billion in a year for a compan{Blockbusters drugthat will no longer be
patented, combined with the reality that the most recent FDA approved NCEs are orgisaor dru
target disease niches, will limit the amount of return to cover the increasing cost of R&D, which
paints a problematic future for drugsdovery*°

Even if one can somehow avoid the economic pitfalls, there is still the problem of getting
adrug from clinical trials to market. As alluded to above, drug candidates are abandoned due to a
combined ~90% attrition rate from preclinical to phd# clinical trials®* This attrition is
influenced by increased FDA regulations and scrutiny duriNgwa Drug Application (NDA), as
well as drug efficacy, toxicology, clinical safety, and other facé?®ut, perhaps the most
important dynamic toards drug failure is the biological target itself. The notion that one drug
should only affect one biologal target with high affinity is beginning to erode, as researchers are
becoming increasingly aware that targets of interest for a disease aredrwittvenany biological
networks of genes, proteins, enzymes, and other active mol&8uléss biologica system of
redundancies can cause a sirigiget drug to lose its beneficial effects against a diseBet,
not all hope is lost for all drug sovery endeavours!

The pharmaceutical industry is increasingly externalizing their innovation effats vi
academic collaborations, biotech stapts, and contract research organizations (CROSs) to aid them
in the drug discovery process; effectively aligrihe linear drug discovery pipeline that medicinal
chemists are all too familiar with (Figure3).” This paradigm of pooling innovations and
intellectual properties is clearly having a large impact, as acadedustrial collaborations are
more likely to succeed at phase Il trials and filing an NDA, compared to internal innovation
efforts1> Two nonbusiress strategies from a medicinal chemistry standpoint may also be able to
help combat the negative holding pattern of the pharmaceutical industrisaidrdg discovery
efforts (Section 1.2).
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Figure 13: The collaborative drug discovepipeline, reproduced with permission from Taylor &
Francis’

1.2 Polypharmacology and Drug Repurposing

Since many diseases employ several pathways and intesaetith biological entities to
promote pathogenesis, then it stands to reason that NG&slifuy discovery efforts should target
all these different networks as well! This concept defines the evolving practice of
polypharmacology® From a drug design stepoint, polypharmacology can encompass two
possibilities: 1) multiple drugs binding to f#ifent targets, or 2) one drug binding to multiple
targets in a biological netwofRSome small molecule drugs like paracetamol and metformin are
known to follow tre latter possibility, though these were largely serendipitous in disctvery.
However, morgational chemical approaches towards multitarget drugs have emerged since this
strategyéo6s gr owt h i n popul arity, suchveas a)
pharmacophores, b) fusing two active drugs with separate targets together with adéligotiop,
and c) merging pharmacophores together so that the biological activity of both is maintained,
(Figure *4)* The potential benefits of polypharmacologg @nticing, such as reducing drug
drug interactions as treatment becomes less completodaeer singletarget drugs being used,
improving efficacy via synergistic effects of modulating multiple targets at once, and the economic
benefit of designing ondrug for multiple targets, compared with multiple specific didgs.



linked pharmacophores fused pharmacophores merged pharmacophores

(a) (b) (c)

Figure *4: Chemical approaches towards developing a multitarget ‘*driReprinted with
permission fronProschak, E.; Stark, H.; Merk, D. Med Chem 2019 62, 420444.Copyright
2018, American Chemical Society.

A directapplication of polypharmacology is the idea of drug repurposing, which is looking
for new clinical applications or biological targets of existing drugs or NCEs that have failed to
progress to market or are in clinical developmeéBtug repurposing carrige from a number of
mechanism$® One such mechanism is serendipity, which is classically exemplified by Viagra
(sildenafil), which was originally an angina treatment, but is pomarily used to correct erectile
dysfunction based on empirical obserwas during clinical trial$®'’ Other options to repurpose
a drug include datdriven approaches, an vitro screening against new targets, which can be
demonstrated by Gleevaen@tinib), originally a treatment for chronic myelogenous leukemia, it
is nav repurposed for treating systematic mastocytosis, and gastrointestinal stomal tfmours.
Lastly, there is the tactic of taking a known drug and systematically combining it wethdotigs
to produce an alternative effect, as shown by Topamax (topiraematepilepsy and migraine
therapy, which can also be used for weilgiss in combination with phentermif®Repurposing
approaches are growing in popularity in pharma. Indeed, dB%ads from drug discovery
programs arise from previously known compoyradsl 30% of FDA approved drugs in the past
few years were repurpos&:®However, another way to look at drug repurposing is by chemically
modifying existing drugs or candidatésat have failed to progress pass preclinical or clinical
development, suclthat the biological activity is improved and/or acquires more favourable
properties for interaction with one or more biological targets. To accomplish this strategy of drug
design,there is also a need for developing new pharmacophores to incorporaristitey drug
scaffolds to improve clinical s i-hganni gf i i ncga nfcreu, i ta:

common bioactive functional group (FGs) and/or single protein tsaafethese FGs have been
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exhausted® This lack of novel biological actity can stymie innovation, and drastically narrow

the patent space for NCEs as a result. However, an emerging area of medicinal chemistry that can
add a diverse exploitable pharmpbore, and repurpose drugs in new ways is by incorporating
boron into bioatve molecules.

1.3 Boron in the Medicinal Chemistry Toolbox

With an atomic number of 5, boron has one less electron than carbon, which results in an
empty p orbital within its neutral sp configuration!® As a result of this open shell, boron has
strong Lewis acid character, and weaker BDE betweénli®dnds (75 kiol) compared to €
bonds (358380 kJ/mol)t® Some of the most stable boron compounds are boronic acids (BAS).
BAs commonly have a pKa range e6B8have good hydrogen bonding potential-820kJ/mol),
and at physiological pH (~7.4), they can typicallysein equilibrium between a neutral’$prm,
and the anionic tetrahedralPdprm via its reactive open shéiThis dynamic is shown in Figure
1-5 with phenylboronic acié® With their air stability, low toxicity profile, and transient ability to
existin two different molecular geometries, a rich variety of pharmaceutical applications have
been developed: carbpdrate sensors based on the BAs reversible binding to diols, they can
polymerize and be used as drug delivery systems, hydrolytic enzymeaadndilsind many other

applicationst®>?2

Figure15:Bor on 6 s o0 pteerevessiility bf Ineutrahanddanionic forms phenyboronic
acid at physiological pH

From the standpoint of drug repurposing, one can look at the boronic acid functional group as a
carboxylic acid bioisostere to improve biological activity, andrimca s e a drugos

significance. Boron is a valuable molecular editor of drug scaffeldsformation of boron



heterocycles, and its rich chemistry/synthetic utility can provide alternate synthetic routes to access

privileged scaffolds, which can allofurther diversification of existing drug classes.

1.3.1 Boron as a Carboxylic Acid Bioisstere

Bioisosterism can be broadly defined as replacing part(s) of the molecular structure of a
drug candidate with substituents or functional groups that hankaisshape/sizes and chemical
properties that can either improve or attenuate biologidalitgc®® This concept branches into
two subsets termarassicalandnonclassicalin which classical isosteres refer to groups that have
roughly the same numbef atoms, as well as similar steric and electronic factors as the portion
of molecule to be replacéd A common example of this isosterism would be a functional group
replacement® Nonclassical isosteres do not follow the physicochemical equivalentias o
classical isostere, but still manage to produce similar biological gctivA technique that
highlights this isosterism is the scaffold hop, where the core of a drug molecule is modified with
a similar template to improve poten€\Based on the digfitions above, boronic acids function as
a classical bioisostere of the caxiglic acid functional group?

Carboxylic acid moieties are prolific functional groups in medicinal chemistry. They are
part of the general structure of all amino acids, thg &atids that make up biological membranes,
as well as certain steroid5Cartoxylic acids can be desirable from a drug design standpoint,
because they can lower lipophilicity of a molecule and improve aqueous solubility as a result of
low pKa (~4.5), strng electrostatic interactions, and hydrogen bonding aBfiijowever, the
location of the biological target has to be taken into account when working with carboxylic acid
moieties, as the charged functionality under physiological conditions will besiyntik cross the
blood-brain barrier (BBB) or get to other central nervouseys(CNS) destinatiorfd.In addition,
they can pose a threat from a pharmacokinetic (PK) standpoint, as they can be rapidly metabolized,
which can lead to poor bioavailability mcreased toxicity?

BAs are a potential solution to the flaws of carbaxycids. The two hydroxy groups
bound to the boron atom can readily hydrogen bond to acquire favourable inteéasiioilar to
the carboxylic acid; the higher pKa-88 may hegb prevent fast metabolism and subsequent
clearanceé*However, there are riskd nonspecific interactions or loss of biological activity with

this pharmacophore, due tieboronationpxidation, or formation of boronate esters with other



biological targetor molecules® In spite of this, use of the boronic acid pharmacophor¢oed

the successful marketing of Velcade (bortezomib), a peptidylboronic acid proteasome inhibitor for
multiple myelomd a plasma cell cancer (Figures).'®® As well, the BA has ben successful in
repurposing hits into lead drug candidates. Arecentexample t hi s I s seen by Gl
(GSK) efforts into developing new therapies against the hepatitis C virus (RQgy found

that a BA pharmacophore in tipara position ofa phenyl moiety on a benzofuran scaffold was
essential for enhanced vitro potency against wildtype and mutated HGY#s well, the BA

was upwards of 100X to 1000X more potent compared to a carboxylic adichigBlighting its

power in drug repurposinas a potent carboxylic acid bioisostere (Figw@)2> After adding a

fluoro grouporthoto the BA to further improve its potency, the lead compound was advanced to
clinical trials?>While the boronic acid is very promising as a pharmacophore and tévesfsr

drug repurposing, another increasingly popular area is transforméendpdronic acid into a

benzoxaborol@ a novel boron heterocycle.
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Figure 16: (Top) Structure of bortezomib, the first successful boronic daig. (Bottom) an
example of a hitd) repurposed with a boronic acild)( with highin vitro activity against wild
type (WT 1la and WT 1b), and mutated HCV (1b 316N) strafrs.



1.3.2 Benzoxaboroles as Novel Heterocycles in Medicinal Chemistry

Benzox&orole is a fivemembered boronic acid hemiester embedded onto a phegy!
which is typically formed from an intramolecular dehydration reaction of 2
(hydroxymethyl)phenylboronic acfd. Benzoxaboroles were originally isolated in 1957 by
Torsell, and wee found to have good water solubility, as well as stability towardtcaand
alkaline medi&’ These heterocycles are significantly more acidic (pKa ~7.4) than BAs, which
means that at physiological pH, there is an equal proportion of its neutrédrep and its
tetrahedral spanionic intermediaté The large differencén acidity is due to the inherent ring
strain of the fivemembered ring® This strain gives a shorter bororygen bond, which is
subsequently relieved when a hydroxide ion compléxeksewis acidic boron atorff There was
some speculation as to whethlee benzoxaborole could exist between an open and closed form
in aqueous media. However, Hall andworkers demonstrated through \ANIMR studies that
five, six, and seven membered bexaboroles predominantly existed in the clofaun in
agueousorganic nixtures, likely due to the enthalpy of ring formation and the release of water,
which is thermodynamically favourable (Figur& )’

iy o
“OH B,
OH O * HO
open closed
BPH H(?\B/OH
H7.4
(ji/\o + HZO ‘p=‘ (ji/\o + H3O+
sp? sp®
~50% ~50%

Figure 17: Chemical properties of benzoxaboroles in aqueous media at physiologié&f3H
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Despite their stability and intriguing properties, benzoxaboroles were largely ignored in

drug discovery endeavours, until it was revealed that they were very efficientiaghio diols,

forming secalledspiro complexgswhich can inhibit theactive sites of a variety of enzyn?&§.

This binding affinity and further research into benzoxaboroles as a drug scaffold culminated in the

marketing of two drugs: Kerydin (tavaborpléor the treatment of onychomycosis, and Eucrisa

(crisaborole), as a topical treatment for dermatitis, as agethany experimental derivatives like

SCYX-7158

1-8).2"2° Based on market success, it is no surprise that drug discovery programs are attempting to

for

the treat ment

of

human

Af ri

can

repurpose the benzoxalote scaffold to find additional biological targets or increased potency.

/OH
B
\
/©1/O
F

Kerydin
(tavaborole)

geVos

Eucrisa
(crisaborole)

OH
/
\

Figure 18: Marketed drugs and audy candidate featuring a benzoxaboré.

One example of this trend is the repurposing of the antibiotic vancomycin. The free carboxylic

acid moiety on vancomycin was coupled with a chiral amino benzoxaborole to generate analog

ZT

CF; O

SCXY-7158

/UJ\O

(c).282 The repurposedancomycin was shown to have a significant éase in the minimum

inhibitory concentration (MIC) agains$taphylococcusand Enterococcusstrains of bacteria

(Figure 19).2%1t is clear that both the characteristics of benzoxaboroles and boronic acids are

beneficial for pharmaceuticals. However, amothssential application of organoboron compounds

are the use of its novel chemistry to access common drug scaffolds in innovative ways.
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Figure 19: Drug repurposing of vanmycin with a benzoxaborole scaffdit.

1.3.3. Accessing Privileged ScAmindAldohbls t hr ough

T h e-ammo alcohol (also known as vicinal amino alcohol, ordly2no alcohol) is a
scaffold commonly encountered in natural and synthetic pro&Ustsucturally, the saffold can
be acyclic with the free alcohol and amine, or the amine and/or hydroxyl portion can be acylated,
alkylated or contained within ring8.The contiguous 1,2 linkage of the carbons containing the
hydroxy and amine functional groups give the sadffin inherent chirality and biological activity
in many molecule$ making it a sought aftesrivilegedscaffoldin medicinal chemistry (Figure
1-10)3° Examples of 1,2amino alcohols can be seen in the amino acids serine and threonine,
sphingosine, (a sictural lipid involved in cell signaling), febrifugine, (an antimalarial), and the
hormones epinephrine, and norepinephtii€®This motif has broad pharmaceutical use, as 82
FDA approved drugs, and an additional 119 experimental drugs yet to beeagbroxc o n-t ai n a
amino alcohof® Some pharmaceuticals with this prolific scaffold include Invirase (saquinavir),
an HIV protease inhibitor, Ranexa (ranolazine) an antianginal medication, and Relenza
(zanamivir) a drug used to treat influerf?23°¢Additio n a |  u t i -amirto plcolofs can bee b
seen in organic synthesi s, from Evansd oxazol
reactions, the chiral oxaborolidine ligands used in the CBedghiShibata (CBS) reaction to
reduce carbonyls toegerate enantioenriched alcohols, and organocatalysts like prolinol (Figure
1-10) 30c:30¢
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Figure 210: General structure of X@&#mino alcohol scaffold and its appearance in natural
products, drugs, and chiral cataly$s.

Due to their ubiquity, sevannadlcohsly(Riguredt i ¢ r
11). Traditional routes of preparation would involve reduction of carbonyl, imino, or nitro groups,
ring opening of epoxides or aziridines, or aminohydroxylatioMore contemporary methods
would include late stage-B activation, and R¢ at al y z e d ramidownitrites>’dm o f U
access this motif with boron chemaskedr o) cahobr
via oxidation, as suchminoboration ohydroboration on an alkene or enamine could yield the
scaffold® In addition, addition of 1liborylalkanes to analdimined followed by
monoprotodeboronation, oxidation, and deprotection as reduedld also readily access
vicinal amino alcohols®? Here i n , t he maj or -&nono alsohols Will e e s s i n

allylboration of aldehydes.
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Figure 111: Synthetic methodologies to prepare-dngino alcohol$t32

Carbonyl allylboration is aaddition reaction between allylic organoboron reagent and

a carbonyl compound, most commonly an aldehyde or ifdifikis nucleophilic allyl transfer to

the carbonyl generates a homoallylic alcohol or amine via formation of a hW@wahd> This

new bad creates two stereogeruentres, as well as a residual allyl fragment which can be further
functionalized as desiréd@>%In general, the allylic organoboron reagent falls under two classes:
1) borane, or 2) boronaté&33Boranes typically have twalkyl substituents bountd the boron
atom, whereas boronates will have alkoxy substituents (Figa&)3 Allylic boranes are more

reactive, but unlike boronates, they are unstable to air and mdi&téite.

The chirality of an allylic organoboron caxig in two forms: the fist being as an

auxiliary, where the chirality is contained on the alkyl groups of the borane/boronate, which is

referred to as B-chiralal | yl i ¢ boronate, and the second
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carbon, which is referred to asGxchiral allylic boronate'® Mechanistically, allyllic boron
reagents are typically classified as Type |, which implies that the reaction prabemash a
closed sixmembered chailike transition state (TS) akin to t@@mmermanTraxler model applied

in aldol reactions?® In contrast, Type Il reagents like an allylic trialkylsilane for the Hosomi
Sakurai Reaction, would proceed through an op8d°TThis alternative mechanism requires
Lewis acid activation, and the ditlon would generate a carbocation that would be stabilized via
hyperconjugation from the silane, which is favourable towards product forntdtitine chair

like TS of the allylboation is highly advantageous, due toldrgestcarbonyl substituent adbpg

a pseudeequatorial conformation, and a dative bond existing between the boron atom and the
oxygen/nitrogen atom of the carbonyl, which will form a new covalé@ Bond in tle addition
product®® As a result, this reaction can be readily achievedeumhermal conditions without a
catalyst, and the stereochemistry of the allylic organoboron reagent is maintained in the transfer to
the carbonyl, giving theynor anti product lased on alkene geometly ¢r Z). Enantioselectivity

can be retained withigh fidelity if the borane/boronate is enantioenriched (Figut@)192-33

R? R 2 OR! R? OR'
R? Bus c Lo RS B
= "R R\%\/ongy Z Y TOR'
R4 R4 R4 R5
B-chiral allylic borane B-chiral allylic boronate C-chiral allylic boronate
Type | Type Il
LA
OR4 +O
| R® R*
B\ 4 — >
R i OR - ~
"7\0 R H
R3
R? SiR3
Allylboration Hosomi-Sakurai
Closed TS Open TS
Zimmerman-Traxler Chair Hyperconjugation-stabilized

Figure :12: Forms of allylic organoborons, and the differences &etwType | and Type I
transition states for allylic metal reagefs.
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In addition, catalytic allylborations can also be performed to generate homoallylic alcohols in a
highly diastere and enantioselective fashié#. Hall and ceworkers optimized a cdigic
allylboration sequence by formingGchiral allylic boronate via adton of a Grignard reagent
to a vinyl boronate ester in the presence of a chiral phosphorar@id{i® complexZ®® This
enantioenriched allylic boronate was then immediately rdagih the aldehyde in the presence
of a suitableLewis acid, like boron tiluoroetherate BFs AE0).3% These ongoot conditions
form the product in high ee and E/Z ratios, which is attributed towards a tighter Type | TS due to
the lewis acid coordinain to an oxygen on the boron egtareating more prominent steric
interactions’3P

While the allylboratioris highly stereoselective, it is difficult to produce an homoallylic
al cohol wi-substit@gent, asaihliccberonates with an amino grdupez2position or
Afami noal | yl boronatedo are quite rareyerahave
functional group manipulations for their preparatibthe Hall Group wanted to resolve this
problem to access the 1aPnino alcohol scaffolthy developing a more facile method to prepare
a 3aminoallyl boronate. In this regard, an interesting ofymity emerged when Matsuda and co
workers reported a Pchtalyzed borylation of cyclic alkenyl triflates to access the corresponding
alkenyl boronat3® Their reaction was highly selective and robust on all substrates with the
exception of a tetrahydropgmyl triflate, where unexpectedly, the allyl boronate product was
formed preferentially over the alkenyl boronate (Schery3®

Inspired by thistsange outcome, the Hall Group optimized the olefin isomerization on the
tetrahydropyranyl triflate/nonafi@ to access the allylic tetrahydropyranyl boronate under very
mild conditions, and were successful in making the transformation enantioselectismgpythe
chiral ligand, Taniapho¥. This borylative migration, which generates an enantioenriched cyclic
chiral boronate, was further optimized and applied to the corresponding piperidinyl
triflate/nonaflate to access an allylic piperidinyl boronate omamg scale with high
enantioselectivity® The application of the borylative migration to piperidines hassicerable
potential in medicinal chemistry programs, as the piperidine ring is a privileged scaffold that makes
up a large portion of FDA approvedugs (Scheme-1) .33/
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Scheme 11: Matsuda and ewo r k e r s 6 cdnditions (tap)tand @ptimized conditions for
Ha | kenanBasalectipediyylative migrationreaction(bottom)3>36

t he

With a powerful metbdology in hand, the Hall Group then wanted to examine some of the

synthetic applications of thenantioenriched allylic tetrahydropyranyl and piperidinyl boronates.

A major utility of boronate esters is employing the Sufdkraura crosscoupling to formnew

Ci C bonds. While the reaction is very robust in forming spf bonds, crossoupling to form

sp’i sp’ bonds is challenging due to a slow transmetallation step, and the tendency to form side

pr od u c-hyslride dliminatior?® In addition, when the chiral boronate is allylic there is also

the issue of regioselectivity, where steric or electraiffects @an dictate whether the cress

cou

pling

product

W i

be

a t*® Howe\er, thle HallkGroopwasa r b o n

able to circumvent all of these selectivity issues by employing different ligands on a palladium
the U or

metal catalyst to prefentially

f orm

0]

substi

tuted

the SuzukiMiyaura reaction (Scheme2).38 This elegant crossoupling methodology was then

used in the preparation of the antidepressant drug Paxil (parox&tine).

17

pro



i-Pr

(1) Pd-PEPPSI-i-Pr = al XPhos
OMe #_P OMe
(AllylPdCl), (1.5 mol%) 0. 0O B (AllylPdCl), (1.5 mol%)
(p- CF3Ph)3P (6 mol%) “B” r XPhos (6 mol%)
KOH (5.0 equiv) KOH (5.0 equiv)
Pd-PEPPSI-i-Pr | THF or CH;CN
| (1.5 mol%) X 40-70°C | X
X KOH (5.0 equiv) OMe 16 h
THF or CH3CN
90-94% ee 40-70°C, 16 h (1.2 equiv) (1.0 equiv) 90-94% ee
X =0, Nt-Boc
B
(2) pin ] _
toluene
@ + I HO
R “H 80°C, 24 h X
X R!
(1.0 equiv) (1.1 equiv) 90-93% ee

Scheme 22: Applications of heterocyclic allylic boronatgs) regioselective Suzukyliyaura
crosscoupling,(b) thermal allylboratior?®-38

In addition, allylic piperidinyl boronates can readily be used in thermadbaligtions with a

chosen aldehyde, which can generate the desireahiif®b alcohol scaffold (Scheme2).*® This

i s a particul ar/l

y useful

p r-lydrexgakky| piperidiecbased a t

cinchona alkaloid scaffolda high enarib- and diastereoselectivity.

1.4 Applying Chiral Allylic Piperidinyl Boronates for the Stereoselective Sythesis of

Mefloquine and Vacquinol1

e

Cinchona alkaloids are natural products isolated from the bark of cinchona trees and have

tremendous utilityn organic chemistry and drug discové?y® Perhaps some of the oldest drugs

known, the cinchona alkaloidsere the first treatments against malaria, an infectious disease
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caused by thplasmodiungroup of microorganism®:*° A popular subset of these potent natural
products are known as thewethanolquinolines, which get their group nhame by a quinoline ring
linked to a satur at easinopalcghel sdaftbld (Fguredl3)®YTheé e vi a
classical example of i class would be quinin€?° In addition to its antimalarial activity,
guininebés natur al opt i c alrgapcusynthésis asiaschira kgpnid,0 i t e ©
phasetransfer catalyst (PTC), and resolution agent for racemic molettifes.

In the 1960s to 1970s, quinine was used as a starting point to find new antimalarial drugs,
as quinineresistance began to emerge in malatrains'! One drug that arose from these efforts
was mefl oquine, a s ubst i-anind adothol ig linkedh to & sataratedr i n g
piperidine ring instead of the complex bicyclic ring observed on qufiMéth potent biological
activity against thenajority of malarigplasmodiumsmefloquine is an essential global medicine,
however, it is known to hawgetrimental psychotropic effects, which is a result of one of the two
possibleerythrostereoisomers binding to the adenosine receptor in the*€EM&floquine exists
on the market as Lariam, a racemic mixture ofdhghro stereocisomers as acid salts,emdh the

hydroxy and amine FGs of the 1aPino alcohol aranti to each other (Figure-13)*!

=
HO
B N
Ho_~N H
X
MeO pZ
A N~ CF,
N/ CF,
quinine mefloquine
HO y
N HO N
H H
X X
—
N” CF, N7 CF,
CFs CFs
erythro (R,S) erythro (S,R) threo (R,R) threo (S,S)
N
Lariam

Figure :13: Strictures of quinine, and mefloquine (top), and all stereoisomers of mefloquine
(bottom)#*
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All stereocisomer®f mefloquine have unique biological activity and Hd#, however, theéhreo
stereoisomers, where the hydroxy and amine FGs of thanij® alctiol aresynto each other,

are not well known or readily accessible without HPLC separétibue to thesdimitations to
access all stereoisomers of mefloquine, Ding and Hall attempted to synthesize all individual
stereoisomers of mefloquine using thead described allylic piperidinyl boronates, and assess
their individual biological activities (Scheme3).#*

The synthesis of thehreo stereoisomers of mefloquine by Ding and Hall began with a
borylative migration on thé-Boc-protectedpiperidinyl triflate to obtain the desired allylic
piperidinyl boronate, followed by an allylboration with the requisitettiilioromethyl quinoline
al dehyde t-amino hitolol snaffdldeom fhis dehydranefloquine intermediate, a
hydroxylkdirected hgrogen at i on wi t h Cr a-Bdc depretécson yetds theleyg s t
isomers ofmefloquine (Scheme-3)4!

Os_H
Pd(OAc), (3 mol%) =
(R)-Taniaphos 2
N~ °CF
oTf (6 mol%) i CF ’
HBpin (1.1 equiv) Bpin 3
= PhNMe, (1.1 equiv) (1.5 equiv)
dioxane, rt, 12 h | toluene,
’L;,loc EOC uwave 130°C, 2 h
1.0 equiv
99% ee
1. Crabtree's cat. HO N~ e HCl CysP.
H, (1 atm) Ir
CH,Cly, rt, 48 h AN =N" ]
2. HCI (conc.) = @
MeOH, t, 1 h N" CFs
Y CF,4 Crabtree's catalyst
threo
(R.R)or (S,5)
mefloquine i. TFA (3.0 equiv),
CH,Cly, rt, 1h
1. Crabtree's cat. O N ii.. NaBH4 (60 eqUiV), ® HCl
H, (1 atm) Boc CeCl3 (6.0 equiv)
CH,Cl,, rt, 48 h XX -78 °C, EtOH, 3 h
2. DMP (2.0 equiv) N/ CF iii. HCI (conc.)
CH,Cly, 1t, 3h oF 3 MeOH, rt, 1 h
0 ’ erythro
99% ee (R.S) or (S,R)
mefloquine

Scheme 13: Synthesis of all stereoisomers of mefloguthe.
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To access therythroisomers of mefloquinehe déydromefloquine was hydrogenated and then
oxidizedwithDessMar t i n Per i odi raminoketand MBeJdeprotectionramd arb
aminedirected Luche reduction effectively produces thati amino alcohol in high
diastereoselectivity via chdian control*! Formation of the HCI salt yields mefloquifte.

