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Abstract
Beryllium is an indispensable metal. Its unmatched combination
of unique properties such as extreme strength, low density and high
machinability has made it vital in the automotive, nuclear, space, medical, defence sectors and other consumer industries. However, beryllium
is considered the most toxic non-radioactive element on the planet. It
is also a class one carcinogen and the cause of chronic beryllium disease
(CBD). Surprisingly, this fact has not deterred its use in manufacturing. Therefore it is imperative that chemical agents be developed for
better detection and remediation of beryllium in the environment and
as therapies for individuals exposed to this element.
The goal of this research was to develop strong, selective chelating
agents for the encapsulation of beryllium. Furthermore a greater exploration of beryllium fundamental coordination chemistry was undertaken with an investigation of binding preferences of the Be2+ cation.
The introduction begins with a brief overview of beryllium solution chemistry. Following this is a comprehensive review of the Be2+
coordination chemistry with an investigation into existing organic and
inorganic ligands with an emphasis on hard nitrogen and oxygen donor
containing ligands. This then moves on to a brief description of the
selected ligand design based on the fundamental coordination preferences of Be2+ . The main ligand motif will be based on a di-pyridyl
scaffold with selected chelating pendant groups, allowing the formation
of tetradentate complexes which can form the desired six-membered
chelate rings with Be2+ cations.
Chapter Two explored the synthesis of a ligand based a dipyrrin
pendant group. The corresponding dipyrromethane was used as the
starting point. While coupling of this dipyrromethane directly on to
a dipyridyl scaffold was unsuccessful, the same dipyrromethane containing a one pyridyl group in the form of an acyl-pyridyl unit served
as a reasonably good candidate for the successful coupling of the last
pyridine group. Furthermore, synthesis of a modified dipyrrin ligand
with the inclusion of hydrogen-bonding buttressing groups was also
attempted.
Chapter Three explored the synthesis of a ligand containing a motif based on a hydroxy-phenyl imidazole moiety. The hydroxyphenyl
imidazole moiety was synthesised and used as a starting point. The
brominated analogue of the hydroxyphenyl imidazole moiety was successfully coupled to a di-pyridyl scaffold containing a nitrogen at the
center scaffold position through a modified Ullman type reaction.
DFT studies of the ligands synthesised and preliminary complexation studies were conducted using boron and aluminium ions as safe
analogues and are described in chapters Four and Five. ESI-MS stud-
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ies were also used for the study of the Be-ligand complexes, allowing
their synthesis on a small scale and minimising exposure to beryllium.
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Chapter One: Introduction

The element beryllium was first discovered by the French chemist LouisNicholas Vauquelin in 1798 as beryllium oxide in beryl ore.1 Although beryllium metal was isolated in the late 18th century by Bussy and Wohler,
its unique properties and commercial value were not recognised until the
1920s. It is the 44th most abundant metal in the earths crust. The principle ores used for beryllium extraction are naturally occurring silicates beryl
(Al2 Be3 Si6 O18 ) and bertrandite (Be4 (OH)2 Si2 O7 )2 which contains 5% and
15% by weight beryllium, respectively.3 The world reserves of beryllium are
estimated to be over 80,000 tons, with approximately 65% of the resource
in deposits in the United States (US).4 The US is one of the dominant
producers, processors and consumers of beryllium and it is considered a
strategic metal in the US military.3 This is due to a combination of unique
and impressive properties of beryllium which has made it vital in a variety of applications used throughout in society today.1 However, beryllium is
considered on of the most toxic non-radioactive element on the planet and
the cause of chronic beryllium disease (CBD).5 Currently there is no cure
for CBD and related beryllium sensitisation. Despite this fact, the use of
beryllium in industrial process continues unabated.3

1.1

Beryllium: properties and applications

Beryllium is an expensive commodity and it is also considered a strategically
important metal. This is due to the unmatched combination of unique
properties of beryllium which has made it an indispensable global resource
in modern industry.3 Beryllium is extremely lightweight and is the second
lightest metal after lithium. It has six times the specific strength of other
metals or alloys and is 50% stronger than steel.1 It has a high melting
point (1285 ) and has a high heat adsorption capacity (Table 1.1).3 It
is commercially used as a pure metal or ceramic but its most significant
commercial use comes as a high strength alloy when processed with other
metals such as copper, nickel and aluminium or processed to form oxides
and ceramic materials.1,3,6 The price of beryllium is dependent on the form
it has been processed to.7



Its high machinability, high tensile strength, low density and impressive
structural strength at extreme temperatures has made it vital in the automotive, nuclear, space, communications, medical, defence sectors and other
consumer industries.1–3,6 Due to the high cost of beryllium, it is used in
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°

Melting point C
Boiling point C
Density (g/cm3 )
Tensile modulus
(GPa)
Specific heat
(J/kg.K)
Thermal expansion
coefficient (ppm/K)
Thermal conductivity
(W/m.K)

Beryllium
1287
2471
1.85

Magnesium
650
2204
1.80

Aluminium
660
2494
2.80

Titanium
1670
3260
4.43

Steel
7.83

303

44

72

113

203

1925

1000

920

540

500

11

26

23

72

15

182

52

215

4

7

Table 1.1: Selected properties of beryllium.7–10
applications in which its properties are crucial.4 Beryllium is used as components in fuel containers for solid propulsion jet and rocket fuel systems and
in aircraft bearings and brushings utilising its structural strength and low
density. A recent development, a beryllium-aluminium alloy (Beralcast ) is
being used in the manufacture of US military fighter planes, helicopters and
missile systems.3 Other beryllium-nickel alloys used in specialised components include Nimonic and Kovar alloys.7 Beryllium is also non magnetic
and corrosion resistant and it also has the lowest thermal neutron adsorption
cross-section compared to any other metal. This property has been utilised
in the fabrication of nuclear weapons in the United States military sector
among others.11 Non sparking properties combined with its non magnetic
properties has made it invaluable in the oil and gas industry as drilling sensor and guidance system components. The transparency to X-ray radiation
of beryllium makes pure beryllium metal essential in security equipment and
high-resolution medical imaging technology, such as mammography to detect breast cancer.7 It also plays a critical role in in the electronics industry,
where it is used to make switches, relays, connectors and discrete components within specialised circuit systems, computers including fibre optics
and cellular network communication systems. In the automotive industry it
is used in electronic brakes, air bag sensors, power steering systems and ignition switches.1–3,6,7 Ceramics of beryllium oxides produce components with
extremely high thermal conductivity while providing excellent electrical insulation, dissipating nearly 300 W/mK at room temperature.3,7 In medical
applications, beryllium ceramics are used in the containment and control
of high powered lasers used during surgery. Beryllium-containing ceramics
are also integral components in high-end cancer therapy machines, medical lasers for DNA analysis, equipment for skin resurfacing, non-invasive
surgery, kidney stone removal, detection of blindness and HIV testing.7,12
They also make important components in semiconductor devices and inte-
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grated circuits that require thermal dissipation and electrical insulation.3
Furthermore, beryllium alloy is used in crowns, bridges and dental plates
in the dental industry and it is also used in weather forecast satellites, mobile phones, laptops, fire suppression sprinklers, and even high end sports
equipment.3,7

1.2

Beryllium: health hazards

Unfortunately, despite all its impressive properties and applications, beryllium has a poor reputation and is considered the most toxic non-radioactive
element on the planet.5 It has been classified as a class A carcinogen by
the Environmental Protection Agency (EPA).13 Although oral ingestion of
beryllium compounds has no reported life threatening effects, inhalation of
minute amounts of air borne beryllium dust particles, TLV = 2 g m−3 in
the air can lead to chronic effects with latent toxicity and delayed onset of
symptoms.14 The major consequence of beryllium poisoning is the debilitating, incurable and often fatal disease, chronic beryllium disease (CBD).15
CBD is a characteristic granulomatus lung disease that develops slowly over
a long time period. However, little is known about the definitive mechanism
of Be2+ biochemistry in humans and several studies suggest multiple modes
of action. The current understanding speculates that the mode of action of
beryllium poisoning is a cell mediated immune response, triggered by the Tlymphocyte cells which proliferates in response to inhaled beryllium binding
to antigen presenting cells (APC) in the lungs. Beryllium is also believed
to have a detrimental impact on normal enzyme function, DNA synthesis
and cell division and also phosphorylation of proteins.13 Contact with beryllium salts or beryllium sentitisation are associated with acute effects such as
skin lesions and may also lead to decreased resistance to developing CBD in
individuals.1,13 Human exposure to beryllium and its compounds occur primarily in the workplace where beryllium mining and processing takes place.
Workers involved in beryllium extraction, manufacturing, fabricating, and
processing are most at risk of exposure.

µ

Surprisingly, this fact has not deterred its use in manufacture with a reported 400 tons mined worldwide in 2011.16 Furthermore, due to its toxicity,
the fundamental chemistry of beryllium is underdeveloped in comparison to
its neighbouring elements. This is important because thorough understanding of beryllium speciation will offer valuable insight into its mode of action
and the cause for the delayed onset of CBD and related diseases.13 Presently,
there is no universally accepted cure for beryllium poisoning and therefore
there is considerable interest in the search for suitable ligands for beryllium
sequestering agents, which will lead to suitable therapies and antidotes.1,2
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1.3

Beryllium coordination chemistry

The chemistry of beryllium is largely dependent on its small charge to size
ratio. Its electron configuration is 1s2 2s2 and the loss of the 2s2 electrons
leads to its only available oxidation state of Be2+ .1 Studies of beryllium
coordination and chelation to ligands other than hydroxide and water in
solution are proposed to be limited due to both its toxicity and its strong
tendency to hydrolyse.1,2 This is conferred by the high charge density of the
beryllium cation (Z/r = 6.45) and thus it also explains its tendency to bind
to hard oxygen donor atoms.1 Beryllium prefers tetrahedral geometry and
exhibits a complex pH dependent aqueous chemistry.
1.3.1

Beryllium aqueous chemistry

Due to its high charge density and strongly polarising characteristics, beryllium has a tendency to form strong covalent bonds with oxygen and thus has
a high affinity for hydrolysis. It is generally considered highly oxophilic and
a hard Lewis acid.1 Given the high charge density, only a very few anions can
compete with berylliums’ affinity for oxygen donor ligands such as water or
hydroxide.1,2 It exhibits a complex pH dependent aqueous chemistry, even
in the absence of ligands other than water or hydroxide.2,16 On dissolution
in water Be2+ ion is rapidly hydrolysed to give various hydroxo, oxo and
aquo species with various nuclearities.16
The monomeric aquo dication [Be(H2 O)4 ]2+ is believed to be the dominant species present between pH 1-4. Its coordination has been examined by
1 H NMR, 17 O NMR spectroscopy and X-ray diffraction.17 The [Be(H O) ]2+
2
4
dication species is known to hydrolyse to give both monomeric and polymeric species. [Be3 (OH)3 ]3+ and [Be2 (OH)]3+ have been proposed as the
two major hydrolysis species resulting from the hydrolysis of the dication.
Potentiometric data and NMR measurements have inferred the existence
of polynuclear hydroxyberyllate [Be3 (OH)3 (H2 O)6 ]3+ (i) (Figure 1.1,Figure 1.2)
as the main species at pH 4-6.16,18 Many derivatives of this salt where the water molecules have been displaced by other ligands have been characterised.
These include the compounds [Be3 (OH)3 (picolinate)3 ] (80), [Be3 (OH)3 (pyrazolylborate)3 ] and [Be3 (OH)3 (malonate)3 ](11).16 Cecconi et al. were successful in isolating the picrate salt [Be3 (OH)3 (H2 O)6 ](picrate)3 ·6H2 O of this
species. The structure showed a skewed six membered cyclic trication with
the beryllium atoms linked with hydroxyl bridges and its tetrahedral arrangement completed by water molecules (Figure 1.1). However, in this
case the picrate ligand does not displace the water molecules as seen for the
related structures mentioned above. It is thought that the hydrogen bonding interactions contributed by the hydroxyl and water molecules with the

4

Figure 1.1: Generic representation of the cyclic trication
[Be3 (OH)3 (H2 O)6 ]3+ (i).
hydroxo- and nitro-oxygen atoms of the picrate anions provides the stabilising factor for the tricyclic species.18 The geometry of oxygen atoms around
the metal centre is approximately tetrahedral with the O-Be-O angles in the
range of 103–116 and an average bond length of 1.589Å for the inner Be-OH
bonds and 1.659Å for the outer Be-OH2 bonds respectively.16,18

°

The formation of different hydrolysis species present at a given pH is
dependent on the concentration of the beryllium in solution.6,17 Beryllium
hydroxide is present in low concentration of Be2+ in solution2 but with
increasing pH (>5.8), it precipitates out as polymeric beryllium hydroxide [Be(OH)2 ]n (Figure 1.2).16,17 Additional beryllium hydroxo species at
intermediate Be2+ and OH− concentration and intermediate pH includes
[Be2 (OH)]3+ , [Be3 (OH)3 ]3+ , [Be5 (OH)6 ]4+ and [Be6 (OH)8 ]4+ . Although
identification of minor species is not definitive due to complex equilibiria
of beryllium in solution chemistry, evidence for the presence of above mentioned major species in solution have been provided evidence for, by some
crystal structures.17 Again, in each of these species, the beryllium atoms are
surrounded by a tetrahedral arrangement of oxygen with hydroxyl oxygen
forming bridges between beryllium atoms.6,16
With decreasing beryllium concentration (<10−6 M), precipitation of
Be(OH)2 (s) occurs.6 For solutions of increasing alkalinity (pH >12), the amphoteric solid Be(OH)2 begins to dissolve, giving rise to first, Be(OH)3 − and
then at even higher alkalinity the tetrahydroxyberyllate dianion [Be(OH)4 ]2− .16
This has been characterised by 9 Be NMR spectroscopy by the presence of a
chemical shift at δ = 2 ppm. IR spectroscopy also concluded the existence
of this species with a characteristic IR band in the range of 700-750 cm−1 .2
Several salts of M[Be(OH)4 ] or M2 [Be(OH)4 ] have been isolated, where M
= Ca, Sr or Ba.20 The compound containing the calcium salt, Ca[Be(OH)4 ],
especially has been investigated as various hydrates, but the structures could
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Figure 1.2: Be hydrolysis as a function of pH.19
not be determined.20,21 The simple anion [Be(OH)4 ]2− was speculated to be
the dominating beryllium species in these compounds.20 Attempts to repeat
the synthesis of M[Be(OH)4 ] (at pH 13.5-14 ) in order to determine its structure by Schmidt et al. resulted in the isolation a of a single crystal which
was analysed to be the desired calcium hydroxyberyllate, albeit its sesquihydrate species Ca[Be(OH)4 ]·1.5H2 O.21 However, structural investigation of
a single crystal of this species showed that it contained the hydroxyberyllate
trianion [Be2 (OH)7 ]3− , instead of the expected [Be(OH)4 ]2− as previously
assumed. The [Be2 (OH)7 ]3− anion was found to be associated with two
calcium cations and a Z-shaped hydroxide hydrate anion [HO-H-OH]− (Figure 1.3) which resulted in the Ca2 [Be2 (OH)7 ](HOHOH)(H2 O)2 species.21
The trianion [Be2 (OH)7 ]3− has not otherwise been observed before.21 It is
speculated that its formation might be influenced by the presence of large
dications such as Ca2+ or Sr2+ .16
The existence of yet another hydroxyberyllate anion [Be4 (OH)10 ]2− (ii)
was identified by Schmidbaur et al.22 Single crystals obtained from aqueous
solutions of sodium beryllate at high pH (13.2) resulted in the hydrated
species Na2 [Be4 (OH)10 ](H2 O)5 containing the anion [Be4 (OH)10 ]2− . This
species was characterised by a resonance shift in the 9 Be NMR spectrum at
δ = 2.0 ppm, relative to a reference of [Be(OH2 )4 ]2+ δ = 0 ppm.16,22
This unprecedented tetraberylliumdecahydroxide dianion species was found
to have a highly symmetrical adamantine structure and has never been considered previously for aqueous beryllium chemistry (Figure 1.4). The four
6

Figure 1.3: (a) Representation of the [Be2 (OH)7 ]3− and (b) Z-shaped
structure of HO-H-OH− in Ca2 [Be2 (OH)7 ](HOHOH)(H2 O)2 .21

Figure 1.4: Representation of anion [Be4 (OH)10 ]2− . Hydrogens have been
omitted.22
beryllium atoms occupy the vertices of a regular tetrahedron with a terminal
hydroxyl group at each metal centre. The remaining six bridging hydroxyl
groups completes the tetradencity of the beryllium atoms centres. Although
this new beryllate anion itself is structurally simple enough, it is intercalated
into an exceedingly structurally complex lattice where the sodium atoms occupy two different environments within the network of anions.22
The existence of the [Be4 (OH)10 ]2− anion can be explained by the condensation of the species [Be(OH)4 ]2− with the extrusion of OH− anions
(Equation 1).21,22

−2OH −

−4OH −

+2OH −

+4OH −

3− −−−−−*
2−
−−
4[Be(OH)4 ]2− )
−−
−−
−−
−*
− 2[Be4 (OH)7 ] )
−−−−− [Be4 (OH)10 ]

(1)

7

The similar properties of hydroxide and fluoride anions, with high charge
density has suggested potential to act as a ligand for the Be2+ cation.16
The fluoride ion was found to exhibit high affinity for beryllium and was
found to be the only inorganic ligand to form all four substitution products with water, [Be(H2 O)4−n Fn ](2−n)+ where n = 1-4.6,17 Based on equilibrium measurements, it was found that the fluoride ion effectively competes
with hydroxide at pH <8, at which point Be(OH)2 precipitates.17 Species
Be(H2 O)2 F2 and Be(H2 O)F3 are thought to be dominant complexes of beryllium at pH ranging from 0.5-8. However, varying the concentration of Be2+
to F− ratio result in the formation of species that are different to the species
mentioned above.6 NMR spectroscopic studies of these compounds have also
been conducted. 9 Be NMR has a narrow range of the chemical shifts and
suffers line broadening as a result of the quadrupolar beryllium nuclei (S =
3/2).6,17 However, this can be remedied by the well-defined first-order spectra of 19 F NMR techniques. The 19 F NMR spectra of beryllium species give
rise to signals of 1:1:1:1 quartet splitting due to coupling to the S = 3/2
of 9 Be nuclei.6,16 In the 9 Be NMR spectrum, a mixture of species containing [BeF(H2 O)3 ]+ , [BeF2 (H2 O)2 ] and [BeF3 (H2 O)]− can be distinguished
as separate signals from an overall multiplet of a 1:1 doublet, a 1:2:1 triplet
and a 1:3:3:1 quartet. The observation of the quartet in 19 F NMR suggests
that the fluoride anions are attached to a single beryllium and that they
do not form bridging between two beryllium atoms.6,16 The relative intensity of the signals show that a portion of the hydrated BeF2 undergo ligand
dissociation and redistribution in solution (Equation 2 and Equation 3).16
BeF2 + 2H2 O −→ [BeF2 (H2 O)2 ]

2BeF2 (H2 O)

[BeF (H2 O)3 ]+ + [BeF3 (H2 O)]−

(2)

(3)

Beryllium halides of the structure BeX2 (X = F, Cl, Br, I) are not easily formed in the presence of water and often lead to different hydrolysis
products. In most cases, in order to overcome this, harsh conditions of high
temperatures and liquid ammonia are employed to form the halides by way
of thermal decomposition.6
1.3.2

Beryllium coordination chemistry — complexes with oxygen donors

Given the very high charge density of the beryllium (II) cation, only a very
few anions can compete with berylliums affinity for strong σ donor oxygen
ligands.1,2 Recently, the mode of beryllium binding has been compared to
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Figure 1.5: The structure of beryllium acetate, red = oxygen, green =
beryllium, grey = carbon. Hydrogens have been omitted.32
that of a proton. This is due to its tendency to displace tightly bound protons in strong hydrogen bonds.23–25 Oxygen-containing ligands (eg: alkoxides, oxo-carboxylates, mono- and dicarboxylic acids, enols, polyols) are a
rich area of interest for beryllium encapsulation. Unsurprisingly, the majority of these ligands are also biologically relevant, due to the role beryllium
plays in CBD.2 The following section will comprise of an investigation of
oxygen donor ligands other than H2 O.
Few monodentate oxygen-donor ligands interact with beryllium. The
major class of monodentate ligands are monocarboxylic acids. Formic acid
(Log K 1 = 0.15),26 acetic acid (Log K 1 = 1.62)27 and propionic acid (Log
K 1 = 0.30)28 have all been shown to be poor binders of beryllium. Bidentate
coordination of a single carboxylate ligand is not observed due to the large
bite angle between the two oxygen atoms in the CO2 moiety and the resulting
four membered chelate ring.6
Simple salts of beryllium containing monocarboxylic acid ligands are
known to be difficult to isolate. Attempts to isolate these species instead resulted in the formation of cluster complexes.16 The oxo-carboxylate species
formed was identified as “basic beryllium acetate”, [Be4 O(O2 CMe)6 ].29 Multiple structure analysis30,31 of beryllium acetate showed six acetate groups
bridging four beryllium atoms in a tetrahedral arrangement to form a central
Be4 O core (Figure 1.5).2,16
Other complexes of aryl carboxylates of the form [Be4 O(O2 CR)6 ], where
R = benzoate and mesityl groups, have been isolated by Schmidbaur et
al. These were found to have the same cage like structure as the acetate analogue.16 Another beryllium complex [Be(OC(NMe2 )2 )]2+ , containing the monodentate ligand trimethylurea, was reported by Neumüller and
Dehnicke.33

9

Figure 1.6: Dicarboxylic acids with reported crystal structures for
complexation with beryllium.
Bidentate dicarboxylic acid ligands with two strong σ-donors shows increased binding compared to monocarboxylic acids.32 This increase in binding strength is contributed by their chelate effect forming five- or six-membered
rings, in contrast to the bridging characteristics observed for the monocarboxylates.2,6,16 The majority of these complexes will exist as either the
mono- or bis-ligand chelates of beryllium such as [BeL(H2 O)2 ] or [BeL2 ]2− .
The product distribution is dependent on the ratio of ligand to Be2+ present
in solution and the pH of the solution.32 Typically, a 1:1 ratio of Be:L at low
pH gives the mono ligand diaquo complex [BeL(H2 O)2 ], while a 1:2 ratio at
pH <7 tends to form the bis-ligand dianionic species [BeL2 ]2− .16,32 In addition, trinuclear species of the form [(Be)3 (OH)3 (L)3 ]3− and [(Be)3 (OH)3 L]+
have also been concluded to form under similar conditions. Aliphatic dicarboxylic acid ligands that form six membered rings showed increased binding
strength with beryllium ion.6 These have the least ring torsional strains
and can accommodate the tetrahedral geometry of beryllium.32 Several dicarboxylic acid ligands (Figure 1.6) have been successfully used to form
complexes with beryllium. The crystal structures of the complexes of these
ligands with beryllium have been reported.2,32
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Figure 1.7: Bis(malonate)beryllium 8 and bis(oxalate)beryllium 9
anions.34,35
K2 [Be(CO2 CH2 CO2 )2 ] 8
O1-Be-O1’ - 109.3(2)
O2-Be-O2’ - 108.3(2)
O1-Be-O2’ - 109.6(2)
O1’-Be-O2 - 111.4(2)
O1-Be-O1 - 107.1(2)
O2-Be-O2 - 111.0(2)

K2 [Be(C2 O4 )2 ] 9
O1-Be-O1’ - 99.6(2)
O2-Be-O2’ - 99.7(2)
O1-Be-O2’ - 115.4(2)
O1’-Be-O2 - 113.8(2)

°

Table 1.2: Comparison of O-Be-O bond angles ( ) in
K2 [Be(CO2 CH2 CO2 )2 ] and K2 [Be(C2 O4 )2 ].
There is a considerable amount of work reported on the beryllium complexes of oxalic acid 4 and malonic acids 5 and their variations.2 The crystal
structures of bis(oxalate) and bis(malonate) complexes of the form [BeL2 ]2−
were isolated as the potassium salt (K2 [BeL2 ]).2,32,34,35 Bis(oxalate) [Be(C2 O4 )2 ]2−
and bis(malonate) [Be(CO2 CH2 CO2 )2 ]2− complex dianions of beryllium are
shown in Figure 1.7. Complex 8, formed with two units of malonates, offers the ‘best fit’ for beryllium as it forms a six-membered chelate ring in
comparison to the five membered ring formed in the oxalate complex 9.
Ligands capable of forming six-membered chelate rings over fiver membered
chelate rings offer greater stability to beryllium complexes (Figure 1.7).2,17
This is further evident by the comparison of the Be-O-Be angles of the two
complexes (Table 1.2). Both structures indicate that the tetrahedral coordination geometry of beryllium centre has been preserved by four chelating
oxygen atoms.2
Various methods have been employed to measure the stability of the
above species formed with ligands 2-7 (Figure 1.6). Titrametrically determined stability constants for beryllium complexes derived from ligands 2-6
were reported by De Bruin et al..36 These values and a collection of oth-
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Figure 1.8: Molecular structure of [Be3 (OH)3 (malonate)3 ]3− anion 11.37
ers selected from the literature are given in Table 1.3. The formation of
species [BeL] and [BeL2 ]2− can be expressed by equations (Equation 4) and
(Equation 5).36 Barbaro et al. were successful in the preparation of complex
K3 [Be3 (OH)3 (oxalate)3 ]·3H2 O (10) and also in the isolation of the complex
K3 [Be3 (OH)3 (malonate)3 ]·6H2 O (11) as single crystals. Their formation in
aqueous solution has been investigated using potentiometric techniques and
9 Be NMR spectroscopy (Table 1.3). The increased stability of the malonate
ligand which forms complex 8 is further illustrated by the consistently higher
average Log β 2 value of 8.94 over the five membered ringed complex 7 (average Log β 2 = 5.39)(Table 1.3).35–38 The solid state structure of 11 has a
six membered core ring of [Be3 (OH)3 ] with three six-membered rings of malonate ligands coordinated to each beryllium atom (Figure 1.8).37 Formation
of the species [(Be)3 (OH)3 (L)3 ]3− can be expressed by Equation 6.39
K1 = Be2+ + L2−
β2 = Be2+ + 2L2−
βx = 3Be2+ + 3OH − + 3L2−

[BeL]

(4)

[BeL2 ]2−

(5)

[Be3 (OH)3 L3 ]3−

(6)

Given the stability of the malonate complex of beryllium, Alderighi et al.
studied the species formed with substituted malonates 7 (Figure 1.6), 12,
13 and 14 (Figure 1.9) using potentiometric analysis, determined in 0.5 M
NaClO4 at 25 C and 9 Be NMR spectroscopic methods at various pH (Table 1.4). They were also successful in isolating and analysing the structure
of complex K2 [Be(1,1-cyclobutanedicarboxylate)2 ]·2H2 O by X-ray crystallography. The structure was found to contain very similar bond lengths

°
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Ligand
Oxalate 4

Malonate 5

Succinate 2
Maleate 3
Phthalate 6

°

Conditions (25 C)
0.15 M NaClO4
Variation, IR, Raman spectroscopy
1 M NaClO4
0.5 M NaClO4
0.15 M NaClO4
0.5 M NaClO4
0.2 M NaClO4
0.5 M NaClO4
0.15 M NaClO4
0.5 M NaClO4
0.15 M NaClO4
0.15 M NaClO4

Log K1
4.08
3.26
3.55
3.52
5.73
5.34
5.15
5.36
4.69
2.74
4.33
3.97

Logβ 2
5.91
5.32
5.40
5.24
9.28
8.85
8.42
9.21
4.69
4.36
6.46
5.69

Logβ x

Ref.
[36]
[34]
[40]
[37]
[36]
[35]
[38]
[37]
[36]
[35]
[36]
[36]

39.94
8.30
0.89
12.84
5.07

Table 1.3: Formation constants for a selection of beryllium complexes of
dicarboxylates.
9 Be

Ligand
1,1-cyclobutanedicarboxylate 7
Methyl-malonate 12
Dimethyl-malonate 13
Phenyl-malonate 14

Log K1
5.51(7)
5.394(7)
5.544(5)
5.130(7)

Log β 2
3.38(1)
3.683(8)
3.737(1)
3.48(1)

NMR (ppm)
[BeL2 ]2− [BeL(H2 O)2 ]
2.39
1.35
2.90
1.57
2.44
1.35
3.29
1.76

Table 1.4: Equilibirum constants of substituted malonic acids and their
9 Be NMR chemical shifts (ppm).41
and bond angles to the original malonate complex. The average value of
the Be–O angles (107.5(3) ) and bond lengths (1.606(8) Å) of K2 [Be(1,1cyclobutanedicarboxylate)2 ]·2H2 O is comparable to 108.8(5) and 1.616(7)
Å, respectively in the malonate derivative.35,41

°

°

Another type of a dicarboxylic acid ligand containing an imidazole moiety, 4,5-dicarboxyimidazole (H2 DCl) (15a) and its methyl derivative 1methyl-4,5-dicarboxyimidazole (H2 MDCl) (15b) (Figure 1.10), has been
shown to bind to beryllium. The crystal structure showed a tetrahedral
geometry about the beryllium ion with two oxygen atoms from the ligand
and two coordinated water molecules. The coordinated complex has a +1
charge and a second equivalent of the ligand acts as the counteranion (Figure 1.10).42
Aliphatic hydroxycarboxylic acids are poor ligands for beryllium binding. This weak coordination can be explained by the weak acidity of the
hydroxyl group and the large bite angle generated by the sp3 carbon adjacent to the hydroxyl group. These two factors result in unfavourable com13

Figure 1.9: Substituted malonic acids.41

Figure 1.10: Mononuclear dicarboxyimidazole species 15 a and b
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Figure 1.11: Beryllium binding modes of citric acid and its derivatives.45
plexation and more often leads to the acid acting as a monodentate ligand
which binds via the charged carboxylate oxygen only.2,6 Complex formation
equilibiria of beryllium with five hydroxycarboxylic acids; glycolic, lactic, 2hydroxyisobutiric, L-(+)-tartaric and citric acids, were studied by Piispanen
and Lajunen using potentiometry at 25 C in 0.5 M NaClO4 .43 Glycolic and
2-hydroisobutyric acids were found to form three weak complexes of the form
BeL+ , BeL2 and Be3 (OH)3 L2+ , while lactic acid was not found to form the
BeL2 species. Tartaric acid was found to form all three types of above complexes in addition to another two deprotonated complexes, Be(H−1 L)2 4−
and Be3 (OH)3 (H−1 L). Citric acid (CA) (16) however, was found to be an
excellent ligand for beryllium.44 A later study by Keizer et al.45 reported
the hydrolytic speciation of citric acid at high concentrations of beryllium
using NMR and mass spectrometry. It showed that the dominant beryllium
complex consists of a CA:Be ratio of 1:2 rather than the 1:1 as previously
reported.43,45 The binding showed a central Be-O-Be motif with the oxygen
from the central OH unit of the acid and the carboxyl groups on each side
binding the two beryllium ions. The Be-O-Be motif results in either two six
membered or one six membered and one five membered ring, depending on
which carboxylic acid group is bound to it (Figure 1.11). Modified ligands
based on citric acid including citramalic acid, malic acid and 3-hydroxy-3methylglutaric acid have also been shown to be capable of forming similar
complexes with central Be-O-Be units.45

°

In contrast to the aliphatic hydroxycarboxylic acids, aromatic hydroxycarboxylic acids form very stable complexes with beryllium.6 Interaction of
ligands derived from salicylic acid and its derivatives including 5-sulfosalicyclate
(Figure 1.12) have been extensively studied as candidates for possible chelation therapy for beryllium poisoning.17
The major species formed are thought to be [BeL] and [BeL2 ]2− via
the loss of protons from both the carboxyl acid and hydroxyl groups.46
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Figure 1.12: Napthoic acid, salicyclic acid and its derivatives.
The presence of other minor species; [Be(HL)]− , [Be(OH)L]− , [Be(HL)]+ ,
[Be(HL)2 ] and trimeric [Be3 (OH)3 L3 ]3− , similar to that formed by dicarboxylate complex 11, was reported by Maeda et al. Their stability constants were determined by potentiometric analysis using a glass electrode
at 25 C in 1M NaClO4 .47 Well defined crystalline salicylic acid (17) complexes Be(C6 H4 OCO2 )(H2 O)2 (23)48 and (NH4 )[Be(C6 H4 OCO2 )2 ]·2.25H2 O
(24)46 were isolated by Schmidbaur et al. (Figure 1.13). In both instances,
the beryllium cation was found to be the centre of a distorted tetrahedron of
two six-membered chelate rings (24) or one six-membered chelate ring accompanied by two water molecules to preserve its tetradetancity (23).46,48

°

Figure 1.13: Complexes (23)(right) and (24)(left) formed with
beryllium.46,48
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Ligand
Salicylate 17
5-sulfosalicyclate 18
5-nitrosalicyclate 21
3,5-nitrosalicyclate 22
1-hydroxy-2-naphthalate 20
a

Log K
BeL
BeL2 2−
12.45
8.50
12.40a
10.2a
11.30
9.10
11.52
8.90
11.20b
8.50b
10.10b
8.0b
b
7.8
5.5b
11.98
77.92

Ref
[53]
[47]
[38]
[53]
[51]
[51]
[51]
[53]

Determined at 25 °C in 1M NaClO4
Measured using 1 H and 9 Be NMR

b

Table 1.5: Selected formation constants for salicylato and related
complexes of beryllium.
To overcome the low solubility of salicyclic acid, the complex formed
with the sulphonated analogue 18 was first studied using ultraviolet spectrometry by Banks and co-workers.49,50 The stability of the complexes were
believed to be dependent on the base strength of the ligands. Additionally,
aromatic substitution on the ring is also believed to influence the formation
constants.2,17 O-creotic acid (3-methylsalicyclic acid) 19 contains one additional methyl group in comparison to the 3-unsusbtituted salicyclic acid 17
(Figure 1.13). This change, however small was found to affect the complex
formation and result in different binding properties between the two otherwise very similar ligands.51 The slight electronic differences between the
sulfonate group in 18 and the nitro group in 21 are small but is reflected in
their ability to form complexes with beryllium (Table 1.5). The increased
electronegativity of 22 with two nitro groups compared to 21 decreases the
ionisation constant of the ligand leading to a lower binding constant for the
beryllium-3,5-dinitrosalicyclate system.51 The salicyclic acid analogue salicylaldehyde has also been investigated as a possible bidentate ligand. Midollini et al. reported the synthesis of complexes [Be(salicylaldehyde)(OH)]
(25) and [Be(salicylaldehyde)2 ] (26).52
Aurintricarboxylic acid 27 (ATA, Figure 1.14) is known to form complexes with aluminium and is used for the determination of Al3+ concentration in solution.2 The first quantitative study of ATA binding with beryllium
was reported by Kosel and Neuman.54 The structure of ATA can essentially
be described as three salicylate moieties joined at the 5-position by a carbon
(Figure 2.8).2 Each salicylate moiety can act as a chelate which results in
an insoluble aggregation or ‘lake formation’ with multiple beryllium atoms
bound to multiple ATA moieties. It was found to form fairly stable complexes with beryllium (log K1 = 5.38) and was examined in in vivo studies
17

Figure 1.14: Aurin tricarboxylic acid, ATA (27)
as a possible treatment for beryllium poisoning in mice.55 However, serious
side effects were noted.17 It was also reported by Thrun that a 20:1 excess of
(ATA:Be) is recommended in order to form stable lake formation and that
two molecules of ATA are needed to bind a single atom of beryllium.56
Polyols such as catechol (1,2-dihydroxybenzene) and its derivatives (Figure 1.15) have been widely investigated as possible candidates for antidotes
for beryllium poisoning.17 The synthesis of bis(catecholato)beryllium was
first reported by Rosenheim and Lehmann.57 More recent studies, however,
have concerned the sulfonated derivative 4,5-dihydroxy-1,3-benzenedisulfonic
acid, more commonly known as Tiron (29). The sulfonate moieties result
in increased water solubility and a reduction in sensitivity to oxidation of
semiquinones and benzoquinones.2 In an in vivo study by Basinger et al. of
many candidates, Tiron was found to be an effective antidote for the treatment of beryllium poisoning in mice.58 However, quantitative equilibrium
data (Table 1.6) shows that chromotropic acid 30 (4,5-dihydroxynaphthalene2,7-disulfonic acid) forms the most stable complexes with beryllium .2,6,17
This again indicates the high affinity beryllium has towards forming sixmembered chelates rather than five-membered chelate rings as with 28 and
29.30 Equilibrium constants for a few selected beryllium complexes of dihydroxyaromatics and related compounds are given in Table 1.6. A study by
Keizer et al. on two other ligands, 2-hydroxyisophthalic acid (HIPA) and
2,3-dihydroxybenzoic acid (DHBA) showed high affinity for beryllium over a
wide range of concentration and pH values. Furthermore, these were shown
to bind polynuclear complexes of beryllium.59 This is important as polynuclear species with the central Be-O-Be moiety are dominant in beryllium
speciation.45 Additionally, these ligands were found to exhibit luminescent
changes upon binding to beryllium. Binding was further monitored using a
combination of 9 Be and 13 C NMR and UV spectroscopy and MS.59
Aliphatic polyalcohols are not generally known to interact with beryllium. However, there are two exceptions to this, both of which have been
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Figure 1.15: Catechol (28) and related dihydroxy aromatics and
polyalcohols.

Ligand
Catechol 28
Tiron 29
Chromotropic acid 30
31, X = H
31, X = CH3
31, X = Cl
31, X = SO3 H
31, X = NO2

Log K 1
13.70
12.20b
16.20b
7.80c
8.40c
7.50c
6.60c
5.60c

Log K2
12.02
9.30b
12.0b

Log β 2
21.50b
28.20b

Ref
[57]
[47]

[55]

b

c

Determined using 1 H and 9 Be NMR spectroscopy
Determined at 20 °C in 0.1M KCl in 10% aq. EtOH

Table 1.6: Stability constants for selected beryllium complexes of
dihydroxyaromatics and catechol related compounds
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Figure 1.16: A selected few diketones reported for beryllium
complexation.63–65
isolated as solid compounds. The molecular structure of the beryllium complex with meso-oxolane-3,4-diol 32 shows two anionic diolato ligands forming
two five-membered rings with the beryllium at its spiro-centre.60 Complexation with squaric acid, (3,4-dihydroxycyclobut-3-ene-1,2-dione), 33 to form
[Be(C4 O4 )(H2 O)3 ], shows the anion is bound to beryllium by only one of its
oxygen atoms. Three molecules of water complete the tetrahedron around
beryllium. The structure is stabilised by a single intramolecular hydrogen
bond between a coordinated water molecule and an oxygen atom from the
squarate anion, resulting in a seven-membered pseudo-ring.61
Beryllium bis(acetylacetonate) complex formed with the β-diketone acetylacetone ligand 34 was first reported by Combes.62 Its crystal structure has
been determined63 along with several other beryllium 1,3-diketonate complexes (Figure 1.16).63–65 The 1,3-diketonate complexes contain beryllium
at the centre of two chelating six-membered rings formed by the carbonyl
moieties.
3-Hydroxy-4-keto-heterocycles bear many structural similarities to 1,3diketones and many have been tested for their ability to chelate beryllium.66
20

Ligand
3-hydroxy-2-methyl-4H-pyran-4-one 39
5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one 40
1-(3-hydroxy-2-furanyl)ethanone 41
3-hydroxy-2-methyl-4-pyridinone 42
3-hydroxy-1,2-dimethyl-4-pyridinone 43
1-ethyl-2-hydroxy-3-methyl-4-pyridinone 44
a

Log K1
5.736a
10.7
5.018a
4.115a
8.4
8.7
8.471a
8.5

Log K2
7.81
3.101a
7.2
7.4
7.163a
7.3

Ref
[66]
[67]
[66]
[66]
[51]
[51]
[66]
[51]

Determined at 25 °C in 1M NaClO4

Table 1.7: Stability constants for beryllium complexes of selected
3-hydroxy-4-keto-heteroaromatic ligands.
Many are based on pyrone and pyridine derivatives, both of which are natural products present in several plants. These molecules have been proven
to be good binders of iron and are used in iron overload therapy.2 The 3hydroxy-4-keto-heterocycles depicted in Figure 1.17 have been shown to bind
to beryllium ions. The ligand 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one
(40), more commonly known as kojic acid, has been reported67 to form the
both mono- and bis-kojic acid complexes [BeL(H2 O)2 ]+ and BeL2 .66,67 However, despite the reported high stability (log K 2 = 7.81), more recent studies
by Cecconi et al. have shown that the bis-kojic complex could not be reproduced. Complexes of [Be(43)2 ] and [Be(41)2 ] have been fully characterised
using single crystal X-ray analysis and 9 Be NMR spectroscopy.66 Formation constants for selected 3-hydroxy-4-keto-heteroaromatic derivatives of
beryllium are listed in Table 1.7.
Similar to hydroxyl keto-heterocycles, tropolone 45 (2-hydroxycyclohepta2,4,6-trien-1-one) (Figure 1.18) contains hydroxyl and keto groups on a conjugated seven-membered ring. Complexes of tropolone and its derivatives
form five-membered chelate rings with beryllium. No crystal structures have
been reported and there are only limited reports on beryllium tropolonate
chemistry. Formation constants for a few derivatives of tropolone with beryllium have been reported by Byrant et al.68–70
The successful synthesis and structural characterisation of a calixarene
containing beryllium was reported by Gottfriedsen and Blaurock in 2005.71
The calixarene ligand, p-t Bu-calix[4]-(OMe)2 (OH)2 , was treated with BeCl2
to form a dinuclear beryllium complex containing a cyclic planar Be2 O2
central tetrahedral unit (Figure 1.19). The formation of this central fourmembered M2 O2 ring was also observed for aluminium and zinc complexes
of calixarenes.71
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Figure 1.17: 3-Hydroxy-4-keto-heterocycles used to form complexes with
beryllium.

