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Abstract

This thesis investigates different chemical approaches to facilitate the exploration of structure-
activity relationships related to lipopeptide vaccine CI258, with the overall aim of improving
vaccine efficacy and synthetic tractability. The vaccine design comprises a lipid antigen, which
functions as a vaccine adjuvant, connected to a peptide antigen via a cleavable and self-
immolative linker. In vivo processing of CI258 releases the active vaccine components, with
the first step in this processing the enzymatic cleavage at the indicated site. This thesis aims to
synthesise compounds that give insight into how the enzymatic cleavage rate affects activity.
Topics include the synthesis of advanced diastereomeric intermediates to probe the effect of the
dipeptide linker stereochemistry. Consideration will also be given to the necessity of the
immolative para-amino benzyl carbamate linker. Research towards altering the biodistribution

of the vaccine design is also reported.
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Chapter 1 Introduction

This introductory chapter first discusses the general field of vaccines, their history and the
different types thereof before a brief introduction to the area of vaccine adjuvants, including the
synthetic glycolipid a-galactosylceramide (a-GalCer). Conjugate vaccines and the various
methods of conjugation are considered next, leading into an overview of cleavable linkers,
specifically enzymatically labile linkers. Following this is a discussion of self-immolative
spacers and their role in drug conjugates. This chapter concludes with details of our current lead

conjugate vaccine and potential areas for optimisation.

1.1 History of Vaccines

Saving an estimated 2.5 million lives globally each year, vaccines are one of medicine’s greatest
successes.!> Among other remarkable achievements, vaccination programs have accomplished
the complete eradication of smallpox and lowered the incidence of polio by 99%.! %> For many
other diseases they have substantially decreased the infection-associated morbidity and

mortality in vaccinated populations.®’

Histories of vaccination usually begin with the 18" century English physician Edward Jenner,
and his work towards a smallpox vaccine.®!% Smallpox was a particularly virulent virus with a
30% fatality rate.!!"!3 Although Jenner is generally reported as the first to investigate smallpox
immunisation, evidence suggests that the Chinese and other cultures made use of smallpox
variolation as early as the 15" century.!* !* Variolation is the process of immunising individuals
with pox material taken from a smallpox patient. But it has limited efficacy and can lead to full

smallpox infections with substantial contagiosity.'®

In 18™ century Britain, it was a common observation that milkmaids were often immune to
smallpox. From this, Jenner postulated that infection with the milder cowpox virus prevented
future infection with the deadly smallpox virus. Jenner tested this hypothesis by inoculating

patients with pus taken from a milkmaid’s cowpox blisters. The patients did not develop any



serious infections. A few months later Jenner tested the success of the inoculation by injecting
the patients with smallpox scab material. No smallpox infection followed, the inoculation had
been effective. Jenner reported his findings to the Royal Society, who after some debate,
accepted his results.!” Smallpox vaccination soon became widespread, and by the mid-1800’s
the British Government had made the vaccination compulsory.!'® Thus Jenner had developed
the first vaccine, and smallpox went on to be the first human disease to be completely

eliminated, with the World Health Organisation certifying global eradication of the disease in

1980."

1.2 Vaccine Types

Early vaccines contained a weakened form of the pathogen, known as live-attenuated, which is
produced by growing the bacteria or virus in cell culture until it is no longer virulent but can
still elicit a protective immune response.?’ Live attenuated vaccines can generate strong, long-
lasting immunity, but they do suffer from safety concerns, namely the possibility for the
microorganisms to regain pathogenicity, which is of particular concern in immunocompromised
patients.* 2126 Examples of live attenuated vaccines currently in use in New Zealand include
measles, mumps and rubella; oral rotavirus; varicella (chicken pox); and herpes zoster

(shingles).?’

Other main classes of vaccines include inactivated, toxoid and subunit/conjugate vaccines.?®
Inactivated vaccines contain whole microbes that have been “killed” with heat, radiation or
chemicals so they are no longer virulent but will still be recognised by the immune system.
While inactivated vaccines are substantially safer than live attenuated vaccines, they do not
confer as long-lasting immunity.?> Examples of inactivated vaccines on the New Zealand
schedule include hepatitis A, influenza and polio.?” In a similar manner to inactivated vaccines
made from whole organisms, toxoid vaccines are produced by inactivating bacterial toxins.
Examples of toxoid vaccines include tetanus, diphtheria and pertussis.”” However, like
inactivated vaccines, toxoid vaccines can also suffer from poor immunogenicity, often requiring

multiple doses to achieve immunity.

Traditional vaccines made with attenuated or killed whole microorganisms are extremely
effective at disease prevention. However, safety issues associated with these complex mixtures

prevent their use in all situations.?® Vaccines can be simplified through identification and
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isolation of the active components responsible for the generation of protective immunity. For
example, antibodies recognize certain chemical structures on the surface of the microbe such
as proteins or their glycosylated derivatives. Minimal antigenic components, or epitopes, are
the smallest segments able to be recognized by the immune system. These are commonly much
smaller than whole proteins. For example, protein sections (i.e. peptides) or polysaccharides
displayed on microbial surface proteins can serve as epitopes. In some vaccines, fragments from
the microbe such as cell wall components or nucleic acid sequences are used to optimise

responses to the antigen components.

With better chemical definition and characterisation vaccines can be tailored to have improved
safety and efficacy profiles. Subunit vaccines can therefore exhibit reproducibility and safety
advantages over the live-attenuated or inactivated alternatives. However, they can struggle to
evoke sufficient immune responses. This can be overcome by the inclusion and co-delivery of
an immune stimulant (adjuvant) or a carrier protein to produce conjugate vaccines, examples
of which include Hepatitis B, human papilloma virus and Haemophilus influenzae type b

(Hib).??

Peptide vaccines utilise protein fragments as the antigenic component. With a very well-defined
structure, peptide vaccines are some of the simplest, and as such, perhaps the safest vaccines.?
The development of automated solid phase peptide synthesis allows these vaccines to offer
substantial manufacturing advantages over many of the above types. As peptide vaccines are
often fully synthetic, they are amenable to redesign and optimisation for varying applications.
Furthermore, the vaccine target can be changed by varying the epitopes incorporated in the
peptide sequence. However, as for other subunit vaccines, the major disadvantage of peptide
vaccines is their low immunogenicity. To overcome this limitation, peptide vaccines are
formulated to enhance the retention and delivery of the peptide antigens or combined with
immune stimulants (adjuvants), which assist in the development of immune responses against

the peptide antigens.



1.3 Immunologic Adjuvants

The word “adjuvant” comes from the Latin adjuvare meaning “to help”.>° Vaccine adjuvants
are defined as compounds that enhance immune responses to antigens.>’32 They are commonly
used in combination with poorly immunogenic antigens such as the inactivated toxins in toxoid
vaccines or the protein fragments in peptide vaccines.?! Adjuvants are highly variable in
chemical composition and have many different modes of action, some of which include
enhancing the delivery of the antigenic cargo to the correct tissue and cell types whereas others

activate specific receptors on immune cells.

Vaccine adjuvants were first discovered in the early 20" century, when French scientist Gaston
Ramon noticed that horses generated higher levels of antibodies when they developed abscesses
at the vaccine injection site.>!"33 He probed this by the co-injection of starch, breadcrumbs or
tapioca with the inactivated bacterial toxoid vaccines. The results confirmed his hypothesis that
substances that increased local inflammation could increase the immune response to the toxoid.
At a similar time, scientists in London discovered the capability of aluminium salts to enhance
immune responses.>*- Unlike the breadcrumbs of Ramon, aluminium salts (alum) were later
approved for use in vaccines. For approximately 70 years they were the only vaccine adjuvants
licensed for use in humans.? Initially it was believed that the salts’ ability to slow the release of
antigen from the site of injection prolonged the contact between the antigen and the immune
system.?® 3136 However, at has been shown that this “depot effect” is not responsible for its
adjuvant activity. Instead, it appears alum may cause the release of uric acid, which in turn
activates components of the immune system.?>:37 Alum has also been shown to reduce antigen

degradation.®

In 1930 Jules Freund developed a strong adjuvant consisting of a water-in-mineral oil emulsion
and heat-killed mycobacteria.>®> Complete Freund’s adjuvant (CFA) is highly effective in
stimulating the immune system, but is also very reactogenic (causes adverse reactions), which
prevents its use in humans. Incomplete Freund’s adjuvant (IFA) lacks the mycobacterium
component present in CFA, in other words it is simply a water-in-oil emulsion. IFA is less

reactogenic than CFA and has been used extensively in vaccine research.*0 4!

In addition to adjuvants like alum and IFA that aid in antigen delivery and stability, compounds
that stimulate pattern recognition receptors (PRRs) can also be effective adjuvants.*> PRRs are

a class of receptors expressed on cells of the innate immune system that allow detection of



broad classes of pathogens through binding to pathogen-associated molecular patterns.® PRR
binding stimulates an immune response to eliminate the pathogen in part through the production
of large numbers of immunomodulatory cytokines and chemokines. This process can be
harnessed in vaccines by the development of adjuvants that bind to and activate PRRs, thus
promoting an immune response to the co-administered vaccine antigen. Membrane bound PRRs
include Toll-like receptors (TLRs) and C-type lectins. Examples of TLR ligands used as vaccine
adjuvants include unmethylated CpG structures found in prokaryotic DNA and bacterial
lipopeptide structures.** Mycobacterial cell wall glycolipid trehalose dimycolate is an example

of a C-type lectin ligand, which can act as a strong immunostimulant.** 43

The binding of ligands to PRRs causes the activation of innate immune cells, including antigen
presenting cells (APCs), which can ultimately enhance adaptive responses.*® 4’ The activation
of APCs is vital for the development of a strong immune response. An alternative route to APC
activation is through auxiliary cells such as the subset of innate-like T cells known as natural
killer T (NKT) cells.® Presentation of lipid antigens on MHC-class I like molecule CD1d by an
APC stimulates the NKT cell, which can then provide positive feedback signals to the APC that
include the release of soluble factors and the provision of CD40L for CD40 ligation (Figure
1.1).*8 The activated APC can then trigger various immune responses, including the activation
of CD8" T cells.*® % When included in vaccines, the recognition of the lipid NKT cell antigen
leads to enhanced antigen-specific immune responses, thus these lipid antigens can also be

classed as vaccine adjuvants.*®

GM-CSF, IFNy,
IL-12, CCL17 TNFa
(OXC)
m /_\

Peptide

Figure 1.1 Alternative activation of APCs through the activation of NKT cells through the presentation of a lipid
antigen (a-GalCer) on CD1d. The APC then activates CD8" T cells to cause downstream immune responses. DCs
are a subset of APCs. Reproduced from Hayman et al.** with permission from Springer Nature.



One common example of an NKT cell antigen/vaccine adjuvant is a-galactosylceramide
(a-GalCer, 1, Figure 1.2).** The synthetic glycolipid was developed from structure-activity
relationship studies on a class of marine sponge-derived glycolipids.**3! The lipid chains of a-
GalCer sit within the CD1d hydrophobic binding pockets and the polar head group hydrogen-
bonds to surface residues on CD1d and the T cell receptor on the NKT cell.>? The lipid antigen

has been widely used as a vaccine adjuvant in research and several pre-clinical studies.® 4% 3357

HO OH

HO%% HNJ\/\/\/\/\/\/\/\/\/\/\/\/\

Figure 1.2 Structure of NKT cell agonist a-GalCer (1).

1.4 Conjugate Vaccines

As discussed earlier, subunit vaccines, such as peptide vaccines, often suffer from low
immunogenicity, which can be overcome by combination of the antigen with an immune
stimulating component such as an adjuvant or a carrier protein. While adjuvants enhance
immune responses by activating cells of the innate immune system, carrier proteins can perform
multiple functions, including multi-valent presentation of the antigenic component and the
provision of classical T cell help. The presentation of peptide fragments on MHC class II
molecules to CD4+ T cells leads to the activation of APC’s.%%%% 1t is the covalent linkage of the
antigen to the carrier protein or adjuvant that gives conjugate vaccines their particular
advantage: the two components are presented in the same location at the same time, which

promotes stimulation of and antigen uptake by the same immune cells.*- 61-6¢

The first conjugate vaccine was described by Avery and Goebel in 1929, who demonstrated
that the poor immunogenicity of polysaccharides could be overcome by their attachment to
carrier proteins.®’ Since then, the field of conjugate vaccines has grown substantially. The first
conjugate vaccines approved in the late 1980°s were for Haemophilus influenzae type b (Hib).6%
"l These contain a capsular polysaccharide from Hib covalently linked to various carrier
proteins, such as tetanus and diphtheria toxoids, and outer membrane proteins.®> Conjugation

of weakly immunogenic polysaccharides to immune stimulating moieties can produce



successful vaccines. In a related approach also involving conjugation, the poor immunogenicity

of peptide antigens can be overcome by conjugation to adjuvants such as PRR ligands.5% 64 72

An important aspect in the design of conjugate vaccines is the choice of conjugation strategy
for linking the antigen and immune stimulating component (e.g. adjuvant). The best strategies
are highly chemoselective and reliable, such that they allow easy conjugation of the separate
components. “Click” reactions, as defined by Sharpless et al. in 2001, lend themselves well to
this application.” Click reactions must be high-yielding, wide in scope, produce easily removed
by-products, able to be conducted in easily removable or benign solvents, and give products
that are stable under physiological conditions. Some examples of click reactions include
cycloadditions of unsaturated species (especially 1,3-dipolar cycloaddition reactions),
nucleophilic substitution chemistry (particularly ring-opening reactions), carbonyl chemistry of

the “non-aldol” type (e.g. formation of ureas and oximes), and additions to C-C multiple bonds.

Click chemistry has frequently been used in the development of drugs including conjugate
vaccines’+®? as well as antibody-drug-conjugates®3-%> (ADCs). Some popular click reactions
used in these contexts are copper(l)-catalysed azide-alkyne cycloaddition (CuAAC),
strain-promoted azide-alkyne cycloaddition (SPAAC) and oxime ligation (Figure 1.3). Like
other click reactions, these approaches allow easy chemoselective connection of moieties under

mild conditions.

1
(" . R==_y CUMC N=N
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Figure 1.3 General mechanisms for click reactions common in ADC and conjugate vaccine development.

The most widely used click reaction is the copper catalysed reaction of azides with alkynes to
form triazoles (CuAAC).% This reaction was first reported in 2002 by both Sharpless et al.?’
and Meldal et al.3® Since then the reaction has been applied in many fields including drug
development, organic synthesis, and dendrimer and polymer chemistries. CuAAC reactions

have been used to link components in conjugate vaccines.”* 7% 31- 82 However, concerns exist



around the potential in vivo effects of any residual copper catalyst and the formation of reactive
oxygen species (ROS). This is especially problematic when using a peptide substrate in a

CuAAC reaction, as there is potential for ROS to oxidise susceptible amino acid residues.?!> %

While CuAAC reactions use copper to catalyse the reaction of azides with alkynes, SPAAC
reactions utilise the ring strain of a substituted cyclooctyne as the driving force for the
conjugation reaction. Strain-promoted azide-alkyne cycloaddition was first described by
Bertozzi et al.”® in 2004, since then it has shown great success in the field of bioconjugates,

including the synthesis of conjugate vaccines.”®78 81, 91-93

Requiring no catalyst, SPAAC has
distinct advantages over other click strategies such as CuAAC, with no ROS formation or
possibility for residual catalyst to influence in vivo activity. However, the relatively large
multicyclic moiety formed during the SPAAC reaction, which remains present in the
bioconjugate, could influence the overall biophysical properties or metabolism of the

bioconjugate in unpredictable ways.

Another strategy for conjugation of biomolecules is oxime ligation. Reaction of an aldehyde or
ketone with an amino-oxy species produces the stable oxime bond.”* Oxime ligation is less
popular than other click reactions, possibly because the synthesis and storage of aldehyde and
amino-oxy containing species can be challenging.”> However, oxime formation is very
effective. Indeed, the reaction is so facile that care must be taken to prevent the inadvertent
reaction of the amino-oxy species with trace amounts of carbonyl species commonly found in

many solvents.

1.5 Cleavable Linkers

Many conjugate vaccines are large systems that have multiple antigens and adjuvants (or carrier
proteins) covalently bonded together, often via the click chemistry techniques described above.
The components are usually irreversibly bound together, which is generally not a problem for
larger protein-based constructs that are designed to induce antibody responses. However, when
using small molecule adjuvants, such as the NKT cell agonist a-GalCer (1), care must be taken

to attach the antigen in a manner that does not disrupt receptor interactions.®® %

a-GalCer does have some scope for derivatisation. Crystallographic data of the CDI1d-
a-GalCer-T cell receptor complex shows that the galactose 6"-OH position is solvent exposed

Figure 1.4).52:97-100 This has prompted the synthesis of a-GalCer derivatives with modifications
g p p Y
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at the primary hydroxyl group,'”! which could allow antigen conjugation through this position.
Nonetheless, with the exception of the 6"”-OH position, the chemical structure of the glycolipid
adjuvant is relatively fixed when considering receptor binding interactions. So the adjuvant
must be disconnected from the rest of the vaccine construct before it can bind to CD1d on DCs

and T cell receptors on NKT cells.*?

6"
HO OH

HO 2 i
HO H
O\/jfj\/\/\/\/\/\/
HO

1

Figure 1.4 Structure of NKT cell agonist a-GalCer (1) with the solvent exposed 6”"OH position labelled.

Cleavable linkers allow the vaccine components to be linked until they arrive at the desired
destination, at which point they dissociate, allowing them to effectively interact with the
appropriate receptors and cellular components. Cleavable linkers can be activated by chemical
triggers such as changes in temperature, pH, and reductive potential.!®? Alternatively, there are
many enzymes that can be utilised to cleave conjugate linkers, examples include esterases,
cysteine proteases such as cathepsin B, and hydrolytic lysosomal enzymes such as

B-glucuronidases.

Lysosomal protease cathepsin B is abundant in APCs,!03-1%°

making it an ideal trigger for the
cleavage of a conjugate vaccine containing the adjuvant a-GalCer (1). A popular substrate for

cathepsin B is valine-citrulline-para-amino-benzyl carbamate (Val-Cit-PABC, Figure 1.5).

(0]
j;(Qk ar a
NTOTON
1

NHCONH,

Figure 1.5 Structure of commonly used cathepsin B substrate Val-Cit-PABC.

This linker, and others, was first described by Dubowchik and co-workers in 1998.1% They
synthesised model compounds using these linkers with anti-cancer drug doxorubicin (DOX) as
a payload e.g. compound 2 shown in Figure 1.6. The compounds were incubated with cathepsin
B and the release rate of doxorubicin was measured. Half-lives of cleavable constructs ranged

from 8 to 2040 minutes, depending on the dipeptide linker used. Interestingly, when model

9



compounds lacking the PABC group (e.g. 3, Figure 1.6) were incubated with cathepsin B, no
enzymatic cleavage was observed.!" !9 However, hydrolysis was reinstated when the PABC
group was replaced with another amino acid, such as in Z-Val-Cit-Gly-DOX (4), but this meant
that the active drug was released with a glycine residue still attached. These results suggest a
non-sterically demanding group is required adjacent to the enzymatic cleavage site for

enzymolysis to occur on substrates that contain bulky groups (e.g. DOX).

t1/2 =4h
NHCONH,

g R
NHCONH, NHCONH,
3 4

TR o © H
N _DOX N N.
CbzHN \.)J\N CbzHN \)J\N/\n/ DOX
S i H S i H

not hydrolysed tp=2h

Figure 1.6 Structures of compounds 2-4 synthesised by Dubowchik et al.!® Where DOX = doxorubicin.
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1.6 Self-Immolative Spacers

The steric congestion around an enzyme cleavage site can be relieved by introducing a “self-
immolative spacer” such as the PABC linker shown above.!%® 119112 Thege are designed to allow
the correlated cleavage of a distant bond after activation by breaking an initial bond, often via
enzymatic cleavage (Figure 1.7). The scission of the first bond reveals a reactive site on the
immolative spacer, which then undergoes a decomposition reaction to release the distal moiety.
The spacer is dismantled during the process, hence the term immolative. Non-immolative
spacers are also effective at increasing cleavage rates but are not traceless and are therefore

ineffective when the drug design requires the release of an unmodified drug.!%*

immolative enzyme
‘ payload H spacer }_ﬁubstrate H payload ’

lenzyme cleavage

enzyme

substrate payload I
spacer /1spacerdisassembly

byproducts

enzyme

substrate PEVIEEC ’

Figure 1.7 Enzyme mediated cleavage followed by spacer self-immolation.

payload —~ +

1 payload +

In 1981 Katzenellenbogen et al. reported the use of para-amino-benzyl carbamate (PABC) as
a self-immolative spacer (Scheme 1.1).!"* Enzyme mediated cleavage reveals the free aniline
moiety, which then undergoes spontaneous collapse to form an azaquinone methide, one
molecule of carbon dioxide and the payload as a free amine. The reactive azaquinone methide
can then react with a nucleophile (e.g. water) in a Michael-type addition to reform the aniline
motif.!'"* Quinone methides are also known to react with enzymes and nucleic bases, which
could have adverse effects in vivo.''? However, conjugates containing similar immolative

spacers have been well tolerated in clinical trials.®> 108 115, 116
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Scheme 1.1 Mechanism of self-immolation for para-aminobenzyl carbamate-based spacers.

para-aminobenzyl carbamate

2

Since 1981, a substantial amount of work has gone into the development and optimisation of
self-immolative spacer systems, 83 83 108, 112, H7-119 Vgt spacers, like PABC, contain an aromatic
system and immolate via an “electronic cascade”. The other main class of immolative spacers
exploits cyclisation for the disassembly process. Rates of release can be tuned by the addition
of substituents or other modifications of the self-immolative system. Polymeric and dendrimer
immolative systems have also been developed, which allow release of multiple payloads, thus
amplifying the triggering signal.!%® 120-130 With the vast numbers of immolative systems
reported in the literature, it is impressive that the first immolative spacer (PABC) is still the

most widely used.!%® 110
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1.7 Lead Vaccine Conjugate CI258

Many of the aspects described above are incorporated into the synthetic pre-clinical malaria
vaccine CI258, the current lead malaria vaccine in the Painter research group at the Ferrier
Research Institute, New Zealand (Figure 1.8). Conjugate vaccine CI258 contains a peptide
antigen and a prodrug of the lipid adjuvant a-GalCer (1). The conjugate also contains a linker
that incorporates a Val-Cit dipeptide, an immolative spacer (PABC), and a short hydrocarbon
chain to allow conjugation to the peptide through oxime ligation. A single injection of CI258
into animals generates high numbers of liver tissue resident memory CD8" T cells specific to
the NVFDFNNL peptide antigen. These cells are able to protect animals from challenge with
malaria sporozoites in a model in which only one other complicated vaccine design has been

shown to work effectively.!3!

