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Abstract

Balgacyclamides are a group of natural products isolated from freshwater cyanobacteria
Microcystis aeruginosa EAWAG 251 Gademann and co-workers in 2014. They are macrocyclic
polypeptides that can also be identified as cyanobactins. Three natural products that belongs to this
family have been reported so far; namely balgacyclamide A-C. Balgacyclamide A and B have
reported toxicity towards a chloroquine resistant strain of the malarial parasite Plasmodium
falciparum K1 and possessed moderate cytotoxicity towards rat myoblasts with implied capability
of penetration into lung and colon cancer cells. Given the interesting cellular penetration ability of
balgacyclamides, our laboratory embarked on a journey for the first total synthesis of
balgacyclamide A, and B in 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 synthesis route for
the two natural product analogs served as a model system for the synthetic route 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 to conjugate them with available anticancer drugs
with the aim of lowering off-target 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
Gram-negative bacteria through porins. This study reveals many unprecedented properties of small
molecules that aid penetration of molecules through porins; the most interesting finding being how
the three-dimensional orientation of the molecules affect porin-mediated penetration of small

molecules despite having approximately the same physicochemical properties.
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Abstract

Balgacyclamides are a group of natural products isolated from freshwater cyanobacteria
Microcystis aeruginosa EAWAG 251 Gademann and co-workers in 2014. They are macrocyclic
polypeptides that can also be identified as cyanobactins. Three natural products that belongs to this
family have been reported so far; namely balgacyclamide A-C. Balgacyclamide A and B have
reported toxicity towards a chloroquine resistant strain of the malarial parasite Plasmodium
falciparum K1 and possessed moderate cytotoxicity towards rat myoblasts with implied capability
of penetration into lung and colon cancer cells. Given the interesting cellular penetration ability of
balgacyclamides, our laboratory embarked on a journey for the first total synthesis of
balgacyclamide A, and B in 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 synthesis route for
the two natural product analogs served as a model system for the synthetic route 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 to conjugate them with available anticancer drugs
with the aim of lowering off-target 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
Gram-negative bacteria through porins. This study reveals many unprecedented properties of small
molecules that aid penetration of molecules through porins; the most interesting finding being how
the three-dimensional orientation of the molecules affect porin-mediated penetration of small

molecules despite having approximately the same physicochemical properties (PCPs).
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Chapter 1 - Introduction

1.1 Introduction

Disclosed herein are the efforts towards the total synthesis of balgacyclamide family of natural
products (NPs); and synthetic analogs accessed en route. Emphasis will be given to optimizing the
synthesis routes to access each identified fragment of the family members, their assembly in their
linear system, and efforts at the macrocyclization to the final NPs. Scope of possible applications
this family of NPs will also be explored. Apart from possible future applications of the final
compounds, emphasis is given to utilizing an interesting intermediate of the synthesis to create a
small molecule chemical screening library (CSL) for applications into biological investigations.
The CSL assembled, consisting of derivatives of this intermediate, was employed to probe the
effects of PCPs and their orientation upon the penetration of into Gram-Negative bacteria (GNbac)

also will be discussed.

1.2 NPs in Drug Discovery

NPs have been used across cultures throughout the world to remedy ailments for thousands of
years. Most NPs are secondary metabolites produced by biological organisms to perform specific
secondary function beyond survival, such as: cell communication, self-defense, and stress
responses.t? While each of these are of importance to the organism, they can be exploited for
therapeutic properties in mammals. Ayurveda (a system of traditional Indian medicine), and
traditional Chinese medicine are great examples of medicine modalities alive to date that heavily
use herbal medications to harness the medicinal properties of NPs found in various natural sources.

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



towards a more regulated use of medicine that comes to the marked as approved therapy after

rigorous testing. However, NPs still play a major role in drug discovery process.

According to the most recent statistics on approved drugs abstracted from 1981-2019 (Figure 1),
3.8% of them are unaltered NPs, 18.9% are NP derivatives, 3.2% are synthetic drugs with a NP
pharmacophore, and 11.5% are synthetic drugs that are NP mimics.? It can also be said that the
role of NPs in drug discovery are essential and have been the corner stone in therapeutic agent
discovery. Therefore, not only isolating and identifying NPs from natural sources but also total
synthesis of NPs can contribute immensely towards the drug discovery process.

3.20%

"B 7.50%
uN
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 are NPs are illustrated in Figure 2. Paclitaxel (Taxol) is an
anticancer drug isolated from pacific yew tree. Digoxin is a cardiac glycoside isolated from
foxglove plant and is used 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 periwinkle is an anticancer drug,

and atropine isolated from belladonna plant is an anticholinergic drug. In addition to NPs



themselves the synthetic intermediates accessed within the total synthesis routes also can act as

valuable tools in understanding and solving complex biological problems.
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Figure 2: Examples of approved drugs that are NPs

1.3 Balgacyclamides

1.3.1 Cyanobactins:

Balgacyclamides are a group of NPs identified as cyanobactins,* which are a group of cyclic
peptides produced by cyanobacteria where the peptides have undergone further post-translational
modifications;>® a few examples of cyanobactins are shown in Figure 3.78%1%11 These post-
translational modifications involved with the formation of cyanobactins include, but not limited
to: heterocyclizations, prenylations, and oxidations of amino acids.'? Most of them are suggested
to be biosynthesized via ribosomal pathways, while a minority could be synthesized non-
ribosomally as well. During post-translational modifications heterocyclases mediate
oxazoline/oxazole (color-coded in green in Figure 3) as well as thiazoline/thiazole (color-coded in
purple in Figure 3) formations, and prenyltransferases called F enzymes mediate prenylations

(prenyls: color-coded in yellow in Figure 3).* All the isolated cyanobactins have not shown
3



bioactivity for their tested aspects. However, there are many cyanobactins that have possessed
metal chelation ability, anticancer activity, multidrug resistance reversing ability, antimalarial
activity, as well as ability to block P-glycoproteins and potassium channels.? However, while this
class of NPs possesses interesting biological effects, the natural role(s) of cyanobactins remain
unclear to date.® Apart from cyanobacteria, cyanobactins are found in other marine organisms as
well (e.g., ascidians, sponges and mollusks).® With the recent expansion of explorations into
marine sources for NPs, many isolated cyanobactins are being 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.

Tenuecyclamide C Westiellamide /5 o

/CH2
Ph Me OMe Me
S S N\ 00 € /§'/lkN
O/\’\'l)j\N/\f o '& Mo (o) H Iﬁ

Aerucyclamide A Bistratamide D

Trunkamide A

Figure 3: Few examples of reported cyanobactins



1.3.2 Isolation and Structure Elucidation of Balgacyclamides

Balgacyclamides are a group of cyclic peptides isolated from freshwater cyanobacteria Microcystis
aeruginosa EAWAG 251. The isolation of balgacyclamides A, B, and C (Figure 4) were reported
by Gademann and co-workers in 2014.* These macrocyclic peptides contain oxazoline and thiazole
rings as key characteristic structural motifs of cyanobactins. Structural comparison of the three
balgacyclamides revealed some interesting differences and similarities. Both balgacyclamide A
and B share the same core except for the difference of having an oxazoline (color-coded in purple
in Figure 4) versus an open dipeptide (color-coded in orange in Figure 4), respectively.
Balgacyclamide B and C share the same open dipeptide with the rest of the similar structure except
for having an isopropyl (color-coded in gray in Figure 4) in balgacyclamide B versus a benzyl
group (color-coded in blue in Figure 4) in balgacyclamide C. As reported by the isolation chemists,
the structure elucidation process of balgacyclamides has been a challenging task due to the low
isolation yields. For balgacyclamide A, B, and C, the isolation yields have been as low as 0.55 mg,

0.15 mg, and 0.80 mg respectively, per 15 L of the cynobacterium culture. 4
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Figure 4: Balgacyclamide family isolated in 2014 from Microcystis aeruginosa EAWAG 251

Microcystis aeruginosa EAWAG 251, of which the balgacyclamide family of NPs were isolated,
was obtained by the isolation chemists from Swiss Federal Institute of Aquatic Science and

Technology. Multiple methanolic extractions were performed on the cyanobacterium cultures and
5



the extracts were lyophilized to obtain a dry powder. The resultant powder was reconstituted into
an 80% methanolic solution and separated using a C1g SPE column and multiple runs on a C1g RP-
HPLC. Isolated compounds were extensively analyzed using NMR (*H, 3C, 2D), IR, and mass

spectrometry with aid from ozonolysis, hydrolysis, and Marfey’s analysis on the compounds.

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

Balgacyclamide A and B have reported toxicity towards a chloroguine resistant strain of the
malarial parasite Plasmodium falciparum K1 with reported 1Cso values of 9.0 and 8.2 uM,
respectively. Antiparasitic activities of balgacyclamide A and B against few other parasites also
have been tested (Table 1). It is reported that both balgacyclamide A and B have moderate toxicity
towards Trypanosoma brucei, and balgacyclamide B has moderate toxicity towards Leishmania
donovani. When balgacyclamide A and B are compared, there is no significant difference in their
biological activities. It implies that the presence of an oxazoline ring (color-code in purple in
Figure 4) in balgacyclamide A compared to having an open peptide (color-code in orange in
Figure 4) has not affected the biological activity of the two molecules. This family of compounds
have possessed comparable 1Cso values to other cyanobactin families such as venturamides and
aerucyclmides.

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

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 falciparum K1; T. b. rhod.: - Trypanosoma brucei rhodesiens STIB 900; T.

cruz. - Trypanosoma cruzi Tulahuen C4; L. don. - Leishmania donovani MHOM-ET-67/L82



Interestingly, balgacyclamides were also shown to possess 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 molecules as this property could potentially allow balgacyclamides to be used as a drug
delivery vehicle to deliver anticancer drugs to target cells selectively. When most of the currently
available anticancer drugs are considered, they are plagued with unselective toxicity as they
penetrate to non-cancerous cells as well as cancerous cells and cause off target cytotoxicity. For
example, commonly used anticancer drugs paclitaxel and doxorubicin cause side effects such as
loss of blood count, nausea, vomiting, loss of appetite, hair loss, and even death. Our lab is
interested in exploring 6-thiopurine (6TP), mainly used to treat acute lymphocytic leukemia.
However, 6 TP has many side effects, with one of the most severe being hepatotoxicity leading to
jaundice. Therefore, drug delivery systems can be of great use to selectively deliver these potent
drugs to their targets and get their maximum benefit. One such example would be carbohydrate-
conjugated anticancer drugs that uses Warburg effect to sneak into cancer cells more rapidly than
non-cancerous cells. Potential of using balgacyclamides for such purposes will be further discussed

later.

1.4 Small Molecule Libraries Based on NPs to Facilitate the Process of Drug

Discovery

While developing a total synthesis route to a NP does contribute to the advancement of organic
synthetic methodology, it also provides a robust, scalable, and reliable method in accessing
biologically active compounds. Total synthesis of NPs allows further exploration into the NPs,
through SAR analysis of the derivatized NPs which can lead to small molecules with interesting
biological properties useful in drug discovery. The Hergenrother group has sown the applications

of derivatizing commercially available NPs for the construction of small CSLs which can be used



in the drug discovery process (Figure 5-A).** However, when the final NP is modified, most of the
time the innate bioactivity of the parent NP does not change though its potency may change.
Therefore, our laboratory focuses on constructing small molecule libraries from the intermediates
of total synthesis route as well without constraining derivatization to the final NP (Figure 5-B).
We envision that this method may allow us to discover small molecules that have different

biological activities compared to the parent NP.

Up until the 1980’s the role of NPs in drug discovery was nearly unmatched, however, in the 80’s
and the advancement of robotics in the drug discovery process a future “pitfall” in the field of drug
discovery was born.*® High-throughput screening (HTS), born in this era, is a method in which a
collection of compounds, stored in cell culture plates ranging from 48 to 1536 wells per plate,
could be screening in a rapid fashion for the discovery of new drug lead scaffold/therapeutic
discovery or in the investigations into other biological pursuits; such as transport across complex
biological barriers.!®'’ Prior to the discovery of HTS, screening collections were primarily
populated in NPs and/or extracts from natural sources. With the enhanced speed of HTS, the need

for the population of screening plates was a large issue in the late 1980’s to present day.
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Figure 5: (A) Derivatizing only the final NP. (B) Derivatizing the final NP as well as other
complex intermediates of the synthesis route

While NPs remain the best choice for the population of CSL collections, the discovery of new
potent NPs has been on the decline over the past decade. Given this, along with the need to populate
CSL plates, a solution was desperately needed. CSL plates were then populated with semi-
synthetic NP moieties, marginal analog NPs that were constructed, other small molecules from
failed total synthesis routes, and other total synthesis inspired compounds. However, this did not
solve the population problem, as such, the use of sp?-hydridized carbon-carbon bond form was
employed; such as Suzuki, Stille and other organometallic reactions. In these efforts in the mid to
late 1990’s hundreds of thousands of small compounds were accessed via this coupling strategy.
This strategy has continued, and one of the biggest CSL sources on the market today are those sold
by ChemBridge, whose libraries are primarily synthesized via a platform-based synthesis. In
platform-based synthesis, a large number of different molecules can be synthesized in a short
period of time using automated methods.!® In this, the libraries are composed of mainly small

molecules that are flat (as evaluated by the percentage/fraction of sp®-hybridized atoms in the



compound) and lacking a large percentage of stereocenters. Multiple drugs have been discovered
and approved by the FDA employing the ChemBridge library. A large percentage of these drugs
act as kinase inhibitors, and also cause many off target side effects. Kinases are very common
enzymes that play vital roles in cell growth and metabolism, though the overexpression of kinases
can be observed in some disease conditions such as cancer. Therefore, the inhibition of kinases
can cause various side effects due to their inhibition of undesired targets. Therefore, discovering
bioactive molecules with higher degree of complexity is crucial in drug discovery research to have
higher efficiency with lower side effects. Quantifying molecular complexity is no easy task and
has been done in a variety of means. One such metric to assess molecular complexity can be
performed by assessment of the percentage/fraction of sp® hybridized carbons (Fsp®) and the
number of stereo centers. Together, Fsp® and the number of stereocenters can be an indicator of
three-dimensional shape of molecules.'® In additional to molecular complexity, lipophilicity is also
another major point of consideration for library design. Lipophilicity is commonly quantified by
cLogP, which explains the absorption and the permeation of the molecule.?° The complexity and
the lipophilicity of molecules directly affect the probability of finding drug candidates, which have
higher potency and selectivity towards a particular protein target. Therefore, screening libraries
with higher Fsp®/stereo centers and lower cLogP values have higher probability of finding drug
like molecules. Small molecules in Chembridge library have the average Fsp® of 0.23, whereas the
average Fsp® of FDA approved drugs is 0.47 (Figure 6-A). The average number of stereocenters
in FDA approved drugs and the Chembridge library are 4.94 and 0.24, respectively (Figure 6-B).?*
ChemBridge has been used to discover most of the compounds found in the FDA. However, Fsp®
of the large percentage of molecules having antibacterial and anticancer activities is significantly
higher than the Fsp® of the molecules in ChemBridge library (Figure 6-C). Moreover, the number

of stereocenters of molecules having anticancer and antibacterial activities is significantly higher
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than that of ChemBridge library (Figure 6-D). This means that there is a gap (shown in green
boxes) in ChemBridge library that needs to be filled with molecules with higher degree of
complexity. Therefore, it is beneficial to construct small molecule screening libraries with higher
Fsp® and higher number of stereocenters to increase the probability of discovering molecules with

drug like properties.
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Figure 6: Fsp3 and Stereocenters of Small Molecules in ChemBridge Library*

To overcome the problem of the lack of structural complexity of the commercially available
screening libraries, there should be more NPs and NP-like molecules that are more drug-like
employed in the screening libraries. Also, such screening libraries could be used not only for direct
screening to finds hits in drug discovery, but also, they can be employed in investigating different
biological problems. For example, investigating the PCPs of molecules that could penetrate
complex barriers such as the blood-brain-barrier, or GNbac cell wall. Complex molecules that are
or would mimic NPs could be exploited extensively to systematically analyze such properties. As
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such, our laboratory focuses on utilizing small molecule libraries based on NPs and intermediates
of NPs to investigate small molecular penetration through GNbac cell wall through porin-mediated

transport.

1.5 Porin-Mediated Small Molecule Transportation into GNbac

1.5.1 Bacterial Infections and GNbac

Bacterial and viral infections have caused epidemics and pandemics throughout the history that
have costed millions of lives and fear of death for the rest of the world who survived. For example,
currently we are dealing with COVID-19 caused by the novel corona virus SARS-CoV-2, and
bacterial pandemics, such as the cholera and bubonic plague have consumed thousands of lives in
the history of mankind. Antibiotics have saved an unimaginable number of lives from bacterial
infections since the discovery of penicillin. Currently, hundreds of different antibiotics that belong
to various chemical classes with different modes of action have come into the market as approved
drugs. Though these antibiotics serve to fight and inhibit bacteria, emergence of bacterial

resistance to the available antibiotics poses barriers for treating bacterial infections.?2?

Antibiotic resistance is caused when bacterial strains mutate and create mechanisms that negate or
prevent antibacterial agents from elucidating their action. Such examples are increasing the
number of efflux pumps in the cell membrane, possessing enzymes to hydrolyze antibiotics or
altering the receptors.?#? The main cause of antibiotic resistance development is the irrational use
of antibiotics. When a bacterial strain becomes resistant to one antibiotic it might be resistant to
all the antibiotics that go after the same target as well. Current statistics alarm us of emergence of
bacterial infections to be a leading cause of death in the future.?® With all these, it is evident that
there is a high demand for novel antibiotics that can combat bacteria that are resistant to currently

available antibiotics. Despite this enormous demand, the number of antibiotics that comes to the
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market has drastically decreased over the last few decades (Figure 7)¥’ and all the major
pharmaceutical companies have shut down their antibiotic research arms, leaving the discovery of

novel antibiotics to the academic research groups.
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Figure 7: New systemic antibacterials approved by the US FDA

Antibiotics that are currently available have various different mechanisms of action and act upon
various targets that are on the cell wall as well as on the targets in the bacterial cytoplasm. Most
antibiotics need to penetrate through the cell wall into the bacterial cytoplasm to be effective.
Hence, understanding the nature of the bacterial cell wall is essential in developing molecules with
antibacterial properties. Also, mechanisms that allow penetration of small molecules through
bacterial cell wall as well as the PCPs and characteristics of the small molecules that could
penetrate bacteria need to be understood well. Therefore, key features of bacterial cell wall

structure and mechanisms of small molecular penetration through it will be discussed herein.

