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Abstract

This thesis describes efforts towards the synthesis and evaluation of ligands that may be used in
place of EDTA, a ligand that is slow to biodegrade after use, in antibacterial formulations. A number
of synthetic strategies have been employed in the search for candidate ligands, such as substituting
the carboxylate groups of EDTA with amide groups to form systems bearing 1 to 4 amide groups, us-
ing ligands which are able to form extremely stable complexes with Fe3+ on account of their phenolic
donor groups, and the design and synthesis of ligands incorporating motifs known to be biodegrad-
able.

To gauge the bacteriostatic efficacy of the studied ligands, optical-density based methods of mon-
itoring the growth of E. coli were used, allowing ranking of the ligands according to their inhibitory
power. Of the synthesised ligands, symmetrical EDTA bis-amides bearing strongly coordinating pen-
dent groups (e.g. carboxylates and pyridines) gave the greatest extent of inhibition against E. coli.
So as to understand the chemical reasons dictating the extent of inhibition of the studied ligands,
thermodynamic characterisation (via pH- potentiometry and spectroscopic measurements) was un-
dertaken. Comparison of the metal ion binding constants obtained for a selection of synthesised
EDTA amides with those of other aminocarboxylate ligands, indicated that the amides almost always
had smaller binding affinities for Ca%*, Mg?*, Fe3*, Mn?*, and Zn?* | indicating that the strength of
ligand binding to these ions is not the sole determinant of the efficacy for the EDTA amides.

Studies into the importance of association constants of a selection of known, commercially avail-
able aminocarboxylate ligands to Ca®*, Mg?*, Fe®*, Mn?*, and Zn?* indicate that a certain level of
Mg?* binding (at the experimental pH) is relevant to inhibition, but this is not the case for phenolic
ligands if the Fe3* binding is sufficiently high. Assessment of a number of variables on the growth
inhibition of E. coli showed that growth inhibition was most closely correlated with parameters per-
taining to Fe3* binding. ICP-MS studies show that aminocarboxylate ligands can extensively deplete
manganese and iron from cells, which may not have been apparent from inspection of their Mn?*
binding constants. In constrast, the phenolic EHPG depleted iron almost exclusively. Based on the

above, rational ligand design was attempted and some suggestions for future work have been given.
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1. Introduction and aims

1.1. EDTA: A brief history and problem statement

Ethylenediaminetetraacetic acid, EDTA (Figure 1) is a hexadentate ligand that is used in a variety of
domestic, industrial and health applications, e.g. food preservation, plant nutrition, surface cleaning
and disinfection.[': 2 These applications all rely on the ability of EDTA to strongly chelate a wide
range of metal ions across a wide pH range and its low toxicity.[®l Some indications of the relevance
to EDTA to modern life are that about 80,000 tonnes of EDTA are produced annually, and the ligand

is included on the World Health Organisation’s list of essential medicines.!!

O

HO)H o)
HOY\N /\/N\)J\OH
o} ‘\H/OH
o}
EDTA

Figure 1: The structure of EDTA. Donor groups are highlighted in colour.

EDTA was first synthesised by Munz in 1935 from ethylene diamine and chloroacetic acid,® but
the current industrial synthesis utilises a condensation between ethylene diamine, formaldehyde and
a cyanide source to prepare a nitrile intermediate which can then by hydrolysed (Scheme 1).

The first studies of EDTA after the filing of the Munz patent, were centred around thermodynamic

studies of the metal complexes that the ligand formed, by Schwarzenbach!® and others.!”]

(e}
Munz, 1935:
HO o
CICH,COONa, Na,CO, \)k
NH 2 P 2773 HO N
HoNT 2 \[(\N/\/ OH
HZO, 90-95°C, 8-10h
ethylene diamine o OH
(en)
0]
Industrial route: EDTA
NC
HCHO, j
NaCN Hydrolysis
= NC/\N/\/N\/CN Y=o
kCN

Scheme 1: The original 1935, and current industrial route to EDTA.

Soon after, studies on the use of EDTA to manipulate biological systems, especially on the appli-
cability of EDTA as an anticoagulant,® ° as a treatment for metal overload!'®! and as a plant growth
supplement,!''l were commenced, although the oldest work addressing the bacterial growth-inhibiting
properties of EDTA may be from Johnson,['?l who demonstrated that the rate of S. dysenteriae was

profoundly slowed by addition of the ligand above a threshold concentration. This combination of
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fundamental studies elucidating the thermodynamic properties of metal-EDTA complexes, and the
work on exploiting this newfound understanding in the “real world” from a very early stage, may be
why the ligand is so widely used today.

A problematic aspect of this widespread use of EDTA, is that after use it accumulates in wastew-
ater, and its disposal is complicated by its low biodegradability in nature. Indeed, it has been found
that EDTA is present at higher concentrations than any other anthropogenic compound in European
surface water.l'3l Because of its long residence time in bodies of water, a concern is that unchecked
EDTA use may lead to the leaching and mobilisation of toxic, heavy metal ions into water supplies
intended for human consumption, and disruptions of the nitrogen balance of water bodies where
EDTA is especially abundant.l'l Furthermore, the ability of EDTA to inhibit bacterial growth may lead
to long-term, detrimental changes in aquatic ecosystems.[3!

It is because of these factors, that the use of EDTA has come under legislative scrutiny, and
measures to limit its environmental impact have been put into place, including restrictions on its use in
some US states and the limiting of its release into wastewater streams in Germany.['® Based on such
restrictions, alternatives to EDTA which are intended to be more biodegradable have been bought to
market, like MGDA, HIDS, EDDG, GLDA and EDDS (Figure 2).I'®! Of these, EDDS was evaluated
by Procter and Gamble as an EDTA replacement that was more amenable to biodegradation,!'”! but
did not exhibit sufficient metal sequestration across the required pH range of 4-7 for it to function as

a truly viable alternative, the same being true of GLDA.

o OH HO (0]
j/ OH OH ., OH
(¢] N_ *
ﬁ)\N o o A N/\/ o
* * H
OH Kfo o 0 HO
\
OH OH OH OH (¢]
[e) OH

MGDA HIDS EDDG
O~_ _OH
o) o) OH
PN SN
HO™ OH H/\/ -0
HO2C._ _N_ _COzH *_ _OH
oIV V2 HO o) \[(
o]
I-GLDA S,5°-EDDS

Figure 2: Commercially available biodegradable chelating ligands. Ligands that are known to ex-
hibit enantioselective biodegradation have their most biodegradable isomer shown. Chiral
compounds sold as racemates have their stereogenic centres marked with an asterisk.

Because of the shortcomings of the currently available biodegradable ligands, this thesis focuses
on the synthesis of and evaluation of a wide range of alternative ligands, to be assessed on the basis
of their bacterial growth inhibiting ability. Accordingly, a review of the factors underpinning ligand-
mediated Gram-negative bacterial growth inhibition, chelate stability and the molecular features of a

biodegradable compound follow.
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1.2. Structure of bacterial cell walls
1.2.1. General description

Bacteria can be grouped into two general categories, Gram-positive and Gram-negative. Although
both types of bacteria share common features such as a cytoplasmic membrane with embedded
proteins, the cardinal difference between them is the structure of the cell walls (Figure 3). Gram-
positive bacteria have a thick layer of peptidoglycan, a polymer comprised of sugar and amino acid
fragments, and some species and strains also contain phosphate residues in their peptidoglycan
layers which serve to bind Ca?* and Mg?* as an uptake mechanism for these ions. Gram-negative
bacteria have a much thinner layer of peptidoglycan, but also have a secondary, outer membrane.
This outer membrane is an asymmetric bilayer in which the layer in direct contact with the periplalsmic
space is composed of phospholipids, which itself interfaces with a layer formed from molecules known

as lipopolysaccharides (LPS), that are sugar-phospholipid conjugates.

m} — — — Lipid A layer

|

Cytosol

Figure 3: Simplified representations of i) the Gram-positive, and ii) Gram-negative cell walls.
Adapted from the work of Jeff Dahll'® under the terms of the GNU Free Documentation
Licence.
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The structure of lipopolysaccharide warrants further discussion, because of its central role in limit-
ing the permeability of Gram-negative bacterial cells to a variety of foreign agents. The hydrophobic
component of LPS, Lipid A (Figure 4), is conserved across many species of Gram-negative bacte-
ria and anchors into the inner phospholipid layer of the outer membrane.'® Phosphate groups are
attached to the sugars that Lipid A contains, leading to a high negative charge density for each
Lipid A unit. These phosphate groups are coordinated by Ca* and Mg?* ions, and these interac-
tions have profound implications for transport across the outer membrane, which will be discussed in
Section 1.2.3. Joining onto the sugar component of Lipid A is the core oligosaccharide, which is a
species- and strain-dependent sequence of sugars that exhibits different degrees of phosphorylation

depending on the organism in question.

Alcohol group links
to core oligosaccharide
Phospate groups
bind Ca?* and Mg?*
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Figure 4: The structure of E. coli Lipid A , with key intermolecular interactions highlighted.

The outermost component of LPS projects into the outer environment and is called the O-antigen,
present in most Gram-negative bacteria. This is a hydrophilic structure that contributes to the aque-
ous solubility of LPS, enables adhesion to host tissues and contributes to the pathenogenicity of

some Gram-negative bacteria, but may not be present in all Gram-negative species and strains.

1.2.2. The outer membrane: implications for permeability and infection

The ability of LPS to bind?% Ca?* and Mg?* confers mechanical stability®'! to the outer membrane
with divalent cation binding increasing the ordering of isolated LPS, more so than the binding of other
cations, like ammonium salts and Na*.1??l In this way, interactions between LPS fragments and diva-
lent cations can be considered similar to those in a coordination polymer. Such interactions also lead
to a significant barrier to the diffusion of molecules above a certain size and polarity into a Gram-

negative bacterial cell, and it is accepted that diffusion across the Gram-negative outer membrane
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is restricted to a few types of molecules, e.g. small, hydrophilic molecules (up to ~600 g mol~")
which can diffuse through proteins embedded within the outer membrane called porins.?%! This bar-
rier renders Gram-negative bacteria invulnerable to many preservatives!?* and antibiotics that affect
Gram-negative organisms after their transport into the cell.[9!

Unlike many Gram-positive pathogens like Staphylococcus aureus or Clostridium difficile then,
whose growth and infections are treatable with a range of antibiotics, infections and growths of Gram-
negative bacterial species like Pseudomonas aeruginosa, Escherichia coli and Salmonella enterica
cannot be treated with as wide a range of compounds. Those antibiotics which are used, are often
“drugs of last resort,” with unpleasant side-effects.

Therefore, increasing the range of antibacterial compounds applicable to Gram-negative bacte-
ria, alongside the development of tools to directly inhibit the growth of Gram-negative bacteria, is
desirable. Given the sheer variety of locations in which Gram-negative bacterial species like Pseu-
domonas aeruginosa and Escherichia coli are able to thrive (the former even being able to grow
in emulsions of toluenel?8l), further utility would also be derived from the development of antibac-
terials that may also be applied to potential outbreak sites, e.g. soap dispensers and consumer
formulations.?”! EDTA fulfils these roles rather well, but could also be exchanged for other powerful,
broad-spectrum ligands, on account of the coordination interactions relevant to the stability of the

LPS barrier.

1.2.3. Chelation-induced disruption of the Gram-negative outer membrane

A rich literature exists on the deliberate destabilisation of the Gram-negative outer membrane,?8! with
a good deal of work focusing on E. coli and P, aeruginosa as model organisms. The phenomenon
of EDTA-mediated LPS disruption was first reported by Leive,?®! who demonstrated that E. coli cells
treated with EDTA became susceptible to actinomycin D, an antibiotic which is usually only effective
against Gram-positive bacteria, within minutes of exposure to EDTA. Building on this, it was later
found that in the presence of EDTA, the bactericidal effect of some amines like dodecylamine, TRIS
or benzalkonium chloride against E. coli was drastically increased. This was assumed to be because
EDTA treatment enabled penetration of these amines deep into the cell, resulting in lethal damage

(Figure 5).1%0

24



HZN\/\/\/\/\/\/

Dodecylamine

(<]
Cl
NH. >N/\/\/\/\
Ho\ﬂ\/OH
HO
TRIS Benzalkonium chloride

(C8 member)

Figure 5: Antibacterials potentiated in the presence of EDTA.

The phenomenon of EDTA-induced potentiation of antibacterial agents was also observed in P
aeruginosa by Haque and Russell a few years later, who studied the effect of antibiotics typically
unable to cross the Gram-negative cell wall, in conjunction with NTA, IDA, trans-CDTA, HEDTA and
EDTA. The fact that these chelating ligands were all able to render P. aeruginosa susceptible to such
antibiotics showed that chelation in general (provided sufficient metal ion content was complexed),
was key to rendering Gram-negatives vulnerable antibiotics that were typically cell-impermeable."l
Perhaps due to the more extensive phosphorylation of LPS belonging to P aeruginosa compared
to E. coli, it was also found that frans-CDTA and EDTA could effect P aeruginosa cell lysis with-
out an additive (Figure 6).5% 33 To the author’'s knowledge, these works, alongside that of Spicer
and Spooner,®4 are some of the only publications discussing the relation between metal ion bind-
ing properties of aminocarboxylate ligands and their capacity for disrupting Gram-negative bacterial

growth.
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—

Cell lysis increases with metal ion binding strength

Figure 6: The relationship between P aeruginosa cell lysis and aminocarboxylate metal ion affinity
highlighted by Haque and Russell.[®?!
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Perhaps the most direct evidence for the role of Ca®* and Mg?* in LPS stabilisation came from
experiments demonstrating that the addition of excess magnesium chloride completely restored
the antibiotic resistance of a selection of E. coli strains.?® 3% This effect was also observed in
P aeruginosa.l®® In fact, the addition of Mg?* to Gram-negative bacterial cultures has become
something of a way to “re-enforce” the structure of the LPS layer in a number of outer membrane
studies.®”- 381 More recently, the use of atomic force microscopy gave a visual indication of the cel-
lular damage EDTA can inflict on E. coli cells, allowing for the detection of pits formed in the outer

membrane due to LPS stripping when the cells were treated with 100 mM EDTA (Figure 7).1%
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Figure 7: AFM-imaged membrane profiles of E. coli treated with A) 0 mM EDTA, B) 50 mM EDTA
and C) 100 mM EDTA. Lowercase letters on the graphs represent the sampling location on
the images of the cells. Adapted with permission from Langmuir, 2000, 16, pp 2789-2796.
Copyright 2000 American Chemical Society.

Polycations are also known to permeabilise the outer membrane through disorganisation, and
the presence of multiple positive charges is a common feature in many compounds and natural
extracts that are found to hinder Gram-negative bacterial growth. Because their mode of action is not
dependent on chelation, they are not reviewed here, but the interested reader is directed to work by
Vaara for further information.[0: 411

From this work, it would therefore be reasonable to assume that a chelating ligand that exhib-
ited sufficiently high Ca* and Mg?* affinities would be an efficient outer membrane permeabilising
agent, which could induce cell death on its own if the dose was high enough, or render treated cells

susceptible to added antibacterials.
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1.3. Bacterial metal homeostasis

It is believed that approximately one third of proteins contain a metal in some form,*? where they

perform a plethora of functions, from catalysis to conformational restriction (Figure 1).143 44l Bacteria,

like all living organisms, require metals for their survival and growth and it is because of that, a

shortage of relevant metal ions in an environment will limit their growth;1*! in fact, deliberate metal

starvation is used as a way of controlling bacterial infection by infected host organisms, in a process

known as nutritional immunity. 46l

Metal ions necessary for proper function are taken up into the cell either by the secretion of small

molecules like siderophores for Fe®* (covered further in Section 4.1), active transport!*] or other,

poorly-defined transport systems.[*8] Systems to regulate cellular metal levels, like efflux pumps!*°!

or the repression of genes relevant to the transport of a certain metal, are also present,®% because

an excess of many metal ions (e.g. Fe3*, Mn?* or Cu*) is also detrimental to cell health.

Table 1: Some examples of the use of metal ions in bacteria. Adapted from Wilkins. 3l

Biomolecule Metal ion(s) Function of biomolecule Function of metal ion(s)
present
Lipopolysaccharide
(LPS) ca2t Ma2+ Outer membrane Links discrete LPS
(Gram-negative a9 permeability barrier fragments together
bacteria)
Some ATPgses Ca?*, Mg?* Hydrolysis of ATP for Enzyme cofactors
(E. coli) energy release
I.DNA Mg** Cont.alns the genetic Structure stabilisation
(universal) material of an organism
Cytochrome P450 2r = 34 OX|dat|\{e degradathn of a Electron source / sink
Fe=*, Fe variety of organic o
(Pseudomonas sp.) and O; binding
molecules
Superoxide dismutase Fe**, Fe** Conversion of superoxide

Electron source / sink

(E. coli) or Mn2*, Mn®* radical into H,O, and O,

Alkaline phosphatase 702+ Catalyses removal of Lewis acid
(E. coli) phosphate groups

Carbonic anhydrase Zn? Conversion of CO; to Lewis acid

HCO;™ and H*

These findings demonstrate that EDTA-induced growth inhibition will involve a component that

cannot be attributed to LPS damage, i.e. the reduction of the metal content available to bacterial

cells through chelation in general,®'l once again affirming that EDTA can be exchanged for other

chelating ligands if an antibacterial effect is desired.
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The disruption of metal homeostasis as an antibacterial strategy is an active field of study. For
instance, the disruption of iron homeostasis has been shown to be an effective way to control bacterial
growth by the work of Hider.[52-5% The antibacterial properties of human Calprotectin have also been
investigated, and the activity of the protein has been assigned to its ability to bind Fe?* and Mn?* in

a hexa-imidazole binding site (Figure 8).156 57]

Figure 8: The hexa-imidazole binding site of human calprotectin coordinating Mn?* (the purple
sphere) in an octahedral geometry. This figure was rendered from the structure reported
in Gagnon et al.581PDB code: 4XJK.

On the other hand, limited data about exactly which metal ion is the most important to Gram-
negative bacterial growth and survival are available, and so it is prudent to design systems which can
form stable complexes with as many of the metal ions (Ca®*, Mg?*, Zn?* and the first row transition
metals) that are commonly found in proteins, as possible (Figure 9). Thus, a review of the factors

that influence ligand-metal complex equilibria, as a starting point for molecular design, is appropriate.

16%

9%

Figure 9: A graphical representation of the abundance of various metals in metalloproteins. Adapted
by permission from Macmillan Publishers Ltd: Nature, 2009, 460 p. 823, copyright 2009.

28



1.4. Some aspects of coordination chemistry

Like all chemical reactions, metal complexation by a ligand can be treated as an equilibrium with
enthalpic (H) and entropic (S) components, and with an extent of reaction that can be described by

an equilibrium constant Keq in the usual way (Equations 1 and 2).

AG=AH—-TAS (1)

AG = —RTInK, @)

The enthalpic component AH, relates to factors such as charge neutralisation, the bond-making
and bond-breaking events involved in the complexation reaction and strain factors in the metal-ligand
complex. The entropic component AS, relates to changes in the freedom of motion available in the
metal ion and the complex, as well as the degree of preorganisation of the complexing ligand and is

best demonstrated with an example (Scheme 2).

[Ni(OH2)6]** + H2N/\/NH2 — 3 [Ni(en)(OHy)4J** + 2H,0 AS= +ve

Ethylene diamine

(en)
2 discrete species 3 discrete species
[Ni(en)(OH)s1** + 2NHg ————  [Ni(NH3)2(OH;)s]** + en AS= -ve
3 discrete species 2 discrete species

Scheme 2: Examples of positive and negative entropy changes in ligand substitution reactions. The
change in entropy is positive if there are more species produced upon substitution, and
vice-versa.

Naturally, the more negative AH is, and the more positive AS is, the more favourable the reaction
is, which is expressed as a higher Kqq. Therefore to favour metal ion complexation, a ligand must be

designed in such a way that many strong bonds are formed to the metal ions in question.
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With regards to denticity, the transition metal ions (understood as being those with a partially filled
d-subshell) will usually adopt a six-coordinate structure with a preference for an octahedral geom-
etry, which minimises the steric interaction between ligand donor atoms, and allows for the optimal
interaction of the ligand donor atom lone pairs with the d-orbitals of the metal ion. The coordination
geometry of Zn?* is somewhat more varied due to its completely filled d- orbitals meaning that any
stabilisation component arises purely from the competition between steric crowding around the metal
ion and maximising the number of interactions formed. In real terms, this means that octahedral ge-
ometries are common, but tetrahedral, trigonal planar and pentagonal bipyramidal geometries are
also known.

The increased ionic radius of Ca?*compared to Zn?* (99 pm cf. 74 pm) means that higher coor-
dination numbers are observed for Ca%*, which commonly exhibits eight-coordination® because of
the increased number of contacts that can arise without steric crowding. Because of its smaller size,
Mg?* typically exhibits octahedral geometry® since the incorporation of a higher number of ligands

around the ion will be sterically unfavourable.

1.4.1. The chelate and macrocyclic effects

In considering a substitution reaction between an aquated metal ion and a monodentate ligand like
ammonia, and the same reaction with the bidentate analogue ethylene diamine (Scheme 2), it is ap-
parent that the latter is thermodynamically more favourable than would be expected if AG depended

solely on the donor groups involved (Table 2).

Table 2: Examples of the chelate effect showing the increases in complex stability brought about
when a chelating ligand is coordinated to a metal ion. Data from Huheey!®']

Ammonia AG AH AS Ethylene AG AH AS
complexes /kJmol'  /kdmol!  /Jmol! KT diamine /kJmol'  /kJmol!  /J mol! K
complexes
[Cu(NH3)2(Ho0),1%*  -44.7 -46 -4 [Cu(en)(Ha20)4]%* -60.1 -55 +25
[Cu(NH3)4(H20)o1%*  -74.2 -92 -59 [Cu(en)s(H20)21%+ -111.8 -107 +29

This contribution to favourability is termed the chelate effect, and has both enthalpic and entropic
components. In a chelating ligand like ethylene diamine, some of the steric strain arising from the
necessarily close proximity of the amine groups in a metal complex is also present in the free lig-
and, meaning that the introduction of increased strain carries less of an energy penalty, than if two
molecules of ammonia were coordinated adjacent to one another at the same metal core, since
the ammonia molecule is not strained in the free state (Scheme 3). Desolvation effects also con-
tribute; the reduced solvation of ethylene diamine compared to ammonia in the free state in aqueous
media means that ethylene diamine has a reduced desolvation penalty compared to ammonia on

complexation.*4l
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Scheme 3: Changes in steric interactions upon the coordination of two monodentate ligands, or a
chelating ligand to a metal ion.

When a chelating ligand coordinates to a metal ion, a chelate ring is formed. Five and six-
membered chelate rings are the most common ring sizes seen. Three and four-membered chelate
rings are also known but are less stable owing to the strains present, much like in cyclic organic
molecules (Figure 10). The properties of chelate rings have been systematically studied, and a
number of excellent reviews published.[62 63 As a general rule, ligands that can form five-membered
chelate rings tend to be more selective for larger metal ions, and six-membered chelate rings are
more selective for smaller metal ions, a feature which has been used in the design of chelating

ligands selective for Be?*.164]

M+ M

TA AV

Strained chelate rings
(relatively uncommon)

" KMlj
5-membered rings 6-membered rings

better for larger metal ions better for smaller metal ions

Mn+

O

7 (and higher) membered rings
reduce chelate stability

Figure 10: Some chelate ring sizes and their associated stability.
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Even though the chelate effect relies upon the smaller changes in the strain of a ligand on coordi-
nation, and the increase in entropy when a ligand of high denticity displaces two or more ligands of
lower denticity, as in Scheme 2, there is still an entropic cost associated with the conformational re-
striction of a ligand upon binding to a metal ion. Preorganisation of a ligand, where the conformation
of a chelating ligand is restricted, can be used used to mitigate this entropic cost, and is the reason
why CDTA (Figure 6) forms more stable chelates than EDTA, for example. Similarly, the macrocyclic
effect, where an appropriately “cyclised” chelating ligand displays much greater complex stability than
an acyclic analogue is a form of preogranisation that can afford large increases in complex stability

(Figure 11).

[N Nj [N Nj
NH; H2N NH HN
_/
1.9 21.5
log K(Cu?*) :
[NH HNj [NH HNj
NH, H,N NH HN
__/
20.0 24.6

Figure 11: Equilibrium constants (for the % equilibrium) for open-chain and macrocyclic ligands,

demonstrating the increase in complex stability due to preorganisation.

1.4.2. Selection of donor groups

The geometric and entropic contributions to chelate stability are complemented by an appropriate
choice of donor atoms, matched to the metal ion(s) to be complexed. To optimise interactions be-
tween the donor atoms of a ligand and a metal ion then, orbital overlap should be maximised, an
observation that was first described in the form of Hard-Soft Acid-Base theory (HSAB).

The theory states that “hard” metal ions (Lewis acids), which are small and highly charged will form
more stable complexes with ligands that are also small and highly charged, or “hard” ligands (Lewis
bases). Conversely, “soft” metal ions which are large, polarisable and have a low charge density, will

form more stable complexes with similar ligands (Table 3).

Table 3: A selection of hard and soft ligands and metal ions. Data from Housecroft.[*4]

Species Hard Soft
. F-, CI, H,O, NH;,  I', RSH, RS, [CN]
Ligands RNH, (C-bound), RNC
i+ 2+ 2+ + + 2+
Metal ions Li*, Mg=*, Ca=*, TI*, Cu*, Hg=*,

2+ 2+ 3+ 2+ 2+ 2+
Mn=*, Zn<*, Fe Cd=+, Pd=+, Pt
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The smaller orbitals found on hard metal ions and ligands, along with large HOMO-LUMO gaps
on these species, lead to a reduced degree of covalency in the bonding interaction, whereas soft
species have smaller HOMO-LUMO gaps. This does not necessarily lead to an increased degree
of covalency in bonding, but does increase the likelihood of metal-ligand =-interactions between soft
metal ions and ligands.[®']

Because many of the more abundant metal ions in biological systems are hard, a ligand designed
for their successful complexation should contain hard donor groups also. An excellent review by
Hancock and Martell®®! indicates that this would mean the incorporation of a number of oxygen and
nitrogen donors. Carbonyl oxygen donors are more favourable than neutral, sp®-hybridised oxygen
donors for this purpose, because sp®-hybridised oxygen donors impose more steric strain on the
chelate rings that they are involved in, compared to carbonyl donors. This means that their use is
more appropriate in ligands intended for larger metal ions, e.g. Pb?*.

Charged oxygen donors are more useful still, and it has been shown that a linear relationship
exists between the Lewis acidity of a metal ion (based on its affinity for hydroxide anion, OH") and
the stability of a the chelate it forms with a ligand with anionic oxygen donors (Figure 12). The
highly stable complex formed between catechol and Fe®* is a prime example, where the hard, basic

catechol ligand interacts strongly with the Lewis acidic metal ion, partially neutralising its charge.

log Ka = i

o

T
8
[MOH]

109 Kz = piagom

Figure 12: The relationship between the Lewis acidity of a metal ion and the affinity to ligands con-
taining anionic oxygen donors. Data from Hancock and Martell.[6%]

It is worth noting that in spite of these high metal ion affinities, the basicity of these ligands should
also be taken into account. The higher the basicity, the greater the competition is at lower pH values
between protons and metal ions for binding sites. For example, the effective binding strength of

catechol to Fe3* at pH 7 will be attenuated because of the large fraction of oxygen donors that exist
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as neutral oxygen donors, as opposed to oxyanions.

A solution to this problem is the use of the carboxylate group, a charged oxygen donor that has a
low basicity, meaning that it is more likely to interact with metal ions in solution over protons above
a certain pH, depending on the pKj, of the conjugate acid. Furthermore, the low steric demand of
the carboxylate donor group means that it is an ideal choice for interacting with a wide range of hard
metal ions across a wide pH range, even though the interaction will be slightly weaker than with a
more basic, charged ligand.

Although not as “hard” as anionic oxygen donors, amine donors are widely used in coordination
chemistry due to their reactive lone pairs and easy functionalisation using a variety of techniques.
This basicity results in a strong interaction between the orbitals of a metal ion and the ligand, giving
large crystal field splitting in the case of transition metal ions, another source of stability. Of course,
other donor atoms, such as phosphorus, sulphur, selenium and arsenic can be used, but due to their
softness, are detrimental to the stability of complexes between a ligand and the metal ions in Table
1. These atoms are better suited to complex formation with heavier, softer metal ions such as Cu*,

Ni%+, Ag* and Hg?*, these all being less abundant in biological systems.

1.5. Biodegradability

The IUPAC definition!®®! of biodegradability is “breakdown of a substance catalysed by enzymes in
vitro or in vivo, and can be assessed in relation to the susceptibility of bulk materials like paper,
cardboard and plastic, as well as their constituent compounds e.g. polymers and small molecules.
The de facto standards for assessing biodegradability are those from the Organisation for Economic
Co-operation and Development (OECD), but the United States Environmental Protection Agency

(EPA) also recognises data generated from its own semi-empirical models.®’]

1.5.1. Experimental assessment of biodegradability

The procedures used to assess biodegradability vary according to the environment in which biodegrad-
ability information is sought. There are some shortfalls to these methods, even though they have been
used to compile significant databases of the environmental properties of a variety of compounds. In
addition, the geographical variance in microorganisms found in the sludge samples means that there
will almost certainly be laboratory-to-laboratory variation in biodegradation tests undertaken, and
even inoculum to inoculum. In general, the test for ready biodegradability is used, and when a sub-
stance is considered to be biodegradable, it is usually because it degrades within the 28 days for
which the experiment runs.

In a typical ready biodegradability test, an inoculum from activated sludge (i.e. sewage effluent

with large solids removed) is added to a defined growth medium along with the test substance,
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and a parameter reflecting the metabolism of the bacteria measured, e.g. dissolved organic carbon
content, carbon dioxide evolution, or the concentration of dissolved oxygen. Under these conditions,
a substance is readily biodegradable if the parameter being monitored reaches a plateau within 28
days .18 Biodegradability in seawater is measured using a very similar procedure. 69

Even though a compound may not be readily biodegradable, it may still be susceptible to biodegra-
dation over time. This can be tested through the use of the inherent biodegradability test, but it is
not recommended that this test be applied to substances that can inhibit bacterial growth, limiting
its scope somewhat. In this test, pre-conditioned activated sludge is added to a solution of test
compound on a daily basis, for the duration of the test. At sampling intervals, the dissolved organic
carbon content changes are measured until degradation is observed. Although the test can be run
indefinitely, the authors suggest that no changes in dissolved organic carbon content within 12 weeks
is taken as a lack of biodegradability.l”

Biodegradability testing in soils is also possible, but is usually performed with a '#C radiolabelled
compound, with the evolution of carbon dioxide from the respiration of bacteria being measured via
scintillation counter. The test is terminated after 64 days, or after 50% of the theoretical amount of

labelled carbon dioxide has been evolved, whichever comes first.[”"]

1.5.2. Features of biodegradable compounds

Through assembly of a large data set on the biodegradability of various compounds, Boethling and
others identified molecular motifs that could be used to improve the biodegradability of small organic
molecules.[”? These generalisations were deemed to be most appropriate for surfactants, plasticisers
and ionic liquids because the speciation profile of these compounds tends to be relatively simple, not
forming strong complexes to metal ions and exhibiting relatively few protonation states. Aminocar-
boxylate ligands are therefore less well covered by these generalisations, but an inspection of the
structures of many biodegradable ligands illustrates incorporation of many of the motifs identified by
Boethling, and it is for this reason that they are reviewed.

To prevent adsorption to solid material in wastewater, water solubility is advantageous in the design
of a biodegradable compound, as is an incorporation of reactivity such that enzymatic transformations
like oxidation, reduction, decarboxylation or hydrolysis of the molecule leads to products that can
easily be metabolised, e.g. in GLDA (Section 1.5.3).

With regards to aromatic rings, although the role of substituent patterns are not clear, halogens
and other electron-withdrawing groups are detrimental to biodegradation because they render the
associated aromatic rings more resistant to oxygenase enzymes. Furthermore, nitrogen heterocycles
like pyridine and pyrazine are not amenable to biodegradation for this reason. Even though the
reasons are unclear, compounds containing quaternary carbons or branched alkyl chains are usually

less biodegradable than those with linear alkyl chains (Figure 13).
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Figure 13: Biodegradability of some aromatic compounds.

The incorporation of hydrolysable groups also warrants mention, the use of esters and amides
being conducive to aerobic biodegradation. Other oxygen-containing functional groups, with the ex-
ception of ether linkages, are also known to improve biodegradability. The use of esters is especially
noteworthy, since esterase enzymes tend to have a wide substrate scope, and is a strategy com-
monly used in polymer chemistry to increase biodegradability. Tertiary amine groups, like ethers, are

also known to impede biodegradation (Figure 14).

Usually aid biodegradability:
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Figure 14: Functional groups and their effect on biodegradability.

1.5.3. Biodegradation of EDTA, EDDS and GLDA

In tests of the biodegradation of aminocarboxylate ligands, their speciation, in addition to their chem-
ical structure is of crucial importance. As an example, in soil biodegradation studies on EDTA, it was
found that the Cu?*, Cd?*, Fe®*, Mn?* and Zn?* complexes of EDTA were more rapidly degraded than
the Ni2* complex.l’3]

Even though EDTA is not readily biodegradable under typical environmental conditions, some
bacterial strains and species that can metabolise EDTA have been isolated from activated sewage
sludge. The growth of bacteria using EDTA as the sole carbon and nitrogen source has also been
used to engineer bacteria that can degrade EDTA. In both cases, the enzymes responsible for EDTA
degradation have been studied so as to understand the degradation pathway. Mixed cultures from
wastewater plants that can degrade metal-EDTA complexes have also been identified, but the bio-
chemistry and requirements for degradation in these cases are unclear.l’4l

In work on two enzymes isolated from DSM9103,17%! it was proposed that an oxidation of EDTA
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by monooxygenase enzymes, followed by successive decarboxylations was the primary pathway to
degradation (Scheme 4).

Different metal EDTA complexes were also studied as enzyme substrates, with Mg?+-EDTA be-
ing the most rapidly degraded by the enzyme system. The more stable the metal-EDTA complex
was, the less rapidly it was degraded. In whole-cell investgations of the biodegradabtion of EDTA
by DSM9103, transport experiments showed that the more stable (Zn?*, Cu?*, Co?*, Ni** and Fe®*)
complexes of EDTA were not taken up by the bacteria, but were either demetallated or transmetal-
lated to complexes that could be taken up into the cells, indicating the relevance of speciation for this
particular organism.[®]

Two strains isolated from sewage, the Pseudomonas sp. LPM-410 and LPM-4, were found to
be able to degrade EDTA and some of its metal complexes with log K, values below ~16 (i.e. the
Mg?*, Ca?*, Ba®* and Mn?* complexes of EDTA) in suspension, but was not able to degrade NTA,
and the metabolic pathways and degradation products were not elucidated for these organisms.l’”]
Another strain, BNC1, was able to metabolise EDTA complexes that had a log K, lower than ~12.
The Zn?* complex of EDTA, was an exception to this, and could be degraded in spite of its high
K, (log K= 16.44),78 and was shown by Liu to degrade EDTA to ethylene diamine via successive
decarboxylations in the same way as was observed for DSM9103 in Scheme 4.7°! This pattern of

bond formation and breaking has also been modelled via computational methods. ]
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Scheme 4: Biodegradation pathway for EDTA proposed for bacterial strains DSM9103 and BNC1.
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The stable Fe3*-EDTA complex has been found to be degradable by other organisms such as an
E. coli grown using the Fe3+-EDTA complex as the sole nitrogen source. In this case, the formation
of glyoxylate indicated that the degradation pathway may have been similar to that proposed for
DSM9103 and BNC1.8JAn Agrobacterium strain that metabolised Fe®+-EDTA but was unable to
metabolise any of the deacylated products observed in the aerobic degradation processes in Scheme
4, suggested that there may be alternate pathways for the degradation of Fe3+-EDTA.[82

Studies on the isomers of EDDS, showed that the S,S‘- isomer was degraded much more rapidly
than the R,R'- and R,S*- isomers. Although this work by Schowanek used sewage sludge, precluding
the identification of a single organism as being responsible for the biodegradation of EDDS, interme-
diates were proposed, showing that biodegradability was assisted when breakdown intermediates
themselves could be metabolised by bacteria.l'”l Another enzyme, a lyase isolated from the EDTA
degrading strain DSM9103, allowed for elucidation of another degradation pathway for S,S‘-EDDS,
involving an equilibrium between the ligand and fumarate (Scheme 5), demonstrating that deacyla-

tion may be a common reaction in the degradation of aminocarboxylate chelating agents. [

©
(o) OH OH EDDS e} OH
H\/g Lyase NH o)
—_— +
N/\/ v o T_— N/\/ 2 O |
H H K~43.0 H
3 OH o
HO™ Yo Y HO” S0 0
o
S,5-EDDS AEAA Fumarate

Scheme 5: The equilibrium between S,S*-EDDS and the weakly complexing biodegradation products
formed by DSM9103.183

GLDA, another aminocarboxylate, containing an asymmetric carbon, also exhibited different degra-
dation rates for the D- and L- isomers when treated with activated sludge. Similar to the biodegra-
dation pathways proposed for EDTA and EDDS, successive decarboxylation was proposed to be the

pathway operating in the biodegradation of GLDA (Scheme 6).184]

HO,C.__N.__COH HN___COH NH,
o o
I-GLDA O%)Lo © O\\)ko © I-Glutamic acid

Glyoxylate Glyoxylate

Scheme 6: The proposed biodegradation pathway for I-GLDA.[84

When comparing EDTA and EDDS structurally, the differences in chelate strength arising from the
differences in chelate ring sizes formed, as well as the substitution pattern at the ethylene diamine
nitrogen atoms, were likely to be a major factor in their biodegradability. The work of Pitter and

Sykora elucidated how the structure and symmetry of ethylene diamine based units may affect the
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biodegradability of the ligands they are incorporated into (Table 4).!85: 6]

Table 4: The effect of ethylene diamine functionalisation on biodegradation in activated sludge after

5 days.!8%
Structure . Extent ?f
biodegradation / %
,_|2N/\/NH2 98
N

HzN/\/ ~ 95
( 90

HN >SN

H
/\N/\/N\/ 10
H

NSNS 5

From the above data, it is apparent that the degree of amine substitution, as work discussed earlier
suggests, affects biodegradability alongside the symmetry of the ethylene diamine fragment.

Overall, it would seem that the design of a chelating ligand that could form strong metal-ligand
complexes but was also biodegradable could not necessarily be achieved by the incorporation of
biodegradable features (Section 1.5.2) alone, but the incorporation of such features was more likely

to render any synthesised ligand more biodegradable.

1.6. Perspective and aims of the work
From this survey of the literature presented, it is apparent that:

1. Despite being inexpensive to synthesise and its widespread usage, the low biodegradability of
EDTA in typical wastewater streams may be an environmental problem, due to the changes
in metal ion speciation it can induce. In addition, it may perturb the nitrogen and microbial

economies of the bodies of water in which it is present.

2. Current readily biodegradable chelating ligands are not well-suited to replace EDTA for use

within the pH range of 4-7.

3. A common use of EDTA in preservation systems is to enhance the activity of an active an-
timicrobial agent through disruption of the Gram-negative bacterial membrane. This damage
is achieved through the sequestration of Ca?* and Mg?* ions from the LPS layer. For some

species of Gram-negative bacteria, this damage can be lethal without an additional agent.
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4. Although not thoroughly investigated, it is almost certain that EDTA and other chelating ligands
exert antibacterial action through starving bacteria of essential metal ions, which are vital to
proper cellular function. The most abundant metal ions in living organisms are Ca?*, Mg?*
,Zn?* and the first row transition metals. Therefore, if a ligand is to be designed to disrupt

normal bacterial cell function, it should form highly stable complexes with these ions.

5. The chelate and macrocyclic effects may be used to enhance ligand binding to these metal
ions, alongside the use of hard donor groups, like amines, and anionic oxygen donors, taking

into account their steric demand.

6. Generalisations for the structures of biodegradable organic molecules are known, but many of
these do not apply to chelating ligands, for which the speciation of the ligand in test environ-

ments must also be considered.

7. For ligands known to be readily biodegradable such as GLDA, or EDDS, some features that
are conducive to the biodegradability of small organic molecules are present, implying that the
incorporation of molecular fragments known to enhance the biodegradability of non-chelating

organic materials, into chelating ligands, is not without advantage.

With these points in mind, the primary aim of this work was to prepare a variety of ligands of different
types, and evaluate their activity against Gram-negative bacteria in liquid media as a preliminary indi-
cator of their performance. In spite of other metrics of ligand efficacy being available, this was chosen
because it was likely to be both a factor of metal chelation and an industrially relevant parameter-
EDTA being very frequently used in consumer care formulations to potentiate added preservative
systems, as well as acting as a growth inhibitor in its own right. In doing so, it could be possible
that strategies towards antibacterial ligand design may be uncovered, especially through a critical
assessment of the thermodynamic characteristics of the ligands studied.

Accordingly, the following results and discussion describes different approaches to this problem.
Chapter 2 introduces the reader to some of the specialised techniques and the associated optimisa-
tion work needed to study the ligands in this thesis, as well as giving an overview of how the data used
to construct this thesis has been interpreted. Chapter 3 describes the synthesis of amides of EDTA,
which incorporate hydrolysable amide linkages as a way to increase the rate of ligand metabolism in
activated sludge, as well as using the amide groups to attach a variety of pendant groups that may
affect E. coli growth inhbition. Chapter 4 describes the synthesis of ligands bearing electron-rich
aromatics in the form of phenol groups, and the effect of their extremely high Fe3* affinities on the
growth of E. coli.

Work described in Chapter 5 aims to elucidate the properties of potent bacterial growth-inhibiting
ligands in the hope of establishing design principles for use in future work. This is accomplished

through a screening of a variety of aminocarboxylate ligands, and correlating their metal ion binding
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constants to the inhibition characteristics observed, to see if any structural features can be tuned
to optimise bacterial growth inhibition. Finally, Chapter 6 describes synthetic efforts towards novel
ligand systems incorporating biodegradable motifs, using observations in the preceding chapters to

inform ligand design.
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2. An introduction to specialised techniques used in this work

2.1. Choices of strain, buffer and media

Strain. An E. coli K-12 strain (JM101) was used as the model Gram-negative organism throughout
this study. The K-12 strain is non-pathogenic and so can be handled without special precautions
such as a microbiological safety cabinet, is readily available, and has a rapid doubling time enabling
screening to be quickly and efficiently performed, meaning it is very widely used in microbiological
research.[®”] Despite its lack of O-antigen in typical culture conditions,®8! it retains the elements of
lipopolysaccharide that act as a barrier to molecular entry and may be expected to display similar

membrane character to other E. coli strains.

Media and buffers. Tryptone Soya Broth (TSB) was used for all growth inhibition studies because of
its approval for sterility testing according to British Pharmacopoeia and Food and Drug Administration
(FDA) standards. In contrast to Luria-Bertani (LB) medium, which is often used to study the effect of
compounds against E. coli,“%- 89921 TSB is buffered.[®®] Consequently, if LB were used as the study
medium, pH fluctuations could be expected to affect bacterial growth (Section 2.3) in addition to the
test ligands.

In spite of the innate buffering capacity of TSB, introduction of an auxiliary buffer was necessary to
stop the precipitation of many of the ligands. Dipotassium hydrogen phosphate (KoHPO4, M=174.18
g mol™') was chosen for this purpose. Because the presence of a test ligand would reduce solution
pH, addition of a separate acidic component to the buffer was unnecessary. Depending on the
type of ligand, different concentrations of dipotassium hydrogen phosphate were used in the buffers.
For amides of EDTA and other aminocarboxylates (Chapter 5), 0.2 M K;HPO4 was used, since it
gave a KoHPO,4 concentration close to that of neat TSB upon dilution into the media prior to assay.
Phenolate ligands required a concentration of 0.4M K;HPOy; their reduced solubility meant that

higher pH values were necessary for dissolution.

2.2. Quantitative '"H NMR (qHNMR) studies

The purification and storage of many of the ligand systems considered was complicated by their high
hygroscopicity.?-°71 This hygroscopicity and, in some cases, alkali metal or acid salt formation would
preclude the accurate preparation of stock solutions for many of the synthesised ligands for biological
testing if a sample of solid ligand material were to be weighed into a vessel prior to dissolution. Even
though corrections for the extent of hydration or salt formation could be attempted through the use of
conventional combustion (CHN) analyses, reformulating the elemental composition would introduce

a level of arbitrariness into interpreting the data.
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For these reasons, an alternative method of determining stock solution concentration was sought.
An optimal method would be one that is appropriate for all the compounds under study (not just those
with a certain “label,” e.g. '°F environments or aromatic rings), capable of detecting organic impurities
e.g. residual starting material and directly usable on the solution of a compound to be evaluated, in
that solution concentration was determined and not estimated. Quantitative "H NMR satisfied all of
these conditions and so was chosen for adaptation to the experimental set-up described in Section

8.7.

2.2.1. Choice of experimental conditions

Although the work of Cullen®® suggested that use of either internal or external referencing* methods
would give similar accuracy and precision, an internally referenced method of determining concen-
tration was chosen due to the relative ease of optimisation and insensitivity to probe tuning.!® Briefly,
this method requires addition of a known amount of material (an internal standard) to the NMR sam-
ple. The additional signal(s) from the standard may then be integrated against signals of the analyte
to determine the analyte concentration.

An ideal internal standard should be non-hygroscopic, have a simple "H NMR spectrum that does
not overlap with analyte signals, but is near the region of interest.['%%! Furthermore, it is imperative that
the nuclei of both analyte and standard are as close to being fully relaxed as possible. This is ensured
by using a relaxation delay that is > 5T (the spin-lattice relaxation time) of the signals of interest.
Disodium succinate and t-butanol (Figure 15), were selected as candidate internal standards due to

their low hygroscopicity!'®"! and use in previous quantitative "H NMR studies respectively.['0?

i o
° >L
0~ °N
Naee OJJ\/\"( a OH

(o}
Disodium succinate t-Butanol

Figure 15: Compounds considered for use as "H NMR internal standards.

Measurement of the Tivalues of these candidates in the presence or absence of dipotassium
hydrogen phosphate was then undertaken as an assessment of how salt concentrations affected T

(Table 5), as well as providing a preliminary value for a sufficient relaxation delay time (Table 5).

*An internal reference is dissolved into the sample solution, whereas an external reference method relies on comparison
of an analyte spectrum to calibration spectra.
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Table 5: T4 values obtained for disodium succinate and t-butanol via inversion recovery experiments
under different conditions.

Entry Internal standard' Buffer T, /sl
1 'BuOH None (D20 only) 2.29(3)M
2 ‘BuOH 100 mM KoHPQO4 in DO 1.25(2)
3 Disodium succinate None 2.50(2)
4 Disodium succinate 100 mM K;HPO4 in DoO  2.50(4)

i) Concentration =50 mM in tube. ii) Ambient temperature. No attempt was made to
deoxygenate the samples. Measurements taken on a Varian M400 NMR spectrometer
operating at a proton resonance frequency of 400MHz. iii) Number in brackets
corresponds to the plus-minus error of the last decimal place for the calculated value.

From these data, it is apparent that the presence of dipotassium hydrogen phosphate had no effect
on Ty for disodium succinate, and a decreased T; for t-butanol was observed when measured in the
presence of the salt. Therefore, for quantitiative relaxation of either standard, a relaxation delay of at
least 12.5 s was necessary.

Owing to structural similarities between EDTA and many of the other ligand systems used in this
work, the Ty values for the ethylenediamine or acyl protons of EDTA (H,; and Hy, respectively, Table
6), in the presence of both t-butanol and disodium succinate were then measured. The resulting data
were used to determine whether elongation of this preliminary value of 12.5 s was necessary, i.e. if

there were any proton environments that exhibited a T4 > 2.5 s (Table 6).

Table 6: T; values obtained for the marked protons of EDTA in deuterated and partially non-
deuterated solvent.

COLH

/"t/ r
N_ _CO,H
HOLC” N \( z

H
HO,C b

Entry Internal standard’ [EDTA]/mM Buffer! T,ii (Standard)/s T;(H.)/s Ti;(Hy)/s

1 '‘BUOH 6.25 A 2.42(3)Vv 0.438(4) 0.592(3)
2 ‘BuOH 6.25 B 2.30(3) 0.336(3) 0.491(5)
3 Disodium succinate 6.25 A 2.55(4) 0.439(2) 0.588(1)
4 Disodium succinate 6.25 B 2.55(1) 0.342(2) 0.485(3)

i) Concentration= 50 mM in tube. ii) Buffer system A= 100 mM K>HPOy, in 50:50 (v/v) H,O/D>0; B= 100 mM KoHPOy in
D,0. Samples containing HoO were measured on a Varian VNMRS-600 NMR spectrometer operating at a proton resonance
frequency of 600 MHz. The ROBUSTS5 pulse sequence was used to suppress the large water signal in these samples. iii)
Ambient temperature. No attempt was made to deoxygenate the samples. iv) Number in brackets corresponds to the
plus-minus error of the last decimal place for the calculated value.
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The low Tyvalues measured for both Ha and Hy, under the experimental conditions clearly indicated
that, in every case, the longest relaxation time was that of the standard. So, using a relaxation delay
time suitable for the standard would also allow sufficient time for the quantitative relaxation of the
relevant proton environments. The fact that these corresponded to ethylene and acyl fragments was
especially useful, since these motifs were present in almost all of the ligands studied in this work.
Because of this, their relaxation behaviour under these conditions could be expected to be similar to
that of EDTA and exhibit similarly quantitative relaxation.

Based on the above data, t-butanol was selected as the internal standard, based on its slightly
lower Tycompared to disodium succinate, and its availability in a pure, anhydrous form, packaged un-
derinert gas.” Elemental analysis results obtained for dehydrated disodium succinate also showed in-
consistency across samples. Hence, any material used for standard solutions of disodium succinate
would require repeated determination via elemental analysis, an impractical and time-consuming
process.

The overall relaxation delay for the "H NMR experiment was set to 14 s, since this allowed for
quantitative (> 5T;) relaxation of the t-butanol standard and for any anomalously long relaxation
times for either analyte or standard nuclei across a range of samples. Since the stock solutions
to be quantified were in aqueous (non-deuterated) buffer, water supression was necessary', the
ROBUSTS5!'%%! pulse sequence being selected for this purpose. Once gHNMR spectra for the ligands
of interest were acquired, the ligand peaks could be integrated against the t-butanol peak (set to 9H)
and the ligand concentration (c¢;) determined from Equation 5, which is derived below:

The concentration ratio of t-butanol and the ligand is defined as:

o _ () _ Ay A An
C (&) oy A

@)

ETES

¢ and ¢; are the molar concentration of the analyte ligand and t-butanol, A; and A; are the integral
values for the analyte peak of interest and t-butanol, n; and n; represent the number of protons in the
environments from which A, and A; are measured in the ligand and t-butanol respectively.

When the t-butanol peak is set to 9H, then A; = n; and Equation 3 simplifies to:

a A
e n

(4)

Since c; is known from the preparation of the standard solution of t-butanol in D,O, rearranging for ¢,

leads to Equation 5.

Al
Q= q(;/) (5)

*Sigma-Aldrich product number: 471712-100ML .
TThe author thanks Dr. J. A. Aguilar for his assistance in acquiring Tyvalues with application of the W5 pulse sequence
and for the implementation of this quantitative method to an automated NMR spectrometer.
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2.2.2. Relation to molecular weights obtained by combustion analysis

To test the devised gHNMR protocol more thoroughly, a direct comparison of the calculated molecular
weights of some ligand samples obtained from CHN analyses and gHNMR was undertaken (Table
7). It was hoped that the reported molecular weight from either method would indicate the same
or similar extent of hydrate and/or salt formation. With respect to combustion (CHN) analysis, a
corrected molecular weight could be calculated by adjusting the expected molecular formula to fit the
found empirical formula using a tool such as JASPERI'%(the procedure for this is given in Appendix
D). A molecular weight for a given ligand could be obtained from gHNMR experiments by accurately
weighing a given sample, and using the measured concentration ¢, in a known sample volume v.
Since ¢; is known and n = 77 (where n is the number of moles of the ligand, m is the sample mass

r

(in g) and M; is the molecular weight), Equation 6 can be used.

m nm
M =—=—
cv  CAv

(6)

The agreement between CHN and gHNMR molecular weights is generally very good (Table 7),
demonstrating that the method was an acceptable substitute for the correction of molecular weights
as well as for the quantification of stock solutions. It is on this basis that gHNMR was used as the
primary method for ligand solution quantification throughout this work. Large discrepancies between
the molecular weights predicted from the structures of the test ligands and those calculated from
either CHN or gHNMR also served to emphasise the previously described shortcomings of relying

on sample masses exclusively for solution concentration values.
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Table 7: A comparison of the corrected molecular weights obtained from CHN and gHNMR methods.
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Compound M, I g mol! M, I g mol M, | g mol’ M, Ratio / No Units
(from structure) (CHN)' (qHNMR)' (CHN:qHNMR)
AmGly;, 349 449 457 0.98
AmGly, 406 424 422 1.0
H-NOON 477 580 581 1.0
Br-NOON 634 735 845 0.87

i) All samples were allowed to hydrate by keeping their open vials on the bench overnight prior to submission for analysis.

2.3. Optical density-mediated monitoring of bacterial cell growth

Once the concentration of a stock ligand solution had been determined, studies of the effects of the
compounds described in this work on model bacterial species could be undertaken, using the culture
conditions described earlier (Section 2.1). Optical density (OD) based methods were ideal because
growth may be monitored continuously under highly automated conditions using a microplate reader,
with which many experiments (variation of ligand concentration, species etc.) can be conducted
in parallel. The basis of the method is that as a bacterial culture progresses through the various
stages of growth, the number of cells in the culture will increase. If cellular aggregation is prevented
via periodic shaking, a linear relationship exists between the number of live cells in suspension and
the optical density at a certain wavelength, and so monitoring OD allows the for estimation of cell
number after a suitable calibration procedure. Death phase cannot be followed using optical density
measurements because reductions in the number of live cells are not usually accompanied by an OD

reduction.
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Plotting the OD of a culture as a function of time generates its growth curve, from which numerous
parameters may be extrapolated such as: the doubling time, duration of the lag and log phases, and
most importantly for the purposes of this work, the optical density once stationary phase is reached

(Figure 16).
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Figure 16: Representative E. coli JM101 growth curve experiments for i) EDTA and ii) NOTA, show-
ing how differences in stationary phase bacterial populations can be observed via OD
measurements at 600nm (ODgqo). Values are the mean of three technical repeats. Error
bars have been plotted (10), but their magnitude in these particular experiments renders

them invisible.

Because of the linear response described previously, differences in stationary phase optical den-
sities reflect the effect on growth that different ligands have. Comparison of the stationary phase OD

thus allowed for a comparison of the bacterial inhibition effects of one ligand against another (Figure

16, i and ii).
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Data obtained from a growth curve could be used to construct dose response curves, where sta-
tionary phase growth is expressed as a function of concentration. To enable comparison between
experiments, stationary phase growth was expressed as a percentage (of the culture OD reached for
untreated bacteria) and calculated in the following way: the final three data points from the positive
control for a particular growth experiment (Figure 16, curves i) and ii), black rectangles) were aver-
aged, as were those for a particular concentration (Figure 16, curves i) and ii), red rectangles). The
average OD value for bacteria grown in the presence of a ligand was then divided by the average OD
for the positive control to give the percentage extent of stationary phase growth, i.e. a value of 100%
was equivalent to bacterial growth in buffer exclusively. Advantages of this approach were that the
error in the growth relative to control could be estimated through error propagation expressions,'%%
and fluctuations in the end-stage optical density could be averaged out. All growth curve experiments
included EDTA as an “internal standard” against which experiment-to-experiment variation could be

evaluated. An example plot and comparison is shown in Figure 17.
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Figure 17: Typical dose response curves calculated from growth curves such as i) and iii). Compar-
ison of curves ii) and iv) demonstrate that NOTA inhibits bacterial growth to a a greater
extent than EDTA, even at concentrations as low as 0.625 mM of ligand. Error bars for
ii) and iv) represent two standard deviations of the mean, propagated from the standard
deviation values of the relevant concentrations.
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A standard design for the growth curve experiment in 96-well plates was chosen, using in-well
concentrations of 10, 5, 2, 1.25, 0.625 and 0 mM (the positive control for unimpeded bacterial growth)
in technical triplicate. The upper limit of 10 mM was selected due to the fact that commercial skincare

formulations rarely exceed a ligand concentration of 5 mM, adjusting for molecular mass.

2.4. Analysis of cellular metal content via ICP-MS

Inductively coupled mass spectrometry (ICP-MS) is a versatile analytical technique used for the quan-
tification of a variety of elements at low (parts per billion) concentrations. First commercialised in the
1980’s, it has recently been adopted for studies on the metal content of biological systems. Coupled
with other techniques, like laser ablation, the metal content of solid samples, e.g. bacteria in ab-
scesses within organs, may also be interrogated.['%! Measurements of residual metal concentrations
in media after treatment with a given agent are also possible.[8: 571

To measure bacterial metal content, a large scale culture is grown, and the cells harvested at a
certain point via centrifugation. After a washing procedure to remove residual media, the cells are
digested in nitric acid to prepare a homogeneous solution and then diluted into a suitable matrix
for analysis. Metal concentrations can then be determined in relation to a standard curve, which is
prepared from accurate metal stock solutions for the metals of interest, using the same matrix as for
the cells, and so is the approach adopted in this work.

There appear to be some differences in approaches to bacterial harvesting in the literature. One
view is that cells should be harvested at mid-log phase, where the cells are most actively growing,
and that their growth is synchronised, which has been used in interrogations of metal regulation
systems in bacteria. This is because all of the cells in the culture will exhibit the same response to
a perturbation in metal content.['%”] Sampling a culture as a function of time has also been utilised
to study the relationship between metal uptake and growth stages,'%®l and to monitor increases in
cellular Ag* content in work on use of the ion as an antimicrobial.['%! Stationary phase sampling has
also been used to monitor the effect of severe Zn?* depletion in media on E. coli growth.[''% In this
work, stationary phase sampling was employed to give an accurate reflection of the metal content of
the E. coli culture and the associated dose response for a given ligand concentration.

Attempts were made to keep the ligand concentration to effect around 90% growth relative to con-
trol, because more inhibitory concentrations were likely to lead to changes in cellular metal content
arising from mechanical factors arising from membrane damage.®® As a consequence, fairly low lig-
and concentrations were necessary, leading to variability (up to 20%) in the growth relative to control.
Therefore, it is advisable to consider these data as illustrative of the effect of a given ligand concen-
tration on cellular metal content irrespective of dose, and not the effect of a set inhibitory dose of a

ligand on cellular metal content.
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2.5. Fluorescence competition using Fura-2
2.5.1. General background

As a rapid way to assess the affinities of the synthesised ligand systems for Ca?* and Zn?*, when
classical potentiometric techniques were not available, competition experimentsl'"" 112l ysing the
fluorescent probe Fura-2 were performed (Figure 18).

First prepared by Tsien, this probe is designed to selectively bind Ca* over Mg?*, a feature arising
from its hard, octadentate donor set. On complexation of Ca®* to Fura-2, there is a small hyp-
sochromic shift of the emission maximum from 518 nm to 510 nm along with an increase in emission
intensity. It was this increase in the emission intensity that was used to monitor the concentration of

Ca?* after calibration.
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Figure 18: Example of the Increasing emission intensity of Fura-2 in response to added Ca®* as a
result of complex formation. Measurements were performed in 96-well plates using 10mM
HEPES (pH 7), 100mM KCI as the medium. The in-well concentration of Fura-2 was
12.251uM, Aex=340 nm and T=26+0.5°C. Spectra are the average of three independently
prepared wells using the same stock solutions.

The probe was selected on account of its Ca?* affinity (log K, ~7 at 22°C) and Zn?*affinity (log
K, ~8.5 at 22°C),!'"3] meaning that it possessed Ca®* and Zn®* binding strengths that were close
enough (usually to within four log units) to a number of other known aminocarboxylate ligands. The
absence of fluorophores in the ligands prepared and studied in this work meant that the choice of
reporter ligand was unconstrained.

The basis of this particular competition experiment is that pre-formed metal complexes of a given
ligand of interest L' can be demetallated via the addition of a known concentration of another, different
ligand L2, resulting in a perturbation of the initial equilibrium between a metal ion M, and L'. The

resulting reaction can be expressed as per Equation 7.
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ML+ 12 2 2 4 (7)
and so the equilibrium constant Kj, for this reaction is defined as:

_ IMLP]ILT]

= i) ©

Even though the comparison of K; values from ligand to ligand in this experimental regime will
give information on the influence of structure on metal affinity, a more useful constant would be that
describing the complexation of L' to “free” metal (Equations 9 and 10), which can then be used to
calculate speciation in more complex systems at a certain pH once the other relevant equilibria are

known.

Ka
L'+M 2 ML 9)
[ML']

aent = TLTIIM] (10)

Provided the value of the equilibrium constant for the equilibrium between M and L? is known, i.e:
M+ 12 & pme
and so:

[ML?]
Ko = vy an

then Equation 11 can be substituted into Equation 8 to yield the conditional value for K3, K;

cond *

(MLZ][L']
K = ML)

1 _ ML

Ko [ML?]

Ki LM 1
Ko ML~ Koy

ML
Kot = L7
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Because K, values correspond to metal affinity at a certain pH, ligand pKj, values are needed

to calculate absolute K, values (Equations 12 and 13).[''4

a[ML]
[L'][M]

Kacond = Kaa =
a = (1+ BulH] + BralHF + BualHI ... BralHI") ™ (13)

A worked example follows:

If the K,

Acond

at pH 7.4 for the equilibrium between EDTA and its Zn?>* complex is desired, then the

Schwarzenbach a-coefficient must first be calculated.
The pK, values for EDTA are:
pKai=10.17,s0 K5 ' = 10117 = gy
pKag=6.11 50 K5, ' = 108" = gy,
pKas= 2.68 50 K5, ' = 1028 = 35
pKay= 2.00 s0 Kz, ' =10%2% = 3,4
pKas=1.50 s0 K5, ' =10"%° = 8y 5
Since pH = —log[H*] then [H*] = 10~7#, and so by substition into Equation 13
a=(1+101017(10-74) + 10811(10-74)2 + 10268(10-74)3 4+ 10290(10~74)* 4+ 10150(10~74)5) 1
o= (1 + 102.77 + 1078.69 + 10719.52 + 10727.6 + 10735.5)71
a=0.0016
The log K, value for the % equilibrium (M =Zn?* and L = EDTA) is 16.44 so,
K, = 101644
From Equation 12,

Kacona = ﬁ%ﬂ =0.0016 x 107644 = 4.41 x 103

Hence:

log Ka,,,, = 13.65
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There is an extensive literature on association constants expressed as K, as opposed to Ky,
allowing for much broader comparison of experimental and literature values, a deeper understanding
of how structure affects sequestration ability.

Although equilibrium constants (K> in the above derivation) for M=Ca?*, Zn?* and L?=Fura-2 have
been published for a variety of conditions (temperatures, ionic strengths etc.), no values have been
determined for the conditions utilised in this work. Fortunately, the self-indicating nature of any ligand
with a suitable reporter means that calibration of the response is a relatively simple process. Kits to
correlate the amount of free Ca* in solution to emission intensity, from which an appropriate value
of K, can be calculated, are commercially available and their constituents have been published.[''®!
Solutions to correlate free Zn?* concentrations in solution to emission intensity can be made in an
analogous way.

Even though K,__, and K, values could thus be obtained by titration of a known concentration

cond
of ligand against Fura-2 to find equivalence points, a quicker way of estimating metal affinity was
through the use of a single concentration of ligand, L'. If a ligand that strongly bound Ca* or Zn2+
was used, the fluorescence of the relevant metal complex of Fura-2 ( also referred to as Ca-Fura-2
or Zn-Fura-2) generated in situ would be quenched to a greater degree than when competed with
a ligand that weakly bound Ca?* or Zn?*, all other things being equal. Since calibration essentially
quantifies the amount of Ca-Fura-2 or Zn-Fura-2 , K; values can be calculated (Equation 8), pro-

vided an appropriate loading of Ca?* or Zn?* is used to keep emission in the linear range (Figure

19).
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Calibration of the corrected Fura-2 emission intensity as a function of Ca®* loading. At
substoichiometric loadings of Ca?* (blue points on graph a) , a linear relationship between
the in-well concentration of Ca?* and emission intensity exists after subtraction of the
emission spectrum of free Fura-2. Saturation occurrs when all of the free Fura-2 is bound
at higher Ca?* loadings (black points). Applying a linear fit to the linear part of the curve
(graph b), gives the relation from which the effect of incoming ligands on the concentration
of Ca-Fura-2 can be quantified. Error bars represent two standard deviations from the
mean of three replicates. \gx =340 nm, \¢,=510 nm. [Fura-2]=12.25,M. Buffer: 10mM

HEPES/100mM KCl at pH 7, T=26+1°C.

In this example, once the optimal Ca?* loading was selected (for Figure 19, [Ca®*] added=8 ;:M),

solutions of this concentration of Ca-Fura-2 were prepared in a multiwell plate and a 10uM solution

of a competing ligand added into the wells. The fluorescence at 510 nm could then be measured and

used to calculate the amount of Ca-Fura-2 remaining in the presence of a competing ligand. Once

calculated, graphs reflecting the relative affinity of ligands in a given experiment could be plotted

(Figure 20). From the observed quenching, orderings of ligand affinity for Ca®* are determined. In

this case, the order is DOTA>EGTA>DTPA>NOTA. For studies on Zn?*, the process is essentially

the same, except the monitored emission wavelength is not always 510 nm, and is reported in each

case.
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Figure 20: The effect of various aminocarboxylate ligands on the fluorescence of the Ca-Fura-2
complex. Calibration function shown in grey. Error bars represent two standard deviations
from the mean of three replicates and were propagated from the error in the fitted gradient
to give the x axis error bars. Agx =340 nm, A\¢;,=510 nm. [Fura-2]=7.6uM, [ligand]=10uM.
Buffer: 10mM HEPES/100mM KCl at pH 7, T=26+1°C.

To ensure that all measurements were taken at equilibrium, both orders of addition were tested, i.e.
demetalation of a Fura-2 complex, or the removal of metal from a metal-ligand complex by Fura-2. If
the differences Fura-2 emission intensities for each direction were statistically insignificant, as is the
case in Figure 20, then equilibration was assumed. In most cases, equilibrium was reached before

readings were taken, with the exception of the reaction between EDTA and Zn-Fura-2.

2.6. Measurement of partition coefficients’

The partition coefficient, P describes the relative lipophilicity of a given compound A, and is defined
as the ratio of the concentrations of A in an organic and an aqueous phase in contact with one

another at equilibrium (Equation 14).
_ [Alorg

P = A

(14)

The ligands and complexes studied throughout this work have pH-dependent solubilities and charge
states (Figure 21), meaning pH control was necessary for these measurements. This was accom-
plished using a modified PBS buffer, allowing for interrogations of compound lipophilicity at physiolog-
ical and growth experiment pH (usually 7.4) to be made, even though most (if not all) of the analytes

would be ionised.

