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Abstract
Contemporary metalloradiopharmaceuticals are usually comprised of four components;
radionuclide, bifunctional chelator, linker and targeting vector. Physical decay of the
radionuclide is responsible for the diagnostic or therapeutic effect of the drug, and the
bifunctional chelator simultaneously binds the radiometal ion to prevent release in vivo and
provides a handle for covalent linkage to the other component of the molecule. Optimal
performance of these components is essential for effective radiopharmaceuticals, and have been
the focus of this thesis. Antimony-119 is considered one of the most promising radionuclides
for Auger electron therapy; however, few studies exploring separation and radiolabeling of
radioantimony exist in the literature. Bombardment of natSn with 12.8 MeV protons achieved
production of primarily

120m

Sb, as well as

117m

separation radiochemistry and the purified

Sn. These species were then used to monitor

120m

Sb was successfully radiolabeled. Non-

bifunctional chelators H6phospa, H6dipedpa, and H6eppy were synthesized and studied with
In3+, Lu3+, Y3+, Sc3+, and La3+ via NMR and thermodynamic solution studies. Results showed
that H6phospa formed the most thermodynamically stable complexes. As a result, H6dappa
was synthesized as a bifunctional analogue. While thermodynamic results were encouraging,
serum stability studies revealed complex lability, which was further supported by DFT
calculations. Inspired by interest in [203/212Pb]Pb2+, DTPAm was synthesized and studied. NMR
spectra and preliminary radiolabeling studies with [203Pb]Pb2+ were encouraging; however,
thermodynamic parameters and serum stability studies (with 203Pb) pointed towards complex
lability, likely as a result of the lack of ionisable protons of DTPAm. Lastly, interest in
phosphonate-bearing ligands resulted in studies exploring their use in delivering oral La3+ for
bone-resorption disorders. Working closely with Dr. David Weekes, large scale batches of
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La(XT) were synthesized. Following animal studies, the lanthanum content of animal tissue
(healthy Sprague Dawley rats) was analyzed by ICP-MS. Short-term studies (4 weeks) pointed
towards dose-dependent lanthanum concentrations in bone (femur) and no observable toxicity.
Long-term studies (3 months) showed no kidney or liver toxicity, however minimal mechanical
advantage of La3+ incorporation into bone was noted. Synthesis and NMR studies were also
carried out on dppa and DEDA-(PO) to investigate their stability with La3+, among other metal
ions.
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Lay Summary
Nuclear medicine is a field that uses radioactive atoms for medical purposes. A fundamental
aspect of this field is the development of radioactive drugs. There are four components of stateof-the-art “radiopharmaceuticals,” with this thesis focusing on the radioactive atom, or
“radionuclide,” and “chelator”, which binds to the radionuclide to prevent its release in the
human body. Since the radioactive decay of the radionuclide is what is responsible for the
drug’s effectiveness, choosing radionuclides with ideal decay properties will lead to better
drugs. Part of this thesis investigates how to purify a new therapeutic radionuclide (119Sb). The
other aspect of this thesis explores how to better secure these radionuclides by developing new
chelators. This includes making the molecules and studying how strongly it can bind the desired
metal ion. Several chelators can be found in this thesis, each aiming to gain deeper
understanding of how to improve clinically used chelators.
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Preface
Chapter 1 is an adaptation of published work and is reproduced in part from T. I. Kostelnik
and C. Orvig; Radioactive main group and transition metals for imaging and therapy, Chem.
Rev. 2019, 119, 902-956, Copyright 2019 The American Chemical Society. I researched and
wrote the review article, with input and editing from Dr. Orvig.
Chapter 2 is a manuscript in preparation. I am the first author of the article, as I spearheaded
the majority of tin irradiations, and subsequent purification and radiolabeling studies at
TRIUMF, as well as wrote the majority of the manuscript. Victoria Brown (co-op student) and
Jenasee Mynerich (co-op student) helped establish liquid-liquid extraction, solid-phase
purification and radiolabeling protocols, as well as ran some of the gamma-spectroscopy
samples required for quantification. Dr. Valery Radchenko facilitated this work by helping to
set up irradiations and provide working space at TRIUMF, as well as gave scientific input
throughout the process. Collaborators at University of Wisconsin (Dr. Jonathan Engle, Aeli
Olson, Paul Ellison) also provided valuable input.
Chapter 3 is an adaptation of a manuscript in preparation. I am the first author on the article
as I made the three ligands under investigation (H6phospa, H6dipedpa and H6eppy), carried
out all NMR studies and wrote the majority of the manuscript. Felix Lindheimer assisted with
the early stages of H6eppy synthesis. Dr. Guadalupe Jaraquemada-Peláez (with help from
Rosita Cappai) was responsible for calculating thermodynamic stability constants via
potentiometric and spectrophotometric titrations for the aforementioned ligands, as well as for
each ligand with the five metal ions under investigation. Dr. Jaraquemada-Peláez wrote the
corresponding section of the manuscript. Neha Choudhary is a graduate student in the Orvig
group, and solved the crystal structures of H6phospa and H6dipedpa. Ms. Choudhary also
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provided experimental details, which I adapted for the manuscript in preparation. Dr.
Guadalupe Jaraquemada-Peláez and Hayden Scheiber collaborated on DFT calculations and
theoretical NMR generation. Dr. Orvig gave input throughout the process and edited several
versions of the manuscript.
Chapter 4 is an adaptation of published work and is reproduced in part by T. I. Kostelnik, X.
Wang, L. Southcott, H. K. Wagner, M. Kubeil, H. Stephan, M. de G. Jaraquemada-Peláez and
C. Orvig; Rapid and thermodynamically stable complex formation of [nat/111In]In3+, [nat/90Y]Y3+
and [nat/177Lu]Lu3+ with H6dappa, Inorg. Chem., 2020, 59, 7238-7251, Copyright 2020 The
American Chemical Society. I am the first author on the article, as I made and fully
characterized the ligand (H6dappa), executed and analyzed all NMR data, performed
radiolabeling studies at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) under the
supervision of Dr. Kubeil and Dr. Stephan, and wrote the majority of the manuscript. Dr. Wang
calculated DFT structures found in the article and supporting information. Lily Southcott is a
graduate student in the Orvig group and completed final radiolabeling studies, also under the
supervision of Dr. Kubeil and Dr. Stephan at HZDR. Hannah Wagner was a six-week visiting
student and helped with the synthesis of H6dappa. Dr. Jaraquemada-Peláez and I executed the
potentiometric and spectrophotometric studies together; all fitting of corresponding data was
done by Dr. Jaraquemada-Peláez. Dr. Orvig gave input throughout the process and edited
several versions of the manuscript leading to the published article.
Chapter 5 is a manuscript in preparation. I am the first author as I synthesized DTPAm,
conducted NMR studies, and assisted is further experiments where collaboration was
necessary. Neha Choudhary and Dr. Brian Patrick solved the crystal structure after I provided
them with X-ray quality crystals. Dr. Jaraquemada-Peláez conducted solution studies to
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calculate ligand pKa values and the lead(II) complex stability constant and pM values. Andrew
Robertson (TRIUMF) and Winnie Fu (TRIUMF) produced and purified the 203Pb, and Winnie
Fu assisted with radiolabeling and serum stability studies. Dr. Orvig gave input throughout the
process and edited the manuscript.
Chapter 6 is an adaptation of published works and has been reproduced in part from D. M.
Weekes, C. Ramogida, M. de G. Jaraquemada-Peláez, B. O. Patrick, C. Apte, T. I. Kostelnik,
J. F. Cawthray, L. Murphy and C. Orvig; Dipicolinate complexes of gallium(III) and
lanthanum(III), Inorg. Chem., 2016, 55, 12544–12558, Copyright 2016 The American
Chemical Society. Additionally, from D. M. Weekes, J. F. Cawthray, M. Rieder, J. Syeda, M.
Ali, E. Wasan, T. I. Kostelnik, B. O. Patrick, A. Panahifar, A. Al-Dissi, D. Cooper, K. M.
Wasan and C. Orvig; La(III) biodistribution profiles from intravenous and oral dosing of two
lanthanum complexes, La(dpp)3 and La(XT), and evaluation as treatment for bone resportion
disorders, Metallomics, 2017, 9, 902–909, Copyright 2017 The Royal Society of Chemistry;
and D. M. Weekes, M. de G. Jaraquemada-Peláez, T. I. Kostelnik, B. O. Patrick and C. Orvig;
Di- and trivalent metal-ion solution studies with the phosphinate-containing heterocycle
DEDA-(PO), Inorg. Chem. 2017, 56, 10155–10161, Copyright 2017 The American Chemical
Society. Each of the above articles were primarily written by the first author, Dr. Weekes.
However, I did play a role in each project, and as the unifying theme of the three articles is the
development of chelators for bone resorption disorders, here they are presented together. For
Weekes et al. Inorg. Chem. 2016, I resynthesized the ligand H4dppa and helped study its
protonation constants and stability constant with La3+ via 1H and 31P{1H} NMR spectroscopy,
along with Dr. Jaraquemada-Peláez and a very talented undergraduate student, Chirag Apte.
For Weekes et al. Metallomics 2017, I analyzed La content of animals (healthy Sprague Dawley
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rats) via ICP-MS and analysed resulting data, along with Dr. Weekes. For Weekes et al. Inorg.
Chem. 2017, I carried out 1H NMR studies to distinguish between 1:1 and 1:2 (L:M) complex
formation between the ligand of interest [DEDA-(PO)] and La3+.
The animal studies presented in Section 6.2.3 have been published (Weekes et al. Metallomics
2017). These studies were carried out primarily at the University of Saskatchewan (U.Sask),
and the protocols were approved by the University Animal Care Committee (UACC) Animal
Research Ethics Board (approval certificate # 20150060) and performed in accordance with the
guidelines outlined in by the CCAC. The short-term oral and IV studies were coordinated and
executed by Dr. Jacqueline Cawthray. Drug candidates were synthesized by Dr. Weekes, and
formulations of La(dpp)3 were made by Dr. Ellen Wasan (U.Sask). Soft-tissue organs were
harvested, homogenized, and prepared for ICP-MS under the direction of Dr. Cawthray, and
sent to UBC for analysis, which was undertaken by myself and Dr. Weekes. Bones were
harvested by Dr. Cawthray and sent to UBC, where Dr. Weekes and I were responsible for
cleaning and preparation for ICP-MS. All results were interpreted by myself, Drs. Weekes and
Cawthray, with input from Drs. Chris Orvig and Kishor Wasan.
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Chapter 1. Introduction
1.1 Nuclear Medicine and Radiopharmaceuticals
Nuclear medicine is a rapidly growing, interdisciplinary field based on the use of
radioactive nuclides for diagnostic and therapeutic purposes. The development of
radiopharmaceuticals is a key aspect of expanding the clinical capabilities of nuclear medicine
physicians and is achieved by continually improving the existing framework of current drug
design. Radiopharmaceuticals are divided into two broad classes; organically-derived and
metal-based. These classes primarily differ in their strategy of radionuclide incorporation.
Organically-derived radiopharmaceuticals incorporate non-metal radionuclides (e.g., 18F, 11C,
13

N, 15O, 123I) by covalent bond formation, often replacing one hydrogen atom, whereas metal-

based tracers rely on coordination chemistry. The short half-lives and limited decay
characteristics of most “organic” radionuclides severely limit their applications. Radiometals
offer a variety of decay characteristics (Figure 1.1), and as such, will be the focus of this work.

1.2 Metal-Based Radiopharmaceutical Drug Design
Within the realm of metal-based radiopharmaceuticals, two prominent categories exist;
metal essential and metal non-essential. The distinction between these classes is the role of the
radiometal. In metal-essential drugs, the radiometal is fundamental for biological targeting. For
example, 99mTc-sestamibi (Cardiolite®) is a cardiac imaging agent comprised of a 99mTc+ centre
coordinated by six methoxyisobutylisonitrile (MIBI) ligands. The arrangement of these
lipophilic ligands around the metal facilitates heart uptake of

99m

Tc-sestamibi; however, if

99m

Tc+ were replaced by a different metal ion or was absent altogether, the resulting

biodistribution would be profoundly different.1 Although metal-essential drugs are simple to
1

Figure 1.1 Colour coded Periodic Table with current or potential applications of each element in diagnostic and/or therapeutic
radiopharmaceuticals.2–15 Periodic Table reproduced by permission of International Union of Pure and Applied Chemistry. Copyright © 2018
International Union of Pure and Applied Chemistry. Reproduced from reference 2.
2

synthesize, they are challenging to derivatize. In contrast, metal non-essential tracers are
modular by design and in theory exhibit metal-independent in vivo behaviour. Readers are
cautioned that in practice, metal choice can influence drug biodistribution (see Section 1.3.3);
however, compared to metal essential radiopharmaceuticals, this influence is relatively small.
Most metal non-essential design strategies divide the drug into four parts: radiometal,
ligand/chelator, linker and bioconjugate/targeting vector (Figure 1.2). In this case, the decay
properties of the radiometal are the root of diagnostic/therapeutic function, while the
bioconjugate ensures drug accumulation at target cells. The chelator and linker integrate the
two otherwise incompatible components. This design is very popular, as it permits alteration
of individual components to tune drug function, providing enormous potential for ‘plug-andplay’ drug discovery. Unless otherwise stated, all discussed radiotracers throughout this thesis
emulate this design.

Figure 1.2 Standard, four-component radiopharmaceutical design. Reproduced from reference 2.

3

1.3 Importance of Radiometal Decay for Drug Function
Radiometal decay properties determine radiopharmaceutical function. Diagnostic
radiometals emit radiation that minimally interacts with biological tissue, allowing it to easily
escape the body and reach external detectors. Therapeutic radiometals emit radiation intended
to maximally interact with surrounding tissue in order to exert a toxic effect locally. These
differences in radiation behaviour are heavily reliant on radiometal decay characteristics. Table
1.1 presents decay properties, applications and production routes of popular radiometals, and
may be helpful for reference in the following discussion. Figure 1.3 illustrates decay-specific
applications.

Figure 1.3 Radiometal decay types, and their corresponding applications in nuclear medicine.
Reproduced from reference 2.
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Table 1.1 Popular subject radiometals with relevant production routes, decay parameters and applications16–21
Reproduced from reference 2.

Radionuclide

44Sc

47Sc

Production
44Ca(p,n)44Sc
44Ti/44Sc

generator
47Ti(n,p)47Sc
46Ca(n,γ)47Ca→47Sc

Half Life
(h)
4.04
80.4

Decay mode
and branching

β+ (94%)
EC (6%)

β- (100%)
β+

Average energy
of decay particle
(keV)a

Max Gamma
energy
(keV)(Intensity
%)

Application

632

1157 (100%)

PET

162

159 (68%)

66Ga

66Zn(p,n)66Ga

9.49

(57%)
EC (43%)

1747

67Ga

67Zn(p,n)67Ga

78.2

EC (100%)
4.7 e-/decayb

Auger: 6.3b

68Ga

86Y

90Y

68Ge/68Ga

generator

86Sr(p,n)86Y

90Sr/90Y

generator

1.13

14.7
64.0

β+ (89%)
EC (11%)

β+ (32%)
EC (68%)

β- (100%)
β+ (61%)

1039 (37%)
2752 (23%)
93 (39%)
185 (21%)
300 (17%)

β- Therapy
SPECT
PET

SPECT

830

-

PET

664

777 (22%)
1077 (83%)
1153 (31%)

PET

934

-

β- Therapy

1011

658 (98%)

PET

110mIn

110Cd(p,n)110mIn

1.15

111In

natCd(p,xn)111In

67.2

EC (100%)
14.7 e-/decayb

Auger: 6.8b

245 (94%)
171 (91%)

SPECT

114mIn

114Cd(p,n)114mIn

1188

IT (97%)

-

190 (16%)

Auger electron
therapy

159

β- (100%)

134

113 (6%)
208 (10%)

β- therapy

-

α & β- therapy

440 (26%)

α & β- therapy

-

α therapy

177Lu

176Lu(n,γ)177Lu
176Yb(n,γ)177Yb→177Lu

212Bi

228Th/212Pb/212Bi

213Bi

225Ac/213Bi

generator

229Th/225Ac

generator

225Ac

generator

226Ra(p,2n)225Ac

EC (39%)

1.01

α (36%)
β- (64%)

0.76

α (2%)
β- (98%)

238

α (100%)

232Th(p,2p6n)225Ac
aRef.