HO OH
o L
0] - “OH N - )M/
L !
C25H510C0O™  "CqgHog 0
FFRK-AAA-ST-NVFDFNNL-S
NHCONH,
o
Cl258

Figure 1.8 Structure of current lead vaccine CI258.

The specific design of CI258 contains a murine malaria peptide epitope. However, the general
vaccine design is compatible with many peptide antigens, including those designed to treat
cancer, allergy and influenza.”®3! In each case the peptide sequence is terminated with a short
cleavage region (FFRK) at the N terminus of the epitope, which is designed to enhance peptide
release from residual linker components. This allows processing of the peptide so that the
epitope can be released and presented on MHC molecules (Scheme 1.2). The peptide chain is
further functionalised with the N-terminal addition of amino-oxy acetic acid. The resulting
amino-oxy peptide can be conjugated to the rest of the vaccine via chemoselective oxime

ligation to a ketone at the end of a short hydrocarbon chain.!32-134

The central section of CI258 contains a dipeptide linker and an immolative spacer.” The

dipeptide linker (i.e. Cit-Val) used in CI258 is a commonly used cathepsin B substrate. The

T From now on, the dipeptide linker will be depicted and described in the C—N direction (opposite to the
conventional direction), this allows the sugar and the peptide antigen sequence to be drawn in the standard formats.
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linker is hydrolysed at the carboxyl end of the citrulline residue, revealing the free aniline
moiety, which spontaneously undergoes an electronic cascade to ultimately release a-GalCer

(Scheme 1.2).

The vaccine design utilises a unique prodrug approach to allow attachment of the linker-peptide
construct to the lipid adjuvant. Active adjuvant a-GalCer (1) can undergo a 2-N—4-O acyl
migration of the Cy fatty acid under acidic conditions, allowing subsequent attachment of the
linker via the newly exposed amine handle.”: % After in vivo enzymatic cleavage and
consequent immolative release of the conjugate, the a-GalCer prodrug (ma-GalCer, 5)

undergoes the reverse O—N acyl migration to reform the active lipid antigen (Scheme 1.2).7%

80

enzymatic
HO OH cleavage

Hogﬁ
/\©\ peptide
\OH processing
|

025H51OCO C14Hog N
FFRKJAAA-ST-NVFDFNNL-S
NHCONH,
o]

CI258
HO  OH

\/j\ /\©\NH2 + AAA-ST-NVFDFNNL-S

peptide antigen
C25H510C0O™  "Cq4Ha9

HO OH limmolation HO OH
HO 2 HO 2
HO NH, acyl migration HO NHCOCssHs1
(0] ~_.~OH L» (6] ~_.OH
C25H510C0O™  "Cq4Hag HO™ "Cy4Hyg
5 1

active adjuvant

Scheme 1.2 Breakdown of conjugate vaccine CI258 to release active adjuvant a-GalCer (1) and antigen containing
peptide sequence.

The synthesis of CI258 began with the formation of the dipeptide linker (Scheme 1.3).
Citrulline was coupled to Fmoc-protected valine to give dipeptide 6 before the addition of the
PABA immolative spacer. Alcohol 7 was then activated as the para-nitro phenyl (pNP)

carbonate (8). Reaction with ma-GalCer (5) produced 9, which was then Fmoc deprotected to
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give 10. Coupling to 8-oxo-nonanoic acid furnished the linker with the requisite ketone moiety

(11), which was then reacted with amino-oxy peptide 12 to give the target vaccine (CI258).

o ~ o N Ho/\@\ o N
NH, HO_ -~ a N N_ - c
HO 2 \n/\NHFmoc —— HO \n/\NHFmoc L \"/\NHFmoc —
o)

NHCONH, NHCONH, NHCONH,

HO
O OH
HO 2
5 O

i
© NHFmoc P \/j\ \"/\NHR ,
C25H510CO™  "CqqHog

NHCONH, 9,R=Fmoc NHCONH,
10,R=H
HO OH H2N.
0 o oo
K”/FFRK-AAA-ST-NVFDFNNL-S

HO ~ HNJ\O o 9y \_/ o 0
O _~_.OH N N\[]/:\NJ\/\/\/\H/ o
\/j\ N TN

0 g
C25H510CO™  "CqgHog

NHCONH,
11
HO OH
o (0]
HO JJ\ ~_— 0
@ SN
C25H510C0O™ "CqgHog 0
FFRK-AAA-ST-NVFDFNNL-S
NHCONH, Kf(
O
Cl258

Scheme 1.3 Synthesis of CI258. Reagents and conditions: a) isobutyl chloroformate, EtsN, THF, 1 h, -14 to 15 °C,
then NaHCOs, 0 °C, to rt, 3 h, 70%; b) PABA, EEDQ, 2:1 CH2Cl2/CH30H, 30 °C to 1t, 42 h, 80%; c) bis (para-
nitrophenyl) carbonate, DIPEA, DMF, rt, o/n, 75%; d) pyridine, Et;N, rt, o/n, 52%; e) piperidine, DMF, 0 °C to
rt, 30 min, 81%; f) HBTU, DIPEA, DMF, rt, o/n, 85%; g) 12, aniline/H.O/TFA/THF/CH30H, 50 °C, o/n, 57%.
Currently under review in Science Immunology.

For the lipid adjuvant to be released, three things must occur: enzymatic cleavage, spacer
self-immolation and acyl chain rearrangement. The rate of this in vivo processing has not been
probed in our system and is likely able to be optimised with respect to vaccine activity. The
first processing step is the enzymatic cleavage by cathepsin B (Figure 1.9). The citrulline and
valine residues are in the P1 and P2 positions, respectively, with the PABC group of CI258 in
the P1' position. The rate of the enzymatic cleavage is likely dependent on a few factors: the

structure of the dipeptide (P1-P2), the group at P1’ (i.e. immolative or non-immolative linker),

and the physical properties of the construct (i.e. if it is available for enzymatic digestion).

15



enzymatic
cleavage

1
N
H

11
P1' P1|\ P2
NHCONH,

linker—peptide

Figure 1.9 Diagram of generic conjugate showing enzymatic cleavage site.

1.8 Proposed Work

The overarching hypothesis for this thesis is that the overall rate of release of the components
of CI258 is important for its activity. This will be probed through this synthesis and analysis of
compounds 12 to 15 (Figure 1.10). The synthesis of epimeric pair of advanced intermediates
(L- and D-12) will allow the impact of the stereochemistry at P1 to be probed. Synthesis of
model compound 13 will allow us to explore the effect of removing the PABC immolative
spacer. Synthesis of hydrophilic compounds such as 14 and 15 will investigate the influence of
biodistribution on cleavage rate. In summary, we aim to synthesise a variety of compounds to

probe the effect of enzymatic cleavage rate on vaccine efficacy.

HO OH

0
HO 2 J
HN YO o) ~ o
HO H H H
H
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OO NP
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Sy
C25H510C0O™  "CysHog L-12
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N :
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o
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o O
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\OH
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14,n=16
15,n=24

Figure 1.10 Structures of targets 12-15. Where peptide = FFRK-AAA-ST-NVFDFNNL-S.
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Chapter 2 Investigating the Effect of P1

Stereochemistry

2.1 Target Compounds L- and D-12

Ongoing research from the Painter and Hermans research groups has shown that activity was
abolished in a prodrug incorporating the same immolative linker used in CI258 when one of
the amino acids was replaced by its unnatural D-enantiomer.!3 The observation was attributed
to a lack of enzymatic cleavage at the dipeptide linker. We chose to explore this in a ma-GalCer
conjugate system, with the synthesis of epimers L- and D-12 (Figure 2.1). These advanced
ketone intermediates can be conjugated to a variety of peptide antigens to explore these

outcomes in different vaccine systems.

These targets contain the dipeptide linker Ala-Val, which cleaves at a comparable rate to that
of Cit-Val.!3¢-138 The Ala-Val linker has been selected for these targets because it has been
reported in the literature'*¢ and noted in the Painter group that compounds containing it are
more chemically tractable than those with Cit-Val. The more lipophilic nature of the methyl
side chain makes the linkers (and intermediate compounds) more amenable to synthesis and

purification.

HO OH

o
HO N A
A HN O/\©\ o y \_/ o
O _~_~OH N~ )W
- N N
\/j\ H)H/ T(\H
0 0
L-12

C25H510C0O™  "CyaHag

Figure 2.1 Structures of ketone targets L- and D-12.

17



2.2 Stereospecific Synthesis of Linkers

To accurately understand the effect of changing the stereochemistry of an amino acid, the
synthesis of the short peptide linker must be highly stereospecific, otherwise any activity shown
by the unnatural D-compound could be caused by contamination with the L-analogue. In the
published synthesis of the PABA-Cit-Val-Fmoc peptide linker (16), the two amino acids are
coupled together to give dipeptide 17 before the addition of para-aminobenzyl alcohol (Scheme
2.1).” This method is based on a procedure reported by Dubowchik et al.!* and has been used
extensively in the literature, which includes some of our own work.!% 3% This synthesis is in
the N—C direction with respect to P1 (citrulline).

o ~

: o ., Y HO/\©\ o Y
NH, + HO_ A~ N PABA N_ A
HO jO(\NHFmoc — > HO jO(\NHFmoc Al N jO(\NHFmoc

NHCONH, NHCONH, NHCONH,

17 16

Scheme 2.1 Standard synthesis of PABA-Cit-Val linker (16) proceeds via the N—C direction with respect to P1.

In unpublished data, some epimerisation of the citrulline residue has been observed (up to 6%)
when using this method in the synthesis of our conjugate vaccines. Figure 2.2 shows LC-MS
SIM chromatograms of two PABA-Cit-Val-Fmoc epimers synthesised from commercially
obtained citrulline samples. It can be clearly seen that some epimerisation (~1-3%) has occurred
during this particular synthesis.

1.5% 10 /17.570

1.0x10™

Intensity

5.0x10Y

PABA-L-Cit-Val-Fmoc 15541

0.0+

T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Retention time (min)

15.493
2.0x10

1.0x10™]
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PABA-D-Cit-Val-Fmoc 17.473
0.0+

T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Retention time (min)

Figure 2.2 LC-MS data (SIM = 602.3 m/z) of PABA-Cit-Val-Fmoc epimers. Using HPLC Condition A (see
section 6.1.2).
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In 2018, Mondal et al.!* also reported a substantial amount of epimerisation (up to 50%) at P1
(citrulline) when they followed the same linker synthesis. They proposed an alternative method
(Scheme 2.2B), where the para-aminobenzyl alcohol is coupled to the first amino acid
(citrulline) before the attachment of the second amino acid (valine). They report that this

alternative method greatly reduces epimerisation.

Method A Method B

+ X--Cbz + X Cit}-cbz

coupling then deprotection

Scheme 2.2 The original and widely used N—C method for linker synthesis first reported by Dubowchik et al.!%
(Method A) compared with the C—N method reported by Mondal et al.!** (Method B).

The method reported by Mondal et al. is in the C—N direction, the preferred direction for
peptide synthesis. This direction is favoured because carboxylic acids are activated while the
N-termini are protected as carbamates, which reduces the chance of racemisation through
oxazolone formation. The formation of this unwanted species is enhanced when the activated

acid is instead part of the growing peptide chain, as the nitrogen on the nearby amide bond can

participate in an intramolecular attack on the activated carbonyl group (Scheme 2.3).

(0]
0 Ry

delocalised anionic int.

/mildbase\
0 0 Q
H O R H OJS,H H OJS,R2 HZN%OPG
ﬁfNJ’ﬁ/Hf‘z( )}ﬁfN\i/L\N R, +ﬁfN\i/L\N 'H R3
0 R )@ 0 Ry o R

Base oxazolone epimers

H 9 R O
WN%N/HfNE)kOPG
0O R4 H o Rs

Scheme 2.3 Amino acid racemisation through oxazolone formation is favoured when the activated acid is part of
the growing peptide chain. Where X is an activating group.
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2.3 Synthesis of Ketone Epimers L- and D-12

The synthesis towards epimers L- and D-12 is shown in Scheme 2.4. This synthesis follows the
newer method proposed by Mondal et al.!** where PABA is coupled to P1 (alanine) before the
attachment of P, (valine). The synthesis of each target epimer begins with commercially
purchased enantiomerically pure Fmoc protected alanine, allowing analysis of the optical purity
of diastereomers L- and D-12 and subsequent scrutiny of the stereospecificity of the synthesis.
This scheme also differs from the reported synthesis of similar conjugate vaccines (Scheme 1.3)
in that the ketone linker is installed before the addition of the a-GalCer prodrug component.
This change reduces the number of chemical steps involving the synthetically advanced ma-
GalCer moiety. The syntheses of the two epimers were conducted in parallel, therefore they

will be discussed simultaneously herein.

HO 0 , Ho o) HO o)
+ NHFmoc —2 = NHFmoc —2 ~ NH, —S >
NH, ¥ HO N N

L-Ala-Fmoc L-18 L-19
D-Ala-Fmoc D-18 D-19
O,N
RO
N_ - d N_ - 22 o]
N NH N NH
HJ\é e HJT N o
0 o}
L-20 L-21
D-20 D-21
0o
HO/\©\O h Y o . OXO“QO b Yo
N -~ — - N
Nx{ N Nx{ N
H o M o] H o M o}
L-23 L-24
D-23 NO, D-24
HO OH
o}

HO

O
. HN)kO o ~ o
g MO0~ .oH N k/w
5 K
' N N
Y e I
C25H5/0CO C14H29

L-12
D-12

Scheme 2.4 Synthesis of ketone epimers L- and D-12. Reagents and conditions: a) EEDQ, CH2Clo/CH30H (10:1),
rt, 4.5 h, L = 58%, D = 67%; b) piperidine, DMF, rt, 1 h (not isolated); ¢) NHS-Val-Cbz, DMF, tt, 2 days, L =
89%, D = 75%; d) Hz, Pd/C, CH2CL/CH30H (1:9), 1t, 1.5 h, L = quant., D = 97%; ¢) 22, rt, 1.25 h, then DIPEA,
2.5h, L =70%, D = 84%; f) bis-pNP carbonate, DIPEA, DMF, rt, 3 days, L = 71%, D = 86%; g) 5, EtsN, py, 1t,
o/n, L=61%, D = 54%.
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The syntheses began with the gram-scale N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline
(EEDQ) promoted coupling of PABA to L-Ala-Fmoc and D-Ala-Fmoc, giving amides L-18
(58%) and D-18 (67%) respectively.!?> 141: 142 The mechanism for this reaction is shown in
Scheme 2.5,'* where the activation of the acid proceeds via activated mixed anhydride 17. The
moderate reaction yields are due to poor recovery of the target materials from multiple
triturations from Et;O and CH30H/CH>Cl,. Column chromatography was attempted on L-18
but the target amide was largely insoluble in the chromatography solvents (EtOAc/CH2Cl).
Additionally, the excess PABA starting material was not fully removed, leaving trituration as
the more viable purification method. As expected, all data collected for the two enantiomers
were the same, except for the optical rotation data, which were measured to be [a]%? -17.4° and
+18.5° (¢ 1.00, DMF) for the L- and D- isomers, respectively. Analysis of the 'H NMR data of
the amides showed the expected downfield shift of the PABA protons ortho to the nitrogen
compared to the PABA starting material.

N
AN
o0w O EOH ~_O00 N0 ©/\)
Y ~ 0 } \,\T{) o NHFmoc } i o
N O\/ + HO)%NHFmOC \_) /\O O)%NHFmOC
C - 2

EEDQ L-Ala-Fmoc
D-Ala-Fmoc co,

EtOH

HO (e} O) (e} Oj } HO (0]
+ )k NHFmoc —— /\f\)kf\ NHFmoc NHFmoc
o O [OXNe) N
NU NH H
17 HO\/© 18

Scheme 2.5 Reaction mechanism for the EEDQ promoted coupling of PABA to L- and D-Ala Fmoc to give L-
and D-18.

Fmoc deprotection to give amines L- and D-19 proceeded quickly with 10% piperidine in DMF.
An initial trial to purify the product by trituration from Et2O was unsuccessful as target material
loss was substantial. Given the only appreciable by-product was the Fmoc-piperidine adduct
we deemed this purification step could be avoided. Thus, amine products L- and D-19 were
thereafter used directly in the next coupling reaction. The crude mixtures were analysed by
HRMS-ESI and the protonated molecular ion was found at 195.1131 m/z (L-19) and 195.1140
m/z (D-19) consistent with the calculated value of 195.1134 m/z.

Amide coupling to NHS-Val-Cbz was conducted in DMF at room temperature over two days.
The isolation of target materials L- and D-20 was hindered by their low solubility in most

solvents. The crude reaction mixture was added directly to a large volume of water, which
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caused the formation of a white precipitate free of N-hydroxy succinimide. Two subsequent
triturations from Et;O further purified the target compounds. Filtration of the fine precipitates
was troublesome, so when D-20 was triturated, the solvent was instead removed by
centrifugation (3 x 5 min at 4000 rpm). The two linkers were obtained in good to high yields,
89% and 75% for L- and D-20 respectively. The 'H NMR spectra of L- and D-20 were very
similar to one another and consistent with their structures (Figure 2.3). The side chain methyl
resonances of the alanine and valine groups integrated for three and six protons respectively
and the presence of the new peptide linkage was supported by the amide NH doublet at 8.13
ppm for L-20 (8.31 ppm for D-20).
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Figure 2.3 Comparison of the 'H NMR spectra of the epimers L- and D-20 in DMSO-ds at 500 MHz and 30 °C.
The peak assignments for the two spectra are the same. Note that the valine methyl groups sometimes present as
diastereotopic groups.

The stereochemical purity of diastereomers L- and D-20 was assessed by reverse phase HPLC

as this had been effective in the separation of the PABA-Cit-Val-Fmoc epimers (see Figure

2.2). A mixed sample containing both diastereomers (L- and D-20) was used in the development
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of the HPLC methods. Methods were developed by varying the solvent gradients over various

times as indicated in Table 2.1.

Table 2.1 HPLC method development for the separation of L- and D-20, showing probed solvent gradients and
resulting retention times. Using HPLC Condition B (see section 6.1.2), where solvent B is methanol.

oty wBat omin) %B  R(L-20 R, D-20 _

To at Ty (min) (min) Hon © w
H)S/N\"/\NHCDZ

1 | 40% 150  60% 107 10.9 o

2 | 45% 200  50% 115 11.7

3| 45% 200  45% 124 12.7

4 | 40% 150  50%  13.6 13.8

5 | 40% 200  50% 157 160 %

6 | 40% 150  45% 169 17.1

7 |425% 200 42.5%  17.8 18.2 L

8 | 40% 200  40% 223 223 o e

Unfortunately, even after extensive efforts, including conditions that closely mimicked those
that gave complete separation of PABA-Cit-Val-Fmoc epimers, we were unable to develop an
HPLC method that achieved baseline resolution of the isomers L- and D-20 (Figure 2.4).
Although frustrated by this, the HPLC data of the individual isomers (not shown) show good

peak shape with no visible evidence of isomeric contamination.

T T T T T T T T T T T T T T T T T T T T T T T T
) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Retention time (min)

Figure 2.4 HPLC data (254 nm) of a 1:1 mixed sample of L- and D-20 obtained with the methods shown in Table
2.1. Compound L-20 is the fasting running peak in all samples.
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The next step in the synthesis was Cbz deprotection of dipeptides L- and D-20. This was
achieved with H> over a Pd/C catalyst. The Cbz protected starting materials (L- and D-21) were
not fully soluble in the 10% CH>Cl> in CH30H solvent mix. However, the reaction became
homogenous as it progressed, indicating increased solubility of the product in this solvent
mixture. Loss of the Cbz group was monitored by the appearance of a ninhydrin active spot on
TLC. The reactions were filtered through Celite and concentrated in vacuo to give amines L-
and D-21 in excellent yields (quant. and 97% respectively). Once again, the NMR data of the

two diastereoisomers were very similar to one another (not shown).

Attachment of 8-oxo-nonanoic acid was achieved through prior activation of the acid as a pNP
ester (22).8! The activated acid was reacted with amine L- or D-21 in DMF. After column
chromatography (CH3;OH/CHCIs) to remove the para-nitro-phenol by-product, ketone products
L- and D-23 were obtained in 70% and 84% yields respectively. The purified ketones were
analysed by HRMS-ESI and the sodiated molecular ion was found at 470.2635 m/z (L-23) and
470.2636 m/z (D-23) consistent with the calculated value for [M + Na]® of 470.2631 m/z

supporting the large increase in mass incurred by the attachment of the nine carbon keto-acid.

The hydroxy termini of L- and D-23 were then activated as the pNP carbonates by overnight
reaction with bis (para-nitro phenyl) carbonate and DIPEA in DMF. Column chromatography
in EtOAc/CH2Cl: (to avoid potential methanolysis when using methanol as a chromatography
solvent) afforded the pNP activated linkers L- and D-24 in 71% and 86% yields respectively.
The only notable difference between the 'H NMR spectra of the two diastereoisomers was the

position of the variable NH signals.

