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Abstract

Beryllium is a crucial metal in the automotive, aviation, nuclear and consumer industries.
The unique combination of high rigidity, low density, thermal stability and conductivity
makes it highly useful in consumer products such as cell phones and computers.
However, beryllium is considered to be the most toxic non-radioactive element, a class A
carcinogen, and the cause of life-threatening chronic beryllium disease. Even with its poor
reputation, its use is continued in commercial, industrial, and governmental applications.
In contrast, the efforts to understand beryllium’s fundamental chemistry have been
severely neglected. We are interested in developing a suite of chemical chelators which
show strong and selective binding towards beryllium. These studies will lead to specific
applications such as the detection of beryllium in the environment, protocols to remediate
its contamination, and therapies for individuals exposed to its toxicity. This work will
focus on both the computational studies of tetradentate ligands and their synthesis. These

have been designed to bind strongly to beryllium.
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Chapter 1: Introduction

2

“Science is organised knowledge. Wisdom is organised life.”

- Immanuel Kant

1.1 Introduction to Beryllium

Beryllium (Be) is a rare metal which, due to its unmatched combination of physical and
chemical properties, is found all around us in everyday life." It is thermally stable and
conductive; highly rigid; a low density metal (1.85 times that of water); and extremely
transparent to X-rays and other ionising radiation.” These attributes therefore make
beryllium an important industrial material for commercial, industrial, and military
applications.”? Unfortunately, it is a Class A EPA carcinogen, and the cause of a fatal lung
disease: Chronic Beryllium Disease (CBD)." * Many industrial operations release
beryllium into the environment and so there is a potential to expose both works and the
public to toxic levels of Be.” This chapter will provide a brief review of beryllium’s
material properties, hazards, coordination chemistry, and computational chemistry. It
will end with a discussion of the proposed ligands for synthetic and computational work,

and an outline for the results and discussion of this thesis.

1.2 Beryllium as an Element

Beryllium has been known of since the 3rd century BC, in the mineral beryl, as well as
valuable gemstones such as aquamarines and emeralds (Figure 1.1).° The element was first
named “glucine” for the sweet taste of some of its compounds - but the name “beryllium”
came into use in 1828, not long after it was first isolated.” No use for beryllium was found
until the early 20 century. New industrial processes for its production were developed
after discovering that when alloyed with copper as a 2% addition, an alloy six times

stronger than copper was formed.?
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Figure 1.1 Four different beryllium-containing gemstones: emerald (left), heliodor

(middle-left), morganite (middle-right), and aquamarine (right). °

Beryllium is mined from naturally occurring silicates, including beryl (Be;ALSicO1s) and
bertrandite (Bes(OH),Si>O;).”* Each different structure of beryl which can be found have
different physical and structural properties, and a characteristic colour (Figure 1.2)."°
Large cavities within the lattice can hold ions such as Fe** and Fe**, which cause the blue

and yellow colours of aquamarine and heliodor respectively.

Figure 1.2 The crystallographic structure of beryl (Be;Al,SisO1s). Beryllium: Green;

Aluminium: Blue; Silicon: Yellow; Oxygen: Red."

Beryllium created within stars is short-lived. This is because it is consumed in the
formation of heavy nuclei. Therefore interstellar gases tend to contain little beryllium, and
so it is a relatively rare element in the universe and on Earth."? It has been estimated that
the world's total reserve of beryllium ore is approximately 80,000 tonnes (compared to
that of iron, of which there is estimated to be 800 billion tonnes), of which 220 tonnes

were used by the United States in 2012, valued at $110 million.”” In the same year, the
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total mine production of beryllium was 230 tonnes, with the United States producing 87%

of that, making them by far both the largest consumer and producer."

Beryllium is primarily used as either a pure metal, one of many alloys, or as an oxide
ceramic material.' It can also be processed into water-soluble salts. Its properties are ideal
for its use in automotive, aviation, consumer, medical, nuclear, and space industries.!>”"
* Most of its applications are estimated to be used for military technology, for which
more specific information is not easily obtainable.”” The following is a brief list of

examples in which beryllium is essential and irreplaceable:

e In both medicine and the research field, beryllium is used as a pure metal in
windows between vacuum chambers and X-ray microscopes (Figure 1.3).”® This is
because its low atomic number allows it to be essentially transparent to X-rays.
The foil provides a window in which the tissue-penetrating X-rays are focused,

whilst still maintaining the vacuum within the X-ray tube generator.

e Mammography equipment containing beryllium enables finer tumour resolution
scans with lower radiation doses, allowing breast cancer to be detected at its

earliest treatable stage.'

e A copper-beryllium alloy casing is used to protect fibre-optic cables on the
seabed.”” After decades of use in this high-pressure and corrosive environment,

little deterioration has been observed.

e NASA has made extensive use of beryllium in their spacecraft, space telescopes,
and rover vehicles.”® In the late 1950s, the Mercury spacecraft used a beryllium
heat shield to protect it during re-entry.” The James Webb Space Telescope,
scheduled to be launched in 2020, will depend on a 6.5 meter beryllium mirror in

order to see objects 200 times fainter than what was previously possible.*® The
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mirror is able to be made very stiff and lightweight, with a defect-free surface,

which is crucial for its proper functioning.

e Next to diamond, Be oxide ceramics have the highest thermal conductivity
values.» This makes them incredibly valuable in high-performance
semiconductors, as well as many electrical circuit components. They are therefore
found in many common consumer products including cell phones and

computers.'

Figure 1.3 A water cooled beryllium window for a synchrotron ring.?

1.3 Beryllium as a Health Hazard

In stark contrast to beryllium's value in applied technology, is the fact it presents a
significant health risk. Beryllium is the most toxic non-radioactive element found on the
periodic table, and is categorised as a Class A carcinogen.” It can trigger the debilitating
and potentially fatal lung disease, berylliosis, commonly known as chronic beryllium
disease (CBD). CBD is a granulomatous lung disease which develops from a cell-mediated
immune response to inhaled beryllium in up to 17 percent of exposed individuals.' There

is currently no clear correlation between the extent of exposure and the severity of the
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ensuing disease. Although the symptoms are treatable, the condition is incurable. Acute
beryllium disease is similar to CBD in its symptoms, and may develop after a short but

heavy exposure of less than one year.

The disease is historically associated with aerospace manufacturing, beryllium mining,
and the production of fluorescent light bulbs (which initially made use of a beryllium
compound).® In the 1930s, cases of bronchitis and pneumonia-like symptoms were
reported in Germany and Russia amongst workers involved in beryllium processing. In
the 1940s, similar cases appeared in the United States associated with the manufacturing
of fluorescent lamps, suggesting that the culprit was beryllium.** Upon the discovery of its
toxicity, the beryllium in fluorescent bulbs was replaced with the much safer
halophosphate-based phosphors. But for many applications, substitutes were, and are still
not, available.® Over the next decade, engineering controls were implemented in an
attempt to protect workers against acute beryllium disease, but it is uncertain as to
whether these were sufficient.! Since the mid-20" century, there have been few changes in

beryllium safety regulations to minimise the risks involved.*

With a single or prolonged exposure by inhalation of beryllium particulates, the lungs
become hypersensitive to beryllium, causing the development of small inflammatory
nodules called granulomas. Like many other occupational lung diseases, patients
experience coughing, shortness of breath, chest and joint pain, and fevers. The level of
reaction in individuals may vary greatly — with the onset of disease symptoms sometimes
not developing until years after exposure. Although the highest risk for contracting CBD
is by working directly with the processing of beryllium ores, those who have minimal
exposure to beryllium such as secretaries, security staff, and spouses of the workers have
also contracted the condition. One study found that 1 percent of the population living
within 1 kilometre of a beryllium plant in Ohio had CBD after exposure to concentrations

estimated to be less than 1 milligram per cubic metre of air.!
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The National Institute for Occupational Safety and Health (NIOSH) has carried out
research which suggests that skin exposure contributes to sensitisation of workers, which
subsequently leaves them more susceptible to the disease.! Little research otherwise has
been carried out in determining other potential pathways of exposure or sensitization,
except via inhalation. It is known however, that inhalation of beryllium dust is the only
exposure pathway through which workers can ultimately contract chronic beryllium

disease.

The two major factors in the development of CBD are due to both the level of beryllium
exposure (whether short-term or long-term), and genetic disposition. A correlation is
apparent when different beryllium-related occupations are compared. Beryllium
machinists were found to contract CBD at a higher rate (11.8%) than general plant-wide
workers (2%). The highest rate is in the beryllium ceramics industry (17%).%° Exposure to
certain compounds (particularly insoluble forms) can be correlated with a higher
incidence of sickness. The most common types of exposure occur when beryllium and
beryllium-containing materials are processed in such a way that releases airborne dust,
fumes, and mist. These observations lead to the conclusion that there is likely an
association between the type of exposure and the susceptibility of the individual workers.
Regarding genetic disposition, research suggests that there is a strong relationship
between individuals with chronic beryllium disease and a mutation in the HLA-DPBI1
gene.”’” Machinists who have this gene variation have a rate of CBD eight times that of
workers without it. Exposed workers with the mutation are much more likely to develop

the disease than others (Figure 1.4).!
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Figure 1.4 This person graph depicts the percentage of exposed normal and mutated-

type workers, who have contracted CBD.

The risk of contracting chronic beryllium disease is not confined to those who work in the
beryllium industry or those that live in the surrounding area. Beryllium is released into
the atmosphere as a consequence of many operations, including oil and coal burning.’
The general population may potentially be exposed to beryllium because of these actions
through either inhalation or contact with beryllium residues in contaminated surface

water, ground water, or agricultural products.

Beryllium is dangerously reactive within biological systems. It can bind to sites not
normally occupied in biomolecules. Although approximately 35 micrograms of beryllium
is found naturally in the human body, this amount is not considered harmful (why this is
the case is not yet understood).”” Cumulative exposures and sensitisation leads to a build-
up of Be in the body (particularly the lungs) — which the body’s immune system has no

response for. Beryllium is therefore highly cytotoxic.?®
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1.4 Beryllium Coordination Chemistry

Beryllium toxicity was first reported in Europe in 1933 and in the United States in 1943.%
Nonetheless, because of the wide spread adoption of beryllium in industrial and
commercial applications and the severity of the harm that can come to humans, animals,
and the environment as a result, it is especially necessary for further understanding of

beryllium coordination chemistry.

There are currently four main areas of interest in beryllium coordination chemistry
research. The first is geared towards greater detectability of Be** in the environment in the
form of fluorescent sensors,” so that contaminated zones may be quarantined and swiftly
dealt with. Second, and just as important, is the development of chelation agents and
protocols that could separate and sequester beryllium from these sites.*" Thirdly, one area
of increasing research is the development of Be organic light-emitting diodes (OLEDs),*
which is fast becoming a useful technology for various electronic applications. Lastly,
suitable compounds must be developed for medical therapies in the treatment of Chronic
Beryllium Disease.”® The following sections will provide a brief review of the current

434 A summary of identified

beryllium coordination and computational research fields.
features key for strong or selective beryllium binding will be made at the beginning of the
section on beryllium ligand design. These components will be required to design a suite of

selective and strong chelators for beryllium.

Beryllium’s only available oxidation state is Be**, which has a high ionisation potential
(899.5 kJ mol"), charge-to-size ratio (5.7), and has the highest electronegativity of the
alkali metal and alkaline earth elements (1.57). Its cation form has a radius of 0.41 A,
making it a small and hard Lewis acid. Due to this unique chemistry, there are many
groups that may potentially bind to it. It is apparent that the majority of literature is based
upon research of mono- and bis-chelates and beryllium clusters (e.g. basic beryllium

acetate, BesO(O,CMe)s), which involve a varying number of oxygen and/or nitrogen
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donors.*! Our research will not focus on cluster complexes. In solution, beryllium
constitutes Be** ions. In aqueous solutions a series of OH species are formed, including

this 4-coordinated tetrahedral species (Figure 1.5).

Figure 1.5 A computer model of [Be(H,0)4]** run at CCSD/cc-pVTZ.

The following six complex types will be reviewed. Each of these form 4-coordinate

beryllium complexes, where the donors consist of all oxygen through to all nitrogen.

[Be(OR).]

* [Be(OR)s(NR)]

e [Be(OR)s(XR)] whereX=O,N, S, or P
* [Be(OR):NR),]

* [Be(OR)I(NR)s]

e [Be(NR)4]

1.4.1 [Be(OR)4] Type

For mono- and bis-chelates of beryllium, the majority of coordination chemistry
literature involves oxygen donor ligands. These are often biologically relevant
compounds. Functional groups which incorporate oxygen are most often found to be
hard bases, according to Pearson’s HSAB theory (e.g. CH;COO’, RO", OH'). These hard

Lewis bases are small, highly solvated, difficult to oxidise, and have high energy HOMOs.
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This allows for a strong interaction with hard Lewis acids such as Be** which is small and
positively charged with a low electron affinity, and a high energy LUMO. Therefore

complexes of the type [Be(OR)4] should be very stable.

Beryllium complexes with malonate, succinate acid, 1,1-cyclobutanedicarboxylate and
phthalate have been reported (Figure 1.6).” These compounds, after deprotonation, offer
the Be?* cation two hard oxygen donors each, leading to the formation of both mono- and
bis-complexes. Either two chelating acids can bind to form a tetrahedral geometry, or just
one acid with two water molecules. Malonate forms 6-membered rings with the captured
metal cation.”” These have the least ring strain as their geometry is compatible with the
tetrahedral ion, and the trigonal planar carbon and oxygen atoms. This being said,
complexes with 5-membered and 7-membered (i.e. succinic acid) rings can and do form

complexes also.”

O O
O O o O (ONNO] HO OH
HOUOH
HOJ\)J\OH HO%OH
Malonic Acid 1,1-Cyclobutanedicarboxylic Acid Succinic Acid Phthalic Acid
101 102 103 104

Figure 1.6 Dicarboxylic acids used to form complexes with beryllium.**

Two recent ligands synthesised are 4,5-dicarboxyimidazole and its methyl derivative 1-
methyl-4,5-dicarboxyimidzaole (Figure 1.7).® These can be bound onto a solid support or

form a polymer, whilst binding Be** with two water molecules.

10
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o O o o O o
HOMO HO//S—(LO
Hg%/NH Hng\
4,5-Dicarboxyimidazole 1-Methyl-4,5-dicarboxyimidazole
105 106

Figure 1.7 Dicarboxylic acids used on solid supports or as part of a polymer in beryllium

coordination.3¢

The following diketones (Figure 1.8) bind to Be*" in the same manner as the dicarboxylic
acids above.” The carbonyl moieties bind beryllium forming two 6-membered rings in a

tetrahedral fashion.

o o
o o o o
o o
M Cl Cl
72 /|
! N d o
N

HN—N
Acetylacetone  3-(3,5-Dimethylpyrazol-4-yl) ~ 3-(4-Pyridyl) 3,6-Dichloro-1,2,4,5-cyclo
pentane-2,4-dione acetylacetone hexanetetrone
107 108 109 110

Figure 1.8 Diketones used to form complexes with beryllium.>”

Heterocyclic ligands that contain hydroxyl and keto functionalities have also been utilised
for binding beryllium. These have been tested specifically for use as chelating agents.
Deferiprone, maltol, kojic acid, and isomaltol (Figure 1.9) have been reported to bind Be**
as the adduct of the type [BeL(H,O),]*.*® The basicity of the ligands and the stability of
their complexes decrease in the order of deferiprone > maltol > kojic acid > isomaltol. A
strong correlating factor was the solution pH. Their affinity for beryllium was strongest at
high pH. For maltol, there is a fifteen-fold increase in binding strength from pH 3 to 8.
Deferiprone is a drug that chelates iron and is used to treat thalassaemia, a major blood

disorder.

11
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o o o
OH
7 OH OH W
N [ ] o, L] o
| (0] e} OH
111 112 113 114
Deferiprone Maltol Kojic acid Isomaltol

Figure 1.9 Hydroxyl-keto heterocycles used to form complexes with beryllium.3®

Salicylic acid is most well-known as an active metabolite of aspirin, as well as being a key
ingredient in anti-acne products. The salicylic acid functionality has been extensively
studied for use as a beryllium chelation therapy agent (Figure 1.10).° This group is a
sensible choice because of its formation of stable 6-membered rings, solubility, and strong
hard acid-base interaction. This general class of compounds has had countless analogues
synthesised, which has allowed for a large suite of ligands to be drawn from for the study.
Both the carboxylate and phenolate protons are ionized to form the four-coordinate
neutral species: [BeL(H,O),]. One derivative incorporates a sulfonate group in order to
increase its aqueous solubility — making it useful in applications such as urine tests for

urine protein content determination.

OH OH
OH OH
o]
O
SOzH
Salicylic acid 5-Sulfosalicylic acid

Figure 1.10 Salicylic acid and its sulfonated derivative.*

Benzenediols (Figure 1.11) are a class of ligands which have been utilised to bind small
cations such as Be**.** They are readily aqueous-soluble compounds, making them ideal
for biological systems. The strongest of these is chromotropic acid, which emphasises the

importance of beryllium’s preference to form 6-membered chelates. The compound 9-

12
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oxidophenalenone forms an adduct of the type [BeL,]* and has been used to complex B**

— a cation of similar size to Be**.

OH OH
OH OH OH OH
fj " Q I
HO3S SO3H HO3S SO3H ‘
117 118 119 120
Catechol Tiron Chromotropic acid 9-Oxidophenalenone

Figure 1.11 Benzenediols used to form complexes with beryllium.*

Beryllium phosphonates have been reported with higher binding strengths than their
corresponding carboxylate complexes (Figure 1.12).4 The ligand
P,P’-diphenylmethylenediphosphinate binds to Be** as a 1:1 adduct, where there are two
beryllium atoms bound to two of the ligand. An amine-based phosphonate was found to
form a mono-tridentate complex, in which the three phosphonate arms wrap around
beryllium to bind it. One water molecule is involved, to complete the favoured tetrahedral

geometry. It is likely that the chelate effect helps drive the formation of this complex.

iO(Ph)z
©\P/\P/© N"PO(Ph),

o“1 10
OH OH (Ph),OP
121 122
P,P'-Diphenylmethylenediphosphinate Tris(2-diphenylphosphorylethyl)amine

Figure 1.12 Phosphonates used to form complexes with beryllium.*'

Beryllium forms 5-membered rings with the unusual aromatic compound, tropolone
(Figure 1.13).% No crystal structures have been observed for this and derivative

complexes.

13
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OH

123

Tropolone

Figure 1.13 Tropolone has been used to form a complex with beryllium.*?

In 2005, the first structurally characterised calixarene-type complex containing beryllium
was reported.” A dinuclear beryllium complex was formed when p-tert-
butylcalix[4]arene (Figure 1.14) was treated with BeCl,. Although an interesting complex,
for the purposes of this review this species was not examined in any further depth due to

it being a cluster complex of two beryllium cations.

t-Bu t-But-Bu t-Bu

l /
OH OH pH HO

124
p-tert-butylcalix[4]arene

Figure 1.14 Calixarene has been used to form a complex with beryllium.*

Aliphatic hydroxycarboxylic acids will form 6-membered rings with beryllium (Figure
1.15).* Due to the high pK. of the aliphatic hydroxyl group, a higher pH is required to

deprotonate the ligands.

0 HO__O
O HO OH OH O o)
HOQJ\OH K/U\OH HO OH
OH
125 126 127 128
Glycolic acid Mandelic acid Hydracyrlic acid  Tartaric acid

Figure 1.15 Aliphatic hydroxycarboxylic acids used to form complexes with beryllium.*
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1.4.2 [Be(OR)3(NR)] Type

While oxygen atoms are the predominant donor group in beryllium chelators, nitrogen
atoms have also been employed extensively. When coupled with hard oxygen donors,
beryllium coordinates capably with the nitrogen donor. One such compound in which a
single nitrogen atom is present is nitrilotripropionic acid (Figure 1.16).* Due to the high
oxophilicity of beryllium, and because amino groups tend to be weak bases (whereas
pyridine moieties are considered as intermediate bases), they are relatively less effective
coordinating groups. The apex nitrogen binds to Be’* and the three deprotonated
carboxyl groups wrap around to form the fully encapsulated chelate complex. This and
other polyamino carboxylic acids successfully coordinated beryllium close to
physiological pH - a requirement for beryllium chelation therapy. However, the flexibility
of this molecule does allow for the formation of complexes with many sizes of cations -

making its selectivity for beryllium unlikely.

Cles
L
O OHK)\O

Nitrilotripropionic acid
129

Figure 1.16 Nitrilotripropionic acid has been used to form a complex with beryllium.*

1.4.3 [Be(OR)3(XR)] Type

Crown ethers are cyclic compounds containing several ether groups. They are an
important and well-studied class of organic compounds. They have been found to be
useful in chelation applications and could potentially act as sensors for the detection of
cations. A remarkable property that they possess is their ability to almost selectively

coordinate and bind to alkali metal ions. For crown-ether complexes, ion-dipole

15
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interactions and hydrogen bonding are the dominant contributing binding forces. The
most important reason for the selectivity is considered to be due to the relation between
ion and cavity size. Unfortunately, this advantage is also a weakness — as these compounds

are highly cytotoxic due to the uptake of essential ions (e.g. Na* and K*).

The below 12-crown-4 ethers (Figure 1.17) have been examined in a computational
study,” where one of the ether’s oxygen atoms has been replaced with another
heteroatom (N, S, or P). The heterosubstitution of 12-crown-4 altered the geometry of the
cavity size. It was found that aza-12-crown-4 offered the largest metal binding strength to
the bivalent beryllium atom forming a cationic, square pyramidal complex. This reflected
the predicted geometry offered by the N-containing compound from computation
methods. In addition, second-order interaction energies and energy gaps predicted that

the aza-12-crown-4 beryllium complex is the most stable of these.

[O Oj [O HN] [O Sj O HP
O O (@) O (@) O [O Oj
130 131 132 133

12-crown-4 Aza-12-crown-4  Thia-12-crown-4 Phospha-12-crown-4

Figure 1.17 12-crown-4 and its nitrogen, sulfur, and phosphorus containing analogues.*®

1.4.4 [Be(OR)2(NR):] Type

Beryllium will bind in its typical 4-coordinate fashion to salicylaldimines through the lone
pair of the imine nitrogen and the deprotonated phenolic oxygen (Figure 1.18).Y A
distorted tetrahedral geometry is formed as a bis-chelate. The imine acts as a weak base.
Although its interaction with hard acids such as Be’" is energetically favourable, it is not

much stronger than the formation of aqua complexes.*
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o 1 e

134 135
N-Isopropylsalicylaldimine N-Phenylsalicylaldimine

Figure 1.18 Salicyclaldimines used to form complexes with beryllium.*

Complexes of beryllium with hydroxyphenyl pyridines and azoles form the same type of
structures as for salicylaldimines (Figure 1.19).* Two 6-membered rings form in a bis-
chelate. An advantage that these ligands have is they possess photoluminescent properties.
The conjugation throughout the ligand allows for an electronic structure suitable for
constructing organic light-emitting diodes. For the azole-containing ligand, the

heteroatom X can be varied to tune the emitted wavelength.

OH OH
| b -
)R
136 137

Hydroxyphenyl pyridine Hydroxyphenol azole

Figure 1.19 Hydroxyphenyl type ligands used to form complexes with beryllium, where X
=NH, O, orS.*

Oxine (8-Hydroxyquinoline) is a monoprotic bidentate chelating agent (Figure 1.20, left).
There has been interest in this compound as an anti-cancer drug.”® It forms bis-chelate
complexes with both Be** and AI** containing 5-membered chelation rings to form a
distorted  tetrahedral = geometry. @ The  latter  complex forms  tris(8-
hydroxyquinolinato)aluminium (Algs) - a common component of OLEDs. Varying
substituents alter its photoluminescence effects. Commercial testing kits for beryllium
contamination detection use a sulfonate analogue of benzo[h]quinolin-10-ol (Figure 1.20,

right).”! The resulting complex acts as a colourimetric indicator for the presence of

17
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beryllium. It is not selective for beryllium, however, and requires pre-treatment of the

area with EDTA to be surveyed (to bind all other metals present).

SN OH
OH |

" 90
N
=

SO5H
138 139
8-Hydroxyquinoline 10-Hydroxybenzo[h]quinoline-7-sulfonic acid

Figure 1.20 Quinolines used to form complexes with beryllium.>**'

1.4.5 [Be(OR)(NR):] Type

Recently, a new ligand has been reported which shows great promise in binding beryllium
selectively and strongly.”* The ligand 2-(6-(dipyridin-2-ylamino)pyridine-2-yl)phenol is
the first of this type which offers a mono-chelate through an enclosed tetrahedral binding
cavity (Figure 1.21). The deprotonated phenolic oxygen would provide initial
coordination to Be*". The three intermediate-base pyridine nitrogen donors would then

bind via chelation to encapsulate beryllium fully.

L1nH

Figure 1.21 A synthesised ligand designed specifically for selective chelation of

beryllium.?
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Due to the less strained geometry of this compound, it has greater flexibility when
coordinating to small cationic metal ions. The binding cavity supports the formation of
the favoured tetrahedral geometry through 6-membered rings. Pearson’s HSAB theory
supports the hypothesis that strong binding will occur. Thus far, only a computational
model of its binding to Be** has been simulated. Experimental coordination studies have

yet to be investigated.

1.4.6 [Be(NR)s] Type

Beryllium complexes consisting of only nitrogen donors have not been studied
thoroughly. Without the assistance of a hard oxygen donor, weak bases such as amines
and imines typically bind small, highly positively-charged metal cations weakly. There are
only a few rare cases where crystal structures of this type of complex have been reported.

Often a reactive beryllium salt must be used to form the initial complex.

Silyl imines are an unusual case, where tight 4-membered rings are formed leading to a
significant distortion in the characteristic tetrahedral geometry (Figure 1.22).%
Deprotonation of the nitrogen atom gives a full negative charge which greatly helps in

binding cations.

H
N N

. ~ N N

MG3S|/ N SIMe3 Me3Si/ \\ / SiM93
AN\
Ph Ph
140 141
N,N'-Bis(trimethylsilyl)benzimidamide P,P-diphenyl-N,N'-bis(trimethylsilyl)phosphinimidic amide

Figure 1.22 Silyl imines used to form complexes with beryllium.>

The delocalisation and heavy conjugation of diazabutadiene and indole compounds
allows reasonable complexation with Be** with 5-membered rings in a bis-chelate (Figure

1.23, left).>* Pyridyl indoles act in the same manner (Figure 1.23, right).”
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N N
N
(I Ir L B
= N
(] |
142 143

N-(1,2-Diphenyl-2-(p-tolylamino)ethylidene)-4- 2-(2-Pyridyl)indole
methylaniline

Figure 1.23 These two ligands when deprotonated have been used to form complexes

with beryllium.>*>3

One unique complex formed is the adduct of Be** with phthalocyanine (Figure 1.24).%
This structure is unstable and prone to hydrolysis. This is due to the beryllium cation

adopting an unfavourable planar configuration within the ring.

/%/ 7/, N\\( \;
N HN
y \
N N
JNH /Ni>
Z >N
144

Pthalocyanine

Figure 1.24 Phthalocyanine has been used to form a complex with beryllium.>

The last class of compounds to be discussed are proton sponges (Figure 1.25).”” These are
ligands which are known to exhibit extremely high basicities and give unique
spectroscopic properties. 1,8-Bis(dimethylamino)naphthalene emits a double fluorescence
due to a mixture of two ground-state species.® These two properties when combined
would allow both the sequestering and detection of Be** ions in an aqueous solution. The
high basicity is caused by the rigid distance between the two nitrogen atoms. Each has a

lone pair of electrons whose orbitals overlap; this typically causes destabilisation of the
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compound. However, this destabilisation can be eliminated by binding a proton between

the nitrogen atoms, which forms strong hydrogen bonds - hence their name.

MezN NM62
Me,N  NMe, MezN)“N N7 >NMe,
145 146

1,8-Bis(dimethylamino)napthalene  1,8-Bis(tetramethylguanidino)naphthalene Quinolino[7,8-h]quinoline

Figure 1.25 Three typical proton sponge structures.> 74579

Below in Figure 1.26, benzo[h]quinolin-10-amine is the amine analogue of
aforementioned benzo[h]quinolin-10-ol (Figure 1.20) which is used in chemical detection
tests for beryllium.””¢ Although this compound binds Be*, it does so much more weakly
than when the phenolic oxygen was available. This emphasises the need for a hard oxygen
donor for the initial binding of beryllium. The dichloro quinoquinoline derivative (Figure
1.26, right) confirms this as it is reported to bind to a number of transition metals

2+ 52

strongly, but only weakly to Be**.

~N NHR

148
Benzo[h]quinolin-10-amine 4,9-Dichloroquinol[7,8-h]quinoline

Figure 1.26 Two proton sponges, where R = SO,C¢H4NO,, C¢Hs, or CH;CO.>%>79

The ligand quino[7,8-h]quinoline was shown to form a mono-complex with BE," in a
tetrahedral fashion, but not with Be*".”* Although the bite size is ideal for small cations,
the nitrogen donors by themselves are not hard enough bases to bind strongly with a very

hard acid without the proton sponge effect.
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1.5 Beryllium Computational Chemistry

The number of computational investigations published on beryllium chemistry far
outweighs that of experimental studies.®® This is likely due to the interesting bonding
properties that arise from beryllium’s position on the periodic table, and the safety risks
involved in experimental study. Research is usually focused on beryllium bonds forming
through its two empty p-orbitals and subsequent high Lewis acidity.®" Literature also
covers the use of beryllium in carbon nanotubes (CNTs),** noble-gas and gaseous
compounds,” Be clusters,* coordination chemistry,> NMR studies,®® as well as its
biological interactions.”” Of particular interest to this thesis is the published work on
binding studies.*®® The following section will provide a summary of recent research in

these areas.

Biological studies have shown that the body’s response to beryllium is caused by an
autoimmune reaction. This was discovered by the finding of beryllium-sensitive T-cells in
berylliosis patients.”” Recent theoretical investigations have highlighted the mechanism
responsible for these actions.”®¢ The HLA-DP protein is a peptide-antigen receptor
found on the surface of T-cells, which has a high affinity for Be*". It is suggested that
complexation occurs by Be** displacing hydrogen-bond involved protons between two
amino acid side-chains (Figure 1.27).° A mutation study of this protein offers that it is

these side-chains that are modified in berylliosis-susceptible individuals.”
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Figure 1.27 Proposed mechanism for beryllium-protein binding.”
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One beryllium containing metallocene (Figure 1.28) is predicted to be a stable species by
DFT methods.”” Natural Bond Orbital (NBO) analysis gave an electronic structure that
indicates a single metal-metal bond and ionic bonding between the beryllium atoms and
cyclopentadienyl rings. The calculated Be-Be bond length of 2.057 (B3LYP) is
considerably smaller than the experimental value for the diatomic beryllium bond (2.45
A). Natural population analysis with natural localised molecular orbitals (NPA/NLMO)
gives a calculated Wiberg Bond Index (WBI) of 0.926 for the Be-Be bond, indicating a o
bond. The charge on each beryllium atom is 0.849, indicating an ionic bond to the Cp

ring, making use of the empty p-orbitals.

Figure 1.28 DFT optimised geometry for CsHsBe-BeCsHs. Bond distances are in A.”2

In 2015, a noble-gas study was undergone where 1-tris(pyrazoyl)borate beryllium
complexes were investigated in their effectiveness to bind to noble gas atoms (He-Rn)
(Figure 1.29).9® Owing to the large positive charge on the Be cation, the complex was able
to bind in a partially covalent manner to argon, krypton, xenon, and radon atoms. The
degree of covalency increased with heavier noble gases. The Be-Ng atom bonds were

investigated by their WBI (Table 1.1). The WBI values around 0.5 imply significant
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covalent character, due to electron transfer from the p, orbital of the noble gas atom to the

empty p, orbital of the beryllium.

Figure 1.29 The 1-tris(pyrazoyl)borate beryllium cationic complex binds to noble gas

atoms. Ng = Noble gas.®®

Table 1.1 Wiberg Bond Index values for noble-gas atom bonds.**
Complex WBI
TpBeHe* 0.19
TpBeNe* 0.13
TpBeAr* 0.33
TpBeKr* 0.41
TpBeXe* 0.51
TpBeRn* 0.53

Cukrowski et al. have in recent years published binding studies of beryllium complexes.”
A direct comparison was made between nitrilotriacetic acid (NTA) and
nitrilotripropionic acid (NTP). By using the molecular fragment energy terms as defined
in the Interacting Quantum Atoms/Fragments (IQA/F) framework, an accurate model of
complexation was found that fit experimental trends (Figure 1.30). PBE1PBE, B3LYP, and
X3LYP methods were used with the basis set 6-311++G(d,p) with the IEFPCM-UFF

solvation model using water as the solvent.
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Figure 1.30 A depiction of the complex formation process for hydrated beryllium binding
to NTA.”?

DFT methods have also been used to accurately determine binding energies of
complexation. Pavlov et al. examined group 2 metals (Be, Mg, Ca) and a group 12 metal
(Zn) with B3LYP and the large double-§ basis set 6-311+G(2d,2p).**® In order to obtain
accurate metal-water binding energies, they investigated a successive series of M(H,0),**
clusters. For highly accurate results, the dipole moment and polarisability of the water
molecules are required to be well described by the computational method. Using this
method and basis set, errors of these values were 6% and 17%, respectively. However,
when these calculations are run using a basis that includes the basis functions of the metal
atom, these errors drop to 2% and 4%, respectively. These errors would be representative

of any error in the computed binding energies of the same systems.

1.6 Beryllium Ligand Design

It is necessary to have further understanding of beryllium coordination because of its
widespread adoption and the severity of the harm it causes. A new suite of ligands will be
designed that will bind selectively and strongly to beryllium. These could be used to

remove or recover beryllium from waste sources, hazardous environments. Later,
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chelators of this type may have the potential to be used in medical remediation of those

who suffer from beryllium sensitivity or chronic beryllium lung disease.

1.6.1 Current Chelation of Beryllium

Both essential and non-essential metals can cause predictable toxic effects when exposure
surpasses the concentration and duration of a critical dose.”* The effect may be acute or
chronic, and depending on the metal involved, will manifest in different organs including
respiratory and central nervous systems. In such cases, chelation therapy is administered
to remove excess metal from the poisoned body. This medical procedure can have
unwanted side-effects, including death; therefore care is taken to reduce the risks
involved. The first chemical used in medicine for its ability to chelate was dimercaprol
(Figure 1.31).” Chronic berylliosis is assessed similarly to silicosis, asbestosis, and

sarcoidosis.”

SH

Ho.____sH
150
Dimercaprol

Figure 1.31 Dimercaprol, also known as British anti-Lewiste (BAL), was the first chemical

used in chelation therapy during WWII as an antidote to the chemical weapon Lewisite.”®

It is unfortunately the case that all known chelators coordinate not only to beryllium but
even more strongly to a vast array of other metals - principally, commonly found metals
such as copper, iron, and magnesium. It has been identified that this is due primarily to
two reasons; the functional groups present in the ligand (in particular hard oxygen
donors), and the size of the binding cavity. Several explicit examples of desirable ligand
properties will be given below. The chosen designs will focus on these ideas to provide a

ligand that would bind to beryllium selectively over other present metals.
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The most essential properties of a chelating agent based on biological and chemical

considerations are the following:"*

e High stability of the formed complexes.
e Selectivity toward the target metal ion; the chelating agent must not perturb the
essential metal status.

e Favourable toxicity profile of the chelating agent and its complexes.

Few experimental chelation studies have been made since the discovery that the metal
caused berylliosis in the 1950s. In 1982, Jones et al. investigated 11 water soluble chelating
agents as antidotes for mice and found the most effective to be sodium 4,5-dihydroxy-1,3-
benzenedisulfonate (Tiron).”® Later animal studies by Gupta et al,”” Shukla et al.,”® and
Mathur et al.,” included the following chelators: ethylenediaminetetraacetic acid (EDTA),
N-(2-hydroxyethyl)ethylenediaminetriacetic acid (HEDTA), meso-2,3-
dimercaptosuccinic acid (DMSA), 2,3-dimercapto-1-propanesulfonic acid (DMPS), and
dimethyl cysteine (DPA) (Figure 1.32). From what has been investigated, Tiron and DPA
were found to be the most effective, closely followed by DMPS, but no extensive

comparison study has been completed.

27



Chapter 1

SO;Na SH
HO HO.C ></COZH
2 \.)\COZH HS™
éH NH,
HO SO;Na
152
118 151
. DMSA DPA
Tiron
OH
CO,H
HOLC 2 Hozi N(
SH kN/\/Nw i j
Hs.___sogH J CoH  Hoo CO,H
HO,C 2
153 154 155
DMPS EDTA HEDTA

Figure 1.32 Biologically tested chelators for beryllium.”¢7°

A single short-duration clinical study was performed in 1959 on two patients suffering
from occupationally induced berylliosis.** One was administered Na;HEDTA, and the
other Ca,EDTA; but no comments were made on the clinical effects of these chelators. A
conclusion on which is the best choice of chelator cannot be made due to insufficient
data. Similarly, it is difficult to determine if these would be effective in chelating beryllium
in various environments, particularly because these compounds were chosen based off
their previous ability to chelate other metal ions. It is likely that Be** binds to many of
these ligands via strong Be-O bonds, due to the ion’s preference for hard donors. The
ability of EDTA and HEDTA to fully encapsulate metal ions is advantageous due to the

chelate effect, but they are found to bind beryllium poorly.

Each of these dicarboxylic and dihydroxyaromatic derivatives provide two hard oxygen
donors, which, when bound to beryllium, form a tetrahedral donor arrangement with a
second ligand of the same type (Figure 1.33)."* The equilibrium table suggests that of
these, chromotropic acid is the strongest chelator for beryllium (Table 1.2). Malonic acid
has an increased stability over oxalic acid, which is unlikely to be due solely to the

difference in ionization constants. Instead, this points to beryllium’s preference for 6-
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membered chelate rings over 5-membered chelate rings. The ligand design in this thesis
will attempt to take advantage of this preference. Also, the sulfonate residues of Tiron and
chromotropic acid provide increased water solubility and reduced oxidation to their

quinone analogues. The addition of this functionality could prove useful.

O

){WOH OH  OH
HO
OMO
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156 101
Oxalic acid Malonic acid
OH OH
HO OH HO OH
@ Na0sS HO3S ‘ ‘ SO,H
117 Chromotropic acid

Tiron
Catechol

Figure 1.33 Dicarboxylic and dihydroxyaromatic ligand derivatives.'

