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Abstract

The bacterial cell wall contains peptidoglycan (PG), a mesh-like polymer of glycan strands
crosslinked by short peptide chains. PG is essential for bacterial cell viability and as such
PG biosynthesis is an important antibiotic target. Despite considerable study, there remain
many PG associated enzymes with unknown function, identification of which will allow

us to develop the antibiotics of the future.

This project is focused on the development of D-amino acid based photoaffinity probes, for
the covalent capture of PG associated proteins. Following the evaluation of a number of
strategies, a photoactivatable fluorescent D-amino acid probe was successfully synthesised,
methoxy coumarin trifluoromethyl diazirine D-alanine or MCTDA.Addionally it can be
shown by LCMS that MCTDA is accepted as a substrate by the bacterial transpeptidase
enzyme LdtD and that, through the action of LdtD, MCTDA can be successfully
incorporated into both isolated muropeptide and whole PG of E. coli. Evaluation of
photoactivated capture of PG associated proteins by incorporated MCTDA is ongoing in

the laboratory (Figure 1).
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Figure 1: Synthesis of photoactivatable amino acid probe MCTDA and incorporation into PG
and muropeptide (E. coli) by LdtD.
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Chapter 1. Introduction

This thesis will examine the synthesis of unnatural amino acids as molecular probes for

bacterial peptidoglycan (PG) biosynthesis to better understand bacterial cell wall biology.

Therefore, in this chapter key concepts behind this thesis will be introduced. Starting with
a general overview of the bacterial cell wall, the focal point will be on the peptidoglycan
(PG) layer including PG biosynthesis and the PG as an antibiotic target. Next, recent
advances in the enzymatic incorporation of unnatural amino acids into bacterial PG as
molecular probes will be highlited. Finally, the use of molecular probes containing
diazirines, capable of photoaffinity labelling, as a method for the pull-down and
identification of proteins will be discussed.

1.1 The Bacterial Cell Wall

The bacterial cell wall is a complex multilayer scaffold that surrounds the cytoplasmic
material of a bacteria. The bacterial cell wall shields the bacteria from the external
environment, facilitates the selective transport of macromolecules into the cytoplasm and

aids the removal of toxins and waste.*

Bacteria can be classified into two groups based on the architecture of their cell wall. The
first group, known as Gram-positive bacteria, have a cell wall containing two layers, a
plasma membrane layer composed of phospholipids and a thick layer (30-100 nm) of a
heteropolymer called peptidoglycan (PG), made up from glycan strands cross-linked by
short peptides (Figure 1.1).12 45

The cell wall of the second group of bacteria, known as the Gram-negatives, contains three
layers, the inner plasma membrane composed of a phospholipid bilayer, a thin layer of PG
(5-10 nm) and an outer plasma membrane layer composed of glycolipids, called

lipopolysaccharides (LPS), and phospholipids (Figure 1.1).% 348



Gram-Positive Gram-Negative

Outer membrane —>;
Periplasmic space

Thick layer of peptidoglycan Peptidoglycan

Plasma membrane
Plasma membrane /
S
I ——

Outer membrane

Thick layer
of peptidoglycan
30-100 nm

Peptidoglycan
5-10 nm

Plasma membrane » Plasma membrane

Figure 1.1: The cell wall of both Gram positive and Gram-negative bacteria. (picture adapted
from ref. [12,5]).

1.2 The Structure of Bacterial Peptidoglycan (PG)

Peptidoglycan (PG) is an essential component in all bacterial cell walls. PG is a rigid mesh-
like heteropolymer that encases the bacterial cytoplasmic membrane and provides

mechanical support to maintain the bacterial shape.>"®

The PG of the Gram-negative bacteria E. coli is made up of oligomeric linear glycan strands
cross-linked by short peptide chains. The glycan strands are composed of the two
saccharides N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), whilst the

short peptide chains contain both L-amino and D-amino acids (Figure 1.2).10-12
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Figure 1.2: E. coli bacteria cell wall peptidoglycan composition (picture adapted from ref. [13,
14].

The glycan saccharide N-acetylglucosamine (NAG), is formed from the amino sugar
glucosamine following N-acetylation. N-acetylmuramic acid (NAM) is also based on N-
acetylated glucosamine but including a C3 D-lactyl ether, to which is connected the short
peptide chains via an amide bond. Within the PG glycan the NAM and NAG subunits are
linked to each other by -1—4 glycosidic bonds (Figure 1.3).81516
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Figure 1.3: Molecular composition of the PG glycan polysaccharide backbone.

In E. coli, the most abundant short peptide chains in the PG contain four amino acids
known, L-alanine (L-Ala), D-glutamic acid (D-Glu), meso-2,6-diaminopimelic acid (m-
DAP), and D-alanine (D-Ala),!’ with the L-alanine (L-Ala) attached to the C3 D-lactyl group
of NAM. The D-glutamic acid residue connects to the amine at the L-centre of meso-2,6-
diaminopimelic acid via the y-carboxyl group, with the remaining unit of D-alanine (D-Ala)

being connected via m-DAP (Figure 1.4).13.18
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1.3 Biosynthesis of Peptidoglycan (PG) in E. coli

The biosynthesis of PG in E. coli consists of a complex pathway containing approximately
20 biosynthetic steps occurring in both the cytosol and the periplasmic compartment of
Gram-negative bacteria.! These biosynthetic steps can be summarised into three main
groups: the biosynthesis of lipid Il, the polymerisation of the NAG-NAM disaccharides,

and the cross-linking of the peptide chains.!319:2
1.3.1 Biosynthesis of Lipid Il in E. coli

Lipid Il is a key biosynthetic intermediate in the formation of PG in E. coli, and other
bacteria, consisting of two saccharide units (NAG and NAM), a short peptide chain and a
lipophilic tail. Lipid Il biosynthesis (Figure 1.5) occurs in the bacterial cytoplasm, starting
from fructose-6-phosphate (1.1). Fructose-6-phosphate (1.1) is first aminated to form
glucoseamine-6-phosphate (1.3) (GImS), isomerised to glucoseamine-1-phosphate (1.4)
(GImM), the N-acetyl group is introduced (GImU) and finally uridyldiphosphate group is
added to the 1-position (GImU), to form the nucleotide substituted NAG unit, uridine
diphosphate-N-acetylglucosamine (1.6) (UDP-NAG) (Figure 1.5).13:2021

The UDP-NAG (1.6) is later used in the final steps of lipid 11 biosynthesis, but is also the
precursor for the biosynthetic of the NAM unit. Thus UDP-NAG (1.6) is transformed into
the nucleotide substituted NAM unit, uridine diphosphate-N-acetylmuramic acid (1.9)
(UDP-NAM), via enol ether formation at C-3 (phosphoenolpyruvate 1.7 and MurA)
followed by reduction to the corresponding D-lactyl ether (NADPH and MurB). Following
the biosynthesis of UDP-NAM (1.9), five amino acid units are sequentially added at the
UDP-NAM D-lactyl position, via four ATP dependant ligases: L-Ala, MurC; D-Glu, MurD;
m-DAP, MurE; and D-Ala-D-Ala, MurF.222 The resulting UDP-NAM-L-Ala-y-D-Glu-m-
DAP-D-Ala-D-Ala (1.13) is converted to lipid 1 (1.14), through the attachment of the
lipophilic side chain, undecaprenyl phosphate (Css-P (1.16), MraY). Lipid I (1.16) is finally
converted to lipid Il (1.15) via the addition of NAG sugar unit at the C-4 hydroxyl of NAM
(UDP-NAG (1.6), MurG). The undecaprenyl side chain is highly lipophilic and allows lipid
I (1.15) to pass through the plasma membrane, into the periplasmic space where it

undergoes further reactions to be incorporated into the PG (Figure 1.5).192%-2
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1.3.2 Polymerization of Lipid Il to form Polyglycan

Once lipid Il is translocated to the periplasm compartment, it undergoes a glycan
elongation process catalysed by a subgroup of penicillin binding proteins (PBP)

transglycosylases (GTases) to form linear polyglycan strands.*®

The formation of polyglycan strands occurs (Figure 1.6) when the NAG residue at lipid 11
is attached to a neighbouring NAM residue of PG donor strand via f,1-4 glycosidic bond.
The formation of f,1-4 glycosidic bond between NAM and NAG takes place through
activation by GTase (via Glu233) of the phosphorylated C-1 position of the NAM residue
of the glycan donor strand. The activated C-1 position of the glycan donor is then attacked
by the C-4 hydroxyl group of the terminal NAG residue of lipid Il, with release of
undecaprenyl pyrophosphate (Css-PP) which is recycled to form further lipid Il (Figure
1.6).2631
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Figure 1.6: Schematic showing glycan elongation in E. coli via GTase (picture adapted from ref.
[27].



1.3.3 PG Transpeptidation

The final step of peptidoglycan (PG) biosynthesis is the cross-linking of the polyglycan
strands via an amide bond (Gram-negative) or short interpeptide bridge (Gram-positive).®
The formation of this amide linkages between the peptide chains of PG occurs through an
enzymatic reaction called transpeptidation. There are two known types of PG

transpeptidation, DD-transpeptidation and LD-transpeptidation.*®

In DD-transpeptidation the fourth amino acid residue D-alanine (D-Ala) of an acyl donor
tetrapeptide glycan strand is cross-linked to the third amino acid residue meso-2,6-
diaminopimelic acid (m-DAP) of an acyl acceptor tetrapeptide glycan strand. This DD-
transpeptidation is mediated by a subgroup of penicillin binding proteins (PBP) called the
DD-transpeptidases (DD-TPase), which contain a key serine residue in the active site which
hydrolyses the D-ala-D-ala amide bond to form a covalently bound acyl intermediate.323
DD-CPase, another PBP, then hydrolyses the terminal D-alanine residue of another
pentapeptide glycan strand to give a tetrapeptide glycan strand. The DD-TPase acyl bound
intermediate is then attacked by the free amine of the third residue, m-DAP, of the
tetrapeptide glycan strand leading to a new amide cross-link between the D-Ala residue and
m-DAP residue. This type of PG cross-link is called a Tetra-Tetra (4-3) and accounts for
90-98% of all cross-links in the PG of E. coli (Figure 1.7).3034%7



Pentapeptide glycan strand T idl yl yme intermedi (4-3) Tetra-Tetra glycan strands

o:( OH O—J\ OH
NH

Lo} ~ (0] ~
S I =N e P T INE F A

OH 1 o:< OH o% OH OZQ

0~ 'NH O” "NH O~ 'NH
Ao Kfo o Kfo o
D,D-Transpeptidation

o

Acylation
HN HN HN
Acyl donor OH OH OH
OH
pp-TPase HO._O
. . O _ Dp-Ala—> m-DAP
HN N Kfo B o HoN - K( o

2 \‘)J\ 43 HN/?\WOH

HN OH HN HN
N o) NH,
ﬁﬁf 0 ~ 0

OH

HO” ~o \i
:

_OH
HNTY
Pentapeptide glycan strand Tetrapeptide glycan strand \(& o)
o
o
Iy Oy NH
oA oy T
i o NH o . NH W\, o’
Coy ’ O&J\' ’ S0
O~ _NH DD-CPase O«__NH HO
Acyl acceptor 07 "OH O~ "OH O (0]
\ <0 O o .
4 HO NH >
D-Ala OH
HO.
HOL NH /&o
O A O A
HN.__O N__O
\FO i }70 i
o o
HN OH HN, OH
L 0-L=0 Owo\f oL 0%0\;
“ HN OH g HN OH
OH OH
O)\ O)\

Figure 1.7: Tetra-Tetra (4-3) cross-link formation via DD-TPase in E. coli. (picture adapted from
ref. [37]).

Beside the major DD-transpeptidation pathway, there is also minor class of PG cross-
linking reactions called LD-transpeptidation, in which two adjacent tetrapeptide chains
from neighbouring glycan strands are crosslinked by the formation of amide bond between
two m-DAP units at positions 3 of each peptide chain. The resulting DAP-DAP bridge
between these two peptide chains called a Tetra-Tri (3-3) which form 2-10% of E. coli PG

cross-links.3841

In E. coli, the LD-transpeptidation pathway is typically a minor pathway. However when
the cell wall integrity is compromised by exposure to PG active antibiotic such as

ampicillin, LD-transpeptidation becomes more important.

LD-Transpeptidation is mediated by LD-transpeptidases (LD-TPase).*%2 In E. coli one of
the main LD-TPases is LdtD. LdtD forms Tetra-Tri (3-3) and Tri-Tri (3-3) cross links in
the PG, via an m-DAP-m-DAP bridge. LdtD can also hydrolyse the terminal D-Ala residue
of a tetrapeptide glycan strand, called a LD-carboxypeptidation, to give the corresponding

tripeptide. Finally, LdtD can also exchange of the terminal D-Ala residue of a tetrapeptide



glycan strand with other D-amino acids, both endogenous and exogeneous. Since LD-
transpeptidases operate through a different mechanism to the PBPs, and use a key cystine
residue in place of serine for the activation of amino acids, they are not effected by the -
lactams. Therefore they can allow a bacteria to evade successful treatment with a penicillin,
through the maintenance of the PG biosynthesis (Figure 1.8).4243
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1.4 PG Biosynthesis and Antibiotics

Our project is focused on the development of probes for PG biosynthesis, which is an
essential biosynthetic pathway in bacteria. The disruption of PG biosynthesis leads to the
formation of a defective PG layer that is unable to withstand the internal cytoplasmic
osmotic pressure leading to cell lysis. Therefore, the inhibition of PG biosynthesis is an
important target in the development of antibiotics. Thus greater understanding of PG
biosynthesis, through the identification of the essential enzymes involved and their

functions, should allow us to develop the new antibiotics in the future.*

The occurrence of D-amino acids in PG is thought to provide the bacteria protection from
protolytic action of external enzymes, yet this also represents a potential antibiotic target
as the presence D-amino acids is highly specific to bacteria reducing the chances of
mammalian toxicity.* The glycopeptide and the -Lactam antibiotics both inhibit the late
polymerisation steps in PG biosynthesis (glycosylation and transpeptidation) making them
useful antibiotics. The glycopeptide vancomycin binds the D-Ala-D-Ala terminal of PG
precursor lipid Il and prevents glycosylation. f-lactams, such as penicillin, are structurally
related to the terminal D-Ala-D-Ala residue of PG pentapeptide and inhibit enzymes
involved in PG cross-linking (e.g. transpeptidation) through covalent modification of the
active site. There are many other antibiotics that interfere with PG biosynthesis, including
such as D-cycloserine (seromycin) which prevents the formation of the essential PG
precursor D-Ala-D-Ala via the inhibition both D-alanine racemase and D-alanyl-D-alanine
ligase (Figure 1.9).447
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Figure 1.9: Antibiotic targets within the PG biosynthesis pathway (picture adopted from ref.
[47]).

Due to the increase in drug-resistant pathogenic bacteria (e.g. Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacteriaceae) which have developed resistance to
many common antibiotics such as the p-lactams, there is a growing interest in the
development of new mode of action antibiotics. Thus improving the understanding of PG
biosynthesis, through the identification of essential biosynthetic enzymes, is hoped to aid

in the future development of new antibiotics.*®4°

12



1.5 Enzymatic Incorporation of Unnatural D-amino Acids into Bacterial PG

The PG biosynthesis machinery does not only create new PG but it also remodels the
existing PG layer. This remodelling can also include the incorporation of endogenous and
exogenous D-amino acids, such as D-Met, D-Leu, D-Phe or D-Tyr via LD-
transpeptidation.®®®! In E. coli the L,D-TPase enzymes (e.g. LdtD) remodel PG through D-
amino acid exchange of the fourth residue (D-Ala) of a tetrapeptide glycan stand.3% 051,52
L,D-TPase enzymes are promiscuous and can incorporate a wide range of natural and
unnatural D-amino acids into the PG. Several groups have reported the incorporation of D-
amino acids in to the PG of live E. coli via an L,D-TPase pathway, including D-Met, D-Tyr,
D-Phe, D-Cys and D-Met. 35053

1.6 Analysis of Amino Acid Composition of Bacterial PG through Enzymatic
Digestion and LC-MS

In order to monitor the incorporation of new D-amino acids into bacterial PG a number of
specialist analytic approached have been developed, most important of these is the
enzymatic cleavage and LC-MS analysis of the resulting modified muropeptides.®*>* Thus
PG from E. coli can be cleaved with a lysozyme, muramidase, isolated from the fungus
Chalaropsis. Muramidase hydrolyses the glycan strand of PG at the $-1,4 glycosidic bonds
between the NAM and NAG units. This releases the small water soluble PG fragments
called muropeptides, comprising of the disaccharide NAG and NAM connected to a short
peptide chain (Figure 1.10). Theses muropeptides, including modified muropeptides, can

then be separated by HPLC and their compositions determined by mass spectrometry. -2
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Figure 1.10: PG digestion with muramidase.
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1.7 Enzymatic Incorporation of Fluorescent D-Amino Acids into Bacterial PG

Recently VanNieuwenhze and Vollmer have used the promiscuous L,D-TPase enzyme,
LdtD, in order to introduce a range of fluorescent D-amino acids (FDL, TDL, HADA and
NADA) into bacterial PG, including that of E. coli (Figure 1.11).938
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Figure 1.11: Fluorescent D-amino acids incorporated into diverse bacteria species (in vivo study).
Fluorescent D-amino acids (FDAA) can be used visualize the sites of active PG
biosynthesis and remodeling within the bacterial cell. For example, VanNieuwenhze et al.
have shown that following short labelling times with HADA (e.g. exposure to HADA for
2-8% of the bacterial doubling time (Note: bacterial doubling time for common lab strains
of E. coli is approximately 20 min)), E. coli was shown to uptake HADA preferentially at
the septum, showing that this is the site of growth of new cell wall PG (Figure 1.12, a).
This was supported by a further experiment in which a longer labelling time with HADA
was followed by fluorescence imaging overtime, which showed that the growth of new PG
after labelling occurred in the middle of the bacteria with the remaining HADA migrating
to the ends of the bacteria (Figure 1.12, b).

14



S0 min

Figure 1.12: (A) High resolution microscopy of E. coli after short labelling pulses with HADA;
(B) Time-lapse fluorescence microscopy of HADA-labelled E. coli (picture adapted from ref.

[63]).
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1.8 Photoactivatable Amino Acids

Photoactivatable amino acids are synthetic structural homologues of the naturally
occurring amino acids with photoactivatable groups, such as diazirine, as part of their side
chains (example: photomethionine, photoleucine, photoisoleucine, phototryptophan,
photophenylalanine, photolysine) (Figure 1.13).%°

0] @) N=N 0] N=N
e~ Poon NOH Ao
N=N  NH, N=N  NH, NH, HN
OH

L-photoleucine L-photoisoleucine L-photomethionine L-photoproline
N=N NH2
L-photophenylalanlne L-phototryptophan L-photolysine

Figure 1.13: Photoactivatable amino acids.
The photolysis of photoactivable amino acids containing a diazirine ring requires UV
irradiation (360 nm) which cleaves the diazirine to a carbene (Figure 1.14) which can insert
into a neighbouring bond (e.g. NH, OH, or CH) covalently crosslinking any nearby
molecules such as proteins.’

Figure 1.14: Formation of carbenes from diazirines (picture adapted from ref. [70]).
Therefore, diazirine-containing photoactivatable amino acids have been used widely to
investigate cell biology at a molecular level, using the covalent cross-linking of near-by
biological structures in the identification of protein-protein interactions and novel binding

sites in target enzymes.’”* Current work on diazirine-containing photoactivatable amino
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acids has focused on the synthesis and applications of L-amino acid systems, whilst little

has been done in the area of diazirine containing photoactivatable D-amino acids.
1.9 Research Aim

Although much is known about the biosynthesis of PG in E. coli, there are many cell wall
associated enzymes for which the function is unknown. For example, E. coli contains over
100 outer membrane lipoproteins with unknown function.”? Thereforenew approaches will
be developed to explore the function of PG associated proteins, particularly those involved
in PG remodelling and biosynthesis. This work is hoped to provide valuable enzyme targets

for future antibiotic development.

Since unnatural D-amino acids can be incorporated into bacterial PG by native PG
biosynthesis machinery a plan to synthesize unnatural D-amino acids which include a
photoactivatable cross-linking group (diazirine) on their side chains will be created. These
photoactivatable D-amino acids will be covalently incorporated into the PG of E. coli by
L,D-Tpase (LdtD), and on irradiation with UV light will form a carbene capable of
covalently crosslinking any nearby PG-associated proteins. Following isolation of the PG
and digestion with muramidase, the resulting muropeptide-D-amino acid-protein complex
will be isolated and identified by LC-MS/MS, allowing the discovery of new PG-associated
proteins (Figure 1.15).7>7
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Chapter 2. Synthesis of Photoactivatable D-Amino Acids
2.1 Introduction

One of the key aims of this project will be to synthesise a number of photoactivatable D-
amino acids that can later be incorporated into PG via native biosynthesis machinery.
Therefore, in this chapter, | planned to examine the synthesis of both D-photoleucine (2.1)
and D-photomethionine (2.2), containing a key diazirine as the photoactivatable group,
which are structural analogues to the naturally occurring D-methionine (2.3) and D-leucine
(2.4) respectively (Figure 2.1). 12

Photoactivable Natural
Amino acids Amino acids
(0]

o)
~" OH NOH
N=N  NH, NH,

D-photoleucine (2.1) D-leucine (2.4)
N=N o 0]
S
)WJ\OH P \/\:)J\OH
NH, NH,
D-photomethionine (2.2) D-methionine (2.3)

Figure 2.1: Comparison between our target p-photoleucine (2.1) and p-photomethionine (2.2) to
the corresponding natural p-leucine (2.4) and p-methionine (2.3).

2.2 Results and Discussion

2.2.1 Racemic Synthesis of Photoleucine

Firstly, a racemic synthesis of photoactivatable amino acids will be examined, as | propose
that if a racemic mixture of amino acids were given to bacteria it will selectively
incorporate only D-amino acids into the PG. As such, it might not be needed to synthesise
an enantiopure amino acid but could use racemic material. Therefore, | plan to use a
synthetic route to make the racemic mixture of the desired photo cross-linking amino
acid.Subsequently the resulting racemic amino acid will be fed to the bacteria and the

incorporation into the PG will be examined. Then the bacteria will be irradiated to induce
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the generation of reactive carbene from PG incorporated photo cross-linking amin acid,

these carbenes should be able to cross-linking any nearby PG associated protein.

In 2008, Behrman et al., reported a racemic synthesis of a diazirine containing photoleucine
(2.1) in 3 steps starting from levulinic acid (2.5) (Figure 2.2). First, Behrman incorporated
the diazirine group into levulinic acid (2.5) to give the corresponding photolevulinic acid
(2.6), followed by a bromination at the a-position and a subsequent aminolysis to
incorporate the required a-amino group.® Therefore, the Behrman’s synthesis to access our

target photoleucine will be tested (2.1).

Q Diaziine NN N=N Br
)J\/\H/OH formation )WOH a-Bromination )WOH
_— _—
(0] 0o 0]
(2.5) (2.6) ) (2.7)
\Aminolysis
N=N NH;
OH
0]

(#) (21)

15% overall yield

Figure 2.2: Behrman’s racemic synthesis of photoleucine (2.1).

2.2.1.1 Synthesis of Photolevulinic Acid (2.6)

The first synthetic step towards the production of racemic photoleucine (2.1) (Figure 2.2)
was the synthesis of photolevulinic acid (2.6), through the installation of a diazirine at the
4-position of levulinic acid (2.5). Based on the work of Behrman et al., | proposed to form
the desired photolevulinic acid (2.6) via the conversion of levulinic acid (2.5) into the
corresponding imine (2.8) followed by the reaction with hydroxylamine-O-sulfonic acid
(HOSA) to give aminal sulfate (2.9). Aminal sulfate (2.9) will then undergo intramolecular
ring closure to form diaziridine levulinic acid (2.10). A plan was put in place to isolate
diaziridine levulinic acid (2.10), which will be subsequently oxidised to give our target
photolevulinic acid (2.6) (Figure 2.3)134,
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o
O NH HN. NH,
)‘3\/\”/OH R )J\/\H/OH R MOH
(2.5) O (2.8) O (2.9) O
¥
N=N HN—NH
)WOH - OH

o

(2.6) 2.10)°

Figure 2.3: Planned synthetic route towards photolevulinic acid (2.6).
Thus, a methanolic solution of levulinic acid (2.5) was treated with liquid ammonia at -78
°C, followed by the addition of methanolic solution of hydroxylamine-O-sulfonic acid
(HOSA). After a reaction time of 23 h, the diaziridine (2.10) was obtained after filtering
the reaction mixture. The crude diaziridine (2.10) was then oxidised with iodine and
triethylamine at 5 °C for 30 minutes. Following acid-base extraction into DCM the desired
photolevulinic acid (2.6) was isolated in a 34% vyield over two steps with no further

purification required (Figure 2.4).

i) NHz(), HOSA
_7Q 0
o MeOH, 3h, -78°C \ _\
)WOH then 19 h, rt )WOH
S ii) I, TEA, MeOH, 4
(2.5) 30 min, 5 °C (2.6)

34%

Figure 2.4: Synthesis of photolevulinic acid (2.6) from levulinic acid (2.5).
The structure of photolevulinic acid (2.6) was confirmed by 3C NMR spectroscopy. The
shift of the 13C NMR signal corresponding to an aliphatic diazirine carbon atom typically
occurs between 24.8 and 28.2 ppm (mean = 26.1 ppm, S.D. = 1.6, over 8 compounds),
pleasingly the C-4 atom of photolevulinic acid (2.6) showed a 3C NMR shift of 25.2 ppm,

thus falling within this range.>#>°

With sufficient quantities of photolevulinic acid (2.6) in hand | decided to move on to the

next synthetic step.
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2.2.1.2 Bromination of Photolevulinic Acid (2.6) to give a-Bromo Photolevulinic Acid
(2.7)

In order to access our target molecule photoleucine (2.1) an amine function group into the
a-position of photolevulinic acid would need to be introduced (2.6). This would be done
through the introduction of a good leaving group at the a-position of photolevulinic acid
(2.6) followed by substitution with ammonia. Thus, our next synthetic step was to examine

the a-bromination of photolevulinic acid (2.6) (Figure 2.5).

N=N N=N Br N=N NH;
OH o-Bromination OH Aminolysis OH

o Y = - -------- > I (R >

(2.6) O 27) O (#) (2.1) O

Figure 2.5: Planned synthesis racemic photoleucine (2.1) via a -bromination of photolevulinic
acid (2.6), followed by aminolysis.

Therefore, a Hell-Volhard-Zelinsky (HVZ) reaction was employed based on a modified

procedure by Dolbier et al., in order to a-brominate photolevulinic acid (2.6).”

In our first attempt to a-brominate photolevulinic acid (2.6) under HVZ conditions, a
solution of photolevulinic acid (2.6) in acetic acid with 1 eq. of NBS in presence of a
catalytic amount of H.SO4 was heated at 85 °C for 16 h. Unfortunately, following removal
of the solvent under reduced pressure, *H NMR analysis of the crude reaction products
indicated the formation of a complex mixture of compounds (Table 2.1, entry 1). Next the
replacment of the solvent (acetic acid) in our HVZ reaction with THF was examined, in an
attempt to remove the strongly acidic conditions perhaps responsible for the previous poor
reaction outcome. Therefore, photolevulinic acid (2.6) was reacted with 1.5 eq. of NBS in
the presence of catalytic H2SOs in refluxing THF for 4 h. The reaction mixture was then
evaporated under reduced pressure to remove solvent and the obtained crude residue was
submitted to *H NMR which showed signals corresponding to the starting material
photolevulinic acid (2.6) and a number of other unidentified compounds. TLC of the crude
reaction mixture (ethyl acetate : hexane : methanol, 8:1:1) confirmed the presence of
photolevulinic acid x (UV, Rf = 0.79) and one major new compound (Rf = 0.34).
Unfortunately attempts to isolate this new compound was unsuccessful via silica gel

column chromatography (Table 2.1, entry 2).
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N=N 1ea: N=N Br

MOH NBS M{OH
Solvent, Time

(2.6) O 2.7) O
Entry | Reagents | Eq. Solvent Temperature | Reaction Reaction outcome
°C time
1 NBS 1 CH;COOH 85 overnight Complex product mixture
H2SO. 0.1
mL
2 NBS 1.5 Dry THF 85 4h Starting material observed
H,SO. 0.01 along with complex product
mixture
mL

Table 2.1: Attempted HVZ a-bromination of photolevulinic acid (2.6).

As attempts to use HVZ conditions for the a-bromination of photolevulinic acid (2.6) had
proven unsuccessful, an investigation into an alternative a-bromination approach was

decided on.

Smith et al., has reported the a-halogenation of a diverse set of acyl chlorides, made in situ
through the reaction of the corresponding carboxylic acids with thionyl chloride, under

mild reaction conditions (Figure 2.6).8

(0] 0]
_—
OH CC|4‘ 65 °C Cl 85°C. 15 h WC|
0.5h Br

Figure 2.6: Smith’s a-bromination of hexanoic acid with thionyl chloride and NBS.
Therefore this approach to the synthesis a-bromo photolevulinic acid was adapted (2.7). In
our first reaction, photolevulinic acid (2.6) in DCM with thionyl chloride were both reacted
for 30 min at 30 °C with the reaction vessel open to air. Subsequently, NBS was added
along with a catalytic amount of aqueous HBr (48%) and the reaction mixture refluxed for
1.5 h. The reaction mixture was then worked up and the obtained reaction crude material
was submitted to NMR analysis.!H NMR spectroscopic analysis showed the presence of
starting material (2.6) (photolevulinic acid) and the formation of succinimide, however
none of the desired products could be observed (Table 2.2, entry 1).
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N=N 1 eq. N=N N=N Br
)WOH SOCl )Wa NBS (12eq) )WOH
Solvent Reflux
2.6) © (2.6a) O 27 ©
Reaction _
Entry Reagent Solvent . Reaction outcome
time
3.9 eq. SOCI; No reaction, starting material
1 DCM 2h
48% HBr (2 drops) recovered
3.9 eq. SOCl; No reaction, starting material
2 Dry DCM 2h
48% HBr (2 drops) recovered
3.9 9. SOCl _ No reaction, starting material
3 Dry DCM overnight
48% HBr (1 drops) recovered
2:1 ratio of photolevulinic acid :
4 4 eq. SOCI Dry THF 3.2h o
unidentified product (*H NMR)

Table 2.2: Attempted a-bromination reactions of photolevulinic acid (2.6) with SOCI, and NBS.
Next, it was decided to repeat the bromination reaction but whilst minimising the water
present, to aid in the formation of desired acyl chloride intermediate (2.6a). Therefore, the
a-bromination of photolevulinic acid was repeated (2.6) but with anhydrous DCM and a
decreased volume of aqueous HBr (48%). However, analysis of the crude *H NMR
spectrum still showed only starting material (2.6) (photolevulinic acid) (Table 2.2, entry
2). Whilst extended reaction times also failed to show production of the desired product

(Table 2.2, entry.3).

Finally, removal of the aqueous HBr (48%) and a solvent swap to dry THF was attempted
to remove any sources of water in this reaction. Thus, following thionyl chloride addition,
the reaction was refluxed for 50 min, following which a solution of NBS solution in dry
THF was added and the reaction refluxed for a further 2.5 h. Following work up, the solvent
was removed under reduced pressure to give the crude product mixture. Analysis by *H
NMR spectroscopy showed the presence of a 2:1 ratio of starting material (2.6)

(photolevulinic acid) and a new unidentified product (Table 2.2, entry 4).
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Analysis of the *H NMR spectra of the unidentified product showed one triplet at 4.12 ppm
(J = 6.0 Hz, 1H), and two further triplets at 3.57 ppm (J = 6.4 Hz, 1H), and 3.44 ppm (J=
6.4 Hz, 1H) corresponding to the new molecule. Unfortunately, these signals did not match
'H NMR data reported in literature for our desired product, a-bromo photolevulinic acid
(2.7) (Figure 2.7).*

I 4

T T T T T T T T T T T T T T T T T T
420 415 410 405 400 395 390 385 3.8 . ?.75 \ 370 3.65 3.60 3.55 3.50 345 340 335
1 (nnm

Figure 2.7: Expansion of the *H NMR spectrum of unidentified product obtained after Smith’s a-
bromination of photolevulinic acid (2.6).

Due to the time constraints and the difficulty to achieve the bromination reaction to produce
a-bromo photolevulinic acid (2.7), an alternative route towards our target molecules D-

photoleucine (2.1) and D-photomethionine (2.2) was examined.
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2.2.2 One-Pot Organocatalytic Stereoinversion and Deuteration of L-Amino Acids to
a-Deuterated D-Amino Acids

As an alternative route, a convertion of commercially available L-photo photoleucine
(2.11) and L- photomethionine (2.12) to our target D-photoleucine (2.1) and D-
photomethionine was planned (2.2). Recently, in 2015, Chin et al., have demonstrated that
L-amino acids (eg. L-alanine 2.13) can be converted to the corresponding a-deuterated D-
amino acids (eg. D-alanine 2.14) using a chiral phase transfer guanidine organocatalyst
(2.15), an aryl aldehyde (2.16) in the presence of DO (Figure 2.8, A).%1°

A. Work by Chin et al.

cl OH © (2.16)
H
cat. NH;
PN
Me H o cl D, Me o
S ) (2 mol%) o\ o
H3N ————————  HsN .
0O cat. (2.15) (4 mol%) o 67% ee
(2.13) D,0O/CDCl; (2.14)
rt, 4 h

R=
One-pot N
organocatalytic Kj
RH o stereoinversion DR o Photomethionine
®X_ 0 and deutration ®X_ 0 &7
H3N ””””””” > H3N
N
o) ®) ><Kl Photoleucine
L-amino acid Deutrated o
D-photo-amino acid
(2.11), (2.12) (2.17), (2.18)

Figure 2.8: (A) Chin’s one-pot organocatalytic stereoinversion and deuteration of L-alanine
(2.13) to a-deuterated p-alanine (2.14). (B) Proposed one-pot organocatalytic stereoinversion and
deuteration of both L-photoleucine (2.11) and L-photomethionine (2.12).

So, it was planned to test this chemistry with a simple L-amino acid (2.13) (L-alanine), then
subsequently to extend this approach to convert L-photoleucine (2.11) and L-
photomethionine (2.12) into the corresponding a-deuterated D-photoleucine (2.17) and a-
deuterated D-photomethionine (2.18) (Figure 2.8, B).
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2.2.3 Preparation of the Phase Transfer Catalyst (S,S)-mesityl-guanidine (2.15)

To examine the catalytic stereoinversion and deuteration of L-amino acids to a-deuterated
D-amino acids, first the synthesis of the phase transfer catalyst (S,S)-mesityl guanidine
(2.15) was required. It was proposed that (S,S)-mesityl guanidine (2.15) could be
synthesised in 4 steps based on the work of Chin et al., ® starting with a condensation
between (R,R)-bis-hydroxy-phenyl diamine (2.19) with mesitaldehyde (2.20) to give the
(R,R)-bis-hydroxy-phenyl diimine (2.21). This (R,R)-bis-hydroxy-phenyl diimine (2.21)
will be converted to the corresponding (S,S)-bis-hydroxy-phenyl diimine (2.22) via a diaza
Cope rearrangement. Finally, (S,S)-mesityl-guanidine (2.15) will be formed via an imine
hydrolysis of (S,S)-bis-hydroxy-phenyl diimine (2.22), followed by a condensation of the
resulting (S,S)-bis-mesityl diamine (2.23) with cyanogen bromide (Figure 2.9).

OH OH
NH, N @N
Diaza-Cope
. - > " . |  ee---- -
sh e s T

OH OH OH

(2.19) (2.21) (2.22)

Imine
hydronS|s

CNBr
Condensatlon

(S,S)-Mesityl Guanidine
(2.15) (2.23)

Figure 2.9: Planned synthetic route towards phase transfer organocatalyst, mesityl guanidine
(2.15).
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2.2.3.1 Synthesis of (R,R)-bis-hydroxy-phenyl diimine (2.21)

Therefore, our first step towards the catalyst mesityl guanidine (2.15) was the synthesis of
(R,R)-bis-hydroxy-phenyl diimine (2.21). Thus, (R,R)-bis-hydroxy-phenyl diamine (2.19)
was condensed with mesitaldehyde (2.20) in ethanol at 0 °C to form the desired (R,R)-bis-
hydroxy-phenyl diimine (2.21) which was isolated by a simple filtration to give a 77 %
yield (Figure 2.10).

N (2.20)

OH OH
NH2 N N\
' W Z

©\\ NH, Ethanol, ©\\ N

(o]
OH 0°C, OH
rt, 30 min
(2.19) 77% (2.21)

Figure 2.10:Condensation between bis-hydroxy-phenyl diamine (2.19) and mesitaldehyde (2.20).
The structure of the obtained (R,R)-bis-hydroxy-phenyl diimine (2.21) was confirmed by
'H NMR spectrum which showed a set of signals at 8.55 ppm (s, 2H) and 4.91 ppm (s, 2H)
corresponding to the imine protons and the benzylic protons respectively. In addition, a
signal was observed at 10.30 ppm (s, 2H) corresponding to the two phenolic OH groups
(Figure 2.11).

Oy 10.33 ppm

©i‘ Oy 8.55 ppm
OH

(2.21)

Figure 2.11: *H NMR spectroscopic analysis of (R,R)-bis-hydroxy-phenyl diimine (2.21).
With the desired (R,R)-bis-hydroxy-phenyl diimine (2.21) in hand, | proceeded to the next
step in the synthesis of mesityl guanidine (2.15).
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2.2.3.2 Synthesis of (S,S)-bis-hydroxy-phenyl diimine (2.22) via Diaza-Cope
Rearrangement.

The next step in our planned route was the synthesis of (S,S)-bis-hydroxy-phenyl diimine
(2.22) via the diaza-Cope rearrangement of (R,R)-bis-hydroxy-phenyl diimine (2.21).
Therefore, (R,R)-bis-hydroxy-phenyl diimine (2.21) was stirred in chloroform for one
week at room temperature to give the desired (S,S)-bis-hydroxy-phenyl diimine (2.22) in

quantitative yield following a simple evaporation (Figure 2.12).

OH
Na
Diaza-Cope

RS pZ —_—

©\\ N CHClI,, t,

OH one week

100%

(2.21) (2.22)

Figure 2.12: Diaza-Cope rearrangement of (R,R)-bis-hydroxy-phenyl diimine (2.21).
The *H NMR spectrum gave us confidence that (S,S)-bis-hydroxy-pheny!l diimine (2.22)
was formed, which showed a downfield shift of the enolic OH from 10.30 ppm (2.21) to
13.22 ppm (2.22), this change may be due to the formation of a new intramolecular H-
bond.'* In addition,a downfield shift of the benzylic protons was observed from 4.91 ppm
(2.21) to 5.68 ppm (2.22) which might be attributed to the resonance stabilization effect of

an intramolecular H-bond.**° (Figure 2.13).

8on = 10.30 ppm Son = 13.22 ppm

|

i O
N _N
X Diaza-Cope
Nz - X7
Cr
OH OH/
8y = 4.91 ppm Sy = 5.68 ppm
(2.21) (2.22)

Figure 2.13: *H NMR shifts comparison between (R,R)-bis-hydroxy-phenyl diimine (2.21) and
(S,S)-bis-hydroxy-phenyl diimine (2.22).
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Once the desired (S,S)-bis-hydroxy-phenyl diimine was successfully synthesised (2.22) via

a key diaza-Cope rearrangement, | decided to proceed to the next step.