Figure 1.18: Tropolone and its derivatives have been used to form
complexes with beryllium.

22

Figure 1.19: Calixarene complex [p-t Bu-calix[4](OMe)2 (OBeCl)2 ].71
The 3,6-dichloro-4,5-dihydroxy-3,5-cyclohexadiene- 1,2-dionato ligand, has
also been used for complexation with beryllium. The single crystal X-ray
structure showed a complex of the type [BeL2 ]2− , whereby the beryllium
is bis-coordinated tetrahedrally via four hydroxyl oxygens forming two five
membered rings (47) (Figure 1.20).72
Phosphonates form stable complexes with beryllium. Moreover, they
have been shown to form stronger complexes than carboxylate ligands.73 For
instance, a potentiometric study (at 25 C in 0.5M NaClO4 or (CH3 )4 NCl)
by Alderighi et al. showed that methylphosphonate (48, Figure 1.21), functioning as a monodentate ligand, forms a stronger complex (log K 1 = 6.17)
than the one formed with the chelating malonate ligand (log K 1= 5.36) (5,
Figure 1.6).74

°

Over four decades ago, Dyatlova et al. reported that both methylenediphosphonic acid (50) and hexamethylenediphosphonic acid form complexes with
beryllium, based on potentiometric measurements.75,76 In these complexes,
beryllium was found to form only two mononuclear complexes with the stoichiometries BeHL and Be2 L. However, they were not able to assign any
specific structure to the complexes mentioned above.75,76 The more recent
study by Alderighi et al. has shown using NMR and potentiometry that
there are indeed many additional complexes formed with ligand 50 than
the two previously reported. The complex K2 [Be(48)2 ]·2H2 O was also isolated in solid state and characterised using ESI-MS.74 Formation constants
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Figure 1.20: Beryllium bis-chelate complex with
3,6-dichloro-4,5-dihydroxy-3,5-cyclohexadiene- 1,2-dionato ligand.72

Figure 1.21: Selected phosphonic acids used for complex formation with
beryllium.
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Log K a
Complex













Be + L BeL
BeL + L BeL2
BeL + H BeHL
BeHL + H BeH2 L
BeL2 + H BeHL2
BeHL2 + H BeH2 L2
Be + L BeHL
Be + H2 L BeH2 L
Be + 2H2 L Be(H2 L)2
Be3 (OH)3 + L Be3 (OH)3 L
Be3 (OH)3 + 3L Be3 (OH)3 L3
a

Methyl
phosphonic
acid 48
6.17(1)
5.36(2)
3.31(1)
2.0(1)
-

Phosphono
-acetic
acid 49
9.24(1)
5.74(2)
3.36(1)
5.05(6)
≈3
4.53(1)
7.2(3)
20.86(3)

Methylene
-diphosphonic
acid 50
13.7(1)
7.66(7)
5.04(5)
2.6(1)
6.3(1)
6.5(2)
8.3(1)
4.0(2)
7.6(2)
-

3-phosphono
-propionic
acid 51
6.76(1)
1.6(1)
3.12(1)
6.2(3)

Values in parentheses are standard deviations on last s.f. The charges for the
complexes above have been omitted for simplicity. Determined at 25 °C in 0.5 M
NaClO4 .

Table 1.8: Formation constants for complexes of beryllium with selected
phosphonates.74
reported for several species formed with beryllium and ligands 48-51 (Figure 1.21) are listed in Table 1.8.
Both ligands derived from phosphonoacetic acid 49 and methylenediphosphonic acid 50 tend to form six-membered chelate rings whereas 3-phosphonopropionic acid 51 forms a seven-membered ring. As a result, complexes
formed with ligand 49 and 50 are more stable than those formed with 51
(Table 1.8). A novel monomeric hydroxo species [Be(OH)(51)]2− (log K
= 13.60(3)) was found to form at high pH close to the precipitation point
of Be(OH)2 . This species was not observed with 49 and 50.77 The anionic,
cobalt containing tripodal trimethylphosphite ligand [(C5 H5 )Co[(CH3 O)2 PO]3 ]− ,
known as the Kläui ligand, was also tested for possible interactions with
beryllium. This ligand was found to displace two or three water molecules
from the Be2+ coordination sphere, giving rise to a variety of mono-, di- and
trinuclear species.78
Similarly to the phosphonates, bidentate ligands containing the posphinate group -CH2 (Ph)PO2 − have been investigated by Cecconi et al. for complexation with beryllium (Figure 1.22) but were found to coordinate more
weakly than the corresponding phosphonates. This could be explained by
the lower basicity of the PhPO2 − group in comparison to the PO2 OH−
group of the phosphonates.79
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Figure 1.22: Phosphinates used to form complexes with beryllium.

Figure 1.23: These phosphinoxides have been used to form complexes with
beryllium.
A series of complexes of beryllium, including mono- and bis-chelated
species were characterised with phosphinate 52 using potentiometry and
NMR spectroscopy. However, in the case of phosphinate 53, an insoluble
solid was obtained, which was instead analysed using X-ray powder diffraction (XRPD) techniques. This solid was found to be a mononuclear chelate
complex Be(53)(H2 O)2 in an extended bilayer network with hydrogen bonding between the terminal O(P)- and the water molecules.79 Three phosphinoxide ligands, triphenylphosphinoxide (54), tris(2-diphenylphosphorylmethyl)amine (55) and tris(2-diphenylphosphorylethyl)amine (56) (Figure 1.23)
were also shown to form complexes with beryllium. Cecconi et al. reported that these ligands were able to displace water molecules from the
hydrated beryllium cation [Be(H2 O)4 ]2+ .80 Three corresponding complexes
[Be(OPPh3 )4 ](ClO4 )2 , (54a), [(N(CH2 PPh2 O)3 )Be(OH2 )](ClO4 )2 , (55a) and
[(N(CH2 CH2 PPh2 O)3 )-Be(OH2 )](ClO4 )2 , (56a) were characterised using NMR
spectroscopy along with an X-ray crystallographic determination of the
structure of complex 55a.80
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Figure 1.24: Schiff base salicylidene-o-aminophenol ligand used to form a
fluorescent complex with beryllium
1.3.3

Beryllium coordination chemistry:–complexes with mixed
oxygen and nitrogen

Oxygen containing donors are predominant in beryllium coordination chemistry. However, nitrogen donors, when coupled with oxygen donors have
shown to be effective in beryllium chelation.
In contrast to the extensive research on ligands based on salicyclic acids
discussed above, there has been limited investigation into the Schiff-base
derivatives of salicyclic acids, known as salicylaldimines.1,5 The Schiff base
2,2’-bis-(salicylideneamino)-6,6’-dimethyldiphenyl 57 was reported to form
a complex with beryllium by Lion and Martin in 1956.81 Following that,
several separate studies conducted by Green and colleagues investigated
the preparation, hydrolysis and stability of beryllium complexes of N -nbutylsalicylideneimine 58,82 N,N ’–ethylenebis(salicylideneimine) 59,82–86 N ethylsalicylideneimine 60,84 N -methylsalicylideneimine 61, N -n-propylsalicylideneimine 62 and N -t-butylsalicylideneimine 63.85 The majority of these
ligands and were found to form complexes with BeL2 stoichiometry as the ligands act in a bidentate manner towards the small beryllium cation.83 Related
ligands based on polymethylenediamines (N,N ’-1,3-trimethylenebissalicylaldimine
64, N,N ’-1,6-hexamethylenebissalicylaldimine 65, N,N ’-1,4-tetramethylenebissalicylaldimine 66) with longer alkyl chain lengths can, however, deviate
from this stoichiometry in order to form 1:1 complexes of the type Be:L,
where it binds the cation in a quadridentate manner instead.87
The tetrahedral beryllium-Schiff base complex of N -isopropylsalicylaldimine
67 with beryllium (BeL2 ) was reported by Bottino et al. in 1978.88 In another study, beryllium complexes of the aromatic Schiff base salicylidene-oaminophenol 68 (Figure 1.24) and its derivatives containing meta- or parasubstituted alkyl groups were found to display fluorescent properties.89 This
property of Schiff base-beryllium complexes have been used in several studies
by Aoki et al. for determination of amines using fluorimetry.90–93 However,
despite all these reports of Schiff base-beryllium complexes, the first crystal
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Figure 1.25: Dimeric beryllium Schiff-base complex.94
structure was reported only recently by Midollini et al.52 The isolated crystal
structures of beryllium complexes of N -i -propylsalicylideneimine [Be(Sal-N i -Pr)2] (69) and N -phenylsalicylideneimine [Be(Sal-N -Ph)2 ] 70 displayed
distorted tetrahedral geometry about the beryllium, which was coordinated
to two ligands in a bidentate manner. The six-membered chelate rings
formed contained N-Be-O angles of approximately 105 in both complexes.52
The crystal structures of beryllium complexes of previously reported ligand 58 and the N,N ’-bis(salicylidene)butylenediamine, 71 was reported by
Reglinski et al. Interestingly, one of the complexes (72) formed with ligand
58 is dimeric in nature, with two phenolate-imine pairs coordinated to two
different beryllium centres (Figure 1.25).94

°

Other examples of Schiff base ligands formed between acetylacetonate
and N ’-amidoisourea, have also been used for tetracoordination of beryllium
cations.95 A naphthalene-containing Schiff base ligand has been used as a
potential tetradentate ligand for beryllium encapsulation by Plieger et al.96
The complex 1-1’-bisnapthalene(salicycaldimino) beryllium 73 was prepared
in a mixture of chloroform and ethanol using basic beryllium acetate as the
source of beryllium. The evidence for full encapsulation of beryllium was
shown by the chemical shift at 4.84 ppm and a line width of ≈40 Hz in
the 9 Be NMR spectrum, which is consistent with tetracoordination of the
beryllium cation (Figure 1.26).96
A similar class of ligands based on salicycaldimines contains poly-pyridine,
hydroxyl pyridine and related ligands. However, in contrast to salicylaldimines,
the heteroatoms in these ligands are held in a rigid position such that complexation to beryllium would lead to a stable six-membered ring structure.25
Consequently, these ligands containing mixed N and O donors have been an
28

Figure 1.26: Tetradentate Schiff base ligand (73) exhibiting full
encapsulation of beryllium.96
attractive target for metal chelation studies.97 Several of these ligands have
reportedly shown fluorescent and photoluminescent properties when complexed to beryllium. This feature is being explored as potential detection
methods for beryllium98,99 and also as electroluminescent materials in the
field of organic electroluminescent (EL) devices.100–102
The crystal structure of the strongly fluorescent complex bis(2-methyl8-hydroxyquinolinato)beryllium dehydrate (74) was reported in 1978 by
van Niekerk et al. The two oxine ligands were found to lie perpendicular in plane to each other allowing tetracoordination of a central beryllium cation with minimal steric hindrance.103 The metal complex tris(8hydroxyquinolinate)aluminium (Alq3 ) has long been known as an excellent
light emitting material for the purpose of EL devices. Based on this ligand, the beryllium bis-chelate of the derivative ligand, (10-hydroxybenzo[h]quinolin) (HBQ) (75) was found to exhibit superior EL properties in comparison to Alq3 . The bis-chelate Be(75)2 was deposited as amorphous films
and was reported to have exceptional heat resistance and emit green fluorescence.101 The sulfonated analogue of 75 (10-hydoxybenzo[h]-quinoline7-sulfonate) or HBQS (76)104 is currently used as the benchmark method
in commercial kits used for detection of beryllium contamination on surfaces.105 Based on the Be(75)2 complex, another similar ligand, hydroxyphenyl pyridine (77) was investigated as a potential ligand which can
also function as an EL device. The molecular structure of the tetrahedral Be(77)2 chelate has been determined by X-ray crystallography and it
proved to be a blue light emitting material. The beryllium centre exists
in a pseudo-tetrahedral environment with Be-N and Be-O bond distances
of 1.747(2) Å and 1.564(2) Å, respectively.102 Analogous to 77, beryllium
bis-ligand chelates of hydroxyphenyl indole (78) ligand was investigated by
Tong et al.106 These homologous ligands bearing different heteroatoms (Fig-
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Figure 1.27: Electroluminescent bis-chelate forming polyaminocarboxylate
ligands, X = N, O or S.
ure 1.27, X= N, O or S) were found to display variation in bond lengths and
also in the luminescence emission depending on the heteroatom present.106
A tridentate ligand, 2,6-bis(2-hydroxyphenyl) pyridine (BHPP), containing two phenol moieties and a central pyridine unit was also shown to fluoresce when complexed to beryllium. The pyridine ring provides a low kinetic
barrier for the exchange of protons from the phenol rings. This allows strong
binding of the phenolates to the beryllium cation to form the tridentate
complex Be(BHPP)(H2 O) (79) (Figure 1.28). The crystal structure of 79
revealed the presence of a slight distortion of the ligand from planarity and
a sharp singlet at 4.08 ppm in the 9 Be NMR spectrum, indicating tetracoordination at the beryllium centre.25,97
Aminocarboxylic acids or α-amino acids and their derivatives represent
an important class of ligands due their relevance in biology.2 For this reason,
extensive studies have been conducted and various amino acids have been investigated for their ability to act as ligands for beryllium.17 In a potentiometric study, Perkins et al.107,108 reported that beryllium can bind a selection
of α-amino acids closely related to glycine, including glycine, glycylglycine,
sarcosine, proline, hydroxyproline, alanine, aminoisobutyric acid, valine,
isoleucine and leucine.108 A further study by Perkins et al. investigating αamino acids serine, threonine, tyrosine, arginine and aspartic acid concluded
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Figure 1.28: Fluorescent tridentate Be(BHPP)(H2 O), Hydrogens have
been omitted) (79).97
that varying the substituents present on the amino acid did not have a significant effect on the overall binding constants.107 Complexes of the type [ML]+
(K1 ) and ML2 (K2 ) forming five-membered chelate rings with Be2+ ions were
reported with the above amino acids.2,108 However, Sóvágó et al.109 have disputed these values because hydrolysis of beryllium cation was not considered
in the calculations quoted by Perkins. Subsequently, Chinea reported the
binding ability of Be2+ with several amino acids in both aqueous and mixed
solvents (DMSO:H2 O, 80:20 w/w) taking into account important hydrolytic
species formed in both systems.5,110 More recent studies have reported complexes of the type ML with several amino acids and, more importantly,
the predominant presence of Be3 (OH)3 L and similar hydrolytic products.17
Other complexes reported include [Be(HL)]+ and [Be3 (OH)3 (HL)]2+ for aspartic and glutamic acid,111 [Be(HL)]2+ , [Be3 (OH)3 (HL)]3+ and [Be(OH)2 L]−
for glycine and it analogues,112 [Be(H2 L)]2+ , [Be3 (OH)3 (H2 L)]3+ , [Be(OH)2 (HL)]−
with cysteine, [Be(H2 L)]3+ , [Be(HL)]2+ , [Be3 (OH)3 (HL)]3+ , [Be3 (OH)3 (HL)2 ]3+
with histidine (where L, HL and H2 L = ligand, protonated ligand and
diprotonated ligand, respectively).113 Chinea also reported the presence
of [Be3 (OH)3 ]3+ and [Be3 (OH)3 L]2+ complex species in aqueous systems
of β-alanine, and hydrolytic species [Be(OH)]+ , Be(OH)2 , Be(OH)L and
[Be(OH)2 L]- in the mixed solvent system.5,110 The predominance of the
above-mentioned hydrolysis products suggests that bidentate coordination of
amino acid ligands does not satisfy the coordination preferences of the Be2+
ion and are therefore poor competitors for the formation of beryllium hydrolytic species in aqueous systems.1,5 Furthermore, beryllium cations prefer six-membered chelate rings over the five-membered rings achieved with
most amino acid ligands.1,5,110 Mederos et al. highlight this fact via a potentiometric study between D,L-aspartic acid and D,L-methionine. Despite
the minor structural difference, the aspartate ligand forms a six-membered
chelate complex [Be(OH)2 L]2− with a greater stability constant (log K =
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21.65) than its five-membered methionine counterpart which only forms a
five-membered ring [Be(OH)2 L]− (log K = 20.65).114
Several analogues of amino acids, for example picolinic acid, were also
found to form complexes with beryllium. A crystal structure of N,O-coordinated
polymeric chelate tri-µ-hydroxo-tri(pyridine-2-carboxylato)triberyllium monohydrate [Be3 (OH)3 (picolinate)3 ]·H2 O (80) was reported by Faure et al.115
The prevalence of the Be3 (OH)3 six-membered ring moiety is evident as
this complex bear a striking resemblance to the aforementioned complex 11
reported by Barbaro et al.37
Polyaminocarboxylic acids are characterised by one or more nitrogen
atoms connected through a carbon to multiple carboxyl groups and have
been known to form strong complexes with metal ions. This property of the
polyaminocarboxylic acids have made them very useful chelating agents (e.g.
complexone) that are used in numerous chelate therapies for heavy metal
poisoning.116 On this basis, polyaminocarboxylic acids have been suggested
to have potential to provide fully chelating ligands for beryllium coordination.
The solution equilibria of beryllium and iminodiacteic acid (81) including a number of its alkyl derivatives (N -methyliminodiacetic acid (82),
N -ethyliminodiacetic acid (83) and N -propyliminodiacetic acid (84)) have
been reported.117–119 Other derivatives of iminodiacetic acid containing more
bulkier groups have also been investigated for their beryllium binding capabilities, including 1-dicarboxymethylaminomethyl-2-hydroxy-3-naphthoic
acid (85),120 uracildiacetic acid (86)121,122 and o-methoxyphenyliminodiacetic
acid (87) (Figure 1.29).123
A series of polyaminocarboxylic acids containing an NO3 donor set; nitrilotriacetic acid (NTA) (88), methyl-C-nitrilotriacetic acid (MNTA) (89),118
nitriloaceticdipropionic acid (NADP) (90), nitrilodiaceticpropionic acid (NDAP)
(91) and nitrilotripropionic acid (NTP) (92) (Figure 1.30), have received
much interest as potential chelating agents for beryllium.118,124 Multiple
studies have reported the formation and stability constants of various beryllium species formed ([BeL]− , BeHL, [BeL(HL)]3− ) using a variety of methods including extractions, paper electrophoresis and potentiometric measurements in aqueous solutions with varying pH.118,119,125–128 However, in
many of the studies, there was no indication of whether the hydrolysis of
beryllium was taken into consideration when determining the stabilities of
beryllium species formed. Taking into account the hydrolysis of beryllium
cation, a potentiometric study by Mederos et al. showed that NTP (92)
and NADP (90) displayed higher binding stabilities in the species [BeL]−
than NTA (88) and MNTA (89) (Table 1.9). This can be rationalised by
the increase number of propionic groups present in ligand, giving rise to
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Figure 1.29: Iminodiacetic acid and its analogues have been used to form
complexes with beryllium (81-84, R = H, Me, Et, Pr).
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Figure 1.30: Selected polyaminocarboxylic acids used to form complexes
with beryllium.
more stable six-membered chelate rings in comparison to the five-membered
chelate rings formed by the acetate groups.118,128
The molecular structure of Na[Be(NTP)]·3H2 O (92a) has been determined by X-ray crystallography by Chinea et al. The beryllium centre exhibits near perfect tetrahedral geometry with Be-N and Be-O bond lengths
of 1.78 Å and 1.59 Å, respectively (Figure 1.31).124
Ligands derived from aliphatic 1,2-diamines have commonly been used
for their metal binding properties. One of the most well-known ligands

Ligand
88
89
90
91
92
a

Log
BeHL
1.79
2.37
1.96
-

Ka
[BeL]−
6.84
7.39
9.25
8.10
9.23

Determined at 25 °C in 0.5M NaClO4 .

Table 1.9: Formation constants for complexes of beryllium with selected
polyaminocarboxylates.118
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Figure 1.31: [Be(NTP)]− complex formed with polyaminocarboxylate
ligand 92.124
Ligand
EDTA
EDDADP
EDTP
1,2-PDTA
CDTA
o-PhDTA
3,4-TDTA
4-Cl-o-PhDTA

[BeL]2−
7.90
8.50
8.45
7.83
7.84
6.51
6.88
5.80

Log Ka
Be3 (OH)3 (HL)
36.70
36.86
36.71
36.60
36.07
-

Table 1.10: Formation constants for complexes of beryllium with
potentially hexadentate aliphatic and aromatic polyaminocarboxylates.124
in this class is ethylenediaminetetraacetic acid (EDTA) (93) which is currently used for heavy metal chelation therapy.129 However, EDTA has been
shown to be a poor binder of beryllium. Several aliphatic diamine analogues
of EDTA: ethylenediamine-N,N ’-diacetic-N,N ’-dipropionic acid (EDDADP)
(94), 1,2-propylenediamine-N,N,N ’,N ’-tetraacetic acid (1,2-PDTA) (95),
ethylenediamine-N,N,N ’,N ’-tetrapropionic acid (EDTP) (96) and trans-1,2cyclohexanediamine-N,N,N ’,N ’-tetraacetic acid (CDTA) (97) were also tested
for their binding beryllium affinities. In the same comprehensive study by
Chinea et al., a series of related aromatic diamines o-phenylenediamineN,N,N ’,N ’-tetraacetic acid (o-PhDTA) (98), 3,4-toluenediamine-N,N,N ’,N ’tetraacetic acid (3,4-TDTA) (99), and 4-chloro-o-phenylenediamine-N,N,N ’,N ‘tetraacetic acid (4-Cl-O-PhDTA) (100) were also used to study the comparative effect of aliphatic and aromatic diamines on the competitive chelation
of Be2+ and H+ at the nitrogen atoms with different basicity. The stability
constants of complexes of beryllium are given in Table 1.10.124
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1.3.4

Beryllium coordination chemistry – complexes with nitrogen donors

Understandably, the coordination of beryllium with oxygen donor ligands
has received greater attention in comparison to compounds containing nitrogenonly donor ligands of which there are considerably fewer examples. Compared to oxygen, nitrogen has a lower affinity towards beryllium and usually
require harsher conditions in order for complexation to occur. Many ligands
must undergo generation of an anionic species in an anhydrous environment
and require a reactive beryllium salt to achieve complexation. In contrast,
the examples discussed above containing either only oxygen donors or a combination of oxygen and nitrogen donors will complex to hydrated beryllium
sulfate in either water or alcoholic solvents.32 However, Be-N bonds are of
interest for developing a deeper understanding of binding properties, reactivity and catalytic applications. A number of interesting and new compounds
containing Be-N linkages have emerged over the last two decades.130
Aqua and ammonia ligands are the simplest oxygen and nitrogen donor
ligands. However, unlike the extensively studied tetraaquaberyllium complex [Be(H2 O)4 ]2+ ,17 comparatively little is known about the analogous
tetraammineberyllium cation [Be(NH3 )4 ]2+ . Several preliminary studies
have suggested that beryllium complexes with ammonia give rise to the
species BeCl2 ·2NH3 and BeCl2 ·4NH3 ,131–133 each of which contains the tetraammineberyllium core.134,135 However these findings have been found to
be inconsistent with the data emerging from recent studies.21 Kraus et
al. have reported the first unambiguous, solid state structural confirmation of the tetraammineberyllium species [Be(NH3 )4 ]2+ (102) in the complex [Be(NH3 )4 ]2Cl4 ·17NH3 (102a). This was characterised by a singlet at
δ = 3.3 ppm in the 9 BeNMR spectrum with four ammonia ligands tetracoordinated to beryllium ion forming a BeN4 unit. The Be-N bond distances
were in the range of 1.725 Å to 1.733 Å and N-Be-N angles were between
108 – 110 . This is similar to that of the analogous BeO4 tetrahedron.136
Furthermore, the solid state structure indicated preferential binding to the
ammonia ligand instead of the chloro ligand in the ammonia solution. The
chloride ion was found to reside in the outer coordination sphere amidst
an extensive network of N-H···N and N-H···Cl units, hydrogen bonded to
the bulk of the ammonia molecules. However, thermogravimetric analysis
of the complex have given evidence of the existence of a beryllium dichloro
complex, [Be(NH3 )2 Cl2 ] (102b) after the loss of two ammonia molecules at
175 C.137 In contrast to the chloride ion, the more electronegative fluoride
ion exhibits higher affinity for the beryllium ion in ammonia solutions. The
complex [Be(NH3 )2 F2 ] (102c) is the dominant species in ammonia solutions
of beryllium fluoride. Its 9 Be and 19 F NMR spectra are characterised by a
triplet at 1.5 ppm and a quartet at -164.5 ppm, respectively. In compari-

°

°

°
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Figure 1.32: Selected N-donor ligands which form L2 BeCl2 type complexes
with beryllium.139
son to beryllium chloride, the absence of the tetraammineberyllium cation
[Be(NH3 )4 ]2+ in ammonia solution of beryllium fluoride is attributable to
the stronger affinity of beryllium for fluoride ions, which is known to act as
a fluoride acceptor.136,138
Kraus et al. have also reported the existence of several beryllium-ammonia
hydroxido complexes, ([Be2 (µ-OH)(NH3 )6 ]3+ (103), [Be2 (µ-OH)2 (NH3 )4 ]2+
(103a), [Be3 (µ-OH)3 (NH3 )6 ]3+ (103b)) formed by the displacement of the
ammonia ligands by aqua ligands in solution. The ammonia-solvated beryllium trimer [Be3 (µ-OH)3 (NH3 )6 ]3+ 103b has been isolated and structurally
characterised revealing a near planar trimeric core with reasonable similarity
to the analogous aqua solvated beryllium trimer [Be3 (µ-OH)3 (H2 O)6 ]3+ .136
The Lewis acidity of the metal centres in beryllium halides determines
much of the chemistry of beryllium complexes with simple N-donor molecules.
This property in turn has given rise to a variety of donor-acceptor complexes
with aliphatic and aromatic amines. Dressel et al. reported the reaction of
beryllium chloride with several ligands (L) such as benzonitrile, pyridine,
pyrazole, pyrrolidine, piperidine and diethylamine (Figure 1.32) forming
complexes of the type L2 BeCl2 in diethyl ether. These have all been characterised by single crystal X-ray crystallography and the ligands are arranged
about beryllium in a distorted tetrahedron. These ligands were able to successfully displace the weakly coordinating oxygen donor ligand diethyl ether.
While the more basic amines like pyrrolidine successfully displaced a chloro
ligand to yield the monocation [L3 BeCl]+ , the less basic nitrogen donor in
pyrazole resulted in the ligand displacing only one molecule of diethyl ether
to yield [LBe(OEt)2 Cl]+ . Additional species observed includes a dinuclear
complex [L(OEt2 )BeCl]2 where L = pyrimidine or pyrazole. Furthermore,
no reaction was observed in solvents with stronger oxygen donor solvents
such as tetrahydrofuran. 9 Be NMR chemical shift values for these species
revealed broad signals (Table 1.11).139
The tetra-substituted species [BeL4 ]2+ is rarely observed for these simple nitrogen donor molecules in the presence of the chloride or fluoride
ions. However, in a series of studies, Neumüller and Dehnicke have success37

Figure 1.33: Heteroleptic complexes [BeBr2 (CH3 CN)2 ] 104 and
[BeCl2 (CH3 CN)2 ] 105.141,144
Complex
BeL4
Be2 (OH)L
Be2 (OH)2 L
Be3 (OH)3 L
[BeF4 ]Ln
L2 BeCl2
L2 BeCl2
LBe(OEt)Cl2
[L2 Be(µ-OEt)Cl2 ]2
L2BeCl2
L3BeCl
L2BeCl2

L
NH3
NH3
NH3
NH3
NH3
benzonitrile
3,5-dimethylpyridine
pyrazole
Pyrrolidine
piperidine

9 Be

NMR shift (ppm)
3.3
3.1
2.9
2.4
1.5
2.01
1.73
1.04
5.57, 5.97
1.70
1.64
-0.95

Ref

[136]

[139]

Table 1.11: Selected 9 Be NMR chemical shifts of beryllium complexes with
nitrogen donors.136
fully synthesised tetra-coordinated beryllium N-donor complexes of the form
[BeL4 ]2+ where L = pyridine,140 diisopropylcyanamide, diisopropylcarbodiimide141 and methyl imidazole142 by reaction of beryllium metal and iodine.
Using the same technique, the complex [BeBr2 (CH3 CN)2 ] (104) has also
been isolated.143 The analogous di-chloro complex [BeCl2 (CH3 CN)2 ] (105)
was also reported (Figure 1.33).144,145 N-coordination to beryllium by other
ligands such as dimethylcyanamide, bipyridine, morpholine, pyridine and
TMEDA (N,N ’-tetramethylethylenediamine) have also been achieved by reaction of the ligand with the more versatile bis-tetraphenylphosphonium
hexachlorodiberyllate (Ph4 P)2 [Be2 Cl6 ] (106) species.130,146–148
Simple inorganic derivatives of beryllium N-coordinated pseudo halides
BeX2 [X = CN− , CSN− , N3 − ] are well known.149 Recent studies have
brought considerable attention to the Lewis acidic behaviours of the metal
centres in these compounds. Specifically, they have been utilised in the isolation and structural characterisation of simple adducts of the type BeXn L4−n
[n = 0-2], where L can constitute N-coordinated neutral or anionic Lewis
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Figure 1.34: Selected N -donor ligands which form tetracoodinated
complexes with beryllium.153–155
base donors such as acetonitrile and pyridine.150,151 A few beryllium species
synthesised in this manner, Be(CN)2 (NC5 H5 )2 (107), Be(NCS)2 (C5 H5 N)2
(108), (Figure 1.34), [Be(NCS)4 ](Ph4 P)2 (109),152 [Be2 (NCS)6 (µ-H2 N2 C2 S2 )]
(110), have been reported and characterised by single crystal X-ray crystallography.153–155 Further interest in these complexes has been geared towards obtaining metal framework structures containing the binary adducts
of potentially bridging N-donor ligands including cyanide, thiocyanate and
azide.154–156
Azide derivatives of beryllium have revealed interesting oligomeric cages
involving terminal and bridging azides.157,158 The azidohaloberyllate anionic
complexes [Be4 X4 (µ-N3 )6 ]2− X = Cl or Br (111) featuring an adamantoid
cage structure was prepared from trimethylsilylazide and the corresponding
haloberyllate. This adamantoid species formed with nitrogen donor ligands
present a striking resemblance to the analogous structure formed with hydroxo ligands in the beryllate anion [Be4 (OH)10 ]2− (ii) discussed previously.
The crystal structures of the anions of 111 were found to consist of two
symmetrically non-equivalent individual [Be4 X4 (µ-N3 )6 ]2− units, which differ only slightly from one another. One [Be4 X4 (µ-N3 )6 ]2− moiety is shown in
Figure 1.35.159 A dimeric beryllium complex (Ph4 P)2 [Be(µ-OSiMe3 )(N3 )2 ]2
(112) with bridging oxo and terminal azides160 and several complexes with
terminally bound azides of the form Be(N3 )2 L2 where L = pyridine and
THF, have also been reported.157
Beryllium amide compounds have been extensively described in reviews of
metal amides.161 Majority of known beryllium amide compounds are represented by the types Be(NR2 )2 , Be(NCR2 )2 , XBe(NR2 ) (X= halide, hydride,
organyl) and [Be(NH2 )3 ]− .162 One of the earliest reported, a monomeric
beryllium amide compound, Be[N(SiMe3 )2 ]2 (113)163 was found to have a
linear N-Be-N framework with mutually perpendicular NSi2 units in both the
gas phase164 and solid state.165 In comparison to the Be-N bonds found in a
related heteroleptic two-coordinate beryllium amide, BeL[N(SiMe3 )2 ] (114)
(Be-N = 1.562 Å) where L = 2,6-Mes2 -C6 H3 ,166 the Be[N(SiMe3 )2 ]2 species
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Figure 1.35: Molecular structure of beryllium azidohaloberyllate
adamantoid anion [Be4 X4 (µ-N3 )6 ]2− X= Br with 30% probability
ellipsoids for non-hydrogen atoms. Hydrogens have been omitted.160
revealed rather short Be-N bond distances of 1.525 and 1.519 Å suggesting
the possibility of Be-N π-bonding.165 Several other compounds [Be(Ni Pr2 )2 ]
(115), [Be(tmp)2 ] (116) where tmp = 2,2,6,6-tetramethylpiperidine and
[BeN(But)(SiMe3 )2 ] (117) have also been reported to be two-coordinate,
monomeric species based on MS and NMR spectroscopic data. However,
[Be(pip)2 ] (118) where pip = piperidine was found to be trimeric in solution.162,167
Utilising the very bulky super mesityl group (2,6-t-Bu3 C6 H2 ) for effective stabilisation, several three-coordinate beryllium amide compounds
have been isolated. The bulky groups present in the heteroleptic complex
[(Mes)BeN(H)SiPh3 (OEt2 )] (119) support the existence of a tri-coordinated
beryllium centre.166 In the trimer [(Me2 N)Be(µ-NMe2 )2 Be(µ-NMe2 )2 Be(NMe2 )]
(120), the terminal beryllium centres are tri-coordinated with only the central beryllium being tetra-coordinated.168,169 The dimeric complex [BeN(Me)SiMe2 CH2 SiMe2 N(Me)22 ]152 (121) and the azomethine complex [Be(N=CBut 2 )22 ]170
(122) (Figure 1.36) also contain three-coordinate beryllium centres with the
bidentate ligand acting as both a bridging and terminating ligand.,152 166]
Several other azomethine analogues of 120, including [BeCl(N=CBut 2 )]2
(123), [Be(Bui (N=CBut 2 )]2 (124), [Be(Bui (N=CPh2 )]2 (125) and [Be(Bui (N=CPh2 )]2 (126), have been characterised using MS, IR and 1 H NMR and
spectroscopy.170
While employing other more bulky imine ligands, Neümuller and Dehnicke
have extensively explored the chemistry of beryllium phosphoraneiminato
complexes comprised of interesting Be-N ring clusters.159,171 The tendency
of the Be2+ cation towards tetra-coordination along with the ability of the
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Figure 1.36: Selected compounds containing tri-coordinated beryllium
centres.152,168,170

Figure 1.37: Selected beryllium phosphoraneiminato complexes.171
phosphoraneiminato ligands [R3 PN]− to coordinate to metal centres in a
variety of terminal µ2-N- or µ3-N-bridging bonding modes have readily
afforded monomeric and oligomeric structures including the heterocubane
structural motif [MX(NPR3 )]4 . The tetrameric beryllium phosphoraneiminato complexes [BeCl(µ3-NPEt3 )]4 (127) and [Be4 Cl4 (µ3-Cl)(µ3 -NPEt3 )]4
(128) with a heterocubane structure were readily obtained from the thermolysis of the donor-acceptor complex BeCl2 (Me3 SiNPEt3 ) at 160 C. Also,
a tetrameric adduct of two dimers [BeCl2 (µ-HNPEt3 )]2 (129) was formed as
a by-product due to the abstraction of Cl- ion from CH3 Cl and protonation
of the imide nitrogen. While the X-ray crystal structure of (127) revealed
a near perfect Be4 N4 cubaniod core with correspondingly similar N-Be-N
angles, the exchange of a µ3 -NPEt3 with µ3 -Cl in (128) drastically distorts
the heterocubane (Figure 1.37).172 Similarly, a trimeric phosphoraneiminato
beryllium complex [Be3 Cl2 (NPPh3 )4 ] (130) was prepared by the reaction of
(Ph4 P)2 [Be2 Cl6 ] (106) with [LiNPPh3 ]6 . An additional monomeric complex
[BeCl2 (HNPPh3 )2 ] (131) was isolated as a by-product. Further reaction of
131 with pyridine resulted in the ionic complex [BeCl(HNPPh3 )2 (Py)]Cl
(132). All of the above complexes have been characterised by single crystal
X-ray spectroscopy.171

°

Although the chelate effect is expected to confer additional stability,
beryllium complexes containing bidentate multiple donor ligands are rare
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Figure 1.38: Selected four-membered chelate ringed beryllium complexes
with bidentate ligands.148,166,173
and require considerable steric bulk for their stability. Transmetalation reactions of beryllium chloride with the lithium amidinate Li(NSiMe3 )2 CPh
resulted in the monomeric bisamidinate [Be(NSiMe3 )2 CPh2 (133) and the
dimeric complex, PhC(NSiMe3 )2 (BeCl)2 N(SiMe3 )2 (134) with a bridging
amidinate unit.166 The anionic beryllium dichloro amidinate, [BeCl2 (Me3 SiN)2 CPh]− (135) have been prepared from (106) with silylated benzamidine,
PhC-[N(SiMe3 )2 (NSiMe3 )].148 Crystal structure of the complex, [Be(NSiMe3 )2 PPh22 ] (136) consisting of two bidentate ligands of N,N ’-bis(trimethylsilyl)aminoiminodiphenylphosphorane have been reported by Fleischer and Dietmar.173 With the exception of (134), complexes 133-136 all consist of
four-membered chelate rings around the beryllium centre (Figure 1.38).
Bidentate N-donor ligands such as 2-(2-pyridyl)indole, R-substituted-1,4diazabutadiene and cyclohexyl-1,2-diamine have been reported to form complexes with beryllium which contain five-membered chelate rings. Single
crystal X-ray structures of complexes [BeNC6 H4 -4-Me)C(Ph)C(Ph)NC6 H4 4-Me2 ] (137) and [Be(py-in)2 ] (138) revealed monomeric 1:2 berylliumligand adducts of the type BeL2 (Figure 1.39)174,175 while the complex
formed with diisopropylcyclohexyl diamine, (R,R,SN,SN’)-[(C12 H26 N2 )BeCl2 ]
(139), was isolated as the 1:1 Be:L adduct with chloro ligands.176 The beryllium complex (138) is one of the first reported examples of an electroluminescent beryllium complex containing only N-donor ligands.174 So far, the
only complex illustrating tridentate coordination to beryllium via N-donor
atoms have been synthesised using the pincer type pentamethyldiethylentriamine ligand (PMDETA). The cationic complex [ClBeMeNCH2 CH2 NMe2 )2 ]+
(140) contains two five-membered chelate rings and a terminal chloride.177
The analogous ligand trimethylethylenediamine, forms a dinuclear beryllium complex [(HBeµ-N(Me)(CH2 )2 NMe)2 ] (141) with a Be2 N2 core (Figure 1.40).178,179
The diimine analogues of acetylacetonate ligand, β-diketiminates have
been used to form complexes with beryllium and other alkaline-earth metals. Complexes of the type [LBeX] (X = halide, amide, alkyl, hydroxyl) have
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Figure 1.39: Molecular structures of 1:2 beryllium-ligand adduct complexes
137 and 138. Hydrogens have been omitted.174,175

Figure 1.40: Selected beryllium complexes with five-membered chelate
rings.174–179