The structural differences (Figure 8 and 9) between GNbac and Gram-Positive bacteria (GPbac),
specifically in their outer membrane comparison allows for unique and different mechanism of
action of resistance towards antibiotics. The evolution of GNbac has resulted in the formation of
one of the most complex biological barriers that efficiently prevents the accumulation of foreign

substances in the cytoplasm and periplasm (Figure 9).28 The dual membrane system, 35-40 nm
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wide, is responsible for this remarkably restrictive characteristic due to the outer membrane’s
composition and its ability to remove foreign substances from the interior efficiently and rapidly.
Presence of an additional outer membrane acts as the main barrier for molecular penetration. It is
the reason why many of the antibiotics that act upon intra-cellular targets are inherently inactive
against GNbac due to their inability to reach those targets. The outer membrane of GNbac is
composed of an unusual saturated lipopolysaccharide (LPS) layer 2° 3% composed of metal binding
motifs® and multiple fatty acids chains per unit. As such, these components of the LPS make the
GNbac less fluid-like,* and as such restrict the rate of movement of molecules to one-fiftieth to
one-hundredth of that of simple membranes (phospholipid bilayers). Transport via LPS
destabilization can only be accomplished via cation ion removal, an approach not commonly seen
as feasible. Given the highly restrictive nature of the outer membrane, the movement of essential
nutrients is governed by specific transporters that allow passage into the periplasm, where passive
diffusion across the inner membrane can occur. To allow the movement of other nutrients, given
that there are not specific transports for all, porin channels are present in the outer membrane to

allow self-promoted uptake.*®
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Figure 8: A schematic representation of GPbac cell wall
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On the other hand, when foreign substances do gain access to the cytoplasm or periplasmic space
of GNbac, they are efficiently and rapidly removed by efflux pumps.?®3° These multi-component
efflux pumps remove not only foreign substances from the cytoplasm, but also from within the
inner membrane and periplasm environments. This multi-stage removal of said compounds such
as drugs or probes greatly hinders their accumulation within the cytoplasm, and thereby limits their
ability to elicit their designed and intended action within GNbac. Furthermore, single component
efflux transporters are present within the inner membrane, which rapidly remove compounds to
the periplasm. The highly restrictive barrier of entrance to GNbac in combination with its efficient
efflux capabilities makes the transport and accumulation of foreign substances arduous. Most
antibiotics fail to reach a minimum therapeutic concentration within GNbac due to their rapid
efflux. Therefore, there is great need for the development of strategies and platforms that can allow
the movement of desired substances via porins to allow for an increase in accumulation of said
substances, which have a greater half-life within the GNbac to elicit any biological effect. To
accomplish this, understanding how PCPs effect porin-mediated transport is essential in the early

stages of solving this complex, and long-lasting problem.
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1.5.2 Porin Channels

Porins are transmembrane proteins found in the outer membrane of the GNbac. They are relatively
narrow water-filled g-barrel transverse channels where the structures are composed of S-strands
and p-sheets in an antiparallel fashion (Figure 10).333* The interior of porins are highly charged
and provide a restrictive environment for compound passage governed by PCPs. Porins exist in a
trimeric state on the outer membrane of the GNbac. It is suggested that the trimeric structure makes
the porin structures more stable, but the monomeric units work independently in their passive
transporter function.®® Though there are some porins that are dedicated to transport specific
molecules, the majority of the porins are non-specific transporters or general diffusion porins.
While there is a number of structurally different types of these general diffusion porins, OmpF and

OmpC porins can be considered as more highly abundant than others.%

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

Though the exact mechanism of how porins control the molecule entry through in core is unknown,

several findings suggest that their interior charges as well as shape highly contribute towards this
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controlled permeation. When a porin’s structure is considered, its interior can be explained as a
somewhat hourglass shape®” (Figure 11). There is a ~35 amino acid long chain forming a loop
inside that forms a constricted area in the inner pore of the porins.®’ It is a negatively charged loop
that extends over the top of the barrel and interior walls that are positively charged. This
constriction zone brings down the diameter of the porins to around 6.5-7 A from 15 A in OmpF.
Presence of this constricted region plays a major role in limiting the molecular diffusion through
porins. When the interior charge of the porin channel is considered, the residues in the loop creating
the constricted region are negatively charged and lie adjacent to the positively charged residues in
the non-constricted region.®* 3% This alternating charge arrangement can be an interesting feature
of the porins that needs further attention and understanding so that such knowledge can be used in

designing molecules that could interact and are transported through porins.

Figure 11: A schematic representation of the porin g-barrel being restricted due to interior
hourglass shape

1.5.3 PCPs of Molecules Penetrating Porins

Several patterns have been identified regarding the PCPs of molecules that can penetrate GNbac.*®
Researchers have carried out theoretical studies to formulate scoring functions to predict
permeability of molecules through porin channels as well.3*4° However, an ultimate model that
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could predict the ability of a molecule to permeate into GNbac is yet to be derived. Systematic
studies carried out analyzing different properties associated with the currently available antibiotics
show that Lipinski’s rules do not simply apply for antibiotics molecules, especially ones against
GNbac. Porins tend to be more responsive towards polar molecules owing to the charged interior
they have, especially positively charged molecules. It is also reported that when the molecules are
more lipophilic, they tend to be easily pumped out by the efflux pumps, further reducing the
concentration inside the bacteria. Studies show that size is one of the key criteria that decides a
molecule’s fate across porins, and molecules have to be less than 600 Da to be able to do that.**3
How different researchers are attempting to overcome barriers in porin-mediated transportation by

further studying and manipulating PCPs in the molecules will be further discussed in Chapter 2.
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Chapter 2 - Previous Work

2.1 Chemistry Related to Synthesis of NPs Related to Balgacyclamides

To date, none of the balgacyclamide family members (A, B, and C) have been synthetically
accessed. However, several structurally related macrocyclic NPs, also isolated from cyanobacteria,
have been synthetically accessed. These routes provide critical insight and outline synthetic
feasibility into the construction of oxazoline, oxazole, and thiazole based NPs. Several examples
of this class of NPs are shown in Figure 12. Given the structural similarities of aerucyclamide B,
dendroamide A, and bistratamide D to the balgacyclamide family further discussion of these total

synthesis’s will be presented herein.
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Figure 12: Molecules related to balgacyclamides that have been synthetically accessed.
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2.1.1 Total Synthesis of Aerucyclamide B

Aerucyclamide B was synthesized by Serra and co-workers in 2013 with a 9% overall yield over
14-synthetic steps.*? Their route accessed the NP in a late stage oxazoline cyclization upon 1 with
DAST (Figure 13). Construction of 1 was achieved through the coupling of thiazoles 2 and 3 and
dipeptide 4. This route highlights peptide coupling reactions, oxazoline and thiazole ring formation
with the aid of DAST, thioester formation from the ring opening of oxazolines with H2S(g) to access

the thiazoline, with subsequent aromatization to the corresponding thiazole.
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Figure 13: Approach of Serra and co-workers to aerucyclamide B

Assembly of thiazole 2 commenced from the coupling with the free carboxylic acid of Boc-D-allo-
Ile-OH to the free amine within the methyl ester of L-serine to access Boc-D-allo-lle-L-Ser-OMe
with HBTU, DIPEA, DMAP in CH2Cl2 (Scheme 1). Cyclization of this dipeptide was performed
with DAST and K2COs in CH2ClI; to afford the corresponding oxazoline, which was opened to its
thioamide counterpart with H2S(g) in methanol/EtsN (1:1). The thioamide was cyclized under the
same DAST conditions to gain access to the thiazoline, which was treated with BrCCls and DBU

to promote aromatization to the desired thiazole 2 in an overall yield of 80% over five steps.

i. HBTU, DIPEA, DMAP, CH,Cl,
ii. DAST, K2003, CH20|2 NHBoc

Boc-D-allo-lle-OH jjj. H,S, MeOH:Et;N M@y
+ v S ~ Me
O \ H =
L-Ser-OMe iv. DAST, K,CO3, CH,Cl, S 'Me

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

Scheme 1: Synthesis of thiazole 2
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Accessing thiazole 6 commenced with the formation of the mix anhydride from N-Boc-glycine
methyl ester (5) and 2,2,2-trichloroethyl chloroformiate with the subsequent treatment with
ammonia to form the corresponding amide (Scheme 2). Treatment with Lawesson’s reagent
transformed the internal amide to a thioamide, and treatment with 3-bromo ethyl pyruvate under
refluxing conditions gave access to thiazole 6 in 40% over three-steps. Subjecting 6 to
saponification conditions with KOH in H.O/THF (1:1, v/v) afforded the free carboxylic acid 7 in
quantitative yields. Boc deprotection upon 2 was performed with HCI in dioxane to give access to
9, which was subsequently coupled to 7 using HBTU as the coupling reagent with DIPEA and
DMAP in CHxCI> to give 10 in 94% yield. Employing standard saponification conditions upon 10
afforded 11. Dipeptide 8 which was formed by deprotecting 4 with HCI in dioxane was coupled to
11 under standard coupling conditions with HBTU to access 12 in 40% yield. Macrocyclization of
12 to access 1 was accomplished by Boc deprotection under saponification conditions, methyl

ester hydrolysis, and cyclization via amidation with HBTU in 12% vyield.
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Scheme 2: Synthesis of intermediate 1

With macrocycle 12 in hand, accessing aerucyclamide B was accessed through the treatment of
DAST in CH2Clz at -20 °C in 67% yield (Scheme 3). It is of interest to note that dipeptide 8 is used
rather than the desired oxazoline. It is assumed that the extra degree of flexibility of the dipeptide
allowed for greater ease of the macrocyclization. If the oxazoline was employed rather than the
dipeptide, the rigid nature of the system could result in the failed cyclization. This synthesis of sets

up the hypothesis for synthesis balgacyclamides discussed in this thesis.
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Scheme 3: Accessing aerucyclamide B

2.1.2 Total Synthesis of Dendroamide A

Total synthesis of dendroamide A was reported by Kelly and co-workers in 2003 with a 19%
overall yield over 15-synthetic steps (Scheme 24).* Their route accessed the NP in a late stage
macrocyclization of the dithiazole mono-oxazaoline aliphatic fragment 13. Construction of 13 was
achieved through the coupling of 14 and 15 followed by the incorporation of 16. This synthesis

also follows a modular approach 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 / PR - 16 Nl /
=N N el N oo .
---i3 Me™ ----»Me" NHF 15
Me™ NH, moc

(0]

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

Scheme 4: Approach for the total synthesis of dendroamide A by Kelly and co-workers

Accessing thiazoles 14 and 15 commenced with the esterification of allyl alcohol to N-Fmoc-L-S-
tritylcysteine (17) with HOBt and HBTU to furnish 18 in 90% yield (Scheme 5). Elaboration of
18 onto dipeptides 19 and 20 began with Fmoc deprotection by diethyl amine (DEA) in MeCN,
which was then added to HOBT/HBTU preactivated solutions of the appropriate single amino acid
to access 19 and 20 in 89% and 91% vyield, respectively. Trityl deprotection with subsequent

thiazoline ring formation was accomplished with triphenyl phosphene and triflic anhydride to
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furnish 21 and 22 in 91% and 90% vyield, respectively. Aromatization to the required thiazoles 14

and 15 was accomplished with activated manganese (I11) oxide in 89% and 91% yield, respectively.

STr HOBt,HBTU, STr PhsPO (3 eq.)
DIPEA, Allyl alcohol 1. DEA/CH;CN
OH Y > OAllyi - FmocHN/\n/ \)I\OAIIyI _TROo(5ea)
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 = i-Pr, 91%
Activated MnO
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Scheme 5: Synthesis of thiazole 14 and 15

Assembly of oxazole 16 started with the coupling of Fmoc-D-alanine to L-threonine benzyl ester
with HOBT, HBTU, DIPEA in acetonitrile in 85% vyield followed by alcohol oxidation to the
corresponding ketone 24 with Dess-Martin Periodinane in 80% yield (Scheme 6). In an analogous
fashion for the construction of thiazoles 14 and 15, disclosed above, oxazole 16 was accessed with

the treatment of bis(triphenyl)oxodiphosphonium trifluormethanesulfonate in CH2Cl2 in 84%

yield.
1. HOBT, HBTU,
DIPEA, Thr-OBn

Me Acetonitrile, I‘T’?SPO1 geq /\r

2 85% 20 eq.) FmocHN
FmocHN/\n/OH > FmocHN\‘)L I‘/OBn e \Z/‘(

O 2 DMP, CH20|2 CH2C|2 20 OC
23 80% 84%

Scheme 6: Synthesis of oxazole 16

Fmoc deprotection upon 14 was facilitated with DEA in MeCN while concurrent allyl deprotection
upon 15 was accomplished via a polymer supported triphenyl phosphine reaction with Pd(OAc)2
and phenylsilane. The coupling of the free amine of 14 and carboxylic acid of 15 was accomplished

with HOBT, HBTU, and DIPEA in CH2ClI> to access 25 in 92% yield, over three-steps (Scheme
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7). Deprotection of the Fmoc group was achieved under standard conditions. The benzyl group in
16 was removed with Pd/C-mediated hydrogenation to afford 26, which was then coupled to the
free amine of 25 to afford 27 in 92% yield over three-steps. Employing conditions used previously,
removal of the Fmoc and allyl groups was undertaken. Cyclization to dendroamide A was

successfully accomplished by PyBOP and DMAP in DMF/CH2CI; in 81% yield over three-steps.

DE AllylO NH, :
14 —> ! Me._ Me : 16
MeCN \ “Me : : H,, Pd/C
HOBT, HBTU, EmocHN | S ; MeOH/THF
: DIPEA / ;
N 1. DEA, MeCN !
Pd(OA Me_M - , :
F>r(1sn4|03)2 Y CH,Cl, HNjio 2.26,HOBt, HBTU, : Me @
15 PSPIP  Cooin o2%  ANQ g:-TEc/?' then 25-NH, OM on
(over hree-sieps) 0o \ ) "Me 92% (i)ve%r three-steps) =N
HO 0 25 Met NHFmoc

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)

Scheme 7: Synthesis of dendroamide A

2.1.3 Total Synthesis of Bistratamide D

Total synthesis of bistratamide was reported by Albert Meyers and co-workers in 1999 in a 19%
overall yield over 11-synthetic steps from oxazole 29, oxazoline 30, and thiazole 31 (Scheme 8).1
In the construction of aerucyclamide B (discussed previously) the NP was accessed through
macrocyclization of post dipeptide installation, followed by oxazoline formation from the
dipeptide. Unlike this approach, Meyers decided to construct the oxazoline fragment of interest
and directly incorporate it into the linear system before cyclization was performed. In doing so,
key critical stability insight was obtained regarding Boc deprotections in the presence of oxazoline
units, resulting in the ring opening and epimerization. Meyers proved that the use of Cbz rather
than Boc groups prevented this ring opening, and successfully used this strategy in their total
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synthesis of bistratamide D. This route also highlights the construction of the thiazole fragment

using Holzapfel’s modified Hantzsch methology.
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€ N M
5 WMe Ny e MeO NHCbz
MeOQC N
o0 Me o Me N Me
Me $ O
Me -—0

Bistratamide D 28 Me 30

Scheme 8: Retrosynthetic analysis for the construction of bistratamide D

Assembly of thiazole 31 commenced from thioamide 21, which was accessed from Boc-L-valine,
by employing Holzapfel’s modified Hantzsch methodology. In this method, 32 displaces the
bromine upon ethyl bromopyruvate, which upon treatment with trifluoroacetic acid and 2,6-
lutidine promoted cyclization and aromatization to access 31 in 71% yield (Scheme 9). Removal
of the Boc group was accomplished employing conditions outlined by North,!* with the in-situ
formation of HCI by the treatment of acetyl chloride with ethanol, to give the free amine 33 in
quantitative yields. Oxazoline 29 was assembly from the coupling of Boc-L-valine to L-serine
methy| ester followed by cyclization with Burgess reagent via standard protocols. Aromatization
of oxazoline 29 to its corresponding oxazole was accomplished with BrClzC and DBU in CH2Cl»
in quantitative yield, followed by saponification with lithium hydroxide in MeOH/H.O to furnish
the free acid oxazole 34 in 99% yield. Activation of oxazole 34 with EDCI in the presence of HOBt
afford the activated ester which was treated with 33 to access 35 in 94% vyield. With the Boc-
oxazole-thiazole-OMe 35 in hand, efforts were placed in assuring that deprotection of the Boc and
methyl ester were achievable. Similar to the condition employed for the Boc removal upon 31,

HCI was generated via acetyl chloride in ethanol to afford the free amine 36 in quantitative yields.
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Similarity, saponification of 35 with lithium hydroxide in EtOH/H20 furnished the free acid 37 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, » BocHN | p —_ 3 M2 [ p P AcCl 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 : Me._Me

O
/ ( 1. BrCCl3, DBU /_< EDCI, HOBt S
O__N Quant. O N > o) ” |
Me
\(\[ \;NHBOC

, DMF —N N
NHBoc 2 LiOH, I\gggH/HQO Me 94% Me
Me ’ Me NHBoc Et0” O

Me
29 34 35

Scheme 9: Accessing intermediate 35 and it deprotections

Oxazoline 38 was constructed from the peptide coupling of Boc-L-valine to L-threonine methyl
ester followed by cyclization with Burgess Reagent (Scheme 10). Subjecting oxazoline 38 to
aqueous HCI in THF resulted in the ring opening of the oxazoline, and treatment with potassium
carbonate and activated basic alumina in MeOH promoted epimerization about the alcohol within
threonine to the allo-L-threonine configuration. Treating the epimerized compound with Burgess
reagent in THF under reflux furnished 30 in 70% vyield. Removal of the Cbz group was
accomplished under hydrogenation conditions to access 39 in 97% yield. Coupling of 37 to 39 was
performed with EDCI, DMAP in CH2Cl; to afford 40 in 53% yield. Unfortunately treating 40 with
acetyl chloride in ethanol failed to provide the desired free amine 41, but rather furnished the ring

opened oxazoline. Other attempts at removing the Boc group gave similar undersirable results.
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Scheme 10: Attempt to access 41

Noting the instability issue with employing a Boc protecting group in the presence of an oxazoline
moiety, Meyer decided to switch the coupling route to allow for a Chz deprotection rather than
Boc. Subjecting oxazoline 30 to saponification conditions to afford 42 in 94% vyield, which was
coupled to the free amine of the oxazole-thiazole-OMe 36 with EDCI, HOBt in DMF in 79% yield
(Scheme 11). Removal of the Cbz group was accomplished under hydrogenation conditions to
afford 43 in 83% yield. With the free amine in place, saponifcation was undertaken to furnish the
free amine/free acid, which was treated with HATU, DIPEA in DMF to promote macrocyclization

to afford bistratamide D in 48% yield over two-synthetic steps.
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Scheme 11: Accessing bistratamide D
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Building up the literature precedence outlined in this chapter, the construction of the
balgacyclamide family has not only great promise but expansive precedence. In the total synthesis
of aerucyclamide B, the dipeptide fragment, to be elaborated onto the oxazoline unit later on, onto
the oxazole-thiazole helped promote cyclization onto the macrocycle. A strategy that can be
employed in the pursuit of balgacyclamide A and B; accessing B in a similar dipeptide
incorporation as with aerucyclamide and upon cyclization accessing balgacyclamide A. Thiazole
assembly was effectively demonstrated via the Hantzsch methodology in both aerucyclamide B
and bistratamide D, and via a trityl sulfide approach in dendroamide A. All together, they build a
strong fragment for the construction of various substituted thiazole moieties. Efforts in the total
synthesis of bistratamide D show the limitation of Boc groups in the protection of amines in the
presence of oxazoline units, resulting in decyclization and partial epimeration. While the
deprotection of Boc groups upon oxazoline units have been demonstrated in the literature, they are

well documented to the “finky” and various in success in the hands of different synthetic chemists.

