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Abstract

Balgacyclamides are a group of natural products isolated fireshwater cyaobacteria
Microcystis aeruginosEAWAG 251 Gademann and emorkers in 2014. They are macrocyclic
polypeptides that caaiso bdadentified as cyanobactins. Three natural prodinashielongs to this

family have been reported so far; namely balgacyclarAide BalgacyclamideA and B have
reported toxicity towards a chloroquine resistant strain of the malarial paPdagmodium
falciparumK1 andpossessed moderate cytotoxicity tossarat myoblast&ith implied capability

of penetration into lung and colaancer cellsGiven the interesting cellular penetration ability of
balgacyclamides, our laboratory embarked on a journey for the first total synthesis of
balgacyclamide A, and B a convergent synthetic approach to access both the natural products
in the same route. A synthetic route was established for accessing the two natural products and
two other analogs using commercially available amino acids. Establishing the synthiesfero

the two natural product analogs served as a model system for thetsgynoute of the actual
natural products. Due to the ability of balgacyclamides to penetrate into lung and colon cancer
cells, it is envisioned to utilize these molecules tqugete them with available anticancer drugs
with the aim of lowering oftarget side effects. Also, a small molecule library has been synthesized
using an intermediate of balgacyclamide A, and B synthesis to study their ability to penetrate
Gramnegative hcteria through porins. This study reveals many unprecedented propesties|of
molecules that aid penetration of molecules through porins; the most interesting finding being how
the threedimensional orientation of the molecules affect ponediated peetration of small

molecules despite having approximately the same physoachl properties.
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Abstract

Balgacycamides are a group of natural products isolated freshwater cyanobacteria
Microcystis @&ruginosaEAWAG 251 Gademann and ew@orkers in 2014. They are macrocyclic
polypeptides that caalsobeidentified as cyanobactins. Three natural prodietstielogs to this
family have been reported so far; namely balgacyclamide BalgacyclamideA and B have
reported toxicity towards a chloroquine resistant strain of the malarial paPdagmodium
falciparumK1 andpossessed moderate cytotoxicity towards natlsrastswith implied capability
of penetration into lung and colon cancer céls/en thenteresting cellular penetration ability of
balgacyclamides, our laboratory embarked on a journeyther first total synthesis of
balgacyclamide A, and B in a cagrgent synthetic approach to access both the natural products
in the same route. A synthetioute was established for accessing the two natural products and
two other analogs using commerciadiyailable aminaacids. Establishing the synthesis route for
the two natural product analogs served as a model system for the synthetic route ofathe actu
natural products. Due to the ability of balgacyclamides to penetrate into lung and colon cancer
cells, it is envisianed to utilize these molecules to conjugataritwith available anticancer drugs
with the aim of lowering oftarget side effects. Alsa,small molecule library has been synthesized
using an intermediate of balgacyclamide A, and B syrghesstudy theirability to penetrate
Gramnegative bacteridatough porins. This study reveals many unprecedented properties of small
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the threedimensionalorientation of he molecules affect pormediated penetrationf small

molecules despite having approximately the same physicochemical pro(re@ies
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Chapterl-l nt roducti on

1.1 Introduction

Disclosed hereirare the efforts towardghe total synthesis of balgacyclamide family of natural
prodicts (NPs), andsyntheticanalogsaccessednroute Emphasis will be given to aptizing the
synthesis routes to access each identified fragment éathiey members, their assembly in their
linear system, and efforts at the macrocyclization to the fial Sope of possible applicatns

this family of NPswill alsobe explored. Apa from pcssible future applications of the final
compounds, emphasisgs/en to utilizing an interesting intermediate of the synthesis to create a
small moleculechemical speening library (CSL) for applicationsnto biological investigations

The CSL assembled,consising of derivatives of this intermedigtevas employedo probethe
effects ofPCPsand their orientation upon tipenetration of into Grarmlegative baaria(GNbac)

aso will be discussed.

1.2NPsin Drug Discovery

NPshave been used acrosslturesthroughout the world teemedy ailments for thousands of
years.Most NPsare secondary metabolites produced by biological organisms to perform specific
secondry furction beyond survival, such as: cell communication, -geffense, and stress
respnses-?> While each of these are of importance to the organism, they can be ekpvite
therapeutic properties in ammals.Ayurveda (a system of traditional Indian medicine), and
traditional Chinese medicine are great examples of medicine modalitiedo datethat heavily

use herbal medications to harness the medicinal properti#astdundin various natural soues.

With the advancement of science, and the emergence of Western medicine, we have leaned



towards a more regulated use of medicimat tonesto the marked as approved therapy after

rigorous testing. HoweveNPs still day a majo role indrug discovery process.

According to the most recent statistics on approved drugs abstracted frorfBQIIRFEigure 1)
3.8% of them e unaltered\Ps 189% are NP derivatives, 3.2% are synthetic drugs withi
pharmacophore,ra 115% are sythetic drugs that arBlP mimics2 It can also be said théte

role of NPsin drug discovery are essential amalve been the corner stone in therapeutic agent
discovery.Therefore, not only isolating and identifyiddPsfrom natural sources but also total
synthesis oNPscan contributemmensely towards the drug discovery process.

3.20%

"B 7.50%
N
NB 11.00% 3 80% B - biological macromolecule
ND ‘ N - unaltered natural product
S 0.80% )
y NB - botanical drug
u S/NM
N ND - natural product derivative
S 18.90% .
S*/NM S - synthetic drug
Y S* - synthetic drug (NP pharmacophore)

24.60%

V - vaccine

NM - mimic of natural product

Figure 1. New drugs approved from 1981 to 2019

Few examples of approved drugs that &@sareillustratedin Figure 2. Paclitaxel (Taxol) is an
anticancer drug isolated from pacifyfew tree. Digoxin is a cardiac glycosidélated from
foxglove plant and issed to treat various cardiac conditions. Codeine and morphine isolated from
the sap of poppy plant are strong analgesics. Quinine that is isolated from the bark of cinchona tree
is a widely used antimalarial drug. Vincristine isolated from rosy periwiiskhn anticancer drug,

and atropine isolated from belladonna plant is an anticholinergic drug. In additibiP40



themselves the synthetic intermediates accessed within theyothesis routes alstan act as

valuable tools in understanding and solving complex biological problems.

HO™

Paclitaxel (Taxol) - Anticancer Digoxin - Cardiac glycoside Codeine - Analgesic

Me
NFﬁ OH
O 0

. . . ) N 3 (o)
Atropine - Anticholinergic (@) o= R
N = ox H
e O_\ 0 /\§O

M Y
€
Me”

HO

Morphine - Analgesic

Quinine - Antimalarial

Vincristine - Anticancer

Figure 2: Examples of approved drugs that areNPs

1.3 Balgacyclamides

1.3.1 Cyanobactirs:

Balgacyclamidesare a group ofPsidentified as cyanobactiffswhich area group of cyclic
peptides produced by cyanobartawherethe peptides have undergone further ficatslational
modifications>® a few examples of cyanobactins are shown in Figut@®®1! These post
translational modifictkons involved with the formation of cyanobactins includet not limited

to: heterocyclizations, prenylatigresd oxidations of amino acidéMost of them are suggested

to be biosynthesized via ribosomal pathways, while a minority could be synthesized non
ribosomally as well. During posttranslatonal modifications heterocyclases mediate
oxazoline/oxazole @or-coded in green in Figure 3) as well as thiazotimazole (colorcoded in

purple in Figure 3) formations, and prenyltransferases called F enzymes mediate prenylations

(prenyls: colorcoded in yellow in Figure 3}2 All the isolated cyanobactins have not shown
3



bioactivity for their tested aspectslowever,there aremany cyanobactins thahave possessed

metal chelation abilityanticancer activity, multidrug resistance reversing abiktytimalarial

activity, as well asability to block Rglycoproteins and potassium chantiélslowever, while this

class ofNPspossesses interesting biological effetitg natural role(s) of cyanobawdiremain

unclear to dat& Apart from cyawbacteria, cyanobactins are found in other marine organisms as
well (e.g., ascidians,sponges and mollusk§)With the recent expansion of explorations into
marine sources fd¥Ps manyisolatedcyanobactins are baj reported with interesting biological
activity. That increases the possibility of discovering more cyanobactins as well. One such
example of a group of cyanobactins from a marine source is the focus of this thesis, which are the

balgacyclamides.
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Figure 3: Few examples of reported cyanobactins



1.3.2 Isolation and Structure Elucidation of Balgacyclamides

Balgacyclamides are a group of cyclic peptides isolatedfirmshwater cyanobactedicrocystis
aeruginoseEAWAG 251 The isolation of balgacyclamides A, B, and C (Figure 4) were reported
by Gademann and emorkers in 2014 These macrocyclic peptidesmtainoxazoline and thiazole
rings askey characteristic structurahotifs of cyanobatins. Structural comparison dhe three
balgacyclamidesevealed some interesting differences and similariBesh balgacyclamidé
and B slre the same core except for the difference of having an oxazoline¢odked in purple
in Figure 4) versus ampen dipeptide (colecoded in orangdn Figure 4) respectively
Balgacyclamide B and C share the same open dipeptide with the rest ofiltyestiocture except
for having an isopropyl (colecoded in grayin Figure 4) in balgacyclamide B versus a bgnz
group (colorcoded in bluen Figure 4) in balgacyclamide @s reported by the isolation chemists,
the structure elucidatioprocess obalgacyclamides has be@atchallenging task due to the low
isolation yieldsForbalgacyclamide A, B, and,@e isdation yields haebeen as low as 0.55 mg,

0.15 mg, and 0.80 mg respectively, per 15 L of the cynobacterium cdilture.
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Figure 4: Balgacyclamidefamily isolated in 2014from Microcystis aeruginos&AWAG 251

Microcystis aeruginos& AWAG 251, of which the balgacyclamide family oNPswere isolated
was obtained by the isolation chemists from Swiss Federal Institute of Aquatic Science and

Technology. Multiple methanolic exttionswereperformed on the @nobacterium cultures and
5



the extractsverelyophilized to obtain a dry powder. The resultant powslasreconstituted into
an 80% methanolic solution and separated using SFE column and multiple runs on a&P-
HPLC. Isolated compoundsere extensively analyzed using NMRH, *C, 2D), R, and mass

spectrometry with aid from ozonolysis, hydrol

1.3.3 Bioactivity of Balgacyclamides: Need for Total Synthesis of Balgacyclamides
and Scope for Drug Development

Balgacyclamide A and B have reporteditity towards a chloroquine resistant strain of the
malarial parasitedPlasmodium falciparunK1l with reported 1Go values of 9.0 and 8.2M,
respectively. Antiparasitic activities of lgacyclamide A and B against few other parasites also
have been testddablel). It is reported that both balgacyclamide A and B have moderate toxicity
towardsTrypanosoma bruceand balgacyclamide B has derate toxicity towardseishmania
donovani When balgacyclamide A and B are compared, there is no significant difiereriheir
biological activities. It implies that the presence of an oxazoline ring (colde in purple in
Figure 4) in balgacyclamidd compared to having an open peptide (caode in orange in
Figure 4) has not affected the biologieativity of the two molecules. This family of compounds
have possessed comparableolZalues to other cyanobactin families such aswamides and
aerucyclmides.

Table 1:Antiparacytic activity of balgacyclamide A & B (ICso values ineM)

P.f. T. b. rhod. T. cruz. L. don.
Balgacyclamide A 9.0 59 >150 >150
Balgacyclamide B 8.2 51 >150 28

P. f.- Plasmodium faliparumKZ1; T. b. rhod.:- Trypanosoma brucei rhodesieB831B 900;T.

cruz.- Trypanosoma cruziulahuen C4L. don.- Leishmania donovanMHOM-ET-67/L82



Interestingly balgacyclamidesverealsoshown topossess penetration into lung and colon cancer
cells The ability to penetrate to lung and colon cancer cells can be a very important property of
these moleculeas this propeyt could potentially allow balgacyclamides to be used as a drug
delivery vehicle to deliver anticancer drugs to target cells seédgtiWwhen most of the currently
available anticancer drugs are considered, they are plagued with unsediexitity as thg
penetrate to nenancerous cells as well as cancerous cells and cause off target cytotoxicity. For
example, commonly used anticanarugs paclitaxel and doxorubicin cause side effects such as
loss of blood count, nausea, vomiting, lo$sappetite, hailoss, and even deatRur lab is
interested in exploring -Ghiopurine (6TP) mainly used to treat acute lymphocytic leukemia
Howewer, 6TP has manside effectswith one of the most severe beingpatotoxicity leading to
jaundice. Therefie, drug delivey systems can be of great use to selectively deliver these potent
drugs to their targets and get their maximum benefit. One suchpéxavould be carbohydrate
conjugated anticancer drugs that uses Warburg effect to sneak into canceoelapidly than
nortcancerous cells. Potential of using balgacyclamides for such purposes will be further discussed

later.

