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Abstract

Dissertation Title: Targeting AberraalphaHelix Mediated ProtehfProtein Interactions

with Densely Functionalized Heterocycles

lvie L. Conlon,Doctor of Philosophy, 2020

Dissertation Directed By: Dr. Steven Fletcher, Associate Professor, Pharmaceutical
Sciences

Proteinprotein interactions (PPIs) play crucial roles in cell proliferation, differentiation,
and apoptosis. Apoptosis is a highly redeat process of cell death and its dysregulation
can lead to a multitude of different pathophysiologies, such as cancer. In particular, the
overexpression of prlife Bcl-2 proteins, such a&cl-2, Bfl-1, andMcl-1, has been

linked to cancer progressiondatumorigenesis, as well as chemoresistan@number

of different chemotherapeuticthe binding counterparts of these proteins;geath Bdl

2 proteins such as Bim, and p53 transactivation domain (TAD), exert their effects

t hr o agbhmedlated PRIwith key residues i+ 3/4, and+ 7 oriented on one side

of the helix.In addition, HDM2, the€e3 ubiquitin protein ligase responsible for the
degradation of p53s upregulated in numerous cancers, aumdrgthe similarities of the
recognition profileof Bm-BH3 and p53TAD, waixnlineeice desi gned
inhibitors that target Mel and HDM2. The first generation of compounds included
various heterocyclic scaffolds, including isoxazoles, pyrazoles, and thiazoles, that project
functional groups inaismi | ar ma n n e-helicesoln additien, bicgcticic ve U
scaffolds have been utilized in Mtlselective inhibition. Therefore, we developed a
second generation of compounds of isoxazoles, pyrazoles, and functionalized indoles to

further explore the biding interface of MellL. The recent resurgence of covalent



inhibition and targeted protein degradation has led to the development of succesg&ful Bcl
family inhibitors. We have designed two trés r y-Helix himetic scaffolds targeting the
Bfl-1 prolife protein. A unique surfaeaccessible cysteine within the BH3 domain

allows for the development of reversible and irreversible small molecule covalent
inhibitors.In addition, we have also designed a venetotlaged PROTAC targeting

Bcl-2.
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Chapter 1. The Bcl2 Protein Family: Structure, Function, and Implication in

Cancer

1.1 Introduction

This review encompasses detailed summarigiseotliscovery ogmall molecule
inhibitorstargetingthe Bct2 family. The Bcl2 (B-cell lymphoma 2jyene was first
discoveredn 1984 A breakpointof the t(14;18) chromosoenin follicular B-cell
lymphomacausé translocation®f immunoglobin heavy chain enhancers nea2bi@
promotr, resulting in overexpressiarf the Bcl2 proteirt? Further studies indicated
Bcl-2 was involved irpromotinghematopoieticell survivaf. More than 30/ears later
the Bcl2 protein familyis still heavily researched in industrial and academic, labéng
to its complexnteractionsand importanceuringtumorigenesis and cancer progression.
Thecompoundslescribedwithin this chapter shogase thevastamount ofinformation
gainedsince itsdiscovery.Progress in the field has been highlighted i success of
the development ofenetoclax, the first Be2 selective inhibitor approved by the FDA.
Althoughvenetotax is the onlysmall molecule inhibitor targeting the Belfamily that
has been FDA approved, there are many candidates in preclinical and clinical studies,
bothfor mono andcombination therapie#\ thorough examination of these inhibitors
will highlightkey functional groups and scaffoltteat function agcl-2 family inhibitors
as well as design strategiegp@vent metabolic instability andcrease pharmacokinetic
properties, which can lead #osuccessfudrug candidateThis includes learning what
functional groupsnd molecular topologiesill impart selectivityfor each proteipas

well asutilizing crystal structures to avoid unwanted falnibition within the family.

1.2 The Bcl-2 family members Structure and cellular localization



The Bct2 protein familycomprise over 20 proteins divided into three subgrqupe
antiapoptotic, multidomain preapoptotic, and BH®&nly pro-apoptoticproteins all of

which pessess oner more of the four BH (BeR homology) domain@rigure 11)%.

Anti-Apoptotic proteins:
Bcl-2, Bel-xL, Bel-w, E‘ BH4 ':‘ BH3 t:‘ BHI1 —--

Mcl-1, Bfl-1, Bel-b

Pro-Apopotic “Effectors”: “ BH4 .7‘ BH3 ’—‘ BH1 ‘

Bax, Bak
Pro-Apoptotic “BH3- 1 BH3 | I T™ ':I

only” proteins:
Bim, Puma, Noxa, Bad,
Bik, Hrk, Bmf, tBid

Figure 1. 1. The Bci2 protein family divided into the three subgroups that comprise the
family.

Each proteinrakespar t i n highly regul at e-delixand tightly
mediated proteiprotein interactions (PPFS.

The antiapoptotic proteins include B&, BckxL, Mcl-1, Bfl-1, Bckw, and Bcilb.
Structurally, heycontainall four BH domainghat take on globular structuref internal
hydrophobidXhelicessurrounded by amphipathic helioggsgure 1.2%7. A carboxy

terminal hydrophobitransmembrane domain anchors the proteins into the outer

Bcel-xL globular structure Bel-xL-Bim

Figure 1.2. The globular structureof Bed L  ( r i ght ) s h éhelices Shen g
interaction withinthe BH3 binding domain highlighted with Bdl (cyan) and Bim (grey)
proteintprotein interaction. PDB 1PQ1.



mitochondrialmembrane @MM)&°. TheBH1-3 domainof the antiapoptotic proteins
form a pocket where the BH3 domaifithe pro-apoptoticproteinsbind (Figure 1.2
right)°.

The function of eachntitapoptotic proteins relatedto the differentcell types
andtissues where they are localizeBcl-2 is required for the survival of mature
lymphocytes, melanocyte stem cells, and renal epithstéancells Bcl-xL for fetal
erythroidprogenitor and neuronal cells; Belfor developing sperm cells; Bil for
granulocytes and mast cells; and Mdbr embryoimplanatior-°.

Multi-domain preapoptotic proteinsonsist ofBax andBak, andstructurally
includeBH domainsl,2, and 3hat take on a similar globular structure as their-anti
apoptotic counterpts; as well asthe carbay-terminal hydrophobic transmembrane
domairf. In addition, theyalsocontainalower homologyBH4-like domain(Figure
1.1, These proteins areuxial forouter mitochondrialembrangermeabilization
(MOMP) during apoptotic eventStudiegevealthat mice deficient for both of these
proteins exhibit impaired apoptosis during developm®pecifically,apoptosis is
blocked at the mitochondrial permeabilization siagdicaing these proteins are crucial
for MOMP and thus commitment to apoptdsis

The last subgroup contains the{apoptoticBH3-only proteinsincluding Bim,
Puma Bad, Noxa Bik, Hrk, Bmf, and Bid. Theyshare sequence homologjthin the
BH3 domain and include the carbetgrminal transmembrane domaresent in all Bel
2 family proteingFigure 1.). Although most are intrinsically disordered, upon binding
(see Section1.3) hey adopt ahelicastrpctuie Phare dré twsuliblasses

within BH3-only proteins dassifiedby the multtdomain proteins they bind'he first



sulxlassincludesthe direct activators, including Bi&im, and Pumahatnot only bind
to antiapoptotic proteins, but aldmnd directlyto pro-apoptotic protein8ak and Bax.
Second are the sensitizers tphegferentially bindand occupy the BH3 binding domain of
antiFapoptotic proteinand includeBad, Bmf, Hrk,andNoxa'34

1.3. The Protein-Protein Interaction

The anti and preapoptotic proteins exert their funct®n h r o dhaihmedlated
proteinprotein interactionsRPI9. T h ehelldal BH3 domain of the prapoptotic
proteirs bind in the complementary binding pocket of the-apiptotic proteinsThese
PPlinterfacesarelarge,shallow hydrophobic regions with noncontiguous contact
points™. Tools such aslanine scanning mutagenssias beemised to probéhesePPI
interfacesandstudy the thermodynamics of a protein complex experimentally by
identifying the key residues involved in ti@eraction This technique involves the
sequential mutation afach amino acicesidueto alanine and the changestliefree
energy of bindingare the recordedf. Alanine is used because it does not introduce
additional conformatical freedom, whereasther simple residues suchglgcine car’.
A modificationof binding can benappedas each residue is mutatédanine scanning
has revealed th&Pls such athe BH3-domain interactiondepend on a few residugs
positions termed h ot s paocbusitdor & ldrge tegree of the energetic stability of
the complexesTheseare residues where alanine mutations catiseast 2.0 kcal/mol
increasean the binding free energin the BH3 domain,Heseresiduesoccur at the, i
+3/4,i +7, andi +11 positions all hydrophobic in nature, and oriedton a single facef
the helix®*>181° They occupy fourpockets within the BH3ecognition interfacef antk

apoptotic proteins that afermed by theBH1-3 domaing(Figure 1.2, left) Typically, the



hydrophobic residues at these posisiam preapoptotic proteingnclude leume,

isoleucine, valine, or phenylalaniie

One such study performed Bgsiket al. probead the BckxL/Bak PPIwith alanine

Peptide |Sequence Binding Kd
(uM)

Bak 72 GQVGRQLAIIGDDINRRYDSEFQ 94 0.20 + 0.02
72 GQVGRQLAIIGDDINR 87 0.34 + 0.03
Va74 GQAGRQLAIIGDDINR 153
GQVGAQLAIIGDDINR el
Leu78  GQVGRQAAIIGDDINR 270 + 90
GQVGRQLAAIGDDINR 1.0+£0.2
Ie81 GQVGRQLAIAGDDINR 17+6
GQVGRQLAIIADDINR 0.50 + 0.1
Asp83  GQVGRQLAIIGADINR 41+4
GQVGRQLAIIGDAINR 0.14 £ 0.02
Tle85 GQVGRQLAIIGDDANR 93 +20

Figure 1. 3. Experimental data from alanine scanning mutagenesis. Residues mutated f
alanine are bolded and underlined. Yellow bars represent residues that caused significi
in binding affinity.

scanning mutagenesis. Tresidues within the BH8omainof Bakwere mutatedFigure
1.3). Leu78 mutatiorcaused a 800fold decrease in affinity of thBak peptideto the

proteinandAsp83mutationcaused 200-fold decreaseSubsequenttgdies have shown

,P' R /‘Q\

[ A T i+9  Asp83
’ < A |

-

[le85 i+11
1N

v
VY
_—
| VA

Ile81 i+7

Leu78 i+4

—

Figure 1. 4. Critical residues and their positions within thehelix of the BalBH3 peptide
determined by alanine scanning mutagenesis. PDB 1BXL.

this Aspis conserved within the B& family andforms a salt bridge witltonserved



arginine residue®f antiapoptotic poteins(Argl146,Argl139, andArg263 for Bct2, Bk
xL, and Mcl1, respectively)Figure 1.4 showcases the criticaiduesf the BakBH3
peptideincluding Valine74 (), Leucine78 (i +4), 11e81 (i +7), 11e85 (i +11¥%. Such
studieshave provednstrumental in drug discovery, providing sound rationale for the
development of synttie BH3 mimetics.

1.4. The Bcl-2 Protein Family and Regulation ofApoptosis

Apoptosisis a highly controlledform of cell deah that is important for tissue
homeostasis and embryonic developrietitis comprised of the extrinsand intrinsic
pathway®. The extrinsic pathway is triggered when ligands bind cell surface death
receptors, initiating the caspase cascadhde theintrinsic pathway is governed by the
Bcl-2 protein family. The intrinsic pathway is heavily reliant on the concentrations of
Bcl-2 proteins at giventime at the face of thOMM>14

1.41. BH3-only Protein Expression and Activation: The First Stefpoptosis

The intrinsic apoptosis pathwayastivated upon response from different stimuli such as
viral infection, DNA damage, and growth factor deprivatitfhUpon activation from

these cellular stressoBdH3-only proteinsare activatedinterestingy, different stressors
induce expressi@of different BH3only proteins. For example, Noxa and Puma are both
induced by the tumor suppressor protein p53 in response to DNA darhdg8&im is
induced by FOXO3A in response to growth factor deprivationpaotiins related to
endoplasmic reticulum stre€8H3-only proteinscan also be activated by post
translational mechanismBor examplethe loss of phosphorylation in response to
growth-factor deprivation leaxto Bad expression. Interestingly, Bid provides a link to

the extrinsic apoptotic pathway, as itlseavedo activatedBid by the caspas@



proteas& Bim may be activated by the release of the dynein motor complex or a loss of
ERK-mediated phosphoryian®. These represent a few examples of how these proteins
are tightly controlled by certain stress related events.

1.4.2.TheDirect Activation Model

The directactivation model is a widely acceptadd extensively studiempoptosisnodel

describingthe interactions between ardind preapoptotic proteindn this model the

BH3-only proteins are defined by two subcladsased onheir modeof-action: direct

activators or sensitizet§. One proposed idedescribes fihit and runo model
BH3-only proteins transiently bind Bak or Bax. This causes a conformational change in

Bak and Bax resulting in their activation, which tloanises aeleaseof the BH3only

Direct Activation Model

Sensitizers Activators

e
-~ / I

Bel-xL,
Mcl-1,

Figure 1.5. The direct activation model

proteins. The structural charggavolvethe Nt er mi nus, t he B#H3 domai n,



andé thelices of Bak -8mlkofBax{igureals, reprederiteda s t he
as a red linéf. Oncethese structural changes occur, B3 doman of Bak and Bax are

exposedand carundergo homalimerization leading tanitochondrial outer membrane
permeabilizationNIOMP) (Figure 1.5

143BH3o0only ASensitizerodo proteins

The second subclass of Bté8ly proteins includes the sensitizer protesnsh as Bad

and Noxa. They bind the argpoptotic proteins directly in the BH3 domain, neutralizing

their anttapoptotic activity, and displacing Bak and Bax, ultimately resulting in their

activatiort*. Sensitizer BH3nly proteins have a certain seleitvprofile for theanti

apoptotic proteins they bind. For example, Bad preferentially bindg ,BtkxL, and

Bcl-w and Noxa preferentially binds Bfland Mct1®>. Addi ti onally, the f#fd
act i v a toolypooteiBsHta@n also function to bind all ampioptotic proteins to

release Bak and B&xThe complex and sometimes redundant nature of the interactions

and their regulation highlight that these proteins work in concert to ensure the cellular
environment remains under homeostatic conditions.

1.44. Multi-domain Preapoptotic Proteins Bak and B&&tructure andvlitochondrial

Localization

The multtdomain preapoptotic proteins Bak and Bax are crititathe cells

commitment to deathnd thus must be tightly controlfd. Theyare constitutively

expressed in healthy celsd their cellular location and structure determine their

activation stateBak resides on theMM, anchored into t9%hex membr an
carboxy terminatransmembrane domaibyt can also béound toantiapoptotic proteins

Mcl-1 and BclxL, which inactivae it>8. In contrast, Bax is mostly cytosolidue toits



retro-translocation from the mitochondria to the cytosol by-Bc®. Of importancethe
transmembrane domaistuckedinto aninternal hydrophobic spaaethin the protein
andis only revealedria conformation changapon death signals or activation from BH3
only proteirs>®2°

1.4.5.Structural changes of Bax

Further detail of tis conformational change of Baxhen activated by BH8nly proteins
has beemxtensivelystudied. As statepreviously one conformational changd Baxis

t he ev er s9helix allawing ittchirgegrate into th©OMM. Studies have
indicated thaBH3-only proteinsind into a rear pocketi st ant -9fheligand t he U
may provoke this exposure indirectly. In fact, an NMR study showed when a stapled
Bim-BH3 peptide bound to this rear pockeBaX, it induced chemical shifts directly

r el at e e helbé. Addhianally) crystallographic studiegvealedhat when an
activator BH3only protein was complexed with Bax, cavitigghin the binding

interface appeared that caused destabilizatidhe complex andeleagdthe core and
BH3-domairt’. In contrastBak is localized tthe QMM constitutivelyand biochemical
studies suggest certain BH3 domains activate Beinbinding to its surface groote
These changes are still undievestigatior®. Ultimately, these structural changessult

in therevealed BH3 domains of Bax and B&ading to their activatioand eventual
homodimerizatior’.

1.46. Mitochondrial OQuter Membrane Permeabilization

OnceactivatedBak and Baxhomadimerize, they form pores on theM®, inducing
MOMP. The formation of these pores is still under investig&fidmowever, one

hypothesis includes the toroidal pore model. It states that the disruption of the



hydrophobiomembrane bilayer has a high energetic obstivatedBak and Bax, under
this model stress thetructural integrity of thenembrane due to highqgitein
concentration, and cagitheformation of thepores.Experimentally, this has been shown
in reconstituted Bax systenmrgyealingstabilized open pores. Additionally, crgbectron
microscopy images revealed holes (pores) in the membrane that weglizdohin the
presence of activated Bak and Bax

Pore formatiorrepresenta crucial step of apoptosi is characterized aspmint
of no return committingthe cellto death by releasingpoptogenic moleculesich as
cytochromec to the cytosol. Cytochronegoes ona bind APAF1, leading to the
assembly of the apoptosome, which binds and activatesaspase® and

SMAC/DIABLO, leading tothe caspase cascade activation. Cytochroraed

Intrinsic Pathway Extrinsic Pathway
Death receptor ligands

Cellular stressors l FasL,

(ex. viral infection, TNFa,
Extracellular TRAIL

DNA damage)
Intracellular I Death

7 o receptors
[ BH3-only proteins (Bim, Bid, Bad, Puma, ] (FasR, TNFR,
Noxa) Bid TRAIL-
2 v\\ RI/RIT)
~
~
\ l
~
~
S P
N
N ( FADD
e S
~
5 o ~
’ﬁhgomcnzatlon ~ i l
~
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- ‘Caspase 8
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Figure 1.6. The extrinsic and intrinsic apoptosis pathway
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SMAC/DIABLO arewidely acceptedo becrucialfor caspase activation. Aaiternative
APAF1-independent pathway involvashibitor of apoptosis protein$APs). These
proteins inhibit caspase activatjdrutwhenSMAC/DIABLO is released from the
mitochondriaupon permeabilization, it binds IAPs and further allow fapaae
activatior?. The intrinsic and extrinsic pathway of apoptosis is summarizEayime 1.6.
1.5.Bcl-2 Proteins and Cancer

The hallmarks of canceepresentmanyof the multiple underlying principlethat

descrile the transformation of healthy cellsaacogeniaells (Figurel.7). These include

Sustai
— Prullleratlun e

Deregulaimg Evading

growth
Euergel:lcs SUppressors
/ :

Resisting F i7 Hallmarks of Avoiding
43 caruct

Cancer destruction

Enal\le
Replicativ l:
Immortality

Angiogenesis. &

Tissue -
Tnvasion and

-

Metastasis

Figure 1.7. The hallmarks of cancer.

examples such as sustadproliferation, evaion ofgrowth suppression, tissue invasion
and metastasis, sustained aggioesis, enabling replication immortality, andstea of

cell deatR®. The intrinsic pathway adipoptosigs implicated as a barrier to a multitude of
different cancer pathogeses includinghematologic cancers such as acute myeloid
leukemia(AML), chronic lymphocytic leukemigCLL), and multiple myelomé@viM), as

well asbreast, lung, and neuroblastagth&everal cellular abnormalitieescribecan
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result inthe evasion of cell death and can iaidustained tumor growth and
chemoresistanéé

Overepressiorof theBcl-2 antiapoptotic proteins and downregulation of pro
apoptotic proteins such as increasing the BBlax ratiq arehallmarks of cancer, which
effectively block poptasis in cancer celf83. The overexpression ahti-apoptotic
proteins can occur by a variety of mechanisms such as chromosomal transkoation
increased gene expression and amplification. In fact, amplificatithre dcl1 andBclIxL
geness found in may solid cancersA study of 3000 samples wi26 tumor typs
revealed thathese genes were found to be the most frequently expfésgeda result,
apoptosis is an intricate concert of highly controlled protein concentratiothend
overexpression of anipoptotic proteinsan be detrimental tté cell and lead to
tumorigenesis.

1.5.1.Targeting the Overexpression of BtlIAnti-apoptotic Proteinwith BH3 Mimetics

A common misconception of oncogenic cells is that they are resistant to apoptosis.
However,in reality hey are often more sensitivetargeted apoptostherapies in

comparison to healthy cellecausehere isalreadystressnduced by cancer such as

hypoxia or reducedutrient availability placedn the systentCells experiencing this
sensitivity aretaned as Apri medo for death and can
technique utilizes BH®&nly peptidesandcan indicatevhich Bcl2 antiapoptotic

proteins are required for the tumor cell to survive. Because abtieentrationsf Bcl-2

proteins preentfor survival, theprimedcells are closer to death, and adding an
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additional stressor such elsemotherapy or BH3 mimetic, can readily kill these cells

compared tdealthy cells anthose that are not primgBigure 1.8%.

_ O Anti-apopl()tic PrOteinS

O Bak/Bax

D BH3-only Proteins
Low BH3-only protein

concentration A Chcmot'hcra.py
) BH3 mimctics
® Cytochrome ¢
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As AL
———
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Figure 1.8. Non-primed cells (top) versus primed cqlt®ttom) when treated with multiple
therapies such as chemotherapy and BH3 mimetics.

MOMP
and
apoptosis

] O °°

BH3 mimetics are compounds that mimic thielical structural properties of the
BH3 domain inpro-apoptotic proteins and function as inhibgof the antiapoptotic
proteinsThey are designed to mi mhelxoftheBH3Ispat i al
only proteinsas well asnimicthec r i t i cal fAhot i,6tp/4 &nd+7r esi dues
positiors. Additionally, mimicking the conservedspartic acidesiduethatforms asalt
bridge with theconservedrginine on antiapoptotic proteins can increase contacts with
the protein angiroducea more effective inhibitéf. These compoundsre designed to

increase the cellular concentration ofjamoptotic proteins biginding to antiapoptotic
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proteinsto displaceBak and Bavandinduce cellular death in cancer cglsgure1.9)L,

Anti-Apoptotic Pro-Apoptotic Anti-Apoptotic Pro-Apoptotic
Proteins Proteins + BH3 Proteins Proteins
Mimetics

200 e N
zon|
( : oo | &6 ;

Apoptosis Oncogenesis

Figure 1.9. The scales represent the delicate balance betweenaantiproapoptotic
proteins. Although overexpressed aegioptotic proteins can lead to cancer, introduction o
BH3 mimetics can atrtificially increag@o-apoptotic protein members to induce apoptosis |
the cancer cell.

Many academic and industrial groups have successfully deveBii@animetics
culminatingin the FDA approvedcl-2 selective inhibitor venetoclawhichis the first
oraly bioavailablesmall moleculalrug approved for a PI

This reviewdescribes th8H3 mimetics that pioneered the fielahile focusing
on compounds that are currenityclinical trials Thesecompoung will be separated
based onheantiapoptotic protein thehibit: panselective Bcl-2 selectivedual Bct
2/Bcl-xL, Bcl-xL selectiveandMcl-1 selective.
1.6.ABT-737, ABT-263, and the approval of ABT199

1.6.1.Development oABT-737

In 2005, Abbott laboratories reported the discovery of ABY, aBcl-2 family inhibitor,

for the treatment of lymphoma asthall cell lung canceiSCLQ). It selectively bound
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Bcl-2, BckxL, and Bclw with Ki <1 nMwith reduced bindingo the other antapoptotic
proteins Bclb, Mcl-1, and A1 Ki = 0.46+ 0.11¢M, >1eM, and >EM, respectively). It
was discovered by a high throughput NMR based method teSmBdby NMRS,
whereby fragments that bind proteins are identified and linked togetberding to their
binding profilesto produce a functioning higaffinity compoundhat cumulatively binds
all sites bound by the fragmeffts Two f r dlupm-biphéngt4-carbaxylic acid
(1) and 5,6,7,8tetrahydrenapthalenl-ol (2) were identified; thédormeroccupying the
same site as Leu78 in the Bak peptide, andktiterin the same region as lle@bigure
1.10, top left) In addition, the carboxgroup bound near Arg139 of BkL, similar to
Asp33 of Bak (PDB 1YSG) Following the gnthesis ocompound3 (Figurel1.10) it was

discovered thate binding affinity decreased in the presence of 1% hiseam

H
s
o
Site-specific
replacement
NN
o W ©
&
ABT-737

Figure 1. 10. Crystal structure of compounds 1 and 2 (top left). PDB 1Y3®Bmization led
to compound 3. Siepecific replacements of compound 3 to reduce serum binding led #c
737. Cocrystal structure of ABT737 and BelxL (bottom right). PDB 2XYJ.

15



albumin (HBA). Various sitespecific replacements polar substituentgighlightedin
Figure 1.10 designed talecreas serumbindingwithout losing affinity for BcixL, ABT-
737 wagdevelopedFigure 1.10)

The crystal structure of ABT37 incomplex with BcixL shows increased
protein contactsvhile binding in similar pockets as the initial fragmef®® B 2XYJ). In
fact, nanomolar affinity to Be2, BckxL, and Bclw was retained in the presence of 10%
HSA. Additionally, tumor regression rett to apoptosis was established with no
increase in caspaskactivation(an indicator of apoptosi@) healthytissues such ake
liver, heart, and intestirsuggesting ottarget effect®’.

However, ABF737 hal many shortcomings that needed to be addressed for a
drug to advance to the clinic. Not only did it have low agueous solubility that would
make intravenous delivery difficult, it also showed poor oral bioavailabifitylf a drug
can be delivered intranously, it reacksthe blood directly, which is assumed 100%
bioavailability?®, but Abbottwanted to design an oral drdge to thdlexibility i t allows
with dosing schedulé$ Additionally, high oral bioavailability allows for a reduced
amount ofdrug needed to achieve the desired pharmacological &ff@tte poor
pharmacokinetiproperties of AB¥737 led to the development of the orally bioavailable
drug ABT-263(navitoclay.

1.6.2.Development of NavitoclafABT-263)

Designing an orally bioavlable drug targeting a PPI is difficult due to the large
hydrophobic surface ared the binding pocketd hereforeyather than a complete
redesign of their lead compounhbott focused on small structural modificatiarfs

ABT-737that would not disrupt the overall caradretain high binding affinity.
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Fluorescence polarizatiditrP) assays are an vitro tool to study the binding affinity of a
compound and the proteof-interest. Howeveiin the development of ABR63 SAR
studiesweredriven by cellular efficacy instead 6P assag because the compounds
binding affinities were belowts limit of detectionThe H146 cell line was usdsbcause
of its dependeceon Bcl2 and BcixL, and would alsevaluate theelevance to human
cancer Additionally, these cytotoxicity assays were mithe presence of 104SA to
more closely mimidn vivo environments

Three regions of ABA737 were targeted for modificatioh) the nitro group on
the acylsulfonamide, as it has a potential toxic metaboditeh ashe corresponding
hydroxylamine 2) the 4chlorobiphenyl moietyvhich haghe potential for oxidative
metabolism forming a hydroxyated 4chlorobiphenyl metaboliteand 3) the
dimethylamino moietyas Ndemethylation is a potential target of metabolasrwell

(highlighted in structures in Figure 1.)°f.

ABT-737 ABT-263

Figure 1. 11. Optimization of AB4737 to the BeR/BckxL inhibitors ABF263. The crystal
structure of AB3263 and Bcl2. PDB 4LVT.

Nitro groupSAR revealedhat weaker electron withdrawing grougess acidic
coreg decreased cellulactivity. It was not clear whethéhis was due to reduced

cellular penetratiorserum bindingor other reas@ However, when replaced with a
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trifluoromethanesulfonyl group, it corresponded to a small increase in cellular efficacy,
but a #fold increase in drug plasma concentratipwhich may be attributed to the lower
polar suface area compared to the nitro ps.

Next, modifications of thenternal aromatic ring replaced with cycloalkenyl
groups of various ring sizes (5,6,7 andw@re well tolerated. In factyhen modified to a
gemdimethylcyclohexene ringan ECso valuein Bcl-2 and BelxL dependent FL6.12
cellswas observed isubnaomolar rangeand thughe most efficacious of this series.
Removal of the dimethylaminoethyl grougsulted indrasticallyreduced cellular
efficacy, which theesearchers suggested wdae toserum bindingwhen replaced with
a morpholino groupl 6% oral bioavailabilityvas reachewhile retaining submicromolar
cell activity. Accordingly, hese functional groups were added tortteen core oneby-
one and an additive effect aftadition of each modificatiowas observedandthe
resulting compounboasting all three modificationgasnamed ABF263, or
Navitoclax®®. The crystal structuref ABT-263 and Bcl2 shows the coreacyl
sulfonamideand thiophenyl moiety birnidg in the p4 pcket, while the &chloro-4-(4,4
dimethylcyclohexl- enyl)benzene moiety binds in the p2 pocket of the pro{€igsire
1.10)%.

ABT-263 disrupts the Be and BcixL interactions with preapoptotic proteins
and leads to the initiation of apoptosis withiro hours of treatmeft Its
pharmacokinetic profilelisplays low volumes of distribution values in mouse, rat, dog,
and monkey with plasma elimination hélfes of 4.6 to 8.4 hours after intravenous dose.
After oral gavage in these species, bioavailability was at Z0¥.administration also

induces complete tumor regressiorSi@LC and acute lympbblastic leukemigdALL)
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xenograft modelsAlthough Navitoclax possessed poor oral bioavailability at 20%, in
lipid-based formulations the bioavailability increased to 50% and thdifealticreased
to 8.9 hours in dog&

ABT-263 moved oro phase | clinical trials which showed a 50% response rate in
patients withCLL *°. However there wassignificant dosdimiting thrombocytopeniaue
to BclxL inhibition, which is the primary survival factor in platefét¥’*° Due to this
adverse eventhere was a need to develop a-Bdelective inhibitor to spare platelets,
which prompted the development of ABD9.Notably, althougtsignificant
thrombocytopenia was reported in early clinical triabsyitoclax is still being assessed in
combinatiortherapie®®*

1.6.3.Development of VenetoclaABT-199)

In order to develop a BA selective inhibitor, Abbvie reverse engineenasitoclaxwith
systematic modifications of certain key bindimgietiesto decrease binding for BsL
while retaining affinity for Bcl2. For example, removal of the thiophenyl moiety
revealedoss ofbinding affinity for Bcl-2, and subsequent ewystallization with Bcl2
proteinshowed the compound occupied a smaller velwithin the p4 pocket. However,
the complex crystallized as a protein dimer, and it was found that Trp30 from a second
Bcl-2 protein bound into #t same p4 pocket and formedppinteractions with the
nitroaryl moiety. Therefore, they initially incorpied a Ssubstituted indole to the

central core via an ether linkage, but found an additional electrostatic interaction was
possiblewith Arg107.They also found the nitrogen of the indole of Trp30 formed a
hydrogen bond with Asp103 of B2l(Figure 1.12, left) This was a key discovery, as this

is one ofthefew differentiating amino acids between Bchnd BcixL; Bcl-xL has
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Glu96 in the same positiomherefore, they replaced the indole with an azaindole,
culminating in the development ABT-199, or venetoclaXFigure 1.12) ABT-199is a

selective Bcl2 inhibitor, with aKi < 0.010nM, and binds appreciably less to B,

Abt-199

Figure 1.12 Favorable interactions highlighted between an indole and Asp1B8I,
compounded by a i interaction with a phenyl group of an optimized compound (Left, F
4MAN). This led to the development of ABBP (center). The crystal structure of AB%9 anc
Bcl-2 is represented on the right. PDB 600K.

Bcl-w, andMcl-1 (Ki = 48nM, 245nM, and >44hM, respectivelyy’.

In vitro assaywith interleukin3-dependent mouse FL5.12 cells developed to rely
on Bck2 or BekxL showedABT-199 potently killed Bct2 dependent cells (Bt 4nM)
and showed weakaictivity against BekL dependent cells (E&= 261nM). In addition,
otherin vitro assaysevealed decreaseell killing in Bcl-xL dependent celines
compared to BeR dependent celinesand disrupted Be2-Bim complexes while less
effective againsBcl-xL-Bcl-xS and Mcl1-Noxainteractions further showcasing its
selectivity Many groups havadditionallyconfirmed that ABT199 induces Bak/Bax
mediated apoptosis triggerspecificallyby Bimin a caspasdependent mannelt also
had antitumor activity againsNon-Hodgkins lymphom&NHL), CLL, and acute
leukemiadn vitro®”3° Treatment in mouse xenograétisoshowed activity against

aggressive lymphomas and acute leukethias
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Many clinical trialswith venetoclax have been performsdceits initial
discoveryin 20132 In 2015, a phase |l clinical study showed that nearly 80 percent of
people withpreviously treated relapsed or refractory CLL with the 17p deletidrard
to treat type of leukemiaresponded toenetoclaf?. By April 2017, the FDA approved
venetoclax for those with CL&nd thel7p deletion and were treated with at least one
prior therapy.As of May 2019, venetoclax has been appraagd chemotheragdyee
combinationtreatmentvith Obinutuzumalfor previously untreated CLL or small
lymphocytic leukemigSLL) patienté®.

The approvalof ABT-199was a milestone for inhibitors of PRis thg were
once considered undruggatflePreviously, mall molecule inhibitodevelopmentvas
driven by the Lipinski rule of BRO5)which predics if a small molecule would be orally
active The RO5 icharacterized bgrugs witha molecular weight less than 5D@altons
cLogP <5, five or less hydrogen bond donors, and 10 ohiek®gen bond acceptdrs
ABT-199 and its previous iterations violate the Ri33hey target large hydrophobic
protein interfaceghat are difficult to target with a small moleculerger more complex,
and possibly lipophilic compounds are needed to dishgsePPls as evidenced by
these compounds
1.7.Bcl-2 Selective Inhibitors
1.7.1.5S55746
Vernalis and Servier developed S55746, an orally active Belective inhibitorlt is a
bona fideBH3 mimetic, which is defined as a compound with high affinity to the protein
target and induces Bax/Balependent apoptoéfsCompound design was initiatémm

an active literature compound search coupled with strubiased drug design. S55746

21



has a tetrahydroindolizine core that projects functional groups that direct intotams
p1,2 and 3 pockets®® The tertiary amide projects the phenyl grooypwards the p1
pocket and the-phenoxyphenyl group into the p2 pocket, where the phenol forms a

hydrogen bond to the backbone carbonyl of A(@§ure 1.B)*,

$55746

Figure 1.13. Theco-crystal structure 0855746 and BeR. PDB 6GL8

They suggest that polar and van Wéaalsinteractionsn s55746are optimal due
to the sizeindependent enthalpic efficiency (SIHE), indicating highly specific binding to
Bcl-2*8, The sizeindependent enthalpic efficiency (SIHE =pk40xHA®?) takes
thermodynamics and heavy atom number into account during hit and lead selection as
well as drug optimization. Heavy atorfron-hydrogen atomsare an important
determinant for SIHE because of the important role polar interactions play in gaining
binding enthalpy. During a ligargrotein binding event, the enthalpic component is
dependent upon the specific interactions formed when the ligand binds the protein as well
as the releasef water moleculentropy The specific interactions between the prote
ligand, and water molecules upon binding cause enthalpy gains, which can decrease with
increasing ligand siZé

They evaluated binding affinity with a fluorescence polarization assay and found
it was highly potent and selectif@ Bcl-2 (Ki = 1.3nM), with poor affinity to BcixL

and no significant binding to Md or Bfl-1. Using the BeR dependent ALL cell line
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RS4;11,S55746potently induced cell death after 72 ho(If8s0 = 71.6nM) while
exhibitinga much weakeeffectin the Bcl-xL dependentell line H146 (1Go= 1.7eM).
It also induces apoptosis in a concentratiependent manner, with casp&sandpoly
(ADP-ribose) polymerasBARP cleavage obsernv&dTheseindicatorsarewidely
regarded as hallmaslof apoptosi¥’.

Althoughin vitro S55746 acts as a potent and selective Biclhibitor, it is
important to ensure it is not affecting platelet count by inhibitingX&clisolated
platelets from healthy volunteegghibited insensitivity t&557468reatmentsuggesting
the compounanay not cause thrombocytopeniaalso causedignificant, dose
dependent antumor activityin SCID-bearing RS4;11 miceompared to untreated
animals with decreased tumor growth inhibitisaventeen days after treatmefihe
highest dosed micd Q0mg/kg had completéumorregressioff.

Importantly, a recent 2019 study highlighted that targeting2Brdn result in the
Bcl-2 mutantG101V. In fact, patientseated withthe Bcl2 selective inhibitor
venetoclax for 1912 months saw disease progies due to drug resistancausedy
this mutant Bcl-2c101v results in @ 80-fold decrease in binding affinityf venetoclax
Interestingly, the endogenous Bid8ly proteins still bind to the mutant, albeit with
moderately reduced affinity, and therefore the G101V mutant can still function as-an anti
apoptotic protein. To explain the loss of affinity, Birkinshetval. performed
crystallographic experiments between venetoclax with the wt and mutaftdsctein.
Structurally, the G101V mutation is adjacent to the p4 pocket that engages either a Leu
when Bax binds or the azaindole in venetoclax. They saw no change in the p4 pocket

when venetoclax binds to the mutant, however, the bulk added from the maliagon
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saw a distinct rotamer change in Glu152 which caused a repositioning effect that was
seenin the p2 pocket, specifically affecting the chlorophenyl moiety of venetoclax.

These experiments suggest that the G101V mutation cause changes in the p2
pocket. The deep penetration of the chpdrenyl moiety in the p2 pocket causes the
dramatic decrease in binding, whereas the small Leu residue in Bak can still make
contacts witlithe mutantexplaining why the endogenous Big8ptides can still bind the
mutant

Due to this mutation and potential for resistance, Servier and Vernalis researchers
generated crystal structuresSH#5746 withmutantBcl-2 G101V and found the-4
hydroxypheml moiety that binds in the p2 pocket does not bind as deep as the
chlorophenyl moiety of venetoclax, however it still loses-id@ binding affinity. They
suggest these changes may happen in the mutant prior to drug binding or other issues that
were notdetectable in the crystallographic structures. Nonetheless, these data suggest that
in the event of the B G101V mutationtreatment witht555746 may alsoesult in
resistance.

Results were publishatkescribinga phase | dose escalation studyd$746 in
patients with refractory or relapsed CLL ang€@&I| NHL. Overall, 93.8% of patients
reported at ledone emergent adverse effect with the most common being anemia,
cough, malignant neoplasm progression (10,8 stipation, asthenia, nausea,
vomiting, thrombocytopenia, diarrhea and headachepatientswithdrew from
treatment due tthe progressin oftheirdisease. In the en8ervier and Vernalidecided

to halttreatmentand discontinue thstudy. As a rsult, the maximum tolerated dose and
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recommended dose was not establidoedurther clinical studyThere are currently no
NCI-supported clinical trials wit§55746%.

1.7.2.Beigene Compounds

Beigene disclosethanycompoundsvith general structuré in patent WO 2019/210828
Al functioning afBcl-2 selective inhibitas for apoptotic, prolifeative, and
neurodegenerative diseagegyure 1.14)Authors Yunhang Guet al.claimed bubbles
A and B are cycloalkyl, cycloalkenyl, cycloalkynyl, aryl, heterocyclyl, or heteroaryl.
Each are optionally substituted with 1 to 4 substituents, eithendRR, which may be
hydrogen, halogen, alkyl, alkenyl, alkynyl, cycloalkyl, hetgabg, aryl, heteroaryl, oxo,
or various amide, carbonyl, N, O, S, functional groupsamRiR4 claims include
hydrogen, halogen, G8 alkyl, C28 alkenyl, C28 alkynyl, cycloalkyl, aryl,
heterocyclyl, or heteroaryl, each of said-8alkyl, C28 alkenyl,C2-8 alkynyl,
cycloalkyl, aryl, heterocyclyl, or heteroaryl is optionally substituted with 1 to 4
substituents k. Rsaincludes halogen, cyano, amide, carbonyl, N, O, S functional groups,
alkyl, alkenyl, alkynyl, cyclo and heterocyclic compoundscRims are alkyl, alkenyl,

alkynyl, O, S, N functional groups, amide and carbonyl groups<! &afe each

Figure 1. 14. Bcl-2 selective inhibitors disclosed by Beigene in patent W02019/210
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independently a direct bond including alkyl, alkenyl, alkynyl, carbonyl, amide, S, O, or N
functional groups. Examples of these compound$ arel6.

Compaundswere testedvith either a FPor time-resolved fluorescence
resonance energy trans{@iR-FRET) assayo evaluate binding affinities and B2l
selectivity. Many of their compounds were in the low picomolar rafigeemost potent
compound?5) inhibited Bct2 and BcixL with ICso= 0.015nM and 18nM, respectively
andexhibited high potency and selectivity in a cell proliferation agséye Bcl-2
dependent cell line RS4;1ICs0 = 0.41nM) in contrast to a BekL dependent cell line
(ICs0=2.52eM) (Figure 1.14)

As stated previoushpatientsreated withvenetoclaxcandevelopresistance due
to thenovel mutation G101Vh Bcl-2. In a TRFRET assay against this mutangshof
theircompounds displayed $¢<3 nM, wheeasvenetoclaxbindswith anlCso = 28nM.
This indicates that their compounds may overcome the resista@t@bD1V mutant in
the clinic.

CYP2C9is an important enzyme of the cytochrome P450 familig dbundant in
the liver and largely contributes to the metabolism of various drugs and xenobiotic
compound¥. In order to evaluate the risk of inhibitiaf CYP2C9 which has a potential
to causadrug-drug interactiongDDIs), Beigene tested tlsecompoundsgainst this
isoform.For referenceyenetoclaxbinds CYP2C9 Ig= 1.7 M, whereas many of these
compounds are significantly less potent, witBol€10e M, indicaing theymay
potentially have a loweandicationof DDIs.

In addition toin vitro andin cell assays, munpublishedrystal structure was

generated of Be2 and6 (Bcl-2 1Cso = 0.032nM) of which threeinteractions are noted

26



(Figure 1.14)First, the 2(2-cyclopropylphenyb pyrrolidinyl moiety of6 creates an
extra subpockenh the proteinwhich is induced by different conformations of residues
around the p2 pocket of B2l Next, a water bridge with Val133 is formetdth the
nitrogenof the pyrrolidinyl rirg, which is void in therenetoclaxcrystal structure. Lastly,
a sulfurpi interaction between Met115 and thelopropylphenyis apparent
Structurally, this may explain the significant potency for-BcThe inventors of this
patentfound the compounds potently inhibit BZland the BeR G101V mutation,
suggestinghese inhibitors as a new therapeutic-Bsklectiveinhibitor with no
resistance concern compared/emetoclaX’.

Of interest, Beigene is currently recruiting foPlase 1a/lb triah patientswith
mature Bcell malignanciesvith their Bel-2 selective inhibitor BGBL14174. Although
this compound has yet to be disclosed, the compounds described within this patent
showcase promising highly potent and selectiveBohibitors developed from
Beigene.

1.7.3.Ascentage Compounds

Ascentageublishedthree patents early2020, eachlisclosingBcl-2 selective

inhibitorsin combination with different chemotherapeutic drugs for the treatment of
different diseases. Trempoundgisclosed within these patents is illustrategemeral
structurer (Figure 1.15) The claims for A represent a meray bicyclic moiety, E is

either C where the adjacent bond is either a single or double bond, or N, with the adjacent
bondbeing a single bond. p¢ and X3 areindependentlyselected from a group consisting

of: -CR= (R is H or a halogen) and=. The C attached to;Rand Rpform a 3,4, or 5
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Figure 1.15. Bcl-2 selective inhibitorslisclosed by Ascentage.

membered optionally substituted aliphatic ring, or a 4 or 5 membered optionally
substituted heterocyclic ring. Examples of these compounds are represented here.

Theeffects of the combination &andthe topoisomerase inhibittwpotecan in
SCLC mice xenograft tumors derived from human H1#ar cells was evaluated. At
the end of the Ziday of treatment, the group withonotherapy witl8 showed moderate
anti-tumor activity, with no complete remission (CR), partial (PR), dilstdisease (SD)
while the topotecan group showed potent-&untior activity(remission rate 100%)
However, in the combination group, all five miceatedshowedCR with a 100%
remission rateOn the46" day post treatmentemission rates @ alone topotecan
alone and combinatiotherapychanged to 0%, 40%, and 100%, respectively, which
confirmed the efficacy of the combination therapgditionally, mice hacho significant
body weightchange. These studies suggeat tbmbinationtherapy hacho significant
side effectswith increased antiumor effecsin vive®.

