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Summary

Membrane proteins carry out important physiological functions, including roles as
enzymes and receptors, and are the targets for 50% of current drugs on the market,’
indicating their pharmacological importance. Knowledge of the structure and function
of membrane proteins is essential in the development of effective therapeutics by
structure-based drug design. This project involves the synthesis and characterisation
of chemical probes to facilitate structure and function studies on membrane proteins
in the Membrane Structural & Functional Biology research group. This project can be
divided in three parts; firstly, due to the emerging threat of antibiotic resistance,
replenishing the antibiotic development pipeline is of paramount importance. The
Membrane Structural & Functional Biology research group has identified the bacterial
enzymes lipoprotein diacylglyceryl transferase (Lgt) and apolipoprotein N-acyl
transferase (Lnt), as possible targets for new antibiotics. In this work, a number of
chromophore labelled phospholipids were synthesised to support the development of
a continuous Forster Resonance Energy Transfer assay for both lipoprotein
diacylglyceryl transferase and apolipoprotein N-acyl transferase. Such a high-
throughput assay could be used to identify inhibitors. Secondly, a monoacylglycerol
that is used in the in meso method for membrane protein crystallisation was
synthesised. In addition, the isomerisation of monoacylglycerols that are used in the
in meso method and the effect of monoacylglycerol isomerisation on membrane
protein crystallisation was studied. Thirdly, synthetic efforts towards unnatural sulfur
and selenium containing tryptophan derivatives were carried out in order to facilitate

the determination of membrane protein structures.
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Chapter 1: Introduction

1.1 Antibiotic resistance

Antimicrobial resistance is predicted to become the greatest threat to human life,
causing 10 million deaths per year by 2050 and projected to incur costs of €100
trillion.” Antimicrobial resistance encompasses resistance achieved by fungi, viruses,
parasites and bacteria. Antibiotic resistance can be defined as the ability of bacteria to
change their genetic material in response to antibiotic treatment, that renders the
antibiotic ineffective.”* As many antibiotics were originally found in nature (many
were discovered as secondary metabolites in actinomycetes bacteria)’ and not a man-
made invention, small-scale innate resistance in bacteria has been shown to have
taken place thousands of years before humans existed.® Secondary metabolites in
bacteria are organic compounds that are not essential for growth/development, unlike

primary metabolites such as proteins and carbohydrates.’

There are many mechanisms bacteria can take advantage of in order to gain
resistance. For example, Staphylococcus aureus can replicate through 20 generations
in under 12 hours, giving over 1 million progeny.*” This is possible due to S. aureus’
short doubling time of less than 30 minutes, allowing the bacteria to produce

hundreds of mutations.’

In addition, bacteria do not only rely on replication for producing favourable
mutations, but can acquire genetic material from neighbouring bacteria in a process
known as horizontal gene transfer (HGT).** In HGT, there is a physical movement of
DNA from one bacterium to another, followed by incorporation into the latter’s
genome.’® In certain situations this can be a competitive process, where one bacterium
kills another for their DNA, as seen in the case of Streptococcus pneumonia, where
toxic, small peptides (bacteriocins) are secreted to lyse neighbouring bacteria.” HGT

has been shown to be clinically relevant in the spread of antibiotic resistance. '

Humans have had a profound impact on the spread of antibiotic resistance, due to a
number of factors. Firstly, antibiotic use alone will cause a selective pressure on the

bacteria to develop resistance in order to survive. Combining antibiotic misuse by the



public (where antibiotic courses are not finished because individuals begin to feel
better) and over-prescription by practitioners has had a detrimental effect on antibiotic
performance. Secondly, the over-use of antibiotics in agriculture and in veterinary
medicine and its knock-on effect cannot be overstated. Antibiotics are used in
agriculture mostly as prophylactics and growth-promoters” at sub-therapeutic levels."
The use at sub-therapeutic levels favours the emergence of a large number of
resistance genes.'' This is because the sub-therapeutic levels do not kill the bacteria,
but exposes them to antibiotics, to which they can begin to develop resistance.
Astoundingly, in the United States, over 80% of all antibiotic consumption can be
ascribed to agriculture,“’]2 with 60% of those antibiotics being of critical, medical

importance for humans.’
1.2 ESKAPE pathogens

Just over 10 years ago, a special group of bacteria were highlighted due to their
clinical importance and grouped together to form the ‘ESKAPE’ Pathogens. The
group is made up by: Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumonia, Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter
species.'® Of the six ESKAPE pathogens, four represent Gram-negative bacteria: K.
pneumonia, A. baumanii, P. aeruginosa, and Enterobacter species. The complex
membrane structure of Gram-negative bacteria makes them difficult to treat (Fig. 1.1

a,b)."

The ESKAPE pathogens’ clinical importance stems from their ability to ‘escape’
current antibiotic treatment by showing high levels of antibiotic resistance,
representing a new wave of resistant bacterial strains that has not been observed
before.* " These levels of resistance convey the full extent of the impressive genetic

flexibility possessed by bacteria.
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Figure 1.1a The membrane structure in Gram-negative bacteria. Gram-negative
bacteria have a more complex membrane structure than their Gram-positive
counterparts. Gram-negative bacteria contain an inner and an outer membrane with a
thin layer of peptidoglycan in their periplasm (the area between the inner membrane
and the outer membrane). The peptidoglycan has a layered structure that is
strengthened by cross-links. The outer membrane is functionalised with
lipopolysaccharide on the outer leaflet and with lipoproteins on the inner leaflet. The
presence of a second membrane barrier makes antibiotic development for Gram-
negative bacteria difficult.

2 00000 _>Crosslinking

Peptidoglycan

Proteins

Membrane

Figure 1.1b The structure of the Gram-positive bacteria membrane. In contrast to
Gram-negative bacteria, the envelope of Gram-positive bacteria is characterised by a
lack of an outer membrane. A single cytoplasmic membrane is protected by a thick
layer of peptidoglycan, a far thicker layer than is present in Gram-negative bacteria.



Enzymes that form cross-links in peptidoglycan can be inhibited by antibiotics, such
as penicillins, cephalosporins and glycopeptides.

ESKAPE pathogens cause the majority of nosocomial (hospital acquired) infections.'
They tend to be opportunistic pathogens that infect immuno-compromised
individuals, such as cystic fibrosis patients, cancer patients and burn victims.'* The
consequences of these nosocomial infections by ESKAPE pathogens include
increased mortality and prolonged stays in hospitals. In the U.S., every year more
people die from methicillin-resistant Staphylococcus aureus (MRSA) nosocomial

infections alone than from HIV (AIDS) and tuberculosis combined."

There is currently no new therapy for multi-drug resistant (MDR) P. aeruginosa or
carbapenem resistant K. pneumonia, causing clinicians to revert to older drugs such as
colistin (polymixin E)."> Colistin was developed in the 1950s, but was then discarded
due to concern regarding its neuro- and nephrotoxicity.'*'® Due to its reduced use, the
drug has not been invalidated by resistance. It is therefore being kept as an ‘antibiotic
of last resort’ for MDR Gram-negative infections. As the use of colistin now begins to
increase, as will associated resistance in Gram-negative bacteria, highlighting the

need for novel antibiotics with novel drug targets and mechanisms of action.

1.3 Current antibiotics & need for new drugs

Antibiotics currently available for use include penicillins and cephalosporins (alone
and in combination with beta-lactamase inhibitors), glycopeptides, macrolides,

polymixins, carbapenems, lipopeptides and tetracyclines.

These current classes of antibiotics were nearly all discovered during the ‘golden
period’ of antibiotic discovery between the 1940s and the 1960s. Antibiotics have
facilitated advances in modern medicine, as without them common procedures such
as dental surgery or cesarean section could not take place safely. The development of
antibiotics was one of the greatest human feats, but in the years since 1960, the
majority of new antibiotics have been ‘me too’ drugs.'*'” Companies have identified
current, commercially successful antibiotics on the market and introduced minor
modifications to the core structure of established compounds to create so-called ‘me

too’ analogues. The best performing analogue then made its way through clinical



trials and onto the market. These ‘me too’ antibiotics do not have a novel mode of
action, and will therefore be susceptible to the same resistance mechanisms. The ‘me
too’ antibiotics are financially less risky to develop, as the likelihood of toxicity and
secondary interactions are reduced when compared with the development of a brand

new antibiotic classes against new targets.

The current antibiotic pipeline is not sufficient to combat the alarming rates of
resistance, particularly among ESKAPE pathogens.'* The pipeline has been slowly
decimated because antibiotic development is not an economically attractive option for
large pharmaceutical companies. The fact that many pharmaceutical companies are
pulling out of research and development of new antibiotics is disappointing but not
surprising.” From a purely financial point of view, there are a number of factors that
will undermine antibacterial investment. Firstly, the limited duration of antibiotic
treatment is the main disadvantage.* Antibiotics will typically be prescribed for a
period of only 5-10 days, unlike other medicines that may have to be taken everyday
for a lifetime. This will naturally result in lower sales and revenue. Secondly,
antibiotics usually have a low price per dose, so companies cannot recoup the losses
from short duration of treatments by inflating price.* Thirdly, once the product makes
it to market, there is no guarantee of market longevity due to potential antibiotic
resistance.*'* Lastly, if a successful antibiotic is developed, i.e., an antibiotic that
causes low-level resistance in bacteria, it will most likely be kept as a drug of last
resort, again reducing sales and revenue. The lack of interest from many
pharmaceutical companies has depleted the antibiotic pipeline and passed the burden

of antibiotic discovery to academic institutions.

1.4 Lipoprotein processing pathway — A novel drug target

Lipidation is a common post-translational modification to proteins in bacteria. Both
Gram-positive and Gram-negative bacteria contain a large amount of lipoproteins (P.
aeruginosa and S. aureus have 175 and 67 lipoproteins, respectively).'®'" The
importance of protein lipidation in bacteria is illustrated by the number of vital
physiological roles carried out by lipoproteins, including roles in transport, signal

. . . o eaq- .. 202
transduction, virulence and in penicillinase activity.”* >



Lipoproteins in bacteria are processed by a three-enzyme pathway termed the

lipoprotein processing pathway (Fig. 1.2). This pathway is exclusive to bacteria, i.e.,

21,24

not possessed by humans. It also has been shown that these enzymes are essential

. . . . . 21
in many organisms for bacteria survival and virulence.
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Figure 1.2 The post-translational lipoprotein processing pathway. The
preprolipoproteins arrive via the Sec or Tat pathways and are anchored in the inner
membrane by a single transmembrane helix called the signal peptide (green). The first
step of the scheme involves the addition of a diacylglyceryl group to the free thiol of
an invariant cysteine residue (yellow) by lipoprotein diacylglyceryl transferase (Lgt).
Next, lipoprotein signal peptidase II (LspA) cleaves off the signal peptide and reveals
a primary amine of a conserved cysteine. Finally, apolipoprotein N-acyl transferase
(Lnt) acylates the apolipoprotein at the N-terminus of the lipobox cysteine to form the
tri-acylated lipoprotein. The lipoprotein may then go on to be localised to the inner
leaflet of the outer membrane by the Lol machinery. A detailed description of the
reactions catalysed by Lgt, LspA and Lnt is provided below.

In order to begin structure-based drug design, it is necessary to have a high-resolution
structure of the target protein. The structure of lipoprotein diacylglycerl transferase
(Lgt) was solved by Zhang et al.*> and the structures of lipoprotein signal peptidase I
(LspA) and apolipoprotein N-acyl transferase (Lnt) were determined by Vogeley et
al.'® and Wiktor et al.*® from this research group. As lipoproteins are predominantly
membrane-associated proteins, lipidation is a crucial modification in facilitating their
anchorage into the membrane. Lipidation can also play a role in increasing the

stability and flexibility of the protein.”’

All bacterial preprolipoproteins contain a four-residue lipobox motif that allows
recognition by Lgt. The residues that make up the lipobox motif consist of L(VI)™-
A(S)*-G(A)" C"', with the cysteine at the +1 position being absolutely conserved and



a limited amount of variation allowed with the first three residues. The numbers in
superscript (-3 to +1) indicate the position of proteolytic cleavage by LspA. Cleavage
occurs between residues -1 and + 1 and the cysteine at the +1 position will become

the new N-terminal amino acid.

After lipoprotein processing, the Lol (Lipoprotein Outer Membrane Localisation)
machinery then sorts the tri-acylated lipoproteins. The Lol system in Gram-negative
bacteria is influenced by the amino acid occupying the +2 position. The presence of
an Asp residue at the +2 position causes localisation to the inner membrane, whereas
any other amino acid in the +2 position results in localisation to the outer
membrane.”” Of course, in Gram-positive bacteria, no such differentiation needs to

take place.
1.4.1 Lgt (lipoprotein diacylglyceryl transferase)

Lgt is an integral membrane protein present in both Gram-negative and Gram-positive
bacteria and has been shown to be essential in all Gram-negative bacteria, while its
absence in Gram-positive bacteria results in attenuated virulence.** Inhibition or
depletion of Lgt will cause accumulation of preprolipoprotein and will prevent the

growth of bacteria.”®

The preprolipoprotein is inserted into the inner membrane from the cytoplasm by the
Sec or Tat secretion machinery. Lgt catalyses the transfer of a diacylglyceryl group
from a phosphatidylglycerol (PG) phospholipid to the free thiol group of the
conserved cysteine in the lipobox of the preprolipoprotein. The transfer is achieved
through a thioether linkage and the products are a di-acylated ‘prolipoprotein’ and the
PG headgroup (Fig. 1.3).
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Figure 1.3 Lgt catalyses the transfer of a diacylglyceryl group from a
phosphatidylglycerol (PG) to the free thiol of the lipobox cysteine (yellow).

Kinetics experiments on the specificity of the reaction between the preprolipoprotein
and Lgt have been carried out.”' Lgt shows specificity for PG phospholipids over
other phospholipid headgroups. A high level of specificity is exhibited, indicating that
the headgroup plays a significant role in binding to the active site. From the crystal
structure, the glycerol headgroup of the PG forms favourable electrostatic interactions
with a conserved Arg residue.” The Lgt/phospholipid reaction will not take place if

another phospholipid headgroup is employed.?!
1.4.2 LspA (lipoprotein signal peptidase II):

The second enzyme in the pathway is LspA. The enzyme is a member of the aspartyl
protease family, as its active site consists of two aspartyl residues.'® At physiological
pH, these aspartic acid residues will both be deprotonated and participate in the
protease activity by deprotonating water molecules and stabilising intermediates. As
indicated previously, LspA cleaves the prolipoprotein — the product of Lgt — at the
lipobox cysteine, freeing the cysteine for further processing (Fig. 1.4).
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Figure 1.4 LspA catalyses the proteolytic cleavage of the signal peptide (green) at the
N-terminus of the lipobox cysteine (yellow). The resulting apolipoprotein is still
anchored to the membrane by the diacylglyceryl group.

Unlike Lgt and Lnt, the LspA reaction does not require phospholipids.”' The product
of the LspA reaction is simply termed ‘apolipoprotein’ and now contains a primary
amine at the N-terminal lipobox cysteine. This primary amine will now act as a
substrate for the following enzyme in the pathway; Lnt. LspA can be inhibited by the
antibiotics globomycin and myxovirescin. Inhibition causes accumulation of the

diacylglyceryl-modified prolipoproteins and subsequent cell death.”
1.4.3 Lnt (Apoliprotein N-acyl transferase)

Lnt is the final enzyme in the pathway and catalyses the formation the mature tri-
acylated lipoprotein that may go on to be sorted by the Lol pathway. Lnt is not as
widely conserved as Lgt and LspA, and is only present in proterobacteria and

. 21
actinomycetes.

Lnt contains a membrane domain and an extra-cellular nitrilase-like domain. The
latter domain harbours an active site cleft containing a catalytic triad comprised of C,
E and K.*® Lnt catalyses the transfer of a fatty acid from a phospholipid substrate to
the N-terminus of the lipobox cysteine (Fig. 1.5). The transfer is thought to occur via
a two-step mechanism. The fatty acid is first transferred from the sn-1 position (Fig.
1.6) of the phospholipid to the cysteine of the catalytic triad of Lnt, generating a
thioester intermediate (Fig. 1.7). Then, the di-acylated lipoprotein (LspA product)



binds to this intermediate resulting in the transfer of the fatty acid to the free N-

terminal group of the lipoprotein’s lipobox cysteine.

Apolipoprotein Lipoprotein

PG PG
ﬁ . NH, Lnt 7 NH
| i

Figure 1.5 Lnt catalyses the transfer of a fatty acid from the sn-1 position of a
phospholipid to the N-terminus of the lipobox cysteine (yellow).

Figure 1.6 Structure of a PG phospholipid showing the difference between the sn-1
and sn-2 positions. The sn-1 alcohol is a primary alcohol, whereas the sn-2 alcohol is
secondary.

Kinetic studies of the specificity of phosphate headgroup have also been carried out
for Lnt.*® It was discovered that Lnt has a preference for phosphatidylethanolamine
(PE) phospholipids, with a saturated fatty acid at the sn-1 position and an unsaturated

fatty acid at the sn-2 position. While there is a preference for PE, PG also supports

Lnt activity.*

10



pZ
O n
R /O\)\/O
o o} sn-1 o n
Hoj)
HO
Lnt
/\M/\)O]\ Apolipoprotein
PN Thioester A~
. - 4>
n S” 'Lnt  jntermediate NH + HS” “Lnt
+
sn-2 o ‘o Tri-acylated
o Z lipoprotein
n
K ’OJ\/OH
o R

Figure 1.7 Illustrating the two-step mechanism of Lnt. Firstly, the sn-1 fatty acid of a
phospholipid is transferred to the catalytic cysteine of Lnt (a 1-lyso phospholipid is
formed). In the second step, the fatty acid of the thioester intermediate is transferred
to the apolipoprotein to form the tri-acylated lipoprotein and the free thiol of Lnt is
restored.

