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Abstract

Development of Cysteine Protease Inhibitors and Their Application Towards
Huntington’s Disease and Malaria Therapeutic Models

by
Melissa Jessica Leyva
Doctor of Philosophy in Chemisty
University of California, Berkeley

Professor Carolyn R. Bertozzi, Chair

Proteases are enzymes that catalyze the hydrolysis of homnde in peptides and
proteins. Due to the vital role of proteases in various diseps@sase inhibitors have
been aggressively pursued as therapeutic targets but most are peptidicires.
Although peptidic protease inhibitors are identified by traditionalthods, drug
candidacy is compromised with peptides because of poor metabolic stability arwiboor
penetration. Therefore, a more viable approach to obtain drugsiiketures is to
identify and develop nonpeptidic protease inhibitors with improved pharmatiokine
properties. In this dissertation, approaches to nonpeptidic inhibitofogevent and
studies of protease involvement in relevant diseases are described.

Chapter 1. A brief introduction on proteases and traditional methods used to
obtain protease inhibitors is discussed.

Chapter 2. The identification of nonpeptidic pan-caspase inhibitors using the
Substrate Activity Screening (SAS) method is described. Agigicaf the SAS method
against caspase-3 and caspase-6 resulted in the identificattmeehovel, pan-caspase
inhibitors that block proteolysis of Htt at caspase-3 and -6 djeawtes.In a
Huntington’s disease (HD) model, all three inhibitors rescueddesith in striatal and
cortical neurons at nanomolar concentrations. Overall, these inhibéeesvalidated the
correlation between blocking caspase Htt cleavage and rescue ahediated
neurodegeneration.

Chapter 3. The development of dipeptidyl aminopeptidase (DPAP) inhibitors
and application of a novel fragmenting hybrid approach is describddmology
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modeling and computational docking were utilized to design and synthesipeptidic
DPAP1 inhibitors that kilPlasmodiunfalciparumat low nanomolar concentrations. A
fragmenting hybrid was developed as an alternative to artemisombination therapy,
which incorporated a trioxolane agent conjugated to our most potent nonpeptidic
inhibitor of DPAP1. This strategy showed the slow release of ead inhibitor and
sustained DPAP1 inhibition iRlasmodium falciparunparasites. Overall, we validated
DPAP1 as a valuable anti-malarial target and demonstrateduhdragmenting hybrid

can be successfully used to deliver secondary anti-malariatsaggo parasite-infected
erythrocytes.

Chapter 4. A summary of the projects described in Chapters 2-3 and a brief discussion
of future directions is included.

In summary, the projects described in this dissertation contrib e traditional
approaches to protease inhibitor development and enhance the to@blavai study
proteases in pertinent diseases.
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Chapter 1. Introduction.

Proteases are enzymes that catalyze the hydrolysis of amide bongtide pad protein
substrates. Proteases are important therapeutic targets because tew pble in
various biological processes. This chapter will introduce protease nomereclanhd
briefly discuss some of the methods used to obtain protease inhibitors.



Proteases

Proteases are enzymes that catalyze the hydrolysis of donde in peptides and
proteins. The human genome encodes over 500 proteases, which are divided into 5 major
classes based on the catalytic mechanisin. this chapter, cysteine proteases will be
emphasized. Cysteine proteases use a cysteine residue inzimeeactive site to
nucleophilically attack the scissile amide bond of the peptide oteipr substrate
undergoing hydrolytic cleavade.Interactions between the enzyme active site and the
side-chain amino acid residues of the peptide or protein substraidases for protease
selectivity (Figure 1.1). Side-chain amino acids of a peptidpratein substrate are
designated ass:PP, P, P/, Py, Ps. Binding sites in the protease active site are
designated as:SS, S, S, S, S3.2

S, Sy S3'
VRN 77N\ VRN
O P o P/ O Py
H 2 H 1 H 3
E/N\)LN/HW/N%/H(NQLN/K{(EA
P, Mo N o B P 0
_ N N
S; S, S,
scissile bond

Figure 1.1 Protease substrate binding nomenclature.

Proteolytic cleavage of peptides or proteins plays a role in vahmisgical
processes such as protein synthesis, turnover, and function. Thesesamymgportant
therapeutic targets because unregulated proteolysis can affexblpbical processes
such as digestion, blood coagulation, immune response, cell signalingpapisis.
Proteases are also promising viral, bacterial, and parabitig targets due to their
involvement in the life cycle of pathogenic viruses, bacteria, angipesa Inhibitors of
proteases are approved drugs, including inhibitors of HIV-1 proteaskd treatment of
AIDS and inhibitors of angiotensin converting enzyme for the treatraf hypertension.
Many other protease inhibitors also show therapeutic utility, fageathepsin K in
osteoporosis, thrombin in coronary infarction, rgecretase in Alzheimer’s disease.

Methods for Acquiring Protease Inhibitors

The current challenges of developing therapeutically relevantgsetahibitors
include achieving selectivity and good pharmacokinetic propértiesotease inhibitors
have been traditionally designed based on the selective raoagrfippolypeptides in the
active-site of the target protease. Although peptide inhibiterglantified by traditional
methods, drug candidacy is compromised with peptides because of podiolneta
stability and poor cell penetration. Ideal protease inhibitor dewgslow-molecular
weight compounds with few or no peptide bonds and with high specficiy.more



viable route for inhibitor design is the use of a fragment-baggmtoach where
nonpeptidic, low-molecular weight compound fragments are identifiecinthized for
potency, selectivity, and pharmacokinetic properties.

Among numerous fragment-based screening methods currently empioyed)
discovery for the identification of weak-binding, nonpeptidic fragmetite current
standard is the use of functional inhibition assays to screen compbrariek for weak-
binding inhibitors. This method is easy to automate but results in a high occuménce
false positives due to protein aggregation and non-specific bifiding.

More precise methods, such as Structure Activity RelationshipRY®% NMR
and X-ray crystallography, eliminate the possibility of égtesitives by the detection of
direct binding'®***? Although these methods provide structural information that can be
utilized in fragment optimization, they possess disadvantages. intance, large
guantities of protein are required to attain binding informationthese methods require
more intricate procedures involving the dedicated use of expensive instruorehtiti

Another fragment-based identification method is tethering, inchwvhmass
spectrometry is employed to detect binding that results from idisutiterchange of a
thiol-derivatized ligand and a cysteine thiol located proximal tgptbeein binding sité?
Although the frequency of false positives is minimized and smatlusts of protein are
required, the limitations of this method include the generation ofwdfidie library and
the requirement of a cysteine residue in or near the enzyme active site.

The Ellman group has recently reported the first substrate-biaagohent
identification method, Substrate Activity Screening (SXS)The SAS method can be
outlined in three steps. The first step involves generating aryibof N-acyl
aminocoumarin analogs by using support-bound 7-amino-4-methyl-3-
carboxymethylcoumarin (AMCA) and screening the library agam$protease target
using a fluorescence-based assay (Figure 1.2). The second stgpsdriliel optimization
of the N-acyl fragments through solid-phase synthesis and subsequeanhisgref
focused substrate libraries. In the third step, the aminocoumareplasced with a
mechanism-based pharmacophore to provide protease inhibitors directly.

Numerous characteristics make the SAS method advantageous over other
approaches for developing nonpeptidic protease inhibitors. The sgestamis high
throughput and eliminates the incidence of false positives due to atigregorotein
precipitation, and non-specific binding because substrate cleavdiyaeldase of the
fluorogenic reporter group only occurs upon active enzyme catalyabdlysis. Since
the assay screens for catalytic substrate turnover, in comdrasaditional inhibitor
assays, signal amplification is also observed. This attribla@safor the identification
of very low affinity fragments at low substrate concentrationee fapid conversion of
weak-binding nonpeptidic substrates into inhibitors gives rise to anathgortant
attribute of the SAS method. Substrate cleavage is only obswed the amide
carbonyl ofN-acyl aminocoumarin is properly positioned in the enzyme actigetbiis
allowing for the aminocoumarin group to be replaced by a mechansedba
pharmacophore to produce reversible or irreversible inhibitors. A& rBethod has
been previously applied to proteases of the papain family by our §¥oup.



OH
)J\ 0 ————» )]\ + )

H fluoroscent
Fluorogenic substrate library Weak protease substrates identified
Step 2 0 X OH
)L S Step 3
R N 0o~ ~0  — Roptimal —Pharmacophore
optimal H
Efficient substrates identified Potent inhibitors identified

Figure 1.2 Outline of Substrate Activity Screening (SAS) method.

In chapter 2, the utilization of the SAS method on caspase-3 andks -6,
described® Caspases-3 and -6 are two of fourteen identified caspasd=elmng to the
subfamily of apoptosis activatidii?® Dysregulation of apoptosis, or programmed cell
death, is implicated in several diseases including liver diseag®cardial infarction, and
neurodegenerative diseases such as Huntington's disease and Atzhaiseasé’
Various caspase-3 inhibitors have been developed but are mostly peptedimmim
nature’>?® Developing nonpeptidic caspase inhibitors has proven to be a challenge due
to the highly specific requirement of an aspartic acid residubeaC-terminal site of
substrate cleavage, making them some of the most specifieapest knowh’
Therefore, the advancement of nonpeptidic caspase inhibitors could pircdpdead to
efficient drugs for numerous diseases. Employing this methosgided potent,
nonpeptidic inhibitors, which were used to validate caspases as \migets in
Huntington’s disease.

In silico docking is a computational approach to identify proteasbitals and is
widely used in drug discovery.Docking involves the prediction of ligand or small
molecule conformation and orientation within a targeted protein binsiteg>?’ The
main objectives of docking studies include accurate structural mgdahd correct
prediction of activity. However, the identification of moleculaatiees that are
responsible for specific biological recognition, or the prediction coimpound
modifications that affect potency, are complex and difficult to matationally simulate.
In addition to identifying inhibitor structures, lead hits can be sirally optimized
using docking analysis to guide the design of more potent inhibitorsilido screening,
design, and optimization have been used to identify various inhibitors afapest
involved in relevant diseasé%>!

In chapter 3, the use of in silico methods to build a homology model qftitiple
aminopeptidase | (DPAP1) and inhibitor design, is descridalguide the synthesis of
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new compounds, we built a homology model of DPAP1 based on the crygtalist of
cysteine protease, human cathepsin®? C. Moreover, homology modeling and
computational docking methods resulted in the improvement of specticdur initial
inhibitor hit. This suggests that in silico methods can be sucdgsapglied to design
potent DPAP nonpeptidic inhibitors. Overall, our results validateddetified DPAP1
as a viable anti-malarial target.
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Chapter 2. Identification and Evaluation of Novel Small Molecule Pan-Camse
Inhibitors in Huntington’s Disease Models.

Huntington’s Disease (HD) is characterized by a mutation in the huminggne
encoding an expansion of glutamine repeats on the N-terminus of the huntingkin (Ht
protein. Numerous studies have identified Htt proteolysis as aatmiathological event

in post mortem human tissue and mouse HD models, and proteases known as caspases
have emerged as attractive HD targets. We report the use ofubistrate activity
screening method against caspases-3 and -6 to identify three novel, pan-caspase
inhibitors that block proteolysis of Htt at caspase-3 and -6 cleavage diteHD models,

these irreversible inhibitors suppressed EdR**®mediated toxicity and rescued rat
striatal and cortical neurons from cell death. In this study the idedtifionpeptidic
caspase inhibitors were used to confirm the role of caspase-medidt@dottolysis in

HD. These results further implicate caspases as promising targetdd therapeutic
development. The majority of this work has been published (Leyva, DeQ@iacomo,

F.; Kaltenbach, L. S.; Holcomb, J.; Zhang, N.; Gafni, J.; Park, H.; Lo, D. C.; Sahje

G. S.; Ellerby, L. M.; Ellman, J. A. Chemistry & Biolo2§10, 17, 1189.)



Authorship

| synthesized all substrates and optimized their structuresigoove caspase
activity. Furthermore, | chose the specific pharmacophore to dofeet caspase
substrates into potent, irreversible inhibitors. | performed the ratdstind inhibitor
assays against caspases and related cysteine proteasesiflemuircathepsins B, S, and
V). Inhibitor studies with Htt23Q and Htt148Q aHdh’?"?andHdh**?* %ells were
conducted by Francesco DeGiacomo, Jennifer Holcomb, Ningzhe Zhdiette Gafni,
and Dr. Ellerby at the Buck Insititute for Age Research. tddbach conducted the
HttN90Q73-induced degeneration studies at Duke University Medical Center.

Introduction

Huntington’s disease (HD) is a dominantly inherited neurodegeneitveder
characterized by progressive deterioration of neurons in theustriand cortex.
Symptoms can occur at any age but usually arise with an aduttanseatients exhibit
progressive loss of cognitive and motor function. HD is an incuraldasbscaused by a
mutation in the Htt gene with a trinucleotide (CAG) expansion engodiutamine
repeats in the N-terminus of huntingtin (Htt), a scaffold protaih many interacting
proteins that has been shown to be involved in vesicular traffickitgjor research
efforts have focused on the relationship of HD pathogenesis and potyglateepeats,
but the molecular mechanisms leading to neuronal death are hptufderstood.
Proposed mechanisms leading to neuronal dysfunction and death includéoiorafa
polyglutamine aggregates and inclusidéfisaltered conformation of mutant huntington
leading to transcriptional Dysregulatidfi, excitotoxic neuron damage by excessive
stimulation of glutamine receptof€, and induction of apoptosis and proteolysis. A
neuropathological hallmark of HD in human and mouse models is the aatiomwf N-
terminal Htt fragments leading to cytotoxicity, suggesting Hta proteolysis is a critical
event in pathogenesis:*°

A great amount of work has focused on the proteolytic cleavagdttoby
multiple proteases, including aspartyl proteases, calpains, andeadpas'® Caspases
are cysteine proteases characterized by their high spgcifai substrates with an
aspartic acid at the site of cleavage in the P1 position andapfapminent role in
apoptosis? Dysregulation of apoptosis has been implicated in stroke, neuronal
degeneration, liver disease, cancer, and autoimmune disétd@&se to the dramatic
neuronal cell death in HD, it is not surprising that Htt was tre¢ heuronal protein
identified as a caspase substrdt&. number of studies have defined the cleavage sites of
Htt for caspase-3 at amino acids 513 and 552, for caspase-2 at ardid®2cand for
caspase-6 at amino acid 586 Recently, caspase-6 cleavage of mutant Htt and
activation of caspase-6 has been shown to play a significantrbl® pathogenesis in
HD mouse models and is also activated in HD postmortem fi$&te.

Although the aforementioned studies clearly implicate caspadeateé cleavage
of Htt in HD, few studies have evaluated the effects of casphgation on cell death.
The non-specific irreversible, peptidic fluoromethyl ketone inhibite¥ AD-fmk,

8



protected striatal neurons against malonate-induced excitoXicityd the reversible
caspase-3 specific inhibitor, M826, significantly displayed neuroprotecagainst
malonate-induced striatal injury in a rat model of HD.Additionally, through indirect
means minocycline, a tetracycline derivative with the abilitycross the blood-brain
barrier, inhibits caspase-1 and caspase-3 transcriptional upreguéatd delays cell
death in HD transgenic mouse mod&ls. The development of small molecule,
nonpeptidic inhibitors of both caspase-3 and -6 and their evaluation in Higymbuld
provide useful tool compounds to the field. Unfortunately, while numerous seaspa
inhibitors have been develop&c’® most are peptidic in nature and efficacy in cells and
animals is compromised due to poor cell penetration and ADME (Absorption,
Distribution, Metabolism, and Excretion) properties, respectiffete therefore applied

a substrate-based fragment approach called substratéyastreening (SAS) to the
development of nonpeptidic inhibitors of caspases-3 and -6. In the SAS methcid,

has previously been applied to proteases of the papain familyeak binding
nonpeptidic substrate fragments are identified, optimized, and then tmhterpotent
inhibitors. Herein, we report the identification of three novel, nonpeppidn-caspase
irreversible inhibitors that blocked proteolysis of Htt at cas{@ased caspase-6 sites,
suppressetidh'* 2 %mediated toxicity, and rescued HttN90Q73-induced degeneration
of rat striatal and cortical neurons.

Substrate Library Synthesis and Screening

To target caspase-3, we initially set out to create arltthat incorporated the P1
aspartic acid required for caspase recognition and amide bondysysirolo satisfy the
goal of identifying nonpeptidic fragments, we synthesized an initisary of 1,4-
disubstituted-1,2,3-triazole substratgsl (Scheme 2.1) because triazoles have been
demonstrated as efficient amide bond replacements in the developmenbtedse
inhibitors>*3* and diverse functionality could readily be introduced into the substra
using solid-phase methods (see Experimental Section). Substtetesscreened in a
high-throughput fluorometric assay to detect caspase-3-caladymle bond proteolysis
and liberation of the fluorophore, 7-amino-4-methylcoumarin-3-acetid G&MCA)

(Scheme 2.1).
Scheme 2.1 First step in SAS method, screening diverse AMCA substpates

NN O X OH caspase NaN O X
RJ\NJNm RJ\/N\:)%W HoN 0o ©
i H o. Ut
OY Y

OH

fluorescent AMCA

Structure-Activity Relationship (SAR) of AMCA Substrates AgainstCaspase-3

Table 2.1 exhibits the relative cleavage efficiencies of a solbgatial substrates
that were evaluated. Substr& with a phenylethyl group at the R position had the
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lowest cleavage efficiency of all of the substrates forctviiurnover was detected and
was assigned a relative cleavage efficiency value ddubstrates for which no turnover
was detected were given a relative cleavage efficienayewval 0. Substrateés8and2.9

with a-branching at the R position as provided by the cyclohexyl making with
hydroxyl and amide groups, respectively, that are both capable of HAgostiowed the
highest activity. Substraz9was particularly appealing because the amine functionality
provides the opportunity to introduce a variety of additional functionddityugh amine
acylation and reductive amination chemistry.

Table 2.1 Relative cleavage efficiencie$ initial substrate library incorporating alkyl
and polar R groups against caspase-3

Nen o “ OH
RJ\\/N\./[LN 0o ©

o, i H

Y

OH
Substrate R Rel. kea K Substrate R Rel. keat! Kim
HO
2.2 ng 10 2.6 oh% 2.0
HO
2.3 @é 2.0 2.7 )7 : 0.0
HO

2.4 N\ g 2.0 2.8 <j : 7.8

25 <:>—§ 2.0 2.9 %; 7.9

The relative ko/K,, of the least efficiently cleaved substrate for which turnover could
be detected was assigned a value of 1.0. For caspase-3, substrate 2.2 was assigned a
value of 1.0.

To further explore the effect ofi-branched substituents within the amide
framework present in substra?e9, an additional collection of substrates was prepared
and evaluated (Table 2.2). When the cyclohexyl group that introdyeedibranching
in substrate2.9 was replaced by the-monobranched structures in substré&e$-2.14,
no substrate turnover was observed, which suggests the importance ddinmgnt
dibranched functionality at this position. Similarly, dibranched suiestis with the
smaller methyl, ethyl, and isopropyl groups all displayed redutesmvage efficiency
(substrates2.152.17). In contrast, substrat2.18 which incorporated methyl and
cyclohexyl substituents with anS¢configuration, showed a greater than five-fold
increase in cleavage efficiency relative to the initialayexyl amide substrat2.9 It is
noteworthy that caspase-3 showed very strong chiral recogniitbnne turnover for
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substrate2.19 which is the R)-epimer of substrat2.18 The strong preference for the
(9-epimer suggests the importance of this configuration for propentation and
enhanced binding in the S2 pocket of caspase-3.

Table 2.2. Cleavage efficienciesf «-substituted amide R structures against caspase-3

N=pn o X OH
RJ\/N\:)LN N ©
OY H
OH
Substrate R Rel. kgt K Substrate R Rel. keatl Km

2.9 O<j§ 7.9 2.15 (}*%"75 0.0

2.10 >/*NH 0.0 >7NH

O<:§—§ 216 /275 34

2.11 >ﬁNH 0.0 2.17 >/*N/,H 4.2

NH >/*N/H
2.12 >/* 0.0 218

213 >/*NH 0.0
0 g
>7NH
219 Q! g 0.0
2.14 }NH 0.0

With substrate?.18 incorporating cyclohexyl and methyl substituents wi (
configuration providing the highest cleavage efficiency, we nbese to evaluate the
replacement of the acetamide group with a variety of diffea@mtles and amines to
identify key binding interactions for this region of the subst(ae¢presentative structures
shown in Table 2.3). Replacing the acetamide in subsagwith the N,N-diethyl
moiety in substrat@.20 almost completely eliminated substrate turnover suggesting the
importance of the H-bond donor or accepting capability of the amitgidnality. In
contrast, replacing the acetamide in subst?ai® with the benzamide in substra?2e21
resulted in only a modest reduction in cleavage efficiency denating that groups

11




considerably larger than acetamide can be accommodated in theeeaatyve site. The
isosteric secondary amine in substrat2? resulted in a >10-fold reduction in cleavage
efficiency of the substrate again confirming the importancéhefamide functionality
either for orientation or for hydrogen bonding interactiolbe phenylacetamide present
in substrate2.23resulted in a modest increase in cleavage efficiency wiaasosteric
phenylmethylsulfonamide present 24, which maintains hydrogen-bond donor and
accepting capability, provided a considerable boost in cleavageeetiyc Finally,
introduction of a second carboxylic acid in substrat@s2.26resulted in a considerable
increase in cleavage efficiency with substr&@5 providing the highest cleavage
efficiency out of all the substrates tested. This result is conswttnthe known peptide
substrate specificities for many of the caspases, whiclerpeefsecond aspartic acid
residue at the P4 position, i.e., four amino acids away from the cleavag® site.

Table 2.3 Cleavage efficiencesf N-substituted amide substrates wit)-¢onfigured
methyl and cyclohexyl substituents against caspase-3

N<N o X OH
R/Q\/N\./U\N o” 0 ©
o H H
\\I/

OH

Substrate R Rel. keat! K Substrate R Rel. kegt! Kin

2.18 >/—NH ©_>/*
: 393

: 2.23 NH 47
07 < > \_NH

NH O}_\_}
36.7 . NH 194

2.20

A%
N
N
S
@)
2\
A
-
w
w

o

2.21

Annn

2,22 % 3.0 2.26 % 88

SR
S
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Substrate Screening and Optimization against Caspase-6

For peptide substrates, caspases-3 and -6 both require an aspdrtiesidue at
the site of cleavage but differ in preferred amino acid side chamg¢P2) and four (P4)
amino acids from the cleavage sfte.ln P2, caspase-3 shows a strong preference for
small hydrophobic residues, while caspase-6 tolerates largjdues. In P4, caspase-3
demonstrates an almost absolute requirement for an asparticesiclde, while larger
aliphatic residues are tolerated by caspase-6. Therefooé tla¢ previously synthesized
caspase-3 substrates were assayed against caspase-6 witbuldstsate activity
relationships represented by the substrates shown in Table 2.4ubbloate turnover
was observed fox-monobranched substrates as exemplified by subs@&t6snd2.13
therefore theywere given the relative cleavage efficiencies of 0. Outllothea a,a -
dibranched substrates, only substrag$8 and 2.19 with methyl and cyclohexyl
substituents resulted in cleavage. Subsdl8 gave the lowest cleavage efficiency out
of all the substrates for which turnover was detected for ca§pard-was assigned a
relative cleavage efficiency of 1. Th&){epimer of substrat.18 provided a five-fold
increase in cleavage efficiency relative to substrdté9 consistent with the
stereochemical preference observed for caspase-3. SulfsR&tencorporating the
carboxylic acid functionality resulted in a greater than teld-fincrease in cleavage
efficiency, while no substrate turnover was detected for subsiab, which also
contains the carboxylic functionality but with a shorter chaintlenghe importance of
the H-bond accepting capability of the amide carbonyl is appéermomparing the
cleavage rate of amide substr@@1 and amine substra&22 The phenylacetamide
substrate 2.23 provided a considerable increase in cleavage efficiency with the
corresponding isosteric phenylmethylsulfonamide subsg@4 also serving as a good
substrate but with ~3-fold lower efficiency thar23

Table 2.4 displays notable differences in structure-activigtiogiships between
caspase-3 and caspase-6 substrates. The chiral preferen®-dprmmer 2.18 was
stronger for caspase-3 over caspase-6. This can be explaitiezl difference in size of
the S2 pocket between caspase-3 and caspase-6. Various substitattotesated in P2
for both caspases but caspase-6 is able to accommodate lgygatiaand aromatic
residues in contrast to caspase-3. A significant differenceelative cleavage
efficiencies between benzamide21 and phenylacetamid2.23 was observed for
caspase-3 and caspase-6. Subs®#8 showed only a modest increase in cleavage
efficiency compared to substrae?1 for caspase-3, whil@.23 displayed a >18-fold
increase compared ®21 for caspase-6. Consistent with the known peptidic substrate
specificity data for caspases-3 and -6 (vide infra), sub2rafavith an acidic side chain
capable of binding in the S4 pocket was the most efficiently aebyeaspase-3; while
substrate?.23 displaying hydrophobic functionality was the most efficientlyackd by
caspase-6
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Table 2.4 Relative cleavage efficiencie$ a select number of previously synthesized
AMCA substrates against caspase-3 and -6

Nen O ' OH
RJ\\/N\.)LN 0 Yo ©
o. i H
Y

OH

Rel. keat! Km Rel. keat Km Rel. keat! Km
Substrate R Casp3 Casp6 Substrate R Casp3 Casp6 Substrate R Casp3 Caspb

2.10 >/—NH 00 0.0 2.18 >ﬁNH 393 50
0 $
0 =——4

; 2.21 ; NH 36.7 7.8

213 >/*NH 00 00

2.9 NH §7.9 0.0 6§
(0] § (6]

2.25 NH 194 12.6

0 =%
2.23C J~NH 47 146
214 >7NH 0.0 0.0 6 0 =——%
T ey s
HO

>7 2.26 NH 88 00 @—\
217 NH g4_2 0.0 : 224 _S-NH 133 44

The relative k,/K, of the least efficiently cleaved substrate for which turnover could be detected was assigned
a value of 1.0. For caspase-3, substrate 2.2 was assigned a value of 1.0 (Table 2.1). For caspase-6, substrate
2.19 was assigned a value of 1.0.

Because substrat.23 incorporating the phenylacetamide showed by far the
greatest cleavage efficiency by caspase-6, analoguesuwtaghitution on the phenyl ring
were prepared and evaluatédable 2.5). Methyl and phenyl electron donating
substituents at themeta position in substrate®.27 and 2.28 decreased cleavage
efficiency. The considerably lower cleavage efficiency of substra&can be attributed
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to unfavorable steric interactions with the large phenyl substitUidotiest reductions in
cleavage efficiency were also observed for substrates watfa-substitution with the
more strongly electron donating phenoxy and methoxy substitu2i®8,and 2.30,
respectively, as well as with the electron-withdrawingluoifomethyl substituent
(substrate2.31). The electron-donating methoxy substituent at pla@a position
provided an ~eight-fold drop in cleavage efficiency (subsg&8. A slight decrease in
cleavage efficiency was also observed for the electron-vanvidg chloro substituent at
both thepara andortho positions, present in substra®83and2.34, respectively.

Table 2.5. Cleavage efficienciesf newly synthesized substituted phenylacetamide
substrates against caspase-6

Substrate R Rel. Keal K
o F,C o)
47
2.27 %; MeO
Me g 2.32 ¢ 17
o)

2.28 ©_>, : 24 cl
o g 2.33 ;105
0

Ph
© © 2.34 % 88
(0]
2.30 % 48
MeO (0]
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Inhibitor Synthesis and Screening

The final step in the SAS method is conversion of the most acth&rates to
inhibitors®* Substrate cleavage is only observed when the amide carbonyl ity
aminocoumarin is properly positioned in the enzyme active site, tloveirgg for the
aminocoumarin group to be replaced by a mechanism-based pharmacophocdute pr
reversible or irreversible inhibitors. Pharmacophore selectiorbasesd upon a class of
peptidic pan-caspase inhibitors containing the 2,3,5,6-tetrafluorophenoxy eketon
irreversible inhibitor pharmacophore developed by Idun Pharmaceutisdause
members of this inhibitor series have advanced the farthesnioatldevelopment®?’
Indeed, inhibitodDN-6556 (Figure 2.1) was determined to be nontoxic in mouse models
and has entered Phase Il clinical trials for the treatmefiuofan liver preservation
injury.® The 2,3,5,6-tetrafluorophenoxyketone pharmacophore was incorporated into
three distinct substrate®.232.25 that showed good cleavage efficiency by both
caspase-3 and -6 to provide inhibit@852.37 (see Experimental Section for inhibitor
synthesis and characterization). The inhibitory activity of them@pounds was then
characterized against a full panel of caspases-1, -2, -3, -6, -hd-89 &Table 2.6). All
three inhibitors provided potent inhibition of caspases-3 and -6 kyihlK; values of
>20,000 M's™ for each enzyme. Each of the inhibitors also provided potent inhibition of
caspases-1, -7, -8 and -9 as would be expected by the similar wsupgéeificities across
these enzymes. In contrast to the other caspases, caspasa2 éended binding
pocket, and a P5 residue has shown to be critical for increasedggeafiigiency?’

