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ABSTRACT 

There is an increasing interest in the development of drugs able to selectively kill and target 

hypoxic cells. Hypoxic cells are known to exist in numerous tumours and prevent the 

successful treatment by both radiotherapy and chemotherapy. The goal of this work was to 

develop a hypoxia-sensitive imaging agent that would identify hypoxic cells based on 2-

nitroimidazole or 5-nitroimidazole and compare the reduction potential of these 

nitroimidazoles. The development of drugs able of selectively killing the hypoxic cells was 

the additional aim for this research.   

In chapter 2, a series of novel luminescent compounds containing 2- nitroimidazole or 

metronidazole was synthesised as potential probes for use in confocal fluorescence 

microscopy. The luminescent properties of these compounds (the absorption and emission 

properties of the compounds) were investigated. The behaviour of these compound in cells 

were assessed using confocal fluorescence microscopy in order to determine the biological 

behaviour of these molecules in cells. 

In chapter 3 two novel ligands based on terpyridine and containing 2- nitroimidazole or 

metronidazole was successfully synthesised.  A series of novel Fe(II),Co(II), Ni(II), Pd(II), 

Cu(II) and Zn(II) complexes of these two ligands was synthesised and fully characterised. The 

electrochemical behaviour of the ligands and complexes was to be studied using cyclic 

voltammetry to determine the suitability for their intended application.  

The synthesis of novel superparamagnetic iron oxide nanoparticles containing 2-

nitroimidazole or 5-nitroimidazole were reported in Chapter 4. Fluorescently labelled (2/5) 

nitroimidazole conjugated to SPIONs were successfully synthesised as potential probes for 

use in MRI. The photophysical properties of these nanoparticles such as UV-vis and 

luminescence were investigated. 
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Chapter 5 summarises the conclusions that may be drawn from the three previous chapters. In 

addition, it highlights future work that is needed for each of these areas of research. 
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2,2':6',2''-terpyridine 

SPIONs Superparamagnetic iron oxide nanoparticles 

CA1 Naphthalimie-edta-APTES@Fe3O4  

CA2 Morpholine-naphthalimie-edta-APTES@Fe3O4  

EDTA Ethylenediaminetetraacetic acid 

CHCl3 Dichloromethane 

AEDTA EDTA bisanhydride 

APTES (3-Aminopropyl) triethoxysilane 

DMF N,N’-Dimethylformamide 

DMSO4 Dimethyl sulfoxide 

DCM Dichloromethane 

DMSO4-d6 Deuterated dimethyl sulfoxide  

D2O Deuterated water 

CDCl3 Deuterated dichloromethane 

EtOH Ethanol 

ES-MS Electrospray mass spectrometry 

MLCT  Metal-ligand charge transfer (state) 

ml Millilitre 
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CHAPTER 1 Introduction and background theory 

1.1 Background of hypoxia 

Oxygen plays a vital role in supporting all physiological functions in the living cells. This is 

because it works as a terminal electron acceptor in oxidative phosphorylation. O2 is provided 

through the respiration process and it is transported all over the living cells as oxyhemoglobin 

(O2Hb). Limitations in oxygen quantity from the vascular supply affect the biological 

functions of the tissues and this gives rise to hypoxic areas. Hypoxia is a situation of limited 

O2 used to support the metabolism occurring in human cells. The level of O2 in hypoxia lies 

between the typical physiological concentration of oxygenation (normoxia) and the total 

absence of oxygen (anoxia). The oxygen partial pressure (pO2), which is a crucial element of 

the biological state of a tissue, comes from the balance between oxygen supply and its intake. 

During medical conditions such as tumours or cardiovascular diseases, the provision of O2 is 

disturbed which is linked with a reduction in pO2 and consequently, hypoxia. Therefore, 

hypoxia can be defined according to the concentration terms of O2 (e.g. ppm O2).
1 

Hypoxia can happen quickly when blood vessels are interrupted, such as in a stroke or 

traumatic wound. It can also occur gradually during the development of some vascular 

diseases. In general, during the development of some diseases, hypoxia can reduce the 

probability of an effective treatment. The diffusional walls that stop oxygen from accessing 

the hypoxic cells of tumours are able to prevent the transmission of reactive medications into 

the hypoxic tissues. In the case of tumours, the swift growth of some tumours can outgrow 

their vascular supply, causing local hypoxia, necrosis and increasing the risk of metastasis. 

This can result in an alteration, which has an undesirable consequence on their response to 



Introduction and background theory 

 

3 

 

therapy and in diagnoses. Therefore, hypoxic tumour cells are three times less responsive 

towards radiation treatment which relies on a sufficient oxygen concentration for radical 

generation than normoxic cells. They are more resistant to some chemotherapeutic 

medications.2,3 

1.2 Introduction  

The estimation of the oxygenation level of solid tumours is a significant goal of 

radiopharmaceutical study. This is because hypoxic tissue is more resistant to conventional 

radiotherapy and chemotherapy.2 Therefore, the evaluation of hypoxia becomes a significant 

factor in therapeutic plans for enhancing better clinical results. One approach to examine 

hypoxic cells is by using a probe that selectively targets hypoxic cells. It should also be 

transported to the whole tissue equally without relying on vascular flow and most importantly, 

to selectively bind to hypoxic cells. There are five categories of  bioreductive compounds that 

have been selectively reduced and trapped in hypoxic regions that have been studied; nitro 

groups, quinones, aromatic N-oxides, aliphatic N-oxides and transition metals.4,5 Some 

examples of these bioreductive drugs are as shown in Fig 1.1. 

 

Figure 1.1: Selective structure of bioreductive prodrugs 
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The typical mechanism for these chemical moieties in hypoxic cells involves the reduction of 

these compounds by a one-electron reduction to form radical species. In the presence of 

oxygen, these radical species undergo a re-oxidation process to produce a superoxide. The 

failure of the re-oxidation step causes hypoxia-selective cell killing. This is because the free 

radicals are more toxic than the superoxide moiety or unreacted bioreductive prodrugs.4 

The effect of the presence of oxygen on the inhabitation of the drugs during the redox 

mechanism was studied for the first time on nitro compounds.6 Then it was revealed that 

nitroimidazoles demonstrated hypoxia-selective cytotoxicity.7 

Quinones such as mitomycin (Fig 1.1) also undergo bioreductive process under hypoxic 

conditions through a redox cycling mechanism.8 However, this mechanism occurs with two 

sequential one-electron reductions. It reduces initially to the semiquinone and then to the 

hydroquinone.9 

Aromatic N-oxide such as tirapazamine (Fig 1.1) reduces to oxidizing hydroxyl or 

benzotriazinyl radicals arising naturally from the tirapazamine radical in hypoxic tissue 

through a one-electron reduction to a DNA-damaging free radical.10,11 The bioreduction of 

aliphatic N-oxides to the corresponding tertiary amines occurs via two-electron reductases by 

oxygen not by redox cycling,12,13 for example, AQ4N (Fig 1.1). 

Transition metals such as cobalt (III)14,15 and copper (II)16 can also be bioactivated in the 

hypoxic regions by the one-electron reductions of the metals to unstable cobalt (II) or copper 

(I) complexes. These then disconnect and release cytotoxic ligands. Co(III)cyclen (8-HQ) and 

1,4,7,10Tetra(2-chloroethyl)-1,4,7,10-tetraazacyclododecane[Cu(II)]Cl2 are examples of these 

complexes (Fig 1.1).  

In this research, we will only focus on nitroimidazoles, which are well-known for hypoxia 

directing. This will be discussed in more detailed in the next section.  
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1.2.1  Nitroimidazoles 

After the discovery of the effect of 2-nitroimidazole (azomycin) (Fig 1.2) against anaerobic 

infections by Nakamura in 1955, many nitroimidazole analogues have been synthesized as 

antibiotics against anaerobic bacteria and protozoa.17 The exceptional properties of 

nitroimidazoles in hypoxic conditions has drawn attention to studying the behaviour of the 

molecules to be used in low oxygenated tissue as hypoxic sensitizers. This is in order to 

enhance the radiation responsiveness of hypoxic cells to radiation and chemical therapy.18The 

concept of using nitroimidazoles for imagining hypoxic tissue has been studied for more than 

20 years. However, this idea has only been applied practically in the last decade.19 

 

Figure 1.2: Structure of 2-nitroimdazole (Azomycin) and metronidazole. 

 

 Nitroimidazoles have been investigated intensively for tumour hypoxia via nucleophilic 

covalent binding to proteins in conditions of low pO2 (<1.5% O2).
20,17 The function of 2-

nitroimidazole in hypoxic cells was discovered by Varghese et al in 1976. The main factor 

that determines the diffusion of the nitroimidazoles is the lipophilicity of the compounds. The 

mechanism of the selective binding of nitroimidazoles to poorly oxygenated cells involves the 

transfer of one electron to the ring of nitrogen via enzymes and cytochromes. The nitro group 

of nitroimidazole increases the electron affinity of the molecule, thus giving it suitable 

reactivity. The nitroimidazoles within the cells behave differently depending on the 

concentration of O2 in the cells. The nitro group of this compound experiences an enzymatic 

reduction resulting in forming a radical anion NO2
-. In the normoxic condition, this radical 

reacts directly with O2 to form terminal electron products that turn back into nitroimidazole, 
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resulting in the diffusion of imidazole out of the cell. This step occurs as the electronic 

affinity of O2 is higher than that of the nitro group. However, in hypoxic cells, further 

reductions take place, producing reactive intermediates (amino-) that are able to combine with 

cellular macromolecules and that form (non-diffusible) molecules trapped in hypoxic 

cells21,22,23 The mechanism of a bioreductive metabolism of nitroimidazoles in both normexic 

and hypoxic cell mechanisms was considered to be clinical with the development of 5- and 2-

nitroimidazoles as radiosensitizers.24 Compounds with free radicals produced by ionizing 

radiation or by bioreductive procedure imitate the action of oxygen, forming adducts with 

nucleophilic cellular macromolecules, a procedure which results in  radiosensitization. This 

stops or slows the access of nitroimidazole (Fig 1.3). 

 

 

Figure 1.3: The mechanism of the bioreductive metabolisms of nitroimidazoles in both normixic 

and hypoxic cells.25,26 

 

Another nitroimidazole has presented the potential to be used as a hypoxia tracer such as 

metronidazole. Metronidazole, a 5- nitroimidazole derivative (Fig 1.2), is an antiprotozoan 

and an antibacterial drug. It has been also used as a radiosensitizer for hypoxic cells in pilot 

radio therapeutical trials. Metronidazole and its derivatives have been studied in both vivo and 

vitro as radiosensitizing hypoxia.26 They have presented selective toxicity towards hypoxic 

tumour cells.7,27 Moreover, they possess effective cytocidal activity in anaerobic but not 

aerobic microorganisms.28 
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 However, 2-niroimidazole is one of the most widely studied of the nitroimidazole moiety. 

This is because 2- nitroimidazole has a higher reduction potential (-0.39 V) than 5-

nitroimidazole (-0.47 V). The higher value of reducing the potential demonstrates the higher 

potential to gain electrons and to consequently show a greater reduction ability. Thus 2-

nitroimidazole has a higher tendency to undergo the bioreductiove process and to accumulate 

in low oxygenated tissues.29 It also shows the low toxicity and antibiotic properties in 

oxygenated tissue.30 

 

1.2.1.1 Nitroimidazoles and nuclear medicine techniques 

Nitroimidazole has been used widely in vivo to increase the effectiveness of radiotherapy by 

imitating the radiosensitizing features of O2.
31,32 Non-invasive imaging of tumor hypoxia is 

currently being studied using either the nuclear scintigraphy of iodine-labelled 2-

nitroimidazoles or PET imaging of 18F-labelled reagents.33 

 

Nitroimidazole-containing PET Probes 

There are many hypoxia tracers based on 2-nitroimidazoles which are incorporated with PET 

isotopes and fused with gamma-emitting radionuclides.34,35,36 The initial development of 

nitroimidazole for in-vivo imaging involved radiohalogenated derivatives of misonidazole. 

For example, 18F-FMISO (fluoromisonidazole), 18F-FAZA (fluoroazomycin arabinoside), 18F-

EF5 (pentafluoropropylacetamide),18F-FETNIM and 18F-HX4 (Fig 1.4).37,38,39,40. All of these 

compounds are acting similarly in the hypoxic cells. However, they are different in 

lipophilicity. PET probes decay by emitting a positron which collides with an electron to 

produce gamma rays which are tracked by the PET scanner.41 
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The modifications in the molecular structure of the MISO derivatives were done in order to 

investigate the properties of the compounds with respect to blood clearance. More lipophilic 

molecules result in increased protein binding and thus this makes blood clearance excessively 

long. In addition, the partition coefficient is another factor that was considered to improve the 

characterisation of these compounds.17 

 

Figure 1.4: Some structures of 2-nitroimidazole derivative doped with fluorine-18 

 

The use of nanomolar radioactive drugs and a high resolution in the resulting image are the 

advantages of PET imaging over the scintigraphy method. However, there are some problems 

linked with nitroimidazoles incorporated with PET such a short half-life and long 

equilibration time. This affects the true contrast between the tumour and normal cells. In 

addition, routinely using PET procedures in the clinic is expensive. Therefore, the 

development of safe, high resolution and low-cost alternate techniques for tracking hypoxic 

cells is required.42 

 

Nitroimidazoles containing SPECT Probes 

When nitroimidazoles are labelled with long half-live isotopes such as 123I and 99mTc, widely 

available single photon emission computed tomography (SPECT) imaging equipment is used 

to detect hypoxic tissues. 2-Nitroimidazole-based radioiodine has been evaluated such as 1-

123-iodoazomycinarabinoside IAZA (Fig 1.5). However, iodinated azamine molecules are 

high lipophilic compounds. This causes an increase in protein binding and therefore slower 

blood clearance.43 
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2-nitroimidazole-based 99mTc was synthesised and evaluated in hypoxic tumour cells in vitro. 

99mTcO(PnAO-1-(2-nitroimidazole) BMS181321(Fig 1.5) was the first 99mTc-labelled 2-

nitroimdazole complex to be used for imaging hypoxia.44 The 5-nitroimidazole has been also 

labelled with Tc-99m. For example,Tc-Ntm-2 (Fig 1.5) was produced by labelling 2-amino-3-

{1-(2-(2-methyl-5-nitro-1H-imidazole-1-yl)ethyl1H-trizole-4-yl]trizole-4-yl}propanoic acid 

Ntm-2 with 99mT ion.43,45,46,47,48 The low cost, availability and an ideal half-life of 6 hours are 

the most distinguished features of using 99mTc in tracking ischemic tissue.43 There are many 

examples of technetium-labelled nitroimidazole complexes  reported in an excellent previous 

review.49 

 

 

Figure 1.5: Chemical structures of selected radiopharmaceuticals for imaging hypoxia. 

 

1.2.1.2 Nitroimidazoles and fluorescent probes 

Fluorescence imaging has been employed as a diagnostic technique to display various  

biological processes.50 Owing to the advantages of fluorescent probes, such as simplicity, high 

spatial resolutions and possible non-invasive in vivo imaging (problematic and depth limited), 

numerous small molecule fluorescent probes have been developed for detecting low 

oxygenated tissues and some have proposed the use of fluorescent nitroaromatics.51, 52 The 

nitro group quenches the fluorescence of the aromatic ring system in the normoxic 



Introduction and background theory 

 

10 

 

environment. However, referring to the bioreduction of the nitro group in ischemic cells, the 

molecule develops more fluorescence.53 

There are several compounds that consist of 2-nitroimidazole and a fluorescent ring system in 

their molecular structure.54 The bioreductive processes of these compounds was predicted to 

show fluorescence in both normoxic and hypoxic cells. However, because of the existence of 

the nitroimidazole moiety, they would be selectively located in the hypoxic cells. The authors 

synthesised a series of 2-nitroimdazoles based on several fluorescent compounds. For 

example, naphthalimide (A), coumarin (B), indolizine (C) and bimane (D) (Fig 1.6). When 

these compounds were studied in V79 Chinese hamster cells, coumarin and bimane presented 

more than a 5-fold and 17-fold hypoxic/normoxic fluorescence differential.54 

 

Figure 1.6: Chemical structures of selected radiopharmaceuticals for imaging hypoxia.54 

 

In this research, we will only focus on 1,8-naphthalimide and its derivatives as a fluorescence 

moiety to be linked to 2-nitroimdazole in order to form a detecting agent for hypoxia. 

There are also several compounds that have 2-nitroimidazoles and 1,8-naphthalimides as 

prepared by Qian and their co-workers. The strategies of the synthesis of these compounds 

was reported for the first time by the author which includes 1,8-naphthalimides functionalised 

with two2-nitroimidazole moieties (Fig 1.7). The investigation of these compounds in V79 
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Chinese hamster, CHO and 95D cells exhibited a large degree  of fluorescence differential 

between the hypoxic and normoxic cells as evidenced by fluorescence microscopy.55 

A series of 1,8-naphthalimides functionalised with 2-nitroimidazole moiety were synthesised 

and evaluated to see if they exhibited increased fluorescence in response to hypoxic 

conditions (Fig 1.7).56 Fluorescently labelled 2-nitroimdazoles have been the subject of an 

excellent review.25 

 

 

Figure 1.7: 2-Nitroimidazole–naphthalimide derivatives.55,56 

 

 

1.2.1.3 Coordination complexes of nitroimidazoles 

Nitroimidazoles are coordinated to some metal ions via a bifunctional chelator. 

Organometallic complexes that include nitroimidazoles may possess one or more reducible 

centres, for example, nitroinidazole and, depending on the redox chemistry of the metal 

centre, the metal. This potentially provides better selectivity for low oxygenated cells than 

either the reducible metal complex alone or the nitroimidazole without a metal ion. Some of 

the metal ions can be replaced with a radiometallic nuclide in order to produce an imaging 

agent for hypoxic tissue that is suitable for the PET technique.49 
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Some examples of Cu and Re complexes based on nitroimdazole and a very brief description 

of their biological activities will be discussed in the following section. However, more detail 

on nitroimidazole complexes has been extensively reviewed elsewhere.49 

 

Nitroimidazole moieties have been conjugated to Cu(II) ion and 46Cu radiometallic nuclides 

using bisthiosemicarbazones as a ligand to produce a series of complexes that have two 

reducible sites. An example includes the nitroimidazole derivative (Cu-H2ATSM/A-1) 

(Figure 1.4). In vitro studies presented a rapid uptake of this complex by hypoxic cells.57 

Polyazamacrocycle is another class of bifunctional ligand that was conjugated to 2-

nitroimadazole and coordinated with Cu and 46Cu radioisotopes for the delineation of tumour 

hypoxia. There are a range of azomycin-cyclams Cu(II) complexes such as 64Cu-FC-323 (Fig 

1.8). Some of them showed good hypoxia-marking potential for tumour cells in vitro.58. 

There are several examples of azomycin rhenium complexes that have been reported.59,60 Mie 

et al reported on the Re-labelled marker MAMA-AA-B2NIL containing 2-nitroimdazole 

moieties respectively. This complex bears more than just bioreductive moiety. The uptake 

studies show a high tumour tissue ratio which makes it suitable as a hypoxia marker.    
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Figure 1.8: Selective structures of metal-nitroimidazole complexes. 

 

 

1.3 Physical Techniques 

1.3.1 Confocal Fluorescence Microscopy  

Confocal fluorescence microscopy is an important device in biochemical investigations. It is 

very sensitive, and it has the advantage of being less expensive that other imaging techniques. 

High resolution spectra at the nanometre scale can be acquired using this method. 

Luminescent moieties can be used to produce a contrast in the image attained and to provide 

comprehensive data at the sub-cellular level.  

The principle of a fluorescent microscope is like that of a typical optical microscope. 

However, the only difference between them is that the sample is irradiated with photons of a 

particular wavelength instead of using ambient light. The wavelength is chosen according to 

the specific fluorophore that is being studied. The optimal wavelength will be selected in 

order to induce the most intense emission.65 
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1.3.2  Luminescence spectroscopy 

Luminescence 

Luminescence is the emission of light by a molecule in the absence of heat. This can be 

described using the Jablonski diagram (Fig 1.9). The electron of a molecule absorbs the 

photon of the electromagnetic radiation, and then it is promoted from a ground state singlet 

(S0) to an excited state singlet (S1). Luminescence occurs when the electron returns to the 

energetic ground state and emits its excess energy as a photon. 

In this decay, the excited species follows two possible pathways, either reductive/non-

radiative decay pathways or chemical change. 

The reductive pathway includes fluorescence and phosphorescence, as shown in the Jablonksi 

diagram (Fig 1.9). 

 

Succeeding the excitation through the absorption of a photon by the electron, namely the 

excited state made during this process, is unstable and it possesses high energy. Thus, it is 

important to undergo the deactivation procedure. First, the energy is lost from the excited 

state singlet to the lowest vibrational level of the excited state through internal relaxation. 

This process is a non-radiative procedure; it is known as an internal conversion (IC) on the 

Jablonksi diagram. In this stage, the molecule remains in an excited state and it has excess 

energy. The molecule can lose its excess energy through several methods such as molecular 

rotations, vibration, heat and light. When this energy is lost as released light, it is called 

luminescence. This emitted light can be released through two routes, fluorescence or 

phosphorescence. Both pathways show initial intramolecular energy transfer procedures when 

the preliminary excess energy is lost through a non-radiative process. There is another non-
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reductive pathway that is completed with luminescence and this is known as quenching. This 

includes the interaction with another molecule, known as a quencher. 

Fluorescence  

Fluorescence involves an instant emission of light directly after it is absorbed causing the 

electron returning from an excited state to the ground state. This process is fast as it is spin-

allowed. The process of spin-allowed is comparatively fast and it shows a luminescence 

lifetime with a range of 10-9 to 10-6seconds. A molecule which displays fluorescent 

photophysical properties is stated as a fluorophore such as poly aromatic hydrocarbons or 

heterocyclic molecules. 

The fluorescence emission occurs as a result of a procedure of three steps inside the molecule. 

This can be clarified through the simple electronic state diagram of Jablonski (Fig 1.9). 

 

Figure 1.9: The Jablonski diagram. 

 

Step 1: Excitation 

The fluorophore absorbs the light energy from the external laser in the form of photons 

(hvExA). This leads to the creation of an excited singlet electronic state (S1). This step 

differentiates fluorescence from chemiluminescence. In the case of the chemiluminescence, 

the excited state is formed by the chemical reaction. 
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Step 2 Excited-State Lifetime  

As a part of this process, the excited state is relative, and it remains only for the nanosecond 

range. During this time, the fluorophore experiences different conformational transformations 

that could interact as well with its surroundings in several ways. Accordingly, the excited 

state can be affected by these interactions. The energy of (S1) is partly degenerated, whereas a 

relaxed singlet state is created. Moreover, in the first step, not every exited molecule goes 

back to the ground electronic state (So) through the emitting of the photons. There are several 

processes that the exited molecule can follow in order to lose excess energy such as 

fluorescence resonance energy transfer (FRET) and intersystem crossing. The ratio of the 

number of photons emitted through fluorescence related to the number of photons absorbed is 

known as ‘fluorescence quantum yield’. 

Step 3: Fluorescence Emission 

The energy of the photon after the emission is lower than its original state, owing to the 

partial dissipation of energy. Therefore, it possesses lower energy and a longer 

wavelength (red- shifted). The alteration in both energy and wavelength can be expressed by 

this equation (hvEX-hvEM).  

The other parameter in fluorescence is Stokes shift, which simplifies the recording of the 

photon emission against a low background. 

 

 Phosphorescence 

 

Before the explanation of the phosphorescence process, intersystem crossing (ISC) should be 

understood. This phenomenon happens because the energy of the excited triplet state is lower 

than that of the energy of the excited singlet state, causing a reverse spin of the excited 

electron. When the electronic levels of the triplet state interfere with the excited singlet state, 
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this phenomenon occurs. ISC arises in molecules with a high degree of spin-orbit coupling. 

This includes the overlapping of the orbital angular momentum and the spin angular 

momentum of the electron, which permits a forbidden transition between the singlet and 

triplet states. ISC increases with the mass of the atoms and this can be seen in the heavy atom 

effect, which is more common in 2nd and 3rd row transition metals. From this excited triplet 

state, the electron slowly returns to the singlet ground state, losing energy by emitting a 

photon. As this process is ‘forbidden’, it occurs slowly and shows luminescence lifetimes 

within the range of microseconds up to thousands of seconds. 

 

1.3.2.1 Autofluorescence and Stokes Shift 

There are some problems associated with using fluorescence microscopy, such as 

autofluorescence. Typically, many natural species of the cells have a variety of fluorophores 

and phosphors which tend to have a small Stokes’ shift and a small emission lifetime. 

Autofluorescence becomes challenging if the fluorescence of the biological species and that 

of a fluorophore of interest are emitted at a similar wavelength.66 

Self-quenching is another problematic issue in fluorescence microscopy. This occurs when 

there is no considerable difference in wavelength between the absorbed and emitted light of 

the probe. This causes the emitted light to be reabsorbed and consequently, it reduces the 

emission intensity in the resulting image.67 

Autofluorescence may be filtered out from the desired signal by using molecules that have a 

large Stokes shift and/or a large emission lifetime.68This criteria should be considered for 

designing probes for fluorescence microscopy. 
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1.3.3 Cyclic Voltammetry  

This technique was used to study the electrochemical properties of the molecules. This 

includes the study of the electron transfer and the transport properties of the electrolysis 

reactions. This is in addition to the reduction and oxidation processes of the molecular 

species. An electrochemical cell consists of three types of electrodes: working, counter 

(auxiliary) and reference. These electrodes are linked to potentiostat and the parameter of the 

CV experiment can be chosen using the potentiostat software.  

The working electrode is where the electrochemical action happens. The reference electrode 

such as (Ag/AgCl) possesses a stable equilibrium potential and it is used as a reference for the 

applied potential of the other electrodes in the electrochemical cell. A counter electrode such 

as platinum wire is used to close the electrical circuit. That is because when the potential is 

applied to the working electrode, the reduction or an oxidation process of the analyte takes 

place. Then the current starts to flow between the working electrode and the counter 

electrode. 

Through a CV experiment, the electrons transfer from the electrode to the analyte and ions 

migrate in the solution to balance the charge and to complete the electrical circuit. 

A supporting electrolyte is added to the solvent in order to support the reduction of the 

solution resistance. This mixture is generally called the electrolyte solution. 

The fundamentals of CV include plunging a working electrode into a solution of the 

compound of interest, applying the potential and measuring the change in current. The 

potential is typically swept as given in (Fig 1.10). 
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Figure 1.10: Cyclic voltammogram potential sweep reproduced from reference 69 

 

This graph shows two cycles; each cycle involves a forward and a backward scan. Fig 1.11 

displays a cyclic voltammogram experiment. There are two different factors that control the 

current. The migration of the redox moiety to the surface of the electrode and the electron 

transfer reaction. The rate constant for the reduction process is dependent on the applied 

potential. As a result of the reduction of the species adjacent to the electrode, there will be a 

less reducible species in the locality of the electrode. For this reason, the peak of the forward 

scan has a maximum current more than that of the reverse scan.  For the reversible reduction, 

the two peaks are identical. That is because there is a large amount of the reducible species 

adjacent to the electrode surface which then oxidises back to the starting material. In the 

reversible redox- process, the concentration of both the reduced and oxidized forms of the 

analyte are stable. It occurs regularly to form equilibrium at the electrode surface. In this case, 

the current depends only on the diffusion of the electroactive species.70 The difference 

between the peak potentials in the reversible reduction is equal to 59/n mV and it is termed 

Nernstian according to the Nernst equation:  

 

(a) E= E0 –(RT/nF) In ([R]/ [O]) 
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F is Faraday’s constant, R is the universal gas constant, T is the temperature, n is the number 

of electrons and [R], [O] are the concentrations of the reduction and oxidation species 

respectively. E0 is the standard reduction potential; it is valued as the average of the peak 

voltages and it is usually termed E1/2. E1/2= (EPa + EPc)/2. 

(b)  

Figure 1.11: Typical voltammogram in CV experiment.69 

 

If the electron transfer rate is slow, this leads to a large separation of reduction and separating 

peaks. This separation increases if the scan rate increases. That is because extreme electrode 

potentials are required to drive the electron transfer in each direction and to record the current 

on the potentiostat. This process is referred to as quasi-reversible.  

In the irreversible process, the reduction and oxidation peaks do not overlap at all and in some 

cases, there is no corresponding back peak. This is because the reduced species is not able to 

oxidise into its original form. The peak height can be affected by the scan rate according to 

the Randles- Sevick equation.69 

(c) ip= (2.67 x 105)n3/2  AD0 
1/21/2C0 
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i represents the current (amps), n: number of electrons, A: electrode area (cm2), D: the 

diffusion coefficient (cm2/sec),  scan rate (V/sec) and C0: the bulk concentration (mole/ 

cm3). 

According to this equation, the current is directly proportional to the square root of the scan 

rate. In the reversible system, the ratio of the cathodic current ipcto the anodic current ipa 

should be =1.69 

 

1.4 Aims and Objectives  

An interest in the development of drugs that is able to selectively kill hypoxic cells is 

increasing.61,62 Hypoxic cells are known to exist in numerous tumours. They are a marker for 

a poor outcome. They prevent both the radiotherapy and chemotherapy of cancer.63, 64The 

goal of this work was to develop hypoxia-sensitive imaging agents that would identify 

hypoxic cells based on 2-nitroimidazole or 5-nitroimidazole. Another goal was to compare the 

reduction potential of the nitroimidazoles. The last objective of this work was to develop 

complex bases on nitroimidazole that have more than one reducible centre potential to 

selectively kill hypoxic cells.   
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CHAPTER 2 Fluorescently Labelled Nitroimidazole 

2.1  Introduction 

The use of fluorophore molecules as marker groups for tagging of biomolecules, such as 

nucleic acids or proteins is a very vital research area.1 1,8-Naphthalic anhydride and its 

derivatives have been proven to be excellent building block for the synthesis of fluorescent 

labels.2,3 Because of their good features, such as strong fluorescence, great photostability and 

electroactivity, these molecules have applications in many areas, for example pharmaceutical 

agents for the treatment of cancer,4 fluorescent markers in molecular biology and imaging 

applications,5 organic light emitting diodes,6 optical brighteners in detergent and textiles,7 

fluorescence switches,8 photo induced electron transfer based sensors,9 and laser dyes.10  

Naphthalimides with single side chain of 2-nitroimidazole have been synthesised (Fig 2.1) as 

poorly oxygenated cell tracers. A range of naphthalimide moieties containing two 

heterocyclic side chains of 2-nitroimidazole (Fig 2.1) and their reduction in hypoxic cells 

were investigated.11However, at the best of our knowledge, metronidazole has not been 

conjugated with any naphthalimides moiety.  

                              

Figure 2.1: Naphthalimides moiety containing one or two side chain of 2-nitroimidazole11 
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On the other hand, Schiff bases are produced from a condensation process of primary amines 

with carbonyl compounds and were first reported in 1864.12 The shared structure of Schiff 

bases is the imine group. These compounds are also known as anils or azomethines. These 

compounds are of considerable chemical and biological importance because of the existence 

of a lone pair electrons in a sp2 hybridized orbital of nitrogen atom of the imine group. Schiff 

Bases support in the mechanism of transamination and rasemination reaction in biological 

reactions.13,14 Antibacterial, antifungal, antitumor, anticancer and antimicrobial activities of 

Schiff bases have been reported.15,16,17                      

A number of Schiff bases derived from metronidazole were synthesised and their biological 

properties evaluated in vitro for their antigiardial, anti-trichomonal, antibacterial, and 

antifungal activities. Some of these compounds were found to be more active than the 

reference drug metronidazole.18 

 

 

Figure 2.2: Representation of some metronidazole -Based Schiff Base compounds 

 

Because of the low cost of metronidazole and its desirable properties and applications in 

hypoxia, it was decided to investigate whether it could be used as a bioreductive moiety to 

create hypoxia-imaging agents. By combing the properties of nitroimidazoles, naphthalimides 

and Schiff base, we sought to develop a new synthetic route to synthesise fluorescently 

labelled metronidazole to potentially investigate them in hypoxia in vitro. Thus, novel 

hypoxic- tracing agents were produced with different naphthalimide derivatives. 



Fluorescently Labelled Nitroimidazole 

 

28 

 

In addition, fluorescently labelled azomycin have been synthesised and their optical properties 

have been investigated and compared to that of metronidazole.  

 

2.2  Aims 

Based on the principle that nitro group can quench fluorescence and can be reduced under 

hypoxic conditions, fluorescently labelled nitroimidazoles were successfully prepared. To 

achieve this, we aimed to develop a new synthetic pathway to conjugate fluorescent 

naphthalimides to active redox nitroimidazoles moieties. To accomplish this, the following 

steps were investigated as shown in Fig 2.3. 

1- 1,8-Naphthalic anhydride and its derivatives were synthesised with a terminal primary amine 

functional group. (Step 1, Fig 2.3)  

2- Activating metronidazole and azomycin with a good leaving group was required in this study 

for potential nucleophilic substitution reactions. (Step 2, Fig 2.3) 

3- Direct / multistep alkylation of primary amine with the activated nitroimidazoles was not 

successful. (Step 3, Fig 2.3) 

4- Alternatively, functionalise the nitroimidazoles with aldehyde group. Consequently, 

condensation process of primary amines of naphthalimide with carbonyl tethered 

nitroimidazoles was successfully done to produce a range of nitroimidazole Schiff Bases 

compounds. (Step 4, Fig 2.3) 
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Figure 2.3: Synthetic route for producing fluorescently labelled nitroimidazoles 

 

  The detail of synthetic procedures and characterisations of all above reactions and 

compounds will be described in following section:  
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2.3  Result and discussions:  

2.3.1  Synthesis and characterisation of fluorophores (naphthalimide derivatives):  

The naphthalimide derivatives (Fig 2.4) were synthesised and purified according to 

previously reported literatures with some modifications as stated in the experimental 

procedure. Their 1H  NMR and 13C NMR spectra  matched data previously reported for these 

compounds. Through this modification, nitroimidazoles can be conjugated to the 1,8-

naphthalic anhydride and its derivatives.  

