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Abstract 

Trace pollutants from sprays used on kiwifruit orchards are difficult to detect, often 

requiring sophisticated machinery and sample pre-treatment to detect them at very low 

levels. There are new techniques being created, but a significant portion of these are 

expensive, complicated, or are sensitive to interferents. Most techniques use some form of 

chromatography, but this requires expensive equipment and is slow, however, they can 

successfully detect the pollutants at very low levels. The use of supramolecular cages to bind 

and detect these pollutants could remove the need for expensive equipment and speed up the 

detection process. Supramolecular cages can be tailored to specific pollutants, minimizing 

the potential for interferences. They can also have a variety of detection mechanisms by 

adding a detection unit to the cage, allowing for simple testing and the use of cheaper 

equipment. This project will explore the use of supramolecular cages to bind and detect 

typical pollutants used in the New Zealand kiwifruit industry. 
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For drug delivery, the cages used are generally rigid and designed to be resistant to harsh 

physiological conditions that may be encountered in the human body. These cages have the 

potential to encapsulate small drug molecules and be functionalized to add an antibody or 

some targeting functionality before or after encapsulation. This allows the drug molecule to 

be transported to the desired area, whilst being protected from the intervening 

environment.5,6  

In catalytic cages, the cavity provides a microenvironment where the relative 

concentration of the reactants is greatly increased and the cage can potentially reduce the 

activation energy of the reaction by stabilising the transition state. The ligands being used 

could also have catalytic components incorporated that could be utilised when the cage has 

encapsulated the molecule.7,8 

Using a cage as a sensor device, requires the cage to exhibit a detectable change in an 

inherent property (chemical or physical) upon binding a specific molecule.9-12 For sensing 

purposes, there are multiple techniques that can be utilised and this project aimed to use both 

spectroscopic and electrochemical means of detection (UV/visible spectroscopy, fluorescent 

spectroscopy, Raman spectroscopy and cyclic voltammetry). 

Some cages used for sensors are static assemblies as reported by Wang et al.,9 where 

they described a trigonal-bipyramidal cage and a trigonal-prismatic cage, as seen in Scheme 

1.1. These cages have electron rich fluorescent ligands that make the cage selectively 

encapsulate electron deficient nitroaromatic compounds, such as 4-nitrophenol, 2,4,6-

trinitrotoluene and picric acid. These nitroaromatic compounds quench the fluorescence of 

the cages when encapsulated making these cages turn-off fluorescent sensors for 

nitroaromatic compounds.  
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Scheme 1.1: The trigonal-bipyramidal cage (top) and trigonal-prismatic cage (bottom) described 

by Wang et al.9 

 

Another example was reported by Liu et al.,10 and used static tetrahedral europium(III) 

cages, as seen in Figure 1.1, as sensors for copper(II) and iodide ions. Liu et al. found that 

the cage could act as a fluorescent turn-on sensor for copper(II) or a fluorescent turn-off 

sensor for iodide ions. The complex was both a turn-on and turn-off sensor due to the 

electron deficient triazine ring at the centre of the ligand that acts as a sensitising unit. When 

iodide ions interact with the triazine core of the ligands, they quench the fluorescence by 

adding electron density to the middle of the ligands. This allows the excitation energy to 

thermally dissipate rather than be emitted as fluorescence. Copper(II) ions have the opposite 

effect, where they remove electron density and therefore make the fluorescence more 

pronounced.  
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Figure 1.1: The ligand (left) and the europium(III) cage described by Liu et al.10 

 

Other cages used for sensors are dynamic assemblies as demonstrated by the studies of 

Wenzel et al.11 Here, a bimetallic helicate encapsulated and sensed sulfate ions. Wenzel et 

al. designed the ligand shown in Figure 1.2 to have a helical twist, protonatable amine groups 

that position the proton in the cavity of the cage and two square planar copper(II) binding 

sites. The protonated amine groups and the free coordination sites of the bound copper 

centres target anions while the helical twist selected for the size of the anions. The cage also 

had hexamethylene linkages between the amines to give the cage flexibility, leading to a 

large structural change depending on the state of the cage. One example of this variability is 

the copper-copper distance, which can change from 7.3 Å when tetrafluoroborate is 

coordinated to 6.4 Å when sulfate is coordinated. This led to the cage having a clear 

preference for sulfate ions over phosphate, perchlorate, tetrafluoroborate and nitrate ions.  

 

Figure 1.2: The ligand reported by Wenzel et al.11 

 

The same research group reported a second dynamic cage that differed by the substitution 

of the imine with an oxime and the inclusion of an aromatic linker between the two phenols, 
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as seen in Figure 1.3. These changes reduced the conformational freedom of the cage, 

resulting in it being more selective for coordinating anions rather than non-coordinating 

anions. This is observed in its preference for sulfate ions over perchlorate, nitrate and 

bromide ions compared to the ligand shown in Figure 1.2.11,12 

 

Figure 1.3: The ligand reported by Stevens et al.12 

 

De Silva et al.14 studied how the rigidity of the metal binding site influenced the anion 

binding capabilities. They found that switching between a phenolic oxime (top of Figure 1.4) 

and a phenolic imine (bottom of Figure 1.4) reduced the planarity of the metal binding site 

and this led to a larger binding cavity. The cage with the oxime ligand could encapsulate 

smaller anions, like bromide, but not larger anions, like tetrafluoroborate. On the other hand, 

the cage with the imine ligand could encapsulate both bromide and tetrafluoroborate. 

 

Figure 1.4: The phenolic oxime (top) and phenolic imine (bottom) ligands reported by De Silva 

et al.14 

 

The focus of this project is on dynamic cages being used as sensors to detect trace 

pollutants used on kiwifruit orchards. Such pollutants come from fertilizers, herbicides, and 

pesticides. The pollutants are detrimental to human health and can leach into waterways 

affecting a wider area of plant life causing further exposure downstream.15-18 Having the 

ability to detect very low levels of pollutants from environmental samples in real-time would 
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Using these techniques to determine how many of the cages have encapsulated the target 

molecules will give the concentration of the target molecules in the solution. 

UV/visible spectroscopy investigates how much electromagnetic radiation the molecule 

absorbs. Molecules absorb light when the energy of the photon matches the energy gap 

between occupied and unoccupied molecular orbitals, with the main absorption peak 

corresponding to the energy gap between the highest occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO). When a molecule absorbs a photon, an 

electron is promoted from a basal molecular orbital/energy level to an excited molecular 

orbital/energy level. For the electron to return to the relaxed state, it needs to release the 

energy, generally by heat or a photon, as seen in Figure 1.5. Many factors impact the energy 

gaps between molecular orbitals, including the conjugation of the molecule, what atoms 

make up the molecule, how the atoms are arranged, the solvent and intramolecular 

interactions.28 

 

Figure 1.5: Electronic excitation diagram. 

 

The UV/visible spectrophotometer works by irradiating the sample with a 

monochromatic light, that is scanned through a defined wavelength range. What radiation 

that is not absorbed by the molecule is transmitted to the detector, which analyses the number 

of photons that the sample has absorbed compared to a reference sample, as shown in Figure 

1.6. The data collected from a spectrophotometer can be displayed as a graph showing the 

absorption vs wavelength to get a visual of what wavelengths are being absorbed.28  
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Figure 1.7: Diagram of how a fluorescence spectrophotometer functions. 

 

Fluorescence spectroscopy is more accurate than UV/visible spectroscopy as it measures 

light against a dark background (without a reference) compared to UV/visible spectroscopy 

with that measures the difference between the incident light (reference sample) and the light 

after passing through the sample. Also, there are less molecules that can fluoresce compared 

to how many molecules absorb UV/visible light, reducing the potential for interferants.29,30 

Raman spectroscopy detects Raman scattering and is slightly different to UV/visible 

spectroscopy and fluorescence spectroscopy in that it looks at the difference between the 

excitation wavelength and the emitted wavelength. Raman spectroscopy works by exciting 

an electron from an initial vibrational state to a virtual state, simultaneously transitioning 

back to the final vibrational state, emitting a photon. Rayleigh scattering is not a form of 

Raman scattering and occurs when the initial and final states are the same vibrational state. 

Raman scattering occurs if the initial state is a different level to the final state. When the 

initial state is lower than the final state, the difference is known as the Stokes shift and when 

the final state is lower than the initial state, the difference is known as the Anti-Stokes shift, 

as seen in the top of Figure 1.8. A Raman spectrophotometer is set up similar to a 

fluorescence spectrophotometer, but the light going to the detector, goes back towards the 

light source before being reflected away to the detector, as seen in the bottom of Figure 1.8.31 
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Figure 1.9: The sweeping potential applied to the working electrode (left), general cyclic 

voltammetry setup (middle) and an example of the measured current response (right). 

 

Cyclic voltammetry can be very sensitive, detecting to nanomolar concentrations and 

very selective if the system it tuned correctly.37 The main issue with cyclic voltammetry is 

the tuning of the system as there are many aspects that can be varied. These include what 

electrodes are used, the solvent, the electrolytes present in the system, the atmosphere in the 

reaction vessel, the reversibility of the redox reaction and any potential side reactions.36 

 

1.4 Research Overview 

The aim of this project was to develop a sensor using discrete molecular cages that can 

be used to detect trace pollutants on kiwifruit orchards. During this project, the main goals 

were to design and synthesise molecular cages that will be able to encapsulate glyphosate, 

hydrogen cyanamide, nitrate and phosphate. The detection capabilities of the cages would 

then be tested and the specificity of the individual cages using a variety of techniques. The 

final designs can be seen in Figure 1.10. 
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Figure 1.10: Final designs of the molecular cages targeting nitrate and phosphate (top left, R1A-

1C), glyphosate (right) and hydrogen cyanamide (bottom left, R2A-2B). 

 

Three cages were designed to target nitrate and phosphate that all shared the same core 

structure, but differed at the terminal groups, as seen in Figure 1.10. The synthesis of the 

cage using R1A has been completed and analysed. The synthesis of the cage using R1B has 

been completed but due to time constraints, has yet to be analysed, while the final cage, 

using R1C, was not completed. The terminal groups of each of these cages contained sulfur, 

in order to attach the cage to nanoparticles, and allow Raman spectroscopy to be used as the 

detection technique. 