*Although the measurement of partition and distribution coefficients is far from a specialised technique, some modifications
have been made to the traditional conditions!''9! that warrant discussion.
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Partition coefficients are useful for the characterisation of a variety of other properties of a com-
pound. For example, the measurement of equilibrium quantities like pKj, likelihood of emulsion
formation, protein-ligand binding strength, permeability though biological membranes and the likeli-
hood a compound will be pharmacologically activel''® 1171 It is perhaps because of the information
that partition coefficients can yield that a number of semi-empirical models for the calculation of these
quantities have been proposed for small organic molecules.''® Since many of these models are most
effective for relatively non-polar molecules with few charge states, their application to the highly polar,
multiply ionisable ligands and their associated metal complexes covered in this work is inappropriate,

and so experimental determinations of lipophilicity are preferable.

(e} (e} (e}
(o] OH OH
OH OH OH 0
o
and
) OH
o (0] (&O
®
e/\/HN
HN ;\
(o]
%‘) 0“ ™SoH
0]
(<]
Low High

pH

As charge increases, lipophilicity is expected to decrease

Figure 21: Charge states of EDTA (adapted from Szakéacs!''®) as a function of pH, demonstrating
the need for pH control in partition coefficient measurements.

There is evidence that compounds with higher relative lipophilicity are generally better inhibitors of
E. coli growth,['20-123] eyen though the membrane structure of Gram-negative bacteria limits cellular
permeability (Section 1.2). Thus, the measurement of partition coefficients of selected ligands and
their complexes may have enabled rationalisation of their dose responses, at least in part.

Typically, the aqueous and organic phase (typically octan-1-ol) are mixed together in a vessel such
as a separating funnel, and a method of detection appropriate for the analyte is used to measure
concentration ratios, once the phases are separated naturally, or by centrifugation. In this work,
dichloroethane and chloroform were used as the organic phases due to their simple "H NMR spectra,
meaning that measurements via '"H NMR were not complicated by the splittings that octan-1-ol or
butan-1-ol would exhibit. A variety of test compounds have been studied in the dichloroethane and
chloroform organic phases and so a basis for comparison against literature values does exist.l'16]

A linear relationship has also been demonstrated between dichloroethane-water and octanol-water
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partition coefficients (Ppce and Py, respectively). That is, compounds with a high Ppce will likely
have a high P, . There is also a correlation between Ppce and chloroform-water partition coefficients
(Pcren,, Equation 15).1'241 As a consequence, experimentally determined Ppce and Pepey, values can

be compared to P, values if desired.

IOgPCHCI3 =1.11 (:t006)IOgPDCE — 006(:|:01 1) (1 5)

With these factors in mind, a variation on the shake-flask method was used for all of the ligands
and complexes under study, using "H NMR for the measurement of Pgg, of the free ligands ow-
ing to the absence of other spectroscopic handles (in most cases), and UV-Vis spectroscopy for the
measurement of Ppce for transition metal complexes. Samples of each phase for UV-Vis measure-
ments were diluted into DMSO prior to measurement to mitigate the influence of the solvent on the
extinction coefficients of the complexes. In this way, if a linear relation held across a range of dilutions
and absorbance in DMSO, the ratio of absorbances for the phases would give Ppce , based on the
Beer-Lambert law.[25]

LCMS could also be used to assess these quantities but it was avoided due to the necessity of time-
consuming calibration procedures, and evidence of acid-mediated complex decomposition from the
gradient solvent, resulting in inaccurate concentration ratios. The formation of noncovalent adducts
in mass spectrometry is also well-known,['?%! and could also lead to “false” readings. This would not
be the case with the UV-Vis based method, where a comparison of the spectra of the aquated metal
ions and metal-ligand complexes would give a reliable indicator of complexation, especially in the

case of aminophenolate ligands.
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3. Synthesis and growth inhibition studies of a series of EDTA

amide ligands

3.1. Motivations for the work

EDTA amide ligands are ligands where one or more of the acid groups of EDTA have been exchanged
for amides. This class of molecules have been known for at least the last four decades, and have
been considered for many applications. These include radical traps, reagents for the processing of
photographic film and as supporting ligands in MRI contrast agents. Yet, there is a distinct lack of
both academic and patent literature on the use of this class of ligands as a means to control bacterial
growth, despite the vast array of derivatives (> 900) reported.”

Guided by observations collected by Boethling!”?! that incorporation of hydrolysable groups such as
esters and amides into organic materials enhances aerobic biodegradability, these systems seemed
lucrative targets, although there is a cost in replacing carboxylate donor groups with amides: complex

stability is likely to be reduced leading to less extensive metal sequestration in liquid media ( Table 8).

*This number was obtained by performing a substructure search in the Chemical Abstracts Service (SciFinder) database
using the SMILES string O=C(N)CN(CC(=0)O)CCN(CC(N)=0)CC(0)=0 in October 2015.

59



Table 8: Literature Zn?* affinities for EDTA and some EDTA di-amide ligands. From these data and
application of the Irving-Williams series, a crude estimate of the chelating behaviour of these
ligands can be made for other metal ions.

Entry Ligand log Ka(iliy) M=Zn?*

O

HoJ\ 0

Ho\n/\N/\/N\)LOH

a 16.44i
o H(OH

0]
EDTA

A
* N
b TN * 8.75i
H(OH :

EDTAMBA

TP A

N/\/N

c H(OH i I 10,7

EDTA1nap

i) Averaged value from Danil de Namor. ii) Via potentiometric titration, /=0.1 M KCIO4. Values i and ii are from Danil de Namor
et all'2"l jii) Via fluorescence titration /=0.01 M NaCl, T=25°C.[128]

Because of the limited understanding of the antibacterial effect of EDTA-amide ligands, a wide
range of EDTA amides were targeted so that more information about the kind of amide substituents
and the effect that they had on E. coli growth could be collected. Three general categories of pendent
groups were selected for study to this end.

Symmetrical EDTA di-amides of type AmR, (Figure 22) were the first ligands synthesised and
tested, because many reports of gram-scale, protecting group-free and chromatography-free synthe-
ses of a variety of these materials are in the literature. Synthesis typically proceeds via nucleophilic
ring opening of anhydride 1,['2%-134] and the final AmR; ligand is obtained via purification or crystalli-

sation, making eventual scale-up a possibility (Scheme 7).
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Scheme 7: A popular route to EDTA diamide (AmRy) ligands without recourse to protecting groups.

Once a selection of AmR; ligands was prepared, ligands of type AmR; and AmR, could then

targeted for comparison after development of a suitable route (Figure 22).

Strongly co-ordinating Weakly co-ordinating Non co-ordinating
pendent groups pendent groups pendent groups

AmRy ligands:
(0] o

@]
R R R
HO)H \N)H OH \N)J\ HN/
H H

OH
o N/\/N\/&o o N/\/Nvgo © N/\/N\/&o
Yy o ™

H H
OH kﬂ/N\R H(N\R N Nem

o O O
EDTA mono-amides EDTA di-amides EDTA tetra-amides
(AmR+) (AmR;) (AmR4)

. Inner donor atoms

. Pendent groups

Figure 22: Categories and examples of pendant groups, archetypal ligand structures and the naming
convention used in this chapter.

3.2. Synthetic work
3.2.1. Preparation of EDTA di-amides via EDTA di-anhydride

Following the array of reports in the literature described above, the first route to AmR; ligands used
involved reaction of anhydride 1 with a variety of amines in a polar aprotic solvent such as dimethylfor-
mamide or tetrahydrofuran at room temperature. Even though the presence of the desired molecules
in crude material was confirmed via ES-LCMS, purification proved extremely difficult, if not impossi-
ble, due to the hygroscopicity of the compounds and their high polarity. This precluded the use of

conventional purification methods like column chromatography or solvent extraction.
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Attempts at purification via ion-exchange, based on methods for purifying amino acids!'35-'38] ysing
concentration gradients of hydrochloric acid on a DOWEX 50WX8 resin, led to poor mass recovery
and partial hydrolysis. Reverse-phase chromatography was somewhat successful and small amounts
of AmAla;, AmdiEt, and AmnBu; were isolable but samples contained trace impurities.

Finally, crystallisation and recrystallisation techniques were therefore used on crude products at a
variety of pH values and solvent compositions (usually mixtures of water and acetone or the lower
alcohols), but many derivatives failed to crystallise after cooling possibly due to high solubilities in
water across a wide pH range. After some refinement the AmRz ligands AmGly,, AmBn, and
AmNH; could be crystallised in a pure form, albeit in low to moderate yields, following dissolution of
the crude material into >1 M hydrochloric acid (heating if necessary). Multi-gram batches of AmGly,
and AmBn; could then be prepared, and in the cases, of AmGly, and AmNH,, crystals suitable for
analysis via X-ray crystallography could be obtained.

Alternative synthetic pathways to AmR, type ligands were investigated in order to facilitate access
to other derivatives, because of the limited success of preparing such ligands via the anhydride route

(Section 3.2.2).

3.2.2. Alternative synthetic routes: Approach and preliminary experiments

In the pursuit of a greater variety of AmRy ligands (x = 2,3,4) (more R- groups, differing degrees of
substitution), it was necessary to evaluate chemistry beyond the ring-opening of 1, due to reasons
covered earlier. It may be noted at this point that the attempted synthesis of AmR; ligands based
on the work of Jaeger!'?® using 1, one equivalent of amine and one equivalent of water were un-
successful and gave AmR; type ligands and EDTA instead (Scheme 8). This observation has been
made independently by Scozzafava.l['%?

9 0
O~_ _OH

o w0
1) 1e\q5au>2<m?/rt 24h J\ j/
OY\N/\/N\/&O N

2) 6M-KOHag), 1, unti Ived
Y Saath s

o

1 AmBn4

1) 1eq. BANHp , THF, it 24h HOJH j/ HO)%

Ne_~ N\/\
2) 6M KOH(aq), 1, until dlssolved L N N
HO

S(OH @/\ kgcm

AmBn;

EDTA

Scheme 8: Attempted synthesis of AmBn4 from anhydride 1
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Inspection of the AmR, framework revealed a range of possible disconnections (Scheme 9) and

following the accepted practice of disconnecting adjacent to a heteroatom,!'3! two key disconnec-

tion points were identified (labelled A and B in Scheme 9) from which forward syntheses could be

devised.
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>N OH B I 0-Alk !
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X
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X
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ﬁ) H2N/\/ 2
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X
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Scheme 9: Disconnections and possible forward syntheses leading to AmR3 ligands.
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In this alkylation-based approach, carboxylic acid groups were to be introduced as their esters
so that the solubility of the intermediates in organic solvents was improved and purification via
normal phase chromatography was feasible. Methyl and ethyl esters were preferred in the earlier
stages of this work, because of the ready availability of amino acid esters protected with these
groups at very low cost. Esterification of the parent acids when ester derivatives were not com-
mercially available was also facile. The linear route A, starting from the commercially available N,N*-
ethylenediaminediacetic acid (EDDA) appeared more logical and had fewer steps compared to B and
was evaluated in the first instance.

Carbodiimide coupling methods, used widely in peptide synthesis,[4% were used to attempt the
preparation of amides of type 2 so that the carboxy groups of EDDA could be functionalised in one
step. As a proof of concept for A, EDDA was coupled with diethylamine in water using EDC (1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide) as the coupling agent to provide 2a, the key intermediate to

AmdiEt, (Scheme 10).

Jﬁ EH (4 o
HO )
EDC 01 eq)) Q

/\/ r N H\)k
HN 10 ice 10 m|r\ ~ j(\ /\/ N/\

OH then rt 5h fe)

o
EDDA 2a

Scheme 10: Attempted preparation of amide 2a via carbodiimide coupling. HOBt: Hydroxybenzotri-
azole.

While a polar aprotic solvent was desirable for this reaction, the insolubility of EDDA in anything
other than aqueous base necessitated the use of aqueous conditions. Although the use of wa-
ter in amide couplings is highly unconventional, examples of amide couplings in water have been
published.[41: 1421 Unfortunately, the reaction was unsuccessful and only EDDA was recovered. A
variation as a route into AmR; ligands was then attempted on EDTA directly to see if the solvent, or

the interference of the secondary amines present was the cause of failure (Scheme 11).

O HLOH EtsN, (0. . ®)
LN oy  thenDieo.
HO \/\N/ﬁ( / \»
H O\[H o Acetone, N 2, 1t 64h Ho\[H 5

o (0]

Scheme 11: Attempted preparation of AmGly4 via amide coupling.

The reaction did not proceed, though it is suspected that some conversion may be achieved, and
the completed route may be an extremely quick way to afford diverse compounds. For reasons

discussed in the next section, no such optimisation was attempted .
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3.2.3. Evaluation of a convergent route: use of a-haloamides

Prompted by the abundance and structural diversity of ligands for various Ln* ions containing amide,
carboxyl and amino groups in the literature and the presence of the same functional groups in the
targeted EDTA amides, translation of this chemistry was thought to be useful. The similarity of
many intermediates identified in disconnection B (Scheme 9) to those previously published, could
suggest synthetic success. In this convergent approach, the aminocarboxylate fragment is prepared

independently from the amide arm(s) and the two fragments are joined via alkylation (Scheme 12).

CICH,CO:H o ¢ \
EDC HCI —
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O,
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Scheme 12: Ligands reported by the groups of Williams!'*®! and Parker!'#4l using a strategy based
on the incorporation of amide fragments at a later stage.

A drawback of route B (Scheme 9) is that in preparing the aminocarboxylate fragment, both amine,
and carboxylate protection is usually necessary to prevent over-reaction, adding steps to the synthe-
sis, but a distinct advantage over route A is that aminocarboxylate fragments can be exchanged
and reacted with the same amide electrophile to access the AmR;, AmR, and AmR, substitution
patterns bearing the same pendent group (Section 3.2.4).

With this in mind, work on the amide coupling method of choice to generate compounds of type 6
was commenced. The use of haloacetyl halides is commonplace for the preparation of these amides

and was successfully employed to afford the compounds listed in Table 9 in low to moderate yields.
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Table 9: «-Haloamides prepared by reaction between chloroacetyl chloride and amines.

(0] [0}
. o _J_ &
a Amine, base H/

a
6a-e
Entry Amine Amide Base Solvent Yield / %
O
a HoN OH C'\)kN OH None' MeCN 2gfil
O H O
B o
b G~ RN c © EtsN DCM 67
T YR e
O
c T o M~z None DCM 75
NS H N |
NS
O .
d EtsN THF 25V
Cle ﬁBN O\/ CI\)J\H O\/
o)
(@]
e HNT SN CI\)J\N/\/\ None' DCM 48
H

i) No protecting group was necessary for this transformation. ii) 2 equivalents amine used. iii) After recrystallisation. Stereo-
chemical integrity of the product was verified by X-ray crystallography. iv) after column chromatography on silica.

In light of these low yields compared to the literature, a carbodiimide coupling procedure was
applied to the synthesis of 6f to see whether the approach could deliver superior yields (Scheme
13). This was not the case and so the haloacetyl halide route was adopted as the default method for

the preparation of the desired amide electrophiles, given the low cost of the necessary reagents.

EDC.HCI
cat. DMAP
o Et,N 9
o © o s 0
OH +C|H3N/}]/ . H/\[( ~
cl o} THF, 0°Cto i, Cl 0
12h
(20% before purification)

6f

Scheme 13: Preparation of 6f using amide coupling chemistry.

With a-haloamides 6a-e in hand, the next step was the construction of the aminocarboxylate frag-
ments. As outlined in Section 3.2.3, ethyl and methyl esters of the amino acid precursors to com-

pounds of type 6 were used. To enable global deprotection via aqueous basel'*! the use of the same
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protecting groups for the carboxylates of the aminocarboxylate fragment was necessary and so in-
termediate 7 was reacted with ethyl bromoacetate to form intermediate 8 (Scheme 14). In theory 8

could then be debenzylated to provide the protected nucleophile 9 (Table 10) for further reactions.

BrCH,CO,Et
choav cat. KI

o} Bn
/\O)K/,!l\/\wl/ﬁ]/o\/
Bn (o}

H
B S -B" 2Ac0H
H MeCN, N,, 60°C, 23h

66%
7 8

Scheme 14: Preparation of 8 via alkylation.

Hydrogenation with a palladium catalyst is typical for benzylamine deprotection and so was the first
approach tested. Hydrogen gas or ammonium formate (transfer hydrogenation conditions!'#6: 1471) were
trialled as reductants but a kinetically favoured 6-exo-tet cyclisation resulted under these conditions

to form ketopiperazine 10 exclusively (Table 10).

Table 10: A survey of conditions used to debenzylate precursor 8.

[¢] Bn o (o]
! H
/\OJK/N\/\NWO\/ m— /\OJK/N\/\N/\[(O\/ + HN)H o}
| Conditions H
Bn O o] I\/N\)J\o/\
8 9 10
Entry Reagents Conditions 9:10 / %'

NH4HCOQ, 5 mol% Pd
(as 5 wt. % Pd/C)

Hz, 5 mol% Pd
(as 5 wt. % Pd/C)i

EtOH, reflux 2h 0:100

EtOH, rt 4h 0:100

i) Determined by "H NMR spectroscopy of the filtered reaction mixture. Data confirming the structure of 10 are reported in

Section 8.2.15. ii) Catalyst loadings for routine tranformations necessary across this work (debenzylation, imine and nitro

reduction-see Section 5.2.2) had already been determined and from these experiments > 5 mol % palladium metal was
necessary.

Parallel experiments on other substrates were performed to assess if an oxidative approach to
debenzylation could prevent cyclisation,[8 but starting material was recovered exclusively. Other
workers observed similar cyclisations and were unable to practically inhibit them without changing
the carboxyl protecting group on the aminocarboxylate fragment.['#®-'5"] Carboxyl protection via t-
butyl groups was employed as a result. These groups are stable to bases and nucleophiles but
precursors to AmRy ligands bearing them could no longer be globally deprotected using base when
carboxyl groups protected as methyl and ethyl esters were present in the same molecule.l' In a
manner analogous to 8, aminoester 11 could be prepared using t-butyl bromoacetate as the alkylating

agent, and hydrogenated smoothly to afford key nucleophile 12 (Scheme 15).
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H BrCH,COOBu CoaBu H,, 5 mol % Pd CO:1Bu
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42% 74%
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Scheme 15: Preparation of key nucleophile 12

Now that procedures to afford the key nucelophile and electrophile in route B were in place, they
were tested in the synthesis of AmPys,, a ligand that could not be isolated in a pure form via the ap-
proach described in Section 3.2.1. Synthesis and purification were smooth, and led to the synthesis
of AmPy, in 15% cumulative yield; a figure comparable to other multi-step syntheses of chelating

ligands.[193-157]

o)
K,CO,, J<
COtBu
( i 10 mol % KI ) Hj\o NF
uk PP
HN C X N N\/\N/\[(N N
) MeCN, Ar, 60°C | o M o 3
tBuO,C 22h = \[H

12 °

KU\OH N=
N\/\N TFA,
C/\ Anisole
-—
HO\[(l DCM, Ar, t,

17h

92%
AmPy,

Scheme 16: Synthesis of AmPy; via a convergent route.

3.2.4. Synthesis of EDTA mono-amides

It was mentioned in Section 3.2.3 that use of the convergent route B (Scheme 9) could be adapted
to the different degrees of substitution of the AmR ligands desired by changing the aminocarboxy-
late fragment, for example, by preparing 14, and adjusting the equivalents of a-haloamide and base
used in the reaction. Following literature precedent,!'58 a benzyl protecting group was used in the
first alkylation step (Scheme 17i ). The fact that there is only one possible isomer of this tris- homo-
substituted ethylenediamine, and that the over-reaction product EDTA tBu is much less polar than
15, enables the direct reaction of t-butyl bromoacetate with ethylene diamine to form 15,['5% isolable

after simple chromatography (Scheme 17ii).
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Because the starting materials for either route are inexpensive, the direct route to 15 was used,
on account of the time that could be saved, even if the yield was lower than if benzyl protection was
employed.

i)
S S
BrCH,COO'Bu, J\ H,, 5 mol % Pd/C J\
K2003

1 —— YR e YR
o Yo

ol 0
81% 54%
14 15
ii) >|\ i j\ i
BrCH,CO0BU, J\ OJH

T U G S G (S
o AN

o

20% 12%
15 EDTA tBu

Scheme 17: Preparation of 15 in a i) two-step approach involving amine protection and ii) a direct
route.

Once 15 was in hand, test alkylations were performed to optimise the base for future syntheses,
since a variety of bases are reported for alkylations of this type in the literature. Using ethyl bromoac-
etate as a model alkylating agent, orthogonally protected aminoester 16 was prepared using the
conditions in Table 11. Successful preparation of 16 indicated both that 15 should be able to react
with intermediates of type 6a-f and that the use of caesium carbonate, due to its higher solubility in
organic solvents, was detrimental to yield, since more thorough purification of the crude product was
necessary.

As an aside, 16 is a complement to the orthogonally protected species prepared by Micklitsch,[58]
and could be deprotected via aqueous base or trifluoroacetic acid in dichloromethane to afford one

or three functionalisable carboxyl sites respectively.
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Table 11: Influence of the base on alkylation yields.

LA, e
pep - ebal N ek

MeCN, N 60°C
kﬂ/ \K 2h thenrto/n ) I\ﬂ/oj< Kﬂ/o\’<
[¢] (o]
16

o)

Micklitsch, 2006

Entry Base Yield/ %
a KQCO3 90
b CSzCOg 59

Synthesis of the novel mono-amide AmGly was attempted using the optimised alkylation condi-
tions. Initially, the low-cost, commercially available a-haloamide ethyl (2-chloroacetylamino)acetate
and its methyl ester analogue 6f, were used as alkylating agents. Despite evidence of conversion
from "H NMR and TLC analyses, the crude material was not amenable to column chromatography,
either not eluting at all (even using 100% MeQOH), or co-eluting with impurities. «-Haloamide 6b was
then used as the alkylating agent to solve these problems, even though it is prepared from the far
more costly t-butyl glycinate, and has the added advantage of subsequent trivial global deprotection.

Using this combination of reagents gave an effective synthesis (Scheme 18).

X FEENE
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! N (0] 0.
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N (0]

OH TFA,
/l; \L j/ - Anisole
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HO\H) H(OH

o o

61%
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Scheme 18: Preparation of AmGly, via a convergent route.

AmPy, could also be prepared in an analogous way (Scheme 19).
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Scheme 19: Preparation of AmPyj.

Analytical HPLC was performed for AmGly; and AmPy, to assess the homogeneity of the final
ligands, both of which showed one peak in their respective chromatograms. With a variety of AmR;

and AmR; systems prepared, synthetic focus was turned to preparing ligands of type AmR;,.

3.2.5. Synthesis of EDTA tetra-amides

The synthesis of AmR, type ligands was undertaken from ethylene diamine and haloamides 6b,
6d and 6g using the appropriate deprotection chemistry so that the effect of substituting all of the
carboxylate groups in the central donor set of the EDTA amides could be interrogated. In addition
to the fundamental knowledge that could be gained regarding the alteration of the central donor set
and its effect on E. coli growth, these molecules may exhibit enhanced biodegradability, much like

dendrimers based on polyamide structures (Scheme 20).I'60: 161]

OsNH o. .
o R K,CO,. \]\: HL”/,S( R
NH oL . N lo)
HzN/\/ 2 4 HLH)*}( R cat. Kl > o ] N
cl fo) MeCN, Nz' 60°C, >24h R * N
o o N
R (¢} oﬁ*/l\R
6b: R= H, R*=tBu

6d: R= CH,Ph, R'=Et R
6g: R= H, R'=Et

18: R= H, R'=Et (31 %)
19: R= H, R'=tBu (82 %)
20: R= CH,Ph, R'=Et (67 %)

Scheme 20: Key precursors to AmR, type ligands.
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Compound 18, was prepared from commercial reagents exclusively and so the synthesis was

remarkably convenient. But following final deprotection using potassium hydroxide in a mixed wa-

ter:methanol system and purification via ion-exchange chromatography, the cumulative yield was

lower than when AmGly, was synthesised via 19. Although AmGly, has previously been prepared

via amide-coupling chemistry,['%?] the alkylation route employed for the synthesis of AmR; and AmR;

ligands was selected in light of the unsuccessful attempts at such couplings in this work (Section

3.2.2). The phenylalanine derived amide AmPhe4 was also prepared from the relevant ethyl ester

precursor 20 (Scheme 21).
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Scheme 21: The final AmR, type ligands prepared.

With the final roster of ligands prepared and characterised, a study of their biological properties

could now take place.
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3.3. Assessment of antibacterial properties
3.3.1. General remarks

The experimental procedure for the growth curve assays is covered in Section 8.7, and the back-
ground in Section 2.3 . Because these experiments were performed in 96-well plates, and compar-
isons across experiments are drawn, an indicator of experiment to experiment variability is useful
when dose responses are being discussed. For this reason, when dose responses for a ligand are
presented, the EDTA dose response for the corresponding experimental run has been overlaid as a
light grey curve. Since a goal of this work is the discovery of ligands that inhibit E. coli more severely
than EDTA at the same or lower concentrations, it is hoped that the reader will find the overlays
helpful in the comparison of data points and their statistical significance. For the data presented, the
variation between EDTA runs is within the error of the experiment, meaning that data from different

experimental runs may be compared.

3.3.2. Effect of the number of carboxylates

Analysing the growth inhibition characteristics for the ligands prepared above commenced with the
analysis of EDTA, AmGly;, AmGly, and AmGly, . These growth characteristics are described in
Figure 23.
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Figure 23: Dose response curves for E. coli JM101 upon dosing with EDTA, AmGly;, AmGly, and AmGly, .
Bacteria were incubated for 16 h at 37°C in a medium composed of of 90:10 v/v TSB: 10x ligand
stock in 200mM KyHPO, (in-well [KoHPO4] of 20mM). Values are the mean of three technical re-
peats. Both error bars and margins represent two standard deviations from the mean. Bracketed
values are the pH of test solutions based in the same media used for the experiment. Blue lines
represent the dose response of the ligand, and grey lines represent the dose response of EDTA.
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It is immediately apparent that upon exchanging all of the carboxylate groups in EDTA with amides
as is the case for AmGlys, an AmRy ligand loses all efficacy and no statistically significant growth
inhibition is observed. Increasing the lipophilicity of an AmR4 ligand, as in the case of AmPhe4, does

not alter the inhibition profile (Figure 24).
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1004 ——\—J ‘
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NH 1% 90 ‘ >
o%
o 0(7.4) 100 + 17

N *)
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o) NH o . . +
k N—):
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(0]
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10.0 (7.4) 90 + 21 0 . . . .
AmPhey 0.0 25 5.0 7.5 10.0
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Growth relative to control /%

5.0 99+ 16

Figure 24: Dose response curve for E. coli JM101 upon dosing with AmPhe4. Experimental con-
ditions were identical to those described in Figure 23. Values are the mean of three
technical repeats. Both error bars and margins represent two standard deviations from
the mean. Bracketed values adjacent to tabulated concentrations are the pH of test solu-
tions based on the same media used for the growth curves. Blue lines represent the dose
response of the ligand, and grey lines represent the dose response of EDTA.

These observations are unsurprising when considered in light of the detrimental effect that in-
creased amide substitution has on metal affinity (Table 12), and the current understanding on the
mechanism of chelation-induced bacterial growth inhibition (Sections 1.2 and 1.3). Work by Clapp!'®3
on the related ligand EDTAM serves to illustrate how profound this reduction in metal affinity can be

when no carboxylate donor groups are present in the inner donor set (Table 12).

Table 12: The reduction in Ca?* and Mg?* affinities on substituting all of the carboxylate groups of
EDTA with amide groups.

ML ML
log Ka( ) log Ka({124)

Entr Ligand
y g M=Ca2* M=Mg2*

o]

HOJH o

HO\[]/\N/\/N\AOH

a Fs 10.61 8.83

EDTA

b WAK( 3.29 1.6

i) Data sourced from Martell and Smith. T=25°C, /=0.1M.[164] ii) Data from Clapp et a/l163] T=25°C, /=0.1M.
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Because the metal affinity of AmGlys and AmPhe, is likely to be lower, by analogy to those mea-
sured for EDTAM giving correspondingly low inhibition power, no further work on AmRy ligands was
undertaken. Both AmGly; and AmGly, were more effective growth inhibiting agents than EDTA,
even though their metal ion affinities should be lower than EDTA based on an inspection of their
donor groups and the data in Tables 8 and 12.

The apparent increase in growth when the cells are treated with higher concentrations of AmGly;
also warrants comment. To the author's knowledge such non-monotonic behaviour has been ob-
served in the interaction between endocrine disruptors and their receptors,!'®5-1671 but never before
for the action of a chelating agent in bacterial growth inhibition. Such a response may be a signal
of processes competing with metal starvation at high ligand concentration, like ligand hydrolysis or
precipitation due to pH changes in the medium due to bacterial respiration. Precipitation is thought
unlikely; pH measurement of a sample of 90:10 v/v TSB:0.2M K.HPO, bacterial growth medium
after overnight incubation of E. coli JM101 (once cellular material was removed via centrifugation)

indicated a pH increase, which would lead to higher ligand solubility.

3.3.3. EDTA di-amides: effect of substituent

Dose responses were acquired for the other AmR, materials to compare them to that of AmGilys,.
This assessment allowed an initial evaluation of whether the presence of two amide groups in the

inner donor set, or the choice of pendent groups gave a bacterial growth inhibition (Figure 25).
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Figure 25: Dose response curves for E. coli JM101 upon dosing with AmNH,, AmBnz, AmOMe,,
AmOH,; and AmPy, . Experimental conditions were identical to those described in Fig-
ure 23. Both error bars and margins represent two standard deviations from the mean.
Bracketed values adjacent to tabulated concentrations are the pH of test solutions based
on the same media used for the growth curves. Blue lines represent the dose response
of the ligand, and grey lines represent the dose response of EDTA.

From these data, it is apparent that not all di-amide substitutions gave equal growth inhibition
against E. coli and of the types of pendent group (Figure 22), those which were “strongly co-
ordinating” gave greater growth inhibition as in the case of AmPy, and AmGly, (Figure 23). This
observation gives rise to what may be a general design principle for EDTA di-amides. When the
dose responses of AmNH,, AmBny, AmOMe, and AmOH; are considered in light of the possible
lower metal ion affinities they may have (by analogy with similar AmR; type ligands bearing non-
coordinating pendant groups, as shown in Table 8), the lower inhibition of E. coli growth, as for the
AmR, (Figures 23 and 24) ligands, is not unexpected.

These results seem to imply that strongly co-ordinating pendant groups on AmR; ligands bolster

metal binding in some way.

3.4. Effect of AmGly, and EDTA on cellular metal content

To directly assess the effect on in cellulo metal concentrations that incubating E. coli JM101 with
AmGly, and EDTA had, the metal concentrations of cells incubated in different concentrations of
either ligand were interrogated through the use of ICP-MS (a background to the reasoning behind
these experiments being given in Section 2.4). Stationary phase cells were used in this part of
the study, using concentrations of AmGly, that measurably inhibited the growth of E. coli JM101 at

stationary phase (10%) relative to control, as measured by use of a cell counter. Cells were incubated
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in the presence of EDTA and AmGly, in a mixture of 99:1 v/v TSB:0.2 M KoHPO4 containing 100x the
concentration of the ligand under study. In each case, a blank containing no ligand (buffer exclusively)
was run, against which the effects of metal depletion could be evaluated, and the data presented in
Figure 26 for EDTA and Figure for AmGly,. These data represent some of the first insight into the

effect of chelating ligands on the metal content of bacteria.l'68: 169]
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Figure 26: Changes in the number of metal atoms per E. coli JM101 cell at stationary phase mea-
sured by ICP-MS, following incubation with different concentrations of EDTA. Values are
the average of three biological repeats. Error bars represent two standard deviations of
the mean. Cells were incubated aerobically at 37°C for 16 h in a medium consisting of
99:1 v/v TSB:0.2 M KoHPO4 containing 100x [EDTA] prior to harvest.
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Figure 27: Changes in the number of metal atoms per E. coli JM101 cell at stationary phase mea-
sured by ICP-MS, following incubation with different concentrations of AmGly,. Values
are the average of three biological repeats. Error bars represent two standard deviations
of the mean. Cells were incubated aerobically at 37°C for 16 h in a medium consisting of
99:1 v/v TSB:0.2 M K;HPO, containing 100x [AmGly,] prior to harvest.

For both EDTA and AmGly», the calcium concentration is reduced in cellulo , but AmGly, affords
less extensive depletion of the metal compared to EDTA. Depletion of calcium is not unexpected and
may well be a signal of outer membrane disruption and lipopolysaccharide dispersion effects that the
chelation of cellular group Il metals brings about. More recently, the role of Ca®* has been highlighted
in the cell reproductive cycle,['7% and so the reduced stationary phase growth covered in Section 3.3

may be a function of this effect also.
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The concentrations of transition metals are also reduced; for instance that of iron, which is used
in bacteria for protection against oxidative stress, for respiration and for reproduction. Given the
high relative affinity for Fe3* that EDTA has compared to AmGly, (Section 3.5), the more extensive
depleting effect it has compared to equal concentrations of AmGly; is to be expected. E. coli also
secretes extremely powerful Fe3* chelators such as enterobactins to allow for uptake of Iron from the
media into the cell, and so the tested ligands are likely in competition with such agents for Fe3+.

The most striking depletion is that of manganese; based on the metal affinities of EDTA and
AmGly, and selectivities in solution, this observation is unexpected and represents a contradic-
tion to the current understanding of chelator-induced cell damage as being a primarily by process
mediated by Ca®* and Mg?* depletion. A good deal of attention has been directed towards the role
of manganese in the survival and virulence of many bacterial species and strains. For instance,
in Salmonella sp. , Mn?* is used to protect against oxidative stress and is taken up from media
most quickly in the log phase of growth. In E. coli, systems relevant to Mn2* uptake are activated
upon exposure to peroxide stress. It has also been proposed that Mn?* sequestration by a host
from a pathogen such as some E. coli or Salmonella strains is a defence mechanism against these
pathogens.l'%8 171-174] |t is important to bear in mind that although the above findings demonstrate
the importance of Mn?* to bacterial growth, they do not show why such a pronounced depletion of
Mn?* is observed upon exposure to EDTA and AmGly,, for which further work is necessary.

On the basis of data covered in the following section it is clear (and unsurprising) that EDTA and
AmGly. deplete transition and non-transition metals from E. coli. Yet the observation that AmGly»
gave more profound growth inhibition effects than EDTA at concentrations >2.5mM, despite the less

extensive metal depletion it displayed at 1mM warrants further investigation.

3.5. Metal complexation studies

3.5.1. Potentiometric titrations on AmGly; and AmGly- (In collaboration with the University

of Valencia)

At this point, the collection of some metal affinities via potentiometric titration was considered to
assist in understanding the non-monotonic dose response of AmGly, , the efficacy of AmGly, and
to elucidate the relationship, if any, between metal affinity and in cellulo metal depletion. It would
seem that incorporating carboxylate pendent groups gave an increase in the first-row transition metal
affinities of AmGly; and AmGly, compared to other AmRy ligands and even EDTA, and could have
led to more severe cellular metal depletion at lower concentrations. Since a pH range of 2-12 is
conventionally used in a potentiometric titration, it was feasible that any pH-induced precipitation
or hydroylsis events that may explain the observed dose response for AmGly; would be observed

during such experiments in the form of anomalous titration curves.
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As an incentive, it is not uncommon to obtain X-ray quality crystals from samples of completed
titrations at the extremes of pH. Where obtained, their analysis via X-ray crystallography provided
structural information that could be used to further understand chelate stability (Section 3.6). Work
in collaboration with the group of Prof. Enrique Garcia-Espana was thus commenced to characterise
the binding of AmGly; and AmGly, to Ca?*, Fe®*, Mg?*, Mn?*, Zn?* and H* ions. Binding data for

AmGly; and AmGly, as a result of this study are listed and discussed below.

Protonation states. The most relevant protonation states for AmGly; and AmGly, with respect
to complexation have been derived from chemical intuition because it is not trivial to determine the
specific sites for deprotonation from pH-potentiometric experiments alone (Figure 28).1'7°]

AmGlyy:

O

(@] (@]
© [S]
A A B

N/\/N\)J\ °--— o ° N/\H/N\)Lo ° — /\/N\)L ©
U T U

L
Ha
or formation of ML(OH) species

AmGly;:

e} O o @]
o
El ]
N o N O
© @) N\)-k 2 © @) N
<]
N/\/ 0 — T(\N/\/ o
H )
* Ny 1 © N
: I
o (@] o o ©
H4L H.;L
or formation of ML(OH) species or formation of ML(OH) species

Figure 28: Protonation states for AmGly; and AmGly, most relevant for metal complexation.
Protonation constants. The agreement seen between the protonation constants published!'7¢! for
AmGily, and from this work were pleasing, and discrepancies were attributed to the slight differences

in experimental conditions. In the case of AmGly,, similar pK; values were also observed for other
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AmR; type ligands,['?”- 1771, From a comparison of entries a-d and e-h in Table 14, the presence of
two amide groups in AmGly, lowers the pH at which a tertiary amine site of AmGly, protonates to
the cognate “HL” form (Figure 28) relative to AmGly; or EDTA. This could be due to the electron
withdrawing effect of the non-ionised amide groups.['?7] Incidentally, the methylene bridges between
the tertiary amine and amide groups of AmGly, exhibit a higher chemical shift in the 'H NMR spec-
trum at high pH, compared to the methylene bridges between the tertiary amine and the carboxylate

groups suggesting the operation of such an inductive effect.

Table 14: Protonation constants for AmGly; and AmGly, determined using pH-potentiometry, com-
pared to reference values for EDTA (T=25°C, /=0.1 M unless otherwise indicated)'®4 and
previously published values for AmGly,.['”8! Values in brackets represent one standard
deviation of the last significant figure. log K values without accompanying brackets are K,
values calculated from experimentally determined equilibria. Data for AmGly; and AmGly,
are the average of two independent experiments, both performed at 7=25°C and /=0.15 M

KCl.
Entry Equilibrium Log K; Entry Equilibrium Log K, Entry Equilibrium Log K,
AmGily; AmGly, EDTA
AL HL ; ; HL
a ks 9.76(1) e e 7.26(1) lit. i it 10.17
7.37
Ho L HoL : A HoL
b T 4.69(1)  f b 4.18(2) lit. j e 6.11
4.38
HsL HsL : HsL
c e 419 g e 3.53(2) lit. k e 2.68
3.51
Hyl Hal : Hyl
d 7[},][;431“ 2272) h 7[5,][7431] 3.39(2) it. I 7[;][;31] 2.0
2.87
[HsL]
m GG 1.5

i) Data taken at T=20°C, /=0.1 M.

Protonations at lower pH occur in similar ranges across AmGly; and AmGly,, but in all cases the
protonation constants of AmGly, are slightly lower, possibly due to the stronger inductive effect of
the two amide groups. These protonations presumably occur on the acid groups in both AmGly; and
AmGly,. Due to their distance from the amide groups the effect on protonation constant may not be
as strong as for the amine protonations. Evidencing the role of amide groups in lowering protonation
constants, it is seen that for EDTA all of the protonation constants are raised (Table 14 entries i-m),

relative to the amides.

Complexes of Calcium, Magnesium and Zinc. The most helpful equilibria are those expressed

[ML]

in the form VI

since they are independent of pH and so provide insight into how the ligand alone
affects chelate stability. These data alongside the protonation constants for the complexes are pre-

sented in Table 15.
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Table 15: Metal-ligand association constants for AmGly; and AmGly, determined using pH-
potentiometry, compared to reference values for EDTA (T=25°C, /=0.1 M unless otherwise
indicated)['®4. Values in brackets represent one standard deviation of the last significant
figure. log K values without accompanying brackets are K values calculated from ex-
perimentally determined equilibria. Data for AmGly, and AmGly, are the average of two
independent experiments, both performed at T=25°C and /=0.15 M KCI.

Entry Equilibrium Log K; Entry Equilibrium Log K; Entry Equilibrium Log K,

AmGly; AmGly, EDTA
[CaLH_4][H] - [CaLH_{][H]
a LM 4156 i [CaliIF 10,84
[Cal] A [Cal] [Cal]
b ica 9.31(2) | feay 7.00(1) s ica 10.61
[CaHL] [CaHL] [CaHL] i
c fcat) 419 k scat) 3.39 t pcati) 3.93
MoLH_JIH
I L 10.69
(Mol (Mol (Mol
d gLy 6.63(4) m ivigr) 510(2) u gL} 8.83
[MoHL] [MgHL] [MoHL] i
e [HIWgL] 5.6 n (HIIMgL] 4.84 v [HIMgL] 3.85
Z0LH_]IH]
R T
Z0LH_]IF] [Z0LH_]IH]
f s 1017  p A, -9.07
Znl Znl ZnL
g —[[Zn”][ L]] 1411(3) q —[[Zn"][ g] 10.41(2) w —[[Zn”][ g] 16.44
[ZnHL] [ZnHL] [ZnHL]
h sz 3.49 r g 3.59 X ) 3.0

i) Data taken at T=20°C, /=0.1 M.
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More extensive amide substitution, unsurprisingly, leads to reduced metal binding in all cases, this
being due to the reduced donor strength an amide will possesses relative to a charged, carboxylate
donor. The unstable [MLH_1] and [MLH_5] type species formed at high pH which are observed in
the titrations of AmGly; and AmGly, (Table 15, entries a,f,i,l,0) could be due to the deprotonation
of the amide groups of AmGly; and AmGly, but without further study of these complexes, e.g. via
infrared spectroscopy, this assignment is not definite.

The electron-withdrawing character of the amide groups discussed in the previous section on pro-
tonation constants, is reflected in the reduced basicity of the Ca®* and Mg?* complexes of AmGly,
compared to AmGly4, assuming that protonation takes place at a tertiary nitrogen site in both cases.
In contrast, the Zn?>* complex of AmGly, is slightly more basic than that of AmGly;. Work from
Santacruz!['?®l on the EDTA1nap ligand which has no peripheral coordinating groups, show very close

[ZnL]

agreement for the 12l equilibrium (Keptatnap= 10.1, Kamaiy,= 10.41, Table 8, entry c and Table

15, entry q) showing that the protonation is not affected by the pendent carboxylates of AmGilys.

Complexes of Iron and Manganese. Data for the transition metal complexes of AmGly,; and

AmGly- are presented in Table 16.

Table 16: Transition metal-ligand association constants for AmGly; and AmGly, determined using
pH-potentiometry, compared to reference values for EDTA (T=25°C, /=0.1 M unless oth-
erwise indicated)['®4. Values in brackets represent one standard deviation of the last sig-
nificant figure. log K values without accompanying brackets are K, values calculated from
experimentally determined equilibria. Data for AmGly; and AmGly, are the average of
two independent experiments, both performed at 7=25°C and /=0.15 M KCI.

Entry Equilibrium Log K Entry Equilibrium Log K  Entry Equilibrium Log K

AmGly; AmGly, EDTA
[FeLH_s][H]
g et -10.31
[FeLH_5][H] Fe(OH,)L][H i
(FolF ] -10.11 o [ F;e(ozl-)/)]L[] 941
[FeLH_+][H] . [FeLH_1][H] Fe(OH)L i
a S -3.91 i “rp— 361 p eI 749
Fel ; Fel Fel
b tah 15.27(5)  j i 11.812) q i 25.0
FeHL FeHL FeHL i
c i 3.06 k G - r G 1.3(1)
d WAl qq.44 | M -10.33
MnlL] MnL MnL]
e e 11.97(1) m it 9.28(2) s ot 13.81
MnHL MnHL MnHL
f ek 3.62 n ek 3.53 t e 3.1

i) Data taken at T=20°C, /=0.1 M.

Once again, the complexes that AmGly4 forms are more stable than those of AmGly». In fact, the

stability of the Mn?* complex of AmGly, is similar to that of EDTA. Nevertheless, it is seen that amide
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substitution once again decreases complex stability, especially so in the case of Fe®*, likely due to
the hard character of the ion and the charge stabilisation that results when Fe®* is chelated by the
tetranegative donor set of EDTA.

Work by Martelll'7®! using infra-red spectroscopy to investigate the coordination of Fe3* to AmGly,
indicates that at higher pH the amide protons could be lost, enabling the assignment of the equilibria

in Table 16 , entries h and i to the formation of complexes involving amide anions as donors. *

3.5.2. Ca?* partitioning studies with Fura-2

For compounds where assessment via pH-potentiometry was not available, the relative Ca®* affinity
of a selection of EDTA-diamides was obtained via competition with Fura-2 in the manner described in
Section 2.5 following a suitable calibration procedure. It is apparent that the AmGly,-induced Ca®*
depletion from the Ca-Fura-2 complex was more extensive than for the other AmR; ligands which
were statistically indistinguishable from one another in terms of Ca?* scavenging ability (Figure 29).
.

X Fura-2-Ca com plex formed first

12000 - & Ligand-Ca complex formed first

Ca-Fura-2
10000 -

8000 -

6000 al

4000 -

Emission intensity /No units

2000 4

0 1 2 3 4 5 6 7 8
[Ca-Fura-2] fuM

Figure 29: The effect of various AmR> ligands on the fluorescence of the Ca-Fura-2 complex, with
calibration function shown in grey. Error bars represent two standard deviations from the
mean of three replicates and were propagated from the error in the fitted gradient to give
the x axis error bars. Agx =340 nm, A\¢;=510 nm. [Fura-2]=12.25,M, [AmR3]=10uM.
Buffer: 10mM HEPES/100mM KCl at pH 7, T=26+1°C.

“The large discrepancy between these values and those of Martell does warrant closer examination and may be due to
the differing approaches in calculating the stability constants; this work assumes that the complex between AmGly, and Fe3*
forms over the course of the titration, whereas that of Martell assumes complete complex formation even at low pH.
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Given the relation between K,_ , and K; (also discussed in Section 2.5), i.e. the fact that they are
proportional to one another, the constant being the Schwarzenbach «-coefficient, then assuming the
pK, values between these AmR; ligands are similar, the Ca?* affinities will also be similar for these

ligands.

3.5.3. Zn?* partitioning studies with Fura-2

From the Irving-Williams series,'”8l the binding of Zn** to AmR; type ligands is expected to be
stronger than that of Ca?*. Based on this assumption and the equilibria presented in Table 8, Zn®*
partitioning studies were performed, in the hope that differences in binding strength between the
ligands surveyed could be observed due to stronger interactions. Unfortunately, no significant differ-

ences between the AmR; ligands were observed (Figure 30).

15000 - X Fura-2-Zn complex formed first
@ Ligand-Zn complex formed first

£ 12000 }
= " 2Zn-Fura-2
o
<
2 9000+
B
c
I
=
@ 6000
t K
=
o AmOMe,
] AmOH,_
E 3000 - AmNH,
L AmBn,

0 T T T

0 4 6

[Zn-Fura-2] {uM

Figure 30: The effect of various AmR; ligands on the fluorescence of the Zn-Fura-2 complex, with
calibration function shown in grey. Error bars represent two standard deviations from the
mean of three replicates and were propagated from the error in the fitted gradient to give
the x axis error bars. Agx =340 nm, A\gpp=510 nm. [Fura-2]=9.8.:M, [AmR3]=10.M. Buffer:
10mM HEPES/100mM KCl at pH 7, T=26+1°C.

None of the AmR; ligands studied exhibit stronger Zn* binding than EDTA, which is unsurprising
given previous equilibrium information (Table 8 and Table 15). As an aside, when this experiment
was performed it was noted that EDTA required a longer incubation time for equilibrium to be reached
(ca. 30 minutes) than the AmR; ligands. These kinetic effects may have profound effects on the
inhibitory behaviour for the compounds and should not be overlooked, although they were beyond

the scope of this work.
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Given this partitioning data, it seems the AmR; pendent groups are irrelevant to Zn?* binding. If
changing the pendent groups had no impact on Zn?* binding, then a ligand with strongly coordinating
pendent groups like AmGlyawould not be expected to bind more Zn?* than any of the other AmR;
ligands, which would be in agreement with the potentiometric data, and something which called for
experimental verification.

To investigate the effect of the pendent group on Zn?* binding then, a variation on the Zn2* partition-
ing experiment where the concentrations of AmOMe2, AmGly, were varied and competed against
a constant concentration of Zn-Fura-2 was performed. If the auxiliary groups of AmGly, were bind-
ing Zn?* to any appreciable degree, then AmGly, ought to give greater Zn-Fura-2 depletion than

AmOMe; at lower concentrations (Figure 31), which would be observable in a reduced fluorescence

intensity.
109 6 AnGy,
X AmOMe,
]
B ¥
3z, $<
3 X
m |
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Figure 31: Zn-Fura-2 demetalation as a function of incoming AmGly, and AmOMe; equivalents.
The error bars were estimated from the calibration function since only one run was per-
formed. Mg =340 nm, Agp=500 nm. [Fura-2]=10.0pzM, [AmRy]=10uM. Buffer: 10mM
HEPES/100mM KCI at pH 7, T=26+1°C.

There appears to be more extensive Zn-Fura-2 demetalation for AmMeO, at lower AmR,:Zn-
Fura-2, but the situation is reversed when the competing ligands are in excess. From this, it is
implied that the pendent groups of AmGly, may be involved in Zn?* binding only when higher con-
centrations of AmGly, are competed against Zn-Fura-2, possibly because of mass action or steric
effects. Although the amide groups of AmGlys can be treated as glycylglycine arms attached to a
central ethylene diamine bridge, raising the possibility of complexes with higher nuclearity forming

through the involvement of the pendent carboxylates, it appears that complexation of additional Zn?*
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ions is unfavourable based on Figure 31 and preliminary titration data using two equivalents of Zn2*
(K, = -1.51(3) for the % equilibrium ). This may be due to the first metal coordination event
forcing AmGly; into a geometry where the pendent carboxylates cannot interact with one another to
form a chelating donor set (Figure 34).

In summary, based on the Fura-2 studies, it can be seen that:

1. AmGly; has a higher Ca?* affinity than the AmNH2, AmBn,, AmOMe, and AmOH, ligands

studied in this work, whose Ca?* affinities are statistically indistinguishable from one another,

2. AmNH;, AmBny;, AmOMe; and AmOH.all have statistically indistinguishable Zn?* affinities.

All of these binding strengths are lower than those of EDTA.

3. The pendent carboxyl groups of AmGly2 do not appear to assist in Zn?* binding compared to

another, AmR; ligand, AmOMe:.

3.6. Structures of EDTA-amide metal complexes in the solid state (In

collaboration with the University of Valencia)

Structure of the Mg?* complex of AmGly,. This compound crystallised out of an aqueous solution
at pH 11 following the addition of 1 equivalent of magnesium nitrate and slow evaporation, which is
the first reported Mg?* chelate of any EDTA di-amide* and demonstrates the lack of involvement
of the peripheral carboxylate groups in chelation (Figure 32), substantiating the conclusions drawn
from data in Table 8 and Figures 3.5.3 and 31. Although these groups do participate in an extended
coordination network of Mg-AmGly, molecules linked by hydrated Na* ions, possibly due to the
crystallisation conditions. This behaviour is similar to other published structures of EDTA-amides
with pendent coordinating groups such as carboxylic acids, phenols,['”®! thioethers['% and uracil
derivatives!'8!l, where the pendent groups either participate in hydrogen-bonding, co-ordination with

alkali metals or have no discernible effect on the long-range structure.

*Based on a CCDC substructure search using the SMILES string O=C(N)CN(CC(0O)=0)CCN(CC(=0)O)CC(=O)N as input
on the WebCSD interface.
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b) o(7YC(7)

Figure 32: a) Single crystal structure of the Mgt complex of AmGly, (Mg-AmGly,, AmGly; is in
the “L” form, Figure 28) viewed down the b- axis. b): The same structure viewed per-
pendicular to the b-axis illustrating the equatorial coordination around the central Mg?*
ion. Counter-ions, hydrogen atoms and outer-sphere water molecules omitted for clarity.
Ellipsoids represent 50% probability.

The Mg?* ion displays an unusual seven-coordinate geometry in a distorted pentagonal bipyramidal
arrangement with O(4)-Mg-N(1), N(1)-Mg-N(1)" and O(4)-Mg-O(7) bite angles of 69.9°, 73.9°and
81.3° respectively. One AmGly; ligand supplies six of the donor groups (N(1)', N(1)i, O(4)', O(4),
O(6)' and O(6)'), and the seventh O(7), comes from water. In a plane defined by O(4)', O(7) and
O(4)' with Mg(1) as the central atom, N(1)' and N(1)" are both out of plane by 18°. Bite angles close
to 90° exist between O(6)', O(6)" and O(7), indicating that the distortion observed in the coordination
sphere arises due to the geometry that AmGlys, is forced into upon coordinating with Mg?* and not
“external” ligands exerting a steric influence. Other key measurements are enumerated in (Table 17).

The interested reader is directed to Appendix C.1 for a full listing refinement parameters.
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Table 17: Selected angles and bond distances for Mg-AmGly,. Bracketed values are the standard
deviation of the last figure.

N(1)—Mg(1) =N 73.93(11)  C@4)—N(1)—C(7)—C(7)"  -78.7

&)

Bond lengths Bond angles Torsion angles
Bond Length/ A Atoms Angle /° Atoms Angle /°
Mg(1)—O(4) 2.2341(19)  O(4)—Mg(1)—O(4)"  162.53(13) Mg(1)—O(4)—C(3)—N(3)  178.4(2)
Mg(1)—O(8) 2.088(2) O(4)—Mg(1)—N(1)" 125.87(9) Mg(1)—N(1)—C(4)—C(3)  39.5(2)
Mg(1)—N(1)  2.422(3) O(4)—Mg(1)—N(1)! 69.92(8)  Mg(1)—N(1)—C(7)—C(7)"  41.0(3)
Mg(1)—O(7) 2.051(3) O(6)'—Mg(1)—O(4)" 79.46(8)  O(4)—C(3)—C(4)—N(1) -28.9(3)
O(4)—C(3) 1.244(4) O(6)'—Mg( ) ) 152.3(2)
(4)
4)

(

( 1)—O(4)"  100.66(8)  N(3)—C(3)—C(4)—N(1
N(1)—C(7) 1.480(4 (
(1)—C(4) 1.463(4 (

)
0O(6)'—Mg(1)—N(1)"  105.98(9)  C(7)—N(1)—C(4)—C(3 160.4(2

g
—
-

In an attempt to see how the selectivity of AmGilys relates to structural factors, analogies can be
drawn with published structures in the CCDC. * For example, the structure of the Zn®* complex of the
ligand AmTyr, (CCDC entry code:TITJOW)!'7®l shows that the amide oxygen atoms interact more
strongly with the metal ion than those of AmGly, with Mg?* from a comparison of bond lengths (

d(Mg—0)=2.23 A in AmGly, cf. d(Zn—0)=2.13 A in Zn-AmTyr, , Figure 33).

*Unfortunately, most AmR, complex structures deposited in the CCDC are for metals whose binding behaviour was not
characterised in this work.
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OH

HO

Figure 33: Crystal structure of AmTyr; adapted from Fisherl'”®! with key bond lengths displayed.

In addition, the tertiary metal-amine interactions are stronger in Zn-AmTyr, compared to Mg-
AmGly;( d(N-Mg) Zn-AmTyr,= 2.13 A cf. d(N-Mg) Mg-AmGly, = 2.42 A), yet the carboxylic acid-
metal distances are almost the same. Zn-AmTyr», like other complexes of AmR; ligands, exhibits a
distorted coordination geometry possibly due to sub-optimal matching between the chelate ring size

and metal ionic radius.

Ca complex of AmGly,. In this binuclear complex, which crystallised from alkaline solution in the
presence of stoichiometric CaCl,, one of the carboxylate donors from a single AmGly, ligand acts as
a bridging ligand to another crystallographically identical Ca®* core (Figure 34). Like Mg-AmGly,,
the Ca?* ions in Ca-AmGly; have water molecules (also coordinating with Na*) coordinated to give
the final eight-coordinate dicapped octahedral geometry around the metal ions. Once again the
pendent carboxylate does not participate in chelation of the central (or other) Ca®* ions, instead
participating in networks through interactions with hydrated sodium cations giving a final polymeric

structure (not shown).
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Figure 34: a) Single crystal structure of the Ca®* complex of AmGly; (Ca-AmGly;, AmGly; is in the
“L’ form, Figure 28) viewed down the c- axis. b): The same structure rotated to show the
bridging carboxylate interaction. Counter-ions, hydrogen atoms and outer-sphere water
molecules are omitted for clarity. Ellipsoids represent 50% probability.

Unlike Mg-AmGly,, and Zn-AmTyr,, all of the carbonyl-Ca?* bond lengths are similar, indicating
that the amide carbonyl oxygen O(3) has a bond strength to the central Ca®* ion as the carboxylate
oxygens. Comparison of the Ca?*- tertiary amine bond lengths ( d(Ca(1)—N(2)) and d(Ca(1)—N(3))
=2.58 and 2.60 A respectively) to those measured for the Ca2* complex of 12edtaenH, (Ca-12edtaenH,,
CCDC entry: TEZSAS, Figure 35),l'8 shows that the tertiary amines in Ca-AmGly; interact more
strongly than those in Ca-12edtaenH, (Table 18).
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Table 18: Selected angles and bond lengths for Ca-AmGly,. Bracketed values are the standard
deviation of the last figure.

Bond lengths Bond angles
Bond Length /A Atoms Angle /°

Ca(1)—0(25) 2.536(3) 0O(25)—Ca(1)—N(3) 163.92(10)

Ca(1)—0(4) 2.351(3) O(25)—Ca(1)—N(2) 113.41(10)

Ca(1)—0(3) 2.421(3) 0O(4)—Ca(1)—0(25) 71.15(9)

Ca(1)—0(7) 2.420(3) 0O(4)—Ca(1)—N(2) 67.66(10)
Ca(1)—0(8) 2.449(3) O(4)—Ca(1)—0(7) 78.26(10)
Ca(1)—0O(8)! 2.342(3) 0O(4)—Ca(1)—0(8) 174.03(9)
Ca(1)—N(3) 2.597(3) 0O(4)—Ca(1)—N(3) 122.76(10)
Ca(1)—N(2) 2.577(3) N(2)—Ca(1)—N(3) 69.59(11)

The stronger interaction with the metal may arise from the presence of five C=O-calcium interac-
tions in Ca-AmGly, drawing the Ca?* ion closer into the chelating cavity than in Ca-12edtaenH,
which only has four C=0-calcium interactions. This is because of the structure of 12edtaenH, which
appears to force one of the amide groups into a position where it is unable to coordinate to the cen-
tral Ca®* core. On comparison of their % association constants also, the large difference in Ca®*
between AmGly; and 12edtaenH, (log K;(AmGly,)= 9.31 cf. log K,(12edtaenH,)= 3.5 ) may be
due to the contributions of these bonds to chelate stability.

(@] OH

12edtaenH ;

Figure 35: Crystal structure of Ca-12edtaenH, adapted from Inouel'8! with key bond lengths dis-
played.
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3.7. The relationship between metal affinity and biological activity

From the data discussed in Sections 3.3 and 3.5, there seems to be little correlation between metal
affinity for the ions studied and E. coli growth inhibition. In fact, based on the metal affinities obtained
via potentiometry and the metal partitioning profiles obtained from Fura-2 competition experments,
it would be expected that AmGly, would be inferior to EDTA for E. coli growth inhibition, in line
with the metal uptake data presented in Figures 26 and 27. Thus, the observation that AmGly> is
more effective than EDTA contradicts the understandings that chelating ligands are more effective
as bacterial growth inhibitors when their metal affinity is higher,13!: 34 18land that Ca?* and Mg?*
depletion are the main cause of growth inhibition in Gram-negative organisms exposed to chelating
ligands,!'- 23 184.185] ' This contradiction persists even when protonation constants are accounted for
to calculate Ky, values at a pH of 7.4 from ML equilibria (Figure 19) using the Schwarzenbach

[M][L]
a-coefficient described in (Section 2.5).

Table 19: K, values calculated for pH=7.4 to closer reflect the metal affinity of AmGly,, AmGly,
and EDTA in liquid media.

Row Equilibrium quantity = AmGly; AmGly, EDTA
a a-coefficient 434x10° 580x10" 1.61x10°%
b K, (Ca?*) 9.31 7.00 10.61
c Ka,,,, (Ca?*) 6.95 6.76 7.82
d Ks (Mg?*) 6.63 5.10 8.83
e Kagng (Mg?*) 427 4.86 6.04
f K (Fe3*) 15.27 11.81 25.0
g Koy (FE®) 12.9 11.6 22.2
h Ka (Mn2+) 11.97 9.28 13.81
i Kagrg (Mn2¥) 9.61 9.04 11.0
j K (Zn?*) 14.11 10.41 16.44
k Kag,y (Z02%*) 11.7 10.2 13.65

A further implication is that the greater inhibition of E. coli growth exhibited by AmGly, and AmPy,
compared to EDTA, is not likely to arise from the strongly coordinating pendent groups increasing
metal affinity. It also seems unlikely that multinuclear complex formation takes place based on the
data in Figures 32-35, and the Fura-2 work described in Section 3.5.3.

The measurement of partition coefficients was thus undertaken on AmGly; and some AmR; lig-
ands to evaluate the influence of lipophilicity on bacterial growth inhibition and to determine if the

ligands could operate in cellulo.
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3.8. Lipophilicity measurements
3.8.1. Estimation of partition coefficients (P)

To gauge the lipophilicity of a representative selection of EDTA-Amides, the partition coefficients
of the free ligands and their respective Fe®* complexes were measured. The preparation of Fe3*
complexes was straightforward and adapted from literature procedures. Following stirring in aqueous
solution, subtle pH changes could be used to precipitate uncomplexed Fe3* as polymeric hydroxo-
species.. The presence of the Fe®* complex could then be confirmed by the presence of an LCMS
peak at the expected m/z ratio, high-resolution mass spectrometry and comparison of calculated and
observed isotope ratios.

Although it was desirable to keep the organic phase consistent to ease comparisons of free ligands
and their Fe3* complexes, the use of deuterated dichloroethane for the number of '"H NMR mea-
surements necessary was inconvenient when volumes conducive to accurate handling were used.
Consequently, free ligand partition coefficients correspond to the quantity Pcpc,, (Section 2.6), and
were performed in the PBS*:CDClI3 system. This is in contrast to the PBS:1,2-dichloroethane system
used for the Fe3* complexes, for which Ppce is measured.

On account of their varied inhibition profiles, EDTA, AmGly;, AmGly, and AmBn, and the het-
erocycle acridine (for which a Ppce is known)['?4l were selected for study. In the cases of AmGly;
and AmGly,, the speciation in both the free and complexed states was known due to the potentio-
metric work described in Section 3.5. Following an appropriate calibration procedure, absorbance

monitoring in DMSO could then be used to measure the Ppce values (Table 20).

*The PBS composition was different to the traditional recipel’®! and was prepared from: KoHPO4 0.075 mol dm—3,
KH2PO4 0.025 mol dm—3, KCI 0.15 mol dm—2 and adjusted to pH 7.4 .
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Table 20: PBS:1,2-Dichloroethane partition coefficients (Ppce) for the Fe3* complexes of AmGlyy,
AmGly,, AmBn, and acridine at a buffer pH of ~7.4 . Data are the average of two in-
dependent experiments. Error margins represent two standard deviations from the mean.
Unless otherwise indicated, speciation curves generated from the data discussed in Sec-
tion 3.5.1 were used to determine ligand charges at the experimental pH.

Row Species Charge at pH Ppce ! No units

0+0!

a Fe-AmGly, 2 (extremely hydrophilic)
040

b Fe-AmGly; 2 (extremely hydrophilic)

. 0.002+0.006'
- n

¢ Fe-AmBn, 0 (extremely hydrophilic)
i
d Fe-EDTA 0 0+0

(extremely hydrophilic)

Undefined (Jit. 3.57)1'24]
(extremely hydrophobic)

e Acridine 0

i) No detectable absorption in dichloroethane layer. ii) Estimate based on the work of Santacruz[128] and MarteII[176]. iii) No detectable
absorption in buffer layer

Under the conditions of the experiment (without specialised techniques, extreme P values cannot
be measured accurately)!'?4l it appears that neither the incorporation of lipophilic groups, as in the
case of Fe-AmBny, or the number of amide groups (as shown by the lack of partitioning for Fe-
AmGly,) result in any increase in lipophilicity relative to Fe-EDTA. Based on the extremely low Ppce
values obtained for all of the complexes, it would not appear that, under the conditions of the growth
curve experiments (Section 3.3), that any of these Fe®* complexes will be able to traverse a lipid
membrane.

The same can be said of the free ligands, the Pgpc,, values of which were measured at a pD
of approximately 7.4. From these data, it is surmised that these ligands are unlikely to be able to

penetrate a lipid membrane, even when the apparent charge on a ligand is low (Table 21).

Table 21: PBS:chloroform partition coefficients (Pcpcr,) for the ligands AmGlys, AmGly.and
AmBn,. Bracketed values are the measured pD of the buffer system. Unless otherwise in-
dicated, speciation curves calculated from the data discussed in Section 3.5.1 were used
to determine ligand charges at the experimental pH.

Entry Species Charge at pH Pcpey,! No units
a AmGly, -3 (7.4) ol
b AmGly, -3 or -4 (7.4) 0f
c AmBn, -1 or -2ih1il (7 5) 0
-2 0or-3 .
d EDTA (7.4)iV o'

i) No detectable signal in chloroform layer. ii) The experimental pH is close to the pKj values of these ligands meaning
appreciable amounts of either charge state are likely to be present. iii) Estimate based on the work of Danil de
Namor.l127liv) Estimate based on the work of Delgado.l187]
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Based on the partition coefficient data shown above, it is suggested that the ligands may inter-
act with the surface of the E. coli outer membrane (Section 1.2), but are unlikely to traverse the
hydrophobic inner membrane to sequester intracellular metal in the event of outer membrane perme-
abilisation. If this is the case, then it is reasonable to assume that any metal that the cells are being
starved of, resides in the aqueous growth medium, and has not been taken up into the cell, or resides

on the cell surface, e.g. in certain metalloproteins.

3.9. Conclusions for this chapter

A selection of AmRy (x=1, 2, 4) ligands has been synthesised and characterised using two main ap-
proaches. The first of these was the nucleophilic ring-opening of the bis-anhydride of EDTA (Scheme
7) in a one-step synthesis in which protecting groups were unnecessary, and the second involved
the use of successive alkylations on protected amine intermediates (Scheme 9). Although route B
appeared more laborious at first glance, the difficulty in purifying the crude products furnished in
attempts to prepare a number of AmR; ligands from the bis-anhydride of EDTA, alongside the gen-
eral applicability of route B to different degrees of amide substitution, and the facile chromatographic
purification of the relevant intermediates, meant that it was selected as the primary method for the
synthesis of the AmR ligands discussed in this part of the work.

The ability of the synthesised ligands to inhibit the growth of E. coli JM101 was then assessed, to
give a ranking of the synthesised ligands (Figure 36). From these experiments, it was apparent that
AmR; ligands with pendent groups that are able to strongly coordinate to metal ions are the most

inhibitory activity at a ligand concentration of 2.5 mM.

“While partition coefficient measurements of divalent metal cations such as Zn®* or Mn?* seemed lucrative to assess the
effect of overall complex charge on lipophilicity, these measurements were not performed. This was after a consideration of
the charges of the free ligands and their Fe3+ complexes, showing that the most and least charged forms of these ligands had
been studied, and both forms were extremely hydrophilic. Since metal-specific effects on P are unlikely,[18l it is predicted that
complexes of divalent metals with AmGlyy, AmGly, and AmBn, will also reside in the buffer layer exclusively due to their
respective charges.

