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Abstract 

Isoreticulation is the “tweaking” of the structure of an already established 

metal-organic framework (MOF) to alter certain properties, while still 

maintaining the original parent topology. This work investigated the 

isoreticulation of the already established Li-MOF with the intention of 

enhancing gas uptake. The literature suggests that isoreticulation through the 

incorporation of Lewis basic sites (Chapter 2) and linear ligand extension 

(Chapter 3) are useful ways to enhance the uptake of gas.  

A general overview of MOFs, i.e. what they are and specific design strategies is 

provided in Chapter 1. This is then followed by examples of isoreticulation, 

including the addition of Lewis basic sites and linear ligand extension. To this 

end, the versatility of the adamantane core is showcased, but the absence of 

literature methods describing the direct attachment of functionalised N-

heterocycles is made known. 

The utilisation of N-oxide chemistry and photochemistry towards the direct 

addition of N-heterocycles onto the adamantane core is discussed in Chapter 2. 

Both areas of investigation utilised a di-substituted adamantane precursor, 1,3-

dibromoadamantane (1,3-DBA) or 1,3-carboxyadamantane (1,3-DCA), to 

facilitate the addition of two N-heterocycles. The N-oxide chemistry focused on 

the coupling of 1,3-DBA with various pyridine-N-oxide moieties. Many 

reaction conditions were tested, with each providing access to mono-

substituted adamantane derivatives. The photochemistry explored light 

irradiation of 1,3-DCA with the N-heterocycles methyl nicotinate, methyl 

isonicotinate, 2-acetylpyridine and 5-methyl-2,2’-bipyridine carboxylate. The 

chemistry discussed provided access to both mono- and di-substituted 

adamantane derivatives. In both cases, access to the mono-substituted 

adamantane core proceeded with the retention of the unreacted precursor 
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functional group, i.e. a bromine atom or carboxylic acid of 1,3-DBA or 1,3-DCA, 

respectively. Three robust compounds were synthesised using the 

photochemistry established: 1,3-bis(3-carboxypyridine)adamantane (L1), 1-

carboxy-3-(3’-carboxypyridine)adamantane (L2) and 1-carboxy-3-(4-

carboxypyridine)adamantane (L3).  

Linear extension of 1,3-bis(carboxyphenyl)adamantane to the corresponding 

1,3-bis(4-carboxyphenyl-4’-phenyl)adamantane (L4) is described in Chapter 3. 

Various synthetic routes towards the construction of L4 are discussed, all of 

which were successful. 

Complexation of L1 and L4 with various metal salts is detailed in Chapter 4. 

When reacted with LiOH·H2O, both L1 and L4 provided isoreticulations of the 

previously established framework Li-MOF, referred to as IRLi-MOF and IRLi-

MOF-L4, respectively. The complexation of L1 with Cu(BF4)2·H2O and Zn(OTf)2 

provided a 2D3D interpenetrated framework (Cu-L1) and an infinite 1D zig-

zag chain (Zn-L1), respectively. 
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Chapter 1:  

Introduction 

1.1  Terminology  

There are numerous terminologies that are used to describe infinite structures 

made up of metal ion clusters and/or organic linkers.1-4 The earliest, and most 

general term, is a coordination polymer (CP).2 This is a repeating compound 

which continuously extends in one, two or three dimensions through 

coordination bonds.4-5 The term polymer was first employed by Berzelius in 

1833,6 to describe a compound made up of repeating units of a basic building 

block.4 It was not until 1916 that the first use of the term CP was reported by 

Shibata, to describe dimers and trimers of various Co(II) ammine nitrates.3-4, 7  

The establishment of the term CP led to various subclasses of the definition 

(Figure 1.1). 

 

 

 

 

 

 

 

Figure 1.1 Subclasses of the term coordination polymer. 

Metal-Organic 

Framework (MOF) 

Coordination Polymer 

Coordination Network 

Porous Coordination 

Polymer (PCP) 
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The term coordination network refers to a compound extending through 

repeating units of coordination entities in one dimension, but containing cross-

links between two or more individual chains to form a 1D, 2D or 3D network.5 

In 1989, Robson and Hoskins proposed a new class of material,8-9 porous 

coordination polymers (PCPs), which are formed by linking together centres with 

either tetrahedral or octahedral geometries. A PCP engenders permanent 

porosity, which is the characteristic that distinguishes it from a classical CP.5 

This work, published by Robson and Hoskins, initiated the field’s significant 

progression over the past 25 years. Using an adapted approach from Robson’s 

work,8-9 Kitagawa and Yaghi each demonstrated that it was possible to make 

extensive families of compounds with specific structural topologies.10-11  

In 1995, Yaghi separated himself from the already established field of PCPs, 

creating a new term Metal-Organic Framework (MOF).12 In reality, the terms PCP 

and MOF can be used interchangeably, as they are both infinite porous 

frameworks with a mixture of organic and inorganic constituents.2-5,13 However, 

the substantial advancement Yaghi and co-workers continue to make in the 

field has seen the takeover of the term MOF.3-4, 10, 13  

1.2 MOF chemistry 

The IUPAC task group define a MOF as a coordination polymer with an open 

framework containing potential voids.4-5 MOFs are formed by the assembly of 

metal secondary building units (SBUs) and organic linkers through 

coordination bonds.2, 11-12, 14-20 

All MOFs are porous frameworks, but they vary with regard to stability. In 

1998, Kitagawa published a review of current MOFs which showed their 

reliance on guest molecules (e.g. solvent) for stability.21 Based on this trend, in 

2003, Kitagawa grouped MOFs into three categories: first, second and third 



- 3 - 

 

generation (Figure 1.2).22-23 Frameworks with microcavities and/or channels 

reliant on guest molecules for stability, i.e. will collapse upon removal of those 

guest molecules, are classified as first generation. MOFs that are robust and 

remain porous after the removal of guest molecules are classified as second 

generation, and dynamic frameworks that respond to external physical and 

chemical stimuli, e.g. light and guest molecules, respectively, are classified as 

third generation.23-26 

 

Figure 1.2 An illustration of the classification of MOFs/PCPs as first, second or third 

generation. This picture was taken directly from the publication with permission.23 

 Secondary building units (SBU) 1.2.1

An SBU is an inorganic polynuclear cluster, and although an individual metal 

has a specific geometrical preference, the SBU as a whole provides alternative 

geometric possibilities.27 The SBU and the ligand each have their own 

geometry, with the pairing of particular geometries corresponding to only a 

small number of high-symmetry topological possibilities. Therefore, the ability 
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to identify each component’s geometry is a valuable tool for the synthesis of 

MOFs. This process is recognised as the “SBU approach”,11, 28-30 and to date the 

majority of MOFs synthesised involve the use of this approach (Figure 1.3).27-

28,31  

 

Figure 1.3 A basic graphical illustration of the combination of various SBUs and rigid 

linkers to form MOFs with a predicted topology. This picture was taken directly from the 

publication with permisson.32 

In 1999, Yaghi synthesised the most well-known MOF in the literature, MOF-

5.11 The cubic framework comprises of octahedral zinc oxide, Zn4O, SBUs 

linked together by 1,4-benzenedicarboxylate (BDC) ligands to form zinc 

carboxylate units, Zn4O(CO2)6 (Figure 1.4 and 1.5).11,14,16,34-35 

As depicted in Figure 1.4, each Zn metal centre (envisioned in the centre of 

each blue tetrahedron) is coordinated to a central oxygen atom as well as an 

oxygen atom from three individual BDC ligands, i.e. each Zn resides in a 

tetrahedral geometry. Despite the discrete Zn metal’s tetrahedral geometry, 
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there are six points of extension from the SBU because the carboxylate 

functionality of the BDC ligand is shared between two Zn metals (middle, 

Figure 1.5). Therefore, the overall geometry of the SBU is actually octahedral 

(right, Figure 1.5).11, 27, 29-30, 33-34 

 

Figure 1.4 The break down of the MOF-5 SBU. Colour code: oxygen (red), zinc (blue) and 

carbon (black). “R” is the 1,4-BDC ligand and coordination to the zinc is shown once for 

clarity. The image in the middle was redrawn and used with permission from the 

publication journal.35 

 

 

 

 

 

 

 

 

Figure 1.5 Left: The 1,4-BDC ligand. Middle: The entire SBU of MOF-5, ZnO(CO2)6. The Zn is 

envisioned in the centre of the blue tetrahedron, with BDC (R, black) oxygens (red) at the 

vertices. Right: Shows how the overall geometry of the SBU is octahedral, having six points 

of extension. The middle and right images were redrawn and used with permission the from 

the publication journal.35  

The SBU approach can be a very useful tool for predicting MOF topology, 

however, it is not always accurate. For example, the reaction between zinc 

nitrate and BDC yields both a cubic 3D MOF (MOF-5, Figure 1.6, middle) and a 

2D zinc paddle-wheel framework (Figure 1.6, right). The aggregation of the Zn-
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O-C metal cluster varies depending on the reaction conditions used. The 

former is synthesised solvothermally with triethylamine (TEA) and 

dimethylformamide (DMF),11 and the latter is achieved by slow vapour 

diffusion of TEA and toluene into a DMF solution containing both the ligand 

and metal.36 

  

Figure 1.6 Left: The 1,4-BDC ligand. Middle: The 1,4-BDC ligand. Middle: A basic schematic 

of the 3D MOF-5 framework. Right: The 2D zinc paddle-wheel framework. The middle and 

right images were redrawn and used with permission from the publication journal.36 

It is the combination of the metal SBU’s geometrical preference and the 

characteristics of the individual ligands which predominantly dictate the final 

structure of the framework.11, 14, 27, 32, 34, 36-37 The design and control of the metal 

and ligand arrangement has led to the formation of materials with specific pore 

size, shape and chemical environment. This design process was termed reticular 

synthesis by Yaghi and co-workers in the early 2000s.38-39 

 Carboxylic acid linkers 1.2.2

Carboxylic acid containing ligands are most frequently utilised for the 

synthesis of MOFs and are particularly attractive because of their high acidity 

(pKa = ~4) which allows facile in situ deprotonation.40-41 The metal-carboxylate 

bond formation is a reversible process under mild conditions, presumably 

facilitating the formation of a well-ordered network.41 The varying degree of 
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deprotonation can provide multiple and distinct coordination sites, leading to 

different coordination modes and thus resulting in the assembly of structurally 

distinct coordination polymers.42 Furthermore, depending on the crystal 

packing arrangement, the carboxylic acid donors can provide additional 

stabilisation to the framework through interactions such as hydrogen bonding, 

which can also facilitate crystallisation.43 

  Reticular synthesis 1.2.3

Reticular synthesis is one of the primary design strategies for constructing a 

predetermined ordered network (Scheme 1.1).2, 16, 38, 44 This type of synthesis 

differs from traditional synthetic methods, by the rigid molecular building 

blocks’ ability to maintain their structural integrity throughout MOF formation. 

It is principally a reactant-product correlation, and is the assembly of a defined 

metal SBU and a defined rigid ligand with the aim of forming a desired 

network.15, 38 The framework is formed by strong bonds which should engender 

permanent porosity.16, 38, 45  

 

Scheme 1.1 A basic schematic of reticular synthesis. Specific metal SBU (pink) combined 

with a specific rigid ligand (blue) to give a predetermined network. 

The extent of which the ligand influences the overall topology of a framework 

becomes clear when comparing frameworks such as MOF-5 and MOF-74 

(Figure 1.7 and 1.8, respectively). MOF-74 encompasses Zn2O2(CO2)2 helical 

rods linked together by 2,5-dioxidoterephthalate (DOT) ligands (Figure 1.8, 

left).46 So although the difference in ligand is minor, between MOF-5 and MOF-
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74, the incorporation of two additional oxygen donors on the benzene ring of 

the DOT ligand in MOF-74 results in the change in the coordinative nature of 

the ligand, and leads to the formation of metal-oxygen (M-O) type chains 

(rods). Rods are metal-containing SBUs which are infinite in one direction.47 

The establishment of these rods restricts the way the ligands can coordinate to 

the metal centre. As a consequence, the MOF-74 network forms 1D hexagonal 

channels (Figure 1.8, right). Comparatively, the ligand within MOF-5 is not as 

restricted in the way it can coordinate to the metal centre, and a 3D cubic 

topology is observed (Figure 1.7).46, 48-49 

 

Figure 1.7 The crystallographic structure of MOF-5. The Zn-O-C clusters (blue) are linked 

together by the 1,4-BDC ligands (black). The grey sphere in the middle represents the space 

within the cavity.50 

 

 

 

 

 

 

 

 

 

Figure 1.8 The crystallographic structure of MOF-74 and its components. Right: The SBU 

chains (red/blue) are linked together by the DOT ligands (grey). The image was taken 

directly from the publication with permission.49 
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 Isoreticular synthesis 1.2.4

Once a reactant-product correlation has been established through reticular 

synthesis, it can then be used to “tweak” the function of the framework (e.g. 

gas storage, catalysis).1, 3, 42, 51-53 Research has shown that subtle variation in 

ligand and/or metal SBU of a pre-established network can alter specific 

properties such as pore diameter, metal reactivity or gas affinity.15-16, 34, 53-54 If a 

component(s) of the framework is altered, thereby potentially “tweaking” the 

function, but the original parent topology formed in the reticular synthesis 

segment is maintained, the process is recognized as isoreticular synthesis 

(Scheme 1.2).16  

 

Scheme 1.2 Top: Reticular synthesis, metal SBU (pink), specific rigid ligand (blue) to give a 

predetermined network. Middle: Isoreticular synthesis (change in ligand, orange). Bottom: 

Isoreticular synthesis (change in metal, green). 
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Linear extension/exchange of the organic linker or a change in metal are the 

most commonly reported types of isoreticulation (Scheme 1.2).28, 34, 55-58 In the 

case of gas storage applications, both forms of isoreticulation can alter the gas 

adsorption properties of a framework.16 Specifically, an increase or decrease in 

pore aperture is expected upon the variation of ligand dimensions, and 

depending on the metal(s) chosen, the metal-gas affinity will change 

accordingly. 

Wriedt et al.,59 recently published an example of isoreticulation, specifically to 

tune pore size and functionality towards enhancing CO2/N2 separation. 

Utilizing 2,2’-bipyridinium-based ligands, as well as either nickel or cobalt, 

Wriedt exploits the ligand’s zwitterionic nature to create porous MOFs with a 

charged organic surface. Five out of the six MOFs reported form with a 1-(4-

carboxyphenyl)-4,4’-bipyridinium chloride salt (Figure 1.9, right).59  

 

Figure 1.9 Right: The ligand used to construct the six reported isoreticulated MOFs, L1 (R=H) 

and L2 (R=OH). Left: Isoreticulation and functionalisation to form six zwitterionic MOFs. 1-

M to 5-M formed with L1 pyridinium ligand and corresponding auxillary ligand shown. 1’-

M formed with L2 and the auxillary ligand shown in 1-M, M = cobalt or nickel. The figure 

was taken directly from the publication with permission.59 
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Single-crystal analysis of the frameworks shows that a cubic topology is 

maintained across all six MOFs and within each framework there are three 

types of pores with varying circumference. This work demonstrates that the 

pore size can be tuned through variation of the auxillary ligand, as depicted in 

Figure 1.10.59 

 

Figure 1.10 Five reported isoreticulated MOFs and their respective pore apertures and 

auxillary ligand, M = cobalt or nickel. The figure was taken directly from the publication 

with permission.59 
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1.3 Applications 

There is a high degree of variability and tunability with regard to the inorganic 

and organic constituents which coordinate to form a MOF, and because of this 

MOFs are of interest in a diverse range of potential applications, including gas 

storage/separation.16-17, 41, 44-45, 55, 60-71 

 Gas storage 1.3.1

Since 1990, New Zealand’s inventory for greenhouse gas emissions has 

increased 23.1%, and in 2017 it was recorded that 80.9 million tonnes of CO2 

was released into the atmosphere.72 Humans’ overwhelming dependency on 

fossil fuels is a leading contributory source of the continuing increase of CO2 

emissions.72-73 Identifying more environmentally friendly fuel alternatives is 

therefore of great interest.63, 71 

A paper by Wallner et al.,74 evaluates two BMW cars powered by hydrogen fuel 

cells, noting that hydrogen gas has certain properties which limits its success as 

a fossil fuel replacement. For example, the ignition range of hydrogen in air is 

significantly larger (4-75 vol %) than conventional gasoline or methane ignition 

limits (1.4-7.6 and 5.3-15 vol %, respectively).74 In addition, because hydrogen is 

such a light molecule and cannot be liquefied easily, only a small volume can 

be stored relative to the size of the storage tank itself;61, 74 with Wallner et al., 

reporting that only 8 kg of hydrogen gas could be stored in a 170 L tank.74  For 

this reason, hydrogen gas requires cryogenic and/or compressive storage. It 

was proposed that the low volume energy density limitation could be resolved 

through the incorporation of highly porous materials that work to increase the 

surface area of the tank and are therefore capable of storing larger amounts of 

hydrogen gas.2, 16, 62, 75 The use of MOFs for gas storage would significantly 

lower costs as they could provide a lightweight storage material that does not 

require the hydrogen to be cryogenically stored at high pressures.45  
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MOFs capable of storing gas do so through two ways: chemisorption, where 

the gas is held within the material through chemical bonds, or physisorption, 

where the gas binds to the surface of the material through van der Waals 

interactions.2, 63, 75-76  

The first hydrogen adsorption testing on a MOF was reported in 2003 using 

MOF-5, with the results of this testing supporting the frameworks potential for 

gas storage applications.16, 45 Since then, many MOF-based papers have 

reported hydrogen adsorption data.16, 63-64 The highest recording of 

physisorption hydrogen storage capacity within a MOF, to date, was reported 

by Long and co-workers in 2018.62 Comprised of Ni2+ SBUs and 4,6-dioxido-1,3-

benzenedicarboxylate linkers, this framework encompasses cationic Ni2+ sites 

with vacant coordination sites that interact strongly with the hydrogen gas 

molecules, leading to dense packing and large binding enthalpies.62 The 

framework has usable volumetric H2 storage capacities of 11.0 g L-1 at 25 °C, 

and can reach up to 23.0 g L-1 with a temperature swing between  -75 and 25 

°C.62 However, these values only correspond to 1.9 and 3.9 kg, respectively, per 

170 L tank. These values are significantly less than what is currently in use, 

therefore work still needs to be done in order for MOFs to have a practical 

benefit.  

Lightweight MOFs could be a potential solution to this issue. A MOF that is 

constructed from lighter metals, such as lithium, should enable storage of more 

weight of H2 gas per weight of MOF. 

 

 

 



- 14 - 

 

 Utilisation of lithium for light-weight MOFs 1.3.2

Transition metals are well understood in terms of coordination preference and 

are therefore the most frequently used metals in the construction of MOFs.18, 28, 

34, 55, 57-58, 64-65, 77-78. Conversely, metals in the ‘s’ block of the periodic table are not 

as predictable with regard to their geometrical preferences and coordination 

numbers, and are for this reason not as widely utilised when it comes to MOF 

synthesis. 79-86 

The use of metals such as lithium, magnesium or calcium should lead to the 

formation of lightweight MOFs with the ability to offer high gravimetric 

adsorption, and are therefore very desirable for gas storage applications.78, 87 In 

2012, the first lithium based MOF with vacant coordination sites was 

reported.77 The framework comprises of 3,3′,5,5′-azobenzenetetracarboxylic 

acid ligands coordinated to lithium in a trigonal planar geometry. A vacant 

coordination site is available on the lithium SBUs which has been shown to 

reversibly bind water molecules with no significant structural rearrangement to 

the overall framework.77 This vacant coordination site on the lithium metal 

centre should offer a stronger binding site for guest molecules, such as gases.77 

Prior to this, retaining structural integrity upon the desolvation of lithium-

based frameworks was unsuccessful.78 
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  The incorporation of Lewis basic sites into MOFs 1.3.3

Framework UiO-66 consists of Zr6O4(OH)4 clusters coordinated through 1,4-

benzenedicarboxylate (BDC) linkers (Figure 1.11, left).18, 88 This framework was 

generated for membrane-based gas separation purposes, but has also been 

reported with modifications aimed towards improving its gas uptake.18, 89-90 

Lillerud et al.,89 synthesised UiO-67 and UiO-68, which are isoreticular 

analogues of UiO-66 (Figure 1.11). Substitution of the original BDC ligand for 

4,4’-biphenyldicarboxylate (BPDC) and terphenyldicarboxylate (TPDC) 

provided UiO-67 and UiO-68, respectively (Figure 1.11 middle and right, 

respectively). 

 

 

 

Figure 1.11 A visual representation of UiO-66 MOF (left), UiO-67 (middle) and UiO-68 

(right) MOFs. Colour code: Zr clusters (red), oxygens (blue), BDC, BPDC and TPDC linkers 

(grey/white). The figure was taken directly from the publication with permission.89 

Although the ligands were linearly extended, the thermal stability observed for 

each isoreticulated MOF remained above 500 °C, significantly close to the 

decomposition temperature of the original UiO-66 MOF (Tdecomp = 540 °C).89 

Therefore, it was concluded from these studies that, in this case, isoreticulation 

by linear ligand extension enabled a larger pore diameter and surface area 

while still maintaining the stability of the original UiO-66 MOF. 

Further modification of UiO-67 was made in 2014 by exchanging the biphenyl 

ligands for bipyridyl ligands (Figure 1.12).90 The addition of functional Lewis 

basic sites within the pores resulted in the formation of a framework with a 

higher uptake capacity of H2, CO2 and CH4 gas. The H2 uptake of the bipyridyl 

UiO-67 was reported to be 26.6% higher than that of the biphenyl UiO-67. 
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Moreover, this was achieved while maintaining the pore volume and the 

robustness reported for the biphenyl UiO-67 framework (Tdecomp = 512 °C).90  

 

 

 

 

 

 

Figure 1.12 The formation of the Lewis basic analogue of UiO-67. Compound 5,5’-dicarboxy-

2,2’-bipyridine and ZrCl4 react to give the corresponding MOF. Colour code: Zr clusters 

(red), free space in type-1 pore (blue spheres), the free space in type-2 pore (green sphere) 

and the 5,5’-dicarboxy-2,2’-bipyridine linker (grey). The figure on the right was taken 

directly from the publication with permission.88 

 

A publication from Chen and co-workers demonstrated that through the 

incorporation of Lewis basic sites within their MOFs they were able to increase 

uptake levels of methane.91 Four ligands were synthesised for this study, three 

of which contained at least one Lewis basic site (Figure 1.13, L1-L4). The 

variation between each ligand being whether the central component was a 

benzene (L1), pyridine (L2), pyridazine (L3) or a pyrimidine (L4). When 

complexed with a Cu(II) salt, the ligands above formed identical frameworks, 

i.e. isoreticulations of one another. The frameworks were each subjected to 

methane gas uptake studies and compared to each other.91 It was shown that 

the incorporation of Lewis basic sites, through groups such as pyridine, 

pyridazine and pyrimidine resulted in an increase of methane gas storage 

capacities. The original NOTT-101 framework, comprising of L1 ligands, 

showed the lowest methane storage capacity, and there was a steady increase 

in methane uptake exhibited from the corresponding L2-L4 frameworks (). The 

uptake values ranged from 249-254 cm3 (STP: 273.15 K, 1 atm) cm-3 for the 
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functionalised MOFs, compared to the non-functionalised MOF with a value of 

237 cm3 (STP) cm-3.91 

 

Figure 1.13 The ligands used to generate isoreticulated MOFs for methane gas uptake 

studies. The images were taken directly from the source with permission. 91 
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1.4 Adamantane as a building block for a diverse range of ligands 

Adamantane comprises three fused cyclohexane rings each in a chair 

conformation, with a molecular formula of C10H16. The molecule was first 

isolated in 1933 by exploiting its high melting point (mp = 270 °C).92-93 Fractions 

of petroleum were distilled and cooled to low temperatures, ultimately causing 

most of the adamantane to crystallise out.25 Obtaining a sufficient yield of 

adamantane by this method was not feasible, and in 1941 Vladimir Prelog 

reported the first synthesis of adamantane.94 The yield was still very low, 

0.16%, but in 1957 Paul Schleyer reported a two-step synthetic method with an 

overall yield of 30-40%.95 The reaction proceeds with hydrogenation of 

dicyclopentadiene using a catalyst, such as platinum oxide, followed by a 

Lewis acid catalysed rearrangement, using AlCl3 (or AlBr3), to form 

adamantane (Scheme 1.3).95-96 

 

 

Scheme 1.3 Schleyer’s synthesis of adamantane. This scheme also includes four potential 

substitution sites on the adamantane. 

 

The adamantane has a rigid tetrahedral geometry that contains ten sp3 

carbons.93 The methine hydrogens are readily available for substitution 

(Scheme 1.3), therefore in combination with the molecule’s rigidity and 

stability, adamantane is a versatile building block for synthesising a range of 

diverse ligands. 
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1.5  Adamantane-based frameworks  

It is of no surprise that a robust, highly symmetric tetrahedral molecule which 

can be readily substituted, is of interest in a wide range of areas. Research 

extends from the construction of an extensive range of ligands, to the ligand’s 

ability to interact with itself as well as metals, to form corresponding 

frameworks. 

 Tetra-substituted adamantane based frameworks 1.5.1

A recent paper focused on highly symmetric tetrahedral ligands and their 

potential to form flexible porous molecular frameworks.97 One ligand of 

interest was 1,3,5,7-tetrakis(4-carboxyphenyl)adamantane (Figure 1.14).  

 

 

Figure 1.14 The structure of 1,3,5,7-tetrakis(4-carboxyphenyl)adamantane. 

 

It was found that through a simple recrystallization method, the ligand formed 

a robust yet flexible 3D network with permanent porosity. The solvent 

molecules was observed to play a crucial role in this formation, by linking 

together two carboxylic acid functional groups through hydrogen bonding 

interactions. Furthermore, the solvent molecules inhibit dimerization of the 

ligand and instead promote side-to-side interactions between the peripheral 
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arms of the adamantane core, generating channel-like cavities.97 It was shown 

that heat stimulates the hydrogen bonded organic framework (HOF) to change 

from open to close-packed.97 

Similarly, another paper reported Suzuki couplings between 1,3,5,7-tetrakis(4-

bromophenyl)adamantane (TPBA) and various phenylboronic acid-type 

compounds to form ‘chain’ ligands through polymerisation (Figure 1.15).98 

Each coupling generates a corresponding covalent organic framework (COF) 

that exhibits high thermal stability (Tdecomp= 520 °C) and high potential as an 

adsorbent for small gas molecules, as well as the ability to reversibly absorb H2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 The reaction of TPBA with various boronic acid moieties to form the 

corresponding microporous polymers. This figure was taken directly from the publication 

with permission.98 
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Three papers published by Yaghi and co-workers showcased the formation of 

MOFs based around 1,3,5,7-tetracarboxyadamantane (TCA) and/or 1,3,5,7-

tetrakis(4-carboxyphenyl)adamantane (CPA, Figure 1.14) with various metals.46, 

54, 99 

The reaction between TCA and Cu2+ with the intent of designing a MOF with 

open-metal sites was investigated in the earliest of the three papers.54 Copper 

paddle-wheel cluster motifs are known for their square pyramidal geometry, 

with labile groups coordinated in the axial positions. It has been shown that 

when the labile groups are removed, to create open metal sites, Lewis basic 

atoms on a nearby molecule can bind and generate dimers or long chains.100 

Therefore, to minimise the likelihood of intramolecular attack occurring, 

adamantane was chosen for its rigidity and tetrahedral geometry.54 

Successfully, the labile axial groups (H2O) were orientated into the voids, and 

thus avoided potential self-aggregation. All water molecules acting as guest 

molecules or ligands were successfully removed between 120-260 °C (Figure 

1.16) to form a structurally stable, anhydrous framework (MOF-11).  

 

Figure 1.16 Single crystal structures of hydrous (left) and anhydrous MOF-11 (right). Colour 

coding: copper (orange), oxygen (red), carbon (grey) and hydrogen (white). This picture was 

taken directly from the publication with permission.54 
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The second paper investigated both TCA and CPA with Cd2+ and Zn2+, 

respectively.99 As the Cd2+ ion is larger than the Zn2+ ion, bidentate coordination 

of four individual TCA ligands is observed in the reported Cd-MOF (Figure 

1.17 left), whereas mono-dentate coordination of four CPA ligands is observed 

in the reported Zn-MOF (Figure 1.17 right). The coordinative sites on TCA are 

very close to the core itself, resulting in a very narrow pore diameter (4 Å). 

Comparatively, the CPA ligand is an extended form of TCA and thus generates 

larger pores (9 Å).99 

 

 

 

 

 

 

 

Figure 1.17 Left: A basic image of the Cd-MOF which contains a Cd ion (yellow) and four 

TCA ligands bound through carboxylate oxygens (orange). Right: A basic image of the Zn-

MOF which contains two Zn ions (blue) and four CPA ligands bound through carboxylate 

oxygens (orange). Both images were taken directly from the publication with permission.99 

 

Yaghi and co-workers narrowed their investigation in the third paper to rod-

shaped SBUs, with the intention of building MOFs with no interpenetration.46 

Eleven MOFs were reported, each with a different topology depending on the 

ligand and metal combination used, and all are non-interpenetrated. All of the 

rods reported are constructed through M-O-C units, with the carboxylate 

group of the ligand coordinating to the metal centre in at least one of the six 

modes depicted in Figure 1.18.46 
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Figure 1.18 Six coordination modes observed in rod formation/metal-ligand binding (A-F) 

MOF-77 is comprised of Zn2+ metals and TCA linkers (Figure 1.19). Each metal 

has a coordination number of four, with four carboxyl groups coordinated to 

the Zn metal centre through mode A (refer to Figure 1.18).46 

 

Figure 1.19 Left: The asymmetric unit of MOF-77. Right: The packing of MOF-77 down the a-

axis. Colour coding: carbon (grey), oxygen (red), zinc (purple). Both images were taken 

directly from the publication with permission.46 

In 2017, a 3D MOF (UOF-1) encompassing CPA ligands and Cu(II) paddle-

wheel SBUs (Figure 1.20) was reported.101 Each Cu(II) ion is of a square-

pyramidal geometry; the Cu(II) ion is held in a square planar geometry by the 

COO- moieties of each tetrahedral ligand, and a water molecule is coordinated 

in each axial position. The net topology of the framework is PtS, the same as 

that reported by Yaghi et al.,54 and therefore two types of pores within the 

framework are observed. However, upon desolvation (at approximately 100 

°C) the framework collapsed similar to that reported by Banerjee et al.78, 101  
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Figure 1.20 Crystallization of CPA with Cu(II) to generate the corresponding UOF-1. Colour 

coding: Cu coordination geometry (green), oxygen (red) and carbons (grey). This model 

excludes axially positioned H2O molecules for clarity. The figure was taken directly from the 

publication.101 

In 2014 Boldog et al.,102 synthesised 1,3,5,7-tetrakis(tetrazol-5’-yl)adamantane 

and crystallised it with various metal chloride salts to form structures with an 

abundance of Lewis basic sites. Two of the frameworks reported comprise of 

four metal atoms (Cd or Cu) which arrange in a zig-zig chain linked together 

by four tetrazole units and chloride bridging groups (Figure 1.21). The halido-

bridges and the Lewis basic sites were added with the intention of exploring 

magnetism and gas adsorption. 