Lnt is thought to be an essential enzyme in many Gram-negative bacteria.”'** The

lack of the enzyme, or the inhibition of the enzyme will result in cell death.”®

1.4.4 Lipoprotein protein processing pathway and drug development

All three enzymes in the lipoprotein processing pathway would be good candidates
for structure-based drug design. Their potential as future druggable targets lies in the
fact that these new antibiotics would have a novel mode of action. Very few new
classes of antibiotics have been brought to the market in the last 40 years, since the

end of the ‘golden era’ of antibiotic development.™

The enzymes in the lipoprotein processing pathway are essential to the survival and
virulence of many organisms.”' In addition, there already exists two known inhibitors

of LspA; globomycin and myxovirescin (Fig 1.8). The existence of these inhibitors

11



gives optimism for future structure-based drug design of LspA and the entire
pathway, as knowledge of their structures provides medicinal chemists a scaffold on

which to build a library of potential new antibiotics.

Importantly, Lgt, LspA and Lnt are not present in humans.'® Although Lnt contains a
nitrilase-like domain, mammalian nitrilases act on different substrates.*® The active
site cleft faces outwards in Lnt, to provide an opening for substrates and products,”®

giving an attractive feature for drug design.

Figure 1.8 The structures of the depsi-peptide, globomycin (left), and myxovirescin
(right). Both are inhibitors of the second enzyme in the pathway, LspA.

1.5 Glycerophospholipids

Glycerophospholipids are a diverse group of amphiphilic molecules that are
biologically important and perform a variety of roles; as second messengers, as
energy and heat sources, in drug delivery systems and most markedly, acting as a
barrier in membrane lipids in both humans and bacteria.>*>® For example, in E. coli,

the membrane composition is 75% PE, 20% PG and cardiolipin.

Glycerophospholipids can be divided into a number of families based on their

headgroup structure (Fig. 1.9).
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Figure 1.9 The structures of the most common families of glycerophospholipids. PG,
PE, phosphatidylcholine (PC) and phosphatidylserine (PS). R' and R* represent fatty
acids.

Glycerophospholipids contain a diacylated glycerol spine (shown with R' and R? fatty
acids). The sn-1 position (R') is most often a long, saturated fatty acid chain, while
the sn-2 position is predominantly occupied by a long, unsaturated fatty acid. At the

centre is a negatively charged phosphate.

The discrimination between the glycerophospholipid families is achieved by the
variety shown in their headgroups. PE contains an ethylene linker to a primary amine
cation that neutralises the negatively charged phosphate centre, becoming
zwitterionic. Phosphatidylcholine (PC) contains an ethylene linker to a choline group
— a triply methylated amine cation, also reaching an overall neutral charge. PGs
contain a second glycerol backbone, giving an overall negative charge to the molecule

and phosphatidylserine (PS) contains an ethylene linker to an amino-carboxylic acid.

Glycerophospholipids are the source of the fatty acids that post-translationally modify
the preprolipoprotein and the apolipoprotein in the lipoprotein processing pathway.*'
In this project, a number of glycerophospholipids were synthesised to support the
development of a Forster Resonance Energy Transfer (FRET) assay (Chapter 2).

13



1.6 Structure determination — X-ray crystallography:

A main focus of this research group is structure elucidation by X-ray crystallography
of membrane proteins using the in meso method. The three enzymes in the lipoprotein
processing pathway are membrane proteins and two of the three structures were
determined in this group by the in meso method (LspA and Lnt)."®*® Currently, the
most powerful tool for elucidating the structure of the described enzymes is
macromolecular X-ray crystallography. The resulting crystal structure provides

detailed information that is invaluable for structure-based drug design.

The in meso method was introduced in the late 1990s by Landau and Rosenbusch.’
Its uptake into the field was slow at first, but the method has experienced an explosive
growth since 2012, with the in meso method being responsible for over 500 structures
in the pdb at the time of writing (400 since 2012). The in meso method involves
reconstituting the membrane protein into a specific monoacylglycerol (MAG)/water
mixture that forms a bicontinuous cubic phase. MAGs consist of glycerol with one
fatty acid attached as an ester. The cubic phase can be made with knowledge of the
phase diagram of the particular MAG used. For example, the phase diagram of
monoolein (Fig. 1.10), the most commonly used lipid in the in meso method, shows
the cubic phase will form at 40% hydration with water at 20 °C. The cubic phase
mimics a biological membrane, and for this reason, it provides an environment in
which membrane proteins should be stable, remain folded and have an opportunity to

crystallise.

14



Composition, Yow/w water

Figure 1.10 The phase diagram of monoolein, with temperature on the y-axis and the
% of water on the x-axis. The Pn3m and Ia3d cubic phases can be reached at 20 °C
and at 40% water composition.®

This protein containing cubic phase mixture is then spotted on a glass plate and
covered with an excess of ‘precipitant’ solution. The exact mechanism of protein
crystal formation in the cubic phase is not known, but a rational hypothesis has been
proposed.®®* In this hypothesis, the protein molecules are free to diffuse through the
cubic phase, but upon addition of the appropriate precipitant solution, a phase
separation is triggered.” A local lamellar phase is formed, becomes saturated with

protein and facilitates nucleation and crystal growth (Fig 1.11).

15



Figure 1.11 Schematic of the protein-laden cubic phase after addition of the
precipitant solution. Phase separation occurs: the protein diffuses from the
bicontinuous cubic phase (exterior) to a lamellar region (centre) to cause nucleation
and crystal growth.*’

The choice of the MAG that forms the cubic phase can be varied and is a crucial
variable in the formation of structure grade crystals. Historically, since the inception
of the in meso method, the cubic phase has been made using monoolein (9.9 MAG,

Fig. 1.12).

Neck © Head Neck © Head
COT e GO
OH . OH
Tail Tail
7.7 MAG 9.9 MAG

Figure 1.12 Structures of 7.7 MAG and 9.9 MAG (monoolein), commonly used
MAGs in the in meso method.

The MAGs used in the in meso method have a similar structure - the polar, glycerol
head group (green, Fig 1.13), the neck (red, carbons before the cis double bond) and
the tail (blue, carbons after the cis double bond). The naming of MAGs relies upon
the number of carbons either side of the double bond. The neck (N) of the compound

16



is defined as the part of the molecule between the ester and the double bond, while the
portion after the double bond is the tail (T): N.T MAG, so the below compound (Fig.
1.13) is named 7.8 MAG, as it contains 7 carbons before the cis double bond (red) and
8 carbons after the cis double bond (blue).

Neck C|> Head

Tail
7.8 MAG

Figure 1.13 Structure showing the N.T naming system of MAGs.

In this project, 7.7 MAG (Fig 1.12, left) was synthesised according to a procedure
developed in this research group, with some modifications.” 7.7 MAG is so named as
it has 7 carbon atoms either side of the cis double bond, i.e., a 14 carbon fatty acid

chain.

The 7.7 MAG that was synthesised in this project was then used in the in meso
method in this research group to grow protein crystals. 7.7 MAG is an alternative to
9.9 MAG and often leads to crystallisation of proteins that do not form crystals in 9.9
MAG.

7.7 MAG has recently become the lipid of choice to elucidate the structures of G-
Protein Coupled Receptor (GPCR)-G protein complex,*” as the shorter chain length
(compared to 9.9 MAGQG) gives its cubic phase a narrower bilayer thickness and larger
aqueous channels.” These larger aqueous channels are preferable for the
crystallisation of GPCR-G protein complexes, as they contain large soluble domains
that can diffuse freely in the enlargened aqueous channels formed by 7.7 MAG, but
not 9.9 MAG.**

While 7.7 MAG can be obtained from commercial vendors, the cost is exorbitant and
the quality of the material is inconsistent. This inconsistency has frustrated the
progression of the field and led to the formation of a lipid synthesis program in the

MS&FB group.
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1.7 The role of 2-monoacylglycerols (2-MAGs) in crystallogenesis

The in meso method, as described in Section 1.6, involves a complex system that is

made up by the membrane protein solubilised in aqueous solution using detergent, the
MAG and the precipitant solution. The MAG is often presumed pure, but this is never
truly the case, as 2-MAGs are formed by isomerisation/transesterification of 1-MAGs

(such as 7.7 MAG and 9.9 MAG, Scheme 1.1).

In-house synthesised and commercial MAGs contain a small amount of their 2-MAG
1somer, usually in the region of 1-10%. This small percentage originates from
spontaneous isomerisation during preparation and purification. Therefore, the 2-MAG
1somer of the MAG will be present in the cubic phase system of the in meso method
in which protein crystals are grown, adding another variable to the method. In
addition, further isomerisation may even take place in the cubic phase during

crystallisation.

Scheme 1.1 Isomerisation/transesterification of 1-MAGs to 2-MAGs

/H\:/\M)J\q
N - O/Y\OH — - /Hn\:/\(\dn)J\O OH
:OH
1-MAG 2-MAG

The role of 2-MAGs in crystallogenesis using the in meso method, if any, is often
overlooked and is completely unknown. In this project, 2-monoolein (Fig 1.14) was
synthesised by a newly developed synthetic scheme (Chapter 3). This synthetic 2-
monoolein could then be doped into its 1-isomer, monoolein, and would then allow

the role of 2-MAG in the in meso to be studied.

H

2 L

OH
O
Cxi\

2-monoolein

Figure 1.14 Structure of 2-monoolein
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1.8 Solving the crystallographic phase problem

Once a crystallisation procedure has been optimised and crystals of the membrane
protein of interest have been formed, the next step in macromolecular X-ray
crystallisation is the use of X-rays to elucidate the structure. The beam of light from
the synchrotron is then diffracted by electrons in the atoms of the protein to produce a
unique diffraction pattern (Fig 1.15). In the process of recording diffraction
information, intensities are registered, but the phase data of the crystal is lost. Solving
the phase problem goes hand in hand with the crystallisation of proteins, as without
the phase data the position of the atom in space is unknown, and therefore, the

structure cannot be solved.

T1.88A

Figure 1.15 A sample diffraction pattern.*

Phasing represents a significant barrier in macromolecular crystallography but
fortunately, many techniques for solving the phase problem have been developed,
including the addition of heavy atoms to the structure and identifying their location in
the unit cell and molecular replacement by using the phase information of a similar
structure that has been solved before. Heavy atom-based phasing can include the

substitution of methionine for seleno-methionine (Se-Met). Se-Met incorporation
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allows the phase problem to be solved by single-wavelength anomalous dispersion
(SAD) or multi-wavelength anomalous dispersion (MAD) methods, but Se-Met
phasing can often be unreliable, as expression can often lead to lower yields, poorer
diffracting crystals and a low signal to noise ratio, caused by the methionine side

chain that is quite flexible and disordered.*®

Recently, this research group explored the idea that sulfur or selenium containing
derivatives of tryptophan could be used for phasing (Fig. 1.16). Tryptophan has the
advantage that it is relatively abundant in membrane proteins and tryptophan residues
are also usually well-defined in a membrane protein structure as they are important

for anchoring the protein at the membrane interface.*’

COOH COOH COOH
s NH, Se NH, NH,
Q | A\ S | A\ A\
N N N
H H H

Figure 1.16 Structure of sulfur- and selenium-tryptophan (left and middle,
respectively) and natural tryptophan (right). The indole ring of tryptophan is replaced
with thienopyrrole and selenopyrrole moieties.

The substituted tryptophan would contain the sulfur/selenium incorporated into the
ring moiety and should give a stronger signal during phasing, due to its reduced
flexibility when compared to their S/Se-Met counterparts. In this project, the sulfur
and selenium tryptophan derivatives were synthesised according to literature
procedures*® with minor modifications. The unnatural amino acids could then be
incorporated into proteins and used to solve the crystallographic phase problem. If
successful, the method could then go on to replace phasing using Se-Met, that is
currently the most common method used, if molecular replacement cannot be carried

out.

The research performed for this MSc has been organised in three different sub-

projects and these will be discussed in the following chapters.
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Chapter 2: Glycerophospholipid Synthesis for use in a FRET assay for Lgt and
Lnt

2.1 Introduction

This chapter will deal with the synthesis of a number of chromophore labelled
phosphatidylglycerol derivatives for possible use in Forster Resonance Energy
Transfer (FRET) assays for Lgt and Lnt. The synthetic glycerophospholipids were to

contain a chromophore at their sn-1 position.
2.1.1 Rationale for continuous Lnt FRET assays

A FRET assay consists of a donor and an acceptor, where the donor is fluorescent and
the acceptor is a chromophore. The donor and acceptor would work in tandem; the
fluorophore would transfer energy at a wavelength where the chromophore could
absorb when they are in close proximity. This transfer of energy can be monitored by
the increase/decrease of fluorescence and it shows that the fluorescent donor and the

chromophore are now in close proximity to each other.

At the outset of this project, a number of assay ideas were considered and could have
been included in this project (Fig. 2.1 — 2.3). The many variations of the FRET assay

illustrate the complexity of the assay systems.

Assay System A:
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Di-acylated Tri-acylated
lipoprotein lipoprotein

Figure 2.1 Assay idea involving a PG phospholipid with a fluorescent donor on the
sn-1 chain of the phospholipid and acceptor on the diacylglyceryl moiety of the di-
acylated lipoprotein (D = donor, A = acceptor).

In this assay, lyso-PG and a tri-acylated lipoprotein are the products of the assay.
Fluorescence from the donor (D) on the PG will be observed at t,. Upon transfer of
the sn-1 chain containing the donor by Lnt to the di-acylated lipoprotein, FRET will

take place, i.e., quenching of fluorescence.

Di-acylated Tri-acylated
lipoprotein lipoprotein

PG

LPG
Lnt
" D D - + D

- < ra
COPOODOOOOOOL X »" ‘Q

Figure 2.2 Assay idea involving a PG phospholipid with a fluorescence quencher on
the sn-1 chain of the phospholipid and a donor incorporated into the amino acid
sequence of the di-acylated lipoprotein (D = donor, A = acceptor).
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Here, the fluorophore has been covalently added into the amino acid sequence of the
di-acylated lipoprotein. The di-acylated lipoprotein will be fluorescent and this
fluorescence will be quenched when FRET occurs as the acceptor containing sn-1
chain is transferred to the di-acylated lipopeptide by Lnt. Here, the fluorescent donor
and the chromophore would be slightly farther away than in assay system A. FRET
assays are sensitive to the distance between the FRET pair, with higher efficiency
resulting from a smaller distance between them. The efficiency of a FRET assay is
defined by the following equation: E = R06/(R06 + r6) where R, is the Forster distance
where half the energy is transferred and r is the actual distance between the FRET

pair. FRET assays work best when the distance between the FRET pair is 20-90 A.*

Di-acylated Tri-acylated
lipoprotein lipoprotein

R

Figure 2.3 Assay idea involving a PG phospholipid with a fluorescent donor on the
sn-1 chain of the phospholipid and acceptor incorporated in the amino acid sequence
in the di-acylated lipoprotein (D = donor, A = acceptor).

This scenario is the converse of B. Fluorescence from the fluorophore will be
quenched upon transfer of the sn-1 chain to the N-terminus of the diacylated

lipoprotein that contains the chromophore incorporated into the amino acid sequence.
The assay system that was preferred was B, because the chromophore that was chosen

for this FRET assay (dinitrophenyl, DNP, Fig. 2.4) could be added to a fatty acid of a

PG phospholipid easily through chemical synthesis and the fluorescence donor
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(aminobenzoic acid, Abz, Fig. 2.4) contains a carboxylic acid, allowing it to be easily

incorporated into an amino acid sequence through peptide synthesis.

(@) NO,
H

NH, NO,
aminobenzoic acid (Abz) dinitrophenyl (DNP)
(fluorophore) (chromophore)

Figure 2.4 The DNP chromophore is in blue and forms part of a FRET pair with the
aminobenzoic acid (Abz, shown as an aminobenzamide after incorporation via
peptide synthesis) fluorophore (red).

These two compounds were chosen to comprise the FRET pair, as they are both small
and neutral and, therefore, should not be too foreign to the active site of the enzymes.
The use of Abz and DNP as fluorescent donor and acceptor has been reported in the
literature.’® In addition, the Abz fluorophore and the DNP chromophore have a good
spectral overlap, i.e., the region where DNP absorbs light overlaps well with the

region where Abz fluoresces.

This proposed assay would be continuous and could potentially be used in a high-
throughput system to identify new inhibitors of Lnt and, therefore, to identify new
antibiotics. The assay will have three components: Lnt, the synthetic chromophore
labelled phospholipid and a fluorophore labelled synthetic peptide. The fluorophore
labelled synthetic peptide would be synthesised by Katie Bowen in the lab of Eoin
Scanlan, School of Chemistry, TCD. The synthetic peptide is shown below in Fig. 2.5.

The short peptide (CSSK) would mimic a lipoprotein by containing a diacylglyceryl
(DAG) moiety on its cysteine residue that is crucial in being recognised by Lnt as the
lipobox cysteine. The Abz fluorophore (red) and is coupled to the side chain of a
lysine residue. In the assay system B, Lnt would transfer the sn-1 fatty acid containing
the chromophore label to the N-terminus of the DAGylated cysteine in the fluorescent
peptide in Fig 2.5.
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Figure 2.5 Structure of the fluorescent peptide to be used in the assay for Lnt. The
Abz fluorophore is coloured red.

The synthetic chromophore labelled phospholipids in the asssay would be compounds

1-3, below (Fig. 2.6), and were synthesised in this project.
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Figure 2.6 The structures of compounds 1-3, DNP-chromophore labelled
phosphatidylglycerol derviatives.