Table 1.2 Formation constants of some dicarboxylic and dihydroxyaromatic derivatives of

beryllium.™
Ligand log10Ki log.oK. Ring formation
4.08
Oxalic acid 5
3.26
573
Malonic acid 6
5.35
13.70 12.02
Catechol 5
13.52 9.83
13.5+0.1 12.5+0.1
Tiron 12.88 9.37 6
12.20 9.30
16.34 11.85
Chromotropic acid 6
16.20 12.00

The detection of beryllium has been researched primarily for the testing of contaminated

sites. Ligands containing mixed N and O donors have been a recent target for metal
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chelation studies to this end. 10-hydroxybenzo[h]quinolone-7-sulfonic acid (10-HBQS) is
a fluorophore and the standard for trace detection of beryllium (Figure 1.34, left).®!
Beryllium binds strongly to this compound. The method first involves using EDTA to
remove the other metals present, which then allows quantitative analysis of beryllium
without interference.®> The estimated detection limit for the most recent analytical
technique is less than 0.1 ng per air filter or wipe sample.®” This compound shows strong
photoluminescent effects, as do many of the previously reviewed ligands. Similarly,
1,1’-binaphthalene(salicylaldimine)beryllium displays both photoluminescent and
fluorescent properties due to its highly aromatic structure (Figure 1.34, right).%* It is
possible that by introducing aromatic systems to a mixed donor tetradentate
coordination, our ligand motif will also display these characteristics, and potentially be
used as a detector itself. A mono-binding chelating agent has a lower intrinsic entropic

energy, therefore will be best suited for high binding strength complexes.
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Figure 1.34 10-hydroxybenzo[h]lquinolone-7-sulfonic acid (left) and

1,1-binapthalene(salicylaldimine)beryllium (right).8'#

1.6.2 Primary Motif Design

By analysis of the previously reported work on beryllium complexes, a number of key

principles essential for selective and strong binding chelators are:

e Pearson’s HSAB theory

e Provision for a small binding pocket
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e Tetradentate coordination

e An arrangement of tetrahedral positioned donor atoms
e Mono-chelation

e The formation of 6-membered rings on chelation

e Mixed O-N donors

To fulfil these, a series of basic motif structures were designed to best take these into

account (Figure 1.35).
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Figure 1.35 Designs for an encapsulating ligand, where X is an apex group (CH, COH, or

N), and Y is a group that may offer the potential of intramolecular hydrogen bonding.

Pearson’s acid base concept is fulfilled by introducing bases in the form of a phenol, a
hard oxygen donor (except L4), and pyridyl moieties (intermediate nitrogen donors).
Because Be** is a small and hard acid, it favours interactions with functionality such as
these. Whilst oxygen-containing functional groups are best suited for this, they will also
form strong or stronger complexes with many metals, and so selectivity is greatly reduced.

However, at least one negatively charged oxygen donor was required to successfully bind
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beryllium strongly. We will avert reduced selectivity by making the other three donors
pyridyl nitrogens, which will form a conformationally strained backbone. These are
intermediate Lewis bases, and thus favour bonding to beryllium to a lesser extent. Initial
association will occur between the Be®* ion and the deionised oxygen, followed by
complexation via chelation of the pyridines. This is particularly important in aqueous
environments, in order to displace the protective solvent shell of water molecules around

beryllium. This will allow the ligand to form a strong complex with Be**.

The sixth encapsulating ligand, L6nY, is a derivative of L1xY, when x = N, and one
pyridyl unit is substituted for a urea-like functionality (Figure 1.36). This provides the
ligand a second weaker oxygen donor that could bind to a metal in place of an aromatic
nitrogen atom. This type of ligand was considered later in the project after the DFT
calculations on the ligands L1-L5, and L7 were complete, so only minimal computational

work was performed on it. Only the synthetic work will be discussed.

OH
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P
H
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Figure 1.36 Sixth ligand design, where R = CHs, Ph and Y = H, NHBn, NH,.

Metal ions greatly vary in their ionic radii. A common ion, Fe’* (six-coordinate, low spin),
has an ionic radius of 0.69 A; whereas Be?* (four-coordinate) has an ionic radius of 0.41 A.
Flexible ligands can bind well to large ions as they can more easily encapsulate them. By
establishing a more rigid structure, a tight binding pocket is achieved. This should in
theory help improve selectivity, as the ligand will be able to fully encapsulate beryllium,

but otherwise prevent binding of larger metals.
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It was shown that the predominant form beryllium takes in complexes is in a tetrahedral
coordination with tetradentate binding. Its preference for this structure is convenient, as
most of the metal ions that this ligand would be selecting from have a predisposition to
adopt octahedral geometries. Tetrahedral geometries for these result in higher ground
state energies than what they would find in typical binding agents like EDTA. Our ligand
achieves this motif through its three nitrogen and single oxygen donors. The pyridyl
scaffold will allow chelation around a single Be* ion to form a close-fitting tetrahedral
cavity. To minimise steric, torsional, and ring strain, the design is mono-chelating, and

will bind beryllium with favoured 6-membered rings.

In the literature, only two ligands are known that are similar to the proposed design
(Figure 1.37). The ligand 2-(6-dipyridin-2-ylamino)pyridine-2-yl)phenol was synthesised
by Shaffer et al. and is the first of its type - offering mono-chelation through an enclosed
tetrahedral binding cavity.”* The key difference is that it uses an apex nitrogen group
rather than a carbon. It was designed for selective chelation of beryllium, and a
computational model of it has been simulated. The other compound, 2-(6-(fluorobis(6-
methylpyridin-2-yl)methyl)pyridin-2-yl)phenol, was synthesised by Stoessel et al, and
was part of a project investigating organic electroluminescent devices containing metal
complexes.®> They successfully formed a mono-copper containing complex with this
molecule. The synthetic routes to these ligands will form an initial basis for the synthetic

schemes used in this thesis.
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L1nH L1cfCH;

Figure 1.37 Previously synthesised ligands that are structurally similar to this proposed

design .28

1.6.3 Buttressing Components and Modifications

Complementarity and pre-organisation are two fundamental concepts in host-guest
chemistry.*® The principle of complementarity is given by Cram as follows: “to complex,
hosts must have binding sites which can simultaneously contact and attract the binding
sites of the guests without generating internals strains or strong non-bonded repulsions.”
This important feature is required for any complexation, as without it the targeted
molecule or ion would not be recognised by the ligand. The principle of pre-organisation
states: “the more highly hosts and guests are organised for binding and low solvation prior
to their complexation, the more stable will be their complexes”. Taking advantage of this
will provide improved energy efficiency and perhaps more selective binding. A rigid host
has a smaller range of conformations than a flexible host. The latter must overcome an
entropic and enthalpic cost, which reduces the overall binding energy. By pre-forming the
binding cavity, this ‘cost’ is already paid, resulting in higher complexation binding
energies. The free ligand differs to the coordinated ligand in terms of conformation and
protonation state. The deprotonation required for tetradentate binding of a metal will

result in a small conformation change in its structure.

These fundamental host-guest concepts can be taken advantage of by making

modifications to the primary motifs, thereby creating a library of ligand derivatives. By
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attaching new functional groups, the ligands can be tuned specifically for beryllium
binding, as well as altering how they will interact in various environments. These ideas

involve:

e Buttressing
e Solubility

e Detection

In order to maximise binding and selectivity, buttressing components will be investigated.
These are either inherent or additional components of a ligand that provide a secondary
shell of hydrogen bonding that is not directly involved in the metal-ligand bonding. They
can provide both increased stability and selectivity for complexes by providing a pre-
organized structure. The choice of buttress can be varied to tune the binding site for the

desired metal.

The proof of concept of complex stabilization via secondary sphere hydrogen bond
coordination was shown by Tasker et al. (Figure 1.38).%” The separation of specific metals
from aqueous solutions is an essential part of hydrometallurgy and efficient solvent
extraction is required for kiloton scales used by industry. Intermolecular forces between
chelates and solvent contribute a significant amount to the stability of complex formation.
By introducing hydrogen bonding capable buttresses, the strength and selectivity of metal
extraction could be manipulated to our advantage. This work will frame our initial

approach to introducing a secondary coordination sphere to our complexes.
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Figure 1.38 Hydrogen bonds form a secondary sphere of coordination that enhances the

stability of these phenolic pyrazole and phenolic oxime copper complexes.®’”#

Our design will incorporate amine functionalities to the 6-position of the two pyridyl
arms (Figure 1.35, group Y). This position will offer an N-H bond capable of forming
hydrogen bonds with the opposing phenolic oxygen in 6-membered rings. The increased
stability of the formation of these, as well as the pre-organization, will offer a lower
ground state energy for a beryllium complex, compared to the non-buttressed complex
form. Optimal tuning of the binding cavity site can be tested by investigating a series of
buttress groups such as methyl amines, formamides, and urea, as well as including bulkier

substituents.

Although not directly in the scope of this thesis, future work on these ligands would
involve examining how these ligands interact in different systems, be it aqueous, organic,
or colloidal. For extraction of beryllium from aqueous systems, the metal needs to be
either quenched within an aqueous phase or to be moved into an organic phase. For the
former, the ligand would need to be water soluble. This could be introduced through
attaching sulfonate residues. The later method would require a non-specific prior
complexation agent to move beryllium into the organic layer, where our ligand would

then aid in full complexation and subsequent removal.
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Some of the reviewed ligands had functional groups and conjugation, which resulted in a
photoluminescent effect. Our designs have similarities to them, and any
photoluminescence observed would be useful for the detection of beryllium in the

environment.

1.7 Scope of Research

The aim of this research is to examine and explore the use of secondary sphere hydrogen
bonding interactions for chelating ligands in the formation of beryllium complexes. Our
motivation for this research is our desire to find a selective and strong binder of
beryllium. Such a ligand is necessary due to beryllium’s wide use in applications across
industries and its inherent toxicity. As knowledge of the fundamental chemistry of
beryllium, compared to other small metals, is underwhelming, our approach to this field
is multifaceted. Initially, computational work will evaluate ligand preference of Be®,
which will be followed by ligand synthesis and complexation with small cations. These
will be complexed and analysed with electrospray ionisation mass spectrometry (ESI-MS),

competition studies, and crystallization.

Chapters 2, 3, and 4 form the first half of this thesis. These will discuss the computational
work of non-buttressed ligands, outline the experimental synthesis towards non-
buttressed ligands of type L1, and investigate X-ray structures for determined Be**
complexes of non-buttressed ligands. Chapter 4 will also make a comparison of the

experimental and the computational data.

Chapters 5 and 6 form the second half of this thesis. They will explore the computational
work of buttressed ligands, their NCIPlots, wider studies of metals, as well as considering

the synthetic routes to buttressed ligands of type L1.
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Chapter 7 will contain the synthetic experimental procedures, and Chapter 8 will lay out

the overall conclusions made.

Chapter 9 will list the references. This is followed by appendices A and B, which will
contain the experimental spectra and crystallographic details. Appendix C contains the
computational data and X-ray data, and can be found in the supplementary information.
Appendix D provides a fold-out sheet of the studied ligands, including the naming system

used.

This project was part of a Marsden grant involving two other research groups in New
Zealand. These were at the University of Waikato (Prof. Bill Henderson), and at the
University of Auckland (Prof. Penelope J. Brothers). More recently, collaboration has

been taken up with The University of Marburg (Dr. Magnus R. Buchner).
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Chapter 2: Computation of Non-buttressed Ligands

“We are reaching the stage where the problems we must solve are going to become
insoluble without computers. I do not fear computers. I fear the lack of them.”

— Isaac Asimov

2.1 Introduction

One of the first project goals was to use computational chemistry as a tool to screen
potential ligands of the tri-pyridyl variant that are most likely to bind beryllium strongly.
Theoretical calculations can be run to make reasonable judgements of this. These
calculations can be a powerful tool to explain the chemistry behind selective capture and
transportation of metal cations.*> % However, as far as we know, no theoretical
investigation has been reported in which the binding capabilities of ligands to beryllium
were specifically examined. This thesis will provide such an investigation, incorporating
second-sphere coordination through buttressing (Chapter 5). This will involve the
addition of functional groups that will not take part in the binding of a metal cation but
will instead form strong hydrogen bonds that will help to further stabilize the complex.
The designed suite of ligands and their buttressed derivatives were evaluated, using
theoretical calculations and binding energies were calculated for Be**, and compared with
similar calculations of B** and AP*. These ions were chosen as they share a similar size
and tend to adopt the same geometries as Be®*, and therefore they should give an

indication towards relative binding strengths for each ligand.

Once preliminary calculations have established that the new ligands will theoretically bind
to Be?*, a complimentary computational metal binding study will be carried out (Chapter
5). This will involve calculating binding strength data for a ligand and its buttressed form,
then compared against the computed binding data for three known chemicals that bind to

beryllium (NTP, EDTA, and HBQS). For this study, a series of metals have been chosen
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that are commonly found in the environment or are essential metals in the human body.
This study will help identify the relative strength of binding that each metal has towards
these. A full analysis of this investigation will provide data as to how effective our ligands

are in contrast to known binders.

The last computational section will examine non-covalent interactions within each
complex (Chapter 5). Graphical visualisations of these forces will be presented to aid in
the interpretation of the effects of binding metals in the ligand cavity, as well as key

changes due to the introduction of buttressing functionality.

The strengths and weaknesses of these initial ligand designs will be evaluated to determine
the best candidates for organic synthesis and complexation with Be**, AI’*, B’* and other
small cations. By doing so, synthetic work would take a more directed and efficient
approach. Due to the inherent toxicity of beryllium, it was desirable to limit the synthesis

of beryllium containing binders to just those that are theoretically optimal.

2.1.1 Binding Energies

Intermolecular binding energy is defined as the energy difference found in a system after
the combination of individual molecules. It can be positive (destabilising), or negative
(stabilising). The below bimolecular reaction is the simplest case, but these can often be
more involved. Our bindings also involve the expulsion of water. A general model is
created by calculating the thermal ground state energies for each component involved; A

and B, the reactants; and AB, the product (Equation 1).

A+B- AB (1)
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From this, a general equation for binding energy is found (Equation 2):

AEpnq = E(AB) — E(A) — E(B) )

E(AB), E(A), and E(B) each represents the energy of the complex and each monomer.
AEpina is the calculated binding energy. Therefore, three separate calculations are required

in order to determine this energy.

Unfortunately, in computational studies it is common to find an associated strengthening
of intermolecular interactions and therefore an artificial shortening of intermolecular
distances. These are called basis set superposition errors (BSSEs), and manifest as
increased complex stabilisation. They arise due to an artificial stabilisation of each
monomer when they are in close proximity by borrowing extra basis functions from
neighbouring components (which they otherwise could not use when at larger
intermolecular distances). This occurs because each molecule wants to best improve its
electron distribution by utilising orbitals belonging to other molecules, in order to
minimise its ground state energy. The effect is particularly pronounced when smaller
basis sets are used, wherein the basis set approximates all orbitals to be the same shape.
Using a large triple-zeta basis set gives a more accurate representation of each orbital by
treating each orbital separately during the Hartree-Fock calculation, through using the
sum of three Slater-type orbitals. Other factors that contribute to BSSEs are if the systems
in question are particularly large or if Van der Waal dispersion interactions are especially

important. In the limit of a complete basis set, the BSSE would be eliminated completely.

The Boys and Bernardi counterpoise correction is the most commonly proposed method
for correcting basis set superposition error.¥ The method alters Equation 2 by estimating
the amount of artificial stabilisation of each monomer through the use of ghost functions
on each monomer. Deformation of the monomers upon complexation can also be

considered (particularly for strongly interacting molecules).
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The general form of the calculation used to determine the binding energy of a ligand to a

specific metal (Equation 4) was derived from the following general reaction (Equation 3):

L~ + [M(H,0),]** > [LM]*! + n.H,0 3)

Where L- is the deprotonated ligand, [M(H20),]**is the hydrated charged metal cation,

and [LM]* is the formed complex (n=4 or 6, x= 2 or 3,and M = Al’*, B’ or Be**).

AEping = E([LM],—1) + E(n.H,0) — E(L7) — E([M(H;0),,]*") (4)

2.1.2 Geometry Optimisation and Frequency Calculations

Geometry optimisation calculations try to achieve minimisation of the global potential
energy for a given system. It does so by determining the optimal spatial arrangement of
atoms through analysis of its potential energy surface (PES). The PES of a molecule is the
relationship between a molecule’s geometry and its total energy. An initial guess is made
for the geometry, and the calculation carries out an iterative process. This is where a small
change is made in the geometry, and a convergence calculation is made, depending on the
criteria outlined by the method used. Convergence is found when the last optimisation
step meets the criteria. When it does, the calculation is complete, and the geometry is said
to be optimised. If, however, convergence fails, this step is repeated. If no convergence is
found within a set number of steps, the calculation will fail. Many solutions are available
in such cases. Within this thesis, the initial guess for the starting geometry will be built

using a chemically intuitive idea of the final expected geometry.

Once the optimal geometry has been calculated, a single-point frequency calculation is
performed to compute force constants, vibrational frequencies and intensities, and the
thermal data for the system. The two primary functions of a frequency calculation used

here are:
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e To confirm that the optimised geometry is at the global minima energy position
on the PES.

e To calculate the structure’s free energy in solution.

Frequency calculations output all vibrational frequencies for the given structure.
Imaginary frequencies (negative frequencies) are nonsensical, and do not exist in nature.
Therefore, if these are present, this indicates that the geometry found is at a saddle point
on the PES and must be further optimised. To confirm that the found solution is the
global minima, multiple starting geometries are used. If they converge to the same
geometry, it can be said that the solution is good. The Gibb’s free energy of the molecule
in solution is calculated by combining the free energy of the gas-phase molecule with the
free energy of solvation. This solvation energy is obtained using a Self-Consistent

Reaction Field (SCRF) calculation of the optimised structure.

To calculate binding energies for the complexation reactions of our ligands to the selected
metal cations, solution phase computation methods are required. This is to best mimic a
real-world scenario. Standard DFT methods for geometry optimisation and frequency
calculation are performed in the gas-phase. To correct them for our use, a SCRF
calculation is required. This additional technique models the solvent as a reaction field. A
solvent is modelled by applying a continuum of uniform dielectric constant, ¢, around a
solute cavity, where the molecule is placed. The Integral Equation Formalism Polarisable
Continuum Model (IEF-PCM) method will be used during both the geometry
optimisation and single-point frequency calculations. This is the most common
recommended method for calculating the free energy of solvation for general purposes.

Here, water is used as the solvent (¢ = 78.3553).
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2.1.3 Gaussian and Visualisation Software

Computational chemistry is most widely practised with the computation packages
provided by Gaussian.” Its flexible and thorough features have a long standing history in
the literature, which provides not only a wide berth of scrutinised topics and novel
techniques, but also offers many examples of computational chemistry which can be used

as a benchmarking tool for future research.

Within this thesis, all calculations performed to optimise ligand geometry and frequency
calculations were run using the Gaussian 09 (Revision D.01) package, either on a Linux
CentOS workstation, or through the New Zealand eScience Infrastructure (NeSI) high

performance computing facility.”

In order to enhance discussion concerning the non-covalent interactions of the
complexes, the systems will be analysed with the tool NCIPlot (non-covalent interaction
plot). NCIPlot is a piece of software that enables a graphical visualization of inter- and
intra-molecular non-covalent interactions based on electron density and its derivatives.
This qualitative method is convenient to create depictions of both attractive and repulsive
forces. This tool will give regard to the hydrogen bonds formed in the secondary
coordination sphere by the amine buttresses to the phenolic oxygen of the core binding

site (Chapter 5).

The geometric structures of each ligand and complex were prepared with the GaussView
5.0 package on a Windows desktop.”’ They were initially constructed such that they were
close to the expected minimised geometry before being submitted for calculation. The
frequencies of each optimised structure were checked to ensure no negative values were
observed, confirming that the structures are minima geometries. To ensure that the
solutions are at global minima energies, multiple starting geometries were tested, which

all converged on the same geometry.
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Visualisation, examination, and the depiction of these molecules throughout this thesis

were obtained through using ChemCraft 1.8.”

2.1.4 Geometry and Pre-Organisation Indices

Two parameters will be used to help describe the geometry of ligands and complexes. The
first of these are the geometry indices or structural parameters (t4 and t4’), which
distinguishes the geometry found in the coordination centre of a four-coordinate
complex.” These parameters have values in the range of 0 to 1. They quantify how close
the geometry is to a square planar geometry (T4 = T4’ = 0.00), seesaw geometry (T4 = 0.43,

T4’ =~ 0.24), or tetrahedral geometry (t4 = 14’ = 1.00) (Figure 2.1).

Figure 2.1 Square planar geometry (left), seesaw geometry (middle), and tetrahedral

geometry (right)

Equations 5 and 6 describe their calculation:

_ 3600 - (0!1 + Bl)
T4 = 73600 — 20,

(5)

p1—ay n 180° — B,
360—-6, 180°-0,

(6)

Ty =

Where a1 and 1 are the two greatest valence angles of the coordination centre, and 01 is

the ideal tetrahedral angle (109.5°).
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The pre-organisation indices or Nixon parameters (1« and ng) indicates the extent of pre-
organisation that a tetradentate ligand has. These parameters have values in the range of
0 to 1. A value of 1 corresponds with the donor atom being in the ideal location, whereas a
value of 0 corresponds with the donor atom being positioned away from the binding site
through an inversion operation. Figure 2.2 shows an example of this, where in orange and
pink are shown dihedral angles that are used in this calculation. Its nq and ng values are
0.98 and 0.15 respectively. This result is interpreted to mean that one pyridyl arm is pre-

organised to a high degree, whereas the other is not.

Figure 2.2 Example of the dihedral angles of a tetradentate ligand that are used to

calculate the Nixon parameters.

Equations 7 and 8 describe their calculation:

jaz — 60° (
=-1--—____ 7)
e =1 =00
18, + 60° (
=1--— 8)
Ur 24.0°
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Where a2 and 32 are the dihedral angles found through the apex and donor atom of one

pyridyl arm respectively.

2.1.5 Level of Theory

It was determined that the most appropriate computational theory to employ in
calculating binding energies for this suite of ligands was density functional theory (DFT).
It has been previously shown that Becke’s three-parameter hybrid exchange correlation
functional containing the non-local gradient correlation of Lee, Yang, and Parr
(B3LYP)*, with a 6-31G(d) basis set gives accurate geometry calculations for proton
sponge and proton sponge-like molecules.”>**> At this level of theory, bond lengths and
bond angles are within an acceptable range of the experimental results, and so this level of
theory has been used to find initial geometries for the ligand and resulting complex
structures. Accurate thermochemical data and ground state energies are required for the
calculation of binding energies.*® %% A]] thermal chemical data has been calculated at

298.15 K.

The binding study methodology has been previously justified in a comparison study of
known complexes of beryllium (Figure 2.3).” A series of aminopolycarboxylic acids NTA,
NADP, NDAP, and NTP were shown experimentally to bind Be**, as shown below (Table
2.1). Figure 2.4 gives an example reaction used to obtain a binding energy value (AG)
using equations 3 and 4. In a collaborative effort with Lane and Onyekachi at the
University of Waikato, a reproduction in the trend was attempted by using two DFT
functionals (B3LYP, M06-2X), each with and without a solvation model. Regardless of
functional, the best fit to the previous study was obtained when the IEF-PCM solvation
model was used. The opposite trend was observed in the gas-phase calculations. Further
extensive calculations and manipulation is required to convert these binding energies into

comparative logK values. So, although these binding energies cannot be quantitatively
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compared with the experimental logK values, they are qualitatively comparable. Mederos

et al. found the B3LYP functional to provide better values than M06-2X.%®

HO N OH
A, Y
NDAP NTP

Figure 2.3 Known aminopolycarboxylic acids that form complexes with beryllium.*®

0. 0 i
0
+ Be?* —
©o N o°
1 R {

Figure 2.4 Reaction of [NTP]* with Be?".

Table 2.1 Comparison of two DFT methods for aminopolycarboxylate ligands for the

formation of beryllium complexes with their experimentally deduced equilibrium

constants.*&%7

AGg.; / kJ mol”’ AG,q / kJ mol™ Experimental
B3LYP  MO06-2X  B3LYP  M06-2X log K
[BeNTP] -2157 -2171 -314 -349 9.23
[BeNADP]  -2222 -2235 -310 -344 9.25
[BeNDAP] -2231 -2299 -299 -329 8.12
[BeNTA] -2347 -2361 -290 -317 6.62

49



Chapter 2

Based on this trend and the previous literature studies,”® * it was decided that the
optimised structure of [Be(NTP)] using B3LYP, the large triple-zeta Pople basis set
6-311++G(d,p), and the solvation model IEF-PCM, gave a good estimate of the
experimental parameters (Figure 2.5). To further evaluate the most appropriate
computational method to determine binding energies for our ligand systems, the B3LYP
functional was tested against BALYP-D3, M06-2X, and wB97X-D.” For each method,
calculations were performed with an unbuttressed ligand and two buttressed ligands, all
with Be**. It was found that each functional gave the same interaction energy trend, where
the magnitude of the trend varied on average by only 3%. As this work involved a large
array of ligands and metals, and was desirable to be further extended, economical
calculations were required. Therefore the B3LYP functional was chosen as it provided

efficient use of computer time as well as giving quantitative results of the expected trends.

These results were used to provide a rationale for using this level of computational study
for the research contained in this thesis. The chosen basis set contains sufficiently diffuse
functions and is flexible enough to give a good account for any occurrences of hydrogen
bonding, including second sphere interactions formed due to the presence of a buttressing
group. Given our complexes are roughly 40 atoms in size, this basis set is sufficient to
reduce BSSE to an acceptable level. Calculations were made with and without a
counterpoise correction, and the non-corrected energies were found to be 0.9-1.2%
greater than the corrected energies. This was found to be comparable to similar
calculations in the literature, and has been a recommended functional/basis set
combination for this for the prediction of hydrogen bonded systems. Therefore in the
limit of this basis set, the extra calculations required to reduce the BSSE were
unnecessary.®’ This level of theory allows reliable predictions to be made in regards to the

metal-ligand binding strength.
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Figure 2.5 Geometry optimized complex of [BeNTP], at B3LYP/6-311++G(d,p).

2.1.6 Computational Studies of Ligands 1-7

To examine the binding of ligands to the metal cations Be**, B’*, and Al**, free energies for
the selected metals were calculated in their hydrated forms as [Be(H,O).]**, [B(H.O)s]**,
and [AI(H>O)6]’" respectively (Table 2.2). The aluminium species is inherently more
stable than the others are. The gas-phase and solvent-phase data have been compared for
illustration purposes. This chapter will discuss only the results and trends of the solvent-
phase calculations, as these will give the most realistic depiction of experimental

coordination.

Table 2.2 Calculated free energies of water and the hydrated cations.

AGgy/ kJ mol AG,q/ k) mol
[Al(H,0)¢]** -1838.27 -1839.98
[B(H,0)el** -864.71 -866.68
[Be(H,0)4]** -840.29 -841.13
H.O -200.72 -200.75

2.2 Primary Motifs

Six non-buttressed capable ligands will be examined in this chapter (buttress capable

ligands are presented in Chapter 5) (Figure 2.6). These ligands are capable of binding
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small cations within a tetrahedral coordination geometry of tetradentate donor atoms.
L1-5 will bind through two pyridyl groups, and either a phenol, carboxylic acid, dipyrrin,
or a phenol and imidazole moieties. L7 is somewhat unique, in that its geometry may

allow for a wider range of encapsulation, and geometry preferences.

Each of these ligands and their complexes had geometries first calculated using the DFT
functional B3LYP and the basis set 6-311++G(d,p) in the gas-phase. After this, their
optimisation was refined using the solvation method IEF-PCM (using water as the
solvent). A single-point frequency calculation is made in both the gas-phase and solvent-

phase to determine thermochemical data.

L4chH

Figure 2.6 Primary motifs investigated.

2.2.1 Ligand Geometries

Pre-organisation of the ligands in this study are noted to roughly increase stepwise from

L1 <L2 < L4 < L5 < L3 < L7 (Figure 2.7). The flexible nature of L1 allows a great degree

52



Computation of Non-buttressed Ligands

of rotational freedom, which has resulted in none of the donor atoms appearing to point
towards a central cavity. There is a small attractive interaction between the phenolic
oxygen atom and the closest proton (C-H) of the same ring. There is perhaps some pre-
organisation present in the two furthest pyridyl rings, which are orientated in the same
direction. L2 displays a higher amount of order, as its carboxylic acid moiety forms a very
strong, mostly covalent, hydrogen bond (O-H--N, 1.663 A) with the pyridyl nitrogen of
the same ring system. One pyridyl arm is orientated towards the acid, forming a moderate
hydrogen bond (2.739 A). In L4, all four donor atoms are directed towards a central
cavity. Three hydrogen bonds are present, occurring with the protonated pyrrole
nitrogen. The first hydrogen bond is strong, being with the adjacent pyrrole nitrogen
(2.053 A), and the other two are weaker, with the nearby pyridyl nitrogens (2.692 A and
2.660 A). The next most pre-organised is L5. In its structure, a moderate, mostly
electrostatic, hydrogen bond occurs between the OH moiety of the hydroxyphenol group
and imidazole nitrogen (2.404 A). Its pyridyl groups face towards this hydrogen bond,
and although the ligand is elongated, it does tend towards a cavity space. The second
highest order of pre-organisation is in L3, where all four donor atoms fold around a
central cavity. Aided by its greater level of structural rigidity, there is a strong hydrogen
bond between its phenol and adjacent pyridyl nitrogen (1.692 A), a moderate hydrogen
bond to one pyridyl arm (2.844 A), and a very weak, electrostatic, hydrogen bond to the
third nitrogen atom (3.953 A). The highest level of order is found in L7, which has a
significantly different conformation, due to its two phenolic arms. These result in a
particularly tight cavity, in which all four donor atoms are involved in a near-planar
configuration. The strongest hydrogen bond present is between one phenolic proton and
the adjacent pyrrole nitrogen (1.691 A). Like L4, the two other important bonds present
are also formed with the protonated pyrrole nitrogen. These are with the other phenolic
oxygen (1.982 A) and the other pyrrole nitrogen (2.276 A). The last hydrogen bond
present is between the two phenolic groups (1.989 A). The varying degrees of pre-

organisation in each ligand will result in smaller or greater amounts of deformation when
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binding to a metal cation. This entropic factor will contribute adversely to the overall

binding energies.

*ea,,

LichH n.=0.39,ng=0.65 L2chH Na=0.16, N = 0.88

L3chH Na=0.86, N = 0.85 LachH Na=0.96, N = 0.97

L5chH Na=0.43,ng=0.63 L7

Figure 2.7 Aqueous phase geometry optimised ligands in their primary motif at B3LYP/6-
311++G(d,p).
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2.2.2 Complex Geometries

Each metal cation adopts relatively identical complex geometries (Figures 2.8-2.10). They
are tetradentate mono-chelating, with tetrahedral cavities. Data for each ligand, including
key bond lengths, angles, and their geometry index, have been listed in the following
tables (Tables 2.3-2.8). L1, L2, and L5 in particular have deformed the most in order to
form a complex, which will correspond to a deformation energy which will contribute

negatively in their calculated binding strengths.

The average length of coordinating bonds to the metal cation was found to be shortest for
B**, with an average O-B bond length of 1.44 A, and N---B bond length of 1.56 A. The next
shortest is for the Be** cation, with an average O--Be bond length of 1.59 A, and N---Be
bond length of 1.73 A. The AI’* cation has the longest bonds to the metal centre, with an
average O--Al bond length of 1.75 A, and N---Al bond length of 1.89 A. These values are
reflected in the binding strengths observed, which increase with shorter (stronger) bonds

(all other variables kept the same).

Of L1-L5, L3chH has the shortest bond lengths to Be** (Table 2.5). Its O--Be bond is
1.535 A, and the three N--Be bonds are 1.700-1.762 A. Its angles are converging on being
tetrahedral with one angle of 109.4° and the others averaging to be 10.8° away from ideal
tetrahedrality. A good indicator for molecular geometry is through the calculated
geometry indices, T4 and 14. These values will be equal to 1.00 for perfectly tetrahedral
geometries, and they will be equal to 0.00 for square planer complexes. For L3chH_Be, its
14 value is 0.82. This indicates good tetrahedrality. However, its imperfection comes from
part of the coordination tending towards a plane (O, N», N3, Be). This suggests that the
binding pocket is not tight enough for the Be’* cation. It is predicted that a better
geometry will be obtained through the second sphere of interactions provided by the

buttress groups introduced in Chapter 5. L1chH and L2chH have close to the same 4
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values (14 = 0.83 and 0.82 respectively) when bound to Be**, but weaker bonds to the

metals.

The higher ionic charge for aluminium and boron puts beryllium at a disadvantage in the
metal-ligand attraction due to their increased electrostatic attraction. Also, the size of the
metal cation likely plays a significant role, with a better cation to cavity fit in each ligand.
B** is the smallest cation, with an ionic radius of 0.25 A. Be?* is the next smallest cation
with an ionic radius of 0.41 A. And the AI** cation has an ionic radius over 2 times larger
than that of B’*; being 0.68 A. These radii correspond to the observed trend in bond
angles of each system. A tetrahedral bound cation prefers angles of 109°, and 6-membered
rings typically prefer angles of 120°. The key bond angles in the coordination centre for
B’* (average of 114.1°) are closest to the ideal angles. Be** complexes have consistently

larger bond angles than this, and even larger for Al**.

Seesaw and distorted tetrahedral geometries are found between the extreme values of 14
and t/. This helps explain the altered trend for binding AI’** over Be** in L5 and
particularly L7. The 14 values are much lower for L4chH_Al (14 = 0.69), L5chH_Al (14 =
0.69), and L7_Al (14 = 0.49) (Tables 2.7-2.8), which are far closer to the ideal values for a
distorted or seesaw geometry (14 = 0.43). For aluminium and beryllium, this is clear in
their complex geometries, where L5 has a trigonal pyramidal-like shape, and L7 tends
towards a square planar geometry. These geometries have more space surrounding the
binding site, which means they have larger bite sizes. This enables L5 and L7 to exhibit a
higher binding strength to AP’* over Be*. It is noted that the boron complexes all have
high 14 values, with an average value of 0.91. The last consideration to make is in regard to
the donor atoms involved. The involvement of two oxygen donors is more favourable
than pyridyl nitrogens due to their level of electronegativity and hardness. The dipyrrin
moieties also bind strongly to the metals, where they are in fact shorter than the O-M

bonds in L7 complexes.

56



Computation of Non-buttressed Ligands

L1chH_Al

L1chH_B

L1chH_Be

L2chH_AI

L2chH_B

L2chH_Be

Figure 2.8 Aqueous phase geometry optimised complexes L1 and L2 formed with the

metal cations AP**, B, and Be?*, in their primary motif at B3LYP/6-311++G(d,p).
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Figure 2.9 Aqueous phase geometry optimised complexes L3 and L4 formed with the

metal cations AP**, B**, and Be?*",, in their primary motif at B3LYP/6-311++G(d,p).
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L5chH_AI L7_Al

L5chH_B L7_B

L5chH_Be L7_Be

Figure 2.10 Aqueous phase geometry optimised complexes L5 and L7 formed with the

metal cations AP**, B**, and Be?*",, in their primary motif at B3LYP/6-311++G(d,p).

59



Chapter 2

Table 2.3 Geometric parameters for L1chH.

Table 2.4 Geometric parameters for L2chH.

L1chH L2chH
Al B Be Al B Be
O-M 1.708 1394 1.530 O-M 1.721 1405 1.547
. N;-M 1.884 1554 1.701 R N;-M 1.884 1.551 1.701
Bond /A Bond /A
N2>-M 1918 1.589 1.760 N>-M 1917 1.583 1.753
Nz:-M 1919 1590 1.760 Ns-M 1917 1.583 1.753
O-M-N, 102.0 115.0 109.5 O-M-N;  101.7 1146 109.1
0-M-N, 1284 1144 1215 0-M-N, 128.1 114.7 122.0
O-M-N; 1272 1145 1215 O-M-N; 1281 1147 1220
Angle /° Angle /°
N:-M-N, 979 1045 101.1 N:-M-N, 973 1042 1004
N;-M-N; 979 1045 101.1 N:-M-N;  97.3 1042 1004
N,-M-N; 959 1026 987 N-M-N;  96.1 103.0 99.2
Index T 0.74 0.93 0.83 Index T 074 093 082
Table 2.5 Geometric parameters for L3chH. Table 2.6 Geometric parameters for L4chH.
L3chH L4chH
Al B Be Al B Be
O-M 1.710 1399 1.535 O-M 1.841 1493 1.664
. N:-M 1.882 1.553 1.700 . N:-M 1.823 1499 1.643
Bond /A Bond /A
M 1920 1.590 1.762 N>-M 1.943 1.606 1.781
Nz:-M 1920 1590 1.761 Ns-M 1940 1.603 1.779
O-M-N;  101.8 1150 1094 O-M-N, 97.3 1082 10238
O-M-N,  128.1 1149 1221 O-M-N,  129.1 1180 1246
0O-M-N; 128.1 1149 1220 O-M-N; 1332 1194 1271
Angle /° Angle /°
N:-M-N, 976 1040 1004 N:-M-N,  97.1 1043 100.3
N;-M-N; 975 104.0 100.5 N:-M-N; 958 1036 995
N>-M-N; 957 1023 986 N>-M-N; 932 1016 97.0
Index T 074 092 082 Index T 069 087 0.77
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Table 2.7 Geometric parameters for L5chH. Table 2.8 Geometric parameters for L7.
L5chH L7
Al B Be Al B Be
O-M 1.732 1404 1.555 O-M 1.875 1.517 1.691
. N:-M 1.805 1480 1.618 . N:-M 1.875 1517 1.691
Bond /A Bond /A
N>-M 1951 1.612 1.808 N2-M 1.778 1.481 1.645
Ns-M 1951 1.612 1.808 Nz-M 1.778 1.481 1.644
O-M-N, 98.5 1125 1059 O-M-N, 93.7 1056 994
O-M-N, 1316 1175 126.1 O-M-N, 93.7 1062 99.9
O-M-N; 1318 117.5 126.1 O-M-N; 1454 116.0 129.0
Angle /° Angle /°
N:-M-N,  95.7 103.7 99.2 N:-M-N, 1454 116.0 129.0
N:-M-N;  95.7  103.7 99.2 N:-M-N;  93.7 106.2 999
N>-M-Ns ~ 92.1 999 947 N>-M-N;  99.0 107.1 1034
Index T 069 089 0.76 Index T 049 091 0.72

2.2.3 Binding Energies

An example chemical equation using equations 3 and 4 to solve for binding energy is
given below (Figure 2.11). For each ligand, the binding energy towards Al’*, B**, and Be**
was determined (Table 2.9, Figure 2.12). Each ligand formed stable structures, with the
metal cations binding to the ligand through four donor atoms as predicted. The general
trend in ligand strength was found to be L2 < L4 < L1 < L3 < L5 < L7. It was found that
the strongest stabilisation energy occurred with the B’* cation. The trend for preferred
metal cation for L1-L4 was AI’* < Be** < B**, and for L5 and L7 it was Be** < AP’* < B**
(Table 2.9). The binding energy towards AI** ranged from -279.80 to -675.17 k] mol}, Be**
ranged from -318.76 to -523.83 k] mol’}, and B** ranged from -673.82 to -1034.71 k] mol™.
Whilst the binding was always observed to be strongest towards B**, often the binding
energy of AI** was comparable to that of Be?*. The difference in binding energy between
these metals ranged from as low as 8.66 k] mol! to moderate differences of 38.96 k] mol™.

Although in the case of L7, the difference was 151.34 k] mol .

[L1chH] + [Be(H,0)4]** > [L1chH_Be]* + 4.H,O

Figure 2.11 The chemical equation for the calculation of the binding energy (AG) of the
deprotonated ligand L1chH with the tetra-aqua beryllium(ll) ion.
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Table 2.9 Calculated binding energies of complexes in their primary motif.

AGsq / k) mol
Ligand Al B Be
1 -326.85 -734.07 -352.15
2 -279.80 -673.82 -318.76
3 -360.83 -762.21 -382.89
4 -331.50 -733.17 -340.16
5 -424.99 -831.82 -390.51
7 -675.17 -1034.71 -523.83

Notably the trend for binding strength, although not perfect, does show some similarity to
the trend in pre-organisation. L1, L2 and L4 are in the lower half, and L3, L5, and L7 in
the higher half. This was expected to a small extent, as the entropic factor in chelation will
result in easier binding modes when a cavity is pre-arranged. But it is clear that the
functional groups and structure play the largest role in determining their binding

strengths.