Chapter 1- Introduction 
 

16 

Two cages have been designed to target glyphosate, one monometallic cage and one 

bimetallic cage, as seen in Figure 1.10. Both cages have not been completely synthesised 

due to time constraints. Due to the complexity of the synthesis, basic terminal groups have 

been used to ensure the cage could be synthesised successfully and that the cage encapsulates 

glyphosate effectively. 

Two cages were also designed to target hydrogen cyanamide, both with the same core 

structure as the cages targeting nitrate and phosphate. The differences being manganese 

replacing the copper centers and different terminal groups as seen in Figure 1.10. The 

synthesis of the cage with R2A has been completed, but it has not been analysed due to time 

constraints. The synthesis of the cage with R2B has not been completed due to time 

constraints and was designed with ferrocene on the terminals to use cyclic voltammetry as 

the desired detection technique. 

None of the final cage designs contain a fluorophore that can be detected in fluorescence 

spectroscopy. Given more time, it would have been investigated and some work was done 

towards this that can be found in Appendix 1. More details are discussed on each of the cages 

in Figure 1.10 and the next steps if this project was continued in Chapter 3, Chapter 4 and 

Chapter 5. 
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the analysis. The function analyses the data and returns a list of values 

that represent the baseline for the data given.38  

peak_labels  Requires the x and y values, the plot and the technique that is being 

plotted. The function will baseline the data and then find the peaks 

using another premade function with different set variables based on 

the technique. The parameters that change are the width, prominence, 

height, threshold and distance. The prominence, height and threshold 

do similar things about the height of the peaks compared to the baseline. 

The width is the width of the peaks and the distance is the distance 

between peaks. The function will then annotate the peak labels on the 

graph in the correct position.39  

regr_line  Requires the x and y values. It can also take an axis if one is plotted, x 

and y labels, the colour of the line on the plot and whether to show the 

legend. The function will use a linear regression calculation to create a 

line of best fit and then plot it on the active plot. 

my_r2_score  Requires the x and y values and a colour. Calculates the R2 value of a 

scatter plot and returns the value. If there is a graph plotted, this 

function will also plot the linear line of best fit in the colour specified.  
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2.2 Flowcharts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A flowchart briefly explaining the print_files  function 

Input parameters

Assigns variables

Walks through the all of the folders and 
subfolders of the given directory

Updates the progress bar using the 
update_progress function

Prints the folder that contains the folder with 
the files that match the variables using 

investigate function.

Checks the files in the folders of the current 
directory and if any match the requirements, 

it will print the folder

Prints any files in the current directory that 
match the requirements. If they do, it will 

add the full address to a dictionary

Opens folders within folders within a given 
directory. Then checks the files in the final 
folder and if it matches the inputs, returns 

true

Prints a progress bar that will update itself 
based on the input
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Figure 2.2: A flowchart briefly explaining the process_data  function 

 

Input parameters

Assigns variables

For the fluorescence 
scanning data, it uses the 
xlsx_analysis function.

Creates a sub-dictionary in 
the first dictionary and adds 

the whole data set, 
excitation wavelengths, 

absorbance wavelengths, 
and the individual data sets 

for each excitation 
wavelength to the sub-

dictionary

For all other techniques this 
function handles it will open 
the files in the list and save 

the 
wavelength/wavenumber 
range to the dictionary

While each file is open, it 
also saves the raw data to 

the dictionary

If it is a Raman file, it will 
save the average frame to 

the dictionary while the file 
is open

There is an 
update_progress function 

(same as is used in the 
print_files code) that 
prints a progress bar that 

will update itself based on 
the input
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2.4 Conclusion 

 

Figure 2.4: An example of the inputs (grey boxes) and outputs (between the grey boxes) for the 

three main functions. The data is from work done in Chapter 3 and Chapter 5. 
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Overall, there are three main functions that have been written to first find the files and 

visualise them in a list (print_files ), then the second to process the data into a simple but 

usable format (process_data ) and finally to graph the data easily in a plot (quick_plot ). 

An example of the inputs and outputs of these three functions can be seen in Figure 2.4. It 

can be seen that the inputs and outputs are simple and easily varied for different datasets. 

These three main functions utilise multiple smaller functions, as outlined in Table 2.1, 

to simplify and streamline the main functions and this code does not require any third-party 

software (that often have high subscription fees). However, as these minor functions are 

separate from the main functions, they can be utilised in other sets of code. The next step in 

improving the code would be adding different techniques to the main functions to allow the 

code to be more versatile. 
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anthropogenic sources, including nitrogen-rich fertilizers used for agricultural purposes, 

discharge of poorly treated domestic, and industrial wastewaters, livestock manure, and 

leachate from landfill sites.47,48 Phosphorus compounds can come from natural sources like 

plant decomposition or atmospheric deposition. They can also come from untreated sewage, 

recycling of organic wastes and the biggest contributor is phosphate-rich fertilizer.49  

Although there are many different chemicals used in fertilizers, nitrate and phosphate are 

the focus of this chapter because they can be detrimental to the environment and human 

health. Nitrate is an anion comprised of one nitrogen atom bound to three oxygen atoms and 

phosphate is comprised of one phosphorus atom bound to four oxygen atoms. Both nitrate 

and phosphate are used extensively in fertilizers, as outlined above, and nitrate is also used 

as a pesticide. 

3.2 Reasons to Detect Nitrate and Phosphate 

As nitrate and phosphate are vital to growing crops, they are both applied extensively in 

agriculture to try and maximise the crop production as previously mentioned. This leads to 

large amounts of nitrate and phosphate running off the farms or orchards or leaching into 

groundwater and waterways, as they are not completely absorbed by the plant or in the soil.  

Nitrate is generally considered to be the most widespread groundwater pollutant due to 

its high-water solubility and its lack of soil interaction, so it can leach into groundwater 

easily.17 Phosphate does not leach into groundwater as readily as nitrate. This is due to 

phosphate being immobilised in the soil initially, unavailable to plants leading to excess 

phosphate being applied. The excess phosphate will then start leaching into the 

groundwater.50 Phosphate runoff is more of a concern than phosphate leaching. 

When nitrate and phosphate leach into groundwater or waterways, they both have toxic 

effects. Both nitrate and phosphate can also cause eutrophication in waterways, which is the 

build-up of nutrients, leading to algal blooms, that are harmful to marine environments.51,52 

Eutrophication is harmful to marine environments because the algae consumes oxygen 

causing fish and other marine organisms to suffocate and causes the water quality to go 

down. It also makes the water more favourable for the rapid growth of toxin-producing 

cyanobacteria, destabilising the ecosystem.53 Excess nitrate can also cause 

methemoglobinemia (blue baby syndrome) in infants and stomach cancer in humans,18,54 

whereas excess phosphate can also accelerate aging and harm blood vessels in humans.55 
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3.3 Current Methods for Detecting Nitrate and Phosphate 

Nitrate and phosphate have both been extensively studied, but there are few methods that 

use cages as the detection method. There have been many reviews published outlining 

detection methods for nitrate and phosphate.55-61 

Nitrate and phosphate can be detected by a variety of methods including electrochemical 

(voltammetry, potentiometry), biological sensors, chromatography (high pressure liquid 

chromatography, ion chromatography, gas chromatography) and spectroscopic techniques 

(colorimetry, fluorometry, chemiluminescence, Raman, infrared).55-60 

Electrochemical sensors are a promising prospect as they have high sensitivity, swift 

response times and are often user-friendly. The electrochemical devices are low powered 

devices that require minimal sample pre-treatment. Currently these devices are too large for 

environmental applications, but there is research going into the miniaturisation. The 

electrodes used are often modified, as bare electrodes can get easily poisoned by 

interferants.56-59 

Biological sensors are another option for detecting nitrates, often based on the nitrate 

reductase enzyme. These sensors are generally highly specific and sensitive at neutral pH as 

they are enzymes that specifically target nitrate. As they require enzymes, they are expensive 

and require low storage temperatures. The repeatability, the sensitivity to oxygen interfering 

with the enzyme, and the low electron transfer efficiency of the redox cofactor used to 

reactivate the enzyme, limit the applicability of them in environmental application.56,57,62 

Chromatography techniques require relatively small volumes of samples, are very 

selective based on the column derivatization and generally have a greater sensitivity than 

electrochemical methods. However, they are slow and require specialised equipment, 

making chromatography techniques less applicable to real-time environmental testing.61 

Spectroscopic techniques are fast and require relatively small volumes of samples and 

generally have a greater sensitivity than electrochemical methods. However, spectroscopic 

techniques often require derivatization procedures, sample preparation, and require 

specialised equipment, making spectroscopic techniques less useful for in situ environmental 

testing. In general, spectroscopic techniques can be classified in three main categories: 

Direct detection, catalytic detection, and complexation. Direct detection of nitrate using 

spectroscopic techniques usually requires the most sample pretreatment. Catalytic detection 

monitors a reaction that nitrate will be involved in, often the oxidation of indicators or 

organic dyes. Detection by coordinating nitrate to a complexing agent requires monitoring 
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the signal of the complexing agent. There are multiple types of complexing agents including 

polymers, membranes, and in the case of this project, cages.55-57,60 

 

3.4 Target Cages and Design Features 

All the cages in this section, shown in Figure 3.2, were designed with a common core to 

facilitate synthesis. Any variation occurred at the end of each molecule. All three target cages 

contain a piperazine bridge, metal binding sites with a coordinated copper and a varying 

protected sulfur group at the ends of the ligands.  

 

Figure 3.2: The main target cages ([Cu2(1)2]) to capture nitrate and phosphate. 

