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Abstract
Liposomes are widely recognized for their roles in drug delivery systems due to their ability to
encapsulate hydrophilic and hydrophobic drugs. However, their lack of selectivity and limited
targeting of diseased cells often result in off-target effects, reducing their overall therapeutic
efficacy. Additionally, achieving sufficient liposomal uptake by diseased cells remains a
significant challenge. Surface modification is a valuable strategy that have been employed to
enhance liposomal drug delivery. This thesis will detail the design and synthesis of a boronate-
caged arginyl glycyl aspartic acid (RGD) lipid aimed at improving liposome specificity and
uptake through activation by reactive oxygen species (ROS). The RGD peptide was chosen for
its high affinity for integrin receptors, which are overexpressed on cancer cells. Once activated
by ROS, the uncaged RGD-lipid is expected to enhance receptor-mediated endocytosis, hence
promoting the uptake of liposomes into cancer cells. Significant progress has been made in
synthesizing key intermediates, providing a solid foundation for completing the final ROS-
responsive RGD lipid. Upon completion, the compound will be thoroughly characterized to
assess its activity. This research advances the development of more effective liposome-based
drug delivery systems. It provides valuable insights into boronate caging chemistry, particularly

its application to amino acids like arginine in the design of RGD-lipids.
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Chapter 1. Background

1.1 Introduction to Liposomes

Liposomes are spherical lipid bilayer vesicles that typically have a diameter between 50 and 500
nm. These vesicles are formed by self-assembling diacyl-chain phospholipids in an aqueous
solution, creating a lipid bilayer. Lipid structure is commonly comprised of a hydrophilic
phosphate head linked to hydrophobic tails by a water-soluble molecule like glycerol, which can
either be natural or synthetic.? 2 The hydrophilic heads can be negatively charged, positive
charged, or zwitterionic (containing both charges in the same molecule). These head group
charges are crucial for the diverse functionality of liposomes in biological systems. Depending
on the head groups, the family of phospholipids comprises (Figure 1.1) phosphatidylcholines
(PC), zwitterionic lipids with a choline headgroup, and provide a significant component of
animal membranes.* ° Other classifications of phospholipids are phosphatidylserine (PS) and
phosphatidylinositol (P1), which are anionic lipids that interact with the positively charged
regions of the peripheral and integral membrane proteins.> Other important phospholipids
include phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidic acid (PA),
each having an ethanolamine, glycerol, and phosphate head group, respectively.

Liposome diversity stems from varying lipid compositions, surface charge, and size. The
classification of liposomes is commonly based on size and lamellarity (Figure 1.2). Unilamellar
liposomes consist of three types of vesicles: small unilamellar vesicles (SUVs) with 20-100 nm
diameters, large unilamellar vesicles (LUVs) with 100-1000 nm diameters, and giant unilamellar
vesicles (GUVs) with diameters greater than 1000 nm .>* On the other hand, multilamellar
vesicles (MLVs) and multivesicular vesicles (MVVs) have numerous layers and sizes larger than
500 nm.> Unilamellar liposomes are single-layered spherical vesicles containing an aqueous
core, while multilamellar liposomes have a concentric, onion-like structure.’3® The
multilamellar vesicles are formed from the aggregation of smaller unilamellar vesicles, creating
layers of phospholipids separated by water.® The size of these vesicles and the number of
phospholipid layers significantly influence their circulation time within the body and their ability
to encapsulate drugs.” A key factor influencing liposome stability and size for drug delivery is

the temperature at which the lipid structure transitions from a rigid to a fluid state.
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Figure 1.1: Essential components of glycerophospholipids structure Glycerophospholipids
consist of fatty acyl chains, a glycerol backbone, and a headgroup substituent. The head group
substituents of glycerophospholipids determine their classification: anionic lipids are PS, PIs and
PG, and zwitterionic lipids are PC and PE, respectively.
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This critical temperature point, known as phase transition or melting temperature (Tm), is
essential for optimizing liposome formulation.> 8 The Tr, also impacts the arrangement and
interaction of lipid molecules within a membrane. At higher Trm values, lipids pack more tightly
due to stronger molecular interactions.® Conversely, lower T values result in looser packing and
weaker intermolecular forces. Lipid fluidity is dependent on the surrounding temperature being
higher than the Tm.2 ® Conversely, temperatures below Tm induce a rigid, gel-like state where
lipid tails are tightly packed and extended. Both lipid states are essential for incorporating drugs
into liposomes during formulation.

1.2 Liposomes in drug delivery

1.2.1 Overview of smart drug delivery systems

Traditional drug delivery methods include oral and injection routes, but these methods face
challenges like nonspecific targeting, poor localization, limited solubility, and side effects.” 1°
Innovative drug delivery systems known as smart nanocarriers have emerged to address these
limitations. These nanocarriers are designed to encapsulate and transport drugs to specific target
sites within the body, enhancing drug efficacy. Smart nanocarriers that have been developed
include inorganic, polymeric, and biomimetic-based nanoparticles,!* as illustrated in Figure 1.3.
Each nanocarrier has distinct advantages, making it suitable for various therapeutic applications.
Factors like drug type, target site, and desired pharmacokinetic profile’ * should be carefully
considered when selecting the most appropriate nanocarrier for drug delivery. This thesis will
focus on liposomes, the most researched drug delivery systems.

1.2.2 Liposome-based drug delivery systems

Liposomes, recognized for their biocompatibility, are the most extensively studied drug delivery
systems.1% 13 Following their discovery in the 1960s, their potential as drug carriers was
immediately apparent, leading to the development of various liposomal-based drugs.® ” Many of
these drugs are now approved or in clinical trials. In 1995, the first US Food and Drug
Administration (FDA) liposomal drug - polyethylene glycol liposomal doxorubicin (DOX) - was
approved and used to treat breast cancer.** > Beyond cancer treatment, liposomes have been
used in numerous clinical trials to deliver anesthetic, antifungal, antibiotic, anti-inflammatory,
and gene therapy drugs.'® The Amphipathic nature of liposomes makes it easy for them to deliver

both hydrophilic and hydrophobic drugs, solving the solubility issues of many
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drugs and leading to enhanced drug delivery with overall therapeutic outcomes. Liposomal
delivery systems, with their particle size of approximately 100 nm, can avoid uptake by the
reticuloendothelial system (RES), leading to enhanced pharmacokinetic properties.® 1° Factors
like surface charge and the ability of these small liposomes to fuse with cell membranes also help
improve liposomes' therapeutic potential.*® Compared to traditional drug delivery methods,
liposomal drugs often exhibit reduced toxicity and increased efficacy. While future liposomal
applications are promising, their current use in the pharmaceutical industry establishes their
importance in modern drug delivery systems.