Due to this extended binding requirement, it is not surprising thathdyitors2.352.37
poor inhibition of caspase-2 was observed \kijth/K; values of < 33 NMs™.

O e F
N N F
0 O __0
Y F
IDN-6556 OH F

Figure 2.1. Pan caspase inhibitor incorporating a 2,3,5,6-tetrafluorophenoxymethyl
ketone pharmacophore developed by Idun Pharmaceuticals.

16



Table 2.6. Inactivation rates of irreversible 2,3,5,6-tetrafluorophenoxymetitybitors
against caspases -1, -2, -3, -5, -6, -7, -8, and -9, cathepsins B, S, and V, and legumain

R= //S\\/Lsa HOMLLQ mii
[ j oo ] O )

235 2.36 2.37

2.35 2.36 2.37
caspase 1 55,200 + 2,600 243,250 + 350 55,200 + 200
caspase 2° 33.0%0.5 2.0£0.1 6.90 £ 0.3
caspase 3 47,000 + 1,400 81,700 £ 6,900 29,850 + 850
caspase 6 23,100 £ 1,900 32,950 + 1,650 45,750 + 450
caspase 7 27,700 £ 2,000 57,250 + 1,550 34,200 + 3,800
caspase 8 82,850 + 1,150 30, 650 £ 1,950 60,000 * 2,800
caspase 9 18,250 + 4,050 7,550 £ 1,650 28,100 = 2,500
cathepsin B° no inhibition no inhibition no inhibition
cathepsin S 1,138 + 526 331+44 535+ 44
cathepsin V° no inhibition no inhibition no inhibition

legumain

not detected?

not detectedd

no inhibition®

a Assays determining kinao/Ki (M's™) were performed in duplicate with SD values
included. P Assays determining k,.s (M's™') were performed in duplicate with SD
values included. ° No inhibition after 15 min of preincubation with various
concentrations of inhibitor of up to 400 uM. d Very weak inhibitory activity prevented
determination of k;,,./K; values, but IC5, values of 200-350 uM were obtained after 15
min of preincubation.

Recent studies have demonstrated that incorporation of P1 aspdetythsin
functionality in caspase inhibitors does not necessarily afford seleaspage inhibition.
Aspartyl peptidyl flouromethyl and choloromethyl ketones have begrorted to
efficiently inhibit other cysteine proteases such as cathepsiS and V as well as
legumain®® More recently, aspartyl peptidic acyloxymethyl ketones haem hilized
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as efficient cell-permeable activity-based probes for leguffa Due to the
aforementioned studies, all three inhibitors were screened agaifigile cathepsins and
legumain to evaluate cross-reactivity. Inhibit@<S85 2.36 and 2.37 displayed no
inhibition of cathepsins B and V. Weak inhibition was observed for psitneS with
kinac!Ki Values of < 1,138 Ms'Inhibition of legumain by.35and2.36was so poor (16

= 200-350 uM at 15 min preincubation) that/K; values could not be calculated, and
for inhibitor 2.37 absolutely no inhibition of this enzyme could be detected. Overall, the
caspase-designed aryloxymethyl ketone irreversible inhibitors shdiitte to no
inhibition against legumain, cathepsin B, S, and V.

Evaluating Inhibitors in Huntington’s Disease Models

In vitro, huntingtin is preferentially cleaved at amino acid 552 by cashaS&3
by caspase-3, and 586 by caspask?s. Inhibitors 2.35 2.3 and 2.37 were each
evaluated for Htt proteolysis by caspases-2, -3 and -6 with riepepantibodies that
recognize the specific Htt cleavage products usinm asitro assay. Figure 2.2A shows
western blot analysis of cellular lysates expressingldéalith Htt23Q and Htt148Q
treated with caspase-2, -3, and -6 and the three inhibitors at vaolocentrations using
the neo-specific Htt antibodies. While minimal protection agairesavelge of Htt by
caspase-2 was observed as expected (Figure 2.2A), inhiBi8%<2.36 and2.37 each
effectively blocked proteolysis by caspase-3 at amino acid 514l aif the tested
concentrations (0.1, 1.0 and 10 pM, Figure 2.2B). For full-length rdéted with
caspase-6, all three inhibito&35 2.36 and2.37 also showed complete protection from
cleavage at amino acid 586 at concentrations of 1.0 and 10 uM (Figure 2.2C).

Hit230 Hit148Q
A 235 2.36 2.37 2.35 2.36 2.37
Inhibitor (uM) - - 0.4 1.0 10 0.1 1.0 10 0.9 1.0 10 Inhibitor (M) 0.1 1.0 10 0.1 10 30 0.1 1.0 %
Caspase-2 - + * + % % % + % % % \Da Caspase-2 - + + # # + + % + + # kDa

-1tas . =188

=90 NEOEE] = - — - -

e [
neo552 == - e .E.-- Hﬂ..ﬂ -

—a9
—3a -3

Hit neo552 (DBG0G) Hit neo552 (DBE0G)

- - - - - S - o
—188 - - = e

—o98 -
—— i — -
- — - 3
a-Huntingtin
lJ,—Huntlng'lln

=38

GAPOH GAPDH
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B

Hit230 Hi1480Q
2.35 2.36 2.37 2.35 2.36 2.37
Inhibitor (M) - - 0.1 1.0 10 01 1.0 10 0.11.0 10 Inhibitor (WM) - - 0110 10 0110 10 0110 10
Caspase-3 I R T I S T Y™ Caspase-3 O T .‘ra_.
=18 188
=04 neoS 13— E— .
neahlj=—s - - - [ - —&2 —_— .' - —-£2
-0
-4
_3& —
Htt neo513 (PA0628) Htt neo513 (PA0628)
— _---_-_---138 — ——— - n—-_‘s‘5
-8 =58
— -52 =2
a-Huntingtin a-Huntingtin
— - - —n—_-_ja —— - - — i ——g
GAPDH GAPDH
C Hit230 Hit14R0
2.35 2.36 2.37 2.35 2.36 2.37
Inhibitor (M) - - 0.1 10 90 0.1 1.0 10 0410 10 Inhibilor (M) - - 09 9.0 10 0.1 1010 0110 10
Caspasa-f - #® & # £ = £ B & * * kDa Caspase-6 s B O O .+ # kDa
—188 —188
-8 neosEE—s - . =8
reaSEE — —_ -— =62
-2
5 -t
) —-18
=38
Htt neo586 (D8603) Hit neo586 (D8605)
— — — — a8 - - - w— -"-'3-’,
- -8
—62 =§
a-Huntingtin a-Huntingtin
- - - - =y s
GAPDH GAPDH

Figure 2.2. Inhibitors 2.35 2.36 and 2.37 Block Caspase-6 or Caspase-3 Mediated
Cleavage of Htt Full-length c-myc-Htt23Q and c-myc-Htt148Q ewdransiently
transfected in HEK 293T cells for 72 h. Western blots of cellysates treated with
recombinant caspase-2, -3, or -6 and inhibitors were probed with theatedlineo-
specific antibody recognizing the Htt cleavage fragmentdicate non-specific band.
The lysates contain endogenous wild-type Htt so this is alsoteétacright panel A and

B.

Next, each inhibitor was evaluated in a HD cellular toxiomydel by measuring
caspase activity and Htt proteolysis. Since HD primarily cédfestriatal and cortical
neurons, we used immortalized mouse striatal idelh’®’? and Hdh'*' ¥ jines to
measure cellular toxicity and Htt proteolyéfs We culturedHdh’?"?and Hdh!'1/111R
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cells and evaluated Htt proteolysis 24 h after serum withdrawal fadnd neoHtt513
antibody detected proteolysis of Htt in cells and IysateaJ(Ei@.BA,B). The levels of
Htt proteolysis are higher in thedh'**?**°when compared teldh’?"?lines (Figure
2.3A). Caspases are known to cleave the huntingtin protein containipglylggutamine
expansion and evidence suggests that these N-terminal clgaeagets lead to cellular
toxicity and apoptosi&® All three irreversible inhibitors2.35 2.36 and 2.37 at
concentrations of 1-100 uM were evaluatedith’?’? andHdh!?*cells and were
found to significantly block caspase activity in both the normal apdreded huntingtin
cell model 24 h after serum deprivation (Figure 2.3C). Furtherhadketirreversible
inhibitors, 2.35 2.36 and2.37at concentrations of 10-100 uM blocked the proteolysis of
Htt as detected by neoHtt513 (Figure 2.3D). To determine tevélues for inhibitors
2.352.37, DEVDase activity was measured as a function of concentratioreach
inhibitor (Figure 2.4). The I§ values for inhibitor2.35 and 2.36 were approximately
73-74 nM suggesting that these two inhibitors were most effectivdocking caspase
activation in Hdh***?"1R cells. Of note, the concentration needed to block caspase
activity was lower in the HD cells compared to WT. Perldgses of caspase inhibitors
can be utilized in therapeutics that do not impact normal ceflufation. We do not
know the exact mechanism for the lower dose required to inhibitabgases in the
Hdh'1 1 cells but two possible explanations are: (1)Hioh’'?’? caspase-3 activity is
from the proform of the enzyme which has a distinct kcat and Kenwompared to
active caspase-3H@h' %R could have more) or (2) alternatively the endogenous
inhibitors of caspases are lower in the disease HD cells daetit@ation of degradative
pathways such as proteasome or autophagy.

A B
neoHtt513
CHDI-80000173 (PA0628)

7 111Q

serum: + + -
= 188
7Q — 98

111QHI5 13—
7QHIS513—> .
— 49
111Q -
— 28
neoHtt513
+ serum - serum S, NS
GAPDH
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I_-il_i'._:__l'_;..'__l_.'-...'__ .l_l.-.l.i_-i_l_l_i_

2.35 2.36 2.37 2.35 2.36 2.37

D Hdh?Q/7Q Hdh111/111Q
Hdh7?%72 Hdhiiia/111a

2.35 2.36 2.37 235 236 237
Inhibitar (uM) 10 30 ki W 100 1 ) 10K nhibitar (uM) 10 30 100 10 30 1 a1
FBS + FBS

CAPDH — — — — — — — — — — —

Figure 2.3. Inhibitors 2.35 2.36 and2.37 Block Caspase Activation in Mouse Striatal
Hdh'?"? and Hdh MR Cells.  (A) StriatalHdW' Y’ and Hdh™ ' cells were
cultured for 48 h and then subjected to analysis 24 h after sertimdrawal.
Immunochemistry ofHdh’@’? and Hdh'*'?*!Q cells with neoHtt513 demonstrates
cleavage of Htt. More Htt cleavage is found in % cells.  (B) Western blot
analysis using neoHtt513 antibody demonstrates proteolysis oftHtteacaspase-3
cleavage site located at amino acid 513 after serum withtrg@p StriatalHdh’®"?and
Hdh'*1 91 cells where cultured for 48 h and then caspase activity wasureda®4 h
after serum withdrawal Hdh**9***? cells have a 7-fold increase in caspase activation
compared to contrddh’@’? Inhibitors2.35 2.3 2.37 blocked caspase activity at the
doses indicated. (D) Striateldh’®"?and Hdh''*?**%cells were cultured for 48 h and
24 h after serum withdrawal cells lysates were preparnedhibitors 2.35 2.3 2.37
blocked the proteolysis of Htt at the caspase-3 cleavag®siteed at amino acid 513 at
the indicated doses.
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Figure 2.4. Inhibitors 2.35 2.36 and 2.37 Block Caspase Activation in Mouse Striatal
Hdh'?"andHdh*?**1Cells with IC50 in the nanomolar range.

Next, we evaluated these inhibitas vivq using primary co-cultures of striatal
and cortical neurons expressing normal and expanded Htt N-termagghents-Htt
N90Q73, which induces degeneration of rat striatal and cortical neurgmsmiary co-
cultures. We use co-cultures because in HD it is known that hloatwtenomous
interactions and deficits in cortico-striatal circuitry occMve use a fragment HD model
because we have found these toxic Htt fragments cause tkatiactiof the same
proteases involved in cleaving full-length Htt and producing neurotgxiciThe
percentage of healthy striatal and cortical neurons aftertmtesd with varied
concentrations of the irreversible inhibitors is shown in Figure 2.b.thfee inhibitors
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rescued striatal neurons from cell death, and treatment with mh2b85 resulted in the
most significant increase of healthy striatal neurons at 0.4, Ad23.4& nM. The same
trend is observed for the treatment of cortical neurons, 2v@&resulting in a substantial
increase (25-175%) in healthy neurons. The control is transfectitimedluorescent
protein-encoding plasmid and empty plasmid in place of Htt pthsior the striatal, the
control is 237% +/- 25. For the cortical, control is 311% +/-60. Tlggests that some
doses of the inhibitors completely rescued the cell death medigtetutant Htt. The

efficacy of the inhibitors at even single digit nanomolar concentratsolileely due to the

greater sensitivity of primary cultures to cell death whenpaoed to the immortalized
cells. Primary cultures are terminally differentiated and the euttonditions are distinct
when compared to the immortalized mouse stridtii’?’*andHdh' ¥ %ell system.

2.35 2.36 2.37
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Figure 2.5 Protective Effects of Caspase Inhibitors in HttN90Q73-Inducee mergtion
of Rat Striatal and Cortical Neurons in Primary Co-Culture.
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Conclusions

The substrate activity screening method was applied to caspases-6 leading
to the identification of 1,2,3-triazole-based nonpeptidic substraiis high cleavage
efficiencies. Subsequent replacement of the aminocoumarin repocigp @ith the
2,3,5,6-tetrafluorophenoxymethyl ketone pharmacophore in the most effciesirates
led to three novel nonpeptidic irreversible inhibitors showing strong potagainst
caspases and weak to no inhibition of other cysteine proteases pyevepmted to
have cross reactivity with published caspase inhibitbraitro, all three inhibitorsZ.35
2.36 and 2.37) blocked proteolysis of Htt at the caspase-3 and -6 cleavagge aihino
acids 513 and 586, respectively. Moreover, in a Huntington’s diseagel,nall three
inhibitors rescued cell death in striatal and cortical neuronsnatnmalar concentrations.
Overall, the identified inhibitors have validated the correlation betvirocking caspase
Htt cleavage and rescue of HD-mediated neurodegeneration.

Experimental

General Methods. Unless otherwise noted, all chemicals were obtained from
commercial suppliers and used without further purification. Wang keas purchased
from Novabiochem (San Diego). O-(7-Azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU) was purchased frenseptive
Biosystems (Foster City, CA). Sftert-Butanesulfinamide was provided by AllyChem
Co. Ltd (Dalian, China). N-(9-Fluorenylmethoxycarbonyl)-7-amino-4-methyl-3-
carboxymethylcoumarin (Fmoc-AMCA) andsMMCA-Wang resin2.38 were prepared
by a previously described proceddte. The hydrochloride salt ofSf-2-amino-2-
cyclohexyl-3-butyne2.40 was prepared fronSf-tert-butanesulfinamide by a previously
described procedufé. Low amine contentN,N-dimethylformamide (DMF) was
purchased from EM Science (Cincinnati, OH), and anhydrous DMPpwasased from
Acros (Morris Plains, NJ). Anhydrous THF, gEl,, were obtained from Seca Solvent
Systems by GlassContour and were dried over alumina under a nisbgesphere.
Solid-phase reactions were conducted in 12- or 35-mL polypropylemelgas equipped
with 70 mm PE frits attached to Teflon stopcocks. Cartridges amputastks were
purchased from Applied Separations (Allentown, PA). Syringe bameis 10-mL
disposable syringes were used as stoppers for the 12-mL ocestrdohgl polyethylene
stoppers were used for the 35-mL cartridges. Solid phaseoreaetere rocked on an
orbital shaker to agitate the resin. Solvents were expelled tihencartridges using
pressurized air after removing the cartridge stopper and opdmrgjdpcock. Resin was
washed for a duration of 2-5 min. Solvents were removed using a Botzty
evaporator under reduced pressure. Reaction progress was monitagethunslayer
chromatography on Merck 60,47 0.25 um silica plates. Fmoc quantitation was
performed according to literature procedure (Wood et al., 2005).-pdéigbrmance
liquid chromatography (HPLC) analysis was performed with a Cl&seyphase column
(4.6 x 100 mm) with UV detection at 220, 254, and 280 nm. Reaction progasss w
monitored using thin-layer chromatography on Merck 66y B.25 um silica plates.

24



Liquid chromatography-mass spectrometry (LC/MS) data wbtained using a Hewlett
Packard 1100 series liquid chromatography instrument and mastvsetistector. *H

and *C NMR spectra were measured with Bruker AVB-400, AVQ-400, and AV-300
spectrometers. NMR chemical shifts are reported in ppm downfedddive to the
internal solvent peak, and coupling constants are reported in Hz. étighuition mass
spectra (HRMS) were performed by the University of Califorat Berkeley Mass
Spectrometry Facility.

Synthesis of AMCA Substrates

0 /dmo\/Wang resin
Ns Ay oo ° 2,b RJ\/"‘\)L
0 H H

—_—

2.2-2.8
Ot-Bu OH

Conditions: (a) alkyne, Cul, j-Pry,EtN, THF rt; (b) CF3CO,H, CH,Cl,, rt

General Synthesis of 1,2,3-triazole-AMCA Substrates 2.2-2.8 (Tab®1l). To
N3-AMCA-Wang 38 resin (0.150 mmol) were added alkyne (0.02 M final concentration,
0.30 mmol, 2 equiv)i-PrEtN (1.0 M final concentration, 15 mmol, 1.90 g, 100 equiv),
and Cul (0.45 mmol, 0.09 g, 3 equiv) in THF, and the mixture was stiakei8 h.
After filtration, the resin was washed with three 10-mL ijpog each of THF, CyDH,

THF, and CHCI,. The support-bound triazole product was cleaved from support and
purified according to the general conditions described below. Alteehgtthe support-
bound triazole product was submitted to additional transformations bééaneage from
support.

Cleavage and Purification conditions. The resin was swollen in GEl, in a
cartridge. To 0.05 — 0.2 g of derivatized resin was added a Sahition of 95%
CRCOH, 2.5% HO, and 2.5% triisopropylsilane. The mixture was shaken for 1 h.
Upon filtration, the resin was washed with the cleavage solutiontlaeg 10-mL
portions of CHCI,. The filtrate and combined washes were concentrated under reduced
pressure to yield the crude cleavage product. The crude proddatenwas purified by
HPLC [preparatory reverse phase C18 column (24.1 x 250 mm), acé&ridi-0.1%

TFA; 5-95% over 50 min then maintained at 95% acetonitrile for 10 d@inmL/min;
254 nm detection] and lyophilized.

/ OH
CIHgN/ A bo >//NH AN

o R abe N\ N\)J\ 5O
2.39, R" = H or alkyl; O
R2 = alkyl 7; 2.9-2.19

Conditions: (a) 1.38, Cul, i-Pr,EtN, THF rt; (b) acetic anhydride, i-ProEtN, THF; (c) CF3CO,H, CH,Cl,.
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General Synthesis of Acetylated Substrates 2.9-2.19 (Table 2.2)The
hydrochloride salt2.39 of 1-cyclohexylprop-2-yn-1-amine, 1-cyclopentylprop-2-yn-1-
amine, 5-methylhex-1-yn-3-amine were synthesized from cychtemarbaldehyde,
cyclopentanecarbaldehyde, 3-methylbutanal, respectively followang previously
described procedufé. The hydrochloride salt8.39 of 4-methylpent-1-yn-3-amine and
(S)-3,4-dimethylpent-1-yn-3-amine were synthesized frétx {ert-Butanesulfinamide
and -tert-Butanesulfinamide, respectively by a previously reported procedure
(Patterson et al., 2006)3-ethylpent-1-yn-3-amine, 2-methylbut-3-yn-2-amine, and 1-
ethynylcyclohexylamine were obtained from commercial supplierghe resin obtained
above using the above amines or hydrochloride salts (0.300 mmol, 0.06 g, 2.0 equiv) was
added acetic anhydride (0.4 M final concentration, 0.08 g, 0.750 mmol, 5 eqdii) a
PrEtN (1.0 M final concentration, 1.50 mmol, 0.19 g, 10 equiv) in DMF. Thdtieg
mixture was shaken for 18 h. After filtration followed by waghwsith three 10-mL
portions each of DMF, THF, G®H, THF, and CHCI,, the substrate was cleaved from
the solid support and purified using the general cleavage and atioifigorocedures to
give the desired product.

a, b, c
T . R-NH N=pN e} A OH
2, \
N
; N (0] (0] ©
o H H
2.40 Y 2.20-2.34

OH

Conditions: (a) 2.38, Cul, j-Pr,EtN, THF; (b) anhydride, i-Pr,EtN, THF or carboxylic acid,
triphosgene, 2,4,6-collidine, j-Pr,EtN or aldehyde, NaBH(OAc);, THF or BnSO,CIl, DMAP,
Et;N, DMF; (c) CF3CO,H, CH,Cl,.

General Synthesis of Acylated Substrates 2.25 and 2.26 from Anhydes
(Table 2.3) To the resin obtained above using the hydrochloride saB)-&&mino-2-
cyclohexyl-3-butyne?.40 (0.300 mmol, 0.06 g, 2.0 equiv) was added acetic, glutaric, or
succinic anhydride (0.4 M final concentration, 0.750 mmol, 5 equiv)-8iEtN (1.0 M
final concentration, 1.50 mmol, 0.19 g, 10 equiv) in DMF. The resulting mixtase
shaken for 18 h. After filtration followed by washing with threenil0portions each of
DMF, THF, CHOH, THF, and CHECI,, the substrate was cleaved from the solid support
and purified using the general cleavage and purification proceduigise the desired
product.

General Synthesis of Acylated Substrates 2.2P2.23, and 2.27-2.34 from
Carboxylic Acids (Tables 2.3-2.4) To the resin obtained above using the hydrochloride
salt of @-2-amino-2-cyclohexyl-3-butyn2.40 (0.300 mmol, 0.06 g, 2.0 equiv) was
added-Pr,EtN (1.20 mmol, 0.16 g, 8 equiv). To a THF solution of carboxylic acid (0.1
M final concentration, 0.525 mmol, 3.5 equiv) and triphosgene (0.03 M final
concentration, 0.165 mmol, 0.05 g, 1.1 equiv) was added 2,4,6-collidine (0.3 M final
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concentration, 1.50 mmol, 0.18 g, 10 equiv). The resulting slurry wasidiord min
and was added to the derivatized resin. The resulting mixtureshiedsen for 4-12 h.
After filtration, the resin was washed with three-10 mL portioh§HF and procedure
was repeated two times. After filtration followed by waghivith three 10-mL portions
each of THF, CBHOH, THF, and CHCI,, the substrate was cleaved from the solid support
and purified using the general cleavage and purification procedurggetdhe desired
product.

Synthesis of Sulfonamide Substrate 2.24 (Table 2.3)To the resin obtained
above using the hydrochloride salt @&)-2-amino-2-cyclohexyl-3-butyn2.40 (0.300
mmol, 0.06 g, 2.0 equiv) was added phenylmethanesulfonyl chloride (0.33 mmol, 0.06 g
1.10 equiv), DMAP (0.06 mmol, 0.007 g, 0.2 equiv), andsNB66 mmol, 0.07 g, 2.2
equiv) in CHCI, (2.0 mL). The resulting mixture was shaken for 48 h. Afteafitin,
the resin was washed with three-10 mL portions of THF and procedigreepeated two
times. After filtration followed by washing with three 10-mL f@ns each of THF,
CH3OH, THF, and CHELClI,, the substrate was cleaved from the solid support and purified
using the general cleavage and purification procedures to give the desttadtp

General Synthesis of Amine Substrates 2.20 and 2.22 (Table 2.3p the resin
obtained above using the hydrochloride saltQ#2-amino-2-cyclohexyl-3-butyn.40
(0.300 mmol, 0.06 g, 2.0 equiv) was added aldehyde (0.8 M final concemtratb0
mmol, 10 equiv), acetic acid (1.50 mmol, 0.09 g, 10 equiv), and NaHB{AG0
mmol, 0.32 g, 10 equiv) in THF. The resulting mixture was shaken for 3@fter
filtration followed by washing with three 10-mL portions each ofFTKCH;OH, THF,
and CHCl,, the substrate was cleaved from the solid support and purified usng t
general cleavage and purification procedures to give the desired product.

Substrate 2.2 *H NMR (400 MHz, DMSOd-6): & 2.37 (s, 3), 2.92 (s, 4), 3.21-
3.39 (M, 2), 3.59 (s, 2), 5.74-5.78 (t,J1= 7.4), 7.14-7.17 (m, 1) 7.20-7.26 (m, 4), 7.48-
7.50 (d, 1, = 8.8), 7.71 (s, 1), 7.79-7.81 (d, 1= 8.8), 8.02 (s, 1), 11.00 (s, 1). HRMS
(FAB+) m/z: 505.1723 (MHC,6H25N4O requires 505.1737).
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Nen o N OH
%N%N oo ©
o i H
YT 23
OH
Substrate 2.3 'H NMR (400 MHz, DMSOd-6): § 2.37 (s, 3), 3.38-3.43 (m, 2),
3.58 (s, 2), 5.86-5.89 (t, 1= 7.2), 7.32-7.36 (t, 1= 7.6), 7.44-7.48 (t, 2= 7.6), 7.51-
7.53(d, 1J = 7.6), 7.73 (s, 1), 7.80-7.82 (d, 1= 8.8), 7.87-7.88 (d, 2,= 7.6), 8.82 (s,
1), 11.01 (s, 1). HRMS (FAB+) m/z: 477.1410 (MEhsH:N4O; requires 477.1424).

Nen O “ OH
\
/\IQ\/N\:)J\N oo o}
o H H
Y~ 24

OH
Substrate2.4: *H NMR (400 MHz, DMSQd-6): § 0.88-0.92 (t, 3J = 7.4), 1.58-
1.62 (t,2J=7.2), 2.36 (s, 3), 2.54-2.61 (m, 2), 3.23-3.38 (m, 2), 3.58 (s, 2), 5.76-5.74 (t,
1,J=6.8), 7.48-7.50 (d, ,=8.4), 7.71 (s, 1), 7.79-7.81 (d,J15 8.4), 8.03 (s, 1), 10.99
(s, 1). HRMS (FAB+) m/z: 443.1567 (MK,1H23N 405 requires 443.1555).

N:[\\] @) X
%N%N oo ©
o H H
YT 25
OH
Substrate 2.5 *H NMR (400 MHz, DMSOd-6): § 1.17-1.22 (m, 1), 1.29-1.41
(m, 4), 1.64-1.67 (m, 1), 1.69-1.73 (m, 2), 1.93-2.07 (m, 2), 2.36 (s, 3), 2.65-2.7 (m, 1),
3.22-3.39 (m, 2), 3.58 (s, 2), 5.72-5.76 (1) ¥, 7.4), 7.49-7.51 (d, 1,=8.8), 7.72 (s, 1),
7.79-7.80 (d, 1) = 8.8), 8.01 (s, 1), 11.01 (s, 1). HRMS (FAB+) m/z: 483.1879 {(MH
Co4H28N4O7 requires 483.1875).

OH

HO
»’\/&'\\l i h >
o \N\)kN 0N ©

o, & H
Y~ 26
OH

Substrate 2.6 *H NMR (400 MHz, DMSQU-6): § 2.36 (s, 3), 2.57-2.61 (t, 2=
7.6), 2.84-2.87 (t, 2] = 7.6), 3.21-3.39 (M, 2), 3.58 (S, 2), 5.73-5.77 (1] 1,7.4), 7.48-
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7.50 (d, 1J=8.8), 7.71 (s, 1), 7.78-7.80 (d,Jdl= 8.8), 8.04 (s, 1), 11.01 (s, 1). HRMS
(FAB+) m/z: 473.1309 (MHC,;H,:N4O; requires 473.1315).

\
N\ _N
O a
Y 2.7

OH
Substrate2.7: *H NMR (400 MHz, DMSQOd-6): § 1.40-1.41 (d, 3] = 6.4), 2.37
(s, 3), 3.25-3.41 (m, 2), 3.59 (s, 2), 4.82-4.85 (84 ,6.4), 5.76-5.79 (t, 1] = 7.2), 7.49-
7.51(d, 1) = 8.8), 7.71 (s, 1), 7.79-7.81 (d,d= 8.8), 8.09 (s, 1), 11.00 (s, 1). HRMS
(FAB+) m/z: 445.1359 (MHC20H21N408 requires 4451356)

OH N=N o N OH
N N\)LN 0N ©
o, i H
Y 2.8
OH

Substrate 2.8 *H NMR (400 MHz, DMSOd-6): § 1.25-1.40 (m, 4), 1.50-1.67
(m, 4), 1.82-1.84 (m, 2), 2.37 (s, 3), 3.28-3.37 (M, 2), 3.54 (s, 2), 5.74-5.73 &,712),
7.49-7.51 (d, 1) = 8.8), 7.72 (s, 1), 7.80-7.82 (d, 1= 8.8), 8.04 (s, 1), 11.00 (s, 1).
HRMS (FAB+) m/z: 521.1648 (MN&C,4H26N4OgNa requires 521.1641).

o

NH N=N 0 X OH
N NJN g ©
o. i H
Y 2.9
OH

Substrate 2.9 *H NMR (400 MHz, DMSOd-6): § 1.24-1.43 (m, 6), 1.52-1.79
(m, 2), 1.82 (s, 3), 2.27-2.34 (m, 2), 2.36 (s, 3), 3.25-3.33 (m, 2), 3.58 (s, 2), 5.69-5.73 (t,
1,J=7.2),7.48-7.50 (d, 1,=8.8), 7.71 (s, 1), 7.75 (s, 1), 7.79-7.81 (d] £,8.8), 7.96
(s, 1),10.99 (s, 1). HRMS (FAB+) m/z: 540.2094 (ME3eH29NsOg requires 540.2102).