2.1 was prepared according to a literature procedure described by M. Licchelli et al. 19 2-(2-

aminoethyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-dione  2.1 was synthesised and 

modified according to previously reported procedure.20 The procedure for producing 2.3 was 

reported by L. Song et al. 21 The synthesis of 2.3 according to the literature consisted of two 

separate steps. In the modification of first step, 4-chloro-1,8-naphthalic anhydride was used 

instead of 4-bromo-1,8-naphthalic anhydride. The replacement reaction of the chlorine in 4-

chloro-1,8-naphthalic anhydride with morpholine was first tried using a ratio of 1:4. 

Although, the increasing of time duration of the reaction, TLC still showed the presence of 4-

chloro-1,8-naphthalic anhydride. Thus, excess of morpholine was added to the reaction 

mixture which was refluxed for an additional day. Orange crystals were formed which were 

filtered off and washed with water to remove the solvent to give 6-morpholino-1H,3H-

benzo[de]isochromene-1,3-dione. The next step was to terminate the obtained compound with 

a primary amine functional group, this method was exactly the same as reported in the 

literature.21  
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Figure 2.4: Path way synthesis of n-(2-Aminoethyl)-1,8 naphthalimide 1 , 2-(2-aminoethyl)-6-

chloro-1H-benzo[de]isoquinoline-1,3(2H)-dione  2.2 and 2-(2-aminoethyl)-6-morpholino-1H-

benzo[de]isoquinoline-1,3(2H)-dione 2.3 

 

2.3.2 Fluorescently labelled Metronidazole 

2.3.2.1  Tosylation and mesylation process of metronidazole 

Preparation of 2-(2-methyl-5-nitro-imidazol-1-yl)-ethyl ester toluene-4- sulfonate 2.4 is 

required in this study for potential nucleophilic substitution reactions onto metronidazole. It 

was prepared according to a method described by Z. Xiao and co-workers.22 Compound 2.6 

was synthesised according to a previously reported method23 with some modification. The 

synthesis occurred over a long time period to ensure minimal starting material, which include 

increasing the time of reaction to 72 hours instead of 4 hours. This resulted in formation of 2.6 

in high purity. 

Tosylation of metronidazole using 4-methylbenzenesulfonyl chloride was successful and 

mesylation of metronidazole using methanesulfonyl chloride was also successful (Fig 2.5). 

However, it was found after the nucleophilic substitution reactions, removing 

methanesulfonic acid as by-product from the reaction mixture was much easier as it is water 

soluble. However, 4-methylbenzenesulfonic acid is more soluble in alcohols and other polar 

organic solvents which need more complicated purification methods to be eliminate from the 

reaction mixture. Accordingly, it was decided to use methanesulfonyl chloride to react with 

metronidazole because the product is easily purified. 
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Figure 2.5:Tosylation 2.4 and mesylation 2.6 of metronidazole. 

 

2.3.2.2  Attempted synthesis of 2-(2-((2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethyl)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 2.5 

Direct reaction of 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl 4-methylbenzenesulfonate 2.4 

or 2-(2-methyl-5-nitro-imidazol-1-yl)-ethyl methanesulfonate 2.6 with (2-aminoethyl)-1,8-

naphthalimide 2.1 under different conditions has been investigated (Fig 2.6). The factors that 

could affect alkylation of primary amine with electrophilic reagent were varied. Polar aprotic 

solvents such as DMF, DMSO, acetonitrile was examined with and without mild bases, such 

as K2CO3 and Et3N in this reaction. Polar protic solvents and strong nucleophilic bases such 

as NaOH were avoided in order to prevent the conversion of 2.4 or 2.6 to its alcoholic 

analogue. This reaction was also screened using H2O and sodium dodeacyl sufate in the 

presence of NaHCO3 by adapting a reported procedure.24 However, in this reaction TLC 

showed only the starting material. Refluxing the starting material in toluene with NaI, K2CO3 

was also not successful. 25 Although all reactions were monitored by TLC, 1H NMR spectra 

showed the presence of starting material along with other products which could not be 

separated by TLC, despite a range of solvent systems being used.  
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Figure 2.6: Attempted synthesis of 2-(2-((2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethyl)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 2.5 

 

Conversion of primary amines to the equivalent secondary amines proved to be unreliable and 

difficult to obtain pure product. Alkylation of primary amines with alkyl sulfonates usually 

end up with the production of the undesired tertiary amines, quaternary ammonium salts or 

mixture of both. Using the 2-nitrobenzenesulfonamide protecting group in such reaction can 

be useful to the synthesis of a wide range of secondary amines.26 This method see Fig 2.7 was 

described and reported previously by W. Kurosawa.26 The idea behind the use of 2-

nitrobenzenesulfonyl chloride is to protect the primary amines in the presence of a base to 

give N-monosubstituted 2- nitrobenzenesulfonamides. The next step is the alkylation of N-

monosubstituted 2- nitrobenzenesulfonamide by reacting it with alkyl sulfonate to give N,N-

disubstituted 2-nitrobenzenesulfonamide . Removing 2-nitrobenzenesulfonyl with a thiolate 

nucleophile giving the favourite secondary amines. However, the failure in producing N-

monosubstituted 2- nitrobenzenesulfonamides prevented us to achieve the next steps in the 

proposal plan of this reaction. 
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Figure 2.7: Multi steps attempted synthesis of 2-(2-((2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethyl)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

 

2.3.2.3  Synthesis and characterisation of 2.7, 2.8, 2.9 and 2.10 

2.3.2.3.1 Synthesis and characterisation of 4-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethoxy)benzaldehyde,  2.7  

Due to the failure of directly conjugating metronidazole to naphthalimide moieties, an 

alternative strategy was investigated. 4-Hydroxybenzaldehyde was used to link these moieties 

together. Aldehyde tethered metronidazole was produced which was then reacted 

straightforwardly with a range of naphthalimide derivatives to produce a range of newly 

produced fluorescently labelled Schiff base tethered metronidazole (Fig 2.8). 
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Figure 2.8: Synthesis of compounds: 2.8, 2.9 and 2.10 

 

The first attempted to prepare 2.7, was by reacting 2-(2-methyl-5-nitro-imidazol-1-yl)-ethyl 

ester toluene-4-sulfonate 2.4 (Fig 2.5) with 4-hydroxybenzaldehyde in the presence of mild 

base K2CO3. However, this reaction produced the desired product in low yield (21%). That 

was due to the loss of the desired product during the purification of the crude product by 

column chromatography on silica gel (DCM: MeOH = 70: 1). 

Due to the low yield of the product in previous reaction and the process of purification, 2-(2-

methyl-5-nitro-imidazol-1-yl)-ethyl methanesulfonate 2.6 was reacted with 4-

hydroxybenzaldehyde to produce 2.7 with good yield (69%) (Fig 2.8). This proved to be an 

improvement to the synthesis of this compound compared to the use of 2-(2-methyl-5-nitro-

imidazol-1-yl)-ethyl ester toluene-4-sulfonate.18 The product provided satisfactory analytical 

and spectroscopic data, which were in full agreement with its proposed structure. In 1H NMR 
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spectra, as seen in Fig 2.10, the appearance of an extra two peaks at 7.79 and 7.91 in the 

aromatic region, which corresponds to the protons of 4-hydroxybenzaldehyde shifted when 

compared to the 1H NMR spectra of 2.6, proof of producing 2.7. An additional peak with an 

integral of one proton at 9.82 ppm was assigned to the aldehyde proton, also confirmed the 

formation of 2.7. The appearance of the additional peaks in 13C NMR spectra upfield at 115, 

132, 139, 163 and 190 ppm, where attributed to the benzene ring and aldehyde carbons atoms, 

further evidence of the formation of this compound. The infrared spectrum of this compound 

showed all the absorption peaks corresponding to metronidazole and an additional strong peak 

at 1674 cm-1 that was attributed to the C=O (aldehyde) stretching. 

  

2.3.2.3.2 Synthesis and characterisation of (E)-2-(2-((4-(2-(2-methyl-5-nitro-1H-

imidazol-1-yl)ethoxy)benzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, 

2.8 

 This was achieved according to the general procedure of producing a Schiff base which 

includes the mixing of aldehyde group with primary amine in the presence of suitable solvent, 

in this case ethanol, at room temperature for 17 hours. The desired product was obtained as a 

beige powder after filtration with a yield of 67%. This novel compound was fully 

characterised and data, detailed in the experimental part, are consistent with the suggested 

structure. In the 1H NMR spectrum, as seen in Fig 2.10, the proton signal corresponding to the 

aldehyde group in 2.7 disappeared and further peaks were seen at 3.85, 4.75, 6.89, 7.91 and 

8.54 ppm which were assigned to n-(2-aminoethyl)-1,8 naphthalimide fragment. One 

additional peak with an integral of one proton also appeared at 8.35 ppm and was assigned to 

the proton of the imine bond of 2.8. 13C NMR spectra displayed 19 peaks which were 

assigned to the carbons in the structure. Four peaks were found downfield representing 
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aliphatic carbons and the others were found at high field for the aromatic carbons and imine 

carbon. 

In the FT-IR spectrum, compared to compound 2.7, there was a new medium peak at 

1697 cm-1 corresponding to the formation of the imine bond (C=N stretching). Extra 

absorption peaks at 1608 cm-1 and 1647 cm-1 correspond to C=O (amide group) stretching of 

n-(2-Aminoethyl)-1,8 naphthalimide are also observed. The disappearance of the strong peak 

at 1674 cm-1 that was attributed to C=O (aldehyde) stretching is further evidence of the 

formation of 2.8.  Mass spectrometry showed the expected [M+H]+ ion peak (498.1768, 

100%) for the desired product. The success of this reaction was also confirmed by the UV-vis 

spectrum. It presented an absorbance maximum at 350 nm. The absorption detected in the 

spectrum of naphthalimide starting moieties displays exactly the same wavelength. which is 

close to values reported for similar fluorescent, naphthalic anhydride-derived imides.27  

 

2.3.2.3.3 Synthesis characterisation of (E)-6-chloro-2-(2-((4-(2-(2-methyl-5-nitro-

1H-imidazol-1-yl)ethoxy)benzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione, 2.9 

Another novel compound 2.9 was also produced, (Fig 2.8) as a result of condensation of 2.7 

with 2-(2-aminoethyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-dione 2.2 at room 

temperature for 17 hours. The desired compound was obtained as a bright yellow powder with 

a yield of; 38%.  Compared to 1H NMR spectra of 2.7, additional peaks at 3.85, 4.75, 7.97, 

7.98, 8.42, 8.53 ppm appeared due to the chloro- naphthalimide moiety and its side chain. 

Moreover, the absence of the aldehyde group’s proton and the existence of the imide group 

proton at 8.35 ppm are additional indication of the successful preparation of 2.9 (Fig 2.10). In 

the 13C NMR spectrum, the absence of the aldehyde group’s carbon at 190 ppm and the 
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presence of extra peaks in aromatic and aliphatic field are also evidence of the effective 

preparation of 2.9. Because of the similarity between 2.8 and 2.9 in the molecular structure, 

the infrared spectrum of 2.9 has very similar absorption peaks. As seen in Fig 2.9, The mass 

spectrometry analysis gave the exact theoretical mass (532.1379, 100%) with the correct Cl 

isotopic pattern. The product was soluble in acetone, DCM and chloroform.  

 

Figure 2.9: High resolution mass spectrometry of 2.9 

 

2.3.2.3.4 Synthesis characterisation of (E)-2-(2-((4-(2-(2-methyl-5-nitro-1H-

imidazol-1-yl)ethoxy)benzylidene)amino)ethyl)-6-morpholino-1H-benzo[de]isoquinoline-

1,3(2H)-dione, 2.10 

This was synthesised by using the same procedure as that for 2.8 and 2.9. However, the crude 

product was purified by column chromatography on silica gel (acetonitrile) to afford the 

desired product as a dark yellow powder with yield of; 35%. In the 1H NMR spectrum, as 

seen in Fig 2.10, there were extra four resonance peaks downfield and five more peaks in the 

aromatic region compared to that in 2.7. These peaks are corresponding to the protons of the 
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napthalimide moiety. Again, the disappearance of the aldehyde proton of 2.7 and the presence 

of a new peak with integral of one proton at 8.31 ppm were noticeable in the 1H NMR 

analysis. It was observed in the 13C NMR spectrum, compare to that of 2.7, that there were 

extra peaks in both high and low field corresponding to carbons of naphthalimide fragment. 

Moreover, the disappearance of the distinguished aldehyde peak of 2.7 at 190 ppm and the 

appearance of imine carbon are a good proof of the formation of the compound. IR analysis 

gave similar results to that seen for 2.8 and 2.9. Mass spectrometry showed the expected peak 

(583.2311, 100%) for the desired product. In term of solubility, the product was soluble in 

acetone and chloroform.  

 

 

Figure 2.10: 1H NMR analysis for 2.7 (blue), 2.8 (red), 2.9 (green) and 2.10(purple) 

 

2.3.3 Synthesis and characterisation of (E)-2-(2-((4-hydroxybenzylidene)amino)ethyl)-

1H-benzo[de]isoquinoline-1,3(2H)-dione 2.11 

The synthesis of 2.11, (Fig 2.11) was carried out and the compound was used as fluorescence 

reference for 2.8. The synthesis was carried out by reacting 4-hydroxybenzaldehyde with 2.1. 

The desired product was obtained as a white powder (yield: 69%). To the best of our 
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knowledge (E)-2-(2-((4-hydroxybenzylidene) amino)ethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione 2.11 ,which was fully characterised, is a novel fluorescent Schiff base 

compound. The success of producing this compound was supported by 1H NMR 

spectroscopy, as there were two additional doublet peaks at 6.7 and 7.5 ppm with integrals of 

two protons in aromatic region compared to 2.1. These peaks correspond to the para 

substituted benzene ring. The presence of one further signal peak with integral of one proton 

at 8.22 ppm assigned for the proton of imine bond is an evidence of formation of Schiff base. 

There are 13 carbon peaks in the 13C NMR spectrum as expected for 2.11. The analysis of 

mass spectrometry of the sample in acetone showed an ion peak for [M+H]+ at (345.12, 

100%) in the agreement of the theoretical calculation.  

 

Figure 2.11: Synthesis of (E)-2-(2-((4-hydroxybenzylidene)amino)ethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione 2.11 

 

  

2.3.4 Synthesis and characterisation of fluorescently labelled 2-nitroimidazole   

2.3.4.1 Synthesis and characterisation of 2-nitromidazole 

Because of the high cost of azomycin, we produced 2-aminoimdazole by reacting 2-amino-

acetaldehydedimethylacetal and the O-methyl-isourea (Fig 2.12). Both starting materials are 

relatively cheap and therefore this reaction pathway has economic advantages. 2-

Aminoimidazole then was oxidised and converted to 2-nitroimidazole. This reaction was 

successful according to 1H NMR spectra analysis which appears as a singlet at around 7.4 

ppm, this peak comes from the two identical protons of the imidazole ring. These protons are 

identical because of the resonance in imidazole ring and proton transfer, a singlet is observed. 
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 There were two reaction procedures for preparing 2-nitroimidazole (Fig 2.10) which 

were followed,28,29 however, the yield of the product was very low ~ (5- 7%). After several 

attempted to optimise the yield by increasing the time of the reaction and repeating the 

extraction process many times, we decided to use commercially available 2-nitroimidazole for 

the preparation of fluorescently labelled 2-nitroimdazole.  

 

Figure 2.12: Synthesis of 2-aminoimdazole and 2-nitroimidazole. 

 

 

2.3.4.2  Attempted synthesised of 6-(2-nitro-1H-imidazol-1-yl)-1H,3H-

benzo[de]isochromene-1,3-dione 

This experiment was carried out in order to obtain fluorescently labelled azomycin that is able 

to be attached to variety of diamines. This experiment was attempted by using a one-step 

synthesis starting from 4-chloro-1,8-naphthalic anhydride in the presence of K2CO3 as seen in 

Fig 2.13. This reaction is an aromatic nucleophilic substitution reaction such reaction is only 

observed when the aromatic ring is electron deficient. The mechanism of this reaction is 

described below: 

The chlorine atom attached to the naphthalic anhydride ring is more electronegative than 

carbon atom bonded to it. This produces a partial positive charge on the carbon and makes it 
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susceptible to be attacked by nucleophiles. The lone pair of electrons of the 2-nitroimidazole 

nitrogen atom are then capable to attack this carbon atom. The carbonyl groups of the 

anhydride moiety (which are electron withdrawing) and the conjugated system of aromatic 

ring may distribute the negative charge across the whole molecule. This may stabilise the 

intermediate and make this step more favourable for promoting the reaction. The chloride ion 

will pick up a proton and leave as hydrochloric acid.  

However, after screening this reaction under different conditions, no product was observed 

according to 1H NMR spectra analysis as only the peaks of the starting material were seen. 

Strangely, the reactions were monitored by TLC which showed that there is a new polar 

product while 2-nitroimidazle disappeared. The possible explanation of this observation is 

that the potassium salt of 2-nitroimidazole formed making it more polar and soluble in water. 

However, while this reaction is theoretically possible, it is less likely to occur due to steric 

hindrance of the reaction. The anhydride moiety is held in a planar geometry as it is attached 

to the naphthalene aromatic system. It would therefore be difficult for the 2-nitroimidazole 

nitrogen sp2 orbital, containing the lone pair, to have enough access the carbon. This is 

because this lone pair are part of a five-membered ring also they are adjacent to nitro group 

that make the access to the positively charged carbon even more difficult. If the overlap of 

these two orbitals is prevented, then no nucleophilic attack can happen.  

Another possible explanation for this is the lone pairs on the nitrogen of imidazole need to 

displace the chloride, having a nitro group (which is electron withdrawing group) may make 

this lone pair less basic and consequently less available.  
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Figure 2.13: Attempted synthesised of 6-(2-nitro-1H-imidazol-1-yl)-1H,3H-

benzo[de]isochromene-1,3-dione 

 

We wished to extend the synthesis of metronidazole with naphthalamide to analogous 2-

nitroimidazoles in order to fairly compare the potential reduction abilities of these compounds 

in hypoxic tissues. The prodrugs were synthesized according to the process outlined in Fig 

2.14. The following synthetic approaches were carried out and the details for these steps are 

given below; 

 

 

 

Figure 2.14: Synthetic pathway of 2.15, 2.16 and 2.17 
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2.3.4.3 Synthesis and characterisation of 1-(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-

nitro-1H-imidazole, 2.12 

In the first step of this synthesis, it was important to have a side chain that have two carbon 

atoms to mimic the structure of metronidazole. Thus, (2-bromoethoxy)(tert-

butyl)dimethylsilane was reacted with 2-nitroimdazole in the presence of potassium 

carbonate. This reaction was carried out according to the previously reported method 

described by Chen Jin et al.30 Previous attempts to react 2-chloroethanol with 2-nitroimdazole 

to produce 2-(2-nitro-1H-imidazol-1-yl)ethanol 2.13 directly were not successful. By the 

increasing the reaction time for more than 72 hours, TLC showed the presence of starting 

material alongside with some of new products. 1H NMR spectrum data presents obvious peaks 

of the starting materials and some very small peaks of other products on the baseline. This is 

probably due to the potential polymerisation of chloroethanol under these conditions. Failure 

of this attempt diverted our attention towards an alternate approach involving the use of (2-

bromoethoxy)(tert-butyl)dimethylsilane as the alcohol is protected by the bulky tert-butyl 

dimethylsilane group. This promotes the nucleophilic attack only on the carbon atom adjacent 

to bromine atom. The success of this reaction can be simply detected by 1H NMR 

spectroscopy. There are two doublets peaks for imidazole moiety. These are seen at 7.0 ppm 

and 7.2 ppm, in place of the original singlet resonance. In addition, the proton peaks of ethoxy 

tert-butyl dimethylsilane moiety were also observed.   

 

2.3.4.4 Synthesis and characterisation of 2-(2-nitro-1H-imidazol-1-yl)ethan-1-ol, 2.13 

The next step of this synthesis was to deprotect tert-butyl dimethylsilane from 1-(2-((tert-

butyldimethylsilyl)oxy)ethyl)-2-nitro-1H-imidazole 12  to yield the alcoholic analogue 2.13, 

(Fig 2.14). The attempt of deprotection with HCl and MeOH followed a method used by Chen 
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Jin et al. 30 In the 1H NMR spectrum analysis of 2.13, the distinguishing tert-

butyldimethylsilane peaks present in the 1H NMR spectrum of 2.12 was not detected 

suggesting the removal of the protecting group had been successfully carried out.    

 

2.3.4.5 Synthesis and characterisation of 2-(2-nitro-1H-imidazol-1-yl)ethyl 

methanesulfonate, 2.14 

2-(2-Nitro-1H-imidazol-1-yl)ethyl methanesulfonate 2.14  was prepared according to a 

procedure described by  J. Cao and co-workers (Li et al., 2008) with some modification.31  

This entails reacting 2-(2-nitro-1H-imidazol-1-yl)ethanol 2.13 and methanesulfonyl chloride 

in the presence of triethylamine. DMAP was used as a catalyst in this procedure, however, we 

avoided using this reagent as it would be difficult to eliminate in the purification step, as it 

would remain in organic layer during the extraction process and then require further 

purification steps causing loss of the product.  

 The success of this reaction was confirmed by 1H NMR spectroscopy which showed five 

resonances. Two of these resonances appeared in the aromatic region; two doublets 

characteristic of a 2-nitroimidazole moiety each with an integral of one proton. Two triplet 

resonances were seen between 4 and 5 ppm indicating the presence of the two CH2 

environments. One more singlet peak with an integral of three was observed at 3 ppm 

indicated the presence of the -CH3 environment.   

 

2.3.4.6 Synthesis and characterisation of 4-(2-(2-nitro-1H-imidazol-1-

yl)ethoxy)benzaldehyde, 2.15 

Synthesis of a novel azomycin derivative; 4-(2-(2-methyl-2-nitro-1H-imidazol-

1yl)ethoxy)benzaldehyde 2.15, was carried out by the reaction of 2.14 with 4-
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hydroxybenzaldehyde in the presence of a base. The product was obtained as a beige powder 

(yield 66%). The success of this compound was confirmed by 1H NMR spectrum which 

showed seven resonances as seen in Fig 2.15. Four of these resonances appeared in the 

aromatic region; four doublets characteristic of a 2-nitroimidazole moiety and para-substituted 

benzene with integrals of one and two protons. Two triplet resonances were seen between 4 

and 5 ppm indicating the presence of the two CH2 environments. One more singlet peak with 

integral of one was observed at 9.82 ppm indicating the present of an aldehyde proton in this 

compound. The absence of the singlet peak for methyl group that was present in 2.14 is an 

additional evidence of the formation of this compound. 13C NMR spectrum resonances 

expected for the structure of 2.15 is 10 peaks. Although the carbons peaks in the correct place 

and carbon spectrum looks sensible, only nine peaks were observed instead of 10 peaks 

(Fig2.16). The missing carbon peak could be either the one corresponding for C-NO2 or O-C-

aromatic ring. That is because both are quaternary signals, which are often weak due to slow 

relaxation.   

 The infra-red analysis of this compound showed the distinguished carbonyl stretch C=O of 

aldehyde at 1683 cm-1, there are also two bands of moderate intensity in the region 2758 cm-1 

corresponding to O=C–H stretch. The absorbance corresponding to the azomycin moiety were 

observed such as N=O symmetric at 1307 cm-1, 1357 cm-1 and N=O asymmetric at 1527 cm-1. 

The mass spectrometry of 2.15 in chloroform found an ion peak for [M+H]+ at (262.0834, 

100%) which was equivalent to the hypothetical calculation.    

The Schiff bases 2.16 and 2.17 were prepared by reacting of 4-(2-(2-methyl-2-nitro-1H-

imidazol-1-yl)ethoxy) benzaldehyde 2.15 with different aromatic amines 2.1 and 2.3 in 

ethanolic solution as depicted in Fig 2.14.  

 



Fluorescently Labelled Nitroimidazole 

 

47 

 

2.3.4.7 Synthesis and characterisation of (E)-2-(2-((4-(2-(2-nitro-1H-imidazol-1-

yl)ethoxy)benzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 2.16 

It was prepared according to the general method of producing a Schiff base. A mixture of 2.15 

and n-(2-aminoethyl)-1,8 naphthalimide in ethanol was stirred for 24 hours in room 

temperature. The precipitate was filtered, and the product was obtained as a beige powder, 

(yield 44%). This novel compound was fully characterised and data, detailed in the 

experimental part, are consistent with the suggested structure. In the 1H NMR spectrum, as 

seen in Fig 2.15, the proton corresponding to the aldehyde group in 2.15 at 9.87 ppm 

disappeared and a resonance associated with the imine was seen at 8.35 ppm. Compared to 

2.15, Further peaks were seen at 3.85 4.75 6.89 7.91, and 8.54 ppm which were assigned to 

the naphthalimide moiety. Moreover, the success of this reaction was also confirmed by 13C 

NMR spectrum, with the absence of the aldehyde carbon peak and presence of the imine 

carbon peak (Fig 2.16). In the FT-IR spectrum, compared to 2.15, there was a new medium 

absorbance at 1697 cm-1 corresponding to the imine bond. There are additional absorption 

peaks at 1662 cm-1 and 1604 cm-1 which correspond to the amide group stretching. The 

presence of the methyl groups was confirmed by C–H stretching vibrations that appeared at 

2930 and 2862 cm-1. The disappearance of the strong peak at 1683 cm-1 that was attributed to 

carbonyl group of aldehyde stretching is further evidence of formation of 2.16. High 

resolution mass spectrometry showed [M+H]+ ion peak at (484.1624, 100%) which matches 

the theoretical calculation of structure of 2.16.  

  

Synthesis and characterisation of (E)-6-morpholino-2-(2-((4-(2-(2-nitro-1H-imidazol-1-

yl)ethoxy)benzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 2.17:  
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It was prepared by the reaction of 2.15 and 2.3 (Fig 2.14). This newly prepared compound 

was successfully prepared in significantly low (yield 17%). That maybe due to the loss of the 

product during the purification step by using a chromatography separation method. The 

success of this compound was easily detected by 1H NMR spectrum, which showed the 

disappearance of the proton corresponding to the aldehyde group. In addition, triplet 

resonances were seen between 3.25 and 3.95 ppm with integral of 4 protons indicating the 

presence of the two CH2 environments of morpholine. Two more triple peaks with integral of 

two protons were also detected at 3.7 and 4.3ppm and five characteristic peaks with integral 

of one were seen in the aromatic region corresponding to naphthalimide moiety. One more 

singlet peak with an integral of one proton was observed at 8.5 ppm representing the proton of 

the imine bond (Fig 2.15). As seen in Fig 2.16, the 13C NMR spectrum also confirmed the 

successful preparation of this product as there are 25 peaks were seen that match the proposal 

structure of 2.17. As explained previously in 2.16, the disappearance of the aldehyde group’s 

carbon at 191 ppm and appearance of the imine carbon are also an indication of the successful 

preparation of 2.17. Because of the similarity of the structure between 2.16 and 2.17, the FT-

IR spectrum of 2.17 was similar to that of 2.16. The High Resolution Mass spectrometry 

showed the expected ion peak of [M +H]+ at (569.2159, 100%). 
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Figure 2.15: 1H NMR analysis for 2.15 (blue), 2.16(green) and 2.17(red) 

 

 

Figure 2.16: 13C NMR analysis for 2.15 (blue), 2.16(red) and 2.17(green) 

 

The formation of the imine bond in both Schiff base compounds 2.16 and 2.17 proceeds via a 

nucleophilic addition mechanism.  Due to differences in electronegativities, the carbonyl 

group in 2.15 is polarized. The carbon atom has a partial positive charge, and the oxygen atom 

has a partially negative charge. A lone pair of electrons on the nitrogen of the primary amine 

in 2.1 and 2.3 is attracted to the partial‐positive carbon of the carbonyl group in 2.15. Then 
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one of the protons transferred from the nitrogen of primary amine to the oxygen anion. Follow 

by protonation of the hydroxy group to yield an oxonium ion, which easily leaves as a water 

molecule. Then a proton from the positively charged nitrogen immigrated to water, to form an 

imine bond (Fig 2.17). The reaction is reversible, so in the aqueous condition the reaction 

may be potentially revert to the starting material.  

 

Figure 2.17: General mechanism of formation Schiff base compounds 

 

 

2.3.5 Synthesis and characterisation of N-(2-(1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl) ethyl)-2-(2-nitro-1H-imidazol-1-yl) acetamide 2.19 

Compound 2.19 was synthesised in order to obtain another fluorescently labelled azomycin 

which binds via amid bond. This could be more stable compound in water solution than that 

of 2.16 and 2.17 which have easily hydrolysed imine bond. 
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Figure 2.18: Synthetic scheme for producing 2.19 

 

  Benzyl 2-(2-nitro-1H-imidazol-1-yl) acetate 2.18, (Fig 2.18) was a novel compound which 

was produced in order to be reacted with naphthalimide or naphthalimide derivatives. It was 

synthesised by reacting 2-nitroimidazole with benzyl 2-bromoacetate in the present of 

potassium carbonate to deprotonate 2-nitroimidazole. The reaction mixture was refluxed in 

acetonitrile for 17 hours to yield a brown sticky residue (yield:44%). The success of 

producing this compound was confirmed by 1H NMR and 13C NMR spectrum, mass 

spectrometry and IR spectroscopy. In the 1H NMR spectrum, compared to 2-nitroimidazole, 

there are two doublets peaks are seen at 7.3 ppm and 7.8 ppm, rather than the singlet 

resonance. In addition, the peaks with an integral of 5 protons appeared in the aromatic region 

between 7.3 and 7.5ppm indicated the presence of the benzyl group. There are also two 

singlet peaks between 4,6 and 5.20ppm representing the two protons adjacent to the carbonyl 

group and the benzene ring respectively. 13C NMR spectroscopy also presented the nine peaks 

expected for the structure of this compound. In the FT-IR spectrum, compared to 2-

nitroimdazole, there was a new medium absorbance at 1739 cm-1 assigned to the ester group 

(C=O stretching). Additional absorption peaks at 3109, 3124 cm-1 correspond to stretching 

(unsaturated C-H bond of benzyl group). The mass spectrometry showed the expected 

[M+H]+ ion peak (261.24, 100%) for the desired product. 
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The next step was to react n-(2-Aminoethyl)-1,8 naphthalimide with 2.18 (Fig 2.18) in 

acetonitrile. The reaction mixture was refluxed under N2 for 27 hours. The solvent was 

evaporated in a vacuum. The residue was washed initially with diethyl ether then with acetone 

to remove the by-product (benzyl alcohol). The crude product was then purified by column 

chromatography on silica gel (Methanol: DCM) to afford the desired product was obtained as  

a pale-yellow powder (yield 25%). The 1H NMR spectroscopy showed peaks expected for the 

structure. The distinguishing benzyl peaks present in the 1H NMR spectrum of 2.18 was not 

detected suggesting the removal of the benzyl group had been successfully done. Moreover, 

additional peaks corresponding to the naphthalimide moiety appeared. The same observations 

were seen in the 13C NMR data, disappearance of peaks of the benzyl group and the presence 

of the carbon’s peaks of naphthalimide moiety were confirmed the synthesis of this 

compound. The mass spectrometry illustrated the expected [M+H]+ ion peak (394.12,100%) 

for the suggested product.  

The reaction of 2.18 with 2-(2-aminoethyl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-

dione ,2.3, was also attempted, however the residue cannot be purified. The product 

separation by using TLC was not successful, despite the examination of many solvent 

systems. This prevent the further use of chromatographic technique.  

 

2.4 Stability of the new compounds 

All these novel compounds 2.8, 2.9, 2.10, 2.16 and 2.17 were air stable. The compounds were 

left in water for 12 hours, 24 hours, 27 hours and 5 days to investigate the stability of these 

compound in water and the effect of the time on this stability. All compounds were water 

stable after 27 hours and did not show any starting material according to TLC and NMR 

spectra. However, the imine bond proton has disappeared in 1H NMR analysis and the peak of 
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aldehyde carbon was observed in 13C NMR spectrum after 5 days. This was an evidence of 

hydrolysis of these compounds in aqueous solution. Although, the NMR analysis of this 

compounds showed no changes when it left in aprotic solvents for the same duration of time.   

 

2.5  Optical properties  

2.5.1  UV-vis analysis 

2.5.1.1 UV-vis analysis of 2.8, 2.9 and 2.10 

 

Figure 2.19: UV–vis absorption profiles of 2.8 (2.4 × 10-5 mol dm-3), 2.9 (2.6 × 10-5 mol dm-3) 

and 2.10 (2.9 × 10-5 mol dm-3) in chloroform. Inset shows the UV-vis absorption spectrum of 

metronidazole in DMSO at 8.5× 10-6 M and 2.7 in DCM at 1.3×10-5M 

 

Effect of substituent in position 4 of naphthalene ring on the absorption spectra is shown in 

Fig 2.19. Spectra of unsubstituted 1,8-naphthalimde of metronidazole 2.8 and 4-chloro-1,8-

naphthalimde of metronidazole 2.9 are very similar. Only very small bathochromic shift of 

quite a few nanometres can be observed in the case of chloro-analogue in comparison with 
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unsubstituted 1,8-naphthalimide of metronidazole. However, considerable changes can be 

noted by introduction of morpholine group to naphthalene ring. 

In the UV-Vis spectrum recorded for 2.8, there is a broad absorption was seen between 289 

and 354 nm. Within the spectrum an internal charge transfer (ICT) state arises from the π-π* 

electron transfer occurring with λ maximum at 348 nm. The values are in good agreement 

with those values reported in the literature.32 

The molar extinction coefficient Ԑ at the absorption maxima is 12,652 M-1cm-1 for 2.8. The 

observed value is closely comparable to related literature example that are based on the 

naphthalimide chromophore.33 

The replacement of the hydrogen atom with chlorine in the naphthalene ring have a little 

effect on the absorption properties as shows in Fig 2.19. The same observation was seen in 

UV-Vis spectrum of 2.9, there is a broad absorption was seen between 323nm and 358 nm 

due to the internal charge transfer (ICT) state whit λ maximum at 358 nm. The molar 

extinction coefficient Ԑ at the absorption maxima is 18,692 M-1cm-1. The chloro substituents 

in 2.9 causes a further red shift of approximately 10 nm. The values are in close agreement 

with those values reported in the literature of bromo substituent 1,8-naphthalimide.33,34 

Substitution by morpholine group in the naphthalene ring drastically alters the absorption of 

1,8-naphthalimide. The compounds become yellow due to the presence of an absorption band 

in the region of ~ 400 nm.33 

Compound 2.10 was absorbed at 395 nm. which is the good range since the expected value is 

eight-fold larger than those of analogous substituents 1,8-naphthalimide.21 The molar 

extinction coefficient Ԑ at the absorption maxima for 2.10 is 4,034 M-1cm-1. 

