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ABSTRACT

Owing to their complexity, diverse structures and molecular targets, natural products have
contributed, and will continue to contribute, to the development and discovery of new drugs.
Although natural products provide numerous active compounds, their complex structures and poor
pharmacokinetics make meeting the eligibility criteria for clinical trials unfeasible. In order to
improve their drug-likeness, structural modification is an effective tool to generate countless
natural product-based molecules with potential therapeutics. This proposal entails synthetic efforts
towards late-stage diversification of natural products in two projects.

The first study highlights the multi-factorial nature of Alzheimer’s disease and brings
attention to the importance of the paradigm shift in drug development for Alzheimer’s from single-
targeted ligands to multi-target directed ligands. Clinical trials have shown that drugs targeting
proteins such as amyloid-8 and tau failed to slow down or even reverse the progression of
Alzheimer’s disease. Consequently, we propose the synthesis of small molecules that are hybrids
of lipoic and arundic acids. Lipoic acid is a naturally occurring compound that possesses
antioxidant, anti-inflammatory, and reactive oxygen species scavenging properties, however,
results from studies on its efficacy and potency against Alzheimer’s remain inconsistent. Arundic
acid, on the other hand, has completed phase II clinical trials for the treatment of multiple
neurodegenerative diseases including Alzheimer’s, and has displayed in vitro and in vivo

neuroprotective potential. Therefore, by combining the structural features of both lipoic acid and

il



arundic acid, multi-functional and bivalent ligands were designed. This approach would potentially
synergize the anti-oxidative effects of lipoic acid and the neuroprotective traits of arundic acid.
The second study focuses on the search for a new insecticide to control bed bug
infestations. With the emergence of insecticide-resistance acquired by bed bugs to commercially
available juvenile hormone analogues (JHAs), the increasing evidence of environmental pollution,
and risk of chemical exposure, we aimed to design an alternative compound for managing bed bug
infestations. By transforming a naturally occurring monoterpene into its C4 elongated conjugate
esters, novel compounds were successfully synthesized in one step. Moreover, their impact on the

development and reproduction of bed bugs Cimex lectularius Linnaeus were tested.
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CHAPTER 1

THE SIGNIFICANT IMPACT OF NATURAL PRODUCT MODIFICATION ON DRUG

DEVELOPMENT

1. Introduction

Natural products (NPs) have historically been the major contributor of drugs for treating a
broad-spectrum of human diseases ! 2. Including plants, animals, microorganisms, and marine
organisms, NPs are a great source of biologically active compounds with a variety of
biological properties that allow for novel development of synthetic compounds .

There are a substantial number of natural drugs on the market, and the number of newer
compounds is steadily rising # . In fact, according to a detailed review recently published in the
Journal of Natural Products, more than half of the therapeutic agents authorized by the US Food
and Drug Administration (FDA) between 1981 and 2019 were derived from NPs or their synthetic
analogues °. Pure unaltered NPs represented 3.8% with 71 total drugs 6. In addition, other
categories of natural products were included in the review such as botanical drugs (coded NB, with
14 total drugs, 0.8%), natural product derivatives (coded ND, with 356 total drugs, 18.9%),
synthetic drugs made by total synthesis with a pharmacophore of a NP (coded *S, with 272 total

drugs, 14.4%), and mimic of natural products (coded NM, with 424 total drugs, 22.5%) °.



2. Structural Modulations of Natural Products
NPs commonly feature advantageous and diverse scaffolds, structural complexity, and
profuse stereochemistry 7> 8. However, due to their limited potency, harmful and adverse effects,
and poor physicochemical aspects, most natural compounds cannot be used as drugs °. In order to
optimize their therapeutic effects, lower their toxicities, and modify their physicochemical
properties, structural modulations are highly imperative %2, Examples on successful structural
modification of NPs and the strategies utilized to obtain more refined molecules can be briefly

summarized as follows.

3. Examples of Synthetic Strategies Used for The Modification of NPs

3.1. Structure Simplification

Simplified methods are usually used to remove structurally irrelevant features, especially
when dealing with large and complex compounds. The majority of NPs have a relatively high MW
and a complicated framework, resulting in a poor ADME profile 3. Moreover, failure to generate
drug-like NP derivatives may cause difficulties in the synthetic process 3. Therefore, molecular
dissection while sustaining the structure-activity-relationship (SAR) is unquestionably the best
tool for removing the limiting factors that restrict the development of NP-based drugs which
exhibit improved drug-likeness and are more synthetically accessible as well 34,

The marine NP, Halichondrin B, is reported to have antiproliferative activity similar to
other antitubulin drugs !4, yet with a distinctive mechanism of interaction with tubulin '>. This
anticancer agent has a MW of 1111.3 and is comprised of two moieties: a polyether with 18 chiral
atoms, and a macrolide with 12 chiral atoms 3. The two moieties are connected vis C-29 and C-30,
in which C-30 is linked to a lactone group that is susceptible to hydrolyzation, releasing the

macrolide moiety and ultimately losing the activity 6. To solve this problem, the oxygen atom of

2



the lactone group was replaced with a methylene group '¢. This approach prevented the hydrolysis
of the ester at the lactone linkage and also maintained the conformation unaltered. In addition, to
increasing its solubility while forming a salt, an amino group was introduced at the terminal of the
side chain as a solubilizing group '®. Collectively, these modifications resulted in the total synthesis
of a simpler molecule, eribulin, with 19 chiral atoms and a MW of 729.9, (Figure 1.1) 7. In 2010,
eribulin was approved by the FDA for the treatment of metastatic breast cancer and again in 2016

for soft tissue sarcoma '8,

HO 0

Halichondrin B

Eribulin

Figure 1. 1. Structural modification of halichondrin B to eribulin.



The synthesis of NPs occurs with high stereochemical specificity in organisms via the
process of enzymatic catalysis, providing compounds with chiral centers, and/or cis/trans
configurations. Those chiral centers not contributing in target binding should be changed as much
as feasible to their non-chiral analogues. The popular analgesic morphine, for example, has five
fused rings and five chiral centers !> 20, After structural alterations, such as the removal of the B,
C, and E rings, the synthetic analgesic, fentanyl, is a considerably simpler non-chiral analogue,
(Figurel.2) 2!, In 1998, fentanyl was granted the approval by FDA to treat the breakthrough pain

in patients with cancer as the first pain medicine 2.

e
F Q)
Morphine Fentanyl

Figure 1. 2. Structural modification of morphine to fentanyl.

3.2. Improving Activity or Selectivity
The natural antibiotic, vancomycin, is a known antibacterial used for a number of infections
caused by methicillin-resistant Staphylococcus aureus (MRSA) 23 24, This large glycopeptide
antibiotic is a hydrophilic molecule, is capable of preventing the synthesis of bacterial cell wall 2°
as well as the cross-linking of the N-acetylmuramic acid/N-acetylglucosamine (NAM/NAG)
polymers 6. Vancomycin exerts its effects through the formation of 5 hydrogen bonds with the

(D-alanyl-D-alanine) moieties of the cell wall peptides NAM and NAG ?’. However, resistance to



vancomycin has emerged due to alteration in the peptidoglycan terminal (D-alanyl-D-alanine)
being replace with (D-alanyl-D-lactate) 2%, resulting in low binding affinity to the cell wall
precursor (D-alanyl-D-alanine), and a successful formation of cross-links 2°. For that reason,
telavancin, a semi-synthetic second generation antibiotic was developed with unique
multifunctional mechanism of actions. It inhibits the process of transpeptidation, disrupting the
integrity of cell membrane and the synthesis of cell wall 3°.

The strategy execution during the synthesis of telavancin involved the introduction of a
long aliphatic chain into the amino-sugar component of, which adheres in the lipophilic membrane,
improving its stability and affinity for peptidoglycan in the target environment 3°, Furthermore, to
optimize the hydrophilic—lipophilic properties, a polar component amino-phosphonic acid is
tethered to the biphenyl moiety, (Figure 1.3) 3°. In 2009, FDA announced the approval of

telavancin for the treatment of complicated skin infections, and again in 2013 for treating bacterial

pneumonia 3!

. OH
P D \/\N
NH, H

OH OH

Vancomycin Telavancin

Figure 1. 3. Structural modification of vancomycin to telavancin.



3.3. Protecting Environmental Resources

Limitations such as seasonal availability and low yield make obtaining NPs from
separation often a challenging and time demanding task, and generally inefficient 32. In this
context, synthetic tools like semi- and total synthesis of NPs may have an immense influence on
the development of various novel synthetic methodologies 3. One example is the development of
the antibacterial agent, houttuynium. The plant Houttuynia Cordala, known in the traditional
Chinese medicine for treating colpitis in women *. However, this plant thrives in damp to wet
soil that is partially submerged in water and subjected to the heat of the sun, therefore, it is
unavailable during the winter seasons 4,

It is important to remember that medicinal development cannot be done at the expense of
natural resources and the environment, hence, the volatile oil houttuynin (3-
oxododecanal/decanoyl acetaldehyde), was extracted by a group of scientists from the Chinese
Academy of Medical Sciences (CAMS), and reported it as the main constituent of the volatile oily
mixture via GC-MS tool . Following the structural characterization of 3-oxododecanal, its total
synthesis was easily accomplished from simple starting materials. Furthermore, by using sodium
bisulfite in a reaction, 3-oxododecanal was converted into the corresponding sodium bisulfite
adduct, namely sodium new houttuyfonate (SNH) with a substantial increased solubility, 3
(Figure 1.4).

O O O OHO H

/\/\/\/\)J\/LLH /\/\/\/\)J\/LKXSOSNa

3-oxododecanal Sodium new houttuyfonate (SNH)

Figure 1. 4. Structural modification of 3-oxododecanal to sodium new houttuyfonate.



More examples of successful structural modulation of natural compounds by applying
synthetic strategies with the purpose of optimizing their biological and therapeutic potential for

clinical applications are listed in Table 1.1 and 1.2.



Table 1. 1. Examples of NPs modifications.

Natural product Synthetically modified natural The purpose of Reference
product modification

To increase 37

O O @) .
H ! H activity and
7 N N T
Ho & H &
HO 2 Y

NH o) metabolic stability

Enkephalin

To Improve 38

physico-chemical

properties

Artemisinin Artesunate




Table 1. 2. Examples of NPs modifications “contd”.

OH O OHO

Synthesis-driven drug

39

NH .
@ﬁfooco J R
OH
H
PN
Tetracycline Eravacycline
y §OOMe g $OOMe To increase potency and 40
\ . . .
o improve cytotoxicity
ho— ™ on
O~ S|\<
Genipin Genipin-triazole

Triptolide

Cl4-triazole subs. epi-triptolide derivatives

To reduce toxicity

41




4. Overall Objectives
As evidenced by previous examples of successful modification of NPs, we can affirm that
NPs, for decades, have been utilized as the source of inspiration for scientists to develop
compounds with profoundly unique structural features and optimized quality. Moreover, synthetic
chemistry can also be used to generate a wide range of natural product-based analogues with

potential therapeutics and improved overall drug-likeness. Qur central hypothesis is following a

simple homologous functionalization of privileged natural product scaffolds will yield new
chemical entities with improved biological properties. This dissertation entails our synthetic efforts

towards late-stage diversification of natural products in two studies:

4.1. Study-1: Late-stage diversification of lipoic acid:

From accessible materials, natural products can be modulated from being single-targeted
ligands to multi-targeted ligands, providing superior pharmacological potency and better
understanding of the pathogenesis underlying complex diseases, particularly Alzheimer’s disease
(AD). AD is a persistent neurodegenerative disease that causes permanent cognitive impairment
and a constant deterioration in the ability to handle daily activities independently, leading to
serious life - threatening complications > 43, Over the years, researches have mostly concentrated
on two hallmarks: amyloid-beta (A) protein and hyperphosphorylated tau protein neurofibrillary
tangles (NFTs) 44, Despite the colossal investment in disease-modifying drugs aiming to target
either AB or Tau proteins, they continue to fail with more setbacks than successful treatment 44,
Other factors including neuro-inflammation and oxidative stress are currently considered as

hallmarks of the disorder, but little is known about their contributions to the pathology and whether

each factor is regarded as a cause or a bystander -7, Up-to-date, there is no conclusive cure for
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AD, and most of the approved drugs are merely used for symptomatic purposes to improve
cognitive performance and quality of life 4.

Our research emphasizes the multifactorial nature of AD; thus, the importance of the
paradigm shift in drug development for AD from single-targeted ligands to multi-target directed
ligands. Hereby, by combining the structural features of the natural antioxidant —lipoic acid, and
the synthetic neuroprotective agent —arundic acid, hybrid small molecules of multifunctional
ligands were designed. This approach will improve the overall antioxidative and neuroprotective

traits of novel lipoic acid analogues.

4.2. Specific aim-2: Late-stage diversification of menthone:

Besides therapeutics, natural products applications can be used for protecting human health
and reducing environmental pollution and hazards *°. Bed bugs (Cimex lectularius L.) are reported
the most in urban areas and have raised many concerns regarding the public and environmental
health 5% 5!, The bugs survive solely on the blood of humans and animals causing skin rashes,
bleeding, inflammation, as well as psychological impacts including sleep difficulties, anxiety, and

32.33 Thus far, there are two

stress as a result of the continuous and overwhelming infestations
commercially available juvenile hormone analogues (JHAs), namely methoprene and hydroprene
31, JHAs are insect growth regulators (IGRs) that act by mimicking insect juvenile hormone, a
pivotal developmental hormone that plays a critical role in regulating insect’s life-cycle, keeping
insects in immature stages, and preventing their reproduction >*. Despite the fact that JHAs are

favored because of their demonstrated effectiveness and minimal toxicity to non-arthopods, their

efficacy for bed bug control is ambiguous .
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Because certain bed bug strains have acquired resistance to common insecticides % 7,

JHAs have only exhibited insecticidal activity when used at greater rates than those recommended

on the label 3!

. Eventually, observations such as aquatic toxicity and human overexposure to
insecticides via inhalation or skin contact have been reported 3. Hence, this part of the dissertation
focuses on developing a novel natural product-derived analogue as an IGR for managing bed bugs
with preferable safety profile compared to other available IGRs.

Overall, our research provides insights on how natural products can be used as a foundation
for the development of novel natural product-derived analogues using a range of approaches.
These novel analogues can lead to the development of new chemical entities with improved
activity for treating complex ailments as well as enhancing human health and the quality
of environment.

To address our hypothesis, two specific aims will be conducted: specific aim 1: synthesis
of novel hybrid of lipoic and arundic acids with potential synergistic antioxidant and
neuroprotective properties, and specific aim 2: synthesis of menthone homolog as insect growth

regulator and analyze its impact against (Cimex lectularius L.). The details of each aim are

represented in chapters (III) and (IV), respectively.
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CHAPTER IT

INTRODUCTION TO ALZHEIMER’S DISEASE

1. Introduction

AD is one of the most progressive neurodegenerative disorders that causes irreversible
memory impairment and continuous decline in carrying out daily tasks independently, which
results in severe complications and death > %, In 2021, the number of Americans living with
Alzheimer’s dementia is estimated to be 6.2 million with 5.3% of people age 65-74, 13.8% of
people age 75-84, and 34.6% are age 85 and older *°. As the size of the elderly population continues
to grow, the number of cases in the U.S. will increase rapidly as well >°.

Throughout the years, studies and reviews were primarily dedicated for two major
biological hallmarks: the accumulation of amyloid-beta protein fragments outside neurons in the
brain and neurofibrillary tangles of hyperphosphorylated tau protein inside neurons #*. These
changes are accompanied by synapse loss, mitochondrial damage, and the death of neurons #*.
Symptoms of AD worsens as plaques and tangles build up and damage the neurons **. Common

symptoms of AD include memory loss with attention and language deficits, disorientation,

hallucination, and difficulty with self-care .
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Alzheimer’s can be split into two groups: sporadic AD when the exact cause is not well-
defined and familial AD in which a dominant gene was inherited that speeds up the progression of
the disease ¢! %2, Sporadic AD is often referred to as late-onset Alzheimer’s and it accounts for the
vast majority of cases . The percentage of people with AD increases drastically with age: 17%
of people age 65-74 and 83% of people 75-85 and over °°, thus ageing is considered the greatest
risk factor for developing late-onset Alzheimer’s %4. Familial Alzheimer’s, on the other hand, is
often called early-onset Alzheimer’s and it accounts for 5-10% of cases and can be caused by
multiple gene mutations ¢ 66,

In addition to age, researchers have identified several genes that contribute to increasing
the risk of AD. It has been shown that inheriting one e4 allele of the apolipoprotein E gene (ApoE
e4) strengthens the impact of developing late-onset Alzheimer’s ¢7. In fact, those who inherit two
copies of the e4 allele, one from each parent, have 8-12 risk fold ®8. Apolipoprotein E helps
breaking down beta-amyloid, however it appears that the e4 allele is less effective than other
alleles, such as ApoE €2, which indicates that beta-amyloid plaques are more likely to evolve .
Mutations in the PSEN-1 or PSEN-2 genes on chromosome 14 or chromosome 1, respectively,
have been linked to an increased likelihood of developing early-onset Alzheimer’s 7°. These genes
encode for presenilin 1 (PS-1) and presenilin 2 (PS-2) proteins, both are subunits of y-secretase ¢!
79, Such mutations can alter the location where y-secretase cuts amyloid precursor protein (APP),
thus producing different length of beta-amyloid molecules that are known to clump up and
ultimately form plaques. Trisomy 21 (Down syndrome), is another known genetic cause of
Alzheimer’s and it involves having an extra copy of chromosome 217% 7!, The gene responsible

for producing APP is located on chromosome 21 72, this implies that people with Down syndrome

have an extra APP gene and more likely to have an increased expression of APP, therefore an
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increased amount of amyloid plaques aggregation 7! 72, In consequence, familial AD often

advances by age 40 in patients with Down syndrome 7!

2. Etiology and Hypotheses of Alzheimer’s Disease

Despite the apparent thorough analysis of the etiology and pathology of AD, owing to its
complicated pathological characteristics, the exact underlying mechanism has yet to be completely
understood. However, the two main pathological hallmarks of AD are the deposition of AP
peptides and the accumulation of NFTs %4, These have been known as being at the core of the
pathogenesis of AD. After all, the lack of information about the exact cause of the disease has
hindered the development of effective new drugs.