2.2.3.3 Synthesis of (S,S)-bis-mesityl diamine (2.23)

The next step in the synthesis of our desired (S,S)-mesityl guanidine catalyst (2.15) was the
hydrolysis of (S,S)-bis-hydroxy-phenyl diimine (2.22) to the corresponding mesityl
diamine (2.23). Thus, (S,S)-bis-hydroxy-phenyl diimine (2.22) was dissolved in methanol,
followed by the addition of HCI and the resulting reaction mixture stirred overnight at room
temperature. Following acid base extraction in diethyl ether, the desired mesityl diamine

(2.23) was obtained in a 59% yield with no further purification required (Figure 2.14).

H

2\ o
P4

HoN
12 M HCl(ag), MeOH

NT ", rt, 19 h HN" ",
59%
OH

(2.22) (2.23)
Figure 2.14: Hydrolysis of (S,S)-bis-hydroxy-phenyl diimine (2.22) to give (S,S)-bis-mesityl
diamine (2.23).

The hydrolysis of (S,S)-bis-hydroxy-phenyl diimine (2.22) was confirmed by analysis of
the *H NMR spectrum, which showed the loss of a set of signals at 8.44 ppm (s, 2H) and
7.19 —7.30 (m, 8H), corresponding to the imine proton and the phenolic aromatic protons.

Thus, this data supports the loss of the hydroxy benzylidene imine moiety.

With a sufficient amount of (S,S)-bis-mesityl diamine (2.23) in hand, | will proceed to the
final step in the synthesis of the desired phase transfer catalyst, (S,S) mesityl-guanidine
(2.15).

2.2.3.4 Synthesis of (S,S) mesityl-guanidine (2.15)

Finally for the preparation of the desired (S,S)-mesityl guanidine (2.15) the construction of
the required aminoimidazole ring from our previously synthesised (S,S)-bis-mesityl
diamine (2.23) will be needed via a condensation with cyanogen bromide. Thus, a
chloroform solution of (S,S)-bis-mesityl diamine (2.23) was treated with cyanogen bromide
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at 0 °C and the resulting reaction mixture was allowed warmed to room temperature
overnight. The resulted guanidinium salt was concentrated under reduced pressure then
partitioned between chloroform and water. The resulted residue was basified with NaOH
and stirred at room temperature for 1 h, thenthe chloroform was removed by evaporation
and the remained aqueous layer was filtered. The obtained precipitate was washed with
water and dried under gravity to give the (S,S)-mesityl-guanidine (2.15) in 62 % yield with

no further purification required (Figure 2.15).

H,N  NH, N7 “NH
CNBr, CHCI3
i) 0 °C, 30 min
iiyrt, 19 h
62%
(2.23) (2.15)

Figure 2.15: Synthesis of (S,S)-mesityl guanidine (2.15) via condensation between(S,S)-bis-
mesityl diamine (2.23) and cyanogen bromide.

The structure of our (S,S)-mesityl-guanidine (2.15) was confirmed by *C NMR
spectroscopy which showed a key signal at 161.7 ppm, corresponding to the guanidine sp?
carbon atom at the C1 position. This guanidine sp? carbon was further confirmed by HMBC
experiments which showed a key *H-'3C coupling between the benzylic proton at C3 (5.41
ppm) and the C1 guanidine sp? carbon (161.7 ppm) (Figure 2.16).
NH,
8¢ 161.7 ppm C

N TSNH

H \ 3 /“H Sy 5.41 ppm
5 c’

HMBC =

(2.15)

Figure 2.16: HMBC spectroscopic analysis of (S,S)-mesityl guanidine (2.15).
In conclusion,our desired phase transfer catalyst, (S,S)-mesityl guanidine (2.15) was
successfully synthesised, in 4 steps with an overall yield of 28 % starting with a
commercially available (R,R)-bis-hydroxy-phenyl diamine (2.19) and mesitaldehyde
(2.20).
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Therefore, with the desired (S,S)-mesityl guanidine (2.15) in hand, the next step was
proceeded to, in order to test the sterecoinversion and deuteration of a simple a-amino

acid.
2.2.4 Catalytic Stereoinversion and Deuteration of L-Alanine

In the next step, | planned to examine the catalytic stereoinversion and deuteration of L-
alanine (2.13) to a-deuterated D-alanine (2.14) with our previously isolated phase transfer
catalyst, (S,S)-mesityl guanidine (2.15), as a test system.

Based on the work of Chin et al., | proposed to conduct our test reaction by treating L-
alanine (2.13) with (S,S)-mesityl guanidine (2.15) and aryl aldehyde (2.16) in a two solvent
system (D.O/H-0) to give our desired a-deuterated D-alanine (2.14) (Figure 2.17).

OH O
-z
(2.16) N“ NH
Me, H cl D, Me A
N OH ------------- > S OH cat. N
H2N cat. (2.15) H2N
@) D,0/CDClj, o)
(2.13) rt, 4 h (2.14) (2.15)

Figure 2.17: Planned test system for the catalytic stereoinversion and deuteration of L-alanine
(2.13) to deuterated p-alanine (2.14).

Thus, enantiopure L-alanine (2.13) was dissolved in D>0O and stirred vigorously with CDCl3
solution of aryl aldehyde (2.16) (2 mol %) and (S,S)-mesityl-guanidine (2.15) (4 mol %).
The reaction mixture was stirred at room temperature for 4 h. The D20 layer was separated
from the organic layer and then extracted with a fresh CDCls solution of (S,S)-mesityl-
guanidine (2.15).

The obtained organic layer was analysed by *H NMR spectroscopy which showed six broad
signals at 6.83 (s, 2H-Ar), 6.63 (s, 2H-Ar), 5.37 (s, 2H-benzylic), 2.47 (s, 6H-methyl), 2.20
(6H-methyl) and 1.68 ppm (6H-methyl) corresponding to the (S,S)-mesityl-guanidine
catalyst (2.15). Also a low intensity peak at 3.23 ppm was obsereved which was assigned
to the alpha proton of L-alanine. In addition, several peaks in the region (0.90-1.25 ppm)
were observed, it had been postulated that these peaks could correspond to alanine related
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methyl groups and thus they might be an indicator to the formation of several products and

the presence of the starting material L-alanine (2.13) (Figure 2.18)

NH,
A

Cat= N NH Cat

Methyl groups of
L-alanine,
deurrated L-alanine
and deutrated D-alanine

a-proton signal of L-alanine
{Starting material)

T T T T T T T LI | — T
B.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
fl(ppm) i | .

Figure 2.18: *H NMR spectrum of the CDClI; /(S,S)-mesityl-guanidine (Cat.) extract from the
D0 layer of a catalytic stereoinversion and deuteration of L-alanine (2.13) to deuterated bp-
alanine (2.14).

Since many products and starting material have been observed in the *H NMR spectrum of
our first experiment (Table 2.3, entry 1), the reaction with a longer reaction time of 72 h
was repeated to attempt to increase product formation. The reaction was repeated as
previously, and after the 72 h, *H NMR spectrum showed another complicated spectrum
containing multiple broad peaks again, and it was difficult to differentiate between starting
material (L-alanine 2.13), and the presence of the desired deuterated p-alanine (2.14) (Table

2.3, entry 2).
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4 mol% )\
2 mol%
HN™ SN OH O

Cl

N
N

25eq

Cl
H Me o (2.15) (2.16) Me D
@ 0 ® > =)
HaN CDCl3/ D,O (1:5) H3N§(0
0 rt, Time o
(2.13) (2.14)
Entry | Reaction Reaction outcome
time
1 4h Staring material (L-alanine) and several unidentifiable
products
2 72 h Complex mixture

Table 2.3: Attempted synthesis of a-deuterated p-alanine (2.14) via catalytic stereoinversion and
a-deuteration of L-alanine (2.13).

Therefore it was decided to make two standard solutions of enantiopure L-alanine (2.13)
with (S,S)-mesityl guanidine (2.15) (Figure 2.19, A) and enantiopure D-alanine (2.24) with
(S,S)-mesityl guanidine (2.15) (Figure 2.19, B) and use their 'H NMR spectra as a reference
to compare with the *H NMR spectrum obtained from the reactions of L-alanine (2.13) with

aryl aldehyde (2.16) and mesityl guanidine (2.15).
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A- Standard solution 1
0.08 eq. NH2 Me

. @ i \H
N)\NH H3NJ§,O

II H
leq. S Q° N
\ @/
Ve, 4 H\N)\NH
0 2.1 \
H3N :’e (215) > S
9 D,0/CDCI; (1:0.7)
(2.13) . 4h

L-alanine-mesityl guandine intermediate

H
©
I eq Q= \H
' FRCZN
H Me N~ "NH
o\ o (2.15)
H3N>\r/<’9 N
o D,0/CDCl; (1:0.7)
(2.24)

rt,4h
D-alanine-mesityl guandine intermediate

Figure 2.19: (A) Preparation of L-alanine and mesityl guanidine catalyst solution. (B) Preparation
of p-alanine and mesityl guanidine catalyst solution.

The preparation of these standards involved stirring a D>O solution of enantiopure (L-
alanine and D-alanine) separately with CDCl3 solutions of mesityl guanidine (2.15) for 4 h
then extracting the aqueous layers with fresh CDCIs solutions of the catalyst (2.15). A
comparison of the *H NMR spectrum obtained from the reaction of L-alanine (2.13) with
aryl aldehyde (2.16) and mesityl guanidine (2.15), was done with the *H NMR spectra of
our two standards (Figure 2.20).

The *H NMR spectra of our standards were complex, however it was observed that the *H
NMR signals obtained from the reaction of L-alanine (2.13) with aryl aldehyde (2.16) and
mesityl guanidine (2.15) (Figure 2.20, B) have similarity to that attributed to the methyl
group (1.09 ppm) of the enantiopure D-alanine (2.24) mixed with (S,S)-mesityl guanidine
(2.15) (Figure 2.20, C). This indicates the formation of deuterated D-alanine (2.14) in the

reaction.
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Figure 2.20: *H NMR spectra comparison between, (B) catalytic conversion and deuteration of L-
alanine to p-alanine and two control reactions, (A) (L-ala + catalyst (2.15)) and (C) (p-ala +
catalyst (2.15)).

Despite the potential for the formation of a-deuterated p-alanine (2.14), this test reaction

gave a complex mixture of products which was not easy to interpret. As such, it was
decided to move on to an alternative approach in which O’Donnell asymmetric phase
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transfer catalysis method would be used to synthesise enantiopure D-photomethionine
(2.2).

2.2.5 Towards the Synthesis of D-Photoactivatable Amino Acid via an

Enantioselective Phase transfer Alkylation

In 1978, O’Donnell et al., first reported a racemic synthesis of both D and L a-amino acids
via a key catalytic phase transfer alkylation of a prochiral glycine imine ester (2.25) (Figure
2.21, A). This racemic route was then further developed by the same research group to an
enantioselective route through replacing the achiral phase transfer reagent (TBAH) to
chiral phase transfer catalyst (2.26) derived from cinchona alkaloids. O’Donnell
enantioselective methodology to access D or L a- amino acids in a high level of
enantiomeric excess starts with an enantioselective phase transfer alkylation at the o-
position of glycine imine ester (2.29) with alkyl or allyl halide (R-X) in the presence of
cinchona alkaloid derivative (2.26) (chiral quaternary ammonium salt) as the phase transfer
catalyst, to give the corresponding a-alkyl imino ester (2.30). Finally, a-alkyl imino ester
(2.30) was converted to the corresponding D or L amino acids via an acid catalysed
hydrolysis in 75-81 % yield and 66-48 % ee (Figure 2.21, B)'%%2,

A- O'Donnell a-amino acids synthesis via a racemic phase transfer alkylation, 1978

1eq. ﬁ\’
O R-X o} (0}
/\/\ /\/\
N TBAH (1.2 eq.) N Hydrolysis ~ H,N N
Ph\’// %O/\ il St F’h\’// o ydroly 2 OH O®i
Ph H

10% aq. NaOH Ph R R HSO,

(2.25) DCM () (2:27) (1) (2.28) TBAH

B- O'Donnell a-amino acids synthesis via enantioslective catalytic phase transfer alkylation, 1989

1eq. Cincholr?axalkoloid ~ B
o /k derivative (2.26) o] J< o] J< ©
Ph\r/Nw)vLO 4(0'1 eq.) - Ph\(/N\‘)kO + Ph\}//N\;).LO %/ﬁ
Ph H Ph R Ph R N A OH
CF,

50% aq. NaOH (6]
DCM
(2.29) 75-81 % (D-2.30) 66-48 % ee  (L-2.30) (2.26)

Figure 2.21: (A) O’Donnell’s racemic synthesis of a-amino acids via phase transfer alkylation
and, (B) O’Donnell’s enantioselective synthesis of a-amino acids via catalytic phase transfer
alkylation.
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Therefore, the O’Donnell’s enantioselective synthesis of D- and L-amino acids for the
synthesis of our target D-photomethionine (2.2) would be adapted starting with
commercially available glycine imine ester (2.29). In order to access D-photomethionine
(2.2) first it was planned to introduce the required methionine side chain via an
enantioselective phase transfer Michael-addition of a prochiral glycine imine ester (2.29)
with methyl vinyl ketone (2.31) to give D-methionine imino ester (2.32). Finally, to
incorporate the required diazirine functionality, the convertion of the imino group of D-
methionine imino ester (2.32) to a more stable Boc-protected adduct (2.34) was decided
upon, followed by diazirine formation chemistry described in our first route (aminolysis
and oxidation of the ketone) and a subsequent hydrolysis to give our target D-
photomethionine (2.2) (Figure 2.22) 111

(0] (0]
N\)?\ t i Enantioselective phase Ph\l//N o-Bu H2N o-'Bu
Ph\|// o-BU )H transfer Michael addtion Ph Imine hydrolysis
Ph | i N >
(2.29) (2.31) (2.32) O (2.33) O
+ Boc
' protection
\]
(@) H (0] H O
HN N on Boc™N_~~5-Bu i) Aminolysis B¢~ N o-Bu
Hydrolysis ii) Oxidation
---To - T It gt
N N
\ \ o
(2.2) N (2.35)N (2.34)

D-photomethionine

Figure 2.22: Planned asymmetric synthesis of b-photomethionine (2.2).
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2.2.5.1 Non-Enantioselective a-Alkylation of Glycine Imine Ester with Benzyl
Bromide

In order to test O’Donnell’s catalytic phase transfer synthesis of a-amino acids, a plan to
examine a racemic a-alkylation of glycine imine ester (2.29) using simple electrophilic

partner (2.36) (benzyl bromide) as a test system (Figure 2.23) was created.

0] (0]
N J< O'Donnell's N )<
Q - O ©/\Br phase transfer alkylation - o
gh (] E )
(2.29) (2.36) (1) (2.37)

Figure 2.23: Planned a-alkylation of glycine imine ester (2.29) via O’Donnell’s phase transfer
alkylation.

Thus, glycine imine ester (2.29) was reacted with benzyl bromide (2.36) in a solution of
DCM and NaOH (q) in the presence of TBAI, as the phase transfer reagent, for 16 h at
room temperature. Following an aqueous work-up and a subsequent column
chromatography to give the desired a-benzyl imino ester (2.37) in 26 % yield, and 48 %
recovered of the starting glycine imine ester (2.29) (Table 2.4, entry 1).

o)
Q _N j)J\oJ< Ph,CH,Br, TBAI
H

10% NaOH,, : DCM
O 1:1)
Time, Temperature

© Mo
TBAI= H\
(2.29) (2.37)

Yield of
(2.37) (%)

Entry | Temp. (C°) Time (h)

1 rt 16 26

2 30 48 63

Table 2.4: a-benzylation of glycine imine ester (2.29) via non-enantioselective phase transfer
chemistry.

With a positive result on our initial a-benzylation of glycine imine ester (2.29) under non-
enantioselective phase transfer conditions it was decided to improve our reaction

productivity by increasing the reaction temperature and reaction time. Thus, repeating our
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previous reaction at 30 °C with an extended reaction time (48 h), a-benzyl imino acid (2.37)

was obtained with an improved isolated yield 63 % (Table 2.4, entry 2).

The *H NMR spectrum confirmed the structure of our a-benzyl imino ester (2.37) which
showed two signals at 3.26 ppm (dd, J = 13.5, 4.5 Hz, 1H) and at 3.16 ppm (dd, J = 13.5,
9.0 Hz, 1H) corresponding to a pair of diastereotopic protons at the benzylic position. In
addition, a key signal was observed at 4.11 ppm (dd, J = 9.0, 4.5 Hz, 1H) corresponding to
the a-proton. Therefore, this data confirmed the presence of a new benzyl group at the a-
position.

J=13.5 Hz
7N T0—Bu
‘Hoy 411 J45Hz

Ph
Hie
oy 3.26
H QH
514 3.16
(#) (2.37)

Figure 2 24: *H-'H coupling analysis of a-benzyl imino ester (2.37).
With a satisfactory result from the non-enantioselective a-alkylation of glycine imine ester
(2.29) with benzyl bromide, I decided to test the incorporation of the required methionine

side chain carbon backbone to our starting glycine imine ester (2.29).
2.2.5.2 Non-Enantioselective a-Alkylation of Glycine Imine Ester with Methyl Vinyl
Ketone (MVK)

In the next step, the plan to test the incorporation of the methionine side chain to the a-
position of the prochiral glycine imine ester (2.29) was put in place via a non-
enantioselective phase transfer Michael-addition with MVK (2.31) (Figure 2.25).

O O Non-enantioselective (0]
Q N J< phase transfer N )<
z o + | Michael addition z o
H l
(0]

(2.29) (2.31) () (2.32)

Figure 2.25: Planned non-enantioselective Michael addition of glycine imine ester (2.29) to
methyl vinyl ketone (2.31) via O’Donnell’s phase transfer alkylation.
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Therefore, glycine imine ester (2.29) was stirred with methyl vinyl ketone (2.31) and the
phase transfer reagent (TBAI) in a solution of DCM and NaOHq), for 16 h at room

temperature. Following separation of the aqueous layer, the organic layer was then worked

0
0
/N\)J\o J< (Zﬁ TBAI

DCM , 10% NaOH g

up and evaporated under reduced pressure to remove solvent (Figure 2.26).
(1:1)
rt, 19 h

(@] J<
N\g\\
=z (@)
Crude o

(2.29) (+) (2.32)

Figure 2.26: Racemic synthesis of methionine imino ester (2.32) via phase transfer a-alkylation
of glycine imine ester (2.29) with methyl vinyl ketone (2.31).

TLC analysis of the crude reaction mixture against starting material (2.29), showed three
active spots under UV, the first one with Rf = 0.68 corresponding to starting material (2.29).
In addition, another two spots with Rf = 0.31 and Rf = 0.37 possibly corresponds to the
desired racemic methionine imino ester (2.32) and an unknown by product. As the two
products with Rf = 0.31 and Rf = 0.37 have very similar retention time, it can be concluded
that they will be difficult to separate and due to the concerns of undesired hydrolysis of
racemic methionine imino ester (2.32) through silica gel, no further purification would be

done.

The *H NMR spectroscopic analysis of the crude reaction mixture gave us confidence that
racemic methionine imino ester (2.32) was formed, as it showed one singlet at ppm
corresponds to three protons of the methyl group of the ketone, and a key triplet signal at
3.99 ppm (J = 6 Hz, 1H) corresponding to the a-proton. In addition, there was an
observation of a set of signals at 2.52 ppm (g, J = 7.4 Hz, 2H) and 2.12-2.17 ppm (m, 2H)
(overlapping with the methyl protons) corresponding to two sets of methylene protons at
C-3 and C-4 positions respectively (Figure 2.27).
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Figure 2.27: Expansion of 'H NMR spectrum of compound (2.32).
In conclusion, it can be confirmed that the prochiral imine glycine ester (2.29) can
succssfully a-alkylated with benzyl bromide and methyl vinyl ketone respectively using

O’Donnell non-enantioselective phase transfer catalysis.

In our next step it was proposed that the synthesis of enantiopure D- photomethionine (2.2)
via enantioselective Michael addition chemistry mediated by chiral phase transfer catalyst
would be investigated.

2.2.5.3 Catalytic Enantioselective Michael Addition by Phase Transfer Catalyst
towards D-Photomethionine (2.2)

In order to examine the enantioselective a-alkylation of glycine imine ester (2.29) with
methyl vinyl ketone (2.31) via an enantioselective phase transfer Michael addition towards
our target D-photomethionine (2.2), I planned to use chiral phase transfer catalyst derived
from cinchona alkaloids to mediate our proposed reaction. Furthermore, Lygo et al., has
reported that use of inorganic solid base (Cs2CQOgz) in enantioselective a-alkylation of
glycine imine esters had dramatically enhanced the enantioselectivity of reaction.
Therefore, the aqueous NaOH base will be replaced with Cs,COz solid base to minimise

water in our reaction media and to improve the enantioselectivity (Figure 2.28).16
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Figure 2.28: Planned enantioselective phase transfer Michael addition towards D-
photomethionine (2.2).

Thus, a mixture of glycine imine ester (2.29) (1 eq.), Cs2COs (5 eq.), and organocatalyst
(2.38) (2 mol %) was reacted with methyl vinyl ketone (2.31) (2 eq.) in dry DCM for 3 h
at -20 °C, in an atmosphere of nitrogen. The reaction mixture was then warmed up and
stirred at room temperature for 19 h. Following an aqueous work-up, the anticipated
enantioenriched D-methionine imino ester (2.32) was afforded in 93 % yield with no further
purification required (Figure 2.29).

2mol%) “~ CI@

®
N
()
a'“’%"“ i (2.31)
e ogEe

o i)-20°C, 3 h
Q Nﬁ)k J< Dry DCM Cs,COs (5 eq.)
z o)
1! i) rt, 19 h
O 93%

(2.29)

Figure 2.29: Synthesis of p-methionine imino ester (2.32) via enantioselective phase transfer
Michael addition with cinchona alkaloid derivative (2.38).

The structure of D-methionine imino ester (2.32) was confirmed by both *H NMR
spectroscopy, which was consistent to the previously isolated racemic methionine imino
ester (+ 2.32), and 3C NMR spectroscopy, which showed a key signal at 208.3 ppm
corresponding to the ketone carbon atom at C2.

Pleasingly with desired D-methionine imino ester (2.32) in hand it could be confidently

used in the next selective imine hydrolysis step.
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2.2.5.4 Selective Imine Hydrolysis of D-Methionine Imino Ester (2.32)

To access the structure of our target molecule (2.2) (D-photomethionine), it was anticipated
that the imine protection group at D-methionine imino ester (2.32) will require to be
replaced with a more stable amine protection group such as Boc group. A Boc protection
group is expected to tolerate the subsequent aminolysis and oxidation conditions to convert
the resulted D-methionine Boc-amino ester (2.34) to D-photomethionine Boc-amino ester
(2.35), moreover, the Boc group could be removed readily when necessary (Figure 2.30).
e L

Mild acidic condtions

(2.33)

Boc protection :
\

(0] (0]
Boc-HN J< ) Aminolvsi - J<
0C o i) Aminolysis ~ Boc-HN o

ii) Oxidation

N (2.35) © (2.34)

Figure 2.30: Selective imine hydrolysis plan of p-methionine imino ester (2.32) followed by Boc
protection of D-methionine amino ester (2.33) and subsequent aminolysis and oxidation.

Thus, D-methionine imino ester (2.32) was hydrolysed in a solution of THF and aqueous
citric acid (15 %) at room temperature for 16 h. Following work-up and extraction into
CH:ClIy, the desired D-methionine amino ester (2.33) was isolated in 36 % yield with no

further purification required (Figure 2.31).

(0]
J< Citric acidaq (15%) H.N J<
2 o

THF, rt, overnight
36%

o
(2.33)

Figure 2.31: Selective imine hydrolysis of D-methionine imino ester (2.32).
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The structure of D-methionine amino ester (2.33) was confirmed by *H NMR spectroscopy
which showed the disappearance of the starting material (2.32) diphenyl protons signals at
7.68 — 7.59 ppm (m, 2H), 7.49 — 7.28 ppm (m, 6H), and 7.21 — 7.12 ppm (m, 2H). An
additional coupling could be observed between the a-proton and the adjacent amine protons
which appeared as a multiplets at 4.50-4.57 ppm (m, 1H) (Figure 2.32).

H H

H H
(0]

(2.33)

_,ﬂrﬂﬂlﬂ'ﬂ_ _,_'-"h |J.u|L _;'\_n._,.flll L

POSD 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 13 16 14
1{ppm)

Figure 2.32: Expansion of the *H NMR spectrum of p-methionine amino ester (2.33).
After a successful selective imine hydrolysis of D-methionine imine ester (2.32), | planned

to incorporate a Boc protection to our new amino group.
2.2.5.5 Boc Protection of D-Methionine Amino Ester (2.33)

Our next step was protecting the amine moiety of D-methionine amino ester (2.33) with a

Boc protection group.

Thus, a THF solution of D-methionine amino ester (2.33) was treated with Boc anhydride
under basic conditions at room temperature for 48 h. Following an extraction into ethyl
acetate and subsequent column chromatography purification the desired D-methionine
Boc-amino ester (2.34) was isolated in a 19 % yield (Figure 2.33).
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Figure 2.33: Boc protection of b-methionine amino ester (2.3) with Boc-anhydride.

The structure of our isolated Boc-protected product (2.34) was confirmed by *H NMR
spectroscopy as the spectrum showed a key broad signal at 5.05 ppm (d, J= 7.0 Hz, 1H)
corresponding to the amide proton, it also showed set of signals at 1.44 ppm (s, 9H) and
1.46 ppm (s, 9H) corresponding to the two tertiary butyl groups of the desired D-methionine
Boc-amino ester (2.34). Furthermore, in the HRMS, m/z for D-methionine Boc-amino ester
(2.34) (C15H27NOs) showed 324.1781 which is fit with C1sH27NOsNa and indicating that
the desired molecule had been generated (2.34).

In summary, there has been a significant progress towards our target D-photomethionine
(2.2) by using enantioselective phase transfer catalysis to achieve a successful alkylation
of glycine imine ester (2.29) which gave 93 % yield of D-methionine imino ester (2.32).
The unstable imino ester (2.32) was successfully converted to the amino ester (2.33) which
is more stable and protected the resulted amine with a Boc group. However, due to the time
constraint and the limited amount of starting material (2.34) in our hand, | have been unable
to continue to the next aminolysis and then hydrolysis steps (Figure 2.34).

51



Enantioselective
(0]

Michael addition o
\)J\ /% )J\‘ phase transfer catalysis ph\l//N O/% Imine hydrolysis HoN O/%
_—

93% Ph 37%
(2.29) (2.31) (2.32) (2.33)
(o] o]
Boc
19% protection
(0]
HoN
2 OH oo N 2
oc o%
N
\
N O
(22) (2.34)

Figure 2.34: Enantioselective phase transfer catalysis route to synthesise D-photomethionine
(2.2).

2.3 Conclusion and Future Work

In this chapter, | aimed to synthesise D-photoleucine (2.1) and D-photomethionine (2.2)
which containing a photoactivatable group (diazirine) on their sidechains, these synthetic
D-amino acids are structural analogues to the naturally occurring D-leucine (2.3) and D-
methionine (2.4).

After investigating a number of synthetic strategies to access the molecular structure of
both D-photoleucine (2.1) and D-photomethionine (2.2) our most successful approach to
synthesise our desired D-photomethionine (2.2) was the enantioselective phase transfer
catalysis. In this approach | have achieved a key enantioselective methionine side chain
incorporation to the a-position of prochiral glycine imine ester (2.29) via asymmetrical
Michael addition catalysed by cinchona derivative phase transfer catalyst at which the key
intermediate (2.32) (D-methionine imino ester) was afforded in 93 % yield. However,
starting our route with prochiral substrate might lead to low conversion to our desired D-
enantiomer with high probability to form significant amount of the undesired L-methionine.
Therefore, | decided to change our research focus and look on the synthesis of more
promising photoactivatable fluorescent D-amino acid. Furthermore, to overcome the
previous chirality issues an enantiopure D-amino acid can be used and its side chain can be

functionalised with our proposed photoactivatable and fluorescent functionalities.
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Chapter 3. Synthesis of Methoxy Coumarin Trifluoromethyl Diazirine
D-Alanine (MCTDA)

3.1 Introduction

Following our previous work examining a number of synthetic strategies to prepare D-
amino acids capable of photo-crosslinking, in this chapter | continue to discuss the design
and the synthesis of photo-crosslinking D-amino acids that can be used as tools to probe
the bacteria peptidoglycan in our search for novel proteins involved in peptidoglycan

biosynthesis.

As discussed in Chapter 1, the group of VanNieuwenhze have previously demonstrated!
that the fluorescent D-amino acid (3.1) (HADA) can be incorporated into bacterial PG, in
live bacteria, via the native PG biosynthetic machinery. They have subsequently used these,
and related, fluorescent D-amino acids to probe bacterial cell wall biosynthesis. In
independent work, the group of Tamahero and Hatanaka have reported? the synthesis of
diazirine carboxycoumarin (3.2), a photoactivatable coumarin derivative containing a
diazirine ring. In their paper, a photoactivatable carboxycoumarin (3.2) was attached, via
an amide bond, to the natural product geldanamycin and subsequently used in the photo-
cross-linking of the Hsp90 protein, the target of geldanamycin. Photoactivation of
coumarin (3.2) resulted in the formation of a carbene, through loss of N2 from the diazirine

ring, and subsequent covalent cross-linking to Hsp90.

Therefore, due to the structural similarity of VanNieuwenhze’s fluorescent D-amino acid
(3.1) (HADA) and Tomohero’s photoactivatable coumarin (3.2), | hypothesised that a
molecule containing Tomohero’s photoactivatable coumarin (3.2) linked to a suitable D-
amino acid (e.g. 3-amino-D-alanine (3.6)) might be capable of enzymatic incorporation
into bacterial PG. Furthermore, subsequent photolysis would allow such a probe to cross-
link to nearby enzymes, providing a tool to investigate the enzymes involved in bacterial

cell wall biosynthesis (Figure 3.1).
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A- VanNieuwenhze et al.

0}

0]
Ay,
NH,
HO o O

(3.1)

Hydroxycoumarincarbonyl
Amino-D-alanine (HADA)

C- Our proposed fluorescent
photoactivatable D-amino acid

(3.3)

Methoxy Coumarin Trifluoromethyl
Diazirine D-alanine (MCTDA)

E- o

H3C/,,

NH,
(3.5)

D-alanine

B- Tomohero et al.

F4C

OH
o 0 Yo
(3.2)
Methoxy Carboxycoumarin Trifluoromethyl
Diazirine

D- The L-enantiomer of our proposed D-probe

(3.4)

Methoxy Coumarin Trifluoromethyl
Diazirine L-alanine (MCTLA)

F- o]

i,
HoN %J\OH

NH,

(3.6)
3-amino-D-alanine

Figure 3.1: (A) Fluorescent p-amino acid HADA synthesised by VanNieuwenhze et al., (B)
photoactivatable coumarin synthesised by Tomohero et al., (C) our proposed photoactivatable
fluorescent p-amino acid (MCTDA 3.3), (D) the L-enantiomer of MCTDA (MCTLA 3.4), (E) o-
alanine (3.5), (F) 3-amino-b-alanine (3.6).

Therefore, in this chapter the synthesis of methoxy-coumarin trifluoromethyl diazirine D-
alanine (3.3) (MCTDA) will be discussed, consisting of a Tomohero-like fluorophore
attached to D-amino acid (3.6) (3-amino-D-alanine). The enzymatic incorporation of
MCTDA into bacterial PG will be examined, followed by UV irradiation to cross-link any
nearby PG biosynthesis proteins (see Chapter 4). In this chapter the synthesis of methoxy-
coumarin trifluoromethyl diazirine L-alanine (3.4) (MCTLA) will also be discussed, the

corresponding L-enantiomer, as a negative control for later biological assays (Figure 3.1).
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3.1.1 Retrosynthetic Analysis of MCTDA

Our retrosynthetic analysis (Figure 3.2) of our target molecule, MCTDA (3.3), begins with
the disconnection of the amide bond, which can be formed via a conventional amide
coupling between diazirine carboxycoumarin (3.2) and 3-amino-D-alanine (3.6). It was
then planed to synthesise diazirine carboxycoumarin (3.2), following the work of
Tomohero et al.,> by a Knoevenagel condensation and intramolecular ester formation
between Meldrum’s acid (3.7) (B ring) and C-5 hydroxy trifluoromethyl diazirine (3.12)
(A ring). The formation of C-5 hydroxy trifluoromethyl diazirine (3.12) will require a
selective O-demethylation, directed by the adjacent aldehyde. The formyl moiety of C-4
formyl trifluoromethyl diazirine (3.11) will be introduced via standard formylation
approaches and the diazirine ring of compound (3.10) introduced from the corresponding
ketone (3.9). Finally, a plan to prepare trifluoromethyl ketone (3.9) was proposed via the
preparation of a suitable organometallic reagent and subsequent acylation.

(3.6) O
H,N"" " > OH
©) NH,
j—
H
© Amide
NH, Coupling
Knoevangel/
(3.7) O)Bi ﬂ ester formation
/>0 0
Selective
10
5%%4 demethylation
12 ~
(3.10)
Diazarine
formation
FsC.__0O
e . X
Acylation
a — e X =ClorBr
~o o~ o o~
(3.9) (3.8)

Figure 3.2: Proposed synthesis of MCTDA (3.3).
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3.2 Results and Discussion

3.2.1 The Synthesis of Trifluoromethyl Ketone via Organometallic Chemistry

The first reaction was examining the preparation of trifluoromethyl ketone (3.9). Starting
from the corresponding halogenated substrates a plan to convert these into suitable

organometallic reagents and react them with appropriate acylating agents was devised.
3.2.1.1 Synthesis of Trifluoromethyl Ketone (3.9) through the Acylation of an
Aryllithium

In our first attempted synthesis of the trifluoromethyl ketone (3.9), | planned to use a
halogen-metal exchange reaction to form organolithium (3.13) followed by reaction with
an amide (3.14) (Figure 3.3).

(@)
F3CANHR2 o
. 3.14
0 Cl Halogen-metal [_O Li 314 _0 oF
\©/ exchange \©/ Aceylation 3
----------- E B
O o< o<
(3.8) (3.13) (3.9)

Figure 3.3: Halogen-metal exchange and amide reaction to give trifluoromethyl ketone (3.9).

Previous work by Saucier et al.,® has shown that bromopyridine (3.15) can undergo a
halogen-metal exchange with n-BuLi to form lithiopyridine (3.16) in situ, followed by
acylation with N,N-diethyl trifluoroacetamide (3.17), to incorporate a trifluoromethyl
ketone moiety (3.18) (Figure 3.4).

1
FaC” N7 Q
Br n-BulLi Li (3.17)
X X X
N~ Ether, 75°C  |N<& Ether, -75°C -t, 2h N~F
(3.15) (3.16) 57% (3.18)

Figure 3.4: Saucier’s synthesis of pyridyl trifluoromethyl ketone (3.18).
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Thus, 1-chloro-3,5-dimethoxybenzene (3.8) was treated with 1 eg. n-BuL.i at -78 °C for 30
h, followed by addition of 2 eq. trifluoromethyl amide (3.14) and further reaction at 0 °C
for 2 h. Following work-up, *H NMR spectroscopic analysis of the crude reaction material
showed the presence both unreacted 1-chloro-3,5-dimethoxybenzene (3.8) and
trifluoromethyl amide (3.14), alongside a number of minor products. However, following
column chromatography none of the desired trifluoromethyl ketone (3.9) was observed
(Table 3.1, entry 1).

1 eq. i) n-BuLi, THF 0
_0 cr -78 °>C,<Time _0 CF,
o2 (3.14)
O~ F C)J\N . O~
(3.8) s (3.9)
0°Ctort,2h
Entry | n-BuLi 1.6M | Amide (3.14) Step (i) Reaction outcome (as
in hexane (eq.) reaction determined by 'H NMR
(eq.) time spectroscopic analysis)
) Mainly unreacted starting
1 1 2 30 min )
materials
Mainly unreacted starting
2 1.2 1 1h )
materials
Mainly unreacted starting
3 1.5 1 1h )
materials

Table 3.1: Attempted halogen-metal exchange of 1-chloro-3,5-dimethoxybenzene (3.8) and
reaction with trifluoromethyl amide (3.14).

The observation of unreacted 1-chloro-3,5-dimethoxybenzene (3.8) in the crude product
suggested that the desired halogen-metal exchange reaction had not gone to completion
under these conditions. Next, the reaction with 1.2 eq of n-BuL.i equivalents was repeated
and the time extended for the halogen-metal exchange to 1 h. However, the desired product
was again not observed following work-up and purification (Table 3.1, entry 2). Further
attempts to increase the equivalents of n-BuLi to 1.5 eq. also did not give access to our

desired product (Table 3.1, entry 3). Thus, | decided to examine an alternative route.
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3.2.1.2 Synthesis of Trifluoromethyl Ketone (3.9) via Acylation of an
Organomagnesium

Next, an examination into an alternative approach towards our target trifluoromethyl
ketone (3.9) was proposed. Based on the work of Tomohero et al., we a plan was put in
place to convert 1-chloro-3,5-dimethoxybenzene (3.8) to the corresponding
organomagnesium reagent (3.19), followed by reaction with trifluoromethyl amide (3.14).

Therefore, in our first attempt 1-chloro-3,5-dimethoxybenzene (3.8) was refluxed
overnight in dry THF in the presence of magnesium turnings (1.1 eq.) and 1,2-
dibromoethane (0.2 eq.) as an initiator. The resulting reaction mixture was cooled to -20
°C, followed by the addition of a THF solution of trifluoromethyl amide (3.14) (1 eq.) and
was allowed to warm to rt over 2 h. Following aqueous work-up, *H NMR spectroscopic
analysis of the crude reaction mixture showed only the presence of unreacted 1-chloro-3,5-
dimethoxybenzene (3.8) and the starting amide (3.14) (Table 3.2, entry 1).

1eq. 1 eq
F3C
/O\©/CI . .|\/.|g, /O\©/MQC| (3. 14)
initiator
THF, -20°Ctort, 2 h
O\(3'8) reflux, 19 h O (3-19) (3 9)
Entry Mg Initiator Initiator Reaction outcome
(eq.) (eq.) (as determined by 'H NMR spectroscopic
analysis)
1 11 BrCH,CH:Br 1 drop Unreacted arylchloride (3.8) and amide (3.14)
2 15 BrCH,CH_Br 0.2 Unreacted arylchloride (3.8) and amide (3.14)
3 1.1 I Few crystals Unreacted arylchloride (3.8) and amide (3.14)
4 15 I Few crystals Unreacted arylchloride (3.8) and amide (3.14)

Table 3.2: Attempted synthesis of trifluoromethyl ketone (3.9) via Grignard formation from
arylchloride (3.8).