All three reagents 2.8, 2.9 and 2.10 exhibit an absorption at approximately 325 nm which are 

corresponding to metronidazole as seen in Fig 2.19, inset. Whereas the peak at ~265 is 
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expected to be corresponded to benzaldehyde moiety of 2.7 due to the internal charge transfer 

(ICT) arises from the π-π* and n-π* electron transfer of this group.   

 

2.5.1.2  UV-vis analysis of 2.16 and 2.17 

 

Figure 2.20: UV–vis absorption profiles of 2.16 (2.4 × 10-5 mol dm-3) and 2.17 (2.8 × 10-5 mol dm-

3) in chloroform. Inset shows the UV-vis absorption spectrum of 2-nitroimdazole in DMSO at 

5.6×10-6 M and 2.15 in DCM at 1.3×10-5M 

 

The absorption spectra of 2.16 is very similar to that of 2.8 in exhibiting a peak at 

approximately 348 nm with an extinction coefficient in the region of 6,958 M-1cm-1 structure 

in the spectra as Fig 2.20 shows. 

Also, the absorption spectra of 2.17 is similar to that of 2.10 in displaying a peak at about 402 

nm which is in the good agreement with that of morpholine substituents 1,8-naphthalimide.21 

The molar extinction coefficient Ԑ at the absorption maxima for 2.17 is 4,250 M-1cm-1. This 

value is similar to that of 2.10.  

Both 2.16 and 2.17 show an absorption at ~325 nm corresponded to nitroimidazole moiety. 

This value is consistent with the UV-vis for 2-nitroimdazole and 2.15 (Fig 2.20, inset). 
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2.5.2  Luminescence analysis 

2.5.2.1 Luminescence analysis of 2.8, 2.9 and 2.10 

 

Figure 2.21: luminescence analysis of 2.8 (blue), 2.9 (red) and 2.10 (grey). Inset: excitation 

spectra 

 

In photophysical studies, the solutions of 2.8, 2.9 in CH3Cl was found to be emissive 

(Fig2.21; Table 1). Following excitation at 345 nm, 2.8 showed a visible peak at 375 nm, 

with a lower energy shoulder at 401 nm (Fig 2.21), corresponding to the 1,8 napthalimide 

fluorophore.35 The emitting state of 2.8 is ascribed to π–π* character.35 With excitation of 345 

nm and detection at 401 nm respectively, time-resolved lifetime measurements in chloroform 

detected <0.5 ns.  

Although the absorption properties of 2.8 and 2.9 are relatively similar, for 2.9 a slight 

bathochromic shift in emission maxima ca. 33 nm were observed with respect to that of 2.8 

and an increase in emission lifetime was also noted, indicating an effect given likely by the 

withdrawing chlorine atom. Similar to that in 2.8, the emitting of 2.9, is ascribed to π–π* 

character. Time life for 2.9 was 3.6 ns measured in chloroform and was higher than that in 

2.8. 
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The solutions of 2.10 in CH3Cl was found to be highly emissive, (Fig 2.21; Table 1). By 

using the excitation of 416 nm, a single visible peak was noted at 500 nm which is assigned to 

morpholine substituents 1,8-naphthalimide. The values are in close agreement with those 

values reported in the literature of morpholine substituent 1,8-naphthalimide.36 The lifetime of 

2.10 was found to be single component and significantly higher than that in 2.8 and 2.9 

display (7.1 ns). The emitting state of 2.10 is ascribed not only to π–π* character but also to 

charge transfer (CT) character and this is due to the presence of the nitrogen atom of 

morpholine located at the back of the naphthalimide. This results in large Stoke shift (4038 

cm-1). 

 

2.5.2.2  Luminescence analysis of 2.16  

 

Figure 2.22: luminescence analysis of 2.16. Inset: excitation spectra at λexc= 358 

 

At an excitation wavelength of 345 nm, 2.16 showed a visible peak at 385 nm, with a lower 

energy shoulder at 401 nm (Fig 2.22; Table 1), which are corresponding to the naphthalimide 

fluorophore. These values were similar to 2.8. The corresponding excitation spectra exhibit a 
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band between 307 and 342 nm (Fig 2.22; inset). This is in close agreement with the data 

observed from the UV-vis spectrum. The emitting state of 2.16 is ascribed to π–π* character. 

 

2.5.2.3 Luminescence analysis of 2.17 

 

Figure 2.23: luminescence analysis of 2.17. Inset: excitation spectra at λexc= 436 

 

Similar to that of 2.10, solution of 2.17 in CH3Cl was highly emissive and by using the 

excitation of 400 nm, a single visible peak was noted at 526 nm which is assigned to 

morpholine substituents 1,8-naphthalimide (Fig 2.23; Table 1). This value is 26 time higher 

than that in 2.10 and in a good agreement with those values reported in the literature of 

morpholine substituent 1,8-naphthalimide.36 The corresponding excitation spectra exhibit a 

band between 345 and 462nm (Fig 2.23; inset) which are relatively comparative to the 

observations from the UV-vis studies. 

 The corresponding Time-resolved luminescence data of 2.16 and 2.17 were also recorded 

showing lifetimes of <20 ns (Table 1), consistent with fluorescence (π–π*). The data for 2.16 

best fit to a bi–exponential decay, with approximately two equal quenched species (0.5 ns, 48 
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%) and, longer component (2.9 ns). However, the lifetime of 2.17 was revealed to be single 

component and fairly extended compared to 2.16 show (3.7 ns).  

The presence of two lifetimes means that two lumophores are present, typically suggesting the 

presence of two species, one of which could be an impurity. However, according to TLC and 

the spectroscopic analysis of this compound, it was pure and so this phenomenon may be a 

result of an equilibrium process meaning two species exist in solution.   

 

Table 1: Luminescence properties of 8, 9, 10, 16 and 17 

 

Compound λexc/ nm λem/ nm Stokes shift 

(cm-1) 

t/ns 

2.8 345 401 4048 0.5 

2.9 371 475 5902 3.6 

2.10 416 500 4038 7.1 

2.16 358 401 2995 0.5, 2.9 

2.17 457 525 2834 3.7 

 

 

2.6  Confocal Microscopy 

Aqueous stock solutions of the reagents were prepared by first dissolving the compound in a 

small amount of DMSO and then making up to volume in water. For each compound 5.0 mg 

was dissolved in 1 ml of DMSO and made up to 25.0 ml using distilled water. It was 

immediately clear that in these conditions, (i) the morpholine complexes were more soluble 

than the parent naphthalimide or the chloro derivative and (ii) the 2-nitroimidazole species 
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were more soluble than the 2-methyl-5-nitroimidazole. All subsequent experiments utilied the 

morpholine derivatives as they were more soluble, and their fluorescence was more red 

shifted.  

For the labelling experiment, the imaging agent (1.0 µL) was added to a suspension of yeast 

(50.0 µL) along with PBS buffer (0.50 ml). The solution was left to stand for 10 minutes and 

then placed in a centrifuge and the yeast cells were spun down into a pellet. The solution was 

discarded, and the cells were resuspended in PBS (0.50 ml) and then spun down again and the 

solution was discarded. The cells were finally resuspended (0.50 ml) and a sample (50.0 µL) 

placed on a slide (with cover slip) to be imaged. 

Three types of yeast samples were utilised:  Schizosaccharomyces Pombe, Candida Utilis and 

Saccharomyces Cerevisiae.  

S Pombe is a unicellular eukaryote, with a rod-shaped. It has a 7-14 µm length and a 3-4 µm 

diameter. The cell grows entirely by elongation at its ends. Division occurs through formation 

of a cell plate that cleaves the cell at its midpoint. Within a cell there are extensive and largely 

continuous mitochondrial reticulum which forms two large separate parts centred at opposite 

ends of the cell. In addition, there are two smaller mitochondria. Vacuoles formed two multi-

lobed complexes, one at each end of the cell. 

C. Utilis is slightly smaller than S. Pombe and has a slightly different internal structure. There 

is only one mitochondrion per cell, and the mitochondrion forms a peripherally placed 

reticulum. 

Even in a budding cell, only one mitochondrion is present, and it extends from the mother to 

the daughter cell. Images also show a vacuole cluster suggesting a single continuous multi-

lobed structure. 

S. Cerevisiae is a round/oval cell, 5-10 µm in diameter. Like C. Utilis and unlike S. Pombe it 

reproduces by a process known as budding. 
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Figure 2.24: A thin slice electron micrograph of S. pombe. N = nucleus, M= mitochondria, 

EDV/ETV = electron dense/transparent vacuoles; bar = 1µm. 37 

 

Figure 2.25: C. Utilis  N = nucleus, M= mitochondria, V = vacuole ; bar = 1µm.37 

 

Confocal images were obtained for S. Pombe by exciting at 405 nm and detecting between 

410-580nm. Images were compared to a control without the addition of dye A (2-

Nitroimidazole), to assess the degree of autofluorescence present. In both cases, with and 

without the dye, a small degree of luminescence within the cells was observed. From this it 

was assumed that little, if any, dye had entered into the cells. Repeating the experiment, but 

additionally adding glucose to the starved cells, made no difference to the observed results. 

From these it was decided to investigate whether a longer exposure to the imaging agent was 

required to observe reagent uptake. 
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Figure 2.26: Top left: autofluorescence of S.Pombe. Bottom left fluorescence image of S. Pombe 

exposed to A and B for 10 minutes. Images to the right are the brightfield images of each 

fluorescent image. 

 

At this point, A and B were used with all three cell lines using the same conditions as in the 

previous experiment except that the cells were now left with the reagent overnight (18 hours). 

 

A + S. Pombe 
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B  + S. Pombe 

 

A + C. Utilis 

 

B + C. Utilis 
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Figure 2.27: Top left: autofluorescence of S.Pombe. Bottom left: fluorescence image of S. Pombe 

exposed to A and B for 18 hours. Images to the right are the brightfield images of each 

fluorescent image 

 

 

In addition, control experiments were carried out for the cells of C. Utiis and S. Cerevisiae, 

which demonstrated negligible auto-fluorescence when compared to the labelled cells. From 

the images it is clear that significant reagent has occurred over the prolonged period. In 

additions, for S. Pombe and S. Cerevisiae, there appears to be greater uptake when using the 

less soluble 2-methyl -5-nitroimidazole reagent, B. In all images, no selectivity of the reagent 

for a specific part of the cell was observed. That is, fluorescent reagent did not appear to 

localise in the nucleus, mitochondria or vacuoles. However, when S. Cerevisiae was imaged 

with B, it did appear that the budding daughter cells were brighter than the mother cell, 

perhaps suggested that (i) either the young cell wall was more permeable to the reagent or (ii) 

A  + S. Cerevisiae 

B  + S. Cerevisiae 
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that in the process of budding the interface between mother and daughter allowed the reagent 

to enter the cells, though why this would result in preferential localisation in the daughter cell 

is unclear. 

 

2.7 Experimental section 

2.7.1 Materials 

All organic solvents were reagent grade and used as received unless stated otherwise. 

Distilled water was used throughout the experiments. NMR studies were measured on a 

Bruker AM-400 or Bruker Av-500 or Ultrashield (300, 400 and 500 MHz). Infrared spectra 

were recorded on a FT/IR-660 Plus Fourier Transform infrared spectrometer (JASCO). Mass 

spectra were produced using a Waters LCT Premier XE spectrometer. UV–visible spectra 

recorded on a Lambda 20 (Perkin Elmer); measurements were performed at 25 0C. 

Luminescence spectra were obtained on a HORIBA Scientific Jobin Yvon Fluorolog 3 

spectrophotometer using quartz cuvettes with a path length of 1cm. 

 

N-(2-Aminoethyl)-1,8 naphthalimide, 2.1 

It was prepared according to a modified literature procedure 19.1,8-naphthalic anhydride (5 g, 

25 mmol) was dispersed in H2O (50 ml) and added dropwise for 30 minutes to a solution of 

ethylenediamine (11.1 ml, 0.17 mmol). The reaction mixture was stirred and heated at 70 0C. 

Then the precipitate formed was heated at 80 0C for additional 15min, a light brown 

precipitate was filtered. The filtered solution was remained at room temperature overnight. 

yellow crystals were obtained yield (4.65 g, 77%). 1H NMR (300 MHz, CDCl3) δ 8.63 (d, J = 

7.2 Hz, 2H), 8.24 (d, J = 8.3 Hz, 2H), 7.78 (t, J = 7.8 Hz, 2H), 4.31 (t, J = 6.6 Hz, 2H), 3.09 
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(t, J = 6.6 Hz, 2H); IR: 3350(s), 3289(s), 1698(s), 1654(s), 1625(s), 1589(s) cm-1; MS ES+ 

[M+H]+  calcd for[C14H12N2O2]: 241.26; found: 241.9; UV (chloroform, nm)= 345. 

 

2 (2-Aminoethyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-dione, 2.2 

It was prepared according to a modified literature procedure 20. A suspension of 4-chloro-1,8-

naphthalic anhydride (1 g, 5mmol) in H2O (5 ml) was added dropwise over 10 minutes to a 

solution of ethylenediamine (2.2 ml, 33mmol) in water 12ml. The reaction mixture was stirred 

and heated at 75 0C. Then the precipitate formed was heated at this temperature for 30 

minutes. The precipitate was filtered and was recrystalised from chloroform. The desire 

product was yellow powder. 1H NMR (400 MHz, CDCl3) δ 8.60 (d, J = 7.3 Hz, 1H), 8.54 (d, 

J = 8.5 Hz, 1H), 8.44 (d, J = 7.9 Hz, 1H), 7.77 (t, J = 8.0 Hz, 2H), 4.20 (t, J = 6.6 Hz, 2H), 

3.00 (t, J = 6.6 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 164.06, 163.81, 139.24, 132.17, 

131.33, 130.77, 129.35, 129.15, 127.88, 127.41, 122.99, 121.49, 43.19, 40.45. 

 

  2-(2-Aminoethyl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-dione, 2.3:  

The synthesis of this compound was prepared according to a modified literature procedure21. 

This procedure includes two steps; 

 Synthesis of 6-morpholino-1H,3H-benzo[de]isochromene-1,3-dione. Morpholine (1.4g 

,16mmol) was added dropwise to a suspension of 4-chloro-1,8-naphthalic anhydride (0.8 g, 

4mmol) in ethylene monomethyl ether. The reaction mixture was refluxed for 2 days under 

N2. Then 3 drops of morpholine was added and the reaction mixture was refluxed in 

atmosphere for one more day. The reaction solution was remained in room temperature, orang 

crystals formed which was filtered and washed with water to give 6-morpholino-1H,3H-

benzo[de]isochromene-1,3-dione as dark yellow crystals. Yield (71 %).1H NMR (300 MHz, 
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CDCl3): 8.60 (d, J = 7.2 Hz, 1H), 8.54 (d, J = 8.1 Hz, 1H), 8.48 (d ,J = 8.5 Hz, 1H), 7.76 (t, J 

= 7.5 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 4.44 (t, J = 4.5 Hz, 4H ), 4.04 (t ,J = 4.1 Hz, 4H). 

preparation of 2-(2-aminoethyl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-dione:   

A solution of (0.0566 g, 2 mmol) 6-morpholino-1H,3H-benzo[de]isochromene-1,3-dione in 

EtOH 20 ml was added dropwise to a solution of ethylenediamine (120 g, 2 mmol) in EtOH 

20 ml. the mixture was refluxed for 16 hours. The solid was filtered and the solvent was 

evaporated from filtrate which was washed with water to give the product as dark yellow 

powder. Yield (60 %).1H NMR (300 MHz, CDCl3) δ 8.61 (d, J = 7.3 Hz, 1H), 8.55 (d, J = 8.0 

Hz, 1H), 8.44 (d, J = 8.5 Hz, 1H), 7.73 (t, J = 7.9 Hz, 1H), 7.25 (d, J = 8.1 Hz, 1H), 4.29 (t, J 

= 6.5 Hz, 2H), 4.03 (t, J = 3.8 Hz, 4H), 3.28 (t, J = 4.0 Hz, 3.0, 4H), 7 (t, J = 6.5 Hz, 2H). 

 

 2-(2-Methyl-5-nitroimidazole-1-ethyle 4- methylbenzene sulfonate, 2.4 

This synthesis was prepared according to a literature procedure22. 1H NMR (300 MHz, 

DMSO) δ 7.92 (s, 1H), 7.59 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 4.54 (t, J = 4.8 Hz, 

2H), 4.38 (t, J = 4.8 Hz, 2H), 2.48 (s, 6H); IR: 3132(w), 2976(w), 1597(s), 1523(s), 1462(m), 

1390(m), 1355(s), 1167(s).  

 

 2-(2-Methyl-5-nitro-imidazol-1-yl)-ethyl methanesulfonate, 232.6  

Metronidazole (5 g, 29.2 mmol), TEA (6.1 mL, 4.4 g, 43.9 mmol, 1.5 equiv.) were suspended 

in CH2Cl2 (25 mL) and cooled to (~10°C). Then A solution of methanesulfonyl chloride 

(2.7mL, 4g, 34.9 mmol, 1.2 equiv.) in CH2Cl2 (5 mL) was added dropwise to the previous 

suspension. The reaction mixture was stirred at room temperature for 3 days and the 

precipitate was remained in solution for 2 days. Then the solid was filtered and washed with 

H2O thoroughly to give white solid. (7.1 g, 97%).1H NMR (300 MHz, DMSO) δ 8.07 (s, 1H), 
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4.65 (t, J = 5.0 Hz, 2H), 4.55 (t, J = 5.0 Hz, 2H), 3.15 (s, 3H), 2.46 (s, 3H); 13C NMR (101 

MHz, DMSO) δ 13.9, 36.6,45, 68.4, 133, 138, 151.6 

 

4-(2-(2-Methyl-5-nitro-1H-imidazol-1-yl )ethoxy benzaldehyde, 2.7: 

It was prepared according to a literature procedure18 which involves addition of 4-

hydroxybenzaldehyde (0.366 g, 3.0 mmol) to a solution of 2-(2-methyl-5-nitro-imidazol-1-

yl)-ethyl methanesulfonate  (0.747 g, 3.0 mmol) in 2 mL DMF, potassium carbonate (0.828 g, 

6.0 mmol). The suspension was heated to 850C for 48 h (the reaction was monitored by TLC 

plate). After cooling, the solvent was removed by vacuum line then water (3 mL) was added 

to the residue. The solid was filtered and washed with water (3 time*50 ml). The product was 

obtained as dark yellow powder. Yield:  (0.58 g, 69%); 1H NMR (400 MHz, DMSO) δ 9.87 

(s, 1H), 8.05 (s, 1H), 7.86 (d, J = 7.7 Hz, 2H), 7.10 (d, J = 8.2 Hz, 2H), 4.65 (t, J = 5.0 Hz, 

2H), 4.55 (t, J = 5.0 Hz, 2H), 2.46 (s, 3H); 13C NMR (101 MHz, DMSO) δ 14, 45, 67, 115, 

130, 132, 133,139, 152, 163, 190; IR: 3133(w), 2960(w), 1674(s), 1577(s), 1531(s), 1508(s), 

1432(m),1377(s), 1361(s) cm-1. 

 

 (E)-2-(2-((4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)benzylidene)amino)ethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione, 2.8:   

A mixture of 4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl )ethoxy benzaldehyde (0.275g, 1 

mmol) and aminoethyl)-1,8 naphthalimide (240, 1mmol), in ethanol (20 mL) was stirred for 

17 hours (the reaction was monitored by TLC). The solid obtained was filtered and wash with 

ethanol to give a beige powder yield (0.337g, 67%).1H NMR (400 MHz, DMSO) δ 8.49 (dd, J 

= 16.2, 8.2 Hz, 4H), 8.28 (s, 1H), 8.05 (s, 1H), 7.93 – 7.83 (m, 2H), 7.62 (d, J = 8.8 Hz, 2H), 

6.92 (d, J = 8.7 Hz, 2H), 4.72 (t, J = 4.8 Hz, 2H), 4.35 (dt, J = 14.5, 6.2 Hz, 4H), 3.80 (t, J = 

7.1 Hz, 2H), 2.30 (s, 3H). 13C NMR (101 MHz, DMSO) δ 14.7, 30.1, 45.8, 58.0, 67.0, 115.0, 
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122.1, 129.3, 130.06, 131.2, 131.5, 133.07, 135.2, 152.7, 160.2, 162.5, 164.0; IR:3124(w), 

2956(w), 2845(w), 1695(s), 1625(s), 1608(s), 1514(s), 1436(m), 1450(m), 1379(s), 1338(s), 

1105(vs) cm-1; HR MS ES+ [M+H]+ calcd for [C27H23N5O5]: 498.1777; found: 498.1768; UV-

vis (CH3Cl): λmax (ε /M-1cm-1)= 264(19,375),311(20,000), 321(17375), 331(17,583), 

348(12,250) nm. 

 

 (E)-6-chloro-2-(2-((4-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethoxy)benzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, 2.9: 

 A mixture of 4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl )ethoxy benzaldehyde (0.68g, 187 

mmol) and 2-(2-aminoethyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-dione (0.68g, 186.3 

mmol), in ethanol (20 mL) was stirred for 24 hours (the reaction was monitored by TLC). The 

solid obtained was filtered and washed with ethanol to give a yellow powder (0.50 g, 38%). 

1H NMR (400 MHz, DMSO) δ8.62 (t, J = 8.0 Hz, 2H), 8.46 (d, J = 7.8 Hz, 1H), 8.46 (d, J = 

7.8 Hz, 1H), 8.46 (d, J = 7.8 Hz, 1H), 8.01 (s, 1H), 8.04 (t, J = 4.4 Hz, 1H), 7.61 (d, J = 8.5 

Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H), 4.72 (t, J = 5.0 Hz, 2H), 4.37 (t, J = 4.9 Hz, 2H), 4.37 (t, J = 

4.9 Hz, 2H), 3.79 (d, J = 6.9 Hz, 2H), 2.30 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 14.37, 

40.92, 45.94, 58.45, 66.68, 108.75, 114.23, 121.58, 123.8, 124.88, 128.51, 129.37, 129.62, 

129.64. 129.88, 130.07, 130.39, 139.30, 159.63, 162.54, 163.50, 163.54; IR: 3122(w), 

2962(w), 1699(s), 1668(s), 1651(s), 1635(s), 1558(s), 1541(s), 1516(s),1508(s), 1456(m), 

1373(s), 1346(s), 1051(vs)cm-1 ; HR MS ES+ [M+H]+ calcd for [C27H22ClN5O5]: 532.1388; 

found: 532.1379; UV (chloroform, nm) = 377 ,354, 323, 267 nm. UV-vis (CH3Cl): λmax (ε 

/M-1cm-1) = 264(25,550), 327(23,807), 342(27,192), 358(18,692) nm. 

  

(E)-2-(2-((4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)benzylidene)amino)ethyl)-6-

morpholino-1H-benzo[de]isoquinoline-1,3(2H)-dione ,2.10: 
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A mixture of 4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl )ethoxy benzaldehyde (0.137g, 0.5 

mmol) and  2-(2-aminoethyl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(0.162g. 0.5 mmol), in ethanol (20 mL) was stirred for 24 hours (the reaction was monitored 

by TLC). The solid was filtered then it was purified by column chromatography on silica gel 

(acetonitrile) to afford compound 10 as dark yellow powder yield (0.103g, 35%); 1H NMR 

(400 MHz, DMSO) δ8.62 (t, J = 8.0 Hz, 2H), 8.46 (d, J = 7.8 Hz, 1H), 8.46 (d, J = 7.8 Hz, 

1H), 8.46 (d, J = 7.8 Hz, 1H), 8.01 (s, 1H), 8.04 (t, J = 4.4 Hz, 1H), 7.61 (d, J = 8.5 Hz, 2H), 

6.92 (d, J = 8.7 Hz, 2H), 4.72 (t, J = 5.0 Hz, 2H), 4.37 (t, J = 4.9 Hz, 2H), 4.37 (t, J = 4.9 Hz, 

2H), 4.01 (t, 4H), 3.79 (d, J = 6.9 Hz, 2H), 3.27(t, 4H), 2.30 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 14.37, 40.92, 45.94, 53.25, 58.45, 65.33, 66.68,114.05, 115.05, 118.76, 123.98,125, 

125.05,129.88, 130,02, 132.54, 133.12, 134.43, 152.22, 156.45, 159.98, 162.22, 164.02, 

165.01 ; IR: 3122(w), 2962(w), 1699(s), 1668(s), 1651(s), 1635(s), 1558(s), 1541(s), 1516(s), 

1508(s), 1456(m), 1373(s), 1346(s), 1051(vs)cm-1; HR MS ES+  [M+H]+ calcd for 

[C27H23N5O5]: 583.2305; found: 583.2311; UV-vis (CH3Cl): λmax (ε /M-1cm-1) = 259(9,862), 

317(3,600), 323(4068), 339(2.693), 391(4,034) nm. 

 

 (E)-2-(2-((4-hydroxybenzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, 

2.11: 

Compounds 2.11 was synthesized and purified according to the following procedure: A 

mixture of 4-hydroxybenzaldehyde (0.122g, I mmol) and n-(2-Aminoethyl)-1,8 naphthalimide 

(0.240g, 1 mmol) in ethanol was stirred for 19 hours (the reaction was monitored by TLC). 

The solid obtained was filtered and washed with ethanol to give the desire product as a white 

powder yield (189g, 69%). 1H NMR (300 MHz, DMSO) δ 8.49 (dd, J = 13.2, 7.8 Hz, 4H), 

8.22 (s, 1H), 7.88 (t, J = 7.8 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 6.77 (d, J = 8.4 Hz, 2H), 4.31 

(t, J = 7.1 Hz, 2H), 3.78 (t, J = 7.0 Hz, 2H); 13C NMR (101 MHz, DMSO) δ 163.86, 162.09, 
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160.31, 134.83, 131.77, 131.22, 130.14, 127.83, 127.71, 122.49, 115.84, 58.09, 40.84; IR: 

3037(w), 2877(w),2786(w),1701(vs), 1696(vs), 1436(m), 1063(vs) cm-1; MS ES+ [M+H]+ 

calcd for 345.1227; found: 345.12;  UV-vis (DMSO): λmax (ε /M-1cm-1) = 269(9,705), 

291(5,588), 300(4,764), 351 (6,758) nm. 

 

2- Aminoimidazole: 

It was synthesised according to literature procedure.38 Yield: 1.75 g brown powder: H1 NMR 

(400 MHz, D2O): 6.5 (s, 2H). IR: 3150(w), 3000(w), 2750(w), 1680(m) cm-1. 

2-Nitroimidazole:  

It was synthesised and purified according to previously reported method described by 

Agrawal et. al 28 

A mixture of 2-Aminoimidazolium sulfate (1.57 g, 5.94 mmol) and fluoboric acid was 

dissolved in water (10 mL). The solution was cooled to -20 °C in an ice-salt bath. sodium 

nitrite (4.1 g, 59.4 mmol) was dissolved in water (10 mL) then was added to the cooled 2-

aminoimidazolium sulfate solution. The reaction mixture was stirred at -10 °C for 3 hours. 

This mixture was added to a solution of CuSO4-5H2O (29.7 g, 119 mmol) in water 200 ml. 

4.1 g of sodium nitrite was added to the reaction mixture and was stirred for 12 hours. Dilute 

HNO3 was added to the mixture in order to adjust the PH to 2. The mixture was reaction was 

the reaction was quenched with H2O and extracted with EtOAc. The combined organic layers 

were dried over (MgSO4) then the solution was concentrated in vacuum a yellow-coloured 

residue was obtained. The residue was washed with 10 mL of Et2O then it was recrystallized 

from EtOH to obtain small yellow crystals (0.120g ,5 %). 1H NMR (400 MHz, DMSO) δ6.62 

(s, 2H); IR:3163(w), 2970(w), 2846(w), 1541(s), 1517(s), 1361(s), 1338(s). 

 

1(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-nitro-1H-imidazole, 2.12 
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2-nitroimidazole (1.2g,10.62mmol) and K2CO3 (7g,21.24mmol) was stirred in DMF (10mL). 

(2-bromoethoxy)(tert-butyl)dimethylsilane (2.8g,11.68mmol) was added dropwise to the 

mixture. The mixture was heated under N2 at 80°C for overnight. The reaction was quenched 

with H2O and extracted with EtOAc. The combined organic layers were dried over Mg2SO4. 

The solvent was evaporated. The crude was then washed with H2O to obtain yellow crystals. 

1H NMR (400 MHz, DMSO) δ 7.72 (d, J = 1.0 Hz, 1H), 7.29 (d, J = 1.0 Hz, 1H), 4.65 (t, J = 

5.2 Hz, 2H), 4.00 (t, J = 5.2 Hz, 2H), 0.88 (s, 9H), 0.01 (s, 6H); IR:3115(w), 2927(w), 

2854(w), 1527(s), 1498(m), 1479(m), 1361, 1338(m), 1325(m) cm-1.  

  

2-(2-Nitro-1H-imidazol-1-yl)ethanol, 2.13 

1(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-nitro-1H-imidazole (1g,3.69mmol) was dispersed 

in MeOH (50mL) then HCl 37% (3 ml) was added dropwise.  The reaction mixture was 

stirred at room temperature for 48 hours (the completion of reaction was monitored with 

TLC). The solution was concentrated in vacuum and purified by column chromatography on 

silica gel (DCM: MeOH = 80: 1) to obtained compound 3 (1.8g,70%) as yellow powder. 1H 

NMR (300 MHz, DMSO) 7.66 (d, J = 1.0 Hz, 1H), 7.18 (d, J = 1.0 Hz, 1H), 4.72 (s, 1H), 4.47 

(t, J = 5.3 Hz, 2H), 3.71 (t, J = 5.3 Hz, 2H); IR: 3213(w), 3099(w), 2848(w), 1539(s), 1533(s), 

1506(s), 1489(m), 1363(s), 1072(vs) cm-1. 

 

2-(2-Nitro-1H-imidazol-1-yl)ethyl hydrogen sulfate, 2.14 

2-(2-nitro-1H-imidazol-1-yl)ethanol (5 g, 29.2 mmol), TEA (6.1 mL, 4.4 g, 43.9 mmol, 1.5 

equiv.) were dissolved in CH2Cl2 (25 mL) and cooled to (~10°C). Then A solution of 

methanesulfonyl chloride (2.7mL, 4g, 34.9 mmol, 1.2 equiv.) in CH2Cl2 (5 mL) was added 

dropwise for one hour to the previous suspension. The reaction mixture was stirred at r.t. for 3 

days. Then it was extracted with ethyl acetate (20 ml*5 times). Ethyl acetate layers were 
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combined and dried with MgSO2. The solvent was evaporated to obtain the product as yellow 

solid. 1H NMR (300 MHz, CDCl3) δ 7.24 (d, J = 6.4 Hz, 1H), 7.21 (d, J = 11.6 Hz, 1H), 4.47 

(t, J = 5.3 Hz, 2H), 3.71 (t, J = 5.3 Hz, 2H),3.00 (s, 20H); 13C NMR (101 MHz, DMSO) 

δ155.232, 128.87, 128.22, 68.74, 48.93, 37.19; IR: 3115(w), 3095(w),2964(w), 1539(s), 

1506(s),1487(m), 1340(s), 1364(s), 1172(vs) cm-1. 

 

4-(2-(2-Nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde, 2.15 

4-Hydroxybenzaldehyde (0.329g, 2.7 mmol) was added to a solution of 2-(2-nitro-1H-

imidazol-1-yl)ethyl methanesulfonate (0.534g, 2.7 mmol) in 2 mL DMF, potassium carbonate 

(0.745g, 5.4 mmol). The suspension was heated to 850C for 48 h (the reaction was monitored 

by TLC plate. After cooling, the solvent was removed by vacuum line then water (3 mL) was 

added to the residue. The solid was filtered and washed with water (15ml). The desired 

product was obtained as a beige powder yield (0.395g, 66%).  1H NMR (500 MHz, DMSO) δ 

9.87 (s, 1H), 7.86 (d, J = 8.1 Hz, 2H), 7.73 (s, 1H), 7.20 (s, 1H), 7.10 (d, J = 8.1 Hz, 2H), 4.85 

(t, J = 5.0 Hz, 2H), 4.50 (t, J = 5.0 Hz, 2H); 13C NMR (126 MHz, DMSO) δ 191.90, 163.20, 

132.28, 130.54, 128.78, 127.92, 115.24, 67.08, 48.86; IR: 3147(w), 3035(w), 2864(w), 

2758(w), 1683(s), 1589(s), 1558(s), 1525(s), 1508(s), 1475(m), 1355(s), 1340(s), 1305(s)  

cm-1; HR MS ES+ [M+H]+ calcd for [C12H11N3O4]; 262.0828; found 262.0834. UV-vis 

(CH3Cl):λmax (ε /M-1cm-1) = 272(97,538), 323(10,516) nm.  

 

(E)-2-(2-((4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzylidene)amino)ethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione, 2.16 

Compounds 16 was synthesized and purified according to the following procedure: A mixture 

of 4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde (0.065, 0.25 mmol) and n-(2-

Aminoethyl)-1,8 naphthalimide (0.060, 0.25 mmol), in ethanol (20 mL) was stirred for 24 
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hours (the reaction was monitored by TLC). The solid obtained was filtered to give the 

product as a beige powder, yield (0.053g, 44%). 1H NMR (400 MHz, DMF) δ 8.91 (dd, J = 

16.8, 7.6 Hz, 4H), 8.70 (s, 1H), 8.30 (t, J = 6.6 Hz, 2H), 8.12 (s, 1H), 8.04 (d, J = 7.9 Hz, 2H), 

7.61 (s, 1H), 7.35 (d, J = 8.3 Hz, 2H), 5.23 (t, J = 3.2 Hz, 2H), 4.81 (t, J = 4.4 Hz, 2H), 4.75 (t, 

J = 5.8 Hz, 2H), 4.23 (t, J = 6.0 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 163.86, 161.83, 

160.20, 134.82, 131.77, 131.22, 129.98, 129.77, 128.67, 128.07, 127.82, 127.70, 122.47, 

115.00, 66.72, 58.10, 48.93, 40.75; IR: 3032(w), 2960(w), 2836(w), 1697(w), 1662(s), 

1604(s), 1541(s), 1508(s), 1478(m), 1363(s), 1338(s), 1307(s) cm-1; HR MS ES+ [M+H]+ 

calcd for [C26H22N5O5]; 484.1621; found:484.1624. UV-vis (CH3Cl): λmax (ε /M-1cm-1) = 

266(11,166), 320(8,458), 332(9,083), 3489(6,958) nm. 