The next step in the synthesis was the attachment of the pro-adjuvant compound ma-GalCer
(5), which is first formed by the reaction of the active lipid adjuvant (a-GalCer, 1)!** with
concentrated HCI in dioxane (Scheme 2.6).788° Following the literature method,’ the amide
starting material was first heated to 65 °C in freshly distilled dioxane until fully dissolved.
Hydrochloric acid was then added, and the reaction was heated at 65 °C for a further 25 min
whereupon the heating was removed, and the reaction was allowed to cool to rt. The emergence
of a lower running spot on the silica TLC plate indicated that the formation of the polar amine

product.
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Scheme 2.6 Reaction of a-GalCer (1) with acid promotes acyl chain migration to form ma-GalCer (5). Reagents
and conditions: a) HCI, dioxane, 65 °C, 20 min.

The formation of 5 was corroborated by the conversion of the amide starting material peak to
an earlier running peak by C18 HPLC-CAD (Figure 2.5). Other peaks present in the
chromatogram could be indicative of a regioisomer with the acyl chain on the other free
hydroxyl group. Once cooled to rt, the reaction was concentrated in vacuo to give the crude

hydrochloride salt of ma-GalCer (5) as a white solid, which was used without further

purification.
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Figure 2.5 HPLC-CAD chromatograms showing conversion of a-GalCer (1) to ma-GalCer (5). Using HPLC
Condition C (see section 6.1.2).

Subsequent coupling of ma-GalCer (5) to the two activated linkers (L- and D-24) was
conducted in pyridine with 2.5 equivalents of Ets;N (Scheme 2.4). The reactions were stirred
overnight at room temperature before purification by silica column chromatography
(CH30OH/CHCI3). This gave the two adjuvant-linker compounds L- and D-12 as white solids in
61% and 54% yields respectively. These moderate yields are typical in our research group for

this reaction, which can be partially explained by the use of crude starting materials.®!
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Analysis of the 'TH NMR spectra of the two target compounds (L- and D-12) indicates a large

upfield shift of the benzylic proton signals from 5.24 ppm in L- and D-24 to 4.95 ppm in L- and

D-12, indicating successful carbamate formation (Figure 2.6). The two spectra are very similar

to one another, with only a slight difference in the chemical shift of the valine aH signals.
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Figure 2.6 'H NMR spectra of L- and D-12 in 2:1 CDCI3/CD3;OH at 500 MHz and 30 °C. Arrows indicate the
position of the valine aH signal.

Analysis of the HR-MS data of the two ketones showed the sodiated target material peaks at

1353.9734 and 1353.9736 m/z for L- and D-12 respectively, this closely matches the calculated

mass for C75H134N4O15Na of 1353.9743 m/z. However, compounds L- and D-12 could not be

fully purified and were found to be contaminated with a compound tentatively assigned as
epoxide 26 (Scheme 2.7), as evidenced in the HR-MS with a peak at 840.7300 m/z (calcd. for
CsoHogNOs, 840.7287 m/z). Epoxide 26 could have formed under the acidic conditions of the

earlier rearrangement of a-GalCer (1). The epoxide can be formed by intramolecular attack of

either hydroxyl group, thus a mixture of epoxide isomers may be formed, which, when
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hydrolysed would give rise to a diol where scrambling of the stereochemistry at C3" and C4’

has occurred.

HO OH HO OH HO OH

(0] (0] (o]
HO HO HO
HO NHCOC5Hs51 HO NHCOC;5Hs4 HO NHCOC5Hs1
(e) ~_.OH (e} ~ H20 (@] - OH
—_— —_—
o |/ 0o

H20)) "CigHao C1qH29 HO™ "CigH2g
1 26

Scheme 2.7 Epoxide 26 formed via intramolecular displacement of protonated hydroxyl group on a-GalCer (1)
could then be hydrolysed with a loss of stereochemical information at C3’ and C4'.

Oddly, epoxide 26 has a similar retention time to ma-GalCer (5) on C18 (i.e. HPLC) as well as
a similar NMR profile, making detection after the migration reaction difficult. Past observations
from the Painter group indicate that this impurity can be removed by column chromatography
on silica, but this extra purification step results in a lower overall yield. It isn’t until after
moa-GalCer (5) is coupled to a linker that the epoxide impurity becomes observable by HPLC.

However, at this stage it can still be difficult to remove for solubility reasons.

In the case of ketones L- and D-12, analysis of the HPLC-CAD data indicates that there is
approximately 5-6% of epoxide 26 present. The ketones have already passed through a normal
phase silica column, which suggests that normal phase flash chromatography is insufficient to
remove the epoxide contaminant. Reverse phase chromatography is also unlikely to be
effective, as the ketones and the epoxide both elute from an HPLC column after a 100%
methanol hold. Preparative HPLC could be used. However, as the conjugates formed in the next
step are usually purified via preparative HPLC, we chose to wait until after conjugation to
peptides to remove the epoxide contaminant. As the peptide conjugation was beyond the scope

of this project, the target ketones L- and D-12 were not purified further at this stage.

2.4 Summary and Future Work

In this section we have discussed the synthesis towards advanced intermediates L- and D-12.
The synthesis followed a modified method'*’ of the standard synthesis of PABA-dipeptide
linkers. This modified method aimed to reduce possible epimerisation at the P1 stereocenter,
which is especially important when investigating the effects of inverting stereochemistry at P1.

One pair of early diastereomeric intermediates (L- and D-20) were analysed by HPLC to
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investigate the level of epimerisation taking place during the initial coupling reactions.
Unfortunately, the analysis was inconclusive, only indicating that complete epimerisation had
not occurred. Future analysis might involve spiking one isomer with ever increasing doses of
the other to estimate the level of detection of the other isomer in the individual products as well

as changing HPLC columns and solvent systems.

The synthetic approach coupled the pro-adjuvant ma-GalCer (5) to a fully elaborated linker that
differed from the published route.”®*° This was slightly advantageous in that fewer overall
manipulations were required with synthetically intractable lipid moiety present. However, the
additional step in the literature method provides an extra opportunity to remove any impurities,
so may be more advantageous overall. In general, the syntheses were successful, with slightly
higher yields obtained for the D-Ala analogues as these reactions were carried out after the
corresponding L-Ala reactions, allowing any knowledge gained from the first reactions to be

applied to the later ones.

The targets L- and D-12 were obtained on the milligram scale (14 and 12 mg respectively) but
were contaminated with a small amount of epoxide 26. Future work in this area includes further
purification, mostly likely after conjugation to various peptide antigens or through introduction
of silica chromatography after the migration step. Both the ketones and their resulting
conjugates will be tested in cathepsin B assays to determine whether the D-Ala linker has an

effect on the enzymatic cleavage rate and subsequent release of a-GalCer.
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Chapter 3 Removing the Immolative Linker

Immolative spacers such as para-amino benzyl carbamate (PABC) are commonly used to
relieve steric crowding around enzymatic cleavage sites.!%% 110111 For example as mentioned in
the introduction of this thesis, model doxorubicin (DOX) prodrug 2 utilises the PABC group to
separate the bulky anthracycline from the enzymatic cleavage site (Scheme 3.1).1%% 19 When
the PABC group was omitted such as in compound 3 (Figure 1.6), no release of the doxorubicin
payload was observed.!** Interestingly, cleavage was once again observed when the PABC
group was replaced by a glycine (4). This suggests that for enzymolysis to occur on substrates
with bulky payloads (e.g. DOX), a non-sterically demanding group is required adjacent to the

enzymatic cleavage site.

enzymatic
cleavage

J cathepsin B NHCONH,
(0]
NN
DOX\N)kO L o \_/
H ~ N
X7 “NH, + HO N NHebz
(0]
‘ NHCONH,

DOX‘N|-|2+ CO, +

\@ H,0 HO/\©\
—
NH NH

Scheme 3.1 Hydrolysis of DOX-PABC-Cit-Val-Cbz (2) by cathepsin B allows release of the doxorubicin amine
payload.!%*

2

The necessity of the PABC spacer in our vaccine conjugate system (Figure 1.8) has not been
explored. As the acid sensitivity of the carbamate linkage can be synthetically limiting (e.g. not
compatible with automated solid phase peptide synthesis), it could be advantageous to remove
the PABC unit entirely.'*-'47 This was probed by the synthesis of model compound 13 (Figure
3.1), which contains an Ala-Val dipeptide directly attached to a model payload, 4-butylaniline.
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As for ketones L- and D-12, alanine is used in place of citrulline for ease of synthesis. The Cbz
group at the N terminus of the dipeptide is well tolerated by cathepsin B.!%* 1% Once
synthesised, model compound 13 will be assessed for enzymatic cleavage in a cathepsin B

assay.!¥

model payload

Figure 3.1 Structure of model PABC-free compound 13.

3.1 Synthesis of Model Linker 13

The synthesis of model compound 13 began with the reaction of NHS activated alanine (28)'4?
with 4-butylaniline (Scheme 3.2). Purification of amide 29 by column chromatography using
PE/EtOAc was problematic due to solubility issues. The issue was easily solved when CH>Cl»
was used in place of PE, thus affording amide 29 in good yield. The coupling was evident by
an increase in molecular weight where the parent ion (465.2159 m/z) was consistent with
[29 + Na]'. The aromatic proton signals in the '"H NMR spectrum were downfield compared to
those of 4-butylaniline due to the attachment of the electron-withdrawing amide group (Figure
3.2). A one proton singlet at 5.30 ppm was attributed to the new amide proton resonance. Also
observed was the expected upfield shift of the alanine alpha proton signal from 4.79 to

4.34 ppm.

o]
NH, + N\O)H/NHFmoc - N)H/NHFmoc —
o H
28 29

o} 7

O~
& \n/\NHCbz
(0] ~
/V\@\ i NH —° . ¥ /V\@\ i N :
N 2 c N NHCbz
A A
0
30 13

Scheme 3.2 Synthesis of PABC-free model 13. Reagents and conditions: a) THF, rt, 2 days, 84%; b) 10%
piperidine in DMF, rt, 30 min, 89%; c¢) 31, THF, rt, 5 h, 68%.
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Figure 3.2 'H NMR spectrum of amide 29 in CDCl; at 500 MHz and 30 °C.

Fmoc deprotection of amide 29 with 10% piperidine in DMF then yielded amine 30 in an 89%
yield after silica column chromatography using CH3OH/CHCl; with triethylamine. The
formation of amine 30 was supported by the appearance of a more polar, ninhydrin positive
spot on TLC. The '"H NMR spectrum further corroborates this, with the loss of the Fmoc related
peaks and the upfield shift of the alanine a proton from 4.34 to 3.58 ppm (Figure 3.3).
Additionally, the decrease in mass to 221.1651 m/z by HR-MS (calcd for C13H21N>0, 221.1654)

further supports the loss of the Fmoc protecting group.
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Figure 3.3 'H NMR spectrum of 30 in CDCl3 at 500 MHz and 30 °C.

Reaction of amine 30 with NHS activated Cbz protected valine (31)!*° gave crude linker 13. As
with amide 29, column chromatography was unsuccessful with PE/EtOAc as solvents but
substituting CH>Cl for PE allowed compound 13 to be easily purified and obtained in a 68%
yield. The amide coupling was supported by the downfield shift of the alanine a proton signal
to 4.67 ppm in the 'H NMR spectrum of 13 (Figure 3.4). Additionally, the side chain methyl

resonances of the alanine and valine groups integrated for three and six protons respectively.
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The successful reaction was further corroborated by the large increase in mass to 476.2521 m/z

(calcd for C26H35N304Na, 476.2525).

8.45
42
41
32
08

7.07
93
92
53
51

H o
13
t
i I aH “‘ “‘ I ‘u‘
l I I i I i i L Bl
T A A T T T T T T e R
. 0.9 2.0 1.0 2.13.02.4 296.1

T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure 3.4 'H NMR spectrum of 13 in CDCl3 at 500 MHz and 30 °C.

3.2 Cathepsin B Assay of Model Linker 13

Model linker 13 was analysed for cleavage by cathepsin B in a biochemical assay.* Full
experimental details of the assay are provided in Section 6.1.1. Briefly: the substrate is
incubated overnight in an ammonium acetate/EDTA/dithiothreitol buffer solution with the
cathepsin B enzyme. Analysis by LC-MS and comparison to a control sample (incubated
without enzyme) shows level of enzymatic cleavage. In the case of compound 13, after 24 hours
at 37 °C all of the amide substrate had been cleaved into 4-butylaniline and Ala-Val-Cbz (Figure
3.5). This clearly suggests that in this system the carbamate functionality in the PABC

immolative spacer is not required for cleavage by cathepsin B.

t Kindly carried out by co-worker Dr Susanna Chan.'** DOI: 10.1021/acschembio.9b00902
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Figure 3.5 24 h time point LC-MS selected ion chromatograms for cathepsin B assay of 13. Top: incubated with
cathepsin B. Bottom: control, without cathepsin B. Internal standard is phytosphingosine.

3.3 Summary and Future Work

Model compound 13 was synthesised in three steps from NHS-activated amino acids in a 51%
overall yield. The reactions proceeded well, with the only difficulties arising from solubility
issues during purification. Incubation with cathepsin B in an enzymatic assay indicated that the
PABC-free model compound (13) could be cleaved by cathepsin B. This suggests that the
carbamate functionality in the PABC group is not needed in this context, therefore the next step
is to synthesise the PABC-free intermediate compound 32 followed by PABC-free conjugate
33 (Figure 3.6). These compounds will be synthesised sequentially, with the results of the
synthesis and enzymatic analysis of intermediate 32 determining whether or not conjugate 33
will be synthesised. If cathepsin B is capable of cleaving 33, this could result in the removal of

the PABC group from future conjugates.

HO OH /s

gﬁ L \"/\NHCbz

32
C25H510C0O™  "CqgHpg

HO oH ” J\/\/W
-
Kﬂ/ FFRK-AA-ST-NVFDFNNL-S

33 0
C25H510C0O™  "CqgHzg

Figure 3.6 Structures of PABC-free compounds 32 and 33.
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Chapter 4 Efforts Towards Altering

Biodistribution

For a drug molecule to have its desired effect a sufficient concentration of the active
pharmaceutical ingredient must reach its site of action. The efficiency of the delivery is
dependent on a multitude of factors (e.g. adsorption, distribution, elimination, metabolism,
excretion, and toxicity) that are collectively called the pharmacokinetics (PK) properties of the

drug. Both drug potency and PK properties determine the overall efficacy of the drug.

In drug development, one PK optimisation method is to investigate the relationship between
logP (solubility/biodistribution of the drug) and activity. This can be difficult to achieve for
small molecule drugs because any variation in the chemical structure to change the solubility
(and therefore biodistribution) would likely also change drug-receptor interactions. The
conjugate vaccines used in this research comprise of two components that require processing
before they can interact with their target receptors. The components are coupled together
through a linker that is assumed to not be involved in any receptor interactions. Therefore, we
hypothesise that we should be able to alter the in vivo biodistribution properties of these
conjugate compounds by varying the chemical composition of the linker, without disruption of

the receptor binding interactions.

A related observation is that the rate of in vitro biochemical cleavage of the vaccine constructs
by cathepsin B is often slower for vaccines that are less soluble in aqueous media (unpublished
work by Chan et al.). To probe the effect solubility and biodistribution have on cathepsin B
cleavage we chose to investigate increasing the hydrophilicity of the vaccine conjugates by the
installation of a discrete polyethylene glycol (PEG)? linker between the two active components.
Replacement of the 8-oxo-nonanoic acid linker gives target compounds 14 (n = 16) and 15
(n = 24) (Figure 4.1). This modification to the vaccine design is traceless with respect to the

active components and therefore shouldn’t affect the drug-receptor interactions. However, the

$ Note that the term polyethylene glycol or PEG is here used for any length of a repeating ethylene glycol sequence
or derivative thereof.
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increase in water solubility may increase the overall rate of processing by proteasomal enzymes

(such as cathepsin B), which will likely impact the vaccine’s activity.
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Figure 4.1 Structures of PEG based vaccines 14 and 15. Where peptide = FFRK-AAA-ST-NVFDFNNL-S.

4.1 LogP Analysis

Once target compounds are synthesised, their physical properties will be assessed before any
biological analysis. The main physical property we wish to measure is the partition coefficient,
known as logP. LogP is a measurable, although an imperfect proxy of hydrophilicity. It is
defined as a measure of a compound’s affinity for the aqueous phase over the organic phase
(usually n-octanol):

C,—
IOgP — 10g1o ( n 0ctan01>

Cwater

where Ciooctanol and Cwater are the concentration of the compound in n-octanol and water

respectively.

Historically, logP was measured by the shake-flask method, which required dissolving the
analyte in a volume of n-octanol and water, then shaking the vessel and measuring the
concentration of the analyte in each solvent.!>® 13! This method can be difficult for analytes
with very large or very small logP values, as their solubility in the aqueous or organic phases
respectively are so low that it is difficult to measure their concentrations accurately. Moreover,
this method is suboptimal when limited amounts of analyte are available, which would be the
situation in this case. Computational methods to predict logP values exist, but these can be
unwieldy for large compounds. We instead plan to approximate the logP values of our targets
through HPLC methods,!*?13* which in comparison to the original shake-flask methods, tend

to be much more time and material efficient. Some HPLC methods for determining logP involve
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measuring the change in analyte retention time across a range of concentrations of isocratic

153

eluents.’>” An alternative is to compare retention times using a gradient method with gradient

retention equations and indexes.!>

4.2 Discrete PEG Linkers

To help with the interpretation of any results we require discrete vaccine molecules, with
defined structures. However, PEG chains are usually produced by polymerisation, which gives
heterogenous samples with chains of varying lengths.!>> The polymerisation process can be
controlled to give PEG chains with low polydispersity, but polymerisation will not yield
monodisperse samples of a single chain length. In contrast, standard chemical methods can be
used to synthesise “discrete” PEGs, where the number of repeating ethylene glycol units is
highly defined. Discrete PEGs are commercially available, but as chain length increases their

cost becomes prohibitive, therefore we chose to synthesise our own discrete PEG-based linkers.

Of the many reported syntheses of discrete PEGs, most require chromatography at every step
to maintain high purity.!>-158 This can be challenging, often requiring extensive optimisation
of the chromatographic conditions.!>¥1%0 Although chromatography allows for the synthesis of
highly pure monodisperse chains, we followed the simple chromatography-free iterative
synthesis of Kinbara and coworkers.!®1-16® Their strategy depends on the stronger organic phase
affinity of mono-tosylated PEGs over that of PEG diols, which allows the diols to be selectively
removed by aqueous separation. The synthesis begins with mono-trityl protected tetraethylene
glycol, which is iteratively activated as the mono-tosylate before extension by reaction with
tetracthylene glycol diol (Scheme 4.1). Bis-tritylated side-products are generated in the first
tritylation step and in every chain extension step. However, they are converted to water soluble
diols in the final trityl-deprotection step, which allows them to be easily washed out during the

final aqueous workup.

trityl

H{O\/\];O tritylation t‘{o\/\l\o tosylation rt‘{o\/\]\OTs deprotection lo\/\l\OTs

n+4

T chain extension ‘

wO~Hon

Scheme 4.1 Iterative synthesis of discrete PEGs as described by Kinbara et al.!®?
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This approach allows us to obtain mono-tosylated discrete PEG chains that we envisaged could
easily be derivatised into bifunctional linkers for use in our conjugates. The standard linker
currently used in our conjugate vaccines is 8-oxo-nonanoic acid, which contains an acid
functionality at one end and a methyl ketone at the other. We wished to retain this pattern of
functionality to develop related analogues. In other words, we aimed to derivatise the discrete
PEG chains such that they have a carboxylic acid group at one end and a methyl ketone at the
other (Figure 4.2).

(0} (0]
O\/+ —
H{ OTs — >
m 'S HO discrete PEG

Figure 4.2 General structure of discrete PEG keto-acid linker targets.

4.3 Iterative Synthesis of Discrete PEG Chains

The synthesis of the discrete PEG linkers began with the synthesis of discrete mono-tosylated
PEGs HO-PEG16-OTs and HO-PEG24-OTs (Scheme 4.2).19%104 Water was removed from
tetraethylene glycol samples immediately before use by azeotropic co-evaporation with toluene,
but the hygroscopic nature of the PEG chains was not found to be a major issue. As the
intermediate compounds were not purified, no intermediate yields are reported here.

H{o\/tOH

HO-PEG,4-OH

la
Trt‘{o\/tOH Trt‘{o\/tOH Trt‘{o\/ﬁ;OH Trt‘{o\/%GOH Trt‘{o\/ﬁ;(]OH Trt‘{o\/téloH

TrO-PEG,OH TrtO-PEGg-OH TrtO-PEG,,;-OH  TrtO-PEG;5-OH TrtO-PEG,-OH TrtO-PEG,,-OH
jb / jb / lb / jb / lb / jc
Trt‘{o\/tOTs Trt‘{o\/ﬁOTs Trt‘{o\/ﬁ:ZOTs Trt‘{o\/ﬁ:GOTs Trt‘{o\/ig)Ts Trt‘{o\/tl‘OTs

TrtO-PEG,-OTs TrtO-PEG3-OTs TrtO-PEG;,-OTs TrtO-PEG-OTs TrtO-PEG,)-OTs TrtO-PEG,,-OTs

H {O\l/dtms H {O\j/dtms

HO-PEG,5-OTs HO-PEG,,-OTs

Scheme 4.2 Iterative synthesis towards HO-PEG16-OTs and HO-PEG24-OTs. Reagents and conditions: a) TrtCl,
Et;N, rt, 3 h; b) NaOH, THF, H20, 0 °C, 30 min, then TsCl, 0 °C, 6.5 h; ¢) NaH, tetracthylene glycol, THF, 0 °C,
then tosylate, THF, 75 °C, 5 h; d) pTsOH, CH;OH, rt, o/n.
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pA

The synthesis began with the reaction of TrtCl with a seven-fold excess tetraethylene glycol
and Et;N to give TrtO-PEG4-OH as a pale-yellow oil. A slight over integration of the aromatic
region in the "H NMR spectrum of TrtO-PEG4-OH can be explained by the presence of the
expected side-product TrtO-PEG4-OTrt (Figure 4.3). HPLC analysis of the crude material
supported the presence of ~14% bis-tritylated material (Figure 4.4). As mentioned earlier, this
unreactive side-product was not removed until the final de-tritylation step. All compounds
produced during this iterative synthesis were used crude, so the stoichiometry for all subsequent

reactions were based on the initial limiting trityl chloride reagent.
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Figure 4.3 'H NMR spectrum of TrtO-PEG4-OH in CDCl3 at 500 MHz and 30 °C. Some residual EtOAc is
present.
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Figure 4.4 TIC (top) and CAD (bottom) chromatograms of crude TrtO-PEG4-OH indicating presence of bis-
tritylated TrtO-PEG4-OTrt. Using HPLC Condition D (see section 6.1.2).

