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Abstract

Tuberculosis is a disease primarily affecting the lungs caused by Mycobacterium bovis
(Mycobacterium tuberculosis in humans) which is transmitted via airborne droplets
through mucosal fluids. It is classified as both a major health threat and cattle farming
threat as well as a leading cause of death worldwide ranked alongside HIV and in 2016,
1.6 million people died as a result of the disease. It is a particular problem in the farming
industry where culling of livestock is generally utilised rather than expensive and lengthy
treatment. Most recent statistics from the UK indicated 4,395 new contaminated herds
with over 44,000 animals slaughtered due to the disease.! The nature of treatment (long-
term combination therapy) as well as unwillingness to vaccinate cattle breeds resistance,
the subject of which is a growing issue with both multidrug (MDR-TB) and extensively drug

resistant (XDR-TB) tuberculosis strains becoming increasingly prevalent worldwide.

Isoniazid (INH) is a prodrug activated by KatG, the active form then inhibits InhA. INH is
one of the most potent antitubercular drugs which acts to prevent the production and
replenishment of mycolic acids, which form the outer coat of the Mycobacterium, by
inhibiting the FASII section of the fatty acid biosynthetic pathway. Mutation in KatG
renders the prodrug inert but by targeting InhA directly we can still inhibit production of
mycolic acids, and as InhA has an identical structure in bovis as in tuberculosis there is

the potential for treating both humans and cattle.

Work has been carried out on the synthesis of a new class of potential inhibitors based on
L-ascorbic acid, which as a readily available starting material that shows little to no toxicity
in the body provides an interesting route for drug development. These compounds are
considered a second generation of inhibitors compared to the work of Manjunatha et a/
who screened the Novartis compound library and found 4-hydroxy-2-pyridones had potent

antitubercular activity against InhA.!



A series of compounds have been synthesised incorporating phenyl and benzyl ethers
attached to the L-ascorbic acid scaffold. These have been tested in an isolated enzyme
assay, with trans-2-octenoyl CoA as substrate, to determine their percentage inhibition of
InhA at 50 uM. None of the compounds tested exhibited an inhibitory effect on InhA at

this concentration.
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1.0 Introduction

1.1 Tuberculosis Background

Tuberculosis (TB) is a disease primarily affecting the lungs caused by Mycobacterium
tuberculosis (MTB) (Mycobacterium bovis in cattle) which is transmitted via airborne

droplets through mucosal fluids. A stained image of the bacterium is shown in Figure 1.

Figure 1. Image of MTB taken with a scanning electron micrograph.?

Tuberculosis is classified as a major health threat and is a leading cause of death worldwide
considered alongside conditions such as HIV and malaria. In 2017, 1.3 million people died
as a result of the disease (HIV negative) with over ten million new cases diagnosed in
total.3 4 Up to one third of the world’s population is estimated to be infected with either
the latent or the active form of the bacterium and so it is imperative we develop new

effective forms of treatment to counteract the spread of resistant strains.®
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The bovine strain of the bacterium causes a drain on the economics of countries ill-
equipped to deal with treatment of infected livestock, and in 2017 the global economic
losses were estimated to be more than US $3 billion as a direct result of M. bovis.® 7 The
disease may cross the species barrier to infect humans and indeed the most recent data
shows 142,000 cases worldwide with 12,500 deaths, regions at higher risk are Africa and

South-East Asia.4

MTB is a highly opportunistic bacterium, which is especially dangerous to those suffering
from HIV who have a reduced immune response and struggle to fight off the infection (in
addition to reported incompatibility with Rifamycin).® Indeed an additional 300,000 deaths
resulted from those co-infected worldwide.? °-'! Incidence worldwide with and without HIV

is shown in Figure 2 and Figure 3.
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Figure 2. Estimated TB incidence worldwide in 2016.4
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Figure 3. Estimated HIV prevalence in new and relapsed TB cases for 2016.4

Estimates by the World Health Organisation (WHO) may not be as accurate as they seem
given that predictions of prevalence and incidence are based upon registered cases then
factored into population size to give an overall sense of spread, as well as “expert” opinion

about the accuracy of reporting.!?

It is this last point that proves particularly troublesome for data acquisition and subsequent
distribution of global resources to combat the spread and provide treatment for those
regions who need it most. Inaccuracy of data lead to surveillance to establish a more
accurate read, and indeed the first of its kind in Nigeria in 2012 resulted in a vast increase
in cases than were predicted prior to this survey (200% increase in incidence, 100%

increase in prevalence, 400% increase in mortality).!?
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Figure 4. Figure showing data collection for tuberculosis.*

The current coverage of surveillance is shown in Figure 4, further reiterating that it is
only recently that researchers have been able to grasp just how destructive the disease
has been in South East Asia and Africa. Figure 5 and Figure 6 show the drastic change

in TB prevalence figures upon recent surveillance as compared to reports prior to 2007.

Ensuring all countries comply with disease reporting regulations as well as appointing
better trained healthcare professionals to medical institutions will allow a more accurate
understanding of the spread of tuberculosis, as the current reported number of cases (7
million worldwide) of TB is far below estimates (10 million). The WHO attribute a large
portion of this to underreporting of disease cases as well as underdiagnosis (i.e. people

with TB not accessing healthcare or being misdiagnosed).!3
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Figure 5. Prevalence (per 100,000 population) of TB before (blue) and after (red) national surveys

carried out post 2007.4
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Figure 6. Prevalence (per 100,000 population) of TB before (blue) and after (red) national surveys

carried out post 2007.4
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The ever-growing increase in collaboration between African scientists and research
councils such as The European & Developing countries Clinical Trials Partnership (EDCTP)
is aiding the development of existing and emerging methods for the control and treatment
of tuberculosis. There is also significant investment in facilities associated with disease
control and healthcare development. This level of connectivity is encouraging that not only
will estimates of the global spread of TB be more accurate but also that sequential
utilisation of this will be more beneficial to patients in terms of understanding the countries

needs as well as delivering appropriate healthcare.4

As can be seen in Figure 2, the vast majority of estimated new cases were in the South
East Asian region and African region with 45% and 25% respectively of the global level of
incidence.* These regions unsurprisingly exhibit higher incidence rates than more
developed areas of the world as there is perhaps a lower level of accessibility to medicine.
This is due to both the cost involved and the often vast distance to travel to receive
treatment, in addition to general hygiene in rural areas being lower than more developed
regions of the nations surveyed. As European mortality levels were merely a tenth of those
recorded in Asia and Africa we can see that correct application of the relevant treatment
(dependant on identification of bacterial strain) will greatly enhance survival rates in high

risk areas, with the collaboration described above a vital component of such desires.

Around 25% of carriers are asymptomatic and carry the bacterium without developing the
symptoms associated with active TB, known as latent TB. Symptoms include a chronic
cough (commonly coupled with blood containing sputum), fever, night sweats and weight
loss.'> The danger of latent TB is that approximately 10% of patients will develop the
active form during their lifetime Recommendations on the course of action once latent TB
is unveiled tend to be cautionary observance of any developing symptoms rather than

immediate therapy dependant on individual circumstances.
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Generic treatment regimens are in place to cure the patient commonly using a combination
of isoniazid, rifampicin, ethambutol, streptomycin, and pyrazinamide for nine months
(illustrated in Figure 7), the respective mechanisms of action will be discussed in more

detail later in the report.®
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Figure 7. Structures of first-line treatments for tuberculosis

It is important to note that there are separate regimens for latent and active tuberculosis
as resistant strains may not respond to the first line combinations used for non-resistant
strains and need more specialised levels of treatment. Those deemed most at risk may be
advised to begin chemotherapy, consisting of those with specific immunocompromised

conditions such as HIV/diabetes as well as those from particular geographic locations.3

The most common outcome of this early treatment is not necessarily a lifetime cure,
merely a higher chance (up to 90%) that the patient won't develop the active form of the
disease in their lifetime. Hepatotoxicity concerns and patient unwillingness to complete

the regimen (nine months minimum) leads to inefficacy of prevention in certain regions.’
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1.1.1 Mycobacterium bovis in the farming industry and other areas of

work

The spread of TB has led to problems in the farming industry where cattle are culled if
tested positive for the disease, due to the ability of M. bovis to cross the species barrier
and infect humans. The slow growing nature of the disease means that discovery of an
infected animal may only take place once symptoms appear, when the whole herd may
have been already infected. Infected humans may then unknowingly transmit the disease
from farm to farm as well as developing symptoms themselves, due to poor hygiene

regimens and lack of disinfection procedures.182°

The BCG vaccine may be incorporated into cattle feedstock to provide immunity toward
M. bovis but this method interferes with the commonly used skin test (single intradermal
cervical comparative test) to diagnose cattle with TB, and in 2016 there developed a

worldwide shortage of BCG vaccine so stocks were conserved for human use.?!

The cattle — human cross species infection occurs in a similar way to M. tuberculosis as
the bacterium traverses through airborne droplets, blood and faeces.'® Furthermore,
infection may be transmitted through drinking infected cow’s milk as well as a small
proportion via contaminated meat.?? The prevention of bacterial spread through
consumption of milk is controlled by milk pasteurisation which kills the bacteria, and in the
developed world this method has halted this route of infection. For example, a recent study
conducted in the UK indicated the percentage of tuberculosis cases as a direct product of
M. bovis infection was 0.9%.23 Figure 8 shows the density of Mycobacterium bovis cases
in the UK from 2002-2014, further reinforcing the notion that in developed countries which

utilise pasteurisation methods that M. bovis is fairly well controlled.
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Figure 8. Mycobacterium bovis density for human and cattle cases in the UK from 2002-201423

In less developed countries, where pasteurisation isn't used primarily due to the cost
involved, the threat of infection through contaminated milk still exists. It is therefore
important to develop potent low-cost vaccines which may be (more) available for third
world countries to ensure minimal loss of livestock and damage to human life. There is a
particular concern over the prevalence of M. bovis amongst rural regions due to the lack
of routine surveillance carried out, so the spread of the strain may be worse than predicted.
24 Tt is important to note that in many regions there is not a mandatory differential test
performed to distinguish between M. tb and M. bov, and given the bovine strain is resistant

to pyrazinamide, this may lengthen treatment times.?2

Additional concerns arise for those not working directly in the farming industry but who
still have contact with infected animals. A systematic review was carried out by Flora Vayr
et al in 2018 to determine various aspects of occupational hazards to M. bovis in which
numerous studies were scrutinised and results combined to determine the level and
differing risks associated with directly working with or indirect exposure to a contaminated

source.?2
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Livestock farmers or those who live in close contact with bovine animals are
understandably extensively represented in these studies, their direct contact with infected

herds/individuals affords a larger risk of cross contamination than other areas of work.

Another common pathway for disease to infect humans is via veterinary study of an
infected animal, either by inhaling airborne droplets when applying treatment to the animal
or if any cuts/wounds are left uncovered. This is similar to abattoir workers who may

become infected in the same manner.22

A common pathway for farm to farm transmission between livestock has been attributed
to carriers of the disease, for example the common brushtail possum in New Zealand.?>
Pest control strategies were put in place to control the levels of possum in order to restrict
M. bovis transmission across farms, with widespread success.?®> Similar strategies have
been proposed in Great Britain with regards to badger culling, but there is widespread

debate over the legitimacy of the badger as a vector for M. bovis transmission.?®

1.1.2 End TB Strategy

The WHO initiated the End TB Strategy in 2014 which is a global effort to both reduce the
number of incidences of tuberculosis as well as the number of deaths.3 This is based around
three principles which are to be adopted worldwide for: accurate data collection, strong
governmental participance in funding and disease prevention, and enabling and
encouraging rapidly developing research for the projected decreases in incidence/death to

take place in the desired timeframe. This is shown in Figure 9.

27



g 154 154
E
=
-5; 100 —
o g 35% reduction
2 £ 10
g 15 E
8 £
g 3
‘E 50 75% reduction
& 0.5
=
=
E 25+ .
TARGET FOR 2035 = 90% REDUCTION 90% reduction
""""""""""" . TARGET FOR 2035 = 95% REDUCTION
b= T T T I 0 == T I T T
2015 2020 2025 2030 2035 2015 2020 2025 2030 2035

Figure 9. Projected incidence and mortality curves to reach tuberculosis targets by 2035.4

The current global reduction in mortality is at a level of 3% per annum and the incidence
rate 2% which is required to reach 4-5% by 2020 to achieve desired WHO targets.* It is
also positive that while incidence/prevalence cases are not falling as quickly as desired,
the reduction in mortality rate is promising. Figure 10 shows the death rate amongst both
those with and without HIV is decreasing so it is encouraging that current treatment
regimens are being implemented effectively, which further reinforces the need for
continued partnership with healthcare and research councils, even though the threat of

drug resistant strains looms.
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Figure 10. Global trends in the estimated number of incident TB cases and the number of TB deaths

(in millions), 2000-2016. Shaded areas represent uncertainty intervals.*

1.2 Bacterial Cell Wall Composition

M. bovis and M. tuberculosis are acid fast bacteria (occasionally termed Gram positive acid
fast) with outer cell walls primarily consisting of branched, long chain (Cso-Co0), fatty acids
termed mycolic acids. This differs from the typical Gram positive bacterial cell wall which
mainly comprises of a thick layer of peptidoglycan (> 50%) and is bridged by teichoic
acids for rigidity and support. Gram negative bacteria contain a smaller portion of
peptidoglycan (10%) in the cell wall as well as a thin coating of lipopolysaccharides to aid
integrity and resist attack by harmful species. Mycolic acids comprise up to 60% of the
whole cell dry weight.?” These are functionalised at regular intervals by cyclopropyl, ketyl,
or methyl ethers; an illustration of the differing types of mycolic acid is shown in Figure

11.27-32 An illustration of the acid-fast cell wall is shown in Figure 12.
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Figure 12, Illustration of the acid-fast cell wall.

Mycolic acids are produced by the mycobacterial fatty acid synthase type I (FASI) and type
IT (FASII) biosynthetic pathways. FAS I catalyses the synthesis of smaller fragments of
hydrocarbon chains (C20-24) (FASI) before extension in the chain length is carried out by

FASII to produce fatty acyl-CoA (Cso+).33

Mycolic acids create a hydrophobic environment which envelops the cell thus giving the
cell wall a reduced permeability to hydrophilic species such as some nutrients and

antibiotics. As such the bacterium is slow growing, dividing once every ~18 hours. In
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comparison, E. coli divides once every 20 - 60 minutes. However, hydrophobic species
may permeate via passive diffusion through the lipid bilayer - a route utilised by
macrolides and fluoroquinolones.3%37 Some low molecular weight hydrophilic species and
certain drugs may enter the cell passively via membrane bound porins, the deletion of
which has been shown to drastically decrease drug uptake therefore the effectiveness of
the drug, thus proving their importance for targeted cell death.3> 37-3° Other methods used
include active transport by cellular wall proteins or diffusion when the drug is hydrophobic
in nature. The waxy mycolic coating is able to resist dehydration and chemical damage
from radical species, and is involved with invasion of macrophages as it contains several

compounds relating to pathogenesis such as adhesins.?840

1.3 Pathogenesis

To facilitate host infection the bacterium travels to the pulmonary alveoli and invades
endosomes of alveolar macrophages. The macrophages recognise the bacterium as foreign
which activates the immune response. Phagocytosis is attempted and the phagosome
combines with a lysosome where the immune system utilises oxidative species to try and
kill the encapsulated cell. The mycolic acid capsule is able to resist this; the bacterium is
then able to replicate within the phagosomes and eventually kill the immune cell.#! A brief

graphic of this is shown in Figure 13.
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Figure 13. Graphic describing pulmonary tuberculosis spread.4?

Upon bursting of the macrophages there is further spread of the bacilli both locally and by
expulsion via aerosol to facilitate new host infection. Locally this leads to granuloma
forming providing a region for the bacteria to grow which ultimately leads to necrosis and
the lung damage tuberculosis is renowned for.#* If the host immune system cannot rid
itself of the bacteria then nodules of necrotic tissue may form and potentially liquify which
are known as “tubercles”, of which the disease gets its name. ** They may break off from
the lining of the lung inadvertently during the host immune response and traverse the
bloodstream causing extrapulmonary tuberculosis. This form is where the bacteria spreads
to various regions around the body including lymph nodes, central nervous system and

bones.4>
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1.4 Diagnosis

Figure 14. Chest X-Ray showing lesions caused by tuberculosis.*®

Diagnosis of pulmonary tuberculosis is achieved by a number of methods, the first being
a chest x-ray (example in Figure 14) which will show any abnormalities caused by lesions,

as well as a sputum test to look for bacteria.*’

In humans, a discussion of recent health and a physical examination is often performed.
A skin test (commonly Mantoux test) is performed where a small sample of tubercular
proteins is injected intradermally and any inflammation observed hereafter is due to the
body exhibiting an immune response, thus indicating prior/current bacterial exposure.4®
The size of the skin irritation as a direct consequence of the test is measured in diameter,
with results indicated by various factors including recent contact with infected individuals,

immune status, and general personal circumstances such as job/area of residence.

Use of this method when the patient has taken the BCG vaccine may provide false positive
results.*® A nucleic acid amplification test can also be performed to indicate mycobacterial

nucleic acid in the blood.*°
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Extrapulmonary tuberculosis is diagnosed in the same way, with additional CT scans being
taken of the affected areas of the body. An endoscopy may also be needed as well as a
biopsy to assess infected areas.*’ If there is concern that the brain and spinal cord are

infected then a lumbar puncture is performed.

A more recent test uses an interferon gamma release assay to assess antigen activity in
the blood of the patient, these antigens are not present in the BCG vaccine or non-

tubercular bacteria and so give a more specific result than skin tests.>°

1.5 Treatment

1.5.1 Cattle

Due to the cost of treatment for farmers to inoculate herds of cattle, as well as antibacterial
therapy upon discovery of the active disease, the cheaper option is to simply cull rather
than treat the specimen. Therapy for humans infected with tuberculosis is detailed below
in section 2.5.2. The scale of this spread is unclear due to communication between farms
and government officials/surveillance teams being poor, and indeed in many countries this
is non-existent although plans are afoot to avert this lack of data.* There are new and
engaging strategies being employed or planned to ascertain the accuracy and validity of

current statistics to further the control of this strain.*

Methods of culling to control M. bovis spread, with reference to Great Britain, had great
success in the period of the 1960’s to the 1980’s with results shown below in Figure 15.
Nationwide skin tests were applied and any herds containing bacterial incidence were
slaughtered in an attempt to eradicate the disease.>® Complete eradication was not
achieved, although the spread of the disease was kept under relatively good control. The

spike in cases in 2002 is as a result of the “foot and mouth” epidemic. A review on bovine
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TB elimination in New Zealand showed similar results, in that broadspread culling helped

prevent wider disease progression as well as an implemented strategy involving pest

management for present and future control of tuberculosis in wildlife.>?
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Figure 15. Incidence of M. bovis in cattle compared to reactors slaughtered in Great Britain from

1956 to 2004.3!

Problems associated with the eradication of bovine tuberculosis arise from the resilience
of the bacterium as well as the methodology used in such trials.>® Factors affecting
prevention of disease elimination may include a lack of understanding relating to vectors
of transmission as well as bacillus resistance to changes in environmental conditions.>3

Past attempts at badger culling have proven ineffective at controlling the spread of bovine

TB, and indeed this topic remains under discussion.>*

1.5.2 Human

As a result of the slow uptake of drugs and the complex nature of the disease, treatment
of TB requires long term therapy with a combination of antibiotics which is an issue due

to testing for any resistant strains taking place whilst the patient is receiving a general set
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of first line anti-TB drugs.3? This may delay the discovery of drug resistant tuberculosis in
the patient and therefore risks wasting drugs which will not work on the particular strain.
Another issue is patient non-compliance with prescribed treatment plans: this occurs by
refusal or patient complacency to take antibiotics for the prescribed treatment time
because of cultural beliefs or the patient feeling better so not finishing the treatment plan.
This breeds resistance to first line treatments of TB which in addition to random mutation,
leads to multidrug (MDR-TB) and extensively (XDR-TB) drug resistant strains that are
becoming increasingly prevalent worldwide.3 35 36 General methods of drug resistance
include: random mutation in the binding site of the drug target, overexpression of efflux
proteins, deletion of porins to reduce drug uptake, and upregulation of enzymes which

inactivate the drug such as peptidases and B-lactamases.>’

Prior efforts to vaccinate against tuberculosis have given mixed results with debate over
efficacy and cost effectiveness at the forefront of such arguments.>® 5° The Bacillus
Calmette-Guérin (BCG) vaccine was given to schoolchildren aged thirteen between 1993
and 2005 but was pulled from UK-wide use due to lower levels of the disease prevalence
and it is currently only used for those in high risk areas such as some areas of inner London

or any children with a family history of tuberculosis.®°

The efficacy of this vaccine is also dependent upon genetic variations of not only the
patient, but also the bacterial strain in the vaccine, as well as prior patient interaction with
mycobacterial species as the patient will have already developed an immune response to
them.®! Current worldwide policy on BCG vaccination is shown in Figure 16. Nationwide

coverage is shown in Figure 17.
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Figure 17. Percentage coverage of BCG vaccine in relevant areas.4
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A new branch of the bacterium is developing, colloquially described as “totally drug
resistant” (TDR-TB), where the strains are resistant to all first and second line treatments,
although this has yet to be officially termed by the WHO and has only been seen in a small
number of countries.®? 63 More recent overviews of this bacterial problem indicate that
around 2% of MDR-TB turns out to be TDR-TB, although many laboratories in endemic
countries lack the required equipment/funding to ascertain which strain of tuberculosis the

patient has and so estimates of TDR-TB may be inaccurate.®*

It is important to note the striking similarity between the genomes of M. bovis and M.
tuberculosis, with only a difference of 0.05% in the average sequence divergence.>! This
closeness in genomic structure indicates that a drug which may be designed for the
eradication of tuberculosis ought to have the same effect in both bacteria, providing the

targets are the same in both cellular environments.

1.5.3 First-line Treatments

Five key antibiotics termed first-line (isoniazid, rifampicin, pyrazinamide, streptomycin and
ethambutol) are delivered as part of a long-term combination therapy with many more
drugs developed since to increase efficacy, reduce dosage amounts, and to combat
resistant strains, the subject of which is a growing issue with both multidrug and
extensively drug resistant tuberculosis strains mutating; upon diagnosis these forms of

tuberculosis are still treatable with the appropriate medication.>>
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Figure 18. Structure of rifampicin.

Rifampicin (may also be termed as Rifampin) (Figure 18) was discovered in 1965 and
approved as an antitubercular agent in 1971. It is a natural product belonging to the class
ansamycin, made by the gram positive bacterium Amycolatopsis rifamycinica. Rifampicin
is used as a general antibiotic but more specifically acts upon bacterial DNA dependant
RNA polymerase.®> It has been shown by crystallographic and biochemical data to act via
a “steric occlusion” mechanism, whereby the molecule binds to a site away from the active
site of the protein.®® Many drugs act to prevent the natural substrate from entering the
active site in perhaps a more conventional manner, but rifampicin blocks the elongation
of the growing RNA chain by physically blocking its pathway to exit the protein.®® This
leads to the phosphodiester bond not being formed upon the chain reaching two or three

nucleotides in length due to its mislocation compared to the usual mechanism.%’

Resistance occurs in a number of ways, most commonly a single point mutation in the
rifampicin binding site leading to a vastly reduced drug affinity.®® Another mode of
resistance is by overexpression of the Arr family of proteins, as seen in M. smegmatis,

which aid in ADP ribosylation of rifampicin thereby inactivating the drug.®®
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Figure 19. Streptomycin structure.

Streptomycin is used as a broad spectrum antibiotic which was initially isolated from
Streptomyces griseus, and was the first compound applied to the treatment of TB in 1942,
but due to this being the only form of therapy resistance quickly arose.”® It acts by
irreversibly binding to the 16S rRNA of the 30S subunit of the ribosomal protein, which in
turn interferes with the proteins interaction upon the incoming tRNA. This interferes with
the initiation and elongation steps of protein synthesis, affording codon misreading thereby
leading to lack of protein synthesis resulting in death of the cell.”! Resistance to
streptomycin mainly arises from mutations in the 16S region.”? As with most
aminoglycosides, common side effects involve kidney toxicity as well as various problems

within the ear - tinnitus, vertigo and deafness.”?

Figure 20. Ethambutol structure.

Ethambutol (Figure 20) was discovered in 1961 and approved in 1968 as an
antitubercular treatment.”* It is delivered in combination with rifampicin, isoniazid and
pyrazinamide over a long period (commonly six months plus). The precise mechanism of
action is debated but commonly perceived as inhibiting the cell wall synthesis (in particular

arabinogalactan) thereby increasing cellular permeability.”> It is thought to directly inhibit
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the arabinosyl transferase EmbB which promotes polymerisation of arabinogalactan, but
recent studies indicate that this may not be the only target, with certain M. smegmatis
strains containing EmbB knockouts still viable for ethambutol targeting.”> 76 Mutations
leading to resistance to ethambutol generally arise from single point base alterations in

the binding site thus preventing the drug from binding to its intended target.””: 78
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Figure 21. Pyrazinamide structure.