1.2.3 Surface modifications of liposomes

Conventional liposomes (Figure 1.4A) have numerous advantages, such as biodegradability,
biocompatibility, and the ability to encapsulate hydrophobic, hydrophilic, and amphiphilic
compounds. While these merits have made liposomes renowned in drug delivery systems, some
significant drawbacks of conventional liposomes include increased RES clearance, drug toxicity,
and rapid clearance of liposomes from the bloodstream.!” To overcome these limitations, surface
modification has proven to be a successful strategy to reduce RES clearance, decrease drug
toxicity, and improve the stability and half-life of liposomes in the bloodstream.!’ Liposomes
coated with a hydrophilic polymer called polyethylene glycol (PEG) have been developed to
enhance liposome stability and circulation time. Liposomes coated with PEG are also known as
stealth liposomes because they are difficult for phagocytes to detect.'® The PEG coating (Figure
1.4B) creates a steric barrier, preventing liposome aggregation and uptake by the RES.® The
stealth property helps extend liposome circulation time from minutes to hours. Longer
circulation time will allow the accumulation of liposomes at the tumor site more effectively by
improving the liposome's enhanced permeation and retention effect. Also, PEGlated liposomes
have a high degree of storage and lower aggregation rates in the bloodstream, increasing
liposome bioavailability. While PEG remains the standard for the protection of liposomes to
improve their circulation time and bioavailability, other polymers like L-amino-acid-based
biodegradable polymer-lipid conjugates,'® and 2-methacryloyloxyethyl phosphorylcholine®
have been used for the coating of liposomes.

In addition to using PEG to modify the surface of liposomes, targeted ligands (Figure 1.4C) such

as antibodies, carbohydrates, and peptides have been directly attached to the surface of
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liposomes or to the end of PEG chains to improve liposomal drug accumulation in the desired
organs or tissues. These ligands bind to specific receptors overexpressed on diseased cells,
directing the liposome-encapsulated drug to the target. One of the most common ligands used in
modifying liposomal bilayers is hyaluronic acid (HA), a ligand for various receptors such as
CD442! and the lymphatic vessel endothelial HA receptor that are overexpressed in many cancer
cells.?? Various chemical methods, such as attachment to the carboxylate group on glucuronic
acid, the primary hydroxyl on N-acetylglucosamine, or via reductive amination can be used to
achieve this modification of liposomal bilayer with HA. Liposomes conjugated with HA-
phosphatidylethanolamine have been used to target CD44 receptors, achieving multipoint
attachment of HA to the liposome surface.?!

Another versatile strategy used in liposomal surface modification is using antibodies to create
antibody-coupled liposomes (immunoliposomes).?* Antibody molecular structure consists of
functional groups like sulfhydryl, carbohydrates, and amines. These functional groups are proper
targets for antibody conjugation during the formation of antibody-targeted liposomes, which are
formed by replacing the terminal methoxy group of PEGylated liposomes with the functional
groups.t” One of the molecules used in forming antibody-targeted liposomes is 2-iminothiolane,
a molecule used for antibody thiolation.?® The mechanism involved in antibody thiolation
consists of the reaction of 2-Iminothiolane with primary amines in antibodies to form free
sulfhydryl groups. These sulfhydryl groups can then be used to attach antibody fragments to
liposome surfaces via a thioether bond. Various antibody fragments, such as anti-epidermal
growth factor receptor,?® and fragment antigen-binding anti-human epidermal growth factor-2
tyrosine kinase receptor,?! have been successfully attached to liposomes. Additional molecules
such as poly(ethylene glycol)-distearoylphosphatidylethanolamine-maleimide?® and dipalmitoy!-
L-cY- phosphatidylethanolamine?* have also been used to attach antibodies to liposomes. In
addition to antibodies, other liposomes surface modification moieties include aptamers?” which
have more affinity and selectivity for their designed antigen, peptides such as arginine-glycine-
aspartic acid (RGD) peptide or cell-penetrating peptides,?® small molecules, etc. Recent
advancements in pharmaceutics have led to the development of theranostic liposomes, which
integrate both imaging agents and therapeutic or targeting agents into a single delivery system
(Figure 1.4D).



1.3 Integrins

Integrins are transmembrane receptors that play a crucial role in cell adhesion. They act as
linkers between the extracellular matrix (ECM) and the cytoskeleton,?® allowing for the
transmission of biochemical and mechanical signals between cells and their environment.
Mammalian integrins have two components: an alpha subunit and a beta subunit.®® These
components work together to form a receptor located on the cellular surface. There are 18
distinct a-subunits and 8 distinct B-subunits, which can combine in various manners to create 24
unique heterodimeric transmembrane receptors.*® Among the 24 known integrin heterodimers,3!
avp3, avps, and a5B1 are the most studied due to their increased expression on specific cancer
modulate complex signaling processes in the cells, including cell migration, embryogenesis, cells
and blood vessels that facilitate the growth and spread of tumors.3? *® Integrins processes can
occur in two directions: “inside-out” or “outside-in.” During “inside-out signaling” (Fig 1.5) an
intracellular activator binds to the B-subunit of the integrin,® ** changing its shape and making it
more likely to bind to an extracellular ligand. This process is shown to facilitate the regulation of
cellular adhesion, migration, and dissemination. During “outside-in-signaling” (Figure 1.5) a
ligand binds to the integrin,* 3 which can cause multiple integrins to cluster together. This
process initiates a sequence of events within the cell, resulting in changes in gene expression,
cytoskeleton, and regulation of cell polarity and migration.®® When integrins are not attached to
any molecules, they can activate a protein known as caspase-8.%” This protein can potentially
induce cell death through a process referred to as “integrin-mediated death.”(IMD)32 37

1.3.1 RGD peptides and role in cellular targeting

Pierschbacher and Ruoslahti, in the early 1980s,% made a significant discovery when they
identified that the RGD sequence, a short synthetic piece of the extracellular matrix fibronectin,
could mimic the cell-attachment properties of the full-length protein.® Further research has
revealed that the RGD peptide facilitates interactions between cells and their surrounding
environment by binding to integrin receptors.*> Among the integrin receptors, avp3 and allbp3
are overexpressed on cancer cells and platelets, respectively.® The avp3 receptor, abundantly
expressed on specific cancer cells and activated endothelial cells within tumor blood vessels, is a
promising target for delivering therapeutic or diagnostic agents directly to cancer cells.>? RGD is

widely used in designing targeted therapies, such as in drug-loaded nanoparticles and
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imaging agents for selective delivery to integrin-expressing cells, especially in cancer
treatments.*!

Numerous studies have explored the incorporation of RGD into liposomes and other
nanoparticles for targeted delivery.***" For instance, Amin et al. developed innovative cyclic
RGD-modified liposomal delivery system to enhance tumor targeting while reducing off-target
effects.*® They designed many RGD peptides, including an N-methylated variant (RGDf[N-
met]C),*8 to improve selectivity for avf3 integrins, which are frequently overexpressed in tumor
cells and vasculature. In vitro and in vivo evaluations demonstrated that the RGD-modified
liposomes exhibited enhanced targeting efficacy, reduced RES uptake, and increased tumor
localization. Also, Zhang and co-workers developed RGD-modified liposomes that co-
encapsulate combretastatin A-4,% a vascular disrupting agent, and doxorubicin, a cytotoxic drug,
to improve tumor-targeted therapy. The study showed that RGD-modified liposomes exhibited
increased intracellular absorption by tumor cells and human endothelium cells, in contrast to
non-targeted liposomes. In vitro experiments demonstrated that RGD-modified liposomes
showed increased cytotoxicity relative to non-modified liposomes, evidenced by a reduced ICso
(half-maximal inhibitory value).*® The combination of these agents provided a synergistic
therapeutic effect, making the RGD-modified liposomes a promising platform for improving
cancer therapy through targeted administration of vascular disrupting and cytotoxic agents.