In addition to AP and NFTs, other contributing factors have been hypothesized in order to
find a clear explanation of the underlying mechanism of AD. Above all, the loss of cholinergic
functions has served as the basis for developing therapies and most of the drugs currently approved
by the United States Food and Drugs Administration (US FDA) are the products of this hypothesis
3, Other hypotheses such as neuro-inflammation and oxidative stress have recently gained
increasing interest and attention from researchers and considered as hallmarks of the disorder, but
little is known about their contributions to the pathology, and whether each factor is regarded as a
cause or a bystander ¥*-*7. AD is a complex set of defects that cannot be explained based on a single
hypothesis, but rather a combination of other cellular events that account for the disease’s
development and progression.

2.1. The Amyloid Hypothesis

The amyloid hypothesis postulates that imbalanced AP production, aggregation and

clearance, leads to plaque aggregation followed by a series of biochemical events that eventually

advance into AD 74, The starting point for amyloid plaques is amyloid precursor protein, which is
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made inside the cell and becomes imbedded on the surface of many cell structures- the plasma
membrane, Golgi apparatus, endoplasmic reticulum (ER), endosome, lysosome and mitochondria
75, Mutations in APP gene disrupt the normal process of which APP is cleaved, leading to the
formation of toxic proteins particularly in early onset AD 7°. APP undergoes sequential proteolytic
cleavage by three specific secretase enzymes 6. These enzymes are called B-secretase, y-secretase
and o-secretase 5. APP processing may follow one of two pathways that have very different
consequences for the cell, depending on which enzyme is involved and the segment of APP where
the cleaving occurs.

Under normal conditions, the non-amyloidogenic pathway, APP is cleaved by the
metalloprotease a-secretase close to the outer cellular membrane releasing a soluble fragment of
amyloid precursor protein (sAPPa), which has beneficial properties, such as promoting neuronal
growth and survival 777, Next, the remaining fragment of APP, a C-terminal fragment (C83), is
cleaved by y-secretase resulting in the formation of p3 peptide (3 kDa) and generation of APP
intracellular domain (AICD) 7% 78,

In the harmful pathway, the amyloidogenic pathway, B-secretase first cleaves the APP
molecule in close proximity of the transmembrane domain, releasing soluble fragment of APP
(sAPPP) from the cell and C-terminal fragment (C99) 778, The membrane-bound C99 fragment
is subsequently cleaved by y-secretase leading to the formation of APP intracellular domain
(AICD) and releasing AP peptide fragment in the extracellular space 7°. AP peptides tend to bind
to more A peptides, other proteins and cellular material are then incorporated, ultimately forming

the well-known AD-characteristic amyloid plaques, (Figure 2.1) 7678,
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Figure 2. 1. Schematic representation of APP processing in AD.

The amyloid cascade hypothesis is argued against by evidence from several
experimental and clinical trials. In some cases, large quantities of amyloid aggregates could be
found in the brain with little if any clinical AD symptoms; therefore, amyloid alone is not
sufficient to cause the disease 7°. Transgenic mice with a defective variant of human APP gene
along with a mutated form of presenilin 1 and 2 generate significant amounts of amyloid in their
brain notwithstanding their poor performance in spatial memory tests (such as the Morris water
maze), they never develop any of the well-known AD pathologies *°. Furthermore, transgenic mice
expressing only amyloid-f peptide without APP expression, produce a substantial amount of

amyloid-B without cognitive decline, hence this data provides a clear indication that AP alone is

not adequate to trigger AD symptoms and pathology 8'.
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2.2. The Tau Hypothesis
The Tau theory suggests that neurotoxic accumulation of neurofibrillary tangles in the
brain eventually causes neuronal loss and synaptic dysfunction, leading to neurodegeneration %
8, The formation of neurofibrillary tangles starts when Microtubule-Associated Protein Tau
(MAPT), known for its role in stabilizing internal microtubules and transporting nutrients in

neurons ¥

, begins to undergo a number of post-translational modifications including
phosphorylation #. When tau is phosphorylated, it helps supporting microtubules by binding to
them *°. In AD, an irregularly significant number of additional of phosphate molecules bind to tau
and as a result of this hyperphosphorylation, tau loses its ability to promote microtubule assembly
and aggregates with more tau threads to form paired helical filaments (PHFs) and NFTs, (Figure
2.2) 3385 In the process, microtubules disintegrate and become destabilized, which destroys the
neurons' ability to interact with each other 34 This collapse triggers a cascade of events that
progressively display in the symptoms of AD %.

Although the amyloid theory postulated that tau accumulation occurs downstream of A3
aggregation ®, the brains of patients with mild dementia and no pathology of AP were found to
have tau tangles 833, In addition, tau pathology associates with the advancement and severity of
AD more closely than AB plaque load does #. While AB plaques can appear in the brains of people
who do not encounter neurodegeneration, the same cannot apply for NFTs that are found in
frontotemporal dementia as well as other tauopathies 8 3%, Perhaps it is because amyloid plaques

are formed in the extracellular space while tau tangles develop inside neurons where axonal

transport may be significantly impaired.
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Figure 2. 2. Progress of tau pathology in AD.

2.3. The Cholinergic Hypothesis

The cholinergic hypothesis, which is already known to be classical at present, is the basis
behind the use of acetylcholinesterase inhibitors (AChEIs) as treatment for AD. The first
hypothesis proposes that the loss of cholinergic neurons that thereafter contributes to dysfunction
of cholinergic activity can play a role in memory loss and subsequent cognitive deficits (often
observed in the brain of AD patients) 7.

Acetylcholine (Ach) is an organic molecule produced in cholinergic neurons by the enzyme
choline acetyltransferase from choline and acetyl-CoA chemicals 8. Acetylcholine is a key
component of the central nervous system, supporting cognitive functions from the basal forebrain

through the hippocampal and cortex areas 3°. Additionally, it has muscle-activating properties in
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the peripheral nervous system 8. This neurotransmitter is hydrolyzed by two major cholinesterase
enzymes, acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) °°. This process
promotes healthy cell signaling and ensures that overstimulation of the neurons is avoided %.

It is well known that the levels of AChE near amyloid plaques and NFTs rise significantly
with each stage of the illness, and it has been postulated that AChE may interact directly with Af
to promote plaque production > °°. Consequently, using AChEIs or modulating other cholinergic
receptors (muscarinic and nicotinic ACh) can lead to enhanced acetylcholine concentrations in the
brain, increased cholinergic transmission, and eventually restoration of cholinergic function,
resulting in a decrease in the severe lack of cognitive function 8% °!. This hypothesis contributed to
the rise of the only currently approved drugs to treat AD by the FDA, namely (tacrine, donepezil,

rivastigmine and galanthamine) °2.

2.4. The Oxidative Stress Hypothesis

Oxidative stress refers to the lack of balance between antioxidants and pro-oxidants, in
which the oxidants are overly produced or the dysfunction of antioxidants °3. This
imbalance causes a buildup of reactive oxygen species (ROS) and other free radicals, which can
affect main cellular components; such as lipids, proteins, and DNA, and it may result in cellular
apoptosis %+ %,

Under normal conditions of cellular metabolism and numerous functions, in order to
maintain cellular homeostasis, radical superoxide (O:" ) and the non-radical hydrogen peroxide
(H207) oxidants are produced. In the presence of catalytic iron or copper ions, excessive
production of (02" ) and (H202) can cause tissue damage, which frequently triggers

the formation of the highly reactive hydroxyl radical (OH") and other oxidants (43,44,45). As a

result, because metal facilitates redox reactions, one of the most important forms of antioxidant
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defense is collecting and distributing iron in aspects that do not catalyze the forming of reactive
radicals, as is often the case during tissue damage, when iron availability increases, potentially
speeding up free radical reactions ** %>

There is compelling evidence that brain tissue in Alzheimer's patients is subjected to
oxidative stress throughout the time of the disorder %*. Age is the paramount risk factor for AD *4,
which is associated to the free radical theory. The oxidative stress in AD can be manifested through
specific markers comprising proteins oxidation, lipids oxidation, and DNA oxidation °.

2.4.1. Protein Oxidation

The attack of ROS on protein's side-chains results in the oxidation of the amino acid
hydroxyls and the generation of a load of aldehyde and ketone derivatives that can then attack
amino acids to generate protein based-carbonyls, a mechanism known as protein carbonylation **
%, Reactive carbonyl moieties are higher in the frontal and parietal lobes, as well as the
hippocampus, as a result of this oxidation *°. Protein carbonylation has been proposed as a useful
indicator of the extent of oxidative damage to proteins, which has been linked to oxidative

stress and Alzheimer's disease 23 94 %,

2.4.2. Lipid Oxidation
Lipid peroxidation contributes to oxidative stress by ROS mediated damage to the side
chains of lipids found in the brain *°. A hydrogen atom is removed from the methylene carbon as
part of the process *. The molecule's susceptibility increases as the number of double bonds
increases **. As a result, polyunsaturated fatty acids (PUFAs) are more vulnerable to peroxidation.
Moreover, products of lipid peroxidation and lipoperoxidation of membranes are elevated in the

frontal/temporal cortex and hippocampus regions of the brain, and are significantly induced by A
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and NFTs ** %, Thus, lipid peroxidation is linked to the neuronal damage in AD and is a special

marker in neurodegeneration *°.

2.4.3. DNA Oxidation

Oxidative stress causes DNA bases to be sensitive to hydroxylation, protein carbonylation,
and nitration . In Alzheimer's disease, brain ROS causes calcium influx via glutamate receptors,
prompting an excitotoxic cascade that leads to apoptosis "> 8. When oxygen combines with
uncontrolled redox-active metals, reactive oxygen species (ROS) are produced *8. Increased levels
of 8-hydroxy-2-deoxyguanosine (80OHdAG) and 8-hydroxyguanosine (80OHD) reflect DNA and
RNA oxidation °-?8, These markers have also been observed in AP plaques and NFTs in AD brains
97,98

Additionally, research studies reveal that consuming antioxidants in the diet lowers the risk
of Alzheimer's disease *. Antioxidants often have the capacity to prevent amyloid accumulation
as well ?°. Accordingly, antioxidant treatment is beginning to gain the researchers' interest as a

promising strategy to target AD

2.5. The Neuro-Inflammation Hypothesis
In the central nervous system, there is clear evidence of astrogliosis and microgliosis along

100102 Hyper-activation of

with other inflammation-related indicators present in AD brain tissue
astrocytes and microglia is associated in the progression and development of AD giving their role
as the primary effectors of the innate immunity ' 12, When compared to normal individuals,
these cells exhibit up to 5 times the activity and concentration in the proximity of amyloid plaques
and NFTs in AD patients '°3. The impact of these cells on the neurotoxicity or synaptotoxicity is

highly influenced by any disproportion in their protective and detrimental functions. Furthermore,

increased S100B expression has been observed in the brains of individuals with AD %4,
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It was proposed that S100B abundance is amplified in reactive astrocytesand microglia co-
localized with § amyloid plaques, where escalating production of IL-1 by activated microglia has
also been detected '%. The phenomenon starts when diffuse deposits of B amyloid first stimulate
and trigger IL-1B-secreting microglia, which promote astrocytes and activate astrocyte-derived
S100B production %4 105 This self-producing neuroinflammatory loop induces both activated
microglia and astrocytes to produce more proinflammatory cytokines such as IL-1p, TGF-$, IL-

12, and IL-18 and other acute-phase reactants '

. Eventually, supraphysiological levels
of toxic oxyradicals and nitric oxide are produced '°. In addition to increasing inflammatory
responses, these pro-inflammatory substances are prone to causing further indirect neuronal
damage in the AD brain 1%+ 105, Recently, a growing research is moving in the direction towards

the use of anti-inflammatory drugs as a therapeutic approach aimed at neurodegenerative diseases,

especially AD 17,

3. Treatments of Alzheimer’s Disease
With the goal of intervening with the disease's progression, most of the drugs in
development are disease-modifying, in the notion of that these therapies aim at the pathological

stages that lead to AD, whereas all of the present FDA-approved drugs are symptomatic therapies

108, 109

3.1. Symptomatic Treatments
The term "symptomatic" is used to describe drugs that improved cognition or controlled
neuropsychiatric symptoms without affecting the underlying factors that lead to cell death in AD
10
There are three types of drugs that are approved to treat the disease in different stages. The first

type is Cholinesterase inhibitors, this includes Donepezil (Aricept®), Rivastigmine (Exelon®),
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and Galantamine (Razadyne®) **. An additional drug that belongs to this class and was the first
FDA-approved AChEI is Tacrine (Cognex®), however, it was taken off market in 2013 due to
hepatotoxicity ''!. The second type is Glutamate regulators with with only one drug, named
Memantine (Namenda®) #*. Lastly, the third type is a combination of Cholinesterase inhibitor +
glutamate regulator, Donepezil and memantine *3.

Clinical trials have confirmed their positive benefits on improving cognitive functions
compared to placebo in the treatment of AD !'2. Unfortunately, the beneficial effects are
often short-term and the disease continues to advance because none of these drugs have been

proven to halt or delay the course of AD, emphasizing the disease's complicated pathophysiology

43,112

3.2. Disease-Modifying Treatments
The terminology "disease-modifying" refers to therapies that aim to modify the
underlying biology of AD and create neuroprotection, typically via a number of different

113 Almost two decades of research was dedicated, and still is, mainly towards Ap

mechanisms
plaques through different approaches:  or y- secretase inhibitors, a- secretase activators, anti Af3
aggregation, production, and deposition #*» ''3-115 In addition, many studies were invested in
developing drugs that target NFTs of tau protein with either its aggregation or hyper-
phosphorylation !'®. Nonetheless, disease-modifying strategies for AD have consistently failed in
preclinical and clinical trials, despite the massive efforts and investments in the research of AD-
modifying therapeutics !'7. As a consequence, treatment failures attributed to these hypotheses

show that these hypotheses may not be adequate to understand and explain the pathogenesis of

AD.
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Regardless, it is worth mentioning that in June 2021, the U.S. FDA granted an accelerated
approval to Aducanumab (Aduhelm™) for the treatment of AD as the first disease-modifying drug
since 2003 ¥, Aduhelm is an anti-amyloid antibody intravenous infusion acts on the reduction of

18 This major breakthrough has received mixed views and

amyloid beta plaque in the brain
opinions because the approval of this drug is solely based on a surrogate endpoint that requires an
additional post-approval trial to further confirm that Aduhelm indeed provides the anticipated
clinical benefits.
3.3. Alternative Therapies

As a consequence of the repeated nonfulfillment of drugs that are related to AP deposits
and tau tangles hypotheses, alternative approaches are being considered as new strategies to target
AD. For instance, antioxidants, anti-inflammation, neuroprotective agents, type Il diabetes drugs,
p38a kinase inhibitors, ketone body elevators, antiviral drug, as well as drugs promoting vascular
risk reduction and cholesterol removal from the brain #> 1% 120, However, due to their limited

progress and lack of efficacy in clinical trials, it was suggested that it is time to finally consider

unconventional methods of developing therapeutics for AD 3 119120,

4. The Multi-Target Ligands Paradigm
As previously stated, Alzheimer's is a complex disorder involving a variety of pathogenic
processes. Therefore, designing a one compound for a single target appears as an outdated
principle. In many conditions, the "single ligand, single target" paradigm attains its purpose, but
when dealing with multifactorial disorders such Alzheimer's, molecules that are aimed at a single

target may not be clinically effective 2!,
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In chapter III, we describe our efforts towards developing novel molecules for AD. Our
research urges the recognition of the multi-factorial nature of AD and undertakes the multi-target
directed ligands approach. By combining the structural features of two compounds that exhibit

antioxidant and neuroprotective activities, bivalent ligands were designed.
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CHAPTER III

LATE-STAGE DIVERSIFICATION OF LIPOIC AND ARUNDIC ACIDS — SYNTHESIS
OF NOVEL HYBRID CHEMICAL ENTITY WITH POTENTIAL SYNERGISTIC

ANTIOXIDANT AND NEUROPROTECTIVE PROPERTIES

1. Introduction
1.1. a -Lipoic Acid
Alpha lipoic acid (ALA) is a compound present in mitochondria, essential for a variety of
enzymatic functions, often known as 1,2-dithiolane-3-pentanoic acid or thioctic acid 12> 23, Reed
isolated ALA in 1951 from processed liver, and it was first used in clinical practice in 1959 to treat
acute poisoning by Amanita phalloides, popularly known as death cap (from mushrooms) '22. ALA
is an organosulfur molecule found in nature and formed by plants, animals, and humans %3,
Moreover, it is a cofactor for several enzyme complexes involved in cell energy production in the
Krebs cycle, and it plays a key part in numerous chemical processes 2% 124,
a-Lipoic acid can be oxidized or reduced since it has two thiol groups. Dihydrolipoic acid
is the reduced form (DHLA) '?°. Because ALA is a chiral molecule with one asymmetrical carbon
atom, it can exist in two enantiomers !, S-lipoic acid is a synthetic isomer with no significant

activity 26,
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On the other hand, only R-lipoic acid is the naturally occurring isomer in some food and
endogenously synthesized, making it the isomer responsible for the biological activities of ALA
124,126 Supplements of lipoic acid contain both isomers in a racemic mixture (+) without the need

to resolve the S-isomer since it does not have any recorded adverse effects, (Figure 3.1) 124,

0] @)
s-S s-S
(S)-(-)-a-Lipoic acid (R)-(+)-a-Lipoic acid

Figure 3. 1. Chemical structure of both enantiomers of lipoic acid.

Although alpha-lipoic acid is commonly considered as a healthy element in our diets %9, it
has yet to be approved by the FDA as a supplement for any health-related purposes. Reportedly,
the “universal antioxidant” has significantly shown both physiological and pharmacological
properties 2. For example, in cases of heavy metal poisoning (Pb, Hg, As, Se) in animal tissues,

it exhibits curative and protective effects 28

. Furthermore, ALA appears to have the potential in
managing diabetes, which is one of the most useful applications of lipoic acid '?°. It is permitted
as part of a therapy plan for diabetic patients in some countries '%°.