Increasing the number of equivalents of magnesium, had no impact on the reaction with
starting materials observed unchanged. Changing the initiator to iodine, in an attempt to
improve the activity of the magnesium, still resulted in no products being obtained (Table
3.2, entries 2-4).
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Due to the lack of reactivity of 1-chloro-3,5-dimethoxybenzene (3.8), I next examined 1-
bromo-3,5-dimethoxybenzene (3.20) as a starting material for the preparation of the desired
intermediate Grignard reagent. Thus, magnesium turnings (1.1 eq.) were activated with
1,2-dibromoethane (0.2 eq.) in refluxing THF for 1 h, followed by the addition of 2.5 mmol
of arylbromide (3.20), and the reaction was then refluxed overnight. The resulting reaction
mixture was cooled to -20 °C, followed by the addition of a THF solution of 2.5 mmol
trifluoromethyl amide (3.14) (1 eq.) and the reaction was allowed to warm to rt over 2 h.
After acidic work-up, *H NMR spectroscopic analysis of the crude material showed the
presence of both starting materials, arylbromide (3.20) and amide (3.14), alongside three
aromatic by-products (3.21), (3.22), and (3.23) (Figure 3.7). Through relative integration
of their methoxy groups, it was determined that in comparison to arylbromide (3.20), the
by-products had been formed in a 30:1:10:3 ratio. Unfortunately, after column
chromatography neither the desired trifluoromethyl ketone (3.9) or the other aromatic by-
products (3.21), (3.22), or (3.23) could be isolated (Figure 3.5; Table 3.3, entry 1).

1-bromo-3,5-dimethoxybenzene (3.20)

y (3.22)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

z (3.23)

x (3.21)

Figure 3.5: Partial *H NMR spectrum of crude reaction mixture, following attempted Grignard
formation from arylbromide (3.20) and trapping with trifluoromethyl amide (3.14).

In an attempt to identify the by-products (3.21), (3.22), and (3.23), the previous reaction
between arylbromide (3.20) and trifluoromethyl amide (3.14) was repeated on a 7.5

mmol scale. Again, *H NMR spectroscopic analysis of the crude reaction mixture showed
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the formation of three aromatic by-products (3.21), (3.22), and (3.23) with a ratio of 1. 6 :
2 (recpectivly), to 1 (aryl bromide) based on relative integration of their methoxy groups.
Despite the considerable increase in the formation of aromatic by-products (3.21), (3.22),
and (3.23), none of the desired trifluoromethyl ketone (3.9) was observed (Table 3.3,
entry 2).

In our next reaction, it was decided to increase the equivalents of Mg present to assist the
formation of the intermediate Grignard reagent. Therefore, aryl bromide (3.20), 1,2-
dibromoethane, and Mg (1.5 eq.) were stirred in refluxing THF overnight. As previously,
the reaction was cooled to -20 °C, a THF solution of trifluoromethyl amide (3.14) was
added, and the reaction mixture left to warm-up to rt over 2 h. *tH NMR spectroscopic
analysis of crude reaction mixture, showed the loss of aryl bromide (3.20) and the
presence of trifluoromethyl amide (3.14). Again, none of the desired trifluoromethyl
ketone (3.9) was identified, however two main aromatic by-products (3.22) and (3.23)
were observed in a2 : 1 ratio (Table 3.3, entry 3). Whilst repeating this reaction with
activation of the Mg turnings with 1,2-dibromoethane in refluxing THF for 1h, gave
similar results with (3.22) and (3.23) observed ina 2 : 1 ratio (Table 3.3, entry 4). Finally,
scale up of the previous reaction to 7.5 mmol, gave very similar results with the three
aromatic unidentifiable products (3.21), (3.22), and (3.23), present ina 1: 12: 5 ratio
based on relative integration of their methoxy groups (Table 3.3, entry 6).
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(0]
1 eq. )J\ 1eq. o
FsC N
o Br M o MgBr 3 O o]
~ g, - ~ CF
\©/ initiator \©/ (3-14) 3
THF, -20°Ctort,2h
03200 iy 19h 0._(3-19) o_ 9
Mg Initiator
Entry Initiator Notes Reaction outcome®
(eq.) (eq.)
2.5 mmol scale Unreacted aryl bromide
; 3.20) and by-products
1 11 BrCH,CH.Br | 0.2 Mg activated by | (3:20)andby-p
initiator observed (30:10:3:1)
7.5 mmol scale Unreacted aryl bromide
; 3.20) and by-products
2 1.1 BrCH,CH,Br | 0.2 Mg activated by |  (3:20) and by-p
initiator observed (1:1:6:2)
No aryl bromide observed,
by-products (3.22) and
3 15 BrCH,CH,Br 0.2 2.5 mmol scale (3.23) present
(2:1)
2.5 mmol scale | No aryl bromide observed,
Ma activated b by-products (3.22) and
g activated by
1h reflux with
initiator (2:1)
7.5 mmol scale
No aryl bromide observed,
6 15 BrCH,CH.Br 0.2 Mg activated by | o nroducts (3.20), (3.22)
Lhrefluxwith | g (3.23) present (1:12:5)
initiator

Table 3.3: Attempted synthesis of trifluoromethyl ketone (3.9) via Grignard formation from
arylbromide (3.20). [a] ratio based on *HNMR integration.

Despite a number of attempts, our efforts to synthesise trifluoromethyl ketone (3.9) via the

formation of a Grignard reagent from 1-bromo-3,5-dimethoxybenzene (3.20) and
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subsequent trapping with trifluoromethyl amide (3.14) have not proven successful. Under
our reaction conditions, it appears that the oxidative insertion of magnesium into 1-bromo-
3,5-dimethoxybenzene (3.20) to form the corresponding Grignard reagent had occurred,
however, no reaction with trifluoromethyl amide (3.14) was observed. Instead of the
desired reaction, a number of as yet unidentifiable products (3.21, 3.22 and 3.23) were
observed, therefore in order to gain further understanding of the reaction it was decided to
investigate the Grignard formation with 1-bromo-3,5-dimethoxybenzene (3.20) in more
detail.

3.2.1.3 Deuteration of 1-bromo-3,5-dimethoxybenzene via Grignard Chemistry

In order to identify the by-products (3.21, 3.22 and 3.23) and elucidate the pathways of
their formation during our recent Grignard chemistry between arylbromide (3.20) and
trifluoromethyl amide (3.14), a plan to test the oxidative insertion between magnesium
metal and 1-bromo-3,5-dimethoxybenzene (3.20) was created via the deuteration of the

magnesium 3,5-dimethoxybenzene intermediate (3.19) in situ with DO (Figure 3.6).

Br MgBr D
Oxidative
insertion D,0 excess
\O O/ \O O/ \O O/
(3.20) (3.19) (3.24)

Figure 3.6: Planned test reaction for the deuterium trapping of the Grignard reagent formed from
1-bromo-3,5-dimethoxybenzene (3.20).

Thus, following our previous approach, 1-bromo-3,5-dimethoxybenzene (3.20) (1 eq.) was
reacted magnesium metal (1.5 eq.) in refluxing THF for 19 h, in presence of catalytic
amount of dibromoethane. The reaction mixture was then cooled to -20 °C, followed by
the addition of a mixture of dry THF and D20, after which the resulting reaction mixture
was allowed to warm up to rt over 2 h. Following workup, the *H NMR spectroscopic
analysis of crude reaction mixture showed no deuterated product had been formed,
however the same three aromatic by-products (3.21, 3.22 and 3.23) were observed as
previously, alongside unreacted aryl bromide (3.20) in a ratio (1: 5: 2: 2) (respectively)
based on relative integration of their methoxy groups (Figure 3.7 and 3.8).
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0 O
H W,
Mg turning,
o Br dibr(%rgo:;f.l)ane o MGBr | b 0 excess 2 (3.21) s
\©/ THF, reflux \©/ THF, 0 O o
o 19h o 20°Ctort, 2 h \Q \©/
(3.20) (3.19) ~ SN

(3.22) (3.23)

Figure 3.7: Attempted deuterium trapping of the Grignard reagent formed from 1-bromo-3,5-
dimethoxybenzene (3.20).

1-bromo-3,5-dimethoxybenzene (3.20)

777777777777777777777777777777777777777777777

(3.23)

321 ° -

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
40 7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 6.35 6.30 6.25 6.20 6.15 6.10 6.05 6.00 5.95 5.¢
1 (ppm)

Figure 3.8: Partial *H NMR spectroscopic analysis of crude material resulting from the
deuterium trapping experiment of the Grignard reagent formed from 1-bromo-3,5-
dimethoxybenzene (3.20).

Following partial separation by column chromatography, the structure of the three by-
products 3.21, 3.22 and 3.23 have been determined. In the majority of our reactions the
formation of (3.22) was observed as the major by-product. *H NMR spectroscopic analysis
of by-product (3.22) showed a set of key signals at 7.20 (t, J = 8.2 Hz, 1H), 6.53 (dd, J =
8.2, 2.4 Hz, 1H) and 6.49 (t, J = 2.4 Hz, 1H) suggesting a symmetrical 1,3-disubsituted
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benzene ring, along with a further signal at 3.79 (s, 6H) corresponding to two methoxy
groups. Therefore the major by-product (3.22) is 1,3-dimethyoxy benzene, likely formed
through the protonation of the intermediate Grignard reagent (Figure 3.9).*

J=8.2Hz
7.20 ppm (\H 6.53 ppm
(t J=82Hz 1H) . os |1 _(dd, J=8.2, 2.4 Hz, 2H)

J=24Hz\ O o)
]
6.48 ppm (t, J = 2.4 Hz, 1H)
(3.22)

Figure 3.9: Structural assignment of the major by-product y as 1,3-dimethoxybenzene (3.22).

Next, analysis of the *H NMR spectrum of by-product (3.21) showed two aromatic proton
environments at 6.71 (d, J = 2.2 Hz, 4H), and 6.47 (t, J = 2.2 Hz, 2H) suggesting a 1,3,5-
trisubstituted aromatic ring with a plain of symmetry. Furthermore, the *H NMR spectrum
showed a singlet at 3.84 (s, 12H) corresponding to the presence of four methoxy groups in
identical environments. In addition, analysis of the 3C NMR spectrum in combination with
HSQC showed that the peak at 143.4 ppm is a quaternary carbon atom, thus aiding us in
assigning by-product (3.21) as the corresponding Wurtz coupled dimer, 3,3'5,5'-
tetramethoxy-1,1'-biphenyl (Figure 3.10).>°

6.71 ppm
(d, J=2.2 Hz, 4H)

—Q H O—
6.47 ppm
O 0'1 H (t. J=2.2 Hz, 2H)
13~ 4 —
3 H o— C-1=143.4 ppm

(3.21)

Figure 3.10: Structural elucidation of by-product (3.21) as 3,3',5,5'-tetramethoxy-1,1"-biphenyl.

Finally, the structure of by-product (3.23) was determined via *H NMR spectroscopic
analysis, showing a set of signals at 6.07 (t, J = 2.1 Hz, 1H) and 6.02 (d, J = 2.1 Hz, 2H),
corresponding to two aromatic proton environments and suggesting another 1,3,5-
trisubstituted, symmetrical aromatic product. Moreover, the *H NMR spectrum showed a
broad signal at 5.02 ppm (s, 1H) which might correspond to an OH group and *C NMR
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spectrum showed a downfield signal at 157.5 ppm affirming the attachment of a group with
high electronegativity such as OH. Therefore, the by-product (3.23) is 3,5-
dimethoxyphenol (Figure 3.11).”

A-TH NMR
(1) OH
H H
HSC\O O/CH3
H
(3.23)

N 615 610 605 600 595 590 585 GSE0GX 520 515 51 505 500 495 490 485 480 475 385 380 375 370
pEm

B- 'C NMR

B bl L J

170 165 150 155 150 145 140 135 130 135 120 115 110 105 100 95 9 & B0 75 W & & 5 5
ppm

Figure 3.11: *H and C NMR spectra of by-product 3,5-dimethoxyphenol (3.23).

It is likely that 3,5-dimethoxyphenol (3.23) was formed via the air oxidation of the
intermediate Grignard reagent (3.19) (dimethoxyphenylmagnesium bromide), via the
corresponding peroxide which was then reduced to 3,5-dimethoxyphenol (3.23) by either
another equivalent of Grignard reagent or by unreacted magnesium.®*°

In conclusion, our attempts at the formation and trapping of the Grignard reagent derived
from 1-bromo-3,5-dimethoxybenzene (3.20) consistently gave three main by-products, the
Wurtz coupled dimer (3.21) (3,3',5,5'-tetramethoxy-1,1'-biphenyl), the protonated product
1,3-dimethoxybenzene (3.22) and the oxidised product 3,5-dimethoxyphenol (3.23).
Therefore since this approach had not resulted in access to our desired target molecule,

trifluoromethyl ketone (3.9), an alternative route was explored.
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3.2.2 Weinreb Amide Approach Towards the Synthesis of Trifluoromethyl Ketone
(3.9)

Recently, Leadbeater et al.'® reported the synthesis of trifluoromethyl ketone via a
trifluoromethylation of Weinreb amide!® (3.27) with the Ruppert-Prakash reagent
(TMSCFs3).1112 Therefore, | wished to examine this approach in the synthesis of our target
trifluoromethyl ketone (3.9) (Figure 3.12).

i) TMSCF,4

Toluene e

20 mol% CsF,
0 N’O\ 0°Ctort,24 h /O CF4
—_—

| ii) TBAF
H,0, 50 °C, 2 h
SN " 99% O
(3.27) (3.9)
Figure 3.12: Leadbeater’s synthesis of trifluoromethyl ketone (3.9) via Weinreb amide approach.

3.2.2.1 Synthesis of 3,5-dimethoxybenzamide (3.27) (Weinreb Amide)

Our first step to access trifluoromethyl ketone (3.9), was the synthesis of the corresponding
Weinreb amide (3.27) via a condensation between 3,5-dimethoxybenzoyl chloride (3.26)
and N,O-dimethyl hydroxylamine hydrochloride (3.25).

Therefore, 2 mmol of 3,5-dimethoxybenzoyl chloride (3.26) and 1.05 eq. of N,O-
dimethyl hydroxylamine hydrochloride (3.25) was dissolved in CH2Clz at 0 °C. 2.1 eq. of
pyridine was added over 10 min and the reaction mixture was then allowed to warm to rt
overnight. After work-up and column chromatography, the desired Weinreb amide (3.27)

was isolated in an 82 % yield (Figure 3.13).

o o E (3.25) o
. ~~ 1
_0 o Nsg 0 I}J’O\CHs
Pyridine, DCM 2CH3
0°C-rt, 19 h
o) : o)
~ 82 - 98% >~
(3.26) (3.27)

Figure 3.13: Synthesis of Weinreb amide (3.27) from the corresponding acid chloride (3.26) and
N,O-dimethyl hydroxylamine hydrochloride (3.25).
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The structure of Weinreb amide (3.27) was confirmed by the analysis of its 3C NMR
spectrum, showing two new signals at 61.2 and 34.1 ppm corresponding to the O-methyl

(C1) and the N-methyl carbon atoms (C2) respectively of the newly formed amide.

To access large quantities of the Weinreb amide (3.27), the condensation reaction was
sequentially scaled up from 2 to 125 mmol, using the same procedure as above. Yields
remained high even at large scale, with an average yield of 92 % observed. In the case of
high yielding large scale reactions, *H NMR spectroscopy showed high levels of purity and
thus Weinreb amide (3.27) was taken forward without further purification. With significant
quantities for the desired Weinreb amide (3.27) in hand the next synthetic step was

examined.
3.2.2.2 Synthesis of Trifluoromethyl Ketone (3.9)

Our next step was to examine the trifluoromethylation of Weinreb amide (3.27), based on

the work of Leadbeater et al., 1° to form the corresponding trifluoromethyl ketone (3.9).

Therefore, an anhydrous toluene solution of 2.5 mmol of Weinreb amide (3.27) and CsF
was treated with TMSCF3z at 0 °C and the reaction mixture was then allowed to warm to rt
overnight. After a total reaction time of 24 h, the intermediate silyl ether (3.28) was
hydrolysed with TBAF in THF/H20 (1:1) for 2 h at 50 °C. Following work-up and column
chromatography, the desired trifluoromethyl ketone (3.9) was isolated in a 59 % yield
(Figure 3.14).

TBAF

o) TMSCF 5 TMSO CF3O THF/H,0 o}
A0 N-O~ 20mol% CsF |~ ’T‘/ ~ 1:1 0 CFs
! Dry Toluene, 2h,50°C
0°Ctort, 24 h 57 - 98%
SN o< SN
(3.27) (3.28) (3.9)

Figure 3.14: Synthesis of trifluoromethyl ketone (3.9) via reaction of Weinreb amide (3.27) with
TMSCFs.

The structure of trifluoromethyl ketone (3.9) was confirmed by the analysis of *°F and *C
and NMR spectra. The ®F{*H} NMR spectra showed a new singlet at -71.1 ppm
corresponding to the fluorine atoms of the new trifluoromethyl moiety. In addition, the *3C

NMR spectra showed a two key signals, the first a 3C-1°F coupled quartet at 180.2 ppm
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(0, 3Jcr = 35.0 Hz) corresponding to the carbonyl carbon (C-2) of the ketone coupling to
the CF3 group, and the second another *C-'°F coupled quartet at 116.6 ppm (q, 2Jc-F =
291.3 Hz) corresponding to the CF3 carbon (C-3) (Figure 3.15).%0

13C-2 =180.2 ppm (q, 3Je.g = 35.0 Hz)
13C-3 =116.6 ppm (q, 2Je.g = 291.3 Hz)
19F =-71.10 ppm

(3.9)

Figure 3.15: Key °F and *C NMR spectroscopic data for trifluoromethyl ketone (3.9).

Despite our initial success, attempts to repeat the trifluoromethylation reaction gave no
further production of trifluoromethyl ketone (3.9), with only unreacted Weinreb amide
(3.27) recovered. it was hypothesised that this may be due to the presence of unwanted
water in the reaction, thus it was decided to dry Weinreb amide (3.27) prior to further
reactions via a silica plug in EtOAc. Following drying of Weinreb amide (3.27) the
trifluoromethylation reaction was repeated on a 1.8 mmol scale to give a 25 % isolated
yield following column chromatography. Pleasingly, combining the pre-drying of Weinreb
amide (3.27) with newly purchased TMSCF3 gave a clean conversion to the desired
trifluoromethyl ketone (3.9), resulting in improved yields of 80 % on a 2.3 mmol scale
without the need for column chromatography. Following this success, the synthesis of
trifluoromethyl ketone (3.9) was scaled up to a maximum scale of 80 mmol, with
reproducibly good yields throughout and without the need for purification by column

chromatography.

With gram quantities of trifluoromethyl ketone (3.9) in hand our next step was to examine

the conversion of the ketone group into the corresponding diazirine (3.10).
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3.2.3 Conversion of Trifluoromethyl Ketone (3.9) into Diazirine (3.10)

The next step in our synthesis was the incorporation of the required diazirine group at the

C-2 position of trifluoromethyl ketone (3.9) (Figure 3.16).

O N=N
(@) (e}
- CF; - CF;
------ -
O\ O\
(3.9) (3.10)

Figure 3.16: Planned conversion of trifluoromethyl ketone (3.9) into diazirine (3.10).
In 2007, Hayes et al.,**!" reported the synthesis of diazirine (3.10) in four steps starting
from trifluoromethyl ketone (3.9), involving a condensation reaction with hydroxyl amine
to afford the corresponding oxime (3.29), tosylation of the oxime, aminolysis with liquid
ammonia and finally oxidation to the desired diazirine (3.10) (Figure 3.17).1°

o) o) o)
P cr, NHOH. HOl CF, _DMAP _ CFs
95% 98%
(3.9) (3.29) (3.30)
99%le43
N=N HN-NH
o) o)
- CFy o A0 -~ CF3
99%
o) o)
> (3.10) S (3.31)

Figure 3.17: Hayes’ synthesis of trifluoromethyl diazirine (3.10).
3.2.3.1 Synthesis of Trifluoromethyl Oxime (3.29)

Based on the Hayes’ synthesis of trifluoromethyl oxime (3.29), trifluoromethyl ketone
(3.9) (0.2 mmol) was reacted with hydroxylamine hydrochloride in pyridine : ethanol (2:1)
at 60 °C for 19 h. Following work-up and column chromatography, the desired oxime
(3.29) was isolated in a 68 % yield, with the structure confirmed by *C NMR spectroscopic
analysis, which showed a new *C-'°F coupled quartet at 148.2 ppm (0, 2Jc-r = 32.6 Hz)
corresponding to the C-2 carbon atom of the oxime (Figure 3.18, Table 3.6: entry 1).
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o N HO.

! N
~© 2 CF3  NH,0H. Hel ° CFy O l CF4
Pyridine/EtOH, *
SN 60 °C, 19 h o< O
(3.9) 60 - 97% (2)-(3.29) (E)-(3.29)

Figure 3.18: Condensation reaction of trifluoromethyl ketone (3.9) with hydroxylamine to give a
mixture of E- and Z-trifluoromethyl oxime (3.29).

Interestingly, the crude *H NMR for this reaction showed two broad peaks at 9.05 and 8.84
ppm, in an approximate 1:1 ratio, which was assigned as the oxime OH. These two peaks
have been attributed to the presence of two geometrical (E/Z) isomers of trifluoromethyl
oxime (3.29) produced in the reaction. Following column chromatography, the isolated
trifluoromethyl oxime (3.29) now appeared in a 3:1 ratio of geometrical isomers, with the
signal at 8.84 ppm in the 'H NMR spectrum corresponding to the major isomer. This

observation suggests that isomerisation maybe occurring during purification.

In order to validate the molecular structure of trifluoromethyl oxime (3.92) and to further
investigate the presence of geometrical isomers, high quality single crystals were grown
by slow evaporation of a chloroform solution, allowing the crystal structure of
trifluoromethyl oxime (3.29) to be obtained by X-ray diffraction analysis. The X-ray
crystal structure confirmed the overall the structure of trifluoromethyl oxime (3.29).
Interestingly, the crystal formed as a mixture of both the E and Z geometrical isomers, with
the oxime group being disordered over two positions. The crystal was predominately
composed of the E-isomer (95 %) with the Z-isomer present as a minor component (5 %).
This suggests that the E-isomer is the most abundant following purification and may
correspond to the observed *H NMR signal at 8.84 ppm (Figure 3.19).
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(2)-(3.29) (E)-(3-29)

Figure 3.19: X-ray crystal structure of trifluoromethyl oxime (3.29), showing the presences of
both geometrical isomers.

Since it has been shown that the geometrical isomers can readily interconvert and the ratio
of E:Z isomers would have little impact on the subsequent chemistry, next the scale up of

the formation of trifluoromethyl oxime was examined (3.29) (Table 3.4).

Entry | Reaction Scale/mmol | Yield/% | Entry | Reaction Scale/mmol | Yield/%
1 0.21 68 %! 6 20.3M°1 75 %l
2 0.7 65 %!° 7 22.0[b1 97 %l
3 0.9b1 60 %l 8 27.61°1 92 %oldl
4 4,301 99 %pldl 9 37.3M[1 70 %l
5 9.0bI 83 %l 10 77.5°1 90 9%pldl

Table 3.4: Scale up of the synthesis of trifluoromethyl oxime (3.29). [a] concentration of
trifluoromethyl ketone (3.9) in reaction = 0.13 M, [b] concentration of trifluoromethyl ketone
(3.9) in reaction = 0.6 M, [c] isolated by column chromatography, [d] carried forward without

further purification.

72



In our first attempt at scale up of the synthesis trifluoromethyl oxime (3.29) it showed that
there was an increase in reaction concentration from 0.13 M to 0.6 M had little impact on
the yield (65 %), thus future reactions were all carried out at around 0.6 M to assist in
reducing reaction volume Table 3.6: entry 2). Next it showed that purification by column
chromatography was unnecessary in most cases (Table 3.6: entry 3). It should be noted that
the E/Z ratio of trifluoromethyl oxime (3.29) varied considerably (from 100%, across
multiple scale up reactions, as measured by integration of the broad 'H NMR signals
corresponding to the oxime OH. Analysis was further complicated as these signals also
varied in shift by up to 1 ppm. Finally, it was demonstrated that the synthesis of
trifluoromethyl oxime (3.29) on a 77.5 mmol scale with an excellent yield of 90 %,
providing sufficient material for the next synthetic step with no purification by column
chromatography required (Table 3.6: entry 10). This reaction generated a 1.3 : 1 ratio of
the Z to E isomers as confirmed by integration of both *H and **F NMR spectra (1.3 [*H
8.45, °F -62.30 (ppm)] : 1 [*H 8.21, *°F -66.91 (ppm)]).

3.2.3.2 Synthesis of Trifluoromethyl O-tosyl Oxime (3.30)

In our next step a plan to examine the tosylation of trifluoromethyl oxime was devised, in
order to convert the hydroxyl group into an improved leaving group as required later in the

synthesis.

Therefore, trifluoromethyl oxime (3.29) in CH2Cl> was reacted with p-toluene sulfonyl
chloride, in the presence of DMAP and triethylamine at 0 °C for 1 h, after which the
reaction mixture was allowed to warm to rt overnight. Following work-up, analysis of the
crude reaction material by *H NMR spectroscopy showed the presence of two geometrical
isomers in a 5:1 ratio (methoxy singlets at 3.79 and 3.78 ppm (5:1), methyl singlets at 2.48
and 2.46 ppm (5:1) (Figure 3.20).
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DCM, DMAP, Et3N
0°C,1hthenrt, 19 h
22-95%
(3.29) (E)~(3.30) (2)-(3.30)

Figure 3.20: O-Tosylation of trifluoromethyl oxime (3.29).

In effort to purify the product, crystals were grown through slow evaporation of an
EtOAc/hexane solution, resulting in a 22 % yield of O-tosy! trifluoromethyl oxime (3.30)
with the structure confirmed by mass spectrometry (m/z = 426.0062 [M+Na]").
Interestingly the *H NMR spectrum of crystalline O-tosyl trifluoromethyl oxime (3.30)
showed that the ratio of geometrical isomers had significantly altered, from 5:1to 1:9 (Z:E)
based on the integration of the methoxy singlets at 3.79 and 3.78 ppm. The obtained crystals
of O-tosyl trifluoromethyl oxime (3.30) were also analysed by single crystal X-ray
diffraction. The crystal structure showed the presence of only the E-isomer, with eight
molecules in the unit cell (Z = 8) packing in the monoclinic space group C2/c (Figure 3.21).
Through correlation of the X-ray and NMR results, this suggests that the methoxy group
at 3.78 ppm in the *H NMR spectrum relates to the E-isomer of O-tosyl trifluoromethyl
oxime (3.30).
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Figure 3.21: X-ray crystal structure of O-tosyl trifluoromethyl oxime (3.30) (Table 3.6, entry 1).
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In the first attempt to prepare more O-tosyl trifluoromethyl oxime (3.30), the tosylation
reaction was repeated on a 4.88 mmol scale. Analysis of the crude reaction material by *H
NMR spectroscopy showed presence of two geometrical isomers in a 1:1 ratio, based on
integration of the two methoxy singlets (3.79 and 3.78 ppm). Following poor separation on
column chromatography and unsuccessful hot-to-cold crystallisation in EtOAc/hexane, the
purification was attempted again through solvent evaporation from an EtOAc/hexane
solution. After one week large colourless crystals were formed resulting in a 43 % isolated
yield of O-tosyl trifluoromethyl oxime (3.30). NMR spectroscopy of the crystalline
material showed two signals corresponding to the methoxy groups (*H NMR, 3.79 and 3.78
ppm) and two signals corresponding to the CF3 groups (**F NMR, -67.12 and -61.55 ppm)
in a 3:1 Z:E ratio. The crystals grown were suitable for X-ray diffraction analysis.
Interestingly this showed that O-tosyl trifluoromethyl oxime (3.30) had formed a new
crystal form, exhibiting a triclinic space group P-1 with 2 molecules in the unit cell (Z =
2), containing predominately the Z-isomer, disorder in the crystal structure arising from the

presence of ~8% of the E-isomer (Figure 3.22).

Figure 3.22: X-ray crystal structure of O-tosyl trifluoromethyl oxime (3.30) (Table 3.6, entry 2).
It is interesting to note that O-tosyl trifluoromethyl oxime (3.30) can create two different
crystal forms, one contained entirely the E-isomer whilst the other contained predominately

the Z-isomer. Since it is likely that the E- and Z-isomers can equilibrate in solution, the
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observation of two different crystal forms each containing a major isomer may be a case

of thermodynamic verses kinetic control in the crystal growth.

Next the reaction of O-tosyl trifluoromethyl oxime (3.30) formation was scaled up, whilst
also looking to improve yields. Increasing the scale of the reaction to 7.4 mmol with
crystallisation from EtOAc/hexane gave an improved yield of 63 %. Further stepwise scale
up to 70.0 mmol gave a final yield of 95 % with no further purification required. During
these reactions *H and °F NMR spectroscopy showed variable ratios of Z : E from 1.5:1
to 1:1.5 (Table 3.5).

Reaction ) Reaction )
Entry Yield/% Entry Yield/%
Scale/mmol Scale/mmol
1 1.1 22 9lal 5 21.2 88 %P
2 4.8 43 o2l 6 26.0 95 9[P]
3 7.4 63 %la] 7 25.5 88 %P
4 15.3 78 %Pl 8 70.0 95 9[P]

Table 3.5: Scale-up of the synthesis of O-tosyl trifluoromethyl oxime (3.30). [a] Isolated by
crystallisation, [b] Taken forward without further purification.

It should be noted that our assignment of the **F NMR data for the E- and Z-isomers, based
on the NMR of the crystal forms, does not agree with those predicted by Lindel et al., and
would require further investigation in the future.’® However, following the successful
synthesis of large quantities of O-tosy! trifluoromethyl oxime (3.30) I proceeded to the next

step to examine the formation of the required diaziridine ring.
3.2.3.3 Synthesis of Trifluoromethyl diaziridine (3.31)

Next, the formation of a diaziridine at the C-2 position of O-tosyl trifluoromethyl oxime
(3.30) was examined via reaction with ammonia, involving nucleophilic addition of
ammonia to the oxime carbon, followed by substitution of the tosyl group in an

intramolecular ring closure.
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Therefore, O-tosy! trifluoromethyl oxime (3.30) (0.49 mmol) in CH2Cl, was reacted with
methanolic ammonia (7 M) for 1 h at -78 °C. The reaction mixture was then allowed to
warm to rt overnight, following which the reaction vessel was opened to air to allow the
loss of ammonia. Wet universal indicator paper was used to test for presence of ammonia
gas. Once the ammonia had been removed, following work-up and column
chromatography the desired trifluoromethyl diazirdine (3.31) was isolated in 88 % yield
(Figure 3.23).

O=§=O
0.
IN HN—NH
o) [ 0
_ CF, NH3 7 Min metohanol _ 2°CF,
Dry CH.Cl,, -78 C, 1 h
thenrt, 19 h

O 88 - 100 % O

(3.30) (3.31)

Figure 3.23: Synthesis of trifluoromethyl diaziridine (3.31) via reaction with methanolic
ammonia.

The structure of our desired trifluoromethyl diaziridine (3.31) was confirmed by both *H
and *C NMR spectroscopy. Analysis of the *H NMR spectrum showed two key signals at
2.68 (d, J =8.8 Hz, 1H), and 2.16 ppm (d, J = 8.8 Hz, 1H) corresponding to the two N-H
protons of the diaziridine moiety. In addition, the analysis of 3C NMR spectra showed an
upfield shift of the carbon atom at C-2 position from 154.3 ppm to 58.1 ppm (0, 2Jc-F = 36
Hz) due to the change in the hybridization state from the starting material, O-tosyl

trifluoromethyl oxime (3.3) (sp2), to the product, trifluoromethyl diaziridine (3.31) (sp3).

In order to further confirm the molecular structure of trifluoromethyl diaziridine (3.31),
crystals were grown by slow evaporation of an ethyl acetate solution. X-ray diffraction
analysis confirmed that trifluoromethyl diaziridine (3.31) had crystallised in a monoclinic

space group P 21/c with 4 molecules in the unit cell (Z = 4) (Figure 3.24).
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HN-NH
- CF3

Figure 3.24: X-ray structure of trifluoromethyl diaziridine (3.31).

Next, the yield of trifluoromethyl diaziridine (3.31) was improved whilst also exploring
the scale-up of the reaction. In our next attempt at the formation of trifluoromethyl
diaziridine (3.31) on a 1.0 mmol scale, following column chromatography the desired
product was isolated in 89 % yield alongside two minor by-products. Analysis of the by-
products by 'H and F NMR spectroscopy allowed them to be assigned as the
corresponding trifluoromethyl diazirine (3.10) and trifluoromethyl imine (3.32) (Figure
3.25).

N=N NH

- CFy ~ CF3

O\
(3.10) (3.32)

Figure 3.25: By-products arising from the synthesis of trifluoromethyl diaziridine (3.31).
The formation of by-products trifluoromethyl diazirine (3.10) and trifluoromethyl imine
(3.32) may occur through the reaction of O-tosyl trifluoromethyl oxime (3.31) with
trifluoromethyl diaziridine (3.31) (Figure 3.25a).
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Figure 3.25a: Proposed mechanism for the formation of trifluoromethyl diazirine (3.10) and
trifluoromethyl imine (3.32).

Since the main by-product being formed during purification was the trifluoromethyl
diazirine (3.10), and that this molecule is the target of the next synthetic step it was decided
to carry forward subsequent batches of trifluoromethyl diaziridine (3.31) without column
chromatography. Thus, further scale-up reactions were shown to give reproducibly high

yields (quantitative) up to 66.0 mmol scale.

With sufficient quantities of trifluoromethyl diaziridine (3.31) in hand | decided to carry

on to examine the next synthetic step, the oxidation of the diaziridine ring.
3.2.3.4 Synthesis of Trifluoromethyl Diazirine (3.10)

After installing the diaziridine moiety at the C-2 position of trifluoromethyl ketone (3.9)
over three steps, the next step for us was to examine the oxidation of the diaziridine moiety

to form the required trifluoromethyl diazirine (3.10) (Figure 3.26).

HN—NH N=N
0 0
e
CF3  Oxidation CFs
---------- >
O\ O\
(3.31) (3.10)

Figure 3.26: Planned oxidation of trifluoromethyl diaziridine (3.31) to form trifluoromethyl
diazirine (3.10).

Based on the work of Hayes et al., | decided to use iodine under basic conditions as our
oxidising system.'* Therefore, trifluoromethyl diaziridine (3.31) (0.4 mmol) was reacted

with iodine (1.05 eq.) in methanol, in the presence of trimethylamine (2.0 eq.), at rt for 2
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h. After which an additional portion of iodine (0.45 eq.) was added, the reaction was
complete by TLC with a single new compound observed (Rf = 0.6). The reaction was
partitioned between water and DCM, the organic extracts evaporated and then redissolved
in hexane. The product was then washed with 1M HCI to remove EtsN, and NaxS203(sat) to
remove any iodine remaining. Following solvent evaporation, the desired trifluoromethyl
diazirine (3.10) was obtained in 32 % yield without the need for column chromatography
(Figure 3.27).

HN—NH N=N
- CFs 1, Et;N -0 2°CF,
MeOH, rt, 2 h
O 15-95% o

(3.31) (3.10)

Figure 3.27: Trifluoromethyl diazirine (3.10) synthesis via I, oxidation of diaziridine (3.31).
The analysis of *C NMR and 'H NMR spectra gave us confidence that our desired
diazirine moiety have been formed. The 3C NMR spectrum showed a signal at 28.9 (q,
2JcF = 40 Hz) characteristic of the C-2 carbon atom of diazirine. In addition, the 'H NMR
spectrum showed the disappearance of the signals at 2.68 and 2.16 ppm, corresponding to

the N-H protons of the starting material, trifluoromethyl diaziridine (3.31).

With initial success in the synthesis of the desired trifluoromethyl diazirine (3.10), I next
looked to increase both the yield and the scale of the reaction. Therefore, the reaction was
repeated on a 0.8 mmol scale. Unfortunately, following our standard work-up
trifluoromethyl diazirine (3.10) was obtained in only a 15 % yield (Table 3.6, entry 2).

It was thought that the low yields might be due to loss of product during work-up, either
through protonation by HCI or reduction by Na>S,0s. Therefore, the reaction was repeated
on a 2.6 mmol scale, omitting the HCI and Na2S20s steps in the work up, and changing the
extraction solvent to diethyl ether. This resulted in a much improved yield of 95 % of
trifluoromethyl diazirine (3.10) (Table 3.6, entry 3). Further scale-up to 4.5 mmol resulted
in good to moderate yields of the desired product (93, 50 and 68 %; Table 3.6, entry 4-6).

In the next synthetic step, the Lewis acid-catalysed formylation of trifluoromethyl diazirine

(3.10) was examined. Following a number of poor reactions results it was thought that the
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purity and water content of the starting material maybe effecting the results. Therefore,
when the reaction was scaled up to 5.5 and 9.2 mmol | attempted to isolate and dry
trifluoromethyl diazirine (3.10) by using column chromatography. This gave good yields
of 78 and 67 % respectively (Table 3.6, entry 7 and 8). However, on larger scale (9.2 mmol)
the trifluoromethyl imine (3.32) was also isolated, in 9 % vyield as a by-product, potential
formed through hydrolysis on the column (Table 3.6, entry 7). In the next two reactions,
further scale-up reactions at 11.8 and 16 mmol was combined with rapid purification by
silica plug resulting in excellent yields of up to 90 % (Table 3.6, entry 9 and 10). Finally,
a further reaction on a 22 mmol scale was attempted. Unfortunately the *H NMR the crude
material showed considerable quantities of contaminants, thus purified the reaction mixture
by column chromatography to give a 44 % yield of trifluoromethyl diazirine (3.10) along
with a 14 % yield of trifluoromethyl ketone (3.9) (Table 3.6, entry 10).

Entry Reaction Yield/% Entry Reaction Yield/%

Scale/mmol Scale/mmol
1 0.4 32 %l®! 7 5.5 78 %l
2 0.8 15 %l®] 8 9.2 67 %[
3 2.6 95 %l®] 9 11.8 90 %[
4 2.8 93 %l®! 10 16.0 84 %l
5 4.4 50 %fl®] 11 22.0 44 %lal
6 4.5 68 %l®!

Table 3.6: Scaling up the oxidation of trifluoromethyl diaziridine (3.31) to trifluoromethyl
diazirine (3.10) [a] Isolated by column chromatography, [b] Taken forward without further
purification, [c] Purified by silica plug.
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After successful synthesis of trifluoromethyl diazirine (3.10) on large scale, | moved to

examining the subsequent C-4 formylation.
3.2.4 Functionalisation of Trifluoromethyl Diazirine (3.10) en route to Diazirine
Carboxycoumarin (3.2)

In order to access the target diazirine carboxycoumarin (3.2), for the next steps
consideration of the involvement of a selective C-4 formylation of trifluoromethyl diazirine
(3.10), followed by a selective C-5 demethylation and finally a Knoevenagel condensation
with Meldrum’s acid was planned (Figure 3.28).

N
i.Formylation Knoevangel
i Demethylatlon a condensation
s = Al ] T
- OH 7 "
(3.12) (3.7)

Figure 3.28: Planned synthesis of diazirine carboxycoumarin (3.2).

3.2.4.1 C-4 Formylation of trifluoromethyl diazirine (3.10) with TiCl4

For our planned C-4 formylation the work of Tomohero et al. was adapted,? in which they
reported the a Rieche-Gross formylation®2° of trifluoromethyl diazirine (3.10) via a TiCls
mediated reaction with dichloromethyl methyl ether to give both the C-4 and C-6
regioisomers of formyl trifluoromethyl diazirine (3.11) and (3.33) respectively (Figure
3.29).

o N=N cl
- CF
R
TiCl4
O i)-20°C, 2 h
(3.10) i) t,1h  c.4 regioisomer (3.11) C-6 regioisomer (3.33)

50 % 47 %

Figure 3.29: Tomohero’s formylation of trifluoromethyl diazirine (3.10).
Therefore, in our first attempt at the formylation reaction, trifluoromethyl diazirine (3.10)
was reacted with TiCls (1.5 eg.) and dichloromethyl methyl ether (1 eq.) at -20 °C for 2 h,
then allowed to warm up to rt for 1h. The reaction was quenched with the addition of water

82



and extracted into CH.Cl.. Following work-up, C-4 formyl trifluoromethyl diazirine (3.11)
was isolated by column chromatography in a 20 % yield, along with 18 % of C-6 formyl
trifluoromethyl diazirine (3.33) and 6 % of unreacted starting material (Table 3.7, entry 1).