Glycerophospholipids (1-3) were synthesised in this project, as they are the source of
the fatty acids that post-translationally modify lipoproteins in both Lgt and Lnt. As
Lnt transfers only the sn-1 chain of the phospholipid, each of the synthetic
phospholipids must contain the chromophore label at the sn-1 position in order to be

substrates for Lnt. As Lgt does not discriminate between the sn-1 and sn-2 positions
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and transfers the entire DAG moiety, compounds 1-3 can also be used in a functional
assay for Lgt (below in Section 2.1.2). For synthetic ease, compound 1 contains the

chromophore label at both the sn-1 and sn-2 positions.
2.1.2 Assay Ideas for Lgt

Lgt transfers the entire DAG moiety from a PG phospholipid to the preprolipoprotein,
so the assay design is a little more straightforward than Lnt. The assay for Lgt that

was considered is characterised in Fig. 2.7.

Preprolipoprotein Prolipoprotein

Figure 2.7 An idea for a continuous assay for Lgt that has been considered for this
project. The PG sn-1 chain is a fatty acid containing the DNP chromophore and the
Abz fluorophore is incorporated into the amino acid sequence (blue) (D = donor, A =
acceptor).

Here, any specificity in relation to the sn-1 and sn-2 positions does not have to be
considered. The entire diacylglyceryl moiety containing the quencher will be
transferred to the lipobox cysteine (yellow), resulting in FRET and loss of

fluorescence from the donor, Abz.

Lgt, a DNP labelled phospholipid (such as compounds 1-3) and a fluorescent peptide,

such as in Fig. 2.8, would make up the assay system.
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Figure 2.8 The structure of an Abz labelled peptide that could act as a substrate for
Lgt. The synthetic peptide would contain an Abz fluorophore (red).

The Abz labelled peptide in Fig. 2.8 contains a LAGC sequence that mimics the
lipobox of a preprolipoprotein and will be recognised by Lgt. Lgt will transfer to the
diacylglyeryl moiety from the DNP labelled phospholipid (1-3) to the free thiol of the
lipobox cysteine (blue).

For both the Lgt and Lnt FRET assays, the experiment will rely on observing the loss
of fluorescence. At ty, the Abz fluorophore will be fluorescent and only upon transfer
of the DNP chromophore by Lgt/Lnt; a quenching of fluorescence will take place.
This will make interpretation of the assay difficult due to a high signal to noise ratio.
The assay would be more straightforward if at t, there was a baseline of no
fluorescence, and upon the action of Lgt/Lnt fluorescence were to occur, but the Lnt

and Lgt systems are quite complex.

2.1.3 Rationale for the synthesis of compounds 1-3

As there exists a number of families of glycerophospholipids, a choice had to be made
in relation to what headgroup to install on the synthetic phospholipid. The choice was
made with respect to evidence in the literature that showed Lgt has a preference for
PG as substrate and while Lnt preferred PE, crucially, it still showed good activity for
PG.*! Therefore, a synthetic PG would have the ability to act as a substrate for both
Lgt and Lnt. Retrosynthetic analyses for compounds 2, 1 and 3 are presented

(Schemes 2.1, 2.2 and 2.3).

Scheme 2.1  Retrosynthetic analysis of 2
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The retrosynthetic analysis in Scheme 2.1 shows how the synthetic route to 2 was
devised. The synthetic routes to 1 and 3 share many of the same steps. The final
product, 2, contains two free hydroxyl groups and these must be protected throughout
the synthesis, as both are nucleophilic and will cause side product formation. The diol
was protected as an acetal, as the acetal containing solketal, 12, is commercial and
this particular isopropylidene acetal has been successfully deprotected in the literature
in the presence of a glycerophospholipid using trifluoracetic acid (TFA) and MeOH in
CH,CL,.”!

The next step, b), in the retrosynthesis is the O-demethylation at the phosphate head
group to give 5. The first idea considered for the protection of this phosphate anion
was a benzyl ether-protecting group, as hydrogenolysis under mild conditions would
yield the anion. But due to the presence of the double bond in the oleyl fatty acid at
the sn-2 position of 5, hydrogenation of this alkene would have certainly taken place
to give the saturated fatty acid. In addition, reduction of the nitro groups on the DNP
chromophore would have occurred. To avoid the unwanted hydrogenation of the
alkene and nitro group reductions, methyl deprotection of the oxygen was chosen. O-
demethylation of a phospholipid was demonstrated in the literature using Nal in 2-

1,52
butanone.’'”’

The retrosynthesic step c) involves the removal of the fatty acid containing the DNP
chromophore, 7, from the sn-1 position and the oleic acid chain, 8, from the sn-2
position to give 6 containing a diol. The aim of the synthesis was to have the fatty
acid containing the DNP chromophore at the sn-1 position and a natural fatty acid at
the sn-2 position. The literature suggested that a diol such as 6 could be acylated
selectively in a sequential manner.>® This sequential acylation was useful for this
project, as it would allow the synthesis of mixed chained phospholipids from the diol

6.

The diol 6 could be synthesised from silyl protected 9 in step d). Due to the presence
of the isopropylidene acetal group in 9, acidic conditions could not be employed to

deprotect the silyl groups.

Compound 9 was synthesised by the ‘phosphate installation’ reaction, €), between

29



methyl dichlorophosphite, 10, the silyl-protected glycerol, 11, and solketal, 12. The

phosphite could be then oxidised to the phosphate using meta-chloroperoxybenzoic
acid (mCPBA).

The next retrosynthetic step, f), is from 11 to 13, where the benzyl ether of 13 is
removed by hydrogenolysis. The benzyl-ether protecting group was chosen as it is
orthogonal to silyl protecting groups, i.e., the benzyl-ether protecting group can be
removed under conditions that do not affect the fers-butyldimethylsilyl (TBDMS)

groups.
The final retrosynthetic step is the silyl protection of the commercial 14 to form 13.

Scheme 2.2 Retrosynthetic analysis of 1
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The first two retrosynthetic transformations for 1 are the same as for 2, acetal
deprotection, a), using TFA and MeOH in CH,Cl,”' and O-demethylation, b), using

Nal in 2-butanone.’'>

Compound 1 contains the chromophore label at both its sn-1
and sn-2 positions. The reason for this is due to the synthetic ease of coupling the

same fatty acid, 7, to both positions rather than only the sn-1 position. Here, the
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Steglich esterification does not require sequential acylation that is present in the

retrosynthesis of 2. The Steglich esterification is carried with diol 6 and 2 eq. of 7.

However, while 1 was easier to synthesise than 2 or 3, there were concerns over the
suitability of 1 as a substrate for Lnt and Lgt. These concerns were due to the
presence of two unnatural, bulky fatty acids that may negatively affect the enzymatic

activity. For this reason, 2 and 3 contain a more natural fatty acid, oleic acid, 8, at the

sn-2 position.

Scheme 2.3 Retrosynthetic analysis of 3
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The first two retrosynthetic transformations for 3 are the same as for 1 and 2, acetal
deprotection, a), and O-demethylation, b). Compound 3 contains an additional -
alanine linker on the sn-1 chain, when compared to 2. This linker was incorporated to
extend the chromophore farther out of the active site cleft of Lnt, hoping to minimise
detrimental interactions between the DNP chromophore and Lnt. Therefore, the
Steglich esterification will be different to that employed in the synthetic route to 1 and
2. A sequential acylation is carried out, but the carboxylic acid used to couple to the
sn-1 position is 19 and oleic acid, 8, is coupled to the sn-2 position. 19 is synthesised
by an amide coupling reaction between 7 and 20, using the Mukaiyama reagent as

coupling agent.

2.1.4 Objectives of this Project:

The objective of the phospholipid synthesis project is to synthesise a number of PG
derivatives for use in the development of continuous FRET assays for the lipoprotein
processing enzymes Lgt and Lnt. The PG derivatives contain a DNP chromophore
that would act as a fluorescence acceptor. The DNP chromophore (blue) can be
incorporated into a fatty acid by the reaction between 12-aminododecanoic acid, 21,

and 2.,4-dinitrochlorobenzene, 22.

Scheme 2.4  Incorporation of DNP chromophore
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As mentioned previously, Lnt transfers only the sn-1 chain of a glycerophospholipid
to its lipoprotein substrate. Therefore, this project will involve the synthesis of

glycerophospholipids containing a chromophore label at its sn-1 position.

In addition, biochemical synthesis of chromophore labelled phospholipids using an
immobilised lipozyme was to be explored. Enzymes offer a higher level of selectivity
than traditional organic synthesis and usually require fewer steps. In order to take
advantage of this selectivity, and to reduce the overall environmental impact of this
synthesis, enzymatic synthesis of chromophore labelled phospholipids was explored

using lipozyme RM IM.
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2.2 Results and Discussion

An overview of the synthetic scheme for the preparation of 2 is shown in Scheme 2.5.

Scheme 2.5
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In the first step of the scheme, the chromophore labelled fatty acid 7 is synthesised

(Scheme 2.6). 12-aminododecanoic acid, 21, and 1-chloro-2,4-dinitrobenzene, 22,

were heated to reflux in EtOH with triethylamine used as base for 4 h. The
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nucleophilic primary amine displaces the chlorine via an addition-elimination

mechanism (Scheme 2.7). The deactivating nitro groups ortho and para to the chlorine

promote this reaction by removing the electron density from the phenyl ring.

Scheme 2.6  Synthesis of fatty acid 7
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The chloride was easily displaced to give near quantitative conversion to the product.

During the work-up of this reaction, it was necessary to dilute the reaction mixture

with water and acidify the solution with 5 N HCI to pH 1-3, in order to re-protonate

the carboxylic acid, otherwise, extraction into an organic solvent is ineffective.

Scheme 2.7 Mechanism of the addition-elimination mechanism to synthesise 7
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In the protecting group strategy employed in this synthesis, a benzyl-ether protected
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glycerol that is commercially available, 14, is protected at both free hydroxyl groups

with fert-butyldimethylsilyl trifluoromethanesulfonate (TBDMS-OT{, Scheme 2.8).

Scheme 2.8  Silyl protection of 14
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The silyl protection of hydroxyl groups is common in organic chemistry”**> and this

reaction was carried out according to Bailey et al.,”” using TBDMS-OTf and 2,6-
lutidine as basic catalyst in anhydrous CH,Cl, at 0 °C for 1 h. The reaction furnished
the triply protected glycerol product 13 in a 95% yield.

Scheme 2.9 Hydrogenolysis of 13
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The next step in the synthetic scheme is the removal of the benzyl ether protecting
group using Pd/C mediated hydrogenolysis (Scheme 2.9). The reaction worked well
in MeOH but showed no product formation in EtOAc after 2 h. This solvent
specificity is not unusual for hydrogenation reactions, which tend to be quite sensitive
to solvent effects. After 2 h in MeOH, complete conversion to 11 was observed. In
removal of the benzyl-ether, a free hydroxyl has been formed and unfortunately, this
hydroxyl group may now participate in silyl migration reactions to produce
compounds 11 and 23 (Scheme 2.10). This research group has considerable interest in
and experience with acyl migration in monoacylglycerol compounds and while this

silyl migration was not anticipated, it did not come as a complete surprise.
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Scheme 2.10 Silyl migration of 11
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Compound 23 was identified by its similarity to 11 on TLC (Fig. 2.9). Due to our
experience dealing with migration in glycerol derivatives, efforts to reduce the
migration were eventually enforced, such as reducing reaction time and work-up time,
reducing the temperature of the water bath during solvent removal and storage of the

product at -80 °C and in the dark.

Figure 2.9 TLC of the reaction mixture of the benzyl-ether deprotection, showing a
second sport that may be formed by silyl migration to 23, run in hexanes/EtOAc,
19:1. The spot labelled 23 could be removed by flash chromatography over silica gel.

Next, isomerically pure compound 11 was coupled to the phosphate backbone and

glycerol headgroup in a reaction termed the ‘phosphate installation reaction’ (Scheme
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2.11). This reaction was carried out according to a literature protocol’® and used
methyl dichlorophosphite, 10, as the phosphorylating reagent, triethylamine as basic
catalyst and solketal, 12, as a protected glycerol coupling partner. 12 contains an
acetal group protecting the 1- and 2-positions of glycerol. It has often been employed
in lipid and phospholipid synthesis as a protecting group for glycerol and its removal
in the presence of a phosphate has been described.”” The reaction worked well on the
first occasion (65% yield), but could not be reproduced. Each time, the reaction

showed a different TLC profile and a drastically reduced yield of just 10%.

Scheme 2.11 Phosphate installation reaction to form 9
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After several repeat reactions, it was realised that the methyl dichlorophosphite had
been hydrolysed by water vapour in air. Once a fresh reagent was used for each
phosphate installation reaction, it became reliable and gave consistent yields of 12
(60-65%). Meta-chloroperoxybenzoic acid (mCPBA) was the oxidising agent of
choice to yield the phosphate from the phosphite and although literature suggested the

presence of unwanted side products, nCPBA worked well in our hands.”’

Scheme 2.12 Silyl deprotection of 9
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The next step of this scheme was the silyl-deprotection of 9 (Scheme 2.12). Due to the
presence of the acetal protecting group in 9, acidic conditions could not be used to
selectively remove the TBDMS protecting groups. Fortunately, silicon has
exceptional affinity for fluoride and this was exploited in our attempts to remove the
two TBDMS groups. In the case of 9, treatment with TBAF resulted in complete

cleavage at the phosphate, yielding 12 as the main product of the reaction (Scheme
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2.13).

Scheme 2.13 Cleavage of 9 after treatment with TBAF
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This cleavage is likely due to the basicity associated with the fluoride anion in
TBAF>® and the unavoidable presence of water that is associated with solutions of the
hydrogroscopic TBAF in THF, causing the formation of hydroxide anion and
complete cleavage of the phosphate, which is highly susceptible to base. The

mechanism of the cleavage is shown in Scheme 2.14.

Scheme 2.14 Mechanism of the cleavage of 9
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Due to the ineffectiveness of TBAF in this reaction, our attention turned to an
inorganic source of fluoride, such as NH4F. With NH4F the basicity is reduced and the
water content can be controlled. Small-scale test reactions (10 mg of 9) with NH4F in
methanol at 60 °C were characterised by TLC Mass Spectrometry and showed good
product formation with minor cleavage evident, resulting in the formation of 12. The

scale-up of the reaction showed the same profile and gave a yield of 37%.

The literature suggested that a primary and secondary diol could be acylated
selectively in a sequential manner.’® This selective acylation was interesting, as it
would allow us to synthesise a phospholipid with different fatty acids at the sn-1 and
sn-2 positions from diol 6. The selectivity during the acylation arises from the control
of temperature and the equivalents of carboxylic acids employed in the reaction. At 0
°C, only the primary alcohol would react with the coupling agent and 1 eq. of
carboxylic acid. After primary alcohol acylation, the secondary alcohol can then be

reacted with the coupling agent and another carboxylic acid at 20 °C, as illustrated in
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Scheme 2.15.

Scheme 2.15 Sequential acylation of 6
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First, at 0 °C, 6, the coupling reagent (DCC), the catalyst (DMAP) and the fatty acid
chain we planned to couple to the primary alcohol position, 7 were added to
anhydrous CH,Cl,. According to the literature, the primary alcohol should be acylated
at 0 °C, then further coupling agent, catalyst, and a different fatty acid, 8, could be
added and would couple to the secondary alcohol at 20 °C. This sequential acylation
worked well to give the desired phospholipid 5 (33%). A common side product of
Steglich esterifications is dicyclohexylurea, formed from DCC. The dicyclohexylurea
content in 5 could be reduced following precipitation out of CH,Cl, at 0 °C and
completely removed following flash chromatographic purification after the next

reaction has been carried out.

40



Scheme 2.16 Steglich esterification of 6 with 7
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Compound 1 contains the DNP chromophore label at both the sn-1 and sn-2 positions.
The two DNP labels were incorporated by Steglich esterification (Scheme 2.16).
Here, the sequential acylation was not required, 2.1 eq. of 7 was added to the diol 6,

DCC and DMAP in anhydrous CH,Cl,.
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Scheme 2.17 Sequential acylation of 6
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As compound 3 contains an extended fatty acid at its sn-1 position, compound 6 is

sequentially acylated with the fatty acid, 19, and then oleic acid, 8, to form 18

(Scheme 2.17).

The extended fatty acid chain containing the DNP chromophore, 19, is synthesised in
two steps; first, an amide coupling reaction between 7 and 20 using the Mukaiyama

reagent as coupling agent (Scheme 2.18) and second, the subsequent deprotection of

the tert-butyl ester using TFA.
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Scheme 2.18 Amide coupling reaction between 7 and 20
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An amide coupling reaction between 20 and 7 allowed the formation of the amide, 26.
The amide coupling was achieved using the Mukaiyama reagent and triethylamine in
anhydrous CH,Cl, giving a yield of 77%. It was necessary to protect the carboxylic
acid of 20 as an ester, to prevent selectivity issues if two unprotected carboxylic acids
are present. The mechanism of the reaction is shown below (Scheme 2.19). The
removal of the side product, 27, is carried out during flash chromatography over silica

gel, where the non-polar 27 elutes before the more polar, 26.

Scheme 2.19 Mechanism of the amide coupling reaction between 7 and 20
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The deprotection of the fert-butyl group of 26 was achieved through exposure to TFA
in anhydrous CH,Cl, (Scheme 2.20). TFA has a pK, of 0.5 and protonates the ester,
leading to the loss of the stable tert-butyl cation that can then rearrange and leave the
reaction mixture as isobutylene gas. The reaction gave the product, 19, in 97% yield
with chromatographic purification unnecessary. Remaining TFA in the reaction
mixture proved troublesome, but was removed after several rounds of co-evaporation

with toluene and overnight drying under vacuum.

Scheme 2.20 Deprotection of the fert-butyl ester
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After the Steglich esterifications to synthesise 5, 16 and 18 the next steps in each of
the syntheses was to deprotect the phosphate anion that is protected as a methyl group
and acetal deprotection. The O-demethylation of the methoxy groups is achieved by
heating 5, 16 and 18 in the presence of Nal in 2-butanone according to the literature
(Scheme 2.21).”! The reaction is fast (1.5 h) and there is no side product formation
evident. The solvent, 2-butanone, is volatile and can be easily evaporated. Remaining
Nal in the reaction mixture was removed by several rounds of washing with water and

the acetal deprotection was carried out without further purification.