Additiond experimentsveredisclosedutilizing APG-115, an MDM2 inhibitor,
thatshowed enhanced anteukemic activity in combination therapy wigh They

performed cell viability assays usidM and AML malignantcell lines In combination
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treatment8 decreases cell proliferatiamhen combined with APG15 in these cell lines
and suggedhey work synergisticallyn vitro. Additionally, mouse xenograft
experiments were carried out withe RS4;11(ALL) cell line.Both APG115 andB do
notachieveCR alone, but together the combination was able to achieve PERawith
no significant sideffects. These experiments were also carriedrouématologic
xenograft modeldDue to the results disclosed in these patents, Ascentage suggests
further clinical investigation is deserving& combination with APGL15 causes anti
leukemic effects in multiple tumor xenografts experiméngimilar experiments with
other combination therapies such as CH@¥Pe performed. Thegesults can be found
in patent WO 2020/02826 A1

EncouraginglyAscentage Pharma hbsgunPhasdb/Il clinical studies of APG
2575,anorally availableBcl-2 selective inhibitor as a single agent or in combination for
the treatment of relapsed/refractory CLL or SLL. As of March 2020, the first patient has
beendosed®. Additionally, a Phase | study of AREG75 in hematologic malignancies in
the US and Australia showed no ddiseiting toxicity or tumorlysis syndrome
suggesting it may have a favorable safety profilkPG-2575 is a proprietary compound
of Ascentige, and haseitherbeen published nor outwardly disclosed in any patents.
1.8. Bct2/Bcl-xL Dual Inhibitors

1.8.1.Ascentage BeR/Bcl-xL dual inhibitor

In patentWO 202002496@\1, publishedn early2020,Ascentage alsdisclosed a Bel
2/Bcl-xL dual irhibitor for the treatment of cancer. This compoudFigure 1.16)
binds with high affinity to BeR, Bcl-xL, and Bctw (ICs0=1.6nM, 4.4nM, and 9.31M,

respectively. It experimentallyeduceplatelet toxicity and indussenzyme activation in
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tissues to kill tumor cellslOis theactive metabolite 08 (Figure 1.16°. Currently,

Ascentage has published data on d@@#2/Bcl-xL inhibitors APG-1252 and its active
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Figure 1. 16. Bcl-2/BckxL dual inhibitors disclosed by Ascentage.

metabolite APGL252M1 which is currently in clinical trigl The structures have not
been disclosedut9 and10 provide examplgof structures oAscentage BeR/Bcl-xL
dual inhibitors.

APG-1252wasdevebpedwith a strategy that would enable a drug to limit the
cell permeation in platelets, while converting into an active metabolite in tumoritissue
order to limit the toxic thrombocytopenia seen with AB@3. Experimentally, Ascentage
developd APG-1252 which converts intahe active metabolitAPG-1252M1 in vivo.
Both compounds bind to B& and BcixL with Ki <1 nM, but APG1252 is more than
10 times less active than API252M1 in a cell growth ass&y APG-1252M1 was
tested in five AML cell lines anghowsthatthe viability of the cellslecreases
significanty in a time and doselependentmannef?. The active metabolite induces
Bax/Bakdependent apoptosis in an MEF/MGCL-Imodel cell line and both cqmunds
can achieve complete tumor regression in human cancer animal fhodlédktionally,
APG-1252 achieved complete tumor regression in H146 and H1963 SCLC xenograft
models while avoiding thrombocytopeni2ata alssuggested that the active metabolite
induces apoptosis in a B2lfamily dependent manner, due to the cleavage and activation

of caspas&® and PARP in HE60 cells.
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Patients with advanced SCLC or other solid tumeeee treated witAPG-1252
in a phase $tudy.13 patientseceived the drug intravenously twice weekly for 3 weeks
in a 28day cycle.The maximum tolerated dose was not identified and the most common
adverse events included arthralgia, AST/ALT increase, vomitingfatigtie No adverse
eventsnorthrombocytopenia ereobservedlt was well tolerated over all dose levels
(100-400mg) with no hematologic toxicity reporfédOtherphase | clinical trials
includingdose escalation and combination therapy studies are currently ongoing with
APG-1252467,
1.9.Bcl-xL selective inhibition

1.9.1Abbvie compounds

Clinical trialswith navitoclaxrevealedhat targeting BekL resulted in
thrombocytopenia because platelets are dependent ex.Bat survivaP®. However,
Bcl-xL overexpression has beearrelated with drug resistance and hematological cancer
progression as well as solid tumfSr€ombinationtherapies with navitoclaghowed that
synergy was primarily driven by B&L inhibition in solid tumors and selective Bxl
inhibition can potentially offer decreased immunosuppressive effects compared to dual
Bcl-x/Bcl-xL inhibition®®. Thesedatadrove the discovery of the BgL inhibitor A-
1155463.

Abbvie began with theptimization ofBcl-xL selective inhibitor WEH539

(Figure 1.7). Its use was limited clinically due to the potentially toxic hydrazone moiety
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Figure 1.17. The development &fcl-xL selective inhibitor A 15463from WEH539.

presenthighlighted) They replacedhis groupwith anamide, which caused a loss of
affinity, but acceptable pharmacokinetics were favorable in comparison and had no
liabilities. Concurrently, thewtilized a fragmenbased NMRapproactto identify

additional fragments that may bind in the BH3 binding domain. For their first site ligand,
11was used due tosihigher solubility inaqueousonditions which isrequired for

NMR. In the presence dfl, a second site ligart® (Figure 1.T) was identified, which
showed good affinity{a= 4 mM). A NOSEY experiment was conducted with these
ligands and suggested that a short linker could attach the two molandlesain

affinity.
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After a targeted SAR, adtom linker in the para position offered a subnanomolar
Ki with >4000fold selectivity over BeR, 13 (Ki = 0.042 nM BcixL, 170 nM Bcl2).
However, it showed poor binding in a cefbility assay in the presencetldEA. A co
crystal structure was obtained witBB and found it projected into the p2 pocket and the
carboxylic acid formed a hydrogen bond with Arg139. Additionally, the pyrimidine
moiety bound in the p4 pocket while making favorabistpcking interactionshey
incorporated tethered amine grogmhdogensto offset serum binding and increase
cell permeability and metabolic stabilityhich eventually led to the development of A
1155463. The carystal structure of this compound with Bdl showed the 2luoro
moiety sat within the p4 pocket while niagg van der waals contacts witte

surrounding residug§igure 1.18) It offered picomolar binding with >106@ld weaker
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Figure 1.18. The structure of A15463 cecrystallized in BeixL. PDB 4QVX.

binding to Bct2, Beclw, and Mctl. Inthe BckxL dependent cell linél146with 10%
HSA, the EGoof A-1155463 was 0.068M. Non-tumor bearing SCIEbeige mice were
treated with a single dose of 55463 (5 mg/kg) and although platelet counts fell
drastically after 6h, themicerebounded to normal levels within Ti2zndicating dosing

schedules will be critic&.
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However, A1155463 had poor solubility and oral absorption that ultimately
limited its use in more vivoexperiments. Therefore, they developed the oral compound
A-1331&2 (Figure 1.19%°. They began by revisiting the tetrahydroisoquinoline (THIQ)
thiazole core in AL155463.The THIQthiazole hd poor oral pharmacokinetic
propertiesbut if replaced with a THIyridine core, the molecule showed superior
pharmacokinetics ratsand lower measured logByen though it had lower affinity
towards BcIxL in a FRET assayK({ = 65 nM THIQthiazole, 164 nM THIQyridine).
They elected to ove this forward and began a targeted SAR. A crystal structure of A
115463 revealed that the propyloxy linker had a destabilizing arrangement of atoms
within the p4 pocketso they wanted to decrease the number of rotatable bonds, which
would also impart anore druglike property to the compound. They alsoorporated-
membered heterocycles as they believed it would be optimal for biwitimg the p4
pocket. The most potent compound of this seriesaki = 0.296 nM®° (Figure 1.D).

Modifications to

p4 binding
mmety

A-1331852

Figure 1. 19. Development of A331852 from AL15463.

34



Next, theymethylated the pyrazole and found substitution at thedstion
affordedKi = 0.027 nM as well as modest potency in MOLTells (BcixL dependent
cell line) with 10% HSA (E€o = 1,610 nM)(Figure 1.19)Lastly, heyintroduced sp3
rich cycloalkyl groupsas it would increase the overalPdpaction of the pharmacophore,
and could improve the properties of the compodimy introduced a cyclohexane,
which affordedKi = 0.027 nM BcixL, but incorporation of adamamiled to thenost
potentcompoundof the series, named-A331852 (Figure 1.19), witki = < 0.010 nM
Bcl-xL and EGo= 0.3 nM MOLT-4 cell$®.

A-1331852binds BceixL with aKi = <0.010nM and 10 to 50-fold more potent
than A115543 and navitoclax in cells. It disrupts the-BictBim complex and induces
hallmarks of apoptosis in a BeL dependent manner. In xenograftadets it offers
tumorregressioras a single agent amelcapitulateshe efficay of navitoclax in
combination with venetoclax. ka separate experimembale Spraguelawley ratdreated
with docetaxela chemotherapy ageuigcreased neutrophil counts significantly, whereas
monotherapy of AL331852 exhibited increased neutrophil ots) while the combination
offered no statistical significance in reductioAs1331852does induce significant
reductions in circulatg platelets. According to these studies, this suggests th& Bcl
inhibition may account for the neutropenia inducedibgetaxel in these combination
therapiesThis may suggest that BgL selective inhibitors can avoid demiting
neutropenia, which has been seen in the clinic with combination therapies of navitoclax
and docetaxél.

Although A-1331852 icurrently not in clinical trialsHese studies show that

Bcl-xL inhibitors may be efficacious in the clinic as a monotherapy or in combination for
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solid tumors or other cancers dependent on the prdiewever, more extensive studies
need to be carriedubto avoid the dosémiting thrombocytopenia side effect of
navitoclax®.
1.9.Mcl-1 selective inhibitors
Mcl-1is an antiapoptotic proteimelatedto Bcl2 and BcixL, anda critical factor forthe
survival ofboth healthyand malignant tissigelt is required for implantation and is also a
survival factor fohematopoietistem cells as well as progenitor B and T lymphoid
cells’. It was originally cloned from the myeloid cell line MLas an early induction
gene during dferentiation. It has a short hdlfe due to its amingerminal PEST domain
that targets proteins for proteasomal degrad&tidwditionally, itis tightly controlled
by a variey of mechanismscludingtranscription and podtanslatioml regulationFor
example, phosphorylation at the specific residues Thr92 and Thr163 prokingié-life,
phosphorylation at Ser159 enhances-Ucibiquitylation and degradation, and once
phosphorylated at Ser121 and Thrl163, it becomes inactivated in responsativexid
stress. Its rapid turnover is regulateddagpases and proteasedependent degradation
in response to different death stimuli such as cytokine depriVatlbnan also be
upregulated pogtranslationally to inhibit cell death

Mcl-1 has been implicated in cancer progression through a variety of different
mechanisms. Due to its instability and rapid turnover, cancer cells can utilize different
mechanisms to stabilizdcl-1 andincreasesurvivaf®. It is one of the most
overamplified genes and overexpressed proteins in cancers inclhéimgtological
malignancies and solid tumors including breBSCLC , ovarian, prostate, and

pancreatic cancefs™ ™. Mcl-1 has also been shown to mediate survivaMibt, AML,
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NSCLC, andVYC-driven lymphoma&8, and act as a@ssential survival protein fodM
cells’’. This overexpressiois associated with poor prognosis as well as resistance to
different anticancer drugs includingaxol, cisplatin,vincristing and other standard
chemotlerapy drug® . Interestingly, many cancers upregulate Niéh response to
Bcl-2/Bcl-xL inhibition and is primarily responsible for venetoclax resist&ée

Mcl-1 differs structurally from other artipoptotic proteis. They have similar
globularstructure&, however, Mcll only shares around 25% sequence identity with
other members of the protein family. Additionalig, BH3 binding groovés more
shallow rigid, andmore electropositive, differing in a number of different resiftfe.
Due to its importance ihealthytissues, one concern is tismectively targeting can
cause side effects in healtbglls. The importancef targeting Mcl-1 has been
recognized and its structure, expression, and regulapmesent the difficulty of
developing selective inhibitar§he compounds presented in this section review these
difficulties anddescribe current eff@towardsdevelopng potent,selectiveMcl-1
inhibitors.

1.9.1.AMG176 and AMG397

Amgen developetheorally bioavailable Mcll selective inhibitoAMG176 byutilizing
structurebased drug design guided Kyray crystallography and smaiiolecule
conformational analysighelatterused for optimization to increase selectivity and
pharmacokinetic propertied the compoundd=irst, theyemployed anigh-throughput
screen of 248,090 compounds that would specifically disrupt theLNai interaction.
The screen identified a sesi of spiremacrocyclic molecules, such esmpoundl6 (ICso

= 3.4eM) in Figure 120. The enatiomers were separated and the ring was expanded to
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Figure 1.20. The development of AMG176.

7- and 8 membered ring ultimately resulting ircompoundl?7 (ICso = 0.3¢M). Co-
crystallization withl7 showed a binding pocket that was not present in tharysial
structure of Mcll and Bim.To fill this pocket, theyntroduced an ethylene in place of
the 2chloro group that would introduce conformational restriciad amacrocyclic
ring utilizing an acyl sulfonamidiat affordeccompoundl8 (ICso = 0.1¢M). Further
development and conformational restraint, inahgdDmethylation to increase oral
bioavailability andhe pharmacokinetigrofile, led to AMG176(Figure 120). It hasKi =
0.06nM, 0.7¢ Mand0.95¢M for Mcl-1, BckxL, andBcl-2, respectivelyshowcasing its
selectivity for Mct1 over other antapoptotic proteins.

Amgen chos@&M-8621(Ki = 0.05nM, Figure 120), an analog of AMG176, for
cell-based assayb the NSCLC cell line A427AM-8621 disrupted Mell and Bm in a
dose and time dependent mannkr.a panel of AM8621 sensitive cell lines, treatment

showed increased activated Bak leyalswell as caspase&nd 7 activation. Cell
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viability also decreaseaind showed a neanaximalcell deathresponse within 8 hours of
treatment. They alsprofiled AM-8621 against 952 tumor cell lines, which showed
hematologic malignancies had greater sensitivity to treatfent

In xenografistudies they used AMG176 due to its supendrarmacokinetic
profile over AM-8621. Activated Bak, cleaved casp&sand PARP wre alldetected
two hours after administrationdicating apoptosislependent cell deatAdditionally,
mice treated twice weekly with30mg/kg dosachieved 54% tumor gwah inhibition,
while 60 mg/kgdoseshowed 21% tumor growth inhibition. Daily administration saw
84% regression and 100% regression, respecti@atyilar studies were dewith
humangeneMCL1 knockin mice, as AMG176 was unable to ibit mouse Mcil. Ord
administration at 30 and 60 mg/kg saw ddspendent decreases in B cells, monocytes,
and neutrophilsvith no evidence of systemic toxicitjdditionally, they evaluated
combination therapwith AMG176 andcarfilzomib, a drug used for people who
previousy received one or more treatments felapsedviM &. Mice weretreated once
daily with AMG176 (20 mg/kg) and twieereekly with carfilzomib (3 mg/kg)which
achieved significartumor inhibitionrelative tomonotherapf?.

In a phase,Ifirstin-humanclinical trial, AMG176 was evaluateih relapsed or

refractoryMM patients26 patients were treated, but @2continuedreatment due to
progression of disease. Adverse events related to treatment included neutropenia, nausea,
diarrhea, and anemia. No appreciable drug accumulation was observed and release of Bax
and activation of caspasein peripheral blood monocytesagobserved. AMG397 is

an additionaMcl-1 selective inhibitor developed by Amggrathas not been disclosed

In September 2019, during a phase | dose escalation clinical trial of AMG397 in patients
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with MM, NHL, and AML, the trial was haltedy Amgendueto cardiac toxicity. Amgen
noted that preclinical research suggests-Muotay be required for normal cardiac
myocyte mitochondrial activity and seveseidden heart failure is not an acceptable
liability®. As a result, Amgen pu voluntary hold o the AMG 176 clinical triaf®.

1.9.2.Servier and Vernalis

Servier and Vernalipublished a detailed SAR describing the developratobmpounds
leading t0S63845 and S64315, the latter of which is currently in clinical tii@Etslly, a
fragment screen identified carboxylic acid containing compounds with a
thienopyrimidine coreCompoundL9, their initial hit,binds Mct1 and Bci2 with Ki =
50eM and 74eM, respectively, wittho measurable affinity to BetL. Theyperformed
rigorous SARstudies with many modifications failing tgain appreciable selectivity or
potency for Mcil. For example, modifications at thedhd 6 position variation of the

amino acid substituent, and chiraldifferenceswere tolerated, but had no significant
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Figure 1.21. The SAR of Mel selective compounds described by Servier and Vernalis.
Highlighted regions represent functional groups that were modified to incréfasiéya
towards Mci1.
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influence on affinity Examples of thes@clude compound20 and2188 (Figure 1.4.
highlighted examples of modifications

Next, NuclearOverhauser EffadNOE)based methodsere utilized to probe
binding interaction. NOEsareNMR based experimesitised in drug design to assess
the proteinligandinteraction distance arftelp elucidate thbinding modé’. NOE
experiments witltompound®1 showed the naphthying and one of the two methyl
groupsmade contact with Mel, indicated byexperimentatesidueperturbationswhich
suggested it was in a similar location as Leul0 and béB3m-BH3. Driven by NOEs
and molecular docking data, they further explored the p2 pocket with indolyl derivatives,
represented witB2 and23 (Figure 1.4). Of note, the atropisomers generatédhese
compound®ffered similar affinittsand were not furthesharacterizednterestingly,
replacement athe nitrogerlinker with oxygenimproved Mctl binding by6-8-fold (Ki
=22eM (22), Ki = 2.8¢M (23)). They hypothesized that aryhets have a different
rotational barriecompared to anilines, and suggested thabXygen within the linker
may offer a preferableonformationaprofile for Mcl-1 binding®.

Crystal structures with these compounds and Melere generatedandfound the
2-indolyl group pointing towards solvemhile additional modifications could increase
specificity and potency. {phenylalanineeplaced the glycine in compou@d, giving
separable diastereoisomers that offered submicromolar affinity andebegtiaty for
Mcl-1 (Ki = 0.491 1.6eM Mcl-1). 24 and25 shown in Figurél..21 exhibitKi = 58 eM
and2.4eM to Mcl-1, revealing the differences in affinitied these atropisomerén X-
ray struture revealed the methyl substituen28fpoints towards with protein, making

additional hydrophobic contacts addition, lalogensubstituted phenyl groupgere
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introduced nexin place of indolylderivatives Compound26 showedsignificanty
increased inhibition and selectivity for Mt| Ki = 0.051eM (61% inhibition of Bci2 at
0.2mM).

26 was assessed in cell viability assays in H929 catid)M Mcl-1 dependent
cell line, andshowed no cellular activit They suggedhis isdue to the poor cell

penetranceand thereforentroducedbasic groupsuch as tertiary amineshis ledto the

S63845

Figure 1.22. The Mct1 selective compound S638zkcrystallized with Mcll.
PDB 5LOF.

isolationof atropisomer®f 27, one ofwhich showed superior affinity for Mdl (Ki =
0.019¢M) in FPandcell viability assaygICso = 5.6eM and 1.0eM for 10% and 0.1%
serum levels)X-ray crystalstructuresof the potent atropisomeifso showed the
methylpiperizine group projected towards the solyetiile the methyl and chlorine
interact with the proteirAdditionaly, 27 disrupted the Mell/Bak complexand induced
PARP and caspase 3 cleavaggygesting it demonstraten target cell killing through
activation of apoptosi®rug-drug interaction potentialas evaluated with five differén
human CYP450 enzymesid siowed 1Go= 20¢M. This low binding affinitymay
suggest reducddDI liability . This compound led to the discovery of S638Rfgure

1.22)%8,
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S63845 binds human Mdl with Kd = 0.19 nM, determined by surface plasmon
resonance, a-fold lower affinity to mouse Mell, and no appreciable binding to Btbr
Bcl-xL. X-ray crystallographyevealst binds in the BH3binding groove of Mcll and
the caboxylate group formsteractionswvith Arg263The aromatic scaffold binds in the
p2 pocket while the triflummethyl group stretches across the p4 pokigure 1.2).

Cell viability assays demonstrated S63845 potently killed H929 cells with little tropac
Bcl-2 and BelxL dependent H146 SCLC cells. It adisrupts binding of Bak and Bax
interactions wth Mcl-1 andinduced cleavage of caspadand PARP, suggesting it kills
cellsin anapoptsisdependent mannekany different cell linesncluding MM,

lymphomas, CML, and AML demonstrated sensitivity to the compokmiduman MM
xenografts, immunocompromised mice shdwenor growth inhibition over 100%.
Additionally, atthetherapeutically efficacious dose of 25 mg/8$3845 induced

compkete tumor regression in 7 out of 8 mice after 100 days of treatment. It was tolerated
well with no histomorphological changes to liver, heart, kidney, skeletal muscle, or other
organg®.

As an Mctl inhibitor,S63845 has the potential to act synergidifoalth the
Bcl-2 selective inhibitowenetoclax in cell lines that are resistant or nonresponsive to
venetoclax treatmerniti et al treatedl1 T-ALL cell lineswith S63845 and found four
were sensitive to treatment and western blot analysis showed PARP cleavage, indicating
Mcl-1 plays an important role in maintaining survival for som&LL cells.

Combination treatment @63845 and venetoclax cellsrevealedhe o agents were
highly synergistic in four FALL cell linesas well asn a zebrafish mod®. In clinical

trials with MCL patients, resistance developed to venetoclax monotherapy, and Prukova
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et al. showed that the upregulation of Mticonferred resistance. They demonstrated
thecombination of venetoclax and S638d5nantle cell lymphomé&MCL) xenografts,
derived from patients with chemotherapy refractory diseases, showetétomg
lymphoma fee survivat.

Although S63845 was not chosen for further clinical evaluation, the closely
related S64315 has begun clinical tfaf4 Thestructure of thelinical candidate
S64315is undisclosed, however, the experimental impact its precsineavsin various
preclinical models showcast® potential these compounds haveeadsctive Mct1
inhibitors. Phase | studies currently ongoing include dose escakttidies and further
assessing the tolerability and atuimor activity in AML, myelodysplastic syndrome
(NCT02979366)and refractory or relapsed lymphoma or MM (NCT02992483).
Additionally, a phase | dose escalation study of S64315 in combinationavidioclax
in patients wih AML is currently ongoing (NCT03672695).

1.9.3.AZD5991

AstraZeneca developed AZD599M iadole 2-carboxylic acid macrocyclic Mel
selective inhibitorFour different strategiesere used in the desigmcluding fragment
based lead generation, DN&coded library screen, building from known compounds
and covalent inhibition, as well as structiba@sed drug design.

They started wittompound®8 from theliterature(Figure 1.3), and generated a
co-crystd structure with Mcll. Interestingly, two of the compounds bound in the BH3
domain: carboxylic acid interacted with Arg263 while the naphthyl group occupied an
inducedfit in the pocket Binding ofasecond compound was in close proximity to the

first, resulting in aconformational change in the protein to accommodate both
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Figure 1.23. The development of the Mtlselective inhibitor AZD599PDB 6FSO

compounds. @ increase solubilitythe 2methylphenyl groupvas replaceavith 1,3,5
trimethylpyrazole and the two monomaevsre linkedtogether 29). This compound
yieldedanMcl-1 ICs0= 0.77¢M in aTR-FRET assayA byproduct of compoungd was
isolated(30) andhad an improved potency towards Mclith ICso= 0.042eM. A co-
crystal structure witlB0revealeda U-shaped conformation within the pocket and they
hypothesized that a macrocycle would constrain the moleculthasdive an entropic
benefitupon bindingFigure 1.3). It also revealed thdhe pyrazole ring was well
accommodated by the protein, fayther opening the inducefit pocket and increasing
contacts with the proteinAdditionally, it was suggestedpmlar heteroatom linker would
cause a desolvation penalty, and tBlisvas synthesizefiCso = 42nM Mcl-1)%.

After multiplemodificationsincluding addition of the -@hloro and Nmethyl
substituentsatropisomers were isolated due to the restricted rotation around the biaryl

bond resulting in the discovery @&ZD5991( t lRe@ &t r o prigweol@e NMR
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experimentsevealedhatthe compound adopts the bioactive free ligand conformation,
and its potent affinity is driven by rapid-oate kinetics A surface plasmon resonance
assay validated binding affinityK¢l = 170 pM) as well as the rapid-cate binding
kinetics AZD5991was also evaluated in a panel of Mctlependent cell linand
displayed superior potency. They also assessed selectivity in lymphoma cell lines, which
express Mcll, Bcl2, BekxL, Bfl-1, or Bel-w. Activity of AZD5991was blocked by the
overexpession of the other BA pro-apopotic proteinsand expression of BolL in the
sensitive cell line NGH23 showed resistance to the compound. A thermal melt shift
assay demonstrated that in M\XI4 cells, the compound stabilized Mchnd additional
assag showed thadzZD5991relies on Bak for apoptosis inductiatisrupts the
Bak/Mcl-1 complex, and leads to cleavagfecaspase. These dataepresenthe
compounds sensitive to M¢ll andinduces apoptosis via Mdl inhibition in a Bak
dependent manrfér

In MOLP-8 tumors, a single intravenous dose of the compound led te dose
dependent tumor growth inhibition and regression. Ten days post treatment, there was
52% and 93% tumor growth irbition in 10 and 30 mg/kg doseshereas 60 mg/kg
causé 99% tumor regression with no detectable tumors in 6 out of 7 mice. The
compound was well tolerated with no considerable body weight lossrmcallIn
combination with bortezomib, artimor activty was achieved in MM modelsvhile
combinations with venetoclax offered enhanced sensitivity to AZD5991 in AML models
including those that were resistant to venetodlaexhibited potent artiumor activity
with complete tumor regression in MM and ANthouse and rat xenograft models, which

additionally showed induction of apoptosis from casiaad PARP cleavaffe
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Recruiting for a phase | clinical trial with AZD5991darrentlyunderway. It
includesa threepart doseescalation study tassess safety, tolerability,
pharmacokinetics, and afitimor activity in patients with relapsed or refractory
hematologic malignanciescluding MM, NHL, TCL, CLL,SLL,andRi c ht er 6 s
syndrom&®, It is estimated to be completed in 2822

1.9.4.Abbvie compounds

ABBV-467 isan Mct1 selective inhibitothat will begin gohase | clinical trial assessing
the safety and tolerability in adult patients with relapsed/refractory Ké\Mestimated
completion date is in 2023 Althoughits structure has not been discloseere | will
di scuss t he di ssobstiuedringole®darboxyidacid seaffaddsyfich
includesthe Mct1 selective inhibitor AL210477, that was not selected for clinical
studies.These7-substituted indoles including macrocyclic Mcinhibitors have been
disclosedn a number opatent&>%.

A high-throughput screeled to the identification and generation32f(Figure
1.24) that wasthenincubated with Mcll in a G- Heteronuclear Singular Quantum
CoherenceHSQQO NMR experimento evaluate proteiigand interactionsChemical
shift perturbations indicatlMcl-1 binding, leading to further modifications of the
compoundLinker lengthandpolar moietiesn place ofthe cyclohexyl groupvere
deleterious to binding. Nexd-(1-naphthoxypropyl) group was installe®B], resulting in
a 16fold increase in binding affinity Overlay with Bim showed occupied the p2
pocket with the naphthyl groygenetrating deep into the pock€b-crystallization

showed the carboxylic acidteracted with Arg26& the BH3 binding groos: Addition
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Figure 1.24. The SAR leading to the development-4240477PDB 5VKC

of ano-tolyl group(34) at the 7 position afforded a-2old affinity gain.At this point, it
was imperative to test the inhibitoran FPassay in the presence oEH, as serum
depletes in a cellular context, Mtllevels also decreasall binding affinities to Mct1
decreased in the presence of serum

To alleviatethis serum binding, various polar groups were added to ttie N
position. Addition ofmorpholinoethyl groug35) afforded improved affinitgo Mcl-1 (Ki
=9nM Mcl-1, Ki = 470nM Mcl-1 with 1% HSA). Co-crystal structure o85 with Mcl-1
showed the morpholine gup projected towards the solvent, while @i&o-tolyl methyl
group pointed towards the p3 and p4 pockets. However, they noticedpbsitton on
the C7-o-tolyl ring pointed towards the p1 pocket, and an appropdiatistituteds-

membered ring could afford optimal geomdtryengage both pdndp3/p4pocket
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Installation ofl,3,5trimethyl1H-pyrazole ring at the 7 positiof86) resulted irbelow
detectable limits inhe FP assay Therefore, they turned ® TR-FRET assay, which is
able to accurately measure affinities to 10@¥eKi of 36 was 1.5nM in Mcl-1 and35
nM in the present of 10% HSin the TRFRET assayGuided by these results, they
extended th&membered ring at the ortho position to engégen3/p4 pocket, and
eventually develope87 (Ki = 1.8 nM Mclt1, Ki = 98 nM 10% H®\). A co-crystal
structure showede N-acetylpiperizine binds along the/p3 pocket, while the-5
substituted methyl group projects into the p1l pocket.

38 (Ki = 0.43nM Mcl-1, Ki = 6 nM Mcl-1 1% HR\) (Figure 1.2) was used for
additional assaylsecause it achieved picomolar inhibition of McI38 exhibited good
selectivity, with theTR-FRET assayKi > 0.66eM for other antiapoptotic protein
members BeR, BckxL, Bel-w, and A). In an Mct1 dependent MM cell line (H92938
induced caspase activation and decreased cell viability withih 4 h

This led to the development of 2210477(Figure 1.%), an analog o87. It binds
Mcl-1 with Ki = 0.454nM in a TRFRET assay with selectivity over B2land BcixL
(Ki =0.132¢eM and >0.66&M, respectively). Irvarious @ancer cell linesA-1210477

caused Mcll elevationindicatingthe compoundiirectly binds and targets Mal. They

Figure 1.25. The structure of Mel selective inhibitor AL210477.
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also olserve cytochrome fractions in the cytos@nd caspas®8 activationjndicating it
can induce apoptosis in Mildependent cell linef. also caused a doskpendent
reduction in cammunoprecipitated Bn with Mcl-1 as well as Mell-NOXA
interactions, while showing no effect on B:Bim or Bcl-xL-Xs. In a live cell assay
using a mammalian twbybrid assay, they saw disruption of MeNoxaand Mcl1-
Bim2a Additionally, it selectively killed multiple Mell dgopendentancer cell lines
while synergistically acting with navitoclax to decrease cell viability in cell lines that are
dependent on Mel and BcelxL. These data show that 2210477acts ortarget and
induces mitochondrial apoptosisan Mck1 dependentannef®. It has been reported
that addition of an Mell or BckxL selective inhibitor in cell lines resistantBel-2
selective inhibitors could potentially be-sensitized by the administration of these
inhibitors.Indeed, gnergy was observed in-@ministration of AB¥199 and A
1210477 in AML resistant cell lin&s

Although the structure of ABBM67 has yet to be disclosed, the promising data
from these studis suggestth®& b b v i e-DselecMe ¢ompounds have the potential
for treatment as a monotherapy as well as combination therapy for a variety of different
cancers.

Mcl-1 selective inhibitors are difficult to develop due to the various structural
differences of the protesuch as a flatter topologypmpared to the other asapoptotic
proteins, however, the compounds discussed slaven that targeting M€l is possible
with a small molecule inhibitor in picomolar rangeith on-target effectsMcl-1 is a
crucial antiapoptotic protein, with mangancers dependent on its expressionpled

with its implication in chemoresistanddowever, these inhibitors have suggested that
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targeting Mcl1l may be efficacious ascancer thenageutic,buttheir viability in the clinic
will be tested with the numerous Mtimonotherapy and combination therapy clinical
trials ongoing.
1.10.Bfl-1 Inhibition
Bfl-1/Al is one of the least extensively studied-Béamily proteins. The lack of
antibalies and los®f-function mouse models, coupled with the redundantapuptotic
function upon overexpression further validates the lack of published m#te¥ial
Recently, numerous studies have elucidated its structure and function, including the
devdopment of a Bfl1 specific antibody capable of detecting endogenous proteins and a
crystal structure of Bfl. complexed with the prapoptotic protein Nox&%1%2

Murine Al was initially discovered in 1991 as a granulocyte and macrophage
colony stimulaing factor (GMCSF) early response gene. A few years later the human
gene, which shares 72% sequence identity with murine Al, was discovered separately by
three different groug& In 1995, it was initially discovered as a gene found to be
overexpressed istomach cancer that resulted in disease development and progression
and subsequently identified in fetal liver, hence the namé& B#cl-2 related gene
expressed in fetal liver), implicating its involvement in early hematop&ié&i&™. It
waslater reported as a direct transcriptional targetofdNB, suggesting a rol e
inflammatiort®®, In addition, it was discovered as a gene involved in genomic
translocation in patients with chronic myeloid leukemia (C¥L)

Since its discovery, BfL hasbeen found in a variety of cell and tissue types,

including hematopoietic cells, lung, small intestine, testis, and smooth muscle cells, as
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well as playing a role in the regulation and survival of activated lymphocytes,
macrophages, and neutropHifg06107,

1.10.1. Structure and Function

Structurally, Bft1 is an antapoptotic B2 pr ot ein with four BH

helices, consistent with the other aapioptotic proteins (Figurel), yet differs

Figure 1.26.Structure of Bf1. PDB 5WHI

structurally in its C terminal end, where it contains a stretch of hydrophilicessid@his
amphipathic domain is responsible for the ubiquitination and degradation by the ubiquitin
proteasome system (UPS), owing to the shortlifalbf Bfl-1%°. To date, no E3 ligase

has been identifié. In addition to postranslational regulatiohy the UPS, it is also
regulated at the transcriptional level. It is induced by TNF -G,
lipopolysaccharidestimulated macrophages, and antigen receptor stimutgtgh As
represented here, Bil is extensively regulated by a number of diffeiaaitular

mechanisms, owing to the complex nature of the protein.

1.10.2. Modeof-Action

Its modeof-action remains unclear because-Bftan act as a prand antiapoptotic
protein. Studies have explained the interchangeable function-afugfing the

concentrations of CL/CLox apoptosislated lipids, which reside on the outer
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mitochondrial membrane (OMM). These studies revealed that if CL/CLox lipids were
expressed in low levels, Bil exerted artapoptotic function, but upon accumulation of
the lipids, preapoptotic function occurred through sefisembly of homocomplexés
When functioning as an ardpoptotic protein, it is capable of binding both-ppmptotic
proteins Bak and Bax and strongly interacts with B8 proteins tBid, Bim, Puma,

ard Noxa?19 |nterestingly, the prapoptotic function is regulated by two essential
proteolytic events: the first involves modification of thée@minal domain via the
ubiquitin-dependent proteasome turnover ofBff s econd -caplan udes t he
cleavage at the Nerminal BH4 motit®®1% Although the modef-action of Bft1

remains unclear, it is important to note that the overexpression of tregpaptiotic
function of Bft-1 is implicated in both cancer development and progression as well as
chemaesistanc¥6-109110,

1.10.3.Implication in Cancer and Chemoresistance

Bfl-1 is highly regulated by many different proteins and environmental stressors.
However, dysregulations of these mechanisms can lead to its overexpgréssion
examplehyperoxia and low levels of reactive oxygen species can increase its
transcription and lead to protein overexpresSiof. Additionally,in vivostudies have
reported that mutations that inhibit Biflubiquitination (thus increasing its hdife) has
led to increased tumorigené$is The overexpression of Bfl has been implicated in the
development and progression of many solid tumors and cancers including acute
lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia (CLL), anaplastic
large celllymphoma, mantle cell lymphoma, and multiple types of largeIB

lymphoma®3''L, Additionally, it has also been associated with stomach, colon, bladder,
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and breast cancers, as well as melanoma, hepatocellular and squamous cell
carcinoma®% Interesingly, the overexpression of Bfl has been implicated in the
chemoresistance of a number of chemotherapeutics including ##edBtdctive inhibitor
venetoclax, etoposide, staurosporine, and cisptatim fact, manyin vivostudies reveal
increaseddvels of Bft1 are correlated with more severe cases in CLL and breast cancer
due to these resistance fact#$'’. Importantly, the oncogenesis and chemoresistance
linked to Bft1 overexpression reveals the therapeutic need to target thepaptotic
protein.There are no drugs in clinical trials targeting-Bfhowever for a more detailed
analysisat the current progress made towards developing Bfhibitors, see Chapter 5
1.11. Conclusions

Significant progress has & made towards the development of-Béamily inhibitors
since the discovery of venetocldxoselimiting thrombocytopenia angrotein mutations
showcase the difficulty in targeting these PPlewever, gnificant strides have been
made within this field utilizing BH3 mimetics, which operate to displace the pro
apoptotic proteins by binding in the BH3 binding domain of-aptipbtic proteins. All

of the compounds within this chapter have large, hydrophobic heterocyclic scaffolds that
serve as highly potent inhibitors of the Bchntiapoptotic proteind-dowever efforts

from various groups such as Beigene, Ascentage, Abbvie, and Servier and Vernalis
showcase thprogress madeepresented bghe numerous Be2 and Mctl selective
inhibitors currently in clinical trialsMy thesisherein describes my work towards
developing inhibitors targeting various aapoptotic proteins utilizing highly

functionalized heterocyclic scaffolds.
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Chapter2.Rat i onal |l y Desi gne eHeliRMimetigs hsscDuahac ol ogy : U
Inhibitors of the Oncoproteins Mcl-1land HDM2
2.1.Introduction
Proteinprotein interactions (PPIs) are involved in crucial cellpthways including
proliferation, differentiation, and apoptosfsDysregulations of PPIs cause a host of
different diseases, including cancer, neurodegenerative disorders, autoimmunity
complications and diabeté Typically, PPI interfaces cover largarface areas and
consist of flat hydrophobic regions with noncontiguous contact points, rendering drug
design challengirfy®. However, many academic and industrial groups have successfully
targeted these interactions with small molecules, several ohwhicarious stages of
clinical trials® 3, Tools such as alanine scanning mutagenesis have been instrumental in
identifying key residues | ocated in Ahot spo
energetic stabil i-Helixmediae ¢ hRP Ico,mptl eex®ees . i H mt Us p
involve thei, i+3/4, and+7 residues that are oriented on one side of thelfiéfix
The B-cell lymphoma2 (Bcl-2) family and human double minute 2 (HDM2)
engage i n-mediatechPPIE ne their aberrant reguietiare directly associated
with tumorigenesis''8 The Bct2 family of proteins are key regulators of cell life and
death, and constitute the intrinsic pathway of apoptesisThe family comprises three
subgroups: the antiapoptotic proteins myeloid leelkemial (Mcl-1), Bcl2, BckxL,
Bcl-w and Bft1; multidomain preapoptotic proteins Bak and Bax; and BBy pro
apoptotic proteins including Bim, Bid, PUMA, and NOXA. When the cell receives
apoptotic stimuli due to different stressors such as DNAadge or growtHactor

deprivation,BH3o nl y proteins are up+hedgulcal e BHBn did etal
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domains (Figur@.1A), bind the antiapoptotic proteins to release Bak and Bax, leading to

homodimerization of these proteth¥’. In turn, this leads to mitochondrial outer

Phe69
1le65

Leu62

Bim-BH3 q-heli‘x i BE et
?;r];;n;]gz;l;ed B e highlighted residues.

PS3TAD ¢-helix (bluc)
docked in HDM2 (PDB: ’ P53TAD peptide with
1YCR) highlighted residues.

Figure 2. 1. A) Cocrystal structure of BirRBH3 boundo Mclk1 (PDB ID: 2NL9). B) Hot spc

residues highlighted in BiBH3 peptide. C) Carystal structure of p53TAD bound to HDNM

(PDB ID: 1YCR). D) Hot spot residues highlighted in p53TAD.
membrane permeabilization (MOMP), ultimately allowing the release of apeptosis
inducing proteins such as cytochromé*é During the formation of malignancies
dependent on B& proteins, the antapoptoticproteins are overexpressed and the BH3
only proteins are unable to compensate, causing cell immottafty

HDMZ2 is an E3 ubiquitin protein ligase responsible for the degradation of the

tumors uppressor pr ot ei n-hghcal3ransabtiationdgrain @ADI di ng it
Figure2.1Cy1?2 p53 is a shoilived protein whose concentration at any given time is
controlled by the rate at which itisdegratfed I't i s coined the fdguard
due to its involvement in a variety of cellular pathaayotably the transcription of genes

during cell stress events involved in apoptosis, DNA repair, senescence, and metabolic
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homeostasis. In turn it is negatively regulated by HBA2 During tumorigenesis,
HDMZ2 can be overexpressed, thus inhibitingdahgvation of p53 and decreasing cell
deatl®. p53 regulates apoptosis with both the transcriptiependent andndependent
pathways, crossing paths with Btproteing®. Within the transcriptiomependent
pathway, it transcribes genescessary for cell senescence and apoptosis such as p21 and
the BH3only protein PUMAS, Importantly, this pathway involves the translocation of
p53 from the nucleus to the mitochondria, allowing interactions with various members of
the Bck2 family?®. p53can bind antapoptotic proteins directly or disrupt prand anti
apoptotic interactions such as the Bak/ €l Additionally, it can directly bind Bax,
which can then translocate and homodimerize on the mitochondrial outer membrane,
leading to MOMP'?32129 Together these interactions indirectly cause apoptosis within
the celf®23.24

Consequently, these proteins have been the target of intense medicinal chemistry
efforts towards the discovery of new treatments for cahe&?. Although clinicatrials
are ongoing, to date there are no FBgproved Mcll or HDM2 inhibitors, with only
one Bclt2 selective inhibitor, venetoclax, that has reached the Yitiowever, studies
have shown that venetockiseated cancer cells develop chemoresistagce b
overexpressing other argpoptotic proteins, most notably Mcl1;a#irming the unmet
medical need of developing Milinhibitors’-*8

In a phase Il study evaluating venetoclax in patients with relapsed/refractory acute
myeloid leukemia (AML), a 19%esponse rate was observed. 34% of patients in this
study escalated to 1200 mg of venetoclax due to lack of response at the initial 800 mg

dose, which did not achieve additional respéhs¢ext, a phase Ib clinical trial was
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employed to assess a combioattherapy of venetoclax and idasanutlin, an HDM2
inhibitor, in relapsed/refractory acute myeloid leukemia (AML) due to the modest
monotherapy response rate. This combination was explored due to the overexpression of
Mcl-1 in venetoclaxesistant cells, copounded with the knowledge that the inhibition
of HDM2 and subsequent activation of p53 can result inMaégradation. They
reported 35.9% of patients responded to treatment. Of 39 patients treated, 14 exhibited
antileukemic response which include coatpland partial remissitfhh Currently, a phase
I/l study is ongoing to determine the safety, tolerability, pharmacokinetics of the
combination therapy in pediatric and young adult patients with relapsed/refractory acute
leukemias or solid tumors (NCT04®@38). Additionally, a recent study involving the
Mcl-1 selective inhibitor S63845 and the HDM2 inhibitor HDM201 evaluated the cell
viability of combination treatments in AML cetfs MOLM-13 and OGIAML -3 cells
were susceptible to S63845 monotherapy Wiih70% viability, while OCIAML -2 cells
were 95% viable. In contrast, OBML -2 AND MOLM-13 cells were susceptible to
HDM201 monotherapy with 80% viability, whereas Q&ML -3 showed no reduction.
All three cell lines showed synergistic effects, with thebmation index (Cl)= 0120.5
when treated with both drugs, while GEML -3 exhibited a strong synergy effect with
Cl=0.20.3"%. These studies represent the efficacy of combination therapies of -an anti
apoptotic protein inhibitor with an HDM2 inhibitor.

An alternative strategy to these polypharmacy regimens is polypharmacology, in
which one drug is fashioned to recognize multiple targets. Polypharmacology is an
emerging field of research and could provide multiple benefits to the patient, including

increagd patient compliance, eliminated drdigug interactions, and reduced side effects,
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not only through a reduction in drug cocktail complexity but also broadened therapeutic
windows through greater therapeutic efficacies with reduced #déds light of these

studies, coupled with the multifactorial nature of cancer that suggests multiple drugs, or a
single drug presenting multiple pharmacophores, will be required for an effective
pharmacotherapy, we herein describe a polypharmacology approach to #uelresset

needofMcddll and HDM2 inhibitors -helixmimicrgge cl i ni ¢ usi

2.2.Results and Discussion

Boththe BmBH3 and phS5edlTiAcDesU project similar hydr oy
Sspot 0 iie3%jaddt+e keu62, lle65, anehe69 in Bim (Figur@.1), and Phel9,

Trp23, and Leu26 in p53TAD (Figu1)*¥ 45, Importantly, there is a conserved arginine

residue on prdife proteins (Arg263 in Mcll) that forms a salt bridge with Asp67 on the

B i mheliX at thei+5 positiort’. Additionally, there is an aspartate residue in an

analogous locatiori€2) in p53TAD (Asp21), that helps maintain the integrity of the

helix rather than engage in recognifibrwWe set out to capitalize on these similarities

a cr o s shellwas tolwards theistovery of dual inhibitors of Mel and HDM2.

Monocyclic scaffolds such as terphenyl, imidazoline, and pyrazole scaffolds have
been used as scaffolds to ef f-lelicedi®>el y mi mi c
Roche introduced small molecules basadtisimidazolines as inhibitors of HDM2,
leading to the discovery of the nanomolar inhibitor NuB&°. As evidenced by a €o
crystal structure of Nutlk8a and HDM2, the isopropoxyphenyl group mimics Phel9,
while the two 4chlorophenyl groups projectéd a cisl1,2fuctionalization from the

imidazoline scaffold mimic Trp23 and Leu26 (PDB ID: 4 J3E; FiguL¢2
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Figure 2.2. Nutlin 3a cocrystallized with HDM2 (PDB ID: 4 J3E).