Cl
N=N C|)\o/ N=N
0O CF, TiCl4 (1.5 eq.) _0O CF,
CH,Cl,, O
i)-20°C, 2 h
O~ i) rt, 1h O Ho O
(3.10) (3.11) (3.33)
Reaction CCI:H(OCHs) Isolated Yield Isolated Yield
Entry Notes
Scale/mmol (eq.) of C-4 (3.11)/% | of C-6 (3.33)/%
6% starting
1 1.8 1 20 % 18 % material
recovered
27% starting
2 25 1.5 6 % 4% material
recovered

Table 3.7: Formylation of trifluoromethyl diazirine (3.10) with TiCls and dichloromethyl methyl
ether.

Repeating the formylation trifluoromethyl diazirine (3.10) with an increased number of
equivalents of dichloromethyl methyl ether (1.5 eq.) unfortunately also gave poor yields of

the desired formylated products (Table 3.7, entry 2).

The structures of C-4 formyl trifluoromethyl diazirine (3.11) and C-6 formyl
trifluoromethyl diazirine (3.33) were confirmed by the analysis of *H and 3C NMR spectra.
The NMR spectra of C-4 formyl trifluoromethyl diazirine (3.11) showed signals in the H
NMR at 10.47 ppm (s, 1H) and the **C NMR at 187.9 ppm corresponding to the newly
introduced aldehyde. The regiochemistry was assigned via the *H NMR spectrum, which
showed two coupled doublets at 6.76 ppm (d, J = 2.3 Hz, 1H) and 6.55 ppm (d, J = 2.3 Hz,
1H) suggesting a meta-arrangement of the protons and thus C-4 formylation. On the other
hand, the NMR analysis of C-6 formyl trifluoromethyl diazirine (3.33) again showed the
presence of a new aldehyde group (*H NMR 10.45 ppm (s, 1H); 3C NMR 188.5 ppm),

83



whilst the aromatic protons appeared as a single peak at 6.31 ppm (s, 2H) corresponding to

the two equivalent aromatic protons and thus a C-6 substitution.

In order to further confirm the molecular structure of C-4 formyl trifluoromethyl diazirine
(3.11), crystals have been grown by the slow evaporation of ethyl acetate solution of
compound (3.11). After which single suitable crystals were submitted to X-ray diffraction
analysis which confirmed the molecular structure of C-4 formyl trifluoromethyl diazirine
(3.11) (Figure 3.30).

(3.11)

Figure (3.30): Crystal structure of trifluoromethyl ortho-benzaldehyde diazirine (3.11).

3.2.4.2 C-4 Formylation of Trifluoromethyl Diazirine (3.10) with SnCla4

Due to the low yields obtained with TiCls an alternative Lewis acid in the formylation of
trifluoromethyl diazirine (3.10) was examined. SnCls has also be used in Rieche-Gross
formylations with a range of aromatic substrates, particularly in the synthesis of
calixarenes.?>?* Thus, a CHCl solution of trifluoromethyl diazirine (3.10) was reacted
with SnCls (1.5 eq.) and dichloromethyl methyl ether (1.5 eq.) at -20 °C for 2 h, after which
the reaction mixture was allowed to warm up to rt for 1 h. Following work-up, the obtained
crude reaction material was divided into two equal batches of approximately 100 mg each
in order to test possible purification methods. The first batch was separated by column
chromatography to give 52.5 mg of C-4 formyl trifluoromethyl diazirine (3.11) along with
48.9 mg of C-6 formyl trifluoromethyl diazirine (3.33) corresponding to a yield of 24 %
and 21 % of the total reaction material. The second batch was recrystallised from
EtOAc/hexane and washed with hexane to give 65.7 mg of C4-formyl trifluoromethyl
diazirine (3.11) as a crystalline solid, corresponding a yield of 30 % of the total reaction

material, the remaining C-6 formyl trifluoromethyl diazirine (3.33) not giving crystalline
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material. Combining the C-4 formyl trifluoromethyl diazirine (3.11) obtained from both
column chromatography and crystallisation gave a total recovered yield of 54 % for C-4
formyl trifluoromethyl diazirine (3.11), and a total yield of 75 % for the reaction to produce
both the C-4 and C-6 regioisomer (Table 3.8, entry 1).

Cl
N=N C|)\o/

N=N
_0 cF, SnCl(15eq) _0 _0 cF,
CH,Cl,, (0] A
i) -20°C,2h
O i) rt, 1 h O Ho O
(3.10) (3.11) (3.33)
35-56% 11-31%
Reaction Isolated Yield of C-4 Isolated Yield of
Entry Notes
Scale/mmol (3.11) /% C-6 (3.33) /1%
Purification in two
1 0.8 54 %Ll 21 % [P batches (column and
recrystallisation)

2 0.8 51 %! 30 %! -

3 3.0 36 %I 18 %! -
Trifluoromethyl diazirine

4 4.3 53 %! 31 %™ ] .
(3.10) dried by silica plug
Trifluoromethyl diazirine

5 6.1 56 %[P] 26 %[ ] N
(3.10) dried by silica plug
Trifluoromethyl diazirine

6 12.3 44 %lb] 13 %! ) N
(3.10) dried by silica plug
trifluoromethyl diazirine

7 135 35 %Pl 11 %P ) N
(3.10) dried by silica plug
Trifluoromethyl diazirine

8 24.6 52% 37%!b] ) N
(3.10) dried by silica plug

Table 3.8: Formylation of trifluoromethyl diazirine (3.10) with SnCl, and dichloromethyl methy!l
ether [a] Combined by column chromatography and recrystallisation, [b] Isolated by column
chromatography.
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With improved yields in the formylation of trifluoromethyl diazirine (3.10) with SnCly, |
looked next to scale-up the formylation reaction. Due to the large difference in R between
C-4 (Rf = 0.43; Petrol:Et20 3:2) and C-6 (Rf = 0.67; Petrol:Et20 3:2) regioisomers, it was
decided to use column chromatography to isolate the products of our scale-up reactions.
Thus repetition of the first reaction with SnCls on a 0.8 mmol scale, with purification by
column chromatography gave good isolated yields of 51 % (C-4) and 30 % (C-6) (Table
3.8, entry 2). However further scale-up to 3 mmol resulted in a decrease in yields 36 % (C-
4) and 18 % (C-6), which was thought to be due to water in the starting material effecting
the reaction (Table 3.8, entry 3). Therefore, in the next reaction the starting material
trifluoromethyl diazirine (3.10) was dried by silica plug (as described previously) resulting
in a return to good yields of the products, 53 % (C-4) and 31 % (C-6) (Table 3.8, entry 4).
Next the reaction was scaled up in increments from 6.1 to 24.6 mmol (Table 3.8, entry 5-
8). Although some lower yields were observed, C-4 formyl trifluoromethyl diazirine (3.11)
was typically isolated in >50 % vyields. Therefore, with sufficient C-4 formyl

trifluoromethyl diazirine (3.11) available, | proceeded to the next synthetic step.
3.2.4.3 Demethylation of C-4 Formyl Trifluoromethyl Diazirine (3.11)

The next synthetic step was to to examine the regioselective C-5 demethylation of C-4
formyl trifluoromethyl diazirine (3.11), to give the desired C-5 hydroxy trifluoromethyl
diazirine (3.12). Tomohero et al.,2 has previously reported a regioselective McOmie-
Watts-West demethylation?? of C-4 formyl trifluoromethyl diazirine (3.11) using BBrs.

Thus, a CH2Cl; solution of C-4 formyl trifluoromethyl diazirine (3.11) (0.2 mmol, 1 eq.)
was reacted with BBrs (1M in CH2Cl>, 1 eq.) at -20 °C for 10 min, then the reaction
mixture warmed up to at 0 °C and stirred for 4 h. The reaction mixture was quenched
with water (1 mL) and the product extracted into CH2Cl». Following work-up, C-5
hydroxy trifluoromethyl diazirine (3.12) was isolated by column chromatography in a 9
% yield alongside 50 % of the starting material, C-4 formyl trifluoromethyl diazirine
(3.11) (Table 3.9, entry 1).

The structure of C-5 hydroxy trifluoromethyl diazirine (3.12), including the
regiochemistry of the demethylation was confirmed through comparison of the *H and

13C NMR spectra to the literature.? The presence of a single methoxy group could be seen
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in the *H and **C NMR with single peaks at 3.87 ppm (s, 3H) and 56.0 ppm, whilst new
signal at 12.73 ppm (s, 1H) corresponded to an intramolecularly H-bonded hydroxyl

group.

Since the low yields observed might have been due to hydrolysis of our BBr3 reagent
during storage, next the demethylation reaction was repeated on the same scale with 1 eq.
of BBr3 (1 M in CH2Cl,) from a new bottle of reagent. After a reaction time of -20 °C for
10 minand 2.5 h at 0 °C, TLC showed starting material remaining, thus a further 0.5 eq.
of BBr3 was added and the reaction mixture stirred for another 1.5 h at 0 °C, followed by
rt overnight. After work-up and column chromatography, the desired C-5 hydroxy
trifluoromethyl diazirine (3.12) was isolated in an improved 39 % yield, alongside 18 %
of recovered starting material (3.11) (18 %) and 13 % yield the double demethylated
trifluoromethyl diazirine (3.34) (Table 3.9, entry 2). To further check for the quality of
BBr3 used, the demethylation reaction was repeated using an ampule of neat BBr3. After
however after a reaction time of -20 °C for 10 min, and 2.75 h at 0 °C, only a 22 % yield
of C-5 hydroxy trifluoromethyl diazirine (3.12) was recovered after column
chromatography along with 51 % of the starting material, C-4 formyl trifluoromethyl
diazirene (3.11) (Table 3.9, entry 3).

Due to the lack of conversion in our reactions so far, it was decided next to increase the
initial reaction temperature, -20 to 0 °C. Therefore, to C-4 formyl trifluoromethyl
diazirene (3.11) (0.4 mmol) in CH2Cl; at 0 °C was added 1.5 eq. of BBrz (1 M in CH2Cly)
dropwise over 5 min. The reaction mixture was stirred at 0 °C for 2.25 h after which TLC
showed no starting material remaining. Following an aqueous quench, work-up and
column chromatography, C-5 hydroxy trifluoromethyl diazirine (3.12) was isolated in an
excellent 90 % yield, alongside 9 % of the starting material, C-4 formyl trifluoromethyl
diazirene (3.11) (Table 3.9, entry 4).
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H—"N=N H—~"N=N
_O CF, BBrs HO CF,
DCM
9-92%
(ONQ (ONQ
(3.11) (3.12)
Recovered
Reaction Reaction time Isolated starting
Entry BBrs eq. . ) Note
Scale/mmol and temperature | Yield/%[® | material C-4
(3.11)
1 i.-20°C, 10 min
1 0.2 9% 51 %
(1M in DCM) ii.0°C,4h
i.-20 °C, 10 min
15 Doubled
2 0.8 ii.0°C,4h 39 % 18 % demethylated
(IMinDCM) | product 13%
iii. rt, o/n
1 i.-20 °C, 10 min
3 0.3 22 % 51 % -
(neat BBr3) ii.0°C,2.75h
15
4 0.4 0°C,2.25h 90 % 10 % -
(1M in DCM)
15
5 0.9 0°C,2h 90 % 7% -
(IM in DCM)
15
6 2.3 0°C,2h 92 % 6 % -
(1M in DCM)
15
7 4.7 0°C,2h 70 % 30 % -
(1M in DCM)
15
8 4.8 0°C,2h 56 % 3% -
(1M in DCM)

Table 3.9: Demethylation of C-4 formyl trifluoromethyl diazirine (3.11) with BBrs [a] Isolated
by column chromatography.
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After optimising the demethylation of C-4 formyl trifluoromethyl diazirine (3.11), I next
looked to scale-up the reaction. Reactions at 0.9 and 2.3 mmol scale gave reproducibly
high yields of 90 % and 92 % of C-5 hydroxy!l trifluoromethyl diazirine (3.12)
respectively (Table 3.9, entry 5 and 6). Further attempts at scale-up to 4.7 and 4.8 mmol
showed slightly decreasing yields of C-5 hydroxy trifluoromethyl diazirine (3.12) (70 %
and 56 %), however | had sufficient material available to progress to the next step (Table
3.9, entry 7 and 8).

3.2.5 Synthesis of Diazirine Carboxycoumarin (3.2) via a Knoevenagel Condensation

Next the synthesis of diazirine carboxycoumarin (3.2) was examined, through a
Knoevenagel condensation reaction, as a key intermediate on route to our final target

methoxy coumarin trifluoromethyl diazirine D-alanine (3.3) (MCTDA) (Figure 3.31).

N
F3C \\N @) F3C N\N (o) o)
Knoevenagel o,
@ H condensation @ N OH @ B\ ” C' OH
NH
o OH ~o o Yo 2

(3.12) (3. 2) (3.3)

Figure 3.31: Planned Knoevenagel condensation to form diazirine carboxycoumarin (3.2)
alongside the structure of target molecule MCTDA (3.3).

3.2.5.1 Synthesis of Diazirine Carboxycoumarin (3.2) via the Tomohero method

Recently, Tomohero et al., have demonstrated synthesis of diazirine carboxycoumarin
(3.2) via a Knoevenagel condensation with Meldrum’s acid in presence of DIPEA
(Figure 3.32)

MeCN
DIPEA, rt, 1 h
(312) 89% (32)

Figure 3.32: Tomohero’s synthesis of diazirine carboxycoumarin (3.2) via a Knoevenagel
condensation.

Thus, following Tomohero’s approach C-5 hydroxy trifluoromethyl diazirine (3.12) (0.3
mmol, 1 eq.) in MeCN was reacted with Meldrum’s acid (1.1 eq.) and DIPEA (2.5 eq.) at
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rt for 2 h. Following work-up, *H NMR spectroscopic analysis of crude material showed
traces of the desired product (3.2) alongside a number of other by-products, with isolation
attempts by column chromatography proving unsuccessful with only Meldrum’s acid

recovered (Table 3.10 entry 1).

0
N
H \/I\O o
~ MeCN
© oH DIPEA (2.5 eq.),
(3.12) Temp., Time
Entry | Reaction scale | Meldrum’s acid Reaction Reaction Temp. Isolated yield
mmol eq. Time (h) %
1 0.3 1.1 2 rt 0%
2 0.4 1.1 19 rt 40 %lal
3 1.3 1.2 19 rt
4 2.1 1.1 2 rt for 1.5 h and then 15 %P1
50 °C for 2.25h

Table 3.10: Synthesis attempts of methoxy carboxycoumarin trifluoromethyl diazirine (3.2) via
Tomohero’s chemistry. [a] isolated by column chromatography, [b] isolated by three sequential
recrystallisations.

Repeating the Knoevenagel condensation reaction with an extended reaction time of 19 h,
followed by purification by column chromatography (buffered with acetic acid) afforded
diazirine carboxycoumarin (3.2) in a 40 % yield (Table 3.10, entry 2).

The structure of diazirine carboxycoumarin (3.2) was confirmed through appearance in
the *'H NMR spectra of a signal at 9.46 ppm (s, 1H) corresponding to the 4-position of the
coumarin and a peak in the **C NMR at 162.1 ppm corresponding to carbony! carbon at

the 2-position.

Unfortunately, attempts to scale-up the Knoevenagel condensation, proved unsuccessful
due in part to difficulties in purification (Table 3.10, entry 3). A further attempt was
made, increasing the reaction temperature, however complex mixture of products was

obtained (Table 3.10, entry 4). Due to previous difficulties in column chromatography the
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purification of diazirine carboxycoumarin (3.2) was attempted by recrystallisation from
hexane and EtOAc. The first crystals obtained appeared to contain both the desired
product and an additional molecule by *H NMR spectroscopy, and were submitted for

further analysis by X-ray diffraction.

Single crystal X-ray diffraction analysis showed that the crystal contained two molecules
a 1:1 ratio, the desired diazirine carboxycoumarin (3.2) and along with a by-product
(3.35), in a triclinic space group P-1. By-product (3.35) appearing to be formed from
diazirine carboxycoumarin (3.2) via a 1,4-addition of a second molecule of Meldrum’s

acid and a decarboxylation reaction (Figure 3.33).

(3.2) 1:1 (3.35)

Figure 3.33: X-ray crystal structures of diazirine carboxycoumarin (3.2) and by-product (3.35).
With by-product (3.35) now removed from the sample through the first crystallisation,
two further recrystallisations from hexane and EtOAc resulted in a 15 % isolated yield of

diazirine carboxycoumarin (3.2).
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In conclusion, diazirine carboxycoumarin (3.2) was successfully synthesised but with low
yield and complex purifications required. Therefore, an alternative chemistry to

synthesise our target molecule will be adopted.
3.2.5.2 Synthesis of Coumarin (3.2) as a Test Molecule to Evaluate the Tapia Method

In 1988, Tapia et al., reported?® the synthesis of coumarin (3.3) via a Knoevenagel
condensation of 2-methoxybenzyaldehyde (3.36) with Meldrum’s acid (3.7) in DMF,
followed by an acid catalysed acetal deprotection, demethylation and cyclisation to give

the corresponding coumarin (3.39) (Figure. 3.34).

1eq.
o) o)
Q W ~o 0 H,SO 0
0._0(3.7) 2°9Y4 (conc.)
H < MO 0°Ctort, 2 h Qfﬁo'*

o DMF, rt, 12 h )V 71%

| 52% o~ o o Yo
(3.36) (3.37) (3.39)

Figure 3.34: Tapia’s synthesis of coumarin.
Therefore, Tapia’s method was tested first with a simple model system to make coumarin
(3.39), but using 2-hydroxybenzaldehyde (3.38) as the starting material in place of 2-
methoxybenzyaldehyde (3.36). Thus, 2-hydroxybenzaldehyde (3.38) was reacted with 1
eq. of Meldrum’s acid in DMF at rt overnight, followed by acidification with
concentrated sulfuric acid at 0 °C to rt over 2 h. The reaction mixture was then poured
over crushed ice and overnight in order to promote crystallisation of the product, which
was collected by filtration to give a 30 % yield of coumarin (3.39) (Figure. 3.35).

o} < 0

4 1
H DMF,rt, 19 h BN OH
ii) H,SO ,
OH i) HSO4 (Conc.) o o

0°Ctort,2h
(3.38) 30 % (3.39)

Figure 3.35: Synthesis of coumarin (3.39) via Tapia’s method.
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The *H and *C NMR spectroscopic analysis confirmed the structure of coumarin (3.39),
including a *C NMR peak at 164.4 ppm corresponding to the carboxylic acid (C-11) and
a 'H NMR peak at 8.75 ppm (s, 1H) corresponding to the proton at C-4.

In order to improve the yields of coumarin (3.39) formation, following the chemistry of
Tomohero et al., and our previous work, it was decided upon to adapt the reaction
conditions to include an amine base (DIPEA) to assist in the coumarin formation.
Therefore, the reaction was repeated between 2-hydroxybenzaldehyde (3.38) and 1 eq. of
Meldrum’s acid (3.7) in presence of 20 mol % DIPEA, resulting in a much improved 77 %
yield of coumarin (3.39) (Figure 3.36).2

o) 0]
L

o.__0O
Q DMF, DIPEA 20 mol %, Q
ii) HZSO4 (Conc.)
3380H 0°Ctort,2h 332 ©
(3.38) 77 % (3.39)

Figure 3.36: Improved synthesis of coumarin (3.39) with catalytic DIPEA.
3.2.5.3 Synthesis of Diazirine Carboxycoumarin (3.2) via the Tapia Method

Since the Tapia chemistry uses ortho-methoxy groups in place of ortho-hydroxyl groups
on the benzaldehyde component, it was decided on to evaluate this approach in the
synthesis of diazirine carboxycoumarin (3.2) directly from an ortho-methoxy containing
precursor, thus potentially removing the need for a separate demethylation step. Due to the
limited quantities of C-4 formyl trifluoromethyl diazirine (3.11) available, it was decided
on to test this approach using the unwanted by-product C-6 formyl trifluoromethyl
diazirine (3.33).

Thus, C-6 formyl trifluoromethyl diazirine (3.33) (0.8 mmol) was reacted with 1 eq. of
Meldrum’s acid in presence of catalytic amount of DIPEA (20 mol %) at rt overnight.
Following treatment with concentrated sulfuric acid at 0 °C the reaction was poured over
ice and allowed to warm to rt overnight and filtered to collect a single product in 66 %
yield (Figure 3.37).
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O o

o._0O

S o AN ~o OH DR
i) DMF, DIPEA 20 mol %,
H 19 h A o}
FaC iy FsC. 2 FaC
3 0”7 i) 0°C, HySO4 conc) 2 o Yo 3 o~
N=N 19 h N=N N=N
(3:33) (3.40) 0% (3.41) 66 %

Figure 3.37: Synthesis of benzyldiene (3.41) via a Knoevenagel condensation.

'H NMR spectroscopic analysis of the reaction product showed that the expected C-8
diazirine carboxycoumarin (3.40) had not been formed. Therefore to establish the
molecular structure, crystals were grown by the slow evaporation of an ethyl acetate
solution. A suitable crystal was submitted for X-ray diffraction analysis, revealing the
product to be benzyldiene (3.41) arising from a Knoevenagel condensation reaction which
had not continued on to form the desired C-8 diazirine carboxycoumarin (3.40) (Figure
3.38).

Figure 3.38: X-ray crystal structure of benzylidene (3.41).

Since the presence of an ortho-methoxy group in our starting material has prevented
coumarin formation under these conditions, next the modified Tapia method with C-5
hydroxy trifluoromethyl diazirine (3.12) was evaluated. Therefore, C-5 hydroxy
trifluoromethyl diazirine (3.12) was reacted with Meldrum’s acid (3.7) (1 eg.) in DMF in
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the presence of 20 mol % DIPEA at rt overnight. After which the reaction was acidified
with sulfuric acid (0 °C to rt over 2 h) and poured over ice to crystallise. Pleasingly, the
desired diazirine carboxycoumarin (3.2) was isolated by filtration in 74 % yield (Figure
3.39).

Fgc \\

i) Dry DMF
DIPEA 20 mol% |
rt, 19 h
ii) HZSO4 (Conc.)
0°Ctort,2h
74-91%

(3.12)

Figure 3.39: Synthesis of diazirine carboxycoumarin (3.2) via a modified Tapia method.
Crystals of diazirine carboxycoumarin (3.2) were grown by slow evaporation of an ethyl
acetate solution. X-ray diffraction analysis showed that diazirine carboxycoumarin (3.2)
had crystallised in the space group Pca2: with four molecules in the unit cell (Z = 4) (Figure
3.40).

Figure 3.40: X-ray crystal structure of diazirine carboxycoumarin (3.2).
After confirming the structure of diazirine carboxycoumarin (3.2) | looked next to scale-

up the synthesis of diazirine carboxycoumarin (3.2). This proved successful up to 4 mmol,
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it should be noted that for the larger scale reaction an additional purification by silica plug
or column chromatography was introduced to assist in drying the product for the next

synthetic step, leading to some loss of yield (Table 3.11).

Entry | Reaction Scale/mmol | Yield % | Entry | Reaction Scale/mmol | Yield %

1 0.76 74%E | 4 2.6 619 10]
2 1.0 90 % | 5 43 379!
3 13 91 %[

Table 3.11: Synthesis of diazirine carboxycoumarin (3.2) via Tapia’s method. [a] Purified by
precipitation from ice water, [b] Purified by silica plug, [c] purified by column chromatography.

After synthesisng our desired diazirine carboxycoumarin (3.2) in gram quantities, our next
task was to couple diazirine carboxycoumarin (3.2) to the amino acids of interest to

complete the synthesis of our target probe molecule MCDTA (3.3).
3.2.6 Synthesis of Methoxy-coumarin Trifluoromethyl Diazirine D-Alanine (3.3)
(MCTDA) through Amide Bond Forming Chemistry

Finally, I wished to investigate the last step in the synthesis of the target molecule,
methoxy coumarin trifluoromethyl diazirine D-alanine (3.3) (MCTDA), via an amide
bond forming reaction between our previously isolated diazirine carboxycoumarin (3.2)
and 3-amino-D-alanine (3.6) (Figure 3.41).

Amide coupling

Figure 3.41: Planned synthesis of MCTDA via amide bond formation.
Our initial attempts focused on the conversion of diazirine carboxycoumarin (3.2) into
the corresponding NHS ester, as a suitable coupling partner for 3-amino-D-alanine.
Unfortunately test reactions, involving both the model substrate coumarin (3.39)

(prepared previously) and diazirine carboxycoumarin (3.2) failed to provide clean
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conversion to the corresponding NHS esters with the use of HATU or CDI as coupling
agents. Next, direct coupling reactions was attempted between diazirine carboxycoumarin
(3.2) and 3-amino-D-alanine (3.6) using HATU, however only complex product mixtures

were observed.
3.2.6.1 Synthesis of Methoxy-coumarin Trifluoromethyl Diazirine D-Alanine (3.3)
(MCTDA) through CDI Coupling with 3-Amino-D-Alanine (3.6)

Next CDI was investigated as an amide coupling reagent for the functionalisation of
coumarins. Therefore, coumarin (3.39), as a model system, was activated with CDI in DMF
for 2 h at rt, followed by overnight reaction with glycine methyl ester (3.42). After work
up and column chromatography, coumarin glycinate methyl ester (3.43) was isolated in 92
% yield (Figure 3.42).

o
i)
//\N
ii) O
(3.39) HzN o (3 43)
(3.42)
rt, 19 h

92%

Figure 3.42: Synthesis of coumarin glycinate methyl ester (3.43).
As our test CDI coupling reaction had proven successful, next diazirine carboxycoumarin
(3.2) was activated with CDI under the previous conditions, followed by reaction with 3-
amino-D-alanine (3.6) (Figure 3.43).

rt,2h

Figure 4.43: Planned synthetic route to investigate the CDI amide coupling between diazirine
carboxycoumarin (3.2) and 3-amino-p-alanine (3.6).
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Following work up the *H NMR spectrum of the crude reaction mixture showed the
presence of several products and as such was further analysed by LC-MS (Lina Mardiana,
Newcastle). Alongside unreacted starting material (22.9 min; m/z = 351.0223), a major
(17.8 min; m/z = 415.0892) and minor peak (24.9 min; m/z = 415.0849) corresponding to
two regioisomeric methoxy coumarin trifluoromethyl diazirine D-alanines (3.3) and (3.44),
along with a further peak (27.9 min; m/z = 725.1055) corresponding to a 2:1 diazirine

carboxycoumarin/3-amino-D-alanine adduct (3.45) (Figure 3.44).

Calculated [M+H]* = 415.0860 m/z  ~

(3.3)
N
FaC /) O HyN
N
-
H 0
o o HO
Calculated [M+H]* = 415.0860 m/z Calculated [M+H]* = 725.1061 m/z
(3.44) (3.45)

Figure 3.44: Products arising from the CDI coupling between diazirine carboxycoumarin (3.2)
and 3-amino-b-alanine (3.6).

Due to the complex product mixture observed from CDI couplings with the bi-functional
3-amino-D-alanine (3.6), next it was decided to examine suitably protected versions of our

amino acid to help to control the regioselectivity of this reaction.
3.2.6.2 Synthesis of Coumarin-D-alanine (3.48) through CDI Coupling with a-Boc
Protected 3-Amino-D-Alanine (3.47) and Boc Deprotection

Next it was planned to test the CDI coupling of a-Boc protected 3-amino-D-alanine
(3.47) with our model compound coumarin (3.39). Thus, coumarin (3.39) was activated
with CDI and reacted with a-Boc protected 3-amino-D-alanine (3.47) under the previous
reaction conditions. Following work up and column chromatography (buffered with
0.01% triethylamine) the desired coumarin-a-N-Boc-D-alanine (3.46) was isolated in a 19
% yield, assigned as the triethyl ammonium salt by integration analysis of the *H NMR

spectrum (Figure 3.45).
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i) CDI, DMF, L J
t, 2 h Te @N
X OH ' X (0] I\
o X0 ii) N-a-Boc-3-amino-D-alanine o H O7<

rt, 19 h
3.39 3.46
(3.39) (0% “ean

Figure 3.45: Synthesis of coumarin-a-N-Boc-p-alanine (3.46) via CDI coupling.
To confirm the molecular structure of coumarin-a-N-Boc-D-alanine (3.46), crystals were
grown by slow evaporation of chloroform solution and a suitable crystal was subjected to
X-ray diffraction analysis. Interestingly the crystal contained the free acid form of
coumarin-a-N-Boc-D-alanine (3.46), possibly due to loss of trimethylamine during the

crystallisation under slow evaporation conditions (Figure 3.46).

Figure 3.46: X-ray crystal structure of coumarin-a-N-Boc-D-alanine (3.46).

Next the removal of the Boc protecting group of coumarin-a-N-Boc-D-alanine (3.46) was
examined, through treatment with TFA in DCM (1:1) for 30 min at rt. After work up and
purification by reverse phase column chromatography (Biotage; C18 column, gradient
elution in H,O/MeCN) coumarin-D-alanine (3.48) was obtained in 37 % yield as the
triethyl ammonium salt by integration analysis of the *H NMR spectra (Figure 3.47).
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Figure 3.47: Synthesis of coumarin-D-alanine (3.48) via acid-mediated Boc deprotection.

The structure of our isolated amide (3.48) was confirmed by analysis of *H NMR spectrum
(D20 solvent), supported by COSY and HSQC experiments, showing the disappearance of
the Boc group and the retention of two geminal coupled diastereotopic protons (H-2a/H-
2b) at 3.96 (dd, J = 14.8, 4.5 Hz, 1H), and 3.88 (dd, J = 14.8, 6.3 Hz, 1H) (Figure 3.48).

Ji
Y
2 2b 4 _ N\
A — =HsQC
0 HyH 0 H —~ Cozv
Jz( 7 O N -
N NS 7y, O &N Ji 148Hz
"”1" NH, J, 63Hz
o "0 J3  45Hz
(3.48) ) ’

Figure 3.48: NMR analysis of coumarin D-alanine (3.48).
Following a successful two step CDI coupling/Boc deprotection to make coumarin D-

alanine (3.48) | decided to use this chemistry in the synthesis of our target molecule
MCTDA (3.3).
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3.2.6.3 Synthesis of Methoxy-coumarin Trifluoromethyl Diazirine D-Alanine (3.3)
(MCTDA) through CDI Coupling with a-Boc Protected 3-Amino-D-Alanine (3.47)
and Boc Deprotection

Thus, in order to access methoxy coumarin trifluoromethyl diazirine D-alanine (3.3)
(MCTDA) via a two step CDI coupling/Boc protection approach, first diazirine
carboxycoumarin (3.2) was activated with CDI in DMF, followed reaction with a-Boc
protected 3-amino-D-alanine (3.47) under the previous reaction conditions. Following
work up, analysis of the crude reaction mixture by LC-MS analysis which showed a major
peak with m/z = 515.1429 corresponding to diazirine coumarin-a-N-Boc-D-alanine (3.49)
[Calculated: C21H22F3N4Og [M+H]*: 515.1390].

Therefore, in our next step the Boc group of diazirine coumarin-a-N-Boc-D-alanine (3.49)
was deprotected through treatment of the crude reaction material from the CDI coupling
with TFA in CH2Cl, (1:1) for 30 min at rt. Following work up and purification by reverse
phase chromatography (Biotage; C18 column; gradient elution in HoO/MeCN, 0.1 % FA)
three separate fractions were identified which correlated closely with the desired product
by *H NMR spectroscopy, this may be due to the formation of both the trifluoroacetate and
formate salts alongside the free base of methoxy coumarin trifluoromethyl diazirine D-
alanine (3.3) (MCTDA). The most promising fraction was therefore redissolved in
methanol-d4 containing added TFA for further analysis as the trifluoroacetate salt, with *H
and *C NMR spectroscopic analysis showed this to be the desired trifluoroacetate salt of
MCTDA (3.3). The *H NMR spectrum showed a key signal at 4.32 (dd, J = 6.6, 4.0 Hz,
1H), suggesting an a-proton coupled to two inequivalent protons. Furthermore, two signals
at 4.11 (dd, J = 14.6, 4.0 Hz, 1H) and 3.94 (dd, J = 14.6, 6.7 Hz, 1H) were observed
suggesting two diastereotopic protons coupled to the a-proton at 4.32 ppm (Figure 3.48A).
Furthermore, the *H NMR spectrum showed two aromatic protons at 7.44 (d, J = 2.4 Hz,
1H), and 7.22 (d, J = 2.4 Hz, 1H), suggesting an aromatic system with 1,3 substitution.
And the 'H NMR spectrum showed a signal at 9.40 (s, 1H) which could be associated with

an aromatic proton within an a-f unsaturated environment.
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Figure 3.48A: *H NMR spectrum of MCTDA (3.3).

Finally, the presence of MCTDA (3.3) being supported by mass spectrometry, showing the
expected molecular ion [M+H]" = 415.0338 m/z (Figure 3.49).

i) CDI, DMF, rt, 2 h

i) it, 19 h
o)
H,N" " SOH
HN._O
3.47
an TN o
iiiy TFA/DCM (1:1)
rt, 30 min ©
5% (3-3) CF;CO;

[a]??p: +25.6

Figure 3.49: Synthesis of methoxy-coumarin trifluoromethyl diazirine-p-alanine (MCTDA).
The optical activity of MCTDA (3.3) was measured after recovery from methanol-d4/TFA
in methanol (13 mg /2.6 mL) at 22 °C to give [a]*%0: +25.6 ( 0.5, MeOH).

3.2.6.4 Synthesis of Methoxy-coumarin Trifluoromethyl Diazirine L-Alanine (3.4)
(MCTLA) through CDI Coupling with a-Boc Protected 3-Amino-D-Alanine (3.47)
and Boc Deprotection

Following the synthesis of our desired photoactivatable probe MCTDA (3.3), we next
wished to synthesise its enantiomer the L-isomer MCTLA (3.4) to provide a control
compound for later biological experiments. Thus, following a modification of our previous

procedure, we activated diazirine carboxycoumarin (3.2) with CDI (1.5 eq.) followed by
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reaction with N-a-Boc-3-amino-L-alanine (3.47) (1.5 eq.) for 19 h at rt. Following work
up, the obtained crude reaction material was reacted with TFA in CH.Cl, for 30 min at rt,
concentrated and purified by reverse phase chromatography (Biotage; C18 column;
gradient elution in HO/MeCN, 0.1 % FA). Analysis of the fractions by H NMR
spectroscopy in methanol-d4/TFA allowed the identification of the desired product
MCTLA (3.4) as a trifluoroacetate salt, obtained in 20 % yield from the reaction (Figure
3.50).

i) CDI, DMF, rt, 2 h

iiyrt, 19 h
o
o N HzN/\y)J\OH ta 11
3 HN_ _O 0 H
@4 T N 32
OH H STH OH
~o oo iii) TFA/DCM (1:1) @NHs
(3.2) rt, 30 min (3.4) CF3CO,
20% [a]?2p: -10.8

Figure 3.50: Synthesis of methoxy coumarin trifluoromethyl diazirine-L-alanine (MCTLA).

The optical activity of MCTLA (3.4) was measured after recovery from methanol-d4/TFA
in methanol (13 mg / 2.6 mL) at 22 °C to give [a]*’p: -10.8 (c 0.5, MeOH), showing the
opposite sign to that observed for MCTDA (3.3). Note that there is a significant difference
in the magnitude of [0]?’p values for MCTDA (+25.6) and MCTLA (-10.8), this maybe
due to the prescence of small quantities of optically active impurities in the samples. Future

work will involve verification of the enantiopurity by chiral HPLC.

3.3 Conclusion

The aim of this chapter was the synthesis of the fluorescent and photoactivatable amino
acid, methoxy coumarin trifluoromethyl diazirine D-alanine (3.3) (MCTDA) and methoxy
coumarin trifluoromethyl diazirine L-alanine (3.4) (MCTLA) as probes for the bacterial
cell wall biosynthesis. A 10 step linear synthesis of MCTDA/MCTLA with overall yields

of 2 % and 6 % respectively have been successfully developed (Figure 3.51).
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Although only a few 10’s of milligrams of both MCTDA (3.3) and MCTLA (3.4) were
prepared, however, this was sufficient to move forward to explore the enzymatic (LdtD)
incorporation of these molecular probes into the bacterial cell wall (PG) of E. coli as

described in the next chapter.
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Figure 3.51: Synthesis of MCTDA (3.3) and MCTLA (3.4) starting from 3,5-dimethoxybenzoyl
chloride (3.26).
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Chapter 4. Incorporation of Methoxy Coumarin Trifluoromethyl
Diazirine D-alanine into the peptidoglycan of E. coli by LdtD Enzyme

4.1 Introduction

In our previous chapter a key fluorescent photoactivatable D-amino acid (3.3), methoxy
coumarin trifluoromethyl diazirine D-alanine (MCTDA) was successfully synthesised in
10 synthetic steps. In this chapter the plan is to incorporate this MCTDA probe (3.3) into
E. coli peptidoglycan (PG) in vitro as a model system for future incorporation into live

bacteria (Figure 4.1).

(3.3)

Figure 4.1: Methoxy coumarin trifluoromethyl diazirine p-alanine (MCTDA) (3.3).

In order to incorporate MCTDA into PG we plan to use a purified L,D-transpeptidase
(Tpase) enzyme (LdtD), which is involved in the biosynthesis of PG including the
exchange of terminal amino acids of the muropeptide subunit. Previous work'? by
VanNieuwenhze and Vollmer has shown that LdtD is a promiscuous enzyme which can
accept many different amino acids including synthetic amino acid mimics, and can
incorporate these synthetic amino acids into the muropeptide subunits. Thus our first
challenge is to determine if LdtD will accept our photoactivatable probe (MCTDA) as a
substrate and thus promote exchange of the native terminal amino acid (D-ala) with
MCTDA for either the Tetra muropeptide or the Tetra-Tetra(4-3) muropeptide of the PG
(Figure 4.2).
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Figure 4.2: Planned in vitro enzymatic incorporation of MCTDA into PG by LdtD.

Therefore, the incorporation of our methoxy coumarin trifluoromethyl diazirine D-alanine
probe (3.3) (MCTDA) into E. coli PG in the presence of LdtD was investigated first.

It should be noted that the enzymatic incorporation experiments (MP/LdtD/MCDTA) and
associated analytical and semi-preparative HPLC discussed in this chapter were carried out
in close collaboration with Matthais Winkle (Centre of Bacterial Cell Biology, Institute for
Cell and Molecular Biosciences, Newcastle University). In addition, the LC-MS/MS
experiments discussed in this chapter were carried out by Dr Joe Gray (Pinnacle

Laboratories, Institute for Cell and Molecular Biosciences, Newcastle University).
4.2 Examination of the Incorporation of MCTDA into Isolated E. coli PG by LdtD

Herein, | planned to test the enzyme-mediated incorporation of our methoxy coumarin
trifluoromethyl diazirine D-alanine probe (3.3) (MCTDA) into isolated PG from E. coli
(A6PG). In addition, I will also examine the incorporation of our previously synthesised
methoxy coumarin trifluoromethyl diazirine L-alanine probe (3.4) (MCTLA) by LdtD, as
a potential negative control, and the incorporation of glycine (4.1) as a further positive
control (Figure 4.3).
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Figure 4.3: Molecular structures of MCTDA (3.3), MCTLA (3.4) and glycine (4.1).