2.2 Small Molecule Libraries based on NPs and their Applications in
Understanding Transport of Small Molecules Across Porins

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

The ChemBridge libraries remains one of the most utilized CSL s for the discovery of new drug
lead scaffolds, therapeutics, and in the investigations into other biological inquires. Noting the
limitations of the PCPs of this CSLs set outlined in chapter 1 section 1.4, multiple other academic
research laboratories have undertaken programs in the development of new methods to construct
their own CSLs, and many with targeted PCPs.*44>4647 prof, Paul Hergenrother at the University
of Illinois is one example. His lab employs NPs as starting materials for the construction of

screening libraries via ring distortions, termed complexity to diversity, in 2013.%® In this approach,
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the methodology subjects a NP to precedence synthetic transformations that give access to new
core scaffolds that differ from the parent NP. These scaffolds are then further functionalized to
provide new CSLs for screening purposes that possess complexity imparted from the parent NP.
Accessing the core scaffolds was envisioned to arise from the diversification of the NP through
known synthetic transformations. Scheme 12 highlights the overview of the core scaffold
construction. Starting from a polycyclic NP (44), ring cleavage could be performed to give access
to scaffold 45. In a similar way, ring expansion can be performed to give access to 46, ring fusion
accessing 47, and ring contraction to afford 48. Further diversification can be performed through
combining each of these ring distortion techniques to give rise to compounds such as ring cleavage-

expansion 49 and ring contraction-fusion 50, for example.

C(? Ring Ring

48 thion C'eayr 45

g
Ring Ring
50

Fusion Expansion
44
49

47 46

Scheme 12: General concept of the derivatization of small molecules via complexity to
diversity

In the CtD methodology, the number of diversification steps could be unlimited, as such,
Hergenrother decided to place a five synthetic steps or less as a criterion for accessing the new
core scaffolds.*® ** Numerous collection of libraries were constructed from various NPs, each

possessing high Fsp® character, high percentage of stereocenters, and synthetically amendable to
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allow for construction of targeted clogP properties. Unfortunately, screening of these collections
of compounds revealed activity highly comparable to the parent NP. While undesirable for the
construction of variable CSLs, further thought on this matter led to the same conclusion. Each NP
employed in this route was synthesized and refined by nature to perform a particular function, and
therefore, synthetic manipulations to the final NP is less likely to produce molecules with different
biological activities. Therefore, synthesis of libraries via a non-bio-inspired synthetic routes could
give rise to small molecule libraries, which have a higher probability of finding molecules with

different activities and potential applications into various biological based transport investigations.

2.2.2 Efforts in Overcoming Porin-Mediated Small Molecule Transportation:
Identification of Optimal Combinations of PCPs for Enhanced Transport
Characteristics towards GNbac

CSLs are one of the most utilized tools in the identification of new drug leads and new drug targets
as well as starting points for the identification of compound classes for protein-protein interaction
investigations.1**° They are also employed in investigations into how PCPs affect biological
systems. While commercially available libraries are expansive, the ChemBridge CSLs being the
most utilized, they are limited in their PCP profiles. Figure 14-A illustrates the poor overlap
between current Gram-negative antibacterial agents and the ChemBridge CSLs with regards to
clogD~ .4, a critical PCP for porin-mediated transport. Comparison of other PCPs, such as hydrogen
bonding donors and acceptors®® %! (Figure 14) further demonstrate the incompatibility of current
CSLs to be employed in GNbac transport studies. In addition to the poor PCP compatibility,
specific additive effects of PCPs cannot be explored with commercially available CSLs due to
quantity of library material and the lack of synthetic versatility of the library compounds for the

introduction and modifications of PCPs upon the library members. To evaluate the additive effects
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of PCPs upon complex barrier transport, not only are new CSLs required, but new guidelines are
also required for their construction. We propose the following guidelines in the construction of
new CSLs for evaluation of additive PCPs: 1) library compounds must be rapidly available on mg
scales (to allow synthetic modifications), 2) possess multiple synthetic handles (to allow new PCP
introduction, transposition, and alteration), and 3) have core structure transformability (rigidity,
planarity). To accomplish this, we propose that CSLs be constructed from the complex

intermediates of total synthesis campaigns as each of the proposed guidelines can be met.

A Library Comparison: Gram Negative
Antibacterials (Blue) vs Chembridge (Red)
= 25
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| ‘ \L
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GNbacterials 408 291 166 49 96 042 358
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Chembridge
library 369 3.74 64 1.02 390 023 024
(n=175,000)

Figure 14:. Highlighting the unique PCPs s possessed by Gram-negative antibacterial
agents

A systematic statistical analysis done in 2008 by O’Shea and Moser analyzing approved antibiotics
reveal a great deal of information about the molecules that can have activity against GNbac.®
Figure 15 extracted from their work illustrates the clogD~.4 value vs molecular weight distribution
of different approved drugs. Grey spots indicate data of oral and parenteral drugs obtained from
the commercially available CMC data set, red spots represent the Gram-positive only

antibacterials, and blue spots represent the Gram-negative active antibacterials. It clearly shows
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that the PCPs of antibiotics that are active against GNbac deviate from the generally accepted
Lipinski’s rule of five. It was observed that molecular weights of these molecules were strictly
below 600 Da and the parameters pertaining to lipophilicity such as clogD, relative polar surface,
and the number of hydrogen bond donors and acceptors demonstrated that these molecules had to
be relatively polar than the other drugs. A major reason for the failures of high-throughput
screening campaigns hunting for Gram-negative-antibiotics could be that most of the screening
libraries do not have a good concentration of molecules that have the required PCPs. This is hard
core evidence to demonstrate that utilizing small molecule libraries that are way too generalized is
not the best option in attempting to discover small molecules that can penetrate GNbac and execute
antibacterial properties. Therefore, investigating into PCPs of molecules that can penetrate GNbac,
as well as populating small molecule libraries that have molecules with suitable physicochemical

libraries that facilitate GNbac penetration are equally important.
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Figure 15: PCPs of general (grey), Gram-positive only (red), and Gram-negative active (blue)
drugs. (Graphic extracted from Journal of Medicinal Chemistry, 2008, Vol. 51, No. 10, 2874,
without permission for educational purposes.))

The concept of structural modification of substances to impart penetration (such as substrate
tagging,®> >3 amino acid appendage,®** and peripheral modification of the substance to impart

specific PCPs*) has been widely explored by numerous research programs. Each of these
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strategies relies upon single agent modification, which has no guarantee of providing transport.
However, such studies have discovered key PCPs (e.g. cationic character, lipophilicity, and
presence of hydrogen bond donors/acceptors) that could be essential in the transport of foreign

substances.

In 2017 the Hergenrother Lab published a study outlining “rules” that a compound must possess
for transport into GNbac,** based heavily upon previous findings of cationic character.®® ® In this
work, they took the Gram-Positive antibiotic deoxynybomycin (6DNM) and synthetically
modified it to include a primary amine accessing 6DNM-NHs" (Figure 16). The primary amine
inclusion not only resulted in GNbac accumulation, but also cytotoxic against GNbac strains.
When the GNbac OmpF porin is knocked out the activity is lost, therefore suggesting that this
modified antibiotic elicits its action in the interior of the GNbac meaning that transport occurred.
While the presence of cationic character upon compounds has been well established to help aid
porin-mediated transport, this study revealed a new piece of data, which when analyzed with our
pilot study (Chapter 3) further reveals the role of not only charge, but the location of said charge.
The Hergenrother study also synthesized other analogs, varying in the carbon tether between the
main scaffold and the amine. Interestingly, shorter and longer tethers failed to provide any
antibiotic activity, and therefore more and most importantly, did not possess any penetration in

GNbac.
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Figure 16: Single agent modification imparting cationic amine PCPs upon 6DNM (Gram-
Positive Antibiotic) to 6DNM-NH3* resulting in Gram-negative transport and retention of
antibiotic properties
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Chapter 3 - Synthetic Efforts Towards Total Synthesis of

Balgacyclamide A, and B, and Their Applications

The attention of our research laboratory was drawn towards balgacyclamide A, and B as they
possess interesting biological activities*; antimalarial activity, moderate cytotoxicity towards rat
myoblasts, and implied ability to penetrate into lung and colon cancer cells as mentioned in
chapter 1. The structural similarities of balgacyclamide A and B (Scheme 13) also hint towards
the similarities in their biological activities. As such, the only difference between balgacyclamide
A and B is the open dipeptide in the lower fragment of balgacyclamide B being cyclized to form
an oxazoline in balgacyclamide A (both are color-coded in purple in Scheme 13). As previously
mentioned, total synthesis of any of the balgacyclamides (balgacyclamide A, B, and C) have not
been achieved and reported thus far. Therefore, efforts towards the total synthesis of
balgacyclamide A, and B commenced with the aim of utilizing the synthesized balgacyclamides
for selective drug delivery and using their intermediates to probe small molecule penetration into
GNbac which would be discussed later. It was envisioned to synthesize these two NPs via a

convergent synthetic approach.
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Scheme 13: Structures of balgacyclamide A and B
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3.1 Retrosynthetic Analysis of Balgacyclamide A & B

Retrosynthetic analysis for balgacyclamide A and B is given in Scheme 14. It is inspired by the
synthesis of similar molecules*> ! discussed in chapter 2. As indicated, when an oxazoline is
formed in the lower fragment of balgacyclamide B (color-coded in purple), balgacyclamide A can
be accessed. That makes this route a convergent synthetic approach that can accesses two NPs in
one route. Balgacyclamide B was envisioned to be obtained by coupling the oxazoline-containing
ring A (51), the thiazole-containing ring B (52), and the dipeptide lower fragment C (53). Rings
A, B, and the lower fragment C were envisioned to be obtained using commercially available
amino acids; ring A from L-valine and L-threonine, ring B from L-serine and D-alloisoleucine, and

the lower fragment C from L-threonine and D-alanine.
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Scheme 14: Retrosynthetic analysis of balgacyclamide A and B

As it was indicated in Scheme 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

37



of these molecules were considered, it was also envisioned to synthesize two analogs of the
balgacyclamides using only naturally occurring amino acids as the starting material. The main
reason behind this decision was the high price of D-alloisoleucine. Therefore, it was decided to
synthesize an L-isoleucine-containing analog of balgacyclamides as a model system to establish
the synthetic route to access ring B (the thiazole ring) as shown in Scheme 15. When the price of
D-alloisoleucine was compared with that of Boc-L-isoleucine (Sigma-Aldrich prices), D-
alloisoleucine was about three hundred times the price of Boc-L-isoleucine. The benefits of
accessing these analogs are not limited to serving as a model system but also, they can be used for

SAR analysis, and exploring their biological properties as well.
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Scheme 15: Isoleucine in balgacyclamides; natural vs unnatural amino acids

Retrosynthetic analysis of the proposed balgacyclamide A and B analogs are shown in Scheme 16.
Here, the only difference compared to the retrosynthetic analysis of balgacyclamide A and B is the
use of L-isoleucine which would introduce a stereocenter with S configuration at the amine

containing stereocenter compared to having R configuration in the actual balgacyclamides.
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Scheme 16: Retrosynthetic analysis of balgacyclamide A and B analogs

3.2 Synthesis of Ring A: The Valine-Threonine Oxazoline Ring

3.2.1 Oxazoline Formation Utilizing a Molybdenum-Containing Catalyst

The construction of oxazoline 58 commenced with the coupling of Boc-L-valine and L-threonine

methy| ester using PyBOP as the peptide coupling reagent in the presence of DIPEA in methylene

chloride to access the dipeptide 57 in 99% yield. It was followed by refluxing 57 with the

molybdenum-containing catalyst (NH4)sMo07O24 in toluene to access ring A (58).%¢ However, the

yield of the reaction was 35%. For a reaction in the earlier stage of total synthesis campaign it is a

very low yield indicating that this reaction had to be optimized. Despite the several attempts that

were made changing the number of equivalents of the catalyst, increasing the reaction time as well

as adding p-toluenesulfonic acid as an additive to increase the yield of this reaction, the yield of

the reaction could not be optimized above 35%. The reason for choosing a molybdenum-

39



containing catalyst for the oxazoline formation was to retain the stereochemistry at the methyl

stereocenter (marked with a red asterisk in Scheme 17).
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Scheme 17: Formation of ring A using the molybdenum-containing catalyst

As molybdenum coordinates with the carbonyl oxygen and the hydroxyl group (mechanism shown
in Scheme 18) and locks them in position, the mechanism for oxazoline formation does not
incorporate an Sn2 reaction that causes epimerization. In contrast, most of the other reagents that
could be used to form an oxazoline from 57 such as DAST (diethylaminosulfur trifluoride), and
Burgess reagent involves an Sn2 reaction that causes epimerization as shown in the example in

Scheme 18.

Oxazoline ring formation with DAST
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Scheme 18: Oxazoline formation with a molybdenum-containing catalyst vs DAST
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To explore the ability to perform the oxazoline formation using DAST*? in a higher yield, a
Mitsunobu inversion was attempted®” on 57 (scheme 19). There 57 was treated with
triphenylphosphine, p-nitrobenzoic acid, and diethyl azodicarboxylate (DEAD) in benzene to
obtain inverted stereochemistry at the methyl center. And if it was successful, a second
epimerization with DAST would give the correct stereochemistry once the oxazoline was formed.
However, the Mitsunobu inversion was not successful for this system. Deducing whether the
Mitsunobu inversion was successful was not conclusive when the NMRs of 57 (starting dipeptide
for the reaction) and the product were compared as the difference in the two molecules were only
in one stereocenter and it would not show clearly on NMR as the molecule has so much free
rotation around the bonds as well. Therefore, the product of the Mitsunobu inversion reaction was
subjected to cyclization using DAST and K>COs in methylene chloride*?. Upon the cyclization,
changes in NMR chemical shifts were expected as the oxazoline would have restricted rotation
around the bonds. Therefore, if 59 was produced during the Mitsunobu inversion reaction, after
cyclization with DAST that causes an epimerization at the threonine methyl center, it would
produce 58 and the NMRs should match to confirm it. However, when the NMRs were compared
(Figure 17) NMR of the cyclized product of 59 did not match with the product that was cyclized
using the molybdenum catalyst. It proved that the Mitsunobu inversion was not successful for this
system and an alternative way was required to access 58 in higher yields.

Me 0 Mitsunobu inversion Me o

OMe DEAD, PPhj,

Ox NH p-nitrobenzoic acid 0
Me
Me\;NHBOC \;NHBOC

Scheme 19: Attempted Mitsunobu inversion on 57
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Figure 17: NMR comparison of valine-threonine oxazolines of molybdenum-catalyst- based
cyclization vs Mitsunobu inversion followed by DAST-mediated cyclization

3.2.2 Oxazoline Formation Utilizing DAST

Given that the attempts to optimize the formation of oxazoline 58 with the molybdenum-containing
catalyst, and the Mitsunobu inversion were unsuccessful, an alternative approach was attempted
to access it. This approach (Scheme 20) commenced with coupling Boc-L-valine with
L-allothreonine methyl ester instead of L-threonine methyl ester using PyBOP as the coupling
reagent in the presence of DIPEA in methylene chloride®® and the dipeptide 60 was accessed in
99% yield. Having the dipeptide 60 with S configuration at the methyl center (stereocenter marked
with the asterisk) DAST could be successfully utilized with KoCOg3 in methylene chloride*? to
cyclize it with epimerization to access the oxazoline 58 (ring A) that has R configuration at the
methyl center with 80% yield. When the NMRs of DAST-mediated cyclization of valine-
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allothreonine dipeptide and molybdenum catalyst-mediated cyclization of valine-threonine

dipeptide were compared they matched (Figurel8), proving that the same molecule was accessed

in both approaches but with this novel approach in a much higher yield.
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Scheme 20: Accessing 58 with DAST
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Figure 18: NMR comparison of DAST-mediated cyclization of valine-allothreonine
dipeptide vs molybdenum catalyst- mediated cyclization of valine-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 remove the Boc group
in 58 raised concerns regarding the use of Boc as the protecting group for the amine group in ring
A. Therefore, to avoid such complications in the later stages of the synthesis route, it was decided
to incorporate a protecting group that does not require the use of concentrated acids to deprotect,
yet stable under other reaction conditions ring A must face. Hence, a Cbz group was introduced to
this system as it could be deprotected using hydrogenation with a palladium catalyst (Scheme 21).
To execute this approach, Cbz-L-valine was coupled to L-allothreonine using PyBOP in the
presence of DIPEA in methylene chloride to access 61 in 99% yield and the oxazoline formation
was performed using DAST, and K>COs in methylene chloride to obtain 62 with 61% vyield.
Similarly, the oxazoline 64 which is an analog of ring A with S configuration at the methyl
stereocenter was synthesized, so that it could be coupled with ring B analog (thiazole 54) to act as
a model system for establishing the synthesis route to access the A-B dicycle system. This was
also performed commencing with a PyBOP-mediated reaction where Chz-L-valine was coupled
with L-threonine with PyBOP%, and DIPEA in methylene chloride to access the dipeptide 63 with

99% yield, followed by a DAST-mediated cyclization to access the oxazoline 64 with 80% yield.