 

The piperazine bridges were chosen as they are short leading to a small binding cavity, 

to exclude large molecules from the cavity. The nitrogen atoms of the piperazine linker can 

be protonated allowing it to ionically bond either nitrate or phosphate. This protonation can 

be reversed based on the pH, changing the chemical environment of the cavity. This would 
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make the cavity unfavourable to bound anions, releasing them from the cavity, allowing the 

cage to be used again. Copper was chosen because it can switch between square planar, 

square pyramidal and octahedral coordination modes depending on the need of the complex, 

allowing the anions to coordinate to the metal centres. The metal binding sites are based on 

an oxime group, which is known to bind strongly to copper. The sulfur groups on the end of 

the ligands are to be attached to nanoparticles after the cage has been synthesised to utilise 

the Surface Enhanced Raman Spectroscopy (SERS) effect to enhance the Raman signal of 

the cage. So the sulfur group does not interfere with any reactions, a protecting group has 

been used. Initially the benzyloxycarbonyl protecting group (RA) was studied but this had to 

be changed to the benzyl protecting group (RB) after it was discovered that the starting 

materials had decomposed. Unfortunately, time constraints prevented the obtainment of 

more of the desired benzyl chloroformate. 

The sulfur atoms at the end of the cage, with the ligand RA, point perpendicular to the 

metal-metal axis. This could diminish the binding efficiency of the cage to a nanoparticle 

because of how close the sulfur is to the rest of the cage. To try to rectify this, a methyl linker 

has been added between the sulfur and benzene ring to orient the sulfur along the metal-

metal axis. This change (RC) should position the sulfur away from the rest of the cage giving 

it more freedom and allowing it to bind to the nanoparticle easier as seen in Figure 3.3. 
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Figure 3.3: A model of the complexes with RA (1) and RB (2) interacting with nanoparticles 

 

The binding of nitrate and phosphate in the cage system has been modelled using a 

simple geometry optimising calculation, which performs an iterative series of single point 

calculations until it reaches an energy minimum. This is visualised in Figure 3.4, and 

displays how nitrate and phosphate could interact with the cage. In both cases, the protonated 

piperazine nitrogens and the copper centres are interacting with nitrate and phosphate. 

 

Nanoparticle 

Nanoparticle 
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Figure 3.4: The target cage interacting with 1) nitrate and 2) phosphate. The terminal groups and 

non-interacting hydrogens are removed for clarity. 
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3.5 Synthesis and Analysis 

The first cage that was synthesised ([Cu2(1A)2]) was based on a cage prepared by a 

previous student from the Plieger group (Josh Blazek).63 There are two parts to the synthesis, 

the terminus containing a protected sulfur and the bridging unit, with the copper binding 

sites connected by a piperazine unit. The second cage is prepared in an analogous fashion 

and only differs by use of benzyl chloride instead of benzyl chloroformate. The third cage 

was like the second, but with a methyl bridge between the sulfur and the benzene ring. The 

third cage synthesis has three steps before following the same synthetic steps as the previous 

two cages, as seen in Scheme 3.1. 

 

The three reactions are split between two pathways. The first is a nitration of benzyl 

chloride and the second pathway is a two-step sulfation from benzyl chloride. The nitration 

reaction was achieved by mixing benzyl chloride, nitric acid and sulfuric acid together at 

0 °C, before stirring at room temperature for 2 hours. The crude material was then purified 

by column chromatography eluting with ethyl acetate and hexane. This produced the pure 

nitro aromatic (2), confirmed by 1H NMR. The 1H NMR showed a shift in the two aromatic 

hydrogens ortho to the nitro group to 8.23 ppm. The yield was low for this reaction, likely 

due to alternate nitration products and a portion of starting material remaining unreacted. 

This was as far as the synthesis of the ligand 1C reached. 

The thiol (4) was to be prepared by modification of a procedure from Sienkiewicz-

Gromiuk et al. This would be achieved by adding thiourea to benzyl chloride in ethanol and 

water and refluxing the solution for 3 hours before cooling to 0 °C, producing a precipitate 

of benzylisothiourea hydrochloride salt (3). The salt would then be dissolved in sodium 

hydroxide and refluxed, before acidifying the solution and extracting benzyl mercaptan (4) 

with DCM.64 

 

Scheme 3.1: First synthetic step of the third cages' terminal group. 



Chapter 3- Nitrate and Phosphate 

36 

The synthesis of the terminal group, as seen in Scheme 3.2, starts with the protection of 

the sulfur group with benzyl chloroformate (RA), benzyl chloride (RB) or nitrobenzyl 

chloride (RC). This is so that the sulfur does not interfere with subsequent reactions or the 

complexation and can be deprotected after complexation to bind to nanoparticles for 

detection. The protection reaction was achieved by adding sodium hydride to the thiol in 

THF at 0 °C, before adding the protecting group (benzyl chloroformate, benzyl chloride or 

nitrobenzyl chloride) and stirring at room temperature overnight. The crude product was 

purified by recrystallisation with ethanol to give the protected sulfur product (5). 5A and 5B 

were confirmed by 1H NMR, which showed a new peak at 5.33 and 4.29 ppm respectively 

for the two methylene hydrogens and X-ray crystallography as seen in Figure 3.5. The details 

about the X-ray collection data can be found in Appendix 2. The reaction to produce the 

product, 5C, was not attempted due to time constraints. 

 

Scheme 3.2: The synthesis of the sulfur containing terminal groups. 

 

 

Figure 3.5: X-ray structures of 1) 5A and 2) 5B. 
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The final step for the terminal unit is reduction of the nitro group to an amine. This was 

achieved by sonicating the protected nitro-thiol (5) and iron powder in ethanol, water and 

glacial acetic acid. The crude mixture was purified by recrystallising the product with 

ethanol, resulting in the pure amine (6). 6A and 6B were confirmed by 1H NMR, which agreed 

with literature. 

There are two steps for the synthesis of the bridging unit, shown in Scheme 3.3. The first 

involves formation of a benzyl bromide (7) from 5-tert-butyl-2-hydroxybenzaldehyde. This 

was achieved by stirring 5-tert-butyl-2-hydroxybenzaldehyde and paraformaldehyde in 

hydrogen bromide before sulfuric acid was added and the solution was refluxed. The crude 

material was extracted and purified by recrystallisation in pentane giving the brominated 

product (7), which was confirmed by 1H NMR, which showed a new peak integrating to two 

protons at 4.57 ppm. 

The second reaction was combining the benzylic bromide (7) with piperazine. This was 

performed by dissolving triethylamine and piperazine in DCM before slowly adding the 

benzylic bromide (7) and heating the solution to reflux overnight. The solution was purified 

by recrystallisation by dissolving the crude material in hot chloroform, then hot ethanol was 

added to induce crystallisation. This produced the pure linker product (8) and was confirmed 

by X-ray crystallography and 1H NMR, which showed the combination of the 8 piperazine 

hydrogens at 2.69 ppm, and the 18 tert-butyl hydrogens at 1.32 ppm. 

 

Scheme 3.3: Synthesis of the bridging unit. 

 

The X-ray crystallography of the linker, 7, is shown in Figure 3.8 and the details about 

the X-ray collection data can be found in Appendix 2. The molecule crystallises in the space 

group P-1 and the asymmetric unit contains half of the molecule, with the full molecule 

generated by a reflection operation between the carbons in the piperazine ring. 
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To complete the synthesis of the ligand before complexation (Scheme 3.4), the terminal 

group (6) and the bridging unit (8) need to be refluxed together in toluene for 3 days, before 

purification using either chloroform and hot ethanol (1A) or chloroform and hexane (1B). 

This gave the pure products, which were confirmed by 1H NMR, showing the combination 

of the methyl bridge from the terminal group integrating to 4 hydrogens and the tert-butyl 

groups of the bridging unit integrating to 18 hydrogens. For the ligand 1A these peaks are at 

5.30 and 1.37 ppm respectively and for the ligand 1B the peaks are at 4.15 and 1.35 ppm 

respectively. 

 

Scheme 3.4: Final cage formation reactions. 

 

The final step is the complexation of each ligand with one of four copper salts (bromide, 

nitrate, tetrafluoroborate or acetate). This was achieved by dissolving the ligand (1) and 

metal salt in methanol and DCM and stirred at 40 °C overnight. This has been done with the 

ligands 1A and 1B with X-ray data confirming the formation of the complex using the first 

ligand (1A) and copper nitrate, as seen in Figure 3.10. The cages with the ligand 1A and the 

other copper salts have not been crystallised at an adequate quality for X-ray crystallographic 

analysis but are assumed to have complexed as they showed colour changes like the cage 
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with copper nitrate and showed similar changes in the IR spectrum. The details about the X-

ray collection data can be found in Appendix 2. 

 

Figure 3.10: X-ray structure of the first cage targeting nitrate and phosphate with counterions 

and hydrogens omitted for clarity. 1) Shows the cavity in the full cage and 2) shows the metal 

binding sites and the angle of the ligands with the sulfur protecting groups omitted for clarity. 

 

The crystals were grown by dissolving the product in DCM, then diethyl ether was added 

using a vapour diffusion technique to induce crystal growth. The X-ray data is low quality, 

but still show the structure of the cage clearly. The complex crystallised in a P21/c space 

group and the asymmetric unit contains the complete two metal and two ligand complexes, 

with four charge balancing nitrate ions. The charge balancing nitrate ions are located outside 

the cavity, each interacting with a protonated amine in the piperazine linker. The cage in the 
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caused by the seed particles reacting too quickly, leading to aggregation occurring before 

the reaction can be quenched. 

An alternative gold nanostar synthesis was attempted that uses polyvinylpyrrolidone 

(PVP)-stabilised seed particles in the hope that this would prevent aggregation. To convert 

the citrate-stabilised seed particles to the PVP-stabilised seed particles, an aqueous solution 

of PVP was slowly added to the citrate-stabilised seed particles and the mixture stirred 

overnight. The solution was centrifuged for 90 minutes at varying speeds, to investigate the 

size distribution, before resuspending in ethanol. The results can be seen in the TEM images 

and UV/visible spectra in Figure 3.14 and Figure 3.15, which show that the first 

centrifugation at 4000 rpm caused the larger seed particles to form the pellet, leading to a 

larger size range. The second centrifugation at 5000 rpm had a more uniformed size 

distribution with trace amounts of abnormal particles. The final centrifugation at 7000 rpm 

has a higher density than the first two and a very uniform size of the seed particles. The last 

TEM image shows the nanoparticles left in solution after the third centrifugation and shows 

that few seed particles are left in the supernatant and like the final centrifugation, the seed 

particles are a uniform size. 
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Figure 3.14: TEM (left) and UV/visible spectrum (right) of the silver nanoparticles spun at 4000 

rpm (top) and 5000 rpm (bottom). 
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Figure 3.15: TEM (left) and UV/visible spectrum (right) of the silver nanoparticles spun at 7000 

rpm (top) and the aqueous layer after all mentioned centrifugations (bottom). 