Pyrazinamide (Figure 21) was first synthesised in 1936 but wasn’t widely used until the
1970’s with respect to tuberculosis treatment.”® 8 A mouse study found that combined
use with other regimens of TB treatment shortened treatment times substantially, in
particular a combination of isoniazid/rifampicin/ethambutol, which reduced the drug
regimen timeframe from 12 months to 6 in combined use cases.8° Despite its high level of
importance to the regimen, Pyrazinamide’s mechanism of action is not very well
understood and is under continued debate. The compound itself is a prodrug which enters
the cell via passive diffusion, and undergoes conversion into the active form by the
cytoplasmic enzyme PZase into pyrazinoic acid.®! This is a strong acid with pKa ~ 2.9 and
accumulation in the cell has been proposed to affect various cellular mechanisms as well
as disrupting the membrane and interfering with translation, eventually leading to cell

death.
Studies to ascertain more specific modes of action of pyrazinoic acid have linked the

ribosomal protein RpsA as a potential target, with overexpression of the protein causing a

fivefold increase in MIC compared to the experimental control. These studies lead to a
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proposed new method of action of the drug as suggested and drawn by the Zhang group

in Figure 22.
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Figure 22. Proposed mode of action of pyrazinamide.8°

Resistance to pyrazinamide has been shown to arise mainly from mutations in PncA
causing amino acid alterations, particularly in the binding site. There are multiple sites at
which mutation can arise which may affect: hydrogen bonding capability, active site
catalytic triad, or perturbation of the active site shape.8? New studies have indicated that
PanD could be a viable target due to its involvement in the production of B-alanine, which
in turn is a precursor for coenzyme-A.83 Coenzyme-A is vital for cellular metabolism and

as such any downregulation in its production would be fatal for the cell.
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Figure 23. Isoniazid structure.

Isoniazid (Figure 23) is one of the most potent antitubercular drugs acting to prevent the
production and replenishment of mycolic acids by inhibiting the FASII section of the fatty
acid biosynthetic pathway.®+®7 It is a prodrug that is activated by the catalase peroxidase
enzyme KatG to form an isonicotinic acyl radical species which is coupled to NADH forming
an isonicotinic acyl-NADH complex - as illustrated in Scheme 1.88-°0 This complex tightly
binds to the enoyl-acyl carrier protein reductase InhA, preventing the natural substrate
from entering the active site thereby halting mycolic acid synthesis.®® The fatty acid

biosynthetic pathways are detailed in Scheme 2.

H OH
) N 0 HO _
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Scheme 1. Scheme to illustrate general activation pathway of isoniazid.®2
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Scheme 2. Fatty acid biosynthesis in Mycobacterium tuberculosis: FASI facilitates mycolic acid chain
growth up to C18 via a decarboxylation mediated Claisen condensation, FabH operates in a similar
way extending the chain by C2 each time as well as altering the thioester from SCoA to SACP, FabG
acts to catalyse the reduction of the beta-ketoacyl-ACP substrates to beta-hydroxyacyl-ACP
products, Dehydrase acts to form an alkene via the removal of water, Fabl then reduces the alkene
to an alkane using NADH, and KasA/KasB operate in a similar way to FabH. After one cycle is
completed FabD is used to replace SCoA with SACP before KasA/KasB Claisen addition to the growing
carbon chain. This cycle of KasA/KasB-FabG-Dehydrase-Fabl is repeated until carbon chain length

of C50-C60 is achieved.

OxyR is a protein that upon expression activates genes to resist oxidative substances
amassing in the cell thus giving resistance to oxidative stress and preventing cell lysis,
found in various bacteria such as E. coli and S. typhimum. Mycobacterium tuberculosis is
an oxyR knockout species thus lacking the ability to combat this change in cellular
environment; as a consequence of InhA inactivation, a build-up of radicals occurs which it
is unable to quench, damaging cellular components such as lipids, proteins, and nucleic
acids ultimately leading to bacterial cell death. °3-°> Any drug which inhibits KatG, thereby

preventing radical quenching from InhA, would result in cell death but there is bacterial
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resistance to this particular method of attack. Mutation in KatG prevents isoniazid from

binding to the active site thus remaining a prodrug, eliminating its activity.%® °7

It is therefore clear that treatment regimens that aim to disrupt the cell wall biosynthesis
would weaken the cell and leave it vulnerable to osmotic pressure causing lysis and cell

death.

One of the first experiments to investigate mutations in KatG and its involvement in the
fatty acid biosynthetic pathway showed a single base pair replacement of thymine with
guanine caused an amino acid substitution of alanine to serine which gave a reduction in
isoniazid efficacy, suggesting KatG’'s involvement in fatty acid elongation.3? Detailed
studies have been performed to elucidate the exact mechanisms for KatG’s activity upon
its natural substrate to assist the understanding of isoniazid resistance, with the location
of mutated residues and assessment of subsequent protein activity critical for
understanding the oxidative process; the subject of which will not be covered herein. The
mechanism of interaction of KatG with its substrate has been debated although hydrogen
bonding in the active site, difference in heme or active site side chain oxidation potential

and stability of the oxidation complex are all important for activity.®®

Mutation in InhA is less common than KatG, which has been shown in numerous studies.
A study in Kyrgyz Republic described the percentage differences of mutations in MDR-TB
isolates as 91.2% for KatG, compared to 7% for InhA.?® A similar survey in China gave
resistance conferring mutations in KatG as 86.2% compared to 19.6% for mutations in
InhA.1% A key mutation conferring isoniazid resistance arises from a serine to alanine
substitution which reduces the affinity of NADH to InhA seventeen-fold.'®' In addition,
mutations in the promoter region lead to overexpression of InhA meaning the efficacy of

standard regimens involving isoniazid is lowered.0?
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Inactivation of InhA results in cell death, so an inhibitor that targets InhA and does not
require activation by KatG should still retain activity against the FASII pathway and

therefore against isoniazid-resistant tubercular strains.®> %7

1.5.4 Second-line Treatments

Due to the slow growing nature of M.tb and M.bovis it takes a number of weeks for culture
tests to grow and as such for determination of the correct strain to be achieved. This
means that during this time the patient is given a general course of treatment which may
inadvertently be ineffective towards the strain due to bacterial resistance. Upon discovery
of the specific strain, more targeted treatment may be administered which aims to
counteract resistance. These are termed “second-line” treatments, a series of which are

briefly described below.
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Figure 24. Structures of Capreomycin (Left) and Kanamycin A (Right)

’

Capreomycin and Kanamycin A are part of a group of compounds termed “SLI drugs”
(second line injectable). Although they have vastly different structures (Figure 24) they
act on the same target, binding to the bacterial ribosome resulting in an alteration of the
16S subunit.”’® This in turn alters the interaction between ribosomal subunits leading to
misreading of codons thereby the production of abnormal proteins, affording cell death.

Common side effects include hearing impairment including tinnitus, as well as impaired
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renal function in some cases.!%3 Resistance may comprise of mutations in the rrs gene
thus inducing changes in the binding region of the large ribosome subunit, preventing the
drugs from binding.”% 104 Alternate studies show mutation in the t/lyA gene may confer

resistance to Capreomycin and the SLI family of antitubercular compounds.1%>

Sas <P 9
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Figure 25. Ciprofloxacin and Moxifloxacin

The class of compounds known as fluoroquinolones have been in use for therapy for a
number of years, with ciprofloxacin achieving patent in 1980 followed by introduction into
therapy regimens in 1987.1% Ciprofloxacin and a more recent analogue moxifloxacin are
shown above in Figure 25. This class of compounds aims to disrupt bacterial DNA division
and replication by inhibiting DNA gyrase, as well as topoisomerase IV thus halting cell
division. Resistance to these branch of compounds arises chiefly in the gyrA gene which
encodes for DNA gyrases, the region of which is termed the “quinolone resistance
determining region”. The primary mode of resistance arises from single as well as double
point amino acid mutations, conferring resistance by altering the binding region of
quinolones thus reducing drug affinity for the protein.1%” Alternative routes of bacterial
resistance act via increasing the activity of efflux pumps in the cell membrane via
mutations in a pump activity repressor gene.%” Common side effects of fluoroquinolones
include gastrointestinal discomfort, as well as various CNS issues including but not limited

to; insomnia, convulsions and psychosis.08 109
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Figure 26. 4-aminosalicylic acid structure

4-Aminosalicylic acid (also termed para-aminosalicylic acid) was first synthesised in 1902
and brought into medical use in 1944, primarily as an antitubercular agent (also rarely
used as treatment for inflammatory bowel disease).!!? Initial use was in combination
therapy with isoniazid and streptomycin, although it was downgraded from first-line to
second-line with the discovery of rifampicin/ethambutol/pyrazinamide, and is now only
given as part of drug resistant tuberculosis therapy.’® The mechanism of action is believed
to be direct competition with para-aminobenzoic acid for the enzyme dihydropteroate
synthase, preventing formation of folic acid.!!! There are various genes associated with
resistance to para-aminosalicylic acid, all comprising different steps in folate synthesis.”®
112 Common side effects include nausea, abdominal pain, and diarrhoea as well as liver

damage in some patients.!!!
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Figure 27. Ethionamide and ethionamide sulfoxide structures

Ethionamide is a compound which can be considered an analogue of isoniazid, acting in a
similar way to the first-line drug. It is a prodrug which undergoes activation by the mono-
oxygenase enzyme encoded by the gene ethA to form ethionamide sulfoxide, with the
active form binding to NAD™ in the same way as isoniazid, subsequently inhibiting InhA to

prevent mycolic acid synthesis.”® Mutations in ethA as well as inhA confer resistance to the
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drug, preventing the activation of the prodrug and binding of the active form
respectively.’3 Common side effects include nausea and wide-ranging levels of

hepatotoxicity, depending on the treatment regimen in place. 1> 114

1.5.5 Recently developed drugs

Figure 28. Bedaquiline structure

Bedaquiline (Figure 28) is a recently developed compound (approved in 2012) which acts
upon bacterial ATP synthase to prevent production of ATP, without this vital energy source
the cell dies.''> Bedaquiline is given with a black box warning of increased risk of death,
as it has been shown to interfere with patient cardiac function - causing severe arrhythmia.
Controversy over its approval arose from several patient deaths while undergoing clinical
trials, although there was no direct proof that treatment with bedaquiline caused these
deaths. 16 Significant concerns are still held over its safety and as such its use is only
recommended in cases where a more conventional regimen cannot be applied due to
resistance, although this recommendation is only compliant with restrictions on other
medication being taken which may affect the QT interval.!!” Resistance to bedaquiline has
been shown to rely on mutations in the atpE gene which codes for ATP synthase, as well
as a separate mutation which upregulates production of efflux pumps in the cell

membrane.”°
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Figure 29. Delamanid structure

Delamanid (Figure 29) was approved in 2014 and acts to inhibit synthesis of
mycobacterial cell components such as methoxymycolic acid and ketomycolic acid.''® It is
a prodrug, the process of its activation in the cell is unclear but the mycobacterial
coenzyme F420 is thought to be utilised.'*® An interesting point to note is the lack of
effectiveness against gram negative and gram positive bacteria, thus drastically lowering
the potential for resistance arising from mutation in such species.'!® Interference with the
QT interval has been observed in some studies and as such co-administration with other
agents which may cause arrhythmia is not advised such as bedaquiline. It shares common
side effects with almost all anti-tubercular agents such as nausea and dizziness, and in rat
models there were observed teratogenic effects — although in levels far higher than would
be used clinically.''® Resistance in trials has been seen in various mutations to the
coenzyme F420, and in one study the spontaneous rate of mutations conferring resistance
was at a similar rate to isoniazid - suggesting monotherapy would result in resistant strains

appearing at a fast rate.1?

Figure 30. Linezolid structure

51



Linezolid has been in use for MDR-TB treatment since the early 2000’s, despite its initial
prognosis as a general antibacterial. It acts by binding at the 50S ribosomal subunit which
in turn prevents the formation of the complete ribosome, halting protein synthesis by
blocking the initiation step.'?° Resistance to linezolid arises primarily from mutations in
the 23S rRNA gene, although growing research into the Cfr rRNA methyltransferase gene
indicates it may traverse the bacterial species barrier, acting to methylate the 23S subunit
preventing linezolid attachment.'?® Common side effects include diarrhoea and nausea,
with cases observed of; thrush, pancreatitis, and liver damage.'?! It is used as a “last

resort” treatment due to more severe side effects of myelosuppression and neuropathy.!??
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Figure 31. Clofazimine structure

Clofazimine is a repurposed drug, conventionally used to treat leprosy, which has recently
been included on the WHO guidelines for a short treatment regimen.!23 Its mechanism of
action is unclear although recent studies on M. smegmatis indicate it is most likely a
prodrug which undergoes reduction by NADH dehydrogenase followed by reoxidation by
02, releasing reactive oxygen species as a result.”® As previously described, mycobacterial
cells cannot resist oxidative stress and as such the cell will die. Resistance has been
attributed to overexpression of membrane efflux pumps.’® Common side effects are similar
to most other anti-tuberculosis drugs, with nausea and stomach pains widely reported

alongside more serious conditions such as skin discolouration.?*
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Figure 32. Pretomanid structure.

Pretomanid is a compound of the nitroimidazole class which has been approved in 2019
by the FDA for use against certain types of MDR-TB. It is given as part of a “drug cocktail”
along with bedaquiline and linezolid. Its method of action is not clear although recent
studies indicate it interferes with cell sugar phosphate metabolism creating an excess of
methylglyoxal which is toxic to the bacterial cell.'>> Common side effects include peripheral

neuropathy, anaemia, nausea, and indigestion.!26

As can be seen in Figure 33, the coverage and scale of research into the efficacy of
tuberculosis treatment regimens is truly worldwide, this level of dedication into
ascertaining the spread of resistance is crucial for maintaining an effective outcome of the

stop TB strategy.
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Figure 33. Global coverage of drug resistance surveillance.*
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2.0 Literature Review - Structural Based Inhibition Studies for

targeting InhA

2.1 Isoniazid-based inhibitors

As isoniazid is a highly potent and specific inhibitor of InhA in Mycobacterium
tuberculosis/bovis, it is clear that compounds based upon or incorporating its structure
may have a therapeutic effect, the subject of which has been widely reviewed.!?7: 128
Rychtarcikova et al (2014) incorporated known antitubercular agents or structures with
proposed anti-tubercular activity coupled with isoniazid by various linkers, recent work
introduced a carbonyl linker to introduce various substituted phenyl rings (R = alkyl
chain/halogen) as shown in Scheme 3, as well as further functionalisation of selected

species to their corresponding oxadiazoles.!??
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Scheme 3. General synthetic route for aryl derivatives.?®
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The compounds were evaluated for their in vitro antimycobacterial activity, with none
exhibiting a lower minimum inhibitory concentration (MIC) than isoniazid (values between
1 and 125 uM)). Increasing the size of the alkyl chain on the substituted ring decreased
the MIC and as the natural substrate of InhA is a long chain fatty acids this is logical; the
best result was acquired by an n-octyl derivative of 1 which exhibited an almost equal MIC

(1-2 uM) to isoniazid.

Docking studies confirmed the aryl group sits near a region surrounded by hydrophobic
amino acid residues with the alkyl substituent directed into the hydrophobic binding
pocket, supporting the theory that substrates with large hydrophobic sites will act as
potent inhibitors. It also showed the pyridine group is positioned near the active site
entrance, and the carboxamide is positioned directly adjacent to NADH where it might also
hydrogen bond to Tyri158, these observances correlate with other reports.* Halogenated
compounds adopted a similar conformation although the aryl group didn’t occupy the
space as well as the alkyl derivatives and as such resulted in weaker MIC values, although
a trichloro-substituted species exhibited an MIC of 4 uM presumably due to its size. The
oxadiazole compounds showed a drastic reduction in activity with MIC > 125 uM

suspected to be caused by alterations in sterics or lipophilicity balance.'?®

2.2 Natural products as inhibitors

The idea of using natural products as antibiotics has been extensively investigated with a
large literature precedent of potent compounds, and as such it is natural to examine

naturally biosynthesised structures for their effect as potential anti-tuberculosis agents.

Thiolactomycin is a broad spectrum anti pathogenic drug as well as a potent tuberculosis
inhibitor for the FASII pathway, and pyridomycin is also bactericidal against tuberculosis
at concentrations ranging between 1.15 - 2.31 uM (MIC 0.72 uM), the structures of these

two compounds are shown in Figure 34. Studies indicate pyridomycin occupies the NAD*
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binding site as well as inserting into the hydrophobic region within the active site of InhA,
where hydrogen bonds are seen between active site residues and free alcohols of
pyridomycin as well as several hydrophobic interactions with amino acid residues. This
agrees with previously discussed binding ideas for isoniazid derivatives and shows there
are a wide variety of structures that inhibit InhA reinforcing the notion that having a
substituent with many hydrophobic interactions is vital for potent InhA inhibition. 130.131
The similarity in structure between thiolactomycin and L-ascorbic acid should also be noted

for future reference in section 4.0 (Figure 35).
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Figure 34. Structures of thiolactomycin and pyridomycin

Figure 35. Structures of thiolactomycin and L-ascorbic acid
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2.3 Triclosan derivatives

Triclosan (TRC), illustrated in Figure 36, is used in low concentrations in common
household products such as toothpaste and deodorant as well as industrially in pesticides.
It acts as a membrane disruptor halting bacterial growth and is bactericidal against

tuberculosis even at low concentration.!32

Triclosan has a modest MIC (12.5 uM), but as it targets InhA directly with no need for KatG
activation any derivatives of triclosan or subsequent diaryl ether compounds may exhibit
antitubercular activity foregoing isoniazid resistant mutations in KatG.!33 The key
interactions between triclosan and InhA are hydrogen bonding between the hydroxyl group
and Tyr158/NAD™, and a n - n stacking interaction between the nicotinamide ring of NAD*
and the hydroxylated aromatic ring.'3* It has been proposed that future compounds
developed using triclosan as a lead may need to mask or remove the hydroxyl due to

phase II metabolism risks.!35

Triclosan

Figure 36. Structure of triclosan

The Stec group (2014) modified the structure by introducing various groups at positions
two and eleven in order to assess the change in potency and to further develop
understanding of SAR.'3® Selected compounds and their inhibition data are reported in
Table 1. MIC in this study refers to inhibition of MTB-H37Rv, with compounds exhibiting
similar or better values compared to triclosan subjected to percentage inhibition studies

on the isolated InhA enzyme.36
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[%]
OH Cl
TRC ﬁ(’@ 12.5 96 + 0.65
Cl Cl
OH Cl
1 Q"@ 12.5 97 + 0.06
CN Cl
OH Cl
O.
2 y 5 97 £0.14
NG >N Cl
\—/
OH Cl
jons!
3 N’/N\N o 0.6 98+ 0.22
nBu
OH Cl
jons!
4 A o >100 nd
Ph
OH Cl
O.
7 8 >100 nd
Ph” Cl
(o]
OH Cl
O.
9 (MBUN y >100 nd
(0]
OH Cl
O.
13 100 nd
™s— i Cl
O’N
OH Cl
oy 0
15 /Q\)\WH 5 99+0.28
Cl

58




OH Cl
18 @(‘)@VH 5 38 +£0.15
cl N\nHex

OH Cl
O.
20 100 nd
Cl NN\
.
OH Cl
O
22 >100 nd
Cl N
,L:>,Ph
OH Cl

o N0
25 HYL/)\ >100 nd
Cl

Table 1. Selected derivatives of triclosan with MIC of Mtb (H37Rv) and InhA inhibition values.>* nd

= not determined. Compounds numbers mirror those published by Stec et a/.136

Compound 1 exhibited similar activity to triclosan, whereas introducing the bulkier triazole
analogue 2 increased potency threefold. This demonstrates that larger groups can be
tolerated and indeed the addition of an n-butyl substituent on triazole 3 further increased
potency almost tenfold. A size limit appears to exist as 4 was completely inactive against
InhA, with a phenyl substituent on triazole not tolerated. This suggests flexible
substituents are preferred to rigid ones in terms of pocket binding, echoed by prior analysis
of isoniazid based structures, as they would be able to conform to the shape of the binding

pocket and therefore have a stronger interaction.'?®

The requirement for flexibility is further reinforced by 7 and 9 where the rigidity of the
amide bond is presumed to create a non-rotational barrier with the opening of the binding
pocket. This prevents the alkyl or aryl chains from pointing into the pocket resulting in no
activity; this notion is further supported by 13 and 15 as the rigid oxazole group of 13

led to no activity, whereas the introduction of a methylene next to the amide in 15 gives
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the molecule an increased point of rotation. This small change resulted in an increased

potency by nearly threefold as compared to triclosan.

Modifications at position eleven replicated the trend as an n-hexyl substituent 18 was
threefold more potent than triclosan, this concept was repeated by 20 and 22 having no
activity due to no flexibility on the substituent but curiously the benzylamide 25 exhibited
no activity in contrast to 15 suggesting the compound is unable to orientate itself for

inhibitory purposes.

InhA inhibition data was obtained for compounds with an MIC value equal to or better than
triclosan, tested at their respective MIC values. Results are also displayed in Table 1. The
substituents at position two all had >97% enzyme inhibition although substitution at
position eleven gave lower than 75% inhibition suggesting other targets are affected to

provide whole cell activity.

These derivatives were also tested against resistant strains (INH-resistant (mc24977) and
MDR strains (mc25855, CI12081)), all showing increased potency as compared to
triclosan. The best analogue, 3, was tested in vivo but was only weakly active at 100 and
300 mg/kg doses suggesting a low bioavailability due to solubility issues and rapid phase

II metabolism.135: 136

2.4 Diphenyl compounds

The Kanetaka group (2015) generated a series of compounds by operating a matched
molecular pair (MMP) approach and in silico screening. Starting from a lead (KES4)
(Figure 37) they used MMP to narrow down > 460,000 compounds to 32, followed by
docking analysis and filtering based on H-bond interactions to give 10 compounds to be

taken forward for in vitro assays.37: 138
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Figure 37. Structure of lead compound discovered by in silico docking “KES4" 55

Modifications of KES4 replaced the furan with aryl derivatives except in one compound
where a carbonyl was introduced on the methylene adjacent to the right-hand phenyl ring
and piperazine. Binding modes of the ten derivatives were investigated by protein-ligand
interaction fingerprint (PLIF) and ligand interaction (LI) analysis which supports prior work
showing the diphenyl ether rings are located near NAD™, interactions with known binding
residues such as: Tyrl58, Phel49, Met199 and Leu218 were also observed. The
compounds were assessed for InhA inhibition at 50 uM, all were able to suppress InhA with
two resulting in < 22% InhA activity (substituents of phenyl and 2-fluorobenzyl, KEM4
and KEM7 respectively, Figure 38).13” The addition of a flexible alkyl chain was proposed

but not attempted.
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Figure 38. KEM4 and KEM7 structures.!37

A bacterial growth assay was performed on the non-pathogenic bacterium M. smegmatis

which shares over 2000 genes with M. tuberculosis and has a broadly similar InhA
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sequence: after 24 hours five compounds strongly inhibited growth whereas the others
weakly inhibited growth. ICso values were obtained for the strong inhibitors with phenyl
and fluorophenyl having similar activity (12.0 uM and 17.3 uM respectively) to isoniazid

(9.8 uM), and toxicity data showed no inhibition of growing mammalian cells or E. coli.

The Kamsri group (2014) used molecular dynamics simulations and a 3D-QSAR study to
elucidate the activity of various ring substitutions based on the triclosan derivative shown

in Figure 39.13°

OH R,

Figure 39. General structure of Kamsri group compounds.>?

Their results agreed with the Stec group (2014) as longer alkyl chains at R: exhibited
stronger binding affinities with n-octyl able to form more hydrophobic interactions with
side chains in the pocket.!36 It is interesting to note that large substituents at the Ry/3/4
positions showed poor InhA inhibitory activity also agreeing with Stec group findings.
Molecular dynamics simulations showed that R2/3/4 groups sit near the pyrophosphate of

NAD™* and so small hydrophilic groups should be used for optimal binding affinity.

2.5 Pyrazole linked pyrimidine hybrids

Bhatt and co-workers (2015) designed compounds without the ether linkage (as described
above for diphenyl compounds) and assessed pyrazole linked pyrimidine hybrids.14°
Triazolopyrimidines resemble purine, and have been incorporated in various treatments

for cardiovascular diseases whereas pyrazole derivatives have been used as potent
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antitubercular inhibitors.!4% 141 Modifications of pyrimidine structures by incorporating a

carboxamide side-chain increased their pharmacological activity as reported before in the

literature, as has the incorporation of pyrazole units.!*? As a result of this, hybrid structures

were created to theoretically combine antitubercular activity with the core structure shown

in Figure 40.

Ri = H, CHs, NO2, CI, F; Rz = H, CH3, Br; R3 = CH3, CH(CH3)2

Figure 40. Core structure of hybrid species developed by Bhatt et al. 8

Thirty compounds were designed and synthesised before activity was evaluated against

the harmless MTB strain H37Rv at 6.25 ug/mL concentration and those with =90%

inhibition were further examined at increased dilutions to determine MIC with the results

shown in Table 2.143

%o Inhibition at
Compound Ri1 R2 Rs MIC ug/mL
(6.25 ug/mL)
J3 H Br Me 95 3.13 £ 0.313
J15 NO:2 Br Me 96 1.56 + 0.083
J21 Cl Br Me 98 0.78 +£ 0.039
J25 F H Me 99 0.78 +£ 0.039
J27 F Br Me 99 0.39 + 0.019
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INH - - - 99 0.3

Rifampicin - - - 99 0.5

Ethambutol - - - 99 3.125

Table 2. Inhibition data taken from Bhatt et a/.>8 Compound number mirror those published by Bhatt

et al.140

Substitution at Ri by electron withdrawing groups exhibited the strongest effect on
inhibition whereas methyl groups resulted in <90% inhibition, and fluorine resulted in the
largest potency due to its hydrophobicity. Substitution of R2 with bromine vastly increased
potency as did retaining a methyl at Rs3, also showing that longer alkyl chains are not
tolerated here. It is important to note J27 has very similar activity to isoniazid and as

such could be used for future development.