2.2.4 Comparison

The binding energies for each complex have been graphically depicted below (Figure
2.12). Each ligand binds most strongly to B*". Previously used binders of beryllium
typically consist of two oxygen donors and two nitrogen donors. The mixed donor
complexes, in particular L7, have high binding strengths. This is both advantageous, and
disadvantageous, as the ligands can adopt strong preferences for other metals over
beryllium. Although ligands L1, L2, L3, and L4 bind boron more strongly than beryllium,
they retain high binding strengths, and bind more strongly to the Be** cation over the AP*
cation. Of these, the best binder of Be’* is L3. The chelator bite size correlates strongly
with the observed trend in metal cation preference. Altering this through modifications to

these motifs may result in stronger binding to Be?** relative to the others (see Chapter 5).
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Binding Energy /kJ mol!
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Figure 2.12 Binding energies of examined ligands in the aqueous phase.

No hydrogen bonds are present in any of the complexes. It is predicted that an addition of
one or more of these will have a significant effect on cavity size and conformation,
therefore altering binding strengths and preference. Computational work on hydrogen

bond enabled buttresses will be discussed in Chapter 5.

2.3 Apex Groups

The next variable in the structure to be investigated was the apex group of ligands L1-L5
that connect the two pyridyl arms to the rest of the molecule. This takes up the rear
position of the chelating site, so this group may be optimised for its angles in the multiple
6-membered rings it is a part of. In comparison to the ch apex already studied, two
further functional groups were chosen for analysis. These are a tertiary alcohol and a
tertiary amine (Figure 2.13). One additional reason for their investigation is that they have
the advantage of being synthetically easier targets. However, they each have their own

respective disadvantages. The alcohol of the coh apex may interfere in complexation, and

63



Chapter 2

the lone pair of electrons of the n apex may result in unfavourable pre-organisation or

apex geometry.

N= N~ N~
ch coh n

Figure 2.13 Apex groups investigated.

2.3.1 Ligand Geometries

The new apex groups have caused both significant and trivial alteration to the ligand
geometries (Figures 2.14-2.15). The tertiary alcohol apex in ligands L2 and L3 have
disrupted some of the pre-organisation previously observed. This is due to the possibly of
new intramolecular hydrogen bonding with the proton of the alcohol. L4 and L5 both
have a net reduction in pre-organisation due to the alcohol proton forming a hydrogen
bond to a neighbouring pyridyl or imidazole nitrogen (1.839 A and 1.711 A respectively).
It is expected that this will cause reduced binding energies to each of Al’*, B**, and Be".
L1 is an exception, in which its hydrogen bond of 1.868 A has resulted in an increase in
pre-organisation, with three of its donor atoms orientated in a preferred manner.
However, the complexation process will have to overcome the energy of this new

hydrogen bond, which may negate any advantage gained by its overall structure.

Dissimilarly, the ligand scaffolds did not alter much when the apex was replaced with a
tertiary nitrogen group. The pyridyl arms in each case were observed to tilt further away
from a binding cavity. This is seen to the greatest extent in the geometry change between
L4chH (Figure 2.7) and L4nH, in which its pyridyl rings are pointed away from the

primary backbone at more dihedral angles of 42.7° and 139.6°.
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L1cohH Na=0.72,ng =0.91 L1nH Na=0.14,ng =0.58

L2cohH Na=0.92, N = 0.62 L2nH Na=0.72, N =091

L3cohH Na=0.63, =091 L3nH Na=0.91, N = 0.69

Figure 2.14 Aqueous phase geometry optimised ligands L1-L3 with oh and n apex at
B3LYP/6-311++G(d,p).
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L4cohH Na=0.97,ng=0.25 L4nH Na=0.73,ng=0.89

L5cohH Ne=0.34,ng=0.76 L5nH Ne=0.13,ng=0.61

Figure 2.15 Aqueous phase geometry optimised ligands L4-L5, with oh and n apex at
B3LYP/6-311++G(d,p).

2.3.2 Complex Geometries

The geometric parameter data for the new apex ligands with the B**, Be**, and AI’* cations
are listed in Tables 2.11-2.20, but only the structures for L1 and L3 with the tertiary
alcohol and nitrogen apexes have been presented, as these illustrate the typical geometries
found (Figures 2.16-2.17). The bond lengths and angles of the binding site across each
apex differ by about 0.02 A and 2.3°. The geometry index (t4) of each is slightly higher for
the ch and coh apexes compared with the n apex. This is observed most easily in the
aluminium complexes, where the metal adopts a trigonal pyramidal-like conformation.
These differences caused by the tuning of the ligand structures could lead to significantly

differing binding strength values.

L3chH and L3cohH, when compared to their n apex analogue, have the closest to ideal

tetrahedral values (Table 2.10). Their O---Be bond length is comparable (1.530 and 1.532
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A respectively). The N--Be bond lengths are shorter for LlcohH_Be but result in angles

that are even further away from ideal.

Table 2.10 Geometric parameters for L1chH_Be, L1cohH_Be, and L1nH_Be.
LichH_Be L1cohH_Be L1nH_Be

O-M 1.530 1.532 1.534
. N;-M 1.701 1.702 1.700
Bond /A
N2>-M 1.760 1.752 1.751
Nz:-M 1.760 1.752 1.774
O-M-N; 109.5 109.7 108.5
O-M-N, 121.5 1221 123.8
O-M-N; 121.5 122.0 123.7
Angle /°
N:-M-N, 1011 100.3 99.3
N:1-M-N3 101.1 100.4 99.4
N>-M-N3 98.7 98.5 97.3
Geometry Index T 0.83 0.82 0.80
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L1cohH_Be

L1nH_AI

L1nH_B

L1nH_Be

Figure 2.16 Aqueous phase geometry optimised complex L1 formed with the metal

cations AI**, B®*, and Be?*, with coh and n apexes at B3LYP/6-311++G(d,p).
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L3cohH_Al L3nH_AI

L3cohH_B L3nH_B

L3cohH_Be L3nH_Be

Figure 2.17 Aqueous phase geometry optimised complex L3 formed with the metal

cations AI**, B3+, and Be?*, with coh and n apexes at B3LYP/6-311++G(d,p).
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Table 2.11 Geometric parameters for L1cohH.

Table 2.12 Geometric parameters for L1nH.

L1cohH L1nH
Al B Be Al B Be
O-M 1.704 1394 1.527 O-M 1.710 1390 1.527
. N:-M 1.886 1.555 1.703 . N:-M 1.888 1.552 1.702
Bond /A Bond /A
N>-M 1911 1586 1.750 N2>-M 1930 1.594 1.771
Ns-M 1911 1586 1.750 Nz:-M 1931 1.593 1.770
O-M-N; 1026 1150 109.9 O-M-N; 1003 114.8 108.7
O-M-N, 127.8 1145 1215 O-M-N, 129.0 115.7 123.0
O-M-N; 1282 1145 1215 O-M-N; 1282 1156 123.0
Angle /° Angle /°
N:-M-N, 976 1043 100.9 N:-M-N,  97.6 103.6 100.0
N:-M-N; 97,5 1044 100.8 N:-M-N;  97.7 103.7 100.0
N>-M-N; 953  102.7 987 N>-M-N;  95.6 1016 97.8
Index T 0.74 093 0.83 Index T 0.73 091 0.81
Table 2.13 Geometric parameters for L2ZcohH.  Table 2.14 Geometric parameters for L2nH.
L2cohH L2nH
Al B Be Al B Be
O-M 1.718 1404 1.544 O-M 1.723 1401 1.545
. N:-M 1.886 1.552 1.695 . N:-M 1.887 1.549 1.700
Bond /A Bond /A
N2>-M 1907 1579 1.753 »M 1928 1.586 1.765
Ns-M 1909 1580 1.743 Nz:-M 1928 1.587 1.765
0O-M-N; 1024 1147 109.6 O-M-N; 100.0 1144 108.2
O-M-N, 1283 114.7 122.1 O-M-N> 129.2 1160 1236
0-M-N; 128.1 1149 121.6 O-M-N; 129.1  116.0 1235
Angle /° Angle /°
N:-M-N, 969 104.1 100.1 N:-M-N,  96.8 1034 993
N:-M-N;  96.8 1040 100.5 N:-M-N; 969 103.2 99.2
N>-M-N; 959 103.1  99.1 N>-M-N; 954 1020 98.1
Index T 0.73  0.93 0.82 Index T 072 091 0.80
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Table 2.15 Geometric parameters for L3cohH.

Table 2.16 Geometric parameters for L3nH.

L3cohH L3nH
Al B Be Al B Be
Oo-M 1.706 1.397 1.532 O-M 1.713 1395 1.534
. N:-M 1.885 1.554 1.702 . N;-M 1.884 1.550 1.700
Bond /A Bond /A
N,-M 1911 1.587 1.752 N,-M 1930 1.594 1.751
N;-M 1910 1.587 1.752 Ns-M 1932 1.594 1.774
O-M-N; 1025 1151 109.7 O-M-N; 100.3 1148 108.5
O-M-N; 128.2 1150 122.1 0O-M-N; 129.1 116.2 1238
0O-M-N3 128.2 115.0 122.0 0O-M-N; 1289 116.2 123.7
Angle /° Angle /°
N:-M-N,  97.2 1039 1003 N:-M-N, 974 1032 993
N1-M-N3 97.2 1039 1004 N1-M-Nj3 97.0 103.2 994
N>-M-N3 954 1024 985 N2-M-N3 95.1 1014 973
Index T 0.73 0.92 0.82 Index T4 0.72 0.91 0.80

Table 2.17 Geometric parameters for L4cohH.

Table 2.18 Geometric parameters for L4nH.

L4cohH L4nH
Al B Be Al B Be
O-M 1.838 1.493 1.665 O-M 1.844 1491 1.666
. N:-M 1.826 1500 1.646 . N:-M 1.824 1496 1.642
Bond /A Bond /A
N,-M 1937 1603 1774 N,-M 1952 1610 1.795
N;-M 1935 1.601 1.774 Ns-M 1.948 1.605 1.792
O-M-N; 97.7 1083 103.0 0O-M-N;, 96.0 1078 101.9
O-M-N, 129.0 118.0 124.0 O-M-N, 129.8 119.0 125.8
O-M-N; 1339 1194 128.0 O-M-N; 1345 1210 129.2
Angle /° Angle /°
N;-M-N,  96.6 104.1 100.0 N:-M-N, 969 1036 993
N;-M-N; 954 1033 995 N:-M-Ns 950 102.7 983
N,-M-N; 928 101.8 96.7 N,-M-N; 922 1004 955
Index T4 0.69 0.87 0.77 Index Ts 0.68 0.85 0.74
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Table 2.19 Geometric parameters for LscohH.  Table 2.20 Geometric parameters for L5nH.

L5cohH L5nH
Al B Be Al B Be

O-M 1.728 1403 1.553 O-M 1.733 1400 1.554
. N:-M 1.807 1481 1.619 . N:-M 1.804 1476 1.615

Bond /A Bond /A
N,-M 1.944 1610 1.799 N,-M 1960 1.620 1.824
Ns-M 1.944 1610 1.799 Ns-M 1960 1.620 1.824
O-M-N; 98.9 1126 106.1 O-M-N; 97.1 1121 105.0
O-M-N; 1319 1175 126.1 O-M-N; 133.0 119.1 128.1
O-M-N3 1319 1175 126.1 0O-M-N3 1329 119.1 128.1

Angle /° Angle /°
N;-M-N, 954 1036 99.1 Ni-M-N, 949 1027 979
N1-M-N3 954 103.6 99.1 N1-M-Nj3 94.9 102.7 979
N>-M-N3 91.7 99.9 94.6 N2-M-Ns 90.7 98.7 93.0
Index T4 0.68 0.89 0.76 Index T 0.67 0.86 0.74

2.3.3 Apex Effect on Binding Energies

As before, the binding energy for each ligand with each of the three metals under
examination were calculated (Table 2.21 and graphically in Figure 2.18). It remains the
case that each ligand has formed the strongest complex with B**. In fact, the trend in
binding energies has not changed, beyond lowering by a small amount in every case. The
alkyl group offers the highest binding strengths, giving an apex strength trend of n < coh
< ch. A small deviation from the general observations is found for L1. The difference in
binding energy between L1chH and LlcohH is small, at 6.73 k] mol . This is attributed

to the improvement in pre-organisation with the alcohol apex for this ligand.
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Table 2.21 Calculated binding energies of complexes with each apex group.

AG.q/ k) mol”
Ligand Apex Al B Be
ch -326.85 -734.07 -352.15
1 coh -308.79 -725.72 -345.42
n -265.66 -653.54 -290.51
ch -279.80 -673.82 -318.76
2 coh -241.77 -644.37 -294.08
n -192.32 -566.74 -233.06
ch -360.83 -762.21 -382.89
3 coh -318.94 -729.03 -354.38
n -287.47 -669.95 -312.01
ch -331.50 -733.17 -340.16
4 coh -298.91 -706.79 -318.92
n -241.72 -630.71 -261.84
ch -424.99 -831.82 -390.51
5 coh -397.50 -811.69 -374.67
n -340.59 -732.81 -313.61

2.3.4 Comparison

The binding energy graph below shows the strength of each apex (Figure 2.18). It is clear
that a change in the apex group has not altered any of the binding modes or trends. It is
the case that the strongest binding ligands have an alkyl apex. The synthetic target will

therefore seek to make ligands with the alkyl apex.
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Figure 2.18 Binding energies of the examined ligands with each apex type.

2.4 Summary

Chapter 2 has discussed an investigation of DFT calculations on L1-L5, and L7 using the

B3LYP method, 6-211++G(d,p) basis set, and IEF-PCM solvation model. They were
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tested for their binding capacity to the cations Al**, B**, and Be*". It was found that they
all bound to the B** cation the strongest, and towards the others their trends differed
based on ligand motif. L1-L4 had the trend B** > Be** > AI’*, and L5, L7 had the trend B**
> AI** > Be**. The strongest of these was L7, which bound extremely strongly to B** and
forms seesaw-like geometries. This is not ideal, as through additional solvation, 5- and 6-
coordinate complexes are likely to form, which will further hamper the ability of L7 to
bind to Be®'. L3 had the highest relative binding energy for Be** over that of the other

motifs.

A further study was conducted to explore the influence of the apex group ion geometry
and binding strength. The general binding trends remained the same in each case,
although the relative strength was altered, with decreasing binding strengths in the order

ch > coh > n.

This study identified that of this series of ligands, the most suitable non-buttressed ligand
for beryllium encapsulation is L3chH (Figure 2.19). Modifying the apex group does not
result in huge changes in the binding energies. The synthetic strategies therefore are not
restricted to any one apex, which allows more freedom in ligand choice. However, it is the

ch apex that should be targeted by any synthetic studies if possible.

L3chH

Figure 2.19 L3chH was identified as the most suitable non-buttressed binder of the Be?

cation.
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Chapter 3: Synthesis of Non-buttressed Ligands

"If you perceive that there are four possible ways in which a procedure can go wrong, and
circumvent these, then a fifth way, unprepared for, will promptly develop."

- Murphy's Law

3.1 Introduction to Mixed Pyridine-Phenol Ligands

This chapter will discuss tetra-coordinate ligands capable of providing a tight binding
cavity to small hard cations, with the hope that they will bind selectively and strongly to
Be?*. Ligands of this scaffold type will provide a tetradentate binding pocket with a
tetrahedral arrangement of donor atoms, whilst retaining a limited flexibility due to its
pyridyl structure. The motif for Ligand 1 consists of a phenol-pyridine backbone
connected to two pyridine moieties via an apex methylene, tertiary amine, or tertiary
alcohol (Figure 3.1). It is thought that Be** will first associate to the hard phenol oxygen
with a strong bond, followed by binding through the three pyridyl nitrogens, fully

encapsulating the cation.

OH
e
NN X = CH
N
N~ | COH
NN
L1xH

Figure 3.1 Ligand type 1.

This type of ligand is relatively unexplored in all areas of chemistry. Although chelators

do commonly consist of phenol and/or pyridine units, such as bipyridine, quinoline, and
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catechol, it is rare to find a motif that contains an apex carbon or nitrogen that allows for
a tetrahedral shaped cavity.!™ Pyridine and phenol-type ligands form complexes with
most transition metal ions. These often have distinctive optical properties and are studied
for their fluorescence,'! supramolecular chemistry,'” and catalysis.'”® New research that

involves this more complicated system may yield interesting results.

There are only two ligands in the literature that use this tetra-coordinate motif. The first
was synthesised by Shaffer et al, a previous member of the Plieger group (Figure 3.2,
left).”* This molecule could potentially bind Be** through its three pyridyl N atoms and its
phenolic oxygen, providing a tetrahedral cavity. It was designed for selectively chelating
beryllium, but this work was not carried out. The other ligand was synthesised by Stoessel
et al. as work towards novel OLEDs (Figure 3.2, right).*> A Cu* complex was made of i,

demonstrating its binding ability, but there have been no subsequent reports.

L1nH L1cfCH4

Figure 3.2 Related tetra-coordinate ligands.

Three similar ligands can be found that, although not adequate for binding beryllium, do
possess certain traits that identify them as useful molecules in both chemistry and biology
(Figure 3.3).1%* This suggests that our ligand motifs, as they are similar, are rational targets
that do have potential real-world use. The first ligand (left) comes from a patent that
discusses polycyclic pyridine for use as potassium ion channel modulators in therapeutic

and diagnostic applications.'™® This compound will be unsuitable in binding Be** as it
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would not provide an optimal tetrahedral geometry for coordination, as well as having no
ionisable donor atoms. The next ligand (middle) consists of two 2-(2-pyridyl)phenol
units, joined by a bridging gem-dimethyl methylene.'** This ligand was found to bind to
Pt** and Zn?**. Although perhaps more useful as it contains two phenol groups, its wider
chelating bite angle allows for increased binding affinity towards larger metals than Be*".
The third related ligand (right) was complexed with Fe’* in a study on how a secondary
coordination sphere influences its reactivity.'”! As it provides 6 donor atoms, this is also

not appropriate for ideal binding of Be**.

|\ |\
@ _N N__—
ZSNTSNT HO OH
4 Ul
|

Figure 3.3 Related ligands.

Although the L1 motif has similarities to these molecules, it is expected to be a much
better candidate for binding metal cations. And further, for all the previous reasons
discussed, is also likely to selectively bind smaller cations like Be** over many others.

Therefore, this ligand motif is the focus of this thesis.

3.2 L1cohH

3.2.1 First Route towards L1cohH

Our initial target was the ligand with an apex alcohol group (bolded in Figure 3.4).
LlcohH as it was thought to be the most readily synthesised. The retrosynthetic plan
developed gave this ligand in the fewest synthetic steps compared to the other variants.

Potentially the alcohol could be removed later if required, and additional functionality
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could be added elsewhere to provide tuning to specific metals as well as increased
solubility. Two primary routes were identified towards the synthesis of LlcohH and
L1chH. The first involved sequentially building the molecule ring by ring. The second
more cogent route involved synthesising the phenol-pyridine backbone, then adding the
dipyridyl methylene alcohol. Both schemes had previously been employed by Stoessel and
Shaffer to varying degrees of success for similar ligand designs. Adapting the chemistry of
Stoessel would involve well-known reactions that were relatively simple, so this became

the starting point.

Figure 3.4 L1cohH.

The retrosynthetic analysis of 301 first began with disconnection of the phenol to give (2-
hydroxyphenyl)boronic acid 302 and (6-bromo-2-pyridyl)-bis-(2-pyridyl)methanol 303
(Scheme 3.1). The forward reaction can be completed with a powerful Suzuki coupling.

The boronic acid 302 was commercially available.
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B(OH),

L1cohH, 301 302 303

Scheme 3.1 Disconnection of 301.

Compound 303, which is known,'” can undergo a further disconnection to provide two
simple molecules, 2,6-dibromopyridine 304 and dipyridyl ketone 305, which are both

commercially available (Scheme 3.2).

Br
| Br 0)
— | ~N + | N\ | X
Z Br Z N~
303 304 305

Scheme 3.2 Disconnection and functional group interconversion of 303.

The overall route would require only two synthetic steps from simple starting materials.
Although it was commercially available, it was more expedient to synthesise dipyridyl
ketone. Its synthesis was derived from a literature procedure, but with the addition of an
atmosphere of argon in order to prevent undesirable side-reactions to provide a cleaner
work-up (Scheme 3.3). This reaction proceeded cleanly to give 305 in a 97% yield. Its
synthesis and purification was confirmed by comparison of the '"H NMR with literature

values.'%
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1. n-BuLi (1.0 eq.)

THF, -78 °C
30 min
2. EtOCOCI, RT o
N___Br 12h
= 97% = N~
306 305

Scheme 3.3 Synthesis of dipyridyl ketone 305.

After the synthesis of dipyridyl ketone 305, it was reacted with 2,6-dibromopyridine
(Scheme 3.4). This successfully gave the tri-pyridyl bromo 303 in a modest yield (50%)
but good purity. The '"H NMR agreed with literature values, confirming its synthesis.'
The unique advantage to this route compared to that of Stoessel’s® is that dipyridyl
ketone can readily be modified at the 2-position, allowing the introduction of buttress
groups. However, the introduction of an alcohol group to the apex carbon could cause
two issues. First it may affect the Suzuki coupling negatively by interacting with the
catalyst. Secondly, it could cause interference in metal complexation for the final ligand.

An additional step to the procedure to reduce or protect the alcohol may be required.

1. n-BuLi (1.1 eq.)

THF, -78 °C
30 min
Br 0 2.305, RT
N 2h
= Br = N~ 50%
304 305 303

Scheme 3.4 Synthesis of 303.

X-ray structural information for compound 303 was not known. To further confirm a
successful synthesis, to test appropriate solvent systems for the ligand type, and to provide
further characterisation, X-ray analysis was carried out. Crystals of 303 were grown by

slow evaporation from a solution of diethyl ether and subjected to single crystal X-ray
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structural determination (Figure 3.5). Its space group is P2,/a with an R; value of 5.65%.
Two of the pyridyl nitrogens are pointed towards each other such that they begin to form
a cavity, to minimise electrostatic interactions and possibly to reduce the overall dipole.
The third nitrogen atom is involved in a strong hydrogen bond (1.88(7) A) to the proton
of the tertiary alcohol. Weak to moderate electrostatic interactions exist between the
proton of C3 to the nearby pyridyl nitrogens (H3--N2, 2.689(4) A and H3--N3, 2.507(5)

A). The bromo group is structurally unhindered for any subsequent reaction.

Figure 3.5 X-ray image of 303, with thermal ellipsoids at 50% probability level.

Suzuki couplings are well-known reactions with established (substrate specific) reaction
conditions. The last step of this route was performed using reaction conditions provided
by Stoessel (Scheme 3.5).% Analysis of the crude product determined the reaction had not
proceeded. The '"H NMR indicated that the reaction product consisted of 303 and a new

molecule that has more than the 15 unique proton signals expected of 301. Varying the
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reaction conditions by altering solvent (THF, Water/Dioxane, DMF), catalyst (Pd(OAc),,

Pd(PPhs)4), phosphine (TTBP, PPhs), and base (CaF,, CsCOs, K,CO:s) — were fruitless.

catalyst
phosphine
base

Br solvent
reflux 5 h
-------- >

+
OH
B(OH),
302 303 301

Scheme 3.5 Attempted synthesis of 301.

Eventually crystals were grown from the slow evaporation out of an EtOAc solution
containing the reaction product and subjected to single crystal X-ray structural
determination (Figure 3.6). A skeletal structure is given for clarity (Figure 3.7). The
quality of data was low so the solved structure had an R, value of 14.24%, and was found
in a P2,/n space group. The reaction had formed 306, a 2:1 adduct of the boronic acid and
303, by binding through the deprotonated tertiary apex alcohol (1.476(13) A), and a
pyridyl nitrogen (1.602(13) A). The tertiary alcohol proton of compound 303 has been
replaced with a boron atom of one molecule of 2-hydroxyphenyl boronic acid 302 - a
result of the basic conditions of this reaction. The other boronic acid molecule has bound
to the first boronic acid molecule through its boron atom and one phenolic oxygen
(1.359(14) A), and via a bridging oxo- group (1.359(14) A). A hydrogen bond completes
this network of complexation from the second phenol to the boron-bridging oxygen
(1.928(6) A). Other intramolecular bonds of interest are H8--O1 (2.438(6) A), H13--O1
(2.461(6) A), and H24--03 (1.928(6) A). An attempt to procure NMR and ESI-MS data
for this unique boron complex was made, but was not possible, due to the low purity of

the bulk material.
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Figure 3.7 Chemical structure of the boron adduct 306.

The formation of this adduct results in the removal of the boronic acid from the reaction
mixture, therefore preventing a productive reaction. This problem could be averted by
using a large excess of boronic acid, removal of the tertiary alcohol, or protecting either
the alcohol or phenol. As reduction of tertiary alcohols analogous to 303 has not been
well-studied, it was decided that a protecting group for the tertiary alcohol would be

investigated.'”’

There are a large number of alcohol protecting groups, including commonly used t-butyl

ether, methoxymethyl ether, and benzyl ether. For our system, a protecting group was
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required that would not interact with the bromine and was also able to be removed later
in the presence of a phenol. Bulkiness could also be advantageous for increased organic
solubility, and to avert any interactions with chemicals involved in the Suzuki coupling.
For these reasons, a benzyl protecting group was chosen. This can be added simply by
deprotonating the tertiary alcohol with a base such as sodium hydride at 0 °C, followed by
the addition of benzyl bromide (Scheme 3.6). Tetrabutylammonium iodide (TBAI) was
used to catalyse the reaction by way of a Finkelstein reaction. TBAI provides an iodide
that may substitute for the bromide of BnBr, thus increasing the reaction rate of the
subsequent substitution. This reaction afforded 307 in a 34% yield. Purification of the
crude material was possible through column chromatography. Confirmation of the
product was made through assignment of the '"H NMR spectrum. The CH proton shifts of
BnBr (7.09-7.51 ppm) were, on average, shifted downfield (7.28-7.42 ppm), and the
distinct chemical shift of CH, moved from 4.44 ppm (BnBr) to 4.56 ppm (307). >C NMR,
COSY, DEPT-135, HMBC, and HMQC techniques were used to fully assign 307 (Figure

A-2).

NaH

TBAI

BnBr (1.0 eq.)
DMF
0°C,2h

RT, 84 h

—_—

34%

303 307

Scheme 3.6 Synthesis of 307.

Crystals of 307 were grown by slow evaporation from a solution of DCM, and subjected
to single crystal X-ray structural determination (Figure 3.8), solved in the space group
P2,2,2, (R1 = 7.68%). This gave conclusive evidence that the benzyl protection of 303 was

a success. The X-ray asymmetric unit contains two independent molecules of 307, whose
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structures have similarities to the non-benzyl-protected starting material, with the major
exception that there is no longer a proton available for internal hydrogen bonding. There
exists m-m stacking within the asymmetric unit. The bromo group remains structurally

unhindered for subsequent reaction.

Figure 3.8 X-ray image of 307, with thermal ellipsoids at 50% probability level.

The benzyl-protected compound 307 was subjected to the Suzuki reaction (Scheme 3.7),
using tetrakis(triphenylphosphine)palladium(0) as the catalyst in the presence of caesium
carbonate and 302 in DMF. A microwave vessel was initially used at 100 °C for 2 hours
for this reaction. NMR analysis showed formation of the product, in a 5:1 ratio with
starting material. The chemical shift CH, changed significantly (4.56 ppm to 4.82 ppm), as
did the benzyl and pyridyl aromatic chemical shifts CH (7.19-8.61 ppm to 6.58-7.45 ppm).
Increasing the temperature to 120 °C resulted in an increased conversion, affording a 9:1
ratio of product to starting material. Neither further time nor increased temperature

improved the yield of this reaction (54%).
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Pd(PPh3),
CsCO43
DMF, 120 °C
2 h, microwave
OH ’ -
B(OH), 54%
302 307

Scheme 3.7 Synthesis of 308.

Before the next step of deprotection, the intermediate ligand 308 required purification to
remove the starting material 307. A combination of flash column chromatography and
slow evaporation was attempted. Unfortunately, the materials moved together on the
column for all solvents tested. Crystallisation attempts resulted in the isolation of an
unpurified oily material. As purification was not possible, deprotection was not
attempted. Given this, and that we had another potential synthetic scheme, this reaction

pathway was abandoned.

3.2.2 Second Route towards L1cohH

Our second approach began with a re-examination of the previous synthetic route
developed by Shaffer.” His plan followed a logical progression but was ultimately
unsuccessful. As it was simple, and the chemistry involved was well known, it was

reattempted. This scheme would target the ligand L1chH 309 (Figure 3.9).
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Figure 3.9 L1chH 309.

The new target, 309, lacked the problematic tertiary alcohol. The first disconnection splits
the molecule in half by removing the dipyridine methylene (Scheme 3.8). In a forward
sense, it was hoped that SxAr chemistry would give the product. The phenol is methylated

to help avoid undesired side-product formation in the coupling of 310 to 311.

OH
NN X OMe AN N
L = RS
N /IN _N =
[N X Br
I/

309 310 311

Scheme 3.8 Disconnection of 309.

In order to synthesise 2-bromo-6-(2-methoxyphenyl)pyridine 315, a Kumada-Tamao-
Corriu coupling can be employed.'”® This was done by forming the Grignard of 312,
which was reacted with 314 to give 315 (Scheme 3.9). This one-pot reaction afforded a
good yield (75%). Confirmation of synthesis was achieved by comparing the product

NMR spectrum with literature values.'”
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:\/Ig Ni(acac),
2 dppe
;‘;Fz h cl THF
Rh.2h . P RT, 18 h OMe
OMe OMe | -
Br MgBr A 75% = |N
X
312 313 314
315

Scheme 3.9 Kumada-Tamao-Corriu coupling using Ni(acac), as the catalyst in a one pot

synthesis.

The bromo group was installed at the 2-position of 315 by selective deprotonation using
the reagent n-BuLi-LiDMAE (butyllithium-lithium dimethylaminoethanol), followed by
reaction with carbon tetrabromide (Scheme 3.10). The selective substitution has been
proposed to occur by chelation of the aggregate n-BuLi-DMAE. The product was isolated

in an 82% yield. The '"H NMR spectrum agreed with literature values (Figure A-3).>

1. n-BuLi (6.0 eq.)
DMAE (3.0 eq.)
Toluene, -20 °C, 30 min

2.315
-20°C, 1 hr
3. CBry
Toluene, -78 °C - RT, 1 hr
OMe R OMe
7N 82% 7N
A X Br
310

315

Scheme 3.10 Synthesis of 2-bromo-6-(2-methoxyphenyl)pyridine, 310.

The other half, compound 311, was synthesised simply by combining 316 and 317 with
n-BulLi in THF giving a high yield of 99% (Scheme 3.11). Confirmation of the product’s

identity was by comparison to literature values."?
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1. n-BuLi (1.0 eq.)
THF, -78 °C, 1 hr

2. 317
| AN Fao Ny reflux, 30 min XN N
+ >
N | = | N | =
99%
316 317 311

Scheme 3.11 Synthesis of dipyridine methylene, 311.

The second to last step involved the coupling of 310 to 311 (Scheme 3.12). Although this
coupling was previously reported to not proceed, it was deemed worthwhile to
reattempt.”” It was hoped that formation of the carbanion of 311 by treatment with n-
Buli would generate a nucleophile that could displace the bromo group. Similar
chemistry has previously been used in carbon-carbon bond forming reactions, providing

precedence for this substitution.'"!

1.311
n-BulLi (1.0 eq.)
THF, -78 °C, 1 h

2.310
RT, 4 h or reflux, 30 min

7 N\
z
\,_/
\

310 311

Scheme 3.12 Attempted synthesis of 318.

Dipyridine methylene in THF with n-BuLi was stirred at -78 °C under Ar for one hour,
then a solution of 2-bromo-6-(2-methoxyphenyl)pyridine 310 was introduced dropwise
over 10 minutes. The reaction vessel was warmed to room temperature over four hours.
Detailed examination of the subsequent products revealed that this procedure was

unsuccessful. NMR and ESI-MS analysis showed only starting materials.
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Multiple attempts were undertaken, involving more forcing conditions, but all to no avail.
There are a number of possible issues. Firstly, the methylene bridge may not be acidic
enough to undergo deprotonation. Secondly, the resulting anion could be a poor
nucleophile due to charge delocalisation over the adjacent pyridines. Finally, it is possible
that 310 is a poor electrophile and that a stronger electron withdrawing group like the

fluorine in 317 is required.

By reversing the roles of the compounds making 311 the electrophile and 310 the
nucleophile, the reaction might proceed. In order to make 311 into an electrophile, a good
leaving group is needed. This would be achieved by adding bromine to the methylene
position (Scheme 3.13). This was achieved by radical bromination in a 42% yield, and its

NMR matched the values given by the literature.""?

NBS
CCly, reflux
30 mi
N N\ in
& 42%
311 319

Scheme 3.13 Synthesis of 2,2'-(bromomethylene)dipyridine, 319.

The compound 310 was converted to a nucleophile by halogen-metal exchange using n-
Buli, after which the bromide 319 was added dropwise. The coupling was attempted in
refluxing THF, toluene, or DMSO. Unfortunately, again, there was no observed product (

Scheme 3.14). Analysis of the "H NMR spectrum revealed only starting materials were
present. The lack of the protodebrominated form of 319 in the crude reaction material is

strong evidence that the lithiated species did not form.
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1.319
n-BuLi (1.10 eq.)
THF/toluene/DMSO
-78°C,1h
2.310
Br, H reflux, 30 min
OMe
L e e I ESS
=~ "N
|
X Br
310 319

Scheme 3.14 Attempted synthesis of the methylated 310 derivative, 318.

A last attempt was made, this time using dipyridyl ketone 305 instead of 311 or 319
(Schemes 3.12-3.14). The dipyridyl ketone was previously synthesised as part of the first
reaction scheme towards L1cohH (Scheme 3.3). The reaction was carried out once each
with THF, toluene, and DMSO. Although there is precedence for a coupling between 305
and an aromatic bromo group taking place, it may be the case that the 2-methoxyphenyl
moiety and pyridine functionality of 310 might be acting as a chelator by binding to the

Li* cation, thus disrupting any reaction from taking place.

1. 310
n-BuLi (1.10 eq.)
THF/toluene/DMSO
-78°C,1h
2.305
OMe reflux, 30 min
= S 1 I N Y g gy >
~ "N
|
X Br
310 305

Scheme 3.15 Attempted synthesis of the methylated 310 derivative, 320.

The last modification to this procedure was to consider a different protecting group for
the phenol in compound 321 (Scheme 3.16). This would help ascertain what might be

causing trouble for the previous syntheses. As benzyl-group protecting chemistry had
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been successfully used previously, this was applied here too. The first new reaction was
building the 2-(6-bromo-2-pyridinyl)-phenol molecule from 2,6-dibromopyridine and 2-
hydroxyphenol boronic acid (Scheme 3.16). This Suzuki coupling afforded 321 as the
major product (67% yield). Although these exact reaction condition used are new, 321
had previously been synthesised in low yields.""> The 'H and "C NMR spectra matched
that of the literature, confirming its synthesis (Figure A-4). A small amount of the
dicoupled pyridine (2,2’-(pyridine-2,6-diyl)bisphenol) was found as a side-product, but
was removed during purification using silica gel chromatography. A further advantage to
this alternate pathway compared to Scheme 3.10 is that it allows various protecting groups

to be used. This would allow optimisation of the protecting group to be readily

undertaken.
Pd(PPhj3),
K,CO3
Br DME OH
N reflux, overnight
OH + | > ZZ
A |
B(OH), Br 67% X
Br
302 304 321

Scheme 3.16 Synthesis of 321.

Protection of the phenol group was carried out using similar conditions to the standard
ones as used previously (Scheme 3.17). Purification by silica gel chromatography yielded
33% of 322. The success of synthesis for this new compound was determined through

analysis and assignment of the spectroscopic data (Figure A-5).
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NaH
TBAI
BnBr (1.20 eq.)
DMF
OH 0°C, 2h OBn
N\
| 33%
N Br Br

321 322

A
z

/

Scheme 3.17 Synthesis of 322.

The newly benzyl-protected pyridyl phenol was reacted with dipyridyl ketone (Scheme
3.18). This reaction was successful according to NMR and ESI-MS analysis and
purification was possible after multiple silica gel chromatography columns (Figure 3.10).

The yield for this reaction, however, was poor (11%).

1. 322
n-BuLi (1.10 eq.)
Ether
-78 °C, 20 min
2.305
THF
RT, overnight

I 11%

322 305

Scheme 3.18 Synthesis of the benzylated 301 derivative, 323.

The new material 323 was fully analysed and the 'H NMR, “C NMR, DEPT-135, COSY,
HMBC and HMQC spectra were assigned (Figure A-6). The proton of the tertiary alcohol
was easily assigned (7.49 ppm) due to its characteristic broadness and integration of one
proton. The carbon of this apex group was assigned using HMQC at 81.33 ppm. The
other relatively shielded carbon peak (compared to typical aryl and pyridyl carbon shifts)
at 70.63 ppm therefore must be due to the benzyl methylene group. Comparison of this

peak to the starting material (70.76 ppm) confirms this. Likewise, the "H NMR singlet at
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5.16 ppm, which integrates for two protons, must be due to the benzyl methylene protons.
The two most deshielded protons at 8.58 and 7.93 ppm are associated with protons on the
pyridyl rings, as are the peaks in the range 7.68-7.76 ppm. The peak at 7.81 ppm, and the

upfield protons are all associated with the last remaining rings. HMQC and HMBC were

used to assign these protons to the correct carbon atoms.
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Figure 3.10 'H NMR spectrum of compound 323.
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The benzyl group could be removed by deprotection to give 301, the ligand LlcohH
(Scheme 3.19). The starting material was stirred with boron tribromide in DCM at -78 °C,
allowing to warm to room temperature overnight. A yellow precipitate resulted, and
following silica gel chromatography, gave the pure ligand as a pale-yellow powder (46%
yield). The ligand was fully characterised with NMR, ESI-MS, and CHN analysis (Figure

A-1). This ligand was subsequently coordinated to beryllium (see Chapter 4).
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BBr; (5.0 eq.)
-78 °C
RT, overnight

—_—

46%

323 301

Scheme 3.19 Successful synthesis of the ligand L1cohH 301.

The notable differences between the NMR of 323 and 301 are the disappearance of the
methylene protons of the benzyl protecting group at 5.16 ppm, and the appearance of the
broad and distinctive phenolic proton signal at 13.11 ppm (Figure 3.11). A hydrogen
bond between the phenolic proton and the neighbouring pyridyl nitrogen causes the
proton to be highly deshielded. This may cause the compound’s interaction with Be** to
be more reactive, as the proton has a lower electron density. Elemental analysis confirmed
purity of 301, Expected (C,H;N30,-%2H,0): C, 72.48; H, 4.97; N, 11.55; Found: C, 72.90;
H, 4.94; N, 11.55. This ligand, which is potentially capable of binding beryllium in

tetradentate fashion, was synthesised in an overall yield of 1.1% over 5 steps.
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Figure 3.11 'H NMR spectrum of ligand 301.
3.2.3 X-ray Crystal Structure of L1cohH

It proved challenging to fully purify LlcohH 301. Although any remaining starting
material and side products were removed, a small amount of stubborn solvent (H,O)
always remained. However, this did not prevent the growth of block-shaped crystals by
the slow evaporation of pentane from a solution of LlcohH in benzene left to stand
overnight. At the University of Marburg, a suitable crystal was selected and mounted on a
Stoe IPDS2T diffractometer and subjected to single X-ray structural determination. The
crystal was kept at 100(2) K during data collection. Using Olex2, the structure was solved
with the Superflip structure solution program using Charge Flipping and refined with the

ShelXL refinement package using Least Squares minimisation (Figure 3.12).
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C15

C14 d

Figure 3.12 X-ray structure of L1cohH 301, with thermal ellipsoids at 50% probability

level.

