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Abstract 

Development of new molecules for cancer imaging, for diagnosis and prognosis evaluation, 

is crucial to expand the information available to clinicians. The formation of activatable 

profluorophores is desirable to enable imaging of disease and upregulation of enzymes or 

biological molecules in certain regions, such as in the presence of hypoxia (low oxygen 

concentration) in cancerous tissues. 

In hypoxic tissue, found in solid tumours, the effects of both chemotherapy and radiotherapy 

are reduced, therefore selective delivery of a compound which is activated in the presence 

of both hypoxia and X-ray irradiation is a route to overcome this. Chapter II highlights the 

design of a series of profluorophores, based on known fluorophores and the tetrafluoroaryl 

azide group, as proof-of-concept work to determine whether activation of a profluorophore 

under hypoxia and X-ray irradiation is orthogonal or can be used advantageously in 

combination. The chapter explores profluorophore design and the poor activation of the 

novel profluorophores under reductive chemical and enzymatic conditions and X-ray 

irradiation, highlighting the need for development of new moieties which can be activated 

at lower, clinically relevant doses of X-ray irradiation to further investigate the orthogonality 

of activation. 

Investigation of lanthanide complexes as imaging agents, due to their advantages over 

organic fluorophores, is an expanding field and these complexes have utility for both optical 

imaging and MRI, based on the lanthanide metal employed (Eu, Tb or Gd). Chapter III 

discusses the synthesis, spectroscopy and activation of complexes which contain ester 

linkages to common hypoxia-activated groups and highlights the change in luminescence 

and relaxivity between the profluorophores and known LnDOTA complexes. It is proposed 

that these complexes release LnDOTA in the presence of chemical and enzymatic 

reductants via a hydrolysis mechanism, therefore they do not exhibit the desired selectivity 

profile for biological applications and emphasise the need to balance activity and selectivity. 
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However, these novel probes act as a proof-of-concept for activatable optical imaging and 

MRI complexes and give insight into the design considerations needed for their future 

development.  

Chapter IV builds on the drawbacks from chapter III, involving the design of leucine and 

alkyl appended azobenzene bimetallic lanthanide complexes, aiming for improved cell 

permeability and emission intensity for biological application of reductively activated 

lanthanide complexes in vivo. However, derivatised azobenzene bimetallic complexes were 

synthetically challenging to make and further work is needed to expand on approaches to 

overcome the problem of cell permeability. 

Chapter V summarises the work carried out in this thesis and chapter VI describes the 

experimental synthetic and assay procedures utilised to obtain the results in chapters II-IV. 
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1. Chapter I - Introduction 

This thesis explores the behaviour of molecular probes that can be used to investigate 

biological reductive stress, for cancer imaging and diagnosis purposes. It is focused on the 

preparation, characterisation and activation of luminescent or MRI active organic and 

lanthanide-containing compounds that can undergo chemical change in reductive 

environments, such as those associated with hypoxia. 

1.1 Cancer and hypoxia 

Statistics shows that 1 in 2 people will be diagnosed with cancer in their lifetime, therefore 

accurate cancer imaging and diagnosis and effective treatment is crucial. However, 

developing new tools and translating them to the clinic is a complex process, therefore this 

has been a large field of research for the last 80 years.1 One issue with current cancer 

treatments, such as chemotherapy and radiotherapy, is the poor selectivity, causing side 

effects for patients. Therefore, many research efforts are focused on developing more 

selective tools for more accurate and effective diagnosis and therapy. 

 

Figure 1.1: A depiction of hypoxia within tumour tissues. Pink represents a normoxic region, blue represents a 
hypoxic region and black represents a necrotic region (containing dead cells). The triangles show that the 
nutrient concentration, pH and oxygen concentration decrease towards the centre of the tumour. Figure 
reproduced with permission.2 

Hypoxia is defined as low oxygen concentration (typically less than 2% oxygen) in 

comparison to that present in normal tissues, physoxia (typically 3-7% oxygen), and 
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atmospheric oxygen pressure, normoxia (21% oxygen).3, 4 Solid tumours are 

characteristically hypoxic due to their abnormal vasculature and high rate of tumour growth, 

with varying severity of hypoxia observed (Figure 1.1). Hypoxic tumours commonly lead to 

poor patient prognosis as there is increased resistance to chemotherapy and radiotherapy.3-

6 Despite this, current research focuses on the use of hypoxia as a tool for selective 

activation of prodrugs and profluorophores for cancer diagnosis, imaging and therapy, due 

to the highly reducing environment not generally present elsewhere in the body and the 

upregulation of certain enzymes and cofactors.7 

1.2 Prodrugs and profluorophores 

Current research in the field of cancer therapy and imaging focuses on using prodrugs and 

profluorophores to help overcome selectivity issues. Prodrugs and profluorophores are 

defined as compounds which contain a known drug or fluorescent moiety and have an 

activatable functional group attached, to give a compound with overall low cytotoxicity or 

luminescence. Activation of the activatable group occurs only under certain conditions to 

release the active cargo (drug or fluorophore). Therefore, prodrugs and profluorophores are 

more selective than their drug or fluorophore counterparts and are being investigated to 

overcome issues with side effects of cancer treatment and to improve the diagnostic tools 

available to clinicians. Common prodrug strategies have included attachment of esters, 

phosphates, cell-targeting groups or photo-, reduction- and radiation-activated groups to 

alter the properties (solubility, toxicity and pharmacokinetics) of a drug. The development 

of prodrugs in early-stage candidate design is becoming more widespread, to overcome 

predicted problems and reduce overall cost (in comparison to development of a prodrug 

following a drug failing clinical trials).8 The same strategies can be employed for the 

development of profluorophores to increase the information available clinically for diagnosis 

and prognosis evaluation.9 

Prodrugs and profluorophores often have the generic structure shown in Figure 1.2a and 

contain an activatable group, which may be changed or cleaved in the presence of the 
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stimuli, attached to a known drug or fluorophore. The activatable group may either be 

directly attached to the known drug or fluorophore, commonly via an ether, carbonate or 

carbamate bond, or be attached using a linker group, which may also be removed following 

activation. Various exogenous and endogenous stimuli (Figure 1.2b) may be used to cause 

selective activation of these molecules: changes in pH;10, 11 the presence of reactive oxygen 

species (ROS), such as hydrogen peroxide;12 the presence of enzymes, including the 

upregulation of reducing enzymes under hypoxia and the presence of hydrolases, 

phosphatases, transferases and lyases;13-17 biological reductants, such as thiols including 

glutathione and NaHS, and cofactors such as NAD(P)H;18-21 light, including in the visible 

and ultraviolet range;22 X-rays;23 and other stimuli, including heat,24 magnetic field and 

ultrasound.25 The activatable moiety used is designed and chosen based on the stimuli 

desired, with different stimuli used for different applications and modes of imaging. 

 

Figure 1.2: a) The generic design of prodrugs and profluorophores. b) The stimuli that may be used to activate 
prodrugs and profluorophores, sorted into internal and external. 
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Organic redox activatable groups have been investigated to varying degrees in the literature 

and include N-oxides,26 nitroaromatics,14, 27-31 azides,13 azobenzenes32-34 and 

indolequinones15, 35, 36 (Figure 1.3a). Nitroaromatics and azobenzenes are the most studied 

cleavable moieties of those discussed, with the 2-nitroimidazole moiety favoured over the 

more commonly used 4-nitrobenzyl moiety due to its higher reduction potential27 and 

evidence of easier activation.28 Derivatives of these moieties have biologically relevant 

reduction potentials, as shown in Figure 1.3b, therefore they can be activated by biological 

reductants and enzymes.27, 37-40 Other redox activatable compounds take advantage of 

redox active metals such as Pt(IV)/Pt(II), Cu(II)/Cu(I), Fe(III)/Fe(II) and Mn(III)/Mn(II).41-44 

 

Figure 1.3: a) The activatable moieties commonly employed. b) The reported reduction potentials of some redox 
activatable moieties and biological reductants/conditions.27, 37-39  

Figure 1.4 shows the proposed mechanism of activation of a generic nitrobenzyl prodrug, 

which occurs selectively under hypoxia in the presence of nitroreductases and NAD(P)H, 

via a sequential 6 electron reduction pathway.27, 29 This occurs by oxidation of the external 

cofactor NAD(P)H to NAD(P)+, transfer of electrons to the cofactor within the enzyme flavin 

mononucleotide (FMN) to give the reduced form, which transfers electrons and protons to 

the nitro substrate. In contrast, N-oxide activation to produce a hydroxy radical occurs via 

one electron reduction;45 indolequinone activation is proposed to occur by one electron 
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reduction to the semiquinone intermediate, or two electron reduction to the hydroquinone, 

and subsequent cleavage;35 azide activation can occur by photolysis to give the radical 

anion and subsequent loss of dinitrogen to give the corresponding aniline,46 or proposed 

coordination to an enzyme metal centre and loss of dinitrogen;13 and, azobenzene 

activation is proposed to occur by 2 sequential 2 electron reductions, via the hydrazine 

intermediate, in the presence of azoreductases.34 Activatable azide prodrugs and 

profluorophores are discussed further in section 2.1 and azobenzenes are discussed further 

in section 4.1.3. 

 

Figure 1.4: The mechanism of activation of nitrobenzyl containing prodrugs and profluorophores, selectively 
under hypoxia in the presence of nitroreductases, adapted from Calder et al.29 and Denny.27 * indicates that the 
nitroso/hydroxylamine couple can be reversible or irreversible.47 Reduction is mediated by the reduction and 
oxidation of NAD(P)H/NAD(P)+ and the cofactor within the enzyme, commonally flavin mononucleotide (FMN) 

(not shown).  

Despite some promising phase I and II clinical trials, hypoxia activated prodrugs have failed 

phase III clinical trials. This is due to difficulty in selecting suitable patients due to the 

limitations of current methods to detect and accurately characterise the level of hypoxia.48, 

49 Therefore, new tools are needed to accurately assess the level of hypoxia (percentage 

of oxygen present) using non-invasive methods, over the current gold standard technique 

of direct oxygen pressure measurement using oxygen electrodes.49 Recent progress in the 

field involves the report of indolequinone-based hypoxia activated prodrugs, by 

Wallabregue et al.,15 which can detect differing levels of hypoxia and can be used in 
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combination with each other to assess the percentage of oxygen present in spheroids, 

giving more information than standard staining with pimonidazole. 

1.3 Biological imaging modalities 

Various imaging modalities are used for disease diagnosis, including optical imaging and 

magnetic resonance imaging (MRI). Each technique has its advantages and disadvantages 

and these techniques can be used in combination to gain more information. Common 

imaging modalities are summarised briefly in Table 1.1.  
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Table 1.1: A table summarising different imaging modalities used for disease diagnosis and monitoring, adapted 
from several references.50-53  

Imaging modality 
Main use / other 

information 

Electromagnetic 
spectrum, 

molecules and/or 
isotopes used 

Advantages Disadvantages 

Optical imaging 

Includes 
endoscopy, 

photoacoustic 
imaging and 

optical coherence 
tomography for 

ophthalmology or 
imagining heart 

diseases 

Visible/UV light 
Organic/inorganic 
fluorophores and 
profluorophores 

Real time 
imaging 
Quick 

Relatively 
affordable 

High spatial 
resolution 

Poor penetration 
depth 

Cannot do whole 
body imaging 

Magnetic 
resonance 

imaging (MRI) 

Used to detect 
bone and CNS 

tumours, muscle 
degradation, 

stroke 
Detailed imaging 
of organs, bones, 
muscles, blood 

vessels 

Radio waves 
Gd(III) 

Manganese 
Iron oxide 

nanoparticles 
19F 

Good soft tissue 
contrast 

Can do whole 
body imaging 

Good penetration 
depth 

High spatial 
resolution 

Slower technique 
Expensive 

Low sensitivity 

MR spectroscopy 
(MRS) and 

functional MRI 
(fMRI) 

Used to detect 
abnormalities and 

tumours in the 
brain 

Can detect a 
response to 
therapy and 
differentiate 

malignant and 
benign tissues 

Radio waves 
choline 
lactate 

Can do whole 
body imaging 

 

Expensive 
Slower technique 

 

X-ray 
Chest X-rays 
Diagnosing 

fractures 
X-rays 

Lower dosage 
than CT 
Quick 

Relatively 
affordable 

Radiation exposure 
Limited soft tissue 

contrast 

Computed 
tomography (CT) 

3D anatomical 
imaging 

Crucial for 
planning 

radiotherapy 
treatment 

X-rays 
Iodine 
Xenon 

Quick 
High spatial 
resolution 

Good penetration 
depth 

Radiation exposure 
Limited soft tissue 

contrast 

Positron 
emission 

spectroscopy 
(PET) 

18F-FDG used for 
tumour diagnosis 

and staging 

11C 
18F 

64Cu 

Can do whole 
body imaging 

Sensitive 
technique 

Good penetration 
depth 

Radiation exposure 
Slower technique 

Expensive 
Low spatial 
resolution 

Single-photon 
emission 
computed 

tomography 
(SPECT) 

Used for brain 
imaging 

Identifying bone 
trauma 

Often combined 
with CT 

99mTc 
111In 

Can do whole 
body imaging 

Good penetration 
depth 

Radiation exposure 
Expensive 

Slower technique 

Ultrasound 

Pregnancy 
monitoring 
Diagnosis 

Guidance for 
certain 

procedures 

High frequency 
sound waves 
Microbubbles 

Real time 
imaging 
Quick 

High spatial 
resolution 
Relatively 
affordable 

Cannot do whole 
body imaging 

Limited contrast 
agents 
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1.4 Lanthanides for biological imaging 

The lanthanide elements are the first row of the f-block of the periodic table (lanthanum to 

lutetium). For lanthanum the atomic electronic configuration is [Xe]5d16s2, as the 5d orbitals 

are lower in energy than the 4f orbitals, however as the effective nuclear charge increases 

(due to poor shielding) across the series the 4f orbitals contract and are stabilised, therefore 

cerium has the electronic configuration [Xe]4f15d16s2 and praseodymium has the 

configuration [Xe]4f36s2. From praseodymium the 4f orbital is filled sequentially, except for 

gadolinium which has the electronic configuration [Xe]4f75d16s2 due to the stability of the 

half-filled 4f subshell, avoiding unfavourable pairing of spins, however the sequential filling 

continues from terbium ([Xe]4f96s2).54 The most common oxidation state for the lanthanides 

is +3, with the 6s (and 5d, where relevant) electrons removed first as the valence 4f orbitals 

are ‘core-like’ due to shielding from the nucleus by the more spatially extended 5s and 5p 

orbitals.55 Therefore, Ln(III) ions have the general electronic configuration [Xe]4fn-1, where 

n=1 for lanthanum.56 The shielding of the 4f orbitals by penetration of the xenon core is key 

to the chemistry and spectroscopy of the lanthanides, causing the lanthanide contraction 

(where the radius of the lanthanide ion decreases across the series) and similar properties 

of the lanthanides.57  

1.4.1 Coordination chemistry of lanthanides 

Free lanthanide ions are toxic to the body. Free Gd3+ ions have been shown to cause 

nephrogenic systemic fibrosis, mediated through formation of insoluble phosphate colloids, 

in patients with pre-existing kidney problems58 and free Ln3+ ions (such as Eu3+ and La3+) 

are a similar size to Ca2+ ions therefore free europium can block calcium channels.59-61 Due 

to the issues of free lanthanide ions in the body, the chelate and macrocyclic effects are 

used advantageously to bind lanthanide ions with high affinity to give kinetically stable 

lanthanide complexes. The ‘core-like’ nature of the 4f orbitals leads to poor overlap with 

ligand orbitals, meaning that crystal-field effects are small, bonding is mostly ionic and non-

directional and that the electronic and magnetic properties of the lanthanides are not largely 
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influenced by the ligand environment.54 The coordination number of a lanthanide ion 

(typically 8-12) is largely dominated by steric effects. Commonly used chelating ligands for 

lanthanide ions (Figure 1.5) include the acyclic DTPA and macrocyclic DOTA, DO3A, 

DO2A, DOTAM and NOTA. High kinetic stability of these complexes is afforded by the high 

coordination number and the hard O and N donors. 

 

Figure 1.5: The structures of various ligands which have been used for chelating lanthanide ions. 

The ligand DOTA is well studied due to the common use of [GdDOTA]- as an MRI contrast 

agent (discussed further in section 1.4.3). DOTA is octadentate (8 coordinate), resulting in 

complexes with high thermodynamic stability and conformational rigidity. X-ray crystal 

structures of [LnDOTA]- complexes (Ln = Eu, Gd, Lu, Y) confirm that DOTA is octadentate, 

with a square-antiprismatic geometry and a ninth axial coordination site above the plane of 

the four oxygen atoms, commonly filled by a water molecule.62-64 

DOTA is the parent ligand of the cyclen-based ligands, as DO3A derivatives can be made 

by replacing or removing one acetate arm. DO3A itself is heptadentate and has a lower 

thermodynamic stability than DOTA (logK 21.0 for demetallation of [GdDO3A] compared to 

logK 25.3 for [GdDOTA]-, measured at 25 °C).65, 66 This trend extends to the hexadentate 

DO2A (logK 11.3 for [GdDO2A]+ vs logK 23.4 for [GdDOTA]-, measured at 25 °C, 0.1 M 

KCl).67 DOTA and DO3A derivatives are commonly used as imaging agents, via 
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functionalisation of the cyclen ring or pendant arms, with addition of arms containing 

carboxylate, phosphonate, amide or alcohol functional groups increasing the stability of 

DO3A ligands.68 The stability trend DOTA>DO3A>DO2A shows that stability of lanthanide 

complexes increases with the number of coordinating atoms and chelating rings. 

The amide derivative of DOTA, DOTAM, has a stability constant 10-11 magnitudes lower 

than that of the corresponding DOTA complexes (logK 13.12 for [GdDOTAM] vs 24.7 for 

[GdDOTA]-, 1.0 M KCl, at 25 °C).69 As expected, due to the macrocyclic effect, DOTA is 

more kinetically stable than its acyclic analogue DTPA (kobs 10-3 s-1 for [GdDTPA]2- at pH 1, 

compared to kobs 3 x 10-7 s-1 for [GdDOTA]-),70, 71 despite both being used commercially as 

MRI contrast agents. Due to the smaller cavity size of the macrocyclic ligand, the 

hexadentate analogue of DOTA, NOTA, is a more suitable ligand for smaller lanthanide 

ions, such as holmium and ytterbium (logK 1.9 for [YbNOTA] at 5 °C in ammonium acetate 

at pH 6.5, compared to logK 0.66 for [GdNOTA]).72 

Lanthanide DOTA and DO3A complexes exhibit conformation isomerism, existing as four 

stereoisomers as two enantiomeric pairs (square antiprism, SAP, and twisted square 

antiprism, TSAP, Figure 1.6) which may be interconverted by arm rotation and ring 

inversion. These isomers are distinguishable by NMR spectroscopy due to slow exchange 

on the NMR timescale at room temperature. The relative proportion of SAP and TSAP 

isomers in solution is important to consider when designing lanthanide complexes for 

biological applications, especially for MRI due to their different water exchange rates. 

Moving across the lanthanide series the proportion of SAP isomer increases – larger earlier 

lanthanide ions prefer the TSAP isomer due to the torsion angles. Additionally, the 

proportion of TSAP isomer is increased by increasing the steric bulk of pendant arms. For 

MRI applications higher proportions of TSAP isomer may be advantageous, as the water 

exchange rate of the TSAP isomer of GdDOTAM was found to be 50 times faster than the 

SAP isomer,73 which may be explained by the reduced angle between the N and O planes 

and reduced angle for water coordination causing longer Gd-H2O distances.74 
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Figure 1.6: Depictions of the TSAP and SAP isomers of LnDOTA complexes, showing the torsion angles (α and 
ß) and opening angles (ω and ψ). Figure reused with permission.74 

1.4.2 Lanthanide photophysics 

Lanthanide complexes exhibit emission spectra with sharp, narrow emission bands and 

have long luminescence lifetimes. These desirable imaging properties arise from f-f 

transitions which are characteristic for each lanthanide ion but have weak intensity, as they 

are formally forbidden by Laporte’s rules (due to no parity change between the ground and 

excited states). The transitions are observed due to relaxing of the rules via spin orbit 

coupling, which scales with nuclear charge (proportional to Z4), and vibronic coupling, which 

is mixing of excited states with opposite parity. Vibronic coupling for lanthanide complexes 

is weaker than that observed for transition metals due to the shielding of the 4f electrons, 

therefore the absorption coefficients for lanthanide complexes are typically weaker than that 

of transition metal complexes (Table 1.2), giving rise to weaker emission spectra. 

Table 1.2: A comparison of the photophysical properties of organic, transition metal and lanthanide compounds 
as fluorophores based on the different transitions they may contain.75-77 

Transition 
Molar absorptivity ε 

/ dm3 mol-1 cm-1 Excited state lifetime 

Charge transfer > 10,000 ps-ns 

Organic 10-10,000 ns 
d-d 0.5-1,000 ns-µs 

f-f < 10 µs-ms 
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The formally forbidden nature of the f-f transitions leads to the desirable long-lived emission 

lifetimes (µs to ms), due to the low probabilities of transitions and the presence of long-lived 

excited states. The desirable sharp peaks in the emission spectra occur due to shielding of 

the f-electrons, as there is only a small influence from the surrounding ligand environment 

and excitation or emission of an electron only weakly changes the interaction with the 

crystal field therefore there is little change in geometry between the ground state and 

excited state, leading to narrow emission peaks. Due to this, the transitions which make up 

the emission spectra of lanthanide complexes are characteristic of each lanthanide (Figure 

1.7) and are not heavily influenced by the ligand environment. However, the fine structure 

of the emission spectra (such as relative heights and splitting of the characteristic 

lanthanide peaks) give information about geometry and symmetry of lanthanide complexes. 

For example, for europium the 5D0→7F1 transition (J=1 peak) is the magnetic dipole 

transition which gives information on the crystal field splitting of the complex, from the 

number of bands present within the transition, and the 5D0→7F2 transition is the 

hypersensitive transition, which is sensitive to local symmetry of the europium ion and the 

intensity of the peak is related to the asymmetry around the europium centre.78, 79 

 

Figure 1.7: Energy level diagram for the Ln3+ aqua ions, determined by Carnall.80-83 
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Eu3+ and Tb3+ are most commonly used for biological optical imaging due to their large 

Stokes shift and intense emission in the visible region, with quantum yields typically over 

10%.84, 85 

1.4.2.1 Sensitisation of emission 

As direct excitation of lanthanide ions results in weak emission due to the low molar 

absorptivities, optical imaging of lanthanide complexes often relies on the presence of 

organic chromophores appended to the chelating macrocycle and the antenna effect. The 

antenna effect (Figure 1.8a) is the process of excitation of an organic chromophore 

(possessing a high molar absorptivity, 5,000-50,000 dm3 mol-1 cm-1), transfer of energy to 

the lanthanide and emission of characteristic lanthanide-based sharp peaks.86 

There are many competing pathways for energy transfer upon excitation of part of a 

lanthanide complex, which may be described by the different rates of energy transfer in a 

Jablonski diagram (Figure 1.8b). Photons are absorbed by an organic chromophore (part 

of the ligand) into a singlet excited state which may fluoresce, undergo non-radiative decay 

to the ground state or intersystem crossing to a longer-lived triplet excited state, which 

allows subsequent energy transfer into lanthanide excited states (in competition with rates 

of non-radiative decay and ligand luminescence). For efficient sensitisation of the 

lanthanide to occur, causing an increase in lanthanide emission compared to direct 

excitation, the energy level of the triplet state of the chromophore must be well matched to 

those of the lanthanide excited state.87 If the energy gap between the chromophore and 

lanthanide excited states are too large then sensitisation is inefficient, whereas a small 

difference in energy levels (< 1850 cm-1) increases the rate of back energy transfer (BET).84, 

88 
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Figure 1.8: a) Diagram showing the antenna effect and sensitisation of a lanthanide metal. b) Jablonski diagram 
highlighting the different rates of processes which may occur, as labelled, to cause transfer and emission of 
energy, with the europium and terbium energy levels labelled.78, 82 

Energy transfer from the organic chromophore (donor*) and lanthanide ion (acceptor) may 

occur via two main mechanisms, Förster resonance energy transfer (FRET) and Dexter 

energy transfer (Figure 1.9). FRET is a through-space interaction due to Coulombic 

interaction between multipole changes associated with the changes between the ground 

state and excited state in the donor and acceptor. Dipole-dipole interactions are the major 

component of FRET and these have a distance dependence of d-6, therefore FRET can 

operate over long distances up to 100 Å. Dexter is the commonly assumed mechanism for 

lanthanide sensitisation where the chromophore coordinates directly to the lanthanide. 

Dexter energy transfer is a double electron exchange mechanism which requires orbital 

overlap between the donor and acceptor and therefore typically acts over shorter distances, 

with a distance dependence of e-d. This short-range interaction may be extended by the 

presence of conjugated bridging ligands which mediate electron transfer (superexchange) 

for distances up to 20 Å.89-92 
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Figure 1.9: A simplified diagram showing the mechanism of Förster Resonance Energy Transfer (FRET) and 
Dexter exchange.89-91 

1.4.2.2 Quenching of emission 

A lanthanide complex’s quantum yield (Φ) is a measure of the efficiency of its luminescence. 

The quantum yield upon ligand excitation (ΦLn
L , equation 1.1) can be calculated by taking 

into account the efficiency of sensitisation from the chromophore (ηsens) and the intrinsic 

quantum yield of the lanthanide (ΦLn
Ln). The ‘brightness’ of different complexes can be 

compared by considering both their quantum yield and their molar absorption coefficient 

(ε). 

                                                                 ΦLn
L = ηsensΦLn

Ln                                           (eqn. 1.1) 

As the quantum yield is defined as the ratio between photons absorbed and photons emitted 

(equation 1.2), it can also be evaluated by considering the rates of radiative decay (kR) 

which leads to the desired luminescence against the total of all emissive rates (the observed 

rate, kobs), which include the radiative pathways and non-radiative, or quenching, pathways 

(kNR, equation 1.3). For europium complexes, the intrinsic quantum yield may be estimated 

by evaluation of the magnetic dipole transition peak (J=1 band) area compared to the area 

of the total emission spectrum (see chapter III). The observed lifetime for the luminescence 

decay of a complex (τobs) can be measured experimentally and used in combination with 

the intrinsic quantum yield to estimate rates of radiative pathways.93, 94 
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                                                             ΦLn
Ln=

emitted photons

absorbed photons
                                        (eqn. 1.2) 

                                                    ΦLn
Ln= =

𝑘𝑅

𝑘𝑅+𝑘𝑁𝑅
=  

𝑘𝑅

𝑘𝑜𝑏𝑠
= k𝑅τobs                             (eqn. 1.3) 

There are multiple processes which quench the luminescence of lanthanide complexes (by 

contributing to kNR); these can include back energy transfer (BET), photoinduced electron 

transfer (PeT), cross-relaxation, other intermolecular energy transfer processes and 

vibrational relaxation.95 Back energy transfer (denoted by orange arrows in Figure 1.9b), as 

briefly discussed above, occurs by transfer of energy from a lanthanide triplet excited state 

to the organic chromophore and occurs when the energy levels of the lanthanide and 

chromophore triplet states are close in energy.88 Measurement of the emission spectra of 

analogous gadolinium complexes at 77 K can be used to estimate the triplet state of the 

chromophore in order to evaluate contributions to non-radiative pathways arising from back 

energy transfer processes.96, 97 Photoinduced electron transfer (PeT) between a donor and 

an acceptor (in this case between the chromophore and the lanthanide ion) gives a charge 

separated radical cation and radical anion. In most cases the charge separated state is 

lower in energy than the lanthanide emissive excited states, therefore PeT quenches 

lanthanide emission, however for Yb the charge separated state is higher in energy so PeT 

contributes to sensitisation and leads to emission in the NIR region. The rate of PeT can be 

reduced by use of a less reducing chromophore; however, this also affects the triplet energy 

level and therefore sensitisation.95, 98-100 Cross-relaxation is a quenching process which can 

occur in a system containing two lanthanide ions where the energy gap between two excited 

states of a donor lanthanide ion is similar to that of the energy gap between the ground 

state and an excited state of the acceptor lanthanide ion, leading to non-radiative emission 

for a lower excited state.101 Other intermolecular energy transfer processes that contribute 

to the quenching of lanthanide emission include the presence of triplet oxygen102 and the 

presence of other metal ions, such as biologically relevant Mn(II) and Cu(II).103 
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Quenching of luminescence is also observed through interactions with vibrations of X-H 

bonds (where X is O, C or N).104-106 The impact of this quenching on luminescence varies 

between lanthanide ions as it occurs when the difference between the lanthanide ground 

state and excited states is similar to the overtone of X-H frequencies – for example, the 

energy gap of the europium transition 5D0 → 7F6 matches decently with the v=5 vibrational 

overtone of C-H bonds and the energy gap of the terbium transition 5D4 → 7F0 matches with 

the v=6 vibrational overtone of C-H and v=4 of O-H.107, 108 As this quenching can occur 

intramolecularly or intermolecularly it is a consideration for both design of a lanthanide 

chromophore and measurements of luminescence in biologically relevant aqueous media. 

For the design of lanthanide probes for optical imaging, aiming to minimise the number of 

N-H and O-H quenchers close to the lanthanide is crucial to increase luminescence and 

saturation of the lanthanide coordinate site is important to prevent bound water molecules 

from quenching luminescence. However, bound water molecules are essential for MRI 

applications therefore some intermediate approach should be taken for the design of 

lanthanide complexes for multimodal purposes. Substitution of X-H bonds to X-D or X-F 

bonds may be employed to reduce quenching – due to their higher reduced mass the 

vibrational frequencies are smaller leading to a poorer energy match between lanthanide 

excited states and X-D or X-F oscillators.109 Measurements of lanthanide luminescence 

should ideally be carried out in water or buffer solutions to mimic the brightness expected 

in vivo, as the amount of quenching observed varies between solvents.94 

For MRI applications, the number of coordinated water molecules, q, for the Gd(III) 

lanthanide complexes can be estimated from the rate of luminescent decay of analogous 

Eu(III) and Tb(III) complexes in water and D2O. This q value can be determined using a 

modified version of Horrock’s equation, equation 1.4, where A is the inner-sphere 

contribution, B is the outer-sphere contribution (Table 1.3) and τ is the rate of decay.107, 110 

This equation for prediction of number of coordinated water molecules is widely used and 

good for mononuclear lanthanide complexes, however it becomes less reliable for 
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multinuclear lanthanide complexes due to self-quenching occurring between the lanthanide 

centres. 

                                                  𝑞 = 𝐴 (
1

𝜏𝐻2𝑂
−

1

𝜏𝐷2𝑂
− 𝐵)                                         (eqn. 1.4) 

Table 1.3: The value of parameters A (inner-sphere contribution) and B (outer-sphere contribution) for Eu(III) 
and Tb(III) in water. nOH is the number of O-H oscillators in the complex and nCONH is the number of amide N-H 
oscillators in the complex. 

Ln(III) ion A / ms B / ms 

Eu 1.2 0.25 + 0.44nOH + 0.075nCONH 

Tb 5.0 0.06 

1.4.3 MR of lanthanide complexes 

1.4.3.1 NMR spectroscopy 

The lanthanide(III) ions are all paramagnetic, based on their ground state electronic 

configurations, except for La (5d16s2), Lu (4f14) and Eu (4f6), however Eu(III) acts as 

paramagnetic due to its thermally partially populated low-lying paramagnetic excited states. 

This paramagnetism gives rise to the broad signals (due to fast relaxation times) and large 

chemical shift ranges observed in 1H NMR spectra. The chemical shifts observed arise due 

to contributions from the diamagnetic shift (δd), Fermi contact shift (δC) and pseudocontact 

shift (δPCS, equation 1.5).111 

                                            𝛿𝑝=δd+δC+δPCS                                                (eqn. 1.5) 

The diamagnetic shift contributions (δd) are usually small and are due to the conformation 

of the molecule and inductive and field effects, similar to those of organic compounds, which 

can be determined from the NMR spectra of lutetium or lanthanum analogues of lanthanide 

complexes.112 The Fermi contact shift contributions (δC) arise from through-bond 

interactions (similar to J-coupling in diamagnetic NMR spectra) between lanthanide 

unpaired electrons with the nucleus of interest113 and is proportional to the magnetic 

moment of the lanthanide ion and the hyperfine coupling constant.111 As expected, the 

Fermi contact decreases as the distance between the lanthanide and the nucleus of interest 
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increases (with some deviations noted in the case of conjugation).114 The pseudocontact 

shift (δPCS) is a through-space interaction and is often considered dominant for lanthanide 

complexes. Its dependence on the angles between and orientation of the nucleus of interest 

and the lanthanide ion allows for information on structure to be obtained. The 

pseudocontact shift may be described by equation 1.6, assuming the lanthanide is treated 

as a point charge with infinitely fast relaxation, where θ, ω and r are the 3D polar 

coordinates (with respect to the lanthanide ion and the magnetic axis) and χax and χrh are 

the axial and rhombic components of the magnetic susceptibility tensor, respectively.111   

                             δPCS =
1

12πr3 [χax(3cos2θ-1)+3χrhsin2θ cos 2ω ]                        (eqn. 1.6) 

Bleaney’s theory (for the chemical shift of nuclei over 3 bonds away from the lanthanide 

centre) states that the contact contribution is small and therefore the pseudocontact 

contribution dominates and the chemical shift observed is only related to the crystal field, 

geometry of the complex, temperature and a constant which is related to the specific 

lanthanide ion.115-117 Under Bleaney’s theory, the anisotropy of the susceptibility tensor 

(equations 1.7 and 1.8) depends on the ligand field parameters, B0
2 and B2

2, and the 

Bleaney constant, CJ, which is dependent on the lanthanide ion (equation 1.9) as it varies 

with gJ, the Landé factor, and J, the total angular momentum quantum number.111, 114, 118 

                                                     χax=-
μ0μB

2CJB2
0

10(kT)2                                                   (eqn. 1.7) 

                                                     χrh=-
μ0μB

2CJB2
2

30(kT)2                                                   (eqn. 1.8) 

                                  𝑐𝐽 = 𝑔𝐽
2𝐽(𝐽 + 1)(2𝐽 − 1)(2𝐽 + 3)〈𝐽|𝑎|𝐽〉                             (eqn. 1.9) 

The shape of the lanthanide ion’s ground state f-electron distribution (Figure 1.10a) is 

related to the magnetic anisotropy and lanthanide-induced shift (the difference in chemical 

shift between paramagnetic and diamagnetic analogues of analogous complexes) and 

therefore influences the range of the NMR spectral window. A lanthanide complex is oblate 
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if the ground state is perpendicular to the magnetic axis (Figure 1.10b), such as for cerium 

and terbium, or prolate if the ground state is parallel to the magnetic axis, as for europium.119 

 

Figure 1.10: a) The shape of the ground state lanthanide(III) ions’ f-electron distribution, reproduced with 
permission from Rinehart et al.120 b)  A figure showing the relationship between lanthanide ion, f-electron ground 
state distribution and orientation of the magnetic axis, reproduced with permission from Vogel et al.119 

In general, Bleaney’s theory may be used to understand the solution structure and 

dynamics of paramagnetic lanthanide complexes, particularly by independent analysis of 

the pseudocontact contributions. However, it suffers from some limitations through the 

assumptions that it makes which may not always be applicable, such as that the lanthanide 

ion acts as a point magnetic source, the analogous complexes being isostructural across 

the lanthanide series, the ligand field splittings are small compared to kT (otherwise the 

shift is temperature dependent) and that the hyperfine coupling is constant across the 

lanthanide series. Therefore, whilst Bleaney’s theory has been used for analysis of NMR 

spectra of lanthanide complexes for many years, it should not be relied upon for the design 

of paramagnetic shift reagents, including those for CEST imaging.111, 113, 117 
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1.4.3.2 Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is a crucial non-invasive tool used for clinical imaging, 

with 45 million MRI scans taken each year.121 The technique involves application of an 

external magnetic field, B0, to align protons in water and then application of a 

radiofrequency pulse at the same frequency as the processional frequency of the protons, 

perpendicular to B0. The signal observed in an MRI is created by monitoring the relaxation 

of the protons following application of the radiofrequency pulse, allowing for differentiation 

between types of soft tissue and abnormal tissue due to their differing rates of relaxation. 

To obtain spatial resolution, a gradient magnetic field B0 is applied and either the gradient 

magnetic field applied or the radiofrequency pulse applied (perpendicular to B0) is altered 

to obtain slices of signal, as only protons processing at certain frequencies will be 

measured. 

 

Figure 1.11: An explanation of the relaxation process that give rise to MRI signal, after application of a magnetic 
field in the z-direction, with relaxation occurring from left to right. a) T1 relaxation in the z direction, b) T2 
relaxation in the xy direction. Blue arrows show the overall vector, black arrows are individual components that 
average out to give the overall vector. 

The relaxation time can be characterised as either T1 or T2: T1, the longitudinal relaxation 

time, is the time for the protons to realign with the applied external magnetic field (loss of 

the z-component of magnetisation, Figure 1.11a) and T2, the transverse relaxation time, is 

the time for the loss of phase coherence by interaction with surroundings (loss of the xy-
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component of magnetisation, Figure 1.11b). T1-weighted and T2-weighted MRI are used for 

imaging of different things – T1 gives a bright signal for fatty tissue whereas T2 enhances 

water. 

 

Figure 1.12: Gadolinium-based contrast agents (GBCAs) which have previously been approved by the FDA, 
with their commercial names listed below their abbreviations used in the text. 122, 123  

Contrast agents are often injected into patients prior to their MRI (in 40% of cases) to 

enhance the sensitivity and accuracy of diagnosis. These often work by shortening the 

relaxation times of water protons, causing a greater contrast within the image, by interaction 
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of the water protons with the MRI contrast agent. Most of the MRI contrast agents which 

are FDA-approved and used in clinics are gadolinium-based contrast agents (GBCAs, 

Figure 1.12), such as the widely used GdDOTA, with others being manganese-based 

(Figure 1.13a) or iron oxide nanoparticles (Figure 1.13b, primarily used for T2 imaging), 

although the marketing for the latter two classes has been discontinued.124 The first GBCA, 

GdDTPA, was FDA approved in 1988, with the most recent advancement being the FDA 

approval of gadopiclenol in 2022 (approved in the EU in 2023), which requires lower doses 

compared to previous contrast agents due to its higher relaxivity.125 

 

Figure 1.13: Contrast agents which have previously been approved by the FDA, with their commercial names 

listed below their abbreviations used in the text - a) manganese-based and b) nanoparticle.122, 123 

The relaxivity of GBCAs has inner-sphere contributions (from water bound directly to the 

metal) and outer-sphere contributions (from water molecules nearby the contrast agent). 

GBCAs are typically used as T1 contrast agents as they have a larger effect on tissue T1 

than T2.126 For monomeric GBCAs, the inner-sphere contribution is a major component 

whereas the change in outer-sphere contribution is often small.  

The signal intensity of the MRI contrast agent can be varied by changing the number of 

inner sphere water molecules (q), the rate of molecular tumbling (τr) and the rate of water 
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exchange (τm). The inner-sphere relaxivity (rIS, equation 1.10) also depends on applied 

magnetic field strength and temperature, in addition to the electron spin of the complex (S) 

and electronic relaxation times (T1e or T2e).122, 127, 128 Inner-sphere relaxivity can be 

described in the Bloch equations, where it is assumed that there is fast exchange between 

two sites and one bulk water is present at much higher concentration than one metal bound 

water. For simple metal complexes, these equations can be simplified to equation 1.11, 

where C is a constant.122  

                                                              𝑟1
𝐼𝑆 =

𝑞/[𝐻2𝑂]

𝑇1𝑚+𝜏𝑚
                                              (eqn. 1.10) 

                                                                𝑟1
𝐼𝑆 = 𝐶𝑞𝜏𝑅                                                (eqn. 1.11) 

Relaxivity of GBCAs can be modulated by impacting many factors, namely: q, by changing 

the coordination environment of ligand donors, whilst noting that higher q likely means a 

less stable lanthanide complex; metal-water proton distance and residency time of water, 

which are influenced by the relative amounts of TSAP and SAP isomers in solution; and 

rotational correlation time, which depend on the size of the complex or immobilisation on a 

surface and can be estimated using the Debye-Stokes equation (equation 1.12). Many of 

these factors are interlinked and therefore the effect of modifying a molecule on its relaxivity 

can be difficult to predict. 

                                                               𝜏𝑅 =
4𝜋𝜂𝑟𝑒𝑓𝑓

3

3𝑘𝐵𝑇
                                            (eqn. 1.12) 

1.4.4 Lanthanide probes for biological imaging 

As discussed previously, lanthanide complexes are generally thought to be advantageous 

over organic-based fluorophores for optical imaging, when using europium or terbium, due 

to their sharp emission spectra (causing less overlap with biologically relevant species) and 

long-lived lifetimes (enabling time-gated emission techniques to be used), despite their 

lower molar extinction coefficients. However, lanthanide complexes are most commonly 
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used in biological imaging for MRI, due to the high paramagnetism of the gadolinium (III) 

ion (see section 1.4.3.2). 

Ideal lanthanide complexes for imaging of disease require high quantum yields in 

physiologically relevant media (>10%), via use of a chromophore-containing ligand which 

may be synthesised cheaply and easily, to give a kinetically and thermodynamically stable 

complex, which is cell permeable and non-toxic. Excitation wavelengths above 337 nm and 

at wavelengths close to those of commonly used lasers or LEDs is crucial for easy transition 

for medical use.129 

Activatable lanthanide complexes for imaging are discussed briefly in section 1.5.2 and 

expanded upon in sections 3.1, 4.1.2 and 4.1.3, with section 4.1.1 highlighting the 

challenges of developing cell permeable lanthanide complexes for imaging.   

1.5 Redox activatable probes for biological imaging 

Preclinical progress in activatable compounds has mainly focused on development of 

prodrugs (such as the development of tirapazamine and evofosfamide which have reached 

phase I-II clinical trials) to overcome issues with side effects for patients and to improve 

properties of the parent drug, such as greater absorption or slower metabolism. As 

mentioned previously, activatable profluorophores may be useful for detection of certain 

species in the body and gaining information, including their use in image-guided surgery,130, 

131 diagnosis and prognosis evaluations. A selection of relevant developments in redox 

activatable probes are reviewed in this section to highlight the breadth of the field that is 

currently being developed, spanning organic and inorganic molecules and nanoparticles, 

which may be activated in the presence of differing redox molecules, environments or 

enzymes to cause changes for readout by optical imaging, PET and MRI. Examples of other 

responsive compounds, including those with dual functionality and those used for other 

modes of imaging, are discussed and summarised elsewhere.9, 132-136 
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1.5.1 Organic profluorophores 

EF5 and pimonidazole (Figure 1.14a) are simple organic molecules which are routinely 

used in oncology research and preclinical settings as detectors of hypoxia. These small 

molecules function by reduction of the nitroimidazole moiety, reaction with thiol-containing 

proteins and subsequent interaction with fluorescent labelled antibodies allowing detection. 

Recently Tosun et al.14 reported a profluorophore of the anticancer drug panobinostat which 

contained the epitope of EF5 (Figure 1.14b), allowing for simultaneous antibody-based 

imaging and cell death. [18F]EF5 has also been developed as a non-invasive tool for PET 

imaging of hypoxia, with evidence that it can be prepared in clinically-relevant quantities 

and that its metabolism in rats does not lead to other 18F-labelled products.137 This affords 

it an advantage over [18F]FMISO (Figure 1.14c), which has previously been used to predict 

the change in prognosis for patients prior to radiotherapy for lung or head and neck cancer, 

but suffers from slow blood clearance (causing a small change in PET signal contrast 

between hypoxia and normoxia) and production of several radioactive products upon 

excretion.137, 138 

 

Figure 1.14: The structure of nitroimidazole-based small molecules for hypoxia detection. a) EF5 and 
pimonidazole, used in preclinical settings for validating hypoxia.  b) EF5-pano, a molecule that combines an 
anticancer drug and a group that affords antibody imaging.14 c) [18F]FMISO which may be used for hypoxia 

detection by PET imaging.138 
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Activatable near-infrared (NIR) probes are advantageous for biological imaging over UV or 

visible light emitting probes due to their deeper tissue penetration depth and the minimised 

autofluorescence observed.139 One example of an activatable NIR probe is that reported by 

Liu et al.140 which has been used to selectively detect mitochrondia in hypoxic cells (at 2% 

O2) and solid tumours of mice. An increase in fluorescence intensity at 670 nm was 

observed upon reduction of the nitrobenzyl group (which inhibits intramolecular charge 

transfer, Figure 1.15) to the aniline and cleavage to give the rhodamine-based dye. 

 

Figure 1.15: The structure and activation of an activatable NIR probe reported by Liu et al.140 

Two-photon excitation imaging may similarly be used for deep tissue penetration depth, 

high sensitivity and good temporal resolution.141 Wang et al.142 reported a nitrobenzyl-based 

probe (Figure 1.16a) which was activated in the presence of nitroreductase enzyme, 

causing an increase in fluorescence emission at 580 nm (upon excitation at 450 nm, Figure 

1.16b). The probe also showed an increase in fluorescence in hypoxic A549 cells, detected 

by two-photon confocal microscopy (Figure 1.16c, excitation at 840 nm), which was 

inhibited by the presence of dicoumarin (a known nitroreductase inhibitor). 
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Figure 1.16: a) The structure and activation of the nitrobenzyl-based activatable probe reported by Wang et al. 
b) The change in fluorescence emission observed upon activation of the probe (10 µM) in the presence of 
nitroreductase (0-20 µg/mL) upon excitation at 450 nm. c) Two-photon microscopy of A549 cells in the presence 
of the probe under normoxia and hypoxia, upon excitation at 840 nm, including in the presence of dicoumarin 
(100 µM) as a nitroreductase inhibitor. Panels b and c reproduced with permission.142 

1.5.2 Lanthanide complexes 

Gadolinium complexes are widely used as MRI contrasts, as discussed in section 1.4.3.2, 

and activatable MRI contrasts are being developed to aid patient diagnosis. Iwaki et al.143 

reported a series of hypoxia-sensitive MRI contrast agents containing aryl sulfonamide 

groups which change relaxivity based on the pH and upon reduction of the nitro moiety to 

the corresponding aniline. Testing of the derivative containing a methoxy group meta to the 

nitro moiety (Figure 1.17) in rat liver microsomes showed a significant change in relaxivity 

under hypoxia (3.6 mM-1 s-1) in comparison to normoxia (2.1 mM-1 s-1) at pH 7.4. 

 

Figure 1.17: A hypoxia-activated MRI contrast agent, bearing a sulfonamide moiety, previously reported by 
Iwaki et al.143 

Activatable lanthanide complexes, in particular those containing nitroaryl and azobenzene 

functional groups for optical imaging or MRI, and the challenges associated with making 
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these applicable for use in vivo is discussed further in sections 3.1, 4.1.1 and 4.1.3, as 

relevant. 

1.5.3 Transition metal complexes and nanoparticles 

Platinum(IV) complexes are emerging as a common prodrug strategy for release of 

platinum(II) species, such as the anticancer drugs cisplatin and oxaliplatin, to overcome 

their resistance, side effects and bioavailability issues by saturating the coordination sites. 

Whilst many research efforts have focused on light-activated platinum(IV) complexes,144, 145 

these complexes may be used as theranostic tools by the incorporation of a fluorophore 

into one of the axial positions which is released upon reduction to give the platinum(II) 

species.8 Recent work by Sedgwick and co-workers have described a series of activatable 

platinum(IV) complexes (Figure 1.18a) which may be reduced in the presence of sodium 

ascorbate, light or under hypoxic conditions (0.1% O2) in HCT116 or A549 cells, causing 

an increase in both fluorescence and cell death.146-148 

 

Figure 1.18: a) The structures of reductively activated platinum(IV) profluorophores/prodrugs reported by 
Sedgwick and co-workers.146-148 b) The structure of [64Cu]CuATSM for PET imaging of hypoxia.149 
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CuATSM (Figure 1.18b) is another metal-based probe which may be used for biological 

imaging.43 The probe is trapped upon reduction of the Cu(II) centre to Cu(I) selectively in 

hypoxic tissue. In the case of [64Cu]CuATSM the Cu(I) complex dissociates to release 64Cu 

for PET imaging of hypoxia.3 It has been demonstrated that this hypoxic contrast is not due 

to protonation and is independent of intracellular pH, which is crucial as acidosis is another 

marker of ischemic tissue.149 

Nanoparticles for biological imaging are also being investigated due to their advantages 

over organic fluorophores, such as their enhanced sensitivity and greater signal density, 

ease of synthesis and functionalisation, and their abilities to have multi-functional 

properties, by attachment of differing groups for targeting and luminescence, afforded by 

their large surface area, and tuneable properties, based on size.130 Photosensitiser 

functionalised nanoparticles may also be used for image-guided photodynamic therapy 

(PDT). An et al.150 reported a multifunctional nanoparticle (Figure 1.19) for NIR fluorescence 

and MRI. The nanoparticles were formed by self-assembly of a small molecule probe which 

contains a NIR photosensitiser (enabling fluorescence imaging and PDT), a disulfide linker, 

a quenched luciferin-based fluorophore to aid self-assembly, a gadolinium chelate for MRI 

and a cyclic peptide for tumour targeting. Upon disulfide reduction in the presence of 

glutathione, the nanoparticle undergoes fragmentation to release an oxyluciferin 

fluorophore (with emission at 547 nm) and the photosensitiser, which upon binding to 

albumin leads to increased fluorescence at 677 nm and retention in cells for PDT – singlet 

oxygen production was observed upon irradiation at 690 nm only after reduction with 

glutathione. The high relaxivity of the parent nanoparticle (r1 21 mM-1 s-1 in PBS) lead to 

good signal enhancement in T1-weighted MRI of U87MG cell pellets (glioblastoma), 

showing that MR and fluorescence could be used complimentarily for tumour detection.150 
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Figure 1.19: The structure and activation of a nanoparticle assembly reported by An et al. for optical imaging, 
MRI and PDT.150 PS = NIR photosensitiser, Gd = Gd-containing macrocycle, peptide = cyclic peptide for 

targeting. 

1.5.4 Outlook for activatable probes for biological imaging 

As outlined above, desirable properties for optical imaging in vivo include NIR emission or 

long-lived luminescence for time-gated detection to reduce interference from cellular 

autofluorescence and other strategies include visualisation using two photon excitation, 

MRI or PET imaging. For lanthanide complexes and organic molecules in particular for 

optical imaging, fluorophores should be designed to have high molar absorption coefficients 

and activation with excitation wavelengths above 350 nm is desirable to avoid background 

signal from fluorescence of biological molecules such as NADH.84 
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Current limitations of profluorophores and biological imaging agents are related to 

localisation (encompassing the lack of selectivity for cancerous tissues and lack of cell 

permeability of probes), accurate quantification (requiring large changes upon activation of 

profluorophores), sensitivity and detection limits (in terms of analyte concentration to cause 

activation of a profluorophore and balancing concentrations for image brightness against 

cytotoxicity) and the time scale of activation (balancing quick detection and degradation or 

clearance times).121 For the design of new imaging agents for use in clinical settings, 

significant advancements will be made through the development of dual imaging probes or 

theranostics to gain more information (despite some current practical limitations) for 

diagnosis and prognosis evaluation. Other advances will involve research focused on 

imaging agents for informing the pre-clinical development of drugs (for example, to aid 

mechanistic understanding in clinical trials) and for image-guided surgery.151 These 

developments in novel imaging agents for clinical use requires input from multiple 

disciplines (chemistry, biology, oncology, clinicians) to enable a complete understanding of 

the relevant requirements, practicalities and feasibility of chemical design. 

1.6 Aims 

The aim of this project was to develop redox activatable compounds (lanthanide complexes 

or organic profluorophores) for selective cancer imaging applications, with the desired 

properties described in Figure 1.20. 

 

Figure 1.20: The desirable properties of the compounds (profluorophores) described in this thesis. 

Chapter 2 outlines the investigation of two methods of activation, the presence of hypoxia 

and X-ray irradiation, to determine if an azide-based organic prodrug or profluorophore may 
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be activated in the same way under differing conditions. Activation of the same 

profluorophore or prodrug under differing conditions (including the use of an external source 

of activation) would enable further selectivity of cancer imaging and/or treatment and could 

lead to treatment of hypoxic solid tumours, which are largely radioresistant, through 

combined radiotherapy and chemotherapy. This work highlights the challenges of designing 

a small molecule profluorophore for activation under biologically relevant conditions and the 

need for moving towards activation by more clinically relevant doses of X-rays. 

Chapters 3 and 4 describe the synthesis of lanthanide complexes for optical imaging and 

MRI, exploiting their advantages over organic profluorophores with their long-lived 

luminescence. Chapter 3 explores the synthesis, characterisation and testing of a series of 

simple DO3A-based lanthanide complexes which employ hypoxia-activatable moieties as 

a proof-of-concept for simple lanthanide complexes which can be activated to cause 

changes in luminescence emission and relaxivity for optical imaging and MRI 

applications.152 Activation of these complexes was evaluated under various chemical and 

biologically-relevant systems to understand their selectivity and stability. Chapter 4 

addresses the challenges of designing and synthesising cell permeable activatable 

lanthanide complexes. It expands on the previous chapter by applying similar concepts, 

through attachment of a redox activatable azobenzene moiety to a DO3A ligand scaffold 

for bimetallic complexes, for enhancement of luminescence properties. Variation of the 

substituent on the azobenzene is discussed, including the synthetic challenges posed. This 

work contributes to the knowledge of the design, synthesis, stability and selectivity of 

monometallic and bimetallic lanthanide complexes for use in biological imaging 

applications. 

Chapter 5 provides a summary of the work carried out, the conclusions that can be taken 

from it and the future work proposed, particularly focusing on the development of cell 

permeable lanthanide complexes for imaging in vivo for cancer diagnosis and prognosis 
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evaluation. Chapter 6 outlines the experimental procedures utilised during this work, 

including the synthesis and activation assays. 
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2. Chapter II - Development of hypoxia- and X-

ray activated tetrafluoroaryl azide 

profluorophores 

2.1 Azides as activatable moieties 

Azides can be used as bioreductive moieties for cancer imaging due to their resistance to 

biological hydrolysis and high kinetic stability.1 Prior to the start of this research, there were 

few examples in the literature for the use of azides as either hypoxia-activatable1 or X-ray 

activatable moieties,2 or for imaging the presence of NaHS/H2S.3-6  

As azides can be activated under a variety of conditions, including under hypoxia, X-ray 

irradiation, or in the presence of sulfides, a key question in the field is whether these 

mechanisms of activation cause activation to different intermediates or products, or whether 

different modes of activation can be used in combination. For example, X-ray activation of 

a prodrug which is partially activated in a hypoxic tumour could be used to achieve higher 

levels of drug release. O’Connor et al.1 reported an organic azide compound (reported as 

CH-02, hereafter referred to as DCM-N3, 1, Figure 2.1a) which is reduced selectively under 

hypoxic conditions to the more fluorescent amine compound (DCM-NH2, 2), both in vitro 

(using CYP enzymes) and in HepG2 and OE21 cells. Despite previous reports of activation 

of DCM-N3 in the presence of hydrogen sulfide both in vitro and in cellulo,4, 5 DCM-N3 was 

reported to be stable in the presence of GSH and L-cysteine, in both normoxia and hypoxia, 

and cystathionine-β-synthase (CBS), an enzyme which accumulates in hypoxic tissue. This 

suggests that reaction with thiols is not a dominant mechanism of activation for this 

compound. The mechanism of reduction of the azide moiety was further investigated using 

steady-state γ-radiolysis (total 84 Gy, ~60% conversion), demonstrating its ability to be 

activated by sequential single-electron transfer reduction.1 
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Figure 2.1: a) Previously reported activatable azide profluorophores developed by Geng et al. (the tetrafluoroaryl 
azide prodrug which releases doxorubicin and tetrafluoroaniline upon 60 Gy X-ray irradiation) and O’Connor et 
al. (used as positive controls in this chapter, DCM-N3 1 and DCM-NH2 2).1, 2 b) The structures of the initial 
targets of chapter 2 (3 and 4) and the corresponding fluorophores (DCM-OH, 5 and 6). 

Recent work by Geng et al.2 demonstrated that azide moieties may be activated using high 

doses of X-ray irradiation in vitro. Their initial study of X-ray irradiation of different functional 

groups was carried out using 60 Gy doses. This is much higher than doses used clinically 

for radiotherapy, which are typically 1.8-2.0 Gy7 for large tumours, or up to 18 Gy for 

stereotactic ablative radiotherapy (SABR),8-10 which uses hypofractioned radiotherapy 

doses (≥ 5 Gy) for treatment of small tumours.11 The study highlighted that sulfonyl and 

aromatic azides are promising moieties for irradiation as they only produce one or two 

compounds which may be fully characterised, reducing the likelihood of off-target activity 

from the production of multiple fragments. Testing of their tetrafluoroaryl azide doxorubicin 
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prodrug (Figure 2.1a) demonstrated that in vitro 50% activation was observed with 60 Gy 

X-ray irradiation and that tumour growths in xenograft mice models were inhibited using 

6 Gy X-ray irradiation. This prior work demonstrates promise for the development of X-ray 

activated prodrugs for combined chemotherapy and radiotherapy uses, however for clinical 

utility prodrugs should be activatable at doses closer to 2 Gy to assist outcomes for patients 

with large tumours, as SABR works well for patients with small tumours. 

2.2 Design rationale of initial profluorophores 

The work in this chapter aimed to expand on and combine the motifs previously reported 

by O’Connor et al.1 and Geng et al.2 to develop a profluorophore that could be activated 

under hypoxia and/or X-ray irradiation, via the mechanisms proposed in Figure 2.2. These 

profluorophores were chosen to investigate whether activation under hypoxia gives the 

same products as activation following X-ray irradiation and therefore whether these 

methods could be used complementarily to increase drug or fluorophore release in vivo. 

Under hypoxia the effect of radiotherapy is impaired, therefore simultaneous delivery of 

prodrugs or profluorophores, activated by radiation and hypoxia, is a potential route to 

overcome this. This chapter reports the synthesis of four novel azide profluorophores, in 

addition to their controls, photophysical characterisation (by UV-Vis and fluorescence 

spectroscopy), solubility measurements, and preliminary activation analysis (in the 

presence of zinc, enzymes, and X-rays). 

The initial target profluorophore, compound 3 (Figure 2.1b), was the tetrafluoroaryl azide-

protected profluorophore of the well-characterised dye (E)-2-(2-(4-hydroxystyryl)-4H-

chromen-4-ylidene)malononitrile, (DCM-OH, 5). The sulfur-containing analogues 

(profluorophore 4 and S-DCM-OH dye 6) were proposed due to the advantageous 

photophysical properties (larger Stokes shift) of similar sulfur- or selenium-based dyes 

previously reported.12 The compounds DCM-N3 (1) and DCM-NH2 (2) which have previously 

been reported in the literature are used throughout this chapter as positive controls.1 
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Figure 2.2: The proposed mechanisms of X-ray activation (top) and simplified mechanism of enzymatic 
activation (bottom) of compounds 3 and 4 to give the aniline intermediate and subsequent fragmentation, based 
on the mechanisms proposed by Geng et al.2 and O’Connor et al.1 X = O/S. Cys = cysteine.  

2.3 Evaluation of dichromenone-based profluorophores 

2.3.1 Synthesis of dichromenone-based profluorophores 

Scheme 2.1 outlines the synthesis of the initial target DCM-derived profluorophores, 3 and 

4.  
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Scheme 2.1: The synthetic route for profluorophores 3 and 4: a) the synthesis of the dichromenone core, b) the 
synthesis of the azide-based activatable group and c) the combination of the fluorophore and activatable group. 
Reagents and conditions: (i) Sodium metal, ethanol, rt, 17 h; (ii) Acetic acid, water, concentrated sulfuric acid, 
100 °C, 1 h; (iii) Malononitrile, acetic anhydride, 140 °C, 5 h; (iv) MeOH, 50 °C, 30 min; (v) Phosphoric acid 
(85% in water), phosphorus pentoxide, 70 °C, 5 h; (vi) Polyphosphoric acid, 90 °C, 30 min – 5 h; (vii) Sodium 
azide, acetone, water, 100 °C; (viii) Dimethylamine borane, acetic acid, rt, 1 h; (ix) Thionyl chloride, CH2Cl2, rt, 
1 h; (x) 4-Hydroxybenzaldehyde, caesium carbonate, tetrabutylammonium iodide, dry DMF, 0 °C to rt, 2 h; (xi) 
Piperidine, EtOH, 80 °C, 5-7 h. 

Synthesis of the chromenone dye 8 was carried out according to the reported literature 

procedures.1 The thiochromenone dye 10 (Scheme 2.1a) was synthesised by a Simonis 

chromone cyclisation reaction,13, 14 where ethyl acetoacetate is activated by phosphorus 

pentoxide, using two different reported routes. The initial route used (route A,15-17 Table 2.1) 

resulted in extremely poor yields over two steps (< 2%) due to the poor yield of the 
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cyclisation step. Many by-products were observed by TLC and degradation of these by-

products was observed during column chromatography (6 spots observed after work-up, 

over 10 spots observed during purification). Use of route B, using polyphosphoric acid,12, 13 

gave 10 in higher yields and purity, as fewer by-products were observed by TLC for the 

formation of 9 and the purification of both 9 and 10 were optimised. 

Table 2.1: Analysis of the two methods used to form the thiochromenone core, 10.12, 13, 15-17 

  Method A Method B 

Reagents 
Phosphoric acid (85% in 

H2O), phosphorus pentoxide 
Polyphosphoric acid 

Purification 
Step 1 Gradient column 

Slow gradient or 
isocratic column 

Step 2 Recrystallisation Isocratic column 

Yield / % 
Step 1 0.5–10 8–15 

Step 2 9–53 53 

The tetrafluoroaryl azide alcohol intermediate 12 was synthesised using the previously 

reported literature procedure (Scheme 2.1b).18 Column chromatography was used to purify 

the aldehyde intermediate 11 (formed by a selective SNAr reaction), in favour of the 

sublimation method used in the literature,19-21 for safety reasons and to obtain higher yields 

(64% compared to 53%) and purity (96% compared to 91% previously). Compound 11 was 

reduced using dimethylamine borane to form the alcohol 12, according to the literature 

procedure.18 The chloride intermediate 13, formed by treatment of 12 with thionyl chloride, 

was used directly in subsequent reactions, and was not stored or purified due to stability 

concerns, evidenced by the formation of an unidentified fluorinated by-product over time, 

according to 1H and 19F NMR analysis. The final profluorophores, 3 and 4, were obtained 

(Scheme 2.1c), via Knoevenagel condensation, in moderate yields of 39-69%.  

For use as control compounds, DCM-OH (5) was synthesised according to the literature 

procedure,22, 23 and the sulfur derivative S-DCM-OH (6) was synthesised analogously 

(Scheme 2.2a). For comparison to the literature, DCM-N3 (3) and DCM-NH2 (4) were 

synthesised according to the previously reported procedure and obtained in moderate 

yields of 38-47% (Scheme 2.2b).1 
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Scheme 2.2: a) The synthesis route of the positive control fluorophores, DCM-OH (5) and S-DCM-OH (6), b) 
the synthesis route for the control compounds DCM-N3 (1) and DCM-NH2 (2), according to the literature 
procedures.1, 22, 23 Reagents and conditions: (i) 4-Hydroxybenzaldehyde, acetic acid: piperidine 1:1 (v/v), 
toluene, 115 °C, 16 h; (ii) Acetic acid : piperidine 1:1 (v/v), toluene, 115 °C, 3 h; (iii) Hydrochloric acid (37%) : 
ethanol 2:3 (v/v), 80 °C, 3 h; (iv) Sodium nitrite, sodium azide, aqueous hydrochloric acid (5M), 0 °C, 1 h. 

2.3.2 Photophysical characterisation of dichromenone-based profluorophores 

The profluorophores and corresponding fluorophores were characterised using 1H and 13C 

NMR spectroscopy and HRMS and their purity was determined by analytical HPLC. Their 

photophysics were characterised by UV-Vis and fluorescence spectroscopy in a variety of 

solvents (Figure A2.1, Table A1.1, Figure 2.3) relevant to the chemical activation assays, 

to asses any differences and solvatochromism observed. Figure 2.3 shows that, in 

DMSO:PBS 1:1, the fluorophores display stronger absorbance in the 500–600 nm range 

than the profluorophores and there are differences in the shapes of the bands, consistent 

with those previously observed for alkylation of a fluorophore phenol.24 Their fluorescence 

emission spectra show that the profluorophores do not emit whereas the fluorophores are 

highly emissive. This emission occurs due to intramolecular charge transfer (ICT), as the 

fluorescent phenolates (e.g. DCM-O-) are highly conjugated and contain a donor-π-
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acceptor system. As predicted, S-DCM-OH 6 has a larger Stokes’ shift (179 nm, measured 

at 10 µM in DMSO:PBS 1:1) than DCM-OH 5 (142 nm). It is noted that for the 

profluorophores the largest UV-Vis absorbance (Table A1.1) is observed in DMSO only and 

there is only a small change in absorbance for profluorophore 13 observed upon doubling 

the concentration in DMSO:PBS from 10 µM to 20 µM, which suggests there may be 

solubility issues and aggregation in partially aqueous solutions. In addition, the UV-Vis 

spectra of 13 in DMSO:PBS, MeCN:PBS and PBS (Figure A2.1b-d and f) do not go to zero, 

further suggesting insolubility.  

 

Figure 2.3: The UV-Vis spectra (solid lines) and fluorescence emission spectra (dashed lines) of a) 
profluorophore 3 (black) vs DCM-OH (5, red) and b) profluorophore 4 (black) vs S-DCM-OH (6, pink), measured 
at 10 µM in DMSO:PBS (1:1 v/v, buffer pH 7.4). For panel a fluorescence emission, λex 558 nm, λem 580–
800 nm, slits 5 nm / 2 nm; for panel b fluorescence emission, λex 584 nm, λem 605–800 nm, slits 10 nm / 2 nm. 

S1c/R1c channel. 

The excitation spectra (Figure 2.4) of compounds 3-6 were measured at 10 µM in 

DMSO:PBS 1:1 and generally overlayed well with their corresponding UV-Vis spectra, 

confirming that any fluorescence (or lack thereof) is due to the desired compound. The 

excitation spectrum of compound 4 (Figure 2.4c) was too noisy to meaningfully compare to 

the UV-Vis spectrum, likely due to lack of emission at the excitation wavelength. 
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Figure 2.4: The excitation spectra, normalised and compared to the corresponding UV-Vis spectra, for a) 
compound 3, b) DCM-OH 5, c) compound 4, and d) S-DCM-OH 6. For 3 and 5, λem 700 nm, λex 360–680 nm, 
slits 5 nm / 2 nm. For 4 and 6, λem 763 nm, λem 400–740 nm, slits 10 nm / 2 nm. All compounds measured at 
10 µM in DMSO:PBS (1:1 v/v, buffer pH 7.4). S1c/R1c channel used for excitation spectra. 

2.3.3 Chemical activation of the dichromenone-based profluorophores 

To study the bioreduction of prodrugs and profluorophores in vitro, a chemical reduction 

assay is commonly carried out prior to an enzymatic assay. The reduction of hypoxia-

activated species is commonly assessed in the literature using zinc powder and ammonium 

chloride1, 25 and NaHS (as a sulfide source) is employed to assess the reduction of azide 

compounds, as a surrogate for endogenous sulfide species.3, 4, 26  

2.3.3.1 Zinc reduction assays 

DCM-N3 (1) was evaluated as a positive control in the presence of zinc powder/ammonium 

chloride (Figure 2.5) and similar results to those reported in the literature were observed.1 

A 5-fold increase in fluorescence emission intensity was observed after 25 minutes of 

reaction of DCM-N3 with zinc powder and ammonium chloride in IPA (zinc reduction assay 
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method 1, Figure 2.5b), in comparison to the 24-fold increase observed between DCM-N3 

and the positive control DCM-NH2.This corresponds to partial conversion of DCM-N3 to 

DCM-NH2 (2) and was corroborated by HPLC analysis (Figure 2.5c, HPLC method 1B). 