Docking studies showed that the NH of the pyrimidine ring hydrogen bonds with the
carboxyl group of Gly14, and the two phenyl rings n - = stack with the phenyl ring of Phe97
and amine of Arg43: a significant van der Waals interaction was also observed for all
structures. Pharmacokinetics and ADME were considered and predictions fall within
acceptable parameters although aqueous solubility is an issue, so solubility enhancers

were recommended should the compounds be taken forward for development.140

2.6 Benzo[d]oxazol-2(3H)-ones

L=, O,
B <

O @)
Cl

Figure 41. UPS14 and lead structure.®?
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Pedgaonkar and co-workers (2014) identified UPS14 as a lead with an MTB ICso of 22.12
+ 0.8 uM and developed a range of inhibitors based on the structure in Figure 41 with

selected promising results shown in Table 3.14

Compound R1 R2 MTB MIC uM
19 NO:2 2-Pyridylmethyl 76.15
29 Cl 5-Nitrothiazol-2-yl 17.61
30 NO:2 5-Nitrothiazol-2-yl 17.11
32 Cl 2-Benzothiazolyl 17.37
33 NO:2 2-Benzothiazolyl 33.75

Table 3. Selected data from Pedgaonkar et al.®2 Compound numbers mirror those published by

Pedgaonkar et al.144

Docking results for UPS14 correlated well with prior work and showed the carboxyl of
benzo[d]oxazol-2(3H)-one hydrogen bonds with Tyrl58 as well as NAD* and the
carboxamide ring system is able to project into the binding pocket and interact with the
hydrophobic residues.'** This correlates with docking and inhibition studies of the
synthesised compounds as hydrophobic substitutes at Rz exhibited greater potency and
had extensive hydrophobic interactions in the pocket, the hydrophobic trend replicated at
R: as hydrophobic substitutes were also found to be more potent. This further supports
work indicating hydrophobic structures with hydrogen bonding regions should be

incorporated into InhA inhibitors.

2.7 2-(4-Oxoquinazolin-3(4H)-yl)acetamide derivatives

Pedgaonkar et al (2014) continued their work on InhA inhibitors by working on 2-(4-
oxoquinazolin-3(4H)-yl)acetamide derivatives based on UPS17 with the core structure

shown in Figure 42, selected derivatives are shown in Table 4.14°
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Figure 42. UPS17 and core structure.®3
Compound R1 R2 Rs MTB MIC uM

12 Cl 2-furylmethyl H 4.91
21 Cl Phenyl CHs 4.76
25 Cl 2-furylmethyl CHs 4.70
37 H 6-nitro-2-benzothiazoyl H 4.09

Table 4. Selected data from Pedgaonkar et al.63 Compound numbers mirror those published by

Pedgaonkar et al.14>

This data correlates well with work on benzo[d]oxazol-2(3H)-ones (section 3.6), with aryl

groups at R: exhibiting the strongest effect upon InhA, crystal structures echo the

hydrogen bonding network and hydrophobic interactions seen before.144 145

2.8 4-Hydroxy-2-pyridones

Manjunatha et al/ (2015) screened a series of compounds from Novartis for antitubercular

activity, resulting in > 20,000 hits with > 50% inhibition at 12.5 uM which were narrowed

down by assessing: cytotoxicity; undesirable functional groups; scaffolds of known anti-

TB compounds; Lipinski’s rules and promiscuous pan-active compounds (non-selective).8%

146
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OH OH OH

Iz

NITD-529 (1.54) NITD-564 (0.16) NITD-916 (0.05)

Cl
~o OH OH
X X Cl X
N X0 N X0 N o
H H H
NITD-560 (>20) NITD-716 (2.7) NITD-526 (>20)

Figure 43. Novartis compounds with MIC values in uM.3!

The six structures in Figure 43 further reinforce structure activity relationships previously
detailed in this chapter, as increasing the lipophilicity of the substituent from NITD-529
to NITD-564 and NITD-916 increased potency as expected, a fact confirmed by docking
data which puts the cyclohexyl/dimethylcyclohexyl group in the hydrophobic region of the

binding pocket.!4’

Increased substituent size heightened potency due to a greater number of interactions
with hydrophobic residues in the binding pocket. The importance of a hydrogen bonding
system is reinforced as methylating the alcohol in NITD-560 removes activity presumably
resulting in a reduced hydrogen bonding capacity with Tyr158; moreover the addition of
a chlorine atom onto the right hand phenyl ring hinders efficacy if placed in the meta
position and removes it completely if placed in the para position as seen in NITD-716 and

NITD-526.
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NITD-916 was identified as a promising lead, as it is more potent than isoniazid, with
optimal toxicity results but relatively poor aqueous solubility and low lung-to-plasma

ratio.148
2.9 3-(9H-Fluroren-9-yl)pyrrolidine-2,5-dione derivatives

Matviuuk et al. (2013) assessed 3-(9H-fluroren-9-yl)pyrrolidine-2,5-dione derivatives
which have a similar structure to a known InhA inhibitor GEQ; selected compounds are

shown in Figure 44 that exhibited high levels of InhA inhibition (>79%).14° 150

)
\ N

o) NH

GEQ 8C 11B 11C

Figure 44. Selected 3-(9H-fluroren-9-yl)pyrrolidine-2,5-dione derivatives.t”

The results correlated with data from other InhA inhibitors as inclusion of a flexible long
chain or hydrophobic aryl structure increased efficacy, and rigid structures incorporating
a carboxyl linker between the nitrogen and substituent gave poorer enzyme inhibition at

50 uM.

It is interesting to note that although these three structures inhibit InhA, only 11B had
good activity against whole cell growth. Using a carboxyl linker appeared to increase
potency against whole cell growth, but these compounds are proposed to act at a different

site as the inhibition of InhA is reduced in these structures, and docking reaffirmed that
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hydrogen bonding and hydrophobicity (for region of inhibitor located inside the binding

pocket) are vital components for potent inhibitors.14°
2.10 Pyrroyl-1,3,4-thiadiazole inhibitors

Joshi et al. (2015) developed a series of compounds, the lead and two highest activity
compounds shown in Figure 45. These are based on 1,3,4-thiadiazoles, which are well
known to have a broad biological activity, as well as their prior work on pyrroyls.t>1-154
Such a hybrid pharmacophore approach is not uncommon and yielded good data, with 9N
and 9Q showing significant activity against M. tuberculosis with MIC’s of 6.25 and 3.125

ug/mL respectively.
) 1
A/
' ws%N:
L

/©/o/\/zg§\>§ o/\/wkﬁ

Figure 45. Lead structure and selected high activity inhibitors.”3

Docking studies revealed compounds based on these structures with longer chains (n=2)
were able to protrude more into the active site and the hydrophobicity of Ar groups allowed
van der Waals interactions in the pocket whereas the thiadiazole ring coordinated with
NAD™* and Tyr158. A similar series of compounds was developed by More et al (2014) on
a pyrroyl-phenyl derivative with a hydrazide linker on which aromatic groups were

attached to assess the subsequent impact on InhA inhibition.'>> Results concurred and
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indicated larger or hydrophobic aryl groups make good inhibitors with MIC values 0.2 -

0.8 ug/mL.

2.11 1,3,4-Oxadiazole derivatives

Desai and co-workers focused their efforts on compounds containing three key structural
motifs - indole, pyridine, and oxadiazole.!>® Each were considered due to individual factors
with the aim of combining those in aid of creating a potent and non-toxic inhibitor of InhA.
Indoles are found in many naturally occurring and manmade compounds used for
anticancer, antimicrobial, and antimalarial activity respectively and as such have become
renowned constituents of many a researchers drug designs.'>7-160 Ppyridines and
oxadiazoles share these features and in particular 1,3,4-oxadiazoles can be used as a
bioisostere for both amide or ester functional groups, exhibiting hydrogen bonding with

various receptors.1°6 161

Figure 46. Desai and co-workers general structure, R group consists of various

alkyl/halogen/alkoxy/nitrogen containing substituents!>®

Figure 46 shows the general structure of compounds tested with variety in the R group
of the phenyl ring. Initial tests were undertaken to assess activity against dormant and

active strains of M.tb and M. bovis, the newly synthesised compounds showed little to no
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activity towards M. tuberculosis Hs7Ra with selectivity towards M. bovis BCG observed. R
groups containing alcohols, halogens, and nitro groups performed best with regards to

MIC and ICso. The SAR basis for this with respect to docking was explored later.

Further studies were undertaken to ascertain toxicity against three human cancer cell lines
with promising results showing little to no cytotoxicity as compared to Paclitaxel. This test
also returned GIso values allowing selectivity to be calculated, with results showing great
specificity for M. bovis over human cell lines. Docking studies to elucidate binding modes
of the most active compounds to InhA were performed using Glide and showed results
comparative to other groups data, with non-polar interactions in the binding pocket along
with hydrogen bonding interactions on the outside of the pocket helping direct the ligand

and bind it into the site.162

2.12 N-Benzyl-4-((heteroaryl)methyl)benzamides

In 2016  Guardia and co-workers  presented studies on N-benzyl-4-
((heteroaryl)methyl)benzamides based off an initial hit as shown in Figure 47. SAR
optimization was based around modifying four areas of the molecule: the pyrazole, the

length of the amide linker, central phenyl unit, and the right hand phenyl unit.63

Cl

4

N F

Figure 47. Initial hit in study performed by Guardia and co-workers.163

The biological aspects of the initial hit were promising, with an InhA ICso of 0.05 yM

accompanied with the somewhat more moderate antitubercular MICgo of 10 puM. These
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results, in addition to little to no cytotoxicity, suggest this hit was a reasonable starting

point for SAR study.

The first set of compounds involved alterations to the RHS of the molecule to assess
tolerance of meta/ortho/para substitution as well as differing substituents
(halogen/nitro/sulfone). Results indicated ortho/para substitution was essential for InhA
activity, albeit compounds with an aromatic meta carbamide proved the most successful
with respect to whole cell studies. These came with suboptimal logP values and as such

were not developed further.

2.13 Thiourea containing compounds with benzenesulfonamide moiety

Figure 48. Derivatives with optimal results.164

Ghorab et al. designed, docked, and ran biological studies on a series of compounds
connecting a benzenesulfonamide moiety via a thiourea linking group to various aryl
species.!®* These style of compounds were chosen due to the use of thiourea containing

species already in clinical use, such as thioacetamide and prothionamide.%4
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The most promising compounds are shown above in Figure 48. The MIC values were 3.13
pHg/mL for the morpholine containing compound, and 6.25 ug/mL for the benzodioxole
containing compound. Respective growth inhibition results were 74.9% and 59.2%

respectively.

2.14 Summary of Literature

To summarise, a variety of structures have been synthesised and tested in an effort to
attain a highly potent InhA inhibitor with varying success. Structure-activity-relationships
have been reaffirmed with docking studies agreeing that hydrophobic interactions in the
binding pocket, as well as co-ordination to NAD* and Tyr158 outside of the binding pocket,

are vital for efficacy of a proposed InhA inhibitor.

A general pharmacophore can be deduced that a core containing a hydrogen bond donor
and aromatic moiety coupled to a flexible hydrophobic species may act as a potent InhA
inhibitor. It is promising that a large variance in structure can be tolerated, and some
structures which do not inhibit InhA may affect whole cell growth and as such could be

developed as general antibiotics for tuberculosis.

Several structures have excellent InhA activity and attention is now focused on improving

in vivo activity with focus on pharmacokinetics and pharmacodynamics, as well as lowering

toxicity.
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3.0 Project Aims

The aim of my project is to synthesize compounds based on L-ascorbic acid which share
the same hydrogen bonding system as the compounds developed by Manjunatha et al.
(2015) (section 3.8), the pharmacophore and general structure are shown in Figure 49

alongside NITD-529, with the initial targets illustrated in Figure 50.%4

Hydrophobic Core containing -
group hydrogen bond Aromatic group
donor
OH OH
o NH; o NH,
OH OH
Tyrosine-158 Tyrosine-158 ,.-' _§

OR

i ™~
\O\OO/Q ?;Z
O

Figure 49. NITD-529 and target compound showing structure comparison as well as hydrogen

bonding with tyrosine-158 therefore potential for similar reactivity.

They will be tested for their activity against InhA, initially in an isolated enzyme assay, to
determine percentage inhibition followed by calculation of ICso values. Compounds
exhibiting strong inhibition will be subjected to whole cell work. If results are promising
then a series of compounds will be designed to improve upon their potency by varying
substituents on the left and right side of the molecule, using molecular modelling to aid
selection.
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OPh OPh

Figure 50. Initial target compounds

As previously discussed, docking data shows the 4-hydroxy-2-pyridones coordinate in the
expected way as is illustrated in Figure 51 and as such it is expected that L-ascorbic acid
derivatives (who share a similar proposed pharmacophore) may co-ordinate in a similar
way and as such inhibit InhA. It is also important to note that L-ascorbic acid exhibits little
to no toxicity in the body and as such provides an exciting, sustainable, and novel starting
material for inhibitors. As discussed in section 3.2, thiolactomycin shares a similar
conformation to L-ascorbic acid and as such any derivatives of L-ascorbic acid are

predicted to orientate in a similar fashion to thiolactomycin therefore inhibit InhA.

An important aim for the WHO is that “no TB-affected household” should face extortionate
costs to treat the disease and as such the relatively low cost of L-ascorbic acid may appeal
more to companies developing antitubercular medication. Ultimately this cost
effectiveness should be passed on to the patient/organisation funding the healthcare which
would be particularly important to those in regions such as Africa who may be unable to

afford expensive treatment regimens.3

75



OH

Hydrogen bonding

with Tyr158 0
MWH;
HO n- n stacking with
0 MADH

Hydrophobic residues
in binding pocket

PP-Adenosine

Figure 51. Illustration showing position of 4-hydroxy-2-pyridone NITD-916 in active site of InhA

coordinating with InhA-NADH complex via n stacking with NADH, hydrogen bonding with Tyr158

and the alkyl group pointing into the binding pocket.8*

4.0 Results and Discussion

4.1 Synthesis of target A

OH OH OH
HO. HO. PgO
- - -
o ___ 5 o ___ 5 o ___ 5
HO. o 0 (o] 0 o}
H Q< H A< H
HO 0 o]
OPh OPh
Pgo HO.
— =
0] o}
—_—
o) (o] 0 (o}
A< H A< H
o o TARGET - A

Scheme 4. Proposed general reaction scheme for synthesis of target A.
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Detailed above in Scheme 4 is the proposed reaction pathway for synthesis of target
molecule A, the foreseen difficulties in the synthesis were accurate and efficient protection
of the acrylic alcohol. The differences in the respective pKa values between it and the
alcohol on the adjacent carbon are fairly large (pKa of 4.1 and 11.8 respectively) but as
the adjacent alcohol is fairly unhindered it can also react giving undesirable by-products. 6>
The difference in pKa values is due to the resonance of the acrylic alcohol with the

carbonyl, resonance structures are shown in Scheme 5.

HOY  OH Q OH
St \
HO IS > HO on
Ho— H Ho— H

Scheme 5. Resonance of L-ascorbic acid

The first step in the synthesis was protection of the diol using acetyl chloride in acetone
to form an acetal, which on first attempt was achieved in reasonable yield (68%) as shown
in Scheme 6 and after modification of the procedure to reduce reaction time and increase

dilution the yield improved to > 90%.166

OH OH
HO. HO.
= o acetyl chloride - o
HO (o] acetone O o
H 2 hr H
HO 40°C 0
1 2 99%

Scheme 6. Acetal formation conditions.16”
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4.1.1 Protection by methyl ether

The next step was the selection of a protecting group which would be stable to both acidic
and basic conditions due to uncertainty over conditions which may be needed for future

steps in the synthesis and so formation of a methyl ether was chosen for study.

Scheme 7. Protection of 3-O on 2 with methylating agent before arylation of 2-0.

s v

Mel, K,CO,, DMSO:THF (9:8) (r.t) 162 N/A
Mel, NaHCO,, DMSO:THF (9:8) (r.t) 162 N/A
Mel, NEty, MeOH (r.t) 161 10 - 26%
DMS, NEt;, MeOH (rt) 161 15-19%
Mel, NEt;, DMSO (rt) N/A
Mel, NEt; (trace MeOH) (rt) N/A

Table 5. Methylation conditions investigated for formation of 3.

Selective methylation of 2 (Scheme 7) was attempted using a range of conditions which
are detailed in Table 5, the determination of which alcohol is alkylated can be performed
by 13C analysis of changes in ppm of the peaks corresponding to the alkene. Initial
attempts using K2COs and methyl iodide in DMSO:THF (9:8) appeared to give pure product

and so this product was taken forward for arylation of the adjacent alcohol albeit these
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reactions failed.'%® After repeated attempts with stronger bases and different conditions
(detailed in Table 7 later in text) closer analysis was made of the "methylated” species,
which showed that dimethylation had occurred and as such any desired alkylation would

fail.

Figure 52. Illustration of blocked reaction due to overmethylation

Separation of the mono and di protected products by column chromatography failed as no
column conditions gave adequate separation for the two products to be isolated on
gradients of 100% hexane to 100% ethyl acetate, or DCM with varying percentages of
methanol. Different reaction conditions were utilised to provide only mono protection by
changing the base to the weaker sodium hydrogen carbonate but this did not aid
selectivity, neither did shortening the reaction time from 16 hours (2,4,6,8 hours

respectively).

Changing the base to triethylamine solved the selectivity problem but low yields were
observed, this was only marginally improved by using fresh methylating agent and any
future work using triethylamine for methylation ought to use non-nucleophilic solvents to
minimise quenching of alkylating reagent.'®” Small scale reactions with new conditions
were attempted to improve upon the poor yields observed, with DMSO as a solvent and
also trying the reaction neat (with a trace of methanol to aid solubility) but these reactions

failed.
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4.1.2 Protection by ethyl ether

Due to the low yields observed with methylating agents, the decision was made to alter
the protecting group to an ethyl ether instead as the additional size (however small) should
give adequate separation via column chromatography. The range of conditions used are

shown later in Table 6.

The switch to ethylation proved successful as the conditions first attempted for methylation
worked although in poor yield due to diprotection, but unlike methylation both mono and

di protected species were able to be isolated via column chromatography.

The low yields were improved upon by changing the reaction conditions, changing reagents
as well as reaction times and temperatures. Using triethylamine, as expected, improved
the yield two-fold due to improved selectivity over the adjacent alcohol. It is important to
note that while increasing the temperature increased reaction yield this was offset
somewhat by an increased amount of diprotected product and so yields never reached a
range which could be considered “good”. As expected, increasing the equivalents of base
and alkylating reagent did not increase the desired yield, only the yield of diprotected

product.

A procedure using TBAB increased the yield somewhat, but the best conditions comprised
sodium hydrogen carbonate in DMSO at 50 °C which gave the reasonable yield of 55 -
62%.16% 170 This step does not give the same yields when performed at larger scale, due
to a large portion of the base used collecting on the bottom of the flask and hardening into

a gum-like layer thus being unable to affect the reaction.
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Scheme 8. Ethyl protection with conditions shown in Table 6.

Etl, K,CO,, DMSO:THF (9:8) (rit) 16 17 - 20%
Etl, NEt,, MeOH (r.t) 151 31-44%
Etl, K,CO,, Ac (reflux) 162 34%
Etl (1.5 eq), K,CO, (1.5 eq), Ac (reflux) 162 10% (Majority diprotected)
Etl, K,CO; TBAB (cat), Ac:DMSO (4:1) (30°C) 162 44 - 50%
Etl, NaHCO,, DMSO (50°C) 164 55-62%

Table 6. Ethylation conditions investigated for formation of 4.

4.1.3 Arylation

Arylating
Agent

Scheme 9. Arylation step with conditions investigated listed below in Table 7.
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o e

Cul, Phl, K,CO,, Tol (reflux) 165 N/A
Cul, 1,10 — Phenanthroline, Phl, K,CO;, Tol N/A
(reflux) 156
Ph,|OTf, K,CO,, Ac (reflux) 162 20-30%
Ph,IOTf, NaOH (60 °C) 168 N/A

Table 7. Arylation conditions investigated to form compound 5. Yields termed “N/A” afforded no

reaction.

I—é)}'l’f NU |1Nu QI @Nu

Scheme 10. Mechanism for arylation using diphenyliodonium triflate.”!

Arylation was first attempted using copper catalysed chemistry (Cul, 1,10-phenanthroline,
PhI, K2COs3, Tol) with and without 1,10-phenanthroline at reflux but this reaction failed,
possibly due to weak base and bulky ligands as the literature procedure referenced
unhindered alcohols.”? Success came when using diphenyliodonium triflate as an arylating
reagent which was initially purchased but due to the cost (approximately a hundred pounds
per gram) a route was found for in house synthesis which can be completed in two hours
in high yield (>90%).173 Using this route arylation was completed in relatively low yield
which may be improved upon in future by altering the base used and potentially solvent
to increase the maximum reflux temperature. A further attempt was made using aqueous
sodium hydroxide but this also failed.'”# Table 7 is a summary of the reaction conditions

investigated.
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4.1.4 Deprotection of ethyl ether

The conditions used for removing the ethyl group are shown in Table 8. TMSI was
investigated for removal of the ethyl group but failed, both old and new reagents.
Producing TMSI in situ also proved ineffective as did altering equivalents of the reagent
and reaction time/temperature. HCl (1M) with trace THF to aid solubility generated product
visible in the mass spectrometry data, but this could not be isolated, the product obtained
appeared to consist of the compound without the ethyl ether and diol deprotection as

shown in Scheme 11.

Scheme 11. Product obtained from HCl mediated deprotection.

TMSI (fresh), (r.t/reflux) 0
Nal, TMSCI, H,0, AcN (40 °C) 0
HCI (1M), THF (trace), (40 °C) Analysis indicates product but majority double

deprotection

Table 8. Conditions investigated for removal of ethyl ether

Due to the difficulty in removing the ethyl group, the decision was made to trial alternate
protecting groups which should be more labile for later points in the synthesis so as to

avoid the unnecessary reprotection of the diol.
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4.1.5 Evaluating alternate protecting groups

4.1.5.1 Allyl

Protecting groups previously discounted were now investigated for their efficacy in
shortening the reaction pathway by one step - foregoing the need for diol re-masking after
the acidic conditions necessary to remove the ethyl group. Allyl groups are generally
removed by palladium catalysis and this should not affect other functional groups in the
molecule. The product from this reaction could not be completely purified, instead giving
a mixture of products as shown below in Figure 53. These products have been seen in

the literature previously, with the rearrangement shown in Figure 54.17>

allyl bromide

acetone
16 hr
reflux 7a 7b

Figure 53. Mixture of products obtained after allyl use.

/
/_9
\ O = H
/,” —>

0] H © 0
7a

Figure 54. Claisen rearrangement.7>

These products appeared as one spot on TLC in a number of eluent mixtures, in a ratio of
42:58 as calculated in the NMR. Proton and carbon NMR are shown below for reference in

Figure 55 and Figure 56.
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Figure 55. Proton NMR of allyl ether formation showing mixture of products, region of 3.9 - 6.1

ppm enlarged for clarity.
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Figure 56. Carbon NMR of allyl ether formation showing mixture of products.

This mixture of materials was taken forward to the arylation step (Scheme 12) but no
product was observed, only a further conversion between allyl products to a ratio of

31:69 as can be seen in the NMR below (Figure 57).

PhoIOTf
K,CO3
acetone

reflux
16 hr

Scheme 12. Failed arylation step of allyl compounds due to rearrangement exacerbated by heat.
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Figure 57. Proton NMR of allyl conversion with peaks corresponding to ethylene group adjacent to

alkene as reference.

Due to the mixture of products seen when trialling allyl as a protecting group and the

failure of the subsequent arylation step, this method was not used again.

4.1.5.2 Benzyl

BnBr Ph,IOTf G
NaHCO3 K2C03
— -
DMSO acetone
50 °C reflux
16 hr 16 hr
2 9 55% 10

Scheme 13. Failed conditions for arylation following benzyl protection.

Benzyl protection was achieved in reasonable yield (55%) although arylation attempts

proved unsuccessful (Scheme 13). This could be due to steric clashes between the benzyl
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group and Ph2IOTf, as stronger bases have been used with no success such as NaH and

‘BuOK.170

4.1.5.3 Silyl

Si
\
HO TBDPSCI 0
OH OH
%o,, ~ Nf Et; %o,, ~
o—/ { 0" o DCM o—/ { 0" o
rt
2 2hr 1"
/
—Si
\
HQ on TBDMSCI Q o
o) S NEts o) =
‘ “, / — ‘ “, /
o} H o 0 DC;M o} H o 0
I
2 2hr 12
25 -39%

Scheme 14. Scheme to show size of substituents on silyl group affects reactivity.