1.4 Small Molecule Libraries Based orNPsto Facilitate the Process of Drug

Discovery

While developing a total synthesis route tblla does contribute to the advancement of organic
synthetic methodology, it also provides a robust, scalable, and reliable method in accessing
biologically active compounds. Total synthesisN®s allows further explaation into the NPs

through SAR analysisef the derivatizedNPs which can lead to small molecules with interesting
biological properties useful in drug discoveiyhe Hergnrother groumas sown the applications

of derivatizing commeially available NPs for the construction of sm@$Lswhich can be use



in thedrug discovery procesEigure5-A).* However, when the findiPis modified, most of the
time the innate bioactivity of the pareNP does not chage though its potency may change.
Therefore, our laboratofpcuses on constructing small molecule libraries from the intermediates
of total synthesis route as well without constraining derivatization to theNiRdFigure 5-B).

We envisionthat thismethod may allow us taliscover small moleculeshat have different

biological activitiescompared to the pareNP.

Up unti |l t he NPAGrBdu@ discovenyevasre@mlrd yofunmat ched, howe
and the advancement ofrobaticn t he drug di scovery process a |
discovery was bort, High-throughput screening (HTS), born in this era, is a method in which a
collection of compoundstaredin cell culture plates ranging from 48 to 1536 wells per plate,

could be screening in mapid fashion for the discovery of new drug lead scaffold/therapeuti
discovery or in the investigations into other biological pursuits; such as transportcrnps

biological barrierd®!” Prior to the discovery of HTS, screening collections were primarily
populated irNPs and/or extracts from natural sources. With the enhanced speed of Hi&dhe

forthempul ati on of screening pl atopresenwdays a | ar ge
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While NPs remain the best choice for the populatiorC&L collections,the discovery of new
potentNPs has ben on the decline over the past decade. Giveretoisg withthe need to populat

CSL plates a solution was desperately need&&EL plates were then populated with semi
syntheticNP moieties, marginal malog NPs tha were constructed, other small molecules from
failed total synthesis routes, and other total synshi@spired compounds. However, this did not
solve the population problem, as such, the use %hgpridized carbao-carbon bond form was
empbyed; such aSuzuki, Stille and other organometallic reactions. In these efforts in the mid to
l at e 199 6d thousands af snaaltlcompounds were accessed via this coupling strategy.
This strategy has contied, and onefehe biggest CSL sources the marketoday are those sold

by ChemBridge, whose libraries are primardlynthesized via a platformased sythesis. In
platformbased synthesis, a large number of different molecules can be synthesizedom a
period oftime using automated mett®'® In this, the libraries are composed of mainly small

molecules that are fl{as evaluated by the percentage/fraction Sfhspridized atoms in the



compound) and lacking artge percentagef stereocenters. Multiplérugs have ben discovered

and approved by the FDA employing the ChemBridge library. A large percentage of tngse dr
act as kinase inhibitors, and also cause many off target side effects. Kinases are very common
enzymes that ply vital roles in cell groth and metadesm, though the overexpression of kinases
can be observed in some disease conditions such as cBineezfore, the inhibition of kinases
can cause various side effects due to their inhibition of siretetargetsTherefore, discovering
bioactive molecués with higher degree of complexity is crucial in drug discovery research to have
higher efficiency wih lower side effects. Quantifying molecular complexity is no easy task and
has been done in a vety of means. @ such metric to assess Iewular compéxity can be
performed by assessment of the percentage/fraction3dfybpidized carbons (Fépand he
number of sterecenters. Together, Fsand the number of stereocenters can be an indicator of
threedimensioral shape of moleculé$in additional to moleular complexity, lipophilicity is also
another major point of consideration for library desigmalphilicity iscommonly quantified by
cLogP, which exphins the absorption and the permeation of the molé€ilee complexityand

the lipoghilicity of molecules directly affect the probability of finding drug candidates, which have
higher paency and selectivity towards a particular protein target. Therefore, screening libraries
with higher Fsp /stereocenters and lower cLogP luas have hilger probability of finding drug

like molecules. Small molecules in Chembridge library have the avEsgief 0.23, whereas the
average Fsjof FDA approved drugs is 0.47 (FigureA§. The average nuber of stereoagters

in FDA approved drugand the Chetoridge library are 4.94 and 0.24, respectively (FiguBd.6*
ChemBridge habeen used to discover mastthe componds found in the FDA. However, Fsp

of the large percentageg molecules having antibacterial and aaticer activities is significantly
higher than the FSpf the molecules in ChemBridge librarfyigure 6C). Moreover, the number

of stereoceters of moleules having anticancer and antibacterial activities isifssgntly higher
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than that of ChemBridgebrary (Figure 6D). This means that there is a gap (shown in green
boxes) in ChemBridge library that needs to fitled with molecules withhigher degreeof
complexity. Therefore, it is beneficial to constructainmolecule screening libraries with highe
Fsp’and higher number of stereocenters to increase the probability of discovering molecules with

drug like proprties.

A Fsp3: FDA & ChemBridge B Stereocenters: FDA & ChemBridge
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Figure 6: Fsp3 and Stereocenters of Small Molecules in ChergBridbrary*

To overcome the problem of tHack of structural complexity of the commercially available
screening libraries, there should be mbies andNP-like molecules that are more drlige
employed in the screening librariédso, such screeng libraries could be used not only for direct
saeening to finds hits in drug discovery, but also, they can be employed in investdjt&rgnt
biological problems. For example, investigating ®€Psof molecues that could penetrate
compex barrierssuch as the bloedrain-barrier, orGNbaccell wadl. Complex molecules that are

or would mimicNPs coud be exploited extensively to systematically analyze such properties. As

11



such, our laboratory foses on utilizing small molecule libraribased ofNPs and intermediates
of NPs to investigate small metular penetration througbiNbaccell wall through porirmediated

transport.

1.5 Porin-Mediated Small Molecule Transportationinto GNbac

1.5.1 Bacterial Infections andGNbac

Bacterial and viralnfections lave caused epidemics and pandemics thrawtgtihehistory that

have costed millions of lives and fear of death for the rest of the worldwiived. For example,
currently we are dealing with COVHD9 caused by the novel corona virus SABS/-2, and
bacerial pandemics, such as the cholera amubhbicplague have consumed thousands of lives in
the history of mankind. Antibiotics have savedwammaginable number of lives from bacterial
infections since the discovery of penicillin. Currentlyndreds of diferent antibiotics that belong

to variots chemcal classes with different modes of action have come into the market as approved
drugs. Thogh these antibiotics serve to fight and inhibit bacteria, emergence of bacterial

resistance to the alable antibotics poses barriers for treating bacternéections 2223

Antibiotic resistance is caused whieacteial strains mutate and create mechanisms that negate or
prevent antibacteriahgens from elucidating their action. Such examples are increasing the
number of efflux pumps in the cell membrapessessingreymes to hydrolyze antibiotics or
altering the leceptor€*2° The main cause of antibiotic resistardevéopment is the irrational use

of antibiotics. When a bacterial strain becomes r@sidb one antibiotic it might be resistant to
all the antibiotics that go after the same target as ®alirent statistis alarm us of emergence of
bacterial infetions b be a leading cause of death in the fut@Mith all these, it is evident that
there is a lIgh demand for novel antibiotics that cambat lacteria that are resistant to currently

available antibiotics. Despite this enormalgsnand, the number of antibiotics that comes to the

12



market has drastically decreased over the last few decddgure 7)?’ and all the major
pharmaceutical companies have shut dtveir antibotic research arms, leaving the discovefry

novd antibiotics to the academic research groups.

1983-19871988-19921993-19971998-20022003-2007
Yar

e e
oN MO

Number of new antibacterials
O N b O

Figure 7: New systemic antibacterials approved by the US FDA

Antibiotics that areurrently availabldave various ifferent meclanisms of actiomnd actupon
varioustargets that are on the cell wall as well as on the targets in the bacterial cytdptzsm.
antibioticsneed to penetrate through the cell wall into the bacterial cytoplasm to be effective
Hence, underanding the nire of the bacterial cell wall essential in developing molecules with
antibacderial properties. Also, mechanisntBat allow penetration of small moleculésough
bacterial cell wallas well as the?CPsand characteristics of the small ralles that euld
penetrate bacteria need to be understood Wéikerebre, key features of bacterial cell wall

structure and mechanisragsmall molecular penetration through it will be discussed herein.

The structurbdifferences(Figure 8 and 9betweenGNbac andsram-Positive bacteriaGPbag,
specfically in their outer membrane comyson allows for unique and diffent mechanism of
action of resistance towards antibiotid$ie evolution ofGNbachas resulted in the formatiaf
one of the most comptebiologicalbarriers that efficietty prevents the accumulation of foreign
substances in the cytoplasm and periplasm (Figuf& The dual membraneystem, 3540 nm
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wi de, is responsible for this remarkably rest

composition and its ability to reswe foreign substances from the interior effithgand rapidly.
Presencef an additimal outer membrane a&cas the main barrier for molecular penetration. It is
the reason why many of the antibiotics that act upon-ceHalar targets are inherentiyactive
againstGNbacdue to their inability tareach those target$he auter membranef GNbacis
composeaf an unusual saturated lipopolysaccharide (LPS) Ey¥rcomposed of ntal binding
motifs*! and multiple fatty acids chains per unit. As such, thesgpoaents of the LPS make the
GNbacless fluidlike,3? and as such restrict the rattmovement of molecules to offiéi eth to
onehundredth of that of simple membranes (phospholipid bilayers). Transport via LPS
destabilization can only be accomplished via cation ion removal, an appaiazdmmonly seen

as feasible. Given the highlysteictive nature of the outer membearthe movement of essential
nutrients is governed by specific transporters that allow passage into the periplasm, where passive
diffusion across the inner membrane canw. To allow the movement of other nutrientiseg

that there are not specific tigorts for all, porin channels are present in the outer membrane to

allow selfpromoted uptaké’
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Figure 8: A schematic representation of ®baccell wall
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On the other hand, ven foreign substances do gain access to the cytoplasm or periplasmic space
of GNbag they are eftiently and rapily removed byefflux pumps?>*° These multicomponent

efflux pumps remove not only foreign substances from the cytoplasm, but also from within the
innermembrane and periplasm environments. This rstétje removal of said compounds such

as drug®r probes greatly hinders their accumulation within the cytoplasm, and thereby limits their
ability to elicit their designed and intended action witGiNbac Futhermore, single component
efflux transporters are present within the inner membrane, whpttlyraemove compounds to

the periplasm. The highly restrictive barrier of entrandgNibacin combination with its efficient

efflux capabilities makes the trggwt and accumulation of foreign substances ardulglast
antibiotics fail to reach a minimunmerapeuticconcentration withinGNbacdue to their rapid
efflux. Therefore, there is great need for the development of strategies and platforms that can allow
the movement of desired substasmiaga porins to allow for an increase in accumulation of said
substances, which have a greater Hiédf within the GNbacto elicit any biological effect. To
accomplish this, understanding h&®€Pseffect porinmediated transort is essential in the early

stages of solving this complex, and leiagting problem.
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1.5.2 Porin Channels

Porins are transmembrane proteins found in the outer membrane dltlae.G hey areelatively

narrow wateffilled &-barrel transverse channelhere the structures are composed-strands
andb-sheets in an antipaliel fashion (Figurel0)33** The interior ofporinsare higty charged

and provide a restrictive environmdot compound passage governedR§yPs Porinsexist in a
trimeric state othe outer membrane of the GNbac. It is suggested that the trimeric structure makes
the porin structures more stable, but the monomeric units work indagnoh their passive
trangorter functior’® Though there are someofins that are dedicated to transport specific
molecules, the majority of the porins are repecific transporters or general diffusion porins.
While there is a number of structurally diffatéypes of these gerardiffusion porins, OmpF and

OmpC poringan be considered as more highly abundant than cthers.

Figure 10: OmpF porin of Escherichia coliK-12 crystal structure (20MF) visualized by
VMD software. A: Side view,B: Top view.

Though he exact mechanism of how porins contrieétmolecule entry through @ore is unknown,

several findings suggest that their interior charges as well as shape highly contribute towards this
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controlled permeatian  Wh e n a pre is consideredsithteriar can be explained as a
somewhat horglass shapé (Figure 11). There is a ~35 amino acid long cHaiming a loop

inside hat forms a constricteare in the inner pore of the poriAslt is a negatively charged loop

that extends over the top of thmarrel and interior wadl that are positivelycharged. This
constriction zone brings dowthe diameter of the porite around 6.5 from 15
Presence of this constricted region plays a major role in limiting the molecular diffusion through
porins. When the interiort@arge of the porin clmael isconsidered, the residues in thepareating

the constrictedagion are negatively charged and lie adjacent to the positively charged residues in
the nonconstricted regiod® *° This alternating charge arrangement &@ an interesting faae

of the porins thamheeddurther attention and understangiso that such knowledge che used in

designing molecules that could interact and are transported through porins.