 

For the gold nanostar synthesis using the PVP-stabilised seed particles, aqueous 

chloroauric acid and PVP in DMF were mixed together and the process monitored by 

UV/visible spectroscopy. After the peak at 325 nm disappeared, the seed particles are meant 

to be added and the solution was stirred until no changes are observed by UV/visible 

spectroscopy. The first time this was attempted, the band at 325 nm did not change 

significantly in the first hour of stirring, so then the seed particles were added. The 

UV/visible spectrum was continually monitored and the band at 325 nm diminished to a 

third of the original size and no other band was appearing after 5 days of stirring the solution. 
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Following this, the solution was sonicated, which caused the band at 325 nm to reduce 

further while no other peaks were forming. This was until the nanoparticles started 

aggregating after 6 hours of sonication. The UV/visible spectra can be seen in Figure 3.16. 

 

Figure 3.16: UV/visible spectrum of chloroauric acid and PVP initially (A), chloroauric acid and 

PVP after mixing for an hour, when the seed particles were added (B), the solution after stirring 

for 12 hours (C), 36 hours (D) and 5.5 days (E) and the solution after sonicating for 3 (F), 6 (G), 

8 (H), 10 (I) and 12 hours (J). 

 

A second attempt at the PVP-stabilised nanostars was conducted by mixing the aqueous 

chloroauric acid, PVP in DMF and the seed particles together. The solution was then 

subjected to sonication and the UV/visible spectrum was monitored, showing the band at 

325 nm slowly decreasing, with no other peaks forming until the nanoparticles started 

aggregating as in the first attempt. The only difference being that the nanoparticles started 

to aggregate after 8 hours of sonication. The UV/visible spectra can be seen in Figure 3.17. 
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Figure 3.17: UV/visible spectrum of chloroauric acid, PVP and the seed particles initially (A) 

and the solution after sonicating for 2 (F), 6 (G), 8 (H), 10 (I) and 12 hours (J). 

 

As the gold nanoparticle synthesis was problematic, silver nanoprisms were used for the 

proof of concept instead of the intended gold nanostars. This is because the synthesis of the 

silver nanoparticles was simple and well known. The synthesis is achieved by mixing sodium 

citrate, silver nitrate, hydrogen peroxide, potassium bromide and sodium borohydride 

together and waiting for 5 minutes for the nanoparticles to form. The UV/visible spectra of 

two samples of the silver nanoprisms can be seen in Figure 3.18. 
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Figure 3.18: UV/visible spectrum of the silver nanoparticles synthesised with 25 and 40 µL of 1 

mM potassium bromide solution. 

 

During the synthesis of the nanoparticles, a few preliminary tests were conducted to 

confirm that a portion of the cage was detectable using Raman spectroscopy. All the Raman 

spectroscopy tests were performed using a 532 nm laser. Initially, three solution-based tests 

were performed with the gold seed particles and 4-nitrothiophenol (NTP). One of these tests 

had the seed particles mixed with a 10-5 M solution of NTP, another used a 10-8 M solution 

of NTP and the third used a 10-5 M solution of NTP combined with a small quantity of 

potassium chloride. The baselined Raman spectra, as seen in Figure 3.19, of the two 

solutions with the 10-5 M NTP showed noticeable peaks at 1080, 1330 and 1570 cm-1 

corresponding to NTP, but the solution with the 10-8 M NTP had no noticeable peaks at these 

wavenumbers.  
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a standard curve can be seen using some of the points collected. Some of the data has not 

been added as those samples were not clean or did not have clear NTP peaks. However, 

looking at the standard curve of the three peaks, the preliminary results show that this could 

be a viable method of detection for the proposed system. 

 

Figure 3.20: Standard curve of NTP and silver nanoparticles using Raman spectroscopy. 

 

3.6 Conclusion 

The overall progress toward the nitrate and phosphate sensing cages can be seen in Table 

1.1, summarising the current state of the work performed towards the three cages. 
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Table 3.1: Overall progress to synthesising the cages to target nitrate and phosphate. 

 Portion Percentage complete 

RA-capped cage (cage 1) 
Ligand synthesis 100% (5/5) 

Complexation and analysis 80%  

   

RB-capped cage (cage 2) 
Ligand synthesis 100% (5/5) 

Complexation and analysis 50%  

   

RC-capped cage (cage 3) 
Ligand synthesis 37.5% (3/8) 

Complexation and analysis 0% 

 

The synthesis for the RA and RB-capped ligands has been completed while the RC-capped 

ligand has multiple steps remaining to finish the synthesis. The remaining steps for the RC-

capped ligand follow the same procedures as the RA and RB-capped ligands, thus they should 

be simple reactions. 

The complexation reaction of the RA and RB-capped ligands has been attempted and, in 

the case of the RA-capped ligand, successful cage formation was confirmed by single crystal 

X-ray. Complexation of the RB-capped ligand has not been confirmed; however, evidence 

suggests that the cage was formed successfully. Following the synthesis and analysis of the 

cages, they will be tested for their ability to encapsulate nitrate and phosphate. This testing 

will initia lly use UV/vis titration to study the binding limits or X-ray crystallography to 

analyse how well the analytes sit in the cavity. 

Alongside the cage synthesis, a different method to synthesise the gold nanostar 

synthesis should be undertaken. After the cages and gold nanostars have been synthesised 

and analysed, the binding strength of the cage to the nanostars can be tested using Raman 

spectroscopy. If the binding strength is low, the sulfur groups of the ligands can be 

deprotected to increase the binding strength. 
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Figure 4.2: The shikimate pathway. 

 

Glyphosate is absorbed either through the roots along with vitamins and minerals or 

through the leaves as glyphosate is very water soluble.78 As glyphosate is highly charged it 

can only be absorbed by the leaves through the lipid bilayer via aqueous pores, slowing the 

absorption into the plant.79 To help glyphosate to be absorbed, surfactants are used as 

emulsifiers and as wetting agents to keep glyphosate hydrated and dispersed on the plant 

surface. This works by increasing the spray droplet retention, increasing the permeability of 

glyphosate through the waxy covering on plant cuticles.80-82 

Glyphosate quickly gained popularity in mainstream agriculture (Figure 4.3) due to 

multiple factors: glyphosate resistant crops becoming deregulated for farmers, the price of 
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glyphosate decreasing as a result of the original patent expiring and new suppliers have 

emerged on the market and a surge in glyphosate-resistant weeds.71 

 

Figure 4.3: Use of glyphosate on different crops in the USA.83 

 

Glyphosate resistant crops becoming deregulated allowed farmers to spray glyphosate 

on their crops while they were still growing as well as before planting and after harvesting 

to kill the weeds, with no impact on their crops. The first of the glyphosate resistant crops 

deregulated in the USA were soybean and canola in 1996, followed by cotton and maize in 

1997 and 1998 respectively.83 

Due to its effectiveness, farmers with glyphosate resistant crops have been mainly using 

glyphosate to kill all the weeds, leading to a genetic bottleneck for the weeds. This has led 

to the emergence of glyphosate resistant weeds and due to the widespread application of 

glyphosate, the number of glyphosate resistant weeds is rapidly increasing (Figure 4.4). This 

has in turn, reduced the effectiveness of glyphosate, causing farmers to apply excessive 

amounts of glyphosate to ensure the resistant weeds still die.84 
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Figure 4.7: The main target cages to capture glyphosate. 1) is a bimetallic system and 2) is a 

monometallic system. 

 

Copper was the metal chosen for these cages because it has the ability to switch between 

square planar, square pyramidal and octahedral coordination modes depending on the need 

of the complex, allowing the glyphosate terminals to coordinate to the metal centres. The 

oxime metal binding sites were then chosen because copper binds strongly to the oxime 

group. The imine group of the metal binding site allows for easy derivatization. This is 

because the imine is formed from a condensation reaction between an aldehyde and amine, 

allowing the terminals to be varied easily, leading to the ability to use various detection 

techniques. The ethylenediamine/ether linkers serve multiple roles as they determine the 

cavity size and they act as hydrogen bond acceptors. The ethylenediamine linkers can also 

act as hydrogen bond donors. The N-oxide groups are positioned in the middle of the 

complex to allow an electrostatic attraction between the ammonium cation in the middle of 

glyphosate and the cage. The final design feature of the monometallic cage is the 
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guanidinium binding group. This was added because Neal et al.107 found that the 

guanidinium moiety binds phosphate strongly and selectively. 

The binding of glyphosate in the two cage systems has been modelled using a simple 

geometry optimising calculation, which performs an iterative series of single point 

calculations until it reaches an energy minimum. This is visualised in Figure 4.8, and 

displays how glyphosate could interact with the mono- or bimetallic systems. In both 

systems, the N-oxide groups are directed at the positively charged ammonium ion to form 

non-covalent interactions and the carboxylic acid of glyphosate is directed at a copper centre. 

In the monometallic system, the phosphate is interacting with the hydrogens of the 

guanidinium group and in the bimetallic system, the phosphate is directed at the second 

copper centre. 
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Figure 4.8: The bimetallic (1) and monometallic (2) target cages interacting with glyphosate. 

The non-interacting hydrogens are removed for clarity. 
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4.5 Synthesis and Analysis 

The first target was a simple test system that would show if glyphosate and the coordinate 

copper could interact. Complex [Cu(9)2(OMe)] was prepared in two steps, as seen in Scheme 

4.2, by reacting 5-(tert-butyl)-2-hydroxybenzaldehyde in ethanol with hydroxylammonium 

chloride and potassium hydroxide to give 5-(tert-butyl)-2-hydroxybenzaldehyde oxime (9). 

 

Scheme 4.2: The synthetic method of the copper complex, [Cu(9)2(OMe)]. 