Therefore, the incorporation of MCTDA (3.3) into the isolated PG (E. coli A6PG) was
tested with LdtD. Our PG incorporation experiment involved the incubation of 5 pL of
MCTDA (100 mM in DMSQO) with 4.1 pL of LdtD (24.2 uM in aqueous buffer) and 4.1
pL of a buffer solution containing approximately 100 pg of PG (E. coli A6PG). The
resulting mixture was incubated for 3 h at 37 °C, and then heated for 10 min at 100 °C to

inactivate LdtD and to stop the experiment.

In order to facilitate subsequent HPLC analysis the modified PG must be digested into its
constituent muropeptides. Thus, the glycan backbone was cleaved through incubation with
50 pL cellosyl buffer (muramidase also called N-acetyl-f-D-muramidase, final
concentration 20 pg/ml in 20 mM sodium phosphate buffer, 0.02 % sodium azide)
overnight at 37°C, heated for 10 min (100 °C) and centrifuged to remove precipitated
denatured cellosyl. The resulting modified muropeptides were reduced with sodium
borohydride in order to reduce the open chain form of N-acetylmuramic acid (NAM), and
thus simplify later HPLC analysis. The excess sodium borohydride was then quenched with
orthophosphoric acid and samples were submitted to HPLC analysis (Figure 4.4).345
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Figure 4.4: NaBH, reduction of the tetra muropeptide, a subunit of PG.
This enzymatic incorporation procedure was repeated with both MCTLA, as a negative
control, and glycine, as a positive control, to check the specificity and activity of LdtD
respectively. Further negative controls were prepared by the incubation of isolated PG (E.
coli A6PG), MCTLA or MCTDA as individual components with buffer (HEPES, NaCl,
TX-100), and isolated PG (E. coli A6PG) with LdtD and buffer. It should be noted that in
control experiments containing no probe, 5 pL of DMSO was included to maintain the

solvent mixture.

Analysis of the LtdD incorporation experiments was undertaken using the standard HPLC
method developed by Glauner et al..> HPLC analysis of native PG (E. coli A6PG) showed
the presence of the expected Tetra and Tetra-Tetra (3-4) muropeptides at 27 and 42 min
respectively (Figure 4.5,a).* PG, following treatment with LdtD, showed a decrease Tetra
(27 min) and a new peak at 38 min corresponding to a cross-linked product of LdtD, Tetra-
Tri (3-3) (Figure 4.5,b). Furthermore PG, with LdtD and glycine, showed two new signals
at 22 and 42 min, corresponding to Tetra-glycine (Tetra Gly4) and Tetra-Tri-glycine
(Tetra-Tri (3-3)) Gly4) respectively. This confirmed that the LdtD | had used in our
experiments was capable of forming cross-linking products and of swapping the terminal

D-ala of Tetra for added glycine (Figure 4.5, g).
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In our attempted probe incorporation experiments, the HPLC chromatogram of PG with
LdtD and MCTDA appeared very similar to that of PG with LdtD, suggesting that no
significant incorporation of MCTDA had occurred in this experiment (Figure 4.5, c). In
additional control experiments neither MCTDA (3.3) or MCTLA (3.4) as a single
component could not be observed in the HPLC, suggesting that the HPLC method was not
suitable for the analysis of MCTDA/MCTLA (Figure 4.5d, 4.5f). Furthermore PG, with
LdtD and MCTDA, also showed no significant changes verses PG with LdtD, showing no

incorporation.
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Figure 4.5: HPLC results of LtdD mediated incorporation experiments on PG isolated from E.
coli. (a) PG only. (b) PG and LdtD. (c) PG, LdtD and 10 mM of MCTDA. (d) MCTDA only. (e)
PG, LdtD and 10 mM of MCTLA. (f) MCTLA only. (g) PG, LdtD and 10 mM of glycine.
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In conclusion our probe incorporation experiments have failed to show any uptake of either
MCTDA or MCTLA. Assuming that LdtD is capable of accepting MCTDA as a substrate,
the lack of incorporation of the probe is likely due to a number of experimental factors.
These could include:

(1) PG (E. coli A6PG). The poor solubility and highly complex nature of native PG from E.
coli A6PG is likely to complicate both probe incorporation and subsequent sample
processing and HPLC analysis, thus for future experiments an isolated muropeptide (E.
coli A6PG) will be used.

(i) Probe concentration (10 mM final concentration in incorporation experiment). During
our initial incorporation experiments we observed precipitation of MCTDA and MCTLA
probes. Therefore, for future experiments we will employ lower concentrations following

solubility testing in appropriate buffer solutions.

(iii) Thermal degradation of MCTDA/MCTLA. Due to the presence of a sensitive diazirine
functional group in our probes, we were concerned that the chemical decomposition may
have occurred during either the incubation (37 °C/3 h) or enzyme inactivation (100 °C/10
min x2) steps. Therefore, we planned to test the thermal stability of MCTDA/ MCTLA

under these conditions.

(iv) HPLC conditions. The HPLC conditions used are design for standard muropeptide
analysis, however MCTDA/MCTLA labelled muropetpides are likely to be significantly

more lipophilic and thus may require extended HPLC run times.
4.3 Optimisation of MCTDA/MCTLA Probe Incorporation Conditions

Therefore, next we worked to examine conditions for the MCTDA/MCTLA probe

incorporation in order to eliminate potential experimental problems.
4.3.1 Initial Testing of Maximum MCTDA/MCTLA Probe Concentration

Therefore, the solubilities of MCTDA and MCTLA in three different buffer solutions were
tested, all of which could be employed in LdtD probe incorporation experiments (HEPES,
TRIS and sodium phosphate buffer), to set maximum concentration limits for future

experiments.
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Solubility tests involved the preparation of solutions containing MCTDA or MCTLA (1
mM), NaCl (100 mM), TX-100 (0.05 %), and either HEPES (20 mM), Tris (20 mM) or
sodium phosphate (20 mM) buffers.

Significant precipitation was observed for solutions based on Tris buffer containing 1 mM
MCTDA or MCTLA. In the case of solutions containing HEPES or sodium phosphate
buffer some precipitation was also observed, suggesting that the probes (MCTDA or
MCTLA) were near their solubility limit under these conditions. Therefore it can be
concluded that HEPES and sodium phosphate buffer (SPB) would be our buffers of choice
and that 1 mM would be the maximum concentration possible for MCTDA and MCTLA

in future experiments.
4.3.2 Thermal Stability of MCTDA/MCTLA Probes in Solution

As discussed above the potential thermal instability of the MCTDA and MCTLA probes
during our incorporation experiments was a concerning matter. A typical experimental
approach for enzymatic incorporation of a probe into PG/muropeptides by LdtD involves
incubation at 37 °C for 3 h, followed by enzyme inactivation for 10 minutes at 100 °C.
Thus, I next planned to evaluate the thermal stability of the MCTDA and MCTLA under
comparable conditions.

To maximize the lifetime of MCTDA/MCTLA in solution, it was decided that for further
LdtD incorporation experiments the incubation times would be reduced to 1 hour and
enzyme inactivation to 3 minutes. Therefore, the stability of our probes were tested under
these new proposed conditions.

Thus, solutions of MCTDA or MCTLA dissolved in HEPES, TRIS and sodium phosphate
buffer (SPB) buffers (prepared as previously), were incubated for 1 h at 37 °C, heated to
100 °C for 3 min and centrifuged (10 min). The resulting supernatants analysed by reverse
phase TLC against reference samples of MCTDA and MCTLA. Pleasingly, no significant
degradation of MCTDA or MCTLA could be observed under the conditions tested (Figure
4.6)
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Figure 4.6: RP TLC (MeCN : H,O (1:1)): (L) MCTLA in DMSO; (D) MCTDA in DMSO; (D
HEPES) MCTDA incubated with HEPES; (D Tris) MCTDA incubated with Tris; (D SPB)
MCTDA incubated with SPB; (L HEPES) MCTLA incubated with HEPES, (L Tris) MCTLA
incubated with Tris, (L SPB) MCTLA incubated with SPB.

4.4 Incorporation of MCTDA into E. coli Muropeptide by LdtD

In our next experiments | planned to examine the incorporation of MCTDA into isolated
muropeptide (E. coli A6PG) in different buffer systems. Due to their improved solubility
and simplified HPLC analysis, it was decided to use isolated muropeptide in place of PG.
I chose to evaluate both HEPES and sodium phosphate buffers, to restrict concentration of
probe employed to 0.5 mM in order to maintain solubility, and to limit the incubation time
to 1 h at 37 °C and LdtD inactivation to 3 min at 100 °C in order to prevent probe

degradation.

4.4.1 Examination of the Incorporation of MCTDA into E. coli Muropeptide via LdtD
in HEPES Buffer

First, the incorporation of MCTDA (3.3) into isolated muropeptide (E. coli 6APG) by LdtD
in HEPES buffer was investigated.

Therefore MCTDA was incubated with LdtD and muropeptide (E. coli 6APG) in HEPES
buffer for 1 h at 37 °C. Following which LdtD was inactivated by heating for 3 min at 100
°C. The resulting modified muropeptides were then reduced with sodium borohydride as
before, in order to reduce the open chain form of N-acetylmuramic acid (NAM) and
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simplify the HPLC analysis. The obtained supernatant was treated with 20% formic acid
and submitted for HPLC analysis. In parallel, a negative control experiment using MCTLA
(3.3) (0.5 mM as a final concentration) with LdtD and muropeptide was undertaken under
the same conditions.

In previous HPLC analysis, using the method of Glauner et al., (buffer A: 50 mM sodium
phosphate buffer and 10 mM NaNs in H20 and buffer B: methanol : 75 mM sodium
phosphate buffer (15 : 85)) designed for muropeptides purification, there were no observed
peaks associated to our probe molecules in the corresponding control experiments.®> This
may be due to the lipophilic nature of the probes, thus based on preliminary RP TLC results,
we decided to change the HPLC method used to one in which a higher organic solvent

percentage was employed at the end of the method.

HPLC analysis of the enzymatic incorporation of MCTDA/MCTLA into muropeptide, via
LdtD followed by sodium borohydride reduction of the resulting reaction material, shows
several peaks attributable to the muropeptides along with a number of new peaks. In both
the MCTDA and MCTLA experiments | assigned the three peaks at 24, 27 and 28 min to
the Tetra, Tetra-Tri (3-3) and Tetra-Tetra (3-4) muropeptide subunits, based on their order
of elution. It should be noted that the Tetra-Tri (3-3) results from crosslinking two Tetra
monomers by the LdtD enzyme, confirming that the LdtD is active in these experiments.
Interestingly in the case of MCTDA, two new split peaks were observed at 45 and 48 min,
it is possible that these peaks correspond to modified muropeptide-MCTDA adducts. In
addition, another peak was observed at 55 min, for which a corresponding peak can also
observed in the MCTLA control reaction, which we have therefore assigned as unreacted
probe. Thus, our new HPLC method appears to allow observation of the lipophilic probe

molecules.

It should also be noted that two new peaks at 43 and 44 min could be observed in the
experiment with MCTLA. These may correspond to modified muropeptide-MCTLA
adducts or unincorporated probe molecules which have undergone other reaction
chemistry, such as reduction with sodium borohydride (Figure 4.7).
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Figure 4.7: Overlay of HPLC results of NaBH, reduced reaction samples resulted after an
enzymatic incorporation of MCTDA into E. coli muropeptide via LdtD (a) 0.5 mM MCTDA,
LdtD, muropeptide (b) negative control of 0.5 mM MCTLA, LdtD, muropeptide. Samples were
reduced with sodium borohydride before HPLC analysis.

In conclusion, our enzymatic incorporation experiment of MCTDA into E. coli
muropeptide showed some promising HPLC results, since new peaks were observed not
related to the native E. coli muropeptides (Tetra, Tetra-Tetra (3-4)), or simple LdtD derived
muropeptide cross-linking products (Tetra-Tri (3-3)). However, the observation of splitting
in these new peaks was concerning. | postulated that this might arise due to the formation

of diastereomeric muropeptide-MCTDA adducts resulting from sodium borohydride
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reduction of the probe moiety. Therefore, the next step was to examine the effect of sodium
borohydride reduction on the products of the LdtD incorporation of MCTDA/MCTLA into

muropeptides.
4.4.2 Examination of the Incorporation of MCTDA into E. coli Muropeptide via LdtD
in HEPES Buffer without NaBH4 Reduction

Therefore, we planned to repeat our previous MCTDA/MCTLA enzymatic incorporation
experiment but without subjecting our obtained reaction mixture to sodium borohydride
reduction, which is usually applied before HPLC analysis.

Thus, as before, the enzymatic incorporation experiment of both MCTDA/MCTLA into
muropeptide were repeated in the presence of LdtD and HEPES (NaCl, TX-100), along
with control experiments containing probe only. After incubation of the reaction mixture
for 1 h at 37 °C, the sample was heated at 100 °C for 3 min, centrifuged and the reaction

mixture treated with 20 % formic acid and submitted for HPLC analysis.

HPLC analysis of the non-reduced reaction material for both the MCTDA and MCTLA
experiments showed the muropeptide subunits Tetra, Tetra-Tri (3-3), and Tetra-Tetra (3-
4) at 26, 28, and 29 min respectively as before. Similar to our previous experiments, There
was an observed peak at 57 min in the probes only and the MCTDA/MCTLA incorporation
experiments which can be assigned to the unreacted probes (MCTDA/MCTLA).
Excitingly, in the incorporation experiments with MCTDA | also observed two new peaks
at 53 and 55 min, which were not present in the corresponding MCTLA experiment. |
proposed that these new peaks might correspond to new muropeptide-MCTDA adducts
formed by the action of LdtD (Figure 4.8, a).
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Based on our incorporation experiments with MCTDA/MCTLA into muropeptide, it
appears that MCTDA is accepted as a substrate by the LdtD enzyme resulting in the
formation of muropeptide-MCTDA adducts. However, the formation of muropeptide-

MCTDA adducts will require further confirmation by mass spectrometry.
4.4.3 Examination of the Incorporation of MCTDA into E. coli Muropeptide via LdtD
in Sodium Phosphate Buffer

Next, in order to extend the scope of the reaction conditions the incorporation of
MCTDA/MCTLA into isolated muropeptide (E. coli 6APG) by LdtD was investigated in
the presence of sodium phosphate buffer in place of HEPES. For consistency with the

literature, it was also decided to retain the NaBH4 reduction step at this stage.

Therefore, the enzymatic incorporation experiment of both MCTDA/MCTLA into
muropeptide was repeated as previously, in presence of LdtD and sodium phosphate buffer
(NaCl, TX-100), along with control experiments including: probe (MCTDA/MCTLA)
only, muropeptide only, muropeptide with LdtD, muropeptide with MCTDA/MCTLA but
no LdtD. After incubation of each reaction mixture for 1 h at 37 °C, the samples were
heated at 100 °C for 3 min, centrifuged, reduced with NaBHa, centrifuged again and the
resulting supernatants were treated with 20 % formic acid and submitted for HPLC
analysis. The HPLC conditions were slightly modified to extend the elution time,
particularly during the end of the run with high organic solvent content, to allow

observation of nonpolar molecules related to our probes

Control experiments with muropeptide only, showed the expected peaks corresponding to
the Tetra (27 min) and Tetra-Tetra (3-4) (32 min) muropeptide subunits (Figure 4.9, a).
Muropeptide and LdtD only, showed the presence of the cross-linked product Tetra-Tri (3-
3) (31 min) showing that LdtD was active (Figure 4.9, b). Experiments containing probe
only, either MCTDA or MCTLA, both gave two split peaks (minor, 53 and 54 min and
major, 67 and 68 min) and a further single peak (84 min). | suggest that these peaks are
related directly to the probes themselves, the peak at 84 min corresponding to the

chemically unchanged probes, whilst the split peaks may be due to diastereoisomers arising
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from NaBHs reduction (Figure 4.9, c, f). Our final control experiments, containing
muropeptide and probe but no LdtD, showed only Tetra and Tetra-Tetra (3-4) muropeptide
subunits (27 and 32 min), alongside native probes (84 min) and reduced probes (53, 54 min
and 67, 68 min). This suggests that no incorporation of the probes occurs in the absence of
LdtD (Figure 4.9, e, h).

HLPC analysis of the muropeptide incorporation experiments with MCTDA/MCTLA,
muropeptide and LdtD, showed a number of new peaks in the presence of MCTDA but not
with MCTLA. These new split peaks, observed in the MCTDA incorporation experiment
at 49 and 50, 60 and 61, 64 and 65 min, are likely due to the formation of new muropeptide
subunits which have been labelled with MCTDA by action of LdtD. The lack of
corresponding peaks in the MCTLA experiments suggests that LdtD is selective for the D-
form of our probe molecules, as a mimic for the native D-amino acid substrates.
Interestingly, in this muropeptide incorporation experiment with MCTDA, there was also
an observed decrease in intensity of the peak corresponding to the cross-linked
muropeptide Tetra-Tri (3-3), verses muropeptide and LdtD only control. This suggests that
MCTDA may be in competition with the native substrates of the LdtD enzyme, reducing

the rate of Tetra to Tetra-Tri (3-3) conversion (Figure 4.9, d).
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Figure 4.9: HPLC chromatograms proposed the formation of muropeptide-MCTDA adducts after
MCTDA incubation with muropeptides isolated from E. coli and in presence of LdtD. All
samples were reduced with sodium borohydride before HPLC analysis.
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In conclusion, muropeptide incorporation experiments of MCTDA with LdtD in sodium
phosphate has shown the formation of several postulated muropeptide-MCTDA adducts.
Our next challenge being to establish the molecular structure of these molecules to
understand both the biochemistry of incorporation of MCTDA into the muropeptide and

the chemical impact of the use of NaBH4 on the probes.
4.5 Isolation and Characterisation of Muropeptide-MCTDA Products

In order to determine the molecular structures of our postulated muropeptide-MCTDA
adducts, formed through the LdtD mediated incorporation of MCTDA into muropeptide,
our next challenge was to isolate postulated muropeptide-MCTDA adducts in sufficient
quantities for LCMS analysis. To do this, it was first planned to repeat the previous
successful LdtD incorporation experiment of MCTDA into muropeptide, in sodium

phosphate buffer and with reduction with NaBHa.
4.5.1 Incorporation of MCTDA into E. coli Muropeptide, via LdtD in Sodium
Phosphate Buffer with Reduction, for LCMS Analysis

Therefore, the enzymatic incorporation of MCTDA into E. coli muropeptide was repeated
in presence of LdtD in sodium phosphate buffer with reduction, to confirm our previous
observations and to provide an analytic HPLC reference for subsequent semi-preparative
HPLC. Following the previous incorporation protocol, two experiments were carried out.
MCTDA was incubated with LdtD and E. coli muropeptide, alongside a control experiment
involving MCTDA with muropeptide but without LdtD. After 1 h incubation at 37 °C and
heating for 3 min at 100 °C, both experiments underwent NaBH4 reduction, and the
obtained reaction mixtures were subjected to analytical HPLC analysis, using the previous
HPLC conditions.

HPLC analysis of the MCTDA incorporation into muropeptide via LdtD showed the
expected three new split peaks as before (49 and 50 min, 60 and 61 min, 64 and 65 min)
which | believe correspond to muropeptide-MCTDA adducts. In addition, three new peaks
were also observed in both the incorporation and the control experiment, two split peaks at

53 and 54 min and 67 and 68 min as well as a peak at 84 min. | postulate that these peaks
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are related to the unincorporated MCTDA probe, including reduced probe molecules

(Figure 4.10).
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Figure 4.10: Results of analytical HPLC, (A) MCTDA enzymatic incorporation into E. coli
muropeptide via LdtD in sodium phosphate buffer, (B) control experiment of MCTDA and
muropeptide only. Both experiment reaction mixtures were reduced with sodium borohydride
before HPLC analysis.
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Since the analytical HPLC has shown that the peaks associated with both potential
muropeptide-MCTDA adducts and with unincorporated MCTDA were separable, the
enzymatic incorporation of MCTDA into E. coli muropeptide was repeated to allow

isolation of these molecules via semi-preparative HPLC.

MCTDA incorporation experiment into muropeptide via LdtD was repeated as previously
and then subjected to semi-preparative HPLC, using our previous HPLC conditions.
Alongside the expected Tetra, Tetra-Tri (3-3), Tetra-Tetra (3-4) peaks, semi-preparative
HPLC analysis of the MCTDA incorporation into muropeptide via LdtD showed the three
new split peaks as before, at 49 and 50 min, 60 and 61 min, 64 and 65 min corresponding
to potential muropeptide-MCTDA adducts. In addition, a major split peak at 67 and 68
min, corresponding to a potential unincorporated reduced MCTDA by-product, was also
observed. The aforementioned four split peaks, corresponding to postulated muropeptide-
MCTDA adducts and unincorporated reduced MCTDA by-products, were all collected
from the semi-preparative HPLC experiment, were then dried by lyophilisation and
submitted for LC-MS/MS (ESI-ITMS) analysis (Figure 4.11).
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4.5.2 LC-MS/MS Analysis of Muropeptide-MCTDA Adducts via LdtD Incorporation
into Muropeptide with Reduction

In this section the LC-MS/MS analysis of each of the eight peaks (four split peaks) isolated
by semi-preparative HPLC from the LdtD incorporation of MCTDA into muropeptide will
be discussed. | anticipated that the four isolated split peaks maybe closely related
molecules, therefore the data will be analysed in four groups based on similar retention
times (Band A (49, 50 min); Band B (60, 61 min); Band C (64, 65 min); and Band D (67,
68 min)). The following MS and MS/MS experiments were carried out on an ion trap,

therefore mass accuracy is +/- 0.3 Da.
4.5.2.1 Band D (67, 68 min)

First, 1 will discuss the LC-MS/MS analysis of band D products (67 and 68 min), which
had previously been assigned as arising from the probe molecule MCTDA. Each of the
samples corresponding to the 67 and 68 min peaks, were analysed independently by LC-
MS and in each case the major ion in the MS spectra was subjected to fragmentation to aid
in structural elucidation. The two samples corresponding to the 67 and 68 min peaks, gave
major peaks with 25.14 and 25.24 min retention times respectively by LC-MS, as measured
by the total ion chromatogram (TIC). For both peaks similar ions were observed at m/z =
840.4466, 420.9606 (67/25.14 min) and 840.3743, 420.9564 (68/25.24 min) which were
assigned as [M+H]" and [2M+H]*. Each major ion (420.9606, 67/25.14 min; 420.9564,
68/25.24 min) gave similar fragmentation ions with m/z = 393.1284, 376.1023 and
393.1098, 376.1330, corresponding to the loss of N2 and CO> respectively (Figure 4.12, a,
b).
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Figure 4.12: LC-MS/MS data of Band D products (67 and 68 min).
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From this, it can be concluded that the two original peaks at 67 and 68 minutes show the
same molecular masses (approx. 420 Da) and as such are likely correspond to two
diastereomeric molecules related to MCTDA. In addition, the fragmentation mass
spectrometry shows the loss of N2, suggesting that the diazirine ring has remained intact
and the loss of CO», suggesting a carboxylic acid. Since the molecular weight of MCTDA
is 414 Da | postulated that the observed peaks might be correlated to unincorporated
reduced MCTDA by-products, which contain an additional 6 hydrogen atoms resulting
from the NaBH3 reduction step.

The reduction of coumarins with sodium borohydride has been reported by Pitchumani et.
al., inwhich the ¢, f-unsaturated lactone (4.2) is reduced stepwise to give the corresponding
carboxylic acid (4.4) (addition of 2 hydrogen atoms and hydrolysis) and the diol (4.5)
(addition of 6 hydrogen atoms) (Figure 4.13).°

B — B —_—
0 0o 1.4-addition o Yo ocOeH OH “OH

(4.2) (4.3) (4.4) (4.5)

Figure 4.13: Pitchumani et al., reduction of coumarin with NaBH..

Therefore, it was decided to carry out a direct sodium borohydride reduction of MCTDA
under the reaction conditions, in an attempt to independently prepare a series of reduced

MCTDASs for comparative analysis.

Thus, a 850 uL solution containing MCTDA (40 mM), along with sodium phosphate (20
mM), NaCl (100 mM) and TX-100 (0.05 %) was treated with sodium borate buffer 50 pL
(0.5 M in H20) to adjust the pH of the solution to 9, then sodium borohydride ~ 65 mg was
added to the reaction mixture.

The reaction mixture was then stirred at room temperature for 20 min, after which formic
acid solution in acetonitrile (0.1%) was added to quench the remaining NaBHa. The
resulting sample was filtered (milipore HP filter, 45 um) purified via automated RP flash
chromatography (Biotage), and the peak at 16 min was collected and dried (5 mg). NMR
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spectroscopic analysis of 16 min product showed the presence of multiple compounds,

therefore the sample submitted for to LC-MS (ES-API) for high resolution mass analysis.

Analysis of the LC-MS spectra showed four peaks, the minor peaks at 9, 15 and 17 min
and a major peak at 11 min. The two minor peaks at 15 and 17 minutes were not assignable,

however the peaks at 9 and 11 minutes could be assigned as being associated with MCTDA

The MS spectra of the peak at 9 min showed two major ions 417.1 and 440.1 m/z. The mass
difference of 22 Da between these peaks allowed assignment as the corresponding [M+H]"
and [M+Na]" ions, suggesting a molecular weight for the parent molecule of 416.1 Da. The
molecular weight of MCTDA is 414.1 Da, thus the molecule at 9 minutes has gained 2 Da
corresponding to the addition of H>. Therefore, it was concluded that our observed peak at
9 min is a reduced form of MCTDA probe in which H> has been added across the «, /-
unsaturated lactone moiety of MCTDA to give the corresponding 2-chromanone (4.6)
(Figure 4.14, B).

The MS spectra of the major peak observed at 11 min, showed a major ion with m/z = 421.2
that was assigned as the [M+H]" ion, suggesting the presence of a parent compound with
a molecular weight of 420.2 Da. Since MCTDA has a molecular weight 414 Da, | propose
that the major peak at 11 min corresponds to a different reduced form of MCTDA in which
3 equivalents H have been added to the molecule via NaBHa. Following the previous work
of Pitchumani et. al., I postulate that this triply reduced form of MCTDA is a diol (4.7)
resulting from the stepwise exhaustive reduction of the a, f-unsaturated lactone moiety
(Figure 4.14, C).
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In conclusion, our test reaction of MCTDA (3.3) with sodium borohydride gave two main
products resulting from the complete reduction of the o, /-unsaturated lactone to the
corresponding diol (4.7), alongside the partial reduction of the a, f~unsaturated lactone to
give 2-chromanone (4.6). Despite the likely formation of diastereomers only single peaks
for the reduced forms of MCTDA, diol (4.7) and 2-chromanone (4.6), were observed in
comparison to the split peaks observed in previous LC-MS experiments. This is likely due
to improved separation in our previous analysis of MCTDA labelled muropeptide.

Thus, the LC-MS data obtained from MCTDA reduction with sodium borohydride test
reactions are consistent with our previous results associated with MCTDA enzymatic
incorporation into muropeptide (band D, 67 and 68 min). | therefore propose that the split
peak seen for the D products arise due to the presence of diastereomeric diols formed via
the reduction of unincorporated MCTDA (MCTDA(reduced)), With separation of the
diastereomers observed (Figure 4.15).

N N
FsC o FsC o
///(,?J\OH //,(?J\OH
o oM oH  NH: e OH OHH NH;
MCTDA requced) (R-S) MCTDA-red (R-R)

Figure 4.15: Molecular structures of band D products 67, and 68 min.

4.5.2.2 Band A (49, 50 min)

Two peaks from our LdtD incorporation of MCTDA into muropeptide, assigned as the
band A products (49, 50 min), had been previously isolated by semi-preparative HPLC and
subsequently analysed by LC-MS/MS. Unfortunately, LC-MS/MS analysis failed to
identify any molecules that could be assigned as associated with muropeptides, MCTDA
or muropeptide MCTDA adducts. This was in part due to the poor signal to noise ratio
observed, likely due to the low mass of sample isolated. Future assignment will require the
isolation of larger quantities of these band A products for further analysis.
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4.5.2.3 Band C (64, 65 min)

In order to determine the molecular structure of isolated band C products, each sample
associated with the 64 and 65 min peaks was individually analysed by LC-MS, including
MS/MS fragmentation.

LC separation of the isolated peaks at 64 and 65 mins gave corresponding peaks with
retention times at 23.63 and 23.80 min. MS of both peaks, 64/23.63 and 65/23.80 min,
showed similar ionisation patterns and subsequently similar MS/MS fragmentation spectra.
The MS spectra of both the 64/23.63 and 65/23.80 min peaks showed two major ions in
each case 1273.0881, 637.2282 m/z (64/23.63), and 1273.0937, 637.2696 m/z (65/23.80
min) (Figure 4.16, a, b).
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Figure 4.16: The LC-MS/MS spectrum of band C products. (a) 64 min product, first panel is
LC/TIC, second panel ESI (ITMS) MS, third panel ESI (ITMS) MS/MS. (b) 65 min product, first
panel is LC/TIC, second panel ESI (ITMS) MS, third panel ESI (ITMS) MS/MS.
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In order to assign the major ions for the band C products (1273.0881, 637.2282 m/z
(64/23.63 min); and 1273.0937, 637.2696 m/z (65/23.80 min)), their isotopic splitting
patterns was examined. For the two ions 1273.0881 m/z (64/23.63 min) and 1273.0937 m/z
(65/23.80 min), a standard separation of 1 m/z was observed in the isotopic splitting pattern,
suggesting these ions are singly charged species. Thus, the two ions 1273.0881 m/z
(64/23.63 min) and 1273.0937 m/z (65/23.80 min) was assigned as [M+H]", with
corresponding molecular weights of approximately 1272 Da. In the case of the two ions
637.2282 m/z (64/23.63 min) and 637.2696 m/z (65/23.80 min) the observed isotopic
spacing was approximately 0.5 m/z, suggesting these ions are doubly charged [M+2H]?*
species corresponding to the same molecular weight of approximately 1272 Da (Figure

4.17, a, b).
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Figure 4.17: Expansions of the LC-MS spectra of the band C 64/23.63 min peak showing the
isotopic splitting for the molecular ions at 1273.0881 and 637.2282 m/z.

MS/MS of the [M+2H]?" ions from both isolated peaks (637.2282, 64/23.63 min; 637.2696,
65/23.80 min) gave similar fragmentation patterns, 1070.1564, 1042.2289 m/z (64/23.63
min); and 1070.1107, 1042.2791 m/z (65/23.80 min), corresponding to singly protonated

fragments. Therefore, based on a 1272 Da mass of the parent compound, this corresponds
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to the loss of NAG (loss of 204 Da) and the loss of both NAG and N3 (loss of 204 and 28,
for a total loss of 232 Da) respectively.

Thus, | propose that the two isolated band C peaks at 64 and 65 minutes, have the same
molecular formula (mass ~ 1272 MW). In addition, the MS/MS shows both the loss of
NAG and N2, suggesting the presence of both the glycan (NAG and NAM) and the
MCTDA diazirine ring. Based on the molecular weight of the native muropeptide Tetra
(941 Da), the terminal D-Alanine fragment (88 Da) and the reduced MCTDA fragment
(419 Da) | propose that the observed peaks correlate to the muropeptide Tetra-
MCTDA (reduced) (CsoH75F3N10025, 1272.4857 Da, calculated [M+H]" = 1272.48 m/z,
[M+2H]?* = 637.2501 m/z). | further postulated that the two close running LC peaks,
64/23.63 min and 65/23.80 min, correspond to two diastereomeric muropeptide Tetra-
MCTDA (reduced) molecules (Figure 4.18).

B Chemical Formula . CSOH75F3N10025
o (o]
* ”/u,,(lkOH Exact mass 1 1272.4857 Da
N NH
N OH  "OH (K [M+H]* calculated : 1273.4930 m/z
2Ny, /1y, o
/g\/ NH OH [M+H]* observed :1273.0881 m/z
HO o
o /"'(go
NH [M+2H]?* calculated : 637.2501 m/z
\/go [M+2H]?* observed : 637.2282 m/z
NH
I\IIICTDA(,)
OH O 02‘( C  pap
o NH 1
HO 0. ° oH D-Glu
HO OH 1
NH L-ala
o:< OH
GM(r)

Figure 4.18: (A) Proposed molecular structure of band C products, muropeptide Tetra-
MCTDA (reduced), (B) Observed and calculated HRMS data, (C) Abbreviated structure of
muropeptide Tetra-MCTDA (educed).
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4.5.2.4 Band B (60, 61 min)

To elucidate the molecular structure of band B products (60, 61 min), isolated from the
LdtD incorporation of MCTDA into muropeptide, the two samples corresponding to the
60 and 61 min peaks were analysed independently by LC-MS. In each case the major ion
in the MS spectra was subjected to fragmentation to aid in structural elucidation.

The LC-MS/MS analysis of the two samples associated with band B products (60, 61 min)
showed two major peaks with retention times of 23.10 and 23.22 min respectively as
measured by the TIC. Both observed peaks showed very similar MS and MS/MS spectra
therefore | will consider them together. In the MS spectra, major ions were observed at
1098.7642 and 1063. 3375 m/z for the 60/23.10 min peak, and 1098.8127 and 1063.3905
m/z for the 61/23.22 min peak (Figure 4.19, a, b).
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Figure 4.19: The LC-MS/MS spectrum of band B products. (a) 60 min product, first panel is
LC/TIC, second panel ESI (ITMS) MS, third panel ESI (ITMS) MS/MS. (b) 61 min product, first
panel is LC/TIC, second panel ESI (ITMS) MS, third panel ESI (ITMS) MS/MS.
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In order to assist in the assignment of the LC-MS spectra for band B peaks, the isotopic
splitting pattern for all four major ions (1098.7642, 1063.3375 m/z, 60/23.10 min;
1098.8127, 1063.3905 m/z, 61/23.22 min) were examined. In all cases, the observed
isotopic spacing between each of peaks was approximately 0.5 m/z. Since standard isotopic
splitting in MS would typically be an integer value of m/z, the observation of splitting of
0.5 m/z suggests the presence of a doubly charged ion. Therefore, all four major ions
(1098.7642, 1063.3375 m/z, 60/23.10 min; 1098.8127, 1063.3905 m/z, 61/23.22 min) were
assigned as doubly charged species. If these ions all contain two protons (e.g. [M+2H]?")
this would suggest the presence of four compounds in total, two of which have molecular
weights of approximately 2195.5 and two with molecular weights to approximately 2124.7
Da (Figure 4.20).

o
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Figure 4.20: Expansions of the LC-MS spectra of the band B 60/23.1 min peak showing the
molecular ions at 1063.3375 and 1098.7642 m/z.

For each peak, 60/23.10 min and 61/23.22 min, the major ions (m/z = 1098.7642 and
1098.8127) was subjected to MS/MS. Similar fragmentation was observed in each case
with m/z ~ 1993.5, 1965.5 corresponding to two singly charged species. Given a parent ion

mass of 2195.5 Da, these two fragments correspond to the loss of the sugar NAG (1993.5)
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and the loss of both NAG and N2 (1965.5). This confirms the presence of both MCTDA
(loss of N2) and muropeptide (loss of NAG).

Based on our analysis so far, each of the two peaks of band C (60/23.10 and 61/23.22 min)
contains two co-eluting compounds, making a total of four compounds in band C. From
this set of four compounds, two (one from each peak 60/23.10 and 61/23.22 min) have a
molecular weight of 2195.5 Da and two (one from each peak 60/23.10 and 61/23.22 min)
have a molecular weight of 2124.7 Da. This suggests that band C contains two pairs of

structural isomers, likely diastereomers arising from the reduction of MCTDA.

Considering the mass of reduced native (E. coli) dimeric muropeptide Tetra-Tetra (3-4)
(1864 Da), the two 2195.5 Da diastereomers were assigned as modified Tetra-Tetra (3-4)
muropeptides. Based on the loss of a terminal D-alanine fragment (88 Da) and the gain of
a MCTDA (reduced) fragment (419 Da), this suggests that the two 2195.5 Da diastereomers
observed correspond to two Tetra-Tetra  (3-4)-MCTDA(reducedy  molecules
(Cs7H136F3N1704s, 2195 Da, calculated [M+2H]?* = 1098.9487 m/z, observed = 1098.7642
m/z (60/23.10 min) and 1098.8127 m/z (61/23.22 min)).”

Considering the mass of reduced native (E. coli) dimeric muropeptide Tetra-Tri (3-3) (1793
Da), the two 2124.7 Da diastereomers were assigned as modified Tetra-Tri (3-3)
muropeptides. Again, based on the loss of a D-alanine fragment (88 Da), and the gain of a
MCTDA (reduced) fragment (419 Da), the two 2124.7 Da diastereomers were assigned as two
Tetra-Tri (3-3)-MCTDA (reduced)y molecules (CssH131F3N1604s, 2124.8 Da, calculated
[M+2H]?* = 1063.4301 m/z, observed = 1063.3375 m/z (60/23.10 min) and 1063.3905 m/z
(61/23.22 min)) (Figure 4.21).
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I-Tetra-Tri(3-3)-MCTDA cquced) II-Tetra-Tetra(3-4)-MCTDA cquced)

Chemical Formula : CgqH431F3N16044

Chemical Formula 1 Cg7H136F3N17045
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Figure 4.21: Proposed molecular structures of band B products (60 and 61 min). (1) Tetra-Tri(3-
3) -MCTDA reduced labelled muropeptide, (11) Tetra-Tetra(3-4)-MCTDA reduced labelled
muropeptide. Muropeptide samples in this experiment were isolated from E. coli.

4.5.3 Conclusion

To conclude, I have shown that MCTDA is incorporated into isolated muropeptide (E. coli)
by the action of LdtD, under our optimized incorporation conditions (sodium phosphate
buffer). The use of semi-preparative HPLC allowed the isolated of modified muropeptides,
with subsequent LC-MS/MS analysis allowing identification and structural assignment. In
our incorporation experimentsthe formation, by LdtD, of Tetra-MCTDA (reduced), Tetra-Tri
(3-3)-MCTDA(reducedy and Tetra-Tetra (3-4)-MCTDA(reducesy Muropeptides has been
identified. In each case the MCTDA modified muropeptides were obtained as mixtures of

diastereomers arising from the reduction of the MCTDA moiety.

Therefore, in the next experiments | wished to examine the MCTDA enzymatic
incorporation experiment into E. coli muropeptide using LdtD, without the sodium
borohydride reduction step. This will hopefully avoid the reduction of MCTDA probe

moiety, allowing it to retain its fluorescent properties.
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4.6 MCTDA Enzymatic Incorporation into Muropeptide via LdtD without NaBH4
Reduction

Our previous MCTDA enzymatic incorporation protocol involved a standard step, namely
NaBH4 reduction of assay mixture before HPLC purification. The NaBH4 reduces the
terminal anomeric position of the glycan NAM unit and hence simplifies the subsequent
HPLC analysis. Unfortunately, the addition of NaBHa also reduces the coumarin ring of
any MCTDA probe, incorporated into the muropeptide, resulting in a non-fluorescent
MCTDA (reduced) @dduct. Therefore, | wished to repeat our previous successful enzymatic
(LdtD) incorporation of our MCTDA probe into E. coli muropeptide, in sodium phosphate
buffer and without NaBHs reduction. It was hoped that this would conserve the
fluorescence of MCTDA, and to allow the isolation (HPLC) and characterization (LC-
MS/MS) of fluorescent muropeptide-MCTDA adducts.