38



Tosylation of crude alcohol TrtO-PEG4-OH was carried out with base in aqueous THF at 0 °C.
After consumption of the starting material was confirmed by TLC, the mixture was warmed to
room temperature to ensure hydrolysis of excess TsCl. After aqueous workup,
TrtO-PEG4-OTs was obtained as a yellow gum containing ~9% by HPLC-CAD of
TrtO-PEG4-OTrt. Analysis of the 'H NMR spectrum of TrtO-PEG4-OTs showed the
emergence of the expected tosylate related peaks and the downfield shift of the methylene
protons closest to the tosylate group from ~3.7 to 4.13 ppm (Figure 4.5).
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Figure 4.5 '"H NMR spectrum of TrtO-PEG4-OTs in CDCls at 500 MHz and 30 °C. Some residual THF is present.

Chain extension was achieved by refluxing TrtO-PEG4-OTs in THF with sodium hydride and
excess tetraethylene glycol. TrtO-PEGs-OH was obtained as a brown oil with some bis-
tritylated TrtO-PEG4-OTrt and TrtO-PEG:-OTrt (Figure 4.6). The longer chain
TrtO-PEG2-OTrt is formed by reaction of tetracthylene glycol with two equivalents of
TrtO-PEG4-OTs. Dropwise addition of the tosylate can reduce the formation of this side-
product. Care must be taken at this step to ensure complete conversion of the tosylate starting
material into the longer alcohol, otherwise side-products with 4 fewer ethylene glycol units will
be generated in the next coupling step which would be difficult to remove.!'%> Analysis of the
NMR data of TrtO-PEGs-OH showed the expected loss of the tosylate signals, and an increase
in the relative integration of the methylene signals in comparison to the tosylate starting material

(Figure 4.7).
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Figure 4.6 TIC (top) and CAD (bottom) chromatograms of crude TrtO-PEGs-OH indicating presence of bis-
tritylated TrtO-PEG4-OTrt and TrtO-PEGs-OTrt side-products.
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Figure 4.7 '"H NMR spectrum of TrtO-PEGs-OH in CDCI3 at 500 MHz and 30 °C. Some residual THF is present.

With TrtO-PEGs-OH in hand, the tosylation and chain extension steps were repeated until
TrtO-PEG6-OTs was obtained. Data for these steps are reported in the experimental section
of this thesis. The data obtained of intermediate compounds were as expected and matched

literature when the bis-tritylated impurities were taken into account.!®?

Trityl deprotection of TrtO-PEG16-OTs using TsOH in CH3;OH yielded HO-PEG16-OTs,
which was separated from the diol contaminants by organic extraction. HO-PEG16-OTs was
obtained in a 16% yield over nine steps. LC-MS analysis of the crude white solid indicated the
presence of some of the shorter chain tosylate HO-PEG12-OTs (Figure 4.8). Unfortunately, the
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retention times of the two compounds were too similar to quantify the impurity by HPLC, which

likely originated from an incomplete coupling during one of the chain extension steps.
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Figure 4.8 TIC (top) and CAD (bottom) chromatograms of crude HO-PEG16-OTs indicating the presence of HO-
PEG12-OTs.

The '"H NMR spectrum of HO-PEG16-OTs is shown in Figure 4.10A. The lack of any other
chemically distinct signals suggests that HO-PEG12-OTs is the only impurity present in this
sample. Given the extremely similar chemical and physical properties of the two compounds,
no attempts were made to separate them. However, if this synthesis were to be repeated, more
care would be taken to ensure complete coupling during the chain extension steps. This would

be achieved by closer analysis of the TLC and LC-MS data of the reaction mixtures.

In a similar fashion, TrtO-PEG16-OTs was taken forward through further chain extension and
tosylation steps until TrtO-PEG24-OTs was obtained. Analytical data of crude intermediate
compounds were as expected. Detritylation of TrtO-PEG24-OTs using the same method as
above gave HO-PEG24-OTs with an overall yield of 13% over 13 steps. Analysis of the LC-
MS chromatogram of HO-PEG24-OTs shows the presence of two shorter chain mono-tosylates
(Figure 4.9). Once again, the relative amount of these impurities was difficult to determine. The
"H NMR spectrum of HO-PEG24-OTs is shown in Figure 4.10B. As for HO-PEG16-OTs, the
lack of any signals chemically distinct from the target material suggests that the only impurities

are the aforementioned shorter chain tosylates.
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Figure 4.9 TIC (top) and CAD (bottom) chromatograms of crude HO-PEG24-OTs indicating presence of
HO-PEGi16-OTs and HO-PEG24-OTs. Later eluting peaks were present in blank run also and are not related to

the sample.
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Figure 4.10 'H NMR spectra of HO-PEG16-OTs (A) and HO-PEG24-OTs (B) in CDCl3 at 500 MHz and 30 °C.
Some residual EtOAc is present. Assignments are the same for both spectra.
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4.4 HPLC Analysis of Intermediates

Once the discrete PEG chains have been derivatised and the linkers incorporated into vaccine
conjugates, their lipophilicity (logP) would be determined via HPLC methods. However, when
some of the above intermediates were routinely analysed by RP-HPLC, an interesting trend was
observed. In Figure 4.11, it can be clearly seen that the retention time of mono-tritylated
compounds (TrtO-PEG,-OH) increases with increasing chain length. This relationship is the

opposite of what was originally anticipated.

For small drug molecules, an increase in retention time on RP-HPLC generally correlates to an
increase in logP, i.e. a decrease in hydrophilicity.!>? This would suggest that the PEG chains
are increasing in hydrophobicity as they get longer, an unlikely result. A more likely
explanation is that the increased number of ethylene groups increase the interactions between
the analyte and the solid phase. This unfortunately indicates that HPLC methods may not be

the optimal way to investigate the logP values of these PEG based compounds.

Figure 4.11 Sections of overlaid LC-CAD chromatograms of crude TrtO-PEG»-OH compounds. Using HPLC
Condition D (see section 6.1.2).

4.5 Derivatisations of Discrete PEG Linkers

We next endeavoured to derivatise the mono-tosylate PEGs HO-PEG6-OTs and

79, 80
9

HO-PEG24-OTs. As previously mentioned, for consistency with our previous work we

sought linkers with a terminal carboxylic acid and a methyl ketone at the other end for
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conjugation and coupling purposes. Due to the limited quantities of the previously synthesised
mono-tosylate PEG intermediates, tetracthylene glycol mono-tosylate (34) was used as a model

discrete PEG throughout this work.

4.5.1 Corey-Seebach Reaction to Install Protected Ketone

The first proposed derivatisation strategy utilises a key Corey-Seebach umpolung reaction to
install the ketone moiety protected as a dithiane (Scheme 4.3).16416 Deprotection, followed by
installation of the acid group should allow the desired bifunctional PEG linker (35) to be

obtained.

H[O\/\]ZOH

jc

SH SH L L d S8
36 37 38 K)
tBuO
Br 0
Lo 0 ko
o} o)
39 35

Scheme 4.3 Synthesis of dithiane 38 with deprotection to ketone 35. Reagents and conditions: a) BF3.Et0,
CH2Cl,, 0 °C, 1.5 h, 92%; b) BuLi, THF, 0 °C, 5 min; ¢) TsCl, NaOH, 1:1 HoO/THF, 0 °C, 25 min, 73%; d) 34,
0 °Ctort, 1.5 h, 63%; e) Mel, CaCOs, MeCN, H20, 50 °C, 5.5 h, <2%.

As mentioned earlier, mono-tosylate 34 was used as a model discrete PEG throughout this
synthesis. Tetraethylene glycol was converted into 34 by reaction with 4-toluenesulfonyl

chloride and NaOH in a mixture of water and THF.!7 After silica column chromatography the

tosylate was isolated as a colourless oil in a 73% yield.

Dithiane 36 was prepared in a 92% yield from 1,3-propane-dithiol and acetaldehyde.'®* 8 Care
had to be taken to minimise the unpleasant onion-like odour of the dithiol starting material. This
was achieved through the use of a bleach bath inside the fume hood and frequent glove changes.
The odour of dithiane 36 was less pungent, but still required careful manipulation and storage.
The '"H NMR spectrum of crude 36 matches literature well, with the distinctive dithioacetal H-

2 resonance at 4.12 ppm (Figure 4.12).164 169
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Figure 4.12 'H NMR spectrum of dithiane 36 in CDCIl3 at 500 MHz and 30 °C. Insert shows detail of complex
multiplets. Peaks have been tentatively assigned as axial or equatorial based on Jun coupling constants.

Lithiated dithiane 37 was formed in situ by reaction of dithiane 36 with 1.2 equivalents
butyllithium at 0 °C for 5 minutes before the dropwise introduction of tosylate 34 and warming
to room temperature allowed the formation of protected ketone 38 (63% yield). Analysis of the
"H NMR spectrum of 38 clearly indicates the loss of the tosylate signals and the H-2 signal at
4.12 ppm (Figure 4.13). The successful reaction was further corroborated by the large upfield
shift of the H-a resonance (4.17 to 2.27 ppm), and its strong 3-bond HMBC coupling to the

methyl carbon.
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Figure 4.13 ! H NMR spectrum of protected ketone 38 in CDCl3 at 500 MHz and 30 °C.

With protected ketone 38 in hand, attention turned to the removal of the dithiane protecting
group. Dithianes are a commonly used and easily installed protecting group.!’-1”2 However,
the wide range of deprotection strategies and the substantial amount of optimisation reported in
the literature suggests that removal of the protecting group is frequently problematic.!”3-178 We

trialled multiple methods for the deprotection of dithiane 38. Oxidants (2,2,6,6-
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tetramethylpiperidin-1-yl)oxyl (TEMPO) and (diacetoxyiodo)benzene 73 179181 or the related
oxidant [bis(trifluoroacetoxy)iodo]benzene!”® 17° led only to decomposition of the dithiane
starting material. Dess-Martin periodinane (DMP) has been reported to successfully remove
thioacetals in the presence of primary alcohols.!¥>!8* However in our hands using DMP only
yielded very small amounts of impure target ketone 39 (<2% yield). Deprotection with methyl

iodide gave a similar result.'8>-1%

The 'H NMR spectrum of the purified ketone 39 formed by reaction with Mel is shown in
Figure 4.14. The strong downfield shifts of the methyl signal (1.61 to 2.18 ppm) and H-a (2.27
to 2.71 ppm) is indicative of successful deprotection. The HR-MS data further corroborated
this, with the observed ion at 243.1211 m/z consistent with the calculated value for [M + Na]"

of 243.1208 m/z. However, ultimately only 0.6 mg of the ketone was obtained (2% yield).
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Figure 4.14 'H NMR spectrum of ketone 39 in CDCl3 at 500 MHz and 30 °C. Inset shows detail of the complex
multiplets.

Given the large number of dithiane deprotection strategies available in the literature and that
our probed deprotection strategies gave complex mixtures or very low yields of the desired

ketone we chose to shift away from this dithiane approach.

4.5.2 Converting the Hydroxyl Terminus to an Acid

Our next approach to derivatising the discrete PEG tosylates in shown in Scheme 4.4, where
the free hydroxyl group is manipulated before the displacement of the tosyl group with ethylene
glycol, eventually leading to discrete PEG linker 35.
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Scheme 4.4 Proposed derivatisation of model discrete PEG linker 34. Dashed arrows indicate reactions not
conducted. Reagents and Conditions: a) fert-butyl bromoacetate, NaH, THF, 0 °C, 1 h, 22%.

The reaction of alcohol 34 with fert-butyl bromoacetate gave a pale-yellow oil. When the crude
material was analysed by LC-MS and NMR, only a small amount of protected acid 40 was
detected, instead the major products were longer chain analogues 41 and 42 (Scheme 4.5). This
suggests that the alkoxide formed during this reaction has the propensity to react with itself, or
other tosylated compounds in Williamson ether type reactions. This gives side-products with

the same functionality as the target material but four or eight tetraethylene glycol units longer.
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_ >

NaH

(0]
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Scheme 4.5 Formation of side-products 41 and 42 during the reaction of alcohol 34 with fert-butyl bromoacetate.

When the reaction was conducted at a lower concentration (0.05 mol L' instead 0f 0.11 mol L")
the ratio of target material (40) to side-products increased substantially. Purification via silica
column chromatography was partially successful, giving impure target material 40 in a 22%

yield, containing approximately 10% of side-products 41 and 42 (Figure 4.15).
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Figure 4.15 '"H NMR spectrum of impure 40 after silica column chromatography with insert showing presence of
side-products 41 and 42. Spectrum recorded in CDCIs at 500 MHz and 30 °C.

While target material 40 could be partially purified from the longer chain side-products by silica
column chromatography, it is unlikely that this would be possible for the longer PEG chain
analogues (n = 16 and 24), thus this approach was deemed unsuitable for the derivatisation of

the discrete PEG linkers.

4.5.3 Acylation to Install Ketone Moiety

An alternative strategy displaces the tosylate group on 34 with an azide (Scheme 4.6). This
allows the addition of an acid functional group onto 43 to give 44. Reduction of the azide to
amine 45 allows coupling to short ketone contained acid (46) to give ketone 47. Deprotection
would give the keto-acid PEG based linker 48. This linker is not comprised of only ethylene
glycol repeat units, but we anticipate that this will still allow us to investigate the biodistribution

of our conjugate vaccines.

0
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4H 4H
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o O
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e} 46
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44 43 34

Scheme 4.6 Retrosynthetic analysis of the synthesis of keto-acid linker 48.
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Synthesis towards PEG linker 48

The synthesis towards 48 began with the reaction of tosylate 34 with sodium azide (Scheme
4.7).163- 1 The reaction went smoothly and gave azide 43 in a high yield. It should be noted
that the aqueous workup required to remove reaction by-products could be problematic when
working with the longer chain discrete PEGs. The NMR data of 43 matches that previously

reported in the literature.!6?

o) o)
H{O\/tOTs LI H{O\/];N3 L tBuo)l\/fo\/tNg ELEN tBuOJ\/{O\/\]\NHZ
4

34 43 44 45
(0] o O (0] o O
e o AN s o Oy
o o 4H 4H

HO 3

46

Scheme 4.7 Second proposed synthetic route towards keto-acid functionalised PEG linkers. Synthesis of amine
45 followed by attempted acylation with levulinic acid to furnish amide 48. Dashed arrows indicate reactions not
conducted. Reagents and conditions: a) NaN3, DMF, 70 °C, 1.5 h, 94%; b) NaH, THF, 0 °C, 30 min, then /Bu-
bromo acetate, -78 °C to rt, 2.5 h, 89%; ¢) PPhs, H20, THF, rt, 28 h, 45%.

Subsequent conversion of alcohol 43 into ester 44 by reaction with zert-butyl bromo acetate at
0 °C"*19 was accompanied by the formation of a substantial amount of a side-product of a
higher molecular weight than the target material. Through NMR and MS analysis, the side
product was given the proposed structure 49 and proposed to have formed by over reaction of
the starting material 43 with the product 44 (Figure 4.16)." The '"H NMR spectrum of the side-
product does not contain a tert-butyl methyl signal and the -CH>-N3 signal has twice the

integration relative to the methylene alpha to the carbonyl group. Also indicative of n-alkyl

ester formation is the appearance of the COO-CH: peak at 4.31 ppm.
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Figure 4.16 'H NMR spectra of side-product 49 and target ester 44 in CDCl3 at 500 MHz and 30 °C.

The LC-MS data of a crude reaction sample is shown in Figure 4.17. Compound 49 elutes a

little faster than the ester target material (44) and has a much larger mass.
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Figure 4.17 TIC (top) and CAD (bottom) HPLC chromatograms of crude 44 indicating substantial presence of
compound 49. Using HPLC Condition D (see section 6.1.2).

A search of similar reactions in the literature suggests that some researchers have encountered
related side-products formed through the removal of a fert-butyl ester.!”® Paul et al.'’ report
the deprotection of tert-butyl esters under similar conditions, where they suggest that the
reaction of NaH with DMF produces the highly basic dimethylamide anion. Whereas, Filali et
al.!® propose that NaH instead reacts with trace amounts of H,O, giving very nucleophilic
anhydrous hydroxide. Whichever the prevailing mechanism, the result is that the usually stable

tert-butyl ester is removed, allowing transesterification to form compound 49.
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After some optimisation, the formation of 49 was minimised by simply lowering the initial
temperature of the reaction from 0 °C to -78 °C. The reaction was then allowed to warm to
room temperature over 3.5 h to give target ester 44 in an 89% crude yield, without any

noticeable formation of compound 49.

Two methods were then probed for the conversion of azide 44 to amine 45. Palladium catalysed

hydrogenolysis!%%: 200

of azide 44 was successful in forming amine 45 but suffered from the
formation of side-products, postulated to be the corresponding ethyl ester or ethyl amine
derivatives of the target amine. These side-products were not investigated further as concurrent

efforts towards at the Staudinger reduction of azide 44 looked more favourable.

Initial attempts at a Staudinger reduction'®? 201-205

used dilute HCI and toluene during the
aqueous workup to separate the target amine (45) from PPh; and PPh3O. However, as evidenced

by LCMS (Figure 4.18), some hydrolysis of the tert-butyl ester (50) was observed.
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Figure 4.18 LCMS chromatogram of crude amine 45 indicating presence of hydrolysed acid 50. Using LC-MS
Conditions D (see section 6.1.2).

A second attempt at Staudinger reduction of azide 44 was diluted into only water and then
extracted with toluene to remove the triphenylphosphine oxide by-product. This prevented the
hydrolysis of the fert-butyl ester. However, a substantial amount of the target amine (45) was
also lost during this procedure, giving only a moderate yield (45%). Analysis of the 'H NMR
spectrum of amine 45 showed the expected upfield shift of the two methylene groups closest to

the nitrogen as well as a new signal for the amino group

With amine 45 in hand attention turned the attachment of a keto-acid. Due to the difficulties
encountered so far in the functionalisation of the model PEG tetraecthylene glycol, we

anticipated that the limited quantities of the discrete PEG chains synthesised earlier in this work
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might render them unsuitable for use in this process. We therefore chose to purchase
commercially available discrete PEG chains that are prefunctionalised with amino and
carboxylic acid termini. The amino functionality on these PEGs could then be reacted directly
with a short ketone containing acid to generate our desired PEG keto-acid linkers. The small
keto-acid compound would have to be pre-activated for reaction with the commercial PEG as
in situ activation could led to polymerisation of the PEG chain. We therefore then turned our

attention to the activation of short chain keto-acids.

Levulinic Acid

The literature contains many reports of the reaction of 4-oxo-pentanoic acid (levulinic acid)
with oxalyl chloride and DMF?%-2%8 or thionyl chloride??®-2!? to give levulinoyl chloride (51)
(Scheme 4.8). In our hands, activation with oxalyl chloride and catalytic DMF appeared to work
as expected (gas evolution upon addition of DMF) until the 'H and '*C NMR spectra of the
product were collected (Figure 4.19). Analysis of the 'TH NMR spectrum indicates five distinct
proton environments, inconsistent with the proposed structure of 51. The '3C NMR spectrum is
also unusual, with only one carbonyl peak (174.5 ppm) and an unusual quaternary carbon
resonance at 104.2 ppm. Further evaluation of the literature found reports of the spontaneous
cyclisation of keto-acid chlorides such as 51 to form chlorolactones such as y-chloro-y-
valerolactone (52).213-2!> This clearly explains the anomalous NMR data, with the four
multiplets in the 'TH NMR spectrum arising from the two cyclic methylenes and the '*C NMR
resonance at 104.2 ppm resulting from the quaternary chlorolactone carbon. Interestingly, the
NMR spectra of 52 nonetheless matches well with that reported in the literature for linear acid

chloride 51.20¢
0
tBuOMO\/\tNHZ
45

(0] 0} (0] E (o] O O
a
HO)K/\[( — CI)K/\[( — o b tBquo\/TLN)LM’U\
0 o a7 M2
51 cl
52
Scheme 4.8 Formation of chlorolactone 52. Reagents and conditions: a) oxalyl chloride, DMF, CH2Cl, rt, 3 h,

69%:; b) 45, Et:N, CH2Cla, 0 °C to rt, o/n, not isolated.
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Figure 4.19 '"H NMR (top) and *C NMR (bottom) spectra of 52 in CDCl3 at 500 MHz and 30 °C, suggesting five
distinct proton environments, only one carbonyl resonance (174.5 ppm) and the quaternary carbon (C-4) resonance
at 104.2 ppm. Some residual DMF is present in both spectra.

Given the apparent success in the literature of the reaction of activated species 51/52 with
nucleophiles (regardless of its linear/cyclised form), we chose to continue with the synthesis

using chlorolactone 52. The chlorolactone was moderately unstable — decomposing when stored

neat or in solution at -20 °C overnight — so it was used without further purification.