 

The structure of oxime (9) was confirmed by 1H NMR. Complexation was achieved by 

mixing oxime (9) with copper chloride in 50% ethanol. The complex was washed and 

crystallised by vapour diffusion of diethyl ether in chloroform. Finally, the copper complex 

and glyphosate were mixed in chloroform before attempting crystallisation by vapour 

diffusion with diethyl ether (Scheme 4.3). If this was successful, any interaction between 

copper and glyphosate could be investigated. The final reaction may have been successful 

as the solution changed from a brown to a black colour, however, no adequate crystals were 

grown that showed glyphosate coordinating to the copper centre to confirm the 

successfulness of the reaction. 
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Scheme 4.4: Proposed synthesis of the ligand for the bimetallic cage. 
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The first three steps of the synthesis of the pyridine bridge (Scheme 4.5) have been 

reported.108-110 The first step is an esterification of the carboxylic acid groups, by heating 

2,5-pyridinedicarboxylic acid in methanol with sulfuric acid to produce the ester (10). The 

structure was confirmed by 1H NMR, which agreed with literature and showed two new 

peaks integrating to three protons each at 4.03 and 3.99 ppm. Reduction of 10 to 2,5-

pyridinedimethanol (11) was achieved by reaction with sodium borohydride, refluxing in 

ethanol overnight. The crude material was dissolved in a mixture of acetone and aqueous 

potassium carbonate and heated to reflux for another hour before being separated to give the 

diol (11) as confirmed by 1H NMR, which showed two new peaks integrating to two protons 

each at 4.62 and 4.58 ppm.  

 

Scheme 4.5: Synthesis of 2,5-dibromopyridine (12). 

 

Researchers often converted the diol to the dibromo (22, 2,5-bis(bromomethyl)pyridine) 

for further reactions as the bromo groups act as good leaving groups.108,110 The procedure 

for this reaction is to dissolve the diol (11) in hydrogen bromide and reflux, before purifying 

by precipitation followed by a silica column. However, this reaction was unsuccessful, and 

it is likely because the product (22) did not precipitate out of solution in one attempt and it 

stuck to the silica in the column in another attempt.  

As the reaction forming the dibromo (22) was unsuccessful, another option was 

undertaken, which was to tosylate the alcohols as tosylates are good leaving groups (Scheme 

4.6). This was achieved by reacting the diol (11) with sodium hydroxide in THF and water 

before adding tosyl chloride in THF. The product was extracted and purified by subjecting 

it to a silica column, giving the ditosylate (12). This was analysed by 1H NMR, which 

showed a new peak integrating to six protons at 2.46 ppm and mass spectrometry, which 

showed a peak at 448.05 m/z compared to the theoretical molecular weight of 447.08. The 

yield for the reaction was 62% and could potentially be improved by allowing the reaction 

to run longer with an excess of tosyl chloride to ensure the diol is all doubly tosylated. 
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Scheme 4.6: Synthesis of the N-oxide (14). 

 

Due to time constraints the final step was not attempted, but oxidation of pyridines to N-

oxides is a well-known reaction and there are multiple ways it could be undertaken. One 

such method is achieved by reacting the ditosylate (12) with meta-chloroperoxybenzoic acid 

in DCM. The solution would then be stirred overnight before adding diethyl ether and 

filtering the N-oxide product (13) off.  

The synthesis of the components containing the metal binding sites were more complex 

than the bridging unit. The first step was to protect one amine of ethylenediamine, leaving 

the other free for further reactions as seen in Scheme 4.7. The first attempt at this protection 

was an acylation reaction (23), by reacting ethylenediamine with acetic anhydride in water, 

followed by extracting the product with ethyl acetate. However, this reaction was 

unsuccessful, most likely due to the product (23) still being water soluble and not being 

extracted successfully. The second attempt at protecting one side of ethylenediamine was 

using di-tert-butyl dicarbonate anhydride (Boc2O). This reaction was performed by 

dissolving ethylene diamine and Boc2O in DCM then stirring overnight. The crude reaction 

mixture was washed and dried to give the Boc-protected amine (14). The desired product 

was confirmed using 1H NMR, which showed a new peak integrating to nine protons at 1.38 

ppm. 

 

Scheme 4.7: Reactions to protect one amine of ethylenediamine. 

 

The next reaction was bromomethylation of 5-tert-butyl-2-hydroxybenzaldehyde prior 

to adding the Boc-ethylenediamine linker (14) as seen in Scheme 4.8. The bromination, as 

mentioned in Chapter 3, was achieved by stirring hydroxybenzaldehyde and 
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paraformaldehyde in hydrogen bromide, before sulfuric acid was added and the solution was 

refluxed. The crude material was extracted and purified by recrystallisation in pentane giving 

the brominated product (7). This was confirmed by 1H NMR, which showed a new peak 

integrating to two protons at 4.57 ppm corresponding to the methylene protons of the bromo 

substituent. 

 

Scheme 4.8: Attempted synthesis of the secondary amine (17). 

 

The following reaction between the amine (14) and the bromo group (7) was 

unsuccessful as the free amine underwent multiple alkylations with the reactive benzylic 

bromide (7). Numerous variations were attempted but to no avail. Initially, it was attempted 

by dissolving the protected amine (14) in DCM and adding it to a solution of TEA in DCM, 

followed by the slow addition of the benzylic bromide (7) in DCM. The solution was then 

refluxed overnight, washed and then partially purified by using hot chloroform and hot 

ethanol, giving multiple products. Mass spectrometry suggested that the unprotected amine 

added twice to the carbon with the bromine attached as one product and that the amine 

reacted with the aldehyde forming an imine as a second product. 

The second attempt at the reaction used a greater excess of benzylic bromide (7) to try 

to reduce the possibility of multiple additions to this moiety, however that did not appear to 

change anything based on the 1H NMR. For the third attempt, a catalytic quantity of sodium 

iodide was added to benzylic bromide (7) before adding the amine (14) to attempt to convert 

the bromine group to an iodine group, as iodine is a better leaving group. These variations 

had no visible change based on the 1H NMR. This led to one final attempt at this reaction 

and the procedure was as follows; the protected amine (14) was dissolved with TEA in a 

large volume of DCM and sodium iodide was dissolved with the bromide (7) in a large 

volume of DCM. These two solutions were then very slowly added to another volume of 

DCM and left to stir. The idea here was to keep the amount of available benzylic bromide 

(7) and amine (14) molecule as low as possible with minimal energy, to favour the intended 
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reaction. The 1H NMR of this reaction came out significantly cleaner than previous attempts, 

but the mass spectrograph still showed that the main product was from multiple additions of 

the amine to the bromo compound. As this route was unsuccessful, a new route was devised 

that used an amide formation reaction to try to avoid the overreaction that occurred during 

the initial route.  

The new route required an acyl chloride to replace the methylene bromide which could 

be formed from salicylic acid as seen in Scheme 4.9. The first step was addition of a tert-

butyl group, which was achieved by reaction with methyl-tert-butyl ether in the presence of 

sulfuric acid and purified by stirring in hexane overnight. This resulted in the alkylated 

product (15), confirmed by 1H NMR, which showed a new peak integrating to nine protons 

at 1.35 ppm. Formylation of 15 involved dissolving the acid (15) and 

hexamethylenetetramine in acetic acid, then refluxing the solution for 2 hours before adding 

sulfuric acid and refluxing for another hour. The crude material was extracted and purified 

by recrystalising from methanol to give the aldehyde (16). This was confirmed with 1H 

NMR, which showed the disappearance of the lowest aromatic peak. Due to time constraints, 

the next reaction was not attempted, but would have been a functional group conversion of 

the acid (16) to an acyl chloride (17). This functional group conversion would have been 

done by dissolving the acid (16) and thionyl chloride in toluene and refluxing, producing the 

acyl chloride (17). 

 

Scheme 4.9: Synthesis of the acyl chloride (17). 

 

Due to time constraints the final steps of the metal binding unit was unable to be 

completed. The final reactions would have been completed by a sequence of amide 

formation, imine condensation, and deprotection as outlined in Scheme 4.10. The amide 

formation could be achieved by dissolving the amine (14) and potassium carbonate in DCM 

and slowly adding the acyl chloride (17), stirring overnight to give the amide product (18). 

The imine condensation would be based on previous work and achieved by dissolving the 

amide (18) and aniline in toluene and then refluxing to give the imine product (19). The final 

deprotection reaction would be achieved by dissolving the Boc-amine (19) in hydrochloric 

acid and dioxane and stirred for an hour to give the free amine (20). 
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Scheme 4.10: Proposed synthesis to complete the metal binding unit. 

 

The final reaction (Scheme 4.11) to complete the ligand synthesis would be achieved by 

dissolving the free amine (20), the N-oxide (13) and lithium perchlorate in diethyl ether and 

leaving to stir at room temperature for 18 hours to give the complete ligand for the bimetallic 

cage (21). 
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deprotecting the alcohols to give 36, reacting the free alcohols with bromoacetic acid to give 

37. 

The final two steps in Scheme 4.12 are joining the metal binding unit (26), pyridine unit 

(13) and guanidinium unit (37) together. The first step would be joining the metal binding 

unit (26) and the pyridine unit (13 ) together by refluxing the metal binding unit, metallic 

sodium and the pyridine unit in THF to give the product 27. The final reaction would follow 

the same conditions, by refluxing the guanidinium unit (37), metallic sodium and the 

previous product 27 in THF to give the full ligand (38). 
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guanidinium unit should be simple as it is based on the reactions reported by Echavarren et 

al.111 and the final two reactions are likely to work as it is a deprotection and then alkylation. 

Based on the work done, the synthesis of these cages are likely to be successful but they 

still require work. After the synthesis of these cages has been completed and analysed, they 

would be tested for their ability to encapsulate glyphosate. This testing would likely be done 

using UV/visible spectroscopy to test the binding limits or X-ray crystallography to analyse 

the binding strengths. 
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Figure 5.3: The target cages designed to capture hydrogen cyanamide. 1) is phenyl capped and 

2) is ferrocene capped (R = pyridine or methanol). 

 

As with the previous cages outlined in Chapter 3, this cage contains a piperazine linker, 

metal binding sites and a variable terminal group, but unlike the previous cages, these use 

manganese rather than copper. As previously outlined, the piperazine can be reversibly 

protonated allowing the release of any encapsulated molecule, meaning the cage can be 

reused, as well as the piperazine linker being small, stopping large molecules from being 

encapsulated. The metal binding site is the same as in previous cages, as it is a known 

synthesis. The change of metal is because manganese is known to coordinate to both ends of 

hydrogen cyanamide.116,117 The phenyl terminal group is from the first cage as it is a simple 

synthesis to confirm if hydrogen cyanamide will interact with the manganese metal centres. 