OH 210



Substrate2.10 LRMS calculated for MH C,7H31Ns505 554.2, found 554.1.

O)\NH N:l\\l o OH
\_N O
\)J\H 0" ™o

o)
Y 21

OH
Substrate2.11: LRMS calculated for MH CyH29N505 540.2, found 540.1.

O)\NH N:l\\l o OH
N\_N
Ay AN O
o. F H

OH 212
Substrate2.12 LRMS calculated for MH C,4H,7Ns0g 514.2, found 514.1.

O)\NH N:l\\l o OH
N\_N
Ay AN O
o. F H

OH 2.13
Substrate2.13 LRMS calculated for MH C,sH,9Ns505 528.2, found 528.1.

O)\NH N:l\\l o OH
N\ _N
/\/Q/ \)J\N 0 e o
o%l/:
214

OH
Substrate2.14 LRMS calculated for MH C,3H,sNs05 500.2, found 500.1.

O)\NH N:l\\l o OH
N\ _N
’b/ \)J\N 0 e o

o)

OH 215
Substrate2.15 LRMS calculated for MH C,4H,7Ns05 514.2, found 514.1.
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OH
Substrate2.16 LRMS calculated for MH C,sH,9N505 528.2, found 528.2.

)\UH N § OH

OH 217

H
N
N 0o ©
O =
Y~ 218

OH
Substrate 2.18 H NMR (400 MHz, DMSOd-6): § 0.79-1.12 (m, 6).32-1.35
(m, 2), 1.58 (s, 3), 1.67-1.70 (m, 2), 1.80 (s, 3), 2.01-2.03 (m, 1), 2.36 (s, 3), 3.21-3.46
(m, 2), 3.58 (s, 2), 5.70-5.73 (t, 1= 7.4), 7.47-7.49 (d, 1] = 8.8), 7.66 (s, 1), 7.70 (s,
1), 7.79-7.81 (d, 1J = 8.8), 8.00 (s, 1), 10.99 (s, 1). HRMS (FAB+) m/z: 568.2407
(MHJr C23H34N508 requires 5682415)

)\NH NN N OH

O O
\
T \ N

)
Y 219
OH

Substrate 2.19 H NMR (400 MHz, DMSOd-6): & 0.79-1.04 (m, 6)..30-1.33
(m, 2), 1.58 (s, 3), 1.66-1.69 (m, 2), 1.80 (s, 3), 2.00-2.03 (m, 1), 2.36 (s, 3), 3.26-3.58
(m, 2), 3.58 (s, 2), 5.71-5.74 (t, 1= 7.4), 7.47-7.49 (d, 1 = 8.8), 7.68 (s, 1), 7.70 (s,
1), 7.78-7.80 (d, 1J = 8.8), 8.01 (s, 1), 10.99 (s, 1). HRMS (FAB+) m/z: 590.2227
(MNa" CagH33NsOgNa requires 590.2224).
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Substrate 2.20 'H NMR (400 MHz, DMSOd-6): 5 0.96-0.99 (m, 4)L.11-1.30
(m, 10), 1.62-1.65 (m, 2), 1.68 (s, 3), 1.73-1.77 (m, 1), 2.36 (s, 3), 3.05-3.19 (m, 4), 3.21-
3.39 (m, 2), 3.58 (s, 2), 5.85-5.89 (tJE 7.4), 7.46-7.48 (d, 1,= 8.8), 7.71 (s, 1), 7.79-
7.81 (d, 1,J = 8.8), 8.57 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z: 582.2928 {MH
C3zoH40N507 requires 582.2932).

OH
07 NH N=N 0o X
T \
N\ _N (0]
O -
Y 2.21
OH

Substrate 2.21: *H NMR (400 MHz, DMSOd-6): § 0.81-1.19 (m, 6)1.57-1.60
(m, 2), 1.72 (s, 3), 1.78-1.81 (m, 2), 2.27-2.29 (m, 1), 2.36 (s, 3), 3.27-3.41 (m, 2), 3.58
(s, 2), 5.72-5.75 (t, 1] = 7.4), 7.43-7.50 (m, 4), 7.69 (s, 1), 7.73-7.75 (d] 2,8.0),
7.79-7.81 (d, 1J = 8.8), 8.04 (s, 1), 8.12 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z:
652.2383 (MNAC33H3sNsOgNa requires 652.2368).

Substrate 2.22 *H NMR (400 MHz, DMSQd-6): § 0.94-1.15 (m, 8), 1.61 (s, 3),
1.77-1.87 (m, 2), 2.21-2.23 (m, 1), 2.36 (s, 3), 3.25-3.41 (m, 2), 3.58 (s, 2), 3.93 (s, 2),
5.87-5.91 (t, 1) = 7.6), 7.29-7.34 (m, 5), 7.48-7.50 (d,J1= 8.8), 7.73 (s, 1), 7.80-7.82
(d, 1,J = 8.8), 8.49 (s, 1), 10.99 (s, 1). HRMS (FAB+) m/z: 616.2771 (H35N50s
requires 616.2764).
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Substrate 2.23 'H NMR (400 MHz, DMSOd-6): & 0.76-1.11 (m, 6)L.30-1.33
(m, 2), 1.59 (s, 3), 1.65-1.70 (m, 4), 2.00-2.03 (m, 1), 2.37 (s, 3), 3.20-3.43 (m, 2), 3.58
(s, 2), 5.67-5.71 (t, 1] = 7.6), 7.17-7.27 (m, 5), 7.47-7.49 (d, 15 7.2), 7.71 (s, 1),
7.79-7.81 (d, 1) = 8.8), 7.84 (s, 1), 7.94 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z:
666.2540 (MNACs34H37/NsOgNa requires 666.2535).

Substrate 2.24 'H NMR (400 MHz, DMSOd-6): § 0.81-1.16 (m, 6)..54-1.57
(m, 5), 1.71-1.73 (m, 1), 1.91-1.94 (m, 1), 2.05-2.10 (m, 1), 2.34 (s, 3), 3.29-3.34 (M, 2),
3.42-3.46 (m, 1), 3.57 (s, 2), 3.63-3.67 (m, 1), 5.76-5.80 @,=17.6), 7.12-7.14 (m, 2
H), 7.20-7.22 (m, 4 H), 7.40-7.43 (d,15 7.2), 7.66-7.64 (d, 1,=7.2),7.72-7.74 (d, 1,
J=8.8), 8.23 (s, 1), 10.89 (s, 1). HRMS (FAB+) m/z: 702.2210 (MBkH37N50eS
requires 702.2202).

HO

Substrate 2.25 'H NMR (400 MHz, DMSOd-6): & 0.72-1.13 (m, 6)L.32-1.36
(m, 2), 1.59 (s, 3), 1.61-1.67 (m, 4), 1.98-2.02 (m, 1), 2.10-2.17 (m, 4), 2,37 (s, 3), 3.26-
3.43 (m, 2), 3.59 (s, 2), 5.70-5.74 (tJ& 7.4), 7.49-7.51 (d, T,= 8.8), 7.60 (s, 1), 7.70
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(s, 1), 7.80-7.82 (d, 1 = 8.8), 8.00 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z: 662.2438
(MNa" C31H3/NsO1gNa requires 662.2427).

Substrate 2.26 *H NMR (400 MHz, DMSOd-6): § 0.98-1.11 (m, 6)..37-1.39
(m, 2), 1.58 (s, 3), 1.63-1.66 (m, 6), 1.99-2.01 (m, 1), 2.36 (s, 3), 3.25-3.43 (m, 2), 3.58
(s, 2), 5.68-5.72 (t, 11=7.4), 7.48-7.50 (d, = 8.8), 7.65 (s, 1), 7.70 (s, 1) 7.79-7.81
(d, 1,J = 8.8), 7.98 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z: 648.2282 (MNa
CsoH3sNs010Na requires 648.2272).

Me

Substrate 2.27 *H NMR (400 MHz, DMSOd-6): § 0.75-1.13 (m, 6)..34-1.37
(m, 2), 1.60 (s, 3), 1.67-1.69 (m, 2), 2.02-2.07 (m, 1), 2.25 (s, 3), 2.37 (s, 3), 3.23-3.42
(m, 4), 3.59 (s, 2), 5.68-5.72 (t, 1= 7.4), 6.98-7.03 (m, 3), 7.12-7.16 (t,Jl= 7.6),
7.47-7.50 (d, 1) = 8.8), 7.72 (s, 1), 7.79 (s, 1), 7.81 (s, 1), 7.96 (s, 1), 11.01 (s, 1).
HRMS (FAB+) m/z: 680.2696 (MN&C3sH3gNsOgNa requires 680.2710).

Ph

Substrate 2.28 'H NMR (400 MHz, DMSOd-6): & 0.72-1.11 (m, 6)L.34-1.37
(m, 2), 1.56 (s, 3), 1.58-1.61 (m, 2), 2.03-2.08 (m, 1), 2.37 (s, 3), 3.23-3.52 (M, 4), 3.59
(s, 2), 5.70-5.74 (t, 11 = 7.4), 7.21-7.22 (d, 1 = 7.2), 7.34-7.36 (M, 2), 7.43-7.49 (m,
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3), 7.55 (s, 1), 7.60-7.62 (d, 2= 7.2), 7.71 (s, 1), 7.78-7.81 (d, 1= 8.8), 7.91 (s, 1),
7.99 (s, 1), 10.99 (s, 1). HRMS (FAB+) m/z: 720.3033 {MBdgH42NsOg requires
720.3044).

PhO

Substrate 2.29 'H NMR (400 MHz, DMSOd-6): & 0.75-1.10 (m, 6).30-1.35
(m, 2), 1.57 (s, 3), 1.61-1.66 (m, 2), 2.00-2.05 (m, 1), 2.37 (s, 3), 3.23-3.46 (m, 4), 3.59
(s, 2), 5.72-5.77 (t, 11 = 7.4), 6.84-6.86 (m, 2), 6.92 (s, 1), 6.97-6.99 (d] 2,7.6),
7.11-7.13 (m, 1), 7.27-7.30 (t, 1= 7.6), 7.34-7.38 (t, 2] = 7.6), 7.48-7.50 (d, 1] =
8.8), 7.71 (s, 1), 7.79-7.81 (d, 2= 8.8), 7.96 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z:
758.2802 (MNAC40H41NsOgNa requires 758.2810).

MeO

Substrate 2.30 'H NMR (400 MHz, DMSOd-6): § 0.78-1.13 (m, 6).32-1.37
(m, 2), 1.60 (s, 3), 1.66-1.70 (m, 2), 2.01-2.06 (m, 1), 2.38 (s, 3), 3.22-3.42 (m, 4), 3.59
(s, 2), 3.71 (s, 3), 5.69-5.73 (t, 15 7.4), 6.74-6.82 (m, 3), 7.13-7.17 (t}15 7.6), 7.48-
7.50 (d, 1,0 = 8.8), 7.72 (s, 1), 7.80 (s, 1), 7.82 (s, 1), 7.97 (s, 1), 11.00 (s, 1). HRMS
(FAB+) m/z: 674.2826 (MHAC3sH4oNsOgNa requires 674.2819).

FsC

Substrate 2.31 *H NMR (400 MHz, DMSOd-6): & 0.77-1.12 (m, 6)L.33-1.37
(m, 1), 1.60 (s, 3), 1.65-1.69 (m, 2), 2.02-2.06 (m, 2), 2.37 (s, 3), 3.19-3.47 (m, 4), 3.59
(s, 2), 5.70-5.74 (t, 1, = 7.4), 7.47-7.55 (m, 4), 7.61 (s, 1), 7.71 (s, 1), 7.79-7.82 @, 1,
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= 8.8), 7.97 (s, 1), 8.00 (s, 1), 11.00 (s, 1). HRMS (FAB+) m/z: 712.2594" (MH
CssH37NsOgrequires 712.2590).

MeO

Substrate 2.32 'H NMR (400 MHz, DMSOd-6): & 0.74-1.12 (m, 6)L.34-1.37
(m, 2), 1.59 (s, 3), 1.62-1.67 (m, 2), 2.01-2.06 (m, 1), 2.37 (s, 3), 3.19-3.45 (m, 4), 3.59
(s, 2), 3.69 (s, 3), 5.70-5.74 (t,d= 7.4), 6.80-6.83 (d, 2 = 8.4), 7.12-7.14 (d, 2 =
8.4), 7.48-7.50 (d, 11 = 8.8), 7.72 (s, 1), 7.76 (s, 1), 7.79-7.82 (d] £,8.8), 7.95 (s, 1),
11.00 (s, 1). HRMS (FAB+) m/z: 674.2826 (MBssHaNsOgNa requires 674.2828).

Cl

OH

Substrate 2.33 *H NMR (400 MHz, DMSOd-6): § 0.74-1.12 (m, 6)1.31-1.34
(m, 2), 1.59 (s, 3), 1.66-1.69 (m, 2), 2.01-2.05 (m, 1), 2.34 (s, 3), 3.20-3.44 (m, 4), 3.51
(s, 2), 5.71-5.74 (t, 1 =7.4), 6.97 (s, 1), 7.21-7.23 (d,25 7.6), 7.29-7.31 (d, I =
7.6), 7.47-7.49 (d, 1] =8.8), 7.77-7.80 (d, 11 = 8.8), 7.89 (s, 1), 7.98 (s, 1), 10.98 (s,
1). LRMS calculated for MHC34H39CINsOg 678.2, found 678.2.

Substrate2.34 LRMS calculated for MH Cs4H34CINsOg 678.2, found 678.2.

Synthesis of Aryloxy-methyl Ketones and Intermediates
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triphosgene R = O

o] 2,4,6-collidine O O t-BuO)J\/\/E

THF, rt . 2.41
R)J\OH R)J\O)LR
2.41-2.42 %
2.42

General Synthesis of Symmetric Anhydrides 2.41-2.42 (Procedure .A)
Triphosgene (1 equiv) was dissolved in THF in a flame dried round-botask é&nd
placed under nitrogen. The solution was stirred and cooled in anatee-bath. The
carboxylic acid (5 equiv) was added to the above solution. Afteadhee dissolved,
2,4,6-collidine (10 equiv) was added slowly. The round-bottom flask was renfimra
the ice-water bath and the reaction mixture was stirretl far 15 min. The reaction
mixture was transferred to a separatory funnel and EtOAc (250wak)added. The
organic layer was washed with water (120 mL), 1.0M aqueous hydrocatuisolution
(2120 mL x 2), water (120 mL), 1.0M aqueous sodium hydroxide solution (120 )L x
and water (120 mL x 2). The organic layer was dried over anhydrousnsadilfate,
filtered, and concentrated under reduced pressure to obtain the desired product.

o) 0O 0 o)
t-BuowoJ\/\/U\Ot-Bu

2.41

5-(tert-butoxy)-5-oxopentanoic anhydride 2.41. Procedure A was used to
prepare 5iert-butoxy)-5-oxopentanoic anhydride (1.61 g, 76%) frorred-butoxy-5-
pentanoic acid (1.88 g, 10.0 mmol), which was prepared from glutaricdaaé@y
according to a previous literature proced{ftetriphosgene (0.590 g, 2.00 mmol), and
2,4,6-collidine (2.64 mL, 20.0 mmoljH NMR (400 MHz, CDG}, 8): 1.41 (s, 18 H),
1.88-1.92 (t, 4H) = 7.2 Hz), 2.26-2.30 (t, 4H,= 7.2 Hz), 2.47-2.51 (t, 4H,= 7.2 Hz).
13C NMR (100 MHz, CDG, 8): 19.7, 28.3, 34.2, 34.4, 80.8, 169.0, 172.2. HRMS-FAB
(mV2): [M + Na]" calcd for GgHagO;Na, 381.1889; found, 381.1882.

A3
O
2.42

Phenylacetic acid anhydride 2.42. Procedure A was used to prepare
phenylacetic acid anhydride (1.34 g, 88%) from phenylacetic(&cd$ g, 10.0 mmol),
triphosgene (0.59 g, 2.00 mmol), and 2,4,6-collidine (2.64 mL, 20.0 mmelNMR
(400 MHz, CDC}): & 3.74 (s, 4), 7.22-7.27 (m, 4), 7.31-7.35 (m, 6JC NMR (100
MHz, CDCh): 6 42.2, 127.8, 129.0, 129.6, 132.1, 167.1. HRMS (FAB+) m/z: 255.1021
(MH™ C16H1503 requires 255.1026).
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15 M NaOH ] Vi LS S

j\ j\ choroform, reflux R . 2.43
R” 0" R b
0o
2.41-2.42 3
2.43-2.44
2.44

General Synthesis of Propargyl amides 2.43-2.44 (Procedure BA 1.50 M
sodium hydroxide solution was added to the hydrochloride saltSpR-&mino-2-
cyclohexyl-3-butyne2.40 (1 equiv). A solution of anhydride (0.17 M, 1 equiv) in
chloroform was added to the above solution and heated at reflux for 2hehredction
mixture was transferred to a separatory funnel, and EtOAc (15Gnd water (15 mL)
were added. The organic layer was washed with brine (25 mL), &Qudous sodium
hydroxide solution (25 mL x 4), brine (25 mL x 4), and water (25 mL xT2)e organic
layer was dried over anhydrous sodium sulfate, filtered, andectrated under reduced
pressure. The product was purified by flash chromatography (1:1 lse&#DAC) to
afford the desired product.

2.43

Propargyl amide 2.43. Amide 2.43(0.100 g, 71%) was prepared from 0.099¢g
(0.530 mmol) of hydrochloride salt of§f2-amino-2-cyclohexyl-3-butyn®.40 and
phenylacetic acid anhydride (0.17M, 0.102 g, 0.530 mmol, 1 equiv) in chloroform (3.10
mL) using Procedure B'H NMR (400 MHz, CDC}): § 0.95-1.05 (m, 4), 1.06-1.09 (m,

2), 1.57 (s, 3), 1.62-1.74 (m, 5), 1.90-2.05 (1) 2,12.0), 2.31 (s, 1), 3.54 (s, 2), 5.43 (br

s, 1), 7.25-7.31 (dd, 3,= 7.6, 7.2), 7.35-7.38 (m, 2):*C NMR (100 MHz, CDGCJ): &

24.4, 26.3, 27.5, 27.7, 44.4, 44.8, 55.7, 71.5, 85.4, 127.5, 129.2, 129.5, 135.2, 169.8.
HRMS (FAB+) m/z: 270.1858 (MHC1gH,4NO requires 270.1853).

2.44

Propargyl amide 2.44.Amide 2.44(0.41 g, 70%) was prepared from 0.34 g (1.80
mmol) of hydrochloride salt of§-2-amino-2-cyclohexyl-3-butyn2.40 and 5-{ert-
butoxy)-5-oxopentanoic anhydride (0.17 M, 1.80 mmol, 1 equiv) in chloroform (10.6
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mL) using Procedure B'H NMR (400 MHz, CDC}, 8): 1.16-1.25 (m, 6H), 1.42 (s, 9H),
1.52 (s, 3H), 1.67-1.76 (m, 5H), 1.87-1.91 (t, & 7.2), 2.15-2.19 (t, 2H] = 7.2),
2.23-2.27 (t, 2H) = 7.2), 2.32 (s, 1H)*C NMR (100 MHz, CD{, §): 21.3, 24.5, 25.4,

26.4, 27.7, 27.9, 28.3, 34.6, 36.4, 44.2, 55.9, 71.5, 80.6, 171.3, 172.9. HRMS-FAB
(mV2): [M + Na]" calcd for GoHaiNOsNa, 344.2202; found, 344.2197.

phenylmethanesulfonyl chloride @/\
DMAP, Et5N, CH,CI,, 60 °C ,/\\/ -

2.40 2.45

Propargyl sulfonamide 2.45. To a flame-dried tube was added the
hydrochloride salt of §-2-amino-2-cyclohexyl-3-butyn€.40 (0.20M, 0.25 g, 1.32
mmol, 1 equiv), phenylmethanesulfonyl chloride (0.27 g, 1.45 mmol, 1.10 equiv), and
DMAP (0.031 g, 0.26 mmol, 0.2 equiv) in @, (6.6 mL) and the resulting mixture
was stirred. To the solution was added N@®t40 mL, 2.9 mmol, 2.2 equiv), and the
mixture was then stirred in a sealed tube, which was hea@®0° C oil bath for 18 h.
The reaction mixture was transferred to a separatory funmklgueous NiCI (10 mL)
was added followed by extraction with &g, (30 mL x 3). The organic layer was dried
over anhydrous sodium sulfate, filtered, and concentrated under redessdrpr The
product was purified by flash chromatography (7:3 hexanes:Et@Aafford the desired
product as an orange solid (0.235 g, 59%j NMR (400 MHz, CDC}, §): 1.00-1.12
(m, 5H), 1.53 (s, 3H), 1.58-1.61 (m, 2H), 1.76-1.87 (m, 2H), 1.89-2.02 (m, 2H), 2.63 (s,
1H), 4.14 (s, 1H), 4.48 (s, 2H), 7.34-7.35 (m, 3H), 7.43-7.44 (d,)2H4.8). 1*C NMR
(100 MHz, CDC4, 9): 26.1, 26.3, 27.0, 28.0, 48.4, 57.4, 60.1, 74.3, 84.6, 128.8, 129.9,
131.3. HRMS-FAB I(V2): [M + H]" calcd for G/H23NO,S, 305.1450; found, 305.1457.

1. isobutylchloroformate, N-methylmorpholine,
0 THF, -78 °C o)

2. CH,N,, THF, 0 °C
N3%0H 3. HBr, THF, 0 °C N3QK/Br

‘\fo E
Ot-Bu Ot-Bu
2.46 2.47

Bromomethyl ketone 2.47. The following method was adapted from a previous
literature procedur® Azido acid2.46was prepared from Asp(@u)-OH according to
a previously reported literature proced{ft&o a 0.1M solution of azido ac46(1.00
g, 4.65 mmol) andi-methylmorpholine (0.56 mL, 5.12 mmol) in THF (46.5 mL) at -78
°C was added isobutylchloroformate (0.66 mL, 5.12 mmol). The reaction mwtas
stirred for 15 min and the resulting heterogenous mixture wasecéheied into a flask
at -78 °C. Diazomethane, prepared from Diazald (3.01g, 14.14 mmol), was bubbled
slowly while the reaction mixture was maintained at -78 °C. terAfaddition of
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diazomethane was complete, the reaction flask was stoppered and teptefrigerator

at -4 °C overnight. The reaction mixture was then treated withafl%éous HBr (0.953
mL) and stirred for 15 min at 0 °C. The reaction mixture waseatilutith EtOAc (50
mL) and washed with 10 wt% aqueous citric acid (2 x 10 mL), datliraqueous
NaHCQ; (2 x 10 mL), and aqueous saturated NaCl (10 mL). The orgamicwas dried
with NaSQ,, filtered, and concentrated under reduced pressure to affbras a yellow

oil (81%). The crude material was used for the subsequent reactibNMR (400
MHz, CDCh): 6 1.45 (s, 9), 2.74-2.94 (m, 2), 4.09-4.27 (m, 2), 4.48-4.51 (=16.0).

3%C NMR (100 MHz, CDGCJ): & 28.2, 32.4, 37.6, 62.1, 82.6, 169.0, 198.2. HRMS
(FAB+) m/z: 298.0379 (MLiCgH14N3OsLi requires 298.0383).

Q 2,3,5,6-tetrafluorophenol 2 F
Ng AL _Br KF, DMF, 0°C ’ N Ao F
10
\f F
F

\fo
Ot-Bu Ot-Bu
2.47 2.48

a-Azido methyl ketone 2.48.A solution of 2,3,4,6-tetrafluorophenol (0.45 g,
0.57 M, 2.73 mmol, 3.2 equiv) and potassium fluoride (0.22 g, 8.73 mmol, 3.2 equiv) in
DMF was added to a flame-dried reaction vessel under nitrogea.reHetion mixture
was cooled to 0° C in an ice-water bath and t€®}butyl-3-azido-5-bromo-4-
oxopentanoaté.47(0.80 g, 2.73 mmol, 1 equiv) was added dropwise. After stirriflg at
°C for 1.5 h, the mixture was diluted with diethyl ether (125 mL) aadsferred to a
separatory funnel. The organic layer was washed with aqueous sodamohgte (75
mL x 2) and brine (75 mL). The organic layer was dried over anhydoulisrs sulfate,
filtered, and concentrated under reduced pressure. The product was poyifflesh
chromatography (7:3 hexanes:EtOAc) to afford the desired pr@digas a pale yellow
oil (0.560 g, 55%).'H NMR (400 MHz, CDC}): 5 1.41 (s, 9), 2.75-2.81 (m, 2), 4.41-
4.45 (t, 1,J = 5.6), 5.18 (s, 2), 6.74-6.80 (m, 1). HRMS (FAB+) m/z: 400.0896 (MNa
C15H15N304F4Na requires 400.0893).
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2.43,2.44,0r 2.45
sodium ascorbate,

o) F F
CuS0, 5H,0,

Ns\:)K/O F H,O:t-butanol, it F

H o -

\f F

Ot-Bu F F
2.48
Py

(0]
2.50
%
m
2.51

General Procedure for Copper(l)-Catalyzed Synthesis of 1,4iBubstituted
1,2,3-Triazoles 2.49, 2.50, and 2.51 (Procedure C)The following procedure was
adapted from a previous literature procedfireTo a solution of azido-aryloxy methyl
ketone2.48(0.25 M, 1 equiv) and propargyl ami@e43, 2.44and2.45(1 equiv) in 1:1
water/tert-butanol was added sodium ascorbate (1 equiv of fresbparpd 1.0 M
aqueous solution). A solution of copper(ll) sulfate pentahydrate (0.10 eQaifreshly
prepared 0.3M aqueous solution) was added to the reaction mixture andyorasisly
stirred overnight. The reaction mixture was diluted with 10 ofLwater and was
extracted with EtOAc (3 x 10 mL). The organic layer washked with brine (15 mL)
and dried over sodium sulfate, filtered, and concentrated under regressdire. The
product was purified by flash chromatography (7:3 hexanes:etbtatay to afford the

desired product.
N O F
N 0 F
© F
F

2.49 OFBU

Aryloxy methyl ketone-ester 2.49.Procedure C was followed using azido-
aryloxy methyl keton€.48(0.07 g, 0.200 mmol), propargyl sulfonamig&5 (0.06 g,
0.200 mmol), 1.0 M sodium ascorbate (0.02 mL, 0.200 mmol), and 0.3 M copper(ll)
sulfate pentahydrate (0.07 mL, 0.02 mmol). After chromatograpbyptoduct was
obtained as a pale yellow solid (0.09 g, 65%).NMR (400 MHz, CDC}, §): 0.86-1.14
(m, 6H), 1.48 (s, 9H), 1.74 (s, 3H), 1.75-1.88 (m, 3H), 1.91-1.98 (m, 2H), 3.10-3.16 (m,
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2H,J = 7.2, 17.2), 3.87-4.05 (m, 2H), 4.78 (s, 1H), 4.87-4.92 (m, 2H), 5.87-5.90 {, 1H,
= 6.8), 6.71-6.79 (m, 1H), 7.30-7.33 (m, 5H), 7.62 (s, HRMS (FAB+) m/z: 705.2351
(MNa" C3oH3gN4O6F2SNa requires 705.2346).

N O F
N o) F
©F

Ot-Bu F

t-BuO

0]

2.50

Aryloxy methyl ketone 2.50.Procedure C was followed using azido-aryloxy
methyl ketone2.48 (0.15 g, 0.400 mmol), propargyl ami@e43 (0.13 g, 0.400 mmol),
1.0 M sodium ascorbate (0.40 mL, 0.400 mmol), and 0.3 M copper(ll) sulfate
pentahydrate (0.13 mL, 0.04 mmol). After chromatography the produchhtaimed as
a pale yellow solid (0.165 g, 60%JH NMR (400 MHz, CDC}, 8): 0.75-0.96 (m, 3H),
1.13,-1.25 (m, 3H), 1.38 (s, 9H), 1.41 (s, 9H), 1.56-1.64 (m, 5H), 1.71 (s, 3H), 1.82-1.87
(t, 2H,J =7.2), 2.18-2.24 (m, 4H), 3.07-3.61 (m, 2H), 4.89 (s, 2H), 5.81-5.86 (dd] 1H,
= 7.2, 13.6), 6.51 (s, 1H), 6.75-6.79 (m, 1H), 7.59 (s, 1H). HRMS (FAB+) m/z:
721.3193 (MN& Ca4H46N4O;F4Na requires 721.3200.