The asymmetric unit consists of one molecule in its entirety. Refer to Table B-1 for
structural parameters. The crystal had an orthorhombic lattice, and space group of Pbca

(R = 3.41%). The structure of the ligand mimics closely the hypothesised motif.

The backbone of the ligand consists of a relatively planar pyridyl-phenol unit (3.11°
dihedral angle). The other two pyridyl moieties sit freely away from each other, forming a
relaxed pocket in the centre of the ligand. A particularly strong hydrogen bond exists
between the phenolic proton and the backbone pyridyl nitrogen (1.753(18) A). The
distance between this proton and the next closest pyridyl nitrogen suggests a weak
hydrogen bond (2.843 A), but the last pyridyl nitrogen is at a substantial distance in which
any electrostatic interaction is non-dominant (4.366 A). Three of the potential donors

(02, N2, N3) are pre-organised into a cavity, available for chelation.

98



Synthesis of Non-buttressed Ligands

The last pyridyl group is twisted away from the potential binding site, as it is part of a
strong hydrogen bond (2.066(18) A) between its nitrogen atom and the proton of the
tertiary alcohol belonging to a neighbouring ligand molecule within the crystal lattice
(Figure 3.13). Upon complexation with a metal cation, the last pyridyl group can

potentially rotate and complete the binding in a tetrahedral fashion.

Figure 3.13 Intermolecular hydrogen bonding between two molecules of 301 in the unit

cell.

A structural comparison was made between the crystal structure and computational
model of LlcohH (Figure 2.14, page 65). It was found that there was overall a good
agreement between the two structures. The backbone of the X-ray structure had a 3.11°
dihedral angle, whereas the computational model has a 21.18° dihedral angle. This
deformation is due to an artificially shortened hydrogen bond between the phenol proton
and the nearby pyridyl arm (2.339 A) of the model. The other major difference between
the structures is the arrangement of the other pyridyl arm, which is found to be further
twisted away from the binding site in the computational model. This unfavourable
contortion can be explained due to the model allowing a strong hydrogen bond between
the tertiary alcohol proton and the pyridyl nitrogen (1.823 A). This does not exist in the

X-ray structure because of the intermolecular hydrogen bonds (Figure 3.13).
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Figure 3.14 Computational structure of L1cohH (coloured normally) merged with the

X-ray structure for 301 (coloured light-blue).

3.3 L1nH

The second ligand targeted was L1nH (Figure 3.15, left). This compound was previously
synthesised by Shaffer.> His procedure was followed successfully without any significant

alterations, and the 'H data agreed with his values.

OH OCH;
L Q) Sue
ZINTSN 22
N~ | N*”
S NS |
L1nH, 324 325

Figure 3.15 L1nH (left) and 325 (right).

A single crystal of 325 (Figure 3.15, right), the methyl-protected version of L1nH, was

obtained by slow evaporation of a DCM/heptane solution, and subjected to a single
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crystal X-ray structural determination (Figure 3.16). The crystal had a Pbca space group
and a low R-factor (R, = 4.93%). The structure is in a loose elongated conformation. Every
heteroatom is orientated away from each other to minimise electrostatic repulsions — this
is the case in the unit cell as well. The central nitrogen N4 is not planar, with each pyridyl
unit twisted away from the plane of the backbone, at an average angle of 35°. This is due
to the lone pair present on N4. There exist intramolecular hydrogen bonds of a modest
strength between the pyridyl nitrogens and opposing protons (N1--H12, 2.8356(17) A;

N2---H4, 2.5876(17) A; N3---H7, 2.6939(17) A; N3.-H17, 2.5456(16) A).

Figure 3.16 X-ray image of 325, with thermal ellipsoids at 50% probability level.

3.4 Summary

In this chapter, many routes were tried in an attempt to synthesise an non-buttressed
ligand. Although these often proved troublesome, great efforts successfully synthesised
the ligand LlcohH 301 (Figure 3.17, left), and this was fully characterised, and its
structure was determined by X-ray crystallography. The ligand L1nH was also synthesised
(Figure 3.17, right), and the intermediate species 325 was characterised by X-ray

crystallography.
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L1cohH L1nH

Figure 3.17 Successfully synthesised ligands L1cohH and L1nH.

3.5 Future Work

During this project, a route was identified to reach the third apex group investigated,
L1chH. A further step in the reaction pathway can be added which would be the selective
reduction of the hydroxyl group of LlcohH (Scheme 3.20). There is precedence in the
literature that tertiary alcohols can be selectively reduced - particularly in the presence of
bulky substituents (in this case, three pyridyl rings).'” The use of diphenylchlorosilane
and InCl; should result in L1chH. If accomplished, this would provide the last remaining
apex compound for the non-buttressed L1 ligand motif. This would be useful in
experimental competitive and comparison studies, as well as providing further evidence

towards the reliability of the computational work.

diphenylchlorosilane
InCl3

301 309

Scheme 3.20 Proposed dehydration of L1cohH 301 to form ligand L1chH 309.
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Other attachments may also be made to various positions on the scaffold, including bulky
t-Bu groups for increased crystallisation reliability or sulfonate residues to increase

solubility in aqueous systems.
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Chapter 4: Beryllium Complexes

"Research is what I am doing when I don’t know what I am doing.”

— Werner von Braun

4.1 Introduction

In order to find confidence that the computational work in this thesis is reliable,
comparison with experimental study of beryllium-containing complexes is required. This
could involve a number of techniques including X-ray crystal structural determination,
spectroscopic analysis, and competition studies. The collation of evidence provided by

these will provide justification of the computational predictions.

4.2 X-ray Crystal Structural Determination

During this research, a number of compounds were sent to our collaborator Dr. Magnus
Buchner at the University of Marburg, Germany. There, reactions were undergone in
which each material was reacted with BeCl, under heating conditions. This was successful
for three compounds (Figure 4.1). The first part of this chapter is a structural discussion

of the resulting X-ray structural determinations.

0] O—p~ = |N OH
H\O/© A O
301 306 2,2'-(Pyridine-2,6-diyl)bisphenol

Figure 4.1 Ligands 301, 306, and 2,2'-(pyridine-2,6-diyl)bisphenol were successfully

bound to beryllium.
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4.2.1 X-ray Crystal Structure of 401

The ligand LlcohH 301 was reacted with BeCl, in a mixture of acetonitrile, 1,2-
difluorobenzene, and DMF. The resulting suspension was heated for several days at 80 °C,
and colourless rod shaped crystals of 401 formed at the phase interface of a mixture of
acetonitrile, 1,2-difluorobenzene, and DMF. A suitable crystal was selected and measured
on a Stoe StadiVari diffractometer. The crystal was kept at 97(2) K during data collection.
Using Olex2, the structure was solved with Superflip, a structure solution program, using
Charge Flipping and refined with the ShelXL refinement package using Least Squares

minimisation. This is the first beryllium complex reported of this type (Figure 4.2).

Figure 4.2 X-ray structure of the complex 401, with thermal ellipsoids at 50% probability

level.
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This triclinic system has a P-1 space group (R; = 4.54%). The beryllium(II) centre is in a
moderately distorted tetrahedral donor environment with angles subtended within the
range 98.66(19)-121.8(2)°. The four donors comprise of three nitrogen donor atoms from
each of the pyridyl molecules, and one phenolate oxygen atom. The Be---O bond length is
significantly shorter (1.511(3) A) than the Be---N bond distances (1.687(4), 1.740(4), and
1.744(4) A). The angles about the beryllium ion are not perfectly tetrahedral, and are
found between 98.65(19)-121.9(2)°. The closest angle to the ideal tetrahedral angle is
02--Bel---N3, which is 111.4(2)°. A chloride ion forms a moderately strong hydrogen
bond to the tertiary alcohol (2.181 A). This counter ion balances the -1 charge of the

ligand and the +2 charge of the cation.

The asymmetric unit of 401 consists of two complete molecules of the complex (Figure
4.3). The arrangement of each complex is the same, except for the chloride counter ion,

which is found to be inverted through the ligand backbone.

Figure 4.3 Asymmetric unit of 401, with thermal ellipsoids at 50% probability level.

Only three other organic tetradentate X-ray structures of beryllium complexes are known.

Beryllium is in a tetrahedral arrangement in two of these''* and square planar in the

106



Beryllium Complexes

other.”® There is no tight binding pocket in either tetrahedral complex like the one found
for 401. The [Be(salbn)] complex has Be--O bond lengths of 1.583(4) A and Be--N bond
lengths of 1.727(4) A, and the angles about its binding centre are between 103.8(2)-
113.8(3)°. The other tetrahedral complex, [Be(NTP)]Na, has Be---O bond lengths of 1.597
A, a Be-~N bond length of 1.780, and the angles about its binding centre are between
108.9-110.1°. The complex 401 has bond lengths shorter than all of these, but its
conformation is further from an ideal tetrahedral shape. This implies a ligand constricted

coordination environment upon complexation.

COVXIW YOMHAJ ZZZNHK_01
[Be(salbn)] [Be(NTP)]Na [Be(pthalocyanine)]

Figure 4.4 Known organic tetradentate binders of Be?* and their CCDC codes.*®

4.2.2 X-ray Crystal Structure of 402

The compound 306 was reacted with BeCl, in acetonitrile and triethylamine. The
resulting suspension was heated for several days at 95 °C. White needle-like crystals of
the beryllium adduct 402 formed at the phase interface. A suitable crystal was selected
and measured with the monochromated Cu-Ka radiation of a Stoe IPDS2T diffractometer
equipped with a Xenocs Microfocus Source and a Dectris Pilatus 300K Detector. The
crystal was kept at 97(2) K during data collection. The structure was solved with the Olex2
structure solution program and refined with the ShelX refinement package (Figure 4.5).
The asymmetric unit consists of two complete molecules of the complex. The crystal

space system is monoclinic and is in a P2,/c space group (R, = 7.35%).
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Br1

Figure 4.5 X-ray structure of the complex 402, with thermal ellipsoids at 50% probability

level.

This complex, although not targeted, exhibits some interesting properties. The
coordination centre gives a slightly distorted tetrahedral geometry. The complex 402 is
formed by the replacement of H24 of 306 (Figure 3.6, page 84) with beryllium chloride.
The beryllium ion binds to one phenolic oxygen atom, one pyridyl nitrogen atom, one
oxo group, and one chloride ion. This oxo group bridges the two boron atoms in this s
complex to the beryllium cation. A pyridyl group of 306 changes its conformation so that
in 402 it can bind through its nitrogen atom to the beryllium ion. Around the site of
coordination, the two boronic acid-moieties and the coordinating pyridine is relatively
planar. A second pyridyl group sits perpendicular to this plane, in a fashion such that a
possible m-m interaction is taking place between its aromatic ring system and the lone
chloride. The bond lengths of Bel--O1 (1.560(5) A) and Bel--O2 (1.692(5) A) are in the
typical range found for beryllium-phenolate bonds. However the Bel---N2 bond (1.850(5)
A) is found to be elongated compared to N-donor beryllium complexes.”* * The

tetrahedral angles about the beryllium binding site varying from 103.2(2) - 113.1(2)°. This
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results in a stable arrangement of donor atoms as the angles about the Be** atom are near
to the ideal angles of a tetrahedral environment (average = 109.6°). This arrangement of

nitrogen and oxygen donors provides a suitable tridentate binding pocket for Be**.>” -4

This is the fifth reported structure to contain a Be--O--B bridge.'"> B1 and B3 occupy a
trigonal planar and tetrahedral coordination environment respectively. The angles for
each of these are found to be close to their expected values: O2---B1--O3 = 121.6(3)° and

02--B1.-04 = 109.3(3)°.

The unit cell is composed of four molecules of 402. Revealed in the macrostructure is a
small extent of packing of the equatorial components. The Be--Cl bonds alternatively

point away and towards each other.

4.2.3 X-ray Crystal Structure of 403

The compound 2,2’-(pyridine-2,6-diyl)bisphenol was treated in the same manner as 301
and 306. Crystals of the tridentate beryllium complex 403 formed, and were subjected to
single X-ray structural determination (Figure 4.6). The orthorhombic crystal system is in

a Pbca space group with a low R, index of 3.20%.
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Figure 4.6 X-ray structure of the complex 403, with thermal ellipsoids at 50% probability

level.

The asymmetric unit consists of one doubly deprotonated and tridentate coordinating
compound bound to beryllium through two phenolic oxygen atoms, and one pyridyl
nitrogen atom. The last coordinating atom comes from the oxygen of the amide DMF.
The binding site is in a tetrahedral geometry, with the backbone of the chelating ligand

retaining most of its planarity.

A similar complex to 403 is known."® This is the same molecule, but the coordinating
solvent is water as opposed to DMF (CCDC: BOHMOB). The bond lengths and angles of
the coordinating atoms are comparative, with the bonds of BOHMOB being shorter
(Table 4.1). The only significantly different bond is Os--Be, and this is due to beryllium
binding to two different functional groups (amide vs water). With the errors taken into

account, the tetrahedrality of 403 and BOHMOB are not statistically significant.
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Table 4.1 Experimental geometric parameters for 403 and BOHMOB.
403 BOHMOB

N-Be 1.7054(13)  1.687(7)
. 01-Be 1.5684(15)  1.552(7)
Bond /A
0O,-Be 1.5560(15)  1.559(6)
0Os-Be 1.6915(14)  1.641(7)
N-Be-O; 108.05(8) 107.5(4)
N-Be-O,  108.46(8) 107.8(4)
N-Be-O;  102.74(7) 104.7(4)
Angle /°
0:-Be-O,  115.72(9) 113.0(4)
0:-Be-Os  110.55(8)  110.8(4)
0,-Be-O;  110.47(8) 112.5(4)
Geometry Index T 0.948(1) 0.954(6)

4.3 Experimental and Computational Comparison

In addition to the X-ray crystallography, the complex 401 was modelled and its structure
optimised by DFT calculations using B3LYP/6-311++G(d,p) (Figure 4.7). Its Be NMR
was calculated with the GIAO (gauge-including atomic orbital) method. A large basis set
is required to obtain good results with all computational NMR methods. Therefore, the
same large triple-zeta basis set (6-311++G(d,p) was used. The combination of a structural
and spectral comparison of the experimental data to the computational data will give a

good indication towards the accuracy and reliability of the computational work.
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Figure 4.7 Aqueous phase geometry optimised complex 401 at B3LYP/6-311++G(d,p).

4.3.1 Structural Comparison

As done so previously (Figure 4.8, page 100), a comparison was made between the crystal
structure and computational model of 401 (Figure 4.9). There is an extremely high degree
of agreement for all bond lengths, angles, and dihedrals. Table 4.2 lists the key values of
this complex. Most of the calculated values are exactly within the error of the
experimentally determined values. Where they differ, they only differ by less than 0.7%.
The calculated bond lengths have been slightly overestimated, which differs from what
was expected. Usually, it is found that calculated values are underestimated as they are the
equilibrium values and experimental values are vibrationally averaged values. The bond
angles have converged to be closer to the ideal tetrahedral angles (ts(calc.) of 0.840 and
T4(exp.) of 0.838), but these are within the error parameters. Therefore, their geometries

are essentially the same.
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Figure 4.9 Computational structure of 401 (coloured normally, with crosses) merged with

the X-ray structure for 401 (coloured light-blue).

Table 4.2 Calculated and experimental geometric parameters for 401.

Calc. Exp.
O-Be 1.524 1.511(3
N;-Be 1.689 1.687(4

3)
. (4)
Bond /A
N,-Be 1.755 1.745(4)
Ns-Be 1.747 1.740(4)
O-Be-N; 1107 111.4(2)
O-Be-N,  120.2 120.0(2)
O-Be-N; 1214 121.9(2)
Angle /°
N;-Be-N, 100.90 100.58(19)
N:-Be-N3  101.63 100.73(19)
N-Be-N; 98.70  98.65(19)
Geometry Index T 0.840 0.838

The two noticeable (but not significant) differences are in the C---H bond lengths, and the

placement of the CI ion. The first is explained due to the placement of hydrogens through

113



Chapter 4

the Olex2 program, which is known to estimate artificially long C.-H bonds. The
displacement of the chloride ion is likely due to either the solvation model used in the
calculation (IEF-PCM), or an interaction in the unit cell that has not been taken into

account.

It was found that there was overall a good agreement between the two structures. The
backbone of the X-ray structure had a 3.11° dihedral angle, whereas the computational
model has a 21.18° dihedral angle. This deformation is due to an artificially shortened
hydrogen bond between the phenol proton and the nearby pyridyl arm (2.339 A) of the
model. The other major difference between the structures is the arrangement of the other
pyridyl arm, which is found to be further twisted away from the binding site in the
computational model. This unfavourable contortion can be explained due to the model
allowing a strong hydrogen bond between the tertiary alcohol proton and the pyridyl
nitrogen (1.823 A). This does not exist in the X-ray structure because of the

intermolecular hydrogen bonds (Figure 3.13).

4.3.2 Spectral Comparison

The °Be NMR of 401 was obtained at the University of Marburg. The NMR was done in
the solvents 1,2-difluorobenzene, DMF, and acetonitrile, prior to its crystallization. The
spectrum gave broad signals at 2.68 ppm and 6.17 ppm (using [Be(H,O)** as the reference
compound). The lower peak at 2.68 ppm is attributed to the [BeCI(DMF)s]* species, and
the higher peak at 6.17 ppm is attributed to the 401 complex. The broadness of the peaks
suggests exchange between the species, so it is plausible that the actual *Be signal is
slightly further downfield. The calculated value for 401 is 6.06 ppm. Few computational
studies have investigated the NMR properties of beryllium complexes. Those that have
tend towards larger differences between the computational and experimental data.®®

Other tetradentate complexes of beryllium typically have differences between 0.3 ppm and

2.1 ppm, and as high as 5.3 ppm. The calculated value of 6.06 ppm for the °Be shift in 401
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is found in the same range as bischelates of beryllium (through alcohol and ketone
functionals), which is only a little lower than what was expected. The small difference
between the calculated and the experimental value for 401 is only 0.11 ppm (1.8%).
Therefore, this degree of preciseness suggests that the computational model can make

accurate predictions.

4.4 Summary

Three new beryllium-containing complexes were successfully characterised by X-ray
crystallography. Due to the nature of beryllium, relatively few Be**-containing crystal
structures exist. Nonetheless, these new complexes are unique and interesting structures
(in particular 401 and 402). The comparison of experimental and computational data of
401 has shown that there is both a good geometric and spectroscopic fit. Therefore, the
computational model appears reliable, allowing further predictions to be made. As a part

of future study, it is recommended that competition studies are performed.
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Chapter 5: Computation of Buttressed Ligands

"It is unworthy of excellent men to lose hours like slaves in the labour of calculation which
could be safely relegated to anyone else if a machine were used.”

- Gottfried Wilhelm Leibniz

5.1 Introduction

The thesis of this work is that buttress groups through hydrogen bonding will enhance the
binding strength of certain ligand designs towards small cations, and in particular Be*".
Therefore, extensive buttressing types have been considered in this chapter (Figure 5.1).
As before, the three apex groups previously examined will be further considered. This
chapter also provides a comprehensive metal binding study, which compares two new

ligands to known beryllium binders.
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NHCONH,

OCH3 N(CH,),

Figure 5.1 Buttress groups investigated, where R denotes the rest of the ligand motif.

5.2 Buttress groups

For every ligand, the following buttress groups have been investigated: NH,, NHCHs,
NHCOCH;3, and NHCONH,. L1 and L2 were examined further with the buttress group

NHCOH. These buttressing groups were designed to provide a secondary sphere of
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coordination through a network of intramolecular hydrogen bonds. L1 was investigated
further still with OH, N(CH3),, and OCHs. It should be noted that these last two groups
do not contain a hydrogen bond capable proton, therefore are not able to form a

secondary sphere of coordination like the others.

5.2.1 Ligand Geometries

The optimised structures of all ligands were calculated as done previously. It would be
impractical to present an image of every combination of ligand, buttress, and metal, so the
following figure only gives an image of each buttress using L1ch as the base ligand (Figure
5.2). Any unique conformations will be discussed separately; otherwise only general
trends will be given for each buttress. In theory, the buttress groups should both enhance
the binding strength and selectivity of the ligands, as well as helping to pre-organise their

binding cavities.

It has been observed to be the case that when capable, each buttress group investigated
enables the ligand to assemble itself into its near-complex-like geometry. Pre-organisation
has to some extent been observed with each buttress group. This modifies their rigidity,
which should in theory lead to reduced conformational freedom - increasing the potential

for selective binding of beryllium over other metals.

Hydrogen bonds in L1chNH, are found between the phenolic proton and adjacent
pyridyl nitrogen (1.748 A), and one buttress amine proton and the phenolic oxygen (2.286
A). It is the case however, that one pyridyl arm still faces away from the binding site. The
same hydrogen bonds are observed in LIchNHCH; (1.744 A and 2.283 A respectively).
Its geometry is overall the same, but the other pyridyl arm is twisted much further away.
The buttress for LIchNHCONHj, has a more complex arrangement, as the oxygen of one
buttress group also participates, forming a hydrogen bond with the phenolic proton

(2.048 A). A weak electrostatic interaction is found between the involved secondary amine
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proton and the opposing pyridyl nitrogen (3.485 A). The result is that all donor atoms
point towards a single cavity. It is likely that a steric effect strains the geometry of the
larger buttress groups, which prevents the pyridyl arms from coming closer together
without a strongly attractive cation present. This is the case for the LIchNHCOCH3
buttress, where only weak electrostatic interactions are present between the potential

hydrogen bond candidates.

L1chNHCH; Na= 0.36, g = 0.98

L1chNHCOCH; Na= 0.83, ng = 0.87 L1chNHCONH, Na=0.67, Ng = 0.95

Figure 5.2 Aqueous phase geometry optimised ligand L1 with each of the four buttresses

that have been examined for each ligand type, at B3LYP/6-311++g(d,p).

L1 was further studied with four more groups of various buttressing ability (Figure 5.3).
One is another small secondary amine, whilst the other has a hydroxyl group. The ether
and tertiary amino groups will not be involved in a secondary coordination sphere, but

their steric effects, weak electrostatic interactions, and ring interactions may provide
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information about the types of contributions the buttresses have to binding metals.
L1chNHCOH is pre-organised in the same manner as LIchNHCH3 except in this case
no strong hydrogen-bonds are observed except between the buttress pyridyl nitrogen and

the adjacent an amide proton.

L1chNHCOH Ne=0.41,ng=0.94 L1chOH Na=1.00, ng = 1.00

L1chOCH; Na= 0.99, ng = 0.99 L1chN(CHs), Na=0.87, s =0.85

Figure 5.3 Aqueous phase geometry optimised ligand L1 with the second four buttresses

that have been only examined for L1 and L2, at B3LYP/6-311++G(d,p).

It is the case that for all ligand types, partial pre-organisation has taken place. In most
cases, one buttress arm comes close to the binding site through a hydrogen bond. This is
in stark contrast to the disordered structure of L1chH (Figure 2.7, page 54). From these
geometries, it is predicted that binding energies towards small cations should increase
over that of the non-buttressed ligands. L4 and L5 show less pre-organisation, except in
the cases with small buttress groups (NH; and NHCH3). It is with these small 1° and 2°

amine components that the highest degree of pre-organisation is observed.
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5.2.2 Complex Geometries

Immediately, it is clear from the complex geometries that the buttress groups have - be it
favourable or otherwise - significantly altered the complex structures relative to the non-
buttressed cases. The L1 series of calculations have been shown with each of the four
buttresses used for all motifs, as well as the four buttresses that were only examined in
cases for L1 and L2 (Figures 5.4-5.6). All key bond lengths and angles, including present
hydrogen bonds, have been listed also (Tables 5.1-5.8). After examining all complex
structures, it was found that the L1 series, overall, fit well the trends observed in the other

ligands. Any deviations of note will be discussed later in this chapter.

For the smaller buttresses (e.g. NH, and NHCH3), two hydrogen bonds are present.
These form a secondary sphere of interaction just beyond the core metal binding site.
They occur between the phenolic oxygen bound to the metal, and the nearby labile
protons attached to a heteroatom of the buttress. The larger buttresses (e.g. NHCOCH3
and NHCONH:) have either one or two hydrogen bonds present. It is sometimes the case
that one buttress arm does not come in close enough proximity with a potential hydrogen
bond acceptor to form a strong interaction. The steric bulk of these buttress groups cause
large unfavourable proximity interactions with the opposing buttress arm, causing them
to lie at significant angles away from what would be ideal as exhibited by the smaller

buttresses.
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L1chNH._Be L1chNHCH:_Be

Figure 5.4 Aqueous phase geometry optimised complexes L1chNH, and L1chNHCH;,
formed with AI** B3*,and Be?*, examined at B3LYP/6-311++G(d,p).
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L1chNHCOCH:_Be L1chNHCONH,_Be

Figure 5.5 Aqueous phase geometry optimised complexes L1chNHCOCH; and
L1chNHCONH,, formed with with APP* B*, and Be?*, examined at B3LYP/6-311++G(d,p).

The hydrogen bonding interactions range between very strong, mostly covalent bonds

(1.852 A) to slightly weaker, more electrostatic bonds (2.573 A), and included a small
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number of weak hydrogen bonds (3.324 A). A strong relationship is found between the
length of hydrogen bonds present, and the ‘tightening’ or reduction in cavity size. This
involved the bond lengths between metal and binding atoms, as well as the tetrahedrality

of the binding site.

The secondary hydrogen bonding causes the phenolic oxygen to be drawn slightly away
from the metal. On average, a 1% increase in the length of the O---M bond is observed for
buttressed ligands over their non-buttressed forms, which corresponds to a weakening of
the bond. Nevertheless, the presence of this secondary sphere of hydrogen bonding
stabilises the overall structure over that of the non-buttressed complexes, as evidenced by

their binding energies.

L1chNH; when directly compared with L1chH is strictly a stronger chelator as it binds to
each metal cation closer and more compactly. Higher T values are obtained for each
complex, which corresponds to a closer tetrahedral binding geometry. The strong
attraction of the buttress amine protons to the phenolic oxygen creates a pulling effect on
the rest of the pyridyl arm. The result is that the pyridyl nitrogen atoms are all pulled in

towards the metal binding site.

The buttress groups OCHs and N(CHs),; in their neutral states cannot take part in
hydrogen bonds as the hydrogen donor, as the previously available proton has been
replaced with a methyl group (Figure 5.6). It is expected that these groups will destabilise
the complex by introducing groups that will push away from the binding site due to

repulsive electrostatic interactions with the phenolic oxygen.
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L1chOCH:_Be L1chN(CHs)._Be

Figure 5.6 Aqueous phase geometry optimised complexes L1chNHCOH, L1chOH,
L1chOCH;, L1chN(CH;), formed with Be?*, examined at B3LYP/6-311++G(d,p).
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Table 5.1 Geometric parameters for L1chNH.. Table 5.2 Geometric parameters for L1chNHCHs.
L1chNH: L1chNHCH:
Al B Be Al B Be
O-M 1.714 1414 1.549 O-M 1.715 1416 1.550
Ni-M 1.872 1568 1.697 Ni-M 1.873 1.569 1.696
Bond /A N2-M 1.899 1597 1.751 Bond /A N2-M 1.897 1599 1.752
Ns- 1.899 1597 1.751 Ns- 1.897 1599 1.752
O-H; 2632 2007 2115 O-H; 2559 1952 2.080
O-H, 2,573 2.007 2116 O-H: 2524 1953 2.080
O-M-N; 1023 1123  109.0 O-M-N; 1022 1120 1089
O-M-N, 1263 1148 120.5 O-M-N: 1259 1149 1204
Angle /° O-M-N3 1247 1148 120.5 Angle /° 0O-M-N3 1248 1149 1204
N:-M-N. 993 1052 1020 N1-M-N. 99.2 1053 1020
N:-M-Ns 99.2 1052 1020 N:-M-N; 994 1053 1020
N2-M-N3 98.9 103.5 99.9 N2-M-Ns 99.4 103.5 100.3
Index T4 0.77 0.92 0.84 Index T 0.78 0.92 0.85

Table 5.3 Geometric parameters for L1chNHCOCHs. Table 5.4 Geometric parameters for L1chNHCONH..

L1chNHCOCH: L1chNHCONH;
Al B Be Al B Be
O-M 1542 1713 1404 O-M 1.715 1409 1.541
Ni-M 1.691 1.884 1.556 Ni-M 1.883 1.562 1.680
Bond /A N2-M 1.765 1.921 1.618 Bond /A N>-M 1917 1613 1.766
Ns-M 1.765 1919 1.620 Ns-M 1918 1613 1.765
O-H; 2.003 2313 1.955 O-H; 3492 2001 2014
O-H; 1.996 3324 2.023 O-H. 2268 1.894 2.008
O-M-N; 101.3 1131 109.1 O-M-N;, 1013 1123 1103
O-M-N; 118.6 1145 1204 O-M-N> 1377 1158 1198
Angle /° O-M-N3 137.0 1147 1206 Angle /° O-M-N3 117.7 1141 1196
N1-M-N. 98.1 1053 1024 N:-M-N. 980 1049 1020
N:i-M-Ns 973 105.1 1024 N1-M-N; 98.1 1059 102.0
N2-M-N; 963 1029 993 N2-M-N; 96.1 102.7 100.4
Index Ts 0.74 0.93 0.84 Index Ts 0.74 0.92 0.85
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Table 5.5 Geometric parameters for L1chNHCOH.  Table 5.6 Geometric parameters for L1chOH.

L1chNHCOH L1chOH

Al B Be Al B Be
O-M 1.709 1407 1.542 O-M 1.707 1421 1.545
Ni-M 1.870 1.556 1.685 N:i-M 1.861 1.554 1.675
Bond /A N2-M 1.913 1617 1763 Bond /A N2-M 1906 1593 1.735
Ns- 1912 1617 1.761 Ns- 1906 1593 1.735
O-H; 2574 1935 2.002 O-H; 2617 1857 1977
O-H, 2536 1.941 1.986 O-H: 2618 1852 1.977
O-M-N; 1025 1129 1098 O-M-N; 1036 1136 1114
O-M-N, 1265 1149 1204 O-M-N: 1251 1142  119.1
Angle / O-M-N3 1254 1146 1199 Angle /° 0O-M-N3 1251 1140 119.1
Ni-M-N2 99.1 1054 102.2 N1-M-N2 99.6 1054 102.2
N:-M-Ns 99.0 1054 1024 N:-M-N; 996 1054 1022
N2-M-N3 98.0 102.6 99.5 N2-M-Ns 98.5 103.1  100.2
Index Ta 0.77 0.93 0.85 Index Ts 0.78 0.93 0.86

Table 5.7 Geometric parameters for L1chN(CHs)..  Table 5.8 Geometric parameters for L1chOCHs.

L1ChN(CH3)z L1ChOCH3
Al B Be Al B Be
O-M 1.711 1.387 1532 O-M 1.720 1395 1.532
N:-M 1902 1567 1.717 N+-M 1.897 1.571 1.717
Bond /A Bond /A
N.- 1920 1.620 1.793 No- 1.924 1614 1.822
Ns-M 1.920 1.620 1.793 Ns-M 1916 1.621 1.817
O-M-N; 99.3 1123  106.7 0O-M-N; 100.7 1129 1075
0O-M-N; 1330 1169 1234 0O-M-N, 129.8 116.0 1232
0O-M-Ns 121.7 1141 119.7 O-M-N3 1298 1158 123.2
Angle /° Angle /°
N1-M-N, 97.9 104.7 100.2 N+-M-N, 96.8 1043 1009
N;-M-N; 100.3 1045 101.5 N:+-M-Ns 96.8 1044 1009
N>-M-N3 97.5 103.1 101.6 N2-M-N3 936 1019 97.2
Index T4 0.75 0.92 0.83 Index T 0.71 0.91 0.81

Some complexes diverged from the typical geometries observed. For some of the
investigated ligand motifs, the large buttresses, which contain multiple available donor
atoms, form 5- and 6- coordinate complexes. This is because they allow for further
intramolecular bonds to the captured metal through the donor atoms of the buttress
(Figures 5.7-5.8). In this case, this is beneficial for the binding of larger metal cations that

prefer to adopt coordination geometries larger than the preferred four. This outcome was
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not surprising given the geometric preferences of Al’*. In the 5-coordinate case, explicit

solvation would likely increase the binding mode to 6-coordinate.

Figure 5.8 LAnNNHCONH2_Al is 6-coordinate.

5.2.3 Binding Energies

An extensive series of calculations were made such that the binding energy of each ligand,
with each buttress, and with each studied metal, could be identified (Tables 5.9-5.13). It is

the case that the NH, and NHCH3 buttress groups increased the binding energy towards
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all three metal cations over the non-buttressed complexes for all ligands but L4. It
remains the case that every examined complex binds to boron more strongly than
beryllium. In the most favourable case, from Ll1chH to L1chNHCHs, binding to Be*
increased by 12.3% (43.49 k] mol™), to B**, a 4.3% increase (31.38 k] mol™), and to A", a

13.3% increase (43.56 k] mol™').

Table 5.9 Calculated binding energies of L1ch complexes with varying buttress groups.

Lich AG.q/ k) mol”

Buttress Al B Be
None -326.85 -734.07 -352.15
NH, -358.03 -754.55 -383.71
NHCH; -370.41 -765.45 -395.64
NHCOCH; -298.79 -679.70 -347.84
NHCONH, -308.81 -691.58 -349.35
NHCOH -286.23 -672.83 -344.98
OH -279.15 -694.86 -353.69
N(CH;) -329.37 -675.86 -296.63
OCH; -349.87 -710.94 -345.80

Table 5.10 Calculated binding energies of L2ch complexes with varying buttress groups.

L2ch AGsq/ k) mol”!

Buttress Al B Be
None -279.80 -673.82 -318.76
NH; -304.23 -691.14 -342.49
NHCH; -297.23 -642.19 -264.11
NHCOCH; -237.78 -616.08 -296.46
NHCONH; -240.30 -605.40 -271.27
NHCOH -218.49 -601.60 -309.16

129



Chapter 5

Table 5.11 Calculated binding energies of L3ch complexes with varying buttress groups.

L3ch AG.q/ k) mol”
Buttress Al B Be
None -360.83 -762.21 -382.89
NH; -390.92 -782.11 -413.29
NHCH; -385.50 -772.91 -406.07
NHCOCH; -310.64 -685.80 -354.90
NHCONH; -435.76 -709.48 -361.54

Table 5.12 Calculated binding energies of L4ch complexes with varying buttress groups.

L4ch AG,q/ kJ mol”’
Buttress Al B Be
None -331.50 -733.17 -340.16
NH. -325.68 -691.73 -331.91
NHCH; -331.96 -669.86 -269.37
NHCOCH:; -284.90 -618.25 -286.34
NHCONH. -300.95 -585.91 -249.01

Table 5.13 Calculated binding energies of L5ch complexes with varying buttress groups.

L5ch AG,q/ k) mol!
Buttress Al B Be
None -424.99 -831.82 -390.51
NH: -440.36 -841.97 -405.97
NHCH; -439.48 -847.11 -348.42
NHCOCH:; -505.15 -773.49 -391.01
NHCONH; -522.06 -783.30 -394.16

The exact binding strength trend differs in each case, but the general observations are the

following:
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1. Binding strength decreases in the order B** > Be** > AI**

2. For B’ and Be** complexes, small buttresses are preferable

3. For AI’*, after their preference for the NH, and NHCH3 buttress groups, non-
hydrogen bond capable groups are favourable

4. There is often a large drop in energy between the small and large buttresses

It is of note that for L1, the NHCOCH3;, NHCONH,, NHCOH, and OH buttress groups
resulted in approximately the same binding strength towards the Be** cation (-344.98
to -353.69 k] mol™), but significantly reduced binding strengths towards the B** and AP**
cations. This is also the case for L2chNHCOH. Of the buttress groups investigated, it was
the NHCH3 buttress group that gave the highest increase in binding energy towards the

Be?* cation.

For L1, L2, and L4, the binding energy towards the cations typically decreased when any
buttress was used other than NH, or NHCHs. In the case of L3 and L5, increases in
binding strength were observed. The motif of L4 does not allow the formation of a
secondary sphere like that of the others - therefore any ‘buttress’ is a substituent that
would be disruptive. In the cases of the OCH3 and N(CH3s), substituents, their respective
complexes had increased binding towards the AI** cation, and decreased binding towards
the others. This is due to the bulkiness and increased availability of donor atoms and

aluminium’s preference to adopt non-tetrahedral coordinate systems.

5.2.4 Comparison

The best buttresses for increasing binding strength are NH, and NHCH3, with the overall

best binder towards Be** being L3chNH,. The binding energies of L3 with each buttress

and metal are compared in Figure 5.9.
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Binding Energy /kJ mol?
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Figure 5.9 Binding energies of L3 with each buttress type.

-900

The space-filling representations of L1chH and L1chNH, bound to Be** show that

beryllium fits tightly within the binding cavity of the ligands (Figure 5.10). With the

addition of the two amino groups, the Be** cation is almost completely encapsulated. This

demonstrates an advantage that the second-shell hydrogen bonding provides, thus

reinforcing the evidence for buttressing leading to stronger binding. A group that protects

beryllium from outside interactions after its initial binding has potential to give high

binding strengths.

Figure 5.10 Space-filling models of L1chH_Be (left) and L1chNH._Be (right) looking

down on the binding site with Van der Waals spheres showing.
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As L3chNH; has been identified as the theoretically strongest binder of Be*, its data has

been presented below.

L3chNH,_Be

Figure 5.11 Aqueous phase geometry optimised complex L3chNH,, formed with AP**, B*,
and Be?*, examined at B3LYP/6-311++G(d,p).
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Table 5.14 Geometric parameters for L3chNH,.
L3chNH,
Al B Be
O-M 1.716 1419 1.554
N:-M  1.871 1.565 1.695
N-M 1902 1597 1.753

Bond /A
Nz:-M 1.901 1.597 1.752
O-H; 2614 2.010 2.136
O-H, 2631 2.007 2.124
O-M-N; 102.1 1124 108.8
O-M-N, 125.7 1152 121.2
O-M-N; 126.1 1152 121.0
Angle /°
N:-M-N, 985 1048 1014
N:-M-N; 988 104.7 1014
N>-M-N; 99.0 1034 998
Index T4 0.77 092 084

5.3 Apex Groups

The same apex groups have been investigated for buttressed ligands as they were for non-
buttressed ligands in chapter 2 (Figure 2.13). With the addition of a secondary sphere of
hydrogen bonds from the buttress groups, the geometries of the ligands and complexes
could be altered significantly enough that the previously identified trend (ch > coh > n)

may change.