Given Nutlin 3ad6s effective mimicry
Bim-BH3 helix, perhaps it is unsurprising that it also exhibits low micromolar inhibition
of Bcl-2%2, In patent CA2771936 A1, Novartis describes-sabhomolar inhibitors of
HDM2 based on tetraubstituted heteroaryl scaffolds including imidazoles, pyrazoles,
and pyrroles. The most potent compounds project aryl functional groups ina 1,2,3
substitdion pattern, indicating a clustered projection appears opfinDB ID 40Q3
illustrates the carystal structure of one of these imidazbkesed inhibitors with HDM2

(Figure2.3).

Figure 2. 3. Co-crystal structure of Novartis compound and HDM2 (PDB ID: 40Q3).
Residue labels indicate the binding locations of ther&siglues in the p5S3TAD helix.
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The three functional groups engage in migtipontacts with the protein with each
functional group projected into the respective pockets:tiBl or o p hie ny | in a
interaction with His96 while mimicking Leu26;rethyl, 5chlorophenyl sitting in the
Trp23 pocket, and the-@ethylphenyl functional gigp mimicking Phe1%. More
recently, Zhangt al.developed a dual B& HDM2 inhibitor based on a pyrazole
scaffold (Figure2 4, center structuré) As shown in Figur@.3, their work is very
closely related to the corresponding pyrazoles from Noiggire2.4, left structure)
with a noticeable departure being the incorporation of an amide group between the
pyrazole core and one of the aryl side chains. The authors reasoned this flexible amide
bond was incorporated to promote mimicry of the lessstrw r e d  phélig, WD U
retaining eff ect i-hel Theimostpotent Béh Mcl-1, ané B H3 U

HDM2 achieved affinitesoki= 0. 140, 0. 161, arfd 0.107 &M,

Isoxazoles (1,2,3-)

Retain acidic functionality \\S/I"é
and deliver 3rd functional

HN
group
R3  Ppheta() R o] o
o Phe69 (i+7) —
Phe19 (i) o2 O\N/ s

Asp67 (i+5) O - HN

@

Asp21 (i+2) Asp21 (|+2 = / Pyrazoles (1,3,4-)
HO ~ Ry i N
Ne ,}1 11e65 (i+3) ‘ \ 7 o\\g A,
N Trp23 (i+4) Trp23 (i+4) =Y /S
7\ / \ 7\
.. {eigs (i+7) ’[::?562 (') = "
! R Thiazoles (1,2,4-)
ie 51] 45) Our work O
Novartis Zhang et al. O\\IS'/“‘%
HN™
O)%s
N\
_yfr

Figure 2.4. Representative structures of Novartis pateAR771936 A (left), Zhang et af® dual
Bcl-2/HDM2 inhibitor (center), and our work presented in this manuscript (right). Normal fon
represents p53TAD residues; bold, italic font representsB8 residues.



Leveraging the successesrfr Novartis and Zhang with heavily functionalized
pyrazoles to inhibit the Be& family of proteins and HDM2, coupled with the effective
deployment of the acyl sulfonamide functional group as a carboxylic acid bioisostere in
Mcl-1 inhibitors elsewhere, waesigned a library of three novel, densely functionalized
scaffolds to mimic the BH3 binding domain and p53TAD: isoxazoles, pyrazoles, and
thiazoles (Figur@ .4, right structure), which are all present in pharmacologically active
drug molecule¥' *°. Eachscaffold will allow us to explore the protein binding interfaces
with different substitution patterns: isoxazoles represent a-fu@¢dionalization (with
the numbering starting with the acyl substituent), pyrazoles representa 1,3,4
functionalization, ad thiazoles a 1,2;functionalization. In addition to sustaining the
acidic functionality needed to make contacts with Arg263 of Mhcorporation of the
acyl sulfonamide functionalgroipa ki n t o t he a mi idypothesizezdh ango6 s
to ensure dlivery of the third aryl group to both M&l and MDM2 by providing
additional flexibility that per-mlxtarsl ef fecti v

equally theless t r u c t u-hebxdFigureé®2.3 shas the overlay of an energy

Figure 2.5. Energy minimization ddX0in ChemDraw3D and overlaid with BHBH3
(center) and-hpliBe.TAD (right) U
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minimized conformation of acyl sulfonamide isoxazO&0 in which all R groups were
fixed as isopropyl groups.

Good mimicry of the key side chains (highlighted) of both helical peptides is
suggested, which is expected to translate into potent inhibitibttiel and HDM2.
Since the acyl sulfonamide portion is intended to emulate the carboxylic acid on one face
of the helix as well as a hydrophobic group on the opposing face, whilé trelR are
intended to emulate adjacent hydrophobic groups on the &aa of the helix, we
hypothesize that the isoxazoles and pyrazoles will be more potent inhibitors than the

corresponding thiazoles which carry an inferior substitution pattern.

2.3.Computer aided drug design

We employed computearided drug design (CADQusing SILCS, site
identification by ligand competitive saturation, to assist in compound library design
efforts%58, Unlike other CADD methods, SILCS takes protein flexibility and desolvation
into account. SILCS initially involves molecular dynamics (Milmulations of the target
protein in the presence of organic solutes immersed in an aqueous environment, which
compete for binding sites on the protein. Analysis of the distribution of organic solutes
yields 3D residence fragment probability distribudhat are used to map functional
group affinity patterns, termed FragMaps. These FragMaps include aliphatic, aromatic,
hydrogen bond donors and acceptors, heterocycles and charged functional groups that are
converted into grid free energies (GFEsYisualization of the FragMaps allows for the
identification of synthetically accessible specific functional groups that will maximize
interactions with proteins. SILCS Monr@arlo SILCSMC) sampling can be used in

conjunction with the FragMaps for ligand dawis from which LigandGFE (LGFE)
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scores are obtained, providing a quantitative ranking of different li§fafdss aids in
the design of functional group modifications on the inhibitors to increase affinity for the
target protein. In the present study 81&CS approach is used simultaneously on-§cl
and HDM2 to identify functional groups that will maximize affinity for the two proteins
in the context of a rational polypharmacology design approach.
Next, OX0 was docked into Mel (Figure2.6A) and HDM2 (Figure.6B) by
using SILCS to show the binding mode of our compounds and determine their ability to

occupy regions that are favorable for binding of the design functional groups.

Figure 2.6. SILCS MC‘docking wit®X0in A) Mct1 andB) HDM2.

Figure2.7 shows the SILC$IC docked orientations d@X0 in Mcl-1 (left) and
HMD2 (right), along with FragMaps for aliphatic (green) and aromatic (purple)

functional groups. This informs us where additibmoieties should be grafted onto our

) Y AN - w/ia RS
Figure 2.7. OX0docked in Mcll (left) and HDM2 (right) with SILC®Aliphatic FragMaps
are purple and aromatic FragMaps are green.
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inhibitors to ensure more favorable contacts with the proteins. In both proteins, the
hydrophobic functional groups projected from the core scaffold are encased almost
entirely within the FragMaps indicating that yhere in the correct orientation to mimic

the native ligand and thereby improve the binding affinity.

2.4.Synthesis
Target molecules based on the generic structures shown in Bigyreght), were
accessed as depicted in Scheii@ 1n order to evaluatour design strategy, the,RR?
and R groups were restricted to a focus set of hydrophobic side chains, including
isopropyl and phenyl.

IsoxazolesAzidation of ethyloromoacetaté)(followed by a Knoevenagel
condensation with-#sopropxybenzaldehyd@) delivered ethylZ)-2-azido 3-(4-

isopropoxyphenyl) acrylat8). Meanwhile, various-4ubstituted benzaldehydes 4 were

R*= NHSO,Ar (8) <——
Figure 2.8. (i) NaNs, DMF, r.t., 18hr; (ii) (4OiPr)benzaldehyde, NaH, EtOHL0°C, 4hr; (iii)
NH,OH-HCI, Pyridine, reflux, 1hr; (iv) Et3N, NCS, DMF, rt to 90°C, 18hr; (v) LIOH-H20,
THF/MeOH/HO, r.t.,18hr; (vi) hydrolysis prepared via (v) corresponding sulfonamide,
isobutyl chloroformate, NMM, NaH, THF10°C to 0°C to r.t., 18hr.
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transformed intok)-benzaldehyde oximes 5 under standard conditions. Subsequently, N
chlorosuccinimide mediated the cyclization of acryl&esth oximesb to construct the
isoxazole scaffold in copounds6. Saponification of the ethyl esters revealed the
carboxylic acids/, which were finally coupled with various sulfonamides to afford the
1,2,3functionalized isoxazole acyl sulfonamidg&s
PyrazolesIsopropylation of 4itrophenol 9) followed by reduction with tin(ll)
chloride yielded 4sopropoxyaniline 10), which was subsequently transfadinto
hydrazinell. Meanwhile, 4fluoroacetophenonel®) underwent §Ar reactions with
isopropanol or phenol to furnish thesdbstituted phenol ethet8, which underwent
Cl ai sen ester condensat i eketsestarddtlihan di et hy |l oxa

application of the Knorr pyrazole synthesis, hydraziitaw e r e condekets ed wi t h

NO, NH; NHoNH,HCI
/©/ ia,b )\ /©/ dab )\ /©/
HO -~ © 2
9 10 11

N iv
i b
Figure 2.9. (ia) 2-iodopropane, KCOs;, DMF, r.t. to 60°C, 18hr; (ib) SnegPH0, EtOAC,
50°C, 18hr; (iila) NaNQ@, H-0, 0°C, 18hr; (iib) SnGI2H:0, EtOAc, 50°C, o.n.; (iii)
corresponding alcohol, #C0O;, DMF, 60°C, 18hr; (iv) diethyl oxalate, NaH, THF, 0°C to rt
18hr; (v) AcOH, reflux, 18hr; (vi) LIOH-H20, THF/MeOH/E, r.t., 18hr; (vii) hydrolysis

prepared via (v)then corresponding sulfonamide, isobutyl chloroformate, NMM, NaH, T
10°C to 0°C to r.t., 18hr.

N
| :\<
o/< R%= OH (16) ——

R*= NHSO,Ar (17) <~

1
R vi

15
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esters to yield the 1,2#isubstituted pyrazolek5. Saponification as before delivered the

corresponding carboxylic acid$, which were subsequently coupled to libeary of

sulfonamides to furnish the 1,3tdsubstituted pyrazole acyl sulfonamidEs
ThiazolesBriefly, ethyl2-aminothiazoled-carboxylate 18) was chlorinated in

the remaining aromatic position aneéthsubjected to a Sandmeyer transformation to

deliver the 2 broma5-chlorothiazole2-carboxylate derivativ@0. Both halogens were

displaced in a double Suzuki reaction employing an exces$iydbxybenzeneboronic

acid, and then both phenols were alkgthwith isopropyl iodide to yield2.

Saponification as before delivered the carboxylic @8idand conjugation to our library

of sulfonamides furnished the target molecules, itj2-gubstituted thiazole acyl

sulfonamideg4.

OH
O
6] o) N
—\ X O (0]
K P T e y
— i T ii — i N\ S
NYS o NYS —_— Ne S i
NH, NH, E
18 19 \( 20 ‘(
o OH

22\( OY R= OH (23j .

R*= NHSO,Ar (24)

Figure 2.10. (i) NCS, ACN, 80°C, 18hr; (ii)yBnONO, CuBy#, ACN, 80°C, 18hr; (iii) 4
hydroxyphenylboronic acid, CsF, tetrak{&iphenylphosphine)palladium(0)), DME/MeOH,
80°C, 18hr;(iv) 2iodopropane, KCOs;, DMF, 50°C, 18hr; (v) LiOH-ED, THF/MeOH/HO,
r.t., 18hr; (vi) corresponding sulfonamide, isobutyl chloroformate, NMM, NaH, THF,to
0°Ctor.t., 18hr.
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2.5.Results

Binding affinities of target molecules to M&land HDM2 were determined by a standard
fluorescence anisotropy competition assay using FITC (fluorescein isothiocyanate)
labeled BakBH3 for Mcl-1 or TAMRA (tetramethylrhodamindabeled p53 for HDM2;
these dta are presented in Taldd. As we prepared a focused set of inhibitors, it would
be premature at this stage to delve into a detailed discussioh Bhdd R side chains,
and that will be reserved for a follewp full paper with a larger library of compounds.

However, it is clear that in every case, compounds were more potent inhibitors df Mcl

R2

R’ R?
. K; (M)
| 1 2 4 i
Compound Number R R R Mel-1 HDM2
7a -OiPr -OiPr -OH 114+1.0 85.8+16.2
7b -OPh -OiPr -OH 2.83+0.30 18.6+3.9
16a -OiPr -0iPr -OH 10.6 + 0.7 844+ 169
16b -OPh -OiPr -OH 3.12+7 154+29
23 -OiPr -QiPr -OH 10.4+0.8 27.9£5.1
8a -OiPr -OiPr -NHSO,(4-OCF3)Ph 2.91+0.11 415+83
8b -OPh -OiPr -NHSO,(4-OCF;)Ph 0.263+0.018 NA
8c -OPh -0iPr -NHSO,(4-OPh)Ph 0.355+0.02 334+42
8d -OPh -OiPr -NHSO,(2-naphthyl) NA NA
17a -OiPr -0iPr -NHSO,(4-OCF;)Ph 5.89 +0.03 41.0+74
17b -OPh -OiPr -NHSO,(4-OPh)Ph 205+ 1.62 16.5+2.1
17¢ -OPh -OiPr -NHSO,(4-OCF3)Ph 0.433 +0.033 115+1.7
17d -QPh -QiPr -NHSQ-(2-naphthyl]) 0561 +0072 302 + 83
24a -OiPr -OiPr -NHSO,(4-OCF;)Ph 5.14 +0.59 141 + 26
24b -OiPr -OiPr -NHSO,(4-OPh)Ph 30.9+7.26 263 + 54
24c¢ -OiPr -OiPr -NHSO,(2-naphthyl) 19.1+22 NA

Table 2.1. Inhibition of Mct1 and HDM2 with isoxazoles, pyrazoles, and thiazoles using
fluorescence anisotropy competition assay (FACA). NA: no activity. Data are representec
average of experiments performed in tripleatSD. 1Gyvalues were converted intg ¥alues by
using the Nikolovsk&oleska equatioff.
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than HDM2, ranging from around thréald to >100fold better. Fathermore, the
isoxazoles and pyrazoles were, generally, the most potent dual inhibitors, and, likely
owing to the inferior substitution pattern that was referred to earlier, the thiazoles were
the worst inhibitors. Of course, we cannot rule out thatdéetity and location of the
heteroatoms in each core did not impact binding affinity, as well, and this will be
investigated at a later date. It is noteworthy that the more potent isoxazoles and pyrazoles
have a more cl ust er e dmilartothe goterit HOMRZ inlabftor A si de ¢ h
Nutlin-3a, and a caerystal structure of Nutlh3a/HDM2 reveals the three splockets on
HDMZ2 are close together (PDB ID: 4 J3E). This superior functionality is present in both
the Novartis patent and the Zhang et ahldohibitor*>>%
We hypothesized that the conversion of the carboxylic acid to an acyl sulfonamide
would offer greater inhibition, accomplishing mimicry of the third hydrophobic side
chain. While the poor activity of the thiazole a2i@lcould not be recued in this way, the
data for the isoxazoles and pyrazoles proved this hypothesis true in almost every case
with Mcl-1 and in some of the cases with HDM2. This can be seen, for example, by
comparingacida(Ki= 11. 4 -EM, (8.1 8 & M (chirBsphidingacwi t h it s
sulfonamideBaKi =2 . 91 -1e)M (4Mc.15 € M ( HDM@aKj)=106as wel | a
eM (Mx]|] 84.4 €M (HDM2)) withl7mke anddogMus a
Mcl-2), 41.0 €M (HDM2)). We attrtobaiagne t hi s to
acidic functionality needed to engage with Arg263 of {icbut also the excellent
delivery of the third functional group*Rhat is seen to overlap with the FragMaps in
OXO0 (Figure2.6) in the modeling studies with both proteins, indicatingy th@ntribution

to improved affinity. It should be noted that althoUgK0 was not synthesized, it is very
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similar to 8a, and the intention of the FragMaps was to suggest analogues based on the
modeled compound, such®a Closer inspection of the dataggests that the strategy of
converting a carboxylic acid into a structurally more elaborate acyl sulfonamide had a
greater beneficial impact on Milinhibition than on HDM2 inhibition, and in some
cased predominantly isoxazolésthis actually proved demental to HDM2 inhibition.
Of all compounds tested, our most potent dual inhibitor was pyraZolith K; values
of 433 nM and-1ant HBM2 grédpedticely. Inktivdrtently, we may have
identified a new scaffold for the development of selective-Miclhibitors, since some of
our isoxazoles were potent against Malvith limited or no activity agast HDM2, for
example8b with aK; of 263 nM for Mct1 and inactive against HDM2.

One of the challenges with developing dual inhibitotsrough the same
recognition motifi of Mcl-1 a n d H BHEX mimigry i¥)the size mismatch
between analogous sidbains. Particularly, the middle side chain of the region of-Bim
BHS3 that is being emulated is relatively small (Ile65), whereas the corresponding residue

in p53TAD is much larger (Trp23), and the respective pockets that bind these side chains

donotappea mal |l eabl e from crystal structures.

demonstrated that the p2 pocket on Mi¢hat binds Leu62 of BilBH3 is somewhat
plastic, and can accommodate larger gré{iisdeed, this appears to be a significant
source of ligad affinity. Thus, for an effective dual inhibitor, a largedgRoup is required
for Mcl-1 inhibition, but a large Rgroup is required for HDM2 inhibition. The isoxazole
scaffold cannot effectively meet these criteria simultaneously. However, the pyrazole
scaffold can because thé &d R groups are interchangeable with respect to the third

substituent at the acyl sulfonamide functionality through rotation about the pyeazble
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bond, and this may be one reason why, in general, the pyrazole acy! sudfes&mned

better as dual inhibitors than the corresponding isoxazole acyl sulfonamides. In other

words, the large Rohenyl group in the pyrazole series can serve as an effective mimic of
Leu62 at the | ocat ed -halikand bindhe plasticipppocketgf of t he
Mcl-1, yet, on the other hand through pyrazatgl bond rotation, is also able to mimic

the Trp23 in the -melixddl e of the p53TAD U

2.6.Conclusion

The discovery of targeted anticancer agents is an intense field of resedish th
constantly being met with defeat due to the development of resistance. Polypharmacology
represents a paradigm shift in the treatment of Afattiorial diseases, such as cancer.
Recognizing that Mell and HDM2 are both upregulated in similar canees their
anticancer activities ar e -heleajdohansietideirby si mi |
partner proteins, we hypothesized that suitably functionalized heterocycles could be
designed to simultaneously inhibit both Mchnd HDM2. In summary, weave
demonstrated that acyl sulfonamides of triply substituted isoxazoles and pyrazoles are
ef f ect i-helex mitheties lof the BirBH3 and p53TAD domains, inhibiting Mdl
and HDM2, respectively. Although our data presently indicate that the isogamigjbt
be better suited to the development of selective Mahibitors, further optimization of
the pyrazole core may lead to more potent dual inhibitors. Particularly, since conversion
of the pyrazole acids to their corresponding acyl sulfonamidesnees impactful for
Mcl-1 than HDM2, we intend to first optimize the pyrazole acid predominantly to
HDM2, and then anticipate a greater improvement in-Maffinity upon converting the

acids to acyl sulfonamides.
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2.7 Supplementary Information

2.7.1.Chemistry

General. Unless otherwise stated, all reactions were performed under an inert
atmosphere (By. Reagents and solvents were ACS grade, and purchased from Sigma
Aldrich, Alfa Aesar,Oakwood and TCIl America. Anhydrous solvents were used as
provided from SigmaAldrich. Reactions were monitored by tHeyer chromatography
(TLC), visualizing with a UV lam@nd/or KMnQ stain. Flash column chromatography
was performed with silica gel 60 A (ABOmesh, Merck)!H and'*C NMR spectra were

recorced on a Varian INOVA 400 MHz NMRpectrometer at 25 °C. Chemical shifts are

reported in parts per million (ppm). Dataf6tNMRar e reported t hus:

ppm) (multiplicity, coupling constant (Hz), integration), wheremultiplicities are: s =
singlet, d = doublet, t = triplet, m = multiplet. The residual solvent peak was used as an
internal reference: CDE( Wi7 . 2&77.21Y0anddls-D MS Ox 4 .U5 dB9.51)i

Isoxazoles

General Procedure A: Synthesis oéthyl 2azidoacetateEthyl bromoacetate (1eq) and
sodium azide (1 eq) were dissolved in DMF (0.1M) stirring at room temperature for 18
hours. ATLC in 1:1 Hexane/EtOAc indicated the reaction was complete. EtOAc (50mL)
was added to theeaction, washed with4® (5x, 75mL) and brinelk, 50mL), dried with
NaxSQy, filtered, ancconcentrated in vacuo. Azeotroping with Chlgiklded ethyl 2
azidoacetate (quantitative yield).

General Procedure B: Synthesis of4)-2-azido 3-(4-isoxpropoxyphenyl) acrylate
Anhydrous EtOH (0.5M) was cooled 10°C under M NaH (5 eq) was added and

stirred at- 10°C for 30 minutes. Next, a mixture of ettdshzidoacetate (1 eq) and 4
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isopropoxybenzaldehyde (1 eq) in 1mL of anhydrous EtOH was added dropwise to the
reactionover 30 minutes and the reaction vgisred at-10°C for four hours. A TLC in

1:1 Hexane/EtOAc indicated the reaction was complete. The reaction was quenched with
1mL of H.O and EtOAc (50mL) was added to the reaction and washed with 1M HCI (2x,
75mL) andbrine (1x, 75mL), dried with N&Q, filtered, concentrated in vacuo, and
azeotroped with CHGYielded 4substituted (ZR-azido 3-(4-isoxpropoxyphenyl)

acrylate (quantitative yield).

General Procedure C: Synthesis of aryl aldehyded-phenoxybenzaldehyde (1eq) and
K2COs (1.5 eq) were dissolved in DMF (0.1M}i@dopropane (4a) or phenol (4b) (1.5

eq) wasadded dropwise to the reaction and it was stirred at room temperature for 18
hours. A TLC inHexane/EtOAc revealed the reaction was complete. EtOAc (50mL) was
added andhe reactiorwas washed with ¥ (5x, 75mL) and brine (1x, 75mL). The
organics were dried with N8y, concentrated in vacuo, and azeotroped to reveal aryl
aldehydes.

General Procedure D: Synthesis of substituted aryl oxime# substituted

benzaldehyde (&q) and NHOHN HCI (1.1 eq) were dissolved in pyridine (0.1 M) and

refluxed for 1 hour. A TLC in 1:1 Hexane/Et@Andicated the reaction was complete.
EtOAc (30mL) was added to the reaction and washed with (k5, 50 mL) and brine

(x1, 50mL), dried with Ng5Qy, filtered, and concentrated. It was columned on an Isolera
in 4:1 Hex/EtOAc, concentrated in vacuo, and azeotroped gGli#lded substituted aryl
oximes.

General Procedure E: Synthesis of isoxazole ethyl estefssubstituted aryl oxime (1

eqg)was reated with Nchlorosuccinimide (1.2 eq) in DMF (0.1 M) stirring at room
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temperature fofour hours. A TLC in 2:1 Hexane/EtOAc indicated the reaction was
complete. Then, aubstituted methyl azidoacrylate (1 eq) was added in 1mL DMF,
followed by TEA (1 eq, 81 mmol) stirring overnight at 90°C. A TLC in 4:1
Hexane/EtOAc indicated the reaction veasnplete. EtOAc (30mL) was added to the
reaction and washed withp@ (x5, 50 mL) and brinéx1, 50mL), dried with Na2S04,
filtered, and concentrated. It waslumned on an Isolera in 4Hex/EtOAc, concentrated
in vacuo and azeotroped to give the isoxazole ethyl ester compoeithd29% yield).
General Procedure F: Synthesis of isoxazole carboxylic acidehe isoxazole ethyl

ester (leq) was reacted with LIOM H20 (4 eq) in 3:1:1 THF/H20/MeOH (0.1 M) at

room temperaturevernight. A TLC in 92:7:1 CH2CI2/MeOH/Acetic acid indicated the
reaction was complet&tOAc (30mL) was added to the reaction, washed with 1M HCI
(x3, 50mL), dried with Ng5Qy, filtered, and cacentrated in vacuo. The crude product
was columned in 92:7:CH.Cl/MeOH/Acetic acid, concentrated in vacuo to reveal the
isoxazole carboxylic acid (55%6eld).

General Procedure G: Synthesis of isoxazole acyl sulfonamidés) isoxazole
carboxylicacid (1eq) was dissolved in THF (0.1 M), brought1®°C, when
isobutylchloroformate (1.1 eq) followed by NMM (1.1 eq) was added. The reaction
stirred for 1 hour at1l0°C. Then, at 0°C, a substituted sulfonamide (1.5 eq) was added,
followed by NaH (3 eq). Therhe reaction warmed up to room temperature and stirred
overnight. A TLC in 79:9:1 CkCl./MeOH/H0O showed the reaction was complete.
EtOAc (15mL) was added to the reaction, washed with 1M HCI (x3, 30mL), dried with

NaSQq, filtered, and concentrated in wex The crude product waslumned in 79:9:1
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CH.CIl2/MeOH/HO, concentrated in vacuo to reveal a 3igubstitutedsoxazole acyl
sulfonamide (75% vyield).

General Procedure H: Synthesis of functionalized sulfonamide$he sulfonyl

chloride (1eq) was aded to a reaction flask and dissolved in dioxane (0.1M). The
reaction was cooled ©@C and NHOH (10 eq) was added slowly to the reaction

mixture. The reaction was heatedd@m temperature and stirred for 1 hour. Completion
of the reaction wasionitored via TLC witha gradient of Hexanes/EtOAc. Once
completed, the solvent was evaporated off and the cnadierial was dissolved in

EtOAc. The organic layer was washed 1M HCI three timesalected, dried with

NaSQy, filtered, concentrated dovwand azeotroped with CH&o yield the

functionalized sulfonamides (880% vyield).

Pyrazoles

General Procedure I: Synthesis of the arylhydrazinesAn aniline (1 eq) was added to
areaction flask followed by the addition of 1M HCI (0.1 M) and stirred at 0t@

reaction stirred for 5 minutes and then was brought to room temperature. The reaction
stirred for 20 minutes and then was cooleebfC. NaNQ (1.05 eq.) dissolved in4®

was added dropwise to reaction. The reaction stirred for 15 minutes anchtbin(&0

eg.) was added to the reaction. The reaction stirred at room temperature for 3 hours and a
precipitate formed. The precipitate was filtered out of the reaction and washed with cold
H20 to isolate the desired arylhydrazine-{80% yield).

General Procedure J: Synthesis of the 2,4ioxobutanoates.A ketone (1 eq) was

added ta reaction flask and solubilized in a mixture of 5:1 anhydrous toluene/anhydrous

THF (0.1 M).The reaction was cooled to 0°C and NaH (2 eq) was then added to the
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reaction. Theeactionsstirred for 10 minutes and then diethyl oxalate (1.2 eq) was added.
The reaction was thdmeated to 60°C and stirred for 2 hours. Completion of the reaction
was monitored via TLC in gradient of Hexanes/EtOAc. Once complete, the crude
mixture wa partitioned between 1M H@hd EtOAc. The organic layer was extracted,
dried with NaSQy, filtered and concentratetbwn. The crude material was then dry
loaded onto silica gel and purified via coluetiromatography. The fractions containing
the productvere combined, concentrated down aadotroped with CHGko yield the
2,4-dioxobutanoates (685% vyield).

General Procedure K: Synthesis of pyrazole ethyl esterén arylhydrazine (1 eq) and
2,4 dioxobutanoate (1.2 eq) were added into a reafiagk and solubilized in MeOH

(0.1 M). Thereaction was refluxed for 3 hours at 65°C. Completion of the reaction was
monitored via TLC ima gradient of Hexanes/EtOAc. Once complete, the crude mixture
was partitioned between 1MaOH and EtOAc. The organiayler was extracted, dried
with NaSQq, filtered andconcentrated down. The crude material was then dry loaded
onto silica gel and purified vieolumn. The fractions containing the product were
collected, combined, concentrated down ameotroped with CHGLo yield the pyrazole
ethyl esters (8@0% vyield).

General Procedure L: Synthesis of pyrazole carboxylic acid#\ pyrazole ethyl ester

(1 eq)was placed into a reaction flask and solubilized in a 3:1:1 mixture of
THF/H.O/MeOH (0.1 M).LIOH monohydrate (2q) was then added and the reaction
stirred at room temperature foh8urs. Additional MeOH and THF were added when
needed to homogenize the reactiomxture. Completion of the reaction was monitored

via TLC in a gradient of 92:7:DCM/MeOH/Acetic acidOnce complete, the crude
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mixture was partitioned between 1M Na@Hd EtOAc. The aqueous layer was collected
and then acidified to a pH of 3. EtOAc was adittethe acidified aqueous layer. The
organic layer was then extracted, dried with®a, filtered,concentrated down and
azeotroped with CHGlo yield the pyrazole carboxylic acids (96%yield).

General Procedure M: Synthesis of @&cyl sulfonamide pyrazolesA pyrazole
carboxylicacid (1 eq) was placed into a reaction flask and solubilized in SOQ2M).

The reaction wasefluxed for 3 hours to create the acid chloride. Formation of acid
chloride was determined VIELC in a gradient of 92:7:1 DCM/MeOH/Acetic acid by
performing a mimworkup in MeOH.Once all the starting acid had become the acid
chloride, the SOClwas vacuum evaporated atie acid chloride was golubilized in
anhydrous DCE (0.3 M). Sulfonamides (1.2 eq) were #ueled to the reaction followed
by DMAP (0.5 eq). The reaction stirred at room temperaturgddrours. Completion of
the reaction was monitored via TLC in a gradient of 92DCIM/MeOH/HO. Once
complete, the DCE was evaporated and the crude mixture wasaded onto silica gel.
The product was purified via column chromatography in a gradie€92:@f1
DCM/MeOH/H0. The product fractions were collected, combined, concentrated down
and azeotroped with CH&lo yield the 3acylsulfonamide pyrazoles (45% yield).
Thiazoles

General Procedure N: Synthesis of ethy2-amino-5-chlorothiazole-4-carboxylate.

Ethyl 2- aminothiazoled-carboxylate (1 eq) and-bhlorosuccinimid€l1.1 eq) were
dissolved inAcetonitrile (0.5 M). The reaction was stirred at 80°C for 18 hours. The
reaction mixture wasooled to 0°C and the precipitate was filtered and washed with cold

iPrOH (2x, 5mL). The HCkalt was taken up ind® (10mL) and 1M NaOH (10mL) and
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extracted with CELCl> (20mL). Theorganic layers were combined and concentrated in
vacuo and azeotroped to reveal etbyaminc5-chlorothiazoled-carboxylate.

General ProcedureO: Synthesis of ethy2-bromo-5-chlorothiazole-4-carboxylate.
Ethyl-2-amina5-chlorothiazoled-carboxylate (1eq) was added to a solution ofbertyl
nitrite (1.5 eq)and copper (II) bromide (1.5eq). The reaction was stirred at 80C for 18
hours. The mixire wascooled and partitioned between &Hb (50mL) and 1M HCI
(75mL). The aqueous layer wastracted with CECl. (2x, 50mL) and the combined
organics were dried over Na2g@ltered,and concentrated in vacuo. The crude product
was columned viflash column chromatograpton an Isolera in 4:1 Hexane/EtOAc,
concentrated, azeotrope to give etBydromo5-

chlorothiazole4-carboxylate.

General Procedure P: Synthesis of ethyl 2;bis (4-hydroxyphenyl)thiazole-4-
carboxylate.

Ethyl-2-broma5-chlorothiazole4-carboxylate (1 eq) was dissolved in a mixture of
DME/MeOH (0.1M). 4ydroxyphenylboronic acid (1 eq), and CsF (1.5 eq) were added to
the reaction andias subsequently degassed with N2. Lastly, tetrakis (10 mol %) was
added and the reactiovas stired at 80°C for 18 hours under N2. A TLC in 4:1
Hexane/EtOAc revealed the reactiwas complete. EtOAc (50mL) was added and the
reaction was washed with,@ (3x, 75mL)and brine (1x, 75mL). The organics were
dried with NaSQy and concentrated in vacuo. Ttreide product was columned in flash
column chromatography on an Isolera in Hexane/EtOAc, concentrated in vacuo, and
azeotroped to reveal the ethyl BB (4 hydroxyphenyl)thiazolel-carboxylate.

General Procedure Q: Synthesis of ethyl 2;6is(4-isopropoxyphenyl)thiazole-4-
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carboxylate. 2,5-bis (4hydroxyphenyl)thiazolgl-carboxylate (1eq) and2K Oz (3 eq)
weredissolved in DMF (0.1M). 2odopropane (2.5 eq) was added dropwise to the
reaction and it wastirred at 50°C for 18 hours. A TLC Hexane/EtOAc revealed the
reaction was complet&tOAc (50mL) was added and the reaction was washed wh H
(5%, 75mL) and brine §, 75mL). The organics were dried with p&0s and concentrated
in vacuo. The crude produefas purified by flash column chromatography in 9:1
Hexane/EtOAc, concentrated in vacuo, aadotroped to reveal ethyl 20s(4
isopropoxyphenyl)thiazold-carboxylate.

General Procedure R: Synthesis of 2;bis(4isopropoxyphenyl)thiazole4-carboxylic

acid. 2,5-bis(4isopropoxyphenyl)thiazotld-carboxylate (1 eq) was reacted with LiOH

H20 (4eq) in 3:1:1 THF/HO/MeOH (0.1M) and stirred at room temperature overnight.
A TLC in 92:7:1 CHCI/MeOH/Acetic acid indiated the reaction was complete. EtOAc
(30mL) was added to the reaction, washed with 1M HCI (x3, 50mL), dried wiBQda
filtered, and concentrated in vacuo. The crude product was columned in 92:7:1
CH2Clo/MeOH/Acetic acid, concentrated in vacuo to re\&8&lbis(4
isopropoxyphenyl)thiazold-carboxylic acid.

General Procedure S: Synthesis of acyl sulfonamide thiazoléshe 2,5bis(4
isopropoxyphenyl)thiazold-carboxylic acid (1 eq) was dissolved in THF (0.1M),
brought to- 10°C, when isobutylchlorofornba (1.1 eq) followed by NMM (1.1 eq) was
added. The reactiostirred for 1 hour at10°C. Then, at 0°C, a substituted sulfonamide
(1.5 eq) was added, followdxy NaH (3 eq). Then, the reaction warmed up to room
temperature and stirred overnight. A TirC79:9:1 CHCl,/MeOH/H.O showed the

reaction was complete. EtOAc (50mL) was addetthéoreaction, washed with 1M HCI
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(x3, 75mL), dried with N&5Qy, filtered, and concentrated wacuo. The crude product

was columned in 79:9:1 GBl./MeOH/H.0O, concentrated in vacuo teveal the tr

substituted thiazole.

Ethyl 2azidoacetat€2) . Gener al proced@OOEMHACDC) Quant it at |
4.284.23(m, 2H, (H2CHs), 3.85 (s, 2H, E2N3), 1.30 (t, 3H, (CHCH3), J = 7 Hz).

(2)-2-azido 3-(4-isoxpropoxypenyl) acrylatd3) . Gener al pred08dur e B.
MHz, CDCl) 7.78 (d, 2H, Ar,]J = 8.8 Hz), 6.88 (t, 3H, A) = 3.8 Hz), 4.624.59 (m, 1H,
CH(CH3)2),4.384.33 (m, 2H, &2CHs), 1.40 (d, 3H, (CKCH3), J = 6.8 Hz), 1.35 (d,

6H, (CH(M3)2), J=5.2 Hz).

4-isopropoxybenzaldehydéa). General procedure C withi@dopropane. (Quantitative)

Uk (400 MHz, CDCH#) 9.87 (s, 1H, Ar), 7.81 (d, 2H, Aj,= 8.8 Hz), 6.97 (d, 2H, A =

8.4 Hz),4.684.65 (m, 1H, G(CHa)2), 1.38 (d, 6H, (CH(El3)2), J = 5.6 Hz)

4-phenoxybenzaldehydéb) . Gener al procedure M40Pi th phenc
MHz, CDCl) 9.92 (s, 1H, Ar), 7.85 (d, 2H, Al,= 8.4 Hz), 7.42 (t, 2H, A} = 7.4 HZ),

7.267.21 (m,1H, Ar), 7.09 (d, 2HAr, J = 8.8 Hz), 7.06 (d, 2H, Ad = 8.4 Hz)
(E)-4-isopropoxybenzaldehyde oxintk® . Gener al pr o(d0@ Mdzr e D. (82
CDCls) 8.09 (s, 1H, Ar), 7.49 (d, 2H, Aj,= 8.8 Hz), 6.88 (d, 2H, At = 8.4 Hz), 4.60

4.57 (m, 1HCH(CHa)2), 1.35 (d, 6H, (CH(B3)2), J= 5.2 Hz)

(E)-4-phenoxybenzaldehyde oxifas®) . Gener al pr o(d0@ Midzr e D. (67 %
CDCl) 8.14 (s, 1H, Ar), 7.55 (d, 2H, Aj,= 8.8 Hz), 7.37 (t, 2H, AJ = 7.8 Hz), 7.16 (t,

1H, Ar, J= 7.4 Hz), 7.05 (d, 2H, A = 8.4 Hz), 7.00 (d, 2H, Ad = 8.8 Hz)

Ethyl 3,4bis(4isopropoxyphenyl)isoxazekecarboxylate(6a). General procedure E

with 5a (29%). Was used immediately in the next step.

92



Ethyl 4(4-isopropoxyphenyi3-(4-phenoxyphenyl)isoxazetecarboxylate(6b). General
procedure E wittbb. (25%). Was used immediately in the next step.
3,4-bis(4isopropoxyphenyl)isoxazekecarboxylic acid(7a). General procedure F with

6a ( 5 6 %J400MHz, d-DMSO) 7.23 (d, 2H, Ar) = 8.8 Hz), 7.15 (d, 2H, A = 7.6
Hz), 6.90 6.84 (m, 4H, Ar), 4.641.59 (m, 1H, GI(CHa),), 1.281.24 (m, 12H,

CH(CHba)53)

4-(4-isopropoxyphenyiB-(4-phenoxyphenyl)isoxazetecarboxylic acid(7b). General
procedure Fwit6b. ( 1+(460 MHz, DMSQd6) 7.83 (d, 2H, ArJ = 8.4 Hz), 7.39

(d, 2H,Ar, J= 8.4 Hz), 7.19 (d, 2H, Ad = 8.4 Hz), 7.03 (d, 2H, Ad = 8.8 Hz), 6.87 (d,
2H, Ar,J = 8.4 Hz), 6.79(d, 2H, A = 8.4 Hz), 4.624.55 (m, 2H, GI(CHs),), 1.27-1.23

(m, 12H, CH(®3)3) :c (400 MHz, ¢-DMSO) 161.4, 158.7, 157.2, 149.7, 144.7, 131.9,
130.0, 129.5, 129.4, 121.8, 121.0, 120.6, 120.5, 117.8, 115.7, 115.1, 98.0, 69.5, 69.4,
22.3,22.2

3,4-bis(4isopropoxyphenyN-((4-(trifluoromethoxy)phenyl)sudhyl)isoxazoles-
carboxamidgOX3). General procedure G witaand 4

trifluoromethyl ) be nz460nviHs CDCE) @.354ddMHdAe)= ( 7 5 %)
6.8 Hz), 7.14 (t, 3H, ArJ = 14 Hz), 7.03 (d, 2H, A = 8 Hz), 6.9 (t, 4H, Ar) = 21 Hz),
4.56 (s, 1H, GI(CHs)2), 1.34 (s, 6H, CH(83)3) ;c (400 MHz, d-DMSO0) 160.6, 159.1,
158.3, 149.3, 131.5, 130.1, 129.8, 128.8, 124.1, 124.0, 122.2, 119.7, 119.6, 118.5, 118.0,
115.4, 69.8, 22.0

4-(4-isopropoxyphenyiB-(4-phenoxyphenyN-((4-

trifluoromethoxy)phenyl)sulfonyl)isoxazekecarboxamidgOX4). General procedure G

with7band4( t ri fl uor omet hyl ) b emn(40e MHzSCOCHf78%H a mi de .
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(d, 4H, Ar,J = 6.8 Hz), 7.14 (t, 3H, Al = 14 Hz), 7.03 (d, 2H, A = 8 Hz), 6.9 (t, 4H,
Ar, J= 21 Hz), 4.56 (s, 1H, B(CHa)), 1.34 (s, 6H, CH(B3)3) ;c (400 MHz, &-
DMSO) 160.6, 159.1, 158.3, 149.3, 131.5, 130.1, 129.8, 128.8, 124.1, 124.0, 122.2,
119.7, 119.6118.5, 118.0, 115.4, 69.8, 2244-isopropoxyphenydp-(4-
phenoxyphenyN-((4-phenoxyphenyl)sulfonyl)isoxazeédecarboxamidgOX5). General
procedure G witlPb and 4phenoxybenzenesulfonamide. (558)400 MHz, @-
DMSO) 7.80 (d, 2H, Ar) = 8.4 Hz), 7.477.40 (m, 4H, Ar), 7.31 (d, 2H, Aj,= 8.8 Hz),
7.237.19 (m, 2H, Ar), 7.11 (d, 2H, Aj,= 7.6 Hz), 7.07 (d, 4H, Ad = 8.4 Hz), 7.02 (d,
2H, Ar,J = 8.4 Hz), 6.97 (d, 2H, AJ = 8.4 Hz), 6.83 (d, 2H, AlJ = 84 Hz), 4.624.59
(m, 1H, G4(CHa)2), 1.26 (d, 6H, CH(Bl3)s, J = 5.2 Hz)
4-(4-isopropoxyphenyiN-(naphthaler2-ylsulfonyl}3-(4-phenoxyphenyl)isoxazete
carboxamidgOX6). General procedure G wifth and naphthalen2-sulfonamide.

( 5 0 %M00WHz, d-DMSO) 8.43 (s, 1H, Ar), 8.11 (d, 1H, At~ 6.8 Hz), 8.01 (t,
2H, Ar,J=7.6 Hz), 7.84 (d, 1H, Ad = 8.4 Hz), 7.677.62 (m, 2H, Ar), 7.39 (t, 2H, Ar,
J=7.8Hz), 7.30 (d, 2H, A = 8.4 Hz), 7.19 (t, 1H, A = 7.4 Hz), 7.06 (d, 2H, Ad =
7.6 Hz) 7.01 (d, 2H, ArJ = 8.4 Hz), 6.96 (d, 2H, Ad = 8.4 Hz), 6.73 (d, 2H, A =
8.4 Hz), 4.534.50(m, 1H, ®&(CHa)2), 1.24 (d, 6H, CH(Bl3)3, J = 6.4 Hz)
4-(trifluoromethyl)benzenesulfonamideollowed General Procedure H with 4
(trifluoromethyl)benzenesl f ony | ¢ h L @00OMHEzed-DMBC) #97.(d] &
8.8 Hz, 2H), 7.61 (dJ = 8.4 Hz, 2H), 7.53 (s, 2H).
4-phenoxybenzenesulfonami@®Illowed General Procedure H with 4
phenoxybenzenesulfonglh | or i d e (400MHX,%CPDC}) 788 (d,J= 8.8 Hz, 2H),

7.42 (t,J= 7.8 Hz, 2H)7.23 (t,J = 7.4 Hz, 1H), 7.06 (1) = 9.0 Hz, 4H), 4.83 (s, 2H).
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naphthalene2-sulfonamideFollowed General Procedure H with 4
phenoxybenzenesulfonghloride (90%)H NMR was consistent with the literature
(4-isopropoxyphenyl)hydrazir{@0). Followed General Procedure | with 4
isopropoxyanilind 6 5 %)400M#z, ¢-DMSO) 10.00 (s, 2H), 6.97 (d,= 8.4 Hz,
2H), 6.88 (dJ = 8.4 Hz, 2H), 4.581.49 (m, 1H), 1.23 (d] = 5.6 Hz, 6H).
4-(4-isopropoxyphenyi?,4-dioxobutanoatd14a): Followed General Procedudevith 1-
(4- isopropoxyphenyl)ethati-o n e ( 4 @G0MHz, GDC$) 7.97 (d,J = 8.8 Hz, 2H),
7.03 (s, 1H), 6.94 (dl = 8.8 Hz, 2H), 4.694.66 (m, 1H), 4.39 (g] = 6.8 Hz, 2H), 1.43
1.37 (M,9H).

Ethyl 2,4dioxo-4-(4-phenoxyphenyl)butanoafgé4b): Followed General Procedude
with 1-(4- phenoxyphenyl)ethafi-o n e ( 8 &G6MHz, GDC}) 7.99 (d,J = 6.8 Hz,
2H), 7.42 (bs, 2H), 7.27.23 (m, 1H), 7.09 (d] = 7.2Hz, 2H), 7.04 (bs, 3H), 4.38 (d,
= 6.4 Hz, 2H), 1.41 (] = 6.2 Hz, 3H).