Analysis of the area under the curve of the emission spectra over time (Figure 2.5d) 

suggests that the reduction is not complete, as a plateau is not reached, and further 

timepoints could be taken to further probe this reduction, however this was not carried out 

as the assay was only used for comparison to prior literature. 

 

Figure 2.5: a) Fluorescence baselines for DCM-N3 (1, black) and DCM-NH2 (2, pink) at 50 µM in IPA. λex 515 nm, 
λem 530–800 nm, slits 3 nm / 1 nm, integration time 0.5 s. b and c) Results of the zinc reduction assay (method 
1) of DCM-N3 (1) over 25 minutes, measured at 50 µM in IPA, by fluorescence emission spectroscopy (panel 
b) and by analytical HPLC (method 1B) at 480 nm (panel c). d) Analysis of the area under the curve from the 
fluorescence emission spectra (panel b) from the zinc assay of 1 over time, between 550 nm and 800 nm, fit to 
an exponential curve. 

Following the analysis of the positive control DCM-N3, the zinc-mediated activation of 

profluorophores 3 and 4 was evaluated using two methods: zinc/ammonium chloride 

reduction carried out in DMF, with aliquots diluted in DMSO and PBS buffer for analysis by 

HPLC, UV-Vis and fluorescence spectroscopy (zinc reduction assay method 2, adapted 
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from a literature procedure,27 20 µM final concentration); or direct fluorescence monitoring 

over time in IPA (zinc reduction assay method 1, adapted from the literature procedure for 

DCM-N3,1 50 µM final concentration). Upon evaluation of compound 3 under zinc reduction 

conditions in DMF (using method 2), only a small change in fluorescence was observed 

over time (Figure 2.6a and b). Despite diluting the assay aliquots from 1 mM to 20 µM with 

DMSO:PBS (1:1 v/v) prior to fluorescence analysis, the pH of the aliquots was not adjusted 

or measured and is affected by the presence of organic solvents – the pH of the PBS buffer 

was 7.4 however this was not remeasured upon dilution in DMSO and dilution with a 

significant amount of DMSO is known to affect pH. pH is known to greatly affect the 

fluorescence emission of phenolic fluorophores, therefore inconsistencies in the pH 

throughout assays (or low pH) may affect the changes in fluorescence emission observed, 

as protonation of the phenol reduces fluorescence emission, however the presence of 10% 

NH4Cl is unlikely to cause a large change in pH during the assay. Therefore, fluorescence 

emission assays were corroborated using analytical HPLC, with the corresponding 

fluorophore analysed as a positive control in the same solvent used for the assay (see 

chapter VI for more details). HPLC analysis of the zinc assay of 3 in DMF suggested that 

no fragmentation to the fluorescent DCM-OH occurred (Figure 2.6c). A yellow precipitate 

was formed throughout the zinc assay which was subsequently isolated and HPLC analysis 

(dissolved in MeCN, HPLC method 1B, Figure 2.6c) determined it to be formed of 

predominantly the azide starting material (Rt 13.0 min) and a small amount of a postulated 

aniline intermediate (Rt 12.2 min, Figure 2.6d). Compound 4 was subjected to the zinc 

reduction assay, according to method 2, and similar results were observed – a small change 

in fluorescence occurred over time (Figure 2.7a and b), there was little change in the HPLC 

trace over time (Figure 2.7c) and an orange precipitate formed during the assay which was 

determined by HPLC analysis to be the azide starting material (Figure 2.7c). Overnight 

incubation (16 h at 37 °C) of the assay aliquots for HPLC (0-8 h timepoints) in PBS buffer 

(buffer at pH 7.4) caused no change to the HPLC traces and no fluorophore release, in 

contrast to that observed by Calder et al.27 for the nitrobenzyl prodrug of the hydroxamic 



49 
 

acid SAHA. The zinc reduction assay was also carried out in IPA (method 1), under similar 

conditions to the DCM-N3 control (Figure 2.5), however, no significant changes in the 

fluorescence (Figure A2.2a and c) or UV-Vis spectra (Figure A2.2b and d) were observed 

and no fluorophore release was determined by HPLC analysis (Figure A2.2e and f).  

In conclusion, whilst similar activation under the zinc assay conditions were observed for 

DCM-N3 1 to those previously reported in the literature,1 the novel profluorophores 3 and 4 

were not activated under similar conditions, therefore they do not appear to be promising 

candidates for selective activation under reducing conditions. 

 

Figure 2.6: The results of the zinc reduction assay of compound 3 (method 2) over time. a) Fluorescence 
spectra, λex 558 nm, λem 578–800 nm, slits 5 nm / 2 nm. b) Fluorescence spectra, λex 450 nm, λem 470–800 nm, 
slits 5 nm / 2 nm. c) HPLC analysis (method 1B) showing the change in the HPLC trace over time, in comparison 
to the DCM-OH control, analysed at 480 nm, including the HPLC trace of the yellow precipitate, formed 
throughout the assay, dissolved in MeCN. Note: 24 h timepoint looked the same as 8 h. d) The structure of the 

postulated aniline intermediate formed during the zinc assay. 
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Figure 2.7: The results of the zinc reduction assay of compound 4 (method 2) over time. a) Fluorescence 
spectra, λex 584 nm, λem 604–800 nm, slits 10 nm / 2 nm. b) Fluorescence spectra, λex 462 nm, λem 482–800 nm, 
slits 10 nm / 2 nm. c) HPLC analysis (method 1B) showing the change in the HPLC trace over time, in 
comparison to the S-DCM-OH control, analysed at 480 nm, including the HPLC trace of the orange precipitate, 
formed throughout the assay, dissolved in MeCN. 

2.3.3.2 NaHS assays 

Activation of DCM-N3 (1) was also evaluated in the present of NaHS (NaHS methods 1-3) 

according to literature procedures and was found to be activated less than observed 

previously in the literature.4 Compound 1 was initially tested at 10 µM in MeCN:PBS 1:1 

(PBS at pH 7.4) with at least 7 equivalents of NaHS hydrate (NaHS.xH2O, where x is 

assumed to be 3 as NaHS exists commonly as both the dihydrate and trihydrate) and was 

monitored by fluorescence and HPLC (NaHS method 1). A small increase in fluorescence 

was observed (Figure 2.8a), however, this was negligible compared to the fluorescence of 

DCM-NH2 2 measured in the same solvent (Figure 2.8b). HPLC analysis showed only a 

small increase in the peak corresponding to the aniline (at 10.4 minutes) after 1 hour (Figure 

2.8c). This was repeated with between 7 and 56 equivalents of NaHS hydrate (NaHS 
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method 2) and analysed using fluorescence spectroscopy (Figure 2.8d) and HPLC (Figure 

A2.3) after 1 hour, as the lifetime of NaHS is short. It is noted that these titrations were not 

carried out as non-diluting titrations, however the volume of NaHS solution added was small 

and the resulting final concentration of 1 at the end of the assay was 9.8 µM, therefore 

dilution is determined to have had a negligible effect on fluorescence emission intensity. A 

5-fold increase in fluorescence was observed with at least 56 equivalents of NaHS hydrate 

(Figure 2.8e), compared to the 96-fold increase in fluorescence reported in the literature in 

the presence of 10 equivalents of NaHS.4 However, it is noted that under these conditions 

we observe only a 48-fold increase in fluorescence emission between the baselines of 

DCM-N3 1 and DCM-NH2 2 (Figure 2.8b). Zheng et al.4 reported that reduction occurred 

quicker in MeCN compared to MeCN:PBS 1:1 (postulated to be due to the poorer solubility 

of 1 in aqueous solution than in MeCN), therefore the assay was repeated in MeCN only 

with at least 7-56 equivalents NaHS (NaHS method 3), however a smaller increase in 

fluorescence (Figure 2.8f) was observed compared to the MeCN:PBS system. The smaller 

increase in fluorescence observed with NaHS in MeCN compared to in MeCN:PBS may be 

due to only monitoring the fluorescence in MeCN after 30 minutes, whereas Zheng et al.4 

reported that the reaction may be finished in 3 minutes in the presence of 10 equivalents of 

NaHS (or 30 minutes in the presence of 2 equivalents NaHS). Therefore, compounds 3 and 

4 were tested in MeCN:PBS due to the slower reaction time. Discrepancies between the 

results observed here and those observed in the literature may arise due to differences in 

pH (here only the PBS is pH-adjusted and then diluted in MeCN and pH was not monitored 

over the course of the assay), local solvation and buffer concentrations and due to the short 

lifetime of NaHS in solution (despite the stock solution being made fresh for each assay 

and as close to the assay commencing as possible).  
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Figure 2.8: a) The results of the NaHS assay (NaHS method 1) of DCM-N3 (1), measured in MeCN:PBS buffer 
(1:1 v/v, buffer pH 7.4), using 7 equivalents of NaHS hydrate (assuming for NaHS.xH2O that x=3, 70 µM in 
H2O), to show the increase in fluorescence over time. b) Expansion of panel a to show change in fluorescence 
in comparison to DCM-NH2 (2, pink) measured under the same conditions. c) Analytical HPLC analysis of the 
NaHS assay of DCM-N3 with 7 equivalents NaHS, analysed at 480 nm. d) The results of the NaHS assay, as in 
panel a, using increasing equivalents of NaHS (NaHS method 2), where the line shown is the fluorescence after 
1 hour. e) Area under the curve analysis of panel c. f) The results of the NaHS assay, using 7–56 equivalents, 
measured in MeCN only (NaHS method 3), where the line shown is the fluorescence after 30 minutes. All 

compounds measured at 10 µM, λex 491 nm, λem 500–800 nm, slits 5 nm / 2 nm. 

The NaHS assay was carried out on compounds 3 and 4 with at least 56 equivalents NaHS 

hydrate (NaHS method 4, assuming the salt was the trihydrate), analogously to the DCM-

N3 positive control testing, however no increase in fluorescence was observed (Figure 2.9a 

and c). Moreover, a decrease in the absorbance in the UV-Vis spectra was observed 
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(Figure 2.9b and d) and no change, or release of DCM-OH or S-DCM-OH, was observed 

by HPLC analysis (Figure 2.9e and f). 

 

Figure 2.9: Results of the NaHS assay of compounds 3 (panels a, b and e) and 4 (panels c, d and f) according 
to NaHS method 4. a) Fluorescence spectra, λex 443 nm, λem 470–800 nm, slits 5 nm / 2 nm. b and d) UV-Vis 
spectra over time. c) fluorescence spectra, λex 467 nm, λem 490–800 nm, slits 10 nm / 2 nm.  e and f) HPLC 
analysis (method 1B) showing the change in the HPLC trace over time, analysed at 480 nm. 

2.3.3.3 Chemical activation assay conclusions 

From the results of the zinc and NaHS reduction assays of 3 and 4, in comparison to the 

control assays of DCM-N3 1, we can conclude that compounds 3 and 4 are not activated to 

release DCM-OH or S-DCM-OH under these conditions. The lack of activation observed 
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may be partially due to the solubility issues observed throughout the assays, in both 

aqueous and organic solvents, and due to lack of fragmentation of any aniline intermediate 

formed, such as that postulated to have formed in the zinc assay of profluorophore 3 (Rt 

12.2 min), however further work is needed to confirm this. The solubility of compound 4 is 

especially poor, as it precipitated out of the DMSO stock solution (5 mM) over time. 

Therefore, further work on this project should aim to increase the solubility of the 

profluorophores in aqueous solution (analysed by chromlogD assay in section 2.4) so that 

the compounds may be accurately evaluated in enzymatic assays and cellular 

environments. Based on the preliminary results discussed in section 2.3, profluorophores 3 

and 4 are not promising probes for selective imaging of reducing environments. 

2.4 Optimisation of profluorophore properties 

Following the lack of activation observed for compounds 3 and 4 under chemical reduction 

conditions and issues with their solubility, new target molecules 15 and 16 were designed. 

Profluorophores 15 and 16 were designed to release the known fluorophores resorufin and 

Me-Tokyo Green,28, 29 respectively, which are known to be more emissive than the DCM-

OH dye, therefore lower concentrations of profluorophore could be used for detection, 

aiding solubility issues. In addition, these fluorescent dyes have lower pKas compared to 

the DCM-based targets (5.8 for resorufin30 and 6.2 for Me-Tokyo Green,31 compared to 7.2 

for DCM-OH)32 and lower pKas have previously been shown to increase the rate of 

activation of organic profluorophores.24 

Profluorophores 15 and 16 were synthesised (Scheme 2.3) by reaction of the chloro-

tetrafluoroaryl azide intermediate 13 with the corresponding fluorophore containing a 

phenol group. The Me-Tokyo Green fluorophore intermediate (and positive control) was 

synthesised by Dr. Antoine Wallabregue according to the reported literature procedure,24 

and commercially available resorufin was used.  
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Scheme 2.3: Synthesis of the optimised profluorophores, 15 and 16. Reagents and conditions: (i) Thionyl 
chloride, CH2Cl2, rt, 1 h; (ii) Fluorophore, caesium carbonate, tetrabutylammonium iodide, dry DMF, rt, 20-22 h. 

The solubility of compounds 1-6, 15 and 16 was evaluated by running a chromlogD assay33 

using HPLC. This assay produces a logD value (equation 2.1) which can be converted into 

Property Forecast Index (PFI, equation 2.2), an indicator of compound aqueous solubility. 

logD (distribution coefficient) is a pH-dependent measurement of lipophilicity, taking into 

account both ionised and non-ionised forms of a molecule, as opposed to logP (partition 

coefficient) which is pH-independent – logD is a better predictor for analysis of compounds 

in the body, such as under physiological conditions at pH 7.4. A PFI value less than 7 has 

been found to be advantageous in many biological applications,33, 34 with a PFI between 3 

and 6 desirable in drug discovery due to the typically good absorption, distribution, 

metabolism and elimination (ADME) properties for compounds in this range.35 Compound 

15 has a similar PFI value to DCM-N3 (10.89 compared to 11.10, Table 2.2), which has 

been previously shown to have good solubility for application in cellulo,1 whereas 16 has 

similar PFI value to the less soluble compounds 3 and 4 (13.04 compared to 12.69 and 

12.89), therefore resorufin-based compound 15 was primarily taken forward for testing in 

assays. 

                                   log D =  log (
[solute]octanol

[solute]ionised water+[solute]neutral water
)                     (eqn. 2.1) 

                                    PFI = Chrom log DpH7.4 + no. aromatic rings                         (eqn. 2.2) 
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Table 2.2: A summary of the results of the chromlogD determination (n=1) for compounds 1-8, indicating their 
water solubility. Colouring (red-yellow-green) suggests undesirable or desirable properties, with red highly 
unfavourable for biological application and green favourable. 

Compound 

Fluorophores Profluorophores 

2 
DCM-
NH2 

5 
DCM-
OH 

6 
S-

DCM-
OH 

Resorufin 
Me-

Tokyo 
Green 

1 
DCM-

N3 
3 4 15 16 

chromlogD7.4 6.34 6.10 6.36 0.72 3.82 8.10 8.69 8.89 6.89 8.04 

PFI 9.34 9.10 9.36 3.72 7.82 11.10 12.69 12.89 10.89 13.04 

2.5 Testing of optimised profluorophore 

2.5.1 Photophysical analysis of optimised profluorophores 

Prior to carrying out chemical or enzymatic assays, the baseline UV-Vis and fluorescence 

spectra of compounds 15 and 16 were determined, in comparison to their corresponding 

fluorophore resorufin and Me-Tokyo Green. The compounds were measured at 1 µM, ten 

times lower concentration than the previous profluorophores (due to the higher intensity 

emission of the fluorophores), in MeCN:PBS 1:1 (Figure A2.4) and PBS only (Figure 2.10). 

The profluorophores showed reduced absorbances and fluorescence emission compared 

to that of the fluorophores resorufin and Me-Tokyo Green when measured in PBS only 

(Figure 2.10). The shapes of the UV-Vis and fluorescence emission spectra are similar to 

those reported previously for the fluorophores and alkylated versions of the fluorophores.24  

 

Figure 2.10: The UV-Vis spectra (solid lines) and fluorescence emission spectra (dashed lines) of a) 
profluorophore 15 (black) vs resorufin (orange) and b) profluorophore 16 (black) vs Me-Tokyo Green (green), 
measured at 1 µM in PBS (pH 7.4). For panel a fluorescence emission, λex 540 nm, λem 555–800 nm, slits 2 nm 

/ 1 nm; for panel b fluorescence emission, λex 400 nm, λem 415–800 nm, slits 2 nm / 2 nm. S1c/R1c channel. 
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2.5.2 Chemical activation of optimised profluorophores 

The chemical activation of profluorophores 15 and 16 were tested using zinc powder and 

ammonium chloride (zinc reduction assay methods 3 and 4, 100 µM compound, in DMF 

with aliquots diluted in MeCN and PBS buffer). Analysis was performed by HPLC (zinc 

reduction assay method 3) and fluorescence (zinc reduction assay method 4). Prior 

analysis of the positive control fluorophores, resorufin and Me-Tokyo Green, under the zinc 

reduction assay conditions (Figure 2.11) suggests that there is a stability or solubility issue 

over time for both fluorophores, which is more pronounced when monitored by fluorescence 

spectroscopy (Figure 2.11b and d). Previous literature shows that resorufin’s emission is 

highly dependent on pH (with the phenolate more emissive than the phenol, as expected) 

and that fluorescence emission decreases considerably at pH 5.36 The zinc assay aliquots 

were diluted in MeCN:PBS (1:1 v/v) with the PBS buffered to pH 7.4 and addition of 10% 

ammonium chloride is expected to cause only a small decrease in overall pH, however pH 

was not checked upon dilution of the PBS in MeCN or throughout the course of the assay 

to evaluate whether the loss of fluorescence intensity over time was due to protonation of 

the fluorophore or other effects. Due to the changes observed, the percentage of 

fluorophore release during the zinc assay of the profluorophores was calculated by 

comparison to the fluorophore peak area at the given time interval (detected by analytical 

HPLC).   
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Figure 2.11: Results from the zinc reduction assay (methods 3 and 4) of resorufin (a and b, n=3) and Me-Tokyo 
Green (c and d, n=1), with aliquots taken from the reaction conducted at 100 µM in DMF. a and c) HPLC analysis 
(at 480 nm, 75 µL injection, method 1B) of aliquots diluted to 10 µM in MeCN:PBS 1:1, showing the percentage 
peak area over time in comparison to the t=0 area. b and d) Fluorescence spectra over time of aliquots diluted 
to 1 µM in MeCN:PBS 1:1. b) λex 540 nm, λem 555–700 nm, slits 2 nm / 1 nm; d) λex 400 nm, λem 415–700 nm, 

slits 2 nm / 2 nm. Representative graphs are shown. 

The zinc reduction assay was carried out on profluorophores 15 (Figure 2.12) and 16 

(Figure 2.13) and analysed by HPLC for loss of the azide peak and release of the 

fluorophore (Figure 2.12a-c and Figure 2.13a-c), and by fluorescence (Figure 2.12d and 

Figure 2.13d). A substantial loss of the azide peak, compared to the t=0 area, was observed 

by HPLC analysis (Figure 2.12a and Figure 2.13a, 20-55%) and a small percentage of 

fluorophore was observed to be released (2-5% after 24 hours, Figure 2.12b and c, Figure 

2.13b and c). It is noted that analysis by HPLC is more informative than analysis by 

fluorescence spectroscopy (Figure 2.12d and Figure 2.13d), due to the decrease in 

fluorescence intensity for the positive control fluorophores (Figure 2.11) and the decrease 

in fluorescence observed for the profluorophores under the zinc reduction assay conditions. 

For 15 the fluorescence intensity initially increases then decreases and for 16 the 

fluorescence intensity decreases over time, despite release of fluorophore suggested by 
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HPLC analysis. In addition to the fluorophore release observed by HPLC, increase in 

intensity in peaks with a retention time of 9.4 minutes (compound 15) or 10.5 minutes 

(compound 16), proposed to be the corresponding aniline intermediates, were observed by 

HPLC, and other unidentified impurities were formed during the zinc assay reduction of 15.  

 

Figure 2.12: Results from the zinc reduction assay (methods 3 and 4) of profluorophore 15. a) HPLC analysis 
(480 nm, 75 µL injection, method 1B) of the percentage of azide remaining over time, in comparison to the t=0 
control, b) the percentage of resorufin released over time, in comparison to the area of the resorufin peak in the 
resorufin zinc assay experiment at the given time interval, and c) a zoom-in on panel b. d) Fluorescence spectra 
over time of aliquots diluted to 1 µM in MeCN:PBS 1:1, λex 540 nm, λem 560–700 nm, slits 2 nm / 1 nm. 
Representative fluorescence spectra graph shown, the error bars represent the standard deviation of repeats, 
n=3. 
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Figure 2.13: Results from the zinc reduction assay (methods 3 and 4) of profluorophore 16. a) HPLC analysis 
(480 nm, 75 µL injection, method 1B) of the percentage of azide remaining over time, in comparison to the t=0 
control, b) the percentage of Me-Tokyo Green released over time, in comparison to the area of the Me-Tokyo 
Green peak in the resorufin zinc assay experiment at the given time interval, and c) a zoom-in on panel b. d) 
Fluorescence spectra over time of aliquots diluted to 1 µM in MeCN:PBS 1:1, λex 400 nm, λem 415–700 nm, slits 
2 nm / 2 nm. 

Overall, the chemical reduction assays of 15 and 16 demonstrate that these 

profluorophores can be reduced to give the corresponding fluorophore, but only in small 

amounts (< 5%). Due to the loss of fluorescence observed for the positive control 

fluorophores resorufin and Me-Tokyo Green in the presence of zinc and ammonium 

chloride (Figure 2.11) and the effect of pH on fluorophore emission, analysis of fluorophore 

release by HPLC is confirmed to be a more accurate technique to assess compound 

reduction. HPLC analysis of the zinc assays suggests that one main intermediate 

compound is produced, postulated to be the corresponding aniline compounds, although 

further work would be needed to validate this (for example by scale-up of the assay, 

isolation of the peak at Rt 9.4 min or Rt 10.5 min and analysis by LRMS and 1H NMR). This 

result suggests that some reduction is occurring however fragmentation is not readily 
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occurring under the assay conditions, due to the ether linkage employed between the 

fluorophore and the activatable group and the stability of the aniline intermediate due to the 

electron withdrawing fluorine atoms nearby. 

2.5.3 Enzymatic reduction 

NADPH reductases (such as CYP00427, 37 or PH5124) and other biological enzymes (such 

as CYP oxidases1 and azoreductases) are associated with the activation of hypoxia-

activated drugs and profluorophores in the literature. O’Connor et al.1 reported that DCM-

N3 1 can be activated by five CYP oxidases selectively under hypoxia (CYP1A2, CYP2D6, 

CYP2C19, CYP2C9 and CYP3A4) in the presence of regenerative solutions, containing 

MgCl2, NADP+ and glucose-6-phosphate and glucose-6-phosphate dehydrogenase. The 

propensity of profluorophore 15 to be activated selectively in hypoxia was investigated 

using enzymes CYP2D6 and CYP2C9, as these showed the greatest activation of DCM-N3 

to DCM-NH2 2, in severe hypoxia (0.1% compared to 21% O2). 

Prior to analysis of the profluorophores of interest, the activity of the enzymes was 

confirmed by evaluating the positive control DCM-N3 in hypoxia in the presence of CYP2D6 

and CYP2C9, following the literature procedure (see enzymatic assay conditions 1-2). 

Evaluation of the concentration of DCM-NH2 formed was carried out by comparison to a 

calibration curve conducted in H2O/KHPO4 buffer, to more accurately reflect the assay 

conditions, compared to the literature calibration curve in MeCN. The results showed a 

similar level of activation to that reported in the literature - 0.15 µM DCM-NH2 compared to 

0.15-0.25 µM in the literature with CYP2D6 and 0.09 µM compared to 0.10-0.25 µM in the 

literature with CYP2C9 (Figure A2.5). 

Profluorophore 15 was chosen to be evaluated in the enzymatic assay (Figure 2.14, 

enzymatic assay conditions 3-4) due to the higher solubility indicated by the chromlogD 

assay carried out and the poor stability observed for Me-Tokyo Green and its profluorophore 

16 in the presence of a different CYP enzyme (CYP004). The enzymatic assay was 
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optimised to be carried out with 100 µM profluorophore (as initial analysis at 1 µM was 

determined to be too low for accurate analysis by HPLC due to the limit of the UV detector) 

and 9.2 pmol/mL enzyme. Under the stability (black, in phosphate buffer and regenerative 

solutions, n=3) and normoxia conditions (red, with the enzyme, at 21% O2) the resorufin 

profluorophore 15 appeared to be stable and no resorufin release was observed. Under 

hypoxia (0.1% O2, n=1) a small percentage of resorufin release (< 2%) was observed (by 

comparison to a calibration curve for resorufin). Only n=1 was obtained for this assay as at 

100 µM some precipitation was observed, therefore an intermediate concentration (10–

50 µM) should be used for more accurate subsequent evaluation, alongside stability testing 

of the resorufin fluorophore under the same conditions. However, these preliminary data 

suggests that profluorophore 15 can be activated selectively in hypoxia, as desired, albeit 

in small amounts (< 2%). 

 

Figure 2.14: The results of the enzyme assay of compound 3 under hypoxia (n=1), normoxia (n=2) and stability 
(absence of enzyme, n=3) assays (enzyme assay conditions 3-4). a and b) Using enzyme CYP2D6, c and d) 
using enzyme CYP2C9. a and c) Percentage of azide remaining over time, by comparison of the peak area by 
HPLC (analysed at 480 nm) in comparison to the t=0 peak area. b and d) Concentration of resorufin released, 
analysed by comparison of the peak area to the calibration curve of peak area for resorufin. Final assay 

concentration 50 µM of substrate. 
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2.5.4 X-ray activation 

Following evidence of some activation of profluorophore 15 under enzymatic conditions in 

hypoxia, activation under X-ray irradiation was evaluated at 0 Gy, 30 Gy and 60 Gy, in 

collaboration with the Higgins group (X-ray assay and irradiation carried out by Rathi 

Puliyadi). X-ray irradiation (using a Cs irradiator with a dose rate of 1.1 Gy/min) was carried 

out following overnight incubation at 37 °C in hypoxia (< 0.1% O2) to reduce the formation 

of ROS upon irradiation (see X-ray irradiation assay method). The profluorophore 15 was 

evaluated, alongside the resorufin fluorophore positive control, at both 20 µM and 100 µM. 

Precipitation was observed in the 100 µM samples over the course of the assay and some 

loss of total assay volume was observed due to condensation. Following X-ray irradiation, 

the samples were diluted in MeCN and analysed by HPLC (Figure 2.15, 20 µM samples 

diluted to 10 µM, HPLC method 1B). No activation was observed under these conditions 

for profluorophore 15 (Figure 2.15a) and some degradation was observed for resorufin 

(Figure 2.15b). The X-ray irradiation protocol used could be further optimised by using the 

commercially available 7-azido-4-methylcoumarin as a positive control (previously reported 

by Geng et al.2 to be activated under 60 Gy irradiation).  

 

Figure 2.15: Results of the X-ray irradiation assay (see X-ray irradiation assay method) of profluorophore 15 (a) 
and the corresponding fluorophore resorufin (b), with samples diluted to 10 µM and analysed by HPLC (method 
1B) at 480 nm. Note that the control (0 Gy) samples were prepared and incubated under the same conditions 

at the same time as the irradiated samples. 
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2.6 Conclusion and Future Work 

In conclusion, the initially synthesised profluorophores 3 and 4 were not activated in the 

presence of zinc or NaHS and their poor solubility in both aqueous and organic solvents 

led to the development of more soluble profluorophores 15 and 16, based on the more 

emissive dyes resorufin and Me-Tokyo Green. A small percentage of activation (2-5%) was 

observed for profluorophores 15 and 16 in the presence of zinc and profluorophore 15 was 

activated selectively (n=1, < 2% activation observed) under hypoxia (0.1% O2) in the 

presence of CYP2D6 and CYP2C9 enzymes, at 100 µM (final assay concentration 50 µM). 

No activation of profluorophore 15 was observed following a preliminary X-ray irradiation 

assay at 30 Gy or 60 Gy (n=1), after overnight hypoxia incubation. Despite the better 

predicted aqueous solubility of profluorophore 15 compared to 3, 4 and 16 according to the 

chromlogD assay, for more accurate results the enzymatic and X-ray irradiation assays of 

15 should be repeated at concentrations lower than 100 µM as some evidence of insolubility 

was observed at this concentration in water over time.  

Profluorophores 3, 4, 15 and 16 were overall determined to not be promising compounds 

for either enzymatic or X-ray irradiation therefore further validation of these compounds was 

not performed. These findings suggest that attachment of the tetrafluoroaryl azide group 

via a simple ethyl linker is not a good strategy for designing a profluorophore for activation 

in the presence of both hypoxia and X-ray irradiation – alternative linker strategies and 

activatable moieties should be investigated.  

The lack of activation may occur due to the presence of the four fluorine atoms acting as 

electron-withdrawing groups and reducing the rate of cleavage of any reduction 

intermediate formed. This rate of cleavage could be enhanced by introduction of methyl 

groups adjacent to the ethyl linker, as this strategy has previously been shown to both 

increase the rate of activation of nitro-containing prodrugs and profluorophores and 

decrease their rate of oxidation to undesired benzylic esters.24, 38 Recent developments in 
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the literature on the development of radiation activated prodrugs39-43 has suggested that 

employment of a carbamate or carbonate linkage may be crucial for activation, due to the 

entropic driving force of CO2 production. Synthesis of the carbonate analogue of 

profluorophore 15 was attempted following Scheme 2.4 but was unsuccessful, likely due to 

the inherent instability of the carbamate intermediate 17 (which was isolated and purified). 

This synthesis could be attempted by immediate use of the carbamate intermediate 17 in 

the next step and optimisation of the synthesis conditions, or alternatively the use of 

triphosgene for the carbamate formation. Whilst introduction of a carbonate group will likely 

increase the rate of activation of the profluorophore, it may also decrease its selectivity. 

 

Scheme 2.4: Proposed synthesis route of the carbonate analogue of profluorophore 15. (i) 4-Nitrophenyl 
chloroformate, pyridine, dry THF, rt, 72 h; (ii) Resorufin, dry pyridine and DMAP, dry DMF, rt, 24 h. 

In addition to modification of the linker attachment, design of a new X-ray activated 

functional group is crucial for clinically relevant future work in this field. The clinical need is 

for probes which may be suitably activated under the 1.8-2.0 Gy doses for curative 

treatment of patients with large tumours, rather than those currently available in the 

literature which are activated using hypofractionated treatment doses (6-60 Gy). 

Due to development in the literature over the duration of the project and the poor solubility 

and activation observed of the synthesised profluorophores, further work on the 

development of activatable compounds in this thesis is focused on the development of more 

clinically relevant activatable lanthanide complexes for MRI, rather than small molecule 

fluorophores. 
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3. Chapter III§ – Development of activatable 

lanthanide complexes for luminescence and 

MRI  

3.1 Introduction to activatable lanthanide complexes 

As previously discussed, current imaging and therapy research is mainly focused on the 

development of organic-based (and nanoparticle-based) prodrugs and profluorophores 

which may be activated in reducing environments or in the presence of biological 

molecules. Expanding on this approach, various activatable lanthanide complexes have 

been previously reported, as briefly discussed in section 1.5.2. Stimuli for activation are 

similar to those for organic compounds and include anion or cation binding,1, 2 the binding 

of biologically relevant molecules,3 the presence of biological reductants or enzymes,4-8 

irradiation with visible light or X-rays, a change in pH9, 10 or a change in solvent or viscosity. 

These stimuli can influence the properties (such as luminescence and relaxivity) of the 

lanthanide complexes in several ways, including changing the conformation (preventing or 

causing energy transfer pathways), protonation, number of coordinated water molecules, 

and changing the chromophore by reduction or cleavage of the complex. The field of 

responsive lanthanide complexes is summarised well in reviews by Parker et al.11 and 

Heffern et al.12 

Notable examples of activatable lanthanide complexes include the europium complex of 

azidophenacylDO3A (Figure 3.1a) reported by Tropiano et al.4 which is reduced to the more 

luminescent aniline by nanomolar concentrations of NaHS within 30 minutes. This large 

 
§ Aspects of the work in this chapter have now been published: C. A. Foster et al. Inorg. Chem. 
2025, 64, 6640–6647 
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increase in luminescence is observed selectively for NaHS in comparison to other reducing 

agents and anions such as GSH, cysteine, chloride and bicarbonate.  

 

Figure 3.1: Selected examples of activatable lanthanides complexes. a) Activation of an azide complex to an 
aniline, causing an increase in luminescence.4 b) Decaging, due to activation, and cyclisation of complex to 
give a coumarin-base complex which can sensitise and cause an increase in lanthanide luminescence.7 c) 
Enzymatic activation and subsequent fragmentation of a nitrobenzyl group to give a free amine from a 
carbamate, causing a change in q value, hence change in MRI signal.8 
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Pershagen et al.7 reported a series of terbium and europium complexes (Figure 3.1b) which 

may be ‘decaged’ in the presence of an analyte (such as ROS, phosphatases or other 

cleaving enzymes, depending on the ‘cage’ used) and subsequently undergoes 

rearrangement to form a coumarin complex which may be used as a good antenna for 

lanthanide luminescence, hence the increase in luminescence observed upon activation. 

This work resulted in simultaneous detection of phosphatase and ß-galactosidase by using 

a plate reader to monitor emission at 545 nm for the terbium complex detecting ß-

galactosidase and 655 nm for the europium complex detecting phosphatase (both upon 

excitation at 365 nm). This was subsequently expanded to three colour imaging to monitor 

hydrogen peroxide, phosphatase and ß-galactosidase with minimal interference, by 

combination of an organic coumarin fluorophore (by monitoring emission at 450 nm upon 

excitation at 410 nm) with the europium and terbium complexes. 

Tang et al.8 reported a self-immolative lanthanide complex which is activated in the 

presence of the ß-galactosidase enzyme (Figure 3.1c), causing a large increase in relaxivity 

(106%), therefore acting as a responsive MRI contrast agent. The probe works by 

hydrolysis of the galactose moiety and subsequent cleavage of the nitroaromatic group and 

carbamate bond to give a free aniline. This changes the direct coordination environment of 

gadolinium by replacing the coordination of the carbamate carbonyl group and increasing 

the q value from 0 to 1. 

Nitroimidazole moieties have been investigated as hypoxia-activatable groups, as 

alternatives to the prevalent nitrobenzyl moiety. This is due to the favourable reduction 

properties of the nitroimidazole moiety, as discussed in section 1.2. Calder et al. previously 

reported 1-methyl-2-nitroimidazole (NI) prodrugs of the organic KDAC inhibitors vorinostat 

(Figure 3.2a)13 and panobinostat (Figure 3.2b)14 which selectively release the drugs under 

severe hypoxia (< 0.1% oxygen). Work on prodrugs of vorinostat highlighted that release 

of vorinostat occurs more readily from the nitroimidazole prodrug in comparison to its 4-

nitrobenzyl (NB) analogue. The follow-up paper14 on the more metabolically stable KDAC 
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inhibitor panobinostat showed that a nitroimidazole prodrug may be selectively activated in 

hypoxic cancer cell lines, spheroids and mouse xenografts.  

 

Figure 3.2: Examples of nitroimidazole-based prodrugs and profluorophores. a) 1-methyl-2-nitroimidazole 
prodrug of the KDAC inhibitor vorinostat. b) Nitroimidazole prodrug of the KDAC inhibitor panobinostat. c) 

Gadolinium complex GdDO3NI which has been used to detect hypoxia by MRI, in comparison to its control. 

In addition to the organic prodrugs and profluorophores reported, there have been several 

reports of activatable lanthanide imaging agents containing nitroimidazole groups,5, 15-17 in 

addition to those containing nitrobenzyl groups.18 Rojas-Quijano et al.5 reported a DO3A 

monoamide containing a 2-nitroimidazole moiety attached to an amide linker (GdDO3NI, 

Figure 3.2c), which may be activated under hypoxia causing a decrease in T1. In vitro MRI 

of the activatable complex in hypoxic 9L rat glioma cells suggests that it is selectively 

trapped in hypoxic cells and activated, causing an increase in MRI signal, in comparison to 

the control complex which is not retained in hypoxic cells. Further in vivo measurements in 

rats with prostate tumours15 confirmed the difference in MRI enhancement between the 

control and nitroimidazole-containing complex in the central region of the tumours, and 

GdDO3NI has been used to visualise hypoxia in traumatic brain injury-induced mice.16 
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3.2 Design of activatable lanthanide complexes 

This chapter describes the synthesis, photophysics, relaxivity and activation testing of two 

different activatable lanthanide complexes, in comparison to their controls. The majority of 

this work is discussed in the publication ‘LnDOTA releasing probes for luminescence and 

magnetic resonance imaging’.19 The target complexes (Figure 3.3) were designed as proof-

of-concept molecules for activatable lanthanide complexes, where a measurable change in 

luminescence or relaxivity can be observed upon reduction and cleavage. The design of 

the complexes is such that well studied hypoxia activatable groups are attached to the 

DO3A macrocycle by an ester linkage to give the nitrobenzyl (NB, 18), nitroimidazole (NI, 

19) and indolequinone (IQ, 20) complexes (Figure 3.3a), which may be activated to give 

the known DOTA complexes (21, Figure 3.3b). This work directly expands on the work on 

the gadolinium nitrobenzyl complex (GdNB, 18c) previously reported by Liu et al.,20 which 

showed that this complex may be activated to GdDOTA (by a proposed nitro reduction and 

fragmentation mechanism, Scheme 3.1), causing a change in relaxivity, which may be 

observed both in the presence of nitroreductase enzymes and in bacteria lysate.  

 

Figure 3.3: A summary of the target molecules for chapter III: a) hypoxia-activated targets, 18-20, and b) the 
positive control DOTA complexes, 21, and the reduction control benzyl (Bn) complexes 22. 
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Activation of nitro-containing prodrugs and profluorophores, in the presence of 

nitroreductase enzymes and NAD(P)H, is proposed to occur via nitro reduction to the 

corresponding aniline and fragmentation (Scheme 3.1, activation mechanism 1), according 

to various literature sources.13, 21 To investigate the mechanism of action of these 

activatable lanthanide complexes, the nitrobenzyl (NB) and nitroimidazole (NI) complexes 

were evaluated in comparison to the DOTA positive controls. In addition, the benzyl 

complexes (22, Bn, Figure 3.3b) were synthesised as reduction negative controls, as these 

cannot be activated via activation mechanism 1. 

 

Scheme 3.1: Activation mechanism 1: the proposed mechanism of activation of the activatable complexes to 
DOTA (demonstrated with the nitrobenzyl complexes), selectively under reductive conditions in the presence of 
nitroreductase enzymes and NAD(P)H, by 6 electron reduction of the nitro group followed by fragmentation. 
Adapted from Calder et al.13 

3.3 Synthesis  

3.3.1 Nitrobenzyl complexes 

The synthesis of the desired nitrobenzyl complexes, 18a-c, was carried out according to 

Scheme 3.2. This synthetic route and the analysis of the nitrobenzyl complexes was initially 

carried out by Dr Deborah Sneddon, however the synthesis, spectroscopy, testing and 

analysis was repeated and expanded upon and only this work is reported here. The tert-
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butyl protected DO3A core 23 was synthesised by alkylating cyclen with tert-

butylbromoacetate and selectively isolating the tri-protected salt by precipitation.2 

Commercially available 4-nitrobenzyl alcohol was reacted with bromoacetyl bromide to form 

the activatable arm 24, which was reacted with the tert-butyl protected DO3A core to give 

product 25. The tert-butyl protecting groups were removed using standard reactions 

conditions for tert-butyl deprotection - TFA in CH2Cl2.22  

 

Scheme 3.2: The synthesis route of the nitrobenzyl lanthanide complexes 18a-c. Reagents and conditions: (i) 
NaHCO3, tert-butylbromoacetate, MeCN, 0 °C to rt, 44 h; (ii) Bromoacetyl bromide, NaHCO3, MeCN, 45 °C, 
18 h; (iii) NaHCO3, dry MeCN, 80 °C, 39 h; (iv) TFA, CH2Cl2, rt, 42 h; (v) Ln(OTf)3, MES buffer, pH 6.0, rt, 1-
1.5 h. 

The resulting triacid 26 was reacted with the corresponding lanthanide triflate under 

buffered conditions (MES buffer, pH 6.0) and purified by semi-preparative HPLC (method 

1) to give the desired nitrobenzyl (NB) complexes (18a-c), which were isolated by 

lyophilisation. Buffered conditions were used to decrease the reaction time, from overnight 

(standard for complexation reactions in water) to under 1.5 hours, due to stability concerns. 

It is also noted that the purity of compound produced varied between batches and between 
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metals, due to the Lewis acidity of the lanthanides increasing degradation of the complexes 

by ester hydrolysis and based on the time the complex spent exposed to water and/or light 

at room temperature following purification. 

3.3.2 Nitroimidazole complexes 

Nitroimidazole alcohol 29 was synthesised over 5 steps (Scheme 3.3a), by adapting the 

optimised route described by O’Connor et al.23 to obtain the product in good yields (20% 

yield over 5 steps). The reaction with bromoacetyl bromide to form 30 was carried out using 

2,6-di-tert-butylpyridine as the base in DMF:CH2Cl2 1:1, instead of the previous method 

using NaHCO3 in MeCN. The reaction of 29 with the tri-protected DO3A compound 23 

(Scheme 3.3b) was initially carried out using K2CO3 as the base, however after column 

chromatography some impurities were still observed in the 1H and 13C NMR spectra. 

Repeating the reaction using NaHCO3 yielded a slightly purer compound according to 1H 

NMR spectroscopy, despite the longer reaction time needed (40 hours compared to 

18 hours previously). The triacid (32) isolated and purified following the TFA deprotection 

of 30 formed by either method appeared pure according to LCMS, 1H and 13C NMR 

analysis. The 1H NMR spectra of 31 and 32 contain split peaks for some proton 

environments which would be expected to show no coupling to other protons (the proton 

environments belonging to the nitroimidazole moiety), which is ascribed to slow exchange 

of fluxional diastereomers on the NMR timescale, as observed previously in the group.24 

Triacid 32 was reacted with the corresponding lanthanide triflate, under the same buffered 

conditions as for the nitrobenzyl complexes. This gave the nitroimidazole (NI) complexes 

19a-c, in moderate yields, 21-46%, following purification by semi-preparative HPLC 

(method 2) and isolation by lyophilisation.  
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Scheme 3.3: The synthesis route of the nitroimidazole lanthanide complexes 19a-c, highlighting a) the 
nitroimidazole arm synthesis and b) the ligand and complex synthesis. Reagents and conditions: (i) NaH, ethyl 
formate, dry THF, EtOH, 0 °C to rt, 3 h; (ii) EtOH, conc. HCl, reflux, 2 h; (iii) Cyanamide, EtOH, water, reflux, 
1.5 h; (iv) NaNO2, water, acetic acid, 0 °C to rt, 1.5 h; (v) NaBH4, dry THF, MeOH, 0 °C, 2 h; (vi) Bromoacetyl 
bromide, 2,6-di-tertbutylpyridine, DMF:CH2Cl2 1:1, rt, 15 h; (vii) NaHCO3, tert-butylbromoacetate, MeCN, 0 °C 
to rt, 20 h; (viii) 23, K2CO3 or NaHCO3, MeCN, 80 °C, 18-40 h; (ix) TFA, CH2Cl2, rt, 20 h; (x) Ln(OTf)3, MES 
buffer, pH 6.0, rt, 1 h. 

3.3.3 Attempts to synthesise the indolequinone complexes  

The indolequinone alcohol, 38, was synthesised (Scheme 3.4a), following the optimised 

procedure previously reported by Wallabregue et al.,25 in 6 steps (25% yield over 6 steps). 

The quinone formation step (36 to 37) was carried out immediately following the nitro 

reduction (35 to 36) due to concerns of the stability of the formed aniline. Formation of the 

chlorinated indolequinone arm 39 and indolequinone triester 40 (Scheme 3.4b), using 
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similar routes to those used for the nitrobenzyl and nitroimidazole analogues, were carried 

out by Dr. Daniel Kovacs.  

 

Scheme 3.4: The proposed synthesis of a) the indolequinone-based arm to attach to a lanthanide-based 
complex, based on literature procedures,25 and b) the synthesis of the tert-butyl protected indolequinone 
compound. Reagents and conditions: (i) POCl3, dry DMF, 0 °C, 10 min; (ii) Indole, dry DMF, −10 °C, 1.25 h; (iii) 
NaH, dry DMF, rt, 2 h; (iv) MeI, rt, 2 h; (v) Nitric acid, acetic acid, 0 °C, 3 h; (vi) Sn, EtOH, aq. HCl, 80 °C, 1 h; 
(vii) Fremy’s salt, NaH2PO4/Na2HPO4 buffer, rt, 1 h; (viii) NaBH4, dry MeOH, dry THF, 0 °C, 45 min; (ix) 
Chloroacetyl chloride, 2,6-di-tertbutylpyridine, DMF:CH2Cl2 1:1, rt, 2 h; (x) Na2CO3, MeCN, 50 °C, 18 h. 

Subjecting the indolequinone triester 40 to the standard TFA deprotection conditions used 

for the nitrobenzyl and nitroimidazole analogues caused degradation of the chromophore 

(observed by TLC and 1H NMR spectroscopy, carried out by Dr Daniel Kovacs) – previous 

work in the Conway group has suggested that the indolequinone moiety is acid sensitive. 

Subsequent attempts to deprotect 40 using ZnBr2 or oxalyl chloride (giving slow release of 
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HCl over time, which was previously used for removal of a Boc protecting group under mild 

conditions)26 were also unsuccessful. Table 3.1 summarises the reported conditions for 

deprotection of a tert-butyl ester group and why these conditions were determined to be 

incompatible with the desired compound.27 

Table 3.1: Comments on the conditions attempted and reported27 for the deprotection of tertbutyl ester groups. 

Conditions Comments 

TFA, CH2Cl2, rt, 2 h Degradation to indolequinone observed 

ZnBr2, CH2Cl2, rt, 1 h 
Product not observed by 1H NMR, likely 

Zn bound to ligand 

Oxalyl chloride, MeOH, rt, 24 h 
Product not detected by MS or LCMS, 

change in 1H NMR spectra but not product 

The use of CeCl3, Yb(OTf)3, MgI2 or TiCl4 
as Lewis acids 

Metal may bind to ligand, would be difficult 
to remove 

Reported enzymatic conditions (e.g. 
thermitase or pig liver enzymes) 

Only used previously on one substrate or 
for peptides 

Heat to 190-200 °C 

Harsh conditions undesirable due to 
observed instability of nitrobenzyl and 

nitroimidazole complexes in water over 
time when heated 

An alternative protecting group strategy was devised, employing the TBDMS protecting 

group of a phenol hydroxyl group attached to the carboxyl group, with the hypothesis that 

the TBDMS protecting group could be removed using a fluoride source (e.g. TASF or TBAF) 

and the resulting phenol would fragment to give the corresponding carboxylic acid (Scheme 

3.5). The proposed synthetic route using this protecting group strategy is outlined in 

Scheme 3.6 and Scheme 3.7.  
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Scheme 3.5: The proposed mechanism for the deprotection of 41. 

 

Scheme 3.6: The proposed synthesis of the indolequinone lanthanide complexes 20a-c, highlighting the 
synthesis of a) the mono-protected cyclen (to aid attachment of three protecting groups) and b) the TBDMS 
protected arm. Reagents and conditions: (i) Benzyl chloroformate, TEA, CH2Cl2, rt, 17 h; (ii) Di-tert-butyl 
dicarbonate, dry TEA, dry CH2Cl2, rt, 16 h; (iii) H2, Pd(OH)2/C, MeOH, rt; (iv) Tert-butylchlorodimethylsilane, 
imidazole, DMF, rt, 17 h; (v) NaBH4, MeOH, THF, 0 °C to rt; (vi) Bromoacetyl bromide, 2,6-di-tertbutylpyridine, 

DMF:CH2Cl2 1:1, rt, 2 h. 
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Scheme 3.7: The overall proposed synthesis route for formation of the indolequinone lanthanide complexes, 
20a-c. Reagents and conditions: (i) Na2CO3, MeCN, rt to 50 °C; (ii) TFA/CH2Cl2 or oxalyl chloride/MeOH; (iii) 
39, Na2CO3, MeCN, rt to 50 °C; (iv) HF or TASF or TBAF; (v) Ln(OTf)3, MES buffer, rt. 

Compounds 43-44 and 46-48 were synthesised according to literature protocols (Scheme 

3.6).28-34 To investigate the stability of the indolequinone moiety in the presence of fluoride 

sources, a test reaction was carried out with indolequinone alcohol 38 in the presence of 

the TBDMS-protected phenyl alcohol 47 and TBAF (Figure 3.4a) and was monitored by 

TLC and LCMS. Qualitative LCMS analysis (Figure 3.4b) shows that the deprotection 

occurs readily and that indolequinone alcohol is stable over four hours. Despite this, the 

synthesis of the indolequinone complexes was discontinued due to general concerns about 
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acid instability (as the lanthanide will act as a Lewis acid which destabilises the 

indolequinone ester bond). Further work to synthesise complexes 20a-c was carried out by 

Harry McWilliam and Dr Antoine Wallabregue, attempting the use of ethyl, methyl and allyl 

groups as alternative ester protecting groups, as well as the synthesis of a directly attached 

complex, with the DO3A core N-alkylated with the indolequinone moiety. 

 

Figure 3.4: a) The scheme for the test reaction of the indolequinone moiety in the presence of TBAF. b) The 
LCMS traces from the test reaction, showing the deprotection of 47 and the stability of the indolequinone alcohol 
38. Evaluated at 254 nm – the small peak present at ~5 min in all traces is an impurity on the column. 

3.3.4 Synthesis of control complexes 

The positive control compounds, EuDOTA (21a) and TbDOTA (21b), were synthesised 

(Scheme 3.8) following standard complexation conditions by reacting the appropriate 

lanthanide triflate salt with DOTA in water or EtOH:water 1:1 at 40 °C overnight then 

adjusting the pH using 2 M NaOH. The compounds were purified by dialysis (500 Da cut-

off) to remove any low molecular weight impurities.   
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Scheme 3.8: The proposed synthesis of the positive control compounds EuDOTA 21a and TbDOTA 21b. 

Reagents and conditions: (i) Ln(OTf)3, EtOH: H2O (1:1) or H2O, 40 °C, 17 h. 

The negative reduction control benzyl complexes were synthesised (Scheme 3.9) in a 

similar manner to the nitrobenzyl and nitroimidazole complexes. The commercially available 

bromoester was used to alkylate the DO3A triester 23 to form 51 and TFA in CH2Cl2 was 

used for deprotection to yield the triacid 52. The benzyl (Bn) lanthanide complexes, 22a-c, 

were isolated by lyophilisation following reaction with the corresponding lanthanide triflate 

salt and purification by semi-preparative HPLC (method 3).  

 

Scheme 3.9: The synthetic scheme for the synthesis of the Bn complexes, 22a-b, to be used as controls for the 
reduction assays. Reagents and conditions: i) 23, K2CO3, MeCN, rt, 3 h; ii) TFA, CH2Cl2, rt, 18 h; iii) Ln(OTf)3, 
MES buffer (1 M, pH 6), rt, 1 h. 

3.3.5 Characterisation of target complexes 

The target lanthanide complexes were fully characterised by 1H NMR spectroscopy (except 

for the gadolinium analogues), LRMS, HRMS and analytical HPLC and/or LCMS (except 



83 
 

for the DOTA complexes due to the lack of chromophore). The HRMS spectra of the 

complexes (Gd Figure 3.5, for Eu and Tb see Figure A3.1 and A3.2) confirm their formation, 

when compared to the experimental spectra.  

 

Figure 3.5: High resolution mass spectrometry (HRMS) analysis of the GdNB (a), GdNI (b) and GdBn (c) 
complexes (experimental, black) in comparison to the calculated spectra (red), highlighting the distinct isotopic 

pattern for gadolinium. 

The 1H NMR spectra of the europium (Figure 3.6a) and terbium analogues (Figure 3.6b) 

highlights the difference in symmetry between the parent DOTA complexes and the 

NB/NI/Bn complexes. As expected, the 1H NMR spectrum of EuDOTA contains a total of 

10 peaks, with 6 dominant peaks from the TSAP isomer and 4 minor peaks from the SAP 

isomer (with the remaining 2 expected peaks overlapping others)35 due to the high 

symmetry resulting in 6 distinct chemical environments – 2 acetate protons, 2 axial protons 

from the cyclen ring and 2 equatorial protons from the cyclen ring. In comparison, the 

spectra of the europium NB/NI/Bn complexes contain 26-32 peaks, consistent with a 
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mixture of TSAP and SAP isomers of asymmetric DOTA monoester complexes, with 

inequivalent cyclen ring and arm protons giving up to 24 H in addition to the 6-7 H from the 

activatable moiety. This difference in symmetry suggests that we may expect a difference 

in relaxivity between the NB/NI and DOTA complexes, as symmetry impacts the rotational 

correlation time. All of the synthesised complexes contain some of the corresponding DOTA 

analogue due to stability issues resulting in cleavage of the ester arm (further discussed in 

section 3.6). 

 



85 
 

 

Figure 3.6: a) Stacked 1H NMR spectra of compounds EuNB (18a, red), EuNI (19a, blue), EuDOTA (21a, black) 
and EuBn (22a, purple) to highlight the difference in symmetry between the DOTA complex (C4 symmetric, 6 
peaks, TSAP and SAP isomers clearly visible) vs the nitrobenzyl/nitroimidazole/benzyl complexes (C1 
symmetric). b) Stacked 1H NMR spectra of complexes TbNB (18b, red), TbNI (19b, blue), TbDOTA (21b, black) 

and TbBn (22b, purple). 
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3.4 Photophysical characterisation 

Luminescence measurements were carried out at 50 µM in water (unless otherwise 

specified). The UV-Vis spectra and steady state emission spectra (Figure 3.7) of the triacid 

ligands (26 for NB, red, 32 for NI, blue, and 52 for Bn, purple) were measured to determine 

any shift observed upon complexation and any ligand emission.  

 

Figure 3.7: The UV-Visible absorption spectra (solid lines) and steady-state emission spectra (dotted lines) of 
a) NB ligand (26, red – λex 269 nm), b) NI ligand (32, blue – λex 320 nm) and c) Bn ligand (52, purple – λex 
262 nm). Slits 29 nm / 1 nm, integration time 0.5 s, S1 channel. 

The ligands displayed maxima in the UV-Vis spectra at 272 nm for NB, 325 nm for NI and 

262 nm for Bn, with the Bn complexes displaying much weaker absorbance than the nitro-

containing ligands. The steady state emission spectra were recorded upon excitation at 

269 nm, 320 nm and 262 nm, respectively, consistent with later emission spectra for the 

lanthanide complexes. Negligible fluorescence emission was observed for the ligands, 
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except for the NI ligand 32 which showed weak fluorescence emission, with a maximum 

around 415 nm (observed more clearly upon excitation at 300 nm, Figure A3.3). 

The UV-Visible spectra of EuNB, EuNI and EuBn (Figure 3.8a) and TbNB, TbNI and TbBn 

(Figure 3.8b) were measured in comparison to their parent compound EuDOTA or TbDOTA 

which contain no chromophore. The europium and terbium complexes displayed maximum 

absorbance around 269 nm for NB (red), 320 nm for NI (blue) and 262 nm for Bn (purple), 

with small shifts observed from the ligand absorbance upon complexation. 

 

Figure 3.8: The UV-Vis absorption spectra of a) EuNB (18a, red), EuNI (19a, blue) and EuBn (22a, purple) in 
comparison to EuDOTA (21a, black) and b) TbNB (18b, red), TbNI (19b, blue) and TbBn (22b, purple) in 
comparison to TbDOTA (21b, black), at 50 µM in H2O. UV bandwidth 1 nm, NIR bandwidth 20 nm, data interval 
0.2 nm, scan rate 200 nm/min, source change at 340 nm. 

3.4.1 Steady-state emission and excitation spectra 

The activatable lanthanide complexes were evaluated under both steady-state and time-

gated emission, in comparison to their DOTA analogues. Their steady-state emission was 

measured first to determine any interference of antenna fluorescence, to determine intrinsic 

quantum yield of the europium complexes (see section 3.4.4) and to investigate their 

structural properties and differences. 

The activatable NB and NI lanthanide complexes were investigated under ligand excitation 

according to the λmax for the UV-Vis spectra (Figure 3.8), with λex 269 nm for NB complexes 

and λex 320 nm for NI complexes. These were compared to the DOTA analogues (evaluated 

under the same conditions, λex 269 nm or 320 nm) to evaluate any turn-on profluorophore 
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and antenna effect observed. For the europium NB (Figure 3.9a) and NI complexes (Figure 

3.9b), the intensity of emission observed was similar to that of the EuDOTA. For the 

corresponding terbium complexes, an increase in intensity is observed for TbDOTA in 

comparison to TbNB (Figure 3.9c) and nitroimidazole ligand fluorescence increases the 

overall intensity observed for TbNI compared to TbDOTA (Figure 3.9d), obscuring the low 

intensity terbium emission. 

 

Figure 3.9: The steady-state emission spectra following ligand excitation (metal region) for a) EuNB (red), b) 
EuNI (blue), c) TbNB, d) TbNI. For NB, λex 269 nm; for NI, λex 320 nm. Slits 29 nm / 1 nm, integration time 0.5 s, 

S1 channel, 495 nm long pass filter for Eu, 400 nm long pass filter for Tb. 

The weak sensitisation of the nitrobenzyl and nitroimidazole complexes is corroborated by 

the excitation spectra (Figure 3.10), with a poor intensity of emission occurring (lower 

magnitude than occurring through direct excitation of weakly absorbing lanthanide centred 

transitions, Figure 3.12), whereas sensitisation is observed for the benzyl complexes.  
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Figure 3.10: Normalised excitation spectra (black) compared to the normalised UV-Vis spectra (pink) of 
compounds measured at 50 µM in H2O. a) EuNB, b) TbNB, c) EuNI, d) TbNI, e) EuBn, and f) TbBn. Eu excitation 
spectra: λem 616 nm, slits 1 / 10 nm, integration time 0.2 s, 495 nm long pass filter. Tb excitation spectra: λem 
487 nm, slits 1 / 5 nm, integration time 0.2 s, 400 nm long pass filter. S1/R1 channel. The relevant transitions 

are labelled.36 

The lanthanide sensitisation observed for the benzyl complexes observed in steady state 

emission spectra (Figure 3.11) is more evident for the terbium complexes (Figure 3.11b), 

where a tenfold change in intensity of the 5D4 → 7F5 transition (J=5 band) is observed 
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between direct metal and ligand excitation (sevenfold change by area). Similar results are 

observed in the time-gated emission spectra (Figure A3.4), with a threefold increase in 

intensity of the 5D0 → 7F1 transition (J=1 band) observed between direct metal and ligand 

excitation for EuBn (threefold based on area) and a fivefold increase in intensity of the J=5 

band for TbBn, suggesting that the benzyl ligand is a more efficient sensitiser for terbium 

than europium. The poor sensitisation observed with the nitrobenzyl complexes compared 

to the benzyl complexes suggests that the presence of the nitro moiety may enable a 

quenching pathway by changing the triplet energy level of the ligand. 

 

Figure 3.11: Steady-state emission spectra of a) EuBn and b) TbBn using metal (purple, λex 397 nm for Eu, λex 
366 nm for Tb) or ligand (green, λex 262 nm) excitation. Slits 29 nm / 1 nm, integration time 0.5 s, S1 channel, 

495 nm long pass filter for Eu, 400 nm long pass filter for Tb. 

Upon excitation of the metal (λex 397 nm for europium, 5L6 ← 7F0, and λex 366 nm for terbium, 

5L10 ← 7F6), little change in fluorescence intensity is observed between the nitrobenzyl or 

nitroimidazole complexes and the DOTA complexes. For the europium complexes, a 

change in the shape of the J=1 band is observed between EuDOTA (2 peaks) and EuNB 

or EuNI (3 peaks). This difference is ascribed to changes in crystal field splitting of the 7F1 

state, which arises due to differences in the overall symmetry of the complexes – EuDOTA 

is C4 symmetric, therefore gives rise to 2 crystal field levels, a non-degenerate and twofold 

degenerate crystal-field level, whereas EuNB and EuNI are C1 symmetric, giving three non-

degenerate crystal field levels of the 7F1 state.37 A small change in fluorescence intensity is 

observed between TbNI and TbDOTA upon excitation at 366 nm (5L10 ← 7F6, Figure 3.12b), 
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potentially arising due to absorbance of the nitroimidazole ligand at this wavelength – 

similar emission intensities are observed for TbNB, TbNI and TbDOTA upon excitation at 

488 nm (Figure 3.12c, 5D4 ← 7F6), with a slightly weaker intensity observed for TbNI 

compared to TbDOTA. 

 

Figure 3.12: Steady-state emission spectra of a) EuNB (red) and EuNI (blue) vs EuDOTA (black), with the insert 
zoomed on the J=0 and J=1 bands, and b and c) TbNB and TbNI vs TbDOTA, upon direct metal excitation (λex 
397 nm for Eu, λex 366 nm for Tb panel b, λex 488 nm for panel c). Slits 29 nm / 1 nm, integration time 0.5 s, S1 
channel, 495 nm long pass filter for Eu, 400 nm long pass filter for Tb. 

Poor photostability of the nitroimidazole complexes was noted, due to the large excitation 

slit used for imaging and upon higher energy excitation. Figure 3.13a demonstrates that the 

largest decrease in UV-Vis absorbance is observed upon excitation at 320 nm (in 

comparison to 397 nm, 5L6 ← 7F0, for EuNI, Figure 3.13) and that the shape of the 5D0 → 

7F1 transition (J=1 band) changes depending on the order of spectra acquired, from 3 peaks 

in the J=1 band towards 2 peaks, Figure 3.13b, compared to the 2 peaks observed for 
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EuDOTA. These results suggest that upon exposure to large amounts of high energy light, 

the nitroimidazole complexes may partially degrade to EuDOTA, consistent with previous 

reports on the poor photostability of nitroimidazole-containing compounds. These results 

were measured upon excitation of EuNI 6 times over half an hour, however further tests 

could be carried out to further understand the photodegradation, including measurement of 

changes in the UV-Vis spectrum of EuNI as a function of time over an extended period of 

time upon light irradiation. Further stability issues of these complexes are discussed in 

section 3.6. 

 

Figure 3.13: a) The UV-Vis spectra of EuNI at 50 µM following different UV-Vis and steady-state emission and 
excitation measurements (carried out after the measurement labelled, with measurements carried out in order 
from top to bottom). b) The steady-state emission spectra of EuNI at 50 µM, λex 397 nm, zoom on the J=0 and 
J=1 bands, ran as the first spectra (blue) and ran after several other spectra (pink) in comparison to EuDOTA 

(black). 

3.4.2 Time-gated spectra 

Time-gated emission spectra were evaluated to accurately assess any changes in 

luminescence intensity between the activatable complexes and the DOTA complexes, as 

time-gated imaging techniques would be employed for imaging of lanthanide probes in 

biological settings to remove background signal from fluorescent biological molecules and 

improve the signal-to-noise ratio. 

Similar to the steady-state emission spectra, little change in the intensity of the time-gated 

emission spectra was observed between the europium nitrobenzyl or nitroimidazole and 
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DOTA complexes, through either ligand excitation (Figure 3.14a-b & d-e) or direct metal 

excitation (Figure 3.14c & f-g). A twofold increase in emission intensity of the 5D4 → 7F6 

transition at 488 nm is observed in the time-gated emission spectra, upon excitation at 

269 nm, between TbNB and TbDOTA (Figure 3.14d) and a 2.4-fold increase in intensity of 

the J=6 band (by area) is observed, upon excitation at 320 nm, between TbNI and TbDOTA. 

A 2.3-fold increase in intensity of the J=6 band is observed between TbNB and TbDOTA 

upon direct excitation at 366 nm (5L10 ← 7F6, Figure 3.14f) and a 4.9-fold increase in intensity 

is observed between TbNI and TbDOTA under the same conditions. The change in intensity 

of the 5D4 → 7F5 transition (J=5 band) is reduced to 1.4-fold, for both TbNB and TbNI in 

comparison to TbDOTA, upon excitation at 488 nm (5D4 ← 7F6, Figure 3.14g). 



94 
 

 

Figure 3.14: Time-gated emission spectra of a) EuNB (red) vs EuDOTA (black) upon ligand excitation (λex 
269 nm) and b) EuNI (blue) vs EuDOTA upon ligand excitation (λex 320 nm), c) EuNB and EuNI vs EuDOTA 
upon direct metal excitation (λex 397 nm), d) TbNB vs TbDOTA upon ligand excitation (λex 269 nm) and e) TbNI 
vs TbDOTA upon ligand excitation (λex 320 nm), f) TbNB and TbNI vs TbDOTA upon direct metal excitation (λex 
366 nm), g) TbNB and TbNI vs TbDOTA upon direct metal excitation (λex 488 nm). Slits 29 nm / 4 nm for Eu, 
29 nm / 3.5 nm for Tb (320 and 366 nm), 29 nm / 5 nm for Tb (488 nm), flash count 10, S1 channel, 495 nm 
long pass filter for Eu, 400 nm long pass filter for Tb. 
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3.4.3 Luminescence lifetime measurements 

The luminescence lifetimes of the europium and terbium complexes were measured, upon 

both metal (Figure 3.15 and Table 3.2, measured at 200 µM for NB, NI and DOTA and at 

50 µM for Bn) and ligand excitation (Table 3.3, measured at 50 µM). These were measured 

in water and deuterium oxide in order to evaluate q, the number of water molecules in the 

inner coordination sphere directly bound to the lanthanide centre, as this affects the 

relaxivity (of the gadolinium analogues). For all measured complexes, q is determined to 

be 1, suggesting that the ester carbonyl coordinates to the lanthanide metal, as expected. 

The measured lifetimes upon metal excitation and ligand excitation are generally in 

agreement with each other, considering experimental error of 10%. The data were fit to 

monoexponential or biexponential decays based on visual analysis of the fitting and the 

adjusted R2 values reported for the fittings (included in figure captions were relevant). 

Table 3.2: Direct excitation lifetime data (λex 397 nm for Eu, 366 nm for Tb). For EuBn and TbBn, the lifetime 
given is from three averaged scans. Graphs of the luminescence lifetime measurements of TbNB, TbNI, 
TbDOTA and TbBn are shown in Figure 3.15. Full data (n=1 to n=3) for the NB, NI and DOTA complexes in the 
appendix (Table A3.1). All lifetimes are in ms. *Biexponential decay. † from analysis of the long component. 

 EuNB EuNI EuDOTA EuBn 
 τH2O τD2O τH2O τD2O τH2O τD2O τH2O τD2O 

Average 0.63 2.19 0.61 2.45 0.65 2.33 0.63 2.41 

q value 1.07 1.18 1.04 1.11 

     

 TbNB TbNI TbDOTA TbBn 
 τH2O τD2O τH2O* τD2O* τH2O τD2O τH2O τD2O 

Average 1.94 3.36 0.21 2.06 0.23 3.65 2.06 3.58 1.99 3.50 
q value 0.79 0.76† 0.73 0.78 

Table 3.3: Ligand excitation lifetime data (λex 269 nm for NB, 320 nm for NI). For EuBn and TbBn, the lifetime 
given is from three averaged scans. Full data (n=1 to n=3) for the NB and NI complexes in the appendix (Table 
A3.2). All lifetimes are in ms. *Biexponential decay.  