Most importantly, ALA has received considerable recognition for its potential to hinder the
pathogenesis or progression of AD, mainly for its antioxidant activities '3 !3!, Tt has shown to
activate choline acetyltransferase, therefore increasing the production of acetylcholine 24, Tt was
also found to increase the uptake of glucose which helps produce more acetylcholine from acetyl-
CoA 2%, Moreover, it acts as a metal chelator, chelating toxic redox-active transition metals that

are found to stabilize and promote the aggregation of amyloid plaques, suggesting that LA can

reduce the amyloid burden and enhance its extraction in AD cases '?* 132, Additionally, LA is able
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to scavenge free radicals and decrease the levels of pro-inflammatory cytokines such as IL-1, IL-
6, TNF and iNOS, making it a great anti-inflammatory as well as antioxidant for individuals with
AD that usually express elevated levels of free radical and cytokines '2* 133, Furthermore, Joseph
F Quinn et.al, investigated the effect of LA on the Tg2576 mice, a transgenic model of AD-
associated cerebral amyloidosis '?* 134, In the study, the authors were able to illustrate that LA-
treated Tg2576 mice displayed superior performance in the Morris water maze experiment than
untreated Tg2576 mice in terms of learning and memory retention 34, However, the reduction in
memory deficit was not accompanied with the observation of reduced levels of amyloid plaques
134

Altogether, clinical trials of lipoic acid in various neurological disorders have revealed
promising benefits, nonetheless, these findings were supported by low quality trials. Further
research is required to provide sufficient evidence of the above effects of LA and to explore its full

antioxidant potential.

1.2. Arundic Acid

ONO-2506, (R) -(-)-2-propyloctanoic acid, or arundic acid, is a neuroprotective agent due
to its effects on activated glial cells, astrocytes and microglia '3°. It exerts its neuroprotective
activity by the inhibition of SI00B synthesis, a calcium-binding protein '3 136, Tt was discovered
by Ono Pharmaceutical Co., Ltd., (Mishima, Osaka, Japan) as a synthetic compound, (Figure 3.2)
during a random screening process and was found to ameliorate astrocytes function 3. Moreover,
it has shown inhibitory effects both in-vitro and in-vivo of activated glial-induced synthesis of
S100B, and has completed phase-II of clinical trials for the treatment of various neurodegenerative

diseases such AD and amyotrophic lateral sclerosis '*.

29



OH

Figure 3. 2. Chemical structure of (R)-Arundic acid.

As mentioned in chapter II, the synthesis and levels of S100B is upregulated in brains with
AD pathology '*7. In Tg APPsw mice, a transgenic mouse model of AD, the overexpression of
S100B from reactive gliosis -astrocytosis and microgliosis- precedes the formation of 3-amyloid
plaques '¥7. Additionally, nuclear factor-kB, a major transcription factor in many inflammatory
reactions, is also activated by S100B protein '37. In a study conducted by the lab of Takashi Mori,
it was concluded that arundic acid attenuated the levels of SI00B protein, S100B-associated B3-
amyloid peptide, and the deposition of B-amyloid '*°. In addition, a substantial amelioration in B-
myloid plaque-associated reactive astrocytosis and microglios was reported in the arundic acid-
treated Tg APPsy, compared to the vehicle-treated mice '°°. If the AD-like pathology in these mice
is indicative of the clinical ailment, these results propose that inhibiting S100B synthesis might be
an innovative and beneficial therapeutic strategy, specifically for slowing disease progression
and/or delaying its onset. Based on these findings, arundic acid is suggested to be a promising
therapeutic drug for AD that warrants further investigation 136 138,

Collectively, these findings point to the need for further exploration of the role of
antioxidants and neuroprotective agents as disease-modifying therapeutics. Our research instigates
considering unconventional perspectives for therapeutic approaches towards a disease with
multifactorial nature. In this context, we rationalize the hybridization of lipoic and arundic acids

to endow the novel hybrids with improved antioxidant and neuroprotective properties. For a

multifactorial disease, a multi-target directed ligands appear to be a more plausible strategy than
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the single-target directed ligands that have yet to be effective in treating or even slowing down the

disease’s progression.

2. Innovation

The key aspects of innovation in this study is the incorporation of a propyl moiety a to the
carboxylic acid group in lipoic acid to provide novel hybrids with the potential of synergistic
neuroprotective and antioxidant effects. Hybridizing the similar structural features of a natural
antioxidant with the synthetic inhibitor of S100B is a matter that has not been done and explored
before, (Figure 3.3). In addition, we were able to take advantage of our scheme for a novel
synthesis of both antipodes of lipoic acid starting from enantiomerically pure intermediate ester
through a sequence of chemical transformations reported in the literature with some modifications.

e} O

/\/\/\)I\OH OH

s—9S

Figure 3. 3. Illustration of similar structural features of ALA and arundic acid.

3. Approach
Taken into consideration that it is only the (R) enantiomer of arundic acid that exhibits

inhibitory activity against SI00B protein, and that both enantiomers of ALA are available in over-
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the-counter dietary supplements as a racemic mixture, we aimed for the synthesis of two
diastereomers both having the R configuration a to the carboxylic acid, similar to that of arundic

acid, with stereoisomeric variation at C6 of lipoic acid unit to provide 1a and 1b, (Figure 3.4).

g-S
Q-Lipoic acid Arundlc acid
g-S S—
1a 1b

Figure 3. 4. Structures of proposed compounds.

From there, we first aimed to design a short and efficient synthetic route for the synthesis
of 1, starting from affordable enantiomerically pure (S)-(-)- or (R)-(+)-lipoic acid tethered to a
commercially available Evans oxazolidinone as a chiral auxiliary for the asymmetric alkylation

reaction, followed by the hydrolysis of alkylated products to give 1a or 1b, respectively, (Scheme

3.1).

©) O o O o
MOH — (\)/\/\g)LN/Z{o . (\y/\/\)LNJ(O
SN s-S \/'Bn)\/ s-S Bn)\/

O
— MOH
S-S

Scheme 3. 1. Retrosynthetic analysis of 1 (a) and (b) using the first approach.
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As for the second approach, we attempted to employ 1,2,4-butanetriol chiron as our starting
material in the synthesis process to control, and maintain, the chirality at C6 of lipoic acid unit
while performing chemical transformations that will result in the desired chirality at C2 position.
We proposed that compound 1a will be obtained by the removal of chiral auxiliary group from 2a
which in turn will be made from the corresponding diol 4a through a di-mesylated intermediate.
The diol 4a will then be prepared from the acetal deprotection of Sa, which is a product resulted
from a diastereoselective alkylation of 7a that will be made by a covalent coupling of chiral
auxiliary to compound 8a. Compound 8a will be achieved from the hydrolysis of the ester 9a
which will be made ready from the olefination followed by hydrogenation of aldehyde 11a that
will eventually disconnect into the enantiomerically pure C4 building block starting material (S)-
1,2,4-butanetriol 13a through appropriately designed chemical reactions, (Scheme 3.2). By using
the same analogy, compound 1b will be achieved from (R)-1,2,4-butanetriol 13b via the reduction

of its precursor (R)-malic acid 14b, (Scheme 3.3).

SN = T NS
B
1a 2a 4a
0 0 0 o o
o asne N e s NG
NG BH)\/ — o s § — o_ ¢
> 7a 8a
o
MOH mo
_— o — o o :r’: H

0.
\/Y\OH

9a 11a 13a

Scheme 3. 2. Retrosynthetic analysis for the synthesis of compound 1a.

33



7b 8b

— HO\/\E/\OH —
S
9b 11b 13b

Scheme 3. 3. Retrosynthetic analysis for the synthesis of compound 1b.

In terms of adopting a short and effective synthetic route, the third -and final- strategy is
similar to the first. We postulated that using L-menthol as a chiral auxiliary will result in a preferred
asymmetric and diastereoselective alkylation of the corresponding menthyl lipoate derivative
when using a pure enantiomer of lipoic acid as the starting material. Our retrosynthetic analysis
for 1b disconnects the menthyl lipoate 19 into R-lipoic acid and L-menthol that could be assembled
by simple esterification reaction followed by asymmetric alkylation, and finally ester hydrolysis

to provide the final desired product 1b, (Scheme 3.4).
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Scheme 3. 4. Retrosynthetic analysis of 1b using L- menthol for asymmetric alkylation.

4. Results and Discussion

We attempted the synthesis of 1b by using the first approach which involves tethering (R)-
(+)-lipoic acid to a commercially available chiral auxiliary Evans oxazolidinone, as the first step
of the synthesis. Lipoic acid was dissolved in THF and treated with the base Et:N and pivaloyl
chloride at -20 °C, followed by LiCl and (4R)-benzyloxazolidin- 2-one to afford MJS-1 in 79%
isolated yield, (Figure 3.5). Next, the second step includes the asymmetric alkylation of MJS-1
(C-C bond formation in alpha position to the carbonyl). However, this step failed to obtain the
alkylated derivative of MJS-1 despite our efforts to monitor the reaction conditions by screening
several parameters, such as different bases, alkylating reagents, temperatures, and reaction
duration. Subsequently, the third-and last- step, that includes the removal of the chiral auxiliary to
ultimately furnish the desired product 1b was not achievable. Similarly, the synthesis of 1a was
carried out starting from (S)-(-)-lipoic acid with successful attachment of chiral auxiliary and no

alkylation of the product was attained.
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o) o o]

a
OH -_— N%
0]
S/S S/S
Bn

Figure 3. 5. Synthesis of MJS-1.

Reagents and conditions: a-1) triethylamine, pivaloyl chloride, 20°C, 2 h, THF; a-2) LiCl, (4R)-

benzyloxazolidin- 2-one, 0 °C —rt, 4 h, 79%.

Moving forward to the second approach, the synthesis of 1a started with a regioselective
protection of the enantiopure (S)-1,2,4-butanetriol 13a in the presence of benzaldehyde dimethyl
acetal, triethylamine, and a catalytic amount of camphorsulfonic acid at room temperature to give
the acetal compound 1,3-dioxan 12a in excellent yield, (Figure 3.6). Optimization conditions for

this reaction are listed in Table 3.1.

KY\ OH
HO a o 0
R ————

OH

13a 12a

Figure 3. 6. Diol protection of 13a into 1,3-dioxane 12a.

Reagents and conditions: a) PhCH(OMe),, CSA, CH2Cl,, EtsN, rt, 16 h, 92%.
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Table 3. 1. Optimization conditions for 12a.

Base . %
Entry Reagent Catalyst (TEA) Temp/Duration Yield
1 equiv. 0.03 equiv. 0.1
1 benzaldehyde p-toluenesulfonic . 'i rt/ 12 h 45% °
dimethyl acetal acid quv:
1.2 equiv. 0.05 equiv. 0.1
2 benzaldehyde p-toluenesulfonic cquiv 1t/ 16 h 51%"°
dimethyl acetal acid quiv-
1 equiv. 0.03 equiv. 0.1
3 benzaldehyde camphorsulfonic . ﬁiv rt/ 12 h 63% "
dimethyl acetal acid quiv-
1.2 equiv. 0.05 equiv. 0.1
4 benzaldehyde camphorsulfonic . 'i rt/ 16 h 9204 *
dimethyl acetal acid quv:

2=vyields reported for isolated compounds.

Next, 12a was subjected to oxidation reaction in which the alcohol functional group was
transformed into the aldehyde derivative 11a. The oxidation of 12a was attempted via Dess-
Martin-Periodinane (DMP) and Swern oxidation reactions, (Figure 3.7). Only the swern oxidation

was able to furnish the aldehyde 11a in a quantitative yield after purification.

W\OH MO
(0] (o] b 0. (0]
6 12a 5 11a

Figure 3. 7. Oxidation of 12 a.
Reagents and conditions: b) DMP oxidation: DMP, anh. CH>Cla, 0 °C, no reaction.

Swern oxidation: b-i) (COCI),, DMSO, CH>Cly; b-ii) Et;N, -78 °C to rt, quantitative.
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The resulting aldehyde 11a was then reacted with Horner—-Wadsworth—-Emmons reagent
and LiHMDS at -78 °C to produce the di-olefins 10a as a mixture of inseparable cis and trans
isomers, (Z:E) equaled 8:92, respectively, (Figure 3.8). The mixture did not require further
purification in order to separate the two isomers, because in the next step which involves the
saturation of both isomers, one compound 9a will eventually be produced. Consequently, the
saturation of the di-olefins 10a was carried out by using palladium in the form of Pd/C as a
hydrogenation catalyst under H> atmosphere for 24 h at room temperature to provide the

corresponding saturated ester 9a in 40% overall yield (with respect to alcohol 12a), (Figure 3.9).

11a 10a

Figure 3. 8. Horner—-Wadsworth—-Emmons olefination reaction.

Reagents and conditions: ¢) LIHDMS, THF, triethyl 4-phosphonocrotonate, 0 °C, 2h.

o (¢}

OEt OEt
d o )

O le}
10a

Figure 3. 9. Hydrogenation of the di-olefins 10a.
Reagents and conditions: d) Pd/C (cat.), EtOAc, Ho, rt, 24 h, 40% for 9a (based on 12a).
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Subsequently, hydrolysis of ester 9a was achieved with 4 M LiOH/H»O solution in THF
for 24 h at room temperature to give the acid 8a in 63% yield, (Figure 3.10). Next, in order to
control the stereoselectivity in the alkylation reaction, the acid 8a was then treated with EtsN and
pivaloyl chloride in the presence of anhydrous THF at -20 °C for 2 h, followed by LiCl and readily

available oxazolidinone chiral auxiliary to afford 7a in 80% yield, (Figure 3.11).

9a 8a

Figure 3. 10. Hydrolysis of ester 9a.
Reagents and conditions: e) 4 M LiOH/H,O, THF, rt, 24 h, 63%.

8a 7a

Figure 3. 11. Chiral auxiliary incorporation into 8a.

Reagents and conditions: f-i) TEA, pivaloyl chloride, THF, -20°C, 2h; f-ii) LiCl, (R)-4-Benzyl-

2-oxazolidinone, 0 °C - rt, 2h, 80%.

Diastereoselective alkylation of 7a was then carried out by deprotonation with LIHMDS at
0 °C to form a rigidly chelated enolate that was alkylated by allyl bromide in which the least

hindered diastereoface is preferred to deliver 6a with 63% isolated yield, (Figure 3.12). By
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employing the oxazolidinone chiral auxiliary in the previous step, the desired stereogenic center
at C2 was created successfully. It is worth mentioning that this step required much time, resources,
and efforts to achieve the synthesis of 6a. A plenty of trials were attempted using different
combinations of bases, alkylating reagents, and reaction’s temperatures and durations for the

product to be finally synthesized, (Table 3.2-3.5).

7a 6a

Figure 3. 12. Diastereoselective alkylation of 7a.

Reagents and conditions: g-i) LIHMDS, THF, 0 °C, 1h; g-ii) C3HsBr, 63%.
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Table 3. 2. Optimization conditions for 6a.

Entry Base Alkylating reagent Temp. Duration Remarks

1 30 min. No reaction
-78°C

2 l1h No reaction

3 30 min. No reaction
-20 °C

4 l1h No reaction

Cs:H7Br
5 30 min. No reaction
0°C
6 l1h No reaction
7 30 min. SM
rt

8 l1h SM

9 30 min. No reaction
-78°C

10 l1h No reaction

KHMDS

11 30 min. SM
-20 °C

12 l1h SM

CsHsBr
13 30 min. No reaction
0°C
14 l1h SM
15 30 min. SM
rt

16 l1h SM

17 30 min. No reaction
-78°C

18 l1h No reaction

CsHsI

19 30 min. No reaction
-20 °C

20 l1h No reaction
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Table 3. 3. Optimization conditions for 6a “contd”.

Entry Base Alkylating reagent Temp. Duration Remarks
21 CsHsI 30 min. No reaction
0°C
22 1h No reaction
KHMDS
23 30 min. SM
1t
24 1h SM
25 Cs;H7Br 30 min. No reaction
-78°C
26 1h No reaction
27 30 min. SM
-20 °C
28 1h No reaction
29 30 min. No reaction
0°C
30 1h No reaction
31 30 min. No reaction
1t
32 1h No reaction
NaHMDS
33 CsHsBr 30 min. No reaction
-78°C
34 1h No reaction
35 30 min. No reaction
-20 °C
36 1h No reaction
37 30 min. SM
0°C
38 1h SM
39 30 min. No reaction
1t
40 1h No reaction
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Table 3. 4. Optimization conditions for 6a “contd”.

Entry Base Alkylating reagent Temp. Duration Remarks

41 30 min. No reaction
-78°C

42 l1h No reaction

43 30 min. No reaction
-20 °C

44 l1h No reaction

NaHMDS CsHsl
45 30 min. No reaction
0°C
46 l1h No reaction
47 30 min. No reaction
rt

48 l1h No reaction

49 30 min. No reaction
-78°C

50 l1h No reaction

51 30 min. SM
-20 °C

52 l1h No reaction

Cs;H7Br
53 30 min. SM
0°C
54 l1h Trace
LiHMDS
55 30 min. No reaction
rt

56 l1h No reaction

57 30 min. Complex mixture
-78°C

58 l1h No reaction

CsHsl

59 30 min. SM
-20 °C

60 l1h No reaction
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Table 3. 5. Optimization conditions for 6a “contd”.

Entry Base Alkylating reagent Temp. Duration Remarks

61 30 min. SM

0°C
62 lh Trace

CsHsl
63 30 min. Complex mixture
rt
64 lh No reaction
65 30 min. SM
-78°C
66 lh No reaction
LiHMDS
67 30 min. SM
-20 °C

68 lh SM
69 CsHsBr 30 min. 38% isolated yield.

0°C 63% isolated yield,
70 l1h

dr> 85%
71 30 min. SM
rt

72 lh No reaction
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Reduction of the double bond followed by debenzylation of 6a resulted in the diol 4a in
92% yield using hydrogenation conditions as previously mentioned for compound 9a, (Figure
3.13). Afterwards, mesylation of 4a was achieved in quantitative yield when 4a was treated with
MsCl and Et3N in anhydrous DCM at 0 °C to afford the corresponding dimesylated derivative 3a,
(Figure 3.14), which next was directly subjected to dry conditions with Na>S and sulfur in
anhydrous DMF for 24 h at 85-90 °C to afford a 1,2 dithiolane derivative 15 in poor yield, 12%,

(Figure 3.15).