Ethyl 1,5bis(4isopropoxyphenyiiH-pyrazole3-carboxylate(15a): Followed General
Procedure K withlaandl4a ( 8 Q(#)0MHz,ICDC}) 7.15 (d,J = 8.4 Hz, 2H),
7.03 (d,J= 8.8 Hz, 2H), 6.75 (dJ = 8.4 Hz, 2H), 6.70 (d] = 8.4 Hz, 2H), 4.4%.42 (m,
2H),4.35 (q,J = 6.8 Hz, 2H), 1.32 () = 7.0 Hz, 3H), 1.24..22 (m, 12H).

Ethyl 1-(4-isopropoxyphenyib-(4-phenoxyphenyl H-pyrazole3-carboxylate(15b):
FollowedGeneral Procedure K withtaand14b. ( 8 3 (#)0MHz,ICDCI3) 7.35 (t)
= 7.8 Hz,2H), 7.23 (d,J = 8.8 Hz, 2H), 7.1&.12 (m, 3H), 7.0F.00 (m, 3H), 6.90 (d]
= 8.0 Hz, 2H)6.84 (d,J = 8.4 Hz, 2H), 4.58..52 (m, 1H), 4.46 (q] = 7.2 Hz, 2H), 1.42

(t, J= 7.0 Hz, 3H)1.33 (d,J = 5.6 Hz, 6H).
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1,5-bis(4isopropoxyphenyilH-pyrazole3-carboxylic acid(16a): Followed General
Procedurd. with 15a( 9 2 %)400 MHz, ¢-DMSO) 7.19 (d, 2H, ArJ = 8.8 Hz), 7.12

(d, 2H, Ar,J = 8.4 Hz), 6.93 (d, 2H, Ad = 8.4 Hz), 6.86 (d, 2H, Ar, 8.4 Hz), 6.71 (s,

1H, Ar), 4.664.58 (m, 2H, CH(CH3)3), 1.26 (t, 12H, CH(CH3)B: 1 4 409 ; U
MHz, ds-DMSO) 165.4, 157.7, 157.1, 150.4, 143.2, 133.1, 130.1, 127.2, 122.4, 115.9,
115.7, 108.5, 69.8, 69.5, 22.2, 22.1

1-(4-isopropoxyphenyib-(4-phenoxypheny)l H-pyrazole3-carboxylic acid(16b):
FollowedGeneral Procedure L wittbb( 9 7 %)400 MHz, ¢-DMSO) 7.41 (t, 2H,

Ar, J=7.8 Hz), 7.21 (t, 5H, A = 8.4 Hz), 7.05 (d, 2H, Ad = 7.6 Hz), 6.93 (d, 2H, Ar,
J=8.8Hz), 6.74 (s, 1H, Ar), 4.6@.60 (m, 1H, G(CH3)3), 1.26 (d, 6H, CH(El3)s, J =

5. 2 H(#00 MHztid-DMSO) 170.3, 162.1, 162.0, 147.5, 138.0, 135.5, 132.2, 130.5,
129.4, 124.6, 123.4, 120.9, 113.8, 74.8, 27.1
1,5-bis(4isopropoxyphenyiN-((4-(trifluoromethoxy)phenyl)sulfonyl)H-pyrazole3-
carboxamidg17a): Followed General Procedure M witlhaand 4
(trifluoromethyl ) ben(#08MedzsQDCIB)®.83(an2HdAl= ( 54 %) .
8.8 Hz), 7.36 (d, 2H, AJ = 8.8 Hz), 7.17 (d, 2H, Ad = 9.6 Hz), 7.06 (d, 2H, Ar, 8.4
Hz), 6.91 (s, 1H, Ar), 6.87 (d, 2H, Al,= 9.2 Hz), 6.78 (d, 2H, Al = 8.4 Hz), 4.58.51
(m, 2H, QGH(CHa)3), 1.35 (d, 6H, CH(Bl3)s, J = 6 Hz), 1.32 (d, 6H, CH(83)3, J= 6.4
Hz)
1-(4-isopropoxyphenyib-(4-phenoxyphenylN-((4-(trifluoromethoxy)phenyl)sulfonyl)
1Hpyrazole3-carboxamidg17b): Followed General Procedure M witbb and 4
(trifluoromethyl ) ben(@0®MHzsCOCE9ah(s, aH),B.23(d, ( 6 5 %) .

J=8.8 Hz, 2H), 7.36 (t) = 7.8 Hz, 4H), 7.17 () = 7.0 Hz, 3H), 7.11 (d] = 8.4 Hz,
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2H), 7.02(d, J = 8.4 Hz, 2H), 6.95 (s, 1H), 6.9087 (m, 4H), 4.58.56 (m, 1H), 1.36 (d,
J=6.0 Hz, 6H).
1-(4-isopropoxyphenyib-(4-phenoxyphenyiN-((4-phenoxyphenyl)stdnyl)- 1H-
pyrazole3- carboxamidg170: FollowedGeneral Procedure @with 16band 4
phenoxybenzenes wl(4000viHa dDMS©) 8(06 (8,2, Ar) 8.8
Hz), 7.48(t, 2H, Ar,J = 8 Hz), 7.41 (d, 2H, Ar) = 8 Hz), 7.367.23 (m, 6H, Ar), 7.16 (t,
4H, Ar,J=8.6Hz), 7.06 (t, 3H, Ar,J=10.2 Hz), 6.97 (t, 4H, AJ = 10.2 Hz), 4.681.63
(m, 1H, GH(CHa)s), 1.27 (d, 6H, CH(El3)s, J= 6 . 4 c (402 yIHz, CIDC}) 162.6,
158.6, 158.0, 154.8, 145.844.0,131.7, 131.4, 130.9, 130.1, 126.6, 126.3, 125.1, 124.1,
123.4,120.5, 119.9, 119.7, 11810,7.9, 117.2, 115.9, 107.9, 70.3, 21.9
1-(4-isopropoxyphenyiN-(naphthaler2-ylsulfonyl}5-(4-phenoxyphenylH-pyrazole

3- carboxamidg17d): FollowedGeneral Proedure 5with 16b and naphthalen2-
sulfonamide( 4 9 %)400 MHz, ¢-DMSO) 8.14 (d, 2H, Ar) = 8.8 Hz), 7.95 (d, 1H,
Ar, J=8.8 Hz), 7.64d, 2H, Ar,J = 7.6 Hz), 7.59 (d, 1H, Ad = 8.8 Hz), 7.51 (s, 1H,
Ar), 7.42 (t, 2H, ArJ = 7.8 Hz), 7.25 (t, 3HAr, J=10.2), 7.19 (t, 2H, A = 7.4 Hz),
7.07 (t, 3H, ArJ = 14Hz), 7.036.94 (m, 4H, Ar), 4.681.63 (m, 1H, G&I(CHs)3), 1.27 (d,
6H, CH(CH3)3, J= 5 . 6c (408 YMHz, ¢éDMSO) 160.3, 157.8, 144.5, 136.9, 135.1,
134.3, 132.1, 131.8, 130.829.9, 129.7, 129.5, 128.7, 128.2, 127.5, 126.1, 124.6, 124.0,
122.9, 122.5, 119.8, 116.1, 108.6, 70.0, 22.1

ethyl 2,5bis(4isopropoxyphenyl)thiazolé-carboxylate(22): Prepared analogously to
thosecompounds in: Hodgetts, Kevih and Kershaw, Mark TQrganic Letters, 4(8),

13631365;2002
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2,5-bis(4isopropoxyphenyl)thiazolé-carboxylic acid(23): Followed General Procedure
R . n (4D0 MHz, CDCI3) 7.84 (d, 2H, Ad = 7.6 Hz), 7.63 (d, 2H, A = 8.8 Hz), 6.94
(t, 4H, Ar,J = 9 Hz), 4.654.60 (m,2H, CH(CHz)z), 1.381.36 (m, 12H, CH(E3)3)
2,5-bis(4isopropoxyphenyiN-((4-(trifluoromethoxy)phenyl)sulfonyl)thiazefe
carboxamidg24a) : Foll owed Ge m@00dMHz COCRB)B2M(d, 2H S.
Ar, J=9.2 Hz), 7.82d, 2H, Ar,J = 8.8 Hz), 7.54d, 2H, Ar,J = 8.8 Hz), 7.33 (d, 2H,
Ar, J= 8.4 Hz), 6.96 (d, 2H, A = 8.8 Hz), 6.88 (d, 2H, Ad = 8.8 Hz), 4.664.58 (m,
2H, CH(CHa)s), 1.391.35 (m, 12HCH(CH3)s) ;c (400 MHz, CDCI3) 164.6, 160.3
159.2, 158.1, 152.8, 147.5, 137.7, 137.1, 13138,7, 128.1, 124.3, 120.5, 115.9, 15.2,
70.1,69.9,21.9,21.9
2,5-bis(4isopropoxyphenyiN-((4-phenoxyphenyl)sulfonyl)thiazedecarboxamide
(24b): Followed General Procedair & (400MHz, CDCI3) 8.08 (d, 2H, Ad= 8.4

Hz), 7.83 (d, 2HAr, J = 8.8 Hz), 7.56 (d, 2H, A = 8.4 Hz), 7.39 (t, 2H, AK) = 7.8

Hz), 7.21 (t, 1H, ArJ = 7.4Hz), 7.05 (d, 2H, ArJ) = 7.6 Hz),7.01 (d, 2H, A = 8.4

Hz), 6.96 (d, 2H, ArJ = 8.8 Hz), 6.86(d, 2H, Ar,J = 8.4 Hz), 4.664.58 (m, 2H,
CH(CHa)3), 1.391.35 (m, 12H, CH(CH)3)
2,5-bis(4isopropoxyphenyiN-(naphthaler2-ylsulfonyl)thiazoled-carboxamidg240):
Foll owed Gene @00 MPz, ODCB)BI3 (g 1HSAr), 8108 (d, 1H, Ar,
= 8.8 Hz), 8.00 (d, 1H, Ad = 8 Hz), 7.95 (d, 1H, Ar) = 8.4 Hz), 7.88 (d, 1H, A =

7.6 Hz), 7.83 (d, 2H, AJ = 8.4 Hz), 7.657.57 (m, 2H, Ar), 7.51 (d, 2H, Ad,= 8.4 Hz),
6.96 (d, 2H, ArJ = 8.4 H2, 6.84 (d, 2H, Ar]) = 8.4 Hz), 4.664.53 (m, 2H, CH(CH)3),
1.39 (d, 6H, CH(CH)3), J = 6.4 Hz), 1.34 (d, 6H, CH(C%b), J = 6.4 HZ)

2.7.2.Biology
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Materials. All chemical reagents were ACS grade or higher unless otherwise indicated.

The DO, Ds-DMSO, and"®NH4CI were purchased from Cambridge Isotope

Laboratories, Inc. (Andover, MA). All other chemicals were purchased from Sigma

Aldrich (St. Louis, MO).

Proteins. The pET30a expression vector (EMD Millipore, Billerica, MA) was used to express
N-terminal His6tagged Hdm2 Nerminal domain residues 1 to 155 (Hdw15) in HMS174
(DE3) cells (EMD Millipore). Briefly, thé°N-labeled protein was purified (>98% final) from
inclusion bodies by initial solubilizing in 6 M guanidium chloride in PBS, pH With 0.5 mM
TCEP. The denatured protein was refolded by rapid dilution itddovolume of PBS, pH 7.4,
with 0.5 mM TCEP. The folded protein was then captured -@egharose resin and eluted with
a linear gradient of 0 to 2 M NaCl in 10 mM 4R&y, pH7.0, and 1 mM DTT. Then (NH4)2S04
powder was added to reach a final concentration of 0.8 M by slow addition over 30 minutes and
stirring for an additional 30 minutes. The sample was added to a butyl sepharose column
preconditioned with 0.8 M (NESQs, 10mM NaPQs, pH 7.0, and 1 mM DTT buffer. The
sample was eluted with a linear gradient of decreasing (NH4)2S04 to a final buffer of 10 mM
NasPQy, pH 7.0, and 1 mM DTT. The protein was concentrated using a 10,000 MWCO
centrifugal filter concentrator (EMD Millipore) and the concentrate stored frozen in the same
buffer. The pLM302 expression vector was constructed to produceMB$§6(maltose bindig
protein) tagged recombinant human Mcatesidues 172 to 327 (M&l172327) in HMS174

(DE3) cells (EMD Millipore) using either LB or minimal media supplemented WitiHCl to
produce unlabeled dfN-labeled Mct1, respectively. The tagged protein waisially purified

from the crude cell lysate by IMAC chromatography (GE Healthcare Life Sciences), and after

dialysis to remove the imidazole the affinity tag was cleaved using PreScission Protease (GE
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Healthcare Life Sciences). A Sephacry2@ size exalsion column was used as a final
purification step before the protein was concentrated with a 10,000 MWCO centifugal filter
concentrator (EMD Millipore). The concentrations of the proteins were determined using the
Bio-Rad Protein Assay (Bi®ad Inc., Herales, CA) using BSA of a known concentration as the
standard (Pierce). The purity of the protein was confirmed usingFSIEE analysis and NMR
HSQC experiments were done to confirm the protein was properly folded (data not shown).
Peptides.A 6-aminohexane acid linker was cgmigated to the Nerminus of the Bak BH3
peptide (GQVGRQLAIIGDDINR), capped with fluorescein (on the amino group of the linker),
and the peptide was amidated on thefninus to give FITAAhx-GQVGRQLAIIGDDINR-
CONH,, hereafterreferde t o aBak¥%6 | T€ynt hesi zed by Neo Bic
purity). The p53 peptides were derived from théehininal human p53, residues-29
(SQETFSDLWKLLPEN) with TAMRAlabeled (TAMRAP53'%2%) N-terminus. Each peptide
was soluble and stored in® at pH 7. The concentration of the stock solution of unlabeled
peptides were determined by quantitative amino acid analysis (Biosynthesis Inc., Lewisville,
TX), the concentration of FITC peptides was determined at pH 8.0 using the extinction
coefficient fao amidel i nked FI1 TC, -4 and the cobedniraliah 6f the TAMRA
peptide was determined using the extMhAIti on
peptides were synthesized using salidte peptide synthesis and their purity dekermined to

be >95% by high pressure liquid chromatography and mass spectrometry.

Fluorescence anisotropy experimentsFluorescence anisotropy experiments were
conducted using a PHERAstar FS (BMG Labtech) multimode microplate reader equipped
with two PMTs for simultaneous measurements of the perpendicular and parallel

fluorescence emission. In addition, the absolute aigptimeasurements were made on a
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Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) equipped with
automated polarizers.

The fluorescence anisotropy assays were performed in black polypropyleneelB84
microplate (Costar) with a final voluen o f  [Bitially ¢hé affinity (Kg) of the FITG
Bak’*8° peptide was determined by titrating Mi"#3?” into 10 nM FITGBak’*® peptide

in 20 MM HEPES, pH 6.8, 50 mM NaCl, 3 mM DTT, 0.01% Tritot100 and 5% DMSO

at room temperature while monitoritige perpendicular and parallel fluorescence emission
with a 485 nm excitation and 520 nm emission filters. The fluorescence anisotropy
competition assay was performed using 100 nM-Mé&327 in the same buffer (10 nM
FITC-Bak'*®° peptide in 20 mM HEPE$H 6.8, 50 mM NaCl, 3 mM DTT, 0.01% Triton
X-100 and 5% DMSO) with varying concentrations of either unlabeled peptide or
experimental compounds.

Similarly, the affinity of TAMRAP53>2° was determined by the titration of Hdit®®

into 10 nM TAMRA-p53'>2° peptide in PBS with 0.01% Triton-X00 and 5% DMSO at

room temperature with a 544 nm excitation and 590 nm emission filters. The fluorescence
pol arization assays (FPCA) YWaénrthe same bbuffeo r me d
(PBS with 0.01% Triton XLO0 and 5% DMSOQO) with varying concentrations of unlabeled

p53'>2% peptide or experimental compounds.

The initial binding affinities Kq) were determined by fitting the binding data to the Dose
Response function in the Origin software (OriginLab, Nortpiam, MA): vy = A + (A2 -
A1) / (1+10-9%*%9P) sych that dynamic range = absi{A) and theKq = 10-°¢*%. The

ICs0in the competition assays were determined by fitting the binding data to the One Site
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Competition function in the Origin software (Omdiab, Northampton, MA): y = A+ (A1

i A2) | (1+13¢°%) such that dynamic range = abs{A) and thdC50= 10'(logx0). It

has been shown that each of the proteins used here binds a single target peptide (1:1

stoichiometry) at the concentrations dise the competition assdys Therefore, we are

able to use an equation derived by Nikolov€laeska et af.to calculate théq from the

ICso from the anisotropy competition assays. The affiniy) (of TAMRA-p53'>29 for

Hdm?*115was determinedtol®. 51 N 0. 4 4

e M,

aBald®°foMel- af f i ni t

1172327 was determined to be 41.96 + 2.78 nM and 6.67 + 0.05 nM, respectively, in the

assay conditions used.

The quality and suitability of the fluorescence anisotropy competition assays were

evaluated using the-Factor developed by Zhang et’aThe Zf act or &+ 38D)1

(3SD

I ofed & w haenr daregthe mean anisotropy (mA) values of the bound and free probe,

respectively, and SPand SD are the standard deviations of those values for bound and

free probe, respectively. Thefactor can be any valu@l, with a value of 1 being an ideal

assay(0.5 but<1.0 being an excellent assay, and a vali® being unacceptable for our

application.
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Figure S1. (A) Titration of Mcl-11"23?7into 10 nM FITGBAK "*8 gives a K of 41.96 +

2.78 nM with the free FIT@AK peptide having an absolute anisotropy value of 41.4 +

1.4 mA (this is the same as Mtlassay b/c same peptide, buffer and conditions) and the

Mcl-1 bound peptide 178.0 + 1.4 mA. (B) The FFBBK "*8°was competedff Mcl-117*

327 with unlabeled BAKY®9 peptide with an 16 of 418.19 + 37.77 nM giving a calculated

Kp of 101.84 + 12.37 nM. For this competition assay 60 nM-M&327 was used and

gives an excellent-Zactor of 0.79 with a dynamic range of 86.96.82 mA.
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Figure S2.(A) Titration of HdmZ*%%into 10 nM TAMRA-p53*?®°givesaKqof 6. 51 N 0.

with the free TAMRApP53'>2° peptide having an absolute anisotropy value of 80.1 + 1.3 mA and

the HIm21®pbound peptide 102.9 + 1.5 mA. (B) The TAMRA3>?° was competed with

unlabeled p5%?withan IGoo f 49 . 36

N

1.

13 KiWfgilei 6 & Oald

Us i n gV Hd®2"# for the competition assay gives a gocetbgtor of 0.58 and a dynamic
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range of 19.57 £ 0.64 mA. The same conditions were used to test all compounds but no

competition was seen.
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Chapter 3. Denselyfunctionalized heterocycles selectively targeting Mel

3.1.Introduction

Mcl-1 is a vital antiapoptotic protein due to its importance in a variety of healthy tissues
(see Chapter.9). Its overexpression is linked to numerous cancers including breast,

ovarian, prostate, pancreatic, and hematological cancers such as multiple myeloma (MM)
and acute myeloid leukemia (AMY'}. Cancer is an incredibly complex disease that

remains evasive and primed to develop resistance to single drugs owing to its complex
netvork of PPIs. For example, the overexpression ofMbhs been associated with poor
prognosis and resistance to numerous drugs such as venetoclax as well as the widely used
chemotherapeutic drugs paclitaxel, cisplatin, gemcitabine, and vincristine, athensf

’. Although significant strides have been made in the field of Ms@lective inhibitors

with many in clinical trials, none have successfully reached the%liriue to the

urgent need of Mel selective inhibitors, we have described the dgarant of mone

and bicyclic scaffolds that target Mgl

3.2.U-Helix Mimicry

T ar g e-helixrmgdiatéd PPIs such as the M¢Bim interaction has proved

challenging due to the inherent flexibility of proteins and is compounded by the large,
shallow hydrophobic surface of the binding grod¥eslany successful small molecules

have beemleveloped to probe these interactions, yet many have failed to yield successful
drug candidaté$*2 However, utilizing BH3 mimetics represents a validated, targeted
strategy to inhibit these interactions. BHS3
helixofprcapopt ot i ¢ pr ot ei n shelix mimetitprogests flictional An i de

groups in a way that mimics the peptides natural helix. It mimics residues that bind in the
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Afhot spoto regions of the prlagelgaccountfdrat ar e

the binding free energy of the protein compfeX '°. In pro-apoptotic proteins, these

residues are located at the+3 (ori+4), andi+7 positions oriented on the hydrophobic

f ace eélix% hTerphenyls, oligopamides, puds, and benzodiazepines have all

been used ahelixsimeaticsevithscomplitatidhal studies anday crystal

structures validating their functional reproduction of correct spatial orientation and

mi micry of the c+dliX®t®®al residues of the U
In the BimB H 3-hell, these residues include Le(i§2lle65 {+3), and Phe69

(i+7) (Figure3.1). Additionally, the critical residue Arg263 in Mtl| forms a salt bridge

interaction with a conserved Asp residue (Asp67 in Bim) in theapaptotic proteins.

Phe69 (i+7)

11e65 (i+ 3)

Leu62 (i)

Figure 3. 1. The Mct1/Bim-BH3 interaction (left). Highlighted residues of BBIH3 (right).
PDB 2NL9

Studies have shown that retaining thesdic functionality in a small molecule inhibitor
contributes to increased binding affinity towards M€l Both academic and industrial
research labs have successfully developed potenfLMdiibitors despite its rigid,

hydrophobic BH3 binding groo¥&*. Indole, picolinic acid, thienopyrimidine, and
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pyrazole cores among others have been used in BH3 mimetics targetiigwiitl both
mono and bicyclic scaffolds advancing in clinical triafig?2®,

Our lab has previously utilized a polypharmacolbgged design describing dual
Mcl-1/HDM2 inhibitors with monecyclic scaffolds isoxazoles, pyrazoles, and thiazoles
(Refer toChapter 2. The computerided drug design methodology SILCS (Site
Identification by Ligand Competitive Saturation) was employed and revealed excellent
mi mi cry of bot hhelicds.eOveBali the mostgotentEdBnpdunds were
the isoxazoles and pyrazolesdaalthough our most potent HDMZ2 inhibition was modest
(Ki = 11.5uM), we were able to achieve low nanomolar inhibitors of ME&IX andPZ
(Ki =263nM and 433nM) (Figurg.2). This work encouraged our development of a

second generation of Mdlinhibitors’”.

O
O—Q
OX Ki =263 nM Mcl-1 PZ Ki =433 nM Mcl-1

Figure 3.2. The most potent isoxazole and pyrazole compounds from Chapter 2.

3.3.Design and ResultsSeries 1
Based on the results from our first generation of compounds, we elected to move forward
in a more detailed SAR study with the isoxazole and pyrazole scaffolds, both of which

offer a unique functional grouglationship to probe the MdHligand interface:
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isoxazoles offer a clustered functionalization with groups projected in a pg&igion,

while the pyrazoles offer a 1,2,4 functionalization (FiguB?3

Isoxazole Pyrazole

02\’

o NH R2 HN”
Re Asp67
O OW P
7 N

Tle65 (i+ 3)

NS —N
\
(o]
O :: Leu62 (i)
R R
1,2,3- functionalization 1,2,4- functionalization

Figure 3.3. The general workflow of our isoxazole and pyrazole compounds.

To accomplish a more detailed study with these scaffolds, we wanted to include
more diverse groups in the second generation of compounds, while taking advantage of
the differences within each binding pocket of McIThese have been characterized
previously as pockets p2, p3, and p4. An NMR based fragment screen performed by
Fesiket al.revealed that the p2 pocket of Mtiis flexible and accommodating of larger
groups with the development of their indoles scaffolds that posseslard-3,5
dimethyl phenyl moiety functionalized via an alkyl chain at thEo8ition of the indole.

Therdore, we have introduced larger groups at th@dition such as halogen

AZD5991

Figure 34. AZD5991 (left) and the crystal structure with key interactions highligftBd®
6FSO
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substituted phenyl rings and biphenyl ethers to further explore the plasticity of the p2
pocket.

The p3 pocket of Mel is rather small, which interacts with 1le65 of the Bim
BH3 peptide. However, a crystal structure with the{slelective inhibitor AZD5991,
developed by AstraZeneca, revealed increased protein contacts thnoojgén@d pocket
(Figure3.4). The macrocyclic-€hloroindole compound offers picomolar inhibition by
interaction of various key functional groups. In fact, the crystal structure revealed that in
addition to an induced fit of the naphthyl group in the p&kpt apreviously unknown
hydrophobic pocketvas revealetb accommodate the pyrazole ring of the compound
(represented by the black arrow in Figure 3.4)jo capitalize on this, we introduced both
halogenrsubstituted phenyl rings as well as bicyclic functional groups such as substituted
indoles to further probe the p3 pocket. Similar to our first generation inhibitors, we have
grafted on acyl sulfonamidés function as a bioisostere of the carboxylic acid to serve
three purposes: 1) deliver a third functional group, which is absent in compounds with a
carboxylic acid; 2) retain acidic functionality to interact with Arg263 of Hicand 3)

increase solubity.

Retain acidic
functionality and
deliver additional group
into p4 pocket

‘Nﬂ pocket| l

o)
. oH cl H HN~862 cl N HN*S?R
7 o} / O

0]

lo} o Increased rigidity »
p2 pocket Q\ Q\ R’
Gl Cl
Fesik et al.'”-"? Our work.

Figure 3.5. The general workflow of our&cyl sulfonamide indole series.
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In addition, we have also introduced an indole scaffold to probe thd Kidding
interface (Figure8.5). Bicyclic scaffolds are heavily featured in Mckelective
inhibitors, many of which are currently in clinical trials (See Chap®# %2328 For
example, AZD5991 features a densely functionalized indole sc&ffoldFe s i k6s | abor &
has driven the field of Mel selective inhibitors utilizing bicyclic scaffolds, including
benzothiophenes and indoléd heir initial fragment based drug designd NMR based
studies showed that the p2 pocket of Mldccommodated both the benzothiophene as
well as the phenol group (FiguBeb, left), revealing the flexibility of the pocket, as stated
previously. They further introduced indoles, functionalizetha 2 position with an acyl
sulfonamide that was capable of interacting with the p4 pocket of the protein. From this
work, we have introduced af@nctionalized indole scaffold to probe the p2 and p4
pockets of Mcl1®>’. As seen in Figurd.5, the long kyl chain of the Fesik compounds at
the 3position introduces additional flexibility in the scaffold, therefore, to further probe
the p2 pocket, we have introduced larger, biaryl groups that will function to increase the
rigidity at the 3position of thandole to see if any further increase in affinity can be
accomplished. In addition, we will further functionalize the carboxylic acid at-the 2
position with a functionalized acyl sulfonamide to retain acidic functionality to engage
with Arg263 of Mct1, while increasing hydrophobic contacts with the p4 pocket (Figure
3.5, right).

3.3.1.ComputerAided Drug Design

We employed SILCS methodology to aid in the development of our compounds. SILCS
evaluates the free energy contribution of different functior@lgs in the protein of

interest (POI), taking desolvation and flexibility of the protein into acéddhDocking
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Figure 3.6. SILCS MC docking witlbXO0 (left) and highlighted FragMaps (Aromatic FragMa
are purple and Aliphatic are green) in Mtl(center).

of General Isoxazol®XO0 in Mcl-1 using SILCS Monte Carl&(LCS-MC) (Figure3.6,

left) shows effective delivery of the functional groupwithe p2, p3, and p4 pockets of

the protein for the isoxazoles with the acyl sulfonamide in contact with Arg263.
Additionally, these figures showcase that the acyl sulfonamide functions as a comparable
carboxylic acicbioisostere, capable of interacting with Arg263 while deliveringhird t
functional group to the p4 pocket. However, we will also introduce different linkers to
probe this interaction, including acyl sulfonamides with varying linker lengths as well as
amides.

In addition, FragMaps were also generated, which are develdpedthe POI is
immersed in an aqueous environment of various solutes that are utilized to represent
different functional groups such as benzene, propane, methanol, imidazole, formamide,
acetaldehyde, methylammonium, acetate, and water. FragMaps prduitesition that
can help visualize which regions of the protein can accommodate different functional
groupst. Figure3.6 shows a representative isoxazole compdDX@ residing within the
areas of the protein interface where aliphatic (purple) and arofgegen) groups are
favored. In fact, the FragMaps of Figugé (left) reveal that larger groups may be
favorable in the 3 and 4 positions of the core (arrows), which bind in the p2 and p3

pockets of Mcll, and can potentially increase affinity to MclTherefore, in our design
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we will incorporate larger groups in these positions. Thes#ico experiments suggest
that our compounds act as functional mimetics of theapaptotic proteins and bind in
the BH3 binding domain of Mel.
SILCS was also performed on th@@ylsulfonamide indole scaffold. In Figure
3.7, dockng with thelNO reveals a large amount of protein surface interaction in both the

p2 and p4 pockets, which may result in potent binding affinity.

Figure 3.7. SILCSMC docking with INO.

3.4.Synthesis

3.4.1.Isoxazoles

First, substituted aryl ketonésvere reacted with diethyl oxalate in a Claisen
condensati on -ke® asteti2was cycliaed gith yeroxlamine HCI to
give 3, which was iodinated at thepbsition to give the dodosubstituted isoxazoke A
Suzuki reaction with variousubstituted boronic acids furnished thesubstituted
isoxazoleb. 5 was saponified under standard conditions to gised coupled with

sulfonamides and EDCI to give the final acyl sulfonamide isoxazole comp@unds
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Figure 3. 8. (i) substutited kemnes, diethyl oxalate, NaH, THF, 0°C to rt, 18hr, (ii)
hydroxylamine HCI, EtOH, reflux, 18hr; (iii) NIS, TFA, rt, 18hr; (iv) substituted benzene
boronic acids, CsF, Pd(PRh, DME/MeOH, 80°C, 18hr; (v) LiOHH.0O, THF/HO/MeOH, rt,
18hr; (vi) corresponding sulfonamide, EDCI, DIPEA, DMF, rt, 18hr.

3.4.2.Pyrazoles

See Chapter.2for pyrazole synthesis.

3.4.3.3-substituted 2Zacylsulfonamide -H indoles

6-chloro 2ethyl ester 1Hindole8 was brominated at the@sition with NBS to give.
Meanwhile, 4bromo 2fluoropyridine10 underwent an $Ar with 3-chlorophenol to give
the brominated biphenyl eth#t. 11 was subsequently reacted with
bis(pinacolato)dboron to furnish the boronic esté?. The 3bromoindoled and12
underwent a Suzuki reaction to give th&uBctionalized 1Hindole 13, that was
hydrolyzed under standard conditions and coupled withatobenzenesulfonamide to

give the 2acylsulfonamide 1H indol&5.
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Figure 3.9. (i) 6-chloro 2ethyl ester 1Hindole, NBS, DMF, rt, 1hr; (ii) &hlorophenol,
K2COs, DMF, 100°C, 18hr; (iii) pinacol ester, Anh DMSO, 85°C, 2hr; (iv) PdCI2(PPh3)2
K2COs, Anh. DMF, 110°C, 4hr; (v) LiOH ¥, THF/MeOH/HO, rt, 18hr; (vi) 4
fluorobezenesulftamide, EDCI, DMAP, DIPEA, DCM, rt, 18hr.
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3.5. Series 1Results
Binding affinities were determined by a standard fluorescence polarization competition
assay with Mcll and a fluorescein (FIT@xbelled BakBH3 peptide. IGo values were
converted tKi @sing the NikolovskaColeska equatiofl. Data for Series 1 compounds
are represented in Talel.
In general, isoxazoles were the most potent-Mirihibitors, with most having
Kids <600nM. I n f act ,7f bad &i=m038M. Thp cotversiadn c o mp o u
of carboxylic acids to acyl sulfonamides resulted in an increase in binding affinity in
almast every compound. For example, isoxaztddnad aKi = 11.37e¢M, while t
OCR-phenyl acyl sulfonamide group @f led to over a 2@old increase in binding

affinity, with Ki = 473nM. Similarly, isoxazoldbh ad a Ki = 3.21¢M, and
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the acylsulfonamide/g, led to a éfold increase in binding affinity. This trend held true

for pyrazoles as well. The carboxylic aé#d1 hadKi = 10.89¢M and its acyl

RGN

R3
N cl
N7

2T

R3

/
o
;g/%\:
o

RZ
PZ1-5 14,15
Code Name R! R? R* Mel-l K (uM)

Ta -3 4diCl -OiPr -OH 11.37+0.773
b -3.4diCl -6-Me(1Hindole) -OH 32140327
Te -3,4diC1 -6-Me(Boc-indolc) -OH 481 +0.493

7d -2-(3C1-OPh)Pyr -2,4diCl -OH 0.481 £ 034

Te -2-(3C1-OPh)Pyr -3.4diCl -OH 3.58 +0.343
" -3,4diCl -OiPr -NHS0,(4-OCF)Ph 0473 £0.03
7g -3,4diC1 -6-Me(1Hindole) -NHS0,(4-OCF3)Ph 0482 =0.035
7h -2-(3C1-OPh)Pyr -2,4diCl -NHSO,(4-OCF5)Ph 0.730 + 0.039
Ti -2-(3C1-OPh)Pyr -3.4diC1 -NHSO,(4-OCF;)Ph 0.558 = 0.035
7 -3 4diCI -3 4diCI NHPh(3-COOH) 193011
PZ1 -34diCl -1Hindole -OH 10.89 + 0.871
PZ2 -O(3-CIPh) -3 4diCl -OH 894+ 145
PZ3 -3 4diCl -1Hindole -NHSO,(4-ChPh 175+ 0,134
PZ4 -O(3-CIPh) -3,4diCl -NHSO,(4-C)Ph 1.03 + 0,088
PZ5 -O(3-CIPh) -3,4diC1 -NHSO,(CH,CH,NHCO(3-F1.4-Cl)Ph) 0.530=0.02

-

14 -2-(3CI-OPh)Pyr = -OH R
15 -2-(3C1-OPh)Pyr -NHSO,(4-F)Ph 135+ 0.074

Table 3.1. Series 1 fluoescence polarization data. 46 s wer e convehet e
NikolovskaColeskaequatior?*.

1 . HeAdckindreaseain affinity.

sulfonamide counterpa®Z2, had &i
To further probe the plasticity of the p3 pocket based on the crystal structure from
AZD5991% (Figure3.4), we elected to introduce larger bicyclic groups such as indoles
within the molecules. Although these are mimicking lle65 in Bim, and is known to bind
within a shallow pocket, we see that the indoles are well tolerated in both our isoxazole
and pyrazoleaaffolds. This correlates with Leu78 in the Bak peptide, suggesting larger
groups can be accommodated in this pocket. For example, isoXgaws an indole at
the R position and offered one of our most potent compounds of the seriesiwith

482nM. Ths suggests this region of the protein may be somewhat malleable to
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accommodate these larger groups, supported by the induced fit of the pyrazole of
AZD5991%%. This further increased protein contacts and thus increased binding affinity.

The NMR studies byhe Fesik laboratory revealed the flexibility of the p2 pocket
of Mcl-1. To test this theory within our compounds, we grafted on biphenyl ethers in both
our isoxazole and pyrazole scaffolds. As seen in every case (refer to compdugds
i), these functional groups were well tolerated, further indicating the p2 pocket of the
protein may be flexible and accommodate larger functional groups.

We also introduced different carbonyl linkers in our molecules, such as a longer
acyl sulfonamides and amide linkers, as these have previously shown good inhibitory
activity in Mcl-1>72 Conversion to an amide linkéfj, ledtoki = 1. 93 & M. Al t ho
acidic functionality is not retained to engage with Arg263 of-Maln Xray structure of
an McH1 inhibitor developed with Fesik with an amide linker with Malevealed the
carbonylof FSO can maintain interactions with Arg263, wdihe phenyl group forms a

cationpi stacking interaction (Figur&10) 32, Fesi ks | aboratory introc

PDB SIEZ FSO0

Figure 3.10. The crystal structure of Md and FSO. PDB 5IEZ

sulfonamide linkers during an SAR of their indole compounds. Therefore, we also
utilized this linker to hopefully increase binding contagih Mcl-1. The carboxylic acid

was transformed into the long acyl sulfonamide linker to Bi¥b. Surprisingly, this
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transformation led to nanomolar binding affinitykif= 530nM and was the most potent
pyrazole compound of the series.

For the 3substituted Zacyl sulfonamide 1H indole compounds, rigidity was
introduced into the molecule with the biphenyl ether at thesdtion to further probe the
p2 pocket of Mcll as stated previously. As we see with both compounds, the rigidity
wasnot well accommodated, with both compoukds > 1 ¢ M. 't 1M4and sur pri s
15 had no difference in binding affinity because 88 had an additional acyl sulfonamide
projecting a 4luorophenyl moiety. One explanation may be that reduced flexibility of
the biaryl group at the-Bosition may introduce too much rigidity and be deleterious to
protein binding. In the future, we will perform additional structural studies atthe 3
position to further explain this.
3.6.Design and ResultsSeries 2
We see withour series 1 indole scaffold we had modest-Mdiata. As previously
described, AZD5991 has an indole scaffold that achieved picomolar binding affinity in
Mcl-1. Due to the increased hydrophobic contacts around the p2 pocket witiptitayl
and pyrazolenoieties, we wanted to further probe this region of the protein. Therefore,
we developed the reverse sulfonamideitéible scaffold. Given that Mel
accommodates the pyrazole of AZD5991 by further opening the hydrophobic pocket of
the protein, we hypothie®d that the indole scaffold could have additional interactions
with the branched reverse sulfonamide group. In addition, we saw no change when the
acid was converted to the acyl sulfonamide in our series 1 indole scaffold, so we elected

to not functionake the acid for this scaffold.
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Figure3.11 (left) represents SILCS MC docking with tR&80, revealing it binds
within the p2 pocket of Mel, which we hypothesized due to Fesik indoles and

AZD5991 binding in the same region.

H
. N OH

e A, -

FigUre 3. 1_1. SILCS MC docking witRS0in Mcl-1 (left) with highlighted exclusion maps
(center).

In addition to FragMap and docking experiments, exclusions maps were
generated. These represent regions of the protein where there is an absence of probe or
water molecules. These are generated because many protein binding interfaces have
regions that are inaccessible duetie flexibility of the proteid®. These maps are dark
green and representédyure 3.11 (center) showing where compound design should be
exempt. These exclusion maps showcase the sulfonamide scaffold interacting within the
p2 pocket of Mcll. Surprisinglythe carboxylic acid points towards the inside of the
pocket as this is a hydrophobic pocket. However, the exclusion maps in Eitjure
showcase the fluidity of the protein interface, as the acidic moiety binds in an agreeable
position to the generated pg Additionally, the sulfonamide functional group offers
flexibility and rotation, so the carboxylic acid at any point in time can be pointed out
towards the solvent while the core indole itself is buried into the pocket.
3.7.Synthesis

3.7.1.3-reversesulfonamide 1Hndole
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6-chloro 2ethyl ester 1H indolé6 was sulfonylated with sulfuric acid and acetic
anhydride to furnisi7 and was further reacted with oxalyl chloride to give the sulfonyl
chloride18. Then, various secondary amines were reactedi8ith give the
functionalized reverse sulfonamid® and was subsequently saponified under standard

conditions to give the final compoung8.

{ ¢ '
cl N o i ¢ Noo i cl N O
: H Vi ” Vi
/ 0 0 @]
SO,0H SO,CI
16 17 18
g ¢ 4
i © N O w© N OH
—_— I /
7 % 5
R, SO2 R1_N,802
R? R?
19 20

Figure 3.12. (i) H.SQ,, Ac0O,0°C to rt, 18hr; (ii) oxalyl chloride, DMF, DCM, rt to
45°C, 2hr; (iii) HNR'R?, DIPEA, Anh. DCM, rt, 18hr; (iv) LiOH kD, THF/MeOH/HO,
rt, 18hr.

3.8. Series Results

Table3.2 shows the fluorescence polarization data of our indole library. SAR with the

indole scaffolds were comparable in binding affinity with the moydic scaffolds. The

reverse sulfonamide indole scaffold provided the most potent bicyclic inhibitors of our

series. Although no trends were apparent with the data with respect to functional group
differences, all compoundshadkka < 2e¢ M, wi th t he20mmdd potent
Ki = 733nM. It is revealed with these data that large groups at'tardRR posiions are

well tolerated, as none are deleterious to binding and all of these compounds fall within a

2-fold difference in binding affinity. It can be inferred that these bind within the p2

pocket based on the CADD data. In future studies, the carboxidicac be converted
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into an acyl sulfonamide to potentially increase binding affinity to-Mby increasing

protein contacts through interaction at the p4 pocket.

SO,
i N
\
R R2
20a-g
Code Name R! R? Mcl-1 uM)
20a -(4-Cl)Ph -Bn 0.960 + 0.096
20b (4-ClyPh ~tert-butyl 147+0.183
20¢ -(3,4Cl)Ph -CH,(furan) 1.59 +0.507
20d -(3.4Cl)Ph -tert-butyl 0.771 £0.794
206 -(4-Br)Ph -tert-butyl 128 1 0.197
20f -(4-Br)Ph -CHy(cyclohexane) 0.733 + 0.059
20g -(3-Br)Ph -CH,CH,(4-C1)Ph 0.790 1 0.143

Table 3.2. Series 2 fluorescence polarization datassiCs wer e converted
NikolovskaColeska equatiot.

3.9.Discussion

Targeting Mctl has proven challenging due to the shallow, hydrophobic nature of the
BH3 binding pocket, however, its importance in cam@relopment and progression
reveals the therapeutic need of an Mdelective inhibitor. In summary, the detailed
SAR study outlined in this chapter showcases the difficulty in maintaining high binding
affinity in both mone and bicyclic scaffolds. We hawdemonstrated that both isoxazoles
and pyrazoles are effective Mtlinhibitors, in particular when functionalized with an
acyl sulfonamide. In addition, larger groups that interact in both the p2 and p3 pockets of
Mcl-1 offer increased binding affinitlthough the indole series demonstrates modest
inhibition in Mcl-1, a further exploration of these compounds at both-taa@ 3

position can offer additional insights in binding affinity, in particular, functionalizing the

carboxylic acid of the reversailfonamide scaffold with an acyl sulfonamide.
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3.11. Supplementary Information

3.11.1.Chemistry

General. Unless otherwise sied, all reactions were performed under an inert
atmosphere (. Reagents and solvents were ACS grade, and purchased from Sigma
Aldrich, Alfa Aesar, Oakwood and TCIl America. Anhydrous solvents were used as
provided from SigmaAldrich. Reactions were mowited by thinlayer chromatography
(TLC), visualizing with a UV lamp and/or KMnO4 stain. Flash column chromatography
was performed with silica gel 60 A (B0 mesh, Merck)}H and**C NMR spectra were
recorded on a Varian INOVA 400 MHz NMs$pectrometer at 25 °C. Chemical shifts are
reported in parts per million (ppm). Data fo
ppm) (multiplicity, coupling constant (Hz), integration), where multiplicities are: s =
singlet, d = doublet, t = tripletn = multiplet. The residual solvent peak was used as an
internal reference: CDE( Wi7 . 2 &77.210landds-D MS O 4 .U5 £39.51)1 Mass
spectra were obtained on an Electrospray TOF-{EEH) mass spectrometer (Bruker
Amazon X). All final molecules werdeemed to be >95% pure by reverpbdsed

HPLC using a Waters 1525 analytical/preparative HPLC fitted witH ae@erseephase
column (Atlantis T3: 4.6 mm x 150 mm) according to the following conditions with
solvents (A) HO/0.1% TFA, (B) CHCNi H20, 9:1with 0.1% TFA at 1 ml mir: (1) a
gradient of 50% A to 100% B over 22 min; (Il) an isocratic gradient of 100% B over 22

min. Data are presented as retention time (tR (min)), purity (%), condition (I or II).

Isoxazoles
General Procedure A: Synthesis o2,4-dioxobutanoates An aryl ketone (1 eq) was

added to a reaction flask and solubilized in anhydrous THF (0.1 M). The reaction mixture
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was cooled to 0°C and NaH (2 eq) was added to the reaction. The reaction stirred for 30
minutes and then diethyl oxalgte2 eq) was added and stirred overnight at room
temperature. Completion of the reaction was monitored via TLC in a gradient of
Hexanes/EtOAc. Once complete, the crude mixture was partitioned between 1M HCI and
EtOAc. The organic layer was extracted, dwath NaSQy, filtered and concentrated

down. The crude material was then dry loaded onto silica gel and purified via column
chromatography. The fractions containing the product were combined, concentrated
down and azeotroped with CHQb yield the 2,4dioxobutanoates (:81% yield).

General Procedure B: Synthesis of isoxazole ethyl estefs. s u b s tketd esteréld b
eq) was dissolved in EtOH (0.1 M). MBH -HCI (3 eq) was added and the reaction was
refluxed overnight. A TLC in Hexanes/EtOAc reveatemnpletion of the reaction. The
reaction mixture was partitioned betweenxCHand HO. The organic layer was

washed with brine andried with NaSQ, filtered, and concentrated in vacuo. The crude
product was dry loaded onto silica gel and columnedgradient of Hexanes/EtOAc.