Therefore, four experiments were carried out following our previous incorporation
protocol. MCTDA was incubated with LdtD and E. coli muropeptide alongside control
experiments involving muropeptide only, MCTDA only, and muropeptide with LdtD only.
All of the experiments were incubated for 1 hat 37 °C, 3 min at 100 °C, the pH was adjusted
to pH 4, centrifuged, and the obtained supernatants were analysed by analytical HPLC

using the previous conditions.

HPLC analysis of the unreduced E. coli muropeptide showed two peaks (25 and 27 min)
corresponding to the anomers of Tetra and a further two peaks (31 and 33 min) for the
anomers of Tetra-Tetra (3-4) (Figure 4.22, b). Incubation of muropeptide with LdtD only
resulted in the formation of Tetra-Tri (3-3), seen in the HPLC as two new peaks
overlapping with the anomers of Tetra-Tetra (3-4) (Figure 4.22, ¢). Whilst MCTDA only
gave a peak at 73 min, corresponding to incorporated probe. Finally, MCTDA
incorporation into muropeptide via LdtD showed a new peak at 67 min which was thought

could be associated with a muropeptide-MCTDA adduct (Figure 4.22, a).
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Figure 4.22: Results of analytical HPLC, (A) MCTDA enzymatic incorporation into E. coli
muropeptide via LdtD in sodium phosphate buffer without reduction, (B) control experiment of
muropeptide only, (C) control experiment of LdtD and muropeptide only. (D) control experiment

of MCTDA only.
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As our analytical HPLC results showed the formation of a potential muropeptide-MCTDA
adduct (67 min) formed through the action of LdtD, | wished next to isolate sufficient

material in order to investigate the molecular structure by LC-MS/MS.

Thus, the MCTDA incorporation into muropeptide via LdtD was repeated as previously
and the resulting supernatant was separated by semi-preparative HPLC. The corresponding
peaks with retention times at 67 min (putative muropeptide-MCTDA adduct) and 73 min
(unincorporated MCDTA) were collected, dried and then analysed by LC-MS/MS.

4.6.1 LC-MS/MS Analysis of Muropeptide-MCTDA Adducts via LdtD Incorporation
into Muropeptide without Reduction

LC-MS/MS analysis of the two peaks (67 and 73 min), isolated via semi-preparative HPLC
of the non-reduced products of LdtD incorporation of MCTDA into muropeptide, was then
carried out using an ion trap with mass spectrometer with MS/MS of the major ions

observed.

4.6.1.1 Peak 73 min

LC-MS/MS analysis of the 73 min peak, gave a single peak at 13.23 min with a major ion
with 415.00 m/z. MS/MS of the major ion showed a fragment ion at 387.09 m/z,
corresponding to the loss of N2, suggesting the presence of a diazirine moiety. Therefore
this peak was assigned as the [M+H]" ion of unreacted MCTDA (calculated molecular
weight = 415.09 m/z) (Figure 4.23).
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Figure 4.23: The LC-MS/MS spectrum of peak 73 min., first panel is LC/TIC, second panel ESI
(ITMS) MS, third panel ESI (ITMS) MS/MS.

4.6.1.2 Peak 67 min

Analysis of the 67 min peak, have a new peak in the LC-MS at 12.20 min. The MS spectra
showed a major ion at 1265.16 m/z. The fragmentation spectra of this ions showed two
major components with 1219.2350 and 1016.2574 m/z, corresponding to the loss of CO>
and the loss of both CO2 and NAG from the parent ion. (Figure 4.24).
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Figure 4.24: The LC-MS/MS spectrum of peak 67 min., first panel is LC/TIC, second panel ESI
(ITMS) MS, third panel ESI (ITMS) MS/MS.

Based on an assignment as [M+H]," this suggests a compound with a molecular weight of

1264.42 Da. Since the molecular weight of native non-reduced Tetra muropeptide is 939

Da, the D-alanine fragment is 88 Da and the MCTDA fragment is 413 Da, it was proposed

that the observed 67/12.20 min peak corresponds to modified muropeptide Tetra-MCTDA
(CsoHe7F3N10025, 1264 Da) (Figure 4.25).
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Chemical Formula : C5oHe7F3N 19025
Exact mass 1 1264.4231 Da

[M+H]" calculated :1265.4304 m/z

[M+H]" observed : 1265.1600 m/z

MCTDA
C m-IIDAP

III)-GIu

L-ala

GM(r)

Figure 4.25: (A) Proposed molecular structure of Tetra-MCTDA, (B) Presentation of LC-
MS/MS data observed and calculated of Tetra-MCTDA, (C) Abbreviated structure of panel A
product.

In conclusion, after carrying out an LdtD incorporation experiment of MCTDA into E. coli
muropeptide without NaBHa4 reduction. Despite the presence of anomeric muropeptide
products, a new modified muropeptide, Tetra-MCTDA, via semi-preparative HPLC

followed by LC-MS/MS analysis has been successfully isolated and characterised.

However, | surprisingly did not observe the formation of any dimeric muropeptide-
MCTDA adducts (e.g. Tetra-Tetra (3-4)-MCTDA) as had been seen in previous
experiments. Therefore, in the future the LdtD incorporation of MCTDA will be

reinvestigated without reduction in order to search for these higher muropeptide adducts.
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4.7 Examination of the Incorporation of MCTDA into E. coli Peptidoglycan via LdtD
in Sodium phosphate Buffer

Finally, following our success in demonstrating MCDTA incorporation into isolated
muropeptides it was proposed to return to the investigation of MCTDA incorporation into

the more complex but biologically relevant E. coli peptidoglycan (PG).

Therefore, E. coli PG (A6PG) was treated with MCTDA, LdtD, TX-100, NaCl and sodium
phosphate buffer as described before. In addition, control experiments were undertaken
involving PG and LdtD only, PG and MCTDA only, and MCTDA only. Following
overnight incubation at 37 °C, enzyme inactivation at 100 °C for 3 min, the obtained
material was digested with muramidase at 37 °C overnight. The muramidase was then
inactivated at 100 °C for 3 min, insoluble proteins were removed by centrifugation, the
supernatant adjusted to pH 9, reduced with sodium borohydride, re-centrifuged, readjusted
to pH 3 with formic acid and the sample analysed by HPLC.

HPLC showed a number of peaks that corresponded to those observed in our LdtD
MCTDA incorporation experiments with muropeptides. Control experiments with PG and
LdtD only, showed the successful isolation of both, Tetra-Tri (3-3) and Tetra-Tetra (3-4)
due to the action of LdtD and digestion with muramidase. In the case of MCTDA only, a
pair of split peaks at 67 and 68 min were observed corresponding to reduced
unincorporated MCTDA with a further single peak at 83 min, corresponding to
unincorporated MCTDA. Finally, in our incorporation experiment two new pairs of split
peaks at 56 and 57 min and 59 and 60 min were observed. Through comparison with
retention times observed in our previous incorporation experiments with muropeptide
(Figure 4.9), which were analysed using the same HPLC conditions, the peaks at 59 and
60 min were assigned as the overlapping signals corresponding to Tetra-Tri (3-3)-
MCTDA(reducedy and Tetra-Tetra (3-4)-MCTDA (reduced). Interestingly, the previously
identified Tetra-MCTDA (reduced) COuld not be observed in this experiment. Furthermore, the
split peak at 56 and 57 min does not correlated with any previously observed peaks,
however the split nature would suggest the presence of two diastereomers associated with

areduced MCTDA. Thus, it was proposed that the split peaks at 56 and 57 min correspond

148



to a new unidentified muropeptide MCTDA adduct. However, these results would require

further confirmation by subsequent LC-MS/MS analysis (Figure 4.26, b).
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Figure 4.26: Overlay of HPLC results of reduced enzymatic incorporation of MCTDA into E.
coli PG (A6PG), (a) PG with LdtD (b) 0.5 mM MCTDA, LdtD, PG (c) blank control of 0.5 mM
MCTDA into DMSO only (d) Reference of 0.5 mM MCTDA and PG only. Samples were
reduced with sodium borohydride before HPLC analysis.
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To conclude, HPLC analysis the incorporation experiments of MCTDA into E. coli PG by
LdtD showed the formation of both Tetra-Tri (3-3)-MCTDA (reduced) and Tetra-Tetra (3-4)-
MCTDA (reduced) along with the formation of a new muropeptide MCTDA adduct. Future
work will involve LC-MS/MS analysis of these muropeptide MCTDA adducts to confirm

their molecular structure.
4.8 Conclusion

The aim of this chapter was to investigate the enzymatic incorporation of our fluorescent
and photoactivatable amino acid probe MCTDA (3.3) into the peptidoglycan (PG) of the
cell wall of E. coli via the L,D-transpeptidase, LdtD. The incorporation, via LdtD, of
MCTDA (3.3) into isolated E. coli muropeptide as a test system for PG incorporation was
examined. Furthermore, the impact of NaBHa4 reduction in the analysis of MCTDA (3.3)

labelled muropeptides was also evaluated.

I have successfuly shown that MCTDA can be incorporated into E. coli muropeptide by
LdtD through, following NaBH4 reduction, and identification, by LC-MS/MS, of several
muropeptide-MCTDA  adducts,  Tetra-Tri(3-3)-MCTDA (reduced), ~ Tetra-Tetra(3-4)-
MCTDA(reduced), and Tetra-MCTDA (reduced). It hasalso been shown that treatment with
NaBH4 of both MCTDA and muropeptide-MCTDA adducts results in reduction of the core
fluorophore of MCTDA. Therefore to support future fluorescent labelling of bacterial PG
with MCTDA, we have also shown that modified a E. coli muropeptide adduct (Tetra-
MCTDA) can be isolated without the need of NaBH4 reduction, avoiding unwanted

reduction of the fluorophore core of MCTDA.

Finally, there is preliminary data to show that MCTDA can be incorporated into E. coli PG
itself, through identification by HPLC of the muropeptide-MCTDA adducts, Tetra-Tri (3-
3)-MCTDA (reduced) and Tetra-Tetra (3-4)-MCTDA (reduced)-

In the future, the incorporation by L,D-transpeptidases and/or D,D-transpeptidases of
MCTDA into the PG of live E. coli, combined with measurements the resulting
fluorescence of the MCTDA modified PG will be tested. Furthermore, investigatation
intothe photolysis of muropeptide-MCTDA and PG-MCTDA adducts in order identify
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enzymes associated with PG biosynthesis, through cross-linking pull-down experiments

will be done.
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Chapter 5. Conclusion and Future Work

The aim of this PhD project was to develop new photoactivatable D-amino acids to probe
bacterial cell wall biosynthesis, based on a diazirine photoactivatable group. These
photoactivatable D-amino acids would then be enzymatically introduced into the bacterial
cell wall (peptidoglycan, PG), irradiated to form carbenes that can generally covalently

capture any nearby cell wall-associated proteins.

Our initial work into the enantioselective synthesis of photoactivable unnatural amino acids
(D-photoleucine and D-photomethionine) demonstrated O’Donnell enantioselective phase-
transfer catalysis as the most promising route investigated. However, in order to speed up
the development of photoactivatable D-amino acid probes | decided to use commercially
available 3-amino-D-alanine as our source of chirality and focus on the synthesis of a new

class of photoactivatable fluorescent b-amino acids.

Therefore | next looked to synthesise photoactivatable b-amino acid MCTDA (3.3), and
its enantiomer MCTLA (3.4), as structural analogues to D-alanine (3.5). Both MCTDA
(3.3) and MCTLA (3.4) were synthesised in 10 steps and 2 % and 5 % overall yield
respectively, starting from 3,5-dimethoxylbenzyl chloride, providing 10’s of milligrams

for biological evaluation (Figure 5.1).

Figure 5.1: Molecular structures of photoactivatable D-amino acids, MCTDA and MCTLA along
with naturally occurring p-alanine.

Next | looked next to investigate if MCTDA (3.3) and MCTLA (3.4) could be incorporated
into the peptidoglycan (PG) of E. coli using the enzyme LdtD. | showed that MCTDA (3.3)

was incorporated into both isolated muropeptides (E. coli.) and isolated PG (E. coli.),
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whilst MCTLA (3.4) was not, demonstrating that MCTDA (3.3) is a substrate for LdtD
(Figure 5.2).

E. coli muropeptides E. coli peptidoglycan (PG)

Tetra-Tetra-MCTDA
Tetra

QQ QQ Tetra-Tri-MCTDA

Tetra-Tri
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Figure 5.2: Results of MCTDA (3.3) LdtD enzymatic incorporation into both E. coli. PG and
muropeptides.

In future, we would like to evaluate our MCTDA (3.3) probes for the identification of PG
associated proteins through photoactivated covalent capture. This would involve
incorporation of MCTDA (3.3) into the PG of live E. coli strains, followed by covalent
cross-linking by UV irradiation, isolation and digestion of the PG and finally protein
identification by LCMS. If successful this approach could also be applied to other bacterial
species such as B. subtilis, to help to understand the PG biosynthesis in Gram-positive
bacteria. Finally, we wish to extend our MCTDA (3.3) probes to include other D-amino
acids, such as D-lysine (5.1), to study if such probes can also be incorporated into the PG
of E.coli (and other bacteria) via LD-transpeptidase enzymes to provide further information

into PG biosynthesis (Figure 5.3).
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Figure 5.3: Planned synthesis of MCTDL (5.2) for enzymatic incorporation into E. coli PG.
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Chapter 6. Experimental
6.1 General — Chemistry

Unless otherwise noted, *H NMR and 3C NMR spectroscopic analysis were performed on
a Bruker Avance 111 300 MHz or Jeol Ec S-400 MHz, samples were dissolved in CDCls,
de-DMSO, DO or CDsOD. Infrared analysis carried out by Varian 800 FT-IR
spectrophotometer as neat, all IR spectra characterized by cm™ units. Melting points were
recorded on Stewart variable temperature apparatus and all melting points were
uncorrected. Reverse phase column chromatography purifications were carried out using
Biotage automated flash system, models Isolera One and LS with SNAP ultra C18 column
(12 and 30 g), with UV monitoring at 278 nm and collection at 254 nm, and 280 nm. High
resolution mass analysis was accessed through the National Mass Spectrometry Service
(Swansea University) and Science, Agriculture & Engineering (SAgE) mass spectrometry
center (Newcastle University) performed by Dr Rachael Dack and Dr Alex Charlton.
Optical rotation measurements were carried out with POLAAR 2001 polarimeter using cell
path length of 0.5 dm at 25 °C, with a A = 589 nm and all measurements were performed
in spectrometric grade methanol. All chromatographic separation was performed by
column chromatography with Geduran silicagel 60 (40-63 pum). Analytical thin layer
chromatography (TLC) tests were performed by using aluminum plates coated with a 0.2

mm thickness of silica gel 60 Fzs4 from Merck.

All air sensitive chemical reactions were performed using standard Schlenk techniques
involving inert reaction atmosphere (nitrogen) and anhydrous solvents distilled under inert
atmosphere and used directly. Anhydrous dichloromethane was distilled from calcium
hydride, Anhydrous tetrahydrofuran and Anhydrous diethyl ether were distilled from
sodium/benzophenone, and anhydrous toluene was distilled from sodium. All light

sensitive diazirine formation reactions were carried out in dark.
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6.1.1) 2,2'-((1R,2R)-1,2-bis(((E)-2,4,6-trimethylbenzylidene)amino)ethane-1,2-

diyl)diphenol (2.21)*

OH
@ENHZ
. —_—
©: NH,  Ethanol,
H 0,
OH i)0°C

i) rt, 30 min

(2.21)

(R,R)-HPEN (0.2 g, 0.8186 mmol) was added to 100 mL round bottom flask, under air,
then ethanol (1.64 mL) was added, the reaction mixture became cloudy after ethanol
addition. The obtained cloudy solution was cooled to 0 °C, then mesitaldehyde (0.27 g,
1.842 mmol) was added, and after stirring for 5 minutes the reaction mixture solution
became clear. The clear solution of reaction mixture was allowed to warm at room
temperature. A white solid precipitated out within minutes. After 30 minutes the colour of
the obtained precipitate was changed to yellow. The reaction mixture was then filtrated
under vacuum to collect precipitated product. The collected yellow precipitate was washed
with ethanol, and dried under vacuum then was redissolved in chloroform and solvent
removed under reduced pressure to give (2.21) (0.3201 g, 0.63 mmol, 77 %) as a yellow
solid. It should be noted that traces of the [3,3] diaza-Cope rearrangement product (2.22)

were observed in the *H and *3C NMR spectra.

IH NMR (300 MHz, Chloroform-d) § 10.30 (s, 2H, OH), 8.55 (s, 2H, H-17, H-27), 7.11
(qd, J = 8.1, 1.8 Hz, 2H, H-2, H-12), 6.88 (dd, J = 8.1, 1.2 Hz, 2H, H-3, H-11), 6.81 (s,
4H, H-20, H-22, H-30, H-32), 6.55 (td, J = 7.4, 1.2 Hz, 2H, H-1, H-13), 6.46 (dd, J = 7.6,
1.7 Hz, 2H, H-6, H-14), 4.91 (s, 2H, H-8, H-9), 2.27 (s, 12H, H-24, H-25, H-34, H-36),
2.26 (s, 6H, H-26, H-35); 13C NMR (75 MHz, CDCls) 5 163.8 (C- 17,27), 156.1 (C-5,15),
140.5 (C-21,31), 138.7 (C-19,23,29,33), 133.8 (C-20,22,30,32), 131.7 (C-18,28), 129.2 (C-
4,10), 128.4 (C-2,12), 124.4 (C-1,13), 119.1 (C-6,14), 118.5(C-3,11), 81.0 (C-8,9), 21.1
(CHs), 21.0 (CHs3).
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Observed 'H NMR and *3C NMR spectra were consistent with those reported by Chin et

al.
6.1.2) 2,2s'-((1E,1'E)-(((1S,2S)-1,2-dimesitylethane-1,2-

diyl)bis(azanylylidene))bis(methanylylidene))diphenol (2.22).

OH
@[N NS
[3.3]

o Z S=
©\ N CHCla, t,
OH one week

(R,R)-7a (0.289 g, 0.572 mmol) was placed in 100 mL round bottom flask, then chloroform

(222) 20

(25 mL) was added under air, and the resulting solution was kept stirring at room
temperature for 1 week. The solvent was removed under reduced pressure to give (2.22)

(0.256 g, 0.50 mmol, 89 %) as a yellow oil and with no further purification required.

'H NMR (300 MHz, Chloroform-d) § 13.22 (s, OH), 8.44 (s, 2H, H-8,9), 7.30 — 7.19 (m,
8H), 6.93 — 6.80 (m, 4H), 5.68 (s, 2H), 2.69 (s, 6H, CH3), 2.22 (s, 6H, CH3), 1.87 (s,
6H,CHs3),

13C NMR (75 MHz, CDCls) 6 165.8 (C-8,9), 161.3 (C-5,15), 137.5 (C-18,28), 137.2, 134.4
(C-4,10), 132.8 (C-20,22,30,32), 132.2 (C-6,14), 131.6 (C-21,31), 129.6 (C-19,23,29,33),
119.4 (C-3,11), 119.1 (C-1,13), 117.3 (C-2,12), 71.4 (C-17,27), 22.6 (CH3), 21.2.(CH3).

Observed 'H NMR and *3C NMR spectra were consistent with those reported by Chin et

al.t
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6.1.3) (1S,25)-1,2-dimesitylethane-1,2-diamine (2.23).1

HCI 12M, MeOH
rt, overnight

(2.23)

(S,5)-7b (0.7054 mmol, 0.356 g) was placed in 100 mL round bottom flask, followed by
the addition of methanol (71 mL) under air. The obtained solution was acidified with HCI
12M (1.78 mL). The reaction mixture left to stir at room temperature overnight. The
aqueous layer was washed with diethyl ether and then basified with NaOH 6M solution to
pH 13.

The aqueous basic layer was extracted by diethyl ether, the organic layer was dried over
anhydrous sodium sulphate, filtered, and solvent removed under reduced pressure to give
(2.23) (0.123 g, 0.41 mmol, 59 %) as a yellow oil.

IH NMR (300 MHz, Methanol-ds) 5 6.79 (s, 2H, H-4), 6.48 (s, 2H, H-6), 4.57 (s, 2H, H-
1), 2.58 (s, 6H, CHs), 2.13 (s, 6H, CHa), 1.62 (s, 6H, CH3); 13C NMR (75 MHz, Methanol-
ds) 5 137.9 (C-2), 137.6 (C-5), 137.1 (C-3,7), 132.0 (C-4), 129.9 (C-6), 55.4 (C-1), 21.7
(CHa), 20.8 (CHz3), 20.6 (CHsa).

Observed 'H NMR and *3C NMR spectra were consistent with those reported by Chin et

al.t
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6.1.4) (S,S) 4,5-dimesityl-4,5-dihydro-1H-imidazol-2-amine [(S,S)-mesityl guanidine]

NH,
PN
~
N7 “NH
~~NH2  cNBr, cHel, 11

i) 0 °C, 30 min
i) rt, overnight

(2.15).1

NH»

(2.15)

CNBr (0.1377 g, 1.3 mmol) was placed in 25 mL round bottom flask followed by the
addition of CHCIs (1.5 mL) under air. The obtained solution was slowly added to a stirred
solution of mesityl diamine (S,S)-TPEN (0.3 g, 1 mmol) in CHCI3 (10 mL) at 0 °C.

The resulted mixture was stirred for 30 minutes at 0 "C, then the mixture was allowed to
warm to room temperature overnight. After 19 h the reaction mixture was concentrated
under reduced pressure, and the resulted guanidinium salt was partitioned between CHCI3
(15 mL)/ H20 (15 mL). The resulted mixture was basified with NaOH (0.03 g) and left to
stir at room temperature for one hour and then concentrated under reduced pressure. The
obtained aqueous residue was then filtered and the obtained precipitate was washed with

H>0 and dried under vacuum to give (2.15) (0.198 g, 0.61 mmol, 62 %) as an olive powder.

'H NMR (300 MHz, Methanol-ds) & 6.89 (s, 2H, H-8), 6.68 (s, 2H, H-6), 5.41 (s, 2H (H-
2)), 2.51 (s, 6H, CH3-12), 2.21 (s, 6H, CHs3-11), 1.75 (s, 6H, CH3-10); 3C NMR (75 MHz,
Methanol-ds) & 161.7 (C-1), 138.3 (C-5), 138.0 (C-9), 137.4 (C-7), 135.2 (C-4), 132.5 (C-
8), 129.9 (C-6), 65.1 (C-2,3), 20.8 (C-11), 20.3 (C-10,12). IR (neat): vmax/cm™: 848, 1029,
1075, 1153, 1203, 1277, 1382, 1446, 1519, 1583, 1610, 1633, 1689, 2963, 3385, 3487.

Observed *H NMR and *C NMR spectra were consistent with those reported by Chin et

al.t
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6.1.5) 3-(3-Methyl-3-diazirinyl)propanoic acid (2.6).?

i) NH3(),HOSA
o MeOH,3h,-78°C
)J\/\H/OH then 19 h, rt O OH
o i) 1o, T;A, MeOH, o
30 min, 5 °C (2.6)

Levulinic acid (2.3224 g, 20 mmol), was placed inl1-L, three-necked round-bottomed flask,
then it was dissolved in methanol (152 mL) under air. The reaction flask was placed in ice
bucket containing dry ice and acetone. Anhydrous ammonia (30 mL) was added to a
conical flask via controlled rubber hose. The anhydrous ammonia (30 mL) was then added
to the reaction mixture. The reaction vessel side necks were sealed by glass stoppers and
the main middle one was closed by a cold figure filled with acetone and dry ice.
Hydroxylamine-O-sulfonic acid (HOSA) (3.845 g, 34 mmol,) was dissolved in methanol
(25 mL), and the resulted solution was added in 10 portions over 1 h to the reaction mixture.
Ammonium sulfate salt formed upon the previous additions as a white precipitate. Liquid
ammonia (30 mL) was added to compensate the loss of ammonia volume during (HOSA)
addition. The reaction mixture left to stir at -78 ‘C for 3 h. After 3 hr the cold Finger was
removed, the side stoppers were removed also, the reaction mixture was removed from the
ice bath, and then the suspension was stirred for 19 h at room temperature to evaporate the

excess amount of ammonia gas.

The reaction mixture was filtered by vacuum to remove the ammonium sulfate, and then
was washed with methanol (25 mL). After which the solvent was removed under reduced
pressure obtaining a green yellowish residue. The obtained residue was dissolved in
methanol (11 mL) and cooled to 5 °C. The reaction mixture was then removed from the ice
bath and triethylamine (3.911 mL, 28 mmol,) was added. The resulting reaction mixture
was stirred for 15 min at room temperature. The solvent was again removed under reduced
pressure. Then, the obtained residue was left to evaporate at room temperature overnight

to remove any excess of ammonia.

After 19 h the reaction mixture was tested by litmus paper which gave green colour,

therefore the obtained residue was left to stir under air for 2 hours to remove excess of
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ammonia. The obtained green oil was dissolved in methanol (101 mL) and cooled to 5 °C.
Then triethylamine (20.06 mL, 142.37 mmol) was added followed by the addition of solid
iodine (5.0763 g, 20 mmol). The reaction mixture stirred at 5 ‘C for 30 min. The reaction
mixture was then concentrated under reduced pressure. The obtained residue was
partitioned between DCM (100) mL and 3 % Na,COs (50 mL). The two layers were
separated, and the isolated aqueous layer was washed two times with DCM (50 mL). The
organic layer was extracted two times with 3 % Na,COs (50 mL). Then the combined
aqueous layers were acidified with concentrated HCI and extracted with three times with
DCM (50 mL). The obtained organic layer was washed with brine, dried over magnesium
sulfate, filtered and solvent removed under reduced pressure. The previous work-up
procedure was repeated using diethyl ether as a replacement to DCM as an attempt to
remove excess amount of iodine. However, following second work-up attempt (2.6) was
obtained (0.849 g, 6.62 mmol, 34 %) as a red oil.

'H NMR (300 MHz, Chloroform-d) § 2.23 (t, J = 7.6 Hz, 2H, H-4), 1.72 (t, J = 7.8 Hz, 2H,
H-3),1.04 (s, 3H, H-1); *C NMR (75 MHz, Chloroform-d) § 178.8 (C-5), 30.3 (C-3), 29.4
(C-4), 26.0 (C-2), 20.7 (C-1); IR (neat): vmax/cm™: 833, 917, 1068,1209, 1292, 1386, 1415,
1440, 1585 (diazirine), 1709, 2961 (broad).

Observed *H NMR and *3C NMR spectra were consistent with those reported by Behrman
etal.?
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6.1.6) Tert-butyl-2-((diphenylmethylene)amino)-3-phenylpropanoate (2.37).3

TBAI

N K

PhCH,Br _/~ —__
DCM : 10% NaOH (5q)
1:1
30C",48h

Schiff base (N-(diphenylmethylene) glycine tert-butyl ester) (0.14769 g, 0.5 mmol) and
TBAI (221.6 g, 0.6 mmol) were placed in 100 mL round bottom flask under air, followed
by the addition of DCM (10 mL). The obtained solution was basified with NaOHsq) 10%
(10 mL), then benzyl bromide (0.6 mmol, 0.0712 mL) was added and the reaction mixture
was stirred at room temperature for 48 h. Then the reaction phases were separated and the
organic layer was washed with brine (25 mL), dried over anhydrous sodium sulfate and
filtered, then the solvent was removed under reduced pressure to produce a light-yellow
crude residue. The obtained crude residue was dissolved in diethyl ether (20 mL) then
filtrated to remove the quaternary bromide salt. The filtrate was then concentrated under
reduced pressure to remove solvent. The obtained residue was chromatographed using a
mixture of petroleum, ethyl acetate, and chloroform (10:1:0.5) as an eluent to give (2.37)
(0.1576 g, 0.40 mmol, 68 %) as a colorless oil.

'H NMR (300 MHz, Chloroform-d) § 7.59 — 7.56 (m, 2H-H-13,23), 7.38 — 7.26 (m, 6H,
H-9, 14,16,17,19,20,22), 7.20 — 7.15 (m, 2H, H-15,21), 7.07 — 7.04 (m, 2H, H-8,10), 6.60
(d, J = 6.8 Hz, 2H, H-7,11)), 4.11 (dd, J = 9.0, 4.4 Hz, 1H, H-2), 3.26 (dd, J = 13.5, 4.4
Hz, 1H, H-5), 3.16 (dd, J = 13.5, 9 Hz, 1H, H-5), 1.44 (s, 9H, CHs); *C NMR (75 MHz,
CDCls) 6 171.0 (C-3), 170.4 (C-1), 139.7 (C12), 138.5 (C-18), 136.8 (C-6), 130.2 (C-9),
130.0 (C-13,23), 128.8 (C-14,22), 128.3 (17,19), 128.2 (C-7,11), 128.1 (20,16), 128.0
(15,21), 127.8 (C-8,10), 126.3 (C-9), 81.2 (C-4), 68.0 (C-2), 39.7 (C-5), 28.2 (tertiary
butyl).

Observed *H NMR and $3C NMR spectra were consistent with those reported by Dudding

et al. 1
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6.1.7) Tert-butyl -2-((diphenylmethylene)amino)-5-oxohexanoate (+ )(2.32).2

Q /N\)Okok )H TBAI 12

DCM , 10% NaOH g 11

O rt, 19 h

Schiff base (N-(Diphenylmethylene) glycine tert-butyl ester) (0.14769 g, 0.5 mmol) and
TBAI (0.2314 g, 0.6267 mmol) were placed in 100 mL round bottom flask followed by the

addition of DCM (10 mL) under air. The reaction vessel was closed with a rubber subta,

(£)(2.32)

then the reaction mixture was stirred on max speed for 10 minutes at room temperature.
NaOHq) 10 % (10 mL) was added to the reaction mixture followed by the addition of
methyl vinyl ketone (0.04205¢g, 0.6 mmol) in dropwise. The reaction mixture was left to

stir at room temperature on max speed overnight.

After 19 hr the aqueous layer was removed and the organic layer was washed with brine,
dried over anhydrous sodium sulphate, filtrated, and concentrated under reduced pressure
to remove solvent. The obtained brown residue was dissolved in diethyl ether (25 mL) and
filtered to remove iodine quaternary salt. The obtained filtrate solution was concentrated
under reduced pressure to remove solvent to give the racemic (2.32) (0.2054 g, 0.56 mmol,
100 %) as a brown oil.

IH NMR (300 MHz, Chloroform-d) § 7.65-7.62 (m, 2H, H-14,16), 7.44 (dd, J = 5.0, 1.9
Hz, 3H, H-13,17,20), 7.40 — 7.29 (m, 3H, H-19,11,10), 7.16 (dd, J = 6.4, 3.2 Hz, 2H, H-
18,12), 3.95 (t, J = 6.1 Hz, 1H, H-2), 2.52 (q, J = 7.1, 6.6 Hz, 2H, H-4), 2.12 (s, 3H, H-6),
2.17 (dd, , J = 13.9, 9 Hz, 1H, H-3), 1.43 (s, 9H, CHa).

Observed *H NMR and *C NMR spectra were consistent with those reported by Belokon

et al.t®
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6.1.8) Tert-butyl (R)-2-((diphenylmethylene)amino)-5-oxohexanoate (2.32).4

=
(2 mol%) %
G
X
/N\)?\ok N/ )Jm 1211

i)-20°C, 3 h
Dry DCM Cs,CO3 (5 eq.)
ii)rt, 19 h

Schiff base (N-(Diphenylmethylene)glycine tert-butyl ester) (0.1476 g, 0.5 mmol), catalyst
2 mol% (0.52 mg, 0.0012 mmol) and CS>COs (0.81455 g, 2.5 mmol) were placed in 10
mL round bottom flask respectively followed by the addition of dry DCM (5 mL). The

reaction mixture was stirred on max speed under nitrogen atmosphere at -20 "C for 10 min.

Methyl vinyl ketone (0.07 g, 1 mmol) was added to the reaction mixture in one portion,
and then the reaction mixture was left to stir on max speed at -20 "C for 3 h under nitrogen
atmosphere. The reaction mixture was warmed up to room temperature and stirred at that
temperature overnight. The reaction phases were separated, then the organic layer was
dried over anhydrous sodium sulphate, filtered and then solvent removed under reduced

pressure to give (2.32) (0.17 g, 0.46 mmol, 93 %) as a red crude oil.

'H NMR (300 MHz, CDCls) § 7.68 — 7.59 (m, 2H, H-14,16 ), 7.49 — 7.28 (m, 6H, H-
13,17,20,19,11,10), 7.21 — 7.12 (m, 2H, H-18,12), 3.95 (t, J = 6.4 Hz, 1H, H-2), 2.66 —
2.39 (m, 2H, H-4), 2.19 — 2.13 (m, 2H, H-3), 2.12 (s, 3H, H-6), 1.43 (s, 9H, CHa).

13C NMR (75 MHz, CDCls) § 208.3 (C-5), 171.0 (C-7), 170.4 (C-1), 139.4 (C-9), 136.7
(C-15), 130.3 (C-14,16), 128.7 (C-13,17), 128.6 (C-11,19), 128.4 (C-10,20), 128.0 (C-
12,18), 127.7 (C-Ar), 81.1 (C-8), 64.7 (C-2), 39.8 (C-4), 29.2 (C-6), 28.0 (C-3), 27.7
(tertiary butyl).

Observed *H NMR and *C NMR spectra were consistent with those reported by Belokon

etal.l®

163



6.1.9) Tert-butyl (R)-2-amino-5-oxohexanoate (2.33).4

8

(6] )< (0] )<9
7
Phj//N o0~ Citric acid 15% T2N-J-55g

10
Ph THF, rt 4 3
overnight

0 ) 1
(2.33)

2

Tert-butyl (R)-2-((diphenylmethylene)amino)-5-oxohexanoate (0.7653 g, 2.094 mmol)
was placed in 50 mL round bottom flask, followed by the addition of THF (20 mL) under
air. Citric acid 15% (8 mL) was added to the reaction mixture. The reaction mixture was
stirred on max speed at room temperature overnight. The reaction mixture was evaporated
to remove the THF solvent, then the remaining aqueous layer was washed with DCM (20
mL X 3). The aqueous layer was basified with aqgueous NaOH (10 %) (20 mL), then the
obtained basic aqueous layer was extracted with DCM (5 mL) for three times. The
combined organic layers were washed with brine, dried over anhydrous sodium sulphate,
filtrated, and solvent removed under reduced pressure to give (2.33) (0.131 g,0.65 mmol,

33 %,) as a yellow oil.

IH NMR (300 MHz, Chloroform-d) § 4.56 — 4.50 (m, 1H, H-5), 2.69 — 2.58 (m, 1H, H-3),
2.54 —2.43 (m, 1H, H-3), 2.21-2.10 (m, 1H, H-4), 2.04-1.92 (m, 1H, H-4), 2.08 (s, 3H, H-
1), 1.47 (s, 9H, H-8, H-9, H-10). 3C NMR (75 MHz, Chloroform-d) 5 178.1 (C-2), 172.5
(C-6), 80.9 (C-7), 75.0 (C-5), 39.1 (C-3), 28.0 (C-8,9,10), 26.9 (C-1), 19.7 (C-4). IR (neat):
vmad/cm™ : 806, 846, 974, 1060, 1148, 1210, 1255, 1367, 1647, 1730, 2977.
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6.1.10) Tert-butyl (R)-2-((tert-butoxycarbonyl)amino)-5-oxohexanoate (2.34).*

6

o) i) (Boc),0, Et3N, H o) 7
H,N J< THF, 0°C 15 1. 0.2 3 §<
e SR G U
" 3 9 910

ii) rt, 48 h

11
o o 12

(2.34)
Tert-butyl (R)-2-amino-5-oxohexanoate (0.025 g, 0.12411 mmol) was placed in 25 mL
round bottom flask, followed by the addition of THF (4 mL) under the air. (Boc)20 (0.0326
g, 0.161473 mmol) was added to the reaction mixture and then reaction mixture was cooled
to 0 'C, followed by the addition of triethyl amine (0.01633 g, 0.161473 mmol). The
reaction mixture was warmed up to room temperature and stirred overnight at that
temperature. The reaction mixture was diluted with H2O (20 mL), and the aqueous layer
was extracted with ethyl acetate (20 mL) for three times. The combined organic layers were
washed with brine, dried over anhydrous sodium sulfate, filtered and solvent removed
under reduced pressure. The crude compound was chromatographed using a mixture of
petroleum and ether (9:1) as an eluent to give (2.34) (0.007 g, 0.023 mmol, 19 %) as a
yellow solid.
'H NMR (300 MHz, CDCl3) § 5.06 (d, J = 7.2 Hz, 1H, NH), 4.21 — 4.06 (m, 1H, H-3), 2.65
—2.39 (m, 2H, H-10), 2.15 (s, 3H, H-12), 1.93 — 1.73 (m, 1H, H-9), 1.46 (s, 9H, H-6,7,8),
1.44 (s, 9H, H-13,14,15), 1.32 — 1.08 (m, 1H, H-9).13C NMR data was too weak to report.
HRMS (pNSlI) calcd for C1sH27NOsNa : 324.1781, found 324.1781.
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6.1.11) N-3,5-trimethoxy-N-methyl benzamide (3.27)°

H
0} Q1 _H e}
0 Ao ot > 0
- Cl 107 57 'I‘/ Ny
N\ 2 4 g
@ DCM, 0 °C 3
RN Z 19h,n SN
(3.27)

3,5-Dimethoxy benzoyl chloride (5 g, 25 mmol) was placed in 500 mL round bottom flask
under inert atmosphere, followed by the addition of dry DCM (200 mL). Then O-N-
dimethyl hydroxylamine (2.5 g, 26 mmol) was added to the reaction mixture. The reaction
mixture was cooled to 0 °C for 10 min and pyridine (4.158 g, 52.5 mmol) was added
dropwise over period of 10 min. The ice bath was then removed and the reaction mixture

allowed to warm to room temperature and stirred overnight.

The reaction mixture washed with HCI 1M (300 mL) two times, NaHCO3 (sat.aq) (200 mL)
two times, brine and then dried over sodium sulphide anhydrous, filtrated then the solvent
removed under reduced pressure. The obtained residues chromatographed using petroleum
ether and ethyl acetate mixture (5:5) as eluent to give (3.27) (5.5011 g, 24.423 mmol, 98
%) as a colourless oil.

'H NMR (300 MHz, Chloroform-d) § 6.78 (d, J = 2.3 Hz, 2H, H-6, H-4), 6.53 (t, J = 2.3
Hz, 1H, H-2), 3.80 (s, 6H, H-11, H-10), 3.59 (s, 3H, H-8), 3.33 (s, 3H, H-9); *°C NMR (75
MHz, Chloroform-d) 6 169.7 (C-7), 160.4 (C1, C3), 136.1 (C-5), 106.0 (C-4, C-6), 102.9
(C-2), 61.2 (C-9), 55.6 (C-10, C-11), 34.1 (C-8); IR (neat): vmax/cm™ : 2997, 1916, 1733,
1683 (C=0), 1600, 1450, 1200, 1061; HRMS (pNSl) calcd for C11H1sNO4Na : 248.0899,
found 248.0895.