Scheme 2.21 O-demethylation of 5, 16 and 18
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The final step in the syntheses of 1, 2 and 3 is the removal of the acetal-protecting
groups in 4, 15 and 17 to yield the fully deprotected chromophore labelled-
phospholipid (Scheme 2.22). Acetals are commonly deprotected under mild acidic
conditions, such as AcOH in H,O,” but the presence of water was not preferred for

this particular reaction, due to the fear of cleavage of the phosphate.

Scheme 2.22 Acetal deprotection of 4, 15 and 17
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A procedure was found in the literature that utilised a CH,Cl,/TFA/MeOH (6:3:1)
mixture for 0.5 h at 0 °C.”" These conditions were applied to the crude products 4, 15
and 17 and gave complete acetal deprotection after 0.5 h. The yields shown are over
the two steps of O-demethylation and acetal deprotection. The lower yields seen for 1
and 3, of 21% and 46% are most likely due to their high polarity and subsequent

difficulty in elution off a normal phase silica column.

After flash chromatographic purification of 2 and 3 over silica gel was carried out, a

minor spot on TLC co-eluted (Fig. 2.10 & Fig 2.11).

Impurity «——
2

Figure 2.10 TLC after flash chromatography of 2 (Rxn), run in CHCl;/MeOH/AcOH,
75:23:2.

A similar impurity could also be seen after flash chromatography of 3 (Fig 2.11).
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Impurity <«——

Rxn

Figure 2.11 TLC after flash chromatography of 3 (Rxn), run in
CHCI3/Ac,0O/MeOH/AcOH/H,0, 10:4:2:2:1.

Again, an impurity with a slightly higher R¢ than the phospholipid product can be
seen. The presence of an impurity is not visible in the "H NMR spectrum of 2 or 3. A
likely explanation for the presence of this spot is the presence of compounds 28 and

29 (Fig. 2.12).

O,N NO,
S0
0 OJ\M‘?H ] K\MH
v O o) N 11 NO,
oR_ 17 I e H
o} o _ HO 0-P-0 0O ¢
HOJ) o no) 0L,
HO 7
28 29 7

Figure 2.12 Structures of the possible impurities, 28 and 29.

Compounds 28 and 29 are isomers of 2 and 3, respectively. They both contain the
DNP label at the sn-2 position instead of the intended sn-1 position and may have

formed during the sequential acylations of 6.

As flash chromatography was not successful in separating the two spots, preparative
TLC was performed on 2 that contained two spots. The preparative TLC purification
was successful in separating the two spots, but unfortunately introduced another

impurity at the solvent front (Fig. 2.13)
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" | —> New impurity

Prep

Figure 2.13 TLC of 2 after flash chromatography (left, 2) and 2 after preparative TLC

(2 Prep, right) run in CHCls/MeOH/AcOH, 75:23:2.

After preparative TLC purification of 2, the minor impurity spot has been successfully

removed, but a new impurity has been introduced at the solvent front. This new
impurity is likely the organic binder that is present in the silica on the TLC plate. To
avoid introducing this impurity, TLC plates with an inorganic binder were used to

purify both 2 and 3 and the final, pure compounds were handed over for biological

evaluation.

2.3 Enzymatic synthesis — preliminary work using immobilised lipozyme

Enzymatic synthesis of DNP labelled phospholipids was explored and led to the

synthesis of 31 below (Scheme 2.23).

Scheme 2.23 Enzymatic synthesis of 31
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The enzymatic reaction was carried out inside an open 20 mL vial inside a closed
vessel containing a saturated solution of MgCl,. The saturated MgCl, allowed the
water activity (ay) to be modified to a level of 0.33. As indicated above, the reaction
mixture contained 30 eq. of 7. This high excess was necessary to push the reaction

equilibrium in the direction of the product, 31 (Scheme 2.24).

Scheme 2.24 Mechanism of the enzymatic reaction

0 ‘7 o) (s
) = Lipozyme RM IM =
6 ipozy 07 g HO
O\\P,o\)\/o Toluene 0, O\)\/OH M
0" \y % Bw R’ * 0
H (@] o) —_—— O o
g c
NC 30 /'lli 32 33
o NO,
Lipozyme RM IM HOMH
Toluene NO,
a, 7
(30 eq.)
0 e

R o\i/os o
R N

)

O o)
NO,
~
NS

31

—

The reaction proceeds through an intermediate, 32, with a free hydroxyl group. At this
stage of the reaction, the lipozyme RM IM may add the fatty acid, 7, onto the free
hydroxyl group of 32, or the fatty acid, 33 (palmitic acid), that has just been removed.
Due to the large excess of 7 that is present in the reaction mixture, the reaction
proceeds in the direction of the product, 31. The product, 31, was found by HRMS
(M" + Na, Fig. 2.14).
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Elemental Composition Report Page 1

Single Mass Analysis
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Chemical Formula: C44H77N4012P
Exact Mass: 884.5276

Figure 2.14 Result of the HRMS MALDI experiment of the product 31.

Although the turnover to 31 was quite low, this result shows that the biochemical
synthesis of chromophore labelled phospholipids for this project is possible and can

be used in the future.

2.4 Conclusions and Future Work

The chromophore labelled phospholipids, 1-3 were synthesised using chemical
synthesis by a newly developed synthetic scheme. Suspected silyl migration products
during benzyl-ether deprotection of 13 could be removed by flash chromatography
over silica gel. The cleavage of 9 during silyl deprotection using TBAF was avoided
by employing NH4F for silyl deprotection reactions. Additionally, a possible new
route to chromophore labelled phospholipids via enzymatic synthesis has been
developed. Compounds 1-3 were handed over for biological evaluation in facilitating

structure and function studies on the bacterial enzymes Lgt and Lnt.
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Chapter 3: In meso Method

3.1 Introduction

This chapter deals with the synthesis of monoacylglycerols (MAGs) for use in the in
meso method of membrane protein crystallisation outlined in detail in Section 1.6.
The synthesis of MAGs, such as 7.7 MAG (referred to as 34 from here, Fig. 3.1), was
established in this research group.*' The synthetic scheme developed was a modular
synthesis that hinged on a Suzuki coupling reaction that crucially conserves the cis
double bond of the MAG. The conservation of the cis double bond is essential, as
MAGs can only enter the cubic phase, and therefore be used in the in meso method, if
they contain a cis double bond. In the in meso method, the amphiphilic 34 is mixed
with an aqueous solution containing a membrane protein of interest solubilised in
detergent. If mixed in the correct quantities, a cubic phase is formed that acts as a

conduit for the formation of membrane protein crystals.

@)
X OH
34

Figure 3.1 The structure of 34.

As MAGs such as 34 contain two free hydroxyl groups, 34 can spontaneously
1somerise to its 2-MAG isomer. For this reason, MAGs that are employed in the in
meso method can possibly contain some amount of its 2-isomer. Furthermore, once
the MAG is mixed with the aqueous solution containing the membrane protein during
the in meso method, it is stored (at 4 °C or 20 °C, depending on crystallisation
experiement conditions) for a period of time (usually 1-30 days), it is likely that
isomerism to its 2-isomer can occur during this period. The role of the 2-isomer, if
any, in the in meso method is not known. For this reason, 2-monoolein was

synthesised in this project (Fig. 3.2).
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Figure 3.2 The structure of monoolein (left, 35) and 2-monoolein (right, 36) the 2-
1somer of monoolein. Monoolein is a MAG commonly used in the in meso method.

3.2 Objectives of this project
The objectives of this project were: 1) to synthesise compound 34, to be used as the
host lipid in the in meso method for membrane protein crystallisation and 2) to

synthesise the 2-MAG, 2-monoolein, 36, that could go on to be used in the in meso

method to understand the role, if any, of 2-MAGs in crystallogenesis.

A retrosynthetic analysis is carried out for 34 and 36 in Scheme 3.1 and Scheme 3.3,

respectively.

Scheme 3.1 Retrosynthetic analysis of 34

34 37
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The first retrosynthetic transformation, a), is an acetal deprotection. The protection of
the diol in 34 is necessary in order to prevent side product formation during the
synthesis. In this synthetic scheme, protection of the diol is carried out by an
1sopropylidene acetal group. The isopropylidene protection was originally used in the
first reported synthesis of 34.*' Upon deprotection, the free hydroxyl groups can now

take part in acyl migration to form its 2-isomer, 43 (Scheme 3.2).

Scheme 3.2 Mechanism of the isomerisation of 34

o i+ o OH
43

34

The next step in the retrosynthesis, b), is the Suzuki coupling of 38 and 40 that was
carried out in this project as described by Hart ez al.*' The cis double bond of 34 is
synthesised by HBCys; reduction, d), of the iodo-alkyne, 41.°° The presence of the
bulky cyclohexane rings on the borane reducing agent allows the formation of the cis

double bond, due to steric effects.

The iodine needs to be introduced into 42 to act as a leaving group for the subsequent
Suzuki coupling reaction. The iodine is installed via a Cul/tetrabutylammonium
bromide (TBAB) catalysed iodination under air in water.®' This deviates from Hart et
al.®° that used n-BuLi and I,. The Cul was preferred in this project as it offered a more

environmentally benign alternative that avoided the use of flammable n-BuLi.

Compound 38 can be synthesised by a Steglich esterification between 12 and 39. Both
12 and 39 are commercially available and are coupled using DCC and DMAP as
described by Hart et al.*

A challenge throughout this synthesis is the large-scale reactions required, due to the
need for gram quantities of the final product, 34. For example, the synthesis begins

with the iodination of 7.5 g of 42 and the coupling of ~ 5g of 39 and 12.
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Scheme 3.3  Retrosynthetic analysis of 36
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The first retrosynthetic step, f), from the target compound, 36, is an acetal
deprotection that gives 44. Compound 44 contains a benzylidene acetal that protects
the 1- and 3-positions of its glycerol moiety. Benzylidene acetal deprotection can be
achieved by hydrogenolysis or exposure to acidic conditions. As 44 contains an
alkene, hydrogenolysis can not be used to deprotect the acetal, as hydrogenation of

the double bond in 44 would occur.

The second retrosynthetic transformation, g), is a Steglich esterification to give 45
and 8 from the ester, 44. As the fatty acid chain of 36 is commercial (8, oleic acid), it
can be coupled by a Steglich esterification to the free hydroxyl group of 45.
Therefore, the Suzuki reaction that was necessary to synthesise the MAG, 34, is not

necessary in this synthetic scheme. This greatly reduces the steps in the synthetic
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scheme.

The synthesis of 45, is an acetal protection reaction, h), where benzaldehyde, 46, and
glycerol, 47, and p-toluenesulfonic acid are heated to reflux in benzene. The water

that 1s formed during the reaction is removed using a Dean-Stark apparatus.

The benzylidene acetal protecting group strategy was chosen for this project, as the
literature suggested that the condensation reaction between 46 and 47 would yield

1,3-protected and 1,2-protected products, but that 45 could then be isolated following

: . 2—64
recrystallisation.®*™°

3.3 Results and Discussion — Synthesis of 34

Scheme 3.4  The synthetic route to 34 in this project
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The first step in the synthesis of 34 (Scheme 3.5, c) is a Steglich esterification

55



between 39 and 12 as described by Hart et al.** The reaction proceeded as expected to
give yields of 90-95%. The proposed mechanism of the esterification is shown in

Scheme 3.5.

Scheme 3.5 Proposed mechanism of the Steglich esterification
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In the proposed mechanism. DMAP deprotonates 39 that then reacts with the
electrophilic diimide of DCC. DMAP then acts as a nucleophile towards the 39-DCC

complex to form dicyclohexylurea (48) and a reactive intermediate that acylates the

alcohol, 12, to form 38.

The purification was challenging, due to the large scale of the reaction and therefore,
the large amount of the dicyclohexylurea side product, 48, that is produced. Removal
of 48 can be achieved by precipitation out of CH,Cl, at 0 °C, subsequent filtration and

flash chromatography over silica gel.

The iodination of the terminal alkyne (e) was necessary in order to incorporate a

leaving group for the later Suzuki coupling reaction.
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Scheme 3.6 Cul/TBAB catalysed iodination of 42
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In the original published procedure, 42 is iodinated using n-BuLi and I,.*' Due to the
flammable nature of n-BuLi, this procedure was changed by a previous group member
to a two-phase Cul/TBAB catalysed iodination (Scheme 3.6).°' The phases in the
reaction consist of water and an organic layer containing 42 and triethylamine. TBAB
acts as a phase transfer catalyst to transport 42 to the interface of the two phases. It is
here that the alkyne of 42 interacts with Cul, lengthening the C-H bond and allowing
triethylamine to deprotonate. The copper acetylide will then act as a nucleophile

towards the I, forming the iodo-alkyne and regenerating the copper catalyst.

The Cul/TBAB catalysis reaction offers a cheap, safe and more environmentally
benign alternative to the previous n-BuLi reaction. Interestingly, the product, 41, runs

as two spots on TLC (Fig. 3.3). The reason for this is not known.

Figure 3.3 TLC of the Cul/TBAB catalysed iodination of 42, run in hexanes and
visualised under UV light at 254 nm.

The next step in the synthetic scheme is the reduction of 41 to 40 (d) that was carried

1.60

out as described by Hart ef al.”” (Schemes 3.7 and 3.8). The reaction involves the in

situ formation of the HBCy, (Cy = cyclohexyl) reducing agent by the coordination of
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BH;.DMS to 2 eq. of cyclohexene. The cyclohexyl groups now bound to the boron
give the reducing agent a large steric presence. This steric presence is the source of
the cis selectivity in the reaction, as it will strongly disfavour the formation of a trans
transition state. Subsequent protonolysis using 16 eq. AcOH furnishes 40 in a yield of

71%.

Scheme 3.7 HBCy, reduction of 41
1. chzH, (CH3CH2)20,
P | 0°C-20°C,5h
\/\/\/ ' M
2.AcOH,0°C-20°C, 2.25h

|
a1 71% 40

Scheme 3.8 Mechanism of the reduction of 41
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Following protonolysis, the cis alkene 40 is formed with the side product 49. Addition
of ethanolamine to the crude product during work-up results in the formation of an

ethanolamine-BCy, complex that precipitates out and can be removed by filtration.

The Suzuki coupling reaction (b) is extremely valuable in organic chemistry, as it

offers the opportunity to create carbon-carbon bonds. It is named after the scientist
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Akira Suzuki and its discovery led to his reception of the 2010 Nobel Prize in
Chemistry along with Heck and Negishi for the discovery and development of
carbon-carbon bond formation by palladium catalysed cross-coupling reactions

(Scheme 3.9).

Scheme 3.9 General scheme of a Suzuki reaction

Pd catalyst
R{—BY» + R,—X —y> Ri—R,
Base
The Suzuki reaction allows the formation of carbon-carbon bonds from the reaction
between an organic boronic acid (R;-BY?>) and an organic halide (R»-X) in the

presence of a palladium catalyst and base.

In this project, the boronic acid necessary for a Suzuki coupling is synthesised in situ

by adding 9-BBN to 38 in THF (Scheme 3.10).

Scheme 3.10 Preparation of the boronic acid 50

.

7& THF,0°C-20°C, 181 o#

38 50

The reaction to prepare of the boronic acid from 50 was allowed to stir for 18 h at 20
°C to ensure complete transformation to the boronic acid. In this reaction, 9-BBN
adds to the double bond in 38. The boronic acid solution is then diluted with water
and transferred to the Suzuki reaction flask containing the catalyst
(Pd(dppf)Cl,.CH,Cl,), ligand (Ph3As), base (CsCOs3) and solvent (DMF/H,0)
(Scheme 3.11).
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Scheme 3.11 Suzuki coupling to form 37
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The PhsAs in the reaction mixture will coordinate to the Pd(dppf)Cl,, to remove the
two chlorines and form the active catalyst, Pd(dppf)(PhsAs),. Next, oxidative addition
of 40 will occur, followed by transmetallation of the boronic acid, 50, and reductive
elimination to give 37 and to regenerate the catalyst. Critically, the Suzuki reaction
conserves the cis double bond of 40 in the product, 37. Purification of 37 is
challenging due to the presence of some unreacted 38 in the crude product that
behaves similarly to 37 during flash chromatography over silica gel. Multiple flash
chromatographic columns were necessary to fully remove 38. In addition, the
palladium catalyst is extracted into the organic layer during extraction with ether
during work-up. The catalyst gives the crude product a black colour and was also
removed during flash chromatography over silica gel, as it does not elute through the

column.

While the Suzuki coupling step is undoubtedly the most critical in this synthetic
scheme, the acetal deprotection (a) is also important as it can determine the level of
the 2-isomer, 43, formed. The presence of 43 is important for this work, as it affects
the purity of the final product. Acidic conditions are necessary for acetal deprotection,
but, unfortunately, acidic conditions also promote the transesterification reaction of

34 to 43 (Scheme 3.12).
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Scheme 3.12 Intramolecular transesterification of 34 to 43
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In the published protocol from this research group,” 2 M HCI in MeOH were the
conditions used for the deprotection of 37. In this project, deprotection conditions
were changed to AcOH/H,O (4:1, v/v)® (Scheme 3.13) with the idea that the weaker

acid conditions would result in lower levels of isomerisation to 43.

Scheme 3.13 Acetal deprotection of 37

0]
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34

37

The mechanism of this acetal deprotection reaction is shown in Scheme 3.14, acidic
conditions protonate the acetal followed by nucleophilic attack of water to form

acetone and 34.
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Scheme 3.14 Mechanism of the acetal deprotection
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34

After the AcOH/H,O deprotection and subsequent flash chromatography over silica
gel, the amount of 2-MAG, 43, was quantified at 3.8% using 'H NMR (Fig. 3.4).