NH N=N (o) F
TN\

Ot-Bu F
2.51

Aryloxy methyl ketone 2.51.Procedure C was followed using azido-aryloxy
methyl ketone2.48(0.11 g, 0.300 mmol), propargyl amidet4(0.08g, 0.300 mmol), 1.0
M sodium ascorbate (0.30 mL, 0.300 mmol), and 0.3 M copper(ll) sulfate perdthyd
(0.10 mL, 0.03 mmol). After chromatography the product was obtained as gefialv
solid (0.095 g, 49%).*H NMR (400 MHz, CDC}, &): 0.62-0.86 (m, 3H), 1.10-1.19 (m,
2H), 1.41 (s, 9H), 1.50-1.66 (m, 4H), 1.71 (s, 3H), 2.14-2.2 (t,J1#112.0), 3.03-3.37
(m, 2H), 3.52 (s, 2H), 4.85-4.92 (m, 2H), 5.80-5.84 (t, 1H,7J2), 6.26 (s, 1), 6.77-6.82
(m, 1H), 7.26-7.30 (m, 3H), 7.34-7.38 (m, 2H), 7.53 (s, 1H). HRMS (FAB+) m/z:
647.2857 (MNAC3z3H39N4OsF, requires 647.2858).

General Procedure for Deprotection oftert-butyl esters (Procedure D). To a
0.33 M solution of aryloxy methyl ketone-ester in L was added a solution of 95%
trifluoroacetic acid (TFA):2.5%H,0:2.5% triisopropylsilane. The reaction mixture was
stirred for 1 h at rt. The crude reaction mixture was @aiby HPLC [preparatory
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reverse phas€;g column (24.1 x 250 mm), GE&N/H,O -0.1% TFA, 5:95 to 95:5 over
55 min; 10 mL/min, 254 nm detection] and lyophilized to afford the pure product.

N O F
N o) F
©F
OH F

2.35

Aryloxy methyl ketone inhibitor 2.35. Procedure D was followed using aryloxy
methyl ketone-este2.49 (0.06 g, 0.100 mmol) and 95% TFA:2.5%4H,0:2.5%
triisopropylsilane (0.70 mL) in C¥€l, (0.30 mL) to afford inhibito2.35as a white solid
(0.030 g, 49%).'H NMR (400 MHz, DMSO-g, §): 0.83-1.16 (m, 8H), 1.52 (s, 3H),
1.72-1.75 (m, 1H), 1.91-2.00 (m, 2H), 3.26-3.31 (m, 2H), 3.62-3.82 (m, 2H), 4.89-4.93
(d, 1H,J = 18.0), 5.17-5.23 (dd, 1H,= 6.4, 18.0), 5.96-5.98 (m, 1H), 7.24-7.28 (m, 5H),
7.56-7.76 (m, 1H), 8.09 (s, 1H). HRMS (FAB+) m/z: 649.1724 (MSaH3oN4OsFsNa
requires 649.1720.

OH F

2.36

Aryloxy methyl ketone inhibitor 2.36. Procedure D was followed using aryloxy
methyl ketone-ester2.50 (0.70g, 0.100 mmol) and 95% TFA:2.5%H,0:2.5%
triisopropylsilane (1.00 mL) in C¥€l, (0.43 mL) to afford inhibito2.36as a white solid
(0.050 g, 58%)."H NMR (400 MHz, CROD, §): 0.70-1.15 (m, 8H), 1.31-1.50 (m, 2H),
1.53 (s, 3H), 1.56-1.58 (m, 2H), 1.67-1.72 (m, 1H), 1.87-1.94 (m, 2H), 2.08-2.13 (dd, 2H,
J=7.2,14.4), 2.16-2.22 (dd, 20,= 7.2, 14.4), 3.09-3.19 (m, 2H), 4.06-4.21 (m, 2H),
5.34-5.37 (t, 1HJ) = 5.2), 7.01-7.05 (m, 1H), 7.69 (s, 1H). HRMS (FAB+) m/z: 609.1946
(MNa+ CoeH30N4O7FsNa requires 609.1948.
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2.37

Aryloxy methyl ketone inhibitor 2.37. Procedure D was followed using aryloxy
methyl ketone-estef.51 (0.096 g, 0.150 mmol) and 95% TFA:2.5%1,0:2.5%
triisopropylsilane (1.05 mL) in C¥€l, (0.45 mL) to afford inhibito2.37as a white solid
(0.030 g, 32%).'H NMR (400 MHz, DMSO-g, §): 0.76-1.16 (m, 8H), 1.59 (s, 3H),
1.66-1.70 (m, 2H), 2.01-2.05 (m, 1H), 3.19-3.49 (m, 4H), 4.89-4.93 (d,J ¥H18.0),
5.17-5.23 (dd, 1HJ) = 6.4, 18.0), 5.86-5.90 (t, 1d,= 8.0), 7.17-7.27 (m, 5H), 7.53-7.59
(m, 1H), 7.96 (s, 1H), 8.18 (s, 1H). HRMS (FAB+) m/z: 591.2231 {KdH3:N4OsF4
requires 591.2239).

AMCA Substrate and Irreversible Inhibitor Assays

General Procedure for Assays.Caspases-3, -6, -7, -8, and -9 were obtained by
expression in E. coli as previously descriBédCaspase-1, cathepsin B, L, and V were
purchased from EMD Biosciences (San Diego, CA), caspase-2 wekaped from
Biomol International (Plymouth Meeting, PA) and Legumain was @ageti from R&D
Systems (Minneapolis, MN). Caspase substrates Ac-DEVD-AMGYBYAD-AFC,
and Ac-LEHD-AFC were purchased from EMD Biosciences (Sagd®i€A) and Ac-
VDVAD-AMC was purchased from Biomol International (Plymouth Megt PA).
Cathepsin substrate Cbz-FR-AMC was purchased from EMD Biosse{8an Diego,
CA). Cathepsin S substrate Cbz-LR-AMC and legumain substratAGNzAMC were
purchased from Bachem (Torrance, CA). The proteolytic cleavageN-atyl
aminocoumarins by caspases was conducted in Dynatech Microfluorstteace 96-
well microtiter plates, and readings were taken on a MoledMatices Spectra Max
Gemini XS instrument. The excitation wavelength was 370 nm thedemission
wavelength was 455 nm for AMCA substrates, the excitation wayttleamas 355 nm
and the emission wavelength was 450 nm for peptidyl AMC substrates, anitagan
wavelength was 430 nm and the emission wavelength was 535 nm fatyp&piC
substrates.

Assay Procedure for AMCA substratesAssays were conducted at 37 °C in
duplicate with and without the enzyme according to previously repprégdcols (Wood
et al.). In each well was placed 3B of enzyme solution and 2 of a DMSO substrate
solution. Relative fluorescent units (RFU) were measuredgatlaieintervals over a
period of time (maximum 15 min). A plot of RFU versus time waslentor each
substrate with and without caspase-3 or caspase-6. The slope of ted pie gave
relative ka/Kn, of each substrate for caspse-3 or caspase-6.

44



Assay Procedure for Irreversible Inhibitors. Thekinac/Ki for inhibitors were
determined under pseudo-first order conditions using the progress method®>!
Assay wells contained a mixture of inhibitor and AMC or AFC sufestma buffer.
Aliquots of caspase were added to each well to initiate thg.akBalrolysis of the AMC
or AFC substrate was monitored fluorometrically for 45 min. Tordetee the inhibition
parameters, time points for which the control ([I] = 0) wasaineere used. For each
inhibitor, ak.ps Was calculated for at least four different concentrations obiiing via a
nonlinear regression of the data according to the equation F/kg,JM-exp(Kobd)
(where product formation = P, initial rate 7 ttme = t, and the first-order rate constant =
kobg)- If Kops Varied linearly with [1], then the association consteags was determined by
linear regression analysis usikgs = (kas{l])/(1+[S]/Km) where [S] is the concentration
of the substrate. ks varied hyperbolically with [I], then non-linear regression gsial
was performed to determin@ac/Ki using kops = Kinac{lJ/([I]+ Ki*(1+[S]/K)). Inhibition
was measured in duplicate and the average is reported.

Caspase-1. Caspase-1 kinetic assays were performed using Ac-WEHD-AMC
(Km = 4.0 uM) as the substrate. The assay buffer was 100 mM HEPES, 20% (w/
glycerol, 10% (w/v) sucrose, 0.1% (w/v) CHAPS, and 10 mM DTT solutidd,{D at
pH 7.5. The concentration of the enzyme stock solution was 20 nM in theladéer.
The concentrations of inhibitor stock solutions in DMSO ranged from (5100 xo 1.12
x 10*). The concentration of the substrate stock solution wasM8in assay buffer.
The reaction was started by adding 140of assay buffer, 1QL of various amounts of
inhibitor (final concentrations ranging from 2.50 X101 to 5.60 x 1¢ M ), 10pL of
substrate (final concentration 4u8). Then 40uL of Caspase-1 (final concentration of
4 nM) was added to the mixture after incubating for 5 min at 37 °C.

Caspase-2. Caspase-2 kinetic assays were performed using Ac-VDVAD-AMC
(Km= 80.2uM) as the substrate and with the same conditions as destoib@dspase-1
using the following modifications: The assay buffer was 20 npéd$? 200 mM NaCl,
0.2% (w/v) CHAPS, 20% (w/v) sucrose, 20 mM DTT, and 2mM EDTA solutidf,
at pH 7.2. The concentration of the substrate stock solution was 1.60 adday buffer
(final concentration: 80.@M). The inhibitor stock solutions ranged from 0.02 M to 3.12
x 10° M in DMSO (final concentration ranging from 1.00 X181 to 1.56 x 1¢). The
concentration of the enzyme stock solution was 150 nM in assay buifed (f
concentration: 30.0 nM).

Caspase-3.Caspase-3 kinetic assays were performed using Ac-DEMG-fKr,
= 9.7uM) as the substrate and with the same conditions as describ€ddpase-2. The
concentration of the substrate stock solution was LB# in assay buffer(final
concentration: 9.7iM). The inhibitor stock solutions ranged from 1.50 210 to 2.88
x 10* M in DMSO (final concentration ranging from 7.50 x*1® to 1.44 x 10 M).
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The concentration of the enzyme stock solution was 3.75 nM in assay (fuftd
concentration: 0.75 nM).

Caspase-6.Caspase-6 kinetic assays were performed using Ac-DEVD-AMC (K
= 236.35uM) as the substrate and with the same conditions as describ€ddpase-3.
The concentration of the substrate stock solution was 4.72 mM in befay (final
concentration: 236.36M). The inhibitor stock solutions ranged from 4.00 X’ 1@ to
4.80 x 10" M in DMSO (final concentration ranging from 2.00 x®1M to 1.60 x 16
M). The concentration of the enzyme stock solution was 18.75 nM in lasHay (final
concentration: 3.75 nM).

Caspase-7.Caspase-7 kinetic assays were performed using Ac-DEVD-AMC (K
= 20.2uM) as the substrate and with the same conditions as descrilgéddpase-3. The
concentration of the substrate stock solution was @B in assay buffer(final
concentration: 20.AM). The inhibitor stock solutions ranged from 4.00 ¥ M to 1.28
x 10* M in DMSO (final concentration ranging from 2.00 x®1®! to 6.40 x 16 M).
The concentration of the enzyme stock solution was 18.75 nM in asdstey (final
concentration: 3.75 nM).

Caspase-8.Caspase-8 kinetic assays were performed using Ac-DEVD-AMC (K
= 6.79uM) as the substrate and with the same conditions as describgéddpase-3. The
concentration of the substrate stock solution was 13848in assay buffer(final
concentration: 6.78M). The inhibitor stock solutions ranged from 3.60 £ M to 2.30
x 10* M in DMSO (final concentration ranging from 1.80 x 1B to 1.15 x 10 M).
The concentration of the enzyme stock solution was 187.5 nM in assteyr (final
concentration: 32 nM).

Caspase-9.Caspase-9 kinetic assays were performed using Ac-LERD-&n
=114uM) as the substrate and with the same conditions as described for Caspage-1 usi
the following: The asay buffer was 200 mM HEPES, 100 mM NaCl, 0.04%¢) (
CHAPS, 20% (w/v) sucrose, 20 mM DTT, and 2 mM EDTA igOHat pH 7.0 and
supplemented with 0.7 M sodium citrate. The concentration of the sebstak
solution was 2.28 mM in assay buffé@nal concentration: 114M). The inhibitor stock
solutions ranged from 4.80 x 1M to 6.40 x 10" M in DMSO (final concentration
ranging from 2.40 x I6 M to 3.20 x 10 M). The concentration of the enzyme stock
solution was 200 nM in assay buffer (final concentration: 40.0 nM).

Cathepsin B. Cathepsin B kinetic assays were performed using Cbz-FR-a$1C
the substrate. The assay buffer was 100 mM phosphate, 0.1% (w/glypetpl, 1 mM
DTT, 1mM EDTA, 0.01 % Brij 35 solution in # at pH 6.0. The concentration of the
enzyme stock solution was 760 nM in the assay buffer. The concemdrafi inhibitor
stock solutions in DMSO ranged from (1.25 X'2 to 8.00 x 16®). The concentration
of the substrate stock solution was 200 in assay buffer. The reaction was started by
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adding 140 uL of assay buffer, 10uL of various amounts of inhibitor (final
concentrations ranging from 6.25 x 4™ to 4.00 x 1¢ M) and 40uL of cathepsin B
(final concentration of 150 nM). Then, 1L of substrate (final concentration LM/)
was added to the mixture after incubating for 5 min at 37 °C.

Cathepsin S. Cathepsin S kinetic assays were performed using Cbz-LR-AMC
(Km = 23 uM)as the substrate and with the same conditions as describedhepsia B
using the following: The assay buffer was 100 mM phosphate, 0.19% goliglycerol,
1 mM DTT, 1mM EDTA solution in KO at pH 6.0. The concentration of the substrate
stock solution was 200M in assay buffe(final concentration: 1@M). The inhibitor
stock solutions ranged from 3.20 x3®! to 1.25 x 1¢ M in DMSO (final concentration
ranging from 1.60 x I6M to 1.00 x 1 M). The concentration of the enzyme stock
solution was 13.3 nM in assay buffer (final concentration: 2.1 nM).

Cathepsin V. Cathepsin V kinetic assays were performed using Cbz-FR-AMC as
the substrate and with the same conditions as described for catlBepsimg the
following: The assay buffer was 100 mM acetate buffer, 0.1%) @adlyglycerol, 1 mM
DTT, 1mM EDTA solution in HO at pH 5.5. The concentration of the substrate stock
solution was 20QuM in assay buffe(final concentration: 1@M). The inhibitor stock
solutions ranged from 8.00 x ¥@o 1.25 x 1d M in DMSO (final concentration ranging
from 4.00 x 10" M to 6.25 x 1 M). The concentration of the enzyme stock solution
was 1.51 uM in assay buffer (final concentration: 300 nM).

Legumain. To activate Legumain, the enzyme was incubated in 50 mM Sodiu
acetate, 100 mM NaCl at pH 4.0 for 4 h at 37 °C (concentration watoti buffer: 100
pg/mL). Legumain kinetic assays were performed using Chbhz-AMC as the
substrate. The assay buffer was 39.5 mM citric acid/121 mM sodiurphmtesdibasic
buffer, 2 mM DTT solution in BD at pH 5.8. The concentration of the enzyme stock
solution was 0.76ug/mL in the assay buffer. The concentrations of inhibitor stock
solutions in DMSO ranged from (1.25 x 181 to 8.00 x 16®). The concentration of the
substrate stock solution was 208! in assay buffer. The reaction was started by adding
140 uL of assay buffer, 1QuL of various amounts of inhibitor (final concentrations
ranging from 6.25 x IBM to 4.00 x 1d M) and 40uL of legumain (final concentration
of 0.15ug/mL). Then, 1QuL of substrate (final concentration 1) was added to the
mixture after incubating for 15 min at 30 °C. Since very weak ihbibivas observed at
the above inhibitor concentrations s§alues were calculated by plotting the the relative
(RFU)/min against the inhibitor concentration (LM).

Huntingtin Neoepitope Antibody Production. Antibodies specific for the C-
terminal ends of Htt caspase cleavage products ending at amino acid 513, 552 and 586
were prepared using the immunizing peptides KLH-DHTLQADSVD, KLH-
DSDPAMDLND and KLH-COSDSSEIVLD. Peptide sequences were injected into

a7



rabbits, antibody was purified to the injected peptide and a bridging peptide was used to

remove antibodies reacting to full-length Htt (Open Biosystems).

Antibodies were affinity purified as previously described with minor modi€inat®>*
Htt Constructs. Htt expression constructs used in these studies included a

normal (23Q) and expanded (148Q) full-length Htt construct.

Cell Culture. Superfect reagent (Qiagen) was used for transient transfections of
human embryonic kidney (HEK) 293T cells with Htt constructs. Cells were call&€t
h post-transfection for analysis. 293T cells or striatal ®dRand HdA ¥ %ells were
cultured in Dulbecco's modified eagle medium (DMEM,; Cellgro) with 10% beteine
serum (FBS) and 100 U/mL penicillin and 100 ug/mL streptomycin.

Western Analysis. 293T cell pellets were lysed in M-PER (Mammalian Protein
Extraction Reagent, Pierce) with protease inhibitors (Mini Complete, Rogbale$
were sonicated and then spun to remove debris (16@)@DXmin). Protein
concentration was determined by BCA Protein Assay kit (Pierce). Htegsing lysates
were in some cases treated exogenously with caspases-2, -3 or -6 (ENZQ 210130
°C) with and without inhibitor2.35 2.36and2.37. Samples were resolved by SDS-
PAGE on NUPAGE 4-12% BisTris gel (Invitrogen) in MES running buffer (Invitrogen)
for 55 min at 200V. Proteins were transferred to Optitran BA-S nitrocellulose
(Schleicher & Schuell) for 14 h at 20 V at@. Membranes were blocked in 5% milk in
Tris-buffered saline Tween-20 and probed overnight with polyclonal neoHtt513,
neoHtt552 and neoHtt586 (Open Biosystems; 1:1000 or 1:100 respectively, produced in
collaboration with CHDI/Open Biosystems) or monoclamafiuntingtin 2166
(Chemicon, 1:1000). Secondary anti-rabbit or anti-mouse antibodies (1:3000, Amersham
Biosciences/GE Healthcare) and enhanced chemiluminensce (ECL)tr@igere) were
used for detection. We utilized anti-GAPDH as the loading control (Fitzgerald#10R
G109a, 1:1000).

Kcat/Km of Htt with Caspases. 293T cells over-expressing myc-tagged 23Q
human full-length Htt were lysed in M-PER (Mammalian Protein Extractesg@nt,
Pierce), sonicated and spun to remove debris (16 §Xmin). Protein was
determined using a BCA assay kit (Pierce). Purified human poly-(ADPejibos
polymerase (PARP) was obtained from Trevigen (Gaithersburg, MD). Ht l{lEaug)
was incubated with caspase-3 (4 nM; ENZO) or caspase-6 (48 nM, ENZO) for 60 min at
37°C in caspase assay buffer (20 mM PIPES, pH 7.2, 100 mM NacCl, 1% CHAPS, 10%
sucrose). Purified PARP (35 ng) was incubated with caspase-3 (7.2-144 nM) under
identical conditions. NUPAGE LDS sample buffer (Invitrogen) and 50 mM DTT were
added and samples were boiled and separated using SDS-PAGE. Following tpansfe
nitrocellulose membranes, Htt protein blots were incubated in monoclonal Htt 2166
(1:500; Millipore), PARP protein blots were incubated in polyclonal PARP 253 (1:300;
ENZO) and densitometry of bands was performed. All reactions weredcauti@sing
subsaturating levels of substrate, where the cleavage is assumed tothmdefirs
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process. Values &./Kn were calculated from the relationstgf&,= e ***"where

S=concentration of substrate remaining at tirfg=initial substrate concentration and
kobs= Keat*[enzymelK,, (Gervaiset al, 1998).

Caspase Activity in Striatal Hdh’?"?and Hdh*'?'%cells, StriatalHdh'?"?
andHdh**?*cells were maintained at 33 °C in a humidified atmosphere of 95% air
and 5% CQ@, in DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100
ug/mL streptomycin. Cells were fed with fresh medium every 2—3 d. Stretsiveere
plated at 5000 cells/well in collagen coated 96-well plates and were goowa8 h.

Cells were maintained in serum DMEM for 24 h with or without caspase inhibitors and
an additional 24 h without serum with same inhibitor treatment. Caspase 3/7 acts/ity wa
measured using kit as per manufacturer’s direction (Mountain View, CA) and lir&tna

by protein concentration. Briefly, cells were lysed in working csiklypuffer (50uL,

1:1 lysis buffer: serum free DMEM) by shaking at 700 rpm for 5 min and & &@®uot

was measured for protein concentration. Afterwards 70 uL of working lysiesrtwith

DTT (15 mM), and caspase substrate (1x) was added to remaining lysedltaen

briefly and then read continuously at 37 °C for 90 minutes with excitation at 488nm and
emission at 530nm.

Immunocytochemistry. StriatalHdh'?"andHdh*?%ells cultured on
cover slips with or without serum withdrawal were fixed with 4% paraformatteefor
20 min at room temperature. The fixed cells were then permeabilized with 0. D¥XFrit
100 for 10 min and blocked with 5% donkey serum for 45 min. The incubation with the
primary antibody (rabbit polyclonal neoHtt513, 1:100) at 4°C overnight was followed by
secondary antibody (donkey anti rabbit Alexa546, 1:1000, Invitrogen) incubation at room
temperature for 1.5 h. Finally cells were mounted to a slide with droplets of Prabichg G
with DAPI (Invitrogen) on it before microscopy.

Primary cortico-striatal co-culture. Striatum and cortex from E18 rat embryos
were micro-dissected, enzymatically treated with papain and dissshckave million
cells of each type were electroporated separately (Amaxa Biosystam®NA
constructs expressing either YFP in striatal neurons or mCherry in togigans
together with a plasmid expressing mutant polyQ expanded Htt exonl (HttN90Q73), then
plated together on a layer of astrocytes which was prepared three days prioetknd m
for assessing culture health in experiments is by determining the raiarizer
morphology of GFP expressing cells. In developing the assay we found withaiital st
that about 50% of cells die immediately after the electroporation. The neurbns tha
survive the electroporation appear to be healthy, extending neurites and forming
functional synapses as assessed by synaptic marker staining arapbkietblogy.
Neurons and astrocytes were grown in Neurobasal media (Invitrogen) sepiaenwith
5% fetal calf serum (Sigma), 2 mM glutamine (glutamax, Invitrogen), 10potslssium
chloride and 5 ug/ml gentamycin. Astrocytes were isolated from E18 embryos and
expanded for three passages before plating into 96-well plates. Co-culéuees w
incubated in 95% 5% CQ at 37C for six days before analysis. Compounds were
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dissolved in DMSO and dosed as a single dose shortly after neuron plating. The control
condition was HttN90Q73 with DMSO alone. For quantification of neurons using the
Cellomics ArrayScan VTI, fluorescent images were acquired at 10x ficadjoin from 9
fields per well using YFP and dsRED filter sets and analyzed using thet Partiyation
algorithm. The algorithm was optimized for object size, object shape and fleilocesc
intensity to identify specific neuron cell bodies. Healthy neurons are @besittified by

the size of the cell body and neuritic morphology. Graphical analysis antcsthtis
computations were performed with GraphPad Prism.
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Chapter 3. Design of Plasmodium falciparum Dipeptidyl Aminopeptidase |
Inhibitors and Development of Fragmenting Hybrid Approach for Anti-malarial
Delivery.

The widespread resistance of malaria parasites to affordable drugs has tinade
identification of new targets an urgent issue. Dipeptidyl aminopeptidd3BARS)
represent potentially viable new targets due to their involvement modglebin
degradation and parasite release. @ We report the use of homology modeling and
computational docking to design and synthesize nonpeptidic DPAPL1 inhibitorsithat ki
Plasmodium falciparum at low nanomolar concentrations. Additionally, a fragmenting
hybrid approach was developed as an alternative to artemisinin combination therapy
(ACT), the current front-line treatment of malaria. Slow releasa sécondary anti-
malarial agent was achieved through a fragmenting hybrid containing a trioxolane agent
conjugated to our lead nonpeptidic inhibitor of DPAP1. Overall, we validated DPAP1 as
a valuable anti-malarial target and demonstrated that our fragmenting hybrid can be
successfully used to deliver secondary anti-malarial agents into paas#cted
erythrocytes. The majority of this work has been published (Deu, EvalL®y. J.;
Albrow, V. E.; Rice, M. J.; Ellman, J. A.; Bogyo, M. Chemistry & Bio2@f)0, 17, 808-

819).
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Introduction

Malaria is one of the most common infectious diseases causguotmzoan
parasites and more than 40% of the world’s population is at ristowiracting the
diseasé. Each year, a quarter of a billion malaria cases and aboiliianrdeaths occur.
Malaria in humans is caused by four specieBlagmodiunparasites that are transmitted
by theAnophelesnosquito. No vaccine is currently available for malaria and the greatest
obstacle to controlling the disease worldwide is the emergidgspread resistance of
the Plasmodiunmspecies to chemotherapeutic agents. Studies have identified multi-ant
malarial drug resistance in various areas of the wdtlddore recently, resistance to the
current first-line treatment, artemisinin-based combination plyeréas emerging in
Southeast Asid’ Therefore, there is an urgent need to develop new strategiestily
new drug targets to fight malaria.

Plasmodium falciparuns the most virulent of the foltlasmodiunparasites and
accounts for 90% of all malaria-related deaths. Completion d?.tfedciparumgenome
in 2002 provided a basis for identifying new targets such as ialajamotease8.
Numerous proteases have been identified throughout the parasittydiée and play a
role in various biological processes such as hemoglobin degradatiagingrafficking,
parasite release or rupture, and erythrocyte invasioninhibition of cysteine proteases
result in disruption of parasite growth, egress from erythrocgtes invasion with much
of the studies oR. falciparumcysteine proteases focused on the falcipains (FPs). FP1 is
expressed in the later stages of the erythrocytic cyclesalikely involved in host cell
invasion while FP2, 2’, 3 are located in the food vacuole and involved in henroglobi
degradatiort®**

Recently, dipeptidyl aminopeptidases (DPAPSs) were identdégeéey regulators
of the P. falciparumerythrocytic life cyclet® Unlike other proteases of the same family,
DPAPs are composed of a papain-fold domain and an exclusion domainxclirsos
domain interacts with the N-terminal free amine of substrakbswing proteolytic
cleavage of dipeptides from the amino-terminus of polypeptffésDPAP1 is located
in the food vacuole, an acidic organelle where protein degradation oaodris likely to
be involved in the later stages of hemoglobin degradation. DPAP lddsgrhgopeptide
products of upstream proteolysis, which can be further degraded into acmisoba
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aminopeptidase¥?® DPAP3 was more recently identified as a key regulator afsjtar
releasé’ DPAPs are potentially good targets due to their involvement irousari
biological processes at different stages of the parasiteylile. Additionally, the closest
human homolog to the DPAPs is cathepsin C, a protease that is sewitias to
mammals:?24

We therefore, applied computational methods to design stable, nonpeptidic
irreversible DPAP inhibitors. The most potent inhibitors killBd falciparum in
nanomolar concentrations in culture and were stable in mouse serumtioralty,
specific inhibition of DPAP1 prevented parasite growthvitro and in vivo, which
suggests that DPAPL1 is a viable anti-malarial target. llfjr@iccessful release of two
anti-malarial agents with ACT-like activity was achievedifigorporating a fragmenting
hybrid composed of a trioxolane analogue and one our most poterdrsitée DPAP
inhibitors.

Computational Design, Synthesis, and Evaluation of Nonpeptidic Inhibitors

Inhibitors that were designed to target cathepSinwyith a 2,3,5,6-
tetrafluorophenoxymethyl ketone pharmacophore and N-terminal fraaeamwere
screened against DPAP1. Irreversible inhib&tdrwas the most potent inhibitor against
DPAP1. To investigate the importance of the pharmacophore, mibesyzed two
analogs containing a nitrile and acyloxymethyl ketone pharmacapfidre synthesis of
the reversible nitrile 34 was achieved by reacting Cbz-protected
ethynylcyclohexylamine with racemicazido functionalized Sieber resin, followed by
acidic cleavage from solid support yielded 1,2,3-triazole prinaanide 3.2 (Scheme
3.1). Subsequent dehydration with 2,4,6-trichlorotriazine to afford nBrBeand CBz
deprotection under acidic conditions yielded reversible inhib8a.( Acyloxymethyl
ketone3.5 was synthesized by a formal 1,4-dipolar cycloaddition withmace-azido
acyloxymethyl ketone and Boc-protected ethynylcyclohexylamollewed by acidic
Boc-deprotection. After screening against DPAP1, the acylokyhketone 8.2) and
nitrile (3.3) were 18-fold and 380-fold less potent than bench mark inhiBifowith a
second order rate constant of inhibitidr) 6f 630 + 30 M's*, respectively. The 2,3,5,6-
tetrafluorophenoxymethyl ketori@1 has a half maximal inhibition (Kg ppap) Of 560
nM after 30 min of incubation in parasite lysates. To test whddfP1 inhibition
results in parasite death, ring stage parasites were tsglteithhibitor for ~75 h to yield
the half maximal parasite growth (EfCror ) value. Table 3.1 shows a correlation
between DPAP1 inhibition and potency by comparingkhend EGo porvalues. The
more active an inhibitor is against DPAP1, the more potentait Iglling the parasite,
which suggests that specific inhibition of DPAP1 directly correlates witisgia death.
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31
Figure 3.1.Benchmark DPAP1 aryloxymethyl ketone inhibit8rlj.