43

Figure 1.41: Selected beryllium complexes with six-membered chelate
rings, R = Dipp, Mes; R’ = Me, Ph; X = H, halide, alkyl, hydroxyl).180–184
been synthesised and structurally characterised where L = [(Dipp)NC(Me)CHC(Me)NH(Dipp)] (142) (Dipp = 2,6-diisopropylphenyl),180 [(Dipp)NC(Ph)CHC(Ph)NH(Dipp)] (143) and [(Mes)NC(Me)CHC(Me)NH(Mes)] (144) (Figure 1.41).181,182 The analogous phosphorus-containing bis(diphenylphosphinimino)
methane ligand [(Dipp)NP(Ph)2 CHP(Ph)2 NH] (145) has also been used as
a bidentate ligand for beryllium coordination.183 Several complexes of the
type TpBeX (146) where Tp = 1-tris(pyrazolyl)-borate (Figure 1.41) have
also been isolated and many of them structurally elucidated using single
crystal X-ray crystallography.184 The ease of manipulation of the anionic X
substituents in these complexes has been a useful tool in the investigation
of their 9 Be NMR spectroscopy (Table 1.12). 9 Be NMR spectroscopy has
a narrow range of chemical shifts. However, these shifts have been shown
to be helpful in predicting the coordination environment, including chelate
ring size and coordination number, around the beryllium cation.185
In another study, the polypyrazolylborate ligands were investigated in
aqueous solution as potential complexing agents for the selective extraction
of the Be2+ cation.186–188 Interestingly, these are the only group of nitrogen ligands, which have shown significant complexation of beryllium over
hydrolysis and oligomerisation products. Although polypyrazolylborate can
be potentially tridentate, as have been observed in non-aqueous medium,
the bidentate coordination via two of its pyrazolyl N-donors is the stable
structural conformation observed in aqueous solutions.189
The beryllium phthalocyaninato complex, reported in 1936 by Linstead
and Robertson, was one of the earliest metal phthalocyanines reported.190 Xray structure of the beryllium phthalocyaninato (BePc) (147) (Figure 1.42)
complex revealed a very unusual, planar four coordinated Be2+ geometry,
enforced by the rigidity of the macrocyclic aromatic ring, and elongated
Be-N bonds of 1.856-1.864 Å. This coordination mode is quite unfavourable
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Compound

LBeX (142)

LBeEt (144)
LBeX (145)

TpBeX (146)

(Tp)3 Be3 (OH)3

X
Cl
I
Me
n Bu
OH, OCH3
OPh
Tertbutoxide
Et
Cl
I
O(CH2 )4 I
Cl
I
Br
F
H
N3
-

9 Be

NMR shift (ppm)
12.2
13.4
16.6
14.9
8.0
8.0
6.0
15.62
13.2 (br. s.)
14.4 (br. s.)
8.8
5.23
4.85
5.15
4.54
5.11
3.30
4.38(20 C)

°

ref

[180]

[181]

[184]

[189]

Table 1.12: Selected 9 Be NMR shifts of beryllium complexes containing
N-donors with six-membered chelate rings.
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Figure 1.42: Molecular structure of beryllium phthalocyanine complex
with 30% probability ellipsoids. Hydrogens have been omitted.191
for the beryllium ion and as a result, the compounds are very reactive and
unstable. Also, in comparison to the other group II metal phthalocyaninato complexes, intermolecular stacking interactions between the metal and
neighbouring aromatic rings usually seen with other metal phthalocyanines
were absent.191 Several different derivatisations of the parent BePc complex
was achieved by recrystallisation with desired secondary ligands. In the
solid state, these beryllium complexes are of interest because they reveal
a beryllium metal centre in a square pyramidal, five coordinate geometry
consisting of axially coordinated secondary ligands L and other adducts (L=
H2 O, 4-picoline, 3-picoline, 3-cynapyridine, 4-cynapyridine).191–195 Molecular structure of the beryllium phthalocyanine BePcH2 O show extensive π-π
stacking into saucer-shape dimers in which the axially coordinated aqua
ligand engages in hydrogen bonding to an adjacent azamethine nitrogen.
Subsequent exchange of aqua ligand for an axially coordinated N -donor ligand upon exposure to moisture was also observed for many of the BePc
complexes.192

1.4
1.4.1

Selected ligand candidates for beryllium coordination
Introduction

In the preceding section, beryllium was shown to form many complexes with
a variety of ligands. However, all of the molecules discussed previously coordinate not only to beryllium but to a host of other metal cations as well.
A ligand that could potentially bind beryllium both selectively and strongly
in preference to other metal cations will provide opportunities for treat-
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ment and remediation of beryllium from waste sources, potentially offering
the option of recovery of this expensive metal as opposed to disposal. More
importantly, a chelating agent capable of encapsulating beryllium could provide opportunities in options of treatment for individuals affected by CBD
or beryllium sensitisation.
The development of strong, selective agents for Be encapsulation will
require an improved understanding of the fundamental requirements for coordination of polydentate ligands to Be2+ . Several ligands mentioned above,
and their interaction with beryllium have shed important insights into the
intricacies of Be2+ binding preferences.
1.4.2

Exisiting ligands which encapsulate beryllium

Beryllium cations prefer to bind to a tetrahedral arrangement of donors,
typically hard, negatively-charged oxygen and nitrogen atoms. Previous
studies have shown that the strength of beryllium binding increases when
chelating ligands are used and further enhancement in strength is apparent
when these chelating ligands form 6-membered rings with the beryllium
atom(Figure 1.43).2
One such example is the fully chelating ligand NTP (92) (Section 1.3.3),
which was found to form a complex of the type [BeL]− (92a) with beryllium.124 However, NTP is in no way selective for beryllium and was found to
bind strongly to a range of other metals such as Cu, Ni, Zn and Mn.196,197
An example of a Schiff base ligand, 73a (Figure 1.44), forming a tetradentate complex 73 (Figure 1.26) with beryllium was mentioned previously in
section 1.3.3.96 The beryllium cation coordinated tetrahedrally through both
phenol and imine donors. However, as in in the case of NTP, 73a has been
used to bind a wide range of metals and shows no selectivity for beryllium.198
An example of partial encapsulation of beryllium was achieved with the
ligand BHPP 79a (Figure 1.28). The pyridine nitrogen site acts as an acidic

Figure 1.43: Chelate rings on binding to Be.
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Figure 1.44: Schiff base ligand 73a.
site to transfer protons away from the phenol groups, enabling the two basic
phenolic groups to bind beryllium strongly. A water molecule completes
the coordination sphere.97 Again however, this ligand is not selective for
beryllium and has been reported to form 1D polymeric srtcutures with Cu
and Zn with bridging phenolates.199
1.4.3

Design of new ligands which fully encapsulate beryllium

Based on the strong binding of beryllium by 92a and 79a, several other
pre-organised tetradentate ligands have been designed, synthesised and investigated with the goal of selective encapsulation of beryllium.
These ligands offer a variety of neutral and charged N and O donor ligands
in a combination of amino carboxylic acids, phenol and pyridine moieties
surrounding a central amine donor. The tripodal moiety was thought to
confer a degree of flexibility to these ligands to enable full encapsulation of
Be2+ . The experimentally observed 9 Be NMR chemical shifts for complexes
with ligands 101a-d were found to correlate well with the computationally
calculated tetracoordinated 9 Be NMR chemical shifts while 101e and 101f
showed poor correlation, implying that that tetradentate binding may not
have occurred in those ligands (Figure 1.45).185
Based on the tetradentate ligands 101a-d, a second generation of modified ligands will be designed. The desired ligand motif will give rise to ligands
capable of forming tetradentate coordination, containing a mix of charged
and neutral N and O donor atoms for preferential binding of Be(II). These
were designed to form the desired 6-membered chelate rings with beryllium
upon coordination. A set of ligands based around a di-pyridyl scaffold,
which satisfy there requirements, with varying R groups was designed for
investigation (Figure 1.46).
Ligands I and II (Figure 1.47), containing corresponding phenol-pyridine
and quinoline derivatives with a dypyridyl scaffold had been attempted
previously by Shaffer.32 However, the complete synthesis of ligand II was
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Figure 1.45: Tetradentate ligands 101a-f designed specifically for
beryllium encapsulation.185

Figure 1.46: Ligand motif based on dipyridyl scaffold, X= CH, N; Y= H,
NH3 ,NHCH3 .
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Figure 1.47: Ligand motifs I - III.
not achieved and ligand I was synthesised with the central carbon of the
dipyridyl scaffold replaced with the N-analogue (X=N) (Figure 1.46).32 Ligands I, II and III (Figure 1.47) will not be investigated any further as they
are being studied by research collaborators.
The dipyrrin motif chosen for ligand IV (Figure 1.47) is widely present
as a component in porphyrins and has been studied extensively as its boron
complexed analogue, ‘BODIPY’. BODIPYs have been extensively utilised
for their fluorescent properties.200 Dipyrrin based complexes of other metals
have also recently been reported as novel species with tunable fluorescence
and quantum yields. Bis-chelate beryllium complexes of BODIPY fluorescent dyes have recently been used for LED applications.201 However, the
dipyrrin moiety itself does not provide any selectivity towards Be2+ .
Ligand V contains a hydroxyphenyl imidazole (Figure 1.47). The analogous moiety 78 (Figure 1.27) has already been proven to be an effective
bis-chelator for beryllium.106 Related ligands containing a phenol-N -methyl
moiety, (148) and a phenyl substituted-4,5-dimethylimidazole moiety, (149)
(Figure 1.48) have been investigated by Seok and Lee202,203 for their potential to form thermally and electronically stable host materials for phosphorescecent organic light emitting diodes (PHOLEDs). The bidentate beryllium complexes BePypy (148a) and BePhIm (149a) were found to emit blue
and green phosphorescence, respectively, with high quantum yields.202,203
Nonetheless, these ligands by themselves do not offer a tetradenate chelating effect and are not selective for Be2+ .
Ligand IV and V (Figure 1.49) containing dipyridyl and hydroxyphenyl
imidazole moieties, respectively, will be explored in this thesis for their ability to provide selective tetradentate coordination for beryllium.
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Figure 1.48: Related ligand motif 78 and reported complexes with
beryllium.106,202,203

Figure 1.49: Ligand motifs IV and V.
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1.5

Boron and aluminium as safe analogues

As safely handling beryllium is difficult, there are only a handful of laboratories around the world set up to conduct this research. As the University of
Auckland was not equipped for conducting beryllium research, beryllium(II)
analogues were necessary to investigate the behaviour of the ligands synthesised. Boron (B3+ ) and aluminium (Al3+ ) were selected for this purpose.
Be2+ cation has ionic radius, coordination and bonding preferences between
those of B3+ and Al3+ . Boron prefers tetrahedral coordination while aluminium prefers octahedral coordination but has the ability to form tetrahedral complexes as well (Table 1.13).
The use of boron and aluminium as safe analogues of Be2+ will allow
investigation and full characterisation of the complexes formed. Furthermore, structural determination of the complexes by X-ray crystallography
will allow comparison of the size and fit of the cavity of the ligands with
small ions B3+ in comparison to the slightly larger ion Al3+ .
Bonding similarities between Be, B and Al have been investigated by the
coordination of these metal by the same or similar ligands. Dipyrrin ligands
bearing different substituents at the β position and at the pyrrole have been
used to form complexes containing all three metals.201,206,207

Be2+
B3+
Al3+

Atomic radii (pm)204
105
85
125

Effective ionic radii (Å)205
0.27
0.11
0.39

CN
4
4
4, 6

Table 1.13: Comparison of properties of Be2+ , B3+ and Al3+ .
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1.6

Thesis objectives

Beryllium is an indispensable metal with a myriad of useful applications in
a variety of industries. However, beryllium is also known to be the most
toxic non-radioactive element on the planet and is a known carcinogen. Due
to its toxicity, the fundamental chemistry of beryllium is extremely under
developed in comparison to its neighbouring elements. It is interesting to
note that the number of theoretical reports of beryllium chemistry outweigh
those of experimental reports.2
The lack of chemical agents for, treatment for beryllium poisoning, remediation and management of end life of products containing beryllium, has
driven this research into investigating the design and synthesis of ligands
which are strong and selective chelators for beryllium.
A multifaceted approach will be used with an initial fundamental investigation of beryllium chemistry in order to optimise the binding preferences
of the Be2+ cation. The design and synthesis of selected ligands containing
hard donor atoms, oxygen and nitrogen will be discussed in Chapters Two
and Three.
The synthesised ligands will be accompanied by a detailed computational
study of beryllium complexes encapsulated by the target ligands in Chapter
Four. In addition, the effect of outer sphere hydrogen bonding ‘buttressing’
on the overall stability of the complexes will be explored.
Furthermore, the encapsulating ligands will be subject to complexation
with the smaller B(III) (tetrahedral coordination preference) and slightly
larger Al(III) (octahedral coordination preference) ions to establish proofof-concept with regards to size and donor atom arrangement.
Electrospray ionisation mass spectrometry (ESI MS) will be performed
on the complexes formed with boron and aluminium and further extended
to complexes containing beryllium. Further complexation studies involving
beryllium with a range of other metals will also be conducted to test the
selectivity of the ligands.
This project involves the collaboration of three groups, being based at
Massey University (A/Prof. Paul G. Plieger), The University of Waikato
(Prof. W. Henderson), and The University of Auckland (Prof. Penelope J.
Brothers). Each will provide its own unique expertise as its contribution.
The contribution of the University of Auckland will include the synthesis
and characterisation of dipyrrin and hydroxyphenyl imidazole ligands with
coordination studies of metals boron and aluminium. Massey Univeristy will
also carry out selected ligand synthesis along with computational modelling
for all ligands and complexes. In Waikato, electrospray ionisation mass
spectrometry (ESI-MS) will be performed along with competition studies
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involving all of the small cations (Al3+ , B3+ and Be2+ ), as well as synthesis
of beryllium complexes. A portion of the results obtained by the colleagues
at Massey and Waikato will also be discussed in this thesis and will be clearly
attributed to the corresponding group.
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2

Chapter Two: Ligand Synthesis for Ligand IV

2.1

Ligand IV

Ligand IV is a tripodal, monoanionic nitrogen donor. It is comprised of a
dipyridyl scaffold with a dipyrrin group consisting of two pyrrole moieties
(Figure 2.1). Dipyrrin ligands have played a crucial role in a wide array of
applications in inorganic chemistry, since they were first reported in 1937.208
2.1.1

Introduction to dipyrrin ligands

Dipyrromethanes are widely known as building blocks in organic synthesis.209 They are unstable compounds and are sensitive to light, air, acid and
decompose above ca. -35 C. The oxidation of the central methylene bridge
in a dipyrromethane leads to a dipyrrin, which contains an additional degree
of unsaturation. These compounds are also known to be unstable at temperatures over -40 C and are generally not isolated.200 Dipyrrins are formally
composed of a pyrrole ring and an azafulvene unit attached through the 2position of the pyrrole, (Figure 2.2) and have long been known as a central
component in porphyrin chemistry.207,209,210 The presence of a substituent
at the meso 5-position leads to increased stability for both dipyrromethanes
and dipyrrins.207

°

°

Dipyrrin ligands have been reported to form metal complexes with a variety of metals. The most widely studied dipyrrin complex contain boron. The
highly fluorescent difluoroboryl compound 4,4-difluoro-4-bora-3a,4a-diaza-sindacene, (BODIPY), was first isolated in 1968 by Treibs and Kreuzer.211
Since then, a multitude of BODIPY complexes containing a variety of substituents have been reported.207 BODIPYs are currently used in many applications as dyes or as probes for various imaging applications due to their
highly fluorescent nature. Fluorescent dipyrrin complexes containing other
metals such as Zn(II), Co(II), Ni(II), Cu(II) and heavy metal ions Pb(II)
and Cd(II) have also been reported.200
Since there are similarities between boron and Be(II), dipyrrin ligands,
with additional modifications around the pyrrole rings were selected as a
good candidate for the attempted encapsulation of Be(II). Furthermore,
Be(II) coordination with a dipyrrin ligand has already been established in
a patent for the manufacture of OLEDs.201
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Figure 2.1: Ligand IV

Figure 2.2: Structure and numbering of a dipyrromethane and a dipyrrin
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2.1.2

Synthesis of ligand IV

The primary strategy for the synthesis of ligand IV involved the synthesis of the dipyrrin moiety followed by its coupling to a dipyridyl scaffold
unit. Numbering of subsequent compounds discussed in this chapter will be
based on the numbering of dipyrromethanes and dipyrrins, as illustrated in
Figure 2.2.
The synthesis of dipyrromethanes using acid catalyzed condensation of
pyrrolic units is still the primary method used and has remained so since
the first detailed published account by Fischer and Orth.208
Initially, an attempt was made to synthesise the meso-unsubstituted
dipyrromethane (200) following a procedure reported by Litter et al.212
This method calls for the reaction of paraformaldehyde with pyrrole, catalysed by trifluoroacetic acid (TFA) following purification by recrystallisation
(Scheme 2.1). However, after multiple attempts, and variations to the reaction conditions, the yield and purity of the final dipyrromethane was not satisfactory for further reaction. The unsusbtituted dipyrromethane is notoriously unstable in solution above -35 C and susceptible to attack by both electrophiles and nucleophiles.207 However, the analogous unsubstituted boron
difluoride dipyrrin BODIPY complex is known to be stable207,213 and was
considered to be a potential intermediate for the synthesis of the dipyrrin
based ligand IV bearing a meso-unsubstituted dipyrin unit.

°

Scheme 2.1: Meso-unsubstituted dipyrromethane 200
The acid catalysed condensation of a pyrrolic unit with pyrrole-2-carboxaldehyde (201) is reported as an alternative method for the synthesis of
dipyrromethanes. These dopyrromethanes can potentially be symmetrical or unsymmetrical depending on the pyrrolic units used (Scheme 2.2).
With this in mind, the synthesis of 201, was attempted using an acylation
method known as the Vilsmeier-Haack formylation reaction. The general
procedure calls for the condensation of a 2- or 3-unsubstituted pyrrole with
an N,N -disubstituted carboxamide with the use of POCl3 (Scheme 2.3).214
The resulting yields were low and the porduct 201 was found to be unstable at RT. However, a small portion of product was isolated and stored
under appropriate conditions to prevent potential decomposition and used
for the next consecutive step. Attempts were then made to couple a pyrrolic
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unit with 201 to form an unsubstituted dipyrromethane. The acids TFA
and HBr were used as the acid catalyst in different attempts to form the
dipyrromethane. Unfortunately this was not fruitful as the products failed
to form in the case of TFA, and degraded in the other, during the process
of purification via column chromatography.

Scheme 2.2: Synthesis of unsymmetric, 1-unsubstituted dipyrromethanes

Scheme 2.3: Synthesis of 201.
Alternatively, attempts were made to make a substituted pyrrole with the
hope of synthesising an unsymmetrical dipyrromethane. This was with the
intention of restricting any undesirable reactions at both of the α-pyrrole positions by utilising 2,4-dimethylpyrrole, (202), as one pyrrole moiety in the
dipyrromethane. Meng et al. reported a modified two step method for synthesising 2,4-dimethylpyrrole via an intermediate compound 3,5-dimethyl1H -pyrrole-2,4-dicarboxylate diethyl ester (203) (Scheme 2.4).215 The intermediate is then decarboxylated under reflux in basic conditions followed
by acidification to give the final product, 202, as a yellow precipitate. However, this second step proved difficult and low yielding. The product was
extremely light and air sensitive and prone to degregation as was evident
from a colour change from yellow to a dark pink/brown solid.
Similarly to pyrrole-2-carboxaldehyde (201), another pyrrole containing
an aldehyde was considered. A highly substituted pyrrole ethyl ester, 4butyl-3,5-dimethyl pyrrole-2-ethyl ester (204),216 was chosen as it was anticipated that the presence of an α-substituent would reduce product degradation through self condensation and oligomerisation of pyrrole. The product 4-butyl-3,5-dimethyl pyrrole-2-carboxaldehyde, (205), was prepared by
cleaving the ester moiety in 204 with sodium hydroxide in refluxing ethylene glycol followed by formylation with benzoyl chloride in DMF.216,217 The
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Scheme 2.4: Synthetic route to 2,4-dimethylpyrrole 202.215
synthesis is shown in Scheme 2.5. The steps leading up to the formation of
ester was facile and gave products in high yields. However, the ester cleavage
and formylation gave poor yields of aldehyde (approximately 8% yield) and
the corresponding acid was noted to be present as an impurity. This was
isolated and in the 1 H NMR spectrum a peak at 13.03 ppm corresponding
to the acid was observed which could be attributed to only partial formylation. The purity of the benzoyl chloride used could also have had an effect
as it was a relatively old reagent and was used without purification. The
isolated acid was subjected to the formylation step again in DMF at 0 C,
but unfortunately was unsuccessful in producing the aldehyde.

°

Scheme 2.5: Synthetic route to 4-butyl-3,5-dimethyl
pyrrole-2-carboxaldehyde 205.
A coupling reaction was attempted between isolated 205 and pyrrole
using TFA as the acid catalyst. However, there was no reaction and the
pyrrole was found to have oligomerised in the acidic solution leading to
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a green coloured solution, indicative of pyrrole oligomerisation. Similarly,
attempts were made to couple 3,5-dimethyl pyrrole carboxaldehyde (206)
with pyrrole using a catalytic acid, TFA or HBr (Scheme 2.6). The reactions
were quenched with aqueous sodium bicarbonate and dried over Na2 SO4 .
Multiple coupling attempts were made using TFA and in one instance, a
crystalline solid was isolated which was found to be 2’-2-bipyrrole (207) as
confirmed by 1 H NMR chemical shift values (δ = 7.90 (s, br, 2H), 6.67 (m
2H), 6.19 (m 2H), 6.05 (m 2H)) previously reported.218 The crystals obtained
were unfortunately not suitable for single crystal X-ray diffraction as they
were unstable in air. Compound 207 was not investigated any further.
Another crop of crystals were serendipitously obtained from a different
fraction resulting from the same reaction with TFA. However, instead of the
expected unsymmetrical dipyrromethane bearing one substituted pyrrole, a
symmetrical dipyrrin derived from 1,3-dimethylpyrrole, (208) consisting of
two units of 206 was isolated. Initially is was unclear whether 208 was a
dipyrromethane or a dipyrrin. The unusual crystal structure of 208, displayed hydrogen bonding between both the pyrrolic nitrogen protons to
an adjacent oxygen of a singe molecule of TFA with average contact bond
lengths of 1.9665 Å and 1.955 Å. In addition, the remaining oxygen on the
TFA molecule was found to hydrogen bond (2.080 Å) to an adjacent solvent
molecule of free pyrrole (Figure 2.3). The pyrrole groups in 208 were found
to be coplanar which indicates that it in fact is the dipyrrin and not the corresponding dipyromethane. This oxidation could have potentially occurred
via exposure to air in the presence of the acidic conditions. This was confirmed by ESI MS (m/z, M+ : Calcd for C13 H17 N2 201.1392, found 201.1403)
and 1 H NMR spectroscopy, where a single sharp signal with an integral of
one proton was observed for the 5-methylene proton at 9.44 ppm, which
corresponds to the CH of a dipyrrin rather than CH2 of a dipyrromethane.
The proton present at the pyrrole nitrogen was disordered between the two
nitrogens in an approximate ratio of 53.47 : 61.39 and one solvent molecule
of pyrrole was present for every two molecules of 208. Two molecules of 208
were present in the unit cell. Another side product isolated from the same
reaction mixture was tri(1H -pyrrol-2-yl)methane, (235). This product was
confirmed by ESI MS ((m/z M+ ) 210.1037 for C13 H12 N3 ) and 1 H NMR
spectroscopy. The 1 H NMR data agreed with that reported in literature
(Figure 2.4).219
Alternatively, a heteroscorpionate ligand comprising two pyridyl groups
and a meso-pyrrole ring was investigated as a candidate precursor for ligand IV.220 Scorpionate ligands are generally tridentate and tend to bind
metals in a fac manner. The most widely known class of these compounds
are the hydrotris(pyrazolyl)borates or Tp ligands, which consists of three
pyrozolyl groups bound to a central boron.221 While the Tp is an example
of a homoscorpionate ligand, many other homo- and hetero-scorpionate al61

Figure 2.3: X-ray crystal structure of 208 with 50% probability ellipsoids
(left). Packing of (1,3-dimethyl)dipyrrin in the P-1 space group (right).

Scheme 2.6: Attempted synthesis of 1,3-dimethyl dipyrromethane 207a.

Figure 2.4: The downfield region of the 1 H NMR of spectrum of compound
235
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ternatives, using imidazole, pyridine and pyrrole and many other moieties
have been used to design ligands with specific binding capacities for a variety of different metals with a wide range of applications.222 The similarities
between these heteroscorpionate ligands and ligand IV lies in the tridentate
scaffold of IV, containing two pyridyl units and a 5-substituted pyrrole ring
(Figure 1.6).
The heteroleptic complex, di(pyridin-2-yl)(1H -pyrrol-2-yl)methane, (210)
was synthesised from 2,2’-dipyridyl ketone (209) and an excess of pyrrole,
catalysed by TFA (Scheme 2.7).220 This product was purified by column
chromatography and obtained as a yellow solid in high yield (80%). Compound 210 offers three heterocycles out of the four necessary, in same confirmation as ligand IV (Scheme 2.7). It was hypothesised that the final
pyrrole unit would be coupled using previously mentioned acid catalysed
condensation leading to a dipyrromethane using either an unsubstitued pyrrole with formaldehyde or alternatively with substituted pyrrole aldehyde
206 (Scheme 2.8).

Scheme 2.7: Synthetic route to di(pyridin-2-yl)(1H -pyrrol-2-yl)methane
210

Scheme 2.8: Attempted coupling of pyrrole aldehyde 206 to tripodal
compound 210.
An attempt was made to couple the final pyrrole ring using compound
206 with compound 210, catalysed by TFA (Scheme 2.8). The reaction
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was monitored by TLC. No product was observed after stirring overnight
and the presence of the starting materials prompted the addition of more
TFA. Analysis of different fractions obtained from purification of the crude
product by column chromatography showed the presence of starting material
and a myriad of other indistinguishable degradation products.

Scheme 2.9: Attempted reduction of tertiary OH in compound 210.
It was speculated that the presence of the reactive nucleophillic sites at
the hydroxyalkyl and pyrrole nitrogen positions might be hindering the formation of the dipyrromethane. With regards to this, attempts were made
to reduce the alcohol group present. A method described by Yasuda and
colleagues reported the selective reduction of secondary or tertiary alcohols using chlorodiphenylsilane in the presence of the Lewis acid, indium
trichloride (InCl3 ) (Scheme 2.9).223 This system was reported to show high
chemoselectivity for only hydroxyl groups even in the presence of sensitive
functional groups which are readily reduced by other standard reducing systems. Chlorodiphenyl silane was added to a mixture of InCl3 and 210 in
dry DCM under nitrogen (Scheme 2.9). The solution was stirred at RT. A
brown residue with some solids was obtained. The analysis of this residue
using 1 H NMR spectroscopy indicated that the reaction had not proceeded
in a favourable way and the compound 210 had degraded (Figure 2.5). This
reaction was repeated in dry DCE at a higher temperature (80 C). Unfortunately it resulted in the same outcome as before.

°

Following the unsuccessful reduction of the hydroxy group, attention was
turned towards protecting the pyrrole NH. Initially, a solution of compound
210 in DCM was deprotonated with NEt3 in the presence of Boc anhydride
(di-tert-butyl dicarbonate, Boc2 O) where Boc = t-butoxycarbonyl. However
this did not come to fruition. Alternatively, a reaction for the synthesis
of the N -Boc-protected analogue of 210, di(pyridin-2-yl)(N -Boc-pyrrol-2yl)methane, 212, with a Boc protected halo-pyrrole, N -Boc-2-bromopyrrole
(211) was reported by Toganoh et al. (Scheme 2.10).220 Compound 211
was synthesised according to the procedure reported by Chen and Cava and
colleagues (Scheme 2.10).224
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Figure 2.5: 1 H NMR spectra of reaction crude of attempted OH reduction.
Compound 210 (red) and crude mixture (blue).

Scheme 2.10: Synthesis of N -Boc-2-bromopyrrole 211 and 212.
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Following successful protection of the pyrrole nitrogen in 212, another
attempt was made to reduce the remaining tertiary hydroxy group using
Et3 SiH and BF3 ·OEt2 in DCM.225 The product was purified using column
chromatography and identified by 1 H NMR spectroscopy. However it was
found to be very low yielding with most of the starting compound 212 still
remaining. This reaction was attempted again but with a freshly distilled
solution of BF3 ·OEt2 . The 1 H NMR spectra of the crude product showed
a loss of the chemical shift formally arising from the OH group of 212 at
6.52 ppm and the appearance of a very shielded proton chemical shift at
1.40 ppm. However, the yellow solution in CDCl3 had turned a dark green
colour overnight. The analysis of this solution by 1 H NMR showed the
presence of the chemical shift for the hydroxy group previously noted to be
absent. The reaction was repeated with the green residue and was observed
to turn back to the yellow colour during reaction with the acid. However,
this was seen to degrade back to the green colour during the work up of
the reaction using ammonium chloride (NH4 Cl). Although the reaction was
repeated yet again and the crude residue was sealed and stored under N2 in
the freezer at -5 C, the reduced product could not be isolated. Purification
of the green residue was also attempted, but the isolation of the desired
product was not successful. It was speculated that the reduced product,
if it has indeed formed, may be utilized as a reactive intermediate and the
attempts to isolate it were abandoned. For this reason, the same reaction
was carried out in dry THF and a coupling reaction was attempted in situ
with the addition of 206 (Scheme 2.11). However, this was not successful
and the analysis of fractions obtained after column chromatography revealed
degredation products and compound 210.

°

Compound 212 was then treated with sodium ethoxide (NaOEt) in order
to protect the tertiary OH group present. However, the product was low
yielding and majority of the staring materials remained. This was speculated to be due to the poor conditions of the reagent NaOEt used. A similar
method was attempted with sodium methoxide (NaOMe), and was successful
in forming the product 2,2-(methoxy(1H -pyrrol-2yl)methylene)dipyridine
213 (Scheme 2.12).220 It is interesting to note that this reaction results
in the deprotection of the Boc-protected pyrrole nitrogen present in 212.
Analogously to Scheme 2.8, compound 213 was employed in a coupling attempt with 206. But yet again, this was ineffective and starting materials
were recovered with no sign of any products forming.
Another attempt was made to make a similar compound to 212 but
with an α-bromo group on the pyrrole. The synthesis of the compound,
di(pyridin-2-yl)(N -Boc-bromo-pyrrol-2-yl)methane, 227, was attempted in
a similar manner to that used in 212, with the only difference being that
N -Boc-2,5-dibromo-pyrrole, (228), was utilized instead of the mono-bromo
analogue 211. The bromo group at the 2-position would provide an elec66

Scheme 2.11: Attempted coupling of 206 following in situ reduction of OH
group of 212.

Scheme 2.12: Synthesis of 213.220
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trophilic site which could potentially undergo further nucleophillic attack.
However, despite multiple efforts, compound 227 could not be synthesised.
Following the unsuccessful attempts of coupling of a pyrrole moiety to the
tripodal ligands 210 and 212-213, attention was turned back towards synthesising a dipyrromethane which could then be coupled to the ketone 209
followed by oxidation to yield the dipyrrin. Meso-substituted dipyrromethanes
were chosen over the unsubstituted ones due to their enhanced stability.
The compound 5-phenyl dipyrromethane (214) was synthesised according to a reported procedure with HCl and water as solvent. This method enables the facile synthesis of a variety of meso-substituted aryldipyrromethanes
in relatively high yields (69-97%) with low to negligible amounts of undesirable side products such as tripyrromethanes commonly associated with the
preparation of dipyrromethanes.226 However, further purifications than what
was described in literature was necessary for the majority of dipyrromethanes
reported. The crude reaction mixture of compound 214 was obtained as
a sticky pink semi-solid sludge which the authors suggested was the pure
dipyrro-methane which can be isolated after washing with water and petroleum
ether to afford a grey to brown solid. The sticky residue was dried in vacuo
until it was solid and easy to handle. Following this, the pink-grey powder
was dissolved in DCM and purified using column chromatography. However, the product was observed to be degrading on the column as there was
a colour change from a yellow to green during purification. A very small
amount of product was obtained in its pure form as a white crystalline solid.
This process was repeated with the aldehyde 4-methylbenzaldehyde (ptolualdehyde) and the crude product, 5-p-tolyl dipyrromethane, (215) was
obtained as a pink semi-solid. This was again subjected to washing several
times with water and petroleum ether and left in vacuo until completely dry.
The pink solid was powdered and dissolved in a minimal amount of ethanol
and recrystallised using an excess of water (Scheme 2.13). Filtration of the
solid formed gave compound 215 as a white crystalline solid with high purity
and in high yield. The solid was stable for long periods when sealed under
N2 , stored at -4 C, away from light.
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Following successful isolation of 215, coupling of this to the ketone 209
was attempted (Scheme 2.14). Multiple attempts using TFA and POCl3
were conducted. The reaction using TFA as acid catalyst was monitored
using TLC, which indicated that the starting materials were completely
consumed. However, several degradation and side products were formed
instead of the desired coupled product. Interestingly, one of the fractions
obtained from the reaction conducted with POCl3 produced a purple residue
which led to a shiny solid when the solvents were removed. This lustre is
characteristic of porphyrin and porphyrinoid compounds.227 The 1 H NMR
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Scheme 2.13: Synthesis of 215.226
showed the presence of a very upfield shifted peak at -2.77 ppm which corresponds to the internal porphyrin protons.228 Another upfield shifted peak
at 0.33 ppm indicated that it was a trans-A2 type porphyrin.229 The target
compound was not isolated but several other side products were obtained.
These were not characterised any further.

Scheme 2.14: Attempted coupling of 215 to 209.
Following that, an alternative synthetic route was considered. The related compounds 1-acyldipyrromethanes have been reported in the synthesis
of porphyrins. Therein, the compound 5-(p-tolyl)-1-picolyldipyrromethane,
(217) was synthesised using the acylating agent S -2-pyridyl thioate, (216),
(Mukaiyama reagent) in the presence of a Grignard reagent (Scheme 2.16).
The Mukaiyama reagent 216 was prepared by the reaction of 2-mercaptopyridine
with 2-pyridinyl chloride hydrochloride, (218), in dry THF (Scheme 2.15).229
An attempt was made to synthesise 218 by treating piconyl acid with thionyl
chloride in DMF.230 However, purification of it proved cumbersome and the
product was extremely reactive and difficult to handle and evolved astringent
HCl gas. The synthesis was time consuming with a low yield. Compound
217 was isolated as a brown solid after several purification attempts using
silica gel column chromatography. Several side products including unreacted
staring dipyrromethane 215 were identified in the 1 H NMR spectra. The
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purity and the dryness of the solvent and starting materials were found to
have an effect on the final yield of compound 217.

Scheme 2.15: Synthesis of Mukaiyama reagent 216.229

Scheme 2.16: Synthesis of 5-(4-methylphenyl)-1-picolyldipyrromethane
217.229
With compound 217 in hand, multiple routes were considered to couple
the remaining pyridyl group on to it utilising the carbonyl carbon as an
electrophile which could potentially be subjected to nucleophillic attack. A
halopyridyl group was chosen as a potential nucleophile. In multiple different attempts, 2-bromopyridine, (219), in THF, treated with either an
organolithium reagent or a Grignard reagent, was added to a solution of
217 (Scheme 2.17). However after purification, unreacted starting materials 217 and 219 were isolated but the desired product (5-((1H -pyrrol-2yl)(p-tolyl)methyl)-1H -pyrrol-2-yl)di(pyridin-2-yl)methanol, (220) was not
observed. Alternatively, the reagent 2-pyridylmagnesium bromide, (221)
was purchased and also tried as a potential coupling agent with 217. However this yielded similar results as previous attempts with n-BuLi, t-BuLi
and EtMgBr, depicted in Scheme 2.17.
Failing successful coupling of 219 or 221 with 217, the reactivity of the
reagents used were tested by conducting model experiments using analogous
but simple compounds containing carbonyl groups. Benzophenone, (222),
was chosen to test the effectiveness of the lithium-halogen exchange between
219 and n-BuLi. Purification of the crude indicated the presence of starting
materials and trace amounts of side products. However, with an excess of nBuLi and 219, the expected product, diphenyl-2-pyridine methanol, (223),
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Scheme 2.17: Attempted synthesis of 220, X = Br, MgBr.
was obtained as a white crystalline solid. The 1 H NMR spectra obtained
was identical to that reported in literature for the compound.231 Similarly, a
model reaction was carried out with 221 and 4-nitrobenzaldehyde, containing an electron withdrawing -NO2 group, as the electrophile. An excess of
four equivalents of 221 was required for successful formation of the product
(4-nitrophenyl)(pyridin-2-yl)methanol, (224). This product was confirmed
by ESI MS (m/z, M+H+ 231.0759 for C12 H11 N2 O3 ) and 1 H NMR spectroscopy.232 The product, 223, however was not formed in the reaction
between 222 and 221, even with an excess of the Grignard reagent and
heating at 50 C for several hours.

°

Since the reactivity of the organolithium reagent with 219 was proven
successful, attempts were made in turn to protect the two NH groups present
in compound 217 as it was speculated that these protons might be affected
by the strong base used for the coupling. As the main moiety of compound
217 consisted of a dipyrromethane, coordination of boron to this was explored as a potential protecting group and as a potential metal template
which might aid in the successful coordination of the final pyridyl group.
Two different approaches were explored for the synthesis of the 5-p-tolyl-1picolyl-BODIPY, (225) (Scheme 2.18). The method using the compound
217 followed by oxidation using DDQ and deprotonation with DIPEA and
coordination of boron via BF3 ·EtO2 produced the desired compound 225
in higher yields in comparison to the acylation of the BODIPY compound.
The product 225 was characterised by 1 H, 11 B, 19 F NMR, MS and IR spectroscopies. The coordination of a BF2 unit was confirmed by a triplet at
0.59 ppm, (1 JBF = 27.12 Hz) in 11 B NMR spectra, and a quartet at -144
ppm (1 JF B = 27.18 Hz) and a an underlying septet in the 19 F NMR spectra
(J = 14.3 Hz), arising due to the coupling between F–10 B nuclei.
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Scheme 2.18: Synthetic routes to 225.
Following the successful coordination of boron, coupling reactions were
attempted between 225 and bromopyridine and 225 and pyridyl magnesium
bromide. However, neither attempts were successful and just returned the
unreacted starting materials and other degradation products. Coordination
of the pendant pyridyl group to the boron was also not observed. Alternatively, other methods were explored for the protection of the pyrrolic NH
group in compound 217. Boc2 O is a robust amine protecting group in the
presence of basic conditions. Therefore compound 217 was subjected to
reaction with Boc2 O in the presence of a catalytic amount of DMAP. The
crude product was purified using silica gel column chromatography. The
1 H NMR spectrum of the purified product 5-(p-tolyl)-1-picolyl-10-N -Bocdipyrromethane, (229) indicated the presence of only one Boc group. This
residue was subjected to the same conditions again but with the addition of
base NEt3 . The 1 H NMR spectrum of the crude product obtained showed
marked differences to that of 229, especially in the pyrrolic proton region
(Figure 2.6). It also showed the presence of two upfield singlets at 1.09 and
1.43 ppm, with integrals of nine protons for each signal. The crude product
was again purified using column chromatography and 5-(p-tolyl)-1-picolyl10,11-di-N -Boc-dipyrromethane, (230) was isolated as a brown oil residue.
This was dissolved in a minimum amount of Et2 O and dried in vacuo to
afford a brown solid in 80% yield.
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Figure 2.6: The up-field region of 1 H NMR spectra of compounds 229
(blue) and 230 (red).

Scheme 2.19: Synthesis of 230
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Figure 2.7: Crystal structure of compound 230 with 50% probability
ellipsoids. Hydrogens omitted for clarity.
Crystals of 230 suitable for single crystal X-ray crystallography were
grown from slow evaporation of a DCM solution of the compound with
ethanol. The electrophilic site, containing the acyl-pyridyl group, exhibits a
bond angle of 120.7 (C21-C27-C28) with a carbonyl group bond distance of
1.225 Å between atoms C27-O5. The two bulky Boc groups on the pyrrole
nitrogens are oriented away from each other.
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Similarly to the coupling reactions conducted with compound 217 (Scheme 2.17),
the Boc protected compound 230 was used as a scaffold to couple the final pyridyl group using 219 (Scheme 2.20) and the Grignard reagent 221.
Numerous different attempts were made with varying conditions including
reagents, solvent, concentration, scale and reaction times. These attempts
have been tabulated on Table 2.1.