MeH o Me 0

OxOH Me Q HO/S—‘/( /\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
Oy OH Me O PyBOP >
z DIPEA Me DAST, K,CO,4
+ OMe >
Me\;NHCbZ HO/\l)j\ CH,Cl,
M NH» CHzClz 80%
e 99% NHCbz NHCbz
L-threonine

Cbz-L-valine methyl ester

Scheme 21: Changing the protectlng group of ring A to Cbz
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3.3 Synthesis of Ring B: The Isoleucine-Serine Thiazole Ring

3.3.1 Synthesis of Ring B Analog

To establish the synthetic route (Scheme 22) to the actual balgacyclamide thiazole formation, first
ring A (54) of the balgacyclamide A and B analogs was synthesized. Efforts towards synthesis of
thiazole 54 were based on the work done by Serra and co-workers in the synthesis of aerucyclamide
B.%* As described in section 3.1, this thiazole acted as a model system for accessing the actual
thiazole 52, which also helped establish the synthesis route to access A-B ring system. Synthesis
commenced by coupling Boc-L-isoleucine to L-serine methyl ester using PyBOP as the peptide
coupling reagent in the presence of DIPEA in methylene chloride®® and accessed the dipeptide 65
in quantitative yields. It was then subjected to cyclization to form the oxazoline 66 in 93% yield
using DAST, and K2COj3 in methylene chloride.*? 1t was followed by reacting 66 with gaseous
hydrogen sulfide in a 2:1 mixture of methanol/triethylamine to open the oxazoline, forming the
thioamide intermediate 67. The crude material was cyclized by DAST, and K.COs in methylene
chloride and the resultant thiazoline was aromatized using bromotrichloromethane and DBU to

form the thiazole 54.42

OMe
BocHszfL OH DIPEA 5 BocHN,, OH DAST, KyCO3 BocH\N;(LN

CH,Cl, T CHChL o)
. Quant. Me 93% M Ve
-serine
Boc-L-isoleucine methyl ester 65 66
Me
o) OMe OMe nMe
BocHN,,, :,\>\\< BocHN, \I\;/OH L DASTICH,Cl,  BocHN™ >
0 ii. BrCCl/DBU_ N/
Me Me MeOH/Et3N Quant. >
(over 3 steps) MeO”™ X0
66 54

Scheme 22: Synthesis of ring B analog
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However, the NMRs of 54 initially showed problems in terms of repeatability of the reaction,
where additional peaks were observed in the NMR as shown in Figure 19. Exploring more into
this problem it was realized that any residues of unreacted oxazoline starting material 59 being
forwarded into the following steps generates the respective oxazole during the aromatization step
as shown in Scheme 22, which was the reason behind the additional peaks on the NMR (significant
peaks in the NMRs are color-coded and matched with the chemical structures for reference).
Optimizing the transformations of 66 to 54 was complicated as 67 could not be purified and
isolated from unreacted 66 due to having similar retention times and being overlapped on TLC as
well as in chromatography columns. When there is unreacted to 66 in the reaction medium it cannot
be detected on TLC. Since the two compounds cannot be separated it is harder to detect on NMR
whether unreacted 66 is present or not. If there is unreacted 66 in the medium when the
aromatization is done it forms the oxazole 69 as shown in Scheme 23. Again, 54 and 69 have
similar retention times and cannot be separated by column chromatography. However, presence of
69 can be detected in NMR. Therefore, as a strategy to solve this problem a very small portion of
the reaction mixture of 66 to 67 conversion was used to run a test aromatization to monitor the
reaction completion. If there is 69 detected by NMR, more hydrogen sulfide would be bubbled on
the 66/67 reaction mixture and run it longer. When the conversion of 66 to 67 runs for 2 days,
complete conversion could be obtained. After this reaction optimization, 54 could be accessed

from 66 with quantitative yields over three steps.
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Figure 19: NMR comparison of pure thiazole 54 vs thiazole 54 mixed with oxazole 69
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Scheme 23: Unreacted oxazoline complicating the formation of the thiazole
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3.3.2 Synthesis of Ring B

Using the improved route to access the thiazole, synthesis of this fragment started by Boc
protecting the amine group in commercially available D-alloisoleucine using Boc anhydride, and
NaOH in a mixture on 2:1 dioxane/water which gave access to Boc-D-alloisoleucine (70)
quantitatively. It was followed by coupling 70 to L-serine methyl ester using PyBOP, and DIPEA
in methylene chloride® in quantitative yields. Cyclization with DAST, and K>COj3 in methylene
chloride*? afforded the oxazoline 72 in 96% yield. According to the optimized way explained in
the synthesis of ring B analog, the oxazoline intermediate 72 was subjected to ring opening with
gaseous hydrogen sulfide in a 2:1 mixture of methanol/triethylamimne followed by thiazoline
formation with DAST, and K>COs in methylene chloride, which was subjected to aromatization

with bromotrichloromethane and DBU to form the thiazole 52 in 97% yield over three steps.

0 Boc,0 0 Os_OMe  PyBOP OMe
HoN NaOH BocHN DIPEA \I\;/
—NabR —_——
\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 O’HOMe
2003
BocHN S
BocHN CHZC|2 oc N e}
96% Me
Me
72
Me
O OMe aMe
BocHN ~ i. DAST, K,CO3, CH,Cl,
N o BocHN OH ii. BrCCIy/DBU o™ S
Me e MeOH/Et3N 97% W
72 Me
MeO O
52

Scheme 24: Synthesis of ring B
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3.4 Synthesis of the Lower Fragment C

The dipeptide that forms the lower fragment C was synthesized by coupling L-threonine methyl
ester and Cbz-D-alanine. Several peptide coupling reagent conditions were explored (Table 2) and

BOPCI, and DIPEA in methylene chloride gave the highest yield for performing the reaction.

o (0]
Me OMe (@] OH BOPCI Me” OMe
2 \/\ Et:N /
& ~NHCbz  CHCl, HO  NH NHCbz
HO N H2 Me\ 85% /
L-threonine Cbz-D-alanine 0] Me
methyl ester 74

Scheme 25: Synthesis of the lower fragment

Table 2:Peptide coupling reagents for the lower fragment formation

Coupling reagent Yield
BOPCI, DIPEA, CH:CI; 85%
PyBOP, DIPEA, CH2Cl; 79%

EDC-HCI, HOBT, EtsN, THF 11%

3.5 Synthesis of A-B Ring Dicycle System

Having accessed the actual ring A, and B, the analog of ring A, and B, as well as the lower fragment
C, the next step was to couple rings A, and B together in the analog system as well as in the actual
system to access A-B dicycle system. Since the analog system acts as the model system for
establishing synthesis, coupling ring A and B analogs was attempted first. As shown in Scheme
25, analog of ring A, both Boc protected (58) and Cbz protected (64) versions were saponified to
access the free acids in 47%, and 85% respectively. They were coupled with the Boc deprotected
amine 76 using different peptide coupling conditions to obtain A-B ring dicycle system of the

analog using. The 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 were not that satisfactory to proceed

synthesis using this route.

O
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Scheme 26: Synthesis of AB Ring Dicycle System Analog
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Table 3: Coupling 76 and 78 to form the AB Ring Dicycle System

Coupling reagent Yield
HBTU, DIPEA, 4-DMAP, CHCl; 37%
EDC<HCI, HOBT, Et3N, THF No product

The low yields of A-B dicycle formation hinted the need for an alternative approach to access it.
Therefore, a reaction was performed as shown in Scheme 27 to test if a single amino acid could be
coupled to the deprotected ring B in higher yields to attempt an alternative route to access the A-
B ring dicycle system. As such, Cbz-L-valine was coupled to 76 using HBTU, DMAP, and DIPEA
in methylene chloride.*? This coupling was accomplished in quantitative yields, hinting that
coupling individual amino acids to this system one by one and cyclizing them to construct ring A

on ring B could be a possibility rather than coupling the pre-formed 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

Scheme 27: Single amino acid coupling to ring B analog

With the successful coupling to form 80, the synthetic strategy was changed to access ring B analog
by constructing the ring A on ring B analog. As shown in Scheme 28, Boc-L-threonine synthesized
from L-threonine was coupled to 76 using HBTU as the coupling agent in the presence of DMAP,
and DIPEA in methylene chloride in quantitative yields. It was then Boc deprotected with HCI in
dioxane and coupled to Cbz-L-valine with HBTU, DMAP, and DIPEA in methylene chloride in
88% vyield. Cyclization using DAST, and K>COz in methylene chloride gave access to the

oxazoline in ring A in 52% yield.
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Scheme 28: Constructing ring A analog on ring B analog

Once the route for A-B ring analog dicycle system was established, the actual A-B ring dicycle
system was synthesized similarly as shown in Scheme 29. Its synthesis commenced by protecting
the amine group in commercially available L-allothreonine using Boc anhydride, and NaOH in a
mixture on 2:1 dioxane/water which gave access to Boc-allothreonine quantitatively. It was then
coupled with the ring B in free amine form with HBTU, DIPEA, and DMAP in methylene chloride
to access 85 quantitatively. Deprotection of the Boc group in 3.38 with HCI/dioxane gave access
to the free amine 86 quantitatively, which was then coupled with Cbz-L-valine with HBTU,
DIPEA, and DMAP in methylene chloride to access 87 in 63% yield. Cyclization of 87 with

DAST, and K>COz in methylene chloride gave access to the A-B ring dicycle system in 72% yield.
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Scheme 29: Constructing ring A on ring B

3.6 Attempts to Couple the 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 the Cbz on the ring A should
be deprotected. As there is a possibility of the oxazoline ring also being reduced with the conditions
used for Cbz deprotection, different conditions were used to test for conditions that mediated the
Cbz deprotection without causing reductions in the oxazoline ring. The ring A fragment 64 was
used as a model system to test this Cbz deprotection step before trying it on the A-B ring dicycle
system. Several known protocols for Cbz deprotections (Scheme 30) were applied (Table 4) to

determine which conditions would successfully deprotect the Cbz group on 64 retaining the rest
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of the molecule intact without reducing the oxazoline double bond. When Pd(OAc)., EtzN, and
EtsSiH were used to generate hydrogen in-situ,>® at room temperature the Cbz did not get
deprotected while at 45 °C it caused degradation in the molecule. Hydrogen with palladium on
carbon (10% w/w) in ethyl acetate did not deprotect the Cbz group while the same in methanol
yielded deprotected 89 quantitatively. Integrity of the oxazoline was confirmed by re-Chz

protecting 89 and matching the NMR with that of the starting material (64).

Scheme 30: Cbz deprotection on ring A

Table 4: Cbz deprotection conditions for ring A

Conditions Yield
Pd(OAC)2, EtsN, EtsSiH, CH2Cl, 45 °C Degradation
Pd(OAC)2, EtsN, EtsSiH, CH2Cl2, RT Cbz does not get deprotected
H>, Pd/C (10% w/w), EtOAC Cbz does not get deprotected
H>, Pd/C (10% w/w), MeOH Quant.

Since using hydrogen with palladium on carbon (10% w/w) in methanol successfully deprotected
the Cbz group in 64, the same conditions were applied on the A-B ring dicycle system to perform
the deprotection (Scheme 31). However, Cbz group remained intact under these conditions.
Palladium on carbon content was increased then changed to using palladium black instead.!! It was

not surprising that the reaction was harder to perform with palladium as the sulfur in the thiazole
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ring poisons the palladium. The deprotection could be made successful upon increasing the

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

Me Me y
Me
Me 9 e Me H i S
/:\:HKN\\ S O/\HI\H\\ | )
Me
Me NHCbz MeO o) NH,, MeO @]
Me
Me 88 90
Scheme 31: Cbz deprotection on the AB ring dicycle system
Table 5: Cbz deprotection on the AB ring dicycle system
Conditions Yield
H>, Pd/C (10% w/w), MeOH No conversion
H>, Pd/C (50% w/w), MeOH No conversion
H>, Pd-black (0.5 eq.), MeOH No conversion
H>, Pd-black (1.8 eq.), MeOH Negligible conversion
H>, Pd-black (5 eq.), MeOH Incomplete conversion
High pressure H2 (using a hydrogenator), Incomplete conversion
Pd-black (5 eq.), EtOH/treiethylamine (2:1)
H», Pd-black (10 eq.), EtOH/treiethylamine (2:1) 98%

3.6.2 Coupling the Lower Fragment to the AB Ring Dicycle System from the Left
Side

After successfully accomplishing the Cbz deprotection on 88, coupling the lower fragment and
macrocyclization after deprotections of the amino and carboxyl ends was undertaken as shown in
Scheme 32. The lower fragment 74 was saponified with LiOH in a 1:1 methanol/water system,

and Cbz deprotection of 88 was performed with Pd-black in an ethanol/triethylamine system. The
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resultant deprotected carboxylic acid 91 was coupled to the free amine of deprotected A-B ring

dicycle system analog (90) using HBTU, DMAP, and DIPEA in methylene chloride in 63% yield.
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Scheme 32: Coupling the lower fragment to the AB ring dicycle system from the left side

The resultant system was subjected to a saponification with LiOH in a 1:1 THF/water and a Chz
deprotection was carried using Pd-black in a 2:1 ethanol/triethylamine system, both in quantitative
yields to access 94 (Scheme 33). Macrocyclization was attempted on 94 using HBTU, DMAP, and
DIPEA in methylene chloride to access balgacyclamide B. Unfortunately, macrocyclization was
not successful for this system with HBTU. This step should be further tested using different

coupling reagents if macrocyclization is to be achieved via this route.
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Scheme 33: Attempt to form balgacyclamide B analog via coupling 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 System from the Right
Side

Macrocyclization to access balgacyclamide B analog was attempted in different ways at the same
time. Because, steric factors, electronics, and three-dimensional orientation of the molecule can
hinder or facilitate the two open ends; the carboxyl end and the amino end of the linear molecule
coming together to form a peptide bond, even with the same peptide coupling reagent. While
attempting the macrocyclization as described in section 3.4.2, efforts also went on to couple the
lower fragment to the A-B ring dicycle system analog from the right side to explore the possibility
of performing macrocyclization from the other side of the molecule. A saponification was

performed on 88 with lithium hydroxide to access 95 free carboxylic acid which was reacted with
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the Chz deprotected lower fragment using HBTU as the coupling reagent. However, this reaction

was not successful.
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Scheme 34: Attempt to couple the lower fragment to the A-B ring dicycle system from the
right side

3.6.4 Coupling Individual Components of the Lower Fragment

As previous attempts to form the macrocycle did not give the expected success at once, a third
strategy was attempted to perform the macrocyclization. That is, without attaching the entire lower
fragment to either ring A or B, separately coupling the L-threonine and D-alanine fragments to ring
A and ring B respectively. It was hypothesized that having less steric hindrance 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 formation here could be more feasible. Hence, as shown in Scheme 35, after
saponifying 88 in quantitative yields D-alanine methyl ester was coupled with the resultant free
acid to form 98 in 51% vyield. Then the Cbz deprotection was carried out using hydrogen and
palladium black with 98% yield followed by coupling the resultant amine 99 with Cbz-L-threonine

using HBTU in 74% vyield. After performing a saponification and a Cbz deprotection,
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macrocyclization was attempted to form balgacyclamide B. However, the final product was not

isolated or formed.
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Scheme 35: Coupling the single amino acids that make up the lower fragment separately to

ring Aand B

3.6.5 Accessing Balgacyclamides

To complete the formation of balgacyclamide B, the final macrocyclization step need to be

explored and optimized. For this purpose, all three routes explored so far can be further analyzed.

However, with the success of accessing 94, and 101 it would be efficient 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 peptide coupling reagents as well as changing the order
of addition and slowly adding the compound to be cyclized to a solution of peptide coupling

reagent, the macrocyclization could be attempted.

3.6.6 Accessing Final Balgacyclamide A

Once balgacyclamide B is accessed, the lower fragment could be cyclized to form an oxazoline
using a molybdenum catalyst to obtain balgacyclamide A. With our laboratory’s experience of
using (NH4)sM07024 as the catalyst for oxazoline formation, low yields could be expected for this
reaction. However, unreacted starting material was always recoverable in high yields. Therefore,
at this late stage of synthesis, this would be a reasonable reagent to be used for oxazoline formation,

retaining the stereochemistry of the methyl center marked with an asterisk in Scheme 37.

Me Me
Me
. o) W
< N = N

(NH4)sM07024
Me\;NH y HNTTO Toluene > Me NH HN” ~O
, Reflux M .