[0} o 0 °

(MI\NJ(o X m/\/\é)J\NJ(O
° ° \/E Bn)\/ _— o o \/: Bn)\/
6a 5a
0

WN

Figure 3. 13. Hydrogenation and debenzylation of 6a.
Reagents and conditions: d) Pd/C (cat.), EtOAc, H, rt, 24 h, 92% for 4a (based on 6a).

0 o

2008 NS aes

HO HO \/: MsO  MsO -

Bn

4a 3a

Figure 3. 14. Mesylation reaction of 4a.

Reagents and conditions: h) MsCl, EtsN, CH>Cl,, 0 °C, 1h, quantitative.
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From NMR data, we were able to characterize the chemical structure to be 2a, however,
results from HRESIMS were not in agreement with our findings, (Figure 3.15). The HRESIMS
showed fragment ions at (m/z 424.16254 [M+H]" for C21H30NO4S>, calcd. 424.16107) and an ion
at (m/z446.14513 [M+Na]" for C21H20NNaOs4S;, calcd. 446.14301) which are + 15.99 than [M+H]*
and [M+Na]" for the expected product 2a, indicating that oxidation to one of the sulfur atoms
might have occurred to form compound 15 whether during the reaction, purification, or sample
handling. Besides sulfur susceptibility to oxidation and reaction’s poor yield, compound 15
exhibited poor solubility in most solvents which made it difficult to carry out to the next step or to

perform further analytical experiments.

observed i ﬂ““\/\)k /(

OR

Figure 3. 15. The formation of 1,2 dithiolane ring.

Reagents and conditions: i) Na,S, S, DMF, 85-90 °C, 24 h, 12% for 15.
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By using the same synthetic strategy for 1a, the synthesis of 1b was carried out starting
from the precursor (R)-malic acid 14b and following the exact designed reactions for 1a.
Unfortunately, after affording the dimesylated product 3b, further progress in the synthesis failed
as the next steps that involve formation of 1,2 dithiolane ring, and consequently, amide hydrolysis

did not result in complete synthesis of 1b, (Scheme 3.5).

In addition to the proposed hybrids, we were able to take advantage of this scheme for a
novel synthesis of both antipodes of lipoic acid starting from the enantiomerically pure
intermediate ester 9 (as indicated by asterisk) through a sequence of chemical transformations

reported in the literature with some modifications, (Scheme 3.6).
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Scheme 3. 5. Synthesis of 1b.
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o} O e)
,/W\)J\OEt a MOH L’ MOB
(o) o) OH OH OMs OMs

9a,-=R 16a, = R, quant. 17a, = R, 98%
9b, =S 16b, = S, quant. 17b, = S, 98%
o) (0]
c woa d * MOH
s—S s—S Lipoic acid
18a,.= S, 71% +=S, 81%, overall yield 50%
18b, =R, 71% +=R, 71%, overall yield 44%

Scheme 3. 6. Total synthesis of lipoic acid.
Reagents and conditions: a) Pd/C (cat.), EtOAc, Ho, 1t, 24 h; b) MsCl, Et;N, CH2Cl,, 0 °C, 1h; ¢)

NazS, S, DMF, 85-90 °C, 24 h; d) 4 M LiOH/H2O, THF, rt, 24 h.

Lastly, we pursued the synthesis of the proposed hybrids with one last approach to tackle
the difficulties we encountered with previous approaches. In this approach, the use of L-menthol
as a chiral auxiliary tethered to enantiomerically pure lipoic acid will afford diastereisomers upon
alkylation that are easy to separate. In addition, this scheme not only offers a short and efficient
strategy, it utilizes affordable material as well as it makes use of another natural product in the
synthesis process. Consequently, R-lipoic acid and L-menthol in pyridine as the base were treated
with diethyl chlorophosphate at room temperature for 30 minutes before raising the temperature

to 70 °C for 20 h to provide the ester 19 in 32% isolated yield, (Figure 3.16).

a
{Y\/\)\OH . —_— MO
s OH S

Figure 3. 16. Synthesis of 19.

w
\
|
w

\

Reagents and conditions: a) pyridine, (C2Hs0O)2P(O)CI, rt for 30 min, 70 °C for 20 h, 32%
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Next, we attempted to alkylate the ester 19 by treating it with the base LIHMDS at 0 °C
and allyl iodide to form the alkylated derivative of the ester, (Figure 3.17). However, NMR data
revealed the alkylation reaction provided compound 20 instead of the expected compound, (Figure
3.18). The reaction’s duration upon the addition of the base was optimized to avoid the ring

opening, closing, and dialkylation mechanism, giving similar results each time, (Table 3.6).

o] b4>
(Y\/\)}\O\N
s— S
e

Figure 3. 17. Alkylation of 19.

Reagents and conditions: b-i) LIHMDS, THF, 0 °C, 30 minutes; b-ii) C3HsI, 0 °C, 1 h, 52%.

Expected

1) o
LiHMDS, THF, 0°C, 30 min
O\\\\\\\‘ """"""""""""""" > o\\\\\“‘
Allyl iodide, 0°C, 1 h
S
g—S s—

Observed

Figure 3. 18. Formation of 20.
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Table 3. 6. Optimization conditions for the alkylation of 19.

Base/Duration Alkylating reagent/Duration Comments
LiHMDS/ 1h C;Hsl/1h 20
C;Hsl/ 30 minutes 20
LiHMDS/ 30 minutes CHsl/1h 20
C;Hsl/ 30 minutes 20

5. Experimental Section

5.1. General Experimental Procedures

All reactions were conducted under argon atmosphere except for hydrogenation and
debenzylation reactions, in which they were performed in hydrogen gas environment. Glassware
and magnetic stir bars were oven-dried prior each reaction. All solvents were distilled before use.
All commercially available reactants and reagents were purchased from Sigma-Aldrich® and
Fisher Scientific and were used without additional purification. To monitor reactions progress, thin
layer chromatography (TLC) plates (F2s4 aluminum support silica gel 60 matrix, 200 pm thickness,
10-12 pm pore size) were used and the progress was visualized by UV absorption at 254 nm, iodine
or phosphomolybdic acid staining, or a combination of the two. Flash silica gel 60-120 mesh SiO»
was used for column chromatographic purification. The 1H NMR and 13C NMR spectra were
recorded on Bruker AU III 400 or 500 MHz NMR spectrometers in CDCL3 or D20 solvents. IR
spectra were recorded on Agilent Technologies infrared spectrophotometer model Cary 630 FTIR.
An Agilent MS TOF 1100 series with electrospray ionization was used to acquire the HRESIMS

data.
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5.2. Synthesis of Compounds
e Preparation of (R)-3-(5-((R)-1,2-dithiolan-3-yl)pentanoyl)-4-benzyloxazolidin-2-one (MJS-

1):

o o]

N%
o
S/S
Bn

Procedure: To a stirred solution of R-lipoic acid (5 g, 24.23 mmol) in THF (200 mL) was added
triethylamine (6.76 mL, 48.47 mmol) followed pivaloyl chloride (2.98 mL, 24.23 mmol) at -20 °C.
After being stirred for 2 h, LiCl (1.20 g, 28.38 mmol) and (4R)-benzyloxazolidin- 2-one (3.87 g,
21.83 mmol) were added and the mixture was allowed to warm up to 0 °C and then to room
temperature slowly and was stirred for an additional 4 h. The mixture was concentrated, and
residue was partitioned between 5% aqueous KHSO4 (200 mL) and ethyl acetate (500 mL). The
organic layer was washed with 1 M sodium bicarbonate (2x100 mL) and brine (100 mL) and then
dried over anhydrous magnesium sulfate and concentrated. The residue was purified by column
chromatography using normal phase silica gel (n-hexane/ethyl acetate 2:1 to 1:1) to give MJS-1
(6.31 g) as a yellow oil.

Molecular Formula: CisH23NOsS»

Yield: 79%

Rf: 0.31 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2924, 2858, 1777, 1697, 1386, 762, 702.

'H NMR (400 MHz, Chloroform-d): & 7.41 —7.25 (m, 3H), 7.28 — 7.19 (m, 2H), 4.70 (ddt, J =
10.4, 7.0, 3.3 Hz, 1H), 4.28 — 4.15 (m, 2H), 3.62 (dq, J = 8.4, 6.4 Hz, 1H), 3.32 (dd, J =13.4,3.4

Hz, 1H), 3.27 - 3.09 (m, 2H), 3.08 — 2.87 (m, 2H), 2.79 (dd, J = 13.4, 9.6 Hz, 1H), 2.50 (dtd, J =
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13.0, 6.6, 5.4 Hz, 1H), 1.95 (dq, J = 12.7, 6.9 Hz, 1H), 1.75 (dtt, J = 13.8, 11.5, 5.8 Hz, 4H), 1.67
—1.61 (m, 1H), 1.62 — 1.47 (m, 1H).

13C NMR (101 MHz, Chloroform-d): & 173.02, 153.47, 135.26, 129.42, 128.97, 127.38, 66.23,
56.36, 55.16, 40.24, 38.52, 37.95, 35.33, 34.67, 28.73, 23.98.

HRESIMS m/z: 366.11970 [M+H]" (calcd. for C1sH24NO3S2, 366.11920), 388.10214 [M+Na]*
(caled. for CisH23NNaOs3S,, 388.10114), 404.09704 [M+K]" (caled. for CisH23KNOsS;,

404.07508).

e Preparation of (2S,4S)-4-(Hydroxymethyl)-2-phenyl-1,3-dioxane (12a):

o

o o)

Procedure: (S)-1,2,4-Butanetriol (2.50 g, 23.56 mmol) and benzaldehyde dimethylacetal (3.80 g,
24.97 mmol) in dry dichloromethane (80 mL) were stirred at room temperature in the presence of
camphorsulfonic acid (273.62 mg, 1.18 mmol). After the mixture had been stirred for 16 h,
triethylamine (238.39 mg, 2.36 mmol) was added and the solvents were removed under reduced
pressure. The product 12a (4.20 g) was obtained after column chromatography on silica gel (n-
hexane/ethyl acetate 2:1 to 1:1) as a colorless oil.

Molecular Formula: C;1H140;3

Yield: 92%

Rf: 0.41 (n-hexane/ethyl acetate 4:6).

IR vmax, (neat, cm™): 3391, 3030, 2924, 2858,1716, 752.
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'H NMR (400 MHz, Chloroform-d): 6 7.41 — 7.15 (m, 5H), 5.38 (s, 1H), 4.13 (d, /= 11.4 Hz,
1H), 3.87—3.75 (m, 2H), 3.57 - 3.42 (m, 2H), 2.27 (s, 1H), 1.81 — 1.66 (m, 1H), 1.27 (d, J=13.2
Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 138.28, 128.86, 128.17, 126.05, 101.16, 77.48, 66.52,
65.50, 26.73.

HRESIMS m/z: 195.10169 [M+H]" (calcd. for C11H1503,195.10156),217.08416 [M+Na]* (calcd.

for C11H14NaO3, 217.08350), 411.17729 [2M+Na]" (caled. for C22H2sNaOs, 411.17779).

e Preparation of (2S,4S)-4-Formyl-2-phenyl-1,3-dioxane (11a):

o

o o)

Procedure: A solution of dry DMSO (3.56 mL, 50.17 mmol) in dichloromethane (26 mL) was
added dropwise, at -78 °C under argon, to a solution of oxalyl chloride (2 mL, 23.35 mmol) in
dichloromethane (50 mL). After the mixture had been stirred for 12 min, a solution of alcohol 12a
(4.2 g, 21.62 mmol) in dichloromethane (25 mL) was added dropwise. The mixture was stirred at
-78°C for 30 min and was then treated with triethylamine (14.23 mL, 102.06 mmol). After a further
5 min the cooling bath was removed, water (100 mL) was added, and the mixture was allowed to
warm up to room temperature. The phases were separated, the aqueous phase was extracted with
dichloromethane (3x100 mL), and the combined organic extracts were washed with saturated

ammonium chloride solution (250 mL) and water (250 mL) and dried over anhydrous Na>SOa.
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Evaporation of the solvents afforded crude aldehyde 11a (5.1 g) as a colorless oil. The product
was used in the next step without purification. An aliquot was purified for analytical purposes.
Molecular Formula: C;1H120;3

Yield: quantitative

Rf: 0.58 (n-hexane/ethyl acetate 7:3).

IR vmax, (neat, cm™): 2910, 2874, 1713, 751.

'H NMR (400 MHz, Chloroform-d): 5 9.75 (d, J = 0.7 Hz, 1H), 7.59 — 7.34 (m, 5H), 5.63 (s,
1H), 4.43 —4.33 (m, 2H), 4.09 — 3.98 (m, 1H), 2.08 — 1.92 (m, 1H), 1.88 — 1.77 (m, 1H).

13C NMR (101 MHz, Chloroform-d): 5 200.55, 137.68, 129.25, 128.40, 126.13, 101.21, 80.40,
66.51, 25.94.

HRESIMS m/z: 193.08645 [M+H]" (calcd. for C11Hi303, 193.08591), 407.14211 [2M+Na]*

(caled. for C2aHa4NaOe, 407.14649).

e Preparation of ethyl (2E,4E)-5-((2S,4S)-2-phenyl-1,3-dioxan-4-yl) penta-2,4-dienoate (10a):

0]

Ohae

©) (0]

Procedure: Lithium bis(trimethylsilyl) amide (1.0 M in THF, 66.33 mL, 66.33 mmol) was added
slowly to a solution of Triethyl 4-phosphonocrotonate (14.71 mL, 66.33 mmol) in 30 mL THF at
0 °C. The resulting dark orange solution was stirred at 0 °C for an additional 30 min before the

dropwise addition of aldehyde 11a (5.1 g, 26.53 mmol) in 10 mL THF. The mixture was stirred
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for 2h, and then left to warm at room temperature. The reaction was quenched with saturated
aqueous ammonium chloride (75 mL) and extracted with EtoAc (3 x 80 mL). The combined
organic layers were washed with water (2 x 100 mL) and with brine (100 mL), dried with
anhydrous Na;SOs, filtered, and concentrated in vacuum. Evaporation of the solvents afforded
crude olefins 10a as a yellow oil that was used directly for the next reaction. The product was used
in the next step without purification. An aliquot was purified for analytical purposes.

Molecular Formula: C17H2004

Rf: for major isomer = 0.33 and for minor isomer = 0.44 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2989, 2848, 1705, 1645, 1611, 700, 747.

'H NMR (500 MHz, Chloroform-d): 8 7.58 — 7.35 (m, 5H), 7.30 (dd, J = 15.4, 11.1 Hz, 1H),
6.47 (dd, J = 15.4, 11.2 Hz, 1H), 6.17 (dd, J = 15.4, 5.0 Hz, 1H), 5.94 (d, J = 15.4 Hz, 1H), 5.60
(s, IH), 4.56 —4.48 (m, 1H), 4.32 (dd, J=11.7,4.7 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 4.02 (td, ] =
12.0, 2.5 Hz, 1H), 1.95 (qd, J = 12.3, 4.6 Hz, 1H), 1.65 (d, J = 13.3 Hz, 1H), 1.31 (t, J = 7.2 Hz,
3H).

13C NMR (126 MHz, Chloroform-d): 5 166.89, 143.69, 140.85, 138.34, 128.97, 128.32, 127.89,
126.15, 122.09, 101.23, 76.34, 66.81, 60.41, 31.10, 14.32.

HRESIMS m/z: 289.14190 [M+H]" (calcd. for C17H2104,289.14343), 311.12655 [M+Na]" (caled.

for C17H20Na04, 311. 12537).

e Preparation of ethyl 5-((2S,4R)-2-phenyl-1,3-dioxan-4-yl) pentanoate (9a):
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Procedure: To a stirred solution of crude olefins 10a in ethyl acetate (250 mL) was added a
catalytic amount of 10% Pd/C and stirred under H, atmosphere at room temperature for 24 h. The
progress of the reaction was monitored by TLC. After completion, the reaction was stopped and
filtered over celite bed, and the celite bed was washed with ethyl acetate. All the organic layers
were combined and concentrated on a rotavaporator to give a crude residue. Purification of the
crude residue was carried out by silica gel column chromatography using (n-hexane/ethyl acetate
80:20) to give 9a (1.67 g) as a yellow oil.

Molecular Formula: C17H2404

Yield: 40% (based on 12a)

Rf: 0.51 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2939, 2857, 1729, 749, 698.

'H NMR (400 MHz, Chloroform-d): & 7.57 — 7.27 (m, 5H), 5.50 (s, 1H), 4.24 (ddd, J = 11.4,
5.1,1.3 Hz, 1H),4.13 (q, J=7.2 Hz, 2H), 3.93 (td, J = 12.0, 2.6 Hz, 1H), 3.87 — 3.75 (m, 1H), 2.33
(t,J=7.4 Hz, 2H), 1.86 — 1.72 (m, 1H), 1.72 — 1.61 (m, 3H), 1.61 — 1.36 (m, 4H), 1.25 (t, J = 7.1
Hz, 3H).

13C NMR (126 MHz, Chloroform-d): 5 173.69, 138.87, 128.64, 128.19, 126.02, 101.12, 76.96,

67.07, 60.23, 35.66, 34.28, 31.33, 24.89, 24.57, 14.27.
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HRESIMS m/z: 293.17473 [M+H]" (calcd. for C17H2504,293.17473), 315.15620 [M+Na]" (calcd.

for C17H24Na04, 315.1 5667).

e Preparation of 5-((2S,4R)-2-phenyl-1,3-dioxan-4-yl) pentanoic acid (8a):

(o}

A

6} o}

Procedure: LiOH (0.67 g) dissolved in 7mL H>O (4M) was added to a solution of 9a (1.6 g) in
THF (14 mL). The reaction mixture was stirred at rt for 24 h. The mixture was concentrated and
the resulting aqueous solution was slowly acidified with 3M HCl under ice bath. The mixture was
extracted with EtOAc (3 x 10 mL), dried over anhydrous Na>SQO4, and concentrated. Purification
of the crude residue was carried out by silica gel column chromatography using (n-hexane/ethyl
acetate 8:2) to give the acid 8a as a white oil (1g).

Molecular Formula: C;5sH2004

Yield: 63%

Rf: 0.20 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 3300-2500, 2920, 1700, 1598, 825, 743.