 

 

Figure 1.21 M= Cu or Cd. Structural binding motif for [Cu4Cl4L(DMF)5]·DMF, and [Cd4Cl4L- 

(DMF)7]·DMF complexes.102 
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 Tri-substituted adamantane-based frameworks 1.5.2

Various frameworks that incorporate the tri-substituted adamantane have been 

reported, although most of them involve auxillary ligands. 

Tominaga et al., reported the synthesis of two 1,3,5-triphenyladamantane-

derived trisimidazolium (or trisbenzimidazolium) salts which, when reacted 

with silver oxide, provided trisilver hexacarbene complexes (Figure 1.22).103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22 Left: The structure of 1,3,5-triphenyladamantane-derived salts. Right: The 

corresponding Ag-frameworks generated. Both crystal structures were taken directly from 

the publication with permission.103 

More recently, Tominaga published similar work to that above, except this time 

integrating a pyridine ring onto the triphenyladamantane precursor as opposed 

to an imidazolium.104 The change in ligand resulted in a significantly different 
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framework once reacted with silver. In this case, a cage structure with open 

cavities was formed (Figure 1.23). 

         

 

Figure 1.23 The structure of 1,3,5-tris(4-pyridine-3’,5’-methoxy)adamantane and the reaction 

with AgOTf to form the corresponding Ag-framework.  The image on the right was taken 

directly from the publication with permission. 104 

 

In 2017, another example of a tri-substituted adamantane-based framework 

was reported by Zhao and co-workers. The group reacted 1,3,5-(4-

carboxyphenyl)adamantane (H3L) with CdCl2 which resulted in the formation 

of a 2D coordination polymer with a hexagonal net topology (Figure 1.24). 

 

Figure 1.24 Images of the 2D network formed from the reaction of 1,3,5-(4-

carboxyphenyl)adamantane with CdCl2. Both images were taken directly from the 

publication with permission.105 
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  Di-substituted adamantane-based frameworks 1.5.3

Continuing this work reported by Zhao and co-workers (Figure 1.24), the 

group also published a framework comprised of 1,3-bis(4-

carboxyphenyl)adamantane ligands and Mn2+ salts (Figure 1.25). 105 

 

 

 

Figure 1.25 The combination of 1,3-bis(4-carboxyphenyl)adamantane and MnCl2 to form the 

corresponding MOF. Colour coding: adamantane ligand (grey), oxygen (red), nitrogen 

(purple), Manganese (pink). The CIF was used directly from the  publication to generate the 

picture on the right.105 

 

In 2019, Yamaguchi et al.,106 reported a copper(I) mediated reaction between 1,3-

bis(4-iodophenyl)adamantane and a variety of N-heterocycle moieties to 

generate robust hydrogen bonding acceptor ligands (Figure 1.26).  

 

Figure 1.26 The structures of 1,3-bis(4-iodophenyl)adamantane and the various N-heterocycle 

moieties. The green boxes symbolise the most successful combination: 1,3-bis(4-

iodophenyl)adamantane and 2-methylimidazole to form 1,3-bis[4-(2-methylimidazol-1’-

yl)phenyl]adamantane. 



- 28 - 

 

The reaction of 1,3-bis[4-(2-methylimidazol-1’-yl)phenyl]adamantane with 

terephthalic acid, isophthalic acid or resorcinol, resulted in co-crystallisation 

and the formation of infinite porous 1D zig-zag chains (Figure 1.27). 

 

Figure 1.27 Co-crystallisation with 1,3-bis[4-(2-methylimidazol-1’-yl)phenyl]adamantane and 

1,4-terephthalic acid. The image on the right was taken directly from the publication with 

permission. 106 

Senchyk and co-workers have published multiple papers which focus on the 

synthesis of mono-, di-, tri- and tetra- 1,2,4-triazolyl substituted adamantane 

ligands, and the formation of MOFs and/or coordination polymers from each 

ligand.107-108 

One of the papers discussed the complexation of 1,3-bis(1’,2,4-

triazolyl)adamantane with cadmium metal salts.107 When the adamantane 

ligand was reacted with CdBr2·4H2O, a 2D square network formed which 

showcased the angular ‘L’ shape of the di-substituted adamantane ligand 

(Figure 1.28).  

 

 

 

 

 

 

Figure 1.28 The complexation of CdBr2·4H2O with 1,3-(1’,2,4-triazolyl)adamantane. The 

image on the right was taken directly from the publication with permission.107 
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Jin and coworkers have crystallized numerous Ag-frameworks utilizing 1,3-

adamantanedicarboxylic acid (ADC).109-111 The ligand was chosen based on the 

adamantane’s ability to act as a light collector, and silver for its photo-emission 

ability. Essentially, the energy absorbed by the adamantane can be transferred 

to the silver ion and thus result in the formation of luminescent complexes.111-112 

One report showed that ADC binds with silver and 1,4-bis(2-methyl-imidazol-

1’-yl)butane) to form helical chains, i.e. a left- and right-handed (Figure 1.29).111 

At first glance, this framework would be classified as 1D, however, hydrogen 

bonding between the guest water molecules residing in the pores and the 

carboxylate functional groups on the ligands resulted in the formation of a 3D 

framework. 

 

Figure 1.29 View of 1D Ag(I) chains forming a 3D network through hydrogen bonding 

interactions. Colour coding: Ag(I) (purple), carbon (grey), oxygen (red), hydrogen bonding 

(black). The CIF was used directly from the publication to generate the image.111 

 

Shi et al.,113 investigated the use of 1,3-adamantaneacetic acid with both zinc 

and cadmium. Of the eight frameworks generated, only one did not 

incorporate an auxiliary ligand. That framework contains a dinuclear Zn(II) 
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paddle-wheel SBU. One zinc exists in a square pyramidal geometry 

coordinated to an oxygen atom from five individual ligands, and the second 

zinc exists in a distorted tetrahedral geometry coordinated to an oxygen atom 

from two adamantane ligands, and two water molecules. The interaction 

between the ligand and the metal forms a 1D Zn-O-C-O-Zn zig-zag chain 

which is then further linked by 1,3-adamantanediacetic acid ligand to form an 

overall 3D framework (Figure 1.30).113 

 

Figure 1.30 View of the 1D infinite Zn–O–C–O–Zn chains running along the a axis, as well 

as the dinuclear Zn(II) paddle-wheel motif. Colour code: 1,3-adamantaneacetic acid (yellow, 

blue and grey), oxygen (red) and zinc (aqua). The image was taken directly from the 

publication with permission. 

 

1.6 Scope of thesis 

Previous work by the Hanton-Moratti group at the University of Otago 

investigated the formation of a lithium-based MOF constructed from 1,3-bis(4-

carboxyphenyl)adamantane ligands (1,3-CPA, discussed in detail in Chapter 

3).114 The gas adsorption results obtained from this framework provided 

precedence to investigate how isoreticulation by linear ligand extension, or the 

incorporation of Lewis basic sites, might alter the observed gas adsorption 

properties of the original Li-MOF. Previous research has shown that both 

isoreticulation through linear extension, as well as the incorporation of Lewis 
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basic sites, improve gas storage/separation abilities within porous 

frameworks.59, 89-90 

A primary aim of the current investigation was to establish a synthetic route 

which could enable the direct addition of functionalized N-heterocycle(s) onto 

the adamantane core. Specifically, the intention was to generate robust di-

substituted adamantane core ligands which upheld the ‘L’ shape previously 

observed in 1,3-CPA. To date, the work described in the literature surrounding 

the addition of N-heterocycles on to the adamantane core has involved either 

mono-substitution;115-116 facilitation through a linker (i.e. benzene) to enable the 

addition of a heterocycle;103-104, 106 the addition of heterocycles through C-N bond 

formation, rather than C-C,107 or the addition of non-functionalised N-

heterocycle(s).102, 107  

1,3-Bis(3’-carboxypyridine)adamantane and 1,3-bis(3’-carboxy-2,2’-

bipyridine)adamantane were the main synthetic targets for this particular 

investigation as both incorporated Lewis basic sites while still maintaining the 

desired ‘L’ shape (Figure 1.31).  

 

Figure 1.31 Left:The structure of 1,3-bis(3’-carboxyphenyl)adamantan. Middle: The structure 

of 1,3-bis(3’-carboxypyridine)adamantane. Right: The structure of 1,3-bis(3’-carboxy-2,2’-

bipyridine)adamantane. 

The secondary aim was to react each ligand with LiOH·H2O to investigate 

whether isoreticulation of the original Li-MOF would occur. Furthermore, little 
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research has been reported with regard to direct addition of functionalized N-

heterocycles on to the adamantane core with the intention to form MOFs, 

therefore, the established ligands would also be reacted with other metals such 

as copper and zinc to see what would happen.  

A third aim was to consider the correlation between pore size and gas uptake. 

Specifically, if the original 1,3-CPA ligand was linearly extended to form the 

corresponding 1,3-bis(4-carboxyphenyl-4’-phenyl)adamantane it was expected 

that when reacted with LiOH·H2O the framework formed would exhibit the 

same topology as the original Li-MOF, but the pore size would increase 

accordingly (Figure 1.32). 

 

Figure 1.32 Left: The structure of 1,3-bis(4-carboxyadamantane). Right: The structure of 1,3-

bis(4-carboxyphenyl-4’-phenyl)adamantane. 

 

If isoreticulation of the original Li-MOF was successful, the fourth aim was to 

send any isoreticulated MOFs for gas studies to see how the addition of Lewis 

basic sites or linear ligand extension would affect the uptake of gas, relative to 

the results obtained for Li-MOF.* 

                                                 
* Bulk samples of IRLi-MOF were sent for gas studies between January 2019 and January 2020, 

however, unfortunately due to equipment failures and crystal fragility results were unable to 

be obtained in time of hand in. 
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Chapter 2:  

The synthesis of N-heterocyclic adamantane ligands 

2.1  Introduction 

This chapter describes the synthesis of N-heterocyclic adamantane ligands to be 

used towards the isoreticulation of the already established Li-MOF, through 

the incorporation of Lewis basic sites. The addition of Lewis basic sites into a 

porous framework has been shown to significantly increase both gas uptake 

and selectivity.1-9 One method to achieve this is through the incorporation of 

anchoring functional groups.6-7, 10-11 Although anchoring functional groups can 

work to tune the environment of the pore and have shown promising results 

with regard to the increase in gas uptake, it was anticipated that the addition of 

the anchoring functional group to the original 1,3-CPA ligand (that provided 

Li-MOF) would change the base structure of the ligand such that isoreticulation 

was less probable. Furthermore, the free void volume within the pore could 

decrease as a result of the space occupied by the anchored functional group(s) 

and potentially lower gas capacity levels. A potential way around this is 

through the utilization of immobilized functional groups, for example N-

heterocyclic moieties.1-2 This way, Lewis basic sites are incorporated into the 

framework without reducing pore size and without altering the fundamental 

structure of 1,3-CPA.  

 Coupling methods of tertiary alkyl halides with aryl systems 2.1.1

The formation of an all carbon quaternary centre from the cross-coupling 

between a tertiary alkyl halide (sp3) and an aryl system (sp2) remains 

challenging.12-18 Generally speaking, the difficulty centres around the 
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requirement to support the catalytic cycle of oxidative addition, 

transmetalation and reductive elimination. The procedure needs to cater to the 

fact that transmetalation of a sterically hindered tertiary alkyl halide can result 

in isomerisation. Furthermore, the cross-coupling is constantly competing with 

β-hydride elimination,16 thus promotion of oxidative addition and reductive 

elimination is necessary in order to avoid potential isomerisation with the 

transition metal catalyst.16-17, 19 However, by choosing to use an adamantane 

core this issue should be avoided as the system is too strained to generate an 

alkene product from β-hydride elimination. 

  Kumada-coupling 2.1.2

Early work investigated the use of Kumada cross-coupling as a means of 

generating carbon-carbon bonds between alkyl and aryl systems.20-22 

Specifically, the reaction between a Grignard reagent and an organic halide 

enables a new bond to form. 

Biscoe et al.,16 investigated a large range of aryl bromides and tertiary 

alkylmagnesium halides, using nickel catalysts (Scheme 2.1). The reported 

yields are high and the reaction conditions show functional group tolerance, 

however, when tested with heteroaryl bromides no reaction took place.16  

 

Scheme 2.1 Nickel-catalysed cross-coupling of a tertiary alkylmagnesium halide and aryl 

halide.16 

Hintermann et al.,19 reported a selective copper-catalysed cross-coupling 

reaction between various tertiary Grignard reagents (including 1-

(magnesiumchloro)adamantane) with three chloro-azacyclic electrophiles 
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(Scheme 2.2). However, the scope of the investigation only extended to a small 

group of electrophiles.  

Scheme 2.2 Copper-catalysed cross-coupling of a tertiary Grignard reagent with an azacyclic 

electrophile.19 

  Negishi coupling 2.1.3

In 1985, Knochel et al.,23 reported nickel-catalysed Negishi-couplings between 

aryl zinc derivatives and alkyl iodides (Scheme 2.3).23 Although informative, 

only primary alkyl iodides were investigated, therefore, the scope was very 

limited. Furthermore, a co-ligand (4-trifluoromethylstyrene) was required in 

order to prevent events such as homocoupling and zinc-iodine-exchange 

products. 

 

Scheme 2.3 Alkyl-aryl Negishi coupling. NMP= N-methylpyrrolidinone and acac = acetyl 

acetone.22-23 

 

In 2003, inspired by the work above, the first palladium (and nickel)-catalysed 

Negishi cross-coupling of non-activated alkyl electrophiles and a range of 

organozinc compounds was reported (Scheme 2.4).24 Similar to Knockel et al., 

the reaction conditions derived in this investigation were only applicable for 

primary alkyl halides. 
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Scheme 2.4 Negishi cross-coupling of alkyl electrophiles with alkyl/alkenyl/aryl-zinc 

reagents. NMI = 1-methylimidazole, dba = dibenzylideneacetone and PCyp3 = 

tricyclopentylphosphine.24 

While advancement has been made with regard to the cross-coupling reactions 

discussed so far, there are still some prominent limitations. For example, 

although papers like those above have examined a versatile range of carbon-

nucleophilic reagents, many of these reagents can have limited functional 

group compatibility.15-16 Furthermore, while the directing groups coordinated 

to the transition-metal catalyst are crucial for regioselectivity, they have proven 

to be difficult to remove and thus limit the scope and synthetic utility of certain 

reactions.25  

 C-H functionalisation: pyridine-N-oxides  2.1.4

Traditionally, cross-coupling between C-H bonds to form a C-C bond occurs 

via a reaction between a transition-metal catalyst and an otherwise inactive C-

H bond.12, 26 Difficulties with this method centre on selective bond cleavage and 

formation. For example, in aliphatic compounds the inherent reactivity 

differences within the molecule are much less pronounced compared to a 

heteroaromatic molecule. For the latter, the reaction site for C-H 

functionalisation is usually guided by the electron density distribution at 

different C-H positions, whereas aliphatic compounds do not typically have 

that assisted direction.26-27 An example of a heteroaromatic molecule with 

useful directing effects is pyridine.27-28 
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Pyridine itself is not very reactive, but by attaching a specific functional group 

to the molecule the properties can alter considerably,27-28 this process is known 

as “prefunctionalisation”.29 Heteroaromatic N-oxides, such as pyridine-N-

oxide, contain a 1,2-dipolar nitrogen-oxygen bond, with a formal positive and 

negative charge on the nitrogen and oxygen atoms, respectively.28 The electrons 

on the oxygen can be delocalised around the aromatic ring (Scheme 2.5), 

increasing the molecule’s nucleophilicity as well as its reactivity in electrophilic 

aromatic substitutions. The positive charge on the nitrogen can also be 

delocalised to the same points around the ring (Scheme 2.5), rendering the 

molecule more susceptible to nucleophilic attack. Furthermore, the electron 

density around the ring is no longer uniform and as a result the pyridine-N-

oxide molecule is significantly more reactive than a standard pyridine ring.28, 30 

 

Scheme 2.5 The resonance structures of pyridine-N-oxide. Top: the resonance of the positive 

charge of the nitrogen atom. Bottom: the resonance of the negative charge of the oxygen 

atom. 

Andersson et al.,31 reported the coupling between a pyridine-N-oxide moiety 

and a phenyl ring using a Grignard reagent (Scheme 2.6). An electrophile 
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(TFAA, AcCl, Ac2O or Vilsmeier salt) is used to form a dihydropyridine-N-

oxide upon attack on the oxygen, providing a good leaving group which 

ultimately results in the reduction of the pyridine-N-oxide.  

 

Scheme 2.6 The regioselective synthesis of 2-phenylpyridine using a Grignard reagent. 

Electrophile: TFAA, AcCl, Ac2O or Vilsmeier salt 31 

 

In 2008, Fagnou and co-workers reported palladium-catalysed ortho C-H 

functionalisation of various N-oxide moieties (Scheme 2.7). The reaction 

conditions enabled site-selectivity of the ortho position with various substituted 

benzene derivatives.32  

 

 

Scheme 2.7 Top: Csp3-Csp2 bond formation. Bottom: Csp2-Csp2 bond formation. 

 

However, in 2013 Fu and co-workers investigated this further, reporting a 

palladium-catalysed C-H activation that enables cross-coupling between 
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pyridine-N-oxide moieties and non-activated secondary and tertiary alkyl 

bromides (Scheme 2.8).12, 28 

 

Scheme 2.8 Palladium-catalysed C-H activation and cross-coupling of 2-methyl-pyridine-N-

oxide with a non-activated tertiary alkyl bromide. R-X: tertiary alkyl halide. 

 

It was hypothesised that the ease of C-C bond formation between the C-H 

adjacent to the N-oxide moiety and the alkyl halide resulted from a reaction 

proceeding through a radical-type intermediate.12 The stability of a radical 

decreases from tertiary to primary and therefore it was of no surprise that the 

reported yields from Fu et al., followed in the same trend.12  

However, it has been shown that particular strategies of C-H functionalisation 

can avoid the need for pre-functionalised heteroaryl systems such as pyridine-

N-oxides.12, 25, 33 

  Photochemistry 2.1.5

Photochemical reactions have been shown to provide a direct pathway for the 

transformation of a C-H bond into a C-C bond (of varying hybridisation), and 

thereby avoiding the need for pre-activated precursors.34 

In 1971, Minisci established the use of carboxylic acid derivatives to generate 

alkyl radical species which facilitate homolytic alkylation of heteroaromatic 

bases.25, 35-37 The radical forms via silver-catalysed oxidative decarboxylation 

under acidic reaction conditions (Scheme 2.9).  
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Scheme 2.9 Nucleophilic radical addition to protonated pyridinium ion.37 

Minisci investigated a comprehensive array of heterobases and associated 

radical partners, showcasing the versatility of the reaction.38 However, the 

reaction requires very harsh conditions and as a result forms by-products, thus 

limiting the substrate scope.39  

In 2011, a photochemically induced radical transformation to form a C(sp3)-CN 

bond was reported.34 The scope was broad, investigating a range of different 

compounds such as ethers, alcohols, alkanes (including adamantane), amines, 

aromatic compounds etc. Furthermore, rather than relying on metal catalysts, 

the reaction utilized benzophenone as the driver for C-H activation. The 

photoexcited benzophenone facilitates formation of a carbon (sp3) radical on 

the various scaffolds, which then homolytically reacts with tosyl cyanide to 

form the corresponding nitrile product (Scheme 2.10). 

 

Scheme 2.10 Photo-induced C-H functionalisation from C-H to C-CN.34 
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Hypervalent iodine compounds have been shown to act as both powerful 

oxidants as well as C-C bond-forming reagents.40-41 Various researchers have 

investigated the 1-carboxyadamantane core, in regard to sp3 alkyl radical 

formation via decarboxylation using hypervalent iodine compounds.36, 42 

Yokoyama et al.,43 explored radical decarboxylative alkylation onto 

heteroaromatic bases in the presence of (bis(trifluoroacetoxy)iodo)benzene 

(PIFA - trivalent iodine source) and light (Scheme 2.11). 

 

Scheme 2.11 Alkylation of heteroaromatic bases with carboxylic acid derivatives using hv 

and a trivalent iodine source, PIFA.43 

A proposed mechanism for the reaction is presumed to begin with the alkyl 

carboxylic acid derivative forming a salt with the heteroaromatic base (Scheme 

2.12). The trifluoroacetate anion then exchanges with the acyloxy anion to form 

the corresponding iodine and alkyl radicals, respectively, and CO2. The alkyl 

radical then homolytically reacts with the heteroaromatic base to form the 

coupled product.  

 

Scheme 2.12 A proposed reaction scheme for the photo-induced C-H activation for C-C bond 

formation.43 
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The literature, surrounding both pre C-H functionalisation (N-oxide chemistry) 

and photochemistry, reports successful couplings between the adamantane 

core and N-heterocyclic moieties. However, the work described in the literature 

has exclusively focussed on mono-substitution,12, 43 incorporation of a 

heteroaromatic group via a linker (i.e. benzene),44-46 the addition of N-

heterocycles through C-N bond formation,47 rather than C-C, or the addition of 

non-functionalised heterocycle(s).47-48 Work published by Fu et al.,12 and 

Yokoyama et al.,43 reported the successful addition of one functionalised 

heteroaromatic compound to the adamantane core using N-oxide chemistry 

and photochemistry, respectively. Although both methods investigated 

singular C-H activations per molecule, the results reported provided 

precedence to investigate these synthetic routes towards establishing 1,3-bis(3’-

carboxypyridine)adamantane and other potential N-heterocyclic adamantane-

based ligands. 

2.2 Attempted utilization of N-oxide chemistry to form 1,3-bis(3’-

carboxypyridine)adamantane 

 The synthesis of 1,3-dibromoadamantane 2.2.1

1,3-Dibromoadamantane (1,3-DBA, 1) was synthesised following a literature 

procedure.49 Adamatane was added to a mixture of bromine, boron tribromide 

and a catalytic amount of aluminium tribromide, and heated at 80 °C for two 

hours (Scheme 2.13).  

 

Scheme 2.13 The synthetic scheme for the formation of 1. 
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The reaction mixture was cooled and added to CCl4. The mixture was the 

washed with NaHSO3 to remove any unreacted bromine, and the product was 

extracted with DCM. The organic layer was concentrated in vacuo, which 

following recrystallisation in MeOH afforded 1 in 80% yield. The 1H NMR 

spectrum was consistent with that reported in the literature,49 exhibiting four 

alkyl proton environments with a relative integration pattern of 1:4:1:1. 

X-ray crystal structure of 1 

Recrystallisation of 1 from MeOH afforded colourless X-ray quality crystals. 

The molecule crystallised in the orthorhombic space group Pnma. The 

asymmetric unit comprised of one 1 molecule, which confirmed the 

compounds successful synthesis (Figure 2.1).  

 

 

 

Figure 2.1 The X-ray crystal structure of 1. Colour coding : bromine (brown), hydrogen 

(white) and carbon (grey). 

 

 Forming N-oxide precursors 2.2.2

Jain et al., investigated the homocoupling of a range of oxidised nitrogenous 

molecules to form biheterocyclic-N-oxides with the intent that the molecules 

would aid with drug discovery.50 From this report, general N-oxide procedures 

for heteroaryl systems were adapted for the current study.  

For this research, each pyridine precursor was dissolved in DCM and cooled to 

0 °C, following a literature procedure.50 To this, meta-chloroperoxybenzoic acid 

(mCPBA) was added portion-wise and the solution was left to warm to room 
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temperature for 12 hours (Scheme 2.14). After the addition of K2CO3, the 

mixture was filtered and concentrated in vacuo to yield the desired compound 

(2, 3 or 4).  

 

Scheme 2.14 Top: The synthesis of pyridine-N-oxide, 2. Middle: The synthesis of 2-

methylpyridine-N-oxide, 3. Bottom: The synthesis 3-methylpyridine-N-oxide, 4 (bottom) 

 

Analysis of the 1H and 13C NMR and IR spectra obtained for each compound 

were consistent with that reported in the literature.50-53 The successful oxidation 

was corroborated by upfield shifts of the proton and carbon signals, as well as 

an N-O stretch present at 1233, 1231 and 1263 cm-1 for 2, 3, and 4, respectively.  

The synthesis of N-oxides 2, 3 and 4 were fundamental in order to investigate 

whether or not the literature reported by Fu et al.,12 would extend to the 

adamantane core. Furthermore, the precursors provided a potential pathway 

for the synthesis of the desired 5-methyl-2,2’-bipyridine. Little investigation has 

been made into the heterocoupling of pyridine-N-oxides, however, several 

procedures have been reported which investigate the homocoupling of 

pyridine-N-oxides (Scheme 2.15 and 2.16).50, 54  

 



- 59 - 

 

 

Scheme 2.15 The reported homocoupling of 3-methylpyridine-N-oxide to form 5,5’-dimethyl-

2,2’-bipyridine-N, N’-dioxide.50 

 

 

Scheme 2.16 The reported homocoupling of 3-methylpyridine-N-oxide to form 5,5’-dimethyl-

2,2’-bipyridine-N, N’-dioxide.54 

 

Both procedures shown above (Scheme 2.15 and 2.16) were attempted in the 

current study in hopes the reaction conditions would extend to heterocoupling 

also.50, 54 However, the unsubstituted pyridine-N-oxide was insoluble in the 

solvents tested and no heterocoupling occurred (Scheme 2.17). Since the aim 

was to alter this method to potentially allow for the formation of a 5-methyl-

2,2’-bipyridine derivative, it was abandoned.  

 

Scheme 2.17 Attempted heterocoupling to form 5,5’-dimethyl-2,2’-bipyridine-N, N’-dioxide. 
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  Alternative synthesis of 5-methyl-2,2’-bipyridine and the 2.2.3

corresponding 5,5’-dimethyl-2,2’-bipyridine-N, N’-dioxide 

5-Bromo-5’-methyl-2,2’-bipyridine (5) was prepared using a literature 

procedure (Scheme 2.18).14, 55 

 

Scheme 2.18 The synthesis of 5-bromo-5’-methyl-2,2’-bipyridine, 5.14 

The Negishi-coupling proceeds via the standard Pd(0) catalysed cross-coupling 

cycle (Scheme 2.19). The cycle is initiated through oxidative addition of 5-

bromo-2-iodopyridine into Pd(PPh3)4 to generate the corresponding Pd(II) 

complex. Following this, the complex undergoes transmetalation with (5-

methyl-2-pyridyl)zinc(II)bromide to generate a Zn(II) salt and a new Pd(II) 

complex which reductively eliminates to form the desired product 5 and 

regenerate the Pd(0) catalyst.  

 

Scheme 2.19 The catalytic cycle for the formation of 5-bromo-5’-methyl-2,2’-bipyridine, 5. 
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The NMR spectra of compound 5 were consistent with that reported in the 

literature.55-56 Analysis of the 1H NMR spectrum supported the presence of five 

hydrogen environments in the aromatic region, integrating to six hydrogens 

altogether, and a single methyl peak in the aliphatic region. Furthermore, the 

mass spectrum exhibited a peak with an m/z value of 249.0013, consistent with 

the calculated m/z value of the protonated molecular ion [5 + H+]. 

The next step was to remove the unwanted bromine substituent to provide 

compound 6. This was attempted in two ways: 

The first attempt was to remove the bromine using a lithiation reaction 

reported by Wenger and co-workers.57 The literature reports structurally 

similar compounds to 5; however, not identical.  

For the current study, compound 5 was dissolved in DEE and one mole 

equivalent of n-BuLi was slowly added at -78 °C (Scheme 2.20). Unfortunately, 

upon work up, only starting material was recovered. 

 

Scheme 2.20 Attempted dehalogenation of 5-bromo-5’-methyl-2,2’-bipyridine to form 5’-

methyl-2,2’-bipyridine, 6. 

 

The second strategy came from a paper reported by Zeng et al.,58 which 

highlights dehalogenation and hydrogenation reduction of heteroaromatic 

systems with pyridine or quinoline moieties. Although not exactly the same, 

the compounds investigated were structurally similar to that of 5. Therefore, 

for this current study, according to the literature procedure, compound 5 was 

dissolved in MeOH along with stoichiometric amounts of NaOAc and PdCl2. 
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The solution was then purged with hydrogen gas and heated at 35 °C for 30 

minutes (Scheme 2.21). Upon work up only starting material was obtained.  

 

Scheme 2.21 Second attempted dehalogenation of 5-bromo-5’-methyl-2,2’-bipyridine to form 

5’-methyl-2,2’-bipyridine, 6. 

 

Gao et al., investigated the synthesis of a bifunctional ligand which incorporates 

both a metal-binding site as well as a stable free radical species (Figure 2.2).59  

 

Figure 2.2 A bifunctional ligand incorporating metal-binding sites and a stable free radical.59 

 

In order for Gao and co-workers to prepare this molecule, the synthesis of 5-

methyl-2,2’-bipyridine (6) was required. The reported procedure was used to 

synthesise 6 for this current investigation. 

The first step was to synthesise the precursor 1-(2-pyridylacetyl)pyridinium 

iodide 7. Iodine was dissolved in pyridine and warmed to 80 °C under argon. 

To this solution, 2-acetylpyridine was added and the reaction was left to stir at 

120 °C for 30 minutes (Scheme 2.22).59 
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Scheme 2.22 Synthesis of 1-(2-pyridylacetyl)pyridinium iodide, 7. 

 

A black solid was obtained and recrystallized from boiling ethanol and 

activated carbon, to provide pyridinium 7 as a sparkling green compound. The 

1H and 13C NMR spectra were consistent with that reported in the literature.59 A 

singlet present at 6.49 ppm supported the presence of a CH2 group which was 

formed through the C-N bond formation between 2-acetylpyridine and a 

pyridine molecule (Figure 2.3). Analysis of the mass spectrum further 

corroborated the formation of 7, providing an m/z value of 199.0873, consistent 

with the calculated m/z value of 7 without the iodide counter ion [7 - I-].  