The fractions were collected and azeotroped with GittCyield the isoxazole ethyl

esters (5461% yield).

General Procedure C: Synthesis of-4odo isoxazole ethyl esterdsoxazole ethyl esters

(1 eq) was dissolved in Trifluoagetic acid (0.2 M) at 0°C followed by addition of NIS

(1.5 eq). The reaction stirred at room temperature overnight. A TLC in 4:1
Hexanes/EtOAc revealed the reaction was complete. The Trifluoroacetic acid was
concentrated in vacuo followed by azeotropibg) (with CHCE. The crude product was

dry loaded onto silica gel and columned in 4:1 Hexanes/EtDie fractions were
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collected and azeotroped with CH® yield the 4iodo isoxazole ethyl esters (2%
yield).

General Procedure D: Synthesis of tisubstituted isoxazole ethyl estergl-iodo
isoxazole ethyl esters (1 eq) was dissolved in a 6:1 mixture of DMF gDd-L5 M).
Addition of an aryl boronic ester (or acid) and NaHG&@lowed and the reaction
mixturewas degassed with NLastly, PACGI(PPh). was added. The mixture was stirred
at 80°C for four hours and the reaction was monitored by TLC. After TLC in
Hexanes/EtoAC revealed the reaction was complete, the reaction was filtered through a
pad of Selite wit CHCl2. The filtrate was concentrated in vacuo. The crude solution was
partitioned between EtOAc and®. The organic layer was washed witsCH(3x) and
brine (1x). The organic layer wadsied with NaSQy, filtered, and concentrated in vacuo.
The crude mduct was dry loaded onto silica gel and columned in a gradient of
Hexanes/EtOAc. The fractions were collected and azeotroped withs@Hgeld the tri
substituted isoxazole ethyl esters-@&% yield).

General Procedure E: Synthesis of isoxazole carbghic acids. The isoxazole ethyl
ester (1 eq) was reacted with LIOR®1(4 eq) in 3:1:1 THF/ED/MeOH (0.1 M) at room
temperature overnight. A TLC in 92:7:1 @E./MeOH/Acetic acid indicated the
reaction was complete. EtOAc (30mL) was added todhetion, washed with 1M HCI
(x3, 50mL), dried with Ng5Qy, filtered, and concentrated in vacuo. The crude product
was columned in 92:7:1 GRBIl/MeOH/Acetic acid, concentrated in vacuo to reveal the
isoxazole carboxylic acid (537% vyield).

General Procedue F: Synthesis of isoxazole acyl sulfonamides and amide&n

isoxazole carboxylic acid (1 eq) was dissolved inCl(0.1 M) and cooled to 0°C.
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Then, EDCI (1.5 eq), and DMAP (1 eq) were added and the reaction was stirred for 30
mintues followed by addin of the sulfonamide (1.2 eq). The reaction was stirred at
room temperature overnight. Completion of the reaction was monitored via TLC in a
gradient of 92:7:1 DCM/MeOH/#D. Once complete, the DCE was evaporated and the
crude mixture was dry loaded ortditica gel. The product was purified via column
chromatography in a gradient of 92:7:1 DCM/MeORZIHThe product fractions were
collected, combined, concentrated down and azeotroped withz@iigeld the

isoxazole acyl sulfonamides (B®% yield).

General Procedure G: Synthesis of functionalized sulfonamide3he sulfonyl

chloride (1 eq) was added to a reaction flask and dissolved in dioxane (0.1M). The
reaction was cooled to 0°C and MPH (10 eq) was added slowly to the reaction
mixture. The reaction veaheated to room temperature and stirred for 1 hour. Completion
of the reaction was monitored via TLC with a gradient of Hexanes/EtOAc. Once
completed, the solvent was evaporated off and the crude material was dissolved in
EtOAc. The organic layer was wagh1M HCI three times and collected, dried with
NaxSQy, filtered, concentrated down and azeotroped with GiCY}ield the

functionalized sulfonamides (880% vyield).

Pyrazoles

General Procedure H: Synthesis of anilinesA 4-nitroaryl (1 eq) was dissolved in
EtOAc (0.2 M), followed by addition of Sng&dlihydrate (3 eq) and the reaction mixture
was stirred overnight at 50°C. A TLC in 1:1 Hexanes/EtOAc revealed the reaction
compleed. The mixture was partitioned betwee@&t and 3M NaOH. The organic

layer was dried with N&Q, filtered, and concentrated down to dryness. It was dry
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loaded onto silica gel and columned in a 1:1 Hexanes/EtOAc gradient. Fractions were
combined, concerdted, and azeotroped with CH®@ reveal the aryl anilines (¥93%

yield)

General Procedure I: Synthesis of the arylhydrazinesAn aniline (1 eq) was added to

a reaction flask followed by the addition of 1M HCI (0.1 M) and stirred at 0°C. The
reaction gtred for 5 minutes and then was brought to room temperature. The reaction
stirred for 20 minutes and then was cooleebf€C. NaNQ (1.05 eq.) dissolved in4®

was added dropwise to reaction. The reaction stirred for 15 minutes and the(@SnhCl

eg.) wa added to the reaction. The reaction stirred at room temperature for 3 hours and a
precipitate formed. The precipitate was filtered out of the reaction and washed with cold
H20 to isolate the desired arylhydrazine-{8D% yield).

General Procedure J: Sythesis of the 2,4dioxobutanoates.A ketone (1 eq) was

added to a reaction flask and solubilized in a mixture of 5:1 anhydrous toluene/anhydrous
THF (0.1 M). The reaction was cooled to 0°C and NaH (2 eq) was then added to the
reaction. The reactions stiddor 10 minutes and then diethyl oxalate (1.2 eq) was added.
The reaction was then heated to 60°C and stirred for 2 hours. Completion of the reaction
was monitored via TLC in a gradient of Hexanes/EtOAc. Once complete, the crude
mixture was partitioned bween 1M HCI and EtOAc. The organic layer was extracted,
dried with NaSQy, filtered and concentrated down. The crude material was then dry
loaded onto silica gel and purified via column chromatography. The fractions containing
the product were combinedyricentrated down and azeotroped with CHGQlield the

2,4-dioxobutanoates (685% yield).
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General Procedure K: Synthesis of pyrazole ethyl esteréin arylhydrazine (1 eq) and
2,4-dioxobutanoate (1.2 eq) were added into a reaction flask and solubilized in MeOH
(0.1 M). The reaction was refluxed for 3 hours at 65°C. Completion of the reaction was
monitored via TLC in a gradient of Hexanes/EtOAc. Ocmeplete, the crude mixture
was partitioned between 1M NaOH and EtOAc. The organic layer was extracted, dried
with NaSQy, filtered and concentrated down. The crude material was then dry loaded
onto silica gel and purified via column. The fractions coimgitthe product were

collected, combined, concentrated down and azeotroped with:@bgeld the pyrazole
ethyl esters (8@0% vyield).

General Procedure L: Synthesis of pyrazole carboxylic acidé pyrazole ethyl ester

(1 eq) was placed intoraaction flask and solubilized in a 3:1:1 mixture of
THF/H2O/MeOH (0.1 M). LiOH monohydrate (3 eq) was then added and the reaction
stirred at room temperature for 3 hours. Additional MeOH and THF were added when
needed to homogenize the reaction mixtui@n@letion of the reaction was monitored

via TLC in a gradient of 92:7:1 DCM/MeOH/Acetic acid. Once complete, the crude
mixture was partitioned between 1M NaOH and EtOAc. The aqueous layer was collected
and then acidified to a pH of 3. EtOAc was added ¢oattidified aqueous layer. The
organic layer was then extracted, dried with®4a, filtered, concentrated down and
azeotroped with CHGlo yield the pyrazole carboxylic acids (968% yield).

General Procedure M: Synthesis of &cyl sulfonamide pyrazoles A pyrazole

carboxylic acid (1 eq) was placed into a reaction flask and solubilized i, SOEM).

The reaction was refluxed for 3 hours to create the acid chloride. Formation of acid

chloride was determined via TLC in a gradient of 92:7:1 DCM/MeOH#fik@cid by
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performing a minworkup in MeOH. Once all the starting acid had become the acid
chloride, the SOGIwas vacuum evaporated and the acid chloride waslubilized in
anhydrous DCE (0.3 M). Sulfonamides (1.2 eq) were then added to the réaltdioed

by DMAP (0.5 eq). The reaction stirred at room temperature for 16 hours. Completion of
the reaction was monitored via TLC in a gradient of 92:7:1 DCM/MeQ8/Dnce

complete, the DCE was evaporated and the crude mixture was dry loaded cegesilic

The product was purified via column chromatography in a gradient of 92:7:1
DCM/MeOH/H0. The product fractions were collected, combined, concentrated down
and azeotroped with CH&lo yield the 3acylsulfonamide pyrazoles (45% yield).

3-aryl-2-acyl sulfonamide-1H-indoles

General Procedure N: Synthesis of-Bromo 1H-indoles.Dissolve 6¢chloro 2ethyl

ester 1Hindole (1 eq) in DMF (0.25 M). Add NBS (1.8 eq) dropwise and stir the reaction
at room temperature for 1 hour. A TLC of the reactioh:ilhHexanes/EtOAc revealed
the reaction had completed. The mixture was partitioned between EtOAc@nAfter
the organic layer was washed four times wilOH50mL of brine was added to wash the
organic layer and dried with NaQy, filtered and concerdated down. The crude material
was then dry loaded onto silica gel and purified via column chromatography (4:1
Hexanes/EtOAc) and azeotroped with CEl©lyield 3broma6-chloro-1H-indole

(83%).

General Procedure O: Synthesis of-Bromo-biphenyl ethers.Dissolve 3

chlorophenol (1.5 eq) andl&Fomao2-fluoropyridine (1 eq) in DMF (0.1 M) followed by
addition of KCOzs (2 eq). The reaction was stirred at 100°C overnight. A TLC of the

reaction in 1:1 Hexanes/EtOAc revealed the reaction had completed. The miasure
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partitioned between EtOAc and®. After the organic layer was washed four times with
H20, 50mL of brine was added to wash the organic layer and dried wiBO\diltered
and concentrated down. The crude material was then dry loaded onto sihcal gel
purified via column chromatography (2:1 Hexanes/EtOAc) and azeotroped with @HCI
yield 5-bromao2-(3-chlorophenoxy)pyridine (61%).

General Procedure P: Synthesis of-boronic esterbiphenyl ethers.A substituted
bromahalogenated biphenyl ring (1)egas dissolved in anhydrous DMF (0.1 M). The
mixture was degassed with Fbllowed by addition of AcOK (2 eq),
bis(pinacolato)diboron (1.1 eq), and Pg(€Ph)2(5mol%). The reaction was stirred at
80° for 2 hours. A TLC of the reaction in 2:1 HexanesAt@evealed the reaction had
completed. The mixture was filtered through a pad of selite witfOGHnd

concentrated down. The oil was partitioned between EtOAc a@d After the organic
layer was washed four times with®, 50mL of brine was added to sfathe organic

layer and dried with N&Qy, filtered and concentrated down. The crude material was
then dry loaded onto silica gel and purified via column chromatography (4:1
Hexanes/EtOAc) and azeotroped with CElt0lyield a boronic ester substituted temyl
ring (1373%).

General Procedure Q: Synthesis of-aryl-1H-indole ethyl estersA 3-bromo1H-

indole (1 eq) and aryl boronic ester (1.5 eq) was dissolved in anhydrous DMF (0.1 M).
K2CGOs (3 eq) was added and the reaction was degassed wiBdSh(PPh), was added
and the reaction was stirred at 110°C overnight. A TLC of the reaction in 4:1
Hexanes/EtOAc revealed the reaction had completed. The mixture was partitioned

between EtOAc and #. After the organic layer was washed four times wit® F60mL
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of brine was added to wash the organic layer and dried witB@afiltered and
concentrated down. The crude material was then dry loaded onto silica gel and purified
via column chromatography (4:1 Hexanes/EtOAc) and azeotroped withs@HGéld

the 3aryl-1H-indole ethyl esters (225%).

General Procedure R: Synthesis of-aryl-1H-indole carboxylic acids.An indole ethyl
ester(1 eq) was placed into a reaction flask and dissolved in a 3:1:1 mixture of
THF/H2O/MeOH (0.1 M). LiOH monohydrate (3 eq) wagthadded and the reaction
stirred at room temperature for overnight. Completion of the reaction was monitored via
TLC in a gradient of 92:7:1 DCM/MeOH/Acetic acid. Once complete, the crude mixture
was partitioned between 1M HCI and EtOAc. The organic laserthen extracted, dried
with NaSQ, filtered, concentrated down and azeotroped with GitYield the indole
carboxylic acids (99% vyield).

General Procedure S: Synthesis of-aryl-1H-indole acyl sulfonamidesAn indole
carboxylic acid (1 eq) and sulfamide (1 eq) was dissolved in &k (0.1 M). EDCI

(1.3 eq) and DMAR1eq) was added followed by dropwise addition of DIPEA (2 eq).
The reaction was monitored by TLC in mixture of 79:9:1 DCM/MeOi@HNhen

complete, the reaction as partitioned between@thand saturated NI, followed by a
wash with brine. The organic layer was then extracted, dried witBQafiltered, and
concentrated down. The crude material was then dry loaded onto silica gel and purified
via column chromatography (79:9:1 &8,/MeOH/H0) and azeotroped with CH{1b

yield the 2acyl sulfonamide indoles (7%).

Reverse sulfonamide 1Hndoles
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General Procedure T: Synthesis of 1Hndole sulfonic acids.An indole ethyl ester (1

eq) was dissolved in Acetic Anhydride (1M) and wasled to 0°C. 5O (5 eq) was

slowly added dropwise to the reaction mixture and stirred overnight at room temperature.
A TLC of the reaction in 1:1 Hexanes/EtOAc revealed the reaction had completed. The
reaction underwent vacuum filtration with cold Ac@dlowed by EtOAc and dried in a
vacuum oven overnight to yield the dhtiole sulfonic acids (68%).

General Procedure U: Synthesis of 1Hndole sulfonyl chlorides.An indole sulfonic

acid (1 eq) was dissolved in @Bl (0.2 M) and a catalytic amount oMF (2 M) was

added until the reaction turned clear. Slowly, oxalyl chloride (5 eq) was added and the
reaction was stirred at 40°C for®2hours. A TLC of the reaction in 2:1 Hexanes/EtOAc
revealed the reaction was complete after 2 hours. The solvent m@ntated down and
the crude product was moved forward to yield the indole sulfonyl chlorides (>99%).
General Procedure V: Synthesis of reverse sulfonamide tiddole ethyl estersAn

indole sulfonyl chloride (1 eq) and a secondary amine (1.5 eq) wasvdisso

anhydrous CHGI(0.1 M) followed by addition of DIPEA (3 eq). The reaction was
monitored by TLC in 2:1 Hexanes/EtOAc, and when complete the solvent was
concentrated down to dryness. The crude material was then dry loaded onto silica gel and
purified via column chromatography (2:1 Hexanes/EtOAc) and azeotroped withs @HCI
yield the reverse sulfonamide indole ethyl ester§2%).

General Procedure W: Synthesis of reverse sulfonamide tiddole carboxylic acids.

An indole ethyl estefl eq) was plaakinto a reaction flask and dissolved in a 3:1:1
mixture of THF/HO/MeOH (0.1 M). LiOH monohydrate (3 eq) was then added and the

reaction stirred at room temperature for overnight. Completion of the reaction was
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monitored via TLC in a gradient of 92:7:1 MIMeOH/Acetic acid. Once complete, the
crude mixture was partitioned between 1M HCI and EtOAc. The organic layer was then
extracted, dried with N&Q, filtered, concentrated down. The crude mixture was dry
loaded onto silica and columned igradient of 92:7:1 DCM/MeOH/Acetic acid and
azeotroped with CHGlo yield the indole carboxylic acids (3% yield).

General Procedure X: Synthesis of secondary amine&.substituted aryl aldehyde

(1eq) was dissolved in DCE (0.25 M) at 0°C followed spbstituted primary amine
(1eq). Once dissolved, NaBH(OA)L.5 eq) was added and the reaction was stirred
overnight at room temperature. Completion of the reaction was monitored via TLC in a
gradient of 92:7:1 DCM/MeOH/Ammonium hydroxide. Once compksie crude

mixture was partitioned between saturated Nakl@@ EtOAc. The organic layer was
then extracted, dried with NaQy, filtered, concentrated down. The crude mixture was
dry loaded onto silica and columned in a gradient of 92:7:1 DCM/MeOH/Ammonium
hydroxide and azeotroped with CH@b yield the indole carboxylic acids.

Isoxazoles

ethyl 4(3,4-dichlorophenyh2,4-dioxobutanoaté€2a). General procedure A with 3,4

di chl oroacetophenone. n¥B@OMHzoGDCE 07 (s,dH,( yi el d =
Ar), 7.81 (d, 1H, ArJ = 8 Hz), 7.59 (d, 1H, ArJ = 8.8 Hz), 7.01 (s, 1H, Ar), 4.44.38

(m, 2H, (H2CHa), 1.42 (t, 3H, CHCHs, J = 7.2 Hz);lic (400MHz, d¢-DMSO) 187.8,

170.1, 162.9, 136.6, 135.0, 132.2, 131.2, 129.5, 127.8, 98.1, 604, 13.

ethyl 4(6-(3-chlorophenoxy)pyridifB-yl)-2,4-dioxobutanoaté2b). General procedure A
with 1-(6-(3-chlorophenoxy)pyridifB3-yl)ethan1-one. Red solid (yield = 42%

(400MHz, CDC4) 8.81 (s, 1H, Ar), 8.30 (d, 1H, Al,= 10.8 Hz), 7.37 (t, 1H, A = 7.6
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Hz), 7.26 (s, 2H, Ar), 7.20 (s, 1H, Ar), 7.06 (t, 2H, A& 10.4 Hz), 6.99 (s, 1H, Ar),
4.434.37 (M, 2H, ®2CHs), 1.41 (t, 3H, CHCH3, J = 7.2 Hz)

ethyl 5(3,4-dichlorophenyl)isoxazot8-carboxylate(3a). General procedure B with 2a.
White solid (yield = 54%)in (400MHz, CDC}) 7.91 (s, 1H, Ar), 7.65 (d, 1H, Aj,= 8.8
Hz), 7.58 (d, 1H, ArJ = 8 Hz), 6.95 (s, 1H, Ar), 4.54.45 (m, 2H, ©.CHs), 144 (t, 3H,
CH.CH3, J = 6.8 Hz);Uc (400MHz, CDC§) 168.8, 159.2, 156.7, 134.7, 133.3, 130.8,
127.2,125.8, 124.5, 100.5, 62.0, 13.7

ethyl 5(6-(3-chlorophenoxy)pyridifB-yl)isoxazole3-carboxylate(3b). General
procedure B with 2b. White solid (yield = 81%) (400MHz, CDC4$) 8.62 (s, 1H, Ar),
8.13 (d, 1H, ArJ = 8.8 Hz), 7.36 (t, 1H, A) = 7.6 Hz), 7.26 (s, 2H, Ar), 7.20 (s, 1H,
Ar), 7.07 (d, 2H, Ar]J = 8.8 Hz), 6.91 (s, 1H, Ar), 4.54.45 (m, 2H, Gl.CHs), 1.44 (t,
3H, CHCHs, J = 6.8 Hz);lc (400MHz, d-DMSO) 168.5, 163.8, 159.2, 156.8, 153.9,
145.4, 137.6, 133.6, 131.1, 125.2, 121.8, 120.4, 118.4, 112.1, 100.9, 62.0, 13.9
ethyl 5(3,4-dichlorophenyh4-iodoisoxazole3-carboxylate(4a). General procedure C
with 3a. Light vyelHu(400MHz 6DCh) 8.18((syliHeAr),d7.93=(d, 8 5 %) .
1H, Ar,J = 8.4 Hz), 7.62 (d, 1H, A = 8.4 Hz), 4.534.48 (m, 2H, G2CHs), 1.46(t,

3H, CHCHs, J = 7.2 Hz); Moved crude product forward.

ethyl 5(6-(3-chlorophenoxy)pyridif8-yl)-4-iodoisoxazole3-carboxylate(4b). General
procedure C with 3b. Light brown solid (yield = 86%): (400MHz, CDC#) 8.60 (s, 1H,
Ar), 8.14 (d, 1H, ArJ = 8 Hz), 7.88 (d, 1H, Ar) = 8.4 Hz), 7.33 (s, 1H, Ar), 7.09 (d,
1H, Ar,J = 8.8 Hz), 6.91 (s, 1H, Ar), 6.85 (d, 1H, Ar= 5.6 Hz), 4.494.47 (m, 2H,

CH.>CHz), 1.44 (t, 3H, CHCH3, J = 6.8 Hz); Moved crude produatrfvard.
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ethyl 5(3,4-dichlorophenyB4-(4-isopropoxyphenyl)isoxazecarboxylate(5a).

General procedure D with 4a andigépropoxyphenyl)boronic acid. White solid (yield =
6 3 %) (400MHz, CDC}) 7.66 (s, 1H, Ar), 7.37 (d, 1H, Aj,= 8.4 Hz), 7.28 (obsc,

1H, Ar), 7.21 (d, 2H, Ar]) = 8.4 Hz), 6.94 (d, 2H, A = 8.8 Hz), 4.624.58 (m, 1H,
CH(CHa)2), 4.354.30 (m, 2H, E&1,CHs), 1.37 (d, 6H, €(CHs)2, J = 6.4 Hz), 1.28 (t, 3H,
CH.CHg, J = 7.2 Hz);Uc (400MHz, ¢-DMSO) 158.6, 157.1, 134.0, 132.3, 131.5, 131.4,
130.8, 130.5, 129.1, 128.6, 127.6, 126.9, 126.4, 62.3, 13.9

ethyl 4,5bis(3,4dichlorophenyl)isoxazot8-carboxylate(5b). General procedure D with
4a and (3,4ichlorophenyl)boronia ci d. Li ght yel |l osd00Midz,b i d (vyi e
CDCl) 7.68 (s, 1H, Ar), 7.53 (d, 1H, Al,= 7.6 Hz), 7.46 (s, 1H, Ar), 7.42 (d, 1H, Ar,

= 8 Hz), 7.227.16 (m, 2H, Ar), 4.38.32 (m, 2H, &1,CHs), 1.31 (t, 3H, CHCH3, J =

7.2 Hz);Uc (400MHz, ¢-DMSO) 164.6, 158.7, 157.1, 154.9, 133.8, 132.3, 131.5, 130.8,
130.5, 129.1, 128.9, 128.5, 127.6, 126.9, 126.2, 115.3, 61.8, 13.6

ethyl 4(1-(tert-butoxycarbonybe-methyt1H-indol-3-yl)-5-(3,4-
dichlorophenyl)isoxazot8-carboxylate(5c). Geneal procedure D with 4a andlibc6-
methylindole3-b or oni ¢ aci d, pi nayd40MHe EDCHB.O7(s( yi el d =
1H, Ar), 7.83 (s, 1H, Ar), 7.64 (s, 1H, Ar), 7.32 (s, 2H, Ar), 7.00 (d, 1HJAr8 Hz),

6.96 (d, 1H, ArJ = 8 Hz), 4.314.29 (m,2H, CH»CH), 1.69 (s, 10H, CH(83)s) 1.56 (s,

3H, CH3), 1.23 (t, 3H, CHCH3, J = 7.2 Hz);Moved crude product forward.

ethyl 5(6-(3-chlorophenoxy)pyridif8-yl)-4-(2,4-dichlorophenyl)isoxazol8-carboxylate
(5d). General procedure D with 4b and-8idhlorophenyl boronic acid. Yellow solid

(yield = 35%).01 (400MHz, CDC}) 8.65 (s, 1H, Ar), 8.16 (d, 1H, Aj,= 8.4 Hz), 752

(s, 1H, Ar), 7.34 (s, 1H, Ar), 7.32 (d, 3H, Ar= 4 Hz), 7.27 (obsc, 1H, Ar), 7.1B11
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(m, 2H, Ar), 6.29 (s, 1H, Ar), 4.52.45 (m, 2H, G2CHa), 1.45 (t, 3H, CHCH3, J= 7.2
Hz)

ethyl 5(6-(3-chlorophenoxy)pyridif8-yl)-4-(3,4-dichlorophenyl)isoxazol8-carboxylate
(5e). General procedure D with 4b and-8ighlorophenyl boronic acid. Browred solid
(yield = 71%).0n (400MHz, CDC}) 8.64 (s, 1H, Ar), 8.16 (d, 1H, Aj,= 8.4 Hz),7.57

(s, 1H, Ar), 7.52 (d, 1H, A = 7.6 Hz), 7.387.33 (m, 3H, Ar), 7.1§.12 (m, 2H, Ar),
6.92 (s, 1H, Ar), 4.5%.46 (m, 2H, G-CHs), 1.45 (t, 3H, CHCHs, J = 8 Hz)
5-(3,4-dichlorophenyh4-(4-isopropoxyphenyl)isoxazecarboxylic acid(6a). General
procedure E with 5a. yWOMHzeCDGh0/I68 (6, 1H, 4r), el d = 94
7.40 (d, 1H, ArJ = 8.8 Hz), 7.30 (d, 1H, A = 8.4 Hz), 7.21 (d, 2H, Ad = 8.8 Hz),
6.94 (d, 2H, ArJ = 8 Hz), 4.624.59 (m, 1H, €I(CHs)2), 1.39 (d, 6H, E(CHs)2, J=5.6
Hz); Uc (400MHz, ¢-DMSO) 163.7, 161.2, 158.1, 157.0, 133.6, 132.3, 131.8, 131.6,
128.8, 127.4, 127.1, 120.0, 117.4, 116.06692.2
4,5bis(3,4dichlorophenyl)isoxazot8-carboxylic acid(6b). General procedure E with
5b. White solid (yield = 53%})in (400MHz, ((H3)2CO) 7.74 (s, 2H, Ar), 7.65 (d, 2H, Ar,
J=6.8 Hz), 7.44 (d, 2H, Al = 8 Hz);Uc (400MHz, CDC%) 165.1,156.0, 134.6, 133.0,
132.7,132.6, 132.4, 131.7, 131.1, 130.8, 129.8, 129.1, 127.2, 116.0
4-(1-(tert-butoxycarbonybs-methyt1H-indol-3-yl)-5-(3,4-dichlorophenyl)isoxazol8-
carboxylic acid(6c). General procedure E with 5¢ and 1.1 eq of LIOH monohydrate.
Brown sol id H(400MHE €DCS) 7.980sYd)H, Ar)i7.73 (s, 1H, Ar), 7.24
(obsc, 2H, Ar), 6.89 (s, 2H, Ar), 1.63 (s, 9H, CHH£)s) 2.41 (s, 3H, El3); Uc (400MHz,
CDCls) 149.5, 138.7, 136.5, 135.5, 135.1, 134.9, 134.5, 133.1, IABA4, 126.6,

125.8, 125.6, 124.4, 119.2, 115.5, 107.8, 84.2, 28.0, 21.8
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5-(3,4-dichlorophenyh4-(6-methyt1H-indol-3-yl)isoxazole3-carboxylic acid(6d).

General procedure E with 5c. (yield = 9786)(400MHz, ((H3).CO) 10.55 (s, 1H, Ar),

7.80 (s, 1H, Ar)7.55 (s, 3H, Ar), 7.32 (s, 1H, Ar), 7.01 (d, 1H, A% 7.6 Hz), 6.81 (d,

1H, Ar,J = 8.8 Hz), 2.40 (s, 3H, lds); Uc (400MHz, CDC$) 168.9, 165.7, 162.4, 142.2,
138.5, 137.5, 136.6, 136.1, 133.3, 133.0, 131.4, 130.7, 129.4, 126.6, 123.9, 116.9, 106.5,
25.9

5-(6-(3-chlorophenoxy)pyridir8-yl)-4-(2,4-dichlorophenyl)isoxazol8-carboxylic acid

(6e). General procedure E with 5d. White solid (yield = 994J400MHz, CDC}) 8.68

(s, 1H, Ar), 8.18 (d, 1H, A = 8.8 Hz), 7.52 (s, 1H, Ar), 7.36.30 (m, 3H, Ar), 7.26

(obsc, 1H, Ar), 7.16 (t, 2H, Ad = 12 Hz), 6.98 (s, 1H, Ar)ic (400MHz, CDC}) 178.7,

164.0, 161.7, 156.9, 153.5, 145.4, 137.3, 136.0, 124.6, 134.3, 134.2, 132.0, 129.3, 126.9,
122.4,119.6, 118,912.3, 100.3
5-(6-(3-chlorophenoxy)pyridi8-yl)-4-(3,4-dichlorophenyl)isoxazol8-carboxylic acid

(6f). General procedure E with 5e. Grey solid (yield = 86%)400MHz, CDC}) 8.77

(s, 1H, Ar), 8.43 (d, 1H, A = 8.8 Hz), 7.70 (d, 2H, Ad = 8.4 HJ, 7.55 (d, 1H, Ar]J =

8.8 Hz), 7.50 (d, 2H, AJ = 9.6 Hz), 7.32 (t, 3H, ArJ = 10 Hz)tic (400MHz, CDC})

173.8, 169.2, 165.9, 165.2, 159.2, 150.4, 144.2, 142.7, 139.7, 137.3, 136.5, 135.5, 134.8,
128.2, 125.9, 124.3, 117.5, 105.8,

5-(3,4-dichloropheyl)-4-(4-isopropoxyphenyiN-((4-
(trifluoromethoxy)phenyl)sulfonyl)isoxazeBecarboxamidg7a). General procedure F

with 6a and4-(trifluoromethyl)benzenesulfonamid&hite solid (yield = 77%)0n

(400MHz, ¢-DMSO) 7.86 (d, 2H, ArJ = 8.4 Hz), 7.71 (d, 1H, Ad = 8.8 Hz), 7.67 (s,

1H, Ar), 7.41 (br s, 3H, Ar), 7.09 (d, 2H, At= 8.8 Hz), 6.81 (d, 2H, Al = 8.8 Hz),
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4.624.59 (m, 1H, G(CHa)2), 1.28 (d, 6H, €(CHs)2, J = 6.4 Hz);lic (400MHz, &-
DMSO) 1680, 166.5, 166.1, 162.5, 155.0, 147.9, 144.2, 137.9, 136.9, 136.5, 135.8,
134.5, 133.5, 132.7, 132.0, 125., 125.1, 120.7, 120.5, 112.1, 74.2, 26.9

methyl 4(4,5-bis(3,4dichlorophenyl)isoxazol8-carboxamido)benzoai@b). General
procedure F with 6b and gyl 3-aminobenzoate. White solid (yield = 30%).

(400MHz, CDC}) 7.70 (s, 2H, Ar), 7.54 (d, 2H, AB,= 8 Hz), 7.45 (obsc, 2H, Ar), 7.22
7.17 (m, 4H, Ar), 3.91 (s, 3H, CO®{3); Moved crude product forward.
5-(3,4-dichlorophenyh4-(6-methyt1H-indol-3-yl)-N-((4
(trifluoromethoxy)phenyl)sulfonyl) isoxazol@carboxamide (7c). General procedure F
with 6d and4-(trifluoromethoxy)benzenesulfonamid&reen solid. (yield = 27%M
(400MHz, &-DMSO) 7.74 (t, 3H, ArJ = 8.4 Hz), 7.61 (d, 1H, Ad = 8.4 Hz), 7.42 (d,
2H, Ar,J = 14), 7.32 (d, 2H, Ar) = 8 Hz), 7.22 (s, 1H, Ar), 6.72 (d, 1H, Ar= 8 Hz),
6.67 (d, 1H, ArJ = 8 Hz), 2.37 (s, 3H, B3); lic (400MHz, ¢-DMSO) 163.4, 160.5,
149.9, 136.9, 132.4,32.0, 131.4, 130.8, 129.4, 128.5, 128.3, 126.7, 125.9, 123.6, 121.3,
120.5, 119.1, 112.1, 109.9, 101.7, 21.6
5-(6-(3-chlorophenoxy)pyridis8-yl)-4-(2,4-dichlorophenyBN-((4-
(trifluoromethoxy)phenyl)sulfonyl)isoxazedecarboxamidg7d). General procedufe

with 6e and4-(trifluoromethoxy)benzenesulfonamid&hite solid (yield = 99%)
(400MHz, CDC}) 8.42 (s, 1H, Ar), 8.04 (d, 2H, Al,= 8.8 Hz), 7.95 (br s, 1H, Ar), 7.50
(t, 2H, Ar,J = 6.4 Hz), 7.337.24 (obsc, 3H, Ar), 7.11 (br s, 3H, Ar), 6.98 (d, 1H, Ar,
8.8 Hz), 6.79 (s, 1H, Ar)jc (400MHz, CDC}) 168.3, 164.9, 164.0, 162.8, 153.2, 151.5,
145.2, 140.3, 138.4, 136.9, 136.0, 133.0, 132.2, 132.0, 131.8, 131.3, 130.1, 128,8, 128.6

123.0, 120.8, 120.3, 120.2, 118.6, 112.1, 106.5
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5-(6-(3-chlorophenoxy)pyridis8-yl)-4-(3,4-dichlorophenyBN-((4-
(trifluoromethoxy)phenyl)sulfonyl)isoxazedecarboxamidg7e). General procedure F

with 6f and4-(trifluoromethoxy)benzenesulfonamid@llow solid (yield = 13%).0n

(400MHz, CDC}) 8.38 (s, 1H, Ar), 8.05 (d, 2H, Al,= 8 Hz), 7.87 (br s, 1H, Ar), 7.49

(s, 1H, Ar), 7.28 (obsc, 2H, Ar), 7.20 (d, 1H, Ar= 7.6 Hz), 7.10 (d, 1H, Ad = 8.4

Hz), 7.03 (br s, 2H, Ar), 6.92 (d, 2H, At= 8.4 Hz), 6.75 (s, 1H, Ar)ic (400MHz,

CDCls) 178.1, 163.7, 158.3, 151.2, 145.0, 136.7, 136.0, 134.5, 134.4, 134.3, 134.2,
132.1, 131.9, 129.3, 129.0, 126.9, 122.3, 120.1, 119.5, 118.8, 112.0, 110.7, 102.7, 100.1
4-(4,5-bis(3,4dichlorophenyl)isoxazot8-carboxamido)benzoic acid@e). General

procedure E with 7b. White solid (yield = 98%a).(400MHz, CDC%) 7.80 (s, 1H, Ar),

7.75 (obsc, 4H, Ar), 7.72 (s, 1H, Ar), 7.40 (d, 2H, A 8.8 Hz), 7.35 (d, 2H, Ad =

7.6 Hz);Uc (400MHz, ¢-DMSO) 164.4, 16@, 155.8, 133.6, 132.1, 132.0, 131.5, 131.2,
131.0, 130.9, 130.8, 130.5, 130.4, 130.3, 129.2, 128.6, 127.4, 127.0, 126.4, 126.1, 115.3
4-(trifluoromethoxy)benzenesulfonamid®llowedGeneral Procedure With 4-
(trifluoromethoxy) ben z&008dzud-OMSQ)Y.B7 (& h+d or i
8.8 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H), 7.53 (s, 2H); Moved crude product forward.
Pyrazoles

(3,4-dichlorphenyl)aniline (8a). General Procedure H withitto-3,4-dichlorobenzene.

Brown oil (yield = 90 %)l (400MHz, ¢-DMSO) 7.19 (t, 1H, ArJ) = 8.4 Hz), 6.98 (d,

1H, Ar, J = 8 Hz), 6.80 (d, 2H, ArJ = 8.4 Hz), 6.82 (s, 1H, Ad = 7.6 Hz), 6.73 (d, 2H,

Ar, J= 8.8 Hz). Carbon spectrum consistent with Sigma Aldrich.
4-(3-chlorophenoxy)aniling8b). General Procedure H withnltro-4-phenoxybenzene.

Brown solid (yield = 92 %)in (400MHz, ¢-DMSO) 10.30 (bs, 2H, Ar), 8.66 (bs, 1H,
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Ar), 7.54 (d, 1H, ArJ = 8.8Hz), 7.23 (s, 1H, Ar), 6.95 (d, 1H, Al = 8.8 Hz). Moved
forward with crude product.

(3,4-dichlorophenyl)hydraziné9a). General Procedure | with 8a (yield = 68g).
(400MHz, ¢-DMSO) 10.30 (bs, 2H, Ar), 8.66 (bs, 1H, Ar), 7.54 (d, 1H, 2%, 8.8 Hz)
7.23 (s, 1H, Ar), 6.95 (d, 1H, Ad,= 8.8 Hz).
(4-(3-chlorophenoxy)phenyl)hydrazii@b). General Procedure | with 8b. Black solid.
(yield = 65%).01 NMR (400MHz, CDC#) 7.19 (t, 1H, ArJ = 8.2 Hz), 6.99 (d, 1H, Ad
= 8.0 Hz), 6.88 (d, 3H, Ad = 8.4 Hz), 6.83 (d, 1H, Ad = 7.6 Hz), 6.73 (d, 2H, Al =
8.8 Hz), 3.77 (bs, 2H).

ethyl 4(6-chloro-1H-indol-3-yl)-2,4-dioxobutanoat€lla). General Procedure J with 1
(6-chloro-1H-indol-3-yl)etharr1-one. Purple solid. (yield = 65%ijn (400MHz, d&-
DMSO) 12.54 (s, 1H, Ar), 8.81 (s, 1H, Ar), 8.21 (d, 1H, Ar 8.4 Hz), 7.57 (s, 1H, Ar),
7.30 (d, 1H, ArJ = 7.6 Hz), 7.05 (s, 1H, Ar), 4.34.29 (m, 2H, G-CHs), 1.33 (t, 3H,
CH.CHs3,J = 7.0 Hz);Moved crude product forward.
ethyl4-(3,4-dichlorophenyh2,4-dioxobutanoaté11b). General Procedure J witH2,3
dichlorophenyl)ethari-one. Purple solid. (yield = 75%J. (400MHz, CDC}) 8.08 (s,
1H), 7.82 (d, J = 8.0 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.01 (s, 1H), 4.42 (q, J =,8.4 Hz
2H), 1.42 (t, J = 6.8 Hz, 3H); Carbon spectrum consistent with compound (2a).
ethyl 5(6-chloro-1H-indol-3-yl)-1-(3,4-dichlorophenyl1H-pyrazole3-carboxylate
(12a). General Procedure K with 9a and 11a. Red solid. (yield = &4¥400MHz,
CDCl) 8.65(s, 1H, Ar), 7.65 (s, 1H, Ar), 7.34.33 (m, 3H, Ar), 7.1&.10 (m, 3H, Ar),

6.96 (s, 1H, Ar), 4.5@1.44 (m, 2H, €.CHs), 1.45 (t, 3H, CHCHs, J = 7.0 Hz);lic
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(400MHz, ¢-DMSO) 161.5, 144.2, 139.1, 139.0, 136.4, 131.5, 131.0, 130.9, 127.3,
127.0126.7, 125.2, 123.9, 120.4, 120.1, 111.7, 109.4, 103.2, 60.6, 14.2

ethyl 2(4-(3-chlorophenoxy)pheny-(3,4-dichlorophenyl1H-pyrazole3-carboxylate
(12b). General Procedure K with 9b and 11b. Brown solid. (yield = Q9600MHz,
CDCl) 7.41 (d, 1HAr, J= 8.8 Hz), 7.35 (s, 1H, Ar), 7.30 (t, 3H, Ar= 7.8 Hz), 7.12
(d, 1H, Ar,J = 8.0 Hz), 7.077.00 (m, 5H, ar), 6.90 (d, 1H, Al,= 8.8 Hz), 4.46 (m, 2H,
CH2CHsa), 1.43 (t, 3H, CHCH3, J = 7.2 Hz).
5-(6-chloro-1H-indol-3-yl)-1-(4-(3-chlorophenoxy)phenyl) H-pyrazole3-carboxylic
acid (13a). General Procedure L with 12a. Yellow solid. (yield = 93%j400MHz, d-
DMSO) 11.67 (s, 1H, Ar), 7.79 (d, 1H, At= 2.4 Hz), 7.66 (d, 1H, Ad = 8.4 Hz), 7.8
(d, 1H, Ar,J = 1.6 Hz), 7.40 (d, 1H, Ad = 2.4 Hz), 7.357.28 (m, 2H, Ar), 7.02 (t, 2H,
Ar, J= 4.6 Hz);lc (400MHz, ¢-DMSO) 163.0, 145.3, 139.3, 136.6, 136.4, 131.4, 130.9,
130.8, 127.2, 126.8, 126.7, 125.0, 124.0, 120.4, 120.1, 111.7, 109.4,
1-(4-(3-chlorophenoxy)phenyb-(3,4-dichlorophenyl1H-pyrazole3-carboxylic acid
(13b). General Procedure L with 12b. White solid. (yield = 9%6§400MHz, CDC})
7.43 (d, 1HJ = 7.6 Hz), 7.37 (d, 1H, Ad = 1.6 Hz), 7.31 (t, 3H, AJ = 8.0 HJ, 7.14
(d, 2H, Ar,J = 5.6 Hz), 7.077.02 (m, 4H, Ar), 6.92 (d, 1H, Ad = 8.4 Hz).
5-(6-chloro-1H-indol-3-yl)-N-((4-chlorophenyl)sulfony#l-(3,4-dichloropheny1H-
pyrazole3-carboxamidg14a). General Procedure M with 13a dnd
chlorobenzenesulfonanadYellow solid. (yield = 53%)i+ (400MHz, ¢-DMSO). 11.68
(s, 1H, Ar), 8.04 (d, 2H, A = 8.8 Hz), 7.91 (d, 1H, Ad = 2.4 Hz), 7.77 (d, 2H, Ad =
8.8 Hz), 7.67 (d, 1H, A = 8.4 Hz), 7.51 (s, 1H, Ar), 7.38.30 (m, 3H, Ar), 7.15 (s, 1H,

Ar), 7.04(d, 1H, Ar,J = 8.8 Hz);lc (400 MHz,ds-DMSQ) 159.8, 144.1, 139.3, 138.9,
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138.7, 136.3, 131.6, 131.0, 130.9, 129.6, 129.3, 127.3, 126.9, 126.8, 124.8, 123.9, 120.5,
120.1, 111.7, 108.7, 103.0
1-(4-(3-chlorophenoxy)pheny)-((4-chlorophenyl)sulfonytb-(3,4-dichloropheny1H-
pyrazole3-carboxamidg14b). General Procedure M with 13b ahd
chlorobenzenesulfonamideight brown solid. (yield = 54%)i4 (400MHz, CDC}). 9.47

(s, 1H, Ar), 8.11 (d2H, Ar,J = 8.8 Hz), 7.52 (d, 2H, Ad = 8.4 Hz), 7.40 (d, 1H, Ad =

8.8 Hz), 7.337.24 (m, 5H, Ar), 7.15 (d, 1H, Ad,= 8.0 Hz), 7.085.98 (m, 5H, Ar), 6.94

(d, 1H, Ar,J = 8.0 Hz);Uc (400MHz, CDC}) 157.7, 156.8, 156.5, 144.0, 143.0, 140.2,
136.6,133.4, 132.7, 130.4, 130.4, 130.3 129.9, 129.6, 128.8, 128.1, 127.4, 127.0, 126.6,
124.0, 119.2, 119.0, 117.0, 108.5
N-((2-(4-chloro-3-fluorobenzamido)ethyl)sulfonyl)-(4-(3-chlorophenoxy)phenyh-
(3,4-dichlorophenyB1H-pyrazole3-carboxamidg14c). Geeral procedure M with 13b
and 4chloro-3-fluoro-N-(2-sulfamoylethyl)benzamide. White solid (yield = 28%).
(400MHz, ¢-DMSO). 8.81 (s, 1H, Ar), 7.69 (t, 2H, Al = 8.6 Hz), 7.63 (s, 2H, Ar),

7.47 (d, 2H, ArJ = 6 Hz), 7.40 (d, 1H, Ar) = 8.8 Hz), 7.2Qd, 1H, Ar,J = 8 Hz), 7.21

(d, 4H, Ar,J = 8.8 Hz), 7.13 (s, 1H, Ar), 7.04 (d, 1H, Ar= 8 Hz), 3.77 (br s, 2H,
NH(CH2)2SQ), 3.71 (br s, 2HNH(CH2).SCO,) ; (400MHz, CDC}) 165.0, 158.6, 156.9,
156.4, 156.1, 143.2, 134.9, 133.6, 133.6, 13333,2, 132.8. 130.4, 130.4, 130.3, 129.9,
127.9, 126.5, 124.2, 124.0, 122.9, 119.2, 118.9, 117.0, 115.3, 115.0, 108.7, 52.8, 34.2
4-chlorobenzenesulfonamidéeneral Procedure G with 4-chlorobenzenesulfonyl
chloride. White solid (yield = 86%). Protonca@arbon spectra consistent wiRbrjessy,

A., Sulfur Letters 2002, 25(2), -7B.
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4-chloro-3-fluoro-N-(2-sulfamoylethyl)benzamid@eneral procedure S withchloro-3-
fluorobenzoic acid and-2aminoethanesulfonamide. White solid (yield = 626&)(400
MHz, d-DMSO) 8.82 (br s, 1H, Ar), 7.82 (d, 1H, A= 9.6 Hz), 7.777.69 (m, 2H, Ar),
6.97 (s, 2H, Ar), 3.6B.62 (m, 2H, NH(®12)2:SO), 3.263.23 (M, 2H, NH(E12):SOy);
Moved crude product forward.