Balgacyclamide B Balgacyclamide A

Scheme 36: Accessing Balgacyclamide A from Balgacyclamide B

Once balgacyclamide A and B is accessed, using the same synthetic route balgacyclamide analogs
also will be accessed (Scheme 37). Finally, cytotoxicity of balgacyclamide A and B, their analogs

as well as all the intermediates will be assessed.
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Scheme 37: Accessing Balgacyclamide A from Balgacyclamide B Analogs

3.7 Other Applications of Balgacyclamides and Their Intermediates

3.7.1 Balgacyclamides as an Anticancer Drug Delivery System

Among the many anticancer agents available, a common dark side most of the approved anticancer
drugs or molecules that are potential anticancer drug suffer is their non-specific distribution in the
body causing off-target side effects. A major proportion of cancer-related research is dedicated to
exploring ways to combat this non-specific 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 vasculature in tumors to penetrate
once they accumulate around the tumor and active targeting uses specific ligand-receptor
interactions to enter cancer cells.®? While a large number of nano-carrier based ways of targeting
cancer for drug delivery are in research,®® others use ways such as conjugating an anticancer drug
with a molecule that has the inherent ability to penetrate cancer cells. For example, several
anticancer molecules such as chlorambucil, and paclitaxel have shown less toxicity when they are
conjugated to glucose as cancer cells have an increased rate of glucose uptake compared to normal

cells with their overexpressed GLUT receptors.5+°
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Using a similar concept, given that balgacyclamides penetrate to lung and colon cancer cells our
lab has hypothesized that conjugating balgacyclamide with an anticancer drug (Figure 20) could
potentially deliver anticancer drug to cancer cells minimizing off-target effects. As lung and colon
cancers are among the highly reported types of cancer,®® our approach will help explore more into
this problem and potentially help develop a good drug carrier to these cell lines. For this purpose,
once the total synthesis of balgacyclamides is accomplished, SAR analysis needs to be performed
to identify a site in the NP to conjugate the anticancer agent without losing its ability to penetrate
to cancer cells. If the free hydroxyl group in balgacyclamide B is not essential for its penetration

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

Figure 20: Conjugating an anticancer drug to balgacyclamides for selective drug delivery

3.7.2 Using the Intermediates of Balgacyclamides to Explore Porin-Mediated Small

Molecule Transport

As explained in Chapter 1 and 2, developing molecules with antibacterial properties for GNbac is
challenging mainly due to the limitations caused by porin-mediated small molecule transportation.
Our lab embarked on a journey to explore PCPs that govern PCPs of small molecules affecting
porin-mediated transportation. To initialize a systematic study on this based on a small molecule

library, an intermediate of balgacyclamide was used. The A-B ring dicycle system was used 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 this scaffold is that due to the presence of the amino end and the carboxylic

acid ends, it can be derivatized altering different tethers.

Me
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NS S N‘B/
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NHPg; Pg0" ~O
: ‘O
Scheme 38: Derivatizing the main scaffold

To assess GNbac transport/accumulation capabilities our lab has developed a whole cell assay as
the bases of evaluation. All compounds will be assessed for transport with these methods, in
triplicate against control compounds in parallel for statistical analysis. The screening of transport
for GNbac will be accomplished through the use of Escherichia coli (E. coli) MG1655, as this
strain had minimal alterations from its K-12 progenitor. The method we have developed grows
cultures to an optical density of 0.55 and the number of colony-forming units (CFUs) are assessed
(Figure 21, Step 1). Test compounds (50 uM) were added and allowed to incubate at 37 °C (Step
2). After 10 min, the sample were layered onto silicone oil, centrifuged for 2 min, the supernatant
discarded, and pellets were lysed by freeze thaw cycles in liquid nitrogen. Lysates were pelleted
and the supernatant collected (Step 3). Samples, injection volume 15 pL, was analyzed via a Ton-
trap LC/MS-MS (Thermo-Finnigan) with a HP 1100 high performance liquid chromatograph
system in both positive and negative electrospray ionization (Step 4). Controls employed are based
upon their known accumulation properties within E. coli: ciprofloxacin (high), tetracycline

(moderate), and novobiocin (low-negative).
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Figure 21: Left: GNbac method for compound assessment of penetration. Middle: Control
compounds for assay. Right: Control compound assessment in developed assay. Performed
in triplicate. Statistical significance was determined by using a two-sample Student’s t-test
(two-tailed, equal variance). *P<0.01, **P<0.001.

The small molecule library consisted molecules that 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 Figure 22. The right-side substituents R1, R3, and R5 were tested in protected
(RCO2Me) as well as the deprotected free acid form (RCO2H). The molecular accumulation inside
E. coli was assessed for all the molecules by treating the bacteria with the compounds and
analyzing the isolated cell lysates by LC-MS/MS. Several trends were observed in terms of the

properties of the small molecules that penetrated E. coli.
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Figure 22: Different tethers used to derivatize the main scaffold

First the bacterial accumulation of A-B ring dicycle system was tested with the two termini
protected and deprotected (Table 6). It was observed that the parent scaffold in the protected state
did not have bacterial penetration. It confirms that this scaffold is an acceptable inactive scaffold
which would allow exploring how the chemical nature of the appended tethers affect penetration
into bacteria. Also, interestingly the zwitterionic form of the scaffold showed considerably higher
bacterial penetration. Though it has been known in literature that the presence of an ionizable
primary amine increases the porin-mediated penetration, in this experiment it was not observed so,
instead the very high penetration shown by the zwitterionic form suggests that more consideration
should be given to exploring how zwitterionic forms 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 were synthesized changing the length of the tether in the right
(attached to the carboxylic acid end). When the values are compared it can be seen that with

increasing chain length the penetration has increased.

Another series of molecules were synthesized in our lab as shown in Table 7. Exploring the
bacterial accumulation of these molecules it was identified that 102 had the highest penetration
ability. When 103 is compared with 102 (Figure 23) they have similar tethers attached where the
tethers have flipped the side to which they are attached. Therefore, they have approximately the
same physicochemical parameters (e.g. charge, polarity/ clogD, size, and molecular weight). From
what is reported in the literature, we would expect both these molecules to have similar abilities to
penetrate through porins as they have similar PCPs. However, surprisingly, despite sharing
approximately the same PCPs, was non-penetrant compared the most penetrant 102. This
observation leads us to think that not only the PCPs, but also the charge distribution and the spatial

orientation of charge has a major effect on the porin-mediated small molecule transportation.
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Table 7: Bacterial penetration of AB ring dicycle analogs with changing chain lengths

0 H H
R1 R2 )% 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 same PCPs showing drastically different
GNbac penetration values
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Further exploring the patterns of PCPs that enhance porin-mediated small molecule transportation
will greatly help designing and repurposing antibiotics that would be active against GNBac. Also,
understanding how spatial orientation of charge in a molecule affect its porin-mediated
transportation is a novel area of research that has not been explored. Exploring this aspect using
different scaffolds, most importantly a rigid scaffold will be the next step in our research to more

systematically study charge to 3D structure
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Chapter 4 - Conclusion & Future Work

The efforts towards the total synthesis of balgacyclamide A and B, and their analogs (Figure 24)
are underway with promising results. The synthetic route established for this purpose has a
convergent synthetic approach to access two NPs (both balgacyclamide A and B) in one route. In
the efforts to synthesize balgacyclamide NPs, as a model system and analogs for SAR analysis,

two analogs of balgacyclamides are being synthesized.

Me Me

Me Me' ~OH
Balgacyclamide A Balgacyclamide B
Me Me
Me Me
Me Q Me 0

O
N
M
™ O H . O
Me' Me' “OH

Balgacyclamide A Analog Balgacyclamide B Analog

Figure 24: Balgacyclamide A and B and their analogs being synthesized

All the fragments of balgacyclamide A and B as well as the analogs have been successfully
accessed (Scheme 39). As such, the thiazole rings of actual balgacyclamides, and balgacyclamide
analogs were accessed with an overall yield of 93%. The lower fragment was accessed in 85%
yield. As established in chapter 3, the best way to access the A-B dicycle system is constructing

ring A (oxazoline ring) on ring B (thiazole ring) rather than coupling the individual rings. As such,
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the A-B dicycle system was constructed on the thiazole of both the analog system (79) and actual

balgacyclamides (88) with overall yields 43% and 42% respectively.
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Scheme 39: (a) Accessing A-B dicycle system analog, (b) accessing the actual A-B dicycle
system, (c) accessing the lower fragment
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The lower fragment was successfully coupled on to ring A to access intermediate 92 in 36% overall
yield, while the other approach of coupling the components of the lower fragment separately to
the A-B dicycle system gave access to 100 in 15% overall yield (Scheme 40). Macrocyclization
was attempted on both the systems with unsuccessful results. The macrocyclization was attempted.
The macrocyclization should be investigated to successfully access balgacyclamide B. Due to the
less steric hindrance in intermediate 100 compared to intermediate 92, there is a higher possibility
of successfully accessing balgacyclamide B via 100. Aminolysis conditions, as well as other

different peptide coupling conditions would be attempted to access balgacyclamide B.
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Scheme 40: Accessing intermediates 92 and 100

Once balgacyclamide B is accessed, the lower fragment would be cyclized to form an oxazoline
while retaining the stereochemistry at the methyl stereocenter (Scheme 41). Therefore, a
molybdenum-containing catalyst would be employed for this reaction. Using the same established
route, the two analogs also would be accessed. Biological activity of both NPs as well as the
analogs will be tested. SAR analysis would be done on these molecules to elucidate the best point
of conjugation for attaching an anticancer drug to selectively deliver anticancer drugs to cancer

cells.
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Scheme 41: Accessing balgacyclamide A and B

The pilot study done using the small molecule library constructed based on AB-dicycle system to
investigate the effect of PCPs on small molecular penetration to GNbac, many intriguing findings
were observed. The main highlight of the study was observing how the three-dimensional
orientation of the molecules greatly affected the GNbac penetrating ability of the molecules despite
having the same PCPs. However, as these molecules have a significant amount of free rotation, it
is difficult to systematically study how the charge distribution of a molecule affect their GNbac
penetration ability. Therefore, using an intermediate of another total synthesis in our lab that has a
rigid core structure scheme (brocazine family of NPs), another small molecule library will be
constructed to systematically study how charge distribution of a molecule and their three-

dimensional orientation affects their porin-mediated transport into GNbac cells Scheme 42.
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Chapter 6 - Procedures and NMRs

General Methods

Reactions were performed under inert conditions as well as open atmosphere, unless otherwise stated
and performed under an inert Argon atmosphere with flamed-dried glassware and stir bars with
anhydrous solvents. Reactions were monitored by thin-layer chromatography (TLC) carried out on
0.25 mm E. Merck silica gel plates (60F-254) and the visualization was done using UV light and
PMA/heat or KMnOas/heat. Sorbtech silica gel (60, particle size 40-63 um) was used for silica gel
chromatography. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker spectrometers
for *H (400 MHz or 600 MHz) and *C (101 MHz or 151 MHz) in deuterated chloroform (CDCl3),
unless otherwise indicated. Anhydrous diethyl ether (Et20), toluene (PhMe), N,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
reagents were obtained from commercial sources without further purification unless noted. Organic
extracts were dried with NaSO4 (unless otherwise noted) before filtration and concentration under

reduced pressure.
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Standard protocol for peptide coupling reactions using PyBOP

Unless otherwise specified, in a flask 1 eq. of free carboxylic acid version of the amino acid (amine
protected) and 1.05 eqg. of PyBOP were dissolved in methylene chloride (0.1 M) and 1.5 eq. of
diisopropylethylamine was added and stirred for ~30 minutes at room temperature to activate the
acid. In a separate 2 eq. free amine hydrochloride version of the amino acid (carboxylic acid
protected) was dissolved in methylene chloride (1 M), which was activated by adding 4.5 eq. of
diisopropylethylamine (DIPEA) and stirring until the solid material was solubilized. Then
activated free amine was transferred to the flask containing the activated acid and reaction was
stirred overnight at room temperature. It was quenched with 1 M HCI or saturated ammonium
chloride, extracted with methylene chloride 3 times and dried with sodium sulfate. Then the extract
was concentrated under reduced pressure (using rotary evaporator) and purified using flash column

chromatography.

Standard protocol for peptide coupling reactions using HBTU

Unless otherwise specified, 1 eq. of the free acid and 1.1 eq. of the free amine were mixed with
DCM (1M to the free acid) followed by addition of diisopropylethylamine and stirring for ~5
minutes. HBTU (1.2 eq.) and and 4-DMAP (0.2 eq.) were added to the reaction and the reaction
mixture was allowed to stir at room temperature overnight. It was quenched with 1 M HCI or
saturated ammonium chloride, extracted with methylene chloride 3 times and dried with sodium
sulfate. Then the extract was concentrated under reduced pressure (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 in a dry flask starting material (1 eq.) was mixed with dry DCM and cooled
to -78 °C. Then the reaction mixture was treated with DAST an stirred at -78 °C with constant
monitoring until the reaction was completed (general reaction time: 2-4 hours). Then 1.5 eq. of
potassium carbonate is added to the reaction mixture and stirred for ~30 minutes at room
temperature. Reaction was quenched with saturated sodium bicarbonate (~1 volume), the organic
layer was separated, and the aqueous layer was extracted three times with 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 (1 eq.) was dissolved in a 2:1 dioxane/water system (0.15 M) followed by treating
it with 1M NaOH (2.27 eq.) and stirring it for ~5 minutes (or until the amino acid is completely
dissolved). Boc-anhydride (1.1 eq.) was then added and the reaction 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 (three times), dried with sodium sulfate and concentrated under

reduced pressure.

Standard protocol for Boc deprotections

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

reduced pressure (rotary evaporator/hi-vac).
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Standard protocol for saponifications (base-mediated ester hydrolysis)

Unless otherwise specified, the starting material reacted with 3.3 eq. 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 (not pellets). Reaction was allowed to
stir at room 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 ethyl acetate (three times). Combined organic 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 coupling conditions. The product was
afforded in 99% vyield with purification by flash column chromatography with 4:1 ethyl
acetate/hexanes. Rs = 0.6 (4:1 ethyl acetate/hexanes)

'H NMR (400 MHz, Chloroform-d) & 6.92 — 6.86 (m, 2H), 5.20 (s, 1H), 4.62 (dd, J = 9.0, 2.6 Hz,
OH), 4.35 (qd, J = 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 (dd, J = 11.1, 6.7 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 172.85, 171.53, 156.38, 80.18, 68.24, 60.33, 57.56, 52.66,
31.02, 28.45, 19.96, 19.34, 18.37.

Notebook Entries

Procedure: PKD1-345

1H: PKD1-345-400, 13C: AXT-006-A-carbon
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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 with 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. Reaction was then quenched with saturated sodium bicarbonate (1 volume eq.),
followed by extraction with ethyl acetate (x3) and dried with sodium sulfate. Upon concentration
under reduced pressure, product was afforded in 35% yield with purification by flash column
chromatography with 3:1 ethyl acetate/hexanes. Rf = 0.75 (3:1 ethyl acetate/hexanes). Unreacted
starting material was recovered at Rf = 0.55 (3:1 ethyl acetate/hexanes)

'H NMR (400 MHz, Chloroform-d) & 5.22 (d, J = 9.5 Hz, 1H), 4.84 (p, J = 6.5 Hz, 1H), 4.35

(dd, J=9.2, 4.7 Hz, 1H), 4.27 (dd, J = 7.1, 1.5 Hz, 1H), 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, J = 6.9 Hz, 3H).

Notebook Entries

Procedure: PKD1-349

'H: PKD1-349-400
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PKD1-349-400
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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 conditions. The product was
afforded in in 99% vyield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes. Rf = 0.5 (3:1 ethyl acetate/hexanes).

'H NMR (400 MHz, Chloroform-d) & 7.35 (d, J = 8.0 Hz, 1H), 5.40 (d, J = 8.8 Hz, 1H), 4.62 (dd,
J=17.9,3.5Hz, 1H), 4.09 (m, 1H), 3.99 (m, 2H), 3.73 (s, 3H), 2.04 (dt, J = 13.5, 6.6 Hz, 1H), 1.38
(s, 9H), 1.18 (d, J = 6.4 Hz, 3H), 0.91 (dd, J = 12.2, 6.7 Hz, 6H).

Notebook Entries

Procedure: HH1-29 (Performed by Hannah Henderson)

'H: HH1-29-400
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Methyl (4S,5R)-2-((S)-1-((tert-butoxycarbonyl)amino)-2-methylpropyl)-5-

methyl-4,5-dihydrooxazole-4-carboxylate

H P Me
HO™ ~3
/H/(owm DAST, K,CO5 _ o/\v)k OMe
Ox-NH CHCl, =N
80% M
Me NHBoc ’ © NHBoc

Me Me
60 58

Reaction was performed using standard DAST conditions. The product was afforded in 80% yield
with purification by flash column chromatography with 3:1 ethyl acetate/hexanes. R = 0.75 (3:1
ethyl acetate/hexanes)

'H NMR (400 MHz, Chloroform-d) & 5.19 (d, J = 9.3 Hz, 1H), 4.82 (p, J = 6.5 Hz, 1H), 4.37 —
4.31 (m, 1H), 4.26 (dd, J = 7.0, 1.5 Hz, 1H), 3.76 (s, 3H), 2.10 (td, J = 6.9, 4.7 Hz, 1H), 1.42 (d, J
= 2.4 Hz, 9H), 0.95 (d, J = 6.8 Hz, 3H), 0.89 (d, J = 6.9 Hz, 3H).

Notebook Entries

Procedure: PKD2-016

'H: PKD2-016-400
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PKD2-016-400 f-3uu
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Methyl ((benzyloxy)carbonyl)-L-valyl-L-allothreoninate

Me

H O
\; PyBOP HO/\‘/Z(OM
)\l)j\ _DIPEA O _NH e
NHCbz c;|-|2c;|2
Hz 99% Me\;
L-allothreonine NHCbz

Cbz-L-valine methyl ester Me
61

Reaction was performed using standard PyBOP peptide coupling conditions. The product was
afforded in 99% vyield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes. Rr = 0.5 (3:1 ethyl acetate/hexanes).