α: 6210
α: 8780
(daughter)
β-: 771
α: 8.35 MeVd
(daughter)
β-: 435
α: 5.8-8.4 MeVd
(chain average)

SPECT

16 weighted average of average values; bRef 18, 19; cRef 20; dRef 21.
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1.3.1 Principles of Diagnostic Radiometals
Diagnostic radiotracers emit or indirectly produce photons, which are detected by high
density material to produce spatial representations of drug distribution in vivo. Positron
emission tomography (PET) and single-photon emission computed tomography (SPECT) are
the most prevalent imaging modalities for this purpose.
PET imaging requires the use of positron (β+) emitters, which are normally neutron
deficient radionuclides that balance their nuclear composition through the conversion of a
proton to a neutron by β+ emission. When these positrons meet nearby electrons (β-), a process
known as “annihilation” results in the simultaneous emission of near coincident (~180o) γ-rays,
with a characteristic energy of 511 keV. When PET scanners detect these simultaneous γ-rays,
computational methods precisely calculate the radiotracer location by determining the point of
annihilation.22 The distance a β+ travels before annihilation is proportional to its energy, thus
emission of low energy positrons is preferred due to their close proximity to the radiotracer at
the point of annihilation.23 By far the most commonly used PET radiotracer is the glucose
analogue, [18F]FDG (18F-fluorodeoxyglucose), which has a natural propensity to be selectively
taken up by aggressively growing tumours because of its similarity to glucose. The high
radiotracer concentration in tumours and low background activity facilitates acquisition of high
resolution images.24
Similar to traditional two-dimensional scintigraphy, SPECT is based on the detection
of low-energy γ-rays emitted from radiotracers, often as a result of electron capture (EC) or
isomeric transition (IT). Unlike scintigraphy, however, SPECT renders three-dimensional
images to produce more spatially oriented representations of tracer behaviour. Due to its
reliance on single emission events (as opposed to simultaneous events), SPECT detectors
6

require narrow γ-ray filtering, or “collimation”, for decay localization and sharp image
construction. Low energy γ-rays (100-250 keV) are ideal for SPECT as they are more easily
filtered by collimators and efficiently attenuated by SPECT detectors.25,26 The vast majority of
SPECT scans are based on

99m

Tc radionuclides, with one of the most frequently used

radiotracers being 99mTc-sestamibi for heart perfusion imaging.1
Of the two techniques, PET has superior sensitivity and resolution, but is far more
expensive than SPECT as a result of higher instrumentation costs and lower radionuclide
availability.26–28 PET and SPECT provide high quality morphological information, but lack
anatomical perspective. Accordingly, they are often combined with computed tomography
(CT) to produce a more complete biological representation.27

1.3.2 Principles of Therapeutic Radiometals
Therapeutic radiometals primarily induce their cytotoxic effects through irreversible
DNA damage, resulting in deletions, chromosome aberrations and cell death.29 DNA damage
can be achieved with the emission of beta (β-) particles, alpha (α) particles or low-energy
electrons (henceforth Auger electrons). The ability of an emitted particle to damage DNA is
heavily dependent on its linear energy transfer (LET), which is a measure of atom
ionization/excitation per unit length, and is commonly reported in keV/µm for biological
systems. High LET is typical of highly ionizing radiation and signifies dense energy deposition.
Particles with high LET deposit their energy over shorter distances than those with low LET
and are more effective at causing biological and/or chemical damage.29,30 Tissue range is
dependent on both a particle’s LET and kinetic energy. For example, if two particles have
identical energy but different LET, the particle with higher LET will deposit its energy more
7

rapidly, resulting in shorter tissue range. Alternatively, if two particles have identical LET but
different energy, the higher energy particle will take longer to deposit its energy, resulting in
greater tissue range. Long tissue range can be useful for treatment of large tumours, but is
increasingly regarded as undesirable as it is directly linked to off-target toxicity.31–33 Particle
LET and tissue range vary amongst therapeutic radionuclides, and are heavily influenced by
the decay type and energy.

β- particles have variable energy (0.1-2.2 MeV) and relatively low LET, which typically
falls in the realm of 0.2 keV/µm. Although β- emitters are the most developed class of
radiotherapeutics, it is known that their low LET results in a high decay range (0.5-10 mm; 50
-1000 cell diameters) that often extends beyond the diameter of targeted tumours.15 This can
lead to the death of healthy cells (“cross-fire”) and is a major deterrent of β- therapy. Currently,
low energy β- emitters (e.g., 177Lu) are being heavily investigated due to their lower decay range
relative to high energy β- emitters (e.g., 90Y).34 Alpha particles have high energies (5-8 MeV),
and extremely high LET (~80 keV/µm), resulting in low decay range (40-100 µm; < 10 cell
diameters).15 Their highly ionizing nature and short tissue range is the cause of current
enthusiastic efforts to explore targeted alpha therapy (TAT), notably with

225

Ac. Auger

electrons are low-energy particles ejected as a result of energy released during the filling of
inner electron-shell vacancies. These particles have high LET (4-26 keV/µm) and very low
energy (1-10 keV), resulting in tissue range (1-20 µm) that is often less than the diameter of a
single cell (~10 µm).15 This makes cross-fire effects essentially non-existent and presents the
potential to treat single cell tumour metastasis. Auger electrons are the least explored
therapeutic and are currently limited by their need for cell or nucleus internalization to exert
any degree of toxic effects.35
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1.3.3 Theranostic Isotopes
Combined therapeutic and diagnostic (“theranostic”) isotopes are an emerging concept and
are desirable because of their ability to diagnose, treat and evaluate treatment, simultaneously
or following a therapeutic regimen. Some radiometals are inherently theranostic, generally by
virtue of a therapeutic nuclide having an imageable γ-line (e.g., 47Sc, 177Lu), however the most
ideal theranostic agents are comprised of chemically identical radioisotope pairs with similar
half-lives and complementary emission. In this way, the diagnostic and therapeutic decay
modes are optimal (i.e., high branching, appropriate energy) and the radioisotopes exhibit
identical (bio)chemical behaviour, notably with respect to the chelator. This ensures the
therapeutic radiotracer behaves identically to the diagnostic radiotracer in vivo, which is crucial
for accurate dosimetry. This is in contrast to non-chemically identical matched pairs (e.g.,
111

In/90Y), where diagnostic information is less representative of therapeutic dose distribution

due to differences in radiotracer behaviour.36

1.4 Production and Purity of Radionuclides
The next two sections will briefly summarize core concepts of radiometal production
and purity that are relevant throughout this thesis. It should be noted that this description is by
no means all encompassing, but rather an introduction for those interested but unfamiliar with
the topic.

1.4.1 Radionuclide Production
Cyclotrons and nuclear reactors are commonly used for radionuclide production.
Cyclotrons use magnetic fields to accelerate charged particles (e.g., protons, deuterons, α9

particles) and produce proton-rich nuclides, which typically decay by EC or β+ emission in
order to balance their unstable nuclear composition. Cyclotron-based production is contingent
on the accelerated particle having sufficient energy to overcome the threshold energy of a given
nuclear reaction, which is a result of the mass difference between nuclear reactants (i.e., target
nuclide, irradiating particle) and products (i.e., product nucleus, emitted particles), as well as
the electrostatic repulsion between the accelerated particle and target nuclide. These parameters
are referred to as the Q value and Coulomb barrier, respectively.30 Biomedical cyclotrons are
most common and have beam energies below 20 MeV. These small cyclotrons are typically
found in hospitals or universities, thus production routes that are compatible with low energy
cyclotrons are desirable due to their greater potential for clinical use. Intermediate (20-35 MeV)
and high (> 35 MeV) energy cyclotrons are also useful for medical radionuclide production,
but are far less common.37 Reactor production is based around the spontaneous fission of fissile
materials (within fuel rods), which release neutrons capable of inducing fission or neutron
activation of target material. In the latter case, the resulting nuclides are neutron rich and, if
radioactive, normally decay via β- emission. Unlike nuclide production via charged particle
bombardment, no Coulomb barrier exists for neutron reactions since they are not repulsed by
the positively charged nucleus or negatively charged electrons of target atoms. As such, low
energy neutrons are more desirable for production via neutron capture due to their greater
probability of interactions with surrounding nuclei, compared to high energy neutrons. For
example, thermal neutrons have relatively low kinetic energy (E = 0.025 eV) and are commonly
used to produce a variety of radionuclides. For production via fission however, neutron energies
must be on the order of MeV.30 Cyclotrons and reactors are both vital means of radionuclide
production and are often said to have complimentary roles in the field of nuclear medicine due
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to the contrasting nature of produced radionuclides.38 Linear accelerators (LINACS) can also
be used for medical radionuclide production,39 but are far less common.
In a simplified sense, activity production is proportional to the number of target atoms,
beam intensity (or flux) and formation cross section, which is a measure of likelihood that a
nuclear reaction will occur.30 For those unfamiliar, cross-sections can be conceptualized
through the analogy of trying to hit a target with a projectile. In the same way that a target with
a large surface area will be easier to hit, so too does a large cross-section communicate a high
probability that a nuclear reaction will occur. Cross-sections (σ) are measured in barns (1b =
10-24 cm2), and are a function of beam energy.30,40 The relationship between cross-sections and
beam energy is often of great interest in order to achieve maximum production yields and
radionuclidic purity. Investigations of this nature are often complicated by the co-production
of isotopic contaminants, which are especially problematic if long-lived and chemically
identical (e.g.,

177

Lu/177mLu,

225

Ac/227Ac).41,42 Contaminant production can be mitigated

through the use of isotopically enriched target material; however, the enrichment process can
be prohibitively expensive.43 Natural targets are far less expensive, but tend to yield lower
radionuclidic purity and require careful optimization of irradiation parameters. The most
desirable elements for target material are naturally monoisotopic (e.g.,

45

Sc,

89

Y), but

unfortunately few exist.
Generators are an extremely desirable means of production and rely on long-lived
parent radionuclides that can be chemically separated from desired daughters. The parent
radionuclides are loaded onto a resin and eluted or “milked” once they near equilibrium
(transient or secular) with their daughters, ideally resulting in isolation of activity with high
radionuclidic purity. The main benefit of generator use is cyclotron/reactor-independent
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radionuclide accesses, which drastically increases radionuclide availability and makes clinical
use more feasible.

1.4.2 Nomenclature of Radioactive Purity
Radionuclidic purity is defined as the absence of other radionuclides and is often
expressed as a percentage of desired radioactivity from total radioactivity. Not to be confused
with radiochemical purity, which refers to the purity of chemical species of a given radionuclide
(e.g., 99mTc-sestamibi versus 99mTcO4-), the term radionuclidic purity describes the purity of a
given radionuclide with respect to other radionuclides (e.g.,

72

As versus

73

As,

72

Ga,

71

Ge).44

While these terms are frequently used to describe purity of radioactive species, they are limited
in their ability to describe non-radioactive contaminants, notably those of the same chemical
identity as the radionuclide of interest. The non-quantitative terms ‘no-carrier-added’ (n.c.a.)
and ‘carrier-added’ (c.a.) are convenient in this respect, as they indicate a level of
specific/molar activity (vide infra), often as a consequence of stable impurities.44 The term c.a.
indicates a relatively high concentration of other isotopes of the corresponding element, while
n.c.a. suggests the activity is essentially free from such contamination. The two caveats of this
classification are: 1) the word “essentially” is a vital component of the n.c.a. definition, as the
complete absence of undesired isotopes is both rare and challenging to prove, and 2) these
classifications only consider isotopes of the element of interest, thus contaminants of different
elements may be present. Although these terms are less precise than ‘radionuclidic purity’, they
are more practical as colloquial descriptors and are commonly used to distinguish radionuclides
that have been chemically separated from their target material (n.c.a.) from those that have not
(c.a.).

12

The foundation of isolating n.c.a. activity is chemical distinctness of the produced
radionuclide from the target material, which permits physical separation of the two components
through a variety of chemical differences (e.g., solubility, resin affinity, redox potential). For
example, production of n.c.a. 67Ga is achieved via 67Zn(p,n)67Ga, resulting in a zinc target that
can be chemically separated from the nano-to-picomolar concentrations of produced gallium.45
This is in contrast to c.a. activity, where the sample may be elementally pure, but the isotope
composition is impure. This is often the case with production via neutron activation (e.g.,
152

Sm(n,γ)153Sm) and is due to the shared chemical identity of the product and target, which

results in an inextricable mixture of isotopes. Use of c.a. activity results in undesired competing
isotopes occupying coordination sites, which is rarely permissible during subsequent use. The
quantity of desirable decays per unit material is commonly described as molar activity
(Bq/mol). Thus, it can be said that n.c.a. material is more desirable than c.a., as it results in
higher molar activity. It should be noted that specific activity (Bq/g) is also commonly used to
describe activity concentration. Readers are cautioned to pay particular attention to these units,
as molar activity is frequently described as specific activity in the current literature.

1.5 The Chemistry of Radiopharmaceuticals
Chemistry is often referred to as the central science due to its tendency to bridge the
gap between physical and life sciences. Similarly, the use of fundamental chemical concepts is
vital for the consolidation of radioactive and biological components in modern
radiopharmaceuticals. Covalent bond formation (e.g., [18F]FDG) is one way to achieve
“radiolabeling”, however a wider variety of radionuclides are accessible through the use of
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radiometals and coordination chemistry. To this end, development of molecules capable of
forming strong coordinative bonds with metals is imperative.
Biological and radioactive drug components are often coupled through the use of
bifunctional chelators (BFC), which serve the dual purpose of radiometal complexation and
bioconjugation (Section 1.5.3). The primary goal of radiometal complexation is the formation
of robust coordination complexes to prevent the release of free metals in vivo. Stable complexes
are formed through identification of compatible chelate-metal matches.4

1.5.1 Fundamentals of Chelators and Metal Complexation
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; Figure 1.4A) is the
most frequently used chelator in nuclear medicine. While the use of DOTA is appropriate in
many cases, wide and indiscriminate use has resulted in many instances of poor radiotracer
performance due to non-ideal chelator-metal interactions.46–50 Lacking in these cases is
consideration of fundamental metal ion characteristics (i.e., atomic number, charge and radius),
which vary from metal ion to metal ion and result in distinct preferences for geometry,
coordination number and ionic/covalent bond contribution. For optimal stability, the
coordinating functional groups of the chelator should adopt the favoured geometry of the metal
ion while simultaneously satisfying metal coordination requirements to prevent competition
from extraneous ligands, especially in biological systems (see Section 1.5.2). Developed by
Pearson in 1968,51 hard-soft acid-base (HSAB) theory is a convenient way to discuss
ionic/covalent bond character.
In the context of HSAB theory, hard metal ions have high charge density, nonpolarizable electron shells and tend to form predominantly ionic bonds, where electrostatic
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attraction is the primary driving force of bond formation (e.g., Fe3+). As a rule, hard metal ions
prefer hard donating groups, which possess dense anionic character (e.g., carboxylic acids).
Conversely, soft metals have low charge density (e.g., Tl+) and polarizable electron shells. They
prefer more covalent bonding than do hard metal ions, which is achieved through coordination
from softer, more electron disperse donor groups (e.g., thiols). A useful metric for hard-soft
character is the Drago-Weyland parameter, IA, which conveys the electrostatic (EA) and
covalent (CA) contributions to the formation constants of Lewis acid-base complexes (includes
metal complexes) in aqueous solution (IA = EA/CA).52 From an energetic perspective, these
differences in bonding arise due to energy differences between the highest occupied molecular
orbital (HOMO) of the coordinating group and lowest unoccupied molecular orbital (LUMO)
of the metal ion. Hard metal ions generally have high energy LUMOs that have poor orbital
overlap with low energy HOMOs of hard coordinating groups, resulting in minimal sharing of
electrons and electrostatic-dominant bonding. Soft metal ions have lower energy LUMOs,
which overlap with high energy HOMOs of soft coordinating groups, resulting in significant
sharing of electrons and relatively high covalent bond character.53 Table 1.2 presents relevant
chemical parameters of further discussed metal ions.
When coordinated to a metal ion, a chelator that satisfies the aforementioned criteria
will form a highly stable, low energy complex with large energetic costs of dissociation.
Multidentate chelators are especially effective at forming robust complexes due to “the chelate
effect”, which (in a simplified sense) describes the higher entropic cost of coordination from
multiple, monodentate ligands relative to a single, multidentate ligand.54,55 For this reason, high
denticity chelators are preferable. Along the same lines, pre-organized binding pockets are
known to have an extraordinary effect on metal complex inertness due to the lower entropic
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cost of complexation. This effect is especially pronounced for macrocyclic ligands, and has
thus been deemed the “macrocyclic effect”.56 Two classes of chelators (macrocyclic, Figure
1.4, and acyclic, Figure 1.5) have emerged due to the practical repercussions of this principle.

Table 1.2 Relevant chemical parameters of discussed metal cations.
Reproduced from reference 2.

Metal Ion

Ionic Radiusa

Sc3+

0.87 (CN = 8)

Ga3+

0.62 (CN = 6)

Y3+

1.02 (CN = 8)

In3+

0.92 (CN = 8)

Tb3+

1.04 (CN = 8)

Lu3+

0.98 (CN = 8)

Bi3+

1.17 (CN = 8)

La3+

1.03 (CN = 6)

Ac3+

1.12 (CN = 6)

aRef

Hardnessb
(IA)
Hard
(10.49)
Hard
(7.07)
Hard
(10.64)
Borderline-Hard
(6.3)
Hard
(10.07-10.30d)
Hard
(10.07)
Borderline-Hard
(6.39)
Hard
(10.30)
Borderline-Hard?

pKac
4.3
2.6
7.7
4.0
7.9
7.6
1.1
8.5
<10.4

98, (Ia = EA/CA); bRef. 52 p. 37; cAs hydrated metal cation (M3+(aq) → MOH2+(aq)). Ref. 99,

pp. 128, 137,319, 327, 383; dLanthanide series range.