2-acylsulfonamides 1Hindoles

ethyl 3bromao6-chloro-1H-indole-2-carboxylate(16). General procedure N. Orangil.
(yi el d n@008vBI6EDCH 9.05 (s, 1H, Ar), 7.60 (d, 1H, Al,= 8.4 Hz), 7.42
(s, 1H, Ar), 7.21 (d, 1H, A = 8.8 Hz), 4.504.45 (m, 2H, G.CHs), 1.47 (t, 3H,
(CH2CH3), J= 7.2 Hz); Moved crude product forward.
5-bromao2-(3-chlorophenoxy)pyridin€l8). General procedure O withbsomo-2-
fluoropyridine and &hlorophenol. Light brown oil. (yield = 61%i4 (400 MHz, CDC})
8.24 (s, 1H, Ar), 7.81 (d, 1H, Ad,= 8.8 Hz), 7.34t, 1H, Ar,J = 7.8 Hz), 7.21 (d, 1H,
Ar, J=8.8 Hz), 7.17 (s, 1H, Ar), 7.04 (d, 1H, Ar= 8.8 Hz), 6.88 (d, 1H, A = 8.4
Hz )c;(400MHz, CDC}) 161.5, 153.9 147.9, 141.7, 134.5, 130.0, 124.7,121.2, 118.9,
113.6, 112.9
2-(3-chlorophenoxyp-(4,4,5,5tetramethyll,3,2dioxaborolan2-yl)pyridine (19).
General Procedure P with 18. White solid (yield = 73%)400 MHz,ds-DMSO) 8.53
(s, 1H, Ar), 8.24 (d, 1H, A = 8.8 Hz), 7.49 (t, 1H, A = 8.2 Hz), 7.33 (d, 2H, A =
7.6 Hz), 7.247.18 (m, 2H, Ar), 1.19 (s, 12H, (CKG)2) :c (400MHz, CDC}) 164.6,
154.1, 145.4, 134.4, 129.9, 124.4, 121.2, 118.9, 110.5, 83.6, 83.0, 24.6, 24.4
ethyl 6chloro-3-(6-(3-chlorophenoxy)pyridif8-yl)-1H-indole-2-carboxylate(20).

General Procedure Q with 16 and 19. Yellow solid (yield = 25400 MHz, CDC})

152



8.37 (s, 1H, Ar), 7.94.83 (m, 1H, Ar), 7.53 (d, 1H, Ad,= 8.4 Hz), 7.46 (s, 1H, Ar),
7.34 (t, 1H, ArJ = 8.4 Hz), 7.23 (d, 2H, Ad = 12 Hz), 7.177.05 (m, 4HAT).
6-chloro-3-(6-(3-chlorophenoxy)pyridi8-yl)-1H-indole-2-carboxylic acid(21). General
Procedure R with 20. Yellow solid (yield = 99% ) (400 MHz,ds-DMSO) 8.32 (s, 1H,
Ar), 8.08 (d, 1H, ArJ = 6.8 Hz), 7.49 (t, 3H, AJ= 9.6 Hz), 7.33 (t, 3H, A= 7.4

Hz), 7.21 (d, 1H, ArJ = 8.4 Hz), 7.14 (d, 1H, Ad = 8 Hz), 7.07 (d, 1H, Ar) = 8 Hz).
6-chloro-3-(6-(3-chlorophenoxy)pyridif8-yl)-N-((4-fluorophenyl)sulfonyhlLH-indole-2-
carboxamidg22). General procedure S with 20 antlubrobenzenesulfonamide.
Yell ow sol i du(40Q0 MHz,dsiDMSOx8.2D (,)1H, A, 7.95 (d, 1H, AJ,

= 8.8 Hz), 7.86 (t, 2H, AJ = 6.8 Hz), 7.54 (s, 1H, Ar), 7.5D.42 (m, 2H, Ar), 7.33 (d,
2H, Ar,J = 6.8 Hz), 7.277.21 (m, 4H, Ar), 7.08 (d, 1H, Ad = 8.8 Hz), 7.02 (d, 1H, Ar,
J=7.6 Hz).

4-fluorobenzenesulfonamid&eneral Procedure G withfdiorobenzenesulfonylchloride.
Whi t e s o lxi460 MHE®R-BAWSO) 7191 (t, 2H, ArJ = 6.8 Hz), 7.44t, 4H, Ar,
J= 8.6 Hz); Carbon spectrum consistent with Sigma Aldrich.

Reverse sulfonamidéndoles

6-chloro-2-(ethoxycarbonyhlLH-indole-3-sulfonic acid(23). General procedure T with 6
chloro2-ethylesterlH-i ndol e. Col o0 u(400 MMZ,deDM$O)21.92 5,%)
1H, Ar), 8.17 (d, 1H, Ar)=9.2 Hz), 7.1 (s, 1H, Ar), 7.09 (d, 1H, Ar= 8 Hz), 4.33

4.28 (m, 2H, G,CHs), 1.32 (t, 3H, (CHCH3), J =7  H z 400 Mitz,ds-DMSO)

161.1, 135.1, 129.0, 126.8, 125.7, 125.3, 124.3, 121.0, 111.6, 61.1, 14.5

ethyl 6chloro-3-(chlorosulfonyl}1H-indole-2-carboxylate(24). General procedure U

with 23. Yellow solid. (yield = 99%)i+ (400 MHz,CDCls) 12.05 (s, 1H, Ar), 8.16 (d,
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1H, Ar,J = 8.4 Hz), 7.44 (s, 1H, Ar), 7.10 (d, 1H, Ar= 8.4 Hz), 4.474.29 (m, 2H,
CH2CHs), 1.33 (t, 3H,) = 8 Hz); lic (400 MHz,CDCl) 164.8, 158.9, 138.6, 134.3,
132.2,125.3, 122.2, 113.4, 99.8, 63.0, 13.8
N-(4-bromobenzyHl-cyclohexylmethanamin&eneral procedure X with- 4
bromobenzaldehyde and cyclohexane methylamine. Light yellow oil. (yield &96).
(400 MHz,CDCls) 7.50 (s, 1H, Ar), 7.38 (d, 1H, Ar, J = 6.8 Hz), 7.25 (s, 1H, Ar), 7.2
7.171 (m, 1H, AN3.75 (d, 2H, NHE2), 2.462.44 (m, 2H, NHEl,) 1.781.66 (m, 5H,
CeH12), 1.481.39 (m, 2H, GH12) 1.271.14 (m, 3H, GH12), 0.0970.91 (m, 2H, EH12)
N-(3-bromobenzytp-(4-chlorophenyl)ethaii-amine General procedure X with 3
bromobenzaldehyde and(2-chlorophenyl)ethylamine. Yellow oil (yield =%l (400
MHz, CDCl) 7.49 (s, 1H, Ar), 7.38 (d, 1H, Ar, J = 7.6 Hz), 7.26 (obsc, 3H, Ar), 7.20 (d,
1H, Ar,J = 6.8 Hz), 7.12 (d, 2H, A = 8 Hz), 3.81 (d, 2H, NHB,), 2.87 (br s, 4H,
NHCH?2) 2.17 (s, 3H, ?)

N-(3,4-dichlorobenzyh1-(furan-3-yl)methanamineGeneral procedure X with 3,4
dichlorobenzaldehyde and furfurylamine. Red oil (yield =%4)400 MHz,CDCl) 7.45
(s, 1H, Ar), 7.38 (d, 2H, Ar, J = 7.6 Hz), 7.17 (d, 1H, &s 8.8 Hz), 6.32 (s, 1H, Ar),
6.18 (s, 1H, Ar), 3.77 (d, 2H, NH®), 3.74 (d, 2H, NHEl»)
N-(4-bromobenzytR-methylproparl-amine General procedure X with 4
bromobenzaldehyde and isobutylamine. Color (yield = %).
N-(3,4-dichlorobenzybh2,2-dimethylproparnl-amine General procedure X with 3,4

dichlorobenzaldehyde and neopentylamine. Colorless oil (yield = %).
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N-(4-chlorobenzyh2,2-dimethylproparnl-amine General procedure X with 4
chlorobenzaldehyde and neopentylamine. Colorless oil (yield & %400 MHz,CDCls)
7.28 (obsc, 4H, Ar), 3.77 (s, 2H, NH), 2.31 (s, 2H, NHE>), 0.91 (s, 9H, C(83)3))
N-benzyil-(4-chlorophenyl)methanamin&eneral procedure X with benzylamine and 4
chlorobenzaldehyde. Orange oil (yield = #%).(400 MHz,CDCl) 7.34 (d, 4H, ArJ =

4.4 Hz), 7.29 (obsc, 5H, Ar), 3.79 (d, 4H, NH& J = 6.8 Hz); Carbon consistent with
Likhar, Pravin R., European Journal of Organic Chemistry 2009, (31),-5389

ethyl 3(N-(4-bromobenzyiN-(cyclohexylmethyl)sulfamoy®-chloro-1H-indole-2-
carboxylate(25a). General procedure V with 24 ang4Nbromobenzybhl1-
cyclohexylmethanamine. Whisslid (yield = 68%).04 (400 MHz,CDCls) 8.29 (d, 1H,

Ar, J=8.8 Hz), 7.47 (s, 1H, Ar), 7.35 (d, 1H, Ar, J = 7.2 Hz), 7.30 (obsc, 2H, Ar), 7.18
(d, 1H, Ar,J = 7.2 Hz), 7.13 (d, 1H, Ad = 7.2 Hz), 4.55 (s, 2H, NH€}), 4.5:4.45 (m,
2H, CH2CH), 3.16:3.15 (m, 2H, NHE&l,) 1.60 (br s, 8H, €H12), 1.43 (t, 4H, GH1z, J =

6.8 Hz) 1.06 (s, 3H, C#€Hs) ;c (400MHz, ¢-DMSO) 159.3, 140.2, 134.9, 130.3,
130.0, 129.9, 128.9, 126.8, 124.0, 123.3, 123.0, 121.5, 112.6, 62.1, 54.1, 50.6, 35.2, 30.0,
25.8,25.214.0

ethyl 3(N-(3-bromobenzyiN-(4-chlorophenethyl)sulfamoyg-chloro-1H-indole-2-
carboxylate(25b). General procedure V with 24 anddNbromobenzyh2-(4-
chlorophenyl)ethari-amine. Yellow oil (yield = 22%)i (400 MHz,CDCls) 8.26 (d,

1H, Ar,J = 8.4 Hz), 7.48 (s, 1H, Ar), 7.39 (s, 2H, Ar), 7-31.6 (obsc m, 3H, Ar), 7.04

(2, 1H, Ar,J = 8.8 Hz), 6.81 (d, 2H, Ad = 8 Hz), 4.62 (s, 2H, NHB>), 4.464.41 (m,

2H, CH2CH3), 3.523.48 (m, 2H, NHE1,), 2.692.65 (m, 2H, NHEl2), .60 (br s, 8H,

CeH12), 1.471.41 (m, 3H) 0.94 (s, 3H, GigHs)
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ethyl 6chloro-3-(N-(3,4-dichlorobenzyBN-(furan-3-ylmethyl)sulfamoyflLH-indole-2-
carboxylate(25c). General procedure V with 24 aNe3,4-dichlorobenzyB1-(furan-3-
yl)methanamine Whi t e s ol i d(400 MHzeCD@) 955 &,ApAr), 8.2
(d, 1H, Ar, J = 8.8 Hz), 7.48 (s, 1H, Ar), 7.34 (d, 1H, &s 7.6 Hz), 7.30 (obsc, 1H,

Ar), 7.19 (s, 1H, Ar), 7.12 (d, 1H, Ad,= 8.4Hz), 6.17 (s, 1H, Ar), 5.93 (s, 1H, Ar), 4.51
(s, 2H, NHQH,), 4.464.41 (m, 4H, NHE®2and GH,CHa), 1.41 (t, 3H, CHCH3, J= 7.2

H z )c;(4000MHz,CDCls) 158.4, 149.1, 142.6, 136.8, 133.9, 132.6, 131.5, 130.4, 129.9,
127.5,127.0, 125.1, 124.424.0, 119.0, 111.7, 110.2, 109.6

ethyl 3(N-(4-bromobenzyiN-isobutylsulfamoyhs-chloro-1H-indole-2-carboxylate

(25d). General procedure V with 24 ade4-bromobenzyh2-methylpropanl-amine
(yi el d w{40@NHZHEDCL)®.60 (s, 1H, Ar), 8.25 (dLH, Ar, J = 8.4 Hz), 7.46
(s, 1H, Ar), 7.39 (d, 2H, A = 7.6 Hz), 7.27 (d, 1H, Ad = 7.2 Hz), 7.14 (d, 2H, Ad =

8 Hz), 4.56 (s, 2H, NHB>), 4.464.41 (m, 2H, ©>CHs), 3.03 (d, 2H, NHE, J = 7.2
Hz), 1.70 (s, 1H, 6(CH>)2), 1.40 (t, 3H, CHCHs, J = 6 Hz), 0.69 (d, 6H, CH(82)2), J

= 6. 4c(40@ MHz,CDCk) 158.7, 135.8, 134.0, 132.5, 131.5, 129.8, 126.7, 125.1,
124.3,124.0, 121.4, 119.8, 111.7, 65.5, 54.9, 51.1, 26.2, 19.8

ethyl 6chloro-3-(N-(3,4-dichlorobenzyhN-neopentylsulfamoy) H-indole-2-
carboxylate(25e). General procedure V with 24 ang3\-dichlorobenzyh2,2-
dimethylproparnl-amine. Yellow oil (yield = 45%)d4 (400 MHz,CDCls) 8.23 (d, 1H,

Ar, J=8.8 Hz), 7.4 (s, 1H, Ar), 7.297.23 (obsc, 2H, Ar), 7.14 (s, 1H, Ar), 7.01 (d, 1H,
Ar, J= 8.4 Hz), 4.69 (s, 2H, NHEy), 4.504.44 (m, 2H, G2CHs), 3.32 (s, 2H, NHEL),

1.43 (t, 3H, CHCHs, J = 6.8 Hz), 0.91 (s, 9H, C()3)
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ethyl 6chloro-3-(N-(4-chlorobenzyBN-neopentylsulfamow)H-indole-2-carboxylate
(25f). General procedure V with 24 aNé(4-chlorobenzy2,2-dimethylpropanl-amine
Yel l ow oi |l (00 &HzCDEL) A4, 1H, Ar), 8.21 (d, 1H, Al=
9.6 Hz), 7.44 (s, 1H, Ar), 7.24 (s, 1H, Ar), 7.15 (d, 2H, &+, 8.4 Hz), 7.07 (d, 2H, Ad
= 8.4 Hz), 4.70 (s, 2H, NH&), 4.464.35 (m, 2H, Gl2CHs), 3.24 (s, 2H, NHE), 1.34
(t, 3H, CHCHzs, J = 6.8 Hz), 0.84 (s, 9H, C(3)s)

ethyl 3(N-benzyiN-(4-chlorobenzyl)sulfamoyp-chloro-1H-indole-2-carboxylate(259).
General procedure V with 24 ahdbenzytl-(4-chlorophenyl)methanamin&Vhite solid
(yi el d w{400MHZETDCL)®.30 (d, 1H, Ar,J) = 8.4 Hz), 7.47 (s, 1H, Ar), 7.26
(obsc, 2H, Ar), 7.267.16 (m, 5H, Ar), 7.00 (d, 4H, Ad = 9.6 Hz), 4.474.42 (d, 6H,
NHCH; and GH-CHs), 1.39 (t, 3H, CHCHs, J= 7 . 6 ¢ (40@MHz, CICH) 135.1,
134.1, 133.6, 132.9, 132.2, 129.2, 128.1, 128.0, 12282, 126.5, 124.7, 124.0, 123.5,
111.4,76.9, 76.2, 62.1, 13.8
3-(N-(4-bromobenzyiN-(cyclohexylmethyl)sulfamoy®-chloro-1H-indole-2-carboxylic
acid (26a). General procedure W with 25a. Yellow solid (yield = 5@4§400 MHz,ds-
DMSO) 8.00 (d, 1H, ArJ = 8.4 Hz), 7.52 (s, 1H, Ar), 7.50 (s, 1H, Ar), 7.43 (d, 1H, Ar, J
= 7.6 Hz), 7.33 (d, 1H, Ad = 7.6 Hz), 7.287.20 (m, 2H, Ar), 4.61 (s, 2H, NH®), 3.02
(d, 2H, NHH>), 1.49 (br s, 5H, €H12), 1.25 (s, 2H, €H12), 0.990.87 (m, 3HCsH12),
0.640.61 (m, 2H, €H12) ;c (400 MHz,de-DMSO) 146.8, 139.2, 135.6, 135.4, 134.9,
133.0, 131.9, 129.9, 127.5, 127.1, 126.6, 117.2, 59.9, 56.8, 40.7, 35.2, 31.1, 30.4
3-(N-(3-bromobenzyiN-(4-chlorophenethyl)sulfamoyfg-chloro-1H-indole-2-carboxylic
acid (26b). General procedure W with 25b. Color (yield = 53%)400 MHz,ds-

DMSO) 7.94 (d, 1H, ArJ = 10 Hz), 7.50 (d, 2H, At = 9.6 Hz), 7.44 (d, 1H, AJ =8
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Hz),7.34 (d, 1H, Ar, J = 6.8 Hz), 7.27 (t, 1H, Ar= 7.6 Hz), 7.18 (d, 3H, Ad = 8 Hz),
6.98 (d, 2H, ArJ = 8 Hz), 4.69 NHEl,), 3.19 (s, 4H, NHEL) 2.57 (obsc, 2H, NHB);

Uc (400 MHz,ds-DMSO) 184.3, 162.3, 141.5, 137.6, 134.7, 133.9, 130.6, 130.5, 130.3,
129.8, 128.0, 127.4, 126.8, 124.5, 123.9, 122.0, 121.6, 112.1, 50.7, 49.0, 33.3
6-chloro-3-(N-(3,4-dichlorobenzyBN-(furan-3-ylmethyl)sulfamoyflLH-indole-2-
carboxylicacidl 26 c) . Gener al procedure W with 25c.
(400 MHz,ds-DMSO) 7.98 (d, 1H, Ar, J = 8.8 Hz), 7.49 (s, 1H, Ar), 7.45 (d, 2H,JA,

8.8 HJ, 7.28 (s, 1H, Ar), 7.18 (d, 1H, Al,= 8.8 Hz), 7.12 (d, 1H, Ad = 8 Hz), 6.24 (s,

1H, Ar), 6.10 (s, 1H, Ar), 4.53 (d, 4H, NHG, J= 8 . 4 ¢ (40@ )Hz,dstDMSO)

149.9, 142.7, 139.1, 134.1, 130.0, 129.6, 129.2, 128.2, 128.0, 127.6, 124.6, 1224, 12
122.0, 121.5, 112.2, 112.0, 110.3, 109.4,
3-(N-(4-bromobenzyiN-isobutylsulfamoybs-chloro-1H-indole-2-carboxylic acid(26d).
General procedure W with 25d. Tan solid (yield = 8494)400 MHz, ¢-DMSO) 8.06

(d, 1H, Ar,J = 9.6 Hz), 7.56 (s, 1H, Ar), 7.51 (d, 2H, Ar= 8.4 Hz), 7.31 (s, 2H, Ar),

7.27 (d, 2H, ArJ = 8.8 Hz), 4.42 (s, 2H, NHE>), 2.96 (d, 2H, NHE2, J = 7.6 Hz),

1.60 (s, 1H, €I(CHy)2), 0.61 (d, 6H, CH(El2)2), J= 6 . 4 c (408 YiHz,dstDMSO)

162.3, 138.1134.0, 131.0, 130.1, 128.5, 127.9, 124.8, 122.3, 122.0, 120.0, 112.3, 111.7,
55.8, 51.5, 29.0, 26.2, 19.8
6-chloro-3-(N-(3,4-dichlorobenzyBN-neopentylsulfamoy}H-indole-2-carboxylic acid

(26€e). General procedure W with 25e. Yellow solid (yield = 73#%}J400 MHz,ds-

DMSO) 7.96 (d, 1H, ArJ = 8.8 Hz), 7.51 (d, 2H, A = 8.8 Hz), 7.46 (s, 1H, Ar), 7.28

(br's, 1H, Ar), 7.22 (d, 1H, Ad = 8.8 Hz), 4.76 (s, 2H, NH&), 3.19 (s, 2H, NHEL),
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0.79 (s, 9H, C(B3)3) ;c (400 MHz,ds-DMSO) 188.4, 140.2, 140.2, 134.1, 130.6, 130.1,
129.1, 129.0, 128.2, 127.6, 124.8, 122.4, 122.3, 112.2, 60.7, 53.1, 32.5, 28.1
6-chloro-3-(N-(4-chlorobenzybN-neopentylsulfamoy) H-indole-2-carboxylic acid
(26f).Gener al procedure W with 2®0MHzY¥el | ow sol i
DMSO) 7.96 (d, 1H, ArJ = 8.8 Hz), 7.53 (s, 1H, Ar), 7.32 (br s, 4H, Ar), 7.20 (d, 1H,
Ar, J= 8.4 Hz), 4.74 (s, 2H, NHE), 3.69 (s, 2H, NHE), 0.76 (s, 9H, C(83)3) ;c U
(400 MHz,ds-DMSO) 172.1, 162.3, 138.0, 134.0, 131.1, 129.2, 127.9, 127.0, 125.0,
122.3,122.0, 112.3, 111.5, 60.3, 53.6, 32.5, 28.1
3-(N-benzyiN-(4-chlorobenzyl)sulfamoy-chloro-1H-indole-2-carboxylic acid(269).
General procedure W with 25¢g. Yellavo | i d ( y i (400 MHz,ds¢DMSL) . U
8.04 (d, 1H, ArJ = 8.8 Hz), 7.61 (s, 1H, Ar), 7.17 (d, 6H, Ar= 13.6), 7.10 (br s, 4H,

Ar), 4.51 (br s, 4H, N(6)2) ;c (400 MHz,ds-DMSO) 136.9, 136.4, 134.1, 131.4,

129.6, 128.1, 128.0, 127.9, 127127.0, 124.6, 122.4, 122.1, 112.2, 51.1, 50.2
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3.11.2.Biology

Materials. All chemical reagents were ACS grade or higher unless otherwise indicated.
The DO, Ds-DMSO, and"®NH4CI were purchased from Cambridge Isotope
Laboratories, Inc. (Andover, MARII other chemicals were purchased from Sigma

Aldrich (St. Louis, MO).

Proteins. The pLM302 expression vector was constructed to produce M (maltose
binding protein) tagged recombinant human {cksidues 172 to 327 (M&l172327) in
HMS174 (DE3)cells (EMD Millipore) using either LB or minimal media supplemented with
15NH4CI to produce unlabeled éiIN-labeled Mct1, respectively. The tagged protein was
initially purified from the crude cell lysate by IMAC chromatography (GE Healthcare Life
Scienes), and after dialysis to remove the imidazole the affinity tag was cleaved using
PreScission Protease (GE Healthcare Life Sciences). A Seph&209l §ze exclusion column

was used as a final purification step before the protein was concentratedl@j@®@ MWCO

centifugal filter concentrator (EMD Millipore). The concentration of the protein was determined

using the BieRad Protein Assay (BiRad Inc., Hercules, CA) using BSA of a known
concentration as the standard (Pierce). The purity of the pwéaitonfirmed using SDBAGE
analysis and NMR HSQC experiments were done to confirm the protein was properly folded
(data not shown).

Peptides.A 6-aminohexanoic acid linker was conjugated to theeefhinus of the Bak BH3
peptide (GQVGRQLAIIGDDINR), cappedith fluorescein (on the amino group of the linker),
and the peptide was amidated on thefninus to give FITAAhx-GQVGRQLAIIGDDINR-
CONH,, hereafter r-RBak®oredynhpbhasi A€t TEY Neo

purity). The peptide wasoluble and stored inJ@ at pH 7. The concentration of the stock
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solution of unlabeled peptides were determined by quantitative amino acid analysis
(Biosynthesis Inc., Lewisville, TX), the concentration of FITC peptide was determined at pH 8.0
using the gtinction coefficientforamidé i nked FI TC, -4 9He peptidéwdas 0 0 0
synthesized using solistate peptide synthesis and the purity was determined to be >95% by

high pressure liquid chromatography and mass spectrometry.

Fluorescence anisotrpy experiments. Fluorescence anisotropy experiments were
conducted using a PHERAstar FS (BMG Labtech) multimode microplate reader equipped

with two PMTs for simultaneous measurements of the perpendicular and parallel
fluorescence emission. In addition, tiesolute anisotropy measurements were made on a

Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) equipped with

automated polarizers.

The fluorescence anisotropy assays were performed in black polypropyleiveelB84
microplate (Costar) wih a f i nal \ndgidllytheeaffinityf (Kg)200the FITG
Bak’*®° peptide was determined by titrating Mdi"#3?” into 10 nM FITGBak’+® peptide

in 20 mM HEPES, pH 6.8, 50 mM NaCl, 3 mM DTT, 0.01% Tritor100 and 5% DMSO

at room temperatusrghile monitoring the perpendicular and parallel fluorescence emission
with a 485 nm excitation and 520 nm emission filters. The fluorescence anisotropy
competition assay was performed using 100 nM-Mé&3?7 in the same buffer (10 nM
FITC-Bak'*®° peptick in 20 mM HEPES, pH 6.8, 50 mM NaCl, 3 mM DTT, 0.01% Triton
X-100 and 5% DMSO) with varying concentrations of either unlabeled peptide or

experimental compounds.

The initial binding affinities IKq) were determined by fitting the binding data to the Dose

Response function in the Origin software (OriginLab, Northampton, MA): y = @2 -
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A1) / (1+10-9%x9P) such that dynamic range = absi{A) and theKq = 10-°%°, The

ICs0in the competition assays were determined by fitting the binding data @nth&ite

Competition function in the Origin software (OriginLab, Northampton, MA): y»= fA1

i Az) I (1+10%1°9%) such that dynamic range = absi{A:) and thelCso = 10'(logx0). It

has been shown that each of the proteins used here bsidgla target peptide (1:1
stoichiometry) at the concentrations used in the competition dSsaywerefore, we are

able to use an equation derived by Nikolov€laeska et af.to calculate théq from the

ICso from the anisotropy competition assays. Hinity (Kq) of TAMRA-p53-2° for

Hdm?*'®was determined to be 6. 51-B&k*Sforad- ¢ M, and
1172327 was determined to be 41.96 + 2.78 nM and 6.67 + 0.05 nM, respectively, in the

assay conditions used.

The quality and dgtability of the fluorescence anisotropy competition assays were
evaluated using the-factor developed by Zhang et’afhe Zf act or +380)71 ( 3SD
I ofefl £ whaenr dareghe mean anisotropy (mA) values of the bound and free probe,
respectiely, and Sy and SD are the standard deviations of those values for bound and

free probe, respectively. Thefactor can be any valu@l, with a value of 1 being an ideal
assay(0.5 but<1.0 being an excellent assay, and a vali® being unacceptable for our

application.
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Figure S1. (A) Titration of Mcl-11723%7into 10 nM FITGBAK "*8 gives a K of 41.96 +

2.78 nM with the free FITEAK peptide having an absolute anisotropy value of 41.4 +

1.4 mA (this is the same as Mtlassay b/c same peptide, buffer and conditiond)tlae

Mcl-1 bound peptide 178.0 + 1.4 mA. (B) The FFBBK "*8°was competed off Mel17*

327with unlabeled BAKY®® peptide with an 16 of 418.19 + 37.77 nM giving a calculated

Kp of 101.84 + 12.37 nM. For this competition assay 60 nM-M&32’ wasused and

gives an excellent-factor of 0.79 with a dynamic range of 86.96 + 0.32 mA.

% Inhibition

100 +

Data: Data1_B

Model: Hill
Chi*2/DoF = 1644969
R*2 = 0.9952
Vmax 108.1182 2 11244
k 1.95568 =0.08221
n 4.35089 +0.59563
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Figure S2.The FITC Bak*®®was competed off Mel1"#327 with 7i, giving an estimated

ICso0f1. 96 N O.

08

e M.

For

a l

t he

competition

Mcl-117232"was used giving an excellentfactor of 0.82 with a dynamic range of 101.8

+ 2.85 mA.
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Figure S3. The FITC Bak*®®was competed off Mel'"#327 with PZ3, giving an

estimated |6 of 5.99 +0 .

36

e M.

For

al

t he

competition

100 nM Mck17#32"was used giving an excellentfdctor of 0.82 with a dynamic range

of 101.8 + 2.85 mA.
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Chapter 4. Krohnke pyridines: Rapid and facile access to Mell inhibitors
Protein protein interactions (PPIs) play key roles in cell differentiation, homeostasis, and

apoptosis, among other§iven their significance, it is unsurprising that their

dysregul ations can | ead to a plethora of

Bcl-2 family of proteins controls mitochondrial (intrinsic) apoptosis through several PPIs,
and is composed oh#-apoptotic and prapoptotic members, the latter of which are
further divided into effector and BH@nly proteins’* There are now six recognized anti
apoptotic proteins each of which is comprised of four BH domains2 Bsklf, Bckxy,

Bcl-W, Mcl-1, Bfl-1 and B:l-b. The effector proteins, which include BZlantagonist

killer (Bak), Bck2-associated x (Bax) and B2trelated ovarian killer (Bok), are also

made up of four BH domains and assume similar globular structures: particularly, a

di s

hydrophobicg oove on t he sur f ac-elidldantainofpr@a ogni zes t

apoptotic family members. Lastly, the BtéBly proteins, also referred to as the death
initiators, which include Bi m, Noxa and
helical domain.

The BH3only proteins promote cell death through neutralizing thespraival
proteins, as well as directly activating the effectors Bax and Bak, which themselves are
also neutralized by the pgurvival proteins:® In this tripartite apoptotic switch, oac
Bax and Bak levels are sufficiently elevated, the proteins homodimerize in the outer
mitochondrial membrane, so beginning the apoptosis cascade. Tapqpiotic proteins
recognize theirpre ur vi v al c ount e r-helecal anphipathic heliorg h  a
the former with a hydrophobic surface groove on the la®articularly, this proteiin

protein interaction (PPI) is mediated by a conserved pattern of hydrophobic residues on
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one f a c-belixafposititng, i+ 8/4,i+ 7, i+ 11 that probe intéour hydrophobic
subpockets, and a conserved aspartate on the opposing face at peSitioat
recognizes a conserved arginfhe.

The prosurvival Bct2 proteins are upregulated in several huwemcers,
including acute myeloid leukemia and multiple myeloti&Mcl-1 overexpression, in
particular, has been linked to acquired drug resistance to current chemotherapeutics such
as gemcitabine and microtubwdé@ected agents like vinblastifeFurthemore, upon the
inhibition of Bck2 and Bcix., a compensatory upregulation of Mcresults?
Accordingly, the development of Mdl inhibitors has become an intense area of
research, with two inhibitors recently advancing into clinical trials for refractory or
relapsed multiple myeloma, lymphoma and acute myeloid leukEértiin the event
thesetrials are unsuccessful, it is important that the discovery ofIMhibitors is
sustained, ideally with novel scaffolds and straightforward syntheses towards increased
chances of success and at a minimum cost so that treatments are affordable. Herein, w
disclose Mcl1 inhibitors based on 4@isubstituted picolinic acid, which are readily
accessible through a convergent, thstap synthesis that exploits Krohnke pyridine
chemistry.

Commonalities betweeMcl-1 inhibitors include a functional group togage
Arg263, most often a carboxylic acid, and appropriapelgitioned hydrophobic groups
that delve into the p2 and p4 pock&t& For example, as shown in Figutd., Abbvie
has disclosed the inhibitor A1210477 based on an indole core with a caclewiglic at
the 2position and a hydrophobic group at thp@ition that binds in the p2 pockét.

Meanwhile, Fesik and eworkers have generated more elaborate structures, such as
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Figure 4. 1. Some Mcll inhibitors and the Bek_-selective inhibitor WEHB39.

Fesik75, that can additionally bind the p4 pocket by virtue of substitatof an acyl
sulfonamidecarboxylic acid surrogaté® Geneste and colleagues have described the
Mcl-1 inhibitor S63845 based ortl@enopyrimidine coré? the 2fluorofuranyl moiety
engages the p2 pocket, the 2;#jfuoroethylpyrazole the p4 pocket and the carboxylic
acid forms a salt bridge with Arg263. By deconstructing one of our previously reported
oligoamidebased BH3 mimetg; we discovered moderately potent Mahhibitors
centered on a 2;@isubstituted nicotinic acid core; our most potent compdunsd

depicted in Figure 12 We rationalized that similarly giubstituted picolinic acids may
also be effective Mel inhibitors, perhaps even more so due tootttieo relationship of

the pyridine nitrogen and the carboxylic acid that might permit an additional electrostatic
interadion with Arg263 akin to the thiazol-carboxylic acid core of the Bai. selective
inhibitor WEHI-5392% Moreover, such 2,4;6i-substituted pyridines may be rapidly

accessed by the Krohnke pyridine synthé&sishich would facilitate the assembly of a
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library. In fact, Krohnke pyridines have already demonstrated bioactivity as inhibitors of
c-Myci Max dimerization and topoisomeras®f® Our generic design is shown in Figure
4.2A. We next designed the target molecliia which both the Rand R groups are 4
isopropoxyphenyl moieties. Overlay of MMghergy minimized with the BimB H 3- U
helix (Figure4.2B) revealed good mimicry of the side chains of Leu62 and Phe69 by the
4-isopropxy groups, and of Asp67 by the carboxylic acid, as predicted.

A. p4

p2
Figure 4.2. A. Generic inhibitor structureB. MM2-energy minimized ligantl (R = R* =
OiPr, magenta, coloured by atom type) overlaid withBirll 3-helik (key residues
highlighted).

Figure 4. 3. A low-energy GOLD docking solution dfmagenta) with Mell extracted from
PDB ID: 4HW?2. Ligand and protein coloured by atom type. White label indicates kely M
residue Arg263, black labels describe fdrkets within the BHBinding crevice.
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We performed molecular docking experiments vitising GOLD, wherein the
binding site was taken to be 10 A about Met231, which is located on the surface of the
protein between the p2 and p3 pockets of the BH3 binding crevice. All of the highest
ranked solutions exhibited very similar binding modes,argpresentative docking is
provided in Figuret.3. As illustrated, the carboxylic acid is close to Arg263. In contrast
to the design, the isopropxy groups are directed into the p2 and p3 pockets, as opposed to
the p2 and p4 pockets. We believe this fivgdis due to our use of the 4HW2 PDB file in
which the p2 pocket is substantially opened up such that the entire isopropoxyphenyl
group is accommodated instead of just the isopropoxy substituent. Nevertheless,
compoundl demonstrates good complementarayttie BH3 binding crevice.

Accordingly, we synthesizetland a series of analogues by following the chemistry
depicted inFigure 4.4 First, aldehydes ®&HO (2) underwent Knoevenagel
condensations with sodium pyruvate to deliver vinylidene &itideanwhie, methyl
ketones RCOCHs (4) were converted into their corresponding arylketayridinium

iodide salts by refluxing in pyridine in the presence of iodine. Finally, vinylidene acids
3 were condensed with sakgo furnish Krohnke pyridine$ and the LC series, which

were isolated by crystallization.

X ,
a x OH
xH XW X
2 o o _
9
\
HO N %
(e} 4 v
0 O 1,ILC
b | ’
Y)I\ E—— YJJ\/g\
e

4 5

(0]
3

Figure 4. 4. a) sodium pyruvate, NaOH, EtOHM, 1:1, RT, 1 h; b).| pyridine
NH4OAc, MeOH, 60 °C, 16 h.
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Compounds were evaluated in a fluorescgraarization competition assay
(Table 4.1)or their abilities to disrupt the PPI interaction between-Maind
fluorescentlylabeled BakBH3 peptide GQVGRQLAIIGDDINR, as described by us
previously?° Unfortunately, fluorescence overlap between fluoresBaikBH3 and
compoundl rendered the determination of ansd@alue challenging. However, this was
remedied by shifting to the TAMRA fluorophore. Thed@ata acquired from the
competition assay were convertedovalues using the Nikolovsk@oleska egation?’
ILC-1-098 inhibited Mci1 with aK; of 28.8¢ M, which was improved upon by the

addition of a second isopropoxy group in tifegPoup (ILG1-094:K; = 19.7eM), and

X

3

w
HO zX
Y

Code Number W X Y z K (uM) Code Number W X z K; (M)

z

Y
0 0 o OMe
ILC-1-098  CH 288+35 ILC-1-166  CH /©/ \© )©/ N 10.9£0.70
. ] %0 u

o o
ILC-1-094  CH 19.7+0.49 o
T T o
w e ) ILC1-172  CH /©/ \© N 38.2£655
T 0 “
)

z

o o
ILC-1-107  CH /©/ Y 977£104  |c4-203  OH )©/ \©
Y

N 10.3+0.36

O~

Br

ILC-1-192 CH N 8.47 £0.32

)
(o)
/@ N ~100 ILC-1210  CH /©/ \©
) R
Br Br 0.
/©/ N ~40 ILC-1-200  CH /©/ \©
) Ry
)
)

ILC-1-167 CH N 7.44 £0.47

0.
\( N 7.33£0.55

ILC-1-197 CH

Br Cl O.
N ~40 ILC-1-178 CH /©/ \©
N
oMe o
N ~40 ILC1-174  CH /©/ \©
=

Br

ILC-1-176 CH 6.10 £ 0.59

e

9 99%

0o
o
ILC-1-193  CH Br N >100 o NO,
- ILC-1-168  CH /©/ \© /©/ N 137:0.89
= R’
Br 0} o o
ILC-1-168  CH /©/ N 760£062 o102 CH /©/ /©/ N osrsods
.22 £ 0.
" R i

10) o Br
ILC-1-170  CH /©/ \© /@ N 924£053 409 N /©/ \© /©/ CH  443£033
. = %/ )

Table 4.1. Mcl-1 inhibitory structuréactivity relationships of Krohnke pyridind€so data from
a fluorescence polarization assay with Mél**"* and TAMRAlabeled BakBH3 peptide were
converted to Kvalues using the Nikolovsi@oleska equatiof.
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further still by the replacement of thé Ropropyl group with a benzyl group: ILG

107,K; = 9.77eM. For the series of Krohnke pyridines with Rp-4-bromophenyl,

significant inhibitory activity was only observed with ILI2169 which bears the largest

hydrophobic group in thpara position of the Rphenyl ring. We next prepared eries

of pyridines in which Rwas fixed as @-phenoxyphenyl moiety; all demonstrated

appreciable inhibition of Mel. In general, the larger and more hydrophobic the R

group, the greater the inhibition of Mt| with ILC-1-174 the most potent of all the

compounds evaluate&i(= 6.10eM). Finally, we wanted to probe the importance of the

position of the pyridine nitrogen, and so we prepared compound {199, where the

nitrogen was shifted into the positiparato the carboxylic acid. Thi&; of ILC-1-199

was determined to be 4.43 £ 0849, suggesting the position of the nitrogen atom

apparently has no impact on binding. It should be noted that the majority of iribito

plateaued at ~80% inhibition. We believe this may be related to solubility since at higher

concentrations, inhibition began to rapidly reduce, suggesting possible aggregation. That

being said, ILC1-199, our most potent inhibitor, accomplished compliggplacement of

the TAMRA-Bak peptide. Therefore, we selected this compound for further evaluation.
Two-dimensionafH-"N HSQC NMR spectra was collected faN-labeled

MCL-1 in the absence (black) and presence (red) ofIH1@9 (Figured.5). This

experment providesH-°N correlations for each amino acid'@i-isotope labeled

protein and addition of compounds that directly interact with the protein result in the

perturbation of those chemical shifts and/or the loss of the correlation due to chemical

exchange broadening. Regardless, any change in chemical shift values confirm the direct

interaction of the small molecules altll-labeled protein and may provide an indication
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Figure 4.5. Two-dimensionalH,**N-fastheteronuclear single quantum coherence (HSQC
spectra of MCL1#*?’in the absence (black) and in the presence (red) ofIH1©9 showing

clear changes in th#H-*N correlations for multiple amino acids indicatidgect interaction
of the compound and the proteiihe majority of the correlation peaks are weakened or |
complete due to intermediate chemical exchange broadeBiogie amino acid assignment
havebeen made based on the chemical shift values freely available in the Biological M
Resonance Data Bank (BMRB) for MCL1 (BMRB Entry 19654).

about wherghe compounds bind. The addition of HIE199 caused perturbation of

multiple correlation peaks assuring it directly interacts with MCHowever, due to the
interaction being in intermediate exchange, the correlation peaks were lost or weakened
and couldnot beassigned to specific amino acids with this experiment.

In summary, we have discovered novel inhibitors of-Mbtlased on a 4,6i-
substituted picolinic acid core. The compounds were rapidly and readily synthesized
using the Krohnke pyridine syntéis. It is surmised that the carboxylic acid binds
Arg263, and the hydrophobictRnd R groups bind two of the four hydrophobic sub
pockets of the BHdinding groove. Future work will focus on the expansion of our
compound library, as well as the additmirsolubilizing groups, such as a morpholino

moiety. Furthermore, conversion of the carboxylic acid to substituted acyl sulfonamides,
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as reported by Fesik and colleagtisnay permit occupation of a third hydrophobic

subpocket to afford additional impvements in binding affinities. It is envisaged that the

simplicity of the chemistry will expedite the discovery of more potent derivatives, and

our efforts in this regard shall be reported in due course.
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4.2.Supplementary Information

4.2.1.Chemistry: General.

Unlessotherwisestated all reactionsvereperformedunder aninert(N2) atmosphere.

Reagentandsolventswerereagengradeandpurchasedrom SigmaAldrich, Alfa

Aesar,Oakwood,andTCIl America.Anhydroussolventswerepurchasedrom Sigma

Aldrich andusedasprovided.Reactionsveremonitoredby TLC, visualizingwith a UV

lampand/orKMnO4 stain.Silicagel 60 ( 7 0 T @e8h(Merck) wasusedfor flash
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columnchromatography*H and**C NMR spectravererecordedon VarianINOVA 400
MHz NMR spectrometerat 25 °C. Chemicalshiftsarereportedn partspermillion
(ppm).Datafor *H NMR arereportedasfollows: chemicalshift (i ppm) (multiplicity,
couplingconstan{Hz), integration,identity). Multiplicities arereportedasfollows: s =
singlet,d = doublet,t = triplet, g = quartet,dd = doubletof doubles, m = multiplet. Data

for C arereportedn termsof chemicalshifts( fppm). Theresidualsolventpeakwas
usedasaninternalreferenceMassspectometrywasperformedon a BrukerAmaZonX
guadrupoleon trapmassspectrometeusingeitherelectrospay ionization(ESI) or
atmospheripressurehemicalionization(APCI). All final moleculesvere® 9 5pure
accordingo reverseegphasedHPLC usinga Waters1525analytical/preparativelPLC

fitted with a C18reversegphasecolumn(Atlantis T3: 4.6 mmx 150mm)andemploying
anisocraticgradientof CH3CNi H20, 9:1 over22 min. Dataarepresente@sretention

time (tr (min), purity (%)). The D20, De-DMSO, and**NH4CI werepurchasedrom
CambridgdsotopelLaboratories|nc. (Andover,MA).

General Procedure A: Formation of Pyridinium lodide Salts. The appropriate ketone
(1 eq) was reacted with iodine (1 eq) in refluxing pyridine (0.25 M) overnight. In most
cases, a heavy precipitate had formed. The reaction was allowed to cool to room
temperature, then over icEhe precipitated solid was isolated by vacuum filtration,
washed with cold pyridine and then ether to give the pyridinium iodide salts, which were

used without further purification.

General Procedure B: Knoevenagel CondensationslaOH (2.5 eq) was dissolved in a
1:1 mixture of HO/EtOH (0.20 M) solution. Sodium pyruvate (2 eq) was added,

followed by the appropriate aldehyde (1 eq). The resulting mixture was stirred at room
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temperature for 1 h. The resulting white precipitate vellected by vacuum filtration,
then washed with cold EtOH to deliver the potassitans-gb-unsaturate@-keto acid

salt. The ppt was partitioned between 1M HCI and EtOAc, the organic layer was dried
over NaSQy, filtered and concentrated to afford therespondingrans-gb-unsaturated

a-keto acid.

General Procedure C: Krohnke Pyridine Cyclizations.The appropriatérans-g,b-
unsaturate@-keto acid (1 eq) was dissolved in MeOH (0.1 M), followed by the addition

of the appropriate pyridinium iodide salt €¢q). Lastly, NHOAc (10 eq) was added to

the reaction mixture. The reaction was gently refluxed overnight. The next day, the
reaction mixture was cooled to room temperature, concentrated to ca. 5 mL if necessary,
then partitioned between GEI> and 1M HQ. The organic layer was dried over i$&,

filtered and concentrated. The residue was purified either by recrystallization in hot acetic
acid or hot EtOH, or by silica gel flash column chromatography, eluting with 92:7:1,
CHzCl./MeOH/acetic acid.