The activated acid was reacted directly with model PEG-amine 45 in CH>Cl> at room
temperature overnight. Trituration from THF to remove EtsNHCI and column chromatography
gave amide 47, as evidenced by '"H NMR and HR-MS: the 'H NMR signal of the methylene
protons next to the amine nitrogen shifted downfield from 2.87 to 3.40 ppm, and the HR-MS
of the columned material was observed to be 428.2260 m/z, consistent with the calculated value
for [M + Na]® of 428.2260 m/z. However, the material was still contaminated with
unidentifiable impurities. A direct coupling of levulinic acid to amine 45 using DCC gave
similar results.?!6-2!% Although we felt that these reactions could be improved, amides of
levulinic acid have been reported to undergo unwanted intramolecular cyclisation (Scheme

4.9).21 This issue is reported to be especially evident during oxime ligations and the reaction
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yields can suffer drastically as little ketone is available for conjugation. Therefore, we chose to

s op

N.
R

stop using levulinic acid in this work.

e

0]

Scheme 4.9 Mechanism proposed by Agten et al. for the formation of unwanted cyclic species from levulinic
amides.?"”

4.6 Summary and Future Work

In this section we have discussed our efforts towards the synthesis of conjugate vaccines with
increased hydrophilicity. This work began with the iterative synthesis of discrete PEG chains.
This was successful and yielded good amounts of HO-PEG1s-OTs and HO-PEG24-OTs
(~500 mg of each). These intermediates were of sufficient purity to be used in further

preliminary work.

Functionalisation of the discrete PEG chains was investigated using model discrete PEG mono-
tosylate tetracthylene glycol. Initial attempts at derivatisation were through the instalment of
the ketone moiety protected as the dithiane (Scheme 4.3). This approach worked well until the

dithiane deprotection step, where none of the probed methods were successful.

In an alternative route, the mono-tosylate of tetraethylene glycol was converted into C-protected
amino acid 47 through the displacement of the tosylate with azide and subsequent reduction to
the amine, followed by introduction of a protected acetic acid moiety (Scheme 4.7). Levulinic
and pyruvic acids were then investigated as potential small molecule ketone donors. The
activation of these short carboxylic acids was overall unsuccessful. Therefore, the derivatisation

of discrete PEG chains to obtain the desired keto-acid functionalities was not achieved.

With attempts at forming a discrete keto-acid PEG linker unsuccessful, focus will now shift to
the formation of alternative discrete PEG linkers for use in other ligation strategies. For
example, the use of thiol-maleimide click chemistry to attach the functionalised PEG linker to
a thiol containing peptides. This would require the synthesis of a maleimido-acid discrete PEG

linker, which we envisage could be synthesised as shown in Scheme 4.10.
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Scheme 4.10 Proposed synthetic strategy towards maleimide//thiol click chemistry-based conjugates. Where X is
an activating group.

Discrete C-protected amino acid PEG component 45 could be synthesised via the iterative
processes and subsequent derivatisation procedures previously described herein. The amino
terminus of 45 could be functionalised with a maleimide moiety to give protected acid 53. The
linker could then be functionalised at the carboxylic acid terminus with the pro-adjuvant
component to give a pro-drug with the general structure 54. The maleimido construct could
then be “clicked” together with a thiol functionalised peptide antigen, which would be obtained

via the addition of a thiol containing species (such as cysteine) to the end of the peptide chain.
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Chapter 5 Concluding Remarks

In vivo processing of current lead vaccine CI258 releases the malaria peptide antigen and active
adjuvant a-GalCer (1). The aim of this thesis was to probe the relationship between the chemical
structure of the vaccine and the rate at which the construct is cleaved. The overarching goal of
this project is to understand how the rate of release of the immunological components from
CI258 affects its activity. The synthesis of L-12, D-12 and 13 alongside work towards the
synthesis of 14 and 15 furthered our knowledge in this field (Figure 5.1).
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Figure 5.1 Structures of synthesised targets L- and D-12 and 13 and unobtained targets 14 and 15. Where peptide
= FFRK-AAA-ST-NVFDFNNL-S.

5.1 Investigating the Effect of Stereochemistry at P1

The synthesis of L- and D-12 followed a modified method!#? of the standard synthesis of
PABA-dipeptide linkers.!%* 19 This aimed to reduce the potential for epimerisation at the P1
stereocenter (alanine). HPLC analysis of earlier intermediates was inconclusive in determining
the level of epimerisation taking place during the synthesis. Future work to determine the level

of epimerisation using this method will likely include more detailed HPLC analysis. Targets
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L- and D-12 were contaminated with a known by-product of an earlier reaction. In continuing
with this work, the intermediates (L- and D-12) will be conjugated to various peptides before
purification. Both the ketone intermediates and the resulting conjugates will be tested in
cathepsin B assays to determine whether the D-Ala linker has an effect on the rate of enzymatic

cleavage.

5.2 Removing the Immolative Linker

Immolative spacers such as PABC enhance the cleavage of conjugate systems by distancing the
site of enzymatic cleavage from bulky payloads. The necessity of the PABC group in our
vaccine conjugate system was explored by the synthesis of model compound 13, which contains
an Ala-Val linker directly attached to a model payload, 4-butylaniline. 13 was synthesised in
three steps from NHS-activated amino acids in a 51% overall yield. Incubation of 13 with
cathepsin B was successful in allowing the release of the model payload. This supports the
hypothesis that the PABC group is not a requirement for cathepsin B cleavage. These results
encourage the synthesis of a PABC-free analogue of CI258, thus removing the acid sensitive
carbamate linkage, which could allow the development of conjugates able to be fully

synthesised by solid phase peptide synthesis.

5.3 Efforts Towards Altering Biodistribution

Biodistribution is an important factor in determining the efficacy of a drug, influencing where
and how a drug is processed. The biodistribution of conjugate vaccines such as CI258 could be
altered by using linkers with different physical properties. Altering the linker component would
allow the biodistribution to be changed without affecting the receptor interactions of the active
components. Our efforts towards the synthesis of hydrophilic vaccines 14 and 15 began with
the iterative synthesis of discrete PEG compounds HO-PEG16-OTs and HO-PEG24-OTs. This
process was successful and allowed the easy formation of long and reasonably pure discrete
PEGs. Attempts to derivatise these chains into functional linkers were largely unsuccessful.
Installation of the desired ketone moiety protected as a dithiane was hampered by difficulties
in the subsequent removal of the protecting group. Introduction of the ketone through coupling

of short keto-acids to an amine functionalised PEG chain also proved problematic.
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Future focus in this project will shift to the formation of other discrete PEG linkers for use in
alternative ligation strategies. For example, the use of thiol-maleimide click chemistry to attach
the functionalised PEG linker to a thiol decorated peptide chain. Synthesis of the maleimido
discrete PEG could be achieved through reaction of an amine functionalised PEG with an

electrophilic maleimide source.
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Chapter 6 Experimental

6.1 General Experimental

Anhydrous solvents were purchased commercially and used as received. Reagents were
purchased from Sigma-Aldrich, Scharlau, or AK Scientific and, unless otherwise stated, used
as received. Discrete PEGs were purchased from PurePEG. Moisture- and oxygen-sensitive
liquids and solutions were transferred using stainless steel cannula or syringe and needle. Thin
layer chromatography was performed on aluminum backed silica gel plates (Sigma-Aldrich).
Normal phase silica gel column chromatography was either conducted manually using silica
gel (60 A) or on an X2 automated system using Silicycle Inc. SiliaSep™ silica cartridges and
the specified eluents. NMR spectra were recorded on a Bruker AVANCE III 500 MHz NMR
with 5 mm broad-banded SmartProbe at 30 °C unless otherwise specified. Chemical shifts are
referenced to the residual solvent peaks, in CDCI3 to 7.26 ppm for 'H NMR and 77.16 ppm for
BC NMR; in CD30D and CD3OD/CDCl3 mixtures to 3.31 ppm for 'H NMR and 49.00 for 13C
NMR. '"H NMR shifts are reported to the nearest 0.01 ppm and coupling constants to the nearest
0.1 Hz. '"H NMR data are reported using the following convention: 'H NMR (frequency,
solvent) 6/ppm: chemical shift (multiplicity, number of protons, coupling constant (Hz),
assignment). '3C NMR shifts are reported to the nearest 0.1 ppm, except where necessary to
differentiate between similar resonances, when they are reported to two decimal places. 3C
NMR data are reported as: chemical shift (assignment). 2-D correlation spectra (COSY, HSQC,
and HMBC) were used in the assignment of peaks in the 'H and '3C spectra. High resolution
mass spectrometry (HR-MS) measurements were conducted on a Waters Xevo G2-XS Q-TOF
Tandem Mass Spectrometer (ESI) in either positive or negative ion mode as indicated.
Compounds are given indicative names and atom numbers in this experimental to allow for
ease of data assignment. These are not intended to be [IUPAC systematic names or numbering

systems.
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6.1.1 Cathepsin B Assay Conditions

Cathepsin B Assay conditions were conducted as follows. A stock solution of internal standard
phytosphingosine (190 uM) in DMSO was pre-mixed with ammonium acetate buffer (50 mM,
pH 5.3) containing EDTA (2.5 mM) and dithiothreitol (2.5 mM) to a final phytosphingosine
concentration of 6.3 pM. The substrate conjugate (190 uM in DMSO) was added to the pre-
mixed buffer solution to give a final substrate concentration of 12.7 pM. Cathepsin B from
human liver (Sigma) dissolved in ammonium acetate buffer (50 mM, pH 5.3, EDTA (2.5 mM),
dithiothreitol (2.5 mM)) was added to the reaction mixture to give a final cathepsin B
concentration of 2.9 units/mL. For the control reaction (without enzyme) the same volume of
buffer was added. The reaction mixtures were then incubated at 37 °C. An aliquot of 10 pL was

taken from the reactions at the 24 time point and analysed by LCMS.

6.1.2 Liquid Chromatography Conditions

Liquid chromatography data were collected under four different conditions on four different

Instruments:

Condition A

Agilent 1260 and 1290 Infinity Il HPLC modules coupled to an Agilent LC/MSD - electrospray
ionisation (ESI) single quadrupole and an Agilent 1290 Infinity II evaporative light scattering
detector. Using a Poroshell C18 5 cm column. Solvents, A: water + 0.1% formic acid and B:
methanol. Gradient (%B): TO = 50%, T20 = 57%, T22 = 100%, T23 = 50%, T26 = 50%. T =
40 °C. Flow rate = 0.5 mL/min.

Condition B

Instrument as for condition A. Using a Poroshell EC-C18, 2.7 um, 4.6 x 100 mm column.
Solvents, A: water + 0.1% formic acid and B: methanol. After the specified gradient all runs
increase to 100% methanol over 1 min, then decreased to the starting %B over 1 minute before

a two-minute hold at the same %B. T =40 °C. Flow rate = 1.0 mL/min.

Condition C
Agilent 1260 Infinity II coupled to an Agilent XT single quadrupole mass spectroscopic
detector using ESI. Using a Phenomenex Kinetex 2.6 um C18 100 A LC 50 x 3 mm column.
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Solvents, A: water + 0.05% TFA and B: methanol + 0.05% TFA. Gradient (%B): TO = 50%,
T5=100%, T13 =100%, T17 = 50%. T =40 °C. Flow rate = 0.5 mL/min.

Condition D

Agilent 1260 coupled to a Dionex Corona Ultra RS charged aerosol detector (CAD) and an
Agilent 6130 single quadrupole mass spectroscopic detector using ESI. Using a Phenomenex
Kinetex 2.6 um C18 100 A LC 50 x 3 mm column. Solvents, A: water + 0.05% TFA and B:
methanol. Gradient (%B): TO = 5%, T5 = 100%, T8 = 100%, T11 = 5%. T =40 °C. Flow rate
= 0.5 mL/min.

Condition E

Waters Xevo G2-XS Q-Tof mass spectrometer fitted with a Waters H-Class UPLC. Acquity
UPLC BEH C18 column 1.7p 50 x 2.1 mm. Solvents, A: water and B: 0.1% formic acid in
acetonitrile. Gradient (%B): TO = 5%, T9 = 95%. T = 40 °C. Flow rate = 0.5 mL/min. This

condition/instrument was used for all HR-MS analyses.

61



6.2 Synthetic Protocols
6.2.1 Synthesis of Ketone L-12

PABA-L-Ala-Fmoc (L-18)
1 3
HO N 40
5 N )Gkvr NHFmoc
H
8

PABA (1.162 g, 9.435 mmol) and EEDQ (3.27 g, 13.1 mmol) were added to a solution of
Fmoc-L-Ala-COOH (1.99 g, 6.39 mmol) in anhydrous CH>Cl,/CH30H (100 mL/10 mL) at rt
under Ar. The reaction was stirred for 4.5 h in the dark before concentration to yield a crude
brown oil. Repeated precipitations from Et:O and CH;OH+CH>Clo/Et;O gave PABA-L-Ala-
Fmoc (L-18, 1.56 g, 3.74 mmol, 58%) as an off-white solid. R¢ (70% EtOAc in PE + AcOH)
0.55. '"H NMR (500 MHz, 1:1 CDCl3:CDsOD) & 7.73 (d, J = 7.6 Hz, 2H, Fmoc), 7.60 (t, J =
7.1 Hz, 2H, Fmoc), 7.49 (d, J= 8.1 Hz, 2H, PABA), 7.35 (t, /= 7.5 Hz, 2H, Fmoc), 7.28 (d, J
= 8.3 Hz, 4H, Fmoc and PABA), 4.55 (s, 2H, H-1), 4.38 (d, J = 6.8 Hz, 2H, Fmoc), 4.29 (q, J
= 7.0 Hz, 1H, H-7), 4.19 (t, J = 6.9 Hz, 1H, Fmoc), 1.41 (d, J = 7.2 Hz, 3H, H-8). *C NMR
(126 MHz, 1:1 CDClI3:CD30D) & 173.1 (C-6), 157.6 (C=0O Fmoc), 144.6, 142.1, 128.4, 128.2,
127.8, 125.7, 121.0, 120.5, 67.6, 64.6 (C-1), 52.0 (C-7), 47.9 (Fmoc), 18.5 (C-8). HRMS-ESI
(m/z): [M + Na]" calcd for C2sH24N204Na, 439.1634; found, 439.1638. [a]%® -17.4° (c 1.00,
DMF).

PABA-L-Ala-NH; (L-19)
1 3
HO X o
5’\‘)61\7FNH2
H
8

Piperidine (1.8 mL, 18 mmol) was added to a solution of PABA-L-Ala-Fmoc (L-18, 1.375 g,
3.302 mmol) in DMF (16.2 mL) at rt under Ar. The reaction was stirred at rt for 1 h before
concentration in vacuo. Repeated addition of DMF and further evaporation ensured complete

removal of piperidine. PABA L-Ala-NH; (L-19) was used without further purification. Data
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were collected on a separate sample of amine that was precipitated with Et2O directly from the
reaction mixture. Ry (65:30:4:0.5 CHCl3, CH30H, H>0, aq NH3) 0.56. '"H NMR (500 MHz,
CDs;0OD) & 7.55 (d, J= 8.5 Hz, 2H, H-3), 7.31 (d, J = 8.3 Hz, 2H, H-4), 4.56 (s, 2H, H-1), 3.54
(g, J = 6.9 Hz, 1H, H-7), 1.35 (d, J= 6.9 Hz, 3H, H-8). *C NMR (126 MHz, CD;0D) 5 175.4
(C-6), 137.33, 137.2, 127.2 (C-f), 119.8 (C-g), 63.5 (C-1), 50.7 (C-7), 20.2 (C-8). HRMS-ESI
(m/z): [M + H]" calcd for C10H15N202, 195.1134; found, 195.1131.

PABA-L-Ala-Val-Cbz (L-20)

\11/12
10"NHCbz

123
HO 40
5 7“
N~ 6
H
8

Crude PABA-L-Ala-NH; (L-19, 1.29 g, 2.72 mmol) and NHS-Val-Cbz (1.14 g, 3.26 mmol,

9
o}

1.2 equiv) were dissolved in DMF (13.5 mL) and the reaction was stirred at rt under Ar for two
days. The reaction was added dropwise to water (135 mL) and the flask was rinsed with water
(50 mL). The resulting white precipitate was filtered. The precipitate was taken up in
CH;0OH/CHCI; and triturated with Et;O. This was repeated once more to give PABA-L-Ala-
Val-Cbz (L-20, 1.04 g, 2.43 mmol, 89%) as an off-white solid. R¢ (10% CH3OH in CHCIls)
0.46. 'H NMR (500 MHz, DMSO-ds) 8 9.88 (s, 1H, NH PABA), 8.12 (d, J = 7.1 Hz, 1H, NH
Cbz), 7.53 (d, J = 8.4 Hz, 2H, PABA), 7.36 — 7.23 (m, 6H, Cbz and NH Ala), 7.24 (d, J =
8.3 Hz, 2H, PABA), 5.07 (t, /= 5.7 Hz, 1H, -OH), 5.05 — 5.02 (br s, 2H, Cbz), 4.43 — 4.39 (m,
3H, H-1 and H-7), 3.91 (t,J = 7.8 Hz, 1H, H-10), 1.99 (q, /= 6.8 Hz, 1H, H-11), 1.30 (d, J =
7.1 Hz, 3H, H-8), 0.88 (d, /= 6.8 Hz, 3H, H-12), 0.84 (d, /= 6.7 Hz, 3H, H-12). 3C NMR (126
MHz, DMSO-ds) & 170.91 (C=0), 170.85 (C=0), 156.2, 137.5, 137.4, 137.1, 128.3, 127.7,
127.6, 126.9 (PABA), 118.9 (PABA), 65.4 (Cbz), 62.6 (C-1), 60.0 (C-10), 48.9 (C-7), 30.3
(C-11), 19.1 (C-12), 18.1 (d, C-8 and -12). HRMS-ESI (m/z): [M + Na]" calcd for
C23H290N305Na, 450.2005; found, 450.2011.
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PABA-L-Ala-Val-NH; (L-21)

A heterogenous mixture of PABA-L-Ala-Val-Cbz (L-20, 506 mg, 1.18 mmol) and 10% Pd/C
(96 mg, 0.090 mmol, 9 mol%) in CH>Cl; (2.4 mL) and CH30H (21.6 mL) was stirred under an
H: atmosphere for 1.5 h. The reaction mixture was filtered through Celite then concentrated in
vacuo to give PABA-L-Ala-Val-NH» (L-21, 352 mg, 1.20 mmol, quant.) as a colourless oil. R¢
(65:30:4:0.5 CHCl3, CH30H, H>0, aq NH3) 0.66. 'H NMR (500 MHz, CD3OD) & 7.53 (d, J=
8.2 Hz, 2H, H-3), 7.30 (d, /= 8.1 Hz, 2H, H-4), 4.56 (s, 2H, H-1),4.51 (q, /= 7.1 Hz, 1H, H-7),
3.16 (d, J= 5.5 Hz, 1H, H-10), 1.99 (h, J= 6.7 Hz, 1H, H-11), 1.44 (d, /= 7.1 Hz, 3H, H-8),
0.98 (d, J= 6.8 Hz, 3H, H-12), 0.92 (d, J = 6.8 Hz, 3H, H-12). 3*C NMR (126 MHz, CD;0D)
0 176.9 (C-9), 173.1 (C-6), 138.74 (PABA), 138.70 (PABA), 128.6 (C-3), 121.3 (C-4), 64.8
(C-1), 61.5 (C-10), 50.8 (C-7), 33.5 (C-11), 19.8 (C-12), 18.3 (C-8), 17.7 (C-12). HRMS-ESI
(m/z): [M + Na]" calcd for C15sH24N303Na, 294.1818; found, 294.1824.

PABA-L-Ala-Val-ketone (L-23)

1 3 12
HO Y o o
5 H : 15 17 19 21
7N 20
N6 10N 713
HJ\‘/ H 14 16 18
g © o

A solution of PABA-L-Ala-Val-NH> (L-21, 106 mg, 0.361 mmol) and pNP-activated 8-oxo-
nonanoic acid (22, 129 mg, 0.44 mmol, 1.2 equiv) in DMF (3.4 mL) was stirred at rt under Ar
for 1 h 15 min before DIPEA (70 pL, 1.1 equiv) was added. The reaction was stirred for a
further 2 h 20 min before concentration in vacuo. The crude yellow solid was purified by flash
chromatography on silica gel (0-10% CH3;OH in CHCl;) to give PABA-L-Ala-Val-ketone
(L-23, 113 mg, 0.252 mmol, 70%) as a white solid. R¢ (10% CH3;OH in CHCIl3) 0.38. 'H NMR
(500 MHz, 1:1 CDCl3:CDs0D) 6 7.50 (d, J = 8.1 Hz, 2H, PABA), 7.27 (d, J = 8.2 Hz, 2H,
PABA), 4.55 (s, 2H, H-1), 4.48 (q, /= 7.0 Hz, 1H, H-7), 4.16 (d, J= 7.1 Hz, 1H, H-10), 2.42
(t,J=7.4 Hz, 2H, H-19), 2.29 - 2.20 (t,J = 7.6 Hz, 2H, H-14), 2.11 (s, 3H, H-21), 2.05 (q, J =
6.8 Hz, 1H, H-11), 1.60 (p, J = 7.4 Hz, 2H, H-15), 1.53 (p, /= 7.3 Hz, 2H, H-18), 1.42 (d, J =
7.0 Hz, 3H, H-8), 1.31 — 1.27 (m, 4H, H-16 and -17), 0.93 (t, J = 7.4 Hz, 6H, H-12). 3*C NMR
(126 MHz, 1:1 CDCI3:CD;0D) 6 211.6 (C-20), 175.5 (C-13), 172.8 (C-9), 171.8 (C-2), 137.9
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(PABA), 137.8 (PABA), 128.1 (PABA), 120.7 (PABA), 64.5 (C-1), 59.5 (C-10), 50.2 (C-7),
44.0 (C-19), 36.5 (C-14), 31.3 (C-8), 29.9 (C-21), 29.5, 29.3, 26.1 (C-15), 24.1 (C-18), 19.5
(C-19), 18.5 (C-12), 17.9 (C-8). HRMS-ESI (m/z): [M + Na]" caled for Ca4H37N3OsNa,
470.2631; found, 470.2635.