[p;)m]l

34 43
Figure 3.4 "H NMR of 34 in CDCl; showing the presence of small amounts of 43.
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The doublet at 3.82 ppm in Fig. 3.4 represents the 2 methylene groups at d in 43 and
integrates for 0.1586. As this peak relates to 4 protons, the integral is divided by 4 to
give 0.039 that gives a wt% value of 3.8% of 43 present. The goal of this synthesis
was to achieve the lowest level of isomerisation to 43 as possible, i.e., achieving the
highest purity of 34. This reduced level of 3.8% of 43 after acetal deprotection was an

improvement on the previous reported literature value of 5%."!

Unfortunately, a minor impurity spot with a similar R¢ to 34 could be seen by TLC
(Fig. 3.5), even after the first flash chromatographic purification over silica gel.
Achieving a high level of purity was essential if 34 was to be used in the in meso
method. For this reason, further flash chromatographic purifications over silica gel
were carried out. Following the first purification of the acetal deprotection, there was

5.0 g of 34 (containing 3.8% of 43 and an impurity visible on TLC, Fig. 3.5).

Impurity

34 34 34
Figure 3.5. TLC of 34 after one flash chromatographic purification over silica gel,

run in hexanes/Ac,O/EtOAc, 75:24:1, stained in ammonium molybdate and heated to
180 °C using a heat-gun.

A second flash chromatography purification was performed on the 5.0 g of 34, but
separation between the spots for 34 and the impurity was not achieved. Early fractions
during purification were yellow in colour and contained the impurity alone. These
fractions were discarded. Later fractions were mixed, containing both 34 and the

impurity and were pooled together. In order to achieve better separation, the 5.0 g of
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34 was divided into two 2.5 g samples and purified separately. This allowed slightly
better separation of the impurity spot to yield 3.1 g of 34.

While the three further flash chromatographic purifications over silica gel were
successful in removing the impurity, transesterification occurred throughout the
purifications and the amount of 43 rose from 3.8 wt% to 9.3 wt% (by 'H NMR, Fig.
3.6). The transesterification from 34 to 43 would have been promoted by the slightly
acidic silica gel, and during rotary evaporation at 30 °C. In order to decrease
1somerisation in the future, temperatures during rotary evaporation can be reduced. In
addition, smaller-scale reactions can be carried out that should offer shorter

purification times that will reduce isomerisation.
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Figure 3.6 NMR of 34 after three further flash chromatography purifications in
CDCl; still showing the presence of 43.
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The integral for the 2 methylene groups of 43 is 0.41, which gives 9.3 wt% of 43.

Fortunately, a method of separating 43 from 34 was developed in this research
group®' and optimized in the literature by Zhang et al.®® A low temperature

recrystallization of a mixture of 34 and 43 in MeCN allows the opportunity for

removal of 43. At -20 °C, 34 will crystallize out of the bulk solution, whereas 43 will

remain in solution. One round of recrystallization resulted in approximately a halving

of the content of 43. Two rounds of recrystallization were carried out on 34 in this

project, reducing the content of 43 from 9.3 wt% to 2.0 wt% (Fig. 3.7).
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Figure 3.7 'H NMR of 34 following two rounds of recrystallization.
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After two rounds of recrystallisation from MeCN, the integral for d is 0.08, giving a
value of 2.0 wt% of 43.

Scheme 3.15 Synthetic scheme to synthesise 36
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Next, the benzylidene acetal was introduced into 47 by condensation with 46 in
benzene at 85 °C using p-toluenesulfonic acid (TsOH) as catalyst (h). The water

produced in the condensation reaction was removed from the reaction mixture using

Dean-Stark apparatus, as water would hydrolyse the acetal product, 45 (Scheme 3.16).

Scheme 3.16 Acetal protection of 47

? e
OH (6]
+ TSOH, CeH
©) HOJ\/OH &5 OJ\ + H,O
OH

85°C, 24 h, 5%
46 47 45

TsOH catalyses the reaction by protonating 46 and promoting nucleophilic addition.
The three hydroxyl groups of 47 act as nucleophiles towards the electrophilic
aldehyde of 46 to give four products, 48 and 51-53 (Scheme 3.17).
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Scheme 3.17 Products of the condenation of 46 and 47
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While the yield was 5%, the starting materials are cheap and common enabling a
simple scale-up to afford large amounts of 45. Recrystallisation from petroleum
ether/toluene (1:1, v/v) at -10 °C according to Zheng et al.®’ afforded 45 with ~10
wt% of 51-53. Flash chromatography over silica gel could not separate 45 and 51-53
but the resulting products of the Steglich esterification with 8 (Section 3.3.8) could be

easily separated.

The 1,2- and 1,3-protected products of the benzylidene acetal protection: 45 and ~10
wt% of 51-53, were coupled to oleic acid, 8, using Steglich esterification conditions

as illustrated in Scheme 3.18 (g).
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Scheme 3.18 Steglich esterification of 45 and 51-53
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The desired product, 44, could be separated from 54-56 by flash chromatography over
silica gel to give a final yield of 77%.

The final step in the synthesis is deprotection of the benzylidene acetal of 44 (Scheme
3.19, f).
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Scheme 3.19 Benzylidene acetal deprotection of 44
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As the deprotection reaction furnishes 36 containing two free hydroxyl groups,
transesterification of 36 to its 1-MAG isomer (monoolein), 35, can take place.
Deprotection reactions were carried out in AcOH/H,O (4:1, v/v) at 50 °C with
reaction times of 2 h and 4 h. Unsurprisingly, lower isomerisation to 35 was observed

at a reaction time of 2 h (Table 3.1).

Table 3.1 Isomerisation of 36 during benzylidene acetal deprotection
Temperature Reaction Reaction Isomerisation Yield
time (h) conditions to 35
50 °C 2 AcOH/H,O 20 wt% 63%
4:1,v/v)
50 °C 4 AcOH/H,O 50 wt% 79%
(4:1, v/v)

While the 4 h reaction showed a higher yield of 79%, a balance between overall yield
and extent of isomerisation must be struck for this reaction. The 2 h deprotection was
preferred in this project, as after purification the product only contained 20 wt% of

35, compared to 50 wt% for the deprotection reaction lasting 4 h.

The synthetic 36 (containing 20 wt% of 35) was doped into commercially available
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35 (containing 1 wt% of 36) to create a number of samples of monoolein that contain

a varying concentration of 2-monoolein (between 1 and 18 wt%).

This was done by dissolving 36 and 35, separately in CHCl; and combining the
appropriate amount of each solution, following by drying under a stream of N, and
then under vacuum overnight. Doping was carried out in order to create a series of
samples of the 1-isomer containing varying amounts of the 2-isomer (36). This series
can then be used in the in meso method of membrane protein crystallisation of the
membrane proteins in order to probe the effects of the presence of 2-MAG isomers on

crystallogenesis.

3.4 Conclusions and Future Work

For this research group, the synthesis of MAGs to be used in the in meso method is
essential, due to the inconsistent nature of commercially available MAGs. In this

1.%° with some

project, 34 was synthesised following a procedure by Hart et a
modifications. Recrystallisation from MeCN was carried out on 34 in order to reduce
its 2-MAG content. The final product can now be used in the in meso method in order

to grow membrane protein crystals.

As a 2-MAG, 36, has been synthesised and doped into 35 to create a series of MAGs
containing between 1 and 18 wt% 2-MAG, the series can be used to determine the
effect, if any, of 2-isomers in the in meso method. The results will be beneficial, as if
2-isomers have no effect, this research group will no longer carry out
recrystallisations on MAGs that reduce overall yield. If 2-isomers are found to have a
positive effect on the crystallisation of membrane proteins, then the in meso method

can be used with a MAG with a high wt% of its 2-isomer.
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Chapter 4: Solving the crystallographic phase problem

4.1 Introduction

The incorporation of non-canonical amino acids into peptides and proteins has found
myriad applications in biological chemistry, such as in protein NMR, or, as in this
project, solving the cystallographic phase problem.**® This chapter will deal with the
synthesis of sulfur and selenium substituted tryptophan derivatives, 57 and 58 (Fig.
4.1), following a synthetic procedure devised by Soth et al. and improved upon by
Phillips et al.*** While the synthesis of 58 was the original goal of this project, 57
was synthesised to optimize conditions for 58. As the project progressed,
advancements in synchrotron technology gave the application of S-SAD phasing a
real boost.*® These developments allowed access to significantly longer X-ray
wavelengths (3 A — 4 A), thereby offering greater sensitivity towards the anomalous
diffraction from sulfur atoms in proteins, which makes 57 more interesting. As
previously stated, 57 was originally synthesised in order to optimize conditions for

58, but now 57 can be used in phasing.

Following synthesis, 57 and 58 would be incorporated into membrane proteins and
would then be used to try and solve the crystallographic phase problem, as described

in Section 1.8.

COOH COOH COOH
S NH, NH, NH,
Uh
N
H

Iz

57 58 59
Figure 4.1. The indole ring of tryptophan, 59 is replaced with thienopyrrole and

selenopyrrole moieties in 57 and 58, respectively.

A retrosynthetic analysis of 57 and 58 is shown in Scheme 4.1.
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Scheme 4.1 Retrosynthetic analysis of 57 and 58
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The first retrosynthetic step, a), is the removal of the amino-acid moiety from 57 and
58 give the heterocycles, 60 and 61. The incorporation of the amino acid moiety can
be carried out by enzymatic synthesis using tryptophan synthase according to Hoesl et

70
al.

Step b) is a decarboxylation that removes the carboxylic acid groups of 62 and 63 to

to yield 60 and 61. The decarboxylation of 62 and 63 has been described by Welch et

48
al.

In order for the decarboxylation step in b) to be possible, the esters of 64 and 65 have
to be hydrolysed to carboxylic acids. Step ¢) is a base-catalysed ester hydrolysis that
has been described by Welch ef al.** using KOH.

Step d) is a Hemetsberger reaction transformation. The Hemetsberger reaction allows

the cyclisation of 66 and 67 to form 64 and 65.
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The azides, 66 and 67 are synthesised by a Knoevenagel condensation reaction, e),

between 68 and 69/70. 69 is commercially available, whereas 70 is not, but can be

synthesised by a Vilsmeier reaction, f) starting from the commercially available

selenophene, 71.

Ethyl azidoacetate, 68, can be synthesised by an Sy2 reaction between sodium azide

and ethyl bromoacetate, 72.

4.2 Results & Discussion:

Scheme 4.2  Full synthetic scheme of 57
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Scheme 4.3  Synthesis of 68
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The first step in the synthesis of both 57 and 58 is an SN2 (substitution nucleophilic
bimolecular) reaction between sodium azide and 72 (g). Heating to 50 °C for 24 h in
DMF gives full conversion to the 68. This reaction proceeds through an Sy2
mechanism, as the new bond between the azide and 72 is formed at the same time as

the C-Br bond is cleaved (Scheme 4.4).

Scheme 4.4 SN2 mechanism of the synthesis of 68

0 DMF, 0 °C - 50 °C, 0
Ca 24 h, 98% +  NaBr
EtO)K/ ' > EtO)K/ Na
Na* -N=N=N- 68

The reaction could be reliably monitored by infrared spectroscopy (IR): the

appearance of a strong absorption at 2103 ¢m™' indicative of an azide functional grou
pp g p group

(Fig. 4.2).
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Figure 4.2 IR of the starting material, 72, (top, pink) and the product, 68 (bottom,
black). Azide peak at 2103 cm’.

During the work-up of the first synthesis of 68 carried out, losses occurred during
rotary evaporation of solvent under reduced pressure due to the low boiling point of
68 (44-46 °C) to give a slightly reduced yield of 78%. In subsequent work-ups, lower

pressures during rotary evaporation were avoided to ensure maximum yield.

75



Next, a Knoevenagel condensation reaction between 68 and 69 yielded the alkene 66
(Scheme 4.5, e). Addition of sodium metal to anhydrous methanol formed sodium
methoxide in situ and deprotonated at the a-position to the ester in 68. The reaction
was sluggish if the solvent was not completely anhydrous, as this led to the formation
of hydroxide base instead of methoxide. Hydroxide’s lower pKa of 14, led to reduced
product formation; otherwise it afforded 66 in reliable yields of 65%. The use of
MeOH as solvent results in the inconsequential transesterification of 68 from the ethyl

ester to the methyl ester.

Scheme 4.5  Synthesis of 66
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The mechanism of the condensation reaction is shown in Scheme 4.6 and leads to the

formation of cis and trans products, which run as two spots on TLC.

Scheme 4.6 Mechanism of the Knoevenagel condensation to form 66
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Sodium methoxide deprotonates 68 at the ai-carbon to form an enolate that then acts
as a nucleophile towards the aldehyde of 69. A subsequent deprotonation and loss of

water leads to the formation of the cis and trans products, 66 and 73.

For the Knoevenagel reaction in the synthesis of 67, selenophene-2-carbaldehyde, 70,
is not commercially available. Fortunately, selenophene, 71, is available and a

Vilsmeier reaction allows access to 70 (Scheme 4.7, 1)

Scheme 4.7  Vilsmeier reaction to synthesise 70
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A Vilsmeier reaction involves the formation of an electrophilic intermediate by the
reaction of DMF with phosphorus oxychloride, POCIs. This intermediate is then
electrophilic enough to react with selenophene (or other aromatic species such as
thiophene, pyrrole or furan). The mechanism of the Vilsmeier reaction is shown in

Scheme 4.8.

Scheme 4.8 Vilsmeier reaction mechanism
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Once 70 has been formed, the Knoevenagel condensation with 68 can be carried out

(Scheme 4.9).

Scheme 4.9 Knoevenagel condensation to synthesise 67 and 74
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The conditions for this reaction were the same as those to synthesise 66. The
Knoevenagel condensation of 70 and 68 gave slightly lower yields (41-60%) than
observed under the same reaction conditions using 69. This decline in yield with a
reaction in the scheme involving the seleno-derivative was observed throughout the
project, and can most likely be ascribed to the tendency of selenium containing
compounds to be less stable than their sulfur analogues,’' resulting in the formation of
side products during each reaction and loss of yield. Again, the reaction produced cis

and trans products, 67 and 74.

The next step in the synthetic scheme is heating of the products of the Knoevenagel
condensations (66 & 73, 67 & 74) to release N, gas and cause cyclisation via a
Hemetsberger reaction (Scheme 4.10, d). Xylenes is used as solvent in the published
protocol,”® but was substituted for toluene in this project, due to the ease of removal

of toluene over xylenes.
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Scheme 4.10 Hemetsberger reaction to synthesise 64 and 65
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The Hemetsberger reaction takes advantage of thermal decomposition of azides and is
often employed in indole synthesis.”> An advantage of the Hemetsberger reaction is
that it can be effected simply with heating, but care must be taken in preparation of
large amounts of possibly explosive azide starting materials. The reaction is thought

to proceed through a mechanism illustrated in Scheme 4.11.

Scheme 4.11 Proposed mechanism of the Hemetsberger reaction
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Upon heating, the loss of N, gas occurs and can be observed as it bubbles out of the
reaction mixture. The proposed Hemetsberger mechanism proceeds through a nitrene
intermediate that first adds to the double bond of 66/67 then rearranges to form the
aromatic 64/65.

In order to deprotect the ester, a suspension of 64 in water is refluxed in an excess of
KOH (Scheme 4.12, ¢). After 2 h, near quantitative conversion takes place and the
carboxylic acid product can be precipitated out of the reaction mixture using 5 N HCI
to adjust the pH to 1-3 and protonate the carboxylate to give the product at a yield of
90-95%. Similarly, the Se containing ester, 65, can be readily hydrolysed under the

same conditions (66-73%).

Scheme 4.12 Base-catalysed ester hydrolysis
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The decarboxylation reaction proved to be somewhat of a bottleneck in both
syntheses, due to low yields being attained due to degradation of the very unstable
heterocyclic products, 60 and 61 at the necessary temperatures for loss of CO,. The
published protocol reports decarboxylation of 62 in glycerol at 165 °C,* but a
satisfactory yield was not achieved in our hands (<30%). However, modifying the
procedure to decarboxylation at 170 °C in ethanolamine gave a much improved yield
of 59% (Scheme 4.13). The increase in yield is most likely due to the acid starting
material, 62, being deprotonated by ethanolamine and becoming polar enough to go
into solution. In glycerol, the starting material is present as a suspension.
Furthermore, ethanolamine is known to absorb CO, as a carbamate,*® which will
promote the loss of CO,. Also, the higher electron density of the deprotonated

carboxylate may facilitate decarboxylation.
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Scheme 4.13 Decarboxylation of 62
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The very unstable S-heterocycle product, 60, degrades readily* and one suspected
method of degradation is via polymerisation. In order to minimise polymerisation, the
decarboxylation reaction was carried out using large amounts of ethanolamine to

reach a final concentration of 60 of 0.1 M.

Decarboxylation of the Se carboxylic acid, 63, is reported to take place in glycerol at
165 °C for 0.75 h giving a yield of 75%,* but the yield could not be reproduced in
this project. During the reaction, degradation of 61 could be seen during the reaction

by the darkening of the reaction mixture resulting in a 27% yield.

Decarboxylation in glycerol of 63 at slightly lower temperatures of 120 °C and 130 °C
was then carried out due to the instability of 61 at 165 °C. Decarboxylation of 63 at
120 °C in glycerol for 0.25 h delivered a yield of only 5%, but an increase in
temperature to 130 °C and time to 1.5 h gave 25% yield of 61 (Scheme 4.14). Due to
time constraints, decarboxylation of 63 has not yet been carried out in ethanolamine,

which may offer an increased yield.