(E)-2-Oxo-4-(4-phenoxyphenyl)bt-enoic acid(3a) was prepared by reacting aldehyde
(2a) with sodium pyruvate on a 10 mmol scale following general procedure A. Yield =
52%. Yel |q¢480 MHa, DMS0de) 7184 (d, 1H, ArJ= 7.6 Hz), 7.74 (d, 1H,

Ar, J=15.6 Hz), 7.45 (t, 1H, Ad = 8 Hz), 7.37 (t, 1H, Ar) = 7.4 Hz), 7.287.19 (m,

2H, Ar), 7.12 (d, 2H, ArJ =8 Hz), 7.036 . 85 ( m, c (BGNHz,AM$Qds)

137.1, 136.6, 135.3, 135.2, 134.2, 133.3, 128.5, 126.1, 124.5, 124.0, 123.7, 123.4
(E)-4-Oxo-4-(4-phenoxyphenyl)bt-enoic acid(3b) was prepared by reacting diphenyl
ether (1g, 5.87 mmol, 1 eq.) with maleic anhydride (576 mg, 5.87 mmol, 1 eq.) and

anhydrous aluminium chloride (783 mg, 5.87 mmol, 1 eq.) irdicRloroethane (20 mL)
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at0 °C. The reaction was stirred overnight and allowed to warm to RT. The organic layer
was diluted with CECl, extracted with 1M NaOH, then the aqueous was acidified with

1M HCI and the product extracted into EtOAc (x2). The combined EtOAc extractions
werewashed with brine, dried (N&Qy), filtered and concentrated to yield a light yellow

solid that was sulfficiently pure to be carried forward. Yield = 494 mg (32%). White solid:

Un (400 MHz, DMSQds) 8.08 (d, 2H, Ar,J = 8.4 Hz), 7.88 (d, 1H, Ad = 15.6 Hz), 7.28

(t, 2H, Ar,J = 7.4 Hz), 7.177.03 (m, 4H, Ar), 6.68 (d, 1H, COCJ= 15. G460z ) ; U
MHz, DMSO-de) 192.8, 171.5, 167.2, 159.8, 141.2, 137.8, 136.7, 136.0, 135.8, 135.6,
130.2, 129.9, 125.4, 125.2, 122.4

(E)-4-(4-Bromophenyh2-oxobut3-enoic aid (3¢) was prepared by reacting 4
bromobenzaldehyde with sodium pyruvate on a 20 mmol scale following general
procedure A. Yi el dy(400 MHz,DM$Qds) Y76 (t, BHOMIs ol i d: 0
8.8 Hz), 7.69 (s, 1H, Ar), 7.65 (d, 2H, Ars 8 Hansistentiwith previous data
(Rezvanian, A. An Expedient Synthesis Strategy to thé®ihg¢dropyridines and
Pyrido[1,2a]Quinoxalines: lodine Catalyzed OR®t FourComponent Domino

ReactionsTetrahedror2016 72 (41), 64286435.)

1-(2-(2,4-Diisopropoxyphenyip-oxoethyl)pyridinl-ium bromide(5a) was prepared by

refluxing 2broma1-(2,4-diisopropoxyphenyl)ethah-one with pyridine on a 2 mmol

scale following general pr ed4@MHz, €D@. Yi el d =
ds) 9.20 (d, 2H, Ar,J = 6.4 Hz), 8.49 (t, 1H, A = 7.8 Hz), 8.06 (t, 2H, AJ = 7 Hz),

7.91 (d, 1H, ArJ = 8.8 Hz), 6.54 (s, 2H, Ar), 6.51 (s, 1H, CBS, 6.46 (s, 1H, COB)),

4.81-4.75 (M, 1H, GI(CHs)2), 4.684.62 (M, 1H, EGI(CHs)2), 1.63 (t, 6H, CH(Els)z, J =
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6.2 Hz), 1.38 (d, 6H, CH(@3)2, J= 6 . 4 ¢ (40D MHz, BMSOds) 193.3, 169.4,

165.7, 151.4, 151.7, 137.8, 132.6, 121.6, 113.3, 105.8, 76.3, 75.2, 74.9, 26.9, 26.8
1-(2-(4-1sopropoxyphenydp-oxoethyl)pyridinl-ium bromide(5b) was prepared by
refluxing 2bromao 1-(4-isopropoxyphenyl)ethaf-one with pyridine on a 2 mmol scale
foll owing general proceduy@#0®MBz CDCidg 9.32 = 87 %.
(d, 2H, Ar,J = 5.2 Hz), 8.46 (t, 1H, A) = 8 Hz), 8.07 (d, 2H, Ar) = 8.4 Hz), 8.01t,

2H, Ar,J =7 Hz), 7.07 (s, 2H, Ar), 6.89 (d, 1H, CBIg J = 8.8 Hz), 4.654.59 (m, 1H,
CH(CHa)2), 1.34 (d, 6H, CH(€l3)2, J= 6 . 4c (400 MHz, BMSQds) 194.0, 167.8,
151.5, 135.9, 132.9, 131.0, 120.7, 75.1, 71.0, 26.7

1-(2-Oxo-2-phenylethyl)pydin-1-ium iodide(5c) was prepared by refluxing
acetophenone with pyridine on a 10 mmol scale following general procedure B. Yield =
guant . Li g h (400 MzywDMS@de) 8.99dd; 2HUArJ = 6 Hz), 8.75 (t,

1H, Ar,J = 7.8 Hz), 8.29 (t, 2H, A) = 7 Hz), 8.08 (d, 2H, Ar) = 6.8 Hz), 7.81 (t, 1H,

Ar, J=7.4 Hz), 7.68 (t, 2H, A = 7.6 Hz), 6.47 (s, 2H, CO) ;ccoiisistent with
previous data (Liu, J.; Zhang, F.; Wang, T.; Qing, X.; Wang, C. Selective Hydrolysis of
1-Cyanocyclopropané-Carbxylates: Concise Preparation of 1

Carbamoylcyclopropang-Carboxylates). Chem. Re016 40(11), 694 697.)

1-(2-(4-Chlorophenyh2-oxoethyl)pyridinl-ium iodide(5d) was prepared by refluxing 1
(4-chlorophenyl)ethaii-one with pyridine on a 13 mmetale following general

procedure B. Yield =y(49PUNHz,tDMSQds) 83988946 own sol i
4H, Ar), 8.75 (t, 1H, ArJ= 7.8 Hz), 8.60 (t, 1H, AJ = 7.6 Hz), 8.29 (t, 2H, A =7

Hz), 8.08 (d, 4H, ArJ = 7.2), 7.77 (d, 2H, Ar) = 8.8Hz), 6.47 (s, 2H, COB») ;c

consistent with previous data (Baharfar, R.; Asghari, S.; Zaheri, F.; Shariati, N Three
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Component Synthesis of Novel Spirooxinddiean Derivatives Using Pyridinium Salts.

Comptes Rendus Chi2017, 20(4), 359 364.)

1-(2-(2-Bromophenyh2-oxoethyl)pyridinl-ium iodide(5€) was prepared by refluxing 1
(2-bromophenyl)ethaii-one with pyridine on a 10 mmol scale following general
procedure B. Yield 400M9Hs. DMEQdg 9.0l (dpb2&lijAgle s ol i d:
= 6.4 Hz), 8.% (t, 1H, Ar,J=7.8 Hz), 8.30 (t, 2H, ArJ = 7 Hz), 8.11 (d, 1H, Ar) =8
Hz), 7.89 (d, 1H, ArJ = 7.6 Hz), 7.69 (t, 1H, AJ = 7 Hz), 7.63 (t, 1H, Ar) = 7 Hz),
6.40 (s, 2H, COH>) ;ccodsistent with previous data (Sham;&; Lee, C-S.; Chan,
K.-Y.; Yiu, S-M.; Wong, W-T.; Kwong, H-L. Coordination Properties of Axially
Unfixed Chiral Dipyridine Ligands towards Metal and Ammonium Idt@yhedron

2011, 30(6), 1149 1156.)

1-(2-(3-Bromophenyh2-oxoethyl)pyridinl-ium iodide(5f) was prepared by refluxing 1
(3-bromophenyl)ethaii-one with pyridine on a 10 mmol scale following general
procedure B. Yi el d(408MidzuCVis®ds) 8. W ddi, 2HeArJsso | i d: U
6.4 Hz), 8.76 (t1H, Ar, J= 7.8 Hz), 8.30 (t, 2H, Ar) = 7 Hz), 8.23 (s, 1H, Ar), 8.06 (d,

1H, Ar,J = 7.6 Hz), 8.02 (d, 1H, At = 8.4 Hz), 7.65 (t, 1H, ArJ = 7.8 Hz), 6.48 (s, 2H,

COCH) ;ccodsistent with previous data (Shu,-W.; Ma, J-R.; Yang, Y.; Wu, AX.

An Efficient Synthesis of Novel Fused Cycloheptatrienes through Md@biated

Formal Intermolecular [2 + 2 + 2 + 1] Cycloadditiérg. Lett.2014 16 (5), 1286

1289.)

1-(2-(4-Methoxyphenyip-oxoethyl)pyridirl-ium iodide(5g) was prepared by refluxing
1-(4-methoxyphenyl)ethat-one with pyridine on a 10mmol scale following general

procedure B. Orange r o wn +5(400 MH¥,.DM80ds) 8.98 (d, 2H, ArJ = 5.6 Hz),

181



8.73(t, 1H, Ar,J = 7.8 Hz), 8.27 (t, 2H, Ar) = 7 Hz), 8.05 (d, 2H, ArJ = 8.8 Hz), 7.20

(d, 2H, Ar,J=8.4), 6.41 (s, 1H, COf), 3.91 (s, 3H, COHs) ;ccodsistent with
previous data (Hu, RB.; Sun, S.; Su, Y. Visiblkeight-Induced Carb&-Pyridylationof
ElectronDeficient Alkenes with Pyridinium Salté&ingew. Chem. Int. E@017, 56 (36),
10877 10880.)

1-(2-(4-Nitrophenyl}2-oxoethyl)pyridirl-ium iodide sal{5h) was prepared by refluxing
1-(4-nitrophenyl)etharl-one with pyridine on a 10 mmol scd@lowing general
procedure B. Yield s (4600M¥Hz, DMS®d)B.980(d, 2HnAre s ol i d:
J=5.6 Hz), 8.76 (t, 1H, A = 7.8 Hz), 8.49 (d, 2H, Ad = 8.4 Hz), 8.328.29 (m, 4H,

Ar), 6.51 (s, 2H, CO#>) ;ccodsistent with previous data (Galenko, E. E.; Galenko, A.
V.; Khlebnikov, A. F.; Novikov, M. S.; Shakirova, J. R. Synthesis and Intramolecular
Azo Coupling of 4Diazopyrrole2-Carboxylates: Selective Approach to Benzo and
Hetero [c}Fused 6HPyrrolo[3,4c]Pyridazine5-CarboxylatesJ. Org. Chem2016 81

(18), 84958507.)

1-(2-(Benzo[d][1,3]dioxot5-yl)-2-oxoethyl)pyridinl-ium iodide(5i) was prepared by
refluxing 1-(benzo[d][1,3]dioxol5-yl)ethanr1-one with pyridine on a 6 mmol scale
followinggeneralppc edur e B. Yi el d = HHOMHzZEPMENt or ange
de) 8.97 (d, 2H, ArJ=5.6 Hz), 8.73 (t, 1H, Ar) = 7.8 Hz), 8.27 (t, 2H, A} = 7 Hz),

7.73 (d, 1H, ArJ = 10.4 Hz), 7.54 (s, 1H, Ar), 7.21 (d, 1H, Ar= 8 Hz), 6.37 (s, 2H,
OCH20) 6.22(s, 2H, CO®») ;ccodsistent with previous data (Shu,-W.; Ma, J-R.;
Yang, Y.; Wu, A-X. An Efficient Synthesis of Novel Fused Cycloheptatrienes through
Mn(Il)-Mediated Formal Intermolecular [2 + 2 + 2 + 1] Cycloadditiony. Lett.2014

16 (5), 1286 1289.)
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1-(2-(4-(Benzyloxy)pheny2-oxoethyl)pyridinl-ium iodide(5j) was prepared by

refluxing 1-(4-(benzyloxy)phenyl)etha-one with pyridine on a 7 mmol scale following
general procedure B. Yin¢4dD0OVHz DEIBds) 8BTU(M,nt or ang
2H, Ar,J=5.6 Hz), 8.73 (t, 1H, Al) = 7.8 Hz), 8.27 (t, 2H, A = 7 Hz), 8.04 (d, 2H,

Ar, J=8.8 Hz), 7.49 (d, 2H, At = 7.2 Hz), 7.42 (t, 2H, Al = 7.4 Hz), 7.37 (d, 1H, Ar,
J=7.2 Hz), 7.27 (d, 2H, A = 8.8 Hz), 6.41 (s, 2H, 8,0), 5.29 (s, 2H, COB) ;c U
consistent with previous data (Fuglseth, E.; Thvedt, T. H. K.; Mgll, M. F.; Hoff, B. H.
Electrophilic and Nucleophilic Side Chain Fluorination of Patdstituted
Acetophenonedletrahedror2008 64 (30), 7318 7323.)
1-(2-(4-Bromophenyh2-oxoethyl)pyridinl-ium iodide(5k) was prepared by refluxing 1
(4-bromophenyl)ethaii-one with pyridine on a 10 mmol scale following general
procedure B. Yi el du(400MHz, DM30Ods) 8Y0€ (d,I12ld, WrJs ol i d: @
5.6 Hz), 8.74 (t1H, Ar,J = 7.2 Hz), 8.00 (d, 2H, Ad = 8 Hz), 7.91 (d, 2H, ArJ) = 8.8

Hz), 6.43 (s, 2H, COB,) ;ccodsistent with previous data (Galenko, E. E.; Galenko, A.
V.; Khlebnikov, A. F.; Novikov, M. S.; Shakirova, J. R. Synthesis and Intramolecular
Azo Couping of 4Diazopyrrole2-Carboxylates: Selective Approach to Benzo and
Hetero [c}Fused 6HPyrrolo[3,4c]Pyridazine5-CarboxylatesJ. Org. Chem2016 81

(18), 84958507.)

Final Products

6-(2,4-Diisopropoxyphenyii-(4-isopropoxyphenyl)picolinic acidLC -1-094, 1) was
prepared by refluxing-[4-(isopropoxyphenyl}2-oxo-3-butanoic acidvith pyridinium
iodide saltbaandammonium acetate on a 0.5 mmol scale following general prae€iur

Yield =11%. Greetb r 0 wn (400 MHE,: CD4-ds) 8.33 (s, 2H, Ar), 7.80 (d, 1H,
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Ar, J=7.6 Hz), 7.71 (d, 2H, Al = 8.4 Hz), 7.01 (d, 2H, Ad = 8.4 Hz), 6.64 (d, 1H,

Ar, J=7.6 Hz), 6.58 (s, 1H, Ar), 4.69.62 (m, 3H, G(CHs)2), 1.431.38 (m, 18H,
CH(CHa3)2) ;c (400 MHz, DMSQde) 163.9, 160.9, 159.7, 157.0, 153.7, 151.3, 146.0,
131.7,128.7, 128.5, 124.5, 118.1, 116.3, 107.2, 102.5, 71.2, 70.2, 70.0, 29.6, 22.1, 22.0,
21.9;tr = 40.7 min (100%)

4,6-Bis(4isopropoxyphenyl)picoliniacid (ILC -1-098) was prepared by refluxing[4-
(isopropoxyphenyl}2-oxo-3-butanoic acidvith pyridinium iodide salbb and

ammonium acetate on a 0.75 mmol scale following general procedure C. Yield = 30%.
Light yelq(400vMH3 GDCt-dd) 8.290s, 1H, Ar), 8.05 (s, 1H, Ar), 7.97 (d,

2H, Ar,J = 8 Hz), 7.69 (d, 2H, ArJ = 8.8 Hz), 7.02 (d, 4H, Ad = 7.6 Hz), 4.64 (t, 2H,
CH(CHa)2, J = 5.6 Hz), 1.39 (d, 12H, CH{z)2, J= 6 . 4cH4D) MHz, IDMSQds)

164.6, 159.5, 156.5, 151.3, 146.1, 129.4, 128.7, 128.4, 120.8, 118.4, 116.3, 115.9, 70.0,
21.9;tr= 41.2 min (100%)

4,6-Bis(4(benzyloxy)phenyl)picolinic acidLC -1-102) was prepared by refluxirgy
0xo-4-[4-(benzyloxyphenyl}3-butenoic acidvith pyridinium iodide salbj and

ammonium acetate on a 0.20 mmol following general procedure C. Yield = 75%. Brown
s o | i (400 MHiz, DMSQds) 8.27 (d, 3H, Ar,J = 8.8 Hz), 8.16 (s, 1H, Ar), 7.58 (s,

1H, Ar), 7.527.33 (m, 12H, Ar), 7.15 (d, 3H, Aj,= 6.8Hz), 5.21 (d, 4H, COBy, J =

20 . 4 cK4DOMHz, DMSQde) 164.7, 164.2, 161.6, 154.2, 154.2, 143.7, 142.1,
142.0, 135.9, 135.5, 133.8, 133.6, 133.0, 132.9, 124.8, 121.2, 120.0, 118.6, 741R, 74.4,
= 49.6 min (100%)

6-(4-(Benzyloxy)pheny#-(4-isoprgpoxyphenyl)picolini@acid (LC -1-107) was prepared

by refluxing4-[4-(isobutoxyphenyl}2-oxo-3-butanoic acidvith pyridinium iodide salt
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5j and ammonium acetate on a 0.50 mmol scale following general procedure C. Yield =
62%. Br ow@00Mbid, CDLCk-ds) 8.32 (s, 1H, Ar), 8.07 (s, 1H, Ar), 8.00 (d,

2H, Ar,J = 8.8 Hz), 7.71 (d, 2H, Ad = 8.4 Hz), 7.47 (d, 2H, Ad = 6.8 Hz), 7.42 (t,

2H, Ar,J = 7.4 Hz), 7.37 (d, 1H, A = 7.2 Hz), 7.13 (d, 2H, Ad = 8.8 Hz), 7.04 (d,

2H, Ar,J = 8.8 Hz), 5.17 (s, 2H, CQ4), 3.80 (d, 2H, El:CH(CHa)z, J = 6.4 Hz), 2.15

2.12 (m, 1H, CHCH(CHa)2), 1.06 (d, 6H, CHCH(CH3)2, J= 6 . 4c(40@ MHz, U
DMSO-ds) 167.2, 160.4, 159.9, 156.8, 150.2, 149.2, 137.3, 131.2, IZ83A, 128.3,
128.1,119.4, 119.1, 115.5, 115.2, 114.9, 74.2, 69.7, 39.3,t49.80.0 min (99.0%)
6-(4-Methoxypheny-(4-phenoxyphenyl)picolinic acidLC -1-166) was prepared by
refluxing acid3awith pyridinium iodide salbgand ammonium acetat@ @ 0.56 mmol
scale following gener al pr onddO@MHz, ®HMID. Yi el d =
de) 8.37 (s, 1H, Ar), 8.28 (d, 2H, Aj,= 8.8 Hz), 8.15 (s, 1H, Ar), 8.02 (d, 2H, Ars

8.4 Hz), 7.46 (t, 2H, ArJ = 7.8 Hz), 7.22 (t, 1H, AJ = 7.6 Hz), 7.167.08 (m, 6H, Ar),

3.85 (s, 3H, OB3) ;c (400 MHz, DMSQde) 171.5, 165.7, 163.5, 161.8, 161.0, 154.2,
153.8, 136.8, 135.5, 135.4, 134.2, 133.8, 129.3, 125.4, 124.5, 123.7, 119.%, 68245

min (96.2%)

4,6-Bis(4bromophenyl)picolinic acidlLC -1-167) was prepared by refluxing acid

with pyridinium iodide salbk and ammonium acetate on a 0.60 mmol scale following
gener al procedur e C. y(#0KRHzdDMSOdg) 83b(s,18r een s ol i
Ar), 8.29 ¢, 3H, Ar,J = 9.4 Hz), 7.98 (d, 2H, Ad = 8.4 Hz), 7.76 (t, 4H, A = 7.4

Hz), 7.46 (t, 2H, ArJ = 7.8 Hz), 7.22 (t, 1H, A = 7.6 Hz), 7.167.08 (m, 6H, Ar), 3.85

(s, 3H, O®3) ;c (400 MHz, DMSQds) 166.4, 156.2, 149.7, 148.9, 137.3, 136.1, 132.5

132.1,129.8, 129.7, 123.8, 121.1, 126:S; 45.0 min (99.7%)
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6-(4-Nitrophenyl}4-(4-phenoxyphenyl)picolinic acidLC -1-168) was prepared by

refluxing acid3awith pyridinium iodide sal6eand ammonium acetate on a 0.56 mmol

scale following generalpocedur e C. Yield =x@00MHz, Bur nt or g
DMSO-de) 8.61 (d, 2H, Ar,) = 8 Hz), 8.418.32 (m, 3H, Ar), 8.20 (d, 1H, Aj,= 8.8

Hz), 8.07 (d, 2H, ArJ = 8.4 Hz), 7.47 (t, 2H, Al = 7.8 Hz), 7.23 (t, 1H, A= 7.4

Hz), 7.187.12 (m4 H, A @00 MHZi DMSQds) 166.5, 158.9, 156.2, 154.9, 149.6,

148.4, 144.3, 131.5, 131.0, 130.6, 129.6, 128.8, 124.6, 124.3, 121.8, 119.8{rH9.0;

44.8 min (91.2%)

6-(4-(Benzyloxy)pheny#-(4-bromophenyl)picolinic acidiLC -1-169) was prepared by

refluxing acid3c with pyridinium iodide salbj and ammonium acetate on a 0.60 mmol

scale following gener al proce@oorMelz,C. Yield =
DMSO-de) 8.40 (s, 1H, Ar), 8.29 (d, 2H, Al,= 8 Hz), 8.17 (s, 1H, Ar), 7.96 (d, 2H, Ar,

J=8.8 Hz), 7.76 (d, 2H, A = 8 Hz), 7.50 (d, 2H, ArJ = 8 Hz), 7.42 (t, 2H, ArJ = 7.4

Hz), 7.36 (d, 1H, ArJ = 7.2 Hz), 7.18 (d, 2H, AJ = 8.8 Hz), 5.22 (s, 2H, O&) ;c U

(400 MHz, DMSQdg) 166.6, 160.1, 158.3, 157.1, 149.4, 148.6, 137.3, 13825,

130.8,129.8, 129.1, 128.8, 128.3, 128.2, 132.7, 120.1, 120.0 115.3r6948.1 min

(98.3%)

4-(4-Phenoxyphenyd-phenylpicolinic acidILC -1-170) was prepared by refluxing acid

3awith pyridinium iodide salbcand ammonium acetate on a 1.0hai scale following

gener al procedure C. yMOOMHzZ]DMSORB)B.% (s, BIt own s ol i
Ar), 8.31 (d, 2H, ArJ = 7.6 Hz), 8.23 (s, 1H, Ar), 8.04 (d, 2H, Ar= 8.8 Hz), 7.577.45

(m, 5H, Ar), 7.24 (d, 1H, A= 3.4 Hz), 7.15 (t, 4H, A= 9  H(@@00 MHzi
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DMSO-ds) 158.1, 157.1, 150.0, 139.1, 132.6, 131.5, 130.8, 130.4, 129.9, 128.4, 125.4,
121.5,121.4, 120.6, 119.8;=43.4 min (100%)
6-(Benzo[d][1,3]dioxot5-yl)-4-(4-phenoxyphenyl)picolinic acidLC -1-172) was

prepared by refluxig acid3awith pyridinium iodide salbi and ammonium acetate on a

1.0 mmol scale following general p@Mcedur e C
MHz, DMSO-ds) 8.38 (s, 1H, Ar), 8.17 (s, 1H, Ar), 8.03 (d, 2H, Ar 8.4 Hz), 7.95 (s,

1H, Ar), 7.9 (d, 1H, Ar,J = 8.8 Hz), 7.46 (t, 2H, A = 7.8 Hz), 7.23 (d, 1H, AJ = 6.8

Hz), 7.14 (t, 4H, ArJ) = 7.8 Hz), 7.08 (d, 1H, AJ = 8 Hz), 6.13 (s, 2H, O8:0) ¢

(400 MHz, DMSQdg) 166.6, 158.7, 156.7, 156.3, 149.2, 149.0, 148.4, 132.5, 131.9,

130.6 129.5, 124.5, 122.0, 120.1, 120.0, 119.7, 119.0, 108.8, 107.8, tH3143.1 min

(100%)

6-(4-(Benzyloxy)pheny#-(4-phenoxyphenyl)picolinic acidLC -1-174was prepared by

refluxing acid3awith pyridinium iodide salbj and ammonium acetate on a féhol

scale following gener al pr onddO@MHz, ®HMID. Yi el d =
de) 8.37 (s, 1H, Ar), 8.29 (d, 2H, Aj,= 8 Hz), 8.16 (s, 1H, Ar), 8.02 (d, 2H, At= 8.4

Hz), 7.527.40 (m, 7H, Ar), 7.36 (d, 1H, Ad,= 7.2 Hz), 7.227.12 (m, 7THAT), 5.21 (s,

2H, OH>) ;c (460 MHz, DMSQds) 166.7, 160.0, 158.7, 157.0, 156.3, 149.3, 149.1,

137.3, 131.9, 130.9, 130.6, 129.5, 129.1, 128.8, 128.3, 128.2, 123.5, 119.7, 119.0, 115.3

69.7;tr = 49.3 min (97.4%)

4-(4-Bromophenybe-(4-methoxyphenyl)picolinic acidLC -1-176) was prepared by

refluxing acid3c with pyridinium iodide sal6gand ammonium acetate on a 1.0 mmol

scale following gener al pr o @(eodMiHz, BMSOG. Yi el d =

de) 8.39 (s, 1H, Ar), 8.28 (d, 2H, Al,= 8.8 Hz), 8.17 (s, 1H, Ar), 7.95 (d, 2H, Ar=
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8.8 Hz) 7.76 (d, 2H, ArJ = 8.4 Hz), 7.09 (d, 2H, A = 8.8 Hz), 3.85 (s, 3H, Of:) ;c U

(400 MHz, DMSQdg) 171.4, 165.8, 161.9, 154.2, 153.4, 141.2, 137.2, 135.3, 134.5,
133.8,128.4, 124.7, 119.2, 60td+= 40.0 min (98.5%)
6-(4-Isopropoxyphenydl-(4-phenoxyphenyl)picolinic acidLC -1-178) was prepared by

refluxing acid3awith pyridinium iodide saléb and ammonium acetate on a 0.74 mmol
scale following gener al pr ocexqd400 MHZ,C. Yi el d
DMSO-de) 8.35 (s, 1H, Ar), 8.25 (d, 2H, Al,= 8.4 Hz), 8.15 (s, 1H, Ar), 8.01 (d, 2H,

Ar, J=8.8 Hz), 7.46 (t, 2H, A = 7.8 Hz), 7.22 (t, 1H, A = 7.8 Hz), 7.14 (t, 4H, Ar,

J=8.2 Hz), 7.06 (d, 2H, A = 8.4 Hz), 4.754.72 (m, 1H, OEI(CHs),), 1.31 (d, 6H,

OCH(CH3)2) ;c (400 MHz, DMSQde) 171.5, 164.0, 163.5, 161.9, 153.8, 136.7, 135.4,
134.2,133.9, 129.3, 124.5, 123.7, 120.6, 116.9, 74.4, 60.026.96.5 min (98.9%)
4-(4-Bromophenyhs-phenylpicolinic acidILC -1-192) was prepared by flexing acid

3cwith pyridinium iodide salbcand ammonium acetate on a 1.0 mmol scale following
gener al procedur e C. y(#0KRHzdDMSOdg) 82%(s,168r een s ol
Ar), 8.31 (d, 2H, ArJ = 6.8 Hz), 8.24 (s, 1H, Ar), 7.98 (d, 2H, Ar= 76 Hz), 7.77 (d,

2H, Ar,J = 8.8 Hz), 7.577.51 (m, 3H, Ar), 7.15 (t, 4H, Ad= 9  H(200 MHzi

DMSO-ds) 171.4, 162.2, 154.5, 153.5, 142.9, 141.1, 137.3, 134.8, 134.6, 133.9, 132.4,

128.5, 125.7, 125.%: = 40.5 min (95.2%)
6-(Benzo[d][1,3]dioxot5-yl)-4-(4-bromophenyl)picolinic acidILC -1-193) was prepared

by refluxing acid3c with pyridinium iodide sal6i and ammonium acetate on a 1.0 mmol
scale following gener al pr (406 MHzyDMS@) Yi el d
8.40 (s, 1H, Ar), 8.18 (LH, Ar), 7.97 (d, 3H, ArJ = 9.6 Hz), 7.91 (d, 1H, A= 8.8

Hz), 7.76 (d, 2H, Ar) = 7.6 Hz), 7.08 (d, 1H, A= 8.8 Hz), 6.13 (s, 2H, O&0) ¢ U
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(400 MHz, DMSQdg) 171.3, 161.6, 153.8, 153.4, 153.1, 137.2, 134.6, 128.5, 126.8,
125.1,124.9, 119.4, 113.6, 112.5, 106=6; 39.2 min (100%)
4-(4-Bromophenyhs-(4-chlorophenyl)picolinic aciqlLC -1-197) was prepared by

refluxing acid3c with pyridinium iodide salbd and ammonium acetate on a 1.0 mmol

scale following gener al pr o 4eodviiHz, BMSG. Yi el d
de) 8.50 (s, 1H, Ar), 8.36 (d, 2H, Aj,= 8.8 Hz), 8.26 (s, 1H, Ar), 7.97 (d, 2H, Ars

7.6 Hz), 7.76 (d, 2H, AJ = 8 Hz), 7.61 (d, 2HAr, J= 8 . 4 ¢ (40@ yIHz, DMSO

ds) 171.2, 160.9, 154.4, 153.7, 141.7, 140.9, 139.7, 134.6, 134.2, 133.9, 128.6trE25.8;

45.2 min (98.9%)

2-(4-Bromophenybs-(4-phenoxyphenyl)isonicotinic ac{tLC -1-199) was prepared by

refluxing acid3b with pyridinium iodide salbk and ammonium acetate on a 1.0 mmol

scale following gener al pr ond4®@MHz, OMID. Yi el d
de) 8.26 (d, 4H, ArJ = 10.8 Hz), 8.21 (d, 2H, Ad = 7.6 Hz), 7.73 (d, 2H, A = 8.8

Hz), 7.45 (t, 2H, ArJ = 8Hz), 7.21 (t, 1H, Ar]) = 7.4 Hz), 7.13 (t, 4H, A) = 8.6 Hz);

Uc (400 MHz, DMSQde) 171.5, 163.6, 161.6, 161.3, 160.8, 146.3, 142.4, 138.1, 137.1,
135.5,134.1, 134.0, 129.3, 128.6, 124.5, 123.7, 122.9, 122.51.9 min (97.9%)
6-(4-Bromophenyh4-(4-phenoxyphenyl)picolinic acidLC -1-200) was prepared by

refluxing acid3awith pyridinium iodide salbk and ammonium acetate on a 1.0 mmol

scale following gener al proced@OOMHzC. Yield
DMSO-ds) 8.47 (s, 1H, Ar), 8.29 (d, 2H, A= 8.4 Hz), 8.24 (s, 1H, Ar), 8.03 (d, 2H,

Ar, J=7.6 Hz), 7.74 (d, 2H, Ad = 7.6 Hz), 7.46 (t, 2H, A = 7.8 Hz), 7.22 (t, 1H, Ar,

J=7.6Hz),7.14 (t, 4H, Ad= 9 H(@00 MHzIiDMSGds) 171.3, 163.6, 168,
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154.3, 154.2, 142.2, 136.8, 136.4, 135.4, 143.3, 129.3, 128.5, 125.6, 125.4, 124.5, 123.7,
tr= 48.2 min (96.5%)

6-(2-Bromophenyh-(4-phenoxyphenyl)picolinic acidLC -1-203) was prepared by
refluxing acid3awith pyridinium iodide salbeand ammonim acetate on a 1.0 mmol
scale following general procedure C. Yield = 11%. Brawwn a n g e 1 (400 MHzd : 0
DMSO-de) 8.30 (s, 1H, Ar), 8.12 (s, 1H, Ar), 7.97 (d, 2H, Ak 7.6 Hz), 7.80 (d, 1H,

Ar, J=7.6 Hz), 7.66 (d, 1H, A = 6.8 Hz), 7.56 (t, 1H, AJ = 7.4 Hz), 7.487.42 (m,

4H, Ar), 7.22 (t, 1H, ArJ= 7.4 Hz), 7.13 (d, 4H, Ad= 8 H(@00 MHziDMSO

ds) 171.4, 163.7, 163.5, 160.8, 152.9, 145.5, 138.1, 136.9, 136.1, 135.7, 135.4, 134.2,
133.0, 129.6, 129.4, 126.5, 125.6, 124.6, 1237:44.7 min (95.3%)
6-(3-Bromophenyh-(4-phenoxyphenyl)picolinic acidLC -1-210) was prepared by
refluxing acid3awith pyridinium iodide salb6f and ammonium acetate on a 1.0 mmol
scale following general procedure C. Yield = 25%. Brawwn a n g e 1 (400 MiHzd : 0
DMSO-ds) 8.57 (s, 1H, Ar), 8.25 (s, 1H, Ar), 8.35 (d, 1H, Ak 7.6 Hz), 8.26 (s, 1H,

Ar), 8.06 (d, 1H, ArJ = 9.2 Hz), 7.70 (d, 1H, Ad = 7.6 Hz), 7.53 (d, 1H, AJ = 7.6

Hz), 7.507.44 (m, 2H, Ar), 7.23 (t, 1H, Ad= 7.4 Hz), 7.15 (t, 4H, Ad= 9. 4¢c Hz ) ;
(400 MHz, DMSQdg) 171.3, 163.6, 161.0, 160.3, 154.2, 145.3, 137.4, 136.4, 136.0,
135.4,134.9, 134.4, 131.3, 129.3, 127.5, 125.8, 124.5, 183.47.7 min (98.0%)
4.2.2.Biology

Protein purification. We reguérly express and purify recombinant human{dcksidues 172 to

327 (MCL1"%32% protein in E. coli of high purity (>95% pure) and milligram quantity for use in

all the applications proposed including FPCA and stable isotopically lad&\do¢otein for

NMR studies. The pLM302 expression vector was constructed to produc&BR§maltose
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binding protein) tagged recombinant human Meksidues 172 to 327 (MCL#3?%) in

HMS174 (DES3) cells (EMD Millipore) using either LB or minimal media supplementtdd w
15NH4CI to produce unlabeled éiN-labeled MCL1, respectively. The tagged protein was
initially purified from the crude cell lysate by IMAC chromatography (GE Healthcare Life
Sciences), and after dialysis to remove the imidazole the affinity tagl®@esd using
PreScission Protease (GE Healthcare Life Sciences). A Seph&209l §ze exclusion column
was used as a final purification step before the protein was concentrated with a 10,000 MWCO
centrifugal filter concentrator (EMD Millipore). The comteations of the proteins were
determined using the BiBad Protein Assay (BiRad Inc., Hercules, CA) using BSA of a
known concentration as the standard (Pierce). The purity of the protein was confirmed using
SDSPAGE analysis and NMR HSQC experimentseveone to confirm the protein was

properly folded.

PeptidesA 6-aminohexanoic acid linker was conjugated to thieihinus of the Bak BH3

peptide amino acids 71 to 89 (GQVGRQLAIIGDDINR), capped with fluorescein (on the amino
group of the linker), and theeptide was amidated on thet€&@minus to give FITEAhx-
GQVGRQLAIIGDDINR-CONHg, hereafter r-Bakwassysthesizedbanda s i F |
purity determined to be >95% (Neo BioScience). In additieBaBboxytetramethylrhodamine
(5-TAMRA) labeled version wapurchase, 3 AMRA-GQVGRQLAIIGDDINR-COH, hereafter
ATAMMBAKkO (Anaspec, Fremont, CA). The concen:
DMSO and the concentration of the peptide was determined in water at pH 8.0 using the
extinction coefficient for amidéinked FITC and for TAMRA o494 = 68,000 crmtM ™, andesar

= 65,000 crmtM?, respectively.
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Protein NMR. Uniformly °N-labeled MCL-11"#32"was used to collect twdimensional
'H,>N-fast heteronuclear single quantum coherence (H$QGpectra at 25°C with a
Bruker AVANCE I1l 950 US2 NMR spectrometer (950.029 MHz for protons) equipped
with pulsedfield gradients, foufrequency channels, and triple resonaneaxig gradient
cryogenic probes. A onsecond relaxation delay was used, and quadrature detection in
the indirect dimensions was obtained with statB®1 phase cycling; initial delays in the
indirect dimensions were set to give zeaad firstorder phase corrections of 90tdd

180°, respectively2, 3]. Data wergrocessed using the processing program nmrPipe on
Linux workstationd4]. All proton chemical shifts are reported with respect to ti@ H

or HDO signal, taken to be 4.658 ppm relative to external TSP (0.0 ppm) at 25°C. The
15N chemical shifts were indirectly referenced using the-peint frequency at 25°C of
0.10132905 fof°N-H, as previously describg8-7]. The MCL-1 sample contaad

7 3 . 3Neladeled MCL-1172%27 20 mM HEPES, pH 6.8, 50 mM NaCl, 10%@ and

560D-DMSO with and Iwi1t199 ut 150 &M

Fluorescence polarization competition assay (FPCA)luorescence polarization experiments
were conducted using a BMG PHERASES multimode microplate reader equipped with two
PMTs for simultaneous measurements of the perpendicular and parallel fluorescence emission.
The assays were performed in black polypropylenev@@fimicroplate (Costar) with a final

volume of 200JL at roomtemperature with a 485 nm excitation while monitoring the
perpendicular and parallel fluorescence emission at 520 nm. Using théBeKI@eptide, the
fluorescence polarization competition assay (FPCA) was performed using 100 nMCL

32710 nM FITGBak peptide, 20 mM HEPES, pH 6.8, 50 mM NaCl, 0.01% Triteh0® and

2.5% DMSO with varying concentrations of compound. Using the TAMERK peptide, the
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FPCA was performed using 800 nM M@t’?#327 10 nM TAMRA-Bak peptide, 20 mM HEPES,
pH 6.8, 50 mM NaCl, ®1% Triton %100 and 2.5% DMSO with varying concentrations of
compound. Curve fitting was carried out using Origin (OriginLab, Northampton, MA) to
determine the I1€. TheK;was determined from the 4gusing the Nikolovska&Coleska equation
[8]. The affnity (Kp) of FITC-Bak and TAMRABak for MCL-11"232" were previously

determined to be 33.8 £ 0.50 nM and 852.3 + 10.4 nM in the assay conditions used.

4.2.3.References

(2) Mori, S., et al., Improved sensitivity of HSQC spectra of exchanging protons at
short interscan delays using a new fast HSQC (FHSQC) detection scheme that
avoids water saturatiod.Magn Reson BL995.1081): p. 948.

(2) Marion, D., et al., Overcoming ther@rlap problem in the assignment of 1H NMR
spectra of larger proteins by use of thd@mensional heteronuclear 16N
HartmannHahnmultiple quantum coherence and nuclear Overhamsstiple
guantum coherence spectroscopy: application to interleukiralBiethemistry,
1989.28(15): p. 61566.

3) Bax, A. and M. lkura, An efficient 3D NMR technique for correlating the proton
and 15N backbone amide resonances with the alptaon of the preceding
residue in uniformly 15N/13C enriched proteidBiomoINMR, 1991.1(1): p.
99-104.

(4) Delaglio, F., et al., NMRPipe: a multidimensional spectral processing system
based on UNIX pipesl Biomol NMR 1995.6(3): p. 27793.

(5) Edison, A.S., et al., Practical introduction to theory and implementation of
multinuclear, multidimensional nuclear magnetic resonance experinhdgtisods
Enzymal 1994.239 p. 379.

(6) Live, D.H., Davis, D.G., Agosta, W.C., and Cowburn, D.Am. Chem. Soc,
1984(106): p. 1939941.

(7)  Spera, S., M. Ikura, and A. Bax, Measurement of the exchange rates of rapidly
exchanging amide protons: application to the study of calmodulin and its complex
with a myosin light chain kinase fragmeatBiomol NMR1991.1(2): p. 15565.

(8) NikolovskaColeska, Z., et al., Development and optimization of a binding assay
for the XIAP BIR3 domain using fluorescence polarizatidnalytical
biochemistry2004.3322): p. 26173.

193



4.3. Acknowledgement

| would like to thank Drs. Varney and God®&giz for perfoming the HSQC NMR
experiments and Dr. Paul T. Wilder for performing the fluorescence polarization
competition assays.

Reproduced with permission fronk.. Conlon,D. Van Eker, S. Abdelmalak, W. A.
Murphy, H. Bashir, M. Sun, J. Chauhan, K.M. Varney@doyRuiz,P.T. Wilder,and
S. Fletcher.Bioorganic & Medicinal Chemistry Lette2)18, 28 (10) 19431953

Copyright ©2018Elsevier Ltd.Published byElsevier Ltd All rights Reserved

194



Chapter 5. Construction of H-indazoles fromortho-aminobenzoxines by the
Mitsunobu reaction.

1H-Indazoles are incredibly rare in nature but the diverse pharmacological properties
imparted to molecules containing this nucleus has catapulted them firmly into the drug
designer 6s t oo Islpresenting therdirelazale motihloal/edeaturéden

the development of drugs spanning a range of pathophysiologies, such as inflammation

Cl

bendazac, 1 axitinib, 2 gamendazole, 3

Figure 5.1.Drug molecules featuring a thhdazole motif.

(bendazacl) and renal cell carcinoma (axitiniB), as well as towards the discovery of a
male contraceptive (gamermtde, 3) (Figure 5.13* Traditional routes toH-indazoles
involve severe and/or inconvenient conditifior example diazotization, or suffer

from poor functional group tolerané&iven the significance ofH-indazoles in
medicinalchemistry*2 it is becoming increasingly important to develop milder routes to

their synthesis that are compatible with a range of functional groups.

Towards this end, there have been several reports of alternative strategies to
access H-indazoles. Metbds include iodiné or PIFA-mediated C-H amination of aryl
hydrazones, although yields may be poor or moderate at best, cyclizatmhaloaryl
hydrazones, but this requires tvaloaryl aldehyde/ketori@as well as metatatalyzed

C-H activationsof various precursors, including imidate esters and NH imines with

nitrosoarene$! In addition, CsFmediated 1,3l i pol ar cycl oaddi ti ons
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substituted diazomethylphosphonates and arynes also affésisiazolest? A mild
procedure was published 2008 wherein thm situ O-mesylation obrtho-
aminobenzoximes results in a transient intermediate that cyclizes tbineldzole
nucleust® More recently, Manna and colleagues effected the cyclodehydratathof
aminobenzoximes toH-indazoles withtthe highly electrophilic triphenylphospirig
systemt*which is a commonly employed rirdosing strategy employed in the synthesis
of oxazoles, for exampfe.Given these reports, we considered that the Mitsunobu
reaction might effect the same transformation, offering another mild synthesis of 1
indazolesindeed, we recently utilized the Mitsunobu reaction to effect the
heterocyclization of salicylhydroxamic acids intddroxybenzisoxazole'$,as well as
salicylaldoximes into salicylonitriles via situ-generated 1;Benzisoxazole$’

The Mitsunobu reain is a mild and essentially neutral alkylation, with clean
inversion, of an acidic (pro)nucleophile, who$& phould be around 12 or lower, such as
a carboxylic acid, phenol or sulfonamide with a primary or secondary atoHal.
remarkably versatileeaction, it has been employed in the construction-6f C-N, C-S
as well as @& bonds'®2° Due to its mildness, the Mitsunobu reaction is compatible with
a wide range of functional groups. The reaction typically involves an azodicarboxylate,
such as @thyl azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD), and a
phosphine, usually triphenylphosphine. The phosphine reacts with DEAD/DIAD in a
phosphaMVichael reaction to generate a betaine intermediate, which is the key species

that promoteshe reaction between the (pro)nucleophile and the alcohol.
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According to the Karule, a primary aromatic amine is unable to engage in the
Mitsunobu reaction because it4is too high. Therefore, we elected to reduce tegb
the amino functionality by transforming it into a Bptected carbamate, which we
have observed likewisactivates an analogousaZninopyrimidine derivative to
Mitsunobu chemistry!Br i ef | y, B o c-ammnoaoetoghenoridwas of 2 6
achieved with Bog in hot EtOH; crucially, base was excluded from the reaction
mixture to prevent the undesired formatiof the correspondinghethylene3, 1-

benzoaxir2-one?? The requisite oxime functional group was next installed by treatment

4 5 6 (R =Boc)
7(R=H) j d
Figure 5.2.a) BocO, EtOH, 50 °C, 48 hib) NH,OH.HCI, pyridine; (c) DIAD, PPk THF,
60 °C, 4 h; (d) TFA/CECIy, rt, 1 h.

with hydroxylamine.HCI in pyridine to delivéralmost exclusively as th&)-isomer,
wherein the hydroxyl and NHBoc are distal to each other; only a trace amount of the
readily separableZj-isomer was observed, consistent with the literattiRéeasingly,
treatment ob with 1.2 eq of PPhand DIAD effected cyclization to the desired indazole

NHBoc THF N

Boc

Entry DIAD (eq.) Time(h) Temp.(°C) Yield (%)?