1.4 Reactive oxygen species (ROS) in drug delivery

1.4.1 Introduction to ROS

ROS are essential component in metabolic processes, and they help in the control of crucial
physiological functions.® Examples include free radicals such as hydroxyl (*OH), superoxide
(027), singlet oxygen (*02), alkoxyl (RO"), peroxyl (RO2") and nonradicals such as peroxynitrite
(ONOO"), hypochlorite (OCI’), hydrogen peroxide (H20.), hypobromous acid (HOBr), organic
peroxides (ROOH), ozone (Os), and so on.%% %! The body typically sustains a fragile equilibrium
between generating and eliminating ROS,*! ensuring their concentrations remain minimal.
Nonetheless, when this equilibrium is disturbed, the formation of ROS may escalate, resulting in
numerous pathological diseases, such as cancer and inflammation. In regions impacted by these
conditions, including tumor cells and activated immune cells, ROS levels can be markedly

elevated, reaching concentrations of up to 100 UM, in contrast to 20 nM levels observed in
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healthy cells.>? The variation in ROS concentration has motivated researchers to create materials
that react to increased ROS levels. These materials can be directed towards inflammatory or
neoplastic sites, delivering their payloads particularly in areas with elevated ROS levels.>

1.4.2 Sources of ROS Generation

Mitochondria, endoplasmic reticulum (ER), peroxisomes, microsomes, and NADPH oxidase
(NOX) complexes are the principal producers of intracellular ROS (Figure 1.6).5* %
Mitochondria are the primary intrinsic generators of ROS, producing them via the mitochondrial
electron transport chain. Elevating cytoplasmic calcium (Ca*) concentrations activates the
electron transport chain, generating increased ROS.%® Also, minimal quantities of oxygen are
produced in the production of adenosine triphosphate and water by the mitochondrion, triggering
the generation of ROS. The initial ROS formed by mitochondria is the superoxide anion,>
produced by complex I and complex I11 functions in the mitochondrial matrix and
intermembrane space, respectively.®® In the intermembrane gap, metal-containing enzymes, such
as superoxide dismutase,>’ facilitate the transformation of superoxide anions into H2O,.
Moreover, monoamine oxidase and a-ketoglutarate dehydrogenase represent additional potential
mitochondrial ROS production sources.>® Aside from the mitochondrion, the ER also plays a
vital role in ROS generation. The endoplasmic reticulum lumen creates an optimal oxidizing
environment for protein folding and disulfide bond formation, facilitated by a high oxidized to
reduced glutathione ratio.>®

Extracellular sources of ROS formation encompass ROS-inducing factors such as radiation,
contaminants, and nanomaterials. Oxidative stress elicits defensive mechanisms in macrophages
and neutrophils, aiding in the defense against microbial invasions, cancer, and environmental
toxins. Free iron (Fe?*) is integral to ROS-induced toxicity as it participates in the Fenton
process,>°generating extremely reactive hydroxyl radicals. Free iron is a crucial determinant of
the toxicity linked to ROS production.

1.4.3 Mechanisms of nanoparticle-mediated ROS generation

The formation of ROS by nanoparticles (NPs) is affected by parameters including particle
chemistry, size, surface area, and nanoparticle internalization. In terms of surface area, smaller
NPs exhibit larger surface areas-to-mass ratios, resulting in increased reactive sites.>!

Additionally, chemical interactions increased significantly on small nanoparticles because of

12
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their larger surface area. This high chemical reactivity stems from the surface atoms on the
nanoparticles, which promote nanoparticle-mediated biochemical catalysis.>> %% ¢ ROS
production arises from free radicals and oxidants located on the NP surface. Research indicates
that the generation of ROS, including "OH and O," from quartz particles is attributed to the
presence of surface-bound radicals, such as SiO* and SiO2".%!

The acceleration of ROS generation can also be affected depending on the presence of metallic
elements or chemical compounds on the surface of the NPs. Transition metals like copper,
silicon, iron, vanadium, and chromium facilitate the formation of ROS through the Fenton
reaction mechanisms and the Haber-Weiss reactions.> *° In the Fenton reaction, for example, the
transition metal reacts with H2O2 to generate *OH and an oxidized metal ion.%® 5 Similarly,
metallic NPs such as copper and iron affect oxidative stress ("OH and O,™) through Fenton
reactions, whereas the Haber-Weiss reaction entails the interaction of metal ions with H205,6% 6
resulting in the generation *OH. Furthermore, NPs containing cobalt, chromium, and vanadium
can catalyze both Fenton and Haber-Weiss reactions.>!

1.4.4 ROS-responsive polymeric nanoparticles

Polymeric nanoparticles are formed through the self-assembly of amphiphilic block copolymers,
and they serve as efficient carriers for the delivery of various imaging and therapeutic agents.>
By carefully modifying the hydrophilic-lipophilic balance of the block copolymers® and the
parameters governing their self-assembly, the physical characteristics, including shape and
dimensions, can be effectively regulated, which will significantly impact the distribution within
the body.%® The incorporation of ROS-responsive polymeric nanoplatform has gained significant
attention over the years. Some of the ROS-responsive units incorporated in polymeric
nanoparticles includes: selenium, arylboronic esters, thioether, thioketal, tellurium etc.
Researchers have been inspired to exploit the diselenide and monoselenide bond for development
of stimuli-responsive drug delivery systems. For instance, Zhang and co-workers pioneered the
use of diselenide bonds in the creation of ROS-responsive micelles.®® They developed a triblock
copolymer composed of PEG, polyurethane containing diselenide bonds and PEG (PEG-
PUSeSe-PEG).% These polymers self-assembled into micelles in water and could release a
model drug in response to both glutathione and H2O> stimuli.®® Xu and his team expanded upon

the ROS-responsive properties of PEG-PUSeSe-PEG®’ micelles to create light-responsive drug
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delivery systems. They incorporated porphyrins, a type of photosensitizer, into the core of the
micelles. When exposed to red light, the photosensitizer generated *O2, which triggered the
cleavage of the diselenide bonds.®” This disruption of the micelles led to the release of the
encapsulated drug, doxorubicin.

Arylboronic acid/ester groups have been employed as ROS-sensitive moieties in many
applications, including a solubility switch method based on H20- oxidation. For instance,
Broaders and co-workers altered the hydroxyl groups of the water-soluble polymer dextran by
including aryl boronic ester groups to produce water-insoluble oxidation-sensitive dextran (Oxi-
DEX).% The Oxi-DEX microparticles were subsequently fabricated via a double emulsion
technique. The oxidation of boronic esters by H20O> revealed the hydroxyl groups of dextran,
resulting in the polymer's reversion to its hydrophilic parent form. This transition led to polymer
breakdown and the liberation of contained payloads.®®

1.5 Summary

Liposomes are popular nanocarriers due to their capacity to deliver hydrophilic and hydrophobic
drugs, utilizing their hydrophilic core and lipid bilayers. However, a key limitation is their lack
of specificity and the challenge of efficiently targeting diseased cells, often resulting in off-target
effects. Another major hurdle is ensuring sufficient uptake of liposomes by diseased cells, which
hinders the effectiveness of liposomal drug delivery. This thesis describes the design and
synthesis of boronate-caged RGD-lipid, which ROS activates to enhance liposomal entry into
cells.
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Chapter 2. Enhanced Targeting of Cellular Delivery through ROS — Activated liposomes
Utilizing a Boronate-Caged RGD Lipid