 

Figure 2.3 The 1H NMR (400 MHz, DMSO-d6, 298 K) spectrum of 7, including numbered 7 

for proton assignment. Expansion of aromatic region is provided for clarity. 
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X-ray crystal structure of 7 

The pyridinium salt 7 was recrystallised from MeOH to afford colourless X-ray 

quality crystals. The molecule crystallised in the monoclinic space group P21/c. 

The asymmetric unit comprised of one molecule of 7 and one iodide counter 

ion, which confirmed the successful formation of 7 (Figure 2.4).  

 

Figure 2.4 The X-ray crystal structure of 1-(2-pyridylacetyl)pyridinium iodide, 7. Colour 

coding: nitrogen (purple), hydrogen (white),  oxygen (red), iodide counter anion (fuchsia) 

and carbon (grey). 

Once the pyridinium precursor 7 was obtained, 6 was smoothly synthesised via 

a Michael addition. Methacrolein and ammonium acetate were sequentially 

added to a solution of 7 dissolved in formamide, which was then heated at 80 

°C for 16 hours (Scheme 2.23).60 At 16 hours, DEE was added to the reaction 

mixture and the resultant solution washed with water and concentrated in 

vacuo to attain compound 6 in 82% yield. The literature reported purification 

using column chromatography (after initial extraction);60 however, this was not 

necessary for the current study. 

 

Scheme 2.23 Synthesis of 5-methyl-2,2’-bipyridine, 6. 
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The 1H and 13C NMR spectra were consistent with that reported in the 

literature,60 both spectra supporting the loss of the CH2 group present in 

compound 7, and the addition of a methyl group at 2.26 and 18.2 ppm, 

respectively (Figure 2.5). Furthermore, analysis of the obtained mass spectrum 

provided a molecular ion m/z value of 171.0910, consistent with the calculated 

m/z value of the sodiated parent ion [6 + Na+]. 

 

Figure 2.5 The 1H NMR (400 MHz, CDCl3, 298 K) spectrum of 6, including numbered 6 for 

proton assignment. Expansion of aromatic region is provided for clarity. 

The exact mechanism for this type of reaction is unknown. However, a likely 

route involves the reaction proceeding through deprotonation of the CH2 

functional group of the pyridinium precursor to generate a carbanion (Scheme 

2.24). The carbanion then acts as a nucleophile, attacking the electrophilic 

alkene of methacrolein to form a new bond. Through the movement of 

electrons, and subsequent loss of the second double bond in methacrolein, the 

ammonia attacks the electrophilic carbonyl carbon. A series of protonations 

and deprotonations occur which leads to a condensation reaction and 
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nucleophilic attack of the amine to the carbonyl carbon associated with the 

pyridinium precursor. Once the cyclisation has occurred, condensation and a 

separate deprotonation allow generation of aromaticity and removal of 

pyridine as a by-product to form 6. However, the precise order of some of the 

steps can be changed (e.g. loss of H2O). 

 

Scheme 2.24 A possible mechanism for the formation of 5-methyl-2,2’-bipyridine, 6.8 
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With the desired 6 in hand, the next step was oxidation to the corresponding N-

oxide compound (8). The procedure described in section 2.2, by Jain et al.,50 

worked seamlessly on singular heteroaryl systems (Scheme 2.14). However, 

when the reaction was attempted on the biheterocyclic system 6 in the current 

study, starting material was returned (Scheme 2.25). Therefore, a new 

procedure was devised. 

 

Scheme 2.25 Attempted oxidation of 6 to the corresponding 5,5’-dimethyl-2,2’-bipyridine-N, 

N’-dioxide, 8. 

Yakamanskii et al.,61 investigated the use of dipyridyl ligands to form iridium 

metal-polymer complexes. One aspect of the paper reports the oxidation of 6 to 

8 by oxidation with hydrogen peroxide (Scheme 2.26).  

 

 

Scheme 2.26 Oxidation of 6 to form 5,5’-dimethyl-2,2’-bipyridine-N, N’-dioxide, 8. 

When the reaction was conducted in the current investigation, hydrogen 

peroxide was added slowly to a mixture of 6 dissolved in glacial acetic acid. 

The solution was then heated at 76 °C for 8 hours and worked up according to 

the literature procedure.61 The 1H and 13C NMR spectra of compound 8 were 

consistent with that reported in the literature.61 Further corroboration of the 

formation of 8 was provided through analysis of the mass spectrum which 
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provided an m/z value of 203.0796, consistent with the calculated m/z value of 

the protonated parent ion [8 + H+]. 

 Coupling of N-oxide moieties to 1,3-dibromoadamantane 2.2.4

The procedures reported below for this study were adapted from a literature 

report by Fu et al.12 The paper investigated transition metals as a way to 

activate an otherwise non-activated tertiary alkyl halide for C-C cross-coupling 

reactions with N-oxide moieties. Fu and co-workers have only reported the 

aforementioned coupling on 1-bromoadamantane, therefore it was not clear at 

the outset of this study if a two-fold coupling would be possible. 

To this end, the synthesis of 1-bromo-3-(3’-methylpyridine-N-

oxide)adamantane (9) was achieved following the literature procedure (Scheme 

2.27),12 but with alteration to the ratio of the starting materials and the 

purification method. In the current study, a mixture of 1, 4 (1:4 ratio, 

respectively), Pd(OAc)2dppf and Cs2CO3 in toluene was heated at 100 °C for 12 

hours under an argon atmosphere. Fu and co-workers purified compound 9 by 

column chromatography, and although this method provided pure 9 using a 

5:1 ratio of EtOAc:PE in the current study, purification was also able to be 

achieved by a simple recrystallisation in MeOH.  

 

 

Scheme 2.27 The coupling of 3-methylpyridine-N-oxide, 4, with 1,3-dibromoadamantane, 1, 

to form 1-bromo-3-(3’-methylpyridine-N-oxide)adamantane, 9. 
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Analysis of the 1H and 13C NMR spectra supported that the adamantane core 

remained doubly substituted, however, the adamantane was less symmetric. 

The 1H NMR spectrum showed an increase in the number of aliphatic 

hydrogen environments from four to five resonances (still with a total 

integration of 14), expected for a less symmetrical adamantane core. The 

aromatic region of the 1H NMR spectrum supported the addition of 3-

methylpyridine-N-oxide 4. However, further corroboration of the loss of 

symmetry was provided through the relative integration between the aromatic 

and aliphatic hydrogens, which indicated only one N-oxide 4 had attached to 

the adamantane core. Mass spectrometry supported the presence of a bromine 

atom with molecular ions of equal intensity at 322.0787 and 324.0776 m/z 

assigned as [979 + H]+ and [981 + H]+, respectively. This was further supported by 

the retention of the brominated carbon signal in the 13C NMR spectrum at 65.2 

ppm. 

Fu and co-workers report only considered single C-C bond formation. 

However, the aim for this work was for two couplings to occur so that once the 

methyl groups were oxidised to carboxylic acids, there would be two donor 

sites readily available for metal complexation. To try and achieve this, a variety 

of reaction conditions were investigated with the aim of promoting a second 

cross-coupling reaction (Scheme 2.28).  

Three palladium catalysts were tried in varying mol %, Pd(OAc)2dppf, 

Pd(PPh3)4 and Pd(OAc)2(TTBP)2, to investigate how a more electron rich (Table 

1, entry 2) or bulky/sterically hindered catalyst (Table 1, entry 1 and 3), and the 

amount present, would affect the coupling. The solvent used was interchanged 

between toluene and xylene to see the effect of higher temperatures towards 

the coupling of 1 with 4.  
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Scheme 2.28 The coupling of 4 with 1. Entries 1-3 conditions described above and in Table 

below. 

 

Table 1 The coupling of 4 with 1. Conditions: All entries were conducted using the same 

ratio of 1,3-DBA 1 and N-oxide 4 (1:4, respectively) in toluene at 100 °C for 12 h with 5 mol % 

of varying catalyst. TTBP =  2,4,6-tri-tertbutylphenol, OAc = acetate, PPh3 = 

triphenylphosphine, dppf = 1,1'-bis(diphenylphosphino)ferrocene. 

Entry Pd-Catalyst Product/yield 

1 Pd(OAc)2dppf 9, 59% 

2 Pd(PPh3)4 No reaction 

3 Pd(OAc)2(TTBP)2 9, 53% 

 

The reaction time was also tested at 12 and 24 hours (Table 2, entries 1-4). All 

reaction conditions, excluding Table 1 entry 2, resulted in the formation of 9. 

There was no significant change in yield when conditions were altered, and 

there was no evidence of a second coupling reaction occurring.  
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Table 2 The coupling of N-oxide 4 with 1,3-DBA 1. All entries were conducted using the 

same ratio of 1 and N-oxide 4 (1:4, respectively). Conditions: for entries 1 and 2: 10 mol % 

catalyst, toluene, 12 h, 100 °C, different catalysts. Conditions: for entries 3 and 4: 10 mol % 

catalyst, xylene, 24 h, 130 °C, different catalysts. 

Entry Pd-Catalyst Solvent Time (hr) Temp (°C) Product/yield 

1 Pd(OAc)2dppf Tol 12 100 9, 49% 

2 Pd(OAc)2(TTBP)2 Tol 12 100 9, 45% 

3 Pd(OAc)2dppf Xylene 24 130 9, 40% 

4 Pd(OAc)2(TTBP)2 Xylene 24 130 9, 35% 

 

The final attempt to synthesise 1,3-bis(3’-methylpyridine-N-oxide)adamantane, 

was to re-subject the accumulated 9 to selected reaction conditions described 

above (Scheme 2.29 and Table 3). Treatment of 9 with various palladium 

catalysts, of varying mol %, for 12-24 hours only returned unreacted starting 

material 9 (Table 3, entries 1-5). This indicated that the second oxidative 

addition was not occurring, which was could be a result of 9 being too electron 

rich to allow for a second oxidative addition.  

 

Scheme 2.29 The coupling of 4 to 9 under various conditions shown in Table 3. 
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Table 3 The coupling of 4 with 9. Conditions: All entries were conducted using the same 

ratio of 1,3-DBA 1 and N-oxide 4 (1:4, respectively) in toluene at 100 °C. 

 

The same results were obtained when compound 1 was reacted with 2-

methylpyridine-N-oxide 3 (Scheme 2.30). Compound 1-bromo-3-(2-

methylpyridine-N-oxide) adamantane 10 was isolated in 73% yield, and no 1,3-

bis(2-methylpyridine-N-oxide) was present. 

 

Scheme 2.30 Coupling of 2-methylpyridine-N-oxide, 3, to 1,3-DBA, 1, to form 1-bromo-3-(2-

methylpyridine-N-oxide) adamantane, 10. 

Despite significant efforts, 1,3-bis(3-methylpyridine-N-oxide) adamantane (or 

1,3-bis(2-methylpyridine-N-oxide) adamantane) could not be synthesised. 

However, the fact that the reactions that yielded mono-substituted compounds 

9 and 10 proceeded with retention of the second bromine substituent provided 

good insight for future chemistry (see future directions, Chapter 5).  

It was then decided to explore photochemistry as a potential synthetic route 

towards the direct attachment of N-heterocycles onto the adamantane core. 

Entry Pd-Catalyst Cat. Mol% Time (hr) Product 

1 Pd(OAc)2dppf 5 12 9 

2 Pd(PPh3)4 5 12 9 

3 Pd(OAc)2(TTBP)2 5 12 9 

4 Pd(OAc)2dppf 10 24 9 

5 Pd(OAc)2(TTBP)2 10 24 9 
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2.3 Synthesis of adamantane-based N-heterocyclic ligands using 

photochemistry 

 Synthesis of L1 and L2 precursors (11 and 12) 2.3.1

There are literature reports on the use of radical decarboxylative alkylation 

onto heteroaromatic bases using trivalent iodine compounds (refer to Scheme 

2.11).43 Yokoyama et al.,43 focused on single coupling of various molecules to 1-

carboxyadamantane. Inspired by this work,43 methylnicotinate, 1,3-DCA and 

PIFA (3:6:2) were combined in a quartz tube and dissolved in dry DCM under 

argon (Scheme 2.31). The tube was then placed in a 16 x 14 W (254 nm) 

photochemical reactor for 8 hours. The heat generated during the reaction 

process resulted in significant solvent loss (~90%) within two hours. Therefore, 

cognisant of the importance of boiling point and using a non-absorbing solvent, 

220 nm wavelength THF was deemed suitable for subsequent reactions.  

 

Scheme 2.31 Photochemical hypervalent iodine-mediated decarboxylation of 1,3-DCA to 

afford 1,3-bis( methyl pyridine-3’-carboxylate)adamantane (11) and 1-carboxy-3-(methyl 

pyridine-3’-carboxylate)adamantane (12) 

Reactions in both DCM and THF afforded a mixture of starting material, 1-

carboxy-3-(methylpyridine-3’-carboxylate) adamantane (12), and 1,3-

bis(methylpyridine-3’-carboxylate)adamantane 11. Further testing of the 

reaction conditions, discussed later, found there was no significant difference 

in yield leaving the reaction longer than 8 hours. Initial purification required 

column chromatography on silica gel two times (40:60 DCM:PE and 20:80 
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EtOAc:PE), however, this was shortened down to a distillation (to remove any 

unreacted starting material) and one column purification (20:80 EtOAc:PE).  

Analysis of the 1H NMR spectrum of methyl ester 11 supported the presence of 

three aromatic environments, each with an integration of two, which were 

assigned to the substituted pyridine rings. Four aliphatic environments were 

present in accordance with the expected adamantane protons, and a singlet at 

3.92 ppm, with a relative integration of 6, corresponded to the two methyl 

groups associated with the methyl ester functional group. Analysis of the 13C 

NMR spectrum supported the adamantane’s retention of symmetry, exhibiting 

12 carbon signals (i.e. half of the molecule). To determine which signals in the 

spectra corresponded to which proton(s) or carbon of the molecule, 2D NMR 

spectra were obtained and analysed (Figure 2.6).  

The most desheilded aromatic proton at 9.17 ppm, was anticipated to 

correspond to H2. This was supported by analysis of the COSY spectrum 

which returned no cross peaks with any other hydrogen but itself. The two 

remaining protons were identified based on splitting, H5 assigned as the 

doublet of doublets at 8.23 ppm and H6 assigned as the doublet at 7.40 ppm. 

Analysis of the HMBC spectrum supported correlations of H5 and H2 to 

signals at 172.5 and 168.6 ppm, assigned as C7 and C4, respectively. 

Furthermore, the HMBC spectrum also indicated correlations between H6 and 

signals at 126.1 and 43.1 ppm, assigned as C3 and C8, respectively. The 2D 

spectra distinguish methine/methyl and methylene protons as red and blue 

correlation spots, respectively. Therefore, the methine protons (H11) and their 

associated carbon (C11) were easily assigned through analysis of the HSQC 

spectrum, appearing as red (rather than blue) correlations at 2.37 and 31.7 ppm, 

respectively. The H9 protons had no nearby protons to couple with, therefore 

analysis of the COSY spectrum supported the assignment of H9 at 2.25 ppm, 

and the corresponding carbon at 48.2 ppm was then assigned using the HSQC 



- 75 - 

 

spectrum. The already assigned H9 protons showed correlation to a quaternary 

carbon at 175.2 ppm on the HMBC spectrum, further corroborating 175.2 ppm 

as C7. H10 was easily assigned as the signal at 2.08 ppm, with an integration of 

8, while H12 was assigned as the signal at 1.84 ppm by a process of elimination.  

 

Figure 2.6 The 1H NMR (400 MHz, CDCl3, 298 K) of 11. A picture aid of compound 11 is 

included with numbered environments. Both pyridinyl arms of the ligand were used in 

numbering, for clarity, to show the HMBC and COSY correlations. 

Mass spectrometry further corroborated the successful formation of 11, 

exhibiting an m/z value of 429.1761, in accordance with the calculated m/z value 

of the sodiated parent ion [11 + Na+].  

The analysis of compound 12 was very similar to that of 11, however, the 

symmetry of the adamantane core was absent. Analysis of the 1H NMR 

spectrum of 12 provided a relative integration which indicated only one 

pyridine moiety was attached to the adamantane core. Furthermore, the 

aliphatic proton signals were shifted more up field relative to compound 11 

11 

11 
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(Figure 2.7), as a result of the electronegativity differences between a carboxylic 

acid and a pyridine moiety.  

 

Figure 2.7  Stacked 1H NMR (400 MHz, CDCl3, 298 K) spectra of 11 and 12. A picture aid of 

compounds is included with numbered environments. Expansion of the aliphatic proton 

environments are provided. Bottom (red) = 12 and top (green) = 11. 

Analysis of the 13C NMR spectrum of 12 supported the presence of three 

additional environments relative to 11, which were expected for an 

unsymmetrical adamantane core. This included a signal at 172.0 ppm which 

was attributed to the carbonyl carbon of the retained carboxylic acid.  

Analysis of the mass spectrum provided an m/z value of 316.15478, consistent 

with the m/z value calculated for the protonated 12 parent ion [12 + H+]. Further 

corroboration of the formation of 12 was provided by IR spectroscopy which 
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displayed a broad peak at 2924 cm-1 and a sharp peak at 1683 cm-1, in 

accordance with an O-H stretch and a C=O stretch of a carboxylic acid 

functional group, respectively. Additional peaks at 1725 and 1279 cm-1 were 

also present, consistent with a C=O and C-O stretch of an ester. 

2.3.1.1 Optimisation to favour di-substituted 11 as the major product 

Optimisation of the reaction to favour the formation of compound 11 was 

attempted through utilisation of 1H NMR spectroscopy. The spectra gathered 

enabled a better understanding of when the reaction was taking place and thus 

an optimal time for maximising the yield. Four 2 mL aliquots from the reaction 

vessel were taken at 1, 4, 8 and 24 hour intervals. Each sample was worked up 

accordingly, and both the organic and aqueous layers were concentrated in 

vacuo. The analysis of each 1H NMR spectrum, for each time period, supported 

the presence of 11, 12 and unreacted methyl nicotinate (MN) in the organic 

layer, and 1,3-dicarboxylic acid adamantane in the aqueous layer. The desired 

product (11) to starting material (MN) ratio was compared using the relative 

integrations of their associated methyl signals. It was difficult to confirm the 

presence of 12 based on the analysis of the crude 1H NMR spectrum as the 

aromatic proton signals for 12 and 11 lay on top of each other. However, the 

aliphatic protons of compounds 12 and 11 signalled at slightly different 

chemical shifts. Therefore, when a mixture of 12 and 11 was obtained, the 

chemical shift range of the aliphatic proton region was wider. 

 

In this study, the rate of reaction was highest within the first hour, with a 22% 

conversion of starting material to 11 based on the appropriate methyl signals 

(Figure 2.8).  
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Figure 2.8 The 1H NMR (400 MHz, CDCl3, 298 K) spectrum of sampled reaction at 1 hour. 

 

After the first hour the reaction slowed, providing 25 and 33% conversion at 4 

and 8 hours (Figure 2.9), respectively, until plateauing at 24 hours with 40% 

conversion (Figure 2.10). 

 

 

 

 

11 

MN 
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Figure 2.9 The 1H NMR (400 MHz, CDCl3, 298 K) spectra of sampled reaction at 4 hours (top, 

green) and 8 hours (bottom, red). An expansion of the aromatic region is provided for clarity. 

 

Figure 2.10 The 1H NMR (400 MHz, CDCl3, 298 K) spectrum of the crude reaction mixture at 

24 hours. An expansion of the aromatic region is provided for clarity. 
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The fact that the highest rate of conversion happened within one hour of the 

reaction was unsurprising, as this is when the concentration of reactants is 

greatest. From this investigation it was concluded that there was no significant 

gain upon leaving the reaction any longer than 8 hours. 

To the best of our knowledge, no functionalised pyridine moiety has 

previously been added directly onto an adamantane core in more than one 

position, although various other heterocycles have been added.47-48, 62-67 

X-ray crystal structure of 11 

Recrystallisation of 11 from MeOH afforded colourless X-ray quality crystals. 

Compound 11 crystallised in the triclinic space group P-1. The asymmetric unit 

comprised of one ligand, confirming the compound’s successful synthesis 

(Figure 2.11). The two arms attached to the adamantane core were splayed at 

65.6° with respect to each other, with both nitrogens pointed inward in the 

same orientation.  

 

Figure 2.11 The asymmetric unit of 11. Colour coding: nitrogen (purple), oxygen (red) and 

carbon (grey). Hydrogens were omitted for clarity. 

Molecules of 11 were arranged into a 2D sheet through weak hydrogen 

bonding interactions between the hydrogens on the OCH3 functional group 

and the carbonyl oxygen, with a C1-H····O1 distance of 2.999(6) Å, a C24-

H····O3 distance of 2.709(6) Å and a C1-H····O1 angle of 103.01 ° (Figure 2.12). 

These interactions resulted in each molecule of 11 binding to four other 

molecules of 11 to form a 2D sheet. 
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Figure 2.12 The X-ray crystal structure of 11 forming a 2D sheet through hydrogen bonding 

interactions. Colour coding: nitrogen (purple), oxygen (red), carbon (grey) and hydrogen 

bonding (black). 

The 2D sheet was extended along the ac plane into a 3D assembly through 

additional weak hydrogen bonding interactions between the carbonyl oxygens 

(O1 and O3) and hydrogens attached to C13 and C16 on the adamantane of 

adjacent molecules of 11 (Figure 2.13). The C13-H····O1 distance was 2.56 Å, 

corresponding to a C13····O1 distance of 3.384(5) Å, with a C13-H····O1 angle of 

143.19 °. The C16-H····O3 distance was 2.57 Å, corresponding to a C16····O3 

distance of 3.524(6) Å, and a C16-H····O3 angle of 168.36 °. The nature of this 

bonding resulted in each adjacent 2D sheet in the 3D assembly alternating 

orientation. 

 

Figure 2.13 Formation of the 3D assembly from hydrogen bonding interactions between the 

carbonyl oxygens and adamantane hydrogens of 11 molecules. Colour coding: oxygen  (red), 

nitrogen (purple), carbon (grey), hydrogen (white) and (hydrogen bonding (black). 
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X-ray crystal structure of 12 

The slow evaporation of 12 in MeOH afforded colourless X-ray quality crystals. 

Compound 12 crystallised in the triclinic space group P-1. The asymmetric unit 

comprised of one complete ligand, which confirmed the compound’s successful 

synthesis. Hydrogen bonding interactions were present between the carboxylic 

acid groups of each ligand, in the classic centrosymmetric dimer interaction, 

with an O1-H····O2 distance of 1.82 Å, corresponding to an O1···O2 distance of 

2.636(3) Å, and a O1-H····O2  angle of 173.83 ° (Figure 2.14).  

 

Figure 2.14 The X-ray crystal structure of dimeric 12. Colour coding: nitrogen (purple), 

oxygen (red), carbon (grey) and hydrogen bonding (black). 

 Hydrolysis of 11 to form L1 2.3.2

Methyl ester 11 was stirred and heated in a mixture of THF and aqueous 5 M 

NaOH for 16 hours (Scheme 2.32), which upon acidification provided 1,3-bis(3’-

carboxypyridine)adamantane (L1) as a white solid in 83% yield.  

 

Scheme 2.32 Hydrolysis of 11 to form 1,3-bis(3’-carboxypyridine)adamantane, L1. 
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Analysis of the 1H NMR spectrum supported the absence of the methyl signal 

previously assigned at 3.94 ppm in methyl ester 11, as well as a slight 

downfield shift of the proton signals of the pyridine ring (Figure 2.15). The 13C 

NMR spectrum was very similar to compound 11, however, again supported 

the absence of the methyl signal previously observed at 52.4 ppm in methyl 

ester 11. Analysis of the IR spectrum further corroborated the hydrolysis of the 

methyl ester to the carboxylic acid with O-H and C=O stretches at 2900 and 

1721 cm-1, respectively. Furthermore, mass spectrometry returned an m/z value 

of 429.1790, consistent with the calculated m/z value of the sodiated L1 ion [L1 + 

Na+]. 

 

Figure 2.15 The 1H NMR (400 MHz, DMSO-d6, 298 K) spectrum of L1. The structure of L1 

with proton labelling is included. 

 

 

 

L1 
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X-ray crystal structure of L1 

The slow diffusion of DEE into L1 dissolved in MeOH, resulted in the 

formation of colourless X-ray quality crystals. L1 crystallised in the monoclinic 

space group C2/c. The asymmetric unit comprised of one half of an L1 ligand 

and one water molecule, which confirmed the formation of L1. The complete 

L1 ligand was generated from a 2-fold axis running diagonally through the 

adamantane core (Figure 2.16). The nitrogens of the L1 ligand were each 

positioned in the same outward orientation.  

 

Figure 2.16 A water molecule and a complete L1 ligand generated through a 2-fold axis. 

Colour coding: nitrogen (purple), oxygen (red) and carbon (grey). Hydrogens were omitted 

for clarity. 

The water molecule was hydrogen bonded to three individual L1 molecules 

(Figure 2.17). Two of the L1 molecules were hydrogen bonded through the 

carboxylic acid functional group to the water molecule, with an O1-H····O3 

distance of 1.74 Å and an O2-H···O3 distance of 1.98 Å, corresponding to an 

O1···O3 distance of 2.548(12) Å and an O1···O3 distance of 2.799(13) Å, 

respectively. The O1-H····O3 and O2-H···O3 hydrogen bonding angles were 

162.62 and 169.77 °, respectively. The third L1 molecule was hydrogen bonded 

through the nitrogen atom of the pyridine ring to the water molecule, with an 

O3-H···N1 distance of 1.96 Å, corresponding to an O3···N1 distance of 2.818(14) 

Å, and a O3-H···N1 angle of 158.74 °. These interactions resulted in the 

formation of a 3D assembly. 
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Figure 2.17 X-ray crystal structure of L1, showing the formation of the 3D assembly through 

hydrogen bonding interactions. Colour coding: red (oxygen), purple (nitrogen), grey 

(carbon), white (hydrogen) and black (hydrogen bonding). 

 

 Hydrolysis of 12 to form L2 2.3.3

Treatment of methyl ester 12 in THF with aqueous 5 M NaOH smoothly 

provided 1-carboxy-3-(3’-carboxypyridine)adamantane (L2) in 84% yield 

(Scheme 2.33). 

 

 

Scheme 2.33 Hydrolysis of 12 to form 1-carboxy-3-(3’-carboxypyridine)adamantane, L2. 

Analysis of the 1H and 13C NMR spectra supported the successful hydrolysis of 

12 to L2 through the absence of the methyl signal at 3.91 and 52.2 ppm, 

respectively. The IR spectrum further corroborated the hydrolysis of the methyl 

ester to the carboxylic acid with O-H and C=O stretches present at 2924 and 

1685 cm-1, respectively. Furthermore, mass spectrometry returned an m/z value 
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of 302.13999, consistent with the calculated m/z value of the protonated L2 ion 

[L2 + H+]. 

 Synthesis of L3 precursor (13) 2.3.4

Methyl isonicotinate, 1,3-DCA and PIFA (3:6:2) were combined in a quartz tube 

and dissolved in dry THF under argon (Scheme 2.34). This solution was 

subjected to the conditions described in section 2.3.1 and yielded, after workup, 

a mixture of starting material, PIFA and 1-carboxy-3-(methylpyridine-4-

carboxylate)adamantane (13).  

 

Scheme 2.34 Photochemical hypervalent iodine-mediated decarboxylation of 1,3-DCA to 

afford 1-carboxy-3-(methyl pyridine-4-carboxylate)adamantane (13). 

The reaction mixture was dissolved in DCM and washed with NaHCO3. The 

organic layers were then combined and concentrated in vacuo to yield impure 

13. Distillation removed any unreacted methyl isonicotinate, and subjection of 

the crude reaction mixture to column chromatography (80:20, PE:EtOAc) 

provided pure 13. Other purification techniques were explored and it was 

found that after high vacuum distillation, the remaining mixture could be 

dissolved in hot MeOH, cooled and 13 precipitated out with water. However, 

the latter method was not as reliable, and precipitation would only occur if 

minimal impurities were present. 

Analysis of the 1H NMR spectrum, post-distillation, identified that the methyl-

isonicotinate had been successfully removed from the crude reaction mixture. 

By using either of the above methods, 13 was obtained as a white solid. 
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Analysis of the 1H NMR spectrum of the solid indicated pure 13, supporting 

the successful coupling of one methyl isonicotinate group. However, as there 

were two potential decarboxylation sites on 1,3-DCA, IR and mass 

spectrometry were used to deduce if the carboxylic acid was retained, or if 

something else took its place. Analysis of the mass spectrum provided an m/z 

value of 316.15428, consistent with the calculated m/z value of the protonated 

13 ion [13 + H+]. Analysis of the IR spectrum further corroborated the retention 

of one carboxylic acid group, exhibiting peaks at 2908 and 1731 cm-1, consistent 

with the O-H and C=O stretches of a carboxylic acid functional group. 

However, analysis of the mass spectrum also indicated that traces of the di-

substituted 1,3-bis(methylpyridine-4-carboxylate)adamantane (14, Scheme 2.36) 

were also present, exhibiting an m/z value of 407.19634, consistent with the 

calculated m/z value of the protonated 14 [14 + H+]. After many purification 

attempts it was concluded, based on the analysis of the NMR spectra, that 13 

was the major product with only trace amounts of 14. 

 Hydrolysis of 13 to form L3 2.3.5

Mono-substituted 13 was hydrolysed with aqueous 5 M NaOH in THF to 

afford pure L3 (Scheme 2.35).68-69 

 

Scheme 2.35 Hydrolysis of 13 to yield L3. 

Analysis of the 1H NMR spectrum of L3 showed the absence of the methyl 

signal at 3.94 ppm as well as the trace signals of 14 previously observed in 
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methyl ester 13, and a slight down field shift of the aromatic signals. The IR 

spectrum exhibited peaks at 3011 and 1691 cm-1, indicative of O-H and C=O 

stretching. Furthermore, no C-O stretch (expected around 1250-1310 cm-1) was 

present and therefore supported the hydrolysis of the methyl ester 13 to the 

carboxylic acid L3. Analysis of the mass spectrum provided an m/z value of 

302.13723, consistent with the calculated m/z value of the protonated L3 [L3 + 

H+]. 

 Attempts to synthesise 1,3-bis(methylpyridine-4-2.3.6

carboxylate)adamantane (14) 

Trace amounts of di-substituted 14 had been observed during the synthesis of 

L3, therefore attempts were made to try and favour the formation of 14 over 13. 