In general, macrocyclic chelators are more kinetically inert than their acyclic
counterparts due to their rigid, pre-organized binding sites. The disadvantage of using these
scaffolds is their slow binding kinetics, which necessitate high temperatures and (long) waiting
periods for optimal radiolabeling. These conditions are incompatible with heat-sensitive
bioconjugates, such as antibodies, which rely on relatively weak domain interactions to
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maintain structural integrity.57,58 Conversely, acyclic ligands exhibit rapid radiolabeling at
ambient temperature as a result of unrestricted bond rotation in their free form. The
consequence of such freedom is the high entropic cost of complexation, which results in a
greater likelihood of decomplexation in vivo, compared to macrocycles.
Historically, the benefits and drawbacks of macrocyclic versus acyclic chelators were
unambiguous and unavoidable; however, continued research in the field of chelator
development has worked to undermine the disadvantages of each class and has proven quite
successful. For example, it is well known that DOTA suffers from sluggish labeling kinetics
and requires heating up to 95 oC for radiolabeling of most metal ions. Development of pyridine
containing (PCTA, 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic
acid; Figure 1.4G) and iminodiacetic acid functionalized (DEPA, 7-[2-(bis-carboxymethylamino)-ethyl]-4,10-biscarboxymethyl-1,4,7,10-tetraazacyclododec-1-yl-acetic acid; Figure
1.4C) DOTA derivatives has addressed this issue and permits more facile radiolabeling while
maintaining

high

kinetic

inertness.59,60

Conversely,

DTPA

(1,1,4,7,7-

diethylenetriaminepentaacetic acid; Figure 1.5A) complexes are known to frequently dissociate
in vivo. The development of the more preorganized CHX-DTPA (cyclohexane-1,2-diamineN,N,N',N'-tetraacetate; Figure 1.5B) has alleviated this issue while maintaining rapid labeling
kinetics, and is now widely used with radioimmunoconjugates.61–63 Although, the choice
between macrocyclic and acyclic chelators remains a matter of cost-benefit, the stereotypical
shortcomings of each chelator class has been largely diminished.
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1.5.2 Chelator Evaluation
Assessment and comparison of chelators is crucial for the continued improvement of
radiotracers. As chemists, we seek to probe the thermodynamic stability, kinetic inertness, and
in vivo performance of chelators to build a clear picture of how chelator-metal interactions
affect biological behaviour.
Evaluation of a chelator’s metal affinity requires knowledge of its acid-base properties
(protonation constants) and the thermodynamic stability of its metal complexes.
Potentiometric, spectrophotometric, calorimetric and nuclear magnetic resonance (NMR)
titrations are commonly employed to study these parameters.64,65 Thermodynamic stability is
evaluated through the calculation of stability constants (log K), which are based around the
complex equilibrium of metal ions, protons and ligands (chelators), conventionally written as:
pM + qH + rL ↔ MpHqLr. Metal ion affinity of different chelators is commonly compared in
terms of their stability constants (log K MpHqLr ); however, a more useful thermodynamic

parameter is the pM value (pM = -log[M]). Introduced by Raymond,66 pM values are linearly

correlated with stability constants and express the extent to which a metal ion complex is
formed in solution under physiologically relevant conditions. pM is normally reported under
standard conditions ([L] = 10 µM, [M] = 1 µM, pH 7.4) and permits the most suitable
comparison of the ability of different ligands with diverse basicities, protonation states and
metal complex stoichiometries to sequester specific metal ions.67,68 High pM values are
desirable, as they express low free metal concentrations at physiological pH. Although useful
for comparison, thermodynamic parameters are less meaningful than kinetic studies for
predicting in vivo behaviour.
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Figure 1.4 Selected macrocyclic chelators and their respective BFC. Reproduced from reference 2.
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Figure 1.5 Selected acyclic chelators and their respective BFC. Reproduced from reference 2.
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Kinetic inertness is normally evaluated through competition studies to determine the
degree and/or rate at which extraneous factors induce complex dissociation. As discussed
above, metal ion complexation is dependent on proton, metal and chelator concentration.
Competition studies expose potential avenues of decomplexation by overloading a given
equilibrium element and studying the repercussions from a kinetic standpoint.
metal

complexes

to

acidic

conditions

(pH ≤ 2)

often

Subjecting

induces acid-catalyzed

dissociation69,70 and is a measure of how effectively protons can compete with metals for
coordinating atoms. Acid dissociation studies are relatively uncommon due to their lack of
direct applicability to physiological conditions. Conversely, in vitro transmetallation studies
emulate in vivo conditions relevant to dissociation and are extremely common. Incubation of
radiometal-complexes with a large excess of biologically relevant metal ions (e.g., Fe3+, Zn2+,
Ca2+, Cu2+) probes the likelihood of free radiometal ion release in vivo as a result of
displacement by endogenous ions.71 Incubation with serum proteins or enzymes explores the
potential of radiometal transmetallation by endogenous ligands.72 Methods to distinguish free
radiometal ions from complexes are well-established and commonly involve thin-layer
chromatography (TLC) or high-performance liquid chromatography (HPLC).
The most decisive evaluation of chelator utility is observation of in vivo performance
with PET or SPECT. Mice are common models for this purpose, although non-human primates
and pigs are occasionally reported.73–75 Common signs of free metal ion release are bone,76,77
kidney78 or liver14 accumulation; however, the latter two are somewhat ambiguous as they are
common sites of bioconjugate accumulation and/or excretion. Studies can also be done with
non-functionalized, “naked” chelators; however, with no targeting moiety, most metal ionchelate complexes are rapidly excreted due to their small/hydrophilic nature.79–81 These studies
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are not particularly useful for probing long-term decomplexation, but rather are a gauge of
short-term instability or the fate of a chelator if it were cleaved from its bioconjugate. Proper
BFC design should, however, minimize this possibility.

1.5.3 Bifunctional Chelators and Linkers
Bifunctional chelators serve two purposes 1) secure the radiometal ion (see Section
1.5.1) and 2) provide a covalent link between the complex and targeting vector. BFCs are
normally adapted from non-bifunctional analogues through the addition of pendant arms
bearing a functional group available for facile bioconjugate coupling. For synthetic ease,
coordinating groups are sometimes replaced by coupling groups (e.g., DO3A; Figure 1.4A);
however, this strategy can negatively impact complex stability.82–84 The alternative is
functionalization at a less critical position, such as an ethylene diamine bridge (e.g., p-SCNBn-DOTA; Figure 1.4A), which avoids direct interference with metal-binding, but is generally
more synthetically challenging.
Coupling of the targeting vector to the BFC often relies on nucleophilic attack from the
bioconjugate. Free amines from the N-terminus, amino acid side-chains (e.g., lysine) or linker
are common for this purpose. Amine coupling to carboxylic acids is achieved through the use
of coupling agents (e.g., 1-ethyl-3-[3-dimethylamoniopropyl]carbodiimide [EDC], N,N’dicyclohexylurea [DCC], hydroxybenzotriazole [HOBt]), or by first activating the electrophile
(e.g., N-hydroxysuccinimide [NHS]).85 A very common amine coupling strategy employs
isothiocyanate groups, which are installed through the reduction and subsequent conversion
(via thiophosgene) of p-NO2-Bn groups.86–88 The benefit of such an approach is facile coupling
to the highly electrophilic carbon, which results in a stable thiourea linkage. The drawback of
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this approach is the use of highly toxic thiophosgene, as well as the tendency of the product to
degrade due to the reactive isothiocyanate group. Thiol coupling via maleimide groups is
possible given the presence of free cysteine residues. The use of copper-mediated “clickchemistry” and Diels-Alder coupling have also been demonstrated.85
Linkers are often employed to separate the chelator and bioconjugate to in order to
avoid detrimental interactions (i.e., bioconjugate interference with coordination or chelate
disruption of receptor targeting). Aliphatic, amino acid or polyethylene glycol (PEG) chains
are frequently used. Although often overlooked, linker properties are rather important, as the
addition of side-groups can be used as a powerful tool to optimize radiotracer pharmacokinetics
and biodistribution.89

1.6 Bioconjugates
Bioconjugates (also known as targeting vectors) dictate the biodistribution and
pharmacokinetics of the radiopharmaceutical. Accurate targeting is crucial to obtain
meaningful diagnostic information and/or selectively kill diseased cells. Promising
bioconjugates exhibit high affinity for (or are internalized by) receptors that are highly
expressed on target cells, but are absent or minimally expressed on healthy cells. Other
desirable bioconjugate characteristics include: minimal renal/hepatic accumulation, high
thermal and in vivo stability, as well as a compatible (biological) half-life with the radiometal
(physical half-life).
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Figure 1.6 Simplified illustration of radiopharmaceutical targeting. Reproduced from reference 2.

Peptides (or more specifically, oligopeptides) are of growing interest for use in
radiopharmaceuticals largely due to their size, which has ramifications on stability, biological
circulation and synthesis. As short chains (2-20 amino acids), peptides do not rely on highlevel structures (i.e., secondary, tertiary, quaternary) and exhibit considerable thermal stability.
Although endogenous peptides are readily degraded by numerous biological processes in vivo,
structural modifications can drastically slow degradation without altering receptor affinity,
making the application of endogenous peptides to radiotracers viable.90 In a simplified sense,
biological circulation time is inversely proportional to size. Accordingly, peptides experience
fast circulation and can rapidly accumulate at target receptors. Unbound peptide-radiotracers
quickly clear from circulation, resulting in high tumour-to-background ratios.91–93 A caveat to
this point is that excessively high rates of circulation and clearance can prevent adequate
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tumour accumulation. Lastly, unlike larger biomolecules (e.g., proteins, antibodies), the simple
structure of peptides makes them amenable to straightforward ex vivo synthesis, which can be
achieved through increasingly powerful solid-phase peptide synthesis.94 Common peptide
bioconjugates are Arg-Gly-Asp (RGD) analogues for integrin targeting; PSMA-specific
peptides for prostate-specific membrane antigen (PSMA) targeting; bombesin (BBN)
fragments for gastrin-releasing peptide (GRP) receptor targeting and DOTA-conjugated
octreotide analogues (i.e., DOTA-TATE, -TOC, -NOC) for somatostatin (SST) receptor
targeting.
Antibodies are large, Y-shaped glycoproteins central to the human immune system. The
appeal of using antibodies as targeting vectors is their highly specialized targeting capabilities,
which can facilitate very selective tumour localization.95 Due to their large size, antibodies
experience slow circulation, have long biological half-lives and are suitable for use only with
long-lived radiometals. While this extended period of circulation is beneficial for tumour
targeting, slow clearance rates generally require long waiting periods to achieve high tumourto-background ratios.96 Antibodies also heavily rely on weakly bound domains to exert their
biological function and as such are frequently sensitive to thermal degradation.57,58 The use of
antibody fragments is increasingly popular, as aforementioned disadvantages are alleviated
while maintaining high receptor affinity and specificity.97 Common antibody bioconjugates are
Trastuzumab for human epidermal growth factor receptor 2 (HER2) targeting; J591 for PSMA
targeting; HuM195 for CD33 targeting; Rituximab for CD20 targeting and Cetuximab for
EGFR targeting.
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1.7 Thesis Overview
The research presented in this thesis focuses on several aspects of (radio)pharmaceutical
development. As discussed in Section 1.4 the production and purification of radiometals is a
key stage of drug production. While many therapeutic radionuclides are routinely produced and
purified for clinical use, the desire to use next-generation radiometals with superior decay
characteristics compared to modern radiopharmaceuticals prompted the investigation of 119Sb
as a radionuclide for Auger electron therapy in Chapter 2. Proton irradiation of natural tin
targets have led us to produce a number of radioantimony species, which were then
radiochemically separated from bulk tin. Subsequent radiolabeling was also explored using a
trithiol ligand.
Chapter 3 is based around three phosphonate-containing picolinic acid-based chelators
named H6phospa, H6dipedpa and H6eppy. These ligands were designed to be similar to one
another with the intention of drawing conclusions between structure and complex stability with
a range of trivalent metal ions (i.e. Sc3+, Y3+, In3+, La3+, Lu3+). Synthesis, metal complexation,
solution studies and density functional theory (DFT) studies are presented in this section.
Chapter 4 builds upon the former chapter, and is focused on another phosphonate/piconlinic
acid-based chelator named H6dappa. This ligand is a bifunctional derivative of the most
promising ligand from Chapter 3 (H6phospa), and explores synthesis, metal complexation,
solution studies, simple DFT studies, radiolabeling optimization and serum stability studies.
Chapter 5 strays away from the picolinic acid motif that has become so popular within
our research group, and looks at a new ligand design geared towards the theranostic isotope
pair 203/212Pb. The availability of these isotopes at TRIUMF led to the straightforward synthesis
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of DTPAm and is proceeded by metal complexation studies, potentiometric titrations, crystal
structure analysis and radiolabeling studies.
Chapter 6 is a culmination of three projects all united by their inclusion of phosphonatebased chelators for bone targeting. The ligands (XT, H4dppa and DEDA-(PO)) had each been
studied previously in our group; however, special analyses were required to complete each
project. Final studies with the La3+ complex of XT (denoted La(XT)) required ICP-MS
analysis, as well as exploration of the raw data. H4dppa and DEDA-(PO) both individually
required NMR titrations to confirm what was observed during potentiometric titrations. In all
three cases, a brief overview of previous work has been given, as well as detailed reports of the
final experiments completed.
Chapter 7 will discuss ongoing work and future directions.
98,99
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Chapter 2. Production and Radiochemistry of Antimony-120m: Efforts
Toward Auger Electron Therapy
2.1 Introduction
2.1.1 Therapeutic Radionuclides and Auger Electron Therapy
For many years, diagnostic radionuclides were the most intensively studied facet of
nuclear medicine; however, technology surrounding therapeutic radionuclides has recently
seen drastic improvement and led to increased clinical efficacy. This proven merit of targeted
radionuclide therapy (TRT) has garnered much attention in the realm of basic research, and has
accelerated the search for radionuclides with optimal therapeutic decay properties. Ideal
therapeutic radionuclides deposit their radiation locally once the drug has accumulated at the
target site. Moreover, they can efficiently cause double-strand breaks in DNA leading to cell
death; a trait that is commonly held by β—-, α- and Auger electron-emitters.2 While β— and αemitters have gained much clinical popularity in recent years, notably [177Lu]Lu3+ and
[225Ac]Ac3+, respectively, Auger electron-emitters have been overlooked as therapeutic
candidates despite their many potentially advantageous properties.
Auger electron emission is a process by which the filling of an inner electron shell
vacancy causes the emission of an electron in the same atom. This process occurs due to energy
released during the filling of the shell vacancy. Since the vacancy is filled from an electron in
a higher energy shell, the electron must lose energy in order to fill the vacancy. In general, this
energy is released as a photon; however, when the energy closely matches the ionization energy
of an electron within the same atom, it may cause electron emission, otherwise known as Auger
electron emission.100 The kinetic energy of the ejected electron corresponds to the difference
in energy between the energy released during electron shell vacancy filling and the ionization
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energy of the electron. As the source of energy for electron emission is the (relatively small)
difference in electron shell energies, the resultant kinetic energy of the ejected electron will be
similarly low, often on the order of just tens of keV. Compared to β- (0.1–2.2 MeV) and αemission (5–8 MeV), this is a miniscule amount of energy. The consequence of using energy
on this order of magnitude for therapy has both benefits and drawbacks. While the small energy
can make it more challenging for Auger electrons to reach target cell DNA, the advantage of
applying these low-energy particles for therapy is their range of decay.101 “Crossfire effects”
are radiative collateral damage that affect cells near tissue being targeted during radionuclide
therapy. β— therapy is plagued with high levels of crossfire due to high particle energy and low
LET, resulting in a large decay-range (0.5-10 mm).15 α-therapy is much improved over β—
therapy, as the high particle energy is accompanied with very high LET, resulting in short decay
range (40-100 µm). Unfortunately, large-scale production of α-emitters is often arduous, as
these heavy radionuclides cannot reliably be obtained from the few available generators, and
otherwise typically require reactors or high-energy cyclotrons for production, which are
uncommon and in high demand.10,102,103 The advantage of Auger electron therapy over β— and
α-therapy is not only their capacity for routine production, but also their decay range. The
energy of Auger electrons is so small, that the decay range is typically cited as less than the
length of one cell (<10 µm).15 This exciting phenomenon presents the potential to theoretically
treat single cell metastases, with the notable caveat that highly specific biological targeting
remains a nontrivial prerequisite.
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2.1.2 Radionuclides for Auger Electron Therapy
Only a limited volume of research exists in the literature surrounding Auger electron
therapy; few of those studies employ carefully selected radionuclides, instead most use
incidental Auger electron emitters for convenience. Radionuclides such as 111In, 67Ga, 125I and
99m

Tc are clinically used radiotracers (for SPECT) and as such are readily accessible in many

hospitals and research centers across the globe. While these γ-emitters do undergo Auger
emission to a certain degree, in no way were their properties tailored to serve as therapeutics.
Rather, their study in Auger electron therapy is a matter of availability. Despite the non-optimal
radionuclides investigated, the modest number of studies yield encouraging therapeutic results,
demonstrating antitumor efficacy and the ability to induce double strand DNA breaks.104–108
While the use of radionuclides for convenience over performance is valid for proof of principle,
the study of more sophisticated radionuclides is necessary to realize the full potential of Auger
electron emitters.
A 2001 paper analyzed the theoretical therapeutic potential of several low-energy
electron emitters, and among the top five was

119

Sb (t1/2 = 38.1 h).7 Several criteria were

considered in this selection, with the most obvious being the energy of ejected electrons.
Antimony-119 releases a high volume of low energy (<40 keV) electrons upon decay to 119Sn.
Furthermore, the decay of

119

Sb is characterized as having a low photon-to-electron ratio,

meaning upon filling of the inner electron shell vacancy (vide supra), the radionuclide releases
a photon instead of ejecting an electron relatively infrequently (p/e = 0.09), which increases its
potential therapeutic capacity. From a logistical standpoint, the half-life of 119Sb is long enough
to be convenient for radiopharmaceutical preparation and administration, but not so long that
the patient will be exposed to radiation long-term. Moreover, routine production of

119

Sb is
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possible with low-energy protons via 119Sn(p,n)119Sb, making production at hospital cyclotrons
an attractive prospect. Despite these appealing features, few reports have focused on producing
119

Sb, let alone purifying and radiolabeling for eventual study as an Auger electron therapeutic.
Herein, we report irradiation of

nat

Sn to produce a broad array of antimony

radioisotopes. Anticipating biological use, two methods (i.e., liquid-liquid extraction and
cation-exchange chromatography) were developed to purify radioantimony from bulk tin target
material; following purification, preliminary radiolabeling studies with a trithiol ligand were
conducted.