5.3.1 Ligand Geometries

As before, there are too many combinations of ligands, buttresses, and apex groups to
show them all. L1 with the buttresses NH,, NHCH3, NHCOCH3, and NHCONHj, will be
considered in this section, with the apexes coh, and n (Figures 5.12-5.13). It was noted
that the same general structures were obtained for the other ligand motifs. The presence
of the hydrogen bonds significantly alters the pre-organisation of the ligands. This is the

case for both the tertiary alcohol apex as well as the tertiary nitrogen apex.
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For the ligands incorporating the coh apex, a hydrogen bond is observed in every case
between the proton of the alcohol group and nearby pyridyl nitrogen. This prevents
complete pre-organisation to occur, as seen with the ch apex (Figure 5.2). Increased
hydrogen bonding occurs with the two larger buttresses (NHCOCH3, and NHCONH),),
in which the phenol of the backbone interacts strongly with the buttress arm of one

pyridyl group (Figure 5.13).

Contrastingly, the n apex has resulted in much more planar geometries. The lone pair of
electrons on the nitrogen is in a 2p orbital, and thus able to delocalise. Therefore, the
atom is sp2 hybridised causing planarity. Each pyridyl arm finds an energy minima by
being pointed away at a maximum angle from the ligand backbone. In LInNH,; this
allows a network of hydrogen bonds to exist between the backbone donor atoms, pyridyl

donor atom, and primary amine (Figure 5.12).

L1cohNH, Na=0.32, g =0.93 L1nNH; Na=0.92,ng=0.71

Figure 5.12 Aqueous phase geometry optimised ligand L1 with NH, buttress, with oh and
n apexes, at B3LYP/6-311++G(d,p).
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L1cohNHCH; Na=0.20, ng=0.79

L1nNHCH; Na=0.79,ng =0.90

L1cohNHCOCH; Na=0.32, N = 0.90

L1nNHCOCH; Na= 0.90, ng = 0.66

L1cohNHCONH, Ne=0.25,ng =0.98

LTnNHCONH; Na=0.67,ng=0.88

Figure 5.13 Aqueous phase geometry optimised ligand L1 with NHCHs;, NHCOCH; and
NHCONH; buttresses, with oh and n apexes, at B3LYP/6-311++G(d,p).
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5.3.2 Complex Geometries

Each of the five ligands, with buttress, each apex, and each metal cation were calculated.
Shown below are the L1 complexes against the each buttress and the coh and n apexes,
bound to the Be®* cation (Figures 5.14-5.15). Each ligand motif is represented well by the
geometry adopted by L1. The only exceptions to this are for the ligands L2-L5 with the
larger two buttresses, which occasionally formed 5- and 6-coordinate geometries when

bound to Al

L1cohNHCH;_Be L1nNHCH;_Be

Figure 5.14 Aqueous phase geometry optimised complex L1 with buttress groups NH,
and NHCH;s, formed with the Be?* cation, with coh and n apexes at B3LYP/6-311++G(d,p).
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L1cohNHCONH,_Be L1nNHCONH,_Be

Figure 5.15 Aqueous phase geometry optimised complex L1 with buttress groups
NHCOCH; and NHCONH,,formed with the Be?* cation, with coh and n apexes at B3LYP/6-
311++G(d,p).

For each apex, a hydrogen-bond occurs between each buttress and the phenolic oxygen. A
comparison of these between the ch, coh, and n apexes reveal similar bond lengths
between ch and coh complexes, but significantly longer bond lengths for n complexes.
This is observed regardless of ligand motif, buttress, or complexed ion. Values for L1 and
L3 bound to Be** have been listed (Table 5.15). The longer bond lengths of the n apex
complexes are attributed to the expansion of the binding site due to the planarity of the

apex.
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Table 5.15 Hydrogen-bond lengths of L1 and L3 with the NH, buttress group.

Ligand O--H/A

L1chNH; 2.115

L1cohNH, 2.087
L1nNH, 2.212

L3chNH, 2.136

L3cohNH; 2.109
L3nNH, 2.237

5.3.3 Binding Energies

The binding energy trend for the apexes is noted to be n < coh < ch. This is the same as
for the non-buttressed ligands. The nature of the n apex group to stretch out its
substituents to adopt a more trigonal planar geometry results in longer bond lengths and
therefore lower binding energies. Their geometric parameters have been tabulated in

Tables 5.16-5.19.

Table 5.16 Calculated binding energies of NH, buttressed complexes with varying apex

group.
NH, AGsq / kJ mol
Ligand Apex Al B Be

ch -358.03 -754.55 -383.71

1 coh -335.10 -739.02 -370.20

n -286.80 -672.91 -312.92

ch -304.23 -691.14 -342.49

2 coh -268.96 -665.52 -322.81

n -213.76 -586.70 -251.93

ch -390.92 -782.11 -413.29

3 coh -355.63 -758.35 -391.38

n -295.74 -677.32 -319.30

ch -325.68 -695.02 -331.91

4 coh -306.02 -680.76 -321.97

n -249.67 -611.40 -259.59

ch -440.36 -841.97 -405.97

5 coh -408.25 -823.18 -392.27

n -350.72 -750.96 -328.10
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Table 5.17 Calculated binding energies of NHCH; buttressed complexes with varying apex
group.

NHCH; AGyq/ k) mol!
Ligand Apex Al B Be
ch -370.41 -765.45 -395.64
1 coh -339.22 -739.34 -372.04
n -301.67 -681.52 -322.62
ch -297.23 -642.19 -264.11
2 coh -245.38 -567.98 -275.87
n -217.30 -555.86 -229.26
ch -385.50 -772.91 -406.07
3 coh -330.49 -729.43 -364.20
n -317.65 -691.77 -336.37
ch -331.96 -669.86 -269.37
4 coh -311.50 -621.11 -247.38
n -254.27 -581.44 -194.26
ch -439.48 -847.11 -348.42
5 coh -418.40 -793.20 -303.03
n -355.85 -720.47 -312.81

Table 5.18 Calculated binding energies of NHCOCH; buttressed complexes with varying

apex group (* = 5-coordinate, T = 6-coordinate).

NHCOCH:; AGsq / kJ mol
Ligand Apex Al B Be

ch -298.79 -679.70 -347.84

1 coh -265.09 -653.34 -321.46
n -241.77 -608.96 -287.71
ch -237.78 -616.08 -296.46

2 coh -232.51 -629.29 -309.30
n -255.46* -513.27 -189.94
ch -310.64 -685.80 -354.90

3 coh -284.59 -667.93 -342.06
n -242.70 -608.47 -290.80
ch -284.90 -618.25 -286.34

4 coh -424.31t -580.20 -271.61
n -395.85t -539.64 -208.77
ch -505.15* -773.49 -391.01

5 coh -469.50* -741.05 -362.50
n -442.92* -694.63 -306.07
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Table 5.19 Calculated binding energies of NHCONH; buttressed complexes with varying

apex group (* = 5-coordinate, t = 6-coordinate).

NHCONH, AGyq/ k) mol!
Ligand Apex Al B Be

ch -308.81 -691.58 -349.35

1 coh -273.70 -661.72 -327.80
n -230.06 -605.64 -277.76
ch -240.30 -605.40 -271.27

2 coh -347.24*% -619.59 -289.83
n -227.05* -515.51 -194.21
ch -435.76 -709.48 -361.54

3 coh -305.05 -681.55 -346.24
n -381.61* -619.22 -294.20
ch -300.95* -585.91 -249.01

4 coh -408.14* -615.76 -269.22
n -438.57% -561.43 -219.71
ch -522.06* -783.30 -394.16

5 coh -491.73* -758.09 -371.87
n -455.94* -699.75 -319.47

5.3.4 Comparison

The binding strength of each apex with each buttress is compared below (Figures 5.16-
5.19). The alkyl apex gives the highest binding energies. L4 and L5 aluminium complexes,
especially when they adopt 5- or 6-coordinate geometries, have large increases in their

binding energies over that of the analogous beryllium complexes.
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NH; Buttress NHCH; Buttress
Binding Energy /kJ mol Binding Energy /kJ mol?
0 -200 -400 -600 -800 -1000 0 -200 -400 -600 -800 -1000
Lich :Ll Lich :LI
Llcoh :Ll Llcoh :Ll
Lin :Ll Lin :LI
L2ch :Ll L2ch :I
L2coh :Ll L2coh :Ll
L2n :Ll L2n :ll
L3ch ————1 L3ch —————1
L3coh :Ll L3coh :LI
L3n :Ll L3n :Ll
L4ch :ll L4ch :I
Ldcoh :ll L4coh :I
L4n :II L4n ;I
L5ch :I L5ch :I
L5coh :II L5coh jI_I
L5n :I'I L5n :I_I
OAP* OBe* OB OAP* OBe* OB
Figure 5.16 Binding energies of L1-L5 Figure 5.17 Binding energies of L1-L5
with the NH, buttress. with the NHCH; buttress.
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NHCOCH; Buttress NHCONH, Buttress
Binding Energy /kJ mol! Binding Energy /kJ mol!
0 -200 -400 -600 -800 -1000 0 -200 -400 -600 -800 -1000
Lich :Ll Lich —/————1
Llcoh :I_l Llcoh :Ll
Lin :Ll L1n :Ll
L2ch :I_l L2ch :Ll
L2coh :I_I I L2coh :I_I I
L2n [ L2n Il
13ch ———1 13ch ————T
L3coh :I_l L3coh :Ll
L3n :Ll L3n :I
L4ch :‘ L4ch :I_I
L4coh ——l_'| | L4coh :I
l5ch ————— l5ch ———T—
L5coh :F—I L5coh :I"_I
L5n rI_I L5n rl_'_l
OAPB* OBe* @OB* OAPB* OBe* OB
Figure 5.18 Binding energies of L1-L5 Figure 5.19 Binding energies of L1-L5
with the NHCOCH; buttress. with the NHCONH; buttress.

143



Chapter 5

5.4 Metal Binding Study

In parallel to the main body of calculations, a focused study on the metal binding of a
selection ligands was carried out. Preferably, the study would examine the best of our
studied binders, but as these results had not yet been obtained, two of the simplest but
well contrasting ligands were chosen. These were L1chH and L1chNH, (Figure 5.20).
Three well-known chelators were used to form the basis of a comparison. These were
EDTA, NTP, and 10-HBQS. All three of these molecules are known to bind to Be** and
have been used in wet chemistry studies as well as in therapeutic and hazardous

qualitative testing (Figure 5.20).% 75> 81

NTP 10-HBQS

Figure 5.20 Ligands examined in the metal binding study.

A comprehensive list of metal cations was chosen for this study. 18 further metals were
chosen in addition to AI**, B**, and Be?* (Table 5.20). Each was chosen as they were either
commonly found in nature, are essential to human biology, or were well known transition

metals.
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Table 5.20 Properties of all examined metals in this work.'"”

Atomic radii lonic radii Atomic radii lonic radii
Cation C.N. | Cation C.N.
(pm) (A) (pm) A)

AP+ 125 0.68 6 Fed* 140 0.55 6
B3* 85 0.25 4 K* 220 1.38 6
Be** 105 0.41 4 Li* 145 0.76 6
Ca? 180 1.00 6 Mg? 150 0.72 6
Co? 135 0.65 6 Mn?* 140 0.67 6
Co®* 135 0.545 6 Mn3* 140 0.58 6
Cr?t 140 0.73 6 Na* 180 1.02 6
Cr3t 140 0.615 6 Ni2* 135 0.69 6
Cu? 135 0.73 6 \o 135 0.79 6
Fe** (s) 140 0.61 6 V3 135 0.64 6
Fe?" (t) 140 0.78 6 Zn? 135 0.74 6

5.4.1 Ligand Geometries

EDTA adopts the most flexible motif of the selected ligands, owing to the ethylene bridge
connecting its two 3° nitrogens (Figure 5.21). This allows a large bite size with up to six
donor atoms, suitable for the full encapsulation and chelation of metal cations for a wide
range of sizes. Hydrogen bonds (1.758 and 1.859 A) dictate some pre-organisation in
NTP, which form a partial cavity. Upon deprotonation of the acid groups, NTP has four
donor atoms available which will result in adoption of tetrahedral complexes. For the
chelator 10-HBQS, a hydrogen bond exists between its aromatic nitrogen and the proton
of the nearby phenol (1.791 A) which are its two available donor atoms. Its sulfonate
residue sits on the other side of the molecule for increased aqueous solubility. The
geometries of L1chH and L1chNH; have already been investigated in this thesis (Figure

2.7, page 54 and Figure 5.2, page 119).
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L1chH

NTP EDTA

10-HBQS

Figure 5.21 Aqueous phase geometry optimised chelators L1chH, L1chNH;, NTP, EDTA,
and 10-HBQS, at B3LYP/6-311++G(d,p).

5.4.2 Complex Geometries

As many cations have been investigated, only the most noteworthy will be shown. These
are complexes of the B**, Be*, and Co?** cations (Figures 5.22-5.23). Their geometric

parameters are listed in Tables 5.21-5.24. Because it was found that AI** was not a good
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analogue for Be?* in the previous systems due to its size, charge, and preference for large
coordination numbers, it has been substituted for Co**. Although cobalt(II) is larger than
aluminium(III), it has the same charge as beryllium(II), and is known to adopt tetrahedral

arrangements.''®

To boron and beryllium, the complexes have formed tetrahedral-type geometries. 10-
HBQS is unique in that it does not offer all donors, but instead requires water molecules
to complete the binding. With a weaker chelation effect, potential for binding strength is
not maximised. NTP provides close to perfect tetrahedral arrangements for B** and Be*,
having 14 values of 0.98 and 0.97 respectively. This contrasts with EDTA (t4= 0.92 and
0.81 respectively), and to a smaller extent, the less hindered 10-HBQS (14 = 0.93 and 0.91
respectively). In addition, these angle geometries are more favourable than that of L1chH
(t4 = 0.93 and 0.83 respectively) and L1chNH, (14 = 0.92 and 0.84 respectively). These
known chelators (NTP, EDTA, and 10-HBQS) all have on average, significantly shorter
bond lengths to stronger donors (carboxylic acids vs pyridyl amines). As noted earlier,
L1chNH,, in stark contrast to each of these other chelators, has the additional hydrogen
bonding present. These, as previously discussed, form a secondary sphere of interactions
and as such are complex-stabilising due to the tightening of the binding site (as

demonstrated by their bond lengths and 14 values).

It was discovered that Co®* takes a different conformation when binding to each of these
ligands. To N'TP, it forms a close to tetrahedral arrangement of donors (14 = 0.75), but its
bond lengths are all significantly longer than the B** and Be®* complexes, which is a
consequence of its larger ionic radius. With EDTA, an octahedral geometry is found. This
is again because its ionic radius is much larger than the other cations, and it is expected
that it will have a higher binding energy to EDTA than Be?*. A square planar geometry
has been found for 10-HBQS_Co. Its 14 value is only 0.10, which is very close to the ideal
value for this conformation (Figure 2.1, page 46). And to L1chNH,, the conformation is

tending towards a seesaw geometry (14 = 0.65 and 14’ = 0.44). Only one hydrogen bond
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exists in the complex (O--H, 2.04 A). Towards B** and Be** a second hydrogen bond

exists, but for Co** this distance is too great (3.72 A) to describe it as a second hydrogen

bond.

An overview of the entire metal study shows that in many cases, the metal adopts an
octahedral geometry, for example Fe**. Alternatively, in the case of Na* or K*, their ionic
radii (1.02 and 1.38 A respectively) are simply too large, therefore these do not fit well into
the binding cavity of these chelators. This causes their complexes to have unwieldy

conformations.
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NTP_Be EDTA_Be

NTP_B EDTA_B

NTP_Co EDTA _Co
Figure 5.22 Aqueous phase geometry optimised complexes NTP and EDTA, formed with
B3+, Be?*, and Co?*, examined at B3LYP/6-311++G(d,p).
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L1chNH,_Be

10-HBQS_B

10-HBQS_Co

L1chNH._Co

Figure 5.23 Aqueous phase geometry optimised complexes 10-HBQS and L1chNH,,
formed with B3*, Be?*, and Co?*, examined at B3LYP/6-311++G(d,p).
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Table 5.21 Geometric parameters for NTP.

Table 5.22 Geometric parameters for 10-HBQS.

NTP 10-HBQS

B Be Co B Be Co
O-M 1457 1.606 1.922 O-M 1379 1.531 1.840
Bond /A O-M 1462 1.618 2.038 Bond /A O-M 1.561 1.701  2.009
0s-M 1460 1613 1.921 0s-M 1549 1.692 2022
N-M 1.619 1.791 2.019 N-M 1528 1.697 1.943

0:-M-O0, 1078 1108 1014 O-M-0, 1071 1072 826
02-M-03 108.2 1096 1524 0,-M-0s 99.4 99.3 172.2

Angle 03-M-04 1096 1118 98.5 Angle 03-M-0O4 111.9 1168 89.6
01-M-N 111.5 1094 96.3 0:1-M-N 116.7 110.1 929

O-M-N 1109 107.7 98.0 0-M-N 1124 1150 1741

0s-M-N 1087 1075 996 0s-M-N 1079 1083 950

Index Ta 0.98 0.97 0.75 Index T4 0.93 0.91 0.10

Table 5.23 Geometric parameters for EDTA. Table 5.24 Geometric parameters for L1chNH..
EDTA L1chNH:
B Be Co B Be Co
Oi-M 1415 1584 2.055 O-M 1414 1549 1.858
0-M 1465 1.629 2.269 N:+-M 1568 1.697 2.083
Bond /A 0s-M 1466 1.632 2.055 Bond /A N>-M 1597 1.751 1.995
O0s-M = = 2.269 Ns-M 1597 1.751 1.951
N:-M 1.670 1876 2.011 O-H, 2.007 2115 2.043
N>-M = = 2.011 O-H; 2007 2.116 =

0:i-M-0, 1100 1115 - O-M-N, 1123 1090 926

0,-M-0; 1126 1095 = O-M-N2 1148 1205 993
Angle ° 0:-M-O4 1142 1148 - Angle /° O-M-N3 1148 1205 168.7
01-M-N; 115.9 130.6 = Ni-M-N> 105.2 1020 92.3

02-M-N; 100.7 93.7 - Ni-M-Ns 105.2 1020 93.1

Os-M-N; 1025  96.0 = N>-M-Ns 1035 999 90.2

Index Ta 0.92 0.81 - Index T4 0.92 0.84 0.65

5.4.3 Binding Energies

The binding energies for each of the complexes was determined and are shown in Table

5.25 (except in four cases, where global minima could not be located). The strongest

binding is found in cases where the metal cation has a low ionic radii and high charge. It
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was found that the binding energy is relatively weak when the ionic radius was too large

or in the case where hexadentate configurations dominate.

Table 5.25 Calculated binding energies of chelating complexes with each metal.

L1chH

NTP

10-HBQS

L1chH

-326.85

-474.56

-190.86

-93.00

-735.30

-806.39

-491.27

-199.47

-357.47

-401.74

-249.71

-218.63

-198.39

-240.20

-156.68

-130.46

Binding Energy / kJ mol”’

-387.81 -537.10 -198.09 -414.16 -365.71 - -514.31

-371.16  -564.62 -306.04 -48250 -371.36 -31048 -559.88

-27597  -34790 -195.26 -287.82 -276.76 -193.79 -345.26

- -130.71  -34350 -179.19 -254.00 -328.94

NTP

10-HBQS

-96.93

-95.91

-206.10

-178.82

-270.49

-145.80

-323.28

-252.33

-540.78 -133.83 -319.50 -275.09 -529.98 -559.88

-372.74 -12522 -27138 -179.72 -32344 -221.00
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5.4.4 Comparison

Binding energy graphs are displayed showing the entire range of metals (Figure 5.24).
EDTA is the strongest binder (across the board), with NTP coming in a close second. 10-
HBQS has the smallest binding energies in all cases but one. The binding energies for our
ligand motifs L1chHand L1chNH; are typically found between that of 10-HBQS and
NTP. The buttress improves the strength of binding in most cases, but sometimes has
little effect. In these cases, the geometry is found to be distorted to a seesaw conformation,

with only one hydrogen bond present.

The average binding energies were calculated for each ligand (Table 5.26) and compared
to their binding energy of the Be** cation. The complexes of Ca**, K*, Li*, Mg**, and Na*
were removed as outliers as their corresponding binding strengths were the lowest (likely
due to either their ionic radius being too large, or their charge of +1 being too small). On
average, all chelators bound to the Be?** cation worse on average than to other metals. The
chelators L1chH and L1chNH, were found to have a binding energy to Be** just 1.2% or
5.9% below their average. Whereas for the known binders, their energies are 8.6%, 33.0%,
or 11.5% below the average binding energy. Although this qualitative comparison is not
comprehensive, this does give an idea of how these ligands may behave towards a range of
metal cations. Although EDTA is the strongest binder for Be*, it binds better on average
to all other metals. This mimics what is found experimentally for EDTA, that it binds
many metals strongly but less so towards Be**. This lack of selectivity explains its use in

the swipe protocol before application of 10-HBQS in the detection of beryllium.

Table 5.26 Averaged binding energies of chelating complexes.

Average Binding Energy Binding Energy (Be?*)
L1chH -361.63 -357.47
L1chNH: -411.86 -389.03
NTP -436.42 -401.74
EDTA -552.32 -415.38
10-HBQS -278.34 -249.71

153



Chapter 5
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Figure 5.24 Comparison of binding energies of L1chH, L1chNH,, NTP, EDTA, and 10-

HBQS to Be?* and a series of commonly found metal cations.
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5.5 NCIPlot Study

A non-buttressed and a buttressed ligand, and their beryllium complexes, were selected
for further analysis of their intra-molecular non-covalent interactions (Figure 5.25). In
particular, identification of secondary coordination spheres would provide a greater
insight into their metal binding ability as they can visualise the non-covalent interactions
arising from the hydrogen bond donors and acceptors. The NCIPlot software package has
been used to visualise these interactions, after these molecules have been optimised using
Gaussian 09.” NCIPlot creates pictures that are helpful in discussing attractive and

repulsive forces throughout a given structure.'*”

L1chH L1chNH,

Figure 5.25 Ligands examined in the NTP study.

In order to quantify non-covalent interactions, NCIPlot analyses the non-covalent
interaction index of a molecule. This index corresponds to interactions based on the
reduced electron density gradient of a molecule. A plot generated by the index provides
data for critical points that are associated with certain intra- or inter-molecular
interactions. These critical points are peaks that appear in the reduced density gradient at
low densities. They may arise from many situations, including from dispersive forces due
to ring strain, and attractive forces due to hydrogen bonding. The eigenvalue A, of the
second derivative of the reduced electron density distinguishes attractive (blue) and
repulsive interactions (red). The density of a peak determines the strength of its

corresponding non-covalent interaction.
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5.5.1 Comparison of Non-buttressed Ligands

Visualisation of the isosurfaces of the NCI index allows interactions to be identified by
their location, as well as their type. The NCIPlot isosurfaces of L1chH and L1chNH, are
shown in Figure 5.28. The isosurfaces are coloured according to the type of interaction
(blue/green = attractive, red/orange = repulsive). The critical points located at the centre
of each ring correspond to ring strain, and therefore they are coloured orange and red. In
contrast, in both ligands there exist attractive forces between particular atoms. For
LlchH, these are weak dispersion interactions between the four heteroatoms and
neighbouring protons. However, in the isosurface of L1chNH,, a number of critical
points can be identified that are due to the formation of hydrogen bonds. These are
between the phenol oxygen atom and a primary amine proton, as well as the phenol
proton and the neighbouring pyridyl nitrogen atoms. Although LlchH has some

attractive interactions — none of these are hydrogen bonds.
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Figure 5.26 Models of L1chH (top) and L1chNH, (bottom) showing their NCIPlot surfaces.

These non-covalent interactions can be visualised further by their NCIPlots (Figure 5.27).
The sharp blue peaks correspond to attractive interactions, and the sharp red peaks
correspond to repulsive interactions. Both types of interactions can be identified in each
of the NCIPlots. There are two major differences between them. The first is that the
attractive interactions seen in L1chNH, are more dense and closer to the mid-point of the
graph. This indicates stronger interactions, which are due to the hydrogen bonds present.
The other noticeable change is there are more interactions that are repulsive. This is

simple because of the steric strain caused by the more tightly packed ligand geometry.
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Figure 5.27 NCIPlot for L1chH (left), and L1chNH, (right).
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5.5.2 Comparison of Buttressed Ligands

The NCIPlot isosurfaces for the beryllium complexes L1chH_Be and L1chNH,_Be have
been calculated (Figure 5.28). This time, the surfaces are similar because the ligand has
formed a tetrahedral cavity for the metal cation in both cases. The globular surface at the
metal-core is an artefact due to covalent interactions with the donor atoms and therefore
ignored. The only significant difference is that L1chNH, has the presence of an attractive
interaction between its phenol oxygen and a proton of each of the nearby primary amine
protons. These lie at the critical point corresponding to hydrogen bonds. This is in effect

visualisation of a second sphere of interaction.
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Figure 5.28 Models of L1chH_Be (top) and L1chNH,_Be (bottom) showing their NCIPlot

surfaces.

NCIPlots have been created for each complex (Figures 5.29-5.30). The main notable
difference between these and the free ligands is the collection of data found in the top-left
portion of the graphs. This is the metal-ligand interaction that is attributed to the covalent
bonds to beryllium. A subtle but important detail is the comparison between the large

blue peak near the mid-point of each of the graphs. For L1chNH,, this peak is denser, and
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corresponds to an overlapping of peaks. One of which is due to the hydrogen bonds
previously mentioned. These strongly attractive forces correlate well to the higher binding
strength seen in the calculated structures for the buttressed complexes relative to the non-

buttressed complexes.
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Figure 5.29 NCIPlot for L1chH_Be.
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Figure 5.30 NCIPlot for L1chNH,_Be.
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Figure 5.31 presents NCIPlots at large and small radii centred on the hydrogen bonds
visualised in L1chNHa. As the radius is decreased, the NCIPlot scans a smaller area of the
complex. At a radius of 0.25 A, only the sharp peak corresponding to the hydrogen bonds

remain. In the case of L1chH, mapping this same region shows no interactions at all.
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Figure 5.31 NCIPlots at radius r from the critical point of the buttress-phenol hydrogen
bond.

5.6 Summary

This chapter has expanded upon the first computational study with extensive
modifications. These were buttressing groups appended to the pyridyl arms of the ligands.
It was found that in most cases, these groups led to increased binding strength towards
cations, and in particular, to Be*". The general trend found in binding energies was B** >
Be** > AP’*. The identified ligands that have the most potential to bind strongly and

selectively to Be®" are the following (Figure 5.32):
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L1chNHCH, L3chNH,

Figure 5.32 These ligands have been identified as the best theoretical and experimental

candidates for further studies.

Another investigation was made regarding their apex group, whether the presence of a
buttress group would significantly alter their conformation preferences. It was found that

they do not, and computationally the preferred apex is ch, coh and n (to a lesser degree).

The wider metal binding study showed our ligands in comparison to known binders.
Although it was found that the L1 motif had weaker binding strength data towards Be**
than other metal cations, it was the case that the amine buttress showed the most
significant effect on its ability to chelate. The environment in which the sequestering of
Be** is required must be carefully considered to understand what other metals may
compete in the binding. As boron and beryllium are not typically found in the same
environments, the binders that have been investigated are potentially good chelators for

use with beryllium in the absence of the B** cation.

NCIPlots and corresponding isosurfaces were used to visualise the attractive and repulsive
non-covalent interactions present in unbuttressed and buttressed ligands and complexes.
A surface was successfully generated that shows the second sphere of interactions

identified as a key for the success of these materials.
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5.7 Future Work

Continuation of this project should primarily involve further synthesis towards key
targets. However, although there is plenty of work to continue in the synthetic side of this
project, several potential areas to expand on computationally have been identified. One
such idea is a thorough investigation of the protein binding site that has been found to
interact with beryllium in the human body.'® This protein, HLA-DP2, is the primary
candidate for beryllium binding due to the mutations that have been identified as
occurring (Figure 5.33).'*! Using a combination of DFT and molecular mechanics (MM)
using the ONIOM (our own n-layered integrated molecular orbital and molecular
mechanics) computational approach, much could be learnt from the crucial and
devastating interaction occurring in the protein when exposed to beryllium. Possible
deductions might be made to improve on these or other chelators for therapeutic

advances.

Figure 5.33 Ribbon representation of the HLA-DP2 structure, with the a2 and 2 domains

omitted. Individual amino acids in the peptide are labelled.'
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Another avenue to explore would involve ligands with multiple oxygen donors (Figure
5.34). Although these may be more flexible in nature, it could be the case that amine
buttresses would hinder the ligand binding to large metal cations. Multiple layers of

buttressing may also be possible.

Figure 5.34 Flexible arms with primary alcohols (left) and with ethers and primary amine

buttress (right).

It may be worth investigating long oily chains without additional donor atoms. This
should help with organic solubility, if that is the desired property, as well as affect the

binding strength to each metal in a possibly significant manner.

An experimental metal binding study should be undertaken. The computational results
prompt a need for a comprehensive competition study if several non-buttressed and

buttressed ligands can be synthesised in large amounts in high purity.
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Chapter 6: Synthesis of Buttressed Ligands

“Insanity: doing the same thing over and over again and expecting different results.”

— Albert Einstein

6.1 Introduction to Buttress Groups

The following chapter will discuss the synthesis towards a second sphere coordination-
enabled ligand (Figure 6.1). This modified ligand incorporates the idea of chemical
buttressing into its framework. The hydrogen-donor capable functionality of the pyridyl
arms are free to from a secondary sphere of coordination through hydrogen bonds to the
phenolic oxygen. It is expected that this modification will lead to a change in the binding

strength of the subsequent complexed cation.

X = CH
N
OH COH
\N = Y=H
L T
NN ISN Y NHCH;
NHCOCH;
N7 NHCONH,
\\| NHCOH
Y OH
OCHs

Figure 6.1 Ligand type 1 with buttressing.

Buttressing is a relatively new concept in supramolecular chemistry.'?* It occurs whenever
a secondary sphere of coordination exists around the core binding site of a complex,
through the use of appendages which support hydrogen bonding. This can increase the

binding strength of the system, as well as altering its selectivity.

The primary use of buttressing found in the literature and industrial use is in metal

extraction. Synthesising ligands that are more efficient in this task can decrease the
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chemical cost of operations significantly, and perhaps even decrease waste. Tasker et al.
found that secondary sphere interactions between ligands can be used to tune the strength
and selectivity of metal extraction.’”>'?*'>* This was in part due to the water-immiscible
solvents favouring the formation of the buttressing hydrogen bonds. By altering these

groups, the selective recovery of different metals is possible.

Introducing hydrogen bond donor capable functional groups to L1, such as an NH,

group, the desired buttressing is achieved. This will have a number of useful effects:

e Pre-organisation of the binding site
e Smaller and more rigid binding pocket

e Metal-specific tuning of the binding site

Because the buttressed ligand is pre-organised before binding, the enthalpy of the system
before complexation will be smaller, and therefore a higher binding strength is achieved.
Increased selectivity towards beryllium is preferable but will not necessarily eventuate.
Competition studies will be required to ascertain how each buttress group alters cation
preference. The introduction of hydrogen bond donor functionalities should help to
reduce flexibility, leading to a tighter and more rigid binding pocket; therefore, the
relative binding strength to smaller cations should be increased. Due to steric constraint,
larger metals may be destabilised, or at least less stabilised than their smaller counterparts.
The bonds between the metal cation and each donor will be shorter, giving stronger
bonds. Lastly, the buttress functional group ideally can be altered to any appropriate
hydrogen-donor capable group. This could allow the ligand to be tuned specifically for

certain metals.

In order to maximise binding and selectivity, buttressing components will be investigated
for these ligand types. The functional group attached to the 6-positions of the two core

pyridine rings will provide donors capable of hydrogen bonding to the deprotonated
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phenolic oxygen. Examples of groups that could be examined for buttressing potential

include amino and amido groups.

6.2 L1cohNH;

6.2.1 First Route towards L1cohNH,

Our initial buttressed target was L1cohNH; (Figure 6.2). Initially, a reaction pathway was
devised that was analogous to the first route attempted for the synthesis of L1. This would
form a ligand of the same motif as L1cohH, including the tertiary alcohol apex, but with
the addition of two amine functionalities. Synthesising this ligand will be more

complicated than the previous compounds because of the reactive amino groups.

L1cohNH, 601

Figure 6.2 L1cohNH..

The first step of the retrosynthetic analysis is similar to Scheme 3.1-Scheme 3.2 (page 80),
with the disconnection of the phenol ring from the bis(6-aminopyridin-2-yl)(pyridyl-2-
yl)methanol scaffold (Scheme 6.1). Hence disconnection of 601 gives 302 and 602. To
prevent the amino groups from interfering with the Suzuki coupling, protecting groups

will be required.
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B(OH),

602

L1cohNH, 601 302

Scheme 6.1 Disconnection of 601.

Compound 602 can be formed from the reaction of 2,6-dibromopyridine 302 with a

suitably protected dipyridyl ketone unit 603 (Scheme 6.2).

Br
Br 0]
| N . HoN N\ | N
= Br | = N~
NH,
602 304 603

Scheme 6.2 Disconnection of 602.

As before, disconnection of the dipyridyl ketone gives ethyl chloroformate and a

bromopyridine (Scheme 6.3).

O
H,N N\a??‘ N — H,oN N\ Br )O]\
| = NI _— | = cl” o7
NH,
603 604 Ethyl chloroformate

Scheme 6.3 Disconnection of 603.
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Before starting the forward synthesis, an appropriate protecting group that is stable to
both the presence of n-BulLi, strong bases, and the Suzuki coupling must be identified.
Carbobenzyloxy and tert-butyoxycarboynl groups are two of the most common groups
typically used, but both can react with n-BuLi. The benzyl group provides the simplest
solution; it is stable to strong bases and should be inert in the palladium coupling. It can

also be removed under a host of different conditions at the end of the synthesis.

The compound 2-amino-6-bromopyrdine 604 was therefore protected (Scheme 6.4). This
reaction was carried out on a large scale (~30 g) and catalysed with tetrabutylammonium
iodide (TBAI). Excess benzyl bromide was removed through purification by either silica
gel chromatography, or recrystallization from 9:1 hexanes:EtOAc, affording a 82% yield
with high purity. This new compound was fully characterised by NMR and ESI-MS,

confirming its synthesis and purity (Figure A-7).

NaH
TBAI
BnBr (2.20 eq.)

DMF Bn,N_ _N_ _Br

NS 0°C,2h ’\
=" .

82%
604 605

Scheme 6.4 Protection of 2-amino-6-bromopyridine.

Crystals of 605 were grown by slow evaporation from an EtOAc solution and subjected to
single crystal X-ray structural determination (Figure 6.3). The compound crystallized in
the space group P2,/n and the model converged to an R; of 4.04%. The composition of the
simple molecule is as expected, with the two benzyl groups replacing the amine protons.
This leaves the amine inert for any subsequent reactions. The reactive bromo atom is

available for further reaction.
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Figure 6.3 X-ray image of the benzyl-protected 2-amino-6-bromopyridine 605, with
thermal ellipsoids at 50% probability level.

The next step in this route, the synthesis of ketone 606, proved difficult (Scheme 6.5).

Bromine-lithium exchange was performed by adding n-Buli dropwise to a solution of

compound 605 to form a good nucleophile. Ethyl chloroformate is added, which has two

good leaving groups. The first nucleophile attacks the electrophilic carbonyl, expelling the

chlorine atom as CI. The second attacks in the same manner, this time a molecule of

ethoxide is expelled.

1. n-BuLi (1.10 eq.)

solvent, -78 °C O
30 min Bn-N N
Bn,N |N\ Br 5 Etococl, RT 2 B N
= > = N~
41% NBn,
605 606

Scheme 6.5 Synthesis of the dipyridyl ketone moiety, 606.
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The general synthetic method was as follows: n-butyllithium was added to a solution of
605 dropwise, in dry THF at -78 °C under argon. After 30 minutes of stirring, ethyl
chloroformate (EtOCOCI) was added and the solution was allowed to warm to room
temperature over two hours. The reaction was then quenched with water. Unfortunately,
this first attempt after purification using silica gel chromatography reaction resulted in a
low yield (7%). The identity of the desired product 606 was confirmed by assignment of
the 'H and »C NMR spectra, and ESI-MS (Figure A-8). The crude reaction product
contained a mixture of starting material, protodebrominated 605, pyridyl ethyl ether, and
a small amount of product. Subsequently, because of this poor yield, numerous attempts
were made to improve it. The conditions which were varied include the concentration of

reagents, the solvent and its dryness, reaction time, and quenching reagent (Table 6.1).

The typical colour changes observed were the following:

Solution of 605 - Clear colourless

Addition of n-BuLi Clear yellow or orange

Addition of EtOCOCI - Dark green or blue for ~5 minutes

Stirring over 1 hour Clear yellow

Reactions left stirring overnight remained a clear yellow solution. The strength of the n-
butyllithium solution was tested regularly by titrating it against menthol using 1,10-
phenanthroline as the indicator. The compound 605 was left to stir with n-Buli for a
specific length of time that ranged from 15 minutes to 1 hour. It did not appear to be the
case that this was a significant factor in determining the success of the reaction. Further,
the reaction was quenched predominately with water, but weak solutions of hydrochloric
acid and acetic acid were also tried. As they did not improve the workup procedure, only

water was used in the remaining reaction conditions.
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Table 6.1 Conditions for the synthesis of 606.

Entry eq.605 eq.EtOCOCI eq.n-BuLi Solvent Time Quenching Yield
reagent

1 1 0.50 1.15 THF 2h H,O 7%
2 1 0.50 1.10 THF 3h H,O 3%
3 1 0.50 1.10 THF 2h H,O 15%
4 1.05 0.50 1.16 THF 3h H,O 8%
5 1.20 0.50 1.30 THF 3h 5% HCI 22%
6 1 0.50 1.10 THF o/n AcOH 0%
7 1 0.50 1.10 THF 3h H.O 18%
8 1 0.50 1.10 THF o/n H,O 0%
9 1 0.50 1.10 Et,O 3h H,O 15%
10 1 0.50 1.10 THF 25h H,O 41%
11 1 0.50 1.15 THF o/n H,O 0%
12 1 0.50 1.15 THF 3h H,O 0%
13 1 0.50 1.15 THF 2h H,O 36%
14 1 0.50 1.15 THF 2h H,O 37%

The sixth reaction (Table 6.1) was the first that allowed the reaction mixture to stir
overnight at room temperature. This resulted in little to no product being observed by 'H
NMR. As the solution remained a dark green colour for much longer than expected (~1
h) before leaving it to react overnight, it could have been the case that this reaction failed

due to a non-time related cause.

Fresh n-butyllithium was used for the ninth attempt (Table 6.1), and the solvent was
replaced with diethyl ether. The solubility of the starting material in diethyl ether at room
temperature was low, and when the temperature was reduced to -78 °C, 605 precipitated.
As the glassware was submerged in a cold bath of isopropyl alcohol and liquid nitrogen,
the extent of precipitation was not identified at the time. Nonetheless, the reaction was
carried out, and a yield of 15% was obtained. After this attempt, the dryness of the solvent
was considered. The THF and diethyl ether used had been dried by being passed through
alumina columns. This is typically sufficient for the majority of cases. If this reaction was
particularly sensitive to the presence of water, it could be tested by drying the solvent

further. This was done by drying THF by distillation over fresh sodium-benzophenone
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ketyl. The first case using this THF achieved a yield of 41% - the highest so far obtained.
Therefore, any subsequent reactions took advantage of this by also following this

additional preparative procedure.