Scheme 3.1.Synthesis of reversible nitrile inhibitc3.4)
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Scheme 3.2.Synthesis of irreversible acyloxymethyl ketone inhibitbY
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Table 3.1. Potency of inhibitors incorporating various pharmacophores against DPAP1

Inhibitor ki (M1s1) 1Cs0 ppap1 (NM) - ECsq pot (NM)

N
3.1 &&N%o F 630(30) 560 (40) 70 (30)
AN & N 1.7 (0.2) >100,000 >100,000
\ _— . . ’ ’
H,N  N= o)
3.5 i ;_<\ E)J\/O 34 (2) 11,000 (1000) 6000 (3000)
I 0

pzd

z-Z

To guide the synthesis of nonpeptidic inhibitors incorporating the op28#&,6-
tetrafluorophenoxymethyl ketone, we built a homology model of DPAP1 based on human
cathepsin C (hCat CY. Inhibitor 3.1 was built into the DPAP1 active site and the model
displayed a deep S2 pocket that was not adequately filled by th#heyane ring of
inhibitor 3.1 (Figure 3.2). To maximize the binding interaction between the iohiaid
the S2 pocket, we synthesized mono- and di-substitugedine analogs as cyclohexane
ring replacements. For the synthesis of the mono- and di-branched analogsq-
azido 2,3,5,6-tetrafluorophenoxymethyl ketone was reacted with varieus
butylsulfinyl-protected amines via a 1,4 dipolar cycloadditionofeé#d by acidic
cleavage of the sulfinyl group (Scheme 3.3). Evaluation of the inhytatctivity of the
analogs resulted in useful structure activity relationships €Tal#). Substitution with
the smaller methyl3.6) and di-methyl 8.7) groups were slightly less active tharlL
Incorporating methyl-propyl3(8) and di-ethyl 8.9 groups modestly increased the ki
value to 810 and 910, respectively. However, a substitution of two p&aQ@ groups
resulted in 2-fold decrease in ki compared3t@ Inhibitor 3.11 which incorporated
methyl and cyclopentyl groups, improved potency by more than 4-fold cethpga
benchmark inhibitor3.1L ~ Adding benzyl groups in thelpha position ¢8.12 -3.13
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dramatically decreased activity by >128-fold, due to possiblec stkash between the
large benzyl group and active site pocket. Chiral preferencebs&sved by comparing
the ©-configured methyl-cylcohexyl inhibitor and thR){derivative. The -derivative
(3.19 resulted in a modest decrease in activity compared to thérbark cyclohexyl
inhibitor 3.1. Notably, the R)-analog 8.15 was >25-fold less active tha®){analog
3.14

Figure 3.2. Docked3.1in homology model of DPAP1.

Scheme 3.3.Synthesis of mono- and di-branched amine inhibitor analogs
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Table 3.2. Potency of mono- and di-branched amine inhibitors against DPAP1.

NN © F

\
N\g)lvo F

SR

Inhibitor ki (M's™) IC50 ppap1 (NM)  ECsg pot (NM)
3.6 Hi:\iﬂ’ 520 (30) 700 (40) 3000 (1300)
H,N
3.7 310 (30) 1100 (100) 1000 (500)
H,N
3.8 \)( 810 (50) 410 (30) 35,000 (30,000)
3.9 H%E\ 910 (50) 410 (10) 20 (10)
H,N
3.10 /\)E\ 510 (40) 700 (50) 140 (60)
H,N
3.11 2 z 2070 (30) 186 (2) 19 (2)
H,N
3.12 : 4.9 (0.5) 74,000 (9000) 3000 (2000)
H,N
3.13 \ 1.6 (0.2) >100,000 35,000 (30,000)
H,N
3.14 \< 500 (20) 700 (40) 60 (30)
H,N
3.15 . <20 >20,000 3800 (3000)
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Our next step involved synthesizing inhibitors that maximized binding
interactions of the deep S2 pocket. First, we synthesized inhiltitatsreplaced the
cyclohexane ring 08.1 with a piperidine ring to further functionalize the distal nitrogen
using similar reaction conditions previously described in Scheme Jfortunately, the
free piperidine 3.16, acetylated piperidine 3(17), and urea derivative 3(18
dramatically reduced activity and weakened potency against DPFdtile(3.3). The
final inhibitor (3.19 synthesized in this set, is a modified version of our most potent
inhibitor (3.11) from Table 3.2. In place of a free amine, a secondary amine is
incorporated within a pyrrolidine ring and derivatized with a metingup at thex-
position. Inhibitor3.19is ~1.4-fold more active than benchmark inhibi3at but 2.25-
fold less active than the most potent inhib2dk1

Table 3.3. Potency of cyclic-branched amine inhibitors against DPAP1

=

Py
JA
Z/Z
O
M

Inhibitor R ki M's™)  ICs0 ppap1 (NM) ECs0 pot ("M)
H,N
3.16 5 <20 >20,000 220 (160)
HN

3.17 @% <20 >20,000 >100,000
N

3.18 HoN 5 <20 >20,000 45,000 (26,000)

3.19 920 (70) 420 (30) 930 (130)
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Our most potent and promising inhibit8rll was previously synthesized and
screened as a racemic mixture. Based on the structuties - and §)-diastereomers
built into the the DPAP1 active site and the difference irviagtbetween3.14and3.15
we expected a more activ®{diastereomer. Figure 3.3 shows the cyclopentyl ring of the
(9-configured isomer buried deep in the S2 pocket while Ryedgnfigured derivative
has the ring exposed to solvent. To validate this hypothesis, bothreasers were
synthesized and their specificity, potency, and toxicity were uneds As expected,
inhibitor 3.21 displayed improvement in ki value by ~8-fold compared3ibl and a
~590-fold difference to the weakly active R-isor8e20(Table 3.4).

Figure 3.3. Docked methyl-cyclopentyl diastereomers in DPAP1 homology model.
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Table 3.4.DPAP1 potency and toxicity of methyl-cyclopentyl branched inhibitors

Inhibitor R ki M1s1y  1C50ppap1 (M)  ECsg pot ("M) - ECsg 1ox (NM)
3.11 HoN 2 2070 (30) 186 (2)? 19 (2) 9300 (600)
320 MM . 28()  14000(15007  890(520) 7000 (2000)
321 HN , 16500(1200) 191 52(05) 8500 (1500)

.

A specificity screen against differeRt falciparumcysteine proteases, showed
3.21to be significantly more potent th&20 while 3.11 showed intermediate potency
(Figure 3.4 A and B). Notabl®.21was also active against DPAP3 and FP2/3 (although
with reduced potency compared with DPAP1), indicating that itm®®e broad spectrum
inhibitor (Figure 3.4A and D). To correlate target inhibition with potency against the
parasite, inhibition studies were performed in intact parasiteéese methyl-cyclopentyl
inhibitors are cell permeable as they show the same trend oPDR#Aibition in intact
parasites and in lysates (Figure 3.3 B). Additionally, the spattern in potency
observed in the competition studies in lysates was observed in theatiepl assay
(Figure 3.4 C). To further correlate parasite death with DPAP1 inhibitiom,campared
the 1Go values against DPAP1, DPAP3, and FP2/3 with potency in a 1 h taplica
assay since the ¥gvalues were obtained after 0.5 h incubation of parasite lysaties wi
compound prior to probe labeling for 1 h (Figure BY¥ For both3.11 and3.21, we
observed a direct correlation between specificity and parasat,dwith only the 16
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values for DPAPL1 inhibition matching the &G (1 h values in the replication assay).
Although 3.20 is much less potent against DPAPL, itssE&&e:(after 1 h) may reflect
some off-target effects since this compound is also toxic to hdamaskin fibroblast
(HFF) cells at high concentrations (Figure B} Importantly, the fact th&.21is >500-

fold more potent thaB.20at killing parasites, yet both have similar general toxiewgl

in HFF cells (EC5@x ~10uM), suggests that potency in parasite killing is due to target
inhibition rather than nonspecific toxic effects.
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Figure 3.4. Specificity, potency, and toxicity of methyl-cyclohexyl inhib&or(A)
Specificity towards DPAPs and falcipains (FPs). (B) DPAP1 inhibition of intact
parasites versus lysates. (C) Potency of killing paras{@s Specificity versus potency
versus toxicity.

To determine the stability of our most potent nonpeptidic inhibitor, wasuared
the potency 08.21toward DPAP1 before and after overnight incubation in mouse serum
at 37 °C (Figure 3.5A). (9-configured inhibitor3.21 shows only minimal loss of
potency after serum treatment and subsequently sustained DPAPlianhibitntact
parasites (Figure 3.B). Interestingly, the kinetic inhibition studies in intact pdess
suggest that 1 nM &.21is sufficient to induce a prolonged inhibition of 70% of DPAP1
activity without killing parasites (i.e., virtually no effect &tnM on overall parasite
replication; Figure 3.£). These results suggest that DPAP1 inhibition of at least 95%
for ~2 h is required to efficiently kill parasites.
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Figure 3.5. Potent inhibitor 8.21) is stable in mouse serum and maintains DPAP1
inhibition. (A) Serum stability 08.21. (B) Kinetics of DPAP1 inhibition by.21in
intact parasites.
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Design and Synthesis of a Fragmenting Hybrid Approach

Artemisinin combination therapy (ACT) is considered the frarg-treatment for
P. falciparuminduced malaria due to the importance of diminishing drug-resistance and
overcoming the problem of reoccurrence of the disease assoeidie artemisinin
monotherapy.” Coartem was the first ACT to meet the World Health Gimgdion’s
(WHO) criteria for treating uncomplicated malaria. The corabon of artemether, an
artemisinin derivative, and anti-malarial lumefantrine has regulh one of the most
efficient malaria treatment to d&te.As an alternative approach to combination therapy,
we set out to explore a strategy in which a hybrid molecule, istongs of two
compounds, would undergo a parasite-targeted fragmentation to releamal @ptti-
malarial effects of both compounds.

To achieve parasite-specific fragmentation, an iron(ll)treacl,2,4-trioxolane
ring system was used as the parasite-targeting moiety anasked retro-Michael linker
was incorporated to provoke hybrid fragmentation vgaedimination. The parasite food
vacuole contains free ferrous iron and heme that mediates the opénireggtrioxolane
ring to unmask the carbonyl group of the retro-Michael linker andlenhybrid
fragmentation. The anti-malarial properties of 1,2,4-trioxolanes bagr explored and
a member of this class, OZ277/arterolane, is currently bewegtigated in late-stage
human clinical trials as combination therapy with the anti-ri@lgiperaquing’°
Therefore, we set out to design a hybrid containing a sinmilexolane 3.22 as a
parasite-specific delivery moiety and our potent DPAP1 inhidt@l (Figure 3.7).
Fragmenting hybrid3.23was synthesized from the carbamate linkage of free aBnie
and the free alcohol group of tioxolaBe22 (for synthesis, see experimental section).
Notably, the conjugation of amines and alcohols provides opportunity texiseng
anti-malarial agents that possess amine and/or hydroxyl groufragmsenting hybrid
approach candidates. As a control, an amide-linked hy»h#d was synthesized to
prevent3-elimination and release 8f21after activation by ferrous iron.

o0 \
w NH NH,
o)
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Figure 3.7. Strucutures of drug OZ277, new trioxoléh@2 and DPAP1 inhibitor
3.21fragmenting hybrid.23and control hybri.24

The proposed sequence fovitro decomposition of fragmenting hybr&d23was
rationalized by previous work showing that iron(ll)-promoted ring opemhd.,2,4-
trioxalanes yield carbonyl agents vitro (Scheme 3.43* Ferrous iron salts are
expected to promote the decomposition of hybBi@3 to afford a retro-Michael
compound 8.25 and a well-established adamantane-derived side product via adimanty
radical recombination. Intermedia@25 undergoes3-elimination to release DPAP1
inhibitor 3.21,linker side produc8.26 and carbon dioxide. Notably, control hyb8@®4
can undergo a iron(ll) ring opening to aff@d®7 but cannot release DPAPL1 inhibitor
3.21via p-elimination (Scheme 3.4).

Scheme 3.4.In vitro iron(ll)-promoted decompositionof hybrid molecules
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Evaluation of Fragmenting Hybrids In Vitro and In Vivo

To validate the hypothesized sequence, the ferrous iron-promatechjesition
of 3.23was studiedn vitro using LCMS. Treatment of hybri@.23 with excess (100
equivalents) of iron(ll)bromide resulted in rapid (within minutes) dguusition of the
trioxolane ring and clean formation of the adamantane derivatine retro-Michael
product3.25 Thep-elimination of 3.25to afford linker side-produc®.26and DPAP1
inhibitor 3.21was monitored by LC/MS yielding a half-life,g) of ~9 h at 37 °C (Table
3.5).

Table 3.5. DPAP1 inhibition, anti-malarial activities, and rates of hybrid fragntemta
in vitro andin vivo

P. falciparum
Compound  DPAP ICs, (nM)? ECso por (NM)? tyj2 invitro (h)° ty5 in vivo (h)?

3.22 >10000 29 (13) n.a. n.a.
3.21 70 (3) 5.2 (0.4) n.a. n.a.
3.24 >10000 52 (7) n.a. n.a.
3.23 10000 (2000) 4.0 (0.2) 9 1.5 (0.25)

@ Half maximal inhibition of DPAP1 in parasite lysates after 30 min treatment with
inhibitor. DPAP1 activity was measured using FYO1 probe. ° Antimalarial potency
measured by treating a culture of P. falciparum at ring stage with increasing
concentrations of compound. °Half-life for the release of 3.21 from hybrid species 3.23
as measured in vitro by LC/MS. 9 Half-life for the release of 3.21 from hybrid 3.23 in
living parasites. n.a = non applicable. The standard deviation is shown in parantheses.

The inhibitory effects were measuredvitro by treating parasite lysates for 30
min with increasing concentrations of hyb8®3 amide-linked controB.24 trioxolane
3.22 and irreversible inhibitoB.21, followed by labeling with FYO1 (Figure 3.6 A).
After subsequent labeling of residual DPAP1 activity, both traxeB.22 and amide-
linked control hybrid3.24 failed to block DPAPL1 activity. As expected, both trioxolane
3.22 and control hybrid3.24 exhibited trioxolane-based activity but did not inhibit
DPAP1. Hybrid3.23was 100-fold less potent &= 10 pM) at inhibiting DPAP1 than
free amine3.21(Table 3.5). Next, the potency of the agents was evaluated agdiast
erythrocyticP. falciparumring-stage parasites (Figure 3.6 B and Table 3.5). Compounds
3.22 and3.23 exhibited half maximal parasite growth (§G.) at concentrations in the
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mid-nanomolar range, suggesting that they can cross erythmaytearasite membranes
and become activated in the parasite food vacuole. Significantly 3zt and hybrid
3.23 displayed potency at single digit nanomolar concentrations andeidd more
potent as anti-malarial agents than trioxol&8r22 or control hybrid3.24 The enhanced
anti-malarial activity of3.23 relative t03.24implies that active DPAP1 inhibit@.21is
released from hybrig.23inside parasites.

DPAPL1 inhibition kinetics were measured to further evaluate thase 0f3.21
from hybrid 3.23in vivo (Figure 3.6 C). Inhibition of DPAP1 was not observed with
trioxolane3.22, which indicates that the toxic effects of the trioxolane ringhaloalter
the levels of DPAP1 activity for at least 6 h. As expectgtyriti control3.24 does not
inhibit DPAP1 even after 6 h, whil.21 inhibited all DPAP activity including at the
shortest time point of 30 min. However, hyb®®3 inhibited DPAP1 in a time-
dependent manner, with complete inhibition observed at 3 h. These inhlbitetics
are consistent with a slow release of inhibBa1 from fragmenting hybric8.23 Based
on the second order rate constant for inhibition of DPAP3.®¥in vitro (k, = 10200 M
s1), the half-life for the release of inhibit8r21 from hybrid3.23in vivo was estimated
to be ~1.5 h (Table 3.5), which is sufficiently short to be useful in anti-malaeiay.
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Figure 3.6. Validation of fragmenting hybrid strategy in live parasites. (A) DPAP1
activity of labeled by FY01 tag. (B) Parasitemi&irfalciparumring stage parasites.
EC5Q, values are reported in Table 3.5. (C) Kinetics of DPAP1 inhibitiosvo.
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Conclusions

Homology modeling of DPAP1 with cathepsin C and computational docking were
used to design non-peptidic irreversible inhibitors of DPAP1. Tleseputational
methods resulted in the optimization and improvement of initie8.kit Numerous non-
peptidic inhibitors were active againBt falciparumat low nanomolar concentrations.
Our data shows a correlation between DPAPL1 inhibition and padesith, suggesting
that these inhibitors are not killing parasites by nonspecific titects. We identified a
lead inhibitor that is cell permeable, stable in mouse serumgiaplhys low toxicity in
HFF cells. Additionally, our results validate DPAP1 as a viable anti-rablarget.

To sustain inhibitionn vivo, a novel fragmenting hybrid approach was developed
to deliver artemisinin-like activity with our lead DPAP1 inhibit821l An iron(ll)-
reactive 1,2,4-trioxolane ring system was employed as the fgaragjeting moiety and a
masked retro-Michael linker to result in hybrid fragmentation pv&imination. This
strategy is able to slowly release inhibitay,(t 1.5 h) and sustain DPAP1 inhibition in
P. falciparumparasites. The slow release of the second anti-malariat &21) is
similar to front-line ACT drugs that combine a slow acting dmigh artemisinin.
Optimistically, malarial targets that require inhibition for houos efficiently block
parasite development can be efficiently impaired with the sklease of a secondary
anti-malarial agent via a fragmenting hybrid approach.

Experimental

General methods for synthesizing inhibitors and intermediags. Unless
otherwise noted, all chemicals were obtained from commercial istpppnd used
without further purification. K)-tert-Butanesulfinamide andSf-tert-Butanesulfinamide
were provided by AllyChem Co. Ltd (Dalian, China). Anhydrous THF,@H EO,
and toluene were obtained from Seca Solvent Systems by GlassCantowere dried
over alumina under a nitrogen atmosphere, RRGEtN was distilled under Nfrom
CaH, immediately prior to use. Reaction progress was monitoraty ukin-layer
chromatography on Merck 60,4z 0.25 um silica plates. High-performance liquid
chromatography (HPLC) analysis was performed with a Cl&sevwphase column (4.6 x
100 mm) with UV detection at 220, 254, and 280 nm. Reaction progresaandsred
using thin-layer chromatography on Merck 6@s,F0.25 um silica plates. Liquid
chromatography-mass spectrometry (LC/MS) data were obtairsgug a Hewlett
Packard 1100 series liquid chromatography instrument and mastvsetistector. *H
and*C NMR spectra were measured with Bruker AVB-400 and AVQ-#8€iments.
NMR chemical shifts are reported in ppm downfield relative tartternal solvent peak,
and coupling constants are reported in Hz. High-resolution massaspd&MS) were
performed by the University of California at Berkeley Mass Spectirgriacility.

70



0]

e

3.28

Synthesis of 1-cyclopentylethanone (3.28)-Cyclopentylethanol was oxidized
to the corresponding ketone under Swern conditions. Oxalyl chloride (3.74 mL, 39.3
mmol) was dissolved in 98.0 mL of GEl,, and the solution was cooled in a -78 °C bath.
DMSO (4.60 mL, 65.5 mmol) was added, and the solution was stirred for 15Lmin.
Cyclopentylethanol (2.50 g, 13.1 mmol) was added dropwise as a solution imL262
CH.Cl,, and the solution was stirred for 30 min at -78 °C. sNH.0 mL, 72.1 mmol)
was added, and the solution was stirred for an additional 20 min8 &C- The solution
was allowed to warm to rt over 10 min, angCHwvas added (180 mL). The organic layer
was removed, and the aqueous layer was extracted witlCICKB x 200 mL). The
combined organic layers were washed with 1.0 M HCI (2 x 400 mL) and (d®@emL),
dried with magnesium sulfate, filtered, and concentrated. Ratrdit by silica gel
chromatography (9:1 pentanei@) provided the desired product in quantitative yield.
'H NMR corresponds to previously reported ddtdH NMR (400 MHz, CDCJ): & 1.53-
1.80 (m, 8H), 2.10 (s, 3H), 2.77- 2.85 (m, 1HC NMR (100 MHz, CDG): § 26.1,
28.8, 28.9, 52.3, 211.4.

Synthesis of Sulfinyl Protected Amino Alkynes 3.29

Li————TMS
O 0 R, AlMe,, toluene
g aldehyde or ketone I 78 °C to rt
SO - S — —
>‘ NH, > hﬁ ‘NOR, >
TMS
0 It TBAF, THF o /T\
I
"TNSR SRR
>‘ H R4 2 >rr H R4 2
3.29

General Procedure A: Synthesis ofert-butanesulfinyl imines 3.29. A general
procedure for the synthesis bEtert-butanesulfinyl imines previously reported in the
literature was followed for many of the intermediates. A 0.50 M THF solution of
aldehyde or ketone (1.10 — 2.00 equiejt-butanesulfinamide (1.00 equiv), and Ti(QEt)
(4.00 equiv) was added to a round-bottom flask fitted with a stirTdeg solution was
stirred with heating to refluxing temperatures until the reactwas complete as
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monitored by thin-layer chromatography (1:1 hexanes:EtOAc). niikure was cooled
immediately to rt upon completion. The mixture was poured into an eglahne of
saturated aqueous sodium bicarbonate with rapid stirring. Theimgssiispension was
filtered through a plug of celite, and the filter cake washed with EtOAc. The filtrate
was transferred to a separatory funnel, and the organic lagewashed with brine. The
brine layer was extracted once with EtOAc, and the combineahmrgortions were
dried with sodium sulfate, filtered, and concentrated.

}AN@

3.30

Synthesis of sulfinyl imine 3.30. General procedure A was followed with 1-
phenylpropan-2-oné2.20 mL, 16.5 mmol), racemiert-butanesulfinamide (2.0 g, 16.5
mmol), Ti(OEt) (13.9 mL, 66.1 mmol) and 135 mL of THF. Purification via silica gel
chromatography (7:3 hexane:EtOAc) afforded Masulfinyl ketimine in 64% yield as a
~4:1 mixture of rotamers b{H NMR. *H NMR (400 MHz, CDCJ): & Major rotamer:
1.12 (s, 9H), 2.17 (s, 3H), 3.66-3.76 (m, 2H), 7.26-7.34 (m, 5H).

3.31

Synthesis of sulfinyl imine 3.31. A general procedure that was previously
reported in the literature was follow&dTo a solution of racemitert-butanesulfinamide
(0.200 g, 1.67 mmol) in 2.8 mL GBI, was added pyridiniunpara-toluenesulfonate
(0.02 g, 0.08 mmol)magnesium sulfate (1.0 g, 8.35 mmol), and phenylacetaldehyde
(0.60 mL, 5.0 mmol). The resulting mixture was stirred for 24 h. mhaure was
filtered through a pad of celite and washed with 75 mL 0@ The solution was dried
with sodium sulfate, filtered, and concentrated. Purification weidca gel
chromatography (8:2 hexane:EtOAc) afforded Mhsulfinyl aldimine in 65% vyield'H
NMR (400 MHz, CDC¥): 6 1.19 (s, 9H), 3.79-3.89 (m, 2H), 7.14-7.38 (m, 5H), 8.12-
8.16 (t, 1H,J = 5.6 Hz);**C NMR (100 MHz, CDG)): § 22.4, 42.6, 56.9, 127.1, 128.8,

129.2, 134.7, 167.4.
(0]
>‘ﬁ§\N/J\/\

3.32

Synthesis of sulfinyl imine 3.32. General procedure A was followed with
pentan-2-one (0.88 mL, 8.3 mmol), racertedt-butanesulfinamide (1.00 g, 8.3 mmol),
Ti(OEt); (6.92 mL, 33.0 mmol) and 65 mL of THF. Purification via silicd ge
chromatography (7:3 hexane:EtOAc) afforded Khsulfinyl ketimine in 77% vyield'H
NMR (400 MHz, CDCJ): 6 0.84-0.88 (t, 3HJ = 7.2), 1.18 ( s, 9H), 1.52-1.60, (m, 2H),
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2.23 (s, 3H), 2.28-2.38 (m, 2HYC NMR (100 MHz, CDGJ): § 13.7, 19.0, 22.1, 23.0,
45.5, 56.2, 185.5.

3.33

Synthesis of sulfinyl imine 3.33. General procedure A was followed with
heptan-4-one (0.67 mL, 8.3 mmol), racertedt-butanesulfinamide (1.00 g, 8.3 mmol),
Ti(OEt), (6.92 mL, 33.0 mmol) and 65 mL of THF. Purification via silical g
chromatography (7:3 hexane:EtOAc) afforded Misulfinyl ketimine as a pale yellow
oil in 58% yield.*H NMR (400 MHz, CDC}): & 0.84-0.89 (m, 6H), 1.28 ( s, 9H), 1.55-
1.62, (m, 4H), 2.29-2.39 (m, 2H), 2.53-2.68 (m, 2HE NMR (100 MHz, CDGJ): &
13.9,14.4,19.1, 21.1, 22.4, 38.6, 43.0, 56.3, 188.8.

9 NBoc
>

3.34
Synthesis of sulfinyl imine 3.34. General procedure A was followed with the
commercially available 1-Boc-4-piperidone(Sigma-Aldrich, St. LoMS)) (1.8 g, 9.1
mmol), racemictert-butanesulfinamide (1.00 g, 8.3 mmol), Ti(OE(B.5 mL, 13.5
mmol) and 33 mL of THF. Purification via silica gel chroaggaphy (7:3
hexane:EtOAc) afforded thM-sulfinyl ketimine in 41% vyield'H NMR (400 MHz,
CDCl): 6 1.21 (s, 9H), 1.41 (s, 9H), 2.47-2.49 (m, 2H), 2.78-2.81 (m, 1H), 3.02-3.09 (m,

1H), 3.50-3.70 (m, 4H).
Q
S.. ~
>[“ NJ\
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3.35

Synthesis of sulfinyl imine 3.35. General procedure A was followed with 4-
(trimethylsilyl)but-3-yn-2-one (2.90 g, 20.6 mmol), racena@d-butanesulfinamide (2.50
g, 20.6 mmol), Ti(OEt) (15.1 mL, 72.2 mmol) and 144 mL of THF. Purification via
silica gel chromatography (7:3 hexane:EtOAc) afforded\lseilfinyl ketimine as a pale
yellow oil in 35% yield."H NMR (400 MHz, CDCJ): & 0.13 (s, 9H), 1.20 ( s, 9H), 2.31
(s, 3H). **C NMR (100 MHz, CDGJ): 6 -0.4, 22.2, 29.3, 57.2, 98.1, 110.1, 162.4.
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3.36

Synthesis of sulfinyl imine 3.36.General procedure A was followed with 1-
cyclopentylethanone(1.02 g, 9.10 mmol), racemiert-butanesulfinamide (1.0 g, 8.3
mmol), Ti(OEt), (6.90 mL, 33.0 mmol) and 65 mL of THF. Purification via silica gel
chromatography (7:3 hexane:EtOAc) afforded Mhsulfinyl ketimine in 75% vyield'H
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NMR (400 MHz, CDCY): & 1.22 ( s, 9H), 1.56-1.84 (m, 8H), 2.29 (s, 3H), 2.70-2.77 (m,
1H).

Synthesis of sulfinyl imine 3.37.General procedure A was followed with 1-
cyclopentylethanong1.00 g, 9.1 mmol),R)-tert-butanesulfinamide (1.00 g, 8.3 mmol),
Ti(OEt); (6.90 mL, 33.0 mmol) and 65 mL of THF. Purification via silicd ge
chromatography (7:3 hexane:EtOAc) afforded Mhsulfinyl ketimine in 78% vyield'H
NMR (400 MHz, CDCJ): 6 1.19 ( s, 9H), 1.51-1.78, (m, 8H), 2.26 (s, 3H), 2.71-2.76 (m,

1H).
Q

3.38
Synthesis of sulfinyl imine 3.38. General procedure A was followed with 1-
cyclopentylethanong1.00 g, 9.1 mmol),§-tert-butanesulfinamide (1.00 g, 8.3 mmol),
Ti(OEt); (6.90 mL, 33.0 mmol) and 65 mL of THF. Purification via silicd ge
chromatography (7:3 hexane:EtOAc) afforded Khsulfinyl ketimine in 71% vyield'H
NMR (400 MHz, CDC}): & 1.19 ( s, 9H), 1.51-1.71 (m, 8H), 2.26 (s, 3H), 2.68-2.76 (m,
1H); **C NMR (100 MHz, CDGJ): 6 22.3, 25.7, 30.0, 30.2, 52.4, 56.4, 188.1.