With all stereoisomers in hand, as well as tleo dehydremefloquine analogs, they
were tested again®lasmodiumfalciparum*' The 3HHypoxanthine assay, which measures
activity of drugs againtsPlasmodiumfalciparum revealed that th€SS) threo isomer of
mefloquine in addition to its dehydro analog had greater biological activity thaerytieo
isomers used in LariaftDingand Hal |l 6s success in obtaining
il ustrate the power of ¢ ar bammgyadlcohallsdaffold withrmat i o n
chiral allylic piperidinyl boronaté! The facile synthesis of the more potémteo isomers ad
dehydro anal ogs highlight t meflogueefand mbertialy y 6 s
offers a solution towards the detrimental psychotropic effects observed in 1*&ffdms. study
could pave the way towards newer analogs with even greater potemew activity against other
plasmodiumstrains?' Encouraged bythe medicinal chemistry applications of the allylic
piperidinyl boronate, the Hall Group looked to continue applying it to another target withthe 1,2
amino alcohol scaffoldvacquinotl (vacl), a drug candidate against glioblastoma multiform
(GBM), an @gressive stage IV brain canééf?

Vac1l is a lead compound discovered by Ernfors andvaxkers in 2014 through a
phenotypic higkthroughput screen (HTS) against GBM céfigvith a pranising IGoo f 3. 1 & M,
encouragingn vivo pharmacokinetics (PK),nal a groundbreaking nonapoptotic mechanism of
GBM cell death, they performed a SAR studyvat1 and generated several analogs to try to
increase potencd?.While they were successful in finding some analogs with lowesth@y dd
not display favourabl®K or showed nonspecific cytotoxicity towards healthy ¢&lEhus,vac
1 was considered their lead compodfidowever, the synthetic route ¥@ac-1 was a major issue.

Vac-l has a similar scaffold to mefloquine, and was alsoiraily a quinine derivate
synthesized as part of the antimalarial drug discovery programs in the 1960s tc*?1970s.
Structurally, it is a quinoline ring with &@-c hl or opheny |l ) raminoealkcohgl and
linked to a saturated piperidine (Schemé)1#?> The presence dfvo contiguous stereogenic
centres can give rise to four possible stereoisomers (similar to mefloquine), and Ernfors and co

workers synthesized it as a statistical mixture of all isomers. The authors commented that three out
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of fourisomers were equipoteriiut initially had no data to support this cldiftdaving access to

all stereoisomers is a key factor in repurposing an existing drug, as certain stereoisomers may have
less side effects and increased potency. Based on thisgtestilvok and Hall begaa project to
synthesize and test all stereocisomersaitl and its dehydro analogs via a borylative migration

and allylboration sequence similar to that used for meflodidine.

HO i

** N i

H i

S e

_ i

N~ CF, 5

CF ;
’ mefloquine i vacquinol-1 cl

! (vac-1)

epimerization

hydrogenation hydrogenation
deprotection deprotection
— — +
20
Cl
(R,RorS,S)
allylboration
ont Bpin O H 0
orylative -
= migration @ A zgf;lt?ogner HN o ©
: +
N N N/ p— +
Boc Boc O
(RorS) Cl Cl

Scheme #4: Comparison of mefloquine t@c-1 (top), and retrosynthesis wdic-1 (bottom)*3

A retrosynthesis offac1l can break down the vicinal amino alcohol scaffold into the

familiar allylic piperidinyl boronate and a disubstituted quinoline aldehyde. The aldehyde can be
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prepared via a Pfilmger reaction, a condensation between an isatin and acetophenone & form
quinoline carboxylic aci@® The allylboration reaction will establish the dehyase:-1 analogs,
which can then be hydrogenated and epimerized as necessary to access allrstrseofgac 1
and its dehydro analogs (Schemd)f43The synthesis ofac-1 proceeded smoothly via this
methodology*®

Kwok and Hall, in collaboration with Dr. Roseline Godbout and Dr. Saket Jain from the
Department of Oncology from the University Aberta, tested all stereocisomersvaic-1 and its
dehydro analogs agairig251 GBM cell lines using an vitro colourimetric assa$? Surprisingly,
Kwok noticed that all sterecisomers\dc1 were similar in potency at concentrations of 50.0,
300,and 5. 0 &€ M, whi ch s ee me dworkers umsobstdniiatechsdrEation f or s
about the equipotency of theiac1 stereoisomer mixturéd Unfortunately vac-1 deviated from
the mefloquine studies in that the dehydro analogs had significantly cetigdegical activity
against the U251 GBM cells, comparedsém-1.43 As such, the saturated piperidine was deemed
to be an essential pharmacophore for the drug candidéeok subsequently synthesized a small
library of analogs with a variable functi@angroup in thegpara position of the 24-chlorophenyl)
moiety to see iftis modification could improve the potentyA methyl and methoxy group led
to attenuated biological activity, as well as replacing ti#&hlorophenyl) group with a-ghenyl
moiety.*® On the other hand, replacing the Cl atom with a Br group slighthe#@sed the activity
at 12.5, 10.0 4% 7.5 &M (Figure 1

I n parallel with the Ha lworke&rateudewlspedainemndi ng s
stereoselective synthesis\a@c1 to study the individuatrythroandthreo stereoisomers, as well
asmaking a library of analogs with variable substituted aromatic systems in the 2 position of the
quinoline ring** Despite their intensive SAR analysis, they were unable to findter talog
compared towac-1.44 Later, they would retract a portion of theriginal claims regardingac-16 s
in vivo potency and pharmacokinetj@s they were unable to replicate their initiavivo studies
showing thatvac1 prolonged the survival ahice with a transplanted GBM tumotfrlt is
important to note that the poar vivo potency of vael was the only reason that the authors
retracted their preliminary finding8 The chemistry used to prepare Madheir SAR studies, and
their tested bilmgical activity of individual stereoisoers of vael are still valid. This retraction
did not deter the Hall Group more potent analogf vac1 may demonstratgetterin vivoactivity

and lead to prolonged survival of animals with transplanted GBM trsnathich could revive
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this GBM drug cadidate By this reasoning, it was a perfect opportunity to repurpasd with
cyclic chiral boronates by synthesizing a larger library of analogs to expand uponvhe Br

analog.

E3 DMSO
Ed 7.5um
B 10um

D 12.5um

T
O

I=z

HO
X X
pZ pZ
N

SKH-V-23 SKH-V-147 SKH-V-25 SKH-V-149

z

Figure 114: Biological activity of 2phenyl and A4-bromophenyl) analogs, where SKH103
is a syntheti¢R,R) vac-1 isomer prepared by Kwok to use as a positive control in the &ssay.

1.5 Accessing Privileged Scaffolds through Borylation: Chiral Blysubstituted Cyclobutanes

Cyclobutanes are another class of privileged scaffolds that appear in many natural products
displaying antitumour, antibacterial, antimicrobial, antifungal, and immunosuppressive
properties™ In addition to their broad biolagal activity, cyclobutanes tend to be useful as

nonclassical bioisosteres for alkyl and aryl units, carbohydrate, and penicillin mimetics. They show
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increased metabolic stability, act as a rigidifying unit to increase binding affinities, and can exist
with fou r possi ble stereogenic centres, a featur e
flatlandd and acquire more BeAs efresutiohthesephy si
characteristics, cyclobutanes are becoming increasingly popular in druyelysprograms,
which has led to marketed drugs and drug candidates featuring this privileged scaffold, such as
carboplatin, (a chemotherapy medication), lobucavir, (an antiviral medicatioi)1-2B, (a fatty
acid binding proteifFABPS9 inhibitor to treat inflammation), and AEW541, (an inhibitor of the
insulin-like growth factor | receptqiGF-IR), which is implicated in cancer pathogenesis) (Figure
1-15)47

Despite their biological prevalence and activity against a variety of diseases, there are
limited synthetic methods to access chiral cyclobutanes. These few methodologies can be broken
down into [2+2] cycloadditions, cyclization from acyclic substrates, or ring expansions of
cyclopropanes (Figure-15) * Unfortunately, these routes can suffiem low yields, selectivity
issues, as well as a limited number of ways to make the reactions enantios&ebtiother
precursor to access cyclobutanes is the cyclobutefi@yathetic routes to prepare substituted
cyclobutenones are also limited arghdto encompass [2+2] cycloadditions between alkynes,
benzynes, and ketenksfeniminium intramolecular nucleophilic additions or crassiplings,
and 4’ -electrocyclic ring closurs® However, if one is able to saturate the alkene on a
cyclobutenone hie remaining ketone can allow for more structural elaboration and utility towards
the four possible stereogenic centres on a cyclobutane ring. Asymn2#8f dycloaddition
methods to prepare cyclobutenones do exist, but stoichiometric and expensivawdilicies
are required, making it less desiraffi@ased on these limitations, the Hall Group in collaboration
with Pfizer wanted to develop a new imed of preparing enantioenriched cyclobutanes, which
they envisioned achieving by generating a chawtlobutylboronate through an asymmetric
conjugate borylation of cyclobutenone precursors (Figeté)11f successful, this new synthetic
methodology fron borylation chemistry could yield a new class of cyclobutanes which in turn
could pave the way for ew biological activity and future drug candidatesffectively
repurposing this privileged scaffold with boron.
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Figure 115: Pharmaceuticalsontaining a cyclobyt motif, and common synthetic pathways to
access polysubisiited cyclobutane$™#°

1.6 Cyclobutenone Synthesis, and the Preparation of Cyclobutylboronates through Copper
Catalyzed Conjugate Borylation

The inital work to develop a reliable synthesis of cyclobutenones was performed by Hall
Group members Michele Boghi and Helen Clement in collaboration Jeitk C. Leel ouise
Bernier, William Farrell, Neal Sach, Matthew R. Reese, Jothamabok;hristoher J. Helal at
Pfizer. Boghi opted to employ a traditional [2+2] cycloaddition between an alkyne and a
keteniminium generated situ by reacting a tertiary amide with triflic anhydride, and a hindered
pyridine base (Scheme5).°° The cyclobuteniminium alts were obtained as a regioisomeric
mixture, and were then hydrolyzed to the corresponding cyclobutenone using optimized conditions

based on work by Ghosé%Boghithen managed to transform the regioisomeric products to the
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more thermodynamically favoainle cydobutenone with a tetrasubstituted alkene by migrating the
double bond under moderatediciconditions, heat, and catalytic DMAP (Scherrg) 2*

2-fluoropyridine \
0 (1.2 equiv) \" \N+
Tf,0 (1.1 equiv) 2 A NaOH (4.0 equiv)
\NJ\/ + / N - .
I Ph CH,Cl,, reflux, 5 h CH,Cl,, 0 °C
Ph Ph tort, 4 h
(1.0 equiv) (1.2 equiv)
O 0] 0 \N/
+ DMAP (10 mol%)
P P AcOH/pyridine (3:1) B O\\SP Q\S/P
70°C, 8 h Ph N" FsC”~ 0"~ CF,
0,
34% over 3 steps DMAP T£,0

Scheme 35: Synthetic route to cyclobutenormés?

With the desired cglobutenone regioisomer, Boghi and Clement then developed a racemic
conjugate borylation reaction based off existing literature for the conjugate borylation of
cyclopentenones (Schemes)>?

CU(CH3CN)4PF6 (5 mol%)
Xantphos (6 mol%)

0 NaOt-Bu (0.5 equiv) o} O O
B,Pin, (1.5 equiv
):( 2Piny (1.5 equiv) oh, )f( .
Ph

MeOH (2.0 equiv), THF Bpin P(Ph), P(Ph),
0°Ctort, 24 h xantphos
50-60%

Scheme 6: Racent conjugde borylation for the stereoselective preparation of
cyclobutylboronate®

Theteamat Pfizer acquired the methyl phenyl disubstituted cyclobutenone, and conducted

a HTS of 120 chiral ligands to substitute for xantphos in the racemic conjugate barylati

conditions in attempts to make the whemdheti on
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(2549)-2,4-bis(diphenylphosphino)pentane (BDARRNd was employed, the reaction gave 55%

conversion to the cyclobutylboronate with an excellent 88%Szeme 17).

60
55
50 [

5 . e | O
35 ‘... ‘@WQ

® o (S,S)-BDPP

30 Taniaphos SL-T002-1 o €] (S,S)-BDPP
25 ® ® o ®
- ® e [(RR)-QuinoxP* (S,S)-Me-BPF
15 ° ® o
.. ’ &
10 l¢] o ®
5
0 &3

40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

Scheme 17 : Pf i z kgand HTS owith enaatimeric excessn the xaxis and product yield
on the yaxis.

Upon further reaction optimizatidoy Clement it was possible to improve conversion such that

the methyl phenyl cyclobutylboronate was obtained in an isolated yiels-&)% with 9691%

ee (Scheme-8). However, there were limitations on an attempted substrate scope for the reaction.
Larger alkyl/aryl substituents, and substituted phenyl ringg ime U and b posi't
cyclobutenone respectively, gave low yields amde difficult to purify after the alkene migration

step in the synthetic route. As such, the cyclobutenone preparation needed to be optimized further
in order to generate a dier library of cyclobutylboronates to probe generalities and limitations

of this powerful new reaction.
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Cu(CH3CN)4PFg (5 mol%)
(S,S)-BDPP (6 mol%)
0] LiOt-Bu (0.4 equiv) @]
B,pin, (1.4 equiv P, P
)j( 2pin ( quiv) Ph/yl:/( (\r
Ph MeOH (2.0 equiv) Bpin

THF, 0°Cto rt, 24 h 90-91% ee (S,S)-BDPP
75-80%
| o) o) o E
lej . J;/( DMAP (10 mol%) )j( :
: RZ R! R2 R AcOH/pyridine (3:1) R; R’ :
; 70 °C, 8 hr
l

Scheme 18: Optimized conjugate borylation conditions (top), and difficult cyclobutenones to
synthesize using the aent reaction methodology (bottom).

1.7 Thesis Objectives

The application of chiral piperidinyl allylic boronates via allylboration, and the preparation
of chiral cyclobutylboronates via conjugate borylation are extremely powerful in accessing
privileged scaffolds of interest in medicingdemistry. Since the methodologies to access these
chiral boronates typically give uncommon functionality in the products, it represents the perfect
opportunity to diversify and repurpose these scaffolds to improedical activity and
potentially findnew targets for disease with these new medicinal compounds. As such, the major
goal of this thesis will be to study the chemistry and applications of cyclic chiral boronates to
further advance their incredible utilifgr the purpose of drug discovery athaig repurposing.

To showcase the applications of cyclic chiral boronates, novel analogs-dfwill be
synthesized via allylboration of allylic piperidinyl boronates, which will be obtained from the
catalytic enantselective borylative migration mettology developed by the Hall Group
(Scheme 11). The shorterm goals of expanding the library wdc1 analogs will be to increase
potency usingn vitro assays and surpass the biological activity of thevdg¥l anabgd the
strongest compound to date, yiorsly shown by Kwok (Figure-14). If this endeavour is
successful, then all stereoisomers of the best analog will be prepared and tested, in the hopes that
the most powerful stereocisomer could progresis tavo studies. A combination of bioisosteric
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replacement, functionalization of the dehyghiperidine, and scaffold hopping will be
implemented on theac 1 scaffold to accomplish these goals.

To further expand upon the tremendous utility of preparing cyclicldioranates to access
the privileged gclobutane scaffold, an optimization of the alkene migration conditions will be
conducted to generate a more diverse library of cyclobutenones with improved yield and purity. A
variety of transition metal catalyzed abtions will be attempted, as well asilder thermal
conditions to migrate the alkene on the cyclobutenone product obtained from the [2+2]
cycloaddition. If this first objective is met, then the new cyclobutenones will undergo conjugate
borylation reactios to test the scope of this challergiraction. Initially, the influence of steric
and electronic factors will be explored by varying substitution on the phenyl ring, and the nature
o f tshbstituéht on the model cyclobutenone (Schemg [f these sbstitutions turn out to be
robust, tlen more challenging substrates will be attempted, such as aromatic heterocycles, or more

complex FGs on the phenyl ring.
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Chapter_2: Application of Allylic Piperidinyl Chiral Boronates

towards the Synthesis of Novel Vacquinel Analogs,aPotential Drug

Candidate for Glioblastoma Multiforme

2.1 Glioblastoma multiforme: Prevalence, Characteristics, Genetics, and Outtik

Glioblastoma multiforme (GBM) is an extremely asive, migratory brain cancer that
affects between-3 adults per 100,000 in a given populattarhis cancer is typically divided into
two categories: primary and secondaBrimary GBM is classifiedsaade novatumour, which
means it arises without ajinical or histological evidence prior to diagnosis, and makes up 90%
of all case<® The remaining 10% of cases occur when a less threatening diffuse or anaplastic
astrocytoma is upgraded into a maggressive form; this is called a secondary GBNRrimary
GBM is classified as a grade IV tumour. Grade IV tumours are fast growing, easily spreadable to
many areas of the brain, and have the capacity to make new blood vessels via angiogenesis, which
all contribute towards an indefinite aberrant growfhDepending on the astrocytoma, secondary
GBM can range from a slower growing recurrent grade Il tumour, or a lower malignancy less
vascularized grade Il tumour, both of which can upgrade to IV aver?t* Making up 15% of
all primary intracranial tonours, GBM is an incredibly prolific, formidable cancer affecting
society>®

Structurally, there are three main classifications of GBM: 1) small cell glioblastoma, 2)
glioblastoma with oligodendrocgmnent, and 3Yylioneuronal tumowith neuropitlike islands’
Each subtype of GBM is made from a combination of different glial ,callplethora of
histopathological characteristics, and unique patterns of gene expreSsite gene expression
of GBM alone can give rise to four more additional subtypes: proneural, neural, classical, and
mesenchymal® The morphology of GBM can beade up of any combination of nuclear atypia,
mitotic activity, vascular thrombosis, microvascular proliferation, ancelargas of necrosis in
the centre of the tumour or in nearby céf$These characteristics give the cancer a heterogeneity,
anditsi mul t i for m&d0 namesake.

Given the location, physical permutations, and genetic factors of GBM, this makes
treatment etraordinarily difficult. The standard treatment for GBM is surgical resection, followed
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by radiotherapy, and oral temozolamide (TM#Apmotherapy® TMZ is a prodrug that forms the
active imidazoled-carboximide (MTIC)in vivo. MTIC damages GBM cells bgkylating the

DNA, and promoting apoptosis (Figurel® But, this series of treatments is limited, as one can
only employ surgery ithe tumour is localized in an area of the brain that is safe to operate on, and

any GBM cells in a hypoxic (oxygeacking) environment are highly resistant to radiotherapy.

Q 0
NH,
oA  Hy0
N N —— v
\\N/‘j\ _ CO2 Il\ N\\
N N—NH
o’ NH: H \
temozolomide (TMZ) imidazole-4-carboxamide (MTIC)
(prodrug) (active compound)

Figure2-1: Chemical structure ¢démozolomideand its active MTIC fornt®

TMZ is also rarely effective, as GBM has numerous biological mechanisms of resiSt@mee.
such mechanism are DNA repair pathways througlobr@ethylguaninddNA methyltransferase
(MGMT). Other methods of overcoming TMZ is through overexpression of oncogenes like
epidermal growth factor receptor (EGFR), galedtjrand murine double minutg®ldm?2). GBM

can also mutate p53, which prevents its tumour suppression capalgireesif TMZ somehow

gets through these biological redundancies, GBM still has another trick up its sleeve: a population
of cancer stem cells (CSCs). CSCs are highly gamstowards most treatmedtsypically lying
dormant, and then once treatment has ended, they begiving a new (and more resistant)
population of GBM cancer cell$he fallibility of current treatments, combined with the tenacity
of GBM gives a miserablprognosis for the disease. Patients typically only have a median survival
rate of 14.6 months,na <10% of patients survive 5 yedfsThus, new and more efficient

treatments are desperately required for this terrifying brain cancer.
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2.2 A High-Throughput Screen (HTS) with Beneficial Modifications: The Discovery of

Vacquinol-1

In attempts to discover new treatments against GBM, Patrik Ernfors amrkers
performed a higlthroughput screen (HTS) using 1,364 compounds from the National Institutes o
Health (NIH) with the goal of bypassing resistance mechanisms in &BMraditional HTS
typically uses between 100 to 1,000,000 compounds frofmouse chemical libraries of
pharmaceutical companies, or diversity sets from other organiz&ti®hsselibraries are tested
via anin vitro biological assay containing the biological &tr@f interesh typically a receptor,
enzyme, or cell line. This screening typically leads to a subset of compounds from the libraries
that are weakly or strongly binding tbe target of interest, and are terntets. The hits of the
screen will then undgo additional screening to maximize the potency against the target.
Afterwards, lengthy crosgalidation procedures of followp in vitro andin vivo assays are
conducted®!’ These rigorous tests help determine if any of the results were false positives,
have dangerous chemical scaffolds that can interfere with the assay éfflaamyn as Paif\ssay
Interference Compounds (PAIN®)!” In addition, one also examinestife drug compounds
effect other extant family members of the biological target, Cytochrome P450, transporters, or the
hERG Channel, because thesetaffjet effects can lead to toxicity, drdgug interactions, or fatal
heart arrythmias respectivel§’ If one is lucky, a group of hits from these rigorous folops
avoids all the pitfalls, and now optimization can begin to turn the hitddatis'® Unfortunately,
there are times where the compounds do not even magkast validation to develop a lead
compound. In preparation for this reality, Ernfors anewookers used alternative validation
strategies to streamline their HTS, and avoid some of the common pitfalls.

Rather than focusing on a biological target, Brafand ceworkers opted to targehe
phenotypes of GBM celis specifically looking for cellular processes to exploit when treating the
cells with the compounds during the H¥S%In addition, the authors also used primary cultures
derived from patientwiith GBM, rather than a serutrasedGBM cell line, which are thought to
not be as phenotypically or genotypically representative of the brain ¢&he&rEmploying this
strategy against the more representative primary GBM cultures generated 23dstetsd lof
focusing on potency, thagstead turned their attention towards toxicity, and followed up the hits

by screening against seven more patagrived GBM cultures, and countscreening the hits
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against healthy mouse embryonic stem cells, humanbiiksts, and am vivo assay using

zebrafish GBM mode>1°The culmination of this rigorous and elegant HTS led to the discovery

of the GBM drug candidate vacquinbl(vacl ) ,

amino alcohol scaffolds, agen in Chapter 1.

2.3 Overview of Vacquinotl

a name

partly

deri ved

While the us®f vac1 against GBM here is novel, its earlier discovery and pharmaceutical

applications differed significantly. Vat was originally synthesized as part of a series of exuberant

investigatons into more potent derivatives of the quinine and chloroquitienalarials, in

response to a worldwide rise in resistance from the 1950s and %870his library of

compounds employing the vdcscaffold would contribute towards the discovery andketang

of the antimalarial drug mefloquine, simply by replacitg 2phenyl moiety with a C#

substituent, in addition to another £If position 8 of the quinoline ring (Figure2} 2223

HO

MeO

quinine chloroquine
H H
e >
=
—
N O N” CF,
ci  CFs
vacquinol-1 mefloquine

Figure2-2: A comparison of early antimalarials that inspireddhalog scaffolds ofacquind-1

andmefloquine?t23
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A few additional analogs to the vdcscaffold (Figure B) have been synthesized and applied
towards inhibitors of biofilm infections associateih Vibrio cholorag a gramnegative bacteria

that causes cholera, as well as intbits of inositol5 -Nlosphatase (SHIP1) and SHIP2which

are enzymes hypothesized to be prancogened*?>The incredible diversity ofacls c af f ol d

biological acivity merits their investigation for the treatment of challenging targets like GBM

Vibrio cholerae biofilm inhibitors

+  Cl . ClI

NH, NH,

OH OH
_s

¢ 99l

NS
SR "

cl

SHIP1/SHIP2 inhibitors

HO HO
N ” HO N
H H
Cr o o®
P
O 0L, o
CF3 CF3

Cl

Figure 23: Analogs of the vacquindl scaffold towards other pharmaceutical applicatféis.

2.3.1 Stereoisomers, anBiological Activity of Vac-1

Similar to mefloquine outlined in Chapter 1, vaAbas two contiguoustereogenic centres
wi t hi naminohacohd, giving four potential stereoisomers (Figu4)® These four
stereoisomers can be divided into two grodpshreq where the hydroxyl and amine functional
groups aresyn and 2)erythro, where the hydrod and amine functional groups aaati.?® After
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its discovery from the HTS, Ernfors and-workers determined the half maximal inhibitory
concentration (I) ofvacl t o be approxi mat el y®lt&impettanttdl ag ai
note that this Ig determination of vad represents a statistical mixture of all possible

stereoisomer®’

ERYTHRO THREO

vac-1

|C50 =3.1uM
(mixture of all
stereoisomers)

Figure 24: Biological activity of vael, and its four possible stereocisom&r€

With the promising I& in hand, Ernfors ando-workers embarked on probing the structure
activity relationship (SAR) of vat via a norstereoselective synthesis to generatirary of

analogs (Scheme D).
2.3.2 Nonstereoselective synthesis of Vacquindl Analogs, and SAR

The synthesis of \al analogs begins with a Pfitzinger reactior2@nd3 to establish the
2,4-disubstituted quinoline scaffofd?®Intermediatet is then subjected to a Fischer esterification

to obtain the methyl est& which undergoes a Claisen condensation withridarayl 7 to form

the tricarbonyl intermediaté.?” A tandem saponification, decarboxylation, and Hofmann
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rearrangement o) gives letoned.?”->°U-bromination and intramolecular displacemen®dorms

the 1,2amino ketond 0, and carbonyl reduction yields vaq1) and related analods.

o~ T)
N
H O~__OH
o) 2 MeOH, H,SO,
KOH (33%) X reflux, 6 h N
B ———
EtOH, reflux = 76% O bz
cl 14 h 51% N O N
3 4 cl

i. 6.0 M HCI
7 (1.3 equiv) 110 °C, 48 h
NaNH, (2.7 equiv) ii. NaOH

_

benzene 63%

90 °C, 24 h, 14%

i. HBr, 30 min, rt
ii. Bry, 20 min, 90 °C
iii. N32003
EtOH, rt, 1 h
>~ NaBH, (2.0 equiv) O =
37% EtOH, 0 °C NT

1 h, 66%

8% (7 steps)

1. SOCl,, MeOH, 90 °C,

Q 3h H
)J\/\/\/NHZ > \OJ\/\/\/N
HO 2. benzoic acid, HOBt

EDCI, DIPEA 7 0
rt, 24 h, 63%

methyl-6-benzamidohexanoate

Scheme 21: Nonstereoselective synthesis of vador apreliminary SARstudy?

The SAR analysis of vat and its analogs can roughly be broken down into four categories: 1)

the hydroxyl group, 2) the piperidine ring, 3) quinoline substitutions, and 4) substitutions on or
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modifications to the #4-chloropheny) moiety (Table2-1).1>27 1t is important to note that the
ANSCO desi gn ailiare compodndsrronitize NIHalivepsity set from the HTS, and
that the ACBKO desi ¢ daited fomScheme®®?anal ogs of
In terms of the 1:2aminoalcohol pharmamphore, not much is tolerated. Changing the
piperidine to a pyrrolidine, alkylating the amine, substituting to a pyridine, or eliminating the
scaffold all reduce biological activity (entries8%. Switching to a ketone or amide moiety also
eliminates poteey (entries 23), although interestingly, a methyl ether instead of a hydroxy group
is tolerated (entry 4). The-@-chlorophenyl) moiety is also a fairly sensitive pharmacophore as
entries 910, 14 hamper the biological activity. Intereglly, moving thechloride to themeta
position, and changing to aatinochlorobenzyl group, improve thesyGentries 11, 13). Since
two structural changes have occurred for entry 11, assessing the improvemenisimlif@cult.
It is unclear whetheiht amine of thé-aminochlorobenzyl group is the beneficial substituent, or
if the methyl group on C6 of the quinoline is an example mbgic methyl effeaontributing to
increased potendy. Next, a 2amido(3trifluorophenyl) moiety completely loses taity,
althoughthis could be a result of thmetatrifluoromethyl instead of gara chloride, or the
trifluoromethyl group on C8 of the quinoline (entry 12). The last entriesl{}&ll deal with
substitutions on G&8 of the quinoline ring that lead itmproved activy. The best compound of

these entries is 15, a phenyl ring fused te@87of the quinoline.