Scheme 4.14 Decarboxylation of 63 in glycerol
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The final step of the synthetic scheme is an enzymatic synthesis using tryptophan
synthase to convert 60, in the presence of L-serine and pyridoxal-5-phosphate (PLP)
to the final product, 57 (Scheme 4.15). The enzymatic reaction was not carried out for
61. As this research group is a biochemistry group, we had the capability to produce
the enzyme ourselves. The enzyme was produced by Dr. Coilin Boland, and the

reaction consistently gave 57 in yields of 58-64%.
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Scheme 4.15 Enzymatic synthesis of 57
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The mechanism of the reaction is shown in Scheme 4.16.

Scheme 4.16 Mechanism of the reaction between 60, L-serine and PLP catalysed by
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S
i Ly
H O/\)J\OH o 60 N7 w 0
-
NHz imine formation HO%OH -H,0 YJ\OH
+ —_— N —_— Ny
o] OH N
S OH
PO NF
OH | POT
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N H
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, WOH W 7 oH
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COOH PO™ T o PO™ 1 G
~

s NH, N N
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In the first step of the mechanism, the primary amine of L-serine and the PLP cofactor
react to form an imine. Next, a dehydration occurs of the hydroxyl group on the L-
serine side chain to form a Michael acceptor than becomes an electrophile for 60.
Subsequent rearrangements and an imine hydrolysis gives the final product 57 and

regenerates PLP. Tryptophan synthase catalyses the reaction.
The reaction mixture after work-up consists of the 4 remaining equivalents of L-
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serine and 57. A TLC of the reaction mixture is shown below in Fig 4.3.

—> 57
L-serine =—

Rxn Rxn Rxn

Figure 4.3 TLC of each of the reaction mixture run in Ac;O/H,O/AcOH, 12:3:3, after
24 h. TLC stained in ninhydrin and heated to 180 °C using a heat-gun.

Compound 57 is too polar to be purified by standard flash chromatography over
normal phase silica gel. For that reason, it was decided to purify the crude over a
Sephadex G10 resin (formed by the cross linking of dextran and epichlorohydrin

specifically for small molecules) size exclusion column.

It was expected that the larger 57 would elute first, followed by the smaller L-serine.
Eluting with water separated the two amino acids, surprisingly, L-serine eluted first,
followed by 57. The 4 eq. of L-serine remaining in the reaction mixture most likely
form an oligomer that elutes faster through the size exclusion column than 57. The
fractions containing 57 were combined, frozen at -80 °C and lyophilised to give 57 as

a brown powder.

83



- -
L-serine <«—— ‘

1.2 34

Figure 4.4 TLC showing the fractions of the column (1-5, 25-50 mL fractions). 57
elutes in fractions 4 and 5 during every run. TLC stained in ninhydrin and heated to
180 °C using a heat-gun. A "H NMR spectrum on the purified product is shown in Fig

4.5.
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Figure 4.5 "H NMR of the purified product in D,O (residual water peak at 4.79 ppm).

The peaks present in the spectrum are labelled and represent a-e as marked on

compound 57. The "H NMR values correspond to the literature.”

4.3 Conclusions and Future Work

The unnatural tryptophan derivative 57 was synthesised according to literature
procedures, with minor modifications.*’® Low yields in the decarboxylation reaction
of 62 that was a bottleneck in the synthesis of 57 were optimised by the change in
solvent from glycerol to ethanolamine. This optimization allowed access to large
quantities of 57. Compound 57 can now be incorporated into proteins in order to solve
the phase problem using S-SAD. In this technique, proteins are expressed in a
tryptophan free medium, with an exess of 57 present. If phasing using 57 proves to be

successful, the method may take over from phasing using Se-Met incorporation.
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Chapter 5: Experimental Section
5. Materials and Methods

All commercial chemicals were obtained from Sigma-Aldrich, Fisher, Fluorochem or
Fluka and used without further purification. Deuterated solvents for NMR use were
purchased from Apollo. Analytical TLC was performed using Merck Kieselgel 60
F254 silica gel plates. Visualisation was by UV light (254 nm) using a UVGL-58
handheld UV lamp or by staining with ammonium molybdate (ammonium molybdate
5 g, ceric sulfate 0.2 g, 5% aq. H,SO4 100 mL) and heating using a heat-gun. Flash
chromatography was carried out using silica gel, particle size 0.04 — 0.063 mm. NMR
spectra were recorded on Agilent DD2/LH or Bruker Advance II/DPX spectrometers,
operating at 400.13 MHz and 600.1 MHz for "H NMR; 100.6 MHz and 150.9 MHz
for *C-NMR. Shifts are referenced to the internal solvent signals. NMR data were
processed using TopSpin software. HRMS spectra were measured on a Micromass
LCT electrospray TOF instrument with a WATERS 2690 autosampler and
methanol/acetonitrile as carrier solvent. Infrared spectra were recorded on a Perkin
Elmer Spectrum One FT-IR Spectrometer equipped with a Universal ATR sampling

accessory.

5.1 Procedures and Data
12-((2,4-dinitrophenyl)amino)dodecanoic acid (7)
o) NO,

2 4 6 8 10 H
- s
1 3 5 7 9 1
12 N02
To 12-aminododecanoic acid (1.0 g; 4.6 mmol) suspended in EtOH (18 mL) was
added triethylamine (1.40 g; 13.8 mmol) and 1-chloro-2,4-dinitrobenzene (0.94 g; 4.6
mmol). The reaction mixture was heated to 105 °C for 4 h. The EtOH was then
removed under vacuum. The crude was re-dissolved in water (25 mL) and transferred
to a separating funnel. The pH was adjusted to 1-3 using 5 N HCI. The product was
extracted into DCM (10 x 10 mL), dried over MgSO,4 and concentrated under

vacuum. The crude was purified over silica gel eluting with EtOAc/AcOH, 9:1, to

yield the product as a yellow solid (1.66 g; 95%).
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"H NMR (400 MHz, CDCls, ppm): 1.28 (12H, m, H3-H8), 1.43 (2H, m, H9), 1.61
(2H, quint, J=7.4 Hz, H2), 1.77 (2H, quint, J=7.4 Hz, H10), 2.33 (2H, t, J=7.4 Hz,
H1),3.40 (2H, m, H11), 6.91 (1H, d, J=9.6 Hz, H12), 8.25 (1H, dd J=9.6, 2.6 Hz,
H14), 8.55 (1H, s, NH), 9.11 (1H, d, J=2.6 Hz, H13), 10.18 (1H, s, OH).

13C NMR (100 MHz, CDCLs, ppm): 24.68, 26.92, 28.69, 29.02, 29.16, 29.19, 29.33,
29.39,29.41, 34.14, 43.64, 113.94, 124.37, 130.23 (qC), 130.34, 135.90 (qC), 148.42
(qC), 180.14 (C=0).

HRMS (m/z ES"): Found 404.1798 (M" + Na. C;3H,7N3NaOg: Calculated 404.1792).
Vmax (cm™): 2928 (CH), 1707 (COOH), 1325 (C=C).

5-((benzyloxy)methyl)-2,2,3,3,8,8,9,9-octamethyl-4, 7-dioxa-3,8-disiladecane (13)

NG
o) 5
/ 6
O\)Z\/O\Si
4 3 1 \

To 3-(benzyloxy)propane-1,2-diol (1 g; 5.5 mmol) in anhydrous CH,Cl, (8 mL) at
0°C was added 2,6-Iutidine (1.8 g; 16.5 mmol). fert-Butyldimethylsilyl
trifluoromethanesulfonate (3.2 g; 12.1 mmol) was then added dropwise over 5
minutes. The reaction mixture was stirred for 1 h at 0 °C. After this time, the solvent
was evaporated using a stream of N, gas and the crude was purified over silica gel
eluting with hexanes/EtOAc, 49:1, to yield the product as a colourless oil (2.2 g;
97%).

"H NMR (400 MHz, CDCls, ppm): 0.10 (12H, m, H5), 0.93 (18H, s, H6), 3.47 (1H,

dd, J=4.3, 5.5 Hz, H3), 3.62 3H, m, HI & H3), 3.90 (1H, m, H2), 4.58 (2H, s, H4),
7.37 (5H, m, Ar-H).
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BC NMR (101 MHz, CDCls, ppm): -5.38, -5.32, -4.65, -4.58, 18.23 (qC), 18.37
(qC), 25.90, 25.98, 65.11 (CHy), 72.25 (CH»), 72.79 (CH), 73.36 (CH>), 127.42,
127.56, 128.28, 138.60.

HRMS (m/z ES"): Found 411.2750 (M" + H. C»H4305Si,: Calculated 411.2745)

Vmax (em™): 2928 (CH), 1251, 829, 774

2,3-bis((tert-butyldimethylsilyl)oxy)propan-1-ol (11)

N

O,Si
Ho\)‘l\/o\Si /
5 3 \
2 4

To 13 (500 mg; 1.2 mmol) was added MeOH (8 mL). The reaction mixture was

placed under inert atmosphere (Ar gas) using a balloon. Palladium on carbon (10%

loading, 140 mg) was added through a briefly opened septum and the reaction mixture

was evacuated and refilled with H, gas (3x). After 2 h, the reaction mixture was

filtered through celite and purified over silica gel eluting with hexanes:EtOAc, 19:1,

to yield the product as a colourless oil (280 mg; 73%).

"H NMR: (400 MHz, CDClsm ppm): 0.08 (12H, m, H2), 0.89 (18H, s, H1), 3.62

(4H, m, H3 & HS5), 3.77 (1H, m, H4).

Analytical data corresponds to the literature.”

2,3-bis((tert-butyldimethylsilyl)oxy)propyl ((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)

methyl phosphate (9)

10 %,O 0-P-0 o-Si
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To methyl dichlorophosphite (MeOPCl,; 1.2 g; 9.0 mmol) and triethylamine (NEt;;
2.09 g; 20.7 mmol) in anhyd. THF (30 mL) was added 11 (0.78 g; 2.4 mmol) in
anhyd. THF (30 mL) dropwise over 3 h at 0 °C. After this time, 12 (2.43 g; 19.0
mmol) was added over 5 minutes at 0 °C. After a further 3 h, mCPBA (meta chloro
peroxybenzoic acid; 2.43 g; 14.1 mmol) was added through a briefly removed septum
and the reaction mixture was stirred at 0 °C for 1 h. The reaction mixture was then
quenched using NaS,0; (10% aq. soln., 165 mL) and NaHCOj; (sat. soln., 45 mL)
and extracted into DCM (3 x 150 mL). The organic phases were dried over MgSO4
and concentrated under vacuum to yield a yellow oil that was purified by flash
chromatography over silica gel eluting with hexanes/EtOAc, 7:3, to yield the product
as a colourless oil (0.78 g; 65%).

"H NMR (400 MHz, CDCls, ppm): 0.09 (12H, m, H2), 0.90 (18H, s, H1), 1.37 (3H,
s, HI0/H11), 1.44 (1H, s, H10/H11), 3.57 (2H, m, H3), 3.83 (5H, m, H6, H9 & H4),
4.06 (5H, m, H5, H7 & H9), 4.32 (1H, m, H8).

BC NMR (100 MHz, CDCls, ppm): -5.47, -5.43, -4.78, -4.70, 18.09 (qC), 18.28
(qC), 25.27, 25.75, 25.87, 26.72, 54.42 (P-O-CH3), 64.03, 66.16, 67.47, 69.13, 71.97,
74.04, 109.88 (qC).

3P NMR (100 MHz, CDCls, ppm): 0.16 (s)

HRMS (m/z ES"): Found 529.2775 (M" + H. C»Hs,0sPSis: Calculated 529.2776).

Vmax (em™): 2954 (CH), 1022, 832, 775.

2,3-dihydroxypropyl ((2,2-dimethyl-1,3-dioxolan-4-yl)methyl) methyl phosphate (6)

%0 'P%OH

o
3 2
A —OH

To 9 (70 mg; 0.13 mmol) was added MeOH (5 mL) and ammonium fluoride (70 mg;
1.82 mmol). The reaction was heated to 60 °C for 11 h. After this time, the solvent
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was removed under a stream of N, gas and the crude was purified over silica gel
eluting with CH,CIl,/MeOH, 19:1, to give the product as a colourless oil (16 mg;
39%).

"H NMR (400 MHz, CDCls, ppm): 1.38 (3H, s, H8/H9), 1.46 (3H, s, H8/H9), 3.69
(2H, m, H1), 3.84 (4H, m, H4 & H7), 3.94 (1H, m, H2), 4.12 (5H, m, H3, H5 & H7),
4.35 (1H, m, H6).

13C NMR (100 MHz, CDCLs, ppm): 25.20, 26.67, 54.75, 62.64, 65.83, 67.96, 68.90,
70.58, 74.05, 110.10 (qC).

3P NMR (100 MHz, CDCls, ppm): 1.26 (s).

HRMS (m/z ES"): Found 301.1038 (M" + H. C;oH,,05P: Calculated 301.1046).

Vmax (em™): 3391 (OH), 2955 (CH), 1012 (P=0).

3-((((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy) (methoxy)phosphoryl)oxy)propane-1,2-
diyl bis(12-((2,4-dinitrophenyl)amino)dodecanoate) (16)

To 6 (20 mg; 0.07 mmol) was added anhydrous DCM (1 mL), DMAP (1 mg; 8 uM)
and 7 (64 mg; 0.17 mmol) at 0 °C. DCC (52 mg; 0.3 mmol) in anhydrous DCM (1
mL) was added over 5 min. The reaction mixture was then removed from the ice bath
and left stirring at room temp. (20 °C) for 18 h. The crude was purified by flash
chromatography over silica gel eluting with hexanes/EtOAc/AcOH, 5:4.9:0.1 to give
the product as a yellow solid (20 mg; 29%).
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'H NMR (600 MHz, CDCls ppm): 1.28 (24H, s, H9-H14), 1.35 (3H, s, H22/H23),
1.42 (3H, s, H22/H23), 1.46 (4H, m, H15), 1.60 (4H, m, HS), 1.77 (4H, quint, J= 7.4
Hz, H16), 2.32 (4H, m, H7), 3.40 (4H, m, H17), 3.80 (4H, m, H21 & H1), 4.05 (3H,
m, H3 & H1), 4.19 (3H, m, H6 & H4), 4.32 (2H, m, H2 & H4), 5.23 (1H, m, H5),
6.92 (2H, d, J=9.6 Hz, H18), 8.27 (2H, dd, J=2.6, 9.6 Hz, H19), 8.55 (2H, s, 2xNH),
9.14 (2H, d, J=2.6 Hz, H20).

3P NMR (100 MHz, CDCls, ppm): 0.01 (s).

HRMS (m/z, ES+): Found 1049.4439 (M++ Na. C46H71NgNaOgP: Calculated
1049.4454).

2,3-bis((12-((2,4-dinitrophenyl)amino)dodecanoyl)oxy)propyl (2,3-dihydroxypropyl)
phosphate (1)
O,N

To 15 (20 mg; 0.020 mmol) was added 2-butanone (1.5 mL) and Nal (6 mg; 0.040
mmol). The flask was placed in a pre-heated oil bath at 80 °C under Ar. After 1.75 h,
the reaction was removed from the oil bath and allowed to cool. The solvent was
removed under a stream of N, gas and the crude product (yellow powder) was
redissolved in CHCl3/MeOH, 5:1 (12 mL) and washed with 2 N HCI (15 mL) and sat.
ag. NaCl (15 mL). The combined aqueous layers were washed with CHCl;/MeOH,
5:1 (3 x 12 mL). The combined organic layers were dried over MgSO,4 and
concentrated under vacuum to yield a yellow solid. The yellow solid was re-dissolved
in CH,Cl,/TFA/MeOH, 6:3:1 (1 mL). The mixture was stirred for 0.5 h. After this
time, the reaction was stopped after removal of the CH,Cl,/TFA/MeOH, 6:3:1, under
a stream of N, gas. The crude was purified over silica gel eluting with CHCls/MeOH,
1:1, to give the product as a yellow solid (4 mg; 21%).
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"H NMR (400 MHz, CDCLs, ppm): 1.24 (24H, s, H9-H14), 1.42 (4H, m, H15), 1.56
(4H, m, H8), 1.76 (4H, m, H16), 2.29 (4H, m, H7), 3.40 (4H, m, H17), 4.03 (9H, m,
H1-H4 & H6), 5.22 (1H, s, H5), 6.92 (2H, d, J=9.6 Hz, H18), 8.25 (2H, dd, J=2.6, 9.6
Hz, H19), 8.55 (2H, s, 2xNH), 9.10 (2H, d, J=2.6 Hz, H20).

3P NMR (100 MHz, CDCl3, ppm): -1.12 (bs).

HRMS (MALDI): Found 971.4056 (M. C4,HgsNOsP: Calculated 971.4015).

1-((((2,2-dimethyl- 1, 3-dioxolan-4-yl)methoxy) (methoxy)phosphoryl)oxy)-3-((12-((2,4-
dinitrophenyl)amino)dodecanoyl)oxy)propan-2-yl oleate (5)

To 6 (25 mg; 0.083 mmol) was added anhydrous CH,Cl, (1 mL), DMAP (1 mg;
0.008 mmol) and 7 (34 mg; 0.087 mol) at 0 °C. DCC (33 mg; 0.16 mmol) in
anhydrous CH»Cl;, (1 mL) was added over 5 min. The reaction was allowed to stir for
4 h at 0 °C. After this time 8 (31 mg; 0.11 mmol) and DCC (33 mg; 0.16 mmol) was
added. The reaction mixture was left stirring for 18 h at 20 °C. The crude was purified
by flash chromatography over silica gel eluting with hexanes/EtOAc/AcOH, 5:4.9:0.1
to give the product as a yellow solid (20 mg; 33%).