General Procedure B: Synthesis of trimethylsilyl protectd alkynes. To a
0.86 M toluene solution dtrimethylsilyl)ethyne (3.5 equiv) at -78 °C in a 250 mL flask
fitted with a stir bar was added butyllithium (2.2 equiv, as a 2.5 Mtisal in hexanes).
The resulting solution was stirred for 15 min at -78 °C. In a agpdr00 mL round-
bottom flask, a 0.35 M toluene solutionMfsulfinyl imine (1.0 equiv) was cooled 168
°C. A freshly prepared 1.0 M toluene solution ofs®le(1.2 equiv) was slowly added to
the imine solution via cannula and the solution was stirred for 10 miaut@8 °C (for
addition to racemic imines, Mal was not used, and the imine was instead simply
dissolved in toluene). The resulting solution was then slowly addéeé kynyllithium
solution via cannula, and stirring was continued at -78 °C for 2 le. sdlution was then
allowed to warm to rt over 12 h. The mixture was cooled in awater bath. Saturated
aqueous sodium sulfate was added dropwise until gas was no longer evolved upon
addition. The resulting mixture was transferred to a separ&tonel and the organic
layer was removed. The aqueous layer was extracted withdE(@®A 50 mL). The
combined organic layers were dried with sodium sulfate, filtemad, concentrated. To
hydrolyze the unreacted-sulfinyl imine, the crude material was dissolved in;OH
and a 1 M aqueous solution of gEO,H (2:1 ratio) was added followed by stirring at
room temperature for 8 h. The mixture was then concentratechtiveethe CHOH, and
brine was added. The resulting aqueous mixture was then extratheBt@Ac (3 x 50
mL), dried with sodium sulfate, filtered, and concentrated.
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Synthesis of sulfinamide 3.39. General Procedure B was followed using
(trimethylsilyl)ethyne (11.40 mL, 36.3 mmol), butyllithium (9.50 mL, 22.8 ohr2.5 M
in hexanes), and ketimir@30 (2.46 g, 10.4 mmol) in 64.8 mL total volume of toluene.
Purification by silica gel chromatography (5:1 hexane:EtOAffprded the pure
propargyl sulfinamide in 35% yieldH NMR (400 MHz, CDCJ): 6 0.17 (s, 9H), 1.26 (s,
9H), 1.46 (s, 3H), 2.99-3.09 (m, 2H), 3.34 (s, 1H), 7.28-7.35 (m, 58)NMR (100
MHz, CDCk): 6 -0.0, 22.7, 28.8, 49.8, 54.1, 56.2, 90.1, 108.1, 127.3, 128.2, 131.3, 135.7.

T™S

3.40

Synthesis of sulfinamide 3.40 General Procedure B was followed using
(trimethylsilyl)ethyne (6.30 mL, 20.3 mmol), butyllithium (5.10 mL, 12.&hah, 2.5 M
in hexanes), and ketimin&32 (1.10 g, 5.8 mmol) in 36 mL total volume of toluene.
Purification by silica gel chromatography (5:1 hexane:EtOAffprded the pure
propargyl sulfinamide in 80% yieldH NMR (400 MHz, CDC)): § 0.11 (s, 9H), 0.88-
0.92, (t, 3H,J = 7.2), 1.22 (s, 9H), 1.55 (s, 3H), 1.59-1.69 (m, 2H), 1.71-1.87 m, 2H),
4.19 (s, 1H)*C NMR (100 MHz, CDGJ): § 0.1, 14,3, 18.1, 22.7, 29.8, 45.5, 54.3, 56,3,

88.4, 108.7.
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3.41

Synthesis of sulfinamide 3.41. General Procedure B was followed using
(trimethylsilyl)ethyne (4.80 mL, 15.4 mmol), butyllithium (3.90 mL, 9.7 an2.5 M in
hexanes), and ketiming.33 (0.95 g, 4.4 mmol) in 27 mL total volume of toluene.
Purification by silica gel chromatography (5:1 hexane:EtOAffprded the pure
propargyl sulfinamide as a white solid in 80% yield.NMR (400 MHz, CDCJ): § 0.11
(s, 9H), 0.89-0.93 (t, 6H] = 7.2), 1.22 (s, 9H), 1.34-1.47 (m, 4H), 1.55-1.69 (m, 2H),
1.70-1.79 (m, 2H), 3.82 (s, 1HY*C NMR (100 MHz, CDGJ): § 0.1, 14.4, 17.7, 17.7,
21.2,22.8,43.3, 43.8, 56.5, 58.7, 89.9, 107.3.
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3.42

Synthesis of sulfinamide 3.42 General Procedure B was followed using
(trimethylsilyl)ethyne (6.70 mL, 21.2 mmol), butyllithium (5.70 mL, 14.8ah, 2.5 M
in hexanes), and ketimin&36 (1.30 g, 6.1 mmol), in 38 mL total volume of toluene.
Purification by silica gel chromatography (5:1 hexane:EtOAaiforded the
diastereomerically pure propargyl sulfinamide as a white solié4Ps yield.*H NMR
(400 MHz, CDC}): 6 0.13 (s, 9H), 1.22 (s, 9H), 1.47 (s, 3H), 1.50-1.89 (m, 8H), 2.20-
2.24 (m, 1H), 3.79 (s, 1H}*C NMR (100 MHz, CDGJ): 6 0.1, 22.6, 26.1, 26.5, 28.2,
28.3, 28.6, 50.5, 56.5, 57.8, 88.8, 107.5.
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3.43

Synthesis of sulfinamide 3.43. General Procedure B was followed using
(trimethylsilyl)ethyne (3.20 mL, 23.5 mmol), butyllithium (5.90 mL, 14./hah, 2.5 M
in hexanes), ketimin&.37(1.45 g, 6.7 mmol), and Mal (1.60 mL, 8.2 mmol) in 54 mL
total volume of toluene. Purification by silica gel chromatogyafhl hexane:EtOAc)
afforded the diastereomerically pure propargyl sulfinamidevalsite solid in 73% yield.
'H NMR (400 MHz, CDCJ): 6 0.13 (s, 9H), 1.22 (s, 9H), 1.45 (s, 3H), 1.50-1.87 (m,
8H), 2.16-2.20 (m, 1H), 3.78 (s, 1H).

WS N W
H

3.44
Synthesis of sulfinamide 3.44 General Procedure B was followed using
(trimethylsilyl)ethyne (3.20 mL, 23.5 mmol), butyllithium (5.90 mL, 14./hab, 2.5 M
in hexanes), ketimin®.38(1.45 g, 6.7 mmol), and Mal (1.60 mL, 8.2 mmol) in 54 mL
total volume of toluene. Purification by silica gel chromatogyafihl hexane:EtOAc)
afforded the diastereomerically pure propargyl sulfinamidevelsite solid in 70% yield.
'H NMR (400 MHz, CDC)): & 0.13 (s, 9H), 1.21 (s, 9H), 1.47 (s, 3H), 1.49-1.87 (m,
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8H), 2.18-2.21 (m, 1H), 3.78 (s, 1HC NMR (100 MHz, CDGJ): § 0.1, 22.8, 26.1,
26.3, 28.2, 28.3, 28.7, 50.5, 56.4, 57.8, 88.8, 107.8.
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Synthesis of sulfinamide 3.45.A previously reported literature procedure was
followed>” In a 3-neck reaction flask equipped with a reflux condenser, rsiagme
turnings (2.70g, 110 mmol) were flame dried with catalytic amoahis and then 27
mL of EtO was added. A solution of 2-(2-bromoethyl)-1,3-dioxane (5.0 mL, 36.9 mmol)
in 12 mL of EO was added dropwise to the magnesium mixture via canula. Tapreve
refluxing, the reaction mixture was periodically cooled in a rtewd®ath. After the
addition was complete, the reaction mixture was stirred forailrh The solution was
then transferred via canula filtration to a separate flagkrtwove the excess magnesium
and the solution was cooled to -48 °C. A solution of ketirBi88 (1.0 g, 4.1 mmol) in 4
mL of THF was added dropwise to the Grignard solution via canulee sélution was
stirred for 10 h at -48 °C and then was slowly warmed to rt. Thetioeavas quenched
with saturated aqueous NEI, and the resulting mixture was extracted withCE(3 x 50
mL). The combined organic extracts were dried with sodium teulfélitered, and
concentrated. The crude product was purified by silica gel citography (2:1
hexanes:EtOAc to 100% EtOAc) to yield the pure product in 33% VidldNMR (400
MHz, CDCk): 6 1.14 (s, 9H), 1.17 (s, 9H), 1.28-1.32, (m, 2H), 1.45 (s, 3H), 1.75-1.89
(m, 4H), 3.39 (s, 1H), 3.69-3.71 (m, 2H), 4.04-4.41 (m, 2H), 4.53-4.55 (m, ‘3€l);
NMR (100 MHz, CDC)): 6 0.1, 14.4, 22.7, 25.9, 29.5, 30.6, 37.3, 53.9, 56.1, 67.0, 88.8,

102.0, 108.2.
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Synthesis of pyrrolidine3.46. A general procedure that was previously reported
in the literature was followed. Sulfinamide3.45 (0.50g, 1.4 mmol) dissolved in 14 mL
of 95:5 TFA:HO. After stirring for 30 min, B6iH (2.20 mL, 14.0 mmol) was added to
the reaction mixture and then stirred vigorously for 24 h. The reactxture was
concentrated and purified by silica gel chromatography 20:1:0,Cig8@H;OH:NH,OH
to afford pure product in 96% yieldH NMR (400 MHz, CDGJ): & 0.13 (s, 9H), 1.66 (s,
3H), 1.98-2.13 (m, 2H), 2.19-2.28 (m, 2H), 3.33-3.42 (m, 2£0; NMR (100 MHz,
CDCl): 6-0.1, 22.8, 24.5, 39.3, 44.1, 60.8, 92.3, 102.0.
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General Procedure C: Trimethylsilyl deprotection A 0.1 M THF solution of
trimethylsilyl protected alkyne (1.0 equiv) was cooled in avi@ater bath, and then
tetrabutylammonium fluoride (3.0 equiv) was added. The solution wasdstor 3 h at rt
and then poured into saturated aqueoug@idolution with rapid stirring. The resulting
mixture was extracted with £2 (3 x 100). The combined organic extracts were dried
with sodium sulfate, filtered, and concentrated.
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3.47
Synthesis of sulfinamide 3.47 General Procedure C was followed usiBd39
(0.92 g, 2.70 mmol) and tetrabutylammonium fluoride (2.75 g, 8.1 mmol). Purification by
silica gel chromatography (1:1 hexanes:EtOAc) gave the pure praslactvhite solid in
98% yield."H NMR (400 MHz, CDCJ): & 1.20 (s, 9H), 1.37 (s, 3H), 2.58 (s, 1H), 3.03
(d, 1H,J=13.2), 3.14 (d, 1HJ= 13.2), 7.30-7.39 (m, 5H).
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3.48

Synthesis of 3.48General Procedure B was followed using (trimethylsilyl)ethyne
(2.2 mL, 3.9 mmol), butyllithium (0.96 mL, 2.40 mmol, 2.5 M in hexanes), nd
sulfinyl imine 3.31(0.24 g, 1.1 mmol) in 6.9 mL total volume of toluene. Purification by
silica gel chromatography (5:1 hexane:EtOAc) afforded the pggpaulfinamide in
76% yield.

Following procedure C, the resulting sulfinamide (~0.30 g, 0.80 mmol) was
directly treated with tetrabutylammonium fluoride (0.80 g, 2.50 mmaljifiBation by
silica gel chromatography (1:1 hexanes:EtOAc) gave the pure priod8286 yield.'H
NMR (400 MHz, CDC}): 6 1.14 (s, 9H), 2.46 (s, 1H), 3.03-3.05 (apparent d,J2H6.8
Hz), 3.37 (m, 1.0 H), 4.24-4.30 (m, 1H), 7.22-7.30 (m, 58 NMR (100 MHz,
CDCl): 6 22.6, 43.3, 49.0, 56.5, 74.3, 83.3, 127.2, 128.5, 130.0, 136.4.

3.49

Synthesis of sulfinamide3.49 General Procedure C was followed ustd0
(0.58 g, 2.0 mmol) and tetrabutylammonium fluoride (1.89 g, 6.0 mmol).i¢adidn by
silica gel chromatography (1:1 hexanes:EtOAc) gave the pocugr as a mixture of
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diastereomers as a white solid in 87% yiétld.NMR (400 MHz, CDCJ): & 0.90-0.97
(m, 3H), 1.20 (s, 9H), 1.51 (s, 3H), 1.64-1.72 (m, 4H), 2.43 (s, 1H), 3.55 (s, 1H).
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3.50
Synthesis of sulfinamide 3.50.General Procedure C was followed usthgl
(2.00 g, 3.1 mmol) and tetrabutylammonium fluoride (2.90 g, 9.2 mmol).i¢adidh by
silica gel chromatography (1:1 hexanes:EtOAc) gave the pure prasiactvhite solid in
78% yield."H NMR (400 MHz, CDC}): & 0.87-0.89 (m, 6H), 1.33 (s, 9H), 1.41-1.50 (m,
4H), 1.60-1.75 (m, 4H), 2.41 (s, 1H), 3.20 (s, 1% NMR (100 MHz, CDGJ): § 14.3,
17.6, 22.7, 43.5, 56.3, 57.8, 73.6, 85.7.

3.51
Synthesis of sulfinamide 3.51.General Procedure C was followed using alkyne
3.42 (0.65 g, 1.90 mmol) and tetrabutylammonium fluoride (1.81 g, 5.8 mmol).
Purification by silica gel chromatography (1:1 hexanes:EtQyase the pure product as
a white solid in 80% yield'H NMR (400 MHz, CDCJ): & 1.17 (s, 9H), 1.45 (s, 3H),
1.50-1.72 (m, 8H), 2.11-2.24 (m, 1H), 2.46 (s, 1H), 3.27 (s, 1H).

3.52
Synthesis of sulfinamide 3.52.General Procedure C was followed ustg3
(2.47 g, 4.70 mmol) and tetrabutylammonium fluoride (4.45 g, 14.1 mmol). Rtiofic
by silica gel chromatography (1:1 hexanes:EtOAc) gave thegnoduct as a white solid
in 89% vyield.'H NMR (400 MHz, CDCJ): § 1.18 (s, 9H), 1.46 (s, 3H), 1.50-1.72 (m,
8H), 2.07-2.23 (m, 1H), 2.44 (s, 1H), 3.27 (s, 15¢ NMR (100 MHz, CDGJ): § 22.8,
25.8, 26.1, 27.9, 28.2, 28.5, 50.5, 56.1, 56.8, 72.8, 85.6.
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3.53

Synthesis of sulfinamide 3.53.General Procedure C was followed ustg4
(2.47 g, 4.70 mmol) and tetrabutylammonium fluoride (4.45 g, 14.1 mmol). Rtiofic
by silica gel chromatography (1:1 hexanes:EtOAc) gave thegmaduct as a white solid
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in 96% yield."H NMR (400 MHz, CDCY): § 1.17 (s, 9H), 1.47 (s, 3H), 1.51-1.72 (m,
8H), 2.07-2.23 (m, 1H), 2.46 (s, 1H), 3.27 (s, 1HE NMR (100 MHz, CDGJ): § 22.5,
25.8, 25.9, 27.8, 28.0, 28.3, 50.3, 55.9, 56.6, 72.7, 85.7.
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3.54

Synthesis of sulfinamide 3.54 General Procedure B was followed using
(trimethylsilyl)ethyne (3.30 mL, 10.5 mmol), butyllithium (2.6 mL, 6.6 oip2.5 M in
hexanes), and ketimind.34 (1.0 g, 3.4 mmol) in 21 mL total volume of toluene.
Purification by silica gel chromatography (5:1 hexane:EtOAfiprded the pure
propargyl sulfinamide in 59% yield.

Following procedure C, the resulting sulfinamide (0.8 g, 1.9 mmol) wastiyi
treated with tetrabutylammonium fluoride (1.8 g, 5.7 mmol). Purificaliprsilica gel
chromatography (1:1 hexanes:EtOAc) gave the pure product in 9486 AeNMR (400
MHz, CDCk): 6 1.18 (s, 9H), 1.46 (s, 9H), 1.50-1.72 (m, 2H), 1.70-1.96 (m, 2H), 2.44 (s,
1H), 3.05-3.15 (m, 2H), 3.30 (bs, 1H), 3.95 (bs, 2H).

0 4

7Lo)L \

3.55
Synthesis of alkyne 3.55 Alkyne 3.46 was Boc-protected according to a
standard procedur&. General Procedure C was followed using Boc prote®i46¢0.12
g, 0.44 mmol) and tetrabutylammonium fluoride (0.41 g, 1.31 mmol). Purificagon b
silica gel chromatography (1:1 hexanes:EtOAc) gave the pure priod8886 yield.'H
NMR (400 MHz, CDC)): 6 1.49 (s, 9H), 1.60 (s, 3H), 1.77-2.05 (m, 2H), 2.10-2.27 (m,
2H), 3.38 (m, 2H).

Synthesis of Aryloxy and Acyloxy Methyl Inhibitors
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O alkyne, Na ascorbate

N3 O. CUSO4 5H20 PG
R H,O : t-BuOH (1:1), rt HN N=N O

Y
2L
&
X
=
s
py)

PG = Boc or sulfinyl
3.57a-b

4 M HCl/dioxane \ F
» Ry N\ _N o. R=
EZ”& E)Jv R & F ég\,;@
F O
F
a b

General Procedure D: Synthesis of amines via deprotectionTo a 0.15 M
CH3OH solution of alkyne (1.0 equiv), was added HCI as a 4.0 M 1,4-dioxankosol
(3-10 equiv). The solution was stirred at rt for 2 h and was theoentrated to afford
product.

General Procedure E: Copper(l)-catalyzed 1,2,3-triazole formatin. The
procedure for the synthesis of ketoes7a-bfrom the racemie-azido ketone8.56a-b
was adapted from a previous literature report, and ket8ri#8a-b were synthesized
according to the published methtd. To a 0.25 M 1:1 KO/-BuOH solution of azido-
aryloxy methyl ketone3.56a-b (1.0 equiv) and protected amino alkyne (1.0 equiv), was
added a freshly prepared 1.0 M aqueous solution of sodium ascorbate (1.0 efuiv)
freshly prepared 0.3 M aqueous solution of copper(ll) sulfate pgdrite (0.1 equiv)
was added to the reaction mixture, which was vigorously stirrethigir. The reaction
mixture was diluted with 10 mL of water and then was extractéld @H.Cl, (3 x 10
mL). The organic layer was washed with brine (15 mL), dried sedium sulfate,
filtered, and concentrated under reduced pressure. The crude pnadupurified by
flash chromatography (7:3 hexanes:EtOAc) to afford the desiredugt as a ~ 1:1
mixture of epimers at the stereocenter alpha to the ketone.

HoN N:[\\j 0 F
MN 0 F
H
F
F
3.6
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Synthesis of inhibitor 3.6 The commercially available but-3-yn-2-amide (J&W
PharmLab, Levittown, PA) was Boc-protected according to standarddpmesé and
General Procedure E was followed using azido-aryloxy medbtgne3.56a(0.070 g,

0.36 mmol),tert-butyl but-3-yn-2-ylcarbamate (0.06 g, 0.36 mmol) in 1.44 mL of 1:1
H,O/t-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.36 mL, 0.36 mmol), and
0.3 M aqueous solution of copper(ll) sulfate pentahydrate (0.12 mL, 0.03@).mm
Purification by flash chromatography afforded the desired product in #ébo y

The Boc-protected triazole product (0.045 g, 0.09 mmol) was direedied with
HCl as a 4.0 M solution in 1,4-dioxane (0.21 mL, 0.90 mmol). The solutiontimes sat
rt for 2 h and was then concentrated to afford the crude product, whglpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,0 0.1% TFA,

5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coandime

the CHCN was evaporated. The resulting aqueous solution was extracte €k Cl,,

dried with NaSQ,, filtered, and concentrated to yield thesCB,;H salt of inhibitor2.6

in 74% yield. '"H NMR (400 MHz, CDGJ): & 0.83-0.94 (m, 3H), 1.14-1.36 (m, 4H), 1.71
(m, 3H), 1.98-2.03 (m, 1H), 2.25-2.29 (m, 1H), 4.70-4.73 (m, 1H), 4.91-5.01 (m, 2H),
5.71-5.75 (m, 1H), 6.78-6.86 (m, 1H), 8.01 (s, 1H). LRMS calculated fof MH
C17H20FsN4O5, 389.2, found 389.0 and M|'C17H21F4N4O4 (hydrate), 406.2, found 407.0.

3.7

Synthesis of inhibitor 3.7 The commercially available 2-methylbut-3-yn-2-
amine (Aldrich, St. Louis, MO) was Boc-protected according tadstal procedures,
and General Procedure E was followed using azido-aryloxy mietthghe3.56a(0.08 g,
0.40 mmol) tert-butyl (2-methylbut-3-yn-2-yl)carbamate (0.07 g, 0.40 mmol) in 1.58 mL
of 1:1 HOA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.40 mL, 0.40 mmol,
and 0.3 M aqueous solution of copper(ll) sulfate pentahydrate (0.13 mL, @n@f).m
Purification by flash chromatography afforded the desired product in &éo y

The Boc-protected triazole product (0.044 g, 0.08 mmol) was direedietd with
HCl as a 4.0 M solution in 1,4-dioxane (0.20 mL, 0.80 mmol). The solution el st
rt for 2 h and was then concentrated to afford the crude product, whglpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,O 0.1% TFA,
5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coandime
the CHCN was evaporated. The resulting aqueous solution was extracte € Cl,,
dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.7
in 78% yield. *H NMR (400 MHz, CROD): & 0.84-0.89 (m, 3H), 1.10-1.35 (m, 4H),
1.74 (s, 3H), 1.76 (s, 3H), 5. 5.18 (s, 2H), 5.80-5.83 (m, 1H), 7.11-7.19 (m, 1H), 8.27 (s,
1H). Diastereomeric Cf®D hemiacetal adducts equilibrate with the ketone product. The
extent of hemiacetal formation depends on the amount of TFA and #eftimcubation
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in CDsOD (see'H NMR spectrum). Peaks corresponding to the ketone but not the
hemiacetal are listed here. LRMS calculated for MitH22F4N4O,, 402.2, found 402.1
and MI—F C18H24F4N403 (hydrate), 420.2, found 420.1.

H,N NN O F

°,
o,
‘.

3.14

Synthesis of inhibitor 3.14 (§-2-cyclohexylbut-3-yn-2-amine was prepared
according to a previous literature procedifrand was subsequently Boc-protected
according to a standard procedfireGeneral Procedure E was followed using azido-
aryloxy methyl keton&.56a(0.08 g, 0.42 mmol),§)-tert-butyl (2-cyclohexylbut-3-yn-2-
yl)carbamate(0.10 g, 0.42 mmol) in 1.65 mL of 1:1,84-BuOH, 1.0 M aqueous
solution of sodium ascorbate (0.42 mL, 0.42 mmol, and 0.3 M aqueous solution of
copper(ll) sulfate pentahydrate (0.14 mL, 0.04 mmol). Purification k@ashf
chromatography afforded the desired Boc triazole product in 54% yield.

The Boc-protected triazole product (0.056 g, 0.10 mmol) was direetetd with
HCl as a 4.0 M solution in 1,4-dioxane (0.25 mL, 1.0 mmol). The solution tweedsat
rt for 2 h and was then concentrated to afford the crude product, whelpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,O 0.1% TFA,

5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coanéirte

the CHCN was evaporated. The resulting aqueous solution was extratcke@kgCly,

dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.14

in 80% yield. *H NMR (400 MHz, CROD): & 0.85-0.89 (m, 3H), 0.91-1.12 (m, 4H),
1.25-1.42 (m, 5H), 1.49-1.52 (m, 1H), 1.68 (s, 3H), 1.69-1.84 (m, 4H), 1.92-1.95 (m,
1H), 2.12-2.21 (m, 1H), 2.32-2.38 (m, 1H), 5.17-5.19 (m, 2H), 5.80-5.83 (m, 1H), 6.92-
6.97 (m, 1H), 8.26 (s, 1H). Diastereomeric LLID hemiacetal adducts equilibrate with
the ketone product. The extent of hemiacetal formation depends on toetaoh TFA

and the time of incubation in GDD (see’H NMR spectrum). Peaks corresponding to
the ketone but not the hemiacetal are listed here. LRMS cadufar MH
Co3H3gF4aN4O,, 471.2, found 471.1.

3.15
Synthesis of inhibitor 3.15 (R)-2-cyclohexylbut-3-yn-2-amine was prepared
according to a previous literature proceduend was subsequently Boc-protected
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according to a standard procedfireGeneral Procedure E was followed using azido-
aryloxy methyl ketone3.56a(0.08 g, 0.42 mmol),R)-tert-butyl (2-cyclohexylbut-3-yn-
2-yl)carbamateg(0.10 g, 0.42 mmol) in 1.65 mL of 1:1,84-BuOH, 1.0 M aqueous
solution of sodium ascorbate (0.42 mL, 0.42 mmol, and 0.3 M aqueous solution of
copper(ll) sulfate pentahydrate (0.14 mL, 0.04 mmol). Purification @ashf
chromatography afforded the desired product in 52% yield.

The Boc-protected triazole product (0.051 g, 0.09 mmol) was direetetd with
HCl as a 4.0 M solution in 1,4-dioxane (0.22 mL, 0.90 mmol). The solution imeesl st
rt for 2 h and was then concentrated to afford the crude product, whglpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,O 0.1% TFA,
5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coanéirte
the CHCN was evaporated. The resulting aqueous solution was extratcke@kgCly,
dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.15
in 70% yield.*H NMR (400 MHz, CROD): § 0.83-0.87 (m, 3H), 1.00-1.14 (m, 4H),
1.30-1.39 (m, 5H), 1.48-1.52 (m, 1H), 1.63 (s, 3H), 1.68-1.77 (m, 4H), 1.80-1.86 (m,
1H), 2.00-2.08 (m, 1H), 2.19-2.25 (m, 1H), 5.00-5.09 (m, 2H), 5.66-5.70 (m, 1H), 6.99-
7.08 (m, 1H), 8.14 (s, 1H). Diastereomeric LLID hemiacetal adducts equilibrate with
the ketone product. The extent of hemiacetal formation depends on toetaoh TFA
and the time of incubation in GDD (see’H NMR spectrum). Peaks corresponding to
the ketone but not the hemiacetal are listed here. LRMS cadulor MH
Co3H3gF4aN4O,, 471.2, found 471.1.

3.13

Synthesis of 3.13 General Procedure D was followed using alkyr& (0.70 g,
2.66 mmol) and HCl as a 4.0 M 1,4-dioxane solution ( 2.0 mL, 7.98 mmol)axl dffe
hydrochloride salt of 2-methyl-1-phenylbut-3-yn-2-amine in quantédatyield. The
resulting amine was Boc protected by adding NBt18 mL, 1.30 mmol) and dert-
butyl dicarbonate (0.26 g, 1.20 mmol) to amine salt (0.16 g, 0.80 mmol) in 1.26 mL
CH.Cl, with stirring at rt for 12 h. The reaction mixture was conegatt and purified by
silica gel chromatography with 6:4 hexanes:EtOAc as the etagnéld product in 96%
yield over the two steps.

The Boc-protected propargyl amine product (0.20 g, 0.77 mmol) wastlgire
used in General Procedure E with azido-aryloxy methyl ke2dsta(0.24 g, 0.77 mmol)
in 3.08 mL of 1:1 HOA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.77 mL,
0.77 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahy@raéniL, 0.08
mmol). Purification by flash chromatography afforded the desired product irytdo

The Boc-protected triazole product (0.042 g, 0.07 mmol) was direetied with
HCl as a 4.0 M solution in 1,4-dioxane (0.18 mL, 0.70 mmol). The solutiorstiveed at
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rt for 2 h and was then concentrated to afford the crude product, whelpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,O 0.1% TFA,

5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coanéirte

the CHCN was evaporated. The resulting aqueous solution was extratke@kgCly,

dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.13

in 70% yield. *H NMR (400 MHz, CROD): & 0.82-0.86 (m, 3H), 1.12-1.28 (m, 2H),
1.34-1.57 (m, 2H), 1.64 (m, 3H), 2.12-2.22 (m, 2H), 3.13-3.31 (m, 1 H), 3.44-3.57 (m, 1
H), 5.02-5.10 (m, 2H), 5.60-5.63 (m, 1H), 6.90-7.01 (m, 1H), 7.09-7.20 (m, 5H), 7.84
(m, 1H). Diastereomeric GJOD hemiacetal adducts equilibrate with the ketone product.
The extent of hemiacetal formation depends on the amount of TFA antmiheof
incubation in CROD (see'H NMR spectrum). Peaks corresponding to the ketone but not
the hemiacetal are listed here. LRMS calculated for MiiH26F4N4O,, 479.1, found
479.1 and MA Cy4H,gF4N,405 (hydrate), 497.1, found 497.1.