TBDPS protection failed, possibly due to the diphenyl group being too bulky and hindered
for the 3-0 alcohol to attack (Scheme 14). TBDMS protection was successful although
arylation failed due to steric hindrance between the silyl group and Ph2I10Tf, as it is possible

to attach a benzyl group to this alcohol after TBDMS protection (shown in Scheme 15).
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Ph,IOTf
K,COs

o

acetone
reflux
16 hr

Scheme 15. Illustration of steric hindrance in attaching aryl groups to silyl protected compounds.

Smaller groups were clearly necessary and so TES protection was utilised, which was
achieved in low yield (30%). This may be improved upon by increasing the temperature
of the reaction, increasing reaction time did not aid the yield. Despite the smaller silyl
group, arylation was unsuccessful suggesting the close proximity of the silyl group to the
bulky arylating agent is preventing the alcohol from being in close proximity to the

arylating reagent (Scheme 16).

HO TESCI Ph,lOTf
NEts K,CO3
— o
DCM acetone
2 hr reflux
0°C-rt 15 33% 16 hr 16

Scheme 16. Illustration of failed arylation reaction following triethylsilyl protection.
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4.1.5.4 Methoxymethyl

HO MOMCI MOMO Ph,IOTf MOMO Q
OH OH (0]
> _ - \0//7)1 " :)//7)1

o H © o) acetone o) H © o) acetone o H © 0
reflux reflux
16 hr 17 59% 16 hr 18 24%

Scheme 17. Methoxymethyl protecting route.

Due to the apparent size constraints involved in the selection of a protecting group another
small group was chosen for synthetic analysis, methoxymethyl (MOM). This group is easier
to remove than an ethyl ether (in general more labile when using acid) so would be

advantageous for the final deprotection step in the synthesis of target A.

Attachment of the MOM group to form 17 was achieved using methods described
previously in section 5.1.2 using K2COs in acetone (60 °C) with yields ranging from 25 -
60% (higher yield observed using oven dried apparatus). Arylation of the remaining
alcohol to form 24 was achieved in a similar yield to previous efforts when using ethyl as

a protecting group. An illustration of this is shown in Scheme 17.

Removal of the MOM group was attempted first using 1M HCI, which also afforded removal
of the acetal group to give 19, re-acetylation was then achieved in good yield using acetyl
chloride in acetone to form A as shown in Scheme 18. To remove the need for the
reacetylation step, attempts were made to use non aqueous methods for the removal of
the MOM group. This includes using acetyl chloride and CSA in DCM, but these also

removed the acetal protecting group.
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o, -~ O 1M HCl HO, -0 acetyl chloride o -
e} “ o) THF HO “ 0 acetone 0O “
Hoo rt HO 40°C H O
18 16 hr 19 4 hr A
92% (Crude) 86%

Scheme 18. Methoxymethyl route to target A comprising of unwanted acetal deprotection and

reformation following removal of MOM ether.

Target A satisfies Lipinski’s rules: with a molecular weight of 292 which is significantly
below the recommended limit (500), one hydrogen bond donor (recommended limit 5),
six hydrogen bond acceptors (recommended limit 10), and a predicted logP (using

ChemDraw Professional 16.0) of 2.16 (recommended between 0 and 5).

4.2 Synthesis of target B

4.2.1 Deacetylation

DIPEA,
DBU bromomethy!
(50 mol%) cyclopropane
16 hr 20 20% 16 hr

Scheme 19. Deacetylation to form alkene followed by unsuccessful attempt at alkylation

Deacetylation of 5 was attempted using DBU (50 mol %) in THF with no success, increasing
the amount of base did not help as did altering the reaction dilution and
temperature/time.!®® Success was achieved when doing the reaction on a larger (gram)
scale presumably due to the addition of DBU needing to be very slow, although only in
very low yield (20%). This step was not reproducible and so an alternative methodology

was followed as will be discussed in a future chapter.
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Alkylation of 20 to form 21 appeared to be successful upon wusing
bromomethylcyclopropane and DIPEA, as mass spec analysis of the crude mixture showed
a peak corresponding to the desired product, although it could not be isolated by column
chromatography and as the previous alkene formation step (formation of 20) was unable

to be reproduced, a new method was attempted.

4.2.2 Alkene formation

Scheme 20. Failed deacetylation to form alkene.

As briefly discussed before in section 5.2.1, deprotonation of 5 to remove a molecule of
acetone to form the desired alkene 20 as shown in Scheme 20 failed under conditions
using DBU which was attributed to steric issues. Alternative bases were used with similar
results including triethylamine, sodium hydride, DIPEA, pyridine and DMAP. No starting
material was recovered from these reactions which delayed synthesis of targets
significantly. Usage of a small base (sodium hydride) without success suggested that

sterics may not be the problem, that it may be electronic issues hindering progress.
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TsO 0]
H
TsO 22
— OPh —\ OPh OPh
O (@) HO
- - -
(0] ) (0]
(0] (6]
72 z - 0
24 21 B
TsO (0]

Scheme 21. Proposed scheme using tosyl derivatives.

An alternate route was considered involving use of tosyl groups to act as a better leaving

group for alkene formation as shown in Scheme 21.

OH
1. TsCl, Py. 48 hrr.t /\O /\O
36% —_— Ph,IOTH, K2003
> e
TsO 0] TsO
2. Etl, NaHCO3; DMSO H acetone
0.n, 50 °C 55% 22 o.n, reflux
TsO TsO

Scheme 22. Tosyl route attempted with L-ascorbic acid as starting material showing failure of

arylation step.76

Ditosylation and ethylation to give 22 were successful albeit arylation failed with conditions
shown in Scheme 22, sodium hydride as a base for the arylation was also tested without

success. This meant a new strategy was needed as shown in Scheme 23.
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_— AcCl — Etl, NaHCO; Ph,IOTf, K,CO3
HO ° o) v — S
o 0 aceton? A< ol o DMSOO acetone
1 4 hr40°C 2 o.n, 50 °C o.n, reflux
HO 90% (0] 30% 25%

1M HCI, MeOH TsCl, Py
— —>
THF 48 hrr.t
o.n, rt 20%

85%

Scheme 23. Second tosylation strategy forming phenyl ether before tosyl addition to diol.

Ditosylation of 25 to give 23 was achieved but in very poor yield with impurities in the 'H
NMR although new tosyl peaks were observed to indicate reaction had proceeded. The
next step of forming the alkene 24 failed using DBU and it was presumed that the size of
the leaving groups may be preventing the desired reaction from working with a clash
between the aryl groups and the relatively large DBU and so the strategy was changed in
order to utilise mesylate groups. Mesyl groups were also chosen as they are smaller than
tosyl and electronically more labile, as NaH also failed with tosyl derivatives and as such

should improve the yield.

OH —\ OPh
HO 1. MsCl, Py. 48 hr r.t N O
- 80-99% thlOTf, K2C03 -
(@] (6]
- —X—>
HO (0] S MsO (0]
H 2. Etl, NaHCO3; DMSO acetone H

1 0.n, 50 °C 38% o.n, reflux 27

HO MsO MsO

Scheme 24. Mesyl route attempted with L-ascorbic acid as starting material showing failure of

arylation step.17¢

Scheme 24 details initial attempts at using mesylation to achieve alkene 30 formation

which shared the same outcome as the tosyl equivalent. Alkylation to form 26 was
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achieved in a lower yield than observed in the tosyl route, attributed to mesylate groups
being more labile under reaction conditions of ethyl ether formation (heating) than tosyl
groups. Arylation to form 27 also failed so the same strategy employed in Scheme 23
whereby mesylation was attempted after aryl ether formation was adapted, the procedure

followed is shown in Scheme 25.

OH
HO
AcCl _ Etl, NaHCO, Ph,lOTf, K,CO3
o _ 5 —
Acetone 0 H 0 DMSO Acetone
4 hr40 °C 2 o.n, 50 °C o.n, reflux
99% o) 35% 32%
T\ oh
0
1M HCI, MeOH TNy MsClLPy
e —
THF HO 0 24 hrrt
o.n, r.t H 25 23%
85% HO

Scheme 25. Second mesylation strategy.

27 was produced using the method in Scheme 25 although the final mesylation step was
in poor yield, efforts to generate the alkene 30 shown in Scheme 26 failed under the
same conditions as used in the deacetylation step, with no starting material observed or
identifiable products. Closer analysis of the most recent attempt using triethylamine
indicated the reaction had produced the charged species 31 as shown in Figure 58. The
exact mass was observed in the mass spectrum (Figure 59) and a mix of the desired
alkene product 30 and the nitrogen species was seen in the crude NMR as well. In
particular, the peak in the proton and carbon spectra which correlates to the methylene
group (N-CH2-CH) in Figure 58 has two peaks dependent on if a mesyl group or

ammonium group is next to it. A portion of the C!3 spectra is shown in Figure 60.
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OPh

O
-
(0]
- 0
30
MsO
Scheme 26. Alkene formation from mesyl species.
OPh
/\O
/
0]
-~ 0
" 31
/\N
Figure 58. Triethylamine adduct formed.
+MS, 0.6-0.8min #51-67
Intens. +MS . 0.6-0.8min #51-67
X108 1+
346.2032
0.8
0.6+
0.4+
0.2
nall | 543.3078 787.3838
TTo00 T 200 0 Tsoo 400 500 800 700 800 900 miz

Figure 59. HRMS showing peak at 346.2032 which correlates with exact mass (346.2018) of

compound in Figure 58.
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Figure 60. A region of the crude 13C NMR of compound in Figure 58. Peak at ~ 39 ppm assigned
to methyl group of mesylated species in crude mixture, small peak at ~ 53 ppm assigned to carbon

11 of mesylated species in crude mixture.

As the compound was fixed to the baseline on the TLC plate and no starting material was
observed, the decision was made to proceed with synthesis and purify after the next step.

Procedure shown in Scheme 27.

— OPh V/\ — OPh
O NaH O
Z2 — 0
. 31 THF 21
N rt- 60°C o

Scheme 27. Procedure for adding cyclopropylmethyl ether to compound.!76

The alkylation in Scheme 27 to form 21 initially failed using a “one-pot” method of adding

all reagents together at the same time. However, stirring the alcohol separately with NaH
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addition for thirty minutes before adding dropwise to a solution of starting material 31 in
solvent caused a colour change of yellow to deep red which got darker overnight. Mass
spec analysis indicated the reaction was proceeding, but incomplete, and so a further
equivalent of alcohol and base was added to the stirring solution, which after 16 hours
was left to reflux over the weekend in order to aid reaction completion. The pure product
21 was obtained in 26% yield, with the final step being removal of the ethyl group masking

the vinylic alcohol.

Conditions used earlier in the synthesis of target A were attempted here with similar
results, in that no progression of the reaction was observed. Conditions used included:
TMSI (both reagent and synthesised in situ), HCI, and BBrs3. Due to the inability to remove

the ethyl protecting group, an alternate derivative of B was chosen to produce.

4.2.3 Towards the synthesis of benzyl alternative of target B

~

OH —Si OH
HO. TBDMSCI (@)
AcCl — NET = BnBr, K,CO3
> o] 3 0 N
acetone 0 H 0 DCM 0 0 acetone
4 hr40°C 2 4 hrrt o.n, reflux
© 90%
= N\_o TMHCI, MeOH MsCl, F;y NEt; .
O (6] : :
A THF 24 hrrt THF
14 o.n, r.t o.n, reflux
© 41%
0
e o
\Si/ \Si/
\ OBn \ OBn OBn
o NaH, 0 HO
= — TBAF =
O ae--- » o ----- » (0]
~ 0 THF -~ 0 THF ~ 0
o.n, reflux 4 hrrt
34 35 36
MsO (0] O

Scheme 28. Silyl route towards synthesis of benzyl analogue of target B
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Whereas silyl protection had previously been discounted due to steric clashes upon
arylation of the adjacent alcohol, a benzyl group should afford enough distance to remove
this obstacle. Silyl groups are commonly used for quick and efficient protection of alcohols
due to their ease of deprotection using fluorine based reagents, it is for this reason that

the route depicted in Scheme 28 was followed.'””

—Sl

1™ HCI MeOH

THF
o.n, r.t

62°/

Scheme 29. Product formed under aqueous acidic conditions.

Acetal formation of 2 was achieved in high yield (>90%), with silyl protection forming 12
completed in 30% yield. Subsequent benzyl addition to give 14 was achieved in 41% yield
although acetal deprotection to afford 32 did not yield the desired product, instead
additionally removing the silyl group to give 37 as shown in Scheme 29. An attempt was
made to mesylate the diol formed but was unsuccessful. A non-aqueous method of acetal
deprotection using camphorsulfonic acid in DCM was investigated but this also removed

the silyl group.

¥/

OH —Si OH
HO. TBDMSCI
TsCl, Py = NEt, = BnBr, K,CO3
Py TsO ° — TsO ° %9
24 hrrt S B o DCM s a o acetone
38 4 hrrt 39 o.n, reflux
TsO 30% TsO 21%
< / HO -\
—si OBn \ 0Bn OBn
0. NaH O HO.
— — —
- o - o} TBA'; o
o o T o
H : 7 THF 7 THF 7
0 40 o.n, reflux 41 o.n, reflux 42 4 hrrt 36
S TsO O O

Scheme 30. Proposed scheme using diol conversion as first step in synthesis to avoid silyl

removal under acidic conditions as seen in Scheme 29.
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Due to the problems encountered, a process whereby the diol was converted into a leaving
group prior to silyl and benzyl addition was examined as shown in Scheme 30. The
number of steps required in this synthesis meant a more stable leaving group of tosyl was

utilised in place of the more labile mesyl group.

Ditosylation to give 38 was achieved in 30% vyield, and silyl protection of the 3-O followed
in a similar fashion to give 39 although purification was an issue due to co-elution of
starting material and product. This was taken forward for benzyl addition to the remaining
2-0 which afforded the desired product 40 in an inseparable mixture alongside a di-

benzylated species illustrated below in Figure 61.

~

—Si

'\ OBn OBn
@) BnO
= =
(0] (0]
TsO (0] ~ 0
H
TsO 40 TsO 43

Figure 61. Inseparable products from benzylation.

These were taken forward for alkene formation using conditions in section 5.2.2
(triethylamine in THF at reflux) which after 16 hours showed no remnants of starting
material (ditosyl species) by mass spectrometry. After purification by column
chromatography, NMR indicated the presence of additional peaks in the aryl and alkyl

regions suggesting a mixture of products 41 and 44 had eluted as shown in Figure 62.
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—Si 0OBn OBn
(0) BnO
- -
(0] (0]
72 0
TsO 4“1 TsO 44

Figure 62. Products obtained from alkene formation step.

No desired product was obtained from the attempted ether formation shown in Scheme
31, if this route is attempted in future then mesyl groups may be considered for their
higher lability as compared to tosyl. Alternately conversion of tosyl to an alcohol before

methylcyclopropane alkylation could be performed as shown in Scheme 32.

A( oH A(
/ /
—Si OBn —Si OBn
0) NaH ©)
- -
0 — o)
~ 0 THF ~ 0
48 hr
TsO 41 r.t - reflux e 42

Scheme 31. Failed conditions for ether formation.

~ ~ ., X

—sl OBn —Si OBn bromomethyl o\ OBn
0 _ H,0 0 _ cyclopropane 0 _
(0] T O R (0]
TsO 41 HO o

7

Scheme 32. Proposed route converting tosyl into hydroxyl for reaction with bromomethyl

cyclopropane.
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4.3 Benzyl ether synthesis

4.3.1 One-pot silyl approach 178

1. TBDMSCI, NEt;, DCM,

OH 0°C-rt, 2hr OR
HO 2. Alkyl-X, NEts, HO
- o.n, reflux - ')
0 N,
>
0 o] 0 o]
Q< H 3. 1M TBAF, Q< H
2 hr, rt
0 o]

Scheme 33. General conditions for one-pot synthesis of compounds.l’”® R = Benzyl, PMB, p-

iodobenzyl, p-nitrobenzyl, ethylcyclohexane, propylbenzene

A less time consuming route for production of functionalised ascorbic acid was discovered
which should allow for fast production of final compounds with the need for only one

purification step at the end of the route as shown in Scheme 33.

This method allows an investigation into the region on the right hand side of the molecule
to assess whether increased distance between the aryl group and the core of the molecule
affects activity, as well as altering the electrophilicity of the aryl group. Non-aromatic
groups were also chosen as a proof of concept as they will not share the same n—n stacking
interaction with NADH and as such ought to be poor inhibitors/show no activity towards

InhA.

The reasoning behind this is that the free alcohol remaining is expected to coordinate to
Tyr158 residing near the binding pocket on InhA (interaction described in section 4) and
so moving this region into closer proximity is expected to increase interaction strength
and make the compound a better inhibitor. Making the aromatic group more electrophilic
is expected to alter its interaction with NADH, making it more electron rich is thought to

increase the n—-n stacking interaction.
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The reaction was to proceed in a stepwise manner of addition, whilst maintaining a “one-
pot” approach to purification. Addition of TBDMSCI in DCM accompanied by NEts was to
silyl protect the left-hand alcohol, and after two hours one equivalent of alkylating reagent
in DCM with a further portion of NEts was added before a second two hour wait. After this

time an equivalent of TBAF was used to deprotect the silyl-alcohol with a half an hour wait.

A range of compounds were chosen for synthesis comprising of the R group being: benzyl,
PMB, p-iodobenzyl, p-nitrobenzyl, ethyl cyclohexane and propyl benzene. Overall yields
were poor, with final compounds produced in less than 20% vyield. An increase in time
between steps was attempted in a ratio of 4:16:2 (silyl protection:alkylation:silyl
deprotection) for each step respectively but this did not aid in yield or purity. Poor yields
are attributed to the base used in the method, and to increase these a stronger base may
be necessary as well as splitting the reaction up into its constituents and optimising the

conditions.

The compounds obtained had impurities in the NMR as well as a mix of products observed
with R groups attached to either alcohol (Scheme 34) as shown in the NMR below for a
nitrobenzyl derivative, with the satellite peaks aside the major peaks attributed to

unwanted alcohol alkylation.

1. TBDMSCI, NEt3, DCM,
0°C-rt,2hr

OH OR OH
HO 2. Alkyl-X, NEts, HO RO
- - -
0 o.n, reflux o o + 0

0 o = 0 o o o

Q< ol 3. 1M TBAF, Q< H Q< ol
2 hr,rt
o) o] o)

Scheme 34. Products obtained from one-pot alkylation methodology with alkylation on both

alcohols.
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Figure 63. 'H NMR showing mixture of products from reaction in Scheme 33 for a nitrobenzyl

derivative.

Further enforcing previous statements regarding proximity issues with groups directly
attached to the right hand alcohol is the fact that attempts to introduce a cyclohexyl or
phenyl moiety were unsuccessful which is attributed to steric clashes with the silyl

protecting group.

4.3.2 Direct 2-0 alkylation approach

'BUOK 2 eq
Alkyl halide

—

DMSO/THF

-10°C-rt
3 hr

Scheme 35. General reaction conditions for direct 2-0 alkylation. 17°
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An alternate approach was used, following work carried out by Olabisi and Wimalasena,
which determined reaction pathways using considerations of electrostatic potential caused
by basic environments around the 5,6-O-isopropylidene-L-ascorbic acid.'’® An image of
the changes in electrostatic potential obtained from Olabisi et al is shown below in Figure

64.179

Figure 64. Calculated electrostatic potential diagrams of the neutral, monoanionic, and dianionic
forms of 5,6-O-isopropylidene-L-ascorbic acid. Calculated electron density diagrams of (a) neutral,

(b) monoanionic, and (c) dianionic forms. Order of electron density: blue < green < yellow < red

This figure shows clearly the shift in electron density upon conversion between neutral,
mono, and dianionic forms of 5,6-0O-isopropylidene-L-ascorbic acid. One equivalent of base
directs the electron density primarily towards the 3-O where the charge can be delocalised
via resonance into the carbonyl as previously described in Scheme 5. A second equivalent
of base to afford the dianion therefore makes the 2-O the primary source of reaction with

electrophilic agents.

105



Two equivalents of 'BuOK added to 5,6-0-isopropylidene-L-ascorbic acid 2 in DMSO/THF
followed by addition of the alkylating reagent was therefore attempted for a one-pot
method of producing benzyl based derivatives. It is important to note that addition of the
base must be done under lower temperatures as addition at room temperature exuded
heat, which turned the solvent from liquid to a jelly-like substance thereby preventing

stirring of the reaction.

Using alkylating agents with chlorine as the leaving group as opposed to more labile
halogens gave no product under the described reaction conditions, presumably due to the
relative strength of the carbon-chlorine bond (~ 84 kcal mol* compared to a C-C bond of

~ 90 kcal mol-1).180

An ethylene-cyclohexyl derivative exclusively formed the double alkylated product as was

shown in mass spec and NMR, 13C peaks from the assigned alkyl region are shown below

in Figure 65.
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Figure 65. 13C NMR of dialkylated product.
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A para-iodo benzyl derivative also gave double alkylation, with the relevant peaks from

the assigned proton NMR shown below in Figure 66.
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Figure 66. 'H NMR of dialkylated iodobenzyl derivative.

After a para isopropane - benzyl derivative gave the same result, the other reactions were
analysed by mass spec before workup and all showed that double alkylation had taken

place with none of the desired mono-alkylation observed.

These results indicate that one-pot/direct alkylation approaches beginning with 5,6-0O-
isopropylidene-L-ascorbic acid are not viable for producing benzyl ethers so a stepwise

silyl route was investigated.

4.3.3 Silyl stepwise approach

This route adapted the procedure used in section 5.3.1 into a stepwise approach, with a
purification step at each stage of the synthesis. This was done in order to improve product
purity throughout the route which will aid in selectivity of 3-O alkylation over unwanted

dialkylation as was seen in sections 5.3.2 and 5.3.1.
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Scheme 36. Scheme to illustrate stepwise approach

Py

TBDMSCI was chosen over other silyl protecting agents for a compromise over stability

and also size of the methyl substituents. Prior work to attain target A had shown that silyl

groups with larger substituents than a methyl afforded steric clashes when adding a bulky

R group (direct attachment of cyclohexyl/phenyl) onto the 2-O with no hydrocarbon chain

and so TES and TBDPS were discounted. TMS was not used due to its relative poor stability

as compared to TBDMS.

Alkylation of 12 was achieved in varying yields (10 - 30%), with reagents incorporating

chlorine as a leaving group unsurprisingly giving the poorest yields. Subsequent silyl

deprotection was achieved in generally high yields (>80 %), although a nitrobenzene

species was unable to be isolated due to TLC overlap with leftover tbutyl-amine from the

TBAF used in the reaction.
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No R Yield | Amount MW H-bond H-bond Predicted
(mg) donors acceptors logP
54 34% 70 306.11 1 6 1.79
R
53 \/@ 10% 1.8 350.14 1 7 1.71
RVO
64 28% 30 334.14 1 6 2.79
R
67 29% 50 348.16 1 6 3.22
R
57 | 28% 70 336.12 1 7 1.71
O
R\/©/
58 I 18% 10 432.01 1 7 2.91
ool
61 25% 10 320.13 1 6 2.29
R
62 /\/@ 27% 15 320.13 1 6 2.26
R
65 O 31% 70 356.13 1 6 1.09
< 0

Table 9. Benzyl ethers synthesised with corresponding values relating to Lipinski’s rules. Yield

corresponds to alkylation step.
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Table 9 shows the structures of benzyl ethers synthesised along with their values showing
satisfaction of Lipinski’s rules (logP predicted in ChemDraw Professional 16.0). This shows
all the compounds synthesised would have good “druglikeness” scores with the only
negative aspect being the existence of a free alcohol making the compounds subject to
phase two metabolism, however many drugs in clinical use contain free alcohols so this is

not a primary concern.

In summary, a range of ethers were synthesised to be taken forward for isolated enzyme
assay testing against InhA. In order for this route to be better utilised, different conditions
for the alkylation step are necessary, with alterations of solvent used to aid higher

temperatures as well as a stronger base to make the alcohol more reactive.

4.4 Towards the synthesis of 2-Deoxy-L-ascorbic Acid

O,

(0]
H
R 3 o, o~ HO, o~
OH v , 2
O,,, —~ —_— O,,, (0] —_— / ‘Y, —_— / -,
’ . ’ . (0] H © HO H ©
o H 07 o ¢ H OH 740 O
D1

w T

D2

0) HO
e

HO, o) HO, =
., / 3 [
O (o) (0] ©
OA_ " F OA_ "7
O O b4 O O s
HO HO
X
HO, B HO, ~
— g 4 — g 4
HO H © 0] HO H © 0
D6 D7

Scheme 37. General procedure for synthesis of 2-halo-L-ascorbic acid.
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The low yields observed in section 5.1.3 prompted considerations of alternate routes to
direct arylation of 3, and indeed a route utilising 2-halo-L-ascorbic acids was
investigated.!8! 182 The route proceeds via a peroxide mediated ring opening followed by
methylation (D1), acetylation (D2), and addition of a trityl group to the unmasked diol
(D4). Ring reformation (D5) is then accomplished before acidic removal of the trityl group
to afford 2-deoxy-L-ascorbic acid (D6). This is converted to the corresponding halo-acid
by utilisation of the appropriate N-X-succinimide (N-iodo-succinimide for an iodo species

for example). An illustration of this is shown in Scheme 37.