2.1 Overview and rationale of project
Liposomes are comprised of amphiphilic molecules, often phospholipids, that can spontaneously
form lipid bilayers that can enclose an aqueous core.®® Liposomes possess structural features that
make them exceptionally adaptable for delivering a wide array of substances, including large-
scale therapeutic agents like proteins, peptides, and nucleic acids, as well as chemotherapeutic
drugs such as paclitaxel and doxorubicin, to diseased tissues and cells. Although liposomes have
proven advantageous as drug delivery vesicles due to their extended circulation time, reduced
toxicity, and enhanced pharmacokinetic properties,” the main drawback of liposomal drug
delivery is their lack of selectivity and limited ability to target drugs specifically to diseased
cells. Furthermore, the ability to achieve adequate internalization of liposomes by diseased cells
continues to pose a substantial obstacle, hindering the overall efficacy of the liposomal drug
delivery system.”®
This project focuses on the design and synthesis of ROS-responsive RGD lipids to address the
challenges of liposomal drug delivery, such as uncontrolled targeting and limited cellular uptake.
The choice of RGD is deliberate, considering its established affinity to cell-surface receptors
(integrins) that are highly expressed on cancerous cells.”* The ROS-responsive RGD-modified
liposomes are anticipated to interact with integrins, leading to the activation of intracellular
signaling. This activation can potentially induce receptor-mediated endocytosis,’ a critical
process that facilitates the uptake of liposomes into cancer cells. Moreover, the specific nature of
the interaction between the synthesized lipid and integrins guarantees that liposomes mostly
focus on cells that have increased integrin expression, reducing unintended effects on non-target
cells.®! This characteristic enables a greater accumulation of therapeutic cargo sent to diseased
tissues. Although considerable research has been conducted on liposomes that respond to ROS,
combining the RGD moiety that targets integrins and the ROS stimuli associated with diseased
cells can improve the selectivity and specificity of liposomes towards diseased cells. This will
ensure therapeutic drugs are effectively delivered to the desired cellular locations, enhancing

treatment outcomes.
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2.2 Previous Research on ROS-responsive liposomes

ROS-responsive liposomes have attracted significant interest due to their potential for selectively
targeting disease sites with high ROS concentrations, such as fibrotic tissues, tumors, and
inflammation. Although extensive research has been conducted on ROS-responsive nanocarriers,
a very limited number of studies specifically focus on liposomes. Nevertheless, a few notable
studies have shown the capabilities of ROS-responsive liposomes for precise drug delivery.
Best’s lab has made substantial contributions to the advancement of ROS-responsive liposomes.
Best and coworkers developed a ROS-responsive liposomal platform using a synthetic lipid 1a
that enables the controlled release of cargo in environments rich in ROS. This lipid has a
boronate ester headgroup that reacts with H20z, a self-immolating linker that generates a
quinone-methide, and a lipid scaffold called dioleoylphosphatidylethanolamine (DOPE)"
(scheme 1). The study showed that the oxidative cleavage of the boronate ester headgroup by
H>0> is sufficient to induce the release of hydrophobic contents from the liposomes. However,
for hydrophilic cargo release, generation of DOPE was required. The results showed that
liposomes containing varying percentages of lipid 1a exhibited dose-dependent release upon
H,0- addition.” Furthermore, the Best lab designed a novel ROS-responsive liposomal platform
using a boronate caged guanidine lipid 2a that H-O; activates.” Upon activation, the boronate
group is cleaved generating a cationic guanidine lipid 2b (Scheme 2). Their results showed that
liposomes containing lipid 2a increased in positive charge after exposure to H>Oz, indicating
successful activation of the cationic guanidine lipid. The liposomes that were treated with higher
concentration of H20, (0.5 - 1 mM)* showed greater changes in surface charge, confirming the
ROS-responsive nature of the system. Using fluorescence microscopy, the study showed that
ROS-activated liposomes significantly enhanced cellular uptake in cancer cells, but only after
treatment with H>O. Furthermore, Li and coworkers, for instance, developed ROS-sensitive
liposomes based on a novel thioether phosphatidylcholines for drug release.” The functionalized
liposomes were exposed to H20», and this caused the hydrophobic thioethers in the liposomes to
undergo oxidation, resulting in the formation of hydrophilic sulfoxides or sulfones.” This
process changed the characteristics of the liposome membrane and allowed for the release of
hydrophilic drug such as doxorubicin, that were previously encapsulated. This approach

showcased the effectiveness of ROS-responsive liposomes for drug release.

17



Boronate
o o

Head group B-0
®
e NH3
Quinone-Methide D ( 0 g
(QM) SIL H,0 °©
o] 22 O=<A H@ Quinone-Methide O‘P/O
[ 0=

NH Elimination 0* \O
NH g _>_\
4 g o o0 o
o Apc© 0
Ay 0/ \
_ P, o
i D _>_\ ¢

A
=
DOPE < o o 0 o S
Scaffold )0
7 O) \ DOPE
\ \ 0 (:,;H17

Scheme 1: Synthesis of ROS-responsive lipid 1a

Lipid 1a, a ROS-sensitive lipid, possesses a boronate head that is susceptible to degradation by
H20>. Exposure to H20- results in the degradation of the boronate group, leading to the
disintegration of the lipid structure. This releases DOPE, a lipid that can disrupt membrane
integrity and trigger liberation of encapsulated cargo. [Adapted from reference’]
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Scheme 2: Synthesis of a caged guanidine lipid 2a

Lipid 2a, a caged guanidine lipid, possesses a boronate ester headgroup susceptible to
degradation by H20». Upon exposure to H2O, the boronate group undergoes cleavage to form
cationic lipid 2b designed to enhance cell entry. [Adapted from reference 4]



Also, Wang et al. synthesized ROS-responsive liposomes, referred to as DTP@DMF NPs,”® with
an ideal particle size, negative zeta potential, and effective release of DTP@DMF NPs in high
levels of ROS. The liposomes demonstrated both efficient drug transport and decreased
macrophage activity and fibrosis in mouse models, resulting in elevated ROS generation.’®
Further in vivo experiments provided additional evidence of the antifibrotic properties of
DTP@DMF NPs, hence demonstrating their improved therapeutic effectiveness. With continued
research and development, ROS-responsive liposomes hold significant potential for advancing
therapeutic strategies in a range of diseases.