"H NMR (400 MHz, CDCls, ppm): 0.88 (3H, t, J=6.7 Hz, H40), 1.28 (32H, m, H9-
H14, H26-H29, H34-H39), 1.36 (3H, s, H22/H23), 1.43 (3H, s, H22/H23), 1.47 (2H,
m, H15), 1.60 (4H, m, H8 & H25), 1.78 (2H, m, H16), 2.01 (4H, m, H30 & H33),
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2.32 (4H, m, H7 & H24), 3.40 (2H, m, H17), 3.80 (4H, m, H21 & H1), 4.06 (3H, m,
H3 & H1), 4.18 (3H, m, H6& H4), 4.33 (2H, m, H2 & H4), 5.23 (1H, m, H5), 5.34
(2H, m, H31 & H32), 6.91 (1H, d, ]=9.6 Hz, H18), 8.27 (1H, dd, J]=2.6, 9.6 Hz, H19),
8.56 (1H, s, NH), 9.15 (1H, d, J=2.6 Hz, H20).

3P NMR (100 MHz, CDCl, ppm): 0.03 (s).

HRMS (m/z ES): Found 926.5122 (M" - H. C4sH,7N30,4P: Calculated 926.5148).

2,3-dihydroxypropyl (3-((12-((2,4-dinitrophenyl)amino)dodecanoyl)oxy)-2-

(oleoyloxy)propyl) phosphate (2)
37

To 5 (25 mg; 0.027 mol) was added Nal (6 mg; 0.054 mol) and 2-butanone (2.2 mL).
The reaction mixture was heated to 80 °C under Ar for 2 h, after which time the
solvent removed under a stream of N, gas. The residue was then dissolved in
CHCI3/MeOH, 5:1 (15 mL), washed with 2 N HCI1 (15 mL) and sat. ag. NaCl (15
mL). The aqueous layers were washed with CHCI3/MeOH, 5:1 (2 x 15 mL). The
organic layers were combined, dried over MgSO, and concentrated under vacuum to
give a yellow oil. This yellow oil was then dissolved in CH,Cl,/CF;COOH/MeOH,
6:3:1 (1.4 mL) and stirred for 0.5 h at 20 °C. The solvents were co-evaporated with
toluene under a stream of N, gas and purified over silica gel eluting with

CHCI3/MeOH, 7:3, to yield the product as a yellow oil (19 mg; 71%) from which 12
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mg was purified by preparative TLC, eluting with CHCI3/Ac,O/MeOH/H,0,
10:4:2:2:1, to yield 2 as a yellow oil (10.5 mg).

"H NMR (400 MHz, CDClLs, ppm): 0.86 (3H, t, J=5.9 Hz, H37), 1.26 (32H, m, H9-
H14, H23-H26, H31-H36), 1.43 (2H, m, H15), 1.57 (4H, m, H8 & H22), 1.77 (2H, m,
H16), 1.99 (4H, m, H27 & H30), 2.29 (4H, m, H7 & H21), 3.40 (2H, m, H17), 4.05
(9H, m, H1-H4 & H6), 5.21 (1H, s, H5), 5.32 (2H, m, H28 & H29), 6.92 (1H, d,
J=9.6 Hz, H18), 8.26 (1H, dd, J=2.6, 9.6 Hz, H19), 8.55 (1H, s, NH), 9.12 (1H, d,
J=2.6 Hz, H20).

3P NMR (100 MHz, CDCl3, ppm): -3.32 (bs).

HRMS (m/z ES): Found 872.4672 (M" - H. C42HgsN¢O1sP: Calculated 872.4679).

tert-butyl 3-(12-((2,4-dinitrophenyl)amino)dodecanamido)propanoate (26)

17

1 o o 16 NO,
3 5 7 9 11 13 15
>LO)J\/\N N 18
2 H 4 H

6 8 10 12 14
NO,

To 7 (200 mg; 0.52 mmol) in anhydrous CH,Cl, (8 mL) was added Mukaiyama’s
reagent (2-chloro-1-methylpyridinium iodide, 402 mg; 1.57 mmol) at 20 °C. After 5
minutes, NEt; (320 mg; 3.00 mmol) and 20 (95 mg; 0.52 mmol) were added. The
reaction mixture was stirred at 20 °C for 3 h. After this time, the solvent was removed
under a stream of N» gas and the residue was purified by flash chromatography over
silica gel eluting with hexanes/EtOAc/AcOH, 5:4.9:0.1 to yield the product as a
yellow solid (205 mg; 77%).

"H NMR (400 MHz, CDCLs, ppm): 1.28 (12H, s, H6-H11), 1.45 (11H, s, HI & H12),
1.60 (2H, m, H5), 1.77 (2H, quint, J=7.3 Hz, H13), 2.14 (2H, t, ]=7.3 Hz, H4), 2.44
(2H, t, J=5.9 Hz, H2), 3.40 (2H, m, H14), 3.47 (2H, m, H3), 6.05 (NH, s, HN-C=0),
6.91 (1H, d, J=9.6 Hz, H16), 8.28 (1H, dd, J=2.6, 9.6 Hz, H17), 8.55 (1H, s, NH),
9.14 (1H, d, J=2.6 Hz, H18).
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13C NMR (100 MHz, CDCLs, ppm): 25.70, 26.91, 28.12, 28.69, 29.15, 29.22, 29.30,
29.36,29.38, 29.42, 34.90, 35.14, 36.84, 43.63, 81.09 (qC), 113.90, 124.42, 130.28,
130.36, 135.95 (qC), 148.41 (qC), 172.21 (C=0), 173.04 (C=0).

HRMS (APCI): Found 509.2974 (M" + H. C»;H3;N4O7 Requires 598.2969).

Vmax (em™): 3350 (NH), 2925, 1619 (N-C=0), 1522, 1424, 1287.

3-(12-((2,4-dinitrophenyl)amino)dodecanamido)propanoic acid (19)
0204681012HN02
o O
1 H 3 5 7 9 11 13
14 N02
15

To 26 (200 mg; 0.39 mmol) in CH,Cl, (1.25 mL) at 20 °C was added CF;COOH
(3.75 mL) dropwise over 10 minutes. The reaction mixture was stirred for 3 h. The
solvents were removed by co-evaporation with toluene under a stream of N, and

subsequent drying overnight under vacuum to yield the product as a yellow solid (170

mg; 97%).

"H NMR (400 MHz, CDCLs, ppm): 1.29 (12H, s, H5-H10), 1.47 (2H, m, H11), 1.61
(2H, m, H4), 1.79 (2H, quint, J=7.3 Hz, H12), 2.20 (2H, t, J=7.3 Hz, H3), 2.61 2H, t,
J=5.3 Hz, H1), 3.43 (2H, m, H13), 3.55 (2H, m, H2), 6.31 (NH, s), 6.94 (1H, d, J=9.6
Hz, H14), 8.28 (1H, dd, J=2.6, 9.6 Hz, H15), 8.58 (NH, s), 9.14 (1H, d, J=2.6 Hz,
H16), 9.36 (OH, s).

13C NMR (100 MHz, CDCls, ppm): 25.65, 26.88, 28.66, 29.12, 29.17, 29.24, 29.34,
29.35, 29.38, 33.97, 34.89, 36.65, 43.62, 113.98, 124.39, 130.22 (qC), 130.36, 135.90
(qC), 148.44 (qC), 174.19 (C=0), 176.36 (C=0).

HRMS (APCI): Found 451.2195 (M" + H. C5H3;N407: Calculated 451.2198).

Vmax (cm™): 3348 (OH), 2927, 1707 (C=0), 1618 (N-C=0), 1325.

1-((((2,2-dimethyl- 1, 3-dioxolan-4-yl)methoxy) (methoxy)phosphoryl)oxy)-3-((3-(12-
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((2,4-dinitrophenyl)amino)dodecanamido)propanoyl)oxy)propan-2-yl oleate (18)

To 6 (25 mg; 0.083 mmol) was added anhydrous CH,Cl, (1 mL), DMAP (1 mg;
0.008 mmol) and 7 (34 mg; 0.087 umol) at 0 °C. DCC (33 mg; 0.16 mmol) in
anhydrous CH»Cl;, (1 mL) was added over 5 min. The reaction was allowed to stir for
4 hat 0 °C. After this time 8 (31 mg; 0.108 mmol) and DCC (33 mg; 0.16 mmol) was
added. The ice bath was removed and the reaction mixture was left stirring for 18 h at
20 °C. The crude was purified by flash chromatography over silica gel eluting with
hexanes/EtOAc/AcOH, 5:4.9:0.1 to give the product as a yellow solid (23 mg; 28%).

'H NMR (400 MHz, CDCls, ppm): 0.87 (3H, t, J=6.7 Hz, H40), 1.28 (32H, m, H11-
H16, H26-H29, H34-H39), 1.35 (3H, s, H41/42), 1.42 (5H, s, H41/42 & H17), 1.62
(4H, m, H10 & H25), 1.77 (2H, m, H18), 2.00 (4H, m, H30 & H33), 2.15 (2H, t,
J=7.6 Hz, H9), 2.31 (2H, m, H24), 2.43 (2H, t, J=7.4 Hz, H7), 3.40 (2H, m, H19),
3.50 (2H, m, H8), 3.80 (4H, m, H23 & H1), 4.05 (3H, m, H3 & H1), 4.17 (3H, m, H6
& H4), 4.33 (2H, m, H2 & H4), 5.23 (1H, m, H5), 5.33 (2H, m, H31 & H32), 6.38
(NH, s), 6.91 (1H, d, J=9.6 Hz, H20), 8.27 (1H, dd, J=2.6, 9.6 Hz, H21), 8.55 (NH, s),
9.14 (1H, d, J=2.6 Hz, H22).

3P NMR: (100 MHz, CDCls, ppm): 0.02 (s).

HRMS (APCI): Found 999.5673 (M* + H. C4sHgsN4O;sP: Calculated 999.5663).
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2,3-dihydroxypropyl (3-((3-(12-((2,4-
dinitrophenyl)amino)dodecanamido)propanoyl)oxy)-2-(oleoyloxy)propyl) phosphate
3)

O-
Hoj)3

2

HO—

To 18 (23 mg; 0.023 mmol) was added Nal (7 mg; 0.046 mol) and 2-butanone (2.2
mL). The reaction mixture was heated to 80 °C for 2 h, after which time the solvent
removed under a stream of N, gas. The residue was then dissolved in CHCls/MeOH,
5:1 (15 mL), washed with 2 N HCI (15 mL) and sat. aq. NaCl (15 mL). The aqueous
layers were washed with CHCl3/MeOH, 5:1 (2 x 15 mL). The organic layers were
combined, dried over MgSQO,4 and concentrated under vacuum to give a yellow oil.
This yellow oil was then dissolved in CH,Cl,/CF;COOH/MeOH, 6:3:1 (1.4 mL) and
stirred for 1 h at 20 °C. The solvents were co-evaporated with toluene under a stream
of N; gas and purified over silica gel eluting with CHCl;/MeOH, 7:3, to yield the
product as a yellow oil (9.5 mg; 46%), from which 3.0 mg was purified by preparative
TLC, eluting with CHCl3/Ac,O/MeOH/H,0, 10:4:2:2:1, to yield 3 as a yellow oil (2.5

mg).

"H NMR (400 MHz, CDClLs, ppm): 0.89 (3H, t, J=6.7 Hz, H39), 1.28 (32H, s, H11-
H16, H25-H28, H33-H38), 1.46 (2H, m, H17), 1.60 (4H, m, H24&H10), 1.77 (2H, m,
H18), 2.01 (4H, m, H29 & H32), 2.16 (2H, m, H9), 2.32 (2H, m, H23), 2.56 (2H, m,
H7), 3.43 (2H, m, H19), 3.51 (2H, m, HY), 3.69-4.40 (9H, m, H1-H4 & H6), 5.17
(1H, m, H5), 5.35 (2H, m, H30&H31), 6.57 (NH, s), 6.96 (1H, d, J=9.6 Hz, H20),
8.29 (1H, dd, J=2.6, 9.6 Hz, H21), 8.59 (NH, s), 9.14 (1H, d, J=2.6 Hz, H22).
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3P NMR (100 MHz, CDCls, ppm): -0.5 (bs)

HRMS (MALDI): Found 967.5045 ([M" + H] + Na. C45H77N40,5NaP: Calculated
967.5021).

2-phenyl-1,3-dioxan-5-ol (45)

To 47 (20 g; 217 mmol) in pet. ether/benzene (1:1, 30 mL) was added 46 (24 g; 226
mmol) and p-toluenesulfonicacid (0.2 g). The reaction mixture was heated to 85 °C
for 24 h. The reaction mixture was neutralised using 0.5 M KOH and the organic
layer was cooled to -10 °C using a lig. No/MeCN bath. The solid was removed using
filtration, then re-suspended in toluene/pet.ether. The mixture was cooled to -10 °C
and the white solid removed by filtration to give the product as a white solid (2.8 g;
5%).

"H NMR (400 MHz, CDCls, ppm): 3.04 (1H, d, J=11.0 Hz, OH), 3.64 (1H, d, J=11.0
Hz, H2), 4.16 (4H, m, H1), 5.56 (1H, s, H3), 7.39 (3H, m, H5&H6), 7.50 (2H, m,
H4).

Analytica data corresponds to the literature.”*

2-phenyl-1,3-dioxan-5-yl (Z)-nonadec-10-enoate (44)

24
23 o 0]
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(@]
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To 45 (300 mg, 1.7 mmol) was added DMAP (23 mg, 0.2 mmol), anhydrous CH,Cl,
(5§ mL) and 8 (452 mg, 1.6 mmol). The reaction mixture was placed in an ice bath for

10 min. In a separate flask, DCC (340 mg, 1.7 mmol) was dissolved in anhydrous
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CH,Cl; (4 mL). The DCC solution was added to the reaction flask by syringe over 10
min. The reaction mixture was stirred for 4.5 h at 20 °C. The mixture was filtered to
remove dicyclohexylurea and concentrated under vacuum. The crude was purified by
flash chromatography over silica gel eluting with hexanes/EtOAc, 19:1, to yield the
product as an oil (570 mg; 77%).

'H NMR (400 MHz, CDCls, ppm ): 0.88 (3H, t, J=6.8 Hz, H1), 1.30 (22H, s, H2-H7,
H12-H16), 1.67 (2H, m, H17), 2.00 (4H, m, H8&H11), 2.43 (2H, t, J=7.6 Hz, H18),
4.17 (2H, dd, J=1.5, 12.9 Hz, H20), 4.29 (2H, dd, J=1.1, 12.9 Hz, H20), 4.72 (1H, s,
H19), 5.34 (2H, m, H9&H10), 5.56 (1H, s, H21), 7.37 (3H, m, H23&H24), 7.51 (2H,
m, H22).

3C NMR (100 MHz, CDCl;, ppm): 14.12, 22.69, 24.93, 27.17, 27.21, 29.09, 29.12,
29.20,29.32, 29.52, 29.71, 29.77, 31.90, 34.38, 65.70, 69.12, 101.21, 126.02, 128.28,
129.06, 129.75 (C=C), 129.97 (C=C), 137.84 (qC), 173.84 (C=0).

Vmax (em™): 2923, 1731 (C=0), 1084.

1,3-dihydroxypropan-2-yl oleate (36)

HO 0 1
HO 8 O)W%1
19 1715 43 19 8 6 4 2

To 44 (600 mg; 1.35 mmol) was added AcOH/H,O (4:1, v/v, 15 mL) and the reaction
mixture was heated to 50 °C for 2 h. After this time, the reaction mixture was diluted
with ether (5 mL) and neutralised with sat. NaHCO; (10 mL). The organic layer was
dried over MgSO,, concentrated under vacuum and purified over silica gel eluting

with hexanes/EtOAc, 1:1, to yield the product as a colourless oil (300 mg; 63%).

"H NMR (400 MHz, CDCls, ppm): 0.88 (3H, t, J=6.8 Hz, H1), 1.29 (20H, m, H2-H7
& H12-H15), 1.65 (2H, m, H16), 2.01 (4H, m, H8&H11), 2.38 (2H, t, J=7.6 Hz,
H17), 3.84 (4H, d, J=5.0 Hz, H19), 4.93 (1H, quint, J=5.0 Hz, H19), 5.35 (2H, m,
H9&H10).

99



13C NMR (100 MHz, CDCLs, ppm): 14.10, 22.67, 24.94, 27.14, 27.21, 29.06, 29.08,
29.14,29.30, 29.31, 29.51, 29.67, 29.75, 31.89, 34.32, 62.60, 75.06, 129.70 (C=C),
130.03(C=C), 174.02 (C=0).

HRMS (m/z ES"): Found 357.3001 (M" + H. Cy;H4;04: Calculated 357.2999.

(2,2-dimethyl-1,3-dioxolan-4-yl)methyl hex-5-enoate (38)

= O
10 8 8 /\(\o
O
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2

To DMAP (1.17 g; 9.6 mmol) and anhydrous CH,Cl, (DCM, 80 mL) under argon in a
500 mL three-necked RBF was added 39 (10.00 g; 87.6 mmol) and 12 (12.04 g; 90.2
mmol). The reaction mixture was placed at 0 °C. After 10 minutes a DCC (18.62 g;
91.1 mmol) solution in CH,Cl, (50 mL) was added dropwise over 1 h. The ice bath
was then removed and the reaction mixture was allowed to stir at room temperature
for 3.5 h. After this time, the reaction mixture was cooled to 0 °C, stirred for 1 h then
filtered. The crude was purified by flash chromatography over silica gel, eluting with

hexanes/EtOAc, 8.5:1.5 to give the product as a colourless oil (16.4 g; 82%).

"H NMR (400 MHz, CDCls, ppm): 1.35 (3H, s, H1/H2), 1.42 (3H, s, HI/H2), 1.73
(2H, quint, J=7.5 Hz, H7), 2.08 (2H, m, HY), 2.34 (2H, t, J=7.5 Hz, H6), 3.72 (1H, dd,
J=6.2, 8.5 Hz, H3), 4.10 (3H, m, H3&HS5), 4.30 (1H, m, H4), 5.00 (2H, m, H9), 5.75
(1H, m, H10).