The following attempt, number 11 (Table 6.1), allowed the reaction mixture to stir
overnight at room temperature. This resulted in little to no product being observed by 'H
NMR, therefore it was concluded that allowing the reaction to continue for too long
resulted in either decomposition or additional undesired reactions. Silica gel
chromatography was used in an attempt to isolate the various compounds from this
reaction (as well as the previous overnight attempts), but any conditions used resulted in
streaking or overlap of peaks. Obfuscation in the NMR prevented their identities from
being determined. It was decided that the conditions used in reaction 10 were the best,
and these were repeated for reactions 12-14. The crude material of reaction 12 was found
by NMR to be only starting materials, and so it must be the case that the n-BuLi did not
function as per normal. The last reactions 13 and 14 gave acceptable yields of 36% and

37% respectively.

During the time spent on developing a good synthetic procedure, crystals of 606 were
grown by slow evaporation from DCM/MeOH, and these were subjected to single crystal
X-ray structural determination (Figure 6.4). The resulting connectivity provides proof
that the synthesis of the desired compound was successful. The asymmetric unit of 606
consists of one half of the molecule. Symmetry elements reproduce the other part of its
structure. The crystal space group is orthorhombic (Fdd2) and has a modest R, value
(5.87%). The four benzyl groups lie on one side of the molecule, leaving a sterically
hindered underside. The bridging ketone is pointed away from these, leaving room from
both above and below for the approach of the nucleophilic reactant. A possible
electrostatic attraction exists between the pyridyl nitrogen and a nearby methylene proton

(N1--H7a, 2.266(6) A).
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C17 C18

Figure 6.4 X-ray image of 606, with thermal ellipsoids at 50% probability level.

The addition of 2,6-dibromopyridine to 606 would add the next aromatic ring to the
system (Scheme 6.6). Unfortunately, this procedure was unsuccessful. Analysis of the
crude product by '"H NMR gave the starting material 606 and 2-bromopyridine. The
inability of lithiated 304 to attack the ketone of 606 suggests that the new substituents are
prohibiting the reaction from going forward. This could be due to steric bulk, electronics,

or that the tertiary nitrogen atoms are behaving as a ligand for the Li* cation.
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1.304
n-BuLi (1.10 eq.)
Ether, -78 °C
30 min
2. 606
Br THF, RT
Q 2h
| SN + BmoN | Ny 2 R -
= Br = NF
Nan
304 606

Scheme 6.6 Attempted synthesis of 607.

To help determine why this reaction did not proceed, smaller protecting groups were
investigated. The first was to use methoxymethyl chloride (MOM-CI) to cap the aryl
amine with two hemiaminal groups (Scheme 6.7). Although unprecedented to introduce
two MOM groups to an amine, the chemistry to introduce the first is well known. The
reaction was carried out, but only the mono-substituted product was identified in the
crude product. Resubjecting the material to the same conditions again did not result in
any difference. As it is likely that similar reaction conditions have been attempted but not

reported in the literature, this line of synthesis was abandoned.

1. NaH
DMF, 0 °C o
2. MOMCI - w
HoN N Br RT, overnight
| X , 9 _O_N__N_Br
e - |
%

605 608

Scheme 6.7 Attempted synthesis of 608.

Next, the smallest protecting group possible was chosen, to test if size was an issue. A
methyl group was chosen to replace the benzyl group (Scheme 6.8). Although these would
be very difficult if not impossible to remove once the ligand is synthesised, these would

provide a good test for whether this type of reaction could proceed. The synthesis of 609
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followed a similar procedure for making the benzyl-protected analogue. Although
compound 609 is known,"?* a new procedure was used to prepare it (Scheme 6.8). The
reaction used iodomethane as its source of electrophilic methyl group, giving 609 in a
91% yield. Its synthesis was confirmed by comparison to known literature values (Figure

A-9).124

1. NaH
DMF, 0 °C
H,N_ _N_ _Br 2 Mel , Me,N_ _N._ _Br
| N RT, overnight | N
= - =
91%
604 609

Scheme 6.8 Synthesis of 609.

The subsequent reaction to synthesise the ketone was carried out successfully in a modest
yield of 31 % (Scheme 6.9).'H NMR analysis was used to prove its synthesis (Figure A-

10).

1. n-BuLi (1.10 eq.)

Et,0 o)
-78 oC, 10 min Me-N N
Me2N | NaB" 2 Etococ 2 Y
P -78 oC, 2h _— N =
319% NMez
(V]
609 610

Scheme 6.9 Synthesis of 610.

In addition to the product being formed, a large fraction of the crude was found to be a
side product 611. The impurity present was the result of a third pyridyl group reacting
with the ketone to produce the tertiary alcohol (Figure 6.5). Identification of the impurity
611 was done by ESI-MS. Separation of the ketone and tertiary alcohol was attempted by
silica gel chromatography, but the two compounds ran together, allowing for only poor
resolution to be achieved. Pure 610 was obtained through this process, but in amounts

(10-20 mg) not useful to proceed with. Despite these issues, Scheme 6.9 proved that this
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type of reaction when N-substituents are present is possible, at least with less-wieldy

protecting groups.

MezN

611

Figure 6.5 Impurity in the synthesis of 610.

The impure mixture was reacted with NaH and ethyl chloroformate. This was in an
attempt to chemically alter the polarity of the impurity 611 such that it would interact
with the stationary phase to a different degree than 610 (Scheme 6.10). Unfortunately,

this reaction did not proceed - the NMR spectrum remained unchanged.

0 0
Me;N |N\ ~ Me;N ‘N\ ~
= N~ % N~
NMe, NMe,
610 " 0eC 610
2. EtOCOCI (2.0 eq.)
_________________ -

NM62
611 612

Scheme 6.10 Attempted reaction to help separate 610 from the major impurity 611.

A new method was devised to synthesise pure 610 (Schemes 6.11-6.12). By starting with a

thioketone derived from 610, the formation of the trimodal pyridyl structure may be
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prevented. The reaction was attempted only once, giving a yield of 64%. The product was

purified by recrystallization from hot diethyl ether. "H NMR and ESI-MS confirmed that

613 was synthesised.
1. n-BuLi (1.10 eq.)
Et,O
-78 °C, 30 min
2. CSCl,
Et,O S
RT, 30 min Me-N N
MezN\ENj/Br _ e | N I AN
% N~
Z 64%
NM62
609

613

Scheme 6.11 Synthesis of 613.

The hydrolytic conversion of the thioketone to the ketone was achieved by treatment with
hydrogen peroxide and thionyl chloride to give 610 (Scheme 6.12). Pure product was
obtained by silica gel chromatography, albeit in poor yields (15%). To confirm its
synthesis, the '"H NMR spectrum was compared to the pure material that was recovered

from Scheme 6.9, and was found to match exactly.

S 1. Hy0, Q
MezN N\ I S EtOH, -78 °C MezN | N\ | SN
U 2. SOCl, J N
_— >
NMez 15% NMeZ
613 610

Scheme 6.12 Attempted alternative synthesis of 610.

A third reaction was attempted to make 610 in a high yield (Scheme 6.13). Triphosgene
was employed to form the bridging ketone. Because this compound decomposes to
phosgene on heating or reacting with nucleophiles, very careful attention to the
appropriate procedures were followed to eliminate any potential health hazards. As it is a

solid crystalline material at room temperature, it was found it could be handled safely
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with relative ease. Initially, the yield of the reaction was disappointing (17%), with most of
the crude material consisting of the starting material 609. Again, proof of successful

synthesis was measured by comparison to prior reactions.

1. n-BuLi (1.10 eq.)
Et,0, -78 °C
2. Triphosgene
Me,N N Br

U > = N__~

17% NMe,

609

Scheme 6.13 Best synthesis for 610.

This reaction was repeated as it was thought that the n-BuLi used had significantly
degraded. The second attempt, with freshly opened n-BulLi, proved very successful (88%
yield). A new protocol was established in the lab for working with n-Buli, that its
concentration would be periodically determined by titration against menthol, using 1,10-

phenanthroline as an indicator.'*

The culmination of the previous syntheses leads to the problematic reaction of combining
these two compound types. With a much smaller protecting group on the amino groups,
we were hopeful that the reaction would proceed where the benzyl groups did not.

Indeed, this was the case with a yield of 23% (Scheme 6.14).

1. n-BuLi (1.10 eq.)

Et,O
-78 °C, 20 min
2.610
O THF
OBn RT, overnight
+ >
2\
| 23%
X Br
322 610

Scheme 6.14 Attempted synthesis of 614.
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Deprotection of the phenol would give a tetradentate ligand capable of binding a small
metal (Scheme 6.15). Some unprecedented chemistry may exist that could remove one or
multiple methyl groups - this would achieve the first ligand of this type to be capable of
forming a secondary coordination sphere. The compound 614 was subjected to
hydrogenation with 5% Pd/C in a protic solvent. Analysis of the '"H NMR spectrum of the
reaction mixture showed that the starting material had been consumed, due to the
disappearance of the CH, signal (5.14 ppm) from the benzyl protecting group, therefore
full cleavage of the protecting group is occurring (Figure 6.6). This suggests then that the
product is being formed successfully, albeit with a low yield (12%). The rest of the

material is unaccounted for. In hindsight it is likely to have remained on the Pd/C.

5% Pd/C (36% wiw)
H,, 60 psi

EtOH

RT, overnight

NMe, 12%

MezN
614 L1cohNMe, 615

Scheme 6.15 Deprotection synthesis of 615.
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5,142

—5.168

CH, of 612 CH, of 614 615
impurity

Y N U S

T T T T T
55 54 53 52 51 5.0 49 ppm

Figure 6.6 'H NMR comparison of the CH, group of the benzyl functionality before and
after hydrogenation.

Purification of 615 was attempted by silica gel chromatography and recrystallization.

Unfortunately, regardless of conditions, it was not possible to separate it from impurities.

A new approach was required, and so therefore a deviation from this general route was
attempted. The same chemistry was used but in a different order. A non-symmetric
dipyridyl compound would be first formed, where one pyridine has a bromine group, and

the other the benzyl-protected amine (Scheme 6.16). Ethyl 6-bromopicolinate, 616, was

commercially available.
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1. 605
n-BuLi (1.05 eq.)
THF
-78 °C, 30 min
2.616
1) THF
-78°C,3h

605 616

Scheme 6.16 Attempted synthesis of 607.

The major product of this reaction was found to be the result of only a single addition to
the ester (Scheme 6.17), in good yield (57%). The proton and carbon chemical shifts in the
spectra of 'H NMR, “C NMR, COSY, HMBC, and HMQC were fully assigned to prove

the identity and purity of 617 (Figure A-11).

1. 605
n-BuLi (1.05 eq.)
THF
-78 °C, 30 min
2.616
THF

o)
-78°C,3h
anN\ENj/Br Br\ENj)k N _
+
= = 57%

605 616 617

Scheme 6.17 Synthesis of 617.

Conclusive proof of the successful reaction was obtained by single X-ray structural
determination of a purified sample of 617, which was grown from the slow evaporation of
a solution of Et;O/MeOH (Figure 6.7). Its space group was monoclinic (P2,/a), with an R,
value of 9.36%. The conformation of the structure showed that the 2-bromopyridyl
moiety orientated itself away from the dibenzylamine so to reduce steric strain, and to

maximise n-m stacking interactions between the benzyl rings within the intermolecular
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packing. A moderate electrostatic attraction possibly exists between one pyridyl nitrogen

and an opposing hydrogen (N2.-H3, 2.408(8) A).

01 Br1

cie ?
Figure 6.7 X-ray image of 617, with thermal ellipsoids at 50% probability level.

In this conformation, the ketone remained relatively unhindered to the approach of a
second molecule of 605. A step-wise process towards 607 was attempted by reintroducing
lithiated 605 to 617, but unfortunately the reaction did not proceed, as analysed by 'H
NMR and ESI-MS. The reason why could not be deduced, so there is number of
possibilities still left to be considered. It is most likely that the reactivity of the mono
addition product was too low for the second addition, due to a deactivating effect from

the aryl bromo group or tertiary amine.
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1. 605
n-BuLi (1.10 eq.)
THF
-78 °C, 30 min
2.617
THF
-78 °C, 3 h

605 617

Scheme 6.18 Second attempted synthesis of 607.

A single attempt to couple 617 with a boronic acid was attempted (Scheme 6.19). The
resulting product was a mixture of starting material and unidentifiable compounds.
Purification by silica gel chromatography was not simple and did not produce any pure

new compounds. This route was given up and another more promising avenue was

pursued.

Pd(OAc),
P(t-BU)3
CaF,
THF, 80 °C
2 h, microwave

OH NN SN NRA, e -

B(OH),
302 617 618

Scheme 6.19 Attempted synthesis of 618.

6.2.2 Second Route towards L1cohNH,;

The previous retrosynthetic plan disconnected the bi-aryl phenol-pyridine fragment
(Scheme 6.2). A new plan involved the addition of the aminopyridine to an ester
substituted bi-aryl moiety (Scheme 6.20). This would give a phenyl-pyridyl compound
with an ester functional group, as well as the previously synthesised protected amino

pyridine.
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OH
SN X OH
| g | —
N” >NH,

\
A
Z

OEt
N7 X
| o)
H,NT N
619
L1chNH, 601

Scheme 6.20 New disconnection of 601.

The compound 619 could be prepared from the following compounds, both of which are

commercially available (Scheme 6.21).

OEt
o

619

Scheme 6.21 Disconnection of 619.

OH
B(OH),

602

This route would take just 2 steps, excluding any required protection and deprotection. A

benzyl protecting group is again appropriate here, so 605 will be substituted for 604 here.

Similarly, the phenol of the boronic acid 302 was protected as methyl ether (Scheme 6.22)

in order to prevent undesirable reactions such as those observed earlier in this chapter

(Figure 3.6, page 84).

A Suzuki coupling was used to combine the boronic acid 620 to the first pyridyl unit 616.

This proceeded with a 66% yield, and its identity was confirmed by '"H NMR.
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Pd(PPh3),
Br CsCO,
DMF, 120 °C OMe
~ "N 3 h, microwave
OMe " N | OEt _— > = |N
N OEt
B(OH), 0 66%
(0]
620 616
621

Scheme 6.22 Synthesis of 621.

It was hoped that reacting 621 with 605 would produce the protected version of the
ligand (Scheme 6.23). This did not proceed. Likewise, the addition of just one pyridine

unit to 621 was also unsuccessful.

1. 605
n-BuLl (1.05 eq.)
THF
-78 °C, 30 min
2. 621

OMe THF
Bn,N N Br

Z >N + U RT, overnight
X ! OEt 2 >

Scheme 6.23 Attempted synthesis of 622 or 623.

A third approach using known Grignard chemistry was made (Scheme 6.24). Compound
322 was used for this, as it has previously been synthesised as part of the earlier work

towards L1chH. Analysis of the reaction product gave no sign of any reaction with 606.
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Some protodebrominated pyridine was observed in the '"H NMR spectrum, suggesting

some success of Grignard formation.

O
Bny,N N
Mg | _
2
Et,O
reflux, 1 h 606
OBn . - OBn
= |N >N
X |
Br X MgBr
322 624

Scheme 6.24 Attempted synthesis of 625.

The last considered reactions returned to using lithium halogen exchange chemistry

(Scheme 6.25). The coupling of 310 to 606 was successful. This gave 622 as a new

compound in a 23% yield, albeit with its amine and phenol functionality still protected.

The compound 622 was purified by silica gel column chromatography, and its synthesis

proven by '"H NMR and ESI-MS.

1.310
n-BuLi (1.20 eq.)
THF
-78 °C, 20 min
2. 606
(0] THF
Bn,N N RT, overnight
OMe 2 | N | A -
+ = N~
= |N 23%
NBn
X Br 2
310 606

Scheme 6.25 Synthesis of 622.
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The last two steps in this route involved deprotection of the methyl group from the
phenol, and the benzyl groups from the amino groups (Scheme 6.26). A standard
procedure for deprotection using benzyl tribromide was followed. Silica gel
chromatography was used to separate the various compounds formed, but it was not clear
from analysis that 626 had been formed. Increasing the quantity of BBr; failed in aiding
the reaction. Because 622 had seven heteroatoms, in hindsight it would have been
advisable to use an excess of 7+ equivalents of boron tribromide.'*® This is because stable
chelates can form between boron tribromide and other heteroatoms present in the

molecule.

BBr; (1.0-3.0 eq.)
DCM
-78 °C, 24 h

622

Scheme 6.26 Attempted methyl deprotection of 622.

An analogous reaction was attempted as above, this time with a benzyl group protecting
the phenol (Scheme 6.27). Here THF dried over sodium-benzophenone ketyl was
employed, in order to try and repeat the success of the reaction depicted in Scheme 3.18.
This reaction worked better (32% yield) than Scheme 6.25 (23% yield). Analysis of the 'H
NMR spectrum after silica gel column chromatography identified 625, and its proton and
carbon chemical shifts were assigned (Figure A-12). Due to the presence of 322 in the
reaction mixture, it was thought that it was not fully reacting with the n-BuLi. Therefore
n-BuLi was substituted with t-BuLi, in an attempt to increase the yield or reaction product

purity. However, this only resulted in a busier "H NMR spectrum and lower yield.
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1. 322
n-BuLi (1.20 eq. or 2.10 eq.)
THF, -78 °C, 20 min

2. 606

OBn NBn; THF, RT, overnight
>N ' >
S B 32%
322 606

Scheme 6.27 Synthesis of 625.

Again, deprotection proved troublesome (Schemes 6.28-6.29). It was clear from the 'H
NMR spectrum that some of the benzyl groups were being removed, but the extent was
obscured by the many peaks in the crude mixture. Silica gel chromatography was used to
try and purify each compound into unique fractions. Unfortunately, similarities between
the compounds meant that separation was impossible regardless of the solvent system
employed. Altering the solvent to pure acetic acid or leaving the reaction mixture to stir
for 3 days didn’t result in any change in their crude '"H NMR in comparison to the starting

materials.

5 % Pd/C (37 % w/w)
H,, 60 psi

EtOH, CHCI;, HOAc
RT, overnight

L1cohNH,, 601

Scheme 6.28 Attempted synthesis of 601.

Boron tribromide was then tried, but the resulting crude gave very unclear 'H NMR
results. Its spectrum contained multiple unidentifiable and overlapping peaks. Either

product degradation was occurring, or multiple compounds with varying degrees of
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deprotection were being synthesised. Column chromatography was used in an attempt to

purify the material but was not successful.

BBr; (9.0 eq.)
DCM
-78 °C, overnight

625 L1cohNH, 601

Scheme 6.29 Attempted synthesis of 601.

6.3 L1nNH:

A second target ligand that includes amino groups capable of buttressing, LInNHo, is
shown in Figure 6.8. Using a nitrogen apex will alter the N---Be--N bond angles, which

may influence the binding strength.

L
ZSNTSNT O NH,

HoNT X

Figure 6.8 Target ligand L1nNH. 627.

Retrosynthetic disconnection of the amino-pyridyl groups results in target compounds

604 and 628. Such chemistry is well precedent (Scheme 6.30).>
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OH
YO o B
= J\IIIEL\N NH, — SN T B NH,
N7 ZNH,
HoNT
627 629 604

Scheme 6.30 Disconnection of 251.

Further retrosynthetic analysis of 628 gives a likely disconnection of the phenol ring from
the pyridyl unit (Scheme 6.31). The reverse is achieved through a Suzuki reaction. This

gives two simple molecules — a boronic acid 302, and another unit of 604.

CL .
OH

V.V, V3 N
. — OH * B
[ B(OH), ZNH,
NH,
62 202 604

Scheme 6.31 Disconnection of 628.

As discussed earlier, protecting groups are necessary for each of these reactions to
proceed. For the phenol, the free phenol could be protected with a methyl group. And the
previously synthesised N,N-dibenzyl-6-bromopyridin-2-amine 605, can be used in the

second step of this scheme in place of 604.

The first reaction in this procedure was to perform a Suzuki coupling reaction to form
one half of the molecule (Scheme 6.32). This reaction was successful in a high yield (87%).
The product 629 contains the first two heteroatoms that will eventually be involved in

coordination, and a primary amine available to react with the further arms. This new
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compound was characterised by '"H NMR, *C NMR, COSY, HMBC, HMQC, and ESI-MS

(Figure A-13).

Pd(PPh3),
K,CO4
Br DME
100 °C, overnight OMe
N -
OMe * | N o N
B(OH), ZSNH, 87% |
NH,
620 604 629

Scheme 6.32 Synthesis of 629.

This next reaction was attempted under many conditions, as it was not clear for some
time if the product was made successfully (Scheme 6.33, Table 6.2). This included three
reaction types with the catalyst being copper sulfate, palladium acetate, or bronze powder.
Various other conditions were also altered including reagent and solvent concentration,

temperature, and microwave use.

Catalyst
Base OMe
OMe | AN Solvent N =
+ P > | _ ~ |
| SN Br™ 'N” 'NBn; N~ N~ “NBn,
ZNH, N
BN~ X
629 605 630

Scheme 6.33 General reaction synthesis of 630.

Entries 2 and 4 were the most successful, as analysis of their '"H NMR spectra indicated
the presence of 630 due to the singlet peak that integrated to 8 protons, corresponding to
the methylenes of the benzyl protecting groups. ESI-MS also confirmed the limited

success of these reactions. The other entries had varying degrees of success. Pd(OAc), was
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found to be the best catalyst, but reactions which used it were inconsistent (Entries 4, 6-9).

Purifications by silica gel column chromatography were attempted in the more promising

cases (2, 4, 5, 6-9), but these failed to obtain 630 in good purity. It was however possible

to separate the impurity 633 (Scheme 6.36) from the reaction material, which was the

intermediate product wherein only the first pyridyl group had reacted to the apex

nitrogen.

Table 6.2 Conditions for the synthesis of 630.

Entry Reagents Base Solvent  Temperature Time Microwave Product
6M 15
1 CUSO4'(H20)5 - 160 °C X
KOH min
6M 15
2 CUSO4'(H20)6 - 160 °C v v
KOH min
6M Diphenyl 15
3 CUSO4'(H20)5 160 °C - X
KOH Ether min
Pd(OAC),,
4 K,CO3 Dioxane 90 °C 24 h v v
XPhos
Bronze
powder (9:1
5 K,CO;  p-cymene 180 °C 66 h - ¢
Cu:Sn), trace
Kl, trace KBr
Pd(OAC),,
6 K,COs Dioxane 90 °C 24 h v X
XPhos
Pd(OACc),,
7 K,COs Dioxane 100 °C 24 h v X
XPhos
Pd(OAC),,
8 K>COs Dioxane 110°C 24 h - ?
XPhos
Pd(OAC)Q,
9 K,CO; Dioxane 110 °C 21h = X
XPhos

Deprotection of 601 made was attempted with boron tribromide (Scheme 6.34). Due to

the number of nucleophilic sites present in the molecule, a large excess of BBr; was

used.'?® Analysis of the reaction mix was inconclusive.
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1.BBr; (9.0 eq.)

OMe DCM OH
-78°C,1h

SN = 2. RT, overnight | SN = |

Z >SN SNT O NBn,
o’

E
g Q
X BN~ X

631
630

Scheme 6.34 Synthesis of 631.

Unfortunately, only small quantities (10-20 mg) of unpurified crude 630 or 631 were
obtained at any one time. Given the very low yields, only one or two further reactions
with the material was realistically possible. Further deprotection of 631, this time with
palladium on carbon as a catalyst, was trialled (Scheme 6.35). It was unclear to what
extent this reaction succeeded. Nonetheless, the crude material 631, without purification,
was subjected to reaction conditions for the conversion of its amine buttress into an
amide functionality. ESI-MS data suggests that 632 is present in the solution, but its
parent ion was of low intensity. Purification was tried by silica gel column
chromatography, but separation was not possible. This was due to the mixture of
compounds travelling together in every solvent system used, and an insufficient quantity

was available for even a small amount to be separated.
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OH
\N =

-
Z>N7 SN NBn,
N/

|
Q
anN

631

Scheme 6.35 Attempted synthesis of 627 and 632.

1.5 % Pd/C
H,, 60 psi
EtOH
RT,2h

H

=

N
oN

OH
' T
|
N
N/
\I

N NH,

2. AcCl
AcOH
90°C,2h

Due to the inconclusive results of all stages of this synthesis, it was decided that we should

add the pyridyl arms one at a time (Scheme 6.36). The first pyridyl unit was added

successfully to 629 (54% yield). Purification of the product by silica gel column

chromatography gave 633, as determined by a combination of 'H NMR, C NMR, and

ESI-MS (Figure A-14).
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OMe | N
+ —
>N Br N” "NBn,
|
X" NH,
629 605

Scheme 6.36 Synthesis of 633.

Pd(OAc),
XPhos
K;CO3
Dioxane

110 °C, overnight

microwave

54%

\J

OMe
\N =
= N |

633

The addition of second unit proved problematic (Scheme 6.37). Nine attempts were made

using different catalysts, bases, solvents, temperatures, and reaction times, as seen in the

table below (Table 6.3).
Catalyst
X Base
OMe Solvent
SN = + N| N e >
P ~
N N NBn,
633 306 /634

635

Scheme 6.37 General reaction synthesis of 635, where X = Br (306), or | (634).

Reaction conditions 1-8 were unsuccessful according to their '"H NMR spectra. In the

cases of 3 and 5, in which 6 M KOH was used as both the base and solvent, no organic

components could be identified by NMR protocols. The most promising condition was 9,

in which an iodopyridine 634 replaced the bromopyridine 306. The latter incorporates a

more reactive halide that could increase the chance of product being synthesised. Analysis

of the '"H NMR spectrum indicated that a trace of a new, unidentified compound had
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been formed. Separation of compounds was attempted via multiple silica gel columns, but

all crude material ran together.

Table 6.3 Conditions for the synthesis of 635.

Entry X Reagents Base Solvent Temp. Time Microwave Result
Pd(OAc),, . o X
1 Br XPhos K,COs Dioxane 110 °C 24 h v/
2 g PdOAd B0k Dioxane  90°C  11h v X
XPhos
3 Br  CuSOu(H:0)s 6MKOH ; 160°C 1> v X
4 Br Cul K3P8“'H2 DMF 130°C  24h - X
5 Br CuSO..(H0)s 6 M KOH - 160 °C 6.5h - X
6  Br PdéOAC)Z' Cs,CO; DMF 100°C  2h v X
ppf
7 B Fdidbaly NaOBBu  Toluene  110°C  20h - A
SPhos
Copper X
8 Br powder,trace  Na,CO; Mesitylene 160 °C 19h -
KBr
Pd(OAc),, Dioxane, o 2
9 | XPhos K,CO3 H,0 110 °C 15h v

6.4 L1nNH:PhNCO

Due to the problems with the synthesis of buttressed ligands, a new ligand was identified,

and its synthesis attempted (Figure 6.9). Taking 633 as a starting material,

functionalisation of the central amine with an appropriate donor group was investigated.

A compound that would easily react with the secondary amine was desired, that would

provide a donor atom in the same position as the previous pyridine moiety. Phenyl

isocyanate would work in this case, giving a second oxygen atom that is available in an

amide form. The adjacent secondary amine is unlikely to take part in any secondary

sphere of coordination as its orientation towards either oxygen atom is unfavourable but

could coordinate to a metal if deprotonated.
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Figure 6.9 L1nNH,PhNCO 636.

The retrosynthetic step necessary to procure 636, would be a disconnection of the phenyl
isocyanate from tertiary amine apex group of the main molecule (Scheme 6.38). Addition

of the amide can be achieved easily by the introduction of an isocyanate compound.

OMe
OMe
Bae ’
\N 7
ZONTSNTONH, L
o5 N~ N7 NH,
O "NH H
Ph
637 638

Scheme 6.38 Disconnection of 637.

A protecting group will be necessary to protect the primary amine. A benzyl protecting
group is suitable here, as we already have a supply of 633. This group can be removed
later through one of the previously used methods in this thesis being either palladium on

charcoal, or boron tribromide.

The first reaction step was the addition of phenyl isocyanate to the secondary amine of
633 (Scheme 6.39). Stirring these two compounds at room temperature overnight in
DCM gave the product 639 in a 79% yield, as identified by its '"H and *C NMR (Figure A-

15). The aromatic protons of the benzyl groups significantly overlapped, so these were
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unable to be assigned. Optimisation of the reaction conditions revealed that increasing the
excess of phenyl isocyanate was beneficial but that increasing the temperature to reflux
had no effect. Silica gel column chromatography was used to separate the product from

the excess starting material.

PhNCO OMe
DCM, RT
OMe .
overnight NN =z
S = L
\ | 79% N~ N7 NBn,
= X °
N™ "N "NBn,
H O ITIH
Ph
639

633

Scheme 6.39 Synthesis of 639.

Deprotection of 639 was first attempted by hydrogenation (Scheme 6.40). This was
unsuccessful. This was repeated but in THF with acetic acid. Inconclusive spectra and
yields were initially obtained. The reaction was tried again, this time with acetic acid as
the sole solvent, and upon purification some fractions gave noisy NMRs containing new
material. Unfortunately, the products could not be identified. ESI-MS was used to clarify
the results, but again noise interfered with identification. It is the case then that most

starting material remains unreacted.

5 % Pd/C (37 % wiw)

Ha, 60 psi OH
OMe EtOH
RT, 2 h SN~
| NN = | | _ ~ |
P D et > N N NH,
N”N" NBn, PN
07 NH
07 NH Ph
Ph
639 636

Scheme 6.40 Attempted synthesis of 636.
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Having had previous success with boron tribromide, this was tried next (Scheme 6.41).

N~ N” NBn,

639

Scheme 6.41 Attempted synthesis towards 640.

1. BBr3 (9.0 eq.)

2. RT, overnight

OH

A

N° 'N° 'NHBn

Ph

640

Using BBrs, cleavage of both the methyl group and one benzyl group was observed,

yielding 640. By 'H NMR, the CHj3 peak at 3.86 ppm disappeared (Figure 6.10, Figure A-

16). Also, the CH, peak at 4.79 ppm shifted upfield to 4.64 ppm, reduced from an

integration of 4H to 2H, and became a doublet. This change in signal is due to each

proton of the methylene group being in a different magnetic environment. These factors

signified that the new material contained only a single methylene group.
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A
2

4.787

865
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Figure 6.10 'H NMR spectrum of 639 (a) and 640 (b) from 3-6 ppm.

This deprotection step was attempted several times, increasing the concentration of the

BBr; each time (up to 12 equivalents), to try to achieve full deprotection. The '"H NMR

spectrum of the crude mixture showed potential. New material was synthesised, but

purification was not possible. Therefore, the degree of deprotection that had occurred was

difficult to determine.

Further hydrogenation was attempted on the partially deprotected ligand 640, (Scheme

6.42). This was unsuccessful. The same material was resubjected several times in a row

with varying solvent mixtures (DCM, MeOH, AcOH), and changes in the 'H NMR

spectrum was observed. Column chromatography and recrystallizations were used to try

to clean or purify the crude material, but each time was ineffective.

201



Chapter 6

5% Pd / C (37 % wiw)

H2, 60 pSI OH
OH solvent
. \ /
XN = RT, overnight | N |
| _ X L > ZSNTSNTONH
N~ N~ “NHBn A 2
O~ 'NH
i, b
Ph
640 636

Scheme 6.42 Attempted further deprotection of 640.

6.5 Summary

This chapter made attempts towards buttressed ligands. These would in theory bind to
beryllium in the same manner as L1cohH, but with the added benefit of a second sphere
of interactions to help stabilise the complex. The second series of procedures came close
to procuring L1cohNHz. '"H NMR shows that deprotection occurred, but the extent was
indeterminable. The chemistry of these compounds resulted in all attempts to purify them
with silica gel chromatography in them moving together and streaking. Either a lengthy
and systematic approach to the purification of 625 and LlcohNH,, or an alternative
synthetic route, is required (Scheme 6.44). The ligand L1nNH, was further from being
made, as the synthetic route produced unclear results when attempting to add the last
pyridyl group (Schemes 6.33-6.37). Last, an alternative buttressed ligand design 640 was
successfully synthesised. This ligand retains the ability to coordinate to a cation in a
tetradentate fashion whilst still having hydrogen bond donors available to form a

secondary sphere of coordination.
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N N NHBn

L1cohNH, 640

Figure 6.11 Potentially synthesised ligand L1cohNH; and successfully synthesised ligand
640.

6.6 Future Work

Alternative routes to buttressed ligands were noted throughout these syntheses, but
although interesting, were not attempted. One possible route to another buttressed ligand
could expand on the attempted route using MOMCI (Scheme 6.43). After the single
addition of MOMCI, the amine could be methylated to give a small, non-sterically
demanding, fully protected amine. Later, the methoxymethyl group could be removed by
strongly acidic deprotection, leaving -NHMe, which has the potential to support
buttressing. Although protecting a 2° methoxymethyl amine with a methyl group is not a
type of synthesis that has been reported in the literature, the chemistry appears to be

reasonable for an attempt to be made.
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1. NaH, DMF, 0 °C
2. MOMCI
2 RT, overnight, Ar X

~ - —
Br” “N” “NH, Br” ON S0~

I-=z

1. NaH, DMF, 0 °C
2. Mel
RT, overnight, Ar

- ----------

Scheme 6.43 Alternative protecting group methodology.

A modification of Scheme 6.17 could give another potential route (Scheme 6.44). This
would give an asymmetric ketone. Followed by coupling with the backbone compound
322, a new protected ligand is formed. Deprotection of this should result in a
spectroscopically clearer reaction mixture than Scheme 6.34, because there are only 3

protecting groups.

NBn,
o)
Bn,N_ N_ Br N ~N N
2 X N O/\ - | |
| | = z
_ " _ N
o}
605
NBn2
OBn
X A
L © PN e
= =z |
N X Br
o}
322

Scheme 6.44 Route to alternative buttressed ligand.

Further experimental plans should be thought out to plan for other buttress components

127

to be added either pre- or post- synthesis."”” The buttressing could be possibly added by
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functionalising dipyridyl ketone in another way (Scheme 6.45). It can have bromine

placed in the 6-positions, which will allow a wide range of chemistry to take place.

Br
[ .
N L | >
4 CIAO/\
Br
304

Scheme 6.45 Synthesis of brominated dipyridyl ketone.

This would allow modification of these into many groups, for use in buttressing (Scheme
6.46). There is precedence in the literature for many functional groups to be substituted in
the R-position, including the following: CHs;, NH, NHCHi;, NHCOH, NHCOCH:s:.
Buttresses of interest would include hydrogen bond donors of varying functional groups
and sizes, in which the labile proton is positioned to form 6-membered rings with the
coordination centre. Also, substituents without this type of functionality, such as bulky
alkyl chains or nitro groups, may be investigated. These would provide data on steric and

stereoelectronic effects on metal binding abilities.

Scheme 6.46 Synthesis of buttress-containing dipyridyl ketone.
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Chapter 7: Synthetic Experimental

"Evans boldly put 50 atm. of ethylene in a cell with 25 atm. of oxygen. The apparatus

subsequently blew up, but luckily not before he obtained the spectra shown in figure 8.

— A. J. Merer and R. S. Mulliken'?

7.1 General Experimental

7.1.1 Reagents and Solvents

All starting materials were obtained from commercial sources and used without
purification unless otherwise noted. All other reagents and solvents were obtained from

commercial sources and used as supplied.

Solvents used in reactions were analytical grade and used directly. If stated as dry, they
were subject to further purification as follows: Tetrahydrofuran, dichloromethane,
diethyl ether, and toluene were passed through alumina columns on an in-house solvent
purification system. In special circumstances, THF was dried via distillation over sodium-

benzophenone ketyl.

7.1.2 Synthetic Methods

All reactions were carried out in oven-dried glassware, under an atmosphere of nitrogen
or argon, with magnetic stirring. The reaction temperature refers to external oil bath
temperature. When a temperature of —78 °C was required, a mixture of isopropyl alcohol
and either dry ice or liquid nitrogen was used in a cooling bath. Microwave synthesis was
performed using a CEM Discovery Monomode Explorer. All organic extracts were dried
over magnesium sulfate and filtered through cotton. The solvents were removed under

reduced pressure on a BUCHI or Heidolph rotary evaporator. These were run in tandem
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with a Frigomix® 1000 refrigeration unit that cooled the collecting condensers with an
ethylene glycol and water mixture at -5 °C. For characterisation purposes, or when strict
drying of the compound was required for the next step, the last traces of solvent were

removed using a high vacuum oil pump attached to a Schlenk line.

7.1.3 Chromatography

Reactions were followed by TLC on aluminium-backed silica gel 60 F»s4 sheets from E-

Merck, visualised by UV light.

Flash column chromatography was performed using Scharlau silica gel 60, 0.04 - 0.06
mm, 230 — 400 mesh. The length of the silica gel column was typically 15 cm and the
diameter was varied according to the purification scale. The silica gel slurry was
compacted with the specified solvent system of a combination of hexanes, diethyl ether,
EtOAc, DCM, or MeOH. The compound was then either wet or dry loaded onto the

column and eluted with the specified solvent under positive pressure.

7.1.4 Characterisation

All compounds were characterised by 'H and “C nuclear magnetic resonance, and
electrospray ionisation mass spectrometry. '"H NMR and *C NMR spectra were recorded
on a Bruker Avance 400, 500, or 700 Mhz spectrometer. All chemical shifts are reported
relative to residual solvent ('H, PC). Full NMR assignments were made using their 'H and

BC spectra, including DEPT-90, DEPT-135, HMBC, and HMQC where necessary.

Mass spectra were obtained using a Micromass ZMD 400 electrospray spectrometer run
in positive ion mode. High resolution mass spectra (HRMS) were recorded on a

ThermoScientific Q Exactive Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer.
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New compounds were sent for further characterisation by elemental analysis. Elemental
analyses were provided by the Campbell Microanalytical Laboratory, University of Otago.
Unfortunately, it was the case that many of the synthesised compounds could not be
easily purified by silica gel column chromatography and did not often recrystallize.
Therefore, elemental analysis was not able to be carried out on several new compounds

and ligands.