1. NaOH (aq 30%)
NaHCO4
202 aq 35%)

HO 2. NaHCO;4 Pyridine
— o Dlmethyl sulphate \ \/7» ACCI \
1. HZO

O (0]
A< H 0°C-rt

0 2 Th D1 D2
24 0"'38 30-35% 55%
16 hr

Scheme 38. Formation of D1 and D2.

The formation of D1 was achieved in reasonable yield (typically between 30 - 35%), in
repeat reactions the reaction was done in a larger flask and base added at a slower rate
to reduce the risk of excess gas evolution on addition of NaHCOs. Acetylation to form D2

was achieved in good yield (55%).
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Scheme 39. Conditions to form D3

Formation of D3 using AcOH (ag 80%) did not give complete conversion from the acetal
to the diol. Purification was an issue as the pure product was unobtainable after silica gel
column chromatography. To maximise the desired product moving forward, conditions
used to form 7.15 were utilised - a 1:1:1 mixture of MeOH:THF:1M HCI (aq) heated at
reflux overnight — which afforded no starting material seen in the mass spec. The crude

product was taken forward to form D4.

Scheme 40. Failed conditions for trityl addition.182
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Scheme 41. Successful tritylation conditions.

Literature conditions advised using trityl chloride and DMAP to produce the trityl ether D4,
but this gave no product as seen in the mass spec when the reaction was performed at
room temperature or reflux. The bulky intermediate formed using these reagents is
presumed to be too hindered for nucleophilic attack and as such a different procedure was
used, involving sodium hydride left to stir with D3 for half an hour before dropwise addition
of trityl chloride and stirring overnight. This afforded the desired product albeit in low yield
(26%). As this route had given poor yields throughout, it was discarded for continued

work.

5.0 InhA Inhibition Assay

5.1 Background to Inhibition Assay

Compound inhibition data was obtained using an isolated enzyme assay first developed by
former Thomas group member Aneesa Ahmed and optimised by current group member

Malcolm Lamont (PhD student, University of Nottingham).!83

The assay works on the basis of the commonly used method of comparing enzyme activity
in the presence and absence of the proposed inhibitor, measured using an approach
applicable to the Michaelis-Menten model. This model allows an observation of enzyme

activity relating to first order kinetics by monitoring the conversion of substrate to product
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over a set period of time - in this case the conversion of NADH to NAD* as monitored by

UV absorbance at 340 nm, which decreases upon NADH oxidation.

E+S ™ [ES] —= E+P

Equation 1. First order Michaelis-Menten schematic. E = Enzyme. S = Substrate, P = Product

The in vivo function of the InhA enzyme is to reduce a thioester in the growing mycolic
acid chain by donating a hydride from NADH. This step is commonly adapted for assay
work by replacing the natural thioester with trans-2-octenoyl CoA which acts as a mimic.!83
The full structure of trans-2-octenoyl CoA is shown in section 6.3 with a shortened version

depicted in Scheme 42 taking part in the reduction which comprises the assay.

IC H' 0
R\SM R\SJ\/\/\/\

o H o H
HoN | N — H,N | X
+ 2 + 2
) ]
Rib Rib
ADP” ADP”

Scheme 42. Schematic showing reduction of trans-2-octenyl CoA by NADH.

5.2 Materials

All materials were purchased from Sigma-Aldrich apart from the following items. InhA
constructs were prepared as stated in section 6.4 and thawed on ice prior to use. NADH
sodium salt was purchased from PanReac AppliChem and a 10 mM stock solution freshly
prepared in 30 mM PIPES buffer at pH 6.8 (assay buffer) on ice before dilution dependant

on the required concentration for the assay which was run on the same day. trans-2-
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Octenoyl CoA was prepared by Tom Armstrong (University Of Nottingham) according to a
procedure outlined in section 6.3 and stored dry in 3.56 mg aliquots at -80 °C prior to
use. Aliquots were thawed on ice and dissolved in 800 pL assay buffer on the day of use
to give a 5 mM stock solution. Concentrations were confirmed before testing with a TECAN
spark plate reader for both NADH (340 nM) and substrate (254 nM) with respective
extinction coefficients of 6220 M-'cm! and 20,400 M-'cm™ and addition volumes adjusted

according to results.

All compounds tested were prepared in stock solution of 100 mM in DMSO. NITD-564
(section 3.8) was used as a control to reference % inhibition and ICso against. Compounds
selected for testing were diluted in assay buffer to a concentration of 500 uM, giving a

final percentage of 0.5% v/v DMSO or 1M NaOH. The final assay volume is 100 pL.

5.3 OcCoA synthesis

This was synthesised by Tom Armstrong (PhD student, University of Nottingham). The
route followed to synthesise the InhA substrate trans-2-octenoyl CoA was previously
described by Aneesa Ahmed (originally from literature).'83-185 CoA trilithium salt was
dissolved in water along with potassium carbonate and the apparatus covered in foil to
avoid light interference. Trans-2-octenoic acid, THF, and PyBOP were added and the
reaction stirred in the dark for 16 hours under a nitrogen atmosphere. Organic solvent
was then removed under reduced pressure and water removed by lyophilisation. The
resulting crude material was twice purified by semi-prep HPLC on an Eclipse XDB-C18
column (9.4 x 150 mm; 5 um) with a gradient of ammonium acetate buffer (pH: 5.9, 20
mM) (buffer A) and acetonitrile (buffer B). Percentages are given as composition of buffer
A. Variable wavelength detector set at 254 nm. The method was as follows: 0 — 1 mins
(100%), 1 - 2 mins (90%), 2 - 5 mins (80%), 5 - 15 mins (75 -> 70%), 15 - 17 mins
(70 -> 5%), 17 - 18 mins (5%), 18 - 19 mins (5 - 100%), 19 - 21 mins (100%). Fractions
containing pure product were pooled and lyophilised three times to ensure complete
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removal of water and residual ammonium acetate which was confirmed via hydrogen
NMR). The combined product was split into 3.56 mg fractions and stored at -80 °C prior

to use.

N'LNE :\>O 'P %W/V\H/ J\/\/\/\

O

HO |
O=P—OH
OH

Figure 67. Assay substrate trans-2-octenoyl-CoA.

5.4 Protein Expression and Purification

Work in this section (5.4) to express and purify the protein was carried out by Malcolm
Lamont (PhD student, University of Nottingham). The InhA:pET15a construct was kindly
provided by Prof. Peter Tonge (Stony Brook University). A single colony from a BL21 InhA
agar plate was grown overnight in 10 mL LB media containing 100 pg/mL ampicillin at 37
°C with 180 rpm shaking. Expression of InhA was induced with 1 mM IPTG in Luria Bertani
(LB) broth (containing ampicillin 100 pg/mL) and grown at 30 °C for 6 hours until an ODeoo
of 0.6 - 0.7 was reached. The protein was isolated by cell lysis using sonication followed
by centrifugation at 30,000 g for 30 min at 4 °C. Purification was performed using a Ni-
affinity His-Trap 5 mL column (GE Healthcare). The column was washed with 150 mL
binding buffer [Tris HCI (20 mM), NaCl (300 nM), imidazole (500 mM), pH 7.5]ina 0 -
100% gradient of the elution buffer. The protein was analysed with SDS-PAGE and then
exchanged to a storage buffer (PIPES, 30 mM, pH 6.8) and concentrated to 10 mg/mL
using a 10 kDa Amikon centrifugal filter (Millipore). Aliquots were mixed with 10% glycerol

and stored at -80 °C. The molecular weight (29,806 Da), pl (6.10), and extinction
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coefficient were determined using the ExPasy translate tool. The extinction coefficient 37.5

mM-tcm at A2s0 was used in calculation of the protein concentration.

5.5 Assay Conditions

In vitro enzyme inhibition studies were performed by Malcolm Lamont (PhD student,
University of Nottingham). Compounds were screened at a concentration of 50 pM using

the thermostated UV-Vis spectrophotometer (Tecan Sunrise) at 340 nm as detailed below.

The assay conditions were as follows for a 100 pL total volume: InhA (5 pL, 150 nM),
NADH (10 -11 L, 100 pM), OcCoA (9 - 11 L, 400 uM), and compound (10 pL, 50 pM)

made up to 100 uL with buffer (pH 6.8, 30 mM PIPES).

Percentage inhibition was calculated by ascertaining loss of activity vs absence of the
inhibitor with the equation shown below. Positive controls were ran alongside every row

of 12 reactions and each compound was assessed in duplicate.

[Vo-Vil
— | % 100

Equation 2. Calculation of % inhibition where Vo corresponds to rate in absence of inhibitor and

V1 corresponds to rate in presence of inhibitor (UM.min"!)

Compounds showing promising inhibition data at 50 yM would be subjected to further
testing to ascertain ICso values. This would be accomplished by running the assay with
varying concentrations of inhibitor from 0 - 50 uM before plotting reaction rates against
the log of concentrations used. This would give a curve at which the ICso can be determined

by inputting data into the GraphPad Prism four-parameter model shown below.
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(Top - Bottom)

Y = Bottom +

((loglC5 - X) * HillSlope)
1+10

Equation 3. ICso four parameter model. Top and bottom corresponds to respective velocity
plateau’s, Hillslope corresponds to incline of slope, ICso corresponds to concentration where the
response is hallway between top and bottom

The positive control used was hydroxypyridone NITD-564 (discussed in section 3.8)
which has an ICsg literature value of 0.59 uM.84 136 Experimental ICso obtained using this
control was 0.75 pM, correlating with literature value of 0.59 uM.84 ICso graph for NITD-
564 is shown below in Figure 68. As the obtained ICso value is within threefold range of
the literature value the assay can be seen as working accurately. Percentage inhibition
studies alongside tested compounds at 50 uM resulted in 70.9% inhibition seen for NITD-
564, the highest data point in Figure 68 was taken at 10 uM so this correlates well with

the plateau seen in Figure 68.
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Figure 68. ICso curve for NITD-564 inhibition of InhA.
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Percentage inhibition studies were carried out on the benzyl ethers synthesised in section
4.3.3 as well as target A with none of the compounds trialled showing activity against
InhA. To better understand this, molecular modelling should be undertaken so as to direct

future generations of compounds.

6.0 Conclusions and Future Work

To summarise, work has been carried out to synthesise targets A and B as well as benzyl
analogues of A. These compounds can be considered a “second generation” of inhibitors
as compared to the 4-hydroxy-2-pyridones synthesised by Manjunatha et al as they share
a similar pharmacophore.®* The synthesis of target A was completed as well as nine benzyl
derivatives, with varied substituents (alkyl, halogen, ether) and alkyl chain lengths (n =
1,2) as well as non-substituted products. The production of a p-nitrobenzyl compound was
achieved but could not be isolated. Progress has been made in the production of target B
but difficulty in removal of the protecting group on the 3-O position as well as alkene
formation from the acetal protected diol has hindered progress with this route.

The benzyl ethers synthesised in section 4.3.3 (compound 7.43 omitted due to loss of
compound) were screened for activity against InhA in an isolated enzyme assay at 50 uM
to first determine their percentage inhibition, promising results would then direct future

synthesis and strongly inhibiting compounds would be taken forward for ICso calculation.

Unfortunately none of the compounds tested showed any inhibitory activity towards InhA
and so molecular modelling should be used to better understand these results and to direct

future iterations of potential inhibitors.

Future work may involve a library of compounds based on the designs shown below in
Figure 69, as the introduction of nitrogen in the core would better mimic the compounds
described in section 2.8. The removal of the 2-0 to allow direct attachment of alkyl/aryl

groups to the core would also better mimic the compounds described in section 2.8.
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Completion of target B synthesis will aid understanding of L-ascorbic acid based

compounds inhibition of InhA.

HO HO
OR R
O H /,H O O H ,/O O

Figure 69. Proposed compounds for future work.

7.0 Experimental

Commercial reagent grade solvents purchased from Fischer Scientific® were used for all
reactions, anhydrous DMF was purchased from Sigma Aldrich®. All reagents were
purchased from either Sigma Aldrich®, Alfa Aesar®, Merck Chemicals Ltd, or Strem

Chemicals Inc.

All 'H NMR spectra were recorded on a BrukerTM AV400 spectrometer at 400 MHz, and at
ambient temperature. All spectra were recorded relative to residual solvent peaks. Spectra
were recorded in solutions of deuterated chloroform (CDCI3, dsolv = 7.26), deuterated
water (D20, dsolv = 4.79), or deuterated DMSO ((CD3)2S0, dsolv = 2.50). All 3C NMR
spectra were recorded on a Bruker™ AV400 spectrometer at 100 MHz and at ambient
temperature. All spectra were recorded relative to residual solvent peaks. Spectra were
recorded in solutions of deuterated chloroform (CDClIs, dsolv = 77.1), or deuterated DMSO
((CD3)2S0, dsolv = 39.5). Chemical shifts (8) are given in parts per million (ppm) and J]
values in Hertz (Hz). Multiplets are designated by the following notations: singlet (s),

doublet (d), triplet (t), quartet (q), double doublet (dd), double triplet (dt), multiplet (m).

High resolution mass spectroscopy (HRMS) was recorded on a BrukerTM microTOF, an

orthogonal Time of Flight instrument with electrospray ionisation (ESI, both positive and
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negative ion) sources as indicated. Values of mass to charge ratio (m/z), are given to four

decimal places. The mass of the counter ions are H* 1.0078, and Na* 22.9898.

Thin layer chromatography was performed using Merck Kieselgel 60 F254 plates.
Visualisation was by UV light and staining with phosphomolybdic acid (PMA) with heating.
Flash column chromatography was performed using Merck Kieselgel silica gel 60 A, 230-

400 mesh, 40-63 um, unless otherwise stated.

Melting points were determined on a Stuart Scientific melting point apparatus (SMP3),

values are given in degrees Celsius (°C) and are uncorrected.

Optical rotations were obtained at ambient temperature using a Bellingham and Stanley

Ltd ADP 220 polarimeter.

7.1 5,6-0-Isopropylidene-L-ascorbic acid (2) 1%

OH
HO
—
0
0 o
A< 1
0]

L-ascorbic acid (10.0 g, 56.8 mmol) was suspended in acetone (120 mL) and acetyl
chloride (4.4 mL, 61.9 mmol) added in one portion. The suspension was heated at 40 °C
for 2.5 hours before being cooled to -10 °C and filtered, washed with cold acetone (2 x 50
mL) then left to dry. Pure product obtained as off white solid (11.6 g, 54.0 mmol, 95%).
[alo + 25.50 (¢ 1.00 in H20); *H NMR (400 MHz, D20) d ppm 1.31 (s, 6 H, CH3), 4.11 (dd,
1H, J = 9 Hz, 5 Hz CH2), 4.25 (dd, 1H, J = 9 Hz, 7.4 Hz, CH2), 4.53 (m, 1H, CH), 4.85, (d,

1H, J = 2.1 Hz); 13C NMR (100 MHz, D20) & ppm 24.0 (CHs), 24.7 (CHs), 65.0 (CHz), 73.1
121



(CH), 75.8 (CH), 110.8 (Cquat), 117.8 (Cquat), 155.7 (Cquat), 173.4 (Cquat); HRMS (ESI)

required for CoH120sNa* 239.0532 observed CoH120sNa* 239.0529

7.2 3-0-Methyl-5,6-0-isopropylidene-L-ascorbic acid (3) 168

5,6-0O-Isopropylidene-L-ascorbic acid (1.00 g, 4.63 mmol) was dissolved in methanol (30
mL) before addition of triethylamine (0.7 mL, 4.63 mmol). Solution was stirred for 30
minutes before DMS (0.42 mL, 4.63 mmol) was added in one portion and allowed to stir
for 16 hours at room temperature. Methanol was removed under reduced pressure and
the residue left was dissolved in brine (30 mL) and extracted with ethyl acetate (3 x 30
mL). Organic layers were combined and dried over sodium sulfate. After filtration, solvent
was removed under reduced pressure and residue purified by column chromatography
using ethyl acetate:hexane as eluent (1:3) to give a yellow viscous oil (0.3 g, 1.30 mmol,
28%). [a]p + 14.50 (c 2.00 in MeOH) (lit + 14.16 c 2 MeOH)8; 'H NMR (400 MHz, CDCI3)
o ppm 1.40 (s, 3 H, CH3), 1.42 (s, 3 H, CH3), 3.86 (s, 3H, OMe), 4.11 (m, 2H, CH>2), 4.30
(m, 1H, CH), 4.53 (d, 1H, J = 3.2 Hz, CH); *3C NMR (100 MHz, CDCI3) & ppm 25.5 (CH3),
25.8 (CH3), 59.5 (OMe) 65.3 (CH2), 74.0 (CH), 74.6 (CH), 110.8 (Cquat), 123.0 (Cquat),
156.0 (Cquat), 169.0 (Cquat); HRMS (ESI) required for CioH14OsNa* 253.0688 observed

Ci0H1406Na* 253.0682
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7.3 3-0-Ethyl-5,6-0-isopropylidene-L-ascorbic acid (4) 7°

OH
\/O
—
0
0 o
\\< !
0

5,6-0O-Isopropylidene-L-ascorbic acid (7.32 g, 33.8 mmol) was dissolved in DMSO (50 mL)
before addition of sodium hydrogen carbonate (4.30 g, 33.8 mmol). Solution was stirred
for 30 minutes before iodoethane (4.35 mL, 33.8 mmol) was added in one portion and
allowed to stir for 16 hours at 50°C. Solution was neutralised with HCI (1M) and diluted
with brine (50 mL) then extracted with ethyl acetate (3 x 100 mL). Organic layers were
combined and washed several times with brine then dried over sodium sulfate. After
filtration, solvent was removed under reduced pressure and residue purified by column
chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow viscous oil
(5.11 g, 20.9 mmol, 62%). [a]lo + 20.88 (c 0.30 in CHCI3) (lit + 21.44 ¢ 0.30 CHCIz3)168;
'H NMR (400 MHz, CDCI3) 6 ppm 1.42 (m, 9 H, CH3), 4.06 (dd, 1H, J = 9 Hz, 5 Hz CH>),
4.16 (dd, 1H, J = 9 Hz, 7.4 Hz, CH2), 4.28 (dt, 1H, J = 8.5 Hz, 3.8 Hz, CH), 4.55 (m, 3H,
CH2); *3C NMR (100 MHz, CDCI3) & ppm 15.0 (CHs) 25.5 (CH3), 26.0 (CHz), 65.0 (CH2),
68.1 (OCH2) 74.0 (CH), 76.0 (CH), 110.8 (Cquat), 118.0 (Cquat), 148.0 (Cquat), 171.4 (Cquat);

HRMS (ESI) required for Ci1Hi160sNa* 267.0845 observed Ci1His0sNat 267.0842

123



7.4 2-0-Phenyl-3-0-Methyl-5,6-0-isopropylidene-L-ascorbic acid (45) 168

3-0-Methyl-5,6-0-Isopropylidene-L-ascorbic acid (500 mg, 2.20 mmol) was dissolved in
acetone (50 mL) and potassium carbonate (300 mg, 2.20 mmol) added. After addition of
diphenyliodonium triflate (930 mg, 2.20 mmol) suspension turned yellow. Suspension was
heated to reflux overnight. Solvent was removed under reduced pressure and residue
dissolved in water (100 mL) then extracted with ethyl acetate (3 x 100 mL). Organic layers
combined and dried over magnesium sulfate before filtration. Solvent removed under
reduced pressure and crude material purified by column chromatography using petroleum
ether:ethyl acetate as eluent (4:1) to give the pure material as a dark yellow oil (200 mg,
0.58 mmol, 28%). *H NMR (400 MHz, CDCl3) & ppm 1.39 (s, 3 H, CHs), 1.46 (s, 3 H, CH3),
3.87 (s, 3H, OMe) 4.09 (m, 2H, CH2), 4.42 (m, 1H, CH), 5.03 (m, 1H, CH), 7.33 (m, 5H,
CHar) ; 3C NMR (100 MHz, CDCI3) 8 ppm 25.5 (CH3), 26.4 (CHs), 56.7 (OMe) 65.3 (CHz2),
74.4 (CH), 75.1 (CH), 110.0 (Cquat), 123.0 (Cquat), 128.0 (Car), 129.0 (Car), 129.8 (Car),
156.7 (Cquat), 172.0 (Cquat); HRMS (ESI) required for C16H1906 307.1176 observed CisH190s

307.1176
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7.5 2-0-Phenyl-3-0-Ethyl-5,6-0-isopropylidene-L-ascorbic acid (5) 168

3-0-Ethyl-5,6-0-Isopropylidene-L-ascorbic acid (50 mg, 0.22 mmol) was dissolved in
acetone (5 mL) and potassium carbonate (30 mg, 0.22 mmol) added. After addition of
diphenyliodonium triflate (93 mg, 0.22 mmol) suspension turned yellow. Suspension was
heated to reflux overnight. Solvent was removed under reduced pressure and residue
dissolved in water (30 mL) then extracted with ethyl acetate (3 x 30 mL). Organic layers
combined and dried over magnesium sulfate before filtration. Solvent removed under
reduced pressure and crude material purified by column chromatography using petroleum
ether:ethyl acetate as eluent (4:1) to give the pure material as a dark yellow oil (21.2 mg,
0.062 mmol, 30%). 'H NMR (400 MHz, CDCl3) d ppm 1.42 (m, 9 H, CHs), 4.06 (dd, 1H, J
= 9 Hz, 5 Hz CH2), 4.16 (dd, 1H, J = 9 Hz, 7.4 Hz, CH2), 4.28 (dt, 1H, J = 8.5 Hz, 3.8 Hz,
CH), 4.55 (m, 2H, CH2), 7.29 (m, 5H, CHar); *3C NMR (100 MHz, CDCl3) & ppm 15.0 (CH3)
25.5 (CHs), 26.0 (CHs), 65.0 (CH2), 68.5 (O-CH2), 74.0 (CH), 76.0 (CH), 110.8 (Cquat),
118.0 (Cquat), 129.1 (CHar), 129.7 (CHar), 129.9 (CHar), 148.0 (Cquat), 171.4 (Cquat); HRMS

(ESI) required for C17H2106 320.1333 observed Ci7H2106 321.1333
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7.6 (Z)-4-Ethoxy-5-(2-hydroxyethylidene)-3-phenoxyfuran-2(5H)-one

(20) 169

HO

2-0-Phenyl-3-0-ethyl-5,6-0-isopropylidene-L-ascorbic acid (1.04 g, 3.25 mmol) was
dissolved in THF (50 mL) and DBU added (0.5 mL 50 mol%) dropwise. Reaction was heated
to reflux overnight. Solvent removed under reduced pressure and residue dissolved in
ethyl acetate (20 mL) then washed with brine (3 x 20 mL). Dried over sodium sulfate then
filtered. Solvent removed under reduced pressure and crude material purified by column
chromatography using petroleum ether:ethyl acetate (3:1) as eluent to give the pure
compound as a dark yellow oil (0.17 g, 0.65 mmol, 20%). HRMS (ESI) required for

C14H1505 263.0914 observed C14H1505 263.0937
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7.8 Diphenyliodonium triflate (46) 173

\//

& 0

m-Chloroperbenzoic acid (1.00g, 5.12 mmol, 1.1 eq) and iodobenzene (0.5 ml, 4.65 mmol,
1 eq) were dissolved in DCM (30 mL) in a sealed tube. Benzene (0.5 mL, 5.12 mmol, 1.1
eq) was added and the solution cooled to 0°C before dropwise addition of
trifluromethylsulfonic acid (1.3 mL, 14.0 mmol, 3 eq). Solution turned dark yellow.
Solution was allowed to warm to room temperature and was stirred for one hour. Solvent
removed under reduced pressure and solid suspended in diethyl ether (70 mL). Flask
stored in freezer for 30 minutes to ensure complete precipitation. Suspension filtered and
washed with cold diethyl ether (3 x 30 mL) to give pure product as a white solid (1.90 g,
4.42 mmol, 95%). mp 178 - 180 °C (lit value 177 - 179 °C)186; 1H NMR (400 MHz, DMSO)
5 ppm 7.55 (t, 4H, J = 8 Hz, ArCH), 7.68 (t, 2H, J = 8 Hz, ArCH), 8.26 (d, 4H, J = 8 Hz,
ArCH); *3C NMR (100 MHz, DMSO) & ppm 117.0 (ArCH), 122.8 (CFs3), 132.2 (ArCH), 132.5

(ArC), 135.6 (ArCH); MS (ESI) required for Ci2H1oI* 280.9822 observed Ci2HioI* 280.9822