Y
X
6 > 4\3
R?2 2
7 “ R1
s 4
Entry X Y R! R2 ICso( & M)
1(vac1/NSC13316) HO:KY }{(j }(@\ H (C3, C5-C8) 3.14 +1.23
N
H Cl
2 (CBK277829 OXY }{(j }i@\ H (C3, C5-C8) > 50
N
H Cl



3 (CBK277823
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15 (NSC13180 HOIY }{(j @\ 0.39+£0.12
N cl
(

C7-C8)
H (C3, C5-C6)

16 (NSC305759 HO.__Y Cl (C8, C8) 1.10+ 0.87
X H (C3, C5, C7)
N cl
17 (NSC4377) HO._Y Cl (C8) 1.03+0.73
iﬁ H (C3, C5-C7)
N cl

Table 21: Preliminary SAR of vad, based on synthesized analogs, and hits from the NIH
diversity set®

Thelast few alterations to vat were scaffold hops. These changes proved to be fruitless, as the
biological activity was lost completely in all cases (Figw®) 2Based on the collective results of

hit optimization, it is clear that the quinoline and42chlorophenyl) scaffold unit are essential
towards biological activity.

~_ NH HO N (0] N HO N
H H H
A AN X AN
7 — | = | =
Cl N N N N
Cl
chloroquine CBK278135 CBK277899 CBK277899
IC50 > 50 uM ICs0 > 50 uM ICs50 > 50 uM IC50 > 50 uM

Figure 25: Scaffold hopping analogs of vac®

Entries 11, 13, and 157 in Table 21 demonstrated greater potency comparddriowitro,
but wee not selected for further optimization due to 1specific cytotoxicity effects, or because

they were less effective at reducing GBM tumours foiithévo zebrafish GBM model¥Based
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on this SAR study, the authors focused on optimidifigrther by alering the 2(4chlorophenyl)
group, as well as developing a stereoselective synthesis to access all sterecisomers in order to

determine if one isomer had negpotency and efficienay vivo compared to others.
2.3.3 Stereoselective Synthesis of \dc

In the early stages of Hib-lead optimization, it is quite common to get a sense of potency,
in relation to the SAR, by synthesizing chiral drug candidates as racemates or mixtures of
diastereomers for testing with vitro assays. Once one is readyriiiate clinical studies with the
best drug candidate, it is imperative that all stereocisomers of the compound be assessed
individually, because there is a plethora of literature that shows how enantioenriched chiral drugs
are more likely to have higherdbogical activity, less toxicity and siegffects, higher FDA
approval rates, and market succédsAs such, a stereoselective synthesis was developed by
Ernfors and caworkers using an approach from the synthetic work of Linington arwlockers
(Scheme-2) 2526

1. /©/B(OH)2
o 14

(1.2 equiv)
. BrMaCLLC] HOw, PdCl, (dppf) (9 mol%)
(11 %quiv) Boc K,COs (3.0 equiv)
X + N H X 2-MeTHF, 90 °C, overnight
= Boc THR, 07Ctor Z 210MHCInELO
N~ “Br o v N~ "B s N =h
4 h, 46% ' MeOH, rt, overnight
1 12 13 45% (2 steps)

i. NH;
ii. HPLC

99%

21% over 4 steps

Scheme 2: Stereoselective synthesis of viat®
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The synthesis commences with the commercially availablediBrémoquinolinell,
which is selectively activated on carbon four by a turbo Grignard reagech thien undergoes a
1,2 addition ontdert-butyl 2-formylpiperidinel-carboxylatel2 to establish the vicinal amino
alcohol in one step, as a mixture of (RS erythro and (SS) threo isomers13.2632 Suzuki
Miyaura crosscoupling of 13 with boronic aail 14, followed by tert-butyloxycarbonyl(t-Boc)
removal, basification, and HPLC separation yields the two enantioenrbhsaland erythro
isomers 0f1.2% To acquire the othegrythro (SR) andthreo (R R) isomer, the chirality ofi2 is
simply switched, ad synthesis according to Scheme 2s followed with no additional
alterations’® The 2%generation synthesis dfis much more streamlined and robust. However,
HPLC or FCC purification is stilrequired to isolate the individuarythro andthreo isomes,
which is a disadvantage. Regardless, with all isometsrohand, the authors went about testing
them against GBM cell lines to assess potenaytro (Figure 26).

ERYTHRO THREO

ICs0 = 3.5 uM IC50=9.9uM

Figure 26: Biological activity of individualvac-1 stereoisomer&
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The authors discovered that the/thro isomers afford a significant improvement in biological
activity, compared to ththreoisomers?® In addition, administering therythroisomers ofl to
micein vivoshowed that théR,S) enantianer was superior in penetrating the Ble®ihin Barrier
(BBB).25 The improved penetration to the BBB is extremely advantageous, as it is a common
problem with drug candidates against GBM not being able to reach the target cané&mbells.
effluxing of xenobiotics is largely attributed to carrier and transpomateps within the BBE?
With the promisingin vivo properties of th§R,S enantiomer ofl, the authors were able to
synthesize it with 9:1 derythrathreg simply by replacing theBoc groupon 12 with a trityl (Tr)
group, and continuing thesynthesis as normal in an improved-@ overall yield in four
steps’®

The last series of studies featured the synthesis of analogs by replacing(4he 2
chlorophenyl) scaffold with a variety of rntigubstituted aryl rings, and other aromatic
heterocyles, simply by changing the boronic at#in the SuzukiMiyaura reactiorf® All analogs
either displayed significantly reduced biological activity or no activity at®alhe biological
activity andstereoisomers of vat represent a wonderful opportynfor further optimization and
development, and gives some hope towards an otherwise hopeless cangarHaps the most
fascinating feature of this drug candidate is its unique biological meohagainst GBM, a

process called methuosts.

2.4 Methuosis: A Nonapoptotic Form of Cell Death Against GBM

Endocytosis encompasses a variety of biological pathways a cell uses to bring substances
and/or fluid inside itself, which are then recycled bastside the cell or degraded withthThis
cellular process can be divided into two main categories: 1) clatiethated, and 2) clathrn
independent? Clathrinmediated endocytosis (CME), occurs when the molecular cargo binds to a
pit on the cell coatedh clathrin, a protein receptor that catruit a series of other scaffolding
proteins/molecules to facilitate formation of a vesicle for transport into thé*cglathrin
independent endocytosis (CIE), uses several biological mechanisms to forrasviesittansport
into the cell; however, nolathrin is required to bind the cargo of interest, and initiate vesicle
formation®* Methuosis is a disruptor of CIE: specifically, a subcategory of CIE called

macropinocytosis, and its subsequent endosomdidkarfg.3+3°
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Macropinocytosis begins wheunffles form on the exterior cell membrane in response to
actin (a protein cytoskeletal microfilament) stimulation through a variety of growth fdttors.
These ruffles then elongate into actin extensions tetamellipodia, which can then fold back in
on themselves forming large vesicles, or macropinosome, that encapsulate extracellular fluid and

any additional solutes and molecules, akin to the cell taking a large drink of water (FR)ifé 2

Ruffle folds back
onto itself

Cytoskeleton

rearrangement
Plasma & membrane
membrane ruffling
—
—_— —_— —_—
ABAN f

Figure 27: Pathway of macropinocytosis, reproducedhwpermission from John Wiley and
Sons3¥

Once formed, the macropinosome enters the cell where it shrinks, acquires a marker protein
Rab® a guaninenucleotide protein or G protein, involved in membrane trigfiigd and goes to

an early endosom@&E), a membrane bound compartment from the Golgi Body that sorts vesicles
(Figure 28)34c:36

PLasMA MEMBRANE

O \&CD O oo

——

EARLY/SoRTING

ENDOSOME } Rab 11

PI(3)P

Rab 4,5
Late ENDOSOME/

MucrivesicuLar Bopy(MVB) ¢ TransGoLal NETWORK
(TGN) %
PI(4)P
PI(3,5)P, N Rab 6
Rab 7
LysosoMe

Figure 28: Endosomal trafficking, reproduced with permission from Springer Néfttre.
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At the EE, the macropinosome canrbeycled outside the cell, or i lose Rab5 to be replaced
by its sibling Rab7, and become a late endosome $I°BjThe LE lowers its pH, fuses with a
lysosome, and the LE contents are eliminated via hydrolytic enzymes within the lysisdme.
This sequence follows the typical esdmal trafficking pathways observed for CME and €IE.
When GBM cells are treated witlac-1, this traffic becomes disrupted, and the alternate process
of methuosis commencéd3+®

Once vael is present, the GBM cehNgilll form macropinosomes rapidlyplvever, instead
of traveling to an EE to be recycled or upgraded to an LE followed by lysosome annihilation, they
accumulate and coalegtcéorming larger and larger fluitllled vacuolest>3>The rapid growth of
vacuolesn tandem with an apparent disruptiof endocytic traffic checks and balances, causes
severe metabolic stress to the cell, and it will then undergo rupture in a nékeotell death,
also known as catastrophic vacuolization (Figu@ 2-3°
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Figure 29: GBM cells undergoing metbais, reproduced with permission from Elsevier via the
Creative Commons AttributiecNonCommerciaNo Derivatives License (CC BY NC ND)
https://creativecommons.org/licensestiynd/4.0/3°

This method of cell death is nonapoptotic, in thaadks the cellular morphology of chromatin
condensation, dense cytoplasm, andmpasiembane blebbing® As well, there is no activation

of tumour necrosis factor receptors (TNEB)the apoptotic protease activating factor 1 (Appf

which are the hallmarks dfie extrinsic and intrinsic apoptosis pathway&ypassing apoptosis
hasincredble therapeutic advantage, because the majority of resistance mechanisms in GBM and
its progenitor CSCs are towards chemotherapy regimens that induce apoptosis via DNA alkylation

(vide supra)*>*The mechanism for howac1 disrupts endosomal ffie and what biological
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targets it interacts with are still being investigated, but several key discoveries have arisen recently
that implicate a number of kinases.

After the initial HTS and discovery of vég Ernfors and cevorkers used additional
scresning £chnology to try and elucidate a biological target influenced bylyadhey targeted
5,043 different genes in GBM cells with a short hairpin RNA (shRNA) libtaiAfter incubating
with the shRNA library, the authors dosed the GBM cells waith; and then examined the cells
that survived after being exposed to 1a®*° They observed that GBM cells resistant to-gac
induced methuosis had higher levels of shRNA viruses inhibiting MKK4, a miacferated
protein (MAP) kinase that phosphorylatesise, threonine, and tyrosine amino acid residues, and
is implicated in tlie phosphorylation of the downstreardun Nterminal kinases (JNK), another
MAP kinase family member involved in a myriad of pathways in relation to stress stirffuli.
Knockdown & MKK4 in GBM cells completely prevented vdcinduced methuosis, leading t
the conclusion that MKK4 activity is required to exploit catastrophic vacuolization in GBMzells.

Another methuosipromoting compound i8-(5-methoxy2-methyt1H-indol-3-yl)-1-(4-
pyridinyl)-2-propenel-one (MOMIPP), which wadiscoveredoy Maltese ad coworkers, and
seems to affect related biological targets of MKK4 in the endosomal trafficking pathways to

facilitate catastrophic vacuolization in GBWI.

Macropinocytosis
Lameﬂipedia/ extracellular fluid
Receptor-mediated
endocytosis

7 I\ G G)
O —
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LAMP1
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LAMP1 % complex
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Figure 210: An early working model for MOMIPP induced methuosis, reproduced with
permission fromBioMed Central Ltd.Creative Commons AttributieNonCommerciaNo
Derivatives License (CC BY NC ND)https://creativecommons.org/licensesfiynd/4.0/*°
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GBM cells treated with MOMIPP form macropinosomes, but deplete the concentrations of Rab5,
which bypases interactios with the EE, and instead rapidly incorporates Rab7 to form3 LE.
After this point, the macropinosoruerived LE somehow evades fusion with lysosomes, allowing
them to coalesce into the impervious vacuoles and initiate methuosis (Fig0)2°2

After proposing this early working methuosis model, it was quickly discovered by Cho and
co-workers that MOMIPP inhibits the protein target PIKFYVE, a phosphoinositide kihase.
Phosphoinositide kinases are regulators of lipids in membrane praachsre crual in CME
and CIE traffic pathway#¥. In addition, Maltese and emorkers also discovered that MOMIPP is
involved with MKK4 and the downstream JNK signaling pathway, where MOMIPP interferes
with glucose uptake, and facilitates the JNK tog@tmrylate thelownstream Bell lymphoma 2
(Bcl-2) family, which then promotes methuosis and nonapoptotic cell &8dtht 6 s possi bl e
more cascades occur after interaction with-Bdbut none are known at this time. Based on the
similar morphologyand cell deatlof GBM cells treated with vat, it is possible that it follows a
similar cascade to MOMIPP, especially since it requires MKK4 for methuosis to occur (Figure 2
11). However, it is unclear whether it interacts with PIKFYVE or directly acs/#MKK4 insted.

(@) /N
N\
———> | PIKFYVE | =— —
/O \
N
H

vac-1 MOMIPP

Figure 211: A hypotheticalpathwayof biological targets for vad and MOMIPP leading to
methuosis.
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Since the recognition of methuosis as a nonapoptic form of cell death emerged, along with

a clearemunderstanding of the morphological characteristics that define it, additional compounds

have begun to emerge that can initiate methuosis (Figligg.2

7
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Figure 212: Recently identified compounds capable of inducinthousis in cancef?

One such compound is a natural product called Jaspine B, which was found to cause methuosis
when treating gastric cancer ceffsThe ursolic acidl6 and azaindold 7 were also capable of
causing castastrophic vacuolization in a varatgancer cell linesn vitro, with 17 also having
activity in vivo as well*? It would be very interesting to see if these methuosis promoters also
interact with the same biologicartgets of vael and MOMIPP.

The biological mechanism of methuosis idyostarting to be understood. However, with
the discovery of new molecules, and development of analogs of existing molecules that can induce
this unique form of cell death, it represeats excellent way to undermine apoptosis resistance
mechanisms in a vigty of cancers. These drug discovery efforts will ideally give a clear sense of
what molecular scaffolds and functionality are required to disrupt endosomal trafficking in cancer
for medicinal chemistry endeavours in academia and industry. The novehis afonapoptotic
cell death, and the future opportunity to study it was just another incentive for the Hall Group to
repurpose vad by designing more powerful analogs via their atlypiperidinyl boronate

methodology.
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2.5.2" Generation Vac-1 Analogs: Bioisosteres, Dehydropiperidines, and Dehydroazepane

As seen in Chapter 1, Kwok discovered that when the Cl atom ifh vas replaced with
a Br atom there wassignificant increase in biological activity against the U251 GBM cell ltAes.
From this inding, there was an interest in expanding the project by creating a larger library of vac
1 analogs to further increage vitro potency. For ease of preparatione thnalogs would be
synthesized ashreo racemates to avoid the extra synthetic steps pomerization, and the
relatively expensive Taniaphos ligand required for the catalytic enantioselective borylative
migration3 The choice to usthreoracemateswasat i onal i zed based on Kwo
there was no significant difference in patgrior the enantioenrichetireo stereocisomers of vac
1 (Figure 213)*
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Figure 213: Biological activity of all vael stereocisomer$’

For the planned SAR analysis, the main strategy to generate nelv afzamogs was
bioisosteric replacement of the bromine atom (Figuid 2
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Figure 214: Proposeclassicaland nonclassicabioisostereanalogs of racemithreo Br-vac1
18, and racemithreovac1 22.
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A combination oftlassicalandnonclassicabioisosteric approaches was implemented to generate
derivatives of the Bvac1l analogl8. For theclassicalanalogs, large alkyl substituents, polar
groups, as well as functional groups of comparable molecular weight were primarily examined.
The methyl slfone moiety (S@Me) 19, the isopropyl groupi{Pr) 23, and the nitrile24, were
chosen as they are welbcumented bromine biosostetés:rom anonclassicalstandpoint the
methyl thiol ether (SMe20 and iodine aton21 were also chosen to pedeterminef a larger
heavier atom would create a more favourable binding interaction over the bromine, because this is
a probable explanation for the improvement in potency when the Cl atom-afwas replaced

with a Br atom. Th@onclassicahcetylae25waschosen, because in certain instances, a terminal
alkyne can sometimes mimic weak halogen interactions in the active site of a biologicdf‘target.
In addition to the new analogb8, and a synthetithreoracemate o¥ac1 22 would be tested to
reaf firm Kwok 0 s -vacek analdgted to impreved biblbgieal dtivity over ¥Ac
Lastly, a series of racemibreodehydrevac1 halogen analogs were prepared for testing. These
anal ogs wer e made trmajar @égervatiorhbacte ddydawicd analags h e

were less active comparedvac-1 (Figure 215)*
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Figure 215: Biological activity of dehydrvac1 stereoisomers

Later in the project, there was a desirsde if a dehydreac-1 aralog with an azepane ring would
improve activity, as Clement and Hall were recently able to apply the catalytic enantioselective
borylative migration to include dehydroazepafréBhe structures of the dehydroazepamae1

analog26, as well as the dehydsac1 halogen analoga7-29 are shown below (Figure 15).

Figure 216: Dehydropiperidine and dehydroazepane racéméovac1 analogg34°
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2.6. Synthesis of Bioisosteric, anBehydropiperidinyl Vac-1 Analogs

Fadlowing the vael retrosynthesis outlined in Chapter 1, the Pfitzinger reaction was
successful in yielding the quinoline carboxylic add in good yields with the newpara
substituents after recrystallization and rigasly drying under vacuum to removeter (Scheme
2-3). However, problems arose in the preparation of the quinoline aldehyde. Initially, lithium
aluminum hydride (LAH) was used to reduce the quinoline carboxylic acid based on Kwok and
Hal | s ye# Hdwever| this led o the decomgition of 32, with only trace yields of

the quinoline methanoB3d possibly via overreduction of the quinoline ritffgA potential

0s

explanation could be that wh8@was synthesized by Kwok it existed in a hydrated fasithere
was no report of recrystattion or high vacuum drying after the crude was obtained from the
Pfitzinger reaction in their preparation of vhanalog$?® The water in the product may have
suppressed the LAH from reducing the quinoline ring,reesar more equivalents of water would
react with the LAH firsh weakening its reducing power (Scheme3)2’ Nonetheless, an
alternative reduction sequence was attempted to try and resolve the inconsistencies.

o)
N
H
30 Oy OH
0 (1.05 equiv),
0, .
KOH (33% wiv) X LAH (2.0 equiv) decomposition
] H,0, reflux, _ Et,0, 0 °C to products
R' 16 h, 46-82% N o
31 O 1 rt, overnight
(1.0 equiv) 32 R
10.0 mmol
O~_OH OH
AN xH,0 ..E.A.H. .(?.O. ?g.l'l.l\{)., AN
Et,O,0°C to
~ ~
N O rt, overnight N O
32 R' 33 R

Scheme ZB: Preparation of quinoline
hypothetical explanation as to whi/ ¢4’

carboxylercids 32, unsuccessful LAH reduction, and
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The synthetic route from Yadav and-workers to synthesizE NFU converting e
(TACE) inhibitors was adopted to prepahe quinoline aldehyde (Schemd)?® To stat, 32was
transformed into the acid chloride, and then reacted with methanol to get the meth@lester
Sodium borohydride in refluxing MeOH facilitated the reduction. Although very clean, the
reduction wasften sluggish (as is typical with esters andB¥), which left significant amounts
of unreacted methyl est84, which resulted in lower yields over the three steps. Oxidation with
DessMartin Periodinane (DMP) gave the desired quinoline aldeh§8éeslow to modest yields
over the three steps (Sche 24).

Os~_OH 0. .0
2. NaBH, (5 equiv)
~ 1. SOCI, (excess), reflux N MeOH, reflux
O _ 2 h, then MeOH O _ overnight R
N O N O 3. DMP (1.2 equiv)
32 R 34 " THF:CH,Cl, (1:4)
(1.0 equiv) - - rt, 3-24 h
3.8 mmol
O R = SO,Me (17% over 3 steps) 2
N R' = SMe (18% over 3 steps) @[40
O R' =iPr (29% over 3 steps) /|/\OAc
NG R' = ClI (28% over 3 steps) AcO” Hac
O R" =Br (30% over 3 steps) DMP
35 R’ R' =1(31% over 3 steps)

Scheme 24: Revised synthesis of quinoline aldehytfes.

It should be noted that due to potential chemoselectivity issues encountered latsyiitibsis,
the alkynyl and cyansubstituted substrates weret wepared using this route. To access the
saturated piperidine ring of vdg a hydrogenation has to be performed after the allylboration step
(similar to the mefloquine synthesis). These ¢owls would likely also reduce the ethynyl group
to ethyl, aml the nitrile to the benzyl amine (SchemB)2The substituents would be introduced at
a later stage after the hydrogenation step, as such.

With aldehyde35 in hand, the next step consisted i a s s e mbJaminoglcohoh e b
scaffold for vael via an allyboration reaction. To set up this key reaction, the piperidinyl
nonaflate 36 was prepared by enolate trapping of thd-B¥c piperidone 37 with

nonafluorobutanesulfonyl fluoride (Schemé&2*With gram scale quantities 86in hand it was
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then subject# to the optimized catalytic racemic borylative migration conditions from Kim and
Hall,*® which provided the racemic allylic piperidinyl boron&8 in modest yield after flash

column chromatogphy (FCC) (Scheme@).

H, (1 atm) N

Scheme 5: Potential chemoselectivity issues of nitrile and acetylene functionalities during
hydrogenation.

h< ,Ph Ph{ ,
R FRF
fj f) Lo Q)
NS
F FFO * N
DPEPhos DBU
Pd(OAc), (5 mol%)
DPEPhos (5.5 mol%)
0 ONf i
DBU (1.2 equiv) HBpin (1.1 equiv) Bpin
NfF (1.2 equiv) ﬁj PhNMe, (1.1 equiv) {j
N THF, 0 °C to rt N Et;0, rt, 16 h, 44% | N
Boc overnight, 96% Boc Boc
37 36 38
(1.0 equiv) (1.0 equiv)
20.1 mmol 7.8 mmol

Scheme #6: Synthetic route to theacemic allylic piperidinyl boronat®.
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The key intermediate3s and38 were then subjected to a thermal allylboration, which established
the dehydrevac1 scaffolds39 in good yields (Scheme2). After purifying the chloro, bromo,

and iodo analogs & by HPLC, the amine was deprotected with HCI to give the acid s&l% of
29i n quantitative yield. 't i s important to
original synthesis, where trifluoroacetic acid (TFA) was employed, and then basified to yield vac

1 and its analogs as the free base (Schei)e®

Allylboration

Bpin R" = SO,Me (93%)
. R' = SMe (62%)
| 35 (1.1 equiv) N R! = jPr (60%)

N toluene R' =CI (82%)
Boc 80 C, 24 h R1 =Br (69%))
38 R' =1(59%)

(1.0 equiv)

0.30 mmol

HCI deprotection

R' =ClI(27)
R' =Br(28)
1 =
HCI (conc.) R' =1(29)
MeOH or THF
rt, 2 h, 99%
1.0 equiv
0.034 mmol
HPLC pure
TFA deprotection
=
HO N
TFA (excess) H

= AN
CH,Cly, 1t, 1h O
then NaHCO3, 99%

2
e
Cl Cl

Scheme Z: Synthesis of dehydibBoc-vacl analogs, dehydreacl halogen analogs, and
formation of HCI salts 027-29.4
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Initially, all the racemicthreo vac-1 analogs were prepared as free bassimilar to Kwok*3
However,upon testing with then vitro colourimetric assay, none of them had any observed
activity! It was only after transforming the analogs to HCI salts that the potency returned. A
potential explanation for the lack of activity with the free basemacthreo vac1 analogs is that
as racemates they may be less water soluble compared to an enantioenriched stereoisomer, which
could lead to inaccuracies in the serial dilutions required to get variable concentrations for the
assay’’ HClI sallts are signitantly more soluble in aqueous solutions, so it likely corrects for any
reduced solubility théhreoracemates may havéFrom this point on, all analogs were prepared
as HCI salts to minimize any issues with the assay, and get reproducible biolatydgl ac

After acquiring the dehydrgac-1 halogen analogs, the bioisosteric Alaanalogs were
tackled next. To accomplish this goal, hydrogenation of the endocyclic alkene in the piperidine
ring had to be conducted. @ tha vatlrseakolil slespitead al y st
variety of optimization attempts by KwdR.After screening a variety of catalysts, Kwok was
ultimately able to hydrogenate tHNh@Thaeaiokoreyc!l i c

analogs o89were subjected tkw 0 k 6 Bnizexd pytdrogenation conditiorfScheme B).

H, (1 atm)
39 PtO, (30 mol%) HCI (conc.)

10 . EtOAc, rt, overnight MeOH or THF

(1.0 equiv) 60-99% ft, 2 h, 80-99%

0.06 mmol
(1.0 equiv)
0.05 mmol R' =CI(18), R' = SO,Me (22)
HPLC pure R' =Br(19), R" = i-Pr (23)

Scheme B: Synthesis of some of tlidassicalbioisosteric Vael analogs.

The reaction proceeded smoothly, and gave the saturBmrlvacl analogt0 with the Cl, Br,
i-Pr, and S@Me groups in good to quantitative yields (Schem8).2Unfortunately, the
preparation of the saturated iodo and SMe analo@® ofere unsuccessful. The hydrogenation
conditions led to deiodination, andhlg starting material was recovered withe the Me$S

substituted substraielikely the result of the sulfur atom poisoning the PtAs such, alternative
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conditions would be required to saturate the endocyclic alkene on these analogs. TheR3l, Br,
and SQMe analogs ofi0 were then purifiedby HPLC, and deprotected with HCI to obtaig19
and22-23.