The ferrocene on the terminal on the second cage it to test the capabilities of electronic 

detection using cyclic voltammetry. 

The binding of hydrogen cyanamide in the two cage systems has been modelled using a 

simple geometry optimising calculation, which performs an iterative series of single point 

calculations until it reaches an energy minimum. This is visualised in Figure 5.4, and 

displays how hydrogen cyanamide could interact with the cage systems. In both systems, the 

piperazine groups are too far away from the hydrogen cyanamide to interact, but if there was 

more of a helical twist, this may not be the case. The manganese centres are interacting with 

both ends of the hydrogen cyanamide in both systems. 
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Figure 5.4: The target cages interacting with carbodiimide. 1) has the phenyl terminal groups 

and 2) has the ferrocene terminal groups. The hydrogens on the cages are removed for clarity 
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5.5 Synthesis and Analysis 

Before searching the structural database for metals that hydrogen cyanamide coordinates 

to, a simple test system was investigated to see if hydrogen cyanamide and a copper centre 

could interact. The coordinate copper is from the complex [Cu(9)2] as discussed in Chapter 

4. Following the synthesis of the complex, the copper complex and hydrogen cyanamide 

were mixed in chloroform before crystallization by vapour diffusion with diethyl ether was 

attempted (Scheme 4.3). 

Following the synthesis of the complex and the addition of hydrogen cyanamide 

(Scheme 5.2) there was an attempt to grow crystals for X-ray spectroscopy that would show 

an interaction between copper and hydrogen cyanamide. A colour change from brown to 

black suggested successful complexation but this could not be confirmed as no crystals were 

grown of adequate quality for X-ray crystallography.  

 

Scheme 5.2: The test reaction investigating if a coordinated copper and hydrogen cyanamide 

interact 

 

Following this, the first cage with the phenyl capped ligands was designed (left side of 

Figure 5.3). This cage uses the same synthetic sequence as the previous cages (Chapter 3 

and Chapter 4). The synthesis of the linker for the two cages is shown in Scheme 5.3. 

The first reaction was bromomethylation of 5-tert-butyl-2-hydroxybenzaldehyde and the 

second reaction was combining the benzylic bromide (7) with piperazine. These two 

reactions have been described in earlier chapters (Chapter 3 and Chapter 4). 
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Scheme 5.3: Synthesis of the linker for the two cages targeting hydrogen cyanamide 

 

The final reaction, seen in Scheme 5.4, to produce the phenyl capped ligand is an imine 

formation reaction between the aldehyde of the piperazine linker (8) and aniline. This was 

achieved by dissolving the linker (8) and aniline in toluene and heating to reflux for 3 days. 

The crude material was purified by recrystallisation in chloroform and ethanol to give the 

pure product (39). This was confirmed by 1H NMR, which showed the aldehyde hydrogen 

shifted from 10.25 ppm to the imine peak at 8.71 ppm and by X-ray crystallography as seen 

in Figure 5.5. The details about the X-ray collection data can be found in Appendix 2. 

 

Scheme 5.4: The final reaction to the phenyl capped ligand 

 

The crystals were grown by dissolving the product in chloroform, then methanol was 

added to induce crystal growth. The molecule crystallises in the C2/c space group and the 

asymmetric unit contains half of the ligand, with the full molecule generated by applying a 

reflection operation between the carbons in the piperazine ring. The full ligand structure is 

shown in Figure 5.5. 
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The next step was the complexation, seen in Scheme 5.5, which was achieved by 

dissolving the ligand (39, an orange solid), the nitrate or chloride manganese salt (pale pink 

solids) and pyridine in methanol. The solution was then stirred overnight and the solution 

changed from yellow to a dark brown. This colour change suggests that complexation has 

occurred, however no crystals have been grown that are adequate for X-ray crystallography. 

 

Scheme 5.5: Complexation of the phenyl capped ligand (R = pyridine, H2O or methanol) 

 

As the complex is a neutral species with no counter ions, many simple analyses like 

solubility will not be able to differentiate between ligand and complex. Other techniques to 

try to confirm if the complex has been successfully made have been attempted, but none of 

these has been conclusive. The 1H NMR and IR are shown in Figure 5.7. Mass spectrometry 

only showed peaks corresponding to the full ligand and not of the complex and the 1H NMR 

shows broadened hydrogen peaks from the ligand. The IR shows that the ligand has not 

decomposed and there is some broadening of peaks, which could indicate that the 

complexation was successful. The imine (C=N) stretch peak is expected to shift upon 

complexation as the coordination bond should lengthen the imine bond and decrease the 

bond stretching frequency of the imine bond. However, this is not the case as the imine 
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stretch peak remained at 1616 cm-1, which is consistent with the complex in Chapter 3, that 

was successfully crystallised. 

 

Figure 5.7: 1H NMR (top) and IR (bottom) of the ligand 39 and the complex [Mn2(39)2R4] 

 

The ferrocene terminal of the second cage was synthesised from ferrocenecarboxylic 

acid as seen in Scheme 5.6. The first step was to synthesise an acyl azide from the acid by 

dissolving the acid, diphenylphosphoryl azide and triethylamine in DCM and stirring the 

solution for 10 minutes. The crude mixture was purified by column chromatography using 

ethyl acetate and hexane as the eluent, to give the pure acyl azide product (40). This was 
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confirmed by 1H NMR, which matched literature values. The second reaction was a Curtius 

rearrangement to give the Boc-protected amine (41). This was achieved by refluxing the acyl 

azide (40) in toluene for 30 minutes before adding tert-butyl alcohol and refluxing for 

another hour. The crude material was purified by recrystallisation in hot toluene, to give the 

Boc-aminoferrocene (41), confirmed by 1H NMR, which matched literature values. 

The final reaction is the deprotection of the Boc-amine (41) to give aminoferrocene (42). 

The deprotection reaction was achieved by suspending the Boc-amine in DCM before 

trifluoroacetic acid was added and the solution was stirred for 30 minutes. The crude is meant 

to be purified by column chromatography using ethyl acetate. However, based on the TLC, 

the crude appeared to be pure and due to the instability of aminoferrocene, the majority was 

subjected to the next reaction without further analysis. After the next reaction was started, 
1H NMR analysis of the remaining aminoferrocene crude was undertaken. The 1H NMR 

showed that the crude contained some unreacted starting material, some product and some 

unknown materials. 

 

Scheme 5.6: Synthesis of aminoferrocene 

 

The next reaction was the imine formation reaction to give the full ferrocene-capped 

ligand (43), as seen in Scheme 5.7. This reaction was attempted by dissolving the linker (8) 

and the amine (42) in toluene and refluxing the solution for 3 days. However, upon further 

analysis, the crude material from the deprotection reaction was an equal mixture of multiple 

products that, due to time constraints, could not be identified. This showed up on the 1H 

NMR spectra of the crude material, meaning the reaction forming the full ligand was unlikely 

to be successful, due to the impure aminoferrocene. 
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Scheme 5.7: The final reaction to the ferrocene capped ligand 

 

During the synthesis of the hydrogen cyanamide ligands and complexes, a test was run 

to investigate whether hydrogen cyanamide was detectable using Raman spectroscopy 

without using anything to enhance the signal. The results of this test can be seen in Figure 

5.8, which shows that there is no clear correlation between solid hydrogen cyanamide, a 

dried sample of a dilute solution of hydrogen cyanamide, and a dried sample of silver 

nanoparticles and hydrogen cyanamide. This shows the need for something to enhance the 

signal of hydrogen cyanamide to be detectable, to use Raman spectroscopy to detect 

hydrogen cyanamide. 

 

Figure 5.8: Raman spectrum of solid hydrogen cyanamide (A) and a dried solution of 10-5 M 

hydrogen cyanamide (B) with silver nanoparticles (C) 
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5.6 Conclusion 

The overall progress toward the hydrogen cyanamide sensing cages can be seen in Table 

1.1, summarising the current state of the work performed towards the phenyl capped cage 

and the ferrocene capped cage. 

Table 5.1: Overall progress to synthesising and analysing the cages to target hydrogen cyanamide. 

 Portion Percentage complete 

Phenyl capped cage 
Ligand synthesis 100% (3/3) 

Complexation and analysis 75%  

   

Ferrocene capped cage 
Ligand synthesis 67% (4/6) 

Complexation and analysis 0% 

 

The synthesis of the ligand for the phenyl capped cage has been completed and the 

complexation has been attempted twice with evidence suggesting it has been successful. 

With conclusive evidence of the complexation of the phenyl capped ligand, binding studies 

would be the next step, to investigate how strongly and selectively hydrogen cyanamide 

binds to the cage. If the complexation happens to not be successful, different solvents would 

be used to investigate if it is due to the solvent, otherwise other manganese(II) salts or 

manganese(III) salts could be used to achieve the complexation. 

The synthesis for the ligand of the ferrocene capped cage has not been completed. There 

are two steps left, the deprotection of the Boc-aminoferrocene (41) to aminoferrocene (42), 

then the imine formation between aminoferrocene and the piperazine linker (8). The 

deprotection was not completely reacted the initial attempt, so repeating this reaction and 

increasing the quantity of trifluoroacetic acid used and the reaction time should help ensure 

the success of this reaction. Also, completely purifying the crude would aid in the success 

of the following reaction. The final reaction for the ferrocene capped ligand is likely to 

succeed with the challenge coming in the purification of the product, as imine bonds are 

likely to break if they are subjected to a silica column. This means that the ligand should be 

purified by recrystallisation, which could prove to be tough. 

Following the ferrocene capped cage synthesis, the testing of the sensitivity and 

selectivity of the cage with cyclic voltammetry would be the next step. This will likely be 











Chapter 6 - References 

98 

using Mo2Ti2AlC3 MAX phase/MWCNT composite modified electrode. 

Environmental Research 2022, 212, 113071. 