Scheme 2.20: Synthesis of 231.
The general synthetic approach was the gradual addition of an equal or
an excess of n-BuLi to a solution of 219 in either THF or Et2 O cooled
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to -78 C. In most cases, this solution was then stirred at this temperature
for varying times from 10 to 45 minutes. In other cases, the solution was
warmed to varying temperatures from -50 C to room temperature. This
solution was then further diluted by addition of more solvent in some of
the cases. Colour changes were observed from colourless to yellow and
even orange in some cases and seemed to be somewhat inconsistent with
the amount of n-BuLi addded. Although generally, the colour was darker
with an excess of n-BuLi and higher temperatures, this faded back to yellow at some times but not always. Following this, a solution of 230 in
either THF or Et2 O or in a mixture of both solvents was added to the
solution of 219. As an alternative to n-BuLi, the comparably stronger
lithiating agent t-BuLi was also used in one instance. However, the results were the same and starting material was recovered. Again, different colour changes were observed on addition of the brown solution. The
resultant solution was stirred at varying temperatures for varying times
and quenched with acid (NH4 Cl, HCl or acetic acid). After multiple unsuccessful attempts, the desired coupled product (5-((N -Boc-pyrrol-2-yl)(ptolyl)methyl)-N -Boc-pyrrol-2-yl)hydroxy-methyldipyridine, (231), was observed in approximately 20% yield. This particular reaction (entry 5) is
highlighted in Table 2.1. The successful reaction conditions were attempted
multiple times at larger and smaller scales (entries 6 - 12). However, all
successive attempts were unsuccessful even when the conditions were replicated in the exact same manner. Trace amounts of product were observed
in a few attempts (entries 13, 15 and 20) with an excess of n-BuLi and or
at slightly higher temperatures. However this was not consistently observed
in the presence of a large excess or at higher temperatures. All attempts
were conducted in dry glassware under Schlenk techniques. Solvents used
were obtained from a solvent purifier and further dried over activated 3Å
molecular sieves.
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The successful attempt (entry 5) was conducted by the slow dropwise
addition of n-BuLi to a cooled solution of 219 in dry Et2 O. This was stirred
for 30 minutes under N2 at this temperature and was diluted with another
portion of Et2 O. A solution of 230 in dry ether was then added dropwise
to the mixture, over 20 minutes. This was left to stir at -78 C for 1.5h. The
temperature was then increased to 0 C and stirred for another 1.5h. The
solution was quenched with water and aqueous acetic acid and extracted
with Et2 O. The crude was purified using column chromatography to yield
a light brown/orange residue. Over 50% of the starting material 230 was
recovered and only 20% of product was isolated (3 mg). The product was
characterised using ESI MS (m/z M+H+ = 621.3072 for C37 H41 N4 O5 ), 1 H
NMR and 13 C NMR spectroscopy. A singlet at 6.53 ppm in 1 H NMR spectrum was identified as the OH signal as the result of the nucleophilic addition
of 219 at the carbonyl carbon (C27), of 230 (Figure 2.7). Both Boc groups

°
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Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Entry
22
23
Entry
24
25
24

eq. of
230
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
eq. of
230
1
1
eq. of
230
1
1
1

eq. of
219
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
10
≈5
≈3
eq. of
219
2
1.5

eq. of
n-BuLi
1.5
3
≈5
≈5
2
2
2
2
2
2
2.5
3
4
≈5
2
≈10
2.5
4
≈10.5
≈15
excess
eq. of
i PrMgCl
2
≈4

eq. of 221
2
4
4

°

Solvent
THF
THF
THF
THF
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
Et2 O
THF
THF/ Et2 O

Temp. ( C)
-78
-78
-78
-78 – 0
-78
-78
-78
-78
-78
-78
-78
-78
-78
-78 – 0
-78 – -4
-78 – 0
-60 - 0
-60 - 0
-78
-78 – 0
-78 – 0

Solvent
THF
THF/ Et2 O

Temp. ( C)
RT
-78 – 0

Solvent
Et2 O
Et2 O
Et2 O

Temp. ( C)
0
0
0

°
°

time (h)
2
3
1
3
1.5
2
3
2.5
3
3
3
3
3
overnight
3
5
5
3
2.5
2
3
time (h)
overnight
5
time (h)
2
3.5
overnight

Table 2.1: Different conditions used for the synthesis of 231.
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were also still intact as indicated by the two proton shifts at 0.97 and 1.39
ppm, each integrating for nine protons.
Following the successful isolation of 231 (3 mg), attempts were made to
deprotect the N -Boc groups to give the corresponding NH groups prior to
oxidation of the dipyrromethane unit. A 1:1 solution of TFA: dry DCM233
was added to the sample of 231 and stirred for 4 h under N2 . Following this,
the TFA was removed by bubbling a stream of N2 into the solution for several
hours. The residue was washed with water and dried. Analysis of the 1 H
NMR spectra indicated that there was no change in the starting compound
231 and the Boc groups were still present. This process was repeated again
but the solution was stirred overnight under N2 . However, the results were
the same. The starting material was recovered. Failing this, a method
mentioned previously, for the synthesis of 213 was attempted. A mixture
of NaOMe in MeOH was used to methylate the OH group in 212 which
also resulted in the concurrent deprotection of the Boc group present on the
pyrrolic nitrogen (Scheme 2.12).220 It was speculated that the methylation
of the OH group present in 231 might be an added benefit along with the
removal of the Boc groups. Therefore a solution of NaOMe in MeOH was
added to a solution of 231 in dry THF. The brown solution changed to a
deep orange-vermillion colour. This was stirred for 2.5 h and quenched with
water. The crude was collected and analysed with 1 H NMR and ESI MS.
However there were no discernible products or any starting material present.
This was most likely due to the harsh conditions used which could have led
to the degredation of compound 231.
Similarly to the test reactions conducted with reagents 219, 221 and
n-BuLi, the simple aldehyde benzaldehyde was used to test the reactivity of
i PrMgCl with 219. The reaction (Scheme 2.21) was stirred overnight under
inert atmosphere and the crude purified using silica gel column chromatography. The product, phenyl(pyridin-2-yl)methanol, (232), was isolated as
a crystalline solid. Following the successful isolation of 232, the coupling
reaction was attempted with 230 (Table 2.1, entries 22 and 23). However,
these were not successful.

Scheme 2.21: Synthesis of 232.

77

Alternatively, another potential reaction pathway involving a Knovenagel
condensation was explored. Lee and colleagues reported the synthesis of a library of styryl-derivatised BODIPY compounds using a Knovenagel condensation utilising microwave radiation using a variety of simple aldehydes, with
the compound 1,3-dimethyl BODIPY (Scheme 2.22). This BODIPY, (233)
was reported to have been synthesised using acid catalysed condensation between pyrrole-2-carboxaldehyde and 2,4-dimethyl pyrrole.234 Based on this
reported procedure for the synthesis of styryl-derivstised BODIPY compounds, the synthesis of the related compound 3-(2,2-di(pyridin-2-yl)vinyl)1-methyl-BODIPY, (234) was attempted. Compound 234 varies slightly
from the designed ligand IV (Figure 2.1) in that the styryl group adjoining the two pyridyl units would form two seven-membered rings instead of
the optimal six-memebred ring preferred, when coordinated to Be2+ . The
ketone 209 was used instead of an aldehyde. Compound 233 was synthesised using a variation of the method reported and was obtained by the acid
catalysed condensation of 206 and pyrrole (Scheme 2.23). The BODIPY
233 was characterized using 1 H, 11 B and 19 F NMR spectroscopy and was
found to agree with that reported in literature.234 The 11 B NMR spectrum
showed the presence of a triplet at 0.65 ppm and a quartet was observed in
the 19 F NMR spectrum at -146.33 ppm, which is indicative of a BF2 unit in
a BODIPY.
Compounds 233 and 209 were dissolved in absolute ethanol with an
excess of pyrrolidine and acetic acid. The condensation reaction was performed by using consecutive 1-minute step microwave irradiation (700 W).
After every step, the reaction mixture was cooled down to RT and then monitored by TLC. The reaction was conducted for 20 minutes of total radiation
time. The crude product obtained was purified using silica gel column chromatography. However, none of the fractions were identified as the desired
product.

Scheme 2.22: Synthesis of BODIPY library.234
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Scheme 2.23: Attempted synthesis of 234.
Additionally, the dipyrrin analogue of compound 217, 5-(4-methylphenyl)1-picolyldipyrrin, (236) was synthesised as an alternative to 217. It was
speculated that this compound would undergo a similar reaction with 219
to produce the analogous dipyrrin of compound 231. This in return would
reduce the number of steps required to produce the final compound as only
deprotection of one solitary Boc group would be needed instead of deprotection and subsequent oxidation of the dipyrromethane unit, as was necessary
with compound 231 (Scheme 2.24). Compound 236 was synthesised from
217 with the use of DDQ in DCM and purified using column chromatography and characterised using 1 H, 13 C NMR and ESI MS (m/z M+H+ :
340.1444 for C22 H18 N3 O). Although the only difference between compound
217 and 236 consists of the removal of the meso-proton of 217, a fairly
marked difference was observed in the 1 H NMR spectra of the two compounds. This is depicted in Figure 2.8.
Although the protection of the pyrrole protons in 217 was relatively
facile, the same reaction performed on 236 was low yielding and the product
was difficult to isolate in its pure form. Compound 237 was characterised via
ESI MS (m/z M+H+ : 440.1954 for C27 H26 N3 O3 ), however unfortunately,
it could not be isolated in a pure enough state for further reaction.
With the aim of using a lithium halogen exchange reaction with the
use of n-BuLi, another reaction akin to the previously mentioned method in
Scheme 2.14 was attempted with the compound 1-bromo-5-p-tolyl dipyrromethane, (238), and ketone 209 to form the final target product, (5-(p-tolyl)dipyrrinhydroxy-methyldipyridine, (242). This proposed scheme is depicted in Scheme 2.25.
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Scheme 2.24: Synthesis of 236 and its subsequent Boc protection to form
237.

Figure 2.8: Comparison of the downfield region of the 1 H NMR spectra of
the two compounds 217 (blue) and 236 (red).
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Dipyrromethane 215 was subjected to α bromination using either NBS235 or
pyridine tribromide. The reaction was monitored by TLC. However, no discernible products were isolated following purification of the crude using column chromatography. Alternatively, compound 215 was subjected to Boc
protection and the compound di-N -Boc-(5-p-tolyl)dipyrromethane, (239),
was isolated using column chromatography with EtOAc and n-hexane. Following this, a bromination was attempted with NBS in THF at -78 C. The
compound, 1-bromo-5-p-tolyl-10,11-di-N -Boc dipyrromethane, (240), was
found to be very low yielding and was not isolated. Although, it was characterised using ESI MS (m/z M+Na+ : 537.1377 for C26 H31 NaN2 O4 ) and 1 H
NMR. Most of the starting material 239 was recovered. These compounds
are shown in Scheme 2.25.
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Scheme 2.25: Proposed synthesis of 242 with compound 240.
Failing this, attention was turned back onto compound 230 and 219.
The reaction depicted in Scheme 2.20 was attempted again, but with freshly
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distilled solvent THF, over sodium wire. The glassware used and the starting material 230 was dried for several hours in vacuo. A solution containing three equivalents of compound 219 in freshly distilled THF was cooled
to -78 C. An equal amount of n-BuLi was then added dropwise and the
colourless solution had turned orange in colour by the end of the addition. This solution was stirred for 15 minutes and a solution of 230 in dry
THF was added slowly dropwise over 20 minutes. The colour of the solution gradually turned darker and a dark brown solution resulted. This was
stirred at -78 C for 2 h. At this point, the colour had changed to a bright
vermillion red and the dry ice/acetone bath was removed and warmed to
RT. This solution was left to stir for further 2 h. The reaction was then
quenched with a solution of aqueous acetic acid and extracted with Et2 O
and washed three times with water and brine. A crude dark red/brown
residue was isolated after removal of solvents. This was purified using silica gel chromatography and starting material 230 and several side products
were isolated but compound 231 was not observed. However, on closer inspection, the mono N -Boc protected coupled product, (5-((N -Boc-pyrrol-2yl)(p-tolyl)methyl)-10-H pyrrole)hydroxy-methyldipyridine, (241) was isolated in 9% yield (Scheme 2.26).

°

°

Scheme 2.26: Synthesis of compound 241.
Following the successful synthesis of the coupled product containing all
four heterocycles, an attempt was made to oxidise the dipyrromethane unit
to the corresponding dipyrrin. It was speculated that the oxidation process might also deprotect the N -Boc group. A few other selected protecting groups which are cleaved by acid have also been been known to
be cleaved by the oxidating nature of DDQ. Protecting groups such as 2naphthylmethyl ether (Nap)236 and benzyl ethers including but not limited
to p-methoxybenzyl ether (PMB-OR)237 and p-methoxybenzyloxymethyl
ether (PMBM-OR)233 have been reported to have been cleaved by DDQ
in several solvents including DCM, MeOH or MeCN in the presence of a
mild base as an acid scavenger. This is necessary to contain the acidic,
spent oxidant, 2,3-dichloro-5,6-dicyanohydroquinone, (DDQH2 ) formed in
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the process of oxidation.236,237 As a concequence, an attempt was made to
oxidise and deprotect compound 241, in one consecutive step to form the
product (5-(p-tolyl)dipyrrin-hydroxy-methyldipyridine, (242).
DDQ was added to a solution of 241 in freshly distilled DCM and left to
stir at RT for 3.5 h (Scheme 2.27). The dark coloured crude product was run
through a plug of silica in a very narrow column and a polar fraction was
collected with EtOAc and n-hexane as eluents. Another extremely polar
fraction was retained on the column and this was washed out with EtOAc
and MeOH. The second fraction led to a precipitate which was insoluble in
DCM. The solid precipitate could potentially be the spent oxidant DDQH2
as it has been reported that DDQH2 usually is insoluble and precipitates
out of solution.238 The quantity of sample obtained following the column
chromatography was minuscule and was not sufficient for NMR analysis.
However, ESI MS analysis indicated the presence of 242 (m/z M+H+ :
419.1883 for C27 H23 N4 O). Also another mass peak was observed at m/z
: 519.2416 which could potentially correspond to the presence of the Boc
group. However, the high resolution MS was not obtained for this fraction,
and thus, this could not be concluded. There was not sufficient amount of
sample for further reactions.

Scheme 2.27: Synthesis of compound 242.
Just as in the case of 231 (Table 2.1), many attempts were made to
replicate the synthesis of 241 (Scheme 2.26). Since the synthesis of 231 resulted in a higher yield (ca. 20% vs 9%) when Et2 O was used as the solvent,
this was implemented and the solvent conditions were changed from THF
to analytical grade Et2 O, dried over molecular sieves. However, this did not
yield any favourable outcome and the starting materials were recovered. In
a study conducted by Williams and Lawton, a quantitative evaluation of
the efficiency of several dessicants used in the drying of common laboratory
solvents were reported. Karl Fischer titrations were performed to measure
the water content remaining in the solvents, following drying using various
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drying agents. THF is often dried by heating under reflux over sodium wire
in the presence of benzophenone as an indicator. Under these classic conditions, according to the authors, THF was found to be dried to approximately
43.4 (±0.7) ppm water content. However, by allowing the distilled solvent
to stand over a 20% loading of activated 3Å molecular sieves, the water content was found to be reduced significantly to 4.1 (±0.1) ppm, after 48 h.239
Therefore, the freshly distilled THF was left to stand over activated molecular sieves for over 48 h and the reaction Scheme 2.26 was repeated. However,
no products were observed. Hence, further attempts were conducted using
freshly distilled THF only.
All subsequent attempts were very low yielding (3 – 15%) for compound
241. The reaction conditions used required pre-drying of the starting material 230 in vacuo along with using oven dried glassware, which was further
dried under in vacuo, under heating, for several hours. The THF was refluxed for at least 1 hr prior to use and cooled for 20 minutes. Dried gas tight
syringes, needles, cannulae and glassware used were also purged with N2 . If
not stored and used properly, lithiating agents have a tendency to hydrolyse
and form the insoluble white solid LiOH. This can affectively decrease the
concentration of the active reagent in solution. Therefore, n-BuLi used was
also systematically titrated frequently, in order to establish its true concentration. A modified method based on a reported procedure240 was used for
this titration. The yield of the product was largely dependent on the scale
of the reaction, conditions mentioned above and also on the purity of the
starting material 230. It was found that the reaction proceeded better with
higher yields when performed on a smaller scale (100 – 300 mg of 230).
A significant portion of the product was observed to be lost during the purification process using silica gel chromatography. It was speculated that the
product may be undergoing further reactions on the silica gel column due to
the acidity of the silica used, leading to other side products and degradation
products. An extremely fluorescent product was observed as a fast eluting
band during purification of 241. This product was observed on each subsequent purification column conducted on the same sample. This indicated
that a proportion of the product is forming this fluorescent side product,
each time it was subjected to column chromatography. This product was
characterised using ESI MS (m/z : 299.0790) and 1 H NMR spectroscopy.
However, a structure could not be elucidated which was consistent with
the NMR and MS data. This was also the case with another subsequently
eluted, brightly red coloured compound. Again, this fraction was detected
using ESI MS, 1 H and 13 C NMR spectra analysis, but the structure was not
elucidated. Attempts were made to grow single crystals suitable for X-ray
crystallography of both of the side products mentioned, but these were unsuccessful and additional characterisation and elucidation were not pursued
further.
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Figure 2.9: Comparison of low field region the 1 H NMR spectra of 243- a
D2 O experiment in CDCl3 /D2 O (red), CDCl3 (blue).
The silica gel was then neutralised with NEt3 and the pH adjusted to
≈ 7-8 prior to use. Alternatively, purification using neutral alumina was
also attempted but this was not ideal as this led to a myriad of different
bands which were previously not observed by TLC. This potentially suggests
further degredtion of the product on the column, leading to an increased
number of degredation products. Consecutive attempts resulted in higher
yields (ca. 30 - 35%) with optimised conditions for both the synthesis and
purification. The di-Boc protected coupled compound 231 was also observed
in a low yield (≈ 5 – 10 %) in the majority of the attempts.
Following the isolation of sufficient amount of 241, the oxidation step
was conducted again as in the Scheme 2.27 previously mentioned. The crude
product was run through a plug of silica and several fractions were obtained
and these were analysed using 1 H NMR spectroscopy. ESI MS analysis of
one of the fractions indicated the presence of a fragment corresponding to
m/z unit of 419.1860, which is fairly similar to the mass reported for the
earlier attempt mentioned above (m/z : 419.1883) The mass detected corresponded to the target compound 242. Another fragment at m/z (M+H+ )
: 519.2382 for C32 H31 N4 O3 indicated that the product isolated still indeed
contained the Boc protecting group as well. The 1 H NMR spectrum also
confirmed this, as evident in the singlet present at 1.36 ppm integrating for
9H. However, there were a few irregularities present in the 1 H NMR spectra
which warranted further investigation. It seemed that a singlet was present
at 6.33 ppm with an integral of 1H. This could correspond to the proton at
the meso-position of the dipyrromethane, which in turn would indicate that
the oxidation attempt was in fact, unsuccessful.
A D2 O experiment was conducted with a sample of the compound isolated and it showed the disappearance of the said peak, as well as another singlet, which previously appeared at 6.73 ppm, in the 1 H NMR spectrum (Figure 2.9). This suggested that they must both correspond to hydroxyl protons. In the case of the peak at 6.73 ppm, this is true as it corresponds to the
OH group present on the quaternary carbon bridging the two pyridyl groups.
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Figure 2.10: Meso-OH dipyrromethane, 243.
The only other potential placement for the presence of an extra hydroxy
group would be at the meso-position of the dipyrromethane unit, which
would suggest the formation of a meso-OH dipyrromethane compound, (5((N -Boc-pyrrol-2-yl)(p-tolyl)(hydroxy-methyl)-10-H pyrrole)hydroxy-methyldipyridine, (243) (Figure 2.10). This compound was also supported by
ESI MS, due to the presence of a m/z peak at 559.2311 for M+Na+ :
C32 H32 N4 NaO4 .
Upon further investigation, three compounds bearing a dipyrromethane
core with a hydroxyl group at the meso-position was found to have been
reported by Ding et al. The authors claimed that it was the first instance where a meso-OH dipyrromethane has been reported.241 The compounds differed by the meso-substituent (3,5-di(tert-butyl)phenyl, paratrifluoromethyl benzene and para-mehtoxybenzene) and were prepared by a
synthesis and workup procedure which was identical to the one described in
Scheme 2.27. The authors’ explanation for the formation of the meso-OH
dipyrromethane over the corresponding dipyrrin considers the stability of
the carbonium intermediates242 formed following hydride abstraction by the
oxidant DDQ. The carbonium intermediate is thought to then react with
trace amounts of H2 O present in DCM (Scheme 2.28). Similar results were
observed in D2 O exchange reactions performed by the authors, as for compound 243. This phenomenon has also been confirmed in other situations
where benzylic ethers are readily oxidized by DDQ to give the corresponding
carbonyl containing compounds. Again the mechanism has been theorised
to occur with the initiation of hydride abstraction leading to the formation of
stabilised benzyllic or allylic carbocation. Evidence for such an ionic mechanism has been obtained by trapping the carbocation intermediate using
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nucleophillic solvents such as water or methanol to give the corresponding
carbonyl compound.243
A speculative mechanism for the formation of compound 243, based on
the mechanism proposed by Ding et al. is depicted in Scheme 2.28. The
carbonium intermediate, once formed, can rearrange to a dipyrrin-like form
241b or remain in its original form 241a. Following this, 241a will react
with trace water to form the meso-substituted dipyrromethane 241a-OH2 + ,
and then loss of one proton will afford the final product 243. On the other
hand, 241b may lose one proton to the half spent oxidant, DDQH− to
afford the dipyrrin product. The fate of this is dependent on the stability of
the carbonium intermediate. This in turn is dependent entirely on the mesosubstituent, as revealed by DFT calculations. The authors’ claim that, if
the meso-substituent present is a highly electron withdrawing group, for example, a pentafluorophenyl, the carbonium ion intermediate formed will be
unstable in its original form and will in turn rearrange to its dipyrrin form.
This is because of the localisation of the positive charge on its two pyrrolic
units while the negative charge is mainly localised on the electron withdrawing pentafluorophenyl group. Due to this relatively localised charge,
the corresponding carbonium was found to be unstable and more likely to
revert to its more stable, dipyrrin form. In contrast to this, a substituent
such as the 3,5-di(tert-butyl)phenyl, used by Ding et al., was found to be
favourable and contributed to the delocalisation of the charge over the whole
molecule. The resulting carbonium was found to be stable enough to react
with water to afford the meso-OH dipyrromethanes.241
With the meso-dipyrromethanes in hand, the authors241 then continued
their attempts to coordinate Zn to the corresponding dipyrrins. This was
achieved by adding a Zn2+ salt (Zn(OAc)2 ·2H2 O) to a mixture of MeOH
and DCM. The meso-OH dipyrromethanes were consequently deprotonated
and oxidised in a one pot reaction to form the Zn-dipyrrins and were observed to be fluorescent, due to the conjugation now present in the dipyrrin
structure. Following suit, compound 243 was subjected to similar conditions in an attempt to produce the oxidised compound 242. Since boron
is a target element in this project, it was hypothesised that potential coordination of boron to the dipyrrins would be beneficial. Furthermore, it
was thought that the boron might act as a template for the synthesis of
the dipyrrin, and could later be subjected to demetallation to yield the
free ligand. This method has been reported previously for the isolation
of dipyrrins.244–246 Therefore, the compound 243 was subjected to conditions classically used for the synthesis of BODIPYs using DDQ, DIPEA
and BF3 ·OEt2 . The crude obtained was purified using neutralised silica gel
column chromatography. A few of the fraction were found to emit yellow
and green fluorescence, indicating complexation with boron. A highly polar
fraction was washed out using EtOAc. This was confirmed to be the depro87

Scheme 2.28: Proposed mechanism for the formation of 243 and dipyrrin
242-Boc compounds.
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tected, dipyrrin compound, (5-(p-tolyl)dipyrrin-hydroxy-methyldipyridine,
242 in 30% yield. This compound has been characterised and confirmed by
ESI MS (m/z M+H+ : 419.1861 for C27 H23 N4 O), 1 H and 13 C NMR spectroscopy.

Scheme 2.29: Synthesis of final ligand IV, compound 242.
While it was speculated that a boron coordinated, BODIPY-type compound of 243 would be the major product observed from this reaction, this
was not the case and the major product was found to be the oxidised form
of 243; the free ligand 242. The crude product was analysed using 11 B
and 19 F NMR spectrometry and showed broadened peaks at 6.0 and -144.7
ppm, respectively. This could be arising due to formation of HBF4 salt due
to quenching of the BF3 with the aqueous work up. However this was not
conclusive. Also no signals were observed in either 11 B or 19 F NMR spectra,
in the isolated compound 242. The formation of the free ligand instead of
the boron complexed product could be explained by the previously mentioned phenomenon of using BODIPYs as a stable template for the isolation
of free base dipyrrins.244–246 Lundrigan and colleagues have reported the use
of boron trihalides for the facile removal of BF2 moieties in BODIPYs with
the use of water as a nucleophile to produce the corresponding dipyrrins.
Boron trihalides, BF3 , BCl3 and BBr3 have all been demonstrated to promote decomposition and deprotection of the boron center when quenched
with H2 O. The more reactive boron trihalide agents, BCl3 or BBr3 , first react with the BODIPY by displacing the fluorine atoms and forming the more
labile Cl - or Br -BODIPY, respectively (Scheme 2.30). This in turn makes
the boron center more reactive towards H2 O and forms the corresponding
unstable dihydroxy O-BODIPY, followed by decomposition to liberate the
dipyrrin. In the case of F -BODIPY, the addition of the another equivalent of the halide activates the boron center and makes it more susceptible
towards the formation of the dihydroxy O-BODIPY, with 2 equivalents of
water. Another equivalent of water then results in the hydrolysis of the
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covalent N–B bond, thus liberating boric acid.246 Therefore, as an excess
of BF3 ·OEt2 was added to the reaction followed by oxidation and deprotection, it can be concluded that compound 243 would have undergone the
formation of the BODIPY, followed by the decomposition of the BF2 center. A slight fluorescence observed in the reaction mixture after the addition
of BF3 ·OEt2 is evidence of this, as BODIPYs are highly fluorescent compounds. The aqueous work up would have then caused the formation of the
dihydroxy O-BODIPY, followed by subsequent hydrolysis to produce the
free dipyrrin ligand 242.

Scheme 2.30: Conversion of F -BODIPYs to dipyrrin HCl salts.246
Subsequent attempts at replicating the reaction depicted in Scheme 2.27
resulted in the meso-OH dipyrromethane 243 as the major product, along
with trace quantities of 242. This could be due to some of the compound
undergoing reaction with the oxidant, rearranging to the less stable carbonium intermediate 241b (Scheme 2.28). This then undergoes subsequent
reactions with the acidic, spent oxidant DDQH2 , and further rearrangements to result in the removal of the Boc group to produce compound 242.
Boc groups are classically cleaved in the presence of acids. Subjecting compound 243 to oxidation under the same conditions again (Scheme 2.27) did
not result in any further reactions and just returned the unreacted starting
compound 243. Lowering the temperature of the reaction (Scheme 2.27) to
0 C did not have any favourable outcomes, and in fact, this lowered the
yeild of product 243 formed considerably, and led to various unidentifiable
side products.

°

The only remaining difference between the originally designed ligand IV
and compound 242 is the OH group present at the quaternary carbon at
the dipyridyl unit. It was speculated that this would not interfere with coordination of beryllium, boron or aluminium. A single crystal was obtained
from a solution of compound 242 in DCM. This however turned out to be
a single crystal of a compound of triethylammonium bromide [Et3 NH]+ Br−
(244). The unexpected formation of this compound could be explained by
the reaction of NEt3 , present in the neutralised silica gel, reacting with any
remaining bromide containing starting compound 219 or the side product
butyl-bromide formed as a result of the lithium halogen exchange between
n-BuLi and 219. Compound 244 was not characterised any further. The
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Figure 2.11: Crystal structure of [Et3 NH]Br 244, with 30% probability
ellipsoids, hydrogens omitted for clarity (a). Molecular packing of 244 in
the P63/mmc space group (b) and molecular packing, viewed along the
c-axis (c).
single crystal isolated was collected with Cu(α) radiation at RT with an R
factor of 8.9%. The unusual crystal was found to be incredible symmetric
and disordered over two sites. There were two molecules of 244 per unit
cell and half a molecule of H2 O per each molecule of 244 (Figure 2.11) .

2.2

Modifications to ligand IV

In order to maximise the binding and selectivity of the ligands, the addition
of buttressing groups to the compound 242 was also investigated. These
were designed to participate in outer sphere hydrogen bonding interactions
providing additional ’scaffolding’ to the ligand structures, thereby increasing the stability. Outer sphere hydrogen bonding interactions have been
shown to be an important factor in metal extraction processes.247 Forgan
and collegues have investigated a series of 3-substituted salicylaldoximes to
demonstrate the importance of outer-sphere interactions on the efficacy of
solvent extractants that are used to produce approximately one-quarter of
the worlds’ copper. It was reported that these types of interactions of complexes can be used to control the strength and selectivity of metal extraction
processes.247,248 The presence of outer sphere hydrogen buttressing groups
acts to pre-organise the ligands, thus leading to more favourable and stable
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Figure 2.12: Potential interaction of hydrogen buttressing modifications.
interactions with the metal of choice.247 This principle was applied to the
suite of ligands on hand and additional modifications in the way of hydrogen
buttressing groups were investigated for ligand IV. This should in principle
further stabilize the complexes formed with Be2+ , B3+ and Al3+ . Also, the
size of the binding cavity could in theory be tuned in order to optimize
binding to Be2+ over that of other small cations such as B3+ and Al3+ . The
functional group attached to the 6-positions of the two core pyridine rings
(Figure 2.13) will provide donors capable of H-bonding to the deprotonated
pyrrolic nitrogen or phenolic oxygen. The first group to be examined will be
NH2 . The potential interaction of the hydrogen-bonding buttressing group
NH2 with ligand IV is illustrated in Figure 2.12.
Other modifications could also potentially be made to various positions
on the scaffold, including variations of NH or OH containing groups, bulky
t-butyl groups for increased crystallisation reliability or sulfonate residues
to increase solubility in aqueous systems.
An attempt was made to synthesise the compound (5-(p-tolyl)dipyrrinhydroxy-(bis-aminodipyridine)-methanol, (245) containing two NH2 groups
on the pyridyl rings of compound 242 (Figure 2.13). The first strategy for
the synthesis of 245 included the synthesis of di-bromo-di-pyridyl ketone,
(246). The presence of the two bromo substituents were thought to provide
a synthetic handle which can be reacted further to produce the amino functionalised249–251 product, following coupling to the dipyrromethane moiety.
The proposed synthetic scheme is illustrated in Scheme 2.31.
The synthesis of the dibromo-analogue of 209, compound 246 was attempted using a slightly modified procedure reported by Nierengarten et
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Figure 2.13: Potential hydrogen buttressing modification groups on 242

Scheme 2.31: Proposed synthetic strategy for compound 245.
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al.252 A slight excess of n-BuLi was added to a cooled solution of 2,6dibromopyridine in dry THF followed by a solution of ethyl chlorformate
in THF. The solution was stirred for 1.5 h at RT and quenched with MeOH
and water and extracted with chloroform (Scheme 2.32). A white solid
was observed to crash out of upon removal of solvent. 1 H NMR spectroscopy analysis indicated that only trace amount of product had formed
and that the major product was identified to be the white solid of 6-bromo2-pyridinecarboxylic acid. This reaction was not pursued any further.

Scheme 2.32: Proposed synthetic strategy for compound 246.
Alternatively, an analogous procedure to the above mentioned reaction in
Scheme 2.26 was strategised, with a modified amino-containing analogue of
219, 2-amino-6-bromopyridine, (249). Prior to the coupling reaction using
a strong base, a protection group was necessary to mask the acidic protons
on the amino group. An attempt was made to protect the amino group of
249 using the benzyl bromide (BnBr) protecting group. A cooled solution
of 249 in dimethylamide (DMA) and two equivalents of benzyl bromide was
treated with NaH. This was stirred for 2 h and quenched with MeOH and
extracted with DCM (Scheme 2.34). The crude was washed and dried and
purified using silica gel column chromatography. However, upon close inspection, the compound N,N -dibenzyl-6-bromopyridin-2-amine, (250) was
not identified but the mono-protected compound, N -benzyl-6-bromopyridin2-amine, (251), was isolated and characterised by 1 H NMR and ESI-MS
(m/z, M+H+ : 263.0179 for C12 H12 BrN2 ). This reaction was not pursued
any further and other protecting groups were sought for the protection of
the amino-group.
Boc anhydride was also considered as a potential protecting group for the
amine of compound 249. Reaction of 249 with NEt3 , DMAP and Boc anhydride in dry DCM resulted in the product, 2-di-N -Boc-6-bromopyridine,
(252) as a crystalline solid, following purification using silica gel column
chromatography (Scheme 2.33). Single crystals suitable for X-ray crystallography were grown from the slow evaporation of a solution of 252 in DCM.
The crystal structure showed that the Boc groups were disordered above and
below the ring plane in a 50:50 ratio (Figure 2.14). The crystal also exhibited two-component racemic twinning. There were two molecules of 252
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Scheme 2.33: Amine protection of 249 to form compound 250.
per unit cell and the presence of weaker intermolecular hydrogen bonding
(O(1)· · · H) between the carbonyl oxygen (O1) and the methyl hydrogens of
the adjacent molecule was observed (Figure 2.14, (right)).

Scheme 2.34: Amine protection of 249 to form compound 252.
With compound 252 in hand, an attempt was made to replicate the
coupling reaction Scheme 2.26 to form the di-Boc coupled product 248
(Scheme 2.35). The initial attempt using the di-Boc acyl dipyrromethane
compound 230 with one equivalent of 252 in the presence of n-BuLi (3
equiv.) was not successful and returned the starting materials 230 and
252. Other similar attempts with varying stoichiometries of reagents 252
and n-BuLi also failed to form any product, as confirmed by ESI-MS. These
coupling attempts were unfortunately not pursued any further due to time
constraints.
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Figure 2.14: X-ray crystal structure of 252 with 50% probability ellipsoids
(left). Molecular packing of compound 252 in the monoclinic Cm space
group (right).

Scheme 2.35: Attempted synthesis of mono aminated product 253.
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2.2.1

Summary of synthesis of ligand IV

In this chapter, the various steps taken to achieve the synthesis of ligand
IV (Figure 2.1) were described. The final compound 242 differs only by an
extra pendant OH group which was speculated to not have any effect on the
binding of B, Be and Al. Therefore compound 242 was used as ligand IV
for all purposes, with no further alterations.
Attempts were made to experimentally investigate the effect of outer
sphere hydrogen buttressing groups by the addition of various groups on to
the pyridyl rings of 242. However, these were not successful and were not
fully investigated due to unfortunate time constraints.
2.2.2

Experimental section for Chapter Two

Unless otherwise stated, all experimental procedures were carried out at
ambient temperature under nitrogen, using modified Schlenk techniques.
Cooling baths containing a slurry of dry ice/acetone or isopropanol/liquid N2
were used for experimental procedures which required temperatures between
-80 to -50 C. When vigorously dry conditions were required, THF was dried
by heating under reflux over sodium wire with benzophenone as an indicator
and DCM was distilled over CaH2 . Other solvents were either dried over
molecular sieves or collected from an LC Technologies SP-1 solvent purifier.
Otherwise, solvents were of analytical purity and were used as received. All
reagents were used as received from the supplier unless otherwise stated.
Pyrrole (Merck) was purified using distillation and DMF was run through
a plug of neutral alumina oxide prior to use. N -bromosuccinimide was
purified before use by recrystallisation from boiling deionised water (10 g per
100 mL), collecting the white precipitate which formed upon cooling, and
drying in vacuo.253 Pd(PPh3 )4 was recrystallised using methanol, collecting
the yellow precipitate formed and filtering followed by drying in vacuo and
storage under under N2 away from light at -4 C.

°

°

Silica utilised for column chromatography were either Scharlau brand,
silica gel 60 Å, 0.04-0.06 mm (230-400 mesh ATSM), ECP brand silica gel
60 Å, Davisil brand, LC60A 0.04-0.06 mm and Chem-supply brand, silica gel
60Å 0.04-0.06 mm (230-400 mesh ATSM). Alumina utilized for column chromatography was Merck brand, aluminium oxide 90 active neutral, activity
stage I, 0.063-0.200 mm (70 - 230 mesh ASTM). Celite was Sigma-Aldrich
brand, dried and untreated Celite S.

®

High resolution mass spectra were recorded using a Bruker Daltronics
MicrOTOF-QII instrument using direct infusion (ESI). Infrared spectra
(4000 to 400 cm1 of samples were recorded on a Perkin-Elmer Spectrum
400 or a Bruker Vertex 70 spectrometer, using an ATR accessory. NMR
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spectra were obtained at 300 K on either a Bruker Avance III 400 (operating at 400.1, 100.6, 128 and -376.2 MHz for 1 H, 13 C{1 H}, 11 B{1 H} and 19F,
respectively) or a Bruker Avance III 500 (operating at 500.1, 125.8 MHz for
1 H and 13 C{1 H} respectively). 1 H NMR spectra recorded were referenced
to the proteo-impurity in the solvent (δ = 7.26 ppm in CDCl3 , 13 C{1 H}
NMR spectra were referenced to CDCl3 (δ = 77.16 ppm),254 11 B{1 H} and
19 F{1 H} spectra were externally referenced to BF ·Et O (δ = 0.00 ppm) and
3
2
trifluoroacetic acid (δ = -78.5 ppm), respectively. Assignments of bands in
IR spectra were made by consideration of their conventional absorption frequency and the absorption frequencies of similar compounds reported in the
literature. Assignments of signals in NMR spectra were made on the basis
of chemical shift positions in the 1 H, 13 C{1 H}, 11 B{1 H} and 19 F{1 H} spectra, the integral values in 1 H NMR spectra, and by use of two dimensional
1 H–1 H (COSY) and 1 H–13 C (HSQC & HMBC) spectra. Structure analysis
of compounds were performed using the programme Avogadro1.2.255
Bis(1,3-dimethyl)dipyrrin (208)
Pale yellow solid of 206 (0.100 g, 0.4 mmol) was dissolved in an excess of
freshly distilled pyrrole (2 mL, 15 mmol) under inert atmosphere. TFA (3
µL, 0.04 mmol) was added slowly dropwise. The pale yellow solution turned
dark orange colour and this was stirred for 1 h. The excess pyrrole was
removed in vacuo and DCM added. The organic layer was washed with an
aqueous solution of NaOH and water and dried over Na2 SO4 . The crude
residue was purified using neutralised silica get column chromatography with
DCM as eluent. The product was obtained as an oil in 8% yield. Slow
evaporation of a solution of this in CDCl3 yielded a crop of single crystals
suitable for single crystal X-ray diffraction studies.
1H

NMR (CDCl3 , δ) 2.29 (s, 3H), 2.31 (s, 3H), 5.86 (m, 1H), 9.54 (s,
1H), 9.74 (s br, 1H).
ESI MS [m/z M+ ]: Calcd for C13 H17 N2 201.1392, found 201.1403.

Di(pyridin-2-yl)(1H -pyrrol-2-yl)methane (210)
TFA (150 µL, 1.95 mmol, 3.6 equiv.) was added to a solution of freshly
distilled pyrrole (0.36 mL, 5.4 mmol, 10 equiv.) and 2,2-dipyridyl ketone
(209, 100 mg, 0.54 mmol, 1 equiv.) and the reaction mixture stirred for 1
h at RT. This was then quenched with NEt3 and diluted with DCM. The
brown residue was purified using silica gel column chromatography using
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eluents, DCM (90%) washed with NH3 and ether (10%)(Rf = 0.54) to give
210 in 60% yield.
1H

NMR (CDCl3 , δ) 6.17 (m, 2H), 6.77 (m, 1H), 6.88 (bs, s 1H), 7.17
(dd, J = 4.96, 7.24 Hz, 2H), 7.67 (dt, J = 2.0, 8.0 Hz, 2H), 7.83 (d, J =
8.0 Hz, 2H), 8.52 (d, J = 4.91 Hz, 2H), 9.40 (br, s 1H)
13 C{1 H}

NMR (CDCl3 , δ) 107.06, 108.46, 117.35, 121.86, 122.50, 135.17,
137.04, 147.65, 162.73
ESI MS [m/z M+Na+ ]: Calcd for C15 H13 N3 NaO 274.0956 , found 274.0951.
IR (cm−1 ): 3434.08br (O-H), 3264.16br (NH), 1378.70s, 1087.49s, 1046.49s

N -Boc-2-bromopyrrole (211)
A solution of freshly distilled pyrrole (2 mL, 3 mmol) in dry THF (50 mL)
was cooled to -78 C under N2 atmosphere in a dried flask. To the stirred
and cooled solution, a catalytic amount of azoisobutyronitrile (AIBN) (43
mg) was added and stirred. After 5 minutes, the solid 1,3-dibromo-5,5dimethylhydantoin (4.12 g, 1.5 mmol, o.5 equiv.) was added over a 20 minute
period. The light green mixture is stirred for an additional 10 minutes, then
allowed to stand for 2 h, while maintaining the temperature below -50 C.
The solution is then filtered into a dry flask that has been cooled to -78 C
under N2 atmosphere. To this stirred solution, NEt3 (1.6 mL) followed
immediately by the addition of Boc2 O anhydride (9.23 mL, excess) and a
catalytic amount of dimethylaminopyridine (DMAP)(43 mg). The flask was
then purged with N2 and stirred for 8 h while warming to RT. The solvent is
removed under reduced pressure at RT and hexane (43 mL) is added to the
crude product and washed with deionized water (3 x 50 mL) and dried over
Na2 SO4 and solvents removed under reduced pressure at RT. The crude oil
was purified by silica gel column chromatogrphy using amine-treated neutral
Si and hexane as eluent to yield compound 211 as a colourless oil in ≈ 70%
yield.