2.6.1 Synthesis of Remainin@lassical NonclassicalBioisosteric, andDehydroazepanevac-

1 Analogs

Since Adamés cat al yst an &Mesubstisitadcanagssnfildel o n
hydrogenation conditions were sought out with a catalyst that would be impervious to sulfur
poisoning and one that would tolerate aryl iodides. A hydrogen atom transfer (HAT) reaction from
Shenvi and cavorkers was apding, as they reported successful alkeaduction examples on
aryl iodide and thiol ethezontaining substrates respectively, with their novel manganese (Mn)
catalyst2?2 The Mn catalyst was readily preparedhear quantitative yield on multigram scale
reacting MnSQA ® and dpivaloylmehanein the presence of excess aqueous ammonia
hydroxide (NHOH) (Scheme -B).52Using the Mn(dpnycomplex, the HAT was attempted on
the SMe and iodo analog, following Shenviandico r k er 6 s o pt i%Gratfyendly, condi t
the HAT was successful saturating the piperidine ring on the SMe and@6gto give product
41 in modest yield after HPLC purification. In contrast, the same conditions were less successful
on the iodo substra®9b. Although the reactio did go to completion to give the desigwduct
42, unfortunately it could not be purified effectively by HPLC, and so it was not advanced further
with the other analogs. Anindirect evaluataft he i odo groupds potency
comparingdehydro analog®7-29. If the iodo groupvas the most powerful of these three analogs,
then the HAT could be optimized to acquire the saturated iodo analog in higher yield and purity

for future studies.
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0O O -

R MnSO H.0 NH4OH (30%, excess) (o) (o)
n 4 ® =
M U2 T O'MeOH (5:1), 91%  n(dpm)s > dpm
(1.0 equiv)

(3.0 equiv) 9.0 mmol

phenylsilane (1.0 equiv)
t-BuOOH (1.5 equiv)
Mn(dpm)3 (20 mol%)

HO
> X
C3HgO, t, 48 h, 20% O
—
N

41
(1.0 equiv)
0.046 mmol
phenylsilane (1.0 equiv) HO
t-BuOOH(1.5 equiv) N
Mn(dpm); (20 mol%) Boc
> A
C3HgO, rt, 48 h, 16% O _
e
42 |
(1.0 equiv) (impure)

0.045 mmol

Scheme B: Synthesis of Mn(dpm) and HAT hydrogenatiooonditions to access tltd3oc vac
1 SMe and iodo analogsl and42.52

For the nitrile and alkyne analogs, we turned to comegling chemistry. To acquire the
ethynylsubstituted analog, théBoc protected Br-vac1l scaffold 40 was subjected to a
Sonogahira reaction with trimethylsilylacetylene, adapted fréagou and JenekhgScheme 2
10)32 The alkynyl silane intermediate was then subjected to TMS hydrolysis, and purified by
HPLC to give the desired terminalkyne 43. For the nitrilesubstituted anal, intermediat&l0
was used in a Rosemuwdn Braun type reaction optimized from Buchwald andmookers
(Scheme 210)3* The nitrile intermediate44 was obtained in modest vyields after HPLC
purification, but he major product of the reaction was fountbé¢oa fused carbamate analtis)
likely a result oft-Boc pyrolysis due to the high reaction temperature. Sidead never been

made, it was purified by HPLC, and submitted for testing with the other analogs to determine if
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biological activity is maintaied when the 1;aminoalcohol unit are deprived of their hydrogen

bond donor abilities

1. Cul (25 mol%)
PdCI,(PPh3), (25 mol%)
(i-Pr)oNH:THF (2:3)
60 °C, 24 h

=T
; 2. NaOH (1.0 M, 10 equiv)
25
(2.5 equiv) MeOH:THF (1:1), 1 h
48% (2 steps and HPLC)
(1.0 equiv)
0.10 mmol
H
H
(2.0 equiv)

NaCN (2.2 equiv)
Cul (50 mol%)
K1 (50 mol%)

toluene, 130 °C, 24 h

(1.0 equiv) 23% (HPLC) 42% (HPLC)
0.12 mmol

Scheme 210: Synthesis of the functionalized nitrile and alkyne-Yaotermediategl3 and 44-
45.5354

With the HPLC purified intermdiates in hand, the remainder of the synthetic route
required a simple HCI promoted deprotection as before @rob®, and24-25 (Scheme 211).
My colleague Helen Clement kindly donated an HPLC purified racdroc protected
dehydroazepaneacl analg 46, which was also syéctedto piperidine deprotection to obtain
the desired expandeihg analog26 (Scheme 211). After acquiring all the % generatiorthreo
racemic analogs of the Brac1 testing against the U251 GBM cell line could be plannedtivéh

collaborators.
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HCI (conc.)

> R'=CN (24)
2 oo 1= sie (20)
eI R'= 4= (25)
1
(1.0 equiv) R
0.05 mmol
HPLC pure
HCI (conc.)
MeOH or THF
rt, 2 h, 99%
(1.0 equiv)
0.005 mmol
HPLC pure

Scheme 211: Synthesis of the remaining bioisaes20, 2425 and ethydroazepananalog26.

2.7 Biological Activity of Bioisosteric, Dehydropiperidinyl, and Dehydroazepanyl Vad

Analogs

Once subntted to Dr. Saket Jain in the laboratory of Dr. Roseline Godbout, the potency
of the new vadl analogsagainst the U251 GBM cells was determined usingQekTiter 96®
AQueous One Solution Cell Proliferation Assay (M:FSThe setup of the colourimetriin vitro
assay is as follows: GBM cells are incubated into-av8B plate, and the cells are then dosed with
the drug candidate of i nterest at v@f(4j5abl e
dimethylthiazol2-yl)-5-(3-carboxymethoxypheny-(4-sulfopheyl)-2H-tetrazolium  (MTS),
and phenazine ethosulfate (PES), an electron coupling reagent (Figjdye*>2Vhen MTS and
PES are exposed to living cells, they will succumb to bioreduction by dehydrogenase enzymes via
the cellular redox cofactorsiaotinamide adenine dinucleotide phospha{®lADPH), and
nicotinamide adenine dinucleotidéADH; MTS will then form a coloured formazan product,

which is soluble in cell tissuRg.
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Figure 217: Proposed bioreduction of MTtoformazar®

This coloured solution can then be analyzed by-\d¥ spectrophotometry at 490 nm, and the
measured absorbance at this wavelength is proportional to the number of viable cells in the well
of the plate’® To ensure assay accuracy, DMSQftenrun as a negative control, along with a
positive control known to be active against the cells at a certain concentration, and the assay is
typically run in triplicate and averaged, to minimize error and Bias.

The first round of MTS assays compamnpundsl8, 22, 26-29, and45 (Figure 214,
Figure 216, and Scheme20) at 10. O, 5. 0, and 2.5 W respe
103 serves as a positive control of the enantioenritired (R,R) vac-1. This assay appeared to
repr oduc e erkationkidtbat thelbmlogical activity @B (RMH-VI-149)was greater
than22(RMH-VI-1 73) at all tested concentl8aTofudhers wi t h
support Kwok 6 shydropipetdinyl gsagl armallod27 (RMH-VI-d98), 28 (RMH-
VI-197), and29 (RMH-VI-199) had significantly reduced potency compareti®and22. These
results once again highlight how unfavourable an endocyclic alkene is on the piperidine moiety

(Figure 218). In addition, analo@9 seemed to have worse bigloal activity compared t@8,
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which indicates that an iodide is not more beneficial than a bromide. The above plans to create a
saturated iodo vat analog were abandoned as such. An interesting resuait this round of
assays, was the dehydroazepandogna6 (RMH-VI-189), which demonstrated is significant
improvement in activity over the dehydropiperidine analt¥y(RMH-VI-195). This single
comparison could indicate that a larger saturated nitrogerobgtte is beneficial, and should be

explored furtker in future studies.

Bl DMSO
2.0 2.5uM
22 B 5 M
18 T
o 157&. T 10 M
o
=
(1]
-g 1.0
:tan HO N
Cry.
O
Cl

RMH-VI-103

(RMH-VI-195) (RMH-VI-197) (RMH-VI-199)

Figure 218: MTS assay results of dehydropiperidinyl, dehydroazepanyl, racemic2zand
racemic variant o fl8 Where RMHYI-10Fissajositive ooptmiu n d
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The second MTS assaxamined the new bromine bioisosteric Alaanalogsl9 (RMH-
VI-175), 20 (RMH-VI1-187), 23 (RMH-VI-177), 24 (RMH-VI-191), 25 (RMH-VI-185), and
carbamate analogh (RMH-VI-143) (Figure 219).

B OMSO
2.5uM

B 5uM
10 p

Absorbance

HO N” « HCI HO N7 s HCI
H
Vo =N L
19 dib 23 25 7 sy
(RMH-VI-175) (RMH-VI-177) (RMH-VI-185)
) 0, —
) )
N = HCl C ~/

i
T
~FEN im

HO »(Nj . HCl HO
H
TF":}:\ - C 2
e = — \_Nr*
24

M Irb‘“ﬁ
HH;’a-'-’HSx-‘ -
20 45
{EMH-VI-187) (RMH-VI-151) (RMH-VI-143)

Figure 219: MTS assay results of bioisosteric and carbawvattd analogswhere RMHVI-103
is a positive control.
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Using this preliminary evaluation, analo§® 20, and24-25, had either no activity, or there was

no significant difference when comparedthe positive control RMH/I1-103. The exception to

the poor bitogical activity trend wa®3, which saw a massive increase in actditgven at the

| owest concentration of 2.5 €M!eg M hdap ncebas earnvad ¢
18, and as sucheuld become our new lead from this generation ofivaoalogslt would appear

that when the phenyl moiety has parafunctional group that is greasy with steric bulk, and has

the potential to undergo van der Waals interactions, it becomes an actirepbphore against

GBM cells. Polar functional groups or linear syst ems do not have this
and should be avoided in any future optimization endeavours. Based on these exciting
observations, a8generation of vad analogs would bgynthesized to probe thephenyl moiety

further with variablesized alkyl substituents. These analogs would ideally help elucidate the
optimal size and shape for thgara alkyl substituent. Going beyongara substitution,
functionalization of the endoclyc alkene on the pip&tine, a saturated azepane-laanalogand

a scaffold hop would be attempted to try and increase biological activity even further.

2.8 The 3 Generation Vac-1 Analogs: Variable Sizepara Alkyl Substituents, Endocyclic

Alkene Functionalization, and Scaffold Hopping

To determine the idealky! substituent in thgpara position of the 2ohenyl moiety, three
factors were examined: 1) chain length, 2) steric bulk, and 3) flatness (F80je@hain length
and free rotatin on an alkyl substituent led to anald@s48, and50, to see if thesproperties on
a linear substituent would more effectively interact with the biological targets. To further study
the effects of steric bulk on thmara substituent, and determineaih even larger substituent than
thei-Pr group could improve potency, ttert butyl (t-Bu) analogd9 was the next logical choice.
Thet-Bu was appealing because it would likely prevent metabolic benzylic oxidation, which could
be a possible pharmacokire{PK) issue for the-Pr analogn vivo. Lastly,there was interest in
determining whether a flatter and/or rigid alkyl substituent would lead to more favourable
interactions, or whethethe projectingglobular methyl groups orthe i-Pr were necessary for
biological activity These queries led to the consideration of anabagsd52.

Since there was an apparent increase in activity with a dehydroazepane moiety in

comparison to a dehydropiperidine (Figuré®, we wanted to determine ifsaturated azepane
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was even more beneficialthis led us to analo§3 (Figure 220). Sirce18 had a potency cap at 5

e M ( Fi-IPy weerati@gnhalized that if we were able to surpass this activity 3@itbh would

indicate that an azepane ring would be more nef i ci al than a-amnoperi di
alcohol moiety. Lastly, since there was Isw@cdrastic increase in biological activity wiB, we

decided to make a dehydr®r vacl analogh4, just to see if any decent biological activity could

be obtaned with an endocyclic alkene (and because their synthetic preparation is shorter).

HO

Iz
Iz

\
—
“

() =
A/

Iz

X
7

=z
=z
N/

HO
N
H
O AN O X
~
N/ O |
Br

53

Figure 220: 39 Generation vad analogs with alkyl groups of variable size, a saturated azepane
moiety, and dehydropiperidinyl moiety on the lead analgg

Since the endocyclic alkene cannot be obtained by the stereaseatthetic route of
Ernfors and ceworkers there was a desire to try and functionalize it (beyond hydrogenation) with
polar or alkyl substituents. The functionalization strategies indlude SimmonsSmith
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cyclopropanation, and an Upjohn dihydroxylation 84, which would provide55 and 56
respectively (Figure-21). With regards to scaffold hopping, Ernfors andvookers showed that
changing the quinoline scaffold to a pyridine or omgtihe 2(4-chlorophenyl) moiety eliminated
biological activity (Figire 25). Based on these observations, a hop to dlvadole scaffoldb7

seemed desirable, as all the essential pharmacophores that are attached to the quinoline ring of
vacl could be r@mined on the indole ring (FigureZ). This idea is particularlgppealing as
indoles are also known to promote methuosis, which can be seen with MOMIPP and the azaindole
17 (Figure 210 and Figure A2). Since the quinoline scaffold of vacis assembt with
acetophenones, preparing the indole was envisioned witRiacetophenore8and a hydrazine

HCI salt59 via a Fischer indole synthesis, then adding an aldehyde group/itereierHaack
formylation, which could then be used for an allylbonatwith the allylic piperidinyl boronate
(Figure 221)

Simmons-Smith
cyclopropanation

Upjohn dihydroxylation

HO, ')
N Fischer indole
O { H Vilsmeier-Haack NH,NH,
+
N O Allylboration ©/ * HCl
H
57 59 58

Figure 221: Retrosynthesis of vat analogs with functionalized endocyclic alkenes, and indole
scaffold.
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2.9 Synthesis of 3 Generation Vac1 Analogs: Azepane Moiety and Indole Scaffold

Analogs47-51 and54 were successfullprepared by varying thgara substituent on the
acetophenone, and then performing all the same synthetic transformations outlined in Section 2.6
for the2" generation vad analogs. As such, these details will not be discussed here. Compounds,
52 and53, howeverhad to be prepared using alternative transformations. There was concern that
a para cyclopropane in the benzylic position would not survive tééuctive conditions of
catalytic hydrogenation, so the endocyclic alkene would be saturated ficstthan the
cyclopropane group would be added with crogapling chemistr§ similar to24 and25 (Section
2.6.1). The azepane analé8 would beprepared using the racemic conditions developed by
Clement and Haft®

Starting with40, theparacyclopropyl ntermediaté0was prepared via a Suztidiyaura
crosscoupling using ptassium cyclopropyltrifluoroboragl following conditions developed by

Deng and caworkers (Scheme-22) >°

g Pd(PPh3)4 (20 mol%)
oc é K3POy4 (3.3 equiv)

X + -
O _ * BF3K toluene:H,0O (3:1)

N 61 100 °C, 24 h, 53%

B (1.2 equiv)

40

(1.0 equiv)
0.15 mmol

steps
—_—
—_—_—

Scheme 212: Synthesis of cyclopropybc1 analogb2 and62.
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Intermediaté0was then purified by HPLC and subjected to Hy@imoted deprotection to ge2
(Section 2.6). It shodlbe noted that a carbamate byprodiformed from the SuzukVliyaura
reaction, and this material was isolate! carried forward for testing. For azepane ana®@
racemic borylative migration of theBoc azepanyl nonafla&3 formed the corresponding allylic
azepanyl boronate4, which was reacted with quinoline aldehy@® to construct the
dehydroazepanatermediates6 (Scheme 21.3) > Hydrogenation, and deprotection steps would
establishb3.

Pd(OAc), (5 mol%)

DPEPhos (5.5 mol%) . O
ONf HBpin (1.1 equiv) Bpin N
{ PhNMe, (1.1 equiv) O toluene
> —
N Et,0, rt, 16 h N / + N O 80 °C, 24 h
Boc Boc 65 Br 8% (2 steps)
63 64 (1.1 equiv)
(1.0 equiv) = -
1.0 mmol

Scheme 2L3: Synthesis of azepanyl vacanalogh3.

Synthesi®of the vael indole analod7, began with a Fischer indole reactibetweerb8 and59,
under strongly acidic conditions, to establish the substituted iBdas a single regioisomer in
good yield (Scheme-24). VilsmeierHaack formylation 067 furnished the indole aldehydsS

in modest yield’%®
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NH,NH,
©/ eHcl T

59 58
(1.1 equiv) (1.0 equiv)
10.0 mmol
. 0
POCI; (1.2 equiv) H
DMF, 0°C, 2 h
then 1.0 M NaOH O N\ O
27% H
68

H3PO, (excess)

-0
N

110°C, 6 h
84% H
67
(1.0 equiv)
4.7 mmol
Bpin
toluene
+ | 80°C, 24 h
N —_— recovered S.M.
Boc
38

Scheme 214: Preparation of indole aldehy@i® and attempted allylboration.

Several allylboration conditions were attempteds8nbut only starting material was recovered.
It was hypothesized that the free amine on the indole couldtédeinng with tle reaction.
Therefore, a-Boc protected indole aldehyd® was synthesized, and subjected again to the

thermal allylboration conditions witB8, giving the dehydrevac-1 t-Boc indole70in low yield

(Scheme 215).

O Bpin

H
Cry-0< - ()
N N

Boc Boc
69 38
(1.0 equiv) (1.1 equiv)
0.27 mmol
H, (1 atm)
Pt,0 (30 mol%)
EtOAc, rt

overnight, 92%

toluene
80°C, 24 h
19%

HCI (conc)
> decomposition

MeOH or THF
rt, 2 h

Schene 215: Attempted preparation of indole va@analog.
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Hydrogenation of70 gave the indolé-Boc vaecl 71 in near quantitative yield. Unfortunately,

when amine deprotection was attempted with HCI, the substrate completely decomposed. One
theory towards tls disappointing result is that in strongly acidic aqueous media, the indole ring
can become protonated, and this could potentially lead to a variety of side reactions or

decompositior? Because time was limited at this point, the indale 1 analog waskandoned.

2.10 Synthesis of '8 Generation Vac1 Analogs: Endocyclic Alkene Functionalizations

The first attempts at functionalizing the endocyclic alkene were via the Upjohn
dihydroxylation. The dehydro intermedidié was prepared aocding to methodologies outlined
in Section 2.6, and was then subjected to the dihydroxylation conditions withlyicaamount
of osmium tetroxide (Osf) and stoichiometric oxidamtmethylmorpholine Noxide (NMO), to
acquire the-Boc dihydroxylated va1 intermediat& 2 (Scheme 216) °

Conditions
0s0y (2 mol%) K,0s0, (1.1 equiv) i) mCPBA (2.0 equiv)
Conditions = NMO (1.1 equiv) o NMO (8.5 equiv) or CH,Cl,, 0 °C to rt, overnight
acetone, rt THF:H50 (9:1) ii) 2.0 M KOH, dioxane
overnight rt, or reflux 48 h 80°C. 8 h

Scheme 216: Attempted dihydroxylation reactions on dehydaz-1 analogb4.

Unfortunately, only trace amounts of the product were obtained after HPLC purification.
Alternative cowlitions with the less volatile potassium salt of @s@re attempted, buinly
starting material was observed despite using stoichiometria.®s8lbjecting the reaction to

reflux conditions led to decomposition. An attempt was made to epoxidize the alkkbmeta
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chloroperbenzoic acidgmCPBA), and then to open it under sigbnbasic conditions, but this
approach resulted in a complex mixture (Scher6)*° Despite all these attempts, the endocyclic
alkene remained very unreactive towards oxidatiasiéch no further dihydroxylation reactions
were attempted at this time.

The next attempt at endocylic alkene functionalization was the SimBoith
cyclopropanation using conditions from Davies andvookers, where they were able to control
which facethe carbenoid attacked based on an altyBoc amine, and the use or absence of TFA
in the reaction (Scheme17) !

Et,Zn (2.0 equiv)
CHoyl, (4.0 equiv)
TFA (2.0 equiv)

CHQC|2, rt, 1h
(recovered S.M)

(1.0 equiv)
0.12 mmol

Et,Zn (2.0 equiv)

CHoyl, (4.0 equiv) HCI (conc.)
CH,Cly, 1t, 1h MeOH or THF
63% (HPLC) rt, 2 h

99%

(1.0 equiv)
0.12 mmol

Scheme 217: Attempted cyclopropanation, and accidental synthesis of alkylated quinolinium
75.61
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Since the amine in the dehydropiperidine is atiyib the alkene, it was thought that the facial
selectivity of Davies and eworkers conditions would be applicable towards our own substrate.
Thus, the dehydro intermedicid was subjected to both setsawnditions from Davies and €0
workers, (in attempts to acquire intermediaB: The TFA promoted cyclopropanation returned
starting materiat*On the other hand, the adigke cyclopropanation gave full conversion to a new
product; unfortunately, it wasonfirmed by NMR to be the dehydhralkylated quinoline74
(Scheme 217). While unsuccessful at functionalizing the endocyclic alkéfsbad never before
been observed, so it was purified by HPLC, deprotected, and tharfslaly75was submitted for

testing to see if the basic quinoline nitrogen atom was a key pharmacophore.

2.11 Biological Activity of Azepanyl, Dehydropiperidinyl, DehydraN-Methyl Quinolinyl,
and Variable Alkyl Group Vac-1 Analogs

The first MTS assay gtored the biological activitpf the dehydropiperidinyl analdsg,
azepanyl analog3, and then compounds3 and23 (Figure 222). Unfortunately, analogs3 and
54 had either no activity or had no significant difference against the positive control SKH 103.
This indicated that the endyclic alkene was not beneficial on the lead an&8gwhich was
expected. Despite the promising activity on the dehydroazepaney &talthere was a lack of
biological activity for azepan&3. This disappointing result indicates that the saturatedaaeep
ring system is not a beneficial pharmacophore. Perhaps the extra conformations of an azepane ring
relative to a piperidine ring aret beneficial for binding to the biological target, and create more
energetic penalties. A more erroneous result caitteamalogsl8 and2. When new samples of
18 (RMH-VI-149) and23 (RMH-VI-177new) were tested, they had significantly reduced potency
relative to the older sample @8 (RMH-VI-177) used in prior assays. It is unlikely an issue with
the assay itself, astiea mi | i ar positive control SKH 103 wa
of 18 and23 were examined by NMR, and HPLC, and there weréessoes with decomposition
or purity. Thus, the lack of potency likely points to an error in weighing the sample, agiébr s
dilution miscalculation. Based on these conclusions, the remainder of the analogs were tested
(Figure 223).
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RMH-VI-149 RMH-VII-201 RMH-VI-177 RMH-VII-207

Figure 222: MTS assay results of dehydropiperidinyl anal@y azepanyl analo3 against
appropriate controls.

From this assay rourttiere is a clear trend on which kindpazfra alkyl substituent is most
beneficial for biological activity. Small alkylrgups like47 (RMH-VIII -103) and48 (RMH-VIII -
105) either have no activity or are not more powerful than the lead. For longer chdin alk
substituents likbO(RMH-VIII-1 19) t here is significant acti vi
is not nearly as powtil as the bulkietd9(RMH-VIII-1 1 1) , whi ch has displ ay s
In addition, flat rigid alkyl substituents like2 (RMH-VI1-135) have significantly reduced
potency relative t@d9, and the carbamate anal6g(RMH-VIII -93) shows no effedt one again
highlighting the importance of the free amine and hydroxy group on thaendif®b alcohol
pharmacophore. Thus, to maximize thégoay of thepara substituent on the-ghenyl moiety,
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projecting methyl groups, greasss and globular steric bulk seem to be essential. While analog
51 (RMH-VIII -121) was not included in the above round of assays, it was later tested in a separate
MTS assay, and had no activity at any concentrations (data not shown), which further singports

theory of large alkyl groups being necessary for activity.

Il DMSO
25uM

B 5uM
10 pM

Relative Absorbance

RMH-VIII-119

RMH-VIII-121

RMH-VIII-131

Figure 223: MTS assay with various alkyl/aryl vAcanalogs, and thdehydreN-alkylated
quinolinium derivative against positive control SKI93.
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Another roteworthy result from this MTS assay was quinolinidg(RMH-VIII -131), which
surprisingly, compl etely anni hioldespite kaving lar GBM
endbdcyclic alkene in the piperidine moiety! To date, this is the most powerful dehydidpger
vac-1l analog with comparable activity 180 the lkead candidate at the start of this project. This
result underscores the importance of a charged quinoline nitrogen as a pharmacophore, and should
be explored in future endeavours to further optimael analogs.

From the 29 and 3 generation of vad analogs, the best results came fropaga i-Pr
andt-Bu substituent -pbenyl molety. Tatest whiohl ldachcantlide?8 r 49)
was more powerful at treating GBM cadiltsvitro, Dr. Jain ran an MTS assay using-8@4 patient

derived neusspheres (Figure-24).

1.04 23 B DMSO

1 UM
W 25uM

5uM
B 10uM

Relative Absorbance

HO

Ir=z

7
e
Cl

SKH-103

23
RMH-VI-177 RMH-VIII-111

49

Figure 224: MTS assay using A@04 patient derived neurospheres and lead alyll analogs,
with SKH-103 serving as positive control.
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Compound49 was clearly the most potent analog againss¢éhaggressive GBM cells, with
approxi mately 50% of GBM cel R3hadlgeod actiyvity@tel@ t r oy e
eM and 5 titsbfficacyatt 120.s5 ¢ M. It should be noted t
RMH-VI-177 or 23, which previously sbwed irregular activity (Figure -22), now had
comparable activity in this assay, which supptresinitially observedhypothesis that an m@r in

weighting or serial dilutions likely resulted in the nonsensical biological activities.

2.12 Summary and Faure Work

A set of 29 generation of vad analogs was prepared in attempts to optimize the lead
candidatel8 discovered by Kwok and HalNonclassicabndclassicalbioisosteric replacement,
as well as switching the piperidine moiety with a dehyaizefane, was employed to generate this
new library. The most beneficial substitution that increased potency pas &Pr group on the
2-phenyl moiety giving the next lead compol2®8] p ol ar f u n esystenosspoalargey r o u p s
atoms provided no improvemss in activity. Dehydreazepane showed a slight increase in
potency, but ultimately was not beneficial when sasgstaompoun@3 spawned a'$generation
of vac1 analogs looking primarily at larger alkyl groups, while also attempting to functionalize
the endocyclic alkene and exploring scaffold hopping to a disubstituted indole. The endocyclic
alkene was inert towds oxidation conditions, and carbenoid chemistry, which prevented the
development of new analogs. The indole scaffold was successfullyesiz@ti and could undergo
allylboration when the amine was protected; however, its instability towards strong acids
prevented a final access to the new analog. Of the various alkyl groups on the fieanahogs,
the best results came from globular grotizg were sterically encumbered with projecting methyl
substituents. Smaller alkyl substituents, or linear alkyinshhad either no activity or were less
potent than the-Pr-substituted analo@3. A N-methyl quinolinium analogr5, (which was
accidentaly synthesizedhad surprisingly good potency despite having a dehpgreridine
moiety. This analog suggests thdke tnitrogen atom in the quinoline ring is a promising
pharmacophore to optimize. Lastly, a heathead comparison of compouBdto itst-Bu sibling
49 using patienterived GBM cells revealed thatcompodtd s mor e acti ve at 2.
to compound®3. Thus, analogl9 became the new lead candidate of all the newlvanalogs
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synthesized to date, and future studies will continue tihnduroptimize. The best three vac

analogs are summarized below.

Analogs % Inhibition GBM % Inhibition GBM % Inhibition GBM
Cell s (1 Cell s ( Cell s (2

95%" 95%" 0%
959 33% 0%
95% 90% 50%

1GBM cells derived from serushased U251 cell lines
2 GBM neurospheres derived from patient cell lines

Table 22: Summary obiologicalactivity for lead \ac1 analogs5, 23, and49.
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For future studies, an kgof lead49in Table 22 should be obtained and tested against a
series of other GBM cell lines to get a sense of its ability as a drug candidate, and to determine if
it is a worthwhile compountbr in vivo studies to acquire its pharmokinetic and physicochemical
properties. In terms of future optimization, all four stereocisomers of main48ahould be
synthesized and tested with the MTS assay. Ernfors awdbdaers revealed that therythro
isomers of vad were significantly more active, compared to theeo congeners. There is the
chance that compour®b will be even more potent when an enantioenricesdhro isomer is
tested (Figure-25)2% Another avenue to explore would be replacingttBu group with an even

larger alkyl substituent, like an adamantybgp (analod6).

N-alkyl- or N-oxide quinolinyl
vac-1 analogs

erythro
stereoisomers

larger alkyl
vac-1 analogs

Figure 225: Potential functionalization of lead candidd$go improve biological activity.
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Another functional group of compdna size to an adamantyl group would be a boron cluster
(analog77). This is a particularly appealing group, as it has been shown that boron clusters have
highin vitro uptake in GBM cells, and it opens up the therapevihdow of bororneutron capture
therapy (BNCT) to treat GBM, along with the nonapoptotic cell death induced by methuosis
creating a potential polypharmacological agéince there was such an improvement in potency

for N-methyl quinolinium75, alkylating the quinoline or forming a-yuinolinyl oxide should be
attempted o49to give analogg8and79. This approach is also appealing, because if the nitrogen

is functionalized, it may then be possible to cyclopropanate the endocyclic alkene, or the alkene
could remain intact to give anal@@. If functionalizing the endocyclic alkene to a diol is to be
attempted again, a more powerful reagent could be employed, such as potassium permanganate
(KMnOg), or perhaps a Prévost reaction could give the desired product. Lastlywaicthendole
analogs are to be attempted again, a more powerful EWG protgctng should be used on the
indole amine, like a trifluoroacetamide, which could facilitate a more efficient allylboration.
Another option could be a Lewis acid catalyzed allylboration. étessful, then a weaker acid
should be used farBoc removal, ke TFA, as this will likely keep the indole intact and give the
final product.