 EuNB EuNI EuBn 

 τH2O τD2O τH2O τD2O τH2O τD2O 

Average 0.61 2.40 0.60 2.40 0.59 2.09 
q value 1.16 1.20 1.16 

    

 TbNB TbNI TbBn 
 τH2O τD2O τH2O* τD2O τH2O τD2O 

Average 1.93 3.75 0.23 2.06 3.61 1.76 3.17 

q value 0.96 0.74 0.96 
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Figure 3.15: Representative graphs for the luminescence lifetime measurements (by direct metal excitation, 
dots) of a) TbNB, b) TbNI and c) TbDOTA at 200 µM and d) TbBn at 50 µM in H2O and D2O, λex 366 nm, λem 
545 nm, with the corresponding exponential decay curves (lines). Representative of n=3, sample window 1 ms, 
initial delay 0.05 ms, time per flash 61 ms, 400 nm long pass filter, delay increments 0.01 ms for NI and Bn, 
0.1 ms for NB and DOTA. TbNB: H2O slits 26-29.4 nm / 14 nm, flash count 12-16, R2 0.998; TbNB D2O slits 25-
29 nm / 14 nm, flash count 10-14, R2 0.999; TbNI H2O slits 29 nm / 8-10 nm, flash count 7-10, R2 0.997; TbNI 
D2O slits 29 nm / 7-9 nm, flash count 5-10, R2 0.997; TbDOTA H2O slits 23-28 nm / 9 nm, flash count 4-8, R2 
0.999; TbDOTA D2O slits 23-26 nm / 9 nm, flash count 4-9, R2 0.998; TbBn H2O slits 29 nm / 7 nm, flash count 
10, average of 3 scans, R2 0.999; TbBn D2O slits 29 nm / 8 nm, flash count 10, average of 3 scans, R2 0.999. 

The lifetimes of TbNI measured in air were found to be biexponential (with adjusted R2 

values for the fitting around 0.997, compared to 0.956 for a monoexponential fit), more 

noticeably upon metal excitation at 366 nm (5L10 ← 7F6), with one short component ~0.2 ms 

and one longer component ~2.1 ms (in water). The relative weighting of the short and long 

components in their contribution to the overall biexponential decay was determined to be 

between 2:1 and 1:2 depending on the exact conditions used (concentration and excitation 

wavelength). The longer component was similar to that of the other terbium complexes and 

which was used to determine q, suggesting that there are multiple deactivation pathways 

involving non-radiative quenching. To further investigate the nature of the short component, 
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the lifetimes of 5D4 → 7FJ (J=6-3) were investigated upon excitation at 366 nm (5L10 ← 7F6) 

as this also lies within the absorption band of the nitroimidazole ligand, particularly focusing 

on the transitions 5D4 → 7F4 (586 nm) and 5D4 → 7F3 (621 nm) as these are present outside 

of the region where the ligand is observed the emission in the steady-state (450-550 nm). 

The lifetimes of the 5D4 → 7F4 and 5D4 → 7F3 emission bands were found to be the same as 

for J=6 and J=5 (within error) and maintained the biexponential nature observed previously 

for the more intense J=6 and J=5 bands, suggesting that the short component of the lifetime 

is terbium centred rather than ligand centred. In addition, the length of the shorter 

component, 0.2 ms, is outside of the typical fluorescence lifetime of organic molecules, 0.1-

20 ns.38 Degassing of TbNI (Figure 3.16b-c) caused the luminescence decay spectra to be 

monoexponential, with lifetimes of ~2.0 ms, suggesting that oxygen impacts quenching of 

energy transfer. The fact that the longer-lived component is essentially identical in the 

presence and absence of molecular oxygen suggests that the two lifetimes relate to 

separate species. 

 

Figure 3.16: a) Lifetime analysis of TbNI at 50 µM, with λex 366 nm and the emission wavelength (λem) as 
labelled. λem 488 nm and 586 nm, slits 29 nm / 8 nm; λem 545 nm, slits 29 nm / 6 nm; λem 621 nm, slits 29 nm / 
12 nm. b and c) Degassed (pink) vs air (blue) lifetime measurements of TbNI upon ligand excitation at 320 nm 
(panel b, R2 0.975 for air and 0.995 for degassed), measured at 50 µM, or excitation at 366 nm (panel c, R2 
0.994 for air and 0.997 for air), measured at 200 µM. λem 545 nm, 50 µM slits 29 nm / 12 nm, 200 µM slits 29 nm 

/ 6 nm or 29 nm / 5 nm. 
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3.4.4 Quantum yield and energy level measurements 

Intrinsic quantum yields (ΦLn
Ln, equation 3.1) of the europium complexes were calculated 

using the steady-state emission spectra upon excitation at 397 nm (5L6 ← 7F0, uncorrected 

S1 data), comparing the area of the magnetic dipole transition (IMD, J=1 band, 5D0 → 7F1, 

defined here as 583-604 nm) to the total area (Itotal, 500-800 nm, equation 3.2), and their 

lifetimes.37, 39 A range of intrinsic quantum yields is reported (Table 3.4) due to multiple 

values of AMD,0 reported for europium complexes (14.65, 18.45 and 20.46), with 20.46 

reported for EuDOTA.40 The intrinsic quantum yields of the europium complexes are within 

error of EuDOTA, as expected from the steady-state spectra. Therefore, the rates of non-

radiative decay (obtained by rearrangement of equation 3.3) are within error of each other. 

                                                                  𝛷𝐿𝑛
𝐿𝑛 =  

𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
                                             (eqn. 3.1) 

                                                          𝑘𝑟𝑎𝑑  =  
1

𝜏𝑟𝑎𝑑
=  𝐴𝑀𝐷,0𝑛3 (

𝐼𝑡𝑜𝑡𝑎𝑙

𝐼𝑀𝐷
)                      (eqn. 3.2) 

                                                                𝛷 =  
𝑘𝑟𝑎𝑑

𝑘𝑟𝑎𝑑+𝑘𝑛𝑟𝑎𝑑
                                        (eqn. 3.3) 

Table 3.4: Calculations of the intrinsic quantum yields (ΦLn
Ln) and the rates of non-radiative decay (knrad) of the 

europium complexes, using equations 3.1 to 3.3, with n = 1.33 (as measurements were carried out in water). * 
Data taken from Table 3.2. ** Range reported due to varying reported values for AMD,0 (14.65, 18.45 and 20.46). 

Complex Itotal IMD krad / s-1 τrad / ms τobs* / ms ΦLn
Ln** / % knrad / s-1 

EuNB 932209 214193 209 4.77 0.63 9-13 1410 ± 30 
EuNI 1461723 264666 266 3.76 0.61 11-16 1410 ± 50 

EuDOTA 845799 234773 173 5.77 0.65 8-11 1390 ± 30 
EuBn 1450489 300589 232 4.31 0.63 10-15 1380 ± 40 

Low temperature (77 K) emission spectra of the gadolinium complexes (Figure 3.17) were 

measured in order to estimate the energies of the triplet excited states of the complexes to 

rationalise the poor lanthanide sensitisation observed for NB and NI complexes and the 

antenna effect observed for the Bn complexes.41 50 µM solutions of the complexes in 

MeOH:EtOH 1:1 were frozen in liquid nitrogen to form a glass, measured upon ligand 

excitation (λex 269 nm for NB, 320 nm for NI and 262 nm for Bn), with assistance from Dr. 

Matthew F. Allen. The data were fit to Gaussian distributions with multiple peaks, assuming 
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that the highest energy peak corresponds to the 0-0 transition.42 The poor spectral 

resolution of GdNB measured at 77 K (Figure 3.17a) meant we were unable to fit the data 

reliably. The triplet energy of NI was not interpreted from the spectrum of GdNI (Figure 

3.17b) due to the atypical shape and overlapping peaks, making it difficult to interpret.  

 

Figure 3.17: The emission spectra of the Gd complexes, a) GdNB (red), b) GdNI (blue) and c) GdNI measured 
at 77 K in MeOH:EtOH 1:1. The black line is the cumulative Gaussian fit, with other coloured lines the individual 
peaks that make up the total Gaussian fit. For panel a, λex 269 nm, slits 5 nm / 1 nm, average of 3 scans, 0.1 s 
integration time; panel b, λex 320 nm, slits 5 nm / 1 nm, 1 scan; panel c, λex 262 nm, slits 5 nm / 1 nm, average 
of 3 scans, 0.1 s integration time. 

From Figure 3.17c of GdBn, the 0-0 transition (S0→T1 transition) energy of Bn is estimated 

to be 28972 cm-1. This triplet energy level of GdBn is significantly higher than those of the 

5D0 and 5D1 states of europium (around 17300 and 19000 cm-1, respectively)43 and 5D4 of 

terbium (20500 cm-1),44 therefore the energy gap is large enough to reduce the rates of 

back energy transfer from these lanthanide energy levels (> 1850 cm-1).42 The estimated 

triplet energy level of the Bn ligand is close to that of 5L9 of terbium (28400 cm-1),44 with a 
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larger gap to 5L9 or 5L10 for europium (28244 cm-1 and 28813 cm-1, respectively), therefore 

possible energy transfer processes are summarised in Figure 3.18.43 However, it is noted 

that factors other than the ligand triplet energy affect ligand sensitisation and the intensity 

of lanthanide emission, such as the distance between the ligand triplet state (which could 

evaluated with computational modelling) and the lanthanide, overlap between the ligand 

emission spectrum and lanthanide absorption spectra and intramolecular quenching 

pathways.42 

 

Figure 3.18: Jablonski diagram for the energy transfer pathways for the benzyl complexes. Diagram not to scale, 
not all europium or terbium energy levels are included. Relevant europium and terbium energy levels are 

labelled with term symbols, with energy levels taken from the literature.43, 44 

3.5 Relaxivity measurements for MRI 

To determine differences in MRI contrast between the nitrobenzyl and nitroimidazole 

complexes and the commercial Dotarem® (GdDOTA), T1 relaxivity was measured in water 

and PBS (Figure 3.19a). T1 relaxivity was initially measured in water using a 11.7 T (500 

MHz) NMR spectrometer (Figure 3.19b), showing the general trend of relaxivity to be 

GdDOTA>GdNI>GdNB despite the lack of change in q value. This trend was corroborated 
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by measurements by Dr Lina Hacker on a more clinically relevant Agilent 7 T scanner, with 

higher relaxivities observed at lower magnetic field (Figure 3.19c). T1 relaxivity 

measurements at 7 T in PBS (pH 7.4, Figure 3.19e) displayed the same trend as the water 

measurements but with a smaller difference between complexes, likely due to the impact 

of phosphate binding which has been previously observed for similar DO3A complexes.45 

These results show that both GdNB and GdNI could act as turn-on MRI contrast agents, 

with GdNB displaying a larger difference in relaxivity to the commercially available 

GdDOTA, especially in more biologically relevant buffered conditions. For further relevance 

for biological applications, relaxivity could be measured in the future at lower clinically 

relevant field strengths below 3.0 T, as most commonly 1.5 T or 3.0 T MRI machines are 

used. 
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Figure 3.19: a) A table of the calculated relaxivities. b) T1 relaxivity measured in H2O at 11.7 T. c) T1 relaxivity 
measured by Dr Lina Hacker in H2O at 7 T. d) T1 relaxivity measured by Dr Lina Hacker in PBS (pH 7) at 7 T. 
n=3, the error bars represent the standard deviation of repeats. 

3.6 Stability testing of complexes in solution 

An evaluation of the nitrobenzyl and nitroimidazole complexes’ stability in water and 

buffered solutions was carried out prior to activation testing. Analysis of the terbium 

complexes in water by LCMS (Figure 3.20a and b) and of the analogous europium 

complexes in PBS (pH 7.4) by paramagnetic 1H NMR spectroscopy (Figure 3.20c and d) 

demonstrated that these complexes are suitably stable at least up to 6 hours, therefore 

testing was carried out over this timeframe. However, it is noted that some degradation (to 

the corresponding DOTA complexes) is observed in all cases. The nitroimidazole 
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complexes are observed to be more susceptible to ester hydrolysis in water than the 

nitrobenzyl complexes and this rate, for both analogues, is accelerated in PBS.  

 

Figure 3.20: Evaluation of the stability of the nitrobenzyl and nitroimidazole complexes in aqueous media. a) 
TbNB and b) TbNI in water measured by LCMS, percentage purity over time. c) EuNB and d) EuNI in PBS 
buffer at pH 7.4 (~10 mM complex) measured by 1H NMR spectroscopy over time, in comparison to EuDOTA. 

3.7 Activation of lanthanide complexes 

3.7.1 Chemical activation 

Prior to carrying out chemical activation assays of the lanthanide complexes, cyclic 

voltammetry data was acquired, by Euan Sarson, to determine the relative thermodynamic 

favourability of activation. The terbium complexes were measured to avoid complications 

arising from the presence of the Eu(II)/Eu(III) redox couple. These measurements 

confirmed that nitroimidazole complexes are more favourably reduced than nitrobenzyl 

complexes (-236 mV vs SHE for TbNI compared to -356 mV for TbNB, at pH 7.4 – Table 

A3.3 and Figure A3.5-7), consistent with previous literature.21 The onset reduction 

potentials of the terbium complexes can be attributed to the reduction/oxidation of the nitro 

group, as the benzyl control showed no electrochemical activity, as expected. These onset 
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potentials are close to that observed in biologically relevant reducing environments, as 

discussed previously in section 1.2. 

The chemical activation of the lanthanide complexes was carried out using zinc powder and 

ammonium chloride (Figure 3.20a) in D2O, using adapted literature conditions.46 The assay 

was monitored by 1H NMR spectroscopy to assess the conversion to EuDOTA and 

production of organic side products simultaneously. Full conversion of EuNB to EuDOTA 

was observed in under 2 hours under the assay conditions (Figure 3.21b), in comparison 

to under 1 hour for EuNI (Figure 3.21c). However, minimal conversion to EuDOTA was 

observed in the D2O only and NH4Cl controls for all europium complexes (Figure 3.21c), 

suggesting that the zinc is causing activation. Substantial conversion to EuDOTA was 

observed for the activation negative control, EuBn, under assay conditions (90 % after 6 

hours, Figure 3.21d), suggesting that activation to give the DOTA complexes is 

predominantly not occurring by nitro reduction and fragmentation (activation mechanism 1, 

Scheme 3.1), contrary to the previously reported literature.20 In addition, analysis of the 0-

10 ppm range in the 1H NMR spectra of the EuNB chemical reduction assay showed 

production of nitrobenzyl alcohol as the cleaved arm rather than the predicted aminobenzyl 

alcohol (Figure 3.21e). These results suggest that Lewis acid mediated ester cleavage 

(activation mechanism 2, Figure 3.21f) occurs in the presence of zinc. The rate of activation 

is observed to be EuNI>EuNB>EuBn and suggests that the rate of hydrolysis is influenced 

by the nature of the ester arm, with the experimental trend showing an increased rate of 

hydrolysis consistent with the increased electron-withdrawing nature of the ester. 
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Figure 3.21: Analysis of the zinc assay of the europium complexes, carried out according to panel a. b) The 1H 
NMR spectra showing the activation of EuNB to EuDOTA under assay conditions. c) The quantitative analysis 
of the chemical reduction assays, showing the percentage of EuDOTA released for each complex (EuNB red, 
EuNI blue, EuBn purple) in the full zinc assay (squares) and in the D2O only control (circles), calculated by 
comparing the areas of the EuDOTA peak at 33.8 ppm (4H) compared to the corresponding peak of the starting 
Eu complex (1H). d) The 1H NMR spectra from the chemical activation assay of EuBn. e) The 1H NMR spectra 
from the chemical activation assay of EuNB, in comparison to nitrobenzyl alcohol and aminobenzyl alcohol. f) 
Schematic of the proposed ester cleavage/hydrolysis mechanism, activation mechanism 2. 

3.7.2 Nitroreductase enzyme activation 

Following the conversion to EuDOTA observed in the chemical reduction assay, the 

mechanism of activation of these complexes was further investigated using relevant 

enzymes. Nitroreductase from E. coli was previously reported to activate GdNB to GdDOTA 

by Liu et al.20 and similar nitroreductase enzymes are commonly used to evaluate the 
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efficacy of activation of nitro-containing prodrugs and profluorophores prior to cellular 

testing. The nitroreductase assay (Figure 3.22a) was carried out using similar conditions to 

those previously reported, using 32 µg/mL nitroreductase enzyme, 500 µM NADH and 

200 µM complex (final analysis concentration 100 µM) in NaCl solution and water. The 

assay was carried out under normoxic conditions as, despite oxygen-sensitive (type II) 

nitroreductases being found in E. coli,47 the majority of bacterial nitroreductases are oxygen-

insensitive (type I) and Liu et al.20 conducted this assay under normoxia. Analytical HPLC 

analysis (at 269 nm) of the full assay (Figure 3.22b) showed full loss of the GdNB starting 

material peak (Rt 8.0 min) after 2 hours and production of nitrobenzyl alcohol (Rt 9.7 min). 

Quantitative analysis of the NADH only and nitroreductase only controls (Figure 3.22c and 

d) showed a ~40 % loss of starting material and corresponding ~40 µM release of 

nitrobenzyl alcohol after 6 hours, suggesting that NADH alone may be able to release DOTA 

complexes, reducing the selectivity of activation of these complexes. The nitroreductase 

assay was not carried out with GdNI due to the relative difficult of synthesis of the complex 

and it was not carried out with GdBn as a control due to limitations in the UV detection of 

the analytical HPLC instruments causing very low UV absorbance of the complex at 

100 µM, which would cause large error in the area analysis of the assay. 
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Figure 3.22: The results of the nitroreductase assay of GdNB (scheme in panel a), evaluated at 200 µM (final 
analysis concentration 100 µM) by analytical HPLC in the presence of nitroreductase enzyme (32 µg/mL), NADH 
(500 µM), 0.9 % NaCl solution and water, at 37 °C. b) The stacked HPLC traces from the full assay showing 
the timepoints taken in comparison to the nitrobenzyl alcohol control. c) Quantitative analysis of the percentage 
GdNB remaining (compared to the area of the t=0 timepoint) for the assay and controls. d) Quantitative analysis 
of the concentration of nitrobenzyl alcohol (NBOH) released (compared to the area of the nitrobenzyl alcohol 
control) for the assay and controls. All analysis was performed at 269 nm. 

Activation of the nitrobenzyl complexes in the presence of NADH was further investigated 

by incubating EuNB (10 mM) with NADH (25 mM) in D2O at 37 °C for analysis by 1H NMR 

spectroscopy (Figure 3.23a), to confirm the cleavage of the ester arm to release DOTA 

complexes, as DOTA complexes cannot be detected by analytical HPLC (when monitoring 

by UV detection or by fluorescence detection below 10 mM concentration, upon direct metal 

excitation of terbium). The 1H NMR spectra in the -50 to 50 ppm range (Figure 3.23b) 
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showed immediate partial conversion to EuDOTA upon addition of NADH (0 h timepoint) 

and showed significant conversion after 6 hours, with minimal change after 24 hours. From 

the 1H NMR spectra in the -3 to 15 ppm range (Figure 3.23c) ran in D2O only it was unclear 

which organic side products had formed, therefore the 24 hour sample was further diluted 

with MeOD to aid solubility. Formation of nitrobenzyl alcohol is tentatively confirmed by 

formation of a peak around 7.6 ppm (Figure 3.22d) and the lack of formation of aminobenzyl 

alcohol is evident by the absence of peaks around 6.8 ppm and 7.2 ppm. These enzymatic 

assays together suggest that both NADH and nitroreductase from E. coli may be used to 

activate the nitrobenzyl complexes to release nitrobenzyl alcohol and DOTA complexes, 

with differing levels of activation to the aqueous negative control. 
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Figure 3.23: The results of the activation of EuNB (10 mM) in the presence of NADH (25 mM) at 37 °C in D2O 
(scheme in panel a), analysed by 1H NMR spectroscopy in the -50 to 50 ppm range (panel b) and 1H NMR 
spectroscopy in the -3 to 15 ppm range (panel c, zoom in the range 6.6-8.6 ppm panel d), in comparison to the 
controls EuDOTA, nitrobenzyl alcohol and aminobenzyl alcohol. 
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3.7.3 Hydrogenase enzyme activation 

To further probe potential mechanisms of activation of these lanthanide complexes, 

activation of the europium complexes in the presence of a hydrogenase enzyme, adsorbed 

onto carbon black, were monitored by 1H NMR spectroscopy (Figure 3.24a). Hyd-1 is a 

nickel-iron hydrogenase from E. coli and has been previously reported to convert organic 

nitroaromatics to their corresponding anilines in the presence of hydrogen in phosphate 

buffer. The Hyd-1 on carbon system was investigated as an alternative to the nitroreductase 

enzyme due to its differing mode of activation of nitroaromatics. It is proposed that the 

hydrogenase enzyme converts hydrogen molecules to protons and electrons, in a buried 

active site which is inaccessible by large organic molecules, and the electrons are shuttled 

to the protein surface by iron-sulfur clusters, causing reduction to occur at the carbon 

surface where the nitro-containing compound is adsorbed.48 The assay was carried out by 

Dr Daria Sokolova and Max Robertson, who provided the assay samples for 1H NMR 

spectroscopy analysis. Under the assay conditions EuNB was fully converted to EuDOTA 

within 2 hours, with some selectivity over the control under hydrogen in the absence of the 

enzyme which showed 50 % conversion to DOTA (Figure 3.24b). No selectivity was 

observed for EuNI, with full conversion to EuDOTA observed in under an hour in the assay 

and corresponding enzyme-less control. Despite similarities to benzyl deprotection 

conditions (palladium on carbon under a hydrogen atmosphere), little activation to EuDOTA 

(6 % after 4 hours) was observed for EuBn in both the assay and control (Figure 3.24c). 

The 1H NMR spectra from the Hyd-1 assay of EuNB (Figure 3.24d) in to 0 to 10 ppm range 

shows that after 2 hours, upon full conversion of the europium complex to EuDOTA, mostly 

nitrobenzyl alcohol is present, in addition to an intermediate species (postulated to be the 

hydroxylamine).48 After 4 hours, the nitrobenzyl alcohol produced is converted by the 

enzyme to the intermediate and aminobenzyl alcohol. This suggests that activation of these 

europium complexes occurs predominantly via the ester cleavage mechanism (activation 

mechanism 2, Figure 3.21f), whose rate is increased in the presence of the enzyme and 

under hydrogen, that Hyd-1 selectively activates nitro-containing moieties and that the 
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production of aminobenzyl alcohol is due to subsequent activation by Hyd-1 following 

cleavage of the europium complex. 

In summary, the nitrobenzyl and nitroimidazole complexes may be activated to give the 

corresponding DOTA complexes in the presence of zinc, nitroreductase from E. coli and 

Hyd-1 from E. coli adsorbed on carbon, with similar rates of activation observed across all 

assays (with the nitrobenzyl complexes full converted within 2 hours and nitroimidazole 

complexes converted within 1 hour). Activation of the benzyl control complex to the DOTA 

complex is observed in the presence of zinc, likely due to Lewis acid mediated ester 

cleavage, but is not observed in the presence of the Hyd-1 enzyme.   

 

Figure 3.24: The results of activation of the europium complexes in the presence of the Hyd-1 enzyme in 
phosphate buffer at pH 7.4 under hydrogen (panel a) and the control (absence of enzyme), analysed by 1H 
NMR spectroscopy (-50 to 50 ppm) and water suppression 1H NMR spectroscopy (-3 to 13 ppm). b) The 1H 
NMR spectra (-50 to 50 ppm) from the assay of EuNB, comparing the controls (t=0 and EuDOTA) to the 2 h 
timepoints (with and without the enzyme). c) Quantitative analysis of the assays, evaluating the percentage of 
EuDOTA released by dividing the area of the EuDOTA peak at 33.8 ppm (4H, therefore divided by 4) by the 
sum of the area of the EuDOTA peak (divided by 4 for 1H) and the corresponding peak of the starting Eu 
complex (1H – 32.5 ppm for EuNB, 32.3 ppm for EuNI, 32.7 ppm for EuBn). d) The water suppression 1H NMR 
spectra (-3 to 13 ppm) for the assay of EuNB, in comparison to the nitrobenzyl alcohol and aminobenzyl alcohol 

controls. 
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3.8 Biological testing 

Cellular testing was carried out by Dr Lina Hacker and Louise Martin (from the Department 

of Oncology, University of Oxford) to determine the cytotoxicity of the complexes, cellular 

permeability and ability to detect the complexes in cells by microscopy for optical imaging 

purposes. Cytotoxicity data (Figure 3.25a) upon incubation of the terbium complexes with 

HCT116 cells for 2 hours showed that high concentrations (250 µM) can be tolerated by 

cells. However, further investigation by LCMS analysis of cell lysate (following incubation 

of complexes for 2 hours under normoxia and hypoxia) suggested that the complexes are 

not cell permeable (within the limit of detection of the LCMS UV detector) as the complexes 

were not detected by LCMS analysis. Fluorescence microscopy of the terbium complexes 

(250 µM) incubated with HCT116 cells under normoxia (Figure 3.25b) and hypoxia 

(< 0.1 %, Figure 3.25c) displays only cellular autofluorescence, monitoring emission at 

545 nm upon excitation at 488 nm (Tb direct excitation, 5D4 ← 7F6) and this result was 

corroborated by flow cytometry, giving further evidence that these complexes are not cell 

permeable. This lack of cell permeability reduces the efficacy of these complexes as 

profluorophores or activatable MRI contrast agents for biological imaging, as reductive 

enzymes are upregulated in cells within hypoxic regions and therefore the chemical probes 

must enter cells to be activated. 
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Figure 3.25: Biological testing carried out by Louise Martin and Dr Lina Hacker. a) Cytotoxicity evaluation of the 
compounds, in HCT116 cells, after exposure of the complex for 2 hours, in comparison to the untreated control. 
n=3, each repeat carried out in triplicate, ** p < 0.01. b and c) Fluorescence microscopy of 250 µM lanthanide 
complex in HCT116 cells, with panel c after hypoxia exposure for 2 hours, showing only cellular 
autofluorescence. Scale bar 12 µm. 

3.9 Conclusions and future work 

Novel europium, terbium and gadolinium complexes, bearing nitrobenzyl, nitroimidazole 

and benzyl ester arms appended to the known DOTA core, were synthesised and 

characterised by 1H NMR, UV-Vis and luminescence spectroscopy.  The nitrobenzyl and 

nitroimidazole complexes were investigated as activatable lanthanide complexes for optical 

imaging (Ln = Eu, Tb) and MRI (Ln = Gd) under a range of reductive conditions. Evaluation 

of the 1H NMR spectra and steady-state and time-gated emission of the europium 

complexes highlighted changes in symmetry between the nitrobenzyl, nitroimidazole and 

benzyl complexes and the parent DOTA complexes. Both the nitrobenzyl and nitroimidazole 

ligands are poor sensitisers for europium and terbium, whereas the benzyl analogue is a 

more efficient sensitiser of europium and terbium emission. A turn-on profluorophore effect 

can be observed, relative to the DOTA positive controls, upon excitation of the terbium 

complexes at 366 nm (5L10 ← 7F6) and upon ligand excitation, by both steady-state and 

time-gated emission. Luminescence lifetime measurements suggest that one water 
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molecule is in the inner coordination sphere bound to the lanthanide centre (q=1) for all 

complexes and this is consistent with the small change in relaxivities observed between the 

complexes, with the greatest difference observed between GdNB and GdDOTA measured 

at 7 T in water (2.55 mM-1 s-1 vs 4.0 mM-1 s-1), giving evidence that this complex could act 

as a turn-on MRI contrast agent.  

Activation of the complexes to the desired EuDOTA is observed in the presence of zinc, 

nitroreductase enzymes, NADH and hydrogenase enzymes, however this activation was 

postulated to occur via an ester cleavage mechanism rather than the originally proposed 

nitro reduction and fragmentation mechanism. The activation of the nitrobenzyl complexes 

is complete within 2 hours in the presence of zinc, nitroreductase enzymes and 

hydrogenase enzymes and the activation of nitroimidazole complexes is complete within 1 

hour in the presence of hydrogenase enzymes, whereas the benzyl control complex is 

activated more slowly, consistent with the relative electron withdrawing nature of the 

appended esters. Future work on activatable lanthanide complexes could employ amide or 

carbamate linkers, instead of esters, to investigate the impact of the linker on the relative 

rates of the reductive mechanism and the hydrolysis mechanism. 

Despite the desirable activation to DOTA and changes in luminescence and relaxivity 

observed, these monometallic complexes are not sufficiently cell permeable for practical 

using in biological imaging, according to preliminary LCMS and fluorescence microscopy 

analysis following incubation in HCT116 cells. For application of reductively activated 

lanthanide complexes in the clinic, further work in the field is needed to develop highly 

emissive cell permeable lanthanide complexes, in particular those which respond to the 

upregulation of enzymes and biological reductants within the cell as markers of disease, for 

cancer diagnosis and prognosis evaluation. 
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4. Chapter IV – Tuning the cellular uptake of 

redox activated lanthanide complexes 

4.1 Introduction 

Detection of dynamic processes in real time is crucial for the expansion of current 

understanding of disease, however this is a challenging field in imaging, particularly in 

cellulo. The detection of upregulation of enzymes or changes in redox state and pH requires 

cell permeable complexes with high quantum yields (upon excitation of a chromophore at 

biologically suitable wavelengths) and good stability in biological media. Development of 

novel lanthanide complexes for biological imaging therefore requires understanding of the 

factors that affect cell uptake, egress and subcellular localisation and the differing 

mechanisms of cell uptake. 

4.1.1 Cell permeable lanthanide complexes 

For the exploration of the factors which may affect cell uptake and localisation multiple 

studies have been carried out, using over 60 terbium and europium complexes with high 

quantum yields (Φ ~10% for europium and ~40% for terbium) containing heterocyclic 

sensitising moieties, most of which were found to be cell permeable. Many factors may 

affect uptake and localisation, including complex charge, lipophilicity, the nature of the 

sensitising group and its linker, the number and structure of the ligand donors which bind 

the lanthanide, the affinity of the complex to proteins, the sensitivity of the complex to 

quenching, the cytotoxicity of the complex and the stability of the complex in aqueous 

media.1-3 

Prior to conducting permeability studies in cellulo, three other investigations should be 

carried out which may affect the results of any permeability studies: cytotoxicity, quenching 

and protein binding. Primarily, the cytotoxicity of the complex should be assessed over a 

variety of concentrations to establish the dosing concentration. This may be assessed using 
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a variety of tests (e.g. by perturbation of esterase activity, evaluation of mitochondrial redox 

by MTT assay or membrane permeability assessment by the staining of dead cells) and 

flow cytometry can be used to differentiate between necrotic or apoptotic cell death.1 Trends 

in cytotoxicity may also be elucidated – for example, in one study neutral complexes were 

found to be less cytotoxic than their cationic analogues, and adding pyridine linkers or tert-

butyl groups were found to increase cytotoxicity.3 Luminescence quenching, particularly 

excited-state quenching in the presence of biological reductants such as ascorbate and 

urate, and protein binding should be evaluated prior to cellular microscopy. This is due to 

the fact that some cell permeable complexes were found to be difficult to observe by 

microscopy due to urate quenching emission and weak binding to serum albumin, as 

protein binding shields excited-state quenching.1 Mathieu et al.4 proposed that 

internalisation of lanthanide complexes may be driven by interaction with endogenous 

proteins, therefore the extent of protein binding to a lanthanide complex should be 

investigated to further probe this. 

For accurate determination of the cell permeability and localisation of lanthanide 

complexes, microscopy should be utilised in tandem with other techniques such as ICP-MS 

(with results normalised to the protein content for comparison between samples). This 

allows for semi-quantitative measurement of cell permeability via detection of the 

lanthanide, as the emission observed by microscopy cannot be used to quantify the amount 

of lanthanide complex in cells due to aforementioned luminescence quenching. These 

quenching effects may arise due to the presence of electron rich endogenous molecules, 

interactions with proteins, DNA or promotors and inhibitors (often used to determine cell 

uptake mechanisms), or self-quenching caused by aggregation. Cell uptake and 

localisation studies are often carried out after incubation times between 5 minutes and 24 

hours, with studies of uptake profiles over time suggesting that 4-hour incubation may be 

optimal for cell uptake and egress.1, 3 
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Understanding of the mechanism of cell uptake of lanthanide complexes is also important 

for molecular design, as it was previously proposed that the uptake pathway depends on 

the type of cell and the size, charge and lipophilicity of the compound. If a lanthanide 

complex is detected by a cell surface receptor then cell uptake may occur by receptor-

mediated endocytosis (energy-dependent invagination of the cell membrane) to the 

endosome and the complex must be able to escape to a target organelle before the 

endosome progresses to a lysosome with low pH (increasing the rate of degradation).5 Five 

main pathways have generally been considered for the uptake of lanthanide complexes, 

which are passive diffusion and four pathways of pinocytosis (Figure 4.1), which is a 

category of endocytosis – clathrin-mediated endocytosis, caveolin-mediated endocytosis, 

clathrin- or caveola-independent endocytosis and macropinocytosis.4 The differing 

endocytosis pathways may be investigated by addition of molecules, which may act as 

either promotors or inhibitors of certain pathways (or general inhibitors or promotors such 

as low temperature or poly-L-lysine), during cell uptake and microscopy studies. Previously 

evaluated lanthanide complexes were found to generally enter the cell via 

macropinocytosis, except for at dosing concentrations above their IC50 where some passive 

diffusion may occur - the lack of change in diffusion rates with complexes of varying logP 

values suggests that passive diffusion does not readily occur for lanthanide complexes.3 

Macropinocytosis involves the formation of large vesicles of irregular shape 

(macropinosomes) which can leak complexes into the cell before being recycled and does 

not involve the engagement of receptors.1, 4 
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Figure 4.1: Three of the possible types of endocytosis as possible pathways for the cell uptake of lanthanide 

complexes, with inhibitors and activators of each pathway added. Reproduced with permission from New et al.2 

The subcellular localisation of lanthanide complexes is also crucial to understand for 

imaging of certain processes. Studies of a variety of cell permeable complexes, analysed 

by co-staining with commercial stains for the lysosomes, mitochondria, nucleus and 

nucleolus, found that lanthanide complexes can be assigned to one of four groups in terms 

of their localisation (Figure 4.2): localisation to the lysosome only (the largest group and 

observed at all incubation times); localisation to the mitochondria only (up to 12 hours 

incubation, with lysosomal localisation and degradation observed after 24 hours); 

localisation in both the lysosome and mitochondria; and, localisation to protein-rich nucleoli 

(observed for some complexes at standard dosing concentrations and others only at high 

dosing concentrations, attributed to enhanced membrane permeability at higher 

concentrations). Variations in the overall charge, linker length and type and substitution 

positions between analogues of complexes were observed only to change the subcellular 

localisation of the probe not the cell uptake pathway. However, Figure 4.2 highlights that 

cationic or neutral complexes often exhibit good cell uptake.3 
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Figure 4.2: A labelled cell with examples of europium and terbium complexes and their localisation profiles – 
lysosomal only, mitochondrial only, lysosomal and mitochondrial or nucleolar. Adapted with permission from 

New et al.3 and Montgomery et al.1 ER = endoplasmic reticulum. 

Studies into how the lanthanide ion, complex charge and counterion for cationic complexes 

and helicity of a complex affect subcellular localisation found that these factors have little 

to no effect.3 To further probe the effect of sensitiser structure on cell uptake and 

localisation, a systematic study of substitution of the 7-position of a lanthanide complex’s 

sensitising group was carried out (Figure 4.3). The complex attached to human serum 

albumin (HSA) showed no evidence of cell uptake whilst other analogues showed cell 

uptake and varying levels of cytotoxicity. The C12 amide analogue caused rapid necrotic 

cell death (IC50 8 µM) and the oligo-guanidinium analogue caused apoptotic cell death (IC50 

12 µM) following localisation in the mitochondria. The tert-butyl analogue caused 

membrane destabilisation of HeLa cells after several hours (IC50 58 µM), following 

localisation in the lysosomes and mitochondria. The methyl ester analogue (IC50 78 µM) 

and peptide conjugates were generally nontoxic and were rapidly internalised into 

lysosomes, whereas the hydrophilic carboxylate derivative (IC50 148 µM) was internalised 

slower. These findings are consistent with the hypothesis that protein binding to the 
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sensitising chromophore influences cell uptake and localisation.1, 6, 7 Findings from the study 

of over 60 cell permeable complexes shows that the main factors affecting subcellular 

localisation are the nature of the sensitising moiety, the attachment point and length of linker 

between the sensitiser and the macrocycle and the denticity of the macrocycle used to bind 

the lanthanide ion (as complexes with a free NH in the macrocycle gave more well-defined 

localisation profiles than analogues with four identical pendant arms).3, 8 

 

Figure 4.3: The structure of and substituted groups for a series of lanthanide complexes whose cell uptake and 
localisation were reported by Kielar et al.6, 7 Lys = lysine, Arg = arginine, HSA = human serum albumin, TBDPS 
= tert-butyldiphenylsilyl. 

Other studies into cell permeable lanthanide complexes have investigated the addition of 

delocalised lipophilic cations as mitochondrial targeting groups, alkyl groups for balancing 

uptake against toxicity, cell penetrating peptides (CPPs) and attachment to other targeting 

groups such as a folic acid targeting group, glucose or galactose to target membrane-bound 

glucose transporters and steroids to target progesterone receptors for MRI.9 Alternative 

strategies to get lanthanide complexes into cells include the use of electroporation, 

microinjection into cells, incorporation into dendrimers or treatment with high percentages 

of ethanol or surfactants (such as Triton X) to enhance the permeability of the cell 

membrane.2, 4 
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4.1.1.1 Amino acid and peptide conjugation for cell targeting 

One strategy to aid the cell uptake of lanthanide complexes involves the addition of a 

targeting group, such as the addition of amino acids or peptides which may be recognised 

by the cell.10, 11 

Conjugation to cell penetrating peptides (CPPs) is an emerging strategy for drug delivery, 

among other uses, due to their high transduction efficiency and generally low cytotoxicity. 

CPPs consist of between 4 and 40 amino acid residues. They include examples such as 

polyarginine and oligoguanidinium vectors (as shown at the bottom of Figure 4.3) and are 

often amphipathic or cationic and interact electrostatically with membrane proteins. Their 

mechanism of uptake is dependent on the combination of the CPP and cargo used, its local 

concentration and its interaction with components of the cell membrane, such as lipids and 

polysaccharides.4, 12-14 At lower concentrations (10 µM) they are often taken up by 

endocytosis whereas at higher concentrations uptake by a transduction mechanism is 

observed.15 CPPs can be designed to target one localisation, such as mitochondria 

penetrating peptides, with their logP values suggestive of whether they will target 

mitochondria (high logP) or cytoplasm and nuclei (low logP).11 Delivery of the cargo to the 

cell is improved upon cleavage of the peptide, for example disulfide cleavage by 

intracellular thiols, however this is balanced with retention time within cells as disulfide-

containing compounds are retained longer in cells than those without.4 Whilst natural CPPs 

often have low toxicity, peptides can be cytotoxic and their toxicity to organelles must be 

considered when designing cell permeable conjugates.4, 14 Highly hydrophobic compounds 

are toxic to the mitochondria, causing membrane disruption and apoptosis, whereas high 

concentrations of more hydrophilic compounds can cause toxicity by modification of the 

membrane potential. These limitations mean that CPP conjugates should be dosed at low 

concentrations to avoid toxicity issues. Other issues with CPPs include their poor stability 

in vivo (evidenced by their short plasma half-life) caused by the action of proteases; this 

can be partially overcome by the use of D-amino acids and cyclisation of CPPs. Whilst 
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CPPs can target subcellular localisations they are not cell specific therefore often needed 

to be invasively administered directly to target cells or be selectively activated to release 

their cargo.4, 12-14 

Amino acid residues or short peptides have previously been employed as a prodrug 

strategy to aid the cell uptake and water solubility of hydrophobic organic compounds.16 

Conjugation of amino acids to small bioactive molecules is a growing field, with their use 

applicable for prodrug applications, drug delivery, targeted imaging and the development 

of bifunctional molecules. This conjugation may allow for specific binding and transport of 

compounds with improved pharmacological properties such as greater cell permeability, 

metabolic stability and oral availability.17 Transport of amino acids and their derivatives 

across the cell membrane requires the action of transporters and receptors whose action 

are often dependent on binding affinity, sodium concentration and pH. L-type amino acid 

transporter 1 (LAT1) is one transporter which transports large neutral amino acids, such as 

L-leucine, L-tryptophan and L-phenylalanine, from the extracellular matrix into cells, in 

exchange for the efflux of glutamine and other essential amino acids.18-20 LAT1 carries out 

transport independent of sodium concentration and pH.19 It is an emerging drug target for 

targeting the central nervous system, due to its expression at the blood-brain barrier, or 

selective cancer treatment, as it has been shown to be overexpressed in many cancers and 

is not detected in most non-cancerous tissues.18, 20, 21 However, one limitation of targeting 

LAT1 for cancer treatment is that LAT expression does not increase linearly with increased 

tumour stages, therefore it cannot be used for prognosis evaluation.20 

In addition to the targeting of LAT1, compounds which are activated in the presence of 

protease enzymes which cleave certain amino acids are being investigated, such as NIR 

fluorescent probes which are activated in the presence of aminopeptidase N (APN) and 

leucine aminopeptidase (LAP). Both APN and LAP are highly expressed in tumours, such 

as breast cancer and hepatocellular carcinoma. Increased levels of LAP present in serum 

is associated with liver disease or cancer and APN is a biomarker for cancer diagnosis and 
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treatment, due to its crucial role in tumour growth, therefore detection of proteases is useful 

for diagnosis and prognosis evaluation. APN cleaves alanine residues at the N-terminal site 

whereas LAP hydrolyses leucine residues, however leucine can react in the presence of 

both enzymes – these selectivity issues can be overcome by replacing leucine moieties 

with a tert-butyl alanine group.22-24 Wang et al.25 reported the synthesis and validation of a 

LAP-activated theranostic compound containing the fluorescent anticancer drug 

camptothecin attached to leucine (Figure 4.4a). The compound showed good stability 

between pH 5 and 9, good cell membrane permeability (visible by microscopy in HeLa cells 

after 30-minute incubation with 10 µM compound) and increased fluorescence emission 

and cytotoxicity in A549 cells compared to HEK 293 cells (normal cells). The anticancer 

drug was initially released in the cytoplasm, however after 1 hour localisation in the nucleoli 

were observed. 

Similar strategies have also been employed previously by attaching leucine moieties or 

other amino acids to lanthanide complexes. Laine et al.24 reported two gadolinium 

complexes containing peptides which are known to be activated by caspase and urokinase 

(two enzymes linked to cell death, cancer invasion and metastasis) for detection by MRI 

and PARACEST (Figure 4.4b). Despite the relatively high relaxivities reported (around 4-

5 mM-1 s-1), no change was observed upon incubation of the complexes with their 

corresponding enzymes. This is thought to be due to the coordination of the peptide side 

chains to the lanthanide metal centre, evidence by hydration numbers of zero.  
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Figure 4.4: Literature examples of activatable compounds containing the amino acid leucine (red) or short 
peptide sequences. a) The leucine prodrug of anticancer drug and fluorophore camptothecin, activated in the 
presence of leucine aminopeptidase (LAP).25 b) The gadolinium complexes with peptidic side chains described 
by Laine et al.24 which have high relaxivities and are not activated in the presence of urokinase or caspase-3. 
c) The terbium complexes reported by Mizukami et al. 26 to be activated to the corresponding aniline in the 
presence of calpain I or LAP. d) Complexes reported by Terai et al.22 whose luminescence are quenched in the 
presence of leucine aminopeptidase due to photoinduced electron transfer (PeT). Ln = Eu, Tb. 
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Mizukami et al.26 reported two terbium complexes whose luminescence emission intensity 

increases in the presence of calpain I or LAP (Figure 4.4c), with time-gated imaging used 

to remove fluorescence from the antenna chromophore and the enzymes. Terai et al.22 

reported a complex whose luminescence is decreased in the presence of LAP by causing 

PeT to occur from the resulting aniline species (Figure 4.4d). This change in luminescence 

was detectable using nanomolar concentrations of the lanthanide probe and micromolar 

units of LAP in microplate assay format and was successfully employed to distinguish the 

amount of LAP in serums from healthy patients and cancer patients. 

4.1.1.2 Modifying hydrophobicity 

An alternative strategy for modifying cell permeability may be the modification of the overall 

hydrophobicity of the complex, as lanthanide complexes are typically polar and a balance 

between lipophilicity and solubility is needed. Small changes in hydrophobicity can change 

cell permeability and the mechanism of cell uptake of compounds. The conjugation of 

compounds to alkyl chains, PEG chains, triphenylphosphonium cationic groups or other 

lipophilic organic moieties has been extensively investigated, with only the former briefly 

reviewed here. Appending hydrophobic moieties to compounds decreases their water 

solubility leading to these complexes being initially dissolved in organic solvents prior to cell 

testing, such as ethanol or DMSO which are known to increase membrane permeability.27 

Yao et al.28 reported a series of fluorescent molecular rotor dyes with two alkyl chains C2 to 

C8, C10 or C12 carbons in length and discussed the effect of alkyl chain length on 

permeability, with the short alkyl chains (C2) rapidly entering the cell, compared to no 

permeability observed for long alkyl chains (C8 to C10) or anchoring in the cell membrane 

observed for medium alkyl chains (C3 to C6). Increasing carbon chain length within the 

medium alkyl chain lengths correlated to longer staining of the cell membrane and poorer 

membrane permeability, with 33% of the fluorophore containing two C4 chains observed 

inside the cell after 3 hours. Similar trends have been observed with the attachment of alkyl 

chains to transition metal complexes: Fernandez-Moreira et al.29 reported good uptake of 
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rhenium complexes containing C7 to C17 alkyl chains in MCF7 cells and an increase in 

toxicity observed with longer alkyl chains, with localisation observed in cell membranes as 

opposed to in the cytoplasm for shorter alkyl chains; Svensson et al.30 reported iridium 

complexes containing two alkyl chains, where the complexes containing C2 chains localised 

in the nucleus whereas those containing C6 chains localised in the cell membrane; Caporale 

et al.31 reported iridium complexes containing C6-C16 complexes which exhibited low 

cytotoxicities and localised in the endoplasmic reticulum.  

The effect of addition of alkyl chains or linkers has also been briefly studied for gadolinium 

complexes. Kielar et al.32 reported the high relaxivity of gadolinium complexes (up to 

40.0 mM-1 s-1) appended with either one or two C12 chains due to their self-assembly or 

upon incorporation into liposomes. Hall et al.33 demonstrated that gadolinium-phosphonium 

complexes with alkyl chain linkers (C3-C6) showed better cell uptake than their p-xylyl 

analogues and that the DOTA derivatives displaced reduced tumour cell selectivity 

compared to the DO3A analogues. Zheng et al.34 reported gadolinium complexes based on 

the DTPA ligand with two alkyl chains (C4, C10 or C12) for MRI applications. T1-weighted MR 

images showed that the C4 analogue is not taken up by HeLa cells whereas the C10 and 

C12 showed increased image intensity. Quantification of uptake (in human T-lymphocyte 

Jurkat cells) using the terbium analogues, by measuring emission before addition of cells 

then complex incubation and an emission measurement following the removal of cells to 

analyse the amount of terbium remaining in the supernatant, showed that over 10% of the 

C10 or C12 derivatives were inside or attached to the cell. Subsequent investigation using 

diffusion enhanced FRET suggested that uptake occurs by interaction of the alkyl chain 

with the cell membrane and insertion into the outer leaflet with the terbium remaining in the 

extracellular medium. Overall, previous findings of compounds appended with alkyl chains 

suggests that addition of short to medium length chains (C2-6) may enhance cell 

permeability whereas the attachment of longer chains (C10-12) may cause compounds to get 

stuck in the cell membrane. 
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4.1.2 Multimetallic lanthanide complexes  

Various multimetallic lanthanide complexes  (containing either the same or different 

lanthanide ions), or mixed lanthanide and d-block complexes, have been previously 

reported for their luminescence35-39 and their abilities to respond to stimuli (such as changes 

in pH or interaction with biologically relevant molecules).40-43 Despite their often more 

difficult synthesis (particularly for heterometallic complexes),44, 45 multimetallic lanthanide 

complexes often have the advantage of brighter luminescence in comparison to their 

monometallic analogues, either due to energy transfer pathways or simply the presence of 

two lanthanide metals. 

Simms et al.42 recently reported a series of activatable homobimetallic lanthanide 

complexes (Figure 4.5), employing europium and terbium for luminescence and gadolinium 

for relaxivity measurements. They show that nitro, azide and azobenzene moieties may be 

activated under reducing conditions to give the corresponding aniline, causing an increase 

in luminescence and change in relaxivity, highlighting the differing speed and modes of 

activation. EuEuN3 was shown to be fully converted to EuEuNH2 by NaHS within 2 hours 

and EuEuNO2 is fully converted to EuEuNH2 in the presence of zinc within 18 hours, 

whereas the conversion of EuEuAzo under similar conditions took 48 hours. Activation of 

TbTbAzo 53 to the corresponding aniline TbTbNH2 54 was also observed in the presence 

of the hydrogenase enzyme Hyd-1/C, within 24 hours.42, 46 Despite their results suggesting 

that these complexes may act as effective profluorophores, with TbTbNH2 54 displaying an 

impressive quantum yield of 45% (upon excitation at 310 nm), cell uptake of these 

complexes was not observed in HCT116 cells and is proposed to be due to their polarity. 
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Figure 4.5: The activatable lanthanide complexes reported by Simms et al.,42 (with the EuEuNO2 complex 

previously reported by Blackburn et al.40) whose work is expanded on in this chapter. 

4.1.3 Azobenzenes as activatable moieties 

Azobenzene moieties have been widely studied in recent years for their use as 

photoswitches,47-53 cleavable linkers48, 54-56 and as redox activatable groups for use in 

biological imaging.42, 48, 56-58 Their use in a variety of chemical fields, from nanomaterials to 

PROTACs, has been extensively reviewed elsewhere,48, 49, 59 therefore only a few relevant 

examples are discussed here. Azobenzenes are sensitive to activation (switching and/or 

reduction) under thermal, chemical, photochemical or biological conditions.54 

Photoswitching of the N=N bond between E and Z isomers occurs typically in the presence 

of UV or visible light  and upon heating (Figure 4.6a), causing a change in polarity and 

extension or contraction of the molecule, however the range of activation wavelengths can 

be extended based on structural modifications and gamma irradiation (2-20 Gy) may also 

be employed.47, 48, 53 Azobenzene profluorophores are typically nonfluorescent as 

photoexcitation promotes fast conformational change around the N=N bond, therefore 

conjugation to a fluorophore quenches fluorophore emission, and often the spectral overlap 

between the photoswitch and fluorophore is high, so activation of the photoswitch and 

fluorophore does not occur orthogonally.51, 58 Reduction of azobenzene moieties have 

previously been exemplified in the presence of sodium dithionite or zinc (as chemical 

reductants),42, 56 rat liver microsomes containing several reductases,57, 58 or 

azoreductases,54, 56 which are produced in the colon, therefore azobenzene-containing 

prodrugs may be used to target colorectal cancer and inflammatory bowel disease.  
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Zhang et al.57 reported a reversible azobenzene-containing fluorescent probe which was 

sensitive to cycles of hypoxia and normoxia. Fluorescence (upon excitation at 705 nm) from 

the mitochondria of MCF-7 cells was observed selectively under hypoxia, due to the 

unusual partial reduction of the azobenzene to the phenylhydrazine (Figure 4.6b) by 

stabilisation from the electron withdrawing trifluoromethyl groups. Zhao et al.56 employed 

similar concepts to design a theranostic probe which incorporated a NIR fluorophore and 

an anticancer drug linked by an azobenzene group and demonstrated that the azobenzene 

may be fully reduced and cleaved to release the active fluorophore and drug (Figure 4.6c). 

 

Figure 4.6: a) The properties of azobenzene moieties and possible photoswitching conditions.47, 54 b) An 
example of the partial reduction of the azobenzene moiety to cause an increase in fluorescence and give a 
reversible hypoxia probe.57 c) An example of a reductively cleavable azobenzene linker for delivery of a 
fluorophore and anticancer drug.56 
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There are few examples of azobenzene-containing lanthanide complexes in the literature, 

with most showing that azobenzenes act as effective quenchers of lanthanide 

luminescence. Simms et al.51 demonstrated in their system which contained an azobenzene 

photoswitch and visible or NIR emitting lanthanides (Figure 4.7a) that photoswitching 

(excitation at 530 nm or 405 nm) does not cause lanthanide emission as no energy transfer 

occurs between the azobenzene and the lanthanide centre. Direct excitation of europium 

(393 nm, 5L6←4F0) caused a change in the E/Z composition whereas excitation of 

neodymium at longer wavelengths (580 nm, 4G5/2←4I9/2) caused no change in the ratio of 

E/Z isomers.  

 

Figure 4.7: Literature examples of azobenzene-containing lanthanide complexes. a) Lanthanide complexes 
reported by Simms et al.51 whose photoswitching does not cause lanthanide luminescence. b) Wilharm et al.60 
reported energy transfer between the picolinate azobenzene group and the lanthanide centre only for samarium 
and erbium analogues. c) Azobenzene lanthanide complexes containing a cyclic arginine-glycine-aspartyl 
(cRGD) group for tumour targeting.52 

Wilharm et al.60 recently reported that, in a system containing a picolinate azobenzene arm 

binding to DO3A complexes (Figure 4.7b), energy transfer between the azobenzene and 

lanthanide centre occurs only for samarium and erbium, due to the smaller changes in 
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absorbance observed at the photostationary state (PSS) upon irradiation at 355 nm. 

Cieslikiewicz-Bouet et al.52 reported a series of lanthanide complexes (Nd/Yb/Gd, Figure 

4.7c) containing an azobenzene sensitiser and linker attached to a Arg-Gly-Asp 

cyclopeptide (cRGD), which displayed characteristic neodymium and ytterbium emission 

upon antenna excitation at 450 nm, however no comment on their cell permeability was 

reported despite the attachment of a group for tumour targeting. 

4.2 Aims 

This chapter aims to explore the synthesis and photophysics of lanthanide complexes with 

added moieties to attempt to aid cellular uptake. This expands on the work of Dr Charlie 

Simms on the TbTbAzo complex (53, Figure 4.5),42 as this complex was found to not be 

cell permeable based on fluorescence microscopy in HCT116 cells. Only the terbium homo-

bimetallic complexes were synthesised in this chapter due to the compatibility of the 

wavelengths of excitation and emission (488 nm and 545 nm) with standard fluorescence 

microscopy setups to assess cell permeability and the high photoluminescence quantum 

yield of the reduction product TbTbNH2 54. 

The target complexes, shown in Figure 4.8a, are bimetallic complexes and contain either 

appended leucine or alkyl moieties. The simple TbTbLeu complex 55 is included as an 

initial control to test whether the leucine moiety aids cell permeability. Complexes 56-58 

contain the activatable azobenzene group, based on the proposal that the added moieties 

will increase cell uptake but still be selectively activatable under reducing conditions to 

release the fluorescent TbTbNH2 which will be trapped inside the cell (as it is not cell 

permeable). Attachment of leucine is proposed due to the previously evaluated literature 

(section 4.1.1.1) which suggests that the addition of a leucine moiety may increase cell 

uptake and cause recognition by receptors such as LAT1, and that enzymes such as LAP 

may cause cleavage of the leucine moiety to provide further levels of selectivity (Figure 

4.8b). The addition of C6 or C12 alkyl chains (57 and 58) are proposed as an alternative 
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strategy to increase the overall lipophilicity of the azobenzene lanthanide complexes and 

investigate the possibility of anchoring the bimetallic complex within cell membranes. 

 

Figure 4.8: a) The target complexes for chapter IV, 55-58. b) The proposed modes of activation of TbTbAzoLeu 

57. LAP = leucine amino peptidase. The negative charges are removed for simplicity. 

4.3 Synthesis and characterisation of leucine-based complexes  

4.3.1 Synthesis of leucine-based complex 

Synthesis of the bimetallic leucine terbium complex, TbTbLeu 55, was started by synthesis 

of the aniline triester 63 previously reported by Simms et al.,42 according to Scheme 4.1.  
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Scheme 4.1: The scheme for the synthesis of leucine complex TbTbLeu 55, by amide coupling of the aniline 
triester. Reagents and conditions: i) TBDMSCl, imidazole, DMF, rt, 18 h; ii) NBS, benzoyl peroxide, CCl4, 90-
92 °C, 3 h; iii) 23, Na2CO3, MeCN, 50 °C, 43 h; iv) H2, palladium on carbon, EtOH, rt, 5 days; v) Sn, HCl (2 M), 
EtOH, 80 °C, 2 h; vi) Boc-leucine, isobutyl chloroformate, TEA, dry CH2Cl2, rt, 48 h; vii) Boc-leucine, HBTU, 
HOBt, DIPEA, DMF, rt, 26 h; viii) TFA or HCl, CH2Cl2, rt, 18 h; ix) Tb(OTf)3, NaOH (1 M), H2O, rt, 4 days. 
*Product potentially impure. 
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This was carried out by TBDMS protection of 2,6-dimethyl-4-nitrophenol to give 60 in high 

yields (85-80%). Radical dibromination, using NBS and benzoyl peroxide in CCl4, gave 61 

in poor yields (27-33%, consistent with those previously reported),42, 46 due to the multiple 

bromination products formed and difficulty of separation by column chromatography. 

Alkylation of the DO3A triester 23 with 61 gave the nitro hexaester 62 in moderate yields 

(42-56%). Reduction of the nitro group to amine to give 63 was initially carried out according 

to the procedure documented in the group by Dr Daniel Kovacs.42, 61 The reaction was 

carried out using hydrogen gas and palladium on carbon in ethanol for 5 days, with crude 

1H NMR spectroscopy suggesting poor conversion to the aniline (36-40%). Considering the 

poor conversion, an alternative route for nitro to aniline reduction was carried out using tin 

and HCl to produce tin chloride in situ, using a low concentration of HCl (2 M) to avoid the 

deprotection of the tert-butyl protecting groups. Mass spectrometry of the crude reaction 

after 2 hours suggested that the nitro was fully converted to the amine. The crude 1H NMR 

spectrum of the tin/HCl reaction confirmed full conversion of the nitro compound and the 

integrals for the aromatic region (2 H) and aliphatic region (48 H for the cyclen ring protons 

and 54 H for the tert-butyl protons) appeared correct, despite a difference in shift to that 

previously reported – this is proposed to be due to a difference in pH affecting the chemical 

shifts. The success of the tin/HCl reaction was confirmed by subsequent TFA deprotection 

of the tert-butyl groups to give the corresponding aniline triacid (see section 4.3.3) whose 

1H NMR spectrum matched that reported previously, following purification by precipitation 

from methanol and diethyl ether. 

Prior to attempting to amide couple the aniline triester 63 to Boc-L-leucine, test reactions 

were carried out on the organic moiety 66, which was synthesised via reduction of the 

corresponding nitro compound according to the literature procedure (Figure 4.9a).62 Three 

different amide coupling conditions were carried out in parallel (detailed in Figure 4.9b) to 

yield 67, based on previously reported conditions for amide couplings of anilines.63, 64 Of 

these, the most effective conditions were determined to be the use of isobutyl chloroformate 
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and TEA in dry CH2Cl2 at room temperature (condition 3).  Reaction of Boc-L-leucine with 

the NH2 group of 66 to form the amide over ester formation was validated by the 1H NMR 

spectrum in DMSO (Figure 4.9c) displaying 3 distinct OH/NH signals (with the NH of the 

carbamate attaching the Boc group a doublet due to coupling to the adjacent CH group), 

rather than the two NH signals expected upon ester formation. Amide formation was also 

confirmed by subsequent TBDMS protection to give 68 and comparison to the 1H NMR 

spectrum of 68 formed in an alternative way (Scheme 4.2). 

 

Figure 4.9: a) The synthesis of fragment 66 for amide coupling optimisation of the aniline. Reagents and 
conditions: i) H2, palladium on carbon, MeOH, rt, 18 h;62 ii) Boc-leucine, EDC, HOBt, DMAP, DIPEA, MeCN, rt, 
44 h;63 iii) Boc-leucine, isobutyl chloroformate, TEA, CH2Cl2, rt, 44 h;63, 65 iv) Boc-leucine, DCC, DMAP, CH2Cl2, 
rt, 44 h;64 v) TBDMSCl, imidazole, DMF, rt, 40 h. b) The different amide coupling conditions used for the 
synthesis of 67, where 1=ii, 2=iii and 3=iv. * denotes that the product was columned twice. c) The assigned 1H 
NMR spectrum of 67 in DMSO-d6, containing residual CHCl3 from prior NMR analysis in CDCl3. 
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Following the success of amide coupling on the organic fragment 66, the isobutyl 

chloroformate conditions were employed to attempt the amide coupling of the aniline 

hexaester 63 with Boc-L-leucine (Scheme 4.1 step vi) to form hexaester 64. Crude MS 

analysis of the reaction suggested some product had formed after 24 hours, with 

appearance of peaks with m/z 688 [M+2H]2+ and m/z 1376 [M+H]+, but the reaction 

appeared to stall after this (according to TLC). The reaction mixture was purified by column 

chromatography using methanol and CH2Cl2 (gradient, 0-20%) to give 8 mg of product 

(< 12% yield), which was postulated to be impure by LRMS analysis. Analysis of the 1H 

NMR spectrum of the resulting material in CDCl3 (Figure 4.10a) was unconvincing due to 

the number of broad peaks in the aromatic region, however this is often observed for similar 

compounds due to the fluxional nature of the cyclen rings. Amide coupling of the aniline 

hexaester 63 with Boc-L-leucine was also carried out using the conditions reported by 

Mizukami et al.26 for attachment of leucine to a monometallic terbium complex (without 

isolation of the intermediate triester), using HBTU, HOBt and DIPEA in dry DMF (Scheme 

4.1 step vii). As for the previous attempt, partially impure material was obtained following 

column chromatography (according to LRMS and TLC analysis) in low yields (< 20%). 

Analysis of the 1H NMR spectrum of the resulting material in CDCl3 (Figure 4.10b) 

appeared, as for the previous conditions, to contain multiple broad peaks in the aromatic 

region, however the relative integrals appeared to match more closely with those expected. 

It was concluded that whilst the approach of amide coupling directly onto the previously 

reported hexaester aniline 63 appeared promising it was difficult to determine the purity of 

the resulting complex by 1H NMR analysis. Therefore, synthesis by modification of the arm 

and subsequent alkylation was determined to be a better route to confirm attachment of the 

leucine moiety. 
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Figure 4.10: The 1H NMR spectra of the combined fractions in CDCl3 from the attempted synthesis of hexaester 
64 using two different conditions to give panels a and b, following column chromatography in CH2Cl2 and MeOH. 
Proposed assignments of the peaks are given. a) Material from amide coupling using isobutyl chloroformate 
and TEA in CH2Cl2, b) material from amide coupling using HBTU, HOBt and DIPEA in dry DMF. 

Scheme 4.2a highlights the new proposed route using reactions similar to those utilised for 

the synthesis of the reported bimetallic terbium complexes such as TbTbAzo.  
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Scheme 4.2: a) The synthesis scheme for TbTbLeu 55 by amide coupling prior to attaching to the DO3A core. 
Reagents and conditions: i) TBDMSCl, imidazole, DMF, rt, 24 h; ii) Pd/C, H2, MeOH, rt, 18 h; iii) Boc-leucine, 
isobutyl chloroformate, TEA, CH2Cl2, rt, 40 h; iv) NBS, benzoyl peroxide, CCl4, 92 °C, 3.5 h; v) 23, Na2CO3, 
MeCN, 50 °C, 40 h; vi) TFA, CH2Cl2, rt, 48 h; vii) Tb(OTf)3, NaOH, MeOH, 50 °C, 3 d. b) The products of 
bromination of 68 under radical bromination conditions. 
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TBDMS protection of 2,6-dimethyl-4-nitrophenol to afford 60 was carried out as previously 

and subsequent reduction of the nitro group to aniline to give 69 was achieved with 

quantitative conversion using hydrogen and palladium on carbon in methanol, as previously 

reported.62 These steps were carried out to ensure reaction with Boc- L-leucine at the aniline 

rather than the phenol and to corroborate formation of 68 previously. For this route, 

formation of 68 was carried out by amide coupling of 69 with Boc-L-leucine using isobutyl 

chloroformate and TEA in dry CH2Cl2 and afforded 68 in good yields (80-88%). Radical 

dibromination using NBS and benzoyl peroxide in CCl4, as used for the nitro and 

azobenzene analogues, was attempted to form 70 however this led to bromination on the 

ring and formation of 71 and 72 (Scheme 4.2b), in yields of 14% and 43% respectively, as 

evidenced by LRMS, HRMS and analysis of the 1H NMR spectra (Figure 4.11). This result 

is consistent with previous literature suggestions that electron donating amide or ether 

groups direct bromination ortho on the ring and radical benzylic bromination products are 

not observed, even in the presence of ambient light (rather than heat activation of benzoyl 

peroxide as an initiator, as demonstrated here).66 No further attempts at bromination were 

attempted due to the literature precedent for ring bromination of similar substrates. 
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Figure 4.11: The 1H NMR spectra, in MeCN-d3, of the dibrominated (a, 71) and monobrominated (b, 72) products 
from the reaction of 68 with NBS and benzoyl peroxide in CCl4. The assignment of peaks is denoted, with * 
denoting impurities which do not show crosspeaks in the COSY or HSQC spectra to peaks within the desired 
compound. 

One alternative route to install CH2Z (Z = Cl/Br) groups for attachment of the leucine-

containing chromophore that was considered was formylation, or formation of 

hydroxymethyl groups, following installation of the leucine group (Figure 4.12). Reaction of 
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4-aminophenol with both Boc-L-leucine and Fmoc-L-leucine was carried out as depending 

on the conditions used for the formylation and subsequent steps different protecting groups 

may be deprotected during the synthesis. Amide couplings, to give 73 and 74, were carried 

out using a variety of literature conditions (Figure 4.12a),63, 67, 68 with CDI in dry THF 

producing the highest yield for the Fmoc-L-leucine derivative 74. Formation of the amide 

rather than the ester is confirmed by 1H NMR analysis of the Fmoc-L-leucine compound in 

DMSO-d6 due to the presence of 3 OH/NH peaks expected for the amide (compared to two 

NH/NH2 peaks expected for the ester) and their high chemical shifts (at 7.58 ppm, 9.16 ppm 

and 9.73 ppm), with the 13C NMR spectrum showing a characteristic phenol chemical shift 

of 153.3 ppm.  