HN N=Nn O F
H%”Q\/N\g)lvo F
[N
F
3.12

Synthesis of 3.12 General Procedure E was followed using azido-aryloxymethyl
ketone 3.56a (0.060 g, 0.19 mmol), 2-methN-(1-phenylbut-3-yn-2-yl)propane-2-
sulfinamide3.48 (0.050 g, 0.19 mmol) in 0.77 mL of 1:1,6/t-BuOH, 1.0 M aqueous
solution of sodium ascorbate (0.19 mL, 0.19 mmol), and 0.3 M aqueous solution of
copper(ll) sulfate pentahydrate (0.06 mL, 0.02 mmol). Purification kmashf
chromatography afforded the desired product in 51% yield

The sulfinyl-protected triazole product (0.06 g, 0.10 mmol) wasttjréreated
with HCl as a 4.0 M solution in 1,4-dioxane (0.26 mL, 1.0 mmol). Thatisol was
stirred at rt for 2 h and was then concentrated to afforccthee product, which was
purified by HPLC [preparatory reverse ph&secolumn (24.1 x 250 mm), G&EN/H,O
0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions wer
combined and the G&N was evaporated. The resulting aqueous solution was extracted
with CH,ClI,, dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of
inhibitor 3.12in 71% yield. *H NMR (400 MHz, CDCJ): § 0.79-0.85 (m, 3H), 0.91-1.02
(m, 1H), 1.13-1.20 (m, 1H), 1.21-1.32 (m, 3H), 1.82-1.96 (m, 1H), 2.18-2.22 (m, 1H),
3.23-3.29 (m, 1 H), 3.49-3.55 (m, 1 H), 4.79-4.84 (m, 2H), 5.63-5.69 (m, 1H), 6.77-6.86
(m, 1H), 6.90-7.05 (m, 2H), 7.17-7.20 (m, 3H), 7.54 (m, 0.6H), 7.61 (s, 0.4H). LRMS
calculated for MH CozH2sFNLO,, 465.2, found 465.2 and MFC24H27F4N403 (hydrate),
483.1, found 483.1.
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3.1

Synthesis of 3.1 The commercially available 1-ethynylcyclohexanamine
(Sigma-Aldrich, St. Louis, MO) was Boc-protected according staadard procedufe.
General Procedure E was followed using azido-aryloxy methghk& 56a(0.15 g, 0.50
mmol), tert-butyl (1-ethynylcyclohexyl)carbamaf@.11 g, 0.50 mmol) in 2.0 mL of 1:1
H,O/t-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.50 mL, 0.50 mmol, and 0.3
M aqueous solution of copper(ll) sulfate pentahydrate (0.17 mL, 0.05 mmol). Rimifica
by flash chromatography afforded the desired product in 58% yield.

The Boc-protected triazole product (0.074 g, 0.13 mmol) was diteetlied with
HCl as a 4.0 M solution in 1,4-dioxane (0.32 mL, 1.3 mmol). The solution tweedsat
rt for 2 h and was then concentrated to afford the crude product, whglpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,0 0.1% TFA,

5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coandime

the CHCN was evaporated. The resulting aqueous solution was extracte € Cl,,

dried with NaSQ,, filtered, and concentrated to yield the ;CB;H salt of inhibitor
2.1in 78% yield. *H NMR (400 MHz, CDCJ): & 0.88-0.96 (m, 3H), 1.24-1.34 (m, 8H),
1.39-1.54 (m, 2H), 1.70-1.77 (m, 2H), 2.05-2.18 (m, 2H), 2.30-2.46 (m, 2H), 4.96 (d,
1H, J=17.2), 4.98 (d, 1HJ)= 17.2), -5.68 (m, 1H), 6.78-6.85 (m, 1H), 7.95 (s, 1H), 8.6
(br s, 2H). **F NMR (376 MHz, CDGJ): § -156.3- -156.2 (m, 2F), -139.0- -138.2 (m,
2F).

Synthesis of inhibitor 3.8 The commercially available 3-ethylpent-1-yn-3-
amine (Acros Organics, Morris Plains, NJ) was Boc-proteatamrding to a standard
proceduré’. General Procedure E was followed using azido-aryloxy methghk&.56a
(0.10 g, 0.31 mmol}tert-butyl (3-ethylpent-1-yn-3-yl)carbama(8.07 g, 0.31 mmol) in
1.25 mL of 1:1 HO/A-BUOH, 1.0 M aqueous solution of sodium ascorbate (0.31 mL, 0.31
mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydrate (0.10 mL, 0.03
mmol). Purification by flash chromatography afforded the desired product iryi&0d6

The Boc-protected triazole product (0.04 g, 0.08 mmol) was directiiettavith
HCl as a 4.0 M solution in 1,4-dioxane (0.19 mL, 0.75 mmol). The solution imeesl st
rt for 2 h and was then concentrated to afford the crude product, whelpurified by
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HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,0 0.1% TFA,
5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coanime
the CHCN was evaporated. The resulting aqueous solution was extracte € Cl,,
dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.8
in 61% yield."H NMR (400 MHz, CDCY): & 0.80-0.83 (m, 3H), 0.88-0.89 (m, 6H), 1.02-
1.20 (m, 1H), 1.23-1.34 (m, 3H), 2.06-2.11 (m, 5H), 2.23-2.28 (m, 1H), 4.86-4.90 (d, 1H,
J=17.6), 4.94-4.98 (d, 1H,= 17.6), 5.63-5.66 (m, 1H), 6.74-6.82 (m, 1H), 7.24 (s, 1H),
8.49 (br s, 1H). LRMS calculated for MH,gH26FsN4O,, 431.2, found 431.2 and MH
CooH28F4N4O5 (hydrate), 448.2, found 448.1.

HN N=sN O F

\ N%o F

3.9

Synthesis of inhibitor 3.9 General Procedure E was followed using azido-
aryloxy methyl keton&.56a(0.10 g, 0.30 mmol), sulfinamid&49(0.07 g, 0.30 mmol)
in 1.25 mL of 1:1 HOA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.30 mL,
0.31 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahy@ra@eniL, 0.03
mmol). Purification by flash chromatography afforded the desired product iryiebds

The sulfinyl-protected triazole product (0.06 g, 0.10 mmol) was tréetated
with HCI as a 4.0 M solution in 1,4-dioxane (0.26 mL, 1.0 mmol). The solutias
stirred at rt for 2 h and was then concentrated to afforccthee product, which was
purified by HPLC [preparatory reverse ph&secolumn (24.1 x 250 mm), G&EN/H,O
0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions wer
combined and the G&N was evaporated. The resulting aqueous solution was extracted
with CH,ClI,, dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of
inhibitor 3.9in 66% yield. '"H NMR (400 MHz, CRQOD): § 0.83-0.95 (m, 6H), 1.11-1.21
(m, 2H), 1.24-1.38 (m, 4H), 1.73 (s, 3H), 1.92-2.03 (m, 2H), 2.06-2.16 (m, 2H), 5.06-
5.17 (m, 2H), 5.79-5.83 (m, 1H), 6.9-7.19 (m, 1H), 8.23 (s, 1H). Diastereomes@@CD
hemiacetal adducts equilibrate with the ketone product. The exfeftemiacetal
formation depends on the amount of TFA and the time of incubation i®CQsee'H
NMR spectrum). Peaks corresponding to the ketone but not the hemiacetal dteeliste
LRMS calculated for MH C20H26F4N402, 431.2, found 431.2 and M|‘C20H23F4N403
(hydrate), 448.2, found 448.2.

H.N N=N O F

3.10

Synthesis of inhibitor 3.10 General Procedure E was followed using azido-
aryloxy methyl keton&.56a(0.10 g, 0.30 mmol), sulfinamid&50(0.08 g, 0.30 mmol)
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in 1.25 mL of 1:1 HOA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.30 mL,
0.31 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahy@ra@eniL, 0.03
mmol). Purification by flash chromatography afforded the desired product irydds

The sulfinyl-protected triazole product (0.07 g, 0.13 mmol) was diréetited
with HCI as a 4.0 M solution in 1,4-dioxane (0.31 mL, 1.3 mmol). The solutias
stirred at rt for 2 h and was then concentrated to afforccthee product, which was
purified by HPLC [preparatory reverse ph&secolumn (24.1 x 250 mm), G&EN/H,O
0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions wer
combined and the GI&N was evaporated. The resulting aqueous solution was extracted
with CH,ClI,, dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of
inhibitor 3.10in 65% vyield. *H NMR (400 MHz, CROD): § 0.73-0.87 (m, 9H), 0.98-
1.17 (m, 2H), 1.20-1.31 (m, 6H), 1.85-1.90 (m, 4H), 4.99-5.00 (m, 2H), 5.66-5.70 (m,
1H), 7.01-7.08 (m, 1H), 8.11 (s, 1H). Diastereomeric;@D hemiacetal adducts
equilibrate with the ketone product. The extent of hemiacetal famdepends on the
amount of TFA and the time of incubation in §£ID (see’H NMR spectrum). Peaks
corresponding to the ketone but not the hemiacetal are listed hBMS calculated for
MH+ CooH30F4N4Oo, 458.2, found 458.2 and M|'C22H32F4N403 (hydrate), 482.2, found
448.3.

H,N N O F

N=
N N%o F
F
F
3.11

Synthesis of 3.11 General Procedure E was followed using azido-aryloxy
methyl ketone3.56a(0.10 g, 0.31 mmol), sulfinamid&51 (0.08 g, 0.30 mmol) in 1.25
mL of 1:1 HOA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.30 mL, 0.30
mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydrate (0.10 mL, 0.03
mmol). Purification by flash chromatography afforded the desired product in &685 yi

The sulfinyl-protected triazole product (0.05 g, 0.09 mmol) was Hirgetated
with HCI as a 4.0 M solution in 1,4-dioxane (0.23 mL, 0.9 mmol). The solutias
stirred at rt for 2 h and was then concentrated to affeedctude product, which was
purified by HPLC [preparatory reverse ph&secolumn (24.1 x 250 mm), G&N/H,O
0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions wer
combined and the GJ&N was evaporated. The resulting aqueous solution was extracted
with CH,ClI,, dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of
inhibitor 3.11in 73% yield. *H NMR (400 MHz, CROD): & 0.76-0.79 (m, 3H), 0.95-
0.96 (m, 1H), 1.11-1.44 (m, 10H), 1.57 (s, 3H), 1.65-1.66 (m, 1H), 1.99-2.19 (m, 2H),
2.35-2.339 (m, 1H), 4.99-5.09 (m, 2H), 5.66-5.69 (m, 1H), 7.00-7.05 (m, 1H), 8.16 (s,
1H). Diastereomeric Cf®D hemiacetal adducts equilibrate with the ketone product. The
extent of hemiacetal formation depends on the amount of TFA andndetiincubation
in CDsOD (see'H NMR spectrum). Peaks corresponding to the ketone but not the
hemiacetal are listed here. LRMS calculated for MibH2gF4N4O,, 457.2, found 457.2.
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3.20

Synthesis of inhibitor 3.20 General Procedure E was followed using azido-
aryloxy methyl ketone8.56a(0.10 g, 0.31 mmol),R)-sulfinamide 3.52 (0.08 g, 0.30
mmol) in 1.25 mL of 1:1 BDA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.30
mL, 0.30 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydrafemL,

0.03 mmol). Purification by flash chromatography afforded the dkgreduct in 54%
yield.

The sulfinyl-protected product (0.073 g, 0.30 mmol) was directly treated With H
as a 4.0 M solution in 1,4-dioxane (0.23 mL, 3.0 mmol). The solution wasdssitnt for
2 h and was then concentrated to afford the crude product, which vif@edpioy HPLC
[preparatory reverse phaSg; column (24.1 x 250 mm), GEN/H,O 0.1% TFA, 5:95 to
95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were combined and the
CH3CN was evaporated. The resulting aqueous solution was extradte@myEl,, dried
with N&SQ,, filtered, and concentrated to yield the;CB,H salt of inhibitor3.20in
72% yield. '"H NMR (400 MHz, CDCY): 8 0.83-0.89 (m, 3H), 1.21-1.51 (m, 11H), 1.66-
1.77 (m, 1H), 1.78 (s, 1.5H), 1.79 (s, 1.5H), 2.01-2.08 (m, 1H), 2.24-2.33 (m, 1H), 2.49-
2.53 (m, 1H), 4.93-4.96 (m, 2H), 5.62-5.72 (m, 1H), 6.78-6.84 (m, 1H), 7.96 (s, 0.5H),
7.99 (s, 0.5H), 8.65 (br s, 2H). LRMS calculated for ME4,H,sFsN4O,, 457.2, found
457.1.

3.21

Synthesis of inhibitor 3.21 General Procedure E was followed using azido-
aryloxy methyl ketone3.56a (0.07 g, 0.20 mmol), §)-sulfinamide 3.53 (0.12 g, 0.20
mmol) in 0.88 mL of 1:1 KO/A-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.20
mL, 0.20 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydr@femL,
0.02 mmol). Purification by flash chromatography afforded therelgiroduct in 62%
yield.

The sulfinyl-protected triazole product (0.073 g, 0.130 mmol) wasttireeated
with HCI as a 4.0 M solution in 1,4-dioxane (0.32 mL, 1.3 mmol). The solutias
stirred at rt for 2 h and was then concentrated to afforcctheée product, which was
purified by HPLC [preparatory reverse ph&secolumn (24.1 x 250 mm), G&EN/H,O
0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions wer
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combined and the GI&N was evaporated. The resulting aqueous solution was extracted
with CH,ClI,, dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of
inhibitor 3.21in 80% yield. *H NMR (400 MHz, CDCJ): 6 0.81 (t, 1.5H), 0.82 (t, 1.5H),
1.07-1.47 (m, 11H), 1.61-1.64 (m, 1H), 1.75 (s, 1.5H), 1.77 (s, 1.5H), 2.02-2.07 (m, 1H),
2.21-2.29 (m, 1H), 2.47-2.51 (m, 1H), 4.85-4.87 (m, 2H), 5.56 (dd, @.5+4.4, 10.4),

5.68 (dd, 0.5H) = 4.4, 10.4), 6.73-6.83 (m, 1H), 7.94 (s, 0.5H), 7.99 (s, 0.5H), 8.4 (br s,
2H). % NMR (376 MHz, CDGJ): & -156.4- -156.2 (m, 2F), -138.4- -138.1 (m, 2F).
LRMS calculated for MHA Cy,H2eFsN4O,, 457.2, found 457.2.

H,N NN O F

(ﬁ&\/l{l\gk/o F
HN E
F
3.16

Synthesis of inhibitor 3.16 General Procedure E was followed using azido-
aryloxymethyl ketone 3.56a (0.070 g, 0.22 mmol), tert-butyl 4-(1,1-
dimethylethylsulfinamido)-4-ethynylpiperidine-1-carboxyl@&&4 (0.060 g, 0.22 mmol)
in 0.90 mL of 1:1 HOA-BuOH, 1.0 M aqueous solution of sodium ascorbate (0.22 mL,
0.22 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahy@r@eniL, 0.02
mmol). Purification by flash chromatography afforded the desired product iry¥féo

The sulfinyl-protected triazole product (0.070 g, 0.10 mmol) wasttirereated
with HCI as a 4.0 M solution in 1,4-dioxane (0.26 mL, 1.0 mmol). Thatisol was
stirred at rt for 2 h and then was concentrated to afforctrin@e product, which was
purified by HPLC [preparatory reverse ph&secolumn (24.1 x 250 mm), G&N/H,O
0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions wer
combined and the GJ&N was evaporated. The resulting aqueous solution was extracted
with CH,ClI,, dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of
inhibitor 3.16in 70% yield. *H NMR (400 MHz, (CR),S0): 6 0.84-0.86 (tJ = 6.8 Hz,
3H), 0.90-0.95 (m, 1H), 1.12-1.29 (m, 3H), 2.03-2.08 (m, 1H), 2.15-2.21 (m, 3H), 2.59-
2.62 (m, 2H), 2.69-2.74 (m, 2H), 3.36-3.39 (m, 2H), 5.29@& 18 Hz, 1H), 5.37 (d] =
18 Hz, 1H), 5.80 (dd] = 4.0, 15.2 Hz, 1H), 7.54-7.63 (m, 1H), 8.55 (s, 1H), 8.82 (br s,
2H). LRMS calculated for MH CyHosF4NsO», 444.1, found 444.1 and MH
CooH28F4N503 (hydrate), 462.1, found 462.1.

H.N  N=sNn O F
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3.17
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Synthesis of inhibitor 3.17 General Procedure E was followed using azido-
aryloxy methyl ketone 3.56a (0.09 g, 0.29 mmol), tert-butyl 4-(1,1-
dimethylethylsulfinamido)-4-ethynylpiperidine-1-carboxyl&t&4(0.10 g, 0.29 mmol) in
1.2 mL of 1:1 HOA-BUOH, 1.0 M aqueous solution of sodium ascorbate (0.29 mL, 0.29
mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydrate (0.10 mL, 0.03
mmol). Purification by flash chromatography afforded the desired praddé&o yield

The triazole product (0.080 g, 0.13 mmol) was subjected to saleBibc-
deprotection conditions by directly treating with 1.2 mL of 5:1L,CILTFA solution with
stirring for 1 h. The mixture was added to 10 mL of saturated sodigarbbnate
solution and then was extracted with £0H (3 x 10 mL). The combined organic layers
were dried over sodium sulfate, filtered, and concentrated undeecegduessure to yield
the product in 90% vyield.

The resulting amine product (0.60 g, 0.11 mmol) was acetylatécbdtyng with
i-PrEtN (0.05 mL, 0.28 mmol) and acetic anhydride (0.01 mL, 0.14 mmol) in 0.3fmL o
DMF. The mixture was stirred at room temperature for 18 h. riilxure was then
added to 10 mL of D and extracted with EtOAc (3 x 10 mL). The combined organic
layers were dried with sodium sulfate, filtered, and concentrated vedieced pressure.
Purification by flash chromatography (6:4 hexane:EtOAc) dé#drthe desired product
in 68% vyield.

The acetylated product (0.05 g, 0.08 mmol) was directly treatiedH@G| as a 4.0
M solution in 1,4-dioxane (0.2 mL, 0.8 mmol). The solution was stirtetifar 2 h and
was then concentrated to afford the crude product, which was purifiedPLC
[preparatory reverse phaSg; column (24.1 x 250 mm), GEN/H,O 0.1% TFA, 5:95 to
95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were combined and the
CH3CN was evaporated. The resulting aqueous solution was extrade@myl,, dried
with N&SQ,, filtered, and concentrated to yield the;CB,H salt of inhibitor3.17in
73% yield. 'H NMR (400 MHz, (CR),SO): & 0.76-0.79 (tJ = 6.8 Hz, 3H), 0.90-0.96
(m, 1H), 1.13-1.26 (m, 3H), 1.78-1.90 (m, 2H), 1.93 (s, 3H), 1.99-2.05 (m, 2H), 2.19-
2.20 (m, 1 H), 2.37-2.44 (m, 1H), 2.63-2.68 (m, 1H), 2.91-2.96 (m, 1H), 3.69-3.76 (m,
1H), 4.08-4.16 (m, 1 H), 5.27 (d, J = 18 Hz, 1H), 5.35 (d, J = 18 Hz, 1H), 5.76-5.80 (m,
1H), 7.54-7.63 (m, 1H), 8.47 (s, 1H), 8.53 (br s, 2H). LRMS calculated fof MH
022H23F4N503, 486.2, found 486.2 and MH:22H30F4N504 (hydrate), 504.2, found 504.2.

HN  N=sN 0O F
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3.18

Synthesis of inhibitor 3.18 General Procedure E was followed using azido-
aryloxymethyl  ketone 3.56a (0.09 g, 0.29 mmol), tert-butyl 4-(1,1-
dimethylethylsulfinamido)-4-ethynylpiperidine-1-carboxyl&t&4(0.10 g, 0.29 mmol) in
1.2 mL of 1:1 HOA-BUOH, 1.0 M aqueous solution of sodium ascorbate (0.29 mL, 0.29
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mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydrate (0.10 mL, 0.03
mmol). Purification by flash chromatography afforded the desired product iry¥féo

The triazole product (0.08 g, 0.13 mmol) was subjected to selective Boc
deprotection conditions by directly treating with 1.2 mL of 5:1L,CILTFA solution with
stirring for 1 h. The mixture was added to 10 mL of saturated sodigarbbnate
solution and then was extracted with £0H (3 x 10 mL). The combined organic layers
were dried over sodium sulfate, filtered, and concentrated undeecegduessure to yield
the product in 90% vyield.

A general procedure previously reported in the literdtwas used to transform
the amine to a urea. The above amine product (0.070 g, 0.12 mmol)recly dieated
with potassium cyanate (0.010 g, 0.18 mmol) and acetic acid (0.20 mL, 0.36 mmol) in 1.1
mL of 1:1 dioxane: KHO. The mixture was stirred at room temperature for 24 h. The
mixture was added to 10 mL of,8 and extracted with EtOAc (3 x 10 mL). The
combined organic layers were washed with brine and dried with scdiliate, filtered,
and concentrated under reduced pressure. The crude product was fyrifiRl.C
[preparatory reverse phaSg; column (24.1 x 250 mm), GE&N/H,O 0.1% TFA, 5:95 to
95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were combined and the
CH3CN was evaporated. The resulting agueous solution was extradte@(Tl,, dried
with Na&SQ,, filtered, and concentrated flash chromatography afforded theedesir
product in 51% yield.
The urea product (0.04 g, 0.06 mmol) was directly treated withad@ 4.0 M solution
in 1,4-dioxane (0.2 mL, 0.6 mmol). The solution was stirred atrr2fb and was then
concentrated to afford the crude product, which was purified by HJpk€paratory
reverse phagsg;s column (24.1 x 250 mm), G&N/H,0 0.1% TFA, 5:95 to 95:5 over 55
min; 10 mL/min, 254 nm detection]. Fractions were combined and ths€ICHvas
evaporated. The resulting aqueous solution was extracted witCl£Hlried with
NaSQ,, filtered, and concentrated to yield thes;CB,H salt of inhibitor3.18in 70%
yield. *H NMR (400 MHz, (CR),SO): & 0.77-0.80 (tJ = 6.8 Hz, 3H), 0.95-1.00 (m,
1H), 1.12-1.26 (m, 3H), 1.81-1.86 (m, 2H), 2.06-2.09 (m, 1H), 2.19-2.21 (m, 1H), 2.33-
2.37 (m, 2H), 2.64-2.70 (m, 2H), 3.81-3.85 (m, 2H), 5.27 (d, J = 18 Hz, 1H), 5.35(d, J =
18 Hz, 1H), 5.77 (dd) = 4.0, 11.2 Hz, 1H), 6.08 (br s, 2H), 7.54-7.63 (m, 1H), 8.49 (br
s, 2H), 8.53 (s, 1H). LRMS calculated for MI€,;H,7FsN¢Os, 487.2, found 487.2 and
MH+ Co1H29F4N6O4 (hydrate), 505.2, found 505.2.
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3.19

Synthesis of inhibitor 3.19 General Procedure E was followed using azido-
aryloxy methyl ketone 3.56a (0.11 g, 0.35 mmol), tert-butyl 2-ethynyl-2-
methylpyrrolidine-1-carboxylatd.55(0.07 g, 0.40 mmol) in 1.4 mL of 1:1,84-BuOH,
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1.0 M aqueous solution of sodium ascorbate (0.35 mL, 0.40 mmol, and 0.3 M aqueous
solution of copper(ll) sulfate pentahydrate (0.12 mL, 0.04 mmol). iPatidn by flash
chromatography afforded the desired product in 43% yield.

The Boc-protected triazole product (0.069 g, 0.13 mmol) was direedietd with
HCl as a 4.0 M solution in 1,4-dioxane (0.32 mL, 1.3 mmol). The solution tweedsat
rt for 2 h and was then concentrated to afford the crude product, whglpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,O 0.1% TFA,
5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coandime
the CHCN was evaporated. The resulting aqueous solution was extracte €k Cl,,
dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.19
in 69% vyield. '"H NMR (400 MHz, CDCJ): §0.81-0.87 (m, 3H), 1.2-1.35 (m, 6H), 1.95
(s, 3H), 2.11-2.29 (m, 6H), 2.78-2.82 (m, 1H), 4.99-5.04 (m, 2H), 5.64-5.71 (m, 1H),
6.77-6.85 (m, 1H), 8.35 (m, 1H), 9.723 (broad d, 1H). LRMS calculated fof MH
Con24F4N402, 429.2, found 429.1 and MH:20H24F4N403 (hydrate), 447 .2 found 447.1.

SRR

3.5

Synthesis of inhibitor  3.5. The commercially available 1-
ethynylcyclohexanamine (Sigma-Aldrich, St. Louis, MO) was -Bamtected according
to a standard proceduteGeneral Procedure E was followed using azido-acyloxy methyl
ketone 3.56b (0.09 g, 0.30 mmol)tert-butyl (1-ethynylcyclohexyl)carbamate (0.07 g,
0.30 mmol) in 1.26 mL of 1:1 #0/-BuOH, 1.0 M aqueous solution of sodium ascorbate
(0.31 mL, 0.30 mmol, and 0.3 M aqueous solution of copper(ll) sulfate pentahydrat
(0.10 mL, 0.03 mmol). Purification by flash chromatography affordedi¢iseed product
in 45% vyield.

The Boc-protected triazole product (0.048 g, 0.09 mmol) was diteetlied with
HCl as a 4.0 M solution in 1,4-dioxane (0.23 mL, 0.90 mmol). The solution el st
rt for 2 h and then was concentrated to afford the crude product, whglpurified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,0 0.1% TFA,
5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were coanime
the CHCN was evaporated. The resulting aqueous solution was extracte €k Cl,,
dried with NaSQ,, filtered, and concentrated to yield thesCB,H salt of inhibitor3.5
in 75% vyield. *H NMR (400 MHz, CRQOD): & 0.84-0.94 (m, 3H), 1.31-1.42 (m, 6H),
1.60-1.64 (m, 2H), 1.70-1.77 (m, 2H), 1.91-1.95 (m, 2H), 2.22 (s, 6H), 2.27-2.29 (m,
2H), 2.51-2.54 (m, 2H), 5.10 (d, 18,=17.2), 5.22 (d, 1H) =17.2) (m, 2H), 5.75-5.78
(m, 1H), 7.05-7.08 (d, 2H, =7.6), 7.21-7.24 (t, 1H] = 7.6), 8.37 (s, 1H).
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3.2

Synthesis of primary amide 3.2. The procedure for the synthesis of primary
amide3.2 from the racemier-azido sieber amide resBA was adapted from a previous
literature report, and sieber amide reSiA was synthesized according to the published
method™® To resinSA (0.7 mmol) that was preswollen in THF, was added a solution of
benzyl (1-ethynylcyclohexyl)carbamate (0.27 g, 1.1 mmol) in 35 mLHF along with
i-PrEtN (11.9 mL, 70.0 mmol) and Cul ( 0.41 g, 2.1 mmol). The mixture was shaken for
48 h. After removal of the solution, the resin was washed with (3 xL3%eath solvent
of DMF, THF, CHOH, and THF. After removing solvent, the resin was swollen in 25
mL of CH.Cl,, then a solution of 9:1 Cil,:(95% CRCOH, 2.5% HO, 2.5%
triisopropylsilane) was added. The mixture was shaken for 2 h Afteér removal of the
solution, the resin was washed with £ (3 x 15 mL). The washes were combined and
concentrated. The crude product was purified by silica gel chognaphy 1:7
hexanes:EtOAc to yield pure product in 67% yieftH NMR (400 MHz, CROD): &
0.85-0.89 (m, 3H), 1.14-1.23 (m, 4H), 1.35-1.54 (m, 6H), 1.96-1.99 (m, 2H), 2.00-2.02
(m, 2H), 2.26-2.30 (m, 2H), 4.99 (s, 2H), 5.22-5.26 (m, 1H), 7.28-7.32 (m, 5H), 7.90 (s,
1H).

CBzHN N=N

S
3.3 I

Synthesis of Cbz-protected nitrile 3.3.A solution of primary amid&.2 (0.14 g,
0.30 mmol) in 2.2 mL of DMF was cooled in an ice-water bath and 2,4,6-trichloro&iazi
(0.60 g, 0.30 mmol) was added. The reaction mixture was stirrédhat rt and then
25 mL of EtOAc was added. The reaction mixture was washedHy(th(3 x 20 mL),
dried with sodium sulfate, filtered, and concentrated. The crumbthipr was purified by
HPLC [preparatory reverse phasg column (24.1 x 250 mm), GEN/H,0 0.1% TFA,
5:95 to 95:5 over 55 min; 10 mL/min, 254 nm detection]. Fractions were comduined
the CHCN was evaporated. The resulting aqueous solution was extracte € Cl,,
dried with NaSQ,, filtered, and concentrated to yield the pure product in 69% yield.
NMR (400 MHz, CDC}): 6 0.87-0.91 (m, 3H), 1.20-1.30 (m, 2H), 1.34-1.49 (m, 6H),
2.19-2.29 (m, 4H), 4.97 (s, 2H), 5.13 (s, 1H), 5.39-5.44 (m, 1H), 7.24-7.31 (m, 5H), 7.68
(s, 1H).
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3.4

Synthesis of inhibitor 3.4. The Cbz group was cleaved by adding 0.4 mL of 45%
HBr/AcOH to nitrile 3.3 (0.030g, 0.070 mmol). The solution was stirred for 50 min at rt.
The crude product was purified by HPLC [preparatory reverse haselumn (24.1 x
250 mm), CHCN/H,O 0.1% TFA, 5:95 to 95:5 over 55 min; 10 mL/min, 254 nm
detection]. Fractions were combined and the;@Rl was evaporated. The product was
obtained by removing ¥D from the resulting aqueous solution via lyophilization in 73%
yield. 'H NMR (400 MHz, CROD): 6 0.89-0.93 (m, 3H), 1.31-1.41 (m, 6H), 1.58-1.62
(m, 2H), 1.72-1.76 (m, 2H), 1.89-1.92 (m, 2H), 2.18-2.21 (m, 2H), 2.49-2.50 (m, 2H),
5.38-5.42 (m, 1H), 8.37 (s, 1H). LRMS calculated for ME4H2:Ns, 262.2, found
262.1.