2.13 Experimental Procedures

2.13.1 General Information

Unless otherwise indicated, all reactions were peréal under a nitrogen atmosphere
using glassware that was washieoroughly with water and acetone and fladn@din vacuoprior
to use. Toluenedimethylformamide tetrahydrofuranand dichloromethane were used directly
from a MBraun Solvent Purification System. Diethyl ether was distilled over
sodium/benzophenone  ketyl in a solvent still N,N-Dimethylaniling  N,NNj
dimethylethylenediaminediisopropylamine, diiodomethanghosphoryl chlorideand thionyl
chloridewerepurchased from Sigma Aldrichnd disilled prior to useTrimethylsilyl acetyéne
(reagent grade, 98%]),8-Diazabicyclo[5.4.0]Junde@-ene (reagent grade, 98%jphenyl silane
(reagent grade, 97%grt-butyl hydroperoxide solution (5.5 M in nonandigthyl zinc (1.0 M in

hexanes)1-boc-piperidone (reagent grade, 98%nd perfluorobutanesulfonyl fluoride (reagent
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grade, 96%); Adamdés Catalyst (regent grade, >
DPEPhogreagent grade, >97%), were respectively purchasedSigma Aldrich,CombiBlocks

Inc. and Strem Chena¢Inc.; and used without further purification. Pinacolborane (reagent grade,
>97%) was purchased from Oakwood Chemicalstemad without further purificatio hin layer
chromatography (TLC) wagserformed on Merck Silica Gel06F254 platesand visualizedwith

UV light, KMnO4, and PMAstain.Flash chromatography was performed on iuee silica gel
230400 mesh. Nuclear magnetic resonance (NMR) spectra were recorded on Agilent/Varian
INOVA-400, INOVA-500, INOVA-600, or INOVA700 MHz instruments!H NMR data are
presented as follows: chemical shift in ppm downfield from tetramethylsilane (multiplicity,
coupling constant, integration). High resolution mass spectra were recorded by the University of
Alberta Mass Spectrometry Seres Laboratory using eithetectron impact (Eljon source with
double focusing sector analyzer (Krathsalytical MS50G) or electrospray (ESljpn source

with orthogonal acceleratioROF analyzer (Agilent Technologies 6220 oaTORjrared spectra
(peformed on a Nicolet MagrlR 750 instrument equipped with a NRlan microscope) were
recorded by the University of Alberta Analytical and Instrumentation LaboraBojogical
activity of vacl analogs were determined IGellTiter 96® AQueous One Solotr Cell
Proliferation AssayNITS), using U251 or patient derived neurosphere GBM cells. FBoc
protected vad analogs were purified on &PLC Agilent instrumentisinga SB-C18 column,
(250mm, Bm) with the following instrument conditions and elued#mL/min, 40°C M.P.A:
0.1%acetic acidformic acidTFA in H.O M.P.B:0.1%acetic acidformic acidTFA in acetonitrile

2.13.2 General Procedure for the Synthesis of Quinoline Carboxylic Acids

Potassium hydroxide (10g) and distilled water (18 mL) were added to 00 mLround
bottom flaskwith a stir bar. The reagents were stirred until a clear solution formed, therB3atin
(2.60 g, 10.6 mmol, 1.05 equiv) was added, forming a clear dargotation.Para substituted
acetophenon&1 (1.50 g, 10.1 mmol, 1.00 equiv) was added in one portion to the solution,
followed by 95%ethanol(15.0 mL) A condenser was equipped to tieeind bottom flaskthe
reaction heated to 110 y@nd stirrecbvernight. The reaction was cooled to rt, and palirgo a
250 mL Erlenmeyer flask. The opaque yellow solution was then acidified to-pHvith

corcentrated hydrochloric agiénd the free carboxylic acRP precipitated out of solution. The
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crude acid was colteed by vacuum filtration, and washed witater(50.0 mL)andethyl acetate
(50.0 mL) The acid was then recrystallized witlethanokndwater, and dried on the rotovap and

high vacuum to remove any residual water.

O~_OH

e
~
T
Cl

2-(4-chlorophenyl)-4-quinolinecarboxylic acid (32a): Y ellow solid(80% yield. *H NMR (500
MHz, DMSOds) U appdpI3 8.4 Hz, 1H), 8.45 (s, 1H), 8.31 (appdds 9.0 Hz, 2H), 8.14
(appd, J = 8.0 Hz, 1H), 7.84ddd, J=8.0 Hz,7.0 Hz, 1.0 Hz, 1H), B9 (ddd, J= 8.0 Hz,7.0 Hz,

1.0 Hz, 1H), 7.60 (app d,= 9.0 Hz, 2H) 13C NMR (125 MHz, DMSOds) & 167 .5, 154 .

137.8, 136.6, 134.9, 130.3, 129.7, 128.9, 127.9, 125.4, 123.5; IR§lid, cm?): 3097, 2507,
1979, 1704, 1594, 1552, 1512, 149282, 1095, 101IHRMS ( ES | ) ' €eHC(NRZF H)
calcd. 282.0327; found 282.0320.
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2-(4-bromophenyl)-4-quinolinecarboxylic acid (32b): Yellow solid(58% yield. *H NMR (500
MHz, DMSOds) U e&ppdBIZ 8.¢ Hz, H), 8.45 (s, 1H), 8.24 (app d~= 8.5 Hz, 2H), 8.14
(appd, J = 8.0 Hz, 1H), 7.84ddd, J = 8.5 Hz,7.5 Hz,1.0 Hz, 1H), 7.74 (app d,= 8.5 Hz, 2H),

7.70 @dd,J=8.0 Hz,7.5 Hz,1.0 HZ, 1H) *C NMR (125 MHz,DMSQGd¢) U 167 . 5, 154.

137.8, 13, 131.9, 130.3, 129.7, 129.2, 127.9, 125.4, 123.7, 123.5,; 1RY$olid, cnil): 3092,
2482, 1951, 1708, 1590, 1401, 1247, 1077, 160AMS ( ES | ) ' GHoB(NQI ddlcd.
325.9822; found 325.98109.
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2-(4-iodophenyl)-4-quinolinecarboxylic acid (32c) Brown solid (46% yield. *H NMR (500
MHz, DMSO-ds) G 8. 6J¥ 8.Q¢ Hzplpl), 843 (s, 1H), 8.14dpd, J= 8.0 Hz, 1H), 8.07
(dt, J = 9.0 Hz, 2.0 Hz, 2H), 7.91 (d1,= 9.0 Hz, 20 Hz, 2H), 7.83¢dd, J= 8.0 Hz 6.5 Hz, 1.5

Hz, 1H), 7.69 ddd, J = 8.0 Hz,6.5 Hz, 1.0 Hz, 1H)!3C NMR (125 MHz, DMSQOds) U 16 7 .

154.8, 148.2, 137.8, 137.3, 130.3, 129.7, 129.1, 127.9, 125.4, 123%,918.IR (solid, cr?):
3271, 2509, 1983, 1725, 1634, 1493, 1369, 1198,;1d68MS ( ES | ) fT CrsHo AT H)
calcd. 373.9683; found 373.9682.
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2-[4-(methylsulfonyl)phenyl]-4-quinolinecarboxylic acid (32d): Yellow solid (57% yield. *H
NMR (400 MHz, DMSQds) U eppd@) 8 7. Hz, 1H), 8.57app d,J= 8.4 Hz, 2H), 8.56 (s,
1H), 8.23 éppd, J = 7.6 Hz, 1H), 8.13 (app d,= 8.4 Hz, 2H), 7.91ddd, J=7.6 Hz,5.6 Hz, 1.6

Hz, 1H), 7.77 ddd, J = 7.6 Hz,5.6 Hz, 1.6 Hz, 1H), 3.31 (s, 3HFC NMR (125 MHz, DMSQ

d) 0 167. 4, 14511.71 138.0, 438.5, 329.9, 128.3,.128.1, 127.6,31225.4,
123.8, 119.4, 43;5R (solid, cm?): 3394, 3067, 2647, 1909, 1715, 1633, 1597, 1299, ;1146
HRMS ( ES1 )  fTGuH1NOMS ddlgd. 326.0493; found 326.0488.
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2-[4-(methylsulfanyl)phenyl]-4-quinolinecarboxylic acid (32e} Orangered solid(82% yield.

IH NMR (500 MHz, DMSQds) U ap da) 8 8.5 Hz, 1H), 8.42 (s, 1H), 8.23 (dt= 8.5 Hz,

2.5 Hz, 2H), 8.15 (app d,= 8.5 Hz, 1H), 7.83ddd, J = 8.5 Hz, 6.5 Hz, 1.0 Hz, 1H), 7.6@(d, J

= 8.5 Hz,6.5 Hz, 1.0 Hz, 1H), 7.41 (df,= 8.5 Hz, 2.5 Hz, 2H), 2.53 (s, 3HFC NMR (125

MHz, DMSO-de) a 167. 4, 155. 1, 147. 8, 141. 3, 138. 0,
123.3, 118.9, 14;2R (solid, cm™): 3382, 2920, 2660, 2548, 1982, 1719, 1634, 1597, 1500, 1411,
1303, 1201, 109HRMS ( ES 1 ) ' G1H12NOMSE ddlgd. 295.0594; found 295.0591.

2-(4-isopropylphenyl}4-quinolinecarboxylic acid (32f): Yellow solid (78% yield. *H NMR

(500 MHz, DMSQds) U e&ppdBIE 8.5 Hz, 1H), 8.41 (s, 1H), 8.19 (dt= 8.5 Hz, 2.0 Hz,

2H), 8.16 éppd, J = 8.5 Hz, 1H), 7.83ddd, J = 8.5 Hz,7.0 Hz, 1.5Hz, 1H), 7.68ddd, J= 8.5

Hz,7.0 Hz, 1.5 Hz, 1H), 7.42 {dJ = 85 Hz, 2.0 Hz,2H), 2.95 (sep) = 7.0 1H), 1.23 (dJ = 7.0

Hz, 6H) **C NMR (125 MHz,DMSGds) U 167 . 4, 155. 7, 150. 7, 147.
127.7, 127.4, 126.9, 125.4, 123119.1, 33.3, 23;4R (solid, cm?): 3058, 2955, 2922, 2870,

1922, $98, 1642, 1612, 1589, 1546, 1281, 12BRMS ( ES| ) ' €wHieNOW Tcaityl.

290.1187; found 290.1189.
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2-(4-tert-butylphenyl)-4-quinolinecarboxylic acid (32g) Yellow solid (72% vyield. 'H NMR
(500 MHz, DMSQds) 63 (epp d J = 8.5 Hz, 1H), 8.2 (s, 1H), 820 (appdt, J = 8.5 Hz, 2.0
Hz, 2H), 8.4 (d, J = 8.5 Hz, 1H), 7.83ddd, J = 8.5 Hz,7.0 Hz, 1.5 Hz1H), 7.68 ¢(ldd, J=8.5
Hz,7.0 Hz, 1.5 Hz, 1H), B6(app d, J= 85Hz, 2.0 Hz,2H), 1.33(s, 9H); 13C NMR (125 MHz,
DMSO-ds) U 7,155.7,.12.6, 148.4, 1382, 1352, 1300, 1296, 1274, 126.9, 15.7, 1255,
1234, 118.7, 34.5, 31.Q IR (solid, cm'%): 3349 3082,2962, 2903, 2869, 169, 1656, 1594, 1419,
1366, 1231, 1112; HRMS (ESI) for (M-H)" C20H20NO2: calcd.306.1494; found 306.1489.

2-(4-methylphenyl)-4-quinolinecarboxylic acid (32h): Light brown crystalg(33% yield. *H
NMR (600 MHz, DMSOds) U3 (eéppd@ = 8.4 Hz, 1H), 8.2 (s, 1H), 8.194pp d J=8.4 Hz,
2H), 8.13 (appd, J = 8.4 Hz 1H), 7.8 (ddd, J = 8.4 Hz, 66 Hz, 12 Hz, 1H), 7.6 (ddd, J = 8.4
Hz,6.6 Hz,1.2 Hz, 1H), 736 (app d,J = 8.4 Hz, 2H), 238(s, 3H); 13C NMR (125 MHz, DMSQ
d) U 6, 1%5.7,.484, 139.7, 137.5, 1351, 1301, 1296, 120.5, 127.5, 127.1, 15.3, 123.3,
118.9, 209; IR (solid, cmY): 3066, 2919, 2511, 1983, 1713 1602, 1548 1230, 1194 HRMS (ESI)
f or [(QuwHMD,: calcd. 520874 found 52.087Q
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2-(4-ethylphenyl)-4-quinolinecarboxylic acid (32i): Light brown solid(64% yield. 'H NMR
(500 MHz, DMSQds) U appdA] £ 8.qQHz, 1H), 8.41 (s, 1H), 8.1%pp d J = 8.5 Hz,2H),
8.12 (appd, J=80Hz 1H), 7.8L (ddd, J = 8.5 Hz,7.0 Hz, 1.5 Hz, 1H), 76(ddd J=8.5Hz,7.0
Hz, 1.5 Hz,1H), 738 (app d,J = 85Hz, 2H), 266(q, J= 75 Hz,2H), 1.21 (d,J = 75 Hz, 3H);
13C NMR (125 MHz, DMSQds) U 6,155.7,.483, 145.9, 137.5, 1354, 1301, 1296, 128.4,
128.3,127.5,127.2,125.3, 123.3, 118.926.6, 15.4; IR (solid, cm*): 3064, 2969, 2932, 2619, 1908,
1719 1632, 1608, 1511, 1478 1311, 145 HRMS ( ES 1 )  f' GusH1.NOMtaldd. Z6.1030,
found 276.1033
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2-(4-propylphenyl)-4-quinolinecarboxylic acid (32j): Beige solid(80% vyield. *H NMR (600
MHz, DMSO-ds) 8183 (appd, J = 7.8 Hz, 1H), 8.2 (s, 1H), 820 (app d J = 7.8 Hz, 2H), 8.4
(appd,J=7.8 Hz, 1H), 7.8 (ddd, J = 8.4 Hz,7.2 Hz, 12 Hz, 1H), 7.8 (ddd J = 8.4 Hz, 7.3 Hz,
1.2 Hz, 1H), 738 (app d,J = 7.8 Hz, 2H), 264 (t, J=7.2 Hz,2H), 164 (sext J= 72 Hz, 2H),
0.92 (t,J = 7.2 Hz, 3H) 13C NMR (125 MHz, DMSQds) U 6, 1558, 1484, 144.3, 137.6,
1354, 1301, 1296, 128.9, 127.5, 127.0, 15.3, 123.3,118.9,37.0, 23.9, 13.6 IR (solid, crm?):

3032, 2969, 2980, 2870, 1713 1611, 1592 1375, 134Q 1233 1194 HRMS ( ES1 ) f'or

C19H16NOs: calcd. ®0.1187: found 20.1188.
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2-(4-biphenyl)-4-quinolinecarboxylic acid (32k): Bright yellow solid (80% vyield. *H NMR
(500 MHz, DMSQds)  ©4 (appd,J =8.5Hz, 1H), 850 (s, 1H), 839 (app d J = 8.5 Hz,2H),
8.17 (appd, J = 85Hz 1H), 7.8 (m, 3H), 7.76 (app d J = 8.0 Hz, 2H), 769 (ddd, J= 85 Hz, 7.0
Hz, 1.5 Hz,1H), 7.50(app t J = 75 Hz,2H), 7.40(app t J = 75 Hz, 1H); 13C NMR (125 MHz,
DMSO-ds) U 6,1553, 1484, 1415, 130.3, 137.6, 13%6.8, 130.2, 10.7, 120.0, 127.9, 127.8,
127.2, 126.7, 125.4,123.4 1190; IR (solid, cm*): 3067, 3032 1717, 1606 1412 1373 1326
1249, 1203 HRMS (ESI) for (M-H)" C22H16NOz2: calcd.326.1176 found326.1173

2.13.3 General Procedure for the Synthesis of Quinoline Aldehydes

To a flamedried 100 mLround bottom flaskvith stir bar was added quinoline carboxylic
acid32(1.25 g, 3.80 mmol, 1.00 equiv), and thionyl chloritie.0 mL. A condenser with a drying
tube calcium chloride trap was equipped to thend bottom flaskand the reaction stirred,
forming a yellow slurry. The reactidmeated to 95 °C, and was stirreat 2 h forming a clear
orange solution The mixture was concentraté in vacuo giving the crude acid chloride
intermediate as a yellow soliflethanol(20.0 mL)was added to theound bottom flaskwvith
stirring to form the methyl est&4. Sodium borohydde 0.719 g, 19.0 mmok.00 equiv) was
then added slowly in portiarto the solution a34. A condenser was equipped to tband bottom
flask, the reactiorheated to 75 °C, and stirrexvernight. The reaction cooled to rt, and was
guenched with saturatesmmonium chlorid€20.0 mL)and wate(20.0 mL) which precipitated
out the quinoline alcohol, or a mixture of the alcohol 84dThe crudesolid was collected by
vacuum filtration, triturated with 1 M sodium hydroxi¢®.0 mL)and wate(50.0 mL) anddried
on high vacuum. Without further purification, the crualeohd intermediate and &ssMartin
Periodinang2.42 ¢,5.70 mmol,1.50 equiv) were added to another fladreed 100 mLround
bottom flaskwith stir bar, and th#askwas evacuated and backfilled with nitrogen for three cycles.
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A 1:4 mixture of tetrahydrofurato dichloromethane (40 mL) was added to theound bottom
flask, and the reaction stirred rt, forming a dark redhrown solution. The reaction was monitored
by TLC until the alcohol fully converted to the quinoline aldehg8¢3 hto 24 h). The readon
was quenched with 1 M sodium hydroxi@®.0 mL) and stirred until two distinct layers formed.
The aqueous layer waseparated anéxtracted withdichlorometlane (3x50.0 mL) and the
combined organic layers were washed with b¢ir ml) dried withsodium sulfate, filtered, and
concentratedn vacuogiving a crude oil. 1f34 was not present the crude then the oil was
recrystallized with acetonitrile andater to give35. If 34 was present, theifashchromatography
(1:11ethyl actetatdnexanesyvas used to isolateb.

2-(4-chlorophenyl)-4-quinolinecarbaldehyde (35a) Fluffy yellow crystals (28% yield over
threestep$. *H NMR (500 MHz, DMSQds) U 5(%,@H) B.8 (app d J=8.0Hz, 1H), 8.D (s,
1H), 8.8 (dt, J= 9.0 Hz, 20 Hz, 2H), 8.18 4pp d J = 8.0 Hz, 1H), 7.8 (ddd, J= 8.0, 70 Hz, 15
Hz, 2H), 7.5 (ddd, J = 8.0 Hz, 7.0 Hz, 1.5 HAH), 764 (dt,J = 9.0 Hz, 2.0 Hz, 2H)!3C NMR
(125 MHz, DMSOds) U 194 . 7, 155 .4313%.1,11308, 1£29.7, 1PR17 8Z9 ,
124.2,124.1, 122.4.

2-(4-bromophenyl)-4-quinolinecarbaldehyde (35b/69: Yellow solid (30% vyield over three
step$. *H NMR (500 MHz, DMSOds) U 4 (,0H) 8.8 (dd, J=8.5 Hz,0.5Hz, 1H), 8.D (s,
1H), 8.8 (dt, J = 8.5 Hz, 20 Hz, 2H), 8.18 (ddJ = 8.5 Hz,0.5 Hz, 1H), 7.§ (ddd, J =8.5,6.5
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Hz, 15 Hz, 2H), 7.80i 7.75 (m, 3H) 13C NMR (125 MHz, DMSQOds) U 194 . 74, 155.
137.9, 136.8, 13D, 130.6, 129.7, 129.1, 129.0, 124.2, 124.1, 124.0, 122.4.

2-(4-iodophenyl)-4-quinolinecarbaldehyde(35c) Brown solid(31% yield over three stepsH
NMR (400 MHz,DMSO-ds) U 5 (5,0H) 8.9 (dd,J = 8.4 Hz, 0.8 Hz, 1H), 80/(s, 1H), 818
(dd,J = 8.4 Hz, 08 Hz, 1H), 8.B (dt, J = 8.8 Hz, 2.4 Hz, 2H), 7.6 (dt, J = 8.8 Hz, 2.4 Hz, 2H),
7.87(ddd, J=8.4 Hz, 72 Hz, 1.2 Hz, 1H), 7.79ddd, J = 8.4 Hz, 72 Hz, 1.2 Hz, 1H)'3C NMR
(125 MHz, DMSO-de) a 194. 7, 155. 6, 148. 4, 137. 9, 137.
124.0, 122.4, 97.6.

2-(4-isopropylphenyl)-4-quinolinecarbaldehyde (35d): Orange solid (29% vyield over three
step$. 'H NMR (500 MHz,CDClL) U 7 (5,AH)B.9 (ddd, J = 8.5 Hz, 1.5 Hz,05 Hz, 1H),
8.24 (m, 2H), 815 (dt, J = 85 Hz, 2.0 Hz, 2H), 7.79(ddd, J = 8.5 Hz, 7.0Hz, 1.5 Hz, 1H), 767
(ddd, J= 85Hz, 7.0 Hz, 15 Hz, 1H), 741 (dt, J = 8.5 Hz,2.0 Hz, 2H), 3.00(sep J = 7.0 Hz 1H),

1.31 (d,J = 7.0 Hz) 13C NMR (125 MHz,CDCl) 8.1, 1%7.4, 151.2, 1495, 1376, 13%6.1,

1303, 130.2, 128.7, 127.4, 127.2, 124.2, 1241, 122.8, 34.1, 23;9R (cast film, CHClz, cm?):

3064, 2960, 2744, 1919, 1705, 1596, 1394, 1688MS (ESI) for (M+H)" C19H1sNO: calcd.
276.1383found276.1394.
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2-[4-(methylsulfonyl)phenyl]-4-quinolinecarbaldehyde (35e) White solid (17% vyield over
three stepsH NMR (700 MHz, DMSQOds) 161 (%,@H) 8.9 (appd, J=7.7 Hz, 1H), 8382(s,

1H), 860 (appd, J = 8.4 Hz,2H), 825 (app d J = 7.7Hz, 1H), 8.16 (appd, J = 84 Hz, 2H), 793

(ddd,J=7.7 Hz, 70Hz, 14 Hz, 1H), 783(ddd, J=7.7 Hz, 70 Hz, 14 Hz, 1H), 3.17 (s, 3H)3C

NMR (125 MHz, DMSQds) 0 5,198, 1485, 142.2, 1419, 138.1, 1307, 1299, 1296,

128.0, 127.7, 124.4,124.3,1228, 43.5.
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2-[4-(methylsulfanyl)phenyl]-4-quinolinecarbaldehyde (35f): Yellow solid (18% vyield over
three steps *H NMR (500 MHz, DMSQds) 155 (5,QH) 8.8 (dd, J = 8.5 Hz, 0.5 Hz,1H),

8.68 (s, 1H), 829 (dt, J = 85 Hz, 2.0 Hz, H), 815 (dd, J=8.5Hz, 0.5 Hz,1H), 7.85(ddd, J =

85Hz,7.0 Hz, 1.5 Hz1H), 7.73(ddd, J = 8.5 Hz, 70 Hz, 15 Hz, 1H),7.45 (dt,J= 8.5 Hz, 2.0
Hz, 2H), 2.55 (s, 3H)}*C NMR (125 MHz, DMSQds) U 8,158.9} 1485, 141.4, 137.7, 133.9,

1304, 1296, 128.6, 1275, 15.8, 124.8, 124.2, 1222, 14.2 HRMS (ESI) for (M+H)"

C17H14NOS: calcd.280.0791 found280.0792.
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2-(4-tert-butylphenyl)-4-quinolinecarbaldehyde(35g) Beigesolid (43% yield over three steps
'H NMR (700 MHz,DMSO-ds) 159 (5, H) 8.% (appd, J = 8.4 Hz, 1H), 869 (s, 1H), 827
(appd, J = 8.4 Hz,2H), 819 (app d J=8.4Hz, 1H), 7.88(app t J= 7.0 Hz 1H), 777 (app t J =
7.0 Hz, 1H), 762 (app d J = 8.4 Hz, H), 1.35 (s, 9H)13C NMR (175 MHz, DMSO-ds) 949, 1
156.5, 1530, 1485, 137.7, 136.0, 1304, 1296, 128.7, 127.0, 125.8, 124.3, 124.2,1222, 34.6,
31.0.

2-(4-methylphenyl)-4-quinolinecarbaldehyde(35h): Yellow solid (14% yield over three steps
IH NMR (400 MHz, DMSO-ds)  1@.59 (s, 1H)8.97 (appd, J = 8.4 Hz, 1H), 873(s, 1H), 828
(app d J = 8.4 Hz, 2H), 820 (appd, J = 8.4 Hz 1H), 7.8 (ddd, J = 8.4 Hz, 68 Hz, 12 Hz, 1H),
7.77(ddd J=8.4Hz,6.8 Hz,1.2 Hz, 1H), 743 (app d,J = 8.4 Hz, 2H), 243 (s, 3H); 1°C NMR
(125 MHz, DMSQds) 184.9,156.4, 1485, 140.0, 137.7, 134.9, 1304, 1296, 129.5, 128.7,
127.1,124.4,124.2,122.2, 209; IR (cast film, CHCly, cY): 3062, 2920, 2738, 1704, 1596, 1335,
1054 HRMS (El) for (m/z) C17H13NO: calcd. 27.0997 found 247.0994
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2-(4-ethylphenyl)-4-quinolinecarbaldehyde(35i): Yellow crystalg61% yield over three steps
'H NMR (500MHz, DMSO-ds) 1@.55 (s, 1H)8.93 (appd, J = 8.5 Hz, 1H), 868 (s, 1H), 825
(app d J=85 Hz,2H), 8.1 (appd, J = 85 Hz 1H), 7.& (ddd, J = 8.5 Hz,75 Hz, 10 Hz, 1H),
7.73(ddd, J=8.5Hz, 7.5 Hz,1.0 Hz, 1H), 742 (app d,J= 85 Hz, 2H), 269(q, J = 75 Hz,2H),
1.2 (d, J = 75 Hz, 3H); 13C NMR (125 MHz, DMSQds)  94.9, 115.5, 148.5, 146.2, 137.7,
1352, 1304, 1296, 128.7, 1284, 127.2, 127.2, 124.4, 124.2, 122.2,280, 154; IR (cast film
CHCls, cmiY): 3062, 2965, 2982, 2873 2747,1704, 1596, 1336, 1056 HRMS (ESI) for (M+H)*
C18H16NO: calcd. 32.1226 found 52.1225
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2-(4-propylphenyl)-4-quinolinecarbaldehyde (35j): Off-white solid (29% vyield over three
step$. 'H NMR (700 MHz,DMSO-ds) 158 (s, 1H)8.96 (dd, J = 8.4 Hz 0.7 Hz1H), 871 (s,
1H), 828 (app d J = 8.4Hz, 2H), 8.9 (dd, J = 8.4 Hz, 0.7 Hz,1H), 7.8 (ddd, J = 8.4 Hz,7.0 Hz,
1.4 Hz, 1H), 775(ddd, J=8.4Hz,7.0 Hz,1.4 Hz, 1H), 742 (app d,J=8.4 Hz, 2H), 266 (t,J=
7.7 Hz,2H), 166 (sext J= 7.7 Hz, 2H), 0.94 (t,J = 7.7 Hz, 3H) 3C NMR (175 MHz, DMSG
ds) 94.9, 156.5, 1485, 144.6, 137.7, 1352, 1304, 1296, 120.0, 128.7, 127.1, 124.4, 124.2,
122.2,37.0,23.9, 13.6
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2-(4-biphenyl)-4-quinolinecarbaldehyde(35h): Yellow crystal{27% yield over three step3H
NMR (500 MHz, DMSOds) 158 (s, 1H)8.95 (appd, J = 8.0 Hz, 1H), 877 (s, 1H), 844 (app
d, J= 8.5 Hz,2H), 820 (appd, J = 80 Hz 1H), 7.8 (m, 3H), 776 (m, 3H), 750 (app t J=7.5
Hz, 2H), 7.41(app tJ =75 Hz,1H); 13C NMR (125 MHz, DMSQds)  94.9, 1.56.0, 148.5,
141.7, 130.2, 137.8, 136.6, 130.5, 120.7, 120.0, 128.9, 127.9, 127.7, 127.2, 126.2,124.4 1242,
122.3 IR (cast film CHzCl, cm't): 3059, 3032 2853, 2745, 1944,704 1594 1488, 1336, 1054
HRMS (ElI) for (m/z) C22H1sNO: calcd.309.1154 found3091153

2.13.4 General Procedure for the Synthesis of the Alkenyl Nonaflate

To a flamedried 100 mLround bottom flaskvith stir bar was addettboc-4-piperidone
(4.00 g, 20.1 mmol, 1.00 equignd the flaskvas evacuated and backfilled with nitrogentfoee
cycles. etrahydrofuran(40.0 mL) was addedand the mixture stirred e cooling to 0 °C,
forming a clear solutionl,8 Diazabicyclo[5.4.0]Junde@-ene(3.60 mL, 24.1 mmol, 1.20 equiv)
was added dropwise to the reaction, forming a pale yellowigoldtionafluorobutanesulfonyl
fluoride (4.20 mL, 24.1 mmol, 1.2 equiv) wasdsdl dropwise via syringe, and the reacstirred
overnightwarming to rt The reaction was quenched with wgi#0.0 mL) and the layers were
separated. The aquedagerwas exracted with ethyl aceta{8x50.0 mL) and the organic layers
were combinedywashed with brin€100 mL) dried with sodium sulfate, filtered and concentrated
in vacuo The crude oil was purified by flash chromatogra@i { diethyl ether hexanes).
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tert-butyl-4-(nonafluorobutylsulfonyloxy)-5,6-dhydropyridine -1(2H)-carboxylate (36):
Clear oil (%% yield). Spectral data matched that previously repottéd.