 

Figure 4.12: a) The proposed synthetic scheme for TbTbLeu via formylation of the organic amide arm to avoid 
previous bromination issues – steps after halogenation are not reported as they are assumed to be the same 
as in Scheme 4.2. Reagents and conditions: i) Boc-leucine or Fmoc-leucine, isobutyl chloroformate, TEA, 
CH2Cl2, rt, 40 h; ii) Fmoc-leucine, DCC, HOBt, TEA, DMF, rt, 17 h; iii) Fmoc-leucine, CDI, dry THF, rt, 21 h; iv) 
HMTA, HCl (1 M), AcOH, 120 °C, 4 h; v) reduction e.g. NaBH4, MeOH, rt, 4 h; vi) Formaldehyde, NaOH, MeOH, 
65 °C, 18-40 h; vii) bromination or chlorination e.g. SOCl2, CH2Cl2, rt, 2 h. b) Analysis of different amide coupling 
conditions used to form 73 and 74, based on literature procedures.63, 67, 68 

Formation of the desired hydroxymethyl phenol intermediates 75 and 76 were attempted 

with both the Boc- and Fmoc-protected compounds, using either Duff reaction conditions 

(which would require subsequent reduction of the aldehyde intermediate) or direct reaction 
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with formaldehyde in the presence of base,69-71 however no product was isolated with either 

condition used, partially due to time constraints. This route was discontinued due to 

investigation of synthesis of the azobenzene leucine complex, however future work to 

synthesise the leucine complex could involve subsequent reduction of the crude mixture 

from the formation the reaction of 74 with HMTA and purification at a later stage before 

bromination or chlorination, attachment onto the DO3A core, deprotection and lanthanide 

complexation. TBDMS protection of the phenol using this route may be difficult however it 

may not be required for alkylation onto the DO3A core, as attachment of a methyl phenol 

derivative was previously reported without protection of the phenol.72 

4.3.2 Synthesis of leucine azobenzene complex 

Synthesis of the complex TbTbAzoLeu 56 was initially attempted following the route 

described in Scheme 4.3, involving the formation of the azobenzene group and subsequent 

attachment of the leucine moiety prior to attachment to the DO3A core. Selective 

monoprotection of para-phenylenediamine with Fmoc was carried out according to a 

literature procedure,73 using Fmoc chloride and DIPEA in CH2Cl2, to give 79 in good yields 

(66-69%). Fmoc was chosen over Boc due to the acidic conditions required for the first step 

of the azobenzene formation.  
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Scheme 4.3: The scheme for the longer synthesis of azobenzene leucine complex TbTbAzoLeu 56. Reagents 
and conditions: i) Fmoc chloride, DIPEA, CH2Cl2, rt, 2 h; ii) HCl (1 M), NaNO2, H2O, acetone, 0 °C, 30 min; iii) 
2,6-dimethylphenol, NaOH, H2O, EtOH, rt, 18 h; iv) TBDMSCl, imidazole, DMF, rt, 24-72 h; v) Piperidine, DMF, 
rt, 1.5 h; vi) Boc-leucine, CDI, dry THF, rt, 48-72 h; vii) NBS, benzoyl peroxide, CCl4, 90 °C, 3 h; viii) 23, Na2CO3, 
MeCN, 50 °C, 48 h; ix) TFA, CH2Cl2, rt, 24-48 h; x) Tb(OTf)3, NaOH (1 M), H2O, 50 °C, 4 days. 

Diazotisation, using NaNO2 and HCl in water and acetone, of the aniline 79 was carried out 

and subsequent addition to a basic solution of 2,6-dimethylphenol resulted in formation of 

the characteristic deep red colour associated with formation of an azobenzene. These 

conditions employed were similar to those reported by Simms46 (and others) for the 

formation of azobenzenes, however the reaction was carried out in a mixture of water and 
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acetone following the procedure adapted from Zhang et al.74 to aid the solubility of the 

starting material. This reaction worked to afford the Fmoc protected azobenzene 80 in 

variable yields (35-73%) on small scale (50-100 mg of 79) however product was not 

detected by crude 1H NMR spectra, TLC or LRMS analysis on larger scale (>200 mg of 79). 

For scale-up of this reaction multiple smaller batches were carried out (e.g. 3 x 150 mg of 

79) and combined for work-up and purification (by column chromatography using ethyl 

acetate and PE) to give 80 in decent yields (37-50%), with product formation verified by 

LRMS (with m/z 464 [M+H]+ and m/z 949 [2M+H]+ as dominant peaks in the spectra) and 

HRMS. The variable yields and issues with scale-up for this reaction are proposed to be 

due to small changes in pH and changes in local pH and solvation, due to the mixture of 

water and acetone required. The 1H NMR spectrum of 80 (Figure 4.13a) contains a broad 

peak at 7.5 ppm for two aromatic protons (labelled as e) which appeared unusual, however 

the COSY spectrum revealed coupling from a sharp doublet at 7.85 ppm and HSQC 

showed coupling of the broad peak at 7.5 ppm to an aromatic carbon at 119 ppm, which 

partially validates product formation. Subsequent TBDMS protection of this material 

afforded 81 in decent yields (30-53%), with formation verified by LRMS (m/z 578 [M+H]+ 

100% intensity), HRMS and analysis of 1H NMR spectrum (Figure 4.13b) which still 

contained the broad aromatic peak at 7.5 ppm. 
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Figure 4.13: The 1H NMR spectra, in CDCl3, of Fmoc-protected azobenzene analogues 80 (panel a) and 81 
(panel b). The assignments of the peaks are given, based on 2D NMR spectra. Inset zooms of the aromatic 
regions clearly show the broad signal observed for environment e. 

Formation of the TBDMS protected phenol with the Boc-protected leucine moiety attached 

84 was attempted by Fmoc deprotection of 81 and subsequent amide coupling, without 

purification of the free aniline intermediate. However, crude 1H NMR and LRMS analysis of 

the intermediate formed following reaction with piperidine in DMF suggested that the 
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TBDMS and Fmoc groups are both removed, giving intermediate 82 - by LRMS an m/z of 

264 is observed corresponding to [(81-Fmoc-TBDMS)+Na]+ and the 1H NMR spectrum 

(Figure 4.14a) shows formation of a broad NH2 peak at 6.4 ppm. Initial amide coupling was 

attempted using isobutyl chloroformate and TEA in CH2Cl2 however only very impure 

fractions were obtained following column chromatography. Reaction of the deprotected 

mixture with CDI in dry THF obtained 83 in moderate yields (39-43%) and loss of the amine 

peak at 6.4 ppm was observed. The obtained orange oil appeared reasonably pure by 1H 

NMR analysis (Figure 4.14b) in CDCl3. LRMS and HRMS analysis confirmed product 

formation, with LRMS of product-containing column fractions showing peaks corresponding 

to [2M+H]+ and [3M+H]+. However, two spots were observed by TLC analysis (EtOAc : PE 

1:1, Rf 0.49 and 0.64) which suggests that either a small amount of impurity is present or 

that the presence of two spots occurs due to the presence of E/Z isomers, which was also 

observed during the formation of the control complex TbTbAzo (albeit only following 

attachment of the azobenzene species to the DO3A core). 
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Figure 4.14: a) The stacked 1H NMR spectra, in CDCl3, of the Fmoc- and TBDMS-protected starting material 
81 (blue), crude NMR after deprotection by piperidine (green) showing the production of a NH2 peak (suggesting 
at least partial formation of 82), and the crude NMR following the amide coupling (red). b) The 1H NMR spectrum, 
in CDCl3, of the Boc-protected leucine azobenzene compound 83 isolated from the crude by column 

chromatography. The assignments of the peaks are given, based on 2D NMR spectra. 

The obtained material of 83 was subjected to TBDMS protection conditions to yield 84, as 

confirmed by LRMS, HRMS and 1H NMR spectroscopy (Figure 4.15a). The 1H NMR spectra 

of the resulting orange oil clearly contained the product and confirmed previous amide 
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formation as the TBDMS-protected product contained two broad singlets corresponding to 

two NH protons. However, the material showed two spots by TLC analysis and contained 

excess TBDMSCl or a TBDMS-containing by-product, evidenced by peaks in the 1H NMR 

spectrum at 0.1 ppm and 0.9 ppm with relative integrals of roughly 6:9.  

The impure TBDMS-protected material was subjected to the previously used radical 

bromination conditions (NBS and benzoyl peroxide in CCl4 at 90 °C) to determine whether 

this route is viable, as ring bromination was observed previously for the amide-containing 

species (see section 4.3.1) whereas the reaction was successful for the simple azobenzene 

derivative (as previously reported in the literature42 and shown subsequently in section 

4.3.3). The crude 1H NMR spectrum (Figure 4.15b) appeared promising due to the presence 

of peaks at 4.57 and 4.59 ppm consistent with CH2Br environments, with partial conversion 

evident from the remaining CH3 peaks at around 2.3 ppm. Purification of the crude material, 

which showed evidence of degradation over time, gave two impure fractions of 

monobrominated TBDMS-protected compound, confirmed by 1H NMR spectroscopy and 

LRMS.  

These preliminary results for the formation of 84 and proposed formation of 85 in the crude 

material, prior to degradation, suggests that this may be a viable route to formation of 

TbTbAzoLeu, however scale-up is difficult and yields are often low (< 50%). A shorter route 

to TbTbAzoLeu 56 (Scheme 4.4) was also attempted via the direct amide coupling of para-

phenylenediamine with Fmoc-protected leucine and subsequent azobenzene formation, 

requiring two deprotection steps following attachment to the DO3A core to remove both the 

Fmoc and tert-butyl protecting groups.  
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Figure 4.15: a) The 1H NMR spectrum, in CDCl3, of the TBDMS- and Boc-protected azobenzene leucine 
compound 84. The assignments of the peaks are given, based on 2D NMR spectra. * denotes a larger integral 
than expected for the environment – the relative integral appears correct by multiplet analysis. b) The stacked 
1H NMR spectra, in CDCl3, from the bromination of 84 to give 85, showing the starting material (blue) and the 

crude reaction mixture (red), with the peaks corresponding to CH2Br environments highlighted. 
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Scheme 4.4: The scheme for the shorter synthesis of azobenzene leucine complex TbTbAzoLeu 56. Reagents 
and conditions: i) Fmoc-leucine, DCC, dry THF, rt, 16 h; ii) NaNO2, HCl, H2O, acetone, 0 °C, 30 min; iii) 2,6-
dimethylphenol, NaOH, H2O, rt, 18 h; iv) TBDMSCl, imidazole, DMF, rt, 96 h; v) NBS, benzoyl peroxide, CCl4, 
90 °C, 3 h; vi) 23, Na2CO3, MeCN, 50 °C, 48 h; vii) Piperidine, DMF, rt, 1 h; viii) TFA, CH2Cl2, rt, 24-48 h; x) 
Tb(OTf)3, NaOH (1 M), H2O, 50 °C, 3 days. 
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Amide coupling of para-phenylenediamine and Fmoc-protected leucine was carried out 

using DCC in dry THF, following an adapted literature procedure for singular reaction of a 

bisaniline compound with an Fmoc-protected amino acid.75 This gave 88 in moderate yields 

(49-58%), confirmed by LRMS, HRMS and 1H NMR spectroscopy (Figure 4.16a) in DMSO-

d6. Diazotisation in a mixture of water and acetone and addition to a basic solution of 2,6-

dimethylphenol was carried out on a small scale (190 mg of 88) to give 89 in moderate yield 

(59%), confirmed by LRMS, HRMS and 1H NMR spectroscopy (Figure 4.16b). Scale-up of 

this azobenzene formation reaction (using 400 mg 88) showed no product formation by 

LRMS and TLC and, as before, this is attributed to small changes in local pH and solvation. 

TBDMS protection of 89 proceeded poorly, with poor conversion of the starting material 

observed, and product isolated (< 5% yield) with the desired mass by LRMS and HRMS 

(m/z 691 [M+H]+) displayed incorrect integrals between the aliphatic and aromatic region of 

the 1H NMR spectrum.  

Overall, this route for the synthesis of TbTbAzoLeu displays some promise however 

optimisation is required for scale-up of the azobenzene formation step. Future work on this 

route could involve synthesis of the brominated compound without TBDMS protection of 

the phenol and subsequent alkylation onto the DO3A core 23, as alkylation of the DO3A 

core with a phenolic substituent has been previously reported without protection of the 

phenol.72, 76 



154 
 

 

Figure 4.16: The 1H NMR spectra, in DMSO-d6, of the Fmoc-protected leucine aniline compound 88 (panel a) 
and the Fmoc-protected leucine azobenzene compound 89 (panel b). The assignments of the peaks are given, 
based on 2D NMR spectra. 
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4.3.2.1 Attempted synthesis via formation of TbTbOH 

Due to unsuccessful attempts to form the desired complex TbTbAzoLeu by synthesis of the 

ligand and complexation as the final step and uncertainty in the 1H NMR analysis of the 

formed azobenzenes, synthesis of TbTbAzoLeu following complexation was considered. 

Placidi et al.77, 78 reported two azo-linked polymetallic lanthanide complexes (termed here 

as LnLnAzoNO2, 94, and Ln4Azo, 96) which were synthesised by prior formation of 

lanthanide complexes and subsequent diazotisation and azobenzene formation, by 

reaction of a phenol complex (TbTbOH, 93) with either an organic aniline or another 

lanthanide complex (95, Scheme 4.5). Therefore, it was proposed that a similar route could 

be followed to synthesise TbTbAzoLeu 56 (Scheme 4.6). 

 

Scheme 4.5: The reported synthesis77, 78 of two multimetallic azobenzene-containing complexes, LnLnAzoNO2 
and Ln4Azo. Reagents and conditions: i) NaNO2, 1 M HCl in H2O, 4-nitroaniline, 0 °C, 10 mins; ii) 93, 1 M NaOH 
in H2O, 0 °C, 30 mins; iii) NaNO2, 1 M HCl in H2O, 95, 0 °C, 10 mins. 



156 
 

 

Scheme 4.6: The proposed scheme for the synthesis of azobenzene leucine complex TbTbAzoLeu 57 and the 
previously reported TbTbAzoNO2 94, by azobenzene formation with TbTbOH 93Tb, according to previously 
reported procedures.77, 78 Reagents and conditions: i) Acetic anhydride, 140 °C, 18 h; ii) NBS, benzoyl peroxide, 
CCl4, 75 °C, 8-18 h; iii) 23, Cs2CO3, dry MeCN, 82 °C, 47-70 h; iv) TFA, CH2Cl2, rt, 20-48 h; v) Tb(OTf)3 or 
Lu(OTf)3, MeOH, 50 °C, 48-96 h; vi) Tb(OTf)3, MeOH, microwave irradiation, 70 °C, 4 h; vii) 88, HCl, H2O, 
acetone, 0 °C, 30 min; viii) 93, NaOH, H2O, rt, 1 h; ix) Piperidine, DMF, rt, 1 h; x) 4-nitroaniline, HCl, H2O, 0 °C, 
30 min. 
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In contrast to the routes described above which use a TBDMS protecting group on the 

phenol, synthesis of LnLnOH 93 uses an acetate protecting group which is easily removed 

during the alkylation step (step iii in Scheme 4.6) however requires harsher conditions to 

be installed (heating at 140 °C for 18 hours). The acetate precursor 97 was synthesised in 

good yields (73-74%) and radical bromination using NBS and benzoyl peroxide in CCl4 

afforded the brominated compound 98 in adequate yields (13-24%) following isolation by 

precipitation from methanol, rather than column chromatography as carried out for other 

brominated compounds. 

To form the hexaester 99, the brominated compound 98 was reacted with the tert-butyl 

protected DO3A core 23 and initially purified on alumina with CH2Cl2 and MeOH, as 

previously reported.77 Placidi previously conducted trituration in diethyl ether followed by 

hexane to further purify the material, therefore this was attempted on the brown oil that 

resulted after the column purification. The procedure of dissolving the material in diethyl 

ether and adding hexane as an anti-solvent was carried out twice to yield a brown oil and 

an orange oil (from the remaining hexane layer), with LRMS suggesting that both fractions 

contain product and other impurities and fragments (including [23+H]+). 1H NMR analysis 

of the two fractions in CD2Cl2 (Figure 4.17a) confirmed formation of the desired hexaester 

compound from the starting bromo compound and the correct relative integrals between 

the protons of the tert-butyl groups, protons of the cyclen rings and the aromatic region, 

however the aromatic regions of the spectra looked markedly different (Figure 4.17b). The 

hexane layer contained compound with a dominant triplet (at 6.7 ppm) and doublet (at 7.1 

ppm), coupling to each other with a J-value of 7.5 Hz, whereas the brown oil contained 

many broader weaker multiplets in the range 6.4-8.2 ppm. Previous NMR analysis of this 

triester compound78 suggested that at room temperature in CD2Cl2 the spectrum contained 

six broad peaks between 6.82 and 7.33 ppm, similar to that observed here in the brown oil, 

due to the fluxional nature of the compound in solution. Upon heating of the NMR sample 

to 120 °C it was previously reported that two weak peaks were observed around 6.7 and 
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7.2 ppm, similar to that observed here for the hexane layer and consistent with the number 

of aromatic environments expected for the compound. 

 

Figure 4.17: a) The stacked 1H NMR spectra at room temperature in CD2Cl2 of the bromo starting material 98 
(blue) and the two fractions isolated after formation of the hexaester 99, the brown oil (green) and the hexane 
layer (red). b) Zoom of the aromatic region, 6.5-8.5 ppm. 
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Standard TFA in CH2Cl2 conditions were used to deprotect the tert-butyl groups of the two 

fractions separately and precipitation from methanol with diethyl ether afforded two batches 

of the corresponding hexaacid 100 with similar 1H NMR spectra (Figure 4.18). The 1H NMR 

spectra contain two broad peaks in the region 6.8-7.8 ppm, consistent with that observed 

previously78 and suggesting that the fluxional processes of the hexaacids are more rapid 

than the hexaester precursors. 

 

Figure 4.18: The stacked 1H NMR spectra at room temperature in D2O of the hexaacids 100 formed from 
deprotection of the brown oil and hexane layer depicted in Figure 4.17. 

Despite the similarity in the 1H NMR spectra, the two batches of hexaacid 100 formed were 

reacted separately with Tb(OTf)3 in methanol at 50 °C (in the absence of any base, as 

previously reported)77, 78 to afford the desired intermediate complex TbTbOH 93Tb. In an 

attempt to speed up purification, preparative HPLC was initially carried out using various 

methods, including using neutral and acidic solvents (containing 0.1% formic acid) and 

various gradients to purify the reaction mixtures obtained. Despite attempted optimisation, 

messy HPLC traces were observed which hindered product isolation. The product was 

collected based on purity determined by LCMS analysis and detection of the mass of the 
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complex in negative mode, however often fragments and adducts were observed, such as 

the mono Tb-containing complex and methylation of one or multiple acid arms. Due to the 

issues outlined above, low yields of TbTbOH 93Tb were recovered from purification by 

preparative HPLC (< 5%) in lower purity than desired – one sample isolated in this manner 

is termed TbTbOH batch A and its purity is discussed further later, see Figure 4.21. TbTbOH 

formation under microwave irradiation was also investigated as an alternative method of 

synthesis, with microwave irradiation carried out for 4 hours at 70 °C in methanol. 

Purification of the resulting material by preparative HPLC gave similarly low yields of 

TbTbOH with lower purity than desired.  

Following issues with purification by preparative HPLC, purification of complexes by dialysis 

was carried out. Three batches of hexaacid were obtained (from three batches of hexaester, 

Figure A4.1) and analysed by analytical HPLC to determine their purity prior to 

complexation (Figure 4.19a-c). All batches showed several peaks at short retention times 

(3-4 min), as expected for a hexaacid, suggesting that multiple conformational isomers are 

present. The extracted UV trace (from between 3.2-4.5 min, Figure 4.19d-f) for all batches 

appeared the same and consistent with the UV-Vis spectra reported previously, with a 

shoulder around 220 nm (π→π*) and a maxima at 280 nm (n→π*).78 Batch A of the 

hexaacid was reacted with Tb(OTf)3 at 50 °C in MeOH for several days and the reaction 

mixture was subsequently purified by dialysis (1000 Da cut-off), as previously reported,78 to 

give TbTbOH 93Tb batch B. Product formation was confirmed by HRMS analysis (figure 

A4.2a) and showed no evidence of the monometallic species. 
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Figure 4.19: a-c) The total absorbance chromatogram from HPLC analysis of the OH ligand 100, batches A-C 
(20 µL injection, method 4). d-f) Extracted UV traces, from batches A-C, averaged across the range Rt 3.2-4.5 
min. 

The 1H NMR spectrum of 93Tb batch B was measured in D2O at 500 MHz (Figure 4.20a) 

and contained approximately 60 peaks (in the region 600 to -600 ppm), most of which 

appeared sharp, indicative of a rigid structure. There are several possible conformations 
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for TbTbOH (Figure 4.20b) which could give rise to at least 103 possible peaks (not 

including the possibility of difference between Δ-SAP-Λ-SAP, Δ-SAP- Δ-SAP and Λ-SAP-

Λ-SAP conformations), many of which may overlap or be unresolved in the 50 to -50 ppm 

region. Variable temperature (VT) NMR could be carried out in the future to deconvolute 

the spectrum. 

 

Figure 4.20: a) The 1H NMR spectrum of TbTbOH 93Tb batch B in D2O measured at 500 MHz. b) A diagram to 
show the possible different conformations of TbTbOH and the different possible number of peaks it contributes 
to the NMR spectrum, with different coloured dots to show different environments for the bridging phenol moiety. 
This does not take into account possibilities in differing chirality between two SAP or two TSAP conformations. 

Analysis of the peaks from the analytical HPLC traces of the two batches of TbTbOH (Figure 

4.21) suggests that the final material contains two major species with two different extracted 

UV traces (with similar spectra observed at different retention times). These different 

retention times may be observed (under acidic conditions, 0.1% formic acid) due to 

differences in protonation and interaction of different conformational isomers with the 

column, as reported previously for other lanthanide complexes.79 In addition, previous 
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reports on binuclear lanthanide complexes containing bridging phenol chromophores show 

that pH-dependent binding of the phenolate arm to the lanthanide centre occurs.40, 72, 80 

From the HPLC traces of TbTbOH reported here, the first species (Figure 4.21c) has an 

extracted UV trace with maxima around 240 nm (π→π*) and 300 nm (n→π*), whilst the 

second species (Figure 4.21d) has an extracted UV trace with maxima around 235 nm 

(π→π*) and 285 nm (n→π*) – these differences may occur due to changes in protonation. 

Both species have UV traces which exhibit red shifting from the spectrum of the phenol 

ligand, suggesting that the lanthanide centres present are interacting with the bridging 

phenol to some extent. The reported UV-Vis spectrum for TbTbOH78 contains maxima at 

238 nm and 290 nm, which suggests that the previously reported TbTbOH contained a 

mixture of the two species as observed here. Despite the multiple species present, TbTbOH 

93Tb batch B was used for photophysical characterisation for comparison to the previously 

reported properties. In future, analysis using IR spectroscopy could assist with determining 

conversion between 99 and 100 and formation of the terbium complex 93Tb, as changes 

in the carbonyl stretching frequencies are expected upon removal of the protecting groups 

and upon complexation – a shift to lower wavenumber is expected due to weakening of the 

C=O bond. 
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Figure 4.21: a-b) The total absorbance chromatogram from HPLC analysis of two batches of TbTbOH 93Tb, A 
and B (20 µL injection, method 4, acidic conditions). c) Extracted UV trace which is representative of the peaks 
at Rt 6.4 and 10.6 min from batch A and Rt 6.9, 8.4, 10.4 and 10.7 min from batch B. d) Extracted UV trace 
which is representative of the peaks at Rt 8.6 min from batch A and Rt 7.5 min from batch B. 

As the 1H NMR spectrum for the terbium analogue was not previously fully reported, the 

lutetium analogue LuLuOH 93Lu was synthesised for ease of comparison as a diamagnetic 

analogue, using hexaacid 100 batch C. Product formation was validated by HRMS analysis 

(Figure A4.2b). The sharpness of the aromatic peaks in the 1H NMR spectrum (Figure 4.22) 

upon complexation indicates that a more rigid structure has been formed, with the splitting 

pattern of doublet:doublet:triplet observed indicating that each aromatic proton is in a 

different chemical environment and that the average conformation is not planar – this 

splitting pattern was observed previously for LuLuOH at 120 °C in DMSO.78 
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Figure 4.22: The 1H NMR spectra of LuLuOH 93Lu (orange) compared to its ligand (black) to highlight the 
change upon complexation – both complexes in D2O, measured at 400 MHz. 

In contrast to TbTbOH batch B, the LuLuOH complex purified by dialysis was determined 

to be sufficiently pure by analytical HPLC as it contained one major peak (97% pure, Figure 

4.23), with the extracted UV trace from Rt 5.9 min (Figure 4.23b) matching the expected UV 

trace with absorption maxima around 240 nm and 300 nm. This result is consistent with 

either greater purity of the hexaacid precursor used (resulting in purer LuLuOH than 

TbTbOH), despite similar analytical HPLC traces of batches A-C of 100 (Figure 4.19), or 

different ratios of conformations present due to the different sizes of the lanthanide ions – 

Pope et al.72 reported that a similar ytterbium-containing complex may exist in solution as 

a species where the bridging phenolate binds only to one of the ytterbium centres. 
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Figure 4.23: a) The total absorbance chromatogram from HPLC analysis of LuLuOH 93Lu (20 µL injection, 
method 4). b) Extracted UV trace of the peak at Rt 5.7 min. 

Prior to attempting azobenzene formation with TbTbOH and the Fmoc-protected leucine 

aniline compound 88, synthesis of TbTbAzoNO2 94 was carried out on a 20 mg scale 

according to the literature procedure, using 1 M HCl.77, 78 A deep red colour was formed 

upon addition of the basic phenolate solution to the diazotised 4-nitroaniline solution, 

indicative of formation of an azobenzene species. The mass of the complex was observed 

by ESI mass spectrometry, however EI mass spectrometry did not detect the product but 

detected remaining TbTbOH starting material, suggesting that the azobenzene formation 

reaction did not proceed to completion. Nevertheless, the reaction mixture was pH adjusted 

and purified by dialysis (1000 Da molecular weight cut-off) to remove excess small organic 

reagents and byproducts. Some of the resulting material was not fully soluble in aqueous 

solution therefore it was collected separately to the soluble fraction and analysed 

separately, with the water-soluble fraction labelled A and the less soluble fraction labelled 

B. The resulting yield of complex was low (3 mg, 18%, fraction A and 2 mg, 12%, fraction 

B) and the material obtained was impure as dialysis cannot remove remaining unreacted 

TbTbOH. High-resolution mass spectrometry (using ESI, Figure 4.24) detected the desired 

product (negative mode, m/z 1270) in both fractions, however other fragments and 

impurities were observed including remaining TbTbOH (m/z 1121) and TbTbNHNHNO2 

(m/z 1272), which may have formed due to photo-induced reduction of the azo N=N bond. 
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Further analysis using IR spectroscopy could be carried out to confirm presence or 

reduction of the N=N bond. 

 

Figure 4.24: Analysis of the negative mode HRMS spectra (ESI) of the synthesised TbTbAzoNO2 94 fractions. 
a) Comparison of fraction A (black) and fraction B (red) to show that they appear similar by HRMS. b) Compared 
of TbTbAzoNO2 94 fraction A experimental spectrum (black) to the calculated spectra of TbTbOH (orange, 
93Tb), TbTbNH2 (red), TbTbNHNHNO2 (bright pink) and TbTbAzoNO2 (blue). The experimental spectra are 
normalised to 100 for the peak at 1270 corresponding to TbTbAzoNO2. 

To evaluate the level of impurity in the fractions of TbTbAzoNO2 94 further, analytical HPLC 

was carried out (method 4) on both fractions, with fraction A dissolved in H2O and fraction 

B dissolved in H2O/MeOH (Figure 4.25). Due to the increased hydrophobicity of the 

molecule due to the addition of the extra aromatic group, a higher retention time is expected 

than observed for TbTbOH (93Tb, 6-11 minutes) or LuLuOH (93Lu, 5 minutes). As 

predicted, several peaks are observed for both fractions, including peaks with retention 

times between 14 and 20 minutes.  
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Figure 4.25: a-b) The total absorbance chromatogram from HPLC analysis of two fractions of the synthesised 
TbTbAzoNO2 94, A and B (20 µL injection, method 4), injected in H2O (A) or H2O/MeOH (B). c) Extracted UV 
trace which is representative of the peaks at Rt 3.8, 4.4 and 6.8 min from A. d) Extracted UV trace of the peak 
at Rt 14.3 min from A. e) Extracted UV trace of the peak at Rt 14.7 min from A. f) Extracted UV trace of the peak 
at Rt 17.7 min from B. g) Extracted UV trace of the peak at Rt 19.6 min from B. Batch B’s HPLC trace contains 

peaks at 3 minutes however this was found to be due to peaks in the blank run. 

Fraction A contained several peaks in the range 3-6 minutes which had an extracted UV 

trace (Figure 4.25c) similar to that of TbTbOH or its ligand, with maxima at 220 nm and 280 
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nm. Fraction A and fraction B both contained multiple peaks with retention times above 14 

minutes (Figure 4.25d-f) with extracted UV traces containing maxima above 380 nm 

indicative of azobenzene π→π* transitions. The peak at 14.3 minutes in the HPLC trace of 

fraction A (Figure 4.25d) matched the reported UV-Vis spectrum of TbTbAzoNO2 most 

closely, with maxima observed at approximately 280 nm and above 380 nm (reported 

shoulders/maxima at 238 nm, 285 nm and 417 nm).78 Exact comparison to the available 

UV-Vis spectra was not possible using analytical HPLC as the detector is limited to the 

range 200-400 nm. Fraction A of the synthesised TbTbAzoNO2 was used for photophysical 

characterisation (section 4.3.4) for comparison to its previously reported photophysical 

properties, TbTbOH 93Tb, and TbTbAzo 53, despite its impurities. 

The azobenzene formation of TbTbOH 93Tb with the Fmoc-protected leucine aniline 

compound 88 to form the desired TbTbAzoLeu complex 56 (after Fmoc deprotection) was 

attempted both in water only (as for TbTbAzoNO2) and in a mixture of water and acetone. 

When the azobenzene formation reaction was carried out in water only no characteristic 

change in colour to dark red was observed upon addition of the diazotised aniline species 

to the basic solution of TbTbOH and the mass of the Fmoc-protected TbTbAzoLeu 

intermediate was not observed by LRMS or HRMS (EI or ESI). Repetition of the reaction in 

a mixture of water and acetone aided solubility and led to the expected colour change upon 

addition to the basic TbTbOH solution, however no product was observed by HRMS or 

LCMS analysis, with only the aniline starting material and TbTbOH observed. The lack of 

formation of the desired intermediate under these conditions may be due to balancing the 

issues of solubility with the correct pH and conditions for formation and further optimisation 

of reaction conditions is required. 
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4.3.3 Synthesis of control complexes 

4.3.3.1 Synthesis and evaluation of the aniline positive control 

For use as a positive control for reductive assays and photophysical characterisation, 

TbTbNH2 54 was synthesised from the triester intermediate 63 used in the attempted 

synthesis of the leucine complex (Scheme 4.7). Standard TFA deprotection conditions in 

CH2Cl2 were used to give the amine triacid 101 and subsequent reaction with terbium triflate 

and purification by dialysis (1000 Da cut-off) yielded the positive control TbTbNH2 54 as a 

purple solid in good yields (48%), following the previously reported procedures.42 Product 

formation was confirmed by HRMS analysis (Figure A4.2c) and 1H NMR analysis (Figure 

4.26). 

 

Scheme 4.7: The synthesis of the positive control TbTbNH2 54. Reagents and conditions: i) TFA, CH2Cl2, rt, 
18 h; ii) Tb(OTf)3, NaOH (1 M), H2O, rt, 4 days. 

The 1H NMR spectrum of TbTbNH2 54 was measured at 500 MHz in D2O (Figure 4.26, dark 

red) and compared to that previously reported (Figure 4.26, black) to confirm and evaluate 

the success of the formation via reduction of the nitro group (as opposed to reduction of the 

azide moiety reported previously). The spectra generally matched well, with some 
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differences observed which may be due to differences in concentration of the samples and 

baseline correction and phasing of the spectra. Approximately 50 peaks were observed 

(excluding any peaks in the 50 to -50 ppm region which may be obscured by phasing of the 

broad water signal), consistent with a mixture of conformational isomers being present 

(SAP-SAP, TSAP-TSAP and SAP-TSAP) as observed with TbTbOH. The 1H NMR 

spectrum of an older sample of TbTbNH2 was evaluated (Figure 4.26, purple) and a large 

difference in the spectrum was observed, in comparison to other batches, which is expected 

as aniline complexes are known to undergo slow degradation/oxidation over time, therefore 

the old sample may contain amounts of nitroso, hydroxylamine and nitro species. 

 

Figure 4.26: The 1H NMR spectra of TbTbNH2 54 in D2O measured at 500 MHz, comparing the previously 
reported spectrum (black), a fresh sample of TbTbNH2 (dark red) and an old sample (purple, NMR carried out 
several months after synthesis, purification and lyophilisation). 

The purity of the resulting TbTbNH2 material was analysed by analytical HPLC using the 

method reported previously (method 4) for these bimetallic complexes.42, 46 The HPLC trace 

suggested that the complex was formed in good purity (92% from the total absorbance 

chromatogram) with a retention time of 3.3 minutes (Figure 4.27a) and an extracted UV 

trace (Figure 4.27b) that matched the UV-Vis spectrum reported previously.  
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Figure 4.27: a) The total absorbance chromatogram from HPLC analysis of TbTbNH2 54 (20 µL injection, 
method 4). b) Extracted UV trace of the peak at Rt 3.3 min. 

4.3.3.2 Synthesis and evaluation of the simple azobenzene control 

TbTbAzo 53 was synthesised (Scheme 4.8), according to previous procedures,42, 46 to be 

used as a control for reductive assays and photophysics. The synthetic route involved the 

formation of the azobenzene moiety, in water only, to give 102 and subsequent reactions 

involved TBDMS protection of the alcohol to give 103, radical bromination to give 104, 

alkylation of the DO3A triester 23 to give 105, deprotection to give the triacid 106 and 

complexation and purification by dialysis (1000 Da cut-off) to yield TbTbAzo 53 in an overall 

yield of 3% across 6 steps. Product formation was validated by HRMS analysis (Figure 

A4.2d). The 1H NMR spectrum of TbTbAzo was not recorded due to low solubility in D2O, 

consistent with literature reports. 
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Scheme 4.8: The synthesis of the standard azobenzene complex TbTbAzo 53, previously reported by Simms 
et al.42, 46 Reagents and conditions: i) HCl (1 M), NaNO2, H2O, 0 °C, 10 min; ii) 2,6-dimethylphenol, NaOH, H2O, 
EtOH, rt, 1 h; iii) TBDMSCl, imidazole, DMF, rt, 18 h; iv) NBS, benzoyl peroxide, CCl4, 92 °C, 3 h; v) 23, Na2CO3, 
MeCN, 60 °C, 40 h; vi) TFA, CH2Cl2, rt, 18 h; vii) Tb(OTf)3, NaOH (1 M), H2O, 50 °C, 4 days. 

The purity of TbTbAzo 53 was evaluated by analytical HPLC (method 4) and was 

determined to be 95% pure (by total absorbance) with a retention time of 13.8 minutes 

(Figure 4.28a) and an extracted UV trace (Figure 4.28b) which roughly matched the 

literature UV-Vis spectrum, with maxima around 270 nm and 370 nm. The literature HPLC 

trace of TbTbAzo, using the same method, contained two peaks with retention times of 15.3 
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and 15.5 minutes attributed to the E and Z isomers of the azobenzene moiety.42, 46 The 

differences observed here (one peak and shorter retention time) may be attributed to a 

different ratio of E/Z isomerism or overlapping peaks from E/Z isomers and the shorter 

retention time may be observed due to use of a new HPLC column. The peak in the total 

absorbance chromatogram at a retention time of 3.1 minutes is likely an artefact as it was 

generally removed by subtraction of a blank sample (Figure A4.3), however the peak was 

still observed at 220 nm – this may be indicative of a small amount of contamination with 

TbTbNH2 by degradation.  

 

Figure 4.28: a) The total absorbance chromatogram from HPLC analysis of TbTbAzo 53 (20 µL injection, 
method 4). b) Extracted UV trace of the peak at Rt 13.8 min. The peak at 3 min is mostly an artefact from the 
lack of blank subtraction but may indicate a small amount of TbTbNH2 present due to degradation. 

4.3.4 Photophysical characterisation of bimetallic complexes 

Photophysical characterisation of TbTbOH batch B 93Tb, LuLuOH 93Lu, TbTbAzoNO2 

batch A 94, TbTbNH2 54 and TbTbAzo 53 were carried out for validation of their formation 

by comparison to previously reported data.42, 77, 78 Measurements were generally carried out 

at 90 µM in PBS buffer (10 mM, pH 7.4) for comparison to the literature42 and between 

complexes, except for lifetime analysis of TbTbOH which was carried out in water for 

comparison to previous work.78 

UV-Vis analysis of TbTbNH2 54 and TbTbAzo 53 (Figure 4.29a) showed similarly shaped 

spectra to that previously reported, with TbTbNH2 54 containing two maxima at 248 nm and 
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310 nm. The spectrum of TbTbAzo contains a maximum at 364 nm, corresponding to the 

π→π* transition, with a shoulder around 445 nm corresponding to the n→π* transition. The 

presence of the electron withdrawing azo group in comparison to the electron donating 

aniline group (para to the phenolate) causes the red shifting of the transitions related to the 

central aromatic ring. The UV-Vis spectra of TbTbOH 93Tb (batch B) and LuLuOH 93Lu 

(Figure 4.29b) appear similar in shape as expected, with maxima at 236, 288 and 300 nm 

for TbTbOH or 244 and 296 nm for LuLuOH, consistent with previous reports. The spectrum 

of LuLuOH shows higher absorbance and more well-defined peaks compared to TbTbOH 

due to the presence of only one peak in the analytical HPLC trace (compared to over three 

for TbTbOH), suggestive of the presence of one species. The spectrum of TbTbAzoNO2 94 

(batch A) is also consistent with the literature spectrum, with maxima at 268 nm and 

approximately 400 nm. The more red-shifted transitions observed for TbTbAzoNO2 94 

compared to TbTbAzo 53 are consistent with introduction of the electron withdrawing nitro 

group para to the azobenzene linkage. Further analysis (emission spectra) was not carried 

out on batch A of TbTbAzoNO2 due to its high level of impurity according to analytical HPLC. 

 

Figure 4.29: The UV-Vis spectra of a) TbTbAzo 53 (green) vs TbTbNH2 54 (red) and b) TbTbOH 93Tb (batch 
B, orange) and LuLuOH 93Lu (purple) vs TbTbAzoNO2 94 (batch A, blue) at 90 µM in PBS (10 mM, pH 7.4).  

Steady-state emission spectra (Figure 4.30), for comparison between TbTbOH 93Tb, 

TbTbNH2 54 and TbTbAzo 53, were measured upon excitation at 294 nm (maxima of 
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TbTbOH chromophore), 318 nm (within the absorbance band of the TbTbNH2 

chromophore) and 488 nm (direct terbium excitation, 5D4 ← 7F6, avoiding excitation of the 

azobenzene chromophore). As expected from the absorbance spectrum, excitation at 

294 nm (Figure 4.30a) gave intense terbium emission from TbTbNH2 54 and TbTbOH 93Tb 

whereas little emission was observed for TbTbAzo 53. A similar trend was observed upon 

excitation at 318 nm (Figure 4.30b), however weaker luminescence of TbTbNH2 was 

observed due to its lower absorbance at this wavelength. Therefore, exciting the 

chromophores of TbTbNH2 54 and TbTbOH 93Tb may be used to sensitise terbium 

emission. The antenna effect was validated for TbTbOH 93Tb upon comparison of 

excitation at 238 nm, 296 nm and 488 nm (Figure A4.4). Excitation of the chromophore of 

TbTbAzo 53 at 364 nm (π→π*, Figure A4.5) gave weak terbium emission, suggesting that 

the azobenzene ligand is a poor sensitiser of terbium emission, and the spectrum was 

dominated by weak ligand fluorescence. Excitation of 53 at 294 nm or 318 nm gave greater 

emission intensity than excitation at 364 nm, which suggests that a small amount of 

TbTbNH2 was present in the sample due to degradation. Direct excitation of terbium 

(488 nm, 5D4 ← 7F6) gave rise to emission in the case of TbTbNH2 54 and TbTbOH 93Tb 

with almost no emission observed for TbTbAzo 53 and is consistent with the general 

emission trend TbTbNH2>TbTbOH>TbTbAzo, which is also observed under UV lamp 

irradiation (254 nm) of the cuvettes (Figure 4.30d). This trend in emission and sensitisation 

is consistent with a change in triplet energy level of the chromophore based on the electron 

donating or electron withdrawing power of the substituent para to the coordinating phenol. 

The time-gated emission spectra upon excitation at 294 nm, 318 nm or 488 nm (Figure 

A4.6) displayed similar trends in emission intensity. 
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Figure 4.30: Steady state emission spectra of TbTbAzo 53 (red), TbTbOH 93Tb (orange) and TbTbNH2 54 
(green) at 90 µM in PBS (10 mM, pH 7.4). a) λex 294 nm, 400 nm filter, slits 3 / 1 nm; b) λex 318 nm, 400 nm 
filter, slits 1 / 1 nm; c) λex 488 nm, 495 nm filter, slits 5 / 1 nm. d) Photo of cuvettes under 254 nm UV lamp, from 
left to right TbTbAzo, TbTbOH, TbTbNH2. 

The excitation spectra of TbTbAzo 53, TbTbNH2 54 and TbTbOH 93Tb were measured, 

between 240 nm and 450 nm, whilst monitoring the 545 nm transition (5D4→7F5) and the 

normalised excitation spectra were compared to their normalised UV-Vis spectra (Figure 

4.31) to examine the effect of ligand sensitisation on terbium emission. The excitation 

spectrum of TbTbAzo 53 (Figure 4.31a) showed that no terbium emission is observed due 

to sensitisation of the azobenzene ligand and any emission may occur due to presence of 

a small amount of TbTbNH2 54 impurity, due to the peak at 300 nm. This is consistent with 

the greater steady-state emission observed upon excitation at 294 nm and 318 nm 

compared to previous reports42 and a very small amount of TbTbNH2 54 present in the 

sample could cause large changes in the spectra due to its high reported quantum yield 

(45% upon excitation at 310 nm).42 The excitation spectra of TbTbNH2 54 (Figure 4.31b) 

and TbTbOH 93Tb (Figure 4.31c) overlay well with their absorbance spectra, giving further 
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evidence that the chromophores can efficiently sensitise terbium by energy transfer 

processes. The excitation spectrum of TbTbOH (Figure 4.31c) suggests that it contains 

multiple species but only one species can sensitise terbium, consistent with previous 

findings on the multiple possible species of LnLnNH2.80 

 

Figure 4.31: The UV-Vis (pink) and excitation (black) spectra of a) TbTbAzo 53, b) TbTbNH2 54, and c) TbTbOH 
93Tb. All complexes 90 µM in PBS (10 mM, pH 7.4), λem 545 nm, λex 240-450 nm, 400 nm filter, a) slits 1 / 
10 nm, b) slits 1 / 1 nm, c) slits 1 / 3 nm. 

The luminescence lifetimes of TbTbAzo 53, TbTbNH2 54 and TbTbOH 93Tb (monitoring at 

545 nm, 5D4→7F5) were evaluated at 90 µM in water (for TbTbOH) or PBS (10 mM, pH 7.4) 

upon excitation of the ligand or direct metal excitation, plotted against a logarithmic scale 

and compared to previous reported values (Figure 4.32). Upon analysis of fitting to 

monoexponential and biexponential decays, all exhibited biexponential decay profiles 

(based on visual analysis of suitability of fit and the adjusted R2 values which are reported 

in the figure caption), which may be attributed to the presence of multiple species and 

impurities. The measured long components of the lifetimes are within error of each other 
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(2.40-2.61 ms) suggesting that the emissive terbium centres are in similar environments. 

The long component of the lifetimes of TbTbAzo is postulated to arise from the small 

amount of TbTbNH2 impurity present (which causes most of the luminescence intensity) 

and the short component is due to the TbTbAzo (more consistent with the previously 

reported lifetime of 1.0 ms). 

 

Figure 4.32: Lifetimes (averages of 3 scans) of a) TbTbOH 93Tb in H2O, λex 286 nm, λem 545 nm; b) TbTbNH2 
54 in PBS, λex 294 nm, λem 545 nm; c) TbTbAzo 53 in PBS, λex 294 nm, λem 545 nm. All complexes measured 
at 90 µM, 400 nm filter, flash count 5, sample window 1 ms, 61 ms per flash. a) slits 4 / 1 nm, R2 0.999; b) slits 
5 / 1 nm, R2 0.999; c) slits 20 / 2 nm, R2 0.998. d) Analysis of lifetime data (all fitted to biexponential decay, 
percentage contribution of each component to overall decay given in brackets). 
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4.4 Synthesis of alkylated azobenzene complexes 

Synthesis of the hexyl and dodecyl azobenzene complexes, 57 and 58, was attempted 

according to Scheme 4.9, in order to investigate the effect of modifying hydrophobicity on 

cell uptake of the previously reported terbium azobenzene complex.  

Alkylation of 4-nitrophenol, using the corresponding iodoalkane to give 107 and 108, was 

carried out following a procedure reported for alkylation using iodohexane.81 The resulting 

alkylated nitro compound was purified by column chromatography and the yield of the 

dodecyl substrate (69-72%) was lower than that of the corresponding hexyl derivative (87-

91%), likely due to solubility issues. Reduction of the nitro group to the corresponding 

aniline was carried out using tin and HCl and the aniline generated (109 and 110) was used 

immediately in the azobenzene forming step to avoid degradation. The diazotisation step 

was carried out in a mixture of water and acetone, instead of just water as carried out for 

TbTbAzo, following the procedure adapted from Zhang et al.74 to aid the solubility of the 

starting material and increase the yield (55-62% yield for 111 compared to 42% yield in 

water only). Initial attempts at TBDMS protection of the phenols 111 and 112 appeared 

promising – purification of 113 resulted in a 38% yield and the crude 1H NMR for 114 

contained characteristic peaks (see chapter VI).  

Further synthesis was planned to proceed similarly to the synthesis of the other bimetallic 

complexes, involving radical bromination, alkylation of the DO3A triester 23, deprotection 

of the tert-butyl protecting groups and complexation and purification by dialysis. However, 

this was not carried out due to lack of time and solubility concerns with the dodecyl 

substrate. 
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Scheme 4.9: The proposed synthetic scheme for the synthesis of alkylated azobenzene complexes 57 and 58. 
Reagents and conditions: i) Iodoalkane, K2CO3, dry MeCN, 90 °C, 18-24 h; ii) Sn, HCl (3 M), EtOH, 80 °C, 2 h; 
iii) NaNO2, H2O, HCl (12 M), acetone, 0 °C, 30 min; iv) 2,6-dimethylphenol, NaOH, H2O, 0 °C to rt, 18 h; v) 
TBDMSCl, imidazole, DMF, rt, 48 h; vi) NBS, benzoyl peroxide, CCl4, 90 °C, 3 h; vii) 23, Na2CO3, MeCN, 50 °C, 
48 h; viii) TFA, CH2Cl2, rt, 18 h; ix) Tb(OTf)3, NaOH (1 M), H2O, 50 °C, 4 days. 
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4.5 Conclusions and future work 

In conclusion, the attachment of leucine or another amino acid for cell targeting or 

expansion of this work is a promising route to aid the cell permeability of activatable 

lanthanide complexes. Development of amino acid containing or derivatised azobenzene 

lanthanide complexes is more synthetically challenging than their unsubstituted derivatives, 

however some promising routes have been explored to expand the group’s knowledge in 

this area and act as a basis for future work on the development for cell permeable 

lanthanide complexes. In particular, synthesis of TbTbLeu 55 via direct amide coupling onto 

the aniline hexaester should be further investigated and the synthesis of TbTbAzoLeu 56 

following either of the routes involving azobenzene formation and amide coupling prior to 

complexation may be optimised to increase yields to enable formation of the desired 

complex. Other methods for attachment of the leucine amino acid or short peptide 

sequences should be investigated, such as attachment of a DO3A derivative to a solid 

support for peptide elongation by solid-phase peptide synthesis (SPPS)82 or attachment of 

a DO3A amine compound to a polystyrene resin by an amide-containing linker which may 

be used for peptide synthesis and subsequently cleaved.24 In addition, synthesis of the 

complex TbTbAzoNH2 (59, Figure 4.8b) should be carried out in parallel with the synthesis 

of TbTbAzoLeu for use as a control for activation of TbTbAzoLeu in the presence of LAP or 

other aminopeptidases. The activation of TbTbLeu and TbTbAzoLeu should be monitored 

(by luminescence spectroscopy and HPLC) in the presence of zinc and NH4Cl, LAP, HSA 

and urate or ascorbate prior to evaluation of cell permeability. The cell permeability of these 

lanthanide complexes should be assessed by ICP-MS and time-gated imaging techniques, 

including fluorescence lifetime imaging microscopy (FLIM) and phosphorescence lifetime 

imaging microscopy (PLIM), in addition to the use of standard confocal microscopy 

techniques. 

Further work is also required for the synthesis of alkyl-appended azobenzene complexes 

57 and 58, with preliminary synthesis appearing promising. This work is lower priority than 
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attachment of amino acids or peptide chains as modification of the hydrophobicity of the 

complex may have little effect on cell permeability, based on prior literature, or may cause 

attachment to cell membranes with the lanthanide centre facing into the extracellular 

medium or formation of micelles (as the complexes will have a hydrophilic head and long 

hydrophobic tail). Whilst the attachment of lanthanide complexes to the outer of cells may 

be interesting for increasing the relaxivity of gadolinium complexes, this would not aid the 

development of biologically applicable redox activatable lanthanide complexes. These 

complexes are also likely to have poor solubility in aqueous media so would need to be 

analysed diluted from stock solutions in DMSO. Their hydrophobicity, relative to the non-

alkylated analogues, could be analysed by chromlogD to asses any effect of lipophilicity on 

cell uptake. To prevent alkyl-appended complexes from getting stuck in the cell membrane, 

bimetallic complexes should be designed to contain an alkyl linker between the macrocycle 

and the activatable azobenzene moiety, however with this design smaller changes in 

properties upon activation is likely. 

In addition to exploration of the strategies mentioned above, alternative methods to aid cell 

permeability could be investigated. Attachment of a single leucine residue could be 

expanded by investigation of attachment of other, charged, amino acid residues or CPPs. 

The design of a series of complexes with short peptide chains (3-5 amino acids) attached 

to the azobenzene could be utilised to investigate any effect of overall charge and 

hydrophobicity on the uptake of these bimetallic azobenzene lanthanide complexes. Vesicle 

encapsulation and attachment to an antibody are other strategies which have been 

successfully employed in the literature for transport of compounds into the cell. Successful 

imaging of lanthanide complexes in cellulo has been previously achieved with many cationic 

complexes, therefore this strategy should be explored further by swapping the carboxylate 

arms for amides, which could also be derivatised with amino acids to aid uptake. 
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5. Chapter V: Conclusions and Future Work 

This project aimed to design new organic and lanthanide-based tools for cancer imaging 

purposes, with a focus on redox activatable probes for selective imaging, for application in 

diagnosis and prognosis evaluation. Whilst none of the reported compounds were tested in 

vivo, this work acts as proofs-of-concept for development of novel activatable imaging 

probes and their challenges in design and synthesis. 

Chapter II described the synthesis, photophysical characterisation and activation of a series 

of fluorophores (DCM-OH, resorufin and Me-Tokyo Green) appended to the activatable 

tetrafluoroaryl azide moiety, to determine whether activation under hypoxia and X-ray 

irradiation occurs in the same way. Development of these profluorophores highlighted the 

challenges of probe design, as the overall water solubility of the profluorophore is crucial 

for activation and use in biological applications, and the nature of the fluorophore and the 

linker between the fluorophore and activatable group partially dictate level of activation. It 

was found that the resorufin tetrafluoroaryl azide profluorophore had a tolerable 

chromlogD7.4 value of 6.89 (PFI 10.89), compared with 8.10 for DCM-N3 (PFI 11.10) which 

has previously been tested in cellulo (despite it being outside the PFI range typically 

targeted for good ADME properties). This correlated with greater water solubility than the 

previous DCM-based profluorophores, despite some remaining solubility issues. The 

resorufin profluorophore exhibited desired poor emission properties at low concentration in 

PBS, in contrast to the fluorophore resorufin which exhibited bright emission under the 

same conditions. Activation in the presence of zinc as a chemical reductant showed release 

of resorufin and an initial corresponding increase in fluorescence emission, with HPLC 

analysis consistent with 5% release of the active fluorophore. Preliminary testing in the 

presence of CYP enzymes showed selective release of resorufin (< 2%) under hypoxic 

conditions, whereas X-ray irradiation up to 60 Gy showed no release of the fluorophore. 

Further validation of the resorufin profluorophore should be carried out in the presence of 
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the CYP enzymes under hypoxia and normoxia at lower concentrations (to minimise any 

effect of precipitation still observed) and activation in the presence of other biological 

reductants, such as glutathione, should be measured to further validate selectivity. From 

these data, these tetrafluoroaryl azide profluorophores cannot be used for activation under 

both hypoxia and X-ray irradiation and further probe design and optimisation is needed to 

develop selective imaging probes which employ new activatable moieties. These new 

moieties should allow for selective activation under a variety of conditions and using lower 

doses of X-ray irradiation, more consistent with those currently used clinically for 

radiotherapy for treatment of large tumours (< 2 Gy). To increase the level of activation of 

profluorophores, methyl groups should be added to ether linkages or carbonate or 

carbamate linkers should be employed over ether linkages, although this will likely decrease 

their selectivity. To summarise, development of a moiety which may be activated 

complimentarily under differing conditions (such as hypoxia and X-ray irradiation) would be 

highly beneficial for clinicians for cancer imaging and treatment, however it requires 

substantial further work from the field. 

In addition to these organic profluorophores, a series of activatable lanthanide complexes 

(Ln = Eu, Tb, Gd) were designed for optical imaging and MRI applications (chapter III). The 

lanthanide complexes were ester derivatives of LnDOTA with appended nitrobenzyl, 

nitroimidazole or benzyl groups as redox activatable moieties (and a negative control). They 

demonstrated abilities to act as turn-on imaging agents, with an increased in time-gated 

lanthanide-centred emission intensity observed upon direct excitation of terbium, and turn-

on MRI contrast agents, with a small change in relaxivity observed between the activatable 

gadolinium-containing nitrobenzyl and nitroimidazole complexes and the known MRI 

contrast agent GdDOTA. The gadolinium nitrobenzyl analogue was previously reported to 

be selectively activated in the presence of nitroreductases, and both nitrobenzyl and 

nitroimidazole moieties have been used in the design of many hypoxia-activated prodrugs 

and profluorophores. Notably, it was determined that activation of these lanthanide 
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complexes under both chemical and enzymatic conditions suggested that formation of the 

desired LnDOTA complex occurs primarily due to hydrolysis of the ester bond, with differing 

rates observed consistent with the different ester groups attached. These complexes were 

also found to have poor cell permeability. Therefore, the poor selectivity profiles, evidenced 

by the activation via hydrolysis, and the lack of cell permeability precludes the biological 

applicability of these complexes. To partially overcome these issues and further validate 

these probes, amide or carbamate linkages could be investigated as alternatives to esters 

to alter the reactivity and selectivity profiles of activation of these monometallic complexes 

and further investigation into the enzymatic rates of activation could be carried out by testing 

the nitroimidazole and benzyl complexes in the presence of the nitroreductase enzyme (and 

NADH). To aid clinical applicability as activatable MRI contrast agents, relaxivity of any 

future activatable lanthanide complexes should be evaluated at 11.7 T and also at lower 

clinically used field strengths, 1.5-3.0 T. Despite the initial promise of these activatable 

monometallic complexes given the changes in luminescence, relaxivity and the chemical 

and enzymatic activation observed, further optimisation of complex design is required to 

obtain imaging probes with the desired characteristics for application in vivo, including 

larger changes in emission intensity upon activation (to remove doubt of evidence of any 

turn-on effects in the presence of disease markers) and enhanced selectivity. 

To attempt to overcome issues with cell permeability, chapter IV highlighted some 

preliminary work done involving attachment of leucine or alkyl chains to previously a 

reported bimetallic terbium azobenzene complex to facilitate transport into the cell. The 

synthetic work carried out highlighted the difficulty in assessment of derivatisation following 

attachment to the cyclen core and formation of derivatised azobenzene compounds. 

Nevertheless, the routes explored may be used as foundations for future work on 

derivatisation of bimetallic complexes to aid cell uptake. Alternative methods for the 

attachment of leucine, or other amino acids to modulate the charge of the complex such as 

arginine or lysine, should be investigated, such as amide coupling following attachment of 
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an azobenzene DO3A precursor to a polystyrene resin to enable late-stage peptide 

functionalisation. Development of a series of azobenzene bimetallic lanthanide complexes 

bearing short peptide chains (e.g. 3 amino acids) could be advantageous to explore the 

effect of charge and hydrophobicity on the uptake of these complexes, or attachment to 

CPPs could be explored. Cationic complexes could be explored through the use of amide 

arms, bearing amino acids, to replace the carboxylate arms. Other methods to aid cell 

uptake of bimetallic activatable lanthanide complexes include vesicle encapsulation, the 

use of alkyl chains between the macrocycle and activatable group to modify hydrophobicity 

or attachment to an antibody. Cell permeability of activatable lanthanide complexes should 

be evaluated by ICP-MS analysis and time-gated measurements such as PLIM, in addition 

to standard confocal microscopy techniques. 

For successful translation of redox activated prodrugs and profluorophores to the clinic, 

many challenges remain. The success of prodrugs in phase II clinical trials and beyond 

requires new methodologies for accurate assessment of the level of hypoxia, requiring 

probes that are sensitive to small changes in oxygen percentage and those that distinguish 

between transient, persistent and historic hypoxia. The poor vasculature present in hypoxia 

requires consideration of probe localisation vs activation – if only a small percentage of the 

probe will reach the desired highly hypoxic region, then a large proportion must be activated 

for detection. This also highlights the need for imaging techniques with low detection limits 

whilst ensuring good sensitivity and removal of background signal, such as the use of time-

gated microscopy for optical imaging. Optimising the balance between timescale of 

activation, speed of the imaging technique used and clearance times is also crucial. Further 

understanding of the biology of hypoxia is needed for greater knowledge of which enzymes 

and pathways are upregulated, to design probes with good selectivity and avoid side 

effects. Overall, the future of activatable imaging probes relies on advances in chemistry 

and biology for the development of highly selective and reversible probes, for cancer 
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diagnosis and prognosis evaluation, and theranostic probes, for cancer treatment, which 

may be detected by techniques where the background signal is minimalised.
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6. Chapter VI – Experimental Procedures 

6.1 General Experimental 

Reagents and solvents were obtained from Sigma Aldrich U.K., ChemCruz, Alfa Aesar, 

Fluorochem and BDH Chemicals and were used without further purification. Dry toluene, 

dry THF and dry DMF was taken from MBRAUN MB5 Solvent Purification System, and 

stored over 3 Å molecular sieves, under an inert atmosphere of argon, unless otherwise 

stated. Dry EtOH and dry MeOH were purchased from Sigma Aldrich U.K. in SureSealTM 

bottles and used without further purification. 

Concentration in vacuo refers to solvent removal under reduced pressure at 40 °C using a 

Buchi™ rotary evaporator, unless otherwise stated. Brine is a saturated aqueous solution 

of NaCl. Hexane includes a mixture of hexane isomers. Petroleum ether (PE) refers to the 

fractions collected between 40–60 °C when distilled. Celite® refers to Celite®545 filter aid, 

treated with sodium carbonate, flux-calcined, which was purchased from Sigma Aldrich. 

Deionised H2O (18.2 Ω) was obtained using an Elix® Essential H2O purification system. 

Unless otherwise stated, all reactions were carried out open to air at atmospheric pressure. 

Silica gel column chromatography was carried out manually using Merck silica gel (40–

63 µm) or using a Biotage® Selekt flash purification system using Biotage® Sfär pre-packed 

silica columns (10 g, 25 g, 50 g or 100 g, as appropriate) or Modus B series silica or neutral 

alumina columns (12 g, 25 g or 40 g, as appropriate). The crude compound was either 

dissolved in analytically pure solvents or dry loaded onto silica and eluted with solvents as 

supplied. 

Melting points were obtained using a Gallenkamp melting point apparatus and are 

uncorrected. The crystallisation solvent is given in parentheses. 

Infrared (IR) spectra were obtained from neat samples or thin liquid films. The spectra 

were recorded using a Bruker Tensor 27 spectrometer with a diamond ATR module. 
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Absorption maxima are given in wavenumbers (cm-1) and reported as s (strong), m 

(medium), or w (weak). 

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254 

aluminium-supported thin layer chromatography sheets. Spots were visualised by 

absorption of UV light (λmax 254 nm and 365 nm), or thermal development after staining with 

an aqueous solution of potassium permanganate. 

1H NMR spectra were recorded using a Bruker AVIII HD 400 nanobay (400 MHz), AVII 500 

(500 MHz) or Bruker NEO 600 (600 MHz) spectrometer with broadband helium cryoprobe, 

using the stated solvent as a reference for internal deuterium lock. The chemical shift data 

for each signal are given as δH in units of parts per million (ppm). The spectra are calibrated 

using the solvent peak with the data provided by Fulmer et al.1 The multiplicity of each 

signal is indicated by: s (singlet); br s (broad singlet); d (doublet); t (triplet); q (quartet); m 

(multiplet) or combinations thereof. The number of protons, n, for a given resonance signal 

is indicated by nH. Where appropriate, coupling constants (J) are expressed in Hz and are 

recorded to the nearest 0.1 Hz. Identical proton coupling constants (J) are averaged in each 

spectrum and reported to the nearest 0.1 Hz. MestReNova software was used for NMR 

analysis. 1H NMR spectra were assigned using 2D NMR such as COSY, HSQC and HMBC, 

as necessary. ‘ar’ refers to aromatic protons. 

13C NMR spectra were recorded using a Bruker AVIII HD 400 (101 MHz) or Bruker NEO 

600 spectrometer (151 MHz) with broadband proton decoupling, using the stated solvent 

as a reference for internal deuterium lock. The chemical shift data for each signal are quoted 

as δC in parts per million (ppm). The spectra are calibrated using the solvent peak with the 

data provided by Fulmer et al.1 The chemical shift is quoted to 1 decimal place, unless two 

different shifts are indistinguishable, where the shifts are then quoted to 2 decimal places. 

MestReNova software was used for NMR analysis. 13C NMR spectra were assigned using 

2D NMR such as HSQC and HMBC. ‘ar’ refers to aromatic carbons. 13C[19F] denotes 

fluorine-decoupled carbon NMR spectroscopy. 
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19F NMR spectra were recorded using a Bruker AVIII HD 400 (376 MHz) or Bruker NEO 

600 spectrometer (565 MHz) with broadband proton decoupling, using the stated solvent 

as a reference for internal deuterium lock. The chemical shift data for each signal are quoted 

as δF in parts per million (ppm). The multiplicity of each signal is indicated by: s (singlet); d 

(doublet); m (multiplet) or combinations thereof. The number of fluorines, n, for a given 

resonance signal is indicated by nF. The spectra are uncalibrated. Where appropriate, 

coupling constants (J) are expressed in Hz and are recorded to the nearest 0.1 Hz. 

Mass spectra using electrospray ionisation (ESI) were acquired on either an Agilent 6120 

(low resolution), H2Os LCT Premier bench-top orthogonal acceleration time-of-flight LC-

MS system (low resolution), Thermo Exactive High-Resolution Orbitrap FTMS (high 

resolution) or BioAccord system (high resolution) from solutions of MeOH, H2O or MeCN. 

Mass spectra using electron ionisation (EI) were obtained by Dr Victor Mikhailov using an 

Agilent 7200 Accurate Mass Q-TOF GC-MS connected to a 7890 GC system, DIP 

solid/liquid state thermal probe and a CTC Analytics HTS PAL Sample Manager. m/z values 

are reported in Daltons and followed by their percentage abundance in parentheses. Data 

were processed using MestReNova software. For comparison of experimental HRMS data 

to theoretical spectra, calculated spectra were produced using Molecular Weight Calculator 

version 6.50 and data were processed in Origin software. 

Specific optical rotations were obtained using a Bellingham + Stanley ADP450 

polarimeter, measuring at 589 nm (sodium D line) with a path length of 0.5 dm at 20 °C. 

The concentration (c) is expressed in g / 100 mL (g / 0.1 dm3). Specific rotations are denoted 

[α]DT
 (where T denotes the temperature in Celsius) and is calculated using the following 

equation: [α]𝐷
𝑇 =

𝛼

𝑙𝑐
, where α is the observed rotation and l is the path length in dm and c 

is the concentration in g/mL. For some compounds containing chiral centres, specific optical 

rotations were not determined, e.g. for compounds not fully soluble in chloroform at 

0.5 mg/mL (either particulates in solution or opaque/cloudy suspension), too darkly 



194 
 

coloured for the sample to be see-through in the polarimeter or where not enough pure 

compound remained for measurement. 

Analytical high-performance liquid chromatography (HPLC) was carried out to 

determine compound purity. Samples (in MeCN or H2O) were all filtered through a PTFE 

syringe filter (0.2 µm) or nylon syringe filter (0.45 µm, 13 mm) before injection. HPLC was 

carried out on an Agilent 1260 Infinity II system with the column oven at 40 °C and UV/Vis 

detection at 220, 240, 254, 280, 360 and 480 nm, with percentage purity averaged over a 

minimum of three wavelengths (chosen based on the absorbance spectrum of the 

compound). A gradient method is used, where solvent A is H2O with 0.1% formic acid and 

B is MeCN with 0.1% formic acid. For methods 1A and 2A, a Poroshell 120 EC-C18 

reverse phase column (4 µm, 4.6 × 150 mm) was used with a constant flow rate of 1 ml min-

1. For methods 1B, 2B and 3, a Poroshell 120 EC-C18 reverse phase column (4 µm, 4.6 

× 100 mm) was used with a constant flow rate of 1 ml min-1. For method 4, a Discovery® 

cyano column (5 µm, 24 cm × 4.6 mm) was used with a constant flow rate of 1 ml min-1, 

with UV-Vis detection at 220, 240, 254, 272, 280, 360 and 480 nm. HPLC data were 

processed using MestReNova software. 

Table 6.1: The solvent gradient used for Analytical HPLC method 1. 

Time 
/ min 

%A %B 

0.0 95 5 

5.0 95 5 

10.0 50 50 

10.5 5 95 

11.0 5 95 

11.50 95 5 

14.0 95 5 

Table 6.2: The solvent gradient used for Analytical HPLC method 2. 

Time 
/ min 

%A %B 

0.0 95 5 

1.0 95 5 

11.0 5 95 

16.0 5 95 
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Table 6.3: The solvent gradient used for Analytical HPLC method 3 (for chapter III nitroreductase assay). 

Time 
/ min 

%A %B 

0.0 95 5 

5.0 95 5 

10.0 50 50 

10.5 5 95 

11.0 5 95 

11.5 95 5 

14.0 95 5 

Table 6.4: The solvent gradient used for Analytical HPLC method 4. 

Time 
/ min 

%A %B 

0.0 98 2 

5.0 98 2 

25.0 0 100 

27.0 0 100 

29.0 98 2 

30.0 98 2 

Method 5 was carried out on a PerkinElmer Flexar system with a Binary LC pump and 

UV/Vis LC detector set at 254 nm. A ZORBAX Rx-Sil column (5 µm, 4.6 x 250 mm) was 

used with a constant flow rate of 1 ml min−1 and an isocratic method of 25 min in 

CH2Cl2:hexane (50:50). HPLC data were processed using Chromera 3.4.4 software. 

Method 6 was carried out on a PerkinElmer Flexar system with a Binary LC pump and 

UV/Vis LC detector set at 254 nm. A SUPELCOSIL™ LC-Si column (5 µm, 4.6 x 250 mm) 

was used with a constant flow rate of 1 ml min−1 and an isocratic method of 25 min in 

CH2Cl2:hexane (50:50). HPLC data were processed using Chromera 3.4.4 software. 