 

(E)-6-morpholino-2-(2-((4-(2-(2-nitro-1H-imidazol-1-

yl)ethoxy)benzylidene)amino)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione, 2.17 

Compounds 17 was synthesized and purified according to the following procedure: A mixture 

of 4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde (0.130g, 0.50 mmol) and 2-(2-

aminoethyl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-dione (162g,0.50 mmol), in 

ethanol (20 mL) was stirred for 24 hours (the reaction was monitored by TLC). The solid 

obtained was filtered then it was purified by column chromatography on silica gel 

(acetonitrile) to give the product as a yellow powder yield (46g, 17%); 1H NMR (400 MHz, 

DMSO) δ 8.49 (dd, J = 8.3, 5.0 Hz, 2H), 8.42 (d, J = 8.1 Hz, 1H), 8.27 (s, 1H), 7.87 – 7.77 

(m, 1H), 7.70 (s, 1H), 7.62 (d, J = 8.8 Hz, 2H), 7.36 (d, J = 8.2 Hz, 1H), 7.19 (s, 1H), 6.93 (d, 

J = 8.8 Hz, 2H), 4.82 (t, J = 5.1 Hz, 2H), 4.40 (t, J = 5.2 Hz, 2H), 4.30 (t, J = 7.1 Hz, 2H), 

3.95 – 3.88 (m, 4H), 3.79 (t, J = 6.8 Hz, 2H), 3.25 – 3.20 (m, 4H); 13C NMR (101 MHz, 

DMSO) δ 164.01, 163.48, 161.77, 160.20, 155.94, 132.69, 131.18, 131.07, 129.99, 129.79, 

129.61, 128.67, 128.07, 126.61, 125.76, 123.04, 116.29, 115.59, 115.00, 66.73, 66.66, 58.19, 
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53.50, 48.93, 31.17; IR: 3232(s), 1685(s), 165(s)1, 1597(w),1539/9s), 1508(s), 1434(m), 

1357(s), 1307(s), 1161(vs) cm-1. HR MS ES+[M+H]+ calcd for [C30H28N6O6]; 569.2149; 

found 569. 2151; UV-vis (CH3Cl): λmax (ε /M-1cm-1) =268(1,278), 402(4250) nm.  

 

Benzyl 2-(2-nitro-1H-imidazol-1-yl) acetate, 2.18 

Benzyl 2-bromoacetate (0.690g,3mmol) was added to a solution of 2- nitroimidazole 

(0.339g,3mmol) and K2CO3 (414g,3mmol) in acetonitrile 25ml. The suspension was refluxed 

under N2 for 15 hours (the reaction was monitored by TLC). Precipitate was filtered then 

filtrate was reduced in a vacuum to yield brown sticky residue (0.442g ,56.44%); 1H NMR 

(400 MHz, DMSO) δ 7.68 (d, J = 5.5 Hz, 1H), 7.55 – 7.27 (m, 5H), 7.23 (d, J = 14.0, 6.9 Hz, 

1H), 5.40 (s, 2H), 5.09 (s, 2H);13C NMR (101 MHz, DMSO) δ 167.73, 135.78, 129.03, 

128.99, 128.83, 128.56, 128.40, 67.28, 50.99. IR: 3124(w), 3109(w), 3030(w), 2956(w), 

2895(w), 1739(vs),16109s), 1541(s), 1504(s), 1489(m), 1454(m), 1359(s), 1386(s), 1200(vs) 

cm-1; MS ES+ [M+H]+ calcd for [C12H11N3O4]: 262.24, found: 262.09. 

 

N-(2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) ethyl)-2-(2-nitro-1H-imidazol-1-yl) 

acetamide, 2.19 

N-(2-Aminoethyl)-1,8 naphthalimide (0.120g, 0.5mmol) was added to a solution of benzyl 2-

bromoacetate (0.130g, 0.5mmol) in acetonitrile 10ml. the suspension was refluxed under N2 

for 72 hours (the reaction was monitored by TLC). The solvent was evaporated in a vacuum. 

The residue was washed initially with diethyl ether then with acetone to remove the by-

product (benzyl alcohol). Acetone was reduced in rotary evaporator. Yellow solid was washed 

again with acetone to yield pale yellow powder. Yield (0.050g ,25 %); 1H NMR (300 MHz, 

DMSO) δ 8.51 (dd, J = 13.9, 7.4 Hz, 4H), 7.90 (t, J = 7.8 Hz, 2H), 7.57 (d, 1H), 7.15 (d, 1H), 

5.00 (s, 2H), 4.17 (t, 2H), 3.46 (t, 2H);13C NMR (126 MHz, DMSO) δ 166.26, 164.15, 
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134.71, 131.77, 131.19, 129.17, 128.02, 127.82, 127.64, 122.71, 51.97, 39.49, 37.23; 

IR:3280(w), 3128(w), 3113(w), 2960(w), 1668(s), 1660(s), 1622(s), 1587(s), 1537(s), 

1487(m), 1377(s), 1340(s), 1184(vs)cm-1; MS ES+ [M+H]+ calcd for [C19H15N5O5]: 394.36, 

found 394.12. 
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CHAPTER 3 Design and Synthesis of Metal Complexes based on the 

Terpyridine Ligand and Nitroimidazoles 

3.1 Introduction 

Metal complexes have been intensively studied as potential reagents for chemotherapy.1,2 

There are many examples of metal complexes that have been used as anti-tumor reagents.3 

Cisplatin is one of the most active treatments of several type of cancer.4 However there are 

many disadvantages, including efficiency against only a small range of tumours and drug 

resistance.5 These difficulties encourage researchers to find new metal-based anticancer 

drugs. Palladium (II) complexes have been stated to have an antitumor effect with reduced 

toxicity compared to cisplatin.6 Pd(II) complexes based on terpyridine also showed a more 

influential antigrowth effect than the Pt(II) analogue and cisplatin against some cancer cells.7 

Copper(II) has a significant  role in many biological reactions beside its part in increasing 

anticancer efficiency of organic molecules.8,9 Copper (II) complexes with terpyridyl exhibited 

cytotoxicity against tumour cells.10 Czerwinska et al.11 Synthesised copper(II) complexes with 

terpyridine which revealed cytotoxic activity against tumour cells . Zinc (II) also plays an 

important role in cellular processes and metabolism and it has been cheated by the terpy 

ligand. Zn-terpy conjugated to adenine (Fig 3.1) has been produced and its properties were 

investigated by Qin et al.  The resulting complex showed effective in vitro cytotoxicity 

against several human tumor cell lines. Their cytotoxicity was approximately 10 times higher 

than the anticancer drug cisplatin.12  
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Figure 3.1: Zn-terpy with adenine complex 

 

Several complexes with 4’-substituted terpy have been synthesized by Wang et al. All the 

complexes showed high cytotoxicity against four human cell lines. The Cu complex, shown in 

Figure 3.2, in this study display higher cytotoxicity than cisplatin.13  

 

Figure 3.2: Cu-terpy with conjugated morpholine 

 

Coordination chemistry of a terpyridine-based ligand is a developing research topic because 

of their application in biochemical chemistry.14 Complexes of this ligand can  be effectively 

introduced into nucleic acids to act as potential anticancer agents. They also showed excellent 

antibacterial properties.15 

In addition, there are a number of studies reported on the metal complexes of metronidazole; 

for example Callaghan, four decades ago, reported Pt and Cu complexes of 2-methyl–5-

nitrobenzimidazole.16 Some transition metals were directly bound to metronidazole were 

reported by Obaleye et al,.17 This study showed all the complexes had greater inhibitory 

activity on the organism compared to its free metronidazole. Silver (I) complexes of 
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metronidazole were also synthesised and the antimicrobial activities of the complexes were 

evaluated and compared with antibacterial properties of the parent silver salts. While there are 

several reports of metal complexes conjugated to pendant nitroimidazoles,18, 17 to the best of 

our knowledge, metronidazole has not been used as a terminal group of terpy. Therefore, that 

an interesting objective was the synthesis of transition metal complexes of terpy-

metronidazole. Such complexes may have improved or different antimicrobe and anticancer 

activities. Similarly, 2-nitroimidazole has not been attached to terpy in any previous research. 

Thus, the synthesis and characterisation of this ligand and its complexes was achieved in this 

report. It is hoped that the novel terpyridine ligands and their complexes will have promising 

biological potential differing from the original metronidazole or azomycin. These metal-

nitroimidazoles complexes have two reducible sites; metronidazole/azomycin and transition 

metal core. Both have distinctive redox activities and subsequently, exceptional interactions 

with target hypoxic and normoxic cells.  Theoretically, these type of complexes with two 

reducible sites provide better selectivity and sensitivity for targeting hypoxic cell than either  

transition metal-complexes only or the nitroimidazole compounds alone.18  To further 

discover the configuration–activity associations and study new metal-based anticancer drugs, 

the synthesis and characterization of new Fe(II),Co(II), Ni(II), Pd(II), Cu(II) and Zn(II) 

complexes with ligands based on the terpyridine ligand and nitroimidazoles are described in 

this work for the first time. 
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3.2  Introduction to terpyridines 

 

Figure 3.3: Zn-terpy with adenine complex 

 

Terpyridine (terpy)  (Fig 3.3), is a useful ligand first isolated over 85 years ago, as a product 

of the reaction of pyridine with iron (III) chloride.19 Terpy is widely used as a building block 

in supramolecular chemistry because of its desired properties such as π-stacking ability, 

directional H-bonding and the ability to produce stable complexes of well-defined geometry.20 

The physical properties can be easily varied by adding different functional groups to any site 

of the terpy backbone. For instance, the addition of p-hydroxphenyl group at the 4- position 

decreases the ligand’s solubility, while  biphenyl groups in the 4’position greatly increases the 

π-stacking properties.21 Redox and photophysical properties can also be tuned by changing 

electron donor or withdrawing substituents.22,23 

 

3.2.1  Synthesis of pyridine 

The synthesis of pyridine rings is central to the synthesis of terpyridine. Most synthesis of 

terpyridine involve the synthesis of a pyridine with two pyridyl substituents! The most 

common procedures for the making of pyridine include: conversion from anther ring, and by 

heterocyclic cyclization.24 2,4,6 Substituted  pyridines were synthesized using several 

synthetic methods, often by the reaction of N-phenacyl pyridinium salts with unsaturated 

ketones and NH4OAc.25,26 However, these starting materials have to be initially produced 

therefore this process is rather expensive. Recently some original procedures for pyridine 
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preparation have been improved. For example, synthesis of pyridine was carried out by Potts 

et al by mixing ketoketene dithioacetals with methyl ketones in the presence of NH4OAc.27 

Pyridine and its derivatives can be also produced by reacting N phosphinylethanimines with 

aldehydes,28Addition of lithiated enaminophosphonates to chalcones is also another method 

for pyridine production,29 while the reaction of acetophenones with benzaldehydes in the 

present of amino acetate without solvent is yet another procedure.20 This latter reaction has 

also been reported without catalyst under microwave irradiation.30 

 

3.2.2 Synthesis of terpyridine 

The Kohnke method for the synthesis of terpyridines of type 2, 2’: 6’2’’terpyridine 

(terpy): 

According to this method, terpy can obtained by the reaction between (2-pyridacyl)-

pyridinium halide and unsaturated ketone by a Michael addition to produce a. By adding 

ammonium acetate central pyridine ring is constructed to form 2,2`:6`2” terpyridine (Fig 3.4). 

However, by using this method the yield was low commonly  about to 30–50%  because of  

multistep  purification.31,32 

 

Figure 3.4: Krohnke’s synthetic pathway for terpyridine production 
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Potts Method: 

This procedure is used to synthesise of 2,2′ : 6′,2″-terpyridine and its 4′-substituted 

derivatives. It depends on using accessible reagents and solvents and it consists of two steps. 

Potts condensation obtained 4′-methylsulfanyl-2,2′ : 6′,2″-terpyridine, and the following 

replacement of the methyl sulfonyl group produce 2,2′ : 6′,2″-terpyridine or its derivatives. 

The yield of the desired product in this procedure is usually about 30% (Fig 3.5).33 The yield 

of final product can be improved slightly by using an improved procedure reported by 

Jameson et al.34 The yield obtained by using this two-step method up was  to 47%. N,N-

dimethylformamide dimethyl acetal  in toluene was used in this procedure  instead of carbon 

disulphide used in the original Pott method. 

Jameson’s method (Fig 3.6) has become the preferred way for produce terpy; yet, some issues 

make it not ideal. For example, issues exist with the production and isolation of the desired 

pyridyl-enaminone leading to variations in the yield of the reaction due to the use of 

potassium t-butoxide.35 

 

Figure 3.5: Pott’s synthetic pathway for terpyridine production 
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Figure 3.6: Jameson’s synthetic pathway for terpy formation 

 

 

 Raston’s method: Green Synthesis of Terpyridine 

The Raston method (Fig 3.7) for the synthesis of 2,2’: 6’2’’terpyridine (terpy) is 

mechanistically the same as the Kronhke synthesis but producing terpy by this approach is 

much easier to carried out and purify. It was carried out without solvent.  This technique has 

made a dramatic progress in the yield.20 

 

Figure 3.7: Synthetic scheme of Raston reaction for terpyridine synthesis 
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 Other Methods 

Several 2,2′ : 6′,2″-terpyridines can be synthesised by using Stille cross-coupling.36,37 This 

procedure includes the use of trialkylstannylpyridines and the overall yields of the 2,2′ : 6′,2″-

terpyridines was up to 70% (Fig 3.8). Although the yield of terpy was high the experimental 

technique is difficult owing to special conditions essential for dealing with organotin 

compounds. Moreover, using expensive solvents and catalysts are other disadvantage of this 

method.38, 39 

 

 

Figure 3.8: Synthetic scheme of Stille cross-coupling for terpyridine synthesis 

 

3.2.3 Coordination Chemistry of Terpy 

Terpyridine is a chelating ligand with three coordination sites. The typical ratio of transition 

metal: ligand in terpy complexes is either 1:1 or 1:2. Typically the 1:2 terpy complexes are 

based on octahedral geometry and show D2d central symmetry. Terpyridine undergoes many 

changes when coordinated. The most noticeable of these is the alteration in configuration of 

the terminal pyridine rings. Free terpy ligand normally exhibits a trans, trans-equilibrium 

structure. However, upon the addition of the metal centre, a cis, cis structure occurs, as shown 

in (Fig 3.9). 
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Figure 3.9: Alteration in configuration of free and bound ligand 

 

To perform efficiently as a tridentate ligand, it is essential for the ligand to twist and decrease 

the interannular angle between the central and terminal pyridine rings. Upon complexation the 

dihedral angle between the terminal and central rings increases and the C-C-N angles 

decrease.40 (Fig 3.10). 

 

Figure 3.10: Distortion in the bond angles of ligand due to complexation 

 

 

3.2.4 Survey of the Co-ordination of Terpyridine to First Row Late Transition Metals  

The co-ordination chemistry of terpyridine with the first-row late transition metals (Fe-Cu) 

has been extensively covered. The well-defined geometry of the products has led to numerous 

further spectroscopic studies. For example, the addition of two equivalents of terpyridine to 

Fe(II) produces low spin six co-ordinate [Fe(terpy)2]
2+. The electrochemistry of this complex 

has been studied and contrasted to Ru(II).41 Five redox steps where observed for both 

complexes, four where at negative potential and the reversible Fe(II)/Fe(III) couple was 

observed at positive potential (+1.09V vs SCE for Fe compared to +1.27V vs SCE for 

[Ru(terpy)2]
2+/3+). The first three reductive processes where reversible but the reduction at 
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most negative potential lead to an ECE mechanism and the loss of the compound from 

solution. Considerable attention has been paid to the photophysical properties of these due to 

their potential use in light harvesting photodevices.42 Particular focus was given to the excited 

state properties of [Fe(terpy)2]
2+. The octahedral complex has a low spin d6 ground state 

(1A1g), with 3,5MC (metal centred) and 1,3MLCT (metal-ligand charge transfer) excited states 

and the relative ordering of these states were presented. The relative energies of these states is 

fundamental to their potential as chromophores in dye-sensitised solar cells and the rocking of 

the terpyridine was found to heavily affect the relative energies.43 Related to this, Canton et al 

44 investigated the dynamic Jahn-Teller distortion of the photo-induced HS state of 

[Fe(terpy)2]
2+. 

The Co(II) complex of terpyridine is well established45 and [Co(terpy)2]X2  (X= Cl-, Br-, NO3
- 

and ClO4
-) was found to display temperature dependant spin-crossover between the high-spin 

4T1 and low-spin 2E states. Nevertheless, UV-vis spectra displayed doublet-doublet transitions 

irrespective of the ratio, although the low temperature EPR of [Co(terpy)2]( ClO4)2 shows 

both spin states. This equilibrium was further explored by Kilner and Halcrow46 who showed 

in the solid state, [Co(terpy)2]( BF4)2 was low spin below 100K and 87% high spin at room 

temperature. A study on the varying oxidation state in [Co(terpy)2]
3+/2+/+ was carried out by 

Wieghardt et al who showed that the Co(III) was diamagnetic (LS d6), Co(II) contained high 

spin and by studying intraligand bond distances, they showed that [Co(terpy)2]
+ contained a 

Co(I) centre and not [Co(II)(terpy0) (terpy•)]+. Accordingly, the UV-vis spectrum show  

intense MLCT bands.47  

The structure of [Ni(terpy)2]
2+ with (PF6)

-2
  or ClO4

- has been reported.48,49 The cation has 

approximate D2d symmetry, with the main distortion from octahedral symmetry being an 

axial compression. There are significant examples where a mono-terpyridine complex has 

been formed with the two or three least sterically demanding ligands making the complex 5 or 
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six co-ordinate.50 However, heavier metals such as Pd and Pt produce square plane 

diamagnetic complexes with terpy. In such cases, the terpy has a bite angle not suited to 

square planar coordination and this results in some distortions in central ring bond and the 

square plane. In both octahedral and square plane complexes, the inter-ring bond is shorter 

than the bonds of the terminal rings.51(Fig 3.11). 

 

Figure 3.11: Illustration presenting the length of central nitrogen-metal bond compared to the 

terminal bonds 

 

Similarly, Cu(II) also show a tendency to form both bis terpy [Cu(terpy)2]
2+ and mono-terpy 

[Cu(terpy)Xn]
2+ complexes. A thorough description of the Jahn Teller distortion shown by 

[Cu(terpy)2]
2+ was reported by Schiemann52 while non-Jahn Teller active,  five co-ordinate 

mono-terpyridine species have been reported by Reinen.53 

 

 

3.3 Result and Discussion 

In this section the following aspects will be covered: 

1- Synthesis and characterisation of two new ligands based on the terpyridine and 

nitroimidazoles. 

2- Synthesis and characterization new Fe(II),Co(II), Ni(II), Pd(II), Cu(II) and Zn(II) 

complexes of metronidazole containing ligand 1.  
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3- Synthesis and characterization new Fe(II),Co(II), Ni(II), Pd(II), Cu(II) and Zn(II) 

complexes of azomycin containing ligand 2. 

4- Electronic Absorption Spectroscopy of both ligands and their complexes. 

5- Electrochemical studies for the ligands and the complexes. 

Ligands Synthesis 

3.3.1  Synthesis and characterisation of Ligand 1 (L1) 

Two pathways were attempted to obtain 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethoxy)phenyl)-2,2':6',2''-terpyridine, L1. The first attempt which was not successful 

included using 5-nitroimidazole conjugating with aldehyde to be reacted with 2-acetyl 

pyridine as shown in Fig 3.12. The other successful method involved 4’-(4-Hydroxyphenyl)-

2,2’,6’,2”-terpyridine E being directly reacted with a 5-nitroimidazol moiety terminated with 

a good leaving group as shown in Fig 3.13.  The description of both synthetic pathways will 

be described in detail as the following:     

 In the first experiment 2-acetyl pyridine A was reacted directly with 4-(2-(2-methyl-5-nitro-

1H-imidazol-1-yl)ethoxy)benzaldehyde B in the present of strong base KOH and ammonium 

acetate as shown in Fig 3.12. The mixture was stirred in EtOH in room temperature for 24 

hours. Analysis by TLC did not show any sign of the product. The reaction time and the 

temperature were increased in order to force the reaction however there was no evidence of 

any product.  

 

Figure 3.12: Illustration presenting attempted synthesis of 4'-(4-(2-(2-methyl-5-nitro-1H-

imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-terpyridine L1 
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An alternative attempt was carried out using the same starting material as shown in  Fig 3.12 

with potassium tert-butoxide as base and anhydrous THF as solvent, adapted from previously 

reported procedure.54 It was successful in making the reaction go to completion (the reaction 

was monitored with TLC), however, the reaction ended up with a mixture of products rather 

than the expected pure desire product according to TLC and 1H NMR. Purification through 

recrystallisation in ethanol, THF, and DCM also failed. Further, thin layer chromatography 

was unsuccessful in fully separating the mixture in spite of the usage of various solvent 

systems of DCM/Methanol, acetonitrile and hexane/ethyl acetate preventing the possibility of 

purification by column chromatography. 

Thereafter the successful reaction was carried out by reacting 2-acetyl pyridine B with 4- 

hydroxy benzaldehyde C instead of 4-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethoxy)benzaldehyde (Fig 3.13). This route was considered in order to facilitate a Michael 

addition with less steric hindrance. This reaction was achieved following literature 

precedent.13 This reaction produced 3-(4-hydroxyphenyl)-1,5-di(pyridin-2-yl)pentane-1,5-

dione D as an intermediate product which was then cyclised with ammonium acetate in 

ethanol. The final product of this reaction was 4’-(4-Hydroxyphenyl)-2,2’,6’,2”-terpyridine E 

which was subsequently reacted with 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl 

methanesulfonate F to obtain the desired product ligand 1 as a green crystals. 

Recrystallisation of L1 involved the diffusion of acetonitrile into DCM solution (23%). 
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Figure 3.13: The synthetic pathway of 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethoxy)phenyl)-2,2':6',2''-terpyridine L1 

 

4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-terpyridine is a novel 

compound was fully characterised and data, detailed in the experimental part, are consistent 

with the suggested structure as depicted in Fig 3.13. 

 

1H NMR spectrum shown in Fig 3.14, produced all relevant peaks corresponding to 

metronidazole group. A singlet at 2.46 ppm corresponding to the methyl group of the Me in F 

disappeared and further peaks were seen at 8.77, 8.68, 8.61, 8.15, and 7.65 which were 

assigned to the terpyridine moiety. 13C NMR spectra indicated 18 peaks which were assigned 

to the carbons in the structure. Three peaks were found in down field representing aliphatic 

carbons and the other were found in the high field for the aromatic carbons. 11 signals in 13 C 

have high intensity because they have bonds with the hydrogen atoms compared to these with 

no bonds with hydrogen.     
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Figure 3.14: 1H NMR analysis of L1 in DMSO-d6 

 

 

FT-IR spectrum of the resulting product presented vibrational peak at 1590 cm-1 that was 

corresponded to C=N stretching peaks of terpy moiety. Vibrational peaks at 1521 and 1455 

cm-1 were attributed to N=O asymmetric stretching and CH2 bending. The absorption at 1342 

and 1365cm-1 were assigned to N=O symmetric stretching.55,56 Further characterization by 

high resolution mass spectrometry corroborated the result which showed the expected [M+H]+ 

ion peak (479.1833, 100%) for the desired product. 

 Single pale brown cut block-shaped crystals were recrystallised from a mixture of DCM and 

MeCN by slow evaporation. X-ray represented the exact configuration of L1, (Fig 3.15). The 

bonds and angles were as expected, and the connectivity is in the agreement with 

spectroscopic data. It also exhibits a trans, trans configuration structure. 

 



Design and Synthesis of Metal Complexes based on the Terpyridine Ligand and 

Nitroimidazoles 

 

95 

 

 

Figure 3.15: Crystal structure of 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-

2,2':6',2''-terpyridine L1 

 

 

A number of metal complexes of L1 were then synthesised and their redox activity were 

tested. The redox activity was measure as describe in electrochemistry section. 

 

3.3.2 Synthesis and characterization of ligand 2 (L2) 

We wished to extend the synthesis of the metronidazole terpy ligand to the analogous 2-

nitroimidazoles to compare the potential reduction abilities and other properties of these two 

ligands and their complexes.  

As represent in Fig 3.16, to react 4’-(4-Hydroxyphenyl)-2,2’,6’,2”-terpyridine, E, with a 2-

nitroimdazole moiety, the latter has to be terminated with a good leaving group. Thus, G and 

H were synthesised as intermediate steps to facilitate the potential nucleophilic substitution 

reactions on 2-nitroimidazole. The alcohol terminated of 2-nitroimidazole G, was synthesised 

according to the procedure reported previously.57 3-(2-Nitro-1H-imidazol-1-yl)propyl 

methanesulfonate H was a novel compound which was synthesised by the addition of 

methanesulfonyl chloride to a mixture of  H and triethylamine in DCM. Ligand 2 was 

produced by adding 4’-(4-Hydroxyphenyl)-2,2’,6’,2”-terpyridine E to a solution of H in 
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acetonitrile in the present of base (K2CO3). The desired product was purified by recrystalising 

the crude product in acetonitrile. The pure desired product was attained as yellow crystals 

(14%). However, these crystals were too small for analysis by single crystal X-ray diffraction. 

 

 

Figure 3.16: The synthetic pathway of 4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-

2,2':6',2''-terpyridien L2 

 

L2 is a newly produced compound and was fully characterised and data is detailed in the 

experimental section. The data is consistent with the suggested structure as shown in Fig 3.16. 

The successful synthesis of this compound was easily detected by 1H NMR spectrum, with the 

disappearance of a singlet at 3.2 ppm assigned for the methyl group of H and the presence of 

all relevant peaks corresponding to 2-nitroimidazole. The disappearance of one singlet peak at 

10.22 ppm assigned to -OH proton of E is also a good proof of the formation of L2 (Fig 3.17).  

13C NMR spectra indicated 18 peaks which were assigned to the carbons in the structure. 

Three peaks were found in down field and the rest located in the up field.  

The infra-red data for the FT-IR spectrum of L2 shows medium band at 1583 cm-1 that were 

attributed to C=N stretching peaks. Vibrational peaks are similar to those of L1 with peaks at 

1516 and 1361 was corresponding to N=O asymmetric stretching and N=O symmetric 

stretching, respectively.56 Stretching peak of C-H saturated bond were observed at 2937 and 
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there is a weak band at 3035 cm-1 which ascribed to C-H unsaturated bond of the pyridine 

groups in this ligand. The high-resolution mass spectrum produced the required parent ion 

peak at 479.1832, (100%). 

 

Figure 3.17: 1H NMR analysis of L2 in DMSO-d6 

 

 

  

3.3.3 Complexes of L1 

All metal complexes of the terpyridine- metronidazole ligands were synthesized as stated in 

the Experimental Section. Treatment of the free metronidiazole-substituted terpy ligands with 

corresponding salts in an ethanol or ethanol/ DCM mixture at room temperature afforded 

complexes in modest yields (29% -50%). One exception is the palladium complex of this 

ligand which was prepared in H2O. All of these complexes are air-stable powders at room 

temperature. They are soluble in in acetonitrile, acetone and DMSO. Attempts to obtain a 

single crystal suitable for X-ray analysis were not successful. The structures of the 
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synthesized complexes were confirmed with the support of IR, UV spectroscopy, and HRMS. 

Only the diamagnetic complexes 1, 4, and 6 were analysed by 1H NMR spectroscopy.  

Octahedral complexes of L1 

The octahedral complexes of L1 were found to include the complexes of iron (II) cobalt (II), 

nickel (II), Cu (II) and zinc (II). These metal complexes were produced by a similar 

procedure. Two equivalents of L1 with one equivalent of the corresponding salts in an ethanol 

or ethanol/ DCM mixture at room temperatures afforded complexes in modest yields.   

 

3.3.3.1 Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-

terpyridine) iron (II)tetra fluoroborate (1)  

The iron complex, 1, was synthesised by adding Fe(BF4)2 to two equivalents of L1. A purple 

colour was observed directly, and a purple precipitate was formed after 15 minutes. This 

colour is in the agreement with that observed for similar octahedral complexes of iron (II) 

with terpy.58 1H NMR were recorded in DMSO-d6. The 1H NMR spectra showed up-field 

shift compared to the L1. The chemical shifts of the protons adjacent to the pyridyl rings were 

shifted up field. The results indicate the coordination of the ligands with the metal ions. The 

1H NMR spectra was very comparable to that of L1 showed 18 carbon peaks shifted up-field. 

The mass spectrometry analysis data of the complexes agree with the theoretical values. High 

resolution mass spectrometry confirmed the formulation of the complex, showing [M]+ with 

the correct isotopic pattern. The producing of complex was further supported by negative 

mode ESI-HRMS spectrometry, which documented a peak at 1098.3002 corresponding to 

[(L1)2- Fe-BF4
-]+ ion. The UV/vis spectrum was carried out in acetonitrile and a band was 

observed at 569(9074) nm which was in good agreement with the UV/ vis recorded by Martin 

and Lissflt59 assigned as metal-to-ligand charge transfer (MLCT) transition. Peaks of Fe (II) 
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complex at 257(17154), 285(22676), 324(30185) nm were assigned to the π–π* of the ligand 

transition. The IR spectra indicated the presence of 5-nitroimidazole and the terpy backbone. 

Comparison to the IR spectra of free L1, the band of C=N at 1590 cm-1 of free ligands shifted 

to higher frequency by 14 cm -1 after coordination. That is perhaps suggesting the more rigid 

the complex, the more energy is required for the bond to vibrate. Complex 1 was soluble in 

acetonitrile, acetone and DCM. 

 

3.3.3.2 Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-

terpyridine) nickel (II) tetra fluoroborate (2) 

Terpy-nickel(II) complexes [Ni(tpy)2]X2·H2O (X = Br or I) were synthesised as the first time 

by Morgan and Burstall in the 1930s60 and were found to show octahedral coordination.61 The 

nickel (II) complex, 2, was prepared using a similar method to 1 and the product was deep 

orange in colour. Attempts to obtain 1H NMR was done. This reveal only the solvent peaks 

though the use of wide range proton mode confirming the paramagnetic species of this 

complex. The UV/vis present a peak at 250nm, 324nm and 400nm. High resolution negative 

mode ESI-HRMS spectrometry, which documented a peak at 1100.2917 corresponding to 

[(L1)2Ni-BF4
-]+ ion. IR spectra were similar to that in 2. The ν(C=N) underwent a shift in 

frequency and intensity, caused by complexation. In UV/vis, peaks of this complex at 278 

(40581), and 324 (53145) were assigned to the π–π* of the ligand transition and the 344 

(49272) nm absorptions were assigned to MLCT transition which was in good agreement with 

the UV/ vis recorded by Ratone et al. of m/z [Ni-terpy Cl2 H2O]+2.62,63  
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3.3.3.3 Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-

terpyridine) cobalt (II) tetra fluoroborate (3) 

The cobalt (II) complex 3 appeared as red powder. The IR spectrum was similar to that of 1 

and 3, presenting the common features of L1 and the band of C=N at 1590 cm-1 of free ligands 

shifted to higher frequency. In the UV/vis, the bands of Co(II) complex at 

297(1500),337(1900)were corresponding to the π–π* of the ligand transition and 523(78.18) 

absorption band was assigned to MLCT transition. These values agree with the UV/ vis 

spectrum recorded for [Co-(terpy)2].
64,65 As shown in Fig 3.18, the obtained mass 

spectrometry, the experimental data of 3 perfectly matches the theoretical expectations, 

therefore confirming the chemical structure. Attempts to obtain H1 NMR spectrum were 

unsuccessful given features broadened peaks as might be expected for the para magnetic 

complex. 

 
Figure 3.18: Experimental and theoretical mass spectra of 3: (A) theoretical spectrum, (B) 

experimental spectrum 

 

A 

B 



Design and Synthesis of Metal Complexes based on the Terpyridine Ligand and 

Nitroimidazoles 

 

101 

 

3.3.3.4 Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-

terpyridine) zinc (II)chloride(4) 

The zinc (II) complex (4) was synthesised using a method similar to that for 1 and 2.  A white 

precipitate was formed after 3 hours of stirring with yield of (59%). The 1H NMR spectra of 

the complexes showed up-field shift for the 6,6”-tpyHs compared to the L1. Despite 

considerable effort to obtain the 13C NMR spectrum for 4, all attempts failed due to the poor 

solubility of the sample, as the sample solution became cloudy when the concentration 

increases. The IR spectra was similar to the previous complexes 1-3. However, in the mass 

spectrum there are two high mass peaks. One of these peaks was at 510.14 (98%) and exactly 

matches the theoretical expectation of the complex m/z [Zn(L1)2]
+2, 1020/2 .The other peak at 

587.10 (15%) could possibly be [Zn(L1)2(HCO2)]
+2, with the inclusion of formic acid 

occurring due to its use in the matrix of electrospray. The UV/vis spectrum produced three  

absorbance peaks at 283(32181), 295 (35309) and 327(29981) were assigned to the π–π* of 

the ligand transition and the 341(26945) absorptions were allocated for MLCT transition and 

is in agreement with similar complexes reported in the literature66.  