2.13.5 General Procedure for the Synthesis of Allylic Pipadinyl Boronate

To a flamedried 50 mLround bottom flaskvith stir bar was added palladium acetate (87.1
mg, 0.388 mmol, 0.080equiv), and DPEPhos (230 mg, 0.427 mmol, 000&duiv), andtheflask
was evacuated and backfilled with nitrogen for threzesy Diethyl ether (20 mL) was added to
the flask, and the catalysts stirred for 30 mat rt forming a bright yellow solution.
Diisopropylamine (1.50 mL, 8.54 mmol, 1.10 equiv) gmdlacolborang1.30 mL, 8.53 mmaol,
1.10 equiv) were added sequentialfgrming a browrblack solution. Alkenyl piperidinyl
nonaflate36 (3.76 g, 7.76 mmol, 1.00 equiv) in diethyl et(@00 mL)was added dropwide the
mixture, and the reactiostirredovernight at rt. The reaction was filtered through a silica ity
diethyl ether (200 mL) and concentratedn vacuo The crude oil was purified by flash

chromatographyl(3 diethyl ethepentanes).

tert-butyl 4-(44,5,5tetramethyl-1,3,2dioxaborolan-2-yl)-3,4-dihydropyridine -1(2H)-
carboxylate (38): Clear oil (50% yield)Spectral data matched that previously repottéd.
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2.13.6 General Procedure for the Synthesis of RacemieBoc Dehydro-Vacquinol-1 Analogs

To a flamedried 15 mLsealed tubevith stir bar was added quinoline aeltyde35 (65.3
mg, 0.2 mmol, 1.10 equiv), allylic piperidinyl borona88 (68.0 mg, 0.2@ mmol, 1.00 equiv),
andtoluene(1.00 mL) The tube was sealed, heated to 80 °C, and stirred for 24 h. The reaction
was cooled to rt, and quenched with wgB00mL). The solution was ewentratedn vacuq

and the crude oil purified by flash chromatogragph to 1:4gradient ofethyl acetate:hexanes)

1(2H)-pyridinecarboxylic acid, 2-[[2-(4-methylsulfanylphenyl)-4-quinolinyl] hydroxymethyl]
-5,6-dihydro-, 1,1-dimethylethyl ester (39a) Yellow foam (62% yield)!H NMR (500 MHz,

CDs0OD) rotamers are present: 18-7.94(m, 5H), 7.74 (m, 1H), 7.57 (m, 1H), 7.41 (m, 2H),
6.105.75(m, 3H), 4.09(dd, J = 13.0 Hz, 6.0 Hz]1H), 3.79(dd,J = 13.0 Hz, 6.0 Hz,1H), 3.38

(td, J = 12.0 Hz, 4.0 Hz, 1H), 2.53 (s, 3H), 2:1®4 (m, 2H), 1.78 (m, 1H), 1.32 (s, 9HIC

NMR (125 MHz,CDsOD) rotamers are psentti 159.2, 158.5, 156.4, 151.8, 151.1, 150.6,.249

138.8, 138.5, 130.7, 130.6, 130.3, 130.2, 129.9, 129.2, 129.0, 127.9, 127.5, 127.3, 127.0, 126.8,
126.7, 125.6, 124.4, 124.1, 119.2, 119.0, 81.1, 80.8, 72.2, 70.7, 57.8, 39.7, 39.3, 35.3, 30.7, 28.6,
28.2 27.9, 25.7, 25.4, 24.3R (cast film CHCl> cm'): 3424, 2971, 1692, 1419, 1337, 1164;
HRMS (ESI) for (M+H)" C27H31N203S: calcd.463.2050 found463.2050
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1(2H)-pyridinecarboxylic  acid, 2-[[2-(4-iodophenyl}4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester(39b): White foam (59% yield}H NMR (500 MHz,CDsOD)
rotamers are presernt: 28-8.11(m, 2H), 805 (s, 1H),7.92(m, 2H),7.867.75(m, 3H), 762 (m,
1H), 6.135.78(m, 3H), 4.12 (m, 1H), 3.83(dd, J = 13.2 Hz, 5.6 Hz,1H), 3.39 (td,J = 12.0 Hz,
4.0 Hz, 1H), 2.171.95 (m, 2H), 1.34 (s, 9H}2C NMR (125 MHz,CDCl) rotamers are present:
1148.5, 139.1, 137.9, 130.6, 129.5, 129.3, 128.0, 126.4,,1P8%45, 124.1, 123.4, 122816.9,
95.9, 72.6, 58.4, 57.0, 38.5, 28.4, 27.9, 25.3, 2R {rast film CHCl, cmY): 3433 2967, 1730,
1455, 1326, 11554RMS (ESI) for (M+H)" CoeH28lN2Os: calcd.543.1139 found5431136

1(2H)-pyridinecarboxylic acid, 2[[2-(4-bromophenyl)-4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester (39c} White foam (69% yield)Spectral data matched that

previously reported
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1(2H)-pyridinecarboxylic acid, 2[[2-(4-isopropylphenyl)-4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester(39d): White foam (60% yield:H NMR (500 MHz,CDsOD)
rotamers are preseiit: 28-7.94(m, 5H), 7.76(m, 1H),7.58(m, 1H), 7.40(m, 2H), 6.105.77(m,

3H), 4.11(dd, J = 13.0 Hz, 6.0 Hz1H), 3.79(m, 1H), 3.38 (td,J = 12.5 Hz, 4.0 Hz, 1H), 3.00
(sep,d = 7.0 Hz, 1H), 2.14.96 (m, 2H), 1.81 (m, 1H), 1.31 (m, 12H$C NMR (125 MHz,
CDsOD) rotamers are presernt158.44, 157.78, 156.61, 183, 151.18, 150.86, 149.24, 146.60,
142.56, 142.03, 137.45, 137.16, 132.94, 131.12, 130.75, 130.45, 130.21, 129.24, 128.95,
127.58, 127.41, 127.24, 127.05, 126.73, 125.65, 124.44, 124.16, 118.76, 118.67, 81.14, 80.84,
72.20, 70.71, 66.90, 57.83,.38, 39.29, 36.43, 28.64, 28.20, 27.88, 25.68, 25.36, 15.44,;15.24
IR (cast film CH.Cl, cmY): 3425 2977 1687, 1475, 1366, 1168JRMS (ESI) for (M+H)*
CooH35N203: calcd.459.2642.1139%ound459.2641

1(2H)-pyridinecarboxylic acid, 2-[[2-(4-chlorophenyl)-4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester (39%): White foam (82% yield)Spectral data matched that

previously reported®
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1(2H)-pyridinecarboxylic acid, 2-[[2-(4-methylsulfonylphenyl)-4-quinolinyl] hydroxymethyl]
-5,6-dihydro-, 11-dimethylethyl ester (39f): Clear oil (93% vyield. '"H NMR (500 MHz,
CDsOD) rotamers are preseft: 4&8.11(m, 7H), 7.78(m, 1H),7.63(m, 1H), 6.11-5.80(m, 3H),

4.10(m, 1H), 3.80(dd,J = 13.5 Hz, 6.0 Hz,1H), 3.38 (tdJ = 12.5 Hz, 4.8z, 1H), 3.18 (s, 3H),
2.131.96 (m, 2H), 1.81 (m, 1H), 1.18 (s, 9*C NMR (125 MHz,CDs0D) rotamers are present:
0156.67,156.40, 151.73, 149.41, 146.16, 142.63, 131.14, 131.02, 129.70, 129.60, 129.32, 128.99,
128.38, 127.15, 126.70, 124.24, 118.70.88, 75.84, 72.19, 61.53, 57.85, 44.37, 39.78, 39.36,
28.63, 27.83, 25.67, 25.35, 25.03, 20.85, 14R6(solid, cm'): 3452, 2975 1684, 1455, 1335,

1150 HRMS (ESI) for (M+H)" C27H3:1N20sS: calcd.495.1948 found495.1948

1(2H)-pyridinecarboxylic acid, 2-[[2-(4-methylphenyl)-4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester (39g) White foam (8% vyield). Spectral data matched that

previously reported
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1(2H)-pyridinecarboxylic  acid, 2-[[2-(4-ethylphenyl)-4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester(39h): White foam(53% yield. '*H NMR (500 MHz,CDsOD)
rotamers are preserit: 28-7.94(m, 5H), 7.75(m, 1H),7.63(m, 1H), 7.59 (m, 1H), 7.39 (m, 1H),
6.105.77(m, 3H), 4.10(m, 1H), 3.80(dd,J = 13.5 Hz, 5.5 Hz,1H), 3.37 (td,J = 12.5 Hz, 4.0

Hz, 1H), 2.73 (g, = 7.5 Hz, 2H), 2.141.95 (m, 2H), 1.79 (m, 1H), 1.34 (s, 9H), 1.29( 7.5

Hz, 3H) 13C NMR (125MHz, CDsOD) rotamers are present:159.21, 158.55, 156.63, 156.44,
151.09, 150.66, 149.25, 147.30, 138.64, 138.40, 130.70, 130.59, 130.45, 130.25, 129.41, 129.24,
128.98, 128.90, 127.55, 127.35, 127.04, 126.77, 126.71, 125.64, 124.45, 124.16,11'8001%,
81.15, 80.85, 72.21, 70.691.65, 57.84, 39.75, 39.31, 29.70, 28.66, 27.90, 25.69, 25.38, 20.87,
16.08, 14.48IR (cast film CH2Cl. cm'®): 3400, 2969 1682, 1421, 1366, 1168IRMS (ESI) for
(M+H)* C2gH33N20s: calcd.445.2486 found445.2482

1(2H)-pyridinecarboxylic acid, 2-[[2-(4-propyl phenyl)-4-quinolinyl] hydroxymethyl]-5,6-

dihydro-, 1,1-dimethylethyl ester (39i): White foam (59% vyield. *H NMR (700 MHz, CDCls)

rotamers are present: 18 (d, J= 8.4 Hz,1H), 8.107.89(m, 4H), 7.68 (app t J = 6.3 Hz1H),

7.46 (app,) = 6.3 Hz, 1H), 7.30 (d] = 7.7 Hz 2H), 5.9%.48(m, 3H), 4.94(m, 1H), 4.434.04

(m, 1H), 2.65 (t,J = 7.7 Hz, 1H), 2.05 (m, 2H), 1.69 (sedt 7.7 Hz, 2H), 1.55 (s, 9H), 0.964 (t,

J=7.7 Hz, 3H) 13C NMR (175 MHz, CDCl) rotamers are present: 157 .22, 157. 19,
144.14, 137.05, 130.38, 129.15, 128.92, 127.69, 127.46, 125.88, 125.03, 124 33, 123135,

103



117.38, 80.94, 80.12, 72.55, 60.36, 58.19, 56.92, 38.39, 37.83, 37.33, 36.62, 29.67, 28.42, 27.88,
24.71, 24.47, 21.02, 14.17, 13,7R (cast film CHzCl> cnmil): 3402 2964 1687, 1421, 1366,
1169 HRMS (ESI) for (M+H)* CzeH3sN2Os: calcd.459.2642 found459.2642

1(2H)-pyridinecarboxylic acid, 2-[[2-(4-tert-butylphenyl)-4-quinolinyl] hydroxymethyl]-5,6-
dihydro-, 1,1-dimethylethyl ester (39j): White foam (52% vyield. *H NMR (700 MHz, CDCls)
rotamers are presernt: 18-7.94(m, 5H), 7.69 (t,J= 7.7 Hz, 1H), 7.53 (d] = 8.4 Hz, 2H), 7.48

(app t,J = 7.4 Hz, 1H), 6.05.46(m, 3H), 5.094.85(m, 1H), 4.384.10 (m, 1H), 2.95 (m, 1H),
2.21:1.96(m, 2H), 1.51 (s, 9H), 1.37 (s, 9H)*C NMR (175 MHz, CDCls) rotamers are present:
0157.30, 157.05, 152.50, 148.55, 136.86, 130.45, 129.14, 127.69, 127.30, 125.90, 125.74, 125.31,
124.20, 123.40,17.45, 80.98, 80.21, 72.82, 60.36, 58.22, 56.98, 38.38, 37.34, 34.72, 31.28, 28.42,
28.02, 27.90, 24.72, 24.34, 21.02, 14.18 (cast film CHxCl. cm'Y): 3416, 2966 1682, 1420,

1366, 1169HRMS (ESI) for (M+H)* CsoHz7N20s: calcd.473.2799 found473.2798

1(2H)-pyridinecarboxylic acid, 2-[[2-(biphenyl)-4-quinolinyl] hydroxymethyl]-5,6-dihydro-,
1,1-dimethylethyl ester (39k): White foam (55% yield. 'H NMR (700 MHz, CDCls) rotamers
are presenti 28-8.08(m, 5H), 7.757.67 (m, 5H), 7.547.46 (m, 3H), 7.37 (app §,= 7.7 Hz
1H), 6.035.55(m, 3H), 5.10-4.86(m, 1H), 4.444.08 (m, 1H), 2.99 (m, 1H), 2.4B96 (m, 2H),
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1.51 (s, 9H) 13C NMR (175 MHz, CDCls) rotamers are preseni:156.6, 148.5, 142, 140.6
1305, 1293, 128.8, 18.0, 127.8, 127.5, 128, 127.1, 126.1, 124.2,123117.3, 81.0, 72, 77.0,
76.8, 72.6, 6@, 583, 38.4, 28.4, 28.0, 29,.24.7, 21.0, 12; IR (cast film CH2Cl> cm'): 3409,
2967 2837, 1683, 1419, 1366, 1168RMS (ESI) for (M+H)" Cs2H33N203: calcd.493.2486
found493.2488

2,3,4, #tetrahydro-1H-azepine  2-[[2-(4-bromophenyl)-4-quinolinyl] hydroxymethyl] -5,6-
dihydro-, 11-dimethylethyl ester (66). Clear oil in 8% yield.'H NMR (500 MHz, CDCls)
rotamers are present: 18 (m, 1H), 8.11-8.04 (m, 2H), 7.99.95 (m, 2H), 7.7&.67 (m, 3H),

7.59 (m, 1H), 5.8%.65(m, 3H), 5.255.11(m, 1H), 3.853.72 (m, 1H), 3.45 (m, 1H), 3.25 (m,

1H), 2.181.80(m, 2H), 1.631.43 (m, 1H), 1.265, 9H) 3C NMR (125 MHz, CDCls) rotamers

are presentti 157.66, 157.59, 157.06, 156.70, 151.49, 151.29, 1494622, 139.98, 133.07,
130.82, 130.76, 130.72, 130.59, 130.52, 130.48, 130.44, 130.34, 129.12, 127.92, 127.68, 127.03,
126.74, 124.94, 124.4824.12, 118.59, 118.30, 80.95, 80.64, 73.41, 71.41, 62.64, 62.48, 44.04,
43.91, 28.62, 27.82, 26.55, 25.92, 3.24.12 IR (direct deposjtcm'®): 3066, 2932 1948, 1633,

1415, 1341, 107HRMS (ESI) for (M+H)" C27H30BrN2Os: calcd.509.1434 found509.1436.

1,1-dimethylethyl  ester;1l-indole-3-methanol, [1(2H)-Pyridinecarboxylic  acid]-2-(4-
isopropylphenyl)hydroxymethyl]-5,6-dihydro-, 1,1-dimethylethyl ester (70). Clearoil in 18%
yield.'H NMR (500 MHz,CDCls) rotamers are preserit8.44-8.09 (m, 2H), 7.44 (m, 6}15.97
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4.81 (m, 3H), 4.29 (m, 1H), 3.10 (m, 1H), 22282 (m, 2H), 1.78.31 (m, 27H) IR (direct
depositcn ¥ 3066,2932 1948, 1633, 1415, 1341, 10FRMS (ESI) for (M+N&)* CaaHa2N2Os:
calcd.569.2986 found569.2980

2.13.7 General Procedure for Hydrogenation oDehydro-Br-Vacquinol-1 (39c)

To a flamedried 10 mL pear flask with stir bar was add@St (20.0 mg, 0.04@ mmol,
1.00 equiv), and Adaomnwol, &C3@CkquiV)yietlaskK wagvlcO0atechg, 0.
andbackfilled with nitrogen for three cycles. Ethyl acetate (1.5 mL) was added to the flask via
syringe, and the reagents stiragdt for 5 minforming a clear solution. The solution was purged
with a hydrogen balloofil atm)for 5 min, forming a dark bl&csolution. The balloon was then
moved into the fl ask~os headatptaleeqglution was filterede r e a «
through a silica plugvith ethyl acetate (150 mljhen concentrateid vacuoto getthet-Boc Br-

vacquinotl analog40, which waspurified by HPLC using the general condition.13.1

HO

AN
~
T
Br

1-piperidinecarboxylic acid, 2-[[2-(4-chlorophenyl)-4-quinolinyl] hydroxymethyl]-, 11-

Boc

dimethylethyl ester (40): Clear oil (98% yield)Spectral data matched that previously repofted.

2.13.8 General Procedures for Hydrogen Atom Transfer (HAT)

To aflame-dried5 mL pear flask with stir barnder argonwvas added dehydnmethylthiol
vacl intermediat89a(32.3 mg,0.06% mmol, 1.00 equiv), isopropyl alcoh@.10 mL) andthe
mixturestirred forming a clear solution. Phenylsilane.(41, 0.324 mmol, 5.0 equiv), andert-
butyl hydrogen peroxide (5.5 M, kL, 0.324 mmol, 5.0 equiv), were added sequentially, and
the solution was degassed with argon for 10 @ihenvi Hydrogenation Cataly@0.5 mg, 0.066
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mmol, 1.00 equiv), was added ineoportion with stirring, forming a dark green solution. The
reaction was left overniglat rt. The reaction was concentratedzacuoand purified by HPLC

using the general conditions in 2.13.1

HO

o®
—
e
S/

1-piperidinecarboxylic acid, 2[[2-(4-methylsulfanyl)-4-quinolinyl] hydroxymethyl]-, 11-
dimethylethyl ester (41). Yellow foam(20% yield. *H NMR (500 MHz, CDCl) rotamers are
presentli8.297.94 (m, 5H), 7.71 (1 = 7.5 Hz, 1H), 7.53 (t)= 7.5 Hz, 1H), 7.37 (d] = 8.5 Hz,
2H), 5.63 (bs, 1H), 4.76 (bs, 1H), 4.11 (m, 1H), 3.13 (bs, 1H), 2.3#}s,1.840.860 (m, 16H)
13C NMR (125 MHz, CDC}) rotamers are present:156.4, 136l, 1307, 1295, 127.8, 126.4,
126.2, 773, 77.2, 77.0, 7@, 31.9, 29.7, 29, 285, 24.9, 22.7, 19, 15.57, 14.13IR (cast film
CH.Clp, cm'h): 3415, 2925 1687, 1494, 1365, 116 HRMS (ESI) for (M+H)* C2gH33N20sS:
calcd.465.2206 found465.2194

Boc

2.13.9 General Procedure for Rosemung/on Braun Type Reaction

To a flamedried 15 mLsealed tube was added sodium cyanide (17.1 mg, 0.266 mmol,
2.20equiv), copper iodide (19.2 mg, 0.@rhmol, 0.500 equiv), and potassium iodide (17.2 mg,
0.0610 mmol, 0.500 equiv). The tube was evacuated and backfilled with argon for three cycles.
Toluene (1.00 mL) was added to the tube with stirring to form a whiterrgl N,N-
dimethylethylenediaming.100 mL, 0.242 mmol, 2.00 equiv), and&xc 1 intermediatd0(60.2
mg, 0.121 mmol, 1.00 equiv) toluene(3.00 mL)were added sequentially forming a dgrken
solution. The tube was sealed and heated to 130 °C far Z#e reaction was cooled, filtered
through a silica plugvith ethyl acetat€200 mL), and concentrateidd vacuo The crudeesidue

was purified by HPLQising the general conditions in 2.1.3.
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1-piperidinecarboxylic acid, 2-[[2-(4-nitrilephenyl) -4-quinolinyl] hydroxymethyl]-, 11-

dimethylethyl ester (44). Yellow foam (23% yield. 'H NMR (400 MHz, tetrahydrofurards)

rotamers are present:8.46 (m, 2H), 8.3:B.08 (m, 3H), 7.94.86 (m 2H), 7.74 (m, 1H), 7.61
7.44 (m, 1H), 6.0%.68 (m, 2H), 5.181.68 (m, 1H), 4.19 (m, 1H), 3.22 (m, 1H), 2138 (m,
15H); 13C NMR (125 MHz, tetrahydrofurads) rotamers are presefit156.4, 1361, 1307, 1295,

127.8, 126.4, 126.2, 73,.77.2, 77.076 8, 31.9, 29.7, 29, 285, 24.9, 22.7, 19, 15.57, 14.1IR

(cast film CHxClz, cmit): 3397, 3063 2928, 2228, 1685, 1418, 1306, 116RMS (ESI) for
(M+H)* Co7H30N30s: calcd.444.2282 found444.2284

Boc

3H-oxazolo[34-a]pyridin -3-one, }[2-(4-nitrilephenyl) -4-quinolinyl] -1,5,6,8a-tetrahydro -

(45). White foam(42% yield. *H NMR (500 MHz,CDCl;) 8.33 (d,J = 6.5 Hz, 2H), 8.27 (dJ

= 8.5 Hz, 1H), 8.04 (s, 1H), 7.81 (m, 4H), 7.65)&,11.5 Hz, 1H)5.86 (d, 5.5 Hz, 1H), 3.99 (dd,
13.0 Hz, 4.5 Hz, 1H), 3.56 (ddd= 11.5 Hz, 5.0 Hz, 4.5 Hz, 1H), 2.85 (tbs 13.0 Hz, 3.5 Hz,
1H), 2.24 (m, 1H), 2.06 (m, DH1.76 (m, 2H), 1.59 (qt] = 13.0 Hz, 4.0 Hz, 1H), 1.42 (q1,=
13.0 Hz, 4.0 Hz, 1H)3C NMR (125 MHz, CDC}$) i 1562, 155.1, 148.5, 1810, 1431, 132.6,
131.3, 13, 1282, 127.7, 124.0, 121.8, 118.7, 144113.1, 8.0, 621, 41.9, 3™, 29.7,25.6,
24.2, 229; IR (cast film CHxClp, cmiY): 3061, 2941, 2227, 1759, 1445, 1329, 106RMS (ESI)
for (M+H)" Co3H19N302: calcd.370.1550 found370.1550
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2.13.10 General Procedure for SuzukiMiyaura Cross-Coupling

To al5 mL sealed tube wasdded potassium cyclopropyltrifluoroborate (32.0 mg, 0.185
mmol, 1.20 equiv), @lladiumtetrakis(triphenylphosphine(10.4 mg, 000900 mmol, 0.060
equiv), and potassium phosphate (126 mg, 0.508 mmol, 3.30 equiv). The tube was evacuated and
backfilled withargon for three cycles. Brac-1 intermediatd0(89.5 mg, 0.170 mmol, 10@quiv)
ard toluene:water (3:10.800 mL) were addetb the tube sequentially. The tube was sediedted
to 100 °C,and stirred 20 h. The reacti@rascooled to rt, filtered thnagh a silica plugvith ethyl
acetatg€200 mL) andconcentrateth vacuo Theproduct wagpurified by HPLCusing the general
corditions in 2.13.1

1-piperidinecarboxylic acid, 2-[[2-(4-cyclopropylphenyl)-4-quinolinyl] hydroxymethyl]-, 1,1-
dimethylethyl ester (60). White foam(53% vyield. 'H NMR (400 MHz, CDsOD) rotamers are
presentli 8.357.94 (m, 4H), 7.74 (m, 1H), 7.6247 (m, 2H), 23 (d,J = 8.4 Hz, 2H), 5.72 (bs,
1H), 4.834.59 (m, 1H), 4.09 (m, 1H), 3.38 (m, 1H), 21406 (m, 2H), 1.73.28 (m, 8H), 1.04
(m, 9H), 0.770 (m, 2H)*C NMR (175 MHz, CDOD) rotamers are preseiit1 73.0, 1574, 149.5,
1475, 1308, 1307, 1306, 1304, 1299, 1289, 1289, 1275, 1273, 127.0, 125.0, 1191, 80.6,
73.3, 61.5, 54, 41.1, 37, 30.6, 283, 263, 25.6, 21.0, 20.8, 16.1, 14.4, 10IR (cast film
CH.Clz, cmiY): 3392 2934, 1686, 1474, 1308, 1161RMS (ESI) for (M+H)* Ca0H3sN203: calcd.
459.2642 found459.2642
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3H-oxazolo[34-a]pyridin -3-one, 1[2-(4-cyclopropylphenyl)-4-quinolinyl] -1,5,6,8a
tetrahydro- (62). White foam(4% yield. *H NMR (500 MHz,CDCls) 8117 (m, 1H), 8.02 (m,
3H), 7.82 (m, 1H), 7.67 (m, 1H), 7.5747 (m, 1H), 7.25 (d] = 8.4 Hz, 2H), 6.05 (dd, 8.4 Hz, 5.6
Hz, 1H), 3.86 (m,lH), 3.73 (m, 1H), 2.92 (m, 1H), 2.2214 (m, 1H), 2.071.93 (m, 1H), 1.80
1.45 (m, 6H), 1.04 (m, 2H), 0.780 (m, 2M3C NMR (125 MHz, CDC}$) Ui 158.8, 158, 1497,
1479, 146.3, 134, 1313, 1309, 130.0, 128.7, 128.6, 128, 127.0, 123.8, 118, 115.9 79.0,
633, 428, 315, 30.7, 30.6, 23, 23.6, 16.1, 1@; IR (cast film CH2Cl, cm'): 3054, 2926, 1760,
1423, 1351, 106 HRMS (ESI) for M+H)* C2sH25N202: calcd.385.1911 found385.1921