According to the literature procedure,43 for one N-heterocycle to couple to one 

sp3 carbon on an alkyl system, a 3:3:1 (alkyl sp3: N-heterocycle: PIFA) ratio is 

required. The ratio of 1,3-DCA to methyl isonicotinate and PIFA was already 

altered from original reporting,34,43 to promote coupling at both carboxylic acid 

sites. Therefore, the first alteration was increased reaction duration, anywhere 

from 5 to 36 hours (Scheme 2.36). Other than the ratio, the reaction conditions 

were kept the same.  

 

Scheme 2.36 Attempted formation of 1,3-bis(methyl pyridine-4-carboxylate)adamantane, 14. 
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Analysis of the 1H NMR spectrum of the crude reaction mixture was identical 

to that previously observed, and upon purification only 13 and starting 

materials were obtained.  

The next idea was to use 13 as the precursor rather than 1,3-DCA. This was 

tested using both 3:3:1 and 3:6:2 reactant ratios as well as various time 

alterations between 5 and 36 hours (Scheme 2.37). However, only starting 

materials were obtained.  

 

Scheme 2.37 Second attempt to promote a second decarboxylation reaction to form 14. 

 

At this stage it was clear that decarboxylation of the second carboxylic acid site 

was not occurring, however, the reason as to why was unknown. The reaction 

conditions worked seamlessly to provide di-substituted 11, however, when 

methylnicotinate was exchanged for methyl isonicotinate only the mono-

substituted product 13 was obtained. The only difference between the two 

reactants, methyl nicotinate and methyl isonicotinate, is the positioning of the 

methyl ester group at positions 3 and 4, respectively (Figure 2.18). It was 

therefore likely that the methyl ester positioning played an important role in 

the reaction mechanism (Scheme 2.38).  
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Figure 2.18 The structures of 13 and 12 to show the different methyl esters positions 4 and 3, 

respectively. 

UV-vis spectra were obtained of PIFA, methylnicotinate, methyl isonicotinate, 

1,3-DCA, mono-substituted 12 and 13, as well as di-substituted 11. Each 

reactant was dissolved in THF to provide 1.0 x 10-6 mol L-1 solutions and the 

UV-vis was baselined accordingly. The analysis of the UV-vis spectra provided 

no indication that the absorbance of the individual reactants (Table 1, entry 1-4, 

Figure 2.19) would affect the reaction. However, the comparison of mono-

substituted 12 and 13 with the di-substituted 11 was of interest. Mono-

substituted 12 absorbed at the same wavelength as starting material 1,3-DCA 

(Table 1, entry 4 and 5, Figure 2.20), whereas mono-substituted 13 absorbed at a 

very close wavelength to di-substituted 11 (Table 1, entry 6 and 7, Figure 2.20). 

From that information, one hypothesis was that for 1,3-DCA to decarboxylate 

the molecule needed to absorb at approximately 266 nm, thus the mono-

substituted 11 (which also absorbs at 266 nm) could undergo a second 

decarboxylation to generate the corresponding di-substituted 11. 

Comparatively, the mono-substituted 13 absorbs at 282 nm which could be a 

potential reason as to why no second decarboxylation occurred. 
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Table 4 Table containing each compound’s UV-vis data, including: wavelength (λmax), 

absorption maxima and corresponding extinction coefficient. The path length used to 

calculate the extinction coefficient was 0.1 cm. 

Entry Compound Wavelength 

(nm) 

Absorption Extinction 

coefficient 

(M-1 cm-1) 

1 Methyl 

nicotinate 

260 0.255 25500 

2 Methyl 

isonicotinate 

270 0.240 24000 

3 PIFA 226 1.16 116000 

4 1,3-DCA 266 0.353 35300 

5 11 266 0.351 35100 

6 12  280 0.651 65100 

7 13 282 0.411 41100 
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Figure 2.19 Plotted UV-vis spectra of starting materials. Each compound was dissolved in 

THF to provide 1 x 10-6 mol L-1 solutions. The wavelength and extinction coefficient were 

plotted against each other, with absorption maxima of 0.255, 0.240, 1.16 and 0.353 for methyl 

nicotinate, methyl isonicotinate, PIFA and 1,3-DCA, respectively. 

 

 

Figure 2.20 Plotted UV-vis spectra of starting materials. Each compound was dissolved in 

THF to provide 1 x 10-6 mol L-1 solutions. The wavelength and extinction coefficient were 

plotted against each other, with absorption maxima of 0.351, 0.651, 0.411 and 0.353 for 1-

carboxy-3-(methylpyridine-3’-carboxylate)adamantane (12), 1,3-bis(methylpyridine-3’-

carboxylate)adamantane (11), 1-carboxy-3-(methylpyridine-4-carboxylate)adamantane (13) 

and 1,3-DCA, respectively. 
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A proposed mechanism for the reaction was adapted from that reported by 

Yokoyama et al.43 As depicted in Scheme 2.38, PIFA and 1,3-DCA undergo a 

transesterification reaction which is then followed by a photo-induced radical 

decarboxylation to yield the adamantyl radical, a CO2 molecule and an iodo-

radical. From there, it is expected that the radical present on the adamantane 

reacts with methyl isonicotinate through the double bond adjacent to the 

nitrogen to form a new C-C bond. Once coupled, the aromaticity of methyl 

isonicotinate substituent is restored through deprotonation to form 13. The 

reaction mechanism would occur twice for the formation of the di-substituted 

product. 

 

Scheme 2.38 A proposed mechanism for the formation of 11/12/13, showcasing the formation 

of 13. 



- 94 - 

 

The only difference between methyl nicotinate and methyl isonicotinate is the 

positioning of the methyl ester functional group (Figure 2.18).  

For decarboxylation of the adamantane core to occur an iodo-radical (generated 

from PIFA) reacts with the carboxylic acid of 1,3-DCA to consequently generate 

CO2 and a tertiary alkyl radical on the adamantane core (Scheme 2.38). As it 

was clear that decarboxylation was not occurring, a second hypothesis was 

made concerning the distance between the iodo-portion of the intermediate 

and the methyl ester group of the pyridine substituent (Figure 2.21). As shown 

by the obtained UV-vis spectra, PIFA absorbs high in energy (226 nm, 116000 

M-1 cm-1). Furthermore, although free rotation exists, it is still possible that the 

methyl ester of mono-substituted 13a could be orientated closely to the iodo-

portion (Figure 2.21, left). Because of this, it was suggested that perhaps the 

excited iodo-intermediate 13a was quenched by energy transfer between the 

iodophenyl and the lower energy methyl isonicotinate substituent (270 nm, 

24000 M-1 cm-1. Comparatively, the intermediate (12a) for forming di-

substituted methyl ester 11 could be further away from the iodo-portion 

(Figure 2.21, right), less likely to participate in energy transfer, and thus di-

substituted 12 is formed. 

 

 

Figure 2.21 A possible conformation of the reaction intermediate for both compound 13 and 

11. The blue dashes are used to show the significant difference in distance from the methyl 

ester functionality of compounds 12a and 13a. 

13a 12a 
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Although these hypotheses were plausible, analysis of the UV-vis provided no 

conclusive evidence as to why decarboxylation was not occurring. 

Furthermore, with regard to the positioning of the methyl ester functional 

groups, free rotation within each compound required theoretical calculations. 

Computation was not pursued as it was not central to answer this question. 

  Attempted synthesis of 1-carboxy-3-(5-carboxy-2,2’-2.3.7

bipyridine)adamantane. 

2.3.7.1 Synthesis of Methyl-2,2’-bipyridine-5-carboxylate 

With the synthesis of 6 already established (Scheme 2.23), the oxidation of 6 to 

15 followed by esterification seemed most efficient. For the current study, the 

oxidation procedure was adapted from two experimental reports.60, 70 

Potassium permanganate was added to 6, dissolved in water and heated at 80 

°C for 5 hours (Scheme 2.39). The reaction mixture was then cooled, filtered 

and acidified to a pH of 3. The acidified solution was concentrated to dryness 

in vacuo, leaving a green/yellow solid. The solid was then washed with ethanol 

and filtered to yield pure 15 as a white solid.  

 

Scheme 2.39 Oxidation of 6 to form 15 

Each analysis was consistent with that reported in the literature.60 Analysis of 

the 1H NMR and 13C NMR spectra showed the absence of the methyl signal 

previously observed in 6 at 2.26 and 18.2 ppm, respectively. The IR spectrum 

exhibited stretches at 2944 and 1715 cm-1, in accordance with an O-H and C=O 

stretch of a carboxylic acid group, respectively. Furthermore, mass 
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spectrometry provided a molecular ion m/z value of 199.0519, consistent with 

the calculated m/z value of the protonated parent ion [15 + H+]. 

The literature exhibits numerous reports of this reaction, with yields ranging 

between 30-80%.59-60, 70-74 There were three main trends gathered from the 

literature: the addition of KMnO4 at specific intervals, the adjustment of 

temperature during the reaction, and the filtration post acidification. For 

example, Toy et al.,60 adds a portion of KMnO4 at one hour intervals over the 

course of the reaction (7 h), and increases the temperature from 70 to 90 °C for 

the last four hours. Following this, the reaction is filtered (to remove MnO2), 

precipitated out with 1 M HCl and filtered again to retrieve the product.  

This reaction took a long time to optimise during this current study. However, 

over the course of optimisation, it was found that whether KMnO4 was added 

portion-wise or all at once made no substantial difference to the overall yield. 

Adjusting the temperature or leaving the reaction any longer than five hours 

also made no significant difference to the overall yield. Furthermore, diluted 

HCl actually reduced the yield by having too much water present, and was 

therefore replaced with conc. HCl for subsequent reactions, which resulted in 

larger quantities of precipitate. However, most significantly, concentrating the 

solution to dryness in vacuo followed by an ethanol wash enabled access to 

pure 15 in an 80% yield, rather than filtering the precipitate formed through 

acidification. 

The first attempt to esterify 15 was to dissolve it in MeOH, cool it to 0 °C, 

slowly add thionyl chloride and heat it at 40 °C for four hours (Scheme 2.40). 

The thionyl chloride was expected to convert 15 to the corresponding acid 

chloride, followed by esterification to form 16 in the presence of MeOH. 

Unfortunately, this reaction was unsuccessful. Analysis of the 1H NMR 
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spectrum supported complete retention of pure starting material upon work up 

and purification (recrystallisation from hot chloroform).  

 

Scheme 2.40 Attempted esterification of 15 to yield 16. 

The next attempt was conducted under the same conditions but left for 24 

hours. However, still no reaction took place. For no reaction to be taking place, 

it was thought that the acid chloride was not forming. Therefore, the procedure 

was altered to follow a literature procedure using much harsher conditions.74  

Compound 15 was refluxed in thionyl chloride for three hours (Scheme 2.41). 

The thionyl chloride was then removed under reduced pressure to form a 

yellow solid. The solid was dissolved in dry THF, to which TEA and dry 

MeOH were sequentially added and left to stir at room temperature for 16 

hours. The mixture was concentrated in vacuo and extracted with DCM to 

afford 16 in 19% yield. 

 

Scheme 2.41 Esterification of 15 to form corresponding 16. 

In attempt to increase the yield of the esterification, another procedure was 

tried.75 The carboxylic acid 15 was suspended in MeOH, to which H2SO4 was 

added and the solution was left to reflux for 16 hours (Scheme 2.42). The clear 

solution was evaporated in situ to remove any MeOH, affording a white 
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sludge. This was then cooled to 0 °C, basified to a pH of 9 with 10 M Na2CO3 

and filtered to yield 16 in 33% yield. 

 

Scheme 2.42 Esterification of 15 to form corresponding 16. 

The 1H and 13C NMR spectra were very similar to that of 15, the key difference 

being the addition of the methyl signal at 3.97 and 52.4 ppm, respectively. 

Analysis of the IR spectrum supported successful esterification through the 

absence of the O-H stretch previously observed at 2944 cm-1 and the 

appearance of strong peaks at 1715 and 1195 cm-1, indicative of an ester C=O 

and C-O stretch. Mass spectrometry provided an m/z of 237.0639, consistent 

with the calculated m/z value of the sodiated parent ion [16 + Na+]. 

2.3.7.2 Coupling of Methyl-2,2’-bipyridine-5-carboxylate (16) to 1,3-DCA 

PIFA, 1,3-DCA and 16 were combined in a quartz tube and dissolved in dry 

THF (Scheme 2.43). The tube was placed in a photochemical reactor (16 x 14 W, 

254 nm) for 8 hours.  

 

Scheme 2.43 The coupling of 1,3-DCA and 16 to afford compound 17. 
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The crude reaction mixture was dissolved in DCM and washed with NaHCO3. 

The combined organic layers were concentrated in vacuo to obtain a brown oil.  

Analysis of the 1H NMR spectrum of the crude reaction mixture indicated the 

presence of starting material (16) as well as a coupled species. However, due to 

the mixture being impure, at that stage it was unknown whether the coupled 

species was a mono- or di-substituted adamantane. Subjection of the crude 

reaction mixture to purification by column chromatography eluted pure 1-

carboxy-3-(methyl 2,2’-bipyridine-3’-carboxylate)adamantane (17) at 20:80 

EtOAc:PE, albeit in a <1% yield. 

Analysis of the 1H NMR spectrum supported that a single molecule of 16 had 

coupled to the adamantane. However, the aliphatic region suggested the 

adamantane remained doubly substituted, exhibiting the characteristic 1:1:4:1 

integration ratio. Previous work conducted throughout this investigation 

showed that when only one attachment was observed, the other COOH 

functional group remained intact (Section 2.3.4). This was corroborated by mass 

spectrometry which provided an m/z value of 391.16620, consistent with the 

calculated m/z value of the protonated parent ion [17 + H+]. Furthermore, 

analysis of the IR spectrum showed a broad signal at 2911 cm-1, consistent with 

an O-H stretch of a carboxylic acid, as well as two signals at 1734 and 1710 cm-1, 

indicative of a C=O stretch for an ester and carboxylic acid, respectively. 

When the adamantane core was unsymmetrical, the number of aliphatic 

hydrogen environments increased from 4 to 5. Specifically, the hydrogen 

environment previously reported with a relative integration of eight at 

approximately 2.08 ppm (Section 2.3.1) was now split into two environments 

each with a relative integration of four. Therefore, 2D NMR spectra were 

required in order to identify which signal corresponded to which proton(s) and 

carbon (Figure 2.22 and 2.23). 
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Figure 2.22 Structure and labelling of 17. 

The most downfield carbon signal at 182.4 ppm was assigned as the COOH 

functional group (C19). The next most deshielded signal at 167.1 ppm was 

anticipated to correspond to the carbonyl methyl ester functional group, 

however, analysis of the HMBC spectrum supported a correlation between the 

signal at 165.8 ppm with the methyl carbon at 52.3 ppm, and thus 165.8 ppm 

was assigned the carbonyl carbon of the methyl ester portion (C1). From there, 

H3 and H4 were narrowed down to 9.21 and 8.36 ppm through analysis of the 

HMBC spectrum. To determine which signal corresponded to which hydrogen, 

the COSY spectrum was analysed. Analysis of the COSY spectrum indicated 

that the proton at 9.21 ppm showed no correlation, whereas the proton at 8.36 

correlated with a signal at 8.57 ppm. Therefore, H3 and H4 were assigned as 

9.21 and 8.36, respectively. Furthermore, their associated C3 and C4 carbons 

could also be assigned at 150.2 and 137.9 ppm, respectively, using the HSQC 

spectrum. The signal at 8.57 ppm, correlating to H4, was assigned as H5 and 

the protons corresponding carbon (C5) was assigned as the signal at 120.7 ppm. 

This was then supported by analysis of the HMBC spectrum, which 

corroborated the correlation of H4 with two quaternary carbons, one 

previously assigned and the other signal at 159.9 ppm to now be assigned as 

C6. Identification of C6 provided assignment of H8, through analysis of the 
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HMBC spectrum, and the corresponding C8 carbon, using the HSQC spectrum, 

at 8.27 and 119.0 ppm, respectively. Analysis of the COSY and HSQC spectra 

supported H9 at 7.75 ppm and C9 at 137.3 ppm, as well as H10 and C10 at 7.30 

and 119.7 ppm, respectively. The adamantane assignment proved much more 

difficult, and it was not possible to distinguish between C/H14 and C/H15, 

which existed as a multiplet at 2.03-1.97 ppm. However, the analysis of the 

HSQC spectrum supported the carbon signals at 39.4 and 38.0 ppm correlated 

to the multiplet. The HSQC spectrum supported the methine environment 

C/H17 signalling at 2.26 and 28.4 ppm in the 1H and 13C NMR spectra, 

respectively. Quaternary carbons C2, C7, C11 and C12 were assigned using the 

HMBC spectrum. H5 showed correlations to carbon signals at 125.4 and 153.5 

ppm, and H9 correlated to carbons signalling at 153.5 and 167.1 ppm. It was 

expected that both H5 and H9 would correlate with C7, therefore the common 

signal observed for the two (153.5 ppm) was assigned as C7. The H17 proton 

signal correlated to two quaternary carbons, C12 and C18, with one signal also 

correlating with H9. This extended correlations allowed identification of C12 

and C18 at 41.3 and 42.7 ppm, respectively. By a process of elimination 125.4 

and 167.1 ppm was assigned as C2 and C11, respectively. Consistent with the 

previously assigned coupled species, H13 (C13) and H16 (C16) were deduced 

to correlate to the signals at 2.21 (40.9) and 1.76 (35.5) ppm, respectively. 
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Figure 2.23 The 1H NMR (400 MHz, CDCl3, 298 K) spectrum of 17. A picture of the molecule 

numbered is included with correlation arrows: HMBC (blue) and COSY (red). 

X-ray crystal structure of 17 

The brown oil retrieved from column chromatography was left under high 

vacuum overnight to afford 17 as a brown crystalline solid. Methyl ester 17 

crystallised in the triclinic space group P-1. The asymmetric unit comprised of 

one ligand and confirmed the compounds successful synthesis (Figure 2.24). 

 

 

 

 

 

 

 

 

Figure 2.24 The X-ray crystal structure of 17. Carbon (grey), hydrogen (white), nitrogen 

(purple), oxygen (red) and hydrogen bonding interactions (black). 

17 
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The nitrogens of the bipyridine moiety were twisted at 180° with respect to 

each other. Hydrogen bonding interactions were present between the 

carboxylic acid groups of each ligand, in the classic centrosymmetric dimer 

interaction, with an O1-H····O2 distance of 1.80 Å, corresponding to an O1···O2 

distance of 2.620(3) Å, and a O1-H····O2 angle of 174.15°.  

2.3.7.3  Attempted hydrolysis of methyl ester 17 

The reaction to form methyl ester 17 was unreliable using the described 

synthesis. Despite multiple attempts and significant screening, including 

subjections to different wavelengths (254, 300 and 350 nm), this result was not 

able to be repeated. Regardless, the small amount of material obtained was 

taken on for hydrolysis. 

Methyl ester 17 was dissolved in a minimal amount of THF to which 5 M 

NaOH was added and the mixture was heated at 50 °C for 16 hours. (Scheme 

2.44).68-69 

 

Scheme 2.44 Hydrolysis of 17 to the corresponding carboxylic acid. 

 

Analysis of the 1H NMR spectrum supported the absence of the methyl signal 

previously observed at 3.94 ppm in methyl ester 17. However, in attempting to 

purify the compound through column chromatography (10:90, EtOAc:PE) the 

desired 1-carboxy-3-(5-carboxy-2,2’-bipyridine)adamantane ligand was lost. 
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2.4 Attempted synthesis of 1,3-bis(methyl- 2,2’-bipyridine-3’-

carboxylate)adamantane (18) 

Observations during the photochemical coupling of 16 with 1,3-DCA in THF 

suggested that complete decarboxylation of the adamantane was not occurring. 

In an attempt to promote coupling, alternative solvents were tested (Scheme 

2.45). The reaction was being conducted at 254 nm, therefore the alternative 

solvents selected would need to absorb above or below that wavelength, for 

example THF has a UV absorbance below 220 nm.76 

 

Scheme 2.45 Attempted synthesis route for formation of 18. Solvent was varied using: THF, 

DCM, THF:DCM and EtOH. 

DCM has a UV absorbance below 235 nm,76 and its use as a solvent in previous 

couplings proved successful. For this reason, DCM was the first solvent tested. 

Upon testing, 16 seemed more soluble in DCM, however, when subjected to the 

photochemical reaction a large amount of precipitate was observed. 

Furthermore, cognisant of the boiling point of DCM, additional DCM was 

added as required. At 24 hours the reaction was filtered, and the filtrate was 

worked up accordingly (Section 2.3.1). The filtered solid was analysed using 1H 

NMR spectroscopy, and unfortunately the spectrum indicated the solid was 

pure 16. Furthermore, analysis of the 1H NMR spectrum of the worked up 

filtrate was consistent with pure iodobenzene, a by-product from the PIFA 
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reactant, which had not yet been observed in any of the other photochemical 

reactions in the current investigation. 

A reaction in a 20:80 mixture of DCM and THF was attempted. The idea being 

that the small amount of DCM would help to increase the solubility of 16 in the 

ideal THF solvent. However, once again only pure starting materials and 

iodobenzene were recovered. The same results were found when the solvent 

was exchanged for 1,4-dioxane, which has a UV absorbance below 215 nm. 

The final solvent tried was ethanol, a protic solvent which has a UV absorbance 

below 210 nm.76 Compound 16 was dissolved separately in the ethanol, before 

being added to 1,3-DCA and PIFA. During the course of the reaction 1H NMR 

spectroscopy studies were utilised to gather information about the reaction at 

different stages. Similar to the approach previously detailed, 2 mL aliquots 

were taken at 1, 4 and 24 hour intervals. The sample taken at 1 hour contained 

16, iodobenzene and 1,3-DCA. The presence of iodobenzene, without any 

desired product 18, was not a good sign. Furthermore, as no homo-coupling 

was observed by analysis of the 1H NMR spectrum, it suggested that the 

decarboxylation of 1,3-DCA was not occurring at all. At 4 and 24 hours there 

was still no indication of product 18, and upon work up the reaction returned 

starting materials and iodobenzene. 

It was clear that no decarboxylation of the adamantane was occurring. 

However, the return of iodobenzene as a by-product had not been an issue for 

the previous reactions under the same conditions (Section 2.3.1). Therefore, the 

final effort to synthesise 18 reverted back to the original solvent choice, THF. 

However, in this case the amount of PIFA by-product previously observed was 

taken into account. The reaction was set up accordingly, but this time 0.6 

equivalence of PIFA was added every hour. After four hours, a 2 mL sample 

was collected and worked up. Both the organic and aqueous layers were 
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concentration in vacuo and analysed. Analysis of the 1H NMR spectrums of 

both phases provided no indication that the desired product had formed, once 

again inferring the presence of 16 and iodobenzene and 1,3-DCA. At 24 hours 

the reaction was worked up accordingly, and analysis of the returned 

compounds supported no coupling of 16 and 1,3-DCA had occurred. 

  Alternative attempt to synthesise 1,3-bis(5-carboxy-2,2’-2.4.1

bipyridine)adamantane (22) 

To directly attach a bipyridine moiety to a sterically hindered sp3 carbon 

proved very challenging. Based on the knowledge gained throughout the 

synthesis of 5-carboxy-2,2’-bipyridine 15, it was thought it could be possible to 

build the bipyridine moiety off the adamantane core (Scheme 2.46).  

 

Scheme 2.46 A potential synthetic route towards the synthesis of 22. 
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Theoretically, if 3-acetylpyridine could be coupled to the adamantane core, to 

give 19, it could potentially replace the 2-acetylpyridine reagent required for 

the formation of the pyridinium salt precursor 7 (refer back to Scheme 2.22),59 

and in turn form the corresponding adamantyl pyridinium salt 20. If 

successful, 20 could then undergo a Michael addition (refer back Scheme 2.23) 

to form 1,3-bis(5-methyl-2,2’-bipyridine) adamantane 21, 60, 77 which could then 

be oxidised to form carboxylic acid 22.60, 70 

To begin, 1,3-DCA, 3-acetyl pyridine and PIFA (3:6:2 ratio) were combined in a 

quartz tube and dissolved in dry THF.36, 43 The tube was then placed in a 16 x 14 

W (254 nm) photochemical reactor for eight hours (Scheme 2.47).  

 

Scheme 2.47 Coupling of 3-acetyl pyridine and 1,3-DCA to afford 19 

Following the standard work up described previously for this reaction, 

purification of 19 was achieved by column chromatography with an elution 

point at 40:60 EtOAc:PE. Analysis of the 1H NMR spectrum supported the 

addition of two 3-acetylpyridine moieties onto the adamantane core, with a 

characteristic aliphatic proton integration of 1:1:4:1 and a 2:1 ratio of aromatic 

to aliphatic proton integrals. Both the 1H and 13C NMR spectra exhibited a 

methyl signal at 2.59 and 26.6 ppm, respectively, and the remaining signals 

were identified using 2D NMR spectra. The mass spectrum further 

corroborated the formation of 19 exhibiting a molecular ion peak at 375.2062 
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m/z, consistent with the calculated m/z value of the protonated ion 19 [19 + H+]. 

Furthermore, the IR spectrum exhibited a peak at 1679 cm-1, supporting the 

presence of a conjugated ketone within the structure. 

With 1,3-bis(3-acetylpyridine)adamantane 19 in hand, the next aim was to 

synthesise the corresponding pyridinium salt 20. Compound 19 was combined 

with pyridine, to which iodine was added in stoichiometric excess (Scheme 

2.48).59  

 

Scheme 2.48 Attempted synthetic route for the formation of 20. 

The reaction time for the typical synthesis of a pyridinium moiety is very short 

(30 min to 2 hr), and as the salt is formed it precipitates out of solution. 

However, in the current study, the reaction mixture was black and viscous for 

the duration. When worked up accordingly (refer to Section 2.2.3 pg. 62-63), 

analysis of the 1H NMR spectrum indicated significant decomposition and no 

desired product 20. Following this unsuccessful outcome, the conditions were 

altered and the reaction was monitored by TLC to gather more insight into 

what was happening.  

In this case, compound 19 and I2 were dissolved in pyridine and left stirring at 

room temperature for 24 hours (Scheme 2.49, i). At this time, a small aliquot of 

the reaction mixture was taken and mixed with EtOAc, followed by TLC 
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analysis. The TLC inferred predominantly starting materials, but also the 

presence of another material near the baseline of the plate (Rf = 0.1).  

With starting material 19 still present, the reaction was heated at 40 °C for a 

further 8 hours (Scheme 2.49, ii). At 8 hours another aliquot was taken and 

analysed using TLC, which inferred no change. 

 

Scheme 2.49 Attempted synthetic route for the formation of 20. 

Literature reported high temperatures for the synthesis of pyridinium salts, 

presumably to create enough energy to proceed through the iodo 

intermediate.59-60, 77-78. However, for this current study, when the reaction was 

conducted at 120 °C decomposition was observed. Therefore, the reaction 

temperature was adjusted to 100 °C and monitored by TLC (Scheme 2.49, iii). 

After three days TLC analysis still indicated starting material 19 remained, as 

well as the unknown compound at the baseline. However, the reaction mixture 

was then azeotroped with toluene and the crude compound was washed with a 

mixture of hot EtOH and activated carbon.  

Analysis of the 1H NMR spectrum revealed a complex mixture that could not 

be resolved by column chromatography or recrystallization.   
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2.5 Conclusion 

While the N-oxide chemistry developed provided access to mono-substituted 

adamantane derivatives, it was unable to provide access to the desired di-

substituted adamantane core. However, the unreacted bromine substituent 

remained intact and therefore opens a potential avenue for asymmetric di-

substituted adamantane building blocks (see future directions, Chapter 5). 

Light irradiation of 1,3-DCA with various functionalised N-heterocycles 

provided both mono- and di-substituted adamantane ligands. Furthermore, 

access to the mono-functionalised heteroaromatic adamantane core proceeded 

with the retention of the second carboxylic acid in the one position. This 

retention enables further chemistry to be explored, and also provides a hetero-

di-substituted adamantane core with two carboxylic acid donor groups 

available for complexation (Chapter 4). 

Pleasingly, three robust compounds were synthesised using the 

photochemistry established (L1-L3). A bipyridine moiety was successfully 

attached to the adamantane core (17). However, purification post-hydrolysis 

resulted in the whole molecule being lost in column chromatogrpahy, and was 

unfortunately never again able to be isolated. Efforts to attach a bipyridine 

motif to the adamantane core, through elaboration of the chemistry used to 

construct 5-methyl-2,2’-bipyridine (6) from 2-acetylpyridine, were also 

ultimately unsuccessful but lay the foundation for future studies.   

 

 

 

 



- 111 - 

 

2.6 Experimental 

 General information 2.6.1

All starting materials were purchased from commercial suppliers and used as 

received without further purification, not inclusive of dry MeOH, DCM and 

THF which was obtained from a Pure Solv MD-6 solvent purification system. 

Solvents used for each synthesis procedure were of LR grade or better. The 

Rayonet Photochemical Reactor 200 was used for any photochemistry reactions 

(400 W and (16)12” 14 W lamps of various wavelengths: 254, 330, 350 nm). 

1H NMR spectra were collected at 298 K at either 400 MHz or 500 MHz on a 

Varian spectrometer. Spectra were collected in CDCl3 or DMSO-d6, referenced 

to the solvent peak at δ 7.26 and 2.50 ppm, respectively. The chemical shifts are 

reported to the nearest 0.01 ppm and coupling constants (J) have been rounded 

to the nearest 0.1 Hz. The order of assignment is as follows: chemical shift 

(multiplicity, coupling constant(s), number of protons, assignment). 

Multiplicities are reported with the following notations: s (singlet), bs (broad 

singlet), d (doublet), t (triplet), m (multiplet), dd (double-doublet), ddd 

(doublet of doublets of doublets), q (quintet). 13C NMR spectra and 2D spectra 

(gCOSY, HSQC and gHMBC) were recorded under the same conditions as the 

1H NMR spectra, except at either 100 MHz or 125 MHz on a Varian 

spectrometer. Spectra were collected in CDCl3 or DMSO-d6, referenced to the 

solvent peak at δ 77.16 and 39.52 ppm, respectively. The chemical shifts are 

reported to the nearest 0.1 ppm and resonances were assigned as follows: 

chemical shift (assignment). 

Infrared (IR) spectra were obtained on a Bruker Optics Alpha FT-IR 

spectrometer, using a diamond attenuated total reflectance top-plate. Electro-

spray mass spectrometry (ESMS) was carried out on a Bruker micrOTOF-Q 

(Bruker Daltronics, Bremen, Germany) and a Shimadzu LCMS9030 instrument. 
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The samples were introduced using direct injection into an ESI source in a 

negative or positive mode, each sample averaged for two minutes over a m/z 

range of 50 to 3000 amu. UV spectra were collected on a Shimadzu, Version 

2.62, UV probe. 