2.3 Design of ROS-responsive RGD lipid

Our design for ROS-responsive RGD lipid 7, shown in scheme 3, consists of an RGD moiety
connected to the lipid headgroup masked by two arylboronic ester groups. Additionally, lipid 7
includes a tetraethylene glycol linker and a lipid scaffold. The boronate ester groups indicated
are well-known for their use in materials that demonstrate reactivity towards ROS, due to their
rapid decomposition upon exposure to hydrogen peroxide (H202).”” Lipid 7 is designed to
undergo an oxidation reaction when it encounters H2O> (Figure 2.1). This reaction involves the
insertion of an oxygen atom into the carbon-boron bond, forming an intermediate phenoxide,
which plays a crucial role in forming specific self-immolating linkers responsible for producing
quinone methide.>> " After the oxidative cleavage, the remaining molecule structure will
undergo an elimination reaction, which will liberate RGD- lipid 8 after reacting with hydrogen
peroxide. Hydrogen peroxide is known to be crucial for maintaining the health and functionality
of cells in biological systems.>® This reaction leads to the release of another lipid component,
lipid 8, which aids in the uptake of cells. Lipid 7 has a tetraethylene glycol linker, which helps to
attach the caged RGD headgroup to the lipid structure. The linker is essential for preserving the
headgroup's visibility on the membrane bilayer's surface.” This prevents the headgroup from
being buried within the bilayer and keeps the reactive boronate at a distance from the membrane
surface. Furthermore, the presence of a triazole group is highly significant in the composition of
lipid 7 since it mimics the characteristics of a lipid headgroup. Due to its polar nature, the
triazole molecule has a predilection for the aqueous interface rather than the hydrophobic
membrane environment.’ Its presence aids in facilitating the production of lipid using the

copper-catalyzed azide-alkyne cycloaddition (CUAAC) process.” @

20



B
Oronate Caging Group

OBN/\ 3
9, o

OYO
f:;\ J\/Nb\ I O g O~y

N\ _J N J N J
Y Y Y

RGD Moeity TEG Linker Lipid Scaffold

[0]
H,0, :
VH

2

0, wll ey

Scheme 3: A caged RGD-lipid 7 that cleaves in the presence of hydrogen peroxide

Lipid 7, a caged RGD-lipid, contains a boronate ester headgroup that cleaves in the presence of
H>0>, converting it to RGD-lipid 8. The exposed RGD-lipid 8 selectively binds to integrin
receptors on the cell surface, enhancing the compound's targeting efficiency. At physiological pH
(~7.4), the carboxylic acid group is deprotonated, resulting in a negative charge, further
contributing to its bioactivity.
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Figure 2.1: Cartoon showing boronate cleavage present in lipid 7 to form lipid 8
The cartoon shows the cleavage of boronate cage present in RGD lipid 7 to produce uncaged

RGD lipid 8 that can improve cell targeting.
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2.4 Synthesis Details of ROS-responsive RGD-lipid

The synthesis of ROS-responsive RGD-lipid 7, as shown in Scheme 4, starts with an amide
bond-forming coupling reaction. In the first step, the N-terminus, found in di-tert-butyl L-
Aspartate hydrochloride (Asp (OtBu)-OtBu.HCI), was amide coupled to
fluorenylmethoxylcarbonyl glycine (Fmoc-Gly) in the presence of N,N-Diisopropylethylamine
(DIEA) - a base, and coupling reagent, propylphosphonic anhydride (T3P). T3P was used
because it usually provides high yields, low racemization, and the ease of water removal of the
ring opened by-product at the end of the reaction. The reaction was cooled in an ice-water bath
to prevent racemization, which can occur at higher temperatures. Without additional purification,
this resulted in compound 3, in 85% yield after an aqueous work up. The proton NMR
corroborated this by showing a doublet peak at 7.06 ppm, corresponding to the newly formed
amide NH proton.

The next step involved the deprotection of the Fmoc group using a solution of 20% piperidine in
DMF (N,N-dimethylformamide). The reaction was stirred for 4 hours to give a yellow solid, after
which the solvent was removed. With no work-up, the resultant compound was then coupled to
Noa-Fmoc-Nw-(2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)-L-arginine(Fmoc-Arg(pbf)-
OH) via amide coupling to yield compound 4, in 52% yield after silica column chromatographic
purification. In the following step, the Fmoc group in 4 was removed, exposing the free amine at
the N-terminus of the growing peptide chain. The deprotected amine from 4 attacks the already
activated carboxyl group of 1074 leading to the formation of 5 in 22% yield. This nucleophilic
acyl substitution forms a new amide bond that links the two molecules. The synthesis of 10, a
crucial connector in lipid 7, entails a two-step procedure that will be explained in the subsequent
paragraph.

After synthesizing 5, we attempted to deprotect the 2,2,4,6,7-pentamethyldihydrobenzofuran-5-
sulfonyl (pbf) group attached to one of the terminal amine nitrogens on the guanidine group. The
pbf group serves to prevent unwanted side reactions that might occur during the use of coupling
reagents like T3P. However, during the deprotection process using trifluoroacetic acid (TFA), we
observed that the TFA also affected the tert-butyl groups, which protected the carboxylic acid
moieties at the C-terminus. Although this was an unintended side reaction, we proceeded with

the reaction pathway to explore the possibility of grafting our boronate cage 11 onto the two
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guanidine nitrogens and the now unprotected carboxylic acid groups at the C-terminus (Scheme
5). Unfortunately, the reaction did not proceed as planned, as we encountered product
degradation. This is probably because the reaction was carried out at elevated temperatures
which resulted in the breakdown of the product. Analysis of the reaction mixture via NMR
confirmed the presence of boronate cage alongside the fragments of the starting material.
Although our initial goal was to synthesize a final compound in which the lipid 7 would retain an
unprotected C-terminus, we believe this pathway is still worth exploring. We aim to conduct
comparison testing between the resulting compound and the originally intended compound to
assess their properties.

This problem made us rethink how best to graft the boronate cage onto the guanidine nitrogen
without tampering with our desired structure. We began by designing a synthetic strategy that
would enable the selective removal of the pbf protecting group using TFA, while ensuring the
stability of the C-terminus of our compound. To achieve this, we employed a group that protects
the terminal carboxylic acid, which is neither acid nor base-sensitive. Specifically, the benzyl
group was chosen, as it can only be removed via hydrogenolysis, ensuring it remains intact under
the TFA treatment used for pbf removal. This approach is supported by literature, where similar
strategies are advantageous for reactions of this nature.”® Our synthetic strategy would allow us
to use trifluoroacetic acid to remove the pbf group without affecting the decomposition of the
final product. In this revised strategy, L-Aspartic acid 1,4-bis-benzyl ester hydrochloride
(Asp(OBzl)-OBzl.HCI) undergoes initial amide coupling with Fmoc-Gly to form compound 14
(Scheme 6). This approach closely follows our original synthetic route, with the primary
difference being that the deprotection of the benzyl group will occur at the final stage of the
reaction before coupling the resulting compound with the lipid tail 13. While the first step of this
new route has been completed with 89% yield, one challenge with the second step of the
synthesis is solubility issues. It was not easy to get all our compound onto the column
chromatography because it did not dissolve in dichloromethane. Although we thought the
product was formed after confidently isolating the promising spot we observed from TLC (thin
layer chromatography), the NMR results indicated some missing hydrogen signals, which we
attributed to the incomplete recovery of the crude compound during the purification process.