IH NMR (400 MHz, Chloroform-d) & 7.41 — 7.30 (m, 5H), 7.03 (d, J = 7.5 Hz, 1H), 5.48 (d, J =
8.6 Hz, 1H), 5.09 (q, J = 12.4, 10.1 Hz, 2H), 4.68 — 4.61 (m, 1H), 4.14 (s, 1H), 4.07 (t, J = 7.7 Hz,
1H), 3.77 (s, 3H), 3.49 (d, J = 11.7 Hz, 1H), 2.20 — 2.06 (m, 1H), 1.18 (d, J = 6.5 Hz, 3H), 1.00 —
0.92 (m, 6H).

13C NMR (400 MHz, Chloroform-d) & 172.35, 170.60, 136.33, 128.78, 128.46, 128.29, 68.91,
67.44, 60.78, 58.39, 52.82, 31.22, 19.39, 19.09, 18.17.

Notebook Entries

Procedure: PKD2-080

'H: PKD2-080-400, 1*C: PKD2-080-C13-400
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Methyl (4S,5R)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-methylpropyl)-5-

methyl-4,5-dihydrooxazole-4-carboxylate

HO/HL-'//(Z Me" :
OMe  DAST, K,CO5 o/\'H]\ OMe
oM CHCl, =N
61% M
Me NHCbz ’ ° NHCbz

Reaction was performed using standard DAST conditions. The product was afforded in 61% yield

with purification by flash column chromatography with 1:1 ethyl acetate/hexanes. Rf = 0.5 (1:1
ethyl acetate/hexanes)

H NMR (400 MHz, Chloroform-d) § 7.37 — 7.28 (m, 5H), 5.48 (d, J = 9.3 Hz, 1H), 5.09 (d, J =
8.3 Hz, 2H), 4.83 (p, J = 6.4 Hz, 1H), 4.41 (ddd, J = 9.2, 4.7, 1.4 Hz, 1H), 4.25 (dd, J = 7.0, 1.4
Hz, 1H), 3.75 (s, 3H), 2.13 (pd, J = 6.8, 4.7 Hz, 1H), 1.41 (d, J = 6.3 Hz, 3H), 0.97 (d, J = 6.8 Hz,
3H), 0.91 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 171.54, 169.05, 156.38, 136.58, 128.70, 128.31, 128.28,
79.92, 74.34, 67.15, 54.62, 52.80, 31.96, 21.10, 19.00, 17.40.

Notebook Entries

Procedure: PKD2-086

'H: PKD2-086-400, 1*C: PKD2-086-C13-1%-400
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Methyl ((benzyloxy)carbonyl)-L-valyl-L-threoninate

Os_OH Me O PyBOP HO’\;[{
. . /:\l)l\owle DIPEA o OMe
e NHCbz =~ HO >
Me

NH
NH
2 CHzoclz Me
99% NHCbz
L-threonine

Cbz-L-valine methyl ester

Reaction was performed using standard PyBOP peptide coupling conditions. The product was
afforded in quantitative yield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes. Rf = 0.65 (3:1 ethyl acetate/ hexanes).

IH NMR (400 MHz, Chloroform-d) § 7.32 (d, J = 3.9 Hz, 5H), 6.92 (d, J = 9.0 Hz, 1H), 5.55 (d, J
= 9.0 Hz, 1H), 5.13 — 5.04 (m, 2H), 4.61 (dd, J = 9.0, 2.6 Hz, 1H), 4.34 (s, 1H), 4.08 (dd, J = 8.9,
6.7 Hz, 1H), 3.75 (s, 3H), 3.04 (s, 1H), 2.10 (p, J = 6.7 Hz, 1H), 1.96 (s, 1H), 1.17 (d, J = 6.4 Hz,
3H), 0.97 (dd, J = 14.1, 6.8 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) & 172.27, 171.51, 156.86, 136.42, 128.75, 128.39, 128.22,
68.31, 67.33, 60.71, 57.57, 52.78, 31.36, 20.12, 19.33, 18.22.

Notebook Entries

Procedure: PKD2-128

'H: PKD2-128-1A-2"-400, 3C: PKD2-085-RC-C13-400
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PKD2-128-1A-2nd-400
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Methyl (4S,5S)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-methylpropyl)-5-

methyl-4,5-dihydrooxazole-4-carboxylate

MeH 0 Me 0

z H
HO™NG ;
MOMe DAST, K,CO; O)\Hj\ OMe

O-NH CHCl, =N
80% M
Me NHCbz 0 © NHCbz

Me Me
63 64

Reaction was performed using standard DAST peptide coupling conditions. The product was
afforded in quantitative yield with purification by flash column chromatography with 1:1 ethyl
acetate/hexanes. Rf = 0. 5 (1:1 ethyl acetate/ hexanes).

IH NMR (400 MHz, Chloroform-d) § 7.38 — 7.30 (m, 5H), 5.51 (d, J = 9.2 Hz, 1H), 5.17 — 5.08
(m, 2H), 4.96 (dg, J = 10.1, 6.5 Hz, 1H), 4.80 (dd, J = 10.1, 1.5 Hz, 1H), 4.42 (ddd, J = 9.3, 4.4,
1.5 Hz, 1H), 3.76 (s, 3H), 2.21 (pd, J = 6.8, 4.4 Hz, 1H), 1.31 (d, J = 6.5 Hz, 3H), 1.04 (d, J = 6.8
Hz, 3H), 0.99 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 170.11, 169.65, 156.23, 136.38, 128.49, 128.09, 128.04,
78.52,70.78, 66.93, 54.28, 52.07, 31.41, 18.81, 17.02, 16.13.

Notebook Entries

Procedure: PKD2-088

'H: PKD2-269-pure-400N, °C: PKD2-269-pure-C13-400N
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PKD2-269-pure-400N.1.fid
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Methyl (tert-butoxycarbonyl)-L-isoleucyl-L-serinate

(0] OMe
0 Ox-OMe  pygop o \I\;/
BocHN,,, OH * - OH DIPEA 4 BocHN,, N OH
Me HoN gHZClZ Me H
uant.
Me L-serine Me

Boc-L-isoleucine ~ Methyl ester 65

Reaction was performed using standard PyBOP peptide coupling conditions. The product was
afforded in quantitative yield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes. Rs= 0.5 (3:1 ethyl acetate/ hexanes).

IH NMR (600 MHz, Chloroform-d) & 7.08 (d, J = 7.8 Hz, 1H), 5.29 (d, J = 8.2 Hz, 1H), 4.69 (d,
J=17.6, 3.6 Hz, 1H), 4.00 — 3.91 (m, 3H), 3.79 (s, 3H), 3.58 (t, J = 6.1 Hz, 1H), 1.89 — 1.81 (m,
1H), 1.61 — 1.54 (m, 1H), 1.46 (s, 1H), 1.44 (s, 9H), 1.18 (ddq, J = 14.4, 9.6, 7.3 Hz, 1H), 0.98 (d,
J=6.8 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 172.50, 171.00, 156.50, 80.41, 62.88, 59.67, 54.88, 52.84,
37.41, 28.51, 25.03, 15.59, 11.46.

Notebook Entries

Procedure: PKD1-405

'H: PKD2-219-600, 1*C: PKD2-034-C13-400
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PKD2-219-600.2.fid
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Methyl (S)-2-((1S,2S)-1-((tert-butoxycarbonyl)amino)-2-methylbutyl)-4,5-

dihydrooxazole-4-carboxylate

OMe

0 OMe
BocHN,, OH DAST, KyCO3  BocHN,, N
T CHCl, 0
93% Me M

e
66

Reaction was performed using standard DAST conditions. The product was afforded in 93% yield

with purification by flash column chromatography with 1:1 ethyl acetate/hexanes. Rf = 0. 5 (1:1

ethyl acetate/ hexanes).

IH NMR (600 MHz, Chloroform-d) § 5.22 (d, J = 9.2 Hz, 1H), 4.80 — 4.76 (m, 1H), 4.55 (t, J =

8.2 Hz, 1H), 4.48 (t, J = 9.6 Hz, 1H), 4.41 (dd, J = 9.2, 4.8 Hz, 1H), 3.81 (d, J = 1.2 Hz, 3H), 1.86

(h, J = 5.3 Hz, 1H), 1.54 — 1.49 (m, 1H), 1.45 (s, 9H), 1.21 — 1.14 (m, 1H), 0.94 (t, J = 7.6 Hz,

6H).

13C NMR (101 MHz, Chloroform-d) § 171.43, 170.05, 155.36, 79.67, 70.02, 67.67, 53.08, 52.70,

38.60, 28.33, 24.78, 15.08, 11.69.
Notebook Entries
Procedure: PKD2-221

'H: PKD2-221-600, °C: PKD2-081-C13-400N
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PKD2-221-600.1.fid
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Methyl ((2S,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentanethioyl)-L-

serinate

Me
66

OHOMe g OxOMe
BocHN,,, <N Y s BocHN,, NI/OH
Me MeOH:EGN > Me H

Me

67

In a flask, 66 was dissolved in methanol/triethylamine (2:1), a volume enough to dissolve the
material and H>S was bubbled for 10 mins. The flask was sealed and stirred overnight. Then
solvents and H.S were removed under reduced pressure to obtain yellow colored crude material.
Note: when reaction is stirred for 2 days, the reaction is highly likely to convert all the starting
material to product. (to avoid complications explained in chapter 3)
Notebook Entries

Procedure: PKD2-105

1H: PKD-105-1%-400 (crude NMR: Therefore, no peaks integrated)
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Methyl 2-((1S,2S)-1-((tert-butoxycarbonyl)amino)-2-methylbutyl)thiazole-4-

carboxylate

Me
Me
OsOM a
s e
BocHN,, A\ w\_OH  i.DAST/CH,Cl,  BocHN |S
N i. BrCCly/DBU N/
Me Me Quant.
o (over 3 steps) MeO”™ ~O
54

The crude material 67 was dissolved in methylene chloride (0.14 M), cooled to -78 °C, treated
with diethylaminosulfur trifluoride (1.1 eq) and stirred for 2 hours at -78 °C, followed by addition
of potassium carbonate (1.5 eq) and stirring for 30 mins at room temperature. BrCCls (4 eq) was
added to the reaction mixture followed by addition of DBU (4 eq). The reaction was quenched
with saturated sodium bicarbonate (1 volume), the organic layer was separated, and the aqueous
layer was extracted three times with methylene chloride. Combined organic layers were dried with
anhydrous sodium sulfate and concentrated. Product was purified by flash column chromatography
with 2:1 hexanes/ ethyl acetate to afford the yellow solid product in quantitative yield. Rf = 0.5
(2:1 hexanes/ ethyl acetate)

IH NMR (600 MHz, Chloroform-d) & 8.11 (s, 1H), 5.32 (d, J = 9.1 Hz, 1H), 4.94 (dd, J = 8.9, 5.8
Hz, 1H), 3.95 (s, 3H), 2.22 — 2.16 (m, 1H), 1.45 (s, 9H), 1.41 — 1.37 (m, 1H), 1.18 — 1.12 (m, 1H),
0.94 (d, J = 6.8 Hz, 3H), 0.91 (t, J = 7.4 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) § 173.29, 161.90, 155.36, 146.99, 127.13, 80.11, 57.52,

52.47, 39.73, 28.33, 24.44, 15.83, 11.58.

Notebook Entries
Procedure: PKD2-072

'H: PKD2-247-600, 1*C: PKD2-072-C13-600
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(tert-butoxycarbonyl)-D-alloisoleucine

O Boc,0 o)

HoN NaOH BocHN
—_— e
\foH Dioxane/H,0 \rLOH
Me Me Quant. . Me
D-alloisoleucine 70

Reaction was performed under standard Boc protection conditions. The product was afforded in
quantitative yield. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Product retains on the baseline due to free
carboxylic acid)

Notebook Entries

Procedure: PKD2-077

1H: PKD2-077-crude-1%-MeOH-400 (crude NMR: Therefore, no peaks integrated)
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Methyl (tert-butoxycarbonyl)-D-alloisoleucyl-L-serinate

o Oy _OMe  PyBOP o O\I\;O/Me
BocHN DIPEA
— =0
’ \rl\oH + H2N“‘ OH " CH,CI, BocHN N OH
e Me . Quant. Me H
L-serine Me
70 methyl ester
71

Reaction was performed using standard PyBOP peptide coupling conditions. The product was
afforded in quantitative yield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes.

IH NMR (400 MHz, Chloroform-d) & 7.11 (s, 1H), 5.09 (s, 1H), 4.63 (d, J = 8.0 Hz, 1H), 4.15 —
4.11 (m, 1H), 3.94 (s, 1H), 3.75 (s, 3H), 2.00 (t, J = 6.1 Hz, 1H), 1.42 (s, 9H), 1.40 — 1.37 (m, 1H),
1.26 — 1.21 (m, 1H), 0.95 — 0.91 (m, 3H), 0.90 — 0.86 (M, 3H).

13C NMR (101 MHz, Chloroform-d) & 171.31, 156.57, 80.78, 62.80, 58.73, 54.85, 52.96, 37.10,
28.47,26.56, 14.42, 11.92.

Notebook Entries

Procedure: PKD1-129

'H: PKD2-103-400, °C: AXT-024-ACarbon
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Methyl (S)-2-((1R,2S)-1-((tert-butoxycarbonyl)amino)-2-methylbutyl)-4,5-

dihydrooxazole-4-carboxylate

f/Me DAST, K,CO ? OMe
2 3 BocHN ~
BocHN OH CH20|2 oc N o)
96% Me
M

e
72

Reaction was performed using standard DAST protocol. Product was purified by flash column
chromatography with 2:1 hexanes/ethyl acetate to afford the white solid product in quantitative
yield. R = 0.4 (2:1 hexanes/ethyl acetate)

'H NMR (400 MHz, Chloroform-d) & 4.98 (d, J = 9.5 Hz, 1H), 4.69 (ddd, J = 10.5, 7.8, 0.8 Hz,
1H), 4.51 (dd, J = 8.8, 7.9 Hz, 1H), 4.43 — 4.34 (m, 2H), 3.72 (s, 3H), 1.79 (dq, J = 12.9, 6.5 Hz,
1H), 1.45 — 1.39 (m, 1H), 1.37 (s, 9H), 1.19 — 1.05 (m, 1H), 0.87 (t, J = 7.4 Hz, 3H), 0.81 (d, J =
6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 171.25, 170.01, 155.57, 79.71, 69.83, 67.82, 52.69, 52.44,
38.19, 28.30, 25.96, 14.30, 11.73.

Notebook Entries

Procedure: PKD2-218

'H: PKD2-137-retake-400N, *C: PKD2-137-retake-C13-400N
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Methyl ((2R,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentanethioyl)-L-

serinate

0O OMe OMe
BocHN 3‘«
\I‘\N 0 ___H,S . BocHN IOH
Me Ve “MGOH/EGN™ \rL
72 Me
In a flask, 72 was dissolved in methanol/triethylamine (2:1), a volume enough to dissolve the
material and H>S was bubbled for 10 mins. The flask was sealed and stirred overnight. Then
solvents and H.S were removed under reduced pressure to obtain yellow colored crude material.
Note: when reaction is stirred for 2 days, the reaction is highly likely to convert all the starting
material to product. (to avoid complications explained in chapter 3)
Notebook Entries
Procedure: PKD2-218

IH: PKD2-143-crude-400 (Crude NMR — Therefore, not integrated)
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PKD2-143-crude-400
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Methyl 2-((1R,2S)-1-((tert-butoxycarbonyl)amino)-2-methylbutyl)thiazole-4-

carboxylate

i. DAST, K,COj, CH,Cl,

OsOM
g |
BocHN N SOH ii. BICCIy/DBU IS
H 97% N/
Me
Me
73

The crude material 73 was then dissolved in methylene chloride (0.14 M), cooled to -78 °C, treated

with diethylaminosulfur trifluoride (1.1 eq) and stirred for 2 hours at -78 °C, followed by addition
of potassium carbonate (1.5 eq) and stirring for 30 mins at room temperature. BrCCls (4 eq) was
added to the reaction mixture followed by addition of DBU (4 eq). The reaction was quenched
with saturated sodium bicarbonate, the organic layer was separated, and the aqueous layer was
extracted three times with methylene chloride. Combined organic layers were dried with
anhydrous sodium sulfate and concentrated. Product was purified by flash column chromatography
with 2:1 hexanes/ethyl acetate to afford the yellow solid product in 97% yield. Rf= 0.5 (2:1
hexanes/ethyl acetate)

'H NMR (400 MHz, Chloroform-d) & 8.10 (s, 1H), 5.24 (d, J = 9.0 Hz, 1H), 5.07 (dd, J = 9.2, 4.7
Hz, 1H), 3.95 (s, 3H), 2.29 (tq, J = 13.3, 7.2 Hz, 1H), 1.52 — 1.39 (m, 10H), 1.31 — 1.23 (m, 1H),
0.96 (t, J = 7.4 Hz, 3H), 0.84 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 174.70, 161.89, 155.57, 147.13, 127.23, 80.06, 77.66,
56.69, 52.41, 39.64, 28.37, 26.63, 13.93, 11.67.

Notebook Entries

Procedure: PKD2-254/256

1H: PKD2-399-400N, 3C: AXT-039-ACarbon
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Methyl ((benzyloxy)carbonyl)-D-alanyl-L-threoninate

o (0]
Me OMe OH BOPCI Me, OMe
3 Et N
HO NH, NHCbz CH20C|2 HO NH  NHCbz
85% —/
L-threonine Cbz-D-alanine o) ‘Me
methyl ester 74

In a dry flask, Cbz-D-alanine (1 eq.) and L-threonine (1.2 eq.) methyl ester were mixed and
dissolved in methylene chloride (0.1 M) and cooled to 0 °C. Then triethylamine (3 eg.) was added
to the reaction mixture and stirred for 5 mins followed by the addition of BOP-chloride (1.1 eq.).
Reaction mixture was allowed to come to room temperature and stirred overnight under argon
atmosphere. Solvents were removed under reduced pressure and the concentrated syrupy mixture
was purified by flash column chromatography using 3:1 ethyl acetate/hexanes to afford the product
in 79% yield. Rf = 0.3 (3:1 ethyl acetate/hexanes)

'H NMR (400 MHz, Chloroform-d) § 7.41 — 7.29 (m, 5H), 6.98 (d, J = 9.0 Hz, 1H), 5.56 (s, 1H),
5.11 (s, 2H), 4.57 (dd, J = 9.0, 2.5 Hz, 1H), 4.33 (s, 2H), 3.73 (s, 3H), 2.58 (s, 1H), 1.42 (d, J = 7.1
Hz, 3H), 1.18 (d, J = 6.3 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) § 173.26, 171.67, 156.23, 128.79, 128.47, 128.38, 68.13,
67.34,57.44, 52.88, 50.99, 20.10, 19.11.