127



7.9A 3-0-Allyl-5,6-0-isopropylidene-L-ascorbic acid (7a) 17°

5,6-0-Isopropylidene-L-ascorbic acid (9.00 g, 41.6 mmol) was dissolved in DMSO (60 mL)
before addition of sodium hydrogen carbonate (3.50 g, 41.6 mmol). Solution was stirred
for 30 minutes before allyl bromide (3.50 mL, 41.6 mmol) was added in one portion and
allowed to stir for 16 hours at 50°C. Solution was neutralised with HCI (1M) and diluted
with brine (50 mL) then extracted with ethyl acetate (3 x 100 mL). Organic layers were
combined and washed several times with brine then dried over sodium sulfate. After
filtration, solvent was removed under reduced pressure and residue purified by column
chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow viscous oil
(3.00 g, 11.7 mmol, 28%). *H NMR (400 MHz, CDCl3) d ppm 1.41 (s, 3H, CHs), 1.42 (s,
3H, CH3), 4.01 - 4.24 (m, 2H, CH2), 4.55 (td, 1H, J = 6.9, 2 Hz, CH), 4.59 (d, 1H, J = 3.8
Hz, CH), 4.98 (d, 2H, J = 5.8 Hz, CH2), 5.21 - 5.33 (m, 2H, alkene CH2), 5.97 - 6.07 (m,
1H, alkene CH); '3C NMR (100 MHz, CDCI3) & ppm 25.6 (CH3), 25.9 (CHs), 65.3 (CH2),
71.9 (CH2), 74.2 (CH), 75.6 (CH), 110.3 (Cquat), 119.1 (alkene CHz2), 123.0 (alkene CH),
132.1 (Cquat), 148.1 (Cquat), 172.7 (Cquat); HRMS (ESI) required for Ci2H170sNa* 278.0845

observed Ci2H1706Na* 279.0841
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7.9B (5R)-3-Allyl-5-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-

hydroxyfuran-2,4(3H,5H)-dione (7b) 17°

IH NMR (400 MHz, CDCls) & ppm 1.36 (s, 3H, CHs), 1.38 (s, 3H, CHs), 2.68 (d, 2H, J = 8
Hz, CHz), 4.03 - 4.23 (m, 2H, CHa), 4.29 (td, 1H, J = 6.7, 3.7, CH), 4.68 (d, 1H, J = 2
Hz, CH), 5.33 - 5.50 (m, 2H, alkene CH>), 5.65 - 5.76 (m, 1H, alkene CH); 3C NMR (100
MHz, CDCls) & ppm 25.3 (CHs), 25.5 (CHs), 39.7 (CHz), 64.9 (CHz), 72.3 (Cquat), 74.5
(CH), 81.5 (CH), 111.3 (Cquat), 119.2 (alkene CH2), 127.6 (alkene CH), 170.9 (Cquat), 205.6

(Cquat)

7.10 3-0-Benzyl-5,6-0O-isopropylidene-L-ascorbic acid (9) 17°

5,6-0-Isopropylidene-L-ascorbic acid (5.00 g, 23.11 mmol) was dissolved in DMSO (50
mL) before addition of sodium hydrogen carbonate (1.94 g, 23.11 mmol). Solution was
stirred for 30 minutes before benzyl bromide (4.20 mL, 23.11 mmol) was added in one
portion and allowed to stir for 16 hours at 50 °C. Solution was neutralised with HCI (1M)

and diluted with brine (50 mL) then extracted with ethyl acetate (3 x 100 mL). Organic
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layers were combined and washed several times with brine then dried over sodium sulfate.
After filtration, solvent was removed under reduced pressure and residue purified by
column chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow
viscous oil (2.90 g, 9.48 mmol, 41%). [a]o + 35.90 (c 1.00 in MeOH) (lit + 36.20 c 1.00
MeOH)!”>; *H NMR (400 MHz, CDCl3) & ppm 1.38 (s, 3 H, CHs), 1.42 (s, 3 H, CH3), 4.10
(m, 2H, CH2), 4.29 (m, 1H, CH), 4.60 (d, 1H, J = 3.8 Hz, CH), 5.53 (s, 2 H, CH2), 7.37
(m, 5H, CHar); 13C NMR (100 MHz, CDCI3) & ppm 25.7 (CHs), 25.9 (CHs), 65.3 (CH2), 73.8
(CH2) 74.0 (CH), 74.7 (CH), 110.3 (CH), 110.8 (Cquat), 121.3 (Cquat), 128.1 (CHar), 128.7
(CHar). 129.0 (CHar), 134.0 (Car), 156.5 (Cquat), 169.2 (Cquat); HRMS (ESI) required for

Ci16H1906 307.1176 observed CisH1906 307.1171

7.11 3-0-TBDMS-5,6-0-isopropylidene-L-ascorbic acid (12) 178

5,6-0-Isopropylidene-L-ascorbic acid (5.00 g, 23.15 mmol) was dissolved in DCM (40 mL)
before addition of triethylamine (3.00 mL, 23.15 mmol). Solution was stirred for 30
minutes before being cooled to 0 °C. A solution of TBDMSCI (3.86 g, 23.15 mmol) in DCM
(12 mL) was added in one portion and allowed to stir for 2 hours at room temperature.
Solvent was removed under reduced pressure and the residue left was dissolved in brine
(75 mL) and extracted with ethyl acetate (3 x 75 mL). Organic layers were combined and
dried over sodium sulfate. After filtration, solvent was removed under reduced pressure

and residue purified by column chromatography using ethyl acetate:hexane as eluent
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(1:3) to give a yellow viscous oil (3.00 g, 9.09 mmol, 39%). 'H NMR (400 MHz, CDCl3) d
ppm 0.26 (s, 6 H, SiCH3), 0.99 (s, 9 H, Si'Bu), 1.39 (s, 3 H, CH3), 1.44 (s, 3 H, CH3), 4.07
(m, 2H, CH2), 4.48 (m, 1H, CH), 4.77 (d, 1H, J = 3.8 Hz, CH); 13C NMR (100 MHz, CDClI3)
5 ppm -4.4 (SiCHs), 25.1 (CHs), 25.7 (SitBu), 25.9 (CHs), 64.8 (CHz2), 73.5 (CH), 75.1
(CH), 110.6 (Cquat), 119.1 (Cquat), 154.1 (Cquat), 169.6 (Cquat); HRMS (ESI) required for

Ci15H2606SiNa* 353.1396 observed CisH2606SiNat 353.1397

7.12 3-0-TES-5,6-0O-isopropylidene-L-ascorbic acid (15) 78

(/“* OH
SIHD
_—
0
0 0
\Y .
0

5,6-0-Isopropylidene-L-ascorbic acid (6.50 g, 30.95 mmol) was dissolved in DCM (56 mL)
before addition of triethylamine (4.16 mL, 30.95 mmol). Solution was stirred for 30
minutes before being cooled to 0 °C. TESCI (4.00 g, 30.95 mmol) (12 mL) was added in
one portion and allowed to stir for 2 hours at room temperature. Solvent was removed
under reduced pressure and the residue left was dissolved in brine (75 mL) and extracted
with ethyl acetate (3 x 75 mL). Organic layers were combined and dried over sodium
sulfate. After filtration, solvent was removed under reduced pressure and residue purified
by column chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow oil
(1.00 g, 3.03 mmol, 9.75%). *H NMR (400 MHz, CDCI3) & ppm 0.54 (q, 6 H, J = 8.0,
SiCHz), 0.96 (t, 9 H, J = 8.2, SiCHs), 1.28 (s, 3 H, CHs), 1.44 (s, 3 H, CH3), 4.14 (m, 2H,
CHz), 4.48 (m, 1H, CH), 4.75 (d, 1H, J = 3.8 Hz, CH); *3C NMR (100 MHz, CDCI3) & ppm

6.6 (SiCHz), 6.8 (SiCHs), 25.1 (CHs), 25.9 (CHs), 64.8 (CH2), 73.5 (CH), 75.1 (CH), 110.6

131



(Cquat), 119.1 (Cquat), 154.1 (Cquat), 169.6 (Cauat); HRMS (ESI) required for CisH2706Si

331.1571 observed CisH2706Si 331.1568
7.13 3-0-Methoxymethyl ether-5,6-0O-isopropylidene-L-ascorbic acid

(17) 168

OH

O

N0

—
@) O
Q< !
(@)

5,6-0O-Isopropylidene-L-ascorbic acid (35.0 g, 162 mmol) was dissolved in acetone (500
mL) before addition of potassium carbonate (16.0 g, 162 mmol). Solution was stirred for
30 minutes before a solution of MOMCI (10.8 mL, 162 mmol) in acetone (50 mL) was
added dropwise and allowed to stir for 5 hours at 60 °C. Solution was neutralised with HCI
(1M) and diluted with brine (50 mL) then extracted with ethyl acetate (3 x 100 mL).
Organic layers were combined and washed several times with brine then dried over sodium
sulfate. After filtration, solvent was removed under reduced pressure and residue purified
by column chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow
viscous oil (25 g, 96.2 mmol, 59.5%). [a]po + 13.05 (c 2.00 in MeOH) (lit + 13.00 c 2.00
MeOH)'®7; 'H NMR (400 MHz, CDCl3) & ppm 1.35 (s, 3 H, CHs), 1.36 (s, 3 H, CHs), 3.59
(s, 3H, CH3-0-CH2-0), 4.10 (m, 2H, CH2) 4.31 (m, 1H, CH), 4.61 (d, 1H, J = 3.8 Hz, CH)
5.36 (s, 2H, O-CH2-0); '3C NMR (100 MHz, CDCl3) 6 ppm 25.6 (CHs), 25.8 (CHz), 57.3
(CHs), 65.2 (CH2), 73.8 (CH), 74.7 (CH), 96.1 (CH2), 110.4 (Cquat), 120.9 (Cquat), 145.8
(Cquat), 169.3 (Cgquat); HRMS (ESI) required for CiiH1707 261.0969 observed CiiH170e

261.0966
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7.14 3-0-Methoxymethyl ether-2-0O-phenyl-5,6-O-isopropylidene-L-

o OPh
- \/O
—
O
@) @)
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O

7.13 (10.0 g, 38.4 mmol) was dissolved in acetone (300 mL) and potassium carbonate

ascorbic acid (18) 168

(10.0 g, 38.4 mmol) added. After addition of diphenyliodonium triflate (16.5 g, 38.4 mmol)
suspension turned yellow. Suspension was heated to reflux overnight. Solvent was
removed under reduced pressure and residue dissolved in water (200 mL) then extracted
with ethyl acetate (3 x 200 mL). Organic layers combined and dried over magnesium
sulfate before filtration. Solvent removed under reduced pressure and crude material
purified by column chromatography using petroleum ether:ethyl acetate as eluent (4:1)
to give the pure material as a dark yellow oil (3.00 g, 8.93 mmol, 24%). 'H NMR (400
MHz, CDCl3) 8 ppm 1.44 (s, 3 H, CH3s), 1.47 (s, 3 H, CH3), 3.56 (s, 3 H, CH3-O-CH>), 4.22
(m, 2 H, CH2), 4.50 (m, 1H, CH), 4.77 (d, 1H, J = 3.8 Hz, CH), 5.38 (s, 2H, O-CH2-0)
7.07 (m, 3H, ArCH) 7.34 (m, 2H ArCH); 13C NMR (100 MHz, DMSO) & ppm 24.8 (2 x CH3),
56.3 (CHs), 74.7 (CH), 99.1 (CH2), 115.3 (ArCH), 122.5 (ArCH), 129.9 (ArCH), 157.2
(ArC), 164.5 (Cquat), 172.2 (Cgquat); HRMS (ESI) required for CizH2007Na* 359.1101

observed Ci7H2007Na* 359.1104
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7.15 2-0-Phenyl-isopropylidene-L-ascorbic acid (19) 188

OPh
HO

HO O

HO

A solution of 7.14 (290 mg, 0.863 mmol) in methanol (3 mL), 1 M HCI (3 mL) and THF (3
mL) was heated for 16 hours at reflux. The solvent was removed in vacuo, and the residue
was diluted with EtOAc. The organic layer was washed with water, dried, and concentrated
to give the crude product as a yellow oil (200 mg, 92%) which was used without further

purification. HRMS (ESI) required for C12H1306 253.0707 observed Ci2H1306 253.0710

7.16 2-0-Phenyl-5,6-0O-isopropylidene-L-ascorbic acid (A) 166

OPh

7.15 (200 mg, 0.79 mmol) was dissolved in acetone (2 mL) and acetyl chloride (0.1 mL,

7.9 mmol) added in one portion. The solution was heated at 40 °C for 2.5 hours before

solvent was removed in vacuo. Pure product obtained as yellow oil. (200 mg, 0.68 mmol,

86%); *H NMR (400 MHz, DMSO) d ppm 1.30 (s, 3H, CH3), 1.32 (s, 3H, CH3), 3.96 - 4.08

(m, 2H, CHz), 4.21 - 4.26 (m, 1H, CH), 4.31 (d, 1H, J = 4 Hz, CH), 6.88 - 7.27 (m, 5H,

ArCH); 13C NMR (100 MHz, CDCI3) d ppm 26.1 (CH3), 26.6 (CH3), 65.4, (CH2), 75.5 (CH),
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77.1 (CH), 108.9 (Cquat), 115.2 (ArCH), 121.1 (ArCH), 129.5 (ArCH), 129.7 (ArC); HRMS

(ESI) required for CisH1706* 293.0950 observed CisH1706" 293.1002

7.17 5,6-0-Tosyl-L-ascorbic acid (38) 17¢

OH
HO

TsO (@)

TsO

To a solution of L-ascorbic acid (10.0 g, 56.8 mmol) in dry pyridine (60.0 mL) at 0 °C was
added tosyl chloride (20.0 g, 113.6 mmol) in portions and the mixture stirred under inert
atmosphere for 36 hours at room temperature. Solution was diluted with DCM (300 mL)
and washed with 3M aq HCI (3 x 300 mL) followed by brine (300 mL) and dried over
sodium sulfate. Evaporation of solvent unveiled the title compound as a puffy dark brown
resin. (9.90 g, 20.4 mmol, 35.9%). [a]p + 33.15 (c 1.00 in MeOH); *H NMR (400 MHz,
CDCl3) 6 ppm 2.42 (s, 6 H, CH3), 4.15 (m, 2H, CH2), 4.33 (m, 1H, CH), 4.82 (d, 1H, J =
4Hz, CH), 7.33 (m, 4H, ArCH), 7.81 (m, 4H, ArCH); 3C NMR (100 MHz, CDCl3) & ppm
21.7 (Ts-CHs), 21.8 (Ts-CHs), 67.0 (CH2), 69.1 (CH), 75.2 (CH), 113.2 (Cquat), 128.0
(ArCH), 128.9 (ArCH), 130.1 (ArCH), 130.1 (Ar-CH), 130.7 (ArCquat), 131.9 (ArCquat),
145.5 (ArC-CHs), 146.8 (ArC-CHs), 164.1 (Cquat), 166.9 (Cquat) ; HRMS (ESI) required for

C20H21010S2 485.0571 observed C20H21010S2 485.0567
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7.18 3-0-Ethyl-5,6-0-tosyl-L-ascorbic acid (22) 17°

OH
\/O
-
O
TsO O
H
TsO

7.17 (9.90 g, 20.4 mmol) was dissolved in DMSO (30 mL) before addition of sodium
hydrogen carbonate (2.60 g, 20.4 mmol). Solution was stirred for 30 minutes before
iodoethane (2.63 mL, 20.4 mmol) was added in one portion and allowed to stir for 16
hours at 50 °C. Solution was neutralised with HCl (1M) and diluted with brine (50 mL)
then extracted with ethyl acetate (3 x 100 mL). Organic layers were combined and washed
several times with brine then dried over sodium sulfate. After filtration, solvent was
removed under reduced pressure and residue purified by column chromatography using
ethyl acetate:hexane as eluent (1:2) to give a yellow viscous oil (3.31 g, 6.46 mmol,
31.6%). 'H NMR (400 MHz, CDCl3) & ppm 1.40 (t, J = 7.1 Hz, 3H, CHs), 2.44 (s, 3H,
ArCHs), 2.45 (s, 3H, ArCHs), 4.07 = 4.17 (m, 1H, CH), 4.20 - 4.24 (m, 2H, CH2), 4.61 (q,
J = 7.0 Hz, 2H, CH2), 4.74 (d, J = 1.8 Hz, 1H, CH), 7.34 - 7.37 (m, 4H, ArCH), 7.79 (d, J
= 8.4 Hz, ArCH), 7.90 (d, J = 8.3 Hz, ArCH); *3C NMR (100 MHz, CDCI3) d ppm 14.9 (CH3),
21.7 (ArCHs), 21.8 (ArCHs), 67.4 (CH2), 68.9 (CH), 69.8 (CH2), 75.2 (CH), 112.9 (Cquat),
128.0 (ArCH), 128.9 (ArCH), 129.9 (ArCH), 130.1 (ArCH), 132.2 (ArC), 145.4 (ArC), 146.3
(ArC), 163.0 (Cquat), 166.8 (Cquat); HRMS (ESI) required for C22H25010S2 513.0811

observed C22H25010S2 513.0884
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7.19 2-0-Phenyl-3-0-ethyl-L-ascorbic acid (25) 188

OPh
N -0
—
@)
HO O
H
HO

5 mL of 2N HCI was added to a suspension of 7.5 (3.00 g, 9.37 mmol) in MeOH (10 mL)
and THF (10 mL). The mixture was stirred overnight at room temperature before solvent
removed under reduced pressure to give the product as a yellow oil with no need for
further purification. (1.72 g, 6.14 mmol, 65.5%). 'H NMR (400 MHz, CDCI3) & ppm 1.33
(t, 3H, J =8 Hz, CHs3), 3.95 (m, 1 H, CH), 4.15 (m, 2 H, CH2), 4.54 (q, 2 H, J = 8 Hz,
CH2-CH3), 4.68 (d, 1H, J = 4 Hz, CH), 7.06 (m, 3H, ArCH), 7.34 (m, 2H, ArCH); 13C NMR
(100 MHz, CDCI3) 6 ppm 15.2 (CHs), 63.4 (CH2), 68.2 (CH2), 70.0 (CH), 76.0 (CH), 115.1
(ArCH), 117.1 (Cquat), 121.4 (ArCH), 129.9 (ArCH), 145.5 (Cquat), 157.0 (ArC), 168.4

(Cquat); HRMS (ESI) required for Ci14H1706 281.1020 observed Ci4H1706 281.1020
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7.20 2-0-Phenyl-3-0-ethyl-5,6-0-tosyl-L-ascorbic acid (23) 17¢

O
TsO 0]

TsO

To a solution of 7.19 (2.09 g, 7.46 mmol) in dry pyridine (10 mL) at 0 °C was added tosyl
chloride (3.00 g, 15.7 mmol) in portions and the mixture stirred under inert atmosphere
for 36 hours at room temperature. Solution was diluted with DCM (100 mL) and washed
with 3M aqg HCI (3 x 100 mL) followed by brine (100 mL) and dried over sodium sulfate.
Evaporation of solvent unveiled the crude material as a dark brown oil which was purified
by column chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow
oil. (900 mg, 1.49 mmol, 20%). *H NMR (400 MHz, CDCI3) & ppm 1.44 (m, 3H, CH3), 2.49
(s, 6H, ArCHs), 5.32 (s, 1H, CH), 7.04 (m, 3H, ArCH), 7.28 (m, 6H, ArCH), 7.83 (m, 2H,
ArCH), 7.95 (m, 2H, ArCH); HRMS (ESI) required for C2sH32010S2 606.1462 observed

C2sH32N010S2 606.1485
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7.21 2-0-Phenyl-3-0-ethyl-5,6-0-mesyl-L-ascorbic acid (27) 17¢

OPh
\/O
/
O
MsO O
H
MsO

To a solution of 7.19 (1.09 g, 3.89 mmol) in dry pyridine (7 mL) at 0 °C was added mesyl
chloride (0.6 mL, 7.79 mmol) in portions and the mixture stirred under inert atmosphere
for 36 hours at room temperature. Solution was diluted with DCM (70 mL) and washed
with 3M aq HCI (3 x 100 mL) followed by brine (100 mL) and dried over sodium sulfate.
Evaporation of solvent unveiled the crude material as a dark brown oil which was purified
by column chromatography using ethyl acetate:hexane as eluent (1:3) to give a yellow
oil. (380 mg, 0.87 mmol, 22.4%). *H NMR (400 MHz, CDCI3) 6 ppm 1.39 (t, 3H, J = 7 Hz,
CHs), 3.14 (s, 3H, CHs), 3.19 (s, 3H, CHs), 4.55 (m, 4H, 2 x CH2), 4.99 (d, 1H, J = 4 Hz,
CH), 5.29 (m, 1H, CH), 7.08 (m, 3H, ArCH), 7.35 (m, 2H, ArCH); 3C NMR (100 MHz,
CDCl3) & ppm 15.0 (CH3), 37.9 (CHs), 39.2 (CHs), 66.8 (CH2), 69.5 (CH2), 73.4 (CH), 74.0
(CH), 115.2 (ArCH), 118.0 (Cquat), 123.4 (ArCH), 130.0 (ArCH), 156.6 (Cquat), 158.2
(ArCquat), 166.9 (Cgquat); HRMS (ESI) required for CieH21010S2 437.0571 observed

C16H21010S2 437.0572

139



7.22 (Z)-2-(3-Ethoxy-5-0ox0-4-phenoxyfuran-2(5H)-ylidene)-N,N,N-
triethylethan-1-aminium (31) 16°

OPh

7.21 (270 mg, 0.619 mmol) was dissolved in dry THF (3 mL) under inert atmosphere
before triethylamine (0.1 mL, 1 eq) was added in one portion and the resulting solution
stirred at room temperature overnight. Analysis indicated reaction was incomplete so
reaction was heated at reflux for a further 16 hours. Solvent was evaporated under
reduced pressure and the resulting oil dissolved in ethyl acetate (10 mL) before being
washed with water (3 x 10 mL), dried, and solvent evaporated to give the crude material
as a dark yellow oil (108 mg, 0.313 mmol). This was taken forward without further
purification. *H NMR (400 MHz, CDCls) & ppm 1.40 (m, 12H, CHs), 3.16 (q, 6H, J = 8 Hz,
NCH2), 4.22 (d, 2H, J = 8 Hz, CH2), 4.51 (q, 2H, J = 4 Hz, CH2), 5.59 (t, 1H, J = 8 Hz,
CH), 7.02 (d, 2H, J = 8 Hz, ArCH), 7.13 (t, 1H, J = 8 Hz, ArCH), 7.37 (t, 2H, J = 8 Hz,
ArCh); 3C NMR (100 MHz, CDCI3) 6 ppm 8.6 (CHs), 15.1 (CH3), 46.2 (CH2), 53.6 (CH2),
69.2 (CH2), 94.0 (CHalkene), 115.5 (ArCH), 119.8 (Cquat), 123.9 (Cquat), 130.1 (ArCH), 149.0
(Calkene), 151.3 (Cquat), 156.3 (ArCH), 162.0 (Cquat); HRMS (ESI) required for CaoH2s804N

346.2018 observed C20H2804N 346.2032
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7.23 (Z)-5-(2-(Cyclopropylmethoxy)ethylidene)-4-ethoxy-3-

phenoxyfuran-2(5H)-one (21) 176

Cyclopropylmethanol (0.04 mL, 2 eq, 0.625 mmol) was dissolved in THF (2 mL) and NaH
(60% in mineral oil) (24 mg, 0.625 mmol) added dropwise. The solution was stirred for
30 mins before being added dropwise to a solution of 7.22 (108 mg, 0.313 mmol)
dissolved in THF (2 mL) (colour change from yellow to deep red). This was allowed to stir
at room temperature for 16 hours (colour change to dark red) after which a further
equivalent of cyclopropylmethanol/NaH/THF solution was added dropwise. After stirring
for 72 hours solvent was removed under reduced pressure to give crude product. This was
purified by silica gel column chromatography using hexane:ethyl acetate as eluent (3:1)
to give the title compound as a clear oil (24.0 mg, 0.076 mmol, 24.2 %). 'H NMR (400
MHz, CDCI3) & ppm 0.19 - 0.29 (m, 2H, CH>), 0.54 - 0.63 (m, 2H, CH2), 1.04 - 1.17 (m,
1H, CH), 1.34 - 1.40 (m, 3H, CH3s), 3.33 - 3.38 (m, 2H, CH2), 4.34 (d, J = 7 Hz, 2H, CH2),
4.41 - 4.48 (m, 2H, CH3), 5.69 (t, J = 7 Hz, Alkene CH), 6.91 - 7.03 (m, 2H, ArCH), 7.04
- 7.18 (m, 1H, ArCH), 7.30 - 7.40 (m, 2H, ArCH); 3C NMR (100 MHz, CDCl3) & ppm 3.0
(CHz2), 10.5 (CH), 15.2 (CHs), 63.6 (CHz2), 68.3 (CHz2), 75.7 (CHz2), 105.3 (AIkCH), 115.2
(ArCH), 123.2 (ArCH), 129.9 (ArCH), 132.5 (Cquat), 142.4 (Cquat), 152.2 (Cquat), 156.8
(ArC), 163.7 (Cquat); MS (ESI) required for CisH200sNa 339.1208 observed CigH200sNa

339.1204
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7.24 2-0-Benzyl-L-ascorbic acid (37) 188

HO 0

HO o

HO

7.32 (1.00 g, 2.38 mmol) was dissolved in THF (5 mL) before addition of MeOH (5 mL)
and 1M HCI (5 mL). This clear solution was stirred at room temperature overnight.
Evaporation of the solvent afforded a clear oil which was used without any further
purification. (390 mg, 1.46 mmol, 61.9%). [a]o + 46.35 (c 1.00 in MeOH) (lit + 46.6 c 1
MeOH)®; 'H NMR (400 MHz, DMSO) d ppm 3.37 — 3.47 (m, 2H, CH2), 3.69 (ddd, 1H, J =
7.75, 6.03, 1.42 Hz, CH), 4.80 (d, 1H, J = 1.40 Hz, CH), 5.34 - 5.53 (m, 2H, CHz), 7.27
- 7.48 (m, 5H, ArCH); 3C NMR (100 MHz, DMSO) & ppm 62.1 (CH2), 68.9 (CH), 72.4
(CH2), 75.1 (CH), 120.0 (Cquat), 128.2, (ArCH), 128.7 (ArCH), 128.9 (ArCH), 137.0 (ArC),
150.9 (Cquat), 170.8 (Cquat); MS (ESI) required for C13H15s06* 267.0863 observed Ci3H1506*