Figure 11: A schematic representation ofltie porin b-barrel being restricted due to interior
hourglass shape

1.53 PCPsof Molecules Penetrating Porins

Several patterns have been identified regardin® @Rsof molecules that can penetrate GNBc.
Researchers have carried out theoretsfidies to formulate scoring functions to predict
permeability of molecules through porin channels as WélIHowever, an ultimatenodelthat
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could predict the ability of a molecule to permeate into GNbaetiso be derived. Systematic

studies carried out analygifferent properties associated with the curreatigiable antibiotics

show that Lipinskids rules do not simply appl
GNbac® Porins tend to be more responsive towards polar moleculieg)do the charged interior

they have, especially pitively charged molecules. It is also reported that when the molecules are
more lipophilic, they tend to be easily pumped out by the efflux puriysther reducing the
concentration inside the bacter&tudies show that size is one of the key criters decides a

mol ecul eébs fate across porins, and mol%%ul es
How different researchers are attempting to overcome barriers inrpedated transportation by

further studying and manipulatiiCPsin the molecules will be further discussed ina@tr 2.
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Chapter2-Pr evi ous Wor k

2.1 Chemistry Related to Synthesis dfiPs Related toBalgacyclamides

To date, none of the balgacyclamide family members (A, B, and C) lieam synthetically
accessed. However, several structurally related macrodyfes, alsasolated from cyanobacteria,
have been synthetically accessed. €hesutes provide critical insight and outline synthetic
feasibility into the construain of oxazoline, oxazole, and thiazole bakk¥. Several examples
of this class oNPs ae shown inFigure 12. Given the structural similagi$ of aerucyclamide B,
dendroamide A, and bistratamide D to the balgacyclamide faaorilyefr discussion of these total

synthesisodés will be presented herein.
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Figure 12. Molecules related to balgacyclamides that have been synthetically accessed.
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2.1.1Total Synthesis of Aerucyclamile B

Aerucyclamide B was synthesized by Serra andvorkers in 2013 with a 9% overall yield over
14-synthetic step*2 Theirroute accessed tiNP in a lak stage oxazime cyclization upori with

DAST (Figure 13). Construction dfwas achieved through the coupling of thiaz@esd 3 and
dipeptide4. This route highlights peptide coupling reactions, oxazoline and thiazole ring formation
with the aid of DAST, thioesteformation from the ring opening of oxazolines witkid) to access

the thiazoline, with subsequent aromatizatmthe correponding thiazole.

Iyle 0] MeO NHBoc Me O
N N\>/‘\/\M HO/\)k
e On om0 N T miE T o oMe
. Me I S Me Me NH
2 s H,,
BocHN | NHBoc
Mey W N~ Me
\ H = Me
S Me Me 3 4
. MeO”™ O
Aerucyclamide B 1

Figure 13: Approach of Serra and ceworkers to aemcyclamide B

Assembly of thiazol@ commenced from the coupling with the free carboxylic acid ofBadlo-
lle-OH to the free amine within the methyl esterLederine to access Baz-allo-lle-L-SerOMe
with HBTU, DIPEA, DMAP in CHCI2 (Scheme 1). Cycliation of this dipeptide was perforohe
with DAST and KCOz in CH.CI; to afford the corresponding oxazoline, whichsvegened to its
thioamide counterpart with 49 in methandEtN (1:1). The thioamide was cyclized under the
same DAST conditins to gain ecess to the thiazoline, which wasated with BrCGand DBU

to promote aromatization to the desired thiazale anoverall yield of 80% over five steps.

i. HBTU, DIPEA, DMAP, CH,ClI,

ii. DAST, K2003, CHQC|2 MeO NHBoc
Boc-D-allo-lle-OH i H,S, MeOH:Et;N e N
+ ’ N ~ Me
(o} \ H =
L-Ser-OMe iv. DAST, K,CO3, CH,Cl, S Me

v. BrCCl;/DBU
80% (five steps)

Schemel: Synthesis of thazole2
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Accesing thiazole6 commenced with the formation of the mix anhydride fridABoc-glycine
methyl ester §) and 2,2,2Zrichloroethyl chloroformiatewith the subsequent treatment with
ammonia to form the corresponding amide (Scheme 2). TreatmentLvdthv e s seagerd s
transformed the internal amide to a thioamide, and treatment viitbr8o ethyl pyruvate under
refluxing corditions gave access to dable 6 in 40% over threesteps. Subjectings to
saponification conditions with KOH ind@/THF (1:1, W) affordedthe free carboxylic acid in
guantitative yields. Boc deprotection ugdwas performed with HCI in dioxane to gihacess to

9, which was gbsequently coupled t6 using HBTU as the coupling reagent with DIPEA and
DMAP in CHCI> to givel0in 94% yield Employing standard saponification conditions ufion
afforded1l. Dipeptide8 which was formed by deprotectidgvith HCI in dioxane was cougd to
11under standard coupling conditions with HBTU to acd&ds 40% yield. Macrocyclization of
12 to accesd was accomplished by Boc deprotection under saponification conditions, methyl

ester hydrolysis, and cyclizationavamdation with HBTU in 2% yield.
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Scheme2: Synthesis of intermedate 1

With macrocyclel2 in hand, accessing aerucyclamievas accessed through the treatment of
DAST in CHCI, at-20 °C in67%yield (Scheme 3)t is of interest to note that dipepti@és used

rather than the desired oxazoline. It is assumedheattira degge of flexibility of the dipeptide
allowed forgreater ease of the macrocyclization. If the oxazoline was empiajted than the
dipeptide, the rigid nature of the system could result in the failed cyclization. This synthesis of sets

up thehypothesis fosynthesis balgacyclamides discussed inttiesis.
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Aerucyclamide B

Scheme3: Accessingaerucyclamide B

2.12 Total Synthesis of Dendroamide A

Total synthesis of dendroamide A was reported byyKaitid ceworkers in 2003 with a 19%
overall yield over 15yntheticsteps (Scheme 243.Their route accessed th¢P in a late stage
macrocyclization of the dithiazole mommxazaoline aliphatic fragmeh8. Construction ofl3was
achieved through the coupling 4 and 15 followed by the incorporation df6. This synthesis

also follows a modlarapproach as in aerucyclamide B synthesis.

O Me_ Me

Me._ Me Me  gfles_Me Me g
Me o X = z
)\Hj\ S o Y o T OB FmocHN S
~ N /H/ _N
o H/\I// e ’N H I / eI 16 Nl /
=N N el N e- .
---3 Me™ === »Me" NHF 15
Me™ NH, moc

(0]

NH HN Yo HN Y0 BnO™ "0
N , HO , AllylO NHFmoc
OA\&V Me W ‘Me N%,,
S 7 \s o7 T\ ] Me
S
Dendroamide A 13 14

Schemed: Approach for the total synthesis of dendroamide A by Kelly and ceworkers

Accessing thiazole$4 and15 commenced with the esterificatiof dlyl alcohol toN-FmocL-S-
tritylcysteine(17) with HOBt and HBTU to furnisii8in 90% yield (Scheme 5). Elatairon of
18 onto dipeptdes 19 and20 began with Fmoc deprotection by diethyl amine (DEA) in MeCN,
which was then added to HOBT/HBTU preaat®dsolutions of the appropriate single amino acid
to accessl9 and 20 in 89% and 91% yield, respectively. Tritgkeprotection with subg@et

thiazoline ring formation was accomplished with triphenyl phosphene and triflic anhydride to
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furnish21and22in 91% and 90% vyield, respectively. Aromatization to the required thiaidles

and15was accomplished with activatenanganese (ll) oxide B8% and 91% vyield, respectively.

STr HOBt,HBTU, STr Ph;PO (3 eq.)

DIPEA, Allyl alcohol 1. DEA/CH;CN
OH —y> OAllyl > FmocHN/\n/ \)I\OAIIyI M
FmocHN FmocHN
DMF 2. Fmoc-D-Ala or ~ CH.Cly. -20 °C
o 90% o Fmoc-D-Val, HOBT, Str 2C12
17 18 HBTU, DIPEA 19: R = Me, 89%
then 18-NH, 20: R =j-Pr, 91%
Activated MnO
FmocHN/\r\) > FmocHN/\( u
OAllyl J OAllyl
CH,Cl,
21: R = Me, 91% 14: R = Me, 89%
22: R = j-Pr, 90% 15: R = i-Pr, 91%

Schemeb: Synthesis otthiazole 14 and 15

Assembly of oxazold6 started with the coupling of Fmaz-alanine toL-threonine benzyl ester
with HOBT, HBTU, DIPEA inacetonitrile in 85% yield followed by alcohol oxidation to the
corresponding ketoriz4 with DessMartin Periodinanén 80% yield (Scheme 6). In an analogous
fashion for the construction of thiazolbe$and15, disclosed above, oxale16was accessed with
the treatment of bis(triphenyl)oxodiphosphonium trifluormethanesulfonate wClelh 84%
yield.

1. HOBT, HBTU,
DIPEA, Thr-OBn
Ph3PO (3 eq.)

Me Acetonitrile,
z 85% Tf,0 (1.5eq.) FmocHN
FmocHN/\n/OH > FmocHN\‘)L I‘/OBn —_— /\r
CH,Cl,, -20 °C

0 2. DMP, CH,Cl,
80% 84%
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Scheme6: Synthesis of oxazold 6

Fmoc deprotection upd was facilitaed with DEA in MeCN whileconcurrent allyl deprotection
uponl5was accomplished via a polymer supported triphenyl phosphine reaction \@A&g
and phenylsilane. The coupling of the free amin®a@nd carboxylic acid df5was accomplished

with HOBT, HBTU, and DIPEA in CHCI, to acces25in 92% vyield, over thresteps (Scheme
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7). Deprotection of the Fmoc group was achieved under stacdatiions. The benzyl group in
16 was removed with Pdihediated hydrogenation to affo2®, which was then coued to the
free amine oR5to afford27in 92% yield over thresteps. Employing conditions used previously,
removal of the Fmoc and allyl @ups was undertaken. Cyclization to dendroamide A was

successfully accomplished by PyBOP and DMAP in DMF/Clklin 81% yield over thresteps

DE AllylO NH, :
14 — > ! Me._Me : 16
MeCN \ “Me : ! Hy, PAIC
HOBT, HBTU,  EocHN | S ; MeOH/THF
: DIPEA / ;
N 1. DEA, MeCN !
Pd(OA Me__M . DEA, :
Pr(18|HC3) Y CH,Cl, HNjiO 2.26,HOBt, HBTU, : Me ©
L o2%  ANQ g:-TEc/?' then 25-NH, OM on
(over hree-sieps) 0o \ ) "Me 92% (i)ve%r three-steps) =N
HO™ Yo 25 : Me™ SNHFmoc

1. DEA, MeCN

O Me
2. Pd(OAc),, PhSiHs, PS-PhsP, CH,Cl,
Dendroamide A FmocH N/\</ N/\( /\(\7/1(
OAllyl

3. PyBOP, DMAP, DMF/CH,ClI,
81% (over three-steps)

Scheme7: Synthesis ofdendroamide A

2.13 Total Synthess of Bistratamide D

Total synthesis of bistratamide was reported by Albert Meyers amedars in 1999 in a%%
overall yield over 14synthetic steps from oxazoR9, oxazdine 30, and thiazol81 (Scheme 85!

In the construction of aerucyclamide B (discussed previouslyNfeavas accessed through
macrocyclizéion of post dipeptide installation, followed by oxazoline formation from the
dipeptide. Unlike this pgproach, Meyers decided to construe thxazoline fragment of interest
and directly incorporate it into the linearstem before cyclization was perfordadn doing so,

key critical stability insight was obtained regarding Boc deprotections in the peesfemazoline
units, resulting in theing opening and epimerization. Meyers proved that the use of Cbz rather
thanBoc groups prevented this ring opemirand successfully used this strategy in their total

25



synthesis of bistratamide D. This route alsahhghts the construction of the thiaedlragment

using Hol zapfel s modified Hantzsch met hol ogy

Me Me

Me _Me (@)
S oM
O/%HLN i S o N /N ® BocHN" Y, S
—N H N / I Me =N N /
Me TIIn 31
0 Me NH 29NHBOC o)
Me N%\/Me
A NHCbz
O)\ﬁ Me020~<¢\ MeO 7)\/
Mé

Bistratamide D 28 Me 30

Scheme8: Retrosynthetic analysis for the construction obistratamide D

Assembly of thiazol&1 commenced from thioamid&l, which was acessed from Bac-valine,

by employing Hol zapf el 6agy. mdhisimethoe3® didglacesttzes c h m:
bromine upon ethyl bromopyruvate, which upon treatment with trifluoroacetic acid and 2,6
lutidine pranoted cyclization and aromatizationd@gocess31in 71% yield (Scheme 9). Removal

of the Boc group was accomplishesh@oying conditions outlined by Norf with the insitu
formation of HCI by the treatment of ackthloride with ethanol, to give the free amifid in
guantitative yields. Oxazolin29 was assemblyréom the coupling of Bot-valine toL-serine
methyl ester followed by cyclization with Burgess reagenstaadard protocols. Aromatization

of oxazoline29to its corresponding oxazole was accomplished with £r@hd DBU in CHCI>

in quantitative yieldfollowed by saponification with lithiunhydroxide in MeOH/HO to furnish

the free acid oxazol®4in 99% yeeld. Activation of oxazol84with EDCI in thepreence of HOBt
afford the activated ester which was treated \BBio access35in 94% yield. Withthe Boe
oxazolethiazoleOMe 35in hand efforts were placed in assuring that deprotection of the Boc and
methyl ester were achievable. Similar to thediton employed for the Boc removal up8m,

HCI was generated via acetyl chloride in ethanol to dftbe free amin86 in quantitative yitds.
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Similarity, saponification 085 with lithium hydroxide in EtOK¥H20 furnished the free ac@i7 in