°

°
°

1H

NMR (CDCl3 , δ) 1.61 (s, 9H), 6.13 (t, J = 3.6 Hz, 1H), 6.28 (dd, J
= 1.9, 3.4 Hz, 1H), 7.31 (dd, J = 1.9, 3.4 Hz, 1H).
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Di(pyridin-2-yl)(N -Boc-pyrrol-2-yl)methane (212)
To a solution of compound 211 (3.26 g, 13.2 mmol, 2.0 equiv.) in dry THF
(80 mL), n-BuLi in hexane (1.6 M, 8.63 mL, 13.2 mmol, 2.0 equiv.) was
added dropwise at -78 C under N2 atmosphere. The coulourless solution
turned slightly yellow. After stirring for 15 minutes, compound 209 (1.22g,
6.6 mmol, 1 equiv.) was added and the yellow solution gradually darkened
to a dark red colour. This was stirred at -78 C for 1 h under N2 and then
quenched with 1% acetic acid in THF (50 mL). After removing the cold
bath, the solution was diluted with DCM and washed with water (x3) and
brine and organic layer dried over Na2 SO4 . After filtration, the solvent
was removed under reduced pressure and residual oil purified by silica gel
column chromatography using eluents, DCM (90%) washed with NH3 and
ether (10%) to give the product 212 as a bright orange oil in 91% yield.

°

°

1H

NMR (CDCl3 , δ) 1.36 (s, 9H), 5.42 (dd, J = 1.72, 3.08 Hz, 1H), 6.03
(t, J = 3.6, 1H), 6.52 (s, 1H), 7.14 (m, 2H), 7.23 (dd, J = 1.72, 3.08 Hz,
1H), 4.65 (m, 4H), 8.50 (d, J = 4.9 Hz, 2H).
13 C{1 H}

NMR (CDCl3 , δ) 27.72, 78.86, 84.28, 109.70, 116.69, 122.02,
122.30, 123.17, 136.31, 138.30, 147.90, 150.07, 163.67.
ESI MS [m/z M+Na+ ]: Calcd for C20 H21 N3 NaO3 374.1481 , found 374.1475.
IR (cm−1 ): 3432br (OH), 1403s, 1074s.

2,2-(Methoxy(1H -pyrrol-2yl)methylene)dipyridine (213)
A solution of NaOMe (230.7 mg, 4.2 mmol, 3 equiv.) in MeOH (8 mL) was
added to a solution of 212 (500 mg, 1.4 mmol, 1 equiv.) in dry THF (50
mL) and stirred for 1 h at RT. After quenching with H2 O, the orange reaction mixture was diluted with DCM and washed with brine. The organic
layer was extracted and dried over Na2 SO4 , filtered and solvents removed.
The dark residue was purified by silica gel column chromatography using
DCM/ ether, followed by MeOH as eluents to yield 213 as a dark orange
oil in 30% yeild.
1H

NMR (CDCl3 , δ) 3.25 (s, 3H), 6.19 (m, 1H), 6.24 (m, 1H), 6.86 (m,
1H), 7.16 (ddd, J = 1.5, 4.8 Hz, 2H), 7.67 (m, 4H), 8.55 (dd, J = 5.26 Hz,
2H), 10.83 (br s, 1H).
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13 C{1 H}

NMR (CDCl3 , δ) 52.7, 83.7, 107.9, 109.2, 117.3, 122.0, 122.1,
131.9, 136.8, 148.4, 163.3.
ESI MS [m/z M+Na+ ]: Calcd for C16 H15 N3 NaO 288.1113 , found 259.1107.
IR (cm−1 ): 3199br (NH), 1728 (C=O) s, 1466s.

5-p-Tolyl dipyrromethane (215)
A freshly distilled solution of pyrrole (5.00 mL, 0.072 mol) was added to
an aqueous solution of 0.18 M HCl (100 mL) followed by p-tolualdehyde in
a 250 mL round bottom flask. This opaque white solution was stirred for
three hours at room temperature under N2 and reaction process monitored
by TLC.226 A sticky pink precipitate was filtered and washed with water and
petroleum ether (x 3) and dried under vacuum. This was then dissolved in
ethanol and crystallised with an excess of water to yield a crystalline white
solid which was filtered over celite and dried in 80% yield.
1H

NMR (CDCl3 , δ) 2.34 (s, 3H), 5.44 (s, 1 H), 5.93 (m, 2 H), 6.17 (q, J
= 2.9 Hz, 2 H), 6.68 (m, 2 H), 7.09-7.16 (m, 4 H), 7.89 (br s, 2 H)
13 C{1 H} NMR (CDCl , δ) 21.1, 43.6, 107.1, 108.4, 117.1, 128.3, 129.3, 132.8,
3
136.6, 139.1
ESI MS [m/z M+Na+ ]: Calcd for C16 H16 N2 Na 259.1211 , found 259.1206.

S -2-Pyridyl thioate (216)
A bright yellow solution of 2-mercaptopyridine (1.00 g, 9.00 mmol) in dry
THF (10 mL) was treated slowly with a brown solution of pyridine-2-carbonylchloride hydrochloride 218 (1.50 g, 9.00 mmol) in THF (5 mL). A solid
precipitate was seen forming immediately after addition and this yellow
slurry was stirred for 1 hour. The precipitate was collected, filtered and
washed with n-hexane (30 mL) and added to a biphasic solution of saturated NaHCO3 (40 mL) and diethyl ether. The organic layer was removed
and the aqueous layer washed and extracted multiple times with diethyl
ether. The combined organic layers were dried (Na2 SO4 ) and filtered. The
filtrate was combined to give a pale yellow/ white solid which was washed
with n-hexane and dried to afford the product in 80% yield. The characterisation data matched that of reported literature.229
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1H

NMR (CDCl3 , δ) 7.50–7.54 (m, 1H), 7.66–7.68 (m, 1H), 7.72–7.77 (m,
1H), 7.82–7.86 (m, 1H), 7.90–7.92 (m, 1H), 8.66–8.68 (m, 1H), 8.69–8.71 (m,
1H).
13 C{1 H}

NMR (CDCl3 , δ) 121.8, 123.6, 128.3, 130.9, 137.1, 137.4, 149.3,
150.7, 151.5, 152.2, 191.6.
IR (cm−1 ): 1688(C=O), 3053s, 1269s.

5-(p-Tolyl)-1-picolyldipyrromethane (217)
A solution of EtMgBr (4.3 mL, 4.3 mmol, 1.0 M in THF) was added slowly
to a solution of 5-p-tolyl-dipyrromethane (0.5 g, 2.1 mmol) in dry THF (5
mL) under nitrogen. The resulting brown solution was stirred at room temperature for 10 minutes and then cooled to -78 C. A solution of Mukaiyama
reagent, (prepared earlier) in dry THF was added slowly to the reaction mixture. This was stirred at -78 C for 1 hour and then warmed to room temperature. The reaction was quenched with saturated aqueous NH4 Cl. The mixture was extracted with ethyl acetate and washed with water and brine. The
organic layer was collected and dried over Na2SO4 and solvents removed to
yield a dark oil. The resulting residue was chromatographed on silica using
DCM as eluent. 5-(-4-Methylphenyl)-1-picolyldipyrromethane was afforded
as a dark residue (60% yield). The characterisation data matched that of
reported literature.229

°

°

1H

NMR (CDCl3 , δ) 2.34 (s, 3H), 5.53 (s, 1H), 6.00-6.01 (m,1H), 6.096.10 (m, 1H), 6.18-6.21 (m, 1H), 6.71-6.74 (m, 1H),7.14 (s, 4H), 7.36-7.40
(m, 2H), 7.79-7.85 (m, 2H),8.13-8.16 (m, 1H), 8.28 (brs, 1H), 8.49-8.50.
13 C{1 H}

NMR (CDCl3 , δ)21.1, 44.0, 107.6, 108.6, 110.6, 117.7, 123.9,
126.1, 128.5, 129.6, 131.1, 137.0, 137.2, 138.1, 141.3, 148.0, 155.5, 171.5
IR (cm−1 ): 3287s, 1089s, 1564s, 1779s.
ESI MS [m/z M+Na+ ]: Calcd for C22 H19 N3 NaO 364.1426, found 364.1429.
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Diphenyl-2-pyridine methanol (223)
Benzophenone 222 (100 mg, 0.55 mmol) was dried in vacuo and dissolved
in dry THF (5 mL). In a separate, dry Schlenk flask, compound 219, (100
µL, 1.1 mmol) was also dissolved in dry THF (5 mL) and cooled to -78 C.
n-BuLi (717 µL, 1.1 mmol) was added dropwise to this cooled solution and
it changed from colourless to a brown coloured solution. This was stirred for
30 minutes at -78 C and the solution of 222 added dropwise and stirred for
2 h. A colour change from brown to orange/ red was observed. The solution
was quenched with NH4 Cl and extracted with EtOAc. The organic layer
was washed (x3) with water and dried over Na2 SO4 . Solvents were removed
and the crude residue purified using silica gel chromatography with n-hexane
and EtOAc (5%) followed by 10% EtOAc to give the product 223 in 35%
yield. The characterisation data matched that of reported literature.231

°

°

1H

NMR (CDCl3 , δ) 6.29 (s, 1H), 7.09 (d, J = 7.9 Hz, 1H), 7.15 - 7.28
(m, 11H), 7.53 (td, J = 7.9, 1.7 Hz, 1H), 8.54 (d, 4.9 Hz, 1H).
(4-Nitrophenyl)(pyridin-2-yl)methanol (224)
4-Nitrobenzaldehyde (100 mg, 0.66 mmol) was dried in vacuo and dissolved
in dry THF (20 mL) under inert atmosphere and this solution was cooled
to -78 C. 2-Pyridylmagnesium bromide 221 (5.0 mL, 1.3 mmol) was added
dropwise to the pale yellow solution and it gradually turned a darker brown.
The solution was left to stir at -78 C for 10 minutes and then the ice bath
removed and it was left to warm to RT. Upon warming the colour of the
solution changed from brown to a brick red. This was left to stir overnight.
The reaction was monitored by TLC and indicated the presence of starting
materials. The solution was cooled again to -78 C and a another portion
of 221 (5.0 mL, 1.3 mmol) was added. The reaction was stirred for 4 h
at RT and quenched with 1.8 M HCl and extracted with Et2 O and washed
with water (x3) and dried over MgSO4 and solvents removed. The crude
was purified using silica gel column chromatography with DCM followed
by EtOAc (50%) as eluents. The characterisation data matched that of
reported literature.232

°

°

°

1H

NMR (CDCl3 , δ) 5.00 (s br, 1H), 5.90 (s, 1H), 6.97 (s, 1H), 7.18-7.24
(m, 2H), 7.52-7.62 (m, 3H), 8.60 (m, 1H).
ESI MS [m/z M+H+ ]: Calcd for C12 H11 N2 O3 231.0770, found 231.0759.
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5-p-tolyl-1-picolyl-BODIPY (225)
A dried sample of compound 217 (0.031 g, 0.092 mmol) was dissolved in dry
DCM under inert atmosphere. DDQ (0.021 g, 0.092 mmol) was added to this
and stirred for 1 h. A colour change from dark orange to even darker orange
brown was observed. DIPEA (0.158 mL, 0.92 mmol) was added dropwise
and the solution was stirred for 30 minutes. Following this, BF3 ·OEt2 (0.227
mL, 1.84 mmol) was also added dropwise and the fuming solution was then
left to stir for 2 h at RT. This was then quenched with an aqueous solution
of NaHCO3 and extracted with DCM, washed with water (x3) and brine,
dried over Na2 SO4 and solvents removed. The crude product was purified
using silica gel column chromatography with DCM and EtOAC as eluents.
1H

NMR (CDCl3 , δ) 2.49 (s, 3H), 6.67 (d J = 4.01 Hz, 1H), 6.90 (d J
= 4.59 Hz, 1H), 7.09 (d J = 4.01 Hz, 1H), 7.36 (m, 2H), 7.49 (m, 3H), 7.63
(m, 1H), 7.90 (dt J = 1.79, 7.45 Hz, 1H), 8.155 (m, 1H), 8.21 (d, J = 7.41
Hz, 1H), 8.70 (d J = 4.01 Hz, 1H).
11 B
19 F

NMR (CDCl3 , δ) 0.59 (t, J = 27.12 Hz).
NMR (CDCl3 , δ) -144 (q, J = 27.18 Hz).

IR (cm−1 ): 2919.s, 1660s, 1570s,
N -Boc-2,5-dibromo-pyrrole (228)
A solution of freshly distilled pyrrole (2.5 mL, 3.6 mmol) in dry THF (150
mL) was cooled to -78 C under N2 atmosphere in a dried flask. To the
stirred and cooled solution, a catalytic amount of azoisobutyronitrile (AIBN)
(40 mg) was added and stirred. After 5 minutes, the solid 1,3-dibromo5,5-dimethylhydantoin (10.33 g, 3.6 mmol, 1 equiv.) was added over a 45
minute period. The light greenish blue mixture was then allowed to stir for
2 h, while maintaining the temperature below -50 C. The solution is then
filtered into a dry flask that has been cooled to -78 C under N2 atmosphere.
To this stirred solution, NET3 (5 mL, 3.6 mmol) followed immediately by
the addition of Boc2 O anhydride (16 mL, 7.2 mmol) and a catalytic amount
of dimethylaminopyridine (DMAP)(50 mg). The flask was then purged with
N2 and stirred over night while warming to RT. The solvent was removed
under reduced pressure at RT and hexane (100 mL) was added to the crude
product and washed with deionized water (3 x 50 mL) and dried over Na2 SO4
and solvents removed under reduced pressure at RT. The crude dark pink
oil was purified by silica gel column chromatography using amine-treated
neutral silica and hexane as eluent to yield compound 228 as a colourless
oil which was then crystallised using EtOH to yield a hygroscpoic, light,

°

°
°
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moisture and heat sensitive white crystals in approximately 7.2% yield. The
white crystalline solid was found to degrade to a black residue overtime.
1H

NMR (CDCl3 , δ) 1.64 (s, 9H), 6.29 (m, 1H), 7.31 (m, 1H).

5-(p-Tolyl)-1-picolyl-10-N -Boc-dipyrromethane (229)
DMAP (catalytic amount) and Boc anhydride (0.5 mL, 11.6 mmol) was
added to a solution of 5-(p-tolyl)-1-picolyldipyrromethane (0.100 mg, 2.9
mmol) in dry DCM. The dark brown solution was stirred at room temperature for 2 h and quenched with water and extracted with DCM. The organic
layer was then washed with brine and dried over Na2 SO4 and solvents removed. The crude residue was purified by column chromatography using
chloroform and DCM as eluent to purify the product 5-(4-methylphenyl)-1picolyl-10-N -Boc-dipyrromethane in 70% yield.
1H

NMR (CDCl3 , δ) 1.44 (s, 9H), 2.36 (s, 3H), 5.81 (m, 1H), 6.05 (m,
1H), 6.13, (t, J = 3.6 Hz, 1H), 6.19 (s, 1H), 7.07, (d, J = 8 Hz, 2H), 7.11
(m, 1H), 7.14, (d, J = 8 Hz, 2H), 7.33 (m, 1H), 7.4 (m, 2H), 7.84 (dt, J =
1.38, 7.62, 1H), 8.2 (m, 1H), 8.5 (s br, 1H).
13 C{1 H}

NMR (CDCl3 , δ) 21.15, 027.9, 119.84, 121.8, 122.4, 124.0, 128.6,
128.6, 129.1, 129.2, 129.2, 129.3, 129.4, 135.2, 136.6, 137.31, 137.3, 138.3,
147.0, 149.2, 163.4, 185.4.

5-(p-Tolyl)-1-picolyl-10,11-di-N -Boc-dipyrromethane (230)
DMAP (catalytic amount), NEt3 (0.080 mL, 5.8 mmol) and Boc anhydride
(0.5 mL, 11.6 mmol) was added to a solution of 5-(-4-Methylphenyl)-1picolyldipyrromethane (0.100 mg, 2.9 mmol) in dry DCM. The dark brown
solution was stirred at room temperature overnight and quenched with water and extracted with DCM. The organic layer was then washed with brine
and dried over Na2 SO4 and solvents removed. The crude residue was purified by column chromatography using chloroform and DCM as eluent to
purify the product in 80% yield.
1H

NMR (CDCl3 , δ) 1.09 (s, 9H), 1.43 (s, 9H), 2.27 (s, 3H), 5.52 (m,
1H), 5.54 (d, J = 4.45 Hz, 1H), 6.02 (t, J = 3.54 Hz, 1H), 6.44 (s, 1H), 6.96
(d,J = 8.0Hz, 2H), 7.00 (d, J = 3.80 Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H),
7.28 (m, 1H), 7.40 (m, 1H), 7.80 (m, 1H), 8.04 (d, J = 7.9, 1H), 8.64 (m, 1H)
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13 C{1 H}

NMR (CDCl3 , δ) 182.2, 155.0, 149.5, 149.4, 144.4, 137.7, 137.0,
136.3, 134.8, 132.9, 129.1, 128.9, 126.1, 123.7, 122.3, 122.2, 115.1, 111.6,
109.8, 84.4, 84.3, 43.0, 28.3, 27.8, 26.9
IR (cm−1 ): 3287s, 1089s, 1564s, 1779s
ESI MS (m/z M+ ): Calcd for C33 H36 N3 O5 541.2577, found 542.2649.

5-((N -Boc-pyrrol-2-yl)(p -tolyl)methyl)-N -Boc-pyrrol-2-yl)hydroxymethyldipyridine (231)
A solution of 219 (6 µL, 0.06 mmol, 2 equiv.) in dry Et2 O (3 mL) was
cooled to -78 C. n BuLi (46 µL, 0.06 mmol, 2 equiv.) was added dropwise
and the colourless solution turned orange. This was stirred for 30 minute at
this temperature. Another portion of Et2 O (4 mL) was added to dilute the
solution. Following this, a solution of 230 (0.017 g, 0.03 mmol, 1 equiv.)
in dry Et2 O (3 mL) was added dropwise over 20 minutes to the orange
solution. This was left to stir at -78 C for 1.5 h. The dry ice/acetone bath
was replaced with an ice/salt bath and the solution was further stirred for
1.5 h at 0 C. The solution was then quenched with an aqueous solution
of acetic acid and extracted with Et2 O and washed with water (x3) and
brine and dried over Na2 SO4 . The solvents were removed to give a dark red
residue which was purified using silica gel column chromatography. A very
polar fraction was eluted with EtOAc to yield the product 231 in 20% yield.

°

°

°

1H

NMR (CDCl3 , δ) 0.97 (s, 9H), 1.40 (s, 9H), 2.30 (s, 3H), 5.18 (d, J =
3.6 Hz, 1H), 5.25 (d, J = 3.6 Hz, 1H), 5.60 (m, 1H), 6.03 (t, J = 3.41 Hz,
1H), 6.27 (s,1H), 6.52 (s, 1H), 6.92 (d, J = 7.96 Hz, 2H), 7.04 (d, J = 7.96
Hz, 2H), 7.08 - 7.14 (m, 2H), 7.23 (m, 1H), 7.62 - 7.66 (m, 3H), 7.71 ((d, J
= 8.15 Hz, 1H), 8.48 (d, J = 8.42 Hz, 1H), 8.50 (d, J = 8.42 Hz, 1H).
13 C{1 H}

NMR (CDCl3 , δ) 20.0, 21.7, 22.4, 25.4, 25.8, 26.7, 28.7, 33.9,
42.8, 46.3, 47.3, 82.7, 83.2, 108.8, 110.7, 112.5, 113.4, 120.5, 120.8, 120.9,
121.3, 124.0, 127.6, 127.6, 127.9, 127.9, 134.2, 134.7, 135.1, 135.1, 135.2,
136.38, 138.0, 146.7, 146.8, 162.3, 163.1.
ESI MS (m/z M+H+ ): Calcd for C37 H41 N4 O5 621.3071, found 621.3072.
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Phenyl(pyridin-2-yl)methanol (232)
A solution of 219 (60 µ L, 0.633 mmol, 1 equiv.) in dry THF (1.5 mL) was
cooled to 0 C. i PrMgCl (633 µ L, 1.27 mmol, 2 equiv.) was added dropwise
to the colourless solution and a colour change to pale yellow was observed.
This was left to stir for 2 h at RT and the colour was seen to darken to
an orange solution, during this time. A solution of benzaldehyde (65 µ L,
0.633 mmol, 1 equiv.) was added to this and stirred overnight. The solution
had turned an opaque milky yellow and this was quenched with water and
extracted with DCM. The organic layer was washed with water and brine
and dried over Na2 SO4 and solvents removed to yield a yellow residue. This
was purified using silica gel column chromatography using DCM/ EtOAC
and hexane as eluents. The characterisation data matched that of reported
literature.256

°

1H

NMR (CDCl3 , δ) 5.32 (s br, 1H), 5.74 (s, 1H), 7.14 - 7.38 (m, 7H),
7.59 (m, 1H), 8.53 (d, J = 4.49, 1H).

1,3-Dimethyl BODIPY (233)
A solution of 206 (300 mg, 1.19 mmol) in dry DCM (7 mL) was cooled
to -5 C. a solution of freshly distilled pyrrole (85 µ L, 1.19 mmol) was
added to this and stirred under N2 . POCl3 (111 µ L, 1.19 mmol) was added
dropwise slowly, maintaining the temperature at -5 C. The solution was
observed to turn a canary yellow colour immediately upon addition of acid
then gradually turned an orange colour. This solution was stirred for 3 h
at -5 C and warmed to RT and stirred for another 3h at this temperature.
Following this, DIPEA (624 µ L, 3.58 mmol, 3 equiv.) was added followed
by BF3 ·OEt2 (441 µ L, 3.58 mmol, 3 equiv.) and the solution stirred for
further three hours at RT. The dark brown solution was quenched with an
aqueous solution of NaHCO3 and extracted with DCM and washed multiple
times with water and brine. The now fluorescent dark green solution was
dried over Na2 SO4 and solvent removed to give a dark residue. This was
purified using silica gel column chromatography with n-hexane and EtOAc
as eluents. The characterisation data matched that of reported literature.234

°

°

°

1H

NMR (CDCl3 , δ) 2.27 (s, 3H), 2.59 (s, 3H), 6.16 (s, 1H), 6.43 (s, 1H),
6.93 (s, 1H), 7.20 (s, 1H), 7.64 (s, 1H).
ESI MS (m/z M+Na+ ): Calcd for C11 H11 BF2 N2 Na 243.0878, found
243.0879.
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5-(4-Methylphenyl)-1-picolyldipyrrin (236)
Compound 217 (22 mg, 0.0668 mmol) was dissolved in dry DCM (18 mL)
under inert atmosphere. DDQ (15.2 mg, 0.0668 mmol) was added to this
and the solution changed from a pale yellow to a dark brown in colour. This
was stirred under N2 for 1.5 h. The solvents were then removed in vacuo.
The brown residue was then dissolved in a minimum amount of DCM and
passes through a short column of silica gel. This was eluted using DCM
followed by EtOAc. The brown fraction collected was dried in vacuo to
yield the product 236 in 80%.
1H

NMR (CDCl3 , δ) 2.46 (s, 3H), 6.44 (d, J = 3.93 Hz, 1H), 6.64 (d,
J = 4.95 Hz, 1H), 6.92 (d, J = 3.93 Hz, 1H), 7.28 (d, J = 7.8 Hz, 1H),
7.38 (m, 2H), 7.40 (d, J = 7.40 Hz, 2H), 7.53 (ddd, J = 4.83, 3.52, 0.96
Hz, 1H), 7.92 (dt, J = 7.93, 1.49 Hz, 1H), 8.24 (m, 2H), 8.83 (d, 4.4 Hz, 1H).
13 C{1 H}

NMR (CDCl3 , δ) 21.11, 119.7, 121.5, 124.1, 126.0, 126.7, 128.7,
128.7, 131.2, 131.2, 132.1, 136.2, 137.0, 137.4, 137.5, 139.7, 141.3, 148.7,
151.4, 155.0, 161.4, 179.7.
ESI MS (m/z M+H+ ): Calcd for C22 H18 N3 O 340.1431, found 340.1444.

1-Bromo-5-p-tolyl-10,11-di-N -Boc dipyrromethane (240)
A dried sample of compound 239 (332 mg, 0.76 mmol) was dissolved in
dry THF and cooled to -78 C. Purified solid NBS (136 mg, 0.79 mmol)was
added to the solution in two portions and stirred for 1 h at this temperature.
Then the solution was allowed to warm to RT and quenched with water and
extracted with EtOAc. The organic layer was washed with water and dried
over Na2 SO4 . The crude product was not purified any further.

°

1H

NMR (CDCl3 , δ) 1.29 (s, 18H), 5.34 (s, 2H), 5.93 (t, J = 3.39 Hz,
2H), 6.29 (s, 1H), 6.84 (d, J = 8.08 Hz, 2H), 6.96 (d, J = 8.08 Hz, 2H), 7.19
(m, 2H).
ESI MS (m/z M+Na+ : Calcd for C26 H31 NaN2 O4 537.1359, found 537.1377.
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(5-((N -Boc-pyrrol-2-yl)(p-tolyl)methyl)-10-H pyrrole)hydroxy-methyldipyridine
(241)
A solution of 219 (52 µ L, 0.554 mmol, 3 equiv.) in dry freshly distilled
THF (5 mL) in a vacuum and oven dried Schlenk flask, was cooled to -78
C. n-BuLi (400 µ L, 0.554 mmol, 3 equiv.) was added dropwise and the
colourless solution gradually turned dark orange. This was left to stir for
15 minutes. A solution of 230 (100 mg, 0.184 mmol, 1 equiv.) in dry THF
(8 mL) was added dropwise to the orange solution over 30 minutes. The
colour of the solution gradually went darker to a brown black shade upon
addition. This solution was left to stir at -78 C for 2 h. Following this
the ice bath was removed and the solution warmed to RT and stirred for
1.5 h. The solution had now turned a bright vermillion colour and this
was quenched using an aqueous solution of acetic acid and extracted with
Et2 O. The organic layer was washed with water (x3) and brine and dried
over Na2 SO4 and solvents removed under reduced pressure to give a dark
red residue. This was purified using silica gel column chromatography using
DCM and EtOAc (2.5%) to yield the product 241 in 9%.

°

°

1H

NMR (CDCl3 , δ) 1.36 (s, 9H), 2.30 (s, 3H), 5.60 (t, J = 3.51 Hz, 1H),
5.68 (m, 1H), 5.99 (m, 1H), 6.05 (t, J = 3.06 Hz, 1H), 6.71 (s br, 1H), 6.98
(d J = 7.99 Hz, 2H), 7.05 (d J = 7.99 Hz, 2H), 7.19 (m, 2H), 7.25 (m, 1H),
7.64 (dt, J = 7.55, 1.8 Hz, 2H), 7.75 (m, 2H), 8.45 (m, 2H), 8.98 (s br, 1H).
13 C{1 H}

NMR (CDCl3 , δ) 21.1, 27.6, 28.3, 43.5, 83.7, 106.9, 107.7, 114.4,
121.7, 121.8, 122.0, 122.3, 122.33, 128.6, 128.9, 133.3, 134.0, 136.0, 136.7,
136.8, 139.4, 147.5, 147.54, 149.4, 162.8, 162.9.
ESI MS (m/z M+Na+ : Calcd for C32 H32 NaN4 O3 543.2367, found 543.2361.
IR (cm−1 ): 3587s, 1678s, 1564s, 1050s.

(5-(p-Tolyl)dipyrrin-hydroxy-methyldipyridine (242)
A dried solid of compound 243 (10 mg, 0.0233 mmol, 1 equiv.) was dissolved
in freshly distilled DCM (5 mL) to produce a dark brown solution. DDQ (5
mg, 0.025 mmol, 1.2 equiv.) was added and the now even darker solution
was stirred at RT for 1.5 h at RT, under N2 . Following this, DIPEA (40 µL,
0.101 mmol, 10 equiv.) was added and the dark solution turned red in colour
upon addition but faded within a few minutes of stirring. This solution was
stirred for 20 minutes and BF3 ·OEt2 (50 µL, 0.407 mmol, 20 equiv.) was
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added and fuming was observed in the flask. The dark brown solution was
left to stir for 2 h at RT, and some fluorescence was observed in the crude
reaction mixture. The solution was then quenched with an aqueous solution
of NaHCO3 and extracted with DCM. The organic layer was washed several
times with water and brine, dried over Na2 SO4 to afford a dark green crude
residue. This was purified using silica gel column chromatography and the
product 242 isolated in 30% yield.
1H

NMR (CDCl3 , δ) 2.42 (2, 3H), 6.22 (dd, J = 3.93, 1.93 Hz, 1H), 6.39
(d, J = 3.93, 1H), 6.51 (d, J = 4.4 Hz, 1H), 6.72 (d, J = 4.4 Hz, 1H), 6.99
(s br, OH), 7.14 (m, 1H), 7.21 (d, J = 8.0 Hz 2H), 7.24 (m, 2H), 7.35 (d, J
= 8.0 Hz, 2H), 7.73 (m, 2H), 7.95 (d, J = 8.2 Hz, 2H), 8.60 (m, 2H), 12.47
(s br, NH).
13 C{1 H}

NMR (CDCl3 , δ) 21.4, 113.1, 121.2, 122.6, 122.6, 122.7, 122.7,
123.9, 128.4, 128.4, 129.4, 129.6, 130.9, 130.9, 132.6, 133.4, 134.4, 136.0,
136.6, 136.6, 138.9, 141.8, 144.9, 147.8, 147.8, 161.7, 169.3.
ESI MS (m/z M+H+ ): Calcd for C37 H41 N4 O5 419.1866, found 419.1861.

(5-((N -Boc-pyrrol-2-yl)(p-tolyl)(hydroxy-methyl)-10-H pyrrole)hydroxymethyldipyridine (243)
A dried red solid of 241 (45 mg, 0.0865 mmol) was dissolved in freshly distilled DCM (50 mL) to give a dark vermillion coloured solution. DDQ (20
mg, 0.0900 mmol) was added and the vermillion solution turned a darker
blood red colour. This was stirred for 1.5 h at RT under N2 . The solvents
were removed in vacuo and the residue dissolved in a minimal amount of
DCM. The crude was purified using silica gel column chromatography to
produce the meso-OH dipyrromethane, 243 in 22% yield.
1H

NMR (CDCl3 , δ) 1.36 (s, 9H), 2.31 (s, 3H), 5.46 (t, J = 3.02 Hz, 1H),
5.52 (dd, J = 3.39, 1.99 Hz, 1H), 5.97 (m, 2H), 6.33 (s, meso-OH), 6.73 (s,
OH), 7.05 (d, J = 8.14 Hz, 2H), 7.12 - 7.19 (m, 5H), 7.64 (m, 2H), 7.80 (m,
2H), 8.47 (m, 2H), 9.49 (s, NH).
13 C{1 H}

NMR (CDCl3 , δ) 21.4, 27.7, 106.7, 107.5, 109.7, 117.3, 121.9,
122.4, 122.5, 123.4, 126.8, 126.8, 128.5, 128.3, 128.3, 133.2, 134.2, 135.6,
136.7, 136.9, 139.9, 142.4, 147.4, 147.8, 148.3, 150.8, 162.9, 163.1, 207.1.
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ESI MS (m/z M+Na+ : Calcd for C32 H32 NaN4 O4 599.2321, found 599.2313.

2-Di-N -Boc-6-bromopyridine (252)
Compound 249 (50 mg, 0.291 mmol) was dissolved in dry DCM (9 mL). A
catalytic amount of DMAP (1 mol%) was added along with NEt3 (1 mL,
excess) followed by Boc2 O (1.5 mL, excess). The colourless solution turned
yellow overtime. This was left stirring for 12 h at RT. The solution was then
quenched with aqueous NH4 Cl and and extracted with DCM. The organic
layer was washed several times and dried over Na2 SO4 . The yellow crude
was purified using silica gel column chromatography using DCM as an eluent. A white crystalline solid of 252 was isolated upon removal of solvent
in 60% yield.
1H

NMR (CDCl3 , δ) 1.46 (s, 18H), 7.26 (d, J = 7.77 Hz, 1H), 7.38 (d, J
= 7.77 Hz, 1H), 7.58 (t, J = 7.43 Hz, 1H.
13 C{1 H}

NMR (CDCl3 , δ) 27.8, 28.0, 77.36, 120.0, 126.3, 139.8, 150.8,

152.2.
ESI MS (m/z M+Na+ : Calcd for C15 H21 NaN2 O4 395.0577, found 395.0577.
IR (cm−1 ): 2978s, 1671s, 1226s.
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Chapter Three : Ligand synthesis for Ligands V
and VI

3.1

Ligand V

Ligand V is a tripodal, dianionic mixed donor ligand which contains both
nitrogen and oxygen donors. It is comprised of a dipyridyl scaffold with a
hydroxyphenyl imidazole moiety (Figure 3.1).
3.1.1

Introduction to hydroxyphenyl imidazole ligands

Bisimidazole ligands containing two imidazole moieties, which are somewhat
structurally analogous to the dypyrromethanes, have been used as ligands
for potential catalysts of organic syntheses.257,258 Similarly, strongly σ donating bishydroxy phenyl and hydroxy phenyl moieties have proven to be
even more versatile as ligands and have been reported in metal coordination as parts of extended networks259 or as stand alone ligands .260,261 The
combination of the two groups have produced ligands containing a mixed
donor ligand system for favourable metal coordination with some interesting
luminescent and electronic properties.106,262–266 As mentioned before, phenolates, while being a strong σ donors are also moderate π donors, while the
phenyl-C donor is a π acceptor. This lends itself to the overall stability of
the ligand, and results in the ability to stabilise high oxidation state metal
centers. This stable ligand system allows the metal center to undergo reduction reactions via a phenomenon known as proton-coupled electron transfer, wherein, the charge is accepted and retained by the ligand (PECT).262
On a similar basis, 2-(2-hydroxyphenyl) imidazole groups have been used
in creating proton-transfer laser systems264 and as chemo sensors266 using
the principle of excited-state intramolecular-proton-transfer (ESIPT).264,266
These ligands have also been used in the development of PHOLEDs and
OLEDS with Be2+ (Chapter One, Figure 1.27, Figure 3.2).106,202,203
Since there are already reported beryllium complexes of the type of BeL2 ,
with hydroxyphenyl imidazole type ligands (Figure 3.2), the incorporation
of an additional two N -donor ligands in the form of a bipyridyl scaffold
(Figure 3.1) should increase the favourable interactions with Be2+ . This
should provide a ligand with the ability to tetracoordinate and provide a
chelating structure, giving rise to compounds of the type [BeL], which in
turn would increase binding strength and selectivity for Be2+ .
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Figure 3.1: Ligand V

Figure 3.2: BeL2 complexes with hydroxyphenyl imidazole type ligands.
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Figure 3.3: 2-(2-hydroxyphenyl)-1H -imidazole, (300).
The hydroxypheyl imidazole moiety group used in this project is the
2-(2-hydroxyphenyl)-1H -imidazole, (300) (Figure 3.4).
3.1.2

Synthesis of ligand V

The primary strategy for the synthesis of ligand V involved the synthesis of
the hydroxyphenyl imidazole moiety followed by its coupling to a dipyridyl
scaffold unit. Therefore, attempts were made to first synthesise the hydroxyphenyl imidazole group.
Although there are multiple synthetic strategies for the preparation of
hydroxyphenyl imidazoles,267–270 the more direct route included the synthesis of 2-(2-hydroxyphenyl)-1H imidazoline, (301)271 followed by the dehydrogenation of the imidazoline ring to produce the imidazole 300.257 The
imidazoline 301 was synthesised via the reaction of methyl salicylate with
ethylene-1,2-diamine (Scheme 3.1). The mixing of the two reagents lead to
an exothermic reaction and the solution was observed to heat up, accompanied by the solidification of the solution resulting in a waxy solid. This was
broken up and heated under reflux with vigorous stirring overnight. The excess ethylene diamine was removed via distillation and the resulting sticky
yellow residue was purified via recrystallisation using ethanol and an excess
of water to give an off white to pale yellow solid in high yield.257
The most frequently adopted method for transformation of imidazolines
into imidazoles consists of the oxidation of imidazolines. Hence, following
the synthesis of 301, oxidation of the imidazoline ring was attempted. Parik
et al. have investigated multiple methods for this oxidation including, dehydrogenation on palladium (Pd/C), oxidation using activated manganese
dioxide and oxidation using Fermys salt. These three methods were found
to be the most effective among several others which included gas phase dehydrogenation in the presence of noble metals at a temperature of ca. 300
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Scheme 3.1: Synthesis of imidazoline 301.

°C, oxidation using trichloroisocyanuric acid and other harsh conditions in-

volving various metal catalysts employing various conditions.257 However,
for our purpose, the dehydrogenation method using Pd/C was chosen. A
solution of the imidazoline 301 in toluene was heated under reflux overnight
with a 5% loading of Pd/C. The reaction was monitored by TLC. After 5
h of stirring under reflux, an additional spot was noted in addition to the
starting material (Rf = 0.4, in toluene/MeOH) and attributed the formation
of product (Rf = 0.83, in toluene/MeOH). However, after 46 h of refluxing,
the presence of a substantial amount of starting material with only small
quantities of product was noticed. Therefore, the solution was left to continue heating under reflux and continued monitoring by TLC. There was no
change observed after 72 h and and it was left to stir for 94 h, at which point,
the solution was removed and the small amount of product 300 formed was
purified using silica gel column chromatography, failing recrystallisation in
toluene and n-hexane as reported in literature.257
This procedure was repeated with the solvent diphenyl ether instead of
toluene. Diphenyl ether has a comparably higher boiling point (258 C
cf 110.6) than toluene and it was hypothesised that a higher temperature
might aid in optimising the amount of product formed. The solution was
heated under reflux at 270 C overnight. However, upon monitoring with
TLC, some starting materials were still present. Therefore, another portion
of Pd/C was added and the temperature increased to 350 C and stirred
overnight. The black solution was then filtered through celite and the crude
product purified using column chromatography to yield the product 300
(Scheme 3.2) in 20% yield.

°

°

°

Stoessel and co-workers reported the synthesis of the compound bis(6methyl-pyridin-2-yl)-(2-pyridin-2-yl-3-H -imidazol-4-yl) hydroxymethane, (302),
which bear a striking resemblance to ligand V, (303), (Figure 3.4).272
The synthesis of 302 was achieved using the coupling of a chloromethyl
methyl ether (MOM-Cl) protected pyridinyl-imidazole moiety 302a with
(bis-6-methyl)-dipyridyl ketone using n-BuLi (Scheme 3.3).272 Therefore, a
similar approach was applied to the synthesis of 303 and attempts were
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Scheme 3.2: Synthesis of imidazole 300.

Figure 3.4: Comparison of compound 302 and ligand V (303).

Scheme 3.3: Synthesis of 302.272
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made to protect the imidazole 300 using MOM-Cl, (304). This protecting group is classically used for the protection of OH groups, and so, it
was speculated that both the NH of the imidazoline and the OH of the hydroxypphenyl components can be protected with the single protecting group.
Furthermore, this protecting group is relatively unhindered with the absence
of bulky groups (cf Boc) which might potentially hinder further reactions
at the imidazole carbon, adjacent to the protected NH group.