PNP-PABC-L-Ala-Val-ketone (L-24)
£ s .
0 oﬁ o , Yo
H 15 17 19 21
H s O H o)
N02

A mixture of PABA-L-Ala-Val-ketone (L-23, 104 mg, 0.232 mmol) and bis-pNP carbonate
(79 mg, 0.26 mmol) were dried together under high vacuum. DMF (3 mL) was added at rt under
Ar. DIPEA (50 pL, 0.29 mmol) was then added. The reaction was stirred at rt under Ar for 4 h
before more bis-pNP carbonate (~ 60 mg, 0.2 mmol) and DIPEA (50 uL, 0.29 mmol) were
added. The reaction was stirred under Ar at rt for a further 65 h (total reaction time of 3 days).
The reaction was concentrated, and the oily yellow residue was purified by flash
chromatography on  silica gel (50-100% EtOAc in CHxCl) to give
pNP-PABA-L-Ala-Val-ketone (L-24, 101 mg, 0.165 mmol, 71%) as a white solid. R¢ (10%
CH;OH in CHCl3) 0.58. 'H NMR (500 MHz, CDCl3) § 9.13 (s, 1H, NH PABA), 8.27 — 8.24
(m, 2H, pNP), 7.71 (d, J= 7.8 Hz, 1H, NH Ala), 7.64 (d, J = 8.5 Hz, 2H, H-4), 7.38 — 7.35 (m,
4H, pNP and H-3), 6.77 (d, /= 8.6 Hz, 1H, NH Val), 5.24 (s, 2H, H-1), 4.84 (p, J= 7.2 Hz, 1H,
H-7),4.56 —4.52 (m, 1H, H-10), 2.38 (t, 2H, J=7.3 Hz, H-19), 2.34 — 2.27 (m, 2H, H-14), 2.10
(s, 3H, H-21), 2.08 — 2.04 (m, 1H, H-11), 1.97 — 1.63 (m, 2H, H-15), 1.53 (p, J= 7.3 Hz, 2H,
H-18), 1.47 (d, /= 7.0 Hz, 3H, H-8), 1.34 — 1.324 (m, 5H, H-16 and -17), 0.95 — 0.92 (m, 6H,
H-12). 3C NMR (126 MHz, CDCl3) 8 209.1 (C-20), 173.8 (C-13), 172.1 (C-9), 171.0 (C-6),
155.7 (pNP), 152.6, 145.6 (pNP), 139.0 (PABA), 130.1 (PABA), 129.8 (PABA), 125.4 (pNP),
121.9 (pNP), 120.3 (PABA), 70.8 (C-1), 58.5 (C-10), 49.7 (C-7), 43.7 (C-19), 36.6 (C-14), 31.6
(C-11), 30.0 (C-21), 29.1, 29.0, 25.8 (C-15), 23.7 (C-18), 19.3 (C-12), 18.7 (C-12), 18.0 (C-8).
HRMS-ESI (m/z): [M + Na]" caled for C31H40N4O9Na, 635.2693; found, 635.2692.
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ma-GalCer (5)

HO OH

HO 2
NH,
HO :

O_A~_.OH

0" "CagHyg

0™ "CoHsy

A suspension of a-GalCer (1, 110.5 mg, 0.1287 mmol) in dioxane (freshly distilled from 2,4-
DNPH and HCI, 37 mL) was heated at 65 °C until all in solution. HCI (12 M, 125 pL) was
added and the reaction was heated at 65 °C for a further 20 min. The reaction was concentrated
in vacuo to give crude ma-GalCer (5, 111 mg) as a white solid that was used immediately
without any further purification. Rf (20% CH3OH in CHCI3) 0.16. '"H NMR (500 MHz, 1:1
CDCI3/CD3sOD) 6 4.90 — 4.89 (m, 2H), 4.14 (d, J=10.4 Hz, 1H), 3.99 (br s, 1H), 3.92 (d, J =
8.7H, 1H), 3.88 —3.85 (m, 1H), 3.81 —3.80 (m, 3H), 3.73 —3.72 (m, 1H), 3.62 —3.58 (m, 1H),
3.39 (brs, 1H), 3.36 (t, J= 1.7 Hz, 1H), 2.39 — 2.36 (m, 2H), 1.85 — 1.74 (m, 1H), 1.65 — 1.56
(m, 3H), 1.40 — 1.19 (br s, 69H), 0.89 (t, /= 6.9 Hz, 6H).

ma-GalCer-PABC-L-Ala-Val-ketone (L-12)

HO OH
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pNP-PABC-L-Ala-Val-ketone (L-24, 21.1 mg, 0.0344 mmol) and ma-GalCer (5, 15.1 mg,
0.0176 mmol) were dried together under vacuum. Pyridine (2 mL) and Et;N (6 uL, 0.04 mmol)
were added at rt under Ar. The reaction was stirred at rt overnight before concentration under
vacuum. The crude material was purified by flash chromatography on silica gel (0-20% CH;OH
in CHCl3) to give impure mo-GalCer-PABA-L-Ala-Val-ketone (L-12, 13.7 mg, 10.3 nmol,
61%) as a white solid. Ry (10% CH3;OH in CHCl;) 0.14. 'H NMR (500 MHz, 2:1
CDCl3/CD30D) 6 7.50 (d, J = 8.6 Hz, 2H, PABC), 7.27 (d, J = 8.4 Hz, 2H, PABC), 5.05 (d, J
=12.2 Hz, 1H, H-2'),4.95 (d, J = 12.3 Hz, 1H, H-2"), 4.92 — 4.87 (m, 1H), 4.80 (d, /= 3.9 Hz,
1H, H-1), 4.44 (q, /= 7.0 Hz, 1H, H-8'), 4.14 (d, J= 7.3 Hz, 1H, H-11"), 3.84 — 3.80 (m, 2H),
3.77—-3.59 (m, 10H), 2.40 (t, /= 7.4 Hz, 2H, H-20"), 2.30 (td, /= 7.4, 3.2 Hz, 2H, H-1"), 2.24
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—2.17 (m, 2H, H-15"), 2.10 (s, 3H, H-22"), 2.04 — 1.96 (m, 1H, H 12"), 1.64 — 1.49 (m, 9H,
H-16"and -19"), 1.39 (d, /= 7.1 Hz, 3H, H-9’), 1.30 — 1.19 (m, 91H, CH>), 0.91 — 0.88 (m, 6H,
H-13"), 0.83 (t,J= 6.9 Hz, 8H, CH3). 3C NMR (126 MHz, 2:1 CDCI3/CD30D) & 211.2 (C-21"),
174.9 (C-14"), 172.5 (C-10"), 171.4 (C-7"), 156.9 (C-1'), 138.2 (C-6"), 132.8 (C-3"), 129.0
(PABC), 120.3 (PABC), 100.3 (C-1), 75.0, 72.2, 70.8, 70.6 (C-2), 70.1, 69.3, 68.4, 66.7 (C-2'),
62.2,59.0 (C-11"), 52.4, 50.0 (C-8"), 43.8 (C-20"), 36.3 (C-15"), 34.9 (C-1"), 32.2 (-CH2-CH3),
31.2(C-12"),29.9 (br, C-22" and CH>), 29.6 (br), 29.5,29.2, 29.1, 29.0, 25.8 (C-16"), 25.6, 25.3,
23.9 (C-19"), 22.9 (-CH2-CH3), 19.3 (C13"), 18.3 (C-13"), 17.7 (C-9'), 14.2 (CH3). HRMS-ESI
(m/z): [M + Na]" calcd for C7sH134N4O15Na, 1353.9743; found, 1353.9734.

6.2.2 Synthesis of Ketone D-12

PABA-D-Ala-Fmoc (D-18)

1 ) 3
HO/\©1 o
5
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8

PABA (595 mg, 4.83 mmol) and EEDQ (1.61 g, 6.44 mmol) were added to a solution of
D-Ala-Fmoc (1.01 g, 3.24 mmol) in anhydrous CH>Cl> (50 mL) and CH3OH (5 mL) at rt under
Ar. The reaction was stirred for 4.5 h in the dark before concentration to yield a crude brown
oil. Precipitation from CH3;0H+CH>CL/Et;O gave the PABA-D-Ala-Fmoc (D-18, 898 mg,
2.16 mmol, 67%) as an off-white solid. R¢ (70% EtOAc in PE + AcOH) 0.55. 'H NMR (500
MHz, 1:1 CDCI3:CD;0D) ¢ 7.74 (d, J = 7.6 Hz, 2H, Fmoc), 7.61 (t, J = 6.6 Hz, 2H, Fmoc),
7.49 (d,J=8.2 Hz, 2H, PABA), 7.36 (t, /= 7.6 Hz, 2H, Fmoc), 7.28 (d, J = 8.5 Hz, 4H, Fmoc,
PABA), 4.56 (s, 2H, H-1), 4.38 (d, J= 6.9 Hz, 2H, Fmoc), 4.29 (q, /= 7.2 Hz, 1H, H-7), 4.20
(t, J = 6.9 Hz, 1H, Fmoc), 1.41 (d, J = 7.1 Hz, 3H, H-8). 3C NMR (126 MHz, 1:1
CDCl3:CD30D) 6 172.8 (C-6), 157.4 (C=0 Fmoc), 144.4, 141.9, 128.3, 128.1, 127.7, 125.6,
120.9, 120.5, 67.5 (Fmoc), 64.5 (C-1), 51.8 (C-7), 47.8 (Fmoc), 18.6 (C-8). HRMS—-ESI (m/z):
[M + Na]" calcd for C25H24N204Na, 439.1634; found, 439.1638. [a]3° +18.5° (¢ 1.00, DMF).
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PABA-D-Ala-Val-Cbz (D-20)
5NJGK?/N ® 0 NHCbz
H B o
8

Piperidine (0.95 mL, 9.5 mmol) was added to a solution of PABA-D-Ala-Fmoc (D-18, 795 mg,
1.91 mmol) in DMF (8.7 mL) at rt under Ar. The reaction was stirred at rt for 20 min before
concentration in vacuo. Repeated addition of DMF and further evaporation ensured complete
removal of piperidine. Amine D-19 was then used without further purification. Rr (65:30:4:0.5
CHCIl3;, CH30H, H>0, aq NH3) 0.56. HRMS-ESI (m/z): [M + H]" caled for CioHisN2O»,
195.1134; found, 195.1140.

NHS-Val-Cbz (798 mg, 2.29 mmol, 1.2 equiv) and the above crude amine (D-19) were dried
under vacuum before being dissolved in DMF (9.5 mL) and the reaction was stirred at rt under
Ar for two days. The reaction was added dropwise to water (95 mL). The flask was rinsed with
water (30 mL). The resulting white precipitate was filtered. The precipitate was triturated with
Et,0. This was repeated once more to give PABA-D-Ala-Val-Cbz (D-20, 615 mg, 1.44 mmol,
75% over two steps) as an off-white solid. Ry (10% CH3OH in CHCl3) 0.48. 'H NMR
(500 MHz, DMSO-ds) 6 9.71 (s, 1H, NH PABA), 8.31 (d, J= 7.5 Hz, 1H, NH Val), 7.57 (d, J
= 8.2 Hz, 2H, PABA), 7.39 — 7.23 (m, 6H, Cbz and NH Ala), 7.24 (d, /= 8.5 Hz, 2H, PABA),
5.08 — 5.00 (m, 3H, -OH and Cbz), 4.45 — 4.43 (m, 3H, H-1 and -7), 3.87 (t, /= 7.8 Hz, 1H,
H-10), 1.95 (h,J=6.8 Hz, 1H, H-11), 1.30 (d, J=7.1 Hz, 3H, H-8), 0.88 — 0.86 (m, 6H, H-12).
BC NMR (126 MHz, DMSO-ds) & 171.1 (C=0), 170.8 (C=0), 156.3, 137.6, 137.3, 137.3,
136.9, 128.3, 127.8, 127.6, 126.8 (PABA), 119.0 (PABA), 65.5 (Cbz), 62.6 (C-1), 60.5 (C-10),
48.8 (C-7), 30.1 (C-11), 19.1 (-CH3), 18.4 (-CH3), 18.1 (-CH3). HRMS—ESI (m/z): [M + Na]"
calcd for C23H29N305Na, 450.2005; found, 450.2005.

PABA-D-Ala-Val-NH; (D-21)
3 N)GK?/N > 1.0 NH,
H H o
8

A heterogenous mixture of PABA-D-Ala-Val-Cbz (D-20, 483 mg, 1.13 mmol) and 10% Pd/C
(99 mg, 0.093 mmol, 8 mol%) in CH>Cl, (1 mL) and CH30OH (9 mL) was stirred under an H»
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atmosphere for 2 h. The reaction mixture was filtered through Celite then concentrated to give
PABA-D-Ala-Val-NH; (D-21, 322 mg, 1.10 mmol, 97%) as white solid. R¢(65:30:4:0.5 CHCIs,
CH;0H, H>0, aq NH3) 0.66. 'H NMR (500 MHz, CD;0D) § 7.54 (d, J = 8.5 Hz, 2H, H-3),
7.30 (d, J= 8.6 Hz, 2H, H-4), 4.56 (s, 2H, H-1), 4.52 (q,J=7.1 Hz, 1H, H-7), 3.14 (d,J=5.9
Hz, 1H, H-10), 1.96 (pd, /= 6.9, 5.8 Hz, 1H, H-11), 1.44 (d, J=7.1 Hz, 3H, H-8), 0.97 (d, J =
6.9 Hz, 2H, H-12), 0.94 (d, /= 6.9 Hz, 1H, H-12). 3*C NMR (126 MHz, CD;0D) § 176.9 (C-9),
173.2 (C-6), 138.8 (PABA), 138.6 (PABA), 128.6 (PABA), 121.4 (C-4), 64.8 (C-1), 61.6 (C-
10), 50.8 (C-7), 33.4 (C-11),19.7 (C-12), 18.3 (C-8), 17.9 (C-12). HRMS-ESI (m/z): [M + Na]"
calcd for CisH24N303Na, 294.1818; found, 294.1816.

PABA-D-Ala-Val-ketone (D-23)

1 12

1 3
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DIPEA (0.1 mL, 0.6 mmol, 1.2 equiv) was added to a solution of PABA-D-Ala-Val-NH; (D-
21, 164 mg, 0.56 mmol) and pNP-activated 8-oxo-nonanoic acid (22, 198 mg, 0.68 mmol,
1.2 equiv) in DMF (5.4 mL) at rt under Ar. The reaction was stirred at rt for 2.5 h, before
concentration in vacuo. The crude yellow solid was purified by flash chromatography on silica
gel (0-10% CH3OH in CHCI) to give PABA-D-Ala-Val-ketone (D-23, 210 mg, 0.469 mmol,
84%) as a white solid. Rf (10% CH3;OH in CHCIl3) 0.41. 'H NMR (500 MHz, 1:1
CDCI3:CD;0D) 6 7.60 (d, J = 8.5 Hz, 2H, PABA), 7.27 (d, J = 8.3 Hz, 2H, PABA), 4.55 (s,
2H, H-1),4.56 —4.49 (m, 1H, H-7),4.01 —3.99 (m, 1H, H-10), 2.40 — 2.37 (m, 2H, H-19), 2.23
(td, J=17.4,3.8 Hz, 2H, H-14), 2.10 (s, 3H, H-21), 2.05 - 2.01 (m, 1H, H-11), 1.57 (p, J=7.4
Hz, 2H, H-15), 1.49 — 1.46 (m, 2H, H-18), 1.44 (d, J= 7.3 Hz, 3H, H-8), 1.28 — 1.19 (m, 4H,
H-16 and -17), 0.98 (d, J = 6.7 Hz, 3H, H-12), 0.95 (d, J = 6.8 Hz, 3H, H-12). *C NMR
(126 MHz, 1:1 CDCl;5:CD;0D) & 211.7 (C-20), 175.9 (C-6), 173.4 (C-13), 172.1 (C-9), 138.0
(PABA), 137.8 (PABA), 128.0 (PABA), 121.0 (PABA), 64.5 (C-1), 60.7 (C-10), 50.3 (C-7),
44.0 (C-19), 36.2 (C-14), 30.5 (C-11), 29.9 (C-21), 29.4, 29.3, 26.1 (C-15), 24.1 (C-18), 19.4
(C-12), 19.1 (C-12), 17.9 (C-8). HRMS-ESI (m/z): [M + Na]* calcd for C24H37N305Na,
470.2631; found, 470.2636.
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PNP-PABC-D-Ala-Val-ketone (D-24)
2 . .
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A mixture of PABA-D-Ala-Val-ketone (D-23, 94 mg, 0.21 mmol) and bis-pNP carbonate
(128 mg, 0.421 mmol) were dried together under high vacuum. DMF (2 mL) was added at rt
under Ar. DIPEA (80 pL, 0.46 mmol) was then added. The reaction was stirred at rt under Ar
for 18 h before concentration in vacuo. The oily yellow residue was purified by flash
chromatography on  silica gel (50-90% EtOAc in CHxCh) to give
pNP-PABA-D-Ala-Val-ketone (D-24, 110 mg, 0.180 mmol, 86%) as a white solid. R¢ (10%
CH;O0H in CHCI3) 0.56. 'H NMR (500 MHz, CDCls) & 8.93 (s, 1H, NH), 8.26 — 8.23 (m, 2H,
pNP), 7.67 (d, J = 8.6 Hz, 2H, PABA), 7.37 — 7.33 (m, 4H, PABA and pNP), 7.09 (d, J =
7.9 Hz, 1H, NH), 6.45 (d, /= 7.4 Hz, 1H, NH), 5.24 (s, 2H, H-1), 4.68 (p, /= 7.1 Hz, 1H, H-
7), 4.10 (t, J= 7.7 Hz, 1H, H-10), 2.37 (t, 2H, J= 7.3 Hz, H-19), 2.27 — 2.16 (m, 2H, H-14),
2.11-2.03 (m, 4H, H-21 and -11), 1.62 - 1.56 (m, 2H, H-15), 1.54 — 1.45 (m, 5H, H-18 and -8),
1.31 - 1.20 (m, 6H, H-16 and -17), 0.98 — 0.96 (m, 6H, H-12). 3C NMR (126 MHz, CDCIl3) §
209.3 (C-20), 174.4 (C-13), 172.6 (C-9), 170.5 (C-6), 155.7 (pNP), 152.6, 145.6 (pNP), 139.0
(PABA), 130.0 (PABA), 129.7 (C-3), 125.4 (pNP), 121.9 (pNP), 120.3 (C-4), 70.8 (C-1), 60.1
(C-10), 49.9 (C-7),43.6 (C-19), 36.4 (C-14), 30.5 (C-11), 29.9 (C-21), 28.9, 28.8, 25.5 (C-15),
23.6 (C-18), 19.3 (C-12), 18.9 (C-12), 17.9 (C-8). HRMS-ESI (m/z): [M + Na]" calcd for
C31H40N4O9Na, 635.2693; found, 635.2693.

ma-GalCer-PABC-D-Ala-Val-ketone (D-12)
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pNP-PABC-D-Ala-Val-ketone (D-24, 19.6 mg, 0.0320 mmol) and ma-GalCer (5, 15.0 mg,
0.0175 mmol) were dried together under vacuum. Pyridine (2 mL) and Et;N (6 uL, 0.04 mmol)

were added at rt under Ar. The reaction was stirred at rt overnight, before concentration under
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vacuum. The crude material was purified by flash chromatography on silica gel (0-15% CH;OH
in CHCI3) to give impure ma-GalCer-PABA-D-Ala-Val-ketone (D-12, 12.1 mg, 9.08 nmol,
54%) as a white solid. Ry (10% CH3;OH in CHCl;) 0.30. 'H NMR (500 MHz, 2:1
CDCI:/CDs0D) 6 7.57 (d, J = 8.2 Hz, 2H, PABC), 7.27 (d, J = 8.2 Hz, 2H, PABC), 5.08 (d, J
=12.2 Hz, 1H, H-2'), 4.94 — 4.88 (m, J = 12.3 Hz, 2H), 4.80 (d, /= 3.9 Hz, 1H, H-1), 4.48 (q,
J=7.1Hz, 1H, H-8'),3.99 (d, /J=8.0 Hz, 1H, H-11"), 3.83 - 3.60 (m, 12H), 2.37 (t, /= 7.4 Hz,
2H, H-20"), 2.30 (td, /= 7.5, 3.1 Hz, 2H, H-1"), 2.20 (td, J = 7.4, 3.0 Hz, 2H, H-15), 2.09 (s,
3H, H-22"),2.04—-1.97 (m, 1H, H-12"), 1.64 — 1.47 (m, 9H, H-16" and -19"), 1.41 (d, J="7.2 Hz,
3H, H-9"), 1.28 — 1.19 (m, 90H, -CH»-), 0.94 — 0.91 (m, 6H, H-13"), 0.83 (t, J = 6.9 Hz,
8H, -CH3). 3C NMR (126 MHz, 2:1 CDCI3/CD30D) & 211.3 (C-21"), 175.4, 174.9, 172.9
(C-10"), 171.7 (C-7"), 156.9 (C-1"), 138.2 (C-6"), 132.9 (C-3'), 129.0 (PABC), 120.6 (PABC),
100.3 (C-1), 75.0, 72.2, 70.8, 70.6 (C-2), 70.1, 69.3, 68.4, 66.7 (C-2"), 62.2, 60.0 (C-11"), 52.4,
49.9 (C-8"), 43.8 (C-20"), 36.1 (C-15"), 34.9 (C-1"), 32.2 (-CH2-CH3), 30.4 (C-12"), 29.9 (br,
C-22"and -CHb»-), 29.6 (br, -CH>-), 29.5, 29.1, 29.0, 25.8 (C-16"), 25.6, 25.3, 23.8 (C-19"), 22.9
(-CH2-CH3), 19.3 (C-13"), 18.8 (C-13"), 17.8 (C-9"), 14.2 (CH3). HRMS-ESI (m/z): [M + Na]*
caled for C75H134N4O15Na, 1353.9743; found, 1353.9736.
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6.2.3 Synthesis of Model Dipeptide 13

4-Butylaniline-Ala-Fmoc (29)
2 4 6
1 : 7o
/\3/\@ N )gﬁo/ NHFmoc
H
12

4-butylaniline (100 pL, 0.633 mmol, 1 equiv) was dissolved in THF (3 mL) and then added to
a solution of NHS-Ala-Fmoc (28, 296 mg, 0.689 mmol, 1.1 equiv) in THF (5 mL) at rt. The
reaction was stirred overnight. The reaction solution was then added to an additional solution
of NHS-Ala-Fmoc (28, 132 mg, 0.307 mmol, 0.5 equiv) in THF (5 mL). The solution was
stirred overnight before the reaction was evaporated. The residue was purified three times by
flash chromatography on silica gel (5-100% EtOAc in PE; 20-100% EtOAc in PE; 0-100%
EtOAc in CH2Cl,) to give 29 (235 mg, 0.531 mmol, 84%) as a white solid. R¢ (5% EtOAc in
CH2Clz) 0.51. 'TH NMR (500 MHz, CDCl3) 8 8.41 (br s, 1H, NH), 7.72 (d, J = 7.3 Hz, 2H,
Fmoc), 755 —-7.51 (m, 2H, Fmoc), 7.38 — 7.36 (m, 4H, Fmoc and H-7), 7.25 (t, J= 7.3 Hz, 2H,
Fmoc), 7.04 (d, J = 8.0 Hz 2H, H-6), 5.73 (br s, 1H, NH), 4.46 (br s, 1H, H-10) 4.39 (d, J =
7.2 Hz, 2H, Fmoc), 4.17 (t, J = 7.1 Hz, 1H, Fmoc), 2.54 (t, J = 7.7 Hz, 2H, H-4), 1.57 — 1.51
(m, 2H, H-3), 1.46 (d, /= 7.0 Hz, 3H, H-12), 1.34 (h, J= 7.4 Hz, 2H, H-2), 0.91 (t, /= 7.4 Hz,
3H, H-1). 3C NMR (125 MHz, CDCI3) & 170.6 (C-9), 156.5 (C=0 Fmoc) 143.8 (Fmoc), 141.4
(Fmoc), 139.3 (C-5), 135.4 (C-8), 128.9 (C-6), 127.9 (Fmoc), 127.2 (Fmoc), 125.1 (Fmoc),
120.2 (C-7), 120.1 (Fmoc), 67.5 (Fmoc), 51.4 (C-10), 47.2 (Fmoc), 35.2 (C-4),33.7 (C-3),22.4
(C-2), 18.8 (C-12), 14.1 (C-1). HRMS-ESI (m/z): [M + Na]" calcd for CzsH30N>0O3Na,
465.2149; found, 465.2159.