96% yield.
Me.__Me Me._Me  : H,N-35OMe Boc-35-CO,H
Me Me i. KHCO3, DME, then 36 37
Ethyl bromopyruvate s AcCl HoN s
BocHN NH, > BocHNT D oo 2 | ) 1 acc LiOH
oc ii. TFAA, 2,6-lutidine 5 N EOH . N ' EtoH EtOH/H,0
32 S DME Quant. : Quant. 96%
71% Et0” O Et0” "0,

CO,Me CO,H b gMe Me
— 1. BrCCls, DBU = EDCI, HOBt s
O N Quant. O N > N
o q Hol
e ‘ DMF " =N N~/
NHBoc 2 LIOH, I\g:gH/Hzo Me NHBoc  94% e
e 6 Me NHBoc SIS

29 34 Me

35

Schemel: Accessing intermediate35 and it deprotections

Oxazoline38 was constrated from the peptide coupling of Baevaline toL-threonine methyl
ester followed by cyclization with Burgess Reat (Scheme 10). Subjecting oxazoliB8 to

agueous HCI in THF resulted in the ring opening of thezolne, and treatment withotassium

carbonate and activated basic alumina in MeOH promoted epimerization about the alcohol within

threonine to thallo-L-threonine configuration. Treating the epimerized compound with Burgess

reagent in THF under refluxufnished30 in 70% yield. ”Rmoval of te Cbz group was
accomplished under hydrogenation conditions to a@®iss97% yield. Coupling 0B7to 39was
performed with EDCI, DMAP in CHClI. to afford40in 53% yield. Unfortunately treatirgd with
acetyl chlgide in ethanol failed torpvide the @sired free aminél, but rather furnishethering

opened oxazoline. Other attempts at removing the Boc groupsgailes undersirablaesults.
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SchemelQ: Attempt to access 41

Noting the instaliity issue with employing a Boc protecting group in the presence of an oxazoline
moiety, Meyer decided to switche oupling route to allow for a Cbz deprotection rather than
Boc. Subjecting oxazolin80 to saponiftation conditions to afford2 in 94% yeld, which was
coupled to the free amine of the oxazthimzole OMe 36 with EDCI, HOBt in DMFin 79% yield
(Schene 11). Removal of the Cbz group was accomplished under hydrogenation conditions to
afford43in 83% yeld. With the free amine in place, sagoation was undertaken to furnish the
free amine/free acid, which was treated with HATU, DIPEA in DMF to promateocyclization

to afford bistratamide D in 48% yield over tggnthetic steps.

Me Me

0
Me/ COZH /\’)‘\N S )
’7—( 1. EDCI, HOB, 36 o ol ) 1. LiOH
2M NaOH DMF, 79% =N N EtOH/H,0 _ .
30— oLN » Me ——— > Bistratamide D
MeOH 2. Hy, Pd, NEty, EtOH NH Et0” S0 2. HATU
94% Me NHCbz  83% Me " DIPEA
Me 0 N\ 2 E)MF
42 48% (2-steps)
Me\\‘\ (0] Me
43 Mé

Schemell: Accessing bistratamide D
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Building up the literature precedence outlined in this chapter, the constructidhe
balgacyclamide family hasot onlygreat promiséut expansive precedends thetotal synttesis

of aerucyclamide B, the dipeptifflagment, to be elaborated onto the oxazoline unit later on, onto
the oxazolehiazole helped promote cyclizatiomto the macrocycle. A strategy that can be
employed in the pursuit of balgacyclamide A aBd accessig B in a similar dipeptide
incorporatian as with aerucyclamide and upon cyclization accessing balgacyclamide A. Thiazole
assembly was effectively demoratgdvia the Hantzsch methodology in both aerucyclamide B
and bistratamide D, and via @y sulfide approach in dendroamide A. All togeththey build a
strong fragment for the construction of various substituted thiazole moieties. Efforts in the total
syrthesis of bistratamide D show the limitation of Boc groups in the protection of amities
preence of oxazoline units, resulting ireayclization and partial epimeration. While the
deprotection of Boc groups upon oxazoline units have been dentedstirtoe literature, they are

well documented to t he ihdhamikofiffererda symtheticahemistsu s i n

2.2Smal Molecule Libraries based onNPs and their Applications in
Understanding Transport of Small Molecules Across Poria

2.2.1. Complexity to Diversity (CtD): New Method for CSL Construction.

The ChemBridge libraries remains one of the most util8d s forthe discovery of new drug
lead scaffolds, therapeutics, and in the investigations into other biological inquitesy Nhe
limitations of thePCPsof this CSLs setoutlined in chapter 1 section 1 ultiple other academic
research laboratories have urtdken programs in th@evelopment of new methods to construct
their ownCSLs and many with targetd@CPs**4%4647 Prof, Paul Hergenrother at the University
of lllinois is one example. His lab employ#Ps as startigp materials for the construction of

screening braries via ring distortionsetmed complexity to diversity, in 2013In thisapproach,
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the methodology subjectsNP to precelence synthetic ansformations that give access to new
core scaffolds that differ from theapentNP. These scaffolds are then further functionalized to
provide newCSLsfor screening purposes that possemsgexity imparted from thegsentNP.
Accessingthe core scaffolds was envisioned to arise from the diversification ddRrtarough
known synthetic tansformations. Scheme 12 highlights the overview of the core scaffold
construction. Starting from a palyclic NP (44), ring cleavage could be perforth® give access

to scaffold45. In a similar way, ring expansion can be performed to gmeess ta46, ring fusion
accessingt7, and ring contraction to affodB. Further diversification can beegormed hrough
combining each of these ring distorti@chniques to give rise to compounds such as ring cleavage

expansior9 and ring contractiofiusion50, for example.

C(? Ring Ring

48 thion C'eayr 45

- —]
Ring Ring
50

Fusion Expansion
44
49

47 46
Scheme 12 General corcept of the derivatization of small molecules via complefy to
diversity
In the CtD methodology, the number of diversification steps could be itedimas such,
Hergenrother decided to place a fsynthetic steps or less asaterionfor accessing the new
core scaffolds?® 1* Numerous collection of libraries were constructed frorariousNPs, each

possessing high F¥pharacter, high percentagéstereocenters, and synthetically amendable t
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allow for construction of targeted clogP properties. Unfortunately, scigpehithese codictions

of compounds revealed actiihighly comparable to the pareNP. While undesirable for the
construction bvariableCSLs further thought on this mattkd to the same conclusion. EadR
employed in this route was synthesized afthed by naire to perform a particular function, and
therefore, synthetic manipulations to the fiN&lis less likely to prodce molecules with different
biological activites. Thereforesynthesis of libraries via a ndmo-inspired synthic routes could
give riseto small molecule libraries, which have a higher probability of finding molecules with

different activities and gential applications into various biological lkdgransport imestigations.

2.2.2 Efforts in Overcoming Porin-Mediated Small Molecule Trangportation:
Identification of Optimal Combinations of PCPs for Enhanced Transport
Characteristics towardsGNbac

CSLsare one of the mostilized toolsin the idenification of new drug leasland new drug targets
as well as starting points for the ident#imn of compound classes for prot@irotein interaction
investigationd?*® They are also employed in investigations into h@@Psaffect biological
systems. While commerciallyailable libraries are expansive, the ChemBri@@i sbeing the
most utilized, they are limed in theirPCP profiles. Figurel4-A illustrates the poor overlap
betveen current Gramegative antibacterial agesnand the ChemBridg€SLs with regards to
clogDy 4, a criticalPCPfor porinrmediated transport. Comparison of otR€Ps such as hydrogen
bording donors and accepté?ts$! (Figure 14) further demonstrate the incompatilyilibf current
CSLsto be employed irGNbactransmrt studies. In addition to the po®CP compatibilty,
specific additive effects dPCPscamot be explored with commercially availablsSLs due to
guantity of library material and the lack of synthetic aéiity of the library compounds for the

introductionand modifications oPCPsupon the library members. To evaluate the additive effects
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of PCPsupon complex barrier transport, not only are @8t srequred, but new guidelines are

also reuired for thei construction. We propose the following guidel in the construction of

newCSLsfor evaluation of additiv®CPs 1) library compounds muse rapidly availale on mg

scales (to allow synthetmodifications), 2) possess multiple synthetic handlediftey aewPCP

introduction, transposition, andtafation), and 3) have core structure transformability (rigidity,

planarity). To accomplishthis, we propose thaCSLs be constructed from the complex

intermediates of total synthesis campaigns as each pfapesed guidelines can be met.
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Library Comparison: Gram Negative
Antibacterials (Blue) vs Chembridge (Red)
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(n=99)
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liorary 369 374 64 102 390 0.23
(n=175,000)

Figure 14:. Highlighting the unique PCPss possessed by Gramegative antibacternal

agents
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done in

revea a great deal of information about the molesuleat can have activity again&Nbac®®

Figure15 extracted from their worktlustrates the clogbsvalue vs molecular weight distribution

of different approved drugs. Grey spots indicat@ ad oral and parenteral drugbtained from

the commercially available CMC data set,

antibacterals, and blue spots represent the Gragative active antibacterials.
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It clearly shows
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that thePCPsof antibiotics that areactive againsGNbacdeviate from tle generally accepted
Lipi nski 6s rule of five. I t wa smotedulesewene strictlyt h at
below 600 Da and the parameters pertaining to lipophilicity such as clogD, relalivsurface,
and the number of hydrogen bond doremd acceptors demonsgedtthat these molecules had to
be relatively polar than the other dau A major reason for the failures of hitiiroughput
screening campaigns hunting for Graegativeantibioics caild be that most of the screening
libraries do ot have a good concenti@ of molecules that have the requie@Ps This is hard
core eviegnce to demonstrate that utilizing small molecule libraries that are way too geddgalize
not the best option iattempting to discover small molecules that paretrateGNbacand execute
antibacterial properties. Therefore, investigating P@Pf molecules that can penetr&ébag

as well as populating small hecule libraries that have molecules with suitgilgsicochemical

libraries hat facilitateGNbacpenetration are equally important.

a) CMC = Gram-positive only 4 Gram-negative
6 -
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Figure 15: PCPsof generd (grey), Gram-positive only (red), and Gran-negative active (blue)
drugs. (Graphic extracted frondournal of Medimal Chemistry 2008, Vol. 51, No. 10, 2874
without permission for educational purposgs.)

The concept of structural modification of sulmstes to impart penetration (such agstrate
tagging®% > amino acid appendagdé™ and peripheral modification of the substance to impart

specific PCP4Y) has been widelexplored by numerous researphograms Each of these
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straegies relies upon single agent modification, which has no guarantee of providsppttan
However, such studies have discovered Ke¢ZPs(e.g. catnic character, lipophilicity, and
presence of hydrogen bond donors/acceptors) that deessential in the transport of foreign

substances.

In 2017 the HergenrotheraLb pu bl i shed a sthataccgmpaundtmust possesg A r u
for transport intdGNbag*! based heavily upon previous findings of catiartiaracteP’ ¢ In this

work, they took the Granfosiive antibiotic deoxynybomycin (6DNM) and synthetically
modified itto include a primary amine accessing 6DNWz* (Figure 16). The primary amine
inclusion not only resulted iGGNbacaccumulation, but also cytotoxic agairdNbac strains.
When theGNbacOmpF porin is knocked out the activity is lost, therefore suggedtagthis
modified antibiotic elicits its action in the inter of the GNbacmeaning that transport occurred.
While the presence of cationic character upon comgetimas ben well established to help aid
porinrmediated transport, this study revealed a p@ge of data, which when analyzed with our
pilot study (Chater 3) further reveals the role of not only charge,tbe location of said charge.

The Hergenrothestudy al® synthesized other analogs, varying in the carbon tether between the
main scaffoldand the amine. Interestingly, shorter and longer tethelsdfad provide any
antibiotic activity, and therefore one and most importantly, did not possess amegationin

GNbac
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Deoxynybomycin (6DNM) 6DNM-NH*
Gram-Positive Antibiotic Single Agent Modification
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Positive 1 Negative
___________ S. aureus; E. coli P, aeruginosa 07 N N0
6DNM 0.08 + >32 >32 !
6DNM-NH;* 0.27 | 4.44 16 Me o\)\/\NH?

Figure 16: Single agent modification imparting cationic aminePCPsupon 6DNM (Gram-
Positive Antibiotic) to 6DNM-NH3* resulting in Gram-negativetransport and retention of
antibiotic properties
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Chapter3-Sy nt hettisc Tbofwaoords Tot al Syn

Bal gacycl amide A, and B, and

The attentionof our research laboratory was dratawards balgacyclamide A, and B as they
possess interesting biological actiei; antimalarial advity, moderate cytotoxicity towards rat
myoblasts, and implied ability to penetrate intmd and colon cancer cells as menttne
chapter 1. The structural similarities of balgacyclamide A and B (Sci8)jredso hint towards
the similarities in theibiological activities. As such, the only difference between balgacyclamide
A and B is theopen dipeptide in the lower fragmeritbmlgacyclamide B being cyclized to form
an oxazoline in balgacyclamide A (bodre ctor-coded in purfe in Scheme3). As previously
mentioned, total synthesis of any of the balgacyclamides (balgacyclamide A, 8) aagle not
been achieved and repaiteghus far. Therefore, efforts towards the total synthesis of
balgacyclamide Aand B comtmenced with theim of utilizing the gnthesized balgacyclamides
for selective drug delivery and using their intermediates tbegysmall molecule penetration into
GNbacwhich would be discussed later.vitas envisionedto synthesizethese two NPs via a

convergent synthie approach.