98



Most inhibitory

Extent of inhibition
/No units
0:51
{
Izg:o
2

Least inhibitory HO&NmﬂNHNNJLNAWOH

Figure 36: A ranking of the E. coli JM101 growth inhibition at [L]=2.5 mM for the synthesised AmRy
ligands (AmPhe, excluded). Strongly inhibiting ligands are shown in red, moderately
inhibiting ligands in black, and weakly inhibiting ligands in grey.

99



Metal ion binding data for the binding of AmGly; and AmGly, to Ca?*, Mg?*, Fe3*, Mn?* and Zn?*,
were collected by potentiometric titration, in collaboration with the University of Valencia, alongside
estimations of the binding strength of AmBn,, AmNH,, AmOH,; and AmOMe; to Ca?* and Zn?* using
Fura-2 competition experiments. These competition experiments showed that the binding strength of
these ligands to Ca2* and Zn?*, is statistically indistinguishable under the experimental regime used.

It has also been found that the cellular manganese concentration of E. coli JM101 is reduced
drastically when cultures are treated with EDTA or AmGly,, which suggests that these ligands may
exert an inhibitory effect beyond the disruption of the E. coli LPS outer layer. Consideration of the
metal depletion data alongside the metal ion binding and inhibition data for E. coli collected for these
ligands, indicates that there is little correlation between metal ion affinity (even when adjusted for
solution pH) and the extent of inhibition, but there may be a link to the extent of manganese depletion
and Mn?* affinity.

To see whether membrane effects could be assigned to the unexpected, superior inhibition of
AmGly, compared to EDTA , partition coefficients were measured for selected free ligands and their
Fe3* complexes. No significant partitioning into the organic layers used were observed, indicating
membrane activity is unlikely to contribute to inhibition effects. It is suggested that the kinetics of
metal binding for ligands that are more effective than EDTA in the inhibition of E. coli (i.e. AmGly,
and AmPy») are considered as an additional line of enquiry into their success, on account of the
short lag phase observed in their growth curves and the importance of lag phase to metal uptake

and cell health.[108. 189]
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4. Synthetic and biological studies on ligands bearing phenol

groups

4.1. Introduction and motivations

Iron (in both +2 and +3 oxidation states) is important to bacterial life. As an example, the ability of
the metal to cycle between oxidation states (+2 and +3) may be why iron cores are found in many
bacterial superoxide dismutase enzymes,['® which transform the reactive oxygen species O,~ into
oxygen or hydrogen peroxide. Cytochromes, which are important for respiratory processes, can also
contain iron cores (e.g. Cytochrome d in E. coli)['®!l. Such cores are implicated in the reduction of
molecular oxygen into water as part of the electron transfer chain.

Fe3* is the dominant oxidation state in aerobic environments and is speciated primarily as polynu-
clear, insoluble complexes at neutral to alkaline pH, meaning that the free, soluble Fe3* concentration
is very low.l'®?l It is no surprise then, that bacteria and plants have evolved elegant transport sys-
tems which enable solubilisation and movement of environmental Fe3* into their respective cell
membranes. Such systems contribute to the virulence of pathogenic bacteria in vertebrate hosts
by enabling iron acquisition from host organisms (where most of the iron is either intracellular or
complexed),['%! facilitating pathogen growth.

These iron transport systems generally work by secreting extremely powerful Fe3* chelating lig-
ands such as those in Figure 37. The Fe3* complexes of these molecules are then recognised by
cell membrane receptors and can then be moved into the cytoplasm where further reactions take

place to liberate the ion for use in cellulo.[*3: 194
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Figure 37: Chelating ligands secreted by bacteria to solubilise and transport Fe3*. Donor atoms

for the Fe3* chelates of these ligands are shown in red. K, values correspond to

the /og(%) equilibrium (the deprotonated ligand + metal) for Enterobactin['®! and

Anék) for Rhodotorulic acid."”

Desferrioxaminel'%! and log(

The receptors for the iron complexes of these molecules are rather specific. For example, when the
unnatural enantiomer (prepared from D-Serine) of enterobactin is incubated with an E. coli mutant
unable to synthesise enterobactin, growth inhibition is observed. Inhibition is not observed if the
mutant is incubated in the presence of the laboratory-synthesised, but naturally occurring enantiomer
prepared from L-Serine (Figure 37).1'%8 This suggests that reducing the concentration of available
Fe3+ in solution via complexation with ligands which bacteria are unable to recognise and transport,
could be a strategy to control their growth.

An excess of iron is also problematic for many organisms, leading to extensive cell damage and
organ death. Accordingly, attention has been directed to the design and synthesis of Fe®* chelators
(including desferrioxamine) that can be administered as therapeutics to those suffering from diseases
such as Haemochromatosis, or who have undergone blood transfusions.®?! Because the efficacy of
these therapeutic candidates usually relies primarily on their ability to sequester Fe3* from a host
organism or patient, many of the metal affinities for these molecules are known. Often, they are
quoted in terms of their p(Fe3*), where p(Fe®*) = —log[Fe3: ]. This is a more biologically relevant

measure of metal affinity independent of ligand speciation (Figure 38).
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HN |
~OH OH I
Acethydroxamic acid 1,2-HOPO Deferiprone
p(Fe**)=13 p(Fe3*)=16 p(Fe3*)=21

Figure 38: Candidate ligands for the treatment of Fe3* overload, with p(Fe3*) at pH 7.4 shown. In

this case [Fed;, ] = 1076M and [L] = 10~°M. Data from Zhou.%?

A consistent feature of many of these high-affinity Fe3* ligands is the presence of hard, ionisable
oxygen donor atoms, typically in the form of phenolates and hydroxamates, which match well to the
hard Fe®* ion. Some element of preorganisation,®® e.g. the macrocycle of Enterobactin, the rigidity
of bidentate donor ligands reported by Hider!53 183,199, 2001 gnqd the diketopiperazine of Rhodotorulic
acid, is also common. Consequently, these features were deemed desirable in any ligands to be
studied.

In choosing whether to focus on hydroxamates or phenolate donors, the iron affinity of ligands
bearing these groups was compared (Table 22), and it was apparent that the complexes involving
phenolate donors were more stable than those involving hydroxamates (the pKj; values for both are
similar). Ligands incorporating phenolates could also be more lipophilic, opening up the possibility of

ligand-membrane interactions that could affect dose response.
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Table 22: Literature Fe3* affinities for the hydroxamate ligand 'Pro-EDTA-DX, 2" the phenolic ligand

HBEDI2%2] and EDTA.['64

Entry Ligand IOgMKT:(([eAﬂL] )
Y HO)H
a S( oh )\ 30.2!
iPr,-EDTA-Dx
J\‘ HO
99 e
N
. OO
OH
OH kﬂ/
HBED
e}
HO)H o)
c 25.0

i) Obtained by spectrophotometry, T=25°C, /=0.1 M. ii) Obtained via competitive potentiometric titration, T=25°C, /=0.1 M.

Another advantage of phenolate ligands was that the relationship between phenol oxygen lone pair

availability and antibacterial activity could be studied by changing the ortho- and para- substituents

on the phenolic donor. This meant the generation of quantitative structure-activity data was a possi-

bility. Furthermore, a relationship between lone pair availability and potential activity for EHPG (also

known as EDDHA) derivatives has been alluded to by Yunta et al.[?%% 2041 That is, the more electron-

withdrawing a substituent para- to the oxygen donor in a phenol group, the higher the p(Fe®*) of the

ligand will be, and the more Fe3* the ligand will be able to sequester (Table 23).
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Table 23: Electronic effects on p(Fe®*) for EHPG and its derivatives, from the work of Yunta.[?%%! As
the para- substituent becomes more electron withdrawing, p(Fe®*) increases. For this data

pH=7.5, [Fed ] =10"5M and [L] = 1.1x10~6 M. Both meso- and rac- diastereomers were

present in the analysed sample.

HO o HO
R H\;©\
H/\/ ; R
OH OAOH

meso-4-R-EHPG

HO_ _O HO
H
R ”/\/N R
OH (o] OH

rac-4-R-EHPG
(exists as two enantiomers)

Entry R= p(Fe3*)
a ‘H (EHPG) 25.2
b -Me (4-Me-EHPG) 25.7
c -SO3H 27.2

Based on the range of information available for HBED and EHPG ligands, it was decided to focus
primarily on these ligand frameworks. While the work laid out in this chapter is therefore centred
around the effect of Fe3* chelation on bacterial growth, an ability to sequester other biologically

relevant first-row transition metals was desirable, and is predicted at physiological pH (Figure 39).
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Figure 39: A graphical representation of the selectivity of HBED, EHPG and EDTA at pH 7.4 . HBED
pK and K values from Eplattenier?®! | EHPG pKj values from Bannochie.l?%! K, values
were from Frost. Mn?* values for EHPG could not be calculated due to the instability of
the Mn2*-EHPG complex to oxidation.[207]

4.2. Synthetic approaches to HBED and EHPG ligands
4.2.1. Strategy

Though both HBED and EHPG (Tables 22 and 23 respectively) have been known for a long time,
and a number of approaches reported for their preparation,?%8! it was thought productive to survey
disconnections and forward syntheses of these molecules, and adopt those that appeared most
fruitful either in terms of yield or convenience, as was done for the AmRy ligands (Section 3.2.2).
Disconnections for 4-R-HBED systems were evaluated first. Because disconnection B would re-
quire the preparation of aminoester 12 (Scheme 22), it was not considered in the first instance, due

to the more inconvenient synthesis associated with it (Figure 40).
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"Protected aminocarboxylate”
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X OH
B Alk
OH HO O RR
Protected N NH
et KLK <: N/\/ >
R
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O
R N.
%.N/\/ % R
H
| OH |
Reduced salen derivative NH
2
HQN/\/
Alk = Me, Et, 'Bu T
X=Cl, Br, o _Alk
OH R = Alk, X, EWG or EDG O
NH X
HzN/\/ 2 ||

Salicylaldehyde
derivative

Figure 40: Two disconnections toward HBED derivatives.

Disconnection A was much more attractive, because of the commercial availability of the nec-
essary salicylaldehyde derivatives, and use of selective reductive amination chemistry to prepare
the corresponding reduced salen derivatives (conditions for the preparation of which are known).
Protecting groups would be unnecessary at this stage of the synthesis, and the synthesis simpler
(Scheme 22). If necessary, certain salicylaldehyde derivatives could be prepared via formylation of

the corresponding phenol via the Riemer-Tiemann, 2% Duff,21% or Skattebel?'"] reactions.

0] OH

I J<
O
H
NHy ——— 3 R N
HzN/\/ 2 N/\/ R
“H™ H alkylation
Reductive
amination OH

o

HO S\ HO

0L .
N/\/N R N/\/N R

kﬂ/OH Deprotection krro

OH OH j<

o
12

HBED Derivatives
(4-R-HBED)

Scheme 22: A possible forward synthesis of 4-R-HBED type ligands.

107



No survey of disconnections was necessary for the preparation of 4-R-EHPG ligands because the
routes proposed by Yuntal?®l and Wilsonl?'?l are complementary and could be used to access a
wider range of derivatives more quickly than would be possible if a single route was utilised (Figure

23).

W ilson, 1987:

OH
N Na,CO,
HoN MeOH/H,0, reflux, 6 Y

HO o HO

OH (o} OH
4-R-EHPG
R= alkyl, hal, EWG, EDG

i) conc. HCI
50-60°C, 6h
iy aq. HCI
reflux, 6h
Y unta, 2003:
HO.
R N\:©\ TMSCN *
\N/\/ NN R A /\/ R
THF, 0°C to
CN
OH it, 20h

Scheme 23: Wilson[?'?l and Yunta?®® routes for 4-R-EHPG type ligands.

4.2.2. HBED derivatives

A number of conditions have been reported (mostly in the patent literature)?'3! for the reductive
amination necessary for the synthesis of the representative reduced salen derivative 4-H-21. Since
these conditions were better suited to large-scale preparations, some adaptations were necessary
to run the reactions on a laboratory scale. As a test of reductive amination conditions, 4-H-21 was
prepared in two ways, either in one pot, or via reduction of the isolated imine in a “two-pot” procedure

(Scheme 24).

OH O
| i) Stir until pptn complete, then

ii)NaBH,

NH2 +
HaN" 4A Mol. Sieves, MeOH, 1, 2h

MeOH, reflux, 2h
HO HO.
e S e 1
XN NeBh, @(\N/\/N
MeOH, H
OH ODC to It, OH

0,
65% 13n One pot: 50%
Salen With imine isolation: 53% across two steps
(81% for reduction alone)
4-H-21

Scheme 24: Preparation of 4-H-21 via one- and “two-pot” procedures.
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While the overall yield for 4-H-21 is almost the same, it was found that a two-pot reductive amination
protocol where the intermediate imine was isolated®'* was far more reproducible than the reported
one-pot procedure.?'3l. Consequently, when the salicylaldehyde para- substituent was varied to pre-
pare 4-NO,-21, 4-Cl-21, 4-Br-21 and 4-MeO-21, the two pot procedure was used. Typically, sodium
borohydride in an alcoholic solvent was used as the reducing agent, with the relevant reduced salen
being isolated by extraction or precipitation out of aqueous solution. A modified Skattebgl reaction!?1€]
was used to prepare 4-n-octyl-salicylaldehyde from 4-n-octylphenol, which was reductively aminated
to form 4-Oct-21 in much the same way.’?'” Solubility and purification issues precluded the use of al-
coholic sodium borohydride to prepare 4-F-21, which was prepared instead from its imine via catalytic

hydrogenation (Table 24)2081,

Table 24: Reduction conditions used to prepare the 4-R-21 aminophenols.

OH (IT OH H
N
+ Reductants > H/\/
HaN NHz Solvent, N, temperature, time OH
R R
R=F, Cl, Br, OMe, "CgH17, NO,
4R-21
Via: R
OH
SN
OH
R
Entry R= Reductant(s) Solvent Temp. / °C' Tu:ie/ Y';ol ,(,j /
a F 5 mole/’ pyc  THF:MeOH"™  50-60°C 24 61
b Cl NaBH,4 THF:MeOHii rt 21 67
Br NaBH,4 THF:MeOHii rt 2 86

OMe NaBH4 MeOH rt 17 71

CgHi7 ) iv
e (Oct) NaBH4 THF:MeOH rt 2 60
f NO, NaBH4 THF:MeOQHii rt 21 87

i) For reduction step only. ii) Across two steps (imine formation and reduction). All are unoptimised. iii) 1:1 v/v Mixture. iv)
8:2 v/v Mixture.

Once these derivatives were in hand, alkylation was attempted on 4-H-21, using t-butyl bromoac-
etate and potassium carbonate (a base selected as a result of work covered in Table 11) or with

chloroacetic acid and aqueous sodium hydroxide. Unfortunately in the first case, phenol O- alkyla-
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tion was observed in addition to amine alkylation, whereas the second did not proceed at all. Two
alternatives to circumvent overreaction were trialled in parallel; the use of a weaker base, potas-
sium hydrogen carbonate (potassium bicarbonate) or protection of the phenol groups as their methyl

ethers, from precursor 4-H-21-OMe (Table 25).

Table 25: Approaches for the chemoselective alkylation of amine groups in 4-R-21 type precursors.

o
_R
0 H BICH,COOR’, additives, base
N
N7 N MeCN, N,, 60°C, time NN
/o HTOR /
R
R=H: 4-H-21 R=H, R-‘Bu. 4-H-214Bu
R=Me: 4-H-21-OMe R=Me, R'=Et: 4-H-21-OMe-Et
Entry Additives Base Tu:ie/ Y'S/Id/
(<]
a Kl, NazSO4 KHCO3 16 86
- EtsN 2 41

i) Refers to discontinuation of heating.

Both strategies were successful, meaning that O- protection was superfluous. Potassium bicar-
bonate was therefore the base of choice for chemoselectively alkylating the amine groups of 4-F-21,
4-Cl-21, 4-Br-21 and 4-MeO-21, which were alkylated using t-butyl bromoacetate to form ester pre-
cursors to the substituted HBED ligands. Use of an alcoholic solvent was necessary for the prepa-
ration of 4-F-21-tBu and 4-CI-21-tBu, because significant amounts of O- alkylation were observed
in acetonitrile. It is possible that the use of isopropanol meant that the phenolic oxygens were more
solvated and less likely to act as nucelophiles compared to the neighbouring amines, resulting in the
desired selectivity, or changes in the relative pKj; values of the bases. A mixed solvent system com-
prised of acetonitrile and ethyl acetate was used to prepare 4-Oct-21-tBu from 4-Oct-21 on account

of its low solubility in acetonitrile alone (Table 26).
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Table 26: Alkylation conditions used to prepare 4-R-21-tBu.
o R
io%

R
_H
o H BrCH,COOBu, KHCO,, additive
N > N
H/\/ Solvent, N, or Ar, 60°C, time N
H/O H(OK H/O
R o]

R
R= F: 4-F-21 R= F: 4-F-21-tBu
R= CI: 4-CI-21 R= CI: 4-Cl-21-tBu
R= Br: 4-Br-21 R= Br: 4-Br-21-tBu
R= OMe: 4-MeO-21 R= OMe: 4-MeO-21-tBu
R= "CgH;;: 4-Oct-21 R= "CgHi7: 4-Oct-21-tBu
Entry R= Additive Solvent Time! Y';:i?’
a F - 'PrOH 24 45
b Cl - "PrOH 21 46
c Br Kl MeCN 22 44
d OMe - MeCN 17 67
CgHq7 : ii
e (Oct) EtOAc:MeCN 24 73

i) Times are unoptimised and refer to discontinuation of heating. ii) After precipitation or column chromatography. iii) 1:1 v/v
Mixture.

Remarkably (with the exceptions of 4-Oct-21-tBu and 4-H-21-tBu), most of the t-butyl esters could
be isolated without chromatographic purification, using a simple precipitation from hexane or diethyl
ether assisted by ultrasonic agitation. This allowed for their preparation in modest, but acceptable
yields. If desired, further purification/decolourisation could be undertaken via recrystallisation. Fur-
ther to this, single crystals suitable for analysis via X-ray crystallography could easily be grown, all of
which show intramolecular N- - -H—O hydrogen bonding, and changes in space group depending on
the para-substituent (Appendix C.8).

To assess the contribution of the phenol groups to the E. coli inhibitory activity of these HBED
derivatives, aminoester 11 (Scheme 15) was deprotected prior to the HBED precursors to give the
benzylated BED ligand, which lacks the -OH groups of HBED. Inspection of the '"H NMR and ES-MS
data for a deprotected sample of 11 indicated that ring alkylation by liberated t-butyl cation had taken
place to give the side product (Scheme 25) and that the addition of a t-butyl cation scavenger was

necessary.
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©AN/\/Nv© DCM, N, or Ar, tt, o/n @/\N/\/N
H(OH

1 BED-tBu

Scheme 25: Scavenger-free deprotection of 11 leading to nonspecific ring-alkylation.

Triethylsilane was used as the t-butyl cation scavenger and seemed to stop the formation of signif-
icant amounts of BED-tBu,?'8l but this scavenging ability did not translate to the deprotection of the
more electron-rich phenolic ligands, for which anisole was selected.?'! 1,4-dimethoxybenzene was

used as the scavenger for the deprotection of 4-MeO-21-tBu (Table 27).

Table 27: Deprotection conditions used for the aromatic ligands in this chapter.

>‘\ o R o R
‘ R’ HO
R OJH TFA, Scavenger > )H
N
NN DCM, N, or Ar, tt, o/n NN
\\[(O\K R \\[(OH R
R o R 0

R= H, R'=H: 11 R= H, R'=H: BED
R= F, R'=OH: 4-F-21-tBu R= F, R'=OH: 4-F-HBED
R= Cl, R'=OH: 4-Cl-21-tBu R= Cl, R'=OH: 4-CI-HBED
R= Br, R'=OH: 4-Br-21-tBu R= Br, R'=OH: 4-Br-HBED
R= OMe, R'=OH: 4-MeO-21-tBu R= OMe, R'=OH: 4-MeO-HBED
R= "CgHy7, R'=OH: 4-Oct-21-tBu R= "CgH7, R'=OH: 4-Oct-HBED
] Yield /
Entry R= R'= Scavenger %]
(+]
a H H Et;SiH 29
c F OH Anisole 45
d Cl OH Anisole 74
e Br OH Anisole 76
f OMe OH 1,4-DMB 67
OH Anisole 73
9 (Oct)

i) Based on recovered mass (assumed to be speciated as shown in the scheme) after ion exchange treatment.
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4.2.3. Attempted synthesis of 4-NO,-HBED

As the data in Table 23 show, the extent of Fe3* sequestration is greater when a phenol donor
bears an electron withdrawing group. Hence, the synthesis of a ligand bearing strongly electron-
withdrawing groups conjugated to the phenolic oxygens was desirable. A prime candidate was the
nitro group, which was chosen on account of the low-cost of 5-nitrosalicylaldehyde and the drastic

effect nitro substitution has on phenol pK; (Figure 41).

OH OH OH OH OH OH
o e

O Br cl NG

pKa:  10.2 9.9 9.3 9.4 10.0 74

Figure 41: Substituent effects on phenol pKa.[?20

Non-selective nitration on HBED to afford a mixture of isomers of 4-NO2-HBED has been reportedi??',
This approach was not pursued, a route employing non-chromatographic exclusively was desired,
and so alkylation of the amino groups of 4-NO»-21 was the basis of the first synthetic strategies
pursued due to the relative ease that other protected, 4-R-21 intermediates were furnished. Unfor-
tunately, in all cases, overalkylation at the phenolic oxygen sites was observed by ES-LCMS in all
cases and '"H NMR did not indicate the formation of sufficient amounts of product to warrant any

attempt at isolation (Table 28).
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Protection of the phenol group seemed to be a solution to the observed overreaction and a vari-
ety of protection strategies were considered both on 5-nitrosalicylaldehyde and 4-NO,-21.
by the work of Gale et al. on the synthesis of a precursor to a manganese-based redox probe,
where t-butyldiphenylsilyl (TBDPS) protection was employed (Scheme 26).°??1 Application of the
same protection protocol to 4-NO,-21 was attempted, but failed at the phenol protection step (no
conversion was observed after twenty-four hours, monitoring by ES-LCMS), possibly because of the
unfavourable steric interactions that two TBDPS groups in close proximity would have. Greater atten-

tion was directed to the protecting the 5-nitrosalicylaldehyde precursor prior to reductive amination

Table 28: A survey of alkylation conditions towards the synthesis of 4-NO,-HBED-R".

HO )H HO
RO
H\/J\ij\ _BICH,C00R N\;@\
0N N
2 \CE\H/\/ NO» Gonditons \@\N/\/
OR'
OH OH H‘/

4-NO;-21 4- NOz HBED-R’

Temp.

Entry R'= Solvent Base C

Time/h Outcome

overalkylation,
a Et MeCN KHCO;3 60 25 lactam formatior_1,
pdt. observed'

overalkylation,
b tBu MeCN EtsN 60 21 pdt. observed'

c Et  MeCN  EtN rt 24 overalkylation,
lactam formation

i ) overalkylation,
d Et DMF ProNEt 30 4.5 pdt. observed'

e  tBu PrOH  KHCO; 60 24 overalkylation
(exclusively)

i) By ES-LCMS. “Pdt.” refers to the 4-NO5-21-R product in the scheme. ii) By TH NMR.

as a result.
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Gale, 2014:

tBuO,C
HO A~ NH: Protection TBDPSO AN COtBu
PO AaE—— ot
NO, then NO, "CO,tBu

alkylation

via:

TBDPSO. : \/\N/\/NH2
H
NO,

T his work:
HO , TBDPSO
H\D\ . NEt, TBDPSCI H\;@\
HO N 0,N N
NN NO, : 2 NN NO,
H H
NO OTBDPS

Scheme 26: O-protection strategies to enable selective amine alkylation in the presence of nitrophe-
nols.

2

4-NO2-21

Preparation of O- protected derivatives like TBDMS, Boc?'®! and benzoyl adducts was unsuccess-
ful and starting material was recovered in all cases. Minimal conversion of 5-nitrosalicylaldehyde to
its allyl ether was observed when reacted with allyl bromide in dimethylformamide using caesium
carbonate as base, but a practical yield could not be obtained. These observations are somewhat
unexpected, given the overreaction of 4-NO»-21 covered above.

The final strategies trialled towards 4-NO,-HBED involved decoupling the amino groups from the
phenol and using 12 as the nucleophile in reductive amination, or alkylation sequences using 5-
nitrosalicylaldehyde or a Koshland-1 type reagent. Reaction monitoring via ES-LCMS led to the
observation of 4-NO,-HBED-tBu and 24 but neither were observed by '"H NMR after workup in

either case (Scheme 27).

OH O|
H NaBH(OAc) H
N CO,tBu 3 N CO,tBu
tBquC/\H/\/ ~ 2 * 1 2-DCE. 1t tBuOZC/\N/\/ ~ 2
NO, + 4-NO,-HBED-tBu
NO,
12
HO
(Not isolated)
OH Cl
H KHCO, *
tBuOZC/\N/\/N\/Co?tB'“I + 2
H MeCN, N, 50°C, 48h
NO,

12

Scheme 27: Attempted syntheses of 4-NO,-HBED-tBu via aminoester 12.
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Based on these outcomes, a re-examination of the synthetic strategy is necessary to selectively
access 4-NO»-HBED. This was not attempted due to the range of simple HBED derivatives that had
already been accessed, although none of them were endowed with particularly electron-withdrawing

groups.

4.2.4. Simple EHPG derivatives

As mentioned previously (Section 4.1), there is a wide range of equilibrium data published for EHPG
and some of its derivatives. From a biodegradability perspective, the presence of asymmetric car-
bon atoms and secondary amines 2 in the EHPG parent structure meant the ligand and its com-
plexes may be able to degrade in soils more readily than those of HBED and its derivatives. The
complexes that EHPG forms are slightly less stable than those of HBED because of the increased
strain of chelate ring formation in the former,?%! and less stable chelates are sometimes more
biodegradable.???] As seen in Section 3.7, decreases in metal affinity may not affect the extent
of bacterial growth inhibition in a linear way. Consequently, if the HBED derivatives were found to be
problematic in downstream studies then EHPG analogues could be used as replacements.

Using the route of Wilson,?'?l 4-Br-EHPG and 4-Me-EHPG were prepared in low, but workable
yields (Scheme 23). Because there are two chiral centres in the EHPG structure, two diastereomers
are produced from the reaction, in a 1:1 ratio (determined by "H NMR integration ratios). These
can be separated if desired, but no attempt was made due to the small differences in metal affinity
observed between isomers.2%! The synthesis of an electron-poor derivative, 4-NO2-EHPG was also

attempted, but resulted in the formation of a resinous product exclusively.

Table 29: EHPG derivatives prepared using the route of Wilson (Scheme 23).

Entry R= Yield / %'
a -Me 18
b -Br 8
c -NO» 0

i) Combined yield for both diasteromers.

The Strecker-type reactions outlined by Yuntal?%3: 204 and Frost?%7! were anticipated to give better
yields for electron poor imines than the Wilson route (becuase the phenol is not a nucleophile), so
the synthesis of 4-NO,-EHPG was attempted, but starting material was recovered exclusively. The
small pKj differences between cyanide anion and 4-nitrophenol (Figure 41) meant alcoholysis of the
trimethylsilyl cyanide reagent was likely, meaning some form of O- protection will be necessary in
future work on this chemistry.

Though this was a modest selection of EHPG derivatives, some biological comparison to the pre-

pared 4-R-HBED ligands was now possible.
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4.3. Assessment of biological properties
4.3.1. Choice of buffer

The poor aqueous solubility of the 4-R-HBED and 4-R-EHPG series rendered the use of 0.2 M
KoHPO, impractical. Although keeping the buffer system consistent across the work presented in
this thesis would be desirable, it was found that by increasing the concentration of K;HPO, in the
buffer to 0.4 M, dissolution of the ligands was eased. The buffer change also affected the outcome
of the E. coli inhibition experiments, in that much more severe growth inhibition was observed at
higher concentrations of EDTA compared to tests run under 0.2 M KoHPO,. In some experimental
runs, concentrations of the ligands under study gave very large error margins, possibly due to pre-
cipitation over the course of these growth experiments. It is due to this, that the author recommends
avoiding direct comparison of the data presented below and those in Sections 3.3, above a ligand
concentration of 2.5 mM, where the differences in the EDTA-induced growth inhibition at different

buffer concentrations become most profound.

4.3.2. Importance of the phenolate groups

The growth inhibition properties of BED and HBED are presented in (Figure 42).
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Figure 42: Comparison between E. coli growth inhibition characteristics for the bis-benzylated ligand
BED and the bis-hydroxybenzylated ligand, HBED. Bacteria were incubated for 16 h at
37°C in a medium composed of of 90:10 v/v TSB: 10x ligand stock in 400mM KoHPO4 (in-
well [KoHPO4] of 40mM). Values are the mean of three technical repeats. Both error bars
and margins represent two standard deviations from the mean. Bracketed values are
the pH of test solutions based in the same media used for the experiment. Blue lines
represent the dose response of the ligand, and grey lines represent the dose response of

Although this appears to be a redundant experiment (it is certain that HBED has a higher metal
affinity than BED for the metal ions under consideration in this work) a desire to examine the scope
of the non-linear relationship between metal affinity and growth inhibition covered in Chapter 3 was
the motivation for this study. It have been, for example, that the solution conformation, or relative

hydrophobicity of BED afforded it unexpected potency compared to HBED. That the data show this

B
o

BED

OH HoJ\
‘\H/OH OH

HBED

EDTA.

Growth cf.

[BED] control
/ mM %
0(7.4) 100+ 8
0.625 (7.8) 105+7
1.25 1118
25 108+7
5.0 1107
10.0 (7.6) 110+ 6
poED)  Crwet
/ mM 1%
0(7.4) 100+ 12
0.625 (7.9) 38+5
1.25 44 +7
25 42+ 4
5.0 31+6
10.0 (7.9) 182

Growth relative to control /%

Growth relative to control /%

120 4
110 4
100 4
904
804
70
60 4
50 4
40
304
204
10 4

I 1 T ]
T T
<A ! :
_ 1
1 V\

0.0 25 50 75 100

Concentration /mM
110 4
100
90 4
80
704
60
50 4
404 ‘%
D
20 3
. \
o . . :

0.0 25 50 75 100

Concentration /mM

is not the case and such parameters are likely inconsequential, was reassuring.

The dose response of HBED exhibits a greater growth inhbition than EDTA at a concentration
of 0.625 mM. Increasing the HBED concentration does not increase growth inhibition, unlike the

behaviour seen for EDTA. This implies that the pathways operating for these phenolate ligands may

be different to those of the aminocarboxylates, possibly because of their Fe*+ complexing ability and

selectivity. ICP-MS experiments discussed in Section 4.5 appear to substantiate this.
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4.3.3. Effect of the para- substituent on bacterial growth inhibition

With the importance of the phenol hydroxyl group established, an understanding of the importance
of lone pair availability could be gained by obtaining the dose responses of 4-F-HBED, 4-CI-HBED,
4-Br-HBED and 4-MeO-HBED (Figure 43).
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Figure 43: Dose response curves for E. coli JM101 upon dosing with 4-F-HBED, 4-CI-HBED, 4-
Br-HBED and 4-MeO-HBED. Bacteria were incubated for 16 h at 37°C in a medium
composed of of 90:10 v/v TSB: 10x ligand stock in 400mM KoHPO, (in-well [KoHPO4]
of 40mM). Values are the mean of three technical repeats. Both error bars and margins
represent two standard deviations from the mean. Bracketed values adjacent to tabulated
concentrations are the pH of test solutions based on the same media used for the growth
curves. Blue lines represent the dose response of the ligand, and grey lines represent
the dose response of EDTA.
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It is apparent that HBED derivatives bearing more “electron-withdrawing” substituents display
greater growth inhibition compared to a derivative like 4-MeO-HBED. This is unsurprising, espe-
cially in light of the p(Fe®*) data shown for the 4-R-EHPG systems (Table 23) and literature pKj,
values (Figure 41) for substituted phenols. This is attributable to the “electron rich” phenol being
more basic and associating with protons in solution more readily than metal ions, limiting the efficacy
of the ligand at pH values below the pK of the methoxyphenol group2%3l.

In fact, it is possible to show something of a correlation between the pKa for a parent phenol of a 4-
R-HBED ligand and the observed E. coli growth inhibition at 2.5 mM, a concentration chosen because
the corresponding growth inhibition of E. coli for the EDTA control experiment has the same value
across independent experiments (Figure 44), indicating that the data for the 4-R-HBED systems at

this concentration are reproducible.
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Figure 44: Relationship between 4-R-HBED at [4-R-HBED]=2.5 mM and the literature pK, (Figure
41) of their associated phenol groups. Bacteria were incubated for 16 h at 37°C in a
medium composed of of 90:10 v/v TSB: 10x ligand stock in 400mM K;HPO, (in-well
[K2HPO4] of 40mM). Values are the mean of three technical repeats.

A design guideline to optimise the growth inhibition for these phenolic donors emerged as a result
of this study; this being that optimal growth inhibition for these bacteria is observed for 4-R-HBED
ligands bearing groups that reduce the pK; of the parent phenol. Nonetheless, it is necessary to
substantiate this finding by performing dose response/growth curve experiments with 4-R-HBED
systems bearing much more strongly electron-withdrawing groups. It is also apparent that increasing
the concentration of these substituted ligands past a certain point has little effect on the observed
growth inhibition, much like HBED. Therefore smaller concentrations may be used to generate the
same effect under the experimental conditions, however the origin of this effect is unknown.

Interactions between bacterial membanes and a given ligand could be enhanced by increasing the
lipophilicity of a given ligand structure. For this reason 4-Oct-HBED was prepared as an example of

a highly lipophilic 4-R-HBED type system to show whether lipophilicity was an important factor in the
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activity of these compounds. Owing to the insolubility of the ligand in aqueous media, a disc-diffusion
based method was used,??*2?"lwhere sterile discs made from filter paper containing solutions of 4-
Oct-HBED (in a 3:1 v/v DMSO:H,0 solvent system) at different concentrations were loaded onto agar
plates seeded with bacteria (Figure 45). As a control, the solvent system was tested for inhibitory
properties in an analogous way, because DMSO is known to be toxic to certain cell lines.[??8 In
these tests, no discernible zone of inhibition was found and the negative control (which contained no

bacteria) did not display evidence of contamination (Figure 46).
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(a) LB agar plates for the disc-diffusion experiment on E. coli JM101 divided into four
sections containing discs impregnated with 1) 50 mM HBED, 2) 50 mM 4-Oct-
HBED, 3) 100 mM 4-Oct-HBED and 4) 100 mM HBED. Plates were incubated
overnight at 37°C before being photographed at different angles to emphasise
the zones of inhibition on each plate. Plates a)-c) are replicates of one another
resulting in three biological replicates. Plates in images d)-f) are actually plates
a)-c) but have subject to image processing to enhance contrast.

(b) LB agar plates for the disc-diffusion experiment on E. coli JM101 divided into
four sections containing discs impregnated with 1) 12.5 mM HBED, 2) 12.5 mM
4-Oct-HBED, 3) 25 mM 4-Oct-HBED and 4) 25 mM HBED. Plates were incu-
bated overnight at 37°C before being photographed . Plates in images j)-1) are
actually plates g)-f) photographed at a different angle to emphasise the zones
of inhibition. Three biological replicates have therefore been performed. In this
case both photographs have been processed to enhance contrast.

Figure 45: LB agar plates used for the disc diffusion experiment.
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Figure 46: LB agar plate divided into four sections containing discs impregnated with 3:1 v/v
DMSO:H,0 as a vehicle control. No inhibition zone was observed for the positive control
m), no growth was observed on the negative control n).

The disc-diffusion experiment relies on the compound diffusing from the disc, into the agar which
affects the growth of the bacteria seeded on it. The greater the diameter of the zone of inhibition
is, the more inhibitory a compound is. From Figures 45a and 45b, HBED exhibits an inhibitory
effect but 4-Oct-HBED does not, across the concentration range. This may be due to the higher
molecular mass!??®! of 4-Oct-HBED compared to HBED and/or the hydrophobicity of 4-Oct-HBED
which could hinder diffusion.’??®! Since the coordination environments of HBED and 4-Oct-HBED are
almost identical (4-Oct-HBED will probably have slightly more basic phenolic oxygen donors), it is
suspected that these matrix effects are the reason why no inhibition is observed in the case of this

ligand.

4.3.4. Comparisons between 4-R-HBED and 4-R-EHPG derivatives

4-Br-HBED was a superior inhibitor of E. coli growth compared to the other 4-R-HBED systems
based on data presented in Section 4.3.3. In order to examine if the 4-Br substitution also led to bet-
ter inhibition for 4-R-EHPG-type systems, the dose responses for 4-Br-EHPG and EHPG (both con-
taining a 1:1 mixture of either diastereoisomer) were obtained. Given the small differences between
the p(Fe**) values of 4-Me-EHPG and EHPG, evaluation of the impact of such small differences

could also be assessed (Figure 47) by comparison of this pair of ligands.
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Figure 47: Dose response curves for E. coli JM101 upon dosing with EHPG, 4-Br-EHPG and 4-Me-
EHPG. Bacteria were incubated for 16 h at 37°C in a medium composed of of 90:10 v/v
TSB: 10x ligand stock in 400mM K>HPO, (in-well [Ko:HPO4] of 40mM). Values are the
mean of three technical repeats. Both error bars and margins represent two standard
deviations from the mean. Bracketed values adjacent to tabulated concentrations are the
pH of test solutions based on the same media used for the growth curves. Blue lines
represent the dose response of the ligand, and grey lines represent the dose response of
EDTA.

Once again, the EDTA dose response is inconsistent across experiments, but shows that the data
can be compared for responses at 1.25mM, where 4-Br EHPG is superior. No statistically significant
improvement to bacterial growth inhibition is observed between EHPG and 4-Me-EHPG, meaning
that the small difference in p(Fe®*) reported?®! does not lead to enhanced growth inhibition. 4-Br-
EHPG shows a greater inhibition of bacterial growth than EHPG analogous to that which 4-Br-HBED
exhibits, compared to HBED. At higher concentrations (10 mM), there is no significant difference in

inhibitory effects between these EHPG derivatives. An interesting difference between the 4-R-EHPG
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and 4-R-HBED dose responses, is that the 4-R-EHPG dose responses do not plateau at a certain

concentration, the reason for which is unclear.

4.4. Relationship between metal ion affinities and bacterial growth inhibition

When the K, data is considered alongside the pK; values for the HBED and EHPG structures using
the treatment described in Section 2.5, the conditional stability constants, K, are obtained. The
significance of the phenolate groups warrant comment. If these groups are protonated, many metal
affinities are affected profoundly (Table 30), and a clear selectivity for Fe3* in solution becomes

apparent (Figure 39).

Table 30: K;_,, values calculated for pH=7.4 to closer reflect the metal affinity of HBED, EHPG and
EDTA in liquid media. HBED pK, and K, values from Eplattenier?®®! | EHPG pK, val-
ues from Bannochie.l2%! K, values were from Frost. Mn2* values for EHPG could not be
calculated due to the instability of the Mn?*-EHPG complex to oxidation.[2%7]

Row Equilibrium quantity HBED EHPG EDTA
a a-coefficient 2.34x107° 274x10" 1.61x10°%
b K, (Ca?*) 9.29 7.29 10.61
c K., (Ca®*) -0.34 -2.27 7.82
d K, (Fe®*) 39.7 35.1 25.0
e Ka,,., (Fe®*) 30.1 25.5 22.2
f Kz (Mg2*) 10.5 9.76 8.83
g Ka,,, (Mg?*) 0.87 0.20 6.04
h Kz (Mn2+) 14.8 - 13.81
i Ka,, (Mn?) 5.17 - 11.0
j K, (Zn?*) 18.3 18.7 16.44
k Ka,,,, (Zn?*) 8.67 9.14 13.65

Conditional affinities could be used to explain the differing dose responses of EHPG and HBED.
For instance, the lower affinities EHPG has towards Ca®* and Mg?* compared to HBED may mean
that higher concentrations of EHPG than HBED are necessary to permeabalise the outer membrane
of E. coli prior to intracellular iron chelation. Given the apparent sensitivity of growth inhibition to
the phenolic donor pK, for the 4-R-HBED and 4-R-EHPG ligands and the dramatic decreases in
K.

2.0ns 1T the phenol groups are considered to be protonated, it was postulated that a para- substituent

induced lowering of phenol basicity may give large increases in conditional metal affinities for the
systems studied.

Since potentiometry was not available to determine the pK; values of these ligands (and may
not have been practical for ligands like 4-MeO-HBED which was suspected to bear extremely basic
phenol groups on the basis of data in Figure 41), this notion was first tested by monitoring changes

in the UV-Vis spectra of 4-Br-HBED and 4-MeO-HBED as a function of pH, to allow estimation of
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the apparent pKy* of the phenol groups for each ligand (Figure 48). These systems were chosen
because they were the most and least inhibitory HBED derivatives tested at [4-R-HBED]=2.5mM

respectively. Because the pK; values for HBED were known, their re-determination was not crucial.
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Figure 48: i) pK, estimation for 4-Br-HBED and 4-MeO-HBED. Measurements were performed at
room temperature in 15mM KCI. A sigmoidal fit was applied to the pH-absorbance pro-
files, the reported pK; being the midpoint of the sigmoid function in either case. For
4-Br-HBED, A1=287 nm, A>=307 nm. For 4-MeO-HBED, A{=294 nm, A,=319 nm. The
stacked spectra for ii) 4-Br-HBED and iii) 4-MeO-HBED, are also shown.

A lower pKj is observed for 4-Br-HBED compared to 4-MeO-HBED, meaning that the value for the
a-coefficient (see Section 2.5) for 4-Br-HBED will be higher, and so the K;_,, values calculated for
4-Br-HBED will be closer to the actual K values for a given pH, compared to 4-MeO-HBED. If the
metal ion binding strengths for 4-Br-HBED and 4-MeO-HBED are similar, the result of this lower pKj,
and correspondingly lower «-coefficient will be that 4-Br-HBED will form more stable complexes with
metal ions under conditions of lower pH. This can be attributed to a greater fraction of the phenol
donors in solution existing as the metal-binding phenoxide form for 4-Br-HBED compared to 4-MeO-
HBED.

Monitoring of the depletion of Ca®* from Ca-Fura-2 in the usual competitive manner for BED,
HBED, 4-Br-HBED and 4-CI-HBED was then performed to see if these pK,-based effects could

induce or enhance Ca?* binding. From the collected data (Figure 49), it appears that none of the

*Under these experimental conditions, the ionisations of individual phenol groups could not be monitored
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tested ligands (with the exception of the EDTA control) can sequester Ca®* from Ca-Fura-2 under

these conditions.
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Figure 49: The effect of the BED, HBED, 4-Br-HBED and 4-CI-HBED ligands on the fluorescence
of the Ca-Fura-2 complex, with calibration function shown in grey. Error bars represent
two standard deviations from the mean of three replicates and were propagated from
the error in the fitted gradient to give the x axis error bars. Agx =340 nm, A\gpp=510 nm.
[Fura-2]=10.5uM, [L]=10uM. Buffer: 10mM HEPES/100mM KClI at pH 7, T=26+1°C.

Using a slightly different ligand set (BED, HBED , 4-Br-HBED and EDTA) due to material con-
straints, an analogous experiment was performed using Zn?*. Based on the projected higher binding
strength of Zn?* to these systems, it was hoped that substituent induced changes in metal binding

strength would be detectable (Figure 50).
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Figure 50: The effect of the BED, HBED, 4-Br-HBED and EDTA ligands on the fluorescence of
the Zn-Fura-2 complex, with calibration function shown in grey. Error bars represent
two standard deviations from the mean of three replicates and were propagated from
the error in the fitted gradient to give the x axis error bars. Agx =340 nm, A\=500 nm.
[Fura-2]=10.0u:M, [L]=10uM. Buffer: 10mM HEPES/100mM KClI at pH 7, T=26+1°C.

Gratifyingly, the data show that 4-Br-HBED exhibits a higher binding strength than BED and HBED
under the experimental conditions. Based on the pK, estimates, this order arises because of the
higher concentration of phenoxide donors 4-Br-HBED can provide. As an aside, the participation of
the phenol hydroxyl groups in Zn?* binding for HBED and 4-Br-HBED is demonstrated by the inferior
zinc binding of the non-hydroxylated BED ligand, and the contribution of readily ionised donor groups
by the superior zinc binding of EDTA. Though it is unwise to assume that all of the metal affinities for
4-Br-HBED are raised due to the pKa-altering effects of the bromo- substituents, the author proposes
this to be the reason why 4-Br-HBED is a more effective inhibitor of E. coli growth than HBED itself.

Such an explanation also ties in to trends discussed previously (Table 23).

4.5. Effect of EHPG on cellular metal content

The selectivity for Fe3* these phenolate donors possess in the experimental pH range (Figure 39)
compared to EDTA, AmGly; and AmGly, (Table 19), made interrogation of their effect on cellular
metal content lucrative. So, analysis of cell digests treated with EHPG via ICP-MS was performed
in the manner described in (Section 8.7). Quantitative data for calcium, magnesium, copper, iron

manganese and zinc were obtained from the experiment in this case (Figure 51).
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Figure 51: Effect of EHPG on the metal content of E. coli JM101 cells at stationary phase. Values
are the average of three biological repeats. Error bars represent two standard deviations
of the mean. Cells were incubated aerobically at 37°C for 16 h in a medium consisting of
99:1 v/v TSB:0.4 M K;HPO, containing 100x [EHPG] prior to harvest.

Compared to the perturbations of cellular metal seen for EDTA and AmGly, (Figures 26 and
27) where manganese is most severely affected, the concentration of iron in cellulo is reduced to a
greater extent than the other metals measured. In light of the selectivity of EHPG at experimental
pH (Figure 39), such a reduction is to be expected. Zinc concentrations would also be expected
to significantly fall, but this is not the case, and may be due to a transmetalation of the Zn-EHPG
complex by Iron as the system approached equilibrium.

A greater depletion of iron compared to manganese raises the possibility that phenolic ligands like

EHPG perturb different cellular functions compared to EDTA and AmGly,. However, there is some
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overlap between the functions of iron and manganese in bacteria,!'”"! meaning that further work must
be done to confirm or deny this. Owing to the weak binding of EHPG to calcium and magnesium
at physiological pH, outer membrane permeabialisation effects are unlikely to be operating at the
concentrations studied.?® 3% Therefore, any chelated metal has most likely been removed from the
growth medium by EHPG outcompeting some of the Fe3* transport molecules secreted by E. coli for
Fe3* (Figure 37). Evidence for the absence of membrane activity could be gathered by studying the

lipophilicity of free and Fe3+-complexed EHPG, and is the subject of Section 4.6.

4.6. Lipophilicity measurements
4.6.1. Estimation of partition coefficients

Lipophilicity measurements on a selection of free phenolic ligands and their Fe3* complexes could
yield information about the possibility of Fe3* transport across the E. coli membrane and the location
of metal (from the cell or from the media) sequestration. As was previously discussed, a relationship
between E. coli growth inhibition and higher lipophilicity also exists (Section 2.6) and so bioactivity
may be predicted from such measurements.

Measurements of the Ppce for the Fe3* complexes (Table 31) and Pcpg, for the free ligands,
were performed using UV-Vis and "H NMR based methods respectively. Although UV-Vis could
also be used to monitor the partitioning of the free ligands described in this chapter (once suitable
wavelengths were identified), "H NMR was selected to allow fairer comparison with the data collected
for the AmR, systems (Table 21). Reasons for the use of different solvents for the free ligands
and complexes are described in Sections 2.6 and 3.8.1. The synthesis of the Fe3* complexes is
discussed in Section 8.8.1.

Table 31: PBS:1,2-Dichloroethane partition coefficients (Ppce) for the Fe3* complexes of HBED, 4-

BrHBED, EHPG and 4-Me-EHPG at a buffer pH of ~7.4 . Data are the average of two
independent experiments. Error margins represent two standard deviations from the mean.

Entry Species Charge at pH Ppce / No units
a Fe-HBED - (extremegi(;drophilic)
b Fe-4-Br-HBED o (sligh(t)li/srfy%?osphilic)
¢ Fe-EHPG - (extremglfﬁy(zjirophilic)
d Fe-d-Me-EHPG i 00

(extremely hydrophilic)

i) No detectable absorption in dichloroethane layer. ii) Estimated by analogy with HBED and EHPG speciation data.[205: 206]

Clearly, the most lipophilic complex is that of 4-Br-HBED (Table 31, entry b), which is the only

system that demonstrates measurable partitioning into the organic phase, raising the possibility that

131



Fe-4-Br-HBED could traverse the cell membrane and act as a growth inhibitor in its own right, al-
though additional work to assess whether this was mode of action would be necessary. In spite of
this interesting result, it is suspected that the putatively higher metal binding affinity of 4-Br-HBED
relative to HBED is the primary cause of growth inhibition (Section 4.4).

Compared to the AmR; ligands, the 4-R-HBED and 4-R-EHPG systems exhibited lower charges
in their free states versus their complexes because of the high pKj; of the phenol groups, and were
expected to have different partitioning behaviour on account of this, especially in the case of 4-Br-

HBED (Table 32).

Table 32: PBS:chloroform partition coefficients (Pgpcy,) for the ligands HBED, 4-Br-HBED and
EHPG. Bracketed values are the measured pD of the buffer system. Speciation curves
from the literaturel?%% 2061 were used to determine ligand charges at the experimental pH.

Entry Species Charge at pH Pcoei,/ No units
a HBED 0 (8.9)H o
b 4-Br-HBED Oor-1(7.7)V of
c EHPG 0(7.7) o'

i) Attempts to use a lower, more reasonable buffer pH led to sample precipitation. ii) 98% of the HBED in solution calculated
to be in the zwitterionic form. iii) No detectable signal in chloroform layer. iv) Estimated from the HBED speciation data and
the apparent pKa calculated from Figure 48. An emulsion was formed, but was easily broken by centrifugation.

For these measurements, it is assumed that the zwitterionic form is responsible for the observed
partitioning behaviour. Despite the low-to-neutral charge of the ligands at experimental pH values, it
is a characteristic of many amino acids in their isoelectric range!?®° for solubility in both organic and
aqueous media to decrease.[?3']

Since these compounds were used at a lower pH in media for all biological studies, the zwitterionic
forms, whose partitioning behaviour has now been estimated, would predominate, and so at lower
pH the studied 4-R-HBED and 4-R-EHPG ligands would be unlikely to interact with cell membranes.
Therefore, these phenolic ligands much like the AmR; ligands, will probably exert their metal deple-

tion effects by reducing the concentration of metal ions available to the cells in the growth media.

4.7. Conclusions for this chapter

Derivatives of ligands based on the HBED and EHPG parent structures bearing electron donating, or
mildly electron-withdrawing substituents in the position para- to the phenol donor oxygen, have been
synthesised. In most cases, syntheses can be performed without column chromatography, which
enables scale-up. Characterisation of E. coli growth inhibition at various concentrations reveals that
the lone pair availability of these phenolate donors influences the performance of these systems. The
form of the dose response for these phenolic ligands differs from that seen for the aminocarboxylate

ligands in Chapter 3, in that the effects at low and high concentration are much the same for the 4-
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R-HBED systems. For the 4-R-EHPG systems tested, the situation is slightly different, in that higher
concentrations of ligands of this type give greater growth inhibition, but the cause of this is unknown.
In both cases, the 4-Br- derivative gives the greatest growth inhibition for a given concentration.

Consideration of the metal affinities of HBED and EHPG demonstrate the importance of factoring
in the pKj values of the phenol groups, and show that at pH~7.4, Fe3* and Zn?* are the metals most
likely to be sequestered, and that Ca®* and Mg?* complexes of these ligands are not so stable in
comparison to those of EDTA. This was substantiated by the absence of significant Ca®* complexa-
tion in competition experiments using Fura-2 and ICP-MS experiments on EHPG, which showed iron
to be the metal most depleted in cellulo.

Zn?* binding was also assessed for selected ligands. The data showed that 4-Br-HBED competed
more successfully for Zn?* against Zn-Fura-2 than did HBED, tallying with previously published work,
which showed that less basic phenolate ligands are more effective sequestrants of metal ions at lower
pH, probably due to more extensive ionisation of the phenol groups of 4-Br-HBED. Due to the high
pK, values of the phenol groups in these ligands, none of them sequester Zn?* as effectively as
EDTA. The relevance of lipophilicty for these ligands was also considered, but aside from the slight
partitioning observed for Fe-4-Br-HBED, none of the species evaluated were detected in the organic

layers used, suggesting that their site of action is extracellular.
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5. Synthesis, and growth inhibition studies of commonly used

aminocarboxylate ligands and some variants

5.1. Introduction and motivation

From work in Chapters 3 and 4, it was shown that the the extent of E. coli growth inhibition for
symmetrical bis-amides of EDTA was not linked to the magnitude of K; and K,_,, values, or to the
metals that were most extensively depleted from cells incubated with EDTA or AmGly,. In con-
trast, the iron depletion from cells incubated with the phenolic ligand EHPG was consistent with its
high Ka,,,,,(Fe**), and based on estimations of pK, values for 4-R-HBED derivatives, a relationship
between K, (Fe3*) and E. coli growth inhibition could also be inferred.

These outcomes indicated that the relationship between metal ion affinities and adverse effects on
cellular growth is more complex than once thought,®': 321 and further investigation towards a more
detailed model of chelation-induced growth inhibition was warranted. This could be conducted by
characterising the growth inhibition properties of ligands whose metal ion affinities (especially for
Ca?*, Fe®*, Mg?*, Mn?*, and Zn?*, see Section 1.3), were well characterised.

Aminocarboxylate systems were ideal for this purpose, since the metal binding behaviour of these
ligands is often rigorously examined on account of their use in medicine e.g. as supporting ligands in
Gd3+ [232-23413nd Mn2* based!?3% 2381 contrast agents like Dotarem and Magnevist. Many of these lig-
ands were commercially available; those which were not could be synthesised trivially. Furthermore,
databases (curated by IUPAC and NIST) containing a wealth of stability constant data for aminocar-
boxylate ligands are also available,?3”! and allow rapid retrieval of thermodynamic data, making the
search for trends in ligand behaviours much easier.

Perusal of IUPAC SCDBase entries for candidate ligands also showed that many aminocarboxylate
ligands have different selectivities between certain metal ions, e.g. Ca®* and Mg?*, arising from their
structure® or donor atoms.®! This meant that interrogation of the effect of metal ions to different
extents on growth inhibition may be experimentally realised. This could lead to a way to modify

existing ligand structures to optimise metal ion affinity, and in turn growth inhibition.

5.2. Ligand synthesis

These ligand syntheses have been reported previously, or are trivial deprotections. Some small mod-

ifications to the reported procedures were made in the interests of convenience and reproducibility.

5.2.1. TETA

TETA, a ligand commonly used as a ligand for ®*Cu in positron emission tomography imaging,?38!

was prepared via basic hydrolysis from its tetra-ethyl ester TETAEt. Initially, lithium hydroxide was
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used, but complete reaction was extremely slow because of its lower relative solubility. Therefore,
potassium hydroxide in a mixed MeOH:H,O (1:1 v/v) solvent system (Scheme 28) was employed
in an optimised preparation. Residual potassium hydroxide was removed by subjecting the crude

product to ion exchange prior to biological study.

K\f

_KOH
) o™
~ [ j MeOH/H O,N,, 1, 24h

Y,
;v f S

81% (crude)
TETAEt TETA

Scheme 28: Preparation of TETA.

5.2.2. AAZTA

A heptadentate donor, AAZTA was pursued because of the low cost of the starting materials. This
ligand was intended for use in next-generation Gd**-based MRI contrast agents, and was synthe-
sised using an adaptation of the method of Aime.!?3?1 Some optimisation of the catalyst loading was
necessary for the combined nitro- reduction/ debenzylation step, which was performed without spe-
cialised equipment* using transfer hydrogenation methodology!'*6: 1471 (Scheme 29). Because the
ligand was isolated as its trifluoroacetate salt after ester deprotection, ion-exchange treatment was

used to convert a sample of the material to the hydrochloride salt for biological work.

Ph Ph  NH,HCO,, 5 mol % Pd

Ph Ph
CH_0) , EtNO, / \ / \
\—N/ N/ (CH,0), 2 LN NJ (as Pd/C) HN NH
H H EtOH, N, reflux, 3h EtOH, N,, reflux, 2h
.AcOH
O2N H,N
71% 86%
22 AAZ

BrCH,COOtBu, | MeCN, Na,
K,CO3 60°C, 21h

HOQC/\N N/\COZH TFA tBquC/\N N/\C02tBu
% DCM, N,, 24h %
HO2C__N_} COH Bu0,C.__N.} CO,tBu
67% 58%

AAZTA AAZTA-tBu
(Trifluoroacetate salt)

Scheme 29: Preparation of AAZTA.

*The reported procedure calls for a supply of hydrogen at 28 MPa, an extremely high hydrogen pressure.
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5.2.3. DO3A

The t-butyl ester of this ligand, DO3A-tBu is used extensively as a precursor in the synthesis of
functionalised DOTA ligands such as those in Chapter 3. DO3A itself, however, has received less
attention as a chelator in its own right; this is probably due to the lanthanide complexes of DO3A
being less kinetically and thermodynamically stable than complexes based on a DOTA-type ligand.
Aside from the novelty of studying DO3A in an antibacterial context, a comparison of the biological
activities of DO3A and AAZTA would serve to demonstrate the effect of changing a carboxylate donor
to an amine, even if the orientation of the donor groups were different. DO3A-tBu was therefore
synthesised according to methods developed in this group,249! followed by t-butyl ester deprotection

in the usual way (Scheme 30).

COztBu COoH
N N N N
EH Hj BrCH,COOtBu, NaHCO,, 4A MS [Hz j TFA, Anisole [H :|

H H MeCN, N, rt, 16h
N N eCN, L, 1, 6 DCM N , it, o/n N N
__/

COztBu COztBu COzH COzH

30%

Cyclen DO3A-tBu DO3A

(Hydrobromide salt)

Scheme 30: Preparation of DO3A. A final yield is not reported because of the hygroscopicity of the
ligand.

5.3. Growth inhibition studies

5.3.1. General remarks

Because of the high aqueous solubility of the ligands tested in the following sections 0.2M KoHPO,
was used as the buffer, meaning that cross comparison between the data to follow and those pre-
sented in Chapter 3, and data up to a ligand concentration of 2.5 mM for systems studied in Chapter
4, is possible. As for work in the previous chapters, the EDTA dose response is shown in grey for

each experiment as an indicator of experimental reliability.

5.3.2. Macrocycle ring size: effects on growth inhibition

Three well-known ligand systems, DOTA, NOTA and TETA, were tested for their dose response

(Figure 52), on account of the metal affinities and selectivities that were reported for each.
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Figure 52: Dose response curves for E. coli JM101 upon dosing with EDTA, DOTA, NOTA and
TETA. Bacteria were incubated for 16 h at 37°C in a medium composed of of 90:10 v/v
TSB: 10x ligand stock in 200mM KoHPO, (in-well [KoHPO4] of 20mM). Values are the
mean of three technical repeats. Both error bars and margins represent two standard
deviations from the mean. Bracketed values adjacent to tabulated concentrations are the
pH of test solutions based on the same media used for the dose response experiment.
Blue lines represent the dose response of the ligand, and grey lines represent the dose
response of EDTA.
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The data show that TETA does not significantly inhibit E. coli JM101 growth, and that at concentra-
tions >1.25 mM, NOTA is more inhibitory than DOTA. The shapes of the dose responses are similar
with the extent of inhibition reaching a plateau at 2.5 mM for both of these ligands, in contrast to the
more gradual dose response observed for EDTA.

Based on structure alone, it seems that smaller macrocycles are better growth inhibitors of E.
coli JM101, most likely due to the selectivity these ligands would have for the first row transition
metals. More information could be gleaned, however, through a comparison of the metal association

constants of these ligands (Table 33).

Table 33: log K, values calculated for pH = 7.4 to closer reflect the metal ion affinity of DOTA,
NOTA, TETA and EDTA in liquid media.

Entry Equilibrium quantity =~ DOTA! NOTA TETAT EDTAV
a a-coefficient 1.50x 107 9.56x10°%  7.57x107  1.61x10%
b log Ka (Ca2*) 16.37 8.92 8.53 10.61
c log Ka,,,, (Ca®*) 9.55 4.90 2.41 7.82
d log K, (Mg?*) 11.2 9.69 3.01 8.83
e log Ka,,,, (Mg2*) 4.33 5.67 -3.11 6.04
f log K (Fe®*) 29.4 28.3 26.5 25.0
g log K, (Fe**) 226 24.3 20.4 22.2
h log Ka (Mn2*) 19.9 14.9 11.3 13.81
i log Ka,, (Mn2*) 13.1 10.9 5.18 11.0
i log K, (Zn2*) 20.8 18.3 16.4 16.44
k log Ka,,,, (Zn*) 14.0 14.2 10.3 13.65

i) pKa and Zn2* values from Anderegg.[24!l Ca2* Mg2*and Fe3* values from Clarke.[242: 2431 Mn2* value from Bianchi.[244! ii)
PpKa values from Van der Merwe.[24%] Ca2+ and Mg?* values from Bevilacqua. [246! Fe3+ value from Clarke.[?42l Mn2* value from
Cortes.[247 Zn2+ value from Hama.[248! iii) pK, , Ca2+ , Mg?+ and Fe3* values from Clarke.[242] Mn2* value from Chaves.[24°]
Zn2* value from Delgado.[?%% iv) All EDTA values from Martell.['64]

From these data, the poor inhibition of TETA was assigned to its lower metal ion affinities compared
to DOTA and NOTA. Although the metal ion affinities for DOTA and NOTA are similar, NOTA has
higher affinities for Fe®* and Mg?* (entries e and g), and it may be possible that the increased Fe3*
affinity (at the experimental pH) of NOTA compared to DOTA is the cause of the degree of inhibition
it exhibits, similar to the observation in Chapter 4 that HBED derivatives projected to have a higher

K.

2ns (FE3*) Will display greater growth inhibition.

It is also interesting to note that the only major difference between the metal ion binding character-

istics of DOTA and EDTA is the higher K,__. of DOTA for Ca?*, which could imply that the increased

cond
outer membrane permeabilisation of DOTA may be capable of, compared to EDTA might be the
cause of the greater inhibition it exhibits. DOTA also has slow complexation kinetics,[?5" which may

be of importance.
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5.3.3. Acyclic octadentate ligands: effects on growth inhibition

The powerful inhibition that the octadentate ligands AmGly,, AmPy,, and DOTA (Figures 23, 25 and
52, respectively) displayed, prompted a study of other octadentate ligands, to gauge the importance
of ligand denticity to growth inhibition. To this end, the acyclic ligands EGTA and DTPA were selected
for study (Figure 53).
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Figure 53: Dose response curves for E. coli JM101 upon dosing with DTPA and EGTA. Bacteria
were incubated for sixteen hours at 37°C in a medium composed of of 90:10 v/v TSB:
10x ligand stock in 200mM KoHPOy4 (in-well [KoHPO4] of 20mM). Values are the mean of
three technical repeats. Both error bars and margins represent two standard deviations
from the mean. Bracketed values adjacent to tabulated concentrations are the pH of test
solutions based on the same media used for the dose response experiment. Blue lines
represent the dose response of the ligand, and grey lines represent the dose response of
EDTA.

From the above, and for TETA, it could be seen that higher denticity was not a key determinant
for E. coli growth inhibition, and once again, consultation of metal ion affinity data was used to see if

other trends were apparent (Table 34). The data for AmGly, have also been shown for comparison.
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Table 34: K;_,, values calculated for pH= 7.4 to closer reflect the metal ion affinity of DTPA, EGTA,

AmGly, and EDTA in liquid media.

Entry Equilibrium quantity =~ DTPA EGTA' AmGly, EDTA
a a-coefficient 43x10° 298x10* 5.80x10" 1.61x10°%
b K, (Ca?*) 10.7 11.0 7.00 10.61
c Ka,,,, (Ca%*) 6.33 7.48 6.76 7.82
d K, (Mg?*) 9.30 5.30 5.10 8.83
e Ka,,., (Mg2*) 4.93 178 4.86 6.04
f K, (Fe3*) 28.0 20.5 11.81 25.0
g Ko, (Fe3*) 23.6 17.0 11.6 22.2
h K, (Mn3+) 15.6 12.3 9.28 13.81
i Kay,,, (MN2*) 112 8.78 9.04 11.0
i K, (Zn?*) 18.3 14.4 10.41 16.44
k Ka,,., (Zn%*) 13.9 10.9 10.2 13.65

i) pKa, Ca?*and Mg?* values from Anderegg (2005).2411 Fe3* and Zn2* values from Caravan.l2%2 Mn2+ value from An-
deregg (1959).12%81 i) pK, values from Anderegg.[?5* Ca2+ value from Wright.[2%5] Mg?* value from Smith.[256] Fe3+ value
from Schroeder.[?571 Mn2* value from Holloway.[2°8] Zn?+* value from Doi.[259]

From these data and those for the macrocyclic ligands, it would appear that if a ligand had a low
Mg?*affinity, it would display inferior inhibition, this being highlighted by comparison of the metal ion
affinity values for EGTA and AmGly,, which are similar for Ca®*, Mn?* and Zn?*(entries ¢, i and k).
What is especially noteworthy is that EGTA possesses a far higher Kj_, value for Fe3* than AmGly,,
but a much lower value for Mg?* (entries e and g), yet AmGly, displayed much greater E. coli growth
inhibition than did EGTA (Figures 23 and 53). This behaviour is also observed for TETA (Figure 52
and Table 33) .

The apparent importance of Mg?* affinity for these ligands may suggest that a ligand-induced outer
membrane disruption process is a mechanism of inhibition operating for aminocarboxylate ligands,
but not for the phenolate ligands covered in Chapter 4. These systems (4-R-HBED and 4-R-EHPG
derivatives), had extremely low Ca?* and Mg?* affinities, yet still inhibited bacterial growth. It is on
this basis that the study of the interactions of some “magnesium dependent” ligands like AmGly, or
NOTA with a suitable membrane mimic is suggested, to clarify the role of Mg?* sequestration in cell

damage.[?!- 2601

5.3.4. Heptadentate ligands: effects on growth inhibition

Now that the inhibitory effect of a set of hexadentate and octadentate ligands had been determined,
the inhibitory effects of the heptadentate ligands were investigated. This was motivated by the ob-
served depletion of manganese from E. coli JM101 by aminocarboxylate ligands, meaning that ex-
tensive sequestration of the metal could give strong inhibitory effects. There is a higher percentage of

seven-coordinate complexes for Mn?* reported in the CSD than for Fe?*, Fe3* and Zn®* as a fraction
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of all of the complexes reported for these metal ions,?®"1 and the higher selectivity that DO3A has
for Mn?* over Ca?* binding compared to DOTA has recently been shown, alluding to the possibility
that heptadentate ligands are strong Mn?* binding units in general.?®?l Thus, AAZTA, DO3A and
PN2C4 were studied to see what effect (if any) reducing denticity from eight- to seven- had on the

dose response (Figure 54).