Observed 'H NMR and ¥C NMR spectra were consistent with those reported by

Leadbeater et al.®
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6.1.12) Trifluoro-1-(3,5-dimethoxyphenyl) ethanone (3.9)°

TMSO_ CF TBAF 1M 0
TMS-CFs 1 3 | in THF/H,0 o1 0 .
0 N/O\ 20 mol% CsF |~ ,Tl/ ~ 11 10~ Z7 CF,4
| Dry Toluene, 2 h,50°C 2 3 4
0°Ctort, 24 h
ONg O ONg

CsF (0.0137 g, 0.9 mmol) was placed in 25 mL round bottom flask under inert atmosphere
followed by the addition of dry toluene 1 mL. Then N,3,5-dimethoxy-O-benzoyl amide
solution (1.014 g, 4.50186 mmol) in toluene 1.3 mL was added to the reaction mixture.
The reaction mixture placed in ice bath and stirred at 0 °C for 10 minutes, then TMS-CF3
(1.28 g, 9 mmol) was added in dropwise at 0 °C over a period of 10 minutes. The reaction
mixture stirred for another 10 minutes at 0 °C, then the ice bath was removed, and the
reaction mixture was allowed to worm up to room temperature overnight. After 19 h, TBAF
1M in THF (4.5 mL-4.5 mmol) was added to the reaction mixture followed by the addition
of H20 4.5 mL. The reaction mixture stirred at 50 °C for 2 hours. The reaction mixture then
cooled to room temperature and diluted with ether 30 mL, then the organic layer was
washed with H2O (30 mL x 3), brine (30 mL x 3), dried over sodium sulphate anhydrous,
filtered and solvent removed under reduced pressure. The obtained crude red oil was
chromatographed using a mixture of petroleum ether, ethyl acetate and TFA 0.1% (6:4) as
eluent to give (3.9) (1.0276 g, 4.388 mmol, 98 %) as a red residue.

IH NMR (300 MHz, Chloroform-d) & 3.85 (s, 6H, H-9, H-10), 6.77 (t, J = 2.2 Hz, 1H, H-
2), 7.20 — 7.17 (m, 2H, H-4, H-6): 13C NMR (75 MHz, Chloroform-d) § 55.6 (C-9,10),
107.7 ( C-2), 108.0 (C-6,4), 116.6 (q, Jc.r = 291.3 Hz, C-8), 131.4 (C-5), 161.0 (C-1,3),
180.2 (q, Jc-F = 35.0 Hz, C-7); F NMR (75 MHz, Chloroform-d) § -71.10 ppm; IR (neat):
vmax/cm™ 1 2943, 2844, 1715, 1593 (C=0), 1457, 1428, 1359, 1283, 1263, 1197, 1411,
1062, 1003; HMRS (pNSiI) calcd for C19H10F303 [M+H]*: 235.0580, found 235.0580.

Observed 'H NMR and ¥C NMR spectra were consistent with those reported by
Leadbeater et al.®
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6.1.13) 2,2,2-Trifluoro-1-(3,5-dimethoxyphenyl) ethanone oxime (3.29)®

14HO 11
o} CI \lN
1 10
-0 CF3 12/0 57 CF3
NH,OH. HCI
> 2 4
Pyridine/EtOH (2:1), 3
SN 60°C, 19 h 90N,
(E) (3.29) (2) (3.29)

2,2,2-Trifluoro-1-(3,5-dimethoxyphenyl) ethanone (5 g, 22 mmol) was placed in 250 mL
round bottom flask under inert atmosphere, followed by the addition of hydroxylamine
hydrochloride (1.68 gm, 24 mmol) and ethanol (11 mL). The reaction mixture warmed up
to 60 °C, then pyridine 1M (22 mL) was added to the reaction mixture. The reaction mixture
then stirred at 60 °C for 19 h. The reaction mixture was evaporated to remove solvents. The
resulted residue was dissolved in ether (200 mL) , washed with water (200 mLx2), 1M HCI
(200 mL x 2), brine, and then the obtained organic layer was dried over anhydrous
magnesium sulfate, filtrated and then the solvent was removed under reduced pressure. The
crude compound was chromatographed using a mixture of petroleum ether and ethyl
acetate (7:3) as an eluent to give (3.29) (5.26 g, 21.10 mmol , 97 %, mixture (1:3) of Z and

E isomers) as an orange crystalline.

Mp = 68-71 °C, *H NMR (400 MHz, Chloroform-d) & 8.79 (s, 1H, OH-14), 8.56 (s, 1H,
OH-14Y), 6.63 — 6.61 (M, 2H, H-4,6), 6.60 (m, 2H, H- 4°,6"), 6.58 — 6.55 (m, 2H, H-2, 2°),
3.81 (5, 12H, -H-12, H-13): 3C NMR (75 MHz, CDCls) & 161.3 (C-1,3), 148.2 (q, J c.r =
32.6 Hz, C-7), 128.0 (C-5), 121.0 (q, Jc-r = 274.6 Hz, C-10), 107.1 (4-6), 103.1 (C-2), 56.0
(C-12,13- two methoxy peaks overlapped); 1°F NMR (282 MHz, Chloroform-d) & -66.89,
-62.35; IR (neat): vmax/cm™ : 3351, 2951, 1592, 1459; HRMS (ES-) calcd for C10HsF3O3N
: 248.0535, found 248.0444.

Observed *H NMR and *C NMR spectra were consistent with those reported by Hayes et

al .
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6.1.14) 2,2,2-Trifluoro-1-(3,5-dimethoxyphenyl)ethanone -O-p-toluenesulfonyloxime

(3.30)°
17,
14
15 13
Cle //O_O 16 Z 12
o:s:o o= S (0]
HO..
L
o) o
~ CF, <7 CF3 3 7 c:F3
Dry DCM, DMAP 2
O TEA,N,, 0
t, 19h (E) (3 30) (2) (3 30)

DMAP (0.05197 g, 0.4254 mmol) and p-toluene sulfonyl chloride (4.054 g, 21.268 mmol)
were placed in 150 mL round bottom flask under inert atmosphere. Then 2,2,2-Trifluoro-
1-(3,5-dimethoxyphenyl) ethanone oxime (5.3g, 21.268 mmol) dissolved in dry DCM (82
mL) and the resultant solution transferred to the reaction mixture via glass syringe. The
reaction mixture stirred at room temperature under nitrogen in dark, then triethyl amine
(3.29 g, 31.9 mmol) was added to reaction mixture. The reaction mixture left to stir at room

temperature under nitrogen overnight.

The reaction mixture washed with 0.25 M HCI (100 mL x 2), NaHCO3 (sat. aq.) (100 mL X
2) , water (100 mL X 3), brine, then dried over anhydrous MgSQOs, filtered and solvent
removed under reduced pressure. The obtained residues recrystallized from hexane-ethyl
acetate to give (3.30) (7.56 g, 18.74 mmol, 88 %) as colourless prism crystals of E and Z
isomers (9:1).

Mp = 118-121 °C; *H NMR (300 MHz, Chloroform-d) & 7.94 — 7.85 (m, 4H, H-16, H-12,
E and Z), 7.42 — 7.33 (m, 4H, H-15, H-13, E and Z), 6.61 — 6.55 (m, 2H, H-2, E and Z),
6.55 - 6.50 (m, 2H), 6.45 (d, J = 2.3 Hz, 2H), 3.80 (s, 6H, H-9, H-10, Z), 3.79 (s, 6H, H-9,
H-10, E), 2.48 (s, 3H, H-17, Z), 2.17 (s, 3H, H-17, E); *C NMR (75 MHz, Chloroform-d)
3 160.9 (C-1, 3), 160.7 (C-'1,73), 154.3 (9, J cr= 37.5 Hz, C-7), 146.1 (C-11), 131.4 (C-
5), 131.2 (C-'5), 129.88 (C-12,16), 129.86 (C-'12,°16), 129.28 (C-13,15), 129.20 (C-
"13,°15), 126.0 (C-14), 121.3 (9, J cr = 277.5 Hz, C-8), 107.9 (C-4,6), 106.3 (C-'4,6),
103.6 (C-2), 103.3 (C-'2), 55.5 (9,10), 55.5 (C-"9,710), 21.8 (C-17), 21.7 (C-"17). C-'7,°11,
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*14 and "8 did not observed. Z isomer.®F NMR (282 MHz, Chloroform-d) & -61.53 (E), -
67.07 (2); IR (neat): vmax/cm™ : 2949, 1590. HRMS (TOF MS ESI +): calcd for
C17H16FsNOsSNa [M+Na]™: 426.0599; observed: 426.0062.

Observed *H NMR and *C NMR spectra were consistent with those reported by Hayes et

al.
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6.1.15) 3-(3,5-Dimethoxyphenyl)-3-(trifluoromethyl)-diaziridine (3.31)°

0=8=0
O.. 14 13
N 8 HN-NH
) ! NH; 7 M in methanol 11_O- 8 10
- CF3 3 - 57 CF,
Dry DCM, -78°C, R A
r, 19 h 3
O\ 90\12
(3.31)

O-Tosyl-2,2,2-trifluoro-1-(3,5-dimethoxyphenyl)-ethanone oxime (2.01 g, 5 mmol) placed
in 500 mL Schlenk flask under nitrogen atmosphere, followed by the addition of dry DCM
(3 mL). The reaction mixture then cooled to -78 "C and methanolic ammonia 7 M (74
mmol, 10.71 mL) was added to the reaction mixture in dropwise behind blast shield.

The reaction mixture stirred at -78 "C for one hour and then allowed to warm up to room
temperature over overnight.

The reaction mixture opened to air very carefully and diluted with DCM (100 mL), H20
(100 mL), and stirred at room temperature for 2 h to safely evaporate ammonia gas.

The organic layer then washed with H.O (100 mL x 3), brine and dried over magnesium
sulfate, filtered and solvent removed under reduced pressure. The obtained residue was
chromatographed using mixture of petroleum ether, ethyl acetate (4:1) as eluent to give
(3.31) (01.0965 g, 4.417 mmol, 89 %) as colourless crystals.

Mp = 97-101 °C ; 'H NMR (300 MHz, Chloroform-d) & 6.75 (d, J = 2.3 Hz, 2H, H-4,6),
6.50 (t, J = 2.3 Hz, 1H, H-2), 3.79 (s, 6H, H-11,12), 2.79 (d, J = 8.3 Hz, 1H, H-13), 2.28
(d, J=8.3 Hz, 1H, H-14);

13C NMR (75 MHz, Chloroform-d) § 160.9 (C-1,3), 133.5 (C-5), 117.9 (q, J c-F= 270 Hz,
C-10), 106.1(C-4,6), 102.1 (C-2), 57.4 (q, Jc-r = 36 Hz, C-7), 55.4 (C-11,12); F NMR
(282 MHz, Chloroform-d) § -75.43; IR (neat): vmax/cm™ : 3253, 2942, 2845, 1597. HRMS
(TOF MS ESI +): caled for C1oH12F3N202 [M+H]*: 249.0851; observed: 249.0375.
Observed *H NMR and *C NMR spectra were consistent with those reported by Hayes et

al.b
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6.1.16) 3-Trifluoromethyl-3-(3,5-dimethoxyphenyl)-3H-diazirine (3.10)8

HN—NH s =N
¢ ol
- CF3 L, TEA 17 57 CFs
MeOH, rt, 2h 257 ¢
0 O
~ S
(3.10)

3-(3,5-Dimethoxyphenyl)-3-(trifluoromethyl)-diaziridine (1.3824 g, 5.5697 mmol) was
placed in 500 mL round bottom flask, followed by the addition of methanol (10 mL) at
room temperature under air. To the obtained solution, trimethylamine (1.127 g, 11.139
mmol, 1.5 mL) was added, followed by the addition of iodine (1.48g, 5.848 mmol), then
the reaction mixture stirred at room temperature for 2 h.

The reaction mixture extracted by diethyl ether (50 mL x 3), then the combined etheric
layers washed with water (50 mL x 3), brine, dried over magnesium sulfate, filtered, and
slvent removed under reduced pressure to give (3.10) (1.0715 g, 4.352 mmol, 78 %) as a
red oil.

'H NMR (300 MHz, Chloroform-d) & 6.48 (t, J = 2.2 Hz, 1H, H-2), 6.29-6.28 (m, 2H, H-
4,6), 3.78 (s, 6H, H-11,12); *C NMR (62.5 MHz, CDCI3): 28.9 (q, Jcr = 40 Hz, C-10),
55.4 (C-11,12), 101.5 (C-2), 104.7 (C-4,6), 123.8 (q, Jc-r = 275 Hz, C-10), 131.1 (C-5),
161.1 (C1,3) ppm; **F NMR (282 MHz, Chloroform-d) & -65.08; IR (neat): vmax/CM™ :
2940, 2846, 1594. HRMS (pNSI) calcd for C1o0H10F302N> : 247.0694, found 247.0825.
Observed 'H NMR, 3C NMR and °F NMR spectra were consistent with those reported
by Hayes et al.®
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6.1.17) 2-(3-Trifluoromethyl)-3H-diazirine-3-yl)-4,6-dimethoxybenzaldehyde and 4-

(3-Trifluoromethyl)-3H-diazirin-3-yl)-2,6-dimethoxybenzaldehyde (3.11), (3.33)’

N=N Cl _
o )\ P 018 N=N
CF; SnCly ¢J (@) - i <7 CF,
14
Dry DCM, N, 0. 2 . 0
o -20°C, 2 h 15 3
~ rt,1h Olss B0,
(3.11) (3.33)

3-Trifluoromethyl-3-(3,5-dimethoxyphenyl)-3H-diazirine (1.5 g, 6.1415 mmol) was
placed in 25 mL pear shape flask under nitrogen, followed by the addition of dry DCM (6
mL). The reaction mixture cooled to -20 °C then tin tetrachloride (2.39 g, 9.212 mmol) was
added to the reaction mixture via syringe at -20 °C followed by the addition of
dichloromethyl methyl ether (1.059 g, 9.212 mmol). The reaction mixture stirred at -20 °C
for two hours then warned up to room temperature and stirred for one hour.

The reaction mixture quenched with water 10 mL and the product extracted by DCM three
times, then the combined organic layers washed with water (200 mL), NaHCO3(sat.aq) (150
mL), brine, then dried over anhydrous magnesium sulfate, filtered and solvent removed
under reduced pressure. The obtained crude residues chromatographed using petrol - ether
(1:1) as eluent to give (3.11) (0.94 g, 3.428 mmol, 56 %) as colourless crystals; and the
(3.33) (0.429 g, 1.564 mmol, 26 %) as yellow crystals.
2-(3-Trifluoromethyl)-3H-diazirine-3-yl)-4,6-dimethoxybenzaldehyde (3.11)

Mp: 145-150 °C; *H NMR (300 MHz, Chloroform-d) § 10.48 (s, 1H, H-16), 6.76 (d, J =
2.0 Hz, 1H, H-4), 6.55 (d, J = 2.3 Hz, 1H, H-2), 3.91 (s, 3H, H-11), 3.90 (s, 3H, H-12); 13C
NMR (75 MHz, CDCI3) 3 187.9 (C-15), 166.2 (C-1), 165.4 (C-3), 131.4 (C-5), 124.0 (q,
Jc.Fr =275 Hz, C-10), 118.8 (C-6), 108.8 (C-4), 100.7 (C-2), 56.6 (C-11), 56.4 (C-12), 30.0
(0, Jc-F= 42 Hz, C-7). 1°F NMR (282 MHz, Chloroform-d) & -70.20; IR (neat): vmax/cm-1,
2955, 1673, 1595, 1457; HRMS (ES+) calcd for C1iHoF303N2Na : 297.0463, found
297.0597.

Observed *H NMR spectra were consistent with those reported by Tomohero et al.
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4-(3-Trifluoromethyl)-3H-diazirin-3-yl)-2,6-dimethoxybenzaldehyde (3.33)

Mp: 52-54 °C; 'H NMR (400 MHz, Chloroform-d) & 10.45 (s, 1H, H-16), 6.31 (s, 2H, H-
4,6), 3.89 (s, 6H, H-11,12).3C NMR (75 MHz, CDCls) § 188.5 (C-15), 162.1 (C-1,3),
136.5 (C-5), 119.9 (C-10), 114.8 (C-2), 102.06 (C-6), 102.04 (C-4), 56.2 (C-11,12). *°F
NMR (282 MHz, CDCls) § -64.55; IR (neat): vmax/cm’:: 1691, 1604, 1569, 1456.

Note: C-7 not observed in the *3C NMR spectrum.

Observed *H NMR spectra were consistent with those reported by Tomohero et al.
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6.1.18) 6-Hydroxy-4-methoxy-2-(3-trifluoromethyl)-3H-diazirine-3-yl) benzaldehyde

(3.12)8
o
H—""N=N
~© CF; BBrz 1Min DCM_
Dry DCM, N,
(o]
o 0°C,2h

2-(3-Trifluoromethyl)-3H-diazirine-3-yl)-4,6-dimethoxybenzaldehyde (0.13g, 0.49mmol)
was placed in 25mL pear shape flask under inert atmosphere, followed by the addition of
dry DCM (1.4 mL). The reaction mixture cooled to 0 °C, followed by the addition of BBr3
1M in DCM (0.74 mL, 0.73 mmol) slowly. The reaction mixture stirred at 0 °C for 2 h.
Then the reaction mixture quenched with water (ImL) at 0 °C and left to stir at this
temperature for 15 minutes.

The reaction mixture diluted with DCM (25 mL) and washed with water (30 mL X 2), dried
over anhydrous MgSOyg, filtered and solvent removed under reduced pressure. The obtained
crude was chromatographed using mixture of petroleum ether and ethyl acetate (5:1) as
eluent to give (3.12) (0.1166 g, 90 % ). as a purple oil.

'H NMR (300 MHz, Chloroform-d) & 12.37 (s, 1H, H-8), 10.55 (s, 1H, H-15), 6.79 (d, J =
2.4 Hz, 1H, H-4), 6.49 (d, J = 2.4 Hz, 1H, H-2), 3.87 (s, 3H, H-11);*C NMR (75 MHz,
Chloroform-d) 8 192.1 (C-9), 166.9 (C-3), 166.8 (C-1), 132.0 (C-5), 123.4 (C-10), 112.8
(C-6), 112.0 (C-4), 103.0 (C-2), 56.0 (C-11), 22.6 (C-7); °F NMR (282 MHz, Chloroform-
d) 8 -67.94; IR (neat): vmax/CM™ : 2924, 1651, 1608; HRMS (ES-) calcd for C1oHsF303N: :
259.0331, found 259.0235.

Observed *H NMR spectrum were consistent with those reported by Tomohero et al.®
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6.1.19) 2-ox0-2H-chromene-3-carboxylic acid (3.39)°
(@) (0] 13
o) W O

O. O 6 10
1
O, e G
i) Dry DMF 2 o Yo
" bipEA 20 mol%, N, 3 7 4
it 19 h (3.39)

i1) H2SO4 (conc.), 0 °C
tort,2h

Meldrum’s acid (0.735 g, 5 mmol) was placed in 25 ml round bottom flask under N>
followed by the addition of dry DMF (8.3 mL). Then salicylaldehyde (0.6 g, 5 mmol) was
added in dropwise. DIPEA (0.13 g,1 mmol) was added slowly via syringe to the reaction
mixture at rt under a nitrogen atmosphere. The reaction mixture stirred at rt overnight.
The reaction mixture cooled to 0 °C and cold concentrated H2SO4 (5 mL) was added slowly
and then stirred at rt for 2 h. The reaction mixture poured in crushed ice and left to crystalize
overnight in a cool place. The retraction mixture was filtered under vacuum and the
obtained powder was washed with cold water during the filtration process and dried to give
(3.39) (0.7339¢g, 3.85 mmol, 77 %) as an olive powder.

Mp: 175-180 °C;*H NMR (300 MHz, DMSO-dg) & 13.27 (s, 1H), 8.75 (s, 1H), 7.91 (dd, J
=7.7,1.6 Hz, 1H), 7.74 (ddd, J = 8.5, 7.3, 1.7 Hz, 1H), 7.47 — 7.42 (m, 1H), 7.40 (dd, J =
7.5,1.0 Hz, 1H); 3C NMR (75 MHz, DMSO-de) & 164.4 (C-11), 157.1 (C-8), 154.9 (C-4),
148.8 (C-10), 134.7 (C-1), 130.6 (C-6), 125.3 (C-3), 118.8 (C-9), 118.4 (C-5), 116.6 (C-
2); IR (neat): vmax/cmM™ : 3056 (Ar-CH), 2778 (OH carboxylic acid) 1735 (Ar-O-CO), 1670
(C=C-CO). HRMS (TOF MS ESI +): calcd for C1oH704 [M+H]": 191.0344; observed:
190.9918.

Observed *H NMR spectrum were consistent with those reported by Ghosh et al.*8
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6.1.20) Methyl (2-oxo0-2H-chromene-3-carbonyl) glycinate (3.43)

6 9 0 12
X OH Dry DMF, Np, rt, 2h 1 MN 130 y
4 7 H
O (@] , 2)9 h 2 : o o 11 (e}
(3.43)
HZN\)J\O/
2-0x0-2H-chromene-3-carboxylic acid (201 mg, 1.058 mmol) was placed in 25 mL pear

shape flask under N», followed by the addition of dry DMF 10.6 mL.
N,N,carbonyldiimidazole (CDI) (172 mg, 1.058 mmol) was added to the reaction mixture

in one portion. The reaction mixture then stirred at room temperature under nitrogen for 2
h. Glycine methyl ester hydrochloride (133 mg, 1.0586 mmol) was added in one portion to
the reaction mixture. The reaction mixture allowed to stir at room temperature under
nitrogen overnight. After a reaction time of 19 h, the reaction mixture was diluted with
ethyl acetate (100 mL) and washed with 1M HCI (50 mL), H.O (100 mL), the aqueous
layer extracted with ethyl acetate (50 mL) to reduce any loss in product, then the combined
organic layers were washed with brine, dried over anhydrous sodium sulfate, filtered and
solvent removed under reduced pressure. The obtained crude material was
chromatographed using DCM:MeOH (9:1) as eluent to give (3.43) (0.2526 g, 0.966 mmol,

92 % ) as a white crystalline.

Mp: 186-189 °C; 'H NMR (300 MHz, Chloroform-d) & 9.24 (s, 1H, H-11), 8.90 (s, 1H, H-
9), 7.76 (m, 1H, H-1), 7.62 (m, 1H, H-6), 7.47 (m, 1H, H-2), 7.32 (m, 1H, H-3), 4.25 (d, J
= 5.6 Hz, 2H, H-12), 3.79 (s, 3H, H-14); C NMR (75 MHz, Chloroform-d) & 169.8 (C-
13), 162.0 (C-10), 161.3 (C-7), 154.6 (C-4), 148.8 (C-9), 134.4 (C-1), 130.0 (C-6), 125.4
(C-3), 118.6 (C-8), 118.0 (C-5), 116.8 (C-2), 52.5 (C-14), 41.8 (C-12); IR (neat): vmax/CM’
1.3324 (NH amide), 3052 (Ar-CH), 2922 (OH carboxylic acid), 1746 (C=0 ester), 1707
(C=0 amide). HRMS (TOF MS ESI +): calcd for C13H11NOsNa [M+Na]*: 284.0535;
observed: 284.0074.
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6.1.21) 7-Methoxy-5-(3-trifluoromethyl-3H-diazirine-3-yl) coumarin-3-cabroxylic

acid-Tomohero’s method (3.2)%

DIPEA, MeCN O
O rt, 19 h

6-Hydroxy-4-methoxy-2-(3-Trifluoromethyl)-3H-diazirine-3-yl) benzaldehyde (0.1074g,
0.4 mmol) was placed in 25 mL pear shape flask under atmosphere, followed by the
addition of MeCN (0.4 mL). Then DIPEA (0.13337g, 1.032 mmol) was added to the
reaction mixture which left to stir at room temperature overnight. The reaction mixture was
then concentrated under reduced pressure, and the obtained dark green oil diluted with
water (10 mL), and acidified with HCI (5 M, 5 mL). Then the reaction mixture left to stir
at room temperature for 15 min. Then, the reaction mixture was diluted with water (50 mL)
and extracted with ethyl acetate (50 mL X 2). The obtained organic layer was then washed
with water (100 mL X 3), brine, dried over anhydrous magnesium sulphate, filtered, and
solvent removed under reduced pressure.

The obtained green crude solid was chromatographed over silica gel using
dichloromethane, petroleum ether, methanol and acetic acid (10 %) (4:1:0.5: 5 drops) as
eluent, which afforded (3.2) (0.053g, 0.162 mmol, 40 %) as a white solid.

Mp: 123-127 °C; *H NMR (300 MHz, Chloroform-d) & 9.46 (s,1H), 7.33 (d, J = 2.4 Hz,
1H), 7.01 (d, J = 2.4 Hz, 1H), 3.99 (s, 3H). *C NMR (126 MHz, Chloroform-d) § 165.8
(C10), 163.4 (C-2), 162.1(C7), 157.8 (C4), 156.3 (C12), 146.7 (C9), 129.3 (C6), 122.5
(C5), 120.3 (C-8), 118.5 (C1), 111.7 (C3), 103.1 (C11), 56.7 (C13); °F NMR (282 MHz,
Chloroform-d) ¢ -67.41.

Observed *H NMR spectrum were consistent with those reported by Tomohero et al.®
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6.1.22) 7-Methoxy-5-(3-trifluoromethyl-3H-diazirine-3-yl) coumarin-3-cabroxylic

acid-Tapia’s method (3.2)°

i) Dry DMF
(0] DIPEA 20 mol% | 3
rt, 19 h 14

i) H2SO4(conc.)

0°Ctort2h
6-Hydroxy-4-methoxy-2-(3-Trifluoromethyl)-3H-diazirine-3-yl) benzaldehyde (0.35 g,
1.36 mmol) was placed in 100 mL pear shape flask under nitrogen. Then Meldrum’s acid
(0.197 g, 1.3629 mmol) was place in 10 ml pear shape flask under nitrogen followed by
the addition dry DMF (5 mL). The resulted solution was added to 6-Hydroxy-4-methoxy-
2-(3-Trifluoromethyl)-3H-diazirine-3-yl) benzaldehyde in dropwise via a syringe under
nitrogen at room temperature. Then DIPEA (0.0193 g, 0.1499 mmol) was added to the
reaction mixture slowly under nitrogen at room temperature. Then the reaction mixture left
to stir at room temperature overnight. After 19 h the reaction mixture cooled to 0 °C and
then cold concentrated H2SO4 (3.4 mL) was added slowly, after which the reaction mixture
stirred at room temperature for 2 h. Then the reaction mixture was poured into a 250 mL
beaker contained crushed ice and left overnight in a cool container.
After 19 h the resulted precipitate was filtered, then the obtained white powder was washed
with water few times (total 800 mL), after which the white powder was dissolved in
chloroform and evaporated to remove solvent. The resulting crude residue was
chromatographed using a gradient of chloroform-acetonitrile (0 %-100 %) solvents which
gave (3.2) in (0.4075 g, 1.241 mmol, 91% ), as a beige solid.
Mp: 125-128 °C; 'H NMR (700 MHz, Methanol-ds) 5 9.17 (s, 1H, H-10), 7.37 (d, J = 2.4
Hz, 1H, H-1), 7.15 (d, J = 2.4 Hz, 1H, H-3), 3.98 (s, 3H, H-14), OH proton did not
observed.
13C NMR (176 MHz, Methanol-ds) § 167.1 (C-2), 166.3 (C-11), 160.04 (C-8), 160.00 (C-
6), 145.3 (C-10), 129.3 (C-4), 124.2 (q, J c.r = 273.9 Hz, C-20), 118.5 (C-1), 117.5 (C-5),
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112.7 (C-9), 104.6 (C-3), 57.6 (C-14), 27.6 (q, J c-cF = 42.4 Hz, C-12); °F NMR (659
MHz, Methanol-ds) § -69.55; IR (neat): vmax/cm™ : 2980, 1779 (six membered lactone),
1682 (C=0 carboxylic acid), 1592 (a, p-unsaturated). MS (ES+) calcd for C13H7F30sN2Na
: 351.0171, found 351.0205.
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6.1.23)  5-(2,6-dimethoxy-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzylidene)-2,2-

dimethyl-1,3-dioxane-4,6-dione (3.41)°

0__0O
H x
———> F,C
FsC o~ i) Dry DMF, N,

N=N rt, 19 h
ii) HZSO4 (conc.)
0°Ctort,2h

2,6-dimethoxy-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzaldehyde (0.224 g, 0.816
mmol) was placed in SmL round bottom flask under nitrogen and a solution of Meldrum’s

acid (0.24 g, 1.632 mmol) in dry DMF (1.4 mL) was added dropwise at room temperature.

The reaction mixture was stirred at room temperature overnight then cooled to 0 °C and
H2S04 conc. (1.3 mL) was added slowly, and the obtained reaction mixture stirred for 1 h at
0 °C. Then the reaction mixture poured in crushed ice and left in cool container overnight.
The obtained yellow residue was filtered and washed few times with cold water (total 500
mL) which gave a yellow powder. The obtained yellow powder was recrystallized from
water-acetone giving (3.41) (0.216 g, 0.559 mmol, 66 % ) as a yellow solid.

'H NMR (300 MHz, Chloroform-d) & 8.33 (s, 1H, H-11), 6.30 (s, 2H, H-2, H-4), 3.84 (s,
6H, H-9, H-10), 1.84 (s, 6H, H-16, H-17). *F NMR (282 MHz, Chloroform-d) & -64.57.
13C NMR (75 MHz, Chloroform-d) & 162.4 (C-13,14), 160.1 (C-3), 158.8 (C-1,5), 146.5
(C-11), 123.2 (q, Jc-F =275 Hz, C8), 119.2 (C-12), 104.6 (C-2), 102.0 (C-4), 101.9 (C-6),
82.3 (C-7), 55.9 (C-9, 10), 29.0 (9, Jc-Fr =40 Hz, C-7), 27.3 (C-16, 17). IR (neat): vmax/CM"
1:2990 (=C-H), 2948 (O-CH3), 1731 (C=0).
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6.1.24) (R)-2-((tert-butoxycarbonyl)amino)-3-(2-oxo-2H-chromene-3-

carboxamido)propanoic acid (3.46)°

(0]
N//\N)J\N«N 32 31
o) NS B N : o)

I

N®/E:§—

e

6
MOH i) Dry DMF, Np, rt, 2 h 1©j\/ﬁj£\N 11847 8
ii) rt, 19 h HN.21.0 28
o~ "0 ) 2 S0 X0 \2’<25
) 3
@) 26

Y 3.46
H,N" ¢ SOH (3.46) z

HN_ _O

T

o

N

To astirred 2 necks pear shape flask (10 mL) was added 2-oxo-2H-chromene-3-carboxylic
acid (96 mg, 0.5 mmol), carbonyldiimidazole (CDI) (81.1 mg, 0.5 mmol), and dry DMF (5
mL) under nitrogen atmosphere in the dark. The reaction mixture was stirred at rt for 2 h.
Boc-D-2,3-diaminopropanoic acid (112.4 mg, 0.55 mmol) was added to the reaction
mixture in one portion and left to stir at room temperature overnight. After 19 h the reaction
mixture diluted with ethyl acetate (50 mL), and washed with 1IN HCI (25 mL), H20 (50
mL). The aqueous layer was extracted again with ethyl acetate (25 mL) to minimise loss
in product, then the combined organic layers washed with brine, dried over sodium
sulphate, filtered and solvent removed under reduced pressure. The resulting crude product
was chromatographed using a gradient of hexane : chloroform : MeOH 10 %
trimethylamine 1 %, which afforded (3.46) (46.4 mg, 0.097 mmol, 19 %) as the triethyl

ammonium salt.

IH NMR (400 MHz, Chloroform-d)  9.11 (broad m, 1H, NH), 8.85 (s, 1H, H-10), 7.70 —
7.55 (M, 2H, H-6, H-1), 7.41 — 7.21 (m, 2H, H-2, H-3), 5.68 (broad m, 1H, NH), 4.25 (m,
1H, H-16), 3.84 (m, 2H, H-15), 3.08 (g, J = 7.3 Hz, 6H, H-29, H-30, H-33), 1.40 (s, 9H,
H-25, H-26, H-27), 1.29 (t, J = 7.3 Hz, 9H, H-28, H-31, H-32).

13C NMR (101 MHz, Chloroform-d) 5 174.51(C-21), 161.95 (C-17), 160.95 (C-11), 155.65
(C-8), 154.41 (C-4), 148.26 (C-10), 133.84 (C-6), 129.81 (C-1), 125.13 (C-2), 118.65 (C-
9), 118.62 (C-5)116.48 (C-3), 79.2 (C-24), 54.5 (C16) 45.3 (C-29, C-30, C-33), 42.4 (C-
15), 28.36 (C-25, C-26, C-27), 8.51 (C-28, C-31, C-32).
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6.1.25) (R)-2-amino-3-(2-ox0-2H-chromene-3-carboxamido) propanoic acid (3.48)*°

32
L J 6 10 o 15 O@ b?r

31
o) o) ?ﬂ
, © N2 . /
AN N~ ,,,HJ\O @ \"H TFA/DCM (1:1) 1 EXNYITNT /,1%0 @N\H
H uNn. o : s, 5 NH ZQK °
o o \n/ 30 min, rt 2 ™o o 29 2 28

\’< 3 30
S (3.48)

(R)-2-((tert-butoxycarbonyl)amino)-3-(2-oxo-2H-chromene-3-carboxamido)  propanoic
acid (40 mg, 0.0837 mmol) was placed in a pear shape flask (5 mL) under atmosphere, then
a solution mixture of TFA in DCM (0.7 mL, 1:1) was added slowly. The reaction mixture
stirred at room temperature for 30 min. Then the resulting crude material was concentrated
under reduced pressure to remove solvent. The obtained brown residue was purified with
Isolera™ One (Biotage) equipped with C18 SNAP ultra 12 g column equilibrated with 3
CV of the starting solvent mixture. The flow rate was 12 mL/min, 254/280 nm wavelengths
were monitored, and peaks that absorbed above 20 mAU were collected. The gradient was
as follows: 2 % ACN/water for 8 CV, 20% MeCN/water for 5 CV, 75% MeCN/water for
5 CV, Note/ both solvents contains 0.1% (V/V) of FA. Reverse phase TLC was used to
confirm pure fractions (MeCN: water: TFA, 2:8:5 drops). Isolated fractions were
concentrated under reduced pressure. This yielded the triethyl ammonium salt of (3.48
(15.3 mg, 0.0311 mmol, 37 %). as a white powder.

'H NMR (300 MHz, D20) & 8.70 (s, 1H, H-10), 8.60 (s, 1H, NH), 7.75 — 7.63 (m, 2H, H-
2/H-6), 7.42 — 7.30 (m, 2H, H-1/H-3), 4.20 (dd, J = 6.3, 4.4 Hz, 1H, H-16), 3.96 (dd, J =
14.8, 4.5 Hz, 1H, H-15), 3.88 (dd, J = 14.8, 6.3 Hz, 1H, H-15), 3.11 (g, J = 7.3 Hz, 6H, H-
29,30,33), 1.19 (t, J = 7.3 Hz, 9H, H-28,31,32); 3C NMR (75 MHz, D20) § 170.5 (C-17),
165.0 (C-11),162.2 (C-8), 154.0 (C-4), 149.9 (C-10), 135.2 (C-2), 130.3 (C-6), 125.7 (C-
1), 118.1 (C-5), 116.7 (C-3), 114.3 (C-9), 53.5 (C-16), 46.6 (C-29,30,33), 39.4 (C-15), 8.1
(C-28,31,32); 1%F NMR (282 MHz, D,0) & -75.60.
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6.1.26) (R)-2-((tert-butoxycarbonyl)amino)-3-(7-methoxy-2-oxo-5-(3-

(trifluoromethyl)-3H-diazirin-3-yl)-2H-chromene-3-carboxamido)propanoic acid*®

i) CDI, Dry DMF,No, rt, 2 h

ii)yrt, 19 h
i) o

HN_ _O

iii)TFA/DCM (1:1)
rt, 30 min

7-methoxy-2-0x0-5-(3-(trifluoromethyl)-3H-diazirin-3-yl)-2H-chromene-3-carboxylic
acid (0.29 g, 0.9 mmol) was placed in 50 mL pear shape flask under high vacuum for 30
min followed by the addition of dry DMF (2 mL), under nitrogen atmosphere, at room

temperature.

Carbonyldiimidazole (CDI) (0.147 g, 0.9 mmol) was placed in 25 mL pear shape flask
under high vacuum for 30 min followed by the addition of dry DMF (3 mL) under nitrogen
atmosphere, the resulted solution was transferred via glass syringe to the 7-methoxy-2-oxo-
5-(3-(trifluoromethyl)-3H-diazirin-3-yl)-2H-chromene-3-carboxylic acid solution, and the

resulting reaction mixture was stirred at room temperature for 2 h.

(R)-3-amino-2-((tert-butoxycarbonyl)amino)propanoic acid (0.203 g, 0.996 mmol) was
placed in 25 mL pear shape flask under nitrogen followed by the addition of dry DMF (4.5
mL) and the resulted solution was transferred to the reaction mixture via a glass syringe.

The reaction mixture was stirred at rt under a nitrogen atmosphere in dark overnight.

After a reaction time of 19 h the reaction mixture was diluted with ethyl acetate (80 mL),
washed with HCI 1N (40 mL), H20 (40 mL X 3), then the combined organic layers were
washed with brine, dried over anhydrous sodium sulphate, filtered and solvent removed

under reduced pressure.
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Without further purification, the crude compound (0.3917 g) was transferred to a 10 mL
pear shape flask and then was treated with a (1:1) solution of TFA/dry DCM (5.2 mL). The
resulting dark red solution was stirred at room temperature for 30 min in dark. Then the

reaction mixture evaporated to remove the solvents.

The obtained red residue was purified on an Isolera™ One (Biotage) equipped with C18
ultra SNAP 12 g column equilibrated with 3 CV of the starting solvent mixture. The flow
rate was 12 mL/min, and peaks that absorbed above 20 mAU were collected. The gradient
was as follows: 0% MeCN/water for 5 CV, 0-100 % MeCN/water for 35 CV, 100 MeCN
for 3 CV, Note/ both solvents contains 0.1% (V/V) of FA. Pure fractions (Ry: 0.28) were
confirmed by revers phase TLC (MeCN/water/TFA, 2:8:5drops), and concentrated under
reduced pressure to give the TFA salt of (3.3) (14 mg, 0.0282 mmol, 5 %) as a white solid.

'H NMR (700 MHz, Methanol-ds + TFA) & 9.40 (s, 1H, H-7), 7.44 (d, J = 2.4 Hz, 1H, H-
3), 7.22 (d, J = 2.4 Hz, 1H, H-1), 4.32 (dd, J = 6.6, 4.0 Hz, 1H, H-12), 4.11 (dd, J = 14.6,
4.0 Hz, 1H, H-11b), 3.99 (s, 3H, H-17), 3.94 (dd, J = 14.6, 6.7 Hz, 1H, H-11a).