Notebook Entries

Procedure: PKD2-082

'H: PKD2-082-400, *C: PKD2-082-C13-400
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(4S,55)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-methylpropyl)-5-methyl-4,5-

dihydrooxazole-4-carboxylic acid

0
Me H ©) Me H
¥~ oM ¥~ “OH
o1 ®  LioH o}
— — —
\): THF/H,0
Me (1:1) Me
NHCbz 85% NHCbz
Me Me
64 78

The reaction was performed under standard saponification conditions and yielded the product in
91% yield. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material retains on the baseline)

'H NMR (400 MHz, Methanol-ds) & 7.38 — 7.27 (m, 5H), 5.45 (s, 1H), 5.19 — 5.04 (m, 2H), 4.06
(s, 1H), 3.92 (dd, J = 10.0, 3.1 Hz, 1H), 2.15 (dt, J = 13.2, 6.7 Hz, 1H), 1.40 (d, J = 6.6 Hz, 1H),
1.34 (d, J = 6.6 Hz, 1H), 1.01 — 0.87 (m, 4H).

Notebook Entries

Procedure: PKD2-089

'H: PKD2-089-crude-MeOH-400 (Crude NMR)
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Methyl 2-((1S,2S)-1-amino-2-methylbutyl)thiazole-4-carboxylate

Me Me
AMe aMe
S HCl/Dioxane S
BocHN [ T . HON [ p
N / Quant. N
MeO O MeO (6]
54 76

The reaction was performed under standard Boc deprotection conditions and gave access to 76 in
quantitative yield. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material retains on the
baseline)

IH NMR (400 MHz, Methanol-ds) § 4.76 (d, J = 5.8 Hz, 1H), 3.93 (s, 3H), 2.18 — 2.09 (m, 1H),
1.60 (ddd, J = 13.7, 7.5, 4.5 Hz, 1H), 1.35 — 1.23 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H), 0.96 (d, J = 6.9
Hz, 3H).

Notebook Entries

Procedure: PKD2-090

1H: PKD2-090-crude-MeOH-400 (Crude NMR. Impurities present)
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PKD2-090-crude-MeOH-400
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Methyl 2-((1S,2S)-1-((S)-2-(((benzyloxy)carbonyl)amino)-3-

methylbutanamido)-2-methylbutyl)thiazole-4-carboxylate

Me Me
Me Os__OH HBTU Me
\g\: DIPEA o
S Me DMAP Me, S
HN | + NHBoc ~(ap -~ & N |
N / Me CHzoIZ Me H N /
Quant. NHCbz
MeO 0 Cbz-L-valine MeO 0]
76 80

Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in quantitative yields with purification by flash column chromatography with 100%
hexane. Rs = 0.5 (100% hexane)

'H NMR (400 MHz, Chloroform-d) & 8.07 (s, 1H), 7.44 — 7.28 (m, 5H), 6.77 (d, J = 8.8 Hz, 1H),
5.36 (d, J = 8.8 Hz, 1H), 5.23 (dd, J = 8.8, 6.4 Hz, 1H), 5.11 (s, 1H), 4.06 — 3.99 (m, 1H), 3.92 (s,
3H), 2.24 — 2.14 (m, 2H), 1.46 (ddd, J = 13.5, 7.6, 3.7 Hz, 1H), 1.15 (d, J = 10.2 Hz, 1H), 0.94 —
0.85 (m, 12H).

Notebook Entries

Procedure: PKD2-119

'H: PKD2-119-400
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(tert-butoxycarbonyl)-L-threonine

Me 0o o)
/\l)l\ Boc,0 Me
HO OH __ NaOH "o OH
NH, Dioxane/H,0 NHBoc
L-threonine Quant.

Boc-L-threonine

The reaction was carried out under standard Boc protection conditions and yielded Boc-L-
threonine quantitatively. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Product retains on the baseline due
to free carboxylic acid.

IH NMR (400 MHz, Methanol-ds) & 4.28 (qd, J = 6.2, 2.8 Hz, 1H), 4.10 (d, J = 3.1 Hz, 1H), 1.48
(d, J = 4.9 Hz, 9H), 1.23 (t, J = 5.7 Hz, 3H).

Notebook Entries

Procedure: PKD2-148

'H: PKD2-148-MeOH-400N (Crude NMR)
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Methyl 2-((1S,2S)-1-((2S,3R)-2-((tert-butoxycarbonyl)amino)-3-

hydroxybutanamido)-2-methylbutyl)thiazole-4-carboxylate

HBTU

Me_ DIPEA
_4-DMAP__ /\‘)j\

HO CHQCIZ

NHBoc Quant. NHBoc

Boc-L-threonine
Meo o) MeO O

81
76

Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in quantitative yields with purification by flash column chromatography with 3:1 ethyl
acetate/hexane. Rf = 0.75 (3:1 ethyl acetate/hexane).

Note: In small scale reactions (<100 mg) reaction was not quenched and extracted. Instead the
reactions were concentrated and directly purified through column chromatography. In large scale
reactions, standard protocol was followed.

IH NMR (400 MHz, Chloroform-d) & 8.12 (s, 1H), 7.32 (d, J = 9.0 Hz, 1H), 5.59 (d, J = 8.0 Hz,
1H), 5.29 (dd, J = 8.9, 5.7 Hz, 1H), 4.34 (tt, J = 6.7, 4.0 Hz, 1H), 4.15 (dd, J = 7.9, 2.6 Hz, 1H),
3.95 (s, 4H), 2.20 (q, J = 7.8 Hz, 1H), 1.46 (s, 10H), 1.41 (d, J = 3.5 Hz, 1H), 1.18 (d, J = 6.5 Hz,
3H), 0.95 (d, J = 6.8 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 172.25, 171.87, 161.67, 156.48, 146.68, 127.38, 80.43,
77.26,66.71, 57.73, 56.18, 52.45, 39.58, 28.31, 24.12, 18.10, 15.90, 11.46.

Notebook Entries

Procedure: PKD2-289

'H: PKD2-289-pure-400N, °C: PKD2-289-C13-400N
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Methyl 2-((1S,2S)-1-((2S,3R)-2-amino-3-hydroxybutanamido)-2-

methylbutyl)thiazole-4-carboxylate

Me M
aMe e
Me (0] aMe
;\HJ\ S Me  ©
HO NHBocH NI / oo, Ho/’\l)kﬁ | S/
Quant. NH, N
MeO O
81 82 MeO™ ~O

The reaction was performed using the standard Boc deprotection protocol and yielded the free
amine 82 quantitatively. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material retains on the
baseline)

IH NMR (400 MHz, Methanol-ds) & 8.41 (s, 1H), 5.21 (d, J = 7.5 Hz, 1H), 4.09 (p, J = 6.3 Hz,
1H), 3.96 (d, J = 6.1 Hz, 1H), 3.93 (s, 3H), 2.15 (td, J = 10.1, 5.2 Hz, 1H), 1.63 (ddp, J = 14.8, 7.3,
3.5 Hz, 1H), 1.40 — 1.30 (m, 1H), 1.27 (d, J = 6.4 Hz, 3H), 0.98 — 0.90 (m, 6H).

Notebook Entries

Procedure: PKD2-159/301

'H: PKD-301-crude-MeOH-400N
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Methyl 2-((5S,8S,11S,12S)-8-((R)-1-hydroxyethyl)-5-isopropyl-12-methyl-

3,6,9-trioxo-1-phenyl-2-oxa-4,7,10-triazatetradecan-11-yl)thiazole-4-

HBTU '\;Ae 0 \Me
DIPEA Ho/ﬁ/[{
_4DMAP__ o N s
NH
NHCbz ~ Ch.oh -Cl y H N/ P
88% e
82 Me NHCbz MeO o

Cbz-L-valine

carboxylate

83
Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in 88% yield with purification by flash column chromatography with 3:1 ethyl
acetate/hexane. Rf = 0. 5 (3:1 ethyl acetate/hexane).
Note: In large scale reactions (>100 mg or depending on solubility) reaction had to be adsorbed to
silica to dry load into columns for chromatography.
'H NMR (400 MHz, Chloroform-d) & 8.12 (s, 1H), 7.36 (p, J = 2.8, 2.2 Hz, 5H), 7.03 (d, J = 7.7
Hz, 1H), 5.53 (d, J = 8.2 Hz, 1H), 5.28 (dd, J = 8.8, 5.9 Hz, 1H), 5.13 (t, J = 9.2 Hz, 2H), 4.54 (dd,
J=7.6,3.1Hz, 1H), 4.35 (d, J = 8.4 Hz, 1H), 4.16 — 4.10 (m, 1H), 3.94 (s, 3H), 2.18 (dq, J = 13.4,
5.9 Hz, 2H), 1.48 (d, J = 14.0 Hz, 2H), 1.28 (s, 2H), 1.20 (d, J = 7.9 Hz, 1H), 1.14 — 1.10 (m, 3H),
0.99 (d, J = 6.8 Hz, 3H), 0.95 (dd, J = 6.8, 1.7 Hz, 6H), 0.91 (d, J = 7.3 Hz, 3H).
13C NMR (101 MHz, Chloroform-d) § 172.14, 172.06, 170.71, 161.69, 136.06, 128.58, 128.27,
128.11, 127.53, 77.24, 67.23, 66.70, 60.61, 57.11, 56.40, 52.50, 39.57, 30.86, 24.42, 19.31, 18.05,
17.72, 15.87, 11.48.
Notebook Entries
Procedure: PKD2-276

'H: PKD2-276-400, °C: PKD2-276-C13-400
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Methyl 2-((1S,2S)-1-((4S,55)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-
methylpropyl)-5-methyl-4,5-dihydrooxazole-4-carboxamido)-2-
methylbutyl)thiazole-4-carboxylate

Me Me

Me
= 0 \Me Me .. QO

H
HOM : s
N DAST )\HI\N

O _NH S 0, |
M " N KoCO3 =N TN
e CH,Cl, > Me
wd NHCbz 100 5 52% NHCbz MeO
83

The reaction was performed using the standard DAST conditions. The product was purified by
flash column chromatography with 1:3 hexanes/ethyl acetate to afford the white solid product in
52% yield. Rf = 0.7 (1:3 hexanes/ ethyl acetate)

IH NMR (400 MHz, Chloroform-d) & 8.12 —8.09 (m, 1H), 7.51 (d, J = 8.8 Hz, 1H), 7.35 (ddt, J =
13.3, 4.9, 2.3 Hz, 5H), 5.54 — 5.47 (m, 1H), 5.24 — 5.17 (m, 1H), 5.16 — 5.04 (m, 3H), 4.71 (d, J =
10.3 Hz, 1H), 4.40 (dd, J = 9.3, 5.3 Hz, 1H), 3.94 — 3.88 (s, 3H), 2.30 (dtt, J = 10.1, 6.6, 3.3 Hz,
1H), 2.20 (g, J = 7.8, 7.1 Hz, 1H), 1.50 (qt, J = 9.2, 4.1 Hz, 1H), 1.32 — 1.28 (m, 3H), 1.18 (dt, J =
14.5, 7.6 Hz, 1H), 1.06 — 0.98 (m, 6H), 0.93 — 0.87 (m, 6H).

13C NMR (101 MHz, Chloroform-d) § 171.07, 169.52, 169.10, 156.19, 136.25, 128.51, 128.18,
128.13, 127.36, 79.36, 77.45, 77.13, 76.81, 71.23, 67.04, 55.47, 54.66, 52.42, 38.75, 38.73, 31.19,
24.75, 18.82, 17.59, 16.48, 15.75, 11.12.

Notebook Entries

Procedure: PKD-277

'H: PKD-277-400, 13C: PKD-277-C13-400N
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(tert-butoxycarbonyl)-L-allothreonine

Me 0 O
Boc,0 Me
HO OH NaOH Ho OH
NH> Dioxane/H,0 NHBoc
L-allothreonine Quant.

Boc-L-allothreonine

The reaction was performed using standard Boc protection protocol to access Boc-L-threonine as
colorless oily product quantitatively. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Product retains on the
baseline due to free carboxylic acid)

IH NMR (400 MHz, Methanol-ds) § 4.13 (d, J = 5.3 Hz, 1H), 4.06 (p, J = 7.1, 6.7 Hz, 1H), 1.47
(d, J = 2.7 Hz, 10H), 1.22 (d, J = 6.4 Hz, 3H).

Notebook Entries

Procedure: PKD2-281

'H: PKD2-281-1-MeOH-400N
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Methyl 2-((1R,2S)-1-((2S,3S)-2-((tert-butoxycarbonyl)amino)-3-

hydroxybutanamido)-2-methylbutyl)thiazole-4-carboxylate

Me Me
HBTU M
M AMe
Me O e DIPEA Me O '
. S DMAP w S
OH + H N\‘ —_— )\HJ\N |
Ho)\l)k 2 | HO
NHBoc Nﬁ %ﬂgﬁ'ﬁ_ NHBod! N~/
Boc-L-allothreonine MeO” SO 85 MeO™ ~O
84

Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in quantitative yields with purification by flash column chromatography with 3:1 ethyl
acetate/hexane. Rs = 0.75 (3:1 ethyl acetate/ hexane).

Note: In small scale reactions (<100 mg) reaction was not quenched and extracted. Instead the
reactions were concentrated and directly purified through column chromatography. In large scale
reactions, standard protocol was followed.

IH NMR (400 MHz, Chloroform-d) & 8.11 (s, 1H), 7.21 (d, J = 9.0 Hz, 1H), 5.66 (d, J = 7.2 Hz,
1H), 5.41 (dd, J = 9.3, 4.5 Hz, 1H), 4.15 — 4.07 (m, 1H), 4.06 — 3.96 (m, 2H), 3.93 (s, 3H), 2.28 —
2.21 (m, 1H), 1.51 — 1.47 (m, 1H), 1.44 (s, 9H), 1.31 (d, J = 5.9 Hz, 3H), 1.28 — 1.24 (m, 1H), 0.96
(t,J = 7.4 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) & 173.20, 171.27, 161.62, 156.06, 146.61, 127.40, 80.45,
68.76, 59.18, 54.89, 52.43, 39.48, 28.28, 26.69, 19.76, 13.96, 11.58.

Notebook Entries

Procedure: PKD2-294

'H: PKD2-294-pure-400N, °C: PKD2-294-pure-C13-400N
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Methyl 2-((1R,2S)-1-((2S,3S)-2-amino-3-hydroxybutanamido)-2-

methylbutyl)thiazole-4-carboxylate

Me
Me
Me o )
)\Hk HCI/Dloxane )\l)j\N\\\ i S
uant. HO H /
NHBoc Q NH; Nj\i

MeO (o} MeO (6]
85 86

The reaction was carried out using standard Boc deprotection protocol to obtain 86 in quantitative
yields. Rs = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material retain in the baseline)

'H NMR (400 MHz, Methanol-ds) & 5.34 (d, J = 4.5 Hz, 1H), 4.28 (s, 1H), 4.09 (s, 1H), 3.92 (s,
3H), 2.20 (d, J = 11.9 Hz, 1H), 1.39 (d, J = 18.4 Hz, 2H), 1.29 — 1.20 (m, 4H), 0.96 (d, J = 5.6 Hz,
6H).

Notebook Entries

Procedure: PKD2-160

1H: PKD2-291-crude-MeOH-400N (Crude NMR)
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Methyl 2-((5S,8S,11R,12S)-8-((S)-1-hydroxyethyl)-5-isopropyl-12-methyl-
3,6,9-trioxo-1-phenyl-2-oxa-4,7,10-triazatetradecan-11-yl)thiazole-4-

carboxylate

Me M
e
\Me HBTU
: Oy OH Me
Me)\H(LH\y/S DIPEA w .\Me
v M DMAP
HO o) o+ MO NHe: — o HO NN s
NH, Me
0" o

!
63% " e\r?/ N/
Me :
86 Cbz-L-valine NHCbZ o0
Me 0

87
Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in 63% yield with purification by flash column chromatography with 3:1 ethyl
acetate/hexane. Rf = 0. 5 (3:1 ethyl acetate/ hexane).
Note: In large scale reactions (>100 mg or depending on solubility) reaction had to be adsorbed to
silica to dry load into columns for chromatography.
'H NMR (400 MHz, Chloroform-d) & 8.10 (s, 1H), 7.40 — 7.32 (m, 5H), 7.24 (d, J = 8.5 Hz, 1H),
5.42 (dd, J = 8.9, 4.7 Hz, 2H), 5.11 (t, J = 10.1 Hz, 2H), 4.44 (dd, J = 7.5, 4.5 Hz, 1H), 4.15 — 4.09
(m, 1H), 4.06 — 4.00 (m, 1H), 3.94 (s, 3H), 2.83 (s, 1H), 2.26 — 2.17 (m, 2H), 1.53 — 1.43 (m, 1H),
1.31—1.25 (m, 4H), 1.00 — 0.95 (m, 6H), 0.90 (dd, J = 12.4, 6.9 Hz, 6H).
13C NMR (101 MHz, Chloroform-d) § 172.50, 170.84, 162.03, 156.85, 146.46, 136.24, 128.79,
128.48, 128.28, 127.82, 68.87, 67.46, 60.76, 58.27, 55.45, 52.72, 39.96, 30.96, 26.80, 19.87, 19.51,

17.82, 14.29, 11.78.