267.0870
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7.25 2,3-0-Bis(2-cyclohexylethoxy)-5,6-isopropylidene-L-ascorbic acid

(47) 179

A solution of 2 equiv of potassium tert-butoxide (*‘BuOK) (104 mg, 0.926 mmol) in dry
DMSO/THF (3:2) (1.00 mL) was added dropwise to a solution of 5,6-O-Isopropylidene-L-
ascorbic acid (100 mg, 0.463 mmol) in the same solvent (1.00 mL) at -10 °C under
nitrogen to produce a bright yellow solution with an orange tint. The stirring of the mixture
was continued for about 2 min after which 1.1 equiv of bromoethylcyclohexane (96.7 mg,
0.509 mmol) in the same solvent (1.00 mL) was added dropwise over a period of 3 min
with stirring continued for an additional 5 min at -10 °C. The cooling bath was removed,
and the reddish orange reaction solution was stirred for 3 h at room temperature. The
reaction mixture was quenched with a cold solution of 0.25 M HCI (2.00 mL) and extracted
with ethyl acetate (3 x 10 mL). The organic layer was dried over Na>SO4, and the solvents
were removed under reduced pressure. The product was purified by silica gel column
chromatography using hexane:ethyl acetate (3:1) to give the pure product as a clear oil
(50.5 mg, 25%, 0.116 mmol). *H NMR (400 MHz, CDCl3) d ppm 0.87 - 1.04 (m, 6H, CH
+ CHz2), 1.13 - 1.33 (m, 8H, CH2), 1.38 (s, 3H, CHs), 1.42 (s, 3H, CHs), 1.59 - 1.67 (m,
4H, CH2), 1.69 - 1.79 (m, 8H, CH2), 4.00 - 4.22 (m, 4H, CH2), 4.25 - 4.29 (td, 1H, J =
6.7, 2.8 Hz, CH), 4.47 - 4.49 (m, 2H, CHa), 4.40 - 4.41 (d, J = 4 Hz, CH); 13C NMR (100
MHz, CDCIs) & ppm 25.6 (CHs), 25.9 (CH3), 26.2 (CHz), 26.3 (CH2), 26.4 (CH2), 26.5 (CH2),
33.1 (CHz), 33.2 (CHz), 33.3 (CHz), 33.3 (CHz), 34.3 (CH), 34.4 (CH), 36.8 (CH2), 37.2

(CH2), 65.3 (CH2), 70.4 (CHz2), 70.5 (CHz2), 74.2 (CH), 74.6 (CH), 110.2 (Cquat), 121.9
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(Cquat), 155.9 (Cquat), 169.3 (Cgquat); MS (ESI) required for C2sH4106* 437.2898 observed

CosH41061437.2916

7.26 2,3-0-Bis(para-iodobenzyl)-5,6-isopropylidene-L-ascorbic acid

(48) 179

A solution of 2 equiv of potassium tert-butoxide (*‘BuOK) (104 mg, 0.926 mmol) in dry
DMSO/THF (3:2) (1.00 mL) was added dropwise to a solution of 5,6-O-Isopropylidene-L-
ascorbic acid (100 mg, 0.463 mmol) in the same solvent (1.00 mL) at -10 °C under
nitrogen to produce a bright yellow solution with an orange tint. The stirring of the mixture
was continued for about 2 min after which 1.1 equiv of 1-(bromomethyl)-4-iodobenzene
(150.7 mg, 0.509 mmol) in the same solvent (1.00 mL) was added dropwise over a period
of 3 min with stirring continued for an additional 5 min at -10 °C. The cooling bath was
removed, and the reddish orange reaction solution was stirred for 3 h at room
temperature. The reaction mixture was quenched with a cold solution of 0.25 M HCI (2.00
mL) and extracted with ethyl acetate (3 x 10 mL). The organic layer was dried over
Na2S04, and the solvents were removed under reduced pressure. The product was purified
by silica gel column chromatography using hexane:ethyl acetate (3:1) to give the pure
product as a clear oil (72.5 mg, 22%, 0.112 mmol). *H NMR (400 MHz, CDCIs) 1.39 (s,
3H, CHs), 1.41 (s, 3H CHs), 4.03 - 4.17 (m, 2H, CH2), 4.29 (td, 1H, J = 6.8, 2.7 Hz, CH),
4.56 (d, 1H, J = 2.7 Hz, CH), 4.99 - 5.08 (m, 2H, CHz), 5.11 - 5.19 (m, 2H, CH2), 6.97

(d, 2H, J = 8.3 Hz, ArCH), 7.12 (d, 2H, J = 6.8 Hz, ArCH), 7.70 - 7.73 (m, 4H, ArCH); 13C
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NMR (100 MHz, CDCl3) & ppm 25.7 (CH3), 25.9 (CHs), 65.3 (CH2), 77.8 (CHz), 77.9 (CH2),
73.6 (CH), 75.5 (CH), 94.5 (ArCH), 94.5 (ArCH), 110.4 (Cquat), 121.2 (Arquat), 129.4
(ArCH), 130.8 (ArCH), 134.9 (ArC), 135.6 (ArC), 137.8 (ArCH), 137.8 (ArCH), 156.1

(Aquuat) ’ 168.8 (AI"Cquat)

7.27 2,3-0-Bis(para-isopropylbenzyl)-5,6-isopropylidene-L-ascorbic acid

(49) 179

A solution of 2 equiv of potassium tert-butoxide (*‘BuOK) (104 mg, 0.926 mmol) in dry
DMSO/THF (3:2) (1.00 mL) was added dropwise to a solution of 5,6-O-Isopropylidene-L-
ascorbic acid (100 mg, 0.463 mmol) in the same solvent (1.00 mL) at -10 °C under
nitrogen to produce a bright yellow solution with an orange tint. The stirring of the mixture
was continued for about 2 min after which 1.1 equiv of 1-(bromomethyl)-4-
isopropylbenzene (107.8 mg, 0.509 mmol) in the same solvent (1.00 mL) was added
dropwise over a period of 3 min with stirring continued for an additional 5 min at -10 °C.
The cooling bath was removed, and the reddish orange reaction solution was stirred for 3
h at room temperature. The reaction mixture was quenched with a cold solution of 0.25 M
HCl (2.00 mL) and extracted with ethyl acetate (3 x 10 mL). The organic layer was dried
over Na2S04, and the solvents were removed under reduced pressure. The product was
purified by silica gel column chromatography using hexane:ethyl acetate (3:1) to give the

pure product as a clear oil (73.3 mg, 30%, 0.153 mmol). 'H NMR (400 MHz, CDCls) 1.25
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- 1.29 (m, 12H, CHs), 1.39 (s, 3H, CHs), 1.43 (s, 3H, CHs), 2.83 - 3.02 (m, 2H, CH), 3.95
- 4.14 (m, 2H, CH2), 4.25 (td, 1H, J = 6.8, 3.3 Hz, CH), 4.54 (d, 1H, J = 3.3 Hz, CH),
4.96 - 5.29 (m, 4H, CH2), 7.09 - 7.38 (m, 8H, ArCH); 13C NMR (100 MHz, CDCl3) & ppm
23.9 (CHs), 24.0 (CHs3), 25.7 (CHs), 26.0 (CHs), 33.9 (CH), 65.3 (CHz), 73.6 (CHz), 73.8
(CH2), 74.1 (CH), 74.7 (CH), 110.3 (Cquat), 121.2 (Cquat), 126.7 (ArCH), 128.2 (ArCH),
129.4 (ArCH), 132.8 (ArC), 133.4 (ArC), 149.5 (ArC), 149.7 (ArC), 156.8 (Cquat), 169.2

(Cquat); HRMS (ESI) required for CagH3706* 481.2585 observed Cx9H3706" 481.2585

7.28 3-0-TBDMS, 2-O-ethylcyclohexyl, 5,6-O-isopropylidene-L-ascorbic

acid (50) 78

7.11 (182.5 mg, 553.0 uM) was dissolved in DCM (5 mL) before addition of triethylamine
(0.6 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of (2-bromoethyl)cyclohexane (105.6 mg, 553.0 uM)
in DCM (4 mL) in one portion. This was allowed to stir at room temperature for 16 hours
before solvent was removed under reduced pressure. The resulting yellow oil was re-
dissolved in ethyl acetate (5 mL) and then washed with brine (3 x 5 mL). The organic layer
was drier over sodium sulfate before being filtered, the filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (73 mg, 165.9 uM, 30
%). 'H NMR (400 MHz, CDCl3) & ppm 0.29 (s, 3H, SiCHs), 0.30 (s, 3H, SiCHs), 0.97 (s,
9H, 'Bu-Si), 1.38 (s, 3H, CHs), 1.41 (s, 3H, CHs), 1.45 - 1.81 (m, 13H, CH/CH2), 4.00 -

4.09 (m, 2H, CHz), 4.20 - 4.30 (td, J = 6.8, 3.5 Hz, 1H, CH), 4.44 - 4.55 (m, 3H, CH/CH2);
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13C NMR (100 MHz, CDCl3) & ppm 25.7 (CHs), 25.8 (‘BuSi), 25.9 (CHz), 26.2 (CHz), 26.4
(Cquat), 33.1 (CH2), 33.2 (CH2), 34.3 (CH), 37.0 (CH2), 65.4 (CHz), 70.0 (CHz2), 74.4 (CH),
74.7 (CH), 110.2 (Cquat), 119.4 (Cquat), 152.5 (Cquat), 169.8 (Cquat); HRMS (ESI) required

for C23H4106Si* 441.2667 observed Ca3H4106Si* 441.2659

7.29 3-0O-TBDMS, 2-0O-ethylbenzyl, 5,6-O-isopropylidene-L-ascorbic acid

(51) 78

7.11 (76.4 mg, 231 yM) was dissolved in DCM (1.5 mL) before addition of triethylamine
(0.2 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of (2-bromoethyl)benzene (42.5 mg, 231 uM) in DCM
(1.5 mL) in one portion. This was allowed to stir at room temperature for 16 hours before
solvent was removed under reduced pressure. The resulting yellow oil was re-dissolved in
ethyl acetate (2 mL) and then washed with brine (3 x 2 mL). The organic layer was drier
over sodium sulfate before being filtered, the filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (27.1 mg, 62.5 uM,
27%). *H NMR (400 MHz, CDCI3) d ppm 0.29 (s, 3H, SiCHs), 0.29 (s, 3H, SiCH3), 0.94 (s,
9H, *Bu-Si), 1.37 (s, 3H, CHs), 1.40 (s, 3H, CHs), 3.04 (t, J = 6.8 Hz, 2H, CH), 3.94 -
4.06 (m, 2H, CH2), 4.17 (td, J = 6.7, 3.6 Hz, 1H, CH), 4.44 (d, J = 3.6 Hz, 1H, CH), 4.70
(t, J = 6.8 Hz, 2H, CH2), 7.14 - 7.42 (m, 5H, ArCH); '3C NMR (100 MHz, CDCl3) d ppm -
4.1 (SiCHs), -4.0 (SiCHs), 25.7 (CH3), 25.8 (*BuSi), 25.9 (CHs), 29.7 (Cquat), 36.1 (CH2),
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65.3 (CH2), 71.9 (CH2), 74.3 (CH), 74.7 (CH), 110.2 (Cquat), 119.8 (Cquat), 126.8 (ArCH),
128.6 (ArCH), 128.8 (ArCH), 137.2 (ArC), 152.0 (Cquat), 169.6 (Cquat); HRMS (ESI)

required for C23H3s506Sit 435.2197 observed Ca3H3506Sit 435.2191

7.30 3-0O-TBDMS, 2-O-benzoxymethyl ether, 5,6-O-isopropylidene-L-

ascorbic acid (52) 178

7.11 (30.1 mg, 91.0 uM) was dissolved in DCM (1 mL) before addition of triethylamine
(0.01 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of ((chloromethoxy)methyl)benzene (14.2 mg, 91.0
MM) in DCM (1 mL) in one portion. This was allowed to stir at room temperature for 16
hours before solvent was removed under reduced pressure. The resulting yellow oil was
re-dissolved in ethyl acetate (2 mL) and then washed with brine (3 x 2 mL). The organic
layer was drier over sodium sulfate before being filtered, the filtrate was removed under
reduced pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (4.10 mg, 9.10 uM,
10%). *H NMR (400 MHz, CDCI3) 6 ppm 0.27 (s, 3H, SiCH3s), 0.30 (s, 3H, SiCHs), 0.95 (s,
9H, 'BuSi), 1.36 (s, 3H, CHs), 1.40 (s, 3H, CHs), 4.01 - 4.17 (m, 2H, CHz), 4.28 (td, J =
6.8, 3.1 Hz, CH), 4.43 (d, J = 3.0 Hz, 1H, CH), 4.69 - 4.83 (m, 2H, CH2), 5.51 - 5.62 (m,
2H, CH2), 7.29 - 7.43 (m, 5H, ArCH); *3C NMR (100 MHz, CDCI3) & ppm -4.15 (SiCH3), -
3.96 (SiCHs), 18.3 (Cquat), 25.6 (CH3), 25.8 (*‘BuSi), 25.9 (CHs), 65.3 (CHz2), 71.5 (CHz),

73.9 (CH), 74.5 (CH), 94.1 (CH2), 110.3 (Cquat), 121.1 (Cquat), 127.9 (ArCH), 128.1 (ArCH),
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128.5 (ArCH), 136.8 (ArC), 150.1 (Caquat), 169.3 (Cquat); HRMS (ESI) required for

C23H3507Sit 451.2147 observed Ca3H3s07Sit 451.2145
7.31 2-0O-Benzoxymethyl ether, 5,6-O-isopropylidene-L-ascorbic acid

(53) 178

7.30 (4.02 mg, 8.92 uM) was dissolved in THF (1 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.01 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (1 mL) then washed with brine (3 x 1 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by preparative TLC using hexane:ethyl acetate
(3:1) as eluent to give the pure product as a yellow oil (1.8 mg, 5.36 uM, 60 %). 'H NMR
(400 MHz, CDCI3) & ppm 1.37 (s, 3H, CHs), 1.41 (s, 3H, CHs), 4.00 - 4.20 (m, 2H, CH2),
4.26 - 4.33 (m, 1H, CH), 4.55 (d, J = 3.1 Hz, 1H, CH), 4.75 - 4.90 (m, 2H, CH2), 5.45 (s,
2H, CH2), 7.34 - 7.44 (m, 5H, ArCH); 3C NMR (100 MHz, CDCI3) & ppm 25.7 (CH3), 25.9
(CHs), 65.2 (CH2), 71.7 (CHz), 73.8 (CH), 74.6 (CH), 93.8 (CH2), 110.3 (Cquat), 128.4
(ArCH), 128.7 (ArCH), 128.8 (ArCH), 145.6 (Cquat); HRMS (ESI) required for Ci17H2007Na*

359.1107 observed Ci7H2007Na* 359.1129
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7.32 3-0O-TBDMS, 2-0O-benzyl, 5,6-0O-isopropylidene-L-ascorbic acid (14)

178

7.11 (261 mg, 791 pM) was dissolved in DCM (6 mL) before addition of triethylamine (0.6
mL) in one portion. The solution was allowed to stir at room temperature for 30 minutes
before addition of a solution of benzyl bromide (133 mg, 791 uM) in DCM (3 mL) in one
portion. This was allowed to stir at room temperature for 16 hours before solvent was
removed under reduced pressure. The resulting yellow oil was re-dissolved in ethyl acetate
(5 mL) and then washed with brine (3 x 5 mL). The organic layer was drier over sodium
sulfate before being filtered, the filtrate was removed under reduced pressure. The
resulting oil was purified by silica gel column chromatography using hexane:ethyl acetate
(3:1) to give the pure product as a yellow oil (113 mg, 269 uM, 34%). 'H NMR (400 MHz,
CDCI3) & ppm 0.34 (s, 3H, SiCHs), 0.35 (s, 3H, SiCHs), 1.00 (s, 9H, 'BuSi), 1.37 (s, 3H,
CHs), 1.41 (s, 3H, CH3), 3.99 - 4.12 (m, 2H, CH2), 4.27 (td, J = 6.7, 3.4 Hz, 1H, CH),
4.52 (d, J = 3.4 Hz, CH), 5.45 - 5.55 (m, 2H, CHz), 7.11 - 7.17 (m, 1H, ArCH), 7.31 (dd,
J = 5.0, 1.9 Hz, 2H, ArCH), 7.37 - 7.47 (m, 2H, ArCH); 13C NMR (100 MHz, CDCl3) 3 ppm
-4.08 (SiCHs), -3.90 (SiCHs), 18.4 (Cquat), 25.5 (CH3), 25.7 (CHs), 25.8 (*BuSi), 65.3 (CH2),
73.2 (CH2), 74.2 (CH), 74.8 (CH), 110.2 (Cguat), 120.3 (Cquat), 128.0 (ArCH), 128.7 (ArCH),
135.7 (ArC), 130.1 (ArCH), 152.2 (Cquat), 169.6 (Caquat); HRMS (ESI) required for

C22H3306Si* 421.2041 observed C22H3306Si+ 421.2022
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7.33 2-0-Benzyl, 5,6-0-isopropylidene-L-ascorbic acid (54) 178

7.32 (113 mg, 269 uM) was dissolved in THF (3 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.03 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (3 mL) then washed with brine (3 x 3 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (70.0 mg, 228 uM,
85%). [alo + 36.10 (c 1.00 in MeOH)(lit + 36.40 ¢ 1 in MeOH)¢®; 'H NMR (400 MHz,
CDCIs) 6 ppm 1.38 (s, 3H, CHs), 1.41 (s, 3H, CHs), 3.99 - 4.17 (m, 2H, CH2), 4.29 (td, J
= 6.7, 3.7 Hz, 1H, CH), 4.59 (d, J = 3.7 Hz, 1H, CH), 5.52 (s, 2H, CH2), 7.34 - 7.46 (m,
5H, ArCH); 3C NMR (100 MHz, CDCI3) d ppm 25.6 (CH3), 25.9 (CHs), 65.4 (CH2), 73.6
(CH2), 74.2 (CH), 75.7 (CH), 110.3 (Cquat), 119.3 (Cquat), 128.1 (ArCH), 128.7 (ArCH),
128.8 (ArCH), 135.7 (ArC), 148.0 (Cquat), 170.8 (Cquat); HRMS (ESI) required for Ci6H1906*

307.1176 observed Ci6H1906* 307.1191
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7.34 3-0-TBDMS, 2-0-PMB, 5,6-0O-isopropylidene-L-ascorbic acid (55) 178

7.11 (308 mg, 932 puM) was dissolved in DCM (5 mL) before addition of triethylamine (0.9
mL) in one portion. The solution was allowed to stir at room temperature for 30 minutes
before addition of a solution of (bromomethyl)-4-methoxybenzene (187 mg, 932 uM) in
DCM (2 mL) in one portion. This was allowed to stir at room temperature for 16 hours
before solvent was removed under reduced pressure. The resulting yellow oil was re-
dissolved in ethyl acetate (5 mL) and then washed with brine (3 x 5 mL). The organic layer
was drier over sodium sulfate before being filtered, the filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (118 mg, 261 uM,
28%). 'H NMR (400 MHz, CDCI3) d ppm 0.34 (s, 3H, SiCHs), 0.35 (s, 3H, SiCH3z), 1.00 (s,
9H, '‘BuSi), 1.37 (s, 3H, CH3), 1.40 (s, 3H, CHs), 3.85 (s, 3H, CHs), 3.95 - 4.10 (m, 2H,
CH2), 4.23 (td, J = 6.8, 3.5 Hz, 1H, CH), 4.48 (d, J = 3.5 Hz, 1H, CH), 5.42 (m, 2H, CH2),
6.93 (d, J = 8.6 Hz, 2H, ArCH), 7.32 (d, J = 8.6 Hz, 2H, ArCH); 3C NMR (100 MHz, CDCls)
d ppm -4.1 (SiCHs), -3.9 (SiCHs), 18.4 (Cquat), 25.5 (CHs), 25.7 (CHs), 25.8 (*BuSi), 53.3
(OCHs3), 65.3 (CH2), 73.0 (CH2), 74.2 (CH), 74.9 (CH), 110.2 (Cquat), 114.1 (ArCH), 122.9
(Cquat), 127.8 (ArC), 130.0 (ArCH), 152.3 (Cquat), 160.1 (ArC), 169.7 (Cquat); HRMS (ESI)

required for C23H3407SiNat 473.1971 observed C23H3407SiNa* 473.1950
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7.35 3-0O-TBDMS, 2-O-p-iodobenzene, 5,6-O-isopropylidene-L-ascorbic

acid (56) 178

7.11 (53.7 mg, 163 pM) was dissolved in DCM (1.5 mL) before addition of triethylamine
(0.1 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of (chloromethyl)-4-iodobenzene (40.9 mg, 163 pM)
in DCM (2 mL) in one portion. This was allowed to stir at room temperature for 16 hours
before solvent was removed under reduced pressure. The resulting yellow oil was re-
dissolved in ethyl acetate (3 mL) and then washed with brine (3 x 3 mL). The organic layer
was drier over sodium sulfate before being filtered, the filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (16.0 mg, 29.3 uM,
18%). 'H NMR (400 MHz, CDCIs) & ppm 0.33 (s, 3H, SiCHs), 0.34 (s, 3H, SiCHs), 0.99 (s,
9H, 'BuSi), 1.37 (s, 3H, CHs), 1.40 (s, 3H, CHs), 4.00 - 4.18 (m, 2H, CHz), 4.27 (td, J =
6.8, 3.1 Hz, 1H, CH), 4.52 (d, J = 3.1 Hz, 1H, CH), 5.44 (s, 2H, CH2), 7.13 (d, J = 8.3 Hz,
2H, ArCH), 7.75 (d, J = 8.3 Hz, 2H, ArCH); 3C NMR (100 MHz, CDCl3) & ppm -4.1 (SiCH3),
-3.9 (SiCHs), 18.4 (Cquat), 25.8 (*BuSi), 25.9 (CHs), 65.3 (CH2), 72.4 (CH2), 74.0 (CH),
74.6 (CH), 94.5 (ArCI), 110.3 (Cquat), 129.7 (ArCH), 135.3 (ArC), 137.9 (ArCH); HRMS

(ESI) required for C22H3206SiI* 547.1007 observed C22H3206Sil * 547.1010
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7.36 2-0-PMB, 5,6-0O-isopropylidene-L-ascorbic acid (57) 178

7.34 (118 mg, 261 uM) was dissolved in THF (2 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.02 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (2 mL) then washed with brine (3 x 2 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a clear oil (70.2 mg, 209 uM, 80%).
!H NMR (400 MHz, CDCl3) & ppm 1.37 (s, 3H, CHs), 1.40 (s, 3H, CHs), 3.85 (s, 3H, OCHs),
3.98 - 4.15 (m, 2H, CHa), 4.25 (td, J = 6.7, 3.7 Hz, 1H, CH), 4.55 (d, J = 3.7 Hz, 1H,
CH), 5.38 - 5.50 (m, 2H, CH2), 6.93 (d, J = 8.6 Hz, 2H, ArCH), 7.37 (d, J = 8.6 Hz, 2H,
ArCH); *3C NMR (100 MHz, CDCI3) & ppm 25.6 (CHz), 25.9 (CH3), 55.3 (OCH3s), 65.4 (CH2),
73.4 (CHz2), 74.2 (CH), 75.7 (CH), 110.3 (Cquat), 114.1 (ArCH), 119.0 (Cquat), 127.7 (ArC),
130.1 (ArCH), 147.7 (Cquat), 160.1 (ArC), 170.6 (Cquat); HRMS (ESI) required for C17H2107*

337.1282 observed Ci7H2107% 337.1296
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7.37 2-0-p-Iodobenzene, 5,6-0-isopropylidene-L-ascorbic acid (58) 178

7.35 (15.6 mg, 28.5 uM) was dissolved in THF (1 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.01 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (2 mL) then washed with brine (3 x 2 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by preparative TLC using hexane:ethyl acetate
(3:1) as eluent to give the pure product as a yellow oil (10.3 mg, 23.1 uM, 81%). 'H NMR
(400 MHz, CDCl3) & ppm 1.37 (s, 3H, CH3s), 1.40 (s, 3H, CHs), 4.02 - 4.15 (m, 2H, CHy),
4.28 (td, J = 6.8, 3.5 Hz, 1H, CH), 4.58 (d, J = 3.4 Hz, 1H, CH), 5.45 (s, 2H, CH2), 7.17
(d, J = 8.0 Hz, 2H, ArCH), 7.74 (d, J = 8.0 Hz, 2H, ArCH); 3C NMR (100 MHz, CDCI3) d
ppm 25.6 (CHs), 25.9 (CH3s), 65.3 (CH2), 72.7 (CH2), 74.0 (CH), 75.4 (CH), 94.6 (ArC),
110.3 (Cquat), 119.5 (Cquat), 129.8 (ArCH), 135.4 (ArC), 137.8 (ArCH), 147.4 (Cquat), 170.5