4-Butylaniline-Ala-NH; (30)
2 4 5 6
7
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Piperidine (0.23 mL) was added to a solution of 4-butylaniline-Ala-Fmoc (29, 110 mg,
0.247 mmol) in DMF (2 mL). The solution was stirred at rt for 30 min. The solution was

concentrated then taken up into CH3OH three times. The residue was purified by flash
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chromatography on silica gel (1-5% CH3OH (1%Et:N) in CHCls) to give 30 (49 mg, 0.22 mmol,
89%) as a colourless oil. R (EtsN:CH30H:CHCI3 5:25:95) 0.14. 'H NMR (500 MHz, CDCls)
09.36 (brs, 1H, NH PABA), 7.48 (d, J= 8.4 Hz, 2H, H-7), 7.12 (d, J = 8.4 Hz, 2H, H-6), 3.58
(g, J=7.0 Hz, 1H, H-10), 2.56 (t, J = 7.8 Hz, 2H, H-4), 1.66 (br s, 2H, NH Ala), 1.60 — 1.54
(m, 2H, H-3), 1.40 (d, /= 7.0 Hz, 3H, H-12), 1.33 (dq, J = 14.6, 7.4 Hz, 2H, H-2), 0.91 (t,J =
7.4 Hz, 3H, H-1). 3C NMR (125 MHz, CDCl3) § 173.8 (C-9), 138.8 (C-5), 135.6 (C-8), 128.9
(C-6), 119.5 (C-7), 51.3 (C-10), 35.1 (C-4), 33.7 (C-3), 22.3 (C-2), 21.7 (C-12), 14.0 (C-1).
HRMS-ESI (m/z): [M + H]" caled for C13H21N20, 221.1654; found, 221.1651.

4-Butylaniline-Ala-Val-Cbz (13)

2 4,0 ) -
H%\“JFN 74 NHCbz
e
A solution of 4-butylaniline Ala-NH> (30, 35 mg, 0.16 mmol) in THF (1.4 mL) was added to a
solution of NHS-Val-Cbz (31, 56 mg, 0.16 mmol) in THF (1.5 mL). The reaction was stirred
at rt for 5 h. The reaction was concentrated. The residue was purified by flash chromatography
on silica gel (0-100% EtOAc in PE; 0-100% EtOAc in CH2Cl) to give 13 (49 mg, 0.11 mmol,
68%) as a white solid. R¢(40% EtOAc in CH>Cl,) 0.63. 'H NMR (500 MHz, CDCl3) & 8.45 (br
s, 1H, NH PABA), 7.42 (d, J = 8.0 Hz, 2H, H-7), 7.32 (br s, 5SH, Cbz) 7.07 (d, J = 8.5 Hz, 2H,
H-6), 6.92 (br s, 1H, NH Ala), 5.51 (br s, IH, NH Val), 5.14 — 5.07 (m, 2H, Cbz), 4.67 (p, J =
7.1 Hz, 1H, H-10), 4.12 — 4.09 (m, 1H, H-14), 2.55 (t, /= 7.7 Hz, 2H, H-4), 2.12 (h, J = 6.7
Hz, 1H, H-15), 1.59 — 1.54 (m, 2H, H-3), 1.43 (d, /= 7.0 Hz, 3H, H-12), 1.33 (h, /= 7.3 Hz,
2H, H-2), 0.95 — 0.90 (m, 9H, H-1 and H-16). *C NMR (125 MHz, CDCl3) & 171.8 (C-13),
170.0 (C-9), 156.8 (C=0 Cbz), 139.3 (C-5), 136.2 (Cbz), 135.5 (C-8), 129.0 (C-7), 128.7 (Cbz),
128.4 (Cbz), 128.2 (Cbz), 120.2 (C-6), 67.4 (Cbz), 60.7 (C-14), 49.8 (C-10), 35.2 (C-4), 33.8
(C-2),31.2 (C-15), 22.4 (C-2), 19.4 (C-16), 18.0 (C-16), 17.8 (C-12), 14.1 (C-1). HRMS-ESI
(m/z): [M + H]" calcd for C26H3sN304Na, 476.2525; found, 476.2521.
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6.2.4 Iterative Synthesis of Discrete PEGs

These synthetic procedures are based on that reported by Wawro et al.!®?

TrtO-PEG4+-OH

Trt‘{o\/%OH

Water was removed from tetracthylene glycol (5.11 g, 26.3 mmol, 6.8 equiv) by repeated
azeotropic evaporation with toluene. The flask was flushed with argon and triethylamine
(0.71 mL, 5.1 mmol, 1.3 equiv) was added. Trityl chloride (1.12 g, 3.9 mmol, 1.0 equiv) was
then added portionwise over 5 min. The reaction was stirred at rt for 3 h. The mixture was
diluted with EtOAc and stirred for a further 10 min. The solid was removed by filtration and
rinsed with EtOAc. The filtrate was washed with water, saturated NH4Cl and brine. The organic
layer was dried over MgSO4 and concentrated to give crude TrtO-PEG4-OH (1.7 g) as a pale-
yellow oil, which was used without further purification. Data were collected on the crude
material. R¢ (EtOAc) 0.5. '"H NMR (500 MHz, CDCl3) 6 7.47 — 7.45 (m, 6H, Trt), 7.30 — 7.27
(m, 6H, Trt), 7.24 — 7.20 (m, 3H, Trt), 3.70 — 3.67 (m, 12H, -CH>-), 3.60 — 3.59 (m, 2H,
TrtO-CH»-CHa-), 3.25 (t, 2H, J = 5.4 Hz, TrtO-CH»-), 2.36 (t, 2H, J = 6.3 Hz, -OH). 3*C NMR
(125 MHz, CDCl3) 6 144.3 (Trt), 128.9 (Trt), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 72.6
(TrtO-CH>-CH»), 71.0 (-CHz-), 70.9 (-CHz-), 70.6 (-CH»-), 63.5 (TrtO-CH>»-), 62.0 (-CHz-).
HRMS-ESI (m/z): [M + NH4]" calcd for C27H36NOs, 454.2593; found, 454.2597.

TrtO-PEG4+-OTs

Trt‘{o\/ﬁOTs

A solution of TrtO-PEG4-OH (used crude, 3.4 g, ~7.8 mmol, 1 equiv) in THF (10 mL) was
stirred at 0 °C for 30 min. A solution of NaOH (1.3 g, 32 mmol, 4.1 equiv) in water (4 mL) was
added. The resulting heterogenous mixture was stirred at 0 °C for a further 30 min. A solution
of para-toluenesulfonyl chloride (1.7 g, 8.9 mmol, 1.1 equiv) in THF (4 mL) was added
dropwise. The reaction was stirred vigorously at 0 °C for 6.5 h. The reaction was allowed to
warm to rt and stirred for 16 h. The reaction was diluted with water and methyl zerz-butyl ether.

The organic layer was washed with water and brine, dried over MgSO4 and concentrated in
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vacuo to give TrtO-PEG4-OTs (4.4 g) as a crude yellow oil which was used without further
purification. Data were collected on the crude material. Rr (30% EtOAc in PE) 0.2. '"H NMR
(500 MHz, CDCl3) 6 7.78 (d, 2H, J = 8.3 Hz, Ts), 7.46 — 7.44 (m, 7H, Trt), 7.32 — 7.26 (m, 9H,
Trt and Ts), 7.23 — 7.20 (m, 4H, Trt), 4.14 —4.12 (m, 2H, -CH>»-), 3.68 — 3.56 (m, 13H, -CH>»-),
3.23 (t, 2H, J= 5.2 Hz, -CH»-), 2.42 (s, 3H, -CH3). *C NMR (125 MHz, CDCl3) & 145.0 (Ts),
144.3 (Trt), 133.3 (Ts), 129.9 (Ts), 128.9 (Trt), 128.1 (Ts), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt),
70.9 (-CHz-), 70.8 (-CHz-), 69.4 (TsO-CH»-), 68.9 (-CH»-), 63.5 (TrtO-CH»-), 21.8 (-CHj3).
HRMS-ESI (m/z): [M + NHa]" caled for C34H4>2NO7S, 608.2682; found, 608.2685.

TrtO-PEGs-OH

TrAO\/tOH

Sodium hydride (60% dispersion in oil, 0.492 g, 12.3 mmol, 1.5 equiv) was washed with PE
under Ar twice. Anhydrous THF (4 mL) was added and the mixture was cooled to 0 °C before
the dropwise addition of tetracthylene glycol (11 g, 56 mmol, 7.4 equiv), dried previously by
azeotropic evaporation with toluene. As long as the evolution of H> gas was observed,
tetracthylene glycol was added slowly. Once the mixture became a clear solution, the remaining
reactant was added more quickly. A solution of TrtO-PEG4+-OTs (used crude, 4.4 g,
~7.8 mmol, 1 equiv) in THF (4 mL) was then added dropwise. The reaction was heated to 75 °C
for 5 h. The reaction was cooled to rt and stirred overnight. Brine and water were added. The
organic layer was washed with 1:1 water/brine, followed by brine, then dried over MgSO4 and
concentrated to give crude TrtO-PEGs-OH (3.9 g) as a crude brown oil. Data were collected
on the crude material. R¢ (10% CH3;OH in EtOAc) 0.5. '"H NMR (500 MHz, CDCls) § 7.47 —
7.45 (m, 6H, Trt), 7.30 — 7.27 (m, 7H, Trt), 7.24 — 7.20 (m, 4H, Trt), 3.73 — 3.59 (m,
28H, -CH»-), 3.43 (t, 2H, J = 5.2 Hz, TrtO-CH»-), 2.54 (t, 1H, J = 6.3 Hz, -OH). C NMR
(125 MHz, CDCl3) & 144.3 (Trt), 128.9 (Trt), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 72.6
(TrtO-CH»-CHb»-), 71.0 (-CHz-), 70.9 (-CHz-), 70.5 (-CHz-), 63.5 (TrtO-CH»-), 61.9 (-CH-).
HRMS-ESI (m/z): [M + NHa]" caled for C35sHs2NOo, 630.3642; found, 630.3651.
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TrtO-PEGs-OTs

Trt‘{o\/ﬁ;OTs

TrtO-PEGs-OTs was synthesised from TrtO-PEGs-OH following the procedure for TrtO-
PEG4-OTs. Data were collected on the crude material. Rf (EtOAc) 0.6. 'H NMR (500 MHz,
CDClL) 6 7.79 (d, 2H, J = 8.4 Hz, Ts), 7.47 — 7.44 (m, 7H, Trt), 7.33 (d, 2H, J = 7.6 Hz, Ts),
7.30 —7.27 (m, 7H, Trt), 7.23 — 7.20 (m, 3H, Trt), 4.16 — 4.14 (m, 2H, TsO-CH>-), 3.68 — 3.60
(m, 26H, -CH>-), 3.57 (s, 4H, -CH>»-), 3.23 (t, 2H, J = 5.3 Hz, TrtO-CH>-), 2.44 (s, 3H, -CH3).
BC NMR (125 MHz, CDCls) & 144.9 (Ts), 144.3 (Trt), 133.3 (Ts), 130.0 (Ts), 128.9 (Trt),
128.1 (Ts), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 70.9 (-CHz-), 70.8 (-CHz-), 69.4 (TsO-CHz-),
68.9 (-CHz-), 63.5 (TrtO-CHz-), 21.8 (-CH3). HRMS-ESI (m/z): [M + NH4]" caled for
C4HssNO11S, 784.3731; found, 784.3738.

TrtO-PEG;-OH
Tl't‘{'o\/i\ZOH

TrtO-PEG12-OH was synthesised from TrtO-PEGs-OTs following the procedure for TrtO-
PEGs-OH. Data were collected on the crude material. Rf (EtOAc) 0.29. 'H NMR (500 MHz,
CDCl3) 6 7.47 — 7.45 (m, 6H, Trt), 7.31 — 7.27 (m, 7H, Trt), 7.24 — 7.20 (m, 4H, Trt), 3.73 —
3.60 (m, 42H, -CH>-), 3.24 (t, 2H, J = 5.3 Hz, TrtO-CH»-). 3C NMR (125 MHz, CDCls) &
144.3 (Trt), 128.9 (Trt), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 72.7 (TrtO-CH2-CH»-), 70.9
(-CHz-), 70.7 (-CH2-), 70.5 (-CHz-), 63.5 (TrtO-CH»-), 61.9 (-CHz-). HRMS-ESI (m/z):
[M + NHa]" caled for C43HgsNO13, 806.4691; found, 806.4689.

TrtO-PEG12-OTs
Trt‘{o\/i\ons

TrtO-PEG12-OTs was synthesised from TrtO-PEG12-OH following the procedure for TrtO-
PEG4-OTs. The material was reacted onwards before full data could be collected; analysis of
the NMR spectra of the partially completed next reaction gave the expected signals; with over

integration of the ethylene glycol methylene peaks. R¢ (10% CH3OH in EtOAc) 0.5.
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TrtO-PEG;,-OH
Trt‘{'o\/i\GOH

TrtO-PEG16-OH was synthesised from TrtO-PEG2-OTs following the procedure for
TrtO-PEGs-OH. Data were collected on the crude material. Rr (15% CH30H in EtOAc) 0.4.
'"H NMR (500 MHz, CDCls) § 7.47 — 7.45 (m, 6H, Trt), 7.30 — 7.27 (m, 7H, Trt), 7.24 — 7.20
(m, 4H, Trt), 3.73 — 3.60 (m, 53H, -CH>-), 3.23 (t, 2H, J = 5.2 Hz, TrtO-CH>-). 3C NMR (125
MHz, CDCl3s) 6 144.3 (Trt), 128.9 (Trt), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 72.7
(TrtO-CH2-CH»-), 70.9 (-CHz.), 70.7 (-CH2-), 70.5 (-CHz-), 63.5 (TrtO-CH»-), 61.9 (-CHz-).
HRMS-ESI (m/z): [M + NHa]" caled for CsiHgaNO17, 982.5739; found, 982.5741.

TrtO-PEG6-OTs
Trt‘{o\/i\GOTs

TrtO-PEG16-OTs was synthesised from TrtO-PEG16-OH following the procedure for TrtO-
PEG,4-OTs. Data were collected on the crude material. Rr (25% CH3OH in EtOAc) 0.6. 'H
NMR (500 MHz, CDCl3) 6 7.80 (d, 2H, J = 8.3 Hz, Ts), 7.47 — 7.44 (m, 8H, Trt), 7.35 — 7.33
(m, 2H, Ts), 7.30 —7.27 (m, 9H, Trt), 7.24 — 7.20 (m, 3H, Trt), 4.17 — 4.15 (m, 2H, TsO-CH>-),
3.69 —3.62 (m, 63H, -CHz-), 3.62 (s, 4H, -CH>-), 3.24 (t, 2H, J = 5.2 Hz, TrtO-CHz-), 2.45 (s,
3H, -CH3). 3.C NMR (125 MHz, CDCl3) 8 144.9 (Ts), 144.3 (Trt), 133.3 (Ts), 130.0 (Ts), 128.9
(Trt), 128.1 (Ts), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 70.9 (-CHz-), 70.8 (-CHz-), 69.4
(TsO-CH>-), 68.9 (-CHz-), 63.5 (TrtO-CH>-), 21.8 (-CH3). HRMS-ESI (m/z): [M + NHa4]" calcd
for CsgHooNO19S, 1136.5828; found, 1136.5844.

HO-PEG6-OTs
H{O\/i\SOTs

pTsOH (60 mg, 0.32 mmol, 0.2 equiv) was added to a suspension of TrtO-PEG16-OTs (1.65 g,
1.47 mmol) in CH30H (8 mL). The reaction was stirred at rt overnight. Some white precipitate
formed, and further precipitation was triggered by the slow addition of crushed ice. Water

(8 mL) was added and the mixture was cooled to 0 °C before filtration to remove the precipitate.
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The solid was rinsed with cold water and the filtrate was concentrated. Brine and EtOAc were
added, and the aqueous layer was extracted with EtOAc eight times. The combined organic
layers were concentrated before redissolution in EtOAc. The organic layer was washed with
1:1 brine/water, saturated NaHCO3 and brine and dried over MgSO4 before concentration. The
combined aqueous layers and washes were each back extracted with EtOAc. The combined
organic layers were dried over MgSO4 and concentrated to give HO-PEG16-OTs (531 mg,
0.61 mmol, 16% over 9 steps) as a colourless oil that solidified upon cooling. Rf (25% CH30OH
in EtOAc) 0.2. 'H NMR (500 MHz, CDCls3) 8 7.80 (d, 2H, J = 8.3 Hz, Ts), 7.34 (d, 2H, J =
7.8 Hz, Ts), 4.16 (t, 2H, J = 4.8 Hz, TsO-CH»-), 3.74 — 3.60 (m, 61H, -CH>»-), 3.58 (s, 4H, -
CH>-) 2.65 (t, 1H, J = 6.1 Hz, OH), 2.45 (s, 3H, -CH3). 3C NMR (125 MHz, CDCl;3) & 129.8
(Ts), 128.0 (Ts), 72.6 (-CH>-CH»-OH), 70.6 (-CHz-), 69.2 (TsO-CH>-CH>-), 68.7 (TsO-CH>-),
61.8 (-CH2-OH), 21.6 (-CH3). HRMS-ESI (m/z): [M + NH4]" calcd for C3oH76NOioS,
894.4732; found, 894.4744.

TrtO-PEG2-OH
Trt‘{o\/i\oOH

TrtO-PEG20-OH was synthesised from TrtO-PEG6-OTs following the procedure for TrtO-
PEGs-OH. Data were collected on the crude material. R¢(25% CH30H in EtOAc) 0.5. '"H NMR
(500 MHz, CDCl3) 6 7.47 — 7.45 (m, 6H, Trt), 7.30 — 7.27 (m, 8H, Trt), 7.24 — 7.20 (m, 3H,
Trt), 3.68 — 3.60 (m, 63H, -CH>-), 3.23 (t, 2H, J = 5.3 Hz, TrtO-CH>-), 2.74 (t, I1H, J= 6.1 Hz,
-OH). *C NMR (125 MHz, CDCls) 8 144.3 (Trt), 128.9 (Trt), 127.9 (Trt), 127.1 (Trt), 72.7
(TrtO-CH»-CHb»-), 70.8 (-CHz-), 70.7 (-CHz-), 70.5 (-CHz-), 63.5 (TrtO-CH»-), 61.9 (-CH-).
HRMS-ESI (m/z): [M + NHa]" caled for CsoH100NO21, 1158.6788; found, 1158.6799.