'H NMR (400 MHz, Chloroform-d): & 7.56 — 7.36 (m, 5H), 5.53 (s, 1H), 4.30 (ddd, J = 11.4,
5.1, 1.3 Hz, 1H), 3.98 (td, J = 12.0, 2.6 Hz, 1H), 3.91 —3.81 (m, 1H), 2.40 (t, ] = 7.4 Hz, 2H), 1.91
— 1.78 (m, 1H), 1.78 — 1.70 (m, 2H), 1.70 — 1.61 (m, 2H), 1.58 — 1.51 (m, 2H), 1.51 — 1.42 (m,

1H).
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13C NMR (101 MHz, Chloroform-d): 5 179.74, 138.78, 128.69, 128.23, 126.05, 101.17, 76.96,
67.08, 35.61, 33.99, 31.31, 24.60, 24.51.
HRESIMS m/z: z 265.14125 [M+H]" (caled. for CisHa10s, 265.14343), 287.12418 [M+Na]*

(caled. for CisHaoNaOs, 287.12537), 263.12612 [M-H] (caled. for CisH 904, 263.12888).

e Preparation of (R)-4-benzyl-3-(5-((2S,4R)-2-phenyl-1,3-dioxan-4yl) pentanoyl) oxazolidin-2-

one (7a):

Procedure: To a stirred solution of 8a (1.0 g, 3.78 mmol) in THF (40 mL) was added TEA (1.2
mL, 8.60 mmol) followed pivaloyl chloride (0.64 mL, 5.16 mmol) at -20 °C. After being stirred
for 2 h, LiCl (186 mg, 4.47 mmol) and (4R)-benzyloxazolidin-2-one (609 mg, 3.44 mmol) were
added. The mixture was allowed to warm to 0 °C and then to room temperature slowly and was
stirred for an additional 4 h. The mixture was concentrated, and residue was partitioned between
5% aqueous KHSO4 (20 mL) and ethyl acetate (50 mL). The organic layer was washed with 1 M
sodium bicarbonate (2 x 10 mL) and brine (10 mL) and then dried over anhydrous magnesium
sulfate and concentrated. Purification of the crude residue was carried out by silica gel column
chromatography using (n-hexane/ethyl acetate 8:2) to give to give 7a (1.26 g) as a colorless oil.
Molecular Formula: C2sH29NOs

Yield: 80%

Rf: 0.33 (n-hexane/ethyl acetate 8:2).
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IR vmax, (neat, cm™): 2935, 2864, 1785, 1696, 739, 701.

'"H NMR (500 MHz, Chloroform-d): § 7.57 — 7.18 (m, 10H), 5.54 (s, 1H), 4.73 — 4.64 (m, 1H),
430 (ddd, J =114, 5.1, 1.4 Hz, 1H), 4.24 — 4.15 (m, 2H), 4.08 — 3.94 (m, 1H), 3.93 — 3.83 (m,
1H), 3.32 (dd, J = 13.4, 3.4 Hz, 1H), 3.08 — 2.90 (m, 2H), 2.78 (dd, J = 13.4, 9.6 Hz, 1H), 1.91 —
1.75 (m, 3H), 1.75 - 1.71 (m, 1H), 1.70 — 1.63 (m, 1H), 1.63 — 1.56 (m, 2H), 1.56 — 1.47 (m, 1H).
13C NMR (126 MHz, Chloroform-d): & 173.20, 153.47, 138.85, 135.30, 129.42, 128.97, 128.64,
128.21, 127.36, 126.03, 101.15, 76.99, 67.10, 66.19, 55.17, 37.94, 35.74, 35.50, 31.36, 24.57,
24.16.

HRESIMS m/z: 424.21273 [M+H]" (calcd. for CsH30NOs, 424.21184), 446.19462 [M+Na]*

(calcd. for CasH2oNNaOs, 446.19378), 462.19044 [M+K]* (caled. for CasHaoKNOs, 462.16772).

e Preparation of (R)-4-benzyl-3-((S)-2-(3-((2S,4R)-2-phenyl-1,3-dioxan-4-yl) propyl) pent-4-

enoyl) oxazolidin-2-one (6a):

Procedure: 15 mL THF was added to 7a (1.2 g, 2.83 mmol) under argon at 0 °C. Lithium
bis(trimethylsilyl) amide (1.0 M in THF, 7.08 mL, 7.08 mmol) was then added dropwise and the
mixture was left for 1 h. Then, freshly distilled allyl bromide (1.23 mL, 14.17 mmol) was added
and reaction was monitored via TLC. Once the starting material is totally converted to product, 15
mL NH4Cl was added and mixture was allowed to warm up to rt. Then mixture was extracted by

EtOAc (2x 25 mL), organic layer was washed with 25 mL brine, dried over anhydrous Na>SO4
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and concentrated in vacuum. Purification of the crude residue was carried out by silica gel column
chromatography using (n-hexane/ethyl acetate 9.5:0.5) to give 6a (830 mg) as a colorless oil.
Molecular Formula: C2sH33NOs

Yield: 63%

Rf: 0.40 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2941, 2854, 1787, 1699, 723, 700.

'H NMR (500 MHz, Chloroform-d): § 7.57 — 7.22 (m, 10H), 5.93 — 5.80 (m, 1H), 5.51 (s, 1H),
5.16 — 5.05 (m, 2H), 4.74 — 4.62 (m, 1H), 4.28 (ddd, J = 11.4, 5.0, 1.4 Hz, 1H), 4.16 — 4.06 (m,
2H), 4.04 — 3.91 (m, 2H), 3.91 — 3.81 (m, 1H), 3.31 (dd, J = 13.3, 3.4 Hz, 1H), 2.69 (dd, J = 13.4,
9.9 Hz, 1H), 2.57 — 2.46 (m, 1H), 2.44 — 2.31 (m, 1H), 1.88 — 1.76 (m, 2H), 1.76 — 1.65 (m, 1H),
1.65 —1.55 (m, 2H), 1.55 — 1.44 (m, 2H), 1.51 — 1.28 (m, 1H).

13C NMR (126 MHz, Chloroform-d): 5 176.03, 153.29, 138.98, 135.53, 135.31, 129.53, 129.06,
128.77, 128.31, 127.43, 126.17, 117.37, 101.27, 77.02, 67.21, 66.03, 55.63, 42.39, 38.21, 36.86,
35.96, 31.41, 31.34, 22.69.

HRESIMS m/z: 464.24360 [M+H]" (calcd. for C3H34NOs, 464.24314), 486.22713 [M+Na]*

(caled. for CosH33NNaOs, 486.22508).

e Preparation of (R)-4-benzyl-3-((R)-5-((2S,4R)-2-phenyl-1,3-dioxan-4-yl)-2-propylpentanoyl)

oxazolidin-2-one (5a):
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Procedure: To a solution of 6a (820 mg) in EtOAc (40 mL) was added a catalytic amount of 10%
Pd/C and stirred under H> atmosphere at room temperature for 24 h. The mixture was filtered
through a pad of celite and the pad was washed with EtOAc (50 mLx2). The filtrate was
concentrated to provide a clean crude of 5a (821 mg) as a colorless oil.

Molecular Formula: C2sH35NOs

Yield: quantitative

Rf: 0.42 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2937, 2862, 1786, 1698, 721, 700.

'H NMR (500 MHz, Chloroform-d): 8 7.57 — 7.22 (m, 10H), 5.51 (s, 1H), 4.69 (ddt, J = 10.4,
6.7,3.1 Hz, 1H), 4.28 (ddd, J=11.4, 5.1, 1.4 Hz, 1H), 4.16 —4.06 (m, 2H), 3.97 (td, J = 12.0, 2.6
Hz, 1H), 3.90 — 3.82 (m, 2H), 3.33 (dd, J = 13.3, 3.3 Hz, 1H), 2.73 (dd, J = 13.3, 9.9 Hz, 1H), 1.90
— 1.76 (m, 2H), 1.82 — 1.65 (m, 3H), 1.63 — 1.51 (m, 4H), 1.51 — 1.41 (m, 1H), 1.41 — 1.26 (m,
2H), 0.96 (t, J = 7.3 Hz, 3H).

13C NMR (126 MHz, Chloroform-d): 5 176.84, 153.19, 138.88, 135.41, 129.42, 128.95, 128.66,
128.19, 127.33, 126.06, 101.16, 76.87, 67.11, 65.89, 55.49, 42.56, 38.07, 35.90, 34.66, 31.79,
31.24,22.67,20.37, 14.25.

HRESIMS m/z: 466.25876 [M+H]" (calcd. for C3H36NOs, 466.25879), 488.24521 [M+Na]*

(calcd. for C2sH3sNNaOs, 488.24073), 483.28510 [M+NH4]" (caled. for C2sH39N20s5,483.28534).
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e Preparation of (R)-4-benzyl-3-((2R,6R)-6,8-dihydroxy-2-propyloctanoyl) oxazolidin-2-one

(4a):

Procedure: To a solution of 5a (810 mg) in EtOAc (40 mL) was added a catalytic amount of 10%
Pd/C and stirred under H> atmosphere at room temperature for 24 h. The mixture was filtered
through a pad of celite and the pad was washed with EtOAc (50 mLx2). The filtrate was
concentrated to provide a clean crude of 4a (607 mg) as a colorless oil.

Molecular Formula: C21H31NOs

Yield: 92% (based on 6a)

Rf: 0.22 (n-hexane/ethyl acetate 2:8).

IR vmayx, (neat, cm™): 3600-3100, 2924, 2868, 1791, 1696, 702.

'H NMR (400 MHz, Chloroform-d): & 7.35 — 7.22 (m, 5H), 4.77 — 4.66 (m, 1H), 4.25 — 4.11 (m,
2H), 3.89 — 3.75 (m, 4H), 3.32 (dd, J = 13.3, 3.4 Hz, 1H), 2.81 (sbr, 2H), 2.72 (dd, J = 13.3, 9.8
Hz, 1H), 1.80 — 1.55 (m, 4H), 1.62 — 1.38 (m, 4H), 1.45 — 1.33 (m, 3H), 1.36 — 1.24 (m, 1H), 0.94
(t, J=7.3 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): 5 176.95, 153.32, 135.34, 129.40, 128.94, 127.32, 71.60,
65.99, 61.49, 55.46, 42.57, 38.29, 38.04, 37.59, 34.70, 31.80, 23.27, 20.36, 14.21.

HRESIMS m/z: 378.22903 [M+H]" (calcd. for C21H3,NOs, 378.22749), 400.21144 [M+Na]*
(caled. for C,1H3NNaOs, 400.20943), 777.43251 [2M+Na]" (calcd. for CiHeN2NaOjo,

777.42965), 412.18206 [M+CI] (caled. for C21C1H31NOs, 412.18962).

63



e Preparation of (3R,7R)-7-((R)-4-benzyl-2-oxooxazolidine-3-carbonyl) decane-1,3-diyl

dimethanesulfonate (3a):

MsO MsO

m<”““
T

Procedure: To a stirred solution of 4a (590 mg, 1.56 mmol) in anhydrous dichloromethane (30
mL) were added EtsN (1.09 mL, 7.81 mmol) and MsCl1 (0.278.22 mL, 3.59 mmol) at 0 °C. The
progress of the reaction was monitored by TLC. After completion, the reaction mixture was poured
into aqueous NaHCO3 (2%, 30 mL) and extracted with DCM (2x30 mL). The combined organic
extracts were washed with brine, dried over anhydrous Na>SOs, filtered, and concentrated under
reduced pressure to give a clean crude 3a in an excellent yield (825 mg) as a yellow oil. The crude
compound was utilized directly in the next reaction.

Molecular Formula: C23H3sNOoS;

Rf: 0.66 (n-hexane/ethyl acetate 2:8).

IR vmax, (neat, cm™): 2976, 2872, 1789, 1699.

'H NMR (400 MHz, Chloroform-d): § 7.36 — 7.21 (m, 5H), 4.91 —4.82 (m, 1H), 4.75 — 4.68 (m,
1H), 4.36 — 4.30 (m, 2H), 4.28 — 4.08 (m, 2H), 3.88 — 3.81 (m, 1H), 3.31 (dd, J = 13.1, 3.2 Hz,
1H), 3.05 (d,J=1.1 Hz, 6H), 2.73 (dd, J = 13.3, 9.8 Hz, 1H), 2.17 — 2.04 (m, 2H), 1.81 — 1.24 (m,
10H), 0.94 (t, J = 7.3 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): 5 176.44, 153.33, 135.39, 129.40, 128.93, 127.31, 78.61,

66.04, 65.65, 55.42, 42.19, 38.63, 38.05, 37.40, 34.67, 34.63, 34.00, 31.30, 22.32, 20.36, 14.18.
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HRESIMS m/z: 534.18709 [M+H]" (calcd. for C2sHisNOoS,, 534.18259), 556.16643 [M+Na]"
(caled. for Ca3H3sNNaOeSs, 556.16453), 572.13763 [M+K]* (caled. for CasHssKNOoS,,

572.13847), 551.20917 [M+NH,]* (caled. for C2sH3oN200S,. 551.20914).

e Preparation of (4R)-4-benzyl-3-((2R)-5-((3S)-2-oxido-1,2-dithiolan-3-yl)-2-
propylpentanoyl)oxazolidin-2-one OR (4R)-4-benzyl-3-((2R)-5-((3S)-1-oxido-1,2-dithiolan-

3-yl)-2-propylpentanoyl)oxazolidin-2-one (15):

OR o

Procedure: A mixture of dimesylate (265.34 pmol), finely powdered sodium sulfide (23.61 mg,
302.49 umol), and sulfur (9.7 mg, 302.49 umol) in anhydrous DMF (1.5 mL) were heated at 85-
90 °C for 24 h. The reaction mixture was diluted with cold water, extracted with EtOAc (2x10 mL)
and the combined organic fractions were washed with brine, dried over anhydrous Na>SOg, filtered
and concentrated under reduced pressure. Purification of the crude residue was carried out by silica
gel column chromatography using (n-hexane/dichloromethane 4:6) to give 15 (13 mg) as a
yellowish resin.

Molecular Formula: C2H20NO4S,

Yield: 12%

Rf: 18 (n-hexane/dichloromethane 4:6).

'H NMR (400 MHz, Chloroform-d): § 7.40 —7.21 (m, 5H), 4.78 —4.67 (m, 1H), 4.27 —4.13 (m,
2H), 3.91 — 3.79 (m, 1H), 3.58 (dq, J = 8.4, 6.4 Hz, 1H), 3.34 (dd, J = 13.3, 3.4 Hz, 1H), 3.25 -
3.07 (m, 2H), 2.73 (dd, J = 13.2, 9.9 Hz, 1H), 2.46 (dtd, J = 12.2, 6.6, 5.6 Hz, 1H), 1.94 (dq, J =
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12.8, 6.9 Hz, 1H), 1.89 — 1.61 (m, 2H), 1.69 — 1.48 (m, 1H), 1.55 (ddd, J = 8.8, 5.9, 3.9 Hz, 1H),
1.48 (d, J=29.9 Hz, 3H), 1.53 — 1.39 (m, 2H), 1.39 — 1.25 (m, 1H), 0.95 (t, /= 7.3 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 176.65, 153.19, 135.40, 129.41, 128.95, 127.33, 77.25,
65.98, 56.45, 55.52, 42.26, 40.33, 38.50, 38.09, 34.90, 31.58, 27.07, 20.34, 14.22.

HRESIMS m/z: 424.16254 [M+H]" (calcd. for Co1H3oNO4S,, 424.16107), 446.14513 [M+Na]*

(caled. for C21H20NNaO4S», 446.14301).

e Preparation of ethyl (R)-6,8-dihydroxyoctanoate (16a):

O

OH OH

Procedure: To a stirred solution of 9a (130 mg, 444.63 pumol) in ethyl acetate (5 mL) was added
a catalytic amount of 10% Pd (30 mg) and stirred under an H, atmosphere at room temperature for
24 h. The progress of the reaction was monitored by TLC. After completion, the reaction was
stopped and filtered over celite bed, and the celite bed was washed with ethyl acetate. All the
organic layers were combined and concentrated on a rotavaporator to give a crude residue.
Purification of the crude residue was carried out by silica gel column chromatography using (n-
hexane/ethyl acetate 1:1) to give 16a (90 mg) as a colorless oil.

Molecular Formula: C1oH2004

Yield: quantitative

Rf: 0.30 (n-hexane/ethyl acetate 2:8).

IR vmax, (neat, cm™): 3397, 2944, 2887, 1702.
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H NMR (400 MHz, Chloroform-d): 5 4.07 (q, /= 7.1 Hz, 2H), 3.85 - 3.76 (m, 2H), 3.77 - 3.70
(m, 1H), 3.47 (s, 2H), 2.26 (t, J = 7.4 Hz, 2H), 1.70 — 1.53 (m, 4H), 1.52 — 1.38 (m, 3H), 1.38 —
1.29 (m, 1H), 1.20 (t, J=7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): & 174.05, 71.37, 61.36, 60.40, 38.36, 37.29, 34.28, 25.07,
24.83, 14.26.

HRESIMS m/z: 205.143253 [M+H]" (calcd. for CioH2104, 205.14343), 227.12745 [M+Na]*

(caled. for C1oH20NaO4,227.12537).

e Preparation of ethyl (R)-6,8-dimesyloxy octanoate (17a):

O

OEt
OMs OMs

Procedure: To a solution of the diol 16a (80 mg, 391.65 pmol) in anhydrous dichloromethane (3
mL) were added triethylamine (0.273 mL, 1.96 mmol) and methanesulfonyl chloride (70 pL,
900.79 pmol) at 0 °C and stirred for 1 h at the same temperature. The reaction mixture was poured
into aqueous sodium hydrogen carbonate and extracted with dichloromethane (2x5 mL). The
combined organic extracts were washed with brine, dried over anhydrous Na>SOs, filtered and
concentrated under reduced pressure. The crude oily compound was purified by silica gel column
chromatography using (n-hexane/ethyl acetate 1:1) as an eluent to afford 6, 8 dimesylate 17a (140
mg) as a colorless oil.

Molecular Formula: C12H2405S:

Yield: 98%

Rf: 0.62 (n-hexane/ethyl acetate 2:8).
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IR vmax, (neat, cm™): 3025, 2957, 1715, 1181.