  X-ray crystallography information 2.6.2

Data were collected on a Agilent SuperNova Diffractometer using mirror 

monochromated Cu Kα (λ = 1.54184 Å) at 100 K. Crystals were attached to a 0.3 

mm CryoLoop with Paratone-N oil, supported on a copper mounting pin. The 

data were processed with CrysAlisPro,79 with a multiscan adsorption correction 

being applied. The structures were solved by direct methods using SHELXT86 

and refined on F2 using all data by full-matrix least-squares procedures 

SHELXL;80-81 interfaced through the program WINGX.87 All non-hydrogen 

atoms were refined with anisotropic thermal parameters,82 the hydrogen atoms 

were inserted at calculated positions and rode on the atoms to which they were 

attached. Detailed analysis of the extended structure were carried out using 

PLATON and MERCURY (Version 3.5.1).83-84 Crystallographic data are listed in 

Appendix 1, and the CIF files generated from X-ray crystallography have all 

been CIF checked. 
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 N-Oxide chemistry synthesis 2.6.3

General Synthesis of pyridine-N-oxide precursors.50 

The desired pyridine moiety (1 equiv.) was dissolved in DCM (20 mL per 3 mL 

of pyridine) and cooled to 0 °C. To this, m-chloroperbenzoic acid (1 equiv.) was 

added portion-wise and the subsequent reaction mixture was left to warm to rt 

for 12 h. K2CO3 (4 equiv.) was added and left to stir for a further 10 mins, to 

neutralise any remaining acid. Following this, the K2CO3 was filtered and the 

organic filtrate was washed with water and brine, dried with Na2SO4 and 

concentrated in vacuo to yield the corresponding N-oxide. 

 

2.6.3.1 Pyridine-N-Oxide (2).50 

 

Yield: (3.7 g, 61%). 1H NMR (400 MHz, CDCl3) δ 8.21-8.19 (m, 2H, H2), 7.28-7.24 

(m, 3H. H3 and H4). 13C NMR (100 MHz, CDCl3) δ 139.4 (C2), 126.1 (C3), 125.9 

(C4). νmax/cm-1: 3073 (C-H, m), 1654 (C=C, s), 1233 (N-O, s), 1165, 1005, 830, 758. 
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2.6.3.2 2-Methylpyridine-N-Oxide (3).50 

 

 

Yield: (1.8 g, 51%). 1H NMR (400 MHz, CDCl3) δ 8.26 (d, J = 5.9 Hz, 1H, H2), 

7.26-7.23 (m, 1H, H4), 7.19-7.11 (m, 2H, H3 and H5), 2.51 (s, 3H, CH3). 13C NMR 

(100 MHz, CDCl3) δ 149.1 (C6), 139.4 (C2), 126.5 (C5), 125.7 (C4), 123.5 (C3), 17.8 

(CH3). νmax/cm-1: 3058 (C-H, m), 1665 (C=C, s), 1442 (C-H, m), 1231 (N-O, s), 

1122, 1041, 843, 763. 

 

 

 

2.6.3.3 3-Methylpyridine-N-Oxide (4).50 

 

Yield: (5.3 g, 48%). 1H NMR (400 MHz, CDCl3) δ 8.08-8.04 (m, 2H, H2 and H6), 

7.18-7.14 (m, 1H, H3), 7.10-7.08 (m, 1H, H4), 2.47 (s, 3H, CH3). 13C NMR (100 

MHz, CDCl3) δ 139.3 (C6), 136.8 (C5), 136.6 (C2), 127.1 (C4), 125.4 (C3), 18.3 

(CH3). νmax/cm-1: 3052 (C-H, m), 1644 (C=C, s), 1452 (C-H, m), 1263 (N-O, s), 

1159, 1018, 854, 746. 
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2.6.3.4 1-(2-oxo-2-(pyridin-2-yl)ethyl)pyridinium iodide (7).59-60, 77-78, 85 

 

 

 

A red-brown solution of iodine (20.4 g, 0.161 mol) and dry pyridine (70 mL) 

was warmed to 80 °C under an argon atmosphere. To this, 2-acetylpyridine (30 

mL, 0.26 mol) was added and the reaction mixture was stirred at 120 °C for 30 

min. At 30 minutes the black reaction mixture solidified. The solid was washed 

with dry pyridine (40 mL), added to boiling ethanol (1 L) containing a spatula 

of activated carbon and stirred for 10 min. The hot mixture was then filtered 

and left to cool. The resultant solid formed upon cooling was then filtered and 

air dried to yield pure 7 (15.2 g, 28%). 1H NMR (400 MHz, DMSO-d6) δ 8.99 (d, J 

= 5.5 Hz, 2H, H12 and H8), 8.85 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H, H2), 8.71 (ddd, J = 

7.8, 7.2, 1.4 Hz, 1H, H10), 8.29-8.22 (m, 2H, H9 and H11), 8.12 (ddd, J = 7.7, 6.8, 1.7 

Hz, 1H, H4), 8.05 (ddd, J = 7.9, 6.8, 1.2 Hz, 1H, H5), 7.82 (ddd, J = 7.5, 4.8, 1.4 Hz, 

1H, H3), 6.49 (s, 2H, CH2). 13C NMR (100 MHz, CDCl3) δ 191.9 (C7), 150.9 (C6), 

150.0 (C2), 146.8 (C10), 146.7 (C8 and C12), 138.6 (C4), 129.6 (C9 and C11), 128.2 

(C3), 122.5 (C5), 67.1 (CH2). ESI-MS (-): m/z calcd. for C12H11N2O [7 – I-]: 

199.0871; found: 199.0873. 
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2.6.3.5  5-Bromo-5’-methyl-2,2’-bipyridine (5).14, 55-56 

 

 

 

5-Bromo-2-iodopyridine (5.12 g, 17.7 mmol) and 

tetrakis(triphenylphosophine)palladium(0) (0.250 g, 0.353 mmol) were dissolved 

in THF under argon atmosphere. To this, a solution of 5-methyl-2-

pyridylzinc(II) bromide (THF, 0.5 M, 42 mL, 21.2 mmol) was added and the 

suspension was refluxed for 5 h. The mixture was then left to stir at rt for 16 h. 

At 16 h NH4OH/EDTA (200 mL) and DCM (150 mL) were added and the 

reaction mixture was left stirring for a further 4 h. The organic layer was then 

recovered and washed with water and brine, dried with Na2SO4 and 

concentrated in vacuo. The solid was the washed with petroleum ether to yield 

pure 5 (4.3 g, 99%). 1H NMR (400 MHz, CDCl3) δ 8.69 (dd, J = 2.3, 0.7 Hz, 1H, 

H8), 8.48 (dd, J = 2.3, 0.8 Hz 1H, H2), 8.28-8.23 (m, 2H, H5 and H11), 7.91 (dd, J = 

8.5, 2.4 Hz, 1H, H10), 7.64-7.59 (m, 1H, H4), 2.39 (s, 3H, CH3). 13C NMR (100 

MHz, CDCl3) δ.154.7 (C6), 152.6 (C7), 150.1 (C2), 149.7 (C8), 139.4 (C4), 137.5 

(C10), 133.8 (C9), 122.0 (C5), 120.7 (C11), 120.5 (C3), 18.4 (CH3). ESI-MS (+): m/z 

calcd. for C11H10BrN2 [5 + H+]: 249.0022; found 249.0013. 
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2.6.3.6 5-Methyl-2,2’-bipyridine (6).59, 85 

 

 

 

Methacrolein (1.80 mL, 22.0 mmol) and ammonium acetate (9.30 g, 120 mmol) 

were sequentially added to a solution of 1-(2-oxo-2-(pyridin-2-yl)ethyl) 

pyridinium iodide 7 (6.5 g, 20 mmol) in formamide (200 mL). The mixture was 

stirred at 80 °C for 16 h. At this time, the crude mixture was cooled and 

extracted with DEE. The combined organic layers were washed with brine, 

dried over Na2SO4, and concentrated in vacuo to yield 6 as a yellow-orange oil 

(2.7 g, 82%).1H NMR (400 MHz, CDCl3) δ 8.58 (ddd, J = 4.8, 1.7, 0.8 Hz, 1H, H2), 

8.42-8.41 (m, 1H, H11), 8.26 (d, J = 8.0 Hz, 1H, H5), 8.19 (d, J = 8.1 Hz, 1H, H8)  

7.69 (ddd, J = 8.0, 1.8, 0.9 Hz, 1H, H4), 7.51 (ddd, J = 8.1, 2.3, 0.8 Hz, 1H, H9), 7.17 

(ddd, J = 7.4, 4.9, 1.0 Hz, 1H, H3), 2.26 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3) 

δ 156.0 (C7), 153.4 (C6), 149.4 (C11), 148.9 (C2), 137.4 (C9), 136.8 (C10), 133.4 

(C8), 123.3 (C5), 120.8 (C4), 120.6 (C3), 18.2 (CH3). ESI-MS (+): m/z calcd. for 

C11H10N2Na [6 + Na+]: 193.0741; found: 193.0732. 
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2.6.3.7 5-Methyl-2,2’-bipyridine-N, N’-dioxide (8).61 

 

 

 

A 30% solution of hydrogen peroxide (4.0 mL, 0.13 mol) was added dropwise 

to a solution of 5-methyl-2,2'-bipyridine 6 (1.51 g, 0.088 mol) in glacial acetic 

acid (10 mL) under stirring. The mixture was heated at 76 °C for 8 h. Following 

this, the solution was left to cool and concentrated in vacuo. The obtained 

residue was purified by azeotrope with toluene and then dried under vacuum 

to provide 8 (1.6 g, 89%). 1H NMR (400 MHz, CDCl3) δ 8.36-8.31 (m, 1H, H2), 

8.21 (ddd, J =7.5, 1.5, 0.8 Hz, 1H, H11), 7.66-7.60 (m, 1H, H4), 7.53 (d, J = 8.1 Hz, 

1H, H9), 7.38-7.31 (m, 2H, H8 and H5), 7.19 (ddd, J = 8.1, 5.5, 1.6 Hz, 1H, H3), 2.35 

(s, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 142.2 (C7), 140.2 (C6), 140.0 (C11), 

139.4 (C2), 137.8 (C9), 128.6 (C10), 127.7 (C8), 127.0 (C5), 126.5 (C4), 125.5 (C3), 

18.4 (CH3). ESI-MS (+): m/z calcd. for C11H10N2NaO2 [8 + Na+]: 225.0617; found: 

225.0640. 
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2.6.3.8 1,3-Dibromoadamantane (1).49 

 

 

 

Br2 (9.9 mL, 0.19 mol), BBr3 (0.5 mL, 0.005 mol) and a catalytic amount of AlBr3 

(20 mg, 0.07 mmol) were combined under argon atmosphere. To this, 

adamantane (2.64 g, 0.019 mol) was added portion-wise and the reaction 

mixture was heated at 80 °C for 2 h. The solution was then cooled to rt and 

poured into ice water, to which CCl4 (30 mL) was added, followed by the 

addition of NaHSO3 until the solution became colourless. Following this, DCM 

was added to the reaction mixture and the organic layer was washed with 

Na2CO3 and brine, dried over Na2SO4 and concentrated in vacuo. The resultant 

organic residue was recrystallized from MeOH to afford 1 as a white solid (4.56 

g, 80%). 1H NMR (400 MHz, CDCl3) δ 2.87 (s, 2H, H1), 2.34-2.25 (m, 8H, H2), 

1.71-1.69 (m, 2H, H4), 1.55 (bs, 2H, H3). 13C NMR (100 MHz, CDCl3) δ 62.1 (C5), 

59.0 (C1), 47.0 (C2), 35.0 (C4), 33.5 (C3). νmax/cm-1: 2919 (C-H, m), 2853 (C-H, m), 

1449 (C-H, m), 815 (C-H, s), 690 (C-Br, s).  
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2.6.3.9      1-Bromo-3-(2-methylpyridine-N-oxide)adamantane (10).12 

 

 

 

Pd(OAc)2dppf (200 mg, 0.255 mmol, 0.050 equiv.), 1,3-dibromoadamantane  

(1.50 g, 5.14 mmol, 1 equiv.) and Cs2CO3 (3.35 g, 10.3 mmol, 2 equiv.) were 

sequentially added to a round bottom flask which was then evacuated and 

backfilled with argon three times. To this, a solution of 2-methylpyridine-N-

oxide (1.12 g, 10.3 mmol) in toluene was added and stirred at rt for one min. 

The flask was then heated at 100 °C for 12 h. The mixture was filtered, 

concentrated in vacuo and purified by recrystallisation in MeOH to provide 

pure 10 (1.2 g, 73%). 1H NMR (400 MHz, CDCl3) δ 7.13-7.11 (m, 1H, H4), 7.10-

7.05 (m, 2H, H3 and H5), 2.86 (bs, 2H, H11), 2.43 (s, 3H, CH3), 2.42-2.22 (m, 8H, 

H10 and H13), 1.98-1.96 (m, 2H, H8), 1.76-1.65 (m, 2H, H12). 13C NMR (100 MHz, 

CDCl3) δ 155.0 (C2), 150.6 (C6), 124.5 (C3), 124.1 (C4), 121.2 (C5), 65.3 (C9), 48.5 

(C8), 48.1 (C10 or C13), 42.9 (C10 or C13), 35.6 (C7), 34.8 (C12), 32.1 (C11), 20.1 

(CH3). ESI-MS (+): m/z calcd. for C16H21BrNO [10 + H+]: 322.0801; found 

322.0824. 
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2.6.3.10 1-Bromo-3-(3’-methylpyridine-N-oxide)adamantane (9).12 

 

 

 

 

 

 

Pd(OAc)2dppf (198 mg, 0.255 mmol, 0.05 equiv.), 1,3-dibromoadamantane  (1.52 

g, 5.14 mmol, 1 equiv.) and Cs2CO3 (3.38 g, 10.3 mmol, 2 equiv.) were 

sequentially added to a round bottom flask which was then evacuated and 

backfilled with argon three times. To this, a solution of 3-methylpyridine-N-

oxide (1.12 g, 10.3 mmol) in toluene was added and stirred at rt for one min. 

The flask was then heated at 100 °C for 12 h. The mixture was filtered, 

concentrated in vacuo and purified by recrystallisation in MeOH to provide 

pure 9 (1.2 g, 73%). 1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H, H2), 7.10 (d, J = 8.3 

Hz, 1H, H4), 7.03 (d, J = 7.9 Hz, 1H, H5), 2.87 (bs, 2H, H11), 2.44-2.27 (m, 8H, H10 

and H13), 2.25 (s, 3H, CH3), 1.82-1.71 (m, 2H, H8), 1.62 (m, 2H, H12). 13C NMR 

(100 MHz, CDCl3) δ 141.7 (C2), 134.0 (C3), 131.8 (C6), 127.0 (C4), 122.9 (C5), 65.2 

(C9), 48.5 (C8), 48.4 (C10 or C13), 42.3 (C10 or C13), 35.5 (C7), 34.7 (C12), 32.1 

(C11), 17.6 (CH3). ESI-MS (+): m/z calcd. for C16H21BrNO [9 + H+]: 322.0801; 

found 322.0787. 
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 Photochemistry synthesis 2.6.4

2.6.4.1 1,3-Bis(methylpyridine-3’-carboxylate)adamantane (11).34,43 

 

 

 

PIFA (1.31 g, 2.97 mmol, 2 equiv.), 1,3-dicarboxyadamantane (1.05 g, 4.45 

mmol, 3 equiv.) and methyl nicotinate (1.22 g, 8.92 mmol, 6 equiv.) were 

combined in dry THF under argon atmosphere and the mixture was irradiated 

using hv mercury lamps (254 nm) for 8 h. At 8 h, DCM was added to the 

reaction mixture and the organic layer was washed with saturated aq. 

NaHCO3. The organic layer was then dried over Na2SO4 and concentrated in 

vacuo. The residual oil was purified by distillation to remove any unreacted 

methylnicotinate, followed by column chromatography (20:80 EtOAc:PE) on 

silica gel to afford 11 (0.289 g, 15%). 1H NMR (500 MHz, CDCl3) δ 9.17 (d, J = 2.3 

Hz, 2H, H2), 8.23 (dd, J = 8.3, 2.3 Hz, 2H, H5), 7.40 (d, J = 8.4, 2H, H6), 3.93 (s, 6H, 

CH3), 2.37 (q, J = 3.1 Hz, 2H, H11), 2.25, (s, 2H, H9), 2.09-1.99 (m, 8H, H10), 1.84 (t, 

J = 3.1 Hz, 2H, H12). 13C NMR (125 MHz, CDCl3) δ 175.2 (C7), 168.6 (C4), 152.7 

(C2), 140.25 (C5), 126.1 (C3), 121.4 (C6), 54.9 (OCH3), 48.2 (C9), 43.4 (C10), 43.1 

(C8), 38.3 (C12), 31.7 (C11). ESI-MS (+): m/z calcd. for C24H26N2NaO4 [11 + Na+]: 

429.1790; found: 429.1761. νmax/cm-1: 2903 (C-H, m), 1721 (C=O, s), 1593, 1377, 

1201 (C-O, s), 776. UV-Vis (1x10-6 in THF): λmax (ε/M-1 cm-1) nm: 266 (35100). 
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2.6.4.2 1-Carboxy-3-(methylpyridine-3’-carboxylate)adamantane 

(12).34,43 

 

 

 

PIFA (1.34 g, 2.97 mmol, 2 equiv.), 1,3-dicarboxyadamantane (1.02 g, 4.45 

mmol, 3 equiv) and methyl nicotinate (1.22 g, 8.92 mmol, 6 equiv.) were 

combined in dry THF under argon and the mixture was irradiated using hv 

mercury lamps (254 nm) for 8 h. At 8 h, DCM was added to the reaction 

mixture and the organic layer was washed with saturated aq. NaHCO3. The 

organic layer was then dried over Na2SO4 and concentrated in vacuo. The 

residual oil was purified by distillation to remove any unreacted 

methylnicotinate, followed by column chromatography (30:70 EtOAc:PE) on 

silica gel to afford 12 (0.336 g, 23%). 1H NMR (500 MHz, CDCl3) δ 9.16 (d, J = 2.2 

Hz, 1H, H2), 8.22 (dd, J = 8.2, 2.2 Hz, 1H, H5), 7.35 (d, J = 8.3 Hz, 1H, H6), 3.91 (s, 

3H, CH3), 2.25 (q, J = 3.3 Hz, 1H, H11), 2.17 (s, 2H, H9), 2.03-1.89 (m, 8H, H10 and 

H13), 1.75 (d, J = 3.2 Hz, 2H, H12). 13C NMR (125 MHz, CDCl3) δ 182.7 (C7), 172.0 

(C15), 165.9 (C4), 150.0 (C2), 137.7 (C5), 123.5 (C3), 118.7 (C6), 52.2 (OCH3), 42.2 

(C8), 41.3 (C14), 40.7 (C9), 39.8 (C10 or C13), 37.8 (C10 or C13), 35.4 (C12), 28.3 

(C11). ESI-MS (+): m/z calcd. for C18H22NO4 [12 + H+]: 316.15488; found: 

316.15478. νmax/cm-1: 2924 (O-H, br), 2850 (C-H, m), 1725 (C=O, s), 1683, 1440 (C-

H, m), 1417 (O-H, m), 1279 (C-O, s), 1214 (C-O, s), 781, 688. λmax (ε/M-1 cm-1) nm: 

280 (65100). 
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2.6.4.3 1-Carboxy-3-(3’-carboxypyridine)adamantane (L2).68-69 

 

 

 

1-Carboxy-3-(methyl nicotinate)adamantane (350 mg, 1.11 mmol) was 

dissolved in THF (10 mL), to which a 5 M NaOH solution (2 mL) was added 

and the reaction mixture was left to stir at 50 °C for 16 h. The solution was then 

concentrated in vacuo, dissolved in water (10 mL) and acidified with conc. HCl 

until a pH of 3 was reached. The resultant precipitate was filtered and dried to 

afford L2 (313 mg, 93%). 1H NMR (400 MHz, DMSO-d6) δ 8.99 (d, J = 2.2 Hz, 1H, 

H2), 8.26 (dd, J = 8.4, 2.3 Hz, 1H, H5), 7.55 (d, J = 8.3 Hz, 1H, H6), 2.15 (q, J = 3.2 

Hz, 2H, H11), 2.01 (s, 2H, H9), 1.95-1.85 (m, 4H, H10 or H13), 1.85-1.74 (m, 4H, H10 

or H13), 1.68 (d, J = 3.4 Hz, 2H, H12). 13C NMR (100 MHz, DMSO-d6) δ 177.8 (C7), 

169.3 (C4), 165.1 (C15), 147.1 (C2), 140.2 (C5), 125.3 (C3), 120.5 (C6), 41.8 (C8), 

40.4 (C14), 39.3 (C9), 37.5 (C10 or C13), 34.8 (C10 or C13), 32.1 (C12), 27.9 (C11). 

ESI-MS (+): m/z calcd. for C17H20NO4 [L2 + H+]: 302.13923; found: 302.13999. 

νmax/cm-1: 2924 (O-H, br), 2854 (C-H, m), 1727 (C=O, s), 1685 (C=O, s), 1431 (O-

H, m), 828, 763, 674. 
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2.6.4.4 1,3-Bis(3’-carboxypyridine)adamantane (L1).68-69 

 

 

 

Compound 11 (260 mg, 0.640 mmol) was dissolved in THF (10 mL), to which a 

5 M NaOH solution (2 mL) was added and left to stir at 50 °C for 16 h. The 

solution was then concentrated in vacuo, dissolved in water (10 mL) and 

acidified with conc. HCl until a pH of 3 was reached. The resultant precipitate 

was filtered and dried to afford L1 (0.200 g, 83%). 1H NMR (500 MHz, DMSO-

d6) δ 9.01 (d, J = 2.0 Hz, 2H, H2), 8.19 (dd, J = 8.3, 2.1 Hz, 2H, H4), 7.53 (d, J = 8.3 

Hz, 2H, H5), 2.27 (m, 2H, H10), 2.16 (s, 2H, H8), 2.00-1.95 (m, 8H, H9), 1.78-1.73 

(m, 2H, H11). 13C NMR (125 MHz, DMSO-d6) δ 171.9 (C6), 166.3 (C1), 149.4 (C2), 

137.5 (C4), 124.0 (C3), 118.9 (C5), 45.1 (C7), 40.4 (C8), 39.3 (C9), 35.2 (C11), 28.6 

(C10). ESI-MS (-): m/z calcd. for C22H21N2O4 [L1 – H-]: 377.1500; found: 377.1518. 

νmax/cm-1: 2900 (O-H, br), 2851 (C-H, m), 1721 (C=O, s), 1635, 1611, 1397 (O-H, 

m), 875, 733.  

 

 

 

 



- 126 - 

 

2.6.4.5 5-Carboxy-2,2’-bipyridine (15).59-60, 74, 85 

 

 

 

Potassium permanganate (12.1 g, 76.6 mmol) was added to a solution of 5-

methyl-2,2’-bipyridine (3.42 g, 20.1 mmol) in water (200 mL). The mixture was 

heated at 80 °C for 5 h, and then cooled to rt. The brown mixture was filtered 

and washed with hot water. Conc. HCl was added slowly to the filtrate until a 

pH of 3 was reached. A slurry formed was then concentrated in vacuo, washed 

with EtOH, filtered and dried to obtain pure 15 (3.22 g, 80%). 1H NMR (400 

MHz, DMSO-d6) δ 9.13 (d, J = 2.0 Hz, 1H, H2), 8.71 (ddd, J = 4.6, 1.5, 0.9 Hz, 1H, 

H11), 8.49-8.40 (m, 2H, H5 and H8), 8.37 (dd, J = 8.3, 2.1 Hz, 1H, H4), 7.97 (ddd, J = 

7.7, 4.5, 1.8 Hz, 1H, H9), 7.49 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H, H10). 13C NMR (100 

MHz, DMSO-d6) δ 166.6 (C12), 158.5 (C6), 154.7 (C7), 150.6 (C2), 150.0 (C11), 

138.6 (C4), 138.0 (C9), 125.4 (C3), 125.3 (C10), 121.7 (C5 or C8), 120.6 (C5 or C8). 

ESI-MS (-): m/z calcd. for C11H7N2O2 [15 – H-]: 199.0506; found: 199.0513. 

νmax/cm-1: 2944 (O-H, br), 2844 (C-H, m), 1715 (C=O, s), 1640, 1433 (O-H, m). 
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2.6.4.6 Methyl-2,2’-bipyridine-5-carboxylate (16).60, 74 

 

 

 

To a solution of 5-carboxy-2,2’-bipyridine (3.72 g, 18.5 mmol) in HPLC grade 

MeOH (200 mL) was added conc. H2SO4 (5 mL). The mixture was refluxed for 

16 h under argon atmosphere and then concentrated in vacuo. The resultant 

white slurry was then basified to a pH of 8 using 10% aq. Na2CO3. The white 

precipitate formed was filtered to afford the title compound 16 (1.52 g, 38%). 1H 

NMR (400 MHz, CDCl3) δ 9.26 (dd, J = 2.2, 0.9 Hz, 1H, H2), 8.70 (ddd, J = 4.8, 1.8, 

0.9 Hz, 1H, H12), 8.48-8.46 (m, 2H, H12, H6 and H9), 8.40 (dd, J = 8.3,7.5,  2.2 Hz, 

1H, H10) 7.84 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H, H10), 7.35(ddd, J = 7.5, 4.8, 1.2 Hz, 1H, 

H11), 3.97 (S, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 165.8 (C4), 159.3 (C7), 155.0 

(C8), 150.5 (C2), 149.3 (C12), 138.0 (C5), 137.1 (C10), 125.6 (C3), 124.5 (C11), 

121.9 (C6 or C9), 120.5 (C6 or C9), 52.4 (OCH3). ESI-MS (+): m/z calcd. for 

C12H10N2NaO2 [16 + Na+]: 237.0640; found: 237.0639. νmax/cm-1: 2944, 2844, 1715 

(C=O, s), 1640, 1592, 1433 (C-H, m), 1314 (C-O, s), 1195 (C-O, s), 784. 
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2.6.4.7 1-Carboxy-3-(methylpyridine-4-carboxylate)adamantane (13).36, 

43 

 

 

 

PIFA (0.641 g, 1.49 mmol, 1 equiv.), 1,3-dicarboxyadamantane (1.08 g, 4.46 

mmol, 3 equiv.) and methyl isonicotinate (0.617 g, 4.46 mmol, 3 equiv.) were 

combined in dry THF under argon atmosphere and the mixture was irradiated 

using hv mercury lamps (254 nm) for 8 h. At 8h, DCM was added to the 

reaction mixture and the organic layer was washed with saturated aq. 

NaHCO3. The organic layer was then dried over Na2SO4 and concentrated in 

vacuo. The compound was purified by distillation to remove any unreacted 

methyl isonicotinate, and recrystallization in MeOH and water to afford pure 

13 (0.61 g, 44%). 1H NMR (400 MHz, CDCl3) δ 8.73 (dd, J = 5.0, 0.8 Hz, 1H, H2), 

7.83 (s, 1H, H6), 7.66 (dd, J = 5.0, 1.5 Hz, 1H, H3), 3.95 (s, 3H, CH3), 2.28 (m, 2H, 

H11), 2.19 (s, 2H, H9), 2.01-1.96 (m, 8H, H10 and H15), 1.77 (bs, 2H, H12). 13C NMR 

(100 MHz, CDCl3) δ 182.5 (C7), 168.8 (C5), 166.0 (C14), 149.5 (C2), 137.8 (C3), 

120.4 (C4), 118.5 (C6), 52.6 (OCH3), 42.4 (C8), 41.4 (C13), 40.8 (C9), 39.5 (C10 or 

C15), 37.8 (C10 or C15), 35.4 (C12), 28.4 (C11). ESI-MS (+): m/z calcd. for 

C18H22N1O4 [13 + H+]: 316.15488; found: 316.15422. νmax/cm-1: 2908 (O-H, br), 2856 

(C-H, m), 1731 (C=O, s), 1694, 1437 (C-H, m), 1421 (O-H, m), 1280 (C-O, s), 1207 

(C-O, s), 759, 691. λmax (ε/M-1 cm-1) nm: 282 (41100). 
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2.6.4.8 1,3-Bis(3’-acetylpyridine)adamantane (19).36, 43 

 

 

 

PIFA (1.32 g, 2.97 mmol, 2 equiv.), 1,3-dicarboxyadamantane (1.02 g, 4.45 

mmol, 3 equiv.) and 3-acetylpyridine (2.21 g, 1 mL, 8.92 mmol, 6 equiv.) were 

combined in dry THF under argon atmosphere and the mixture was heated 

using hv mercury lamps (254 nm) for 8 h. At 8 h, DCM was added to the 

reaction mixture and the organic layer was washed with saturated aq. 

NaHCO3. The organic layer was then dried over Na2SO4 and concentrated in 

vacuo. The compound was purified by distillation to remove any unreacted 3-

acetylpyridine, and recrystallization in MeOH and water to afford pure 19 (0.61 

g, 36%). 1H NMR (400 MHz, CDCl3) δ 9.12 (d, J = 2.1 Hz, 2H, H2), 8.19 (dd, J = 

8.4, 2.4 Hz, 2H, H5), 7.44 (d, J = 8.4 Hz, 2H, H6), 2.60 (s, 6H, CH3), 2.37 (m, 2H, 

H11), 2.26 (s, 2H, H9), 2.06 (m, 8H, H10), 1.83 (m, 2H, H12). 13C NMR (100 MHz, 

CDCl3) δ 196.5 (C4), 172.5 (C7), 149.1 (C2), 136.0 (C5), 129.9 (C3), 118.9 (C6), 45.3 

(C9), 40.6 (C10), 40.3 (C8), 35.5 (C12), 28.9 (C11), 26.5 (CH3). ESI-MS (+): m/z 

calcd. for C24H27N2O2 [19 + H+]: 375.2073; found: 375.2062. νmax/cm-1: 2849 (C-H, 

m), 1702, 1679 (C=O, s), 1450 (C-H, m), 1376, 825, 761. 
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2.6.4.9 1-Carboxy-3-(4-carboxypyridine)adamantane (L3).68-69 

 

 

 

1-Carboxy-3-(methyl isonicotinate)adamantane (1.01 g, 3.22 mmol) was 

dissolved THF (10 mL), to which a 5 M NaOH solution (2 mL) was added and 

the reaction mixture was left to stir at 50 °C for 16 h. Following this, the 

solution was concentrated in vacuo, dissolved in water (10 mL) and acidified 

with conc. HCl until a pH of 3 was reached. The resultant white precipitate was 

filtered and dried to provide pure L3 (652 mg, 68%). 1H NMR (400 MHz, 

DMSO-d6) δ 8.65 (d, J = 5.0 Hz, 1H, H2), 7.69 (s, 1H, H6), 7.58 (d, J = 5.0 Hz, 1H, 

H3), 2.11 (m, 2H, H11), 1.96 (s, 2H, H9), 1.90-1.79 (m, 4H, H10 or H13), 1.79-1.69 (m, 

4H, H10 or H13), 1.63 (bs, 2H, H12). 13C NMR (100 MHz, DMSO-d6) δ 178.2 (C7), 

168.6 (C5), 166.5 (C15), 149.6 (C2), 120.2 (C4), 117.7 (C3 and C6), 42.5 (C8), 40.5 

(C14), 40.4 (C9), 40.1 (C10 or C13), 37.7 (C10 or C13), 35.1 (C12), 28.0 (C11). ESI-

MS (+): m/z calcd. for C17H20NO4 [L3 + H+]: 302.13923; found: 302.13868. νmax/cm-

1: 3011 (O-H, br), 2852 (C-H, m), 1691 (C=O, s), 1613, 1450 (O-H, m), 814, 769, 

674. 
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2.6.4.10 1-Carboxy-3-(methyl-2,2’-bipyridine-3’-

carboxylate)adamantane (17).36, 43 

 

 

PIFA (1.32 g, 2.97 mmol, 2 equiv.), 1,3-dicarboxyadamantane (1.01 g, 4.45 

mmol, 3 equiv.) and 5-carboxy-2,2’-bipyridine methyl ester (3.8 g, 8.92 mmol, 6 

equiv.) were combined in dry THF under argon atmosphere and the mixture 

was heated using hv mercury lamps (254 nm) for 8 h. At 8 h, DCM was added 

to the reaction mixture and the organic layer was washed with saturated aq. 