Me Me
\Me Me
O .
Ve wp L Ve ug L
= N\ I = N\
A B
Me\g:NH HN Me NI HN o
N , N
Meo RS 0\7) ‘Me Meo X ‘Me
H (0] H . c le}
me" Me* oH
Balgacyclamide A Balgacyclamide B

Schemel3: Structures of balgacyclamideA and B
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3.1 Retrosynthett Analysis of Balgacyclamide A & B

Retrosynthetic analysis fdralgacyclamide A and B given in Schemdd4. It is inspired by the
synthess of similar molecul€® 1! discussed in dpter 2. As indicateg when an oxazoline is
formed in the lower fragment of balgacyclamide B (caloded in ptple), balgacyclamide A can
be accessedhat makes this route a convergent synthetic approach that can accedsd€s two
one routeBalgacycamide B was envisiongd be obtaing by couplinghe oxazolinecontaining
ring A (51), the thiazat-containing ring B $2), and the dipejde lower fragment C53). Rings
A, B, and the lower fragment C were envisioned to be obtained using commercidplava
amino acids; ng A fromL-vaine andL-threonine, ring B from.-serine anda-alloisoleucine and

the lower fragment C from-threonne andb-alanine.

Me H ©)
O A OMe L-valine
=N —
Me L-threonine
NHBoc
Me _.
Me Me Ring A (51)
\Me o «Me
Me y H Me H H Me
B NY | S /\T)LN“‘ IBS Me
A B O A
o) —~Nn H ﬁ =N Nﬁ N s L-serine
BocHN* B j
Me Me % D-alloisoleucine
oo N HNT Yo — Ni
M ‘ Me
i c\7) "Me o)H\\(c\ﬂ)'Me Me0” X0
w0 Me* “oH © Ring B (52)
Balgacyclamide A Balgacyclamide B
OH |y NHBoc L-threonine
N ., = ,
o) o~ ¢ Me D-alanine
Me" Son ©

Lower fragment (53)

Schemel4: Retrosynthetic analysis of lalgacyclamide A and B

As it was indcated in Schme 14, synthesis of balgacyclamide A and B requires the use of

D-alloisoleucine which is an unnatural amino acid. When all the factors concerning the synthesis
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of these molecules werconsidered, it waslss envisionedo synthesie two analogs of the
balgacyclamides using only naturally occurring amino acids as thegtenaterial. The main
reason behind this decision was the high price-afloisoleucine. Therefore, it was deaidt®
synthesize am-isoleucinecontining analogof bdgacyclamides as a model system to establish
the synthetic route to access ring Be(thiazole ring) as shown 8themel5. When the price of
D-alloisoleucine was compared with that of Botsoleucire (SigmaAldrich prices), D-
alloisoleucine was atut three hundred times the price of Boésoleucine. The benefits of
accessing these dogs are not limited to serving as a model system but also, they can be used for
SAR analysis, and exploring theiobagical properties asell.
o Me . . )
Hz\N/\f‘\OH i \Ktrs BOC%OH i * es

Mo me T > BocHN ™= Nlﬁ Me sy T > BocHNT* Nlﬁ

Meo” X0 Boc-L-isoleucine

52 E 54

D-alloisoleucine

Schemels: Isoleucine in balgacyclamides; naturalvs unnatural amino acids

Retrosynthetic analysis of the proposed balgacyclamide A and B analogs are sBolemel6.
Here, the only dference compad to the rebsynthetic analysis of balgacyclamide A and B is the
use ofL-isoleucine which would intduce a stereocenter with configuration at the amine

containing stereocenter compared to having R configuratithreiactual balgacyclades.
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Schemel6: Retrosynthetic analysis of balgacyclamid@ and B analogs

3.2 Synthesis of Ring A: The ValineThreonine Oxazoline Ring

3.2.1 Oxazoline Formation Utilizing aMolybdenum-Containing Catalyst

The construction 6 oxazoline58 commenced with the coupling of Baevaline andL-threonine
methyl ester uag PyBOP as the peptideupling reagent in the presence of DIPEA in methylene
chloride to access the dipepti&@ in 99% yield. It was fllowed by refuxing 57 with the
molybdenumcontaining catalyst (NgsMo7O24 in toluene to access ring A8).%° However, the

yield of the reaction was 35%. For a reaction in the earlier stage ofytothésis campaign isia

very low yeld indicating that this reaction had to be optimizBespite the several attempts that
were made chgging thenumber of equivalents of the catalyst, increasing the reaction time as well
as addingp-toluenesulfonic ad as an additive to anease the yld of this reaction, the yield of

the reaction could not be optimized above 35Pfe reason for choogina molyb@&num
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containing catalyst for the oxazoline formation was to retain the stereochemistry at the methyl

stere@enter (marked with eed asteriskri Scheme7).

'\;/'e 0 (NH4)6M07024
Oy OH Me ©Q PyBOP HOM Toluene ~ o
+ /:*\l)kom DIPEA OMe Reflux ©
Me NHBoc MO kL TNC —> O 3% =N
Me 2

CH,Cl, M Me
99% e NHBoc NHBoc
L-threonine

methyl ester
57 58

Boc-L-valine

Schemel7: Formation of ring A using the molybdenumcontaining catalyst

As molybdenum coordinates with the carbonyl oxygen and the hydroxyd gmeechanism shown

in Scheme18) andlocks them m position, the mechanism for oxazolif@mation does not
incorporate an & reaction thecauses epimerization. In contrast, most of the other reagents that
could be used to form an oxazoline fr@Msuchas DAST (diethylaminagfur trifluoride), and
Burgess reagent involves am® reaction that causes epimerization as shown in the example in

Schemels8.

Oxazoline ring formation with DAST

Me” N""Me .. /~Me [Me NN
! /~N v L'H O Me N Me
F=S—F M WFMe, O PERS + ' + HF
5 —> Me __slqi;H —_— Ps F-S—F
Qo(, Y~ “OMe R” N OMe OH
H
M (0} o N.
~°H Y,/Hr)a
HQ OMe R F
OYNH Epimerization
R
Oxazoline ring formation with Mo catalyst
M 0 Me O o,
L Mozt 8 M M3
’,;,Q TN OMe ’,'\Qg’\j)J\oMe ng'_:x\H 0 @\0(331{0 O" :'IH o
- O _NH — o -- YO NH — w —> H- — TN
Mo - -~ Mo - - - O ~ OJU s
\Z HO7™~N / . OMe
>T H I g N OMe H R H‘) R N OMe
o ©
A'\lH No epimerization A * HO + HA

Schemel8: Oxazoline formation with a molybdenum-containing catalyst vs DAST
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To explore the hility to perform the oxazoline formath using DAST? in a higher yield, a
Mitsunobu inversion was attempfédon 57 (scheme 19). There 57 was treated with
triphenylphosphinep-nitrobenzoic acid, andiethyl azodicarboxylatdDEAD) in benzeneto

obtan inverted stereochemistry at the methyl centend Af it was successful, a second
epimerization with DAST would give the correct stereochemistry once the oxazoline was formed.
However, the Mitsunobu inversion was not succesi&fulthis system. Deducinghether the
Mitsunobu inversion was successful wed conclusive when the NMRs 67 (starting dipeptide

for the reaction) and the product were compared as the difference in the two molecules were only
in one stereocenter andvitbuld notshow clearly onNMR as the molecule has so much free
rotation aroad the bonds as well. Therefore, the product of the Mitsunobu inversion reaction was
subjected to cyclization using DAST andGQs in methylene chlorid®. Upon the cyclization,
changes in NMR chemad shifts were expected as the oxazoline would have restricted rotation
around the bonds. ThereforepB was produced during the Mitsunobu inversieaction, after
cyclizaion with DAST that causes an epimerization at the threonine methyl centeruld wo
produces8 and the NMRs should match to confirm it. However, when the NMRs were compared
(Figure I¥) NMR of the cyclized product &9 did not math with the product that &s cyclized

using the molybdenum catalyst. It proved that the Mitsunobu invevss not successful for this
system and an alternative way was required to a&&3sshigher yields.

Me 0 Mitsunobu inversion Me o

OMe DEAD, PPhj,

Ox NH p-nitrobenzoic acid Ox-NH
M
Me\;NHBoc e\;NHBOC

Schemel9: Attempted Mitsunobu inversionon 57
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Figure 17: NMR comparison of valinethreonine oxazolinesof molybdenum-catalyst based
cyclization vs Mitsunobu inversion followed by DASTmediated cyclization

3.2.2 Oxazoline Formation Utilizing DAST

Given that the attempts to optimiretformation of oxazoling3 with the molybdenunrtontaining
catalyst, ad the Mitsunobu inversion were unsuccessful, an alternative approach was attempted
to access it. This g@poach Gcheme 20) commenced with coupling Beacvaline with
L-allothreonine methyl ester instead ethreonine methykster using PyBOP as the coupling
reagent in the presence of DIPEA in methylene chldftidid the dipeptid€0 was accessed in

99% vyield. Having the dipeptidg@®with S configuration at the methyl center (stereocenter marked
with the astésk) DAST could be successfully utilized withe®Os in methylene chlorid® to

cyclize it with epimerization to access the oxazob8gring A) that has R configuration at the
methyl center with 80% vyield. When the NMRs DAST-mediated cyclizatio of valine
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allothreonine dipeptideand molybderum catalystmediated cyclization of valinthreonine

dipeptidewere compared they matchdedure), proving that the same molecule was accessed

in both approaches but with this novel approach in a muclkehigéld.

Os__OH
Me
\g\:NHBOC
Me

Boc-L-valine

PKD2-016-400
Std Proton parameters

M

L-allothreonine
methyl ester

Me

H O
PyBOP HO™*
DIPEA OMe DAST, K,CO3
Ox-NH CH,Cl,
CHzClz Me 80%
99% NHBoc .
Me Epimerization
60

Scheme 20: Accessingb8 with DAST
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Figure 18 NMR comparison of DAST-mediated cyclization of valineallothreonine
dipeptide vs nolybdenum catalyst mediated cyclization ofvaline-threonine dipeptide
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Given the tendency of oxazolines to ring open and recyclize causing epimerization under strong
acidic conditions, and the need to use such conditions (concentrated HCI) to rentdoe gineup

in 58 raised concerns regardingethseof Boc as the protecting group for the amine group in ring

A. Therefore, to avoid such complications in the later stagdsedafynthesis route, it was decided

to incorporate a protecting group that doesrequire the use of concentrated acidseprdect,

yet stable under other reaction conditions ring A must face. Hence, a Cbz group was introduced to
this system as it cédibe deprotected using hydrogenation with a palladium cat@gbeme 21)

To exeute this approach, Chzvaline was coupledo L-allothreonine using PyBOP in the
presence of DIPEA in methylene chloride to ac&dsim 99% yield and the oxazoline fornat

was performed using DAST, and®0s in methylene chloride to obtaie2 with 61% yield.
Similarly, the oxazoline64 which is an analog of ring A with S configuration at the methyl
stereocenter was synthesized, so that it could be coupled with ringdg é&h#azole54) to act as

a model system for establishing the synthesis routedtess the A dicycle system. This was
alsoperformed commencing with a PyB@Rediated reaction where Ghavaline was coupled

with L-threonine with PyBO®, and DIPEA in methylene chloride to access the dipeptdeith

99% yield, followed by a DAS'mediated cyclization to access the oxazofidevith 80% yield.