[AAZTA] Growth cf.
1101
/mM control
% 100
904
=
/N 0 1005 5 801
oo’ N Ncoumn "‘é 70 =
% 0.625 (7.4) 96 +5 S 60
HO2C N COMH 2 5]
1.25 6+2 E
AAZTA g T
25 3+0 I T
& 204 4
5.0 2+2 101 L
0 ¥ ' ; ]
10.0 (7.2) 2+2 0.0 25 5.0 7.5 10.0
Concentration /mM
[DO3A] Growth cf.
/mM control 110+
1% 100
HO._0O o 907
N/—\NT 0 100 + 3 g 80
[H j ‘g 704
. y 0.625 (7.4) 89+4 ; 60
_/ 2 50
1.25 792 .
HO” o 07 oM 3 b
25 53+ 1 § 37 ——
DO3A : = g 20] 2
5.0 312 104
0 T T T ]
10.0 (7.2) 23 + 1 0.0 2.5 5.0 7.5 10.0
Concentration /mM
[PN2C4] Growth cf.
1101
/mM control
1% 100 I
904\
=
0 100+ 4 5 804 l\
o ]
1l e 70
HOZC/\)N/\F(/\NC\COQH 0.625 (7.7) 60 + 12 g 6]
HO,C oH COH 2 5] &
PN2C4 1.25 47 £ 2 E 40 & %\T
£ [ S
25 48+5 H 1\3
& 204
5.0 41+8 104
0 T T T 1
10.0 (7_4) 29+ 4 0.0 25 5.0 7.5 10.0

Concentration /mM

Figure 54: Dose response curves for E. coli JM101 upon dosing with AAZTA, DO3A, and PN2C4.
Bacteria were incubated for 16 hours at 37°C in a medium composed of of 90:10 v/v TSB:
10x ligand stock in 200mM KoHPOy4 (in-well [KoHPO4] of 20mM). Values are the mean of
three technical repeats. Both error bars and margins represent two standard deviations
from the mean. Bracketed values adjacent to tabulated concentrations are the pH of test
solutions based on the same media used for the growth curves. Blue lines represent the
dose response of the ligand, and grey lines represent the dose response of EDTA.

Remarkably, AAZTA is the most inhibitory of these ligands, presumably due to the lowered pK, of
the amine donors compared to those in DO3A, which exhibits a much weaker growth inhibition than

DOTA. Unfortunately, the absence of sufficiently comprehensive metal ion binding data for AAZTA,

141



DO3A and PN2C4 precluded a full inspection of the metal ion affinities of these ligands in light of
their dose response. With this in mind, it can be seen from Table 35 that DO3A has slightly higher
metal ion affinities than AAZTA, with the exception of Ca?* (entry ¢), suggesting that outer membrane

permeabilisation, or kinetic effects may be operating for AAZTA.

Table 35: K;_,, values calculated for pH=7.4 to closer reflect the metal ion affinity of AAZTA, DO3A,
PN2C4 and EDTA in liquid media. All data for AAZTA were at T=25°C and /=0.1M and
taken from Baranyai et al.?%%lpK,, Ca?* and Zn?* values for PN2C4 from Kalman.[264 Mg+
value from Tircs6!269]

Entry Equilibrium quantity AAZTA DO3A PN2C4 EDTA
a a-coefficient 1.3x10*% 1.98x107 6.77x10% 1.61x103
b K, (Ca?*) 12.76 12.6 7.66 10.61
c Ka,,, (Ca*) 8.88 5.87 5.49 7.82
d Ka (Mg?) 8.31 11.6 7.65 8.83
e Ka,,, (Mg?*) 442 4.94 5.48 6.04
f Ka (Mn?+) 15.4 19.4 - 13.81
g Ka,,, (Mn2*) 11.6 12.7 - 11.0
h K (Zn?*) 18.0 21.6 15.9 16.44
i Ka,,, (Zn?) 14.1 14.9 13.7 13.7

There is only a small difference in metal ion affinities between EDTA and AAZTA, but a marked
difference exists in their dose response. On this basis, it is suggested that AAZTA may have a higher

Fe3+ affinity compared to EDTA at pH 7.4, and experimental confirmation of this may be useful.

5.4. Effect of AAZTA on cellular metal content

As the ICP-MS data in Chapter 3 showed, manganese is the metal most extensively depleted from
E. coli JM101 cells by EDTA and AmGly- , and this depletion could not be predicted from inspection
of the metal ion affinities for either ligand alone. Along these lines, the similar metal ion affinities, but
strikingly different dose responses of EDTA and AAZTA at pH 7.4, prompted an investigation of the
effect of AAZTA on E. coli cellular metal content (Figure 29), to see if any further information could

be obtained regarding the observed inhibition profile.
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Figure 55: Effect of AAZTA on the metal content of E. coli JM101 cells at stationary phase. Values
are the average of three biological repeats. Error bars represent two standard deviations
of the mean. Cells were incubated aerobically at 37°C for 16 hours in a medium consisting
of 99:1 v/v TSB:0.2 M K,HPO,4 containing 100x [AAZTA] prior to harvest.

In this case, iron is depleted from the cells, in addition to manganese. Although EDTA depletes
both of these metals at 1.0mM, the depletion is not as drastic as that observed for AAZTA. Without
an assessment of the Fe3* binding strength of AAZTA however, no certain conclusions can be made
on the origin of this phenomenon and so such a study should be considered in future work.

Studies on abcessed organs in mice also show simultaneous iron and manganese deficiencies
compared to neighbouring tissues,!'%: 2861 and reductions of iron and manganese concentrations
in growth media treated with human Calprotectin leading to E. coli growth inhibition have been

reported.®® 571 Because there is some overlap between the roles of manganese and iron in bacteria,['74
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the simultaneous starvation of these metals may be one of the reasons behind the enhanced toxicity
of AAZTA at lower concentrations compared to to EDTA, AmGly, or EHPG. That the effects on man-
ganese and iron observed for AAZTA are also seen in the natural world as part of an antimicrobial

defence strategyl'”® 19 was highly gratifying.

5.5. Towards rational ligand design: Synthesis and properties of NOON
5.5.1. Motivation and synthesis

The observations that EHPG depleted iron from E. coli JM101 selectively (Figure 51), and that
phenolate donor ligands have very low Ca®* and Mg?* affinities at pH 7.4 (Figure 39 and Table 30),
but were still capable of inhibiting E. coli growth, and that TETA and EGTA exhibited limited E. coli
growth inhibition (Sections 5.3.2 and 5.3.3) was intriguing, considering the low Kj_,, values HBED,
EHPG, TETA and EGTA all had for Ca?* and Mg?*.

At this point, it was thought that enough information had been gathered on a sufficiently wide
variety of ligands and their effects on cellular metal content to attempt the design of an analogue of
a known ligand that exhibited weak growth inhibition by bolstering its Fe3* affinity through optimising
the donor groups.

In this case, EGTA was selected as the base ligand, because of its low Fe3* affinity and the
possibility of enhancing the Fe3* affinity by substituting some carboxylate donors with phenolates. If
this was successful, the resulting ligand would have low affinities for Ca?* and Mg?* at pH 7.4, but a
high Fe3+ affinity. This could result in a metal ion affinity and selectivity profile similar to that of HBED
or EHPG, and possibly similar growth inhibition behaviour, if the supposition that very high ligand-
Fe3+ affinity can compensate for low affinities for other metal ions, leading to significant inhibition,
was true.

The test structure that was selected was {[(o-Hydroxyphenyl)methyl]{2-[2-(2-{(carboxymethyl)[(o-
hydroxyphenyl)methyl]lamino}ethoxy)ethoxy]ethyl}amino}acetic acid (NOON), which could easily be
prepared by using the reductive amination-alkylation-deprotection sequence used to prepare the 4-

R-HBED systems in Chapter 4 (Figure 31).
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Scheme 31: Synthesis of the NOON ligand.

As with many of the other phenolate ligands, chromatography was unnecessary for any part of the
synthesis, and single crystal X-ray crystal structures have been obtained for NOON-tBu, NOON and
the Ca-NOON* complex, which is one of only two examples of an N,Og ligand saturating the Ca®*

coordination sphere in 1:1 stoichiometry (Figure 56 and Appendix C).[?57]

o(3)

Figure 56: a) Single crystal structure of the Ca?* complex of NOON (Ca-NOON, the NOON ligand
is in the “L” form, Figure 57) viewed down the a- axis. b): The same structure viewed
perpendicular to the a-axis illustrating the equatorial coordination around the central Ca?*
ion. Counter-ions, hydrogen atoms and outer-sphere water molecules omitted for clarity.
Ellipsoids represent 50% probability.

*Species was crystallised and solved by Javier Pitarch-Jarque (University of Valencia)
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Measurements of the chelate rings NOON forms show that pronounced angle strains are apparent,
manifested in the form of large deviations of the bite angles from the ideal bond angles of pentagonal

and hexagonal rings (108 and 109° respectively, Table 36).

Table 36: Selected angles and bond distances for Ca-NOON. Bracketed values are the standard
deviation of the last figure.

Bond lengths Bond angles
Bond Length /A Atoms Angle /°
O(1)—Ca(1) 2.591(3) O(1)—Ca(1)—0(1) 64.26
0(2—Ca(1)  2.330(3) O(1)—Ca(1)—0(2) 79.41(11)
O(4)—Ca(1)  2.502(7) N(1)—Ca(1)—O(1) 64.12(10)
N(1)—Ca(1)  2.746(4) N(1)—Ca(1)—O(4) 76.5

On comparison to Ca-AmGly; structure discussed in Section 3.6, it is also apparent that the donor
atom-Ca?* bond lengths in the Ca-NOON complex are all substantially longer than those observed
in Ca-AmGly;. These strained angles suggest that the ligand may be better suited for larger metal
ions than Ca?*, Mg?*, Fe3*, Mn?* or Zn?*, something which was also suggested from the following
metal ion affinity data. An entropic component may also be at play, in that the long, flexible linker that
NOON contains will have its conformational freedom reduced more severely than a shorter chain,

such as an ethylene diamine upon coordination to a metal ion (Section 1.4.1).

5.5.2. Metal binding studies on NOON (in collaboration with the University of Valencia) and

its effect on E. coli growth

The proton and metal ion binding characteristics of NOON were then studied, so as to obtain an
understanding of how the structure of the ligand affected the interactions it had, thereby allowing a

greater understanding of its bacterial growth-inhibiting behaviour.
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Protonation constants. The most relevant protonation states for metal ion binding are displayed

in Figure 57.
©
(0]
© (<)
OOC/\N/\/O\/\O/\/N\/COO —_— OOC/\N/\/O\/\O/\/N\/COO
o o

OH

HO HO
HaL HL

Figure 57: Protonation states of NOON most relevant to metal ion binding. Donor groups are high-
lighted using colour.

Protonation constants are shown in Table 37 alongside those of HBED for comparison.

Table 37: Protonation constants for NOON determined using pH-potentiometry and UV-Vis titration,
compared to reference values for HBED (T7=25°C, /=0.1 M unless otherwise indicated).
Values in brackets represent one standard deviation of the last significant figure. log K;
values without accompanying brackets are K values calculated from experimentally deter-
mined equilibria . Data for NOON are the average of two independent experiments, both
performed at 7=25°C and /=0.15 M KCI.

Entry Equilibrium log K, Entry Equilibrium log K,

NOON HBED'
a iy 1217(1) g o) 1246
b el 1088(1)  h 0 1100
© iy e i iy e
d A, 7.56(1) T 464
o ofith 2e kil s
f dieh 181D Be5 T 170

i) Data for entries g-j from Eplattenier.2%5] Entries k-l from Motekaitis.[268]
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In general, the pK, values for the phenol groups of NOON are very similar to those for HBED,
indicating that going from the ethylene bridge in HBED to the bis-ether bridge in NOON has very
little effect on the ionisation behaviour of the groups in each case. The origin of the large difference
between the fourth protonation event for either ligand (entries d and j) is uncertain, because the
site of protonation for NOON is unknown, but it is possible that short range interactions between

heteroatoms and already protonated sites in HBED that cannot form in NOON are responsible.

Complexes of Calcium, Magnesium and Zinc. Data are presented in Table 38.

Table 38: Metal-ligand association constants for NOON determined using pH-potentiometry, com-
pared to reference values for NOON (7=25°C, /=0.1 M unless otherwise indicated). Val-
ues in brackets represent one standard deviation of the last significant figure. log K values
without accompanying brackets are K values calculated from experimentally determined
equilibria . Data for NOON are the average of two independent experiments, both per-
formed at 7=25°C and /=0.15 M KCI.

Entry Equilibrium log K; Entry Equilibrium log K;

NOON HBED!
[Cal] . Cal
a e 7.34(5) j % 9.29
[CaHL] [CaHL]
b Preal] 9.96 k sy 5.52
[CaHoL] CaHs L
c Griamn 8.67 I [,Ll[ac;HlL] 2.02
[MgL] [Mgl]
d W] 5.32(5) m o] 10.51
[MgHL] [MgHL]
e I 10.77 n [HITVel] 6.20
[MgHo L] MgHs L
f (o ey 9.41 o [L,][é,{,,;HlL] 2.21
Znl ZnL
e 1217(3) q e 18.95
[ZnHL] [ZnHL]
h iy 10.34 r (2o 8.17
A ZnHs L ZnHo L
i [L,]["Z;H{] 7.51 s [L,H”Z;H{] 5.83

i) Data for entries j-o from Eplattenier.[29%] Entries g-s from Motekaitis.[268]

From these data, it is obvious that NOON forms less stable complexes than HBED to Ca?*, Mg?*
and Zn?* at high pH, which may be due to the steric strain induced in the resulting complexes of
NOON as suggested by the crystal structure above. It would seem that this effect outweighs the
increased stability that octadentate coordination of NOON to Ca?* may contribute relative to HBED.
The complexes that NOON forms are much more basic compared to those of HBED; this may also
lead to a route to “acid-mediated” decomplexation that increases the rate of dissociation of the com-

plexes of NOON relative to those of HBED.
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Table 39: Transition metal-ligand association constants for NOON determined using pH-
potentiometry, compared to reference values for HBED (T7=25°C, /=0.1 M unless other-
wise indicated). Values in brackets represent one standard deviation of the last significant
figure. log K, values without accompanying brackets are K, values calculated from ex-
perimentally determined equilibria. Data for NOON are the average of two independent
experiments, both performed at 7=25°C and /=0.15 M KCI.

Entry Equilibrium log K Entry Equilibrium log K

NOON HBED'
[Fel] [Fel]
el 2568 g i 39.01
FeHL FeHL
b [L,]‘[*Feg] 7.54 h [L,fFeg] 1.51
FeHo L]
c [ L,]fF;HlL] 4.42
ML) ; ML)
e i) 11.16 i ) 14.78
MnHL = MnHL
f k1020 i) 9.98
MnH, L
k [L][MHL 5.56

i) Data for entries g-h from Ma.[202] Entries i-k from Eplattenier.[205]

Complexes of Iron and Manganese. As was hoped, the incorporation of the phenol groups in-
creased the Fe®* affinity of the deprotonated NOON ligand relative to EGTA, but once again, the
change in bridge from the ethylene bridge of HBED to the bis-ether bridge of NOON reduced the
stability of the Fe3*-NOON complex dramatically compared to the Fe3*-HBED complex. Much like
the reduced stability of the Fe3*-EHPG complex relative to the Fe3*-HBED complex (Section 4.4),
these data also serve to show the importance of the spatial arrangement of donor groups in maximis-
ing complex stability even when the individual donor groups form extremely strong interactions with
the metal ions in question (Section 1.4.2). A similar reduction in Mn2* complex stability is also ob-
served compared to the hexa-coordination of HBED, which was likewise assigned to the sub-optimal
selection of donor atoms and bridge length.

With these metal ion binding data in hand, calculation of the Schwarzenbach «-coefficient and the

metal ion binding constants at pH 7.4 was now possible (Table 40).
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Table 40: K, values calculated for pH=7.4 to closer reflect the metal affinity of NOON in liquid
media, with the values for HBED included for comparison.

Row Equilibrium quantity NOON HBED
a a-coefficient 6.33x 10" 2.34x10710
b K (Ca2*) 7.34 9.29
c Kagyy (C%*) -2.86 0.34
d Ka (Fe*) 25.7 39.7
e Koy (FE*) 15.5 30.1
f Ka (Mg?") 5.32 10.5
g Kagons (Mg?*) -4.89 0.87
h Ka (Mn2+) 11.2 14.8
i Ka,,., (Mn2*) 0.96 5.17
j Ka (Zn?*) 12.2 18.3
k Kawons (Z07*) 2.27 8.67

As with the other phenolic ligands discussed in this work, the high pK, values for NOON mean
that Ca®* and Mg?* ions are unlikely to be sequestered under the conditions of the dose response
experiment, and so outer membrane permeabilisation is very unlikely. It is also evident that the only

metal ions that may interact with NOON will be Fe®* and Zn?*, but the stark difference in K, (Zn%*)

and K,__(Fe®*) mean that NOON is extremely selective for Fe3+. In spite of this, it is probable that

cond (

the value of K,__ (Fe3*) for NOON, relative to EGTA, was the reason why the ligand did not exhibit

cond

any significant bacterial growth inhibitory activity against E. coli (Figure 58), in that the Fe3* affinity

was not sufficiently high to give the same effects on bacterial growth seen for HBED and EHPG.

[NOON] Growth cf.

control 110 |
/mM /% 100 J— /X\i [
oH 90 J l\x\>
0 100 + 18 = 0] J J
£ 70
HORC™ NS O™ g AN ACOM 0.625 (7.9) 101 £17 § 60
S 50
1.25 104 £ 16 E —
HO : o l
25 97 £ 20 § %07
NOON : _ & 20]
5.0 93+ 16 10
; —
100 (8.3) 87+ 16 0.0 25 50 75 10.0

Concentration /mM

Figure 58: Dose response curves for E. coli JM101 upon dosing with NOON. Bacteria were incu-
bated for 16 hours at 37°C in a medium composed of of 90:10 v/v TSB: 10x ligand stock
in 400mM KoHPOy4 (in-well [KoHPO4] of 40mM). Values are the mean of three technical
repeats. Both error bars and margins represent two standard deviations from the mean.
Bracketed values adjacent to tabulated concentrations are the pH of test solutions based
on the same media used for the dose response experiment. Blue lines represent the dose
response of the ligand, and grey lines represent the dose response of EDTA.
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Due to these disappointing results, studies on NOON were discontinued. It is recommended that
the design of another ligand, perhaps with lower pK, values and designed to have less strained
chelate rings is investigated to evaluate the relevance of extremely high Fe3* affinities on bacterial
growth inhibition. It is proposed however, that NOON may be usable as an Fe3* buffer for biological
assays in a role similar to EGTA, which is often used as a Ca?* buffer due to its high selectivity for

Fe®* in solution.

5.6. Lipophilicity measurements

Though previous partition coefficient estimations in Chapters 3 and 4 showed no evidence of parti-
tioning for the ligands and complexes tested, the same study was performed here to afford data for
the analysis discussed in Section 5.7. Only the Fe3* complexes of DTPA, EGTA and NOTA were
considered (Table 41). These complexes were likely to be more lipophilic than the free ligands, which

were almost certain not to partition into the organic phase.

Table 41: PBS:1,2-Dichloroethane partition coefficients (Ppce) for the Fe3* complexes of DTPA,
EGTA and NOTA at a buffer pH of 7.4 . Data are the average of two independent experi-
ments. Error margins represent two standard deviations from the mean.

Entry Species Charge at pH Ppce / No units
] e 0+0'
a Fe-DTPA 2 (extremely hydrophilic)
_ i 0.0+0.0f
b Fe-EGTA 1 (slightly hydrophilic)
ii
c Fe-NOTA -0V o

(extremely hydrophilic)

i) Calculated from Caravan et al.[252] ji) No detectable absorption in dichloroethane layer. iii) Calculated from Schroederl2571
iv) Calculated from Clarke and Martell.[242]

The absence of measurable partitioning is consistent with the behaviour of other iron complexes

studied, and indicates that their membrane permeation is unlikely.

5.7. What is the most important factor in predicting ligand efficacy?
5.7.1. Introduction and strategy

No one molecular property considered throughout this work appeared to dictate the inhibitory power
of a ligand in liquid media, meaning that rational ligand design with the aim of maximising growth
inhibition at low concentrations would be difficult. Because the identification of the most relevant
parameters for E. coli growth inhibition would greatly facilitate ligand design for other workers, efforts
were turned to the development of a preliminary model of E. coli growth inhibition through using

combinations of variables.
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Figure 59: Ligands considered in efforts towards a predictive model of E. coli JM101 growth inhibition
in TSB.

This study began by selecting ligands that had already been tested for inhibition, but which also
had known protonation constants and metal ion affinities (Ca%*, Mg?*, Fe®*, Mn?*and Zn?*) along
with partition coefficients (Figure 59), to provide a pool of data.

Once the candidate ligands were selected, the data set to be used could now be constructed.

5.7.2. Assembly of a data set

Although high metal ion affinities were key to growth inhibition, the question of which metal(s) were
of greatest importance remained unanswered. Because it was not certain which formulation of the

metal ion affinity for a ligand gave the closest relationship to E. coli growth inhibition, both K,__, and

cond
K, values for a set of metal ions were entered into the data set. Structural features of the ligands,
such as denticity and number of atoms in each chelate ring, were also incorporated as auxiliary
parameters which did not affect growth inhibition at a given concentration, but did influence metal ion
affinity.

Up until now, the concentrations of the metal ions in media has not been discussed, partly because
of the limited relevance metal ion concentrations had in the previous discussions on structure with
the extent of growth relative to control. Metal ion concentrations in media (both complex and defined)
vary by orders of magnitude, and so if a metal ion is present in low concentration in a liquid medium,
the metal ion affinity a ligand required for complete (or close to complete) sequestration will need to

be higher.

Conversely, metal ion affinities for metal ions present at higher concentrations in the medium need
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not be so high, provided enough of the ligand is available for complete sequestration. Therefore, the
magnitude of some metal ion affinities will be more important than others, and this will be dictated by
the composition of the media. This raised the possibility that tracking ligand effects on free metal ion
concentrations in situ could give better correlations and the observed growth relative to control (re-
ferred to as GRC for brevity). [?®]Because of the number of equilibria involved and their interrelation
with one another, experimental measurement of free metal ion concentrations was not possible. To

overcome this, a simple computational model was employed.

5.7.3. A simple model of metal speciation in TSB

The speciation modelling program HySS[?7% and equilibrium data obtained from the SCDbase or
potentiometric work covered earlier (Sections 3.5.1) were used to model the interaction between the
ligands in Figure 59 and the metal content of TSB, for which the values of Damo et al.5¢! were used
after applying a correction for the 90% v/v TSB used in the growth inhibition experiments.

Because TSB is a complex medium, some approximations were necessary. These were that:
* The pH of the simulated media is 7.4, at a temperature of 25°C.

« Alliron present in the simulation is in the +3 oxidation state. Indeed, Fe?* would also be present,
but the absence of added reducing agents and non-anaerobic conditions meant that Fe3* was
likely to be the predominant oxidation state in situ. Similarly, all manganese was considered to

be in the +2 oxidation state.

» Trace metal ions such as those of copper and cobalt were not considered, meaning that only

Ca®*, Mg?*, Fe®*, Mn?* and Zn®* were simulated.

» Because it is impossible to know what the ligating species in TSB are, no competing ligands,
e.g. peptides, amino acids or simple inorganic ligands were incorporated into the model. This
implied that all of the metal ion content in the simulation existed as hydrated species available
for binding, or “free” metal, and that in reality, the free metal ion concentrations would be lower

than would be calculated.
* No hydroxo- complexes of the formula [ML(OH),]*—, where n > 1 were formed.

Working within these approximations, free metal ion concentrations could then be calculated for
media in the presence or absence of a given ligand at a set concentration (Figure 60). Because
of the large variation in the values of free metal ion concentrations, these concentrations have been
expressed as p(M™) values, where p(M™) = —log[M™]. Because of the way p(M™) is formulated, a

higher p(M™) is reflective of a lower free metal ion concentration.
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Figure 60: Calculated p(M™) values in a model bacterial growth medium for the test ligands at
[L]=2.5 mM.

It is noteworthy that aminocarboxylate ligands such as DOTA, NOTA, and DTPA that exhibit higher
p(M™) values in the model gave lower GRC at 2.5 mM of ligand. The p(Fe®*) values for these ligands
are slightly higher than for EDTA, and may have contributed to the increased inhibition observed for
DOTA, NOTA, and DTPA at lower concentrations cf. EDTA.

Now that estimates of the effects on metal ion concentrations were available for each ligand, they

could be incorporated into the final data set for correlation analysis (Table 42).
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Table 42: Ligand properties and associated transformations checked for correlations with GRC at

[L]=2.5 mM.
Row Structural features Equilibrium properties Modelled medium data
a Total number of atoms a-coefficient [Ca*]free
participating in all possible
chelate rings
Number of donor atoms log Kz, (Ca2*) [Mg®*]tree
c Charge on free ligand log Ka,,,,(Mg?*) [Fe**free
(pH =7.4)
d Ppce log Kacond(FeS+) [Mn2+]free
(Fe®* complex)
e Pcoci, log Ka,,,, (Mn2+) [Zr%*]free
(free ligand)
n+ [Mgz+]free
g Z lOgKacond(M ) 1 00( [Mgz+]to[al )
3+
[T 10Kz (M™) 100(fege)
A 2+
= 2+
k Kagons ( Fes+) p (Caz+ )free
| Kacond(Mn2+) P(M@®*) free
m Kacong (Zn?*) P(Fe**)free
n Z Kacond(Mn+) p(Mn2+)ffe€
0 H Kacond(Mn+) p(zn2+)free
p Ka(Caz+) Z[Mm]free
q Ka(M92+) log (> [M™]free)
. Ka(Fe®) 100( i)
s Ka(Mn?*)
t Ka(Zn?)

5.7.4. Analysis of the data

The small sample size used meant that the use of multiple regression and linear discriminant anal-
ysis methods to determine the most important contributor to growth inhibition in the data set was
inappropriate.?”'! Therefore, simpler methods of assessing correlations were used, the most useful
being the nonparametric Spearman rank correlation coefficient, a measure similar to the Pearson
correlation coefficient, but adapted for data that does not follow a normal distribution (the small sam-
ple size and absence of multiple ligands in the data set with identical metal affinities meant that this
was the case). Using the Spearman correlation coefficient, no significant (o < 0.05) correlations

between GRC at 2.5mM and the equilibrium parameters in Table 42 were found.
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If the candidate set of ligands was truncated to simple aminocarboxylates however (thus excluding
HBED, AmGly,; and AmGly,), it was apparent that quantities related to Fe®* sequestration (Figure
61) showed the strongest correlation to the GRC at 2.5 mM.

i) i)

100 - 100 -
$ EGTA $ EGTA

80 80

60 | 60

o (Spearman)= 0.94 } } p (Spearman)= 0.89
EDTA EDTA

Growth relative to control /%
Growth relative to control /%

p-value=0.005 p-value=0.02
40 1 40 +
20 - 20
DOTA DOTA
] DTPA DTPA
® eNOTA NOTA
0 1 1 1 1 0 1 T 1 1
15.0 17.5 20.0 225 25.0 0.0 0.5 1.0 1.5
log K, (Fe™) 10 x [Fe™], ,, /mol dm™

Figure 61: Correlations between E. coli growth relative to control at 2.5mM and i) log K, (Fe®*),
and ii) the molar concentration of free Fe®* in the model media. Error bars represent two
standard deviations from the mean of three technical repeats.

The monotonic, non-linear relationship between log K, (Fe**) underlines the importance of the
ion for the various cellular processes of E. coli, which was covered earlier (Section 4.1). Owing
to the small sample size used for the development and validation of this model, it is of limited use.
Nevertheless, these correlations indicated that a greater ability to sequester Fe3* in the model growth
media may lead to reduced GRC values for aminocarboxylate ligands. Further work will be necessary

to extend this model to more “aytpical” ligands bearing amide, phenol and other groups.

5.8. Conclusions for this chapter

A collection of commonly used ligands were tested for their growth inhibition properties against E. coli
JM101, and the outcomes considered in light of their conditional metal ion affinities. For aminocar-
boxylates, ligand denticity did not appear to be a major factor for growth inhibition. Two different
profiles of chelation induced bacterial growth inhibition are proposed, based on the apparent impor-
tance of the Mg?* affinity of aminocarboxylate ligands to E. coli growth inhibition, and the observation
that phenolic ligands like EHPG and HBED are capable of inhibiting bacterial growth even though
they are unlikely to bind Mg?* particularly well. To see whether increasing Fe3* affinity could increase
E. coli growth inhibition, an analogue of EGTA, the novel ligand NOON, was synthesised. Unfortu-
nately, the high pK, values of NOON meant that metal ion binding in media was attenuated to the

point where it was ineffective as a growth inhibitor.
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Studies on cellular metal content of E. coli cells treated with different concentrations of AAZTA,
a powerful inhibitor of E. coli growth, were also undertaken, and showed simultaneous iron and
manganese depletion; an effect that has recently been observed with human calprotectin, which has
been shown to act as a bacterial growth inhibitor.

Based on a model of TSB and elementary statistical methods, a tentative link between Fe3* affinity
for aminocarboxylate ligands at pH 7.4 and E. coli growth inhibition has been identified. Because
of the low sample size (six ligands) used however, the evaluation of a greater number of ligands to
test the relevance of such a link is necessary. If such work is fruitful, then a principle for the design
of aminocarboxylate ligands that are strong inhibitors of E. coli growth, i.e. the need for a high Fe3*

affinity at the pH of use, will have been established.
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6. Towards new ligand structures

6.1. Introduction

The presence of tertiary amines in the ligands most inhibiting of E. coli growth (e.g. AmGly,, 4-
Br-HBED, NOTA and DTPA) was likely to render such systems non-biodegradable (Figure 62).[2]
Consequently, if one of these ligands were to be used as an EDTA alternative, the environmental
impact would also be uncertain. A solution to this problem then, may be the synthesis of ligands with
a similar inhibition profile to those in Figure 62, but which also incorporated certain “biodegradable”

structural features, like chiral carbon atoms, secondary amines and electron-rich aromatic groups.

COH HOZC/\N/_\N/\COZH (COZH
HOoC™ SN AN COH N 0,0~ N7 SN o
HOAC Hozc) HO,C COH
EDTA NOTA DTPA
Growth / %: 4712 421 641
HN" > COH HO
0 Br

OH
AmGly; 4-Br-HBED

61 51

Figure 62: Ligands with superior E. coli JM101 growth inhibition compared to EDTA, as measured
by percentage growth relative to control (at [L]=2.5 mM, italicised).

A complementary approach, where analogues of ligands known to be biodegradable are synthe-
sised, could also be useful. Many biodegradable ligands currently in mass production, e.g. EDDSI'7]
or NTA, have significant shortcomings, such as low metal ion affinities and the need for a high oper-

ating pH (Table 43).

158



Table 43: log K,_,, values calculated for pH=7.4 to closer reflect the metal ion affinities of EDDS,
NTA and EDTA in liquid media. All data presented were measured at T=25°C and /=0.1M.

o
HO y Hofo HO)I\é/\/U\OH
HO AN HO N._-COH
o " g: \H/\NKI(OH COLH
o) o)
EDDS NTA GLDA
Row Equilibrium quantity =~ EDDS' NTA¥ GLDAY EDTA
a a-coefficient 1.51x10°% 251x10° 9.83x10°% 1.61x10°
b log K, (Ca®*) 4.58 6.31 5.9 10.61
c log Ka,,,, (Ca?*) 1.76 3.71 3.9 7.82
d log K, (Mg2*) 5.82 5.36 5.2 8.83
e log K, (Mg?*) 3.00 2.76 3.2 6.04
f log K (Fe®*) 20.6 24,0l 15.3 25.0
g log K., (Fe3*) 17.8 21 4 13.3 22.2
h log Ka (Mn2*) 8.97 v 7.6 13.81
i log Ka,,, (Mn?*) 6.14 v 5.6 11.0
i log K (Zn2*) 13.6 105 115 16.44
k log Ka,,., (Zn2*) 10.8 7.93 95 13.65

i) EDDS values for pKa, Fe3*, Mn2+ and Zn?* from Orama.[272JAll values correspond to the S,S- isomer. Ca2* and Mg2*
values from Gorelov.2781The measured isomer could not be ascertained. i) NTA pKj values from Majlesil274], Ca2+ data
from Craggs(27%!, Mg2+ data from Bohigianl276! and Fe3* data from Motekaitis.”277! iii) Overall stability constant for the

formation of an ML, complex. iv) Data not available. v) All data from the AkzoNobel GLDA product guide[278l

Synthetic approaches towards analogues of biodegradable ligands are uncommon in the literature,

and so the development of a general route in itself could facilitate the study of analogues by other

workers.

Based on the strategies proposed above for the synthesis of biodegradable ligands, structures

based on analogues of DTPA and GLDA were considered. The reasons for these choices are dis-

cussed below.
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6.1.1. Motivations for the preparation of GLDA analogues

GLDA (Table 43) is well known as a readily biodegradable ligand based on I-glutamic acid, sold
by AkzoNobel under the trade name Dissolvine® GL. A number of patents (ca. 350)* have been
granted describing its use in niches similar to EDTA, e.g. in cleaning, personal care, soil treatment
and cosmetics. The metal ion affinities for GLDA are somewhat low, meaning that GLDA is unlikely
to be as active as EDTA at similar concentrations in situ (Table 43).

As with all aminocarboxylate ligands, the metal ion affinities increase as a function of pH, and in
the case of GLDA, the optimum pH range for metal sequestration is 8-10 for Ca?*, Mg?*, Mn?* and
Zn?+ 12781 For certain applications, where a low pH is necessary, e.g. in shampoo, this is problematic.
Therefore, the preparation of an analogue of GLDA which retained good metal affinity across a wide
pH range was a clear way to address this shortcoming. An alternative strategy to raise the effective
pH range was based on exploiting the relationship observed between log Kj_,,(Fe*) and E. coli
growth inhibition (Section 5.7), as well as the reduced influence of low K;__values for Ca?*, Mg?*,
Mn?* and Zn?* on E. coli inhibition when K, ,(Fe*) was especially high (Section 4.3). Based
on these lines of reasoning, two GLDA analogues, PyGl; and HBGI3 were targeted for synthesis

(Figure 63).

(0] (0] (o] ]
HOWOH HO)WLOH
HOZC\/N HOZC\/N
NN OH
“ \
PYGls HBGI;

Figure 63: Analogues of GLDA targeted for wide pH range performance (PyGls), and stronger Fe®*
binding (HBGl3) compared to the GLDA parent structure.

PyGl; was selected based on an inspection of the pK; values for GLDA, with the first protonation
event being assignable to the central amine. This protonation would contribute to a disruption in the
chelate ring formation that is less likely to be present in di-, or poly-amine ligands, because of their

ability to form chelate rings with a metal ion even if one of the amines is protonated (Figure 64).

*Based on searching patents related to CAS No: 58976-65-1 (GLDA as the free acid) in the SciFinder database (January
2016).
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Figure 64: Geometry-optimised (UFF) models of i) the Fe-GLDA chelate, showing how all of the
chelate rings involve the sole amine group, and ii) the Fe-EDTA chelate. In this case,
if one of the amine groups is protonated, not all of the chelate rings will be affected.
Because no single crystal X-ray structures of GLDA or its metal complexes have been
reported, a guess of the coordination mode was necessary.

It would be useful then, to lower the pK; of the central nitrogen atom by the attachment of a nearby
electron-withdrawing group which was also capable of coordination. Based on these factors, and

literature pK, values, a picolyl group was chosen for the purpose (Figure 65).
HOY\NH? | AN Nkf?

pKa: 9.6 8.6
(for group in blue)

Figure 65: A comparison between the pK, values?’?! of glycine and 2-picolylamine.

HBGI;3 on the other hand, would likely have a higher pK; value for the amine group than GLDA,
but would be structurally similar to the HBIDA ligand, which possesses a high K,(Fe®+), and a corre-
spondingly high K, (Fe3*) at pH 7.4 (Figure 66). By analogy to HBIDA, it could be anticipated that
HBGI3 would exhibit a higher Fe®* affinity across a wide pH range, and a stronger inhibitory effect

against E. coli compared to GLDA.
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HOZC\/N HOZC\/N OH
CO,H CO.H
GLDA HBIDA
log Ka: 15.3 224
log Kacond (pH 7.4): 13.3 17.2

Figure 66: log K,(Fe**) and log K, ,(Fe®*) values for GLDA and HBIDA?8  indicating the contribu-
tion of the phenol group to Fe3* complex stability at physiological pH.

6.1.2. DTPA as the basis for a biodegradable ligand

DTPA and NOTA were among the most inhibitory ligands tested in this work, but the experimentally
demonstrated poor biodegradability of DTPAI?23l and the low biodegradability predicted for NOTAI281]
prompted a consideration of how their environmental properties could be improved through the syn-
thesis of analogues. In this case, a DTPA based structure was chosen in preference to a NOTA
based one because of the high cost of the NOTA ligand and the parent macrocyclic triamine, as well
as the somewhat lengthy syntheses required to access NOTA derivatives. 236 282]

Drawing from the biodegradability of EDDS,['”] and EDDM (Figure 67),['® a system containing
secondary amines was envisaged. As a way of enhancing metal ion affinities compared to EDDS
which forms some six-membered chelate rings, five-membered chelate rings defined by amine and
carboxylate donors were desired in targeted structures. The incorporation of a tertiary amine was

also hoped to increase metal ion affinities relative to EDDM.[283]

EDDM

Figure 67: Structure of EDDM, a biodegradable ligand incorporating malonate donor units.

The conceived structure, RDTPMal (Figure 68), was predicted to be readily biodegradable in the
free state and would also be one of few ligands to incorporate malonate units as donors in a chelating

ligand, if the synthesis was successful.
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RDTPMal
R=H, Me

Figure 68: RDTPMal, a candidate structure for a biodegradable analogue of DTPA, and a simulated
eight-coordinate complex for the R=H structure. Five-membered chelate rings formed are
highlighted in blue.

6.2. Synthetic and biological studies of GLDA analogues

6.2.1. Strategy

The obvious starting material in this case was I-glutamic acid, which could be subject to stepwise
functionalisation at the amine group. An ester derivative could be used for a possible pathway
(Figure 69, route B). Alternatively, a pre-functionalised amine precursor could be coupled to an

a-haloglutarate electrophile prepared?®4 from I-glutamic acid (Figure 69, route A).

(0] o (0] o (0] O
R w R w R * R
~0 ~ o A HO™ OH B \owo/
| X | E—— HOzC\mLLNW — HN.
Glutaric electrophile I

Ar O Ar
o Jo
- J\/n R\o %
~o ff]
Ar

S —— |

; R= H, Me, Et, iPr, '‘Bu
Amine fragment

X= ClI, Br, | Q Q
R * R
. \ ~o o~
. . s ~a on NH,
=
)J\/\)J\ Ar lN °r i
NS
HO Y OH
H Ar H
NH,
(0] (e}

Figure 69: Possible disconnections towards PyGl; and HBGI;.

To minimise the number of protection/deprotection steps necessary, reductive amination was cho-
sen to install the aromatic fragments in disconnections A and B in preference to alkylation. This deci-

sion was also influenced by the fact that pyridine-2-carboxaldehyde and salicylaldehyde are commod-

163



ity chemicals, and the preparation of pure oxoacetates is difficult because of their high reactivity.[285
This meant that the addition of the final carboxylate groups to prepare precursors to PyGlz and HBGI;

was probably the more straightforward approach.

6.2.2. Synthesis of intermediates via reductive amination of aldehydes directly onto

I-Glutamic acid and derivatives

Initially, a synthesis devoid of any form of protecting group chemistry was trialled. I-Glutamic acid was
reacted with salicylaldehyde under the reductive amination conditions described by Sreenivasulu.?%®]
This convenient procedure could be conducted on a large scale and so was used to afford 24 for

further alkylation studies (Scheme 32).

O
[¢] (0] iyNaOH, rt, 30 min (¢] (o}

J\/\)J\ . OH ii) NaBH, ,0°C to 1t 1.5h )J\/\/U\
HO™ ™~ OH » HO OH

H,0/MeOH, N, :

NH

OH

58%
24

Scheme 32: Synthesis of non-protected intermediate 24 via reductive amination.

Alkylations of 24 under a variety of conditions to prepare HBGl; or a monoester precursor were
unsuccessful (Table 44), presumably due to the interference of the carboxylate groups. Informed by
results in Section 4.2, it appeared that protection of all of the carboxylate groups as their esters in

precursors to PyGl; and HBGl; was necessary.
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Table 44: Unsuccessful alkylation conditions used towards the synthesis of HBGls.

o (o]
w XC OWOH
se,
——8ase XCH.COR— N__coR
Wm
R=H, HBGI;
24
R='Bu, 24a

Temp. Time/

Row X= R= Solvent Base °C h Outcome
a Cl H H-.O KHCO; rt 22 No reaction
b Cl H H,O Na,CO3 60 24 No reaction
c Br tBu Ho Ol NaOH 60 48 Complex mixture
d Br tBu DMF KHCO3 60 48 No reaction
e Br tBu DMF EtsN 60 44 No reaction
f Br tBu MeCN EtsN 60 44 No reaction

i) By ES-LCMS. ii) Tetra(n-butyl)ammonium bromide added as phase transfer catalyst.

Ethyl and isopropyl esters of glutamic acid were chosen as the amine sources, since they could
be made on a large scale using low-cost materials and simple procedures. Methyl esters were
not investigated because of their known propensity to cyclise to lactams under reductive amination
conditions,['50- 1511 3 behaviour also seen when diisopropyl glutamate was reacted with salicylade-
hyde (Scheme 33) to give highly functionalised lactam 25. This showed that the increased steric

hindrance of isopropyl compared to methyl groups was insufficient to inhibit cyclisation.

O i) Stir, 40°C 1h then rt o/n

(o} o} OH H o
)\ * /k | ii) NaBH,, rt, 6h
o) e} + > o N %
MeOH, N2
NH»

Scheme 33: Reductive amination-cyclisation of diisopropyl glutamate to form lactam 25.

Because lactam formation requires a sufficiently nucleophilic amine, direct ester protection on 24
could be possible under acidic conditions, so that the amine functionality remained protonated. This
was not the case, and in a thionyl chloride mediated esterification (Scheme 34), lactam 26 was the
only isolable product. It is interesting that 26 retained the S- stereochemistry of glutamic acid, in spite

of the possibility of acid-catalysed racemisation under these somewhat harsh conditions.
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4 EtOH (solv.), SOCI, - Mo Cc(4)
A, reflux, 48h 0™y \\
OH
62%
24 2

Scheme 34: Thionyl chloride mediated esterification of 24 leading to lactam formation. A single
crystal X-ray structure of lactam 26 was obtained, showing the S- configuration at C(4).
The hydrogen atom attached to C(4) has been coloured black for clarity. Ellipsoids
represent 50% probability.

Two options were apparent in addressing this cyclisation problem: either the development of a
route based on disconnection A, or the use of t-butyl ester protecting groups. Because t-butyl ester
protection is nontrivial, and di-t-butyl glutamate is a costly starting material, the use of simple alkyl
esters as protecting groups was investigated first. The resulting aminoesters could be used as alky-
lating agents (simple glutamic acid esters can be transformed to glutaric halides) to enable the key
reaction for disconnection A . If this was not fruitful, then the use of t-butyl ester intermediates would

be employed as a “method of last resort.”

6.2.3. Routes towards HBGI; employing reductive amination onto glycine derivatives

Development of a route based on disconnection A (Figure 69), required the preparation of two frag-
ments for coupling in a convergent synthesis. The first was the glutarate electrophile, which could
easily be prepared from |-glutamic acid using a diazotisation reaction followed by Fischer esterifica-

tion to afford a-bromoester 27 in low but workable yields (Scheme 35).
0 0 0 0 0 0

HBr, KBr, NaNO, * MeOH (solv.), H,SO, (cat.) *
HOJJ\./\/U\OH > HOJ\(\/U\OH ——— o~
H H,0, cooled, 2h N,, reflux, 75 min.

NH, Br Br

22% (across two steps)
27

Scheme 35: Henig[?%4 route to 27, an electrophile for subsequent amine alkylation.

The suppression of cyclisation in this route relied on the fact that once the amine and glutarate
fragments were coupled togther, a tertiary amine would result. Even though tertiary amines are
nucleophilic, attack of an ester group by a tertiary amine would give an unstable tetrahedral interme-
diate that would collapse back to the starting materials, as opposed to forming a lactam. To confirm
the feasibility of alkylation, and the absence of lactam formation before pursuing the route further,

a test alkylation between 27 and dibenzylamine was performed. Because this amine is somewhat
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hindered, the reaction times necessary for alkylations of amine fragments of the type described in

Figure 69 could be estimated (Scheme 36) from this experiment.

O/
o) 0 0 o)
~ * - EL.N, Bn_NH ~ *
o) (o) 3 BNy » ©
Br MeCN, N, 60°C, 40h N
27

23%
28

Scheme 36: A test reaction between dibenzylamine and 27 confirming the absence of lactam forma-
tion.

No lactam products were isolated, and purification proved straightforward. Therefore synthesis of
the amine fragments HB-28 and Py-28 (for coupling to 27) via reductive amination, was undertaken
by reacting methyl glycinate with the appropriate aromatic aldehyde. Initially, sodium borohydride
was used to prepare HB-28, but the recovery of large amounts of 2-hydroxybenzyl alcohol meant that

sodium triacetoxyborohydride was used as the reducing agent (Scheme 37) in subsequent work.

o © o) ArCHO, Et,N, NaBH(OAc), - H o)
a H3N\)ko/ 1,2-DCE, N,, 1t A'\/N\/lko/
Ar=2-hydroxypheny|: 4h HB-28: Ar=2-Hydroxyphenyl, 23%
Ar=2-Pyridyl: o/n

Py-28: Ar=2-Pyridyl, 43%

Scheme 37: Reductive amination of salicylaldehyde and pyridine-2-carboxaldehyde with methyl gly-
cinate.

Based on ES-LCMS data, reaction of these substrates with 27 proceeded. In spite of this, no
evidence of product formation was present in the "H NMR spectra of the crude or purified reaction
products, meaning that the reaction conditions likely needed optimisation to give workable yields.

One possible explanation came from inspection of a single crystal X-ray structure of HB-28, which
showed the presence of a hydrogen bonding interaction between the amine lone pair and phenol O-H

group, which could lead to the deactivation of HB-28 as a nitrogen nucleophile (Figure 70).

T N(T)
/1.85(2)A

HOD

Figure 70: Single crystal X-ray structure of HB-28 showing the hydrogen bond between the phenol
O-H and amine groups. Ellipsoids represent 50% probability.
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On the other hand, compounds of type 4-R-21 (Table 26), readily underwent alkylation with t-butyl
bromoacetate. Moreover, it is unlikely that any sort of intramolecular hydrogen bond would exist in
Py-28, which also has a less sterically hindered secondary amine group, meaning that some other
factor was accountable for the low yields of these reactions. Increasing the reactivity of electrophile
27 to generate the iodo- derivative 27a via the Finkelstein reaction followed by reaction with HB-28

also did not lead to appreciable product formation (Scheme 38).
0 0 0 o] o] 0

\o * 0/ Nal 3 \0 * O/ HB-28 , KHCOB > \O)J\*K\/U\O/
Acetone, reflux, 2h DMF, N, 60°C, 28h
Ny, )

Br I M302C N

~
75% OH
27 27a

Not, observed
('H NMR)

Scheme 38: Test alkylation of HB-28 using the more reactive electrophile 27a.

Inspired by the work of Prins et al,[?8”! showing that the synthesis and purification of bulky, tripodal
hydroxybenzylamine ligands was facilitated by protection of the phenol groups as their benzyl ethers,
the protected amine fragment HB-28-Bn was synthesised using the benzyl ether of salicylaldehyde,
29 as the reductive amination substrate (Scheme 39). This synthesis proceeded in a higher yield
than that of HB-28, probably because of the presence of the benzyl ether in HB-28-Bn results in

improved organic solubility and a more efficient isolation by solvent extraction as a result.

o
i i L
NH,CH,COOMe.HCI,
H BnBr, K,CO, - EEELH Et,N, NaBH(OAc), - d o]
1,2-DCE, N,, t, 23h
OH  MeCN,N,, 60°C, 5h OBn 2-DCE, N, 1t, 23 o
then rt o/n
83%
29

74%
HB-28-Bn

Scheme 39: Synthesis of HB-28-Bn, a protected analogue of HB-28, via reductive amination.

Remarkably, the reaction between HB-28-Bn and 27a proceeded smoothly in contrast to the reac-
tion of 27 with HB-28. Although slow, monitoring of the reaction via GC-MS indicated that conversion
did increase over time to furnish precursor 30, which was inert to benzyl group removal under reduc-

tive conditions (Scheme 40).
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o 0 o) o) H,, 5 mol% Pd

* HB-28-Bn , K, CO, o
~ w Vs 2~ ~o * o~ (as 10 wt. % Pd/C) 3 No Reaction
MeCN. N 0 EtOAc, rt, 20h
i eCN, N,, 60°C, 6d o 2C

18%

274 V&(é

Scheme 40: Synthesis of O- benzylated precursor 30 and attempted partial deprotection.

At this point, t-butyl esters were used as carboxylate protecting groups, due to the failure of this

partial deprotection, and the large number of steps (six in total) necessary to generate 30.

6.2.4. Synthesis of HBGI; via t-butyl ester protected intermediates

Exploiting the inertness to nucleophilic attack that t-butyl ester protection imparts to carbonyl groups
(Section 3.2.3), reductive amination procedures analogous to those in Schemes 37 and 33 were
performed on di-t-butyl glutamate to afford HB-31 and Py-31 (Scheme 41). Using this protocol, no
lactam formation was observed, and as an added advantage, column chromatography was unnec-

essary for HB-31.

[0} (0]
SL w LD U N P
07 Ty 0
SV N

1,2 DCE Ar, 1t,
Ar=2-hydroxyphenyl: 2h (NH

Ar=2-Pyridyl: o/n
Ar

HB-31: Ar=2-Hydroxyphenyl, 86%
Py-31: Ar=2-Pyridyl, 70%

Scheme 41: Reductive amination using a t-butyl protected derivative of glutamic acid to prevent lac-
tam formation.

The subsequent alkylation of HB-31 using t-butyl bromoacetate, although extremely slow, was
straightforward and HBGl3-tBu was isolable in low but sufficient yield (Scheme 42). This low rate
of reaction was expected based on a survey of other alkylations that would have a similar steric
demand around the nitrogen atom,?8 289 in addition to reaction time necessary to access HB-28-

n (Scheme 41). The low yield of the final deprotection to afford HBGl3 was unexpected and has
been attributed to the hygroscopicity of the HBGl; (as the trifluoroacetate salt) leading to mechanical

losses.
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LA K S

BrCH,COOtBu, KHCO,, cat. Kl
CO,tBu

MeCN, Ar, 60°C, 6d N
OH

29%
HB-31 HBGI;-tBu

NH

CO.H TFA, anisole

\/ >
DCM, Ar, 1t, o/n

37%
HBGI;3

Scheme 42: Successful synthesis of HBGl;.

Despite the presence of trace impurities in a representative sample of HBGI; as detected by 'H
NMR*, sample homogeneity indicated by analytical HPLC analysis (UV detection) and the only impu-
rity peak in an ES-LCMS spectrum being assignable to [M-4H+NH,4]", led to the decision that samples
of HBGl3; were suitable for assay (Section 6.2.5). As an aside, the trifluoroacetate salt of HBGl3 ex-
hibited a higher level of purity based on '"H NMR and ES-LCMS measurements, implying that any
side products formed were likely attributable to the workup conditions used.

It would be useful to reduce the reaction time necessary to furnish HBGl3-tBu. To achieve this, a
variety of conditions including microwave heating and alternative solvents were tested, but none were
as high-yielding as those in Scheme 42. Even though extensive conversion of HB-31 to HBGl;-tBu
after two hours could be achieved by running the reaction in Scheme 42 in dimethylformamide at
120°C, impurities that could not be removed by column chromatography from samples of HBGl3-tBu

made in this way meant that this modification was not especially useful.

6.2.5. Growth inhibition properties of HBGI;

With HBGl; in hand, the effect of the phenol donor group in a glutamic acid based chelator could now
be interrogated. As with the studies in Chapters 3 and 5, 0.2M K;HPO, was used as the buffering
agent (Figure 71).

“Ca. 94% purity based on the ratio of the sum integrals not assignable to HBGl3: sum of integrals assignable to HBGlj.
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Figure 71: Dose response curves for E. coli JM101 upon dosing with EDTA, HBGI3 and GLDA.
Bacteria were incubated for 16 h at 37°C in a medium composed of of 90:10 v/v TSB: 10x
ligand stock in 200mM K>;HPOy4 (in-well [KoHPO4] of 20mM). Values are the mean of three
technical repeats. Both error bars and margins represent two standard deviations from
the mean. Blue lines represent the dose response of the ligand, and grey lines represent
the dose response of EDTA.

It can be seen that neither of the glutamic acid based ligands match the inhibition of EDTA, which
is understandable based on the metal ion affinity data in Table 43; the metal ion affinities of GLDA
are lower than those of EDTA at the experimental pH. At the range of concentrations studied, no
significant difference between the dose responses of GLDA and HBGl; could be observed. Based
on this outcome, it can be surmised that the difference in conditional metal ion affinities between
GLDA and HBGI; is small, and changing one of the carboxylate groups attached to the amine for
another donor may not be an appropriate way to prepare enhanced GLDA analogues. To confirm

whether this is the case, structural and metal binding data are necessary.
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6.2.6. Towards the synthesis of PyGil;

Alkylation of Py-31 with t-butyl bromoacetate proceeded in extremely low (< 5%) yield, presumably
due to nonselective alkylation at the amine and pyridyl nitrogen atoms. As a result, n-butyl lithium was
used to attempt deprotonation of the aliphatic amine group to increase selectivity, but this approach

was unsuccessful with only starting material being recovered (Table 45).

Table 45: Conditions used for the attempted alkylation of Py-31.

S LAk

BrCH,COOtBu, base

solvent, N,, termperature, time N\/CoztBu
NZ > |
= NS
Py PyGl3-tBu
Row Base Solvent Temperature /°C Time / h Yield/ %
a K2COs MeCN 60 24 =
b "BuLi THF -781—rt o3l 0

i) For two hours in the absence of t-butyl bromoacetate. ii) At room temperature, after addition of the alkylating agent.

To circumvent problems of chemoselectivity, the order of reaction at the amine group of di-t-butyl
glutamate was reversed; the protected carboxyl group was introduced first, followed by a second
alkylation using picolyl chloridel?®0-292 a5 the reagent. Much like the preparation of the aminocar-
boxylate fragments in Chapter 3, a benzyl protection strategy was used to prepare 32. Alternatively,
activated zinc dust!®®®! could be used to convert the starting hydrochloride salt of di-t-butyl glutamate

to its free base, which could easily be monoalkylated, circumventing the need for benzyl protection

(Scheme 43).
i) Et,N, BACHO BICH,COOtBu, K,CO,

CO,tBu  ii)NaBH AL 02tBu t. KI A~ _-CO02tBU
tBuozC/e\‘/\/ 2 MeOH, N 4n 1Buo:C 2P 0 ——— 3 8u0,C” ’
t e eOH, N,,, it, N MeCN, N,, 60°C, 22h :

Cl 2 N Cl » Ny, ,
NHs i) 2.5h then i) 3h ? N._-CO:tBu
Zn
CHCl3, Ny, 1t 1h Ei
45% 50%
Bn-Glu-Thu BnGl3

BICH,COOtBu, Et,N

H,, 10 mol % Pd
(as 5 wt. % Pd/C)

CO,tBu /\/\/CO tBu
tBuOZC/\;/\/ 2 cat. Kl tBUO,C - 28U g
N MeCN, Ar, 1t, 24h N
NH, oo HN___CO2tBu
quant. o
(based on crude yield) 32

Scheme 43: Synthesis of key intermediate 32 via direct alkylation,
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S Ak S K

Picolyl equivalent, base/reducing agent

tBquchH N\/COZtBu

Solvent, Ar, temperature, time
32 ZNY
o |
PyGl;-tBu
Picolyl Reducing o - i
Row equivalent Base agent Solvent Temp. /°C Time Outcome
Partial
ion to
7 al K.CO conversion
| 2 3 _ -
a < N (cat. K) MeCN 60 38h PyGil;-tBu,
(not
isolated)
32
= cl K,CO consumed.
| 23 -
b N (cat. Kl) MeCN 70 5d Complex
mixture
= cl K2.CO No
| 23 -
¢ N (cat. KI) DMF 120 21h conversion
NS
= @)
d | . NaBH, : rt 20h No
N conversion
2+
= solv
i N No
e -7z solv - NaBH,4 MeOH rt 19h .
s";)\v ‘solv conversion
= o 1%
f “ |N - NaBH(OAc); 1,2-DCE rt 29h PyGl3-tBu
isolated
NS
=~ @)
g I TMEDA  SiClsH DCM rt 2d No
N conversion

i) Reaction monitoring was via ES-LCMS. ii) Complex structure predicted from ES-MS.

Table 46: Alkylation and reductive amination conditions evaluated for the preparation of PyGls-tBu
from 32.

The alkylation conditions used (Table 46, rows a-c) did not afford complete conversion of 32
to PyGls-tBu (monitoring by ES-LCMS), and 32 was recovered exclusively after chromatography.
Changing the electrophile from picolyl chloride to pyridine-2-carboxaldehyde and performing the sec-
ond amine functionalisation via reductive amination was then evaluated. Using secondary amines as
reductive amination substrates can lead to rather variable yields, but examples of sterically hindered
tertiary amines prepared in this way are known,/?%4 suggesting the method could be fruitful in this
case. Since the typical sodium acetoxyborohydride mediated reductive amination conditions were

low-yielding, an increase of the electrophilicity of the aldehyde was sought by complexing pyridine-
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2-carboxaldehyde with Zn?* 2% prior to reductive amination. Hypervalent siliconl?%! was also eval-
uated for use in this reduction, however neither of these alternative reductions led to the isolation of
practical amounts of PyGls;-tBu (Table 46, rows d-h).

At this point, the stability of the iminium intermediate was thought to be the cause of the inefficient
reaction; it could be possible that the crowding around the C=NR* function to be reduced meant
that the intermediate decomposed before reduction. In the hope that an enamine analogue might
be more stable, possibly to the point of being isolated prior to reduction, a Lewis-acid promoted?%’]
reaction between 32 and 2-acetylpyridine was carried out (Scheme 44). Under these conditions, no
enamine formation was observed, despite the known utility of titanium tetrachloride in the preparation
of highly hindered enamines. Instead, a partially deprotected®®®! derivative of 32 was observed by

ES-LCMS.

o
CO,tBu Ticl, CO,tBu
BuO,C” N N AN > NN
U2 H * | Et,0, Ar, it, o/n HO,C H
HN.__CO2tBu _N HN.__CO2tBu
32 One of three possible isomers

(Detected by ES-LCMS)

Scheme 44: Attempted enamine synthesis from 32 and 2-acetylpyridine.

A final pathway proceeding via tertiary amides was then studied, based on recent reports of the
use of trialkoxysilanes in highly chemoselective reductions.?®®! To form the precursor PyCO-Gls-tBu,
picolinoyl chloride was reacted with 32 using catalytic DMAP. Difficulties were incurred in reproducing
the procedure (Section 8.5.20). The PyCO-Gl;-tBu that was generated was then contacted with

trimethoxysilane and zinc (ll) acetate (Scheme 45).

o (MeQ),SiH,
Et,N, cat. DMAP COytBu  Zn(OAc)
/\/\/COZtBu 5 AN NAL02 2 PyGl;-tBu
tBuO,C™ 1 N cl —>DCM e aan tBuO,C™ 7y THE. Ar 1t P> Not isolated

HN.__CO2tBu _N e Oy N._CO2tBu U

32 | NN

=

10%
Py-CO-Gl3-tBu

Scheme 45: Attempted reduction of PyCO-Gl3-tBu.

Based on the failure to isolate any reduction product, i.e. PyGls-tBu, this particular avenue of work
was discontinued. It is hoped that in future work, the novel intermediates described here can be

utilised for the preparation of other glutamic acid based chelating agents.
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6.3. Towards the synthesis of RDTPMal-type ligands
6.3.1. Strategy

Literature precedent was lacking for many of the fragments identified in this retrosynthesis, meaning
that no one approach could be favoured over another from the outset (Figure 72). Like the other

ligands considered throughout this thesis, multiple disconnections were feasible.

CO,H
COzH CO2H
HOgC/*\f)jN ﬁi COzH
R H
A RDTPMal B
CO,R’ CO.R'
COR Nl COzR‘ :
Pg N P : NH
R0,C7 T X SN IS8 R0,C ' 2
R H H
o}
HL co2 COZR
OR RO, C X R'0,C N/F’g
X H R R H
PgN/\/N\/\N/Pg H OH
H H Pg/N\/\x X/\/
R= H, Me
R'= Et, 'Bu

X= Br, Cl, |, Ketone
Pg= Protecting group (if necessary)

Figure 72: Disconnections evaluated for the synthesis of RDTPMal-type ligands.

In this retrosynthesis, disconnection A would give a linear route relying on a triamine motif that was
functionalised in sequence, whereas disconnection B would lead to the generation of an electrophile
that could be coupled with an alkyl ester of glycine. As with the aminocarboxylate equivalents in
Chapter 3, amine protection was likely to be necessary to control the extent of addition of the relevant
electrophiles to the concerned amine nucleophiles.

So as to use readily available materials for the study of these syntheses, diethyl malonate deriva-

tives were used in preliminary work (Figure 73).

Diethyl bromomalonate Diethyl bromomethyimalonate Diethyl aminomalonate Diethyl ketomalonate
(available as HCI salt)

Figure 73: Commercially available diethyl malonate derivatives.
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Additionally, the lactam formations encountered earlier in this chapter (Schemes 33 and 34) and
in Chapter 3, were unlikely to occur in the reactions involving malonates, because of the absence of
primary or secondary amines and ester carbon atoms that were five or six bonds apart. Based on
this characteristic, it was assumed that there would be little difference in reactivity between ethyl and

t-butyl malonates and so they could be interchanged at a later stage to enable global deprotection.

6.3.2. Linear synthesis based on reductive amination with triamines

Working along disconnection A, with a view to minimising the use of protecting groups, the reduc-
tive amination of 34 with diethyl ketomalonate was evaluated as a fairly straightforward route to a
RDTPMal precursor. The ability of diethyl ketomalonate to act as a partner in reductive amination
reactions,®%% along with the literature precedent for the preparation of 34 via a Gabriel synthesis,
meant these were ideal candidates for preliminary studies (Scheme 46). This approach was quickly
abandoned, due to difficulty in inhibiting the cyclisation of 34 to the corresponding ketopiperazine;!'4°

a somewhat unexpected side reaction given the inertness of the t-butyl group.

BrCH,COOtBu, K,CO,, CO.tBu CO.tBu
H cat. Kl > Nr NH,NH,.H,0 N
————
PRt """ PR oon, N, 60°C, 14 PN 7 NPhth Mo, N, 2, oin HzN/\/34\/\NH2
59%
33 34-tBu
(o}
KlkNH - Intramolecular cyclisation
N
HzN/\/

34a

Scheme 46: Synthetic pathway to linear triamine 34 and its undesired cyclisation to 34a.
Phth=Phthaloy!.

Preliminary reactions along disconnection B using diethyl ketomalonate as a reductive amination
substrate resulted in the recovery of diethyl hydroxymalonate exclusively. Because of this, along-
side the inability to prevent cyclisation of 34, the secondary amine protecting group on the triamine
fragment and the central amine protection were varied, and alkyl halomalonates were used for func-

tionalisation of the terminal amines.

6.3.3. Linear synthesis based on triamine alkylation

Benzyl protected intermediate 35 was prepared via a similar phthalimide protection-alkylation-deprotection
sequence, proceeding smoothly to give the triamine fragment necessary for synthesis along discon-
nection A (Scheme 47).5%"1 Once alkylated by a halomalonate, the benzyl group of 35 could then be

cleaved, and the central nitrogen alkylated with a more useful fragment.[302-309]
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NH,NH,.H O
2" 272 >

N N
PhthN” """ NPhth  MeOH, Ar, tt, 20h HNT N " NH,

79%
35-Phth 35

Scheme 47: Hydrazine-mediated synthesis of the stable linear triamine 35.

Once 35 was in hand, alkylation of the terminal amines was attempted using 36 and the methylated,

non-enolisable Me-36, both prepared using a variation on the methods of Trost (Scheme 48).1306: 307]

o O
e 9 i)"BuLi, -78°C, 45 min ii) Br,, rt, 2h
r
o o THF, Ar o o
R Br

R

R=H: 36, 75%
R=Me: Me-36, 83%

Scheme 48: Preparation of halogenated t-butyl malonates.

Terminal amine protecting groups were not applied to 35, to see whether the steric bulk of 36
or Me-36 were sufficient to effect a single substitution for each amine.[%! In both of these cases,
minimal to no conversion was observed.

Some initial work was carried out based on the elegant protection protocol of O’Sullivan (Scheme
49),13%9 followed by the use of benzyl and t-butyl ester groups to block the central amine, but the
requisite alkylation reactions on 37 were problematic, with poor conversion and suspected decompo-

sition upon chromatographic purification.

o g OOCF;3;C
H CF,COOEt L He IR
AN 2 > AN
H2N NH2  MecN (wet), reflux, 18h FsC H H CFs

96%

Scheme 49: Selective terminal amine protection of diethylene triamine using ethyl trifluoroacetate.

In contrast, alkylation of 36 with chloroacetonitrile to introduce a nitrile function which could act
as a masked carboxylate equivalent, was successful. Although the trifluoroacetamide hydrolysis to
produce free triamine 38 was facile (Scheme 50), the need for harsh conditions for nitrile hydrolysis
at a later stage in the synthesis meant that concomitant decarboxylation of the malonate fragments

was likely, and so the use of trifluoroacetamide-protected triamines was discontinued.
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)J\N/\/N\/\N)J\ CICH2CN' PerEt - )J\N/\/N\/\N)J\

P N meon N, 60°c, 180 R N
19%
37 37-CN
¢
K,CO,
HaNTT N, H,0, tt, 5h

quant. (by ES-LC MS)
38

Scheme 50: Synthesis and hydrolysis of nitrile 37-CN.

6.3.4. Linear synthesis based on aminomalonate derivatives as nucleophiles

The propensity of triamine 34 to cyclise and the lack of reaction of malonate electrophiles with 35
prompted a reversal of polarity for the fragments identified in disconnection A, in that the triamine
used was exchanged for a protected monoamine bearing leaving groups in the 5-position, not unlike

a nitrogen mustard (Scheme 51).

RO o]
Ro @ O Alkylate or -
N reductlvely aminate N
X/\/ \/\X + RO)Rg(u\O N/\/ \/\N 0]
Mustard-type intermediate HN\Pg‘ OR pg pg‘ OR

Protected RDTPMal precursor

Pg, Pg’= Generic protecting group
R= H, Me

R’=Et, tBu
X= CI, | or aldehyde O

Scheme 51: General approach to a protected RDTPMal precursor via “mustard-type” intermediates.