(Cquat); HRMS (ESI) required for CieH1806I™ 433.0143 observed CisH180sI™ 433.0157
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7.38 3-0O-TBDMS, 2-O-p-nitrobenzene, 5,6-0O-isopropylidene-L-ascorbic

\Si—
\
©

acid (59) 178

7.11 (189 mg, 573.2 pM) was dissolved in DCM (5 mL) before addition of triethylamine
(0.05 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of (bromomethyl)-4-nitrobenzene (123.8 mg, 573.2
MM) in DCM (3 mL) in one portion. This was allowed to stir at room temperature for 16
hours before solvent was removed under reduced pressure. The resulting yellow oil was
re-dissolved in ethyl acetate (5 mL) and then washed with brine (3 x 5 mL). The organic
layer was drier over sodium sulfate before being filtered, the filtrate was removed under
reduced pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a dark yellow oil (61.3 mg, 131.8
MM, 23%). 'H NMR (400 MHz, CDCI3) & ppm 0.32 (s, 3H, SiCHs), 0.34 (s, 3H, SiCHs), 0.97
(s, 9H, 'BuSi), 1.38 (s, 3H, CH3s), 1.41 (s, 3H, CHs), 4.04 - 4.20 (m, 2H, CH2), 4.34 (td, J
= 6.7, 2.8 Hz, 1H, CH), 4.59 (d, J = 2.7 Hz, 1H, CH), 5.56 - 5.68 (m, 2H, CH2), 7.56 (d,
J = 8.7 Hz, 2H, ArCH), 8.28 (d, J = 8.7 Hz, 2H, ArCH); 13C NMR (100 MHz, CDCls) & ppm
-4.1 (SiCHs), -3.9 (SiCHs), 18.4 (Cquat), 25.5 (CH3), 25.6 (CH3), 25.8 (*BuSi), 65.3 (CH2),
71.4 (CH2), 73.7 (CH), 74.5 (CH), 110.4 (Cquat), 120.6 (Cquat), 123.9 (ArCH), 127.9 (ArCH),
131.4 (ArC), 142.9 (ArCH), 151.3 (Cquat), 169.2 (Cquat); HRMS (ESI) required for

C22H3108SiNNa* 488.1717 observed C22H310s8SiNNa*t 488.1701
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7.39 3-0O-TBDMS, 2-0O-p-methylbenzene, 5,6-O-isopropylidene-L-

Vs
/ O/\©\

ascorbic acid (60) 178

7.11 (38.5 mg, 0.117 mmol) was dissolved in DCM (1.5 mL) before addition of
triethylamine (0.01 mL, 1.1 eq) in one portion. The solution was allowed to stir at room
temperature for 30 minutes before addition of a solution of 1-(bromomethyl)-4-
methylbenzene (21.4 mg, 0.117 mmol) in DCM (1 mL) in one portion. This was allowed to
stir at room temperature for 16 hours before solvent was removed under reduced
pressure. The resulting yellow oil was re-dissolved in ethyl acetate (1 mL) and then washed
with brine (3 x 1 mL). The organic layer was drier over sodium sulfate before being filtered,
the filtrate was removed under reduced pressure. The resulting oil was purified by silica
gel column chromatography using hexane:ethyl acetate (3:1) to give the pure product as
a yellow oil (16.9 mg, 39.1 uM, 25 %). 'H NMR (400 MHz, CDCI3) d ppm 0.34 (s, 3H,
SiCHs), 0.35 (s, 3H, SiCHs), 1.00 (s, 9H, 'BuSi), 1.37 (s, 3H, CHs), 1.40 (s, 3H, CHs), 2.39
(s, 3H, ArCHs), 3.98 - 4.14 (m, 2H, CH.), 4.25 (td, J = 6.7, 3.5 Hz, 1H, CH), 4.50 (d, J =
3.4 Hz, 1H, CH), 5.45 (q, J = 11.3, 2H, CH2), 7.03 (d, J = 7.9 Hz, 2H, ArCH), 7.11 (d, J =
7.8 Hz, 2H, ArCH); 3C NMR (100 MHz, CDCls) & ppm -4.1 (SiCHs), -3.9 (SiCHs), 18.3
(Cquat), 21.3 (ArCHs), 25.5 (CHs), 25.8 (*BuSi), 65.4 (CH2), 74.3 (CH), 74.9 (CH), 110.2
(Cquat), 128.2 (ArCH), 129.4 (ArCH), 129.6 (ArC), 130.0 (ArC); HRMS (ESI) required for

C23H3506Si™ 435.2197 observed Ca3H3506Sit 435.2200
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7.40 2-0O-p-Methylbenzene, 5,6-0-isopropylidene-L-ascorbic acid (61) 178

7.39 (16.9 mg, 39.1 uM) was dissolved in THF (1 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.1 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (1 mL) then washed with brine (3 x 1 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by preparative TLC using hexane:ethyl acetate
(3:1) as eluent to give the pure product as a yellow oil (10.0 mg, 31.3 uM, 81%). 'H NMR
(400 MHz, CDCl3) 6 ppm 1.38 (s, 3H, CHs), 1.41 (s, 3H, CHs), 2.39 (s, 3H, ArCHs), 4.07
(ddd, J = 33.3, 8.6, 6.7 Hz, 2H, CH>), 4.27 (td, J = 6.7, 3.7 Hz, 1H, CH), 4.57 (d, J = 3.7
Hz, 1H, CH), 5.41 - 5.53 (m, 2H, CH2), 7.22 (d, J = 7.8 Hz, 2H, ArCH), 7.32 (d, J = 7.8
Hz, 2H, ArCH); *3C NMR (100 MHz, CDCl3) 8 ppm 21.3 (ArCHs), 25.6 (CHs), 25.9 (CH3),
65.4 (CH2), 73.6 (CH2), 74.2 (CH), 75.7 (CH), 110.3 (Cquat), 119.1 (Cquat), 128.3 (ArCH),
129.4 (ArCH), 132.7 (ArC), 138.8 (ArC), 148.0 (Cquat), 170.7 (Cquat); HRMS (ESI) required

for C17H2106* 321.1333 observed Ci7H2106* 321.1335
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7.41 2-0O-Ethylbenzene, 5,6-0O-isopropylidene-L-ascorbic acid (62) 178

7.29 (27.1 mg, 62.5 yM) was dissolved in THF (1 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.01 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (1 mL) then washed with brine (3 x 1 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (15.2 mg, 46.9 uM, 75
%). *H NMR (400 MHz, CDCI3) & ppm 1.38 (s, 3H, CHs), 1.41 (s, 3H, CHs), 3.08 (t, J =
6.9 Hz, CH2), 3.97 - 4.08 (m, 2H, CH2), 4.20 (td, J = 6.8, 4.0 Hz, 1H, CH), 4.53 (d, J =
3.8 Hz, 1H, CH), 4.59 - 4.78 (m, 2H, CH), 7.25 - 7.42 (m, 5H, ArCH); 13C NMR (100
MHz, CDCl3) & ppm 25.6 (CHs), 25.9 (CHs), 36.1 (CH2), 65.3 (CH2), 72.4 (CH2), 74.3 (CH),
75.5 (CH), 110.3 (Cquat), 118.7 (Cquat), 125.9 (ArCH), 128.6 (ArCH), 129.0 (ArCH), 137.1
(ArC), 147.7 (Cquat), 170.6 (Cquat); HRMS (ESI) required for C17H2106* 321.1333 observed

C17H2106* 321.1330
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7.42 3-0-TBDMS, 2-0-3,5-dimethylbenzene, 5,6-O-isopropylidene-L-

ascorbic acid (63) 178

Vi

Si—

/

7.11 (134.7 mg, 408.2 pM) was dissolved in DCM (5 mL) before addition of triethylamine
(0.5 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of (bromomethyl)-3,5-dimethylbenzene (80.8 mg,
408.2 uM) in DCM (4 mL) in one portion. This was allowed to stir at room temperature for
16 hours before solvent was removed under reduced pressure. The resulting yellow oil
was re-dissolved in ethyl acetate (5 mL) and then washed with brine (3 x 5 mL). The
organic layer was drier over sodium sulfate before being filtered, the filtrate was removed
under reduced pressure. The resulting oil was purified by silica gel column chromatography
using hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (51.2 mg, 114.3
MM, 28 %). 'H NMR (400 MHz, CDCI3) & ppm 0.33 (s, 3H, SiCHs), 0.35 (s, 3H, SiCH3),
1.00 (s, 9H, 'BuSi), 1.38 (s, 3H, CH3), 1.41 (s, 3H, CHz), 2.35 (s, 6H, ArCHz), 3.97 - 4.11
(m, 2H, CH2), 4.28 (td, J = 6.8, 3.4 Hz, 1H, CH), 4.52 (d, J = 3.3 Hz, 1H, CH), 5.42 (q, J
= 11.3 Hz, 2H, CH2), 6.75 (s, 1H, ArCH), 7.00 (s, 2H, ArCH); *3C NMR (100 MHz, CDClI3)
0 ppm -4.1 (SiCHs3), -3.9 (SiCHs), 18.4 (Cquat), 25.5 (CH3), 25.7 (CHs), 25.8 (*BuSi), 65.4
(CH2), 73.4 (CHa), 74.2 (CH), 74.8 (CH), 110.2 (Cquat), 120.1 (Cquat), 125.9 (ArCH), 127.9

(ArCH), 135.5 (ArC), 138.4 (ArC), 152.4 (Cquat), 169.7 (Cquat);
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7.43 2-0-3,5-Dimethylbenzene, 5,6-O-isopropylidene-L-ascorbic acid

(64) 178

7.42 (49.7 mg, 110.9 uM) was dissolved in THF (2 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.02 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (5 mL) then washed with brine (3 x 5 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (30.0 mg, 89.8 uM,
81%). *H NMR (400 MHz, CDCl3) 6 ppm 1.39 (s, 3H, CHs), 1.41 (s, 3H, CHs), 2.35 (s, 6H,
ArCHs), 3.95 - 4.19 (m, 2H, CH), 4.30 (td, J = 6.7, 3.6 Hz, 1H, CH), 4.58 (d, J = 3.6 Hz,
1H, CH), 5.32 - 5.54 (m, 2H, CH2), 7.03 (m, 3H, ArCH); 13C NMR (100 MHz, CDCl3) & ppm
21.3 (CHs), 25.7 (CHs), 65.4 (CH2), 73.7 (CH2), 74.2 (CH), 75.6 (CH), 110.3 (Cquat), 119.0
(Cquat), 125.8 (ArCH), 130.4 (ArCH), 138.3 (ArC), 147.8 (Cquat); HRMS (ESI) required for

Ci1sH2306% 335.1489 observed CigH2306" 335.1490
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7.44 2-0-Methylnapthalene, 5,6-0O-isopropylidene-L-ascorbic acid (65) 178

3-0O-TBDMS, 2-O-methylnapthalene, 5,6-0O-isopropylidene-L-ascorbic acid (27.5 mg, 58.5
MM) was dissolved in THF (1 mL) and cooled to 0 °C before dropwise addition of TBAF (1M
in THF) (0.01 mL). The yellow solution was allowed to warm to room temperature and
stirred for 16 hours, over which a darker yellow colour emerged. After this time, solvent
was removed under reduced pressure and the resulting yellow oil was re-dissolved in ethyl
acetate (2 mL) then washed with brine (3 x 2 mL). The organic layer was dried over sodium
sulfate and filtered. The filtrate was removed under reduced pressure. The resulting oil
was purified by silica gel column chromatography using hexane:ethyl acetate (3:1) to give
the pure product as a yellow oil (15 mg, 42.1 yM, 72%). *H NMR (400 MHz, CDCI3) d ppm
1.35 (s, 3H, CH3s), 1.39 (s, 3H, CH3), 4.00 - 4.17 (m, 2H, CH2), 4.30 (td, J = 6.8, 3.6 Hz,
1H, CH), 4.60 (d, J = 3.6 Hz, 1H, CH), 5.67 (s, 2H, CH2), 7.35 - 7.46 (m, 1H, ArCH), 7.49
- 7.55 (m, 3H, ArCH), 7.84 - 7.90 (m, 3H, ArCH); *3C NMR (100 MHz, CDClI3) & ppm 25.6
(CHs), 25.9 (CHs), 65.4 (CH2), 73.6 (CH2), 74.1 (CH), 75.7 (CH), 110.4 (Cquat), 119.4
(Cquat), 125.5 (ArCH), 126.5 (ArCH), 126.6 (ArCH), 127.4 (ArCH), 127.8 (ArCH), 128.1
(ArCH), 128.6 (ArCH), 133.0 (ArC), 133.1 (ArC), 133.4 (ArC), 148.0 (Cquat), 170.8 (Cquat);

HRMS (ESI) required for C2oH200eNa* 379.1158 observed C20H200eNa* 379.1162
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7.45 Methyl (R)-2-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-2-

hydroxyacetate (D1) 166

5,6-0-isopropylidene-L-ascorbic acid (10.0 g, 46.2 mmol) and distilled water (45.0 mL).
To this suspended solution was added aqueous 30% NaOH (3.41 mL) and the reaction
mixture was stirred to become a clear solution. To the clear solution was added NaHCO3
(9.78 g, 117.0 mmol), and then 35% hydrogen peroxide (9.09 mL, 93.1 mmol) was added
dropwise and the reaction mixture was stirred for further 1 h at room temperature. After
sodium sulfite (704.5 mg, 5.57 mmol) and NaHCOs (5.88 g, 69.9 mmol) were added to
the reaction mixture at room temperature, the resulting solution was warmed to 40 °C
and dimethylsulfate (17.4 mL, 186 mmol) was added dropwise at 40 °C. After being stirred
for 4 h at 40 °C, the reaction mixture was cooled to room temperature, extracted with
DCM (3 x 50 mL). The combined organic layers were dried over MgSQs,, filtered, and
concentrated under reduced pressure to give the pure product as a colorless oil (3.00 g,
15.8 mmol, 33.7 %). 'H NMR (400 MHz, CDCI3) d ppm 1.24 (s, 3H, CHs), 1.31 (s, 3H,
CHs), 3.71 (s, 3H, OCHs), 3.78 - 4.02 (m, 2H, CHz), 4.03 - 4.07 (m, 1H, CH), 4.29 (td, J
= 6.8, 3.0 Hz, 1H, CH); '3C NMR (100 MHz, CDCI3) & ppm 25.2 (CH3s), 26.0 (CHs), 52.5
(CHs), 65.4 (CH2), 70.3 (CH), 76.3 (CH), 109.8 (Cquat), 172.5 (Cquat); HRMS (ESI) required

for CgH1405" 191.0914 observed CsH1405* 191.0929
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7.46 Methyl (R)-2-acetoxy-2-((S)-2,2-dimethyl-1,3-dioxolan-4-

yl)acetate (D2) 166

To a solution of methyl 3,4-O-isopropylidene-L-threonate (3.00 g, 15.8 mmol) in dry
CH2Cl2 (35 mL) and pyridine (20 mL) was added dropwise acetyl chloride (1.60 mL, 24.5
mmol) with stirring at 0 °C. A white solid formed over the course of the reaction. After 2
h, water (15 mL) was added. The separated aqueous layer was extracted with CH2Cl2 (20
mL). The combined organic layers were washed with H20 (3 x 30 mL) and brine (3 x 30
mL) and were dried over sodium sulfate. Removal of the solvent gave a clear liquid that
was purified by silica gel column chromatography using EtOAc:Hex (3:1) to produce the
pure compound as a colorless liquid (2.00 g, 8.62 mmol, 55%). [a]o + 37.10 (c 0.50 in
MeOH)(lit + 37.40 ¢ 0.50 in MeOH)*#2; 1H NMR (400 MHz, CDCl3) & ppm 1.30 (CHs), 1.38
(CHs), 2.13 (s, 3H, CHs), 3.72 (s, 3H, OCHs), 3.81 - 4.15 (m, 2H, CH2), 4.39 - 4.52 (m,
1H, CH), 5.03 (d, J = 5.0 Hz, 1H, CH); 3C NMR (100 MHz, CDCl3) & ppm 20.5 (CH3), 25.2
(CHs), 26.0 (CHs), 52.5 (OCHs), 65.5 (CHz2), 72.3 (CH), 74.3 (CH), 110.2 (Cquat), 168.0
(Cquat), 170.2 (Cgquat); HRMS (ESI) required for CioHieOsNa* 255.0845 observed

CioH1606Na* 255.0847
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7.47 Methyl (2R,3S)-2-acetoxy-3,4-dihydroxybutanoate (D3) 188

A solution of compound 7.46 (1.85 g, 7.97 mmol) in HCI (1M)(10 mL):MeOH (10 mL):THF
(10 mL) was stirred at room temperature for 18 h. Evaporation of the solvent below 30 °C
gave a colorless oil. This was dissolved in EtOAc (15 mL), and the solution was carefully
washed with 5% NaHCOs until neutral (pH 6-7). The organic layer was separated, washed
successively with H20 (20 mL) and brine (20 mL), before being dried over sodium sulfate.
After filtration, solvent was removed to give a colorless oil that was taken forward without
any further purification (1.27 g, 6.61 mmol, 83.3%). HRMS (ESI) required for C7H1306"

193.0707 observed C7H1306* 193.0701
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7.48 Methyl (2R,3S)-2-acetoxy-3-hydroxy-4-(trityloxy)butanoate (D4)

166

7.48 (1.02 g, 5.31 mmol) was dissolved in THF (10 mL) before addition of NaH (60% in
mineral oil) (212 mg, 5.31 mmol). This solution initially emitted gas and was allowed to
stir for 30 minutes at room temperature. A solution of trityl chloride (1.53 g, 5.31 mmol)
in THF (10 mL) was added in one portion. The solution was stirred at room temperature
for 16 h, after which time mass spec analysis indicated minimal reaction procedure. The
mixture was heated to reflux and stirred for an additional 8 h before being poured into ice
cold water. The organic layer was removed under reduced pressure, and the resulting
aqueous layer partitioned with ethyl acetate (10 mL). The aqueous phase was extracted
into ethyl acetate (3 x 20 mL). The combined organic layers were thoroughly washed with
water (15 mL x 4) and dried over sodium sulfate. Removal of the solvent gave a thick oily
residue which was purified by silica gel column chromatography using hexane:ethyl
acetate (3:1) to give the title compound as a colourless oil (680 mg, 1.38 mmol, 26.0%).
!H NMR (400 MHz, CDCl3) & ppm 2.22 (s, 3H, CHs), 3.81 (s, 3H, OCHs), 3.94 - 4.13 (m,
2H, CH2), 4.55 (dt, J = 6.5, 5.4 Hz, 1H, CH), 5.12 (d, J = 5.0 Hz, 1H, CH), 7.26 - 7.49
(m, 15H, ArCH); *3C NMR (100 MHz, CDCl3) 6 ppm 20.6 (CHs3), 52.6 (CHs), 65.6 (CHz2),
72.4 (CH), 74.4 (CH), 82.0 (Cquat), 127.3 (ArCH), 127.9 (ArCH), 128.0 (ArCH), 147.0
(ArC), 168.1 (Cquat), 170.4 (Cquat); MS (ESI) required for C2éH260sNa* 457.1622 observed
C26H2606Na* 457.1627
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7.49 5,6-0-Tosyl-3-O-tertbutyldimethylsilyl-L-ascorbic acid (39) 178

7.17 (7.00 g, 14.5 mmol) was dissolved in DCM (25 mL) before addition of NEt3 (1.9 mL,
1 eq). This solution was allowed to stir for 30 minutes at room temperature before a
solution of TBDMSCI (50% w/w Tol) (4.8 mL, 1 eq) was added in one portion at 0 °C. This
was allowed to stir at room temperature for four hours after which TLC analysis indicated
minimal reaction progression. The reaction was then heated at reflux for 16 hours after
which solvent was removed under reduced pressure. The resulting oil was redissolved in
EtOAc (40 mL) and washed with brine (3 x 40 mL). Organic layer was dried over sodium
sulfate and filtered before solvent removed under reduced pressure. The crude material
was purified by column chromatography using EtOAc:Hex (3:1 - 1:1) to give the pure
product as a clear oil (1.80 g, 3.01 mmol, 20.8 %). *H NMR (400 MHz, CDCI3) d ppm 0.05
(s, 6H, SiCH3), 0.79 (s, 9H, Bu-Si), 2.41 (s, 6H, ArCHs), 3.98 - 4.08 (m, 2H, CH.), 4.34
(m, 1H, CH), 4.74 (m, 1H, CH), 7.37 - 7.91 (m, 8H, ArCH); 3C NMR (100 MHz, CDCl3) d
ppm -5.3 (SiCHs), -4.8 (SiCH3z), 17.8 (Cquat), 21.7 (ArCHs), 25.4 (*‘Bu-Si), 67.7 (CH2), 68.5
(CH), 74.9 (CH), 128.0 (ArCH), 128.9 (ArCH), 130.0 (ArCH), 130.1 (ArCH), 130.1
(ArCquat), 130.2 (ArCH), 131.9 (ArCquat), 145.5 (Cquat); HRMS (ESI) required for

C26H35010S2Sit 599.1435 observed C2sH3501052Sit 599.1415
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7.50 3-0O-TBDMS, 2-0O-p-'Pr-benzyl, 5,6-0O-isopropylidene-L-ascorbic acid
(66) 178

7.11 (211.7 mg, 641 uM) was dissolved in DCM (5 mL) before addition of triethylamine
(0.6 mL) in one portion. The solution was allowed to stir at room temperature for 30
minutes before addition of a solution of (bromomethyl)-4-isopropylbenzene (136 mg) in
DCM (3 mL) in one portion. This was allowed to stir at room temperature for 16 hours
before solvent was removed under reduced pressure. The resulting yellow oil was re-
dissolved in ethyl acetate (5 mL) and then washed with brine (3 x 5 mL). The organic layer
was drier over sodium sulfate before being filtered, the filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) to give the pure product as a yellow oil (83.0 mg, 179.7 uM,
28%). 'H NMR (400 MHz, CDCIz) d ppm 0.34 (s, 3H, SiCHs), 0.35 (s, 3H, SiCH3), 1.00 (s,
9H, '‘BuSi), 1.27 (s, 3H, CHs), 1.29 (s, 3H, CHs), 1.37 (s, 3H, CHs), 1.40 (s, 3H, CHs), 2.85
- 3.00 (m, 1H, CH), 3.97 - 4.18 (m, 2H, CH2), 4.26 (td, J = 6.7, 3.4 Hz, 1H, CH), 4.50
(d, J = 3.4 Hz, 1H, CH), 5.38 - 5.52 (m, 2H, CH2), 7.26 (m, 2H, ArCH), 7.32 (d, J = 8.2
Hz, 2H, ArCH); 13C NMR (100 MHz, CDCI3) d ppm - 3.6 (SiCHs), 23.9 (CHs), 25.7 (*BuSi),
25.8 (CHs), 33.9 (CH), 65.4 (CHz), 73.3 (CH2), 74.2 (CH), 74.9 (CH), 110.2 (Cquat), 120.2

(Cquat), 126.8 (ArCH), 128.3 (ArCH), 133.0 (ArC), 149.8 (ArC), 152.3 (Cquat), 169.7 (Cquat);
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7.51 2-0O-p-'Pr-benzyl, 5,6-0-isopropylidene-L-ascorbic acid (67) 178

7.50 (82.4 mg, 178.4 uM) was dissolved in THF (2 mL) and cooled to 0 °C before dropwise
addition of TBAF (1M in THF) (0.02 mL). The yellow solution was allowed to warm to room
temperature and stirred for 16 hours, over which a darker yellow colour emerged. After
this time, solvent was removed under reduced pressure and the resulting yellow oil was
re-dissolved in ethyl acetate (2 mL) then washed with brine (3 x 2 mL). The organic layer
was dried over sodium sulfate and filtered. The filtrate was removed under reduced
pressure. The resulting oil was purified by silica gel column chromatography using
hexane:ethyl acetate (3:1) as eluent to give the pure product as a yellow oil (50.3 mg,
144.5 pM, 81%). *H NMR (400 MHz, CDClIs) 8 ppm 1.28 (d, J = 6.9 Hz, 6H, CH3s), 1.38 (s,
3H, CHs), 1.41 (s, 3H, CH3s), 2.95 (hept, J = 6.8 Hz, 1H, CH), 4.02 - 4.14 (m, 2H, CH>),
4.28 (td, J = 6.8, 3.7 Hz, 1H, CH), 4.57 (d, J = 3.7 Hz, 1H), 5.41 - 5.53 (m, 2H, CH2),
7.27 (d, J = 8.2 Hz, ArCH), 7.35 (d, J = 8.1 Hz, ArCH); 3C NMR (100 MHz, CDCI3) d ppm;
23.9 (CHs), 25.6 (CHs), 25.9 (CHs), 33.9 (CH), 65.4 (CHz), 73.6 (CH2), 74.2 (CH), 75.6
(CH), 110.3 (Cquat), 119.0 (Cquat), 126.8 (ArCH), 128.3 (ArCH), 133.0 (ArC), 147.8 (ArC),
149.7 (Cguat), 170.6 (Cguat); HRMS (ESI) required for CioH2506" 349.1646 observed

Ci9H2506* 349.1660
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