 

3.3.3.5 Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-

terpyridine) copper (II)chloride (5) 

The copper(II) complex of  L1  was green powder which is in agreement with that reported for 

similar octahedral complexes in the literature.58, 10 In the UV/vis spectrum, the bands of at 

278(21000), 301(23000) and 337(26000) were assigned to the π–π* of the L1 and the band at 

350(9120)were assigned to a MLCT transition which is in agreement with data reported in 

previously.13,58 The IR spectra of the complexes are rather similar and exhibit common 
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features due to the related chelating N-donor polypyridyl ligands. The identification of 5 was 

also supported by high resolution positive mode ESI-HRMS spectrometry, which presented a 

peak corresponding to [(L1)2-Cu]+ at 1019.2807 (100%) confirming the ligand metal ratio 2:1. 

In addition, the isotope distribution for the complex spectrum is in perfect agreement to the 

theoretical prediction (Fig 3.19).    

 

 

Figure 3.19: Experimental and theoretical mass spectra of 5: (A) theoretical spectrum, (B) 

experimental spectrum 

 

 

 

 

 

 

 

A 

B 
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Square planar group complexes of L1 

 

3.3.3.6 ( 4'-(4-(2-(2-Methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-

terpyridine) palladium (II)acetate (6) 

The palladium acetate complex 6 was synthesis by stirring 1 equivalent of ligand 1 in DCM 

with 1 equivalent of Pd(CH3COO)2 in water for 17 hours at room temperature. The complex 

was obtained as a grey powder. In the 1H NMR spectra, the chemical shift corresponding to 

the proton of the pyridyl rings, shifting up-field. The 1H NMR spectra of 7 provided 

information about the bonding mode of acetate in Pd (II) complexes. The acetate anion in this 

complex can act as a monodentate or bidentate ligand. This type of complex may select a six-

coordinate geometry one tridentate terpy, and two acetate ligand one of them is monodenate 

and the other is bidenate. The other possible configuration of this complex is a square planar 

four-coordinate geometry one tridentate terpy and one monodentate acetate ligands. In the six-

coordinate geometry two peaks of methyl will appear in 1H NMR owing to bidentate and 

monodentate acetate ligands for six-coordinate geometry. Though, only a single peak (s, 3H) 

was found at 2.07 ppm for this complex, suggesting the four-coordinate around Pd(II) ion or 

rapid exchange of anions in the NMR timescale. Despite the effort of increasing the 

concentration of the sample solution of this complex to obtain 13C NMR spectrum, all 

attempts have failed. However Pd(II) has a d8 configuration, and due to 4d metal typically 

giving complexes with a strong ligand field, the four coordinate square planer is heavily 

favoured. The IR spectrum show common features of the ligand 1 shifting due to the related 

chelating N-donor polypyridyl ligands. The peaks of Pt(II) complex 6 at were 

278(22197),305(19872) and 352(14299), attributed to a π–π* intraligand  L1 transition of 

terpy 64, whereas the peak at 368(14363) was assigned to metal-to-ligand charge transfer 
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(MLCT) transition.67 The mass spectrometry analysis data of the complexes are in agreement 

with theoretical values with a peak corresponding to the [L1-Pd-CH3CO2]
+ at 629.08 

suggesting the ligand metal ratio of 1:1. [Pd(II)(Terpy)Cl]Cl was reported previously and 

cytotoxicity against some cell lines was studied.13 

 

 

3.3.4 Spectroscopic Properties of L1 complexes  

3.3.4.1 Vibrational Spectroscopy 

An unequivocal interpretation of IR spectra is always problematic, however by comparison of 

related spectra it is possible to try to assign peaks and draw some conclusion. Key stretches 

for all compounds have been tabulated in table 2. As that in L1, FT-IR spectrum of the 

resulting complexes of L1 presented vibrational peaks of C=C (imidazole ring) stretching and 

C=N (imidazole ring) stretching peaks. Vibrational peaks attributed to symmetric N=O 

stretching and N=O asymmetric stretching were also observed. The shift of pyridine ring 

vibration at around 1550 cm-1 in all complexes indicated co-ordination from the pyridine 

rings. The band of C=N at 1590 cm-1 of the terpyridine moiety of L1 show a slight increase in 

value on comparison with the free ligand upon metalation.41 That is because after 

coordination with metal, the compound became heavier and need more energy for the bonds 

to be vibrated. As the energy is directly proportional to frequency. Complex 1, 2 and 3 reveal 

one characteristic band at indicative of ionic tetrafluoroborate at 1052 cm-1.68 However, this 

value seem to be slightly higher in 3 than the previously reported value as shown in table 2.  
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             Table 2: IR stretching frequencies of L1 and its complexes 

Compound BF4 N=Oasym N=Osym C=N C-H C=C-H  

Metronidazole _ 1531 1354-1367  2848 3099 

L1 _ 1521 1342- 1325                                        1590 2981-2953 3122-3024 

[Fe(L1)2](BF4)2         1 1052 1521-1541 1382 -1365 1604 2881 3124 

[Ni(L1)2](BF4)2         2  1052 1554 ,1521 1379 1363 1602 2885 3115 

[Co(L1)2](BF4)2         3  1169 1506, 1523 1367, 1344 1598 2971 3024 

[Zn(L1)2 ] Cl2                   4 _ 1576, 1521 1361- 1342 1576 2980 3075 

[Cu(L1)2 ] Cl2                   5 _ 1523 1384-1365 1598 2881 3091 

[Pd L1(OAc)]OAc     6 _ 1521, 1543 1361, 1331 1593 2989 3062 

 

3.3.4.2 1H and 13C NMR of Fe, Pd and Zn complexes of L1 

The 1H NMR spectra of the iron, palladium and zinc complexes of L1 are highly comparable 

to each other and to their ligand, the slight differences arising in the respective chemical 

shifts. All proton in the iron, palladium and zinc complexes of L1 are more deshielded 

compared to the free ligand L1 with exception of the three resonance peaks in the aliphatic 

region which are assigned to methyl groups of 5-mitroimidazole moiety. This shift is because 

the great decrease in electron density around the protons adjacent to pyridyl rings as a result 

of the coordination of nitrogen donors to metal centre.  

The 1H NMR spectra of L1 and its Fe, Pd and Zn complexes were shown in Fig 3.20. In 

general, the peak of methyl group of the complexes stays in the same place after coordination 

as it is remote from the nitrogen atoms of polypyridine which are responsible for chelating the 

metals. Similarly, the peaks of B and C remain in the same position for the same reason. 

There is a slight shift was observed for D and H. However, the noticeable shifts were 

observed for the peaks near terpy moiety. 
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As shown in Fig 3.21, the most sifted protons in case of Fe(L1) are E, F, K and J compared to 

the free L1 ligand.  

The chemical shift for 4 and 6 almost has the same shifting pattern. As the peaks of E, F and 

G underwent slight movement in the position with ca~ 0.35 ppm compared to the free L1. 

However, the most shifted peaks in case of Pd(II) and ZN(II) complexes was noticed for I and 

K with about 0.5 ppm with comparison of L1 (Fig 3.21), (Table 3).   

The shifts occur due to a combination i) the electron withdrawing nature of the coordinated 

metal centre ii) the magnetic anisotropy caused by the aromatic rings rigidly held in space, 

such effects are not easy to predict.  

 

Figure 3.20: 1H NMR spectra of free L1 (blue), Fe (red), Pd (green), and Zn (purple) complexes 

in d6 -DMSO 
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Figure 3.21: Aromatic region of 1H NMR spectra of free L1 (blue), Fe (red), Pd (green), and Zn 

(purple) complexes in d6 DMSO 

 

 

 

 

Table 3: 1H NMR spectra of free L1, Fe, Pd, and Zn complexes 

compound D E F G H I J K 

L1 7.09 7.52 7.87 8.02 8.06 8.65 8.75 8.65 

[Fe(L1)2](BF4)2   7.27 7.17 7.33 8.02 8.13 8.55 9.07 9.64 

[Pd L1(OAc)]OAc 7.17 7.87 8.20 8.48 8.08 8.31 8.85 8.89 

[Zn(L1)2 ]+22Cl- 7.17 7.88 8.28 8.34 8.08 8.84 8.97 9.05 

 

 

The 13C NMR spectra of L1 is shown in Fig 3.22 with its FeII complex. Despite considerable 

effort to increase the samples concentrations to obtain the 13C NMR spectrum of Pd and Zn 

complexes of L1, all attempts failed. While the Zn complex shows solubility in DMSO-d6, 

once the concentration increases the solution become cloudy. As a result of this, the 13C NMR 
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data is of poor quality and unsuitable for comparison to the free ligand and [Fe(L1)2](BF4)2 

spectra, which are highly soluble in DMSO-d6. 

 

Figure 3.22: 13C NMR spectra of L1 (blue) and its iron complex (red) 

 

 

3.3.4.3  Electronic Absorption Spectroscopy  

The electronic spectrum of L1 and its complexes have been measured in solution and the 

significant absorption bands are given in table 4. The electronic absorption spectra of free 

ligand L1  and all complexes present absorption at high energy ~ 300- 320 which are attributed 

to triimine-centred π-π* and n-π*  excitations characteristic of intra-ligand terpy 

transition.13The essential absorption of the prepared complexes appeared red shifted compared 

to free ligand L1 as seen in Fig 3.23 and Fig 3.24. The electronic reflectance spectra of 5 are 

characterized by a broad band at 731(10) typical for overlapping dxy → dx2−y2, dyz,  dxz 

→dx2−y2 and dz2 → dx2−y2 transitions between d orbitals of the coordinated copper(II) ion.11,69 

Despite the incredible efforts to obtained d-d transitions for the rest of the complexes, all 

attempted failed. The concentration of the solution of the complexes have been increased 

from 10-6 to 10-1 M, however d-d transition cannot be observed. 
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Table 4: Electronic spectral assignments for L1 and complexes 

Compounda π–π*transition/ λ (nm) MLCT/ λ 

(nm) 

References 

(for MLCT) 

L1 298(44435), 279(33891), 324(55564) _  

[Fe(L1)2](BF4)2     1 257(17154), 285(22676), 324(30185) 569(9074) 59 

[Ni(L1)2](BF4)2     2 278 (40581), 324 (53145) 344(49272) 62, 63 

[Co(L1)2](BF4)2    3  297(1900), 330(1500) 523(78) 65 

[Zn(L1)2 ] Cl2 
           4    268(1700), 291(28000), 327(27000) 346(29000) 66 

[Cu(L1)2 ] Cl2 
            5        278(21000), 301(23000),337(26000) 350(9120) 58,13 

[Pd L1(OAc)]OAc  6  278(22197),305(19872), 352(14299) 368(14363) 67, 13 

a Perform at room temperature (1, 2, 3) in CH3CN solution, (4, 5) in DMSO, (6) in H2O and L1 

in DCM solution; Number in the parentheses indicates molar absorption coefficient Ԑ (M -

1cm-1).  

 

 

Figure 3.23: UV–vis absorption profiles of L1 and its complexes 
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Figure 3.24: UV–vis absorption profiles 3 (left) and 5 (right) 

 

 

 

3.3.5  Complexes of L2 

The general synthetic route for the synthesis of the complexes of L2, consists of  the addition 

of a solution of  4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine in 

DCM to a solution of  the metal salt in ethanol. In octahedral complexes, two equivalents of 

the L2 with one equivalent of the corresponding salts in an ethanol or ethanol/ DCM mixture 

at room temperatures afforded complexes in ~ 50 % yields. However, the square planer 

complexes were prepared by adding one equivalents of the L2 with one equivalent of the 

corresponding salts in ethanol/ DCM mixture at room temperature. All reactions occur almost 

instantaneously with immediate colour change occur upon mixing, with the exception being 

the reaction with Pd(II) which required prolonged timing over 12 hours.  

 

 Octahedral complexes of L2 

Complexes of iron (II) zinc (II), cobalt (II), copper (II) and nickel (II) with L2 were prepared 

using method analogue to those for L1. 
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3.3.5.1 Bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine) 

iron(II) tetra fluoroborate (7)   

Upon the addition of 1 equivalent of metal ion solution to 2 equivalents of L2, the colour has 

changed immediately to purple. After several minutes a purple precipitate formed the 

octahedral structure complex similar this reported in the literature.58 In the 1H NMR spectra, 

the chemical shifts of the protons adjacent to the pyridyl rings were shifted up field because of 

the coordination to the metal ion. The 13C NMR spectrum showed 18 carbon peaks. The UV-

vis consistent with the proposed structure. This indicates absorbance of Fe (II) complex at 

232(250000), 285(130000) and 328(170000) nm were assigned to the π–π* of the ligand 

transition and the 572(50000) nm absorption was assigned to MLCT transition.59  Positive 

mode ESI-HRMS gave a peak at 506.1414, (100 %) corresponding to the dicationic [Fe(L2)]+2 

m/z ion. High resolution ES+ spectrum for [Fe(L2)2BF4]
+ found to be 1099.2924 which 

matches the theoretical calculation. Comparison of the IR spectra of 7 to free L2, show the 

band for C=N at 1583 cm-1 for free L2 shifted to higher frequency of 1600 cm-1 after 

coordination. 

 

3.3.5.2 Bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine) 

Ni (II)tetra fluoroborate (8)   

The nickel (II) complex, 8, was produce by following the procedure used to prepare 7. Beige 

colour precipitate was obtained after 3 hours. High resolution positive mode ESI-HRMS 

spectrometry, showed a peak at 1101.2926, (100%) corresponding to the [(L2)2- Ni-BF4
-]+ ion 

with the correct isotope pattern. Positive mode ESI-HRMS gave a peak at 507.1399, (100%) 

corresponding to the [Ni(L2)]+ m/z ion. Because of the great similarity between 7 and 8, they 
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have almost the same absorbance in the infra-red spectra. The electronic absorption spectra of 

8 show typical π-π* transitions at high energy at 235(36000), 286(53000) and 317(61000) nm 

and MLCT transition at 343(71000) nm. The spectrum is in good agreement with the UV/ vis 

spectrum recorded by Ratone et al.62 of m/z [Ni-terpy Cl2 H2O]+2. 

 

3.3.5.3 Bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine) 

cobalt (II)tetra fluoroborate (9) 

The cobalt (II) complex, 9, was isolated as deep red powder. High resolution mass 

spectrometry suggested the formulation of the complex, showing [M+H]+ at 507.6309, 

(100%) corresponding to m/z [Co(L2)2]
+2 ion with the correct isotopic pattern. IR analysis was 

similar to that in 7 and 8. The UV/vis spectrum was carried out in acetonitrile and a band was 

observed at  518(2100) nm which was in good agreement with the UV-vis spectrum recorded 

by Cameron et al.65 assigned as metal-to-ligand charge transfer (MLCT) transition. Moreover, 

in the UV-vis spectrum, the peaks at 225(80000), 286(79000) and 317(90000) nm were 

assigned to the π–π* transition of the ligand. 

 

3.3.5.4 Synthesis of bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- 

terpyridine) copper(II)chloride (10) 

The copper (II) complex of L2, 10, was synthesised by stirring 2 equivalents of L2 with 1 

equivalent of copper chloride in EtOH for 4 hours at room temperature. The complex was a 

green powder similar to analogous complexes.58, 10 As that in copper complex of L1, the 

paramagnetic nature of octahedral copper(II) was also confirmed by the presence of very 

broad peaks in the 1H NMR spectrum. Again, the infra-red spectrum of 10 was similar to that 



Design and Synthesis of Metal Complexes based on the Terpyridine Ligand and 

Nitroimidazoles 

 

113 

 

of 7,8 and 9. The high resolution mass spectrum gave a peak at (1019.2822, 100%) 

corresponding to the [Cu(L2)2]
+2 ion (Fig 3.25). This value agrees with the theoretical value, 

as seen in Fig 3.25, showing the correct isotopic pattern. In the UV-vis spectrum, the peaks of 

Cu(II) complex 10 at 285(18673) and 321(15057) were attributed to a π–π* intraligand  L2 

transition of terpy, whereas the peak at 369 (3181) was assigned to metal-to-ligand charge 

transfer (MLCT) transition, again in the agreement with data in the literature.13,58  

 

Figure 3.25: Experimental and theoretical mass spectra of 10: (A) theoretical spectrum, (B) 

experimental spectrum 

 

3.3.5.5 Synthesis of 4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- 

terpyridine zinc (II) chloride (11) 

The Zn complex of L2 was prepared using method analogous to that for L1. The desired 

product was obtained as a white powder with 46 % yield. The 1H NMR spectra of the 

complex showed down-field shift for the 6,6”-tpyHs compared to the free L2 due to related 

coordinating N-donor polypyridyl ligands. Again, the 13C NMR spectrum was of poor quality, 

B 

A 
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due to the low solubility of [Zn(L2)2]
+2.Similar to that of [Zn(L1)2]

+2, positive mood mass 

spectrometry reveals two peaks, one of these peaks was at 510.14 that exactly matches the 

theoretical expectation of the complex m/z [Zn(L2)2]
+2 .The other peak at 587.10 could 

probably was corresponded to m/z: [C45H44N12O6Zn. Formic acid]. [Zn(L2)2]
+2 and 

[Zn(L1)2]
+2 have very similar features in  the electronic spectra, showing typical π-π* 

transitions at high energy at 288(19313), 323(11745) and 340(10036) which are 

corresponding to intra-ligand terpy and  absorption of the MLCT transition is observed at 

higher wavelength 340(10036) and 385(4098). That is in agreement with similar complexes 

reported in the literature.66 

 

Square planar group complexes of L1 

3.3.5.6  Synthesis of 4'-(4-(3-(2-nitro-1H-imidazol-1 yl)propoxy)phenyl)-2,2':6',2''- 

terpyridine palladium (II) acetate (12) 

Complex 12 was prepared by mixing one equivalent of L2 with one equivalent of palladium 

acetate to yield a yellow powder. Positive mode ESI-HRMS spectrometry, showed a peak 

corresponding to the [L2-Pd-CH3CO2]
+ at 629.0773 suggesting  the ligand metal ratio of 1:1. 

In the 1H NMR spectrm, one set of signals for L2 and again these have shifted relative to the 

starting ligand. The 13C NMR spectra of L2-Pd-CH3CO2 displayed 19 peaks consistent with 

the carbons in the structure. The IR spectrum show common features of the L2 shifting due to 

the related chelating N-donor polypyridyl ligands. In the UV-vis, the peaks of Pt(II) complex 

12 at nm281(20127), 307(16242) and 320(14327) were attributed to a π–π* intraligand  L2 

transition of terpy, whereas the peak at 375(13057), 393(12489) was assigned to metal-to-

ligand charge transfer (MLCT) transitions.67 The red shift of 12 indicated that the metal 

coordinated with the ligand through nitrogen atoms. 
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3.3.6 Spectroscopic Properties of L2 complexes 

3.3.6.1 Vibrational Spectroscopy 

Comparing of the IR spectra of the free L2 to the complexes shows, the band of C=N at 1583 

cm-1 shifted to higher frequency after coordination, which suggested the coordination of the 

metal ion with the nitrogen atom of pyridyl. FT-IR spectrum of the resulting complexes of L2 

presented all the absorption peaks of (imidazole ring) such as N=O asymmetric and 

symmetric. As with the complexes of L1, the [Fe(L2)2](BF4)2, [Co(L2)2](BF4)2 and 

[Ni(L2)2](BF4)2 complexes exhibit one characteristic band indicative of ionic tetrafluoroborate 

at 1052 cm-1. L2 complexes have similar behaviour to L1 complexes in the infra-red spectrum 

when coordinate with the metal ions. 

 

Table 5: IR stretching frequencies of L2 and its complexes 

Compound BF4 N=Oasym N=Osym C=N C-H C=C-H 

2-nitroimdazole _ 1541, 1519 1359, 1338  2950 _ 

Terpy-OH _ _ _ 1581, 1560 _ 3064 

L2 _ 1533, 1516 1361- 1300                                        1583 2973 3111-3053 

[Fe(L2)2](BF4)2      7 1053 1539, 1521 1361 -1300 1600 2873 3116, 3086 

[Ni(L2)2](BF4)2       8 1050 1539 ,1521 1363, 1307 1600 2954, 2873 3134, 3116 

[Co(L2)2](BF4)2      9 1051 1541, 1521 1363 1600 2872 3122 

[Zn(L2)2 ]Cl2            10 _ 1541, 1521 1361, 1355 1598 2912, 2826 3079, 3055 
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[Cu(L2)2] Cl2         11     _ 1521 1355 1597 2959, 2879 3064 

[Pd L2(OAc)]OAc      12 _ 1539, 1521 1351, 1309 1591 2989 3101, 3072 

 

3.3.6.2 1H and 13C NMR of Fe, Pd and Zn complexes of L2  

All protons in the iron, palladium and zinc complexes of L2 are shifted compared to the free 

ligand L2. As that in L1, this shift occurs as a result of the great decrease in electron density 

around the protons next to the polypyridine moiety because of the coordination of nitrogen 

donors to metal centre. 

As seen in figure 3.26, it is clear from1H NMR spectra of Fe, Pd and Zn complexes of L2 that 

the peaks at aliphatic regions remain in their position after coordination. This is because these 

protons are remote from the chelating sites and the coordination does not have effect on these 

protons. However, the position of the peaks in aromatic region underwent noticeable changes 

(Fig 3.27), due to the coordination of the ligand to the metal ions as explained previously in 

L1 complexes. 

 Although, the peaks of E, D and G of 11 and 12 are in the aromatic region, they remain the 

same upon metalation. The peaks of H and K slightly shifted after coordination with 

approximately 0.32 ppm. However, the most shifted protons in case of 11 are I with ca~ 76 

ppm and about 40 ppm in case of 12 (Fig 3.27) (Table 6).  

The peak of E and G of 7 remained almost the same after coordination, whereas L was the 

most shifted peak with ca~ 94 ppm compared to free L2 (Table 6). 
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Figure 3.26: 1H NMR spectra of free L2 (blue), 7 (red), 12 (green), and 11 (purple) complexes in 

d6 DMSO 

 

 

Figure 3.27: The aromatic region 1H NMR spectra of free L2 (blue), Fe (red), Pd (green), and Zn 

(purple) complexes in d6 DMSO 
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Table 6: 1H NMR spectra of free L2, Fe, Pd, and Zn complexes 

compound D E F G H I J K L 

L2 7.11 7.2 7.54 7.72 7.91 8.07 8.67 8.77 8.69 

[Fe(L2)2](BF4)2         7   7.18 7.24 7.27 7.77 7.31 8.03 8.53 9.09 9.63 

[Pd L2(OAc)]OAc   

12 

7.14 7.21 8.20 7.72 8.20 8.49 8.33 8.87 8.92 

[Zn(L2)2 ] Cl2                

11 

7.14 7.21 7.87 7.72 8.28 8.83 8.34 8.97 9.09 

 

 

The 13C NMR spectra of 7 was compared with 13C NMR spectrum of the free ligand as shown 

in Fig 3.28, exhibit the expected eighteen carbon atoms and this confirm the symmetry of Fe 

complexes with two equivalent terpy-nitroimdazole ligands. While the intensity of 13C NMR 

signals of 12 were very weak and the spectrum is little noisy compared to that in 7, it shows 

the expected peaks for this complex. In addition, two extra carbon peaks were observed, one 

of them in the aliphatic region at 23 ppm assigned to the methyl group of acetate ligand. The 

other carbon peak was found at 176 ppm corresponding to the carbonyl carbon of the acetate 

ligand (Fig 3.29).   

 Again, despite considerable effort to increase the samples concentrations to obtain the 13C 

NMR spectrum of 11, all attempts failed using range of solvents from CD3CN to DMSO. 
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Figure 3.28: 13C NMR spectra of L2 (blue) and 7 (red) 

 

 

 

Figure 3.29: 13C NMR spectrum of 12 

 

The NMR spectra of Fe, Pd and Zn complexes of L2 are highly comparable to their 

counterparts of L1complexes with exception of the peaks of nitroimidazole moieties. For 

instance, when the 1H NMR spectra of the [Fe(L1)2](BF4)2 compared with that of 

[Fe(L2)2](BF4)2, the proton in the aromatic region have the same pattern of shift (Fig 3.30).  

The same phenomenon occurs with the 13C NMR spectra as seen in Fig 3.31. 
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Figure 3.30: 1H NMR spectra of 1 (blue) and 7 (red) 

 

 

 

Figure 3.31: 13C NMR spectra of 1 (blue) and 7 (red) 

 

 

3.3.6.3 Electronic Absorption Spectroscopy  

Similar to that in L1 complexes, the electronic absorption spectra of L2 complexes show 

typical π-π* transitions at high energy ~ 300- 320 and absorption of MLCT transitions 

observed at higher wavelength as presented in Fig 3.32 and Fig 3.33. All the values have been 

tabulated in table 7. Copper complex of L2,10, exhibit a broad band at 741(99) representing d-

d transitions between d orbitals of the coordinated Cu+2.11,69Again, as that in L1 complexes, d-
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d transition  of the other complexes cannot be obtained, despite running the spectra at 

significantly higher concentrations.  

 

 

Table 7: Electronic spectral assignments for L2 and complexes 

Compounda π–π*transition/ λ (nm) MLCT/ λ (nm) References 

(MLCT) 

L2 257(21000),286(34000) ,320(13000) _  

[Fe(L2)2](BF4)2    7 232(250000), 285(130000), 328(170000). 572(50000) 59 

[Ni(L2)2](BF4)2     8 235(36000), 286(53000), 317(61000). 343(71000) 62, 63 

[Co(L2)2](BF4)2     9 225(80000), 286(79000),317(90000). 518(2100)  65 

[Cu(L2)2 ] Cl2         10 285(18673), 321(15057). 369(3181) 13,58 

[Zn(L2)2 ] Cl2         11       288(19313), 323(11745), 340(10036). 385(4098) 66 

[Pd L2OAc)]OAc 12 281(20127), 307(16242), 320(14327). 375(13057),393(12489) 13, 67 

 Electronic spectral assignments for L2 and complexes.a Perform at room temperature (7, 8, 9) 

in CH3CN, (10) in DMSO, (L2, 11, 12) in CH3Cl; Number in the parentheses indicates molar 

absorption coefficient Ԑ  (M -1cm-1).  

 

 

 
Figure 3.32: UV–vis absorption profiles of L2 and its complexes 
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Figure 3.33: UV–vis absorption profiles of 9 (left) and 10 (right) 

 

 

 

3.4 Electrochemistry  

The cyclic voltammetry experiments were carried out with an PARSTAT 2273 (Advanced 

Electrochemical System from Princeton Applied Research) in conjunction with General 

Purpose Electrochemical System software (GPES version 4.7 for Windows) in a three-

electrode glass cell with Teflon cap. A platinum working electrode a silver reference electrode 

and a platinum counter electrode were used for all experiments. The working electrode was 

washed with acetone and dried for 15 minutes prior to each use. In some compounds, a 0.1 M 

[Bu4N][PF6] solution in anhydrous dichloromethane (DCM) was used as supporting 

electrolyte. Ferrocene was used as internal reference. DCM was degassed with nitrogen and 

all experiments were carried out in an inert atmosphere. A background measurement was 

recorded in each experiment. Approximately 5mg of each compound were added to the 

solution and the redox potential of each sample then was recorded. All the data that has been 

recorded has been manipulated according to ferrocene in non-aqueous solution as a reference, 

at 298.5K and corresponds to 0.2Vs-1 scan rate unless otherwise stated. 
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The cyclic voltammogram of L1 reveals one reversible reduction in the cathodic region at      -

1.71 V referenced against ferrocenium/ferrocene (Fc+/Fc). Inspection of isolated feature 

reveals a single reversible wave process at cathodic potential of -1.71 V vs (Fc+/Fc), which is 

reversible over the scan rate range 200- 800 Vs-1 (Fig 3.34). This was demonstrated by 

plotting the square root of the scan rate against the peak current (Fig 3.34; inset). The profile, 

ratio of cathodic to anodic peak current, and peak to peak separation would suggest that this is 

one-electron transfer process. In the previously reported literatures, the redox behaviour of 

terpyridine typically revealed three redox couples referenced to the Ag/Ag+ electrode. One 

reversible couple with a half-wave potential of -2.047 V, quasi reversible wave at -2.507 V 

and an irreversible cathodic wave at -2.99 V.70 Those values do not much the value obtained 

in this study, the possible explanation for this could refer the presence of nitroimidazole 

moiety with terpy in L1. Nitroimidazoles such as metronidazole and azomycin have 

distinctive redox activities, therefor reversible couple with a half-wave potential of -1.71 V 

could be assigned to nitroimidazole moiety.  

 

 

Figure 3.34: Cyclic voltammogram for L1 vs (Fc+/Fc) 
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The cyclic voltammogram of the Fe (II) complex of L1 reveals a quasi-reversible redox 

process in the anodic region at +0.73 V referenced against ferrocenium/ferrocene (Fc+/Fc). 

This process is most likely attributed to Fe(II)/Fe(III) redox couple. There is one irreversible 

reduction in the cathodic region at -1.76 V referenced against ferrocenium/ferrocene which 

could be ligand-based process (Fig 3.35). 

 

 However, The structure of [Fe(terpy)2]
2+ with (PF6)

2-
  or ClO4

- has been reported and its 

electrochemistry revealed five redox steps where observed, four where at negative potential 

and the reversible Fe(II)/Fe(III) couple was observed at positive potential  at +1.09V vs. 

SSCE.41 Another study of electrochemistry of [Fe(terpy)2] (BF4)2 presented The 

electrochemical response of the complex [Fe(terpy)2](BF4)2 in MeCN solution + 0.1 M 

TBAPF6, using a carbon electrode, presented three reversible redox processes at -1.75, -1.6 V 

and +0.75 V, attributed to the reduction of terpyridine ligands and to oxidation of the metal 

centre.  A third irreversible electrochemical reduction, at -2.420 V vs Fc-/Fc+ with higher peak 

current is observed.71  

 

Figure 3.35: Cyclic voltammogram for complex 1 vs (Fc+/Fc) 
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The cyclic voltammogram of the Nickel complex 2, reveals one irreversible reduction process 

in the cathodic region at -2.17 V vs. (Fc+/Fc), which is irreversible over the scan rate range 

200- 800 Vs-1 (Fig 3.36). In the previously reported Ni-terpy, there were two reversible and 

electrochemical features at -1.62 and -1.88 V vs. Fc+/Fc. Both features were assigned to 

ligand-based electrochemical processes.72  

 

Figure 3.36: Cyclic voltammogram for complex 2 vs (Fc+/Fc) 

 

The voltammogram of the Co (II) complex 3, has quite similar electrochemical behaviour to 

the analogue Ni(II) complex 3 showing a similar irreversible reduction at -1.6 V (vs Fc+/Fc), 

(Fig 3.37). Without further investigation it is difficult to assign the exact origins of this 

feature. However, similarities of the voltammograms of complex 3 and complex 4, may 

suggest that the observed processes are largely ligand based. The electrochemistry of 

[Co(terpy)2]
+2 has been studied before and the cyclic voltammogram for this complex 

displayed two reversible one-electron electrochemical features one at -2.03 V vs. Fc+/Fc, 

attributed to a one-electron ligand-based reduction. The other reversible reduction present at -

1.17 V vs. Fc+/Fc, is a reversible metal-based process, assigned to a CoII/CoI reduction.72 
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Figure 3.37: Cyclic voltammogram for complex 3 vs (Fc+/Fc) 

 

The cyclic voltammogram of L2, exhibits a quasi-reversible wave at -1.7 mV referenced 

against (vs Fc+/Fc) (Fig 3.38). The separation between the anodic and cathodic peaks, Epc – 

Epa, is 34 mV which is significantly lower than the 59 mv theoretically expected for a one-

electron Nerstian process. Compared to L1, both ligands show electrochemical features at -1.7 

V. This may be assigned to NO2 electrochemical processes of the nitroimidazole ligands or 

terpy ligand.  

 

 

Figure 3.38: Cyclic voltammogram for L2 vs (Fc+/Fc) 

 

-2.5 -2 -1.5 -1 -0.5 0
200 mv/s 400 mv/s 600 mv/s 800 mv/s

-2.5 -2 -1.5 -1 -0.5 0 0.5

200 mv/s 400 mv/s 600 mv/s



Design and Synthesis of Metal Complexes based on the Terpyridine Ligand and 

Nitroimidazoles 

 

127 

 

The iron complex 7, contains a single revisable wave process at cathodic potential of -2.02 V 

(vs Fc+/Fc), which has been ascribed to ligand-based process. This was reversible over the 

scan of 200 – 800 Vs-1(Fig 3.39) and was demonstrated by plotting the square root of the scan 

rate against the peak current (Fig 3.39; inset). The separating between the anodic and 

cathodic peaks, Epc -  Epa, is 120 mv which is significantly higher than the 59 mv theoretically 

expected for a one- electron Nerstian process perhaps suggesting a two electron process. 

However, the plots of ipc and ipa vs. V1/2 are linear and the ipa/ipc ratio is close to unity in the 

20–80 mV s_1 scan rate range. In contrast to voltammogram of 1 and previously reported 

[Fe(terpy)2 (BF4)2]
71, the voltammogram of 7 does not reveal any reversible couple 

corresponding Fe(II)/Fe(III) which expected to be seen at positive potential at about 0.75 V vs 

(Fc+/Fc). Both voltammogram of L2 and 7 revealed electrochemical process at negative 

potential.  

 

Figure 3.39: Cyclic voltammogram for complex 7 vs (Fc+/Fc) 
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Cobalt complex, 9, contains of sequence of small and ill-defined waves in the cathodic and 

anodic region indicating rapid decomposition of oxidized or reduced species formed 

(Fig3.40). The voltammogram did not change over the scan rate of 200 – 800 Vs-1.  

 

 

Figure 3.40: Cyclic voltammogram for complex 9 vs (Fc+/Fc) 

 

The cyclic voltammogram of complex 12, [Pd L2(OAc)]OAc reveals two irreversible 

reduction within the cathodic region at -1.342 V and -1.551 referenced against (vs Fc+/Fc) 

(Fig 3.41). As these processes not in the free ligand, it is tentatively assumed these reductive 

processes are associated with Pd-terpy fragment not to the nitroimidazole. 

 

Figure 3.41: Cyclic voltammogram for complex 12 vs (Fc+/Fc) 
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The cyclic voltammogram of 11, Zn complex of L2
, shows one irreversible reduction within 

the cathodic region at -1.956 V referenced against (vs Fc+/Fc) (Fig 3.42). The typical 

voltammogram of Zn-tpy exhibits two reversible electrochemical features, at -1.68 and -1.81 

V vs. Fc+/Fc. Since the reduction of ZnII to ZnI is unlikely to happen under these conditions, 

the two waves are allocated to ligand-based reduction processes.72  

 

Figure 3.42: Cyclic voltammogram for complex 11 vs (Fc+/Fc) 

 

3.4.1 Summary of electrochemistry 

The electrochemical behaviour of all these ligands and their complexes are listed in table 8. 