Liquid chromatography mass spectrometry (LCMS) was carried out to determine 

compound purity of more polar compounds. Samples (in MeCN or H2O) were all filtered 

through a PTFE syringe filter (0.2 µM) or nylon syringe filter (0.45 µM, 13 mm) before 

injection. Electrospray ionisation (ESI) liquid chromatography mass spectrometry (LCMS) 

were acquired using Agilent 1260 Infinity II® fitted with a Quat. Pump (G7111A), 

autosampler (G7129A), column oven (G7130A), DAD (G7115A) and mass spectrometer 

(G6125B). The signals acquired were at 254 nm, 365 nm, 220 nm, 450 nm and 280 nm 
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(with bandwidths of 4 nm and reference wavelength of 800 nm, bandwidth 100 nm). Solvent 

A is H2O with 0.1% formic acid and B is MeCN with 0.1% formic acid. LCMS data were 

processed using Chromera 3.4.4 software and MestReNova software.  

Method 1: See Table 6.5 for the solvent gradient. A Poroshell 120 SB-C18 (50 × 

2.1 mm, 2.7 µM) column was used, with the column oven at 40 °C, a flow rate of 

0.4 mL min-1 and injection volumes between 2 µL and 20 µL. 

Table 6.5: The solvent gradient used for LCMS method 1. 

Time 
/ min 

%A %B 

0.0 95 5 

0.5 95 5 

3.5 5 95 

6.5 5 95 

7.0 95 5 

10.0 95 5 

Method 2: See Table 6.6 for the solvent gradient. A Poroshell 120 SB-C18 (50 × 

2.1 mm, 2.7 µM) column was used, with the column oven at 40 °C, a flow rate of 

0.4 mL min-1 and injection volumes between 2 µL and 20 µL. 

Table 6.6: The solvent gradient used for LCMS method 2. 

Time 
/ min 

%A %B 

0.0 95 5 

1.0 95 5 

6.0 50 50 

6.5 5 95 

7.0 5 95 

7.5 95 5 

10.0 95 5 

Methods 3 and 4: See Table 6.7 for the solvent gradient. Method 3: A Poroshell 

120 SB-C18 (50 × 2.1 mm, 2.7 µM) column was used, with the column oven at 

40 °C, a flow rate of 0.4 mL min-1 and injection volumes between 2 µL and 20 µL. 

Method 4: An InfinityLab Poroshell 120 EC-C18 (4.6 × 100 mm, 4.0 µM) column 

was used, with the column oven at 40 °C, a flow rate of 0.4 mL min-1 and injection 

volumes between 10 µL and 50 µL. 
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Table 6.7: The solvent gradient used for LCMS methods 3 and 4. 

Time 
/ min 

%A %B 

0.0 95 5 

5.0 95 5 

10.0 50 50 

10.5 5 95 

11.0 5 95 

11.50 95 5 

14.0 95 5 

Semi-preparative high performance liquid chromatography (SP-HPLC) was carried out 

on an Agilent Infinity II 1260 fitted with a preparatory pump (G7161A), prep sampler 

(G7157A), VWD (G7114A), fraction collector (G1364E) and a 1 mL sample loop. Complex 

samples (in MES buffer 0.5 M, filtered through a 0.45 µm nylon syringe filters, for chapter 

III, or in MeOH, for chapter IV) were purified with sample detection at 254 nm. An Agilent 5 

Prep C18 (p/N 446905-702, 50 × 21.2 mm, 5 µL) column was used, with injection volumes 

between 100 µL and 750 µL. 

Method 1: used for nitrobenzyl complexes, where solvent A is H2O (no additive) 

and solvent B is MeCN (no additive), flow rate 25 mL min-1.  

Table 6.8: The solvent gradient used for SP-HPLC method 1. 

Time 
/ min 

%A %B 

0.0 95 5 

4.0 95 5 

11.0 50 50 

12.0 5 95 

14.0 95 5 

15.0 95 5 

Method 2: used for nitroimidazole complexes, where solvent A is H2O (no additive) 

and solvent B is MeCN (no additive), flow rate 15 mL min-1.  
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Table 6.9: The solvent gradient used for SP-HPLC method 2. 

Time 
/ min 

%A %B 

0.0 95 5 

5.0 95 5 

7.0 5 95 

8.0 5 95 

8.5 95 5 

9.0 95 5 

Method 3: used for benzyl complexes, where solvent A is H2O (no additive) and 

solvent B is MeCN (no additive), flow rate 15 mL min-1. 

Table 6.10: The solvent gradient used for SP-HPLC method 3. 

Time 
/ min 

%A %B 

0.0 95 5 

2.0 95 5 

9.0 50 50 

11.0 50 50 

13.0 5 95 

15.0 5 95 

16.0 95 5 

Method 4: used for TbTbOH, where solvent A is H2O (0.1% formic acid) and solvent 

B is MeCN (0.1% formic acid), flow rate 15 mL min-1. 

Table 6.11: The solvent gradient used for SP-HPLC method 4. 

Time 
/ min 

%A %B 

0.0 95 5 

1.0 95 5 

6.0 50 50 

7.0 5 95 

8.0 5 95 

9.0 95 5 

10.0 95 5 

Method 5: used for TbTbOH, where solvent A is H2O (no additive) and solvent B is 

MeCN (no additive), flow rate 15 mL min-1. 
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Table 6.12: The solvent gradient used for SP-HPLC method 5. 

Time 
/ min 

%A %B 

0.0 95 5 

1.0 95 5 

7.0 80 20 

9.0 80 20 

10.0 50 50 

11.0 50 50 

12.0 95 5 

13.0 95 5 

UV-Visible spectroscopy was carried out on a Jasco V-770 UV-Visible spectrophotometer 

running Spectra Manager™ software, with the temperature maintained at 25 °C. Samples 

were measured in high precision cuvettes from Hellma Analytics (path length 10 mm), using 

technical grade solvents, and the cuvette was washed with H2O and EtOH between 

measurements. Measurements were obtained using Spectra Measurement (with 0.2 or 

1 nm interval, analysed at 200 nm min-1 or 400 nm min-1) and analysed using Origin™ 

software.  

Fluorescence and phosphorescence spectroscopy and lifetime measurements were 

carried out on a Horiba Jobin Yvon FluoroLog® 3-12 equipped with a Hamamatsu R928 

detector and a double-grating emission monochromator. Measurements were made with 

varying slit entrance and exit lengths depending on the sample, as indicated under the 

relevant spectra. A 2” square unmounted longpass 400 nm filter (FGL400S) or 495 nm filter 

(FGL495) from Thor labs was used where indicated for the lanthanide complexes. 

Degassing measurements were carried out by purging the sample under a flow of argon 

for minimum 30 min and transferring the solution inertly to a degassing cuvette, which had 

been purged by alternating between vacuum and argon three times prior to sample addition. 

The data was obtained using FluorEssence™ software and processed using Origin™ 

software. Luminescence data were measured on fluorophores, profluorophores or 

lanthanide complexes determined to be over 90% pure by 1H NMR, Analytical HPLC or 

LCMS, unless stated otherwise. Ligands were left under high vacuum for 2 days prior to 
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luminescent measurements to remove any residual solvent. Cuvettes were cleaned with 

25% nitric acid, H2O and EtOH between lanthanide complexes. 

Centrifugation for the purification of compounds was carried out on a Beckman Coulter® 

Allegra® X-12R Benchtop Centrifuge and centrifugations were performed at 3750 rpm for 

5 min at 4 °C. For centrifugation during assays, a Labnet Prism™ Mini Centrifuge was used 

and centrifugations were performed at 6000 rpm for 4 min.  

Buffer preparation 

• Phosphate buffer saline (PBS) (pH 7.4) for chapters II and III: one phosphate 

buffered saline tablet (Thermo ScientificTM, OxoidTM, BR0014G) was dissolved in 

deionised H2O (100 mL) and the pH adjusted to pH 7.4 using NaOH (2M aqueous 

solution) and HCl (1M aqueous solution). 

• 10 mM PBS (pH 7.4) for chapter IV: to 800 mL deionised H2O was added NaCl 

(8.0 g), KCl (0.2 g), KH2PO4 (0.245 g) and Na2HPO4 (1.44 g). The pH of the solution 

was adjusted to pH 7.4 using HCl (1M aqueous solution). 

• 2-(N-Morpholino)ethanesulfonic acid (MES) (1M, pH 6.0) for chapter III: 2-(N-

morpholino)ethanesulfonic acid (MES) monohydrate (5.43 g, 25.0 mmol) was 

dissolved in deionised H2O (20 mL) and the pH adjusted to pH 6.0 (tolerance 6.00-

6.04) using NaOH (6M aqueous solution). Deionised H2O was added to give a total 

volume of 25 mL. 

• Sodium phosphate buffer (100 mM, pH 7.4) for chapter III hydrogenase assay: 

Na2HPO4 (70 mg) and NaH2PO4 (484 mg) were dissolved in deionised H2O (40 mL) 

and the pH adjusted to pH 7.4 using NaOH. 

pH measurements were determined using a Jenway pH Meter 3305, with an Aldrich 

glass/calomel combination electrode, or a HI 2210 pH Meter. Calibration for the Jenway pH 

Meter 3305 was carried out between pH 4.0–7.0 or 7.0–10.0 immediately before use, with 

buffer solutions of phthalate (pH 4.0), phosphate (pH 7.0) and borate (pH 10.0) from Fisher 
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Scientific. Electrodes were stored in a 4 M aqueous potassium chloride solution. Calibration 

for the HI 2210 pH Meter was carried out between pH 4.0-7.0 or 7.0-10.0 immediately 

before use, using the calibration solutions (pH 4.01, 7.01 and 10.01) from Hanna 

Instruments. Following use, the electrodes were submerged in the cleaning solution (HI 

7061) for at least 20 min then stored in the storage solution (HI 70300), from Hanna 

Instruments. 

Dialysis was carried out using Spectra-Por® Float-A-Lyzer® G2 dialysis membrane tubing 

made from regenerated cellulose ester (Spectrum Labs®) with a molecular weight cut-off 

of 500 Da (for EuDOTA and TbDOTA) or 1000 Da (for chapter IV complexes). The dialysis 

tube was activated by 15% EtOH solution in deionised H2O (10 min, 2 L), and rinsed with 

deionised H2O before soaking with deionised H2O (10 min, 2 L) before use. The deionised 

H2O was removed and the complexes (dissolved in deionised H2O) transferred into the 

dialysis tube. The dialysis tube was stirred gently for a minimum of 2 days in deionised H2O 

(2.5 L) and the H2O replaced a minimum of 6 times. 

Cyclic voltammetry (CV) 

Cyclic voltammetry measurements were carried out by Euan Sarson. The electrochemical 

cell consisted of a polyether ether ketone (PEEK) cylinder containing a working electrode 

of glassy carbon (1 mm diameter), a counter electrode of graphite, and a leak-free Ag/AgCl 

reference electrode (LF-2-45 model from Alvatek Ltd). The cell was constructed in a N2
 

atmosphere in a glove box (O2 < 2 ppm), using a 1 mM solution of complex dissolved in 

degassed H2O containing PBS at pH 7.4 or 100 mM MES and 50 mM NaCl at pH 6.0. After 

construction, the air-tight electrochemical cell was removed from the glove box and 

connected to an Autolab potentiostat. Nova 2.1.7 software was used to run the cyclic 

voltammograms with step potential = −0.00244 V and scan rate = 0.02 Vs-1, cycling thrice. 

The Ag/AgCl reference electrode was calibrated to vs SHE by measuring the CV of 

FcMeOH (0.1 mM in 4:1 buffer:EtOH) and comparing to a literature midpoint potential (E1/2) 

value of +420 mV vs SHE for FcMeOH.2 Cathodic onset potentials were calculated as 
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follows: the first linear sweep of the voltammogram of the blank (buffer only) was subtracted 

from the first linear sweep of the voltammogram of the substrate; a linear baseline in a 

region of no electrochemical activity was applied; the potential at which the difference 

between the substrate voltammogram minus blank voltammogram current and the baseline 

current began to increase exponentially, exceeding a threshold value of 10 nA (instrument 

current resolution 0.0003% of current range), was taken to be the cathodic onset potential. 

6.2 Assay conditions 

6.2.1 Chemical zinc reduction assay  

6.2.1.1 For organic profluorophores – chapter II 

The chemical reduction assay protocol was adapted from O’Connor et al.3 

Method 1: To a 50 μM solution of 1/3/4 (6 μL from a 5 mM stock solution in DMSO, 

0.05 µmol, 1.0 eq.) in IPA (894 μL), aqueous ammonium chloride (10% w/v, 100 μL) was 

added. Zinc powder (3 mg, 0.05 mmol, 1000 eq.) was then added to the cuvette and the 

cuvette was physically shaken between obtaining fluorescence spectra at regular intervals 

(where t = 0 refers to a spectrum obtained before addition of zinc). The start and end 

timepoints were analysed by HPLC (method 2B, with detection at 220, 240, 280, 360, 368, 

442 and 480 nm). 

Method 2: Aqueous ammonium chloride (10% w/v, 20 μL) was added to a solution of 3/4 

(1 mg, 0.002 mmol, 1.0 eq., 1 mM) in DMF (2 mL). Zinc powder (5 mg, 0.072 mmol, 36 eq.) 

was then added and the resulting mixture was stirred at rt for 24 h. Filtered aliquots of 60 

μL (to give 20 μM final concentration) were taken at regular time intervals (where t = 0 refers 

to before the addition of the zinc powder) and added into DMSO:PBS buffer (1:1, 3 mL) for 

fluorescence and UV-Vis spectroscopy. Aliquots of 50 µL (final concentration 100 µM) were 

taken at regular timepoints and diluted in MeCN (450 µL) for analysis by HPLC (50 µL 

injection, method 2B, with detection at 220, 240, 280, 360, 368, 442 and 480 nm). The 
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fluorescence spectroscopy blank was 80 µL DMF dissolved in 4 mL of a 1:1 solution of 

DMSO:PBS buffer. At the end of the assay, 0.2 mL of the HPLC aliquots (in MeCN) were 

diluted with 0.2 mL PBS and incubated at 37 °C overnight. The incubation in PBS had no 

effect on the HPLC traces and level of fragmentation observed. For use as a positive 

control, the corresponding fluorophore (5/6) was analysed at 20 µM in DMSO:PBS 1:1 for 

fluorescence and UV-Vis spectroscopy and at 50 µM in MeCN:PBS for HPLC analysis. 

Adapted literature procedure.4 

Method 3 - HPLC: Aqueous ammonium chloride (10% w/v, 38 μL) was added to a solution 

of 15/16/resorufin/Me-Tokyo Green (400 µL from a 1 mM stock solution in DMSO, to give 

a concentration of 100 µM) in DMF (3562 µL). Zinc powder (1 mg, 38 eq.) was then added 

and the resulting mixture was stirred at rt for 24 h. At specified time intervals, aliquots (100 

µL) were taken, 450 µL PBS buffer (pH 7.4) and 450 µL MeCN was added and the solution 

was filtered through a PTFE syringe filter. The samples were analysed by HPLC at 480 nm 

(50 µL injection, final concentration 10 µM, method 2B). t = 0 refers to an aliquot taken 

before the addition of zinc. At the end of the assay, HPLC samples were added to 0.5 mL 

PBS and evaluation with pH paper indicated their pH to be between 7 and 8. Overnight 

incubation in PBS had no effect on the HPLC traces and level of fragmentation observed. 

For use a positive controls, resorufin and Me-Tokyo Green were dissolved in DMF and 

NH4Cl as above and diluted with MeCN:PBS as above for HPLC analysis. Adapted 

literature procedure.4 

Method 4 – fluorescence: Aqueous ammonium chloride (10% w/v, 38 μL) was added to a 

solution of 15/16/resorufin/Me-Tokyo Green (400 µL from a 1 mM stock solution in DMSO, 

to give a concentration of 100 μM) in DMF (3562 µL). Zinc powder (1 mg, 38 eq.) was then 

added and the resulting mixture was stirred at rt for 24 h. At specified time intervals, aliquots 

(40 µL) were taken, PBS buffer (2 mL, pH 7.4) was added and the solution was filtered 

through a PTFE syringe filter. The filter was washed with MeCN (2 mL) and the resulting 
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solution was analysed by fluorescence spectroscopy (final concentration 1 µM). t = 0 refers 

to an aliquot taken before the addition of zinc. 

Data analysis for methods 3 and 4: Analysis of the fluorescence spectra obtained was 

carried out in the usual way, using Origin software and subtracting the corrected spectrum 

of the blank sample (where DMSO was added instead of the desired compound). HPLC 

spectra analysis was carried out in two ways: 

1. Simple HPLC spectra analysis – percentages for each peak were taken directly from 

the HPLC spectra and plotted against time, using Origin software. 

2. Comparative HPLC spectra analysis – the area of a desired peak was divided by 

the area of that peak for either the t = 0 aliquot (for analysis of loss of the starting 

azide compound) or the corresponding area of the peak of the corresponding 

fluorophore analysed at the same time point (for analysis of fluorophore release, to 

account for any change in the dye over time). This data was plotted as the 

percentage of compound (remaining or released) over time, using Origin software. 

6.2.1.2 For lanthanide complexes – chapter III 

The chemical reduction (zinc) assay was carried out by dissolving compound in D2O and 

adding 10% v/v NH4Cl solution (10% w/v in D2O) and zinc (38 eq.). The chemical reduction 

assay protocol was adapted from O’Connor et al.3 

A stock solution of the europium complex was prepared by dissolving the solid in 3.78 mL 

D2O, with 540 µL aliquoted for each reaction. A 10 wt% solution of NH4Cl in D2O was 

prepared and 60 µL was added to the full assay and the NH4Cl control. Following the 

addition of zinc powder (38 eq.) to the required solutions, the resulting solutions (prepared 

as described in  

Table 6.13) were heated to 37 °C (using a heat block) for the indicated time and stirred, 

cooled to rt, filtered (0.45 µm nylon syringe filter) and diluted with D2O (100 µL). 1H NMR 

spectra (for europium complexes and a standard 1H experiment) were ran at 500 MHz. The 
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NMR samples were diluted with H2O for LRMS analysis. For EuNB only, the 6-h timepoint 

was further analysed by HRMS. The masses used for each europium complex are 

described in Table 6.14. 

Table 6.13: The composition of the solutions prepared and analysed in the chemical reduction assays of the 
europium complexes. Volumes are given in µL. 

Description 
Volume of 
compound 
stock  

Volume of 
NH4Cl solution  

Volume of 
D2O  

Zinc added? 

t = 0 h 540 - 60 No 

Timepoints  
(t = 1, 2, 4, 6 h) 

540 60 - Yes 

D2O control  
(t = 6 h) 

540 - 60 No 

NH4Cl control  
(t = 6 h) 

540 60 - No 

Table 6.14: The masses of complex and zinc powder used for each chemical reduction assay. Time is given in 
hours. 

Europium 
complex 

Mass of 
complex 
in stock 
solution  
/ mg 

Mass of 
complex 
per vial  
/ mg 

Mass of 
zinc for 
t=1 
timepoint  
/ mg 

Mass of 
zinc for 
t=2 
timepoint  
/ mg 

Mass of 
zinc for 
t=4 
timepoint  
/ mg 

Mass of 
zinc for 
t=6 
timepoint  
/ mg 

EuNB (18a) 35.6 5.09 18.2 18.4 18.6 18.6 

EuNI (19a) 39.7 5.67 20.2 20.2 20.4 20.5 

EuBn (22a) 25.8 4.07 15.6 15.7 15.7 15.9 

6.2.2. NaHS reduction assay 

All methods are adapted from reported literature procedures.5 

Method 1: Sodium hydrosulfide hydrate (100 µM in H2O, 6 µL, at least 7 eq.) was added to 

a solution of 1 (10 µM, diluted from a 5 mM stock in DMSO, 1.0 eq.) in MeCN/PBS buffer 

(1:1, buffer pH 7.4, 3 mL). The assay was monitored by fluorescence spectroscopy (λex 

491 nm, λem 500–800 nm, slits 5 nm / 2 nm) every 10 min for 1 h, with shaking of the cuvette 

between timepoints. The 1 h timepoint was further analysed by HPLC (1 mL, 50 µL 

injection, method 2B, with detection at 220, 240, 280, 360, 450 480, 508 and 550 nm). 
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Method 2: Sodium hydrosulfide hydrate (100 µM in H2O, 6–48 µL, at least 7–56 eq.) was 

added to a solution of 1 (10 µM,* diluted from a 5 mM stock in DMSO, 1.0 eq.) in MeCN/PBS 

buffer (1:1, buffer pH 7.4, 3 mL) and stirred at rt in a lidded vial for 1 h. The assay was 

monitored by fluorescence spectroscopy (λex 491 nm, λem 500–800 nm, slits 5 nm / 2 nm) 

and HPLC (1 mL, 50 µL injection, method 2B, with detection at 220, 240, 280, 360, 450 

480, 508 and 550 nm) after 1 h. 

Method 3: Sodium hydrosulfide hydrate (100 µM in H2O, 6–48 µL, at least 7–56 eq.) was 

added to a solution of 1 (10 µM,* diluted from a 5 mM stock in DMSO, 1.0 eq.) in MeCN 

(3 mL) and the resulting solution was shaken in a lidded vial for 3 min. The assay was 

monitored by fluorescence spectroscopy (λex 491 nm, λem 500–800 nm, slits 5 nm / 2 nm) 

after 3 min. 

*Methods 2 and 3 were not carried out as non-diluting titrations, therefore the final 

concentration of 1 was determined to be 9.8 µM. This was determined to have negligible 

effect on the fluorescence emission intensity therefore no correction was carried out for the 

change in concentration. 

Method 4: Sodium hydrosulfide hydrate (100 µM in H2O, 48 µL, at least 56 eq.) was added 

to a solution of 3/4 (10 µM, diluted from a 5 mM stock in DMSO, 1.0 eq.) in MeCN/PBS 

buffer (1:1, buffer pH 7.4, 3 mL) and stirred at rt in a lidded vial for 1 h. The assay was 

monitored by fluorescence spectroscopy (λex 443 nm, λem 470–800 nm, slits 5 nm / 2 nm 

for 3; λex 467 nm, λem 490–800 nm, slits 10 nm / 2 nm for 4) and HPLC (1 mL, 50 µL injection, 

method 2B, with detection at 220, 240, 280, 360, 450 480, 508 and 550 nm) after 1 h. 

6.2.3 Enzymatic assays 

6.2.3.1 Chapter II – CYP enzyme assays 

The procedures were adapted from those previously reported by O’Connor et al.6  
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The assays were carried out using the regenerative solutions known as solution A, 

containing MgCl2, NADP+ and glucose-6-phosphate, and solution B, containing glucose-6-

phosphate dehydrogenase, purchased from Corning (cat. no. 451220 and 451200). The 

enzymes CYP2D6R (CYP2D6R bactosomes, product no. CYP007) and CYP2C9 

(CYP2C9HR bactosomes, product no. CYP019) were purchased from BioIVT and exact 

concentrations of enzyme adjusted for based on their specification sheet. 

Calibration curves: For the calibration curves, varying volumes of the compound DMSO 

stock solution were added to deionised H2O and 200 µL KHPO4 buffer. Aliquots (50 µL or 

100 µL) were added into an equal volume of MeCN, filtered and analysed by HPLC (25 µL 

injection, method 2B) at 420 nm (for 2) or 480 nm (for resorufin). 

General hypoxia procedure: The oxygen-dependent enzymatic reduction assays were 

run in a RUSKINN InvivO2® 400 hypoxic Workstation at 37 °C with 0.1-0.4% oxygen and 

99.9-99.6% nitrogen. The buffer used in the assays was incubated under the conditions 

stated previously in the hypoxic workstation for a minimum of 18 h prior to use. To a 2 mL 

Eppendorf tube, 50 µL of solution A, 10 µL of solution B, KHPO4 buffer (pH 7.4) and the 

compound DMSO stock solution were added. The Eppendorf was cooled on ice (0-4 °C) 

and the enzyme was added. The Eppendorf was incubated at 37 °C in the hypoxic 

workstation for 24 h. Aliquots (50 µL) were taken at desired time intervals, removed from 

the hypoxic workstation, diluted with MeCN (50 µL) and stored at −20 °C (for up to a week). 

The samples were thawed, centrifuged at 17,000 g at 4 °C for 10 min, the supernatant was 

removed and analysed by HPLC (25 µL injection) at 420 nm (compound 1) or 480 nm 

(compound 15).   

General normoxia procedure: To a 2 mL Eppendorf tube, 50 µL solution A, 10 µL solution 

B, deionised H2O, 200 µL KHPO4 buffer (pH 7.4) and the compound DMSO stock solution 

were added. The Eppendorf was cooled on ice (0-4 °C) and the enzyme was added. The 

Eppendorf was incubated at 37 °C in a H2O bath for 24 h. Aliquots (50 µL) were taken at 

desired time intervals, diluted with MeCN (50 µL) and stored at −20 °C (for up to a week). 
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The samples were thawed, centrifuged at 17,000 g at 4 °C for 10 min, the supernatant was 

removed and was analysed by HPLC (25 µL injection, method 2B) at 480 nm.   

General stability procedure: To a 2 mL Eppendorf tube, 50 µL of solution A, 10 µL of 

solution B, 730 µL deionised H2O, 200 µL 0.5 M KHPO4 buffer (pH 7.4) and 10 µL of the 

compound DMSO stock solution (1 mM, assay concentration 10 µM) were added. The 

Eppendorf was incubated at 37 °C in a H2O bath for 24 h. Aliquots (50 µL) were taken at 

desired time intervals, diluted with MeCN (50 µL) and stored at −20 °C (for up to a week). 

The samples were centrifuged at 17,000 g at 4 °C for 10 min, the supernatant was removed 

and was analysed by HPLC (25 µL injection, method 2B) at 480 nm. 

Volume of reagents used: Conditions 1 and 2 (Table 6.15) were used for the control 

analysis of DCM-N3 1, whereas conditions 3 and 4 were used for the analysis of 

profluorophore 15. The H2O volume listed is the volume used in hypoxia and normoxia 

assays, in the stability assay the volume of H2O was increased to compensate for the loss 

of the enzyme volume. 

Table 6.15: The conditions and volume of reagents used during the enzymatic assays for chapter II. 

Condition 

Concentration 
of DMSO 
stock solution 
/ mM 

Stock 
solution 
added  
/ µL 

Assay 
concentration 
/ µM 

Enzyme 
(3.4 
nmol/mL) 

Enzyme added 
/ µL 
(Concentration 
/ pmol/mL) 

H2O  
/ µL 

1 1 1 1 CYP2D6R 27.0 (92) 712 

2 1 1 1 CYP2C9HR 27.0 (92) 712 

3 10 10 100 CYP2D6R 2.7 (9.2) 727.3 

4 10 10 100 CYP2C9HR 2.7 (9.2) 727.3 

Data analysis: The concentration of resorufin or compound 2 released was determined 

directly from the calibration curves (Table 6.16). Consumption of the azide was plotted 

either as a peak area percentage, in comparison to the t = 0 peak area. 

Table 6.16: Volumes of H2O and DMSO stock solution used for the calibration curves for enzymatic and X-ray 

irradiation assays for chapter II. 

Volume of H2O / µL 798 794 790 786 782 

Volume of DMSO stock 
solution / µL 

2 6 10 14 18 
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Final assay concentration 
(when DMSO stock 10 mM)  
/ µM 

10 30 50 70 90 

Final assay concentration 
(when DMSO stock 2 mM) / µM 

2 6 10 14 18 

 

6.2.3.2 Chapter III – nitroreductase enzyme assay 

This procedure is adapted from the procedure previously reported7 and taken from my 

publication of this work.8 

The assay was carried out using nitroreductase (NTR) enzyme from E. coli (expressed in 

E. coli, >100 units/mg), purchased from Sigma Aldrich, and NADH, purchased from 

Prozomix (as the disodium salt). The nitroreductase enzyme was prepared by dissolving 

25.3 mg of the lyophilised powder (out of 26.6 mg total powder, total containing 1 mg 

enzyme) in 951 µL H2O (to give stock solutions of 1 mg/mL), aliquoted (in 100 µL portions), 

stored at −20 °C and thawed immediately prior to use. NADH was stored at −20 °C and 

weighed and diluted in H2O to 5 mM immediately prior to addition to the assay. The 

lanthanide complexes were stored at −80 °C and weighed and diluted in H2O to 1 mM 

immediately prior to addition to the assay.  

The assay samples were prepared as described in Table 6.17, with samples prepared by 

first adding the 0.9% NaCl solution and H2O, then NADH solution (assay concentration 

500 µM) followed by addition of the lanthanide complex stock solution (assay concentration 

200 µM). The t = 0 timepoints were taken prior to addition of the NTR enzyme and were 

taken for all assays. The enzyme solution was added (assay concentration ~32 µg/mL) and 

the Eppendorfs containing the assays were heated to 37 °C using a H2O bath. At the 

indicated timepoints, 100 µL aliquots were taken from each assay, diluted with 100 µL 

MeCN and centrifuged at 6000 rpm for 4 min. The supernatant was filtered (Nylon syringe 

filter, 0.45 µM, 13 mm) into HPLC vials (final concentration ~100 µM complex). The assay 

was monitored by Analytical HPLC (method 3, 50 µL injection), with samples injected in 

the order 1, 4, 2, 3 (see Table 6.17), and analysed using the Agilent HPLC software (with 
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NaCl/H2O blank subtraction, for numerical analysis) and MestReNova software (for 

stacking of the raw spectra, without blank subtraction). 

Table 6.17: The volumes of the reagents used for the nitroreductase assay of GdNB. 

 
1 
Full assay 

2 
NTR control 

3 
NADH 
control 

4 
NaCl 
control 

Lanthanide complex (1 mM) / µL 200 200 200 200 

NADH (5 mM) / µL 100 - 100 - 

NTR (1 mg/mL) / µL 30 30 - - 

0.9% NaCl solution / µL 670 670 670 670 

H2O / µL - 100 30 130 

Total volume / µL 1000 1000 1000 1000 

For numerical analysis, the HPLC spectra following blank subtraction (NaCl 

solution/H2O/MeCN blank) were used. The concentration of nitrobenzyl alcohol released 

was calculated by comparing the area of the peak (measured at 269 nm) at 9.6-9.8 min 

with the control injected at 100 µM. The percentage of GdNB remaining was calculated by 

comparing the area of the peak (measured at 269 nm) at 8.0–8.1 min to the area of the 

same peak in the t = 0 sample. The stacked spectra show the uncorrected spectra at 

269 nm (no blank subtraction) and any peaks appearing after 12 min are artefacts on the 

column. 

The following controls were also analysed by Analytical HPLC (method 3, 50 µL injection): 

GdNB, at an unspecified concentration, in H2O, for purity testing, filtered; a HPLC blank 

where 670 µL 0.9% NaCl solution was added to 330 µL H2O and 100 µL of this solution 

was added to 100 µL MeCN and filtered; a NADH blank, with 100 µL of the 5 mM stock 

solution (in H2O) diluted with 670 µL 0.9% NaCl solution and 230 µL H2O, and 100 µL of 

this solution was added to 100 µL MeCN and filtered; nitrobenzyl alcohol (final 

concentration 100 µM) was prepared from a 10 mM stock solution in DMSO, diluted to 200 

µM by adding 20 µL of 10 mM stock solution to 670 µL 0.9% NaCl solution and 310 µL H2O, 

and 100 µL of this solution added to 100 µL MeCN and filtered; aminobenzyl alcohol, at an 

unspecified concentration, in MeOH, filtered. 
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6.2.3.3 Chapter III – NADH NMR assay 

This procedure is taken from my publication on this work.8 

EuNB (6.3 mg) was dissolved in D2O (868 µL) to give a 13.3 mM stock solution and an 

initial 1H NMR spectra and 1H NMR for europium spectra was ran. NADH (37.1 mg) was 

dissolved in D2O (523 µL) to give a 100 mM stock solution. 200 µL of the NADH stock 

solution was added to 600 µL of the EuNB solution to give final concentrations of 25 mM 

NADH and 10 mM EuNB and t = 0 NMR spectra were acquired (15 min following the 

previous NMR spectra). The NMR tube was heated to 37 °C in a H2O bath for 6 h and NMR 

spectra (1H and 1H for europium) were acquired before heating to 37 °C for a further 18 h 

(24 h timepoint). Following final NMR analysis in D2O only, 250 µL MeOD and then a further 

650 µL MeOD was added to the NMR tube (to give final 1:1 MeOD:D2O) to aid solubility of 

the organic components (likely due to the higher solubility of the high concentration NADH). 

The controls were as follows: EuDOTA in D2O; nitrobenzyl alcohol in D2O and 10% NH4Cl; 

and aminobenzyl alcohol in D2O and 10% NH4Cl (as used for the chemical reduction assay 

controls). The percentage of EuDOTA released was calculated by dividing the area of the 

EuDOTA peak at 33.8 ppm (4H, therefore divided by 4) by the sum of the area of the 

EuDOTA peak (divided by 4 for 1H) and the corresponding peak of the starting EuNB (1H, 

32.5 ppm). 

6.2.3.4 Chapter III – hydrogenase enzyme assay 

This procedure is adapted from the procedure previously reported9 and taken from my 

publication of this work.8  

An initial study at 24 h in buffer at pH 6 saw complete conversion to EuDOTA for both EuNB 

and EuNI in the presence and absence of the enzyme, therefore the procedure was 

optimised to be carried out up to 4 h in buffer at pH 7.4 (based on the PBS stability studies). 

These assays were carried out by Dr Daria Sokolova or Max Roberts from the Vincent 

group, University of Oxford, apart from the NMR analysis. 
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Catalyst preparation and reaction set-up was carried out in a glove box (Glove Box 

Technology Ltd.) under a protective N2 atmosphere (O2 < 3 ppm). Carbon black (BP2000) 

was brought into a glovebox, suspended in buffer (sodium phosphate buffer, 100 mM, pH 

7.4, 20 mg/mL suspension) and was sonicated in the glovebox for 1 h. Overexpressed Hyd-

1 (23.1 µL, expressed according to the protocol reported by Sokolova et al.9) was brought 

into the glovebox and combined with the sonicated carbon suspension (79.2 µL), removed 

from the glovebox and immobilised in the fridge (4 °C) for 1 h. The desired complex was 

dissolved in buffer in the glovebox to make a 10 mM stock solution, which was added to 

two DrySyn® OCTO tubes A and B. The immobilised Hyd-1/C was centrifuged in the 

glovebox, supernatant removed, resuspended in buffer (300 µL) and added to tube A. Tube 

A contained 1200 µL stock solution of europium complex and 300 µL of Hyd-1/C solution. 

No catalyst (Hyd-1/C) was added to the control tube B. The DrySyn® OCTO was sealed, 

removed from the glovebox and connected to H2 and the samples were stirred at rt for 4 h. 

Aliquots were taken at the given timepoints (1 h, 2 h and 4 h) and the time when DrySyn® 

OCTO was not connected to H2 was not included in the time count. The aliquots were 

centrifuged (3 min, 14500 rpm), 450 µL supernatant removed, diluted with 50 µL D2O and 

measured by 1H NMR spectroscopy (1H for europium complexes and 1H with H2O 

suppression).   

Controls: The 1H NMR (for europium complexes) spectrum of EuDOTA was measured in 

D2O only. The 1H NMR spectra of nitrobenzyl alcohol and aminobenzyl alcohol were 

measured following preparation of ~10 mM stock solutions of the compounds in sodium 

phosphate buffer (pH 7.4) and dilution 10% v/v with D2O. The 1H NMR spectra of 

nitroimidazole alcohol and benzyl alcohol were measured in D2O. 

EuNB: t = 0 is the solid dissolved in buffer (to 10 mM) and diluted with 10% v/v D2O.  

EuNI: t = 0 is the solid dissolved in D2O.  
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EuBn: t = 0 is the solid dissolved in buffer (to 10 mM) and diluted with 10% v/v D2O. Peaks 

observed in the 1H spectra in the presence of the Hyd1 enzyme between 3 and 4 ppm (in 

the assay timepoints) are postulated to arise from residual glycerol from the protein. 

6.2.4 X-ray irradiation assay 

X-ray irradiation was carried out using a Cs source at the Department of Oncology, 

University of Oxford. Samples consisted of 20 µL DMSO stock solution (either 10 mM or 

2 mM), 520 µL KHPO4 buffer (pH 7.4) and 1460 µL deionised H2O. The tested compounds 

were 15 and resorufin (final irradiated concentrations 100 µM and 20 µM, from 10 mM and 

2 mM stock solutions respectively). These samples were plated in 6-well plates (one per 

irradiation dose and one control) and gently shaken to solubilise the compounds. The 6-

well plates were incubated overnight at 37 °C in a hypoxia chamber (< 0.1% O2, Bactron 

anaerobic chamber) then sealed in hypoxic boxes prior to removal from the hypoxia 

chamber and irradiation. The plate was either not irradiated (kept in the hypoxic sealed 

environment), irradiated with 30 Gy over 27 min or irradiated with 60 Gy over 54 min. Each 

plate was released from the hypoxic environment to normoxia at the same time. Irradiated 

samples were transferred to glass vials by pipette, frozen by immersion in dry ice, 

transported to the Department of Chemistry and thawed. Aliquots (50 µL) were injected into 

MeCN (50 µL) and analysed by HPLC (25 µL injection, method 2B) at 480 nm. 

6.2.5 ChromlogD assay  

Controls: The calibration mix contained theophylline, phenyl tetrazole, benzimidazole, 

colchicine, phenyl theophylline, acetophenone, butyrophenone, indole, propiophenone and 

valerophenone, each 0.5 mg/mL in DMSO. The following control standards were prepared 

and tested at 1 mg/mL: carbamazepine, budesonide, warfarin, ketoprofen, indomethacin, 

imipramine, chlorpromazine and nicardipine. 

Samples: The DMSO stock solution or solid material (<1 mg) for each tested compound 

was diluted in either DMSO, MeCN or H2O (as appropriate) to <1 mM.  
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Method: The assay was carried out on an Agilent 1260 Infinity II® system with a Poroshell 

120 EC-C18 column (4 µM, 4.6 × 100 mm, 1 mL min-1), see Table 6.18 for the solvent gradient 

used. The Chromatographic Hydrophobicity Index (CHI) values were derived directly from 

the gradient retention times using calibration parameters for the control compounds. The 

CHI value approximates to the volume % organic concentration when the compound elutes. 

CHI was linearly transformed into a ChromlogD value by least-square fitting of experimental 

CHI values using the following formula: ChromlogD = 0.0857*CHI − 2.  

Table 6.18: The solvent gradient used for the chromlogD assay, where C = 50 mM NH4OAc in H2O and D = 

MeCN (no additive). 

Time 
/ min 

%C %D 

0.0 95 5 

10.0 5 95 

15.0 5 95 

6.2.6 Stability measurements for lanthanide complexes 

Zinc reduction assay EuNI extra controls: A stock solution of EuNI was prepared by 

dissolving 11.3 mg of solid in 1.08 mL D2O. 540 µL of compound stock solution was diluted 

with either 60 µL D2O (D2O only control) or 60 µL NH4Cl solution (10% wt%) (NH4Cl control). 

The resulting solutions were heated to 37 °C in an oil bath with no stirring and analysed by 

1H NMR spectroscopy (1H for europium complexes and standard 1H, 500 MHz) at the 

indicated timepoints (with the time of analysis not included in the assay time). 

H2O rt measurements: 250 µM solutions of TbNI and TbNB were prepared by dilution from 

a 10 mM stock solution in H2O. The stability in H2O was analysed by 10 µL injections onto 

the LCMS (method 3) at given timepoints. The samples were left at rt between injections, 

with no stirring between timepoints. The stability was analysed by percentage purity of the 

UV peak corresponding to the desired compound (area of desired peak compared to total 

area of all peaks), at 254 nm. Data were analysed using MestReNova and processed using 

Origin™ software. 
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H2O 37 °C measurements: 500 µM solutions of TbNI and TbNB were prepared and heated 

to 37 °C using a H2O bath with no stirring. At given timepoints, 50 µL aliquots were taken 

and diluted with 50 µL H2O to give a final concentration of 250 µM. The samples were 

analysed by LCMS (method 3). The stability data were analysed and processed as above. 

PBS rt measurements: EuNB (6.8 mg) was dissolved in 700 µL PBS buffer (pH 7.4) and 

analysed by paramagnetic Eu 1H NMR spectroscopy (at 500 MHz) at the indicated time 

points, with no stirring between timepoints. EuNI (5.2 mg) was dissolved in 700 µL PBS 

buffer (pH 7.4) and analysed by paramagnetic Eu 1H NMR spectroscopy at the indicated 

time points, with no stirring between timepoints. For analysis and comparison, EuDOTA 

(6.3 mg) was dissolved in 700 µL PBS buffer and one paramagnetic Eu 1H NMR spectrum 

was obtained immediately. The stability/percentage purity was determined by comparing 

the integral of the peak at 34 ppm (4H) belonging to EuDOTA to the integral of the peak at 

33 ppm (1H) belonging to EuNB/EuNI. 

6.2.7 Relaxivity measurements 

11 T measurements: T1 measurements were carried out using a Bruker AVIII HD 500 NMR 

instrument equipped with 5 mm z-gradient broadband X-19F/1H BBFO SMART probe. 

Samples were prepared between 0 and 1 mM (0.2 mM increments, 200 µL, H2O), 

transferred to a capillary tube (~70 µL), flame sealed, transferred to a 5 mm NMR tube and 

analysed at 298 K. No lock solvent was required. For each concentration, an initial T1 

measurement was carried out using time delays of 0.01, 0.1, 0.5, 1, 5 and 20 s and a more 

accurate measurement was carried out by measuring at 20–25 time delays (from 0 to 10 

s), based on the initial rough T1 measurement. T1 data was analysed using TopSpin 

software and plotted using Origin software. 

7 T measurements: Measurements were carried out by Dr Lina Hacker from the 

Department of Oncology. Relaxivity determination by MRI was conducted using an Agilent 

7 T scanner equipped with a DirectDrive console and 400 mT/m imaging gradients (Varian, 
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UK). The RF coil employed was a 72 mm i.d. birdcage resonator (Rapid Biomedical, 

Germany). T1 measurements were carried out using an inversion recovery spin-echo 

sequence with the following parameters: slice thickness of 1 mm, field of view (FoV) of 72 

x 72 mm, matrix size of 128 x 128, four averages, TR/TE of 10 s/8 ms, and 12 inversion 

times (Ti) ranging from 0.01–6.0 s (exponentially spaced). T2 measurements were 

performed using a spin-echo sequence with the same single-slice sequence as the T1 

measurements: slice thickness of 1 mm, FoV of 72 x 72 mm, matrix size of 128 x 128, four 

averages, TR of 10 s, and 12 echo times (TE) ranging from 8 to 300 ms (exponentially 

spaced). All samples were placed in 1 mL syringes (Terumo) in a custom-made 3D-printed 

phantom holder enabling reproducible measurements. Acquired data was analysed using 

Matlab (version R2022a). 

All T1 measurements were carried out on samples determined to be 95% purity or above 

by LCMS (method 2). 

6.3 Biological Experimental 

Biological experiments were carried out by Dr Lina Hacker and Louise Martin from the 

Department of Oncology, University of Oxford. 

Cell culture was carried out using HCT116 cells were cultured in DMEM medium 

supplemented with 10% FBS at 37°C, 5% CO2 in a humidified incubator. All cell lines were 

routinely mycoplasma tested using a HEK-Blue™ detection kit (Invivogen) and found to be 

negative. 

For preparation of samples for LCMS analysis, 4.5 million cells were seeded in 10 cm2 

glass dishes and allowed to adhere for 7 h. Cells were treated with the indicated probe 

concentrations and exposed to hypoxia (<0.1% O2) for 16 h. Afterwards, cells were washed 

three times in HEPES inside the hypoxia chamber, scraped into 1 mL of HEPES and spun 

down. The remaining cell pellet was lysed and evenly resuspended in 200 μL of MeCN: 

deionised H2O 1:1 and sonicated for 10 min. Samples were spun down at 4°C at 13,000 
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rpm for 15 min. The cleared supernatant was carefully removed. The pellet was lysed in 

100 μL deionised H2O, spun down again at 4 °C at 13,000 rpm for 15 min, and the 

remaining supernatant was added to the prior supernatant. The combined supernatant was 

centrifuged in an Amicon Ultra Centrifugal Filter (Merck) for 10 min at 4000 g. The resulting 

filtered supernatant was collected and stored at −80 °C (or on dry ice during transport) prior 

to analysis by LCMS (method 4). 

6.4 Synthesis of Compounds 

6.4.1 Compounds from chapter II 

2-Methyl-4H-chromen-4-one, 7 

 

To a solution of 2’-hydroxyacetophenone (3 mL, 24.8 mmol, 1.0 eq.) in EtOAc (120 mL) 

under a nitrogen atmosphere, Na (1.58 g, 68.7 mmol, 2.8 eq.) was added portion wise. The 

resulting mixture was stirred at rt for 17 h and the precipitate was filtered and dried under 

reduced pressure. The precipitate was dissolved in H2O (50 mL), AcOH (7 mL) added and 

H2SO4 (1.8 mL, 37% in H2O) added dropwise. The reaction mixture was heated under reflux 

for 1 h and cooled to ambient temperature. Iced H2O (30 mL) was added portion wise and 

the pH was adjusted to 7 with solid NaHCO3. The mixture was extracted with toluene (3 × 

25 mL) and the organic components were washed with brine (1 × 50 mL), dried over 

Na2SO4, and filtered. The solution was concentrated in vacuo, the residue adsorbed onto 

Celite®, and the product purified using silica gel column chromatography, eluting with EtOAc 

and PE (isocratic, 25% EtOAc) to afford compound 7 (1.37 g, 35%) as a cream solid: Rf 0.6 

(EtOAc : PE 4:1); m.p. 62–64 °C (EtOAc) [lit.3 58–60 °C (EtOAc), lit.10 55–56 °C, lit.11 62–

64 °C (hexanes and EtOAc)]; 1H NMR (600 MHz, CDCl3): 2.39 (3H, s, C9H3), 6.18 (1H, s, 

C3H), 7.37 (1H, dd, J1 = 7.8, J2 = 1.0, C6H), 7.41 (1H, dd, J1 = 8.5, J2 = 1.0, C8H), 7.61–7.67 

(1H, m, C7H), 8.18 (1H, dd, J1 = 7.8, J2 = 1.6, C5H); 13C NMR (151 MHz, CDCl3): 20.8 (C9), 
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110.7 (C3), 117.9 (C8), 123.7 (C4a), 125.1 (C6), 125.8 (C5), 133.6 (C7), 156.7 (C8a), 166.4 

(C2), 178.4 (C4); LRMS: m/z (ESI+) 161 ([M+H]+, 100%), 183 ([M+Na]+, 40%); Analytical 

HPLC (method 2B) Rt 6.8 min, >99%. The spectroscopic data are in good agreement with 

the literature values.3, 10 

2-(2-Methyl-4H-chromen-4-ylidene)malononitrile, 8 

 

To a solution of 7 (1.30 g, 8.14 mmol, 1.0 eq.) in Ac2O (8 mL), malononitrile (5.38 g, 

81.4 mmol, 10 eq.) was added. The solution was heated under reflux for 5 h, allowed to 

cool to ambient temperature, MeOH (16 mL) was added and stirred at 50 °C for 30 min. 

The reaction mixture was concentrated in vacuo, and the product crystallised from the 

residue with Et2O and recrystallised from MeOH to afford compound 8 (0.93 g, 55%) as a 

red solid: Rf 0.31 (acetone : PE 1:4);  m.p. 185–187 °C (MeOH) [lit.3 184–186 °C (MeOH), 

lit.12 187–188 °C, lit.13 332–334 °C]; νmax (solid) cm−1: 2214 (C=N, m), 1635 (C=C, s); 1H 

NMR (600 MHz, CDCl3): 2.44 (3H, d, J = 0.9, C9’H3), 6.71 (1H, q, J = 0.9, C3’H), 7.42–7.48 

(2H, m, C6’H/C8’H), 7.72 (1H, ddd, J1 = 8.6, J2 = 7.1, J3 = 1.5, C7’H), 8.88–8.94 (1H, m, C5’H); 

13C NMR (151 MHz, CDCl3): 20.5 (C9’), 62.4 (C1), 105.5 (C3’), 115.5 (C2), 116.6 (C2), 117.6 

(C4a’), 118.7 (C8’), 125.8 (C5’), 126.1 (C6’), 134.6 (C7’), 152.9 (C2’), 153.3 (C8a’), 161.7 (C4’); 

LRMS: m/z (ESI+) 209.0 ([M+H]+, 93%); Analytical HPLC (method 2B) Rt 9.3 min, >99%. 

The spectroscopic data are in good agreement with the literature values.3  

2-Methyl-4H-thiochromen-4-one, 9 

 

Thiophenol (1.0 mL, 9.8 mmol, 1.0 eq.) was added to polyphosphoric acid (13 mL) at 90 °C. 

Ethyl acetoacetate (1.3 mL, 10.2 mmol, 1.0 eq.) was added dropwise and the reaction 

mixture was stirred at 90 °C for 30 min. The reaction mixture was cooled to rt, vigorously 
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stirred with ice/H2O and extracted with EtOAc (5 × 50 mL). The organic components were 

combined and washed with brine (3 × 50 mL), dried over MgSO4, and filtered. The residue 

was concentrated in vacuo, adsorbed onto Celite® and purified using flash silica gel column 

chromatography, eluting with PE and EtOAc (gradient, 0–30% EtOAc) to yield compound 9 

as a yellow solid (221 mg, 13%): Rf 0.35 (EtOAc : PE 1:3); m.p. 74–78 °C (EtOAc) [lit.14 

103–104 °C, lit.15, 16 101–103 °C (benzene and PE)]; νmax (solid) cm−1: 1704 (C=O, m), 1614 

(C=C, m), 1592 (C=C, s); 1H NMR (400 MHz, CDCl3) 2.47 (3H, d, J = 1.0, C9H3), 6.85 (1H, 

q, J = 1.0, C3H), 7.50 (1H, ddd, J1 = 8.1, J2 = 6.7, J3 = 1.7, C6H), 7.45–7.62 (2H, m, C7H/C8H), 

8.49 (1H, ddd, J1 = 8.1, J2 = 1.5, J3 = 0.8, C5H); HRMS m/z (ESI+) [Found: 177.0368, 

C10H8OS requires [M+H]+ 177.0369]; LRMS m/z (ESI+): 107 ([M+H]+, 100%). These data 

are in good agreement with the available literature values.16-21 

2-(2-Methyl-4H-thiochromen-4-ylidene)malononitrile, 10 

 

To a solution of 9 (0.26 g, 1.48 mmol, 1.0 eq.) in Ac2O (5.2 mL), malononitrile (0.98 g, 

14.8 mmol, 10 eq.) was added. The solution was heated under reflux for 2 h, allowed to 

cool to ambient temperature, MeOH (7.8 mL) was added and stirred at 55 °C for 2 h. The 

reaction mixture was concentrated in vacuo, and the product crystallised from the residue 

with Et2O and recrystallised from MeOH to afford compound 10 (0.180 g, 54%) as a dark 

red solid: Rf 0.17 (acetone : PE 1:4);  m.p. 178–180 °C (decomposition, MeOH); νmax 

(solid) cm−1: 2953 (C-H, w), 2206 (C≡N, m), 2192 (C≡N, m), 1583 (C=C, s); 1H NMR (400 

MHz, CDCl3): 2.53 (3H, d, J = 1.1, C9’H3), 7.41 (1H, q, J = 1.1, C3’H), 7.54–7.62 (1H, m, 

C8’H), 7.62–7.66 (2H, m, C6’H/C7’H), 8.94 (dt, 1H, J1 = 8.2, J2 = 1.1, C6H); 13C NMR 

(125 MHz, CDCl3): 23.6 (C9’), 68.3 (C1), 104.0 (C3’), 115.8 (C2), 117.1 (C4a’), 120.8 (C8’), 

125.0 (C5’), 127.2 (C6’), 128.6, 131.9 (C7’), 136.2, 149.0, 156.1 (C4’); HRMS m/z (ESI+) 

[Found: 225.0479, C13H8N2S requires [M+H]+ 225.0481]; LRMS m/z (ESI+): 225 ([M+H]+, 
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100%); Analytical HPLC (Method 2B) Rt 10.6 min, >99%. These data are in good agreement 

with the available literature values.17, 20  

4-Azido-2,3,5,6-tetrafluorobenzaldehyde, 11 

 

NaN3 (0.90 g, 13.9 mmol, 1.1 eq.) was added to a solution of pentafluorobenzaldehyde 

(2.47 g, 12.6 mmol, 1.0 eq.) in acetone (20 mL) and H2O (7.5 mL) and the mixture was 

refluxed for 7 h. The resulting solution was cooled to rt and diluted with H2O (20 mL). The 

solution was extracted with Et2O (3 × 30 mL), the organic phase was dried over MgSO4 and 

the solution was concentrated in vacuo. The resulting residue was adsorbed onto Celite® 

and purified by flash silica column chromatography, eluting with EtOAc and PE (1–15% 

EtOAc), to yield 11 as an off-white solid (1.76 g, 64%): Rf 0.31 (EtOAc : PE 5:95); 1H NMR 

(400 MHz, acetone-d6) 10.23 (1H, p, J = 1.2, C7H); 13C NMR (151 MHz, CDCl3): 110.9 (t, J 

= 10.7, C1), 126.36 (tt, J1 = 11.6, J2 = 3.8, C4), 139.4-141.4 (m, C3/C5), 146.2-148.3 (m, 

C2/C6), 181.8 (p, J = 3.2, CHO); 19F NMR (377 MHz, acetone-d6) −153.64 – −154.08 (2F, 

m, C3F/C5F), −147.66 – −148.41 (2F, m, C2F/C6F); Analytical HPLC (method 2B) Rt 9.0 min, 

96.4%. These data are in good agreement with the available literature values.22  

(4-Azido-2,3,5,6-tetrafluorophenyl)methanol, 12 

 

To a solution of 11 (0.786 g, 3.59 mmol, 1.0 eq.) in AcOH (12.0 mL) under argon, 

Me2NH∙BH3 (0.242 g, 4.32 mmol, 1.2 eq.) was added and the reaction mixture was stirred 

at rt for 2 h. H2O (50 mL) was added and the mixture was extracted with Et2O (3 × 40 mL). 

The combined organic phases were washed with 15% Na2CO3 (2 × 50 mL) and brine (1 × 

50 mL), dried over MgSO4 and concentrated in vacuo. The resulting residue was adsorbed 

onto Celite® and purified by flash silica column chromatography, eluting with EtOAc and PE 
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(isocratic, 15% EtOAc) to yield 12 as a yellow solid (0.639 g, 80%): Rf 0.35 (EtOAc : PE 

1:5);  m.p. 40–42 °C (EtOAc) [lit.23 68-71 °C (hexane and Et2O), lit.24 67-68 °C 

(sublimation)]; νmax (solid) cm−1: 3384 (O-H, w br), 2126 (N=N=N, m), 1655 (C=C, m), 1484 

(C-F, s); 1H NMR (600 MHz, CDCl3) 2.08 (1H, br s, OH), 4.78 (2H, s, C7H2); 19F NMR 

(565 MHz, CDCl3) −151.82 (2F, dd, J1 = 21.3, J2 = 10.6, C3F/C5F), −144.72 (2F, dd, J1 = 

21.3, J2 = 10.6, C2F/C4F); 13C NMR (151 MHz, CDCl3) 52.8 (C7), 114.3 (C1), 120.2 (C4), 

140.5 (dt, J1 = 250.3, J2 = 3.6, C3/C5), 145.4 (dt, J1 = 268.2, J2 = 4.3, C2/C6); LRMS m/z 

(ESI+/EI/ACPI): mass not found; Analytical HPLC (method 2B): Rt 8.1 min, >99%. These 

data are in good agreement with the available literature values.22, 23, 25 

4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)benzaldehyde, 14, via 1-azido-4-
(chloromethyl)-2,3,5,6-tetrafluorobenzene, 13 

     

Step 1 - To a solution of 12 (0.64 g, 2.9 mmol, 1.0 eq.) in CH2Cl2 (7.0 mL) cooled to 0 °C in 

an ice-H2O bath, thionyl chloride (7.0 mL, 96 mmol, 33 eq.) was added dropwise. The 

reaction mixture was warmed to rt, stirred for 2 h, then concentrated in vacuo to yield 1-

azido-4-(chloromethyl)-2,3,5,6-tetrafluorobenzene, 13, as a yellow solid (0.67 g): Rf 0.84 

(EtOAc : PE 1:3). This compound was used without further purification and characterisation. 

Step 2 - 13 (0.63 g, 2.6 mmol, 1.0 eq.), 4-hydroxybenzaldehyde (0.32 g, 2.6 mmol, 1.0 eq.), 

caesium chloride (1.7 g, 5.3 mmol, 2 eq.) and TBAI (0.97 g, 2.6 mmol, 1.0 eq.) were 

dissolved in DMF (35 mL) at 0 °C under an argon atmosphere. The reaction mixture was 

warmed to rt and stirred for 3 h then diluted with saturated ammonium chloride solution (100 

mL). The mixture was extracted with EtOAc (3 × 50 mL) and the organic components were 

washed with saturated sodium bicarbonate solution (3 × 100 mL) and H2O (2 × 100 mL) 

then dried over MgSO4, filtered and concentrated in vacuo. The resulting residue was 

adsorbed onto Celite® and purified by flash silica column chromatography, eluting with 
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EtOAc and PE (gradient, 5–10% EtOAc) to yield 14 as a colourless solid (101 mg, 17%): 

Rf 0.44 (EtOAc : PE 1:3); m.p. 75–77 °C (EtOAc); νmax (solid) cm−1: 2128 (N=N=N, m), 1693 

(C=O, m), 1603 (C=C, m), 1497 (C-F, s), 1253 (C-O, m); 1H NMR (400 MHz, CDCl3) 5.19 

(2H, t, JH-F = 1.5, C7’H2), 7.02–7.13 (2H, m, C3H/C5H), 7.82–7.94 (2H, m, C2H/C6H), 9.92 

(1H, s, C7H); 1H NMR (600 MHz, acetone-d6) 5.39 (2H, t, JF = 1.5, C7’H2), 7.21–7.28 (2H, 

m, C3H/C5H), 7.90–7.96 (2H, m, C2H/C6H), 9.94 (1H, s, C7H); 13C NMR (151 MHz, acetone-

d6) 58.8 (C7’), 111.1 (t, JH-F = 17.9, C1’), 116.1 (C3/C5), 122.1-122.6 (m, C1’), 132.1 (C1), 

132.7 (C2/C6), 141.7 (ddd, J1 = 248.0, J2 = 16.4, J3 = 3.8, C3’/C5’), 146.6 (dddd, J1 = 248.0, 

J2 = 12.1, J3 = 7.7, J4 = 4.0, C2’/C6’), 163.9 (C4), 191.3 (C7); 19F NMR (376 MHz, acetone-

d6) −151.76 – −150.59 (2F, m, C3’F/C5’F), −143.51 – −141.26 (2F, m, C2’F/C4’F); HRMS m/z 

(ESI+) [Found: 326.0545, C14H7F4N3O2 requires [M+H]+ 326.0547]; LRMS m/z (ESI+) 326.4 

([M+H]+, 85%); Analytical HPLC (method 2B) Rt 10.6 min, 97.8%. 

(E)-2-(2-(4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-chromen-4-
ylidene)malononitrile, 3 

 

To a solution of 8 (47 mg, 0.23 mmol, 1.0 eq.) and 14 (80 mg, 0.25 mmol, 1.1 eq.) in dry 

EtOH (8 mL), piperidine (0.09 mL, 0.91 mol, 4 eq.) was added. The solution was heated 

under reflux for 7 h, cooled to rt, filtered and dried under reduced pressure, washed with 

dry EtOH and recrystallised from EtOH to give a brown solid, 3 (82 mg, 69%): Rf 0.50 

(EtOAc : PE 1:3);  m.p. 166 °C (decomposition, EtOH); νmax (solid) cm−1: 2207 (C≡N, m), 

2136 (N=N=N, m), 1627 (C=C, m), 1596 (C=C, s), 1557 (C=C, m), 1490 (C-F, m), 1239 (C-

O, w); 1H NMR (600 MHz, CD2Cl2) 5.19 (2H, t, JH-F = 1.4, C7’’H2), 6.78 (1H, d, J = 16.0, 

C9’H), 6.86 (1H, s, C3’H), 7.02–7.07 (2H, m, C3’’H/C5’’H), 7.48 (1H, ddd, J1 = 8.5, J2 = 7.2, J3 

= 1.3, C6’H), 7.57–7.62 (3H, m, C8’H/C2’’H/C6’’H), 7.65 (1H, d, J = 16.0, C10’H), 7.77 (1H, 
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ddd, J1 = 8.5, J2 = 7.2, J3 = 1.5, C7’H), 8.90 (1H, dd, J1 = 8.4, J2 = 1.5, C5’H); 13C NMR 

(151 MHz, CD2Cl2) 58.2 (C7’’’), 62.6 (C1), 106.9 (C3’), 110.5 (t, J = 17.6, C1’’’), 115.8 (C3’’/C5’’), 

116.2 (C2), 117.4 (C2), 117.5 (C9’), 118.3 (C4a’), 119.0 (C10’), 121.2–121.7 (m, C4’’’), 126.1 

(C5’), 126.2 (C6’), 129.1 (C8’), 130.1 (C2’’/C6’’), 135.1 (C7’), 138.6 (C1’’), 141.0 (d, JC-F = 250.4, 

C2’’’/C6’’’), 146.1 (d, JC-F = 250.5, C3’’’/C5’’’), 152.9 (C4’), 153.3 (C8a’), 158.3 (C2’), 160.3 (C4’’); 

19F NMR (565 MHz, CD2Cl2) −152.35 (2F, dd, J1 = 21.2, J2 = 10.0, C3’’F/C4’’F), −143.47 (2F, 

dd, J1 = 22.0, J2 = 10.0, C2’’F/C6’’F); HRMS m/z (ESI+) [Found: 516.1075, C27H13F4N5O2 

requires [M+H]+ 516.1078]; LRMS m/z (ESI+) 487 ([M-N2]+, 5%), 516 ([M+H]+, 7%); 

Analytical HPLC (method 1A) Rt 12.9 min, 96.8%; Analytical HPLC (method 5) Rt 12.9 min, 

98.5%. 

(E)-2-(2-(4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-thiochromen-4-
ylidene)malononitrile, 4 

 

To a solution of 10 (33 mg, 0.15 mmol, 1.0 eq.) and 14 (53 mg, 0.16 mmol, 1.1 eq.) in dry 

EtOH (8 mL), piperidine (0.06 mL, 0.61 mol, 4.1 eq.) was added. The solution was heated 

under reflux for 5 h, cooled to rt, filtered and dried under reduced pressure, washed with 

dry EtOH and recrystallised from EtOH. The resulting residue was adsorbed onto Celite® 

and purified by flash silica column chromatography, eluting with CH2Cl2 and hexane 

(gradient, 10–100% CH2Cl2) to give a pink solid, 4 (23 mg, 39%): Rf 0.39 (EtOAc : PE 1:3);  

m.p. 155 °C (decomposition, CH2Cl2); νmax (solid) cm−1: 2926 (C-H, w), 2207 (C≡N, m), 2123 

(N=N=N, m), 1572 (C=C, m), 1537 (C=C, m), 1493 (C-F, m), 1232 (C-O, m); 1H NMR (600 

MHz, CD2Cl2) 5.18 (2H, t, J = 1.5, C7’’H2), 7.01-7.06 (2H, m, C3’’H/C5’’H), 7.09 (1H, d, J = 

16.1, C10’H), 7.29 (1H, d, J = 16.1, C9’H), 7.55-7.59 (3H, m, C3’H/C2’’H/C6’’H), 7.59-7.62 (1H, 

m, C6’H) 7.66 (1H, ddd, J1 = 8.2, J2 = 7.1, J3 = 1.3, C8’H), 7.73 (1H, dd, J1 = 8.0, J2 = 1.5, 
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C7’H), 8.89 (1H, dd, J1 = 8.4, J2 = 1.3, C5’H); 13C[19F] NMR (126 MHz, CD2Cl2) 58.1 (C7’’), 

67.3 (C1), 110.5 (C1’’’), 115.8 (C3’’/C5’’), 116.3 (C2), 117.6 (C2), 121.6 (C3’), 124.1 (C10’), 125.9 

(C8a’), 127.9 (C7’), 128.5 (C6’), 128.6 (C5’), 129.2 (C1’’), 129.8 (C2’’/C6’’), 132.3 (C8’), 135.4 

(C4a’), 136.9 (C9’), 140.9 (C3’’’/C5’’’), 146.1 (C2’’’/C6’’’), 148.0 (C2’), 156.3 (C4’), 160.1 (C4’’); 19F 

NMR (376 MHz, CD2Cl2) −152.29 – −152.42 (2F, m, C3’’’F/C5’’’F), −142.89 –  −143.77 (2F, 

m, C2’’’F/C6’’’F); HRMS mass not found; LRMS m/z (ESI+) 503 ([M-N2]+, 3%), 532 ([M+H]+, 

5%); Analytical HPLC (method 1A) Rt 13.2 min, 98.8%; Analytical HPLC (method 1B) 

14.2 min, 97.8%; analytical HPLC (method 6) Rt 5.6 min, >99%. 

(E)-2-(2-(4-Hydroxystyryl)-4H-chromen-4-ylidene)malononitrile, 5 

 

To a solution of 8 (0.105 g, 0.504 mmol, 1.0 eq.) and 4-hydroxybenzaldehyde (0.074 g, 

0.606 mmol, 1.2 eq.) in toluene (12.5 mL), AcOH (0.20 mL) and piperidine (0.20 mL, 

2.02 mmol, 4 eq.) were added dropwise. The reaction mixture was heated under reflux for 

16 h, cooled to ambient temperature and concentrated in vacuo. The resulting residue was 

adsorbed onto Celite® and purified by silica gel column chromatography, eluting with 

acetone and PE (gradient, 10–50% acetone). The resulting product was recrystallised from 

anhydrous EtOH to yield compound 5 as a dark brown solid (19 mg, 12%): Rf 0.11 (acetone 

: PE 1:4);  m.p. 230–232 °C (EtOH) [lit.12 148–149 °C, lit.26 260-262 °C (acetone)]; νmax 

(solid) cm−1: 3620 (O-H, w br), 3003 (C-H, w), 2254 (C≡N, s), 1443 (C-F, m), 1376 (C-H, 

m), 1040 (C-O, m); 1H NMR (400 MHz, (CD3)2CO): 6.92 (1H, s, C3’H), 6.94 (2H, dt, J1 = 8.6, 

J2 = 4.5, C3’’H/C5’’H), 7.21 (1H, dd, J1 = 15.7, J2 = 3.4, C9’H), 7.60 (1H, ddd, J1 = 8.4, J2 = 

7.2, J3 = 1.3, C6’H), 7.64–7.71 (2H, m, C2’’H/C6’’H), 7.74–7.77 (1H, m, C8’H), 7.79 (1H, d, J 

= 15.7, C10’H), 7.91 (1H, ddd, J1 = 8.4, J2 = 7.2, J3 = 1.5, C7’H,), 8.87 (1H, dd, J1 = 8.4, J2 = 

1.4, C5’H); 13C NMR (151 MHz, (CD3)2CO): 61.8 (C1), 106.7 (C3’), 116.6 (C9’), 117.0 

(C3’’/C5’’), 118.0 (C2), 118.6 (C4a’), 120.0 (C8’), 126.2 (C5’), 126.9 (C6’), 128.0 (C1’’), 131.2 
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(C2’’/C6’’), 136.0 (C6’), 140.2 (C10’), 153.5 (C4’), 153.9 (C8a’), 159.9 (C2’), 160.9 (C4’’); HRMS 

m/z (ESI+) [Found: 313.0971, C20H12N2O2 requires [M+H]+ 313.0971]; LRMS m/z (ESI+): 

313 ([M+H]+, 5%), 335 ([M+Na]+, 6%); analytical HPLC (method 2B) Rt 10.2 min, 97.9%. 