Note: H-15, H-16, H-14 are not observed representing 5H; **C NMR (176 MHz, Methanol-
ds + TFA) 6 169.9 (C-13), 166.8 (C-2), 165.1 (C-10), 161.7 (C-5), 160.7 (9, J c-r = 39.0
Hz, C-20), 159. 2 (C-4), 144.5 (C-7), 129.1 (C-6), 123.1 (¢, J c.Fr = 274.2 Hz, C-19), 118.6
(C-1), 117.0 (C-8), 116.4 (q, J= 287.0, C-21), 112.5 (C-9), 104.1 (C-3), 57.3 (C-17), 54.5
(C-12), 40.5 (C-11), 27.3 (q, J c-c.F = 42.0 Hz, C-18); F NMR (282 MHz, Methanol-ds) &
-69.53 (F-19), -76.88 (F-21); HRMS (TOF MS ESI +): calcd for C16H15FsN4Og [M+H]":
415.0860 m/z; observed: 415.0338 m/z. [a]: +25.6 (¢ 0.5, MeOH).
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6.1.27) (S)-2-((tert-butoxycarbonyl)amino)-3-(7-methoxy-2-0x0-5-(3-
(trifluoromethyl)-3H-diazirin-3-yl)-2H-chromene-3-carboxamido)propanoic acid

(3.4)10

i) CDI, Dry DMF,Ny, 1, 2 h
ii) rt,19 h
o)

HoN OH
HN_ _O

T x

(0]

iii) TFA/DCM (1:1)
rt, 30 min

7-methoxy-2-oxo0-5-(3-(trifluoromethyl)-3H-diazirin-3-yl)-2H-chromene-3-carboxylic

acid (0.2 g, 0.6093 mmol) was placed in 50 mL pear shape flask under high vacuum for 30
min followed by the addition of dry DMF (3 mL), under nitrogen, at room temperature in
dark. The resulting stirred solution was added to a stirred 25 mL pear shape flask contains
anhydrous Carbonyldiimidazole (CDI) (0.147 g, 0.9 mmol) under a nitrogen atmosphere.

The reaction mixture was stirred at rt for 2 h.

(R)-3-amino-2-((tert-butoxycarbonyl)amino)propanoic acid (0.203 g, 0.996 mmol) was
placed in 25 mL pear shape flask under nitrogen followed by the addition of dry DMF (4.5

mL) and the resulted solution was transferred to the reaction mixture via a glass syringe.
The reaction mixture was stirred at rt under a nitrogen atmosphere in dark overnight.

After a reaction time of 19 h the reaction mixture was diluted with ethyl acetate (80 mL),
washed with HCI 1N (40 mL), H20 (40 mL X 3), then the combined organic layers were
washed with brine, dried over anhydrous sodium sulphate, filtered and then evaporated to

remove solvent.

Without further purification, the crude compound (0.3917 g) was transferred to a 10 mL
pear shape flask and then was treated with a (1:1) solution of TFA/dry DCM (5.2 mL). The
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resulting dark red solution was stirred at room temperature for 30 min in dark. Then the

reaction mixture evaporated to remove the solvents.

The obtained red residue was purified on an Isolera™ One (Biotage) equipped with C18
ultra SNAP 30 g column equilibrated with 3 CV of the starting solvent mixture. The flow
rate was 20 mL/min, the 254/280 nm wavelengths were monitored, and peaks that absorbed
above 20 mAU were collected. The gradient was as follows: 0% MeCN/water for 5 CV, 0-
100 % MeCN/water for 35 CV, 100 MeCN for 3 CV, Note/ both solvents contains 0.1%
(VIV) of FA. Pure fractions (Rs: 0.56) were confirmed by revers phase TLC
(MeCN/water/TFA, 1:1:5 drops), and concentrated under reduced pressure to give the TFA
salt of (3.4) (63.25 mg, 0.11971 mmol, 20 %) as a white solid.

'H NMR (700 MHz, Methanol-ds +TFA) § 9.40 (s, 1H, H-7), 7.40 (d, J = 2.4 Hz, 1H, H-
3), 7.19 (d, J = 2.4 Hz, 1H, H-1), 4.30 (dd, J = 6.6, 4.0 Hz, 1H, H-12), 4.11 (dd, J = 14.7,
4.0 Hz, 1H, H-11b), 3.98 (s, 3H, H-17), 3.94 (dd, J = 14.6, 6.6 Hz, 1H, H-11a).

Note: H-15, H-16, H-14, are not observed in *H NMR representing, 5H.

13C NMR (176 MHz, Methanol-ds + TFA) § 169.8 (C-13), 166.8 (C-2), 165.2 (C-10), 161.7
(C-5), 160.3 (g, J = 44.7 Hz, C-20), 159.3 (C-4), 144.6 (C-7), 129.2 (C-6), 123.1 (q, Jc-F
= 274.3 Hz, C-19), 118.6 (C-1), 117.4 (q, J c-r = 288.5 Hz, C-21), 116.9 (C-8), 112.6 (C-
9), 104.2 (C-3), 57.3 (C-17), 54.5 (C-12), 40.6 (C-11), 27.4 (q, J c-c-F = 42.5 Hz, C-18); 1F
NMR (659 MHz, Methanol-ds) & -69.56 (F-19), -76.91 (F-21), -77.82 (TFA solvent).
HRMS (TOF MS ESI +): calcd for C16H15F3N4Os [M+H]": 415.0860; observed: 415.1293.
[a]2:-10.8 (c 0.5, MeOH).
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6.2 General Experimental - Biology

Unless specified, all different compounds used for media composition were purchased
from Sigma-Aldrich, Merck, VWR or Fisher Scientific.

Analytical and preparative Reversed-Phase High-Performance Liquid Chromatography
(RP-HPLC) of muropeptides, employed an Agilent Technologies model 1220 Infinity LC
with a PRONTOSIL 120-3-C18 AQ, 3 pum, 250 x 4.6 mm column, with monitoring at 205
nm.

High resolution mass spectrometry (HRMS) of muropeptides was performed on a Thermo
LTQ (ion trap MS) equipped with an Agilent 1100 HPLC (ACE C18 column, 150 x 1 mm,
Buffer A 0.1% formic acid (aq.) and buffer B acetonitrile 0.1% formic acid, 50 pl/min.
HRMS analysis was performed by Dr. Joe Gray, Newcastle University.

6.2.1 Centrifugation and Shakers
AccuTherm Microtube Shaking Incubator (Labnet International).
Accuspin Micro 17 microcentrifuge (Fisher Scientific).

Shaker for flasks New Brunswick™ Innova® 2300.
6.2.2 Reagents

All stock solutions used in this study were prepared into dH20 unless otherwise stated and

stored at room temperature (15-25 °C).
1- Sodium phosphate buffer (SPB) (pH 7.4)

3.1 g of NaH2PO4+H>0 and 10.9 g of Na2HPO4 (anhydrous) to distilled H20 to make a
volume of 1 L.

2- HEPES/NaOH stock solution (1 M, pH 7.5)

N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) (HEPES) (23.83) g in 90 ml of
Milli-Q water. The pH was adjusted to 7.5 using 1 M sodium hydroxide solution. The final

volume was adjusted to 100 ml.

3- Tris/HCI
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4- TX-100

5- Cellosyl buffer (1 mg/mL N-acetyl-f-D-muramidase, 20 mM sodium phosphate, pH 4.8,

and 0.02% sodium azide), the buffer recipe as follows:

25 pL of 20 mM sodium phosphate + 0.02% sodium azide
10 pL of 1 mg/mL N-acetyl-S-D-muramidase.
15 pL Milli-Q H20.

6.2.3 Isolation of PG from E. coli BW25113ALdtABCDEF!

The following PG isolation work form E. coli was performed by Matthias Winkle, Centre
for Bacterial Cell Biology (CBCB) Newcastle University.

The PG was isolated from E. coli BW25113ALdtABCDEF strain as described by Datsenko
et al., following the isolation of PG pellets from cell growth media, the PG stored in Milli-
Q water with 0.02% NaNs.

6.2.4 Expression and Purification of LdtD Enzyme (YcbB)!3

The following LdtD enzyme expression was performed by Matthias Winkle, Centre for
Bacterial Cell Biology (CBCB) Newcastle University.

LdtD enzyme (YcbB) was overexpressed in E. coli LOBSTR-BL21(DE3) (Kerafast) using
pPETMMS82 expression vector, plasmid encoding for LdtD carrying an N-terminal DshC-
His6-tag followed by a TEV-protease cleavage site. Following LdtD purification, the
enzyme was stored in the following buffer: 25 mM HEPES pH 7.5 adjusted with NaOH,
300 mM NacCl, 10 % Glycerol.

6.2.5 Preparation of Muropeptide!?

The following PG digestion was performed jointly with Matthias Winkle, Centre for
Bacterial Cell Biology (CBCB) Newcastle University.

An exponential phase culture (ODeoo ~ 0.4-06) of E. coli cells (BW25113ALdtABCDEF)
was harvested by rapid suspending into NaCl/ice mixture for 15 min followed by
centrifugation (12000g, 10 min, 4 °C). The resulted pellets were suspended in ice water
then was added slowly to a boiling solution of 4% SDS. The solubilisation of bacteria

membrane and removal of high molecular wight DNA were achieved by additional boiling
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of pellets-SDS mixture for 30 min. The obtained solution was left to stand at room
temperature overnight. After which, lipoproteins covalently bounded to sacculi, and high
molecular weight glycogen were removed by enzymatic treatment with Pronase and a-
amylase. The resulted murine was digested with 15 pL N-acetyl-s-D-muramidase buffer
solution (20 pg/mL final concentration) to cleave the B1-4 glycosidic bonds between
MurNAc and GIcNACc residues at 37 °C overnight. The enzyme reaction was stopped by
heating at 100 °C (3 min), and the insoluble protein and other contaminants for media were
removed by centrifugation. The recovered supernatant contained soluble muropeptide
(monomeric, dimeric and trimeric) was lyophilised then redissolved in water, and 80 mM
sodium phosphate (pH 4.8), then stored frozen at -18 °C with no further purification (for

details see Glauner et al.).
6.2.6 Testing the Solubility of MCTDA/MCTLA

The solubility of MCTDA and MCTLA was tested in three different buffer solutions. A
typical solubility test in buffer was performed as follows, into 72.1 or 73 pL of H,O (Milli-
Q) was added 1 pL of MCTDA or MCTLA (100 mM in DMSO), along with aqueous buffer
reagents (2 pL of 1000 mM HEPES, 2 pL of 1000 mM Tris or 2.9 pL of 700 mM sodium
phosphate buffer), 10 uL of NaCl (1000 mM in H20) and 5 pL of TX-100 (1% in H20).
This gave a 100 uL solution containing MCTDA or MCTLA (1 mM), NaCl (100 mM) and
TX-100 (0.05 %), along with either HEPES (20 mM), Tris (20 mM) or sodium phosphate
(20 mM) buffer (Table 6.1).

Chemical

unit | Stock | Final HEPES Tris SPB HEPES Tris SPB
V pL V pL V pL V pL V pL V pL

mM 1000 20 HEPES 2.0 0.0 0.0 2.0 0.0 0.0
mM 1000 20 Tris 0.0 2.0 0.0 0.0 20 0.0
mM 700 20 SPB 0.0 0.0 29 0.0 0.0 2.9
mM 100 1 Probe 1.0 1.0 1.0 1.0 1.0 1.0
mM 1000 100 NaCl 10.0 10.0 10.0 10.0 10.0 10.0
% 1 0.05 TX-100 5.0 5.0 5.0 5.0 5.0 5.0
% 100 10 DMSO 9.0 9.0 9.0 9.0 9.0 9.0
Milli-Q 73.0 73.0 721 73.0 73.0 721

Table 6.1: Solubility testing of MCTDA and MCTLA in 3 different buffers.
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6.2.7 Evaluating the Thermal Stability of MCTDA/MCTLA Probes in Solution

In order to test the thermostabilities of our probes MCTDA and MCTLA under LdtD
enzymatic incorporation conditions, samples were taken from the solution of previous
solubility experiments (Table 6.1, entries 1-6) and analysed by reverse phase TLC against
reference samples of MCTDA and MCTLA solutions in DMSO only.

6.2.8 Incorporation of MCTDA into E. coli Muropeptide via LdtD in HEPES Buffer®?

Experiment of enzymatic incorporation of MCTDA into E. coli muropeptide using LdtD
in HEPES was prepared as follows, into 1.5 mL Eppendorf vial contained 18.6 pL of H.O
(Milli-Q), was added 4.1 uL of LdtD (24.2 uM in aqueous buffer), 2.5 uL of MCTDA (100
mM in DMSO) and 15 pL of a buffer solution containing approximately 100 pg of
muropeptide (E. coli BW25113ALdtABCDEF), along with a number of buffer reagents 1
pL of HEPES (1000 mM in H»0), 3.8 uL of NaCl (1000 mM in H20) and 2.5 pL of TX-
100 (1% in H20). This gave a 54.1 pL solution containing MCTDA (0.5 mM), LdtD (2
UM) and approximately 100 pg of muropeptide, along with HEPES (20 mM), NaCl (100
mM) and TX-100 (0.05 %) (Table 6.2, entry1).

The sample was incubated at 37 °C shaking for 1 h and the reaction was stopped by boiling
for 3 min. The resulted aliquot was centrifuged (12000 g) for 15 min at 4 °C. The recovered
supernatant was treated with 50 pL of 0.5 M sodium borate, pH 9. The pH of the sample
was tested by pH paper and adjusted to 9 if necessary, followed by the addition of solid
sodium borohydride 1-2 mg and the sample was centrifuged at room temperature for 30
min (note: The lid of the Eppendorf vial was pierced to allow gas releasing). After
recovering the obtained supernatant, excess borohydride was destroyed with 20% formic
acid (20 pL) and the sample was adjusted to pH 3-4. The volume of the obtained sample
was diluted to a final volume of 200 pL (2.5 % DMSO) before it injected to RP-HPLC
without any further purification.

In parallel, a negative control experiment using MCTLA (0.5 mM as a final concentration)
with LdtD and muropeptide was undertaken under the same previous conditions (Table
6.2, entry 3).
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Our previous MCTDA/MCTLA enzymatic incorporation experiment into E. coli
muropeptide was repeated but without subjecting our obtained reaction mixture to sodium
borohydride reduction, which is usually applied before HPLC analysis. (Table 6.2, entries
2 and 4)

Thus, as before, we repeated the enzymatic incorporation experiment of both
MCTDA/MCTLA into muropeptide in presence of LdtD and HEPES (NaCl, TX-100)
(Table 6.2, entries 2 and 4), along with control experiments containing probes only (2.5 pL
of each probe (10 mM in DMSO) with buffers (HEPES, NaCl, and TX-100) (Table 6.2,
entry 5 and 6). It should be noted that in control experiments containing no probe, 5 pL of
DMSO was included to maintain the solvent mixture. After incubation of the reaction
mixture for 1 h at 37 °C, all samples were heated at 100 °C for 3 min, centrifuged and the
reaction mixtures treated with 20 % formic acid and submitted for HPLC analysis. (Table
6.2)

Reduce - Reduce - Reference | Reference

MP+LdtD | MP+LdtD | MP+LdtD | MP+LdtD | Probe (D) | Probe (L)
Probe (D) | Probe (D) | Probe (L) | Probe (L)
Reagents | 0.5 mM 0.5mM 0.5 mM 0.5mM 0.5 mM 0.5mM
V.uL V.pL V.uL V.pL V.uL V.uL
uM 24.2 2 LdtD 41 4.1 41 4.1 0.0 0.0
HEPES
mM 1000 20 (7.5) 1.0 1.0 1.0 1.0 1.0 1.0
Na
mM 700 20 Phosphate 0.0 0.0 0.0 0.0 0.0 0.0
mM 10 X Probe 25 25 25 25 25 25
mM 1000 100 NaCl 3.8 3.8 38 3.8 5.0 5.0
% 1 0.05 TX-100 25 25 25 25 25 25
MP 15.0 15.0 15.0 15.0 0.0 0.0
DMSO 25 25 25 25 25 25
MilliQ 18.6 18.6 18.6 18.6 36.5 36.5
DMSO 5 5 5 5 5 5
Soduim
borate 50 0 50
NaBH, 1mg - 1mg

Table 6.2: Enzymatic testing of MCTDA (0.5 mM) and MCTLA (0.5 mM) incorporation into E.
coli muropeptide via LdtD in HEPES. [a]Assay mixture was reduced by NaBH4 before
submission to HPLC, [b]Assay mixture submitted to HPLC without reduction.
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An aliquot (0.5 puL) from each experiment (1-6) was submitted to RP-HPLC analysis
without further purification.

RP-HPLC conditions was as follows:

Buffer A: H,O with 0.1 % formic acid and buffer B: acetonitrile with 0.1 % formic acid,;
0-2 min (100 % A : 0 % B), 2-40 min (from 100 % A : 0 % B to 70 % A : 30 % B), 40-60
min (from 70 % A : 30 % B to 40 % A : 60 % B), 60-80 min (100 % A : 0 % B).

6.2.9 Examination of the Incorporation of MCTDA into E. coli Muropeptide via LdtD
in Sodium Phosphate Buffer'?

Experiment of enzymatic incorporation of MCTDA into E. coli muropeptide using LdtD
in sodium phosphate buffer was prepared as follows, into 1.5 mL Eppendorf vial contained
18.2 pL of H20 (Milli-Q), was added 4.1 pL of LdtD (24.2 uM in aqueous buffer), 2.5 pL
of MCTDA (100 mM in DMSO) and 15 pL of a buffer solution containing approximately
100 pg of muropeptide (E. coli BW25113ALdtABCDEEF), along with a number of buffer
reagents 1.4 uL of sodium phosphate buffer (700 mM in H20), 3.8 puL of NaCl (1000 mM
in H20) and 2.5 pL of TX-100 (1% in H20). This gave a 54.1 pL solution containing
MCTDA (0.5 mM), LdtD (2 uM) and approximately 100 pg of muropeptide, along with
sodium phosphate buffer (20 mM), NaCl (100 mM) and TX-100 (0.05 %) (Table 6.3, entry
3).

The sample was incubated at 37 °C shaking for 1 h and the reaction was stopped by boiling
for 3 min. The resulted aliquot was centrifuged (12000 g) for 15 min at 4 °C. The recovered
supernatant was treated with 50 pL of 0.5 M sodium borate, pH 9. The pH of the sample
was tested by pH paper and adjusted to 9 if necessary, followed by the addition of solid
sodium borohydride 1-2 mg and the sample was centrifuged at room temperature for 30
min (note: The lid of the Eppendorf vial was pierced to allow gas releasing). After
recovering the obtained supernatant, excess borohydride was destroyed with 20% formic
acid (20 pL) and the sample was adjusted to pH 3-4. The volume of the obtained sample
was diluted to a final volume of 200 uL (2.5 % DMSO) before it injected to RP-HPLC

without any further purification.
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MP+LdtD MP+Probe | MP+LdtD
Concentration MP+LdtD Probe MCTDA MCTDA Probe MCTLA | MCTLA
MCTDA MCTLA
Reagents
Unit | Stock | Final
um 24.2 2 LdtD
Na
mM 700 20 Phosphate 14 14 14 14 14 14 14 14
mM 10 0.5 Probe 0.0 0.0 25 25 25 25 25 25
mM | 1000 100 NaCl 5.0 3.8 3.8 5.0 5.0 3.8 5.0 5.0
% 1 0.05 TX-100 25 25 25 25 25 25 25 25
MP 15.0 15.0 15.0 0.0 15.0 15.0 0.0 15.0
% 10 DMSO 5.0 5.0 25 25 25 25 25 25
Milli-Q 211 18.2 18.2 36.1 21.1 18.2 36.1 21.1

Table 6.3: Enzymatic testing of MCTDA (0.5 mM) and MCTLA (0.5 mM) incorporation into E.
coli muropeptide via LdtD in sodium phosphate buffer.

In parallel, a negative control experiment using MCTLA (3.4) (0.5 mM as a final
concentration) with LdtD and muropeptide was undertaken under the same conditions
(Table 6.3, entry 6). In addition, further control experiments involved probe
(MCTDA/MCTLA) only, muropeptide only, muropeptide with LdtD, muropeptide with
MCTDA/MCTLA but no LdtD were performed basing on our previous protocol (Table
6.3, entry 4,7, 1, 2, 5, 8 respectively).

An aliquot (0.5 pL) of each assay mixture (1-8) was analysed by RP-HPLC without further
purification.

RP-HPLC conditions was as follows:

buffer A: H20 with 0.1 % formic acid and buffer B: acetonitrile with 0.1 % formic acid; 0-
2 min (100 % A : 0 % B), 2-60 min (from 100 % A : 0 % B to 55 % A : 45 % B), 60-180
min (from 55 % A : 45 % B to 14 % A : 86 % B), 180-200 min (100 % A : 0 % B).
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6.2.10 Incorporation of MCTDA into E. coli Muropeptide, via LdtD in Sodium
Phosphate Buffer with Reduction, for LC-MS Analysis*®

The experiment of MCTDA enzymatic incorporation into muropeptide using sodium
phosphate buffer was prepared as follows, into 1.5 mL Eppendorf vial contained 18.2 pL
of H.O (Milli-Q), was added 4.1 pL of LdtD (24.2 uM in aqueous buffer), 2.5 pL of
MCTDA (100 mM in DMSO) and 15 pL of a buffer solution containing approximately
100 g of muropeptide (E. coli BW25113ALdtABCDEF), along with a number of buffer
reagents 1.4 uL of sodium phosphate buffer (700 mM in H20), 3.8 puL of NaCl (1000 mM
in H20) and 2.5 pL of TX-100 (1% in H20). This gave a 50 pL solution containing
MCTDA (0.5 mM), LdtD (2 uM) and approximately 100 pg of muropeptide, along with
Sodium phosphate buffer (20 mM), NaCl (100 mM) and TX-100 (0.05 %)

(Table 6.4, entry 1).

1 2
R Buffers and MP+LdtD MP+Probe
enzyme Probe MCTDA
MCTDA

Unit Stock Final V pL V pL
uM 24.2 5 LdtD 4.1 0.0
mM 700 20 Na Phosphate 1.4 1.4
mM 10 0.5 Probe 2.5 2.5
mM 1000 100 NaCl 3.8 5.0
% 1 0.05 TX-100 25 25
MP 15.0 15.0
% 10 DMSO 25 25
Milli-Q 18.2 211

Table 6.4: Enzymatic testing of MCTDA (0.5 mM) and MCTLA (0.5 mM) incorporation into E.
coli muropeptide via LdtD for LC-MS analysis.

The assay mixture was incubated at 37 °C shaking for 1 h and the reaction was stopped by
boiling for 3 min. The resulted aliquot was centrifuged (12000 g) for 15 min at 4 °C. The
recovered supernatant was treated with 50 pL of 0.5 M sodium borate, pH 9. The pH of the

sample was tested by pH paper and adjusted to 9 if necessary, followed by the addition of
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solid sodium borohydride 1-2 mg and the sample was centrifuged at room temperature for
30 min (note: The lid of the Eppendorf vial was pierced to allow gas releasing). After
recovering the obtained supernatant, excess borohydride was destroyed with 20 % formic
acid (20 pL) and the sample was adjusted to pH 3-4. The volume of the obtained sample
was diluted to a final volume of 200 pL (2.5 % DMSO). Then the resulting crude solution
was submitted to an analytical RP-HPLC without any further purification and using our
previous HPLC conditions.

In addition, a blank sample of MCTDA and muropeptide isolated from
BW25113ALdtABCDEF was treated according to our previous enzymatic incorporation
protocol (Table 6.4, entry 2) and was submitted to an analytical RP-HPLC without further
purification. And then experiments 1 and 2 (Table 6.4, entries 1, and 2) was repeated and
the resulting assay mixtures were submitted to semi-preparative HPLC, and following peak
collections, pure isolated fractions were lyophilized and subjected to LC-MS/MS (ESI-
ITMS) analysis.

6.2.11 MCTDA Enzymatic Incorporation into Muropeptide via LdtD without NaBHa4
Reduction®?

Experiment of MCTDA enzymatic incorporation into muropeptide without reduction was
prepared as follows, into 1.5 mL Eppendorf vial contained 18.2 pL of H20 (Milli-Q), was
added 4.1 pL of LdtD (24.2 uM in aqueous buffer), 2.5 pL of MCTDA (100 mM in DMSO)
and 15 pL of a buffer solution containing approximately 100 pg of muropeptide (E. coli
BW25113ALdtABCDEF), along with a number of buffer reagents 1.4 pL of Sodium
phosphate buffer (700 mM in H20), 3.8 uL of NaCl (1000 mM in H20) and 2.5 pL of TX-
100 (1% in H20). This gave a 57.6 pL solution containing MCTDA (0.5 mM), LdtD (2
HMM) and approximately 100 pg of muropeptide, along with sodium phosphate buffer (20
mM), NaCl (100 mM) and TX-100 (0.05 %) (Table 6.5 entry 3):
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MP+LdtD
Concentration MP+LdtD Probe MCTDA
MCTDA
Buffers and
enzyme |
Unit | Stock | Final V pL V pL V pL V pL
uM 24.2 2 LdtD 0 4.1 4.1 0.0
Na
mM | 700 20 Phosphate 14 1.4 14 14
mM 10 0.5 Probe 0.0 0.0 25 25
mM | 1000 | 100 NaCl 38 3.8 38 5.0
% 1 0.05 TX-100 25 25 25 25
MP 15 15 15 0.0
% 10 DMSO 7.5 5.0 25 7.5
Milli-Q 28.6 25.7 25.7 28.6

Table 6.5: Enzymatic testing of MCTDA (0.5 mM) and MCTLA (0.5 mM) incorporation into E.
coli muropeptide via LdtD without NaBH. reduction for LC-MS analysis.

The incoporation reaction was stopped by boiling the reaction mixture for 3 min. The
resulted aliquot was centrifuged (12000 g) for 15 min at 4 °C. The recovered supernatant
was treated with 20% formic acid (20 uL) and the sample was adjusted to pH 3-4. The
volume of the obtained sample was diluted to a final volume of 200 pL (2.5 % DMSO).
Then the resulting crude solution was submitted to an analytical RP-HPLC without any
further purification.

In addition, few experiments including a reference sample of muropeptide (MP) with buffer
solutions (Table X, entryl), muropeptide, LdtD with buffer solutions (Table X, entry 2),
and MCTDA with buffer solutions (Table 6.5, entry 4), were treated according to our
previous chemoenzymatic incorporation protocol. After reaction times of 1 h, an aliquot
sample of each experiment (1,2,4) was subjected to an analytical RP-HPLC without any

further purification.
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6.2.12 LC-MS/MS Analysis of Muropeptide-MCTDA Adducts via LdtD
Incorporation into Muropeptide without Reduction

The experiment of MCTDA incorporation into muropeptide via LdtD was repeated as
previously and the resulting supernatant was separated by semi-preparative HPLC. The
corresponding peaks with retention times at 67 min (putative muropeptide-MCTDA
adduct) and 73 min (unincorporated MCDTA) were collected, dried and then analysed by
LC-MS/MS.

6.2.13 Examination of the Incorporation of MCTDA into E. coli Peptidoglycan via
LdtD in Sodium Phosphate Buffer

Experiment of MCTDA enzymatic incorporation into PG was prepared as follows, into 1.5
mL Eppendorf vial contained 27.7 pL of H.O (Milli-Q), was added 4.1 pL of LdtD (24.2
MM in aqueous buffer), 2.5 uL of MCTDA (100 mM in DMSO) and 7.5 pL of a buffer
solution containing approximately 100 pg of PG (E. coli BW25113ALdtABCDEF), along
with a number of buffer reagents 1.4 uL of sodium phosphate buffer (700 mM in H20), 3.8
pL of NaCl (1000 mM in H20) and 2.5 pL of TX-100 (1% in H20). This gave a 57.9 pL
solution containing MCTDA (0.5 mM), LdtD (2 uM) and approximately 100 pg of
muropeptide, along with sodium phosphate buffer (20 mM), NaCl (100 mM) and TX-100
(0.05 %) (Table 6.6, entry 2).
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PG+LdtD PG+Probe
Concentration PG+LdtD Probe MCTDA | MCTDA
MCTDA
Buffers and
enzyme |
Unit | Stock | Final V pL V pL V pL V pL
um 24.2 2 LdtD 4.1 4.1 0.0 0.0
Na
mM | 700 20 Phosphate 1.4 14 1.4 1.4
mM 10 0.5 Probe 0.0 25 25 25
mM | 1000 | 100 NaCl 3.8 38 5.0 5.0
% 1 0.05 TX-100 25 25 25 25
PG 7.5 7.5 0.0 7.5
% 10 DMSO 5.0 25 7.5 7.5
Milli-Q 25.7 25.7 28.6 28.6

Table 6.6: Enzymatic testing of MCTDA (0.5 mM) incorporation into E. coli PG via LdtD.
The sample was incubated for 1 h at 37 °C shaking overnight. After 19h the reaction was
stopped by boiling for 3 min. The resulted aliquot was centrifuged (12000 g) for 15 min at
4 °C. The recovered murine supernatant was completely degraded to the corresponding
muropeptides by the addition of muramidase (cellosyl) 10 uL, followed by the addition of
cellosyl buffer (20 mM sodium phosphate, pH 4.8, and 0.02% sodium azide) (25 uL) and
Milli-Q water (15 pL). The resulted aliquot was incubated at 37 °C shaking overnight.
After 19 h, the enzymatic reaction was stopped by boiling for 3 min followed by
centrifugation for 15 min to remove insoluble contaminants. The recovered supernatant
was treated with 50 pL of sodium borate (0.5 M, pH 9) The pH of the sample was tested
by pH paper and adjusted to 9 if necessary, followed by the addition of solid sodium
borohydride 1-2 mg and the sample was centrifuged at room temperature for 30 min (note:
The lid of the Eppendorf vial was pierced to allow gas releasing). After recovering the
obtained supernatant, excess borohydride was destroyed with 20% formic acid (20 pL) and
the sample was adjusted to pH 3-4. The volume of the obtained sample was diluted to a
final volume of 200 pL (2.5 % DMSO) before it injected to RP-HPLC without any further
purification.

In addition, another 3 experiments included, MCTDA as a single component (reference);

PG-LdtD (positive control); PG-MCTDA. All these experiments were treated with similar
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previous protocol (Table 6.6, entries 1,3,4) and.an aliquot (0.5 pL) from each reaction

mixture was analysed by RP-HPLC without prior purification.

6.3 X-Ray Crystallography Data

2,2,2-Trifluoro-1-(3,5-dimethoxyphenyl) ethanone oxime (3.29)

Identification code mjh180023 fa
Empirical formula C1oH10FsNO3
Formula weight 249.19
Temperature/K 150.0(2)
Crystal system monoclinic
Space group P2i/c

alA 5.1484(2)

b/A 11.2035(4)
c/A 18.8987(11)
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o/°

pre
y/°
Volume/A3
Z
pealcg/cm?
p/mm
F(000)

Crystal size/mm?

Radiation

90

91.809(5)

90

1089.54(9)

4

1.519

1.279

512.0

0.24 x 0.07 x 0.01

CuKa (A = 1.54184)

20 range for data collection/°9.178 to 133.512

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]

Final R indexes [all data]

5<h<5,-13<k<13,-22<1<21
7845

1903 [Rint = 0.0445, Rsigma = 0.0354]
1903/204/193

1.053

R1 = 0.0402, Rz = 0.0912

R1=10.0562, wR2 = 0.1003

Largest diff. peak/hole / e A2 0.16/-0.19
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2,2,2-Trifluoro-1-(3,5-dimethoxyphenyl)ethanone

(3.30)

-O-p-toluenesulfonyloxime

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

B/

mjh180044

C17H16F3NOsS
403.37
150.0(2)
monoclinic
C2lc
17.5069(5)
10.4249(4)
19.4907(6)

90

92.820(3)
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y/° 90

Volume/A3 3552.91(19)

Z 8

pealcg/cm? 1.508

w/mm? 2.183

F(000) 1664.0

Crystal size/mm?® 0.22 x 0.18 x 0.13
Radiation CuKoa (A =1.54184)

20 range for data collection/°9.086 to 133.638

Index ranges -20<h<20,-12<k<12,-23<1<18
Reflections collected 12982

Independent reflections 3146 [Rint = 0.0321, Rsigma = 0.0233]
Data/restraints/parameters ~ 3146/0/247

Goodness-of-fit on F 1.043

Final R indexes [[>=2c (I)] R1=0.0330, wR2> =0.0795

Final R indexes [all data] R1=0.0404, wR2 = 0.0845

Largest diff. peak/hole / e A20.24/-0.35
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2,2,2-Trifluoro-1-(3,5-dimethoxyphenyl)ethanone

(3.30)

-O-p-toluenesulfonyloxime

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

()

o/

mjh180050

C17H16F3NOsS
403.37
150.0(2)
triclinic

P-1

7.7243(3)
10.7713(4)
11.0461(3)

88.790(3)
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pre

y/°

Volume/A3

Z

pealcg/cm?
w/mm?

F(000)

Crystal size/mm?®

Radiation

86.743(3)
72.489(3)
875.03(6)

2

1531

2.216

416.0

0.32 x 0.16 x 0.09

CuKa (A = 1.54184)

20 range for data collection/°8.018 to 133.468

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]

Final R indexes [all data]

9<h<8, -12<k<12,-13<1<13
23761

3080 [Rint = 0.0375, Rsigma = 0.0180]
3080/1214/478

1.076

R1 = 0.0307, Rz = 0.0739

R1=0.0360, wR2 = 0.0775

Largest diff. peak/hole / e A< 0.20/-0.24
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3-(3,5-Dimethoxyphenyl)-3-(trifluoromethyl)-diaziridine (3.31)

Identification code mjh180056 fa
Empirical formula CioH11F3N202
Formula weight 248.21
Temperature/K 150.0(2)
Crystal system monoclinic
Space group P2i/c

alA 10.8296(7)
b/A 12.0545(7)
c/A 8.4489(6)

a/° 90

B/ 104.671(7)
/° 90
Volume/A3 1067.00(12)
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Z 4

peaicg/cm?® 1.545

wmm' 1.257

F(000) 512.0

Crystal size/mm? 0.15 % 0.13 x 0.07
Radiation CuKa (A =1.54184)

20 range for data collection/°8.44 to 135.582

Index ranges -12<h<10,-14<k<14,-10<1<10
Reflections collected 14384

Independent reflections 1902 [Rint = 0.0880, Rsigma = 0.0469]
Data/restraints/parameters ~ 1902/0/162

Goodness-of-fit on F2 1.042

Final R indexes [[>=2c (I)] R1=0.0577, wR2 =0.1622

Final R indexes [all data] R1=0.0678, wR, =0.1791

Largest diff. peak/hole / e A2 0.48/-0.48
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2-(3-Trifluoromethyl)-3H-diazirine-3-yl)-4,6-dimethoxybenzaldehyde (3.11)

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

mjh180060

C11HoF3N203
274.20
150.0(2)
orthorhombic
Pnma
13.5386(3)
6.8957(2)
12.2585(2)
90

90

90

1144.43(5)
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vA 4

peaicg/cm?® 1.591

wmm' 1.310

F(000) 560.0

Crystal size/mm? 0.31 x 0.15 x 0.04
Radiation CuKoa (A =1.54184)

20 range for data collection/°9.734 to 133.92

Index ranges -16<h<16,-8<k<8,-14<1<13
Reflections collected 15605

Independent reflections 1115 [Rint = 0.0303, Rsigma = 0.0103]
Data/restraints/parameters ~ 1115/0/137

Goodness-of-fit on F2 1.059

Final R indexes [[>=2c (I)] R1=0.0324, wR2 = 0.0909

Final R indexes [all data] R1=0.0362, wR2 = 0.0951

Largest diff. peak/hole / e A2 0.18/-0.14
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7-Methoxy-5-(3-trifluoromethyl-3H-diazirine-3-yl) coumarin-3-cabroxylic acid (3.2)

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

p/e

mjh190023 fa

Ci3H7F3N20s
328.21
150.0(2)
orthorhombic
Pca2;
27.0115(15)
4.9396(4)
9.4076(5)

90

90
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y/° 90

Volume/A3 1255.22(14)

YA 4

Peaicg/cm?® 1.737

w/mm? 1.445

F(000) 664.0

Crystal size/mm?® 0.17 x 0.08 x 0.02
Radiation CuKoa (A =1.54184)

20 range for data collection/°11.464 to 133.524

Index ranges -32<h<25,-5<k<4,-11<1<11
Reflections collected 4917

Independent reflections 1979 [Rint = 0.0495, Rsigma = 0.0557]
Data/restraints/parameters ~ 1979/1/212

Goodness-of-fit on F 1.072

Final R indexes [[>=20 (I)] R1=0.0432, wR> =0.0989

Final R indexes [all data] R1 = 0.0557, wR2 = 0.1076

Largest diff. peak/hole / e A20.27/-0.25

Flack parameter 0.10(19)
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5-(2,6-dimethoxy-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzylidene)-2,2-dimethyl-
1,3-dioxane-4,6-dione (3.41)

Identification code mjh190021
Empirical formula C17H15F3N206
Formula weight 400.31
Temperature/K 150.0(2)
Crystal system monoclinic
Space group Cc

alA 26.8070(5)
b/A 7.61139(14)
c/A 18.0324(4)
a/° 90

B/ 104.572(2)
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y/° 90

Volume/A3 3560.94(12)

Z 8

Peaicg/cm?® 1.493

w/mm? 1.169

F(000) 1648.0

Crystal size/mm?® 0.3x0.12 x 0.08
Radiation CuKa (A =1.54184)

20 range for data collection/°6.814 to 135.292

Index ranges -32<h<26,-9<k<9,-21<1<21
Reflections collected 8215

Independent reflections 8215 [Rint = ?, Rsigma = 0.0240]
Data/restraints/parameters  8215/1163/626

Goodness-of-fit on F 0.993

Final R indexes [[>=20c (I)] R1=0.0289, wR> =0.0717

Final R indexes [all data] R1=0.0318, wR> = 0.0731

Largest diff. peak/hole / e A20.12/-0.15

Flack parameter 0.00(6)
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(R)-2-((tert-butoxycarbonyl)amino)-3-(2-oxo-2H-chromene-3-

carboxamido)propanoic acid (3.46)

Identification code mjh190050 fa
Empirical formula C1sH20N207
Formula weight 376.36
Temperature/K 150.0(2)
Crystal system tetragonal
Space group P4,

alA 5.9238(2)
b/A 5.9238(2)
c/A 50.191(2)
a/° 90

p/e 90
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y/° 90

Volume/A3 1761.28(14)

YA 4

Peaicg/cm?® 1.419

p/mm 0.932

F(000) 792.0

Crystal size/mm?® 0.12 x 0.1 x 0.09
Radiation CuKoa (A =1.54184)

20 range for data collection/°14.116 to 133.132

Index ranges -6<h<5,-7<k<6,-53<1<59
Reflections collected 6426

Independent reflections 2475 [Rint = 0.0488, Rsigma = 0.0518]
Data/restraints/parameters ~ 2475/2/257

Goodness-of-fit on F 1.049

Final R indexes [I>=2c (I)] R1=0.0403, wR> = 0.0864

Final R indexes [all data] R1 = 0.0500, wR> = 0.0921

Largest diff. peak/hole / e A®0.16/-0.17

Flack parameter -0.1(3)
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Diazirine carboxycoumarin (3.2) and by-product (3.35)

Identification code mjh190010 fa
Empirical formula Ca1H22FsN4012
Formula weight 756.52
Temperature/K 150.0(2)
Crystal system triclinic

Space group P-1

alA 8.2992(3)

b/A 12.2276(6)
c/A 16.7205(8)

a/® 70.632(4)

p/e 80.621(4)

v/° 79.557(4)
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Volume/A3 1564.54(13)

Z 2

peaicg/cm® 1.606

p/mm? 1.295

F(000) 772.0

Crystal size/mm?3 0.19 x 0.09 x 0.02
Radiation CuKoa (A =1.54184)

20 range for data collection/°7.736 to 133.936

Index ranges -0<h<8 -14<k<14,-19<1<19
Reflections collected 21906

Independent reflections 5522 [Rint = 0.0417, Rsigma = 0.0332]
Data/restraints/parameters ~ 5522/0/485

Goodness-of-fit on F2 1.011

Final R indexes [[>=2c (I)] R1=0.0347, wR2 = 0.0824

Final R indexes [all data] R1=0.0501, wR2 = 0.0914

Largest diff. peak/hole / e A2 0.21/-0.21
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