The synthesis of 10 involves initial mono-ether coupling of tetra ethylene glycol with propagyl
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Scheme 5: Synthesis of caged terminal carboxylic acid, lipid 22
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bromide to form 9. Subsequently, the alcohol group in 9 was activated by using 4-nitrophenyl
chloroformate to produce 4-nitrophenyl(3,6,9,12-tetraoxapentadec-14-yn-1-yl) carbonate (10)
(Scheme 7A). The synthesis of arylboronate ester p-nitrophenol carbonate compound 11,
(Scheme 7B) was carried out by coupling 4-carboxyphenylboronic acid pinacol ester with 4-
nitrophenyl chloroformate. In this reaction, the triethylamine (TEA) neutralizes the hydrochloric
acid generated during the reaction and ensures the starting material is more nucleophilic by
abstracting the hydroxyl group hydrogen. Upon nucleophilic attack by the phenoxide ion formed,
the intermediate formed collapsed by releasing chloride ion. The chloride ion release helps create
the desired ester bond between the phenolic oxygen and the acyl chloride carbonyl group. One of
the challenges we have consistently encountered, even in our initial synthetic route, is grafting
the boronate cage onto the guanidine nitrogens. To better understand this issue, we tested the
reaction using a simpler model compound to assess whether the boronate group could be
successfully grafted. We selected (2S)-5-(diaminomethylideneamino)-2-(9H-fluoren-9
ylmethoxycarbonylamino)pentanoic acid (Fmoc-Arg-OH) as our model compound (Scheme 8A).
This choice was made because the two guanidine nitrogens in arginine are unprotected, making
them accessible for potential grafting of the boronate cage. However, upon conducting the
reaction, we identified a significant issue: the use of DIEA as a base at elevated temperatures
posed a risk of deprotecting the Fmoc group. Unfortunately, elevated temperatures were
necessary for the boronate caging process to proceed. After running the reaction at 65°C for 3
days, the NMR results initially appeared promising, but we observed the unintended removal of
the Fmoc group due to the basicity of DIEA. We substituted DIEA with a weaker base, DMAP
(4-dimethylaminopyridine) to address this. DMAP is a nucleophilic catalyst with a milder base
than DIEA, making it less likely to remove the Fmoc group under similar conditions. The
rationale behind using DMAP is that its basicity is sufficient to facilitate the boronate grafting
reaction without causing side reactions, such as Fmoc deprotection.’® Despite this adjustment,
the desired product was still not obtained. Further optimization of reaction conditions, such as
adjusting the temperature or reaction time, may be necessary to successfully graft the boronate
cage onto the guanidine nitrogens without compromising the integrity of the Fmoc group. Aside
from using Fmoc-Arg-OH, we also tested tert-butyl(tert-butoxycarbonyl)-L-arginate (Boc-Arg-

OH.HCI) (Scheme 8B). This compound was used to avoid the potential removal of the Fmoc
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group by DIEA. The Boc group, which protects the a-amino group of the arginine, was used
because this group is acid labile, i.e., it can only be cleaved in the presence of acid. It is resistant
to bases like DIEA, even at high temperatures. These features make it more stable under basic
conditions, so we chose it. We carried out our reaction by coupling the boronate cage to the
arginine guanidine nitrogens using DIEA as a base, and DMF as the solvent. After running the
reaction for 63 hours at 60°C, we removed the solvent. Because of the acid group in our
compound, we decided not to perform an aqueous workup to avoid the compound dissolving into
the aqueous layer, as carboxylic acids are water-soluble. We then performed column
chromatography and took the NMR. The NMR result was promising as we saw two doublet
peaks at 7.8 ppm, which are indicative of the boronate cage nitrogens. Although this pathway
proved to be a valuable strategy for grafting the boronate cage onto the guanidine nitrogens,
further optimization is still required to get accurate conditions for the reaction.

2.5 Conclusion

The main problem throughout our synthetic pathway has been the successful grafting of the
boronate cage onto the guanidine nitrogens of arginine. Although our initial attempts were met
with difficulties, the progression of this research has provided valuable insights into specific
reaction conditions necessary for this critical step. The insights gained from these obstacles have
resulted in a more profound comprehension of the complex equilibrium between preserving the
integrity of the protective groups in our compound achieving efficient boronate caging. Future
efforts will concentrate on refining reaction parameters and optimizing the last stages of our
synthesis to guarantee the effective grafting of the boronate cage onto the guanidine nitrogens,
while preserving the stability of other essential protective groups. Additionally, completing the
synthetic pathway to achieve the final target compound would provide a comprehensive
understanding of this ROS-activated system.

This work has made a significant contribution to the enhanced targeting of cellular delivery
through ROS-activated liposomes with boronate-caged RGD lipid. The insights gained from the
study not only provide a foundation for future optimization but also demonstrate the potential of
boronate-caged RGD lipids in enhancing the specificity and efficacy of cellular delivery systems

when the caged RGD-lipids is exposed to ROS.
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2.6 Experimental

2.6.1 General Considerations

All reagents were procured from Aldrich and Ambeed, and they were utilized as received. Dry
solvents were acquired from pure solvent delivery system from University of Tennessee. Column
chromatography was carried out using 230 — 400 mesh silica gel purchased from sorbent
technologies. NMR spectra were obtained using Varian VNMRS 500 MHz spectrometer and
Bruker Avance NEO 500 MHz spectrometer.

2.6.2 Synthetic procedures

q 0
(0] i J< Fmoc’N\)l\OH )OL &1 o J<
>r NO T3P,DCM, DIEA . 0" N \¢0
0 NH, + H 9 0
HCI 85% O I \ﬁ
3

Synthesis of di-zert-butyl(((9H-fluoren-9-yl)methoxy)carbonyl)glycyl-p-aspartate (3)
In a 50 mL round-bottomed flask (RBF), di-tert-butyl L-Aspartate hydrochloride (0.14 g, 0.505,

1 eq) and fluorenylmethoxylcarbonyl glycine (0.15 g, 0.505 mmol, 1 eq) were dissolved with 10
mL of dry dicholoromethane under argon gas with stirring. Afterwards, N,N-
Diisopropylethylamine (DIEA, 0.16 mL, 1.01 mmol, 2 eq) was added. The solution was cooled
in an ice-water bath to 0°C and then propylphosphonic anhydride (T3P, 50 wt.% in ethyl acetate,
0.181 mL, 0.606 mmol, 1.2 eq) was added dropwise over 15 minutes. The ice-water bath was
removed, and the reaction mixture was stirred for 24 h. The reaction mixture was then quenched
with water (3 mL), and poured into a separatory funnel containing 5 mL water. The aqueous
layer was extracted with 2 X 15 mL dichloromethane, and the combined organic layer was further
washed with 15 mL of saturated sodium hydrogen carbonate (NaHCO3), 1 x 15 mL water, and 1
% 15 mL brine. The organic layer was dried over sodium sulfate, filtered and concentrated under
reduced pressure to produce the product 3 as a white foam (0.23 g, 85 % yield). No further
purification was required. R¢= 0.67 (9:1 dichloromethane/methanol, UV and potassium
permanganate stain). 'H NMR (500 MHz, CDCl3) & 7.73 (d, J= 7.5 Hz, 2H), 7.59 (s, 2H), 7.36
(t,J=7.5Hz 2H), 7.28 (d, J= 7.7 Hz, 2H), 7.06 (d, /= 8.2 Hz, 1H), 5.77 (d, /= 5.8 Hz, 1H),
4.72 (dt, J=8.6,4.5Hz, 1H), 4.36 (d, J=7.1 Hz, 2H), 4.20 (t, J= 7.2 Hz, 1H), 3.94 (t, /= 6.6
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Hz, 2H), 2.87 (dd, J=17.1, 4.5 Hz, 1H), 2.72 (d, J = 12.6 Hz, 1H), 1.43 (s, 9H), 1.40 (s, 9H). 13C
NMR (126 MHz, CDCl3) § 170.14, 169.55, 168.79, 156.53, 143.87, 143.84, 127.70, 127.09,
125.17, 119.95, 82.47, 81.63, 67.28, 49.16, 47.10, 44.36, 37.42, 28.02, 27.89.