X-ray crystal structures were recorded when suitable single crystals were available. This
data was collected on several X-ray diffractometers. The majority of structures were
obtained using a Rigaku Spider diffractometer equipped with a copper rotating X-ray
source and a curved image plate detector, at reduced temperature (other equipment
mentioned where necessary). The crystals were mounted in an inert oil, transferred into
the cold gas stream of the detector and irradiated with graphite monochromated Cu Ka (k
= 1.54178 A) X-rays. The data was collected by the Crystal Clear program (v.1.4.0) and
processed with FS-PROCESS to apply the Lorentz and polarisation corrections to the
diffraction spots (integrated 3 dimensionally). The structures were solved by direct
methods SHELXS-97 and refined using the SHELXL-97 program. Absorption correction
was carried out empirically. Hydrogens were calculated at their ideal positions unless

otherwise stated.
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7.2 Procedures

301

BBr; (5.0 eq.)
CH,CI,
-78 °C
RT, overnight

—_—

46%

The benzyl-protected precursor 323 (0.0555 g, 0.125 mmol) in dry DCM (5 mL) was
cooled to -78 °C under Ar. Boron tribromide (0.623 mlL, 0.623 mmol) was added
dropwise to produce a cloudy white solution. The reaction was allowed to warm to RT
and stirred overnight, affording a yellow precipitate. The reaction was quenched with
H,O (10 mL) and extracted with DCM (50 mL). The organic layer was washed with brine
(50 mL) and water (50 mL), dried over MgSOy, filtered, and evaporated in vacuo to afford
a yellow oil. The ligand 301 was purified by silica gel column chromatography using 98:2
DCM / MeOH to afford an off-white solid (0.0257 g, 46%). Rr = 0.24 (98:2 DCM /
MeOH). 'H NMR (500 MHz, CDCls) & 6.89 (t, ] = 7.48, 1H; ¢), 6.96 (d, ] = 8.20, 1H, a),
7.27 (d, ] = 6.20, 1H; b), 7.28 (d, ] = 6.20, 2H; j), 7.40 (s, 1H; m), 7.63 (d, J = 7.65, 1H; g),
7.74 (d, ] = 7.44, 1H; d), 7.76 (d, J = 8.55, 2H; i), 7.78 (d, ] = 8.61, 1H; e), 7.83 (t, J = 7.85,
1H; ), 7.98 (d, J = 8.10, 2H; h), 8.62 (d, ] = 4.4, 2H; k), 13.11 (br s, 1H, I); ®C NMR (125
MHz, CDCl;) 8 80.3 (12), 117.9 (8), 118.5 (2), 118.8 (4), 119.5 (6), 119.9 (10), 122.8 (16),
122.9 (14), 126.5 (5), 131.2 (3), 137.0 (15), 138.3 (9), 147.6 (17), 156.5 (7), 159.3 (1), 161.0
(13), 161.9 (11). HRMS for C,,H;sN30, (M*) 356.1309, expected 356.1305. Cy,H /N0
12H,0 (364.40): calc. C, 72.48; H, 4.97; N, 11.57; found C, 72.90; H, 4.94; N, 11.55. Figure

A-1.
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303
1. n-BuLi (1.1 eq.)

THF, -78 °C
30 min

Br o) 2.305 RT

N 2h
’ ~N + | AN | N >
= Br = N~ 50%
304 305 303

The compound 303 was synthesised by modification of a known literature procedure for
a related compound.”” The dibromopyridine 304 (7.25 g, 30.7 mmol) in diethyl ether
(250 mL) was cooled to -78 °C under Ar. n-Butyllithium (21.1 mL, 33.8 mmol,asa 1.6 M
solution in hexane) was added slowly over 25 minutes to produce a dark orange solution,
which was stirred an additional 20 minutes. The dipyridyl ketone 305 (5.21 g, 28.3 mmol)
in dry THF (100 mL) was added over the course of 20 minutes to produce a dark brown
mixture. After two hours of stirring at -78 °C, the mixture was warmed to 0 °C, acidified
to pH 3.5 with 5% HCI (150 mL), basified with saturated aqueous Na,COs (20 mL), and
extracted into CHCI; (3 x 50 mL). The combined organic layers were dried over MgSOs,
filtered, and evaporated in vacuo to afford a red oil. The impure product 303 was purified
by passage through a plug of silica gel followed by hexanes and diethyl ether washes to
provide an orange solid (4.84 g, 14.2 mmol, 50%). The characterisation data agreed with
the reported literature.”” '"H NMR (500 MHz, CDCls) 6 7.01 (br s, 1H), 7.20 (ddd, ] = 6.0,
4.8,2.4,2H), 7.36 (dd, J = 8.0, 0.8, 1H), 7.53 (t, ] = 7.6, 1H), 7.69 (m, 4H), 7.73 (dd, ] = 7.6,
0.8, 1H), 8.53 (dt, ] = 4.8, 1.2, 2H); “C NMR (125 MHz, CDCl;) 6 81.1, 121.9, 122.7, 123.3,

126.9, 136.7, 138.9, 140.4, 148.0, 162.3, 164.7. MS for CisH2BrN;O (M*) 343.56.
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305

1. n-BuLi (1.0 eq.)

THF, -78 °C
30 min
2. EtOCOCI, RT 0]
N.__Br 12h N
= 97% 7 N~
306 305

The pyridyl ketone 305 was a known compound, and synthesised by modification of the

literature procedure.'®

n-Butyllithium (4.0 mL, 6.4 mmol, as a 1.6 M solution in hexane)
was added dropwise to a solution of 2-bromopyridine (0.6 mL, 6.33 mmol) in dry THF
(10 mL) at =78 °C under an atmosphere of Ar, and stirred for 30 mins. Ethyl
chloroformate (0.3 mL, 2.85 mmol) was then added, and the reaction was allowed to
warm to room temperature and stirred for an additional 12 h. After this time the reaction
was quenched with water (5 mL), and the aqueous layer was extracted with
dichloromethane (3 x 10 mL). The combined organic layers were washed with NaHCO:
(I5 mL of a sat. aq. solution) and brine (10 mL), dried over MgSO,, filtered, and
evaporated in vacuo to afford a brown oil. The compound 305 was purified by silica gel
column chromatography using EtOAc, providing an orange solid (0.51 g, 97%). Rr= 0.35
(EtOAc). The characterisation data agreed with the reported literature. '"H NMR (500
MHz, CDCL3) 8 7.48 (ddd, J = 7.6, 4.8, 1.2, 2H), 7.89 (td, ] = 7.6, 1.2, 2H), 8.09 (dt, ] = 7.6,
1.2, 2H), 8.75 (dt, J= 4.8, 1.2, 2H); “C NMR (125 MHz) § 124.8, 126.0, 136.3, 148.7, 153.8,

192.5. MS for CuHsN,O (M+) 185.10.
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307

NaH

TBAI

BnBr (1.0 eq.)
DMF
0°C,2h

RT, 84 h

—_—

34%

The compound 303 (1.00 g, 2.92 mmol) in dry DMF (20 mL) was cooled to 0 °C under
Ar. NaH (0.587 g, 14.6 mmol) was added in portions over 10 minutes. After cessation of
H, generation, a small crystal of tetrabutylammonium iodide was added. Benzyl bromide
(0.348 mL, 2.92 mmol) was added dropwise forming a cloudy solution and stirred for a
further 2 hours at 0 °C. The reaction was allowed to warm to RT and stirred for a further
84 hours. The resulting orange solution was quenched with MeOH (10 mL) and
concentrated in vacuo to remove the DMF. The resulting oil was extracted with DCM (30
mL) and the organic layer was washed with brine (30 mL) and water (30 mL). The
aqueous layer was washed further with DCM (30 mL). The combined organic layers were
dried over MgSO,, filtered, and evaporated in vacuo to afford a pale-yellow oil. The
product 307 was purified by silica gel column chromatography using 1:1 hexanes /
EtOAc. Rr= 0.22 (1:1 hexanes / EtOAc). The resulting oil was further purified by silica gel
column chromatography using 9.9:9.9:0.2 hexanes / EtOAc / TEA to afford a white solid
(0.434 g, 34%). R¢=0.33 (9.9:9.9:0.2 hexanes / EtOAc / TEA). "H NMR (500 MHz, CDCls)
0 4.56 (s, 2H; h), 7.20 (dt, ] = 5.23, 1.48, 2H; k), 7.27 (t, J = 6.74, 1H; 1), 7.33 (d, ] = 7.64,
1H; j), 7.36 (d, ] = 8.04, 1H; a), 7.43 (d, J = 7.35, 2H; i), 7.52 (t, ] = 7.80, 1H; b), 7.68-7.74
(m, 6H; ¢, d, e), 8.60 (d, ] = 4.61, 2H; g); *C NMR (125 MHz, CDCls) § 67.2 (12), 88.0 (6),
122.3 (10), 123.5 (8), 124.1 (4), 126.6 (2), 127.2 (16), 127.7 (14), 128.1 (15), 136.3 (9), 138.1
(3), 139.0 (13), 140.6 (1), 148.5 (11), 161.4 (7), 162.6 (5). C3H19N3O (M*) 432.17. Figure

A-2.
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308

Pd(PPh3),
CsCO,
DMF, 120 °C
2 h, microwave
+ .
OH .
B(OH), 54%
302 307

A mixture of 307 (0.100 g, 0.2313 mmol), 2-hydroxyphenylboronic acid 302 (0.064 g,
0.463 mmol), cesium carbonate (0.226 g 0.694 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.027 g, 0.0231 mmol) in dry DMF (4 mL) was
stirred and heated in a microwave for 2 hrs at 120 °C. The mixture was allowed to cool to
RT and filtered with a 0.45 um syringe filter. The mixture was extracted with DCM (50
mL) and the organic layer was washed with brine and water alternatively (3 x 50 mL
each). The organic layer was dried over MgSOsy, filtered, and evaporated in vacuo to afford
an off-white solid (0.0445 g, 54%). The product 308 was unable to be purified. MS for

CyoH24N30, (M) 447.10.

213



Chapter 7

310

1. n-BuLi (6.0 eq.)
DMAE (3.0 eq.)
Toluene, -20 °C, 30 min

2.315
-20°C, 1 hr
3.CBry
Toluene, -78 °C - RT, 1 hr
OMe .
= |N 82%
N
315

7 N\

310

OMe

Br

The compound 321 (1.12 g, 4.47 mmol) in dry THF (20 mL) was cooled to 0 °C under Ar.

NaH (0.214 g, 8.93 mmol) was added in portions. After cessation of H, generation, the

reaction was stirred for a further hour at 0 °C. Methyl iodide (0.556 mL, 8.93 mmol) was

added dropwise, forming a precipitate, and the reaction was allowed to warm to RT and

stirred overnight affording a cloudy yellow solution. The reaction was quenched with

water (40 mL). The aqueous layer was washed with CHCl; (2 x 50 mL) and the combined

organic layers were washed with sat. NaHCO; (50 mL) and brine (50 mL). The organic

layer was dried over MgSO,, filtered, and evaporated in vacuo to afford a yellow oil. The

product 310 was purified by column chromatography using 19:1 hexanes / EtOAc to

afford a white solid (0.971 g, 82%). Rr= 0.23 (19:1 hexanes / EtOAc). 'H NMR (500 MHz,

CDCls) 6 3.88 (s, 3H), 7.01 (d, ] = 8.35, 1H), 7.11 (dt, ] = 7.50, 1.00, 1H), 7.39-7.42 (m,

2H), 7.56 (t, ] = 7.80, 1H), 7.88-7.91 (m, 2H). C,;H1;BrNO (M*) 264.20. Figure A-3.
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311

1. n-BuLi (1.0 eq.)
THF, -78 °C, 1 hr

2.317
| AN Fo Ny reflux, 30 min X N
+ >
N | P | N | =
99%
316 317 311

Compound 311 was a known compound and was synthesised according to the literature
procedure.'''* 2-Picoline 316 (0.82 mL, 8.65 mmol) in dry THF (5 mL) was cooled to -78
°C under Ar. n-Butyllithium (0.54 mL, 8.65 mmol, as a 1.6 M solution in hexane) was
added and the reaction stirred at -78 °C under Ar for 1 hr, slowly warming to -20 °C. 2-
Fluoropyridine 317 (0.35 mL, 4.07 mmol) was added and the reaction was heated to
reflux for 30 min. The reaction was diluted with DCM (200 mL) and washed with water
(4 x 50 mL). The organic layer was dried over MgSO,, filtered, and evaporated in vacuo to
afford a brown oil. The product 311 was used without further purification (0.685 g, 99%).
The characterisation data agreed with the reported literature.''"* '"H NMR (500 MHz,
CDCl3) 8 4.35 (s, 2H), 7.13 (dd, ] = 7.4, 4.9, 2H), 7.25 (d, J = 7.7, 2H), 7.60 (td, [ = 7.7, 1.8,
2H), 8.57 (dd, J = 4.9, 1.8, 2H); *C NMR (125 MHz, CDCls) § 47.0, 121.5, 123.6, 136.7,

149.4, 159.2. C;1H 0N, (M*) 171.19.
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315
:\/Ig Ni(acac),
2 dppe
THF Cl THF
RT,2h RT, 18 h OMe
OMe - OMe N —
Br MgBr AN 75% /|N
X
312 313 314
315

The compound 315 was a known compound and was synthesised according to the
literature procedure.””® Magnesium (0.400 g, 16.5 mmol) was heated under vacuum for a
short period, a few crystals of iodine were added and 2-bromoanisole (2.05 mL, 16.5
mmol) in dry THF (50 mL) was added. The mixture was stirred at RT under Ar for 2 hr.
2-Chloropyridine (1.36 mL, 14.5 mmol), nickel acetylacetonate (0.190 g, 0.739 mmol) and
1,2-bis(diphenylphosphino)ethane (0.290 g, 0.739 mmol) in dry THF (20 mL) was added
to the reaction mixture and then stirred at RT for 18 hr. The reaction was diluted with
DCM (200 mL) and washed with water (4 x 50 mL). The organic layer was dried over
MgSOs,, filtered, and evaporated in vacuo to afford a pale-yellow liquid. The product 315
was purified by silica gel column chromatography using 1:4 EtOAc / hexanes (2.01 g,
75%). Re=0.14 (1:5 EtOAc / hexanes). The characterisation data agreed with the reported
literature.”*® 'H NMR (500 MHz, CDCL;) & 3.82 (s, 3H), 6.99 (d, ] = 8.5, 1H), 7.09 (td, J =
7.6, 0.9, 1H), 7.19 (ddd, J = 7.6, 4.8, 0.9, 1H), 7.36 (td, ] = 8.5, 1.8, 1H), 7.68 (td, ] = 8.0,
1.8, 1H), 7.79 (dd, J = 7.6, 1.8, 1H), 7.81 (dt, ] = 8.0, 0.9, 1H), 8.68 (m, 1H); *C NMR (125
MHz, CDCl;) § 55.4, 111.2, 120.9, 121.5, 125.0, 128.9, 129.8, 131.0, 135.6, 149.1, 155.9,

156.8. CoH2NO (M*) 186.63.
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319

NBS
CCly, reflux
30 mi
N N\ min
L) —
= 42%
31 319

Compound 319 was a known compound and was synthesised according to the literature
procedure.!'> The methylene pyridine 311 (0.151 mL, 0.888 mmol) and N-
bromosuccinimide (0.213 g, 0.903 mmol) in CCly (2 mL) were refluxed for 30 min. The
reaction was diluted with DCM (200 mL) and washed with water (200 mL). The organic
layer was dried over MgSO,, filtered, and evaporated in vacuo to afford a brown oil. The
product 2,2'-(Bromomethylene)dipyridine 319 was purified by silica gel column
chromatography using 98:2 DCM / MeOH (0.092 g, 42%). R¢= 0.68 (9:1 DCM / MeOH).
The characterisation data agreed with the reported literature.'> 'H NMR (500 MHz,
CDCls) 8 4.36 (s, 1H), 7.18 (ddd, ] = 7.6, 4.8, 1.6, 2H), 7.69 (td, ] = 7.6, 1.8, 2H), 7.72 (dt, |
=7.6, 1.8,2H), 8.57 (dd, J = 4.8, 1.8, 2H); C NMR (125 MHz, CDCl;) 6 54.5, 122.9, 123.5,

136.9, 149.1, 158.3. C1;H10BrN, (M*) 249.18.
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321

Pd(PPh;),
K>,CO4
Br DME OH
SN reflux, overnight
OH + | > Z\
A |
B(OH), Br 67% .

302 304 321

2,6-dibromopyridine (20.0 g, 844 mmol) in DME (300 mL) was added to 2-
hydroxyboronic acid (11.7 g, 84.4 mmol), tetrakis(triphenylphosphine)palladium(0) (4.88
g, 4.22 mmol), and potassium carbonate (82.9 g, 4.22 mmol) in water (300 mL). The
suspension was refluxed overnight at 100 °C under Ar. The organic layer was separated,
and the aqueous layer was washed with EtOAc (4 x 50 mL). The combined organic layers
were washed with brine and water alternatively (3 x 50 mL each). The organic layer was
dried over MgSO,, filtered, and evaporated in vacuo to afford a pale-yellow oil. The
product 321 was purified by silica gel column chromatography using 9:1 hexanes /
EtOAc, loaded with toluene (0.704 g, 67%). Rr= 0.25 (9:1 hexanes / EtOAc). '"H NMR (500
MHz, CDCls) § 6.95 (dt, J = 7.10, 0.95, 1H; b/d), 7.07 (dd, ] =8.25, 0.85, 1H; a/c), 7.36 (dt,
J = 8.48, 1.45, 1H; b/d), 7.43 (d, J =7.80, 1H; g), 7.70 (t, J = 7.95, 1H; f), 7.76 (dd, ] = 8.00,
1.35, 1H; a/c), 7.85 (d, J = 8.05, 1H; €), 12.72 (br s, 1H; h). ®C NMR (125 MHz, CDCls) &
117.9 (8), 118.1 (6), 118.8 (2/4), 119.3 (3/5), 125.5 (10), 126.5 (2/4), 132.2 (3/5), 138.4 (11),

139.7 (9), 158.9 (7), 159.2 (1). C,iHoBrNO (M*) 250.15. Figure A-4.
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322

NaH
TBAI
BnBr (1.20 eq.)
DMF
OH 0°C, 2h OBn
Z N ~ "N
“ | 33% . |
Br Br
321 322

The compound 321 (3.00 g, 12.0 mmol) in dry DMF (25 mL) was cooled to 0 °C under
Ar. NaH (2.40 g, 60.0 mmol) was added in portions. After cessation of H, generation, a
small crystal of TBAI was added. Benzyl bromide (1.71 mL, 14.39 mmol) was added
dropwise forming a white precipitate and stirred for a further 2 hours at 0 °C. The
reaction was quenched with MeOH (25 mL) and concentrated in vacuo to remove the
DME. The resulting brown oil was extracted with EtOAc (125 mL) and the organic layer
was washed with brine and water alternatively (5 x 25 mL each). The organic layer was
dried over MgSO,, filtered, and evaporated in vacuo to afford a yellow oil. The product
322 was purified by silica gel column chromatography using 9:1 hexanes / EtOAc, loaded
with toluene (2.05 g, 33%). Rr= 0.46 (9:1 hexanes / EtOAc). 'H NMR (500 MHz, CDCl;) §
5.17 (s, 2H; h), 7.07 (d, J = 8.25, 1H; d), 7.12 (t, ] = 7.48, 1H; f), 7.34-7.38 (m, 7H; a/c, &, 1, j,
k), 7.53 (t, J = 7.75, 1H; b), 7.90 (m, 2H; a/c, g). 13C NMR (125 MHz, CDCL) § 70.7 (12),
113.1 (7), 121.6 (9), 124.0, 125.9, 127.2 (14), 127.9 (6), 128.6 (16), 130.6 (15), 131.5 (10),
136.8 (13), 138.0 (3), 141.4 (1), 157.0 (11), 156.2 (5). HRMS for CisHsBrNO (M)
340.0329, expected 340.0332. C;sH14BrNO (340.21): calc. C, 63.55; H, 4.15; N, 4.12; found

C, 62.99; H, 4.20; N, 4.08. Figure A-5.
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323

1. 322
n-BuLi (1.10 eq.)
Ether
-78 °C, 20 min
2.305
o THF
OBn N N RT, overnight

|

P 11%

322 305

n-Butyllithium was added (1.06 mL, 2.42 mmol, as a 1.6 M solution in hexane) dropwise
to a solution of 322 (0.75 g, 2.20 mmol) in dry diethyl ether (15 mL) at -78 °C under Ar
and stirred for 30 minutes. The compound 305 (0.406 g, 2.20 mmol) in dry THF (15 mL)
was added dropwise, and the solution was allowed to warm to room temperature over 2
hours. The reaction was quenched with 10% aq. K;COs (w/v) (10 mL) and extracted with
chloroform (50 mL). The aqueous layer was separated and washed with chloroform (2 x
25 mL). The organic layers were combined and washed with water (50 mL) and brine (50
mlL), dried over MgSQs, filtered, and evaporated in vacuo to afford a pale-yellow oil. The
product 323 was purified by silica gel column chromatography using 98:2 DCM / MeOH
(0.110 g, 11%). Rr= 0.10 (98:2 DCM / MeOH). '"H NMR (500 MHz, CDCls) 6 5.16 (s, 2H;
1), 7.07 (m, 2H; b, d), 7.20 (dt, ] = 6.23, 1.34, 2H; j), 7.31-7.40 (m, 6H; ¢, m, n, 0), 7.49 (brs,
1H; p), 7.66-7.82 (m, 7H; i, f, h, e/g, a), 7.93 (d, J = 7.50, 1H; e/g), 8.58 (d, 2H; k). “C NMR
(125 MHz, CDCl;) § 70.63 (18), 81.33 (12), 113.08 (5), 121.29 (16), 121.36, 122.18 (14),
122.96 (22), 123.87 (10), 127.15 (20), 127.82 (21), 128.54 (3), 128.97 (6), 129.90 (8), 131.48
(2), 136.26 (9), 136.35 (4, 15), 136.92 (19), 147.95 (17), 153.05 (7), 156.38 (1), 161.10 (11),

163.52 (13) C29H24N302 (M+) 446.29. Figure A-6.
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605

NaH
TBAI
BnBr (2.20 eq.)
DMF
H2N N\ Br 0 OC, 2h anN | N\ Br
| . P
82%
604 605

2-Amino-6-bromopyridine 604 (20.0 g, 116 mmol) in dry DMF (200 mL) was cooled to 0
°C under Ar. NaH (23.1 g, 578 mmol) was added in portions. After cessation of H,
generation, a small crystal of Tetrabutylammonium lodide was added. Benzyl bromide
(30.3 mL, 254 mmol) was added dropwise forming a white precipitate and stirred for a
further 2 hours at 0 °C. The reaction was quenched with MeOH (50 mL) and
concentrated in vacuo to remove the DMF. The resulting red oil was extracted with DCM
(200 mL) and the organic layer was washed with brine and water alternatively (3 x 50 mL
each). The organic layer was dried over MgSQOy, filtered, and evaporated in vacuo to afford
a clear colourless oil. The product 605 crystallized out providing clear colourless crystals,
which were washed with hexanes to remove impurities (33.4 g, 82%). '"H NMR (500 MHz,
CDCls) 8 4.78 (s, 4H; d), 6.35 (d, ] = 8.47, 1H; ¢), 6.76 (d, J = 7.36, 1H; a), 7.21 (t, J = 7.77,
1H; b), 7.26-7.36 (m, 10H; e, g, f); *C NMR (125 MHz, CDCl;) § 51.0 (6), 104.2 (4), 115.3
(2), 127.2 (10), 127.3 (8), 128.7 (9), 137.7 (7), 139.5 (3), 140.1 (1), 158.5 (5). CisHsBrN,

(M*) 353.18. Figure A-7.
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606

1. n-BuLi (1.10 eq.)

solvent, -78 °C (o)
30 min Bn-N N
Bn,N ‘N\ Br 5 Etococl, RT 2 s N
= > = N~
41% NBn,

n-Butyllithium (7.10 mL, 16.3 mmol, as a 1.6 M solution in hexane) was added dropwise
to a solution of the bromopyridine 605 (5 g, 14.2 mmol) in dry THF (100 mL) at -78 °C
under Ar and stirred for 30 minutes. Ethyl chloroformate (674 pL, 7.08 mmol) was added
dropwise, and the solution was allowed to warm to room temperature over 2 hours. The
reaction was quenched with H,O (20 mL) and extracted with DCM (3 x 80 mL). The
combined organic layers were separated and washed with sat. NaHCO3 (40 mL) and brine
(40 mL), dried over MgSOy, filtered, and evaporated in vacuo to afford a yellow oil. The
product 606 was purified by silica gel column chromatography using 19:1 hexanes /
EtOAc, by dry loading the sample (1.66 g, 41%). Rr = 0.16 (19:1 hexanes / EtOAc). 'H
NMR (500 MHz, CDCl:) 8 4.80 (s, 8H; d), 6.57 (d, ] = 8.64, 2H; ¢), 7.21-7.30 (m, 22H; e, ,
g, a), 7.42 (t, ] = 7.96, 2H; b). *C NMR (125 MHz, CDCl;) § 51.0 (7), 109.7 (5), 114.0 (3),
127.0 (11), 127.3 (9), 128.5 (10), 137.6 (4), 138.3 (8), 153.0 (2), 157.5 (6), 161.7 (1). HRMS

for C3oH3sN4O (M*) 575.2801, expected 575.2805. Figure A-8.
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604 609

The compound 604 (5.00 g, 28.9 mmol) in dry DMF (50 mL) was cooled to 0 °C under
Ar. NaH (3.47 g, 86.7 mmol) was added in portions over 10 minutes. After cessation of H
generation, methyl iodide (4.50 mL, 72.3 mmol) was added dropwise, and stirred for a
further 2 hours at 0 °C. The reaction was allowed to warm to RT and stirred overnight.
The reaction was quenched with water (50 mL) and extracted with isopropyl acetate (50
mL). The organic layer was dried over MgSQ,, filtered, and evaporated in vacuo to afford
a pale-yellow oil. The product 609 was used without any further purification (5.31 g,
91%). '"H NMR (500 MHz, CDCls) 6 3.05 (s, 6H; d), 6.36 (d, ] = 8.43, 1H; ¢), 6.65 (d, ] =

7.45, 1H; a), 7.23 (t, ] = 8.14, 1H; b). C;H,oBrN, (M*) 201.18. Figure A-9.
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610

1. n-BuLi (1.10 eq.)

Et,0 o)
-78 oC, 10 min Me->N N
Me2N | N B 2 Etococ 2 s N
P> -78 OC, 2h 7 N =
319 NM62
(o]
609 610

n-Butyllithium (2.53 mL, 2.74 mmol, as a 1.6 M solution in hexane) was added dropwise
to a solution of 609 (0.500 g, 2.49 mmol) in dry diethyl ether (10 mL) at -78 °C under Ar
and stirred for 5 minutes. Ethyl chloroformate (118 uL, 1.24 mmol) was added dropwise
affording a red solution, and was stirred for a further 2 hrs at -78 °C. The reaction was
allowed to warm to RT affording cloudy green solution. The reaction was quenched with
water (20 mL) and extracted with DCM (25 mL). The organic layer was washed with
NaHCO:; (10 mL) and brine (10 mL), dried over MgSQs, filtered, and evaporated in vacuo
to afford a pale-orange oil. The product 238 was purified by silica column
chromatography using 9:1 hexanes / EtOAc (0.104 g, 31%). Rr = 0.23 (9:1 hexanes /
EtOAc). '"H NMR (500 MHz, CDCls) 8 3.11 (s, 12H; d), 6.69 (d, J = 8.51, 2H; ¢), 7.34 (d, ]

= 7.25,2H; a), 7.23 (dt, ] = 7.95, 1.06, 2H; b). CisH1N4O (M*) 272.07. Figure A-10.
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617
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n-BuLi (1.05 eq.)
THF
-78 °C, 30 min
616
THF

2.
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+
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605 616
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n-Butyllithium was added (1.95 mL, 3.11 mmol, as a 1.6 M solution in hexane) dropwise
to a solution of 605 (1.00 g, 2.83 mmol) in dry THF (10 mL) at -78 °C under Ar and
stirred for 30 minutes. 616 (0.651 g, 2.83 mmol) in dry THF (10 mL) was added dropwise,
and the solution was stirred at -78 °C for 3 hours. The solution was allowed to warm to
RT and was stirred overnight. The reaction was quenched with 10% acetic acid (10 mL),
and the solution was extracted into EtOAc (3 x 10 mL). The organic layer was washed
with brine (10 mL) and water (10 mL). The aqueous layer was washed with CHCl; (3 x 10
mL). The combined organic layers were combined, dried over MgSQ,, filtered, and
evaporated in vacuo. The product 617 was purified by silica column chromatography
using 6:1 hexanes / EtOAc (0.316 g, 57%). R¢= 0.18 (6:1 hexanes / EtOAc). '"H NMR (500
MHz, CDCls) § 4.77 (s, 4H; d), 6.70 (d, ] = 8.45, 1H; ¢), 7.19 (d, ] = 7.15, 4H; e), 7.31-7.35
(m, 6H; f, g), 7.37 (t, J = 7.80, 1H; i), 7.51 (d, J = 7.45, 1H; j), 7.53 (d, ] = 8.69, 1H; a), 7.60

(t, = 7.78;b), 7.74 (d, J = 7.56, 1H; h). CosHx BrN;O (M*) 458.20. Figure A-11.
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621

Pd(PPh3),
Br CsCO;
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O
620 616
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A mixture of 616 (0.250 g, 1.09 mmol), 620 (0.330 g, 2.17 mmol), cesium carbonate (1.06
g, 3.26 mmol), tetrakis(triphenylphosphine)palladium(0) (0.126 g, 0.109 mmol) in dry
DMF (10 mL) was stirred and heated in a microwave for 3 hrs at 120 °C under Ar. The
mixture was allowed to cool to RT and filtered with a 0.45 pm syringe filter. The mixture
was extracted with CHCl; (50 mL) and the organic layer was washed with brine and water
alternatively (5 x 50 mL each). The organic layer was dried over MgSO,, filtered, and
evaporated in vacuo to afford a pale-yellow oil. The product 621 was purified by column
chromatography using 9:1 hexanes / EtOAc to afford a white solid (0.184 g, 66%). Rr =
0.13 (9:1 hexanes / EtOAc). 'H NMR (500 MHz, CDCl3) § 1.47 (t, ] = 7.15, 3H), 3.87 (s,
3H), 4.50 (q, J = 7.14, 2H), 7.02 (d, J = 8.30, ), 7.12 (dt, J = 7.51, 0.88, 1H), 7.41 (dt, ] =
7.71, 1.80, 1H), 7.84 (t, J = 7.85, 1H), 7.92 (dd, ] = 7.66, 1.79, 1H), 8.05 (d, J = 7.80, 2H).

CisHisNOs (M*) 258.22.
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THF
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n-Butyllithium (1.14 mL, 1.14 mmol, as a 1.6 M solution in hexane) was added dropwise

to a solution of 310 (0.255 g, 0.947 mmol) in dry THF (2.5 mL) at -78 °C under Ar and

stirred for 20 minutes. The pyridyl ketone 606 (0.544 g, 0.947 mmol) in dry THF (2.5 mL)

was added dropwise affording a lime solution. The reaction was allowed to warm to RT

and was stirred overnight to afford a clear orange solution. The reaction was quenched

with 25% acetic acid (1 mL) and extracted with EtOAc (50 mL). The organic layer was

washed with water (3 x 20 mL) and brine (30 mL). The aqueous layer was washed with

CHCI; (2 x 15 mL). The combined organic layers were dried over MgSOy, filtered, and

evaporated in vacuo to afford a yellow oil. The product 622 was purified by silica column

chromatography using 9:1 hexanes / EtOAc (0.0652 g, 23%). Rr = 0.09 (9:1 hexanes /

EtOAc). '"H NMR (500 MHz, CDCls) § 3.86 (s, 3H), 4.64-4.71 (m, 8H), 6.32 (d, ] = 8.35,

2H), 7.01 (d, J = 8.15, 1H), 7.40 (d, ] = 7.40, 3H), 7.12-7.14 (m, 8H), 7.21-7.25 (m, 12H),

7.31(d, J=7.80, 1H), 7.37 (t, ] = 7.78, 4H), 7.68 (d, ] = 7.80, 1H), 7.71 (d, ] = 7.52, 1H),

7.86 (dd, ] = 7.64, 1.70, 1H). Cs;H4sN50, (M*) 760.57.
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625
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n-Butyllithium (0.70 mL, 1.61 mmol, as a 1.6 M solution in hexane) was added dropwise
to a solution of 322 (0.498 g, 1.46 mmol) in dry diethyl ether (20 mL) at -78 °C under Ar
and stirred for 30 minutes. 606 (0.8408 g, 1.46 mmol) in dry THF (20 mL) was added
dropwise, and the solution was allowed to warm to room temperature over 2 hours. The
reaction was quenched with H,O (10 mL) and extracted with EtOAc (25 mL). The
reaction was washed with water (25 mL) and brine (25 mL). The organic layer was dried
over MgSO,, filtered, and evaporated in vacuo. The product 625 was purified by silica gel
column chromatography using 98:2 DCM / MeOH (0.2012 g, 32%). Rr= 0.36 (98:2 DCM
/ MeOH). 'H NMR (700 MHz, CDCls) § 4.67 (g, J = 12.19, 16.38, 8H; k), 5.13 (s, 2H; o),
6.33 (d, J = 8.39, 2H; h), 7.06-7.10 (m, 4H; j, b), 7.13-7.14 (m, 8H; 1/m/n), 7.22-7.25 (m,
13H; f, 1/m/n), 7.32-7.40 (m, 9H; d, ¢, 1, 5), 7.67 (d, ] = 8.03; 1H; g), 7.77 (d, ] = 7.72, 1H; ),
7.89 (1d, J = 7.64, 1H; a). ®C NMR (175 MHz, CDCL) & 51.1 (18), 70.6 (23), 81.2 (12),
103.8 (14), 111.0 (16), 113.1 (27), 121.3 (26), 122.8 (10), 123.2 (8), 126.8 (22), 126.9, 127.0,
127.1, 127.2, 127.3 (20), 127.7 (25), 128.4 (21), 128.5, 128.6 (6), 129.4, 129.6 (5), 131.7 (2),
135.1 (24), 137.1 (9), 137.8 (15), 138.8 (19), 151.9 (7), 156.3 (1), 156.9 (17), 161.0 (11),

162.3 (13). Cs7HsoN50, (M) 837.63. Figure A-12.
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629
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604 (5.00 g, 28.9 mmol) in DME (40 mL) was added to 620 (4.39 g, 28.9 mmol),
tetrakis(triphenylphosphine)palladium(0) (1.67 g, 1.45 mmol), and potassium carbonate
(28.4 g, 205 mmol) in water (40 mL). The suspension was refluxed overnight at 100 °C
under Ar. The reaction mixture was filtered through cotton wool and diluted with EtOAc
(50 mL). The organic layer was washed with brine (50 mL) and water (50 mL), dried over
MgSO,, filtered, and dried in vacuo. The product 629 was used without any further
purification (1.01 g, 87%). '"H NMR (500 MHz, CDCls) 6 3.87 (s, 3H; h), 4.51 (br s, 2H; i),
6.46 (d, ] = 8.03, 1H; a), 7.00 (d, ] = 8.49, 1H; g), 7.07 (t, ] = 7.20, 1H; e), 7.17 (d, ] = 7.72,
1H; ¢), 7.36 (dt, ] = 7.72, 1.80, 1H; f), 7.49 (t, J= 7.72, 1H; b), 7.71 (dd, ] = 7.62, 1.36, 1H;
d). ®C NMR (125 MHz, CDCls) § 55.7 (12), 106.8 (2), 111.4 (10), 115.5 (4), 120.9 (8),
129.5 (6, 9), 130.9 (7), 137.5 (3), 154.5 (5), 157.0 (11), 158.1 (1). C;,Hi3N,O (M*) 201.68.

Figure A-13.
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A suspension was formed from 605 (1.76 g, 4.99 mmol), 629 (1.00, 4.99 mmol),
palladium(II) acetate (0.112 g, 0.499 mmol), XPhos (0.238 g, 0.499 mmol) and potassium
carbonate (1.38 g, 9.99 mmol) in dioxane (20 mL). The suspension was refluxed overnight
at 110 °C under Ar. The mixture was allowed to cool to RT and filtered with a 0.45 pm
syringe filter. The mixture was extracted with DCM (50 mL) and the organic layer was
washed with brine and water alternatively (3 x 50 mL each). The organic layer was dried
over MgSO;, filtered, and evaporated in vacuo to afford an orange solid. The product 633
was purified by column chromatography using 1:1 hexanes / EtOAc to afford a white
solid (1.27 g, 54%). R¢= 0.90 (1:1 hexanes / EtOAc).'"H NMR (500 MHz, CDCls) 6 3.87 (s,
3H; h), 4.85 (s, 4H; 1), 6.09 (d, ] = 8.26, 1H; k), 6.50 (d, J = 7.81, 1H; i), 7.01 (d, ] = 8.26,
1H; g), 7.09 (dt, ] = 7.66, 0.93, 1H; e), 7.20 (br s, 1H; p), 7.27-7.39 (m, 14H; m, a, f, j, n),
7.57 (d, J=8.13, 1H; ¢), 7.75 (dd, ] = 7.60, 1.70, 1H; d). *C NMR (125 MHz, CDCl;) § 51.4
(18), 55.6 (12), 97.5 (16), 98.9 (14), 109.7 (4), 111.5 (10), 117.4 (2), 120.9 (8), 126.9 (20),
126.9, 127.1, 127.3, 128.6 (21), 129.4, 129.6 (6), 130.9 (7), 137.2, 138.7 (19), 139.2, 152.8

(13), 153.5 (1), 154.1 (5), 157.0 (11), 157.7 (17). C51HN4O, (M*) 474.44. Figure A-14.
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A solution of phenylisocyanate (0.347 mL, 3.17 mmol) was dropwise added to 635 (0.5000
g, 1.06 mmol) in DCM (10 mL). The mixture was stirred overnight at RT. The reaction
was extracted with DCM (25 mL), washed with water (2 x 25 mL) and brine (25 mL). The
organic layer was separated, dried over MgSO,, filtered, and dried in vacuo. The product
639 was purified by column chromatography using 7:3 hexanes / diethyl ether to afford a
pale-yellow solid (0.489 g, 79%). R¢ = 0.33 (7:3 hexanes / diethyl ether). '"H NMR (500
MHz, CDCIs) § 3.86 (s, 3H; h), 4.79 (s, 4H; 1), 6.44 (d, J = 8.51, 1H; k), 6.46 (d, ] = 7.37,
1H; i), 6.60 (d, ] = 8.02, 1H; a), 7.00 (tt, J = 7.47, 1.08, 1H), 7.07-7.10 (m, 5H), 7.13 (dt, ] =
7.57,0.98, 1H), 7.21 (t, ] = 7.49, 2H; q), 7.25-7.28 (m, 6H; m, ), 7.30-7.32 (m, 8H; n), 7.39
(d, J=7.57,5H), 7.44-7.47 (m, 1H; ), 7.50 (t, ] = 8.19, 1H; j), 7.56 (d, J = 7.51, 1H; ¢), 7.62
(t, J=8.19, 1H; b), 7.79 (dd, J = 7.55, 1.75, 1H; d), 12.84 (br s, 1H; s). *C NMR (175 MHz,
CDCL) 6 51.4 (18), 55.7 (12), 104.0 (16), 109.7 (14), 111.5 (10), 114.8 (2), 120.1 (4), 120.4,
120.6 (25), 121.0 (8), 123.0 (27), 123.7 (22), 127.1(20), 127.2 (6), 128.6 (26), 128.7 (21),
129.1, 130.4 (9), 131.1 (7), 137.9 (3), 138.0 (19), 138.4 (24), 138.9 (11), 140.0 (15), 152.0
(13), 153.2 (1), 153.5 (23), 153.7 (5), 154.4, 157.0 (11), 158.6 (17). C3sH3:Ns0, (M*) 593.32.