Typically, these ligands and complexes are reduced between -1.6 and -2.0 volt vs (Fc+/Fc). It 

is difficult to determine whether this is the reduction of nitroimidazole or terpy ligand 

however as the addition of metal ions greatly affects the potential, this would be unexpected 

for the more remote nitroimidazole moiety. Looking at the free ligands, one would expect that 

2-nitroimdazole are more readily reduced than 5-nitroimdazole and as such, if the reduction 

process in L1 and L2 where imidazole based, L2 would be reduce at a more positive potential. 

As this is not the case it seems likely that the processes are associated with the terpy ligand.   
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Table 8: Electrochemical parameter for the redox processes exhibited by L1, L2 and their 

complexes in anhydrous DCM solution (supporting electrolyte: [Bu4N][PF6](0.1 mol dm-3);T:20 

0C.Measured at 0.1 Vs-1 

 

compound Ep/V (ΔE, mV)a,b 

L1  -1.71 

[Fe(L1)2](BF4)2                  1 +0.73, -1.76 

[Ni(L1)2](BF4)2                  2 -2.17 

[Co(L1)2](BF4)2                 3 -1.6 

L2                                                            -1.7 (43) 

[Fe(L2)2](BF4)2                 7            -2.02 (120)        (reversible) 

[Zn(L2)2 ] Cl2                            11 -1.956 

[Pd(L2)OAc]OAc           12 -1.34, -1.55 

a The potential at which reversible process occur are calculated as the average of the oxidative 

and reductive peak potentials (Ep 
ox 

+ EP 
red)/2. b for irreversible process, the anodic or catholic 

peak potentials are given. Potentials are given in volts vs (Fc+/Fc). 

 
 

 

 

3.5 Experimental Section 

4’-(4-Hydroxyphenyl)-2,2’,6’,2”-terpyridine E 
 

The compound was synthesised and purified according to a modified literature procedure.13 4-

Hydroxybenzaldehyde (2.44 g, 20 mmol) was dissolved in ethanol (100) ml. 2-Acetylpyridine 

(4.84 g, 40 mmol) and KOH (4.2 g) were added. After stirring for a few minutes, NH4OH (50 

ml, 25%) was added to the solution. The reaction mixture was stirred at 50oC for 16 hours (the 

reaction was monitored by TLC). The reaction mixture was adjusted to pH 5 by adding 15 ml 

acetic acid. The precipitate was filtered and washed with ethanol (3 * 10 ml). Brown crystals 

were obtained after drying. Yield (2.23 g, 34%). 1H NMR (DMSO, 400 MHz) δ 9.08 (m, 4H), 

8.91 (s, 2H), 8.72 (td, 2H, J = 7.8, 1.2 Hz), 8.14 (td, 2H, J = 7.8, 1.2 Hz), 8.02 (d, 2H, J = 9.0 
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Hz), 7.05 (d, 2H, J = 9.0 Hz); 13C NMR  (DMSO, 100 MHz) δ: 160.5,156.3, 155.9, 149.8, 

149.1, 136.8, 131.7, 129.4, 123.7, 121.2, 118.4, 116.5.  

 

4'-(4-(2-(2-Methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-terpyridine (L1): 

4’-(4-Hydroxyphenyl)-2,2’,6’,2”-terpyridine (0.815g, 0.5 mmol)  was added to a solution of 

2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethyl methanesulfonate (0.124g, 0.5 mmol) in DMF(20 

mL) ,with potassium carbonate (0.69g,  0.5mmol). The suspension was heated to 850C for 

72h (the reaction was monitored by TLC). After cooling, the solid was filtered then it was 

sonicated for 5 minutes in DCM (100) ml. The solid was filtered and solvent was evaporated 

from filtrate. The product was recrystalised from DCM and ETOH and it was obtained as 

light green crystals. Yield: 0.322g (23%);1H NMR (300 MHz, DMSO) δ 8.77 (d, J = 4.0 Hz, 

2H), 8.68 (d, J = 3.5 Hz, 2H), 8.61 (s,2H), 8.15 – 8.01 (m, 3H), 7.90 (d, J = 8.6 Hz, 2H), 7.65 

(t, 2H), 7.11 (d, J = 8.7 Hz, 3H), 4.78 (t, J = 4.9 Hz, 2H), 4.46 (t, J = 4.7 Hz, 2H) 2.55 (s,3H); 

13C NMR (101 MHz, DMSO) δ 159.52, 156.09, 156.09, 155.50, 152.32, 149.81, 137.94, 

133.40, 130.59, 128.76, 124.98, 121.40, 117.80, 115.73, 67.04, 46.20, 14.68; IR: 3122 

(w),3024 (w), 2981(w), 2935 (w), 1590 (m), 1521(s), 1425(m), 1458, 1356 (s),1342 (s), 1325 

(s), 1156 (vs); UV−Vis (DCM): λ max (Ԑ/M-1cm-1): 296(104000), 323(130000); HR MS ES+ 

calcd for [C27H22N6O3]: 478.1832; found 479.1833. Single pale brown cut block-shaped 

crystals were recrystallised from a mixture of DCM and MeCN by slow evaporation. X-ray:  

C27H22N6O3 , Mr = 478.50, A pale brown cut block-shaped crystal with dimensions 

0.160×0.120×0.090, triclinic, P-1 (No. 2), a = 9.4656(2) Å, b = 11.4449(2) Å, c = 

21.6596(5) Å, α = 84.804(2)°, β = 81.640(2)°, = 83.234(2)°, = 2298.90(8) Å3, T = 100(2) K, 

Z = 4, Z' = 2, µ(MoKα ) = 0.094, 47667 reflections measured, 10513 unique (Rint = 0.0328) 

which were used in all calculations. The final wR2 was 0.1195 (all data) and R1 was 0.0436 

(I > 2(I)). 
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Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1- yl)ethoxy)phenyl)-2,2':6',2''-terpyridine) 

iron (II)tetra fluoroborate (1): 

 

A solution of 4’-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2’:6’,2’’-

terpyridine (0.059g, 0.125mmol)  in DCM (5 ml) was added to a solution of Fe(BF4)2.6H2O 

(0.023g, 0.065 mmol) dissolved in ethanol (5 ml). On addition, a dark purple precipitate 

formed, washed with EtOH and DCM. yield (0.053g, 39%) 1H NMR (300 MHz, DMSO) δ 

9.64 (s, 4H), 9.07 (d, J = 7.2 Hz, 4H), 8.55 (d, J = 8.3 Hz, 4H), 8.13 (s, 2H), 8.03 (t, J = 7.5 

Hz, 4H), 7.33 (d, J = 8.4 Hz, 4H), 7.27 (d, J = 5.2 Hz, 4H), 7.19 (d, J = 6.4 Hz, 4H), 4.85 (t, J 

= 6.0 Hz, 4H), 4.60 (t, J = 3.9 Hz, 4H), 2.64 (s, 6H); 13C NMR (126 MHz, DMSO) δ 160.43, 

160.24, 158.45, 153.27, 152.40, 148.90, 139.12, 133.51, 129.83, 128.91, 127.99, 124.49, 

120.71, 115.73, 67.16, 45.77, 14.75; IR: 3124 (w), 2881(w), 1604 (m), 1541(s), 1521(s), 1458 

(m), 1382 (s), 1365(s), 1052 (vs); UV−Vis (CH3CN): λ max (Ԑ/M-1cm-1): 257(17154), 

285(22676), 324(30185), 569(9074); MS ES+ [M-BF4
-]+ calcd for [C54H44N12O6FeBF4]; 

1099.67 found 1099.29. HR MS ES+ [(L1)2- Fe-BF4
-]+ calcd for [C54H44N12O6FeBF4]; 

1098.2978; found 1098.3002. 

 

Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1- yl)ethoxy)phenyl)-2,2':6',2''-terpyridine) 

nickel (II)tetra fluoroborate (2): 
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To Ni(BF4)2.6H2O (0.010g, 0.0312 mmol) dissolved in ethanol (5 ml), 4'-(4-(2-(2-methyl-5-

nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-terpyridine  (0.029g, 0.06mmol) in DCM (5 

ml) was added and the mixture was stirred at room temperate for 3 h before filtering, (yield 

0.010g, 15 %); IR ; 3115(w), 2885(w), 1602(m), 1554(s), 1521(s), 1473(m), 1379(s), 1363(s), 

1052(vs).;  MS ES+ [M-BF4
-]+  calcd for [C54H44N12O6NiBF4]: 1101.29; found: 1101.30; 

HRMS ES+ [(L1)2- Ni-BF4
-]+ calcd for [C54H44N12O6NiBF4]: 1101.2926; found: 1101.2917; 

UV/vis (DMSO, nm): 278 (40581), 324 (53145), 344(49272). 

 

 

Bis(4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1- yl)ethoxy)phenyl)-2,2':6',2''-terpyridine) 

cobalt  (II)tetra fluoroborate (3): 
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A solution of 4’-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2’:6’,2’’-

terpyridine (0.059g, 0.125mmol)  in 5 ml of DCM was added to a solution of Co(BF4) 2.6H2O 

(0.021g, 0.065 mmol) dissolved in ethanol (5 ml). The reaction mixture was stirred at room 

temperature for 5 hours. The precipitate was filtered and washed with DCM and EtOH to 

obtain the complex as a red powder, yield (0.050 g, 40%);  IR: 3122(w), 3024(w), 9871(w), 

1598(m), 1506(s), 1523(s), 1458(m), 1427(m), 1367(s), 1344(s), 1169(vs); UV−Vis 

(CH3CN): λmax (ε/M-1 cm-1): 297(1500),337(1900), 523(78.18); MS ES+ calcd for 

[C45H44N12O6Co] 1015.28; found: 1015.30; HRMS ES+ [(L1)2- Co-BF4
-]+ calcd for 

[C54H44BF4CoN12O6]: 1102.2903; found:1102.2904.  

 

Bis( 4'-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-terpyridine) 

Zinc (II)chloride (4) 

 

A solution of 4’-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2’:6’,2’’-

terpyridine (0.059g, 0.125mmol)  in DCM (5 ml) was added to a solution of ZnCL2 (0.010g, 

0.065 mmol) dissolved in ethanol (5 ml). The reaction mixture was stirred at room 

temperature for 5 hours. The precipitate was filtered and washed with DCM and EtOH. Yield: 

(0.037g, 59%); 1H NMR (500 MHz, DMSO) δ 9.05 (s, 4H), 8.96 (d, J = 8.0 Hz, 4H), 8.84 (d, 
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J = 2.9 Hz, 4H), 8.34 (t, J = 7.0 Hz, 4H), 8.29 (d, J = 8.7 Hz, 4H), 8.08 (s, 2H), 7.91 – 7.84 

(m, 4H), 7.18 (d, J = 8.5 Hz, 4H), 4.79 (t, J = 4.9 Hz, 4H), 4.51 (t, J = 5.0 Hz, 4H), 2.59 (s, 

6H); IR: 3075 (w), 2980 (w), 1576 (s), 1521 (s), 1473 (m), 1361 (s), 1188 (s), 408; MS ES+ 

m/z [M]+ calcd for [C45H44N12O6Zn]:510.13 found 510.14; UV−Vis (DMSO): λmax (ε/M-1 

cm-1): 268(1700), 299(28000), 327(27000), 346(29000) nm. 

 

4'-(4-(2-(2-Methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2':6',2''-terpyridine 

copper (II)chloride (5): 

 

 

A solution of 4’-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2’:6’,2’’-

terpyridine (0.029g, 0.065mmol)  in DCM 5ml was added to a solution of CuCl2 (0.010g, 

0.065 mmol) dissolved in ethanol 5ml. The reaction mixture was stirred at room temperature 

for 5 hours. Green precipitate was filtered and washed with DCM and EtOH; Yield: 

(0.019g,55.8%)  IR: 3397(b), 3091(w), 3010 (w), 2881(w), 1598 (s), 1523(s), 1473(m), 1436 

(m), 1384 (s), 1365 (s),1186, 418; UV−Vis (DMSO): λ max (Ԑ/M-1cm-1): 278(21000), 

301(23000), 337(26000), 350(9120), 731(100); HRMS ES+[(L1)2- Cu]+  calcd for 

[C54H44CuN12O6]: 1019.2803; found:1019.2807. 
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4'-(4-(2-(2-Methyl-5-nitro-1H-imidazol-1- yl)ethoxy)phenyl)-2,2':6',2''-terpyridine 

palladium (II)acetate (6): 

 

 

A solution of Pd(CH3COO)2 (0.029g, 0.06mmol) dissolved in 5 ml H2O was added to a 

solution of 4’-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-2,2’:6’,2’’-terpyridine 

(0.029g, 0.06mmol) dissolved in DCM (5ml). The reaction mixture was stirred at room 

temperature for 17 hours. The solvent was removed by vacuum line then it was washed with 

DCM. The desired product was obtained as yellow powder yield (0.012, 29%);   1H NMR 

(400 MHz, DMSO) δ 8.89 (s, 2H), 8.84 (d, J = 8.4 Hz, 2H), 8.48 (t, J = 8.4 Hz, 2H), 8.31 (d, J 

= 5.4 Hz, 2H), 8.20 (d, J = 9.2 Hz, 2H), 8.08 (s, 1H), 7.87 (t, J = 5.3 Hz, 2H), 7.17 (d, J = 9.0 

Hz, 2H), 4.78 (t, J = 4.1 Hz, 2H), 4.51 (t, J = 3.2 Hz, 2H), 2.58 (s, 3H), 2.08 (s, 3H); IR: 3062 

(w), 2989 (w), 1593 (s), 1558 (s), 1541(s), 1521 (s), 1473 (m), 1361(s), 1313 (m), 480; 

UV−Vis (H2O): λ max (Ԑ/M-1cm-1): 278(22197),305(19872), 352(14299), 368(14363); MS 

ES+ [M-OAc-]+ calcd for [C29H25N6O5Pd]: 643.09; found: 629.08. 

 

3-(2-Nitro-1H-imidazol-1-yl)propan-1-ol: 

3-Choloropropan-1-ol (1.4g,9.73mmol) was added dropwise to a mixture of 2-nitroimidazole 

(1g, 8.85mmol) and K2CO3(5.8g, 17.70mmol) in DMF (10mL). The reaction mixture was 

stirred and heated at 100°C for 40 h. The reaction mixture was diluted with H2O (10ml) and 
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extracted with EtOAc. The organic layers were combined and dried over MgSO4. The crude 

product was purified by column chromatography on silica gel (DCM: MeOH = 80: 1) to 

obtain the desired product as yellow powder (1.3g, 88%). 1H NMR (400 MHz, DMSO) δ 7.77 

(d, J = 0.9 Hz, 1H), 7.29 (d, J = 1.0 Hz, 1H), 4.76 (t, J = 5.0 Hz, 1H), 4.52 (t,5.0 Hz, 2H), 3.53 

(dd, J = 11.1, 5.9 Hz, 2H), 2.07 – 1.99 (m, 2H). 

 

(2-Nitro-1H-imidazol-1-yl)propyl methanesulfonate: 

3-(2-nitro-1H-imidazol-1-yl)propan-1-ol (0.836 g, 4.8 mmol), TEA (0.727g mL, 7.2 mmol, 

1.5 equiv.) were dissolved in CH2Cl2 (25 mL) and cooled to (~10°C). Then A solution of 

methanesulfonyl chloride (0.656g ,5.7 mmol, 1.2 equiv.) in CH2Cl2 (5 mL) was added 

dropwise for one hour to the previous suspension. The reaction mixture was stirred at room 

temperature for 3 days. Then it was extracted with ethyl acetate (20 ml*5). Ethyl acetate 

layers were combined and dried over MgSO4. The solvent was evaporated in rotary evaporator 

to obtain the product as yellow liquid (0.709g, 58 %). 1H NMR (300 MHz, DMSO) δ 7.68 (d, 

J = 4.5 Hz, 2H), 7.20 (d, J = 6.8 Hz, 2H), 4.50 (t, J = 7.1 Hz, 2H), 4.25 (t, J = 6.0 Hz, 2H), 

3.20 (s, 3H), 2.43 – 2.16 (m, 2H). 

 

 4'-(4-(3-(2-Nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine(L2): 

4’-(4-Hydroxyphenyl)-2,2’,6’,2”-terpyridine (1.5g, 4.6 mmol) to a solution of 3-(2-nitro-1H-

imidazol-1-yl)propyl methanesulfonate (2.00 g, 8 mmol) in 20 mL DMF, potassium 

carbonate (3.6g, 26 mmol). The suspension was heated to 850C for 72h (the reaction was 

monitored by TLC plate). The solid was filtered and solvent was evaporated from filtrate. 

Crude product was recrystalised from acetonitrile. The product was obtained as yellow 

crystals. Yield (0.479g, 14%); 1H NMR (500 MHz, DMSO) δ 8.77 (d, J = 4.6 Hz, 2H), 8.68 

(d, J = 10.2 Hz, 4H), 8.04 (t, J = 7.7 Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H), 7.71 (s, 1H), 7.57 – 
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7.50 (m, 2H), 7.20 (s, 1H), 7.10 (d, J = 8.5 Hz, 2H), 4.63 (t, J = 6.8 Hz, 2H), 4.12 (t, J = 5.8 

Hz, 2H), 2.40 – 2.20 (m, 2H); 13C NMR (126 MHz, DMSO) δ 159.95, 156.09, 155.54, 

149.82, 149.48, 137.94, 130.24, 128.72, 128.43, 128.36, 124.98, 121.40, 117.79, 115.74, 

65.43, 47.44, 31.17; IR: 3111(w), 3053(w), 2937(w), 1583(s), 1566(s), 1533(s), 1516(s), 

1487(m), 1469(m), 1361(s), 1316(s); HRMS ES+ calcd for [C27H23N6O3]: 479.1831; found: 

479.1832; UV−Vis (CH3CN): λ max (Ԑ/M-1cm-1): 257(21000), 286(34000), 320(13000)nm. 

 

Bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine) iron (II) 

tetra fluoroborate (7): 

 

A solution of 4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine 

(0.059g, 0.125mmol)  in DCM (5 ml) was added to a solution of Fe(BF4)2.6H2O (0.023g, 

0.065 mmol) dissolved in EtOH (5 ml). On addition, a dark purple precipitate formed, which 

was collected and washed with EtOH (5 ml) and DCM (5ml). The product was obtained as a 

dark purple solid soluble in acetonitrile, yield (0.053g, 83%).1H NMR (400 MHz, CD3CN) δ 

9.16 (s, 4H), 8.62 (d, J = 7.6 Hz, 4H), 8.31 (d, J = 8.8 Hz, 4H), 7.93 (td, J = 7.9, 1.4 Hz, 4H), 

7.43 (d, J = 1.1 Hz, 2H), 7.29 (d, J = 8.9 Hz, 4H), 7.21 (d, J = 4.9 Hz, 4H), 7.18 (d, J = 1.1 

Hz, 2H), 7.13 – 7.06 (m, 4H), 4.74 (t, J = 6.8 Hz, 4H), 4.25 (t, J = 5.8 Hz, 4H), 2.50 – 2.40 

(m, 4H); 13C NMR (126 MHz, DMSO) δ 160.89, 160.23, 158.47, 153.26, 149.13, 145.34, 
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139.15, 129.83, 128.64, 128.42, 128.00, 124.46, 120.76, 115.75, 65.76, 47.49, 29.77; 

IR:3116(w), 3086(w), 2873(w), 2873(w), 1600(m), 1539(m), 1521(m), 1483(m), 1465(m), 

1361(s), 1300(s), 1053 (vs); HRMS ES+ [(L2)2- Fe-BF4
-]+  calcd for [C54H44BF4FeN12O6]: 

1099.2885; found: 1099.2924; UV−Vis (CH3CN): λ max (Ԑ/M-1cm-1): 232(250000), 

285(130000), 328(170000), 572(50000).  

 

Bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine) nickel 

(II)tetra fluoroborate (8): 

 

To Ni(BF4)2.6H2O (0.010g, 0.0312 mmol) dissolved in ethanol 5 ml, (4'-(4-(3-(2-nitro-1H-

imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine 0.029g, 0.065mmol) in DCM 5ml was 

added, the mixture was stirred at room temperate for 3 h before filtering, yield (0.023g, 

68.8%); IR; 3134(w), 3116(w), 2954(w), 2873(w), 1600(m), 1558(m), 1539(s), 1521(s), 

1473(m), 1458(m), 1363(s), 1307(m), 1048(vs); HRMS ES+ calcd for [C54H44BF4NiN12O6]: 

1101.2889; found: 1101.2926; HRMS ES+ m/z calcd for [C54H44NiN12O6]: 507.1398; found 

507.1399; UV−Vis (CH3CN): λ max (Ԑ/M-1cm-1): 235(36000), 286(53000),317(61000), 

343(71000) nm. 

 

Bis (4'-(4-(3-(2-nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine) cobalt 

(II)tetra fluoroborate (9): 
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To an ethanolic solution (5ml) Co(BF4)2.6H2O (0.010g, 0.03mmol) ,(4'-(4-(3-(2-nitro-1H-

imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine (0.029g, 0.06 mmol) in DCM (5 ml) was 

added and stirred for 3 hours. Upon the addition of co salt the solution turned to dark red and 

precipitate was formed. The precipitate was filtered to obtain the product as red powder yield 

(0.026g, 77.8%); IR;3122(w), 2872(w), 1600(s), 1541(s), 1521(s), 1471(m), 1363(s), 

1051(vs); HRMS ES+[(L2)2- Co-BF4
-]+  calcd for [C54H44BF4CoN12O6]: 1102.2868; found: 

1102.2875. HRMS ES+ m/z calcd for [C54H44CoN12O6]: 507.6309; found 507.6309. UV−Vis 

(CH3CN): λ max (Ԑ/M-1cm-1): 225(80000), 286(79000),317(90000), 518(2100).  

 

4'-(4-(3-(2-Nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine copper (II) 

chloride (10): 
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To CuCl2. 2H2O (0.005g, 0.0312 mmol) dissolved in ethanol 5 ml, (4'-(4-(3-(2-nitro-1H-

imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine 0.029g, 0.06mmol) in DCM 5 ml was 

added, the mixture was stirred at room temperate for 3 hours. Green precipitate was formed 

which was filtered and washed initially with DCM (5 ML) then ETOH. The desired product 

was obtained as green powder, yield (0.007g, 22.6%); IR: 3450(b), 3064(s), 2956(s), 2879(s), 

1595(s), 1521(s), 1471(s), 1435(m), 1355(s); HRMS ES- [(L1)2- Cu -]+  calcd for 

[C54H44CuN12O6]: 1019.2803; found: 1019. 2822. UV−Vis (DMSO): λ max (Ԑ/M-1cm-1): 

285(18673), 321(15057), 369(3181), 741(91) nm. 

 

4'-(4-(3-(2-Nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine zinc (II) 

chloride (11): 
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To Zn(Cl)2. (0.007g, 0.03 mmol) dissolved in ethanol (5 ml), (4'-(4-(3-(2-nitro-1H-imidazol-

1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine (0.029g, 0.06mmol) in DCM 5 ml was added and 

the mixture was stirred at room temperate for 3 hours. White precipitate was filtered and 

washed with deionised water (5 ml) and DCM (5ml). Yield:(0.014, 46%); 1H NMR (300 

MHz, DMSO) δ 9.06 (s, 4H), 8.97 (d, J = 6.5 Hz, 4H), 8.84 (s, 4H), 8.42 – 8.25 (m, 8H), 7.92 

– 7.84 (m, 4H), 7.71 (s, 2H), 7.21 (s, 2H), 7.15 (d, J = 7.3 Hz, 4H), 4.62 (d, J = 6.8 Hz, 4H), 

4.15 (d, J = 4.9 Hz, 4H), 2,33 (m,4H). IR: 3079(w), 3055(w), 2912(w), 2868(w), 1598(s), 

1541(s), 1521(s), 1477(m), 1436(m), 1361(s),1355(s), 780, 518. MS ES+ m/z calcd for 

[C54H44ZnN12O6]: 510.14. found: 510.14: UV−Vis (CH3CN): λ max (Ԑ/M-1cm-1): 288(19313), 

323(11745), 340(10036), 385(4098) nm. 

 

4'-(4-(3-(2-Nitro-1H-imidazol-1-yl)propoxy)phenyl)-2,2':6',2''- terpyridine palladium 

(II) acetate (12): 

 

To Pd(AOC)2. (0.014g, 0.06 mmol) dissolved in ethanol (5 ml), (4'-(4-(3-(2-nitro-1H-

imidazol-1-yl)propoxy)phenyl)-2,2':6',2''-terpyridine (0.029g, 0.06mmol) in DCM (5 ml) was 

added and the mixture was stirred at room temperate for 12 hours. The solvent was 

evaporated from filtrate. The crude product was dispersed in chloroform. The solid was 

filtered and washed with chloroform (5 ml). The product was obtained as yellow solid, yield 

(0.015g, 38%). 1H NMR (500 MHz, DMSO) δ 8.92 (s, 2H), 8.86 (d, J = 7.9 Hz, 2H), 8.49 (t, J 



Design and Synthesis of Metal Complexes based on the Terpyridine Ligand and 

Nitroimidazoles 

 

143 

 

= 8.5 Hz, 2H), 8.33 (d, J = 5.5 Hz, 2H), 8.21 (d, J = 8.8 Hz, 2H), 7.93 – 7.82 (m, 2H), 7.72 (s, 

1H), 7.21 (s, 1H), 7.15 (d, J = 8.8 Hz, 2H), 4.64 (t, J = 6.9 Hz, 2H), 4.18 (t, J = 5.8 Hz, 2H), 

2.33 (dt, J = 12.8, 6.3 Hz, 2H); 13C NMR (126 MHz, DMSO) δ176.93, 161.61, 157.64, 

155.01, 153.13, 151.57, 142.81, 130,17, 129.04, 128.48, 128.39, 127.03, 125.69, 120.60, 

115.68, 65.78, 47.40, 29.67, 23.80;  IR; 3411(b),3101(w), 3072(w), 1591(s), 1539(s), 1521(s), 

1475(m), 1351(s), 1309(s); HRMS ES+ [M-OAc-]+ calcd for [C29H25N6O5Pd]: 643.09; found: 

629.0773; UV−Vis (CH3CN): λ max (Ԑ/M-1cm-1):  281(20127), 307(16242), 320(14327), 

375(13057), 393(12489) nm. 
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CHAPTER 4 Fluorescently Labelled SPION-coated Silica Nanoparticles for 

Cell Multifunctional Imaging Probe 

4.1  Introduction 

Molecular imaging has developed rapidly over the last decade and involves a mixture of in 

vivo imaging and the application of molecular biology targeting by recognising living 

biological processes at a cellular and molecular level without invasive biopsies or surgical 

procedures. It is particularly useful for exposing defects in cells and molecules which cause 

illness.1 Molecular imaging also aids researchers to visualise the uptake and toxicity of novel 

drugs in the initial stages of drug development. Many imaging technologies have been widely 

used to assist clinicians and researchers, including optical imaging (fluorescence, 

bioluminescence),2 computed tomography (CT),3 magnetic resonance imaging (MRI),4 

positron emission tomography (PET)5 and single-photon emission computed tomography 

(SPECT)6. Each of these modalities has its own benefits and limitations, such as spatial, 

resolution and sensitivity. Although many molecular imaging techniques now exist, no single 

modality can offer perfect images that provide all the essential information. For example, 

optical fluorescence imaging can only be used in tissue with limited depth (millimetres). 

Positron emission tomography (PET) has high sensitivity, providing clear anatomical 

information, but inadequate temporal and spacial resolution. Magnetic resonance imaging 

(MRI) offers excellent special resolution but low sensitivity.7 Therefore, dual imaging agents 

are used to improve the quality of the images in order to attain an appropriate picture of the 

organs and a superior reliability of the obtained information.8 A range of combinations of 

different diagnostic instruments including PET/near-infrared optical fluorescence (NIRF), 
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MRI/optical and PET/CT have been described.9,10 Recently, the development of a multi-

modality analytical technique for PET/MR imaging has been reported.11  

 

 MRI offers excellent special resolution but low sensitivity. It is used for visualising soft 

tissue and provides reliable information about anatomic structures. While positron emission 

tomography (PET), which is based on the detection of γ-photons that arise through nuclear 

decay, provides very sensitive images, it is usually used to image biochemical processes, and 

consequently track tumours where metabolism rapidly occurs.12 

 

Obtaining precise and reliable information may be difficult when working under the 

limitations of a single technique. To compensate for the disadvantages of a method, some 

reports show how data from two instrumentation may be complimentary.13  Fig 4.1 illustrates 

how the combination of these two scans from MRI and PET provide better and more 

comprehensive information. Though this approach may be useful, the use of dual MRI/PET 

scan for clinical use has only become available in the last decade,14 meaning that much more 

research in this area is required. 

 

 

Figure 4.1: MRI scans (a), PET images(b), dual MRI/PET images 
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4.2 Theory 

4.2.1 Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) is used by chemists to characterise the structure of the 

chemical compounds and is based on the MRI technique, which is used to image soft tissue in 

the human body, thereby assisting clinicians in diagnosing disease. In this section, a brief 

discussion of the physical concept of NMR is provided.15 

 

Figure 4.2: (a) Precession of the net magnetisation of the proton around z-axis, (b) the effect of 

the radio frequency pulse on the net magnetisation, (c) the alteration of transverse resonance 

over time, and (d) longitudinal signal amplitude over time 15 

 

When a group of nuclei is placed in a magnetic field (Bo), each spin aligns their magnetic 

dipoles in one of the two possible orientations. A small proportion align against the applied 

magnetic field (high energy configuration) and the majority of these orientations align with 

the axis of the applied magnetic field (low energy configuration). Anti-parallel and parallel 

protons can cancel out each other’s forces. However, as there are slightly more parallel 

protons on the lower energy level left, the magnetic diploes add together their moments in the 

direction of the external magnetic field. This generates a net magnetisation (M) aligned with 
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the z-axis and procession occurs around this axis (Fig 4.2) according to the Larmor frequency, 

as given by Equation 1. The magnetisation of these protons cannot be measured because it is 

longitudinal to the applied magnetic field. Upon applying a radiofrequency pulse, this net 

magnetic moment is tipped from the z-axis to the xy-plane. This motion induces an electrical 

current in the receiver coil. The electrical current is then detected as the NMR signal. Each 

signal is distinguished by a specific nucleus in a specific environment. 

 

Equation 1                     Ꞷ0 =  B0 

Equation 2                     0 =  B0/2π 

Ꞷ0  :is the procession frequency, B0: is the strength of externally applied field,  : 

gyromagnetic ratio.  

When, the net magnetisation returns to the equilibrium state this phenomenon is called 

relaxation. This can occur by exchanging energy between the higher energy state nuclei and 

their surroundings (T1 relaxation) or energy transfer between nuclei (T2 relaxation). T1 

relaxation is known as spin lattice relaxation and it is the time required for the longitudinal 

magnetisation to reach two thirds of its value, and this is the basis of T1 weighted images. 

However, T2 relaxation time (spin-spin relaxation) is the time required for the transverse 

magnetic field to decay to 37% of its value.  As a result of the differences between T1 and T2 

relaxation of various 1H nuclei, different tissues may be distinguished.15     

4.2.2 Magnetic Resonance Imaging (MRI) 

The physical principle of this technique is based on the theory of NMR spectroscopy. 

However, data acquisition by MRI reveals three-dimensional images. This is because the 

NMR frequency of the nucleus is proportional to the strength of the magnetic field according 

to the Larmor equation (Equation 2). Therefore, by applying a gradient field, the Larmor 
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frequency of the slice water nuclei will be dependent upon it position within this field’s 

gradient. Hence, we can relate the signal to its position. In MRI, field gradients are applied to 

the x-, y- and z-axes in order to place the proton in a three-dimensional manner. Relaxation 

information are accumulated by a computer with a two-dimensional Fourier transformation to 

provide the NMR signals and ultimately produce a 3-D image. Owing to biological 

parameters, for example the repetition time TR (time between two following radio frequency 

pulses) and the echo time TE (time between the radio frequency pulse and the measurement of 

the first signal), the operator may weigh the image and acquire the correct kind of image 

contrast. Fundamentally, a long repetition time, TR, permits the protons within the tissues to 

complete longitudinal magnetisation to the z-axis and consequently this decreases the 

influence of T1. However, long TE permit the loss of transverse magnetisation and increasing 

T2 effects. Conversely, T1-weighted imaging is acquired by using a rapid TR and a rapid TE, 

allowing full recovery of the short T1 proton within the tissues (for instance fat) whereas only 

partial recovery of tissues with long T1 (for instance cerebrospinal fluid). In contrast, T2-

weighted imaging is obtained by using long TR and long TE Protons in the fluids possess a 

long T2 and are commonly linked with pathologies, therefore T2-weigted images are usually 

chosen for such diagnostics. 

The contrast between different types of soft tissue is usually noticeable, and the information 

acquired by MRI scans in such cases does not require imaging agents. However, the 

enhancement of contrast can be increased by the presence of paramagnetic molecules in vivo. 

The capacity of such molecules to enhance the relaxation times of protons in a certain area is 

called relaxivity, which is known as R1= 1/T1 or R2 =1/T2. Hence, for example, the presence 

of endogenous haemoglobin is utilised for mapping brain function. As oxyhaemoglobin is 

diamagnetic, it has low R1 relaxivity.  While the deoxygenated counterpart, 

deoxyhaemoglobin, is paramagnetic and has high relaxivity. The presence and the absence of 
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oxygen in the brain haemoglobin determines the brain areas and measure blood flow 

variations. However, this does not usually deliver a clear anatomic description. If the contrast 

between tissues is inadequate, paramagnetic chemical species, known as contrast agents, are 

usually employed to provide a contrast enhancement. Contrast agents increase contrast by 

their impact on the relaxation time of proton nuclei. Moreover, contrast agents can affect the 

behaviour of water protons located nearby and increase their relaxation rates in the tissue in 

which the agent accumulates.16  

Nowadays, there are two categories of MRI contrast agents: T1 agents and T2 agents. In 

general, T1-agents (for instance, gadolinium chelates) increase the longitudinal relaxation 

rates (1/T1) of protons in human tissue. However, T2 contrast agents (such as 

superparamagnetic iron oxide nanoparticles, SPIONs) are responsible for increasing the 

transverse relaxation rates (1/T2), which are relaxation effects resulting from the induced local 

field inhomogeneities leading to a negative contrast.17 

Most of the clinically used T1  contrast agents are based on gadolinium-containing 

azamacrocycles (Fig 4.3).18 Even with the common use of these contrast agents containing 

gadolinium, free gadolinium ions are very toxic.19 For this reason, the development of less 

toxic contrast agents was required.  