NMR data matched that in the literature.?°

O<_NH
O JOL g O i) 20% piperidine/DMF g j’
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NH N
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\|< > # N7 N 0
3 54% O H H

3 4
Synthesis of di-tert-butyl N-(((9H-flouren-9-yl)methoxy)carbonyl)-N°-((2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl-L-arginylglycyl-L-aspartate (4)

Compounds 3 (0.09 g, 0.172 mmol, 1 eq) was dissolved with 4 mL dimethylformamide in a 100
mL RBF under argon. After adding 0.8 mL piperidine, the reaction mixture was stirred at room
temperature for 4 hours to yield a pale yellow solid. Next, the solvent was removed under
reduced pressure and place under hivac for 2 hours to remove the residual solvent. Thereafter,
Fmoc-Arg(pbf)-OH (0.11 g, 0.172 mmol, 1 eq) was added into the RBF under Argon, followed
by addition of 6 mL of dry dicholoromethane and N, N-Diisopropylethylamine (DIEA, 0.056 mL,
0.344 mmol, 2 eq). The solution was cooled in an ice-water bath to 0°C and then
propylphosphonic anhydride (T3P, 50 wt.% in ethyl acetate, 0.06 mL, 0.206 mmol, 1.2 eq) was
added dropwise over 15 minutes. The ice-water bath was removed, and the reaction mixture was
stirred for 24 hours. The reaction mixture was then quenched with water (3 mL) and poured into

a separatory funnel containing 5 mL water. The aqueous layer was extracted with 2 x 15 mL
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dichloromethane, and the combined organic layer was further washed with 15 mL of saturated
sodium hydrogen carbonate (NaHCO3), 1 x 15 mL water, and 1 X 15 mL brine. The organic layer
was dried over sodium sulfate, filtered, and concentrated under reduced pressure. The crude was
then subjected to silica gel column chromatography. Gradient elution from dichloromethane- 5%
methanol-dichloromethane was used to obtain 4 as a white solid (0.0864 g, 54% yield). R¢= 0.3
(5% Methanol-Dichloromethane, UV and potassium permanganate stain). 'H NMR (500 MHz,
CDCl3) 6 7.78 (s, 1H), 7.72 (d, J = 7.5 Hz, 2H), 7.60 — 7.53 (m, 2H), 7.35 (t,J = 7.5 Hz, 2H),
7.24 (d,J=7.3 Hz, 2H), 7.20 (d, J = 8.3 Hz, 1H), 6.37 (s, 2H), 6.16 (d, /= 8.1 Hz, 2H), 4.67 —
4.62 (m, 1H), 4.42 —4.29 (m, 3H), 4.15 (t, /= 7.3 Hz, 1H), 4.05 — 3.89 (m, 2H), 3.32 (s, 1H),
3.20 (s, 1H), 2.90 (s, 2H), 2.79 (dd, J=17.1, 5.1 Hz, 1H), 2.66 (dd, J=17.1, 4.7 Hz, 1H), 2.58
(s, 3H), 2.50 (s, 3H), 2.22 (s, 1H), 1.93 (s, 1H), 1.72 (s, 1H), 1.60 (s, 2H), 1.42 (s, 6H), 1.39 (s,
9H), 1.39 (s, 9H). 1*C NMR (126 MHz, CDCl3) § 173.06, 170.23, 169.85, 169.40, 158.84,
156.69, 156.59, 144.00, 143.88, 141.36, 138.50, 132.92, 132.42, 127.77, 127.19, 125.35, 124.70,
120.01, 117.60, 86.45, 82.73, 81.80, 67.18, 54.35, 49.50, 47.20, 43.33, 42.95, 37.42, 28.68,
28.13,27.97,25.26, 19.43, 18.09, 12.58.

NMR data matched that in the literature.®°
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Synthesis of 3,6,9,12-tetraoxapentadec-14-yn-1-ol (9)

In a 200 mL RBF, 2,2’-((oxybis(ethane-2,1-diyl))bis(oxy)bis(ethan-1-ol) (0.971 g, 5 mmol, 2.5
eq) was dissolved with 20 mL dry tetrahydrofuran (THF) under argon. The reaction mixture was
cooled in an ice-water bath to 0°C, and sodium hydride (NaH, 0.12 g, 5 mmol, 2.5 eq) was
added. The solution was then stirred for one hour after which propagyl bromide (0.152 ml, 2
mmol, 1 eq) was added dropwise. The reaction mixture showed a color change from colorless to
light brown and was stirred for 22 hours. Upon completion, the reaction was quenched by adding
water dropwise, and the solvent was removed under reduced pressure. The residual was re-

dissolved with 15 mL ethyl acetate and 15 mL of water and transferred into the separatory
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funnel. The ethyl acetate layer was collected, and the aqueous layer was further extracted with 2
x 10 mL of ethyl acetate. The combined ethyl acetate layer was washed with 1x 50 mL of brine.
After being dried over sodium sulfate, filtered, and concentrated under reduced pressure, the
crude was subjected to silica gel column chromatography. Gradient elution from hexanes to
100% ethyl acetate was used to obtain the product as a colorless oil (0.25 g, 54 % yield). R,=0.2
(100% Ethyl acetate, potassium permanganate). 'H NMR (500 MHz, CDCls) § 4.09 (d, J=2.6
Hz, 2H), 3.61 (d, J=4.7 Hz, 2H), 3.59 (d, J= 5.3 Hz, 2H), 3.57 (s, 2H), 3.55 (s, 8H), 3.51 — 3.47
(m, 2H), 3.10 (s, 1H). 3C NMR (126 MHz, CDCls) § 79.51, 74.60, 72.49, 70.45, 70.39, 70.36,
70.20, 70.14, 68.94, 61.45, 58.21.

NMR data matched that in literature.®!
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Synthesis of 4-nitrophenyl(3,6,9,12-tetraoxapentadec-14-yn-1-yl) carbonate (10)

Compound 9 (0.2387 g, 1.028 mmol, leq) was dissolved with 10 mL dry dichloromethane in a
100 mL RBF under argon. Triethyl amine (TEA, 0.158 mL, 1.131 mmol, 1.1 eq) and 4-
nitrophenyl chloroformate (0.2487 g, 1.234 mmol, 1.2 eq) was added to the solution, and stirred
overnight at room temperature. Upon completion, the solvent was removed under reduced
pressure, and the residual was dissolved with 20 mL ethyl acetate and poured into separatory
funnel containing 30 mL of water. The aqueous layer was extracted with 3 x 25 mL ethyl acetate,
and the combined organic layer was further washed with 5 x 50 mL water and 1 % 50 mL brine.
After being dried over sodium sulfate, filtered, and concentrated under reduced pressure, the
crude was subjected to silica gel column chromatography. Gradient elution from hexanes to 50%
ethyl acetate-hexanes was used to obtain the product, 10, as a brownish oil (0.25 g, 61% yield).
R¢=0.25 (50% Ethyl acetate-hexanes, potassium permanganate). 'H NMR (500 MHz, CDCls) &
8.25(dd, J=9.3,2.9 Hz, 2H), 7.38 — 7.33 (m, 2H), 4.44 — 4.38 (m, 2H), 4.17 (t, J= 2.6 Hz, 2H),
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3.79 (s, 2H), 3.66 (d, J= 10.3 Hz, 12H), 2.41 (d, J = 2.7 Hz, 1H). 3C NMR (126 MHz, CDCl3) &
155.32, 152.27, 145.17, 125.09, 121.59, 79.46, 74.35, 70.49, 70.42, 70.20, 68.90, 68.40, 68.13,
58.17.