Figure A-15.
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The compound 639 (0.250 g, 0529 mmol) in dry DCM (10 mL) was cooled to -78 °C
under Ar. Boron tribromide (4.76 mL, 4.76 mmol) was added dropwise to produce a
cloudy white solution. The reaction was allowed to warm to RT and stirred overnight,
affording a yellow precipitate. The reaction was quenched with H,O (10 mlL) and
extracted with DCM (50 mL). The organic layer was washed with brine (50 mL) and water
(50 mL), dried over MgSO,, filtered, and evaporated in vacuo to afford a yellow oil. The
product 640 was purified by silica gel column chromatography using 9:1 hexanes / EtOAc
to afford a pale-yellow solid. Rf= 0.45 (9:1 hexanes / EtOAc). '"H NMR (400 MHz, CDCl;5)
0 4.65 (d, J=5.40,2H), 4.98 (s, 1H), 5.78 (d, J = 7.92, 1H), 6.22 (d, ] = 8.16, 1H), 6.91-6.97
(m, 2H), 7.05 (t, J = 7.08, 1H), 7.24-7.41 (m, 6H), 7.49 (d, ] = 7.56, 1H), 7.82 (d, ] = 7.68,
1H), 7.88 (d, J = 7.88, 1H), 7.98 (t, ] = 7.90, 1H), 11.20 (s, 1H), 12.87 (s, 1H). C30H6N50,

(M*) 489.11. Figure A-16.
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2-Amino-6-bromopyridine (5.00 g, 28.9 mmol) in conc. H,SO4 (25 mL) was cooled to 0
°C. Dropwise was added a cooled (5 °C) mixture of 30% hydrogen peroxide (37.5 mL) and
conc. sulfuric acid (75 mL) while the temperature was held below 5 °C. The solution was
allowed to warm to RT and stirred for a further 96 hrs. The solution was carefully
neutralized with 6 M KOH, filtered, and extracted with DCM (200 mL). The organic layer
was separated, dried over MgSO,, filtered, and dried in vacuo. The product 641 was
purified by column chromatography using 3:7 hexanes / DCM to afford a white solid
(1.72 g, 29%). Rr= 0.49 (3:7 hexanes / DCM). '"H NMR (500 MHz, CDCl;) § 7.88 (dd, ] =
7.76, 1.08, 1H; a), 7.92 (t, ] = 7.59, 1H; b), 8.23 (dd, ] = 7.60, 1.05, 1H; ¢). C:H4BrN,O;

(M*) 203.05. Figure A-17.
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642
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Diethyl zinc in hexanes (82.5 mL, 82.5 mmol) was added dropwise to a solution of 6-
bromo-2-aminopyridine and [1,3-bis(diphenylphosphino)propane]nickel(II) chloride in
dry dioxane (150 mL). The solution was refluxed for 24 hours at 100 °C under Ar. The
reaction was allowed to warm to RT and quenched with MeOH (100 mL) and evaporated
in vacuo. The resulting grey-green oil was dissolved in a solution of brine (250 mL), DCM
(270 mL) and MeOH (30 mL) via sonication. The solution was filtered and washed with
2:1 DCM:MeOH (150 mL). The aqueous layer was washed further with 2:1 DCM:MeOH
(100 mL). The combined organic layers were combined, dried over MgSO,, filtered, and
evaporated in vacuo to afford a brown oil. The product 642 was purified by silica column
chromatography using 1:1 hexanes / EtOAc (2.80 g, 79%). Rr = 0.33x (1:1 hexanes /
EtOAc). '"H NMR (500 MHz, CDCls) § 1.14-1.18 (m, 3H; e), 2.55 (q, ] = 7.95, 7.40, 2H; d),
4.73 (br s, 2H; ), 6.21 (d, ] = 8.16, 1H; a), 6.40 (d, J = 7.35, 1H; ¢), 7.23 (t, J= 7.71, 1H; b).

C/Hi 1N, (M+) 123.26. Flgure A-18.
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Chapter 8: Conclusion

“There is an art to flying, or rather a knack. The knack lies in learning how to throw

yourself at the ground and miss.” - Douglas Adams

Beryllium, an alkali-earth element, is a seemingly simple silver-grey metal. It has had no
uses other than for jewellery until the beginning of the 21% century. But now it is
indispensable. Its unique combination of low density, extreme stiffness, high thermal
conductivities, and transparency to ionizing radiation has resulted in widespread
application of beryllium to all major industries. Another of its properties that has been
well documented is its toxicity. There are occupational, public health, and environmental
concerns that are increasingly necessary to be addressed. Since the literature on the
coordination chemistry of beryllium is relatively shallow, there was much to gain by
making an investigation into its chelation for safe and effective removal. Therefore, we
have taken a two-pronged approach to better understand beryllium coordination: first
through computational studies using buttressing chemistry, and second to synthesise the

best of these new chelators.

A sequence of calculations was made with complexes of Be** and other metal cations that
explored donor preferences, cavity size preferences, and buttress groups. The theoretical
results collected in this thesis illustrate the success of second sphere hydrogen bonding in
tuning the binding site of a ligand. The complex geometries show clear trends for the size
of the cavity (as influenced by the ligand motif, buttress, and apex group) correlating to
binding energy. Buttress groups made available the potential for hydrogen bonds as part
of an outer coordination sphere. These interactions between the primary backbone
structures and the buttressing groups were observed to be the principal influence on the
stabilisation of the electronic ground state of the metal complexes. Summaries of this

work can be found on pages 74 and 161.
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This work also considered the synthesis of these computationally modelled ligands, and
their derivatives. Successful synthesis gave pure non-buttressed and buttressed materials.
These were made available for reaction with beryllium salts for X-ray crystallography for
further characterisation and study. X-ray data for three unique beryllium complexes were
obtained, which agreed well with the calculated geometries. Summaries of this work can

be found on pages 101, 115, and 202.

Although this thesis has only studied a small fragment of beryllium chemistry, it has
shown that through the addition of buttress groups, ligands can be tuned in their binding
to metal cations and could strongly bind to Be**. Pathways to multiple new ligands have
been discovered, giving a strong foundation for future synthetic work in this area. I have
my very best hope that the continuation of this research will serve as a witness to New

Zealand’s strong environmental convictions.
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Figure A-1 Assigned 'H and '*C spectra for 301.
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Current DatalflParameters
1 NAME DJIN328BCA
5 EXPNO 3
PROCNO 1
F2 - Acquisiffion Parameters
Date_ 20170906
Time 19.21
INSTRUM spect
PROBHD 5 min PAQXI 1H/
14 PULPROG zgpg30
D 65536
SOLVENT CDC13
F2 - Processfing parameters
4| |10 SI 32768
SF 25.7577890 MHz
16 WDW EM
S55B 0
307 11 LB 1.00 Hz
8 GE 0
16 PC 1.40
12
2
1
6
3
5 |7
T T T T T T T T T T T T T T T T T T T T
165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 ppm

Figure A-2 Assigned 'H and '*C spectra for 307.
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Experimental Spectra

Current Data Parameters

NAME DJN4L9E
EXPNO 1
PROCNOC 1
F2 - Acquisition Parameters
Date_ 20160p18
Time 844
OMe INSTRUM spect
PROBHD 5 mm PAQXI [H/
PULPROG z530
NN D 65636
| SOLVENT coEl3
= ======== CHANNEL fl f=======
s Br - NUCL 1H
r Pl 8. 60 usec
PL1 al.oo a8
310 ‘ PL1W 12.10000038 W
SFO1 500.1330885 MHz
/ , F2 - Processing parameters
[ | SI 32768
! / SF 500.1200p00 MHz
| WDW EM
‘ SSE o
r r LB 0. 30 Hz
| | B 0
‘ | c 1f.00
/ / |
| / )
/ /
[ ‘ \ [
J J{ﬂﬁ
A . N Ul / N W R — \JL R A
T T T T T T T T T T 1T T T T 1
7.9 7.8 7.7 7.6 7.5 7.4 73 7.2 7.1 70  ppm 45 4.0 ppm

Figure A-3 'H spectrum for 310.
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Appendix A

Curr:

ent Data Parameters

NAME DJINS540C
/ [ EXENC 2
B , PROCNO [ 1
a F2 - Acqu{;ition Parameters
c Date_ 20170725
Time 6.55
INSTRUM pect
d OH n PROEHD mm PAQX[ 1H/
g BULPROG zg30
f ™ 65536
e XN | SCLVENT CDC13
| ======== CHANNEL fl ========
f = NUC1 1H
Br Pl 8.60 usec
g PL1 4.00 dB
e alc PL1W 12.10900038 W
SFO1 500.1B30885 MHz
321 / /
|
F2 - Proé ssing pprameters
ST 32768
SF 500.100000 MHz
Wow EM
b/d sam
LB 0.30 Hz
GB
PC 1.00
alc b/d
h! AJ \Wn_J umn»hj \ U
v wwj k_,\/\} L_%_
JJL VY Y W
T 1 T T T T T T T T T T T T 1
13 ppm 7.9 7.8 7.7 76 7.5 7.4 7.3 7.2 71 7.0 6.9 ppm
Current Data Parameters
NAME DJN540C
EXPNC 3
PROCNO 1
3/5 F2 - Acquisition Pgrameters
Date_ 20170725
Time 18.43
INSTRUM .Ee t
3 PROBHD 5 mm PAQXI /
PULPROG zgpg30
D 45536
4 2 SQLVENT I 3
1
F24 -| Processing pafgmeters
5 OH ° s1 32768
6 SE 125.7577 0 MH=z
7 Wil %
8« N SgE 0 3/5
| LH 1.00 Hz
GH 0
1 9 //}1 Br PQ 1.40
2/4 8
321 1
10
7
T T T T T T T
155 150 140 135 130 125 120 ppm

Figure A-4 Assigned 'H and '*C spectra for 321.
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Experimental Spectra

Current Data Parameters
NAME DJN541B
/ EXPNOC 2
f PROCNO 1
f / F2 - Acquisition Parameters
e g Date_ 20170720
) Time 15.37
h i / INSTRUM spect
d ; PROBHD 5 mp PAQXI 1H/
O J PULPROG zg30
TD 65536
K SOLVENT CDC13
c NN
| ======== CHANNEL fl ========
NUC1 1H
b = alc Pl 8.60 usec
Br PL1 4.00 dB
a ’ PL1W 2.10000038 W
322 J SFOl 00.1330885 MHz
F2 - Processlng parameters
| ST 32768
ST 00.1300000 MHz
WDW EM
. e S8B 0
-~ i LB ' 0.30 Hz
| GB 0
alc|| J K PC 1.00
b h
‘ d
g il \
k
hv | ) f }/
J i) Y I )
P | l&__ —— P w '&__,_Mw_/\A —— ___f\ k —— S
T T T T T T T T T 1T T T 1
7.9 7.8 7.7 7.6 7.5 74 73 7.2 71  ppm 5.2 5.1 ppm
Current|Data Parameters
NAME DJIN541B
16 EXPNO 3
PROCNO 1
F2 - Acguisition Parameters
9 14 Date_ 20170722
Time 10.40
8 10 INSTRUM spect
14 PROBHD || 5 mm PAQXI 1H/
11 12 13 PULPROG 2gpg30
7 0) 15 D 65536
6 SOLVENT cDC13
5
4 N 16 F2 - Prffcessing parameters
ST 32768
| _ SF 125,7577890 MHz
WDW EM
3 4 Br 15 SSB 0
2 6 LB 1.00 Hz
3 9 GB 0
7| EC 1.40
322 10
12
13
11
5
1
T T T T T T T T T 1T T T T 1
155 150 145 140 135 130 125 120 115  ppm 75 70 65 ppm

Figure A-5Assigned 'H and '*C spectra for 322.
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Appendix A

Current Data Parameters

(o] / NAME DJN542GB
/ EXPNO 2
J PROCNO 1
[ F2 - Acquisiti¢n Parameters
Date_ 20170807
Time 17.41
| INSTRUM spect
f FPROEHD 5 mm PAQXI 1H/
PULPROG zg30
{ ™ 65536
SOLVENT CDC13
/ ======== CHANNEL fl ========
| NUC1 1H
Pl 8.60 usec
PL1 4.00 dB
PL1W 121100000238 W
SFOL 500.1330885 MHz
m/n/o F2 - Processing parameters
Y f SI 32768
e/g f SF 500.1300000 MHz
H WDW EM
SSB o]
K 323 f ( LB 0.30 Hz
h GB 0
elg r ) PC | 1.00
c j
a
I b d
‘ |
| p ; |
I\ . )
(N jooY ) ]

T T T T T T T T T T T T T T T T T T T 1T T T T T
87 86 85 84 83 82 B1 80 79 78 7.7 76 75 74 73 72 71 7.0 ppm 54 52 50 4.8 ppm

Current Data Parametefs
NAME DJINS4Z§B
22  EXPNO 3
PROCNO 1
14 T2 - Rcquisition Parageters
Date_ 20170897
Time 19.k9
3 INSTRUM speft
20 PROBHD 5 mm PRQXI 1§/
PULPROG zgpgp0
TD 655p6
SOLVENT cpclz
F2 - Processing paramgters
SI 3278
SF 125.75778p0 MHz
15 21 WDW M
SSB 0
LB 1.p0 Hz
4 GB 0
17 168¢C 1.40
8
5 14 3
323 9
1
1
11 7 1
6 1 18

T T T T T 11

T T T T T T T T
160 155 150 145 140 135 130 125 120 115 ppm 80 75 ppm

Figure A-6 Assigned 'H and '*C spectra for 323.
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Experimental Spectra

Current Data Parameters

e NAME DJIN326+
f EXPNO 1
| PROCNO 1
f F2 - Acquilsition Parameters
g e Date_ 20150717
Time 12.54
INSTRUM spect
d PROBHD 3 mm PAQXI 1H/
PULPROG zg30
D 65536
N N Br SOLVENT CDC13
N
f’ | ———————— (TN'N'EL fl =
NUC1 1H
¢ = a Fl 8.60 usec
b PL1 4.00 dB
PL1W 12.10000038 W
SFOl 500.1330885 MHz
F2 - Procedssing parameters
} 605 SI 32768
SF 500.1300000 MHz
|’ WDW EM
SS5B
e LB 0.30 Hz
| GB
K BC 1.00
¢ d
f b a c
‘ |
i | |
R | L \_
T T T T T T T T T T T T 1 T T T
74 7.3 7.2 71 7.0 6.9 6.8 6.7 6.6 6.5 6.4 ppm 4.9 4.8 4.7 4.6 ppm
Current Data Parameters
NAME DJIN326+
EXPNC 2
9|8 PROCNO 1
F2 - Acquisition Parameters
9 Date_ 20150827
Time 15.15
10 8 INSTRUM spect
PRCBHD 5 mm PAQXI 1H/
7 PULPROG zgpg30
6 D 65536
SOLVENT CDC13
F2 - Processing parameters
ST 32768
SF 125.75778390 MHz
WDwW f[ EM
SSB 0 /
10 LB | 1.00 Hz
GB 0
PC / 1.40
|
605
7 6
3 2
4
5
1
b | N
T T T T T T T T T T T 1 I T T T
155 150 145 140 135 130 125 120 115 110 ppm 51.5 51.0 50.5 ppm

Figure A-7 Assigned 'H and '*C spectra for 605.
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Appendix A

Current Data Parameters

/ NAME DJINS46C
| EXPNO 2
I' PROCNO 1
|
f f F2 - Acquisiti¢n Parameters
# g Date_ 20170713
| € Time 14.54
| INSTRUM spect
| PROBHD 5 mm FPAQKI 1H/
d o) PULEROG zg30
J' D 65536
N N SOLVENT cDC13
/ N N s===s==== CHANNHL £l ========
/ | NUC1 1H
;‘ c ~a N__~ Pl 8.60 usec
| ‘ PL1 4.00 dB
g | b PL1W 124100000328 W
| ‘ Nan SFOL 500.1330885 MHz
|h f F2 - Processing parameters
e SI 32768
| 606 SF 50(.1300000 MHz
/ WDW EM
1 ‘ SSB 0
I LB 0.30 Hz
I | GB 0
a f‘ [y BC 1.00
L J
I
| |
b \\ i/ ‘J ﬂ | \\
| |
|
l"l/'(h ', | | '\'
J W / \ |
W Ay N SN/ WU LN N
T T T T T T T I T T T T
74 7.3 7.2 741 7.0 6.9 6.8 6.7 6.6 ppm 49 48 47 ppm
Current Data Parameters
NAME DJIN546C
10 EXPNO 4
10 1 9 PROCNO 1
9 F2 - Acquisition Parameters
Date_ 20170713
Time 16.08
INSTRUM spect
PROBHD 5 mm PAQXI 1H/
PULPROG zgpg30
TD 65536
SOLVENT CDC13
F2 - Processing parameters
51 32768
SF 125.7577890 MHz
WDOW EM
SSB 0
606 ég . 1.00 Hz
1 PC }.40
7
3 5
6 2 4
1

T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 ppm

Figure A-8 Assigned 'H and C spectra for 606.
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Experimental Spectra

Current Data Parameters

NAME DJN?)’TA
EXPNOC 1
PROCNO [ 1
F2 - Acguisition Pdrameters
Date_ 20140515
d Time 11.50
| INSTRUM gpect
PROBHD 5 mm PAQXJ 1H/
N N Br PULPROG 2930
- A D 5536
| SOLVENT DC13
N\~ a ======== CHANNEL f] ========
b NUC1 1H
Pl 8.60 usec
PL1 4.00 dB
PL1W 12.100Q00328 W
SFO1 500.1330885 MHz
609 a .
F2 - Processing paflameters
b SI 2768
SF 500.13G0000 MHz
WDW EM
SSB o] d
LB 0.30 Hz
GB a
BC 1.00

Al ) L_ALMU,M_J l\_ J_,J L_JL

T 1
73 7.2 71 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 ppm 3.1 3.0 ppm

Figure A-9 Assigned 'H spectrum for 609.

Current Data Parameters

NAME DJIN451B
EXPNO 1
PROCNOC 1
F2 - Acquisition Harameters
Date_ 20160521
Time 13.31
d (o) INSTRUM spect
| PROBHD 5 mm PAQHI 1H/
N PULPROG zg30
7~ AN AN D 65536
‘ | SOLVENT cDCL3
c =~ a N = ======== CHANNEL fll ========
NUC1 1H
b N F1l 8.60 usec
PL1 4.00 dB
F PLIW 12.10q00038 W
a il 500.1930885 MHz
610 F2 |-|Processing pgrameters
SI 32768
SF 500.1300000 MHz
b WDW EM
SSE 0
LB 0.30 Hz
GE 0
PC d | -00
| C

_,_JJ ! \_—J’ |

7.6 7.5 7.4 7.3 7.2 741 7.0 6.9 6.8 67 ppm 3.1 ppm

Figure A-10 Assigned 'H spectrum for 610.
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Appendix A

Current Data Parameters
| NAME DJN340G_cryst
1

f f EXPNO
PROCNC 1
g e
F2 - Acguisitfion Parameters
Date_ 20170907
Time 10.53
d O h INSTRUM spect
PROBHD 5 mm| PAQXI 1H/
N N i PULPROG zg30
A X' ™ 65536
| | SOLVENT CDCl3
[ c ~a N~ j ======== CHANWEL fl ========
NUCL 1H
b B Fl 8.60 usec
r PL1 4.00 aB
PLIW 1R .100000328 W
SFO1 3p0.1330885 MHz
617 I
F2 - Processilng parameters
51 32768
/e SF 5p0.1300000 MHz
WDW EM
I SSB 0
f LB 0.30 Hz
. g‘ GB 0
all PC 1.00
d
i c
f
h n b [
U ﬁ ﬂ IL.J
( oo
_J M urJA N R
T T T T T T T T T T T 1T T T
7.7 7.6 7.5 7.4 7.3 7.2 741 7.0 6.9 6.8 6.7 ppm 4.8 4.7 ppm

Figure A-11 Assigned 'H spectrum for 617.
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Experimental Spectra

Current Data Parameters

f NAME DJNS537EBA
f EXPNO 8
PROCNO 1
F2 - Acquisition Parameters
Date_ 20170616
Time 16.37
INSTRUM spect
PROBHD 5 mm CPICI 1H-
PULPROG zg30
D 65536
SOLVENT CDpCl3
——====== CHANNEL f1 ====f===
NUC1 1H
/ P1 10.00
( PL1 7.20
PL1W 10.76917744
SFO1 700.134323¢6
F2 - Processing parametgfps
‘ sI 32768
SF 700.1300000 MEz
625 [ WDW EM
| SSB 0
J' ‘ LB 0.30 fiz
GE 0
il ) BC 1.00
|
b h p k
d .
a, e g ‘ f !
/ WL L \ |
— _.J S e /I / / L M wl Ll ,LLM.J‘
T T T T T T T T T T T T T T T T T 1 T T T
79 78 77 76 75 74 73 72 71 70 69 68 67 66 6.5 64 ppm 50 4.8 Ppm
Currejt Data Parameters
NAME DJINS37EBA
20 EXPNO 3
PROCN 1
21
F2 - Acquisition Parameters
Date_ 20170616
Time 16.40
22 INSTRPM spect
PROBH 5 mm CPTCI 1H-
21 PULPRJG zgpg30
D 65536
. P
20 SOLVENT CDC13
16 .
19 F2 - FProcessing parameters
SI 32768
SF 176.0478290 MHz
N7 N™ 18 WOW EM
SSB 0
LB 1.00 Hz
GE 0
22 PC 1.40
18
625
19 16
15 » 14
7 2 26 27 23
13
24 5 8 10 12
o . ).
L - A . . J

160 155 150 145 140 135 130 125 120 115 110

Figure A-12 Assigned 'H and '*C spectra for 625.

T T
105 ppm 80 70 60 50 40 ppm
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Appendix A

Current Data Parameters

NAME DJNS58
£ EXPNOC %
PROCNO
€ g F2 - Acquisition Parameters
h Date_ 2017092
d e Time 18.12
O INSTRUM spect
PROBHD 5 mm PAQXI 1H
PULPROG zg3
c NN D 6553
| SOLVENT cpcl
b NH, ;
a ,
PL1 4.00 dB
PL1W 12.10000038 W
629 sFO1 500.133088f MHz
F2 - Procesging parameters
SI 3276
SF 500.130000p MHz
WDW E
F b c e 9 SSB 0
e - Il B 0.3p Hz
I | GB a
d J BC 1.0
f
a
'l “ h
i
| ‘ | J J bd L ﬂ
A m) | L J M\ J
T T T T T T T T T T T T T 1T T T 1
7.7 7.6 7.5 74 7.3 7.2 71 7.0 6.9 6.8 6.7 6.6 6.5 ppm 4.5 4.0 ppm
Cufjrent Data Parameters
NAME DJN558C
EXENO 3
PRCNO 1
8 F2 |- Acquisition Paramefers
10 9 Date_ 20170920
8 10 Tinfte 20.00
3 4 2 INTRUM spect
7 11 PRYEBHD 5 mm PAQXI 1H/
7 ~ 12 PUYPROG zgpg30
s O ™ 65536
5 SOYVENT CDC13
4 N N F2 |- Processing parametgrs
6+9 | SI 32768
= SF 125.7577890| MHz
3 1 NH2 WoW EM
2 S53 a
LB 1.00| Bz
GE a
629 PC 1.40
11 12
1
5
n— Ww
T T T T T T T T T T T T T T T T T T T T T
155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 ppm

Figure A-13 Assigned 'H and '*C spectra for 629.
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Experimental Spectra

Current Data Parameters

f NAME DJINS09C
EXPNO 2
e g BROCNO 1
h o F2 - Acguisition Parameters
d O/ n Date_ 20160919
. Time 16.19
J INSTRUM spect
X PROBHD 5 mm [PAQXI 1H/
¢ SN i Kk m PULPROG zg3
G g30
| | D 65536
b _ N\ | SOLVENT CDC13
” N N ======== CHANNEL fl ====$===
a NUC1 1H
p Pl 8.60 usec
PL1 4.00 @B
PL1W 14.10000038
SFO1 500.1330885 MHz
633 F2 - Processing parameters
SI 32768
¢ SF 500.1300000 MHz
WDW EM
j | SS5B Q
LB 0.30 Hz
a p GB 0
PC 1.00
I, ! [ I.' If [ f ‘f
| ] | |
n
/ | | ‘| m | ) i) |
/ ¢ % l { f K ) | h
d ( | | ®© g
| ﬂ | l
| Vool |
m ) Monnart ' Lj (. ‘FL_J - . R L N L | 4‘
T T T T T T T T T T T T T T T T T 17 T T
77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 ppm 4.5 ppm
Current Data Parameters
NAME DJN508C
9 21 EXPNO 3
8 10 PROCNO 1
F2 - Acquisition Parameters
7 11 12 22 21 20 Date_ 20160919
Time 17.14
5 6 O 15 INSTRUM spect
PROBHD 5 mm PAQXI 1H/
4 XN 14/ 16 20 PULPROG 2gpg30
| | 19 ™D 65536
N 13 ~ 17 18 SOLVENT feinlehic]
1 N N N F2 - Processing parameters
2 H sI 32768
SF 125.7577890 MHz
WoW EM
SSB 0
LB 1.00 Hz
GB o]
633 PC 1.40
18
19
8 10 12
7 2
11 6 4 14 16
17
51 13
T T T T T T T T T T T T 1 T T T T
155 150 145 140 135 130 125 120 115 110 105 100 ppm 56 54 52 pp

Figure A-14 Assigned 'H and '3C spectra for 633.
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Appendix A

f Current Data Parameters

e [ NAME DJNS25E
9 / EXPNO 2

PROCNO 1

{ F2 - Acquisition Parametgrs
Date_ 20170913

Time 18.08

| INSTRUM spect
PROEBHD 5 mm PAQXI 1H/

J PULPROG zg30
| TD 65536
i SOLVENT CDC13

j
fj\
b N
)\ —======= CHANNEL fl ====d4===
NUC1l 1H
r Pl 8.60 usec
PL1 4.00 gB
p PL1W 12.10000038
SFO1 500.1330885 MHz
q n F2 - Procesging parameters

5I 32768
SF 500.1300000 MHz
m WDW EM
S5B 0
639 LB 0.30 Hz
S GB 0
r\ || q PC 1.00
\
|
I h
c . ‘
\ j ( f
“ d f ﬁ‘ ‘ a |k
v M ZLJJ\} ) LIM M
A P / Ui ;W N
J‘/L . A A Y S /S U N T
T T T T T T T T T T T T T T T T T T ] T T
12.8 ppm 78 7.7 76 75 74 73 72 714 70 69 6.8 67 66 6.5 ppm 4.5 40 pp
Current Data Parameters
NAME DJINS25E
21 EXPNO 9
PROCNO 1
11 12 22
/ 21 F2 - Bcquisition Parameters
26 Date_ 20170915
Time 11.08
INSTRUM spect
NN 14 / 20 PROBED 5 mm CPTCI 1H-
| 17 PULPROG zgpg30
D 65536
SOLVENT cpcis3
25
F2 - Processing parameters
SI 32768
SF 176.0478290 MHz
WDW EM
SSB o]
20 LB 1.00 Hz
GE o]
BC 1.40
22 18
639
1
17 28
51
13
T T T T T T T T T T T ] gy
155 150 145 140 135 130 125 120 115 110 105 ppm 57 56 55 54 53 52 51 50 pp

Figure A-15 Assigned 'H and '3C spectra for 639.
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Experimental Spectra

Current Data Parameters
NAME DJN516D
EXPNO 1
I’/ PROCNO 1
F2 - Acquisition Parameters
/
OH Date_ 20160926
Time 13.51
; INSTRUM spect
AN N / PROBHD 5 mm Multinucl
PULPRCOG zg30
| | D 65536
= NS
SOLVENT CDCL13
N N N 0 1
)\ H ======== CHANNEL fl ========
NUC1 1H
O NH Pl 10.00 usec
PL1 3.80 dB
SFol 400.1324710 MH=z
F2 - Processing parameters
SI 32768
SF 400.1300000 MHz
WDW EM
I 640 SSB 0
i LB 0.30 H
GEB 0
h PC 1.00
| J |
JI M Y/ J ] j / [OOSR 1 ) (-
T T T T T T T T T T 1
13 12 ppm 8.0 75 7.0 6.5 6.0 5.5 5.0 ppm
Figure A-16 'H spectrum for 640.
Current Data Parameters
f NAME DJN3OTE
EXPNO 1
,/ [ PROCNO 1
F2 - Acguisition Parameters
Date_ 20150414
Time 18.12
INSTRUM spect
02N N Br PROBHD 5 mm PAQXTI 1H/
N PULPROG 2g30
D 65536
c\_ A a / SOLVENT CDCL3
======== CHANNEL f] ========
c b b NUC1 1
Pl 8.60 usec
PL1 4.00 dB
641 PL1W 12.100000328 W
SFO1 500.1330885 MHz
a
F2 - Processing parameters
SI 32768
SF 500.1300138 MHz
WDW EM
SSB o]
LB 0.30 Hz
GB a
BC 1.00
S e _ 7 —— L -
T T T T T T T T T T T T T T T
8.25 8.20 8.15 8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70 7.65 7.60 7.55 ppm

Figure A-17 Assigned 'H spectrum for 641.
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Appendix A

Current Data Parameters

NAME DJIN332C
EXPNO 1
PROCNO 1
d F2 - Agguisition Pgrameters
f HZN N\ Date_ 20150729
e Time 12.06
| INSTRU spect
a Zc PROBHD| 5 mm PAQXT 1H/
PULFRO zg30
b TD 2768
SOLVENT DC13
642 ======2= CHANNEL f mme=maaaa
NUC1 1H
Pl 8.60 usec
PL1 4.00 dB
PL1IW 12.10000038 W
SFO1 500.1341695 MHz
F2 - Pgocessing pafameters
sI 6384
SF 500.13p0000 MHz
WDW EM
SSB a
LB 1.00 Hz
| GB 0
BC 1.00
b c a I d e
[
f ‘
IT
\ " _J L ,mJ S ¥ RN
T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm

Figure A-18 Assigned 'H spectrum for 642.
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Appendix B: Crystallographic Details

Table B-1 X-ray data summary for L1cohH 301 and 303.

L1cohH 301 303
Empirical formula C,,H17N;30, Ci6H12N3OBr
Formula weight /gmol” 355.38 342.20
Temperature /K 100(2) 123
Crystal system orthorhombic monoclinic
Space group Pbca P2:/a
a/A 8.3056(17) 13.0181(7)
b /A 17.493(4) 7.9532(6)
c/A 23.398(5) 14.1568(10)
al® 90 90
B/ 90 106.655(8)
v/° 90 90
Volume /A3 3399.6(12) 1404.24(17)
4 8 4
Pealc /gem’ 1.389 1.619
M /mm" 0.091 4.008
F(000) 1488 688
Crystal size /mm?® = 0.3x0.04 x 0.04
Radiation

20 range for data collection /°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [1>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole /eA
Flack parameter

MoKa (A = 0.71073)
3.482 t0 53.762
-10<h<9,-22<k<15,-26
<1<29
28116
3658 [Rine = 0.0202, Ryigma =
0.0089]
3658/0/312
1.042
R, = 0.0341, wR, = 0.0902
R, = 0.0369, wR, = 0.0927
0.28/-0.23

CuKa (A =1.54187)
13.056 to 130.176

-15<h<15,-6<k<9,-16 <<
16

13846

2372 [Rint = 01 165, Rsigma =
0.1319]

2372/0/194
0.983
R: =0.0555, wR; = 0.1057
Ri=0.1012, wR, = 0.1265
0.86/-0.72
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Appendix B

Table B-2 X-ray data summary for 306 and 307.

306 307
Empirical formula Ca8H20B2BrNsO, Ca3H1sBrNsO
Formula weight /gmol! 564.00 43231
Temperature /K 158 138
Crystal system monoclinic orthorhombic
Space group P2:/n P2:2,2,
a/A 8.0404(4) 9.8259(6)
b/A 27.9360(15) 17.9955(14)
c/A 11.3896(8) 21.8207(15)
al® 90 20
Br 104.261(7) 90
v/° 90 90
Volume /A3 2479.5(3) 3858.4(5)
z 4 8
Palc /gem? 1.913 1.488
M /mm”’ 3.142 3.048
F(000) 1392 1760
Crystal size /mm? 0.5x0.2x0.02 0.15x0.15 x 0.05
Radiation

20 range for data collection /°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I1>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole /eA
Flack parameter

CuKa (A =1.54187)

13.01to 124.774
9<h<6,-32<k<32,-13<l<

13
22733

3851 [Rint =0.1 027, Rsigma =

0.1299]
3851/228/332
1.286

R; =0.1424, wR, = 0.3573
R =0.2189, wR, =0.4182

3.01/-0.63

CuKa (A =1.54187)
13.086 to 144.25
-11<h<9,-22<k<21,-26<|
<26
37662
7400 [Rin: = 0.1072, Rsigma =
0.1627]
7400/18/505
1.047
R; =0.0768, wR, = 0.1424
R; =0.1798, wR, =0.2029
1.02/-1.19
-0.012(13)
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Crystallographic Details

Table B-3 X-ray data summary for 325 and 401.

325 401
Empirical formula CyoH1eN,O CyoH1sN30,BeCl
Formula weight /gmol™ 354.4 398.84
Temperature /K 123 97(2)
Crystal system orthorhombic triclinic
Space group Pbca P-1
a/A 14.1939(5) 10.9118(3)
b /A 14.3618(7) 12.7415(4)
c/A 17.1111(12) 13.9822(4)
al/° 90 78.973(2)
Br 20 74.209(2)
v/° 90 89.425(2)
Volume /A3 3488.1(3) 1834.26(10)
z 8 4
Paic /gem 1.35 1.444
M /mm! 0.685 0.233
F(000) 1488 824
Crystal size /mm?® 0.6%X04%0.2 -
Radiation

20 range for data collection /°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [1>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole /eA
Flack parameter

CuKa (A=1.54187)
13.372to 144.152
-17<h<16,-14<k<17,-20<
<21
26124
3385 [Rint = 0.0582, Rsigma =
0.0461]
3385/0/246
1.13
R1=0.0493, wR,=0.1144
R1=0.0688, wR, =0.1343
0.23/-0.29

MoKa (A =0.71073)
3.086 to 53.198
-13<h<13,-12<k<16,-15<
<17
23785
7403 [Rint = 0.0477, Reigma =
0.0637]
7403/0/525
0.956
R =0.0454, wR, =0.1212
R =0.0670, wR, =0.1269
0.43/-0.32
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Appendix B

Table B-4 X-ray data summary for 402 and 403.

402 403
Empirical formula C0H20BBeBrCIN;O; C0H1sBeN,O;
Formula weight /gmol”’ 405.66 343.37
Temperature /K 97.15 100(2)
Crystal system monoclinic orthorhombic
Space group P2./c Pbca
a/A 10.4093(6) 18.7418(4)
b /A 23.9150(13) 7.84050(10)
c/A 11.4333(7) 22.6676(3)
al® 90 20
Br 90.656(2) 90
v/° 90 90
Volume /A3 2846.0(3) 3330.89(9)
y4 6 8
Palc /gcm? 142 1.369
M /mm”’ 0.229 0.741
F(000) 1266 1440
Crystal size /mm3 - 0.30 X 0.10 x 0.08
Radiation

20 range for data collection /°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I1>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole /eA
Flack parameter

MoKa (A =0.71073)
4.93 to 61.41

-14<h<14,-33<k<34,-16<

<16
98896

8717 [Rint = 00735, Rsigma =

0.0524]
8717/0/361
1.088

R, =0.0735, wR, =0.1727
R; =0.1003, wR, =0.1850

0.95/-0.84

CuKa (A=1.54178)

7.8 to 158.858
-23<h<22,9<k<8,-28<lI<
24
55562
3585 [Rint = 0.0184, Riigma =
0.0064]
3585/0/308
1.029
R: =0.0320, wR, =0.0849
R1=0.0330, wR, =0.0858
0.30/-0.19
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Crystallographic Details

Table B-5 X-ray data summary for 605 and 606.

605 606
Empirical formula CioH17BrN, CsoH34N,O
Formula weight /gmol™ 353.25 574.7
Temperature /K 123 123
Crystal system monoclinic orthorhombic
Space group P2:/n Fdd2
al/A 9.3170(2) 19.4346(8)
b /A 9.9902(2) 37.244(3)
c/A 17.5701(12) 8.5836(4)
al/° 90 20
Br 91.725(7) 90
v/° 90 90
Volume /A3 1634.66(12) 6213.1(6)
y 4 4 8
Paic /gem 1.435 1.229
M /mm”’ 3.393 0.583
F(000) 720 2432
Crystal size /mm? 0.15x0.13 X 0.09 0.3x0.3x0.25
Radiation

20 range for data collection /°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [1>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole /eA
Flack parameter

CuKa (A=1.54187)
10.074 to 130.1
-10<h<10,-11<k<11,-18<
<20
20692
2713 [Rint = 0.0686, Rigma =
0.0485]
2713/0/199
1.119
R1 =0.0400, wR, = 0.1004
R1=0.0455, wR, =0.1047
0.61/-0.45

CuKa (A=1.54187)
9.498 to 143.9
-23<h<21,-45<k<42,-10<
<10
8339
2810 [Rint = 0.0863, Riigma =
0.0942]
2810/1/201
1.144
R =0.0699, wR, = 0.1493
R =0.1240, wR,=0.2109
0.28/-0.27
0.1(5)
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Table B-6 X-ray data summary for 617.

617
Empirical formula Ca5H20N3OBr
Formula weight /gmol” 458.35
Temperature /K 148
Crystal system monoclinic
Space group P2,/a
al/hA 9.9701(8)
b /A 17.3553(11)
c/A 12.5250(9)
al® 90
B/ 104.678(7)
y/° 90
Volume /A3 2096.5(3)
4 4
Pcalc /gcm’3 1.452
M /mm’ 2.84
F(000) 936
Crystal size /mm3 0.15x 0.1 x 0.02
Radiation CuKa (A\=1.54187)

20 range for data collection /°

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I1>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole /eA
Flack parameter

15.492 to 130.16

-11<h<7,-20<k<20,-14 <

<14
19836
3542 [Rin = 0.2865, Reigma =
0.4322]
3542/239/271

0.851
R; =0.0936, wR, =0.1117
R; =0.3501, wR, =0.1759
0.37/-0.39

270



Appendix C: Coordinates and CIF Reports

Found in the attached supplementary data are Cartesian coordinates for the calculated

ligand and complex geometries in the form of xyz files. Also can be found are CIF reports.
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Appendix D: Naming System and Ligands

A comprehensive and systematic naming convention was developed for the suite of ligands and complexes

discussed throughout this thesis for ease of understanding:

Where:
L = Ligand type
x = Apex group (lower case)
Y = Buttress group (upper case)

M = Metal species bound (if present)

LxY M

e.g. L1
e.g. ch
e.g. NI,

e.g. Be

OH
L
ZNXIN

OH
LN
NN

X=CH
N
COH

Y=H
NH,
NHCH5
NHCOCH,
NHCONH,
NHCOH
OH
OCH;

X=CH
N
COH

Y=H
NH,
NHCH,

< ;\\OH
JoNH &

|
\fA‘x SNTYY

N?Z
A

Y

L5

OH

SN HN

X=CH

I

- N)*o

COH

Y=H

NH,
NHCH;

NHCOCH,
NHCONH,

H

NH,

NHBn

A
Y

Y
2 L6

o)
N
NHCOCH;
N~ | NHCONH, N7 |
\\ NHCOH “~
L

For example, L1chNH; would be the following ligand (Figure D-1):

X=CH

COH

Y=H
| NH,
Y NHCHs
NHCOCH;
| NHCONH,

Ligand type

\\\ X =CH
Apex NH N
P COH
N = Y=H
S | NH,
X“ONTTY NHCHj
A NHCOCH;
N | NHCONH,

Buttress

Figure D-1 Ligand L1chNH..

L4

Figure D-2 Ligands examined in the binding energy study. In blue, X denotes the apex group; in red, Y denotes

the buttress group (when Y = H).
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