MeH o Me 0

OxOH Me Q HO/ST/( /\Hj\
)\l)kOM 'E’fgg: OMe __DAST, K,CO3
Me NHobz ~ HOT 1 ® hc, oM CH,Cl, =N
Me 2 99% Me 61%
. NHCbz
L-allothreonine
Me

Cbz-L-valine methyl ester

I\__/IeH 0O Me O

O OH Me Q PyBOP >
z DIPEA Me DAST, K,CO;
+ OMe >
Me\;NHCbz HO/\l)j\ CH,Cl,
Me NH» CHzClz 80%

99% NHCbz NHCbz
L-threonine

Cbz-L-valine methyl ester

Scheme21: Changing the protectlng group of ring A to Cbz
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3.3 Synthesis of Ring B: The Isoleucin&erine Thiazole Ring

3.3.1Synthesis of Ring B Analog

To establish the synthetic royt®@cheme22)to the actual balgacyclamide thiazole formation, first
ring A (54) of the balgacyclamide A and B analogs was synthesized. Efforts towards synthesis of
thiazole54were based on the work done by Serra ardadkers in the synthesis of aerucyclamid

B.%*2 As described in section 3.1, this thiazole acted as a model system for accessing the actual
thiazole52, which also helped edilish the synthesis route to accés® ring system. Synthesis
commenced by coupling Bacisoleucine toL-serine methyl ester using PyBOP as the peptide
coupling reagent in the presence of DIPEA in methylene chiSrahel accessed the dipeptide

in quantitative yields. It was then subjected to cyclization to form the oxaf8ime93% yield

using DAST, and KCOs in methylene chloridé? It was followed by reacting6 with gaseous
hydrogen sulfide in a 2:1 mixture of methariéthylamine to open the oxazoline, forming the
thioamide intermediaté7. The crude material was cyclizeg DAST, and KCOs in methylene
chloride and the resultant thiazoline was aromatized using bromotricldtdrane and DBU to

form the thiazol&4.42

OMe
BocHN,,, OH DIPEA 5 BocHN,, OH DAST, KoCO3 _ BocHN,, SN
CH,Cl, T CHChL o)
. Quant. Me 93% Me Ve
-serine
Boc-L-isoleucine ~ Methy! ester 65 66
Me
o) OMe OMe wMe
BocHN,,, :,\>\\< BocHN, \I\;/OH L DASTICH,Cl,  BocHN™ >
0 ii. BrCCl/DBU_ N/
Me Me MeOH/Et3N Quant. -
66 (over 3 steps) MeO”™ X0

54

Scheme22: Synthesis of ring B analog
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However, the NMRs 054 initially showed problems in terms of repeatability of the reaction,
where additional peaks weresarved in the NMR as shown kigure 19. Exploring more rito

this problem it was realized that any residues of unreacted oxazoline starting nb&teealg
forwarded into the following steps generates the respective oxazole during the aromatization step
as shown irscheme22, which was the reason behind ddtional peaks on the NMR (significant

peaks in the NMRs are colopded and matched with tlelemical stuctures for reference).
Optimizing the transformations @6 to 54 was complicated a67 could not be purified and
isolated from unreactegb due tohaving similar retention times and being overlapped on TLC as
well as in chromatography columhen thee is unreacted 6in the reaction medium it cannot

be detected on TLC. Since the two compounds cannot be separated it is harder to detect on NMR
whether unreacted6 is present or not. If there is unreactél in the medium when the
aromatizéion is dore it forms the oxazol€9 as shown inScheme23. Again, 54 and 69 have

similar retention times and cannot be separated by column chromatographyekipnesence of

69 can be detected in NMR. Therefore, as a strategy to solve this probleynsanadirpotion of

the reaction mixture 086 to 67 conversion was used to run a test aromatization to monitor the
reaction completion. If there 89 detectecdby NMR, more hydrogen sulfide would be bubbled on

the 66/67 reaction mixture and run it longéVhen the coversion of66 to 67 runs for 2 days,
complete conversion could be obtained. After this reaction optimizéboould be accessed

from 66 with quartitative yields over three steps.
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Figure 19: NMR comparison of pure thiazole 54 vs thiazole54 mixed with oxazole69
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Scheme23: Unreaded oxazoline complicating the formation of the thiazole
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3.3.2Synthesis of Ring B

Using the improvedoute to access the thiazole, synthesis of this fragment started by Boc
protecting the amine group in commercially iéadale D-alloisoleucine usingoc anhydride, and
NaOH in a mixture on 2:1 dioxamwedter which gave access to Bbelloisoleucine T0)
guantitatively. It was followed by coupling0to L-serine methyl ester using PyBOP, and DIPEA

in methylene chlorick in quantitative yélds. Cyclization with DAST, and 4CQ;s in methylene
chloride? afforded the oxazolin@2 in 96% yield. According to the optimized way explained in
the synthesis of ring analog, the oxazoline intermediat2 was subjected to ring opening with
gaseus hydrogen sulfide in a 2:1 mixture of methamiethylamimne fdiowed by thiazoline
formation with DAST, and KCOs in methylene chloride, which was subjected to aromatizat

with bromotrichloromethane and DBU to form the thiaZsi?éen 97% yield oer three steps.

Q Boc,0 > Os_OMe  PyBOP OMe
HoN NaOH BocHN DIPEA \I\;/
—_— + — =0
\rkOH Dioxane/H,0 \/\f‘\OH HN™ OH  CH,Cl, BocHN
Me Me Quant. Me Me ' Quant.
L-serine
D-alloisoleucine 70 methyl ester

ﬁ;o/Me DAST, K,CO ? OMe
2¥~3  BocHN X,
BocHN CH20|2 oc N o)
96% Me
Me

72

Me
o] OMe Me
BocHN X, i. DAST, K,COj3, CH,Cl,
N o BocHN OH ii. BrCCIy/DBU g™ |S
Me Ve MeOH/Et3N 97% N/
72 Me
MeO” SO

52

Scheme24: Synthesis of ring B
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3.4 Synthesis of the Lower FragmenC

The dipeptide that forms the lewfragment C was synthesized by couplirtiireonine methyl
ester and Cbp-alanine. Several peptide coupling reagent conditions were exploraie 2y and

BOPCI, and DIPEA in methylene chloride gave the highest yieldddorming the reaction.

o O
Me OMe (@] OH BOPCI Me” OMe
2 \/\ Et:N /
hd  NH, ye® NHCbz CH20C|2 HO NH NHCbz
85% )._/
L-threonine Cbz-D-alanine 0] Me
methyl ester 74

Scheme25: Synthesis of the lower fragment

Table 2:Peptide coupling reagent for the lower fragment formation

Coupling reagent Yield
BOPCI,DIPEA, CHCI> 85%
PyBOP, DIPEA, CHCI> 79%

EDCAHCI , 3NOBFT, E 11%

3.5 Synthesis of AB Ring Dicycle System

Having accessed the actual ring A, and B, the analog of ring A,asdvell as the lower fragment

C, the next step was to coupiegs A, and B together in the analog systenwell as in the actual
system to access-B dicycle system. Since the analog system acts as the model system for
establishing synthesis, cougiming A and B analogs was attempted fi'ss. shown inScheme

25, analog of ring Aboth Boc protectedb8) and Cbz protecte®4) versions were saponified to
access the free acids in 47%, and 85% respectiValy were coupled with the Boc deprotected
amine 76 using different peptide coupling conditiotws obtain AB ring dicycle system of the

analog usingThe Boc version was coupled using PyBOP conditions and the Table 3 summarizes
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the condition used for the Cbz version. The yields obtained wereaiatdilsfactory to proceed

synthesis using this route

0
Mi\tPL
T M
oAl OMe | o
- —>
THF/H,0
M 0,
° NHBoc 7% Me
Me Me
O .
58 Me 4 s
7 N
A IB
O/N H N /)
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wMe NHBoc MeO”™ ~O
\ S Me
BocHN” HCl/Dioxane 1. D 77
N / Quant. N
MeO (@) MeO O
54 76
o A Me o oAl OH
—N —ee —
THF/H,0
9 M
NHCbz 85% © NHCbz Me
, 0 AMe
: z S
N™
B
Me
wMe NHCbz MeO” ~O
S
BocHN D HCI/Dloxane 79
N / Quant
MeO O

MeO™ ~O
76

54
Scheme26: Synthesis ofAB Ring Dicycle SystemAnalog
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Table 3: Coupling 76 and 78 to form the AB Ring Dicycle System

Coupling reagent Yield
HBTU, DIPEA, 4DMAP, CHCl> 37%
EDCAACI, HOBT, EtN, THF No product

The lowyields of A-B dicycleformation hinted the need for an alternative approach to access it.
Therefore, a reaction was performed as shov8tieme27 to test if a single amino acid could be
coupled to the deprotected ring B in higher yields to attempttamative route to acse the A

B ring dicycle system. As such, Gbavaline was coupled t66 using HBTU, DMAP, and DIPEA

in methylene chloridé® This coupling was acenplished in quantitative yields, hinting that
coupling individual amino acids to this system one by one and cyclizing them to construct ring A

onring B could be a possibility rather than coupling the-forened ring A and B.

Me Me
Me Os__OH HBTU Me
\g\: DIPEA o
S Me DMAP Me, S
HN | + NHBoc ~— (= ~ > N [
N / Me CH20|2 Me H N /
Quant. NHBoc
MeO (0] Cbz-L-valine MeO (@)
76 80

Scheme27: Single amino acid coupling to ring B analog

With the successful coupling to fo®9, the synthetic sttagy was changed to access ring B analog
by constructing the ring A on ring B analogs shown irScheme28, Boc-L-threonine synthesized
from L-threonine was coupled &6 using HBTU as the coupling agent in the presence of DMAP,
and DIPEA in methylene cbitidein quantitative yields. It was then Boc deprotected with HCI in
dioxane and coupt to Cbz.-valine withHBTU, DMAP, and DIPEA in methylene chloride in
88% vyield. Cyclization using DAST, and.BOs in methylene chloride gave access to the

oxazoline inring A in 52% vyield.
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Scheme28: Constructing ring A analog on ring B analog

Once the route for A ring analog dicycle system was established, the actilriag dicycle

system was synthesizsdnilarly as shown in Schen®. Its synthesis commenced by prdieg

the amine group in commercially avdila L-allothreonine using Boc anhydride, and NaOH in a

mixture on 2:1 dioxane/ater which gave access to Baldothreonine quantitatively. It waken

coupled with the ring B in free amine form with HBTU, DIPEsfad DMAP in methylene chloride

to access85 quantitatively. Deprotection of the Boc group in 3.38 with ld@itane gave access

to the free aming86 quantitatively, which was then coupledthv CbzL-valine with HBTU,

DIPEA, and DMAP in methylene chloride taccess87 in 63% yield. Cyclization oB7 with

DAST, and KCGOsz in methylene chloride gave access to thB Ang dicycle system in 72% vyield.
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Scheme29: Constructing ring A on ring B

3.6 Attempts to Couplethe Lower Fragment to the A-B Ring Dicycle System
and Macrocyclization

3.6.1 Cbz Deprotection on Ring A

In order to couple the lower fragment to the AB ring dicycle system Iblzeo@ tle ring A should

be deprotected. As there is a possibility of the oxazoline ring also being reducteewihditions

used for Cbz deprotection, different conditions were used to test for conditions that mediated the
Cbz deprotection without cangj redutions in the oxaoline ring. The ring A fragmer@4 was

used as a model system to test this Cbz depiatestep before trying it on the-B ring dicycle
system. Several known protocols for Cbz deprotecti®bgme30) were applied Table4) to

determinewhich conditiors would successfully deprotect the Cbz grou@Bémetaining the rest
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of the molecule itact without reducing the oxazoline double bond. WRd(OAc), EtN, and

Et;SiH were used to generate hydrogenrsitu,>® at room temperature the Cbz did nadt g
deprotected while at 45 °C it caused degradation in the molecule. Hydrogen with palladium on
carbon (10% w/w) in ethyl acetate did not depobttheCbz group whilehe same in methanol
yielded deprotected9 quantitatively. Integrity of the oxazoline as confirmed by rEbz

protecting89 and matching the NMR with that of the starting mate64).(

Scheme30: Cbz deprotection on ring A

Table 4: Cbz deprotection conditions for ring A

Conditions Yield
Pd(OAc), EsN, EtSiH, CHCl2, 45°C Degralation
Pd(OAc), EiN, E&SiH, CHCl2, RT Cbz does not get deprotecte
H2, Pd/C (10% w/w), EtOAC Cbzdoes not get deprotecte
H», Pd/C (10% w/w), MeOH Quant.

Since using hydrogen with palladium on carbon (10% w/w) in methanol successhuityetted
the Cbz group i®4, the same conditions were applied on thB Ang dicycle system to perform
the depotection Scheme 3). However, Cbz group remained intactden these conditions.
Palladium on carbon content was increased then changeddopadiadum black instead® It was

not surprising that the aetion wa harder to perform with palladium as the sulfur in the thiazole
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ring poisons the palladium. The depwiten could be made successful upon increasing the

palladiumcontent in the reaction up to 10 equivalents as shown in table 3D with a 98% yield

Me Me y
Me
Me . @ e Me H i S
/:\:HKN\\ S O/\HI\H\\ | )
Me
Me NHCbz MeO o) NH,, MeO @]
Me
Me 88 90
Scheme31: Cbz deprotection on the AB ring dicyclesystem
Table 5: Cbz deprotection onthe AB ring dicycle system
Conditions Yield
H>, Pd/C (10% w/w), MeOH No conversia
H>, PdC (50% w/w), MeOH No conversion
H>, Pdblack (0.5eg.), MeOH No conversion
H>, Pdblack (1.8eg.), MeOH Negligible conversion
H>, Pdblack (5eg.), MeOH Incomplete conversion
High pressure kK(using a hydrogenatqr) Incomplete conversion
Pdblack (5eq.), EtOH/treiethylamine (2:1)
H>, Pdblack (10eq.), EtOH/treiethylamine (2:1) 98%

3.6.2 Coupling the Lower Fragment to the AB RingDicycle Systemfrom the Left
Side

After successfully accomplishing the Cbz deprotectior8&ncoupling te lower fragment and
macrocyclization after deprotections of the amino and carboxyl ends was undegatewn in
Scheme 2. The lower fragment4 was saponifiedvith LiIOH in a 1:1methandwater system,

and Cbz deprotection 88 was performed wih Pdblack in an ethandliethylamine system.fie
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resultant deprotected carboxylic aéitl was coupled to # free amine of deprotectedB\ring

dicycle system analo@O0) using HBTU, DMAP, and DIPEA in methylene chloride in 63% vyield.
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o \
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Scheme32: Coupling the lower fragment to theAB ring dicycle systemfrom the left side

The resultant system was subjected to a saponificationlv@H in a 1:1 THRiater and a Cbhz
deprotection wasarried using Pdblack in a 2:1 ethandliethylamine system, both in quantitative
yields to access4 (Scheme33). Macrocydization was attempted @¥ using HBTU, DMAP, and
DIPEA in methylene chloride to access balgacyclamide B. Unfortunately, macratipei was

not successful for this system with HBTU. This step should be further tested using different

coupling reagents ihacrocyclization is to be achieved via this route.