Analytical data corresponds to the literature.®’

1-iodooct-1-yne (41)

An oven-dried 1 L round bottomed flask (RBF) was charged with H,O (200 mL),
TBAB (21.85 g; 67.8 mmol) and Cul (1.5 mol%; 0.19 g; 0.7 mmol) producing a

colourless solution. This was allowed to stir vigorously for 10 minutes. To this 1 L
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RBF was added I, (34.40 g; 135.6 mmol) and NEt; (20.58 g; 28 mL; 203.4 mmol).
This was again allowed to stir for 10 minutes, after which 42 (7.47 g; 10 mL; 67.8
mmol) was added. The 1 L RBF was stirred vigorously for 24 h at room temperature.
The reaction mixture was transferred to a 1 L separating funnel and extracted with
EtOAc (3 x 150 mL). The organic layers were washed with saturated aqueous sodium
thiosulfate (3 x 100 mL). The washed organic layers were then dried over MgSO,4 and
concentrated under vacuum. The crude was purified by flash chromatography over

silica gel, eluting with hexane to give the product as an orange oil (15 g; 94%).

"H NMR (400 MHz, CDCLs, ppm ): 0.87 3H, t, ]=6.9 Hz, H1), 1.31 (6H, m, H2-
H4), 1.49 (2H, m, J=7.24 Hz, H5), 2.34 (2H, t, J=6.9 Hz, H6).

Analytical data corresponds to the literature.®’

(Z)-1-iodooct-1-ene (40)

To a three-necked 250 mL round bottomed flask under argon was added anhydrous
ether (60 mL) and BH3.DMS complex (4.6 g; 60 mmol). The reaction mixture was
then placed in an ice bath. After 10 min, cyclohexene (10.8 g; 132 mmol) was added
dropwise over 10 min via plastic syringe. The reaction mixture was allowed to stir in
ice bath for a further 15 min, then at 20 °C for 1 h. The reaction mixture was then
placed in the ice bath for 5 min, before addition of 41 (13 g; 53 mmol), slowly over
10 min. The mixture was stirred at 0 °C for 0.5 h and 20 °C for 2 h. Next, acetic acid
(16 eq.) was added slowly at 0 °C over 15 min, the reaction mixture is then left at 20
°C for 2.5 h. The reaction mixture was then diluted with diethyl ether (30 mL) and
water (50 mL). The aqueous layer is discarded and the organic layer washed with
water (3 x 60 mL). The organic layer was dried over MgSQO,4 and swirled with
ethanolamine (7 mL) to precipitate out the residual borane in the mixture. The white
borane-ethanolamine precipitate was removed by filtration and the organic layers

concentrated under vacuum to give the product as a yellow oil (9.1 g; 71%)).

'H NMR (400 MHz, CDCls, ppm): 0.88 (3H, m, H1), 1.33 (6H, m, H2-H4), 2.12
(2H, m, H6), 6.15 (2H, m, H7&HS).
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Analytical data corresponds to the literature.®’

(2,2-dimethyl-1,3-dioxolan-4-yl)methyl (Z)-tetradec-7-enoate (37)
O

9 M
873 O\ﬂ
7 18

To an oven-dried 500 mL round-bottomed-flask under argon was added 38 (6.80 g;
29.8 mmol) and anhydrous THF (80 mL). The flask was placed in an ice-bath and 9-
BBN from a 0.5 M soln. in THF (65.5 mL; 8.00 g; 32.8 mmol) was added. The
reaction mixture was then stirred at 20 °C for 18 h. After this time, deionised water
(90 mL) was added and the reaction mixture was stirred for 2 h then sparged with
argon for 15 minutes. To a separate 1 L round-bottomed-flask under argon was added
40 (8.5 g; 35.7 mmol), cesium carbonate (9.71g; 29.8 mmol), triphenylarsine (0.91 g;
2.9 mmol) and DMF (140 mL). This mixture was sparged with argon for 15 minutes,
then Pd(dppf)Cl,.CH,Cl, (1.23 g; 1.5 mmol) was added. The resultant red solution
was again sparged with argon for 15 minutes, after which time the solution turned
brown. The hydroboration mixture was then added via plastic syringe over 35 minutes
and left stirring at 20 °C for 18 h. The reaction mixture was then transferred to a2 L
separating funnel containing 600 mL of brine. The aqueous was washed with ether (3
x 300 mL). The combined organic layers were dried over MgSO,4 and concentrated

under vacuum to give a dark brown/black oil (6.50 g, 68%).

"H NMR (400 MHz, CDCls, ppm ): 0.86 (3H, t, J=6.8 Hz, H1), 1.25 (12H, s, H2-H5,
H10-H11), 1.35 (3H, s, H17/H18), 1.42 (3H, s, H17/H18), 1.61 (2H, m, H12), 1.99
(4H, m, H6&H9), 2.33 (2H, t, J=7.6 Hz, H13), 3.72 (1H, dd, J=6.2, 8.5 Hz, H16),
4.15 (3H, m, H16&H14), 4.30 (1H, m, H15), 5.33 (2H, m, H7&HS).

Analytical data corresponds to the literature.®’

2,3-dihydroxypropyl (Z)-tetradec-7-enoate (34)
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To 37 (6.10 g; 17.9 mmol) was added acetic acid/water (4:1, v/v; 200 mL). The
reaction mixture was heated to 50 °C for 2 h. The reaction mixture was then added to
sat. NaHCO; mixture (2 L) and ether (300 mL). The organic layer was concentrated
under vacuum to give a yellow oil. The crude was purified via chromatography over
silica gel, eluting with hexanes/EtOAc, 1:1, to give the product as a colourless oil (2.5
g; 47%). The oil was then recrystallised from MeCN at -20 °C to give 34 with a lower
2-MAG content (1.0 g).

'H NMR (400 MHz, CDCls, ppm): 0.88 (3H, t, J=6.7 Hz, H1), 1.32 (12H, m, H2-
H5, H10-H11), 1.64 (2H, quint, J=7.2 Hz, H12), 2.01 (4H, m, H6&H9), 2.35 (2H,
J=7.2 Hz, H13), 3.60 (1H, dd, J=5.8, 11.4 Hz, H16), 3.70 (1H, dd, J=4.0, 11.4 Hz,
H16), 3.93 (1H, m, H15), 4.18 (2H, m, H14), 5.34 (2H, m, H7&HS).

13C NMR (100 MHz, DMSO-dg, ppm): 13.91, 22.05, 24.30, 26.45, 26.57, 28.06,
28.24,28.79, 29.05, 31.10, 33.42, 62.61, 65.47, 69.26, 129.47 (C=C), 129.71(C=C),
172.89 (C=0).

HRMS (APCI): Found 301.2383 (M" + H. C;7H3304: Calculated 301.2373).
Analytical data corresponds to the literature.*

Ethyl azidoacetate (68)
O
NS\)J\OEt
To 72 (25.0 g; 149.7 mmol) in DMF (80 mL) was added sodium azide (48.15 g, 740.7
mmol) at 0 °C. The reaction mixture was then heated to 50 °C for 18 h. After this time,
water was added (100 mL). The product was extracted into ether (3 x 100 mL). The

organic layers were combined, washed with water (2 x 100 mL) and brine (1 x 100
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mL), dried over MgSQO4 and concentrated under vacuum to yield the product as a

yellow liquid (15 g, 78%).

"H NMR (400 MHz, CDCls, ppm): 1.30 (3H, t, ]=7.1 Hz, O-CH,-CHs), 3.85 (2H, s,
CHy), 425 (2H, q, J=7.1 Hz, O-CH)).

Analytical data corresponds to the literature.*®

methyl-2-azido-3-(thiophen-2-yl)acrylate (66)
] O

4 w OMe

3 2
Sodium metal (0.40 g; 17.40 mmol; 3.9 eq) was added to anhydrous methanol (15
mL) at 0 °C. To this was added 69 (0.50 g; 0.42 mL; 4.46 mmol) and 68 (1.34 g;
10.37 mmol; 2.3 eq). The reaction was heated to 40 °C for 5 h. After this time, EtOAc
(15 mL) and saturated ammonium chloride solution (15 mL) were added to the
reaction mixture. The product was extracted using EtOAc (3 x 30 mL). The organic
layers were dried over MgSOy4 and concentrated under vacuum. The crude product
was purified by flash chromatography, eluting with hexanes/EtOAc, 95:5 to yield the
product as a yellow oil (0.65; 65%).

"H NMR (400 MHz; CDCls, ppm): 3.89 (3H, s, OMe), 7.06 (1H, dd, J=3.8, 5.0 Hz,
H3), 7.17 (1H, s, H1), 7.32 (1H, d, J=3.8 Hz, H2), 7.49 (1H, d, J=5.0 Hz, H4).

Analytical data corresponds to the literature.”

methyl 4H-thieno[3,2-b]pyrrole-5-carboxylate (64)
1
S O
CIL >~
3N\
N OMe
2 H
66 (0.61 g; 2.73 mmol) was dissolved in toluene (8 mL) and heated to reflux. After 1
h, the reaction mixture was allowed to cool to room temperature. The crude product

was purified by flash chromatography eluting at hexanes/EtOAc, 9:1 to yield the
product as a white solid (1.33 g; 85%).
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"H NMR (400 MHz, CDCls, ppm): 3.89 (1H, s, OMe), 6.94 (1H, d, J=5.3 Hz, H2),
7.12 (1H, d, J=1.16 Hz, H1), 7.32 (1H, d, J=5.3 Hz, H3), 9.03 (NH, s).

Analytical data corresponds to the literature.”

4H-thieno[3,2-b]pyrrole-5-carboxylic acid (62)

|
S @)
SW
N OH
2 H

To a suspension of 64 (1.17 g; 6.4 mmol) in water (50 mL) was added potassium
hydroxide (1.07 g; 19.2 mmol). The reaction was heated to reflux (110 °C) for 2 h.
The reaction mixture was extracted with ether (2 x 50 mL) and the aqueous layer
containing the product as the salt was acidified to pH 1-3 using 5 N HCI. The aqueous
layer was then placed in the fridge for 2 h to aid precipitation as the protonated acid.
The product was extracted using ether (3 x 50 mL). The organic layers were washed
with water (2 x 50 mL) and brine (1 x 50 mL), dried over MgSQO,4 and concentrated

under vacuum to give the product as a white solid (0.81 g; 92%).

"H NMR (DMSO-dg, ppm): 6.94 (1H, d, J=5.3 Hz, H2), 7.00 (1H, s, H1), 7.45 (1H,
d, J=5.3 Hz, H3), 11.86 (NH, s), 12.49 (OH, s).

Analytical data corresponds to the literature.”

4H-thieno[3,2-b]pyrrole (61)

S 1

A\

\ N

3 H
62 (430 mg; 2.6 mmol) was dissolved in ethanolamine (20 mL) and heated to 170 °C
for 2 h. The reaction mixture was allowed to cool to room temperature. Water (20
mL) was added and it was extracted with 15% EtOAc in hexanes (3 x 50 mL). The
organic layers were washed with water (2 x 100 mL) and brine, dried over MgSO4

and concentrated under vacuum to give the product as a brown oil (190 mg, 59%).
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"H NMR: (DMSO-dg, ppm): 6.30 (1H, m, H1), 6.96 (1H, d, J=5.2 Hz, H3), 7.01 (1H,
m, H2), 7.13 (1H, d, J=5.2Hz, H4), 11.06 (NH, s).

Analytical data corresponds to the literature.”

(S)-2-amino-3-(4H-thieno[3,2-b] pyrrol-6-yl)propanoic acid (57)

; COOH
2
s NH,
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N
4 H

60 (360 mg; 2.92 mmol) was dissolved in DMSO (1.5 mL) and 0.5 mL was placed in
three separate falcon tubes each containing L-serine (513 mg; 4.9 mmol) and 0.1 M
ammonium bicarbonate buffer (pH = 8.0, 35 mL). To these falcon tubes was added
pyridoxal-5-phosphate (PLP) co-enzyme (1.55 mg; 0.0058 mmol. Added from 4
mg/mL stock of PLP in ammonium bicarbonate buffer; 129 uL) and the Tryptophan
Synthase enzyme (7.2 mg from a 27 mg/mL stock; 88 puL). The falcon tubes were
placed at 37 °C with shaking (30 rpm). Every 1.5 h, a further addition of 1 eq.
tryptophan synthase enzyme and 1 eq. PLP buffer were made, a total of 5 further
additions were made. The reaction mixtures were combined and extracted with ether
(2 x 150 mL), to remove any unreacted 60. The aqueous layer was put down a
sephadex G10 size exclusion column for purification eluting with water. The eluent

was lyophilised to give the product as a brown solid (385 mg; 63%).

"H NMR (400 MHz, D,0, ppm): 3.26 (2H, m, H2), 4.02 (1H, dd, J=5.1, 7.0 Hz, H1),
7.05 (1H, d, J=1.3 Hz, H3), 7.08 (1H, d, J=5.2 Hz, HS), 7.24 (1H, d, J=5.2, 1.3 Hz,
H4).

HRMS (m/z ES): Found 233.0348 (M" + Na. C5H;(N>NaO,S: Calculated 233.0355).

Analytical data corresponds to the literature.”

Selenophene-2-carbaldehyde (70)
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To 71 (3.5 g; 26.7 mmol) in DMF (3.12 g; 42.7 mmol) at 0 °C was added POCI; (6.55
g; 42.7 mmol). The reaction mixture was heated to 65 °C for 1 h. After this time, ice
(20 g) was added. The organic layers were separated and dried over MgSO, and

concentrated under vacuum to give the product as a brown oil (3.01 g; 65%).

"H NMR (400 MHz, CDCLs, ppm): 7.46 (1H, dd, J=3.9, 5.4 Hz, H3), 8.01 (1H, dd,
J=1.1, 3.9 Hz, H2), 8.48 (1H, m, H4), 9.80 (1H, s, H1).

Analytical data corresponds to the literature.”

methyl (Z)-2-azido-3-(selenophen-2-yl)acrylate (67)
O

1
Se N OMe
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To sodium metal (1.80 g; 78.3 mmol) in a 100 mL round bottomed flask at 0 °C was
added MeOH (40 mL). When the sodium had fully reacted, 70 (3.00 g; 18.9 mmol)
and 68 (7.35 g; 78.3 mmol) was added. The reaction mixture was then allowed to heat
to room temperature and left for 3 h. Ammonium chloride solution (30 mL) and
EtOAc (30 mL) were added to the reaction mixture. The product was extracted into
EtOAc (3 x 70 mL). The organic layers were washed with water (3 x 100 mL) and
brine (1 x 100 mL), dried over MgSOj4 and concentrated under vacuum. The crude
was purified over silica gel eluting with hexanes to give the product as a yellow oil

(1.40 g; 35%).

"H NMR (400 MHz, CDCls, ppm): 3.89 (1H, s, OMe), 7.23 (1H, s, H1), 7.30 (1H,
dd, J=3.9, 5.7 Hz, H3), 7.47 (1H, d, J=3.9 Hz, H2), 8.26 (1H, d, J=5.7 Hz, H4).

Analytical data corresponds to the literature.*
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methyl 4H-selenopheno([3,2-b]pyrrole-5-carboxylate (65)

1
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67 (1.4 g; 5.5 mmol) was dissolved in toluene (15 mL). The reaction mixture was then
heated to reflux. After 1.5 h gas evolution ceased. The reaction mixture was allowed

to cool to 20 °C then concentrated under vacuum to give a brown solid. The crude was
purified by flash column chromatography over silica gel eluting with hexanes/EtOAc,

4:1, to give the product as a yellow solid (0.85 g; 68%).

'"H NMR (400 MHz, CDCl;, ppm): 3.88 (3H, s, OMe), 7.17 (1H, s, H1), 7.23 (1H, d,
J=5.8 Hz, H2), 7.87 (1H, d, ]=5.8 Hz, H3), 9.13 (NH, s).

Analytical data corresponds to the literature.*®

4H-selenopheno[3,2-b]pyrrole-5-carboxylic acid (63)

’
S (0]
N OH

2 H

To 65 (850 mg; 3.7 mmol) was added water (40 mL) and potassium hydroxide (840
mg; 15.0 mmol). The reaction was heated to reflux (110 °C). After 2 h, the reaction
mixture was allowed to cool to 20 °C. The organic material was then removed by
extraction into ether (2 x 50 mL), as the charged product remains in the aqueous layer
as the potassium salt. The aqueous layer was then acidified with 5 N HCI, (pH = 1-3)
and stored at 4 °C to aid precipitation (1 h). The product was then extracted into ether
(3 x 70 mL). The organic layers were combined, washed with water (2 x 70 mL) and
brine (1 x 70 mL), dried over MgSO4 and concentrated under vacuum to yield the

product as a yellow solid (520 mg; 65%).

'"H NMR (400 MHz, DMSO-dg, ppm): 7.03 (1H, s, H1), 7.19 (1H, d, J=5.8 Hz, H2),
7.92 (1H, d, J=5.8 Hz, H3), 11.94 (NH, s), 12.42 (OH, s).
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Analytical data corresponds to the literature.*®

4H-selenopheno[3,2-b]pyrrole (61)
1

Se

3 H

63 (260 mg; 1.2 mmol) was suspended in glycerol (25 mL). The flask was added to a
pre heated oil bath at 130 °C. After 1.5 h, the reaction mixture was poured onto ice.
The mixture was then transferred to a separating funnel and extracted with hexane (3
x 70 mL). The organic layers were washed with water (2 x 100 mL) and brine (1 x
100 mL), dried over MgSO, and concentrated under vacuum to yield the product as a

black oil (50 mg; 25%).

"H NMR (400 MHz, DMSO-dg, ppm): 6.35 (1H, m, H2), 6.96 (1H, m, H2), 7.22
(1H, d, J=5.6 Hz, H4), 7.62 (1H, dd, J=1.2, 5.6 Hz, H3), 11.17 (NH, s).

Analytical data corresponds to the literature.*®
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