These data are in good agreement with the reported values.26 

(E)-2-(2-(4-Hydroxystyryl)-4H-thiochromen-4-ylidene)malononitrile, 6 

 

To a solution of 10 (58.6 mg, 0.261 mmol, 1.0 eq.) and 4-hydroxybenzaldehyde (38.5 mg, 

0.315 mmol, 1.2 eq.) in toluene (10.0 mL), AcOH (0.1 mL) and piperidine (0.1 mL, 1.01 

mmol, 3.9 eq.) were added dropwise. The reaction mixture was heated under reflux for 16 

h, cooled to ambient temperature and concentrated in vacuo. The resulting residue was 

adsorbed onto Celite® and purified by silica gel column chromatography, eluting with 

acetone and PE (gradient, 10–100% acetone). The resulting product was recrystallised 

from EtOH to yield compound 6 as a red solid (17 mg, 20%): Rf 0.16 (acetone : PE 1:4);  

m.p. 263–265 °C (EtOH); νmax (solid) cm−1: 3650 (O-H, w br), 2254 (C≡N, s), 1444 (C-F, m), 

1376 (C-H, m); 1H NMR (600 MHz, (CD3)2CO): 6.90–6.96 (2H, m, C2’’H/C6’’H), 7.41 (1H, d, 

J = 16.1, C9’H), 7.48 (1H, d, J = 16.1, C10’H), 7.59 (1H, s, C3’H), 7.65–7.69 (2H, m, C3’’H/C5’’
-

H), 7.71 (1H, ddd, J1 = 8.6, J2 = 7.0, J3 = 1.4, C6’H), 7.77–7.83 (1H, m, C7’H), 7.93 (1H, dd, 

J1 = 8.1, J2 = 1.4, C8’H), 8.01 (1H, s, C4’’OH), 8.88 (1H, dd, J1 = 8.4, J2 = 1.3, C5’H); 13C NMR 

(151 MHz, (CD3)2CO): 67.5 (C1), 115.6 (C2), 116.0 (C2’’/C6’’), 117.1 (C2), 120.4 (C3’), 122.7 

(C9’), 125.3 (C8a’), 127.1 (C1’’), 127.8 (C8’), 128.0 (C5’), 128.2 (C6’), 130.0 (C3’’/C5’’), 132.3 

(C7’), 134.9 (C4a’), 137.5 (C10’), 148.6 (C2’), 155.8 (C4’), 159.7 (C4’’); HRMS m/z (ESI+) 

[Found: 329.0737, C20H12N2OS requires [M+H]+ 329.0743];LRMS m/z (ESI+): 329 ([M+H]+, 

2%), 351 ([M+Na]+, 4%); analytical HPLC (method 2B) Rt 10.4 min, 98.1%. 
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(E)-2-(2-(4-Aminostyryl)-4H-chromen-4-ylidene)malononitrile, 2 

 

To a solution of 8 (0.13 g, 0.63 mmol, 1.0 eq.) and 4-acetamidobenzaldehyde (0.11 g, 

0.67 mmol, 1.1 eq.) in anhydrous toluene (5 mL), AcOH (0.03 mL) and piperidine (0.03 mL) 

were added dropwise. The reaction mixture was heated to reflux for 3 h, cooled to ambient 

temperature, filtered and dried under reduced pressure. The resulting residue was 

suspended in concentrated aqueous HCl (20 mL, 37%) and EtOH (30 mL), heated under 

reflux for 2 h, cooled to ambient temperature, the pH adjusted to ~7 using saturated 

aqueous sodium bicarbonate solution and solid K2CO3 and the solvent was removed in 

vacuo. The organic components were extracted with EtOAc (3 × 100 mL), dried over MgSO4 

and concentrated in vacuo. The resulting residue was adsorbed onto Celite® and purified 

by flash silica gel column chromatography eluting with acetone and PE (gradient, 20–40% 

acetone), then further purified by flash silica gel column chromatography eluting with CH2Cl2 

(100%), to yield compound 2 (92 mg, 47%) as a dark red solid: Rf 0.83 (acetone : PE 2:5);  

m.p. 240–242 °C (CH2Cl2) [lit.27 243–245 °C, lit.3 262–265 °C (toluene)]; 1H NMR (400 MHz, 

DMSO-d6): 6.02 (2H, s, C4’’NH2), 6.61–6.69 (2H, m, C3’’H/C5’’H), 6.87 (1H, s, C3’H), 7.09 

(1H, d, J = 15.8, C9’H), 7.49 (2H, d, J = 8.7, C2’’H/C6’’H), 7.59 (1H, ddd, J1 = 8.4, J2 = 7.1, J3 

= 1.3, C6’H), 7.65 (1H, d, J = 15.8, C10’H), 7.77 (1H, dd, J1 = 8.4, J2 = 1.3, C8’H), 7.89 (1H, 

ddd, J1 = 8.6, J2 = 7.2, J3 = 1.5, C7’H), 8.72 (1H, dd, J1 = 8.4, J2 = 1.3, C5’H); 13C NMR 

(101 MHz, DMSO-d6): 57.7 (C1), 105.2 (C3’), 112.8 (C9’), 114.4 (C3’’/C5’’), 117.0 (C2), 117.6 

(C4a’), 119.4 (C5’), 122.9 (C1’’), 125.0 (C8’), 126.4 (C6’), 131.2 (C2’’/C6’’), 135.6 (C7’), 141.4 

(C10’), 152.45 (C4’’), 152.52 (C8a’), 153.2 (C4’), 160.3 (C2’); LRMS m/z (ESI+): 312 ([M+H]+, 

100%); Analytical HPLC (method 2B) Rt 10.4 min, >99%. These data are in good agreement 

with the reported values.3 
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(E)-2-(2-(4-Azidostyryl)-4H-chromen-4-ylidene)malononitrile, 1 

 

To a solution of 2 (26 mg, 0.08 mmol, 1.0 eq.) in HCl (5 mL, 5 M in H2O) at 0 °C, NaNO2 

(29 mg, 0.42 mmol, 5 eq.) in H2O (0.3 mL) was added dropwise and stirred for 10 min. 

NaN3 (110 mg, 1.60 mmol, 21.0 eq.) in H2O (0.9 mL) was added dropwise and the resulting 

mixture was stirred at 0–5 °C for 1 h. The organic components were extracted with EtOAc 

(2 × 50 mL), dried over MgSO4 and concentrated in vacuo. The resulting residue was 

adsorbed onto Celite® and purified by flash silica gel column chromatography, eluting with 

acetone and PE (20–60% acetone), to yield compound 1 (10 mg, 38%) as an orange solid: 

Rf 0.40 (acetone : PE 2:8);  m.p. 180 °C (decomposition, acetone) [lit.27 244–245 °C, lit.3 

188–189 °C (acetone)]; νmax (solid) cm−1: 2207 (C≡N, m), 2121 (N=N, m), 1632 (C=C, m); 

1H NMR (400 MHz, acetone-d6) 6.99 (1H, s, C3’H), 7.15–7.22 (2H, m, C2’’H/C6’’H), 7.41 (1H, 

d, J = 16.1, C10’H), 7.62 (1H, ddd, J1 = 8.4, J2 = 7.1, J3 = 1.5, C6’H), 7.77 (1H, dd, J1 = 8.4, 

J2 = 1.3, C8’H), 7.81-7.87 (3H, m, C3’’H/C5’’H/C9’H), 7.93 (1H, ddd, J1 = 8.6, J2 = 7.2, J3 = 

1.5, C7’H), 8.87 (1H, dd, J1 = 8.6, J2 = 1.5, C5’H); 13C NMR (515 MHz, acetone-d6) 61.9 (C1), 

106.7 (C3’), 115.4 (C2), 116.9 (C2), 117.6 (C4a’), 119.0 (C8’), 119.1 (C9’), 119.7 (C3’’/C5’’), 

125.2 (C5’), 126.0 (C7’), 129.8 (C2’’/C6’’), 132.3 (C1’’), 135.1 (C6’), 137.7 (C10’), 141.9 (C4’’), 

152.6 (C8a’), 152.7 (C4’), 158.1 (C2’); LRMS m/z (ESI, EI, ACPI): mass not found; Analytical 

HPLC (method 2B) Rt 12.2 min, 97.4%. These data are in good agreement with the reported 

values.3, 27, 28  

7-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)-3H-phenoxazin-3-one, 15 
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Step 1 - To a solution of 12 (61 mg, 0.28 mmol, 1.0 eq.) in CH2Cl2 (1.0 mL) cooled to 0 °C 

in an ice-H2O bath, thionyl chloride (0.68 mL, 9.4 mmol, 33 eq.) was added dropwise. The 

reaction mixture was warmed to rt, stirred for 2 h, then concentrated in vacuo to yield 13 as 

a yellow oil (56 mg), which was used without further purification. 

Step 2 – 13 (56 mg, 0.23 mmol, 1.0 eq.), resorufin (50 mg, 0.24 mmol, 1.0 eq.), caesium 

carbonate (160 mg, 0.48 mmol, 2 eq.) and TBAI (90 mg, 0.23 mmol, 1.0 eq.) were dissolved 

in dry DMF (5 mL) at 0 °C under an argon atmosphere. The reaction mixture was warmed 

to rt and stirred for 20 h, then further tetrabutylammonium iodide (90 mg, 0.23 mmol, 1.0 

eq.) was added. The reaction mixture was stirred at rt for 4 h then diluted with saturated 

ammonium chloride solution (75 mL). The mixture was extracted with EtOAc (4 × 50 mL) 

and the organic components were washed with saturated sodium bicarbonate solution (6 × 

50 mL) and H2O (3 × 50 mL) then dried over Na2SO4, filtered and concentrated in vacuo. 

The resulting residue was adsorbed onto Celite® and purified by silica column 

chromatography, eluting with EtOAc and PE (gradient, 15–100% EtOAc) to yield compound 

15 as an orange solid (40 mg, 42%): Rf 0.54 (EtOAc : PE 1:1);  m.p. 150 °C (decomposition, 

EtOAc); νmax (solid) cm−1: 2130 (N=N, m), 1619 (C=O, m), 1567 (C=C, m), 1493 (C-F, s); 

1H NMR (400 MHz, CDCl3) 5.21 (2H, s, C7’H2), 6.34 (1H, d, J = 2.0, C4H), 6.85 (1H, dd, J1 

= 9.8, J2 = 2.0, C2H), 6.91 (1H, d, J = 2.7, C6H), 6.98 (1H, dd, J1 = 8.9, J2 = 2.7, C8H), 7.43 

(1H, d, J = 9.8, C1H), 7.74 (1H, d, J = 8.9, C9H); 13C[19F] NMR (126 MHz, CDCl3) 58.3 (C7’), 

101.3 (C6), 107.1 (C4), 109.2 (C1’), 113.8 (C8), 121.7 (C6’), 129.0 (C5a), 131.9 (C9), 134.6 

(C2), 134.9 (C1), 140.6 (C3’/C5’), 145.6 (C9a), 145.8 (C2’/C4’), 146.4 (C4a), 149.8 (C10a), 161.7 

(C7), 186.5 (C3); 19F NMR (376 MHz, CDCl3) −151.08 (2F, dd, J1 = 22.6, J2 = 7.5, 

C3’F/C5’F), −142.47 (2F, dd, J1 = 21.7, J2 = 11.2, C2’F/C6’F); HRMS m/z (ESI+) [Found: 

417.0602, C19H8F4N4O3 requires [M+H]+ 417.0605]; LRMS m/z (ESI+) 417 ([M+H]+, 39%), 

833 ([2M+H]+, 40%); Analytical HPLC (method 2B) Rt 10.8 min, 94.6%; Analytical HPLC 

(method 1B) Rt 12.0 min, 94.1%. 
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6-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one, 16 

 

Me-Tokyo Green was synthesised by Dr Antoine Wallabregue, University of Oxford, as 

described previously.29 

Step 1 – To a solution of 12 (89 mg, 0.40 mmol, 1.0 eq.) in CH2Cl2 (1.0 mL) cooled to 0 °C 

in an ice-H2O bath, thionyl chloride (1.0 mL, 13.8 mmol, 35 eq.) was added dropwise. The 

reaction mixture was warmed to rt, stirred for 2 h, then concentrated in vacuo to yield 13 as 

a yellow oil (90 mg), which was used without further purification. 

Step 2 – 13 (90 mg, 0.38 mmol, 1.0 eq.), Me-Tokyo green (110 mg, 0.37 mmol, 1.0 eq.), 

caesium carbonate (250 mg, 0.76 mmol, 2 eq.) and TBAI (280 mg, 0.76 mmol, 2 eq.) were 

dissolved in dry DMF (6 mL) at 0 °C under an argon atmosphere. The reaction mixture was 

warmed to rt and stirred for 22 h then diluted with saturated ammonium chloride solution 

(75 mL). The mixture was extracted with EtOAc (4 × 50 mL) and the organic components 

were washed with saturated sodium bicarbonate solution (6 × 50 mL) and H2O (3 × 50 mL) 

then dried over Na2SO4, filtered and concentrated in vacuo. The resulting residue was 

adsorbed onto Celite® and purified by silica column chromatography, eluting with EtOAc 

and PE (gradient, 15–100% EtOAc). The resulting residue was dissolved in chloroform (2.5 

mL) and precipitated by adding hexane (50 mL). The precipitation procedure was repeated 

twice and the filtrate was concentrated in vacuo to yield compound 16 as an orange solid 

(20 mg, 11%): Rf 0.24 (EtOAc : PE 1:1); m.p. 145 °C (decomposition, hexane); νmax 

(solid) cm−1: 2124 (N=N=N, m), 1644 (C=O, m), 1600 (C=C, s), 1498 (C-F, m); 1H NMR 

(400 MHz, acetone-d6) 2.11 (3H, s, C7’H3), 5.46 (2H, t, J = 1.5, C7’’H2), 6.20 (1H, d, J = 1.9, 

C4H), 6.41 (1H, dd, J1 = 9.8, J2 = 1.9, C2H), 6.91 (1H, d, J = 9.8, C1H), 6.96 (1H, dd, J1 = 

8.8, J2 = 2.4, C7H), 7.01 (1H, d, J = 8.8, C8H), 7.25–7.33 (2H, m, C5H/C3’H), 7.40-7.56 (3H, 
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m, C4’H/C5’H/C6’H); 13C NMR (151 MHz, acetone-d6) 18.7 (C7’), 58.2 (C7’’), 101.5 (C5), 105.1 

(C4), 109.8 (t, J = 17.8, C1’’), 113.5 (C7), 114.9 (C8a), 118.5 (C9a), 121.3-121.9 (m, C4’’), 126.2 

(C4’), 129.2 (C3’), 129.46 (C8), 129.51 (C6’), 130.1 (C2), 130.3 (C1), 130.6 (C5’), 132.6 (C2’), 

136.2 (C1’), 140.67 (dd, J1 = 247.8, J2 = 16.4, C3’’/C5’’), 143.94-147.29 (m, C2’’/C6’’), 147.9 

(C9), 154.2 (C10a), 158.6 (C4a), 162.9 (C6), 184.3 (C3); 19F NMR (376 MHz, acetone-d6) 

−153.59 (2F, dd, J1 = 20.4, J2 = 10.1, C3’F/C5’F), −145.07 (2F, dd, J1 = 20.4, J2 = 10.1, 

C2’F/C6’F); HRMS m/z (ESI+) [Found: 506.1117, C27H15F4N3O3 requires [M+H]+ 506.1122]; 

LRMS m/z (ESI+) 506 ([M+H]+, 100%), 1011 ([2M+H]+, 23%); Analytical HPLC (method 2B) 

Rt 12.8 min, 95.7%. 

4-Azido-2,3,5,6-tetrafluorobenzyl (4-nitrophenyl) carbonate, 17 

 

Pyridine (0.62 mL, 7.67 mmol, 5.3 eq.) was added dropwise to a solution of 4-nitrophenyl 

chloroformate (470 mg, 2.33 mmol, 1.6 eq.) in dry THF (5.0 mL) and stirred at rt for 5 min, 

under an argon atmosphere over 4 Å molecular sieves. The solution was cooled to 0 °C 

and a solution of 12 (322 mg, 1.45 mmol, 1.0 eq.) in dry THF (15.0 mL) was added dropwise 

over 15 min. The resulting solution was warmed to rt and stirred for 72 h, under an argon 

atmosphere over 4 Å molecular sieves. The THF was removed by concentration in vacuo 

(with temperature maintained below 30 °C) and the resulting residue was dissolved in 

EtOAc (45 mL). The organic components were washed with H2O (3 × 15 mL) and brine (1 

× 15 mL), dried over MgSO4, filtered and concentrated in vacuo (with temperature 

maintained below 30 °C). The resulting residue was adsorbed onto Celite® and purified by 

silica column chromatography, eluting with EtOAc and hexane (isocratic, 10% EtOAc), to 

yield compound 17 as a pale-yellow solid (165 mg, 29%): Rf 0.31 (EtOAc : PE 1:9);  m.p. 

61–64 °C; νmax (solid) cm−1: 2123 (N=N=N, m), 1782 (C=O, m), 1654 (C=C, m), 1492 (C-F, 

m). 1168 (C-O, s); 1H NMR (600 MHz, CDCl3): 5.40 (2H, t, J = 1.4, C7’H2), 7.37–7.42 (2H, 
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m, C2H/C6H), 8.29 (2H, dd, J1 = 9.3, J2 = 2.3, C3H/C5H); 13C NMR (151 MHz, CDCl3): 57.7 

(C7’), 107.9 (t, J = 17.4, C1’), 121.7 (C2/C6), 121.9 (tt, J1 = 11.7, J2 = 3.3, C4’), 125.4 (C3/C5), 

140.5 (dddd, J1 = 250.8, J2 = 15.5, J3 = 3.0, J4 = 2.8, C3’/C5’), 145.6 (C4), 145.7 (dddd, J1 = 

252.2, J2 =12.5 , J3 = 7.4, J4 = 4.3, C2’/C6’), 152.0 (C7), 155.2 (C1); 19F NMR (565 MHz, 

CDCl3) −151.07 (2F, dd, J1 = 21.4, J2 = 10.6, C3’’’F/C5’’’F), −141.84 (2F, dd, J1 = 21.4, J2 = 

10.6, C2’’’F/C6’’’F); LRMS m/z (ESI+/EI/ACPI): mass not detected; Analytical HPLC (method 

2B) Rt 10.9 min, 98.2%. These data are in good agreement with the available reported 

values.30 

4-Azido-2,3,5,6-tetrafluorobenzyl (3-oxo-3H-phenoxazin-7-yl) carbonate 

 

Pyridine (12 µL, 0.15 mmol, 2.5 eq.) was added dropwise to a solution of resorufin (18 mg, 

0.084 mmol, 1.4 eq.) and DMAP (1.1 mg, 0.009 mmol, 0.15 eq.) in dry DMF (12.0 mL) and 

stirred at rt for 5 min, under an argon atmosphere. The resulting solution was added 

dropwise to a solution of 17 (23 mg, 0.059 mmol, 1.0 eq.) in dry DMF (2.0 mL) over 4 Å 

molecular sieves (200 mg) and stirred at rt for 19 h under an argon atmosphere. Pyridine 

(6 µL, 0.075 mmol, 1.25 eq.) was added dropwise and the resulting solution was stirred at 

rt for a further 53 h, under an argon atmosphere, then diluted with H2O (50 mL). The mixture 

was extracted with EtOAc (3 × 50 mL) and the organic components were washed with 

saturated sodium bicarbonate solution (3 × 50 mL), H2O (1 × 50 mL) and brine (1 × 50 mL), 

then dried over Na2SO4, filtered and concentrated in vacuo (with the bath maintained below 

30 °C). The desired product was not convincingly detected by TLC or 1H NMR spectroscopy 

(possibly <5% product). 
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6.4.2 Compounds from chapter III 

Tri-tert-butyl 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 
hydrobromide, 23 

 

1,4,7,10-tetraazacyclododecane (cyclen, 5.01 g, 29.1 mmol, 1.0 eq.) was dissolved in 

MeCN (150 mL) and cooled to 0 °C. NaHCO3 (8.09 g, 96.3 mmol, 3.3 eq.) was added and 

the mixture was stirred for 15 min, before tert-butylbromoacetate (14.7 mL, 99.6 mmol, 

3.4 eq.) in MeCN (50 mL) was added dropwise over 1 h. The reaction mixture was stirred 

at 0 °C for 2 h, allowed to warm to rt and stirred and rt for 44 h. The inorganic solids were 

removed by filtration and the filtrate was concentrated in vacuo. The resulting off-white solid 

was triturated with cold toluene (42 mL), filtered and washed with toluene (2 × 4 mL) to give 

23 as a colourless solid (6.87 g, 40%): Rf 0.37 (MeOH : CH2Cl2 5:95); m.p. 170–172 °C 

(toluene) [lit.31 176–178 °C, lit.32 187–188 °C, lit.33 190–191 °C, lit.34 178-180 °C]; 1H NMR 

(400 MHz, DMSO-d6): 1.38–1.46 (27H, m, 3 × (CH3)3), 2.62–2.75 (8H, m, 4 × ring CH2), 

2.80–2.88 (4H, m, 2 × ring CH2), 2.94–3.03 (4H, m, 2 × ring CH2), 3.35 (2H, s, arm CH2), 

3.41 (4H, s, 2 × arm CH2), 8.80 (2H, br s, NH2
+); LRMS m/z (ESI+) 495 ([M-tBu-Br]+, 61%), 

515 ([M-Br]+, 100%), 1111 ([2M-Br]+, 94%). These data are in good agreement with the 

reported values.31-35 

4’-Nitrobenzyl 2-bromoacetate, 24 

 

To a suspension of 4-nitrobenzyl alcohol (2.00 g, 13.1 mmol, 1.0 eq.) and NaHCO3 (3.34 g, 

39.8 mmol, 3.0 eq.) in MeCN (20 mL), bromoacetyl bromide (1.50 mL, 17.2 mmol, 1.3 eq.) 
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dissolved in MeCN (6.0 mL) was added dropwise at 0 °C. The resulting suspension was 

warmed to 45 °C and stirred for a further 18 h, cooled to rt, filtered through Celite®, washed 

with CH2Cl2 and the filtrate was concentrated in vacuo. The resulting material was adsorbed 

onto Celite® and purified by silica column chromatography, eluting with EtOAc and PE 

(gradient, 0–15% EtOAc), and then was crystallised from Et2O/hexane to yield compound 

24 as a colourless solid (1.99 g, 55%): Rf 0.29 (PE : EtOAc 4:1); m.p. 43–45 °C (hexane); 

νmax (solid) cm-1: 1753 (C=O, s), 1517 (N-O, s), 1151 (C-O, s); 1H NMR (400 MHz, CDCl3): 

3.91 (2H, s, C2H2), 5.30 (2H, s, C7’H2), 7.51–7.57 (2H, m, C2’H/C6’H), 8.20–8.28 (2H, m, 

C3’H/C5’H); 13C NMR (151 MHz, CDCl3): 25.4 (C2), 66.4 (C7’), 124.1 (C3’/C5’), 128.7 (C2’/C6’), 

142.2 (C1’), 148.1 (C4’), 167.0 (C1); LRMS not detected by ESI/EI/APCI. These data are in 

good agreement with the reported values.7 

Tri-tert-butyl 2,2',2''-(10-(2-((4-nitrobenzyl)oxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate, 25 

 

23 (1.35 g, 2.27 mmol, 1.0 eq.) and NaHCO3 (584 mg, 6.95 mmol, 3.0 eq.) was added to a 

solution of 24 (812 mg, 2.96 mmol, 1.3 eq.) in dry MeCN (20.0 mL) under an argon 

atmosphere. The resulting suspension was stirred at 80 °C for 39 h, cooled to rt, filtered 

through Celite®, washed with CH2Cl2 and the filtrate was concentrated in vacuo. The 

resulting material was adsorbed onto Celite® and purified by silica column chromatography, 

eluting with EtOH and CHCl3 (gradient, 0–15% EtOH), to yield 25 as an off-white foam 

(1.48 mg, 92%): Rf 0.36 (CHCl3 : EtOH 8:2); νmax (solid) cm-1: 1726 (C=O, s), 1627 (C=C, 

m), 1522 (N-O, s), 1162 (C-O, s); 1H NMR (400 MHz, CDCl3): 1.34 (27H, s, 3 × C(CH3)3), 

1.79–3.52 (24H, m, 4 × COCH2, 8 × ring CH2), 5.14 (2H, s, C7’’’’’H2), 7.39–7.47 (2H, m, 

C2’’’’’H/C6’’’’’H), 8.02–8.15 (2H, m, C3’’’’’H/C5’’’’’H); 13C NMR (151 MHz, CDCl3): 27.7 (3 × 
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(CH3)3), 46.3–53.5 (m, 8 × ring CH2), 54.8 (arm CH2), 55.4 (arm CH2), 55.6 (2 × arm CH2), 

65.2 (C7’’’’’), 81.9 (3 × C(CH3)3), 123.6 (C3’’’’’/C5’’’’’), 128.7 (C2’’’’’/C6’’’’’), 142.3 (C1’’’’’), 147.6 

(C4’’’’’), 172.7 (C1’/C1’’/C1’’’), 172.9 (2 × C1’/C1’’/C1’’’), 173.4 (C2’’’’); HRMS m/z (ESI+) [Found: 

708.4188, C35H57N5O10 requires [M+H]+ 708.4178]; LRMS m/z (ESI+) 708 ([M+H]+, 90%), 

730 ([M+Na]+, 94%); LCMS (method 1) Rt 3.9 min, 89.4%. These data are generally in good 

agreement with the reported values.7 

General TFA deprotection procedure 
The corresponding tert-butyl protecting compound was dissolved in CH2Cl2 and the same 

volume of TFA was added (overall cSM 30–90 mM, 150–400 eq.). The resulting solution was 

stirred at rt for 18–72 h. The resulting solution was concentrated in vacuo and washed with 

CH2Cl2, repeated twice with CH2Cl2 and then three times with MeOH. The resulting residue 

was dissolved in a minimum amount of MeOH, Et2O was added until a precipitate formed. 

The precipitate was typically isolated by centrifugation (3750 rpm, 5 min, 4 °C or 6000 rpm, 

5 min, rt). The precipitation procedure was repeated twice and the resulting solid was 

collected in MeOH then concentrated in vacuo to give the product. 

2,2',2''-(10-(2-((4-Nitrobenzyl)oxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid, 26 

 

The reaction was carried out following the general TFA deprotection procedure, left to stir 

at rt for 43 h, using 25 (1.71 g, 2.41 mmol, 1.0 eq.), CH2Cl2 (70.0 mL) and TFA (70.0 mL, 

915 mmol, 380 eq.) to give 26 as an off-white solid (1.01 g, 78%): m.p. 205 °C 

(decomposition, MeOH); νmax (solid) cm-1: 3448 (O-H, br, w), 1727 (C=O, m), 1676 (C=O, 

m), 1636 (C=C, m), 1522 (N-O, m), 1349 (O-H, m) 1189 (C-O, s); 1H NMR (400 MHz, D2O): 

2.92–3.27 (8H, m, 4 × ring CH2), 3.39–3.60 (8H, m, 4 × ring CH2), 3.62–4.00 (8H, m, 4 × 
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COCH2), 5.35 (2H, s, C7’’’’’H2), 7.62–7.68 (2H, m, C2’’’’’H/C6’’’’’H), 8.24–8.30 (2H, m, 

C3’’’’’H/C5’’’’’H); 13C NMR (151 MHz, D2O): 48.7 (ring CH2), 51.9 (ring CH2, arm CH2), 53.7 

(arm CH2), 56.6 (arm CH2), 66.6 (C7’’’’’), 124.4 (C3’’’’’/C5’’’’’), 129.5 (C2’’’’’/C6’’’’’), 143.8 (C1’’’’’), 

148.0 (C4’’’’’), 170.5 (C1’/C1’’/C1’’’), 172.5 (C2’’’), 174.5 (C1’/C1’’/C1’’’); HRMS m/z (ESI+) [Found: 

540.2314, C23H33N5O10 requires [M+H]+ 540.2300]; LRMS m/z (ESI+) 540 ([M+H]+, 97%), 

562 ([M+Na]+, 44%); LCMS (method 2) Rt 2.4 min, 98.6%. These data are generally in good 

agreement with the reported values.7 

General lanthanide complexation procedure for chapter III 
The corresponding lanthanide triflate (1.00-1.12 eq.) was added to a solution of the triacid 

(1.0 eq.) in MES buffer (1M, pH 6.0, cSM ~65 mM) and the resulting solution was stirred at 

rt for 1–1.5 h, until the reaction was deemed complete by LCMS analysis (method 2). The 

reaction mixture was diluted by H2O (same as or larger volume than MES buffer), filtered 

(nylon syringe filter, 0.45 µM, 13 mm) and purified by semi-preparative HPLC (method 1 for 

nitrobenzyl complexes, method 2 for nitroimidazole complexes and method 3 for benzyl 

complexes). The complexes were recovered as colourless solids from H2O/MeCN mixtures 

by lyophilisation. 

Europium nitrobenzyl complex (EuNB), 18a 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 26 (76.6 mg, 142 µmol, 1.0 eq.) and europium triflate (90.4 mg, 151 µmol, 1.06 eq.) 

in MES buffer (2.70 mL). The reaction was left at rt for 1 h, purified by semi-preparative 

HPLC method 1 and lyophilised for 2 days to yield compound 18a as a colourless solid 

(65.4 mg, 66%): 1H NMR (400 MHz, D2O):* −19.4, −17.1, −16.0, −14.5, −13.5, −12.7, −10.3, 

−9.4, −8.9, −8.6, −8.0, −6.8, −6.2, −6.1, −3.9, −1.1, −0.5, −0.3, 0.2, 3.3, 7.0, 7.8, 8.3, 9.2, 



236 
 

10.6, 24.5, 25.0, 25.8, 32.7, 33.8; HRMS m/z (ESI+) [Found: 690.1275, C23H30N5O10Eu 

requires [M+H]+ 690.1278]; LRMS m/z (ESI+) 712 ([M+Na]+, 10%); LCMS (method 2) Rt 

2.5 min, 95.4%; Analytical HPLC (method 1A) Rt 9.1 min, 96.3%. 

*1H NMR contains ~2% EuDOTA so total purity ~93%, all peaks reported including 

EuDOTA. 

Terbium nitrobenzyl complex (TbNB), 18b 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 26 (76.0 mg, 141 µmol, 1.0 eq.) and terbium triflate (90.0 mg, 149 µmol, 1.06 eq.) in 

MES buffer (2.15 mL). The reaction was left at rt for 1 h, purified by semi-preparative HPLC 

method 1 and lyophilised for 2 days to give compound 18b as a colourless solid 

(42.6 mg, 47%): 1H NMR (400 MHz, D2O):* −416.7, −398.2, −336.0, −326.9, −305.1, 

−186.6, −153.7, −118.6, −99.3, −96.8, −95.7, −92.3, −69.5, −65.1, −43.6, −35.7, −32.4, 

−18.3, −15.8, −14.0, −2.0, −0.45, 1.0, 1.4, 14.5, 82.8, 136.1, 148.0, 159.6, 214.1, 228.4, 

293.7; HRMS m/z (ESI+) [Found: 696.1319, C23H30N5O10Tb requires [M+H]+ 696.1319]; 

LRMS m/z (ESI+) 696 ([M+H]+, 37%), 718 ([M+Na]+, 100%), 1413 ([2M+Na]+, 59%); LCMS 

(method 2) Rt 2.8 min, 95.1%; Analytical HPLC (method 1A) Rt 9.0 min, 94.5%. 

*1H NMR contains 5% TbDOTA, therefore total purity ~90%, all peaks reported including 

TbDOTA. 
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Gadolinium nitrobenzyl complex (GdNB), 18c 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 26 (97.9 mg, 181 µmol, 1.0 eq.) and gadolinium triflate (116 mg, 192 µmol, 1.06 eq.) 

in MES buffer (2.80 mL). The reaction was left at rt for 1 h, purified by semi-preparative 

HPLC method 1 and lyophilised for 2 days to give compound 18c as a colourless solid 

(54.1 mg, 43%): HRMS m/z (ESI+) [Found: 695.1310, C23H30N5O10Gd requires [M+H]+ 

695.1307]; LRMS m/z (ESI+) 608 (100%), 717 ([M+Na]+, 4%); LCMS (method 2) Rt 

2.15 min, 97.2%; Analytical HPLC (method 1A) Rt 9.1 min, 96.1%. 

Ethyl 2-amino-1-methyl-1H-imidazole-5-carboxylate, 27 

 

To a suspension of sarcosine ethyl ester hydrochloride (4.00 g, 26.0 mmol, 1.0 eq.) and 

ethyl formate (14.6 mL, 182 mmol, 7.0 eq.) in dry THF (45 mL) and EtOH (6.5 mL), NaH 

(60% dispersion in mineral oil, 4.19 g, 105 mmol, 4.0 eq.) was added portion-wise at 0 °C. 

The reaction mixture was warmed to rt and stirred for 3 h. The resulting yellow suspension 

was concentrated in vacuo and the resulting solid was triturated with hexane (2 × 75 mL), 

the hexane decanted and the resulting solid concentrated in vacuo. The light-yellow solid 

was suspended in EtOH (80 mL) and concentrated aqueous HCl (37%, 16 mL) was added 

dropwise, then the suspension was heated under reflux for 2 h. The reaction mixture was 

filtered whilst hot, washed with hot EtOH (2 × 30 mL) and the filtrate was concentrated in 

vacuo to leave an aqueous solution, which was diluted with EtOH (70 mL) and H2O (30 mL). 

The pH of the resulting green solution was adjusted to 3-4 using aqueous NaOH (2 M). 

Cyanamide (2.20 g, 52.2 mmol, 2.0 eq.) was added and the resulting solution was heated 
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under reflux for 1.5 h, then cooled to rt and concentrated in vacuo until approximately 1/8th 

of the original volume. The pH was adjusted to 8-9 using solid K2CO3, resulting in the 

formation of a precipitate. The solid was removed by filtration, washed with saturated 

aqueous NaHCO3 (2 × 20 mL) and H2O (20 mL) and dried in vacuo to yield compound 27 

as a yellow solid (2.18 g, 48%): Rf 0.34 (MeOH : CH2Cl2 1:9); m.p. 150–152 °C (H2O) [lit.36 

130–133 °C (H2O)]; 1H NMR (400 MHz, CDCl3): 1.33 (3H, t, J = 7.1, C2H3), 3.68 (3H, s, 

N1’CH3), 4.27 (2H, q, J = 7.1, C1H2), 7.43 (1H, s, C4’H); LRMS m/z (ESI+) 170 ([M+H]+, 

100%). These data are generally in good agreement with the reported values.36, 37 

Ethyl 1-methyl-2-nitro-1H-imidazole-5-carboxylate, 28 

 

A solution of 27 (2.89 g, 17.1 mmol, 1.0 eq.) in AcOH (58.0 mL) was added dropwise at 

0 °C to a solution of NaNO2 (11.8 g, 171 mmol, 10 eq.) in H2O (27.0 mL) and the resulting 

solution was stirred at 0 °C for 1 h, then warmed to rt and stirred for 3 h. The resulting 

mixture was extracted with CH2Cl2 (3 × 100 mL) and the organic components were washed 

with saturated aqueous sodium sulfite (200 mL) and brine (200 mL), dried over MgSO4, 

filtered and concentrated in vacuo. The resulting residue was dissolved in CH2Cl2 and 

purified by silica column chromatography, eluting with CH2Cl2, to yield compound 28 as a 

yellow solid (1.96 g, 58%): Rf 0.86 (MeOH : CH2Cl2 2:98); m.p. 50–52 °C (CH2Cl2) [lit.36 56–

58 °C (CH2Cl2), lit.38 65–66 °C]; 1H NMR (400 MHz, CDCl3): 1.40 (3H, t, J = 7.1, C2H3), 4.34 

(3H, s, N1’CH3), 4.40 (2H, q, J = 7.1, C1H2), 7.74 (1H, s, C4H); LRMS m/z (ESI+) 200 ([M+H]+, 

100%), 222 ([M+Na]+, 89%). These data are generally in good agreement with the reported 

values.36, 38 
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(1-Methyl-2-nitro-1H-imidazol-5-yl)methanol, 29 
 

 

A suspension of NaBH4 (335 mg, 8.50 mmol, 3.0 eq.) in dry EtOH (9.3 mL) was added 

dropwise at 0 °C to a solution of compound 28 (570 mg, 2.90 mmol, 1.0 eq.) in dry THF 

(14.7 mL) and MeOH (0.97 mL). The resulting solution was stirred at 0 °C for 3 h, then 

further NaBH4 (335 mg, 8.0 mmol, 3.0 eq.) in dry EtOH (10.0 mL) was added dropwise, as 

the reaction was not complete by TLC analysis. After a further 3 h, MeOH (15.0 mL) was 

added and the resulting solution was stirred at 0 °C for a further 30 min, then acidified to 

pH 7 using 1 M aqueous HCl and concentrated in vacuo to leave an aqueous solution. The 

aqueous solution was extracted with EtOAc (3 × 40 mL) and the organic components were 

washed with saturated aqueous NaHCO3 (120 mL), dried over Na2SO4, filtered and 

concentrated in vacuo. The resulting residue was adsorbed onto Celite® and purified by 

silica column chromatography, eluting with MeOH and CH2Cl2 (gradient, 2–3% MeOH), to 

yield compound 29 as a pale-yellow solid (239 mg, 53%): Rf  0.32 (MeOH : CH2Cl2 2:98); 

m.p. 120–122 °C (MeOH) [lit.36 141–143 °C (EtOAc), lit.38 142–144 °C]; 1H NMR (400 MHz, 

DMSO-d6): 3.91 (3H, s, N1’CH3), 4.54 (2H, s, C1H2), 5.49 (1H, s, OH), 7.11 (1H, d, J = 0.6, 

C4’H); LRMS m/z (ESI+) 158 ([M+H]+, 100%). These data are generally in good agreement 

with the reported values.36, 38 

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl 2-bromoacetate, 30 

 

Procedure adapted from Kovacs et al.39 

To a solution of compound 29 (97.3 mg, 0.619 mmol, 1.0 eq.) in CH2Cl2 (4.13 mL) and DMF 

(4.13 mL) at 0 °C, 2,6-di-tertbutylpyridine (0.41 mL, 1.90 mmol, 3.1 eq.) was added and the 

resulting solution was stirred at 0 °C for 10 min. Bromoacetyl bromide (0.07 mL, 
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0.804 mmol, 1.3 eq.) was added and the resulting solution was warmed to rt and stirred for 

a further 16 h then the solvent was reduced in vacuo. The resulting mixture was diluted with 

Et2O (90 mL) and the organic components were washed with 0.5 M LiCl solution (3 × 

30 mL), dried over Na2SO4, filtered and concentrated in vacuo. The resulting residue was 

adsorbed onto Celite® and purified by silica column chromatography, eluting with EtOAc 

and PE (isocratic, 40% EtOAc), to yield compound 30 as a yellow solid (138 mg, 80%): Rf  

0.21 (EtOAc : PE 4:6);  m.p. 63–65 °C (EtOAc); νmax (thin film) cm-1: 1746 (C=O, s), 1541 

(N-O, m), 1282 (C-O, s); 1H NMR (600 MHz, CD3CN): 3.93 (3H, s, N1’’CH3), 3.97 (2H, s, 

C2H2), 5.23 (2H, s, C1’H2), 7.19 (1H, s, C4’’H); 13C NMR (151 MHz, MeCN-d3): 27.1 (N1’’C), 

35.2 (C2), 57.6 (C1’), 130.1 (C4’’), 133.1 (C5’’), 147.7 (C2’’), 167.7 (C1); HRMS m/z (ESI+) 

[Found: 277.9775, C7H8BrN3O4 requires [M+H]+ 277.9771]; LRMS m/z (ESI+) 278 ([M+H]+, 

79Br, 14%), 280 ([M+H]+, 81Br, 12%), 577 ([2M+Na]+, 79Br79Br, 38%), 579 ([2M+Na]+, 

79Br81Br, 66%), 581 ([2M+Na]+, 81Br81Br, 39%); LCMS (method 1) Rt 3.6 min, 91.5%. 

Tri-tert-butyl 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate, 31 

 

23 (516 mg, 0.866 mmol, 1.0 eq.) and NaHCO3 (219 mg, 2.61 mmol, 3.0 eq.) was added to 

a solution of 30 (314 mg, 1.13 mmol, 1.3 eq.) in MeCN (14.0 mL). The resulting suspension 

was stirred at 80 °C for 42 h, cooled to rt, filtered through Celite®, washed with CH2Cl2 and 

the filtrate was concentrated in vacuo. The resulting material was adsorbed onto Celite® 

and purified by silica column chromatography, eluting with EtOH and chloroform (gradient, 

0–20% EtOH), resulting in an orange foam 31 (510 mg, 83%) which was stored at −20 °C: 

Rf 0.33 (EtOH : chloroform 2:8); νmax (solid) cm-1: 1725 (C=O, s), 1536 (N-O, w), 1227 (C-

O, s); 1H NMR (400 MHz, CDCl3): 1.24–1.46 (27H, m, 3 × C(CH3)3), 1.54-2.78 (16H, m, 8 
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× ring CH2), 2.98-3.51 (8H, m, 4 × COCH2), 4.07 (3H, s, C7’’’’’H3), 5.31 (2H, s, C6’’’’’H2), 7.06 

(1H, s, C4’’’’’H); 1H NMR (600 MHz, CD3CN): 1.29–1.54 (27H, s, 3 × C(CH3)3), 1.99–3.49 

(24H, m, 4 × COCH2, 8 × ring CH2), 3.91–3.97 (3H, m, C7’’’’’H3), 5.15–5.30 (2H, m, C6’’’’’H2), 

7.12–7.19 (1H, s, C4’’’’’H); 13C NMR (151 MHz, CD3CN): 28.2 (3 × (CH3)3), 35.1 (C7’’’’’), 47.9–

50.2 (m, ring CH2), 52.1–54.5 (m, ring CH2), 55.5 (arm CH2), 56.3 (arm CH2), 56.5 (arm 

CH2), 62.0 (arm CH2), 82.8 (3 × C(CH3)3), 130.3 (C4’’’’’), 133.4 (C5’’’’’), 147.5 (C2’’’’’), 167.9 

(C2’’’’), 174.1 (C1’/C1’’/C1’’’), 174.3 (C1’/C1’’/C1’’’), 174.4 (C1’/C1’’/C1’’’); HRMS m/z (ESI+) [Found: 

712.4230, C33H57N7O10 requires [M+H]+ 712.4240]; LRMS m/z (ESI+) 712 ([M+H]+, 27%), 

734 ([M+Na]+, 100%); LCMS (method 1) Rt 3.6 min, 98.3%. 

2,2',2''-(10-(2-((1-Methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid, 32 

 

The reaction was carried out following the general TFA deprotection procedure, left to stir 

at rt for 18 h, using 31 (129 mg, 0.181 mmol, 1.0 eq.) in CH2Cl2 (5.2 mL) and TFA (5.2 mL, 

68.0 mmol, 376 eq.), to give 32 as an off-white solid (79.5 mg, 81%): νmax (solid) cm-1: 3448 

(O-H, br, w), 1727 (C=O, m), 1676 (C=O, m), 1636 (C=C, m), 1522 (N-O, m), 1350 (O-H, 

m), 1189 (C-O, s); 1H NMR (600 MHz, D2O): 2.96–3.30 (8H, m, 4 × ring CH2), 3.40–3.64 

(8H, m, 4 × ring CH2), 3.64–3.84 (4H, m, 2 × arm CH2), 3.94–4.11 (7H, m, 2 × arm CH2, 

C7’’’’’H3), 5.32–5.42 (2H, m, C6’’’’’H2), 7.25–7.35 (1H, m, C4’’’’’H); 13C NMR (151 MHz, D2O): 

34.9 (C7’’’’’), 48.0–49.2 (m, ring CH2), 51.2–52.3 (m, ring CH2), 53.0–54.1 (m, arm CH2), 

55.4–56.2 (m, arm CH2), 56.3–56.8 (C6’’’’’), 129.8 (C4’’’’’), 133.6 (C5’’’’’), 146.4 (C2’’’’’), 170.0 

(C1’/C1’’/C1’’’), 172.2 (C2’’’’), 174.5 (C1’/C1’’/C1’’’); HRMS m/z (ESI+) [Found: 544.2347, 

C21H34N7O10 requires [M+H]+ 544.2362; LRMS m/z (ESI+) 544 ([M+H]+, 100%), 566 

([M+Na]+, 31%); LCMS (method 2) Rt 0.6 min, >99%. 
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Europium nitroimidazole complex (EuNI), 19a 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 32 (75.0 mg, 138 µmol, 1.0 eq.) and europium triflate (86.8 mg, 145 µmol, 1.07 eq.) 

in MES buffer (2.12 mL). The reaction was left at rt for 1 h, purified by semi-preparative 

HPLC method 2 and lyophilised for 2 days to yield compound 19a as a colourless solid 

(36.9 mg, 39%): 1H NMR (400 MHz, D2O)*: −19.5, −17.2, −16.5, −16.0, −14.6, −12.3, 

−10.6, −9.5, −9.0, −8.4, −8.0, −7.2, −6.6, −6.3, −5.4, −3.6, −1.0, −0.7, 0.4, 5.7, 7.2, 8.5, 9.3, 

10.5, 13.4, 23.8, 25.3, 32.5, 33.8; LRMS m/z (ESI+) 715 ([M+Na]+, 9%); HRMS m/z (ESI+) 

[Found: 694.1333, C21H30N7O10Eu requires [M+H]+ 694.1339]; LCMS (method 2) 1.1 min, 

94.5%; Analytical HPLC (method 1A): Rt 3.0 min, 95.1%. 

*1H NMR contains 6% EuDOTA, therefore total purity ~89%, all peaks reported including 

EuDOTA. 

Terbium nitroimidazole complex (TbNI), 19b 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 32 (75.5 mg, 139 µmol, 1.0 eq.) and terbium triflate (88.9 mg, 147 µmol, 1.08 eq.) in 

MES buffer (2.12 mL). The reaction was left at rt for 1 h, purified by semi-preparative HPLC 

method 2 and lyophilised for 2 days to yield compound 19b as a colourless solid 

(38.6 mg, 40%): 1H NMR (400 MHz, D2O)*: −417.0, −394.7, −326.7, −322.7, −295.3, 

−217.9, −194.0, −177.6, −158.6, −117.2, −98.1, −94.7, −91.5, −71.2, −65.8, −62.6, −43.3, 
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−32.2, −22.2, −19.4, −18.1, −7.9, −5.2, 78.3, 82.5, 95.3, 136.0, 152.7, 169.5, 206.4, 215.4, 

220.8, 228.3, 257.5, 303.5; HRMS m/z (ESI+) [Found: 700.1357, C21H30N7O10Tb requires 

[M+H]+ 700.1380]; LCMS (method 2) Rt 0.7 min, 98.5%; Analytical HPLC (method 1A) Rt 

2.9 min, 93.8%. 

*1H NMR contains 7% TbDOTA (total purity ~89%), all peaks reported including TbDOTA. 

Gadolinium nitroimidazole complex (GdNI), 19c 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 32 (49.3 mg, 90.7 µmol, 1.0 eq.) and gadolinium triflate (60.0 mg, 99.3 µmol, 

1.07 eq.) in MES buffer (1.40 mL). The reaction was left at rt for 1 h, purified by semi-

preparative HPLC method 2 and lyophilised to yield compound 19c as a colourless solid 

(35.4 mg, 56%): HRMS m/z (ESI+) [Found: 721.1167, C21H30N7O10Gd requires [M+Na]+ 

721.1188]; LRMS m/z (ESI+) 721 ([M+Na]+, 3%); LCMS (method 2) Rt 1.1 min, 95.3%; 

Analytical HPLC (method 1A) Rt 3.0 min, 95.6%. 

5-Methoxy-2-methyl-1H-indole-3-carbaldehyde, 33 

 

Phosphorus(V) oxychloride (2.20 mL, 23.6 mmol, 1.4 eq.) was added to dry DMF (7.80 mL, 

101 mmol, 6 eq.) at 0 °C. The resulting solution was stirred at 0 °C for 10 min to form the 

presumed Vilsmeier’s reagent, which was then added dropwise over 30 min at −10 °C to a 

solution of 5-methoxy-2-methylindole (2.71 g, 16.8 mmol, 1.0 eq.) in dry DMF (10.4 mL). 

The resulting solution was stirred for a further 30 min at −10 °C, then warmed to 0 °C and 

stirred for a further 15 min, before being poured onto a cooled (0 °C) sodium hydroxide 
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solution (240 mL, 2 M in H2O). The aqueous layer was extracted with CH2Cl2 (3 × 120 mL) 

and the organic components were washed with brine (120 mL) and 0.5 M LiCl solution (2 × 

60 mL), dried over Na2SO4, filtered and concentrated in vacuo. The resulting dark brown 

solid was washed with cold EtOAc (4 × 60 mL) to give 33 as a yellow-brown solid (1.85 g, 

containing product:DMF 3:2 plus small impurities). The solid was re-dissolved in CH2Cl2, 

washed with 0.5 M LiCl solution (2 × 100 mL), dried over Na2SO4, filtered and concentrated 

in vacuo. The resulting brown solid was washed with EtOAc to a give 33 as a light-brown 

solid (943 mg, 30%): Rf 0.18 (EtOAc : hexane 1:1); m.p. 187–189 °C (EtOAc) [lit.29 180–

183 °C (EtOAc), lit.40 198–199 °C, lit.41 191–194 °C, lit.42 120–122 °C]; 1H NMR (400 MHz, 

CDCl3): 2.72 (3H, s, C2CH3), 3.88 (3H, s, OCH3), 6.88 (1H, dd, J1 = 8.8, J2 = 2.5, C6H), 7.23 

(1H, d, J = 8.8, C7H), 7.73 (1H, d, J = 2.5, C4H), 8.78 (1H, br s, NH), 10.02 (1H, s, CHO); 

LRMS m/z (ESI+) 190 ([M+H]+, 78%). These data are generally in good agreement with the 

reported values.29, 40-42  

5-Methoxy-1,2-dimethyl-1H-indole-3-carbaldehyde, 34 

 

A solution of 33 (897 mg, 4.74 mmol, 1.0 eq.) in dry DMF (6.0 mL) was added dropwise to 

a suspension of NaH (60% dispersion in mineral oil, 294 mg, 7.34 mmol, 1.5 eq.) in dry 

DMF (5.5 mL), under an argon atmosphere. The resulting suspension was stirred at rt for 2 

h, then cooled to 0 °C. Iodomethane (0.36 mL, 5.80 mmol, 1.2 eq.) was added dropwise 

and the resulting solution was stirred for a further 2 h at rt. H2O (50 mL) was added slowly 

and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The organic components 

were washed with H2O (50 mL), LiCl solution (2 × 50 mL, 0.5 M in H2O) and brine (50 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The resulting residue was adsorbed 

onto Celite® and purified by silica column chromatography, eluting with EtOAc and hexane 

(gradient, 20–100% EtOAc), to yield compound 34 as a yellow solid (686 mg, 71%) : Rf 

0.24 (EtOAc : hexane 1:1); m.p. 120–126 °C (EtOAc) [lit.29 115–118 °C (EtOAc), lit.43 132–
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133 °C]; 1H NMR (400 MHz, CDCl3): 2.68 (3H, s, C2CH3), 3.71 (3H, s, N1CH3), 3.90 (3H, s, 

OCH3), 6.92 (1H, dd, J1 = 8.8, J2 = 2.5, C6H), 7.21 (1H, d, J = 8.8, C7H), 7.78 (1H, d, J = 

2.5, C4H), 10.04 (1H, s, CHO); LRMS m/z (ESI+) 176 ([M-CHO]+, 29%), 204 ([M+H]+, 45%), 

429 ([2M+Na]+, 100%). These data are generally in good agreement with the reported 

values.29, 43  

5-Methoxy-1,2-dimethyl-4,7-dioxo-4,7-dihydro-1H-indole-3-carbaldehyde, 37, via 5-
methoxy-1,2-dimethyl-4-nitro-1H-indole-3-carbaldehyde, 35, and 4-amino-5-
methoxy-1,2-dimethyl-1H-indole-3-carbaldehyde, 36 

 

Step 1 – A solution of fuming nitric acid (3.1 mL, 74.3 mmol, 22.4 eq.) in AcOH (11.7 mL) 

was added dropwise to a solution of compound 34 (674 mg, 3.32 mmol, 1.0 eq.) in AcOH 

(70.0 mL) at 0 °C and the resulting solution was warmed to rt and stirred for a further 3 h. 

The resulting solution was poured into crushed ice (134 g) and the resulting suspension 

was stirred for a further 1 h before the yellow precipitated was collected by filtration, washed 

with H2O (4 × 150 mL) and dried in vacuo to give a mixture of regioisomers containing 35 

(710 mg, 100% conversion by 1H NMR, 86% ‘yield’), which was used without further 

purification: LRMS m/z (ESI+) 249 ([M+H]+, 2%), 271 ([M+Na]+, 19%), 519 ([2M+Na]+, 85%). 

Step 2 - Tin (1.00 g, 8.46 mmol, 5.3 eq.) and aqueous HCl (12.4 mL, 3.0 M, 37.3 mmol, 

23.2 eq.) was added to a suspension of compound 35 (400 mg, 1.61 mmol, 1.0 eq., mixture 

of regioisomers) in EtOH (30.0 mL) and the resulting suspension was heated at 80 °C for 

1 h. The resulting suspension was cooled to rt, 100 mL H2O was added and the mixture 

was adjusted to pH 8 using solid NaHCO3. The aqueous layer was extracted with 

chloroform (3 × 100 mL) and the organic components were washed with brine (2 × 50 mL), 

dried over Na2SO4 and concentrated in vacuo to give a brown/yellow solid containing 36 
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which was used in the next step without further purification: LRMS m/z (ESI+) 219 ([M+H]+, 

100%), 459 ([2M+Na]+, 44%). 

Step 3 - The resulting solid was dissolved in acetone (100 mL) and to the solution was 

added Fremy’s salt (2.16 g, 8.05 mmol, 5 eq.) in NaH2PO4/Na2HPO4 buffer (100 mL, 0.4 M 

in H2O, pH 6). The resulting solution was stirred at rt for 1 h then concentrated in vacuo to 

remove the acetone and extracted with EtOAc (4 × 75 mL). The organic components were 

dried over Na2SO4, filtered and concentrated in vacuo. The resulting residue was adsorbed 

onto Celite® and purified by silica column chromatography, eluting with acetone and CH2Cl2 

(gradient, 2.5–10% acetone), to yield compound 37 as an orange solid (202 mg, 46% over 

3 steps): Rf 0.52 (acetone : CH2Cl2 5:95); m.p. 233–235 °C (CH2Cl2, decomposition) [lit.29 

217–219 °C (acetone), lit.42 239–242 °C]; 1H NMR (400 MHz, CDCl3) 2.62 (3H, s, C2CH3), 

3.85 (3H, s, N1CH3), 3.94 (3H, s, OCH3), 5.70 (1H, s, C6H), 10.55 (1H, s, CHO); LRMS m/z 

(ESI+) 234 ([M+H]+, 1%), 489 ([2M+Na]+, 100%). These data are generally in good 

agreement with the reported values.29, 43  

3-(Hydroxymethyl)-5-methoxy-1,2-dimethyl-1H-indole-4,7-dione, 38 

 

NaBH4 (130 mg, 3.44 mmol, 5.2 eq.) was added portion-wise, under a stream of argon, to 

a suspension of 37 (154 mg, 0.660 mmol, 1.0 eq.) in dry MeOH (12.0 mL) and dry THF 

(12.0 mL) at 0 °C under an argon atmosphere. The resulting orange suspension was stirred 

for 45 min, until it became a colourless solution. H2O (12 mL) was added slowly and the 

aqueous layer was rapidly extracted with CH2Cl2 (3 × 30 mL), dried over Na2SO4, filtered 

and concentrated in vacuo. The resulting residue was adsorbed onto Celite® and purified 

by silica column chromatography, eluting with EtOAc and hexane (gradient, 50–100% 

EtOAc) then acetone and EtOAc (gradient, 20–50% acetone), to yield compound 38 as a 

red solid (127 mg, 81%): Rf 0.34 (EtOAc); m.p. 196–198 °C (EtOAc) [lit.29 195–198 °C 
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(EtOAc), lit.44 199–200 °C, lit.43 215–216 °C]; 1H NMR (400 MHz, CDCl3) 2.23 (3H, s, 

C2CH3), 3.83 (3H, s, N1CH3), 3.89 (3H, s, OCH3), 4.62 (2H, d, J = 7.2, C1’H2), 5.64 (1H, s, 

C6H); LRMS m/z (ESI+) 258 ([M+Na]+, 25%), 493 ([2M+Na]+, 100%). These data are 

generally in good agreement with the reported values.29, 43, 44 

(5-Methoxy-1,2-dimethyl-4,7-dioxo-4,7-dihydro-1H-indol-3-yl)methyl 2-chloroacetate, 
39 

 

This reaction was carried out by Dr Daniel Kovacs. Procedure adapted from Kovacs et al.39 

To a solution of compound 38 (7.0 mg, 29.8 µmol, 1.0 eq.) in CH2Cl2 (125 µL) and DMF 

(125 µL) at 0 °C, 2,6-di-tertbutylpyridine (20.0 µL, 89.3 µmol, 3.0 eq.) was added and the 

resulting solution was stirred at 0 °C for 10 min. Chloroacetyl chloride (3.0 µL, 37.2 µmol, 

1.3 eq.) was added and the resulting solution was warmed to rt and stirred for a further 3 h 

then the solvent was reduced in vacuo. The resulting mixture was diluted brine (1-2 mL), 

extracted into EtOAc (3 × 2 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

resulting residue was adsorbed onto Celite® and purified by silica column chromatography, 

eluting with CH2Cl2 and Et2O (gradient, 10–20% CH2Cl2), to yield compound 39 as a red 

solid (8.0 mg, 86%): Rf 0.75 (CH2Cl2 : Et2O 3:2); 1H NMR (400 MHz, CDCl3) 2.29 (3H, s, 

C2CH3), 3.79 (3H, s, OCH3), 3.88 (3H, s, N1CH3), 4.03 (2H, s, C2’’H2), 5.33 (2H, s, C1’H2), 

5.61 (1H, s, C6H); 13C NMR (101 MHz, CDCl3): 9.7 (C2C), 32.5 (N1C), 41.1 (C2’’), 56.6 

(C5OC), 58.4 (C1’), 106.8 (C6), 114.9 (C3a), 121.8 (C3), 129.4 (C7a), 138.2 (C2), 159.8 (C5), 

167.4 (C1’’), 177.7 (C4), 178.9 (C7). 
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Tri-tert-butyl 2,2',2''-(10-(2-((5-methoxy-1,2-dimethyl-4,7-dioxo-4,7-dihydro-1H-indol-
3-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate, 40 

 

This reaction was carried out by Dr Daniel Kovacs. 

23 (10.3 mg, 17.3 µmol, 1.0 eq.) and Na2CO3 (4.6 mg, 43.2 µmol, 2.5 eq.) was added to a 

solution of 39 (7.0 mg, 22.5 µmol, 1.3 eq.) in MeCN (280 µL). The resulting suspension was 

stirred at 50 °C for 18 h, cooled to rt and concentrated in vacuo. The resulting material was 

adsorbed onto Celite® and purified by silica column chromatography, eluting with MeOH 

and CH2Cl2 (gradient, 0–15% MeOH), resulting in a deep orange solid 40 (14.0 mg, quant.): 

Rf 0.40 (CH2Cl2 : MeOH 2:3); 1H NMR (400 MHz, DMSO-d6): 1.09–1.59 (27H, m, 3 ×  

C(CH3)3), 1.88–2.31 (13H, m, 5 × ring CH2, C2’’’’’CH3), 2.56–3.23 (14H, m, 3 × ring CH2, 4 × 

arm CH2), 3.76 (3H, s, C5’’’’’OCH3), 3.82 (3H, s, N1’’’’’CH3), 5.23 (2H, s, C8’’’’’H2), 5.71–5.82 

(1H, m, C6’’’’’H); 13C NMR (151 MHz, DMSO-d6): 9.1 (C2’’’’’C), 27.5 (C(CH3)3), 32.2 (N1’’’’’C), 

46.5–53.5 (m, ring CH2), 54.5 (C2’/C2’’’), 55.1 (C2’’), 55.5 (C8’’’’’), 56.4 (C1’’’’), 56.6 (C5’’’’’OC), 

81.3 (3 × C(CH3)3), 106.7 (C6’’’’’), 114.4 (C3a’’’’’), 121.0 (C3’’’’’), 128.3 (C7a’’’’’), 138.6 (C2’’’’’), 

159.3 (C5’’’’’), 177.0 (C4’’’’’), 178.3 (C7’’’’’); LRMS m/z (ESI+) 790 ([M+H]+, 60%), 812 ([M+Na]+, 

100%). 

Attempted deprotection of 41 
Method 1 (TFA) – The reaction was carried out by Dr Daniel Kovacs, following the general 

TFA deprotection procedure, and was monitored by TLC and 1H NMR spectroscopy. 

Degradation was observed after several hours. 

Method 2 (ZnBr2) – To a solution of 41 (30.0 mg, 38.0 µmol, 1.0 eq.) in CH2Cl2 (1.0 mL), 

zinc bromide (42.8 mg, 190 µmol, 5.0 eq.) was added and the solution stirred at rt for 

30 min, after which a red solid precipitated. The reaction mixture was diluted in H2O (10 
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mL) and stirred at rt for a further 1 h. The layers were separated the aqueous layer extracted 

with CH2Cl2 (3 × 10 mL) and concentrated in vacuo to give an orange oil. LRMS analysis of 

the aqueous and organic layers showed that no starting material remained or product was 

formed and 1H NMR analysis of the organic layer suggested that degradation had occurred. 

Method 3 (oxalyl chloride) – To a solution of 41 (20.2 mg, 25.6 µmol, 1.0 eq.) in MeOH 

(1.2 mL), oxalyl chloride (20.0 µL, 233 µmol, 9.1 eq.) was added and the resulting solution 

was stirred at rt for 1 h to give a dark orange solution. The reaction mixture was 

concentrated in vacuo to give a red solid. TLC indicated that no starting material remaining 

and a new orange spot had formed. LRMS analysis suggested that fragmentation had 

occurred to give the carboxylic acid fragment [(M-IQ)+H]+ with an m/z of 573 (100% 

intensity). 1H NMR analysis of the crude mixture in CDCl3 showed evidence of organic 

indolequinone derivatives and in D2O showed no evidence of triacid formation.  

1,4,7-Tribenzyl 1,4,7,10-tetraazacyclododecane-1,4,7-tricarboxylate, 43 

 

To a solution of 1,4,7,10-tetraazacyclododecane (cyclen, 2.50 g, 14.5 mmol, 1.0 eq.) in 

CH2Cl2 (80 mL), triethylamine (6.00 mL, 43.0 mmol, 3.0 eq.) was added and the resulting 

solution was stirred at 0 °C for 10 min. Benzyl chloroformate (6.30 mL, 42.0 mmol, 2.9 eq.) 

was dissolved in DCM (20 mL) and was added dropwise. The resulting solution was 

warmed to rt and stirred for a further 17 h, then concentrated in vacuo. The resulting residue 

was adsorbed onto Celite® and purified by silica column chromatography, eluting with 

EtOAc and PE (gradient, 50–100% EtOAc), to yield compound 43 as a colourless oil (3.94 

g, 47%): Rf 0.13 (PE : EtOAc 1:1); νmax (thin film) cm-1: 3409 (NH, m), 1698 (C=O, s); 1H 
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NMR (400 MHz, CDCl3) 0.89 (1H, br s, NH), 2.66–2.98 (4H, m, 2 × ring CH2), 3.20–3.83 

(12H, m, 6 × ring CH2), 4.79–5.22 (6H, m, 3 × OCH2), 7.15–7.46 (15H, m, 3 × C6H5); LRMS 

m/z (ESI+) 575 ([M+H]+, 93%), 1149 ([2M+H]+, 100%). These data are good agreement with 

the available literature data.45, 46 

1,4,7-Tribenzyl 10-(tert-butyl) 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetracarboxylate, 44 

 

Dry TEA (0.37 mL, 2.70 mmol, 1.3 eq.) was added to a solution of compound 43 (1.20 g, 

2.09 mmol, 1.0 eq.) in dry CH2Cl2 (14.0 mL) and the resulting solution was stirred at rt for 

10 min. Di-tert-butyl dicarbonate (0.58 g, 2.70 mmol, 1.3 eq.) was added and the resulting 

mixture was stirred at rt for 16 h, then concentrated in vacuo and stored at −20 °C overnight. 

The resulting residue was adsorbed onto Celite® and purified by silica column 

chromatography, eluting with Et2O and CH2Cl2 (gradient, 0–20% Et2O), to yield compound 

44 as a colourless oil (1.16 g, 82%): Rf 0.31 (CH2Cl2 : Et2O 8:2); νmax (thin film) cm-1: 3464 

(O-H, br, w), 1694 (C=O, s); 1H NMR (400 MHz, CDCl3) 1.36 (9H, s, C(CH3)3), 3.13–3.51 

(16H, m, 8 × ring CH2), 5.00–5.12 (6H, m, 3 × OCH2), 7.23–7.37 (15H, m, 3 × C6H5); LRMS 

m/z (ESI+) 675 ([M+H]+, 34%), 697 ([M+Na]+, 90%), 1371 ([2M+H]+, 100%). These data are 

good agreement with the available literature data.46 
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4-((Tert-butyldimethylsilyl)oxy)benzaldehyde, 46 

 

To a solution of 4-hydroxybenzaldehyde (2.52 g, 20.6 mmol, 1.0 eq.) and imidazole (2.11 g, 

31.0 mmol, 1.5 eq.) in DMF (30 mL), tert-butylchlorodimethylsilane (TBDMSCl, 3.58 g, 

23.8 mmol, 1.2 eq.) was added and the resulting solution was stirred at rt for 17 h. The 

reaction was diluted with Et2O (50 mL), washed with a brine and H2O solution (1:1, 150 mL), 

extracted with Et2O (2 × 50 mL). The combined organic components were washed with LiCl 

solution (0.5 M, 100 mL) and brine (100 mL), dried over Na2SO4, filtered and concentrated 

in vacuo to give compound 46 as an orange-brown liquid (4.41 g, 90%) which was not 

purified further: Rf 0.31 (PE : Et2O 95:5); 1H NMR (400 MHz, CDCl3) 0.25 (6H, s, 2 × C1’H3), 

0.99 (9H, s, 3 × C3’H3), 6.92–6.96 (2H, m, C3H/C5H), 7.76–7.82 (2H, m, C2H/C4H), 9.89 (1H, 

s, C7H); LRMS m/z (ESI+) 237 ([M+H]+, 100%). These data are good agreement with the 

available literature data.47, 48 

(4-((Tert-butyldimethylsilyl)oxy)phenyl)methanol, 47 

 

NaBH4 (700 mg, 18.5 mmol, 2 eq.) was added portion-wise to a solution of compound 46 

(2.18 g, 9.21 mmol, 1.0 eq.) in MeOH (70.0 mL) and THF (40.0 mL) under an argon 

atmosphere, at 0 °C. The resulting suspension was warmed to rt after 1 h and stirred at rt 

for a further 2 h and then quenched with saturated NH4Cl solution. The resulting suspension 

was poured into a brine/H2O mixture (1:1, 400 mL), extracted with EtOAc (3 × 250 mL), 

dried over Na2SO4, filtered, concentrated in vacuo and stored at −20 °C. The resulting 

residue was adsorbed onto Celite® and purified by silica column chromatography, eluting 

with EtOAc and PE (gradient, 10–20% EtOAc), to yield compound 47 as a pale yellow liquid 

(1.47 g, 67%): Rf 0.51 (PE : EtOAc 6:4); 1H NMR (400 MHz, CDCl3) 0.19 (6H, s, 2 × C1’H3), 



252 
 

0.98 (9H, s, 3 × C3’H3), 4.61 (2H, s, C7H2), 6.76–6.86 (2H, m, C3H/C5H), 7.19–7.25 (2H, m, 

C2H/C6H); LRMS m/z (ESI+) 239 ([M+H]+, 3%), 261 ([M+Na]+, 41%), 499 ([2M+Na]+, 78%). 