Notebook Entries
Procedure;: PKD2-293
1H: PKD2-349-NMR-400N, 13C: PKD2-162-C13-400
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Methyl 2-((1R,2S)-1-((4S,5R)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-
methylpropyl)-5-methyl-4,5-dihydrooxazole-4-carboxamido)-2-

methylbutyl)thiazole-4-carboxylate

Me
aMe
)ﬁ/[ok nie Me: UO H\'/S
HO . T N
N DAST o/\Hj\ |
O\ NH H )8 K,COs5 _Nn H N
—»

Me N/ CH,Cl, Me
72% NHCbz MeO” SO
NHCbz MeO
Me e}

Me

The reaction was performed under standard DAST conditions to access 88. Product was purified
by flash column chromatography with 1:3 hexanes/ ethyl acetate to afford the white solid product
in 72% yield. Rs = 0.65 (1:3 hexanes/ethyl acetate)

'H NMR (400 MHz, Chloroform-d) & 8.02 (s, 1H), 7.38 (d, J = 4.9 Hz, 5H), 7.26 (s, 1H), 5.43 (d,
J=8.9Hz, 1H), 5.37 (dd, J = 9.1, 5.0 Hz, 1H), 5.17 — 5.05 (m, 3H), 4.78 (q, J = 6.5 Hz, 1H), 4.42
(dd, J = 9.0, 5.4 Hz, 1H), 4.28 — 4.23 (m, 1H), 3.93 (s, 3H), 2.34 (dd, J = 9.6, 4.5 Hz, 1H), 2.16 —
2.10 (m, 1H), 1.53 — 1.43 (m, 5H), 1.33 — 1.24 (m, 3H), 0.97 (t, J = 3.4 Hz, 6H), 0.90 (d, J = 6.8
Hz, 6H).

13C NMR (101 MHz, Chloroform-d) § 172.78, 171.35, 169.07, 161.72, 156.06, 136.22, 128.57,
128.26,128.12,127.02, 80.74, 74.40, 67.06, 54.90, 54.83, 52.41, 39.46, 31.34, 29.72, 26.58, 21.82,
18.82, 17.65, 14.09, 11.57.

Notebook Entries

Procedure: PKD2-297

1H: PKD2-297-2"-400N, 13C: PKD2-297-2"-C13-400N
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Methyl (4S,5S)-2-((S)-1-amino-2-methylpropyl)-5-methyl-4,5-dihydrooxazole-

4-carboxylate

In a flask the dipeptide was dissolved in methanol and 10% w/w of Pd on carbon was added.
Hydrogen gas was bubbled into the reaction mixture and was stirred 30 minutes at room
temperature. Resultant mixture was filtered with celite and concentrated under reduced pressure
to yield free amine in quantitative yield. R = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material

retain in the baseline)

IH NMR (400 MHz, Chloroform-d) & 8.26 (d, J = 7.1 Hz, 1H), 4.73 (dd, J = 7.1, 3.5 Hz, 1H), 4.26
(qd, J = 6.4, 3.5 Hz, 1H), 3.81 (s, 3H), 3.38 (d, J = 4.1 Hz, 1H), 2.33 (pd, J = 6.8, 3.8 Hz, 1H),
1.17 (d, J = 6.4 Hz, 3H), 1.11 — 0.98 (m, 3H), 0.96 — 0.83 (M, 3H).

Notebook Entries

Procedure: PKD2-311

!H: PKD2-311-crude-400N (Crude NMR)
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Methyl 2-((1R,2S)-1-((4S,5R)-2-((S)-1-amino-2-methylpropyl)-5-methyl-4,5-

dihydrooxazole-4-carboxamido)-2-methylbutyl)thiazole-4-carboxylate

b H\(
Pd-black, H, /\V)]\
Me

EtOH/EGN
98%

NHCbz MeO o) NH2 Meo ©
Me

Me 88 90

In a flask 88 was dissolved in enough solvent to bubble hydrogen gas. Palladium-black (10 eq.)
was added and the system was sealed. Hydrogen gas was bubbled with a venting needle for ~10
minutes. The extra venting needle was removed, and reaction was vigorously stirred for 30
minutes. Palladium was filtered using celite and the filtrate was concentrated under reduced
pressure to yield 90 with 98% yield. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material
retain in the baseline)

IH NMR (400 MHz, Acetone-ds) & 8.34 (s, 1H), 7.47 (d, J = 9.1 Hz, 1H), 5.36 — 5.31 (m, 1H),
4.72 — 4.61 (m, 1H), 4.29 — 4.21 (m, 1H), 3.88 (s, 3H), 2.31 — 2.17 (m, 2H), 1.53 — 1.46 (m, 1H),
1.42 (d, J = 6.3 Hz, 3H), 1.33 — 1.27 (m, 2H), 1.00 — 0.87 (m, 16H).

Notebook Entries

Procedure: PKD2-348

1H: PKD2-348acetone-crude-400N
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((Benzyloxy)carbonyl)-D-alanyl-L-threonine

(0] O
Me OMe Me OH
LiOH
HO NH NHCbz MeOH/H,0 HO  NH NHCbz
2 Quant. ",
(0] Me o Me
74 91

The reaction was performed using saponification conditions. THF was substituted with methanol.
The product 91 was obtained quantitatively. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected
material retain in the baseline)

IH NMR (400 MHz, Acetone-dg) & 7.41 — 7.30 (m, 5H), 6.69 (d, J = 7.5 Hz, 1H), 5.11 (s, 2H),
4.49 (dd, J = 8.9, 2.7 Hz, 1H), 4.42 — 4.33 (m, 2H), 1.42 (d, J = 7.1 Hz, 3H), 1.31 (s, 1H), 1.20 —
1.15 (m, 3H).

Notebook Entries

Procedure: PKD2-339

1H: PKD2-339-acetone-400N (crude NMR)
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Methyl 2-((1R,2S)-1-((4S,5R)-2-((5R,8S,11S)-8-((R)-1-hydroxyethyl)-5,12-
dimethyl-3,6,9-trioxo-1-phenyl-2-oxa-4,7,10-triazatridecan-11-yl)-5-methyl-

4,5-dihydrooxazole-4-carboxamido)-2-methylbutyl)thiazole-4-carboxylate

Me

Ve HBTU
Me OH z DIPEA =N
g __4-DmAp _ Me o
/N NH MeO
Me

HO  NH NHCbz + T OHClL Meg
—/ 63%
o e H, MeO o) NH NHCbz
91 'V'e 90 Met*: o‘2 Me

Reaction was performed using standard HBTU peptide coupling conditions. The product was

afforded in 63% yield with purification by flash column chromatography with 5% methanol in

DCM. R¢ = 0. 3 (5% methanol in DCM).

13C NMR (101 MHz, Chloroform-d) § 172.85, 171.00, 161.93, 128.55, 128.15, 127.92, 127.12,

81.16, 73.35, 67.53, 67.05, 57.34, 54.74, 53.12, 52.81, 50.91, 41.72, 38.63, 29.38, 26.35, 21.67,

19.08, 18.01, 16.70, 13.82, 11.77.

Notebook Entries

Procedure: PKD2-380

1H: PKD2-380-400N (Some inseparable impurities in the sample, one spot on TLC: urea biproduct
from HBTU reaction and impurities according to integration values. However, all the peaks
suggest the presence of the desired product being formed)

13C: PKD2-380-C13-400N
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2-((1R,2S5)-1-((4S,5R)-2-((5R,8S,11S)-8-((R)-1-hydroxyethyl)-5,12-dimethyl-
3,6,9-trioxo-1-phenyl-2-oxa-4,7,10-triazatridecan-11-yl)-5-methyl-4,5-

dihydrooxazole-4-carboxamido)-2-methylbutyl)thiazole-4-carboxylic acid

Me
Me

~Me Me @)
(0] = H “ S

H < \
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LiOH Ho O O
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W
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NH z ) /
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Me''* 4 OHO Me

The reaction was performed using saponification conditions. THF was substituted with methanol.
The product 93 was obtained quantitatively. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected

material retain in the baseline)

'H NMR (400 MHz, Methanol-ds) 6 8.35 (d, J = 2.1 Hz, 1H), 7.41 — 7.24 (m, 5H), 5.39 (t, J = 6.0
Hz, 1H), 5.32 (d, J = 5.8 Hz, 1H), 5.12 (q, J = 8.2, 6.8 Hz, 1H), 4.39 — 4.29 (m, 2H), 4.26 — 4.14
(m, 4H), 2.28 — 2.11 (m, 3H), 1.48 — 1.21 (m, 20H), 1.08 — 0.95 (m, 14H). (As this is a crude NMR
integration values are not perfect. However, it can be seen that the reaction was successful and
saponification took place as the methyl ester peak is absent in this NMR)

Notebook Entries

Procedure: PKD2-388

'H: PKD2-388-crude-MeOH-400N (crude NMR)
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2-((1R,25)-1-((4S,5R)-2-((S)-1-((2S,3R)-2-((R)-2-aminopropanamido)-3-
hydroxybutanamido)-2-methylpropyl)-5-methyl-4,5-dihydrooxazole-4-
carboxamido)-2-methylbutyl)thiazole-4-carboxylic acid

Me Me

e
”“ﬁmg?% 7

HO” "O " EtOH/Et;N

Quant.
NH NHCbz NH  NH;
) Metr O)/

HO

In a flask 93 was dissolved in enough solvent (2:1 EtOH/EtzN) to bubble hydrogen gas. Palladium-
black (10 eg.) was added and the system was sealed. Hydrogen gas was bubbled with a venting
needle for ~10 minutes. The extra venting needle was removed, and reaction was vigorously stirred
for 30 minutes. Palladium was filtered using celite and the filtrate was concentrated under reduced
pressure to yield 94 quantitatively. Rs = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material
retain in the baseline)

Notebook Entries

Procedure: PKD2-352

Crude directly subjected to cyclization
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2-((1R,2S5)-1-((4S,5R)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-methylpropyl)-
5-methyl-4,5-dihydrooxazole-4-carboxamido)-2-methylbutyl)thiazole-4-

carboxylic acid

Me Me
/\')l\ __LioH o /\%I\Nw IS
TTHFH,0 SN H N
Quant.
M
Me NHCbz MeO o] © NHCbz HO

Me 88 Me

The reaction was performed using standard saponification conditions. The product 95 was obtained
quantitatively. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material retain in the baseline)
Notebook Entries

Procedure: PKD2-330

1H: PKD2-330-crudel-acetone-400N
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Methyl D-alanyl-L-threoninate

o o
Me OMe Me, OMe
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0" Me 0" Me
74 96

In a flask 100 mg of the dipeptide was dissolved in methanol and 10 mg of Pd on carbon was
added. Hydrogen gas was bubbled into the reaction mixture and was stirred overnight at room
temperature. Resultant mixture was filtered with celite and concentrated under reduced pressure
to yield free amine in quantitative yield. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material
retain in the baseline)

Notebook Entries

Procedure: PKD2-198

IH: PKD2-198-400 (crude NMR)
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Methyl (2-((1R,25)-1-((4S,5R)-2-((S)-1-(((benzyloxy)carbonyl)amino)-2-
methylpropyl)-5-methyl-4,5-dihydrooxazole-4-carboxamido)-2-

methylbutyl)thiazole-4-carbonyl)-D-alaninate

Me Me
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“Me  ADVAR, 0 N N o
/ CH20I2 /N
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e
NHCbz -alanine methyl ester NHCbz Ve
MeO
Me
(0]

Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in 51% vyield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes. Rs = 0. 7 (3:1 ethyl acetate/hexanes).

IH NMR (400 MHz, Chloroform-d) & 7.97 (s, 1H), 7.36 (d, J = 3.2 Hz, 5H), 5.31 (dd, J = 9.0, 5.2
Hz, 1H), 5.21 — 4.97 (m, 2H), 4.78 (p, J = 7.4 Hz, 2H), 4.41 — 4.36 (m, 1H), 4.33 — 4.25 (m, 1H),
3.86 — 3.74 (m, 1H), 3.71 (s, 2H), 2.23 — 2.15 (m, 1H), 2.10 (h, J = 6.7, 6.3 Hz, 1H), 1.80 (s, 1H),
1.52 (t, J = 7.0 Hz, 6H), 1.48 — 1.39 (m, 1H), 1.26 (tt, J = 14.2, 7.6 Hz, 1H), 1.00 — 0.96 (m, 6H),
0.93 (d, J = 6.9 Hz, 3H), 0.86 (d, J = 6.9 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) & 173.58, 160.34, 156.24, 149.54, 136.14, 128.57, 128.32,
128.30, 123.04, 67.17, 55.09, 54.80, 52.56, 47.87, 39.89, 31.06, 26.29, 21.74, 18.77, 18.40, 17.65,
14.53, 11.58.

Notebook Entries

Procedure: PKD3-012

'H: PKD3-012-400N, *C: PKD3-012-C13-400N
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Methyl (2-((1R,25)-1-((4S,5R)-2-((S)-1-amino-2-methylpropyl)-5-methyl-4,5-
dihydrooxazole-4-carboxamido)-2-methylbutyl)thiazole-4-carbonyl)-D-

alaninate

= N\ \ / pt = N\ \ /
o_n H N‘zfo H,, Pd-black oy H N o
—>
MeOH
HN H
Me M
\;NHCbz oo Me 8% e\g:NHz “Me
Me e Me MeO
o)

9% © 99

In a flask 98 was dissolved in enough solvent to bubble hydrogen gas. Palladium-black (10 eq.)
was added and the system was sealed. Hydrogen gas was bubbled with a venting needle for ~10
minutes. The extra venting needle was removed, and reaction was vigorously stirred for 30
minutes. Palladium was filtered using celite and the filtrate was concentrated under reduced
pressure to yield 99 quantitatively. Rs = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material
retain in the baseline)

'H NMR (400 MHz, Methanol-ds) 5 8.18 (s, 1H), 5.30 (d, J = 6.4 Hz, 1H), 4.84 — 4.76 (m, 1H),
4.67 (9, J = 7.2 Hz, 1H), 4.39 (dd, J = 7.1, 1.1 Hz, 1H), 3.78 (s, 3H), 3.50 (dd, J = 5.8, 1.1 Hz,
1H), 3.21 (g, J = 7.3 Hz, 2H), 2.35 — 2.21 (m, 1H), 2.08 — 1.96 (m, 1H), 1.54 (d, J = 7.3 Hz, 3H),
1.49 (d, J = 6.3 Hz, 3H), 1.33 (t, J = 7.3 Hz, 3H), 1.29 — 1.23 (m, 1H), 1.04 — 0.96 (m, 12H).
Notebook Entries

Procedure: PKD2-411

'H: PKD2-411-crude-MeOH-400N (Crude NMR)
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Methyl (2-((1R,2S)-1-((4S,5R)-2-((S)-1-((2S,3R)-2-
(((benzyloxy)carbonyl)amino)-3-hydroxybutanamido)-2-methylpropyl)-5-
methyl-4,5-dihydrooxazole-4-carboxamido)-2-methylbutyl)thiazole-4-

carbonyl)-D-alaninate

\\\\( Me
HBTU = H
OH - E ™
/H)L NHCbz  PIPEA 5 \ .
¢ o7 _4-DMAP —N
HN CH2C| Me HN
74% NH .
MeO\( ""Me ? Me MeO\( '"Me
Cbz-L-threonine 0 NHCbz
© HY) 0
e\

Reaction was performed using standard HBTU peptide coupling conditions. The product was
afforded in 74% yield with purification by flash column chromatography with 3:1 ethyl
acetate/hexanes. Rs = 0. 3 (3:1 ethyl acetate/hexanes).

'H NMR (400 MHz, Chloroform-d) & 8.23 (d, J = 8.8 Hz, 1H), 8.04 (s, 1H), 7.44 (d, J = 8.8 Hz,
1H), 7.36 (g, J = 5.0, 3.7 Hz, 5H), 5.79 (d, J = 8.0 Hz, 1H), 5.31 (dd, J = 8.9, 4.9 Hz, 1H), 5.12 (d,
J = 1.8 Hz, 2H), 5.07 — 4.96 (m, 1H), 4.94 — 4.85 (m, 1H), 4.61 (ddd, J = 8.4, 4.3, 1.7 Hz, 1H),
4.44 (dd, J = 8.0, 4.1 Hz, 1H), 4.28 (dd, J = 6.6, 4.3 Hz, 1H), 4.25 — 4.20 (m, 1H), 3.82 (s, 2H),
2.25—2.15 (m, 1H), 2.01 (g, J = 6.3 Hz, 1H), 1.62 (d, J = 7.3 Hz, 3H), 1.54 (d, J = 6.2 Hz, 4H),
1.22 (d, J = 6.5 Hz, 3H), 1.17 — 1.09 (m, 1H), 0.97 (dd, J = 8.5, 6.7 Hz, 9H), 0.72 (d, J = 6.9 Hz,
3H).

13C NMR (151 MHz, Chloroform-d) § 174.96, 170.45, 169.49, 160.34, 156.06, 149.23, 136.19,
128.57, 128.22, 127.97, 123.55, 67.80, 66.97, 58.10, 54.56, 53.59, 52.91, 47.48, 41.17, 29.73,

29.17, 26.02, 21.54, 18.88, 18.60, 17.40, 16.52, 14.43, 11.68.
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Notebook Entries

Procedure: PKD2-412-400N

'H: PKD2-412-400N, *3C: PKD3-015-C13-2"-600N
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(2-((1R,25)-1-((4S,5R)-2-((S)-1-((2S,3R)-2-amino-3-hydroxybutanamido)-2-
methylpropyl)-5-methyl-4,5-dihydrooxazole-4-carboxamido)-2-

methylbutyl)thiazole-4-carbonyl)-D-alanine

Me
Me
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e 0 96% HY o
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OH Me™ Non 101

100

The reaction was performed using saponification conditions and proceeded to Cbz deprotection.
The free carboxylic acid was dissolved in enough solvent to bubble hydrogen gas. Palladium-black
(10 eq.) was added and the system was sealed. Hydrogen gas was bubbled with a venting needle
for ~10 minutes. The extra venting needle was removed, and reaction was vigorously stirred for
30 minutes. Palladium was filtered using celite and the filtrate was concentrated under reduced
pressure to yield 101. Rf = 0.0 (3:1 ethyl acetate/hexanes): (Deprotected material retain in the
baseline). The product 101 was obtained and proceeded to attempted macrocyclization. Rf = 0.0

(3:1 ethyl acetate/hexanes): (Deprotected material retain in the baseline)
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