 

 

Figure 4.3: Gd3+ bound by 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) 
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However, in addition there are a number of clinically used T2 contrast agents based on 

SPIONs, which are super-paramagnetic iron oxide nanoparticles. Typically, these contain 

Fe3O4, although some contain Fe2O3. These particles range in size from 5-100 nm. The 

contrast agents will be discussed in more detail in later sections.  

 

4.2.3  Physical Principles of Magnetism 

As contrast agents are based on molecular species that perturb the local magnetic environment 

in a sample, it is appropriate to consider the magnetic properties of molecules. All materials 

exhibit magnetic properties to some extent, and this depends on their atomic construction and 

the temperature. These features appear in any materials due to the rotation of the electrons 

around atomic nuclei. Positively charged atomic nuclei and electrons spinning around their 

axes cause magnetic moments. Overall, these effects might cancel out, which is why some 

atoms have no magnetic dipole. Yet, other atoms are permanent magnetic dipoles because the 

magnetic moments are not totally cancelled out. A magnetic dipole moment is defined as the 

force of a magnetic dipole and the ability of the dipole to align parallel with an applied 

external magnetic field (H). The magnetisation (M) is considered as the quantity of the 

magnetic moment per unit volume and its value s given by the following equation:  

M = χH                            (3) 

                                      Where χ= the volumetric magnetic susceptibility 

Magnetic materials can be categorised according to their χ .20 As long as the materials show 

poor repulsion, they are classified as diamagnets. When the materials demonstrate small 

positive susceptibility, they are paramagnets; however, the materials are termed as 

ferromagnetic substances if they display a large positive susceptibility. In the absence of an 

external magnetic field, ferromagnetic material continue to hold their magnetic properties but 

paramagnets and diamagnets lose these features in this case.21 
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There are a number of significant factors that affect the magnetic susceptibility of SPIONs, 

such as the size, shape and crystallinity of the SPIONs and surfactant groups coating the 

particles.20 

 

4.2.4  Superparamagnetism 

SPIONs that display exceptional magnetic properties are different from their bulk 

counterparts (ferromagnetic material). they exhibit a zero magnetic state in the absence of an 

external magnetic field. That is because of their particles’ dimensions.22 In the crystal 

arrangement of magnetite, iron ions are located in two different lattices in an inverse spinel 

structure (Fig 4.4). The net spontaneous magnetisation of the iron nanoparticles is responsible 

for the crystal construction of ferrite. Every unit cell in this arrangement consists of two Fe2+ 

and four Fe3+ centres. Both ions have high spin and they possess unpaired d-electrons. Thus, 

they hold paramagnetic properties. Magnetic dipoles on the metal centre increase as a 

consequence of the motion of these unpaired electrons.23  

 

 
Figure 4.4: Inverse spinel unit cell of magnetite 23 

 

The properties of SPIONs were predicted in 1930. 24 It was also hypothesised that particles 

below 15 nm comprise of a single magnetic domain and exhibit superparamagnetic properties. 
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This domain acts as the unpaired electrons in a paramagnetic material, meaning that in the 

existence of an external magnetic field, the magnetic moment of the crystallite aligns itself 

with the field. However, it shows zero magnetic properties when the applied magnet is 

removed. That is because the thermal energy, in the absence of applied magnet, is adequate to 

distract the magnetic moments and cancel the net magnetisation of a given material. 

Superparamagnetic material shows greater magnetic susceptibilities than typical paramagnetic 

materials. This is because the magnetic moments of individual particle domains are larger 

than the magnetic moments of unpaired electrons in paramagnetic materials. Moreover, 

instead of each separate atom being individually affected by the applied magnetic field, the 

magnetic moment of the domain aligns entirely with the magnetic field. 25  

 

4.2.5 Positron Emission Tomography (PET) 

 A PET scan is a medical imaging technique used to obtain images of the body by injecting a 

radioactive tracer into the body. A camera is then used to monitor the distribution of the 

substance into the body tissue. The physical principle behind this modality has been detailed 

extensively in the literature.26,27 The theory of PET is based on the emission of positrons and 

subsequent detection of γ-photons upon annihilation. The most common radionuclides used 

are 18F, 15O and 13N, with 11C, 64Cu and 68Ga among others of interest in previously reported 

research. These isotope emitters undergo a decay process when a proton is changed to a 

neutron and it emits a positron. A positron is the antimatter counterpart of an electron and 

when it collides with an electron in the tissue, a process called annihilation occurs, which 

converts mass to energy (E = mc2) in the form of two photons. The annihilation procedure 

produces two 511 keV γ-photons that move in opposite directions (Fig 4.5). These photons 

are detected and used to identify the point of annihilation. 
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Figure 4.5: Illustration of the physical principle of Positron Emission Tomography (PET)27 

 

 The PET camera uses scintillation crystals placed around the subject to detect these photons. 

This converts γ-photons into visible photons by absorbing these photons and then emitting 

photons at a longer wavelength. The visible photons are then converted into an electrical 

signal. X-ray computed tomography (CT) medical imaging is usually employed at the same 

time as using PET in order to visualise the skeletal structure to deliver a reference for the 

imaging agent site. 

 

PET radioisotope based on 18F, particularly 18-fluorodeoxyglucose (FDG) (a glycolysis 

marker), shown in Fig 4.6, has been widely used in the clinic. PET is used to evaluate the 

consumption rate and metabolism of glucose within tissues in different parts of the body. The 

irreversible accumulation of the radiolabelled glucose analogue (FDG) permits measurement 

of the consumption rate of glucose in cells within the body tissues that are undergoing 

metabolism. This agent is used clinically to distinguish between benign and malignant 

tumours, as the metabolic rate, and hence consumption of glucose, is quicker in malignant 
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cancerous tissues. This aids clinicians to screen and investigate the changes occurring in a 

tumour during a chemotherapy course.12 

 

Figure 4.6: 18-Fluorodeoxyglucose (FDG) 

 

Many radiolabelled agents are under investigation, though currently their production is 

usually restricted by their short half-lives. The half-life of 18F is 109.8 minutes; therefore, the 

synthesis of the positron emitters, production of the imaging agent and the following clinical 

scan are dictated by this timescale.12 

The synthesis of radiolabelled agents of radiometals such as Zr, Y, In, Ga and Cu have been 

studied as radionuclides.28 In terms of reasonable aqueous reduction procedures related to 

metal-based radiopharmaceuticals, only Cu(II) and its complexes are prone to redox 

processes.27 

The principle of bioreduction efficiency in copper radiolabelled agent was investigated in 

thiosemicarbazone complexes, particularly Cu-ATSM (Fig 4.7).29 The selective 

retention/decomplexation of Cu(I) from Cu(II) in hypoxic cells was proposed for this 

complex.29 Furthermore, bis(thiosemicarbazonato) complexes of the radiometal Cu(II) have 

been extensively studied for the imaging of hypoxia.29  

 

Figure 4.7: Structure of 64Cu-ATSM 
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4.3  SPIONs synthesis 

SPIONS are nanoparticles that have been shown to be effective T2 MRI contrast agents. In 

addition, it has been shown that metal ions may be doped into the SPION framework, 

meaning they can be labelled with PET isotopes. As such, they are potential bimodal PET-

MRI agents. Furthermore, they may be coated with fluorescent surfactants, allowing the use 

of further imaging modalities. This chapter explores the synthesis of multimodal SPION 

imaging agents. 

Superparamagnetic iron oxide consists of three different iron oxides: Magnetite (Fe3O4), 

maghemite (γ-Fe2O3) and hematite (α-Fe2O3). There is also another type of SPIONs called 

ferrites. These comprise of iron oxides and other transition metal ions such as Cu, Co, Mn and 

Ni, which have also been classified as superparamagnetic species.30 However, the present 

review focuses only on pure iron oxide nanoparticles that possess superparamagnetic 

properties. Figure 4.8 illustrates the three most significant published approaches aimed at the 

synthesis of SPIONs.31  Only chemical methods of producing SPIONs will be highlighted in 

this report. There are many chemical approaches  that can be used for SPION synthesis such 

as: microemulsions32, sol-gel syntheses 33, sonochemical reactions 34, hydrothermal 

reactions35, hydrolysis and thermolysis of precursors 36, flow injection syntheses 37 and 

electrospray syntheses. 38 A coprecipitation method is the most common technique for SPION 

synthesis.39 

 However, the synthesis of SPIONS is a challenging procedure because of their colloidal 

nature. It requires a reproducible industrial process that produces a monodisperse population 

with a high degree of crystallinity and magnetisation. Usually, further complex steps of 

purifications are needed to achieve these requirements. For example, size-exclusion 

chromatography40, magnetic filtration41 or flow field gradient.42 
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Figure 4.8: Published work on SPION synthesis by three different pathways up until 2011. 

Source: Institute of Science and Technology 

 

However, this project will focus only on the coprecipitation process, which was developed by 

Massart,43 as it is the simplest and most efficient approach for SPION synthesis 44. Although, 

large quantities of SPIONs can be produced by this procedure, the management of 

nanoparticle size distribution is limited. In this process, iron oxides (either Fe3O4 or γFe2O3) 

are prepared by adding a base to an aqueous mixture of Fe2+ and Fe3+ salt at a 1:2 molar ratio 

in an oxygen-free environment by passing N2 gas through the solution. By applying N2 

throughout the solution, magnetite will be protected from oxidation and the dimension of the 

particles will be minimised.45 The precipitated nanoparticles are black in colour and have an 

average diameter of 10 nm.46 This reaction includes two different steps; nucleation and 

particle growth, which must be separated to obtain the optimum conditions for producing 

monodisperse nanoparticles.47  
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4.4 Stabilization of Magnetic Particles 

The stabilisation of SPIONs in suspension is a significant step in order to avoid oxidation and 

aggregation. Magnetite can be easily oxidised to maghemite. The presence of maghemite is 

undesirable as it is less stable and lower in magnetic moments than magnetite.48 Several 

forces control the stabilisation of iron oxide, such as: hydrophobic–hydrophilic, magnetic 

dipole force, the electrostatic repulsive forces and van der Waals. SPIONs tend to aggregate 

and cluster in suspension. This is due to hydrophobic connections between the particles. 

Moreover, magnetic dipole-dipole forces increase  the  aggregation.49 In the existence of an 

applied magnetic field, additional magnetisation of these clusters can happen, causing their 

aggregation.50 This aggregation can hinder the effectiveness of SPIONs in drug delivery 

because of their low surface area and larger sizes. Therefore, the stabilisation of SPIONs in 

suspension made by adjusting their surface is vital especially in terms of drug delivery. The 

modification of SPIONs’ surfaces can be achieved either during their preparation or after the 

process of SPION synthesis. Numerous approaches have been investigated, including both 

monomeric and polymeric stabilisers.31  

 

4.4.1 Polymer stabilisers 

Many polymers are used for coating SPIONs, resulting in dextran-, carboxydextran- 51and 

polyethylene glycol (PEG)-coated SPIONs,52 which are commercially available as Feridex®, 

Resovist® and PEG-Ferron®, correspondingly.53 (Fig 4.9) These are T2 MRI contrast agents.  

The coating capability results from hydrophobic interactions and non-covalent bonding 

between these polymers and the nanoparticles.54 
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Figure 4.9: Dextran and polyethylene glycol 

 

Although coating SPION nanoparticles with polymer spices was successful, large SPIONS 

were obtained. Thus, nonpolymeric coating species have been studied.55 

 

4.4.2  Organic Stabilisers 

Organic stabilisers have been successfully linked to the surface of magnetite.56 This included 

carboxylate, sulphonate, phosphate and phosphonate with disulphonic esters. Oleic acid,57 

lauric acid, dodecyl phosphonate, hexadecyl phosphonate and dihexadecyl phosphonate 

(Fig4.10) are monomeric SPION stabilisers.58  

 

Figure 4.10: Some examples of monomeric species used for coating iron oxide nanoparticles 
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4.4.3  Inorganic Material 

 The example for the inorganic coating substance that has been used as an inorganic stabiliser 

of iron oxide nanoparticles is silica. 

 

4.4.3.1   Silica coating  

This project will focus on silica protective coatings, particularly (3-aminopropyl) 

triethoxysilane (APTES) (Fig 4.11). Silica shells are suitable for use as a stabiliser owing to 

their stability under aqueous conditions and simplicity of synthesis.59 Moreover, such shells 

offer functional groups (amines or carboxylic acid) that have the ability to react with various 

biomolecules60 such as proteins and enzymes. The use of alkoxysilane molecules to give a 

silica or polysiloxane coating layer has been demonstrated as biocompatible and water soluble 

SPIONs.61 SPIONs,  2 nm in size with a 1 nm shell of silica were obtained by using a 

microemulsion technique in the presence of tetraethyl orthosilicate (TEOS). SPIONs, which 

are coated with TEOS, are usually then bound with (APTES) or analogous molecules in order 

to introduce amine groups onto the surface of the particles.62 Magnetite (Fe3O4) and 

maghemite (γ-Fe2O3) have been directly coated with APTES.63,64 In the present study, APTES 

is be used to coat superparamagnetic magnetite particles with the APTES reacting with the 

iron oxide nanoparticles by adsorption or covalent bonding. In addition, the active amino 

group of APTES is able to bind with biomolecules, drugs and metals.63  

 

Figure 4.11: (3-Aminopropyl) triethoxysilane 



Fluorescently Labelled SPION-coated Silica Nanoparticles for Cell Multifunctional Imaging 

Probe 

 

164 

 

4.5  Literature Review  

As mentioned before, the initial effort on the development of MRI contrast agents was 

focused on gadolinium complexes, some of which have been used clinically.18 However, a 

range of MRI agents have been studied, such as SPIONs.   

This chapter is focussed on SPIONs, as these nanoparticles exceed the contrast enhancement 

of a Gd agent, with less than a quarter of the injected dose.65 Furthermore, and significantly, 

SPIONs have a negative enhancement effect on T2- relaxation time. The similarity between 

the behaviour of SPIONs and the paramagnetic substances, is the loss of their magnetisation 

when the removal of an external magnet. However, the magnetic moment of SPIONs is 

higher. Thus, the relaxivity of SPIONs is higher than those of Gd-agents. Thus, SPIONs are 

used to provide T2-relaxation effects, which bring about a signal decrease seen on T2-

weighted images (negative contrast). The explanation for this phenomenon may be from the 

large magnetic field heterogeneity around SPIONs as water protons diffuse past. This 

diffusion results in dephasing of the proton magnetic moments causing short T2. These 

mechanisms have been extensively explained in the literature.66 SPIONs uses as imaging 

agents have also been thoroughly examined.48,67 Because of the exceptional physicochemical 

and biological properties of SPIONs, they are suitable for many biomedical applications, such 

as targeted drug delivery and hyperthermia therapy.68,69 

There are some reports of the radiolabelling of SPIONs where their polymeric surface 

coatings contain chelators and isotopes. For example, DFO (desferrioxamine B) coordinated 

to 89Zr, and DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) bound with 

64Cu (Fig 4.12).70, ,71  
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Figure 4.12: Illustration of MRI and PET dual functional probe based on SPIONs71 

 

89Zr was coordinated to magnetic ferumoxytol using desferrioxamine B as a chelator for 

PET/T2-MR dual-modality (Fig 4.13). This gives a high-sensitivity and high-resolution 

description of the tissue. However, its applications in disease detection and stem cell 

treatment are under investigation.70   

 

 

 

 

Figure 4.13: Diagram of chelator-based radio labelling SPIONs with 89Zn and DFO as a 

chelator70 
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In 2010, Patel and co-workers synthesised SPIONs coated with 3-aminopropyl silane and then 

anchored them with a chelator capable of coordinating with a positron-emitting metal as a 

PET/MRI agent. Their properties, such as cell-labelling efficacy, cytotoxicity and relaxivity 

were investigated. These nanoparticles exhibited good biocompatibility and high cell uptake 

efficiency (Fig 4.14).72 

 

Figure 4.14: Diagram of the SPIONs@SiO2 with Cu+2 and EDTA as a chelator 

 

 

In the present study, we have developed nanoparticles that are comprised of a 

superparamagnetic iron oxide coated with 3-aminopropyl silane (APTES) by using 3-

aminopropyl triethoxysilane. The terminal amino group was reacted with one anhydride group 

of ethylenediaminetetraacetic acid anhydride (EDTAA) while the other anhydride function 

was bound to a fluorescent side chain (n-(2-aminoethyl)-1,8 naphthalimide and its derivative). 

These structures are able to form complexes with Cu2+ ions (Fig 4.15). Potentially, this will 

allow the chelating of Cu64 to be covalently bound to a tissue specific ligand either directly or 

through a single linker between EDTA and the ligand. These nanoparticles will provide a 
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novel class of trimodal imaging agent with MRI, PET and fluorescent allowing in-vitro and 

in-vivo cell evaluation. It is anticipated that the combination of these three imaging modalities 

will open a new gateway for accurate, precise and non-invasive imaging. 

 

 

Figure 4.15: Illustration of tri-modal nanoparticles 

  

In addition, new Schiff-base tailed silanes and metronidazole have been successfully 

synthesised and characterised by NMR, IR and HRMS. A novel MRI imaging agent 

conjugated to metronidazole and napthalamide was also synthesised and characterised. This 

molecule was designed for hypoxia imaging purposes. SPIONs coupled with 2-nitroimidazole 

and naphthalimide as multi-modal nanoparticles for hypoxia tracking were synthesised here 

for the first time. In this report, we describe the synthesis, surface modification and 

characterisation of these nanoparticles and evaluate their optical properties. 
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4.6 Results and discussion 

In this part, the following aspects will be discussed: 

1- The synthesis and characterization of fluorescently labelled SPIONs CA1 and 

CA2. 

2- The synthesis and characterisation of fluorescently labelled SPIONs conjugated to 

5-nitrioimidazole. 

3- The synthesis and characterisation of fluorescently labelled SPIONs conjugated to 

2-nitrioimidazole. 

 

4- Photochemical properties of the prepared nanoparticles including UV-vis and 

luminescence. 

5-  Diameter analysis of the prepared nanoparticles. 

6- Inductively coupled plasma atomic emission spectroscopy (ICP-AES) of CA1. 
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4.6.1 Synthesis and characterisations of fluorescently labelled SPIONs 

 The proposed route for the synthesis of naphthalimie-edta-APTES@Fe3O4 (CA1) and 

morpholine-naphthalimie-edta-APTES@Fe3O4 (CA 2) is shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Preparation of the silica-coated magnetite nanoparticles and the surface 

modifications 
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An APTES-coated SPION was targeted as a suitable starting material upon which to attach 

organic fragments. The co-precipitation technique of producing SPIONS is the easiest and 

fastest procedure. The co-precipitation approach under a N2 atmosphere was also successfully 

applied but producing SPIONs rapidly in air is more practical and can yield the same product, 

although it is anticipated oxidation that will occur with time. In 2004, M. Yamaura et al.63 

reported that coating SPIONs with APTES provided water soluble nanoparticles. The coating 

process is not reported in detail, omitting the mass of SPIONs, the heating temperature, the 

duration of the heating and the volume of the solvent. The coated nanoparticles produced in 

this report were produced by heating to 70ºC for 2 hours with a ratio of SPION to APTES of 

0.25g to 2.8 ml. The product was soluble in diluted acetic acid but was not water soluble.  

These coated nanoparticles were conjugated to 4.5 and 4.6 to produce CA1 and CA2, 

respectively. Initially, before this step, many procedures were attempted to synthesise 4.5 and 

4.6 (Scheme 1) by reacting EDTA bisanhydride with 2.1 and 2.3, respectively in a 1:2 

stoichiometric ratio; however, the lH NMR spectrum of the crude product showed a mixture 

of bisamide and monoamide products. Purification by column chromatography using DCM: 

methanol, hexane: ethyl acetate or ethanol for both reaction mixtures was not successful. 

Mass spectrometry of the reaction mixture indicated that the presence of compound 4.5 with 

the expected mass ion peak 515.18, (27%) for the monoamine. Characterisation using mass 

spectrometry for 4.6 presented the predictable M+ ion peak 600.22, (100%) for the desired 

product as well as the M+ ion peak 907.36 for the bisamide. This suggested that the reaction 

was successful; however, further purification is required. As the bis-amide would not react 

with the APTES-coated SPION in the next reaction step, it was decided to carry out a one pot 

reaction for producing CA1 and CA2, thereby avoiding the need to isolate the reactive 

anhydride intermediate. By using this synthetic procedure, we were able to separate the 

desired product from the crude product via an external magnet.  
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FT-IR spectra of synthesised Fe3O4 are shown in Fig 4.16. As presented in all spectra, the 

distinctive absorption peak for magnetite nanoparticles was split into two peaks at about 518 

and 450 cm−1.63 Compared to naked SPIONs (a), APTES-modified iron oxide nanoparticles 

(b) showed additional peaks at 1010 cm-1, 1055 cm-1 and 995 cm-1. These absorptions 

corresponded to Si-O-Si and Si-O-H vibrations. The peak of Fe3O4 nanoparticles can still be 

seen, representing the existence of the SPIONs. The peaks at 930 cm-1 and 855 cm-1 represent 

Si–O–H stretching and OH vibrations. The peak at 2920 cm-1 which corresponds to C–H 

stretch and alkane, confirm the existence of propyl group in APTES.63 

In the infrared analysis of n-(2-aminoethyl)-1, 8 naphthalimide, there were two absorption 

peaks at 3350 cm-1 and 3289 cm-1 that corresponded to N-H primary amine stretch frequency. 

Upon the coupling reaction of CA1 and CA2, this region of the IR changed, and these peaks 

were not observed. This provides good evidence of the alkylation of primary amine and 

formation of an amide. The absorption at 1698, 1643 and 1600 were assigned for the carbonyl 

stretch of the amide bond and carboxylic acid stretch.  Moreover, the presence of a peak at 

1400 cm-1 also suggests the synthesis of CA1. The absorption of this frequency corresponded 

to C=C aromatic bending in naphthalimide. Because of the similarity between CA1 and CA2 

in the structure, infra-red absorptions of CA2 were approximately at the same values. 
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Figure 4.16: IR spectra of uncoated SPIONs, APTES-coated SPIONs, CA1 and CA2 

 

 

4.6.2 Coordination of CA1 with Cu2+ 

A fluorescence titration was carried out to determine if the co-ordination of Cu(II) to the 

EDTA moiety would induce quenching of the organic naphthalimide lumophore. Numerous 

literature reports exist of Pet (photo-induced electron transfer) quenching for the selective 

detection of Cu(II) ions.73
 To determine if CA1 and CA2 might be used as a sensor for Cu(II), 

a titration of CA1with Cu(II) was carried out in the following manner:  

Sodium acetate (0.1M) buffer pH 5, was prepared to keep the pH of the nanoparticles constant 

during the reaction. Nanoparticles CA1(200 mg) were dissolved in 100 ml of the buffer.   

In the first attempt, the concentration of CA1 in each well was constant (3.645 ng/uL). In each 

well, 67.5 µml of CA1 was added and 0.1M CuSO4 was used to vary the Cu(II) concentration. 

Then, the  concentration was increased from 10 mM to 75Mm while the concentration of the 

buffer was decreased gradually from 182.5 mM to 32,5 mM. The fluorescence of the 

naphthalimide was measured and was determined to be constant in all cases. 
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In a second experiment, the volume of the nanoparticles in sodium acetate buffer was reduced 

to 18.5 µml and accordingly the concentration of these nanoparticles was decreased to 1.00 

ng/uL. Again, the volume and the concentration of CA1 remained constant during this 

attempt. A total of 18.5 µml of CA1 was added into each well. The concentration of CuSO4 

was increased regularly throughout the wells from 10 mM to 75 mM. In this attempt, the 

decrease in ratio of the nanoparticles to copper ion was done in order to increase the 

opportunities of copper ions to chelate all the EDTA ligand of the nanoparticles, and 

consequently quench the UV light emitted by the naphthalimide of the ligand at 433 nm. 

Again, no obvious change occurred according to microplate reader fluorescence.  

 

 In order to investigate whether the co-ordination reaction was slow (which would be unusual 

for the typically labile Cu(II) ion), the time between the addition and measurement was 

increased from 30 minutes to 90 minutes. Unfortunately, the luminescence spectrum of the 

ligand remained the same.  

 

 To study the effect of increasing the ratio of Cu ions on the coordination ability of the 

nanoparticles, 1 M CuSO4 was used in this attempt and the concentration was varied from 100 

mM to 750 mM while the concentration of the CA1 was constant and remained the same at 

1.00 ng/ uL in each well. There was a general downward trend in the luminescence intensity 

data suggesting that with high concentrations of Cu(II), the successful coordination of copper 

ion to CA1 takes place.  
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4.6.3 Synthesis and characterisation of fluorescently labelled SPIONs conjugated to 5-

nitrioimidazole 

Having successfully labelled the SPIONs with a lumophore, we were interested in 

additionally labelling these particles with the hypoxia directing nitroimidiazole groups. Such 

particles might localise in hypoxic tissue and could then be detected by luminescence in vitro 

and by MRI (or PET) in vivo.  

 

Scheme 2: Synthetic route of 4.8, 4.9, 4.10 and 4.11 
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Two pathways were investigated to obtain SPIONs conjugated to metronidazole and both 

gave the desired product (Scheme 2, routes a and b). The first route involved the synthesis of 

a functionalised APTES derivative (4.8), which contained the nitroimidazole. By reacting 4.8 

with SPIONs in EtOH (Scheme 2, route a), the desired product was formed.  The other 

pathway was formed by reacting APTES-coated SPIONs with 7 (Scheme 2, route b). The 

synthesis and characterisation of 7 was fully described in Chapter 2.  

The first pathway included the synthesis of 4.8 and 4.11. The other pathway involved the 

formation of 4.9 the 4.10. While at first glance compounds 4.9 and 4.11 may appear the same, 

the critical difference is that while 4.9 will have unreacted amines on the SPION surface, 4.11 

will only have nitroimidazoles groups on its surface. 

 

Attempts to react the fluorescent nanoparticles CA1 and CA2 with 2.7, proved to be 

unsuccessful, with no incorporation of the nitroimidazole to the nanoparticle being detected. 

However, it was found that if the nitroimidazole was added first, in a controlled ratio, then 

addition of 4.5 to this product would yield the desired nanoparticle. One possible explanation 

for this observation may be due to the high loading of fluorophores in CA1, which would lead 

to the steric hindrance of the amino groups.  

 

Synthesis and characterisation of 4.8 and 4.11 (route a, scheme 2): 

 The conditions for the reaction for preparing (E)-1-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)ethoxy)phenyl)-N-(3-(triethoxysilyl)propyl)methanimine 4.8 were adapted from reported  

Schiff base tailed silatranes preparations.74 It was prepared by the condensation of 4.8 with 

APTES at a ratio of 1:1. APTES was added dropwise and vigorous stirring was continued for 

one hour. The reaction was carried out by using a dropping funnel and a Dean-Stark-trap. The 

reaction mixture was refluxed in toluene under nitrogen overnight. Next day, the H2O 
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collected in the Dean-Stark suggested that the reaction had been successful. The mechanism 

used is as follows:  

 

 

Figure 4.17: The suggested mechanism of 4.8 

 

 

Dean-Stark-trap apparatus was employed in order to reduce the occurrence of the backward 

reaction. This is because water is a by-product of the reaction and it could re-enter the 

reaction causing hydrolysis of the imine group into aldehyde and primary amine. The Dean-

Stark-trap apparatus assists in driving the reaction equilibria towards product formation and 

so increases the yield. When  boiling, the reaction mixture forms a toluene-water azeotrope, 

which when condensed in the trap separates into water and toluene, with the more dense water 

settling at the bottom of the trap.75 

This reaction was successfully achieved according to 1H NMR spectra. The spectra indicated 

the presence of a peak at 8.37 ppm with an integral of one proton, indicative of the formation 

of an imide bond. In addition, the absence of the aldehyde proton of 2.7 is also a sign of imine 

bond formation.  Compared to 2.7, infrared analysis of the obtained product showed 
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additional peaks at 1180, 1186, and 1506 cm-1 that were assigned to Si–alkoxy groups.76 

Moreover, the absence of stretching vibration of carbonyl group of 7 and disappearance of 

two NH2 stretching bands of APTES suggest imine bond formation. High resolution mass 

spectrometry showed the expected M+ ion peak (479.2334, 100%) for the desired product (Fig 

4.17). This compound was prepared to be conjugated to iron oxide nanoparticles to be used 

potentially for MRI as a hypoxia tracer. In order to accomplish this target, naked SPIONs was 

directly reacted to 4.8. The process and reaction conditions of this reaction are similar to the 

surface modification process for SPIONs by silanisation. In this reaction, 4.8 was added 

dropwise to a solution of SPIONs dispersed in ethanol. The reaction mixture was stirred and 

refluxed for 12 hours, then the nanoparticles were collected using an external magnet and 

washed with ethanol to remove any unreacted silane moiety. The resulting nanoparticles were 

analysed by infra-red spectroscopy, which shows, compared to uncoated SPIONs, absorptions 

at 1008 and 1188 cm-1 assigned to Si-O-Si and Si-O-H vibrations (Fig 4.18) In addition, this 

spectrum shows all the absorbance of the 2- nitroimidazole moiety such as symmetric and 

asymmetric N=O bonds at 1363, and 1529 cm-1, respectively. The presence of the propyl and 

methyl groups were confirmed by C–H stretching vibrations that appeared at 2926 cm -1.  
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Figure 4.18: High resolution mass spectrometry 4.8, (A) theoretical spectrum, (B) experimental 

spectrum 

 

  

Figure 4.19: Infra-red spectrum of uncoated SPIONs (A) and 4.11 (B) 

 

 

The direct conjugation between 2.7 and CA1 does not lead to the formation of fluorescently 

conjugated SPIONs with 5-nitroimidazole 4.10. Ethanol was used as a solvent and the 

B 

A 
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reaction mixture was refluxed in atmosphere. In this reaction, it was expected that the primary 

amine on the surface of the SPIONs of CA1 would react with the aldehyde group of 2.7. 

However, there is no evidence for any new product according to the infra-red spectrum. The 

reason for this may be that there are no free primary amine groups on the surface of the 

SPIONs and they have all coupled with EDTA, or that the equilibrium of the imine forming 

reaction lies towards the starting material. Thus, the preparation of CA1 was repeated and the 

amount of EDTA was reduced 3 times, 5 times and 10 times less than that of the original 

experiment. When the newly prepared CA1 species were reacted with 2.7, the attempts were 

also unsuccessful. The reaction between 2.7 and CA1 was also screened under different 

solvents, such as DMF and acetonitrile under N2, in order to investigate the effect of these 

solvents and the inert atmosphere on the formation of imine bonds. Again, these attempts did 

not produce the desired product according to the IR spectrum. The failure of these reactions 

led to our attempt to produce 4.10 via route b.  

 

Synthesis and characterisation of 4.9 and 4.10 (route b, scheme 2): 

In the second pathway (route b, Scheme 2), SPIONs coated with APTES were synthesised 

using the coprecipitation method followed by surface modification by APTES. The terminal 

primary amine of these nanoparticles is theoretically able to react with the aldehyde group of 

2.7 to form an imine bond of 4.9. The infra-red data of this conjugation were in full agreement 

with the proposed structure (Scheme 2). Compared to APTES-modified SPIONs, the infrared 

analysis of the obtained nanoparticles showed additional peaks at 1533 and 1508 cm-1 

attributed to N=O asymmetric stretching (Fig 4.19). There were absorption bands at 1363 and 

1306 cm-1 which corresponded to N=O symmetric stretching. The success of this coupling can 

also be confirmed by the existence of imine absorption medium peak that appeared at 1647 

cm 1. 
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In order to obtain fluorescently labelled SPIONs conjugated to metronidazole, compound 4.5 

(scheme 2) was conjugated to 4.9 in a mixture of the solvents DMF and anhydrous ethanol as 

a one pot reaction, as mentioned previously in the synthesis of CA1. The desired product was 

collected by an external magnet and washed initially with DMF to remove any unreacted 

starting material, and then washed with DI water to remove the DMF. The desired product 

was dried under vacuum. These nanoparticles were characterised by IR, UV and 

luminescence and their successful synthesis was proven by IR (Fig 4.19). Compared to 4.9, 

there are strong absorption bands at 1653 cm-1 and 1635 cm-1, which are assigned to the 

carbonyl stretch of amide bond and carboxylic acid stretch. The presence of the anchored 

aromatic group of the naphthalimide group was confirmed by C–H stretching vibrations that 

appeared at 3093 cm-1.  

 

Figure 4.20: Infrared spectra of 4.9 (A) and 4.10 (B) 

 

 

 

 

 

 

A B 
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4.6.4 The synthesis and characterisation of fluorescently labelled SPIONs conjugated 

to 2-nitrioimidazole 

 

 

 

 

Scheme 3: Synthetic route of 4.12, 4.13, 4.14 and 4.15 
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4-(2-(2-Nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde 2.15 (scheme 3) was prepared as 

described in Chapter 2. With the aim of producing SPIONs conjugated to 2-nitroimdazole, 

4.12 and 4.15 were synthesised. The same synthetic routes for 4.10 and 4.11 (Scheme 2) were 

applied to synthesis 4.12 and 4.15 (route c and d, Scheme 3). Fluorescently labelled magnetite 

coupled with 2-nitroimidazole was also synthesised 4.13. The details of the synthesis and 

characterisation of these nanoparticles is described as follows:   

 

4.6.4.1 Synthesis and characterisation of 4.14 and 4.15 

(E)-1-(4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3 

(triethoxysilyl)propyl)methanimine, 4.14, (route c, scheme 3) was synthesised by applying the 

same reaction conditions as that of 4.8. Although TLC showed the completion of the reaction 

and presence of a new product, the 1H NMR spectra of 4.14 displayed the presence of one of 

the starting materials 4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde 2.15. To improve 

this, the ratio of APTES to 2.15 was doubled; however, the presence of aldehyde proton in 1H 

NMR were still observed. The 1H NMR spectra also confirmed the formation of this 

compound. One resonance was observed at 8.37 ppm with an integral of one proton, 

corresponding to the proton of an imide bond. As also seen in 4.8, the infrared analysis of  

4.14 illustrated the presence of extra absorptions at 1180, 1186, and 1506 cm-1 that were 

assigned to Si–alkoxy groups76 as well as small peaks at 1605 cm-1 corresponding to imine 

group stretching.  The disappearance of the carbonyl group absorption of 2.15 also suggests 

imine bond formation. Mass spectrometry showed the expected M+ ion peak (465.22, 100%) 

for the desired product.  