TrtO-PEG3o-OTs
Trt‘{ O\/i\é)Ts

TrtO-PEG20-OTs was synthesised from TrtO-PEG2o-OH following the procedure for TrtO-
PEG,4-OTs. Data were collected on the crude material. Rr (25% CH3;OH in EtOAc) 0.3. 'H
NMR (500 MHz, CDCl3) 6 7.80 (d, 2H, J = 8.3 Hz, Ts), 7.47 — 7.44 (m, 8H, Trt), 7.35 — 7.33
(m, 2H, Ts), 7.30 — 7.27 (m, 9H, Trt), 7.24 — 7.20 (m, 4H, Trt), 4.16 (t, 2H, J = 4.8 Hz,
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TsO-CH,-), 3.69 — 3.58 (m, 76H, -CH,-), 3.58 (s, 4H, -CH,-), 3.23 (t, 2H, J = 5.3 Hz,
TrtO-CHa-), 2.45 (s, 3H, -CHjs). 13C NMR (125 MHz, CDCl3) § 144.3 (Trt), 130.0 (Ts), 128.9
(Trt), 128.1 (Ts), 127.9 (Trt), 127.1 (Trt), 86.7 (Trt), 70.9 (-CHy-), 70.7 (-CH,-), 69.4
(TsO-CHa-), 68.9 (-CHa-), 63.5 (TrtO-CHs-), 21.8 (-CHs). HRMS—ESI (m/2): [M + NH4]" calcd
for CesH10sNO23S, 1312.6876; found, 1312.6858.

TrtO-PEG24-OH
Trt‘{o\/t‘OH

TrtO-PEG24-OH was synthesised from TrtO-PEG20-OTs following the procedure for
TrtO-PEGs-OH. Data were collected on the crude material. Rr (25% CH30H in EtOAc) 0.1.
'"H NMR (500 MHz, CDCls) § 7.47 — 7.45 (m, 6H, Trt), 7.30 — 7.27 (m, 7H, Trt), 7.24 — 7.20
(m, 4H, Trt), 3.68 — 3.60 (m, 72H, -CH>»-), 3.24 (t, 2H, J = 5.2 Hz, TrtO-CH>-), 2.72 (t, 1H, J =
6.2 Hz, -OH). *C NMR (125 MHz, CDCI3) & 144.3 (Trt), 128.9 (Trt), 127.9 (Trt), 127.1 (Trt),
86.7 (Trt), 72.7 (TrtO-CH>-CHb»-), 71.0 (-CH»-), 70.7 (-CHz-), 70.5 (-CHz-), 63.5 (TrtO-CH>-),
61.9 (-CHz-). HRMS-ESI (m/z): [M + NHa]" caled for Cs7H116NO2s, 1334.7836; found,
1334.7850.

TrtO-PEG24-OTs
Trt‘{o\/ttOTs

TrtO-PEG24-OTs was synthesised from TrtO-PEG24-OH following the procedure for
TrtO-PEG4-OTs. Data were collected on the crude material. R¢ (20:5:75 CH;0OH:H2O:EtOAc)
0.4. '"HNMR (500 MHz, CDCl3) 6 7.80 (d, 2H, J = 8.4 Hz, Ts), 7.47 — 7.44 (m, 9H, Trt), 7.35
—7.33 (m, 2H, Ts), 7.30 — 7.27 (m, 11H, Trt), 7.24 — 7.20 (m, 4H, Trt), 4.16 (t, 2H, J= 5.2 Hz,
TsO-CHz-), 3.69 — 3.61 (m, 92H, -CH>-), 3.99 (s, 4H, -CH»-), 3.23 (t, 2H, J = 5.2 Hz, TrtO-
CH>-), 2.45 (s, 3H, -CH3). 3C NMR (125 MHz, CDCls3) 8 144.3 (Trt), 130.0 (Ts), 128.9 (Trt)
128.1 (Ts), 127.9 (Trt), 127.1 (Trt), 70.9 (-CHz-), 70.8 (-CHz-), 63.5 (TrtO-CH»-), 21.2 (-CHa).
HRMS-ESI (m/z): [M + 2NH4]?*" calcd for C7aH126N2027S, 753.4129; found, 753.4136.

79



HO-PEG24-OTs
H{o\/tst

pTsOH (11 mg, 0.06 mmol, 0.8 equiv) was added to a suspension of TrtO-PEG24-OTs
(0.997 g, 0.68 mmol) in CH30H (8 mL). The reaction was stirred at rt overnight. Some white
precipitate formed, further precipitation was triggered by the slow addition of crushed ice.
Water (8 mL) was added and the mixture was cooled to 0 °C before filtration to remove the
precipitate. The solid was rinsed with cold water. The filtrate was concentrated. Brine and
EtOAc were added. The aqueous layer was extracted with EtOAc. The combined organic layers
were dried over MgSO4 and concentrated to give HO-PEG24-OTs (488 mg, 0.40 mmol, 13%
over 13 steps) as a white solid. R (20:5:75 CH3;0OH:H,0:EtOAc) 0.2. 'H NMR (500 MHz,
CDClz) 6 7.77 (d, 2H, J = 8.3 Hz, Ts), 7.34 (d, 2H, J = 8.0 Hz, Ts), 4.16 (t, 2H, J = 5.1 Hz,
TsO-CH»-), 3.70 — 3.57 (m, 87H, -CH»-), 3.55 (s, 4H, -CH»-), 2.42 (s, 3H, -CH3). 3C NMR
(125 MHz, CDCl3) ¢ 130.0 (Ts), 128.1 (Ts), 72.7 (-CH>-CH2-OH), 70.7 (-CH:-), 69.4
(TsO-CHz-CH»-), 68.8 (TsO-CH»-), 61.9 (-CH2-OH), 21.6 (-CH3). HRMS-ESI (m/z):
[M + 2NH4]** caled for CssHi12N2027S, 632.3581; found, 632.3580.
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6.2.5 Derivatisation of Discrete PEGs

HO-PEG4+OTs
H{O\/%OTS

A solution of NaOH (0.56 g, 14 mmol) in water (4 mL) was added to a solution of tetraethylene
glycol (10.94 g, 56.33 mmol) in THF (4 mL) at 0 °C. A solution of TsCl (1.58 g, 8.29 mmol)
in THF (5 mL) was then added dropwise. The reaction was stirred vigorously at 0 °C for 25 min
before dilution with ice water. The mixture was extracted with CH>Cl,. The combined organic
layers were washed with water and brine, dried over MgSO4 and concentrated to give a
colourless oil. The residue was purified by flash chromatography on silica gel (EtOAc) to give
HO-PEG4-OTs. (2.08 g, 5.97 mmol, 73%) as a colourless oil. 'H NMR (500 MHz, CDCIs) &
7.80 (d, 2H, J = 8.3 Hz, Ts), 7.34 (d, 2H, J= 7.9 Hz, Ts), 4.17 (t, 2H, J = 4.6 Hz, TsO-CH>»-),
3.72 — 3.68 (m, 4H, -CH»-), 3.67 — 3.62 (m, 4H, -CH>-), 3.61 — 3.59 (m, 4H, -CH>-), 2.45 (s,
3H, -CHz3), 2.38 (t, 1H, J= 6.2 Hz, -OH). *C NMR (125 MHz, CDCl3)  144.9 (Ts), 133.2 (Ts),
130.0 (Ts), 128.1 (Ts), 72.6 (-CH>-CH»>-OH), 70.9 (-CH-), 70.8 (-CHz-), 70.5 (-CH2-), 69.4
(TsO-CHz-CHz»-), 69.4 (-CHz-), 68.9 (TsO-CHz»-), 61.9 (-CH2-OH), 21.8 (-CHa).

2-Methyl-1,3-dithiane (36)

To a solution of acetaldehyde (2.5 mL, 44 mmol, 1.0 equiv) in anhydrous CH>Cl, (40 mL) was
added 1,3-propanedithiol (4.9 mL, 49 mmol, 1.1 equiv) under Ar. The reaction was cooled to
0 °C and stirred for 30 min. BF;.Et;O (2.8 mL, 22 mmol, 0.5 equiv) was added dropwise. The
reaction was stirred at 0 °C for 1.5 h before being warmed to rt and quenched with saturated aq
NH4Cl. The reaction was extracted into CH>Cl,. The combined organic layers were washed
with NaOH (0.1 mol L) and brine and dried over MgSO4 before concentration to yield
2-methyl-1,3-dithiane (36, 5.5 g, 41 mmol, 92%) as a colourless oil. Rt (10% EtOAc in PE) 0.5.
"HNMR (500 MHz, CDCl3) § 4.12 (q, 1H, J= 7.1 Hz, H-2), 2.90 (tdd, 2H, J= 13.0, 2.5, 1.0 Hz,
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H-44y and H-64y), 2.83 — 2.78 (m, 2H, H-4eq and H-6), 2.10 (dtt, 2H, J = 14.2, 4.8, 2.6 Hz,
H-5¢q), 1.86 — 1.77 (m, 2H, H-54,), 1.47 (dd, 3H, J=7.1, 1.2 Hz, -CHs).

HO-PEG:s-dithiane (38)

5

HO\/\O/\/O\/\O/B\S>2<S
To a solution of 2-methyl-1,3-dithiane (36, 103 mg, 0.767 mmol, 2.5 equiv) in THF (3 mL) in
a flame dried flask was added BuLi (2.5 mol L"! in hexanes, 0.35 mL, 0.85 mmol, 3 equiv) at
0 °C under Ar. After 5 min at 0 °C, a solution of 34 (100 mg, 0.28 mmol, 1 equiv) in THF
(1 mL) was added dropwise. The reaction was warmed to rt and stirred for 1.5 h. The reaction
was quenched with NH4Cl and extracted into EtOAc. The combined organic layers were
washed with brine and dried over MgSO4 before concentration. The residue was purified by
flash chromatography on silica gel (80-100% EtOAc in PE) to yield 38 (56 mg, 1.8 mmol, 63%)
as a colourless oil. R (EtOAc) 0.3. '"H NMR (500 MHz, CDCl3) § 3.73 — 3.72 (m, 2H, -CHz»-),
3.69 —3.63 (m, 8H, -CH»-), 3.62 — 3.59 (m, 4H, -CH»-), 2.89 (ddd, 2H, J = 14.6, 9.4, 3.1 Hz,
H-4.x and H-6.x), 2.79 (ddd, 2H, J = 14.5, 7.1, 3.3 Hz, H-4¢q and H-6¢q), 2.49 (br s, 1H, -OH),
2.27 (t, 2H, J=17.2 Hz, H-7), 2.02 — 1.95 (m, 1H, H-5¢q), 1.94 — 1.86 (m, 1H, H-5.), 1.61 (s,
3H, -CH3). *C NMR (125 MHz, CDCl3) § 72.7 (-CH»-), 70.8 (-CHa-), 70.7 (-CH»-), 70.5
(-CHz-), 70.4 (-CHz-), 68.1 (C-8), 61.9 (-CH»-), 47.6 (C-2), 40.5 (C-7), 28.5 (-CHs), 26.7 (C-4
and C-6), 25.2 (C-5). HRMS-ESI (m/z): [M + Na]" calcd for C13H2604NaS>, 333.1170; found,
333.1166.

HO-PEGgs-ketone (39)

0]

4
HO\/\O/\/O\/\O/\3)2K ;

Calcium carbonate (229 mg, 2.29 mmol, 17 equiv) and iodomethane (0.13 mL, 2.1 mmol,
15 equiv) were added to a solution of 38 (42 mg, 0.14 mmol, 1 equiv) in MeCN (1.8 mL) and
H>0 (0.2 mL).The reaction was heated to 50 °C for 5.5 h. The reaction was cooled to rt and
quenched with saturated aqg NaHCO; and extracted with EtOAc. The combined organic layers

were washed with brine, dried over MgSO4 and concentrated. The residue was purified by flash
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chromatography on silica gel (5% CH3OH in CHCI3) to give 39 (0.6 mg, 0.003 mmol, 2%). R¢
(5% CH3OH in CHCI3) 0.14. 'TH NMR (500 MHz, CDCl3)  3.75 — 3.60 (m, 15H, -CH>-), 2.71
(t,2H, J= 6.3 Hz, H-3), 2.57 (br s, 1H, -OH), 2.18 (s, 3H, -CH3). 3*C NMR (125 MHz, CDCls)
0 207.4 (C-2), 72.7 (-CHz-), 70.8 (-CH2-), 70.61 (-CHz-), 70.56 (-CHz-), 70.5 (-CHz-), 66.3
(C-4),61.9 (-CH»-),43.8 (C-3),30.6 (C-1). HRMS-ESI (m/z): [M + Na]* calcd for C10H2005Na,
243.1208; found, 243.1211.

-BuOOC-CH2-PEG4-OTs (40)

(e}
t—BuO)iKZ/O\/\O/\/O\/\O/\S/OTS

To a solution of 34 (51 mg, 0.15 mmol) in THF (3 mL) under Ar was added NaH (60% in oil,
69 mg, 1.7 mmol, 11.6 equiv) at 0 °C. The reaction was stirred at 0 °C for 30 min before the
addition of zert-butyl bromoacetate (53 pL, 0.36 mmol, 2.5 equiv). The reaction was stirred at
0 °C for a further 60 min then allowed to warm to rt and stirred overnight. The reaction was
quenched with water at 0 °C before extraction into EtOAc. The combined organic layers were
washed with brine then dried over MgSQO4 before concentration to give a crude yellow oil. The
residue was purified by flash chromatography on silica gel (0-100% EtOAc in PE) to yield
impure 40 (15 mg). Data were collected on the mixture. R¢(EtOAc) 0.71. 'H NMR (500 MHz,
CDCl3) 6 7.79 (d, 2H, J = 8.3 Hz, Ts), 7.33 (d, 2H, ] = 7.9 Hz, Ts), 4.17 (m, 2H, J = 4.6 Hz,
H-3),4.00 (s, 2H, H-2), 3.71 - 3.60 (m, 12H, -CH>-), 3.58 (s, 4H, -CH>-), 2.44 (s, 3H, Ts), 1.47
(s, 10H, ~Bu). *C NMR (125 MHz, CDCl3) 8 169.9 (C-1), 144.9 (Ts), 133.3 (Ts), 129.9 (Ts),
128.1 (Ts), 81.7 (z-Bu), 70.90, 70.88, 70.74, 70.67, 69.4, 69.2 (C-2), 68.8, 28.3 (z-Bu), 21.8
(Ts). HRMS-ESI (m/z): [M + Na]" caled for C21H3409NaS, 485.1821; found, 485.1829.

HO-PEG+N; (43)

2
HO\/\O/\/O\/\O/\/N3
1 3

To a solution of 34 (614 mg, 1.76 mmol) in anhydrous DMF (5 mL) under Ar was added sodium
azide (445 mg, 6.78 mmol, 4 equiv). The reaction was heated to 70 °C for 1.5 h. The solvent
was removed in vacuo and water was added. The aqueous phase was extracted with CH>Cl» and

the combined organic layers were washed with brine. The brine layer was back extracted with
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CHCl>. The combined organic layers were dried over MgSO4 and concentrated in vacuo to
give 43 (364 mg, 1.66 mmol, 94%) as a colourless oil. R¢(5% CH3OH in CHCI3) 0.42. "TH NMR
(500 MHz, CDCl3) 6 3.72 (q, 2H, J = 4.9 Hz, H-1), 3.69 — 3.65 (m, 10H, -CH>-), 3.62 — 3.60
(m, H, H-2), 3.39 (t, 2H, J = 5.1 Hz, H-3), 2.44 (t, 1H, J = 6.0 Hz, -OH). 13C NMR (126 MHz,
CDCl) 6 72.6 (C-2), 70.9 (-CH2-), 70.83 (-CH>-), 70.75 (-CHz-), 70.5 (-CH2-), 70.2 (-CHz-),
61.9 (C-1), 50.6 (C-3). HRMS—-ESI (m/z): [M + Na]" calcd for Ci4H27N306Na, 356.1798;
found, 356.1802.

t-BuOOC-CH:-PEG4-N; (44)

(e}
t_Buo%KZ/O\/\O/\/O\/\O/\( N3

A solution 0f 43 (77 mg, 0.35 mmol) in THF (6 mL) was added to a suspension of NaH (25 mg,
60% in oil, 0.63 mmol, 1.8 equiv) in THF (4 mL) under Ar at 0 °C. The reaction was stirred at
0 °C for 25 min then cooled to -78 °C. tert-Butyl bromo acetate (200 pL, 1.35 mmol, 3.9 equiv)
was then added dropwise at -78 °C. The reaction was allowed to warm to rt over 3.5 h. The
reaction was quenched with NH4Cl and the aqueous layer was extracted with EtOAc. The
combined organic layers were washed with brine and dried over MgSO4 before concentration
in vacuo yielded 44 (104 mg, 0.312 mmol, 89%) as a colourless oil. R¢ (EtOAc) 0.27. '"H NMR
(500 MHz, CDCl3) 6 4.02 (s, 2H, H-2), 3.73 — 3.67 (m, 14H, -CH>-), 3.39 (t, 2H, J = 5.1 Hz,
H-3), 1.48 (s, 9H, -Bu). *C NMR (126 MHz, CDCl3) § 169.8 (C-1), 81.7 (+-Bu), 70.91 (-CH>-),
70.87 (-CH-), 70.83 (-CH»-), 70.80 (-CH»-), 70.77 (-CHz-), 70.2 (-CH»-), 69.2 (C-2), 50.9
(C-3), 28.3 (+-Bu). HRMS-ESI (m/z): [M + Na]" caled for C14H27N30¢Na, 356.1798; found,
356.1802.

fBuOOC-PEG4-NH; (45)

(0]
3
t_BuO%KZ/O\/\O/\/O\/\O/\‘l/NHQ

Staudinger Reduction: PPh3 (122 mg, 0.465 mmol, 1.4 equiv) was added to a solution of 44

(108 mg, 0.324 mmol) in THF (3 mL) at rt under Ar. The reaction was stirred at rt for 23 h.
Water (50 uL) was added and the reaction was stirred exposed to air for a further 5.5 h. Water

(12 mL) was then added and the aqueous layer was washed with toluene before concentration
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yielded 45 (45 mg, 0.15 mmol, 45%) as a colourless oil. Or Hydrogenolysis: Pd/C (10% mass,
11 mg, 0.010 mmol, 4 mol%) was added to a solution of 44 (82 mg, 0.25 mmol) in EtOH

(2 mL). The reaction mixture was evacuated and replaced with an H> atmosphere (3x). The
reaction was stirred at rt for 2 h. Filtration through Celite and concentration yielded impure 45
(65 mg) as a colourless oil. R (65:30:4:0.5 CHCl3, CH30H, water, aq NH3) 0.82. 'H NMR
(500 MHz, CDCls) 6 4.01 (s, 2H, H-2), 3.72 — 3.51 (m, 13H, -CH>-), 3.52 (t, 2H, J = 5.2 Hz,
H-3), 2.87 (t, 2H, J = 5.2 Hz, H-2), 1.98 (br s, 3H, -NH>), 1.47 (s, 9H, #-Bu). 1*C NMR (126
MHz, CDCl) & 169.8 (C-1), 81.7 (¢+-Bu), 73.3 (C-3), 70.88 (-CHz-), 70.76 (-CHz-), 70.74
(-CH»-), 70.71 (-CH»-), 70.4 (-CH»-), 69.2 (C-2), 41.9 (C-4), 28.3 (+-Bu). HRMS-ESI (m/z):
[M + H]" caled for C14H30NOs, 308.2073; found, 308.2074.

v-Chloro-y-valerolactone 53)

Oxalyl chloride (0.2 mL, 1.7 mmol, 2 equiv) and DMF (2 drops) were added sequentially to a
solution of levulinic acid (90 pL, 0.88 mmol) in CH>Cl; (10 mL) under Ar at rt. The reaction
was stirred at rt for 3 h before the volatiles were removed under reduced pressure to yield 53
(81 mg, 0.60 mmol, 69%) as a dark red oil. 'H NMR (500 MHz, CDCls) & 3.00 —2.92 (m, 1H,
H-24x),2.76 = 2.71 (m, 1H, H-3¢q), 2.64 — 2.59 (m, 1H, H-2¢q), 2.45 — 2.38 (m, 1H, H-34x), 2.06
(t, 3H, H-5). 13C NMR (126 MHz, CDCl3) § 174.5 (C-1), 104.2 (C-4), 40.1 (C-2), 31.3 (C-5),
28.4 (C-3).

t-Bu ester PEGy levulinic amide (48)

O O

O
o}
moo? A S
4

To a solution of 45 (44 mg, 0.14 mmol) in anhydrous CH>Cl> (2 mL) under Ar at rt was added
EtsN (50 pL, 0.4 mmol). The solution was cooled to 0 °C before a solution of crude y-chloro-
y-valerolactone (53, 0.15 mmol) in CH>Cl, (1.7 mL) was added. After 10 min the reaction was
warmed to rt and stirred overnight. The reaction was concentrated in vacuo. THF was added

and the suspension filtered (1 pum then 0.2 pm PTFE) to remove excess EizZNHCI. The filtered
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material was purified by flash chromatography on silica gel (0-40% CH3OH in CH2Cl) to give
impure 48 (34 mg) as a yellow oil. R (10% CH30H in CH2Cl,) 0.49. '"H NMR (500 MHz,
CDC) ¢ inter alia 6.52 (br s, 1H), 3.99 (m, 3H), 3.71 —3.59 (m, 18H), 3.53 (t,J=5.3 Hz, 2H),
3.41(q,J=5.3Hz 2H), 2.76 (t,J= 6.7 Hz, 2H), 2.43 (t J= 6.7 Hz, 2H), 2.16 (s, 5SH), 1.45 (br
s, 13H). 1*C NMR (125 MHz, CDCl3) 4 207.7, 172.0, 169.7, 132.2, 132.2, 128.7, 128.6, 89.0,
81.7,70.8,70.7, 70.6, 70.4, 70.2, 70.0, 69.7, 69.1, 39.5, 39.1, 38.6, 34.7, 30.0, 29.9, 29.6, 28.2,
26.5. HRMS-ESI (m/z): [M + Na]" calcd for C19H3sNOgNa, 428.2260; found, 428.2260.
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