Scheme 3.4: Synthesis of 304.273
Due to the shipping restrictions imposed by the carcinogenic nature of
304, the protecting group was synthesised as a 2.1 M (18% w/w) solution
in toluene (Scheme 3.4).273 This solution was used in three fold excess in
a reaction with 300. The imidazole was dissolved in toluene and deprotonated with an aqueous solution of sodium hydroxide (NaOH). MOM-Cl
304 was added with tetrabutylammonium bromide (TBAB) and left to stir
overnight (Scheme 3.5). After 16 h, the aqueous layer was washed and extracted with more toluene. The combined organic layers were washed and
dried and solvents removed under reduced pressure and a white flaky solid
was dried in vacuo for several hours. Two different spots were observed
in TLC and so the crude was subjected to column chromatography using
DCM (washed with NH4 OH) and EtOAc (20%). The major fraction isolated was analysed using 1 H NMR spectroscopy and it indicated that only
one of the sites was protected. Two signals were observed at 5.38 and 3.38
ppm with integrals of 2H and 3H, respectively, along with a broad singlet
at 11.79 ppm, indicating that only one site was protected. Further investigation using 2D-correlation NMR spectroscopy (13 C-1 H COSY), revealed
that the OH group of the hydroxyphenyl moiety was still present. The resulting product 2-((2-hydroxyphenyl)-1-methoxymethyl)-imidazole 305 was
isolated.
The reaction conditions for the protection of the hydoxyl groups with
304 were repeated again with the compound 305. However, there was no
change to the starting material and 305 was recovered. Failing this, the
reaction was repeated but with the stronger base sodium hydride (NaH)
instead of NaOH. The beige solid of 300 was dried in vacuo and dissolved
in dry THF and added slowly to a suspension of NaH at 0 C. Following
stirring for 1 h, an excess of MOM-Cl was added to the solution dropwise
and stirred for 3 h at 0 C. The crude product indicated the presence of
multiple products on TLC and an insoluble brown sticky solid was observed

°

°
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Scheme 3.5: Synthesis of 305.
in the reaction flask. The crude product was purified using silica gel column chromatography. However, according to 1 H NMR spectroscopy, no
discernible products were obtained from the fractions isolated. The reaction
was repeated on a larger scale. The addition of the imidazole to the NaH
suspension led to the formation of the same insoluble sticky solid, which
hindered the stirring. This solid was observed to disappear with the addition of MOM-Cl. The resultant yellow solution obtained after the workup
formed a precipitate. This was filtered and analysed by 1 H NMR. The spectra showed the presence of a set of signals which would indicate the presence
of three molecules of MOM ether protecting groups (Figure 3.5). Two upfield signals were observed at 2.39 and 2.30 ppm, integrating for 3H and 6H,
respectively while another two signals further downfield at 4.77 and 4.71
ppm, integrated for 2H and 4H, respectively. This would indicate that two
of the MOM-groups are chemically equivalent. However, the integrals for
the signals in the phenyl and imidazole region in the 1 H NMR spectra were
somewhat inconsistent with the number of protons integrated. The only
possible reasoning for this would be the protection of the second nitrogen
on the imidazole ring. This would also agree with the low solubility of the
compound as it would result in a positively charged compound due to the
presence of a quaternary nitrogen. It was speculated that the compound
2-(2-(methoxy-methyl)phenyl)-1,3-(methoxy-methyl imidazole) (306) (Figure 3.5) was being formed in the presence of strong base NaH, and an excess
of MOM-Cl, 304. The compound 306 had little to no solubility in MeOH,
acetone, MeCN and water and partial solubility in DMSO. No other discernible products were isolated from this reaction after column chromatography. The reactivity of compound 306 was not investigated any further
due to its low solubility.
The reaction with 304 with stronger base NaH was repeated multiple
times with both the mono-protected compound 305 and compound 300.
The reactions were performed on different scales and temperatures with
varying amounts of 304 and NaH in either THF or toluene. A variation
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Figure 3.5: The downfield segment of1 H NMR spectrum of the precipitate
306 in DMSO-d6 at 400 MHz.
of reaction times were also tested, varying from 2 h, overnight, 48 h to a
week. While there may have been ambiguous traces of products observed in
the 1 H NMR spectra, the desired compound 2-(2-(methoxy-methyl)phenyl1-(methoxy-methyl)imidazole, (307), could not be isolated following silica
gel or alumina column chromatography. Another attempt conducted in THF
with 300 (Scheme 3.6) resulted in an oily orange precipitate with an immiscible layer of remanent mineral oil, resulting from the NaH (NaH in 60%
mineral oil). n-Hexane was added in order to solubilise the oil and a cloudy
solution resulted. This in turn had caused the formation of crystals, and
the orange coloured crystals were analysed by single crystal X-ray diffraction at Massey University. In contrast to the N -protected compound 305,
the sample of crystals isolated were identified as the O-protected compound,
2-(2-(methoxy-methyl)phenyl-1-H -imidazole, (308) (Figure 3.6). The crystal structure of 308 displayed hydrogen binding between the N(1)H of one
molecule with the N(2) (N-H· · · N(2) 2.034 Å) of the adjacent molecule.
There was also hydrogen bonding present between the N(1)–H and O1 (NH· · · O(1) 2.323 Å) within the same molecule (Figure 3.6, (b)). The angle of twist, φ of the phenyl ring with respect to the imidazole about the
C(6)–C(7) bond was 12.0 . This planarity can be attributed to the strong
intramolecular hydrogen bond between the N(1)H and O1 (N-H···O(1) 2.323
Å) atoms.274 The unit cell contained four molecules of 308, with each
molecule arranged in a near perpendicular plane (81.21 ) to each other (Figure 3.6, (c)).

°
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It was also speculated that the strong intramolecular hydrogen bonding
present in the compound between O-H· · · N-H may be contributing to hinder
further reaction of the OH group of with MOM-Cl. Therefore, heat was
introduced and the solution of 305 in THF with NaH and 304 was heated
under reflux for 3 h. However, ESI-MS analysis indicated that no product
or starting materials remained in the crude solution. In another instance,
n-BuLi was used as the base, instead of NaOH or NaH with the compounds
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Figure 3.6: X-ray crystal structure of
2-(2-(methoxy-methyl)phenyl-1-H -imidazole, 308, with 50% probability
ellipsoids (a). Packing of (2-(2-(methoxy-methyl)phenyl-1-H -imidazole in
the P-1 space group (b) and extended contacts viewed along the b axis (c).

Scheme 3.6: Synthesis of 308.
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305 and 304. This solution was stirred overnight. No products were isolated
and the starting material 305 was recovered. The same reaction was also
attempted with another protecting group, diethylcarbamoyl chloride, with
305 and NaH. But this was also not fruitful.
Failing to protect both sites, a coupling reaction via nucleophilic substitution of carbanions, with the mono-N -protected compound 305 and the
ketone 209 was attempted. The exposed OH group on the phenyl ring
was overcome with the addition of two equivalents of the lithiating agent
n-BuLi. It was speculated that one equivalent of the strong base would
react first with the more acidic OH site to potentially produce a reasonably
stable Li· · · O–Ph– moiety,275 thereby acting as a protecting group while
the second equivalent acts on the more nucleophilic site, α to the protected
imidazoline nitrogen, forming a reactive carbanion as a result. This in turn
will react with 209, leading to the coupled species, 2-(5-(hydroxydi(pyridin2-yl)methyl)-1-(methoxymethyl)-1-imidazol-2-yl)phenol, (309). The compound 305 was dried in vacuo for several hours and dissolved in dry THF.
n-BuLi was added to a this at -78 C and left to stir for an hour and the
solution of ketone 209 in dry THF was added to this, dropwise. The solution was quenched with acetic acid after 2 h and stirred for another hour
(Scheme 3.7). However, this procedure was not successful. 1 H NMR analysis indicated the presence of unreacted starting materials and the oxidation
product of 209, dipyridyl hydroxide, as a side product.

°

Scheme 3.7: Attempted synthesis of 309.
Alkyation of the hydroxy moiety as a protecting group was also investigated. The compound 305 was reacted with methyl iodide (MeI) in EtOH.
The reaction was heated under reflux for 26 h and monitored by TLC.257
However, the desired product, 2-((2-methoxyphenyl)-1-methoxymethyl)-imidazole,
(310), could not be identified in the crude product mixture. 1 H NMR analysis indicated that signals corresponding to the MOM-protecting groups were
absent. This could have been due to degradation of the reactant 305 un122

der harsh reflux conditions. Failing protection of 305, attention was turned
towards the unprotected imidazoline, 301.

Scheme 3.8: Synthesis of 311.
It has been reported that, the most reliable synthesis of 2-alkoxy-imidazoles
is via the alkylation of the corresponding imidazoline, followed by dehydrogenation to the imidazole.257 Therefore, the alkylation procedure was
repeated with the imidazoline 301.257 TLC monitoring of the reaction mixture after 24 h indicated the presence of starting compound 301 and so,
another portion of MeI was added and the solution was refluxed for another consecutive 24 h. The solvent EtOH was removed in vacuo and the
crude product extracted with CHCl3 and washed with an aqueous solution
of NaOH. The crude product was purified by recrystallisation in n-heptane
to yield the product 2-(2-methoxyphenyl)-1H -imidazoline, (311), in 40%
yield (Scheme 3.8). A single crystal suitable for X-ray crystallography was
grown from the slow cooling of a pure sample of 311 in hot n-heptane. The
crystal structure of 311 displayed both inter- and intra-molecular hydrogen bonding (Figure 3.7). The hydrogen atom of the protonated nitrogen
(N(1)–H) on the imidazoline ring was found to form an intramolecular hydrogen bond to the O(1) of the methoxy group (O(1)···H-N(1) 2.282 Å) as
well as an intermolecular hydrogen bonding interaction with the N(2) of an
adjacent imidazole ring (N(1)–H···N(2) 2.344 Å) (Figure 3.7, (b-d)). The
angle of twist, φ, of the imidazoline ring with respect the methoxyphenyl
ring about the C(5)–C(8) bond was 29.9 . The deviation from planarity was
more pronounced in this case in comparison to the deviation exhibited by
the imidazole 308 (12.0 ) (Figure 3.6). This could be attributed to the increased flexibility of the unsaturated imidazoline moiety, in contrast to the
rigid, saturated ring system present in the imidazole 308. This was further
demonstrated in the structure of 311, as the imidazoline ring exhibited deviation out of plane within the ring by 21.3 . The unit cell contained four
molecules of 311 with the molecules stacked on top of each other in the
same orientation with intermolecular hydrogen bonding (N(1)–H· · · N(2))
between them (Figure 3.7, (c-d)).

°
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Figure 3.7: X-ray crystal structure of
2-(2-methoxyphenyl)-1H -imidazoline, 311, with 50% probability ellipsoids
(a). Unit cell of 311 in the P21/n space group (b). Packing of 311
exhibiting inter- and intramolecular hydrogen bonding (c,d).
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Following successful isolation of 311, the dehydrogenation of the imidazoline was conducted using with Pd/C as in the procedure depicted in
Scheme 3.2 to produce the compound, 2-(2-methoxyphenyl)-1H -imidazole,
(312) (Scheme 3.9).257 The isolated compound 312 was then subjected to
reaction with 304 in order to protect the NH group on the imidazole moiety. Just as in the previous attempts of MOM-protecting compounds 300
and 305, a variation of methods were tested, with solvents THF or toluene,
with or without the presence of TBAB and with base NaOH or NaH. In
the case when NaH/THF was used with 304 (Scheme 3.9), very low quantities of product was identified using 1 H NMR and ESI-MS (m/z, M+H+ :
219.1134 for C12 H15 N2 O2 ). However, the product, 2-(2-methoxyphenyl)-1methoxymethyl-imidazole, (313), could not be isolated or purified for further reaction despite multiple attempts using column chromatography. The
starting material 312 was mostly returned unreacted. The same reaction
was repeated on the imidazoline compound 311. Again, traces of MOMprotected product, 2-(2-methoxyphenyl)-1-methoxymethyl-imidazoline, (314)
was observed in the ESI-MS spectrum (m/z, M+H+ : 221.1291 for C12 H17 N2 O2 ),
but was not purified in this case, due to the very low yield. The MOMprotection of 311 was not repeated or investigated further.

Scheme 3.9: Synthesis of 312 and subsequent MOM-protection to form
compound 313.
Failing the protection of the NH group, another coupling reaction via nucleophilic substitution of carbanions was attempted with the imidazole 312,
akin to the reaction depicted in Scheme 3.7. While the previous coupling
reaction was attempted with the N -MOM-protected, OH-unprotected compound 305, this trial was conducted with the O-protected, NH-unprotected
imidazole, in the presence of the ketone 209 (Scheme 3.10). The reaction
was carried out in dry THF with 2 equivalents of n-BuLi at -78 C. Several promising colour changes were observed in solution from a pale yellow
to orange with the addition of base, and to dark red on addition of the
ketone. The product, (2-(2-methoxyphenyl)-1H -imidazol-5-yl)di(pyridin-2yl)methanol, (315), was observed in trace quantities in the ESI-MS of the
crude product (m/z, M+H+ : 359.1504 for C21 H19 N4 O2 ). The 1 H NMR
spectrum of the crude showed a mixture of products and prominent signals
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for the starting ketone 209. Attempts were made to purify the crude product
using silica gel column chromatography. However, despite many efforts, the
desired product 315 could not be isolated and a mixture of starting materials were observed in the 1 H NMR spectra of separated fractions. Attempts
to elucidate the presence of the desired product in the different fractions
using 2D NMR was also not successful. Similarly to the earlier attempt
Scheme 3.7, the oxidation product of 209, dipyridyl methyl hydroxide was
again isolated as a side product.

Scheme 3.10: Synthesis of coupled product 315.
Other protecting groups such as diethylcarbomoyl chloride and Boc anhydride were then considered for the protection of the NH moiety of the
imidazole ring. Due to the previous successes with the Boc protecting group
with the ligand IV (Chapter Two), it was investigated first in preference
to diethylcarbomoyl chloride. The imidazole 312 was deprotonated with
NEt3 and reacted with Boc anhydride in the presence of DMAP. The solution was left to stir overnight under N2 (Scheme 3.11). The product,
2-(2-methoxyphenyl)-1-N -Boc-imidazole, (316) was isolated as an off white
solid in high yield (≈ 80%).

Scheme 3.11: Synthesis of coupled product 316.
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With the compound 316 in hand, a similar coupling reaction to that
depicted in Scheme 3.10 was carried out again. It was speculated that
having both of the NH and OH groups protected might be advantageous
in decreasing unwanted side reactions at those sites and result in a higher
yield of product. Also it was thought that the presence of the bulky alkyl
group present on the Boc group might aid in the separation of the product
formed from the starting materials. A solution of compound 316 in dry
THF was cooled to -78 C and three equivalents of n-BuLi added. This
was followed by the solution of ketone 209 and stirred for several hours.
The ESI-MS of the crude showed the presence of trace quantities of product (2-(2-methoxyphenyl)-1-N -Boc-imidazol-5-yl)di(pyridin-2-yl)methanol,
(317) (m/z, M+Na+ : 481.1862 for C26 H26 N4 NaO4 ). The 1 H NMR spectrum only showed the presence of the starting materials 316 and 209. Attempts to purify the product using column chromatography were unsuccessful. One of the fractions obtained from the attempted purification of 317
yielded a crop of crystals which were characterised as tert-butyl carbamate,
(317a) by single crystal X-ray crystallography. The space group P2(1)/c
of the single crystal obtained matched that of a previously reported structure of the same compound by Bursavich and Fron-Czek.276 This compound
could have formed as the result of the break down of the Boc-protected imidazole ring of the starting compound during the reaction followed by the
protonation of the amino group during the quenching of the reaction with
acetic acid. The crystal structure of this compound exhibited intermolecular
hydrogen bonding between N(1)-H···O(2) (2.120 Å) of adjacent molecules.
The unit cell contained four molecules of compound 317a (Figure 3.8).

°

Scheme 3.12: Synthesis of coupled product 317.
Failing to isolate the coupled compound due to poor yields, a halogen containing imidzole was considered. The halogen would provide a favourable
synthetic handle which can undergo lithium halogen exchange with n-BuLi,
as halides often make good leaving groups. The presence of the halide
should then promote nucleophilic substitution on the 5-position, which in
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Figure 3.8: X-ray crystal structure of tert-butyl carbamate, 317a, with
50% probability ellipsoids (left). Packing of 317a in the P2(1)/c space
group exhibiting intermolecular hydrogen bonding (right).
turn might have a favourable effect on the coupling procedure to form ligand
V. Therefore, compound 312 was dissolved in dry DMF and cooled to 0 C.
A solution of N -bromosuccinimide (NBS) was then added to this and stirred
for 48 h.277,278 The crude product was extracted with CHCl3 and purified
using neutralised silica gel column chromatography with DCM as the eluent. TLC analysis indicated the presence of multiple spots under a bromine
stain. The mono-brominated species, 5-bromo-2-(2-methoxyphenyl)-1H imidazole, (318) was isolated (m/z, M+H+ : 252.9969 for C10 H10 BrN2 O)
as well as the di-bromo species (m/z, M+H+ : 330.9075 for C10 H9 Br2 N2 O).
Crystals suitable for single crystal X-ray crystallography was grown from
the slow evaporation of a solution of 318 in DCM. The crystals of 318
was found protonated with a Br− ion and two molecules of H2 O per each
molecule. There were four molecules of protonated [H318][Br] in the unit
cell with intermolecular hydrogen bonding from both N(1)–H and N(2)–H to
adjacent H2 O molecules (N(1)–H···O 2.028 Å and N(2)–H···O 1.833 Å). The
angle of twist, φ, of the imidazoline ring with respect the methoxyphenyl
ring about the C(6)–C(7) bond was 17.9 (Figure 3.9). The deviation from
planarity is comparable to the deviation exhibited by the crystal structure
of the imidazole 308(12.0 ).
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Analogously to the coupling reactions described previously (Scheme 3.7,
Scheme 3.10, Scheme 3.12), compound 318 and ketone 209 were reacted
in the presence of n-BuLi at -78 C. However, analysis of the crude mixture by 1 H NMR spectroscopy indicated only the presence of the starting
materials (Figure 3.10) and this was also confirmed by ESI-MS. The crude
was then subjected to column chromatography in order to recover the unreacted starting material 318. A very polar fraction obtained was analysed
by 1 H NMR spectroscopy and was found to contain a side product resulting
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Scheme 3.13: Synthesis of coupled product 318.

Figure 3.9: X-ray crystal structure of protonated
5-bromo-2-(2-methoxyphenyl)-1H -imidazole [318][Br] (right) and the
molecular packing of 318 in the P21/n unit cell showing intermolecular
hydrogen bonding with adjacent H2 O molecules (right).
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Figure 3.10: Comparison of the downfield region (9-7 ppm) of the 1 H NMR
spectra of reactants 209, 318 and the coupling attempt with n-BuLi.

Figure 3.11: Diimidazole compound 319.
from the attempted coupling reaction. On further investigation by 1 H NMR
spectroscopy, a dimerised product containing one molecule of 318 and the
unbrominated imidazole 312 was identified (Figure 3.11). The compound
5-bromo-2,2’-bis(2-methoxyphenyl)-1H,3’H -4,4’-biimidazole, (319) was also
confirmed by ESI-MS (m/z,M+H+ : 425.0602 for C20 H18 BrN4 O2 ). This
compound was not reacted or characterised any further.
Following the unsuccessful coupling attempt, protection of the NH site
on the imidazole ring was considered on compound 318. Similarly to the
reaction depicted in Scheme 3.11, Boc anhydride was used in conjunction
with NEt3 and DMAP in dry DCM and the compound, 5-bromo-2-(2methoxyphenyl)-1-Boc-imidazole, (320), was isolated following purification
using column chromatography. However, attempts to couple the ketone
209 with compound 320 were unsuccessful and just returned the unreacted
starting materials, yet again (Scheme 3.14). The reaction was repeated again
but with an excess of the halo-imidizaole 320 (2 eq.) to the ketone 209 (1
eq.) with a large excess of n-BuLi (6 eq.). A trace amount of product
was observed in the ESI-MS (m/z, M+Na+ : 481.1848 for C26 H26 N4 NaO4 ).
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However, attempts at isolating this coupled product using column chromatography were not successful.

Scheme 3.14: Attempted coupling of 320 with 209.
The reason for the poor to no yields obtained from the multiple coupling
attempts may have been due to the fact that the imidazole-carbanion formed
on reaction with n-BuLi is a poor nucleophile. This could be explained by
the presence of the two aromatic ring systems, which would contribute to the
delocalisation of the charge, lowering the nucleophillicity of the carbanion
at the 5-position. Therefore, the coupling via nucleophilic substitution of
carbanions was abandoned altogether and the nucleophile was switched to
2,2’-dipyridylamine, (321). While 321 would change the backbone of the
resultant tetra-coordinated ligand V species from 303, containing the carbon
backbone to the nitrogen containing species 2-(5-(di(pyridin-2-yl)amino)1H -imidazol-2-yl)phenol, (322) (Scheme 3.15), the central amine would not
be expected to participate in coordination and thus contains no obvious
drawbacks.

Scheme 3.15: Proposed synthesis of
2-(5-(di(pyridin-2-yl)amino)-1H -imidazol-2-yl)phenol 322.
Compound 321 has been previously used for nucleophilic substitution
with aromatic bromides utilising Ullmann type condensation reactions.279–281
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The synthetic procedure reported by Kang et al. involved heating a mixture of dibromo-benzene, 321, potassium hydroxide (KOH) and copper sulfate (CuSO4 ) under reflux (200-240 C) for 4h.280 However, when the same
conditions were applied to 320 and 321, no product was observed as indicated by ESI-MS. Therefore, a modified method containing milder conditions reported by Goodbrand and colleagues was applied instead. The ligand 1,10-phenanthroline was added to the reaction mixture containing 320,
321, KOH and copper(I)iodide (CuI) and heated under reflux in toluene,
equipped with a Dean-Stark trap (Scheme 3.17).281 However, only trace
amount of Boc-deprotected product N -(2-(2-methoxyphenyl)-1H -imidazol5-yl)-N -(pyridin-2-yl)pyridin-2-amine, (324) was observed in ESI-MS (m/z,
M+Na+ : 366.1333 for C20 H17 N5 NaO) in the crude mixture. The reaction
mixture obtained from the attempted coupling was purified using column
chromatography. One fraction containing the product 324 was isolated as
indicated by ESI-MS. However, the product could not be observed or identified in 1 H NMR spectroscopy and repeated attempts at purification of the
same fraction led to the loss of any product that may have been present.

°

Scheme 3.16: N -(2-(2-methoxyphenyl)-1H -imidazol-5-yl)-N -(pyridin-2yl)pyridin-2-amine
(324).

Scheme 3.17: Proposed synthesis of
2-(5-(di(pyridin-2-yl)amino)-1H -imidazol-2-yl)phenol 322.
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The same procedure was repeated again with a longer reaction time (16
h) and at a slightly elevated temperature (180 C). The reaction mixture was
then cooled and quenched with deionised water and extracted with toluene.
This attempt resulted in a considerably better yield of product as indicated
by ESI-MS. The pale yellow crude product was purified using column chromatography. The purification resulted in ten different fractions and two of
the fractions were identified to contain the desired product 324 by ESI-MS.
Again, the product could not be identified in the 1 H NMR spectra due to the
presence of overlapping signals from the starting materials. The combined
fractions containing the product were purified again by running through a
silica gel column, however, the starting compound 321 and the product 324
seemed to have the same polarity, which made the separation difficult and a
pure sample of product 324 could not be isolated. To overcome this, it was
speculated that using an excess of the halo imidazole 320 (2 eq.) compared
to the amine 321 (1 eq.) would lead to higher yields of product with subsequent low amounts of starting amine remaining unreacted. However, in
multiple trials conducted, this led to a similar amount, or in other cases, less
products being formed and had no advantageous effect on the purification
attempts to isolate 324.

°

While bromide (Br− ) is a relatively good leaving group, iodide is a better option as the usual trend in halide leaving groups consists of I− <Br−
<Cl− . Therefore an attempt was made to iodinate the imidazole 320 with
a combination of magnesium and iodine. A solution of 320 in THF and
the magnesium-iodine mixture with additional iodine was heated overnight
in refluxing THF. However, the iodinated product could not be detected in
the ESI-MS of the crude product. This procedure was not investigated any
further.
Failing isolation of 324, an attempt was made to demethylate the methoxy
group present in the reaction mixture. It was assumed that the starting
materials and other components present in the impure sample would not
interfere with the demethylation reaction. The sample mixture containing
324 was dried in vacuo and dissolved in dry DCM. The solution was cooled
to 0 C and an excess of boron tribromide (BBr3 ) was added slowly dropwise (Scheme 3.18). This was left to stir at this temperature for 5 h. The
light brown solution had turned an opaque yellow colour. The reaction mixture was quenched with MeOH and extracted with DCM. The organic layer
was washed several times with water and dried. However, this reaction was
found to be unsuccessful and no product was observed on either positive
or negative ESI-MS. Interestingly, the starting material 324 was also not
observed in the ESI-MS, indicating the depredation of the staring material.
The reason for this failure could be a number of factors including the presence of other compounds in the reaction mixture, degradation of the staring
material under the harsh reactivity of an excess of BBr3 . Longer reaction
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times with a decreased amount of BBr3 would have also been favourable.
Unfortunately, this procedure was not repeated again.

Scheme 3.18: Attempted demethylation of 324 to give the final N-modified
ligand VI, 322.

3.1.3

Summary of synthesis of ligand V

In the preceding section of this chapter, the various steps taken to attempt
the synthesis of ligand V (Figure 3.1) were described. While the many
attempts to couple the methoxyphenyl-imidazole to the ketone scaffold 209
were not successful, the coupled product with the analagous dipyridyl amine
324 was obtained. However, the purification and isolation of this compound
was not achieved, despite many attempts. The final compound obtained,
324 differs only by the presence of a methoxy group on the phenyl moiety.
The attempt made to demethylate this to produce the final N -modified
product 322 also did not come into fruition.

3.2

Ligand VI

Ligand VI is another example of a dipyrrin containing ligand analogous to
the ligand IV discussed in Chapter Two. However with the addition of
two pendant 2-hydroxyphenyl groups at the α-pyrrole positions, this ligand
provides a mixed donor system for coordination of metals and is referred to
as a N2 O2 -type dipyrrin ligand (Figure 3.12).
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Figure 3.12: Ligand VI.
3.2.1

Introduction to N2 O2 -dipyrrin type ligands

To date, only a few complexes of N2 O2 -type dipyrrins have been described.
Bloom reported the nickel, cobalt and zinc complexes of an N2 O2 -type
dipyrrin containing various substitutions on the pyrrole rings.282 Following
that, the first description of a highly fluorescent boron complex, a N2 O2 -type
BODIPY, was reported by Burgess in 1999.283 Since then, the chelating ability of the N2 O2 -type dipyrrin ligands have been investigated with a variety of
metals with varying oxidation states and coordination requirements. Complexes of this ligand containing Al,284 Mn,285 Si,286 Ti, Ge, Zr, Sn,287 Zn,288
Co, Ni,289 and other metals have been reported. The complexes formed
with boron and aluminium are shown in Figure 3.13. Boron and aluminium
are of interest in this investigation as they are used as safe analogues for
beryllium.
Complexes of this ligands have been reported to undergo a variety of interesting chemistry including ligand centered redox activity,289 fluorescence
emission283,288 catalytic activity,287 and have even been used as components
in various fuel cell constructions.290 The ligand offers a broad range of coordination from metals with a small radii (B) to larger metals including Sn and
Pt.291 So far, this ligand has not been tested for its coordination ability with
beryllium. However, the presence of four hard, mixed donor groups which
have the ability to form six membered rings once coordinated to beryllium,
suggests that it is a worthy candidate that warrants further investigation.
Therefore, the N2 O2 -type dipyrrin ligand was also chosen as an additional
ligand candidate for investigation of the selective chelation of beryllium.
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Figure 3.13: Boron and aluminium complexes reported with N2 O2 -type
dipyrrin ligands.283,284
3.2.2

Synthesis of ligand VI

The majority of literature preparation for the N2 O2 -type dipyrrin ligands included the acid catalysed condensation of 2-(2-methoxyphenyl)pyrrole with
an aryl aldehyde or acyl chloride in the presence of TFA to produce the corresponding dipyrromethane followed by demethylation and oxidation to the
dipyrrin (Scheme 3.19).283,288,292,293 The preceding step to form the 2-(2methoxyphenyl)pyrrole includes a multi step palladium catalysed reaction
of a N -protected pyrrole with chloroanisole (Scheme 3.19). This procedure
also requires coupling specific phosphine ligands such as JohnPhos (2-(Ditert-butylphosphino)biphenyl).292,293

Scheme 3.19: Reported synthesis of N2 O2 -type dipyrrin ligands. (a) Nah
(4 eq.), THF, ZnCl2 , Pd(OAc)2 , JohnPhos, 2-chloroanisole,65 C, 24h; (b)
TFA, DCM, RT, DDQ; (c) BBr3 , DCM.292
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Alnoman et al. investigated several other methods for the synthesis of
these types of ligands starting from N -Boc-2-bromopyrrole, (211). This was
then reacted in a Suzuki coupling reaction with (2-hydroxyphenyl)boronic
acid. However, this resulted in low yields and required high temperatures
(>80 C). Lowering the temperature (65 C) led to the formation of a
side product, 5H -benzo[e]pyrrolo[1,2-c][1,3]oxazin-5-one, resulting from an
in situ intramolecular carbamate formation. This was then hydrolysed in
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basic conditions to give the product, 2-(1H -pyrrol-2-yl)phenol, which was
subsequently condensed with triethyl orthoformate or orthoacetate under
acidic conditions. The ligand was then reacted with BF3 ·Et2 O to form the
N2 O2 -type BODIPY (Scheme 3.20).293

Scheme 3.20: Reported synthesis of N2 O2 -type dipyrrin ligands.
(a)[Pd(PPh3 )4 ] 5 mol%, K2CO3, toluene/EtOH/H2 O, 65 C, 16 h; (b)
NaOH, EtOH, RT, 1 h; (c) i) HC(OEt)3 or CH3 C(OEt)3 , TFA, DCM, RT;
ii) BF3 ·Et2 O, NEt3 , RT, DCM, 2h.293

°

Due to the unavailability of the necessary reagents, alternative methods were sought for the synthesis of the N2 O2 -type dipyrrin ligands. Since
the BODIPY moiety is relatively easily obtained and have been successfully
synthesised previously, this was chosen as a starting point. A procedure
to obtain the free base ligand by the removal of he boron metal by treatment with HCl was reported by Song et al.288 The dipyrromethane 215 was
synthesised according to the procedure shown in Scheme 2.13 using acid
catalysed condensation of pyrrole and p-tolyl benzaldehyde. This was then
brominated and oxidised in a one pot reaction using two equivalents of NBS
followed by DDQ in THF to give, 5-(2,10-dibromo)-p-tolyl-dipyrrin, (400).
Following the purification of of 400 via column chromatography, the compound was then subjected to deprotonation with DIPEA and reacted with
BF3 ·Et2 O in order to produce the 5-(2,10-dibromo)-p-tolyl-BODIPY, (401)
(Scheme 3.21).293 Direct synthesis of the BODIPY 401 in a one pot reaction
from 215, without the isolation of the intermediate dipyrrin 400 was found
to give more favourable results and led to higher yields of 401.294
Single crystals suitable for X-ray crystallography was grown from the slow
evaporation of a solution of 401 in DCM and n-hexane. The asymmetric
unit of the crystal analysed by X-ray crystallography indicated the presence
of two molecules of 401 and the unit cell contained four molecules of 401.
The angle of twist, φ of the p-tolyl ring with respect to the dipyrrin moiety
about the C(5)–C(10) bonds were 47.34 and 40.84 in the two molecules
present in the asymmetric unit (Figure 3.14).
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With the di-bromo substituted BODIPY 401 in hand, the following
synthetic strategy included the introduction of two ortho-phenolic groups
through a Suzuki coupling reaction using 2-methoxyphenylboronic acid,
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Scheme 3.21: Synthetic route to the 5-(2,10-dibromo)-p-tolyl-dipyrrin,
400.293,294

Figure 3.14: Crystal structure of 5-(2,10-dibromo)-p-tolyl-BODIPY 401
with 30% probability ellipsoids (left). Molecular packing of 401 in the P21
space group viewed along the c-axis (right).
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(402). Attempts were made to synthesise 402 with the use of unprotected compound, 2-hydroxyphenylboronic acid, (403) and MeI. MeI was
successfully used in the protocol depicted in Scheme 3.8 to methylate the
OH group present in the phenol moiety of the hydroxyphenyl imidazoline
compound 301. Therefore the same principle was applied to the methylation of the OH group in 403. Compound 403 was treated with MeI
in the presence of potassium carbonate (K2 CO3 ) and heated overnight in
either refluxing acetone or EtOH. However, this was not successful and
only the starting material 403 was observed in the ESI-MS analysis (m/z
M+H+ : 139.0034 for C6 H7 BO3 ). The coupling reaction was attempted
with the unprotected compound 403. The BODIPY 401 and 403 was
reacted in the presence of Na2 CO3 and the catalyst palladium-tetrakistriphenylphosphine, (Pd(PPh3 )4 ), (Scheme 3.22). The product 5-(1,9-bis(2-hydroxyphenyl))-p-tolyl-BODIPY, (404) was observed in the ESI-MS
(m/z M+Na+ : 489.1534 for C28 H21 BF2 N2 NaO2 ). However, following purification using column chromatography, the yield obtained was too low
(<0.001 g) for further reactions. This procedure was repeated with 402293
(purchased from Sigma Aldrich) and the bis-methoxyphenyl analogue of
404, 5-(1,9-bis-(2-methoxyphenyl))-p-tolyl-BODIPY, (405) was obtained
following purification of the crude mixture using column chromatography.
The compound 405 was analysed by 1 H, 11 B, 19 F NMR and ESI-MS (m/z,
M+Na+ : 517.1869 for C30 H25 BF2 N2 NaO2 ). A shift in the triplet present
in the 11 B NMR spectroscopy from 0.62 ppm to 0.016 ppm was observed
along with a shift of the quartet from -146.8 ppm to -135.1 ppm in the
19 F NMR spectroscopy, in going from the hydroxy-compound 404 to the
methoxy-compound 405.

Scheme 3.22: Synthesis of 404.
The deactivation and deprotection of F -BODIPYs using boron trihalides
followed by reaction with a nucleophile was described in Chapter Two. The
addition of another equivalent of a boron trihalide interacts with and acti139

vates the boron canter for further reaction to form a more labile and reactive
BODIPY. This then reacts with the nucleophile, water, to form the reactive
dihydroxy O-BODIPY. Another additional equivalent of water at the boron
centre results in the hydrolysis of the N–B bond, liberating boric acid and
the free base ligand can be isolated.246 This principle was applied to the
BODIPY 405. BF3 ·Et2 O was added to a bright pink solution of the BODIPY 405 in dry DCM. A colour change from a bright pink to a dull purple
was observed, indicative of the boron trihalide interaction at the boron center. Three equivalents of water was then added to cleave the B–N bonds
leading to the decomplexed free ligand, 5-(1,9-bis-(methoxyphenyl))-p-tolyldipyrrin, (406). The crude product was purified using silica gel column
chromatography using EtOAc: petroleum ether (2:5) (Scheme 3.23). This
product was isolated and characterised using 1 NMR, 13 C NMR and ESI-MS
(m/z, M+H+ : 447.2051 for C30 H27 N2 O2 ).

Scheme 3.23: Decomplexation of 405 to form 406.
With the successfully decomplexed ligand 406 in hand, an attempt was
made to demethylate the two methyl-protecting groups. An excess of BBr3
(4 equiv.) was added to a cooled solution of the purple compound 406
in DCM. This was reacted for 3 h and quenched with MeOH and the
DCM evaporated. Following this, the solution was heated under reflux
with HCl in MeOH and quenched with NaHCO3 and extracted with EtOAc
(Scheme 3.24).292 The crude product was purified using silica gel column
chromatography using DCM and EtOAc as an eluent. Several different
fractions were obtained and the successfully demethylated ligand, 5-(1,9bis-(hydroxyphenyl))-p-tolyl-dipyrrin, (407) was isolated and characterised
by 1 H NMR and ESI-MS (m/z, M+H+ : 419.1743 for C28 H23 N2 O2 ). A side
product, the mono-demethylated product was also isolated and subjected to
the same conditions in order to synthesise more of compound 407.
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Scheme 3.24: Demethylation of 406 to form 407.292
3.2.3

Summary of synthesis of ligand VI

In the preceding section of this chapter, the various steps taken to attempt the synthesis of ligand VI (Figure 3.12) were described. Ligand VI
was successfully isolated (407) in a multistep synthesis starting from the
dipyrromethane 215, previously described in Chapter Two. A BF2 moiety
was used as a protecting group in order to conduct a Suzuki coupling reaction to form the BODIPY 405. The boron center was then decomplexed
followed by demethylation to successfully form the free ligand 407.
3.2.4

Experimental section for Chapter Three

2(2-Hydroxyphenyl-1-H -imidazole (300)
The white crystalline solid 2-hydroxyphenyl imdazoline (2.50 g, 0.0154 mol)
was dissolved in diphenyl ether (5 mL) with Pd/C (500 mg) and refluxed
for 48 hours. While still slightly warm, toluene was added and the solution
filtered over celite and Pd/C removed. The solvent was removed under reduced pressure and the remaining diphenyl ether was removed using column
chromatography. The product was eluted with DCM and EtOAc and solvents removed to yield a crystalline beige solid in 30%. The characterisation
data matched that of reported literature.257
1 H NMR (DMSO-d , δ) 6.91 (m, 2H), 7.13 (s, 1H), 7.22 (m, 1H), 7.35 (s,
6
1H), 7.84 (m, 1H), 12.84 (br, s, 1H), 12.98 (be, s, 1H)

141

13 C{1 H}

NMR (DMSO-d6 , δ) 113.1, 117.7, 119.2, 121.4, 123.4, 130.5,

146.6, 157.2
ESI MS [m/z M+H+ ]: Calcd for C9 H9 N2 161.0709, found 161.0707.
IR (cm−1 ): ν 3217 (NH), 1607, 1513 (C=N).

2(2-Hydroxyphenyl-1H imidazoline (301)
Mixture of methyl salicylate (0.13 mmol, 40 mg) and ethane-1,2-diamine
(0.8 mmol, 48 mg) was intensively mixed for 14 h under reflux. The excess
of ethane-1,2-diamine was removed by distillation leaving a crude yellow oil
which was crystallized from an excess of water and ethanol. Yellow crystals
of product were obtained in 55.3% yield. The characterization data is in
accordance with that of reported literature values.257
1H

NMR (DMSO-d6 , δ) 3.69 (s, 4H), 6.66 (m, 1H), 6.77 (dd, -1H ), 7.20
(m, 1H), 7.57 (dd, -1H ), 10.9 (s br, OH, NH)
13 C{1 H}

NMR (CDCl3 , δ) 55.8, 55.8, 111.5, 118.9, 121.2, 131.2, 131.8,
157.5, 164.0.
ESI MS [m/z M+H+ ]: Calcd for C9 H10 N2 162.0789, found 162.0789.
IR (cm−1 ): ν 3346 (OH), 3023 (NH), 1589, 1570 (C=N).

Chloromethyl-methyl ether (304)
Dimethoxymethane (22.1 mL, 250 mmol, 1 equiv.) and dry toluene (66 mL)
was added to a dried flask containing anhydrous ZnBr solid ( 5.6 mg, 0.01
mol%) and the solution was stirred under N2 . An addition funnel was affixed
to the flask and acetyl chloride (17.8 mL, 250 mmol, 1 equiv.) was added
to this and introduced to the reaction mixture at a constant rate over 5-15
minutes. The addition funnel was then rinsed with a minimum amount of
toluene (5 mL) directly into the reaction mixture. The reaction self-heats
slowly to 40-45 C and then cools to ambient temperature over 2-3 h, at
which time the exchange reaction is typically complete. This clear, colourless
solution of chloromethyl-methyl ether in toluene (2.1 M solution) was used
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directly in the next step without further purification. The characterisation
data matched that of reported literature.273
1H

NMR (CDCl3 , δ) 3.49 (s, 3H), 5.44 (s, 2H).