1 1.2 16 25 65
2 2 16 25 77
3 2 16 40 78
4 2 16 50 88
5 2 16 60 95
6 2 4 60 95
7 2 2 60 78

Table 5.1.Optimization of the Mitsunobuiliggered cyclodehydratioriisolated yield after
purification by flash column chromatography
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6 in 65% isolated yield with the mass balance being unreacted starting material (Figure
5.2). After some experimentation (see Table 5.1), we arrived at optimal reaction

conditions of 2 eq PRland 2 eq DIAD at 60 °C for 4 h.

Note that extending the reaction time from 4 h to 16 h had no benefit to the yield
of the indazole (compare entries 5 &)gdlikely owing to decomposition of the
intermedi ate betaine. Activation of an oxi
corresponding amide or nitrile via the Beckmann rearrangéfamin the case of
oximes withU-protons, to thé}aminokebne via the Neber rearrangemé&hilowever,

the almostguantitative yield ob (entry 6) suggests little or no such rearrangements

Entry Oxime 1H-Indazole Yield (%)°  Entry Oxime 1H-Indazole Yield (%)
SyOH N X, ,-OH
1 N 95 N N
NHBoc 7 N.N 94
Boc NHBoc Boc
H
» SO N o MeO S OH  Meo {
NHBoc 8 N 70
N
Boc MeO NHBoc MeO Boc
Sy-OH o o
3 N 84 9 (N >\-OH LN { 82
NHBoc Noe N,N
NHBoc Boc

\N _OH ¢l Cl
4 \,N 79 O
NHBoc N O

74°

N
s, .OH
I sl o BECRNNe e TN
Br NHBoc Br N OH

Boc NHBoc

o

Table5.2. Substrate scop®r Mitsunobu reaction with NHBoc oximéReagents and
conditions: The oxime (1 eq) is dissolved in anhydrous THF (0.1 M), then(PBh) and DIAD
(2 eq) are added. The reaction is heated at 60 °C for’blated yield after purification by
flash coumn chromatographyrontaminated with DIAEH,, yield determined by NMR.
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occurred. Therefore, these conditions were then applied to a raNgB@aufactivated

ortho-aminobenzoximes, and the yields are presented in Table 5.2.

The Mitsunobu reaction was successful with the aldoxime in entry 2 (Table 5.2),

generating the anticipad 3unsubstituted H-indazole; the moderate yield was due
largely to incomplete consumption of the starting material as no significgmblucts
were observed. I n contrast, Stambuli 6s
analogous aldoxime to tfwrresponding nitrilé3 A variety of ketoximes wherein the
NHBoc and hydroxyl were distal to one another (entried8)1 all of which happened
to be the E)-isomers were then treated with DIAD and BRitl cyclized in good to
excellent yields to theatresponding H-indazoles. However, th&)-oxime in entry 11,
isomeric to the successful reaction in entry 10, failed to deliver ldrApdazole,
indicating that the NHBoc and hydroxyl must be distal to each other for the reaction to
proceed.

Deprotection of the Boc group 6fproceeded smoothly and quantitatively with a

1:1 mixture of TFA/CHCI,, or 4 M HCl/dioxane in under 1 h at RT to furnighlo our

d\\N’OH DIAD/PPhg
NHR THF

nZ, /Z
z

Entry R Yield (%)?
1 §—H 290
2 §—H 11°
3 §—Me g2b
4 §—allyl 71
5 § —isopropyl 0

Table 5.3.Substrate scope for Mitsunobu reaction with NHR oximes utilizing optimized reaction
conditions 2lsolated yield"contaminated with DIAEH,, yield determined b§H NMR; ADDM
substituted for DIAD.
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surprise, unprotectedHtindazole7 could also be generated by conducting the Mitsunobu
reaction on the neBoc-protected/ativated analogue @, albeit in low yield (Table 5.3,
entry 1), highlighting the significance of the activating group. We surmise this
unexpected Mitsunobu reaction was promoted by the close proximity of the activated
oxime hydroxyl. Replacement of DIADith azodicarbonyl dimorpholide (ADDM),

which can tolerate less acidic pronucleophiles and has the added benefit of excellent
water solubility!>2°did not improve the yield. The finding in entry 1 motivated us to
apply the optimized reaction conditionsa@ange of secondary anilines (entry 2).
Pleasingly, (unactivated) secondary anilines afforded high yields dftthebstituted
1H-indazoles, although the hinderddsopropyl oxime (entry 5) did not react. TNe

aryl oxime in entry 6 cyclized efficiengtiunder the optimized conditions, which is
especially noteworthy as alternative, newidrihdazole synthetic strategies either do not
report on such oximes or report that the chemistry was unsucceéséfTihe tosylated

substrate yielded a mixture pfoducts.

X, ,-OH 0]
: @2 AOJL@N‘HTOY
o ~ (‘H) (PPhso
AO N\goj/ — )\O)OLN,CI\?\H/OY — @(L\N:O.H

N’/
|
) ® PPh;O NBoc
PhgP : S

PhsP=0

®

® PPhg
N
o _exo-tri !
NBoc 5-exo-trig N

Boc

Figure 5.3 Proposed mechanism for construction of theid#zole nucleus under
Mitsunobu conditions.
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The proposed mechanism for the Mitsunabggered cyclodehydration is given

in Figure 5.3. Upon the standard activation

the role of the alcohol, and deprotonation of the pronucleophile, intermediate 8 is

generated. The aniline nitrogen then attacks the oxime nitrogen, displacing the activated
alcohol in &b-exotrigh et er ocycl i zation that is all owed
mechanism is also consistent with the observation thaZjkex{me (Table5.2, entry

11) did not afford any of the correspondirtd-ihdazole because (a) the hydroxyl of the

oxime is especially hindered, rendering its activation difficult and (b) the oxime nitrogen

is sterically inaccessible and so the cyclization reaction iposdible under these

conditions.

5.1. Conclusions

In summary, we have further expanded the utility of the Mitsunobu reaction to include
the construction ofH-indazoles fronortho-aminobenzoximes. Primary amines required
pre-activation with a Boc group teliver theN'-Boc protected H-indazoles in good to
excellent yields, whilst secondary amines furnisNégubstituted H-indazoles directly.
The chemistry exhibits a strict geometric criteriotihe amino group and hydroxyl must

be distal to each othéle proposed a mechanism consistent with these observations

wherein the cyclization step isbeexotrigr eact i on t hat iis permitted

This chemistry provides not only an alternative to several of the approach¢s to 1
indazoles that havererged recently but distinct advantages as well. First, the ability to
prepare aunsubstituted H-indazoles from the precursor aldoxime opens the door to a
variety of chemical transformations at th@@sition, including halogenation and

acylation. Secondhis methodology permits the synthesis Bfihdazoles substituted at
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the N1 position with aryl groups. Since Mitsunobu chemistry is mild and occurs under

essentially neutral conditions, it is predicted that this work will become a popular strategy

in thesynthesis of theH-indazole motif.
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5.3. Supplementary Information

Preparation ofE)-N-Bocortho-aminobenzoxime&-aminoacetophenond;(1 g, 7.40
mmol, 1 eq) was heated at 50°C with BO¢1.78 g, 8.14 mmol, 1.1eq) in ethanol
(12 mL) for 48 h. TLC confirmed the reaction was complete. The reaction mixture
was concentrated to dryness, reconstituted ipCIH1adsorbedo silica gel, then
purified by flash column chromatography (eluent: Hex/EtOAc, 2:1) to ddhkwver
butyl (2acetylphenyl)carbamatd.5 g, 88%) w (400 MHz, CDC$) 10.95 (s, 1H,

NH), 8.47 (d, 1H, ArJ = 8.8 Hz), 7.86 (d, 1H, At = 7.6 Hz), 7.52 (t1H, Ar, J=
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7.6 Hz), 7.26 (s, 1H, Ar), 7.03 (t, 1H, Ar= 8.0 Hz), 2.65 (s, 3H, COG) 1.52 (s,

9H, C(CH)3) ;c (1@0 MHz, CDC%) 202.2, 153.1, 141.8, 134.9, 131.6, 121.4, 120.9,
119.1, 80.5, 28.5, 28.3.

tert-Butyl (2-acetylphenyl)carbamafd00 mg, 1.70 mmol, 1 eq) were refluxed with
NH2>0OH.HCI (472 mg, 6.80 mmol, 4 eq) and pyridine (1.51 mL, 18.7 mmol, 11 eq) in
methanol (6 mL) wernight. The reaction was then cooled to room temperature, and
partitioned between 1M HCI and EtOAc. The organic layer was collected, and the
aqueous was extracted once more with further EtOAc. The combined organic layers
were washed with #D, brine, driel over NaSQy, filtered and concentrated. The

crude residue was adsorbed onto silica gel fromaGTHithen purified by flash

column chromatography, eluting with Hex/EtOAc, 2:1 to furniestrbutyl (E)}(2-(1-
(hydroxyimino)ethyl)phenyl)carbamaid 9 1 % )(400 MHz, DMSQds) 8.05 (d,

1H, Ar,J= 8.8 Hz), 7.50 (d, 1H, Ad = 8 Hz), 7.32 (t, 1H, ArJ = 8.4 Hz), 7.09 (t,

1H, Ar,J= 7.6 Hz), 2.21 (s, 3H, G| 1.47 (s, 9H, C(CH}3) ;c (1860 MHz, CDC})
183.3, 157.9, 153.2, 137.2, 129.7, 128.4, 121.9, 189.8, 28.4, 13.4.

Typical Mitsunobu procedure: To a solution ofert-butyl (E)-(2-(1-
(hydroxyimino)ethyl)phenyl)carbamate (125 mg, 0.5 mmol, 1 eq) in anhydrous THF
(5 mL) were added PRK262 mg, 1 mmol, 2 eq) and DIAD (197, 1 mmol, 2 eq).

The reaction was heated at 60 °C for 4 h. The solvent was renmovaduq the

crude residue was adsorbed to silica gel from@#land then purified by flash

column chromatography (eluent: Hex/E&Q 3:1) to affordert-butyl 3methyt1H-
indazolel-carboxylate6 ( 1 1 0 mg n (40D MPi@) CDC#i8.07 (d, 1H, ArJ =

7.6 Hz), 7.60 (d, 1H, At = 8 Hz), 7.47 (t, 1H, Ar) = 7.6 Hz), 7.26 (t, 1H, Ar) =8
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Hz), 2.56 (s, 3H, Ck), 1.69 (s, 9H, C(CH)3) ; 1 4 @Q0 B1Hz, CDCH) 149.3,
148.5, 140.1, 128.8, 125.9, 123.2, 120.3, 114.6, 84.5, 28.2, 12.3.
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Chapter 6. Ongoing and future small moleculenhibitors targeting the Bcl-2 Anti-
apoptotic Proteins
6.1. Introduction
Challenges remain finding efficacious strategies of targeting the undruggable proteome.
These are proteins that are considehiffttult to target due to factors such as not having
well-defined binding pockets, including n@mzymatic proteins or transcription factors,
or their intracellular nature, making antibody developnmeatr impossibfe
Traditionally these proteins are targeted with small molecules which havededing
andlong drug exposure issyashich may cause a mutation of the target protein causing
resistance or compensatory upregulation of other proteiastly, developing nucleic
acid-based drugs are also challenging due to their instability in serum, potential
immunogenicity, or eliciting oftarget effects However novel strategies including
targeted protein degradation and covalent inhibition have recently emergeercome
the limitations of these traditional therapies.
6.2. Targeted Protein Degradation

Protein degradation hijacks the cells machinery to degrade proteins, specifically
the ubiquitin proteasome system (UPS). The UPS is the main pathway of degrading
intracellular proteins due to misfolding, damage, aggregation, or excess protein in the
cell. It is a tightlycontrolled postranslational mechanism that utilizes a group of
enzymes and ubiquitin, a small 76 amino acid protein, to carry out its futctiérst,
ubiquitin is activated through an ATdependent reaction of a thioester bond betwieen
ubiquitin-activating enzyme E1 and the carboxyl terminus of ubiquitin. Next, ubiquitin is

transferred from the active site cysteine of the E1 enzyme to the ubiquitin conjugating
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enzyme E2. Finally, an E3 ubiquitigaseenzyme catalyzes the transféubiquitin
from the E2 enzyme to a lysine residue on the target protein through covalent bond
formation. This cycle is repeated until a polyiquitin chain has been generated, which

functions as a signal that is recognized by the 26S proteasome folategra’ (Figure

ATP AMP 9
B SAZ, | E
Activation Con ugation
Ligation
26S Proteasome AMP ATP
AL @ —

Figure 6.1.The ubiquitin proteasome system (Ub = ubiquitin).

6.1).

Proteolysis targeting chimeras (PROTACSs) are an emerging field of targeted
protein degradation. They are hetditunctional molecules comprised of three key
features: 1) a distat binding moiety specific to the E3 ligase , 2) a chemical linker, and
3) a ligand that binds to the protein of interest (POI) (Fi§2§-2. The chemical
composition of PROTACSs drive their catalytic mode of action and serve as a bridge to
bring the EJigase and POI in close proximity to ultimately trigger protein degracation
A ternary complex is formed when one side of the degrader binds to the E3 ligase and
another ligand binds to the POI, while a linker joins the two ligands together (Bigure
Once the complex is formed, the E3 ligase recruits the E2 ubigoitijugating enzyme

to transfer ubiquitin to the target protein. Various cycles produce aupajyitin chain
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that serves as a signal for recognition by the 26S proteasome for degradaten.

degradation occurs, the PROTAC can continue its cycle of recruftfémare6.2).

Linker

/\—
C *

POI ligand E3 ligand

Protein of Interest

POIL E3 ligase

PROTAC released and can repeat the cycle

POI E3 ligase

Degradation

26S Pro?easome
Poly-ubiquitinated POI

Figure 6.2.PROTAC design (top) and the mechanism of the PROTAC technology
(bottom).

Interestingly, thismodef-act i on servesrunee@o modeéeévemwhi
in stark contrast to the traditional ocamgy-driven model, which maintains that high
drug concentrations are needed to maintain a constant level of target occupancy for a
clinical effect. However, this can lead to issues such asanifet effects or resistance.
Conver sel ydr itvhedelGliatew teanthe activity of these degraders is not
based on stoichiometric occupancy of the target protein, and may only require a transient
moment for binding to achieve activity For example, studies have shown that reduced
protein levels of moréhan 90% can be achieved at nanomolar concentrations of the

PROTAC.
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The first PROTAC compound was described in 2001 by Sakagt@toThey
focused on the E3 ligase SCECP a Cullin protein family member, that promotes the
ubiquitination of | aBU i°iTherdegsagatiomsféhist o i nf | an
protein | eads to t he atconceptgpaperoeyvwantedtoF s B . I n
recruit an unrelated protein, in this case methionine aminopepfd@detAPR-2), to
SCHTRCPior protein degradation. They chose Met&Ris it is a target of potent
angiogenesis inhibitors and it is not known to be ubiquitinated by the SCF complex. They

utilized the | aBU peptide (I PP) to bind the

Ovalicin
(MetAP-2 ligand)

R=IxBa peptide
(SCFPTRCP Jigand)

Figure 6.3.The first PROTAC developed by Sakamoto &t al.

linker, which is a potent MetAR inhibitor. Studies revealed that Compoun@iure
6.3) did recruit MetAP2 to SCETRCP resulting in its ubiquitination and subsequent
degradation, while MetAR2 was not ubiquitinated by SEF°Pin the absence of the
PROTAC. Since its discovery, numerous research groups have further chaeatteri
PROTAC molecules and revealed its broad application with a number of different E3
ligases includingnouse double minute 24DM2), von HippetLindau (VHL), and
cereblon CRBN) as well as numerous target protés

PROTAC technology has led to the atien of the pharmaceutical company
Arvinas, which currently has two compounds in phase | clinical trials. The first; ARV

110, is an orally bioavailable drug that targets the androgen receptor (AR) in metastatic
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castratioaresistant prostate cancer, WhiRV-471 functions as an estrogen receptor
(ER) degrader in patients with ER(+)/HER2fetastatic breast canéet: Recently,
Arvinas has released results of their Phase 1/2 study with- KR\Vshowing favorable
safety and tolerability in patients as wad evidence of iumor AR reductiof?. This is
the first clinical study demonstrating the use of PROTAC technology in hdfnans
6.3. Advantages and Disadvantages of PROTAC design
Since its discovery almost twenty years ago, PROTACs have become a rapidly emerging
field in drug development. There are numerous advantagidisadvantages thaave
been described and will be further explaineROTACSs are unique in that they utilize
the cells own degradation machinery. As such, they are catalytic in nature and present an
advantageous way to destroy unwargeateins,such as those that are overexpressed in
cancer, including BRD4, Mel, and various kingsas well as demonstrating sensitivity
to drugresistant targetd?1#*8, In fact, studies show thRROTACscantargetcancer
cells that previously showed resistance to the parent comp®hisdis attributed to the
fact that degradetbey have the potgial tocompletelyeliminate the target and thus its
function entirely*. For example, cancer cells resistant to the kinase inhibitor ibrutinib
respond to an ibrutintbased PROTAC compound, suggesting these may be used as
alternative therapiés

In addtion, as seen within the B& family, when certain protein family members
are antagonized, it results in compensatory upregulation of other préteiwmsver
because the PROTAC mechanism of action involves a transient binding event, it may
eliminatethis ssue t hr ough st adifedrdepléetimgghe préten pr ot ei n 6

reserve within the cell while the small molecule can return for another cycle of
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degradatiort®*® Depending on the time it takes to resynthesize the target protein, it
could poentially eliminate the existing levels of protein. This can result in a number of
different pharmacokinetic and pharmacodynamic differences. For example, they may
have a longer duration of action that extends beyond the clearance time of the drug and
only substoichiometric doses are needed to achieve therapeutic’ &ffétt
However, the chemical composition of these degraders has revealed critical issues
related to compound development. These are large molecules, with molecular weights
ranging betwen 700 and 100Daltons making them difficult for oral delivery due to
poor cell permeability. Oral delivery is the most desirable method for small molecules
due to patient compliance and frequent dosing, allowing for a continuous maintenance of
drug expaure in the body. However, studies show that once PROTACSs reach circulation,
they exhibit small molecule behaviors including good tissue distribution and low hepatic
clearanc®. Importantly, dosing issues must be addressed early, as higher doses of
PROTACmolecules can inhibit the PROTA®@otein complexes to the target protein
partner, effectively stopping catalytic degradation, which is known as the hook effect.
There is also a possibility of resistance due to genomic alterations involving the
E3 ligasecomplex or the protein of interésFirst and foremostot only must both
proteins be present in the affected tissues, but the target must be responsive to PROTAC
degradation. For example, targeting certain proteins for degradation may lead to large
increases of the protein in the event of quick taround of protein biosynthesis
Importantly, both proteins must also have high affinity ligamudselection of the E3
ligase and target protein ligands is crucial., but many potent inhibitors haveydiesad

developed for a number of different targets and E3 ligases, which can aid in compound
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developmerit®. In addition, the linker length, flexibility, and chemical composition must
be considered because one single linker is not universal among PROTAC compounds. In
fact, the hydrophobicity and length of differdirikers canaffect the efficacy of the
inhibitors for different targefd42%2! The disadvantages highlighted here reveal there is
still much to learn in the field of targeted protein degradation including how to rationally
design a PROTAC molecule.

6.4. Venetoclaxbased PROTACs

The Bcl2 antiapoptotic protein is overexgssed in numerous hematological
malignancies including acute myeloid leukemia (AML) and chronic lymphocytic
leukemia (CLL). Bcl2 i s g o vteelix meddatedopyotedrotein interactions

(PPIs) that are comprised of large, shallow hydrophobic contamtispHowever, years

of research culminated in the approval of venetoclax, @Belective inhibitor (Figure

6.4, left). It was initially approved for CLL and it has since expanded to patients with

small lymphocytic lymphoma (SLL). Recently, the apptavas further extended to

‘ Venetoclax ‘ Yenetoclax-based PROTAC ‘ E3 Ligase Ligands
NH, o '
1> HAR N o Lenalidomide
NO; |, ﬁ 2K R NH  (CRBN ligand)
N 00

0,8 OxNH
OsNH B - ;
o | A\ 2
m “ N "
oy NT ] NCY [ NH
B Idasanutlin

H
[:] [Nj QF OON’Qr (MDM2 ligand)
‘ c / OH
0 O

OH
HzN NE VHL 1 ligand
0 VHL ligand
PN ( igand)
H
Y

[

Figure 64.0urvenet ocl ax based PROTAC design.
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combination therapies with hypomethylating agents ordose cytarabine for adults
with newly-diagnosed AME?. AML is an aggressive blood cancer that requires quick,
intensechemotherapyhowever, older adults may be unable terate it. In fact, a recent
press release revealed that venetoclax in combination with the hypomethylating agent
azacytidineshowed a statistically significant improvement in survival with patients with
previously untreated AML who were not able to reeditense chemotheradyThese
promising results and subsequent approval of venetoclax for AML is a promising targeted
therapy for these patiefts

Recent reports reveal that patients acquire resistance to venetoclax in CLL.
Although the overall respoagate with venetoclax monotherapy is 79%, relapses are
seen in many patients and as many as 50 percent become refractory after continuous
treatment, which has been attributed to resistance. Importantly, studies have reported a
range of Bcl2 mutations, sth as Gly101Val and Asp103#r’. In fact, a genomic
evaluation study of patients with relapsed CLL revealed the Gly101Val mutation had
occurred and was not present at the beginning of treatment. This is a detrimental mutation
as it binds venetoclax 18nes less than wt B&. Of note, they did not find this
mutation in the general population or in patients with otheeBmalignancies who did
not receive venetoclax treatm&ht/enetoclax has proven its importance in treating a
range of detrimentaldmatological diseases, therefore it is imperative to find a way to
manage these acquired resistances.

6.4.1.Venetoclax PROTAC approach

There is a therapeutic need to develop an inhibitor that binds both the wild type and

mutant forms of BeR. As previously explained, PROTACs have a catalytic mechanism
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of action and only subtoichiometric amounts of compound are needed to achieve
proteindegradation. Therefore, low target occupancy may be achieved with low affinity
ligands. In addition, PROTACSs do not rely on inhibiting the function of the protein,
rather they only need to bind it long enough to allow for ubiquitination. Therefore,
theordically a lower affinity ligand may be adequate to neutralize targets related to these
proteing®. Accordingly, we have developed venetoetlased PROTACS and anticipate
they will bind both the wild type and mutant Btproteins.

6.4.2.Design

Currently,rationally designing PROTAC compounds is a challenge, therefore our design
takes flexibility, hydrophobicity, and differing E3 ligases into account. In order to retain
binding affinity towards wt BeR, we will keep the core of the venetoclax compound and
replace the tetrahydropyran motif. This functional group has revealed to be solvent
exposed in the crystal structure, suggesting replacement may offer minimal detriment to
Bcl-2 binding affinity. This group will be replaced with linkers of varying lengthg
hydrophobicities and we will install both short and long alkyl chains and PEG linkers. In
addition, we will target the most common E3 ligases in PROTAC development: CRBN,
MDM2, and VHL. These will be targeted with corresponding ligands thalidomide,
idasanutlin, and VHL ligand 1 (Figufe4). These PROTACSs will be evaluated in a
fluorescence polarization competition assay as described in Chapters 2, 3, and 4, as well
as celtbased toxicity assay$o test viability of cells resistant to venetoclax, wié te@st

AML cell lines such as venetoclessensitive MV4;11 and MOLM13, as well as

venetoclaxresistant OGIAML2 and OCFAMLS.
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6.5 Targeting the Bcl2 family anti-apoptotic protein Bfl-1 through covalent
inhibition
6.6.Current strategies to target Bft1
Bfl-1 isa poorly understood argipoptotic protein within the B& family of proteins,
however, due to itsnplication in the development of numerous cancers as well as
chemoresistance, it remains an important target in the field of drug discovery (See
Chapter 110). Many research groups have developed small molecule inhibitors and
stapled peptides designed to target the BH@ling groove of Bfl. Mathieuet al.
described two compounds that target the Bit®ling groove of Bfi1 with low
micromolar binding affiities, while displacing pr@poptotic proteins to induce apoptosis
(Figure6.5).
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Figure 6.5. Mathieu et al. Bfll inhibitors with corresponding binding affinities.

They also describil cell results revealing these compounds can alleviate resistance in
malignant B cells to the pan B2lfamily inhibitor ABT-737, showcasing its abilityt
synergize with a previously developed BH3 minrétiddditionally, RNA interference
strategies have demonstrated thatBihhibition can sensitize different lymphoma cell
lines to the chemotherapy drugs cisplatin and fludarabine, validating the efficac

targeting Bft13C,
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Figure 6.6. Solvent accessible Cys highlighted inBfPDB 3MPQ

Recently, there has been a resurgence in the development of covalent inhibitors,
which utilize an electrophilic warhead such as acrylamide or boronic acid to target a
cystine, sane, or threonine in the proteof-interest (POB. A recent crystal structure of
Bfl-1 revealed it has a surfaaecessible cysteine in the B#&ding groove that can be
targeted with covalent inhibition (highlighted yellow, Fig6té)>.

Cysteineis one of the least abundant amino acids, yet the ionizable thiol group
has properties that can impart specialized or increased reactivity related to protein
structure and function. These include the formation of disulfide bonds, alkylation by
electrophile, and oxidation by reactive oxygen and nitrogen sp&cieseviously, the
development of cysteine reactive drugs was difficult and avoided, due to a number of
different liabilities: the potential toxicity of the protein adducts, immunogenicity causing
anallergic response or hypersensitivity to the drug owing to the protein adduct, or
reactive species that may be targeted by endogenous nucleophiles such as glutathione
leading to offtarget effect¥35

However, the FDA approval of small molecule covalent inhibitors, such as kinase
inhibitors ibrutinib and afatinib (Figur@.7), demonstrates that covalent inhibition
without severe liabilities is possiBfeA cysteinereactive small molecule inhibitor must

be selective and potent to limit liabilities and producgarget effects. However, no
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Figure 6.7. FDA approved covalent kinase inhibitors.

other antiapoptotic protein contains a cysteine in the Hit8ding domain, so
incorporation of cysteineeactive electrophilic warheads may lead to increased
selectivity of Bfi1 inhibitors*236

6.7.St a p thelid Cothlent Inhibitors of Bfl-1

Walenskyet al. have developed irreversible covalent stapled peptides that selectively
target Bft132%, A crystal structuz of Noxa and Bfl revealed a unique positioning of
cysteines at the binding interface of Bf{C55) and Noxa (C25), which they reasoned

was compatible with disulfide bond formation (highlighted yellow, Figu8e They

Figure 6.8 Noxa (cyan) C25 (yellow stick) and BfiC55 highlighted. PDB 3MP(C

devel op e d-hedix trattwautd Iretaith théJnoncovalent interactions of the
hydrophobic BH3binding domain with an electrophilic warhead capable of interacting
with Bfl-1 C55. To test whether this was experimentally viable, they developed ser

mutants of the cysteines in Noxa (C25S) and1BfC4S, C19S, and C55S) and incubated
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them under oxidizing conditions, which would reveal if a disulfide bond was present.
They showed that a disulfide bond was feasible between the Noxa ahdBS by

showing that when the wildtype Bil was incubated with wildtype Noxa, a shift in
molecular weight consistent with protein binding was present and was later confirmed by
FITC scan. Additionally, when FITGloxa peptides were incubated with other-anti
apoptdic proteins with cysteines (Md and BcixL), they found no molecular weight

shiftt. This revealed that the proteadductformed may intude the disulfide bond

between Noxa C25 and Bfl C552

Next, they developed peptides with various electrophilic warheads (F¢lire
o}

O O 0}
LT Y A
H N, o H H H
T )=
A
o <
Figure 6.9. Represatative acrylamide moieties used in Walensky et al. experiment
because an intracellular disulfide bond cannot be relied on for protein inhibition. In
addition, they saw optimal interactions of Bim with an adjacent Trp17 to Cys55-bf Bfl
so they developed both Bim and Noxa stapled peptides capped wittahoal
acrylamide moieties. They found-Bipecotic acid was the most effective (Figaré,
left) and incubated these peptides with wildtype Béls well as the serine mutant
(C4S/C19S and C55), which revealed exclusive reactivity with C55 only. Mass
spectrometrexperiments also revealed conversion to the appropriate adduct-with D
nipecotic acieNoxa peptide and Bfl mutant (C4S/C19S and C85)This represents
that the peptides are capable of selectivity targeting the cysteine in the BH3 domain. A

crystal struture between Enipecotic acieNoxa peptide andildtype Bfl-1 reveals that
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it binds within the BH3 domain and shows the nipecotic acid covalently bonded to C55

(Figure6.10¥2. Additionally, they saw no nonspecific reactivity upon incubation with

Figure 6.10 D-nipecoticacid-Noxa peptideBfl-1 complex. Sticks showcase the nipecoti
acid moiety in contact with BfL C55 (yellow). PDB SHWW.

Mcl-1 and BcixL. Experiments revealed that these peptides irreversibly decreased anti
apoptotic function and increased apoptosis inlBilependent melanoma cells. In
addition, they dund the stapled Bim peptide was more potent compared to Noxa, and
induced cytochromerelease and caspase 3/7 activation, indicating it was acting in an
apoptosisdependent mannér

These stapled peptides capable of reacting with C55 ¢f Bfthe B43-binding
domain reveals that a covalent, selectiveBiihhibitor can be developed. Therefore, we
have designed two tris r y-Helix bhimetic inhibitors with different electrophilic
warheads to probe the BEIBH3 domain while interacting with the suwésaccessible
C55 within the binding interface.
6.8.Design
Targeting proteirprotein interactions is difficult due to the hydrophobic, shallow binding
region of the binding interfac&s However, experimental tools have identified residues
within the prdein complex that cause an increase in binding free energy when mutated,

revealing key interactiod% These residues occur at ther3/4, and+7 position of the
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U-helix. Specifically, these residues in the BBH3 binding domain include Leu6®)(
lle65 (i+ 3), and Phe69 < 7). In addition, a conserved arginine residue onlifeo

proteins forms a salt -helixatthg+ positiohthathbdas p67 on t

bn T
t. Phe69 7

/" T 90
‘I Tle65

g
‘9\' Leu62
9 ¢

COOH

Figure 6.11 Bim-BH3 with highlighted residues (left). Hamilton et al. representative
terphenyl scaffold -helix mimetic (right).

proven to be important in binding affinf?*4! (Figure6.11). As previously showwith
Wa |l e ns k y 6-Belical peptjulds,amiimicky of these residues can lead to a potent,
selective inhibitor. | n add-arylscaffoldsthave Wal ens ky
been ext en s-helixarimetics) whichlaressmall tholecules thatme the
r e s i d uhelig*?**oTris-akyl scaffolds are used because they project functional
groups in a similar sqdaix. Haliltonetalipienedreddthe on t o t
f i e | -Helixarimeti¢s with terphenyl scaffolds functioningBda-xL inhibitors
(Figure6.11)%243

We have developedtwo trssr y|l s caf f ol d-belixtmimetics f unct i on
based on two nepeptidic scaffolds: J¥1-106, an oligoamidéoldamerbased BekL
and Mct1 inhibitor, as well as a triazene based scaffold, based on a previously described

bri dged s mahelikmimeiid># Eigure6.12UWe will also incorporate
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Figure 6.12 Our general workflow of design. EW denotes electrophilic warhead.
electrophilic warheads in these scaffolds to probe Cys55 ¢f Bfithe BH3binding
domain. These will be discussed below. Given the success of these scaffolds as helix
mi metics and the success of Walenskyo6s coval
saffolds will act as potent, selective Bflcovalent inhibitors.

6.8.1.JY-1-106

Hamiltord s iritiallp developed terphenyls ashelix mimetic§?4”4¢ Further, they
introduced an oligoamid®ldamer scaffold comprised of bifurcated hydrogen bonds
used to maintain the integrity of the helical structiEigure 6.13 1). Although a
crystal structure showed that the rigidity of the backbone was due to the bifurcated

hydrogen bonds of the pyridine nitrogens, it was unclear whether they would be present
A AR A A
N
A A A
N
Attt ad i
Flgure 6.13 Ollgoamldefoldamer compounds with blfurcated hydrogen bond
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under physiological conditiaf?. Therefore, Yat al. usedmolecular dynamics (MD)
simulations with the CHARMM Geneyf al Force Fi
foldamers { and2, Figure6.13. Experimentally, the NH-N hydrogen bonds it were
more stable than the NHO interactions. Additionally, experiments wegrerformed to
evaluate the propensity of the isopropyl ether groups and the geometry of the ether
oxygens, which revealed both the rigid picolinamide and flexible benzamide are both
good mimetics of the BaBH3 peptidé®.

To further explore the preferrectiamolecular bifurcated hydrogen bonding,
which is directly related to the flexibilities of the scaffold, they synthesized compounds
3,4,5and6. As seen in Figuré.13 they replaced pyridine subunits in a stepwise manner
to further probe the flexibilitpf the scaffoldsn vitro. A fluorescence polarization
competition assay with BelL and FITGBak revealed that replacement of the pyridine
subunits with benzene led to increased inhibition ob&clThey suggest that the
increased flexibility coupledwih t he i ncreased hydrophobicity
2 allowed for more favorable interactions with Betl*®. Nonetheless, these studies
resulted in the BekL and Mct1 inhibitor JY-1-106 6).

Our oligoamidefoldamer scaffold derives from bodamilton and J¥1-106,
such that the first two subunits offer bifurcated hydrogen bonds between the two oxygens
and the amide hydrogdRigure 6.12, pink compoundn addition, we have chosen
benzene subunits in place of pyridine to decrease rigidityedbackbone for more
favorable interactions with Bfl.. We also will introduce isonipecotic acid or piperidine
as the last subunit of the scaffold, as the flexibility they offer may allow for potential

increased interactions with Cys55 of Bfl Representave compoundAl was manually
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Figure 6.14 Representative compou@A1 manually docked in Puragfi-1.
PDB: 5UUL.

docked in Bft1 shown in Figur®.14, which reveals good mimicry of thgo-apoptotic
PumaBH3 peptide, while the carboxylic acid offers good mimicry of Aspl15. The
acrylamide moiety, acting as the electrophilic warhead, is also is near Cys58,of Bfl
indicating the placement may allow for effective covalent inhibition.

The synthesis foruwr oligoamidefoldamer scaffold is described as followsHigure
6.15

First, methyl 2,Edihydroxybenzoatel was reacted withbbutyl bromoacetate and
selectively alkylated the-Bydroxy group to gived). Alkylation of the 2phenoxy group
with benzyl bromidagives @). 3 will undergo saponification with LiOH ¥D to reveal

o )( o o
Ho )(O)J\/o I S N )(OKO
t-butyl bromoacetate K,CO;
OH K,COy OH ———> o~ - - o

DMF, rt, on

(0] o Acetone, reflux, on o) [¢] Quant (‘) O
l Quant [
1 2 3
8 )( )( k/ o
. )(Ok/o )j\/o 1. Boc deprotectlon o
CouPl[l:gl ‘thh nific t coupling 2. Coupling "R"
- .methy! 4- saponi
aminobenz oaTe o - O . }’Yl}b _ 737 Hydrolysls NH
Boc-| plpenzme ,,,,,,,
O~ 'NH O~ 'NH
O~ 'N om /\
- ; B LA
S 0" ©oH L_NBo R
5 6 8 9

Figure 6.150ligoamidefoldamer based -helix mimetic synthesis.
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the carboxylic acid4) and will be coupled with methytdminobenzoate to give the two
functionalized oligoamidéoldamer subunitss). Next,5 will be saponified to reveal the
carboxylic acids, whichwill be coupled with Bogiperazing7). The Boc group will be
deprotected with 4M HCI, coupled with various electrophilic warheads, and hydrolyzed
to reveal the final deprotected oligoamidédamer covalent inhibitor8).

6.8.2.Triazene based scaffold

Previously developed tHaryl compounds had poor water solubility and difficult
synthesestherefore, Limet al.described the development of a triazpiperazine
triazine scaffold as Mel inhibitor$® (Figure6.12 blue scaffold). The triazine is a
privileged scaffold that was used due to the ease of functionalization, while the
piperazine was previously used as an isostere of terphenyl structures. In addition, the
calcul ated cLogP value of t hihdixbasedtiisf ol d was
aryl compounds, showcasing the potential increase in physicochemical properties needed
to improve aqueous solubility (1.36 vs 6.21, respectively). This indicates that this
scaffold may ploiskseeds sp rnoopreer thiideesugi n compari son
scaffolds. Computational studies also revealed that the functional groups effectively
mimicked the, i+ 3/4,i+ 7 r e s i elibe Fhroogh deeetopmignt of a
combinatorial library, coupled with a highroughput screen against Mt| they
discovered_EO (Figure 6.12, blue compoundyith aKi = 9.3 uM®.

We have developed a triazipgerazinepiperidine scaffold based on the triazene
scaffold due to the correct spatial orientation of the functional groups described by Lim

al. We have utilized a piperazine and piperidine in place of the pipesaizinene
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subunits due to the ease of synibe@sd increased flexibility. In addition, the final
piperidine moiety will allow for the introduction of an electrophilic warhead in one step.
The synthesis is described brieflyRigure 6.16

Cyanuric chlorideX) will undergo three stepwisev&R reactions with methyl glycolate
(2), benzylmercaptan3), and boesubstituted piperazine to give thegtibstituted

triazine @). The piperazine will be deprotected with 4M HE) &and coupled with bac
isonipecotic acidg) and subsequently deprotected ag@)n The various electrophilic
warheadwvill be coupled t8B and lastly, saponification of the carboxylic acid will reveal
t he t r-helix mienatie scaffold9).

Lim et al.described that poor binding affinity to M&lwas in part due to the

methyl glycolate O benzyl mercaptan [ b: r : e} [ : boc-isonipecotic

oc-substituted id
o N ¢l orea ~ J_o _N_c DPEAT /U\/o N pipeigine. % )k,o NS amHCl ~g O NS il
N/ W Acet ° T T Y Y DAL \Nr \Nr MeOH \Nr/ IN
cetone X le X
¥ ocrton ﬁ/ oG ion \( AR N o ¥ owE
cl 45-65% cl 60% cl reflux, 2hr N Quant N 27.63%
72-80% [ j\ [ l
N” R
Boc
o r : o} d : o
\o)]\/o o < )J\,o N s Hok/o /N[ s

o._N__S
A Z
N 3 N
4MHCI IPEA Lo H,0
\( DIPE 2 Y
MeOH DCM THF/MeOH/H;O ‘/
ahr, 1t 0°C, 4hr tt, 1hr N
Quant R* 46% - Quant N R* !
O

N S
N
b
N]\R*
02\@ O)\O
NBoc N\R N\R

Figure 6.16.Tr i a z e n elbbnanseticdyntbesis.

conformational flexibility of the compound, wiienay have introduced a large entropic
loss upon bindiny. However, we hypothesize that the introduction of an electrophilic
warhead will not only impart selectivity, but will also increase binding affinity, which

may offset the potential reduced affindgused by the entropic loss upon binding.
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Manual docking of representative compodri®ll overlad with the PumaBH3

peptide reveals good mimicry of the PuBid3 peptide (Figuré.17). The carboxylic

Figure 6.17. Representative compouiR1 (pink) manually docked in Bil-PumaBH3. PDB:
5UUL.

acid effectively mimics Aspl15, while th&)-isopropyl group probes into the same

pocket as LeulO. Further, we will synthesize both the R and S compoithdskous

groups such as methyl and isopropyl to probe the Leul0 pocket. In addition, the

piperidine subunit with the acrylamide moiety is in close contact with Cys55-df. Bfl

This docking figure reveals that-helixand c ompoun
may offer effective covalent inhibition of Bil.

6.8.3.Electrophilic warheads

For covalent inhibition to be successful, the electrophilic warhead must be considered.
This is a functional moiety that will directly react with the cysteine énptioteinof-

interest. The reactivity and selectivity must be carefully balanced due to the potential off
target binding, as the electrophilic warhead can react with endogenous nucleophiles,

creating toxic protein adducts. We will explore both reversibteiaeversible moieties
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to further probe the Bfl interaction. Initially, we will utilize three groups to show our
proof-of-concept works. The irreversible warheads will be acrylamide and
pentafluorobenzenegohamide, while acrylonitrile will serve ase reversible moiety

(Figure6.18). Acrylamide moieties have been usedrIDA approved covalent inhibitors,

0 o, F o)
‘Lﬁ)v WLH/S F ii)kc‘/(

F
F

Figure 6.18 The electrophilic warheads we will use in our compound design. Acrylamit
(left), pentafluorobenzenesulfonamide (center) and acrylonitrile (right).

such as the Brutonbés tyrosine kinase inhibit
factor receptor tyrosine kinase inhibitor OsimertiAiThe
pentafluorobenzenesulfonamide was utilized in a STAT3 inhibg#@neeffective
covalent inhibitor. A metabolic stability study revealed that the-flacgine reacted with
glutathione via nucleophilic aromatic substitution, showing that it is capable of reacting
covalently with an endogenous ligand. They suggesttthay behave as an
electrophilic warhead toward thiol nucleophiles in vivo
The strategy of using reversible covalent inhibitors was developed to avoid
potential toxicity issues associated with irreversible inhibitors. Tawettahfound that
2-cyanoacrylates could react reversibly with cysteine at physiological pH. They described

t hat the r ever s-elminationtvig an\kB mectanisiigute 64y b

O 0 0
_R e —_—
HI,)J\(\S E)K@(\S/R z%)k"/
CN CN CN

Figure 6.19 E1cB mechanism describing thiol elimination of reversible
cyanoacrylate covalent moiety.
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In fact, they experimentally showed that different electron wativthg groups could
increase the intrinsic reversibility of the compound by monitoring the disappearance of
the adducts and reappearance of the acrylonitrile compounds with NMR or LC/MS. For
example, a methylthiazole exhibited an elimination rate of t1/tikauté? We will
functionalize the piperidie ring with an acrylonitrile group substituted with simple alkyl
groups to probe the potential of a reversible covalent inhibitor against Bfl

6.7. Discussion

The resurgence of covalent inhibition has led to the development of many FDA approved
inhibitors. Bft-1, a Bct2 antiapoptotic protein, has recently seen has become an
important target due to its implication in chemoresistance and cancer progression. Herein,
we have de sdaixmirbedccovalentanhiliitors in development to target this
understudied protein.

6.8. Future Work and Introspection

The work presented here showcases numerous scaffolds that have been developed to
target multiple proteiprotein interactions. Although we were unsuccessful in developing
a potent small molecule inhibr towards two different proteins, M@l and HDM2, these
scaffolds can be used as starting points to further develop selective inhibitors. In
particular, it would be beneficial to focus efforts on developing a more potefit Mcl
selective inhibitor. Not wly does our lab focus on targeting the-Bgbrotein family, but

the most potent scaffolds that were developed within this work target Micladdition,

it may be useful to start further development with the most potent scaffold, the

isoxazoles.
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Howeva, it is imperative to perform experiments to find the binding mode of
these compounds. In this work we have utilizedinhslico method SILCS (Site
Identification by Ligand Competitive Saturation), but it would be useful to couple this
with a biophysicemethod such as HSQC NMR orrdy Crystallography. Not only
would we be able to further validate the binding mode described by SILCS, but we can
further optimize compounds for more potent inhibitors. It is also important that these are
tested against oth®cl-2 antiapoptotic proteins to assess the selectivity. As stated in
Chapter 1, inhibiting one or more aapoptotic proteins can lead to a compensatory
upregulation of others, so it will be important to assess which proteins these compounds
inhibit. In addition, these compounds need to be tested for toxicity and potency in a range
of cancerous and nezancerous cells, as we currently only have data assessing the
potency in the fluorescence polarization competition assay. At this point, it would be
important to make sure these compounds are inducing apoptosis in the cell through the
intrinsic apoptosis pathway, which can be done throughdmuiin experiments including
western blots. In the event we have a potent compound in cells, it would be inteesting
further assess the pathway of these compounds utilizing a proteomics approach, to get a
larger picture of how these compounds work in the cell.

Further, we have moved forward with targeting the-aptiptotic protein BflL.

Today, pharmaceutical commas are working on selective Mtlinhibitorsthat have
reachedoth in preclinical and clinical studiend many have developed potent
inhibitors in the picomolar range (See Chapter 1). Therefore, we hadeddaat it will
be useful to look at less opetitive targets, such as Bifl

6.9. Conclusion
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Developing inhibitors against the B2lantiapoptotic proteins remains challenging, due

to the inherent difficulties of targeting PPIs. However, their importance in various
hematological diseases and solid tumors showcase the urgent need to find new
thergeutics. Although the field has been highlighted with successes such as the approval
of venetoclax, there are still compensatory resistance and overexpression mechanisms
revealing themselves. Utilizing medicinal chemistry techniques such as covalent
inhibition and PROTAC technology may pave a way to new efficacious antineoplastics

targeting the BeR protein family.
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