2.2 Results and Discussion
2.2.1 Target Irradiation
The goals of this work are to produce and purify adequate quantities of 119Sb via (p,n)
reaction to explore therapeutic efficacy; however, to solely focus on this radionuclide during
the early stages of radiochemical investigation would present a number of avoidable challenges.
In terms of radionuclide quantification, while the scant decay of γ-rays is an advantageous
aspect of 119Sb (Eγ = 23.9 keV; Iγ = 16.5%) medicinal use, this deficiency precludes the use of
standard HPGe detector γ-spectroscopy to accurately measure radionuclide activity. Typically,
a low-energy Ge detector or Si(Li) detector are required to quantify such low-energy γ-rays;
unfortunately, facilities at TRIUMF are not equipped with either of these detectors. To make
matters more challenging, 119Sb and a (p,n) byproduct 119mSn (t1/2 = 293.1 d) have near-identical
γ-ray energies (119mSn Eγ = 23.9 keV; Iγ = 16.5%), thus exact

119

Sb activity can only be

determined after its full decay and following multiple measurements. From a financial
perspective, to produce pure 119Sb with low energy protons would require enriched 119Sn, which
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is expensive given the low natural abundance of the isotope (~8.6%). Moreover, the recovery
of this material would be an absolute necessity, complicating such early stage research aimed
towards radionuclide production and purification. It is for these reasons that the experiments
throughout this chapter were focused on the radionuclides produced following proton
irradiation of a natural tin target (Figure 2.1).

Figure 2.1 Natural tin target (99.9%, 3.0 cm diameter, 0.127 mm thick) used for production of
radioantimony.

Proton irradiations were conducted on the TR13 at TRIUMF, using a 12.8 MeV proton
beam. The water-cooled target was irradiated at 5 µA for 1 hr. This very low current was used
to avoid damage to the target, which was a concern due to the low melting point of tin (Tm =
232oC). In the future if production of more activity were desired, a higher current could be
used, the upper limit of which would require appropriate calculation. As seen in Table 2.1, due
to the diverse makeup of natural tin and their moderate (p,x) cross-sections for low energy
protons,109 several radionuclides are produced under these irradiation conditions. Fortunately,
following a suitable cooling period (>28 h) ample

120m

Sb remains to serve as the primary
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antimony tracer, and 117Sb (t1/2 = 2.8 h) completely decays, producing a detectable amount of
117m

Sn (t1/2 = 14.0 d) in the process. At end of bombardment (EOB), 1.42 MBq of 120mSb and

28.5 kBq 117mSn were produced (Table A.1). The presence of these two radiotracers in solution
makes it possible to monitor subsequent radiochemical separation using γ-spectroscopy, rather
than requiring more arduous inductively coupled plasma atomic emission spectroscopy (ICPAES) or inductively coupled plasma mass spectroscopy (ICP-MS) to acquire information
regarding species separation.

Table 2.1 Abundance of natural tin isotopes and their produced (p,n) radionuclides.
Isotope
117

Sn
118
Sn
119

aRef

Sn

Natural Abundance (%)a
7.68

Radionuclide Produced via (p,n)b
117

Sb (t1/2 = 2.8 h) → 117mSn (t1/2 = 14.0 d)

24.22
8.59

118

Sb (t1/2 = 3.6 min)

119

Sb (t1/2 = 38.2 h)

120

Sn

32.58

120m

122

Sn

4.63

122

Sb (t1/2 = 5.7 d)

Sb (t1/2 = 2.7 d)

16. bRadionuclides decay to stable daughters.

2.2.2 Purification of 120mSb by Liquid-Liquid Extraction
Separation of a desired radionuclide from bulk target material often involves
exploitation of chemical differences between the two species, and can be achieved through a
wide variety of techniques, including solid-phase chromatography, liquid-liquid extraction,
precipitation, complexation and thermal diffusion, among others.110–114 While each approach
has its own advantages and downfalls, reproducibility should undoubtedly be a necessity for a
robust separation technique. Recent attempts at radioantimony/tin separation in the literature
highlight that consistency is a challenge. Sadeghi et al. report a technique109 based on silica33

gel column chromatography and HCl as a eluent; however, not only does this presumably lead
to a relatively high concentration of silica in the final solution,115 but reproducibility of this
technique is apparently problematic.116 Another study has reported a more concrete method
based on previously established anion-exchange chromatography;117 however, despite the
successful separation, the newly reported chromatograms are drastically different from those
of the original paper, perhaps as a result of different anion-exchange solid phases.116,118 It was
also noted that the timing between target dissolution and breakthrough have a “critical impact
on the success of the separation”, with increased time increasing tin breakthrough, likely as a
result of hydrolysis.116,118 These consistency issues were the motivation to develop a reliable
method of separation. Given historic success with liquid-liquid extraction,119,120 this method
was selected for further study.
Figure 2.2 illustrates the technique used to separate the bulk tin target material from the
desired antimony radionuclides. Following an overnight cool down period, the non-irradiated
edges of the tin target are trimmed to reduce bulk tin to approximately 400 mg, which is then
dissolved in 12 M HCl at room temperature for 24 h. It is crucial that H2O2 is added to the
target solution shorty before performing the separation (as opposed to during target
dissolution), otherwise the yield will be drastically reduced. We hypothesize this is necessary
to ensure all antimony is oxidized to the pentavalent oxidation state. Once this has occurred,
[120mSb]Sb5+ can be selectively extracted from the aqueous solution with dibutyl ether - only
10 minutes of vortexing is required for (near) quantitative extraction. In strong HCl, the species
present in solution are [SnCl6]2- and [SbCl6]-; thus the selective uptake of the latter into ether is
likely a result of more diffuse charge distribution, resulting in a more hydrophobic species that
prefers organic solvation. Following separation of the phases, two washing steps with 10 M
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HCl (not shown in diagram) help remove minute amounts of Sn4+ that likely have partitioned
into the organic phase. Lastly, since radiolabeling is most desirably performed from aqueous
solution, the Sb5+ is then back-extracted into a 0.1 M sodium citrate solution, whose pH (5.5)
is essential. The citrate is not only required for successful back-extraction, but is also a
preventative measure to mitigate Sb5+ hydrolysis, as is done for Sb3+.121 The success of this
procedure is quantified in Table A.2 and can be seen in Figure 2.3, where γ-ray spectra of the
target solution, extracted target solution and back extracted solution are shown. The target
solution most notably shows diagnostic signals from 120mSb (Eγ = 90 keV, 197 keV) and 117mSn
(Eγ = 159 keV), with activities 1.42 MBq and 28.5 kBq, respectively (Table A.1). The extracted
target solution has retained only a small amount of 120mSb (4%) and the vast majority of 117mSn
(>95%), as can be qualitatively noted by the relative intensities of peaks. Finally, the back
extracted solution contains no observable 117mSn. The net yield of 120mSb in the final solution
(relative to target solution) was 76%. When correcting for sacrificed volume, the yield is >90%
(Table A.3)

Figure 2.2 Visual representation of radioantimony purification.✝Wash ether with equal volume 10 M
HCl (x2) prior to back extraction.
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Figure 2.3 γ-ray spectra of a) target solution b) extracted target solution c) back extracted solution.

2.2.3 Purification of 120mSb by Solid-Phase Chromatography
The success of liquid-liquid extraction to isolate

120m

Sb provided a reliable means of

obtaining purified activity. Unfortunately, compared to solid-phase chromatography, the
previous method generates substantially more radioactive waste (both solid and liquid) and
leads to higher hand dose due to the handling of solution required to perform the extraction. In
search of an improved purification technique, chromatography was explored.
Several solid-phase media were investigated for separation of Sn4+ and Sb5+, but
ultimately cation-exchange chromatography yielded the most promising results. Taking
inspiration from a protocol originally reported by Kraus et al. in 1959,122 the target was
dissolved in HCl (12 M), oxidized with H2O2, and an aliquot (1 mL) of target solution loaded
onto a preconditioned cation-exchange resin. As seen in Figure 2.4 and Figure 2.5, loading of
the column followed by additional washing with HCl (12 M) resulted in selective elution of
117m

Sn, likely as [117mSn][SnCl6]2-, supported by the lack of affinity for the anionic solid-phase.
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Changing the eluent to NaOH (1 M) resulted in elution of 120mSb, likely as antimonate, as noted
in the original report.122

Figure 2.4 Cation-exchange chromatography system for Sn4+/Sb5+ separation.

Figure 2.5 Elution profile of [117mSn]Sn4+ and [120mSb]Sb5+ during cation-exchange chromatography.
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The pursuit of solid-phase chromatography as an improvement over liquid-liquid
extraction was successful in terms of reducing waste and minimizing direct handling of
radioactive solutions; however, some disadvantages were realized in the process of developing
this technique. Unsurprisingly, the first issue was consistency of separation. While consistency
of elution profiles between successful trials was promising, some led to extreme streaking of
120m

Sb. Unfortunately, it was impossible to determine the cause of streaking, as common

variables known to change elution profiles (e.g., pH, temperature, time, flow-rate) were held
constant between trials. Another difficulty of this method is the chemical form of

120m

Sb as

eluted. While conversion to antimonate nicely induces selective elution, radiolabeling often
requires non-oxidized metal ions, which is non-trivial to achieve with hydrolyzed Sb5+. While
attempts were made to radiolabel following elution with NaOH, none were successful.
Improvements to this method may be made by eluting with chelating agents such as citrate,
ethylenediaminetetraacetic acid (EDTA) or mercaptoacetate; however, few trials have been
attempted thus far.

2.2.4 Preliminary Radiolabeling Studies
Production and purification of

120m

Sb were undertaken as a prerequisite for eventual

radiolabeling and biological studies. To our knowledge, no radiolabeling with any antimony
radionuclide has ever been reported. Furthermore, the chemical properties of Sb5+ are dissimilar
to those of commonly studied radiometals (e.g., [68Ga]Ga3+, [177Lu]Lu3+) due to its very high
oxidation state, as well as its tendency to undergo hydrolysis at low pH in aqueous solution.
Initially, these tendencies were presumed to be analogous to other high charge radionuclides,
such as [89Zr]Zr4+; however, all attempts to radiolabel [120mSb]Sb5+ proved ineffective, even
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with very hard ligands, such as deferoxamine (DFO). It was only when inspiration was drawn
from a fellow pnictogen that progress was made.
The radiochemistry of arsenic has recently become a topic of interest due to the 72/77As
theranostic pair. Similar to antimony, arsenic commonly exists as As3+ or As5+. Recent studies
by Jurisson and co-workers demonstrated that arsenic can most readily be radiolabeled in the
trivalent oxidation state. Evidently, As3+ is thiophilic in nature and forms strong bonds with
thiol donors.123 To determine if antimony follows this trend, attempts were made to first reduce
[120mSb]Sb5+ to [120mSb]Sb3+ with a variety of thiol donors, including dimercaptosuccinic acid
(DMSA), dithiothreitol (DTT) and mercaptoacetate. While not definitive, following incubation
with reducing agents, radio-TLC chromatograms demonstrated broadening of activity across
the center of the plate, as opposed to activity rising with the solvent front (Rf ~ 1), which occurs
with [120mSb]Sb5+ in citrate solution (Figure 2.6). Following the proposed reduction, the trithiol
ligand (kindly provided by S. Jurisson) originally designed for As3+ was used to attempt
radiolabeling. Following addition of the ligand (10-3 M) and incubation for 1 h, radio-TLC data
shows activity remaining at the bottom of the TLC plate instead of streaking to the middle as
was shown for the reduced species. This change in behaviour was attributed to the formation
of a neutral [120mSb][Sb(S3C6H11)] complex. A radiochemical yield (RCY) of approximately
70% was achieved. This transchelation method, wherein three mercaptoacetates are displaced
by one trithiol ligand (due to the chelate effect) is analogous to the labeling method used for
[77As]As3+.123 It was confirmed that reduction by mercaptoacetate is necessary for labeling, as
attempts to directly radiolabel [120mSb]Sb5+ with the trithol ligand were unsuccessful. Given the
novelty of these results, the long reaction times and harsh conditions are satisfactory; however,
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a number of improvements could be made to this method to make it more convenient moving
forward. These are discussed in the following section and Chapter 7.

Figure 2.6 a) Schematic of radiolabeling method for

120m

Sb; b) radio-TLC data for radiolabeling of

120m

Sb.

2.3 Conclusions
A natural tin target was irradiated with 12.8 MeV protons to produce a variety of
antimony radionuclides. Following a two-day waiting period, the primary radionuclides of
interest were 120mSb and 117mSn. At EOB, 1.42 MBq and 28.5 kBq were produced. Two methods
were developed to separate bulk tin from 120mSb. The first method used liquid-liquid extraction,
where, following target dissolution in 12 M HCl and oxidation by H2O2, [120mSb]Sb5+ was
selectively extracted using dibutyl ether. γ-spectroscopy was used to follow both radiotracers,
and it was determined that 76% of
observable

120m

Sb was extracted into the final solution with no

117m

Sn. The second method used cation-exchange chromatography, and involved

loading an aliquot of the target solution onto the resin, washing with 12 M HCl to elute Sn4+,
and subsequently eluting 120mSb with 1 M NaOH. Due to hydrolysis of antimony during elution,
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activity isolated from the first method was used for radiolabeling. Preliminary radiolabeling
studies demonstrated reduction of [120mSb]Sb5+ to [120mSb]Sb3+ using mercaptoacetate, then
successively transchelating the monothiols with a trithiol ligand was a successful method for
radiolabeling. Long reaction times and harsh conditions were necessary, but could likely be
mitigated by increasing pH of solution during reduction and labeling. Furthermore, if
mercaptoacetate could be used to back-extract [120mSb]5+ during liquid-liquid extraction,
labeling times could be drastically reduced and lead to increased RCY.