Once again, to minimise the number of protection steps in the route, reductive amination was to
be tested first as a way of furnishing the terminal secondary amines. A first approach to the required
carbonyl fragment 40, was the oxidation of diol 39 which was easily prepared from diethanolamine
(Scheme 52). From a survey of oxidation conditions and substrates, it was clear that selective
oxidation methods were necessary to prevent side reactions involving the ester and amine groups in
39. To this end, the activated DMSQO, or hypervalent iodine-mediated oxidations seemed like ideal
candidates, but attempts at generating 40 from 39 under Swern, Pfitzner-Moffatt and Dess-Martin
conditions(®'% resulted only in the recovery of starting material, or the formation of complex mixtures

from which no product was isolable.
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CO,tBu CO,tBu
§ BICH,COOMBU, cat. KI N( 0 _ Nr q
HO™ NNNoH T e o O T on 07NN
N1t
91%
39 a0

Scheme 52: Alkylation of diethanolamine to prepare common intermediate 40.

A report by Frickel®'"! indicated similar problems when the central amine of 3-pyrroline was not
protected as an amide prior to oxidative cleavage, and also, that di-aldehydes of form 42 were very
unstable and prone to hydration. The need for an alternative protection procedure would therefore
give a different, yet suitable electrophile (Scheme 53). Using a similar procedure to generate 42 via
the cleavage method of Nicolaou 32 gave a successful synthesis according to "H NMR, but attempts

to trap 42 via reductive amination failed.

Clbz i) cat. 0sQ,, 2,6-utidine, NMO ch
N ii) PhI(OAC), - N
_ Acetone (aqg.), Ar, 1, i) 48h, then ii) 2h
o/ \o
41 42

Detected by 'H NMR

Scheme 53: Cleavage of 41 to give carbonyl electrophile 42 as a substitute for 40.

Activation of diol 39 was then performed via reaction with thionyl chloride to generate alkylat-
ing agent 43 (Scheme 54), the reaction of which was studied with diethyl aminomalonate and
protected aminomalonate (Table 47, rows a-c). Even though 43 was observed to cyclise when
these reactions were monitored via ES-LCMS, it was anticipated that this cyclisation would enhance
reactivity®'%! because of the charge on the aziridinium ion, a characteristic which is also exploited in

chemotherapeutics.[3'4]

(COZtBu rCOZ'(Bu rCOztBu
/\/N\/\ SOCI, /\/N\/\ Nal /\/N\/\
HO OH DCM, N, reflux, 1h c ¢ Acetone, reflux, 16h > !
84% 60%
39 43 44

Scheme 54: Conversion of diol 39 to dihalide electrophiles 43 and 44.

Reactions of 43 appeared to proceed, but '"H NMR of the crude reaction mixture indicated that
some side products had also been formed, and that conversion was limited (Table 47, row ¢). Sus-
pecting the low reactivity of 43 as the reason behind low conversion, the Finkelstein reaction was
used to convert 43 into the corresponding diiodo derivative (Scheme 54), which was reacted with
the aminomalonates in rows c¢-f in Table 47 , prepared based on the method of Ugarizza.[3' In
these cases also, minimal conversion was observed. This failure led to the study of routes based on

disconnection A being discontinued (Table 47, rows d-f).
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Table 47: Conditions and outcomes of aminomalonate alkylations with 43 and 44.

CO,tBu

-

r

CO,tBu

N Mal, base, additive > AN~
X/\/ \/\X solvent, NZ/Ar, temperature, time Mal Mal
44
. Temp. Time /
Row X= Mal= Base Additive Solvent 70 Cp ! he Outcome
Qi Kii Poor conversion, no
I o o™  EtzN MeCN 2 ii
a C M s eC rt 5 product observed'"!
o o . Product mass not
b Cl /\okﬁ%/\ EtsN KI! MeCN 60 19 observed, malonate
’ recovered'!!
o i RS
A Targc?_t mass
c Cl /Ojé KHCO; KI! MeCN 60 48 observed!, crude TH
o NMR ambiguous
45
AJKL#"/\ Halide consumedil,
d [ é K2COs - MeCN 60 84 malonate __
recovered!!!
46
>L°JKN&°J< No conversion,
e ! é EtsN . MeCN 60 25 starting materials
recovered"!
47
PPN Target mass
NH ii
. | ) DME 120 56 absent.” Product

é K>COs

absent in crude 'H
NMR

i) Potassium iodide added at 25 mol% with respect to a single chloride group. ii) By ES-LCMS. iii) By "H NMR.

6.3.5. Synthesis of key intermediates for a convergent route

It was possible that the steric crowding around the reacting centres in the linear triamines and amino-

malonates described complicated the coupling of these fragments in either configuration. A search

on the chemistry of aminomalonates also revealed that in many cases, intramolecular cyclisation

was used to prepare malonates with a tertiary nitrogen functionality, unless the electrophile used

was particularly active, e.g. an acyl halide.[107- 316-319]

Using this information, it was hoped that moving the key bond formation away from the malonate

would give a more viable route than using the triamine or mustard intermediates. Informed by the

ease of transforming diol 39 into dichloride 43, ethanolamine was to be used as a precursor to

prepare the aminomalonate electrophile used for disconnection B (Figure 72).

To start, ethanolamine was benzylated under reductive amination conditions(®2%! and then alkylation
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was attempted either with or without in situ protection of the hydroxy group as a TMS ether. In these
cases, products could be identified from ES-LCMS traces. Thus, alkylation of 2-benzylaminoethanol
resulted in malonate addition at both the N and O terminals. When alcohol protection was employed,
the TMS ether was partially cleaved, presumably during extractive workup. This was somewhat
expected given the known lability of the TMS group.!'4%]

From these observations, a more robust TBDMS ether was used to O- protect ethanolamine. Be-
cause of the lack of conversion incurred previously when aminomalonate derivatives were reacted
with 43 and 44, (Table 47), the nitrogen protecting group was to be introduced later. Once the pro-
tected alcohol was in hand, alkylation with t-butyl bromomalonate proceeded smoothly in reasonable

yield (Scheme 55).

>|\ 0o o J< K CO o o
TBDMSO z_3 j\ J<
Br

MeCN, Ar, it, 19h
/\/NH
TBDMSO

64%
36 48

Scheme 55: Alkylation of TBDMS-protected ethanolamine with 36 to prepare a potential intermediate
to RDTPMal type systems.

Because reactive electrophiles were reported to be particularly effective in functionalising amino-
malonates, an attempt was made to prepare the N-Boc derivative of 48, but these reactions were
unsuccessful. Time constraints precluded development of the route, but the author suggests that it

is on exploitation of this intermediate that further work be conducted (Figure 74).

S K
OMJ\O ! Protection with: .

Benzyl
Allyl

. : TEOC :
-------- : (Prevents side reactions on O activation):

. Deprotection (after N protection) .

. If problematic, evaluate Ac or TFAc as protecting groups |

. Activation via conversion to Cl, OTs, or OMs .
Alkylate

Figure 74: Suggestions for further functionalisation of 48 to prepare a key electrophile along dis-
connection B. An MMFF94 optimised model of 48 to illustrate the steric shielding of the
nitrogen atom.
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6.4. Conclusions for this chapter

Synthetic efforts towards two GLDA analogues PyGls and HBGI;, each designed with different
inhibition-enhancing features, have been described. Of these two systems the phenolate appended
HBGI; was successfully prepared, representing a new way to differentiate the amino group of glu-
tamic acid. Unfortunately, HBGl3 did not display greater E. coli inhibition than GLDA itself, which
may be a function of the low metal ion affinities of these types of ligand. PyGl; on the other hand,
was not synthesised because of the inaccessibility of the precursor PyGls-tBu in practical yields.
Linear and convergent routes towards an octadentate ligand structure, RDTPMal, inspired by
DTPA and EDDS, were also evaluated, with reactions along linear routes to key precursors involving
aminomalonates being complicated by insufficient conversion to product to warrant further develop-
ment. In pursuing a convergent route, a precursor to a useful electrophile has been synthesised, and

suggestions for its subsequent transformation into a useful electrophile are given.
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7. Summary, conclusions and future work

7.1. General conclusions

In order to identify an alternative to EDTA that could be used at lower concentrations in situ, but may

also have been more biodegradable, the following approaches were taken:
1. Synthesis of amide ligands based on the EDTA structure.

2. Synthesis of a set of phenolic ligands derived from the HBED and EHPG frameworks, with

electron-donating or -withdrawing groups.

3. Screening the growth inhibition properties of several commonly used aminocarboxylate ligands,

with a view to relating biological effects to metal ion affinities.
4. The preparation of novel ligands inspired by systems known to be readily biodegradable.

5. Using the structure of strongly inhibiting ligands as a basis for more biodegradable ligand de-

signs.

E. coli JM101 was used as the model organism in all growth inhibition studies.

7.1.1. Key findings

1. Of all the EDTA amides studied, when the pendent groups were strongly coordinating, e.g.
carboxyl or pyridyl, greater E. coli inhibition compared to EDTA was observed (Figure 75).
No single reason for the greater extent of inhibition despite the lower metal affinities could be

pinpointed from the structural and thermodynamic data collected.

(o}

)H SN HOJH
)K/ Y\N/\/N\)k /\If % N/\/N D

S( H(OH

o

AmGly2 AmPy,

Figure 75: Symmetrical EDTA bis-amides which display greater E. coli JM101 growth inhibition than
EDTA.

2. For “simple” aminocarboxylate ligands containing amine, carboxylate and ether groups exclu-
sively, there is a positive correlation between K,_, values, especially K (Fe**), and the
growth inhibition of E. coli JM101 cells. If a simple aminocarboxylate ligand had a low K, ,(Mg?*),

e.g. EGTA or TETA, then the ligand displayed poor growth inhibition characteristics.
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3. Even though the phenolic ligands studied in this work are not expected to bind Mg?* appreciably,
they are still capable of inhibiting E. coli growth. Accordingly, it is proposed that their extremely

high K,,,,,(Fe**) values compensate for the deficiencies in Mg?* binding that they may have.

4. The lower the pK, of a parent phenol a HBED derivative is based on, the more inhibitory the
resulting ligand will be. This finding may enable the design of “tunable” phenolic ligands that

can give a specific extent of inhibition.

5. ICP-MS studies show that different ligands will deplete different cellular metals, and the ex-
tent of this depletion may not be obvious from the inspection of metal ion affinities alone. For
instance, EDTA and AmGly, deplete manganese most extensively, EHPG depletes iron, and
a particularly inhibitory aminocarboxylate ligand, AAZTA, depletes both manganese and iron.
This simultaneous depletion has recently been observed in studies on the antibacterial proper-
ties of human calprotectin.[®857: 1061 The differing depletion behaviours observed suggest that

there may not be a general route for ligand-induced E. coli growth inhibition.

6. The phenolic donor HBGI3 was designed and synthesised, as a potentially improved GLDA
analogue. Unfortunately HBGl3 did not exhibit significantly greater inhibition of E. coli growth
compared to GLDA. The synthetic route towards HBGI; is novel and may be used for the

construction of other analogues.

7. Work towards a biodegradable analogue of DTPA, the RDTPMal skeleton, was also initiated.
If bought to fruition, this system may represent an extremely inhibitory, yet environmentally

friendly ligand.

8. From an applicability perspective, AmGlys is perhaps the most promising system studied. This
is attributed to its one-step synthesis from EDTA dianhydride and glycine, meaning large quan-

tities can be made at low cost.

7.2. Scope and limitations

This study represents one of the first steps towards a detailed interrogation of the thermodynamic
properties (metal ion-ligand binding constants, partition coefficients) of aminocarboxylate ligands,
and the impact of such ligands on the growth inhibition of E. coli JM101 by the respective ligands. A
link has been alluded to in the literature,®"! but had remained unexamined for close to fifty years. In
older work, no mention was made of the importance of the magnitude of metal ion binding strength,
or which metal ions were the most important to sequester, merely that greater chelating ability leads
to greater growth inhibition.

Even though a correlation has been found between Fe3* chelate stability and bacterial growth

inhibition, correlation, of course, does not imply causation. Indeed, there is likely a perturbation of
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the underlying metal ion transport systems that Fe3* chelation affects, the extent of this perturbation
being regulated by the binding constant. Moreover, the sample set that the correlation was identified
for was extremely small. Therefore to solidify this relationship, the study of more aminocarboxylate
ligands is necessary.

For phenolate and other more specialised ligands for Fe®*, a relationship between Fe3* depletion
and biological activity, at least in the fields of chelation therapy and antibacterials®?, is known. Work
in this thesis alludes to this relation also holding for E. coli growth inhibition for 4-R-HBED ligands.
For the identification of a more concrete link, the author believes that a full characterisation of binding
constants for the 4-R-HBED systems is necessary. Much as this would be desirable and indeed
possible, during the time allotted for the completion of this work, circumstances beyond our control
precluded these studies in collaboration with a third party.

Most importantly, these relations hold in aqueous media at a set temperature and within a defined
pH range. In consumer products, there are no such well-defined conditions, and large quantities
of surfactant, alcohols, and salts will drastically affect the metal ion complexation properties of any
added ligand. To extend the models presented here then, further work in these non-aqueous media
is necessary. Some aspects of biodegradability have been discussed, but experimental assessment
of efforts to improve the biodegradation of the classes of ligands discussed is a clear omission in this
work.

Finally, many novel intermediates have been prepared in this work for use in new routes to known
ligand classes. The similarity of these intermediates to those used to prepare ligands used for lan-
thanide and other metal based imaging modalities is notable, and it is hoped that the preparations of

these intermediates are of use in this wider context.

7.3. Suggestions for future work

Detailed suggestions for future work have been mentioned in the preceding chapters, and so the

following is intended to address more general themes arising from the work in this thesis.

General remarks. As a priority, the assessment of ligand biodegradability according to OECD
guidelines should be performed, with the resulting data informing future ligand design. If these tests
demand more material than can practically be synthesised, the incorporation of an isotopic label into
analyte ligands can be considered, to serve as a handle for metabolite analysis. Recent advances in
techniques to monitor the interactions between membranes and disrupting agents also make studies
into the action of the ligands synthesised in this work against model lipopolysaccharide systems a lu-
crative target, the expertise for which is present in this department (Prof. Colin Bain)®?'l, and further

afield (Prof. Jeremy Lakey, Newcastle).!?': 260]
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Work on symmetrical EDTA bis-amides. This unusual class of ligands warrants further study on
a few fronts. The first is whether the enhanced inhibition effect seen for AmGly, and AmPy,, which
was assigned to the presence of coordinating groups as amide substituents, was truly general. This
could be confirmed or refuted very easily by the synthesis of other EDTA bisamides with coordinating
groups such as phosphonates, phenolates and so on. Some useful a-haloamide intermediates that

could be used to this end have been prepared by the group of Sherry.[322. 323]
HO HO X o
N P N P
Ny N o
o) o ) \

Figure 76: a-haloamide intermediates prepared by Sherry.

For this class of ligands, kinetics may be of importance. Preliminary studies of the time to equilib-
rium were made, but were complicated by metal ion hydrolysis at pH values close to 7. Many rigorous
studies into kinetic stability circumvent this problem through the use of low pH values,[25% 262-264, 282, 324, 325]
but such conditions are inappropriatefor this work, because low pH studies would not reflect or ratio-
nalise complexation behaviour at pH 7. It is on the basis of the observation that EDTA appeared to
take longer to complex to Zn?* than AmGly,, that the suggestion to study kinetics has been made.
Furthermore, the lag phase of some bacterial species is when cellular metal content is accumulated
most rapidly. If a ligand cannot take up metal ions as quickly as a bacterial cell, lower inhibition may

result.

Work on phenolate ligands. Clearly, the determination of protonation and metal ion binding con-
stants would greatly help in elucidating the relationship between pK; values and bacterial growth
inhibition. In addition, if the relationship between lowered phenol pK; and growth inhibition is con-
firmed through further studies, then the preparation of a phenolate ligand bearing strongly electron
withdrawing groups may be a worthwhile synthetic excursion. Once prepared, then assessment of
the bacterial growth inhibition of such a ligand would indicate whether or not the relationship between
pK, and bacterial growth inhibition holds across a wider range than was assessed in the work dis-
cussed earlier. Based on the difficulty of preparing 4-NO,-HBED, an alternative target, 4-CF3;-HBED
and an accompanying route are suggested, using Hartwig’s trifluoromethylator™ complex (Scheme

56) [326]
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Scheme 56: Proposed synthesis of 4-CF3-HBED, an electron poor HBED derivative. The key ftriflu-
oromethylation step is highlighted in green.
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8. Experimental Procedures

8.1. Synthesis: general remarks

Materials. Reagents were obtained from commercial sources and used without further purification
unless otherwise stated. Solvent extractions were performed in a 100 cm? separating funnel with ca.
50 cm? for each phase, unless otherwise stated. For procedures involving dry solvent, glassware was
oven-dried for at least eight hours prior to use. Dedicated oxygen-free nitrogen or argon cylinders
(BOC, UK) were used to provide an inert atmosphere. Compounds AmOMe; and AmOH, were
synthesised and characterised by Dr. C. Santos, and her donation of the materials is gratefully
acknowledged.

Instrumentation. NMR: Routine "H (400MHz) and '*C NMR (101MHz) spectra were acquired on
Bruker Avance 400, or Varian Mercury 400 NMR spectrometers. Two-dimensional NMR (COSY,
NOESY, HSQC and HMBC) and certain 'H / '3C NMR spectra were acquired by the solution state
NMR service at Durham University on Varian VNMRS-600 (600 MHz) or VNMRS-700 (700 MHz)
instruments. Where visible, signals corresponding to CDCl; were referenced to 6=7.26 ppm in 'H
NMR spectra and §=77.2 ppm for '*C spectra.

Mass spectrometry: ES-MS data (positive and negative ionisation modes) were obtained on a
Waters TQD mass spectrometer interfaced with an Acquity UPLC system. ASAP experiments were
performed on a Waters Xevo QToF mass spectrometer. GC-MS (El ionisation) was performed on an
Agilent instrument equipped with a 5973 model quadrupole mass spectrometer.

FT-IR: All infra-red spectra were recorded on a Perkin-Elmer Spectrum 90 spectrometer equipped
with an ATR stage. Substances for analysis were used neat unless otherwise indicated.

Chromatography: TLC was performed on either alumina or silica using Merck foil-backed TLC
plates. Column chromatography on silica was undertaken in one of two ways. Method i) involved
the use of a standard glass column and silica sourced from Fluorochem Limited and elution was
performed according to the method of Clark Still.[2”] Method ii) involved the use of a Teledyne Comb-
iflash instrument equipped with RediSep Rf silica cartridges to perform automated elution. Analytical
and preparative HPLC was performed by the chromatography service at Durham University.

X-Ray Crystallography and Elemental Analysis: All structural data was collected at 120K and
solved by Dr. D.S Yufit (Durham University). Elemental analyses were performed by either i) Mr.
Stephen Boyer (London Metropolitan University elemental analysis service) or ii) Dr. Emily Unsworth
using a Exeter CE-440 Elemental Analyser device.

Melting points: Melting points were taken on a Gallenkamp melting point apparatus.
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8.2. Synthesis and growth inhibition studies of a series of EDTA amide

ligands

8.2.1. 2,2°-(3,10-Dioxo-1,12-diphenyl-2,5,8,11-tetraazadodecane-5,8-diyl)diacetic acid,
hydrochloride dihydrate, AmBn,

* SEVOL,

N

\/\N 2H,0
, Hom)

A solution of benzylamine (0.70 cm®, 0.69 g, 6.41 mmol) in dry tetrahydrofuran (10 cm?®) was added
dropwise to a suspension of EDTA bis-anhydride (0.76 g, 2.97 mmol), also in dry tetrahydrofuran (10
cm?®). The resulting off-white mixture was stirred at room temperature under nitrogen for 24 hours,
during which time a large amount of white precipitate was observed. The solvent was then removed
in vacuo to yield a white powder, which was dissolved in de-ionised water, and filtered to remove
insoluble particulates. The water was subsequently removed in vacuo, to yield an off-white/yellow
solid (1.26 g), that were dried under high-vacuum while being heated at 50°C for 4 hours. The
resulting yellow material was dissolved in aqueous hydrochloric acid (3% w/w, ca. 60 cm?®) and the
solution filtered to afford beautiful white crystals of AmBny, that were also dried under high vacuum
to afford the title compound as the di-hydrated hydrochloride salt (white solid, 0.43 g, 0.79 mmol,
27%). Elem. Anal. Found (Service i): C, 52.8; H, 6.21; N, 10.8; Cl, 5.81 (Cl content found by
gravimetric analysis against AgQNO3) (C24H35CIN4Og requires C, 53.1; H, 6.50; N, 10.32; CI, 6.53%);
mp 70-72°C; vmax/cm~" (ATR) 3032 (carboxylic acid O-H st), 1732 (acid C=0 st), 1666 (amide C=0
st), 1236 (br, ethylene diamine C-N st); 4(700 MHz, D>O, pD~14) 7.44 — 7.12 (m, 10H, H1-3), 4.33
(s, 4H, H5), 3.18 (s, 4H, H7 ), 3.08 (s, 4H, H8), 2.59 (s, 4H, H10);6c(176 MHz, D,O pD~14) 179
(C9), 174 (C6), 137 (C4), 129 (C1) ,128 (C2/3) , 127 (C2/3) , 59 (C7) , 58 (C8) , 53 (C10) , 43
(C5); m/z (ES-MS*) 471 (100%, [M+H]*, M= Co4H3oN4Og).
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8.2.2. 5,8-Bis(carboxymethyl)-3,10-dioxo-2,5,8,11-tetraaza-dodecane-1,12-dicarboxylic acid,
AmGly»

EDTA bis-anhydride (1.50 g, 5.85 mmol), and glycine (1.78 g, 23.7 mmol) were stirred under nitrogen
in dry dimethylformamide for 6 hours, initially in an ice bath and then at room temperature. Following
solvent removal in vacuo, an aqueous solution of hydrochloric acid (7.6% w/w, ca. 20 cm?) was added
to the crude solid. The resulting suspension was boiled, and left to cool overnight to afford a fine white
precipitate that was filtered, and dried to constant mass (0.94 g, 2.32 mmol, 40%). Recrystallisation of
0.22g of this material from water afforded a white crystalline solid (0.13 g). Further recrystallisations
from water afforded crystals suitable for structural analysis via X-ray crystallography. Elem. Anal.
Found (Service i): C, 41.43; H, 5.38; N, 13.82;(C14H22N4O1grequires C, 41.38; H, 5.46; N, 13.79%);
mp 221-225°C (dec.)*; vmax/cm~1(ATR) 3020 (COOH O-H st), 1730 (carboxylic acid C=0 st), 1666
(amide C=0 st), 1304 (acid C-O st), 1108 (br, ethylene diamine C-N st); §4(600 MHz, D-O, pD=14)
3.79 (s, 4H, H2), 3.31 (s, 4H, H4), 3.22 (s, 4H, H5), 2.72 (s, 4H, H7);6c(151 MHz, DO pD~14) 179
(C1),177 (C6),174 (C3),59 (C5) ,58 (C4),52 (C7) , 43 (C2); m/z (ES-MS*) 407 (100%, [M+H]*,
M= C14H22N404¢); X-ray crystallography: Ci4H2oN4O19, M,= 406.36, orthorhombic (P2:2¢2); a =
17.3349(11) A, b =9.3065(5) A, ¢ = 5.3951(4) A; crystal size = 0.3599 x 0.1611 x 0.0820 mm?3; T=
120K.

8.2.3. [(Carbamoylmethyl){2-[(carbamoylmethyl)(carboxymethyl)amino]ethyl}amino]acetic

acid(32°], AmNH,

o}

) HO)H o)

HZN\F]/\N/\/N%NH

In a modification to the published procedure, EDTA bis-anhydride (0.26 g, 1.03 mmol), was sus-
pended in a saturated solution of ammonia in ethanol (ca. 6 wt% ammonia, 20 cm?®) and stirred
at room temperature under nitrogen for 20 hours, during which, a white precipitate was observed.

Volatile material was then removed in vacuo, to yield a white powder that was subsequently dis-

*A wide melting point range which is accompanied by decomposition is typical of amino acids.[328]
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solved in aqueous hydrochloric acid ( 1.2 M, 5 cm3). After a few minutes, a white precipitate was
observed and collected by filtration and dried under high vacuum to afford the product as a white
powder (0.13 g, 0.434 mmol, 43%). Diffusion of acetone into an aqueous solution of this powder
afforded crystals suitable for analysis by X-ray diffraction; mp 178-185°C (dec.) ; 64(600 MHz, D,0O,
pD~14) 3.18 (s, 4H, H3), 3.10 (s, 4H, H2), 2.57 (s, 4H, H5); 6c(151 MHz, D,O pD~14, Na,COs
added 5=166ppm) 178 (C4) , 176 (C1) , 58 (C3) , 57 (C2) , 51 (C5); m/z (ES-MS~) 289 (100%,
[M-H]7); HR-MS Found 289.1136, C1oH17N4Og [M-H]~ requires 289.1148; X-ray crystallography:
C1oH1sN4Og, M,= 290.28, orthorhombic (Fdd2); a = 32.9984(14) A, b = 14.0107(6) A, ¢ = 5.3942(2)
A; crystal size = 0.37 x 0.094 x 0.06 mm3; T= 120K.

8.2.4. [(2-{(Carboxymethyl)[2-(diethylamino)-2-oxoethyllamino}ethyl)[2-(diethylamino)-2-

oxoethyllamino]acetic acid,

AmdiEt;
0
1
3
6 HO)J\‘ 0
2 5
\/N\ﬂ/\N/g\/N\)LN/\
4 o . kfo
8
OH

EDTA bis-anhydride (0.16 g, 0.633 mmol) was suspended in anhydrous N,N-dimethylformamide (2
cm?®) and diethylamine ( 0.13 cm3, 12.7 mmol) was added at once via a Gilson pipette. The mixture
was then stirred overnight under nitrogen, after which time the reaction solvent was removed in vacuo
using toluene as a co-solvent for rotary evaporation. The resulting semi-solid was added to water fol-
lowed by the addition of sodium carbonate to yield a homogeneous solution of final concentration 80
mg/ml. Preparative high-performance liquid chromatography (Sunfire C18 preparative HPLC column)
on this solution allowed for the isolation of the title compound ( 0.06 g, 88% pure*) as a pale yellow
oil. 14(400 MHz, D,0) 4.28 (s, 4H, H7), 3.86 (s, 4H, H6), 3.57 (s, 4H, H9), 3.39 (g, Jd = 7.2 Hz, 4H,
H4),3.29 (q, J = 7.2 Hz, 4H, H4), 1.16 (t, J =7.2 Hz, 6H, H1), 1.11 (t, J = 7.1 Hz, 6H, H2); 6c(101
MHz, D,O) 171 (C8) , 165 (C5) , 57 (C7) , 56 (C6) , 51 (C9) , 42 (C3), 41 (C4), 13 (C1), 12 (C2);
(ES-MS*) 403 (100%, [M+H]*); HR-MS Found 403.2564 , C1gH35N4Og [M+H]* requires 403.2557.

*In this instance, purity is defined as the total integral in the "H NMR spectrum divided by the integration of peaks
attributatble to the title compound.
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8.2.5. 2-{2-[(Carboxymethyl)(2-{(carboxymethyl)[2-(1-carboxyethylamino)

-2-oxoethyl]Jamino}ethyl)amino]acetylamino}propionic acid, AmAla,

HO)H/ j]/s\N/\/N\)L J\H/OH

The preparation of this compound was analogous to that in section 8.2.4, except the following
amounts were used: EDTA bis-anhydride (0.21 g, 0.820 mmol), alanine (0.15g, 1.65 mmol). A
colourless sticky oil was obtained after preparative HPLC (0.09 g, 96% pure). §4(400 MHz, D,O)
3.36 (q, J = 7.3 Hz, 2H, H2), 2.90 (s, 4H, H6), 2.89 (s, 4H, H5), 2.33 (s, 4H, H8), 0.38 (d, J = 7.3
Hz, 6H, H3); 6c(101 MHz, D,O pD ~11) 180 (C1), 179 (C7), 174 (C4) , 59 (C6) , 58.5 (C5) , 53

1 (C8 or C2), 18 (C3); (ES-MS*) 435 (100%, [M+H]*); HR-MS Found 435.1734 , C1gH27N4O1o
[M+H]* requires 435.1727.

8.2.6. [(2-{(Carboxymethyl)[2-(butylamino)-2-oxoethyllamino}ethyl)[2-(butylamino)-

2-oxoethyllamino]acetic acid, AmnBu;

o}
., . o %OH y
1 MN%/N%\NWNW
s Ho% o]
o

The preparation of this compound was analogous to that in section 8.2.4, except the following quan-
tities were used: EDTA bis-anhydride (0.13 g, 0.52 mmol), n-butylamine (0.10 cm?3, 1.06 mmol). A
white solid was obtained after preparative HPLC (0.024g, 0.06 mmol). §4(400 MHz, D,O) 3.78 (s,
4H, H7), 3.68 (s, 4H, H6), 3.28 (s, 4H, H9), 3.21 (t, J = 8.2 Hz, 4H, H4), 1.55 — 1.41 (m, 4H, H3),
1.39 — 1.21 (m, 4H, H2), 0.86 (t, J = 7.4 Hz, 6H, H1); 6c(101 MHz, D,O, pD~10) 179 (C8) , 174
(C5),59 (C7),58.6 (C6),53(C9),39(C4) ,31(C3),20(C2),13(C1); (ES-MS™) 401 (100%,
[M-H]7); HR-MS Found 401.2402 , C1gH33N4Og [M-H]~ requires 401.2400.
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8.2.7. Synthesis of a-haloamide intermediates

TMSCI-mediated preparation of amino acid methyl esters: General procedurel®30 The amino
acid of interest was charged into a round bottom flask and suspended in methanol (ca. 50 cm?3).
TMSCI (ca. 2.2 equiv. per carboxylic acid group) was then added dropwise to the stirring suspension
at room temperature under nitrogen. Once addition was complete, stirring was continued for 24
hours, and a decrease in the opacity of the reaction mixture was noted. The homogeneous solution
was then concentrated in vacuo, initially to give a viscous oil which was re-dissolved in methanol (ca.
250 cm?), agitated via ultrasound and re-concentrated (3x cycles). Diethyl ether was then added to
the oil which was once again agitated via ultrasound (3x cycles) to afford the product, either as an
white/off-white solid, or an oil. Since the products were to be used in further transformations, no
attempt was made to determine their stereochemical integrity until their incorporation into either key

intermediates or final products.

Methyl-2-aminopropionate hydrochloride. I-Alanine (1.88 g, 21.0 mmol), TMSCI (5.9 cm?, 46.3
mmol) were used. Off-white powder (2.79 g, 20.0 mmol, 95%). Jy(400 MHz, D,O, pD~4) 4.20 (q,
J = 7.3 Hz, 1H), 3.83 (s, 3H), 1.55 (d, J = 7.3 Hz, 3H); 6c(101 MHz, D,O pD~4) 171, 54 , 49 , 15;
(ES-MS*) 104.3 (100 %, [M+H-HCI]*, M= C4H,CINOs).

Methyl-2-pyrrolidinecarboxylate hydrochloride. |-Proline (1.84 g, 16.0 mmol), TMSCI (4.5 cm?,
35.5 mmol) were used. Yellow-pink oil after exhaustive drying under high vacuum ( 2.23 g, 13.5 mmol,
84%). 611(400 MHz, CDCl3) 10.62 (s, 1H), 9.22 (s, 1H), 4.46 (m, 1H), 3.80 (s, 3H), 3.57 (m, 1H), 3.47
(m, 1H), 2.39 (m, 1H), 2.05 (m, 3H); (ES-MS*) 130.0 (100 %, [M+H-HCI]*, M= C¢H2CINO,).

Dimethyl-2-aminoglutarate hydrochloride. I-Glutamic acid (2.51 g, 17.1 mmol), TMSCI (8.7
cm3, 68.5 mmol) were used. Off-white waxy solid (2.78 g, 13.1 mmol, 77%). §4(400 MHz, D0,
pD=4) 4.21 (m, 1H), 3.82 (s, 3H), 3.72 (s, 3H), 2.65 (m, 2H), 2.27 (m, 2H); (ES-MS*) 176.4 (100 %,
[M+H-HCI]*, M= C;H14CINOy).
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8.2.8. Ethyl 2-amino-3-phenylpropionate hydrochloride, diethyl-phenylalaninate
hydrochloridel®31]

I-Phenylalanine (5.0 g, 30.3 mmol) was supended in ethanol (50 cm?®) and thionyl chloride (3.2 cm?®,
44.1 mmol) was added dropwise to the cooled reaction mixture. Once addition was complete, the
reaction mixture was allowed to warm to room temperature under nitrogen. After 5 hours, dissolution
of the suspended solid was observed, and the mixture was allowed to stir overnight prior to being
refluxed for 2.5 hours. Concentration of the reaction mixture in vacuo until the appearance of a solid
residue that was filtered off then followed. The solid was washed with diethyl ether, leading to the
precipitation of further solid from the filtrate. The combined solids were filtered and dried under high
vacuum to afford the title compound (3.8 g, 17.1 mmol, 57%) as a white solid. ¢4(400 MHz, D,O)
7.49—-7.20 (m, 5H, H1, H2, H3), 4.40 (dd, J = 7.4, 6.1 Hz, 1H, H6), 4.29 (q, J = 7.2 Hz, 2H, H8),
3.34 (dd, J = 14.5, 6.1 Hz, 1H, H5), 3.25 (dd, J = 14.5, 7.4 Hz, 1H, H5), 1.26 (t, J = 7.2 Hz, 3H, H9);
dc(101 MHz, D»0O) 170 (C7), 134 (C4),129.5,129, 128 (C1, C2, C3), 64 (C8) , 54 (C6) , 36 (C5)
, 183 (C9) ; (ES-MS*) 194.0 (100 %, [M+H-HCI]*, M= C41HsCINO,).

8.2.9. (2S)-2-(2-Chloroacetylamino)-3-methylbutyric acid*3?], 6a

L-valine (2.32 g, 19.8 mmol) was suspended in acetonitrile (10 cm?, dried over molecular sieves) and
stirred under nitrogen while chloroacetyl chloride (0.8 cm®, 10.1 mmol) was added dropwise. Once
addition was complete, the reaction mixture was then heated to 60°C for 2 hours, and left to cool to
room temperature prior to filtration. Diethyl ether was added to the filtrate until a solid precipitated.
The resulting suspension was then concentrated in vacuo and hexane added to enact further pre-
cipitation. All of the precipitate was then collected and recrystallised in ethyl acetate/hexane. The
resulting needle-like crystals were collected at the pump, and dried under high vacuum to give the ti-
tle compound (0.56 g, 2.89 mmol, 28%). Slow evaporation of a sample of these crystals from ethanol
gave crystals suitable for single-crystal X-ray analysis. 64(400 MHz, D,O) 4.29 (d, J = 5.9 Hz, 1H,
H3), 4.18 (s, 1H, H1), 4.18 (s, 1H, H1), 2.22 (dh, J = 7.0, 5.9 Hz, 1H, H4), 0.96 (dd, J = 7.0, 5.9 Hz,
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6H, H5); 6c(101 MHz, D,O) 175 (C6) , 170 (C2) , 59 (C3) , 42 (C1), 30 (C4) , 18 (C5) , 17 (C5) ;
(ES-MS~) 192.0 (100 %, [M-H]~, M= C;H2CINO3); the stereochemical assignment of the title com-
pound was confirmed by X-ray crystallography: C7H12NO3Cl, M,=193.63, orthorhombic (P2:212); a
=12.2940(4) A, b = 14.2498(5) A, ¢ = 5.5498(2); crystal size =0.452 x 0.096 x 0.03 mm?3; T= 120K.

8.2.10. tert-Butyl (2-chloroacetylamino)acetate,*3%! 6b

0
: RN

C&H/S\[o( \ﬁs

A solution of triethylamine (3 cm3, 21.2 mmol) in anhydrous dichloromethane (30 cm?®) was used
to suspend glycine t-butyl ester hydrochloride (1.00 g, 5.99 mmol). The resulting mixture was then
cooled using a dry ice/acetone bath and allowed to stir under nitrogen for 10 minutes prior to the
dropwise addition of a solution of chloroacetyl chloride (0.54 cm?3, 7.41 mmol) in dichloromethane
(20 cm?) over a period of 40 minutes, following which the reaction mixture was allowed to warm to
room temperature overnight and filtered. The filtrate was washed with saturated aqueous sodium
carbonate (2x) , aqueous hydrochloric acid (1 mol dm—3, 2x) and then with brine. Drying of the
organic layer over magnesium sulphate followed by solvent removal in vacuo gave the title compound
(0.84 g, 4.08 mmol, 67%) as an oil that rapidly solidified to a solid. §y4(400 MHz, CDCl3) 7.06 (t, 1H,
H4), 4.08 (s, 2H, H1), 3.98 (d, 2H, H5), 1.49 (s, 9H, H8); GC-MS (EI*) 208 (M**, M= CgH4CINO3).

8.2.11. 2-Chloro-1-{[(2-pyridyl)methylJamino}-1-ethanone!3%3], 6¢

Q 3 5 6

o
Anhydrous dichloromethane (50 cm?®), was used to dissolve chloroacetyl chloride (1.93cm?, 24.2
mmol) and the solution cooled using a dry ice/acetone bath under nitrogen. 2-Aminomethylpyridine
(2.5 cm?®, 24.5 mmol) was then added dropwise via syringe. As addition proceeded, the reaction
mixture became purple and a solid precipiated. At this point, the reaction was bought to room tem-
perature and more dichloromethane (as much as was necessary to enable free stirring) was added.
The reaction mixture was then allowed to stir at room temperature for a further 20 hours and the
mixture bought to basic pH via the addition of aqueous sodium carbonate (pH >10) before washing
the crude mixture in the same. The organic layer was then dried over magnesium sulphate and the
solvent removed in vacuo. The residue was purified via column chromatography (method i, silica,

dichloromethane:tetrahydrofuran 70:30 v/v) to afford the title compound (3.31g, 17.9 mmol, 75%) as
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a yellow oil that solidified to a brown solid upon refrigeration. Jy (400 MHz, CDCl3) 8.55 (ddd, 1H,
H9), 7.86 (s, 1H, H3), 7.66 (ddd, 1H, H7), 7.24 (dd, 1H, H6), 7.20 (ddd, 1H, H8), 4.58 (d, 2H,
H4), 4.10 (s, 2H, H1); 5c(101 MHz, CDCl3) 166.1 (C2), 155.5 (C9), 149.2 (C5), 136.9 , 122.6 (C7),
122.2, 44.6, 42.6.

8.2.12. Ethyl 2-(2-chloroacetylamino)-3-phenylpropionatel334, 6d

cl o
2 H 4
PN
! s ® 10 ©
o 12
5
6

7 9

Triethylamine (2.5 cm®, 18.0 mmol) was added to a solution of diethyl-phenylalaninate hydrochloride
(3.29 g, 14.3 mmol) in dry tetrahydrofuran (20 cm?), and the resulting mixture was cooled in an ice
bath. Chloroacetyl chloride (1.7 g, 21.3 mmol) was then added dropwise within 1 hour, and the
resulting brown mixture was allowed to stir overnight under nitrogen, after which time the solvent was
removed in vacuo and the residue partitioned between dichloromethane and aqueous hydrochloric
acid (3x). The organic layer was washed with water (3x), dried using magnesium sulphate and
concentrated in vacuo prior to final purification via column chromatography (method ii, elution in
40:60 v/v ethyl acetate:hexanes) to give the title compound as a beige solid (1.45 g, 5.38 mmol, 25
%). 64(400 MHz, CDCl3) 7.40 - 7.10 (m, 5H, H7, H8, H9), 7.00 (d, 1H, H3), 4.87 (m, 1H, H4), 4.21
(9, J = 7.1 Hz, 2H, H11), 4.05 (s, 2H, H7), 3.18 (m, 2H, H5), 1.27 (t, J = 7.1 Hz, 3H, H12); 6.(101
MHz, CDCl3) 171 (C10) , 166 (C2), 135, 129, 128.6 , 127 (C6, C7, C8, C9), 62 (C11), 53 (C4),
42 (C1),38(C5),14 (C12).

8.2.13. 1-(Butylamino)-2-chloro-1-ethanonel2®%l, 6e

Chloroacetyl chloride (7.5 g, 66.4 mmol) was dissolved in dichloromethane (50 cm?®) and sodium
carbonate (14.6 g, 0.14 mol) added. Butylamine (7.2 cm®, 72.8 mmol) was added dropwise to the
suspension at room temperature leading to the evolution of gas. Once addition was complete the
reaction mixture was stirred for an hour under nitrogen and solids were then filtered off. Water and
then aqueous hydrochloric acid (ca. 1 mol dm—2) were used to wash the yellow filtrate in a separating
funnel. The organic layer was then dried with magnesium sulphate prior to solvent removal in vacuo

to afford the title compound as a yellow liquid (4.8 g, 32.1 mmol, 48%). Jx(700 MHz, CDCl3) 6.76 (d,
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1H, H3), 3.94 (s, 2H, H1), 3.20 (td, 2H, H4), 1.43 (tt, 2H, H5), 1.27 (qt, 2H, H6), 0.84 (t, 3H, H7);
5c(176 MHz, CDCl3) 166 (C2), 43 (C1) , 40 (C4) , 31 (C5) , 20 (C6) , 13.75 (C7); (ES-MS*) 151.8
(100 %, [M+H]*, M= CgH12CINO).

8.2.14. Ethyl [(benzyl){2-[(benzyl)(ethoxycarbonylmethyl)amino]ethyl}amino]acetate, 8

I

To a Schlenk tube equipped with a pressure-equalising dropping funnel was added a solution of
N,N’-dibenzylethylene diamine diacetate (0.53 g, 1.47 mmol) in acetonitrile (ca. 4 cm?, dried over
molecular sieves). Potassium carbonate (1.02 g, 7.39 mmol) was added to the solution and the
suspension stirred at room temperature under nitrogen while a solution of ethyl bromoacetate (0.35
cm?, 3.16 mmol) in dry acetonitrile (2 cm3) was added dropwise over 6 minutes. Once the reagent
was added, heating at 60°C under nitrogen was commenced and the reaction monitored by TLC
(ethyl acetate:hexanes). Completion was indicated within 10 hours, but heating was maintained for
a further thirteen hours after completion. Solids were then removed by filtration through Celite®
and the filtrate concentrated in vacuo. The resulting oil was purified by column chromatography
(method ii, ethyl acetate:hexanes gradient, title compound eluted in ca. 30% v/v ethyl acetate). The
concentrated fractions containing 8 also contained some residual ethyl bromoacetate; this was easily
removed by heating combined fractions to 50°C under high vacuum to give the title compound (0.4 g,
0.97 mmol, 66%) as a colourless oil with a pleasant odour. vya/cm~1(ATR) 2842 (sp®C-H st), 1731
(C=0 ester st), 1183 (C-O st); 54(700 MHz, CDCl3) 7.61 — 7.2 (m, 10H, H6, H7, H8), 4.13 (d, J =
7.1 Hz, 4H, H2), 3.77 (s, 4H, H4), 3.35 (s, 4H, H10), 2.82 (s, 4H, H9), 1.24 (d, J = 7.1 Hz, 6H, H1);
dc(176 MHz, CDCl3) 171 (C3) , 139 (C5) , 127-9 (C6-8) , 60 (C2) , 58 (C4) , 54 (C10), 52 (C9) ,

4 (C1); (ES-MS*) 413.5 (100%, [M+H]*); HR-MS Found 413.2434 , Cp4H33N>04 [M+H]* requires
413.2440.
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8.2.15. Ethyl (2-oxo-1-piperazinyl)acetate, 10

Ester 8 (0.14 g, 0.34 mmol) and ammonium formate (0.32 g, 5.07 mmol) were dissolved in ethanol
(10 cm®) and the solution was subject to three vacuum purge/nitrogen fill cycles prior to the addition
of 5% palladium on charcoal (37 mg, 0.02 mmol wrt Pd). The vessel was then evacuated and filled
with nitrogen for another three cycles and then refluxed for 2 hours (when quantitative conversion
had been attained by "H NMR). The reaction mixture was subsequently cooled to room temperature
and filtered through Celite®. Removal of the solvent in vacuo gave the title compound (0.03 g, 0.16
mmol, 47% ) as a yellow oil. vma/cm~"(ATR) 3312 (N-H st), 2936 (sp>C-H), 1738 (C=0 ester), 1636
(C=0 amide), 1199 (C-O st); d4 (600 MHz, CDCl3) 4.15 (q, J = 7.5, 2H, H2), 4.07 (s, 2H, H8), 3.50
(s, 2H, H4), 3.35 (t, J = 5.5 Hz, 2H, H6), 3.07 (t, J = 5.5 Hz, 2H, H5 ), 1.85 (s, 1H, H7), 1.22 (t,
J = 7.5 Hz, 3H, H1); §c(176 MHz, CDCl3) 170 (C9) , 169 (C3) , 61 (C2) , 50 (C4) , 49 (C6) , 48
(C8), 43 (C5) , 14 (C1); (ES-MS*) 187.2 (100 %, [M+H]*); HR-MS Found 187.1082 , CgH15N»05
[M+H]*requires 187.1083.

8.2.16. Tert-Butyl-[(benzyl){2-[(benzyl)(tert-

butoxycarbonylmethyl)amino]ethyl}amino]acetate,
11 [157]

1

N,N‘-dibenzylethylenediamine diacetate (1.25g, 3.47 mmol) was suspended in acetonitrile (20 cm?3,
dried over molecular sieves) in a Schlenk tube equipped with a pressure-equalising funnel. Excess
potassium carbonate ( 2.15g, 15.6 mmol) and sodium sulphate (ca. 0.5g) were then added to the
suspension which was stirred at room temperature under nitrogen. t-Butyl bromoacetate (1.07 cm?,
7.30 mmol) was subsequently added dropwise to the suspension and addition was complete within
10 minutes. The reaction mixture was then heated to 60°C and monitored via TLC (silica, ethyl
acetate/hexanes 80:20 v/v). Typically, the reaction was complete within 4 hours but could be left

overnight with no observable degradation at this temperature. Upon completion, the reaction mixture
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was cooled to room temperature and filtered through Celite® to give a straw-coloured filtrate which
was concentrated in vacuo to a viscous oil that was purified by column chromatography (method ii,
0:100—100:0 v/v ethyl acetate:hexanes, compound eluted in ca. 30:70 v/v ethyl acetate:hexanes).
Fractions containing the pure compound were recombined and the solvent removed in vacuo to give
a colourless oil that crystallised to a white solid upon standing (0.68 g, 1.45 mmol, 42%). Slow
evaporation of a sample of this solid from a mixture of acetone and water gave crystals suitable for
X-ray crystallography. Similarly, very large crystals may also be grown through recrystallisation of
the purified residue in hexanes. mp 62-64°C; vya/cm—1(ATR) 2978 (sp°C-H st), 1719 (ester C=0
st), 1149 (aliphatic ester asymm. C-O st), 1116 (aliphatic ester symm. C-O st); §14(700 MHz, CDClj3)
7.66—6.72 (m, 10H, H6, H7, H8), 3.77 (s, 4H, H5), 3.25 (s, 4H, H4), 2.80 (s, 4H, H3), 1.44 (s, 18H,
H1); 6c(176 MHz, CDCl3) 171 (C3) , 139 (C10) , 129 (C7) , 128 (C6) , 127 (C8) , 81 (C2) , 59 (C5)
,55(C4),52(C9), 28 (C1); (ES-MS*) 469 (100%, [M+H]*, M= C2gH4oN2Q4); X-ray crystallography:
Ca2sHaoN204, M,=468.62, tetragonal (P-4); a = 22.2406(6) A, b = 22.2406(6) A, ¢ = 5.4929(2) A;
crystal size =0.48 x 0.24 x 0.2 mm?3; T= 120K.

8.2.17. Tert-Butyl {2-[(tert-butoxycarbonylmethyl)amino]ethylamino}acetate,['571 12
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Catalytic transfer hydrogenation method: In a two-neck round bottom flask equipped with a
condenser 11 (0.25 g, 0.53 mmol) was dissolved in ethanol (ca. 40 cm® ). Ammonium formate
(0.71 g, 11.3 mmol) was then added to the stirring solution which was subsequently agitated in
an ultrasonic bath to ensure complete dissolution. The colourless mixture was then subjected to
three vacuum purge/ nitrogen fill cycles. Once complete, 5 wt. % palladium on charcoal (0.074 g,
0.035 mmol wrt Pd) was added to the reaction mixture under a fast flow of nitrogen, after which three
further vacuum purgef/fill cycles were performed prior to refluxing the reaction mixture under nitrogen.
Reaction progress was monitored by '"H NMR* and completion was typically reached in 3 hours, over
the course of which solid white matter deposited on the walls of the condenser. Once complete,
the reaction mixture was cooled to room temperature and allowed to stir for at least fifteen minutes

prior to filtration through Celite® and concentration in vacuo. The resulting oil was purified by column

chromatography on silica (method i, isocratic elution in 95:5 v/v methanol:dichloromethane) to afford

*Monitoring was performed by taking an aliquot of the reaction mixture, filtering the sample (typically through a syringe
filter) and concentrating the filtrate in vacuo. The residue could then be analysed for the loss of benzyl groups by dissolution
in CDCl; prior to the acquisition of an "H NMR spectrum.
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the title compound as a colourless to yellow oil (0.1 g, 0.34 mmol, 65%).

Hydrogen gas method: 11 (0.63 g, 1.34 mmol) was dissolved in ethanol (ca. 50 cm?) in a two-
necked round bottom flask equipped with a two-way valve secured to the round bottom flask via
a Keck clip. The resulting colourless solution was subject to three cycles of vacuum purging and
nitrogen filling after which 5 wt. % palladium on charcoal (0.14 g, 0.066 mmol wrt Pd) was added
under a flow of nitrogen. The nitrogen line was then replaced with a balloon containing hydrogen gas,
and the reaction mixture was then evacuated and backfilled with hydrogen three times. Reaction
progress was monitored by '"H NMR and completion was typically observed within 3 hours. The
workup and purification procedure could be carried out in the same way as the catalytic transfer
hydrogenation method described above to give a colourless oil (0.29 g, 1.01 mmol, 74%). If filtration
was carried out carefully, column chromatography could be bypassed leading to higher, sometimes
quantitative yields. vma/cm~"(ATR) 3334 (free N-H st), 3104 (H-bonded N-H st), 2977 (sp3C-H st),
1730 (C=0 ester), 1148 (C-O st); 64(700 MHz, CDCl3) 3.23 (s, 4H, H4), 2.64 (s, 4H, H5), 1.89 (s,
2H, H6), 1.39 (s, 18H, HT); c(176 MHz, CDCl3) 172 (C3) , 81 (C2), 51 (C4) , 49 (CH5) , 28 (C2);
(ES-MS*) 289.1 (100%, [M+H]*); HR-MS Found 289.2118 , C14H29N2O4 [M+H]* requires 289.2127.

8.2.18. tert-Butyl-({2-[(tert-butoxycarbonylmethyl)(2-oxo-2-{[(2-pyridyl)methyl]amino}
ethyl)amino]ethyl}(2-oxo-2-{[(2-pyridyl)methyllamino}ethyl)amino)acetate, 13
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Aminoester 12 (0.47 g, 1.6 mmol) was dissolved in acetonitrile (4 cm?3, dried over molecular sieves)
and a-haloamide 6¢ (0.68 g, 3.7 mmol) added at once prior to the addition of potassium carbon-
ate (0.7 g, 5 mmol) and a catalytic amount of potassium iodide (0.027g, 0.16 mmol). Heating
was commenced under argon at 60°C for 22 hours, at which point only spots visible by both short-
wave UV and PMA staining were observed following TLC analysis (silica, dicholomethane:methanol
90:10). After cooling to room temperature, the reaction mixture was partitioned between water and
dichloromethane and the dichloromethane layer extracted. The aqueous layer was extracted with
dichloromethane a further two times and the combined organic extracts dried over magnesium sul-
phate and the solvent removed in vacuo. The residue was purified via preparative reverse-phase
column chromatography (water:acetonitrile , 0.1% v/v formic acid as additive 0:100—100:0 com-
pound eluted in ca. 50:50 v/v water:acetonitrile) to afford the title compound (0.479 g, 0.82 mmol,

51%) as a brown oil. §y (600 MHz, CDCl3) 8.49 (ddd, J = 5.0, 2.0, 1.0 Hz, 2H, H1), 8.41 (1, J=5.5
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Hz, 2H, H7), 7.62 (dd, J = 7.5, 2.0 Hz, 2H, H3), 7.25 (d, J = 7.5 Hz, 2H, H4), 7.16 (ddd, J = 7.5, 5.0,
1.0 Hz, 2H, H2), 4.56 (d, J = 5.5 Hz, 4H, H6), 3.36 (s, 4H, H9), 3.30 (s, 4H, H10), 2.82 (s, 4H, H14),
1.41 (s, 18H, H13); 5c(151 MHz, CDCls) 171.6 (C8), 170.3 (C11), 157.2 (C5), 149.1 (C1), 137.0
(C3),122.8 (C2), 122.1 (C4), 81.8 (C12),59.1 (C9), 57.1 (C10), 53.6 (C14), 44.4 (C6), 28.3 (C13);
(ES-MS*) 585.2 (100 %, [M+H]*); HR-MS Found 585.3403, C4oHasNsOg [M+H]*requires 585.3401.

8.2.19. ({2-[(Carboxymethyl)(2-oxo-2-{[(2-pyridyl)methyl]amino}ethyl)amino]ethyl}
(2-oxo-2-{[(2-pyridyl)methylJamino}ethyl)amino)acetic acid, AmPy,

| H
3 NS N/\12/N
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Aminoester 13 (0.458 g, 0.78 mmol) was dissolved in dichloromethane (4 cm?®) prior to the addition
of anisole (0.16 cm?, 1.5 mmol) and trifluoroacetic acid (3 cm?®) and the solution stirred under argon
for 17 hours under argon. Volatiles were then removed in vacuo and the residue redissolved in
dichloromethane which was removed in vacuo. Concentrated hydrochloric acid (ca. 5 cm®) was
then used to emulsify the residue, which was also removed in vacuo to afford the product as its
trifluoroacetate salt which was a buff solid (0.38 g). The solid was dissolved in the minimum volume
of 1 mol dm~2 hydrochloric acid and loaded onto DOWEX 1X8 (chloride form) that had been pre-
washed with 1 mol dm~3 hydrochloric acid and then water. Once loaded onto the resin, elution of the
compound was achieved with 1 mol dm~—2 hydrochloric acid (ca. 100 cm?®). Removal of the solvent
in vacuo followed by further drying under high vacuum gave the title compound (0.34 g, 0.72 mmol,
92 %) as light brown solid. tg (HoO:MeOH, UV detection); 1.33 min; jy (600 MHz, D-O, pD~6) 8.28
(d, 2H, H1), 7.71 (dd, 2H, H2), 7.38 — 7.06 (m, 4H, H3, H4), 4.31 (s, 4H, H6), 3.71 (s, 4H, H9), 3.39
(s, 4H, H10), 3.11 (s, 4H, H12); 6c(151 MHz, D,O, pD~6) 174.3 (C11), 170.1 (C8), 155.6 (C5),
147.5 (C1), 139.4 (C2), 123.4 and 122.1 (C3, C4), 57.5 (C10), 56.6 (C9), 52.1 (C12), 43.7 (C6);
(ES-MS*) 473.2 (100 %, [M+H]*); HR-MS Found 473.2139, C2:H29NgOg [M+H]*requires 473.2149.
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8.2.20. Tert-Butyl [(tert-butoxycarbonylmethyl){2-[(benzyl)(tert-butoxycarbonylmethyl)

amino]ethyl}amino]acetate, 140158
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N-benzylethylenediamine (1.0 cm®, 6.52 mmol) was dissolved in acetonitrile (25 cm?® , dried over
molecular sieves) and potassium carbonate (3.7 g, 26.8 mmol) added. While the mixture was at room
temperature under nitrogen, t-butyl bromoacetate (3.22 cm?, 22 mmol) was added dropwise within 10
minutes, and once addition was complete, the temperature was raised to 60°C. The reaction mixture
was heated for 19 hours and then cooled and filtered and the concentrated filtrate was then purified
by column chromatography (method ii, compound elution in ethyl acetate:hexanes started at 20:80
v/v) to give of the title compound as a colourless-to-yellow oil (2.67 g, 5.42 mmol, 81 %). J§y(600
MHz, CDCl3) 7.34 —=7.17 (m, 5H, H7, H8, H9), 3.79 (s, 2H, H5), 3.43 (s, 4H, H13), 3.25 (s, 2H, H3),
2.88 — 2.78 (m, 4H, H10, H11), 1.44 (s, 9H, H1), 1.42 (s, 18H, H15); 6c(151 MHz, CDCl3) 171.1
(C12),171.0 (C3),139 (C6) ,127-9 (C7, C8, C9),81.0(C14),80.9 (C2), 59 (C5),56 (C13), 55
(C4),52.5(C10),52 (C11),29 (C1), 28 (C15); GC-MS (EI*) 402.3 (M**, M= Co7H44N20g).

8.2.21. Tert-Butyl{2-[(tert-butoxycarbonylmethyl)-N-tert-butoxycarbonylamino]ethylamino}

acetate,[58] 15
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Via debenzylation of 14. The method used was identical to that described in section 8.2.17. Both
catalytic transfer hydrogenation and hydrogen gas methods may be employed, but the substrate used
was compound 14 (1.05 g, 2.13 mmol), ammonium formate (2.68 g, 42.5 mmol), 5 wt. % palladium on
charcoal (0.27 g, 0.127 mmol wrt Pd). Purification was by column chromatography (method i, 10:90
v/v ethyl acetate:hexanes—60:40 ethyl acetate:hexanes). After drying the combined pure fractions
under high vacuum, the title compound was obtained as a colourless to yellow oil (0.45 g, 1.16 mmol,

54 %).
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Via alkylation of ethynene diamine. Ethylene diamine (0.5 cm?, 7.5 mmol) and triethylamine (4.2
cm?®, 30 mmol) were dissolved in acetonitrile (37 cm?, dried over molecular sieves), and a solution
of t-butyl bromoacetate (3.32 cm?, 22.6 mmol in 15 cm? in acetonitrile) was added dropwise to the
mixture, which was then stirred at room temperature under argon for 17 hours under argon. After this,
the reaction vessel was placed in the freezer (ca. 30 min) during which time a solid precipitated. This
precipitate was filtered off, and the filtrate concentrated in vacuo, redissolved in dichloromethane, and
then washed with water and then brine. The dichloromethane layer was then dried over magnesium
sulphate, concentrated in vacuo and the residue purified by column chromatography (method i, silica,
diethyl ether:hexanes 0:100—100:0 compound eluted in diethyl ether) to afford the title compound
(0.60 g, 1.5 mmol, 20%).614(400 MHz, CDCl3) 3.43 (s, 4H, H8), 3.29 (s, 2H, H4), 2.85 (t, 2H, H6),
2.65 (t, 2H, H7), 2.12 (s, 1H, H5), 1.44 (s, 9H, H1), 1.43 (s, 18H, H11); 5c(101 MHz, CDCl3) 171.4
(C9),171(C3),81 (C10),80.6 (C2),56 (C8),54 (C4),52(C7),47 (C6),28 (C1, C11).

8.2.22. Tert-Butyl[(tert-butoxycarbonylmethyl){2-[(ethoxycarbonylmethyl)(tert-

butoxycarbonylmethyl)amino]ethyl}amino]acetate, 16

A stock solution of 15 (3 cm3, 0.096 mol dm?®, 0.29 mmol) was placed into a Schlenk tube equipped
with a septum. Potassium carbonate (0.077 g, 0.56 mmol) and potassium iodide (4.5 mg, 0.03 mmol)
were then suspended in the solution. After a brief stirring period, ethyl bromoacetate (35 nL, 0.32
mmol) was added at once via a Gilson pipette. The reaction mixture was then heated to 60°C under
airtight conditions and reaction progress was monitored at hourly intervals via GC-MS. Consumption
of both 15 and ethyl bromoacetate was observed 2 hours after the reaction was initiated but the
mixture was allowed to heat for a further 15 hours. Once cooled, the reaction mixture was filtered
and concentrated in vacuo to yield the title compound as an orange oil (0.13 g, 0.26 mmol, 90%).
The reaction was also performed with caesium carbonate (0.178 g, 0.55 mmol) instead of potassium
carbonate as the base, all other reactant quantities being identical. Heating was maintained for
thirteen hours after the consumption of starting materials as observed by GC-MS. The title compound
was isolated after repeated filtration, and removal of the solvent from the filtrate in vacuo to give the
title compound as a yellow oil (0.085 g, 0.17 mmol, 59%). vmax/cm~'(ATR) 2978 (sp3C-H st), 1725
(ester C=0 st), 1139 (C-O st); 64(600 MHz, CDCl3) 4.12 (g, J = 7.1 Hz, 2H, H13), 3.56 (s, 2H, H11),
3.45 (s, 2H, H7), 3.43 (s, 4H, H4), 2.84 (s, 4H, H5, H6), 1.42 (s, 27H, H1, H10), 1.23 (t, J = 7.1 Hz,
3H, H14); 6c(151 MHz, CDCl3) 172 (C12) , 171 (C1), 170.8 (C10) , 81 (C9), 80.9 (C2), 60 (C13)
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,56 (C11) , 55 (C4) , 53, 52.5 (C5, C6) , 28 (C1, C10) , 14 (C13); GC-MS (EI*) 488.4 (11%, M**),
387 (40%, M-'BuOC=0); (ES-MS"*) 489.7 (100 %, [M+H]*), 512.2 (70 %, [M+Na]*) ; HR-MS Found
489.3176 , CQ4H45N208 [M+H]+ requires 489.3159.

8.2.23. tert-Butyl [(tert-butoxycarbonylmethyl){2-[(tert-butoxycarbonylmethyl)

{2-oxo-2-[(tert-butoxycarbonylmethyl)amino]ethyl}amino]ethyl}amino]acetate, 17
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Aminoester 15 (0.20 g, 0.50 mmol) and haloamide 6b (0.12 g, 0.58 mmol) were dissolved in ace-
tonitrile (1.5 cm3, dried over molecular sieves). Potassium carbonate (0.14 g, 1.01 mmol), potassium
iodide and sodium sulphate (ca. 25 mg each) were then added and the mixture was heated at 60°C
under nitrogen. Reaction progress was monitored by TLC (alumina, ethyl acetate:hexanes 50:50) and
"H NMR techniques. Once a steady state was observed with respect to the depletion of [xv] from
the "H NMR spectrum, the reaction mixture was cooled to room temperature, filtered concentrated
in vacuo and purified by column chromatography (method i, alumina, ethyl acetate:hexanes 50:50,
isocratic) to afford the title compound (0.19 g, 0.33 mmol, 66% ) as a yellow oil. vpa/cm~—"(ATR)
2977 (sp3C-H st), 1730 (ester C=0 st), 1675 (amide C=0 st), 1147 (C-O st);54(700 MHz, CDCl3)
8.52 (t,J=6.0Hz, 1H, H12), 3.93 (d, J = 6.0 Hz, 2H, H13), 3.42 (s, 4H, H4), 3.35 (m, 4H, H6, H10),
2.81 (s, 4H, H5), 1.52 — 1.36 (m, 36H, H1, H9, H16); c(176 MHz, CDCl3) 172.2 (C7) , 170.5 (C3)
,169.1 (C14 0r C11),81.4-81.0 (C2, C8, C15),58.3 (C10) , 56.5 (C10) , 55.4 (C4) , 52.8-52.2
(C5, C6) ,41.7 (C13),28.1 - 28.0 (C1, C9, C16); (ES-MS*) 574.7 (100%, [M+H]*); HR-MS Found
574.3705 , CogHs2N309 [M+H]* requires 574.3704.

8.2.24. [(Carboxymethyl){2-[(carboxymethyl){2-[(carboxymethyl)amino]-2-oxoethyl}amino]

ethyl}amino]acetic acid, AmGly;
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Amide 17 (0.54 g, 0.94 mmol) and anisole (0.44 cm® 4.07 mmol), were dissolved in dichloromethane
(2 cm?®), and trifluoroacetic acid (4 cm3) was added to the yellow solution which was allowed to stir at
room temperature under nitrogen for 18 hours. Volatiles were then removed in vacuo and the residue
redissolved in dichloromethane which was once again removed in vacuo. Diethyl ether was then
added to the residual oil and the mixture agitated ultrasonically to afford a white precipitate that was
collected via centrifugation. This solid was dissolved in 1 mol dm~2 hydrochloric acid and passed
through a short column of DOWEX 1X8 (chloride form) that had been pre-washed with 1 mol dm—3
hydrochloric acid and water. Once loaded onto the resin, elution of the compound was achieved with
1 mol dm~—2 hydrochloric acid (ca. 100 cm®). Removal of the solvent in vacuo followed by further
drying under high vacuum gave the title compound (0.2 g, 0.57 mmol, 61%) as an off-white solid. tg
(H20O:MeOH, MS detection); 1.63 min; oy (700 MHz, D,O, pDa8) 3.64 (s, 2H, H9), 3.13 (s, 2H, H7),
3.02 (s, 2H, H6), 2.95 (s, 4H, H2), 2.47 (t, J = 6.0 Hz, 2H, H4), 2.43 (t, J = 6.0 Hz, 2H, H3); 6c(176
MHz, D,O, pD~8) 179.6 (C1), 179.3 (C5), 176.7 (C10), 173.8 (C8), 58.9 (C6), 58.7 (C2), 57.9
(C7), 52.2 (C4), 51.9 (C3), 43.1 (C9); (ES-MS*) 551.7 (100 %, [M+H]*); HR-MS Found 551.3449 ,
CogH47N4O7 [M+H]* requires 551.3445.