38. Eilers, P. H. C., A Perfect Smoother. Analytical Chemistry 2003, 75 (14), 3631-3636. 

39. Retrieved from: 

https://github.com/scipy/scipy/blob/v1.10.1/scipy/signal/_peak_finding.py#L729-

L1010  

40. Bhadu, A.; Singh, B.; Gulshan, T.; Kumawat, S. N.; Choudhary, R. K.; Farooq, F., 

Customized Fertilizer: A Key for Enhanced Crop Production. International Journal 

of Plant & Soil Science 2022, 34 (23), 954-964. 

41. FAO. FAOSTAT. License: CC BY-NC-SA 3.0 IGO. Extracted from: 

https://www.fao.org/faostat/en/#data/RFN. Date of Access: 15-09-2023 

42. Fuglie, K.; Jelliffe, J.; Morgan, S. International Agricultural Productivity. U.S. 

Department of Agriculture, 2022. 

43. Wang, Y.; Wu, W.-H., Genetic approaches for improvement of the crop potassium 

acquisition and utilization efficiency. Current Opinion in Plant Biology 2015, 25, 

46-52. 

44. Tripathi, S.; Srivastava, P.; Devi, R. S.; Bhadouria, R., Influence of synthetic 

fertilizers and pesticides on soil health and soil microbiology. In Agrochemicals 

Detection, Treatment and Remediation, Majeti Narasimha Vara Prasad, Ed. 

Butterworth-Heinemann: 2020; pp 25-54. 

45. Chojnacka, K.; Moustakas, K.; Witek-Krowiak, A., Bio-based fertilizers: A practical 

approach towards circular economy. Bioresource Technology 2020, 295, 122223. 

46. Sultenfuss, J. H.; Doyle, W. J., Better Crops With Plant Food. Potash & Phosphate 

Institute: Georgia, United States, 1999; Vol. 83. 

47. Gutiérrez, M.; Biagioni, R. N.; Alarcón-Herrera, M. T.; Rivas-Lucero, B. A., An 

overview of nitrate sources and operating processes in arid and semiarid aquifer 

systems. Science of The Total Environment 2018, 624, 1513-1522. 

48. Tokazhanov, G.; Ramazanova, E.; Hamid, S.; Bae, S.; Lee, W., Advances in the 

catalytic reduction of nitrate by metallic catalysts for high efficiency and N2 

selectivity: A review. Chemical Engineering Journal 2020, 384, 123252. 

49. Smil, V., Phosphorus in the Environment: Natural Flows and Human Interferences. 

Annual Review of Energy and the Environment 2000, 25 (1), 53-88. 

50. Hussain, M. Z.; Hamilton, S. K.; Robertson, G. P.; Basso, B., Phosphorus availability 

and leaching losses in annual and perennial cropping systems in an upper US 

Midwest landscape. Scientific Reports 2021, 11 (1). 









Chapter 6 - References 

102 

85. Sun, M.; Li, H.; Jaisi, D. P., Degradation of glyphosate and bioavailability of 

phosphorus derived from glyphosate in a soil-water system. Water Research 2019, 

163, 114840. 

86. Zhan, H.; Feng, Y.; Fan, X.; Chen, S., Recent advances in glyphosate biodegradation. 

Applied Microbiology and Biotechnology 2018, 102 (12), 5033-5043. 

87. Silva, V.; Montanarella, L.; Jones, A.; Fernández-Ugalde, O.; Mol, H. G. J.; Ritsema, 

C. J.; Geissen, V., Distribution of glyphosate and aminomethylphosphonic acid 

(AMPA) in agricultural topsoils of the European Union. Science of The Total 

Environment 2018, 621, 1352-1359. 

88. Bento, C. P. M.; Yang, X.; Gort, G.; Xue, S.; Van Dam, R.; Zomer, P.; Mol, H. G. 

J.; Ritsema, C. J.; Geissen, V., Persistence of glyphosate and 

aminomethylphosphonic acid in loess soil under different combinations of 

temperature, soil moisture and light/darkness. Science of The Total Environment 

2016, 572, 301-311. 

89. Gill, J. P. K.; Sethi, N.; Mohan, A., Analysis of the glyphosate herbicide in water, 

soil and food using derivatising agents. Environmental Chemistry Letters 2017, 15 

(1), 85-100. 

90. Williams, G. M.; Kroes, R.; Munro, I. C., Safety Evaluation and Risk Assessment of 

the Herbicide Roundup and Its Active Ingredient, Glyphosate, for Humans. 

Regulatory Toxicology and Pharmacology 2000, 31 (2), 117-165. 

91. Mesnage, R.; Defarge, N.; Spiroux de Vendômois, J.; Séralini, G. E., Potential toxic 

effects of glyphosate and its commercial formulations below regulatory limits. Food 

and Chemical Toxicology 2015, 84, 133-153. 

92. Van Bruggen, A. H. C.; He, M. M.; Shin, K.; Mai, V.; Jeong, K. C.; Finckh, M. R.; 

Morris, J. G., Environmental and health effects of the herbicide glyphosate. Science 

of The Total Environment 2018, 616-617, 255-268. 

93. Costas-Ferreira, C.; Durán, R.; Faro, L. R. F., Toxic Effects of Glyphosate on the 

Nervous System: A Systematic Review. International Journal of Molecular Sciences 

2022, 23 (9), 4605. 

94. Koskinen, W. C.; Marek, L. J.; Hall, K. E., Analysis of glyphosate and 

aminomethylphosphonic acid in water, plant materials and soil. Pest Management 

Science 2016, 72 (3), 423-432. 

95. Ibáñez, M.; Pozo, Ó. J.; Sancho, J. V.; López, F. J.; Hernández, F., Re-evaluation of 

glyphosate determination in water by liquid chromatography coupled to electrospray 

tandem mass spectrometry. Journal of Chromatography A 2006, 1134 (1), 51-55. 







Chapter 6 - References 

105 

Synthesis, Structure, and Magnetism. Chemistry - A European Journal 2007, 13 (10), 

2937-2952. 

118. Liu, X.; Krott, M.; Müller, P.; Hu, C.; Lueken, H.; Dronskowski, R., Synthesis, 

Crystal Structure, and Properties of MnNCN, the First Carbodiimide of a Magnetic 

Transition Metal. Inorganic Chemistry 2005, 44 (9), 3001-3003. 

119. Herlitschke, M.; Tchougréeff, A. L.; Soudackov, A. V.; Klobes, B.; Stork, L.; 

Dronskowski, R.; Hermann, R. P., Magnetism and lattice dynamics of FeNCN 

compared to FeO. New Journal of Chemistry 2014, 38 (10), 4670-4677. 

120. Bineau, M. A., On some ammoniacal combinations and on the role that ammonia 

plays in the reactions chemicals. In Annales de chimie et de physique, V. Masson: 

Paris, 1838; Vol. 67, pp 225 - 272. 

121. Cloez, S.; Cannizzaro, S., Research on Cranial Amides. In Comptes rendus 

hebdomadaires des séances de l'Académie des sciences, Gauthier-VillarsGauthier-

Villars: Paris, 1851; Vol. 32, pp 62 - 64. 

122. Frank, A.; Caro, N. Improvements relating to the Production of Cyanogen 

Compounds and to the Preparation of Material for Use therein. Patent number 88363, 

1895. 

123. Mcmillan, A., Pure Cyanamide. Journal of Industrial & Engineering Chemistry 

1918, 10 (6), 487-487. 

124. Wehrstedt, K.-D.; Wildner, W.; Güthner, T.; Holzrichter, K.; Mertschenk, B.; Ulrich, 

A., Safe transport of cyanamide. Journal of Hazardous Materials 2009, 170 (2), 829-

835. 

125. Cameron, W., Cyanamides. In Kirk-Othmer Encyclopedia of Chemical Technology, 

John Wiley & Sons, Inc.: Hoboken, 2010; pp 1 - 15. 

126. Liang, D.; Huang, X.; Shen, Y.; Shen, T.; Zhang, H.; Lin, L.; Wang, J.; Deng, Q.; 

Lyu, X.; Xia, H., Hydrogen cyanamide induces grape bud endodormancy release 

through carbohydrate metabolism and plant hormone signaling. BMC Genomics 

2019, 20 (1). 

127. Wang, H.; Xia, X.; An, L., Metabolomics Analysis Reveals the Mechanism of 

Hydrogen Cyanamide in Promoting Flower Bud Break in Blueberry. Agronomy 

2021, 11 (1), 102. 

128. Sapkota, S.; Liu, J.; Islam, M. T.; Sherif, S. M., Changes in Reactive Oxygen Species, 

Antioxidants and Carbohydrate Metabolism in Relation to Dormancy Transition and 

Bud Break in Apple (Malus × domestica Borkh) Cultivars. Antioxidants 2021, 10 

(10). 







Chapter 6 - References 

108 

148. Loya, M.; Ghosh, S.; Atta, A. K., A review on dual detection of Cu2+ and Ni2+ ions 

by using single fluorometric and colorimetric organic molecular probes. Journal of 

Molecular Structure 2023, 1278, 134949. 

149. Scheiber, I. F.; Mercer, J. F. B.; Dringen, R., Metabolism and functions of copper in 

brain. Progress in Neurobiology 2014, 116, 33-57. 

150. Karimi, B.; Masson, V.; Guilland, C.; Leroy, E.; Pellegrinelli, S.; Giboulot, E.; 

Maron, P.-A.; Ranjard, L., Ecotoxicity of copper input and accumulation for soil 

biodiversity in vineyards. Environmental Chemistry Letters 2021, 19 (3), 2013-2030. 

151. Van Zwieten, L.; Rust, J.; Kingston, T.; Merrington, G.; Morris, S., Influence of 

copper fungicide residues on occurrence of earthworms in avocado orchard soils. 

Science of The Total Environment 2004, 329 (1-3), 29-41. 

152. Grosell, M.; Blanchard, J.; Brix, K. V.; Gerdes, R., Physiology is pivotal for 

interactions between salinity and acute copper toxicity to fish and invertebrates. 

Aquatic Toxicology 2007, 84 (2), 162-172. 

153. Rajasekar, M.; Geetha Sree Agash, S.; Narendran, C.; Rajasekar, K., Recent trends 

in fluorescent-based copper (II) chemosensors and their biomaterial applications. 