2.4 Experimental
2.4.1 Materials and Methods
All solvents, reagents and resins were purchased from commercial suppliers (Sigma-Aldrich,
Fisher Scientific, TCI America, Alfa Aesar, AK Scientific, Fluka) and were used as received.
Radiolabeling reactions were monitored by TLC (Silicagel 60 RP-18 F254S, aluminum sheet)
and scanned using a radioisotope thin layer analyzer (BIOSCAN system 200 imaging scanner)
with Winscan radio-TLC software (Bioscan Inc., Washington, DC) Water used was ultrapure
(18.2 MΩ cm-1 at 298 K, Milli-Q, Millipore, Billerica, MA). Irradiations were performed by
operators (Dave Prevost, Linda Graham) at the TR13 cyclotron at TRIUMF (Vancouver,
Canada). The gamma spectroscopy detector was a N-type co-axial HPGe gamma spectrometer
from Canberra fitted with a 0.5 mm beryllium window. Detector energy, width and efficiency
calibrations were performed using a 152Eu and 133Ba source. Instrument specifics are described
by A.K.H Robertson et al.124
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2.4.2 Irradiation and Handling of Tin Target
The TR13 cyclotron at TRIUMF was used to irradiate natural tin targets (3.0 cm diameter,
0.127 mm thick). Targets were irradiated with a negative hydrogen ion beam (entrance energy
12.8 MeV) for 1 h with a current of 5 µA. According to SRIM calculations, the beam deposits
1.7 MeV into the foil. The 5 µA beam increases the temperature of the target to no more than
160°C, far away from the tin melting point of 232°C. The foil was cooled by a double heliumcooling window configuration. Irradiated targets were left in the cyclotron target area for 2
hours following irradiation. The target was then removed from the cyclotron and was carried
to a nearby shielded fumehood where the target apparatus was disassembled and the target foil
retrieved and placed into a lead container for transport. The container was then transported to
a radiochemistry lab where further processing was performed in a shielded fumehood. Twentyfour hours after EOB, the outside of foils (non-irradiated portions) were trimmed with scissors
to reduce tin weight. Typical target mass before trimming was approximately 1.0 g; and after
trimming was approximately 0.4 g. For dissolution, target foils were added to 12 mL of HCl
(12 M), and allowed to stand in a covered (not sealed) 16 mL borosilicate KIMAX tube at room
temperature overnight.

2.4.3 Liquid-Liquid Extraction
To begin purification, 4 mL of target solution was set aside, while 8 mL is transferred into a 50
mL Falcon centrifuge tube. A small amount of HCl (12 M, 800 µL) was used to rinse KIMAX
tube, and was transferred to 8 mL of target solution. H2O2 (30% w/w, 800 µL) was added to the
target solution, upon which point the solution starting gently bubbling, became warm and turn
light yellow in colour. The cap was loosely placed on the falcon tube and the solution allowed
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to sit for 30 minutes, or until bubbling ceased. Dibutyl ether (10 mL) was added to the target
solution (9.6 mL) and the biphasic solution vortexed for 15 min. After the solution settled, the
phases were separated by pipetting the organic phase from the Falcon centrifuge tube into a
new 50 mL Falcon tube. Of the 10 mL dibutyl ether initially added, only 9 mL were obtained
to ensure no aqueous contamination. Two washing steps were next carried out, where 9 mL of
HCl (10 M) were added to the dibutyl ether, the solution vortexed for 10 min, then separated
in a similar fashion to the previous step. It should be noted that for the first wash, no dibutyl
ether was sacrificed; however, after the second wash, 1 mL of dibutyl ether was sacrificed,
leaving 8 mL of dibutyl ether solution. The final back-extraction was completed by adding 8
mL of sodium citrate solution (0.1 M, pH 5.5) to the organic phase. The solution was vortexed
for 30 min, and the phases separated as described above. A total of 7 mL of citrate solution was
obtained following phase separation.
Gamma spectroscopy on six samples were carried out after separation (target solution,
extracted target solution, HCl wash #1, HCl wash #2, extracted ether solution and final backextracted solution). 1 mL of each solution was added to separate 2 mL HPLC vials (to ensure
geometry compatible with calibration). Solutions were run at a height of 15 cm until activity
error reached below 10%. Gamma-ray libraries built using data from the National Nuclear Data
Center database were used to confirm diagnostic emission from solutions, as described by
Robertson et al.124,125 Data can be found in Tables A1-A3.

2.4.4 Cation-Exchange Chromatography
Prior to purification, cation-exchange resin was packed into a column and pretreated with HCl.
Approximately 1.5 g of DOWEX 50 WX2-200 H resin was weighed and transferred to a 15
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mL Falcon centrifuge tube. The resin was wet with approximately 2 mL of H2O and transferred
to a 4 mL column (pre-packed with frit) to the 3 mL mark. Excess water was allowed to drip
out, and an additional frit was placed on top of the resin and gently pushed down to secure in
place. The column was pre-conditioned with 5 x 1 mL of 12 M HCl. Flow was induced by
gravity.
Separation was achieved by loading 1 mL of target solution onto the column eluting with 6 x 1
mL of HCl (12 M). Each 1 mL fraction was collected in an HPLC vial and again the column
was gravity run. Next, the eluent was switched to 1 M NaOH, which was used to elute 10 x 1
mL fraction. Activity quantification was accomplished as described in Section 2.4.3.

2.4.5 Radiolabeling
As described in Section 2.2.4, the method devised for radiolabeling of radioantimony requires
reduction of [120mSb]Sb5+ to [120mSb]Sb3+ with mercaptoacetate. To achieve this, 57 mg (500
µmol) of sodium mercaptoacetate was dissolved in 1 mL of H2O to achieve a solution
concentration of 500 mM. To 200 µL of final back-extracted solution (containing 120mSb) was
added 67 µL of mercaptoacetate solution. An additional 233 µL of ACN/H2O (1:1) solution
was added to the mixture, then it was heated to 65oC for 3 h. The trithiol ligand described in
Section 2.2.4 is commonly stored as the SCN protected ligand, requiring deprotection prior to
radiolabeling. Deprotection was achieved by dissolving 1 mg (3.89 mmol) of ligand in 0.5 mL
of ACN. In a separate container, 10 mg (40 mmol) of tris(2-carboxyethyl)phosphine)
hydrochloride (TCEP•HCl) was dissolved in 0.5 mL H2O. The ligand and TCEP solutions were
then combined together and heated at 55oC for 2 h. Note, final ligand concentration is 3.89
mM. Radiolabeling was achieved by adding 173 µL of deprotected trithiol solution to the
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solution containing [120mSb]Sb3+, which was heated to 65oC for 1 h. Silica on aluminum backing
TLC plates were used to monitor reactions, with 0.1 M NaOAc (pH 4) solution used as a mobile
phase. In each case, 10 µL of solution were spotted on TLC plates before being placed in mobile
phase, dried and counted.
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Chapter 3. Phosphonate Chelators for Medicinal Metal Ions
3.1 Introduction
3.1.1 Medicinal Applications of Chelators
Chelators have a wide range of medicinal uses. As described in Section 1.5, bifunctional
chelators are often key components of contemporary radiopharmaceuticals, as they prevent the
release of free inorganic radionuclides in vivo by maintaining high thermodynamic stability and
kinetic inertness to ensure secure delivery of radioactive cargo.2,126 Magnetic resonance
imaging (MRI) contrast agents similarly require the metal complex to remain intact for optimal
performance. Unlike radiopharmaceuticals however, MRI detects the T1 relaxation of water
within magnetic fields, and so these contrast agents aim to deliver metal ions capable of
increasing the water relaxation rate at specific sites (e.g., brain), often as a result of water
coordination to a non-coodinatively saturated highly paramagnetic metal ion (e.g., Gd3+,
Mn2+/3+, Cu2+).127 While these applications necessitate delivery of metal ions without their
release, delivery and release of metal ions can be achieved through rational tuning of chelators,
and can be particularly useful when metal ion incorporation into tissue is required to elicit the
desired biological response. Imaging of bone metastases and treatment of bone resorption
disorders with La3+ are applications that illustrate this point. In these cases, chelators chauffeur
(radio)metal ions to regions with abnormally high bone growth rate or rapid bone turnover.
Upon release, the (radio)metal ions may become adsorbed onto bone, or even incorporated into
hydroxyapatite (HA; the mineral matrix that makes up cortical bone), where they can evoke a
localized response.128 Moreover, chelators may be used to decrease unusually high levels of
free metal ions in vivo, as is commonly achieved during chelation therapy. In this case, toxic
concentrations of endogenous (e.g., Fe3+, Cu2+) or exogenous (e.g., Pb2+, Hg2+) metal ions can
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be diminished through administration of chelators to sequester free metal ions and more rapidly
excrete them, mitigating deleterious effects such as excessive formation of reactive oxygen
species (ROS).129,130 Chelators also serve in many useful roles outside the medical realm (e.g.,
water treatment, heavy metal extraction), however for the sake of brevity, these topics will not
be discussed further. Clearly, chelators offer much utility to the medical world and beyond
(Chart 3.1).

Chart 3.1 Medicinal applications and corresponding examples of chelating ligands. *Under
investigation; not clinically tested.
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3.1.2 Development of Chelators
The development of new chelators is a worthy goal that may ultimately uncover new
roles for these versatile agents, or lead to improved performance within their many established
roles. In order to achieve this goal and appropriately explore this scientific landscape, not only
must new chelators be synthesized, but their interactions with a variety of suitable metal ions
must be explored. While X-ray diffraction (XRD) data are ideal for fully elucidating complex
structure, obtaining suitable crystals is a non-trivial process. Understanding of the physical
chelator-metal interactions can most reliably be achieved using NMR spectroscopy (assuming
metal ions are diamagnetic), as NMR spectra are far less elusive and often provide adequate
information for rough structural determination and pH dependence of complex formation.
Investigating the thermodynamics of metal complexation provides complementary
information to that of structural determination. Discerning complex structure is fundamental
for characterization, but provides little insight into how geometrically or electronically
favourable a coordination complex is. Conversely, thermodynamic studies yield no structural
information, but provide essential information to quantify the energetic drive of complex
formation. Thermodynamics of complexation can be studied through a variety of titration
methods, most commonly potentiometry, spectrophotometry, or NMR titrations.64,65
Determination of chelator protonation constants (pKa) is required prior to studying metal
complexes, because protons play a competitive role in the complex formation equilibria with
metal ions.131 Following determination of chelator pKa values, thermodynamic stability
constants such as pMetal (pM = -log[metal]) values and formation constants (KML) can be
calculated. The power in calculating these values is the ability to compare thermodynamic
stability of metal complexes between ligands, and in the case of pM, across different
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protonation states, denticities, and metal ions. Indeed, the thermodynamic comparison of metal
complexes is crucial for understanding complex behavior and ligand performance in solution,
and for their eventual rational improvement. Focusing on a molecular niche can be helpful
particularly in the latter case, as fewer variables help draw conclusions from limited data more
readily.

3.1.3 Phosphonate- and Picolinate-Bearing Chelators
Phosphonate-bearing chelators have seen continued interest over recent years due to
their well-known “hard” (predominantly ionic) coordination electronics, as well as their rapid
kinetics of complexation. In comparison to much more commonly employed carboxylic acids,
phosphonates are particularly well suited towards coordination of “hard” metal ions, such as
high valence main group (e.g., Ga3+, In3+) and transition metals (e.g., Fe3+, Sc3+), as well as the
entire lanthanide series.52 Another interesting feature of (bis)phosphonates is their natural
tendency to interact with bone tissue. Phosphonates are a fundamental component of HA (along
with Ca2+ and OH-) and so naturally their interactions have been studied to investigate any
medicinal properties that can be harnessed to treat bone disorders.128 While the long-term
efficacy remains unclear,132 bisphosphonates such as alendronate (trade name: Fosamax) have
long been established as agents capable of increasing bone density in patients suffering from
osteoporosis. Taken together, the “hard” and labile coordination properties of phosphonates,
along with their affinity towards HA has led to their elegant application as metal-based bonetargeting agents. [153Sm][Sm(EDTMP)]5- and (more recently) [177Lu][Lu(EDTMP)]5- are prime
examples of multifunctional phosphonate species.133,134 Not only does (P-O)4 →M3+ (M = Sm,
Lu) coordination form the majority of energetic drive for this species to exist, but the delivery
of the radionuclides to their target (i.e., bone metastases) is also firmly rooted in phosphonate49

dominated interactions. Clearly, phosphonates are multifaceted functional groups whose
application in chelating ligands warrants further investigation.
Picolinic acids are another motif commonly found in modern chelators. Their broad
success, notably in radiopharmaceuticals,72,81,86,87,135–137 has led to a tremendous number of
chelator variants; however, few bearing both picolinic and phosphonic acids have been
reported. H6phospa is a well-known derivative due to its simplicity of design, and was
originally studied as a Gd3+-based contrast agent.138 As a BFC for radiopharmaceuticals,
incompatibility with [89Zr]Zr4+ and complex lability with [111In]In3+ and [177Lu]Lu3+ when
conjugated to trastuzumab (HER2/neu-targeting monoclonal antibody; mAb) have been
reported.139 No investigation of H6phospa thermodynamic parameters have been explored to
date. Another more recent report is of the phosphinate-bearing picolinic acid derivative
H6dappa.140 While similar lability with [111In]In3+ was reported, in-depth thermodynamic
studies and DFT calculations provide insight into the reason behind the complex’s low kinetic
inertness and how to mitigate lability if desired. Lastly, H4dppa is a condensed, hexadentate
scaffold intended for use with [68Ga]Ga3+, as well as for the potential delivery of La3+ to HA
for treatment of bone resorption disorders.
Herein, we report the synthesis and characterization of three ligands: H6phospa,
H6dipedpa and H6eppy. Crystal structures of the first two ligands were obtained. Metal
complexation of these three ligands were investigated by NMR spectroscopy with five trivalent
metals with varying size and electronics (i.e., In3+, Lu3+, Y3+, Sc3+ and La3+). Thermodynamic
parameters (log KML and pM) were calculated for all fifteen complexes and were used to
compare and rationalize stability across varying ligand and metal series. Lastly, DFT structures
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of several La3+ and Sc3+ complexes were calculated and some validated through comparison or
experimental and theoretical NMR spectra.

Chart 3.2 Phosphonate-bearing picolinic acid-based chelators. Top: previously reported (not
described); Bottom: under investigation in this work.

3.2 Results and Discussion
3.2.1 Ligand Synthesis and Characterization
The strategy for the synthesis of H6phospa and H6dipedpa (Scheme 3.1) was to first
build the dipicolinate ethylene diamine scaffold through synthesis of 1 (as reported
elsewhere139,140) then to functionalize the resultant secondary amines to yield two distinct
ligands, differing only in the length of the amine-phosphonate bridging unit. H6phospa was
synthesized via Kabachnik-Fields reaction, which forms a methylene bridge between the amine
and phosphonate group following dissolution and heating of 1 and phosphorous acid in HCl (6
M) and slow addition of paraformaldehyde. The harsh conditions required for this reaction also
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conveniently deprotect the methyl esters of 1, obviating the need for an additional deprotection
step. H6dipedpa was synthesized through an aza-Michael addition between 1 and diethyl
vinylphosphonate in refluxing aqueous solution at pH 9−10 to ensure adequate nucleophilicity
of secondary amines. Upon addition of two phosphonate arms, the excess diethyl
vinylphosphonate can be extracted with dichloromethane. Although the intermediate is
somewhat hydrophobic due to the pyridine rings and ethyl-protected phosphonate groups, the
picolinic acid groups become deprotected under reaction conditions due to the combination of
basic pH and high heat, as supported by mass spectroscopy (low resolution electrospray
ionization mass spectrometry; LR-ESI-MS). This results in the desired intermediate remaining
in the aqueous phase. Deprotection of the phosphonate groups is achieved through rotary
evaporation of solution followed by addition and refluxing of conc. hydrochloric acid (HCl).
Unlike most other “pa” (picolinic acid) family ligands, H6phospa and H6dipedpa do not require
HPLC for purification. The presence of phosphonate groups on both ligands instead enables
the use of two-solvent precipitation to yield pure products. Following the HCl reflux and
complete evaporation of solvent, dissolving the crude product in minimal water, then
precipitating out the product with acetone yields a crude brown oil once the precipitate is
allowed to settle. Decanting of the solution and washing of the oil with acetone yields the pure
ligand as a hydrated HCl salt (i.e., H6phospa·0.3HCl·1.8H2O and H6dipedpa·4HCl·2H2O). The
simplicity of these syntheses and the luxury of eluding time-consuming HPLC purification are
very attractive features indeed!

52

Scheme 3.1 H6phospa and H6dipedpa synthesis.

H6eppy is a unique derivative from pa family ligands, as the picolinic acid groups have
been replaced with methylene-phosphonates. While (by definition) it is not part of the pa
family, H6eppy does provide an interesting opportunity for a comparative study with the
aforementioned ligands and was therefore the aim of this synthetic endeavor. Similar to the
synthesis of H6phospa and H6dipedpa, the strategy to make H6eppy (Scheme 3.2) was to base
the design around an ethylene diamine backbone, and add the desired arms sequentially. Taking
inspiration from the optimized synthesis of H4octapa,141 instead of adding acetate arms to a
protected ethylene diamine starting material, a simple Fischer esterification of
ethylenediamine-N,N’-diacetic acid (EDDA) resulted in the desired backbone (8), with
secondary amines available for subsequent arm attachment via SN2. The synthesis of the
pyridine-phosphonate arm (7) builds upon the methyl-6-bromomethylpicolinate arm (4) used
in the above syntheses. Using triethylphosphite and zinc(II) bromide as a catalyst, the
Michaelis-Arbuzov reaction results in replacement of the bromine group with a protected
phosphonate. Reduction of the methyl ester with NaBH4 primes the alcohol for bromination
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with PBr3. It should be noted that 7 is prone to decomposition, as reported by Abada et al.142
Thus, immediately following its synthesis, the arm was combined with 8 to produce the
protected ligand (9). For this reaction, the temperature is crucial, as temperatures above 40 oC
were noted to complicate ensuing purification. It is speculated that high temperature promotes
cyclization of backbone 8, which is then exceedingly difficult to separate from the desired
product. Lastly, deprotection is achieved with by dissolving 9 in conc. HCl then refluxing for
48 h. Similar to purification of H6phospa and H6dipedpa, crude H6eppy can be purified by
dissolution in minimal water and precipitated with acetone. Following accumulation of
precipitate as droplets of brown oil, the solution can be decanted, yielding the pure ligand as
an HCl salt (H6eppy·4.5HCl·3H2O) following additional washing with acetone and
lyophilisation.