Compound 4.14 was synthesised to be reacted with SPIONs in order to produce contrast agent 

for MRI. Whether this compound is pure or not, it was decided to use it for the next step and 



Fluorescently Labelled SPION-coated Silica Nanoparticles for Cell Multifunctional Imaging 

Probe 

 

183 

 

any impurities remaining in the mother liquor once the desired nanoparticles were washed and 

isolated using an external magnet. 

 

In the next step, SPIONs were dispersed in anhydrous ethanol and a suspension of 4.14 in 

ethanol was added dropwise and refluxed for 12 hours. The desired nanoparticle 4.15 was 

collected using an external magnet and washed initially with DCM to remove any unreacted 

2-nitro Schiff base tethered silatranes. These nanoparticles were dried on a vacuum line.  The 

success of this conjugation was confirmed by the infra-red data, as shown in Fig 4.20. 

Compared to uncoated SPIONs, the absorption of Fe3O4 nanoparticles can still be seen, 

demonstrating the existence of the SPIONs. The peaks at 1018, 1006 cm-1 represent Si–O 

stretching. The absorbances corresponding to the azomycin moiety were observed, such as 

N=O symmetric at 1361 cm-1 and N=O asymmetric at 1508 cm-1. There was a medium 

absorbance at 1640 cm-1 corresponding to the imide bond. The absorbance at 1249 cm-1 could 

also be seen, which corresponded to C=C-N of imidazole. The aromatic ring has a 

characteristic weak overtone band that showed up at 1600 cm-1. The peak at 2924 cm-1, which 

corresponds to C–H stretching, confirmed the existence of a propyl group and methyl groups. 

 

  

Figure 4.21: Infra-red spectrum of uncoated SPIONs (A) and 4.15 (B) 

 

A B 
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Again, as with the 5-nitroimidazole counterpart, the attempts to conjugate 2.15 to CA1 to 

produce fluorescently labelled SPIONs with 2-nitroimidazol were not successful according to 

the infra-red spectrum of the obtained nanoparticles. Thus, it was synthesised via the synthetic 

route b.   

 

4.6.4.2 Synthesis and characterisation of 4.12 and 4.13 

 SPIONs coated with APTES were synthesised using the coprecipitation method and the 

surface was modified by using APTES. Then, the primary amine of APTES was condensed 

with the aldehyde group of 4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde, 2.15, to 

form an imine bond of 4.12 (Scheme 3, route d). This reaction was carried out in ethanol and 

refluxed for 12 hours in atmosphere. The desired nanoparticles were washed with DCM to 

remove any unreacted 2.15. The success of this coupling was confirmed by IR (Fig 4.21). 

Compared to SPIONS@APTES, bands that showed up between 1512 and 1504 cm-1 were 

attributed to N=O asymmetric stretching. There were also absorption bands between 1317 and 

1361 cm 1, which corresponded to N=O symmetric stretching. Again, as seen in 4.15, the 

absorbance peaks of C=C-N of imidazole could be observed at 1220 and 1265 cm-1. The 

absorption medium peak appeared at 1620 cm 1, which may correspond to C=N. 

In order to obtain fluorescently labelled SPIONs conjugated to 2-nitroimidazole, 4.5 was 

conjugated to 4.12 in a mixture of solvents including DMF and anhydrous ethanol as a one 

pot reaction to produce 4.13 (route d, scheme 3). The same synthetic pathway for 4.10 was 

applied to produce 4.13. In this reaction, the mixture was heated at 500C for 15 hours. The 

modified nanoparticles were collected using an external magnet and characterised by IR, UV 

and luminescence analysis. The IR spectrum is shown in Fig 4.21. Compared to 2.12, further 

absorptions occurred in the regions between 1662 to 1693 cm-1 assigned to the carbonyl 
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stretch of the naphthalimide moiety. These overlap with the stretching peaks’ imide bond, 

which was expected in these regions. 

 

 

Figure 4.22: Infrared spectrum of 4.12 (A) and 4.13 (B) 

 

4.6.5 SPION diameter analysis 

4.6.5.1  Transmission electron microscopy (TEM) 

In order to acquire more information on particle size and morphology, TEM analysis was 

carried out (Fig 4.22). The radius for about 25 nanoparticles of each sample were measured 

using ImageJ software, then the averages of these diameters were calculated. 

As expected, all particles had a similar size as their cores were synthesised using the same co-

precipitation method. The APTES magnetite particles showed an approximate spherical shape 

and an average diameter of 6.9 nm. However, CA1 and CA2 had less spherical particle sizes 

and an average diameter of 7.4 and 7.1 nm, which is only a few nanometres larger than that 

seen in SPIONs@APTES. Uneven size and shape were also seen, but as this irregularity is 

also seen in unfunctionalised particles it is unlikely to be due to the organic coating of the 

particles. The aggregation, shown as the darker spots in the images, was also observed in 

A B 
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these samples. This is probably due to the increase in electrostatic interaction as a result of the 

presence of both carboxylic acid and amine functional groups. The same phenomenon was 

seen in 4.9 and 4.10, which had an average diameter of 9.8 nm and 9.5 nm, respectively. This 

diameter is larger than that of magnetite@APTES, perhaps suggesting that the aggregation 

phenomena accompanied the electrostatic interaction between the free amine group and 

carboxylic acid species. Both 4.9 and 4.10 seemed to have a less uneven shape. Table 9 

summarises the calculated diameter for all samples.  

 

Table 9: Calculated diameters of APTES@SPIONs, CA1, CA2, 4.9 and 4.10; particle sizes were 

calculated using ImageJ software, taking 25 measurements for each sample 

Compound  Diameter / nm Standard Deviation Maximum / nm Minimum / nm 

APTES@SPIONs 6.909 1.15 9.399 4.925 

CA1 7.483 1.55 11.32 5.43 

CA2 7.17 1.10 11.32 5.43 

4.9 9.8 2.65 17.68 6.671 

4.10 9.546 2.86 18.208 6.704 
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Figure 4.23: Transmission electron microscopy for SPIONs@APTES, CA1, 4.9, 4.10 and CA2. 

The scale bar on the bottom right of each image corresponds to 100 nm. 
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4.6.6 Optical properties  

4.6.6.1 UV-Vis absorption spectroscopy  

4.6.6.1.1 UV-Vis absorption spectroscopy of CA1, CA2  

 

Figure 4.24: UV-vis absorption spectra of CA1 and CA2 

 

The UV-vis absorption spectra were recorded in dilute acetic acid solution. For CA1, a 

characteristic absorption maximum (λ max) appeared at ~345nm, which is close to values 

reported for similar fluorescent, naphthalic anhydride-derived imides.77 This value 

corresponds to an internal charge transfer (ICT) state arising from the π-π* electron transfer 

(Fig 4.24). 

 

CA2 showed a peak at ~400 nm, suggesting the presence of morpholine substituents on the 

1,8-naphthalimide (Fig 4.24). This value is similar to the value reported for the other 

morpholine substituted naphthalimide dyes.78 While an aqueous solution of CA1 was highly 

emissive, solutions of CA2 were found not to be fluorescent under UV lamp by the naked eye. 

While the excitation source may not be ideally tuned to the chromophore, it does perhaps 
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suggest that this lower energy luminescence is quenched by the iron oxide with its broad 

energy absorption band. 

 

4.6.6.1.2 UV-Vis absorption spectroscopy of 4.9, 4.10 

 

Figure 4.25: UV-vis absorption spectra of 4.9 and 4.10. Inset shows the UV-vis absorption 

spectrum of metronidazole in DMSO at 8.5× 10-6 M and 2.7 in DCM at 1.3×10-5M 

 

As seen in Fig 4.25, inset, the UV-vis spectrum of metronidazole displays one peak at 325 

nm. The same peak was seen in 2.7 which is in a good agreement with that of metronidazole. 

In addition, there is an intense peak was observed at 275 nm that perhaps is corresponded to 

the benzaldehyde fragment of 2.7. This absorption was also seen in 4.9 and 4.10 in addition to 

the broad peak of SPIONs. However, the other the peak of metronidazole moiety could be 

hidden underneath the broad peak of SPIONS. Further peak was observed at 345 nm of 4.10 

which confirms the existence of naphthalimide moieties in these nanoparticles.  
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4.6.6.1.3 UV-Vis absorption spectroscopy of 4.12, 4.13 

 

Figure 4.26 : UV-vis absorption spectra of 4.12 and 4.13. Inset shows the UV-vis absorption 

spectrum of 2-nitroimdazole in DMSO at 5.6×10-6 M and 2.15 in DCM at 1.3×10-5M 

 

2-Nitroimdazole has a peak at ~331 nm while 2.15 shows two peaks; one at ~ 327 nm which 

is corresponding to 2-nitroimdazole and an additional peak at ~ 273 (Fig 4.26. inset) nm 

which perhaps corresponds to an internal charge transfer (ICT) state arising from the n-π*and 

π-π* electron transfer of benzaldehyde ring of 2.15. 

 The solution state absorption spectra of 4.12 and 4.13 were recorded as acetic acid solutions. 

Both compounds showed a distinguishing absorption maximum (λ max), which appeared at 

~285 nm. There is an additional broad peak was displayed at 377 nm of 4.12 corresponds to 

2-nitroimdazole moiety. This value cannot be seen in 4.14 as it is absorbed almost in the same 

region of the wavelength of naphthylamide. A weaker absorption was also observed at 345 

nm of 4.13 consistent with the presence of naphthalimide group (Fig 4.26). 

CA1, 4.10 and 4.13 have very similar UV-vis spectra exhibiting a peak at approximately 345 

nm, which is similar to that previously reported for naphthalic anhydride-derived imides.77 
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4.6.6.2 Luminescence spectroscopy 

4.6.6.2.1 Luminescence spectroscopy of CA1 

 

Figure 4.27: Luminescence spectra for CA1, inset shows excitation spectra of CA1 

 

A luminescent spectrum was recorded for the excitation and emission of CA1. The 

excitation and emission wavelengths of CA1 were found to be 356 and 400 nm, 

respectively, which is close to values reported for similar fluorescents (Fig 4.27).77  

The excitation wavelength is in good agreement with the maxima observed in the 

electronic absorption spectrum. The lifetime recorded for CA1 was 2.3 ns.  
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4.6.6.2.2 Luminescence spectroscopy of CA2 

 

Figure 4.28: Luminescence spectra for CA2, inset shows excitation spectra of CA2 

 

CA2 revealed a visible emission band peaking at 563 nm, which is assigned to naphthalimide 

functionalised with morpholine (Fig 4.28). The corresponding excitation spectra gave a 

maxima at 446 nm, which was slightly higher than the maxima observed in the UV-vis 

spectrum (Fig 4.28, inset).78 The lifetime recorded for CA2 was very low (less than 1 nm) 

(Table 2). 
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4.6.6.2.3 Luminescence spectroscopy of 4.10 

 

Figure 4.29: Luminescence spectroscopy of 4.10, inset shows excitation spectra of 4.10 

 

Luminescence measurement of 4.10 was carried out on acetic acid solutions and the 

compound was found to be emissive. Similar to the CA1, there was a maxima at 400 nm, 

which is again in good agreement with literature examples (Fig 4.29). The corresponding 

excitation spectra gave a maxima at 345 nm, which was also in a good agreement with the 

maxima observed in the UV-vis spectrum (Fig 4.29, inset).77
 Time-resolved luminescence 

data was also recorded and showed lifetimes of 2.1 ns (Table 2). 
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4.6.6.2.4 Luminescence spectroscopy of 4.13 

 

Figure 4.30: Luminescence spectroscopy of 4.13, inset shows excitation spectra of 4.13 

 

Luminescence spectra was obtained by excitation at 345 nm, 4.13 displayed an emission band 

at 404 nm, with a lower energy shoulder at 420 nm (Fig 4.30). The corresponding excitation 

data exhibited a band between 311–388 nm (Fig 4.30, inset), which is in close agreement 

with observations from the UV-vis studies. With excitation of 345 nm and detection at about 

400 nm, time-resolved lifetime measurements recorded exponential lifetimes 1.7 ns and 3.6 ns 

(78%). 

 

Table 10: Luminescence properties of CA1, CA2, 4.10 and 4.13 

Compound λexc/ 

nm 

λem/ 

nm 

Stokes 

shift 

(cm-1) 

t/ns 

CA1 356 400 3089 2.3 

CA2 446 563 4659 1 

4.10 345 400 3985 2.1 

4.13 345 404 4233 1.7, 
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According to the luminescence properties of these nanoparticles, as shown in Table 10, there 

is a similarity in the excitation, emission and Stokes shift values for the nanoparticles, which 

involved the naphthalimide moiety. The CA2, which contains the naphthalimide 

functionalised with morpholine, had significantly higher excitation and emission values and 

higher Stokes shift values. However, in CA2, the lifetime was slightly lower than that of CA1, 

4.10 and 4.13.  

 

4.6.7 Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

4.6.7.1 MP-AES Analysis of Cu+2 Incorporation 

Here, we looked at the incorporation of Cu+2 ion for the potential preparation of a dual 

modality imaging agent. 64Cu is a PET isotope that can be produced in a cyclotron and is be 

used later in this research. 

Atomic emission spectroscopy has been used to quantify the incorporation of Cu into the CA1 

nanoparticles. The samples were injected into plasma and the intensity measured at a number 

of wavelengths specific to Cu. The wavelengths used for measurement were 324.754 and 

377.395 nm. The intensity at each of these wavelengths was measured for four calibration 

solutions 1 ppm, 2 ppm, 5 ppm and 10 ppm to generate calibration plots for these solutions of 

unknown concentration (Table 11). However, the values obtained for the samples of these two 

wavelengths were very close. For this reason, we took the average of both wavelengths and 

the rest of the experiment was performed accordingly. 
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Table 11: Standard Cu2+ solutions 

Standard solution 

of Cu2 

Cu (count) 

324.754 nm  (C/S) 

Cu 

377.395 nm (C/S) 

1 ppm 175669 85289 

2 ppm 311404 150031 

5 ppm 814644 394984 

10 ppm 1553366 759533 

 

Preparation of the samples was carried out as follows: 

Sample 1:  10 ml of 1 ppm Cu+2 was added to CA1 (20 mg) 

Sample 2:  10 ml of 2 ppm Cu+2 was added to CA1 (20 mg) 

Sample 3:  10 ml of 5 ppm Cu+2 was added to CA1 (20 mg) 

Sample 4:  10 ml of 10 ppm Cu+2 was added to CA1 (20 mg) 

Sample 5: 10 ml of 100 ppm Cu+2 was added to CA1 (20 mg) 

Sample 6: 10 ml of 1 ppm Cu+2 was added to SPIONs (20 mg). This sample was prepared as a 

reference for all the other samples.  

Then, the reaction mixture was stirred for 16 hours. The nanoparticles were collected using an 

external magnet and washed with DI H2O to remove any unreacted copper ions. The solute of 

this sample was then collected and1 ml of this solute was diluted to 100 ml for MP-AES 

analysis.  

For all the previous samples, the nanoparticles were collected and washed with DI H2O. The 

solute was collected (samples 1-6). These samples were then injected into plasma and the 

intensity was measured at the number of wavelengths specific to Cu. This step was done in 

order to calculate the concentration of the unreacted copper ions and determine if CA1 is 

capable of chelating the Cu+2. As shown in Table 12, once the unreacted Cu+2 is counted, the 
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reacted Cu+2 can be counted, and consequently, the mole of the EDTA of CA1 can be 

determined.  

 

Table 12: The percentage of Cu+2 which coordinated to the nanoparticle. 

Sample Mass of 

CA1 

added 

Mass of 

Cu+2 

added 

Measured 

[Cu] 

/ppm 

Mass of 

unbonded 

Cu+2  

Mass Cu+2 

bound 

%  Cu+2 

bound  

Sample 1 20 mg 0.01 mg 0.961 0.00961 

mg 

0.00039 mg 0.039% 

Sample 2 20 mg 0.02 mg 1.479 0.01479 

mg 

0.00521 mg 0.51% 

Sample 3 20 mg 0.05 mg 4.070 0.0407 mg 0.0093 mg 0.93% 

Sample 4 20 mg 0.1 mg 7.554 0.07554 

mg  

0.02446 mg 2.44% 

Sample 5 2o mg  1 mg 0.76 0.076 mg 0.924 92.4% 

Sample 6 20 mg of 

naked 

SPIONs 

0.01 mg 0.007 0. 0007 0.0093 mg 0.93% 

 

In conclusion, regarding inductively coupled plasma atomic emission spectroscopy (ICP-

AES), it was found that the mass of Cu+2 coordinated to CA1cannot be determined by using 

this technique. This is because Cu+2 ions can also be chelated by the naked SPIONS, as shown 

in Table 12.   

 

4.7 Experimental procedures 

 SPIONs synthesis: 

SPIONs were synthesised according to the previous literature79. FeCl2 (0.317, 1.59 mmol) and 

FeCl3 (0.810, 2.9 mmol) were dissolved in 50 ml of degassed and deionised water and stirred 

for 30 minutes. The water was purged with argon for 20 minutes before addition of the iron 

salt. Then, ammonium hydroxide (50 ml, 25%) was added rapidly and stirred vigorously for 

an additional 30 minutes. The nanoparticles were collected using an external magnet, washed 
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thoroughly with distilled water and dried under vacuum. A black crystal was obtained yield 

0.307g; IR:438(vs), 545(vs). 620(vs)cm-1. 

  

 Coating with APTES: 

The coating procedure was adapted from reported procedures.80 SPIONs (0.25 g) were 

sonicated in (20 ml) ethanol/water solution (volume ratio, 1:1) and APTES (2.8 cm3) were 

added to the SPION suspension. The mixture was heated at 70oC for 2 hours and stirring was 

performed under N2 atmosphere. Then, the nanoparticles were collected using an external 

magnet and washed three times with ethanol (10 ml) to remove unreacted APTES and dried 

under vacuum. The yield was 0.310g; IR: 2901,1107, 1004, 545, 438. 

 

 One pot reaction of naphthalimie-edta-APTES@Fe3O4 (CA1):  

 n-(2-Aminoethyl)-1,8naphthalimide (0.240 g, 1 mmol) was dissolved in anhydrous DMF (5 

ml) and added to the EDTAA solution (0.256 g, 1 mmol) in anhydrous DMF (5 ml) slowly 

and dropwise for 30 minutes. The reaction mixture was stirred over night at room temperature 

under N2. Then it was added dropwise to a dispersion of APTES-modified SPIONs (0.200 g) 

in a mixture of the solvents DMF (30ml) and anhydrous ethanol (50ml). The reaction mixture 

was then stirred and heated at 50 °C for 16 hours under N2. The nanoparticles were separated 

using a magnet and re-dispersed in cold DMF (10 ml) and centrifuged for 20 minutes. The 

product was collected using a magnet and washed initially with DMF (5ml), and then with 

distilled water (50 ml). During the washing process, particles were re-dispersed by a 

sonication and separated by an external magnet (5 times) so that nonmagnetic impurities 

could be removed. The resulting nanoparticles were dried in the vacuum line and obtained as 

a dark grey powder yield (0.317g). IR: 3315(w), 3010(w), 2820(w), 1698(s), 1643(s), 

1600(s),1110(b), 780(s), 553(s), 440(s) cm -1; UV-vis 345 nm. 
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One pot reaction of morpholine- naphthalimie-edta-APTES@Fe3O4 (CA 2):  

A solution of EDTA bisanhydride (0.256 mg, 1 mmol) in anhydrous DMF (5ml) was added 

dropwise to a solution of 2-(2-aminoethyl)-6-morpholino-1H-benzo[de]isoquinoline-1,3(2H)-

dione (0.325g, 1.00 mmol) in anhydrous DMF (5 ml). The reaction mixture was stirred for 24 

hours at room temperature under N2. Then it was added dropwise to a dispersion of APTES-

modified SPIONs (0.20 g) in a mixture of the solvents DMF (15ml) and anhydrous ethanol 

(20ml). The reaction mixture was stirred and heated at 50 °C for 16 hours under N2. The 

nanoparticles were separated magnetically and washed initially with DMSO (50 ml), then 

with distilled water (50 ml). During the washing process, particles were re-dispersed by a 

sonication and magnetically confined from the solution by placing an external magnet next to 

the reaction vessel so that any unreacted starting material and nonmagnetic impurities could 

be removed. The desirable nanoparticles were obtained as brown to black magnetite (yield: 

403g). IR:1643(s), 1600(s),1101(s), 553(s), 440(s) cm -1; UV-vis 400 nm. 

 

(E)-1-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3 

(triethoxysilyl)propyl)methanimine, 4.8: 

  In a 25 mL round bottom flask fitted with a condenser and a Dean-Stark-trap, a solution of 

4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde (0.137 g, 0.5 mmol) in toluene 

(15 mL) was heated to reflux. Then, 3-aminopropyltriethoxysilane (0.110 ml, 0.5 mmol) was 

added dropwise and the contents were heated under reflux for 16 hours until the completion of 

water formation (as indicated by the water collected in the trap). Then, the solvent was 

removed under vacuum to afford the product as a yellow powder yield (273, 91%); 1H NMR 

(400-DMSO): 0.6 (3H,t), 1.15 (9H,t),1.65 (2H,t), 3.71(2H,t), 3.8 (6H, m), 4.38 (3H,t),  

4.73(3H,t), 6.93 (2H, d), 7.64 (2H,d), 8.04 (s,1H), 8.22 (s, 1H).IR: 1180, 1186, 1305, 1361, 
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3126(w), 2927(w), 2883(w), 1683(m), 1558(m),1508(s), 1445(m), 1425(m), 1381(s) cm-1. 

HR.ESI MS [M+H] calcd for [C22H34N4O6Si] = 479.2326. found = 479.2334. 

SPIONs@(E)-1-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3 

(triethoxysilyl)propyl)methanimine, 4.11:   

SPIONs (0.50 g) and (E)-1-(4-(2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3-

(triethoxysilyl)propyl)methanimine (0.170 g) were dispersed in ETOH (5 ml). The reaction 

mixture was refluxed for 14 hours and the resulting nanoparticles were collected using a 

magnet and  washed with ethanol (30 ml) to remove any excess (E)-1-(4-(2-(2-methyl-5-nitro-

1H-imidazol-1-yl)ethoxy)phenyl)-N-(3 (triethoxysilyl)propyl)methanimine. The yield was 

0.398g; IR; 2926, 1643, 1604, 1529, 1510,1464, 1363, 1188, 1008, 580, 443. 

 

SPIONS@APTES conjugated to 4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde, 4. 

9: 

The mixture of APTES-coated SPIONs (0.200 g) 4-(2-(2-nitro-1H-imidazol-1-

yl)ethoxy)benzaldehyde (0.040 g) was dispersed in ETOH (5 ml) and the reaction mixture 

was refluxed for 14 hours. The resulting nanoparticles were collected using a magnet and 

washed with chloroform (30 ml) to remove any excess of aldehyde moiety. Yield 0.179g; IR: 

3097, 2980, 2883, 1647,1604,1533, 1508, 1456, 1363, 1188, 1041, 1001, 642, 578, 434.; UV-

vis 279, 325 nm. 

 

Reaction of 4.9 with 2,2'-((2-((carboxymethyl)(2-((2-(1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)ethyl)amino)-2-oxoethyl)amino)ethyl)azanediyl)diacetic acid , 4.10: 

n-(2-Aminoethyl)-1,8naphthalimide (0.240 g, 1 mmol) was dissolved in anhydrous DMF (5 

ml) and added to the solution of EDTAA (0.256 g, 1 mmol) in anhydrous DMF (5 ml) slowly 

and dropwise for 30 minutes. The reaction mixture was then stirred over night at room 
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temperature under N2. Then it was added dropwise to a dispersion of 4.9 (130 mg) in a 

mixture of the solvents DMF (15ml) and anhydrous ethanol (25ml). The reaction mixture was 

stirred and heated at 50 °C for 16 hours. Then, the nanoparticles were collected using a 

magnet and washed repeatedly with DMSO and distilled water. The resulting nanoparticles 

were dried in a vacuum line to obtain a dark brown magnetite yield of (142 g). IR; 3093(w), 

2972(w), 2891(w), 1653(s),1635(s), 1541(m),1508(m), 1361(m),1190(m), 1041(m), 1001(m), 

642(vs),578(vs), 433(vs) cm-1; UV-vis: 279,325, 345 nm. 

 

(E)-1-(4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3-

(triethoxysilyl)propyl)methanimine, 4.14: 

 In a 25 mL round bottom flask fitted with a condenser and a Dean-Stark-trap, a solution of 4-

(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde (0.130 g, 0.5 mmol) in toluene (15 mL) 

was heated to reflux. Then, 3-aminopropyltriethoxysilane (0.110 ml, 0.5mmol) was added 

dropwise and the contents were heated under reflux for 16 hours, until the completion of 

water formation (as indicated by the water collected in the trap). Then, the solvent was 

removed under vacuum to afford the product as a yellow powder. HRMS calcd for 

[C21H32N4O6Si]: 464.21; found: 465.22. 

 

SPIONs@(E)-1-(4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3-

(triethoxysilyl)propyl)methanimine, 4.15: 

(E)-1-(4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)phenyl)-N-(3-

(triethoxysilyl)propyl)methanimine (0.232g, 0.5mmol)  in ethanol was added dropwise to 

SPIONs 0.189 g in ethanol (10 ml). The reaction mixture was refluxed for 14 hours. Then, the 

coated nanoparticles were collected by an external magnet and washed with DCM to yield 
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(0.203 g) dark brown nanoparticles; IR: 2924(w), 2854(w), 1600(w), 1361(m), 1249(m), 

1006(w), 642(s), 545(vs), 433(vs)cm-1. 

 Conjugating SPIONS@APTES to 4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)benzaldehyde, 

4.12: 

The mixture of APTES-coated SPIONs (0.200 g) and 4-(2-(2-nitro-1H-imidazol-1-

yl)ethoxy)benzaldehyde (0.040 g) was dispersed in ETOH (5 ml). The reaction mixture was 

refluxed for 14 hours. The resulting nanoparticles were collected by a magnet and washed 

with DCM (30 ml) to remove any excess of aldehyde moiety. The yield was 0.099 g; IR: 

3107(w), 2926(w), 1620(s), 1512(m), 1512(m),1504(m), 1450(m),1361(m), 1317(m), 

1265(m), 1221(w), 1191(w), 1018(w), 661(vs), 578(vs), 433(vs) cm-1; UV-vis: 285, 327 nm. 

 

Reaction of 4.12 with 2,2'-((2-((carboxymethyl)(2-((2-(1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)ethyl)amino)-2-oxoethyl)amino)ethyl)azanediyl)diacetic 

acid , 4.13: 

n-(2-Aminoethyl)-1,8naphthalimide (0.240 g, 1 mmol) was dissolved in anhydrous DMF (5 

ml) and added to the EDTAA solution (0.256 g, 1 mmol) in anhydrous DMF (5 ml) slowly 

and dropwise for 30 minutes. The reaction mixture was stirred over night at room temperature 

under N2. Then it was added dropwise to a dispersion of 4.12 (130 mg) in a mixture of the 

solvents DMF (15ml) and anhydrous ethanol (25ml). The reaction mixture was stirred and 

heated at 50 °C for 16 hours. Then, the nanoparticles were collected using a magnet and 

washed repeatedly with DMSO and distilled water. The obtained nanoparticles were dried in 

the vacuum line to obtain a dark brown magnetite yield (129g); IR: 3018(w), 2927(w), 

2852(w), 1693(s), 1662(s), 1578(m), 1518(m), 1456(m), 1390(m), 1340(m), 1188(w), 

1064(w), 578(vs), 450(vs) cm-1. UV-vis: 285,327, 345 nm. 
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CHAPTER 5 Conclusion 

In Chapter Two we have reported the successful development of a new synthetic route to 

prepare a series of fluorescently labelled nitroimidazoles. We have investigated many 

methods to produce these reagents and it was found that the easiest way was to synthesise 

molecules conjugated by an imine group. The imine was formed by condensing an aldehyde 

with a primary amine. Although the resulting reagents are air stable, the stability testing was 

achieved to investigate how these reagents will cleave hydrolytically. This could be useful for 

some applications, but it limits the general use of these reagents. We have also investigated 

the synthesis of fluorescently labelled nitroimidazoles by using an active ester instead of the 

aldehyde. In this study we found that the reagent was more stable in aqueous solution. While 

this synthesis was successful for one reaction, the syntheses of other species was not 

successful as the purification steps of such reaction was problematic and the separation of the 

impurities by chromatography was also impracticable. For further work, further investigation 

of conjugation via amide bond formation could be carried out. In particular, the use of 

coupling reagents such as EDC, EDAC or DCC in conjuction with a carboxylic acid 

terminated nitroimidazole. These could be reacted with primary amine of a fluorophore, or 

even metal complex or a nanoparticular construct. 

We have carried out some very preliminary investigations into their use in confocal 

microscopy imaging using a variety of yeast cells This was mainly done due to the availability 

of these cells and the ease in handling them. However, it is known that small molecules 

diffuse much more slowly through the membrane of a yeast cell compared to animal cells1 

and passive labelling may be more difficult. However, with an extended labelling time, we 

were able to label yeast cells, with Schizosaccharomyces Pombe cells showing the greater 

tendency to take up the reagents. For further work these compounds should be tested with 
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animal (tumour) and bacterial (anaerobic) cells under normoxic and hypoxic conditions to 

evaluate their ability to differentiate oxygen levels within the cells.  

 

In chapter three, two novel ligands based on terpyridine and containing 2- nitroimidazole or 

metronidazole were successfully synthesised. Structures of the ligands were confirmed by 

means of 1H NMR, 13C NMR, high resolution mass spectrometry, infrared and UV-vis 

spectra. The metronidazole based terpyridine, L1, was further characterised by X-ray crystal 

diffraction. The electrochemical behaviour of the ligands was compared, but this did not show 

that 2-nitroimdazoles were more readily reduced than 5-nitroimdazole and the 

voltammograms appear dominated by the redox activity of the terpyridine group. On 

reflection, the desired electrochemistry of the nitroimidazole is proton coupled and the 

reactions occur in water. These protons are important in such electrochemical reaction in 

order to convert the nitro group of imidazole to hydroxyl amine.  As the cyclic 

voltammograms were obtained in non-aqueous conditions, we did not simulate the actual 

environment for a living cell, and we have done these reactions in organic solvents such as 

DCM that does not have protons and consequently does not allow the required process. Thus, 

different electrochemical process has occurred, if any at all. Moreover, these ligands contain 

terpyridine which are also readily reduced to radical species. Similarities in the CVs of the 2 

and 5 notriimidazole perhaps indicate that it is the activity of the terpyridine that is been 

observed.  

In this chapter, a series of novel Fe(II),Co(II), Ni(II), Pd(II), Cu(II) and Zn(II) complexes of 

these two ligands was synthesised and fully characterised. The electrochemical behaviour of 

these complexes was studied using cyclic voltammetry to determine the suitability for their 

intended application. These complexes could be used potentially as drugs for hypoxia as it has 

two reducible sites. However further investigation of the electrochemical behaviour must be 
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done in aqueous solution instead of organic solvent to precisely simulate the actual 

environment of the human body. In case of copper complexes of both ligands, both PET and 

SPECT could be used to image tumour hypoxia with markers labelled with 64Cu and 67Cu, 

respectively. Metal complexes of terpy are able to bind  nucleic acid to be used as anticancer 

drugs.2 Thus for further work, the behaviour of these newly synthesised complexes should be 

evaluated with (tumour) of preclinical animal models . 

 

In chapter 4, we have developed superparamagnetic iron oxide with a silica coating which 

contain EDTA and bound to a fluorescent side chain (n-(2-aminoethyl)-1,8 naphthalimide and 

its derivative) CA1 and CA2. These structures are able to form complexes with Cu2+ ions 

which could potentially coordinate with 64Cu. These nanoparticles will provide a novel class 

of trimodal imaging agent with MRI, PET and fluorescent allowing in-vitro and in-vivo cell 

evaluation. However, after using Inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) to investigate the copper concentration that have been coordinated with CA1, we 

found that the naked SPIONs have chelated more copper than CA1. While this is extremely 

interesting and means that labelling of these SPIONs with 64Cu should be facile, we will need 

to evaluate the stability of these complexes in vivo, to determine how readily Cu(II) is lost 

from the SPION. In addition, the tendency of the SPION to bond with Cu(II) (presumably in 

the Fe3O4 core, which is known)3, means that assessing the ability of CA1 and CA2 as Cu(II) 

responsive luminescent sensors is very problematic as the Cu(II) may preferential interact 

with the SPION core. 

SPIONS containing 2-nitroimidazole or 5-nitroimidazole were reported for the first time in 

this chapter. Such compounds may have application for hypoxia imaging purpose as an MRI 

(T2) imaging agent. The synthesis of both samples was successfully achieved and confirmed 

by infra-red spectrum and UV-vis analysis.  Fluorescently labelled (2/5) nitroimidazole 
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conjugated to SPIONs were successfully synthesised as potential probes for use in MRI (in 

vivo) and luminescence (in vitro) to detect hypoxic cells. The photophysical properties of 

these nanoparticles such as UV-vis and luminescence were investigated. The nanoparticles 

sizes of these nanoparticles were studied by TEM and it was consistently found that the 

diameters of the resulting nanoparticles were of the order of 6-9 nm with slightly larger 

diameters that than the starting APTES coated SPIONS. 
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