Protease Activity and Parasite Studies of Inhibitors

Parasite culture, harvesting and lysate preparation.3D7 and D10P.
falciparum clones were cultured with media containing Albumax (Invitrogenfgus
standard proceduréd®? D10 parasites were synchronized every 48 h at ring stage by
treatment with 5 % sorbitol, which results in a synchrony window 6fh. To tightly
synchronized parasites within a 1 h window, schizonts were han&btedor to rupture
using a 70 % percol gradiefft** and cultured until they were rupturing. Blood was then
added to this culture of bursting schizonts, and merozoites wereedlltovinvade
uninfected RBCs for 1 h. Newly formed rings (0-1 h old) were puarifiom the
remaining schizonts with a sorbitol treatment. 3D7 parasites gveven asynchronously
and were used when a mixedstage parasite culture was needed.

Parasite pellets at all intracellular stages weredsaed by selectively lysing the
RBC membrane with 0.15 % saponin (Calbiochem, San Diego, CA). Marsawdre
purified by passing the supernatant of a culture of rupturing schiZohtained as
described above) through a SuperMA®S separator (Miltenyi Biotec, Auburn, CA) as
described in*. All purified parasites were stored at -80 °C. Lysates wergaped by
treating 1 volume of parasite pellet with 2 volumes of 1 % nonidetiPB®8§ for 1 h on
ice. If needed, the soluble and insoluble fractions were sepatateé 5 min
microcentrifugation at 13000 rpms.

Labeling of cysteine protease activity with ABPs and compiéon of labeling
by protease inhibitors. Two ABPs were used to label the activity of papain fold cysteine
proteases in parasites. FY0l, a cell permeable BODIPY-TMRBrdscently-tagged
probe, labels DPAP1 and DPAP3 activities in intact parasitefysatks’. Radiolabeled
129.DCG04 was used to label FPs activities in lysdfesABPs (1 pM FYO01 or*-
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DCGO04) were usually incubated for 1 h at room temperature in a 1uti@wiof parasite
lysates in acetate buffer (50 mM sodium acetate, 5 mM MgCI25an® DTT at pH
5.5) or intact schizonts in PBS. To measure the specificity ohlaibiior against any
given cysteine protease, intact parasites or lysates veatedrfor 30 min with inhibitor
prior to labeling. After probe treatment, samples were borle8DS-loading buffer and
run on a SDS-PAGE gel. FYO1 labeled bands were directly detectedlatbed laser
scanner. Gels run with®I-DCGO04 treated samples were dried and analyzed by
autoradiography. All gel images were taken with a 9410 Typhoonn8cdAmersham
Bioscience, GE Healthcare). Fully processed DPAP1 runs as a dauB@kDa and is
present at all intracellular life stages. DPAP3 activityrainly detected in merozoites
where three differentially processed forms of the enzymeabsddd (bands at 42, 95 and
120 kDaf*. FP2, FP2’ and FP3 have very similar molecular weights and caneesthe
differentiated by SDS-PAGE. Their combined activities are oeskeas a single band at
28 kDa. FP1 runs as a single band at 22 kDa, right above DPAP1. Note Swmhé
instances, FYOL1 is also able to label FP1.

ki determination using a fluorogenic activity assay for DPAP1We recently
proved that (Pro-Arg)2-Rho is a DPAP1 specific substrate inspardysates (brief
communication). DPAP1 activity was measured at room tempergtuaeetate buffer
containing 1 % of parasite lysates and M (Pro-Arg)2-Rho. Substrate turnover was
measured for 5 min in a 96-well plate at 530 nm (using an ératavavelength of
492 nm and an emission cutoff filter at 515 nm) in a Spectramax Mg-ngatier
(Molecular Devices).

Accurateki were obtained by treating a 1:10 dilution of parasite lysateseatate
buffer with increasing inhibitor concentrations for a given period iwie t (usually
30 min). Residual DPAP1 activity was measured with 10 uM substfieiediluting the
treated samples 10-fold in assay buffer. The rates of substrateer relative to DMSO

controls (v/v0) were fitted to a simple irreversible inhibitor moBek | —5 5 E-|
(equation 1).

(eq 1) v/vo = expki*[I]*t)
where [I] is the concentration of inhibitor, t is the treatmanetof lysates with inhibitor,
andki is the second order rate constant of inhibition.

Kinetics of DPAP1 inhibition and activation in intact parasite. A mix-stage
culture of 3D7 parasites at ~ 20 % parasitemia was cultureddiffihent concentrations
of inhibitor or DMSO. 20Qul aliquots of culture were taken after 0.5 to 7 h of treatment,
and the RBCs were lysed in 100 pL of acetate buffer by tlyadescof freezing in liquid
nitrogen and thawing at 37 °C. DPAP1 activity was measured tr@nftuorogenic assay
by adding 100 pL of 2QM (Pro-Arg)2-Rho in acetate buffer.

P. falciparum replication assay. 200 uL of synchronized cultures of D10

parasites (~ 2 % parasitemia and 0.5 % hematocrit) weredraateng stage (~ 9 h post
RBC infection) with increasing concentrations of compound and wertlgfow in 96-
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well plates for 1.5 life cycles, when the DMSO controls reasttizent stage (~ 75h).
Cells were fixed in 0.05 % glutaraldehyde (Sigma) in PBS fdeast 12 h at 4 °C,
permeabilized for 5 min with 0.25 % Triton X in PBS, and stained &id mg/mL of
propidium iodide (Sigma) in water. Infected and uninfected RBC® weantified by
FACS as the populations with positive and negative fluorescence inagidipm iodide
channel, respectivel§*. All FACS measurements were taken on a BD FACScan flow
cytometer (Becton, Dickinson and Co.). All EC50Pot values for pardsias¢h were
obtained by fitting the percentage parasitemia to a dose response curve.

Susceptibility of the different life cycle stages to DPR1 inhibition. Tightly
synchronized parasites (obtained as described above) were tie#ttedncreasing
concentrations of Ala-4(I)Phe-DMK or DMSO at early rings (dost invasion- 1 h p.i.),
rings (10 h p.i.), late rings (18 h p.i.), trophozoites (30 h p.i.), schizonts (38, loplate
schizonts (46 h p.i.). After 1 h of treatment, cells were washed three tithen&dia and
cultured until the DMSO control parasites progressed through egressewly infected
RBCs reached schizont stage (~ 80 h p.i.). Percentage parasitesiguantified by
FACS analysis as described above.

Cell toxicity. 200 pL of an HFF cell culture were incubated in a 96-well plate
format for 24 h with increasing concentrations of inhibitor or DMS@I! viability was
measured as the amount of ATP production using the CellTitér-&say (Promega)
according the manufacturer’s instructions. EC50Tox values wereetithy fitting the
data to a dose response curve.

Homology modeling and docking.The homology model of DPAP1 was built
based on the crystal structure of hCatC covalently bound to the Glgii&tmmethane
inhibitor (PDB 2DJF;*") using the default parameters of the Molecular Operating
Environment (MOE) software (Chemical Computing group). To dock HN3019 in the
homology model of DPAP1, the inhibitor backbone was oriented accordingeto t
structure of human cathepsin S bound to a non-peptidic chloro-methyl Ketobitor
(PDB 2H7J%) that has the same inhibitor backbone as HN3019 (both have a methyl-
ketone warhead and a P1 and P2 side chain linked through a triazple We decided
to dock the structure of HN3019 such that it mimics an intermednatee reaction
between the warhead and the active site. dtwarbon of TFPAMK was covalently
linked to the catalytic cysteines in order to account for the iprbgand interactions of
the warhead moiety.

Energy minimizations of the P2, P1, and warhead regio@slafiere performed
sequentially followed by an energy minimization of the full molecand the catalytic
cysteine side chain. A final energy minimization includihgyand all side chains within
4.5 A yielded our final model of DPAP1 bound 2dL All energy minimizations were
such as2.21, the P2 position o2.1 bound to DPAP1 was modified to that of the new
inhibitors, and the structure of the inhibitor-protein complex energyimized as
described above.
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Determination of parasitemia in mouse blood. Parasitemia was quantied by
FACS analysis when it reached more than 2 % (days .6Ft&é)n day 2 through 5, the
parasite load was too low to get accurate quantification byS-£t8e population of
propidium iodide positive cells was very similar to that of thekgeound signal), and
parasitemia was quantified from Geimsa-stained thin blood snwesuralized in an
Olympus CX31 microscope (Center Valley, PA) at 100X. The pergenparasitemia
was estimated by counting all infected RBCs in 15-20 opticédsfi¢hat contained
between 200 and 1000 cells. For each field the total number of RBSsroughly
estimated. The final parasitemia for each mouse and daydetsmined from an
estimate of more than 10,000 RBCs per slide. When using this methodgiheobthe
slides-whether they came from treated or untreated mice-hwden from the person
estimating the parasitemia.

Synthesis of Fragmenting Hybrids and Intermediates

General methods for synthesizing fragmenting hybrids and irrmediates.*H
NMR spectra were recorded on a Varian INOVA-400 400 MHz spectesn@éhemical
shifts are reported id units (ppm) relative to TMS as an internal standard. Coupling
constantsJ) are reported in hertz (Hz). All reagents and solvents were padHeom
Aldrich Chemical or Acros Organics and used as received unlessmihb indicated.
Some synthetic intermediatesere synthesized according to literature methods as
indicated. Air and/or moisture sensitive reactions were chmwig under an argon
atmosphere in oven-dried glassware using anhydrous solvents frommecciad
suppliers. Air and/or moisture sensitive reagents were traedfgra syringe or cannula
and were introduced into reaction vessels through rubber septa. Sawental was
accomplished with a rotary evaporator at ca 10-50 Torr. Column ctography was
carried out using a Biotage SP1 chromatography system andglicartridges from
Biotage. Analytical TLC plates from EM Science (Silical 8@ F254) were employed
for TLC analyses. Mass analyses and compound purity were de¢ermsing Waters
Micromass ZQTM, equipped with Waters 2795 Separation Module and s\V29&6
Photodiode Array Detector. Separations were carried out with Taarra® MS C18,
5um, 4.6x50 mm column, at ambient temperature (unregulated) using a Iploade of
water-acetonitrile containing a constant 0.20 % formic acid.

3.22

Synthesis of intermidiate 3.22. A solution of adamantane-2-spiro-3’-9’-oxo-
1',2’,4’,8'-tetraoxaspiro[4.6]Jundecane (160 mg, 0.55 mmol) prepared as described
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previously® was dissolved in the minimum amount of toluene. To this solution was
added 1-(3-aminopropyl)-2-pyrolidinone (0.15 ml, 1.11 mmol) and the readiixtare

was stirred at 50 °C for 5 hr. The solvent was evaporated and the residusssbsediin
CH.Cl; (10 ml). The organic layer was washed with water, dried38g, filtered, and
evaporated to afford oil. The crude oil was purified using silidacigematography (0-
10% MeOH-CHCI,) to afford alcohol3.22 (153 mg, 0.35 mmol, 64% yield) as a
colorless oil. 'H NMR (400 MHz, CDCJ) &: 6.87 (t,J = 5.6 Hz, 1H), 3.76 (s, 2H), 3.36
(m, 2H), 3.30 (tJ = 6.4 Hz, 2H), 3.15 (m, 2H), 3.01 (s, 1H), 2.38-1.60 (m, 26'40);
NMR (100 MHz, CDCY) 6: 176.2, 172.6, 112.4, 110.92, 58.66, 47.56, 39.75, 37.92,
36.83, 36.45, 35.72, 35.16, 34.97, 31.84, 31.31, 31.13, 26.92, 26.54, 18.09. LRMS
calculated for GgH3eN>Os MH™ 436.54 found 437.4.

/O
o-9
o s
Nﬁ_\—Né
O
3.58

Synthesis of intermediate 3.58. A solution of 3.22 (200 mg, 0.46 mmol) in
CH.Cl, (2 ml) was treated with the Dess-Martin periodinane (291 n@&g tmol) and
stirred at room temperature for 30 min. The reaction was then qukebyglasldition of 10
ml of 1:1 mixture of saturated aqueous NaHCd saturated aqueous,S#;. The
mixture was stirred until organic and aqueous phases became dieatayers were
separated and the aqueous phase was extracted twice with @igtéryl(10 ml). The
combined organic layers were dried over,8&, filtered and concentrated to afford
aldehyde3.58 which was used in the next reaction without further purificattthNMR
(400MHz, CDCY) 6: 9.70 (s, 1H), 6.82 (br s, 1H), 3.36-3.29 (m, 4H), 3.13 (m, 2H), 2.76
(m, 2H), 2.36-1.63 (m, 24 H}?*C NMR (100 MHz, CDGJ) &: 199.19, 176.16, 171.86,
113.29, 108.39, 50.58, 47.54, 39.66, 36.48, 35.73, 31.08, 26.56, 18.11. LRMS calculated
for C23H34N206 MH+43453 found 435.23.

0
0-9
@\ OH
o o]
o
3.59
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Synthesis of intermediate 3.59.The aldehyde3.58 prepared above (150 mg,
0.34 mmol) was dissolved in a mixture teirt-butanol and water (5:1, 6 ml) and the
reaction mixture cooled to ®. Next, a 2.0 M solution isobutylene solution in THF (0.5
ml, excess) was added, followed by,NRO, (139 mg, 1.00 mmol) and NaCI(®3 mg,
1.03 mmol). The reaction mixture was stirred for 3 hrs &C0 The solvent was
evaporated and the residue purified by silica gel chromatogr@h§% MeOH-EtOAc)
to afford carboxylic acid.59 as a white powder (90 mg, 0.20 mmol, 59 % yiel#).
NMR (400 MHZ, CDC}) &: 6.93 (br s, 1H), 3.39-3.31 (m, 4H), 3.20 (m, 2H), 2.80 (q,
Jag = 14.4, 2H), 2.44-1.66 (m, 24 H)*C NMR (100 MHz, CDG)) &: 176.62, 173.06,
171.31, 113.08, 108.29, 47.75, 42.95, 40.09, 36.86, 36.46, 35.42, 35.01, 34.42, 31.31,
30.84, 30.35, 27.13, 26.57, 18.22. LRMS calculated fgH£N.O; MH" 450.53 found

451.6.
Q N=N 9 £
%/K/\N%J\/O F
O_ _NH
F
A

0-0 \([3]/
= e

3.23

Synthesis of fragmenting hybrid 3.23. A solution of compoun®.22 (100 mg,
0.23 mmol) in 5 ml of anhydrous GEI, was treated with triethylamine (64, 0.46
mmol), p-nitrophenyl chloroformate (93 mg, 0.46 mmol) and 4-dimethylaminomidi
(28 mg, 0.23 mmol). The reaction mixture was stirred under argon fios 4nd then
diluted with CHCI, (20 ml) and washed with saturated aqueous NaiH@xe (20 ml).
The organic layer was then dried ¢S&), filtered and evaporated. The residue was
passed through a short silica gel column (0-5% MeOHGTH and relevant fractions
collected and concentrated to afford the 4-nitrophenyl carbonatemadete as a yellow
oil (90 mg, ~0.15 mmol). A portion of this intermediate (20 mg, 0.032 mmnol)
anhydrous dimethylformamide (0.3 ml) was adde&d21 (10 mg, 0.021),
diisopropylethylamine (§l, 0.042 mmol) and 4-dimethylaminopyridine (0.5 mg, 0.004
mmol). The reaction mixture was stirred overnight under argontteerd diluted with
EtOAc (10 ml) and washed with saturated NaHQ®O ml) and brine (10 ml). The
organic layer was dried (NaQ,), filtered, and evaporated. The residue obtained was
purified using silica gel chromatography (0-5% MeOH-EtOAcaftord hybrid3.23 (8
mg, 0.008 mmol, 16 % overaldH NMR (400 MHz, CDC}) &: 7.62 (d,J = 2.4 Hz, 0.5
H), 7.61 (d,J = 2.4 Hz, 0.5 H), 6.83 (m, 1H), 6.80 (m, 1H), 5.75 (br s, 1H), 5.52 (br s,
1H), 4.84 (m, 2H), 4.08 (m, 2H), 3.37-3.30 (m, 4H), 3.16 (m, 2H), 2.35-2.45 (m, 2H),
2.25-2.30 (m, 2H), 2.25-1.25 (m, 40 H), 0.85 (m, 385 NMR (100 MHz, CDGJ) &:
199.74, 176.20, 172.60, 155.07, 152.66, 147.88, 121.77, 112.70, 109.84, 100.09, 65.87,
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60.16, 56.37, 47.53°F NMR, (CDCE) &: -157.490 (m, 2F), -139.443 (m, 2F). LRMS
calculated for GsHeFsNgOg MH™ 919.01 found 919.23.

NH
0-0, I F
0 F
5 s
g NU—N
3.24
Synthesis of hybrid control 3.24. To a solution of 2-(5,5-spiroadamantyl-3- (3-
(2-oxopyrolidin-1yl-amino)-3-oxopropyl)-1,2,4-trioxolan-3-yl) acetiada8.59 (12 mg,
0.026 mmol) in anhydrous dimethylformamide (0.3 ml) was add®t¢:BPAP-i (8 mg,
0.017 mmol), diisopropylethylamine (8.9, 0.051 mmol) and 2-(7-aza-1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (9 mg, 0.026
mmol). The reaction was stirred for 2 hr after which it wastell with EtOAc (10 ml)
and washed with saturated NaH£QO0 ml) and brine (10 ml). The organic layer was
then separated, dried (p&0D,), filtered and evaporated. The residue obtained was
purified using silica gel chromatography (0-5% MeOH-EtOAc)atmrd 3.24 (6 mg,
0.007 mmol, 27 % yield)H NMR (400 MHz, CDC}J) &: 7.78 (s, 0.5 H), 7.77 (s, 0.5 H),
6.87-6.68 (m, 3H), 5.53 (m, 1H), 4.88 (m, 2H), 3.37-3.30 (m, 4H), 3.20 (m, 2H), 2.50-
2.25 (m, 6H), 2.20-1.14 (m, 38),86 (m, 3H):"*C NMR (100MHz, CDCJ) §: 199.85,
175.73, 172.85, 167.08, 151.97, 122.27, 113.19, 108.87, 99.97, 65.97, 56.85, 49.03,
47.32;%F NMR, (CDC}) &: -157.40 (m, 2F), -139.78 (m, 2F). LRMS calculated for
CusHeoFsN6Os MH"* 888.99 found 889.7.

Studies of Fragmenting Hybrids and Controls in live Parasites and Parasitieysates

Parasite culture, harvesting and lysate preparationD10 P. falciparumclones
were cultured with media containing Albumax (Invitrogen) using stahgascedures
4142 D10 parasites were synchronized every 48 h at ring stageedtynent with 5 %
sorbitol. Parasite pellets were harvested at trophozoite Stagelectively lysing the
RBC membranes with 0.15 % saponin (Calbiochem, San Diego, CA). &ysse
prepared by treating 1 volume of parasite pellet with 2 volumds%fnonidet P40 in
PBS for 1 h on ice. The soluble fraction was separated from tblelldhes one by a 5 min
microcentrifugation at 13000 rpms.

P. falciparum replication assay. 200 uL of synchronized cultures of D10
parasites (~ 2 % parasitemia and 0.5 % hematocrit) wereedredt ring stage with
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increasing concentrations of compound and were left to grow in B@hakes for ~75 h.
Cells were fixed in 0.05 % glutaraldehyde (Sigma) in PBSafoleast 12 h at 4 °C,
permeabilized for 5 min with 0.25 % Triton X in PBS, and stained &id mg/mL of
propidium iodide (Sigma) in water. Infected and uninfected RBC® weantified by
FACS as the populations with positive and negative fluorescence pmdpielium iodide
channel, respectivel§*. All FACS measurements were taken on a BD FACScan flow
cytometer (Becton, Dickinson and Co.). All EC50Pot values for pardsiash were
obtained by fitting the percentage parasitemia to a dose response curve.

Labeling of DPAP1 activity with FYO1. FYO1 is a cell permeable BODIPY-TMR
fluorescently-tagged probe containing a vinyl sulfone reactive gtbap covalently
modifies the catalytic cysteine of DPAPL Parasite lysates were diluted 10-times in
acetate buffer (50 mM sodium acetate, 5 mM MgCI2, and 5 mM DTgHab.5) and
treated with 1 uM FYOL1 for 1 h at room temperature. To measurepdua#fisity of an
inhibitor against DPAP1, parasite lysates were treated wateasing concentrations of
inhibitor for 30 min prior to labeling with FYO1l. Samples were theredoin SDS-
loading buffer and run on a SDS-PAGE gel. DPAPL1 labeled bands randasblet
around 20 kD and were directly detected in a 9410 Typhoon Scanner (Amersha
Bioscience, GE Healthcare).

Kinetics of DPAP1 inhibition in living parasites. A synchronous culture of
parasites (~ 20 % parasitemia) at trophozoite stage was cdultutd 50 nM of
compounds3.21, 3.223.23 3.24or DMSO. 1mL aliquots of culture were taken after 0.5
to 6 h of treatment, and the RBC membranes were lyzed with 0.1pdnhisaParasites
pellet were resuspended in acetate buffer containing 1 % nonidetaRdODPAP1
activity was labeled with tM FYOQ1 at room temperature for 1 h.

Determination of 3.21 ki using a fluorogenic activity assay for DPAPI.
Trophozoite lysates in acetate buffer (1 to 10 dilution) werdeeavith increasing
concentrations d8.21for 15 min to 1.5 h. Residual DPAP1 activity was measured as the
turnover rate of (Pro-Arg)2-Rho, a DPAP1 specific substraparasite lysates [DPAP1
assay paper], by diluting the treated samples 10-fold in admiffexr containing 1QuM
of substrate. Substrate turnover was measured for 5 min in a 9f¢latellat 530 nm
(using an excitation wavelength of 492 nm and an emission cutoffdiit815 nm) in a
Spectramax M5 plate-reader (Molecular Devices).

The rates of substrate turnover relative to DMSO controls (wedg fitted to an
irreversible inhibitor model (eq 1) with eq 2.

Ki ki
E+| —<—E |——>E-|

(eq 1)
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ex;{_ E[ L][]t]j
(eq2) = ‘

A 1+[I)/K;

where E, |, E I, and E-I represent free enzyme, inhibitor, inhibitor btmutige enzyme,
and the enzyme-inhibitor covalent complex, respectively. t is the treatimendftlysates
with inhibitor, Ki the dissociation constant of the non-covalent enzyme:inhibitor
complex, andki is the rate constant of covalent modification of the enzymehby
inhibitor.

Estimation of the rate of 3.21release from hybrid 3.23 in living parasites.
Three assumptions were taken to estimate the rate of theMietnael reaction for
hybrid 3.23in vivo: 1) The rate of DPAP1 inhibition by.21 inside the food vacuole is
identical to that measured vitro in acetate buffer. 2) The initial concentration of hybrid
3.23inside the parasites is identical to the one in the media. 3kihk&c of thep-
elimination reaction can be approximated to a simple single exponential dg&y (e

as Er
(eq 3) 3.23': adamantane derivativie3.25— 3.21+ 3.26

wherekr is the average rate of release3dtlin the food vacuole, which is much slower
than the reaction between iron(ll) and the trioxolane group of comp82&l The
formation of H2N-DPAP-i can therefore be described by (eq 4).

(eq 4) B.21] =[3.23, (1-exp(kt))

wherekr is the average rate of release3021 in the food vacuole, anB230 is the
initial concentration of hybri®.23 i.e. 50 nM. To obtaitkr, the residual DPAP1 activity
values, measured during the treatment of a parasite culture witM58F hybrid 3.23
were fitted to eq 2 where [I] was replaced By2fl] as it is defined in eq 4, and tkieand
Ki values were fixed to those determineditro for 3.21
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Chapter 4. Future Directions.

This chapter will summarize the projects discussed in this thsieer as well as briefly
propose future directions of the projects if they were to continue.
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Identification and Evaluation of Novel Small Molecule Pan-Caspaséhibitors in
Huntington’s Disease Models

Chapter 2 discusses the identification of potent, non-peptidic panseaspa
inhibitors and their application towards Huntington’s disease (HD) models. Wedia
substrate-based fragment approach called Substrate Activigeriog (SAS)® to
develop non-peptidic inhibitors of caspase-3 and caspase-6. In the 8h8dmweak
binding non-peptidic substrate fragments are identified, optimizett{hen converted to
potent inhibitors. By applying SAS, we identified three novel, nonpepiticicersible
inhibitors that blocked proteolysis of Htt at caspase-3 and casss-6ln HD models,
these irreversible inhibitors suppressed HHi'*'2mediated toxicity and rescued
HttN90Q73-induced degeneration of rat striatal and cortical nefirobese results
further implicate caspases as promising targets for HD therapeutiopiensgit.

Future work on this project would includte vivo studies involving treatment of
transgenic mice models of HD with the pan-caspase inhibitors. ajarrshallenge of
effective treatment of brain disorders is the requirement @$sang the blood-brain
barrier. In order to evaluate the therapeutic effect of the inghitmmunoblotting of
the striatum and cerebral cortex of treated HD mice modelsldvbe conducted.
Comparingin vivo with ex vivoresults on the degree of neuronal cell death rescue would
provide evidence on the ability of our pan-caspase inhibitors t@ ¢hes blood-brain
barrier. This data would further validate caspases as viable therapeggits for HD.

Design of Plasmodium falciparum Dipeptidyl Aminopeptidase | Inhibitors and
Development of Fragmenting Hybrid Approach for Anti-malarial Delivery

Chapter 3 discusses the use of homology modeling and computational docking
design and synthesize nonpeptidic irreversible dipeptidyl aminopsetidlgDPAP1)
inhibitors. The most potent inhibitors killeBlasmodium falciparumn nanomolar
concentrations in culture. Our lead inhibitor displayed cell perrigalbow toxicity in
HFF cells, and stability in mouse serum. Our data shows aatoyrebetween DPAP1
inhibition and parasite death, suggesting that these inhibitorsoateglling parasites by
nonspecific toxic effects. These results validate DPAP 1 as a viable @afiahtargef.

Additionally, the incorporation of our lead DPAP 1 inhibitor into a novel
approach as an alternative to artemisinin combination therapyl)(Atas briefly
discussed. A fragmenting hybrid.{) containing a trioxolane analog conjugated with
our most potent DPAP 1 inhibitor was developed and achieved ACT-tikeity
Notably, two anti-malarial agents were successfully retbas¢o parasite-infected
erythrocytes.

Future work on this project would include the further evaluation of the
fragmenting hybrid in erythrocytes using fluorescence miog.  Specifically,
fluoregenic hybrid models would be synthesized and studied for teatidation and
distribution in parasite-infected erythrocytes. The 4-nitrobenzoa2193,-diazole
(NBD) fluorophore has been recently studied in living malaria gasagirough labeled
anti-malarial endoperoxidés.A fluorogenic model system? ) can be developed by
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conjugating our fragmenting hybrid and a NBD fluorophore (Figure 4.1). Our
fragmenting hybrid approach builds upon the known event of iron@Mapted
trioxolane decomposition reaction sequence promoted by free feroousrineme in the
parasite food vacuole. Localizing our hybrid moleculeBlasmodium falciparunfiood
vacuoles via fluorescent visualization, would further validate our novel approach.

4.2
Figure 4.1. Fragmenting hybrid4.1) and fluorogenic fragmenting hybrid modé|2).

Conclusions

Proteases play a vital role in many biological processesranctitical to the life
cycle of many pathogens. Therefore, protease inhibitors havesbeegly pursued to
treat various diseases. While the most widely used approachyrajedtifies peptidic
protease inhibitors, it has proven to be difficult to convert peptidichbitwing into
nonpeptidic, drug-like structures with favorable absorption, distribution, metabahd
elimination properties. The projects in this dissertation anelated by the importance
of protease activity in relevant diseases. In Chapter 2, then®$d was successfully
applied to caspase-3 and -6 to identify potent, nonpeptidic inhibitors. e Tiigibitors
have been used as tools to study proteases involvement of caspadeRAdd in
Huntington’s disease and the malaria-causiRtasmodium falciparum parasite,
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respectively. The efficient inhibition of caspase-3 and -6 suppréssieity and rescued
neurodegeneration in HD models, which validate the role of caspas#3. Chapter 3
described the in silico design of nonpeptidic, DPAP1 inhibitors and theher
development into fragmenting hybrids. Our results showed a correlation betwA&1 DP
inhibition and parasite death, which suggests that the recently distoldtaP1
protease is a viable antimalarial target. While these pgsontribute significantly to
the field of protease inhibitor development, they also serve abladitarting points for
further understanding the role of relevant proteases in pertinent diseases.
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