NaHCO3. The organic layer was dried over Na2SO4 and concentrated in vacuo. 

The residual oil was purified by column chromatography (20:80 EtOAc:PE) on 

silica gel to yield 17 (2.3 mg, traces). 1H NMR (400 MHz, CDCl3) δ 9.21 (s, 1H, 

H2), 8.57 (d, J = 8.6 Hz, 1H, H6), 8.36 (d, J = 8.6 Hz, 1H, H5), 8.27 (d, J = 7.8 Hz, 

1H, H9), 7.75 (dd, J = 7.8, 7.5 Hz, 1H, H10), 7.30 (d, J = 7.8 Hz, 1H, H11), 3.94 (s, 

3H, OCH3), 2.26 (m, 2H, H19), 2.21 (s, 2H, H14), 2.03-1.97 (m, 8H, H18 and H21), 

1.76 (m, 2H, H20). 13C NMR (100 MHz, CDCl3) δ 182.4 (C17), 167.1 (C12), 165.9 

(C4), 160.0 (C7), 153.5 (C8), 150.2 (C2), 137.9 (C5), 137.3 (C10), 125.4 (C3), 120.7 

(C6), 119.7 (C11), 119.0 (C9), 52.3 (OCH3), 42.7 (C15), 41.3 (C13), 40.9 (C14), 39.4 

(C18 or C21), 38.0 (C18 or C21), 35.5 (C20), 28.4 (C19). ESI-MS (-): m/z calcd. for 

C23H23N2O4 [17- H-]: 391.16578; found: 391.16620. νmax/cm-1: 2906 (O-H, br), 2850 

(C-H, m), 2646 (C-H, m), 1734 (C=O, s), 1710 (C=O, s), 1449 (C-H, m), 1411 (O-H, 

m), 1279 (C-O, s), 851, 775, 682. 
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Chapter 3:  

Isoreticulation through linear extension 

3.1 Introduction 

Recent work from the Hanton-Moratti group reported the formation of a 

lithium-based MOF encompassing angular 1,3-bis(4-carboxyphenyl) 

adamantane ligands (1,3-CPA) (Li-MOF, Figure 3.1).1 

 

 

 

Figure 3.1 Left: View of Li-MOF down c axis. Right: A close up view of the lithium 

carboxylate rods formed in situ that run down the a axis. The colour coding is as follows: 

carbon on left (grey), carbon on right (black), oxygen (red), nitrogen (blue) and lithium 

(yellow). The figures were generated using the CIF files from the source.1 

The 1,3-CPA ligand occupies the corners of the channels and are held closely 

together through lithium-carboxylate rods formed in situ. The rods, which are 

SBUs that extend infinitely in one direction (Figure 3.1, right), pass through the 
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centres of the sides of the channels, and help towards the construction of a 

double-walled, non-interpenetrating network with 2.34 x 2.07 nm wide 1D 

channels. The synergistic effect of the double wall, lithium-carboxylate rods 

and the adamantane core itself, resulted in the formation of a robust network 

capable of stability at temperatures up to 480 °C.1 

The SBU comprises lithium ions and carboxylate groups. The lithium ions 

reside in a tetrahedral geometry coordinated to an oxygen atom from four 

individual 1,3-CPA ligands or an oxygen atom from three individual 1,3-CPA 

ligands and one solvent molecule. Each oxygen atom of the ligand is 

coordinated to one or two lithium ions, which results in each ligand 

coordinating to six or seven lithium ions in total. The combination of both the 

metal and ligand coordination modes provides an overall staggered 

arrangement of the lithium ions, as well as ligands stacked in a tightly packed 

manner, thus generating a framework impenetrable from the sides. 

Analysis of the 1H NMR spectra indicated approximately 75% of the lithiums 

had one diethylformamide (DEF) solvent molecule coordinated. Activation 

studies enabled complete removal of all solvent, inferring that 75% of the 

lithiums should have a vacant coordination site. Gas adsorption studies 

showed the framework’s ability to uptake small gas molecules such as H2 and 

CO2, however, the MOF had limitations taking up gas molecules such as N2 

and CH4. No uptake of N2 gas was recorded, with a potential hypothesis being 

that the molecules were aggregating at the entrance of each 1D channel and 

thus preventing further gas uptake.  

Previous work has shown a direct correlation between surface area/pore 

volume and gas uptake.2-7 Therefore, a potential solution for the above 

limitation was to isoreticulate Li-MOF by linear ligand extension, i.e. enlarge 

the pore aperture (>2 nm) while still maintaining the original Li-MOF topology.   
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When isoreticulation through linear ligand extension is reported, it is most 

commonly in the context of increasing surface area and pore volume for 

various gas sorption studies.2, 8-16 There are cases where this type of 

isoreticulation results in interpenetration and/or MOF decomposition upon 

solvent loss.8, 15-21 However, there are also many publications which show that 

this type of isoreticulation results in a larger surface area and pore volume, 

which in turn results in a greater gas uptake.1-2, 9-11, 21-22  

 Examples of isoreticulation by elongation of ligands 3.1.1

Suh and co-workers reported the synthesis of a porous, doubly-interpenetrated 

MOF with a PdF2 net topology, comprised of Zn4O(CO2)6 clusters and 4,4‘,4’‘-

nitrilotrisbenzoic acid linkers (NTB) (MOF-1, Figure 3.2).23 The framework 

exhibits permanent porosity (with a surface area and pore volume of 1121 m2 g-1 

and 0.51 cm3 g-1, respectively), high thermal stability (Tdecomp = 430 °C) and a 

high hydrogen adsorption capacity (1.9 wt % at 77 K and 1 atm).23 

 

Figure 3.2 Left: The structure of MOF-1. Hydrogens were omitted for clarity. Right: Structure 

of the NTB ligand used. The figure on the left was regenerated using the CIF files from the 

publication with permission.23 

Isoreticulation of MOF-1 by the exchange of the original NTB ligand for tris(4’-

carboxybiphenyl)amine (H3TCPBA), a linear extension of NTB, resulted in the 

formation of SNU-77 (Figure 3.3).17 SNU-77 retained the original PdF2 topology, 
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however, the surface area and pore volume were more than double that 

reported for MOF-1, with values of 3670 m2 g-1 and 1.52 cm3 g-1, respectively. 

 

Figure 3.3 Left: Structure of MOF SNU-77. Hydrogens were omitted for clarity. Right: 

Structure of H3TCPBA ligand used. The figure on the left was regenerated using the CIF 

files from the publication with permission.17 

 

The stability of the framework was not reduced following ligand extension, 

reporting and a decomposition temperature of 430 °C was reported. However, 

the H2 uptake capacity reported (at 77 K and 1 atm) suggests that surface area 

and pore size do not have a direct correlation with gas uptake, and an uptake 

value of 1.8 wt % was reported.17 

Previous work reported by Bordiga et al.,2 presented the isoreticulation of MOF 

UiO-66 to form MOF UiO-67 by exchanging the organic linker from 1,4-

benzene dicarboxylic acid (1,4-BDC) for biphenyl-4,4’-dicarboxylic acid (4,4’-

BPDC), respectively (Figure 3.4). As the surface area and pore volume are 

increased, from UiO-66 to UiO-67, the hydrogen gas uptake is also reported to 

increase.2 At 38 bar and 77 K hydrogen gas uptake increases from 2.4 to 4.6 

mass% from UiO-66 to UiO-67, respectively.  
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Figure 3.4 Top: The structure and length of the 1,4-BDC ligand used to form UiO-66 and 

structure of MOF UiO-66 itself. Bottom: The structure and length of the 4,4’-BPDC ligand 

used to form UiO-67 and structure of MOF UiO-66 itself. The figures on the right were taken 

directly from the publication with permission.2 

 

Yaghi and co-workers reported linear extension of the organic linker in MOF-

177 to form isoreticular MOF-200, exchanging 1,3,5-benzenetribenzoic acid 

(BTB) for 4,4′,4’’-[benzene-1,3,5-triyl-tris(benzene-4’’’,1’-diyl)]tribenzoic acid 

(BBC, Figure 3.5), respectively.9-10 The change in ligand results in an increased 

pore aperture and surface area, while still maintaining the original topology, as 

well as an increase in the uptake of a variety of gases.9 

6.8 Å 

11.59 Å 

UiO-66 

UiO-67 
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Figure 3.5 Isoreticulation of MOF-177 to form the corresponding MOF-200. Right: The 

formation of MOF-177 from Zn2+ ions and BTB ligands. Left: The formation of MOF-200 from 

Zn2+ ions and BBC ligands. The bottom pictures were taken directly from the publication 

with permission.9 

 

A MOF’s potential for various applications arises, in part, from its 

exceptionally high surface area and uniform (but still tunable) pore size. 

Although reports have shown issues with interpenetration, stability, and gas 

uptake following isoreticulation,8, 15, 17-21 the literature provides precedence to 

investigate linear extension of 1,3-CPA as a potential way to enhance the 

uptake of gas observed for Li-MOF.2-7 Firstly, to explore whether isoreticulation 

 

MOF-177 MOF-200 
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of Li-MOF was even possible, and secondly how doing so would affect gas 

uptake. 

It was anticipated that by exchanging the original 1,3-CPA (Figure 3.6, left) for a 

longer ligand (L4, Figure 3.6, right), an increase in gas uptake would be 

observed. The addition of another phenyl group was chosen with the intent of 

maintaining the rigidity and structural integrity of the 1,3-CPA ligand, while 

also extending it. 

 

 

Figure 3.6 Left: The structure of the original 1,3-CPA ligand. Right: The structure of the 

linearly extended L4 ligand. 
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3.2 Synthesis of L4 precursors 

 Synthesis of 1,3-bis(4-iodophenyl)adamantane (27) 3.2.1

Earlier reports of the synthesis of 1,3-bis(4-iodophenyl)adamantane (1,3-DIPA, 

27) use a Friedel-Craft alkylation reaction followed by an iodination.1, 24  

 

Scheme 3.1 A reaction scheme for the synthesis of tetra-, tri-, di- and mono-phenyl 

adamantane. 

The 1-bromoadamantane (or simply adamantane) are dissolved in benzene and 

degassed. To this, tert-butyl bromide and AlCl3 is added and the solution is left 

to reflux for 4 h (Scheme 3.1).1 When this reaction was conducted in the current 

study it proved very tedious, requiring an abundance of starting material and 

multiple purification steps in order to obtain the desired 1,3-

diphenyladamantane 25 (1,3-DPA). Typically, 10 g of adamantane starting 

material would afford approximately 12 g of 23, 2.5 g of 26, 3.9 g of 24 and only 

1.8 g of 25. Furthermore, multiple triturations, as well as a sublimation, were 

required before 25 was pure enough to take on for further reactions. The 

amount of work required in order to afford pure 25 was enough 

encouragement to devise an alternative synthetic route. 
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For the current study, it was anticipated that 25 could be attained much more 

easily and in a higher yield by altering the above procedure to instead react 1,3-

dibromoadamantane 1 (1,3-DBA) with AlCl3 in benzene (Scheme 3.1).  

1,3-DBA 1 (previously discussed in Chapter 2) and AlCl3 were dissolved in 

benzene and the resultant solution was refluxed for four hours (Scheme 3.2).  

 

Scheme 3.2 Synthetic scheme for the formation of 1,3-diphenyladamantane 25. 

 

Following this, the reaction mixture was poured into a mixture of ice and DEE, 

washed with water and concentrated in vacuo to afford 25 as a white solid in a 

70% yield. Analysis of the 1H NMR spectrum was consistent with the addition 

of two benzene rings, displaying three aromatic hydrogen environments with a 

relative integration of 4,2,4, in accordance with ortho, para, meta hydrogens of 

two para-substituted benzene rings, respectively. The addition of the two 

benzene rings was further corroborated through analysis of the 13C NMR 

spectrum, which supported the retention of symmetry in the molecule. 
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Following literature procedures,25-26 diphenyl 25 was suspended in chloroform 

to which I2, PIFA, and KI were added sequentially. The resultant mixture was 

left stirring at room temperature for four hours (Scheme 3.3).  

 

 

Scheme 3.3 Synthetic route for the formation of 1,3-bis(4-iodophenyl)adamantane, 27. 

 

After four hours the solution was filtered and the filtrate was washed with 

Na2S2O3 to remove any unreacted iodine. The organic layer was concentrated in 

vacuo to give a light brown oil. The resultant oil was stirred in cyclohexane 

from which a white solid precipitated out. The solid was then filtered and dried 

to attain pure 1,3-bis(4-iodophenyl)adamantane (1,3-DIPA) 27 in 44% yield. 

Analysis of the 1H NMR spectrum supported the addition of a non-hydrogen 

atom to the para position (C1, Scheme 3.3) of both benzene rings through the 

absence of the para-proton signal previously observed at 7.35-7.31 ppm in the 

spectrum of 25. Furthermore, analysis of the 13C NMR spectrum supported the 

addition of an iodine atom onto the C1 carbon, with the aromatic C1 signal 

shifting up field from 124.9 to 91.0 ppm from 25 to 27, respectively. 
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X-ray crystal structure of 27 

Slow diffusion of DEE into 27 dissolved in chloroform resulted in the formation 

of colourless X-ray quality crystals (Figure 3.7). The molecule crystallised in the 

monoclinic space group P21/n. The asymmetric unit comprised of one molecule 

of 27, confirming the compound’s successful formation. The rings were twisted 

with respect to each other by 58.7°. Iodine-iodine interactions were present 

between each molecule (Figure 3.7), with a distance of 3.870 (1) Å, resulting in 

the formation of a 1D zig-zag chain running along the a axis. 

 

 

Figure 3.7 A view of the X-ray crystal structure of 27 along the a axis. Colour coding = 

carbons (grey), iodine (purple), short contacts (black). 

 

3.3 Synthesis of L4 

With 27 successfully synthesised, a variety of synthetic routes were 

investigated towards the synthesis of L4. 

  Suzuki coupling of 27 with 4-cyanobenzene boronic acid 3.3.1

The first synthetic route was adapted from a paper published by Schilling et 

al.,27 which reported a variety of Suzuki couplings. For the current study, K2CO3 

was dissolved in a mixture of degassed milli-Q water and butanol. In a separate 

vessel, the palladium catalyst, 4-cyanobenzene boronic acid (4-CPBA) and 27 

were combined and dissolved in toluene. The two solutions were mixed 

together and heated at reflux for three days (Scheme 3.4).  
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Scheme 3.4 Suzuki coupling of 27 and 4-CPBA to yield 28 

 

The product was extracted into chloroform and washed with water and brine. 

The organic layer was then concentrated in vacuo to yield 28 in a 77% yield, 

with no further purification required. Analysis of the 1H NMR spectrum 

provided relative integrations of 16 aromatic and 14 aliphatic protons, as well 

as only four aliphatic hydrogen environments. If only one arm of the 

adamantane underwent coupling, the asymmetry of the adamantane core 

would be identifiable from the presence of five aliphatic hydrogen 

environments, as opposed to the observed four. Analysis of the 13C NMR 

spectrum provided 14 carbon signals, further corroborating the successful 

formation of symmetrical 28. The IR spectrum exhibited a peak at 2224 cm-1, in 

the expected range for a C≡N nitrile stretch. Analysis of the mass spectrum 

provided an m/z value of 513.2271, in accordance with the calculated m/z value 

of the sodiated 28 parent ion [28 + Na+].  

With 28 in hand, the final step was to hydrolyse the nitrile to the corresponding 

carboxylic acid. For this, two hydrolysis reactions were investigated. 
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3.3.1.1  Hydrolysis of 28 using KOH 

Cyano 28 and KOH were suspended in ethylene glycol and heated at 180 °C for 

three days (Scheme 3.5).28 

 

Scheme 3.5 The hydrolysis of 28 to form corresponding carboxylic acid L4. 

 

At three days, the mixture was cooled and diluted with water. The pH was 

adjusted to 3 with conc. HCl, and the resultant brown precipitate was filtered 

and dried in the oven at 130 °C for 15 minutes. The highest observed yield for 

the formation of L4 was 74%. Analysis of the MALDI-TOF spectrum provided 

an m/z value of 528.217, consistent with the calculated m/z value of 528.230 for 

the molecular ion [L4]+. The 1H and 13C NMR spectra were very similar to 28, 

however, an additional signal on the 13C NMR spectrum at 166.0 ppm, and the 

absence of a carbon signal previously observed at 109.7 ppm, supported the 

successful hydrolysis of 28 to L4. Analysis of the IR spectrum also validated the 

success of the hydrolysis by exhibiting peaks at 3401 and 1708 cm-1, typical of 

an O-H and C=O stretch, respectively, and the absence of the C≡N stretch at 

2224 cm-1 previously observed in the IR spectrum of 28. 

However, on numerous occasions the three day reaction would only yield 

starting material. Therefore, another synthetic route was tried. 
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3.3.1.2  Hydrolysis of 28 using LiOH 

The second hydrolysis reaction investigated the use of LiOH. Cyano 28 and 

LiOH were combined in a mixture of dioxane and water. The mixture was then 

heated at 130 °C (247 PSI) under sealed tube microwave conditions for two 

hours (Scheme 3.6).29  

 

Scheme 3.6 The hydrolysis of 28 to from L4, via intermediate 29. 

At two hours, the reaction mixture was dissolved in water and acidified to a 

pH of 3 using conc. HCl. The precipitate which formed upon acidification was 

then filtered to yield pure L4. All analyses obtained were consistent with that 

previously discussed in Section 3.3.1.1. When the reaction was successful it 

provided near complete conversion of 28 to L4, in 99% yield. However, 

frequently the reaction would return a mixture of starting material and the 

corresponding primary amide-intermediate. Therefore, in order to obtain L4 

the product would have to be re-subjected to the above reaction conditions. In 

an attempt to encourage complete conversion of 28 to L4, the reaction time was 

doubled from two to four hours. However, this made no improvement in 

obtaining L4 as the major product. 

Both reactions provided L4, however, neither were reliable methods. The first 

synthetic route could be conducted on higher scales (i.e. 2 g), but required a 

long reaction time and only had a ~50% success rate. The second method was 
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only successful on small scales (i.e. <200 mg), and often required re-subjection 

to the reaction conditions.  

The hydrolysis of a nitrile group to the corresponding carboxylic acid proceeds 

through a primary amide intermediate (Scheme 3.7). The conversion of the 

nitrile to the primary amide occurs very readily, however, the primary amide is 

resistant to hydrolysis.30 This is because the amide has significant resonance 

contribution, where the lone pair on the nitrogen of the amide can donate into 

the carbonyl carbon which in turn diminishes the electrophilicity of the reactive 

centre involved in hydrolysis. The carbonyl carbon is therefore less susceptible 

to nucleophilic attack, and requires long reaction times and harsh reaction 

conditions to hydrolyse. 31 

 

 

Scheme 3.7 A basic scheme of the hydrolysis of a nitrile to a carboxylic acid. The 

intermediate and corresponding resonance structure is also included to show how the 

carbonyl carbon gets reduced electrophilicity. 

 

In comparison, the hydrolysis of a methyl ester occurs relatively easily and 

does not require as harsh reaction conditions.30 This is because, although both 

nitrogen and oxygen atoms can effectively donate electrons by resonance, 

nitrogen is a better donor as it is less electronegative than oxygen. Therefore, 

the carbonyl carbon of a methyl ester functional group is more susceptible to 

nucleophilic attack, i.e. hydrolysis.30-31 For this reason, a new synthetic 

procedure was devised.  
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 Suzuki coupling of 27 with methyl-4-boronobenzoate 3.3.2

The synthesis of methyl ester 29 was achieved using the same reaction 

conditions described for the synthesis of 28 (Scheme 3.4), but instead using 

methyl 4-boronobenzoate (4-MBB) rather than 4-CPBA (Scheme 3.8). 

 

Scheme 3.8 Revised Suzuki coupling procedure for the synthesis of 29. 

 

The work up remained the same, however, purification was required. 

Subjection of the crude reaction mixture to column chromatography (7:1 

cyclohexane:EtOAc.) provided pure 29 as a white solid in 82% yield.  

Mass spectrometry returned a molecular ion m/z value of 579.25058, consistent 

with the calculated m/z value of the sodiated 29 ion [29 + Na+]. Analysis of the 

1H NMR spectrum supported that the symmetry of the adamantane core was 

maintained, exhibiting four aliphatic proton signals, and that the Suzuki 

coupling of 4-MBB to 27 was successful (Figure 3.8). Four aromatic proton 

environments were present; giving rise to signals at 8.09, 7.66, 7.60 and 7.51 

ppm, and a methyl signal was assigned at 3.93 ppm. Analysis of the 13C NMR 

spectrum supported retention of symmetry, as well as the addition of the 

methyl ester functional group, with the carbonyl and methyl carbons giving 
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signals at 167.0 and 52.1 ppm, respectively. The identification of which 

proton/carbon belonged to which signal was deduced from 2D NMR spectra. 

 

 

 

Figure 3.8 The 1H NMR (400 MHz, CDCl3, 298 K) spectrum of 29. A picture of the molecule 

with numbering is included. Expansions are provided for clarity.  
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3.3.2.1 Hydrolysis of 29 using 5 M NaOH 

With the methyl ester 29 in hand, hydrolysis was achieved by dissolving 29 in 

THF, adding 5 M NaOH and leaving the clear solution to stir at 50 °C for 16 

hours (Scheme 3.9).32-33 

 

 

Scheme 3.9 The hydrolysis of 29 to L4 

 

Following this, the solution was concentrated in vacuo, dissolved in a minimal 

amount of water and the product was precipitated out with conc. HCl. The 

precipitate was recovered by filtration to afford L4 as a white solid in 84% 

yield. All spectral analyses were consistent with that previously obtained for 

L4, which therefore confirmed the reaction of 4-MBB with 1,3-DIPA as an 

alternative synthetic route towards the synthesis of L4.  
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3.4 Conclusion 

A new procedure was devised for the selective synthesis of 1,3-DPA (25). The 

synthetic route provided 1,3-DPA more efficiently and in higher yield (70%), 

with no purification required. The L4 ligand was prepared in a moderate to 

high yields. Nitrile 28 and methyl ester 29 precursors were each synthesised 

and hydrolysed to form L4. The nitrile 28 was successfully hydrolysed in the 

presence of LiOH or KOH, however, both reactions were unreliable. Of all the 

methods discussed in this chapter, the Suzuki-coupling of compound 28 with 

4-MBB proved to be the most efficient and high yielding. Furthermore, the 

hydrolysis of methyl ester 29 in 5 M NaOH occurred readily and was very 

reliable. The L4 ligand required heating in polar solvents to allow complete 

solubility, but was sparingly soluble in DMSO at room temperature. For this 

reason, NMR spectra were able to be obtained. 
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3.5 Experimental 

 General Information 3.5.1

All starting materials were purchased from commercial suppliers and used as 

received without further purification, not inclusive of dry MeOH, DCM and 

THF which was obtained from a Pure Solv MD-6 solvent purification system. 

Solvents used for each synthesis procedure were of LR grade or better. 

Microwave-assisted reactions were performed in a CEM Focused Microwave 

Synthesis System, Discover S-Class (CEM Corporation, NC), at 200 W. 

1H NMR spectra were collected at 298 K at either 400 MHz or 500 MHz on a 

Varian spectrometer. Spectra were collected in CDCl3 or DMSO-d6, referenced 

to the solvent peak at δ 7.26 and 2.50 ppm, respectively. The chemical shifts are 

reported to the nearest 0.01 ppm and coupling constants (J) have been rounded 

to the nearest 0.1 Hz. The order of assignment is as follows: chemical shift 

(multiplicity, coupling constant(s), number of protons, assignment). 

Multiplicities are reported with the following notations: s (singlet), bs (broad 

singlet), d (doublet), m (multiplet), t (triplet). 13C NMR spectra and 2D spectra 

(gCOSY, HSQC, and gHMBC) were recorded under the same conditions as the 

1H NMR spectra, except at either 100 MHz or 125 MHz on a Varian 

spectrometer. Spectra were collected in CDCl3 or DMSO-d6; referenced to the 

solvent peak at δ 77.16 and 39.52 ppm, respectively. The chemical shifts are 

reported to the nearest 0.1 ppm and resonances were assigned as follows: 

chemical shift (assignment). 

Infrared (IR) spectra were obtained on a Bruker Optics Alpha FT-IR 

spectrometre, using a diamond Attenuated Total Reflectance top-plate. Electro-

spray mass spectrometry (ESMS) was carried out on a Bruker micrOTOF-Q 

(Bruker Daltronics, Bremen, Germany) and a Shimadzu LCMS9030 instrument. 

The samples were introduced using direct infusion into an ESI source in a 
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negative or positive mode, each sample averaged for two minutes over a m/z 

range of 50 to 3000 amu. MALDI-TOF MS spectra were measured on an 

Applied Biosystems 4800 Tandem TOF mass spectrometer and values are 

reported as m/z and are accurate to ± 0.08 m/z. 

 X-ray crystallography information 3.5.2

Data were collected on a Agilent SuperNova Diffractometer using mirror 

monochromated Cu Kα (λ = 1.54184 Å) at 100 K. Crystals were attached to a 0.3 

mm CryoLoop with Paratone-N oil, supported on a copper mounting pin. The 

data were processed with CrysAlisPro,34 with a multiscan adsorption correction 

being applied. The structures were solved by direct methods using SHELXT41 

and refined on F2 using all data by full-matrix least-squares procedures 

SHELXL;35-36 interfaced through the program WINGX.42 All non-hydrogen 

atoms were refined with anisotropic thermal parameters,37 the hydrogen atoms 

inserted at calculated positions and rode on the atoms to which they were 

attached. Detailed analysis of the extended structure were carried out using 

PLATON and MERCURY (Version 3.5.1).38-39 Crystallographic data are listed in 

Appendix 1, and the CIF files generated from X-ray crystallography have all 

been CIF checked. 
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  Synthesis of L4 precursors 3.5.3

3.5.3.1 1,3-Diphenyladamantane (25).24 

 

 

 

1,3-Dibromoadamantane (7.52 g, 34.9 mmol) was dissolved in 250 mL of 

benzene under an argon atmosphere. To this solution, AlCl3 (0.416 g, 3.12 

mmol) was added and the reaction mixture was refluxed for 4 h. The reaction 

mixture was poured into an ice/DEE mixture and allowed to stand for 

approximately 30 min. The precipitate formed was filtered and the filtrate was 

washed with water. The organic layer was dried over Na2SO4 and concentrated 

in vacuo to afford pure 25 (7.09 g, 70%). 1H NMR (400 MHz, CDCl3) δ 7.42-7.40 

(m, 4H, H3), 7.35-7.31 (m, 4H, H2), 7.22-7.17 (m, 2H, H1), 2.32 (m, 2H, H8), 2.25 (s, 

2H, H6), 2.01-1.97 (m, 8H, H7), 1.80 (t, J = 3.2, 2H, H9). 13C NMR (100 MHz, 

CDCl3) δ 150.6 (C4), 128.2 (C3), 125.7 (C2), 124.9 (C1), 48.9 (C6), 42.3 (C5), 37.3 

(C7), 35.9 (C9), 29.6 (C8). νmax/cm-1: 3082 (C-H, m), 2940 (C-H, m), 1597 (C=C, m), 

1443 (C-H, m). 
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3.5.3.2 1,3-Bis(4-iodophenyl)adamantane (27).25-26 

 

 

 

1,3-Diphenyladamantane (2.16 g, 7.51 mmol, 1 equiv.) was dissolved in CHCl3 

(40 mL) under an argon atmosphere. To this, I2 (2.86 g, 7.51 mmol, 1 equiv.) was 

added. Once dissolved, PIFA (5.16 g, 7.51 mmol, 1 equiv.) and KI (approx. 100 

mg) were added and the solution was left to stir at rt for 4 h. The solution was 

filtered and the filtrate was washed with aqueous Na2S2O3, water and brine. 