Inorganic Chemistry Communications 2023, 151, 110609. 

154. Yan, P.; Duan, G.; Ji, R.; Ge, Y., A simple and efficient synthesis of new fluorophore 

4-hydroxy pyrazolo[1,5-a]pyridines through a tandem reaction. Tetrahedron Letters 

2018, 59 (25), 2426-2429. 

 





Appendix 1 - Copper Hydroxide 

110 

when the ligands bind to copper, there will be a detectable shift in the fluorescence of the 

fluorophore. This would allow the detection of copper(II) ion in environmental samples 

without the need for pre-treatment of the samples.  

Fluorescent probes often have the metal binding site and the fluorophore joined together 

using a linking unit.146,147 Other probes are a turn-off fluorescent sensor with the binding site 

splitting the fluorophore when the metal is bound.153 The ligand (44) as shown in Figure 

A1.1, was designed to have the metal binding site and fluorophore joint together. The metal 

binding site chosen was based on salicylaldoxime, which is known to strongly bind to 

copper. The fluorophore is based on work reported by Yan et al.154 This fluorophore was 

chosen as it has a simple one step reaction from purchasable materials and Yan et al. showed 

that slight variations can change the fluorescence output, suggesting the fluorophore can be 

tuneable. 

 

Figure A1.1: The ligand sensor (44) designed to coordinate to copper (II). 

 

The plan for this section was to order the precursors required to synthesise the 

fluorophore, followed by functional group conversions to give the final ligand (44). 

However, one of the precursors was not available and had to be synthesised from available 

chemicals. 

A1.3 Completed Work 

The synthesis of the ligand can be broken into two parts, synthesis of the fluorophore 

and the functional group conversions as seen in Scheme A1.2 and Scheme A1.3. The first 

step of the synthesis was protection of oxalic acid, by dissolving oxalic acid in ethanol with 

trace amounts of concentrated sulfuric acid and refluxing the solution for 4 hours. This 

produced equimolar amounts of diethyl oxalate (45). This was confirmed by 1H NMR 

(Figure A1.2), shown in with two peaks lining up with expected chemical shift and 

integrations.  
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sodium metal with diethyl oxalate (45) in ethanol, before adding acetophenone. Finally, 

addition of hydrazine hydrate would lead to the formation of ethyl 3-phenyl-1H-pyrazole-5-

carboxylate (46). 

The final reaction to give the fluorophore (47) would have been achieved by dissolving 

pyrazole (46), ethyl 4-bromobut-2-enoate and potassium carbonate in ethanol and refluxing 

for 14 hours. 

 

Scheme A1.2: Synthesis of the fluorophore 

 

The final three reactions, as shown in Scheme A1.3, were a reduction of the ester to an 

alcohol (48), oxidation to give the aldehyde (49), and then aldoxime formation reaction to 

give the ligand (44). 

 

Scheme A1.3: Functional group conversions to give the ligand (44) 
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PVP stabilised gold nanostars 

Chloroauric acid (82 µL of 50 mM solution) was mixed with polyvinylpyrrolidone in 

dimethyl formamide (15 mL of a 10 mM solution). After the band at 325 nm on the UV/vis 

spectra has diminished, the PVP stabilised gold seed particles (0.334 mL) were added and 

the solution was stirred until no further change on the UV/vis spectra is observed. 

No changes were seen before the seed particles were added for an hour on the first run 

so then I added the seeds and no changes occurred still, so I sonicated it and monitored it. 

After many hours of sonication, the particles continued to change their UV/vis spectra and 

then something precipitated out with around 12 hours of sonication. The second I sonicated 

for hours before adding the seeds and the band at 325 nm diminished as a peak arose around 

280ish nm and then something precipitated out again at around the 12-hour mark. 

Silver nanoprisms 

Mix sodium citrate (2 mL of a 12.5 mM solution) with silver nitrate (5 mL of a 0.375 

mM solution), hydrogen peroxide (5 mL of a 50 mM solution) and potassium bromide (0, 

20, 25, or 40 µL of a 1 mM solution). Add sodium borohydride (2.5 mL of a fresh 5 mM 

solution) to the solution and mix the solution, then let it rest as the nanoparticles grow. 

The best ones for me have 25 or 40 µL of KBr (orange/yellow) 

[Cu2(1A)2](BF4)4 

1A (81.6 mg, 0.086 mmol) and copper tetrafluoroborate monohydrate (22.0 mg, 0.086 

mmol) were suspended in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). 

Dichloromethane was added till all reagents were dissolved. The reaction was then stirred at 

40 °C overnight. The solution was then cooled and the solvent removed under vacuum. The 

crude material was recrystallised by vapour diffusion of n-pentane into a solution of the 

green crude material dissolved in tetrahydrofuran. 

[Cu2(1A)2](NO3)4 

1A (81.6 mg, 0.086 mmol) and copper nitrate trihydrate (20.8 mg, 0.086 mmol) were 

suspended in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). Dichloromethane was 

added till all reagents were dissolved. The reaction was then stirred at 40 °C overnight. The 

solution was then cooled and the solvent removed under vacuum. The crude material was 

recrystallised by vapour diffusion of diethyl ether into a solution of the green crude material 

dissolved in dichloromethane. 
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[Cu2(1A)2]Br4 

1A (81.6 mg, 0.086 mmol) and copper bromide (19.2 mg, 0.086 mmol) were suspended 

in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). Dichloromethane was added till all 

reagents were dissolved. The reaction was then stirred at 40 °C overnight. The solution was 

then cooled and the solvent removed under vacuum. The crude material was recrystallised 

by vapour diffusion of n-pentane into a solution of the green crude material dissolved in 

chloroform. 

[Cu2(1A)2](CH3COO)4 

1A (81.6 mg, 0.086 mmol) and copper acetate monohydrate (17.2 mg, 0.086 mmol) were 

suspended in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). Dichloromethane was 

added till all reagents were dissolved. The reaction was then stirred at 40 °C overnight. The 

solution was then cooled and the solvent removed under vacuum. The crude material was 

recrystallised by vapour diffusion of diethyl ether into a solution of the green crude material 

dissolved in dichloromethane. 

[Cu2(1B)2](BF4)4 

1B (50.0 mg, 0.058 mmol) and copper tetrafluoroborate monohydrate (13.1 mg, 0.058 

mmol) were suspended in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). 

Dichloromethane was added till all reagents were dissolved. The reaction was then stirred at 

40 °C overnight. The solution was then cooled and the solvent removed under vacuum. A 

purification was attempted unsuccessfully by crystallization with vapour diffusion of n-

pentane into a solution of the product dissolved in tetrahydrofuran. 

[Cu2(1B)2](NO3)4 

1B (50.0 mg, 0.058 mmol) and copper nitrate trihydrate (14.0 mg, 0.058 mmol) were 

suspended in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). Dichloromethane was 

added till all reagents were dissolved. The reaction was then stirred at 40 °C overnight. The 

solution was then cooled and the solvent removed under vacuum. A purification was 

attempted unsuccessfully by crystallization with vapour diffusion of diethyl ether into a 

solution of the product dissolved in dichloromethane. 

[Cu2(1B)2]Br4 

1B (50.0 mg, 0.058 mmol) and copper bromide (13.0 mg, 0.058 mmol) were suspended 

in 9 : 1 methanol : dichloromethane (4.5 mL : 0.5 mL). Dichloromethane was added till all 

reagents were dissolved. The reaction was then stirred at 40 °C overnight. The solution was 

then cooled and the solvent removed under vacuum. A purification was attempted 
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precipitate was then collected and columned using dichloromethane. This reaction was 

unsuccessful for whatever reason. It appeared to be successful but nothing dissolved in 

CDCl3 or D2O to be picked up on the NMR. 

N-Acetylethylenediamine (23) 

Ethylene diamine (1.00 mL, 14.983 mmol) was dissolved in water (75 mL). Acetic 

anhydride (1.70 mL, 17.980 mmol) was added portion wise and the solution was stirred for 

5 minutes. Excess water was added and the product was extracted using ethyl acetate (2x 45 

mL). The combined organic layer was then washed with sodium hydrogen carbonate, 

followed by water. The organic phase was then dried with sodium sulfate, filtered, then the 

solvent was removed under reduced pressure. The was unsuccessful as the product likely 

stay in the aqueous layer. 

tert-Butyl (2-((5-(tert-butyl)-3-formyl-2-hydroxybenzyl)amino)ethyl)carbamate (24) 

Triethyl amine (0.70 mL, 4.993 mmol) was dissolved in dichloromethane (6.5 mL). To 

this solution, a solution of 14 (200.0 mg, 1.248 mmol) dissolved in anhydrous 

dichloromethane (6.5 mL) was added followed by adding a solution of 7 (372.3 mg, 1.373 

mmol) dissolved in anhydrous dichloromethane (6.5 mL) dropwise over 2 hours. After 

which the reaction was left to reflux overnight. The reaction mixture was cooled, then 

washed with water (3x 15 mL), dried with magnesium sulphate, filtered and the solvent 

removed. The crude product was then recrystallised by dissolving in the minimum amount 

of hot chloroform and adding boiling ethanol until precipitation is induced. This was 

unsuccessful as the amine over added to 7 forming imines as well as amine linkages. 

Rerun was done with 14 (16 mg) with Et3N (55.75 µL) dissolved together in DCM (400 

mL). 7 (29.8 mg) and NaI (16.5 mg) were also dissolved in DCM (400 mL). Both solutions 

were added dropwise to a stirred round bottom flask containing DCM (200 mL) and the 

solution was stirred overnight at room temperature. 

[Cu(9)2(OMe)] 

9 (143.7 mg, 0.744 mmol) was mixed with copper chloride (50.0 mg, 0.372 mmol) in 

50 % ethanol. The solution was stirred for 30 minutes, then filtered, washed with hot water 

followed by methanol. The complex was crystallised by vapour diffusion of diethyl ether 

into a solution of the crude material dissolved in chloroform producing [Cu(9)2(OMe)] 

(152.0 mg, 0.341 mmol, 90.7 %). 
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Figure A3.2: 1H NMR of 1B. 
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Figure A3.3: 1H NMR of 2. 
















































