o0 NH N 0=8=0
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Synthesis of di-fert-butyl N*-(2,5,8,11,14-pentaoxaheptadec-16-ynoyl)-N*-((2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)arginylglycylaspartate (5)

Compounds 4 (0.0864 g, 0.093 mmol, 1 eq) was dissolved with 4 mL dry dimethylformamide in
a 50 mL RBF under argon. After adding 0.8 mL piperidine, the reaction mixture was stirred at
room temperature for 4 hours to yield a pale yellow solid. Next, the solvent was removed under
reduced pressure and placed under hivac overnight to remove the residual solvent. Thereafter,
compound 10 (0.044 g, 0.112 mmol, 1.2 eq) was added into the RBF under Argon, followed by
addition of 3 mL of dry dimethylformamide and triethylamine (0.052 mL, 0.372 mmol, 4 eq).
The solution was stirred at room temperature for 23 h. Upon completion, the solvent was
removed under reduced pressure. The residual was re-dissolved with 15 mL dichloromethane and
15 mL water before transferring into the separatory funnel. The dichloromethane layer was
collected, and the aqueous layer was extracted with 3 x 15 mL dichloromethane. The combined
dichloromethane layer was further washed with 1 x 50 mL brine. After being dried over sodium
sulfate, filtered, and concentrated under reduced pressure, the crude was then subjected to silica
gel column chromatography. Gradient elution from dichloromethane-10% methanol-
dichloromethane was used to obtain the product as a white solid (0.020 g, 22% yield). Rr= 0.6
(10% Methanol-Dichloromethane). 'H NMR (500 MHz, CDCl3) § 7.68 (s, 1H), 7.16 (d, J= 8.2
Hz, 1H), 6.32 (s, 2H), 6.14 (s, 1H), 6.07 (s, 1H), 4.64 (d, J= 8.1 Hz, 1H), 4.29 (td, J=8.1,4.9
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Hz, 1H), 4.17 (s, 4H), 4.04 — 3.90 (m, 2H), 3.69 — 3.60 (m, 14H), 3.29 (s, 1H), 3.18 (s, 1H), 2.94
(s, 2H), 2.78 (d, J = 4.9 Hz, 1H), 2.68 (dd, J = 16.9, 4.8 Hz, 1H), 2.57 (s, 3H), 2.50 (s, 3H), 2.45
(s, 1H), 2.24 (s, 1H), 2.08 (s, 3H), 1.90 (s, 1H), 1.71 (s, 1H), 1.59 (s, 2H), 1.44 (s, 6H), 1.41 (s,
18H). '3C NMR (126 MHz, CDCl3) § 172.96, 170.21, 169.76, 169.37, 158.77, 156.66, 156.55,
138.48, 133.14, 132.41, 124.63, 117.52, 86.43, 82.60, 81.74, 79.72, 74.88, 70.57, 70.54, 70.39,
69.59, 69.15, 64.35, 58.46, 54.40, 49.48, 43.38, 42.92, 37.49, 29.90, 29.82, 28.72, 28.16, 27.99,
25.31,19.41, 18.08, 12.60.
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67%
Synthesis of 4-nitrophenyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate
(1)

In a 200 mL flask, (4-(4,4,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol (1 g, 4.27
mmol, 1 eq) was dissolved with 20 mL dry THF under argon at 0°C. TEA ( 1.2 mL, 8.61 mmol, 2
eq) and 4-nitrophenyl chloroformate (0.94 g, 4.66 mmol, 1.1 eq) was added to the solution, and
stirred overnight at room temperature. Solution turned yellow after the addition of 4-nitrophenyl
chloroformate. Upon completion, the solvent was removed under reduced pressure, and the
residual was dissolved with 20 mL ethyl acetate and poured into separatory funnel containing 25
mL of NaHCOs3. The aqueous layer was extracted with 3 x 25 mL ethyl acetate, and the
combined organic layer was further washed with 5 x 50 mL water and 1 x 50 mL brine. After
being dried over sodium sulfate, filtered, and concentrated under reduced pressure, the crude was
subjected to silica gel column chromatography. Gradient elution from hexanes to 25% ethyl
acetate-hexanes obtained the product as a white solid (1.14 g, 67% yield). Rf=0.65 (50% Ethyl
acetate-hexanes, UV, potassium permanganate). 'H NMR (500 MHz, CDCl3) § 8.10 (d, J=9.3
Hz, 2H), 7.74 (d, J = 8.1 Hz, 2H), 7.31 (d, J= 8.1 Hz, 2H), 7.24 (d, /= 9.3 Hz, 2H), 5.18 (s, 2H),
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1.24 (s, 12H). 1*C NMR (126 MHz, CDCI3) § 155.22, 152.09, 145.07, 136.89, 134.74, 127.29,
124.94, 121.47, 83.82, 70.43, 24.57.

NMR data matched literature.??
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In a 50 mL round-bottomed flask (RBF), di-tert-butyl L-Aspartate hydrochloride (0.14 g, 0.447,

1 eq) and fluorenylmethoxylcarbonyl glycine (0.133 g, 0.447 mmol, 1 eq) was dissolved with 10
ml of dry dichloromethane under argon gas with stirring. Afterwards, N, N-
Diisopropylethylamine (DIEA, 0.152 mL, 0.894 mmol, 2 eq) was added. The solution was
cooled in an ice-water bath to 0°C and then propylphosphonic anhydride (T3P, 50 wt.% in ethyl
acetate, 0.160 mL, 0.606 mmol, 1.2 eq) was added dropwise over 15 minutes. The ice-water bath
was removed, and the reaction mixture was stirred for 24 hours. The reaction mixture was then
quenched with water (3 mL), and poured into a separatory funnel containing 5 mL water. The
aqueous layer was extracted with 2 x 15 mL dichloromethane, and the combined organic layer
was further washed with 15 mL of saturated sodium hydrogen carbonate (NaHCOs3), 1 x 15 mL
water, and 1 X 15 mL brine. The organic layer was dried over sodium sulfate, filtered and
concentrated under reduced pressure to produce the product 14 as a white foam (0.24 g, 89 %
yield). No further purification was required. R¢= 0.87 (9:1 dichloromethane/methanol, UV and
potassium permanganate stain). 'H NMR (500 MHz, CDCls) § 7.71 (d, J = 7.5 Hz, 2H), 7.58 (d,
J=8.4Hz, 2H), 7.35 (t, J="7.6 Hz, 3H), 7.28 (d, J = 6.5 Hz, 4H), 7.26 — 7.20 (m, 7H), 5.88 (s,
1H), 5.12 - 5.03 (m, 3H), 5.02 — 4.93 (m, 3H), 4.35 (d, /= 7.5 Hz, 2H), 4.18 (t, J= 7.2 Hz, 1H),
3.92 (s, 2H), 3.04 (d, J=17.2 Hz, 1H), 2.91 (d, J = 17.1 Hz, 1H). 3C NMR (126 MHz, CDCl5) §

38



170.52, 170.25, 169.19, 156.56, 143.80, 143.78, 141.18, 135.24, 135.01, 128.49, 128.36, 128.32,
128.21, 128.13, 127.64, 127.02, 125.10, 119.90, 67.49, 67.16, 66.72, 48.71, 46.99, 44.19, 36.19.
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