The organic layer was then dried with Na2SO4 and concentrated in vacuo. The 

resultant oil was stirred in cyclohexane (30 mL) for 16 h and a white precipitate 

formed. The precipitate was filtered and dried to yield 27 as a white solid (1.8 

g, 44%). 1H NMR (400 MHz, CDCl3) δ 7.69-7.57 (m, 4H, H2), 7.17-7.08 (m, 4H, 

H3), 2.31 (m, 2H, H8), 1.94 (s, 2H, H6), 1.90 (d, J = 3.2 Hz, 8H, H7), 1.77-1.76 (m, 

2H, H9). 13C NMR (100 MHz, CDCl3) δ 150.1 (C4), 137.2 (C2), 127.1 (C3), 91.0 

(C1), 48.5 (C6), 41.9 (C5), 37.1 (C7), 35.6 (C9), 29.3 (C8). νmax/cm-1: 3073 (C-H, m), 

2897 (C-H, m), 1697 (C=C, m), 1486 (C-H, m), 524 (C-I, s). 
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3.5.3.3 1,3-Bis(4-cyanophenyl-4’-phenyl)adamantane (28).27 

 

 

 

K2CO3 (6.80 g, 49.2 mmol) was dissolved in a mixture of milli-Q water (30 mL) 

and butanol (75 mL) and the solution was then bubbled with argon. In a 

separate flask, 1,3-bis(4-iodophenyl)adamantane (2.02 g, 3.74 mmol), 

Pd(PPh3)2Cl2 (0.285 g, 0.410 mmol) and 4-cyanophenylboronic acid (2.22 g, 15.1 

mmol) were combined and dissolved in toluene (30 mL) and flooded with 

argon. The solutions were combined and heated at 111 °C for 3 d. The crude 

mixture was dissolved in CHCl3 and the organic layer was washed with water 

and brine, dried with Na2SO4 and concentrated in vacuo to yield 28 as a light 

purple solid (1.43 g, 77%). 1H NMR (500 MHz, DMSO-d6) δ 7.91-7.82 (m, 8H, H3 

and H4), 7.69 (d, J = 8.4, 4H, H7 or H8), 7.56 (d, J = 8.4, 4H, H7 or H8), 2.38 (bs, 2H, 

H13), 2.10 (s, 2H, H11), 2.02 (d, J = 2.8 Hz, 8H, H12), 1.84 (m, 2H, H14). 13C NMR 

(125 MHz, DMSO-d6) δ 151.04 (C9), 135.6 (C5), 133.0 (C6), 132.1 (C3), 128.1 (C2), 

127.3 (C7), 126.8 (C4), 125.7 (C8), 109.7 (C1), 47.9 (C11), 41.5 (C10), 36.9 (C12), 

35.2 (C14), 28.96 (C13). νmax/cm-1: 2903 (C-H, m), 2847 (C-H, m), 2224 (C≡N, w), 

1605, 1491, 1447, 1393, 814, 738, 723. ESMS (+): m/z calcd. for C36H30N2Na [28 + 

Na+]: 513.2307; found 513.227 
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3.5.3.4 1,3-Bis(methylphenyl-4-carboxylate-4’-phenyl)adamantane 

(29).27 

 

K2CO3 (6.80 g, 49.2 mmol) was dissolved in a mixture of milli-Q water (30 mL) 

and butanol (75 mL) and the solution was then bubbled with argon. In a 

separate flask, the 1,3-bis(4-iodophenyl)adamantane (2.01 g, 3.70 mmol), 

Pd(PPh3)2Cl2 (0.481 g, 0.024 mmol) and methyl-4-boronobenzoate (2.66 g, 14.8 

mmol) were combined and dissolved in toluene (30 mL) and flooded with 

argon. The solutions were combined and heated at 111 °C for 3 d. The crude 

mixture was dissolved in CHCl3; the organic layer washed with and brine, 

dried with Na2SO4 and concentrated in vacuo to yield 29 as a white solid (1.69 g, 

82%).1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 8.4 Hz, 4H, H3), 7.66 (d, J = 8.4 Hz, 

4H, H4), 7.60 (d, J = 8.4 Hz, 4H, H7), 7.51 (d, J = 8.4 Hz, 4H, H8), 3.93 (s, 6H, CH3), 

2.37 (bs, 2H, H13), 2.11 (s, 2H, H11), 2.03 (d, J = 2.9 Hz, 8H, H12), 1.83 (bs, 2H, H14). 

13C NMR (100 MHz, CDCl3) δ 166.7 (C1), 150.8 (C9), 145.4 (C5), 137.4 (C6), 130.2 

(C3), 128.7 (C2), 127.3 (C7), 127.0 (C4), 125.7 (C8), 52.1 (CH3), 48.9 (C11), 42.2 

(C12), 37.2 (C10), 35.8 (C14), 29.5 (C13). νmax/cm-1: 2908 (C-H, m), 2846 (C-H, m), 

1711 (C=O, s), 1605, 1445 (C-H, m), 1310 (C-O, s), 1176 (C-O, s), 821, 771, 734. 

ESMS (+): m/z calcd. for C38H36O4Na [29 + Na+]: 579.25113; found 579.25058. 
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 Synthesis of L4 3.5.4

3.5.4.1  1,3-Bis(4-carboxyphenyl-4’-phenyl)adamantane (L4) 

 

 

 

 

Three synthetic strategies:  

Procedure 1: Hydrolysis of cyano 28 with KOH28 

1,3-Bis(4-cyanophenyl-4-phenyl)adamantane (1.08 g, 2.20 mmol) and KOH (1.24 

g, 22.0 mmol) were mixed in ethylene glycol (15 mL) and heated for 3 d at 180 

°C. The mixture was then cooled to rt and diluted with water (20 mL). The 

solution was acidified with conc. HCl until a pH of 3 was reached, and the 

resultant precipitate was filtered and dried in the oven at 130 °C for 15 min to 

afford L4 as a brown solid (860 mg, 74 %). 

Procedure 2: Hydrolysis of cyano 28 with LiOH 29  

1,3-Bis(4-cyanophenyl-4-phenyl)adamantane (0.220 g, 0.416 mmol) and 

LiOH·H2O (1.74 g, 41.6 mmol) were mixed with dioxane (3 mL) and water (2 

mL) under argon atmosphere. The mixture was heated at 130 °C (247 PSI) 
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under sealed tube microwave conditions for 2 h. Following this, water was 

added to the mixture and the solution was acidified with conc. HCl until a pH 

of 3 was reached. The resultant precipitate formed was then filtered and dried 

to yield L4 as a lilac powder (198 mg, 99%).  

Procedure 3: Hydrolysis of methyl ester 29 with NaOH: 

Compound 29 (200 mg, 0.359 mmol) was dissolved in THF (10 mL), too which a 

5 M NaOH solution (2 mL) was added and the solution was left to stir for 16 h 

at rt. The solution was concentrated in vacuo, dissolved in water (10 mL) and 

acidified with conc. HCl to a pH of 3. The precipitate obtained was filtered and 

dried to yield pure L4 as a white solid (160 mg, 84%). 

Analysis of L4: 

1H NMR (400 MHz, DMSO-d6) δ 7.93 (d, J = 8.1 Hz, 4H, H3), 7.71 (d, J= 8.1 Hz, 

4H, H4), 7.63 (d, J = 8.1 Hz, 4H, H7), 7.50 (d, J = 8.1 Hz, 4H, H8), 2.23 (bs, 2H, H13), 

1.98 (s, 2H, H11), 1.95-1.84 (m, 8H, H12), 1.72 (bs, 2H, H14). 13C NMR (100 MHz, 

DMSO-d6) δ 166.0 (C1), 151.1 (C9), 145.0 (C2), 130.2 (C3), 128.8 (C5), 127.2 (C4), 

127.0 (C7), 126.9 (C6), 125.8 (C8), 64.8 (C10), 48.5 (C11), 42.0 (C12), 35.6 (C14), 

29.4 (C13). νmax/cm-1: 3401 (O-H, br), 2906 (C-H, m), 2846 (C-H, m), 1708 (C=O), 

1605, 1391, 1099, 849, 771. MALDI-TOF MS: m/z calcd. for [L4]+: 528.230; found 

528.217  
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Chapter 4:  

Complexation of L1 and L4 

4.1 Introduction 

As mentioned in previous chapters, a MOF’s high surface area, tunability and 

porosity enables it to be a versatile material for various applications.1 However, 

although many MOFs are predicted to have excellent properties, these 

properties can be undone due to the phenomenon of framework collapse.2-3 As 

MOFs are generally synthesised solvothermally using polar solvents (e.g. 

DMF/DEF) with high boiling points, it is not uncommon for guest molecules to 

reside, both coordinated and uncoordinated, in the pores.2 Therefore, to access 

the high porosity and internal surface area of a MOF the guest molecules, such 

as solvent, must be removed. This process is called ‘activation’.2 However, 

attempts to evacuate/exchange guest molecules residing in the pores of a 

framework have on numerous accounts, resulted in collapse of the host 

framework.2-5 Therefore, the formation of robust porous frameworks is of 

considerable interest. 

 The use of Cu(II) and Zn(II) towards the synthesis of robust 4.1.1

frameworks 

Van Niekerk and Schoening reported the binuclear nature of Cu(II) acetate 

monohydrate in 1952,6 triggering considerable interest in binuclear transition-

metal carboxylate complexes.7-9 The incorporation of multi-dentate ligands, 

such as carboxylates, has been shown to generate robust frameworks, through 

their ability to form M-O-C clusters (SBUs).3 Both Cu(II) and Zn(II) are well 

known for forming paddle-wheel SBUs in the presence of various carboxylate 
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donors.3-4, 9-30. The formation is energetically favourable in solvothermal 

reactions, enabling mild synthetic conditions.11 The motif comprises 

Cu(II)/Zn(II) ions bridged together by the carboxylate donors, and a 

coordinated terminal solvent molecule (Figure 4.1). The advantage of using 

Cu(II) is its potential towards Jahn-Teller distortion, this weakens the bonding 

of nucleophiles (i.e. solvent molecules) in the axial position rendering them 

easier to remove.31 The removal of the terminal solvent molecules results in the 

formation of open-metal sites (OMS) within the framework (Figure 4.1). 10, 16, 18, 

32-33 OMS’s have been shown to enhance the affinity of the MOF towards guest 

molecules such as CO2 and H2.10, 13-14, 16, 18, 31-34  

 

 

 

 

 

 

 

Figure 4.1 Schematic illustration of desolvation (activation) of a standard Cu(II)/Zn(II) 

paddle-wheel SBU. Colour coding: Cu(II)/Zn(II) (blue), oxygen (red), carbon (white), 

hydrogen (aqua) and OMS (green). The molecule illustrations were taken directly from the 

publication with permisson.16 

 

  Ligand extension and the incorporation of Lewis basic sites 4.1.2

As discussed in detail in Chapter 3, the Hanton-Moratti group has investigated 

the synthesis of adamantane ligands and their interaction with lithium towards 

the synthesis of robust light-weight MOFs.35-36 Specifically, Patil et al., 

synthesised a lithium-based MOF (Li-MOF) encompassing 1,3-bis(4-

Desolvation 



- 177 - 

 

carboxyphenyl)adamantane ligands, which showed promise for the uptake of 

gases such as CO2 and H2.35  

Literature has shown numerous instances where isoreticulation by linear 

ligand extension has resulted in an increase in gas uptake relative to the 

original parent MOF.27, 31, 37-40 Therefore, one study conducted in this current 

investigation was the complexation of L4 with LiOH·H2O.  

It has also been demonstrated in various publications that through the addition 

of specific functional groups or atoms, gas uptake can not only increase but 

also provide selectively of one gas over another.41-47 Therefore, by incorporating 

N-heterocycles, such as pyridine, directly onto the adamantane core the 

corresponding lithium MOF should remain robust and light-weight, but 

enhance the uptake of gas relative to the Li-MOF. Pyridine, which contains a 

Lewis basic site, was chosen rather than a Lewis basic pendent chain, in the 

hope of avoiding pore size congestion and, consequently, potential void 

volume, as well as to maintain the fundamental structure of 1,3-CPA used in 

the construction of the original Li-MOF.  
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4.2  IRLi-MOF 

L1 and LiOH·H2O were dissolved in MeOH, to which diethylformamide (DEF) 

was added, and heated at 85 °C to selectively evaporate off MeOH (Scheme 

4.1). Evaporation resulted in the formation of IRLi-MOF in 24-72 hours as large 

crystalline needles. Numerous data sets were collected and confirmed three 

topologically analogous IRLi-MOF frameworks within the bulk sample. The 

frameworks varied with respect to the c axis, with lengths of approximately 12, 

30 or 50 Å for IRLi-MOF12, IRLi-MOF30 and IRLi-MOF50, respectively, but 

the a and b axes remained fairly constant with lengths around 34 and 32 Å, 

respectively. All structures crystallised in related monoclinic space groups. 

 

 

Scheme 4.1 The synthesis of IRLi-MOF from L1 and LiOH·H2O, and the crystals formed. 

 IRLi-MOF12 4.2.1

IRLi-MOF12 crystallised in the monoclinic space group C2/c with recorded cell 

dimensions of a = 34.5163(4), b = 32.0310(3) and c = 12.8356(2) Å and a β angle of 

96.4029(10)°. IRLi-MOF12 formed a double-walled, non-interpenetrated 

framework with 1D channels running down the c axis (Figure 4.3). The 

asymmetric unit consisted of two deprotonated L1 ligands, four Li(I) cations, 

three coordinated solvent molecules and two uncoordinated water molecules 

(Figure 4.2). The coordinated solvent molecules were not able to be 

satisfactorily identified, however, could be attributed to water and/or methanol 
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molecules based on the solvents used during crystallisation. Two pyridine 

rings, N2 (N2A) and N3 (N3A), were each disordered over two positions with 

site occupancies of 0.61 (0.39) and 0.66 (0.34), respectively (Figure 4.2). All 

nitrogens pointed into the channels, and the disorder did not alter this.  

 

Figure 4.2 The asymmetric unit of IRLi-MOF12 axis. Colour coding: carbon (grey), oxygen 

(red), lithium (pink) and nitrogen (purple). Hydrogens were omitted for clarity. 

The elbow of the L1 ligand occupied the corners of the channels and were 

connected through Li-carboxylate rods formed in situ (Figure 4.4). The Li-

carboxylate rods ran through the centre of the sides of the channels and 

bridged across to the adjacent channels, generating double walling within the 

MOF (Figure 4.3). Each channel was connected to four other channels through 

the Li-carboxylate rods, and as a result of the bonding arrangement, resulted in 

the formation of square-columnar channels impenetrable from the sides, i.e. 

along the a and b axes. The 1D channels were large and open with distances of 

2.68 x 2.48 nm between the centroids of opposite adamantane cores. The 

channels provided a solvent accessible void volume of 6434 Å3, accounting for 

46% of the total unit cell volume. 
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Figure 4.3 A view of IRLi-MOF12 down the c axis. Colour coding: carbon (grey), oxygen 

(red), lithium (pink) and nitrogen (purple). Hydrogens were omitted and only the major 

component of disorder is shown for clarity. 

 

Figure 4.4 A view showing the tightly packed L1 ligands and the Li-carboxylate rods along 

the b axis. The water oxygens and hydrogens were omitted for clarity. 
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Each Li(I) cation resided in a tetrahedral geometry, with two different 

coordination modes observed. Li1, Li3 and Li4 each coordinated to an oxygen 

donor from the carboxylate functionality of three individual ligands and the 

oxygen donor of a solvent molecule (Figure 4.5 left). Li2 coordinated to an 

oxygen donor of the carboxylate functionality of four individual ligands 

(Figure 4.5 middle).  

 

Figure 4.5 Coordination modes of the Li(I) cations within IRLi-MOF12 with crystallographic 

numbering for the Li(I) centre. 

There were two coordination modes observed for the L1 ligand. Each oxygen 

donor of the carboxylate functionality was bound to either one or two Li(I) 

cations, thus each ligand was bound to 6 or 7 Li(I) cations in total (Figure 4.6).  

 

Figure 4.6 Coordination modes of the L1 ligand with crystallographic numbering. The 

delocalisation of the deprotonated L1 ligands was omitted for clarity. 



- 182 - 

 

The PLATON SQUEEZE routine resulted in an approximate 53% decrease of 

the R1 value, reducing from 16.99 to 8.93%. In a total void volume of 6434 Å3, 

1345 electrons were SQUEEZE’d from the structure, equating to 168 electrons 

per unit cell (total electron count/Z = 1345/8 = 168). The SQUEEZE’d electron 

density was attributed to three DEF molecules, each molecule accounting for 56 

electrons, equivalent to 1.5 DEF molecules per L1 ligand. This calculated value, 

for the number of DEF molecules per ligand, was consistent with the value 

obtained through analysis of the 1H NMR spectrum of the digested IRLi-MOF, 

which indicated that approximately two DEF molecules were present per L1 

ligand (Figure 4.7).  

 

Figure 4.7 The 1H NMR (400 MHz, D2O/DCl, 298 K) spectrum of digested IRLi-MOF12. The 

structure of L1 and DEF with proton labelling is included. 
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 IRLi-MOF30 4.2.2

IRLi-MOF30 crystallised in a monoclinic crystal system with a C-centred lattice 

with recorded cell dimensions of a = 34.2863(3), b = 32.1058(3) and c = 31.5037(2) 

Å and a β angle of 95.1646(7)°. Analysis of the crystal data suggested the 

centrosymmetric C2/m space group, however, the structure could not be 

adequately solved in this space group. For this reason, the structure was 

refined in the non-centrosymmetric space group C2.  

The asymmetric unit consisted of nine deprotonated L1 ligands, two one-halves 

of deprotonated L1 ligands, 18 Li(I) cations, four uncoordinated water 

molecules, eight coordinated solvent molecules and two coordinated DEF 

molecules (Figure 4.8).  

 

Figure 4.8 The asymmetric unit of IRLi-MOF30. Colour coding: carbon (grey), oxygen (red), 

lithium (pink) and nitrogen (purple). Hydrogens were omitted for clarity. 

Based on the number of L1 ligands identified, each of which having a 2- charge, 

it was anticipated that the asymmetric unit would contain 20 Li(I) cations, 

however, the quality of the data was such that only 18 Li(I) cations were found. 
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Moreover, the coordination mode of the L1 ligands were so variable it was hard 

to know which oxygen donors the missing Li(I) cations would be coordinated 

to. The coordinated solvents molecules were not able to be satisfactorily 

identified, however, based on the solvent system used during crystallisation, 

the lone oxygens could be attributed to the oxygen donor of water and/or 

methanol molecules. Six pyridine rings, N1 (N1A), N7 (N7A), N11 (N11A), N13 

(N13A), N14 (N14A) and N18 (N18A), were each disordered over two positions 

with site occupancies of 0.71 (0.29), 0.66 (0.34), 0.51 (0.49), 0.52 (0.48), 0.64 (0.36) 

and 0.51 (0.49), respectively.  

The framework follows the description described above for IRLi-MOF12 

(Figure 4.9), with the difference in length of the c axis being attributed to more 

solvent being present. The presence of the solvent reduced the symmetry of the 

framework, supported by a much larger asymmetric unit, and as a result the L1 

ligands were not as uniformly stacked down the c axis. The 1D channels 

remained large and open with distances of 2.68 x 2.37 nm between the 

centroids of opposite adamantane cores, and the channels provided a solvent 

accessible void volume of 14931 Å3, accounting for 43% of the total unit cell 

volume.  
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Figure 4.9 View of IRLi-MOF30 down the c axis. Colour coding: carbon (grey), oxygen (red), 

lithium (pink) and nitrogen (purple). Hydrogens, water molecules were omitted and only 

the major component of disorder is shown for clarity. 

The Li(I) cations predominantly existed in a tetrahedral geometry (Figure 4.10) 

and the L1 ligands exhibited seven different coordination modes in total 

(Figure 4.11), with the minimum and maximum number of Li(I) cations 

coordinated per ligand being 3 and 7, respectively. 

 

 

 

 

 

 

 

Figure 4.10 Coordination modes of tetrahedral Li(I) cations within Li-MOF  
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Figure 4.11 Coordination modes of the L1 ligand with crystallographic numbering. The 

delocalisation of the deprotonated L1 ligands was omitted for clarity. 

The PLATON SQUEEZE routine resulted in a decrease of the R1 value from 25.2 

to 19.5%. In a total void volume of 14931 Å, 3144 electrons were SQUEEZE’d 

from the unit cell, equating to 786 electrons per asymmetric unit (total electron 

count/Z = 3144/4 = 786). The squeezed electron density was attributed to 14 DEF 

molecules (786/56 = 14); equivalent to 1.4 DEF molecules per L1 ligand (14/10 = 

1.4), which was very similar to the results obtained for the previously discussed 

analogue IRLi-MOF12. 
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 IRLi-MOF50 4.2.3

IRLi-MOF50 crystallised in the monoclinic space group C2/c with recorded cell 

dimensions of a = 34.2150(3), b = 32.1745(3) and c = 50.1707(4) Å and a β angle of 

94.7865(8)°. The asymmetric unit consisted of eight deprotonated L1 ligands, 16 

Li(I) cations, three coordinated DEF molecules and six coordinated solvent 

molecules (Figure 4.12). Once again, the coordinated solvent molecules were 

unable to be satisfactorily identified, but could be attributed as methanol 

and/or water molecules based of the solvent system used for crystallisation. 

Four pyridine rings, N13 (N13A), N3 (N3A), N2 (N2A) and N12 (N12A), were 

each disordered over two positions with site occupancies of 0.68 (0.32), 0.57 

(0.43), 0.71 (0.29) and 0.85 (0.15), respectively. 

 

Figure 4.12 The asymmetric unit of IRLi-MOF50. Colour coding: carbon (grey), oxygen (red), 

lithium (pink) and nitrogen (purple). Hydrogens were omitted and only the major 

component of disorder was shown for clarity. 
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The 1D channels were open with distances of 2.86 x 2.35 nm between the 

centroids of opposite adamantane cores, and the channels provided a solvent 

accessible void volume of 19692 Å3, accounting for 36% of the total unit cell 

volume (Figure 4.13).  

 

Figure 4.13 View of IRLi-MOF50 down the c axis. Colour coding: carbon (grey), oxygen (red), 

lithium (pink) and nitrogen (purple). Hydrogens and disorder were omitted for clarity. 

 

The topology of the original Li-MOF was retained during the formation of 

IRLi-MOF50, sharing the same description previously described for both IRLi-

MOF12 and IRLi-MOF30. The only difference was the greater amount of 

solvent present, which resulted in a longer c axis (50 Å, compared to 12 and 30 

Å). The Li(I) cations largely resided in a tetrahedral geometry, with four 

coordination modes observed (Figure 4.14). The ligands exhibited two 

coordination modes (Figure 4.15), with either 6 or 7 Li(I) cations in total 

coordinated to the oxygens of each L1 ligand. Interestingly, in all three IRLi-
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MOF analogues, no chelation of a single carboxylate ion to any Li(I) ion was 

observed. 

 

Figure 4.14 Coordination modes of tetrahedral Li(I) cations within IRLi-MOF50. 

 

Figure 4.15 Coordination modes of the L1 ligand with crystallographic numbering. The 

delocalisation of the deprotonated L1 ligands was omitted for clarity. 
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The PLATON SQUEEZE routine provided a slight decrease of the R1 value 

from 21.7 to 20.0%. In a total void volume of 19692 Å3, 3108 electrons were 

SQUEEZE’d from the unit cell, equating to 388.5 electrons per asymmetric unit 

(total electron count/Z = 3108/8 = 388.5). The SQUEEZE’d electron density was 

attributed to approximately seven DEF molecules (388.5/56 = 6.94); equivalent 

to approximately 1 DEF molecule per ligand (6.94/8 = 0.87), still consistent with 

the values obtained for both IRLi-MOF12 and IRLi-MOF30. 

4.3 Thermal gravimetric analysis of IRLi-MOF 

Thermal gravimetric analysis (TGA) results of the native L1 ligand indicated 

stability up to 250 °C (Figure 4.16). When 250 °C was surpassed, a two-step 

decomposition was observed. An abrupt 65% mass loss was observed at 250-

380 °C, attributed to the loss of two 3-carboxypyridine moieties. 

MW (L1) = 378.15796 g mol-1 

MW (3-carboxypyridine) = 123.03203 g mol-1 

(123.03203 x 2) = 246.06406 

(246.06406/378.15796) x 100 = 65% 

Gradual decomposition continued up until 800 °C, which was credited to the 

breakdown of the remaining adamantane core.  

 

Figure 4.16 The TGA of the native L1 ligand. 
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The TGA of the single crystals of bulk IRLi-MOF indicated that the framework 

was stable up to approximately 300-350 °C (Figure 4.17). Two short abrupt 

weight losses of approximately 12 and 15% were observed between 70 and 350 

°C, which were attributed to the loss of one DEF molecule and one 3-

carboxypyridine arm of the L1 ligand, respectively. A gradual decomposition 

was observed between 400 and 800 °C, with the exception of a short abrupt 

weight loss of approximately 5% around 440 °C, attributed to decarboxylation 

of the second 3-carboxypyridine arm of L1.2 

 

Figure 4.17 The TGA of IRLi-MOF bulk sample crystals. 

 

 

 

 

 

                                                 
2 Bulk samples of IRLi-MOF were sent for gas studies between January 2019 and January 2020, 

however, unfortunately due to equipment failures and crystal fragility results were unable to 

be obtained in time of hand in. 
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4.4  Cu-L1 framework 

L1 and Cu(BF4)2·H2O were dissolved in MeOH, to which DEF was added, and 

heated at 80 °C to selectively evaporate off most of the MeOH (Scheme 4.2). 

Evaporation resulted in the formation of Cu-L1 in 7-10 days as blue block-like 

crystals. Cu-L1 crystallised in the monoclinic space group P21/c. 

 

Scheme 4.2 The synthesis of Cu-L1 from L1 and CuBF4·H2O. 

The Cu(II) cation reacted with the L1 ligand to form a classic dimeric Cu-

paddle-wheel. The asymmetric unit comprised of one deprotonated L1 ligand, 

one Cu(II) cation, one coordinated methanol molecule, and two uncoordinated 

methanol molecules (Figure 4.18).  

 

Figure 4.18 The asymmetric unit of Cu-L1. Colour coding: oxygen (red), carbon (grey), 

hydrogen (white), nitrogen (purple) and copper (orange) 
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Each Cu(II) cation was held in a rigid square planar geometry by the bridging 

carboxylate moieties of two L1 ligands, with Cu···O distances ranging between 

1.954(3) and 1.982(3) Å. A methanol was coordinated axially to the Cu(II) 

cation, with a Cu···O distance of 2.121(3) Å, giving rise to a five coordinate 

square-pyramidal Cu(II) ion. Facilitated through a centre of inversion a Cu(II) 

paddle-wheel SBU was generated, with a Cu···Cu distance of 2.618(7) Å.6, 11-12, 17, 

48 

The Cu(II) paddle-wheel acted as a square planar node and the coordinated 

ligands were bent out of the square plane. Two of the cis ligands, where the 

nitrogens are up (N1 and N2), were on one side of the plane and the other two 

cis ligands, where the nitrogens are down (N1a and N2a), were on the other 

side of the plane. This means that when the centre of symmetry was invoked, 

the ligands were arranged in an ‘up up down down’ manner (Figure 4.19). 

 

Figure 4.19 View of the SBU within Cu-L1. Colour coding: oxygen (red), carbon (grey), 

nitrogen (purple) and copper (orange) The uncoordinated methanol molecules and 

hydrogens were removed for clarity. 
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As a consequence to how the ligands were arranged, a sharply undulating 2D 

sheet was generated with 1D helical channels running down the b axis (Figure 

4.20 and 4.21). 

 

 

Figure 4.20 View of the undulating Cu-L1 framework. Colour coding: oxygen (red), carbon 

(grey), hydrogen (white), nitrogen (purple) and copper (orange). The uncoordinated 

methanol molecules were removed for clarity. 

 

 

 

Figure 4.21 View of the 2D sheet down the b axis of the Cu-L1 framework. Colour coding: 

oxygen (red), carbon (grey), hydrogen (white), nitrogen (purple) and copper (orange). The 

uncoordinated methanol molecules were removed for clarity. 
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The 2D sheet was two-fold interpenetrated, giving rise to an overall 3D 

structure (2D3D interpenetration) (Figure 4.22). 

 

Figure 4.22 View of Cu-L1 down the b axis, showcasing the interpenetration between three 

individual 2D sheets. 

 

The axial methanol molecules associated with the SBU of the central 2D sheet 

each bridged across two uncoordinated methanol molecules to the adjacent 

symmetry related interpenetrated sheet (Figure 4.23 and 4.24). These 

interactions extended along the bc plane and down the b axis. 

The hydrogen bonding between the coordinated methanol and one of the 

uncoordinated methanol molecules showed an O7-H···O4 distance of 2.079 Å, 

corresponding to an O7···O4 distance of 2.881(5) Å, and an O7-H···O4 angle of 

165.71 °. The two uncoordinated methanol molecules had an O6-H····O7 

distance of 1.981 Å, corresponding to an O6···O7 distance of 2.664(8) Å, and an 

O6-H····O7 angle of 140.43 °. The SBUs were then connected through the third 

hydrogen bonding interaction, between the second uncoordinated methanol 

molecule and an oxygen from the carboxylate moiety of an L1 ligand, with an 
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O5-H····O6 distance of 1.822 Å, corresponding to an O5···O6 distance of 2.632(7) 

Å, and an O5-H····O6 angle of 169.18 °. 

 

Figure 4.23 Hydrogen bonding interactions present linking adjacent SBUs. L1 ligands were 

removed for clarity. Colour coding: oxygen (red), carbon (grey), hydrogen (white), copper 

(orange) and hydrogen bonding (black). 

 

 

Figure 4.24 View of Cu-L1 down the b axis. This picture showcases the two methanol 

molecules sitting in between the central 2D sheet SBU (blue) and each adjacent 2D sheet 

SBUs (red and green). 
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4.5  Zn-L1 framework 

L1 and Zn(OTf)2 were dissolved in MeOH, to which DEF was added, and 

heated at 80 °C to selectively evaporate off most of the MeOH (Scheme 4.3). 

Evaporation resulted in the formation of Zn-L1 in 7-10 days as small crystalline 

rhomboids. Zn-L1 crystallised in the orthorhombic space group Ima2. 

 

Scheme 4.3 The synthesis of Zn-L1 from L1 and Zn(OTf)2. 

 

The Zn(II) cation reacted with the L1 ligand to form an infinite 1D zig-zag chain 

(Figure 4.25). The asymmetric unit consisted of one-half of a deprotonated L1 

ligand, one half of a Zn(II) cation and one coordinated methanol molecule. The 

complete L1 ligand was generated by a mirror plane. 

Each Zn(II) cation was six coordinate, bound to two individual bidentate L1 

ligands and two methanol molecules (Figure 4.25). The requirement for an 

octahedral geometry is a central atom which has six coordinated atoms each at 

90° angles. Although the Zn(II) cation had six coordinated atoms, the bidentate 

coordination of the two L1 ligands resulted in two of the six angles being much 

less than 90° (57.7°). Therefore, despite the Zn(II) cations six coordination 

number, if the carboxylate functionality of the L1 ligands were viewed as one 

donor then the SBU could be considered as a pseudo-tetrahedral geometry 

(Figure 4.25).  
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The bent L1 ligands bridged between two SBUs such that a 1D zig-zag chain 

was generated along the a axis. 

 

Figure 4.25 View of 1D zig-zag chain along the a axis. Colour coding: zinc (green), carbon 

(grey), oxygen (red) and nitrogen (purple). 