8.2.25. tert-Butyl [(tert-butoxycarbonylmethyl){2-[(tert-butoxycarbonylmethyl)(2-oxo-2-{[(2-
pyridyl)methylJamino}ethyl)amino]ethyl}amino]acetate, 1:1 formate adduct,

AmPy;-tBu

S
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Aminoester 15 (0.53 g, 1.3 mmol) and haloamide 6¢ (0.26, 1.4 mmol) were dissolved in acetoni-
trile (4.3 cm?®, dried over molecular sieves) and potassium carbonate (0.36 g, 2.6 mmol) and potas-
sium iodide (0.04 g, 0.24 mmol) were suspended in the solution. The reaction mixture was then
heated at 60°C under argon until '"H NMR analysis indicated the consumption of starting aminoester
16 (within 24 hours). Acetonitrile was then removed in vacuo and the residue partitioned between
dichloromethane and saturated sodium carbonate. The organic layer was extracted (3x) and dried
over magnesium sulphate. The residue was purified via preparative reverse-phase column chro-
matography (water:acetonitrile, 0.5% v/v formic acid as additive 0:100—100:0 compound eluted in ca.
50:50 v/v water:acetonitrile) to afford the title compound (0.57 g, 0.96 mmol, 74%). vmax/cm~"(ATR)
3250 (acid O-H st), 2980 (sp® C-H st), 1730 (acid/ester C=0 st), 1670 (amide C=0O st), 1150
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(acid/ester C-O st);0y (700 MHz, CDCl3) 9.39 (t, J = 6.0 Hz, 1H, H13), 9.06 (s, 1H, H22), 8.94
(d, J = 5.5 Hz, 1H, H19), 8.13 (dd, 1H, H17), 8.11 (s, 1H, H20) 7.75 (d, 1H, H16), 7.61 (dd, 1H,
H18), 4.84 (d, J = 5.5 Hz, 2H, H14), 3.87 (s, 2H, H11), 3.76 (s, 4H, H4), 3.71 (s, 2H, H7), 3.24
(t, J = 5.0 Hz, 2H, H5), 3.19 (t, J = 5.0 Hz, 2H, H6), 1.47 (s, 1H, H10), 1.44 (s, 1H, H1); 6c(176
MHz, CDCl3)* 170.3 (C12), 168.4 (C3), 168.2 (C8), 162.9 (C21), 155.2 (C15), 143.7 (C19), 143.0
(C17), 124.7 (C16), 124.2 (C18), 117.1 (C12), 83.1 (C2), 83.0 (C9), 57.3 (C11), 55.1 (C7), 54.8
(C4), 51.8 (C6), 50.7 (C5), 41.5 (C14), 28.0 (C10), 27.9 (C1); (ES-MS~) 595.6 (100 %, [M-H]~, M=
CogHysN4O7);

8.2.26. [(Carboxymethyl){2-[(carboxymethyl)(2-ox0-2-{[(2-pyridyl)methyllamino}ethyl)

amino]ethyl}amino]acetic acid, AmPy;
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Amide AmPy;-tBu (0.57g, 0.96 mmol) was dissolved in dichloromethane (2 cm®) and anisole (0.35
cm?®, 3.2 mmol) dissolved. Trifluoroacetic acid (2 cm?®) was then added and the mixture was stirred
under argon for 17 hours, after which time volatiles were removed in vacuo. A semi-solid material
was then isolated after trituration in diethyl ether (50 cm?®) of the resulting residue using ultrasonic
agitation, and the material collected via centrifugation. Aqueous hydrochloric acid (1 mol dm3, ca.
50 cm?) was the used to dissolve the solid, and then removed in vacuo to afford a buff solid. The
solid was then redissolved in hydrochloric acid (1 mol dm3, minimum volume) and the residue loaded
onto DOWEX 1X8 (chloride form) that had been pre-washed with 1 mol dm—2 hydrochloric acid and
water. Once loaded onto the resin, elution of the compound was achieved with water (ca. 100 cm?®)
and then hydrochloric acid ( 1 mol dm?, ca. 100 cm?®). Removal of the solvent in vacuo followed by
further drying under high vacuum gave the title compound (0.22 g, 0.58 mmol, 60%) as an orange-
brown solid. tg (H2O:MeOH, UV detection); 1.24 min; 6y (600 MHz, D,O, pD=11) 8.32 (d, 1H, H14),
7.72 (dd, 1H , H12), 7.22 (m, 2H, H11, H13), 4.40 (s, 2H, H9), 3.23 (s, 2H, H7), 3.11 (m, 6H, H3,
H4, H6), 2.65 (s, 4H, H2); 6c(151 MHz, D,O, pD~11) 179.3, 178.1 (C1, C5) , 175.1 (C8), 156.6
(C10), 148.4 (C14), 138.4 (C12), 122.9 , 121.6 (C12, C13), 58.9 (C4), 58.4 (C7), 58.2 (C3), 52.4,
51.9 (C1, C6), 44.0 (C9); (ES-MS*) 383.2 (100 %, [M+H]*); HR-MS Found 383.1570 , C1gH23N4O7
[M+H]* requires 383.1567.

*Some impurity peaks, not reported, were present.
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8.2.27. Ethyl (2-{[2-(bis{2-[(ethoxycarbonylmethyl)amino]-2-oxoethyl}amino)ethyl]{2-
[(ethoxycarbonylmethyl)amino]-2-oxoethyl}amino}acetylamino)acetate,

18
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A solution of Ethyl (2-chloroacetylamino)acetate (1.08 g, 6.04 mmol) in acetonitrile (4 cm?3, dried
over molecular sieves) was added dropwise to a solution of ethylene diamine (96 nL, 1.44 mmol) in
acetonitrile (4 cm3) in which potassium carbonate (0.99 g, 7.17 mmol) and sodium sulphate were
suspended. Once the addition was complete (within 5 minutes), the mixture was heated to 60°C un-
der nitrogen and the reaction was monitored using TLC (silica, dicholomethane:methanol 90:10) and
"H NMR techniques. Since completion was not observed after 62 hours, a grain of potassium iodide
was added as a catalyst and the reaction was allowed to stir for a further 28 hours at which point
completion was indicated by "H NMR spectroscopy. After cooling the mixture to room tempature and
filtering off solids, the filtrate was concentrated in vacuo and partitioned between dichloromethane
and aqueous hydrochloric acid (pH 1-2). The extracted aqueous layer was then brought to pH 14
by adding solid sodium hydroxide and the resulting emulsion extracted with ethyl acetate ( 3x ca.
50 cm?®). The organic layer was subsequently washed with brine, dried over magnesium sulphate
and concentrated in vacuo to afford the title compound (0.28 g, 0.44 mmol, 31%) as a yellow oil.
Vmax/cm~ 1 (ATR) 3288 (amide N-H), 2982 (sp3C-H), 1740 (ester C=0), 1656 (amide C=0), 1195 (es-
ter C-O); 6x(700 MHz, CDCl3) 7.90 (d, J = 7.0 Hz, 4H, H5), 4.20 (q, J = 7.5 Hz, 8H, H2), 3.98 (d, J
= 7.0 Hz, 8H, H4), 3.33 (s, 8H, H7), 2.86 (s, 4H, H8), 1.26 (t, J = 7.5 Hz, 12H, H1); 6c(176 MHz,
CDCl3) 171.1 (C3) , 171.0 (C6) , 61.4 (C2) , 58.1 (C7) , 40.9 (C8), 14.03 (C1); (ES-MS*) 633.7
(100%, [M+H]"); HR-MS Found 633.3097 , C2sH4s5NgO1o [M+H]* requires 633.3095.
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8.2.28. tert-Butyl (2-{[2-(bis{2-ox0-2-[(tert-butoxycarbonylmethyl)amino]ethyl}amino)ethyl]{2-
oxo-2-[(tert-butoxycarbonylmethyl)amino]ethyl}amino}acetylamino)acetate,

19
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Ethylene diamine (45uL, 0.67 mmol) was dissolved in acetonitrile (7 cm3, dried over molecular sieves)
and haloamide 6b (0.6 g, 3 mmol) added at once prior to the addition of potassium carbonate (2.33
g, 16.9 mmol) and potassium iodide (0.1 g, 0.6 mmol). The reaction mixture was then heated at 60°C
for 26 hours under nitrogen. After cooling to room temperature, the reaction mixture was filtered, the
solvent removed in vacuo and the residue purified by column chromatography (method i, alumina,
dichloromethane:methanol 100:0—95:5 v/v) to afford the title compound (0.41 g, 0.55 mmol, 82%).
Sy (700 MHz, CDCl3) 7.79 (t, J = 6.0 Hz, 4H, H5), 3.87 (d, J = 6.0 Hz, 8H, H4), 3.29 (s, 8H, H7),
2.84 (s, 4H, H8), 1.42 (s, 36H, H1);6c(176 MHz, CDCl3) 171.4 (C3), 170.1 (C6), 82.3 (C2), 58.6
(CT7), 53.4 (C8), 41.9 (C4), 28.3 (C1); (ES-MS*) 745.1 (100 %, [M+H]*); HR-MS Found 745.4340,
C34Hg1NgO12 [M+H]*requires 745.4347.
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8.2.29. Ethyl2-{2-[(2-{bis[2-(1-ethoxycarbonyl-2-phenylethylamino)-2-oxoethyllJamino}
ethyl)[2-(1-ethoxycarbonyl-2-phenylethylamino)-2-oxoethylJamino]acetylamino}
-3-phenylpropionate, 20
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Ethylene diamine (36 uL, 0.54 mmol) was dissolved in acetonitrile (11 cm?3, dried over molecular
sieves) along with haloamide 6d (0.594 g, 2.20 mmol). Potassium carbonate (0.37 g, 2.7 mmol)
and potassium iodide (0.01 g, 0.06 mmol) were then suspended in the solution which was heated
under nitrogen at 60°C for 65 hours. After cooling to room temperature, solids were filtered off and
the filtrate concentrated in vacuo prior to purification via column chromatography (method i, alumina,
0:100 dichloromethane:methanol—95:5 v/v) to afford the title compound (0.36 g, 0.36 mmol, 67%)
as a yellow-brown oil. vya/cm~1; 3300 (amide N-H st), 1670 (amide C=0 st); 5y (600 MHz, CDCl3)
7.54 (s, 4H, H5), 7.23 (dd, 8H, H11), 7.19 (d, 4H, H13), 7.14 (d, 8H, H12), 4.79 (dd, 4H, H4), 4.14
(g, J = 7.0, 8H, H5), 3.38 — 2.76 (m, 16H, H7, H9), 2.46 (s, 4H, H8), 1.22 (t, J = 7.0 Hz, 12H, H1);
§c(151 MHz, CDCl3) 172.3 (C3, C6), 136.4 (C10), 129.1 (C12), 128.5 (C11) , 126.9 (C13), 61.6
(C2), 58.1 (C8), 57.7 (C7), 53.30 (C4), 37.5 (C9), 14.1 (C1); (ES-MS*) 993.4 (100 %, [M+H]*);
HR-MS Found 993.4970, Cs4HggNgO12 [M+H]*requires 993.4973.
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8.2.30. (2-{[2-(Bis{2-[(carboxymethyl)amino]-2-oxoethyl}amino)ethyl]{2-[(carboxymethyl)
amino]-2-oxoethyl}amino}acetylamino)acetic acid,hydrochloride salt, AmGly,

HO\ﬁO

HO)J\/ \ﬂ/\ \)k /\[(OH

HN

OJ\OH

Via amide 18: Amide 18 (0.28 g, 0.44 mmol), was dissolved in methanol (5 cm®) and an aqueous
solution of potassium hydroxide (0.1 g, 1.78 mmol in 5 cm®) was added to the methanolic solution
which was then stirred under nitrogen. Reaction progress was monitored by ES-LCMS and upon
consumption of the starting material volatiles were evaporated in vacuo. The crude residue was
dissolved in concentrated ammonium hydroxide and loaded onto a DOWEX 1X8 anion exchange
column (hydroxide form) that was first eluted with water until a reduction in pH was noted, and then
aqueous hydrochloric acid (1 mol dm~2) to elute the ligand. Concentration of fractions containing
the product (determined via ES-LCMS) in vacuo afforded the title compound (77 mg, 34% based on
M,=520.5 g mol~") as an off-white solid.

Via amide 19: Amide 19 (0.41 g, 0.55 mmol) was dissolved in dichloromethane (4 cm®) and anisole
(0.26 cm3, 2.4 mmol) added prior to the addition of trifluoroacetic acid (3 cm?). The solution was then
stirred under nitrogen for 14 hours. Volatiles were then removed in vacuo and the residue precipitated
from diethyl ether using ultrasonic agitation. The precipitate was collected by centrifugation, dissolved
in aqueous hydrochloric acid (1 mol dm—2) and the solvent removed in vacuo. The residue was then
re-dissolved in aqueous hydrochloric acid (1 mol dm~—23) and loaded onto a column DOWEX 1X8
(chloride form) that had been pre-washed with 1 mol dm—2 hydrochloric acid and water. Once loaded
onto the resin, the compound was eluted using 1 mol dm~2 hydrochloric acid (ca. 100 cmq) to give
the title compound (0.08 g, 0.15 mmol 28% based on M,=520.5 g mol~') as a yellow solid. §4(700
MHz, D,0) 4.04 (s, 8H, H2), 3.91 (s, 8H, H4 ), 3.34 (s, 4H, H5); 6c(176 MHz, D,O) 172.8 (C1)
, 169.3 (C3) , 56.4 (C4) , 52.3 (C5) , 41.0 (C2); (ES-MS~) 519.3 (100%, [M-H]~); HR-MS Found
519.1687 , C1gH27NeO12 [M-H]~ requires 519.1687.
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8.3. Synthetic and biological studies on ligands bearing phenol groups

8.3.1. o-[(2-{[(o-Hydroxyphenyl)methyl]amino}ethylamino)methyl]phenol, 4-H-21[214]

Salicylaldehyde (1.46 g, 12.0 mmol) was dissolved in methanol (60 cm?®) and ethylene diamine (0.4
cm?, 5.98 mmol) was added at once to the solution which was stirring under nitrogen. Rapid pre-
cipitation was observed, and the suspension was refluxed for 2 hours. The yellow solid residue was
isolated via filtration and dried under high vacuum to afford salen (1.04 g) which was suspended
in methanol (60 cm®) and allowed to stir under nitrogen prior to the portionwise addition of sodium
borohydride (0.6 g, 15.9 mmol) at 0°C . As addition progressed, discolouration of the reaction mixture
from yellow to pinkish-white was observed. Once the addition was complete the mixture was stirred
at room temperature for 13 hours. A white solid was then filtered off and the filtrate treated with
aqueous sodium acetate (minimum volume to enact precipitation). Collection of the combined solids
by filtration gave the title compound (0.86 g, 3.16 mmol, 53% based on ethylene diamine as limiting
reagent) as a white crystalline solid. 4(700 MHz, CDCl3) 7.16 (m, 1H, H2), 6.97 (m, 1H, C6), 6.83
(m, 1H, H3), 6.75 (m, 1H, H1), 3.99 (s, 4H, H7), 2.83 (s, 4H, H8); §.(176 MHz, CDCl3) 157.9 (C4),
128.9 (C2), 128.4 (C6), 122.1 (C5), 119.2 (C1), 116.4 (C3), 52.6 (C7), 47.8 (C8); (ES-MS~) 271.1
(100 %, [M-H]~); HR-MS Found 273.1610 , C1gH21N20O2 [M+H]* requires 273.1603.

8.3.2. 4-Fluoro-2-[(2-{[(5-fluoro-2-hydroxyphenyl)methylJamino}ethylamino)methyl]phenol,
4-F-211208]

5-Fluorosalicylaldehyde (1.0 g, 7.1 mmol) was dissolved in methanol (17 cm?®) and ethylene diamine
(0.23 cm?®, 3.4 mmol) was added and the mixture stirred under nitrogen at room temperature for 20
minutes to afford the precursor imine as a yellow precipitate (0.87 g, 2.9 mmol, 85 %). A sample of the
imine (0.56g, 1.8 mmol) was then suspended in tetrahydrofuran:methanol (40 cm?, 1:1 v/v) and the
vessel flushed with nitrogen via three purge-backfill cycles. The suspension was then heated under
nitrogen to dissolve the imine. 10% Palladium on charcoal (0.1 g, 5 mol% wrt. Pd) was then charged

under a stream of nitrogen and a hydrogen balloon attached. The hydrogen was introduced by a
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further three purge-backfill cycles and the reaction mixture heated at 50-60°C for 24 hours. After
cooling to room temperature and refilling the flask with nitrogen, the reaction mixture was filtered
through Celite® and the solvent removed in vacuo to give the title compound (0.41 g, 1.4 mmol, 72%
wrt imine) as a pale yellow solid. 4 (400 MHz, CDCl3) 6.86 (m, 2H, H2), 6.76 (dd, J = 9.0, 5.0 Hz,
2H, H8), 6.70 (dd, J = 9.0, 3.0 Hz, 2H, H7), 3.96 (s, 4H, H4), 2.84 (s, 4H, H5);r (376 MHz, CDCl3)
-125.60 (td, J = 9.0, 5.0 Hz, F9); (ES-MS™) 307.2 (100 %, [M-H]~, M= C4¢H1gF2N205).

8.3.3. 4-Chloro-2-[(2-{[(5-chloro-2-hydroxyphenyl)methyllamino}ethylamino)methyl]phenol,
4-Cl-211214

Cl

5-Chlorosalicylaldehyde (0.75 g, 4.8 mmol) was dissolved in chloroform (25 cm?®) and ethylene di-
amine ( 157ul, 2.3 mmol) added via Gilson pipette, following which, molecular sieves were charged
into the reaction mixture. The mixture was then heated at 40°C under nitrogen for 17 hours, after
which, the molecular sieves were removed via filtration and the solvent removed from the yellow fil-
trate in vacuo to afford the intermediate imine (0.72 g). After isolation, the imine was dissolved in
a methanol:tetrahydrofuran solvent system (50 cm?®, 1:1 v/v) and sodium borohydride (0.5 g, 13.2
mmol) was added portionwise to the solution. Once addition was complete, the reaction mixture
was stirred under nitrogen for 1 hour, another batch of sodium borohydride (0.5g, 13.2 mmol) was
added, and the reaction mixture allowed to stir at room temperature for a further 20 hours. Volatiles
were then removed in vacuo, and the residue partitioned between water and dichloromethane (2x).
The combined organic layers were then washed with brine, dried over magnesium sulphate and the
solvent removed in vacuo to afford the title compound (0.54 g, 1.6 mmol, 67%) as an off-white solid.
oy (400 MHz, CDCl3) 7.12 (dd, J = 8.5, 2.5 Hz, 2H, H8), 6.96 (d, J = 2.5 Hz, 2H, H2), 6.76 (d, J =
8.5 Hz, 2H, H7), 3.96 (s, 4H, H4), 2.83 (s, 4H, H5); 6c (101 MHz, CDCl3) 156.7 (C6), 128.9 , 128.3,
124.0,123.5,117.9 (C1, C2, C3, C7, C8),52.4 (C4), 47.9 (CH5).
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8.3.4. 4-Bromo-2-[(2-{[(5-bromo-2-hydroxyphenyl)methylJamino}ethylamino)methyl]phenol,
4-Br-21[291]

Br

5-Bromosalicylaldehyde (1.85 g, 9.20 mmol) was dissolved in methanol (40 cm®) and stirred under
nitrogen for 5 minutes prior to the addition of ethylene diamine (0.3 cm?, 4.44 mmol) leading to rapid
precipitation of a yellow solid. The suspension was allowed to stir under nitrogen for 6 hours prior to
collection of the solid imine (1.73 g, 4.06 mmol, 91%) by filtration. This solid was then dissolved in a
1:1 (v/v) mixture of tetrahydrofuran:methanol (30 cm?®), sodium borohydride (0.86 g, 22.7 mmol) was
added portionwise over 3 minutes, and the mixture was stirred under nitrogen for 2 hours, over which
time the solution decolourised. Aqueous hydrochloric acid (10 cm®, 1 mol dm~2) was then added
dropwise to the reaction mixture and stirring was continued until precipitation of a white solid was
observed. Filtration and washing of the precipitate with diethyl ether followed by drying of the solid
under high vacuum led to isolation of the title compound (1.66 g, 3.86 mmol, 95%) as a white solid.
Sy (700 MHz, CDCl3) 7.26 (m, 2H, H8), 7.10 (d, 2H, H2), 6.72 (d, 2H, H7), 3.96 (s, 4H, H4), 2.82
(s, 4H, H5); 5c(176 MHz, CDCl3); 157.2 (C6) , 131.8 (C8) , 131.2 (C2) , 124.1 (C3), 118.4 (C7),
111.1 (C1), 52.2 (C4) , 47.9 (C5); (ES-MS*) 430.8 (100 %, [M+H]*,M= C1gH15BraN»0O5).

8.3.5. 2-[(2-{[(2-Hydroxy-5-methoxyphenyl)methyl]amino}ethylamino)methyl]-4-methoxy
phenol, 4-Me0-21[335]

5-Methoxysalicylaldehyde (0.5 cm3, 4.0 mmol) was dissolved in methanol (20 cm?3), ethylene diamine
(0.13 cm®, 2.1 mmol) was added and the mixture stirred at room temperature under nitrogen until
a yellow solid (the target imine) precipitated. The solid (0.69 g)* was filtered off, and redissolved
in methanol (15 cm3). Sodium borohydride (1.08 g, 28 mmol) was added portionwise under ice
and the mixture allowed to warm to room temperature. Stirring at room temperature under nitrogen

was continued for a further 17 hours after which the reaction mixture was quenched with water (50

*The crude imine was most likely wet.
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cm?®) and transferred to a separating funnel. This layer was washed with chloroform (100 cm?3) and
extracted. The aqueous layer was washed a further three times with chloroform (50 cm?®) and the
combined organic extracts washed with brine, dried over magnesium sulphate and dried in vacuo, to
afford the title compound (0.49 g, 1.5 mmol, 71%), as a buff solid. §y (400 MHz, CDCl3) 6.78 (m,
4H, H7, H8), 6.58 (dd, 2H, H2), 3.97 (s, 4H, H4), 3.76 (s, 6H, H9), 2.85 (s, 4H, H5); ¢ (101 MHz,
CDCl3) 152.6, 151.9, 122.8, 116.8, 114.4,113.7 (C1,C2,C3,C6,C7,C8), 55.8 (C4), 52.7 (C9), 47.9
(C5); (ES-MS~) 331.3 (100 %, [M-H]~, M= C1gH24N20,).

8.3.6. 2-Hydroxy-5-octylbenzaldehyde

4-n-octylphenol (2.0 g, 9.69 mmol), paraformaldehdye (1.96 g, 65.3 mmol) and magnesium chloride
(1.33 g, 14.5 mmol) were added to dry tetrahydrofuran (40 cm®). To the suspension was added
distilled, anhydrous triethylamine (5.0 cm?, 35.8 mmol), leading to the formation of a cloudy white
suspension. The apparatus was then flushed with nitrogen using three vacuum purge/nitrogen fill
cycles and then refluxed under the same inert atmosphere for 60 hours during which the mixture
adopted an increasingly yellow colour. Once cooled to room temperature, the mixture was acidified
with aqueous hydrochloric acid (1 mol dm~2) leading to a loss of colour. The resulting biphasic mix-
ture was partitioned between ethyl acetate and water (3x), and the combined organic extracts were
dried over magnesium sulphate and concentrated in vacuo. The resulting oil was purified by column
chromatography (method i, silica, diethyl ether: hexanes, compound eluted in 10:90 diethyl ether
hexanes v/v ) to afford the title compound (1.68 g, 7.18 mmol, 74%) as a colourless oil. vma/cm=’
(ATR); 2923 (sp® C-H st), 1654 (aldehyde C=0 st); 64 (600 MHz, CDCls) ; 10.84 (s, 1H, H15), 9.87
(s, 1H, HT1), 7.34 (m, 2H, H13, H14), 6.91 (d, 1H, H3), 2.59 (t, 2H, H5), 1.58 (m, 2H, H6), 1.29
(m, 10H, H7, H8, H9, H10, H11), 0.88 (t, 3H, H12); 6c(151 MHz, CDCl3) 197.0 (C1), 160.1 (C15),
134.7,133.2, 120.7 ,117.7 (C3, C4, C13, C14), 35.1 (C5) , 32.2 (C6) , 31.8 (C7), 29.8 (C8), 29.6
(C9),29.5(C10),23.0 (C11),14.5(C12); GC-MS (EI*) 234 (M**, M= C45H2205).
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8.3.7. 2-[(2-{[(2-Hydroxy-5-octylphenyl)methyl]amino}ethylamino)methyl]-4-octylphenol,
4-Oct-21

2-Hydroxy-5-octylbenzaldehyde (1.23 g, 5.25 mmol) was dissolved in chloroform (30 cm?®) and ethy-
lene diamine (0.17 g, 2.54 mmol) added. The yellowing solution was then heated at 40°C under
nitrogen and the reaction monitored by TLC (silica, ether:hexanes 50:50 v/v). The starting material
appeared consumed within 2 hours and so the mixture was cooled to room temperature and allowed
to stir for a further 2 hours at room temperature prior to removal of the solvent in vacuo to afford a
yellow solid (the intermediate imine). The solid was then dissolved in a mixture of warmed tetrahy-
drofuran and methanol (50 cm?, 80:20 v/v), sodium borohydride (0.45 g, 11.8 mmol) was added in
portions and the reaction mixture was stirred at room temperature under nitrogen and monitored by
TLC (silica, dichloromethane:methanol 90:10 v/v). Once the starting material was consumed (within
2 hours), the solvent was removed in vacuo and the residue repeatedly dissolved in dichloromethane
and filtered through celite until no precipitation was observed from the filtrate. The solvent was again
removed in vacuo and the resulting solid recrystallised from ethanol to afford the title compound (0.76
g, 1.5 mmol, 60%) as white flakes. vma/cm~' (ATR); 3271 (amine N-H st) 2918 (sp® C-H st), 1116
(phenol C-O st); 64(600 MHz, CDCls) 6.97 (dd, J = 8.0, 2.0 Hz, 2H, H17) , 6.78 (d, J = 2.0 Hz, 2H,
H10),6.74 (d, J = 8.0 Hz, 2H, H18), 3.96 (s, 4H, H12), 2.84 (s, 4H, H13), 2.48 (t, 4H, H8), 1.55 (m
,4H, H7),1.37 —= 1.18 (m, 20H, H6, H5, H4, H3, H2), 0.88 (t, 6H, H1); c(151 MHz, CDCl3); 156.0
(C18), 134.0 (C15), 129.0 (C16), 128.7 (C10), 122.2 (C11), 116.4 (C17), 53.1 (C12), 48.3 (C13),
35.5 (C8), 32.2 (C7), 32.1 (C6), 29.9 (C5), 29.7 (C4), 29.6 (C3), 23.0 (C2), 14.5 (C1); (ES-MS™)
495.3 (100 %, [M-H]~, M= C32H52N205).
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8.3.8. 2-[(2-{[(2-Hydroxy-5-nitrophenyl)methyllamino}ethylamino)methyl]-4-nitrophenol,
4-NO,-211291]

5-nitrosalicylaldehyde (1.02 g, 6.2 mmol) was dissolved in methanol and ethylene diamine (0.21 cm?,
3.1 mmol) added to the solution, resulting in the immediate precipitation of a yellow powder that was
collected by filtration (0.97 g) after the suspension was allowed to stir under nitrogen for 30 minutes.
The yellow powder was then dissolved in tetrahydrofuran:methanol (10 cm3, 1:1 v/v) and sodium
borohydride (0.3 g, 8 mmol) added portionwise. The solution was stirred at room temperature under
nitrogen for 21 hours prior to the dropwise addition of aqueous hydrochloric acid (10 cm3, 1 mol
dm—3) to precipitate the title compound (0.96 g, 2.7 mmol, 87%), which was isolable by filtration. 5y
(400 MHz, D,0O) 6.46-7.99 (m, 6H, H1, H2, H5 ), 3.70 (s, 4H, H3), 2.80 (s, 4H, H4);" (ES-MS™)
360.9 (100 %, [M-H]~, M= C1H15N4Os).

8.3.9. 1,2-Bis{[(0-methoxyphenyl)methyl]Jamino}ethane, 4-H-21-OMe

MeO.
1 ; 8 . 10 H\)v;)
2 @E\N/\/
H
3 5 OMe
4 6
Ethylenediamine (0.58 cm3, 8.68 mmol) was added to a methanolic (43 cm?®) solution of 2-methoxy
benzaldehyde (2.38 g, 17.5 mmol) and stirred for 3 hours at room temperature under nitrogen prior
to the portionwise addition of sodium borohydride (2.9 g, 76.6 mmol) over 3 hours. Once addi-
tion was complete, the solution was then stirred for 22 hours at room temperature and filtered
through Celite® followed by solvent removal in vacuo. The resulting material was partitioned be-
tween dichloromethane and aqueous hydrochloric acid (3x, pH =1) and the combined aqueous ex-
tracts were treated with sodium hydroxide pellets until the formation of an emulsion was observed
(pH>10). This emulsion was washed with ethyl acetate (3x), dried with magnesium sulphate and
concentrated in vacuo to give the title compound as a colourless oil (2.0 g, 6.67 mmol, 77%), that
crystallised to an off-white solid upon standing. Slow evaporation of a sample of this solid from diethyl
ether gave crystals suitable for analysis via X-ray crystallography. vmax/cm—1(ATR) 3292 (free N-H
st), 2830 (sp®C-H st), 1025 (C-O st); 6y (700 MHz, CDCl3) 7.23 — 7.17 (m, 4H, H1, H3), 6.89 (m,
2H, H2), 6.84 (d, 2H, H4), 3.79 (s, 6H, H6), 3.76 (s, 4H, H8), 2.72 (s, 4H, H10), 1.97 (s, 2H, H9);

*The poor solubility of this compound precluded acquisition of an acceptable 3C NMR spectrum
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6c(176 MHz, CDCl3) 157.6 (C5) , 129.8 (C3 or C1), 128.4 (C7) , 128.1 (C3 or C1), 120.3 (C2)
, 110.2 (C4) , 55.2 (C6), 49.0 (C8) , 48.5 (C10); (ES-MS*) 301.0 (100 %, [M+H]*); HR-MS Found
301.1907 , C1gH25N20O2 [M+H]*requires 301.1916 ; X-ray crystallography: CigH24N202, M,=195.21,
monoclinic (P24,,); a = 7.2450(3) A, b = 5.5692(3) A, ¢ = 20.0255(9) ; crystal size = 0.49 x 0.25 x
0.14 mm3; T= 120 K.

8.3.10. Ethyl {[(o-methoxyphenyl)methyl](2-{(ethoxycarbonylmethyl)[(o-methoxyphenyl)
methyl]amino}ethyl)amino}acetate, 4-H-21-OMe-Et

4-H-21-OMe (0.21 g, 0.7 mmol ) was dissolved in acetonitrile (3.5 cm?®) and triethylamine (0.25 cm?,
1.80 mmol) added to the stirred solution at room temperature. Ethyl bromoacetate (0.16 cm?, 1.44
mmol) was then added at once to give a white suspension and the mixture heated to 60°C under
nitrogen for 2 hours. Close monitoring by TLC (silica, dichloromethane:methanol 9:1) indicated com-
pletion within 90 minutes. The reaction mixture was then cooled to room temperature and partitioned
between aqueous hydrochloric acid and dichloromethane, the organic layer being extracted and con-
centrated in vacuo. Diethyl ether (125 cm®) was added to the residual oil and the mixture agitated by
ultrasound after which the diethyl ether was decanted off to leave a colourless oil that was purified
via column chromatography (method i, alumina, ethyl acetate:hexanes:triethylamine 0:98:2—50:48:2
v/V) to afford the title compound (0.14 g, 0.29 mmol, 41 %) as a colourless oil. vma/cm~'(ATR) 2938
(sp® C-H st), 1736 ( ester C=0 st), 1601 ( aromatic C-C st), 1027 (C-O st); 6y (700 MHz, CDCl3) 7.35
(d, 2H, H8), 7.21 (m, 2H, H10), 6.90 (m, 2H, H9), 6.83 (d, 2H, H11), 4.14 (q, J = 7.1 Hz, 4H, H2),
3.84 (s, 4H, H5), 3.77 (s, 6H, H13), 3.40 (s, 4H, H4), 2.90 (s, 4H, H6), 1.25 (1, J = 7.1 Hz, 6H, H1);
dc(176 MHz, CDCl3) 172.0 (C3) , 158.1 (C7),131.0 (C8) , 128.4 (C10) , 127.1 (C7),120.7 (C9) ,
110.6 (C11), 60.4 (C2) ,55.5(C13),54.9 (C4) ,52.8 (C6) ,52.3 (C5), 14.6 (C1); (ES-MS*) 473.0
(100 %, [M+H]*); HR-MS Found 473.2647 , C1gH37N>Og [M+H]*requires 473.2652.
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8.3.11. Tert-Butyl{[(o-hydroxyphenyl)methyl](2-{[(0-hydroxyphenyl)methyl](tert-butoxy

carbonylmethyl)amino}ethyl)amino}acetate, HBED-tBu

Acetonitrile (2 cm®, dried over molecular sieves) was used to partially dissolve 4-H-21 (0.1 g, 0.37
mmol) in a Schlenk tube. Potassium bicarbonate (0.15 g, 0.75 mmol), potassium iodide (cat.) and
sodium sulphate (ca. 0.2 g) were then added to the suspension followed by the dropwise addition of
t-butyl bromoacetate (0.11 cm®, 0.74 mmol). Once addition was complete, the reaction mixture was
heated to 60°C for 16 hours under nitrogen, although consumption of 4-H-21 was observed by TLC
(SiO,, ethyl acetate:hexanes 50:50) after four hours. Once cooled to room temperature, the reaction
mixture was filtered through Celite® concentrated in vacuo and purified by column chromatography
(method i, SiO., ethyl acetate:hexanes 20:80—50:50) to afford the product as a colourless oil (0.16
g, 86%)." vmax/cm~1(ATR) 3327 (br, phenol O-H st), 2978 (spC-H st), 1727 (ester C=0 st), 1151
(C-O st); 54 (400 MHz, CDCl3) 9.69 (s, 2H, H9), 7.17-6.76 (m, 8H, H1, H2, H3, H4), 3.71 (s, 4H,
H8),3.16 (s, 4H, H6 ), 2.68 (s, 4H, H7), 1.46 (s, 18H, H10); 5c(101 MHz, CDCl3) 170.1 (C12), 157.5
(C9),129.3 (C12),129.2,121.6, 119.2, 116.4 (C1, C2, C3, C4), 82.1 (C11), 58.0 (C8) , 55.5
(C6) ,50.1 (C7), 28.1 (C10); (ES-MS~) 495.3 (100 %, [M-H]~, M= CagH4oN2Os).

8.3.12. tert-Butyl {[(5-fluoro-2-hydroxyphenyl)methyl](2-{[(5-fluoro-2-hydroxyphenyl)methyl]

(tert-butoxycarbonylmethyl)amino}ethyl)amino}acetate, 4-F-21-tBu

Aminophenol 4-F-21 (0.38 g, 1.2 mmol) was dissolved in anhydrous isopropanol (6.2 cm?) and potas-
sium bicarbonate (0.31 g, 3.1 mmol) was suspended in the solution to which t-butyl bromoacetate
(0.37 cm?®, 2.5 mmol) was added at once. After the mixture was heated at 60°C under nitrogen for
27 hours, during which time the mixture clarified, hot filtration was performed. Once the solvent was
removed from the filtrate in vacuo, the residue was dissolved in boiling hexanes leading to the forma-

tion of a yellow solution containing traces of an oily brown residue. The yellow solution was decanted

“after mass adjustment for the presence of adventitious high vacuum grease.
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from the brown oil, and precipitation induced by ultrasonic agitation and cooling. This precipitate
was then recrystallised from ethyl acetate to afford the title compound (0.29 g, 0.54 mmol, 45 %)
as yellow crystals. Slow evaporation of this material from chloroform gave crystals suitable for X-ray
crystallography. mp 132-134°C; ¢y (700 MHz, CDCl3); 9.46 (s, 2H, H6), 6.87 (dd, J = 8.5, 3.0 Hz,
2H, H8), 6.77 (dd, J = 8.5, 5.0 Hz, 2H, H7), 6.63 (dd, J = 8.5, 3.0 Hz, 2H, H2), 3.69 (s, 4H, H4), 3.16
(s, 4H, H9), 2.68 (s, 4H, H5), 1.46 (s, 18H, H12); 6c(176 MHz, CDCl3); 170.1 (C10), 156.1 (d, J =
237.0 Hz) (C1), 153.5 (C6), 122.6 (d, J = 7.0 Hz) (C3), 117.31 (d, J = 8.0 Hz) (C7), 115.7 (dd, J =
23.0, 12.0 Hz) (C8), 82.5 (C11), 57.7 (C4), 55.5 (C9), 50.3 (C5), 28.2 (C12); 6¢(376 MHz, CDCls);
-126.15 (dd) (F1); (ES-MS~) 535.2 (100 %, [M-H]~); HR-MS Found 535.2618, CogH37N2OgF2 [M-
H] requires 535.2620; X-ray crystallography: CogH3gN2OgF2, M,=536.60, monoclinic (P24/c); a =
13.1139(10) A, b = 10.2607(7) A, c = 10.8035(6); crystal size = 0.36 x 0.24 x 0.12 mm?3; T= 120K.

8.3.13. tert-Butyl{[(5-bromo-2-chlorophenyl)methyl](2-{[(5-chloro-2-hydroxyphenyl)methyl]

(tert-butoxycarbonylmethyl)amino}ethyl)amino}acetate, 4-Cl-21-tBu

6
7
‘ 10
OH o} . s
1"
12 o

Aminophenol 4-CI-21 (0.54 g, 1.6 mmol) was dissolved in anhydrous isopropanol (10 cm?) and potas-

sium bicarbonate (0.38g, 3.8 mmol) was suspended in the solution. t-Butyl bromoacetate (0.49 cm?,
3.3 mmol) was added at once and the mixture heated to 60°C under nitrogen. After the starting
material was consumed (ca. 15 hours) as monitored by TLC (ethyl acetate:hexanes 50:50 v/v), the
reaction mixture was cooled to room temperature and filtered. The solid residue was then suspended
in hot dichloromethane, filtered again and the solvent removed from the filtrate in vacuo. Ultrasonic
agitation of the resulting oil in hexanes led to precipitation of the title compound (0.42 g, 0.74 mmol,
46%) as a white solid. Slow evaporation of this material from warm acetone gave crystals suitable
for structural analysis via X-ray crystallography. mp 150-151°C 6y (700 MHz, CDCl3) ; 9.74 (s, 2H,
H6), 7.13 (dd, J = 8.5, 2.5 Hz, 2H, H8), 6.89 (d, J = 2.5 Hz, 2H, H2), 6.79 (m, 2H, H7), 3.68 (s, 4H,
H4),3.16 (s, 4H, H9), 2.67 (s, 4H, H5), 1.46 (s, 18H, H12); 5¢(176 MHz, CDCl3); 170.1 (C10), 156.2
(C6), 129.3 (C8), 129.1 (C2), 123.8 (C1), 123.2 (C3), 118.0 (C7), 82.6 (C11), 57.8 (C4), 55.4 (C9),
50.2 (C5), 28.2 (C12); (ES-MS*) 569.1 (100 %, [M+H]*); HR-MS Found 569.2173, CogHagN>OgClo
[M+H]*requires 569.2185; X-ray crystallography: CogH3gN2OgClo, M,;=569.50, monoclinic (P2+/c); a
=15.0443(5) A, b = 8.8106(3) A, ¢ = 11.2961(4); crystal size = 0.38 x 0.23 x 0.08 mm?; T= 120K.
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8.3.14. tert-Butyl {[(5-bromo-2- hydroxyphenyl)methyl] (2-{[(5-bromo-2-
hydroxyphenyl)methyl] (tert-butoxy carbonylmethyl) amino}ethyl)amino} acetate,
4-Br-21-tBu

Aminophenol 4-Br-21 (0.75 g, 1.74 mmol) was dissolved in acetonitrile (10 cm3, dried over molecular
sieves) and potassium hydrogen carbonate (0.70 g, 6.98 mmol) and potassium iodide (8 mg, 0.05
mmol) were added. The mixture was then stirred for at room temperature prior to the addition of
t-butyl bromoacetate (0.54 cm?®, 3.68 mmol). After addition, the reaction mixture was heated to
60°C under nitrogen for 22 hours and then allowed to cool to room temperature prior to dilution with
diethyl ether and removal of solid material by filtration. The solid material was then suspended in
boiling ethyl acetate, filtered while hot and the solvent of the filtrate removed in vacuo to isolate the
titte compound (0.50 g, 0.76 mmol, 44%) as a white solid. Slow evaporation of this material from
warm acetone gave crystals suitable for structural analysis via X-ray crystallography. mp 184-186°C;
vmax/cm~'; 3250 (phenol O-H st), 2980 (sp® C-H st), 1150 (ester C-O); 6y (700 MHz, CDCls) ; 9.74
(s, 2H, H6), 7.28 (dd, J =8.5, 2.5 Hz, 2H, H8), 7.03 (d, J = 2.5 Hz, 2H, H2), 6.73 (d, J = 8.5 Hz, 2H,
H7), 3.68 (s, 4H, H4), 3.15 (s, 4H, H9), 2.65 (s, 4H, H5), 1.46 (s, 18H, H12); 6c(176 MHz, CDCl3);
170.1 (C10) , 156.7 (C6) , 132.2 (C2), 131.9 (C8) , 123.8 (C3) , 118.5 (C7), 111.0 (C1), 82.6
(C11), 57.7 (C4) , 55.4 (C9) , 50.2 (C5) , 28.2 (C12); (ES-MS™) 657.1 (100 %, [M-H]"); HR-MS
Found 657.1164, CogH3gN2OgBr» [M-H]~requires 657.1175; X-ray crystallography: CogH3gN2OgBro,
M,=658.42, triclinic (P1); a = 6.03170(10) A, b = 9.8716(2) A, ¢ = 12.9407(2); crystal size = 0.28 x
0.14 x 0.08 mm?; T= 120K.
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8.3.15. tert-Butyl{[(2-hydroxy-5-methoxyphenyl)methyl](2-{[(2-hydroxy-5-
methoxyphenyl)methyl](tert-butoxycarbonylmethyl)amino}ethyl)amino}acetate,

4-MeO-21-tBu

Aminophenol 4-Me0-21 (0.2g, 0.6 mmol), was dissolved in anhydrous acetonitrile (4 cm3) and potas-
sium bicarbonate (0.15g, 1.5 mmol) and t-butyl bromoacetate (0.19 cm?, 1.3 mmol) were added at
once. The mixture was then stirred at 60°C under nitrogen until most of the starting material was
consumed (typically within 4 hours, monitored by TLC on silica, diethyl ether:hexane 1:1 v/v). The
reaction mixture was then filtered and the filtrate concentrated to an oil in vacuo prior to purification
by via column chromatography (method ii, diethyl ether:hexanes 0:100—50:50 compound eluted in
ca. 30:70 v/v diethyl ether:hexanes). The title compound (0.12g, 0.21 mmol, 36% ) crystallised out
of the eluent medium as a white solid. Slow evaporation of a sample of this material from warm
acetone gave samples suitable for x-ray crystallography. If desired, column chromatography could
be bypassed via ultrasonic agitation of a suspension of the previously described concentrated oil in
hexanes, followed by filtration of the resulting precipitate to afford the title compound (0.23 g, 67%
starting from 0.25 g 4-MeO-21). mp 134-136°C; dy (700 MHz, CDCls3); 6.82 (d, J = 9.0 Hz, 2H, H7),
6.74 (dd, J = 9.0, 3.0 Hz, 2H, H8), 6.50 (d, J = 3.0 Hz, 2H, H2), 3.76 (s, 4H, H4), 3.72 (s, 6H,
H13), 3.26 (s, 4H, H9), 2.82 (s, 4H, H5), 1.45 (s, 18H, H12); 5c(176 MHz, CDCl3); 169.7 (C10),
152.7 (C1), 151.1 (C6), 121.8 (C3), 117.3 (C7), 115.4 (C2), 114.7 (C8), 82.6 (C11), 57.5 (C4),
55.9 (C13), 55.3 (C9), 50.4 (C5), 28.2 (C12); (ES+MS*) 561.2 (100 %, [M+H]*); HR-MS Found
561.3189, C3pH45N20g; [M+H]*requires 561.3176; X-ray crystallography: CsoH44N2Og, M,;=560.67,
triclinic (P-1); a = 6.4286(2) A, b= 10.1382(4) A c= 12.8531(4); crystal size = 0.49 x 0.24 x 0.14
mm?3; T= 120K.
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8.3.16. tert-Butyl{[(2-hydroxy-5-octylphenyl)methyl](2-{[(2-hydroxy-5-octylphenyl)methyl]

(tert-butoxycarbonylmethyl)amino}ethyl)amino}acetate, 4-Oct-21-tBu

Aminophenol 4-Oct-21 (0.40 g, 0.81 mmol) was dissolved in an acetonitrile:ethyl acetate mixture (6
cm®, 1:1 v/v) and potassium bicarbonate (0.32 g, 3.2 mmol) was then suspended in the reaction
mixture that was then heated to 60°C. Once at temperature, t-butyl bromoacetate (0.25 cm?, 1.7
mmol) was added dropwise and heating was continued until the starting material was observed to
be consumed by TLC (silica, dichloromethane:methanol). After 24 hours the reaction mixture was
cooled to room temperature, filtered and the filtrate concentrated in vacuo. The residue was then
purified by column chromatography (method i, SiO», ethyl acetate:hexanes 0:100—10:90) to afford
the title compound (0.43 g, 0.59 mmol, 73%) as a colourless oil. vya/cm~'; 3290 (phenol O-H
st), 2920 (sp® C-H st), 1730 (ester C=0 st), 1150 (ester C-O); oy (700 MHz, CDCl3) 9.46 (s, 2H,
H17), 6.97 (d, J=8.0 Hz, 2H, H15), 6.75 (d, J = 8.0 Hz, 2H, H16), 6.70 (s, 2H, H10), 3.70 (s, 4H,
H12), 3.18 (s, 4H, H18), 2.70 (s, 4H, H13), 2.47 (t, J = 8.0 Hz, 4H, H8), 1.53 (m, 4H, H7), 1.45
(s, 18H, H21), 1.28 (m, 20H, H6, H5, H4, H3, H2), 0.88 (t, 6H, H1); 6c(176 MHz, CDCl3) 170.0
(C19) , 155.2 (C17), 133.5 (C9), 129.0 (C10), 128.9 (C15) , 121.2 (C11), 116.1 (C16), 81.9 (C20),
58.0 (C12), 55.5 (C18), 50.4 (C13), 35.0 (C8), 31.9 (C7), 31.8 (C6), 29.5 (C5), 29.3 (C4), 29.2
(C3), 28.0 (C21), 22.6 (C2), 14.1 (C1); (ES-MS*) 725.3 (100 %, [M+H]*); HR-MS Found 725.5466,
C44H73N20g [M+H]* requires 725.5469.

8.3.17. [(Benzyl){2-[(benzyl)(carboxymethyl)amino]ethyl}amino]acetic acid, BEDI3

O

)\

Aminoester 11 (0.69 g, 1.5 mmol) dissolved in dichloromethane (4 cm?®) and triethylsilane (1.2 cmq,
7.5 mmol) added. Trifluoroacetic acid (3 cm®) was then added at once to the solution, which was
stirred at room temperature under nitrogen for 21 hours. Volatiles were then removed in vacuo
and diethyl ether added to the oily residue to give a white precipitate (0.25 g) that was isolated

via centrifugation. This white solid was suspended in aqueous hydrochloric acid (1 mol dm~3) and
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loaded onto a pad of DOWEX 50WX8 (H* form). The compound was then eluted using a sequence
of aqueous hydrochloric acid (100 cm®, 1 mol dm~2), water (100 cm?®) and finally ammonia (100
cm3, 10 mol dm~—23). The ammoniacal fractions were subject to solvent removal in vacuo, to afford
the product (0.16 g, 0.46 mmol, 31%, based on the di-ammonium salt) as a white solid. J§y (700
MHz, D>O, pD=14) 7.36 (m, 10H, H1, H2, H3), 3.71 (s, 4H, H5), 3.07 (s, 4H, H6), 2.73 (s, 4H,
H8); 6¢c (176 MHz, D,O, pD~14) 178.7 (C7), 137.3 (C4), 130.1 (C3), 128.4 (C2), 127.5 (C1), 57.6
(C5),57.2 (C6), 50.2 (C8); (ES-MS*) 357.2 (100 %, [M+H]*); HR-MS Found 357.1817 , CooH25N204
[M+H]*requires 357.1814.

8.3.18. {[(5-Chloro-2-fluorophenyl)methyl](2-{(carboxymethyl)[(5-fluoro-2-hydroxyphenyl)
methyl]Jamino}ethyl)amino}acetic acid, 4-F-HBED

4
OH Hoﬁ% . .
o

Aminoester 4-F-21-tBu (0.2 g, 0.4 mmol) was dissolved in dichloromethane (2 cm?®) and anisole
(0.10 cm?, 0.93 mmol) added prior to the addition of trifloroacetic acid (2 cm®) and the mixture stirred
at room temperature under nitrogen for 13 hours. Volatiles were then removed in vacuo, and the
residual oil was triturated in diethyl ether under ultrasonic agitation to afford a white precipitate that
was collected under centrifugation. Aqueous hydrochloric acid (10 cm3, 1 mol dm—3) was used to
dissolve the precipitate using heating if necessary, and the solvent removed in vacuo to afford the
titte compound (0.12 g, 0.37 mmol, 73%) as an off-white solid. tg (H.O:MeOH, UV detection); dy
(600 MHz, DO, pD~8); 6.81 (td, J = 9.0, 3.0 Hz, 2H, H7), 6.64 (dd, J = 9.0, 3.0 Hz, 2H, H8), 6.57
(dd, J = 9.0, 4.5 Hz, 2H, H2), 3.50 (s, 4H, H4), 3.01 (s, 4H, H9), 2.52 (s, 4H, H5); dc (151 MHz,
D,O, pD~8); 178.2 (C10), 155.7 (d, J = 234.0 Hz) (C1), 152.6 (C6) , 123.9 (d, J = 7.0 Hz ) (C3),
116.6 (d, J = 8.0 Hz) (C2), 115.9 (d, J = 23.0 Hz) (C7), 115.1 (d, J = 23.0 Hz) (C8), 57.6 (C9), 56.0
(C4), 49.3 (C5); 5¢ (576 MHz, D0, pD~8) -125.97 (td, J = 9.0, 4.5 Hz) (F1); (ES-MS~) 423.2 (100
%, [M-H]~, M= C2oH22F2N2Og).
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8.3.19. {[(5-Chloro-2-hydroxyphenyl)methyl](2-{(carboxymethyl)[(5-chloro-2-hydroxyphenyl)
methyl]lamino}ethyl)amino}acetic acid, 4-CI-HBED

4
OH Ho% o s
o}

Cl

Aminoester 4-Cl-21-tBu (0.283 g, 0.497 mmol) was dissolved in dichloromethane (2 cm?) and anisole
(0.12 cm3, 1.1 mmol) added. Trifluoroacetic acid (2 cm®) was then added and the solution was stirred
at room temperature under nitrogen for 24 hours. Volatiles were removed in vacuo, the residue
redissolved in dichloromethane, the solvent removed again to give an oil. Ultrasonic agitation of the
oil in ether precipitated a white solid that was collected by centrifugation. Dissolution of the solid in
aqueous hydrochloric acid (~ 1 mol dm~—23) followed by a final round of rotary evaporation to afford the
titte compound (0.17 g, 0.37 mmol, 74%) as a glassy solid. tg (H2O:MeOH, UV detection); 8.55 min;
oy (700 MHz, DO, pD=8); 7.03 (dd, J = 8.5, 2.5 Hz, 2H, H8), 6.83 (d, J = 2.5 Hz, 2H, H2), 6.56 (d,
J =8.5Hz, 2H, H8), 3.47 (s, 4H, H4), 3.02 (s, 4H, H9), 2.53(s, 4H, H5); 65(176 MHz, D,0O, pD~8);
177.5 (C10), 156.0 (C6) , 129.3 (C2), 129.0 (C8), 124.0 (C3), 122.7 (C1), 117.6 (C7) , 57.3 (C4)
, 55.8 (C9) , 49.0 (CH); 6¢(376 MHz, D,O, pD~8) No detectable signals; (ES-MS*) 457.1 (100 %,
[M+H]*, M= CpoH22ClaN20g).

8.3.20. {[(5-Bromo-2- hydroxyphenyl) methyl] (2-{[(5-bromo-2- hydroxyphenyl)
methyl](carboxymethyl) amino} ethyl)amino} acetic acid, 4-Br-HBED

HLOH OH
3 6
Hoﬁ?

Protected amino acid 4-Br-21-tBu (0.3 g, 0.46 mmol) was dissolved in a mixture of dichloromethane
(8 cm?) and anisole (0.11 cm®). Trifluoroacetic acid (3 cm?®, 39.2 mmol) was then added at once
and the mixture was stirred under nitrogen for 14 hours. Volatiles were then removed in vacuo and
the solid residue was taken up in dichloromethane and agitated ultrasonically prior to removal of
the solvent in vacuo (3x). This white residue was taken up in diethyl ether, agitated ultrasonically,
centrifuged and the diethyl ether decanted off (3x). Aqueous hydrochloric acid (1 mol cm~2, ca.
5 cm?®) was then used to partially dissolve the dried solid prior to its removal in vacuo followed

by removal of residual water by drying the glassy white solid under high vacuum to afford the title
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compound (0.19 g, 0.35 mmol, 76%). tg (H2O:MeOH, UV detection); 8.93 min; jy (700 MHz, D, 0O,
pDx~11) ; 7.20 (dd, J = 8.5, 2.5 Hz, 2H, H8 ), 6.91 (d, J = 2.5 Hz, 2H, H2), 6.58 (d, J = 8.5 Hz,
2H, H7), 3.27 (s, 4H, H4), 3.13 (s, 4H, H9), 2.45 (s, 4H, H5); 6c(176 MHz, D,O, pD~11); 178.0
(C10) , 156.8 (C6) , 132.4 (C8) , 132.2 (C2), 124.6 (C3), 118.2 (C7), 110.3 (C1), 57.4 (C4) ,
55.2 (C9) , 48.1 (C5); (ES-MS~) 545.0 (100 %, [M-H]~); HR-MS Found 544.9919, C2oH23N20gBr>
[M+H]*requires 544.9923.

8.3.21. {[(2-Hydroxy-5-methoxyphenyl)methyl](2-{(carboxymethyl)[(2-hydroxy-
5-methoxyphenyl)methyl]lamino}ethyl)amino}acetic acid, 4-MeO-HBED

4
OH Ho\}? . s
o

Aminoester 4-MeO-21-tBu (0.09 g, 0.2 mmol) was dissolved in dichloromethane (2 cm®) and 1,4-
dimethoxybenzene (0.055 g, 0.40 mmol) added, followed by trifluoroacetic acid (2 cm®) and the
solution stirred at room temperature under nitrogen for 20 hours. Volatiles were then removed in
vacuo and diethyl ether added to the residue that was then subject to ultrasonic agitation to precip-
itate a white solid that was isolated by centrifugation. The precipitate was redissolved in aqueous
hydrochloric acid (ca. 10 cm3, 1 mol dm~3) using heating if necessary, and the solvent removed
in vacuo to afford the title compound (0.07 g, 0.16 mmol, 80%) as an off-white to yellow solid. tg
(H20O:MeCN, UV detection); 3.90 min; (700 MHz, D,O, pD~11) 6.66 (dd, J = 9.0, 3.0 Hz, 2H, H8),
6.55 (d, J = 9.0 Hz, 2H, H7), 6.44 (d, J = 3.0 Hz, 2H, H2), 3.60 (s, 6H, H11), 3.43 (s, 4H, H4), 3.01
(s, 4H, H9), 2.47 (s, 4H, H5); (176 MHz, D,0O, pD~11) 178.6 (C10), 151.6 (C1), 150.6 (C6), 123.8
(C3),116.4 (C7),115.1 (C2), 114.5 (C8), 57.9 (C9), 56.2 (C4), 55.9 (C11), 49.3 (C5); 6r(376 MHz,
D,O, pD=11) No detectable signals; (ES+MS*) 449.1 (100 %, [M+H]*); HR-MS Found 449.1922 ,
CooHogN2Og [M+H]*requires 449.1924.
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8.3.22. {[(2-Hydroxy-5-octylphenyl)methyl](2-{(carboxymethyl)[(2-hydroxy-5-octylphenyl)
methyl]lamino}ethyl)amino}acetic acid, 4-Oct-HBED

OH
OH
12 N\n/\ 14
8 10 18
OWH

Aminoester 4-Oct-21-tBu (0.25g, 0.3 mmol) was dissolved in dichloromethane (2 cm?) and anisole
(0.09 cm?®, 0.8 mmol) added. Trifluoroacetic acid (2 cm®) was added to the reaction mixture, which
was allowed to stir at room temperature under nitrogen for 15 hours. Volatiles were then removed
in vacuo and the residue reprecipitated from diethyl ether and the precipitate collected via centrifu-
gation. The resulting solid was then boiled in concentrated hydrochloric acid (ca. 5 cm®), and the
solvent removed in vacuo to give the title compound (0.15 g, 0.25 mmol, 71%) as a waxy, off-white
solid. 61(700 MHz, DMSO-d®) 7.01 (d, J = 2.0 Hz, 2H, H10), 6.99 (dd, J = 8.0, 2.0 Hz, 2H, H15),
6.79 (d, J = 8.0 Hz, 2H, H16), 4.00 (s, 4H, H18), 3.63 (s, 4H, H12), 3.19 (s, 4H, H13),2.42 (t, J =
7.5Hz, 4H, H8),1.48 (q, J = 7.5 Hz, 4H, H7), 1.283 (m, 10H, H6, H5, H4, H3, H2), 0.84 (t, 6H, H1);
5c(176 MHz, DMSO-db) 170.1 (C19), 154.1 (C17), 132.7 (C9), 131.5 (C11) , 129.6 (C15), 115.2
(C16),52.6 (C18),52.0 (C12),49.38 (C13),34.10 (C8), 31.2(C7), 31.0 (C6), 28.7 (C5), 28.6 (C4),
28.5 (C3), 22.0 (C2), 13.8 (C1); The poor solubility of 4-Oct-HBED in anything other than DMSO

prevented solution phase mass spectrometric characterisation.

8.3.23. Ethylene hydroxyphenyl acetic acid derivatives:[?'2

General method. A suspension of glyoxylic acid hydrate in water (4 mol dm—3) raised to pH~9
with sodium carbonate (ca. 0.5 equivalents) was contacted with a methanolic (3 mol dm—3) solution
of the para-substituted phenol (1 equivalent wrt glyoxylic acid). Following a short stirring period, a
methanolic solution of ethylene diamine (5 mol dm—3, 0.5 equivalents wrt glyoxylic acid) was added
at once and the cloudy solution was refluxed for 6 hours during which time a loss of turbidity was
observed. Once cooled to room temperature, the reaction mixture was diluted into water (ca. 5-6 x
total reaction mixture volume) and the nonpolar organic material removed by washing the aqueous
solution with diethyl ether (2x ca. 10 cm®). Ethanol was added to the aqueous layer until an increase
in turbidity was observed in the aqueous layer, and the solution heated until translucent. Concen-
trated hydrochloric acid was subsequently used to precipitate the product by lowering the pH to 3-4.
The hot solution was then left to cool and stand for at least an hour. The title compounds were then
collected by filtration and washed first with hot aqueous ethanol (50:50 ethanol:water v/v) and then

hot ethanol prior to drying under high vacuum.
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(5-Bromo-2-hydroxyphenyl)(2-{[(5-bromo-2-hydroxyphenyl)carboxymethyllamino}ethylamino)
acetic acid , (4-Br-EHPG). Glyoxylic acid hydrate (0.92 g, 9.99 mmol), sodium carbonate (0.53
g, 5.08 mmol), p-bromophenol (0.97 g, 10.1 mmol), ethylene diamine ( 335uL, 5.01 mmol). Yellow-
brown solid (0.22 g, 0.41 mmol, 8 %). vmax/cm~"(ATR) 3092 ( broad, carboxylic acid, phenol O-H st),
1644 (carboxylic acid C=0 st), 1272 (phenol C-O st), 816 (aromatic C-Br st); i, (400 MHz, D,0O) 7.11
—7.00 (m, 8H), 6.49 — 6.39 (m, 4H), 4.37 (s, 2H), 4.31 (s, 2H), 2.59 (m, 4H), 2.50 (m, 4H); dc(101
MHz, D,O, carbonate §=166*) 176.8 , 160.4 , 130.4 , 129.7 , 126.4 , 119.1 , 104.9 , 60.9 , 43.5;
(ES-MS™) 514.6 (100 %, based on 2x "°Br [M-H]~); HR-MS Found 516.9608 , C1gH1gN20s"°Bry
[M+H]*requires 516.9610.

(2-{[Carboxy(2-hydroxytolyl)methyl]amino}ethylamino)(2-hydroxytolyl)acetic acid, (4-Me-EHPG).
Glyoxylic acid hydrate (2.55 g, 27.7 mmol), p-cresol (2.99 g, 27.6 mmol), sodium carbonate (1.5 g,
14.2 mmol) ethylene diamine (0.92 cm?, 13.6 mmol). Buff-coloured solid (0.93 g, 2.39 mmol, 18%);
Su (400 MHz, D,0, pD~14) 6.89 — 6.75 (m, 8H), 6.65 — 6.43 (m, 4H), 4.23 (s, 2H), 4.13 (s, 2H),
2.60 (m, 4H), 2.49 (m, 4H), 2.05 (s, 6H), 2.05 (s, 6H); 6c(101 MHz, D,O, carbonate /=166 ) 176.6,
153.9,128.2,128.0,126.4,122.6,115.5,62.4 , 43.4, 18.0; (ES-MS~) 387 (100 %, [M-H]~, M=
C20H24N20%).

*The close proximity of signals corresponding to meso- and rac- isomers precludes unambiguous identification of each
carbon signal, hence only peak per “pair” of peaks is reported.
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8.4. Synthesis, and growth inhibition studies of commonly used

aminocarboxylate ligands and some variants

8.4.1. 1,4-Dibenzyl-6-methyl-6-nitro-1,4-diazepane, 221231

6
5
T4 / \
N N
2 8

9
3 NO2

7

Paraformaldehyde (2.1 g, 83.5 mmol), nitroethane (1.79 ml, 25.1 mmol) and N,N‘-dibenzylethylene
diamine diacetate (9.11 g, 25.3 mmol) were added to ethanol (40 cm?3) and refluxed for 3 hours.
The solvent was removed in vacuo, and the black viscous oil was partitioned between saturated
potassium carbonate solution and dichloromethane. The organic layer was extracted, dried with
magnesium sulphate, and concentrated in vacuo to afford a light brown oil, which was subjected to
column chromatography (method i, silica, compound eluted in dichloromethane) to give a light yellow
oil (6.0 g, 71%) that solidified to a waxy material after standing for a few weeks. 4 (700 MHz, CDCl3)
7.36—7.13 (m, 10H, H1, H2, H3), 3.72 (d, J = 13.2 Hz, 2H, H5), 3.59 (d, J = 13.2 Hz, 2H, H5), 3.54
(d, J = 14.1 Hz, 2H, H9), 2.90 (d, J = 14.1 Hz, 2H, H9), 2.57 (ddd, J = 11.0, 8.2, 6.6 Hz, 2H, H6),
2.51 (ddd, J = 12.0, 8.2, 6.6 Hz, 2H, H6 ), 1.28 (s, 3H, H7); 6c(176 MHz, CDCl3) 139 (C4) , 129,
128,127 (C1, C2, C3), 92 (C8) , 64 (C9 or C5) , 63.6 (C9 or C5), 58 (C6) , 25 (C7) ; GC-MS
(EI*) 293 (M-NOx**, M= C2oH25N305), 252 (M-'Pr-NO2**), 91 (-PhCH**).

8.4.2. 6-Methyl-1,4-diazepin-6-ylamine*, AAZ

HN NH

NH2

In a two-neck round bottom flask equipped with a condenser, 22 (1.25 g, 3.68 mmol) was dissolved in
ethanol (ca. 100 cm?®) and ammonium formate (4.64 g, 77.7 mmol) was added to the solution which
was left to stir under nitrogen until the majority of the solid dissolved. The vessel was then evacuated
and back-filled with nitrogen (3x cycles) prior to the addition of 5% palladium on charcoal (0.6 g, 0.28
mmol wrt Pd). After this addition, the vessel was evacuated and back-filled with nitrogen a further
three times and the mixture refluxed until the loss of benzyl groups was observable by 'H NMR (2

hours). Following cooling to room temperature, the black mixture was filtered thorough Celite®, the

*Due to the reported reactivity of this compound,!337] thorough characterisation was not attempted. Instead, a full charac-
terisation of the final aminocarboxylic acid is offered as evidence of structure.
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solvent removed in vacuo to give a yellow residue which was redissolved in dichloromethane to give
a white precipitate that was also filtered through Celite®. Removal of the solvent in vacuo gave the
titte compound as a yellow oil (0.41 g, 3.17 mmol, 86%). Alternatively, hydrogen gas in a baloon
could be employed in the manner described in Section 8.2.17. 6,(400 MHz, CDCl3) 2.91 (m, 2H,
H1),2.81 (m, 2H, H1), 2.68 (d, J = 13.5 Hz, 2H, H3), 2.61 (d, J = 13.5 Hz, 2H H3), 1.97 (s, 4H, H2,
H5), 1.00 (s, 3H, H4); (ES-MS*) 130.0 (100 %, [M+H]*, M= CgH15N3).

8.4.3. Tert-Butyl {(tert-butoxycarbonylmethyl)[6-methyl-1,4-bis(tert-butoxycarbonylmethyl)
-1,4-diazepin-6-ylJamino}acetate, AAZTA-tBu

A

A, e
A
£ 5%

AAZ, (0.41 g, 3.17 mmol) was dissolved in acetonitrile (25 cm?) and potassium carbonate (2.70 g,
20.0 mmol) was added. t-Butyl bromoacetate (2.08 cm?®, 16.1 mmol) in acetonitrile (30 cm?) was then
added dropwise into the mixture at room temperature. Once the addition was complete the mixture
was heated at 60°C under nitrogen for 21 hours, when TLC (hexanes:ethyl acetate:triethylamine
89:10:1 v/v) showed consumption of the starting material. Solids were removed by filtration and the
filtrate was purified via column chromatography (method i, column diameter= 2.5 cm, length=25 cm,
compound eluted in 20:79:1 v/v ethyl acetate:hexanes:triethylamine) to give the title compound as a
yellow-tinged oil (1.07 g, 1.83 mmol, 58%). 4(400 MHz, CDCl3) 3.60 (s, 4H, H5), 3.19 (s, 4H, H2),
2.95 (d, d = 14.1 Hz, 2H, H4), 2.69 (m, 2H, H3), 2.59 (m, 2H, H3), 2.54 (d, J = 14.1 Hz, 2H, H4),
1.36 (m, 18H, H1), 1.01 (s, 3H, H6); (ES-MS*) 586.2 (100 %, [M+H]*, M= C3oHs5N30g).
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8.4.4. {(Carboxymethyl)[1,4-bis(carboxymethyl)-6-methyl-1,4-diazepin-6-ylJamino}acetic acid,
AAZTA, trifluoroacetate salt

OH OH
2CF3CO0OH
N 5

AAZTA-tBu (1.07 g, 1.83 mmol) was dissolved in trifluoroacetic acid (1.4 cm?®) and stirred under
nitrogen for 24 hours. The acid was then removed in vacuo and the solid residue suspended in
dichloromethane, agitated via ultrasound and the solvent removed in vacuo (3x). Diethyl ether was
used to suspend the increasingly white solid which was agitated in the same way prior to final solvent
removal in vacuo and drying under high vacuum to afford the title compound (0.72 g, 1.22 mmol,
67%) as a white solid. Elem. Anal. Found (Service ii): C, 36.8; H, 4.46; N, 7.28; (C1gH25FgN3012
requires C, 36.9; H, 4.28; N, 7.13); 6y (700 MHz, D,O §=4.79 ppm) 3.08 (m, 8H, H5, H2), 2.73
(m, 4H, H7), 2.54 (m, 4H, H3), 0.83 (s, 3H, H6); 6c(176 MHz, DoO Na,CO36=166 ) 179 , 178
(C1orC4),63,62 (C2o0rC5), 60,56, 54 (ring carbons) , 15 (C6); (ES-MS*) 362.4 (100 %,
[M-CF3COOH+H]*); HR-MS Found 362.1589 , C14H24N30g [M-CF3COOH+H]*requires 362.1563.