56



Me \Me
aMe Me o]
Me (6] = H .
ol s o NS
o H N| / =N N
M " LiOH Me o
e |
NH HO
NH MeO” O MeOH/H,0 Meg
—>
heo NH NHCb Quant NBH jiricez
VA
Me! >__‘¢ Me!* 1) "Me
et 1 OH
on®  Me
92 93

Me O ) M

Me
M
e Q e
z H = H H
/ﬁ)LN — N AT
0 | o} H

=N Nﬁ DIPEA =N N/
H,, Pd-black _ Me 4-DMAP,, /o
—2 T —
EtOH/EN NH HO™ "O "CH,Cl, NH p HN" 70

Quant. Meg Meo N N ""Me
NH  NH; H I
Mett - Me" “OH
(o) Me
OH Balgacyclamide B

94

Scheme33: Attempt to form balgacyclamide B analog viacoupling the lower fragment to
the AB ring dicycle system from the left side

3.6.3 Coupling the Lower Fragment to the A-B Ring Dicycle Systenfrom the Right

Side

Macrocyclization to access balgacyclamide B analogattasnpted in diffenet ways at the same

time. Because, steric factors, electronics, and {tir@ensional orientation of the nemlule can

hinder or facilitate the two open ends; the carboxyl end and the amino end of the linear molecule
coming together todrm a peptide bondgvenwith the same peptide coupling reagent. While
attempting the macrocyclization as described in sectid? 3efforts also went on to couple the
lower fragment to the A ring dicycle system analog from the right side to explor@tssibility

of periorming macrocyclization from the other side of the molecule. A saponification was

performed or88 with lithium hydroxide to acce®b free carboxylic acid which was reacted with
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the Cbz deprotected lower fragment using HBTU as the cwuptagent. Howevethis reaction

was not successful.
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Scheme34: Attempt to couple the lower fragment to the A-B ring dicycle system from the

right side

3.6.4 Coupling Individual Components & the Lower Fragment

As previous attempts to form the macrocycle did not give the expected success at once, a third
strategy waattempted to perform the macrocyclization. That is, without attaching the entire lower
fragment to either ring A or B, sepaigteoupling theL-threorine andb-alaninefragments to ring

A and ring B respectively. It was hypothesized that having legs ktedrance to both the amine

end and the carboxyl end compared to the other macrocyclization attempts in section 3.4.2.and
3.4.3, amide formatiorhere could be more feasible. Hence, as showrSeheme 3, after
saponifying88 in quantitative yield®-alanine methyl ester was coupled with the resultant free
acid to form98 in 51% yield. Then the Cbz deprotection was carried out using hydrogen and
paladium black with 98% vyield followed by coupling the resultant am@®weith CbzL-threonine

using HBTU in 74% vyield. After performing a saponification and a Cbz deprotection,
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macrocyclization was attempted to folbralgacyclamide BHowever, the final pragct was not

isolatedor formed
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Scheme35: Coupling the single amino acids that make up the lower fragment separately to
ring A and B

3.6.5 AccessingBalgacyclamides

To complete the formation dfalgacyclamide B, the final macrocyclization step need to be
explored and optimized. For this purposetlaiee routes explored so far can be further analyzed.
However, with the success of accessddgand101 it would be effcient to focus on the routes
explained in section 3.4.2, 3.4.4. One way these macrocyclization steps can be optimized is by

purifying the saponified products rather than using the crude material to proceed to
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macrocyclization. Also, exploring different pgeje coupling reagents as lvas changing the order
of addition and slowly adding the compound to be cyclized to a solution of peptigding

reagent, the macrocyclization could be attempted.

3.6.6 Accessing Final Balgacyclamide A

Once balgacyclamide B is accessed, the lowenfeaycould be cyclized to form an oxazoline

using a molybdenum catalyst to obtain balgacyclamide A. Withod abor at or yos e x|
using (NH:)sMo07024 as the catalyst for oxazoline formation, low yietdsild be expected for this

reaction. However, upaded starting material was always recoverable in high yields. Therefore,

at this late stage of synthegtsis would be a reasonable reagent to be used for oxazoline formation,

retaining the stereochemigtof the methyl center marked with an asteristheme 37.
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Scheme36: Accessing Balgacyclamidé from Balgacyclamide B

Once balgacyclamide A and B is accessed, using the same synthetic lgatgdiamide analogs
also will be accessed (Scher®&). Finally, cytotoxicity of balgacyclamide A and B, their analogs

as well as all the intermediates vl assessed.
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3.7 Other Applications of Balgacyclamides and Their Intermediates

3.7.1 Balgacyclamides as an Antancer Drug Delivery System

Among the many anticancer agents available, a common dark side most of the apmioardex
drugs or molecules that are potentiaiieancer drug suffer is their neapecific distribution in the
body causing oftarget side effect®d major proportion of cancerelated research is dedicated to
exploring ways to combat this na@pecific drug delivery utilizing targeted drug delivery
methods®® Drug targeting strategies for cancer cells could be passive targeting or active
targeting>%2 passive targeting takes advantage of the leaky vasculattuenors to penetrate
once they accumulate around the tumor and active targeting uses specificréiggotdr
interactions to enter canceells®? While a large number of narmarrier based ways ofrgeting
cancer for drug delivery are in resegfébthes useways such as conjugat) an anticancer drug
with a molecule that has the inherent ability to penetrate cancer [Eetlexample, severa
anticancer molecules such as chiobaucil, and paclitaxel have shown less tityiwhen they are
conjugated to glucose as cancer cells lzavimcreased rate of glucose uptake compared to normal

cells with their overexpressed GLUT recepfifS.
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Using a similar concepgiven thatbalgacyclamides penetrate to lung and colon canceraells
lab has hypothesized that conjugating balgacyclamide with an anticancer drug (B@uweuld
potentially delver anticancer drug to cancer cellsimizing off-target effectsAs lung andcolon
cancers are among the highly reported types of cAhoer approach will help explore more into
this problem and potentially help develop a good drugeraw these cell lines. For this purpose,
once the total synthesis of balgacyclamides is accomplis$®R, analysis nais to be performed
to identify a site in theNP to conjugate the anticancer agent withlagingits ability to penetrate
to cancer cedl. If the free hydroxyl groufn balgacyclamid B is not essential for its penetration

abilities, it cold be a readily available group that can be used to easily conjugate a drug.

Figure 20: Conjugating an anticancer drug to kalgacyclamides for selectivelrug delivery

3.7.2Using the Intermediates of Balgacyclamides t&xplore Porin-Mediated Small

Molecule Transport

As explained in Chapter 1 and 2, developing molecules with antibacterial propertdifacis
challenging maily due to the limitations esed by porirmedated small molecule transportation.
Our lab embdeed on gourney to explord?CPsthat governPCPsof small molecules affecting
porinrmediated transportation. To initialize a systematic studghisnbased o small molecule

library, an intermediate ofdigacyclamide was used. The-B ring dicycle system was &g as the
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core scaffold to construct a small molecule library to explore these aspects by our laboratory. The
reason behind choosing tlsisaffold is tkat due to the presence of the amino end amdadhoxylic

acid ends, it can be derivatized alterindetiént tethers.

G = Y
\l\g:NHPm Pg,0” Y0 @ ®

Scheme38: Derivatizing the main scaffold

To assess GNbaatnsportaccumudtion capabilitiesour labhas developeda whole cellassayas

the bases of evaluation. All compounddlwe assessed for transport with these methods, in
triplicate against control compounds in parallel for statistical analysis. Thenisayed transpdr

for GNbac will be accomplished throughetuse ofEscherichia coli(E. col) MG1655, as this

strain ha minimal alterations from its 2 progenitor. The method we have developed grows
cultures to an optical density of 0.55 and the nurobeolony-forming units (CFUs) are assessed
(Figure21, Sepl). Test compounds (58M) were added and allowed to in@ib at 37 °C (Step

2). After 10 min, the sample were layered onto silicone oil, centrifuged for 2 min, the supernatant
discarded, and flets were lysedy freeze thaw cycles in liquid nitrogenysates were pelleted

and the supernatant collected (StepS3a mp|l es, i njection volume 15
trap LC/MSMS (ThermeFinnigan) with a HP 1100 high performance liquid chromediph
system irboth positive and negative electrosprayization (Step 4). Controls employed are based
upon their know accumulation properties withig&. coli. ciprofloxacin (high), tetracycline

(moderate), and novobiocin (lemegative).
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Figure 21: Left: GNbac method for compound assssnent of penetration. Middle: Control

compounds for assay. Rjht: Control compound assessment in developed assay. Performed

in triplicate. Statistical significance was determined by using atws a mp | e Stitestdent 6 s
(two-tailed, equal variance). *P<0.Q, **P<0.001.

The small molecule library consisted moleculest had carboxylic acids coupled to the left side
via amide bonds, and different alcohols forming esters with the carboxylic group in the right side
as shown in Figure22. The rightside substuents R1, R3, and R5 were tested in protected
(RCO:Me) as wedlas the deprotected free acid form (RER The molecular accumulation inside

E. coli was assessed for all the molecules by treating the bacteriathgitbompounds and
analyzing the isolatedetl lysates by LEMS/MS. Several trends were observed in teahthe

properties of the small molecules that penetr&tecbli.
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Figure 22 Different tethers used to derivatize the main scaffold

First the bacterial accumulation of-B ring dicycle system watested with the two termini
protected and deprotected (Tab)elt was observed that the parent scaffold in the protected state
did not have bacteiigpenetration. It confirms that this soaltf is an acceptable inactive scaffold
which would allow explang how the chemical nature of the appended tethers affect penetration
into bacteria. Also, interestingly the zwitterionic form of the scaffold shaweediderably higher
bacterial penetratiorifhough it has been known in literature that the presence abrazable
primary amine increases the penrediated penetration, in this experiment it was not observed so,
instead the very high penetration showrthe zwitterionic form suggests that meesideration
should be given to exploring how zwitterionarins behave or can be used to increase the bacterial

penetration of small molecule.
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Table 6: Bacterial penetration of protected and deprotected parent scaffold

R1 R2 % Penetration Relative to Control
Boc Me 2.4
Boc H 2.9

H Me 1.8

H H 33.8

Then to explore how the chain length of the tethers affect penetration of the small molecules into
bacteria, a series of molecules wesynthesized changing the length of thadein the right
(attached to the carboxylic acid end). Wihe values are copared it can be seen that with

increasing chain length the penetration has increased.

Another series of molecules were synthesizedur lab as shown in Table 7. Exploringet
bacterial accumulation of these molecules it was idedtifrat102 had thehighest penetration
ability. When103is compared witi02 (Figure 23) they have similar tethers attached where the
tethers have fliped the side to which they are attached. Tioeee they have approximately the
same physicochemical @aneters (e.g. chargaplarity/ clogD, size, and molecular weight). From
what is reported in the literature, we would expect both these moleculestsifmar abilities to
penetrate through posnas they have simildPCPs However, surprisingly, dedpi sharing
approximately the sam®CPs was norpenetrant compared the most penetrh@f This
observation leads us to think that not onlyR@Ps butalso the charge distribution and the spatial

orientation oftharge has a major effect on the parniadated small molecule transportation.
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Table 7: Bacterial penetration of AB ring dicycle analogs with changingchain lengths

R1

S - -
RO Yo Penetration Relative

to Control
Boc R1 16.7
H R1 40.8
Boc R2 Not observed
H R2 2.3
Boc R3 17
H R3 45.2
Boc R4 Not observed
H R4 Not observed
Boc R5 Not observed
H R5 49.7
Boc R6 Not observed
H R6 Not observed
Highly penetrant Low penetrant
Me Me
M 0 Me
- A - N
oI R N'ﬁ o_} H N:/i
Me\g:NH 1) (o) Me\;NH (I) (6]
Meo//l Me H
Co, co,
© o
102 103
Molecular Weight: 539.64 Molecular Weight: 525.66
CLogP: 1.84556 CLogP: 2.076

79.5% Penetration

28.9% Penetration

Figure 23. Molecules with approximately the samePCPs showing drastically different

GNbac penetration values



Furtherexploring the patterns ZfCPshat enhancegrin-mediated small molecule trgportation
will greatly helpdesigning and repurposing antibiotics that vddog active again&NBac Also,
understanding how spaittiaorientation of charge in a molecule affect its peariediated
transportation is a novarea of research that has notrbegplored. Exploring this pect using
different scaffolds, most importapth rigid scaffold will be the next step in our resedmcimore

systematically study charge to 3D structure

68



Chapter4-Concl &sFahure Work

The effots towards the totalynthesis of balgacyclamide A and @&dtheir analogs (Figurg4)
are underway with proising results. The synthetic route established for pligpose has a
convergent synthetic approach to accessNws (both balgacyaimide A and B) in oneoute. In
the efforts to synthesize balgacyclamis, as a model system and analogs for SAR aisalys

two analogs of balgacyclamides are being synthesized.
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Figure 24: Balgacyclamide A and B and their analogs being synthesized