2.13.11 General Procedure for Sonogashir&ross-Coupling

To a flamedried 15 mL pressure tube with stir herder argonwas added Bvac-1 analog
40 (52.0 mg, 0.105 mmol, 1.00 equiv), diisopropylami@€00 mL) and tetrahydrofurai.30
mL). The solution was degassed with argon for 1 h. Thyistylacetylene (0.100 mL, 0.263
mmol, 2.50 equiv)palladium(ll)bis(triphenylphosphine) dichlorid26.4 mg, 0.026 mmol, 0.250
equiv), and copper iodide (10n&g, 0.026 mmol, 0.250 equiv), were added sequentially, and the
reactionheated t@&0 °C andvas stirred for 24 h, formingkdacksolution The reaction was cooled
to rt, filtered through a silica plugith ethyl acetate (200 mLjand concentrateith vaauo. The
crude product was dissolvedrnrethano(1.00 mL)andtetrahydrofurar§1.00 mL)and 1 Msodium
hydroxide(11.0 mL, 1.05 mmol, 10.0 equiv) was added to the solution with stirring for 1 h at rt.
The reaction was concentratedvacuoand purified byHPLC using the general conditions in
2.13.1
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1-piperidinecarboxylic acid, 2-[[2-(4-ethynylphenyl)-4-quinolinyl] hydroxymethyl]-, 11-
dimethylethyl ester (43). White foam(48% yield overtwo step$. *H NMR (500 MHz, CDCls)
rotamers are present:8.307.80 (m, 4H), 7.7&.54 (m, 5H), 5.26 (bs, 1H), 4.73 (bs, 1H), 4.06
(m, 1H), 3.73 (m, 1H), 3.15 (m, 1H), 18446 (m, 16H)13C NMR (125 MHz, CDC#) rotamers
are presentil 156.0, 1488, 139.6, 13%8, 1308, 1296, 127.4, 126, 125.5, 123, 117.4, 83.5,
80.6, 78.6, 70.35,80, 56.6, 409, 31.9, 301, 29.7, 2%, 28.4, 25.6, 24.9, 22.7, 19.9, 14IR
(cast film CH,Cl,, cmi®): 3390, 2927, 2107, 1683, 1419, 1365, 116A1RMS (ESI) for (M+H)*
C2gH31N203: calcd 443.2329 found443.2323

2.13.12 General Procedure for the Synthesis of HCI Salt Vacquindl Analogs

The dehydrat-Boc vac1l analogs were hydrogenatéallowing the general conditions
outlined in 2.147 to obtain any desired saturated analddsdehydro and saturateeBoc vac1
analogs were then purified by HPLC using the standard conditidh43.1. The purifiedanalogs
in methanol(1.00 mL) were added ta sample vialwith stir bar under air Concentrated
hydrochloric acid5-6 dropg was addediropwise to the solutiowith stirring at rt. The reaction
wasstirred for 12 h, forming a pale yellow solutiomhe solvent was evaporatedvacuogiving
the pure HCI salts that could be further purified by trituration with dichlorometHan@0 mL)
ethyl acetatg1.00 mL) hexanes(1.00 mL) anddiethyl ether (1.00 mL)Quantitative yields are
reported as 99%.
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4-quinolinemethanol, 2(4-bromophenyl)-U-2-piperidinyl -, hydrochloride (18): White solid
(99% vyield).*H NMR (500 MHz,CDz0D) 8#&0 (d,J = 9.5 Hz, 1H), 8.53 (s, 1H), 8.45 (@7~
9.5 Hz, 1H), 8.22 (app t) = 8.5 Hz, 1H), 8.12 (dt] = 11.0 Hz,3.0 Hz, 2H), 8.04 (app §,= 8.5
Hz, 1H) 7.95 (dtJ = 11.0 Hz, 3.0 Hz, 2H), 5.77 (d,= 7.5 Hz, 1H), 3.67 (m, 1H), 3.40 (@~
16.0 Hz, 1H), 2.94 (td]= 16.0 Hz, 4.0 Hz, 1H), 1.95.47 (m, 6H)3C NMR (125 MHz, CXOD)
0 158.9, 155.6, 140.9, 63, 1342, 1323, 1321, 131.2, 122, 1269, 126.0, 123, 121.4, 1.0,
62.3, 46.3, 27.2, 23, 22.8 IR (solid, cm'): 3290, 3064, 29341597, 1446, 1350, 1168iRMS
(ESI) for (M)* C21H22CIN20: calcd.397.0910 found397.0906

4-quinolinemethanol, 2(4-methylsulfonylphenyl)-U-2-piperidinyl -, hydrochloride (19):
White solid (80% yield)*H NMR (500 MHz,CDsOD) 8%8 (d,J = 8.5 Hz, 1H), 8.57 (s, 1H),
8.46 (d,J = 8.5 Hz, 1H), 8.41 (dJ = 8.0 Hz, 2H), 8.29 (d] = 8.0 Hz, 2H), 8.21 () = 7.5 Hz,
1H) 8.04 (t,J = 7.5 Hz, 1H), 5.71 (dJ = 6.0 Hz, 1H) 3.64 (m, 1H), 3.39 (@= 12.5 Hz, 1H),
3.24 (s, 3H), 2.95 (1] = 12.5 Hz, 1H), 1.94..50 (m, 6H)C NMR (125 MHz, CROD) 11591,
1549, 1457, 1413, 1384, 1361, 131.6, 131.5, 126, 1273,126.0, 123.9, 121.8,10, 624, 46.3,
44.1, 273, 24.2, 233, 22.8 IR (solid, cm'): 3517-3243 2942, 1634, 1502, 1259, 1099RMS
(ESI) for (M)* C22H25N20sS: calcd.397.1580 found397.1578
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4-quinolinemethanol, 2(4-methylsulfanylphenyl)-U-2-piperidinyl -, hydrochloride (20):
Green solid (99% yieldfH NMR (500 MHz,CDsOD) 8%3 (d,J = 8.5 Hz, 1H), 8.50 (s, 1H),
8.41 (dJ = 8.5 Hz, 1H), 8.16 (t) = 7.5 Hz, 1H), 8.10 (d] = 8.5 Hz, 2H), 7.98 (t) = 7.5 Hz, 1H)
7.58 (d,J=8.5Hz, 2H), 5.71 (d] = 6.0 Hz, 1H) 3.63 (m, 1H), 3.39 @@= 12.5 Hz, 1H), 2.95 (t,
J=12.5 Hz, 1H), 2.61 (s, 3H), 1.9045 (m, 6H):*C NMR (125 MHz, C3OD) i 15886, 156.0,
1451, 1359, 130.9, 13®, 127.2, 18.0, 121.1, 711, 623, 463, 27.2, 233, 22.8, 14.6IR (solid,
cm’t): 3232 2930, 1634, 1420, 1349, 1102RMS (ESI) for M)* C22H25N20S: calcd.365.1682
found365.1680

4-quinolinemethanol, 2(4-chlorophenyl)}-U-2-piperidinyl -, hydrochloride (22): White solid
(99% vyield).'H NMR (500 MHz,CD30OD) 8#%8 (d,J = 8.5 Hz, 1H), 8.51 (s, 1H), 8.43 (@ -~
8.5 Hz, 1H), 8.18 (m, 3H), 8.07 (t= 7.0 Hz, 1H), 7.77 (dtfJ = 8.5 Hz, 2.5 Hz, 2H) 5.75 (d,=
6.0 Hz, 1H), 3.64 (dddl = 8.5 Hz, 6.5 Hz, 3.5 Hz, 1H), 3.39 (tk 13 Hz, 1H), 2.94 (td] = 13.0
Hz, 3.0 Hz,1H), 1.921.46 (m, 6H)}3C NMR (125 MHz, CXOD) (11592, 1555, 140.8, 140,
1361, 1321, 1317, 1313, 1312, 1269, 126.0, 1238, 121.5,71.0, 62.3, 46.3, 27.2, 24.2, 33.
22.8 IR (solid, cm™): 3241, 3028, 2933 1633, 1451, 1349, 11144RMS (ESI) for (M)*
C21H22CIN2O: calcd.353.1415% found353.1412
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4-quinolinemethanol, 2(4-isopropylphenyl)-U-2-piperidinyl -, hydrochloride (23). White
solid (99% yield)H NMR (500 MHz,CD:OD) 8.%9 (d,J = 8.5 Hz, 1H), 8.54 (s, 1H), 8.45 (d,
J=8.5Hz, 1H), 8.20 (tJ = 7.5 Hz, 1H), 8.13 (d] = 8.0 Hz, 2H), 8.01 (tJ = 7.5 Hz, 1H) 7.65
(d,J=8.0 Hz, 2H)5.77 (dJ = 6.0 Hz, 1H), 3.65 (m, 1H), 3.39 (@z= 12.5 Hz, 1H), 3.09 (sef,

= 7.0 Hz, 1H), 2.95 () = 13.5 Hz, 1H), 1.94..70 (m, 6H), 1.33 (dJ = 7.0 Hz, 6H)3C NMR
(125 MHz, CROD) 111595, 156.8, 156.4, 139.9, 131312, 1308, 129.9, 129,126.6, 122,
122.5,121.6, %0, 623, 46.3, 35, 27.2, 24.2, 24.0, 23.2, 221& (solid, cm'): 3290, 3064, 2934
1597, 1446, 1350, 1168RMS (ESI) for (M)™ C24H29N20: calcd.361.2274 found361.2274

4-quinolinemethanol 2-(4-nitrile phenyl)-U-2-piperidinyl -, hydrochloride (24): Yellow solid
(99% vyield).'H NMR (500 MHz,CDsOD) 8%7 (d,J = 8.5 Hz, 1H), 8.53 (s, 1H), 8.45 (@~
8.5 Hz, 1H), 8.34 (d,J = 8.5 Hz, 2H), 8.19 () = 7.5 Hz, 1H), 8.08 (d] = 8.5 Hz, 2H) 8.02 (1)
= 7.5 Hz, 1H), 5.77 (d] = 6.0 Hz, 1H) 3.64 (m, 1H), 3.41 (@= 13.0 Hz, 1H), 2.94 (] = 13.5
Hz, 1H), 1.921.46 (m, 6H);$3C NMR (125 MHz, CQOD) Ui 158.7, 154.8, 141.6, 135 1344,
131.4,131.2,127.2,125.9, 124.2, ®118.7, 117.1,178, 624, 46.3, 273, 233, 22.8 IR (solid,
cm't): 3218 3039, 29602231, 1634, 1458, 1261, 1033RMS (ESI) for (M)* C22H22N30: calcd.
344.1757found344.1756
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4-quinolinemethanol, 2(4-ethynylphenyl)-U-2-piperidinyl -, hydrochloride (25): Yellow solid
(99% vyield).*H NMR (500 MHz,CDz0D) 8%9 (d,J = 8.5 Hz, 1H), 8.55 (s, 1H), 8.45 (@7~
8.5 Hz, 1H), 8.21 (tJ = 7.5 Hz, 1H), 8.17 (d] = 8.0 Hz, 2H), 8.03 () = 7.5 Hz, 1H) 7.82 (dJ
= 8.0 Hz, 2H), 5.77 (d]= 5.5 Hz, 1H), 3.90 (s, 1H), 3.64 (m, 1H), 3.39)d,13.0 Hz, 1H), 2.95
(t, J=10.5 Hz, 1H), 1.94.47 (m, 6H);**C NMR (125 MHz, CROD) U 1597, 155.5, 14,
1363, 1343, 1326, 131.4, 130, 1289, 127.0, 126.1, 122.9121.7, 834, 831, 71.0, 623, 46.3,
27.2,23.2, 22.8R (solid, cm): 3208 3039, 29372102, 1633, 1453, 1348, 1112RMS (ESI)
for (M)* C23H23N20: calcd.343.1805 found343.1803

2-(4-chlorophenyl)-2,3,4, #tetrahydro-1H-azepine4-quinolinemethanol, hydrochloride
(26):. Off-white solid (99% yield)*H NMR (500 MHz,CDs0OD) 8.%9-8.29 (m, 3H), 8.14.91
(m, 4H), 7.797.69 (m, 2H), 6.1%5.80 (m, 2H), 5.31 (m, 1H), 4.63 (bs, 1H), 33.65 (m, 4H),
2.45(bs, 1H), 2.011.79 (m, 4H):IR (solid,cm®) 3221, 3053, 2925, 1635, 1419, 10BIRMS
(ESI) for (M) C22H22CIN20: calcd.365.1415%found365.1412
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2-(4-chlorophenyl)-2-5,6-dihydropyridinyl -4-quinolinemethanol, hydrochloride (27). Off-
white solid(99% yield. *H NMR (500 MHz,CDsOD) 8%8 (m, 2H), 8.45 (d] = 8.5 Hz, 1H),
8.20 (m, 3H), 8.02 (t) = 8.0 Hz, 1H), 7.77 (d] = 8.5 Hz, 2H), 6.14 (bs, 1H), 5.98 (© 5.5 Hz,
1H), 5.63 (d,) = 10.5 Hz, 1H), 4.40 (bs, 1H), 3.50 (bs, 1HLB(m, 1H), 2.572.34 (m, 3H)13C
NMR (125 MHz, CQXOD) 11159.1, 155.4, 140, 1403, 1363, 132.2, 131.4, 132, 129.8, 126,
126.0, 122.9122.8, 1217, 698, 59.4, 41.4, 28; IR (solid, cn?) 3319,3030,2954, 1672, 1596,
1092 HRMS (ESI) for M) " C21H20CIN20: calcd.351.1259found351.1257

2-(4-bromophenyl)-2-5,6-dihydropyridinyl -4-quinolinemethanol, hydrochloride (28). Off-
white solid(99% yield. *H NMR (500 MHz,CDsOD) 8%8 (m, 2H), 8.45 (d] = 8.5 Hz, 1H),
8.20 (t,J = 8.0 Hz, 1H), 8.11 (djJ = 8.0 Hz, 2H), 8.02 (tJ = 8.0 Hz, 1H), 7.93 (d] = 8.0 Hz,
2H), 6.14 (bs, 1H), 5.98 (d,= 5.0 Hz, 1H), 5.63 (d) = 10.5 Hz, 1H), 4.40 (bs, 1H), 3.50 (bs,
1H), 3.18 (m, 1H), 2.52.34 (m, 3H)'3C NMR (125 MHz,CDs0OD) 1158.9, 15%, 140.5, 13&,
134.2, 1323, 132.0,1314, 129.8, 129.3, 126.8, 126.0, 123.1, B2221.5, 6B, 595, 415, 226;

IR (solid,cm') 3194, 3055, 2925, 1724, 1597, 10ARMS (ESI) for (M)* C21H20BrN2O: calcd.
395.0754 found395.0733

116



2-(4-iodophenyl)-2-5,6-dihydropyridinyl -4-quinolinemethanol, hydrochloride (29). Yellow
solid (99%yield). *H NMR (500 MHz,CD:OD) 849 (m, 2H), 8.39 (m, 1H), 8.12 (m, 3H), 7.94
(m, 3H), 6.12 (m, 1H), 5.98 (d,= 6.0 Hz, H), 5.58 (dJ = 10.0 Hz, 1H), 4.38 (bs, 1H), 3.51 (m,
1H), 3.19 (m, 1H), 2.5@.34 (m, 3H)'3C NMR (125 MHz, CXOD) 111562, 142.3,1402, 1353,
1316, 1308, 129.7, 1267, 125.6, 1247, 1228, 1208, 116.1,1009, 699, 595, 41.3, 308, 226;

IR (solid, cmY) 3314, 3066, 2922, 1596, 1Q0BRMS (ESI) for (M)* CziH20IN20: calcd.
443.0615%found443.0614

4-quinolinemethanol, 2(4-methylphenyl)-U-2-piperidinyl -, hydrochloride (47): Light brown
solid (80% yield)*H NMR (700 MHz,CDsOD) 8.%8 (d,J = 8.4 Hz, 1H), 8.53 (s, 1H), 8.45 (d,
J=8.4 Hz, 1H), 8.18 (tJ = 7.0 Hz, 1H), 8.12 (d] = 8.4 Hz, 2H), 8.00 () = 7.0 Hz, 1H), 7.60
(d,J=8.4 Hz, 2H), 5.77 (d] = 6.3 Hz, 1H) 3.66 (m, 1H), 3.41 (@= 12.6Hz, 1H), 2.97 (tdJ =
13.3 Hz 2.8 Hz, 1H), 2.53 (s, 3H) 1:940 (m, 6H);**C NMR (125 MHz, CQOD) U 158.7,
156.6, 145.8, 14@, 1358, 1317, 130.9, 130.4, 130.2, 126.6, 126.0, 223214, 71.0, 62.3, 46.3,
27.2, 233, 22.8, 217; IR (solid, cmY): 3500-250Q 3030, 2946, 1634, 1428, 1128RMS (ESI)
for (M)* C22H2sN20: calcd.333.1961 found333.1961
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4-quinolinemethanol, 2(4-ethylphenyl)-U-2-piperidinyl -, hydrochloride (48). White solid
(99% vyield).'H NMR (400 MHz,CD30OD) 8%8 (d,J = 8.8 Hz, 1H), 8.54 (s, 1H), 8.45 (@7~
8.8 Hz, 1H), 8.19 (tJ = 7.6 Hz, 1H), 8.13 (d] = 8.0 Hz, 2H), 8.02 (t) = 7.6 Hz, 1H), 7.63 (dJ

= 8.0 Hz, 2H), 5.77 (d] = 6.3 Hz, 1H) 3.66 (m, 1H), 3.42 (@= 12.8 Hz, 1H)2.97 (tJ=12.8
Hz, 1H), 2.83 (qJ = 7.6 Hz, 2H) 1.98..47 (m, 6H), 1.33 (t}= 7.6 Hz, 3H);'3C NMR (100 MHz,
CDs0D) 11158.5, 155.9, 151.6, 139.6, 135.4, 530.30.0, 12%, 126.0, 125%, 122.2, 12®, 70.4,
617, 45.7, 29, 26.6, 227, 22.2, 151; IR (solid, cm'): 3300-250Q 3055, 2938, 1611, 1415, 1126;
HRMS (ESI) for M)* C23H27N20: calcd.347.2118 found347.2118

4-quinolinemethanol, 2(4-tert-butyl phenyl)-U-2-piperidinyl -, hydrochloride (49). Whitesolid
(99% yield)."H NMR (400 MHz,CDsOD) 80 (d,J = 8.4 Hz, 1H), 8.54 (s, 1H), 8.46 (@=
8.4 Hz, 1H), 8.21 (tJ= 7.2 Hz, 1H), 8.16 (d] = 8.4 Hz, 2H), 8.02 (t)= 7.2 Hz, 1H), 7.83 (d]
= 8.4 Hz, 2H), 5.75 (d] = 6.4 Hz, 1H) 3.65 (m, 1H)3.42 (d,J = 12.8 Hz, 1H), 2.97 (td] = 13.2
Hz, 3.2 Hz, 1H), 1.94.43 (m, 15H)3C NMR (100 MHz, CROD) {i1158.2, 159, 1354, 130.4,
129.7, 127.5, 126.0, 125.4, 122.30¥® 70.4, 617, 457, 35.6, 30.8, 26.6, 22.22.2, 10.10IR

(solid, cm'): 3200-250Q 3055, 2935, 1634, 1423, 1113RMS (ESI) for (M)* CzsH31N20: calcd.
375.2431found375.2431
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4-quinolinemethanol, 2(4-propylphenyl)-U-2-piperidinyl -, hydrochloride (50): Beige solid
(99% vyield).'H NMR (400 MHz,CD30OD) 80 (d,J = 8.4 Hz, 1H), 8.55 (s, 1H), 8.48 (@~
8.4 Hz, 1H), 8.21 (tJ = 8.0 Hz, 1H), 8.13 (d] = 8.0 Hz, 2H), 8.02 ()= 8.0 Hz, 1H), 7.63 (d]
= 8.0 Hz, 2H), 5.77 (d] = 6.3 Hz, 1H) 3.66 (m, 1H), 3.42 (@= 12.8 Hz, 1H)2.97 (tJ=11.2
Hz, 1H), 2.79 (tJ = 7.6 Hz, 2H) 1.941.47 (m, 8H), 0.998 (t) = 7.6 Hz, 3H);3C NMR (100
MHz, CDsOD) 11 1502, 1356, 1307, 130.0, 122.0, 121.0, 70.4, 617, 457, 383, 266, 24.8, 221,
223, 13.4 IR (solid, cm'): 3200-250Q 3055 2938, 1634, 1414, 1126{RMS (ESI) for (M)*
Co4H29N20: calcd.361.2274 found361.2274

4-quinolinemethanol, 2(4-biphenyl)-U-2-piperidinyl -, hydrochloride (51): Yellow solid (99%
yield). 'H NMR (400 MHz,CDsOD) 8.80 (m, 2H), 8.48 (d] = 8.4 Hz, 1H), 8.29 (d] = 8.4 Hz,
2H), 8.22 (t,J = 7.6 Hz, 1H), 8.05 (m, 3H), 7.79 (m, 2H) 7.54 (m, 2H), 7.46 (m, 1H), 5.7B (d,
= 6.0 Hz, 1H) 3.68 (m, 1H), 3.41 (d= 13.2 Hz, 1H), 2.97 () = 12.8 Hz, 1H), 1.94.51(m,
6H); 13C NMR (125 MHz, CROD) U 158.2, 154.6, 146.1, 138.9, 188134.8, 134.8, 129,
129.8, 128, 128.5, 18.0, 1269, 1254, 1248, 121.2, 120.3, 68, 60.9, 44.9, 25.8, 21.8, 211R
(solid, cm'®): 3200-260Q 3059, 29541634, 1417, 1350, 100BtRMS (ESI) for (M)* Co7H27N-0:
calcd.395.2118found395.2119
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4-quinolinemethanol, 2(4-cyclopropylphenyl)-U-2-piperidinyl -, hydrochloride (52). Yellow
solid (76% yield)*H NMR (600 MHz,CDsOD) 8.6 (d,J = 8.4 Hz, 1H), 8.52 (s, 1H), 8.43 (d,
J=8.4 Hz, 1H), 8.19 (tJ = 6.6 Hz, 1H), 8.09 (d] = 8.4 Hz, 2H), 8.00 (tJ = 6.6 Hz, 1H) 7.45
(d,J=8.4 Hz, 2H), 5.75 (d] = 6.0 Hz, 1H) 3.65 (mlH), 3.40 (dJ=12.6 Hz, 1H), 2.95 (tdl =
13.2 Hz, 3.0 Hz1H), 2.10 (m, 1H), 1.93.48 (m, 6H), 1.17 (m, 2H), 0.883 (m, 2HJC NMR
(175 MHz, CROD) 11 159.0, 1564, 153.0, 14®, 135.9, 13.0, 1305, 129.3, 127@, 126.5, 126.0,
122.7, 121.3, 0, 62.2, 463, 272, 23.2, 228, 166, 114; IR (solid, cm™): 3200-250Q 2937,
1603, 1513, 1423, 111HRMS (ESI) for (M)* C24H27N20: calcd.359.2118 found359.2118

4-quinolinemethanol, 2(4-bromophenyl)-U-2-azeparyl-, hydrochloride (53). Green solid
(99% yield).*H NMR (600 MHz,CDsOD) 855 (d,J = 9.0 Hz, 1H), 8.51 (s, 1H), 8.39 (@
9.0 Hz, 1H), 8.14 (1) =7.2 Hz, 1H), 8.11 (d] = 8.4 Hz, 2H), 7.97 (tJ= 7.2 Hz, 1H), 7.90 (d]
= 8.4 Hz, 2H), 5.77 (d] = 6.6 Hz, 1H), 3.80 (ddd] = 9.0 Hz, 6.6 Hz, 3.6 Hz, 1H), 3.40 (ddd,
=13.8 Hz, 11.4, 2.4 Hz, 1H), 3.2826 (m, 1H), 2.041.28 (m, 8H)*C NMR (125MHz, CD:0D)
01559, 135.3, 134.0, 139, 1309, 126.9, 125.7, 128, 1211, 714, 647, 46.9, 29.5, 2B, 262,
259; IR (solid, cm™): 3400-280Q 3066, 29321633, 1415, 1341, 1008{RMS (ESI) for (M)*
C21H24BrN20: calcd.411.1067 found411.1068.
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2-(4-isopropylphenyl)-2-5,6-dihydropyridinyl -4-quinolinemethanol, hydrochloride (54).
White solid(99% vyield. *H NMR (500 MHz,CDsOD) 8i%9 (s, 1H), 8.54 (d] = 8.4 Hz, 1H),
8.44 (d,J = 8.4 Hz, 1H), 8.17 (m, 3H), 7.99 (applt= 7.16 1H), 7.64 (dJ = 8.4 Hz, 2H), 6.19
(m, 1H), 5.94 (dJ = 5.06 Hz, 1H), 5.62 (dd} = 10.4 Hz, 2.0 Hz, 1H), 4.42 (bs, 1H), 3.52 (m,
1H), 3.19 (m, 1H), 3.23.05 (m, 2H), 2.6@2.35 (m, 2H), 1.34 (dJ = 6.8 Hz) 13C NMR (125
MHz, CD:OD) 1158.2, 156.61566, 140.5, 139, 131.0, 1306, 130.4, 1298, 1292, 126.4, 129,
123.0, 122.7, 121.3, 69.8, 8941.3, 35.5, 24.0, 22.5R (solid, cm'!) 3205, 3029, 2946, 1612,
1425, 1117HRMS (ESI) for (M)* C21H20IN2O: calcd.359.2118 found359.2119

2-(4-isopropylphenyl)-2-5,6-dihydropyridinyl -4-methylquinoliniummethanaol,

hydrochloride (75). Redsolid (99% vyield. 'H NMR (500 MHz,CDsOD) 83 (t8J.= 8.0 Hz,

2H), 8.31 (t,J= 8.0 Hz, 1H), 8.28 (s, 1H), 8.08 = 8.0 Hz,1H), 7.75 (dJ = 8.5 Hz, 2H), 7.59
(d, J = 8.5 Hz,2H), 6.13(m, 1H), 5.98 (d,J = 5.5 Hz, 1H), 5.66 (dd] = 10.5 Hz, 2.5 Hz, 1H),
4.50 (s, 3H), 4.35 (bs, 1H), 3.46 (m, 1H), 33.65(m, 2H), 2.51-2.32 (m, 2H)1.34 (d,J= 6.5Hz,

6H); *3*C NMR (175 MHz, CDsOD) U 1615, 157.6, 15.0, 141.5, 13@®, 132.3, 131.2, 132,

131.0, 1298, 128.8, 128.6, 128, 126.8, 1251, 123.0, 121.5, 69.4, 58, 43.5, 41.5, 35.5, 24,
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22.4 IR (solid, cmi%): 3371 3061, 2961 1607, 1467, 1362, 111HRMS (ESI) for (M)
CasH3oN20s: calcd.374.2347 found374.2346

2.13.13 General Procedure for SimmonSmith/N-Methylation

Diiodomethane{ 0. 2 e¢L, O0.872 mmol , 4. 0O0Odethgzinc v) wa:
(1.0 M, 436 ¢lL, 0 in di¢hléronmetimané (1.002nL)Gallamedyiedi5® ML
round bottom flaskvith stir bar under argoati 78 °C. The mixture warmed to 0 °C, and was
stirred 15 min. A solution d39d (100 mg, 0.218 mmol, 1.00 equiv) in dichloromethane (1.00 mL)
was added dropwise via syringe. The reaction wartoed, and was stirred 1 h. Saturated
ammonium chloride (5.06L) was added dropwise, and the layers were separated. The aqueous
layer was extracted witldichloromethane (3x20.0 mL), and the combined organic phases were
washed with brine (60.0 mL), driedittv sodium sulfate, and concentraiadvacuo The residue

was purified by HPLC using the conditions from 2.13.1.