'H NMR (400 MHz, Chloroform-d): 5 4.93 — 4.84 (m, 1H), 4.42 — 429 (m, 2H), 4.13 (¢, J = 7.1
Hz, 2H), 3.06 (d, J = 1.4 Hz, 6H), 2.33 (t, J = 7.3 Hz, 2H), 2.20 — 2.00 (m, 2H), 1.88 — 1.58 (m,
4H), 1.52 — 1.38 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 173.31, 78.56, 65.62, 60.36, 38.65, 37.41, 34.60, 33.98,
33.90, 24.48, 24.21, 14.24.

HRESIMS m/z: 361.09952 [M+H]" (caled. for C12HasOsS2, 361.09853), 383.08783 [M-+Na]*
(calcd. for C12H2sNaOsS2, 383.08047), 378.12553 [M+NHa]* (caled. for C12HasNOsSs, 378.12508),
399.05523 [M+K]* (caled. for Ci2H2KOsSs 399.05441), 395.06927 [M+CI] (caled. for

C12CIH2405S2,395.06066).

e Preparation of ethyl S-(-)-lipoate or [ethyl (5S)-5-(1,2-dithiolan-3yl) pentanoate] (18a):

Procedure: A mixture of dimesylate 17a (120 mg, 332.93 umol), finely powdered sodium sulfide
(30 mg, 379.54 umol) and sulfur (13 mg, 379.54 pmol) in anhydrous dimethylformamide (2 mL)
were heated at 85-90 °C for 24 h. The reaction mixture was diluted with cold water, extracted with
EtOAc (2x5 mL) and the combined organic fractions were washed with brine, dried over
anhydrous Na>SOg, filtered and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography using (n-hexane/ethyl acetate 1:1) as an eluent to afford 18a (56
mg) as a light-yellow oil.

Molecular Formula: CioH50,S;
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Yield: 71%

Rf: Rf= 0.81 (n-hexane/ethyl acetate 6:4).

e Preparation of (S)-5-(1,2-dithiolan-3-yl)-pentanoic acid or (S)-lipoic acid:

Procedure: To a stirred solution of 18a (45 mg, 192.00 pmol) in THF (1 mL) was added aqueous
LiOH (3 M, 1 mL) and stirred at rt for 24 h. THF was evaporated in a rotavaporator and the aqueous
layer was acidified carefully with 6 M HCl to pH 2. The product was extracted with
dichloromethane (2x5 mL) and the combined organic phases were dried over anhydrous Na>SOs,
filtered, and concentrated on a rotavaporator to afford a crude residue. The resulting residue was
purified by flash column chromatography (silica gel) using n-hexane/ethyl acetate 85:15 as an
eluent, to afford (S)-lipoic acid (32 mg) as a yellow solid.

Molecular Formula: CgH1402S>

Yield: 81%

Rf: 0.22 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 3024, 2919, 1697, 721.

'H NMR (400 MHz, Chloroform-d): & 3.66 — 3.54 (m, 1H), 3.27 — 3.09 (m, 2H), 2.56 — 2.46 (m,
1H), 2.40 (t, ] = 7.4 Hz, 2H), 2.01 — 1.87 (m, 1H), 1.82 — 1.67 (m, 4H), 1.67 — 1.41 (m, 2H).

13C NMR (101 MHz, Chloroform-d): 5 178.77, 56.29, 40.23, 38.52, 34.60, 33.65, 28.68, 24.41.
HRESIMS m/z: 229.03268 [M+Na]" (calcd. for CsH14NaO,S>, 229.03273), 245.02744 [M+K]*

(caled. for CsH14K0,S,, 245.00667), 205.03167 [M-H]" (caled. for CsHi30,S2, 205.03624).
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e Preparation of (R)-1,2,4-Butanetriol (13b):

\\\\
m \ \OH

OH OH
Procedure: To a stirred solution of 2 M BMS-THF complex (61 mL, 121.19 mmol) and
trimethylborate (12.5 mL, 111.87 mmol) at 0°C was added dropwise (R)-malic acid (5.0 g, 37.29
mmol) in THF (25 mL). After stirring the homogeneous solution for an additional 5 min at 0°C,
the cooling bath was removed. A white precipitate appeared and re-dissolved within 20 min. After
stirring overnight, methanol (30 mL) was carefully added dropwise over 1h and the resulting
solution evaporated to dryness. A further three co-evaporations with methanol (25 mL) afforded
9.98 g of (R)-1,2,4-butanetriol containing residual boron by-products. Flash chromatography
(DCM-MeOH; 9: 1) of the crude triol yielded pure (R)-1,2,4-butanetriol 13b (4.0 g) as a colorless
oil.
Molecular Formula: C4H;003
Yield: quantitative
Rf: 0.35 (dichloromethane/methanol 9:1).
IR vmax, (neat, cm™): 3295, 2950, 2850.
'H NMR (400 MHz, Deuterium Oxide): 5 3.80 — 3.67 (m, 1H), 3.70 — 3.55 (m, 2H), 3.55 - 3.46
(m, 1H), 3.39(dd, J =11.8, 6.8 Hz, 1H), 1.71 — 1.44 (m, 2H).
13C NMR (101 MHz, Deuterium Oxide): 5 68.88, 65.49, 58.30, 34.64.
HRESIMS m/z: 107.07080 [M+H]" (calcd. for C4H1:103,107.07026), 129.05281 [M+Na]" (calcd.

for C4H10NaOs, 129.05220).
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e Preparation of (2R,4R)-4-(Hydroxymethyl)-2-phenyl-1,3-dioxane (12b):

R
m o \ OH

o o]

Procedure: (R)-1,2,4-Butanetriol 13b (3.91 g, 36.84 mmol) and benzaldehyde dimethylacetal
(6.64 mL, 44.21 mmol) in dry dichloromethane (120 mL) were stirred at room temperature in the
presence of camphorsulfonic acid (427.94 mg, 1.84 mmol). After the mixture had been stirred for
16 h, triethylamine (513.91 mmL, 3.68 mmol) was added and the solvents were removed under
reduced pressure. The product 12b (5.62 g) was obtained after column chromatography on silica
gel (n-hexane/ethyl acetate 2:1 to 1:1) as a colorless oil.

Molecular Formula: C;1H140;3

Yield: 79%

Rf: 0.41 (n-hexane/ethyl acetate 4:6).

IR vmax, (neat, cm™): 3393, 3030, 2954, 2855,1700, 750.

'H NMR (400 MHz, Chloroform-d): § 7.56 — 7.33 (m, 5H), 5.58 (s, 1H), 4.33 (dd, J=11.3 Hz,
1H), 4.10 — 3.95 (m, 2H), 3.78 — 3.64 (m, 2H), 2.17 (s, 1H), 2.04 — 1.88 (m, 1H), 1.48 (d, J=13.3
Hz, 1H).

13C NMR (101 MHz, Chloroform-d): & 138.36, 129.00, 128.31, 126.13, 101.31, 77.55, 66.64,
65.73, 26.83.

HRESIMS m/z: 195.10105 [M+H]" (caled. for C11H1503,195.10156),217.08308 [M+Na]" (calcd.

for C11H14NaO3, 217.08350), 411.17747 [2M+Na]" (calcd. for C22HasNaOs, 411.17779).
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e Preparation of (2R,4R)-4-Formyl-2-phenyl-1,3-dioxane (11b):

o (o)

Procedure: A solution of dry DMSO (4.63 mL, 5.10 g, 65.22 mmol) in dichloromethane (33 mL)
was added dropwise at -78 °C under argon to oxalyl chloride (2.60 mL, 3.85 g, 30.36 mmol). After
the mixture had been stirred for 12 min, a solution of alcohol 12b (5.46 g, 28.11 mmol) in
dichloromethane (33 mL) was added dropwise. The mixture was stirred at -78 °C for 30 minutes
and was then treated with triethylamine (18.49 mL, 132.68 mmol). After a further 5 minutes the
cooling bath was removed, water (70 mL) was added, and the mixture was allowed to warm up to
room temperature. The phases were separated, the aqueous phase was extracted with
dichloromethane (3x70 mL), and the combined organic extracts were washed with saturated
ammonium chloride solution (180 mL) and dried over anhydrous Na>SOs4. Evaporation of the
solvents afforded crude aldehyde 11b (5.17 g) as a colorless oil. The product was used in the next
step without purification. An aliquot was purified and 'H NMR was recorded.

Molecular Formula: C;1H120;

Yield: 96%

Rf: 0.58 (n-hexane/ethyl acetate 7:3).

IR vmax, (neat, cm™): 2900, 2875, 1710, 750.
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'H NMR (400 MHz, Chloroform-d): & 9.76 (s, 1H), 7.56 — 7.25 (m, 5H), 5.63 (s, 1H), 4.38 (dt,
J=11.7,4.1 Hz, 2H), 4.04 (td, J= 11.9, 2.6 Hz, 1H), 2.08 — 1.91 (m, 1H), 1.83 (dtd, J = 13.5, 2.8,
1.5 Hz, 1H).

HRESIMS m/z: 193.08628 [M+H]" (calcd. for C11Hi305,193.08591), 215.06155 [M+Na]* (caled.

for C11H12NaOs, 215.06785), 407.14058 [2M+Na]* (caled. for C2:Ha4NaOs, 407.14649).

e Preparation of ethyl (2E,4E)-5-((2R,4R)-2-phenyl-1,3-dioxan-4-yl) penta-2,4-dienoate (10b):

g

Procedure: Lithium bis(trimethylsilyl) amide (1.0 M in THF, 26.80 mL, 26.79 mmol) was added

]

SN \/U\OEt

slowly to a solution of Triethyl 4-phosphonocrotonate (5.94 mL, 26.79 mmol) in THF (12 mL) at
0 °C. The resulting dark orange solution was stirred at 0 °C for an additional 30 minutes before
the dropwise addition of 11b (5.15 g, 26.79 mmol). The mixture was stirred at 0 °C for 2 h and
then left to warm at room temperature. The reaction was quenched with saturated aqueous
ammonium chloride (60 mL) and extracted with EtoAc (3 x 80 mL). The combined organic layers
were washed with water (2 x 70 mL) and with brine (70 mL), dried with anhydrous Na;SOs,
filtered, and concentrated in vacuum. Evaporation of the solvents afforded crude olefins 10b (7.27
g) as a yellow oil. The product was used in the next step without purification. An aliquot was
purified for analytical purposes.

Molecular Formula: C;7H»004
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Rf: for major isomer= 0.33 and for major isomer= 0.44 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2987, 2845, 1700, 1655, 1615, 698, 745.

'H NMR (400 MHz, Chloroform-d): & 7.59 — 7.33 (m, 5H), 7.30 (ddd, J = 15.4, 11.1, 0.8 Hz,
1H), 6.48 (dddd, J=15.4,11.1, 1.6, 0.8 Hz, 1H), 6.17 (ddt, ] = 15.4, 5.2, 0.8 Hz, 1H), 5.94 (dd, J
=15.3, 0.8 Hz, 1H), 5.61 (s, 1H), 4.58 — 4.48 (m, 1H), 4.38 — 4.28 (m, 1H), 4.23 (q, J = 7.1 Hz,
2H), 4.12-3.96 (m, 1H), 2.09 — 1.88 (m, 1H), 1.72 — 1.62 (m, 1H), 1.32 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): 3 166.85, 143.61, 140.76, 138.34, 128.93, 128.28, 127.93,
126.13,122.13, 101.26, 76.37, 66.81, 60.37, 31.13, 14.28.

HRESIMS m/z: 289.14147 [M+H]" (calcd. for C17H2104,289.14343),311.12506 [M+Na]* (calcd.

for C17H20Na04, 311. 12537).

e Preparation of ethyl 5-((2R,4S)-2-phenyl-1,3-dioxan-4-yl) pentanoate (9b):

O

“‘\\\\\/\/“\
' OEt

o 0]

Procedure: To a stirred solution of 10b (7.25 g, 25.14 mmol) in ethyl acetate (100 mL) was added
a catalytic amount of 10% Pd/C and stirred under an H> atmosphere at room temperature for 24 h.
The progress of the reaction was monitored by TLC. After completion, the reaction was stopped
and filtered over celite bed and the celite bed was washed with ethyl acetate. All the organic layers

were combined and concentrated on a rotavaporator to give a crude residue. Purification of the
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crude residue was carried out by silica gel column chromatography using (n-hexane/ethyl acetate
80:20) to give 9b (2 g) as a yellow oil.

Molecular Formula: C17H2404

Yield: 20% (based on 12b)

Rf: 0.51 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2935, 2877, 1735, 746, 699.

'H NMR (500 MHz, Chloroform-d): & 7.48 — 7.12 (m, 5H), 5.37 (s, 1H), 4.13 (dd, J=11.4, 5.0
Hz, 1H), 3.99 (q, J = 7.2 Hz, 2H), 3.83 (td, J=12.9, 11.7, 3.8 Hz, 1H), 3.74 — 3.65 (m, 1H), 2.19
(t,J=7.5Hz, 2H), 1.73 - 1.61 (m, 1H), 1.59 — 1.47 (m, 3H), 1.44 — 1.26 (m, 4H), 1.12 (t,J= 7.1
Hz, 3H).

13C NMR (126 MHz, Chloroform-d): 5 173.62, 138.72, 128.55, 128.10, 125.91, 101.00, 76.85,
66.97, 60.15, 35.55, 34.17, 31.21, 24.78, 24.46, 14.18.

HRESIMS m/z: 293.17372 [M+H]" (calcd. for C17H2504,293.17473), 315.15613 [M+Na]" (calcd.

for C17H24Na04, 315.1 5667).

e Preparation of 5-((2R,4S)-2-phenyl-1,3-dioxan-4-yl) pentanoic acid (8b):

O

“‘\\\\/\/u\
’ OH

o o)

Procedure: LiOH (0.67 g) dissolved in 7mL H>O (4M) was added to a solution of 9b (2 g) in THF

(7 mL). The reaction mixture was stirred at rt for 24 h. The mixture was concentrated and the
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resulting aqueous solution was slowly acidified with 3M HCI under ice bath. The mixture was
extracted with EtOAc (3 x 15 mL), dried over anhydrous Na>SQO4, and concentrated. Purification
of the crude residue was carried out by silica gel column chromatography using (n-hexane/ethyl
acetate 8:2) to give the acid 8b as a white oil (962 mg).

Molecular Formula: C;5sH2004

Yield: 53%

Rf: 0.20 (n-hexane/ethyl acetate 8:2).

IR vmayx, (neat, cm™): 3300-2500, 2921, 1705, 1608, 850, 739.

'H NMR (400 MHz, Chloroform-d): & 9.86 (s, 1H), 7.57 — 7.47 (m, 2H), 7.47 — 7.31 (m, 3H),
5.54 (s, 1H), 4.30 (ddd, J = 11.4, 5.0, 1.4 Hz, 1H), 3.98 (ddd, ] = 12.4, 11.4, 2.6 Hz, 1H), 3.92 —
3.80 (m, 1H), 2.40 (t, J = 7.4 Hz, 2H), 1.94 — 1.82 (m, 1H), 1.84 — 1.76 (m, 1H), 1.79 — 1.65 (m,
2H), 1.65 — 1.53 (m, 3H), 1.53 — 1.41 (m, 1H).

13C NMR (101 MHz, Chloroform-d): 5 180.00, 138.81, 128.69, 128.22, 126.06, 101.17, 76.96,
67.07, 35.61, 34.03, 31.33, 24.60, 24.52.

HRESIMS m/z: 265.14212 [M+H]" (calcd. for C15sH2104,265.14343), 287.12546 [M+Na]" (calcd.

for C1sHaoNaOs, 287.12537), 263.12683 [M-HJ (calcd. for CisH1904, 263.12888).

e Preparation of (R)-4-benzyl-3-(5-((2R,4S)-2-phenyl-1,3-dioxan-4yl) pentanoyl) oxazolidin-

2-one (7b):
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Procedure: To a stirred solution of 8b (962 mg, 3.64 mmol) in THF (40 mL) was added TEA
(1.15mL, 8.27mmol) followed pivaloyl chloride (0.62 mL, 4.96 mmol) at -20 °C. After being
stirred for 2 h, LiCl (182.33 mg, 4.30 mmol) and (4R)-benzyloxazolidin-2-one (586.30 mg, 3.31
mmol) were added The mixture was allowed to warm to 0 °C and then to room temperature slowly
and was stirred for an additional 4 h. The mixture was concentrated, and residue was partitioned
between 5% aqueous KHSO4 (20 mL) and ethyl acetate (50 mL). The organic layer was washed
with 1 M sodium bicarbonate (2 x 10 mL) and brine (10 mL) and then dried over anhydrous
magnesium sulfate and concentrated. Purification of the crude residue was carried out by silica gel
column chromatography using (n-hexane/ethyl acetate 8:2) to give to give 7b (1.4 g) as a colorless
oil.

Molecular Formula: C2sH29NOs

Yield: quantitative

Rf: 0.33 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2927, 2873, 1778, 1694, 724, 695.

'H NMR (400 MHz, Chloroform-d): & 7.56 — 7.50 (m, 2H), 7.40 — 7.33 (m, 5H), 7.31 — 7.27 (m,
1H), 7.23 (d, J = 6.7 Hz, 2H), 5.53 (s, 1H), 4.69 (ddt, J = 10.2, 6.8, 3.3 Hz, 1H), 4.34 — 4.23 (m,

1H), 4.23 — 4.14 (m, 2H), 4.05 — 3.96 (m, 1H), 3.89 (d, J = 12.5 Hz, 1H), 3.32 (dd, J = 13.4, 3.3
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Hz, 1H), 3.07 — 2.88 (m, 2H), 2.85 —2.72 (m, 1H), 1.86 (td, ] = 12.5, 5.1 Hz, 1H), 1.78 (d, 1= 7.5
Hz, 2H), 1.64 (td, J=8.7, 7.8, 4.3 Hz, 2H), 1.61 — 1.55 (m, 1H), 1.53 (d, ] = 5.9 Hz, 2H).

13C NMR (101 MHz, Chloroform-d): 5 173.20, 153.46, 138.86, 135.30, 129.42, 128.96, 128.63,
128.20, 127.35, 126.03, 101.15, 76.99, 67.10, 66.19, 55.16, 37.94, 35.74, 35.49, 31.36, 24.56,
24.16.