2-((2-hydroxyphenyl)-1-methoxymethyl)-imidazole (305)
Beige/white solid 300, (0.400 g, 2.5 mmol, 1 equiv.) was dissolved in toluene
(7 mL) to give an opaque, milky solution. Gentle warming was required to
dissolve all the solid and the solution was heated to 20 C. An aqueous
solution of NaOH (1.9 g in 3 mL H2 O) was added to this while warm and
the white opaque solution turned a slightly pink colour. This solution was
stirred vigorously and TBAB was added. The solution was stirred while it
returned to RT. MOM-Cl, (304 (3.6 mL, 7.5 mmol, 3 equiv.) was added
dropwise and the solution left to stir for 16.5 h under N2 . The solution was
then diluted with an additional portion of toluene (10 mL) and water (10
mL). The aqueous layer was separated and extracted multiple times with
toluene and the combined organic layers were washed with water and dried
over Na2 SO4 and majority of the solvents removed under reduced pressure.
The remaining off white semi solid was dried in vacuo to give a feathery,
flaky crude solid. This was purified using silica gel column chromatography
with DCM (NH4 OH washed and EtOAC (20%)) to yield the N -protected
product 305 in 67% yield.

°

1H

NMR (DMSO-d6 , δ) 2.93 (s, 3H), 4.94 (s, 2H), 6.16 (t, J = 7.80 Hz,
1H), 6.79 (dd, J = 8.44, 1.01 Hz, 1H), 6.80-6.22 (m, 2H), 6.84 (t, J = 7.80
Hz, 1H),7.66 (d, 7.92, 1.77 Hz, 1H), 11.35 (s br, OH).
ESI MS (m/z M+H+ ): Calcd for C11 H13 N2 O2 205.0972, found 205.0973.

2-(2-(methoxy-methyl)phenyl-1-H -imidazole, (308)
The dried solid 300 (0.3 g, 1.87 mmol, 1 equiv.) was dissolved in dry THF
(8 mL) and added to a cooled suspension of NaH (0.148 g, 3.75 mmol,
2 equiv.) through a cannula, at 0 C. The solution started fizzing and a
white foam was observed. This was left to stir for 45 minutes at RT. A
brown insoluble and layer was seen at the bottom of the flask. The solution
was returned to the ice bath and cooled to 0 C. Compound 304 (0.535
mL, 11.2 mmol, 6 fold excess) was added dropwise and the solution was
warmed to RT and stirred for 48 h. The solution had turned a beige/tan
colour and this was quenched with an aqueous solution of NH4 Cl. The tan
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solution immediately changed to an orange coloured organic layer. This was
extracted with Et2 O and washed with water (x3) and dried over Na2 SO4 to
produce an orange residue. the crude was purified using silica gel column
chromatography using DCM and n-hexane as eluents. The product 308
was isolated as an orange residue in 18% yield. Crystals suitable for single
crystal X-ray crystallography was grown via the slow evaporation of the
crude mixture in n-hexane.
1H

NMR (CDCl3 , δ) 3.38 (s, 3H), 5.39 (s, 2H), 7.06 (m, 1H), 7.21-7.32
(m, 4H), 8.11 (dd, J = 7.8, 1.6 Hz, 1H, 11.8 (s br, NH).

2-(2-Methoxyphenyl)-1H -imidazoline (311)
The imidazoline 301 (200 mg, 1.23 mmol) was dissolved in EtOH (30 mL).
MeI (155 µL, 2.47 mmol) was added to the yellow solution and this was
heated under reflux for 30 h. The solvent is then removed in vacuo, and the
solid residue dissolved in CHCl3 (30 mL). The resulting yellow solution was
washed with an aqueous solution of NaOH (x3) until a nearly colourless to
pale yellow solution was obtained. The organic layer was then washed with
brine and dried over Na2 SO4 . The solvent was removed under reduced pressure and the resulting yellow oily residue was purified using recrystallisation
in hot n-heptane. The solution was then cooled slowly to obtain colourless
crystals of product 311 in 40% yield.
1H

NMR (CDCl3 , δ) 3.721 (s, 4H), 3.88 (s, 3H), 6.93 (d, J = 8.4 Hz,
1H), 6.99 (t, J = 7.65 Hz, 1H), 7.37 (t, J = 7.65 Hz, 1H), 8.08 (dd, J 7.5,
1.6 Hz, 1H).
13 C{1 H}

NMR (CDCl3 , δ) 49.7, 49.7, 55.8, 111.5, 119.0, 121.5, 121.5,
132.0, 157.5, 164.1.
IR (cm−1 ): ν 3428 (NH), 3213s (NH), 1593 (C=N), 1465, 1260.
ESI MS [m/z M+H+ ]: Calcd for C10 H13 N2 O 177.1028, found 177.1025.

2-(2-Methoxyphenyl)-1H -imidazole (312)
The white crystalline solid 311 (780 mg, 0.443 mmol) was dissolved in
diphenyl ether (20 mL) with Pd/C (800 mg) and refluxed for 48 hours.
While still slightly warm, toluene was added and the solution filtered over
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celite and Pd/C removed. The solvent was removed under reduced pressure
and the remaining diphenyl ether was removed using column chromatography. The product was eluted with DCM and EtOAc and solvents removed
to yield a crystalline beige solid in 20%. The characterisation data matched
that of reported literature.257
1H

NMR (CDCl3 , δ) 3.94 (s, 3H), 7.00 (d, J = 8.2 Hz, 1H), 7.09 (dt, J
= 7.6, 1.1 Hz, 1H), 7.18 (s, 2H), 7.32 (dt, J = 8.1, 2.0 Hz, 1H), 8.40 (dt, J
= 7.8, 1.8 Hz, 1H), 10.90 (s br, NH).
13 C{1 H}

NMR (CDCl3 , δ) 55.5, 111.1, 115.9, 118.5, 121.3, 128.2, 129.2,
144.4, 155.5.
ESI MS [m/z M+H+ ]: Calcd for C10 H11 N2 O 175.0871, found 175.0875.

2-(2-Methoxyphenyl)-1-N -Boc-imidazole (316)
The imidazole compound 312 (71.0 mg, 0.408 mmol) was dissolved in DCM
(8 mL). DMAP (catalytic amount) and NEt3 (60 µL, 0.408 mmol) was added
to this solution followed by Boc2 O (280 µL, 1.22 mmol). The solution was
left to stir overnight under N2 . A colour change from pale yellow to bright
yellow was observed and the reaction was quenched with an aqueous solution
of NH4 Cl and extracted with DCM. The organic layer was washed with water
(x3) and brine and dried over Na2 SO4 . The crude was used used in the next
step as it was with no purification. The product 316 was isolated in 92%
yield.
1H

NMR (CDCl3 , δ) 1.28 (s, 9H), 3.66 (s, 3H), 6.81 (d, J = 8.36 Hz, 1
H), 6.93 (t, J = 7.05 Hz, 1 H), 6.98 (d, J = 1.03 Hz, 1H), 7.29 (t, J = 7.05
Hz, 1 H), 7.35 (d, J = 8.36 Hz, 1 H), 7.41 (d, J = 1.03 Hz, 1H).
ESI MS [m/z M+H+ ]: Calcd for C15 H19 N2 O3 275.1390, found 275.4396.
ESI MS [m/z M+Na+ ]: Calcd for C15 H18 N2 NaO3 297.1210, found 297.1214.

5-bromo-2-(2-methoxyphenyl)-1H -imidazole (318)
Compound 312 (40.0 mg, 0.230 mmol) was dried and dissolved in dried DMF
(3 mL) and cooled to 0 C. To this solution was added a solution of purified
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NBS (41.0 mg, 0.230 mmol) in dry DMF (3 mL). This plae yellow solution
was stirred for 48 h. The solvents were removed in vacuo and the oily yellow residue dissolved in CHCl3 . The solution was washed several times with
water (x3) and brine and dried over Na2 SO4 and solvents removed to yield
a yellow residue. The crude mixture was purified using neutralised silica gel
chromatography with DCM to give product 319 in 70% yield.
1H

NMR (CDCl3 , δ) 3.98 (s, 3H), 6.98 (d, J = 8.41 Hz, 1H), 7.03 (s,
1H), 7.06 (m, 1H), 7.32 (m, 1H), 8.29 (m, 1H), 10.63 (s br, NH).
13 C{1 H}

NMR (CDCl3 , δ) 55.9, 111.3, 116.8, 121.7, 128.1, 128.6, 130.1,
130.5, 154.5, 155.8.
IR (cm−1 ): ν 3145 (NH), 3050 C=H, 1306 (C=N), 1246, 1258.
ESI MS [m/z M+H+ ]: Calcd for C10 H10 BrN2 O 252.9971, found 252.9969.

5-Bromo-2-(2-methoxyphenyl)-1-Boc-imidazole (320)
The imidazole compound 318 (50.0 mg, 0.198 mmol) was dissolved in DCM
(7 mL). DMAP (catalytic amount) and NEt3 (28 µL, 0.198 mmol) was added
to this solution followed by Boc2 O (150 µL, 0.500 mmol). The solution
was left to stir overnight under N2 . A colour change from pale yellow to
bright yellow was observed and the reaction was quenched with an aqueous
solution of NH4 Cl and extracted with DCM. The organic layer was washed
with water (x3) and brine and dried over Na2 SO4 . The crude was purified
using neutralised silica gel column chromatography. The product 320 was
isolated in 95% yield.
1H

NMR (CDCl3 , δ) 1.34 (s, 9H), 3.74 (s, 3H), 6.87 (d, J = 8.18 Hz,
1H), 6.99 (dt, J = 7.35, 0.99 Hz, 1H), 7.37 (dt, J = 8.29, 1.53 Hz, 1H), 7.42
(dd, J = 7.75, 1.80 Hz, 1H), 7.43 (s, 1H).
ESI MS [m/z M+H+ ]: Calcd for C15 H18 BrN2 O3 353.0501, found 353.0467.

5-(2,10-Dibromo)-p-tolyl-dipyrrin(400)
Dipyrromethane 215 (200 mg, 0.925 mmol) was dissolved in dry THF (20
mL) and cooled to -78 C. NBS (412 mg, 2.31 mmol) was added to the
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mixture on two portions over 1 h. DDQ (211 mg, 0.930 mmol) in THF
(5 mL) was added to the mixture dropwise over 10 minutes. The reaction
mixture was warmed to RT and solvents removed under reduced pressure.
The orange crude was purified by silica gel column chromatography using
DCM as eluent to give the product 400 in 80% yield. The characterisation
data matched that of reported literature.293
1H

NMR (CDCl3 , δ) 2.44 (s, 3H), 6.29 (d, J = 4.0 Hz, 2H), 6.44 (d, J
= 4.0 Hz, 2H), 7.26 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 12.42 (s
br, NH).
ESI MS [m/z M+2+ ]: Calcd for C16 H13 Br2 N2 392.9425, found 392.8059.

5-(2,10-dibromo)-p-tolyl-BODIPY (401)
Dipyrromethane 215 (500 mg, 2.15 mmol) was dissolved dry THF (50 mL)
and cooled to -78 C under N2 . NBS (762 mg, 4.31 mmol) was added in two
portions over a 1 h period. After NBS had dissolved completely, DDQ (491
mg, 2.15 mmol) in THF was added dropwise over 10 minutes. The reaction
mixture was warmed to RT and the solvent was evaporated under reduces
pressure. The crude compound was subjected to flash column chromatography using DCM, concentrated on rotary evaporator, neutralized with NEt3
(10.49 mL, 75.4 mmol) and treated with BF3 ·Et2 O (13.44 mL, 107.0 mmol)
at room temperature for additional 1 h. The reaction mixture was washed
with 0.1 M NaOH solution and water thoroughly. The combined organic layers were dried over Na2 SO4 , filtered and solvents removed. TLC analysis of
crude compound showed three spots corresponding to monobromo, dibromo
and tribromo derivatives and the desired dibromo derivative was the second
spot. The crude product was subjected to silica gel column chromatography
and second was collected using of petroleum ether/dichloromethane (75:25).
The solvent was removed and afforded compound 401 as purple powder in
34% yield.

°

1H

NMR (CDCl3 , δ) 2.24 (s, 3H), 6.49 (d, J = 4.5 Hz, 2H), 6.76 (d, J =
4.5 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H).
13 C{1 H}

NMR (CDCl3 , δ) 21.6, 77.4, 122.7, 122.7, 129.5, 129.5, 129.8,
130.6, 130.6, 131.8, 131.8, 132.4, 135.7, 141.7, 143.8.
11 B

NMR (CDCl3 , δ) 0.62 (t, JB−F = 28.26 Hz).
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19 F

NMR (CDCl3 , δ) -146.8 (q, JF −B = 28.51 Hz).

5-(1,9-bis-(2-methoxyphenyl))-p-tolyl-BODIPY (405)
The BODIPY 401 (100 mg, 0.23 mmol), was dissolved in dry toluene (5
mL). Compound 402 (80 mg, 0.54 mmol), Pd(PPh3 )4 (13 mg, 0.010 mmol,
5 mol%), and aqueous Na2 CO3 (1 M, 1.0 mL, 1.0 mmol) were added to
the reaction ,ixture and heated under reflux for 4 h. The solution was then
allowed to cool to RT and diluted with DCM and washed with water and
brine. The organic layer was dried over Na2 SO4 and the solvents removed
under reduced pressure. The bright pink crude mixture was purified by
column chroamtography usinf petroleum ether: ethyl acetate (4:1) to give
the title product 405 in 40% yield
1H

NMR (CDCl3 , δ) 2.44 (s, 3H), 3.82 (s, 6H), 6.44 (d, J = 4.4 Hz, 2H),
6.67 (d, J = 4.4 Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H), 7.11 (app t, J = 7.7 Hz,
2H), 7.33 (d, J = 8.23 Hz, 2H), 7.45 (m, 4H), 7.73 (d, J = 7.7 Hz, 2H).
11 B

NMR (CDCl3 , δ) 0.06 (t, JB−F = 31.0 Hz).

19 F

NMR (CDCl3 , δ) -135.1 (q, JF −B = 31.0 Hz).

ESI MS [m/z M+Na+ ]: Calcd for C30 H25 BF2 N2 NaO2 517.1875, found
517.1869.

5-(1,9-bis-(methoxyphenyl))-p-tolyl-dipyrrin (406)
The BODIPY 405 (74.8 mg, 0.151 mmol) was dissolved in dry DCM (5 mL)
to produce a bright pink solution. BF3 ·Et2 O (20 µL, 0.151 mmol) was added
to this and the bright pick colour was observed to dull to a purple colour.
This solution was stirred at RT for 10 minutes. H2 O (8 µL, 0.454 mmol) was
added to this and stirred for another 20 minutes. The solution was extracted
with DCM and washed with water several times and dried over Na2 SO4 . The
solvents were removed and the crude product was purified using silica gel
chromatography with ethyl acetate and petroleum ether (2:5) as eluents.
1H

NMR (CDCl3 , δ) 2.44 (s, 3H), 3.86 (s, 6H), 6.53 (d, J = 3.99 Hz,
2H), 6.81 (d, J = 3.99 Hz, 2H), 7.02 (m, 4H), 7.32 (d, J = 7.53 Hz, 2H),
7.38 (m, 3H), 8.04 (d, J = 6.2 Hz, 2H).
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ESI MS [m/z M+H+ ]: Calcd for C30 H27 N2 O2 447.2067, found 447.2051.

5-(1,9-bis-(hydroxyphenyl))-p-tolyl-dipyrrin (407)
The compound 406 (27.5 mg, 0.0477 mmol) was dissolved in dry DCM
and cooled to 0 C. BBr3 (20 µL, 0.191 mmol) was added slowly and the
solution left to stir for 3 h. The solution was warmed to RT and quenched
with MeOH. The solvent was then removed and dissolved again in methanol
(5 mL). HCl (ca. 0.05 mL) was then added and the resulting mixture was
refluxed for 3 h. The solution mixture was cooled to RT and neutralised
with saturated aqueous NaHCO3 and extracted with ethyl acetate. The
aqueous layer was washed with water and brine and dried over Na2 SO4 . The
solvent was removed and the crude product purified using silica gel column
chromatography with DCM as eluent. The product 407 was siolated in 20%
yield.

°

ESI MS [m/z M+H+ ]: Calcd for C28 H23 N2 O2 419.1754, found 419.1743.
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4

Chapter Four: Computational and Coordination Studies

4.1

Computational Studies

The experimental study, the synthesis of the ligands introduced in Chapter One (Figure 1.47, Figure 1.49) was accompanied by a computational
chemistry study to determine which ligands in this collection are most likely
to bind Be2+ selectively and strongly. Theoretical calculations can be performed to make reasonable judgements of their binding abilities, which can
then be validated or demonstrated experimentally. They can be a powerful
tool to explain the mechanisms of selective capture and binding of metal
cations. The designed suite of ligands and their buttressing will be evaluated using a computational technique, with a comparison and contrast to
the analogue elements B3+ and Al3+ , as these share similar size and tend
to adopt similar geometries geometries as Be2+ . The following computational data were obtained in a collaborative effort with Massey University,
University of Waikato and the University of Auckland. Binding calculations
performed on the ligands I-III will also be briefly discussed in addition to
the ligands IV and V.
4.1.1

Introduction to the theory used

Density functional theory (DFT) calculation were carried out using Gaussian09124 package run through the NeSI (NZ e-Science infrastructure) high
performance computing facility. These employed Becke’s three-parameter
hybrid exchange correlation function containing the nonlocal gradient correction of Lee, Yang and Parr (B3LYP) correlation functional.295 Initially,
to determine the optimal basis set for the ligands in question and their corresponding complexes, increasing basis sets, 6-31+G(d,p), 6-31++G(d,p),
6-311+G(d,p), 6-311++G(d,p), were used. The basis set 6-311++G(d,p)
was found to provide a reasonable compromise between computational cost
and contained sufficient diffuse functions to provide accurate measurements,
as confirmed by a calibration study performed with known ligands (Table 4.1). Therefore the basis set 6-311++G(d,p) was used for geometry
optimisations of the ligands and corresponding complexes in both gas phase
and with the incorporation of a solvation theory. Water was chosen as the
solvent field using the polarizable continuum model (PCM) with the variant SCRF-IEFPCM method, which creates the solvent cavity via a set of
overlapping spheres.296 This basis set has been previously used for accurate
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calculations of beryllium complexes of several ligands, principally by Plieger
and co-workers.42,96,124,185,296 The differences in electronic energy (∆E elec ),
zero-point energy (ZPE), thermal energy (∆E T ) and entropy (∆S ) between
the products and reactants at RT, T = 298.15 K, were employed to compute the free energies (∆G) of the ligands and their corresponding complexes
(Equation 7).297
∆G = ∆Eelec + ∆ZP E + ∆ET − T∆s

(7)

The Equation 7 was then used to calculate the free energy of the complexes formed using the formula:
LM + [(H2 O)n ]x+ – (L + M(H2 O)n ), where n = 4 or 6, x = 2 or 3 and
M = Be2+ , B3+ or Al3+ .
4.1.2

Validation of the DFT method used

A series of polyaminocarboxylic acids NTA (88), NADP (90), NDAP (91)
and NTP (92) Figure 4.1 have been experimentally shown to bind Be2+ with
stability decreasing in the order of NADP (log K = 9.25) ' NTP (log K =
9.23) >NDAP (log K = 8.12) >NTP (log K = 6.62). The binding affinities
of these ligands for complexes of the type [BeL]− were also illustrated in
Table 1.9.124 This trend was reproduced computationally by employing two
different functionals, MO6-2X and B3LYP with an inclusion of the IEFPCM
solvation model. It was concluded that the inclusion of a solvation model was
very crucial in replicating experimental trends for the suit of ligands depicted
in Figure 4.1, as calculations in the gas phase revealed a reverse in the
experimental trend of NTP-NTA (Table 4.1). The B3LYP functionality was
chosen over the M06-2X as it provided values closest to the trend reported
by Mederos et al.124 These values are shown in Table 4.1.

[BeNTP]−
[BeNADP]−
[BeNDAP]−
[BeNTA]−

∆G gasphase
B3LYP MO6-2X
-2157
-2171
-2222
-2235
-2231
-2299
-2347
-2361

∆G IEF P CM
B3LYP MO6-2X
-314
-349
-310
-344
-299
-329
-290
-317

Table 4.1: Validation of DFT methods using MO6-2X and B3LYP
fucntionals for polyamino carboxylate ligands for the formation of [BeL]−
complexes.
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Figure 4.1: Selected polyaminocarboxylic acids used to form complexes
with beryllium.
4.1.3

Computational studies of ligands I-VI

Ligands I–VI, the derivatives of ligands I-V bearing hydrogen-bonding
buttressing groups and the corresponding complexes were analysed using
the DFT method B3LYP 6-311++G(d,p). Calculations were performed
with the solvation method SCRF-IEFPCM using water as the solvent (Figure 4.3). The calculated free energies of the solvated cations ([Be(H2 O)4 ]2+ ,
[B(H2 O)4 ]3+ and [Al(H2 O)6 ]3+ ) are shown in Table 4.3. For comparative
purposes, gas phase calculations were also conducted. The two methods used
exhibited a large difference in binding energies for the complexes formed
with Be2+ , B3+ and Al3+ . The trends are illustrated in Figure 4.5 and are
tabulated in Table 4.2. Unless specified otherwise, all data discussed were
obtained from the calculations performed in the aqueous phase with the
SCRF-IEFPCM solvation model, with water as the solvent field.
The binding cavity of the optimised structure of ligand IV displayed
a higher order of pre-organisation, with all four donor molecules directed
towards the cavity (Figure 4.4, (a)). The protonated pyrrole nitrogen in
the dipyrrin fragment was found to participate in this pre-organisation by
providing hydrogen bonding interactions with an adjacent pyridine nitrogen
(N(1)–H···N(3), 1.96 Å) and the other pyrrole nitrogen (N(1)–H···N(2), 2.11
Å). A much longer distance of 2.98 Å was observed between the same proton
and the second pyridine nitrogen N(4). This was not the case with the
optimised structure of the freebase ligand V. While there were some weaker
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Figure 4.2: The ligand systems I-VI.

Ligand
I
II
II
IV
V
VI

B
∆G aq
∆G gasphase
-651.38
-2264.72
-673.82
-2236.78
-762.21
-2638.63
-748.39
-2280.38
-831.82
-3233.94
-1034.71
-4082.73

∆G aq
-270.05
318.76
-382.89
-355.38
-390.51
-523.83

Be
∆G gasphase
-1178.32
-1539.85
-1153.82
-1166.02
-1805.14
-2303.73

∆G aq
-198.07
-279.80
-360.83
-346.72
-424.99
-675.17

Al
∆G gasphase
-1559.66
-1539.85
-1946.43
-1578.87
-2514.36
-3433.14

Table 4.2: Binding energies of complexes formed in kJ/mol.

∆G (kJ/mol)

[B(H2 O)4 ]3+
-331.00

[Be(H2 O)4 ]2+
-320.37

[Al(H2 O)6 ]3+
-700.81

Table 4.3: Calculated free energies of the hydrolysed cations.
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Figure 4.3: Binding energy in the aqueous phase.
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hydrogen bonding interactions between the OH moiety of the hydroxyphenol
group with the imidazole nitrogen (O(1)–H···N(1)–H, 2.41 Å), there were no
interactions with either pyridine nitrogens (Figure 4.4, (b)). In the case of
ligand VI, there was a higher order of pre-organisation with all four donor
atoms oriented towards the cavity. Unlike in the tripodal ligand systems (IV
and V), the two phenol groups on the α positions of the pyrrole rings imparts
more rigidity and aids in the pre-organisation of the cavity. This was evident
by the rigid, near planar conformation of the four heterocycles around the
cavity. The mixed donor groups displayed intramolecular hydrogen-bonding
interactions between the protonated N(1)–H and N(2) (N(1)···N(2) 2.29 Å),
and the adjacent phenol oxygen donor O(1) (N(1)···O(1) 2.06 Å). A relatively
shorter distance was observed between the protonated hydroxy donor O(2)–
H and the adjacent pyrrole nitrogen N(2) (N(1)···N(2) 1.70 Å) (Figure 4.4,
(c)).
In both the aqueous and gas phase calculations, the binding energy was
found to be lowest with the complexes formed with B3+ . The general trend
observed in ligands for the aqueous system includes VI>V>III>IV>II>I,
from the strongest to the lowest binding strength for the complexes formed
(Figure 4.1). This could potentially be because binding cavities of the ligands are better suited for the smaller B3+ cation (85 pm) compared to the
Be2+ cation (105 pm). Ligands I-IV exhibited slightly stronger binding with
Be2+ over the larger Al3+ cation. Ligand IV contains four nitrogen donors
while ligands V and VI offers a mixed donor system with both nitrogen
and oxygen donors. The difference in binding energy of the complex formed
with Be2+ between ligands IV and V was 35.13 kJ/mol, with binding more
favourable with ligand V. In the case of ligand VI, a difference of 133,32
kJ/mol was observed between ligand V, with binding more favourable with
ligand VI. This difference could be explained by the fact that ligands containing both oxygen and nitrogen donors have been proven to be stronger
binders of beryllium than ligands containing nitrogen only donors. Furthermore, the increase in the number of oxygen donors increases the likelihood
of more favourable binding of Be2+ . Examples of this phenomenon are the
polyaminocarboxylic ligands NTP and NADP containing a mixed donor system, which are currently the two strongest chelating ligands for Be2+ . Both
of these ligands contain a higher number of oxygen donors compared with
one central nitrogen donor (Figure 4.1).124
While the three ligands, IV, V and VI showed the strongest binding with
B, the order of binding of Be and Al were found to be reversed in ligand
IV compared to ligands V and VI. Ligand IV showed a higher affinity for
Be over Al (Be>Al) while the ligands V and VI showed a higher affinity
for Al over Be (Al>Be). The reason for this behaviour could be because
while the binding cavity may be slightly sterically affected by the large Al3+
cation (125 pm), the presence of the oxygen donor in ligand V and multiple
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Figure 4.4: Optimised structures of the protonated freebase ligands IV
(a); V (b) and VI (c).
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Figure 4.5: Comparison of binding energy calculated in the aqueous and
gas phases.
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oxygen donors in ligand VI may offer stronger binding stability for the larger
cation. However, in comparison, the smaller cation Be2+ (105 pm), may
require stronger binding than what is offered by the lone oxygen donor in
ligand V. Mixed donor ligands containing a higher number of oxygen ligands
over nitrogen donors have been known to be stronger binders of beryllium
(Figure 4.1). While there are two oxygen donors in ligand VI, due to the loss
of a degree of flexibility offered by the tripodal scaffold, the binding cavity
may offer more favourable binding with the larger cation Al3+ over Be2+ .
The optimised structures of the complexes formed with B3+ , Be2+ and Al3+
with ligands IV, V and VI are illustrated in Figure 4.6 and Figure 4.7.
Multiple six membered chelate rings are formed on coordination with the
metal cations. Their calculated bond lengths and bond angles are tabulated
in Table 4.4.
In all three cases, the strongest binding was observed with the B3+ cation
(Figure 4.3). This was reflected in the bond lengths and the bond angles of
the complexes of VI-B, V-B and VI-B (Table 4.4). The boron complexes
of IV, V and VI-B contained the shortest average bond distances to the
donor atoms with 1.56, 1.53 Å and 1.50 Å in IV, V and VI, respectively.
In comparison, the average bond lengths of the beryllium complexes were
1.71, 1.70 and 1.67 Å and the aluminium complexes contained average bond
lengths of 1.89, 1.86 and 1.82 Å, in IV-B, V-B and VI-B, respectively. The
bond angles present in the six membered chelate rings formed as a result
of the coordination were also indicative of the stronger binding with B3+
cation over Be2+ or Al3+ . The three boron complexes exhibited average
bond angles (104, 105 and 106 for ligands IV, V and VI) closest to 109
which indicates that there are minimal steric effects in the binding cavity
with the small B3+ ion. In comparison, the beryllium complexes had average
bond angles of 99.0, 99.8 and 101 and the aluminium complexes exhibited
even more deviation with average bond angles of 96 for ligands IV and
V, and 95 for ligand VI, respectively. The radii for the Be2+ (105 pm)
and Al3+ (125 pm) are slightly larger than the corresponding Be3+ (85 pm)
cation. The data obtained for the complexes formed with ligand IV, V and
VI suggest that all three ligands are better suited for the chelation of the
small cation B3+ over Be2+ or Al3+ .

°

°

°

°

°

The synthesis of ligand IV was discussed in Chapter Two. The final compound 242 was used without further modifications as ligand IV. The only
difference between the ligand IV mentioned above (Figure 4.2) and compound 242 is the OH moiety retained on the dipyridyl scaffold (Scheme 2.29)
resulting from the nucleophilic addition of 219 to the acyl dipyrromethane
230. Similarly, compound 303 described in Chapter Three, is analogous to
ligand V, with the only difference being the OH moiety on the dipyridyl scaffold (Figure 4.8). Analogously to the calculations performed on ligands IV
and V, DFT optimisation studies were also conducted on the OH containing
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Figure 4.6: Optimised complexes formed with metals B, Be and Al with
the tripodal ligands IV and V, IV-B (a), IV-Be (b), IV-Al (c), V-B
(d), V-Be (e), V-Al (f).
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Figure 4.7: Optimised complexes formed with metals B, Be and Al with
the ligand VI, VI-B (a), VI-Be (b), VI-Al (c).
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B

Be

Al

B

Be

Al

B

Be

Al

Bond
N1–B
N2–B
N3–B
N4–B
N1–Be
N2–Be
N3–Be
N4–Be
N1–Al
N2–Al
N3–Al
N4–Al
N1–B
N3–B
N4–B
O1–B
N1–Be
N3–Be
N4–Be
O1–Be
N1–Al
N3–Al
N4–Al
O1–Al
N1–B
N2–B
O1–B
O2–B
N1–Be
N2–Be
O1–Be
O2–Be
N1–Al
N2–Al
O1–Al
O2–Al

Ligand IV
(Å)
Bond
1.49 N1–B–N2
1.49 N2–B–N3
1.62 N3–B–N4
1.62 N4–B–N1
1.64 N1–Be–N2
1.66 N2–Be–N3
1.78 N3–Be–N4
1.78 N4–Be–N1
1.82 N1–Al–N2
1.84 N2–Al–N3
1.94 N3–Al–N4
1.94 N4–Al–N1
Ligand V
1.48 O1–B–N1
1.61 N1–B–N3
1.61 N3–B–N4
1.40 N4–B–N1
1.62 O1–Be–N1
1.81 N1–Be–N3
1.81 N3–Be–N4
1.56 N4–Be–N1
1.80 O1–Al–N1
1.95 N1–Al–N3
1.95 N3–Al–N4
1.73 N4–Al–N1
Ligand VI
1.52 N1–B–N2
1.52 N1–B–O1
1.48 O1–B–O2
1.48 O2–B–N2
1.69 N1–Be–N2
1.69 N1–Be–O1
1.64 O1–Be–O2
1.64 O2–Be–N2
1.87 N1–Al–N2
1.87 N1–Al–O1
1.77 O1–Al–O2
1.77 O2–Al–N2

°

()
108.7
103.4
101.0
104.6
102.8
99.5
97.0
100.3
97.4
96.0
93.5
97.3
112.5
103.7
100.0
103.7
105.9
99.2
94.7
99.2
98.5
95.7
92.1
95.7
105.6
106.2
107.1
106.2
99.4
99.9
103.4
99.9
93.7
93.7
99.0
93.7

Table 4.4: Optimised bond lengths (Å) and bond angles (°) of complexes
formed with B, Be and Al of ligands IV, V and VI.
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Figure 4.8: OH containing compounds 242 (IV-OH) and 303 (V-OH).

IV-OH
V-OH
IV-N
V-N

∆G (kJ/mol)
B
Be
Al
-706.79 -318.92 -298.91
-811.69 -374.67 -397.50
-630.71 -261.84 -241.72
-732.81 -313.60 -340.59

Table 4.5: Binding energies of complexes formed with IV-OH, IV-N,
V-OH and V-N.
analogues of IV, (IV-OH) and V, (V-OH). The optimised structures of
these two ligands are illustrated in Figure 4.9.
Optimised structure of ligand IV-OH exhibits intramolecular hydrogen
bonding between the OH group and the pyridine nitrogen (O(1)–H···N(3),
1.84 Å). This in turn has disrupted the preorganised cavity observed in the
optimised structure of ligand IV (Figure 4.4). The pyridine nitrogen N(3)
was found to be directed away from the bonding cavity. The proton of the
pyrrole nitrogen N(1)H was found to interact with the other pyrrole nitrogen
N(2) (N(1)–H···N(2), 2.07 Å) and the pyridine nitrogen N(4) (N(1)–H···N(4),
2.25 Å). This was also observed in ligand V-OH. The additional OH group
was found to interact with the N(3) of the pyridine ring (O(2)–H···N(3), 1.96
Å), which in turn was directed away from the binding cavity. The binding
energy of the complexes formed with B3+ , Be2+ and Al3+ with these two
ligands are tabulated in Table 4.5.
Analogously to the OH containing ligands, another minor alteration was
introduced to ligand V in Chapter Three. The compound 322 was synthesised with a nitrogen containing dipyridyl scaffold instead of the carbon
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Figure 4.9: Optimised structures of IV-OH and V-OH.
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Figure 4.10: Nitrogen scaffold ligands IV-N and V-N.
containing scaffold present in ligands IV and V. Therefore, calculations were
performed on the modified ligand V-N containing a nitrogen at the tripodal
scaffold (Figure 4.10). Calculations were also performed on the analogous
nitrogen containing analogue of ligand IV (IV-N). The optimised structures
of these ligands are illustrated in Figure 4.11.
Optimised structure of the freebase ligand IV-N exhibits intramolecular
hydrogen bonding between the proton present on N(1) with pyrrole and
pyridine nitrogens N(2) (N(1)–H···N(2), 2.09 Å) and N(4) (N(1)–H···N(4),
2.08 Å). Only three of the nitrogen donor atoms are directed towards the
binding cavity in almost a planar configuration while the heterocycle bearing
the remaining nitrogen donor is aligned perpendicularly to this plane. In
comparison to the ligand IV containing the carbon scaffold, there was no
tetrahedral pre-oranisation observed at the scaffold position (Figure 4.9).
Instead, the two pyridine and the pyrrole ring system was ordered in a
trigonal planar manner around the central nitrogen N(5) (Figure 4.11). This
was also observed in V-N. The two pyridyl rings and the imidazole ring were
arranged in a trigonal planar manner around the N(5) nitrogen scaffold and
no substantial preorganisation of the binding cavity was observed. Again,
three out of the four donor atoms were oriented towards the cavity and
weaker intramolecular bonding between the imidazolium proton N(1) and
the oxygen O(1) (N(1)–H···O(1)–H, 2.28 Å) and N(3) (N(1)–H···N(3), 2.40
Å) was observed (Figure 4.11). The binding energy of the complexes formed
with B3+ , Be2+ and Al3+ with these two ligands are tabulated in Table 4.5.
A comparison of binding energies of ligands IV and V with the modified
OH and N -containing analogues are presented in Figure 4.12. The general
trends observed in binding energies were similar to that observed for the suite
165

Figure 4.11: Optimised structures of IV-N and V-N.
of ligands I to V (Figure 4.3). Complexes formed with boron exhibited the
highest binding energy followed by beryllium and aluminium (B> Be>Al)
for ligand IV and its analogues while the affinities for Be and Al were
reversed for ligand V and its analogues. Again this could potentially be due
the lone oxygen donor present in ligand V, having a higher impact on the
larger Al3+ cation, leading to stronger complexes with Al3+ over the smaller
Be2+ cation. The calculated bond lengths and bond angles of the complexes
formed with the modified ligands IV and V are tabulated in Table 4.6.
In order to maximise the binding and selectivity, buttressing components
were also investigated. Additional groups on the 6-position of the scaffold
pyridine rings were designed to provide outer sphere hydrogen bonding interactions, to enhance the binding strength and selectivity of the ligands.247,248
Hydrogen bonding groups such as amine (NH2 ), methyl amine (HN-Me),
methyl amide (HNC{O}Me) and urea (OC(NH2 )2 ) were considered. Calculations for ligands IV and V containing these modifications were performed.
The structures of the modified versions of ligand IVare illustrated in Figure 4.17. The optimised structure analogues of the modified ligand IV are
shown in Figure 4.18.
In theory, the addition of hydrogen buttressing groups should aid in enhancing the binding strength and selectivity via hydrogen bonding interactions surrounding the binding cavity. These interactions will usually take
place between the buttressing groups and the existing donor groups. In most
cases, these interactions helps to pre-organise the binding cavity, which leads
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Figure 4.12: Comparison of binding energy of LigandsVI and V and their
analogues.
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Be

Al

B

Be

Al

Bond
N1–B
N2–B
N3–B
N4–B
N1–Be
N2–Be
N3–Be
N4–Be
N1–Al
N2–Al
N3–Al
N4–Al
Bond
N1–B
N2–B
N3–B
N4–B
N1–Be
N2–Be
N3–Be
N4–Be
N1–Al
N2–Al
N3–Al
N4–Al

Ligand IV-OH
(Å)
Bond
1.50 N1–B–N2
1.49 N1–B–N3
1.60 N3–B–N4
1.60 N4–B–N1
1.65 N1–Be–N2
1.67 N1–Be–N3
1.78 N3–Be–N4
1.78 N4–Be–N1
1.83 N1–Al–N2
1.84 N1–Al–N3
1.94 N3–Al–N4
1.94 N4–Al–N1
Ligand IV-N
(Å)
Bond
1.50 N1–B–N2
1.49 N1–B–N3
1.60 N3–B–N4
1.61 N4–B–N1
1.64 N1–Be–N2
1.67 N1–Be–N3
1.79 N3–Be–N4
1.80 N4–Be–N1
1.82 N1–Al–N2
1.84 N1–Al–N3
1.95 N3–Al–N4
1.95 N4–Al–N1

°

()
108.3
103.3
101.8
104.1
103.0
99.5
96.7
100.0
97.7
95.4
92.8
96.6

°

()
107.8
102.7
100.4
103.6
107.8
98.3
94.4
99.2
96.0
95.0
92.2
96.9

Bond
N1–B
N3–B
N4–B
O1–B
N1–Be
N3–Be
N4–Be
O1–Be
N1–Al
N3–Al
N4–Al
O1–Al
Bond
N1–B
N3–B
N4–B
O1–B
N1–Be
N3–Be
N4–Be
O1–Be
N1–Al
N3–Al
N4–Al
O1–Al

Ligand V-OH
(Å)
Bond
1.50 O1–B–N1
1.54 N1–B–N3
1.54 N3–B–N4
1.48 N4–B–N1
1.61 O1–Be–N1
1.72 N1–Be–N3
1.74 N3–Be–N4
1.68 N4–Be–N1
1.78 O1–Al–N1
1.88 N1–Al–N3
1.88 N3–Al–N4
1.82 N4–Al–N1
Ligand V-N
(Å)
Bond
1.50 O1–B–N1
1.54 N1–B–N3
1.54 N3–B–N4
1.48 N4–B–N1
1.60 O1–Be–N1
1.76 N1–Be–N3
1.74 N3–Be–N4
1.69 N4–Be–N1
1.80 O1–Al–N1
1.89 N1–Al–N3
1.89 N3–Al–N4
1.84 N4–Al–N1