 

The L1 ligands alternate 180° along the 1D chain as a result of the 2-fold 

symmetry operation running through the Zn(II) cation. Furthermore, the 

alternating L1 ligands running down the a axis were not superimposed on each 

other (Figure 4.26). 

 

Figure 4.26 View of Zn-L1 framework down the a axis, showcasing the non-superimposable 

L1 ligands. Colour coding: zinc (green), carbon (grey), oxygen (red) and nitrogen (purple). 
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One hydrogen bonding interaction was present between an oxygen atom of the 

L1 ligand and an adjacent oxygen atom of a coordinated methanol molecule, 

with a O3-H····O2 distance of 1.809 Å, corresponding to an O3···O2 distance of 

2.6058(1) Å, and an O3-H····O2 angle of 163.61 ° (Figure 4.27 top). The 

combination of the hydrogen bonding interaction, 2-fold operation and mirror 

plane resulted in the formation of a 3D framework (Figure 4.27 bottom). 

 

 

 

 

 

 

 

 

 

 

Figure 4.27 Top: View of the hydrogen bonding interactions within Zn-L1 framework. 

Colour coding: zinc (green), carbon (grey), nitrogen (purple), oxygen (red), hydrogen (white) 

and hydrogen-bonding (black). Bottom: View of the 3D Zn-L1 framework, the two different 

green shades showing the front (light green) and back (dark green) layers  
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4.6 IRLi-MOF-L4 

L4 and LiOH·H2O were dissolved in MeOH, to which DEF was added, and 

heated at 85 °C to selectively evaporate off MeOH (Scheme 4.4). Evaporation 

resulted in the formation of IRLi-MOF-L4 in 10-15 days as small crystalline 

plates. IRLi-MOF-L4 crystallised in the monoclinic space group C2/m with 

recorded cell dimensions of a = 6.16807(16), b = 43.1677(10) and c = 47.6684(8) 

and a β angle of 96.729(2)°. 

 

 

Scheme 4.4 The synthesis of IRLi-MOF-L4 from L4 and LiOH·H2O. 

 

The crystals were small plates and only diffracted weakly. Numerous data sets 

were collected, and despite good Rint values only two half L4 ligands and one 

Li(I) cation were able to be identified. The atoms which best reflected a 

carboxylic acid functional group were selected and modelled using the DFIX 

and FLAT commands. Although modelling was necessary in solving the IRLi-

MOF-L4 framework, it unequivocally demonstrated isoreticulation of the 

original Li-MOF.  
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IRLi-MOF-L4 formed a double-walled, non-interpenetrated framework with 

1D channels running along the c axis (Figure 4.29). The asymmetric unit 

consisted of two half deprotonated L4 ligands, one Li(I) cation, one coordinated 

solvent molecule and one uncoordinated water molecule. The coordinated 

solvent molecule was not able to be satisfactorily identified, but based on the 

solvents used during crystallisation the individual oxygen atom accounted for 

was expected to part of a water or methanol molecule. The full ligand with 

oxygen atoms O1 and O2 was generated from a mirror plane, whereas the full 

ligand with oxygen atoms O3 and O4 was generated from a 2-fold symmetry 

operation. Two phenyl rings were disordered over two positions with site 

occupancies of 0.57 (0.43) and 0.61 (0.39), and the two arms of individual 

ligands coordinated to the Li(I) cation were twisted 54.0° relative to one 

another (Figure 4.28). 

 

Figure 4.28 The asymmetric unit of IRLi-MOF-L4. Colour coding: carbon (grey), hydrogen 

(white), oxygen (red) and lithium (pink). 
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The topology of the framework was analogous to Li-MOF and IRLi-MOF 

(Figure 4.29). Although only one Li(I) cation was able to be identified, 

microanalysis of IRLi-MOF-L4 supported the presence of two Li(I) cations 

within the framework. Moreover, the fact that the L4 packed to generate 

impenetrable 1D square-columnar channels, inferred the presence of the Li-

carboxylate rods formed in situ (Figure 4.30). When the framework was 

examined in Mercury, it was noted where the second Li(II) cation would most 

likely be based on prior knowledge and the packing of the framework, 

however, it was never located. The 6.16807(16) Å a axis resulted from a highly 

symmetrical structure where the L4 ligands uniformly stack on top of each 

other. The 1D channels were large and open with distances of 4.15 x 3.44 nm 

between the centroids of opposite adamantane cores. The channels provided a 

solvent accessible void volume of 7537 Å3, accounting for 59% of the total unit 

cell volume. 

 

Figure 4.29 View of IRLi-MOF-L4 down the c axis. Colour coding: carbon (grey), oxygen 

(red), lithium (pink) . Hydrogens were omitted and only the major component of disorder is 

shown for clarity. 
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Figure 4.30 View of the tightly packed L4 ligands and the Li-carboxylate rods along the b 

axis. Only the major component of disorder is shown and the water oxygens and hydrogens 

were omitted for clarity. 

 

The Li(I) cation existed in a four coordinated tetrahedral geometry bound to an 

oxygen donor of three individual L4 ligands and an oxygen donor of one 

solvent molecule (Figure 4.31). Furthermore, the four oxygen donors of each L4 

ligand were coordinated to one Li(I) cation (Figure 4.32). 

 

 

Figure 4.31 The coordination mode of Li1 within the IRLi-MOF-L4 framework. 
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Figure 4.32 The coordination mode of each L4 ligand within the IRLi-MOF-L4 framework. 

The delocalisation of the deprotonated L4 ligands was omitted for clarity. 

 

 

The PLATON SQUEEZE routine resulted in a decrease of the R1 value from 24.7 

to 16.5%. In a total void volume of 7537 Å, 961 electrons were SQUEEZE’d from 

the unit cell, equating to 120 electrons per asymmetric unit (total electron 

count/Z = 7537/8 = 120). The SQUEEZE’d electron density was attributed to 2 

DEF molecules (120/56 = 2.1), equivalent to 2 DEF molecules per ligand (2/1 = 

2). 
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Analysis of the TGA results of the native L4 ligand inferred stability up to 340 

°C (Figure 4.33). An abrupt ~40% mass loss was observed at 340-500 °C, 

attributed to the loss of one 5-carboxybiphenyl arm from the L4 ligand.  

 

Figure 4.33 The TGA of the native L4 ligand. 

Analysis of the IRLi-MOF-L4 TGA spectrum inferred stability up to 530 °C 

(Figure 4.34). A significant amount of weight loss (~72%) was observed before 

100 °C and was attributed to excess solvent as well as solvent within the 

framework. No weight loss was observed between approximately 150-530 °C. 

At 530 °C a short abrupt weight loss of approximately 13% was observed and 

was credited to decarboxylation of the L4 ligand. Gradual decomposition was 

then observed up to 800 °C. 

 

Figure 4.34 The TGA spectrum of IRLi-MOF-L4. 
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4.7 Attempted complexation of L2 and L3 

The hetero-di-substituted L2 and L3 compounds proved much more 

challenging to complex (Figure 4.35). Various crystallisation methods, metal 

salts, metal:ligand (M:L) ratios, solvents and the addition of acid were tried, 

however, no crystallisation was ever observed.  

 

Figure 4.35 The structure of L2 and L3. 

 

Both L2 and L3 were each reacted with LiOH·H2O, Cu(BF4)2·H2O, Zn(OTf)2 and 

Zn(NO3)·6H2O under various conditions (Appendix 2). Crystallisation was 

attempted in both a sealed oven and an oil bath, at different temperatures (85 

or 100 °). In some cases, an oven was used, rather than an oil bath, to avoid 

physical disruption of the crystal jars but to also investigate whether the 

gradual increase or decrease of temperature would facilitate complexation. All 

reactions were conducted using DEF or DMF. Some reactions incorporated a 

lower boiling point solvent, methanol (bp. 64.7 °C), either for solubility reasons 

or to slow down the crystallisation process. The use of acid was investigated for 

the purpose of promoting degradation of DEF (or DMF). Both solvents are 

naturally quite neutral, however, when they undergo hydrolysis formic anion 

and dialkylammonium cation are produced. Once the DEF (or DMF) has 

reached equilibrium with the corresponding degradation products, the solution 

becomes basic and facilitates deprotonation of the L2/L3 ligands necessary for 

complexation.  
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Complexation with LiOH·H2O was first attempted in a 10:1 M:L ratio as this 

ratio provided access to both IRLi-MOF and IRLi-MOF-L4 previously 

discussed. However, this ratio resulted in the complexation of a salt formed 

from decomposed DEF and lithium. Therefore, the ratio was altered to 5:1, but 

no complexation was observed. When using the Cu(II) and Zn(II) salts the first 

M:L ratio tested was 1:1. The L2 and L3 ions had a 2- charge and the metal of 

each salt was in the 2+ oxidation state. Therefore, the expected M:L ratio based 

on these charges was a 1:1 ratio. No crystallisation occurred using any of the 

reaction conditions detailed in Appendix 2. From there, a 2:1 M:L ratio was 

tried in hope the excess metal salt would encourage crystallisation, however, 

this also yielded no crystalline material. 

4.8 Conclusion 

Two examples of isoreticulation were presented in this chapter.  

Isoreticulation through the incorporation of Lewis basic sites was achieved by 

the reaction of L1 with LiOH·H2O to provide IRLi-MOF. The IRLi-MOF 

topology was analogous to that of the original Li-MOF, but provided 

additional functionality through the exchange of the original 1,3-bis(4-

carboxyphenyl) adamantane ligand for 1,3-bis(3’-carboxypyridine) adamantane 

(L1). Three analogues of the IRLi-MOF were reported, each differing in the 

length of the c axis (approx. 12, 30 and 50 Å). The length of the c axis was 

dependent on the symmetry of the framework. Specifically, the less solvent 

present within the framework resulted in closer stacked L1 ligands, which 

corresponded to a shorter c axis and a more symmetric framework. Analysis of 

the IRLi-MOF inferred stability up to approximately 300-350 °C. 

The second example of isoreticulation was achieved by the reaction of 1,3-bis(4-

carboxy-4’-phenyl) adamantane (L4) with LiOH·H2O to form IRLi-MOF-L4. 

The exchange of the original 1,3-bis(4-carboxyphenyl) adamantane ligand for 
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L4 resulted in the formation of a framework with the same topology as Li-MOF 

but larger channels, with distances of 2.34 x 2.07 and 4.15 x 3.44 nm for Li-MOF 

and IRLi-MOF-L4, respectively. Analysis of the TGA of IRLi-MOF-L4 inferred 

stability up to approximately 530 °C. 

As an adamantane core with two directly attached functionalised N-

heterocycles has yet to be reported, the L1 ligand was also reacted with 

Cu(BF4)2·H2O and Zn(CF3SO3)2. The reaction of L1 with Cu(BF4)2·H2O resulted 

in the formation of Cu-L1, a 2D3D interpenetrated network which contained 

the classic dimeric copper paddle-wheel SBU. Furthermore, the reaction of L1 

with Zn(CF3SO3)2 provided Zn-L1, an infinite 1D chain which was extended 

into a 3D structure facilitated by hydrogen-bonding interactions.  

Numerous reactions were attempted towards the complexation of the hetero-

di-substituted L2 and L3 ligands, however, none were successful. 
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4.9 Experimental 

 General information 4.9.1

All starting materials were purchased from commercial suppliers and used as 

received without further purification. Solvents used for each synthesis 

procedure were of LR grade or better. 

1H NMR spectra were collected at 298 K at either 400 MHz on a Varian 

spectrometer. Spectra were collected in D2O, referenced to the solvent peak at δ 

4.79 ppm. The chemical shifts are reported to the nearest 0.01 ppm and 

coupling constants (J) have been rounded to the nearest 0.1 Hz. The order of 

assignment is as follows: chemical shift (multiplicity, coupling constant(s), 

number of protons, assignment). Multiplicities are reported with the following 

notations: s (singlet), bs (broad singlet), d (doublet), dd (double of doublets), m 

(multiplet). 

Elemental microanalysis was carried out in the Campbell Microanalytical 

Laboratory, University of Otago, using a Carlo Erba 1108 CHNS combustion 

analyser, with an estimated error of ± 0.4%. Infrared (IR) spectra were obtained 

on a Bruker Optics Alpha FT-IR spectrometer, using a diamond Attenuated 

Total Reflectance top-plate. Thermal gravimetric analyses (TGA) were 

performed on a TGA Q50 V20.10 Build 39 device with a platinum pan and 

dinitrogen as the carrier gas and performed on a Thermal Advantage Q2000-

1687 apparatus between 0-800 °C at a rate of 2 °C/min with a sample weight of 

5-14 mg. A Binder MK 53 oven was used for solvothermal crystallisation 

reactions. 

  X-ray crystallography information 4.9.2

Data were collected on a Agilent SuperNova Diffractometer using mirror 

monochromated Cu Kα (λ = 1.54184 Å) at 100 K. Crystals were attached to a 0.3 
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mm CryoLoop with Paratone N oil, supported on a copper mounting pin. The 

data were processed with CrysAlisPro,49 with a multiscan adsorption correction 

being applied. The structures were solved by direct methods using SHELXT55 

and refined on F2 using all data by full-matric least-squares procedures 

SHELXL;50-51 interfaced through the program WINGX.56 All non-hydrogen 

atoms were refined with anisotropic thermal parameters,52 the hydrogen atoms 

inserted at calculated positions and rode on the atoms to which they were 

attached. A detailed analysis of the extended structure was carried out using 

PLATON and MERCURY (Version 3.5.1).53-54 Crystallographic data are listed in 

Appendix 1, and the CIF files generated from X-ray crystallography have all 

been CIF checked. 

 Synthesis of IRLi-MOF  4.9.3

The L1 ligand (50.6 mg, 0.133 mmol) and LiOH·H2O (49.8 mg, 1.18 mmol, 9 

equiv.) were dissolved in hot MeOH (15 mL) and the solution was sonicated for 

15 mins. To this, DEF (5 mL) was added and the solution was left at 85 °C for 

24-72 h to afford IRLi-MOF as large white crystalline needles (36 mg, 71%). 

Anal. Calcd for C22H22Li2N2O4·3DEF·1.5H2O: C, 61.66 H, 7.83 N, 9.72. Found: C, 

61.80 H, 7.89 N, 9.77. νmax/cm-1: 3116 (C-H, m), 2978 (C-H, m), 1621, 1380, 840, 

759. 

4.9.3.1  1H NMR analysis of digested IRLi-MOF 

1H NMR (400 MHz, DCl/D2O) δ 8.85 (d, J = 1.8 Hz, 2H, Ar-L1CH), 8.19 (dd, J = 

8.3, 2.3 Hz, 2H, Ar-L1CH), 7.55 (d, J = 8.4 Hz, 2H, Ar-L1CH), 7.96 (s, 2H, DEF-CH), 

3.25-3.14 (m, 8H, DEF-CH2), 2.35-2.33 (m, 2H, Ad-L1CH), 2.16 (s, 2H, Ad-L1CH2), 

2.06-1.99 (m, 8H, Ad-L1CH2), 1.82 (bs, 2H, Ad-L1CH2), 1.17 (t, J= 7.2 Hz, 6H, DEF-

CH3), 1.10 (t, J= 7.3 Hz, 6H, DEF-CH3).  
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 Synthesis of Cu-L1 4.9.4

The L1 ligand (50.1 mg, 0.133 mmol) and Cu(BF4)2·H2O (63.2 mg, 0.264 mmol, 2 

equiv.) were dissolved in hot MeOH (15 mL) and the solution was sonicated for 

5 mins. To this, DEF (5 mL) was added and the solution was left at 80 °C for 7-

10 d to afford Cu-L1 blue block-like crystals (35 mg, 49%). Anal. Calcd for 

C22H20CuN2O4·3MeOH: C 56.01, H 6.02, N 5.23. Found: C 56.12, H 5.67, N 5.56. 

νmax/cm-1: 3343 (O-H, br), 3190 (C-H, m), 2899 (C-H, m), 1614, 1593, 1407 (O-H, 

m), 1041 (C-O, s), 846, 757. 

 Synthesis of Zn-L1 4.9.5

The L1 ligand (49.9 mg, 0.133 mmol) and Zn(CF3SO3)2 (48.2 mg, 0.132 mmol, 1 

equiv.) were dissolved in hot MeOH (15 mL) and the solution was sonicated for 

5 mins. To this, DEF (5 mL) was added and the solution was left at 80 °C for 10-

15 d to afford Zn-L1 as small crystalline rhomboids (22 mg, 34%). Anal. Calcd 

for C22H20N2O4Zn·DEF·2MeOH·3H2O: C 52.69, H 6.86, N 6.36. Found: C 52.92, H 

6.51, N 6.75. νmax/cm-1: 3081 (C-H, m), 2910 (C-H, m), 1638, 1596, 1405, 1041 (C-

O, s), 846, 757. 

 Synthesis of IRLi-MOF-L4 4.9.6

The L4 ligand (50.6 mg, 0.106 mmol) was suspended in MeOH (10 mL) and 

sonicated until it was completely dissolved (approx. 45 mins). To this, a 

solution of LiOH·H2O (49.9 mg, 1.18 mmol, 12 equiv.) dissolved in MeOH (5 

mL) was added, followed by DEF (5 mL). The resultant translucent solution 

was left at 85 °C for 10-15 d to afford IRLi-MOF-L4 as small crystal plates (16 

mg, 29%). Anal. Calcd for C36H32O4Li2·1½DEF·2H2O: C 71.54, H 7.25, N 2.88. 

Found: C 71.78, H 6.99, N 2.89. νmax/cm-1: 3406 (O-H, br), 2918 (C-H, m), 1561, 

1403, 1018, 847, 766. 
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Chapter 5:  

Future directions 

5.1 N-oxide chemistry 

Although the N-Oxide chemistry discussed in Chapter 2 did not enable 

substitution of both bromine substituents, the mono-substituted compound 9 

was isolated in 59% yield (Scheme 5.1).  

 

Scheme 5.1 Reaction scheme for the formation of 9. 

 

The presence of the bromine atom on 9 provides an opportunity for the 

synthesis of asymmetrically di-substituted adamantane ligands. Future 

directions for this particular investigation could look towards substitution of 

the bromine atom for electron donating groups useful for complexation 

(Scheme 5.2). The same chemistry explored throughout the current 
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investigation could be employed on compound 9. For example, as previously 

described in Chapter 3, 1,3-dibromoadamantane 1 was reacted with AlCl3 and 

benzene to yield 1,3-diphenyladamantane. Therefore, the same kind of 

synthetic strategy could be used for compound 9. The resultant molecule 30 

could then be iodinated to form 31 and converted to the corresponding 

carboxylic acid 32.1 Suzuki couplings could also be conducted on both 9 and 

31,2-7 thereby potentially providing access to a vast array of structurally diverse 

compounds 33. 

 

Scheme 5.2 Reaction scheme for potential pathways from compound 9. “X” infers various 

products of Suzuki couplings which could potentially form. 

The N-oxide can be reduced to the corresponding pyridine moiety through 

various methods,8-11 such as deoxygenation using H2/MoO2Cl2,9 and the methyl 

group could be oxidised using potassium permanganate.12-15 
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5.2 Photochemistry 

Given that the photochemistry was developed so late in the current PhD 

investigation, existing infrastructure had to be used which was limited to a 

narrow spectrum of wavelengths (254-330 nm). Therefore, future work could 

look to apply photochemistry at different wavelengths. For example, there has 

been success with blue light photochemistry (450 to 490 nm). Blue light photo 

redox catalysis has been used in literature to obtain similar, albeit not identical, 

structures.16-19 Gonzalez-Gomez and Ramirez investigated visible-light-induced 

decarboxylative alkylation reactions with 1-carboxyadamantane and a variety 

of Michael acceptors (Scheme 5.3).18 

 

 

Scheme 5.3 Visible-light-induced decarboxylative alkylation reactions with 1-

carboxyadamantane and various Michael acceptors. [Acr-Mes]+ = 9-mesitylene-10-

methylacridinium.18 
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The yields reported are significantly higher than the yields obtained in the 

current investigation. Furthermore, one of the issues in the current 

investigation was the decarboxylation step not occurring, therefore this method 

described by Gonzalez-Gomez et al.,18 could be a potential solution.  

More recently, Overman et al.,20 investigated tertiary oxalate salts as precursors 

for the coupling of tertiary substituents and heteroarenes, i.e. lithium 2-

((adamantan-1-yl)oxy)-2’-oxoacetate and 4-methylquinoline, respectively 

(Scheme 5.4). Similarly to Gonzalez-Gomez et al.,18 a photocatalyst and a blue 

light source were used. 

 

Scheme 5.4 The coupling of lithium 2-((adamantan-1-yl)oxy)-2’-oxoacetate and 4-

methylquinoline. PC = Ir[dF(CF3)ppy]2(dtbbpy)PF6. = [4,4′-bis(1,1-dimethylethyl)-2,2′-

bipyridine-N1,N1′]bis[3,5-difluoro-2-[5-(trifluoromethyl)-2-pyridinyl-N]phenyl-

C]Iridium(III) hexafluorophosphate.20 

 

5.3 Click chemistry 

Click chemistry was not attempted in the current investigation but numerous 

literature reports highlight its potential as a smooth synthetic pathway towards 

the direct addition of heterocycle(s) onto aliphatic compounds.21-23 

Of most interest is the Huisgen 1,3-dipolar cycloaddition of alkynes and azides 

to yield 1,2,3-tiazoles. This type of click reaction is fast, tolerant to a variety of 

functional groups and reaction conditions, and proceeds with almost complete 

conversion.21-24 
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Dolmella and co-workers report copper-catalysed coupling of a tertiary alkyl 

azide with methyl propiolate to provide the corresponding 1,2,3-triazole 

product (Scheme 5.5, top).24 The reactivity from a primary to tertiary carbon can 

differ significantly, however, because the azide resides on a tertiary carbon 

centre in both the tert-butyl and adamantane starting materials, there is enough 

precedence for this type of chemistry to be investigated in the future. 

 

Scheme 5.5 Top: The literature procedure reported by Dolmella et al24. Bottom: The proposed 

reaction scheme for future work using 1-azidoadamantane. Abbreviations: t-BuOH: tert-

Butyl alcohol. 

 

Future work would focus on the application of the aforementioned chemistry 

to the systems described in this thesis. Access to multi gram quantities of the 

MOFs synthesised would facilitate further in depth studies of gas adsorption. 
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Appendix 1 

Crystallographic tables 

 

 

 

Structure 1 7 11 

Formula C10H14Br2 C12H11IN2O C24H26N2O4 

Formula weight 291.95 326.13 406.47 

Crystal system Orthorhombic Monoclinic Triclinic 

Space group Pnma P21/c P-1 

a/Å 14.7307(7) 5.42806(18) 6.2054(3) 

b/Å 9.6487(4) 29.9518(10) 10.1555(5) 

c/Å 7.2579(3) 7.2663(2) 16.7307(9) 

α/° 90 90 83.350(4) 

β/° 90 101.141(3) 80.040(4) 

γ/° 90 90 76.055(4) 

V/Å3 1031.6(8) 1159.1(6) 1004.8(9) 

Z 4 4 2 

T/K 100.00(10) 99.98(10) 99.97(10) 

μ/mm-1 9.503 21.5 0.744 

Total reflections 2384 10461 13943 

Unique reflections (Rint) 1086 (0.0232) 2298 (0.0574) 3652 (0.0474) 

R1 indices [I>2σ(I)] 0.1220 0.0536 0.0596 

ωR2 (all data) 0.2881 0.1740 0.1361 

Data/restraints/parameters 1086/0/58 2298/0/145 3652/0/273 
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Structure 12 L1 17 

Formula C18H22NO4 C22H26N2O4 C23H24N2O4 

Formula weight 316.36 414.45 392.17 

Crystal system Triclinic Monoclinic Triclinic 

Space group P-1 C2/c P-1 

a/Å 6.7879(3) 13.0096(5) 6.7050(4) 

b/Å 8.9771(4) 16.0513(6) 12.0720(5) 

c/Å 12.6240(7) 9.7648(3) 12.1148(5) 

α/° 80.567(4) 90 80.039(3) 

β/° 89.039(4) 104.608(3) 81.270(4) 

γ/° 82.821(4) 90 75.536(4) 

V/Å3 752.89(6) 1973.2(12) 929.13(7) 

Z 2 4 2 

T/K 100.01(10) 100.01(10) 100.00(10) 

μ/mm-1 0.803 16.2 0.785 

Total reflections 13679 9123 17233 

Unique reflections (Rint) 2953 (0.0597) 1938 (0.0310) 3389 (0.0491) 

R1 indices [I>2σ(I)] 0.0470 0.0372 0.0543 

ωR2 (all data) 0.1514 0.1140 0.1411 

Data/restraints/parameters 2953/0/93 1938/0/145 3389/0/263 
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Structure 27 IRLi-MOF12 IRLi-MOF30 

Formula C22H22I2 C40H40Li4N4O13 C229H180Li18N22O55 

Formula weight 539.98 860.56 4244.86 

Crystal system Triclinic  Monoclinic Monoclinic 

Space group P-1 C2/c C2 

a/Å 6.7234(2) 34.5163(4) 34.2863(3) 

b/Å 10.6813(5) 32.0310(3) 32.1058(3) 

c/Å 14.1917(6) 12.8356(2) 31.5037(2) 

α/° 70.742(4) 90 90 

β/° 79.833(3) 96.4029(10) 95.1646(7)) 

γ/° 80.853(3) 90 90 

V/Å3 941.45(7) 14102.4(3) 34538.2(5) 

Z 2 8 4 

T/K 100.00(10) 100.01(15) 100.01(10) 

μ/mm-1 26.2 0.491 0.479 

Total reflections 13265 51908 130435 

Unique reflections (Rint) 3499 (0.0764) 13126 (0.0443) 59992 (0.0211) 

R1 indices [I>2σ(I)] 0.0614 0.0893 0.1698 

ωR2 (all data) 0.1694 0.2752 0.4581 

Data/restraints/parameters 3499/0/217 13126/0/656 59992/6/2892 
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Structure IRLi-MOF50 Cu-L1 Zn-L1 

Formula C191H159Li16N18O43 C25H32CuN2O7 C24H28N2O6Zn 

Formula weight 3505.39 536.06 505.85 

Crystal system Monoclinic Monoclinic Orthorhombic 

Space group C2/c P21/c Ima2 

a/Å 34.2150(3) 15.6732(4) 7.1124(3) 

b/Å 32.1745(3) 12.0304(3) 10.5305(4) 

c/Å 50.1707(4) 14.5526(4) 30.2657(13) 

α/° 90 90 90 

β/° 94.7865(8) 113.970(3) 90 

γ/° 90 90 90 

V/Å3 55037.7(8) 2507.30(11) 2266.8(16) 

Z 8 4 4 

T/K 99.95(18) 100.00(10) 100.01(10) 

μ/mm-1 0.488 1.629 1.877 

Total reflections 500964 45860 5901 

Unique reflections (Rint) 54356 (0.0512) 4959 (0.0596) 1980 (0.0563) 

R1 indices [I>2σ(I)] 0.1989 0.0577 0.0558 

ωR2 (all data) 0.5561 0.1720 0.1599 

Data/restraints/parameters 54356/24/2570 4959/0/319 1980/1/158 
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Structure IRLi-MOF-L4 

Formula C36H30LiO5 

Formula weight 541.54 

Crystal system Monoclinic 

Space group C2/m 

a/Å 6.16807(16) 

b/Å 43.1677(10) 

c/Å 47.6684(8) 

α/° 90 

β/° 96.729(2) 

γ/° 90 

V/Å3 12691.4(4) 

Z 8 

T/K 100.01(10) 

μ/mm-1 0.292 

Total reflections 70277 

Unique reflections (Rint) 12552 (0.0301) 

R1 indices [I>2σ(I)] 0.1543 

ωR2 (all data) 0.4879 

Data/restraints/parameters 12552/7/440 
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Appendix 2 

Reaction conditions tested for complexation of  

L2 and L3 

Metal salt M:L 

ratio 

Solvent Temp 

(°C) 

Time 

(weeks) 

Heating 

method 

LiOH·H2O 10:1 DEF/MeOH 85 4 Oil bath 

LiOH·H2O 10:1 DMF/MeOH 100 2 Oil bath 

LiOH·H2O 10:1 DEF 85 6 Oil bath 

LiOH·H2O 10:1 DEF 100 2 Oven 

LiOH·H2O 10:1 DEF/H+ 100 2 Oven 

LiOH·H2O 10:1 DMF/H+ 100 2 Oven 

LiOH·H2O 5:1 DEF/H+ 100 2 Oven 

LiOH·H2O 5:1 DMF/H+ 100 2 Oven 

Cu(BF4)2·H2O 1:1 DEF 100 6 Oil bath 

Cu(BF4)2·H2O 2:1 DEF 100 6 Oil bath 

Cu(BF4)2·H2O 1:1 DEF/MeOH 85 4 Oil bath 

Cu(BF4)2·H2O 2:1 DEF/MeOH 85 4 Oil bath 

Cu(BF4)2·H2O 1:1 DEF 100 2 Oven 

Cu(BF4)2·H2O 2:1 DEF 100 2 Oven 

Cu(BF4)2·H2O 1:1 DEF/H+ 100 2 Oven 

Cu(BF4)2·H2O 2:1 DEF/H+ 100 2 Oven 

Zn(OTf)2 1:1 DEF 100 6 Oil bath 

Zn(OTf)2 2:1 DEF 100 6 Oil bath 

Zn(OTf)2 1:1 DEF/MeOH 85 4 Oil bath 

Zn(OTf)2 2:1 DEF/MeOH 85 4 Oil bath 

Zn(OTf)2 1:1 DEF 100 2 Oven 
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Metal salt M:L 

ratio 

Solvent Temp 

(°C) 

Time 

(weeks) 

Heating 

method 

Zn(OTf)2 2:1 DEF 100 2 Oven 

Zn(OTf)2 1:1 DEF/H+ 100 2 Oven 

Zn(OTf)2 2:1 DEF/H+ 100 2 Oven 

Zn(NO3)2 6H2O 1:1 DEF 100 6 Oil bath 

Zn(NO3)2 6H2O 2:1 DEF 100 6 Oil bath 

Zn(NO3)2 6H2O 1:1 DEF/MeOH 85 4 Oil bath 

Zn(NO3)2 6H2O 2:1 DEF/MeOH 85 4 Oil bath 

Zn(NO3)2 6H2O 1:1 DEF 100 2 Oven 

Zn(NO3)2 6H2O 2:1 DEF 100 2 Oven 

Zn(NO3)2 6H2O 1:1 DEF/H+ 100 2 Oven 

Zn(NO3)2 6H2O 2:1 DEF/H+ 100 2 Oven 

 