Scheme 3.2 H6eppy synthesis.
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3.2.2 X-ray Crystal Structures
X-ray quality single crystals of both H6phospa and H6dipedpa were obtained through
the two-vial vapour diffusion technique, where acetone slowly diffused into an aqueous
solution containing the compound of interest, with an approximate concentration of 8 mM and
no further adjustment of pH. The ORTEP (Oak Ridge Thermal-Ellipsoid Plot) diagrams of the
ligands are shown in Figure 3.1. Crystallographic information and selected bond lengths/angles
can be found in Tables A.4 and A.6-9, respectively. From Figure 3.1, it can be seen that
H6phospa and H6dipedpa are neutral, zwitterionic species (deprotonated phosphonates;
protonated amines) consistent with calculated pKa values (vide infra), given the pH of the
solution from which the crystals were grown (pH ≈ 2). The configuration of H6phospa reveals
a symmetric, closed-structure conformation with intramolecular hydrogen-bonding between
the protonated picolinic acid, deprotonated phosphonate and protonated amine groups.
Conversely, the configuration of H6dipedpa is a symmetric, open-chain structure, with evident
phosphonate-water hydrogen-bonding (shown in Figure A1) in lieu of intramolecular
interactions.

Figure 3.1 ORTEP diagrams of H6phospa (left) and H6dipedpa (right).
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3.2.3 Metal Complexation Studies
Complexation studies were conducted primarily through the use of 1H NMR
spectroscopy and 1H-1H correlation spectroscopy (COSY), as well as

31

P{1H} NMR

spectroscopy and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS).
These studies were carried out not only to confirm metal chelation, but also to gain insight into
complex symmetry, fluxionality and approximate ligand configurations in solution. The
trivalent metal ions In3+, Sc3+, Lu3+ and Y3+ were selected because of the availability of
radioisotope counterparts (i.e., [111In]In3+, [44Sc]Sc3+, [177Lu]Lu3+, [90Y]Y3+), which have
varying degrees of clinical utility, ranging from primarily preclinical research (e.g., [44Sc]Sc3+)
to routine clinical use (e.g., [177Lu]Lu3+). Moreover, La3+ was studied as (in the absence of a
more suitable candidate) it is considered a “cold” surrogate for the now famous α-emitter,
[225Ac]Ac3+. Additionally, excluding In3+, this series of (pseudo)lanthanides presents an
opportunity to study how ionic radius impacts chelation chemistry, as size increases across the
series, yet chemical hardness remains virtually identical (as measured by the Drago–Wayland
metric IA).52
Typical evidence of ligand chelation is qualitative observation of diastereotopic
splitting in 1H NMR spectra, which can be confirmed by 1H-1H COSY. These splitting patterns
are a result of previously equivalent protons from freely rotating, symmetric ligands (often C2v
point groups for pa ligands) becoming inequivalent due metal ion chelation, which results in
structural rigidity. For example, the observation of a singlet peak in the 1H NMR spectra of a
free ligand being replaced by two doublet peaks (each with half integration of the singlet)
following addition of a metal ion is a common sign of chelation. For symmetric complexes, the
simplicity of resulting splitting patterns often makes spectra straightforward to interpret.
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However, when metal complexes are asymmetric, interpretation can be more challenging due
to the two-fold increase in signals, which can overlap and become difficult to differentiate.
Figure 3.2 illustrates characteristic spectral changes as a result of chelation, both from
symmetric and asymmetric complexes. Lanthanum(III) complexes derived from pa family
chelators are often rigid and symmetric as a result of lanthanum’s large radius (1.16 Å, CN =
8),98 which fills the dedpa-like (N,N’-dipicolinate ethylenediamine81) coordination sphere and
permits facile coordination of pendant arms to coordinatively saturate the metal ion. Indeed,
both H6phospa and H6dipedpa conform to this tendency, as supported by simple diastereotopic
splitting patterns in 1H NMR spectra. Medium-sized metal ions (e.g., Y3+, In3+, Lu3+) have less
predictable behaviour with pa family chelators, as small differences in functional groups have
historically led to a range of behaviours with respect to isomers, fluxionality and
symmetry,143–146 as is the case with the pa ligands studied in this work (Figures A2-A26).
Scandium(III) complexes of pa family ligands have only recently147 seen interest due to the
increasing availability of [44/47Sc]Sc3+. Interestingly, with both H6phospa and H6dipedpa,
resulting complexes are rigid and asymmetric. Figure 3.2a and 3.2b illustrate the differences in
spectral complexity between these symmetric La3+ and asymmetric Sc3+ complexes.
While the coordinating functional groups of H6eppy are identical to H6phospa and
H6dipedpa [N4O2(PO)2], the rearrangement of phosphonate and carboxylate groups exclude
H6eppy from the pa family, and have led to a number of interesting differences in metal ion
chelation. The most striking difference comes from comparison of the Sc3+ complexes.
Scandium(III) complexes of H6phospa and H6dipedpa are asymmetric, likely as a result of the
pyridine rings conforming to a perpendicular coordination environment (~90o Npy–Sc–Npy bond
angle) to accommodate the small metal ion (Sc3+ ionic radius = 0.87 Å, CN = 8),98 which does
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not adequately fill the usual dedpa-like coordination sphere. Conversely, replacement of the
aromatic carboxylic acids with methylene-bridged phosphonate groups results in less
contortion of the pyridine rings and ethylene backbone as a result of the additional points of
free rotation [i.e., py-CH2-P(O)(OH)2]. As supported by the simple diastereotopic splitting of
Figure 3.2c a rigid, symmetric Sc3+ complex is the result of this alteration. The relative
broadness of the [La(H2eppy)]- complex can also be rationalized when considering ligand
flexibility. The rigid nature of picolinic acid groups and close match of La3+ to the binding
pocket of pa family ligands generally lead to symmetric and highly rigid La3+ complexes, as
seen in Figure 3.2a and 3.2b. While H6eppy appears to maintain symmetry when chelating La3+,
peak broadness in the 1H NMR spectrum suggests fluxional behaviour of the complex, which
is logically a result of decreased ligand rigidness.
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Figure 3.2 1H NMR spectra of a) H6phospa, b) H6dipedpa and c) H6eppy and their corresponding La3+
and Sc3+ complexes. Stars in [Sc(dipedpa)]3- spectrum represent neighboring ethylene protons of the
asymmetric complex.
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3.2.4 Solution Thermodynamics of H6phospa, H6dipedpa and H6eppy
In general, aqueous metal-ligand systems and their cumulative stability constants,
defined by the associations β(MpHqLr) (e.g., ligand species HqL, metal complexes species
MpHqLr, and metal hydrolysis species MpHq), can be defined by Equation 3.1, where M is the
metal ion, and L is the fully deprotonated chelating ligand and p, q and r are the stoichiometric
numbers of the components.

𝑝𝑝𝑝𝑝 + 𝑞𝑞𝑞𝑞 + 𝑟𝑟𝑟𝑟 ↔ 𝑀𝑀𝑝𝑝 𝐻𝐻𝑞𝑞 𝐿𝐿𝑟𝑟

𝛽𝛽�𝑀𝑀𝑝𝑝 𝐻𝐻𝑞𝑞 𝐿𝐿𝑟𝑟 � = �𝑀𝑀𝑝𝑝 𝐻𝐻𝑞𝑞 𝐿𝐿𝑟𝑟 �/[𝑀𝑀]𝑝𝑝 [𝐻𝐻]𝑞𝑞 [𝐿𝐿]𝑟𝑟

(3.1)

Since basicity of different donor atoms of the ligand affects metal complexation,
protonation constants of H6phospa, H6dipedpa and H6eppy were determined. For each of the
ligands, ten protonation sites are possible; however, even in very acidic solutions, protonation
constants of the two most acidic donor atoms were not found. Thus, at that acidic pH, those
donor atoms are deprotonated and can readily coordinate metal ions. For each ligand, two
different methods were used for pKa determination: acidic UV-in-batch spectrophotometric
titrations and combined UV-potentiometric titrations. The spectral evolution of each ligand,
with respect to pH, and the corresponding speciation plots are shown in Figures A28-A30. For
H6phospa, additional 31P and 1H NMR titrations were performed to more accurately assign and
determine the most acidic and most basic pKa values (Figure 3.3 and A27). Protonation
constants were calculated with HypSpec2014148, HypNMR2008149 and HyperQuad2013150
software and are presented in Table 3.1.
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Table 3.1 Protonation constants (log Ka) of discussed ligands.
Equilibrium
H6phospa
H6dipedpa
Reaction
6-

+

5-

+

a

5-

L + H ⇆ HL

4-

HL + H ⇆ H2L
4-

+

+

+

-

+

H5 L + H ⇆ H6 L
+

+

H6 L + H ⇆ H7 L
+

+

2+

H7 L + H ⇆ H8 L

Σ log K {[HiL] /
[Hi-1L][H+]}
aUsing 1H

b

5.83 (2) (P-OH)

H4L + H ⇆ H5L
-

b

8.00 (2) (P-OH)

2-

H3L + H ⇆ H4L
2-

b

10.05 (1) (Nen)

3-

H2L + H ⇆ H3L
3-

b

11.43 (1) ; 11.50 (1) (Nen)

b

4.73 (1) (py-COOH)
b

3.18 (2) (py-COOH)
b

1.85 (9) (P-OH)
a

b

11.02 (1) (Nen)
b

9.20 (1) (Nen)
b

H6eppy
b

9.22 (1) (Nen)
b

7.86 (1) (P-OH)
b

7.42 (1) (P-OH)

7.13 (1) (P-OH)

b

5.74 (1) (Nen)

4.97 (1) (py-COOH)

3.71 (1) (COOH)

6.40 (1) (P-OH)
b

b

3.19 (1) (py-COOH)
b

2.30 (2) (P-OH)
c

b

b

b

2.29 (2) (COOH)
c

0.88 (3) (P-OH)
c

0.11 (1) (P-OH)

0.8 (1) (P-OH)

-0.16 (2) (P-OH)

45.3 (1); 45.44 (1)

45.3 (1)

36.67 (2)

and 31P NMR titrations; b using UV-potentiometric titrations; c using UV batch titration, T = 298K, I = 0.16 M NaCl

(when possible).

Thanks to the structural similarity of the studied ligands, several comparisons can be
made to investigate how the position and nature of substituents can affect the ligand protonation
constants and the metal coordination. H6phospa and H6dipedpa differ on the amine–
phosphonate bridging group. H6phospa has a methylene bridge while H6dipedpa has an
ethylene bridge (Chart 3.2). The most basic groups in these ligands are the tertiary N atoms
(Nen) in the ethylenediamine backbone. The basicity of those amines in H6phospa (log K1 =
11.43(1); 11.50(1); log K2 = 10.05(1)) are greater than those in H6dipedpa (log K1 = 11.02(1);
log K2 = 9.20(1)). This is due to the greater stabilization due to strong intramolecular hydrogen
bond interactions of the phosphonates in H6phospa with the protonated tertiary amines and it is
supported by the X-ray structure of the ligand (Figure 3.1).
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titrations of H6phospa support the existence of H-bond interactions in these protonation steps,
as a large change in chemical shift with occurs when 10 < pH < 12 (Figures 3.3 and A27).
Protonation constants of the phosphonate functionalities for the two ligands are close to the
ones found for similar ligands151,152 (Table 3.1). The differences in phosphonate protonation
constants between H6phospa (log K3 - log K4 = 2.17) and H6dipedpa (log K3 - log K4 = 1.02) are
also worth noting, and explained by the higher intramolecular hydrogen bond interaction in
H6phospa together with the higher charge repulsion with the closer phosphonate moieties.
Following those protonations are the pyridylcarboxylic acid substituents (py-COOH), which
compared to the ones in H4octapa are slightly higher. Finally, the protonation constants for the
most acidic phosphonates in both ligands are comparable, with the H6phospa values being
slightly more acidic. The protonation scheme of H6phospa, assignments and values are
confirmed through the dependence of experimental chemical shifts on pH in 31P NMR and 1H
NMR titrations.
Another effect on pKa caused by the replacement of substituents can be observed
through the comparison of H6phospa with H6eppy. The exchange of the carboxylic acid in the
pyridine ring for a phosphonic acid drastically lowers the overall ligand basicity (Table 3.1).
The higher protonation constants found for the Nen atoms in H6phospa now are reduced ~ 2.28
units for the most basic proton (log K1 = 9.22) and 4.31 units for the second most basic proton
(log K4 = 5.74). This is reasonable and supported by the H bond interaction between the Nen
and the phosphonate groups in H6phospa, which are presumably absent in H6eppy. These lower
pKa values are very close to those of H4octapa141 due to their identical ethylenediamine diacetic
acid backbone. Protonation constants of the phosphonate substituents (log K2 = 7.86; log K3 =
7.13) are now closer to one another, followed by the protonation of the carboxylic acid

62

substituents (log K5 = 3.71; log K6 = 2.29). The most acidic protons are most likely bound to
the remaining phosphonate groups (log K7 = 0.88; log K8 = -0.16).
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Figure 3.3 Speciation plot of H6phospa, H6dipedpa and H6eppy. 31P chemical shift dependence on pH
of H6phospa and HypNMR2008149 fitting overlaps the speciation plot.

We recently reported a decadentate phospinate containing ligand H6dappa140 (Chart
3.2), which can also be compared to H6phospa. The substitution of a carboxyethyl phosphinic
acid for a phosphonic acid greatly increases the basicity of the Nen atoms (from log K1 = 7.96(1)
and log K2 = 5.48(2) to log K1 = 11.43(1) and log K2 = 10.05(1)) and the overall basicity over
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those two steps log β2 (from 13.44(1) to 21.48(1)) due to the electronic differences between
phosphonates and phosphinates, as well as the hydrogen bonding present in H6phospa.
A final comparison between H6dipedpa and its smaller analogue H4dppa151 can be
made. The presence of the ethylenediamino-N,N’-diethyl phosphonic acid backbone as
opposed of the aminoethyl phosphonic acid not only increases the overall basicity but also the
coordination number and the metal complex stability with lanthanum metal ions. Nonetheless,
H6dipedpa and H4dppa share the same protonation scheme, with the most acidic pKa belonging
to the phosphonate group(s), followed by both picolinic acid protonation constants, then the
more basic phosphonate value(s). Lastly, in each case the amine backbone has/have the most
basic pKa value(s) of each ligand. Due to the very acidic phosphonate protons, for both ligands
protonation constants were obtained using both potentiometric and
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titrations151.