HRESIMS m/z: 42421190 [M+H]" (caled. for CasHioNOs, 424.21184), 446.19493 [M+Na]"
(caled. for CasHaoNNaOs, 446.19378), 462.19174 [M+K]" (caled. for CosHaoKNOs, 462.16772),

460.15360 [M+K-2H]" (calcd. for C2sHy7KNOs, 460.15317).

e Preparation of (R)-4-benzyl-3-((S)-2-(3-((2R,4S)-2-phenyl-1,3-dioxan-4-yl)propyl) pent-4-
enoyl) oxazolidin-2-one (6b):

o}

g \/ Bn)\/o

Procedure: 20 mL THF was added to 7b (1.35 g, 3.19 mmol) under argon at 0 °C. Lithium
bis(trimethylsilyl) amide (1.0 M in THF, 7.97 mL, 7.97 mmol) was then added dropwise and the
mixture was left for 1 h. Then, freshly distilled allyl bromide (1.38 mL, 15.94 mmol) was added
and reaction was monitored via TLC. Once the starting material is totally converted to product, 20
mL NH4Cl was added and mixture was allowed to warm up to rt. Then mixture was extracted by

EtOAc (2x 30 mL), organic layer was washed with 30 mL brine, dried over anhydrous Na>SO4
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and concentrated in vacuum. Purification of the crude residue was carried out by silica gel column
chromatography using (n-hexane/ethyl acetate 9.5:0.5) to give 6b (895 mg) as a colorless oil.
Molecular Formula: C2sH33NOs

Yield: 61%

Rf: 0.40 (n-hexane/ethyl acetate 8:2).

IR vmax, (neat, cm™): 2920, 2857, 1774, 1694, 749, 698.

'H NMR (400 MHz, Chloroform-d): 6 7.52 — 7.22 (m, 10H), 5.93 — 5.78 (m, 1H), 5.52 (s, 1H),
5.17 - 5.04 (m, 2H), 4.72 — 4.60 (m, 1H), 4.28 (ddd, J = 11.3, 5.0, 1.3 Hz, 1H), 4.16 — 4.05 (m,
2H), 4.03 — 3.90 (m, 2H), 3.90 — 3.78 (m, 1H), 3.31 (dd, J = 13.3, 3.3 Hz, 1H), 2.68 (dd, J = 13.3,
10.0 Hz, 1H), 2.57 — 2.44 (m, 1H), 2.42 — 2.30 (m, 1H), 1.90 — 1.75 (m, 2H), 1.75 — 1.55 (m, 3H),
1.55-1.38 (m, 3H).

13C NMR (101 MHz, Chloroform-d): 5 175.91, 153.17, 138.89, 135.45, 135.20, 129.41, 128.94,
128.62, 128.17, 127.32, 126.02, 117.25, 101.09, 76.94, 67.07, 65.93, 55.55, 42.24, 38.10, 36.88,
35.92,31.43,31.29, 22.77.

HRESIMS m/z: 464.24335 [M+H]" (calcd. for C3H34NOs, 464.24314), 486.22955 [M+Na]*

(caled. for CosH33NNaOs, 486.22508).

e Preparation of (R)-4-benzyl-3-((R)-5-((2R,4S)-2-phenyl-1,3-dioxan-4-yl)-2-propyl

pentanoyl) oxazolidin-2-one (5b)
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Procedure: To a solution of 6b (880 mg) in EtOAc (40 mL) was added a catalytic amount of 10%
Pd/C and stirred under H> atmosphere at room temperature for 24 h. The mixture was filtered
through a pad of celite and the pad was washed with EtOAc (50 mLx2). The filtrate was
concentrated to provide a clean crude of 5b (878 mg) as a colorless oil.
Molecular Formula: C2sH35sNOs
Yield: quantitative
Rf: 0.42 (n-hexane/ethyl acetate 8:2).
IR vmax, (neat, cm™): 2927, 2865, 1778, 1698, 721, 700.
'H NMR (400 MHz, Chloroform-d): & 7.56 — 7.21 (m, 10H), 5.51 (s, 1H), 4.69 (ddt, J = 10.3,
7.5,3.2 Hz, 1H), 4.28 (ddd, J=11.4,5.0, 1.3 Hz, 1H), 4.16 —4.07 (m, 2H), 3.97 (td, J = 12.3, 11.4,
2.6 Hz, 1H), 3.91 —3.79 (m, 2H), 3.33 (dd, J = 13.3, 3.3 Hz, 1H), 2.73 (dd, 1H), 1.88 — 1.75 (m,
2H), 1.75 — 1.63 (m, 1H), 1.66 — 1.54 (m, 2H), 1.62 — 1.45 (m, 3H), 1.52 — 1.44 (m, 1H), 1.49 —
1.28 (m, 3H), 0.96 (t, J = 7.3 Hz, 3H).
13C NMR (101 MHz, Chloroform-d): 5 176.84, 153.19, 138.88, 135.41, 129.41, 128.94, 128.65,
128.18, 127.32, 126.06, 101.16, 76.87, 67.10, 65.89, 55.49, 42.55, 38.07, 35.89, 34.65, 31.79,
31.24,22.67,20.36, 14.24.
HRESIMS m/z: 466.25995 [M+H]" (calcd. for C3H36NOs, 466.25879), 488.24592 [M+Na]*

(calcd. for C2sH3sNNaOs, 488.24073), 483.28578 [M+NH4]" (caled. for C2sH39N20s5,483.28534).
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e Preparation of (R)-4-benzyl-3-((2R,65)-6,8-dihydroxy-2-propyloctanoyl) oxazolidin-2-one

(4b):

(0]
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Procedure: To a solution of 5b (850 mg) in EtOAc (40 mL) was added a catalytic amount of 10%

HO HO

Pd/C and stirred under H> atmosphere at room temperature for 24 h. The mixture was filtered
through a pad of celite and the pad was washed with EtOAc (50 mLx2). The filtrate was
concentrated to provide a clean crude of 4b (646 mg) as a colorless oil.

Molecular Formula: C>1H31NOs

Yield: (93% based on 6b)

Rf: 0.22 (n-hexane/ethyl acetate 2:8).

IR vmax, (neat, cm™): 3600-3100, 2939, 2873, 1776, 1700, 701.

'H NMR (400 MHz, Chloroform-d): § 7.39 — 7.16 (m, 5H), 4.77 —4.61 (m, 1H), 4.26 — 4.09 (m,
2H), 3.93 - 3.71 (m, 4H), 3.31 (dd, J = 13.4, 3.1 Hz, 1H), 3.08 (d, J = 12.7 Hz, 2H), 2.72 (dd, J =
13.3,9.8 Hz, 1H), 1.79 — 1.59 (m, 3H), 1.58 — 1.47 (m, 3H), 1.47 — 1.45 (m, 3H), 1.45 — 1.28 (m,
3H), 0.93 (t, ] = 7.3 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): 8 176.93, 153.31, 135.35, 129.40, 128.93, 127.32, 71.59,
65.99, 61.48, 55.46, 42.57, 38.29, 38.04, 37.59, 34.69, 31.80, 23.27, 20.36, 14.21.

HRESIMS m/z: 378.22993 [M+H]" (calcd. for C21H3:NOs, 378.22749), 400.21340 [M+Na]*

(caled. for C21H31NNaOs, 400.20943), 416.18840 [M+K]* (calcd. for Ca1H3KNOs, 416.18337),
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777.43137 [2M+Na]* (caled. for CaxHeN:NaOio, 777.42965), 412.18222 [M+CI] (caled. for

C21CIH31NOs,412.18962).

e Preparation of (3S,7R)-7-((R)-4-benzyl-2-oxooxazolidine-3-carbonyl) decane-1,3-diyl
dimethanesulfonate (3b):

O
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Procedure: To a stirred solution of 4b (620 mg, 1.64 mmol) in anhydrous dichloromethane (30

MsO MsO

mL) were added EtsN (1.14 mL, 8.21 mmol) and MsCl1 (0.292.37 mL, 3.78 mmol) at 0 °C. The
progress of the reaction was monitored by TLC. After completion, the reaction mixture was poured
into aqueous NaHCO3 (2%, 30 mL) and extracted with DCM (2x30 mL). The combined organic
extracts were washed with brine, dried over anhydrous Na>SOs, filtered, and concentrated under
reduced pressure to give a clean crude 3b in an excellent yield (864 mg) as a yellow oil. The crude
was utilized directly in the next reaction.

Molecular Formula: C23H3sNOoS;

Rf: 0.66 (n-hexane/ethyl acetate 2:8).

IR vmax, (neat, cm™): 2943, 2852, 1784, 1697.

'H NMR (400 MHz, Chloroform-d): § 7.37 —7.22 (m, 5H), 4.91 —4.83 (m, 1H), 4.77 — 4.66 (m,
1H), 4.38 — 4.28 (m, 2H), 4.28 — 4.09 (m, 2H), 3.88 — 3.79 (m, 1H), 3.31 (dd, J = 13.3, 3.3 Hz,
1H), 3.05 (d,J=1.1 Hz, 6H), 2.73 (dd, J = 13.3, 9.8 Hz, 1H), 2.17 - 2.01 (m, 2H), 1.81 — 1.23 (m,

10H), 0.94 (t, J = 7.2 Hz, 3H).
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13C NMR (101 MHz, Chloroform-d): 5 176.44, 153.33, 135.39, 129.40, 128.93, 127.31, 78.61,
66.05, 65.65, 55.43, 42.19, 38.63, 38.05, 37.40, 34.67, 34.64, 34.00, 31.30, 22.32, 20.36, 14.18.

HRESIMS m/z: 534.18780 [M+H]" (calcd. for C23H36NO9S2, 534.18259), 556. 16582[M+Na]*
(caled. for Ci3H3sNNaOoS, 556.16453), 572.13821 [M+K]" (caled. for Ca3H3sKNOoS;,

572.13847), 551.20968 [M+NH,]* (calcd. for C2sH3oN200S5. 551.20914).

e Preparation of ethyl (5)-6,8-dihydroxyoctanoate (16b):

O

,/\.“\ \/\/U\OEt

OH OH

Procedure: To a stirred solution of 9b (290 mg, 991.88 umol) in ethyl acetate (10 mL) was added
a catalytic amount of 10% Pd (70 mg) and stirred under an H2 atmosphere at room temperature
for 24 h. The progress of the reaction was monitored by TLC. After completion, the reaction was
stopped and filtered over celite bed, and the celite bed was washed with ethyl acetate. All the
organic layers were combined and concentrated on a rotavaporator to give a crude residue.
Purification of the crude residue was carried out by silica gel column chromatography using (n-
hexane/ethyl acetate 1:1) to give 16b (200 mg) as a colorless oil.

Molecular Formula: C1oH2004

Yield: quantitative

Rf: 0.30 (n-hexane/ethyl acetate 2:8).

IR vmax, (neat, cm™): 3395, 2946, 2885, 1711.
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'H NMR (400 MHz, Chloroform-d): 3 4.14 (q, J = 7.1 Hz, 2H), 3.95 — 3.76 (m, 3H), 2.88 (s,
1H), 2.77 (s, 1H), 2.33 (t, ] = 7.4 Hz, 2H), 1.77 — 1.58 (m, 4H), 1.56 — 1.43 (m, 3H), 1.43 — 1.32
(m, 1H), 1.27 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): 5 173.98, 71.02, 61.04, 60.29, 38.34, 37.18, 34.19, 24.98,
24.76, 14.15.

HRESIMS m/z: 205.14378 [M+H]" (calcd. for C10H2104,205.14343),227.12778 [M+Na]* (calcd.

for ClonoNaO4, 227.12537).

e Preparation of ethyl (S)-6,8-dimesyloxy octanoate (17b):

O

Y \/\/U\OEt

OMs OMs

Procedure: To a solution of the diol 16b (180 mg, 881.20 umol) in anhydrous dichloromethane
(8 mL) were added triethylamine (0.614 mL, 4.41 mmol) and methanesulfonyl chloride (0.157
mL, 2.03 mmol) at 0 °C and stirred for 1 h at the same temperature. The reaction mixture was
poured into aqueous sodium hydrogen carbonate and extracted with dichloromethane (2x10 mL).
The combined organic extracts were washed with brine, dried over anhydrous Na,SOs, filtered and
concentrated under reduced pressure. The crude oily compound was purified by silica gel column
chromatography using (n-hexane/ethyl acetate 1:1) as an eluent to afford 6, 8 dimesylate 17b (312
mg) as a colorless oil.

Molecular Formula: C12H2405S:

Yield: 98%

Rf: 0.62 (n-hexane/ethyl acetate 2:8).
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IR vmax, (neat, cm™): 3027, 2947, 1711, 1175.

'H NMR (400 MHz, Chloroform-d): & 4.96 — 4.85 (m, 1H), 4.43 — 4.31 (m, 2H), 4.14 (¢, J = 7.1
Hz, 2H), 3.07 (d, 6H), 2.34 (t, ] = 7.3 Hz, 2H), 2.26 — 1.98 (m, 2H), 1.94 — 1.73 (m, 2H), 1.73 —
1.53 (m, 2H), 1.51 — 1.40 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d): § 173.31, 78.54, 65.58, 60.37, 38.67, 37.43, 34.61, 34.01,
33.90, 24.49, 24.23, 14.24.

HRESIMS m/z: 383.08804 [M+Na]" (calcd. for Ci2H24NaOsS, 383.08047), 378.12868
[M+NHa4]" (calcd. for Ci2H2sNOsS2, 378.12508), 399.05676 [M+K]* (calcd. for Ci2H24KOsS»,

399.05441), 395.06972 [M+CI]" (caled. for C12C1H2405S2. 395.06066).

e Preparation of ethyl R-(+)-lipoate or [ethyl (5S)-5-(1,2-dithiolan-3yl) pentanoate] (18b):
O

OEt
g—S

Procedure: A mixture of dimesylate 17b (290 mg, 804.58 umol), finely powdered sodium sulfide
(72 mg, 917.22 umol) and sulfur (30 mg, 917.22 pmol) in anhydrous dimethylformamide (5 mL)
were heated at 85-90 °C for 24 h. The reaction mixture was diluted with cold water, extracted with
EtOAc (2x10 mL) and the combined organic fractions were washed with brine, dried over
anhydrous Na>SOg, filtered and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography using (n-hexane/ethyl acetate 1:1) as an eluent to afford 18b
(135 mg) as a light-yellow oil.

Molecular Formula: C;0Hi30:S:

Yield: 71%
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Rf: 0.81 (n-hexane/ethyl acetate 6:4).

e Preparation of (R)-5-(1,2-dithiolan-3-yl)-pentanoic acid or (R)-lipoic acid:
O

OH

g—S
Procedure: To a stirred solution of 18b (120 mg, 512.01 umol) in THF (2 mL) was added aqueous
LiOH (3 M, 2 mL) and stirred at rt for 24 h. THF was evaporated on a rotavaporator and the
aqueous layer was acidified carefully with 6 M HCI to pH 2. The product was extracted with
dichloromethane (2x10 mL) and the combined organic phases were dried over anhydrous Na>SOs,
filtered, and concentrated on a rotavaporator to afford a crude residue. The resulting residue was
purified by flash column chromatography (silica gel) using n-hexane/ethyl acetate 85:15 as an
eluent, to afford (R)-lipoic acid (75 mg) as a yellow solid.
Molecular Formula: CgH1402S>
Yield: 71%
Rf: 0.22 (n-hexane/ethyl acetate 8:2).
IR vmax, (neat, cm™): 3021, 2920, 1698, 725.
'H NMR (400 MHz, Chloroform-d): 5 10.40 (s, 1H), 3.64 —3.52 (m, 1H), 3.25 — 3.07 (m, 2H),
2.53-2.47 (m, 1H),2.41 (t,J=7.4 Hz, 2H), 1.99 — 1.86 (m, 1H), 1.81 — 1.61 (m, 4H), 1.61 — 1.40
(m, 2H).
13C NMR (101 MHz, Chloroform-d): 5 179.62, 56.26, 40.20, 38.48, 34.55, 33.80, 28.60, 24.39.
HRESIMS m/z: 229.03317 [M+Na]" (caled. for CsH14NaO>S>, 229.03273), 245.02795 [M+K]*

(caled. for CsH14K 015, 245.00667), 205.03197 [M-H]" (caled. for CsH130,S2, 205.03624).
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e Preparation of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 5-((R)-1,2-dithiolan-3-yl)

pentanoate (19):

S/S

Procedure: To a mixture of R-lipoic acid (1 g, 4.85 mmol) and L-menthol (0.757 g, 4.85 mmol)
in pyridine (10 mL) was added diethyl chlorophosphate (0.773 mL, 5.33 mmol) slowly at rt under
argon atmosphere, and the reaction mixture was stirred at rt for about 30 min. The heterogeneous
mixture was heated at 70 °C under argon atmosphere for 20 h, during which the reaction mixture
became homogeneous. Pyridine was removed in vacuo, and the residue partitioned between ethyl
acetate (50 mL) and saturated sodium bicarbonate (20 mL). After 10 min of stirring, the organic
layer was separated, dried over anhydrous Na>SOj4 and the solvent evaporated in vacuum to yield
the crude product. The crude was then purified via a column chromatography using normal phase
silica gel (n-hexane/ethyl acetate 9:1) to give 19 (536 mg) as a yellow oil.

Molecular Formula: CisH320,S;

Yield: 32%

Rf: 0.37 (n-hexane/ethyl acetate 9:1).

IR vmax, (neat, cm™): 2952, 2926, 2868, 1727, 1455, 1369.

'H NMR (400 MHz, Chloroform-d): & 4.76 — 4.64 (m, 1H), 3.64 — 3.53 (m, 1H), 3.26 — 3.08 (m,

2H), 2.54 —2.42 (m, 1H), 2.31 (t, ] = 7.2 Hz, 2H), 2.05 — 1.79 (m, 3H), 1.81 — 1.60 (m, 7H), 1.59
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— 1.45 (m, 2H), 1.50 — 1.32 (m, 2H), 1.15 — 0.94 (m, 2H), 0.98 — 0.87 (m, 7H), 0.91 — 0.72 (m,
3H).

13C NMR (101 MHz, Chloroform-d): & 173.07, 74.05, 56.37, 47.01, 40.97, 40.21, 38.49, 34.63,
34.49, 34.27, 31.39, 28.77, 26.30, 24.86, 23.42, 22.04, 20.79, 16.32.