8.4.5. tert-Butyl [4,10-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraza-1-cyclododecyl]acetate
hydrobromide, DO3A-tBu hydrobromide salt[?4°!

o_4_0
© 16 15
P\

N & N
1[H2 jM
2 N N 13
/E\_/g
4 7 8 10
O (@] O (@]

Cyclen (0.50 g, 2.9 mmol) was dissolved in acetonitrile (19 cm?, dried over molecular sieves) and
t-butyl bromoacetate (1.29 cm?, 8.80 mmol) was added at once prior to the suspension of sodium
bicarbonate (0.75 g, 8.9 mmol) and a catalytic amount of potassium iodide (ca. 25 mg) in the solution.
A small amount of 4A molecular sieves (ca. 0.5 g) were then added, and the reaction mixture stirred
for 16 hours under nitrogen. Solids were then removed via filtration and washed with acetonitrile,
and the filtrate concentrated in vacuo. The concentrated residue was then partitioned between water

and dichloromethane and the organic layer extracted (3x 50 cm®). The combined organic extracts
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were dried over magnesium sulphate and the solvent removed in vacuo to give the crude residue
which was recrystallised twice from toluene to give the title product (0.51 g, 0.86 mmol, 30%) as an
off-white crystalline solid. 6y (400 MHz, CDCl3) 10.02 (s, 2H, H17), 3.37 (s, 4H, H3), 3.28 (s, 2H,
H9), 3.09 (t, 4H, H1, H16), 2.90 (m, 8H, H7, H8, H13, H14), 1.45 (s, 18H, H6), 1.45 (s, 9H, H12);
0c(101 MHz, CDCl3) 170.5, 169.6 (C4, C10), 82.0, 81.8 (C5, C11), 58.2, 51.4, 49.2, 48.4, 47.5
(C1,C2,C3,C7,C8, C9, C13, C14, C15, C16), 28.3, 28.2 (C6, C12); (ES-MS*) 515.2 (100 %,
[M+H-HBI]*, M= C,HsoN4OgBr)

8.4.6. [4,10-Bis(carboxymethyl)-1,4,7,10-tetraza-1-cyclododecyl]acetic acid, DO3A*

HO. 4 O

1 2

/ \ 3
1 N N 5

G
2 N N 6
!
4 5 6 8
HO O O OH

DO3A-tBu hydrobromide (0.2 g, 0.34 mmol) was dissolved in dichloromethane (2 cm®) and anisole
(0.12 cm?®, 1.1 mmol) added to the solution. To this solution, trifluoroacetic acid (2 cm®) was added
at once, and the reaction mixture allowed to stir at room temperature overnight. Volatiles were then
removed in vacuo, redissolved in dichloromethane which was also removed in vacuo. A white solid
was precipitated from the residue by the addition of diethyl ether, and this solid was collected via
centrifugation. The solid was then dissolved in aqueous hydrochloric acid (1 mol dm—3, ca. 10 cm?),
and then loaded onto a DOWEX 1X8 anion exchange resin (chloride form). The title compound was
isolated after elution from the resin using a further equivalent of hydrochloric acid (1 mol dm~3, ca.
100 cm®) as an extremely hygroscopic off-white solid (0.15 g)after removal of the solvent in vacuo.
§u (400 MHz, D,O, pD~12) 3.33 (m, 2H, H7), 3.23 (m, 4H, H3), 2.83-2.93 (m, 16H, H1, H2, H5,
Hé6).

8.4.7. o-({2-[2-(2-{[(o-Hydroxyphenyl)methyl]-amino}ethoxy)-ethoxy]ethylamino}-
methyl)phenol,
23

*A 13C NMR was not collected due to insufficient material. Quantitative "H NMR showed that no organic impurities were
present in the sample used for biological study.
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Method 1: Indirect reductive amination using sodium borohydride. A solution of salicylalde-
hyde (0.73 cm?®, 6.85 mmol) in ethanol (17 cm?, dried over molecular sieves) was stirred under nitro-
gen while 2-[2-(2-Aminoethoxy)ethoxy]ethanamine (0.5 cm®, 3.41 mmol) was added dropwise. The
resulting yellow mixture was allowed to stir for a further 3 hours prior to the portionwise addition of
sodium borohydride (0.51 g, 13.5 mmol) over 20 minutes. Following the addition a loss of colour was
noted, and stirring at room temperature was maintained overnight. Removal of the solvent in vacuo
and subsequent partitioning between aqueous sodium acetate (2x, pH 9-10), followed by washing of
the evaporated organic layer (dissolved in chloroform) with brine led to the isolation of a faint orange
oil (0.25 g, 0.69 mmol, 20%) upon drying the organic layer with magnesium sulphate and removal of
the solvent in vacuo. vma/cm~"(ATR) 3304 (N-H st), 2862 (br phenol O-H st), 1255 (C-O st), 1103
(C-O st); 614 (700 MHz, CDCl3) 7.15 (dd, J = 8.0, 0.5 Hz, 2H, H3), 6.96 (d, J = 7.5 Hz, 2H, H2), 6.82
(d, J = 8.0 Hz, 2H, H5), 6.77 (dd, J = 7.5, 1.0 Hz, 2H, H4), 3.99 (s, 4H, H7), 3.61 (m, J = 5.0 Hz, 8H,
H9, H10), 2.82 (t, J = 5.0 Hz, 4H, H8); 6c(176 MHz, CDCl;) 158.6 (C1) , 129.0 (C2) , 128.7 (C3),
122.7 (C6) , 119.3 (C4) , 116.7 (C5) , 70.7 (C9) , 70.0 (C8) , 52.6 (C7) , 48.1 (C8); (ES-MS*) 361.3
(100 %, [M+H]*); HR-MS Found 361.2122, CooH29N2O4 [M+H]*requires 361.2127.

Method 2: Direct reductive amination using sodium acetoxyborohydride.  Salicylaldehyde
(0.8 cm?, 7.50 mmol) was dissolved in 1,2-dichloroethane (16 cm?®) and 2-[2-(2-Aminoethoxy) ethoxy]
ethanamine (0.5 cm?®, 3.41 mmol) was added to afford a yellow solution to which was added sodium
triacetoxyborohydride (2.9 g, 13.7 mmol), leading to discolouration of the reaction mixture. Reaction
progress was monitored by TLC (silica, ethyl acetate) and saturated aqueous potassium carbonate
was used to quench the reaction mixture upon completion, followed by dilution of the biphasic mixture
with dichloromethane. The organic layer was then extracted, dried with magnesium sulphate and the

solvent removed in vacuo giving a yellow oil (1.23 g) that was used without further purification.

8.4.8. tert-Butyl-{[(o-hydroxyphenyl)-methyl]-{2-[2-(2-{[-(0-hydroxyphenyl)methyl]-(tert-
butoxy-carbonylmethyl)-amino}ethoxy)-ethoxy]ethyl}-amino}acetate,

NOON-tBu

4 6 o\’< OH
10 "
5 le} 12

Aminophenol 23 (0.71 g, 2.0 mmol) was dissolved in dry acetonitrile (4 cm®) and sodium sulphate

(ca. 0.2 g), potassium biocarbonate (0.311 g, 3.11 mmol) were suspended in the solution. t-butyl

“While the NMR data of this product shows visible impurities, subsequent alkylation steps followed by column chromatog-
raphy or trituration of the resulting product, lead to their facile removal.

232



bromoacetate (0.25 cm?, 1.70 mmol) was then added dropwise to the stirred mixture that was heated
to 60°C for 19 hours under nitrogen once addition was complete. After cooling to room temperature,
the reaction mixture was filtered through Celite®and the solvent from the filtrate was removed in
vacuo to afford the title compound (0.52 g, 0.88 mmol, 44%).

In an earlier variant of this procedure, 23 (0.28 g, 0.78 mmol) was reacted and worked up in an
analogous manner, but NOON-tBu was isolated by column chromatography (method ii, ethyl ac-
etate:hexanes 0:100—60:40, compound eluted in ca. 30:70 ethyl acetate:hexanes) to afford the
product as a colourless oil that rapidly solidified to a white solid (0.16 g, 0.27 mmol, 35% ). Slow
evaporation of a sample of this material from warm acetone gave samples suitable for x-ray crystal-
lography. mp 97-98°C; 6y (700 MHz, CDClI3) 9.99 (s, 2H, H1), 7.16 (ddd, 2H, H4), 6.96 (dd, 2H, H6),
6.83 (dd, 2H, H3), 6.76 (m, 2H, H5), 3.90 (s, 4H, H8), 3.59 (t, J = 5.5 Hz, 4H, H14), 3.57 (s, 4H,
H13), 3.36 (s, 4H, H9), 2.85 (t, J = 5.5 Hz, 4H, H15), 1.46 (s, 18H, H12); §c(176 MHz, CDCl3) 170.0
(C10) , 157.7 (C2) , 129.0 (C6) , 128.9 (C4) , 121.9 (C7), 119.0 (C5) , 116.3 (C3) , 81.6 (C11)
, 70.3 (C13) , 68.9 (C14) , 57.4 (C8) , 55.5 (C9) , 52.4 (C6) , 28.1 (C12); (ES-MS*) 589.4 (100
%, [M+H]*); HR-MS Found 589.3495 , C32H49N2Og [M+H]*requires 589.3489; X-ray crystallography:
Ca2HagN2Osg, M,=588.72, orthorhombic (Pca2;); a=10.5409(5) A, b= 10.0117(5) A, ¢ = 29.6434(14)
: crystal size = 0.28 x 0.16 x 0.05 mm3; T= 120K.

8.4.9. {[(0-Oxyphenyl)methyl]{2-[2-(2-{(oxycarbonylmethyl)[(0-oxyphenyl)methyl]
amino}ethoxy)ethoxy]ethyl}amino}acetate, NOON

o
épq o)

NOON-tBu ( 0.4 g, 0.68 mmol) was dissolved in dichloromethane (2.5 cmq®), and anisole (0.15 g,
1.38 mmol) was added prior to the addition of trifluoroacetic acid (2.5 cm3). The resulting mixture
was stirred under nitrogen for seventeen hours and volatiles were then removed in vacuo. The solid
residue was then redissolved in dichloromethane and the solvent evaporated. Diethyl ether was
then added to the residue to precipitate a solid which was collected via centrifugation, dissolved in
aqueous hydrochloric acid (1 mol dm—23, ca. 10 cm?®) and the solvent removed in vacuo to afford
a buff, hygroscopic solid (0.25 g, 0.53 mmol, 77 %). Slow evaporation of a neutral solution of this
material gave single crystals suitable for X-ray crystallography; tg (H2O:MeOH, UV detection); 5.24
min;dy (700 MHz, D,O, pD=:14) 7.22 (ddd, 2H, H3), 7.15 (dd, 2H, H2 ), 6.83 (td, 2H, H4), 6.80 (dd,
2H, H5), 3.83 (s, 4H, H7), 3.62 (t, J = 6.0 Hz, 4H, H11), 3.53 (s, 4H, H10), 3.26 (s, 4H, H8), 2.79
(t, d = 5.7 Hz, 4H, H12); 6c(176 MHz, D,O, pD~14) 178.2 (C9) , 157.9 (C1), 130.1 (C2) , 129.1
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(C3),123.2 (C1), 118.7 (C4) , 116.3 (C5) , 69.2 (C10) , 67.6 (C11) , 57.4 (C8) , 56.2 (C7) , 52.0
(C12); (ES-MS*) 477.2 (100 %, [M+5H]*); HR-MS Found 477.2231 , Cp4H33N20g [M+5H]*requires
477.2237; X-ray crystallography: Cz4H32N20sg x 5.33 H20, M,=572.62, trigonal (P-3); a= 18.8263(5)
A, b=18.8263(5) A, c = 7.2192(2) ; crystal size = 0.28 x 0.03 x 0.03 mm3; T= 120K.
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8.5. Towards new ligand structures

8.5.1. 2-{[(o-Hydroxyphenyl)methyl]Jamino}glutaric acid[?%¢], 24

HO N °
HN®
HO_;_ A~z OH
10
o} o}

I-Glutamic acid (1.0 g, 6.83 mmol) was suspended in a mixture of water and methanol (50:50 v/v, 40
cm?) and dissolved via the addition of sodium hydroxide (0.5 g, 12.5 mmol) to afford a homogeneous
solution. Salicylaldehyde (0.72 cm®, 6.79 mmol) was then added to the solution to give a yellow
precipitate, which was left to stir for 30 minutes prior to immersion of the reaction vessel in an ice
bath followed by the portionwise addition of sodium borohydride (0.5 g, 13.2 mmol) over a further
30 minutes. After 1 hour of stirring, a loss of colour was observed and the reaction mixture was
acidified to pH 6 using acetic acid and concentrated in vacuo. Trituration using an ultrasonic bath of
the residue in ethanol (125 cm?), followed by collection of the resulting white solid via filtration and
washing with diethyl ether (125 cm?), led to the isolation of the title compound after the solid was
dried under high vacuum (0.99 g, 3.91 mmol, 58 %). ¢4 (400 MHz, D,O) 7.40 — 6.70 (m, 4H, H5,
H6, H7, H8), 4.06 (d, = 13.5 Hz, 1H, H3), 3.90 (d, J = 13.5 Hz, 1H, H3), 3.34 (t, 1H, H2), 2.24 |
1.96 (m, 4H, H10, H11); 6c(101 MHz, D.O) 181.8 , 177.5 (C1, C12) , 159.8 (C9) , 130.3 , 130.0 ,
121.5,117.7 ,117.2 (C4, C5, C6, C7, C8) , 61.9 (C2) , 48 , 34, 28 (C3, C10, C11); (ES-MS)
252.0 (100 %, [M-H]~, M= C42H5NOs).

8.5.2. Diisopropyl glutamate, hydrochloride salt

1

)\0 o]
: )WI\J\
03: 780910

N o ®
5

I-Glutamic acid (3.18 g, 21.6 mmol) was suspended in isopropanol (130 cm?®) and thionyl chloride
(10 cm?, 0.14 mol) was added to the stirring mixture dropwise. Once addition was complete, the
mixture was stirred under nitrogen for 19 hours and then heated to 50°C for fifteen hours. After
removal of solvent in vacuo and trituration with isopropanol (ca. 125 cm?®) and diethyl ether (3 x ca.
125 cm®) a colourless oil was isolated which became a white, waxy solid (4.8 g, 17.9 mmol, 83%)
upon standing in a freezer for a week. Elem. Anal. Found (Service ii): C, 49.34 ; H, 8.28 ; N, 5.23
; (C11H22CINOg4requires C, 49.26; H, 8.23; N, 5.19 %); 64(700 MHz, CDCls3) 8.82 (s, 3H, H5), 5.10
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(m, 1H, H9), 4.98 (m, 1H, H2), 4.20 (m, 1H, H4), 2.60 (m, 2H, H7), 2.36 (m, 2H, H7), 1.28 (m, 6H,
H10), 1.21 (d, 6H, HT1); 6c(176 MHz, CDCl3) 172 (C8) , 168 (C3) , 71 (C9) , 68 (C2) , 53 (C4) , 30
(C7),25(C6),22(C1), 21.64 (C10); (ES-MS*) 232.0 (100 %, [M+H]*); HR-MS Found 232.1556 ,
C11H22NO4 [M+H]* requires 232.1549.

8.5.3. Isopropyl 1-[(o-hydroxyphenyl)methyl]-5-oxo-2-pyrrolidinecarboxylate, 25

Diisopropy! glutamate hydrochloride (0.61 g, 2.28 mmol ) and salicylaldehyde (0.28 g, 2.28 mmol)
were dissolved in methanol (6 cm?®) and stirred under nitrogen at 40°C for 1 hour, and then at room
temperature overnight. Then, sodium borohydride (0.41 g, 10.9 mmol) was then added portionwise
and the mixture stirred at room temperature for 6 hours. Solids were then filtered off and the filtrate
concentrated in vacuo prior to re-dissolution in dichloromethane and the removal of precipitates via
filtration. The filtrate was then washed with aqueous hydrochloric acid, extracted, dried using magne-
sium sulphate and the solvent removed in vacuo to provide an oil that was purified via column chro-
matography (method ii, ethyl acetate:hexanes compound eluted in 30:70 v/v ethyl acetate:hexanes)
to afford the title compound (87 mg, 0.31 mmol, 11%) as a pink oil. vma/cm="1(ATR) 3182 (br, phenol
O-H st), 1735 (ester C=0 st), 1660 (amide C=0 st), 1103 (C-O st); (700 MHz, CDCl3) 8.79 (s, 1H,
H8), 7.22 (m, 1H, H5), 7.02 (m, 1H, H3), 6.94 (m, 1H, H6 ), 6.79 (m, 1H, H4), 5.00 (m, J = 6.3 Hz,
1H, H14),4.68 (d, J = 15.2 Hz, 1H, H10), 4.17 (dd, J = 9.3, 3.3 Hz, 1H, H11),4.10 (d, J = 15.1 Hz,
1H, H10), 2.60 (m, 1H, H1), 2.40 (m, 1H, H1), 2.32 (m, 1H, H12), 2.08 (m, 1H, H12), 1.28 (d, J =
6.3 Hz, 3H, H15), 1.16 (d, J = 6.3 Hz, 3H, H15); 6c(176 MHz, CDCl3) 178 (C2) , 171 (C13) , 156
(C7),131(C3), 130.5 (C5), 121 (C9) , 120 (C4) , 118 (C6) , 70 (C14) , 61 (C11), 43 (C10) , 29
(C1),23(C12),22(C15), 21.6 (C15); (ES-MS*) 278.0 (100 %, [M+H]*); HR-MS Found 278.1412,
C15H20NO4 [M+H]*requires 278.1392.
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8.5.4. Ethyl (2S)-1-[(o-hydroxyphenyl)methyl]-5-ox0-2-pyrrolidinecarboxylate, 26

Amino acid 24 (0.42 g, 1.66 mmol) was suspended in ethanol (7 cm?®) and thionyl chloride (0.6 cm?,
8.27 mmol) was added dropwise. The suspension was then refluxed for 48 hours under argon, cooled
and then filtered. the filtrate was then concentrated in vacuo to give a white solid that was triturated
with ethanol using ultrasound (3 x), and then diethyl ether (3 x), the solvent being removed in vacuo
between cycles. Dichloromethane was used to suspend the resulting solid which was filtered through
Celite® and the solvent removed from the pink filtrate to afford the title compound (0.27 g, 1.03
mmol, 62 % ) as a pink crystalline solid. Single crystals suitable for structural and stereochemical
determination via X-ray crystallography were grown from this solid via slow evaporation from acetone.
mp 111-112°C; vya/cm—1(ATR) 3069 (br, phenol O-H st), 2978 (sp3C-H st), 1739 (ester C=0 st),
1660 ( amide C=0 st), 1203 (C-O st); 6y (600 MHz, CDCl3) 8.76 (s, 1H, H8), 7.22 (td, J = 7.7, 1.6
Hz, 1H, H5), 7.02 (dd, J = 7.5, 1.6 Hz, 1H, H3), 6.94 (d, J = 7.7 Hz, 1H, H6), 6.79 (td, J = 7.5, 1.6 Hz,
1H, H4), 4.64 (d, J = 15.1 Hz, 1H, H10), 4.21 (m, 1H, H13), 418 — 4.11 (m, 2H, H13, H14 ), 4.06
(dg, J =10.8, 7.1 Hz, 1H, H14), 2.60 (m, 1H, H1), 2.41 (m, 1H, H1), 2.34 (m, 1H, H12), 2.11 (m, 1H,
H12),1.22 (t, J = 7.1 Hz, 3H, H15); 6c(151 MHz, CDCl3) 178 (C2),171 (C13), 156 (C7), 131 (C3)
, 130 (C5) , 121 (C9) , 118 (C6) , 62 (C14) , 60 (C11) , 43 (C10) , 29 (C1) , 23 (C12), 14 (C15);
(ES-MS*) 264.0 (100 %, [M+H]*); HR-MS Found 264.1243 , C14H1gNO4 [M+H]*requires 264.1236 ;
X-ray crystallography: Ci4H:7NO4, M,=263.29, triclinic (P1); a = 6.8353(3) A, b = 7.5669(3) A, ¢ =
7.7552(3) ; crystal size = 0.28 x 0.21 x 0.14 mm?3; T= 120K.

8.5.5. Dimethyl 2-bromoglutaratel?84, 27

I-Glutamic acid (7.94 g, 54.0 mmol) was dissolved in aqueous hydrobromic acid (2 mol dm—3, 48
cm?®) and potassium bromide (26.0 g, 218 mmol) was added. Sodium nitrite (8.10 g, 117 mmol) was
then added portionwise to the ice-cooled solution over a period of 2 hours leading to the evolution
of an orange gaseous product. Once addition was complete, the solution was acidified with con-
centrated sulphuric acid and the organic-soluble material was extracted with diethyl ether (3x), dried

over magnesium sulphate and concentrated in vacuo to afford 4.15 g of a yellow oil (2-bromoglutaric
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acid, 19.6 mmol 36% based on crude yield). Methanol (70 cm?®) was used to dissolve this oil and
concentrated sulphuric acid (0.7 cm®) was added to the solution that was refluxed under nitrogen for
75 minutes. After cooling to room temperature the solvent was removed in vacuo and the residue
partitioned between saturated sodium carbonate and diethyl ether. The organic layer was extracted,
dried over magnesium sulphate concentrated in vacuo and then purified via column chromagraphy
(method i, silica, ethyl acetate:hexanes 0:100—20:80 compound eluted in ca. 10:90 v/v ethyl ac-
etate:hexanes) to give the title compound (2.79g, 11.7 mmol, 60% based on 2-bromoglutaric acid )
as a yellow oil. oy (600 MHz, CDCl3) 4.37 (dd, 1H, H3), 3.78 (s, 3H, H1), 3.68 (s, 3H, H7), 2.52 (m,
2H, H5), 2.38 (m, 1H , H4), 2.28 (m, 1H, H4); 5c(151 MHz, CDCls) 172.6 (C6) , 169.9 (C2) , 53.2
(C1),52.0(C7),44.7 (C3),31.4 (C5),29.9 (C4); GC-MS (EI*) 238.9 (M**, M= C;H1;BrO,), 209.9
(M-2Me**), 180.9 (M-2Me-O,**).

8.5.6. Dimethyl 2-[bis(benzyl)amino]glutarate, 28

A solution of haloester 27 (0.4 g, 1.69 mmol) in acetonitrile (4 cm?, dried over molecular sieves) was
prepared and allowed to stir at room temperature under nitrogen in a Schlenk tube prior to the addition
of triethylamine (0.5 cm3, 3.61 mmol) at once followed by the dropwise addition of dibenzylamine over
fifteen minutes (0.39 cm?, 2.03 mmol). The brown solution was heated at 60°C for 40 hours under
nitrogen leading to the formation of a precipitate that was filtered off after cooling to room temperature.
The filtrate was concentrated in vacuo and partitioned between diethyl ether and water; the organic
layer was washed with brine, dried over magnesium sulphate and concentrated in vacuo prior to
purification of the yellow residue via column chromatography (method ii, dichloromethane:methanol
100:0—90:10) to afford the product as a yellow oil (0.14 g, 0.39 mmol, 23%). Jy (600 MHz, CDCl3)
7.37 — 7.27 (m, 8H, H6, H7, H9, H10), 7.24 (m, 2H, H8), 3.89 (d, J = 14.0 Hz, 2H, H4), 3.77 (s,
3H, H1), 3.54 (s, 3H, H14), 3.52 (d, J = 14.0 Hz, 2H, H4), 3.35 (m, 1H, H3), 2.45 (m, 1H, H11),
2.31 (m, 1H, H11), 2.02 (m, 2H, H12); 6c(151 MHz, CDCl3) 173.5 (C13) ,172.9 (C2), 139.4 (C5) ,
129.1,128.4,127.2 (C6, C7, C8, C9),59.8 (C3) ,54.6 (C14),51.6 (C4),51.3(C1),30.5(C11),
24.5 (C12); (ES-MS*) 356.2 (100 %, [M+H]*); HR-MS Found 356.1854 , C21HosNO4 [M+H]*requires
356.1862.
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8.5.7. Methyl {[(o-hydroxyphenyl)methyllamino}acetate, HB-28

Glycine methyl ester hydrochloride (1.01 g, 8.01 mmol) was added to a solution of triethylamine
(1.2 cm®, 8.60 mmol) in 1,2-dichloroethane (30 cm?) followed by the addition of salicylaldehyde
(0.87 cm?3, 8.89 mmol). The reaction mixture was subsequently stirred under nitrogen for 10 min-
utes prior to the addition of sodium triacetoxyborohydride (2.10 g, 9.9 mmol) and monitored via
TLC ( 90:10 dichloromethane:methanol) and ES-MS techniques until the absence of starting ma-
terial and derivative imines were observed (within 4 hours). The mixture was then quenched with
aqueous, saturated potassium bicarbonate (30 cm?®) and the biphasic mixture was stirred for a few
minutes prior to extraction of the organic layer with dichloromethane (2x). The combined extracts
were dried with magnesium sulphate and concentrated in vacuo to a yellow solid which was puri-
fied by column chromatography (method ii, dichloromethane:methanol, compound eluted in 90:10
v/v dichloromethane:methanol) to give the title compound as a crystalline sold (0.36 g, 1.84 mmol,
23%). Slow evaporation of a sample from acetonitrile gave crystals suitable for analysis by X-ray
crystallography. oy (400 MHz, CDCl3) 7.22 — 6.75 (m, 4H, H7, H8, H9, H10), 4.00 (s, 2H, H4), 3.76
(s, 3H, HT), 3.45 (s, 2H, H3); §c (101 MHz, CDCl3) 172 (C2), 158 (C5) , 130, 129, 122, 120
, 117 (C6, C7, C8, C9, C10), 53 (C4), 52.5 (C1) , 49 (C3); (ES+MS*) 196 (100 %, [M+H]*, M=
C1oH13NO3); X-ray crystallography: C1oH13NOs, M,=195.21, orthorhombic (Ppga); @ = 9.2513(8) A, b
=9.0842(8) A, ¢ = 22.8517(19) ; crystal size = 0.42 x 0.18 x 0.16 mm?; T= 120K.

8.5.8. o-(Benzyloxy)benzaldehyde, 29

Potassium carbonate ( 5 g, 36.2 mmol) and potassium iodide (0.13 g, 0.78 mmol) was suspended in
a solution of salicylaldehyde (2 cm3, 18.8 mmol) in acetonitrile (60 cm?3, dried over molecular sieves)
that was stirred at room temperature under nitrogen. A solution of benzyl bromide (2.4 cm?3, 20.2
mmol) in acetonitrile (60 cm?®) was then added dropwise to this suspension at room temperature over
30 minutes. Once addition was complete, the mixture was heated at 60°C for 5 hours and then stirred

overnight at room temperature. Solids were then filtered off and the filtrate concentrated in vacuo.
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The title compound was obtained after purification of the filtrate by column chromatography (method
i, silica, diethyl ether:hexanes 0:100—20:80 v/v) as a yellow oil (3.31 g, 15.6 mmol, 83%). 04(400
MHz, CDCl3) 10.57 (s, 1H, H13), 7.86 (d, 1H, H1), 7.54 (ddd, 1H, H2), 7.41-7.05 (m, 7H, H3, H4,
H8, H9, H10, H11, H12), 5.20 (s, 2H, H6); i (101 MHz, CDCl3) 190.0 (C13), 161.3 (C5) , 136.4
, 136.17 , 129.02 , 128.75 , 128.57 , 127.57 , 125.49 , 121.30, 113.31 (C1, C2, C3, C4, C8, C9,
C10, C11, C12), 70.8 (C6); GC-MS (EI*) 212 (M**, M= C14H1,05), 183 (M-CHO**).

8.5.9. Dimethyl 2-iodoglutarate, 27a

Sodium iodide (2.22 g, 13.4 mmol) was partially dissolved in acetone (12 cm?®) and ester 27 (0.66
g, 2.76 mmol) was added at once forming a yellow-orange solution that was refluxed for 2 hours.
Volatiles were then removed in vacuo and the resulting brown solid was triturated in diethyl ether and
then filtered. Concentration of the filtrate in vacuo afforded the product as a brown oil (0.59 g, 2.06
mmol, 75%). §4(400 MHz, CDCl3) 4.46 (t, 1H, H3), 3.75 (s, 3H, H1), 3.68 (s, 3H, H7), 2.45 (m, 2H,
H5), 2.28 (m, 2H, H4); 5c(101 MHz, CDCl3) 172.1 (C6) , 171.3 (C2) , 52.8 (C1), 51.7 (C7) , 33.2
(C3),30.8(C5),18.9 (C4); GC-MS (EI*) 286.0 (M**, M= C;H11104), 256.0 (M-2Me**).

8.5.10. Methyl ({[o-(benzyloxy)phenyllmethyl}amino)acetate, HB-28-Bn

Ether 29 (0.51 g, 2.4 mmol) was dissolved in 1,2-dichloroethane (10 cm®) and methyl glycinate hy-
drochloride (0.33g, 2.6 mmol) was suspended in the mixture prior to the addition of triethylamine
(0.5 cm®, 3.6 mmol) and sodium triacetoxyborohydride (1.01g, 4.77 mmol). The reaction mixture
was then stirred at room temperature under nitrogen for 17 hours prior to the addition of a solution
of saturated sodium carbonate. Dichloromethane was then added to the biphasic mixture and the
organic layer extracted, dried over magnesium sulphate and the solvent removed in vacuo to afford
the title compound (0.50 g, 1.8 mmol, 74%) as a colourless oil. dy (700 MHz, CDCl3) 7.44 (m, 2H,
H14), 7.38 (m, 2H, H15), 7.32 (m, 1H, H16), 7.28 (dd, 1H, H7), 7.22 (dd, 1H, H9), 6.93 (m, 2H,
H8, H10), 5.08 (s, 2H, H12), 3.89 (s, 2H, H5), 3.63 (s, 3H, H1), 3.40 (s, 2H, H3), 2.64 (s, 1H, H4);
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5c(176 MHz, CDCls) 172.7 (C2), 156.8 (C11), 137.1 (C13), 130.0 (C7), 128.6 (C15), 128.5 (C9),
127.9 (C16), 127.9 (C6), 127.2 (C14), 120.8 (C8), 111.8 (C10), 69.9 (C12), 51.6 (C1), 50.0 (C3),
48.5 (C5).

8.5.11. Dimethyl 2-({[o-(benzyloxy)phenyl]methyl}(methoxycarbonylmethyl)amino)glutarate,
30

Alky!l iodide 27a (0.18 g, 0.63 mmol) and amine HB-28-Bn (0.17 g, 0.60 mmol) were dissolved
in acetonitrile (3 cm?, dried over molecular sieves) and potassium carbonate (0.17 g, 1.23 mmol)
added. The reaction mixture was then heated at 60°C under nitrogen for 6 days. Once cooled
to room temperature, solids were filtered off and the solvent removed from the filtrate in vacuo. The
residue was then purified by column chromatography (method ii, ethyl acetate:hexanes 0:100—100:0
compound eluted in ca. 30:70 v/v ethyl acetate:hexanes) to afford the title compound (0.07 g, 0.11
mmol, 18%) as a colourless oil. vma/cm~'(ATR) 1730 (ester C=0 st), 1200 (ester C-O st); 6 (600
MHz, CDCl3) 7.46 (d, 1H, H11), 7.42 (dd, 2H, H19), 7.38 (dd, 2H, H18), 7.32 (m, 1H, H20), 7.20 (m,
1H, H13), 6.95 (dd, 1H, H12), 6.89 (d, 1H, H14), 5.07 (s, 2H, H16), 4.04 (d, J = 14.0 Hz, 1H, H9),
3.84 (d, J = 14.0 Hz, 1H, H9), 3.62 (s, 3H), 3.61 (s, 3H, H8, H22), 3.59 (s, 3H, H1), 3.56 (s, 1H, H6),
3.48 (m, 2H, H5, H6), 2.44 (m, 2H, H3), 1.97 (m, 2H, H4); 6c(151 MHz, CDCl3) 173.9 (C2), 173.3,
172.3 (C7, C21), 157.1 (C15), 137.7 (C17), 130.8 (C11), 128.6 (C18), 128.4 (C13), 127.9 (C20),
127.3 (C19), 127.2 (C10), 120.9 (C12), 111.9 (C14), 70.1 (C16), 62.1 (C5), 51.9 (C6), 51.5 (C8,
C22),51.5(C1),51.3 (C8, C22),50.0 (C9), 30.3 (C3), 25.0 (C4); (ES-MS*) 444.5 (100 %, [M+H]*);
HR-MS Found 444.2026, Co4H3oNO7 [M+H]*requires 444.2022.
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8.5.12. Di-tert-butyl (2S)-2-{[(0-hydroxyphenyl)methyllamino}glutarate, HB-31

~
©

[-Glutamic acid di-tert butyl ester hydrochloride (0.5 g, 1.69 mmol) was suspended in 1,2-dichloro
ethane (10 cm®) and triethylamine (0.26 cm?, 1.86 mmol) was added to the stirred mixture under ni-
trogen prior to the addition of salicylaldehyde (0.175 cm3, 1.65 mmol) at once. The resulting pale yel-
low suspension was stirred under nitrogen for 20 minutes and sodium triacetoxyborohydride (0.78g,
3.68 mmol) was added. After 3 hours of stirring at room temperature a further equivalent of sodium
triacetoxyborohydride (0.8g, 3.77 mmol) was added and the reaction mixture was allowed to stir for
a further 36 hours under nitrogen at which point the reaction was judged to be complete by TLC. A
saturated aqueous potassium bicarbonate (20 cm?) solution was then used to quench the reaction
mixture, which was diluted with, and extracted from dichloromethane (3x). The organic extracts were
recombined and washed with brine prior to solvent removal in vacuo. Purification of the resulting oil
via column chromatography (method i, silica, 0—20% ethyl acetate:hexanes) led to the isolation of
the title molecule (0.45g, 1.23 mmol, 75%) as a colourless oil. vya/cm~1(ATR) 2976 (sp3C-H), 1724
(ester C=0 st), 1149 (ester C-O st); oy (700 MHz, CDCl3) 7.18 (dd, J = 8.0, 1.5 Hz, 1H, H8), 6.96 (d,
J=75,15Hz, 1H, H10), 6.85 (dd, J = 8.0, 1.0 Hz, 1H, , H7), 6.78 (dd, J = 7.5, 1.0 Hz, 1H, H9),
4.04 (d, J =13.5 Hz, 1H, H5), 3.74 (d, J = 13.5 Hz, 1H, H5), 3.24 (dd, H4), 2.32 (m, 2H, H12), 1.97
(m, 1H, H13), 1.88 (m, 1H, H13), 1.50 (s, 9H, H1), 1.42 (s, 9H, H16); 5c(176 MHz, CDCl3) 173.0
(C3),172.0(C14), 157.9 (C6) , 129.2 (C8) , 128.8 (C10) , 122.3 (C11),119.4 (C8) , 116.7 (C7)
, 82.3(C2),80.9(C15),60.0 (C4) ,51.1(C5),31.9(C13),285(C12),28.3 (C1), 28.2 (C16);
(ES-MS*) 366.2 (100 %, [M-H]~); HR-MS Found 366.2288, C2oH32NOs [M+H]*requires 366.2280.

242



8.5.13. Di-tert-butyl (2S)-2-{[(2-pyridyl)methyl]lamino}glutarate Py-31

I-Glutamic acid di-tert butyl ester hydrochloride (0.5 g, 1.69 mmol) and triethylamine (0.28 cm3, 2.00
mmol) were added to 1,2-dichloroethane (10 cm?®) followed by pyridine 2-carboxaldehyde (0.15 cm?,
1.61 mmol). The yellow solution was then allowed to stir at room temperature under nitrogen for 10
minutes prior to the addition of sodium triacetoxyborohydride (1.1 g, 5.19 mmol) at once. The reaction
was monitored by TLC (dichloromethane:methanol 90:10 v/v), and was complete within an overnight
period. The reaction mixture was then quenched with a saturated agueous solution of potassium
carbonate, diluted with dichloromethane and transferred to a separating funnel for extraction of the
organic layer which was then washed with brine and dried with magnesium sulphate. Removal of
the solvent in vacuo followed by purification of the residual oil via column chromatography (method
i, silica, compound eluted in dichloromethane:methanol ca. 95:5 v/v) led to isolation of the title
compound (0.42 g, 1.20 mmol, 70%) as a yellow oil. vyma/cm=" (ATR) 2974 (sp® C-H st), 1722 (ester
C=0 st), 1143 (ester C-O st); iy (700 MHz, CDCl3) 8.53 (d, 1H, H7), 7.63 (dd, 1H, H9), 7.37 (d, 1H,
H10), 7.14 (dd, 1H, H8), 3.96 (d, J = 14.5 Hz, 1H, H5), 3.77 (d, J = 14.5 Hz, 1H, H7), 3.19 (dd, 1H,
H4), 2.38 (m, 2H, H12), 2.12 (s, 1H, H4) 1.95 (m, 1H, H11), 1.86 (m, 1H, H11), 1.46 (s, 9H, H1),
1.42 (s, 9H, H15); 6c(176 MHz, CDCl3) 174.0 (C3) , 172.5 (C13) , 159.7 (C6) , 149.1 (C7) , 136.4
(C9) ,121.9(C10),121.8 (C8), 81.3 (C2),80.2(C14),61.0 (C4),53.4 (C5),32.0(C12),28.6
(C11) , 28.1 (C1, C15); (ES-MS*) 351.2 (100 %, [M+H]*); HR-MS Found 351.2275, C1gH31N204
[M+H]*requires 351.2284.
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8.5.14. Di-tert-butyl (2S)-2-{(1R)-[(o-hydroxyphenyl)methyl](tert-butoxycarbonylmethyl)
amino}glutarate, HBGI;-tBu

HB-31, (0.40 g, 1.10 mmol) was dissolved in acetonitrile (5 cm?, dried over molecular sieves) and
potassium hydrogen carbonate (0.22, 2.20 mmol) was suspended in the stirred solution. t-Butyl bro-
moacetate (0.17 cm?®, 1.16 mmol) was then added at once and the mixture heated to 60°C under
nitrogen. Reaction progress was monitored by TLC (ethyl acetate:hexanes 20:80 v/v), and after 23
hours a catalytic amount of potassium iodide was added after which heating was maintained for
a further 6 days, at which point the consumption of starting material was observed by TLC. Upon
cooling to room temperature, the reaction mixture was filtered, concentrated in vacuo and the target
compound isolated by column chromatography (method ii, ethyl acetate:hexanes 0:100—30:70 com-
pound eluted in ca. 15:85 v/v ethyl acetate:hexanes) as a colourless oil (0.14 g, 0.29 mmol, 28%).
Umax/cm~1 (ATR) 3340 (O-H st), 2977 (sp® C-H st), 1722 (ester C=0 st); 1137 (C-O st); iy (700 MHz,
CDCl3) 9.12 (s, 1H, H16), 7.17 (dd, 1H, H13), 6.96 (ddd, H11), 6.86 (dd, H14), 6.75 (ddd, 1H, H12),
3.91(d,J=13.5Hz, 1H, H9), 3.73 (d, J = 13.5 Hz, 1H, H9), 3.59 (d, d = 18.0 Hz, 1H , H5), 3.26 (d,
J =18.0 Hz, 1H, H5), 3.22 (dd, 1H, H4), 2.24 (m, 1H, H18), 2.12 (m, 1H, H18), 1.89 (m, 1H, H17),
1.78 (m, 1H, H17), 1.48 (s, 9H, H21), 1.47 (s, 9H, H8), 1.35 (s, 9H, H1); (176 MHz, CDCl3) 172.3
(C19) , 172.0 (C6) , 171.2 (C3) , 157.3 (C15) , 130.2 (C11) , 129.5 (C13) , 121.6 (C10) , 119.3
(C12) , 116.6 (C14) , 82.4 (C20) , 81.8 (C7) , 80.4 (C2) , 60.5 (C4) , 55.9 (C9) , 51.5 (C5) , 31.8
(C18) , 28.3 (C21),28.1 (C8) , 28.0 (C1) , 24.7 (C18); (ES-MS*) 480.5 (100 %, [M+H]*); HR-MS
Found 480.2948, CosH42NO7 [M+H]*requires 480.2961.
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8.5.15. (S)-2-{(Carboxymethyl)[(o-hydroxyphenyl)methyllamino}glutaric acid, HBGI;

HOzC/\N 8

HBGI3 (0.5 g, 1.0 mmol) was dissolved in dichloromethane (1 cm?®) and anisole (0.1 cm?, 0.93 mmol)
added, prior to the addition to trifluoroacetic acid (1 cm®). The solution was stirred at room tem-
perature under argon for 17 hours, followed by removal of volatiles in vacuo. The residue was then
redissolved in dichloromethane, which was also removed in vacuo. Diethyl ether was then added to
this residue and a yellow-while solid was precipitated after this suspension was agitated using an
ultrasonic bath. The solid was collected via centrifugation, dissolved in aqueous hydrochloric acid (1
mol dm~23), and eluted through a column of DOWEX 1X8 (chloride form) that had been pre-washed
with 1 mol dm~—2 aqueous hydrochloric acid and water. Once loaded onto the resin, elution of the
compound was achieved with 1 mol dm—2 aqueous hydrochloric acid (ca. 100 cm3). Removal of the
solvent in vacuo followed by further drying under high vacuum gave the title compound (0.12 g, 0.39
mmol, 37 % based on mass).* tg (HoO:MeOH, UV detection); 4.14 min; vma/cm~" (ATR) 2960 (O-H
st), 1730 (acid C=0 st), 1220 (acid C-O st); iy (700 MHz, D,0O) 7.23 (ddd, 1H, H13), 7.19 (dd, 1H,
H12), 6.83 (ddd, 1H, H13), 6.80 (dd, 1H, H11), 4.45 (d, J = 13.0 Hz, 1H, H8), 4.34 (d, J = 13.0 Hz,
1H, H8), 4.02 (dd, 1H, H4), 3.99 (d, 2H, H2), 2.57 (dt, J = 17.5, 6.5 Hz, 1H, H6), 2.48 (dt, J = 17.5,
7.5 Hz, 1H, H6), 2.13 (dd, 2H, H5); 6c (176 MHz, D,O) 176.0 (C7), 170.3 (C3), 169.0 (CT), 155.4
(C10),132.5(C14), 132.3 (C12),120.7 (C13), 115.6 (C11), 115.2 (C9), 64.1 (C4), 54.7 (C8), 52.2
(C2), 30.1 (C6), 21.1 (C5); (ES-MS*) 312.1 (100 %, [M+H]*); HR-MS Found 312.1079, C14HsNO7
[M+H]*requires 312.1083.

8.5.16. Di-tert-butyl (2S)-2-benzylaminoglutarate, hydrochloride salt, Bn-Glu-tBu

c® ﬁzN 6
14

> O 3 13 (@)
X 4 12 \K
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*Although the "H NMR spectrum of this compound exhibits impurity peaks (~6% of total integration value) that could not be
assigned, the HPLC trace of a sample used for biological study of this compound showed a single peak, which corresponded
to the target compound.
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I-Glutamic acid di-tert butyl ester hydrochloride (0.5 g, 1.69 mmol) and triethylamine (0.28 cm?, 3.82
mmol) were added to methanol (8 cm?), resulting in the formation a white precipitate. Benzaldehyde
(0.18 cm?®, 1.78 mmol) was then added and the mixture stirred under nitrogen for 2.5 hours. Sodium
borohydride (0.23 g, 6.07 mmol) was subsequently added portionwise and the mixture was allowed
to stir under nitrogen for a further 3 hours. Volatiles were then removed in vacuo and the residue
partitioned between dichloromethane and aqueous hydrochloric acid (1 mol dm~2) and the organic
layer extracted, washed with brine, dried with magnesium sulphate and the solvent removed in vacuo.
The resulting white solid was triturated in hexane to afford the title compound (0.29g, 0.75 mmol
(based on molecular weight of the monohydrochloride salt), 45%) as a white powder. mp 140-142°C;
vmax/lcm~1(ATR); 2982 ( sp3C-H st), 2631 (N*-H st), 1725 (ester C=0 st), 1149 (C-O st); 5y (600
MHz, CDCl3) 10.81 (s, 1H, H5), 9.84 (s, 1H, H5), 7.63 (d, 2H, H8), 7.37 (m, 3H, H9 ,H10), 4.24 (dd,
2H, H6), 3.62 (s, 1H, H4), 2.47 (m, 4H, H11, H12), 1.51 (s, 9H, H15), 1.35 (s, 9H, H1); (151 MHz,
CDCl3) 171.3 (C13) , 166.7 (C3) , 131.0 (C8) , 130.0 (C7) , 129.7, 129.3 (C9, C10) , 84.9 (C14) ,
81.3 (C2),57.5(C4),49.7 (C6) , 31.3,25.2 (C11, C12), 28.2 (C15), 28.1 (C1); (ES-MS*) 350.2
(100 %, [M+H]*); HR-MS Found 350.2330 , C2oH32NOy4 [M+H]*requires 350.2331.

8.5.17. Di-tert-butyl (2S)-2-[(1R)-(benzyl)(tert-butoxycarbonylmethyl)amino]glutarate, BnGl;
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Bn-Glu-tBu (0.40g, 1.04 mmol) was added to acetonitrile (3.5 cm?, Aldrich anhydrous) and potas-
sium carbonate (0.57 g, 4.13 mmol), potassium iodide ( 30 mg, 0.18 mmol) salts were added along
with t-butyl bromoacetate (0.23 cm?, 1.57 mmol) and the mixture was heated at 60°C under nitrogen.
TLC (ethyl acetate:hexanes 20:80 v/v) indicated that consumption of starting material was achieved
within 6 hours, but heating was maintained for a further 16 hours prior to cooling to room temperature
and removal of solids by filtration. The filtrate was concentrated in vacuo and subjected to column
chromatography (method ii, diethyl ether:hexanes 0:100—40:60 compound eluted in ca. 15:85 v/v
diethyl ether:hexanes) to afford the title compound (0.24 g, 0.52 mmol, 50%) as a colourless oil.
Umax/lcm~1(ATR); 2974 (sp® C-H st), 1719 (ester C=0 st), 1137 (ester C-O st); oy (700 MHz, CDClz)
: 7.40-7.22 (m, 5H, H11, H12, H13) , 3.95 (d, J = 13.5 Hz, 1H, H5), 3.74 (d, J = 13.5 Hz, 1H, H5),
3.43 (d, J = 17.0 Hz, 1H, H9), 3.30 (m, J = 17.0 Hz, 2H, H9, H4 ), 2.48 (ddd, J = 16.5, 9.5, 6.0 Hz,
1H, H15), 2.26 (ddd, J = 16.5, 9.5, 6.0 Hz, 1H, H15), 1.91 (m, 2H, H14), 1.50 (s, 9H, H8), 1.43 (s,
9H, H18), 1.40 (s, 9H, H1); 6c(176 MHz, CDCl3); 172.9 (C16) , 171.9 (C6), 170.9 (C3) , 129.3 ,
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128.4,127.4 (C10, C11, C12, C13),81.5 (C17), 80.9 (C7), 80.2 (C2), 62.4 (C4) , 56.7 (CH) ,
52.7 (C9) , 32.0 (C15) ,28.5(C18), 28.3 (C8), 28.2 (C1), 25.2 (C14) . (ES-MS*) 464.3 (100 %,
[M+H]*); HR-MS Found 464.3009, C2sH42NOg [M+H]*requires 464.3012.

8.5.18. Di-tert-butyl (2S)-2-[(tert-butoxycarbonylmethyl)amino]glutarate, 32
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Via the protected intermediate BnGl;:  Ethanol (25 cm®) was used to dissolve BnGls (0.08 g,
0.03 mmol) and the colourless solution was evacuated and back-filled with nitrogen three times prior
to the addition of 5% palladium on charcoal (7 mg, 3 zmol wrt Pd). Once the catalyst was added,
the reaction mixture was evacuated and back-filled with hydrogen gas from a balloon three times
prior to stirring at room temperature. Reaction progress was monitored by the use of "H NMR which
indicated that debenzylation was achieved within 4 hours. The reaction mixture was subsequently
allowed to stand for a few minutes under a flow of nitrogen prior to catalyst removal via filtration over
Celite®. Concentration of the filtrate in vacuo, followed by re-dissolution of the residue in chloroform
and a second solvent removal in vacuo led to isolation of the title molecule (51 mg, 0.14 mmol, 79%)

as a colourless oil.

Direct synthesis from commercially available starting material: |-Glutamic acid di-tert butyl
ester hydrochloride (1.5 g, 5.8 mmol) was stirred at room temperature in chloroform under argon
in the presence of activated zinc dust (3.0g, 46 mmol) for one hour.* The zinc dust was then fil-
tered off, and the solvent removed from the filtrate in vacuo to afford the free base. The resulting oil
was dissolved in acetonitrile (28 cm?3, dried over molecular sieves). When the solution was nearly
homogeneous, anhydrous triethylamine (1.21 cm?, 8.68 mmol) was added at once, followed by the
dropwise addition of t-butyl bromoacetate (0.89 cm?, 6.1 mmol). Finally, a catalytic amount of potas-
sium iodide (ca. 0.1 g) was added and the resulting mixture stirred at room temperature under argon
for 24 hours. After the solvent was removed in vacuo, the oily residue was partitioned between water
and dichloromethane (2x) and the combined organic extracts were subsequently washed in brine
prior to being dried with magnesium sulphate and the solvent being removed in vacuo. The resulting

oil was dissolved in the minimum volume of dichloromethane and subjected to column chromatogra-

*Zinc dust was activated by suspension and ultrasonic agitation in 1 mol dm—3 hydrochloric acid for ten minutes under an
argon atmosphere. The grey solid was then collected by filtration under a flow of nitrogen, washed in quick succession with
water, ethanol and then diethyl ether (ca. 100 cm? each) and dried under high vacuum prior to use.
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phy (method i, silica, ethyl acetate:hexanes 30:70—60:40) to afford the pure compound (0.44 g, 1.2
mmol, 21%) as a colourless oil. vyna/cm~1(ATR) 2970 (N-H st), 2930 (sp® C-H), 1731 (ester C=0
st), 1149 (ester C-O st); sy (700 MHz, CDCl3) 3.29 (d, J = 17.0 Hz, 1H, H6), 3.22 (d, J = 17.0 Hz,
1H, H6), 3.14 (dd, 1H, H4), 2.34 (t, H11), 1.92 (m, 2H, H5, H10), 1.82 (m, 1H, H10), 1.46 (s, 9H,
H1), 1.44 (s, 9H, H14), 1.43 (s, 9H, H9); dc(176 MHz, CDCl;) 173.8 (C3) , 172.8 (C12), 171.3
(C7),81.7(C2),81.5(C13),80.5(C8),60.8 (C4),50.2 (C6),32.2(C11)28.6 (C10), 28.4 (C1,
C9, C14); (ES-MS*) 374.2 (100 %, [M+H]*); HR-MS Found 374.2538, C19H3sNOg [M+H]*requires
374.2543.

8.5.19. Di-tert-butyl (S)-2-{[(2-pyridyl)methyl](tert-butoxycarbonylmethyl)amino}glutarate,
PyGils-tBu
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Aminoester 32 (0.16 g, 0.43 mmol) was dissolved in 1,2-dichloroethane (3 cm?), and pyridine-2-
carboxaldehyde (37uL, 0.39 mmol) added, prior to the addition of sodium triacetoxyborohydride (0.18
g, 0.85 mmol) at once. The reaction mixture was then stirred at room temperature under nitrogen
for five hours, prior to the addition of a further equivalent of sodium triacetoxyborohydride (0.18 g,
0.85 mmol). After this addition, the reaction mixture was allowed to stir for a further 24 hours, after
which the reaction was quenched by the addition of a saturated solution of sodium carbonate (5
cm?®). Dichloromethane (5 cm3) was then added and the organic layer collected. The organic layer
was then washed with saturated sodium carbonate (2x) and then brine (2x), prior to being dried
over magnesium sulphate. The solvent was removed in vacuo, to give a yellow oil (0.13 g), that
was purified via column chromatography (method i, silica, gradient used was diethyl ether:hexanes
0:100—100:0) to give the title compound (0.02 g, 0.04 mmol, 1%), as a colourless oil. oy (700 MHz,
CDCl3) 8.45 (d, 1H, H14), 7.66 (d, 1H, H11), 7.63 (dd, 1H, H12), 7.10 (dd, 1H, H13), 4.00 (d, J =
15.5 Hz, 1H, H9), 3.89 (d, J = 15.5 Hz, 1H, H9), 3.44 (d, J = 17.0, 1.5 Hz, 1H, H5), 3.38 (d, J = 17.0,
1.5 Hz, 1H, H5), 3.28 (ddd, 1H, H4), 2.44 (m, 1H, H16), 2.32 (m, 1H, H16), 1.96 (m, 1H, H15), 1.84
(m, 1H, H15), 1.45 (s, 9H, H19), 1.37 (s, 18H, H1, H8); 6c(176 MHz, CDCl3) 172.6 (C17), 171.7
(C3), 170.8 (C6), 159.7 (C10), 148.7 (C14), 136.6 (C12), 122.8 (C11), 121.9 (C13), 81.3 (C18),
80.6 (C2), 80.1 (C7), 63.7 (C4), 58.4 (C9), 53.6 (C5), 32.0 (C16), 28.2 (C19), 28.0 (C1, C8),
25.3 (C15); (ES-MS*) 465.1 (100 %, [M+H]*); HR-MS Found 465.2972, CosH21N2Og [M+H]*requires
465.2965.
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8.5.20. Di-tert-butyl (2S)-2-{(1R)-(tert-butoxycarbonylmethyl)[(2-pyridyl)carbonyllamino}
glutarate, PyCO-Gl;-tBu*

Picolinoyl chloride hydrochloride (0.12 g, 0.67 mmol) was added to anhydrous dichloromethane, and
4-dimethylaminopyridine (7 mg, 0.06 mmol) added prior to cooling the mixture to -78°C. Anhydrous
triethylamine (0.21 cm?, 2.9 mmol) was then added, followed by aminoester 32 (0.22 g, 0.59 mmol).
The reaction mixture was allowed to stir at -78°C for two hours under argon prior to being raised
to room temperature. After 4 hours another equivalent of picolinoyl chloride hydrochloride (0.12 g,
0.67 mmol) was added along with more triethylamine (0.21 cm3, 2.9 mmol). The reaction was then
worked up via partitioning between saturated sodium carbonate (25 cm?®) and dichloromethane when
a steady state was confirmed via ES-LCMS (after 42 hours). The organic layer was then washed
with brine, dried over magnesium sulphate and the solvent removed in vacuo. The residue was
purified via preparative reverse-phase column chromatography (water:acetonitrile , 0.1% v/v formic
acid as additive 0:100—100:0 compound eluted in ca. 20:80 v/v water:acetonitrile) to give the title
compound (0.03 g, 0.06 mmol, 10%), as a colourless oil. §y (700 MHz, CDCl3, Two rotomers in a
1:1.2 ratio) 8.52 (d, 1H, H9), 8.49 (d, 1H, H9), 7.86 (d, 1H, H12), 7.74 (m, 1H, H11), 7.29 (t, 1H,
H10), 5.21 (dd, 1H, H14), 4.93 (dd, 1H, H14), 4.64 (d, J = 18.5 Hz, 1H, H4), 4.36 (d, J = 17.0 Hz,
1H, H4), 417 (d, J = 18.5 Hz, 1H, H4), 3.77 (d, J = 17.0 Hz, 1H, H4), 2.95-1.60 (m, 4H, H15 and
H16), 1.47 (s, 9H, H19),1.46 (s, 9H, H19), 1.43 (s, 9H, H1), 1.42 (s, 9H, H1), 1.37 (s, 9H, H7), 1.29
(s, 9H, H7); 6c(176 MHz, CDCl3) 172.4 (C17), 172.3 (C17), 170.1 (C3), 170.0 (C3), 169.5 (C8),
168.9 (C8), 168.8 (C5), 167.9 (C5), 153.9 (C13), 153.5 (C13), 148.2 (C9), 147.5(C9), 137.0 (C11),
136.9 (C11), 125.3 (C12), 124.9 (C10), 124.8 (C10), 124.50, 82.3(C10), 82.1-80.4 (C2, C6, C18),
61.1 (C14), 58.3 (C14), 49.7 (C4), 46.6 (C4), 32.3 (C16), 31.8 (C16), 28.2-27.9 (C1, C7, C19),
25.3 (C15), 24.9 (C15); (ES-MS*) 479.3 (100 %, [M+H]*); HR-MS Found 479.2751, CosH3gN20O7
[M+H]*requires 479.2757.

*This reaction was not found to be reproducible.
T Different chemical shifts that refer to the same proton environment in the characterisation data correspond to signals from
an individual rotomer.
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8.5.21. 2-{2-[2-(3-Oxo0-2H-isoindol-2-oyl)ethylamino]ethyl}-2H-isoindole-1,3-dione,*%! 33
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Bis(2-chloroethyl)amine hydrochloride (4.0 g, 22.4 mmol) and potassium phthalimide (15 g, 81.0
mmol) were dissolved in dimethylformamide (50 cm?®) and the mixture was heated at 100°C under
nitrogen for 16 hours. This mixture was then poured into a slurry of basic ice-water (50 g ice, 50 cm?®
water and 5 g potassium carbonate) and stirred for 2 hours to precipitate the title compound as a
white solid, which was collected by filtration and dried under high vacuum (4.8 g, 13.2 mmol, 59%)
. 0y (400 MHz, CDCl3) 7.66 (m, 8H, H1, H2), 3.77 (t, J = 6.0 Hz, 4H, H5), 2.95 (t, J = 6.0 Hz, 4H,
H6); 6c (101 MHz, CDCls) 168.4 (C4), 133.7 (C3), 132.1, 123.13 (C1, C2), 47.2 , 37.53 (C5, C6 ).

8.5.22. tert-Butyl {bis[2-(3-ox0-2H-isoindol-2-oyl)ethyl]Jamino}acetate,[*°! 33-tBu
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Imide 33 (1.85 g, 5.1 mmol) was dissolved in acetonitrile (27 cm?3, dried over molecular sieves) and
potassium carbonate (2.11 g, 15.3 mmol) and potassium iodide (ca. 0.25 g) were then suspended
in the solution. t-Butyl bromoacetate (0.82 cm®, 5.6 mmol) was then added to the reaction mixture
at once, and the mixture was heated at 60°C under nitrogen for 14 hours. Once cooled to room
temperature, solids were removed via filtration, and the solvent removed from the filtrate in vacuo.
Hexane was then added to the oily residue, and the title compound precipitated as a white solid (1.43
g, 3.0 mmol, 59%), that was collected via filtration after agitation in an ultrasonic bath. §y (400 MHz,
CDCl3) 7.68 (m, 8H, H1, H2), 3.72 (t, J = 6.5 Hz, 4H, H5), 3.45 (s, 2H, H7), 3.03 (t, J = 6.5 Hz, 4H,
H6), 1.41 (s, 9H, H10); 5c (101 MHz, CDCls) 170.6 (C8), 168.4 (C4), 133.8 (C3), 132.3, 123.2 (C1,
C2),81.2(C9),51.8,36.2 (C5, C6 ), 28.3 (C10).
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8.5.23. 2-Amino-1-[(benzyl)(2-aminoethyl)amino]ethanel®°'], 35
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Synthesis of 2-(2-{(Benzyl)[2-(3-0x0-2H-isoindol-2-oyl)ethylJamino}ethyl)-2H-isoindole-1,3-dione,
35-Phth. Imide 33 (1.5 g, 4.1 mmol), was dissolved in acetonitrile (17 cm?®, dried over molecular
sieves), and potassium carbonate (1.14 g, 8.3 mmol) added prior to the addition of benzyl bromide
(0.52 cm®, 4.4 mmol) at once to the suspension. The mixture was then heated at 60°C under argon
for 15 hours, after which time the reaction mixture was filtered hot and the solvent removed from
the filtrate in vacuo. The residue was then partitioned between water and dichloromethane, and the
dichloromethane layer extracted and washed with brine. After drying the organic extract with mag-
nesium sulphate and removal of the solvent in vacuo, the residue was heated at 60°C under high
vacuum to remove the residual benzyl bromide, to afford the title product (1.36 g, 3.0 mmol, 73%) as

a yellow oil. 5y (400 MHz, CDCls) 7.70 (m, 8H), 6.98 (m, 5H), 3.77 (t, 4H), 2.81 (t, 4H), 1.59 (s, 2H).

Synthesis of 2-Amino-1-[(benzyl)(2-aminoethyl)amino]ethane from 35. Imide 25-Phth (1.37 g,
3.0 mmol), was dissolved in a methanolic solution of hydrazine monohydrate (50 cm?, 0.5 mol dm—3
in methanol) and the solution was stirred under argon at room temperature for 20 hours, during which
time a flocculent white precipitate formed. The precipitate was then filtered using a sinter funnel (2x)
and the solvent was removed in vacuo. The residue was then dissolved in chloroform and washed
twice with aqueous ammonia (50 cm3, 5 wt. % ammonia). The organic layer was then dried over
magnesium sulphate and the solvent removed in vacuo to afford the title compound (0.46 g, 2.4
mmol, 79%) as a pale yellow oil that was kept in an argon-flushed round bottom flask in a freezer to
prevent reactions with the air. oy (400 MHz, CDCl3) 7.29 (m, 5H, H6, H7, H8), 3.58 (s, 2H, H4),
2.75 (t, J = 6.5 Hz, 4H, H2), 2.52 (t, J = 6.5 Hz, 4H, H3), 1.37 (s, 4H, H1); 5¢c (101 MHz, CDCls)
139.6 (C5), 128.8 , 128.3, 127.0 (C6, C7, C8), 59.2 (C4), 57.40 (C3), 39.84 (C2); (ES-MS*) 194.2
(100 %, [M+H]*, M= C11H19N3).
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8.5.24. Di-tert-butyl bromomalonatel*°7], 36*
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Di-t-butyl malonate (5 cm?, 22.3 mmol) was dissolved in tetrohydrofuran (anhydrous, 45 cm?®) and the
reaction mixture was cooled under argon using an acetone/dry ice bath. Using a pressure-equalising
dropping funnel, n-butyllithium (1.6 mol dm~3 in hexanes, 18 cm®, 29 mmol) was added dropwise
to the solution which was kept at low temperature for 45 minutes. Using a syringe, bromine (1.5
cm?, 29 mmol) was added at once and the reaction mixture was allowed to reach room temperature.
After being allowed to stir for 2 hours at room temperature, the solvent was removed in vacuo and
the residue partitioned (2x) between saturated carbonate and chloroform. The combined organic
extracts were dried over magnesium sulphate and the solvent removed in vacuo. The residue was
purified via column chromatography (method i, silica, diethyl ether:hexanes 0:100—10:90) to give
the title compound (4.9 g, 17 mmol, 75%) as a pungent, lachrymatory, pale yellow oil. 4 (400 MHz,
CDCl3) 4.68 (s, 1H, H4), 1.51 (s, 18H, H1); 5c (101 MHz, CDCls) 163.7 (C3), 84.0 (C2), 45.87 (C4),
27.8 (C1); GC-MS (EI*) 225.0 (8'Br-M-OtBu®*, M= C;1H19BrO,).

8.5.25. Di-tert-butyl bromomethylmalonatel®3l, Me-36
o o
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Methylation of di-t-butyl malonate.  Di-t-butyl malonate (3 cm®, 13.3 mmol) was dissolved in
anhydrous tetrahydrofuran (20 cm®) and was added dropwise to a suspension of sodium hydride
(60 wt. %, 0.54 g, 13.5 mmol) also in anhydrous tetrahydrofuran (20 cm®). Once the gas evolution
subsided, the reaction mixture was allowed to stir at room temperature under argon for 5 minutes prior
to the dropwise addition of methyl iodide (0.83 cm3, 13.3 mmol) via syringe. The reaction mixture
was then stirred for a further 20 hours at room temperature. The reaction was then quenched with
a saturated solution of ammonium chloride and the crude product extracted using dichloromethane.
The organic extract was then dried over magnesium sulphate and the solvent was removed in vacuo.
The residue was then purified by column chromatography (method i, silica, diethyl ether:hexanes
0:100—10:90) to give the title compound (1.0 g, 4.3 mmol, 32%)t. §4 (400 MHz, CDCls) 3.22 (q, J
= 7.0 Hz, 1H), 1.46 (s, 18H), 1.32 (d, J = 7.0 Hz, 3H); 6 (101 MHz, CDCl3) 169.8, 81.3, 48.3, 28.0,

*A small amount of an impurity that could not be removed by column chromatography was detected, but in further steps
the reagent functioned as expected if an excess was used. This is accounted for in the equivalents of reactions using 36.

TConventional TLC staining methods, were ineffective for visualising the compound. Instead, the co-elution of elemental
iodine was used to gauge elution progress.
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13.5; GC-MS (EI*) 215.1 (M-CH4**, M= C12H20).

Bromination of di-tert-butyl methylmalonate. This procedure was performed analogously to that
for 36 (Section 8.5.24) except the following quantities were used: Di-tert-butyl methylmalonate (1.0
g, 4.3 mmol), n-butyllithium (1.6 mol dm~2 in hexanes, 2.9 cm?, 4.6 mmol), bromine (0.27 cm?, 5.3
mmol). The target compound (1.1 g, 3.6 mmol, 83%) was isolated as a colourless oil. iy (400 MHz,
CDCl3) 1.99 (s, 3H, H5), 1.48 (s, 18H, H1); ic (101 MHz, CDCl3) 166.6 (C3), 83.5 (C2), 59.8 (C4),
27.8 (C1), 26.7 (C5); GC-MS (EI*) 307.2 ("°Br-M-OtBu**, M= C12H21BrO,).

8.5.26. 2,2,2-Trifluoro-1-{2-[2-(2,2,2-trifluoroacetylamino)ethylamino]ethylamino}-1-

ethanonel®*%], trifluoroacetate salt, 37
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Diethylene triamine (1 cm3, 9.3 mmol) was dissolved in acetonitrile (15 cm?3, spiked with 0.2 cm3
water) and ethyl trifluoroacetate (3.8 cm?, 31.9 mmol) was added to the solution which was refluxed
for 18 hours. The title compound (3.66 g, 8.9 mmol, 96%), was isolated as a buff solid after removal
of the volatiles in vacuo. 5y (700 MHz, DMSO-d®) 9.62 (t, J = 6.0 Hz, 2H, H4), 8.84 (s, 2H, H7), 3.50
(9, J = 6.0 Hz, 4H, H5), 3.14 (t, J = 6.0 Hz, 4H, H6); 5¢ (176 MHz, DMSO-d®) 158.6 (d, J = 31.4 Hz,
C9), 156.9 (d, J = 36.6 Hz, C3), 116.6 (m, C2, C8), 45.4 (C6), 35.8 (C5); oF (376 MHz, DMSO-d®)
-73.7 (F9), -74.5 (F2); (ES-MS*) 296.9 (100 %, [M+H-CF3COOH]*, M= C1oH15FgN3O4).