3.2.5 Complex Formation Equilibria of H6phospa, H6dipedpa and H6eppy with In3+, Lu3+,
Y3+, Sc3+, La3+

Complex formation equilibria of H6phospa, H6dipedpa and H6eppy with Sc(III), In(III),
Lu(III), Y(III) and La(III) metal ions was studied through combined UV-potentiometric
titrations and, for metal complexes where metal complexation occurred below the electrode
threshold, acidic UV-in-batch spectrophotometric titrations were carried out to determine the
first protonated metal complex species. Stability constants were calculated with
HypSpec2014148 and Hyperquad2013150 (Table 3.2) and the speciation plots generated with
Hyss.153 For all three ligands, metal complexes species M(H3L), [M(H2L)]-, [M(HL)]2-, [ML]3and [M(OH)L]4- were identified, as well as [M(OH)2L]5- for H6dipedpa and H6eppy.
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Metal complex stability for the three ligands follow the order H6phospa > H6dipedpa >
H6eppy. It is worth noting that despite the equal overall basicity of H6phospa and H6dipedpa,
complex formation equilibria are energetically more favoured for H6phospa. Complex
formation of H6phospa for each of the metal ions starts at lower pH than the corresponding
ones for H6dipedpa or H6eppy. Additionally, in Table 3.2 it can be noted that when comparing
H6phospa and H6dipedpa metal complexes, protonation constants of [M(HL)]2- and [M(H2L)]species are comparable for both ligands. The major difference lies in the protonation of the
[ML]3- species for each of the metal ions (excluding La3+), which is higher for H6dipedpa,
ultimately leading to higher stability of the [ML]3- species for H6phospa complexes.
When comparing metal complex stability with different chelating ligands, a superior
metric than log KML is given by the pM value. Not only is pM linearly correlated to the stability
of metal complexes, but it also accounts for ligand basicity, denticity and stoichiometries of
metal complexes. pM is defined as -log [M]free at standard conditions ([L] = 10 µM, [M] = 1
µM and pH = 7.4). It is generally considered as the metal scavenging ability of a ligand (the
lower the [M]free the higher the pM), and allows the comparison of both the affinity of different
ligands for a specific metal ion as well as the metal selectivity of a ligand for different metal
ions. Figure 3.4 is a plot of pM values (M = Sc3+, In3+, Lu3+, Y3+, La3+) of the ligands studied
in this work, as well as similar ligands developed for use as radiopharmaceutical agents. For
H6phospa, H6dipedpa and H6eppy, pM follow the trend pIn > pSc > pLu > pY > pLa, with the
exception of H6dipedpa, for which pLa is higher than pY and pLu. More interestingly; however,
is Figure 3.4, where the free metal (pSc) has been plotted vs. pH for comparable chelators. In
addition to comparison of the metal scavenging ability of different chelators at pH 7.4,
essential in medicinal applications to avoid transmetallation reactions in vivo, pM values
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Table 3.2 Stability constants (log KML) and the corresponding stepwise protonation constants log
K1n1(MHnL)a of H6phospa, H6dipedpa and H6eppy with metals of interest (T = 25°C, I = 0.16 M NaCl).
Sc3+

In3+

Lu3+
H6phospa
38.64 (3)
29.90 (6)
5.45 (6)
6.47 (7)
4.06 (3)
4.07 (6)
2.98 (3)
3.55 (1)
10.43 (3)
9.48 (7)
H6dipedpa
31.12 (2)
23.96 (3)
6.93 (2)
7.13 (3)
4.11 (2)
5.00 (1)
3.19 (1)
2.76 (1)
8.74 (3)
9.17 (3)

log K101 (ML)
log K111 (MHL)
log K121 (MH2L)
log K131 (MH3L)
log K1-11 (M(OH)L)

34.92 (3)
5.94 (4)
4.28 (4)
2.96 (2)
9.65 (4)

log K101 (ML)
log K111 (MHL)
log K121 (MH2L)
log K131 (MH3L)
log K1-11 (M(OH)L)
log K1-21
(M(OH)2L)

25.17 (3)
6.59 (3)
4.52 (2)
3.05 (2)
8.08 (2)
9.76 (2)

-

log K101 (ML)
log K111 (MHL)
log K121 (MH2L)
log K131 (MH3L)
log K1-11 (M(OH)L)
log K1-21
(M(OH)2L)

22.03 (2)
4.74 (4)
4.35 (3)
3.06 (4)
7.73 (2)

26.56 (2)
6.40 (2)
4.35 (3)
2.88 (3)
8.62 (3)

9.93 (3)

-

aK
1n1

H6eppy
18.44 (3)
8.29 (3)
4.42 (4)
10.65 (5)
-

Y3+

La3+

28.01 (4)
6.19 (1)
4.68 (2)
2.38 (2)
11.44 (4)

27.99 (4)
5.41 (1)
4.57 (3)
2.97 (2)
10.54 (4)

23.90 (2)
7.11 (2)
4.74 (2)
2.89 (3)
9.47 (3)

25.82 (3)
4.71 (2)
3.40 (3)
3.40 (3)
7.02 (3)

-

10.22 (3)

17.85 (1)
8.45 (1)
4.01 (1)
10.65 (2)

15.60 (2)
7.32 (2)
5.26 (2)
10.73 (2)

-

-

= [MHnL]/[MHn-1L][H]n; (n-1) = -1 denotes OH.

allow for the quantification of the free metal ions from pH 0–12. This can be useful when high
selectivity is required at a specific pH (e.g., radionuclide purification, water purification). It is
interesting to note the different profiles of the curves. For ligands like H6dappa and H4pypa
with similar and lower overall basicities, pSc grows from lower pH exponentially reaching a
plateau before pH 7.4, while for more basic ligands like H6phospa, H6dipedpa and H6eppy, pSc
follows exponential growth. This reflects how ligands with lower overall basicities have less
proton competition for the metal ion and have a broader pH range with static complex stability
(due to the stability plateau). On an encouraging note, as shown by the graph, H6phospa has the
highest pSc value reported at physiological pH and above, which provides auspicious evidence
for further study with the theranostic radionuclide pair [44/47Sc]Sc3+.
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Figure 3.4 pM values (M3+= Sc3+, In3+, Y3+, Lu3+, La3+) versus ionic radii (CN=8) for discussed chelating
ligands (left) and Sc3+ scavenging ability of discussed ligands with pH (right).

3.2.6 Density Functional Theory Calculations
The structures and coordination geometry of [La(H2phospa)]- and [Sc(H2phospa)]- were
studied using DFT calculations. These complexes were chosen because of the interesting
features noted in 1H NMR spectra. Moreover, as rare earths, La3+ and Sc3+ have similar ionic
bonding character despite their drastic differences in ionic radii.52,98 Thus, comparison of La3+
and Sc3+ metal complexes affords the opportunity to directly observe the effect of metal ion
size on corresponding coordination complexes. Structures are presented in Figure 3.5, and bond
distances in Table 3.3.
As discussed in Section 3.2.3, the most evident difference between La3+ and Sc3+
complexes of H6phospa is symmetry. As seen in Figure 3.5, the larger La3+ ion completely fills
the binding pocket of H6phospa, resulting in a rigid, symmetric complex that becomes
coordinatively saturated upon with the inclusion of an explicit water molecule. Conversely, the
smaller Sc3+ ion is too small to accommodate the typical twisted picolinic acid binding motif
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of many pa family ligands, and as such conforms to an asymmetric configuration, where
pyridine rings coordinate perpendicular to one-another, and phosphonate arms lie
uncharacteristically adjacent. No water coordination is possible in [Sc(H2phospa)]- due to the
small metal ion size, and coordination requirements of Sc3+. Despite its structural differences
with [La(H2phospa)(H2O)]-, [Sc(H2phospa)]- is also rigid in solution, as evidenced by the peaks
in the 1H NMR spectrum. Analysis of bond lengths in Table 3.3 reveals predictably longer bond
lengths for the La3+ complex as a consequence of a larger ionic radii. Surprisingly, despite the
asymmetric conformation of the Sc3+ complex, bond distances of identical functional groups
(i.e., Ntertiary1 vs. Ntertiary2) are very uniform. For both complexes, coordinative phosphonate
bonds are the shortest, followed sequentially by pyridine amines, picolinates and backbone
tertiary amines.

Figure 3.5 DFT calculated structures of [La(H2phospa)(H2O)]- (left) and [Sc(H2phospa)]- (right).
Ligand hydrogens omitted for clarity.
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Table 3.3 Comparison of DFT calculated metal coordination bond lengths of La3+ and Sc3+ phospa
complexes.a

Atom 1
La
La
La
La
La
La
La
La
La
aStructures

LaH2phospa
Atom 2b
Distance (Å)
Ntertiary1
2.95
Ntertiary2
3.04
PO1
2.44
PO2
2.39
Npy1
2.42
Npy2
2.59
COO1
2.67
COO2
2.80
H2O
2.70

Atom 1
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc

ScH2phospa
Atom 2b
Ntertiary1
Ntertiary2
PO1
PO2
Npy1
Npy2
COO1
COO2
H2O

Distance (Å)
2.63
2.58
2.04
2.10
2.24
2.20
2.35
2.33
-

calculated in H2O with additional 12 explicit water molecules. bCoordinating atom is bolded.

In an effort to validate the calculated structures, theoretical 1H NMR spectra were
generated and compared with experimental spectra. It should be noted that no coupling
constants have been included in the rendering of theoretical spectra. Figure 3.6 illustrates this
comparison, and also the effect of additional explicit waters on the accuracy of the model.
Evidently, theoretical NMR spectra are not only very sensitive to structural differences, but
also differences introduced by explicit solvent molecules. In general, the calculations agree
with the experimental spectra, but it appears that increasing the number of explicit solvent
molecule has a beneficial effect on the accuracy of generated spectra, and therefore structures.
The methylene protons (coloured orange) bridging amine and phosphonate groups are in
particularly good agreement. While challenges still exist for more complex structures (i.e.,
[Sc(H2phospa)]-), and further validation through binding energy calcuations could be
investigated, given the close spectral agreement in Figure 3.6, the calculated structures shown
in Figure 3.5 can be considered accurate.
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Figure 3.6 Experimental and DFT calculated 1H NMR spectra of [La(H2phospa)]-. Molecule structure
and corresponding peak assignments shown.

3.3 Conclusions
H6phospa, H6dipedpa and H6eppy were successfully synthesized and fully
characterized. X-ray quality crystals of H6phospa and H6dipedpa further confirmed
characterization, and in the prior case, revealed intramolecular hydrogen bonding. Metal ion
chelation was studied by NMR (1H, 31P{1H}) spectroscopy and 1H-1H COSY. Picolinic acid
bearing ligands were determined to form rigid, symmetric complexes with La3+ and rigid,
asymmetric complexes with Sc3+. This tendency was not observed with H6eppy, where a rigid,
symmetric complex was observed with Sc3+, and broad peaks were noted in the 1H NMR
spectrum with La3+. Solution studies (potentiometric, spectrophotometric) were conducted to
determine the protonation constants of each ligand. The most basic pKa of H6phospa was
validated by 31P{1H} and 1H NMR titrations. Thermodynamic stability of each ligand with In3+,
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Y3+, Sc3+, Lu3+ and La3+ were determined; in each case speciation diagrams and pM values
were calculated. In general, H6phospa produced the most stable complexes and H6eppy the least
stable complexes. Moreover, In3+ complexes were the most stable and the La3+ complexes least
stable. Structures of La3+ and Sc3+ complexes of H6phospa and H6dipedpa were calculated. The
symmetry of calculated complexes is consistent with observations from NMR spectra. To
further validate data, NMR spectra of [La(H2phospa)]- were generated from calculated
structures and compared to experimental spectra. The number of explicit water molecules was
varied in an attempt to discern their importance for modeling these coordination complexes.
The model with the most explicit waters (12) was observed to qualitatively fit experimental
data best.

3.4 Experimental
3.4.1 Materials and Methods
All solvents and reagents were purchased from commercial suppliers (Sigma-Aldrich, Fisher
Scientific, TCI America, Alfa Aesar, AK Scientific, Fluka) and were used as received.
Synthetic reactions were monitored by TLC (MERCK Silicagel 60 F254, aluminum sheet).
Flash chromatography was performed using Redisep Rf HP silica columns and a Teledyne Isco
(Lincoln, NE) Combiflash Rf automated system. Water used was ultrapure (18.2 MΩ cm-1 at
298 K, Milli-Q, Millipore, Billerica, MA). 1H,

13

C{1H} and

31

P{1H} NMR spectra were

recorded at ambient temperature on Bruker AV300 and AV400 instruments; unless otherwise
specified the NMR spectra are expressed on the δ scale and referenced to residual solvent peaks.
LR-ESI-MS

was

performed

using

a

Waters

ZG

spectrometer

with

an

ESCI

electrospray/chemical-ionization source, and HR-ESI-MS was performed on a Micromass LCT
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time-of-flight instrument at the Department of Chemistry, University of British Columbia.
Microanalyses for C, H and N were performed on a Carlo Erba elemental analyzer EA 1108.

3.4.2 Synthesis and Characterization.
Dimethyl-6,6’-([ethane-1,2-diylbis{azanediyl}]bis[methylene])dipicolinate (1). Compound 1
was prepared according to the literature with appropriate characteristic spectra.140

H6phospa (2). Compound 2 was prepared according to the literature with appropriate
characteristic spectra.139 HR-ESI-MS calcd for [C18H24N4O12P2 + K]+: 557.0605 ; found [M +
K]+ = 557.0601. Elemental analysis: calcd % for H6phospa·0.3HCl·1.8H2O: C 38.55, H 5.00,
N 9.99; found: C 39.03, H 4.95, N 9.78.

H6dipedpa (3). Compound 1 (400 mg, 1.12 mmol) was added to a stirring solution of deionized
water (diH2O, 4 mL) in a 10 mL round-bottom flask and the solution pH adjusted to 9-10
(measured by pH paper) with 1 M NaOH. Compound 1 was observed to dissolve only above
~pH 7. Diethyl vinylphosphonate (720 µL, 769 mg, 4.68 mmol) was added to the stirring
aqueous solution, after which point the solution was heated to reflux and left to stir overnight.
Following confirmation of the desired intermediate (double Michael-addition product) by mass
spectrometry, the solution was cooled, and extracted with DCM (5 mL x 3) in a separatory
funnel to remove excess diethyl vinylphosphonate. The aqueous phase was evaporated, and
upon drying, conc. HCl (6 mL) added to the resultant oil. The solution was refluxed and stirred
overnight. The solution was allowed to cool to ambient temperature (precipitate was noted
following cooling) and the HCl evaporated in vacuo. Residual HCl was removed by repeatedly
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adding H2O (10 mL x 3) and evaporating to near-dryness. To the residual water, acetone (15
mL) was added, at which point a fine whitish-brown precipitate formed. After sitting untouched
for 30 minutes, the fine precipitate formed small droplets of oil-like liquid along the sides and
bottom of the flask. The acetone solution was decanted, and the oil washed with acetone and
filtered to yield a fine white powder. The acetone solution was evaporated, and the process
repeated twice or thrice until the purity of product declined. 1H NMR (400 MHz, D2O, 298 K):
δ 7.84 (t, J = 7.7 Hz, 1H), 7.80 (d, J =7.6 Hz, 1H), 7.44 (d, J = 7.3 Hz, 1H), 4.20 (s, 2H), 3.29
(s, 2H), 3.25 (m, 2H), 1.98 (m, 2H).13C{1H} NMR (75 MHz, D2O, 298 K): δ 172.2, 152.7,
138.7, 125.5, 123.3, 51.6, 48.8, 25.0, 23.7. 31P{1H} NMR (162 MHz, D2O, 298 K): 19.07. HRESI-MS calcd for [C20H28N4O12P2 + H]+: 547.1359 ; found [M + K]+ = 547.1362. Elemental
analysis: calcd % for H6dipedpa·4HCl·2H2O: C 32.94, H 4.99, N 7.68; found: C 32.92, H 5.09,
N 7.56.

Methyl-6-bromomethylpicolinate (4). Compound 4 was prepared according to literature with
appropriate characteristic spectra.154

Methyl 6-((diethoxyphosphoryl)methyl)picolinate (5). To a solution of (4) (1.5 g, 6.52 mmol)
in ACN (100 mL) in a 250 mL round bottom flask was added P(OEt)3 (2.85 mL, 16.6 mmol)
and ZnBr2 (0.44 g, 1.96 mmol). The reaction mixture was heated to 60 oC and stirred for 48 h
and monitored by TLC (DCM, 10% MeOH) until completion. The reaction mixture was
quenched with distilled water, extracted with DCM (4 x 100 mL), the organic layers combined
and dried over anhydrous MgSO4. After filtration, the crude product was adsorbed to silica and
purified by silica chromatography (CombiFlash Rf automated column system 40 g HP silica;
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solid (pause) preparation; A: DCM, B: MeOH, 100% A to 20% B, to yield semi-pure product.
1

H NMR (300 MHz, CDCl3, 298 K): δ 8.04 (d, 1H), 7.84 (t, 1H), 7.66 (d, 1H), 4.17 – 4.05 (m,

4H), 4.00 (s, 3H), 3.60 (d, 2H), 1.27 (t, 6H). LR-ESI-MS calcd for [C12H18NO5P + Na]+: 310.0;
found [M + H]+ = 310.1.

Diethyl ((6-(hydroxymethyl)pyridin-2-yl)methyl)phosphonate (6). To a solution of (5) (1.69 g,
5.9 mmol) in a mixture of 7:3 DCM:MeOH (100 mL) in a 250 mL round bottom flask at 0 oC
was added NaBH4 (0.27 g, 7.1 mmol) over 1 h. The reaction mixture was stirred, allowed to
warm to room temperature and left to react overnight (~16 h). The reaction mixture was
quenched with distilled water, phases separated, and the aqueous evaporated to remove MeOH.
The aqueous phase was then washed with DCM (3 x 100mL) and the organic phases were then
combined and dried over anhydrous MgSO4. After filtration, the crude product was adsorbed
to silica and purified by silica chromatography (CombiFlash Rf automated column system 40
g HP silica; solid (pause) preparation; A: DCM, B: MeOH, 100% A to 25% B, to yield the pure
product (58% over two steps, 0.98 g). 1H NMR (400 MHz, CDCl3, 298 K): δ 7.62 (t, J = 7.7
Hz, 1H), 7.28 – 7.22 (m, 1H), 7.15 (d, J = 7.3 Hz, 1H), 4.70 (s, 2H), 4.05 (dq, J = 8.2, 7.1 Hz,
4H), 3.40 (d, J = 22.0 Hz, 2H), 1.24 (t, J = 7.1 Hz, 6H). 13C{1H} NMR (101 MHz, CDCl3, 298
K): 159.2 (d, J = 2.4 Hz), 151.7 (d, J = 8.4 Hz), 137.4 (d, J = 2.7 Hz), 122.9 (d, J = 5.3 Hz),
118.8 (d, J = 3.3 Hz), 64.0, 62.4 (d, J = 6.6 Hz), 36.4 (d, J = 135.7 Hz), 16.5 (d, J = 6.1 Hz).
31

P{1H} NMR (162 MHz, CDCl3, 298 K, externally referenced to 85% phosphoric acid): 23.08.