HRESIMS m/z: 345.19190 [M+H]" (calcd. for CisH330,S2, 345.19164), 367.17990 [M+Na]*
(caled. for CisH3Na02Ss, 367.17358), 383.16999 [M+K] (caled. for C1sH3KO0,S,, 383.14752),

711.35919 [2M+Na]" (caled. for C36HesNaO4S4, 711.35795).

e Preparation of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl (2R,6R)-2-allyl-6-(2-(allylthio)

ethyl) tetrahydro-2H-thiopyran-2-carboxylate (20):

Procedure: 4 mL THF was added to 19 (200 mg, 580.43 pmol) under argon at 0 °C. Lithium
bis(trimethylsilyl) amide (1.0 M in THF, 1.45 mL, 1.45 mmol) was then added dropwise, mixture
was left for 30 minutes. Allyl iodide (265.38 pL, 2.90 mmol) was added and reaction was
monitored via TLC. Once the starting material is totally converted to product after 1 h, 4 mL NH4Cl
was added and mixture was allowed to warm up to rt. THF was removed by rotavaporator, then
20 mL water was added to the residue. The mixture was extracted by EtOAc (3x 20 mL), organic
layer was washed with 60 mL brine, dried over anhydrous Na>SOs, and concentrated in vacuum.

Purification of crude extract was performed using a column chromatography via a reverse-phase
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C18 silica gel and eluted with methanol/water in composition of 90:10 to give 20 (115 mg) as a
colorless oil.

Molecular Formula: C24H100,S>

Yield: 52%

Rf: 0.44 (n-hexane/ethyl acetate 95:5).

IR vmax, (neat, cm™): 2952, 2926, 2868, 1714, 1436, 985, 915.

'"H NMR (500 MHz, Chloroform-d): 8 5.85 —5.68 (m, 2H), 5.17 — 5.06 (m, 4H), 4.73 — 4.65 (m,
1H), 3.16 — 3.05 (m, 3H), 2.64 — 2.41 (m, 4H), 2.39 — 2.26 (m, 1H), 2.08 — 1.90 (m, 3H), 1.87 —
1.62 (m, 5H), 1.63 — 1.42 (m, 3H), 1.38 — 1.24 (m, 1H), 1.12 - 0.96 (m, 2H), 0.96 — 0.82 (m, 8H),
0.76 (d,J=7.0 Hz, 3H).

13C NMR (126 MHz, Chloroform-d): & 172.85, 134.33, 132.21, 118.86, 117.00, 75.56, 53.68,
46.90, 44.98, 40.70, 40.67, 36.46, 35.68, 34.62, 34.25, 33.78, 31.43, 27.66, 25.93, 23.40, 22.96,
22.07,20.91, 15.82.

HRESIMS m/z: 447.23547 [M+Na]" (calcd. for C24H40NaO2S2,447.23618), 463.21605 [M+K]*

(caled. for C24H40KO2S2,463.21012), 887.45929 [2M+K] (calcd. for C4sHgoKO4S4, 887.45709).
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CHAPTER 1V

LATE-STAGE DIVERSIFICATION OF MENTHONE HOMOLOG AS JUVENILE
HORMONE ANALOG AND ITS GROWTH INHIBITING EFFECT AGAINST BED

BUGS

1. Introduction
1.1. Bed Bugs
Cimex lectularius (L.) are blood-feeding insects that are synanthropic >’. Although their
biting behavior causes discomfort to individuals who are bitten, they are not recognized as disease
carriers and transmitters >>°7. Following World War II, the public was spared from pests, partially
for the extensive applications of DDT (dichloro-diphenyl-trichloroethane) '3°. Multiple variables,
including less effective insecticides, international travel, and a lack of care exhibited in earlier
periods, are inclined to blame for the recent resurgence !*°. Many hypotheses have been postulated
to explain the rebound, however there is growing evidence of resistance to frequently
used insecticides '%°. As a result, researchers are seeking for alternative insecticides that may be
used in combination with or rather than the commonly used one.
Adult bed bugs have oval, flattened bodies and are about 3/16-inch long and reddish-brown
in color ¢, The common bed bug prefers to feed on humans, although it will bite other warm-

bloode creatures such as dogs, cats, birds, and rodents 2.
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Insects go through larval or nymphal stages during their development from egg to adult
and acquire biomass through feeding °’. This process is regulated by juvenile hormones (JHs).
Furthermore, as the insect develops, a new exoskeleton must be created inside the old one and the
old one subsequently must shed 7. The new exoskeleton will then expand to its full size and

hardens, a process known as molting %7, (Figure 4.1).

1 st
stage Ill. 2nd
stage Ill

L2 TN g

Eggs

HIGH —— LOW

Level of JH= Il
Adults l' '

Female Male

Figure 4. 1. The life cycle of a bed bug.
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1.2. Juvenile Hormone Analogues (JHAs)

JHAs are a class of insect growth regulators (IGRs) that act by mimicking insect juvenile
hormone, a pivotal developmental hormone that plays a critical role in regulating insect’s life-
cycle, keeping insects in immature stages, and preventing their reproduction !4°. They are
synthetically made analogues of juvenile hormones. Williams and Slama were the first to discover
JH analogues in 1966 '#°. They observed that rearing a Pyrrhocoris bug in a glass container with a
paper towel led the bug to die before reaching mature stage. As a result, the incident was called
'paper factor' or 'juvabione' by the two scientists. They later discovered that the paper was made
from balsam fir tree (4bies balsamea), specifically the wood pulp part, which contained the JH
mimic 40,

Thus far, there are two commercially available JHAs, namely methoprene and hydroprene,
(Figure 4.2), which have been reported to be effective against a variety of pests in stored products
and both have been used successfully to manage urban pests °!. They exert their effects from
causing any physical internal damage, incomplete body parts, and disruption of the cycle '%°, These
JHAs are economical because they are effective in minute quantities and target specific.
Additionally, they have a favorable safety profile, including minimal mammalian toxicity and
rapid environmental degradation >!- 14!, However, they have a slow mode of action and only kill
at specific stages of pests 14%- 141, Also, these JHAs are sensitive under light and could be subjected
to hydrolysis when dissolved in water 3! 4!, Furthermore, findings such as developing resistance
and consequently, human and aquatic overexposure are additional disadvantages of these JHAs

that need to be overcome and addressed *°.

92



MOA

Hydroprene
w )\
~o X X 0
Methoprene

Figure 4. 2. Chemical structures of currently used JHAs.

2. Significance

Cimex lectularius (L.) are reported the most in urban areas and have raised many concerns
regarding the public and environmental health ! 12, The bugs survive solely on the blood of
humans and animals causing skin rashes, bleeding, inflammation, as well as psychological impacts
including sleep difficulties, anxiety, and stress as a result of the continuous and overwhelming
infestations 3% 33, Recent details on the efficacy of insecticides against bed bugs are limited, and
there is even less on the efficacy of insect growth regulators. Although JHAs are considered
optimal for their proven effectiveness and relatively low toxicity to non-arthropods, their efficacy
for bed bug management remains, nevertheless, inconsistent 43, Because some strains of bed bugs
developed resistance to common insecticides, JHAs have shown insecticidal activity when used at

higher application rates than the labeled rate 3% %7

. Accordingly, it has been reported that certain
strains of bed bugs and mosquitoes have developed cross-resistance to other classes of insecticides
36, Based on that, observations such as aquatic toxicity and human overexposure to insecticides
through inhalation or dermal contact have been recorded . Hence, this study aims on developing

a novel natural product-derived analog as an IGR for managing bed bugs with preferable safety

profile compared to other available IGRs.
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3. Innovation
The novel natural product-derived IGR was attained in one step synthesis with feasible and
cost-effective material, compared to those commercially available IGRs that are purely synthetic

and achieved in multiple steps.

4. Approach
For the synthesis of the new IGR, the natural monoterpene, menthone (or (2S,5R)-trans-2-
isopropyl-5-methylcyclohexanone) will be transformed via Horner—Wadsworth—-Emmons reaction
into its C4 elongated conjugate ester, AJM-IGR-100, (Figure 4.3). Furthermore, the impact on
development and reproduction of bed bugs will be tested by residual bioassay experiment, a

method that is developed by our entomologist in NCNPR.

HWE
conditions i
5 o o 5 \ \ O/\
P PN
Natural product Natural product-derived analogue
(-) Menthone AJM-IGR-100

Figure 4. 3. Olefination of menthone via HWE reaction.

5. Results and Discussion
5.1. Synthesis of (AJM-IGR-100)
Initially, the reaction conditions were monitored by screening several parameters, such as
different bases, temperatures, and reaction duration, (Table 4.1-4.3). Deprotonation of the
phosphonate by the base gives a phosphonate carbanion that undergoes a nucleophilic addition

onto the carbonyl group of menthone, leading to the formation of a four-membered ring
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(oxaphosphetane). Next, the final product is released through the decomposition of
oxaphosphetane by ring opening process (cycloreversion) to produce the E alkene predominantly,
releasing a phosphate anion as a byproduct that is water soluble and easily removed by aqueous
extraction. The initial nucleophilic addition and the equilibrium of the oxaphosphetane
intermediate can determine the overall rate of the reaction. Giving the steric crowding caused by
the two bulky groups (the 2-isoproyl-5-methyl cyclohaxanolate and the phosphonate carbanion),
the rate of elimination to give the trans diastereoisomer with the two bulky groups on opposite

sides of the ring is significantly faster than the rate of elimination to give the cis diastereoisomer.

Accordingly, Triethyl 4-phosphonocrotonate (HWE reagent) was slowly added to a
solution of LIHMDS in anhydrous THF at rt. The resulting dark orange was stirred for 30 minutes
before the dropwise addition of /-Menthone. After the reaction went to completion, pure compound
AJM-IGR-100 was obtained with a gradient elution of methanol-water mobile phases in

composition from 50:50 to 70:30 in 45% yield as dark orange viscous liquid, (Figure 4.4).
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Table 4. 1. Optimization conditions for HWE reaction using NaHMDS.

Entry Base (equiv) Temprature Duration Comments

1 =78 °C SM

2 -20 °C SM

3 0°C SM

4 4h SM

5 SM

. NaHMDS oh oM

7 It 4h SM

8 6 h SM

Table 4. 2. Optimization conditions for HWE reaction using KHMDS.

Entry Base (equiv) Temprature Duration Comments

1 -78 °C SM

2 -20 °C SM

3 1 0°C SM

4 4h SM

5 SM

. KHMDS 2 o .

7 It 4h SM

8 ’ 6 h SM
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Table 4. 3. Table 4. 2. Optimization conditions for HWE reaction using LIHMDS.

Entry Base (equiv) Temprature Duration Comments
1 -78 °C SM
2 -20 °C SM
3 1 0°C SM
4 rt trace
4h
5 trace
LiHMDS 0°C
0/ a
6 25 45%
7 34%?*
ot 6h
8 3 4h 25%*
9 6 h 20%*®
2=vyields reported for isolated compounds.
(o} (e}
Mu LiHMDS i
+ /\o |\O/\ !
H
T OW THF, rt NN TN
= 45% £
~N ~N  AJM-IGR-100

Figure 4. 4. HWE reaction conditions of menthone.

5.2. IGR Activity
To observe any possible IGR activity in AJM-IGR-100, the material diluted in acetone
were directly delivered topically to ensure the direct contact of the test compounds. We looked for

various parameters for possible IGR activity, e.g., indigestion of the blood, incomplete molting,
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any deformity in limbs, any mortality or failing to feed. Bed bug will molt to next instar after each
blood meal. The unfed bed bugs indirectly point at the possible disruption in life cycle. Any
disruption, delay or deformity will delay the molting process, leading to desiccation of partially
molted or complete mortality. Hence, in screening studies, 7 days after treatment (Figure 4.5),
AJM-IGR-100 induced 21.9% mortality and only 17.4% could feed on blood. While the positive
control, methoprene, induced 19.9% mortality with 14.8% bed bug fed on the blood. It was
followed by menthone with 9.5% mortality and 14.2% feeding success. The impact of the
treatment was more pronounced in the 2" week after treatment where higher mortality was
observed in AJM-IGR-100 and methoprene (Figure 4.6) 33.7% & 30.9 %, respectively. While
only 9% of bed bugs died in menthone. The structural deformities were very prominent in AJM-

IGR-100 and methoprene.

On the basis of preliminary screening profile, we ran a dose response of new compound
only. We observed the similar mortality time curve/pattern in the dose response of new compound
in comparison to standard methoprene. Based on data in (Figure 4.5 and 4.6), the new compound,
AJM-IGR-100, has almost similar mortality and feeding profiles as the positive control,
methoprene, after two weeks of exposure to treatment groups of 1000 and 2000 ppm. Additionally,
in the treatment group with 1000 ppm of AJM-IGR-100, the remaining 20% of bed bugs exhibited
several exoskeleton structural deformities along with their inability to consume a meal. Taken
together, AJM-IGR-100 has the potential to disrupt the life-cycle of bed bugs and might serve as

a novel insect growth regulator.
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The study we presented here is forced feeding to further explore the potential of the new
compound. In actual scenarios, the successive feeding possibility of bed bugs exposed to treatment
is very narrow, as being weaken due to treatment, may not be able to reach to blood source.
Although, in 20mL vial they are few centimeter close to blood feeder but in actual scenario the

bugs might be couple of feet away from the targeted human on bed/furniture.
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Figure 4. 5. Mortality and feeding behavior of 1st instar bed bugs with a novel insect growth regulator.

Screening section: *levels not connected by same lowercase letter are significantly different; Dose response section: levels not
connected by same uppercase letter are significantly different, replicate =3 /treatment with 20 1st instar bed bug/replicate (One Way
ANOVA, P <0.05, mean separated by Tukey’s HSD Test).
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0.0
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Figure 4. 6. Mortality and feeding behavior of 1st instar bed bugs with a novel insect growth regulator.

Screening section: *levels not connected by same lowercase letter are significantly different; Dose response section: levels not

connected by same uppercase letter are significantly different, replicate =3 /treatment with 20 1st instar bed bug/replicate (One Way
ANOVA, P <0.05, mean separated by Tukey’s HSD Test).

Effect of novel IGR on 1st instar of bed bug 2 week after treatment
120.0

B % mortality week 2 ¥ % fed week 2

A A
AB A
B
a*
B B B B B

100.0

Percent mortality +SE
[=2) R
[—J [—J
= =
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=4
<

20.0
0.0
Methoprene AJM-IGR-100 Menthone AJM-IGR-100 AJM-IGR-100 AJM-IGR-100 Methoprene Negative
(500 ppm) (1000 ppm) (2000 ppm) (1000 ppm) control
Screening @ 0.68 png/mgbody weight Dose response

Treatments
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6. Experimental Procedures
6.1. Synthesis of (AJM-IGR-100):

e Preparation of ethyl (2E,4E)-4-((2S,5R)-2-isopropyl-5-methylcyclohexylidene) but-2-enoate:

Procedure: Triethyl 4-phosphonocrotonate (1.44 mL, 6.48 mmol) was slowly added to a solution
of Lithium bis(trimethylsilyl)amide (6.48 mL, 6.48 mmol) in 10 mL anhydrous THF at rt. The
resulting dark orange was stirred for 30 minutes before the dropwise addition of /-Menthone
((28,5R)-trans-2-isopropyl-5-methylcyclohexanone) (1 g, 6.48 mmol). The mixture was then
stirred and the progress of the reaction was monitored by TLC. After the reaction went to
completion, the mixture was quenched with saturated aqueous ammonium chloride and extracted
with EtOAc (3x 20 mL) The organic layer was then washed with 60 mL brine, dried over
anhydrous Na;SOys, and concentrated in vacuum. Purification of crude extract was performed using
a column chromatography via a reverse-phase C18 silica gel and eluted with methanol/water in

composition from 50:50 to 70:30 to give (AJM-IGR-100) (725 mg) as a colorless oil.

Molecular Formula: CisH2602

Yield: 45%

Rf: 0.16 (n-hexane/ethyl acetate 99:1).

IR vmax, (neat, cm™): 2953, 2926, 1746, 1712, 1630, 1271.
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'H NMR (400 MHz, Chloroform-d): & 7.67 (dd, J = 15.1, 11.6 Hz, 1H), 6.00 (d, J = 11.6 Hz,
1H), 5.83 (d, J = 15.1 Hz, 1H), 4.22 (q, 2H), 2.68 — 2.59 (m, 1H), 2.09 — 1.92 (m, 2H), 1.92 — 1.74

(m, 4H), 1.47 — 1.33 (m, 1H), 1.29 (t, 3H), 1.23 — 1.14 (m, 1H), 1.04 — 0.85 (m, 9H).

13C NMR (101 MHz, Chloroform-d): & 167.72, 155.24, 140.44, 120.94, 119.17, 59.96, 52.25,

36.23,33.12, 31.54, 27.08, 26.83, 21.83, 20.38, 19.66, 14.32;

HRESIMS m/z: 251.20158 [M+H]" (calcd. for C1sH2702,251.20055).

6.2. IGR Activity
e Preliminary Screening: Topically Delivered Test Compound to 1% Instar Bed Bugs for
IGR Activity
To observe any possible IGR, the test compounds (new IGR, methoprene and menthone)
were topically delivered to 1% instars of the bed bug. Before treatment, twenty 1% instars of freshly-
fed bed bugs (strain Bayonne ‘Insecticide) were weighed and placed on a small piece of paper in
a Petri dish. Three, 1uL drops of treatment solution (concentration= 2pg/ul) diluted in acetone
were delivered topically. Five minutes after the treatment, bed bugs were transferred to 20mL
scintillation vial and placed in the growth chamber. Each treatment had 3 replicates with 20 1%
instars bed bug per replicate. Menthone and methoprene were used as parallel controls with the
IGR. Bed bugs were fed after 7 days after the treatment and the data for mortality, fed and unfed

was recorded.

¢ Residual Bioassay: Exposing 1% Instar Bed Bugs to Filter Paper Treated With IGR
In a 20 mL scintillation vial with 20 1% instars of freshly-fed bed bugs (strain Bayonne

‘Insecticide-resistant’), [AJM-IGR-100, methoprene, or acetone] treated on a filter paper (30x20
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