These data are good agreement with the available literature data.49-51 

4-((Tert-butyldimethylsilyl)oxy)benzyl 2-bromoacetate, 48 

 

To a solution of compound 47 (793 mg, 3.33 mmol, 1.0 eq.) in CH2Cl2 (13.3 mL) and DMF 

(13.3 mL) at 0 °C, 2,6-di-tertbutylpyridine (1.44 mL, 6.66 mmol, 2.0 eq.) was added and the 

resulting solution was stirred at 0 °C for 10 min. Bromoacetyl bromide (0.34 mL, 3.90 mmol, 

1.2 eq.) was added and the resulting solution was warmed to rt and stirred for a further 18 

h then the solvent was reduced in vacuo. The CH2Cl2 was removed by concentration in 

vacuo. Brine (75 mL) and H2O (75 mL) were added to the resulting solution and the 

aqueous components were extracted using EtOAc (3 × 50 mL). The organic components 

dried over Na2SO4, filtered and concentrated in vacuo. The resulting residue was adsorbed 

onto Celite® and purified by silica column chromatography, eluting with EtOAc and PE 

(gradient, 0–10% EtOAc), to yield compound 48 as a colourless liquid (824 mg, 69%): Rf 

0.51 (PE : EtOAc 9:1); νmax (thin film) cm-1: 1740 (C=O, s), 1611 (C=C, m), 1268 (C-O, s); 

1H NMR (400 MHz, CDCl3) 0.20 (6H, s, 2 × C1’’H3), 0.98 (9H, s, 3 × C3’H3), 3.85 (2H, s, 

C2’H2), 5.13 (2H, s, C7H2), 6.80–6.85 (2H, m, C3H/C5H), 7.22–7.26 (2H, m, C2H/C6H); HRMS 

m/z (ESI+) [Found: 381.0510, C15H23BrO3Si requires [M+Na]+ 381.0492]; LRMS m/z (ESI+) 

381 ([M+Na]+, 79Br, 59%), 383 ([M+Na]+, 81Br, 60%), 739 ([2M+Na]+, 79Br79Br, 87%), 741 

([2M+Na]+, 79Br81Br, 100%), 743 ([2M+Na]+, 81Br81Br, 90%). 
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EuDOTA, 21a  

 

Europium triflate (119 mg, 0.199 mmol, 1.2 eq.) was added to a suspension of DOTA 

(67.4 mg, 0.167 mmol, 1.0 eq.) in EtOH (0.95 mL) and H2O (0.95 mL), and the resulting 

suspension was heated to 40 °C for 17 h. 1M NaOH solution was added portion-wise (1.0 

eq. every 30 min, total 0.58 mL, 3.5 eq.) until pH 7 was reached. The resulting suspension 

was cooled to rt, split into two 1.5 mL Eppendorf tubes, centrifuged for 10 min and the 

supernatants were filtered (through a Nylon syringe filter), combined and concentrated in 

vacuo to give a colourless solid. The crude residue was redissolved in a minimal amount of 

H2O and purified by dialysis (2 weeks, procedure as described in the general experimental), 

then concentrated in vacuo to give compound 21a as a colourless solid (42.2 mg, 46%): 1H 

NMR (400 MHz, D2O): −16.0, −14.6, −8.0, −6.7, −1.1, 33.8 (only SAP isomer reported); 

HRMS m/z (ESI+) [Found: 577.0769, C16H24EuN4O8 requires [(M-+Na)+H]+ 577.0777]; 

LRMS m/z (ESI+) 577 ([(M+Na)+H]+, 12%), 599 ([(M+Na)+Na]+, 100%). These data are in 

good agreement with the previously reported values.52 

TbDOTA, 21b  

 

Terbium triflate (133 mg, 0.219 mmol, 1.1 eq.) was added to a solution of DOTA (80.0 mg, 

0.198 mmol, 1.0 eq.) in H2O (4.0 mL), and the resulting solution was heated to 40 °C for 

19 h. 1 M NaOH solution was added portion-wise (1.0 eq. every 30 min, total 0.50 mL, 

2.5 eq.) until pH 7 was reached. The resulting suspension was cooled to rt, filtered (through 
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a Nylon syringe filter) and concentrated in vacuo to give a colourless solid. The crude 

residue was redissolved in a minimal amount of H2O and purified by dialysis (2 weeks, 

procedure as described in the general experimental), then concentrated in vacuo to give 

compound 21b as a colourless solid (27.6 mg, 25%): 1H NMR (400 MHz, D2O): −400.3 

(SAP, axial ring CH), −240.0 (TSAP), −99.0 (SAP), −95.2 (SAP), −71.5 (TSAP), −69.8 

(TSAP), −5.9 (TSAP), 63.6 (TSAP), 84.4 (SAP), 138.4 (SAP), 177.9 (TSAP), 261.9 (SAP, 

arm CH); HRMS m/z (ESI+) [Found: 583.0821, C16H24TbN4O8 requires [(M-+Na)+H]+ 

583.0818]; LRMS m/z (ESI+) 583 ([(M-+Na)+H]+, 21%), 605 ([(M-+Na)+Na]+, 100%). These 

data are in good agreement with the previously reported values.53 

Tri-tert-butyl 2,2',2''-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate, 51 

 

Benzyl 2-bromoacetate (0.40 mL, 2.50 mmol, 1.5 eq.) was added dropwise at 0 °C to a 

solution of 23 (1.00 g, 1.68 mmol, 1.0 eq.) and K2CO3 (1.09 g, 7.89 mmol, 4.7 eq.) in MeCN 

(20.0 mL). The resulting suspension was stirred at rt for 3 h, filtered, washed with MeCN 

and the filtrate was concentrated in vacuo. The resulting material was dissolved in CH2Cl2 

and purified by silica column chromatography, eluting with MeOH and CH2Cl2 (gradient, 0–

10% MeOH), resulting in a yellow oil 51 (1.02 g, 91%) which was stored at −20 °C: Rf 0.18 

(MeOH : CH2Cl2 5:95); νmax (solid) cm-1: 1727 (C=O, s), 1627 (C=C, w), 1229 (C-O, m), 

1162 (C-O, m); 1H NMR (400 MHz, CDCl3): 1.45 (27H, s, 3 ×  C(CH3)3), 1.65–3.44 (24H, 

m, 4 × arm CH2, 8 × ring CH2), 5.13 (2H, s, C7’’’’’H2), 7.28–7.39 (5H, m, 

C1’’’’’H/C2’’’’’H/C3’’’’’H/C4’’’’’H/C5’’’’’H); 13C NMR (151 MHz, CDCl3): 27.9–28.5 (m, 3 × (CH3)3), 

50.6–51.5 (ring CH2), 51.5–53.5 (ring CH2), 55.2 (arm CH2), 55.6–56.4 (arm CH2), 67.0 

(C7’’’’’), 81.9–82.0 (m, 3 × C(CH3)3), 128.3–128.9 (C2’’’’/C3’’’’’/C4’’’’’/C5’’’’’’/C6’’’’’), 135.4 (C1’’’’’), 
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173.2 (C1’/C1’’/C1’’’), 173.3 (C1’/C1’’/C1’’’), 173.8 (C2’’’’); HRMS m/z (ESI+) [Found: 685.4159, 

C35H58N4O8 requires [M+Na]+ 685.4147]; LRMS m/z (ESI+) 663 ([M+H]+, 99%), 685 

([M+Na]+, 100%); Analytical HPLC (method 2A) Rt 7.8 min, 95.1%. These data are in good 

agreement with the available literature values.54-57 

2,2',2''-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid, 52 

 

The reaction was carried out following the general TFA deprotection procedure, left to stir 

at rt for 18 h, using 51 (1.08 g, 1.63 mmol, 1.0 eq.) in CH2Cl2 (50.0 mL) and TFA (50.0 mL, 

653 mmol, 401.0 eq.), to give 52 as an off-white solid (799 mg, 99%): νmax (solid) cm-1: 1779 

(C=O, m), 1713 (C=O, m), 1687 (C=C, s), 1386 (O-H, m), 1355 (O-H, m), 1200 (C-O, s); 1H 

NMR (400 MHz, D2O): 2.92–3.24 (8H, m, 4 × ring CH2), 3.41–3.54 (8H, m, 4 × ring CH2), 

3.63–4.02 (8H, m, 4 × arm CH2), 5.25 (2H, s, C7’’’’’H2), 7.39-7.53 (5H, m, 

C2’’’’’H/C3’’’’’H/C4’’’’’H/C5’’’’’H/C6’’’’’H); 13C NMR (151 MHz, D2O): 48.8 (ring CH2), 51.8 (ring CH2), 

53.8 (arm CH2), 56.5 (arm CH2), 68.0 (C7’’’’’), 129.4 (C2’’’’’/C3’’’’’/C4’’’’’/C5’’’’’), 136.1 (C6’’’’’), 170.6 

(C1’/C1’’/C1’’’), 172.4 (C2’’’’), 174.4 (C1’/C1’’/C1’’’); HRMS m/z (ESI+) [Found: 517.2272, 

C23H34N4O8 requires [M+Na]+ 517.2269]; LRMS m/z (ESI+) 495 ([M+H]+, 100%), 517 

([M+Na]+, 91%); Analytical HPLC (method 1A) Rt 8.6 min, 92.8%. 

Europium benzyl complex (EuBn), 22a 
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The reaction was carried out following the general lanthanide complexation procedure, 

using 52 (81.9 mg, 166 µmol, 1.0 eq.) and europium triflate (111 mg, 185 µmol, 1.12 eq.) 

in MES buffer (2.54 mL, 1 M, pH 6). The reaction was stirred at rt for 1 h, purified by semi-

preparative HPLC method 3 and lyophilised for 2 days to yield compound 22a as a 

colourless solid (43.2 mg, 41%): 1H NMR (400 MHz, D2O)*: −19.5, −17.2, −16.2, −15.8, 

−14.7, −14.2, −13.1, −10.8, −10.1, −9.6, −9.3, −9.1, −8.7, −8.1, −6.8, −6.4, −5.8, −4.1, −0.9, 

−0.5, 0.4, 3.1, 6.0, 6.2, 6.5, 7.4, 8.0, 8.5, 10.5, 25.5, 25.8, 26.5, 33.0, 34.0; HRMS m/z 

(ESI+) [Found: 645.1420, C23H31N4O8Eu requires [M+H]+ 645.1427]; LRMS m/z (ESI+) 645 

([M+H]+, 97%), 667 ([M+Na]+, 30%); Analytical HPLC (method 1A) Rt 8.9 min, 99.0%. 

*1H NMR contains 2% EuDOTA, therefore total purity ~97%, all peaks reported including 

EuDOTA. 

Terbium benzyl complex (TbBn), 22b 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 52 (53.4 mg, 108 µmol, 1.0 eq.) and terbium triflate (66.0 mg, 109 µmol, 1.01.0 eq.) 

in MES buffer (1.65 mL, 1 M, pH 6). The reaction was stirred at rt for 1 h, purified by semi-

preparative HPLC method 3 and lyophilised for 2 days to yield compound 22b as a 

colourless solid (27.1 mg, 39%): 1H NMR (400 MHz, D2O)*: −419.3, −401.4, −344.0, 

−333.7, −316.8, −182.9, −150.7, −119.6, −99.4, −79.4, −69.0, −67.8, −39.0, −38.7, −37.9, 

−31.5, −25.5, −20.6, −11.4, −4.3, 12.0, 24.1, 83.8, 147.2, 156.1, 220.9, 233.2, 288.7; HRMS 

m/z (ESI+) [Found: 651.1476, C23H31N4O8Tb requires [M+H]+ 651.1468]; LRMS m/z (ESI+) 

651 ([M+H]+, 100%), 673 ([M+Na]+, 71%); Analytical HPLC (method 1A) Rt 8.8 min, >99%. 

*1H NMR contains 1% TbDOTA, therefore total purity ~98%, all peaks reported including 

TbDOTA. 
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Gadolinium benzyl complex (GdBn), 22c 

 

The reaction was carried out following the general lanthanide complexation procedure, 

using 52 (103 mg, 207 µmol, 1.0 eq.) and gadolinium triflate (138 mg, 228 µmol, 1.1 eq.) in 

MES buffer (3.20 mL, 1 M, pH 6). The reaction was stirred at rt for 1 h, purified by semi-

preparative HPLC method 3 and lyophilised for 2 days to yield compound 22c as a 

colourless solid (48.0 mg, 36%): HRMS m/z (ESI+) [Found: 650.1453, C23H31N4O8Gd 

requires [M+H]+ 650.1456]; LRMS m/z (ESI+) 650 ([M+H]+, 14%), 672 ([M+Na]+, 12%), 1299 

([2M+Na]+, 39%), 1321 ([2M+Na]+, 48%); LCMS (method 2) Rt 3.1 min, 97.6%; Analytical 

HPLC (method 1A) Rt 8.8 min, 98.7%. 

6.4.3 Compounds from chapter IV 

General synthesis methods for chapter IV 

TBDMS protection: The appropriate phenol (1.0 eq.) and imidazole (4.0 eq.) were 

dissolved in DMF (cphenol = 700 mM), TBDMSCl (2.0 eq.) was added and the resulting 

solution was stirred at rt for 18–96 h. The reaction mixture was diluted with Et2O, washed 

with diluted brine (1:1 brine : H2O) and re-extracted with Et2O. The combined organic layers 

were washed with LiCl solution (0.5 M), dried over MgSO4, filtered and concentrated in 

vacuo. The resulting material was adsorbed onto Celite® and purified by silica column 

chromatography, eluting with Et2O and PE (gradient, 0–5% Et2O) for 60 and 103, or eluting 

with EtOAc and PE (gradient, 0–10% EtOAc for 113, 0–20% EtOAc for 68, 81 and 84). 

Azobenzene formation: The appropriate aniline (1.0 eq.) was dissolved in acetone and 

H2O (ratio 3:1, caniline = 40 mM) and HCl (12 M, 1.0 eq.) was added dropwise. The resulting 

solution was cooled to 0 °C and a solution of NaNO2 (1.0 eq.) in H2O (cNaNO2 = 1 M) was 
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added dropwise and the resulting solution was stirred at 0 °C for 30 min. The resulting 

solution was added dropwise at 0 °C to a solution of 2,6-dimethylphenol (1.2 eq.) and NaOH 

(2.8 eq.) in H2O (cphenol = 200 mM) and the resulting solution was allowed to warm to rt, 

stirring, for 18 h. The reaction mixture was neutralised using AcOH then diluted with H2O, 

extracted with EtOAc and the combined organic layers were washed with brine, dried, 

filtered and concentrated in vacuo. The resulting material was adsorbed onto Celite® and 

purified by silica column chromatography, eluting with EtOAc and PE (gradient 0–50% 

EtOAc for 89, 0–20% EtOAc for 80, 0–10% EtOAc for 111, isocratic 5% EtOAc for 112). 

Bromination procedure: To a solution of the protected phenol (1.0 eq.) in CCl4 (cS.M. = 50–

100 mM) under argon, NBS (2.1 eq.) and benzoyl peroxide (0.05 eq.) were added. The 

resulting solution was heated to 90–92 °C for 3.0–3.5 h, cooled to rt, filtered and filtrate was 

concentrated in vacuo. The crude material was stored at −20 °C. The resulting material was 

dissolved in pentane (104) or adsorbed onto Celite® (61, 71 & 72) and purified by silica 

column chromatography, eluting with EtOAc and PE (0–10% EtOAc for 71 & 72), Et2O and 

PE (0–5% Et2O for 61) or pentane (isocratic, carried our twice, for 104). Procedure taken 

from Simms et al.58, 67  

Alkylation of 4-nitrophenol: 4-nitrophenol (1.0 eq.) and K2CO3 (2.0 eq.) were dissolved in 

dry MeCN (cphenol = 75 mM) under argon and foil and the appropriate iodoalkane (2.0 eq.) 

was added. The resulting solution was heated to 90 °C with vigorous stirring for 18–24 hrs, 

then concentrated in vacuo, dissolved in CH2Cl2, filtered and concentrated in vacuo. The 

resulting material was dissolved in PE (107) or adsorbed onto Celite® (108) and purified by 

silica column chromatography, eluting with EtOAc and PE (gradient, 0–10% EtOAc). 

Formation of alkylated 4-aminophenol: The appropriate alkylated 4-nitrophenol (1.0 eq.) 

was dissolved in EtOH (cSM = 54 mM) and HCl (3 M, 23.2 eq.). Tin (5.4 eq.) was added and 

the resulting suspension was heated to 80 °C for 2 h. The cooled reaction mixture was 

diluted with H2O, solid NaHCO3 was added to adjust to pH 8 and the aqueous layer was 

extracted with EtOAc, dried over MgSO4, filtered and concentrated in vacuo to give the 
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crude aniline, which was used directly in the next step without further purification or 

characterisation. 

Tert-butyl(2,6-dimethyl-4-nitrophenoxy)dimethylsilane, 60 

 

The reaction was carried out according to the general TBDMS protection method, using 

2,6-dimethyl-4-nitrophenol (2.03 g, 12.1 mmol), imidazole (3.30 g, 48.5 mmol) and 

TBDMSCl (3.70 g, 24.6 mmol), yielding 60 as an off-white solid (3.08 g, 90%): Rf 0.68 (PE 

: Et2O 95:5); νmax (solid) cm-1: 1580 (C=C, m), 1510 (N-O, m), 1251 (Si-CH3, s); 1H NMR 

(400 MHz, CDCl3): 0.24 (6H, s, 2 × C1’H3), 1.03 (9H, s, 3 × C3’H3), 2.27 (6H, t, 2 × C7'H3), 

7.90 (2H, s, C3H/C5H); 13C NMR (101 MHz, CDCl3): -2.7 (C1’), 18.1 (C7), 19.0 (C2’), 26.1 

(C3’), 124.5 (C3/C5), 129.8 (C2/C4), 141.6 (C4), 158.4 (C1); HRMS m/z (ESI+) [Found: 

282.1517, C14H23NO3Si requires [M+H]+ 282.1520]; LRMS m/z (ESI+) 585 ([2M+Na]+, 

100%). These data are in good agreement with the available literature values.58 

(2,6-Bis(bromomethyl)-4-nitrophenoxy)(tert-butyl)dimethylsilane, 61 

 

The reaction was carried out according to the general bromination procedure, using 60 

(1.51 g, 5.37 mmol), NBS (2.04 g, 11.5 mmol) and benzoyl peroxide (90.7 mg, 281 µmol), 

yielding 61 as an off-white solid (783 mg, 33%): Rf 0.30 (pentane : Et2O 95:5); νmax 

(solid) cm-1: 1593 (C=C, m), 1522 (N-O, m), 1266 (Si-CH3, m); 1H NMR (400 MHz, CDCl3): 

0.35 (6H, s, 2 × C1’H3), 1.10 (9H, s, 3 × C3’H3), 4.50 (4H, s, 2 × C7H2), 8.28 (2H, s, C3H/C7H); 
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13C NMR (151 MHz, CDCl3): -3.1 (C1’), 19.1 (C2’), 26.1 (C3’), 27.3 (C7), 127.5 (C3/C5), 130.8 

(C2/C6), 142.2 (C4), 156.4 (C1); LRMS m/z (ESI+) 438 ([M+H]+, 8%). These data are in good 

agreement with the available literature values.58 

Nitro triester, 62 

 

To a solution of DO3A triester 23 (500 mg, 0.839 mmol, 1.8 eq.) in MeCN (9.0 mL), Na2CO3 

(152 mg, 1.43 mmol, 3.0 eq.) was added and 61 (209 mg, 0.476 mmol, 1.0 eq.) in MeCN 

(3.0 mL) was added. The resulting solution was heated to 50 °C for 43 h, cooled to rt, filtered 

and the filtrated was concentrated in vacuo. The crude material was stored at −20 °C. The 

resulting material was dissolved in CH2Cl2 and purified by silica column chromatography, 

eluting with MeOH and CH2Cl2 (gradient, 0–10% MeOH), to yield 62 as a bright yellow oil 

(316 mg, 56%): Rf 0.26 (CH2Cl2 : MeOH 95:5); νmax (solid) cm-1: 3435 (O-H, w br), 1725 

(C=O, s), 1594 (N-O, w), 1369 (O-H, m), 1279 (C-O, s); 1H NMR (400 MHz, CDCl3): 1.17–

1.57 (54H, m, 6 × C(CH3)3), 1.76–4.54 (48H, m, 16 × ring CH2, 8 × arm CH2), 7.69–8.29 

(2H, m, 2 × ar H); HRMS m/z (ESI+) [Found: 1192.7818, C60H105N9O15 requires [M+H]+ 

1192.7803]; LRMS m/z (ESI+) 596 ([M+2H]2+, 100%), 1192 ([M+H]+, 95%), 1214 ([M+Na]+, 

68%). These data are in decent agreement with the available literature values.58 
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Aniline triester, 63 

 

To a solution of 62 (47.4 mg, 39.7 µmol, 1.0 eq.) in EtOH (4.0 mL), HCl (2M, 0.5 mL, 

1.00 mmol, 25.2 eq.) and tin (26.6 mg, 224 µmol, 5.6 eq.) were added and the resulting 

suspension was heated to 80 °C for 2 h. The resulting suspension was cooled to rt, diluted 

with H2O (10 mL) and solid NaHCO3 was added to adjust to pH 8. The organic components 

were extracted with CHCl3 (3 × 10 mL), washed with brine (20 mL), dried, filtered and 

concentrated in vacuo to yield 63 as a yellow-orange oil (44 mg, 95%) which was stored at 

−20 °C under argon and not purified further: 1H NMR (400 MHz, CDCl3): 1.44 (54H, s, 6 × 

C(CH3)3), 2.53–4.85 (48H, m, 16 × ring CH2, 8 × arm CH2), 6.50–7.11 (2H, m, 2 × ar H); 

HRMS m/z (ESI+) [Found: 1162.8073, C60H107N9O13 requires [M+H]+ 1162.8061]; LRMS m/z 

(ESI+) 582 ([M+2H]2+, 100%), 1162 ([M+H]+, 90%). These data are in decent agreement 

with the available literature values.58 

Leucine amide triester, 64 

 

Method 1 - TEA (14.4 µL, 103 µmol, 3.0 eq.) and isobutyl chloroformate (5.90 µL, 

1.50 µmol, 1.5 eq.) were added to a solution of Boc-L-leucine (9.7 mg, 41.9 µmol, 1.2 eq.) 

dissolved in dry CH2Cl2 (0.5 mL) under argon and the resulting solution was stirred for 
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5 min. 63 (40.0 mg, 34.4 µmol, 1.0 eq.) was added and the resulting solution was stirred 

under argon at rt for 48 h. The resulting solution was diluted with CH2Cl2 (5 mL), washed 

with H2O (5 mL) and brine (2 × 5 mL), dried over MgSO4, filtered and concentrated in vacuo. 

The resulting material was dissolved in a minimal volume of CH2Cl2 and purified by silica 

column chromatography, eluting with MeOH and CH2Cl2 (gradient, 0–20% MeOH), to yield 

64 (impure) as a yellow solid (8.0 mg, 17%): Rf 0.17 (CH2Cl2 : MeOH 9:1); 1H NMR 

(400 MHz, CDCl3): 0.74–1.06 (9H, m, 3 × C2’’’H3), 1.25 (6H, s, 2 × C3’’H3), 1.36–1.64 (54H, 

m, 6 × C(CH3)3), 1.63–1.85 (3H, m, C1’’H/C2’’H), 1.85–5.02 (48 H, m, 16 × ring CH2, 8 × arm 

CH2), 7.44–8.50 (2H, m, C3H/C5H), 10.00–10.75 (1H, m, OH); 1H NMR (600 MHz, MeCN-

d3): 0.90–0.97 (6H, m), 1.34–1.55 (63H, m), 1.55–1.73 (3H, m), 2.14–4.55 (49H, m), 5.75–

6.58 (1H, m), 6.77–8.11 (2H, m), 8.69–10.69 (1H, m); HRMS m/z (ESI+) [Found: 1375.9464, 

C71H126N10O16 requires [M+H]+ 1375.9426]; LRMS m/z (ESI+) 688 ([M+2H]2+, 100%), 1375 

([M+H]+, 100%). 

Method 2 – HBTU (33.5 mg, 88.3 µmol, 3.0 eq.), HOBt (9.10 mg, 67.3 µmol, 2.3 eq.) and 

DIPEA (20 µL, 115 µmol, 3.8 eq.) were added to a solution of Boc-L-leucine (15.2 mg, 

65.7 µmol, 2.2 eq.) in dry DMF (1.0 mL) under argon. 63 (34.8 mg, 29.9 µmol, 1.0 eq.) was 

added and the resulting solution was stirred under argon at rt for 26 h. The resulting solution 

was diluted with Et2O (20 mL), washed with LiCl solution (0.5 M), re-extracted with Et2O 

(20 mL), the combined organic layers dried over MgSO4, filtered and concentrated in vacuo. 

The resulting material was dissolved in a minimal volume of CH2Cl2 and purified by silica 

column chromatography, eluting with MeOH and CH2Cl2 (gradient, 0–15% MeOH), to yield 

64 (impure) as a yellow solid (8.2 mg, 20%): 1H NMR (400 MHz, CDCl3): 0.78–1.08 (9H, m, 

3 × C2’’’H3), 1.27 (6H, s, 2 × C3’’H3), 1.36–1.57 (54H, m, 6 × C(CH3)3), 1.60–2.63 (13H, m, 

C1’’H/C2’’H, ring CH2, arm CH2), 2.83–5.23 (37 H, m, ring CH2, arm CH2), 7.31–9.20 (2H, m, 

C3H/C5H/OH); LRMS m/z (ESI+) 688 ([M+2H]2+, 74%), 1375 ([M+H]+, 42%). 
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4-amino-2,6-dimethylphenol, 66 

 

To a solution of 4-nitro-2,6-dimethylphenol (912 mg, 5.46 mmol, 1.0 eq.) in MeOH (15.0 mL) 

under argon, palladium on carbon (160 mg, 1.51 mmol, 0.28 eq.) was added. The argon 

atmosphere was replaced with hydrogen gas and the resulting suspension was stirred for 

18 h. The resulting suspension was filtered over Celite®, washed with MeOH and 

concentrated in vacuo to yield 66 as a dark purple solid (747 mg, 99%) which was not 

purified further: Rf 0.00 (pentane); 1H NMR (400 MHz, CDCl3): 2.17 (6H, s, 2 × C7H3), 3.58 

(2H, br s, NH2), 6.37 (2H, s, C3H/C5H); HRMS m/z (ESI+) [Found: 138.0916, C8H11NO 

requires [M+H]+ 138.0913]; LRMS m/z (ESI+) 138 ([M+H]+, 100%). These data are in 

agreement with the reported values.59 

Tert-butyl (S)-(1-((4-hydroxy-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 67 

 

Method 1 – Boc-L-leucine (202 mg, 874 µmol, 1.2 eq.), DMAP (89.3 mg, 731 µmol, 1.0 

eq.), DIPEA (640 µL, 3.67 mmol, 5.1 eq.), EDC (144 mg, 751 µmol, 1.1 eq.) and HOBt 

(10.2 mg, 75.5 µmol, 0.1.0 eq.) were added to 66 (98.2 mg, 716 µmol, 1.0 eq.) was 

dissolved in MeCN (7.5 mL) purged with argon and the resulting solution was stirred at rt 

for 44 h. The resulting solution was concentrated in vacuo, diluted with EtOAc (100 mL), 

washed with a saturated solution of NaHCO3 (100 mL), re-extracted with EtOAc (100 mL) 

and the combined organic layers were dried over MgSO4, filtered and concentrated in 

vacuo. The resulting material was adsorbed onto Celite® and purified by silica column 
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chromatography, eluting with EtOAc and PE (gradient, 0–50% EtOAc), then purified further 

by silica column chromatography, eluting with EtOAc and PE (gradient, 0–20% EtOAc), to 

yield 71 as an orange oil (47.2 mg, 19%): [α]D20
 = −40.4 (c 0.5, CHCl3). 

Method 2 – TEA (310 µL, 2.22 mmol, 3.0 eq.) and isobutyl chloroformate (130 µL, 

1.14 mmol, 1.5 eq.) were added to a solution of Boc-L-leucine (209 mg, 905 µmol, 1.2 eq.) 

dissolved in dry CH2Cl2 (7.5 mL) under argon and the resulting solution was stirred at rt for 

5 min. 66 (102 mg, 745 µmol, 1.0 eq.) was added and the resulting solution was stirred at 

rt for a further 44 h. The resulting solution was diluted with CH2Cl2, washed with H2O (20 

mL) and brine (2 × 20 mL) and the organic components were dried over MgSO4, filtered 

and concentrated in vacuo. The resulting material was adsorbed onto Celite® and purified 

by silica column chromatography, eluting with EtOAc and PE (gradient, 0–20% EtOAc), to 

yield 67 as an orange oil (196 mg, 75%): [α]D20
 = −52.5 (c 0.5, CHCl3) 

Method 3 – DMAP (186 mg, 1.52 mmol, 2.0 eq.) and DCC (309 mg, 1.50 mmol, 2.0 eq.) 

were added to a solution of Boc-L-leucine (207 mg, 893 µmol, 1.2 eq.) dissolved in dry 

CH2Cl2 (4.5 mL) under argon and the resulted suspension was stirred at rt for 5 min. 66 

(103 mg, 751 µmol, 1.0 eq.) was added and the resulting solution was stirred at rt for a 

further 44 h. The resulting solution was diluted with CH2Cl2, filtered and the filtrate was 

washed with a saturated solution of NH4Cl (20 mL) then brine (20 mL) and the organic 

components were dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was adsorbed onto Celite® and purified by silica column chromatography, eluting 

with EtOAc and PE (gradient, 0–20% EtOAc), to yield 67 as an orange oil (133 mg, 50%): 

[α]D20
 = −34.0 (c 0.5, CHCl3). 

Rf 0.63 (PE:EtOAc 1:1); 1H NMR (600 MHz, CDCl3): 0.96 (6H, t, J 5.9, 2 × C5H3), 1.45 (9H, 

s, 3 × C2’’H3), 1.49–1.59 (1H, m, C3H), 1.65–1.83 (2H, m, C3H /C4H), 2.20 (6H, s, 2 × C7’H3), 

4.20 (1H, br s, C2H), 4.94 (1H, br s, OCONHC2), 7.11 (2H, s, C2’H/C6’H), 8.00 (1H, br s, 

C1ONH); 1H NMR (600 MHz, DMSO-d6): 0.86–0.91 (6H, m, 2 × C5H3), 1.35–1.43 (10H, m, 

3 × C2’’H3 and C3H), 1.44–1.53 (1H, m, C3H), 1.56–1.67 (1H, m, C4H), 2.12 (6H, s, 2 × 
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C7’H3), 4.04–4.09 (1H, m, C2H), 6.88 (1H, d, J = 8.1, C2NH), 7.13 (2H, s, C2’H/C6’H), 7.96 

(1H, s, C1ONH), 9.50 (1H, s, OH); 13C NMR (151 MHz, CDCl3): 16.2 (C7’), 23.1 (C5), 25.0 

(C4), 28.5 (C2’’), 40.9 (C3), 53.8 (C2), 80.5 (C1’’), 120.9 (C2’/C6’), 123.7 (C3’/C5’), 130.2 (C1’), 

149.3 (C4’), 156.3 (NHCOO), 171.0 (C1); 13C NMR (151 MHz, DMSO-d6): 17.2 (C7’), 22.1 

(C5), 23.4 (C5), 24.8 (C4), 28.7 (C2’’), 41.4 (C3), 53.9 (C2), 78.4 (C1’’), 120.2 (C2’/C6’), 124.8 

(C3’/C5’), 131.2 (C1’), 149.5 (C4’), 155.8 (NHCOO), 171.3 (C1); HRMS m/z (ESI+) [Found: 

351.2265, C19H30N2O4 requires [M+H]+ 351.2278]; LRMS m/z (ESI+) 351 ([M+H]+, 46%), 

701 ([2M+H]+, 100%), 723 ([2M+Na]+, 85%), 1051 ([3M+H]+, 14%), 1073 ([3M+Na]+, 35%). 

4-((Tert-butyldimethylsilyl)oxy)-3,5-dimethylaniline, 69 

 

To a solution of 60 (1.00 g, 3.55 mmol, 1.0 eq.) in MeOH (150 mL) under argon, palladium 

on carbon (111 mg, 1.04 mmol, 0.3 eq.) was added. The argon atmosphere was replaced 

with hydrogen gas and the resulting suspension was stirred for 18 h. The resulting 

suspension was filtered over Celite®, washed with MeOH and concentrated in vacuo to yield 

69 as a red oil (887 mg, 99%) which was not purified further: 1H NMR (400 MHz, CDCl3): 

0.16 (6H, s, 2 × C1’H3), 1.02 (9H, s, 3 × C3’H3), 2.14 (6H, s, 2 × C7H3), 3.30 (2H, s, NH2), 

6.34 (2H, s, C2H/C6H); 13C NMR (151 MHz, CDCl3): −3.0 (C1’), 18.0 (C7), 18.9 (C2’), 26.3 

(C3’), 115.9 (C2/C6), 129.3 (C3/C5), 140.0 (C1), 144.9 (C4); HRMS m/z (ESI+) [Found: 

503.3490, C14H25NOSi requires [2M+H]+ 503.3484]; LRMS m/z (ESI+) 252 ([M+H]+, 85%), 

503 ([2M+H]+, 100%). 
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Tert-butyl (S)-(1-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-
methyl-1-oxopentan-2-yl)carbamate, 68 

 

Method 1 - The reaction was carried out according to the general TBDMS protection 

method, for 40 h, using 67 (138 mg, 394 µmol), imidazole (109 mg, 1.60 mmol) and 

TBDMSCl (119 mg, 790 µmol), yielding 68 as an off-white solid (55.3 mg, 30%). 

Method 2 - Isobutyl chloroformate (310 µL, 2.71 mmol, 1.5 eq.) and TEA (750 µL, 

5.38 mmol, 3.0 eq.) were added to a solution of Boc-L-leucine (495 mg, 2.14 mmol, 1.2 eq.) 

in CH2Cl2 (25.0 mL) under argon and the resulting solution was stirred at rt for 5 min. 69 

(447 mg, 1.78 mmol, 1.0 eq.) dissolved in CH2Cl2 (5.0 mL) was added and the resulting 

solution was stirred under argon at rt for a further 40 h. The resulting solution was diluted 

with CH2Cl2 (70 mL), washed with H2O (100 mL) and brine (100 mL), dried over MgSO4, 

filtered and concentrated in vacuo. The resulting material was adsorbed onto Celite® and 

purified by silica column chromatography, eluting with EtOAc and PE (gradient, 0–10% 

EtOAc), to yield 72 as a colourless foam (656 mg, 79%): Rf 0.88 (PE : EtOAc 1:1); [α]D20
 = 

−19.2 (c 0.5, CHCl3); 1H NMR (600 MHz, CDCl3): 0.16 (6H, s, 2 × C1’’’H3), 0.96 (6H, dd, J1 

= 7.8, J2 = 6.4, 2 × C5H3), 1.02 (9H, s, 3 × C3’’’H3), 1.45 (9H, s, 3 × C2’H3), 1.50–1.57 (1H, 

m, C3H), 1.68–1.81 (2H, m, C3H/C4H), 2.17 (6H, s, 2 × C7’’H3), 4.16–4.27 (1H, m, C2H), 4.97 

(1H, d, J = 8.3, OCONHC2), 7.12 (2H, s, C2’’H/C6’’H), 8.03 (1H, s, C1ONH); 13C NMR 

(151 MHz, CDCl3): −2.9 (C1’’’), 18.0 (C7’’), 18.9 (C2’’’), 22.3 (C5), 23.1 (C5), 25.0 (C4), 26.2 

(C3’’’), 28.5 (C2’), 41.1 (C3), 53.9 (C2), 80.5 (C1’), 120.6 (C2’’/C6’’), 129.1 (C3’’/C5’’), 131.1 (C1’’), 

149.0 (C4’’), 156.2 (C2NCOO), 170.6 (C1); HRMS m/z (ESI+) [Found: 465.3141, 
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C25H44N2O4Si requires [M+H]+ 465.3143]; LRMS m/z (ESI+) 465 ([M+H]+, 80%), 929 

([2M+H]+, 95%), 1393 ([3M+H]+, 56%). 

Tert-butyl (S)-(1-((2,6-dibromo-4-((tert-butyldimethylsilyl)oxy)-3,5-
dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 71, and tert-butyl (S)-
(1-((2-bromo-4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-
oxopentan-2-yl)carbamate, 72 

 

The reaction was carried out according to the general bromination procedure, using 68 

(633 mg, 1.36 mmol), NBS (509 mg, 2.86 mmol) and benzoyl peroxide (23.4 mg, 

72.5 µmol), yielding 71 as yellow oil (121 mg, 14%) and 72 as a yellow solid (320 mg, 43%). 

71: Rf 0.24 (PE : EtOAc 9:1); [α]D20
 = −53.2 (c 0.5, CHCl3); 1H NMR (600 MHz, MeCN-d3): 

0.19 (6H, s, 2 × C1’’’H3), 0.91–1.01 (6H, m, 2 × C5H3), 1.05 (9H, s, 3 × C3’’’H3), 1.43 (9H, s, 

3 × C2’H3), 1.49–1.64 (1H, m, C3H), 1.66–1.85 (2H, m, C3H/C4H), 2.30 (6H, s, 2 × C7’’H3), 

4.23 (1H, td, J1 = 9.5, J2 = 4.8, C2H), 5.61 (1H, d, J = 8.3, OCONHC2), 8.22 (1H, s, C1ONH); 

13C NMR (101 MHz, MeCN-d3): −3.0 (C1’’’), 19.2 (C2’’’), 19.6 (C7’’), 21.9 (C5), 23.3 (C5), 25.6 

(C4), 26.3 (C3’’’), 28.7 (C2’), 41.7 (C3), 54.4 (C2), 80.0 (C1’), 125.4 (C2’’/C6’’), 130.0 (C1’’), 130.3 

(C3’’/C5’’), 152.5 (C4’’), 156.7 (C2NCOO), 172.5 (C1); HRMS m/z (ESI+) [Found: 621.1351, 

C25H42Br2N2O4Si requires [M+H]+ 621.1353]; LRMS m/z (ESI+) 621 ([M+H]+, 79Br79Br, 9%), 

623 ([M+H]+, 79Br81Br, 23%), 625 ([M+H]+, 81Br81Br, 14%), 1245 ([2M+H]+, 100%), 1247 

([2M+H]+, 99%). 

72: Rf 0.33 (PE : EtOAc 9:1); [α]D20
 = −42.0 (c 0.5, CHCl3); 1H NMR (600 MHz, MeCN-d3): 

0.18 (6H, s, 2 × C1’’’H3), 0.91–0.98 (6H, m, 2 × C5H3), 1.03 (9H, s, 3 × C3’’’H3), 1.43 (9H, s, 
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3 × C2’H3), 1.54–1.62 (1H, m, C3H), 1.63–1.78 (2H, m, C3H/C4H), 2.18 (3H, s, C8’’H3), 2.30 

(3H, s, C7’’H3), 4.10–4.17 (1H, m, C2H), 5.75 (1H, s, OCONHC2), 7.68 (1H, s, C6’’H), 8.40 

(1H, s, C1ONH); 13C NMR (101 MHz, MeCN-d3): −2.9 (C1’’’), 18.2 (C8’’), 19.25 (C7’’), 19.31 

(C2’’’), 21.8 (C5), 25.7 (C4), 26.4 (C3’’’), 28.6 (C2’), 41.3 (C3), 55.2 (C2), 80.3 (C1’), 117.2 (C2’’), 

124.0 (C6’’), 129.3 (C5’’), 130.2 (C3’’), 130.6 (C1’’), 150.2 (C4’’), 156.8 (C2NCOO), 172.2 (C1); 

HRMS m/z (ESI+) [Found: 543.2235, C25H43BrN2O4Si requires [M+H]+ 543.2248]; LRMS 

m/z (ESI+) 543 ([M+H]+, 79Br, 28%), 545 ([M+H]+, 81Br, 44%), 1085 ([2M+H]+, 79Br79Br, 68%), 

1087 ([2M+H]+, 79Br81Br, 100%), 1089 ([2M+H]+, 81Br81Br, 77%). 

Tert-butyl (S)-(1-((4-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 73 

 

Isobutyl chloroformate (480 µL, 4.19 mmol, 1.5 eq.) and TEA (1.15 mL, 8.25 mmol, 3.0 eq.) 

were added to a solution of Boc-L-leucine (766 mg, 3.31 mmol, 1.2 eq.) in CH2Cl2 (30.0 mL) 

under argon and the resulting solution was stirred at rt for 5 min. 4-aminophenol (304 mg, 

2.78 mmol, 1.0 eq.) was added and the resulting solution was stirred under argon at rt for 

a further 40 h. The resulting solution was diluted with CH2Cl2, washed with H2O (30 mL) 

and brine (30 mL), dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was adsorbed onto Celite® and purified by silica column chromatography, eluting 

with EtOAc and PE (gradient, 0–30% EtOAc), to yield 73 as a pink foam (431 mg, 48%): Rf 

0.53 (PE : EtOAc 1:1); [α]D20
 = −57.2 (c 0.5, CHCl3); 1H NMR (600 MHz, CDCl3): 0.95 (6H, 

dd, J1 = 11.0, J2 = 6.3, 2 × C5H3), 1.42 (9H, s, 3 × C2’H3), 1.54–1.63 (1H, m, C3H), 1.67–

1.78 (2H, m, C3H/C4H), 4.22–4.36 (1H, m, C2H), 5.17 (1H, s, C2NH), 6.50 (1H, s, OH), 6.67 

(2H, d, J = 8.5, C3’’H/C5’’H), 7.22 (2H, d, J = 8.5, C2’’H/C6’’H), 8.51 (1H, s, C1NH); 13C NMR 

(151 MHz, CDCl3): 22.0 (C5), 23.1 (C5), 25.0 (C4), 28.5 (C2’), 41.2 (C3), 53.9 (C2), 80.7 (C1’), 

115.8 (C3’’/C5’’), 122.4 (C2’’/C6’’), 130.3 (C1’’), 153.2 (C6’’), 156.5 (C2NCOO), 171.4 (C1); 
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HRMS m/z (ESI+) [Found: 645.3878, C17H26N2O4 requires [2M+H]+ 645.3858]; LRMS m/z 

(ESI+) 323 ([M+H]+, 5%), 645 ([2M+H]+, 100%), 667 ([2M+Na]+, 82%), 989 ([3M+H]+, 56%). 

(9H-Fluoren-9-yl)methyl (S)-(1-((4-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 74 

 

Method 1 - Isobutyl chloroformate (480 µL, 4.19 mmol, 1.5 eq.) and TEA (1.15 mL, 

8.25 mmol, 3.0 eq.) were added to a solution of Fmoc-L-leucine (1.18 g, 3.33 mmol, 

1.2 eq.) in CH2Cl2 (30.0 mL) under argon and the resulting solution was stirred at rt for 

5 min. 4-aminophenol (302 mg, 2.77 mmol, 1.0 eq.) was added and the resulting solution 

was stirred under argon at rt for a further 40 h. The resulting solution was diluted with 

CH2Cl2, washed with H2O (10 mL) and brine (10 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The resulting material was adsorbed onto Celite® and purified by 

silica column chromatography, eluting with EtOAc and PE (gradient, 0–50% EtOAc), to yield 

81 as a dark brown solid (47.0 mg, impure, < 4%). 

Method 2 – DCC (198 mg, 958 µmol, 1.1 eq.) and HOBt (132 mg, 977 µmol, 1.1 eq.) were 

added to a solution of Fmoc-L-leucine (305 mg, 863 µmol, 1.0 eq.) in DMF (2.0 mL) and 

stirred at rt for 5 min. TEA (130 µL, 933 µmol, 1.1 eq.) was added to a solution of 4-

aminophenol (100 mg, 916 µmol, 1.1 eq.) in DMF (2.0 mL) and stirred at rt for 5 min, then 

the resulting solution was added to the Fmoc-L-leucine solution and stirred at rt for a further 

17 h. The resulting solution was diluted with EtOAc (20 mL) and H2O (20 mL), washed with 

H2O (20 mL × 3), dried over MgSO4, filtered and concentrated in vacuo. The resulting 

material was adsorbed onto Celite® and purified by silica column chromatography, eluting 
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with EtOAc and PE (gradient, 0–30% EtOAc), to yield 74 as a dark brown solid (123 mg, 

32%).  

Method 3 – CDI (155 mg, 956 µmol, 1.1 eq.) was added to a solution of Fmoc-L-leucine 

(302 mg, 855 µmol, 1.0 eq.) in dry THF (2.0 mL) under argon and the resulting solution was 

stirred at rt for 1.5 h. 4-aminophenol (100 mg, 916 µmol, 1.1 eq.) was added and the 

resulting solution was stirred at rt under argon for a further 19 h. The resulting solution was 

concentrated in vacuo, diluted with EtOAc (10 mL), washed with saturated NaHCO3 solution 

(10 mL) and H2O (10 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

resulting material was adsorbed onto Celite® and purified by silica column chromatography, 

eluting with EtOAc and PE (gradient, 0–30% EtOAc), to yield 74 as a dark brown solid 

(141 mg, 37%). 

Rf 0.47 (PE:EtOAc 1:1); 1H NMR (600 MHz, DMSO-d6): 0.90 (6H, dd, J1 = 16.1, J2 = 6.6, 2 

× C5H3), 1.40–1.53 (1H, m, C3H), 1.54–1.69 (2H, m, C3H/C4H), 4.16 (1H, ddd, J1 = 10.1, J2 

= 8.3, J3 = 5.3, C9’’H), 4.19–4.32 (3H, m, C2H/C10’’H2), 6.65–6.71 (2H, m, C3’H/C5’H), 7.32 

(2H, dt, J1 = 7.7, J2 = 3.8, C2’’H/C7’’H), 7.35–7.39 (2H, m, C2’H/C6’H), 7.41 (2H, td, J1 = 7.4, 

J2 = 3.0, C3’’H/C6’’H), 7.58 (1H, d, J = 8.2, C2NH), 7.73 (2H, t, J = 7.3, C1’’H/C8’’H), 7.89 (2H, 

d, J = 7.6, C4’’H/C5’’H), 9.16 (1H, s, OH), 9.73 (1H, s, C1ONH); 13C NMR (151 MHz, DMSO-

d6): 21.5 (C5), 23.0 (C5), 24.3 (C4), 40.8 (C3), 46.7 (C9’’), 53.7 (C2), 65.6 (C10’’), 115.0 (C3’/C5’), 

120.1 (C4’’/C5’’), 121.0 (C2’/C6’), 125.3 (C1’’/C8’’), 127.0 (C2’’/C7’’), 127.6 (C3’’/C6’’), 130.6 (C1’), 

140.7 (C4a’’/C4b’’), 143.8 (C8a’’/C9a’’), 153.3 (C4’), 156.0 (C2NCOO), 170.7 (C1); HRMS m/z 

(ESI+) [Found: 445.2133, C27H28N2O4 requires [M+H]+ 445.2122]; LRMS m/z (ESI+) 445 

([M+H]+, 88%), 467 ([M+Na]+, 78%), 889 ([2M+H]+, 80%), 911 ([2M+Na]+, 100%), 1355 

([3M+Na]+, 22%). 

Attempts of further reaction of 73 and 74 

Method 1 (Duff reaction) – Procedure adapted from Lindler.61 The protected leucine 

compound (1.0 eq, 73 or 74) was suspended in AcOH (cSM ~300 mM), HMTA (2.0 eq.) was 

added and the resulting suspension heated to 120 °C for 3 h. The resulting suspension was 
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cooled to rt, HCl (1 M in H2O, 2.0 eq.) was added and heated to 120 °C for a further 30 min. 

The resulting suspension was cooled to rt, diluted with H2O, extracted with Et2O and 

washed with H2O and saturated aqueous NaHCO3 solution, dried over MgSO4, filtered and 

concentrated in vacuo. For the Boc-protected compound no change was observed by TLC. 

For the Fmoc-protected compound a change was observed by TLC, producing a spot on 

the baseline (in various TLC solvents) but no product was observed by LRMS analysis. 

Further reaction (reduction to form the desired hydroxymethyl compounds 75/76) was not 

carried out. 

Method 2 (formaldehyde) – Procedure adapted from Albedyhl et al.60 The protected leucine 

compound (1.0 eq., 73 or 74) was dissolved in MeOH (cSM 50 mM) under argon and to this 

NaOH solution (25% in H2O, 1.0 eq.) and formaldehyde (1.0 eq.) were added at 0 °C. The 

resulting solution was heated to 65 °C for 18 h, cooled to rt, adjusted to pH 5 using AcOH 

(33% in H2O) and concentrated in vacuo. The resulting material was diluted in H2O, 

extracted with EtOAc, dried over MgSO4, filtered and concentrated in vacuo. No product 

was convincingly detected by LRMS, TLC or 1H NMR analysis. 

(9H-fluoren-9-yl)methyl (4-aminophenyl)carbamate, 79 

 

DIPEA (2.56 mL, 14.7 mmol, 3.0 eq.) then Fmoc-chloride (1.27 g, 4.90 mmol, 1.0 eq.) were 

added to a solution of phenylenediamine (528 mg, 4.88 mmol, 1.0 eq.) in CH2Cl2 (30 mL) 

at 0 °C under argon. The resulting solution was warmed to rt and stirred for 2 h, then filtered 

to collect the precipitate. The white solid was suspended in CH2Cl2 : hexane 1:1 (50 mL), 

filtered and dried to yield 79 as a white solid (1.07 g, 70%): 1H NMR (600 MHz, DMSO-d6): 
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4.23–4.32 (1H, m, C9’H), 4.33–4.52 (2H, m, C10’H2), 4.78 (2H, s, NH2), 6.48 (2H, d, J = 8.2, 

C3H/C5H), 7.04–7.14 (2H, m, C2H/C6H), 7.30–7.39 (2H, m, C2’H/C7’H), 7.39–7.46 (2H, m, 

C3’H/C6’H), 7.74 (2H, d, J = 7.4, C1’H/C8’H), 7.90 (2H, d, J = 7.6, C4’H/C5’H), 9.20 (1H, s, 

CONH); 13C NMR (101 MHz, CDCl3): 46.7 (C9’), 65.4 (C10’), 114.0 (C3/C5), 120.1 

(C2/C6/C4’/C5’), 125.2 (C1’/C8’), 127.1 (C2’/C7’), 127.6 (C3’/C6’), 128.0 (C1), 140.8 (C4a’/C4b’), 

143.8 (C8a’/C9a’), 144.4 (C4), 153.7 (OCONH); HRMS m/z (ESI+) [Found: 331.1435, 

C21H18N2O2 requires [M+H]+ 331.1441]; LRMS m/z (ESI+) 331 ([M+H]+, 35%), 661 ([2M+H]+, 

100%), 991 ([3M+H]+, 34%). These data are in decent agreement with the previously 

reported literature.62, 63 

(9H-fluoren-9-yl)methyl (E)-(4-((4-hydroxy-3,5-
dimethylphenyl)diazenyl)phenyl)carbamate, 80 

 

The reaction was carried out according to the general azobenzene formation method, using 

79 (153 mg, 462 µmol), HCl (12 M, 40 µL, 480 µmol), NaNO2 (34.5 mg, 500 µmol), 

2,6-dimethylphenol (70.2 mg, 575 µmol) and NaOH (50.8 mg, 1.27 mmol, 2.8 eq.), yielding 

80 as a red solid (75.6 mg, 35%): Rf 0.11 (PE : EtOAc 9:1); 1H NMR (600 MHz, CDCl3): 

2.34 (6H, s, 2 × C7H3), 4.30 (1H, t, J = 6.4, C9’’H), 4.59 (2H, d, J = 6.4, C10’’H2), 5.02 (1H, s, 

OH), 6.82 (1H, s, NH), 7.29–7.39 (2H, m, C2’’H/C7’’H), 7.39–7.46 (2H, m, C3’’H/C6’’H), 7.47–

7.55 (2H, m, C2’H/C6’H), 7.61 (2H, s, C2H/C6H), 7.62–7.66 (2H, m, C1’’H/C8’’H), 7.80 (2H, d, 

J = 7.6, C4’’H/C5’’H), 7.87 (2H, J = 8.6, C3’H/C5’H); 13C NMR (151 MHz, CDCl3): 16.1 (C7), 
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47.3 (C9’’), 67.2 (C10’’), 118.8 (C2’/C6’), 120.2 (C4’’/C5’’), 123.67 (C3/C5), 123.69 (C2/C6), 123.8 

(C3’/C5’), 125.1 (C1’’/C8’’), 127.3 (C2’’/C7’’), 128.0 (C3’’/C6’’), 139.7 (C1’), 141.6 (C4a’’/C4b’’), 143.8 

(C8a’’/C9a’’), 146.5 (C1), 149.0 (C4’), 153.3 (OCONH), 155.0 (C4); HRMS m/z (ESI+) [Found: 

464.1969, C29H25N3O3 requires [M+H]+ 464.1969]; LRMS m/z (ESI+) 464 ([M+H]+, 100%). 

Note: for scale-up of this reaction, three reactions on 150 mg scale were carried out 

separately then combined for work-up and purification. 

(9H-fluoren-9-yl)methyl (E)-(4-((4-((tert-butyldimethylsilyl)oxy)-3,5-
dimethylphenyl)diazenyl)phenyl)carbamate, 81 

 

The reaction was carried out according to the general TBDMS protection method, for 72 h, 

using 80 (65.3 mg, 141 µmol), imidazole (40.1 mg, 589 µmol) and TBDMSCl (42.6 mg, 

283 µmol), yielding 81 as an orange solid (24.0 mg, 30%): Rf 0.82 (PE : EtOAc 1:1); 1H 

NMR (600 MHz, CDCl3): 0.24 (6H, s, 2 × C1’’’H3), 1.05 (9H, s, 3 × C3’’’H3), 2.31 (6H, s, 2 × 

C7H3), 4.30 (1H, t, J = 6.5, C9’’H), 4.59 (2H, d, J = 6.5, C10’’H2), 6.84 (1H, s, NH), 7.31–7.37 

(2H, m, C2’’H/C7’’H), 7.39–7.45 (2H, m, C3’’H/C6’’H), 7.45–7.55 (2H, m, C2’H/C6’H), 7.59 (2H, 

s, C2H/C6H), 7.61–7.66 (2H, m, C1’’H/C8’’H), 7.76–7.82 (2H, m, C4’’H/C5’’H), 7.83–7.88 (2H, 

m, C3’H/C5’H); 13C NMR (151 MHz, CDCl3): −2.7 (C1’’’), 18.1 (C7), 19.0 (C2’’’), 26.2 (C3’’’), 47.3 

(C9’’), 67.2 (C10’’), 118.8 (C2’/C6’), 120.2 (C4’’/C5’’), 123.6 (C2/C6), 123.8 (C3’/C5’), 125.1 
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(C1’’/C8’’), 127.3 (C2’’/C7’’), 128.0 (C3’’/C6’’), 129.5 (C3/C5), 139.8 (C1’), 141.5 (C4a’’/C4b’’), 143.8 

(C8a’’/C9a’’), 147.1 (C1), 149.0 (C4’), 153.2 (OCONH), 155.2 (C4); HRMS m/z (ESI+) [Found: 

578.2848, C35H39N3O3Si requires [M+H]+ 578.2833]; LRMS m/z (ESI+) 578 ([M+H]+, 100%). 

Tert-butyl (S,E)-(1-((4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-
methyl-1-oxopentan-2-yl)carbamate, 83, via 82  

 

Step 1 - 81 (174 mg, 302 µmol, 1.0 eq.) was dissolved in DMF (6.0 mL), piperidine (150 µL, 

1.52 mmol, 5.1 eq.) was added and the resulting solution was stirred at rt for 1 h under 

nitrogen. The resulting solution was diluted with H2O, extracted with EtOAc, dried over 

MgSO4, filtered and concentrated in vacuo to give 82 as the major product. LRMS m/z 

(ESI+) 264 ([M+H]+, 100%), 356 ([M+TBDMS+H]+, 2%). 

Step 2 - Boc-L-leucine (68.4 mg, 296 µmol, 1.0 eq.) was dissolved in dry THF (1.5 mL) 

under argon. CDI (48.1 mg, 297 µmol, 1.0 eq.) was added and the resulting solution was 

stirred at rt under argon for 1 h. The products from step 1 were dissolved in dry THF (1.5 mL) 

and added and the resulting solution was stirred at rt under argon for 17 h. Boc-L-leucine 

(68.7 mg, 297 µmol, 1.0 eq.) was dissolved in dry THF (1.0 mL) under argon, CDI (49.2 mg, 

303 µmol, 1.0 eq.) was added, the resulting solution was stirred at rt for 1 h and the solution 

was added to the other solution and the combined solution was stirred at rt for a further 

20 h. The resulting solution was concentrated in vacuo, diluted in EtOAc, washed with 

saturated NaHCO3 solution and H2O, dried over MgSO4, filtered and concentrated in vacuo. 

The resulting material was adsorbed onto Celite® and purified by silica column 
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chromatography, eluting with EtOAc and PE (gradient, 0–20% EtOAc), to yield 83 as an 

orange oil (57.6 mg, 43%): 1H NMR (600 MHz, CDCl3): 0.98 (6H, dd, J1 = 10.1, J2 = 6.3, 2 

× C5H3), 1.47 (9H, s, 3 × C2’’’H3), 1.57–1.64 (1H, m, C3H), 1.73–1.84 (2H, m, C3H/C4H), 2.32 

(6H, s, 2 × C7’’H3), 4.28 (1H, d, J = 11.0, C2H), 5.01 (1H, d, J = 7.8, C2NH), 7.62 (2H, s, 

C2’’H/C6’’H), 7.65 (2H, d, J = 8.6, C2’H/C6’H), 7.85 (2H, d, J = 8.6, C3’H/C6’H), 8.74 (1H, s, 

NH); 13C NMR (151 MHz, CDCl3): 16.0 (C7’’), 21.9 (C5), 23.0 (C5), 24.8 (C4), 28.3 (C2’’’), 40.3 

(C3), 80.9 (C1’’’), 119.9 (C2’/C6’), 123.5 (C3’/C5’), 123.8 (C2’’/C6’’), 123.9 (C3’’/C5’’), 139.9 (C1’), 

145.9 (C1’’), 148.6 (C4’), 155.6 (C4’’), 156.5 (C2NCOO), 171.0 (C1); HRMS m/z (ESI+) [Found: 

455.2654, C25H34N4O4 requires [M+H]+ 455.2653]; LRMS m/z (ESI+) 455 ([M+H]+, 14%), 

909 ([2M+H]+, 100%), 931 ([2M+Na]+, 16%), 1363 ([3M+H]+, 99%), 1385 ([3M+Na]+, 35%). 

Tert-butyl (S,E)-(1-((4-((4-((tert-butyldimethylsilyl)oxy)-3,5-
dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 84 

 

The reaction was carried out according to the general TBDMS protection method, using 83 

(43.1 mg, 94.8 µmol), imidazole (29.4 mg, 432 µmol) and TBDMSCl (34.8 mg, 231 µmol) 

for 24 h then additional imidazole (29.4 mg, 432 µmol) and TBDMSCl (31.8 mg, 211 µmol) 

were added prior to stirring for a further 72 h. Purification yielded 84 as an orange oil 

(44.8 mg, impure, < 83%): Rf 0.86 (PE : EtOAc 1:1); 1H NMR (600 MHz, CDCl3): 0.23 (6H, 

s, 2 × C1’’’H3), 0.98 (6H, t, J = 6.4, 2 × C5H3), 1.04 (9H, s, 3 × C3’’’H3), 1.47 (9H, s, 3 × C2’’’’H3) 

1.52–1.65 (1H, m, C3H), 1.68–1.90 (2H, m, C3H/C4H), 2.30 (6H, s, 2 × C7’’H3), 4.25 (1H, s, 
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C2H), 4.92 (1H, d, J = 8.0, C2NH), 7.61 (2H, s, C2’’H/C6’’H), 7.63–7.70 (2H, m, C2’H/C6’H), 

7.84–7.92 (2H, m, C3’H/C5’H), 8.62 (1H, s, C1NH); 13C NMR (151 MHz, CDCl3): −2.7 (C1’’’), 

18.1 (C7’’), 19.0 (C2’’’), 22.1 (C5), 23.1 (C5), 25.0 (C4), 25.8 (C3’’’), 28.5 (C2’’’’), 40.3 (C3), 54.0 

(C2), 81.0 (C1’’’’), 120.0 (C2’/C6’), 123.6 (C2’’/C6’’), 123.7 (C3’/C5’), 129.5 (C3’’/C5’’), 140.0 (C1’), 

147.1 (C1’’), 149.4 (C4’), 155.3 (C4’’), 156.5 (C2NCOO), 170.9 (C1); HRMS m/z (ESI+) [Found: 

569.3543, C31H48N4O4Si requires [M+H]+ 569.3519]; LRMS m/z (ESI+) 569 ([M+H]+, 100%), 

591 ([M+Na]+, 50%), 1137 ([2M+H]+, 60%), 1159 ([2M+Na]+, 20%). 

Attempted bromination of 84 to give 85 
84 (34.9 mg, 61.4 µmol, 1.0 eq.) was dissolved in CCl4 (1.30 mL) and purged under argon. 

NBS (24.0 mg, 135 µmol, 2.2 eq.) and benzoyl peroxide (1.2 mg, 3.72 µmol, 0.06 eq.) were 

added and the resulting suspension was heated to 92 °C for 22 h. The resulting suspension 

was cooled to rt, filtered and the filtrate was concentrated in vacuo. The resulting material 

was adsorbed onto Celite® and purified by silica column chromatography, eluting with 

EtOAc and PE (gradient, 0–20% EtOAc). The crude 1H NMR spectrum suggested partial 

conversion to the desired mono-brominated and di-brominated species. Isolated column 

fractions were impure but contained evidence of the mono-brominated species: HRMS m/z 

(ESI+) [Found: 647.2628, C31H47BrN4O4Si requires [M+H]+ 647.2623]; LRMS m/z (ESI+) 647 

([M+H]+, 79Br, 16%), 649 ([M+H]+, 81Br, 15%), 669 ([M+Na]+, 79Br, 7%), 671 ([M+H]+, 81Br, 

10%).  
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(9H-fluoren-9-yl)methyl (S)-(1-((4-aminophenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 88 

 

Procedure adapted from Bortolus et al.64 Fmoc-L-leucine (344 mg, 973 µmol, 1.0 eq.) was 

added to a solution of DCC (214 mg, 1.04 mmol, 1.1 eq.) in dry THF (10.0 mL) and the 

resulting solution was stirred at rt for 10 min. Phenylenediamine (105 mg, 971 µmol, 

1.0 eq.) was added and the resulting suspension was stirred at rt for 16 h. The resulting 

suspension was filtered and the filtrate was concentrated in vacuo. The resulting material 

was adsorbed onto Celite® and purified by silica column chromatography, eluting with 

EtOAc and PE (gradient, 0–50% EtOAc), to yield 88 as a pink-red solid (210 mg, 49%): Rf 

0.31 (PE : EtOAc 1:1); [α]D20
 = −55.2 (c 0.5, CHCl3); 1H NMR (600 MHz, DMSO-d6): 0.90 

(6H, dd, J1 = 17.1, J2 = 6.6, 2 × C5H3), 1.45 (1H, ddd, J1 = 13.7, J2 = 8.7, J3 = 5.2, C3H), 

1.56 (1H, ddd, J1 = 13.4, J2 = 10.0, J3 = 5.2, C3H), 1.64 (1H, ddt, J1 = 13.1, J2 = 8.5, J3 = 

6.5, C4H), 4.14 (1H, ddd, J1 = 10.0, J2 = 8.4, J3 = 5.2, C2H), 4.19–4.24 (1H, m, C9’’H), 4.24–

4.32 (2H, m, C10’’H2), 4.84 (2H, s, NH2), 6.47–6.52 (2H, m, C3’H/C5’H), 7.20–7.24 (2H, m, 

C2’H/C6’H), 7.28–7.34 (2H, m, C2’’H/C7’’H), 7.39–7.44 (2H, m, C3’’H/C6’’H), 7.54 (1H, d, J = 

8.4, C2NH), 7.74 (2H, t, J = 7.3, C1’’H/C8’’H), 7.87–7.91 (2H, m, C4’’H/C5’’H), 9.55 (1H, s, 

C1NH); 13C NMR (151 MHz, DMSO-d6): 21.6 (C5), 23.0 (C5), 24.3 (C4), 40.9 (C3), 46.7 (C9’’), 

53.6 (C2), 65.5 (C10’’), 113.7 (C3’/C5’), 120.1 (C4’’/C5’’), 121.0 (C2’/C6’), 125.3 (C1’’/C8’’), 127.0 

(C2’’/C7’’), 127.6 (C3’’/C6’’), 128.9 (C1’), 140.7 (C4a’’/C4b’’), 143.8 (C8a’’/C9a’’), 144.8 (C4’), 155.9 

(C2NCOO), 170.3 (C1); HRMS m/z (ESI+) [Found: 444.2294, C27H29N3O3 requires [M+H]+ 

444.2282]; LRMS m/z (ESI+) 444 ([M+H]+¸ 11%), 887 ([2M+H]+, 91%), 909 ([2M+Na]+
, 8%), 

1330 ([3M+H]+, 100%). 
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(9H-fluoren-9-yl)methyl (S,E)-(1-((4-((4-hydroxy-3,5-
dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 89 

 

The reaction was carried out according to the general azobenzene formation method, using 

88 (192 mg, 433 µmol), HCl (12 M, 40 µL, 480 µmol), NaNO2 (34.4 mg, 499 µmol), 

2,6-dimethylphenol (66.4 mg, 544 µmol) and NaOH (63.0 mg, 1.58 mmol, 3.6 eq.), yielding 

89 as a red solid (147 mg, 59%): Rf  0.72 (PE : EtOAc 1:1); 1H NMR (600 MHz, DMSO-d6): 

0.92 (6H, dd, J1 = 12.1, J2 = 6.6, 2 × C5H3), 1.49 (1H, ddd, J1 = 13.7, J2 = 8.8, J3 = 5.0, C3H), 

1.58–1.66 (2H, m, C3H/C4H), 2.26 (6H, s, 2 × C7’’H3), 4.20–4.26 (2H, m, C2H/C9’’H), 4.26–

4.33 (2H, m, C10’’H2), 7.30–7.35 (2H, m, C2’’’H/C7’’’H), 7.39–7.44 (2H, m, C3’’’H/C6’’’H), 7.52 

(2H, s, C2’’H/C6’’H), 7.71 (1H, d, J = 8.1, C2NH), 7.74 (2H, t, J = 7.5, C1’’’H/C8’’’H), 7.77–7.82 

(4H, m, C2’H/C3’H/C5’H/C6’H), 7.87–7.92 (2H, m, C4’’’H/C5’’’H), 9.03 (1H, s, C1NH), 10.32 (1H, 

s, OH); 13C NMR (151 MHz, DMSO-d6): 16.7 (C7’’), 21.4 (C5), 23.0 (C5), 24.3 (C4), 46.7 (C9’’), 

53.9 (C2), 65.6 (C10’’’), 119.5 (C2’/C6’), 120.1 (C4’’’/C5’’’), 122.9 (C3’/C5’), 123.0 (C2’’/C6’’), 124.9 

(C3’’/C5’’), 125.3 (C1’’’/C8’’’), 127.0 (C2’’’/C7’’’), 127.6 (C3’’’/C6’’’), 140.70 (C4a’’’/C4b’’’), 141.0 (C1’), 

143.9 (C8a’’/C9a’’), 144.9 (C1’’), 147.8 (C4’), 156.1 (C2NHCOO), 156.5 (C4’’), 172.0 (C1); HRMS 

m/z (ESI+) [Found: 577.2796, C35H36N4O4 requires [M+H]+ 577.2809]; LRMS m/z (ESI+) 577 

([M+H]+, 73%), 599 ([M+Na]+, 18%), 1153 ([2M+H]+, 100%), 1175 ([2M+Na]+, 28%). 
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2,6-dimethylphenyl acetate, 97 

 

Procedure from Placidi et al.65, 66 2,6-dimethylphenol (1.04 g, 8.51 mmol, 1.0 eq.) was 

dissolved in acetic anhydride (4.0 mL, 42.3 mmol, 5.0 eq.) and the resulting solution was 

heated to 140 °C for 18 h. The resulting solution was cooled to rt, diluted with Et2O (30 mL), 

washed with brine (3 × 30 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

resulting material was dissolved in PE and purified by silica column chromatography, eluting 

with EtOAc and PE (gradient, 0–10% EtOAc), to yield 97 as a colourless liquid (1.04 g, 

74%): Rf 0.48 (PE : EtOAc 9:1); 1H NMR (400 MHz, acetone-d6): 2.14 (6H, s, 2 × C7H3), 

2.32 (3H, s, C2’H3), 7.00–7.13 (3H, m, C3H/C4H/C5H); 13C NMR (101 MHz, acetone-d6): 16.3 

(C7), 20.3 (C2’), 126.4 (C4), 129.2 (C3/C5), 131.0 (C2/C6), 149.4 (C1), 168.9 (C1’); HRMS m/z 

(EI+) [Found: 164.0835, C10H12O2 requires [M]+ 164.0832]. These data are in good 

agreement with the reported values.65 

2,6-bis(bromomethyl)phenyl acetate, 98 

 

Procedure from Placidi et al.65, 66 NBS (2.00 g, 11.2 mmol, 2.1 eq.) and benzoyl peroxide 

(150 mg, 464 µmol, 0.09 eq.) was added to a solution of 97 (872 mg, 5.31 mmol, 1.0 eq.) 

in CCl4 (11.0 mL) under argon and the resulting solution was heated to 75 °C for 8 h. The 

resulting solution was cooled to rt, diluted with Et2O, filtered and the filtrate was 

concentrated in vacuo. The resulting white/yellow solid was partially dissolved in hot MeOH, 

filtered whilst hot and the resulting filtrate was cooled to rt, producing a white precipitate, 

which was isolated by vacuum filtration and dried in vacuo to yield 98 (226 mg, 13%): Rf 
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0.43 (PE : EtOAc 9:1); 1H NMR (400 MHz, CD2Cl2): 2.43 (3H, s, C2’H3), 4.40 (4H, s, 2 × 

C7H2), 7.26 (1H, t, J = 8.0, C4H), 7.44 (2H, d, J = 8.0, C3H/C5H); 13C NMR (101 MHz, 

CD2Cl2): 20.9 (C2’), 28.0 (C7), 127.3 (C4), 131.7 (C2/C6), 131.9 (C3/C5), 148.0 (C1), 168.9 

(C1’); HRMS m/z (EI+) molecular ion not found, -Ac fragment observed, [Found: 277.8949, 

C8H8Br2O requires [M-Ac+H]+ 277.8936]. These data are in good agreement with the 

reported values.65 

Phenol triester, 99 

 

Procedure from Placidi et al.65, 66 23 (2.33 g, 3.91 mmol, 2.0 eq.) was dissolved in dry MeCN 

(60.0 mL) under argon and Cs2CO3 (3.22 g, 9.87 mmol, 5.0 eq.) was added. 98 (631 mg, 

1.96 mmol, 1.0 eq.) was dissolved in dry MeCN (5.0 mL) and added and the resulting 

suspension was heated to reflux for 70 h. The resulting suspension was filtered to removed 

inorganic solids and the filtrate was concentrated in vacuo. The resulting material was 

diluted in CH2Cl2 (50 mL), washed with brine (3 × 50 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The resulting material was dissolved in CH2Cl2 and purified by 

neutral alumina column chromatography, eluting with MeOH and CH2Cl2 (gradient, 0–10% 

MeOH). The resulting material was partially precipitated from hexane and Et2O and several 

fractions were obtained* to yield 99 as an orange oil (1.41 g, 63%*): Rf 0.69 (CH2Cl2 : MeOH 

9:1, alumina); 1H NMR (600 MHz, CD2Cl2): 1.39–1.50 (54H, m, 6 × C(CH3)3), 2.56–3.71 

(48H, m, 16 × ring CH2, 8 × arm CH2), 6.61–8.29 (3H, m, 3 × ar H); 13C NMR (151 MHz, 

CD2Cl2): 28.0–28.6 (m, CCH3), 45.7–59.3 (m, ring CH2, arm CH2), 80.7–83.3 (CCH3), 119.3 

(ar C), 124.0 (ar C), 129.0 (ar C), 130.8 (ar C), 157.5 (ar C), 170.6–173.4 (C=O); HRMS 
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m/z (ESI+) [Found: 1147.7999, C60H106N8O13 requires [M+H]+ 1147.7952]; LRMS m/z (ESI+) 

574 ([M+2H]2+, 55%), 1147 ([M+H]+, 100%), 1169 ([M+Na]+, 47%). These data are in good 

agreement with the reported values.65 

*Overall yield from 5 isolated fractions of varying purity by 1H NMR spectroscopy taken 

forward for further reaction. 