All the fragments ofbalgacyclamide A and B as well as the analbgge been successfully
accesse@Schemed9). As such, thehiazole rings of actual balgacyclamides, and balgacyclamide
aralogs were accessedtivan overall yield of 93%The lower fragment was accessed in 85%
yield. As established in chapter 3, the beaywo access the-B dicycle system is constructing

ring A (oxazoline ring) on ring B (thiazole ring) rather than couptime individual ring. As such,
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the A-B dicycle system was constructed on the thiambleoth the analog systerii9) and actual

balgacyclamides 88) with overall yields 43% and 42% respeetiy.
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Scheme39: (a) Accessing AB dicycle system analog, (b) accaag the actual A-B dicycle

system, (c) accessing the low&agment
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The lower fragment was successfully coupled omgp A toaccess intermedia82in 36% overall
yield, while the other approach of coumithe components of the lower fragment sepirdd

the A-B dicycle system gave accesslfa0in 15% werall yield (Schemet0). Macrocyclization

was attempted on bothe systens with unsuccessful results. The macrocyclization was attempted.
The macrocylization should be investigated to successfattgess balgacyclamide B. Due to the
less steric hindrarcin intermediatd 00compared to intermedia®, there is a higér possibity

of successfully accessing balgacyclamide B 1@ Aminolysis conditims, as well as other

different peptide couplingonditions would be attempted to access balgacyclamide B
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Scheme40: Accessing intermediates92 and 100

Once balgacyclamide B is accessed, tlvgeldragment would be cyclized to form an oxhze
while retaining the stereochemistry at the meth@resicenter (Schemdl). Therefore, a
molybdenuracontaining catalystvould be employed for this reaction. Using the same established
route, the two analfs also would be accessed. Biological activitlyboth NPs as well as the
analogs will be tested. SAR agsis would be done on these molecules to elucitiatbest point

of conjugation for attaching an anticancer drug to selectively deliver anticangstarcancer

cells.
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Scheme4l: Accessing b#&gacyclamide A and B

The pilot study done using thenall molecule library constructed based on-diBycle system to
investigate the effect ®#CPsonsmdl molecularpenetration t&GNbag many intrguing findings

were observed. The main highlight of thudy was observing how the thrdimensional
orientation of the molecules greatly affected@ibacpenetrating ability of the molecules despite
having the sane PCPs However, as these moleculevda significanamount of free rotation, it

is difficult to systematically study how thleharge distribution of a molecule affect th&iNbac
penetration ability. Therefore, using aneimhediate of anotheotd synthesis in our lab that has a
rigid corestructure scheme (brocazine family MPs), another smhaimolecule library will be
constructed to systematically study how charge distribution of a molecule and their three

dimensional orientation affects th@orinrmediated transport intBNbaccells Sheme42.
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Chapt-€rogeéedures and NMRs

General Methods

Reactions were performed under inert conditionwelsas open atmosphere, unless otherwise stated
and peformed under an inert Argon atmosphere with #akdried glassware and stir bars with
anhydrous solventfkeactions were monitored byitHayer chreanatography (TLC) carried out on
0.25 mm E. Merck $ca gel plates (60254) and the visualization was aomoising UV light and
PMA/heat orKMnO4/heat.Sorliech silica gel (60, particle size €3 em) was used for silica gel
chromatographyNuclear magneticesonance (NMR) spectra were recorded on a Bruker spectremeter
for *H (400 MHz or 600 MHz) anéd’C (101 MHz or 151 MHz) in deuterated chloroform (CB)CI
unless otherwise indicatefinhydrous dethyl ether (E4O), toluene (PhMe,N-dimethylsulforamide
(DMF), tetrahydrofuran (THF), dichloromethane (DCM), and acetonitrile (MeCN) were obtained via
a dual column solvent purification system (J.C Mayer of Glass Contour). All other solvents and
reagems were obtained from commercial sourggthout further purification unless noted. Organic
extracts were dried with NaSQunless otherwise noted) before filtration and concentration under

reduced pressure.
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Standard protocol for peptide couplingreactions using PyBOP

Unless otherwisepecified, n a flaskl eq.of free carboxylic acid version of the amino acid (amine
protected)and 1.05 eq. of PyBOP were dissolved in methylene chlor{@el M) and 1.5 eq. of
diisopropylethylamine was added andrstilfor ~30 minutesat room temperatur® activate the
acid In a separat@ eq. free amine hydrochloride version of the amino acid (carboxylic acid
protectedwasdissolved in methylene chloridé M), which was activated by addidg5 eq. of
diisopropyethylamine (DIPEA) and stirring until he solid material was solubilized. Then
activatedfree aminewas transferred to the flask containithge activated acidnd reaction was
stirred overnight at room temperature. It was quenched WhhHCI or saturatd ammonium
chloride, extracted with megtene chloride 3 times and dried with sodium sulfateen the extract
was concentrated under reduced pressure (using rotary evaporator) and purified using flash column

chromatography.

Standard protocol for peptide oupling reactions using HBTU

Unless othewvise specified, kq.of the free acid and 14dg. of the free amine were mixed with
DCM (1M to the free acid) followed by addition dfisopropylethylamineand stirring for ~5
minutes. HBTU (1.2q) and and OMAP (0.2 eq) were added to the reactiondatie reaction
mixture was allowed to stir at room temperature overnifjiwas quenched with M HCI or
saturated ammonium chloride, extracted with methylene chloride 3 times and dried with sodium
sulfate.Then theextract was concentrated under redupegssure (using rotary evaporator) and

purified using flash column chromatography.
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Standard protocol for DAST (diethylaminosulfur trifluoride )-mediated cyclizations
(oxazoline formations)

Under inert conditions a dry flask starting material €gq) was mixed with dry DCM and cooled

to -78 C. Then the reaction mixture was treated with DAST an stirred&tC with constant
monitoring until the reaction was completed (general reaction tirdeh@urs). Then .5 eq. of
potassium carbonate is added to the reaction mixture and stirred for ~30 minutes at room
temperature. Baction was quenched with saturated sodium bicarb¢rnateolume) the organic

layer was separated, and the aqueous layer was extractedirtiesevith methylene chloride.
Combined organic layers were dried with anhydrous sodium sulfate and concentrated. Product was

purified by flash column chromatography

Standard protocol for Boc protections of amine groups

The amino acid (&q) was dissolvedni a 2:1 dioxan&fater system (0.15 M) followed by treating

it with 1M NaOH (2.27eq) and stirring it for ~5 minutes (or until the amino acid is completely
dissolved).Boc-anhydride (1.%eq) wasthenadded and the agetion was allowed to stir at room
temperature overnight. The reaction was quenched with 5 M NaOH, adding the base slowly while
checking the pH of the reaction to mixture to bring its pH to ~2. Then the reaction mixture was
extracted with ethyl acetate (d® times), dried with sodium sulfaad concentrated under

reduced pressure.

Standard protocol for Boc deprotections

Boc protectedtarting material was mixed with 4 M HCI in dioxane solution (starting material was
0.25 M in solution). Reaction mixtunwas allowed to stir at room temperawrith constant
monitoring until the starting material disappeared on TLC. Then solvents were removed under

reduced pressure (rotary evapordiobvac).
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Standard protocol for saponifications (basemediated ester hydrdysis)

Unless otherwise specified, tharting material reacted with 363). of LIOH. Starting material

was dissolved in THF (volume that would make the required amount of LiOH 1M), followed by
addition of an equal volume of water then crushed LiOH (etiefs). Reaction was allowed to
stiratroom temperature with constant monitoring until the starting material disappeared on TLC.
Reaction was quenched carefully to allow the reaction pH to come to ~2 using 1M HCI. Then the
reaction was extracted with gthacetate (three times). Combined amg layers were dried with

anhydrous sodium sulfate and concentrated under reduced pressure.
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Methyl (tert-butoxycarbonyl)-L-valyl-L-threoninate

l\E/IeH O

Oy OH Me Q@ PyBOP HO’\-‘/(
+ /\l)f\ DIPEA OMe
OMe o)
Me\;NHBoc HO -
Me

NH
NH
2 CH2OC|2 Me
99% NHBoc
L-threonine

Boc-L-valine methyl ester Me
57

Reaction was performed using standard PyBOP peptide couggnultions. The poduct was
afforded in 99% vyield with purification by flash column chromatography with 4:1 ethyl
acetate/hexaness R06 (4:1 ethyl acetate/hexanes)

IH NMR (400 MHz, Chloroforred) U T 6.864r, 2H), 5.20 (s, 1H), 4.62 (dbs 9.0, 2.6 Hz,
OH), 4.35 (qd,) = 6.5, 2.7 Hz, 1H), 3.98 3.90 (m, 1H), 3.78 (s, 4H), 3.76 (s, 1H), 2.08 (s, 2H),
1.47 (s, 1H), 1.28 1.13 (m, 4H), 1.00 (s, 8H), 0.97 (db= 11.1, 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroforrrd) a 172. 85, 171. 53, ,51.5,62.68 8 ,
31.02, 28.4519.96, 19.34, 18.37.

Notebook Entries

Procedure: PKDB45

H: PKD1-345-400,%C: AXT-006-A-carbon
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PKD1-345-400
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Methyl (4S,5R)-2-((S)1-((tert-butoxycarbonyl)amino)-2-methylpropyl) -5-

methyl-4,5-dihydrooxazole-4-carboxylate

Yo, o (NH)Mo;7O24 Me 4 @
HO = Toluene F S
OMe Reflux - (o] OMe
O, NH 35% - —N
Me\;NHBoc Me NHBoc
Me Me

A dry flask was charged i 57 (1 eq) and dry toluene (0.5 M) followed by addition of
(NH4)sM07024 (0.1 eq), and anhydrous sodium sulfate (a little, to absorb moisture being
generated). The mixture was brought to refluxed, heat plate set at 115 °C, overnight under an inert
atmosphere. Reaoh was then quenched with saturated sodium bicarbonate (ine/adg.),
followed by extraction with ethyl acetate (x3) ahted with sodium sulfatdJpon concentration
under reduced pressure, product was afforde85 yield with purification by flash damn
chromatography witl3:1 ethyl acetate/hexanes. Rf 79(3:1 ethyl acetate/hexaned¢)nreacted
starting material was recoveratiRf = 0.55 (3:1 ethyl acetate/hexanes)

IH NMR (400 MHz, Chloroforred) U 5J.=3.8 Hz( 1H), 4.84 (p] = 6.5 Hz, 1H), 4.35
(dd,J=9.2, 4.7 Hz, 1H), 4.27 (dd,= 7.1, 1.5 Hz, H), 3.77 (s, 3H), 2.18 2.08 (m, 1H), 1.43

(d,J= 2.8 Hz, 9H), 1.00 0.94 (m, 6H), 0.90 (d] = 6.9 Hz, 3H).

Notebook Entries

ProcedurePKD1-349

H: PKD1-349-400
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PKD1-349-400
Std Proton parameters
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Methyl (tert-butoxycarbonyl)-L-valyl-L-allothreoninate

Me

H O
PyBOP Ho/'\:r/(
DIPEA OMe
(0) NH

NHBoc H, CH cl
2Ll

99% Me NHBoc

L-allothreonine

methyl ester Me
60

Boc-L-valine

Reaction was performed using standard PyBOP peptide coupling condittengroduct was
afforded in in 99% vyield with purification by flasholumn chromatography with 3:1 ethyl
acetate/hexaness R 0.5 (31 ethyl acetate/hexanes).

IH NMR (400 MHz, Chlorofornad) i 7 . 3 58.0(Hd, 1H), 5.40 (d] = 8.8 Hz, 1H), 4.62 (dd,
J=7.9, 3.5 Hz, 1H), 4.09, 1H), 3.99 (n, 2H), 3.73 (s, 3H), 2.04 (di,= 13.5, 6.6 Hz, 1H), 1.38
(s, 9H), 1.18 (dJ = 6.4 Hz, 3H), 0.91 (dd] = 12.2, 6.7 Hz, 6H).

Notebook Entries

Procelure: HH129 (Performed by Hannah Hendergon

'H: HH1-29-400
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HH1-29-400

Std Proton parameters k320
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Methyl (4S,5R)-2-((S)1-((tert-butoxycarbonyl)amino)-2-methylpropyl) -5-

methyl-4,5-dihydrooxazole-4-carboxylate

Reacion was performed using standard DAST conditiditne poduct was afforded i80% yield
with purification by flash column chromatography witi ethyl acetate/hexanes. R0.75(3:1
ethyl acetate/hexanes)

IH NMR (400 MHz, Chloroforned) U 5J =198 HZ, tH), 4.82 (p] = 6.5 Hz, 1H), 4.37
4.31 (m, 1H)4.26 (ddJ= 7.0, 1.5 Hz, 1H), 3.76 (s, 3H), 2.10 (&k 6.9, 4.7 Hz, 1H), 1.42 (d,
= 2.4 Hz, 9H), 0.95 (d] = 6.8 Hz, 3H), 0.89 (d] = 6.9 Hz,3H).

Notebook Entries

Procedire: PKD2016

'H: PKD2-016-400
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