1(2H)-pyridinecarboxylic acid, 2-[[2-(4-isopropylphenyl)-4-1-methylquinolinium]
hydroxymethyl]-5,6-dihydro-, 11-dimethylethyl ester (74). Red solid (63% yield)*H NMR
(600 MHz, CD30D) rotamers are presernt: 78-8.54(m, 2H), 8.32 (m, 1H), 8.10 (m, 2H), 7.66
(m, 4H), 6.035.55(m, 3H), 5.48(s, 3H), 4.49 (m, 1H), 4.11 (m, 1H), 3.4B08 (m, &), 2.15
1.93(m, 2H), 1.36 (d,J = 6.6 Hz, 6H), 1.23 (s, 9H}3C NMR (175 MHz, CDsOD) rotamers are
presentli167.9, 1581, 137.0, 136.5, 132.1, 131.0, 13)130.7, B0.0, 1289, 1288, 1281, 127.1,
125.8, 1247, 1242, 121.2, 120.9, 82, 72.3, 58.458.1, 548, 432, 40.6, 3%, 35.5, 285, 28.2,
28.0, 25.5, 2%, 241; IR (cast film CHxCl, cm'®): 3103 2966 1686, 1602, 1415, 1365, 1169;
HRMS (ESI) for (M)" CzoHs7N20s3: calcd.473.2799found473.2804
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2.13.14 General Procedure for Fischer Indole Sgthesis

To a flamedried 100 mLround bottom flaskvith a stir bar was addechenylhydrazine
hydrochloride(1.60 g, 11.0 mmol, 1.10 equivj;isopropylacetophenorn@.70 mL, 10.0 mmol,
1.00 equiv), and phosphoric a¢D.0 mL) A condenser was equippdde mixture heatetb 110
°C, and stirred 6 h under aifhe solution was initially a yellow slurry that gradually turned dark
red over time. The reaction was cabléo rt, and poured into ice wat€t50 mL) which
precipitated the indolproduct The sold was filtered, washed with wat€t00 mL) and dried
under high vacuungiving the indole as a light brown solid, which was used without further

purification.

:\ ZT

1H-indole, 2[4-(1-methylethyl)phenyl]- (67). Brown lid (84% yield).Spectral data matched

that previously reportetf.

2.13.15 General Procedure for VilsmeierHaack Formylation

To a flamedried 100 mL pear flask with a stir bar under argon at 0 °C was added

dimethylformamidg1.50 mL) and phosphoryl dbride (0.600 mL, 5.65 mmol, 1.20 equiand

the reagents stirred for 10 milndole intermediaté7 (1.10 g, 4.70 mmol, 1.00 equiv) in DMF
(3.00 mL)was addediropwiseto the solutiorvia syringe and the reaction stirred 2ah0 °C The
yellow-brown surry was quenched with 1 Bbdium hydroxid€35.0 mL)and asolid precipita¢d

out of solution. The solid wallected by vacuurfilt ration, triturated with wate¢(50.0 mL) ethyl
acetatgd50.0 mL) and dichloromethan®0.0 mL) and driedinder high vacum giving theindole
aldehydewhich was used without further purification
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1H-indole-3-carboxaldehyde,2-[4-(1-methylethyl)phenyl]-(68). Yellow solid (26% yield. H

NMR (400 MHz,DMSO-ds) 988 (s, 1H), 8.20 (dl = 7.6 Hz, 1H), 7.49 (m, 3H), 7.26 (m, 2H),

3.02 (sep,] = 6.8 Hz, 1H), 1.29 (d) = 6.8 Hz, 6H) 13C NMR (175MHz, DMSO-dg) U 201.1,

185.41, 150.32, 149.17, 135.84, 129.84, 127.49, 127.32, 126.92, 125.82, 123.56, 122.32, 120.97,
113.30, 111.8983.30, 23.74, 23.68R (direct deposijtcm’): 3024, 297Q 2759, 1647, 1448, 1305,

1103 HRMS (EI) for Ci1gH17NO: calcd.263.1310 found263.1312
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Chapter 3. Preparation of Enantioenriched Trisubstituted

Cyclobutylboronates by Asymmetric Conjugate Borylaton of

Cyclobutenones

3.1 Conjugate Borylation

b-Borylation or conjugate borylation is the addition of a nucleophilic boryl species onto an
el ect r o phsaturated acteptérThis active reagent is generated by reaction of
bis(pinacolato)diban (Bypinz) with various transition metals, suchm@atinum (Pt), nickel (Ni),
palladium (Pd), rhodium (Rh), or copper (Cu) (Scherig.BAsymmeéric conjugate borylation is
possible with an appropriate chiral metal or organocatalyst, which can give enantioenriched
organoboron products’

M, L |
o szinz Bpln O

R1VJ\R2 R1MR2

Scheme 3l: General conjugate borylation reactfon.

To create CC, CiO, G X, and G N bonds, chiral organoboron compounds can be employed
through their diverse synthetic applications, such as transition metal catalyzedornoksg,
homologation, halogenation, oxidation, amination, and olefination (Figure® Eahjugae
borylation is a common reaction that can facilely prepare these valuable synthetic intermediates,
and is an incredibly powerful tool to help create complex molearescess privileged drug

scaffolds in synthetic organic and medicinal chemistry endeayo
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K oxidation

OH O
R

Figure 31: Stereospecific applications of organoboron compognds.

Thepreliminarydevelopment of the conjugate borylati@action came from Marder and
co-workers on their Pt catalyzed 1g4i b o r a t iunsaturated ketdhesbwithBinz.* This
methodologyformedt he cor r e s p o n-tydroxy ketores afteriBpin ddigafidn.
Hosomi and Miyaura expanded upon this wykemploying the first Cu(l) catalyzed borylation
of enones using trialkyl phosphines motassium acetate (KOACc) in the presence of CuCl and
B2pin, to form the borylated products in good yietd&he Cu(l) conjugate borylation is a desirable
way to gener@ organoboron compounds, due to commercial availability, ease of handling, and
lower taicity profile of Cu catalysts compared to other transition métksspite the benefits of
using Cu, there wer e -borylgtion at thectim of its disdoveny.Hight i o n s
catalyst loadings and temperature were necessary for good conversion to the borylated products,
and only unhindered enones were léagubstrate$.

To improve the generality of conjugate borylation, Yun anevodkers modified Hosomi

and Mi yeactian aohditions by using CuCl, the phosphine ligand DPEphos, saeitim
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butoxide NaQt-Bu), and a methanol additi¥eThe hindered basl was found to work well with

the ligand and improve product conversion, but it was the methanol additive thttidéi much

hi gher reaction rate, and i mproved the scopc¢
unsaturated esters, phosphonatds,mii | e s-disubstituted éngnés at milder temperatures and

lower catalyst loading%. The authors were able to ke the reaction enantioselective by

employing the josiphos and mandyphos ligands on acyclic substrates (Sc@gme 3

CuCl (2-3 mol%)
NaO#-Bu (3 mol%) Ph \
L1 or L2 (3-4 mol%)

i i [ P(Cy), Fe H

B,pin, (1.0 equiv) Bpin Ph, Q\(

EWG 2P2 dr
R R1J\/EWG r{P Fo p Phy@ Ph

MeOH (2.0 equiv) H
THF, rt, 7 h, 87-97% PO H/,\] P
82-92% ee N ol Ph
R' = alkyl, aryl .
EWG = COORZ, CN (R,S)-Josiphos (R,S)-Mandyphos
Scheme2: Yunodés optimal conditions for a catalyt
CuCl + NaOt-Bu —> CuOt-Bu @]
R’]/\)kRz
L, szinz
_ L-Cu-Bpin
MeO-Bpin
Bpin O CulL
Bapin, 1 2 Bpin O
R R
R'] = R2
L-Cu-OMe CuL
R’ R?
Scheme®&3: Proposed catalytic cycl® of Yunos C
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Yun and ceworkers hypothesized that thebustness of the reaction was due to protonation of the
organocopper species with the MeOH after alkadéition from the boryl speci€$. This
protonation would generate a copper alkoxide that would be regenerated to the active catalyst by
subsequent extion with another equivalent of,@n,.5® Marder and caworkers were able to
corroborate this theorwith hightlevel calculations, which resulted in the generally accepted

catalytic cycle shown above (Schem8&)3°

3.2Conjugate Borylation of Cyclic Enones

Using the system of Cu, alkoxide base, and methanol, conjugate borylation became a very
highyi el di ng and enanti osel ect i v-ansgratec¢aecemorst owar
A limiting substrate using this methodology however, wleecyclic enones, as there were no
enantioselective conditions available for these substtafagthermore, if these substrates were
subst it upositin, their reactivity whas also very sluggish due to the difficulty in forming
a quaternary dral centre!! Once again, Yun and eworkers were able to make another
contribution towards the field ifin a successful enantioselective conjugate borylation of cyclic
enones using a Chaniaphos complex (Scheme4R The reaction is synthetically useftdr
cyclohexenones, cycloheptenones, and pentenoAdemjor drawback of Yunandewsor ker 6 s
methodobgy was | ower enanti osel ecti vi-substitastedobs er
cyclohexenones.

Ph,P

CuCl (2 mol%) _—,
(R,S)-Taniaphos (4 mol%) PhoP™ Fe Y'''H

? B,pin, (1.1 equiv) 0 & N(CHs),
X NaOt-Bu (3 mol%) X .
- MeOH (2.0 equiv) a9 (R,S)-Taniaphos

3 1
THF, rt, 24 h Bpis R

74% ee when X = CH,,n=1,R'=H
90-98% ee when X =CH,, O, n =2, 3, R'=H
47-64% ee when X = CH,, n =2, R'= CHj

Scheme 3. Asymnetric Cucatalyzed conjugate borylation of cyclic enones wiSY
Taniaphog?
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Complementarily to théndings of Yun, Shibasaki and wworkers managed to overcome
the | imitations of conj ug at-substitwded gyclia enonesnby o n
employing the (RR)-QuinoxP* ligand, which gave the desired cyclopentybnd
cyclohexylboronates ihigh yield and enantioselectivity (Schem&)3! An interesting variation
in their reaction conditions was the omission of MeOH as an additive, and the use of
hexafluorophosphate (BJFcounteranion, which was thought to form caialytiPFs in situ and
increase the catalytic turnover of the Cu catélytbus, eliminating the need for a protic additive.
The authors also highlighted the utility of the copper enolate formed during the borylation by
trapping this intermediate with benzaly/de to get the corsponding aldol addition products in
high enantioselectivity and modest diastereoselectiditynately, the ability to form optically
active tertiary boronates was a significant advance in conjugate borylation chefwstrgther
mgor methodologies follwed that of Shibasaki to access tertiary boronates. The first was Takacs
and cowo r k e r s-directedk asymenetric hydroboration, and the second was a conjugate
borylation using kiral N-heterocycliccarbenes (NHCspy Hoveyda and cworkersi?® A
glaring and lingering limitation despite all df e a d v a +baryason bynyunp Shibasaki,
Hoveyda and Takacs, is the inability to form borylated cyclobutanones (cyclobutylboronates) from

conjugate borylation of the respective cycltmones.

CuPFg(CH3CN), (5-10 mol%) k
o (R,R)-QuinoxP* (6-12 mol%) v b
B,pin, (1.5 equiv) O X
LiOt-Bu (7.5-15 mol%) _
o DMSO, tt, 12 h ( N 7<P'~,,
Y
R Bpin R
(R,R)-QuinoxP*

"

70-98% ee, whenn =1, 2, 3,
and R = alkyl, aryl

Scheme &: AsymmetricCewc at al yzed ¢ onj usybstitueed dydiaepdnes wwitho n
(R9-QuinoxP*11
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3.3 Cyclobutanones andCyclobutylboronates

As described in Chapter tyclobutanones are common scaffolds in medicchemistry
that exhibitencouragingpiological activity agpenicillin mimics* Several routes of preparation
and application of cyclobutanones exist that highlight their utility as a synthon, but there are limited

reports to make chiral cyclobutanoresantioselectivity (Scheme®.!®

Tandem cvclopropanation/semipinacol rearrangement (Ryu)'®

Nf
Ar
N +

TN H \/B’O

o o R R3 O R3 = 2-isopropyl-
/
TESO ¢ (20 mol%) [ L~ phenyl
H + N,

R2 EtCN, mol. sieves TESO 7//O‘R1 Ar = 3,5-dimethyl-
(e}

-78°C, 1 h phenyl
50-91%, dr 2:1 to >20:1,
81-98% ee
Intramolecular hydroacylation (Dong)!”

H. _O [(S,S)-BDPP]CoCl, Rl 0 P, P
/\j (2 mol%), Zn (10 mol%) %’Ef ©/ m’ \©
= R';"/\ MeCN, 50 °C, 24 h

(S,5)-BDPP
62-93%, dr 10:1 to >20:1,
64-96% ee
CF;

Asvmmetric allylic alkylation (Stoltz)'®

o
\\>
1 0 [Pd,(pmdba)s] (5 mol%) 1 F3C@P N—
Ow (S)-L2 (12.5 mol%) o. R /T
- L
O/\/¢ toluene, 20 °C, 12-48 h ﬂ \/&

R2 R2
62-95%, CF;
86-99% ee
L2
Scheme &: Contemporary reactions to synthesi z

cyclobutanones.
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Ryu and ceworkers reported ahiral Lewis acidcatalyzedenantioselective formation of
cyclobutanoneghrough tandem cyclopropanation/semipinacol rearrangestartingf r om U
silyloxyacroleins and diazoestéfsDong and ceworkers were able to synthesize enantioenriched
cyclobutanones bearirg h i rqaakerndsy carbon centdrg intramolecular hydroacylation of a
prochiral dienyl aldehydevith a Co-catalyst'’ The catlytic asymmetric allylic alkylation
developed by Stoltzandewor ker s, was al so successful in
quaternary centre next to the carbofyl.

While conjugate borylation methodologies are lacking to prepare cyclobuty#iiespn
they can be prepared indirectly through a few novel catalytic enantioselective transformations

(Scheme &).1%2!

C-H activation (Yu)'?

Pd(CH3CN),(OTf), (10 mol%)

.9 APAO (30 mol%), K,HPO, .S R
R ~NHAr (2.0 equiv), Bypin; (2.0 equiv) R ~NHAr )\(o
CH5CN:DCE:H,0 AcHN ’\}Q
H (16:4:1), 0,, 80 °C, 15 h Bpin
APAO R?
52-78%
88-99% ee

Desymmetrization (Tortosa)?°

Cu(CH3CN)4PF¢ (10 mol%) 1 1 0
Rl R L3 (30 mol%), NaOt-Bu R R 4 O Mo
E (0.5 equiv), B,pin, (2.0 equiv) O P(Ar), A
r =
MeOH (2.0 equiv) Bpin (o O P(Ar),
THF, 0°C,12 h
73-96% o L3 Me
dr >98:2
92-98% ee
Carbopalladation of strained boronates (Agaarwal)?’
Pd(dba)s (3 mol%)
- dippf (3.6 mol%) R4 > )\
Bpin 4 i R
p R*-OTf (1.2 equiv) Boi Fe )\
wbpin P
R1/||q\2R3 2-MeTHF, 40 °C, 14 h R3 \©
2
R'R dippf
26-86%
dr >98:2

Scheme 37: Synthetic methods for the preparation of cyclobutylboronates.
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Desymmetrization of cyclmtenes to the corresponding cyclobutylboronate was accomplished by
Tortosa and cevorkers via a Cicatalyzed hydroboration withBinz in the presence of a chiral
SEGPHOS ligand derivativé A Pd-catalyzed @H activation with an APAO ligand facilitated a
swccessful borylation otyclobutyl carboxamideso generate the desired cyclobutylbororfite.
Lastly, Aggarwal and cavorkers were able to generate cyclobutylboronates diastereoselectively
via anaryl palladium(l) complex interadhg with astrained bicya[1.1.0]butyl boronatén the
presence of various aryl triflatés.While Tortosa and Yu were successful in preparing
cyclobutylboronates enantioselectivity, there are some limitations to each réaétiarne
desymmetrization limits theufctionality am the variability that one can employ on the
cyclobutene precursor. Yu is only able to vary one of the two stereogenic centres generated from
theQH activation, which | imits diversification
Pdchemistry is aare example of forming a cyclobutylboronate with a quaternary centre, which

is extremely useful in drug discovéty highly functionalized shcarbons tend to have better
biological activity and binding affinities to biological targétsA g g a r w a lodblsgy ime t h
compl ementary to Shibasaki és success in-for mi
memebered cyclic enones, but the downside is the lack of chirality due to the symmetry of the
tertiary cyclobutylboronateproducts. &king all of tke limitations of cyclobutylboronate
preparation into consideration, the Hall Group and a small team at Pfizer wanted to contribute to
this growing field by developing a catalytic enantioselective conjugate borylation reaction that
could prepre tertiary cglobutylboronates with diverse functional groups that would allow for
greater synthetic elaboration of the cyclobutane drug scéaffpidentially leading to new

biologically active molecule$

3.4 Alkene Migration Optimization for U ,-Substituted Cyclobutenones

As described in Chapter 1, The Hall Group and Pfizer succeeded in developing a Cu
catalyzed conj ugat substitued ycyclabutenone toofédrm then tertidry b
cyclobutylboronate product. The higlroughput screening (HH) technology @Pfizer found that
the §S-BDPP ligand enabled the reaction to be performed in high enantioselectively (>90%).
Until a very recent paper published by Jiao andvookers on cyclobutenone synthe&ighe

cyclobutenone substrates used bg Hall Group ad Pfizer for the conjugate borylation were
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unknown. These novel substrates made the exploration of a substrate scope for the conjugate
borylation difficult, as many of them could not tolerate the harsh conditions required for the alkene
migration step tgo r e p a r esubstituted citloutenones containing a tetrasubstituted alkene
(Scheme 38). Milder conditions had to be developed to grow the library of cyclobutenone
precursors.

The realization that milder conditions were required for the cyclobutenone preparation
started with an attempt e eubsitytadt chicolsuiersonkosing an et
Boghi 6s route fro8nh Chapter 1 (Scheme 3

2-fluoropyridine

o 1. SOCl, (2.0 equiv) 0 (1.2 equiv)
reflux, 2 h / ]
HO)J\/\ -~ \NJ\/\ Ph// Tf,0 (1.1 equiv)

(1.0 iv) > H e HCI | + CH,Cl,, reflux

.0 equiv . .
150 mmol - (1.0 equiv) (1.2 equiv) overnight

(2.0 equiv) 10 mmol
2 EtsN (4.0 equiv) 3 4

CH,Cl,, 0 °C, overnight
58% (2 steps)

\ \ NaOH (1.0 M) 0 0]
ZN— +/N\ (2.2 equiv) DMAP (10 mol%)
+
v );(/ CH,Cl,, 0 °C o or AcOH/pyridine (3:1)
Phi —  pp tort, 6h 70°C, 8 h
47% (2 steps) 1b 1a
5 rr: 9:1, 1b:1a
0] O O (0]
)f];/ + )i/ + /ﬁ\OH + "o e
Ph Ph
Ph AN
1b 1a 1c
29% (mixture of 1a, 1b, 1c)
rr: 1:10, 1b:1a

Scheme3®3: Attempted pr ep asubstiiutedrcyclobutenertieh y | phen

This substrate was desi gned -pdsibon forrtleebcenjugate b st i t

borylation reaction. The synthesis begindraysforming butyric aci@ into an acid chloride. The
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acid intermediate reacts with dimethyl amine hydrochloride to form tertiary &nilden, a [2+2]
cycloaddition between amideand phenyl acetylengin the presence of triflic anhydride and 2
fluoropyridine form the regioisomerimixture ofcyclobuteniminium salt$. Hydrolysis of the
salts yield the title cyclobutenone as a 1:9 mixture of regioisohzesiad 1b. When subjected to
Boghi 6s al kene migrati on c¢ on ddrediosomela butthe r e
undesired regioisometb still remained in significant quantities. More concerningly, there seemed
to be competition between formation @k and a combination of ringpened and dimer
byproductslc from the thermal conditions a@lie reaction, based on relevathyl signals in the
crude’H NMR spectrum (Figure-2).2°

///

1c

1b

1b 1c
ML (-

MLﬂ
S = & NH A
= 9 S M ¢S
o O o~ m— OO
56 6.2 58 54 50 46 42 38 34 3.0 26 2.2 18 14 1.0 0.6 0.2 -0
f1 (ppm)

Figure 32: IH NMR of ethyl phenyl cyclobutenone regioisomers, as well as the proposed ring
opened and dimdayproducts.
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The byproductd.c could likely be sparated by flash column chromatography (FCC), however,
previous attempt to separate the regioisomers by Boghi were unsuccessful. Thus, new alkene
migration conditions needed to be implemented that coulyd fiodin the desired regioisoméa,
and eliminatehe formation of the thermal byprodudis

Threealternative alkene migration reactions were tested: 1) transition metal catalyzed, 2)
halogenation and elimination, and 3) bastalyzed under protic angmtic conditions (Scheme
3-9). Several metalush as Fe, Pd, Ru, and Rh, have been used to migrate alkenes in a variety of
allylic substrate$® The more relevant examples towards cyclobutenone regioisomeric mixtures
were RhCGiA 328, RuH(CO)(PPh)s, and Rh[(CO)%CI]> which are employed to migrate afles
in cyclic enones, c yresaturated ketbriesyréspectiveiodieatioa bfs | and
olefins, followed by an E2 elimination is a wektablished strategy towards a varietgyithetic
applications and alkene migration scaffotldoud e bond mi grations of
unsaturated ketones have also been thoroughly investigated using strong nucleophilic-and non
nucleophilic base® The regioisomeric mixture of cyclobuteretaandlb was used as the model
substrate for alternativdke&ne migration conditions on a 0.6 mmol scale. Since the majority of
these reactions were ran at higher temperature, thermabpergng productdc also had to be
considered for optimizationupposed especially in the case of transition metal catalyakdne

migrations?® The results of these optimizations are summarized in TablbeSow.

O @] o)
Pd, Ru, Rh,
1) et -
Ph — Ph rt, or heat Phi
0] O 0
I, base
2) T -
Ph — Ph rt, or heat Ph

0 O
base
3) T T -
Ph — Ph protic or Ph

aprotic solvent
rt, or heat

Scheme ®: Alternative approaches alkene migratios®2°
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@] 0 [ 0] ]
2 H -
o - Ph Ph
catalyst, reagents,
1b ligands R 1a +
+ solvent, °C, +
O . » 0 O
time, conditions
| (0] Ph
1a 1b
1:9, 1a:1b o le N
0.60 mmol

Entry Catalyst/ligands/reagents | Conditions | Solvent | °C Time |1la:lb:1c
(yield)?

1 RuHx(CO)(PPh)3 (5 mol%) | Air EtOH 80 24h | 1:0:4
(95%) (19%)

2 RhCEA  ®KB mol%) Air EtOH 50 24h | 1:9:0
(95%)

3 [Rh(COXCI]2 (5 mol%) Argon DME’ 65 20h | 0:5:95

PhPCHPPR(12 mol%)

4 [(t-Bu)sPPdBr} (0.5 mol%) | N2 toluene | rt 18h |1:.9:.0

5 Pd(OAc) (1 mol%) N2 HFIP rt 24h |1:9:0

6 (CsHsCN)XPdCh (1 mol%) | N2 THF rt 6 h 1:9:0

7 Pd(dbayA C HMImol%) | N2 DME 80 6 h 3:0:97

8 Grubbds I Air MeOH |60 3h 1:9:0

9 [2 (30 mol%) Air pyridine | rt 48 hr | 5:950

10 KOt-Bu (30 mol%) N2 THF rt 3hr |2:0:98

11 KOt-Bu (30 mol%) N2 EtOH rt 3 hr |100:0:0
(95%) (97%)

! Ratios of products determined by integrations and peak heights of ethyl sigltaNNMR using
0.200 mmol of 1,3 8rimethoxybenzene as an interstdndard.

2]solated yield after flash column chromatography (FCC).

" HFIP = rexafluoroisopropanpDME = dmethoxyethane.

Table 31 : Summary of al kene mi gr at i osubstitatedn di t i ¢
cyclobutenond.

142



The RuH(CO)(PPh)s catalyst wih high temperature, protic solvent, and open to air did
facilitate full conversion to the desired regioisortibrin low isolated yieldentry 1), however,
the major products of the reaction were roygened or dimersc.2’? Lowering temperaturdid not
manage to improve this catalytic system, so other metals were attempted. Despig& BIECI
being well known to facilitate alkene migration of cyclic enones, when employed on the
cyclobutenone mixture it only gave recovered starting material wiiith heatirg and extended
reaction time (entry 2’®Heating past 50 °C with this Rh catalyst began to promote the undesired
formation of byproductdc. Yu 6s condi t i-onsaduratecoketonssalsoefailedore b, 2
the cyclobutenone mixture, givirxclusive brmation oflc productsrom the thermal conditions
(entry 3)?’ Since Rh and Ru are known to insert into cyclobutenones and facilitate a variety of
electrocylic ringopening reaction$, it was thought that Pd might be able to circumvent these
detrimenthside reactiong®?-*%Pd(Il) species were unreactive, and only the regioisomeric mixture
was recovered (entries@). Pd(0) resulted in unwanted produttf ent ry 7). &ruboés
known to migrate terminal allylic alkenes to give the more tloglynamically favourecde-
alkene®! Unfortunately, the regioisomeric cyclobutenone mixture remained inert towards the Ru
catalyst (entry 8). lodination and elimination favoured the undesggdisometlb, however, this
did indicate that base catalysis lmgrofound effect on alkene migration without formation of the
ring-opened or dimer producis (entry 9). This observation led us to using catalytic amounts of
potassiuntert-butoxide(KOt-Bu) in an aprotic solvent that yielded the undesired decomposition
productslc (entry 10). Remarkably, by changing from an aprotic to a protic solvent with the same
catalytic amounts of K&B u , t he -dubditutedecyclobutenbnga was exclusively
formed (entry 11), and obtained in quantitative yield after FC@igation as a single regioisomer.
Synthesis of a library of cyclobutenones could now commence by using these milder base
catalyzed alkene migration conditions.

3.5 Synthesis of a Smallibrary of U ,-Substituted Cyclobutenones

For the next series ofyclobutenone analogs, there was a desire to probe the steric and
el ectr oni c -sabistitued arysgroapfof the leyelobbtenone in relation to the conjugate
borylation. Differentelectrondonating (EDGs) and electranthdrawing groups (EWGS) were

added to the phenyl ring of terminal alkyfh@sed in the [2+2] cycloaddition. In addition, there
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was an interest in switching to different aromatic heterocycles, alkyl groups, arsiibgyituents
i n tpbséion.binitial results of a conjugate batibn reaction conducted by group member
Cl ement on a <cycl obut enon eositon showedaa dimenisiey | gr
enant i os el arbon oftheseynew cyclolutendnalags remained substituted with a
methyl group as such.

The syntlesis of the cyclobutenone analogs is shown in Scherh@ ®ith many
similarities to Scheme-8, except for the tertiary amide in the Et substrate is replaced with the
commercially availatd N,N-dimethylpropionamidé.

Scheme 310: Scope ot) ,-shbstitutedcyclobutenones
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