Phenol triacid, 100 

 

Procedure from Placidi et al.65, 66 The reaction was carried out following the general TFA 

deprotection procedure, left to stir at rt for 72 h, using 99 (237 mg, 206 µmol, 1.0 eq.) in 

CH2Cl2 (2.4 mL) and TFA (2.4 mL, 31.4 mmol, 152 eq.), to give 100 as a brown solid 

(149 mg, 89%): 1H NMR (400 MHz, D2O): 2.78–4.31 (48H, m, 16 × ring CH2, 8 × arm CH2), 

6.81–7.75 (3H, m, 3 × ar H); HRMS m/z (ESI+) [Found: 811.4205, C36H58N8O13 requires 

[M+H]+ 811.4196]; LRMS m/z (ESI+) 406 ([M+2H]+, 89%), 811 ([M+H]+, 100%), 833 

([M+Na]+, 54%). These data are in decent agreement with the reported values.65 

TbTbOH, 93Tb 

 

Method 1 (standard complexation and purification by preparative HPLC) – Terbium triflate 

(156 mg, 257 µmol, 2.5eq.) was added to a solution of 100 (84.6 mg, 104 µmol, 1.0 eq.) in 

MeOH (1.7 mL) and the resulting solution was heated to 50 °C for 40 h. The resulting 
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suspension was filtered, concentrated in vacuo, and stored at −20 °C prior to purification. 

The resulting residue was redissolved in MeOH and purified by semi-preparative HPLC 

method 4 and lyophilised for 2 days to yield 93Tb as an impure mixture of bimetallic and 

monometallic terbium complexes (5 mg, < 4%). 

Method 2 (microwave complexation and purification by preparative HPLC) – Terbium 

triflate (189 mg, 312 µmol, 2.4eq.) was added to a solution of 100 (104 mg, 128 µmol, 1.0 

eq.) in MeOH (4.0 mL) and the resulting solution was heated to 70 °C for 4 h under 

microwave irradiation (using a Biotage® Initiator+ fourth generation microwave synthesiser, 

set for a very high absorption level, microwave irradiation 2.45 GHz). The resulting 

suspension was concentrated in vacuo, and stored at −20 °C prior to purification. The 

resulting residue was redissolved in MeOH and purified by semi-preparative HPLC method 

5 and lyophilised for 2 days to yield 93Tb (15.1 mg, impure, < 11%). 

Note: semi-preparative HPLC method 5 was also used following standard complexation 

conditions and resulted in similarly poor yields of TbTbOH. 

Method 3 (standard complexation and dialysis) - Terbium triflate (192 mg, 317 µmol, 

2.5 eq.) was added to a solution of 100 (104 mg, 129 µmol, 1.0 eq.) in MeOH (2.5 mL) and 

the resulting solution was heated to 50 °C for 120 h. The resulting suspension was filtered 

and concentrated in vacuo. The crude residue was redissolved in a minimal amount of H2O 

and purified by dialysis (1000 Da cut-off, procedure as described in the general 

experimental), then lyophilised for 2 days to give complex 93Tb as an off-white solid 

(102 mg, 70%): 1H NMR (500 MHz, D2O):* 503.1, 411.3, 393.7, 352.7, 310.8, 289.5, 257.3, 

218.4, 177.8, 160.5, 152.8, 136.5, 121.0, 103.4, 94.1, 88.9, 83.3, 74.7, 71.2, 

67.6, 57.5, -64.9, -68.3, -83.0, -87.0, -94.7, -98.3, -109.3, -114.9, -124.1, -132.3, -140.0, -

158.9, -164.5, -172.1, -176.7, -185.5, -191.0, -197.2, -207.8, -230.6, -242.8, -261.1, -280.1

, -306.7, -334.4, -369.3, -395.9, -415.4, -434.3, -446.3, -470.7, -480.5, -509.4, -534.8; 

HRMS m/z (ESI-) [Found: 1121.2140, C36H51N8O13Tb2 requires [M]- 1121.2088]. 



283 
 

*Only peaks outside of the range -50 to 50 ppm reported. 

LuLuOH, 93Lu 

 

Lutetium triflate (113 mg, 182 µmol, 2.4 eq.) was added to a solution of 100 (60.8 mg, 

75.0 µmol, 1.0 eq.) in MeOH (1.5 mL) and the resulting solution was heated to 50 °C for 

70 h. The resulting suspension was filtered and concentrated in vacuo. The crude residue 

was redissolved in a minimal amount of H2O and purified by dialysis (1000 Da cut-off, 

procedure as described in the general experimental), then lyophilised for 2 days to give 

complex 93Lu as an off-white solid (47 mg, 54%): 1H NMR (400 MHz, D2O): 2.01–3.98 

(48H, m, 16 × ring CH2, 8 × arm CH2), 6.59 (1H, t, J = 7.4, C4H), 7.12 (1H, d, J = 7.4, C3H 

or C5H), 7.21 (1H, d, J = 7.4, C3H or C5H); HRMS m/z (ESI-) [Found: 1153.2398, 

C36H51N8O13Lu2 requires [M]- 1153.2397]; Analytical HPLC (method 4): Rt 5.8 min, 97%. 

TbTbAzoNO2, 94 

 

Procedure taken from Placidi.66 4-nitroaniline (3.2 mg, 23.2 µmol, 1.8 eq.) was added to a 

solution of NaNO2 (3.4 mg, 49.3 µmol, 3.8 eq.) in HCl solution (1 M in H2O, 1.5 mL, 115 eq.) 
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at 0 °C under nitrogen and stirred for 30 min to give a pale-yellow colour. 93Tb (14.6 mg, 

13.0 µmol, 1.0 eq.) was dissolved in NaOH solution (1 M in H2O, 1.5 mL, 115 eq.) at 0 °C 

and this solution was added to the aniline solution at 0 °C, giving a dark red colour, stirred 

for 30 min, warmed to rt and stirred for a further 1.5 h. The resulting solution was adjusted 

to pH 7, concentrated in vacuo and stored at -20 °C prior to purification. The crude residue 

was redissolved in a minimal amount of H2O and purified by dialysis (1000 Da cut-off, 

procedure as described in the general experimental), then lyophilised for 2 days to give a 

two fractions (one H2O soluble and one less H2O soluble) containing 94 (5 mg, < 30%)* 

which was determined to be impure by HRMS and HPLC analysis: HRMS m/z (ESI-) 

[Found: 1270.2350, C42H53N11O15Tb2 requires [M]- 1270.2313]. 

*Overall mass of 2 fractions, both impure. 

Attempted formation of TbTbAzoLeu, 57 
Procedure adapted from Placidi.66 88 (19.3 mg, 43.5 µmol, 1.6 eq.) was added to a solution 

of NaNO2 (6.2 mg, 89.9 µmol, 3.3 eq.) in HCl solution (1 M in H2O, 3.0 mL, 111 eq.) and 

acetone (3.0 mL) at 0 °C under nitrogen and stirred for 30 min to give a yellow suspension. 

93Tb (30.3 mg, 27.0 µmol, 1.0 eq.) was dissolved in NaOH solution (1 M in H2O, 3.0 mL, 

111 eq.) at 0 °C and this solution was added to the aniline solution at 0 °C, giving a dark 

red suspension, stirred for 30 min, warmed to rt and stirred for a further 1.5 h. No product 

formation was observed by LRMS (ESI or EI), HRMS, LCMS. 

Aniline triacid, 101 

 

The reaction was carried out following the general TFA deprotection procedure, left to stir 

at rt for 18 h, using 63 (40.7 mg, 35.0 µmol, 1.0 eq.) in CH2Cl2 (900 µL) and TFA (900 µL, 
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11.8 mmol, 336 eq.) to give 101 as a brown solid (24.1 mg, 80%) which was stored at 

−20 °C: 1H NMR (400 MHz, D2O): 2.29–4.44 (48H, m, 16 × ring CH2, 8 × arm CH2), 7.58 

(2H, br s, 2 × ar H); HRMS m/z (ESI+) [Found: 826.4298, C36H59N9O13 requires [M+H]+ 

826.4305]; LRMS m/z (ESI+) 826 ([M+H]+, 100%), 848 ([M+Na]+, 25%). These data are in 

decent agreement with the available literature values.58 

TbTbNH2, 54 

 

Terbium triflate (156 mg, 257 µmol, 2.6 eq.) was added to a solution of 101 (81.0 mg, 

98.1 µmol, 1.0 eq.) in H2O (2.1 mL) and the resulting solution was heated to 50 °C for 18 h. 

The resulting solution was cooled to rt then adjusted to pH 7 by addition of 1 M NaOH (3 

eq. then 3 eq. then 1.0 eq.) and the resulting suspension was heated to 50 °C for a further 

24 h. The resulting suspension was filtered, concentrated in vacuo, and stored at −20 °C 

prior to purification. The crude residue was redissolved in a minimal amount of H2O and 

purified by dialysis (1000 Da cut-off, procedure as described in the general experimental), 

then lyophilised for 2 days to yield 54 as a purple solid (53 mg, 48%): 1H NMR (600 MHz, 

D2O):* 513.2, 368.0, 355.7, 310.4, 277.6, 196.8, 167.0, 149.3, 142.4, 97.3, 71.5, 68.6, 49.7, 

45.9, -57.2, -68.6, -80.1, -94.7, -99.9, -107.7, -133.4, -140.7, -148.0, -158.4, -164.2, -176.

7, -190.3, -202.3, -237.1, -309.4, -345.4, -392.3, -413.2, -427.6, -442.8, -479.3, -500.4, -

529.4; HRMS m/z (ESI-) [Found: 1136.2211, C36H53N9O13Tb2 requires [M]- 1136.2197];  

Analytical HPLC (method 4): Rt 3.3 min, 92%. 

*Only peaks outside of the range -50 to 50 ppm reported. 
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(E)-2,6-dimethyl-4-(phenyldiazenyl)phenol, 102 

 

Procedure taken from Simms.67 To a solution of aniline (1.80 mL, 19.8 mmol, 1.0 eq.) in 

HCl (1 M, 50 mL) at 0 °C, a solution of sodium nitrite (1.46 g, 21.2 mmol, 1.1 eq.) in H2O 

(70 mL) was added dropwise under argon. The resulting solution was stirred at 0 °C for 10 

min, then the solution was added dropwise under argon to a solution of 2,6-dimethylphenol 

(2.45 g, 20.1 mmol, 1.0 eq.) and NaOH (0.84 g, 21.0 mmol, 1.1 eq.) in H2O (200 mL) and 

EtOH (70 mL). The resulting solution was stirred at rt for 1 h until a precipitate formed. The 

precipitate was isolated and dried under vacuum, then dissolved in EtOAc (40 mL), dried 

over MgSO4 and concentrated in vacuo to yield 102 as a dark red solid (2.75 g, 61%): Rf 

0.28 (PE : EtOAc 9:1); νmax (solid) cm-1: 3324 (O-H, br w), 1592 (C=C, m), 1313 (C-N, m), 

1296 (C-N, s); 1H NMR (400 MHz, DMSO-d6): 2.27 (6H, s, 2 × C7H3), 7.45–7.61 (5H, m, 

C2’H/C3’H/C4’H/C5’H/C6’H), 7.77–7.84 (2H, m, C3H/C5H); 13C NMR (101 MHz, DMSO-d6): 

16.7 (C7), 122.0 (C3/C5), 123.3 (C2’/C6’), 124.9 (C2/C6), 129.3 (C3’/C5’), 130.4 (C4’), 144.9 

(C4), 152.2 (C1’), 157.0 (C1); HRMS m/z (ESI+) [Found: 227.1181, C14H14N2O requires 

[M+H]+ 227.1179]; LRMS m/z (ESI+) 227 ([M+H]+, 100%). 
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(E)-1-(4-((Tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)-2-phenyldiazene, 103 

 

Procedure taken from Simms et al.58, 67 The reaction was carried out according to the 

general TBDMS protection method, using 102 (2.03 g, 8.97 mmol), imidazole (2.47 g, 36.3 

mmol) and TBDMSCl (2.73 g, 18.1 mmol), yielding 103 as an orange/red oil (2.60 g, 85%), 

which was stored at −20 °C under foil: Rf 0.67 (PE : Et2O 95:5); νmax (solid) cm-1: 1586 (C=C, 

w), 1314 (C-N, m), 1289 (C-N, m), 1255 (Si-CH3, m), 1121 (Si-O, m); 1H NMR (400 MHz, 

CDCl3): 0.24 (6H, s, 2 × C1’’H3), 1.05 (9H, s, 3 × C3’’H3), 2.31 (6H, s, 2 × C7H3), 7.43 (1H, tt, 

J1 = 7.2, J2 = 1.3, C4’H), 7.50 (2H, tt, J1 = 7.1, J2 = 1.2, C3’H/C5’H), 7.61 (2H, s, C2H/C6H), 

7.84–7.89 (2H, m, C2’H/C6’H); 13C NMR (101 MHz, CDCl3): -2.7 (C3’’), 18.1 (C7), 19.0 (C2’’), 

26.2 (C3’’), 122.7 (C2’/C6’), 123.8 (C2/C6), 129.2 (C3’/C5’), 129.5 (C4’), 130.4 (C3/C5), 147.1 

(C1), 153.0 (C1’), 155.4 (C4); HRMS m/z (ESI+) [Found: 341.2047, C20H28N2OSi requires 

[M+H]+ 341.2044]; LRMS m/z (ESI+) 341 ([M+H]+, 100%), 703 ([2M+Na]+, 56%). These data 

are in good agreement with the available literature values.58 
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(E)-1-(3,5-Bis(bromomethyl)-4-((tert-butyldimethylsilyl)oxy)phenyl)-2-phenyldiazene, 
104 

 

The reaction was carried out according to the general bromination procedure, using 103 

(948 mg, 2.78 mmol), NBS (1.05 g, 5.90 mmol) and benzoyl peroxide (49.4 mg, 

0.153 mmol), yielding 104 as an orange solid (309 mg, 22%), which was stored at −20 °C 

under foil: Rf 0.44 (PE : Et2O 95:5); 1H NMR (600 MHz, CDCl3): 0.34 (6H, s, 2 × C1’’H3), 1.11 

(9H, s, 3 × C3’’H3), 4.58 (4H, s, 2 × C7H2), 7.44–7.49 (1H, m, C4’H), 7.49–7.55 (2H, m, 

C3’H/C5’H), 7.86–7.93 (2H, m, C2’H/C6’H), 7.99 (2H, s, C2H/C6H); 13C NMR (101 MHz, 

CDCl3): -3.1 (C1’’), 19.1 (C2’’), 26.2 (C3’’), 28.8 (C7), 122.9 (C2’/C6’), 126.9 (C2/C6), 129.3 

(C3’/C5’), 130.2 (C3/C5), 131.1 (C4’), 147.4 (C1), 152.7 (C1’), 153.5 (C4); HRMS m/z (ESI+) 

[Found: 497.0261, C20H26Br2N2OSi requires [M+H]+ 497.0254]; LRMS m/z (ESI+) 497 

([M+H]+, 79Br79Br, 47%), 499 ([M+H]+, 79Br81Br, 93%), 501 ([M+H]+, 81Br81Br, 52%). These 

data are in good agreement with the available literature values.58 
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Azobenzene triester, 105 

 

Procedure taken from Simms et al.58, 67 104 (291 mg, 0.584 mmol, 1.0 eq.) in MeCN 

(2.0 mL) was added to a suspension of 23 (631 mg, 1.06 mmol, 1.8 eq.) and Na2CO3 (241 

mg, 2.28 mmol, 3.9 eq.) in MeCN (15.5 mL) and the resulting suspension was heated to 

60 °C for 40 h. The resulting suspension was cooled to rt, filtered and the filtrate was 

concentrated in vacuo. The resulting material was dissolved in CH2Cl2:MeCN 8:2 and 

purified by silica column chromatography, eluting with CH2Cl2, MeCN, IPA and MeOH 

(gradient, CH2Cl2:MeCN:IPA:MeOH 8:2:0:0 → 6:4:0:0 → 6:3:1 → 6:2:2:0 → 6:2:1:1 → 

6:2:0:2). The resulting material was concentrated in vacuo, redissolved in CHCl3, filtered 

(Nylon syringe filter) and concentrated in vacuo to afford 105 as an orange-red solid 

(289 mg, 40%), which was stored at −20 °C under foil: Rf 0.20 and 0.30 

(CH2Cl2:MeCN:IPA:MeOH 60:28:8:4); 1H NMR (400 MHz, CDCl3): 1.22–1.65 (54H, m, 6 × 

C(CH3)3), 2.06–4.10 (48H, m, 8 × arm CH2, 16 × ring CH2), 7.32–7.48 (3H, m, 

C3’’’’’’H/C4’’’’’’H/C5’’’’’’H), 7.72–7.89 (2H, m, C2’’’’’’H/C6’’’’’’H), 8.00–8.25 (2H, m, C2’’’’’H/C6’’’’’H), 

9.09 (1H, br s, OH); 13C NMR (151 MHz, CDCl3): 27.9–28.5 (m, 6 × C(CH3)3), 47.3-58.4 

(ring/arm CH2), 82.2–82.9 (m, 6 × C(CH3)3), 122.2 (C3’’’’/C5’’’’), 122.7 (C2’’’’’/C6’’’’’), 126.2 

(C2’’’’’/C6’’’’’’), 128.8 (C3’’’’’’/C5’’’’’’), 130.7 (C4’’’’’’), 147.5 (C1’’’’’), 152.7 (C1’’’’’’), 157.0 (C4’’’’’), 170.7 

(COO), 172.4 (COO), 173.4 (COO); HRMS m/z (ESI+) [Found: 1251.8335, C66H111N10O13 
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requires [M+H]+ 1251.8327]; LRMS m/z (ESI+) 626 ([M+2H]+, 100%), 1252 ([M+H]+, 99%). 

These data are in decent agreement with the available literature values.58 

Azobenzene triacid, 106 

 

The reaction was carried out following the general TFA deprotection procedure, left to stir 

at rt for 18 h, using 105 (108 mg, 86.1 mmol, 1.0 eq.) in CH2Cl2 (1.9 mL) and TFA (1.9 mL, 

24.8 mmol, 289 eq.), to give 106 as a red solid (74.2 mg, 94%): which was stored at −20 °C 

under foil: 1H NMR (400 MHz, D2O): 2.81–4.62 (48H, m, 8 × arm CH2, 16 × ring CH2), 7.58–

7.68 (3H, m, C3’’’’’’H/C4’’’’’’H/C5’’’’’’H), 7.87–7.96 (2H, m, C2’’’’’’H/C6’’’’’’H), 8.05-8.19 (2H, s, 

C2’’’’’H/C6’’’’’H); HRMS m/z (ESI+) [Found: 915.4585, C42H62N10O13 requires [M+H]+ 

915.4571]; LRMS m/z (ESI+) 458 ([M+2H]2+, 14%), 915 ([M+H]+, 64%), 937 ([M+Na]+, 

100%). These data are in good agreement with the available literature values.58 

TbTbAzo, 53 
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Terbium triflate (60.0 mg, 99.0 µmol, 2.4 eq.) was added to a solution of 106 (37.4 mg, 

40.9 µmol, 1.0 eq.) in H2O (820 µL) and the resulting solution was heated to 50 °C for 18 h. 

The resulting solution was cooled to rt then adjusted to pH 7 by addition of 1 M NaOH (3 eq. 

then 3 eq. then 1.0 eq.) and the resulting suspension was heated to 50 °C for a further 72 h. 

The resulting suspension was filtered, concentrated in vacuo, and stored at −20 °C prior to 

purification. The crude residue was redissolved in a minimal amount of H2O and purified by 

dialysis (1000 Da cut-off, procedure as described in the general experimental), then 

lyophilised for 2 days to yield 53 as an orange solid (32.6 mg, 65%): HRMS m/z (ESI-) 

[Found: 1225.2496, C42H56N10O13Tb2 requires [M+H]- 1225.2463]; Analytical HPLC (method 

4) Rt 13.8 min, 95%. 

1-(hexyloxy)-4-nitrobenzene, 107 

 

The reaction was carried out according to the general 4-nitrophenol alkylation method, 

using 4-nitrophenol (1.51 g, 10.8 mmol), K2CO3 (3.00 g, 21.7 mmol) and 1-iodohexane 

(4.60 g, 21.7 mmol), yielding 107 as a yellow oil (2.20 g, 91%): Rf 0.80 (PE : EtOAc 1:1); 

νmax (solid) cm−1: 1594 (C=C, s), 1514 (N-O, s), 1265 (C-O, s); 1H NMR (400 MHz, CDCl3): 

0.88–0.97 (3H, m, C6’H3), 1.30–1.40 (4H, m, C4’H2/C5’H2), 1.40–1.52 (2H, m, C3’H2), 1.77–

1.86 (2H, m, C2’H2), 4.05 (2H, t, C1’H2), 6.94 (2H, dt, J1 = 10.4, J2 = 3.4, C2H/C6H), 8.19 (2H, 

dt, J1 = 10.4, J2 = 3.4, C3H/C5H); 13C NMR (151 MHz, CDCl3): 14.2 (C6’), 22.7 (C5’), 25.7 

(C3’), 29.1 (C2’), 31.6 (C4’), 69.1 (C1’), 114.5 (C2/C6), 126.1 (C3/C5), 141.5 (C4), 164.4 (C1); 

HRMS m/z (ESI+) [Found: 224.1274, C12H17NO3 requires [M+H]+ 224.1281]; LRMS m/z 

(ESI+) 224 ([M+H]+, 89%), 469 ([2M+Na]+, 100%). 
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1-(dodecyloxy)-4-nitrobenzene, 108 

 

The reaction was carried out according to the general 4-nitrophenol alkylation method, 

using 4-nitrophenol (1.51 g, 10.8 mmol), K2CO3 (2.99 g, 21.6 mmol) and 1-iodododecane 

(6.39 g, 21.6 mmol), yielding 108 as a pale yellow solid (2.31 g, 69%): Rf 0.85 (PE : EtOAc 

1:1); νmax (solid) cm-1: 1594 (C=C, m), 1514 (N-O, m), 1264 (C-O, s); 1H NMR (400 MHz, 

CDCl3): 0.83–0.93 (3H, m, C12’H3), 1.16–1.40 (16H, m, 8 × alkyl CH2), 1.41–1.52 (2H, m, 

C3’H2), 1.76–1.87 (2H, m, C2’H2), 4.04 (2H, t, J = 6.5, C1’H2), 6.94 (2H, dt, J1 = 10.4, J2 = 

3.4, C2H/C6H), 8.19 (2H, dt, J1 = 10.4, J2 = 3.4, C3H/C5H); 13C NMR (101 MHz, CDCl3): 14.3 

(C12’), 22.8, 26.1 (C3’), 29.1 (C2’), 29.45 (alkyl CH2), 29.49 (alkyl CH2), 29.67 (alkyl CH2), 

29.71 (alkyl CH2), 29.78 (alkyl CH2), 29.79 (alkyl CH2), 32.1 (alkyl CH2), 69.1 (C1’), 114.6 

(C2/C6), 126.1 (C3/C5), 141.5 (C4), 164.4 (C1); HRMS m/z (ESI+) [Found: 330.2029, 

C18H29NO3 requires [M+Na]+ 330.2040]; LRMS m/z (ESI+) 637 ([2M+Na]+, 100%). 

4-(hexyloxy)aniline, 109 

   

The reaction was carried out according to the general alkylated 4-aminophenol method, 

using 107 (599 mg, 2.68 mmol), HCl (3 M, 21.0 mL, 63.0 mmol) and tin (1.71 g, 14.4 mmol), 

yielding 109 as an orange oil (453 mg, 87%). The aniline was used directly without further 

purification or characterisation: 1H NMR (400 MHz, CDCl3): 0.90 (3H, t, J = 7.0, C6’H3), 

1.27–1.39 (4H, m, C4’H2/C5’H2), 1.43 (2H, tt, J1 = 8.6, J2 = 5.5, C3’H2), 1.67–1.79 (2H, m, 

C2’H2), 3.40 (2H, br s, NH2), 3.88 (2H, t, J = 6.6, C1’H2), 6.62–6.66 (2H, m, C3H/C5H), 6.71–

6.77 (2H, m, C2H/C6H); 13C NMR (151 MHz, CDCl3): 14.0 (C6’), 22.6 (C5’), 25.8 (C3’), 29.4 
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(C2’), 31.6 (C4’), 68.8 (C1’), 115.7 (C2/C6), 116.4 (C3/C5), 139.8 (C1), 152.4 (C4); LRMS m/z 

(ESI+) 194 ([M+H]+, 82%). 

4-(dodecyloxy)aniline, 110 

 

The reaction was carried out according to the general alkylated 4-aminophenol method, 

using 108 (600 mg, 1.95 mmol), HCl (3 M, 15.1 mL, 63.0 mmol) and tin (1.25 g, 10.5 mmol), 

yielding 110 as a pale pink/orange solid (512 mg, 99%). The aniline was used directly 

without further purification or characterisation: 1H NMR (400 MHz, CDCl3): 0.88 (3H, t, J = 

6.6, C12’H3), 1.20–1.37 (16H, m, 8 × alkyl CH2), 1.38–1.49 (2H, m, C3’H2), 1.68–1.79 (2H, 

m, C2’H2), 3.40 (2H, br s, NH2), 3.87 (2H, t, J = 6.6, C1’H2), 6.58–6.68 (2H, m, C3H/C5H), 

6.70–6.78 (2H, m, C2H/C4H); 13C NMR (151 MHz, CDCl3): 14.1 (C12’), 22.7 (alkyl CH2), 26.1 

(C3’), 29.36 (alkyl CH2), 29.45 (C2’), 29.61 (alkyl CH2), 29.62 (alkyl CH2), 29.65 (alkyl CH2), 

29.68 (alkyl CH2), 31.9 (C10’), 68.7 (C1’), 115.7 (C2/C6), 116.4 (C3/C5), 139.8 (C1), 152.4 (C4); 

LRMS m/z (ESI+) 555 ([2M+H]+, 100%), 577 ([2M+Na]+, 23%). 

(E)-4-((4-(hexyloxy)phenyl)diazenyl)-2,6-dimethylphenol, 111 

 

The reaction was carried out according to the general azobenzene formation method, using 

109 (253 mg, 1.31 mmol), HCl (12 M, 110 µL, 1.32 mmol), NaNO2 (92.3 mg, 1.34 mmol), 

2,6-dimethylphenol (196 mg, 1.60 mmol) and NaOH (147 mg, 3.67 mmol), yielding 111 as 
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a dark red solid (233 mg, 55%): Rf 0.21 (PE : EtOAc 9:1); νmax (solid) cm-1: 1602 (C=C, m), 

1581 (C=C, m), 1320 (C-N, m), 1293 (C-N, m), 1252 (C-O, s); 1H NMR (400 MHz, DMSO-

d6): 0.89 (3H, td, J1 = 6.1, J2 = 2.9, C6’’H3), 1.25–1.37 (4H, m, C4’’H2/C5’’H2), 1.37–1.48 (2H, 

m, C3’’H2), 1.68–1.79 (2H, m, C2’’H2), 2.25 (6H, s, 2 × C7H3) 4.05 (2H, t, J = 6.5, C1’’H2), 

7.04–7.11 (2H, m, C3’H/C5’H), 7.50 (2H, s, C3H/C5H), 7.74–7.82 (2H, m, C2’H/C6’H), 8.98 

(1H, s, OH); 13C NMR (151 MHz, DMSO-d6): 13.9 (C6’’), 16.7 (C7), 22.1 (C4’’), 25.2 (C3’’), 

28.6 (C2’’), 31.0 (C5’’), 67.9 (C1’’), 122.9 (C2/C6), 123.8 (C3/C5), 124.8 (C2’/C6’), 144.9 (C4), 

146.2 (C1’), 156.3 (C1), 160.6 (C4’); HRMS m/z (ESI+) [Found: 327.2070, C20H26N2O2 

requires [M+H]+ 327.2067]; LRMS m/z (ESI+) 327 ([M+H]+, 100%).  

(E)-4-((4-(dodecyloxy)phenyl)diazenyl)-2,6-dimethylphenol, 112 

 

The reaction was carried out according to the general azobenzene formation method, using 

110 (186 mg, 0.669 mmol), HCl (12 M, 60.0 µL, 0.720 mmol), NaNO2 (47.3 mg, 0.686 

mmol), 2,6-dimethylphenol (99.0 mg, 0.810 mmol) and NaOH (74.9 mg, 1.87 mmol), 

yielding 112 as a red solid (120 mg, 44%): Rf 0.31 (PE : EtOAc 9:1); νmax (solid) cm-1: 1597 

(C=C, m), 1583 (C=C, m), 1337 (C-N, w), 1251 (C-O, m); 1H NMR (600 MHz, DMSO-d6): 

0.85 (3H, t, J = 6.9, C12’’H3), 1.21–1.37 (16H, m, 8 × alkyl CH2), 1.38–1.46 (2H, m, C3’’H2), 

1.70–1.76 (2H, m, C2’’H2), 2.25 (6H, s, 2 × C7H3), 4.05 (2H, t, J = 6.5, C1’’H2), 7.04–7.10 (2H, 

m, C3’H/C5’H), 7.50 (2H, s, C3H/C5H), 7.75–7.80 (2H, m, C2’H/C6’H), 8.96 (1H, s, OH); 13C 

NMR (151 MHz, DMSO-d6): 14.4 (C12’’), 17.2 (C7), 22.6 (C10’’), 25.9 (C3’’), 29.06 (C2’’), 29.17 

(alkyl CH2), 29.18 (alkyl CH2), 29.44 (alkyl CH2), 29.48 (alkyl CH2), 29.50 (alkyl CH2), 31.8 

(C10’’), 68.3 (C1’’), 115.4 (C3’/C5’), 123.4 (C3/C5), 124.3 (C2’/C6’), 125.3 (C2/C6), 145.4 (C4), 
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146.7 (C1’), 156.8 (C1), 161.0 (C4’); HRMS m/z (ESI+) [Found: 411.2999, C26H38N2O2 

requires [M+H]+ 411.3006]; LRMS m/z (ESI+) 411 ([M+H]+, 100%). 

(E)-1-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)-2-(4-
(hexyloxy)phenyl)diazene, 113 

 

The reaction was carried out according to the general TBDMS protection method, for 40 h, 

using 111 (137 mg, 0.419 mmol, 1.0 eq.), imidazole (115 mg, 1.69 mmol, 4.0 eq.) and 

TBDMSCl (254 mg, 1.68 mmol, 4.0 eq.), yielding 113 as an yellow/orange oil (69.8 mg, 

impure, < 38%), which was stored at −20 °C under foil: Rf 0.74 (PE : EtOAc 9:1); νmax 

(solid) cm-1: 1600 (C=C, m), 1313 (C-N, m), 1290 (C-N, m), 1251 (Si-CH3, C-O, s), 1120 

(Si-O, m); 1H NMR (400 MHz, DMSO-d6): 0.23 (6H, s, 2 × C1’’H3), 0.86–0.91 (3H, m, C6’’’H3), 

1.01 (9H, s, C3’’H3), 1.21–1.38 (4H, m, C4’’’H2/C5’’’H2), 1.38–1.50 (2H, m, C3’’’H2), 1.69–1.79 

(2H, m, C2’’’H2), 2.26 (6H, s, C7H3), 4.01–4.14 (2H, m, C1’’’H2), 7.02–7.16 (2H, m, C3’H/C5’H), 

7.54 (2H, s, C2H/C6H), 7.73–7.89 (2H, m, C2’H/C6’H); HRMS m/z (ESI+) [Found: 441.2946, 

C26H40N2O2Si requires [M+H]+ 441.2932]; LRMS m/z (ESI+) 441 ([M+H]+, 100%). 
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(E)-1-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)-2-(4-
(dodecyloxy)phenyl)diazene, 114 

 

The reaction was carried out according to the general TBDMS protection method, for 44 h, 

using 112 (115 mg, 279 µmol, 1.0 eq.), imidazole (78.3 mg, 1.15 mmol, 4.0 eq.) and 

TBDMSCl (84.0 mg, 557 µmol, 2.0 eq.), to give crude material of 114 which was not purified 

further: Rf 0.73 (PE : EtOAc 9:1); νmax (solid) cm-1: 1600 (C=C, m), 1315 (C-N, m), 1250 (Si-

CH3, s), 1146 (Si-O, m); 1H NMR (600 MHz, CDCl3): 0.23 (6H, s, 2 × C1’’H3), 0.89 (3H, d, J 

= 6.9, C12’’’H3), 1.05 (9H, s, 3 × C3’’H3), 1.23–1.32 (16H, m, 8 × alkyl CH2), 1.44–1.50 (2H, 

m, C3’’’H2), 1.78–1.85 (2H, m, C2’’’H2), 2.30 (6H, s, 2 × C7H3), 4.03 (2H, t, J = 6.6, C1’’H2), 

6.96–7.01 (2H, m, C3’H/C5’H), 7.58 (2H, s, C2H/C6H), 7.85–7.90 (2H, m, C2’H/C6’H); HRMS 

m/z (ESI+) [Found: 525.3889, C32H52N2O2Si requires [M+H]+ 525.3871]; LRMS m/z (ESI+) 

525 ([M+H]+, 100%). 
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A. Appendix 

A1 Extra Figures  

A1.2 Chapter II 

 

Figure A2.1: The UV-Vis spectra of compounds 1-6 in various solvent systems. a) DMSO at 10 µM, b) 
DMSO:PBS (1:1 v/v, buffer pH 7.4) at 10 µM, c) MeCN:PBS (1:1 v/v, buffer pH 7.4) at 10 µM, d) DMSO:PBS 
(1:1 v/v, buffer pH 7.4). at 20 µM, e) IPA at 10 µM, f) PBS at 20 µM. 
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Table A2.1: A summary of the profiles of the UV-Vis spectra of compounds 1-6 in various solvents, 10-20 µM. 

Compound Solvent 
Concentration 

/ µM 
λmax 
/ nm 

Absorbance at λmax 

3 

DMSO 10 447 0.35 

DMSO:PBS 1:1 10 415 0.26 

DMSO:PBS 1:1 20 415 0.28 

IPA 15 442 0.39 

MeCN:PBS 1:1 10 440 0.19 

H2O 10 428 0.27 

PBS 20 430 0.11 

4 

DMSO 10 470 0.29 

DMSO:PBS 1:1 10 462 0.13 

DMSO:PBS 1:1 20 462 0.20 

IPA 15 444 0.16 

MeCN:PBS 1:1 10 438 0.09 

H2O 10 432 0.13 

PBS 20 492 0.06 

5 
DCM-OH 

DMSO 10 454 0.36 

DMSO:PBS 1:1 10 
450 
556 

0.26 
0.22 

DMSO:PBS 1:1 20 
450 
556 

0.57 
0.43 

IPA 15 450 0.41 

MeCN:PBS 1:1 10 443 0.43 

H2O 10 386 0.11 

PBS 20 
388 
520 

0.26 
0.09 

6 
DCM-OH 

DMSO 10 477 0.32 

DMSO:PBS 1:1 10 
464 
584 

0.36 
0.19 

DMSO:PBS 1:1 20 
464 
584 

0.59 
0.35 

IPA 15 470 0.38 

MeCN:PBS 1:1 10 467 0.40 

H2O 10 464 0.13 

PBS 20 
465 
530 

0.21 
0.11 

1 
DCM-N3 

DMSO 10 447 0.29 

DMSO:PBS 1:1 10 420 0.13 

MeCN:PBS 1:1 10 441 0.41 

PBS 20 405 0.19 

2 
DCM-NH2 

DMSO 10 518 0.43 

DMSO:PBS 1:1 10 492 0.35 

MeCN:PBS 1:1 10 478 0.42 

PBS 20 491 0.16 
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Figure A2.2: Results of the zinc assay of compounds 3 (panels a, b and e) and 4 (panels c, d and f) according 
to method 1 (50 µM in IPA). a) Fluorescence spectra, λex 450 nm, λem 470-800 nm, slits 5 nm / 2 nm. b and d) 
UV-Vis spectra over time. c) Fluorescence spectra, λex 470 nm, λem 490-800 nm, slits 10 nm / 2 nm.  e and f) 
HPLC analysis (method 1B) showing the change in the HPLC trace over time, analysed at 480 nm. 
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Figure A2.3: Results of the analytical HPLC analysis (at 480 nm) of DCM-N3 in the presence of 7-56 equivalents 
of NaHS (NaHS assay method 2).  

 

Figure A2.4: The UV-Vis spectra (solid lines) and fluorescence emission spectra (dashed lines) of a) 
profluorophore 15 (black) vs resorufin (orange) and b) profluorophore 16 (black) vs Me-Tokyo Green (green), 
measured at 1 µM in MeCN:PBS 1:1 (PBS pH 7.4). For panel a fluorescence emission, λex 540 nm, λem 555-
800 nm, slits 2 nm / 1 nm; for panel b fluorescence emission, λex 400 nm, λem 415-800 nm, slits 2 nm / 2 nm. 
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Figure A2.5: a and b) Comparison of the release of DCM-NH2 observed from DCM-N3 in the presence of 
CYP2D6 (panel a) or CYP2C9 (panel b), in comparison to that observed in the literature, by comparison to a 
calibration curve of DCM-NH2 in H2O/KHPO4 buffer. c and d) HPLC analysis of the enzyme assays of DCM-N3 
after 1 hour (blue), in comparison to DCM-N3 (0.5 µM, black) and DCM-NH2 (0.5 µM, pink), analysed at 480 nm. 
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A1.3 Chapter III 

 

Figure A3.1: High resolution mass spectrometry (HRMS) analysis of the EuNB 18a (a), EuNI 19b (b), [EuDOTA]- 
21a (c) and EuBn 22a (d) complexes (experimental, black) in comparison to the calculated spectra (red), 
highlighting the distinct isotopic pattern for europium. 
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Figure A3.2: High resolution mass spectrometry (HRMS) analysis of the TbNB 18b (a), TbNI 19b (b), [TbDOTA]- 
21b (c) and TbBn 22b (d) complexes (experimental, black) in comparison to the calculated spectra (red), 

highlighting the distinct isotopic pattern for terbium. 

 

Figure A3.3: The UV-Visible spectra (solid lines) and steady-state emission spectra (dotted lines) of NI ligand 
(32, blue – λex 300 nm) 29 nm / 1 nm, integration time 0.5 s, S1 channel. 
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Figure A3.4: The time-gated emission spectra of a) EuBn (22a) and b) TbBn (22b) at 50 µM upon excitation of 
the ligand (262 nm, green) or direct metal excitation (397 nm for Eu, 366 nm for Tb, purple). 

Table A3.1: Direct excitation lifetime data (λex 397 nm for Eu, 366 nm for Tb). All lifetimes are in ms. 
*Biexponential decay. 

 
EuNB 18a EuNI 19a EuDOTA 21a 

τH2O τD2O τH2O τD2O τH2O τD2O 

n=1 0.63 2.20 0.607 2.46 0.62 2.37 

n=2 0.62 2.16 0.607 2.43 0.66 2.32 

n=3 0.63 2.20 0.608 2.45 0.66 2.30 

 
TbNB 18b TbNI 19b TbDOTA 21b 

τH2O τD2O τH2O * τD2O * τH2O τD2O 

n=1 1.98 3.35 0.20 2.07 0.24 3.69 2.03 3.68 

n=2 1.94 3.36 0.20 2.04 0.23 3.64 2.06 3.51 

n=3 1.90 3.37 2.07 2.07 0.23 3.61 2.09 3.55 

Table A3.2: Direct excitation lifetime data (λex 269 nm for NB, 320 nm for NI). All lifetimes are in ms. 
*Biexponential decay. 

 
EuNB 18a EuNI 19a 

τH2O τD2O τH2O τD2O 

n=1 0.61 2.35 0.59 2.38 

n=2 0.61 2.42 0.59 2.40 

n=3 0.62 2.43 0.62 2.42 

 TbNB 18b TbNI 19b 

 τH2O τD2O τH2O * τD2O 

n=1 1.93 3.75 0.25 2.05 3.79 

n=2 1.94 3.74 0.23 2.06 3.51 

n=3 1.92 3.75 0.21 2.06 3.54 
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Table A3.3: Cathodic onset potentials of 1 mM TbNB (18b), TbNI (19b) and TbBn (22b) in the buffer mentioned, 
measured at ambient temperature by Euan Sarson. 

Complex 
Cathodic onset potential vs SHE / mV 

PBS (pH 7.4) MES (pH 6.0) 

TbNB 18b -356 -217 

TbNI 19b -236 -119 

TbBn 22b - - 

 

Figure A3.5: Cyclic voltammograms of TbNB (18b) in a) PBS at pH 7.4, b) in MES at pH 6, showing 3 cycles. 
Measurements carried out by Euan Sarson. 

 

Figure A3.6: Cyclic voltammograms of TbNI (19b) in a) PBS at pH 7.4, b) in MES at pH 6, showing 3 cycles. 
Measurements carried out by Euan Sarson. 
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Figure A3.7: Cyclic voltammograms of TbBn (22b) in a) PBS at pH 7.4, b) in MES at pH 6, showing 3 cycles. 
Measurements carried out by Euan Sarson. 
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A1.4 Chapter IV 

 

Figure A4.1: a) The stacked 1H NMR spectra, in CD2Cl2 at room temperature, of the 5 fractions of hexaester 99 
isolated, labelled as the hexaester fraction number (1-5) and a letter (A-C) to denote which fractions were 
combined. b) The stacked 1H NMR spectra, measured in D2O at room temperature, of the hexaacids 100 formed 

from deprotection of the hexaesters shown in panel a. 
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Figure A4.2: High resolution mass spectrometry (HRMS) analysis of the TbTbOH 93Tb (a), LuLuOH 93Lu (b), 
TbTbNH2 54 (c) and TbTbAzo 53 (d) complexes (experimental, black) in comparison to the calculated spectra 
(red). 
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Figure A4.3: The HPLC analysis of TbTbAzo 53 (20 µL, method F) after blank subtraction. a) The traces at 
254 nm, 220 nm, 280 nm, 360 nm, 480 nm and 272 nm after blank subtraction. b) Tables of purity analysis from 
the traces, based on area percentages. The purity is 83% averaged across all 6 wavelengths or 95% averaged 
across 5 wavelengths. 

 

Figure A4.4: Steady state emission spectra of TbTbOH 93Tb, at 90 µM in H2O, upon excitation at 238 nm (blue, 
ligand π→π*), 286 (orange, ligand n→π*) and 488 (black, direct terbium excitation). 400 nm filter for a and b, 

495 nm filter for c, slits 2 / 1 nm. 
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Figure A4.5: Comparison of steady state emission of TbTbAzo 53, 90 µM in PBS, upon excitation at 364 nm 
(red, ligand π-π*), 318 (blue) and 294 (black). 400 nm filter, slits 10 / 1 nm. 

 

Figure A4.6: Time gated emission spectra of TbTbAzo 53 (red), TbTbOH 93Tb (orange) and TbTbNH2 54 
(green) at 90 µM in PBS (10 mM, pH 7.4), 400 nm filter, flash count 5, 1 ms sample window, 61 ms per flash. 
a) λem 294 nm, slits 3 / 1 nm; b) λem 318 nm, slits 5 / 1 nm; c) λem 488 nm, slits 5 / 1 nm. 
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A2 NMR Spectra of Novel and Final Compounds 

A2.2 Compounds from chapter II 

 

Figure A6.1: The 1H NMR spectrum of 4-azido-2,3,5,6-tetrafluorobenzaldehyde 11 in CDCl3. 
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Figure A6.2: The 13C NMR spectrum of 4-azido-2,3,5,6-tetrafluorobenzaldehyde 11 in CDCl3. 
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Figure A6.3: The 19F NMR spectrum of 4-azido-2,3,5,6-tetrafluorobenzaldehyde 11 in CDCl3. 
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Figure A6.4: The 1H NMR spectrum of 4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)benzaldehyde 14 in acetone-d6. 
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Figure A6.5: The 13C NMR spectrum of 4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)benzaldehyde 14 in acetone-d6. 
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Figure A6.6: The 19F NMR spectrum of 4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)benzaldehyde 14 in acetone-d6. 
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Figure A6.7: The 1H spectrum of (E)-2-(2-(4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-chromen-4-ylidene)malononitrile 3 in CD2Cl2. 
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Figure A6.8: The 13C spectrum of (E)-2-(2-(4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-chromen-4-ylidene)malononitrile 3 in CD2Cl2. 
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Figure A6.9: The 19F spectrum of (E)-2-(2-(4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-chromen-4-ylidene)malononitrile 3 in CD2Cl2. 
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Figure A6.10: The 1H NMR spectrum of (E)-2-(2-(4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-thiochromen-4-ylidene)malononitrile 4 in CD2Cl2. 
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Figure A6.11: The 13C NMR spectrum of (E)-2-(2-(4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-thiochromen-4-ylidene)malononitrile 4 in CD2Cl2. 
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Figure A6.12: The 19F NMR spectrum of (E)-2-(2-(4-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-thiochromen-4-ylidene)malononitrile 4 in CD2Cl2. 
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Figure A6.13: The 1H NMR spectrum of (E)-2-(2-(4-hydroxystyryl)-4H-thiochromen-4-ylidene)malononitrile 6 in acetone-d6. 
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Figure A6.14: The 13C NMR spectrum of (E)-2-(2-(4-hydroxystyryl)-4H-thiochromen-4-ylidene)malononitrile 6 in acetone-d6. 
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Figure A6.15: The 1H NMR spectrum of 7-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)-3H-phenoxazin-3-one 15 in CDCl3. 
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Figure A6.16: The 13C NMR spectrum of 7-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)-3H-phenoxazin-3-one 15 in CDCl3. 
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Figure A6.17: The 19F NMR spectrum of 7-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)-3H-phenoxazin-3-one 15 in CDCl3. 
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Figure A6.18: The 1H NMR spectrum of 6-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one 16 in acetone-d6. 
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Figure A6.19: The 13C NMR spectrum of 6-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one 16 in acetone-d6. 
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Figure A6.20: The 19F NMR spectrum of 6-((4-azido-2,3,5,6-tetrafluorobenzyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one 16 in acetone-d6.  
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A2.3 Compounds from chapter III 

 

Figure A6.21: The 1H (for europium complexes) NMR spectrum (400 MHz) of EuNB 18a in D2O. The stars represent peaks which may arise due to the presence of EuDOTA as 
an impurity. The integrals suggest that ~2% EuDOTA is present (assuming the EuDOTA peak contains 4 protons due to symmetry and the EuNB peak contains 1 proton). 



A36 
 

 

Figure A6.22: The 1H (for terbium complexes) NMR spectrum (400 MHz) of TbNB 18b in D2O. The stars represent peaks which may arise due to the presence of TbDOTA as an 
impurity. The integrals suggest that ~5% TbDOTA is present (assuming the TbDOTA peak contains 4 protons due to symmetry and the TbNB peak contains 1 proton). 
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Figure A6.23: The 1H NMR spectrum (600 MHz) of (1-methyl-2-nitro-1H-imidazol-5-yl)methyl 2-bromoacetate 30 in CD3CN.  
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Figure A6.24: The HMBC NMR spectrum of (1-methyl-2-nitro-1H-imidazol-5-yl)methyl 2-bromoacetate 30 in CD3CN, to prove the presence of the low intensity peaks in the 13C 
NMR spectrum (highlighted with an asterisk).  
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Figure A6.25: The 13C NMR (151 MHz) spectrum of (1-methyl-2-nitro-1H-imidazol-5-yl)methyl 2-bromoacetate 30 in CD3CN.  
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Figure A6.26: The 1H NMR spectrum (400 MHz) of tri-tert-butyl 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate 31 in CDCl3.   
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Figure A6.27: The 1H NMR spectrum (600 MHz) of tri-tert-butyl 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate 31 in CD3CN.  
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Figure A6.28: The HMBC NMR spectrum of tri-tert-butyl 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate 31 in CD3CN, to prove the presence of the low intensity peaks in the 13C NMR spectrum (highlighted with an asterisk).  
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Figure A6.29: The 13C NMR spectrum (151 MHz) of tri-tert-butyl 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate 31 in CD3CN.  
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Figure A6.30: The 1H NMR spectrum (600 MHz) of 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic 

acid 32 in D2O, with residual MeOH remaining for reference in the 13C NMR spectrum.  
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Figure A6.31: The 13C NMR spectrum (151 MHz) of 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic 
acid 32 in D2O, with residual MeOH remaining for reference.  
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Figure A6.32: The 1H (for europium complexes) NMR spectrum (400 MHz) of EuNI 19a in D2O. The stars represent peaks which may arise due to the presence of EuDOTA as 
an impurity. The integrals suggest that ~6% EuDOTA is present (assuming the EuDOTA peak contains 4 protons due to symmetry and the EuNI peak contains 1 proton).  
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Figure A6.33: The 1H (for terbium complexes) NMR (400 MHz) spectrum of TbNI 19b in D2O. The stars represent peaks which may arise due to the presence of TbDOTA as an 
impurity. The integrals suggest that ~7% TbDOTA is present (assuming the TbDOTA peak contains 4 protons due to symmetry and the TbNI peak contains 1 proton).  
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Figure A6.34: The 1H (for europium complexes) NMR spectrum (400 MHz) of EuDOTA 21a in D2O. The integrals show the ratio between TSAP and SAP isomers.  
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Figure A6.35: The 1H (for terbium complexes) NMR spectrum (400 MHz) of TbDOTA 21b in D2O. The integrals show the ratio between TSAP and SAP isomers. 
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Figure A6.36: The 1H NMR spectrum (400 MHz) of 2,2',2''-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid, 52 in D2O, with residual MeOH 
remaining for reference in the 13C NMR spectrum. 
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Figure A6.37: The 13C NMR spectrum (151 MHz) of 2,2',2''-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid, 52 in D2O, with MeOH 
remaining for reference. 
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Figure A6.38: The 1H (for europium complexes) NMR spectrum (400 MHz) of EuBn 22a in D2O. The stars represent peaks which may arise due to the presence of EuDOTA as 
an impurity. The integrals suggest that ~2% EuDOTA is present (assuming the EuDOTA peak contains 4 protons due to symmetry and the EuBn peak contains 1 proton). 
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Figure A6.39: The 1H (for terbium complexes) NMR spectrum (400 MHz) of TbBn 22b in D2O. The stars represent peaks which may arise due to the presence of TbDOTA as an 
impurity. The integrals suggest that ~1% EuDOTA is present (assuming the TbDOTA peak contains 4 protons due to symmetry and the TbBn peak contains 1 proton). 
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A2.4 Compounds from chapter IV 

 

Figure A6.40: The 1H NMR spectrum (600 MHz) of tert-butyl (S)-(1-((4-hydroxy-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 67, in DMSO-d6. 
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Figure A6.41: The 1H NMR spectrum (600 MHz) of tert-butyl (S)-(1-((4-hydroxy-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 67, in CDCl3. 
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Figure A6.42: The 13C NMR spectrum (600 MHz) of tert-butyl (S)-(1-((4-hydroxy-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 67, in CDCl3. 
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Figure A6.43: The 1H NMR spectrum (600 MHz) of 4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylaniline, 69, in CDCl3. 
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Figure A6.44: The 13C NMR spectrum (151 MHz) of 4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylaniline, 69, in CDCl3. 
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Figure A6.45: The 1H NMR spectrum (600 MHz) of tert-butyl (S)-(1-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 68, in 

CDCl3. 
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Figure A6.46: The 13C NMR spectrum (151 MHz) of tert-butyl (S)-(1-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 68, in 

CDCl3. 
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Figure A6.47: The 1H NMR spectrum (600 MHz) of tert-butyl (S)-(1-((2,6-dibromo-4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 71, in CD3CN. 
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Figure A6.48: The 13C NMR spectrum (151 MHz) of tert-butyl (S)-(1-((2,6-dibromo-4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 71, in CD3CN. 
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Figure A6.49: The 1H NMR spectrum (600 MHz) of tert-butyl (S)-(1-((2-bromo-4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 

72, in CD3CN. 
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Figure A6.50: The 13C NMR spectrum (151 MHz) of tert-butyl (S)-(1-((2-bromo-4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 
72, in CD3CN. 
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Figure A6.51: The 1H NMR spectrum (600 MHz) of tert-butyl (S)-(1-((4-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 73, in CDCl3 
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Figure A6.52: The 13C NMR spectrum (151 MHz) of tert-butyl (S)-(1-((4-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 73, in CDCl3 
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Figure A6.53: The 1H NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (S)-(1-((4-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 74, in DMSO-d6. 



A68 
 

 

Figure A6.54: The 13C NMR spectrum (151 MHz) of (9H-fluoren-9-yl)methyl (S)-(1-((4-hydroxyphenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 74, in DMSO-d6. 
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Figure A6.55: The 1H NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (4-aminophenyl)carbamate, 79, in DMSO-d6. 
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Figure A6.56: The 13C NMR spectrum (151 MHz) of (9H-fluoren-9-yl)methyl (4-aminophenyl)carbamate, 79, in DMSO-d6. 
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Figure A6.57: The 1H NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (E)-(4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)carbamate, 80, in CDCl3. 
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Figure A6.58: The aromatic region of the COSY NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (E)-(4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)carbamate, 80, in 
CDCl3. The picked peak shows the coupling between the two aromatic regions of the middle aromatic ring. 
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Figure A6.59: The 13C NMR spectrum (151 MHz) of (9H-fluoren-9-yl)methyl (E)-(4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)carbamate, 80, in CDCl3. 
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Figure A6.60: The 1H NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (E)-(4-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)diazenyl)phenyl)carbamate, 81, in CDCl3. 
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Figure A6.61: The 13C NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (E)-(4-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)diazenyl)phenyl)carbamate, 81, in CDCl3. 
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Figure A6.62: The 1H NMR spectrum (600 MHz) of tert-butyl (S,E)-(1-((4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 83, in 
CDCl3. 
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Figure A6.63: The 13C NMR spectrum (151 MHz) of tert-butyl (S,E)-(1-((4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 83, in 
CDCl3. 
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Figure A6.64: The 1H NMR spectrum (600 MHz) of tert-butyl (S,E)-(1-((4-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 84, in CDCl3. 
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Figure A6.65: The 13C NMR spectrum (151 MHz) of tert-butyl (S,E)-(1-((4-((4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 84, in CDCl3. 
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Figure A6.66: The 1H NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (S)-(1-((4-aminophenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 88, in DMSO-d6. 
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Figure A6.67: The 13C NMR spectrum (151 MHz) of (9H-fluoren-9-yl)methyl (S)-(1-((4-aminophenyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate, 88, in DMSO-d6. 
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Figure A6.68: The 1H NMR spectrum (600 MHz) of (9H-fluoren-9-yl)methyl (S,E)-(1-((4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 89, in DMSO-d6. 



A83 
 

 

Figure A6.69: The 13C NMR spectrum (151 MHz) of (9H-fluoren-9-yl)methyl (S,E)-(1-((4-((4-hydroxy-3,5-dimethylphenyl)diazenyl)phenyl)amino)-4-methyl-1-oxopentan-2-
yl)carbamate, 89, in DMSO-d6. 
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Figure A6.70: The 1H NMR spectrum (500 MHz) of TbTbOH 93Tb in D2O. 
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Figure A6.71: The 1H NMR spectrum (500 MHz) of LuLuOH 93Lu in D2O. 
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Figure A6.72: The 1H NMR spectrum (500 MHz) of TbTbNH2 54 in D2O. 
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Figure A6.73: The 1H NMR spectrum (600 MHz) of 1-(hexyloxy)-4-nitrobenzene, 107, in CDCl3. 
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Figure A6.74: The 13C NMR spectrum (151 MHz) of 1-(hexyloxy)-4-nitrobenzene, 107, in CDCl3. 
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Figure A6.75: The 1H NMR spectrum (600 MHz) of 1-(dodecyloxy)-4-nitrobenzene, 108, in CDCl3. 
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Figure A6.76: The 13C NMR spectrum (151 MHz) of 1-(dodecyloxy)-4-nitrobenzene, 108, in CDCl3. 
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Figure A6.77: The 1H NMR spectrum (600 MHz) of 4-(hexyloxy)aniline, 109, in CDCl3. 
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Figure A6.78: The 13C NMR spectrum (151 MHz) of 4-(hexyloxy)aniline, 109, in CDCl3. 
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Figure A6.79: The 1H NMR spectrum (600 MHz) of 4-(dodecyloxy)aniline, 110, in CDCl3. 
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Figure A6.80: The 13C NMR spectrum (151 MHz) of 4-(dodecyloxy)aniline, 110, in CDCl3. 
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Figure A6.81: The 1H NMR spectrum (600 MHz) of (E)-4-((4-(hexyloxy)phenyl)diazenyl)-2,6-dimethylphenol, 111, in DMSO-d6. 
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Figure A6.82: The 13C NMR spectrum (151 MHz) of (E)-4-((4-(hexyloxy)phenyl)diazenyl)-2,6-dimethylphenol, 111, in DMSO-d6. 
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Figure A6.83: The 1H NMR spectrum (600 MHz) of (E)-4-((4-(dodecyloxy)phenyl)diazenyl)-2,6-dimethylphenol, 112, in DMSO-d6. 



A98 
 

 

Figure A6.84: The 13C NMR spectrum (151 MHz) of (E)-4-((4-(dodecyloxy)phenyl)diazenyl)-2,6-dimethylphenol, 112, in DMSO-d6. 
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Figure A6.85: The 1H NMR spectrum (600 MHz) of (E)-1-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)-2-(4-(hexyloxy)phenyl)diazene, 113, in DMSO-d6. 
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Figure A6.86: The 1H NMR spectrum (600 MHz) of (E)-1-(4-((tert-butyldimethylsilyl)oxy)-3,5-dimethylphenyl)-2-(4-(dodecyloxy)phenyl)diazene, 114, in DMSO-d6. 

.
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A3 HPLC/LCMS Traces of Novel Compounds 

A3.2 Compounds from chapter II 

(4-Azido-2,3,5,6-tetrafluorophenyl)methanol, 12 – Analytical HPLC method 2B 
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4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)benzaldehyde, 14 – Analytical HPLC method 2B 
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(E)-2-(2-(4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-chromen-4-

ylidene)malononitrile, 3 – Analytical HPLC method 1A 
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(E)-2-(2-(4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-chromen-4-

ylidene)malononitrile, 3 – Analytical HPLC method 5 
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(E)-2-(2-(4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-thiochromen-4-

ylidene)malononitrile, 4 – Analytical HPLC method 1B 
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(E)-2-(2-(4-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)styryl)-4H-thiochromen-4-

ylidene)malononitrile, 4 – Analytical HPLC method 6 
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(E)-2-(2-(4-Hydroxystyryl)-4H-chromen-4-ylidene)malononitrile, 5 – Analytical HPLC 

method 2B 
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(E)-2-(2-(4-Hydroxystyryl)-4H-thiochromen-4-ylidene)malononitrile, 6 – Analytical HPLC 

method 2B 

 

 

 

  



A109 
 

(E)-2-(2-(4-Aminostyryl)-4H-chromen-4-ylidene)malononitrile, 2 – Analytical HPLC method 

2B 
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(E)-2-(2-(4-Azidostyryl)-4H-chromen-4-ylidene)malononitrile, 1 – Analytical HPLC method 

2B 

 

 

 

  



A111 
 

7-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)-3H-phenoxazin-3-one, 15 – Analytical HPLC 

method 2B 
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6-((4-Azido-2,3,5,6-tetrafluorobenzyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one, 16 – Analytical 

HPLC method 2B 
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4-Azido-2,3,5,6-tetrafluorobenzyl (4-nitrophenyl) carbonate, 17 – Analytical HPLC method 

2B 
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A3.3 Compounds from chapter III 

Tri-tert-butyl 2,2',2''-(10-(2-((4-nitrobenzyl)oxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate, 25 – LCMS method 1 
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2,2',2''-(10-(2-((4-Nitrobenzyl)oxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid, 26  - LCMS method 1 
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(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl 2-bromoacetate, 30 – LCMS method 1 

 

 

Tri-tert-butyl 2,2',2''-(10-(2-((1-methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate, 31 – LCMS method 1 
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2,2',2''-(10-(2-((1-Methyl-2-nitro-1H-imidazol-5-yl)methoxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid, 32 – LCMS method 2 
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Tri-tert-butyl 2,2',2''-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate, 51 – Analytical HPLC method 2A 

 

 

  

 

 

 

  



A119 
 

2,2',2''-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic 
acid, 52 – Analytical HPLC method 1A 
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Europium nitrobenzyl complex (EuNB) 18a – LCMS method 2 
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Europium nitrobenzyl complex (EuNB) 18a – Analytical HPLC method 1A 
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 Terbium nitrobenzyl complex (TbNB) 18b – LCMS method 2 
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Terbium nitrobenzyl complex (TbNB) 18b – Analytical HPLC method 1A 
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Gadolinium nitrobenzyl complex (GdNB) 18c – LCMS method 2 
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Gadolinium nitrobenzyl complex (GdNB) 18c – Analytical HPLC method 1A 
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Europium nitroimidazole complex (EuNI) 19a – LCMS method 2 
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Europium nitroimidazole complex (EuNI) 19a – Analytical HPLC method 1A 
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Terbium nitroimidazole complex (TbNI) 19b – LCMS method 2 
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Terbium nitroimidazole complex (TbNI) 19b – Analytical HPLC method 1A 
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Gadolinium nitroimidazole complex (GdNI) 19c – LCMS method 2 
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Gadolinium nitroimidazole complex (GdNI) 19c – Analytical HPLC method 1A 
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Europium benzyl complex (EuBn) 22a – Analytical HPLC method 1A 
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Terbium benzyl complex (TbBn) 22b – Analytical HPLC method 1A 
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Gadolinium benzyl complex (GdBn) 22c – LCMS method 2 
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Gadolinium benzyl complex (GdBn) 22c – Analytical HPLC method 1A 

 

Note: peak around 8.4 min (at 240 nm and 254 nm) also appears in the water blank 
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A3.4 Compounds from chapter IV 

Phenol triacid, 100 – Analytical HPLC method 4 

 

Total absorbance chromatogram: 
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LuLuOH, 93Lu – Analytical HPLC method 4 

 

Total absorbance chromatogram: 
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TbTbNH2, 54 – Analytical HPLC method 4 

 

Total absorbance chromatogram: 
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TbTbAzo, 53 – Analytical HPLC method 4 

 

See also Figure A4.2. 

Total absorbance chromatogram: 

 

 

 

 

 