°

()
109.2
103.0
104.8
103.0
104.0
100.2
102.5
100.8
97.4
94.4
99.3
94.4

°

()
108.6
102.4
103.6
102.4
102.8
100.0
101.0
99.4
94.7
92.7
97.9
92.7

°

Table 4.6: Optimised bond lengths (Å) and bond angles ( ) of complexes
formed with B, Be and Al of ligands IV-OH, IV-N, V-OH and V-N.
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Figure 4.13: Hydrogen buttress modifications on ligand IV.
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Figure 4.14: Optimised freebase structures of H-buttress modified
analogues of ligand IV.
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to higher binding stability. The nature of the bonding types (strong or weak
H-bonding interactions with O or N donors) and the number of them may
also impart selectivity for some cations over others.
The suite of optimised freebase structures of the modified analogues
of ligand IV (Figure 4.18), all display some form of binding cavity preorganisation. The amino modified ligand (IV-NH2 ) showed three of the
donor atoms facing towards the binding cavity in a planar conformation
similar to that of IV-N (Figure 4.11). The pyrrolic proton on N(1) displayed strong hydrogen bonding interactions with N(2) (N(1)–H···N(2), 1.98
Å) and N(4) (N(1)–H···N(2), 2.37 Å). The amine proton on N(1) was found
to exhibit moderate binding interactions with N(3) (N(1)–H···N(2), 2.46 Å)
and weaker interactions with N(2) (N(1)–H···N(2), 3.15 Å). The optimised
structure containing the methyl amine group, IV-NMe displayed a higher
order of pre-organisation with all four nitrogen donor molecules directed towards the binding cavity. The protons on the two additional nitrogen atoms
N(5) and N(6) were found to show intramolecular hydrogen bonding interactions with N(2) (N(5)–H···N(2), 2.70 Å) and N(4) (N(5)–H···N(4), 2.38
Å) and N(3) (N(6)–H···N(3), 2.40 Å). In the case of the optimised structure
of IV-HNC{O}Me, while there were no direct hydrogen bonding interactions from the added amide nitrogen atoms, the presence of the carbonyl
group had caused hydrogen-bonding interactions between the methyl protons and the four internal donor atoms in the range of H···N, 2.58–3.00 Å.
Again a degree of pre-organisation was observed in the binding cavity with
all four donor atoms directed towards the core. However, one of the pyridyl
groups containing the bulky buttressing groups was positioned slightly further away from the cavity. This could be due to the steric hinderance of the
bulky -NCO-Me group. A similar pattern of hydrogen bonding interactions
as in IV-NMe was observed in the optimised structure modified with urea
(IV-HNC{O}NH2 ). The protons of the nitrogen atoms N(5) and N(7) on
the added buttressing groups displayed hydrogen bonding interactions with
the adjacent pyridyl nitrogens N(3) (N(5)–H···N(3), 2.39 Å), N(4) (N(1)–
H···N(2), 2.35 Å) and to the pyrrolic nitrogen N(2) (N(5)–H···N(2), 2.86 Å).
The structure was pre-organised with all four donor atoms directed towards
the binding cavity (Figure 4.11). The binding energies for the calculated
optimised structures of the modified versions of ligand IV are tabulated in
Table 4.7.
Calculations were also performed on ligand V with the same hydrogenbonding buttressing modifications. The suite of optimised freebase structures of the modified analogues of ligand V are illustrated in (Figure 4.15).
Unlike in the case with the modified versions of IV, only two optimised
structures (V-NH2 and V-HNMe) indicated any obvious degree of preorganisation of the binding cavity. Compared to the unmodified ligand V
(Figure 4.11), the structure V-NH2 displayed the highest degree of pre171

IV-NH2
IV-HNMe
IV-HNC{O}Me
IV-HNC{O}NH2

∆G (kJ/mol)
B
Be
Al
-691.73 -328.62 -322.40
-669.86 -269.37 -334.02
-618.25 -286.34 -284.90
-585.92 -249.01 -300.95

Table 4.7: Binding energies of complexes formed with hydrogen buttress
modified variations of ligand IV

Figure 4.15: Optimised freebase structures of H-buttress modified
analogues of ligand V.
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V-NH2
V-HNMe
V-HNC{O}Me
V-HNC{O}NH2

∆G (kJ/mol)
B
Be
Al
-841.97 -405.97 -440.36
-847.12 -348.42 -406.93
-773.49 -391.01 -505.15
-789.30 -394.16 -522.07

Table 4.8: Binding energies of complexes formed with hydrogen buttress
modified variations of ligand V
organisation with all four donor atoms directed towards the binding cavity. The amino protons N(4)–H and N(6)–H exhibited hydrogen bonding
interactions (2.50 Å) with the adjacent pyridyl nitrogens N(3) and N(5).
The structure V-HNMe contained two donor atoms directed towards the
binding cavity with the rigid hydroxyphenyl imidazole group donor atoms
directed away from the cavity. Again the methyl protons on N(4) and N(6)
were found to show interactions with the adjacent pyridyl nitrogens N(3)
and N(5) in the range of 2.75 to 2.89 Å, respectively. The optimised structure for V-HNC{O}Me displayed only one pyridyl donor N(6) oriented towards the binding cavity. This showed hydrogen bonding interactions with
an alkyl protons present on the imidazole and pyridyl rings (N(6)–H···H,
2.53-2.85 Å). A similar situation was observed in the optimised structure of
V-HNC{O}NH2 . Only one pyridyl donor N(6) was oriented towards the
binding cavity. The reason for this could potentially be the rigidity of the
hydroxyphenyl imidazole moiety resulting in diminished flexibility to orient
itself in a favourable position around the binding cavity. Combined with
this, the steric bulk of the larger buttressing groups could also lead to a
lower degree of organisation of the binding cavity. The binding energies for
the calculated optimised structures of the modified versions of ligand V are
tabulated in Table 4.8.
A comparison of the B, Be and Al binding energies of the two modified versions of the ligands IV (blue series) and V (green series) are shown
in Figure 4.16. For the ligand variations based on ligand IV, a general
decrease in binding strength for complexes formed with boron was observed in the order of IV>IV-HNMe>IV-NH2 >IV-HNC{O}Me>IVHNC{O}NH2 . Unfortunately, this was also the case observed in the
binding strength for beryllium. The decrease in binding stability for beryllium complexes was in the order of IV>IV-NH2 >IV-HNC{O}Me>IVHNMe>IV-HNC{O}NH2 . One potential explanation for this observed
trend could be due to the interaction of the additional outer sphere buttressing groups with the donor atoms which would in turn influence the interactions of the donor atoms with the smaller cations. This in turn would lead to
decreased binding stability for complexes formed with B3+ and Be2+ . While
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the unmodified ligand IV displayed the lowest binding strength for aluminium, two of the modified ligands, IV-HNMe and IV-HNC{O}NH2
displayed increased binding stability with the larger cation Al3+ . In comparison to the ligands IV-NH2 and IV-HNC{O}Me, which displayed
the lowest binding stability with Al3+ , the above two ligands displayed a
higher order of pre-organisation of the binding cavity due to the hydrogen
bonding interactions of the protons present on the nitrogen atoms N(5) and
N(6) in ligand IV-HNMe and N(5) and N(7) in ligand IV-HNC{O}NH2
(Figure 4.18). Furthermore, since the Al3+ is capable of forming tetra- or
hexacoordinate complexes, the additional outer sphere H-buttressing groups
could also be potentially taking part in direct coordination to the metal center, leading to increased binding stability with complexes formed with Al3+ .
In the case of the suite of ligands based on ligand V, the binding strength
for the complexes formed with boron increased incrementally with the ligands V-NH2 (-841.97 kJ/mol) and V-HNMe (-847.12 kJ/mol) (Table 4.8)
compared to the unmodified ligand V (-831.82 kJ/mol) (Table 4.2). The
ligands V-NH2 and V-HNC{O}NH2 showed a 96.46 kJ/mol and 2.65
kJ/mol increase in binding strength with beryllium (-440.36 kJ/mol and 394.16 kJ/mol, respectively) (Table 4.8) in comparison to the unmodified
ligand V (-390.51 kJ/mol) (Table 4.2). The ligand V-HNC{O}Me also
displayed a very small incremental increase in the binding energy towards
beryllium by 0.5 kJ/mol units. However, the same ligands V-HNC{O}Me,
V-HNC{O}NH2 and V-NH2 also showed a substantial increase in their
binding strength towards Al3+ , compared to the unmodified ligand V. Ligands V-HNC{O}NH2 and V-HNC{O}Me displayed a significant energy
difference of 97.08 and 80.16 kJ/mol, respectively while ligand V-NH2 displayed an increase of 15.37 kJ/mol (Table 4.8), in comparison to ligand V
towards Al3+ (Table 4.2). The methyl amino modified ligand, V-HNMe
displayed a decrease in its binding stability for both Be2+ and Al3+ by 42.09
and 18.06 kJ/mol, respectively (Table 4.8), compared to the unmodified ligand V (Table 4.2). Again, similarly to the suite of modified ligands based on
ligand IV, the differences observed in the binding strengths of the ligands
investigated will be due to a combination of factors including the degree of
pre-organisation of the modified free base ligands and the potential interactions of the different buttressing groups with the donor atoms and the
cations.
In general, there was no clear trend or indication that certain hydrogen buttressing modification groups were favourable over others among the
binding stabilities observed between the two suites of ligands investigated.
Generally, for the majority of modified groups, the only consistency observed
concludes that a favourable increase in binding stability towards the larger
cation Al3+ was observed as the bulkiness of the buttressing group increased.
Between the two separate systems based on ligands IV and V, the series
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Figure 4.16: Comparison of binding energy of ligands VI and V and their
analogues.
based on ligand V (green series) displayed a higher overall stability towards
beryllium than the system based on ligand IV (blue series) (Figure 4.16).
The same collection of hydrogen buttressing modification groups were
investigated with the modified versions of IV-OH, IV-N and V-OH and
V-N. The binding energies for the calculated optimised structures of the
modified versions of these ligands are tabulated in Table 4.9.
A comparison of the two sets of modified OH-variations of ligands IVOH (pink series) and V-OH (blue series) are illustrated in the Figure 4.17.
Analogous to the buttress modified series with ligand IV, the system of
ligands based on IV-OH displayed lower binding stability towards B3+ with
the modified ligands compared to the unmodified ligand. This was also the
case observed with Be2+ , with the exception of ligand IV-OH-NH2 (-321.97
kJ/mol) (Table 4.9), which showed a very slight increase of 3.05 kJ/mol than
the unmodified ligand IV-OH (-318.92 kJ/mol) (Table 4.5). Similarly to
the modified systems mentioned previously, the IV-OH system of modified
ligands displayed a higher affinity for the formation of complexes with Al3+
with all of the ligands with the highest binding energy of -424.31 kJ/mol
with the methylamide modified ligand IV-OH-HNC{O}Me (Table 4.9).
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IV-OH-NH2
IV-OH-HNMe
IV-OH-HNC{O}Me
IV-OH-HNC{O}NH2
V-OH-NH2
V-OH-HNMe
V-OH-HNC{O}Me
V-OH-HNC{O}NH2
IV-N-NH2
IV-N-HNMe
IV-N-HNC{O}Me
IV-N-HNC{O}NH2
V-N-NH2
V-N-HNMe
V-N-HNC{O}Me
V-N-HNC{O}NH2

∆G (kJ/mol)
B
Be
Al
-680.76 -321.97 -306.12
-617.57 -248.88 -306.83
-580.19 -271.60 -424.31
-615.76 -269.22 -408.14
-823.18 -392.27 -408.26
-793.20 -372.94 -418.41
-741.04 -362.50 -469.50
-758.10 -371.87 -491.73
-611.40 -259.59 -249.67
-581.44 -194.26 -254.27
-539.64 -208.77 -395.85
-561.43 -219.71 -438.57
-750.96 -328.10 -350.72
-720.47 -312.81 -355.86
-694.63 -306.07 -442.92
-699.75 -319.48 -455.94

Table 4.9: Binding energies of complexes formed with hydrogen buttress
modified variations of ligand IV-OH, V-OH, IV-N and V-N
Just as in the case was with the modified ligands based on ligand V,
the ligand containing the amino functionalised buttressing group, V-OHNH2 showed a slight increase in binding strength towards B3+ (-823.18
kJ/mol) in comparison to the unmodified ligand V-OH (-811.69 kJ/mol)
while the other ligands showed a decreased binding stability in the order of V-OH-NH2 >V-OH>V-OH-HNMe>V-OH-HNC{O}NH2 >VOH-HNC{O}Me. The order of binding was observed to be exactly the
same for the Be2+ cation as in the case of B3+ . In the case of Al3+ , the binding order observed was very similar to that of the modified ligand system
based on V. The ligands containing the two bulkiest hydrogen buttressing
groups showed a significant increase in their affinity towards Al3+ with a difference of -102.33 and -115.35 kJ/mol for ligands V-OH-HNC{O}Me and
V-OH-HNC{O}NH2 , respectively. In general, the ligand system based on
ligand V-OH (blue series) displayed overall stronger binding towards Be2+
in comparison to the ligand system IV-OH (pink series) (Figure 4.17).
A comparison of the two sets of modified OH-variations of ligands IVOH (blue series) and V-OH (green series) are illustrated in the Figure 4.18.
Just as was observed with the ligand systems based on IV and IV-OH, the
system of ligands based on IV-N displayed lower binding stability towards
B3+ and Be2+ with the modified ligands compared with the unmodified
ligand IV-N. A very significant increase in binding affinity was observed
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Figure 4.17: Comparison of binding energy of ligands IV-OH and V-OH
and their analogues.
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Figure 4.18: Comparison of binding energy of ligands IV-N and V-N and
their analogues.
with the two bulkiest hydrogen buttressing groups towards Al3+ . The ligands IV-N-HNC{O}Me and IV-N-HNC{O}NH2 displayed differences
of 154.13 and 192.85 kJ/mol increase in binding strength, while the ligands
IV-N-NH2 and IV-N-HNMe displayed an average increase of 10 kJ/mol,
compared to the ligand V-N (-241.72 kJ/mol) (Table 4.5).
Just as in the case was with the modified ligands based on ligand V-OH,
the ligand containing the amino functionalised buttressing group, V-NNH2 showed an increase in binding strength towards B3+ (-750.96 kJ/mol)
in comparison to the unmodified ligand V-OH (-732.81 kJ/mol) while the
other ligands showed a decreased binding stability in the same order as for
V-OH of V-N-NH2 >V-N>V-N-HNMe>V-OH-HNC{O}NH2 >V-OHHNC{O}Me. The trend observed for the binding affinity for Al3+ was also
identical to that of the trend observed for V-OH, mentioned previously. In
general, the ligand system based on ligand V-N (green series) displayed
overall stronger binding towards Be2+ in comparison to the ligand system
IV-N (blue series) (Figure 4.17).
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4.1.4

Summary for Chapter Four

In the preceding section of this chapter, DFT calculations were performed on
the ligands IV, V and VI using the B3LYP method and the 6-311++G(d,p)
basis set. Along with the ligands listed above, analogues of those ligands
including a remnant hydroxyl group (IV-OH and V-OH) and a scaffold
nitrogen (IV-N and V-N) were also tested for their binding capacities with
the cations Be2+ , B3+ and Al3+ . In general, ligand VI displayed higher
binding stability with Be2+ in comparison to ligand IV and V. Calculation of
the bond lengths and angles of the optimised structures for these complexes
formed with the three cations reflected this trend. The complexes formed
with boron for all three ligands displayed the shortest bond lengths along
with ideal bond angles (109 ) for a six membered chelate ring.

°

Ligand IVdisplayed an affinity for B3+ >Be2+ >Al3+ while ligand V displayed a trend of B3+ >Al3+ >Be2+ . This trend was not altered with their
analogues IV-OH, IV-N, V-OH and V-N.
DFT calculations were also performed on the hydrogen buttress modified
ligand variations of IV and V. The groups (NH2 ), (HN-Me), (HNC{O}Me)
and (OC(NH2 )2 ) were investigated. These groups were added to increase
the hydrogen bonding interactions around the cavity with the hopes of increased binding strength and infer potential selectivity for certain cations
over others. Although a few of the modification groups imparted some effect
on pre-organisation of the binding cavity of the free base ligand, there was
no general indication that one group was more effective over another for
improved binding strength or selectivity for Be2+ .
In the case of ligands VI, the addition of the buttressing groups lead to a
lowered binding stability with all three cations compared to the unmodified
ligand IV. In some cases, the bulkier buttressing groups displayed a higher
affinity for Al3+ over Be2+ . The ligand V analogue containing NH2 buttressing displayed a marginally higher binding affinity towards Be2+ compared to
the unmodified ligand V. However, similarly to ligand VI, the more bulkier
groups helped improve the affinity for the larger cation Al3+ .
A similar trend was observed for the modified ligands IV-OH, V-OH,
V-N and IV-N with the same buttressing groups. The bulkier groups
displayed a higher binding affinity towards Al3+ over Be2+ in all of the
modified ligands. Across all variations and modifications for all the ligands
mentioned above, B3+ displayed the strongest binding over Be2+ or Al3+ .
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5
5.1

Chapter Five: Coordination Studies
Coordination studies with ligand IV-OH

Compound 242 (Scheme 2.29), synthesised in Chapter Two was used without any further modifications as ligand IV. Since it contains the OH residue
on the dipyridyl scaffold, this was treated as the OH variant of ligand IV,
IV-OH. Coordination studies with cations of interest Al3+ , B3+ , and Be2+
and further studies with cations Cu2+ , Co2+ , Zn2+ and Mg2+ were performed using ESI-MS. The ESI technique transfers pre-existing or solutiongenerated ions (which may be singly- or multiply-charged) to the gas phase,
where they are analysed. Furthermore, ESI-MS is well-known as an invaluable technique to obtain stoichiometric information, and to some extent, the
relative stability of the metal-ligand interactions making it appropriate for
preliminary microscale screening prior to characterisation using other techniques such as X-ray crystallography and NMR. Generally, there is excellent
correlation between the species observed in the mass spectrum and those
known to exist in solution. The importance of this technique lies in its sensitivity as it requires only microgram amounts of sample in solution, thereby
minimising any exposure to beryllium dust and allowing analysis of coordination studies utilising only tiny quantities of beryllium compounds.298,299
Plieger et al. recently reported a comprehensive study of the speciation
of beryllium ions in an aqueous solutions of its sulfate salt over the pH
range of 2.5-6 using ESI-MS. This study was primarily conducted to assess
the potential of the ESI-MS technique for subsequent microscale studies of
other beryllium-ligand systems.299
A 2.2 x 10−3 mM solution of ligand IV-OH was prepared in methanol.
Aqueous solutions containing 2.2 x 10−3 mM of Be2+ , Cu2+ , Al3+ , Co2+ ,
Zn2+ , Mg2+ ions were prepared from the metal sulfates. Samples for analysis
using ESI-MS were prepared by mixing equivalent portions of metal solutions
with the ligand solution to produce a 1:1 mixture in a 50/50 methanol/water
solution. For purpose of clarity, unless stated otherwise, ligand IV-OH
will be denoted by L when referring to complexes formed with the cations
described below.
ESI-MS analysis of a 1:1 solution mixture of ligand and beryllium IVOH:Be2+ indicated it had poor to no interaction with beryllium. The
spectra obtained indicated no coordination and was identical to that of
the spectra obtained of the ligand alone (m/z : M+H+ 419.2063) (Figure 5.1). A hydrolysed beryllium salt [Be2 OH(SO4 )(H2 O)3 ]+ was also ob-
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Figure 5.1: ESI-MS of beryllium coordination study of ligand IV-OH.
served at m/z: 185.0786. Another multinuclear beryllium hydrolysed species
[Be3 (OH)3 (HSO4 )(BeO)(H2 O)3 ]2+ was observed at m/z : 127.0415.299 Partial coordination of solvated Be2+ species to the ligand was also possible.
However, no signals corresponding to any possible partially coordinated compounds were identified. This highlights the strong tendency for Be2+ to hydrolyse in aqueous conditions leading to multiple hydrolysis species, rather
than form a coordination complex. Few ligands can compete with water
and hydroxide ligands in aqueous systems of beryllium.2 Furthermore, DFT
studies conducted indicated that the binding energy for beryllium complexes
formed with ligand IV-OH (-318.92 kJ/mol) was even weaker than that with
the unmodified IV (-355.38 kJ/mol)(Figure 4.12). Therefore, due to the low
affinity of this ligand towards beryllium, more rigorous conditions including an aqueous free environment might be necessary in order for successful
coordination with this ligand.
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The same process was repeated to assess the coordination ability of
ligand IV-OH for B3+ . Boric acid (B(OH)3 ) was used as the source of
boron. In the case of boron, partial coordination with ligand IV-OH
was observed. Out of the four possible N -coordination sites and one Ocoordination site, two partially coordinated compounds containing a monocoordinated species, [L-B(OCH3 )2 ]+ (m/z : 491.1878) and a di-coordinated
species, [(L-H)B(OCH3 ]+ (m/z : 459.2001) were observed (Figure 5.2). However, since it is not possible to determine the bonding information using mass
spectrometry, a few possible structures are postulated in Figure 5.3. These
assignments were made based on the known coordination preferences of the
B3+ cation and known chemistry and interaction of dipyrrin type ligands
with the B3+ cation.207 Theses structures were produced using the molecule
editing computer programme Avogadro1.2.255 Coordination sites N(1), N(2)
and O(1) are all possible binding sites for the mono-coordinated species [LB(OCH3 )2 ]+ (Figure 5.3, (a), (b) and (c)). The more basic pyridyl nitrogen
donors N(3) and N(4) are also potential binding sites. Similarly, the dicoordinated species [(L-H)B(OCH3 ]+ (Figure 5.3, (d)) and (e)) could be
arising from coordination via the dipyrrin donors N(1) and N(2) and/or
with the oxygen donor O(1). Again, it was possible that coordination could
be occurring through O(1) and either pyridine nitrogen donors N(3) or N(4).
However, it was thought to be unlikely for coordination to take place between the pyridyl donors N(3) and N(4) only, as this would require both
pyridyl donors to be pre-organised and be oriented in the same direction.
From the DFT studies conducted on ligand IV-OH, it was shown that the
optimised free base ligand had only one pyridyl donor directed towards the
cavity while the other was oriented away and displayed interactions with the
scaffold hydroxy group O(1)–H (Figure 4.9).
The evidence for the dipyrrin coordination over the di-pyridyl coordination was validated by experimental studies. The mono N -Boc protected coupled product 241 (Scheme 2.26, Chapter Two) was subjected to boron coordination with BF3 ·Et2 O following oxidation using DDQ (Scheme 5.1). Following purification of the crude product, the major compound isolated was
the BODIPY-type product, (5-(p-tolyl)BODIPY-hydroxy-methyldipyridine,
(400). This product was analysed by 1 H, 19 F and 11 B NMR spectroscopy
and found to contain chemical shifts similar to that reported for BODIPYs210 and that of BODIPY compound 225 in the 11 B and 19 F NMR
spectra. Furthermore, the broad chemical shift observed for the pyrrolic N–
H proton present in the starting compound at 12.47 ppm was absent in the
1 H NMR spectroscopy. The analysis of the mass spectra showed that the major product was indeed coordinated via the dipyrrin donors as opposed to the
di-pyridyl donors due to the overall charge of the final compound 400 being
neutral. The charged species observed on the ESI-MS at m/z : 489.1662 included a sodium ion resulting in the parent ion C27 H21 BF2 N4 NaO. However,
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Figure 5.2: ESI-MS of boron coordination study of ligand IV-OH.
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Figure 5.3: Possible mono- (a, b, c) and di-coordinated (d and e) boron
species with ligand IV-OH.
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a trace signal was observed at m/z : 467.1839 which could be contributed
to the di-pyridyl coordination. If the boron coordination had taken place
from the already saturated di-pyridyl donors, this would result in a doubly
positively charged compound with a calculated m/z of 467.1855. Therefore,
according to the ESI-MS analysis, it can be concluded that the dipyrrin
coordination is preferred and leads to the BODIPY species as the major
compound over the di-pyridyl coordinated compound. This can in theory
be assumed of the di-coordinated species observed in the ESI-MS coordination study performed with boric acid (Figure 5.2).

Scheme 5.1: Synthesis of compound 400.
The tetra-coordinated species could not be identified in the reaction mixture depicted in Scheme 5.1. Attempts to promote the formation of tetracoodinated species starting from the di-coordinated 400 with the use of
more reactive reagent BCl3 were not successful. BCl3 reacts at the boron
center and displaces the more stable fluoride ligands with the more labile
and reactive chloride ligads. This can then dissociate leading the boron center to coordinate to the other donor ligands leading to the tetra-coordinated
species.246 The proposed synthesis of the terta-coordinated species 401 is
shown in the Scheme 5.2. Direct reaction of 241 with BCl3 also failed to
yield the tetra-coordinated species.
Similarly to the beryllium and boron analysis, 2.2 x 10−3 mM solutions
of Al3+ and IV-OH were used to assess the coordination ability of the ligand to the Al3+ cation. ESI-MS analysis of a 1:1 solution mixture of ligand
and aluminium IV:Al3+ indicated it had poor interaction with aluminium as
no aluminium coordinated species were observed. The major peak present
was that of the protonated ligand (m/z : 419.1927). Based on the spectra
obtained, (Figure 5.4) it can be concluded that the ligand IV-OH had very
low affinity for Al3+ . This trend was also observed in the DFT calculation
performed on ligand IV-OH. The binding energy of the aluminium com185

Scheme 5.2: Attempted synthesis of tetra-coodinated compound 401.
plex (-298.91 kJ/mol) of ligand IV-OH was even weaker than that for the
beryllium complex (-318.92 kJ/mol) of ligand IV-OH (Table 4.5).
Attempts to experimentally produce the tetra-coordinated species were
also not successful. The ligand 242 was subjected to deprotonation using
n-BuLi followed by the addition of AlCl3 .206 ESI-MS analysis of the crude
did not show any partially coordinated compounds either. The reaction
procedure is illustrated in Scheme 5.3.

Scheme 5.3: Attempted synthesis of tetra-coordinated compound 402.
Analogously to the coordination analysis of B3+ , Be2+ and Al3+ , 2.2 x
mM solutions of the metal cations Cu2+ , Co2+ , Zn2+ and Mg2+ were
tested for their coordination ability with the ligand IV-OH using ESI-MS.
10−3
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Figure 5.4: ESI-MS of aluminium coordination study of ligand IV-OH.
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Figure 5.5: ESI-MS of zinc coordination study of ligand IV-OH.
The spectra obtained with Mg2+ did not display any coordination and only
included the peaks for free base ligand at m/z 419.2030. In the case of
Zn2+ , the major peak observed was for the species [L+H]+ as in the cases
of Be2+ , B3+ and Al3+ . However, an additional peak was observed at m/z
481.1139 (C27 H21 N4 OZn) with a relative intensity of 6.3% in comparison
to the main peak (100%) which corresponded to the tetra-coordinated zinc
complex (403) of ligand IV-OH. The spectra obtained is illustrated in
Figure 5.5.
In contrast to the pervious coordination studies conducted with B3+ ,
Be2+ and Be2+ , the major peak present in the case of Co2+ was the presumed
tera-coordinated species [(L-H)+Co]+ (C27 H21 N4 OCo) at m/z 476.1198.
An additional species [(L-H)+Co+H2 O]+ (Figure 5.6) was observed at m/z
493.1229. This mass unit could potentially correspond to a partially coordinated ligand with a tetra-coordinated cobalt center (Figure 5.7, (a)) or a
potentially hexa-coordinate cobalt center with four nitrogen donors and the
hydroxy donor of ligand IV-OH (Figure 5.7, (b)). However, since it is not
possible to determine the bonding information using mass spectrometry, the
possible structures were postulated in Figure 5.7. These assignments were
made based on the known coordination preferences of the Co2+ cation and
the mass and isotope distribution of the peak observed at m/z 493.1229.
The structures presented in Figure 5.7 were produced using the molecule
editing computer programme Avogadro1.2.255
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Figure 5.6: ESI-MS of cobalt coordination study of ligand IV-OH.
Compared to the parent peak at 476.1198 (100%), the uncoordinated free
base ligand [L+H]+ was only present with a relative intensity of 2.5%. The
free base ligand species [L-OH]+ was only present with a relative intensity
of 9%. This suggests that cobalt has a relatively high affinity for the ligand
IV-OH. The spectrum obtained is illustrated in Figure 5.6.
In the case of Cu2+ , the main parent peak was observed at m/z 480.1157
which corresponded to the presumed tetra-coordinated copper species [(LH)+Cu]+ . The uncoordinated free base ligand (m/z 419.1985) had a relative
intensity of 0.5% in comparison to the coordinated peak at 480.1157 (100%).
This indicated that ligand IV-OH had a significantly high affinity for Cu2+ .
The spectrum obtained is illustrated in Figure 5.8.
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Figure 5.7: Possible Co coordination compounds with ligand IV-OH,
tetra-coordinated Co2+ centre (a) and hexa-coordinated Co2+ centre (b).
Produced in Avogadro.

Figure 5.8: ESI-MS of copper coordination study of ligand IV-OH.
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5.2

Summary for Chapter Five

In the preceding section of this chapter, ESI-MS analysis was performed on
the synthesised ligand IV-OH (242). 1:1 solutions of cation:ligand were
analysed with cations B3+ , Be2+ , Al3+ , Cu2+ , Co2+ , Mg2+ and Zn2+ . No
coordination compounds were observed with Be2+ , Al3+ or Mg2+ . This
trend was reflected in the DFT data obtained for ligand IV-OH as Be2+
and Al3+ displayed very low binding affinity with the ligand compared with
B3+ . A partially coordinated boron compound was observed in the ESI-MS
and this species was confirmed with experimental synthesis.
Coordination was not observed in the case of Mg2+ . In the case of the
cations Zn2+ , Co2+ and Cu2+ , the binding trend observed could be ordered
as Cu2+ >Co2+ >Zn2+ , as determined by the relative intensities of the corresponding peaks observed.
5.2.1

Experimental Section for Chapter Four

ESI-MS spectra were performed at the University of Waikato, Hamilton.
Spectra were obtained in positive and negative mode using a Bruker Daltonics MicrOTOF high resolution mass spectrometer while tandem MSn
was carried out on a Bruker Amazon-X ion-trap mass spectrometer all fitted with an ESI interface. The instruments were calibrated using sodium
formate solution and samples delivered directly into the ESI source via a
syringe and micro-tubing with the syringe pump (Cole-Parmer Instruments,
Vernon Hills, IL, USA) set at a flow rate of 180 µL h−1 . The source temperature was kept at 180 C while nitrogen was employed as the drying and
nebulizing gas (0.4 L min−1 and 0.4 Bars respectively). The spectra were
acquired for a period of 10 sec between the m/z ranges of 100 – 1400 as this
was sufficient to observe a 1:1 and 1:2 metal ligand complexes. The capillary
exit voltage was varied between 60 V to 180 V to obtain optimal spectra.

°

The instrument control was performed using micrOTOFcontrol software
(version 2.2, Bruker Daltonics) while data analysis was performed with Data
Analysis software (version 3.4, Bruker Daltonics). Confirmation of all ESIMS assignments in this study was aided by the comparison of observed
and predicted isotope distribution patterns. All analysis firstly performed
immediately after preparation, 24hrs later and finally the samples reanalysed
21 days after mixing to ensure that complete equilibrium is attained. The
concentration of the complexes in solution as revealed by their corresponding
peak abundance in the mass spectra did not change significantly over this
period and precipitation was not an issue in these systems due to the very
low concentrations of the sample solutions.
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Metal sulfate salts of Be2+ , Cu2+ , Al3+ , Co2+ , Zn2+ were purchased
from BDH and boric acid was purchased from Aldrich Chemicals and used
as supplied. The aza-macrocyclic ligands were purchased from STREM
Chemicals and Alrich Chemicals and used as supplied. Structure analysis
of compounds were performed using the programmes Avogadro1.2255 and
GaussView5.0.300
ESI-MS and Coordination Studies
Aqueous solutions containing 2.2 x 10−3 mM of Be2+ , Cu2+ , Al3+ , Co2+ ,
Zn2+ ions were prepared from the metal sulfate salts. While a 2.2 x 10−3
mM solution of ligand ligand IV-OH previously synthesised was prepared
in methanol. Samples were shaken to effect complete dissolution and stored
in the dark when not in use as the ligands were found to be light sensitive.
Samples for ESI-MS analysis were prepared by mixing equivalent proportions of the metal solution with the ligand solution to yield a 1:1 metal:ligand
ratio in a resultant 50/50 methanol/water solution. The pH of the ESI-MS
samples was measured with a silicon micro pH sensor and was left unadjusted
in the range of 5.5-7.5 before infusion into the instrument. For ligand/metal
exchange experiments, appropriate portions of solution of either the metal
or ligand components were thoroughly mixed before analysis.
(5-(p-Tolyl)BODIPY-hydroxy-methyldipyridine (400)
A dried sample of compound 241 (35 mg, 0.0673 mmol) was dissolved in
dry DCM (3 mL). DDQ (15.3 mg, 0.0673 mmol) was added and the solution
was stirred at RT for 1 h under N2 . Following this, DIPEA (120 µL, 0.673
mmol) was added and the solution turned dark red which then faded to a
brown colour. This was stirred for 10 minutes at RT. BF3 ·Et2 O (160 µL,
1.34 mmol) was added slowly to the solution and stirred for 2 h under N2 .
The reaction was then quenched with aqueous NaHCO3 and the aqueous
layer washed multiple times with water and brine. The crude product was
purified using neutralised silica gel column chromatography using DCM and
EtOAc (2%).
1H

NMR (CDCl3 , δ) 2.45 (s, 3H), 6.08 (d, J = 4.31 Hz, 1H), 6.45 (m, 1H),
6.60 (t, J = 4.07 Hz, 1H), 6.80 (d, J = 4.31, 1H), 6.84 (d, J = 4.31, 1H),
7.21 (m, 2H), 7.30 (d, J = 8.07 Hz, 2H), 7.41 (d, J = 8.07 Hz, 2H), 7.72 (dt,
J = 2.12, 7.93 Hz, 2H), 7.76 (s br, OH), 7.89 (d, J = 8.14, 2H), 8.57 (m, 2H).
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11 B
19 F

NMR (CDCl3 , δ) 0.51 (t, J = 31.06 Hz).
NMR (CDCl3 , δ) -144.70 (q, J = 17.84 Hz).

ESI MS (m/z M+Na+ : Calcd for C27 H21 BF2 NaN4 O 489.1673, found
489.1662.

193

6
6.1

Appendix: Crystallographic details
Single crystal X-ray structure refinement details

X-ray intensities were recorded on a Siemens SMART difractometer with a
Bruker APEX-II detector using graphite-monochromated Mo Kα radiation
(l = 0.71073 Å), at the temperatures indicated. For each crystal structure
presented in this thesis, CIF files are available as part of the supporting information in the attached disk and a summary of the X-ray data is provided
in the tables below. Data were integrated and corrected for Lorentz and
polarization effects using SAINT.301 Intensities were corrected using multiscan methods.302 The structures were solved by direct or Patterson methods using the SHELXS-97 or SHELXS-2013 programs.303,304 The structures
were refined by full-matrix least-squares on F2 using the SHELXL-97 or
SHELXL-2013 programs,303,304 operated through WinGX305 or OLEX2.306
Some structural features, such as least-squares planes, were calculated using the Mercury program.307,308 Unless otherwise stated, hydrogen atoms
were located geometrically and refined using a riding model. Diagrams were
produced using Mercury3.307,308
Compounds 308, 244, 317a and 401 were recorded on a Rigaku Spider
diffractometer using Cu Kα radiation (l = 1.54184 Å), at the temperatures
indicated.
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Empirical formula
Formula weight (g.mol−1 )
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α()
β()
γ()
V (Å3 )
T (K)
Z
Calc ρ (g.cm−3 )
F(000)
µ (mm−1 )
Crystal size (mm)
2θ (min, max) ( )
Reflections collected
Unique reflections
Completeness
T (min., max.)
Goodness-of-fit on F2
R, w R 2 (observed)
R, w R 2 (all data)
Largest peak/hole (eÅ−3 )

°
°
°

°

208
C15 H16 F3 N2 O2 ·0.5(C4 H5 N)
346.84
Triclinic
P-1
11.0757(11)
12.4880(14)
13.8896(16)
113.344(7)
99.031(8)
97.600(8)
1701.5(3)
293(2)
4
1.354
724
0.112
0.12 x 0.12 x 0.2
1.818, 28.416
32554
8180
98.7
0.6909, 0.7456
0.954
0.614, 0.1314
0.615, 0.1673
0.416, -0.284

230
C32 H35 N3 O5
541.63
Monoclinic
P 21/c
10.0353(3)
19.4675(6)
14.9806(4)
90
99.167(2)
90
2889.26(15)
372(2)
4
1.245
1152
0.085
0.380 x 0.260 x 0.240
1.729, 28.169
34564
7037
100.0
0.9800, 0.9686
0.942
0.0610, 0.1162
0.1113, 0.1369
0.229, -0.251

Table 6.1: X-ray data summary for 208 and 230.
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Empirical formula
Formula weight (g.mol−1 )
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α()
β()
γ()
V (Å3 )
T (K)
Z
Calc ρ (g.cm−3 )
F(000)
µ (mm−1 )
Crystal size (mm)
2θ (min, max) ( )
Reflections collected
Unique reflections
Completeness
T (min., max.)
Goodness-of-fit on F2
R, w R 2 (observed)
R, w R 2 (all data)
Largest peak/hole (eÅ−3 )

°
°
°

°

244
C6 H16 NBr·0.5H2 O
204.23
Triclinic
P-1
9.4829(10)
10.1157(12)
12.5960(15)
84.558(7)
71.091(6)
67.054(7)
1051.9(2)
153(2)
4
1.2904
432
0.112
0.59 x 0.16 x 0.10
7.4, 70.7
13697
3901
93.9
0.759, 1.000
1.108
0.620, 0.1469
0.0802, 0.1861
0.390, -0.350

252
C15 H21 BrN2 O4
373.25
Monoclinic
Cm
11.612(2)
14.308(2)
6.0822(12)
90
119.837(8)
90
877.2(3)
296(2)
2
1.413
384
2.361
0.320 x 0.320 x 0.300
2.472, 28.714
4772
2017
93.3
0.5202, 0.7456
1.189
0.0907, 0.2447
0.0938, 0.2575
5.040, -0.202

Table 6.2: X-ray data summary for 244 and 252.

196

Empirical formula
Formula weight (g.mol−1 )
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α()
β()
γ()
V (Å3 )
T (K)
Z
Calc ρ (g.cm−3 )
F(000)
µ (mm−1 )
Crystal size (mm)
2θ (min, max) ( )
Reflections collected
Unique reflections
Completeness
T (min., max.)
Goodness-of-fit on F2
R, w R 2 (observed)
R, w R 2 (all data)
Largest peak/hole (eÅ−3 )

°
°
°

°

308
C11 H12 N2 O2
204.23
Triclinic
P-1
9.4829(10)
10.1157(12)
12.5960(15)
84.558(7)
71.091(6)
67.054(7)
1051.9(2)
153(2)
4
1.2904
432
0.112
0.59 x 0.16 x 0.10
7.4, 70.7
13697
3901
93.9
1.000, 0.759
1.108
0.620, 0.1469
0.0802, 0.1861
0.390, -0.350

311
C10 H12 N2 O
176.22
Monoclinic
P2(1)/n
5.160(5)
9.145(5)
19.119(5))
90.000(5)
97.191(5)
90.000(5)
895.1(10)
372(2)
4
1.308
376
0.085
0.34 x 0.10 x 0.10
0.9711, 28.169
34564
7037
100.0
0.9800, 0.9914
1.052
0.0612, 0.1227
0.0909, 0.1360
0.442, -0.469

Table 6.3: X-ray data summary for 308 and 311.
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Empirical formula
Formula weight (g.mol−1 )
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α()
β()
γ()
V (Å3 )
T (K)
Z
Calc ρ (g.cm−3 )
F(000)
µ (mm−1 )
Crystal size (mm)
2θ (min, max) ( )
Reflections collected
Unique reflections
Completeness
T (min., max.)
Goodness-of-fit on F2
R, w R 2 (observed)
R, w R 2 (all data)
Largest peak/hole (eÅ−3 )

°
°
°

°

317a
C5 H11 NO2
117.15
Monoclinic
P2(1)/c
5.2264(9)
10.1157(12)
13.067(2)
90.000
98.097(7)
90.000
1051.9(2)
160
4
1.143
256.0
0.727
0.30 x 0.10 x 0.05
11.136, 130.172
4596
1137
98.3
0.440, 1.000
0.889
0.705, 0.1561
0.1774, 0.2029
0.21, -0.22

[318][Br]
C10 H10 N2 Br2 O·2H2 O
370.05
Monoclinic
P2(1)/n
10.5016(17)
7.0118(11)
18.419(3)
90.000
91.293(4)
90.000
1355.9(4)
372(2)
4
1.308
728
5.977
0.380 x 0.120 x 0.100
2.211, 28.460
10599
3334
98.3
0.4684, 0.7456
1.038
0.0304, 0.0673
0.0406, 0.0711
0.486, -0.482

Table 6.4: X-ray data summary for 317a and [318][Br].
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Empirical formula
Formula weight (g.mol−1 )
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α()
β()
γ()
V (Å3 )
T (K)
Z
Calc ρ (g.cm−3 )
F(000)
µ (mm−1 )
Crystal size (mm)
2θ (min, max) ( )
Reflections collected
Unique reflections
Completeness
T (min., max.)
Goodness-of-fit on F2
R, w R 2 (observed)
R, w R 2 (all data)
Largest peak/hole (eÅ−3 )

°
°
°

°

401
C16 H11 Br2 F2 N2
439.90
Monoclinic
P 21
7.7891(3)
19.1873(7)
10.9214(8)
90.000
98.947(7)
90.000
1612.36(15)
99(2)
4
1.812
856
5.046
0.2 x 0.2 x 0.2
1.888, 26.008
16408
16408
99.8
0.679, 1.000
1.068
0.0710, 0.1485
0.1451, 0.2012
1.454, -1.288

Table 6.5: X-ray data summary for 401.
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