8.5.27. {Bis[2-(2,2,2-trifluoroacetylamino)ethyllJamino}acetonitrile, 37-CN

Trifluoroacetamide 37 (1.25 g, 3.0 mmol) was dissolved in acetonitrile (10 cm?, dried over molecular
sieves) and Hunig’s base (1.6 cm?, 9.2 mmol) was added. A catalytic amount (ca. 0.2 g) of potassium
iodide was added prior to the addition of chloroacetonitrile (0.21cm?, 3.3 mmol) at once. The resulting
mixture was then heated at 60°C for 18 hours under nitrogen. At this point, reaction progress was
monitored by ES-LCMS, and more chloroacetonitrile (1.05 cm3, 1.7 mmol) added in an attempt to
convert residual starting material. Since no progress was observed after a further 4.5 hours of

heating, the reaction mixture was cooled in a freezer, filtered and volatile material was removed in
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vacuo from the filtrate. Water was added to precipitate the title compound (0.21 g, 0.63 mmol, 19%)
as a white solid. mp 107-110°C; 6y (700 MHz, DMSO-d®) 9.24 (t, J = 6.0 Hz, 2H, H4), 3.78 (s, 2H,
H7), 3.24 (dt, 4H, H5), 2.58 (t, 4H, H6); c(176 MHz, DMSO-d®) 156.8 (q, J = 36.0 Hz, C3), 116.4
(m, C2, C8), 52.3 (C6), 41.9 (C7), 37.4 (C5); 6F (376 MHz, DMSO-d®) -74.5 (F1); (ES-MS*) 335.9
(100 %, [M+H]*); HR-MS Found 335.0934 , C1oH13N4O2F¢ [M+H]* requires 335.0943.

8.5.28. tert-Butyl [bis(2-hydroxyethyl)amino]acetatel*3°l, 39
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Diethanolamine (3.12 g, 29.7 mmol) was dissolved in anhydrous dichloromethane (10 cm?®), followed
by t-butyl bromoacetate (1.1 cm?, 7.5 mmol) and potassium iodide (0.25g, 1.5 mmol). The reaction
mixture was stirred at room temperature under nitrogen for 20 hours prior to the addition of water.
The reaction mixture was then partitioned (3x) between water and chloroform, and the combined
organic extracts washed with brine. The title compound (1.5 g, 6.84 mmol, 91%) was afforded as a
colourless oil after drying the organic layers over magnesium sulphate and solvent removal in vacuo.
oy (700 MHz, CDCl3) 3.58 (t, 4H, H2), 3.32 (s, 2H, H4), 3.23 (s, 2H, H1), 2.82 (t, 4H, H3), 1.46 (s,
9H, H7);6c(176 MHz, CDCl3) 172.4 (C5), 81.9 (C6), 59.8 (C2), 57.8 (C3), 56.7 (C4), 28.1 (C7);
(ES-MS*) 220.1 (100 %, [M+H]*, M= C1gH21NOy).

8.5.29. Benzyl 2,5-dihydro-1H-pyrrole-1-carboxylate, 41
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Benzyl chloroformate (0.96 cm®, 6.74 mmol) and 3-pyrroline (0.5 cm3, 6.58 mmol) were dissolved
in dichloromethane (22 cm?) prior to the dropwise addition of triethylamine (1.4cm3, 10.0 mmol).
Once the addition was complete, the cloudy reaction mixture was stirred at room temperature under
argon for 18 hours, at which point TLC analysis (silica, diethyl ether:hexanes 60:40 v/v) indicated
completion. The reaction mixture was then partitioned between aqueous sodium carbonate and
dichloromethane (2x), and the combined organic extracts washed with brine prior to drying over
magnesium sulphate and solvent removal in vacuo. Purification of the residue via column chro-
matography (method ii, diethyl ether:hexanes 0:100—100:0, compound eluted in ca. 50:50 v/v diethyl

ether:hexanes) afforded the title compound (0.72 g, 3.55 mmol, 54%) as a colourless oil. Jy (400
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MHz, CDCls) 7.23 (m, 5H, H6, H7, H8), 5.67 (m, 2H, H3), 5.05 (s, 2H, H4), 4.09 (m, 4H, H2); 5¢
(101 MHz, CDCl,) 154.6 (C1), 137.0, 128.5, 128.0, 127.9, 125.8, 125.7 (C3, C5, C6, C7, C8), 66.8
(C4), 53.4 (C2); GC-MS (EI*) 203.9 (M**, M= C1,H;3NO,).

8.5.30. tert-Butyl [bis(2-chloroethyl)amino]acetate, 43

J<
3#0 5 6
1

o>

Diol 39 (0.49 g, 2.23 mmol) was dissolved in anhydrous dichloromethane (5 cm?) and thionyl chloride
(0.65 cm?®, 8.96 mmol) was added dropwise to the solution, which was refluxed under nitrogen for 1
hour. After cooling to room temperature, the excess thionyl chloride was quenched by the addition of
a solution of saturated sodium carbonate. The title compound (0.48 g, 1.88 mmol, 84%) was afforded
after extraction from this mixture using dichloromethane (2x). 6y (700 MHz, CDCl3) 3.53 (t, J = 7.0
Hz, 4H, H1), 3.41 (s, 2H, H3), 3.08 (t, J = 7.0 Hz, 4H, H2), 1.46 (s, 9H, H6); 6c(176 MHz, CDCl3)
170.5 (C4), 81.5 (C5), 56.5 (C2), 56.2 (C3), 42.3 (C1), 28.2 (C6); (ES-MS*) 256.1 (100 %, [M+H]*);
HR-MS Found 256.0876, C1ogH290NO2Cl, [M+H]*requires 256.0871.

8.5.31. tert-Butyl [bis(2-iodoethyl)amino]acetate, 44

i J<
SH;LO 5 6
1

Dichloride 43 (0.79 g, 3.08 mmol), was dissolved in acetone (50 cm®) and sodium iodide (4.6,
30.9 mmol) was added and the mixture refluxed for 16 hours, at which point TLC analysis (silica,
dichloromethane) indicated completion. The solvent was then removed in vacuo and the residue
partitioned between water and dichloromethane. The extracted organic layer was dried over magne-
sium sulphate and the solvent removed in vacuo. Diethyl ether was then added to this residue which
was agitated in an ultrasonic bath. The solid material was filtered off and the diethyl ether removed
in vacuo to afford the title compound (0.81 g, 1.84 mmol, 60%). dy (700 MHz, CDCl3) 3.35 (s, 4H,
H3), 3.14 (t, J = 8.0, 2H, HT), 3.06 (t, J = 8.0 2H, H2), 1.45 (s, 4H, H6);5c(176 MHz, CDCl3) 170.3
(C4),81.5(C5),57.0(C2),55.3 (C3),28.2(C6), 4.4 (C1); (ES-MS*) 439.9 (100 %, [M+H]*); HR-MS
Found 439.9579, C1oH2oNO2lz [M+H]*requires 439.9584.
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8.5.32. Diethyl {[(2,4-dimethoxyphenyl)methyl]Jamino}malonate!3%], 45

Diethyl aminomalonate hydrochloride (1 g, 4.7 mmol) was dissolved in 1,2-dichloroethane (17 cm?®)
and triethylamine (0.98 cm®, 7.0 mmol) was added, followed by the addition of 2,4-dimethoxy ben-
zaldehyde (0.77 g, 4.6 mmol) and sodium triacetoxyborohydride (2.0 g, 9.4 mmol). The mixture
was allowed to stir at room temperature under nitrogen for 24 hours. Following this, the reaction
mixture was basified by the addition of saturated sodium carbonate and then partitioned between
saturated sodium carbonate and dichloromethane. The organic extract was dried over magnesium
sulphate and the solvent removed in vacuo. The residue was purified by column chromatography
(method i, silica, acetonitrile:dichloromethane 0:100—50:50 compound eluted in ca. 30:70 v/v ace-
tonitrile:dichloromethane) to afford the title compound (1.05 g, 3.2 mmol, 68%) as a yellow oil. dy
(700 MHz, CDCl3) 7.13 (d, 2H, H14), 6.42 (m, 2H, H10, H13), 4.17 (dq, J = 7.2, 0.8 Hz, 4H, H2),
4.04 (d, J = 0.8 Hz, 1H, H4), 3.80 (s, 3H, H9), 3.79 (s, 3H, H11), 3.76 (s, 2H, H6), 2.38 (s, 1H, H5)
1.25 (td, J = 7.2, 0.8 Hz, 6H, H1); c(176 MHz, CDCl3) 168.8 (C3), 160.5 (C12), 158.9 (C8), 130.8
(C14),119.6 (C7),103.9 (C13),98.6 (C10), 64.5(C4),61.8 (C2),55.5(C11),55.2 (C9), 47.0 (C6),
14.2 (C1); (ES-MS*) 326.1 (100 %, [M+H]*, M= C1gH23NOg).

8.5.33. Diethyl benzylaminomethylmalonate, 46

Benzylamine (0.86 cm?, 7.8 mmol) was dissolved in acetonitrile (19 cm?, dried over molecular sieves)
and potassium carbonate (1.19 g, 8.6 mmol) was suspended in the solution. Diethyl bromomethyl-
malonate (1.5 cm?, 7.8 mmol) was then dissolved in the mixture, which was heated at 40°C under
argon for 21 hours, followed by heating at 60°C for a further 9 hours, at which point TLC analysis (sil-
ica, in dichloromethane) showed the depletion of starting material. Once cooled, the reaction mixture

was filtered and the solvent removed in vacuo and the residue partitioned between aqueous sodium
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bicarbonate and dichloromethane. The organic layer was extracted, dried over magnesium sulphate
and purified by column chromatography (method i, silica, diethyl ether:hexanes 0:100—80:20 v/v) to
afford the title compound (0.51 g, 1.8 mmol, 23%) as a pale yellow to colourless oil. éy (700 MHz,
CDCl3) 7.30 (m, 2H, H9), 7.26 (m, 2H, H10), 7.20 (m, 1H, H11), 4.16 (q, J = 7.1 Hz, 4H, H2), 3.66
(s, 2H, H7), 1.57 (s, 3H, H6), 1.21 (t, J = 7.1 Hz, 6H, H1); 5c(176 MHz, CDCl3) 170.6 (C3), 139.7
(C8), 128.4 (C10), 128.3 (C9), 127.1 (C11), 66.8 (C4), 61.6 (C2), 48.1 (C7), 19.6 (C6), 14.0 (C1);
(ES-MS*) 280.1 (100 %, [M+H]*); HR-MS Found 280.1563, C15H22NO4 [M+H]*requires 280.1549.

8.5.34. Di-tert-butyl benzylaminomalonate!®'%l, 47
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Bromomalonate 36 (1.0 g, 3.4 mmol), and potassium carbonate (0.51 g, 3.7 mmol) were added to
acetonitrile (8 cm®, dried over molecular sieves) and benzylamine (0.37 cm?, 3.4 mmol) was added
dropwise to the mixture, which was then allowed to stir under argon at room temperature for 2 hours,
at which point TLC analysis (diethyl ether:hexanes 20:80 v/v) showed the consumption of starting
material. The reaction mixture was then filtered, the solvent removed from the filtrate in vacuo and
the residue purified via column chromatography (method i, silica, diethyl ether:hexanes 0:100—30:70
v/v) to afford the title compound (0.41 g, 1.3 mmol, 38%) as a yellow oil.” éy (400 MHz, CDCl3) 7.35
(m, 5H, H5 , H6, H7), 3.91 (m, 3H, H2, H4), 3.06 (s, 1H, H4), 1.46 (s, 18H, HT).

*The rapid formation of a solid crust on samples of this compound was construed as evidence of its reaction with air.
Thus, it is advised that the compound is used as soon as it is made.
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8.5.35. Di-tert-butyl (2-tert-butyldimethylsiloxyethylamino)malonate, 48

S K
T 6NH5

QSi\ 7

70| O

11

Preparation of TBDMS-protected ethanolamine. tert-Butyldimethylsilyl chloride (5.3 g, 35.2 mmol)
and imidazole (4.5 g, 66.1 mmol) were dissolved in dichloromethane (20 cm?®, anhydrous) and
ethanolamine (2 cm3, 33.1 mmol) was added dropwise to the solution at room temperature under
an argon atmosphere. Once the addition was complete, the reaction mixture was stirred at room
temperature for 90 minutes, after which time a solution of saturated sodium carbonate was slowly
added (until basic pH) to the stirring reaction mixture, which was then transferred to a separating
funnel. The aqueous layer was washed with dichloromethane (2x) and the combined organic ex-
tracts were dried over magnesium sulphate and the solvent removed in vacuo. The residue was then
redissolved in diethyl ether, filtered through a sinter funnel and the solvent removed in vacuo again
to afford the title compound (3.71 g, 21.2 mmol, 64%) as a yellow oil. oy (400 MHz, CDCl3) 3.62 {(t,
J = 5.5 Hz, 4H), 2.77 (t, J = 5.5 Hz, 4H), 0.89 (s, 9H), 0.06 (s, 6H);5c(101 MHz, CDCl3) 65.1, 44.2,
25.9, 18.3, -5.3.

Di-tert-butyl (2-tert-butyldimethylsiloxyethylamino)malonate. 36, (0.86 g, 2.9 mmol), potas-
sium carbonate (0.34 g, 2.5 mmol) were added to acetonitrile (6 cm?®, dried over molecular sieves)
prior to the addition of the TBDMS-protected ethanolamine prepared above (0.48 g, 2.5 mmol) to the
solution at once. The reaction mixture was then allowed to stir at room temperature under argon for
19 hours, at which point TLC analysis (silica, diethyl ether/hexanes 20:80 v/v) showed consumption of
the protected ethanolamine. The reaction mixture was then filtered and the solvent removed in vacuo
prior to purification of the residue via column chromatography (method i, silica, diethyl ether:hexanes
0:100—30:70 v/v) to afford the title compound (0.63 g, 1.6 mmol, 64%). dy (700 MHz, CDCl3) 3.92
(s, 1H, H4), 3.73 (t, 2H, H7), 2.71 (t, 2H, H6), 2.34 (s, 1H, H5), 1.47 (s, 18H, H1), 0.90 (s, 9H, H11),
0.06 (s, 1H, H8); 6c(176 MHz, CDCl3) 167.6 (C3), 82.1 (C2), 66.5 (C7), 62.5 (C4), 49.2 (C6), 27.9
(C1),25.9(C10), 18.26 (C11), -5.36 (C8); 6si(139 MHz, CDCl3) 19.9 (Si9); (ES-MS*) 390.2 (100 %,
[M+H]*); HR-MS Found 390.2666, C19H40NO5sSi [M+H]*requires 390.2676.
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8.6. Determination of ligand stock solution concentrations via quantitative 'H
NMR

8.6.1. Preparation of t-butanol standard solution

Deuterium oxide (ca. 7 cm?®), was added to a volumetric flask (10 cm?®), which was then placed on
a five-digit balance which was then tared. t-Butanol (0.100 cm?3, Aldrich anhydrous) was then added
to the volumetric flask, and the change in weight recorded. The solution was then made up to the
mark using the requisite amount of deuterium oxide. From the mass of t-butanol added, the molar

concentration of t-butanol in deuterium oxide could be calculated.

8.6.2. Determination of ligand solution concentration

A mass of the ligand to be studied (corresponding to a solution concentration of 0.5 or 0.25 mol dm—2
, based on the ligand structural formula), was dissolved in dipotassium hydrogen phosphate (0.2 mol
dm—2 for non phenolate ligands, and 0.4 mol dm—2 for phenolate ligands), and aqueous sodium
hydroxide (6 mol dm~—2 , added in 5uL increments) was added if the ligand precipitation occurred. An
aliquot of this solution (50 1L) was then diluted tenfold in dipotassium hydrogen phosphate (450uL,
0.2 mol dm~2), and an equal volume of the t-butanol stock solution prepared in Section 8.6.1 was
added to the diluted ligand solution, which was mixed thoroughly and transferred to an NMR tube
prior to "H NMR spectrum acquisition on a Bruker Avance 400 NMR spectrometer using a bespoke
quantitative water suppression experiment. Integral ratios could then be measured using standard
offline NMR processing software e.g. MestReNova after manual phase and baseline corrections,
from which the in situ ligand concentration was calculated using the equations in Section 2.2. This
value was one-tenth of the concentration of the original stock. Using the measured concentration,

the original stock could then be manipulated as necessary.

8.7. Analysis of biological properties

All techniques were performed aseptically unless indicated otherwise.

8.7.1. Preparation of overnight cultures of E. coli JM101 from freezer stocks

Revival of bacteria from low temperature storage (-78°C) was performed by using a sterile pipette
tip to streak an aliquot of frozen culture to an LB agar plate at room temperature. The plate was
then incubated at 37°C overnight to afford single colonies of E. coli JM101 and were stored in a
commercial refrigerator for up to a week. Generation of a culture of approximately 10°CFU/cm?® was

performed by picking up a single colony of E. coli via a sterile pipette tip that was then ejected into
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10 cm? sterile Oxoid (stock no. CMO0129) Tryptone Soya Broth (TSB). The inoculated media was

incubated at 37°C overnight with shaking to generate a turbid suspension of cells.

8.7.2. Assessment of relationship between colony forming units and optical density at

600nm (OD600)

An overnight culture of E. coli JM101 was prepared in a manner identical to that described in section
8.7.1. Once grown, serial twofold dilution on this culture was performed in TSB (Oxoid CM0129B) in a
BD 48-well treated tissue culture plate until the 1()1? dilution. The optical densities at 600 nm (ODggg)
of each dilution (3x, 1X, 3%, X, 25X, azX, 125% msX z15X and 1o57X) Were then recorded and a
subsequent serial tenfold dilution of each of these dilutions was performed until the 10~28 dilution was
reached, using aqueous saline. Aliquots of each dilution in saline (10uL) were then spotted onto
LB agar plates in the manner described by Miles and Misral®**!l, and the plates incubated at 37°C
overnight. Visible colonies were then counted and adjusted to reflect the number of colony forming
units in 1 cm?® of the parent dilution (CFU cm~3) . Only counts from inocula presenting between five

and fifty unambiguously single colonies were used. The experiment was performed in duplicate, and

average values of ODggg and CFU cm~2 were used to derive a linear relation between the two values.

8.7.3. Growth inhibition studies on E. Coli JM101

An overnight culture was prepared according to Section 8.7.1. This culture was then subjected
to a 1 in 900 dilution, from which tissue culture plates could be populated. VWR 96-well treated
tissue culture plates were used for all studies. For negative controls, 180uL sterile TSB and 20uL
diluting solvent (typically 0.2 M KoHPQ,, specific concentrations are given in the main text) were
used. For positive controls, 180uL diluted culture and 20uL diluting solvent were used. Positive and
negative controls were separated by at least one well on all plates studied. Solutions of ligand in the
diluting solvent (adjusted to pH 7 using 5M NaOH=+0.5 unless otherwise indicated) were subject to
filter sterilisation using 0.22um syringe filters (when sufficient material was available) prior to serial
dilution to concentrations ten times those to be used in situ. Therefore, 20 uL solutions of the 10x
ligand solutions were added to the plate, followed by the addition of 180uL of diluted culture giving a
cell density of the order of 108CFU/cm3. All growth curves were performed in triplicate.

Optical density readings at 600 and 620 nm at 37°C were performed on a BioTek synergy H4
kinetic plate reader set to read once an hour for 16 hours. Prior to each reading, the plate was

shaken for ten seconds.
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8.7.4. Assessment of inhibitory concentrations against E. Coli JM101 for ICP-MS studies

An overnight culture was prepared according to Section 8.7.1 and subjected to a tenfold dilution
resulting in a cell density of 108 CFU/ cm3, verified by use of a CASY model TT cell counter. Ligand
stock solutions were then prepared in an appropriate diluting solvent (typically 0.2M KoHPO4and 5M
NaOH to aid dissolution, specific concentrations are given in the main text) to 100x the intended
concentration in situ.

Autoclaved, oven-dried 100cm3conical flasks equipped with sponge bungs were then charged with
19.6 cm3sterile TSB, 200uL of 100x ligand solution, or 200.L of the diluting solvent for the positive
control. Aliquots (200uL) of the diluted overnight culture were then added to each flask to give
cultures of density 108 CFU/ cm®. These cultures were then incubated for 16 hours at 37°C with
shaking. Once elapsed, the ODggo and CFU/ cm?® (via cell counter) values for the positive control
and for each ligand concentration were recorded. Percentage inhibition was calculated by division of
these ODggo and CFU/ cm? values for each ligand concentration by those recorded for the positive

control.

8.7.5. Preparation of ligand-treated cultures of E. coli JM101 for ICP-MS analysis

An overnight culture was prepared according to Section 8.7.1, subjected to a tenfold dilution resulting
in a cell density of 108 CFU/ cm?®, and 0.5 cm? of the diluted sulture was added to an acid-washed 250
cm? conical flask containing 49 cm? sterile TSB and 0.5 cm?® of a 100x ligand stock solution (Section
8.7.4). These cultures were then incubated for 16 hours at 37°C with shaking. After this incubation
period, 45 cm?® of this large scale culture was transferred to a 50 cm® Falcon tube and centrifuged
at 10°C for 40 minutes at 4000 rpm. In the meantime, the cell count of the large-scale culture was
measured using a CASY model TT cell counter using the residual culture in the conical flask, to
assess the actual extent of growth inhibition. Once centrifugation was complete, the supernatant
was discarded and the cells resuspended in a washing buffer (10 cm?®) consisting of 0.5 mol dm—3
sorbitol and 10mM HEPES, pH= 7.8 prior to re-centrifugation for 10 minutes at 10°C at 4000 rpm.
Once again, the supernatant was discarded, and the cells were resuspended in a further 10 cm® of
the washing buffer. An additional cycle of centrifugation for 10 minutes was then performed. After
this cycle was complete, the cells were resuspended in a 5 cm?® of the washing buffer and centrifuged
at for 15 minutes at 10°C and 4500 rpm. The supernatant was then decanted off, and the cells were
resuspended in 5 cm? of high-purity 65% nitric acid and left to digest for at least 48 hours prior to

analysis.
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8.7.6. ICP-MS analysis of cell digests

A diluent composed of aqueous nitric acid (400 cm?, 2 % v/v), an ICP-MS standard solution (500
cm?®,100 ppb Ag in 2 % nitric acid) and 65% high-purity nitric acid (50 cm?®) was used to prepare a
X%, 25X, and 135X, dilution of the cell digest. Using the same diluent, 0, 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50, 100, 200, 500 and 1000 ppb standard solutions were prepared from a multi-element stock
solution containing calcium, magnesium, cobalt, copper, iron, manganese, nickel and zinc, all at 1000

ppm, to generate the calibration curve. All ICP-MS analyses were performed by Dr. Deenah Osman.

8.7.7. Assessment of E. Coli JM101 growth inhibition via a disc-diffusion based method

An overnight culture of E. Coli JM101 was prepared in a manner identical to that described in Section
8.7.1 and subjected to a tenfold dilution in TSB to give a cell density of 108 CFU/ cm3. An aliquot (100
uL) of this culture was subsequently used to inoculate warmed (55°C) agar overlays (4 cm® each,
0.6% w/v agar in water) and each inoculated overlay was rapidly poured onto pre-warmed plates
loaded with LB agar (20 cm®) to give a combined agar height of 6mm. Once the inoculated plates
were cooled to room temperature, four sterile paper discs (®=1 cm)* were placed on each quadrant.
Solutions (20uL) of the ligand under study in DMSO/water (3:1 v/v) at the desired concentrations
were loaded onto each disc using a Gilson pipette. The plates were then allowed to stand for five
minutes to allow the solution to permeate the agar before being incubated overnight at 37°C on a
single incubator shelf.

Following incubation, the plates were placed against a blank background and photographed with
a ruler in shot to serve as an internal scale. Care was taken to position the camera as close to
perpendicular to the background as possible. The resulting images were then processed using the
NIH ImageJ suitel®*? to enhance the contrast between the zones of inhibited and normal bacterial

growth from which the zone of inhibition could be measured.

8.8. Estimation of partition coefficients
8.8.1. General procedure for the preparation of Fe3* complexes of free ligands

The ligand to be complexed (typically 0.02 mmol) was added at once to a stock solution of Iron (l1I)
chloride (typically 12.5 mM, 1 cm?, 0.125 mmol) in a conical-bottomed Schlenk tube. If necessary,
water was added in 1 cm?® portions to facilitate dissolution of the ligand and the yellow solution was
stirred under nitrogen for at least 1 hour. If precipitation occurred during this time then aqueous
sodium hydroxide (10 wt. %) was carefully added until a homogeneous solution was again obtained

and the mixture heated at 50°C for at least 1 more hour.

*Prepared from Whatman No. 1 filter paper using an ordinary circle cutter. Once cut, the discs may be placed in a glass
Petri dish, autoclaved and dried in the usual way.
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Aqueous sodium hydroxide (10 wt. %) was then added via Gilson pipette in 10uL aliquots until the
pH of the reaction mixture was around 4 and a persistent rust-coloured precipitate was observed.
The reaction mixture was then filtered through a 0.22um syringe filter to afford the final complex in

solution.

Fe-AmGly,. Yellow-orange in solution. Apax(PBS) /nm 250, 380; Apax(DMSO) /nm 405; (ES-MS)
459.9 (100 %, [M+H]*); (ES-MS~) 458.1 (100 %, [M-H]~); HR-MS Found 458.0571, C14H9N401¢%*Fe
[M+H]* requires 458.0576.

Fe-EDTA. Pale yellow in solution. (ES-MS*) 345.9 (100 %, [M+H]*, M= C;oH12FeN2QOg); (ES-MS™)
344.2 (100 %, [M-H]").

Fe-HBED. Wine-red in solution. Apax(PBS) /nm 277, 315, 490; (ES-MS~) 440.1 (100 %, [M-H]™);
HR-MS Found 438.0727, C2oH2oN20g%*Fe [M-H]~ requires 438.0717.

Fe-AmBn,. Pale yellow in solution. Apa(PBS) /nm 283; (ES-MS*) 524.9 (100 %, [M+H]*); HR-MS
Found 522.1411, Co4H2sN4Og%*Fe [M+H]* requires 522.1405.

Fe-AmGly;. Yellow-orange in solution. Amax(PBS) /nm 283, 374; A nax(DMSO) /nm 398; (ES-MS™)
401.0 (100 %, [M-H]~); HR-MS Found 401.0377, C12H17N309%Fe [M-H]~ requires 401.0361.

Fe-BrHBED. Wine-red in solution. Ana(PBS) /nm 242, 283, 475;)max(DMSO) /nm 286, 468;
(ES+MS*) 599.5 (100 %, [M+H]*); (ES-MS~) 597.7 (100 %, [M-H]7); HR-MS Found 597.8857,
CooH1gN20gBr2%4Fe [M-H]~ requires 597.8752.

Fe-EHPG. Wine-red in solution. Apmax(PBS) /nm 282, 484;) 12x(DMSQ) /nm 288, 467; (ES-MS™)
412.1 (100 %, [M-H]~); HR-MS Found 410.0422, C1gH1gN20g°*Fe [M-H]~ requires 410.0404.

Fe-MeEHPG. Wine-red in solution. (ES-MS~) 440.1 (100 %, [M-H]~, M= CyyHz21FeN2Og).

Fe-DTPA. Pale yellow in solution. Apnax(PBS) /nm 260; A\pax(DMSO) /nm 280; (ES-MS™) 445.2
(100 %, [M-H]_, M= C14H20F€N3010).

Fe-EGTA. Pale yellow in solution. A\pa(PBS) /nm 273; (ES-MS™) 432.0 (100 %, [M-H]~, M=
C14H21FeN201p).

Fe-NOTA. Pale yellow in solution. Amax(DMSQO) /nm 260.
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8.8.2. General procedure for estimating the partition coefficients of Fe3* complexes

Preliminary work. Solutions prepared in the manner described in Section 8.8.1 were subject to a
ﬂ—ox dilution into a modified PBS system (K;HPO4 0.075 mol dm—3, KH,PO, 0.025 mol dm~—2, KCI

0.15 mol dm—3 | adjusted to pH 7.4 ) to provide a buffered stock that was subject to additional serial

1
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X, 70

dilution. Typically, the serial dilutions made from this stock were (;5x x, and £;x), all of which
had their UV-Vis spectra recorded in glass cuvettes. Serial dilution was then repeated from the ﬂ—ox
stock using DMSO using the same dilution factors and the UV-Vis spectra of these solutions were
recorded also. From the spectra recorded in DMSO, a wavelength exceeding 350 nm that exhibited

sufficient absorption (0.1<A<1) was selected for the next part of the experiment.

Experimental procedure. A ;—Ox dilution in the modified PBS system was prepared of the metal
complex stock prepared in Section 8.8.1 and the pH of the diluted solution adjusted to pH~7.4 . An
aliquot of known volume (>750.L) was then added to a 2 cm? sample vial, to which an equal volume
of dichloroethane was added. The vial was sealed and mixed in a vertical turntable overnight. After
the mixing period phases were separated by centrifugation at 2500 rpm for 1 minute. A sample of
each phase (40uL) was then added to plastic Eppendorf tubes charged with DMSO (960uL) and the
resulting mixture was vortexed to a homogeneous solution. Portions (200uL) of the DMSO solutions
from each phase was then loaded onto a 96-well plate (VWR 734-2327). This part of the experiment
was performed in duplicate, and the samples from the replicate were loaded onto the same plate.
Prior to reading the absorbance values at the wavelength determined above, a linear absorbance
response was confirmed by loading 200L of the X, 55X, 75X, and 2;x solutions prepared previously
in DMSO and measuring their absorbance in plate along with that of a solvent blank. Two samples of
each dilution were placed on different rows to check for the effect of aberrations on the plate, which

was then read.

Analysis of the data. Absorbance values for the solvent blanks were subtracted from the calibra-
tion and analyte wells. The absorption of the wells containing the tested dichloroethane and buffer
phases was compared to adjacent empty wells after solvent subtraction, and the absorbance of the
analyte wells was set to zero if the absorbance values were similar. Once this additional correc-
tion was performed, the absorbance of the dichloroethane layer was divided by the absorbance of
the buffer layer for each replicate to calculate the distribution coefficient for each replicate. These

individual values were averaged to give the reported distribution coefficient.

8.8.3. Procedure for free ligand partition coefficients

The ligand to be studied (ca. 10-20 mg), was dissolved in a modified PBS system (1 cm3, K;HPO,
0.075 mol dm—3, KH,PO,4 0.025 mol dm~—3, KCI 0.15 mol dm~3, D,O used instead of water) in an
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Eppendorf tube and the pD adjusted to =7. This solution was then placed into a glass sample vial
and the volume increased to 2cm?® using more PBS. CDCl3; (2 cm?®) was then added to the sample
vial which was then agitated vigorously by hand. The vial lid was then removed to allow for pressure
equilibration and replaced. Following this initial equilibration, the vial was placed in a vertical turntable
and allowed to mix for at least 2 hours.

For measurement, the phases were separated via centrifugation at 1500 rpm for at least two min-
utes prior to sampling of each phase (the aqueous phase being sampled first) by drawing up a
known volume (usually 800-1000 L) in silicone-free plastic syringes and spiking the samples of ei-
ther phase with t-butanol (1 vol. %) as an internal standard (Section 2.2). The samples were then
transferred into NMR tubes and normal "H spectra acquired. If phase partitioning was observed, the
spectra could be re-run under quantitative conditions and the integral ratios calculated to derive the

chlroform-buffer partition coefficient, Pcpcy,.

8.9. Fura-2 partitioning experiments

It is the opinion of this author that the procedure for this experiment is best presented as a protocol,

due to the iterative nature of the experiment. Section A, covers the methodology.

265



A. Fura-2 partitioning protocol

A.1. Preparation

A.1.1. Ligand stocks:

Make up 0.11M stock of the ligand in 18.2 MQ water. Change pH to dissolve as necessary.

+ Quantify solution stock concentration using the procedure in Section (8.6).

Dilute back to 0.1M using integral ratio.

Serial dilute to 100uM in pH 7.0 HEPES at 0.1M KCI (referred to as the “buffer system” from

here).

The resulting ligand solution is solution A.

A.1.2. Metal ion stocks:

Make up 10ml of a 10mM stock of CaCl,or ZnCl, in a 15 ml falcon tube in 18.2 MQ water.

Verify by ICP-MS and if necessary introduce a dilution correction.

Dilute 10mM stock to make 5 cm® 1mM stock in the buffer system.

+ From this stock make sub-stocks of the following concentrations in the buffer system (Solutions

B-1 to B-11):

Row | Volume 1 mM stock /uL | Buffer system volume /uL
1 0 1000
2 80 920
3 160 840
4 240 760
5 320 680
6 400 600
7 480 520
8 560 440
9 640 360
10 720 280
11 800 200
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A.2. Selection of metal ion stock (Metal ion fluorescence titration)
A.2.1. Fura-2 concentration adjustment

* Prepare 20uM stock solution from 1 mM Fura-2 stock stored in DMSO, using the buffer sys-

tem.
» The stock is kept in the freezer in DMSO usually there are 50 pL in each Eppendorf..
« Verify concentration by UV-Vis, using e353=28000 M~ 'cm~"1.

» Keep stock cold and in dark until needed. This is solution C.

A.3. Titration in plate

+ Add 95 L buffer system to each well in a 96-well plate to be used in this stage of the experi-

ment.
+ Add 5 pL of each M?* stock made (solutions B-1 to B-11) to each of these wells.
+ Add 100 uL of the Fura-2 solution (solution C) to each of these wells.
* Aspirate with a pipette.
* Incubate 10 min at 25°C.
» Record emission spectrum (Ag=340 nm) for each well.

+ Plot emission intensity at A=510 nm and see which solutions comprise the linear part of the
titration curve (fluorescence intensity vs [M?*]). Determine where the linear part ends/saturation

is achieved.

+ Choose a solution that falls on the linear part of the titration curve for all subsequent experi-

ments.

» Repeat measurement for this stock and plot its fluorescence value on the same curve as the

one to check linearity.

« If it's in linear region then proceed, if not choose a more dilute value and try again. This metal

ion stock is solution D.

A.4. Check for ligand autofluorescence
» Add 175 pL of buffer system to new wells on the plate, one for each ligand.

+ Add 5 uL of the selected Ca?* or Zn?* stock (solution D) to these wells.
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To new wells on the same plate, add 20 nL of a ligand stock (solution A).

» Aspirate with a pipette.

Incubate 10 mins at 25°C.

Record fluorescence at Ag;=510 nm (Agx=340 nm).

If values significant then subtract from fluorescence intensity in subsequent steps.

A.5. Metal ion partitioning experiments

A5

.1. Fura-2 First

» Add 75 pL buffer system.

Add 100pL Fura-2 stock (solution C) to new wells in the plate for each ligand to be studied.

Add 5 uL metal ion stock (solution D) to these wells.

Add 20 pL ligand stock (solution A) to wells.

 Aspirate with a pipette.

Incubate 10 min at 25°C.

Record fluorescence at Ae;n=510 nm (Ag=340 nm).

A.5.2. Ligand First
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» Add 75 pL buffer system to new wells on plate for each ligand.

» Add 20 pL ligand stock (solution A) to wells.

» Add 5 pL metal ion stock (solution D) to these wells.

» Add 100 1L Fura-2 stock (solution C) to new wells in the plate for each ligand to be studied.
» Aspirate with a pipette.

* Incubate 10 min at 25°C.

» Record fluorescence at Ag;n=510 Nnm (Agx=340 nm).

» Check values of fluorescence from either order of addition are within experimental error of one
another (only possible with technical repeats) to ensure equilibrium has been reached. If not,
incubate the plate for a further ten minutes and read again. Repeat as necessary, noting how

long it takes to reach equilibrium.



A.6. Analysis of the data

 Plot out linear part of titration curve obtained in A.3. Fit a line to express fluorescence intensity

as a function of [M?*].

+ Use the line to determine M?* depletion from Fura-2 using fluorescence intensity values ob-

tained when in competition with each ligand.
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B. Some precursors to AAZTA ligands

These intermediates were synthesised over the course of this work, either as a way to differentiate
the endo- and exocyclic amine groups in the ligand. Some attempts were made to prepare a lipophilic
variant of AAZTA, but they are not discussed here owing to their similarity to previously published

work.[343]

B.1. Tert-butyl [6-methyl-6-nitro-4-(tert-butoxycarbonylmethyl)-1,4-diazepin-
1-ylJacetate, NO,-AAZ-tBu
This compound was synthesised to compliment the routes devised by Waldron. In the Waldron

synthesis of precursors to orthogonally functionalised AAZTA derivatives, the dimethoxybenzyl pro-

tecting group was used to generate a versatile intermediate (Scheme 57) in four steps.

W aldron 2013:

MeO OMe
MeOQ, OMe

NH;
HNT > \©; PhCH,NO,, F}SNOZ
NaBH CH,0
oMe 06— M L N N N
| MeOH EtOH/PhMe MeO __/ OMe
MeO OMe

MeO

Ph N02 BrCHZCOdBU, Ph N02
tBuO,C Rﬁ CO,tBuU K,CO; R<\
NN N o -————

MeCN HN NH

Scheme 57: Waldron route to orthogonally functionalisable AAZTA precursors.

In contrast, the title compound was synthesised in a total of three steps, representing what could
be a more efficient synthesis of a similar intermediate if only exocyclic amine functionalisation was

desired (Scheme 58).
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T his work:

tB
BrCH2C00BU, UOZCW
H
N K2003
N —_— N/\/N
@AH e L
CO,tBu

1"

Ha, Pd/C
EtOH
tBuO,C
NO,
EtNO,, (CH,0) ~_-NH
tBUO,C Pﬁ CO,tBu & Z_2. 0 HN
\—N N—/ EtOH, Ar, reflux 3h k
CO,tBu

30%
NO2-AAZTA-tBu

24

Scheme 58: A three-step route to NO2-AAZTA-tBu.

Further development of a route using this intermediate was discontinued because attempts to
reduce the nitro group of NO,-AAZ-tBu using hydrogen gas were unsuccessful. An experimental

procedure for NO2-AAZ-tBu follows:

Compound 12 ( 52 mg, 0.18 mmol) was dissolved in ethanol (ca. 5 cm?®) and paraformaldehyde ( 16
mg, 0.54 mmol) was added at once. Shortly after, nitroethane (14.2uL, 0.20 mmol) was added into the
reaction mixture via a Gilson pipette and the mixture refluxed under argon for three hours, and which
point "H NMR spectroscopy indicated completion of the reaction. Once cooled, the reaction mixture
was partitioned between saturated sodium carbonate and dichloromethane and the organic layer
extracted (3x). The organic layers were dried using magnesium sulphate and the volume reduced
in vacuo for purification by column chromatography (silica, microscale method, compound eluted in
20:79:1 ethyl acetate:hexanes:triethylamine). Removal of the solvent afforded the title compound
(23.2 mg, 0.06 mmol, 30%) as a colourless oil. vma/cm~1(ATR) 2976 (sp3C-H st), 1729 (ester C=0
st), 15634 (NOzst), 1148 (ester C-O st); oy (700 MHz, CDCl3) 3.65 (d, J = 14.9 Hz, 2H, H8,), 3.48
(d,J = 17.3 Hz, 2H, H4), 3.33 (d, J = 17.3 Hz, 2H, H4°), 3.12 (d, J = 14.9 Hz, 2H, H8,,), 2.94 — 2.83
(m, 4H, H5), 1.46 (s, 21H, H1, H6); 6c(176 MHz, CDCl3) 171 (C3) , 92 (C7) , 81 (C2) , 62 (C8) ,
61 (C4), 56 (C5), 28 (C1), 24 (C6); (ES-MS*) 388.0 (100 %, [M+H]*); HR-MS Found 388.2429,
C18H34N306 [M+H]*requires 388.2448.
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B.2. 0-({4-[(o-Hydroxyphenyl)methyl]-6-methyl-6-nitro-1,4-diazepin-1-yl}
methyl)phenol, NO,-AAZ-HB

This was intended as a precursor to an AAZTA derivative bearing two phenolic donors attached to
the endocyclic nitrogens so as to give a ligand that could form strong complexes with Fe3*. Using
the precursor 4-H-21, which could be prepared in large quantities NO2-AAZ-HB could easily be
prepared (Scheme 59), but reduction of the nitro group could not be achieved using palladium-
catalysed hydrogenation using both hydrogen gas and transfer hydrogenation procedures, or nickel-

based reagents such as nickel boride, or Raney® nickel.

HO NO2
i ) evoeno -
NN L2 0 g N N
H EtOH, reflux, 3h N/
OH OH OH

23%
4-H-21 NO;-AAZ-HB

Scheme 59: Synthesis of NO,-AAZ-HB.

An experimental procedure for NO2-AAZ-HB is overleaf.
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Aminophenol 4-H-21 (0.26 g, 0.95 mmol) was partially dissolved in ethanol (4 cm?®) and stirred
at room temperature while paraformaldehyde ( 85 mg, 2.83 mmol based on repeat unit M=30 ¢
mol~") and nitroethane (71xL, 0.99 mmol) were added sequentially. The solution was then refluxed
for three hours and monitored by TLC (90:10 v/v dichloromethane:methanol) which indicated the
consumption of starting material within two hours. After cooling to room temperature, the solvent
was removed in vacuo and purified by column chromatography (method ii, dichloromethane:hexane,
compound eluted in 50:50 v/v dichloromethane:hexane) to give a white solid that was crystallised via
slow evaporation from chloroform to give beautiful white crystals (0.08 g, 0.22 mmol, 23%). Slow
evaporation of this material from a solution of dimethyl sulphoxide gave crystals that were suitable for
X-ray crystallography. vmax/cm~"(ATR) 2968, 2850 (sp°C-H st), 1535 (NOzst), 1248 (phenol C-O st);
Sy (400 MHz, CDCl3) 9.36 (s, 2H, H1), 7.24- 6.68 (m, 8H, H2, H3, H4, H5), 3.99 (d, J = 13.4 Hz,
2H, H8), 3.74 (d, J = 13.4 Hz, 2H, H6), 3.60 (d, J = 14.5 Hz, 2H, H6), 3.07 (d, J = 14.5 Hz, 2H, H8),
2.79 (m, 4H, H7), 1.53 (d, 6H*, H9);T (ES-MS*) 372.0 (100 %, [M+H]*); HR-MS Found 372.1927 ,
CooH26N304 [M+H]*requires 372.1923; X-ray crystallography: CooH25N304, M,=371.43, monoclinic
(P24/n); a=15.4949(13) A, b=6.1756(6) A, ¢ = 20.1254(18) ; crystal size = 0.37 x 0.11 x 0.07 mm3;
T=120K;

*The origin of this splitting pattern is currently unknown.
TThe rapid precipitation of this compound from a variety of deuterated solvents has rendered the acquisition of satisfactory
13C NMR data difficult.
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C. Alisting of single crystal X-ray structures

These structures are displayed by order of appearance in the experimental, or their similarities to
discussed compounds. All structures with the exception of those in Tables 50, 54, 55 and 64 (which
were crystallised and solved by Dr. Javier Pitarch-Jarque), were solved by Dr. Dmitry Yufit. Only
hydrogen atoms involved in intromolecular hydrogen bonding have been shown in the interests of
clarity. In some cases, to emphasise the interesting long range order, figures rendered using the

Mercury software package by Dr. Javier Pitarch-Jarque have been used.
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C.1. Structures of AmGly,

C.1.1. Dipotassium salt

Table 48: Crystal data and structure refinement for the dipotassium salt of AmGlys.

o4)

Identification code 13srv218
Empirical formula [C14H20N4O10]% x 2K*
Formula weight 482.54
Temperature /K 120
Crystal system monoclinic
Space group P2,/c
al/A 6.6561(4)
b /A 14.2304(8)
c/A 10.5791(6)
al® 90.00
Br° 94.267(2)
~y/° 90.00
Volume/ A3 999.26(10)
Z 2
pealc Mg/mm?3 1.604
m /mm-’ 0.536
F(000) 500.0

Crystal size /mm?3

0.274 x 0.161 x 0.132

20 range for data collection

5.72 t0 57.98°

Index ranges

-9<h<9,-15<k<19,-14 <1< 13

Reflections collected 10537
Independent reflections 2646[R(int) = 0.0266]
Data/restraints/parameters 2646/0/168
Goodness-of-fit on F? 1.100

Final R indexes [/ >= 20 (/)]

Ry =0.0467, wR2 = 0.1486

Final R indexes [all data]

Ry = 0.0529, wR; = 0.1552
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C.1.2. Zwitterionic form

Table 49: Crystal data and structure refinement for the AmGly, zwitterion.

Identification code 13srv271
Empirical formula C14H2oN4O19
Formula weight 406.36
Temperature /K 120
Crystal system orthorhombic
Space group P2:2:2
a/A 17.3349(11)
b /A 9.3065(5)
c/A 5.3951(4)
al® 90.00
B/° 90.00
vy /° 90.00
Volume/ A3 870.38(10)
Z 2
Pealc M@/mm?3 1.551
m /mm-’ 0.133
F(000) 428.0

Crystal size /mm?®

0.3599 x 0.1611 x 0.0820

20 range for data collection

6.42 to 55.98°

Index ranges

22<h<22,-12<k<11,-6<I<7

Reflections collected 4500
Independent reflections 2095[R(int) = 0.0442]
Data/restraints/parameters 2095/0/171
Goodness-of-fit on F? 1.014
Final R indexes [/ >= 20(/)] Ri = 0.0449, wR, = 0.0721
Final R indexes [all data] R; = 0.0620, wR, = 0.0793
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C.1.3. Mg?* complex

Table 50: Crystal data and structure refinement for the Mg-AmGly, complex.

Identification code Gly Mg
Empirical formula C14H32MgN5Naz O»1
Formula weight 699.72
Temperature /K 293(2)
Crystal system monoclinic
Space group C2/c
a/A 12.1907(6)
b /A 9.6223(6)
c/A 23.9144(9)
al® 90
Bl° 90.473(4)
~y/° 90
Volume/ A3 2805.1(2)
Z 4
Pealc Mg/mm?3 1.657
m /mm’ 0.21
F(000) 1456
Crystal size /mm?3 ?2x?x?
20 range for data collection 6.684 to 49.998

Index ranges

-14 <h<13,-11 <k <10,-27 <1< 28

Reflections collected

6515

Independent reflections

2433 [Rint = 0.0392, Rsigma = 0.0454]

Data/restraints/parameters

2433/0/224

Goodness-of-fit on F?

1.056

Final R indexes [/ >= 20(/)]

Ry =0.0548, wR; = 0.1494

Final R indexes [all data]

Ry =0.0666, wR, = 0.1610
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C.2. Structure of AmMNH,
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Table 51: Crystal data and structure refinement for the AmNH, zwitterion.

Identification code 14SRV154
Empirical formula C1oH18N4Osg
Formula weight 290.28
Temperature /K 120.0
Crystal system orthorhombic
Space group Fdd2
al/A 32.9984(14)
b /A 14.0107(6)
c/A 5.3942(2)
al® 90.00
B1° 90.00
~v/° 90.00
Volume/ A3 2493.92(19)
Z 8
pealc Mg/mm?3 1.546
m /mm’ 0.128
F(000) 1232.0
Crystal size /mm3 0.37 x 0.094 x 0.06
20 range for data collection 4.94 to 60
Index ranges 46 <h<46,-19<k<19,-7<I<7
Reflections collected 12180
Independent reflections 1001 [Rint = 0.0499, Rgigma = 0.0205]
Data/restraints/parameters 1001/1/127
Goodness-of-fit on F? 1.047

Final R indexes [/ >= 20(/)]

R1 =0.0279, wR; = 0.0674

Final R indexes [all data]

Ry = 0.0304, wR, = 0.0690




C.3. Structure of 6a

Table 52: Crystal data and structure refinement for 6a.

o(2)
Identification code 14srv003
Empirical formula C7H12NO3Cl
Formula weight 193.63
Temperature /K 120
Crystal system orthorhombic
Space group P2,2:2
a/A 12.2940(4)
b /A 14.2498(5)
c/A 5.5498(2)
al® 90.00
B1° 90.00
~/° 90.00
Volume/ A3 972.25(6)
Z 4
pealc Mg/mm3 1.323
m /mm-’ 3.276
F(000) 408.0

Crystal size /mm®

0.452 x 0.096 x 0.03

20 range for data collection

9.5t0 147.78°

Index ranges

-15<h<14,-17<k<17,-6<I1<6

Reflections collected

7507

Independent reflections

1895 [Rin; = 0.0315, Rgigma = 0.0240]

Data/restraints/parameters

1895/0/157

Goodness-of-fit on F?

1.080

Final R indexes [/ >= 20 (/)]

Ry =0.0234, wR, = 0.0584

Final R indexes [all data]

Ry = 0.0249, wR; = 0.0600
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C.4. Structure of methyl (2-bromoacetylamino)acetate

Table 53: Crystal data and structure refinement for Methyl (2-bromoacetylamino)acetate.

Br( (1)
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Identification code 14srv159
Empirical formula CeH1oNO3Br
Formula weight 224.06
Temperature /K 100.0
Crystal system monoclinic
Space group P24/c
a /A 11.269(2)
b /A 9.5839(19)
c/A 7.9133(15)
al® 90.00
B1/° 94.7056(19)
~y/° 90.00
Volume/ A3 851.7(3)
Z 4
peale Mg/mm® 1.747
m /mm’" 4.390
F(000) 448.0
Crystal size /mm? 0.1 x 0.1 x 0.002
20 range for data collection 6.48 to 58
Index ranges -15<h<15,-13<k<13,-7<1<10
Reflections collected 8560
Independent reflections 2286 [Rint = 0.0397, Rgigma = 0.0365]
Data/restraints/parameters 2286/0/101
Goodness-of-fit on F? 1.124
Final R indexes [/ >= 20 (/)] R =0.0367, wR, = 0.1011
Final R indexes [all data] R; = 0.0404, wR, = 0.1028




C.5. Structures of AmGly,

C.5.1. Free ligand

Table 54: Crystal data and structure refinement for the AmGly,Zwitterion

Identification code jp4a1
Empirical formula C1oH1gN30Og
Formula weight 349.3
Temperature /K 293(2)
Crystal system monoclinic
Space group P24/c
a /A 5.4251(3)
b /A 9.5386(4)
c/A 28.5858(18)
al’ 90
B/° 91.682(5)
v/e 90
Volume/ A3 1478.62(13)
Z 4
pealc Mg/mm3 1.569
m /mm-T 0.136
F(000) 736
Crystal size /mm?3 ?7x?x?

20 range for data collection

7.126 to 49.982

Index ranges

-6<h<6,-11 <k<11,-29 <1<33

Reflections collected

7345

Independent reflections

2603 [Rint = 0.0630, Rjgma = 0.0855]

Data/restraints/parameters

2603/0/219

Goodness-of-fit on F?

1.011

Final R indexes [/ >= 20 (/)]

Ry = 0.0559, wR, = 0.1059

Final R indexes [all data]

Ry =0.0877, wR, =0.1185
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C.5.2. Ca?* complex
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Table 55: Crystal data and structure refinement for Ca-AmGly;.

Identification code ED3A Ca
Empirical formula C12H20_5CaCIN3Na3015_5
Formula weight 615.31
Temperature /K 293(2)
Crystal system monoclinic
Space group P2/n
a/A 13.8850(9)
b /A 8.8663(5)
c/A 21.6439(16)
al® 90
B/° 105.003(7)
v /° 90
Volume/ A3 2573.7(3)
Z 4
Peale Mg/mm3 1.588
m /mm-T 0.476
F(000) 1262
Crystal size /mm?3 ?2x?x?

20 range for data collection

7.188 to 49.998

Index ranges

-12<h<16,-6 <k<10,-25<1<14

Reflections collected 9692
Independent reflections 4530 [Rint = 0.0354, Rsigma = 0.0610]
Data/restraints/parameters 4530/0/357
Goodness-of-fit on F? 1.057

Final R indexes [/ >= 20(/)]

Ry =0.0575, wR; = 0.1442

Final R indexes [all data]

Ry =0.0750, wR, = 0.1558




C.6. Structure of 11

Table 56: Crystal data and structure refinement for 11.

02)
Identification code 14srv004
Empirical formula CogH40N20O4
Formula weight 468.62
Temperature /K 120
Crystal system tetragonal
Space group P-4
a/A 22.2406(6)
b /A 22.2406(6)
c/A 5.4929(2)
al°® 90.00
B1° 90.00
~y/° 90.00
Volume/ A3 2717.03(14)
Z 4
Peale Mg/mm3 1.146
m /mm’’ 0.076
F(000) 1016.0
Crystal size /mm? 0.48 x 0.24 x 0.2
20 range for data collection 3.66 to 55°
Index ranges 28<h<28,-28<k<28,-7<I1<7
Reflections collected 30203
Independent reflections 3446 [Rint = 0.0501, Rgigma = 0.0283]
Data/restraints/parameters 3446/0/467
Goodness-of-fit on F? 1.066
Final R indexes [/ >= 20 (/)] R; = 0.0355, wR, = 0.0781
Final R indexes [all data] 0.21/-0.17
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C.7. Structure of 4-H-21-OMe
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Table 57: Crystal data and structure refinement for 4-H-21-OMe.

Identification code 14srv048
Empirical formula C1gH24N>05
Formula weight 300.39
Temperature /K 120.0(2)
Crystal system monoclinic
Space group P24/n
a/A 7.2450(3)
b/A 5.5692(3)
c/A 20.0255(9)
al® 90.0
B/° 95.571(3)
~y/° 90.0
Volume/ A3 804.19(6)
Z 2
Pealc M@/mm?3 1.241
m /mm™’! 0.081
F(000) 324.0

Crystal size /mm?

0.49 x 0.25 x 0.14

20 range for data collection

4.0872 to 65.3608°

Index ranges

-10<h<10,-8<k<8,-29<1<30

Reflections collected 11326
Independent reflections 2344[R(int) = 0.0384]
Data/restraints/parameters 2344/0/148
Goodness-of-fit on F? 1.060

Final R indexes [/ >= 20(/)]

R; = 0.0494, wR, = 0.1177

Final R indexes [all data]

R1 = 0.0649, wR; = 0.1278




C.8. Structure of 4-R-21-tBu compounds

C.8.1. Structure of 4-F-21-tBu

Table 58: Crystal data and structure refinement for 4-F-21-tBu.

Identification code 15srv011
Empirical formula CogH3gF2N2Og
Formula weight 536.60
Temperature /K 120.0
Crystal system monoclinic
Space group P2:/c
a/A 13.1139(10)
b /A 10.2607(7)
c/A 10.8035(6)
al® 90.00
B1° 92.594(6)
~v/° 90.00
Volume/ A3 1452.22(17)
Z 2
pealc Mg/mm?3 1.227
m /mm-’ 0.094
F(000) 572.0
Crystal size /mm?3 0.36 x 0.24 x 0.12
20 range for data collection 5.48 to 57.98
Index ranges -17<h<17,-13<k<13,-14 <1< 14
Reflections collected 22165
Independent reflections 3863 [Rint = 0.0766, Rsigma = 0.0583]
Data/restraints/parameters 3863/0/248
Goodness-of-fit on F? 1.025

Final R indexes [/ >= 20 (/)]

Ry = 0.0538, wR, = 0.0960

Final R indexes [all data]

Ry =0.0914, wR; = 0.1109
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C.8.2. Structure of 4-Cl-21-tBu
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Table 59: Crystal data and structure refinement for 4-Cl-21-tBu.

CI(1)

o0 0(2)
Identification code 15srv079
Empirical formula CogH35ClaN>Og

Formula weight 569.50
Temperature /K 120.0
Crystal system monoclinic
Space group P2+/c
a/A 15.0443(5)
b /A 8.8106(3)
c/A 11.2961(4)
al® 90.00
B1° 106.053(4)
v /° 90.00
Volume/ A3 1438.92(9)
Z 2
pealc Mg/mm?3 1.314
m /mm-" 0.269
F(000) 604.0
Crystal size /mm? 0.38 x 0.23 x 0.08
20 range for data collection 5.42 to 58
Index ranges 20<h<20,-11 <k<12,-15<1< 15
Reflections collected 19026
Independent reflections 3817 [Rint = 0.0509, Rsigma = 0.0401]
Data/restraints/parameters 3817/0/248
Goodness-of-fit on F? 1.029

Final R indexes [/ >= 20(/)]

R1=0.0435, wR2 =0.1016

Final R indexes [all data]

Ry =0.0625, wR = 0.1133




C.8.3. Structure of 4-Br-21-tBu

Table 60: Crystal data and structure refinement for 4-Br-21-tBu.

Br(1)

Br(1)'
Identification code 14srv283
Empirical formula CogH3gBroN-Og
Formula weight 658.42
Temperature /K 120.0
Crystal system triclinic
Space group P-1
a/A 6.03170(10)
b /A 9.8716(2)
c/A 12.9407(2)
al® 105.2066(17)
B/° 98.9882(19)
~v/° 97.3798(18)
Volume/ A3 722.72(2)
Z 1
Pealc M@/mms3 1.513
m /mm’ 2.848
F(000) 338.0
Crystal size /mm? 0.28 x 0.14 x 0.08
20 range for data collection 4.34 t0 60
Index ranges 8<h<8,-13<k<13,-18<1<18
Reflections collected 11986
Independent reflections 4207 [Rint = 0.0304, Rsigma = 0.0397]
Data/restraints/parameters 4207/0/248
Goodness-of-fit on F? 1.018

Final R indexes [/ >= 20 (/)]

Ry = 0.0295, wR, = 0.0613

Final R indexes [all data]

Ry =0.0407, wR> = 0.0645
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C.8.4. Structure of 4-MeO-21-tBu

Table 61: Crystal data and structure refinement for 4-MeO-21-tBu.

0(4)ﬁ

o(4)
Identification code 15srv043
Empirical formula C30H44N>0g
Formula weight 560.67
Temperature /K 120.0
Crystal system triclinic
Space group P-1
a/A 6.4286(2)
b /A 10.1382(4)
c/A 12.8531(4)
al® 104.525(3)
g1° 92.917(3)
~/° 107.035(3)
Volume/ A3 768.31(5)
Z 1
Pealc M@/mm?3 1.212
m /mm™’ 0.087
F(000) 302.0
Crystal size /mm3 0.49 x 0.24 x 0.14
20 range for data collection 4.38 to 60
Index ranges 9<h<8,-14<k<14,-18<1< 18
Reflections collected 12161
Independent reflections 4474 [Rjny = 0.0302, Rgjgma = 0.0392]
Data/restraints/parameters 4474/0/269
Goodness-of-fit on F? 1.029
Final R indexes [/ >= 20(/)] Ry =0.0442, wR, = 0.1003
Final R indexes [all data] Ri =0.0622, wR> = 0.1102
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C.8.5. Structure of NOON-tBu

Table 62: Crystal data and structure refinement for NOON-tBu.

Identification code 14srv166
Empirical formula C3oH4gN>Og
Formula weight 588.72
Temperature /K 120.0
Crystal system orthorhombic
Space group Pca2;
a/A 10.5409(5)
b /A 10.0117(5)
c/A 29.6434(14)
al° 90.00
B1/° 90.00
~/° 90.00
Volume/ A3 3128.3(3)
Z 4
pealc Mg/mm?3 1.250
m /mm’’ 0.089
F(000) 1272.0
Crystal size /mm? 0.28 x 0.16 x 0.05
20 range for data collection 2.74t0 55
Index ranges -13<h<13,-12<k<13,-38<1< 38
Reflections collected 30025
Independent reflections 7159 [Rint = 0.1269, Rsigma = 0.0958]
Data/restraints/parameters 7159/1/387
Goodness-of-fit on F? 0.904

Final R indexes [/ >= 20 (/)]

Ry = 0.0669, wR;, = 0.1487

Final R indexes [all data]

Ry =0.1138, WR, = 0.1678
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C.9. Structures of NOON

C.9.1. Free ligand
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Table 63: Crystal data and structure refinement for NOON.

0(4),,

0(3) L 0(2w)
o O O(4w
o( W) . (4w)

oe3)

0(2)

®
(SN
© .
®
o(3w)
Identification code 14srv278
Empirical formula Co4H3oN50g x 5.33 H,O
Formula weight 572.60
Temperature /K 120.0
Crystal system trigonal
Space group P-3
a/A 18.8263(5)
b /A 18.8263(5)
c/A 7.2192(2)
al® 90.00
Bg1° 90.00
~7° 120.00
Volume/ A3 2215.90(10)
Z 3
Pealc M@/mm?3 1.287
m /mm™’ 0.891
F(000) 922.0
Crystal size /mm3 0.28 x 0.03 x 0.03
20 range for data collection 5.421t0 144.9
Index ranges 20<h<23,-23<k<22,-8<1<8
Reflections collected 25927
Independent reflections 2917 [Rint = 0.0990, Rsigma = 0.0480]
Data/restraints/parameters 2917/9/254
Goodness-of-fit on F? 1.066

Final R indexes [/ >= 20(/)]

Ry = 0.0534, wR, = 0.1098

Final R indexes [all data]

Ry = 0.0849, wR; = 0.1221




C.9.2. Ca?* complex

Table 64: Crystal data and structure refinement for Ca-NOON.

Identification code ip439
Empirical formula C144H136036N12Na12071
Formula weight 3737.47
Temperature /K N/A
Crystal system trigonal
Space group P-3c1
al/A 23.7597(17)
b /A 23.7597(17)
c/A 9.3476(7)
al® 90
B1° 90
v /° 120
Volume/ A3 4570.0(6)
Z 1
Pealc Mg/mm® 1.3579
m /mm-" 0.294
F(000) 1956.9
Crystal size /mm?® N/A x N/A x N/A
20 range for data collection 6.82 t0 49.98

Index ranges

-14 <h<33,-32<k<11,-6<1<13

Reflections collected

11059

Independent reflections

2674 [Rint = 0.0543, Rsigma = 0.0848]

Data/restraints/parameters

2674/33/262

Goodness-of-fit on F2

1.091

Final R indexes [/ >= 20(/)]

Ry = 0.0850, wR; = 0.2107

Final R indexes [all data]

Ry =0.1130, wR, = 0.2309
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C.10. Structure of 26
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Table 65: Crystal data and structure refinement for 26.

Identification code 14srv127
Empirical formula C14H17NO4
Formula weight 263.29
Temperature /K 120.0
Crystal system triclinic
Space group P1
al/A 6.8353(3)
b /A 7.5669(3)
c/A 7.7552(3)
al° 96.5965(19)
Br° 112.7236(19)
~7° 106.441(2)
Volume/ A3 343.27(2)
Z 1
pealc Mg/mm® 1.274
m /mm-" 0.775
F(000) 140.0

Crystal size /mm®

0.28 x 0.21 x 0.14

20 range for data collection

12.6 t0 139.9°

Index ranges

-7<h<8,-9<k<9,-9<1<9

Reflections collected 2382
Independent reflections 1722 [Rin; = 0.0554, Rgigma = 0.0965]
Data/restraints/parameters 1722/3/174
Goodness-of-fit on F? 1.086

Final R indexes [/ >= 20 (/)]

Ry =0.0767, wR, = 0.2019

Final R indexes [all data]

R1 =0.0797, wR; = 0.2218




C.11. Structure of HB-28

Table 66: Crystal data and structure refinement for HB-28.

o) 0(2)
Identification code 14srv139
Empirical formula C1oH13NO3
Formula weight 195.21
Temperature /K 120.0
Crystal system orthorhombic
Space group Pbca
a/A 9.2513(8)
b /A 9.0842(8)
c/A 22.8517(19)
al® 90.00
Bl° 90.00
~/° 90.00
Volume/ A3 1920.5(3)
Z 8
Peale Mg/mm3 1.350
m /mm’’ 0.100
F(000) 832.0
Crystal size /mm? 0.42 x 0.18 x 0.16
20 range for data collection 3.56t0 60°

Index ranges

-13<h<12,-12<k<12,-32<1<32

Reflections collected

18663

Independent reflections

2799 [Rin; = 0.0546, Regma = 0.0331]

Data/restraints/parameters

2799/0/179

Goodness-of-fit on F?

0.987

Final R indexes [/ >= 20 (/)]

Ry = 0.0404, wR; = 0.1049

Final R indexes [all data]

Ry =0.0590, wR, = 0.1146
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C.12. Structure of NO,-AAZ-HB

Table 67: Crystal data and structure refinement for NO2-AAZ-HB.

Identification code 14srvi144
Empirical formula CogHosN304
Formula weight 371.43
Temperature /K 120.0
Crystal system monoclinic
Space group P24/n
a/A 15.4949(13)
b /A 6.1756(6)
c/A 20.1254(18)
al® 90.00
Bg1° 107.437(3)
~/° 90.00
Volume/ A3 1837.3(3)
Z 4
Pealc M@/mm?3 1.343
m /mm™’ 0.095
F(000) 792.0
Crystal size /mm? 0.37 x 0.11 x 0.07
20 range for data collection 5.52 to 56°
Index ranges 20<h<20,-8<k<8,-25<1<26
Reflections collected 40351
Independent reflections 4432 [Rijnt = 0.1513, Rgigma = 0.0868]
Data/restraints/parameters 4432/0/344
Goodness-of-fit on F? 1.024

Final R indexes [/ >= 20(/)]

Rs =0.0549, wR, = 0.1189

Final R indexes [all data]

Ry =0.1010, wR, = 0.1385




D. Calculation of molecular weights from CHN data via JASPER

The following is a representative procedure for the calculation of molecular weights via CHN analysis,

which were reported in (Table 7) for samples of certain compounds.
1. Obtain a CHN analysis of the sample under study. For this example, AmGly, is used:

chn20150311 14580  03/11/2015 943-JAGWRM-RSm ed3a 32.2 5.4 9.15

2. Draw the structure of the free acid in a program such as ChemDraw to obtain the expected

CHN analysis values.

OH OTOH
o%\

HN
OY\N/\/N\/&O

OH Kfo
OH

AmGly, |

Elemental Analysis (expected): C, 41.26; H, 5.48; N, 12.03; O, 41.22
Found: C: 32.2 H: 54 N: 9.15

3. Input the required data into the JASPER interface. In this example, hydrochloric acid and
water have been postulated as the main impurities. This is because no organic impurities
were detectable by 'H and '*C NMR techniques, and the sample will have been exposed to

hydrochloric acid and water as part of the purification procedure.

JASPER v2.0 - JavaScript Percentage Elemental Results Calculator

Click here for Instructions and examples.

Step 1: Input Nominal Molecular Formula Step 3: Input Possible Contaminants/Solvents

Formula: | C12H19N309 First Solvent/Impurity
€.g. CH3C6H3CICON(CH3)2 or C10H12CINO | Help
Formula | HCI

Nominal Composition Calculate min. mol |0 - max. mol |2 - step |0.05

Second Solvent/Impurity
Step 2: Input Observed Composition

Formula | H20)|
Analyzed values (%)

. B o [0 min. mol |0 - max. mol |2 - step |0.05
u [54 a lo F [o Third Solvent/Impurity
N 915 s |0 o Formula
o 0 P |0 min. mol |0 - max. mol |2 -step |0.05
Elemental Ratios Calculate
e precision limit (absolute %) |0.4
Step 4: Calculate For Possible Contaminants/Solvents
Calculate
Idea and concept: Ulrich Jordis v 1.0 written by Michael Knapp v 2.0 written by Pierre G. Potvin
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4. This gives a “corrected” molecular formula:

C12H19N30g

Mass: 349.3
s Possible Solvent/impurity

Mass %:

[ [catcd [found [ aitt| Best Result
[ ¢ [nass2a [sos | |ttt e
H

5.48 5.4 0.08

[found |recalculated
N |12.03 |9.15 |2.88 ez 202
o |41.22 |0 41.22 H[s4 [5.4
total | 100% | 46.75 | 53.25 Nj[9.15 [9.33

elements of unsaturation: 5

| Close Window |

5. These values can then be used to calculate a molecular weight from CHN analysis.
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