LR-ESI-MS calcd for [C11H18NO4P + Na]+: 282.1; found [M + Na]+ = 282.2.
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Diethyl ((6-(bromomethyl)pyridin-2-yl)methyl)phosphonate (7). To a solution of (6) (0.35 g,
1.35 mmol) in ACN (20 mL) in a 50 mL round bottom flask at 0 oC was added PBr3 (0.13 mL,
1.35 mol) dropwise. The reaction mixture was stirred, allowed to warm to room temperature
and monitored by TLC (DCM, 10% MeOH). After 3 hours, the reaction mixture was quenched
with dilute NaHCO3 and extracted with DCM (4 x 20 mL). The organic phases were combined
and dried over anhydrous MgSO4. Filtration and evaporation yielded the pure product (85%,
0.37 g). Note: product prone to decomposition— use immediately, or refrigerate and use within
48 h. 1H NMR (400 MHz, CDCl3, 298K): δ 7.64 (t, J = 7.7 Hz, 1H), 7.36 – 7.27 (m, 2H), 4.51
(s, 2H), 4.08 (dq, J = 7.2 Hz, 4H), 3.40 (d, J = 22.0 Hz, 2H), 1.26 (t, J = 7.0 Hz, 6H). 13C{1H}
NMR (101 MHz, CDCl3, 298 K) 156.5 (d, J = 2.5 Hz), 152.8 (d, J = 8.2 Hz), 137.6 (d, J = 2.7
Hz), 123.6 (d, J = 4.8 Hz), 121.7 (d, J = 3.1 Hz), 62.3 (d, J = 6.5 Hz), 36.5 (d, J = 134.7), 33.8,
16.4 (d, J = 6.2 Hz). 31P{1H} NMR (162 MHz, CDCl3, 298 K, externally referenced to 85%
phosphoric acid): 24.53. LR-ESI-MS calcd for [C11H18BrNO3P + H]+: 322.0; found [M + H]+
= 322.1

Ethylenediaminediacetic acid dimethyl ester dihydrochloride (8). Thionyl chloride (6.2 mL,
56.8 mmol) was slowly added to MeOH (150 mL) at 0 oC in a 500 mL round bottom flask and
was allowed to stir for 30 minutes. Ethylenediaminediacetic acid (5.00 g, 28.4 mmol) was then
added, and the reaction mixture heated to reflux for 24 h. Solvent was then evaporated, and the
crude product washed twice with hexanes to remove residual HCl. The resulting solid was
recrystallized in MeOH to yield the pure product as the 2HCl salt (80%, 6.27 g, 22.6 mmol).
1

H NMR (400 MHz, D2O, 298 K): δ 4.04 (s, 2H), 3.77 (s, 3H), 3.50 (s, 2H). 13C{1H} NMR

(100 MHz, 298 K, D2O + NaOD): 167.5, 53.7, 47.7, 42.9. LR-ESI-MS calcd for [C8H16N2O4
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+ H]+: 205.1; found [M + H]+ = 205.3 Elemental analysis: calcd % for C16H20N2.2 HCl : C 8.94,
H 7.08, N 8.94; found: C 61.67, H 6.95, N 8.94.

Dimethyl

2,2'-(ethane-1,2-diylbis(((6-((diethoxyphosphoryl)methyl)pyridin-2-yl)methyl)-

azanediyl))diacetate (9). To a solution of (8) (0.2 g, 0.62 mmol) in ACN (5 mL) in a 20 mL
conical vial was added Na2CO3 (0.1 g, 1.2 mmol). The solution was stirred and heated to 40 oC
before the slow addition of (9) (65 mg, 0.27 mmol). The reaction mixture was allowed to stir
for 3 d and monitored by ESI-MS. Upon completion, the reaction mixture was washed with
water to remove salt and extracted with DCM (3 x 20 mL). The organic phases were combined
and dried over anhydrous MgSO4. After filtration, the product was absorbed to silica and
purified by silica chromatography (CombiFlash Rf automated column system 12 g HP silica;
solid (pause) preparation; A: DCM, B: MeOH, 100% A to 20% B, to yield the pure product
(42%, 78 mg). 1H NMR (400 MHz, CDCl3, 298 K): δ 7.56 (br s, 1H), 7.32-7.28 (br m, 1H),
7.21 (d, 1H) 4.02 (m, 4H), 3.89 (s, 2H), 3.63 (s, 3H), 3.42-3.35 (m, 4H), 2.84 (s, 2H) 1.21 (t,
6H). 13C{1H} NMR (101 MHz, CDCl3, 298 K): 171.7, 158.8, 152.0, 137.0, 122.6, 121.1, 62.2
(d, J1PC = 6.5 Hz), 60.0, 54.9, 52.2, 51.4, 37.0, 36.3 (d, J1PC = 136.0 Hz), 16.3 (d, J2PC = 6.2
Hz). 31P{1H} NMR (162 MHz, CDCl3, 298 K): 25.8. LR-ESI-MS calcd for [C30H48N4O10P2 +
Na]+: 709.3; found [M + Na]+ = 709.3

H6eppy (10). To conc. HCl (5 mL) in a 20 mL conical vial was added (9) (78 mg, 0.11 mmol),
which was stirred and heated at reflux for 48 h. The solvent was then evaporated, and the
product dissolved in minimal water. Next, acetone was added to the solution, forming a slurry
of white solid, as well as a sticky oil. The mixture was allowed to sit for 30 minutes, then
76

decanted and dried under reduced pressure to yield the pure product (75%, 47 mg). 1H NMR
(300 MHz, D2O, 298 K): 8.30 (t, 1H), 7.80 (m, 2H), 4.50 (s, 2H) 3.83 (s, 2H), 3.53 (d, 2H),
3.42 (s, 2H). 13C{1H} NMR (75 MHz, D2O, 298 K): 171.8, 152.3, 148.7, 145.5, 127.6, 127.6,
125.4, 55.6, 54.4, 51.4, 35.5, 34.3. 31P{1H} NMR (120 MHz, CDCl3, 298 K): 14.7 (s). HR-ESIMS: calcd for [C20H28N4O10P2 + H]+: 547.1359; found: 547.1360. Elemental analysis: calcd %
for H6eppy·4.5HCl·3H2O: C 31.38, H 5.10, N 7.32; found: C 31.46, H 5.19, N 7.22.

3.4.3 Metal Complexation
NMR spectra of H6phospa, H6dipedpa and H6eppy complexes with In3+, Lu3+, Y3+, Sc3+ and
La3+ were obtained by making separate ligand and metal solutions in D2O (16 mM) and then
mixing the given ligand solution with a given metal solution in a molar ratio of 1:1.1/L:M (Vt
= 525 µL). If necessary, solution pD was altered with freshly prepared ~0.1 M and/or 1 M
NaOD (diluted from 40 wt % NaOD) and measured with a Ross combined electrode and
corrected pD = pHmeasured + 0.4. Solutions were allowed to stand for at least 15 min at room
temperature before collecting NMR spectra.

3.4.4 X-ray Crystallography
Single white needle-shaped crystals of H6phospa (compound 2) and H6dipedpa (compound 3)
were obtained by recrystallisation from slow evaporation of acetone into ligand solution.
Suitable crystals 0.03×0.01×0.001 mm3 and 0.01×0.01×0.001 mm3 (respectively) were selected
and mounted on a suitable support on a Bruker APEX II area detector diffractometer. The
crystal was kept at a steady T = 90 K during data collection. The structure was solved with the
ShelXT155 structure solution program using the Intrinsic Phasing solution method and by using
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Olex2156 as the graphical interface. The model was refined with version 2018/1 of ShelXL155
using least squares minimization.

3.4.5 Solution Thermodynamics
All combined UV-potentiometric titrations were carried out in a 20 mL 298 K thermostated
glass cell with an inlet—outlet tube for nitrogen gas (purified through a 10% NaOH solution to
exclude CO2 prior to and during the course of the titration). The titration apparatus consisted
in a Metrohm Titrando 809, a Metrohm Dosino 800 equipped with a Ross combined electrode
and an optic dip probe (0.2 cm) connected to a Varian Cary 60 UV/Vis spectrophotometer (200400 nm). The electrode was calibrated daily in hydrogen ion concentration by direct titration
of HCl with freshly prepared NaOH solution and the results were analyzed with Gran
procedure157 in order to obtain the standard potential (Eo) and the ionic product of water pKw,
T = 298 K and 0.16 M NaCl as a supporting electrolyte. Solutions were titrated with carbonatefree NaOH (~0.16 M) that was standardized against freshly recrystallized potassium hydrogen
phthalate. Protonation equilibria of the ligands (H6L = H6phospa, H6dipedpa and H6eppy), were
studied by combined UV-potentiometric titrations of solutions containing the ligands
([H6phospa] = 4.84 × 10-4 M, [H6dipedpa] = 6.76 × 10-4 M and [H6eppy] = 7.15 × 10-4 M) at T
= 298 K, l = 0.2 cm and 0.16 M NaCl ionic strength in the pH range 1.8-11.5. The most acidic
protonation constants corresponding to a phosphonate functionality, were determined by acidic
UV-batch experiments (l = 1 cm). The H+ concentration in this UV in batch titration procedure
at low pH solutions (2 > pH ≤ 0) was calculated from solution stoichiometry, not measured
with a glass electrode and the correct acidity scale H0 was used.158 In batch solutions were
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prepared by adding to the ligand solutions, standardized HCl and NaCl to set the ionic strength
constant at 0.16 M when possible.
All the spectrophotometric and potentiometric data were analyzed with HypSpec2014148 and
HyperQuad2013150 to obtain the protonation constants in Table 3.1. Additional

31

P and 1H

NMR titrations were employed to better determine the most acidic protonation constant (POH) and more basic pKa (Nen) in H6phospa. NMR data were processed using the HypNMR149
software.
Complex formation equilibria of H6phospa, H6dipedpa and H6eppy with In(III), Sc(III), Y(III),
Lu(III) and La(III) metal ions was carried out by two different methods. The first method used
UV-Vis batch spectrophotometric measurements (l = 1 cm) on a set of solutions containing 1:1
metal to ligand molar ratio ([H6phospa] = 7.44 × 10-5 M and M3+ = In3+, Sc3+, Y3+, Lu3+, La3+;
[H6dipedpa] = 7.10 × 10-5 M and M3+ = In3+; [H6eppy] = 7.32 × 10-5 M and M3+ = In3+) and
different amounts of standardized HCl and NaCl to set the ionic strength constant at 0.16 M
when possible. The molar absorptivities of all the protonated species of each of the ligands
calculated with HypSpec2014148 from the protonation constant experiments described above
were included in the calculations of the metal complexes. The second method as in the case of
protonation constants was combined UV-potentiometric titrations (298K, I = 0.16 M NaCl and
l = 0.2 cm). Ligands and metal concentrations were in the range of 4.05-5.9 × 10-4 M. M3+ metal
ion solutions were prepared by adding the atomic absorption (AA) standard solution to each of
the different ligands of known concentration in the 1:1 metal to ligand molar ratio. The exact
amount of acid present in the AA standard solution was determined by Gran’s method157
titrating equimolar solutions of M(III) and Na2H2-EDTA. Each titration consisted of 100-150
equilibrium points in the pH range 1.6-11.5, equilibration time for titrations was up to 5 min
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for metal complex titrations. Three replicates of each titration were performed. Relying on the
stability constants for the species M(H3L) obtained by the acidic batch method, the fitting of
the direct potentiometric titrations was possible yielding the stability constants in Table 3.2.
All the potentiometric measurements were processed using the Hyperquad2013 software150
while the obtained spectrophotometric data were processed with the HypSpec2014148 program.
Proton dissociation constants corresponding to hydrolysis of M(III) aqueous ions included in
the calculations were taken from Baes and Mesmer.99 The overall equilibrium (formation)
constants log β referred to the overall equilibria: pM + qH + rL ⇆ MpHqLr (the charges are

omitted), where p might also be 0 in the case of protonation equilibria and q can be negative
for hydroxide species. Stepwise equilibrium constants log K correspond to the difference in log
units between the overall constants of sequentially protonated (or hydroxide) species. The
parameter used to calculate the metal scavenging ability of a ligand towards a metal ion, pM,
is defined as –log [Mn+]free at [ligand] = 10 mM and [Mn+] = 1 µM at pH = 7.4.66

3.4.6 DFT Calculations
All DFT calculations were performed using Gaussian 16 revision c01.159 Self-consistent field
(SCF) convergence criteria were set to their default values (SCF=Tight in Gaussian). Structure
optimizations were performed without symmetry constraints using the Berny algorithm160 with
default settings, starting from initial structures built manually. Each structure was optimized,
and free energies calculated, using DFT with the PBE0 hybrid exchange-correlation
functional,161 added D3(BJ)162–164 dispersion corrections, and the def2-TZVP basis set165 for all
non-metal atoms. Effective core potentials (ECPs) were used to account for scalar relativistic
effects in metal core electrons. Specifically, the Stuttgart relativistic small core (RSC) 1997
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ECP basis set166,167 was used for scandium atoms, while the Stuttgart RSC segmented valence
basis set and ECP168,169 was used for lanthanum. These metal basis sets were also used in NMR
shielding calculations. Metal basis sets were downloaded from the Basis Set Exchange
website.170–172 The PBE0 functional was chosen due to its previous success in structure
prediction and thermochemistry of transition metal complexes,173–177 while the def2-TZVP
basis was chosen as a reasonable trade-off between speed and accuracy for the large system
sizes under study.178,179 A local minimum of energy was confirmed after each optimization via
harmonic frequency analysis using analytical second derivatives, which also yields calculated
Gibbs free energies under standard state conditions (298 K, 1 atm). The integral equation
formalism of the polarizable continuum model (IEFPCM) was used as an implicit water model
in all calculations to simulate the average dielectric effects of the solvent. Default IEFPCM
parameters were used, as implemented in Gaussian (ε = 78.36, Van der Waals surface without
“added spheres”). Each calculation was repeated with 0, 6, 9, and 12 explicit water molecules
which were placed randomly by the PACKMOL code180 in a sphere up to 4.5 Å from each
system’s center of mass. Adjustments were then made before optimization to move the
randomly placed water molecules closer to hydrogen bond centers, such as phosphonate and
carboxyl groups.
1

H NMR isotropic shielding constant calculations were performed on the fully optimized

structures using DFT with the gauge‐including atomic orbital (GIAO) method181,182 and PBE0
functional, as it has also been shown to perform well for the calculation of 1H NMR shielding
constants.183–185 Choice of basis set is extremely important for the calculation of accurate NMR
shielding constants, especially on the atoms of interest and those directly bound. Hence, we
adopted the “locally dense” approach186 for the calculation of 1H NMR shielding constants by
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utilizing the pcSseg-3 basis set187 (quadruple-zeta valence quality) on H atoms within the ligand
and on any atom directly bound to ligand H atoms. Any atom two bonds away from a ligand H
atom was given the smaller pcseg-2 basis set,188 and all remaining atoms (including solvent
atoms but not metal atoms) were given the pcseg-1 basis set. Calculation results were visualized
using GaussView version 6.0189 and Avogadro version 1.2.0.190
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Chapter 4. Investigation of a Bifunctional Phosphonate-Bearing Chelator
for Trivalent Radiometals
4.1 Introduction
4.1.1 Rational Design of H6dappa
Chapter 3 was focused on the fundamental aspects of chelator development in order to
rationally select a promising candidate to be developed as a BFC. Much care was taken to
explore the underlying reasons for differences in stability between the three chelators and
ultimately H6phospa was deemed the chelator with the most potential due to its superior
stability with all studied trivalent metals over H6dipedpa and H6eppy. One previous attempt to
bifunctionalize H6phospa (p-SCN-Bn-H6phospa) was made by our group in 2014.139 While
high molar activity with [111In]In3+ and [177Lu]Lu3+ was achieved, bone accumulation in vivo
was a clear sign of poor complex kinetic inertness. In search of an alternative to NCS
functionalization, inspiration was drawn from the highly successful triphosphinate ligand
known as TRAP (1,4,7-triazacyclononane-1,4,7-tris[methyl(2-carboxyethyl)phosphinic acid).
It was our hypothesis that the conversion of the phosphonates to phosphinates would mitigate
bone accumulation, as well as present an interesting alternative to p-SCN-Bn
bifunctionalization of our family of pa chelators (Scheme 4.1).

Scheme 4.1 Design principle of H6dappa. Reproduced from reference 140.
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4.1.2 Selection of Metal Ions for Study with H6dappa
As in Chapter 3, In3+, Lu3+, Y3+ and Sc3+ were selected to be studied with the novel
H6dappa. These metal ions were selected based on interest in eventual study of radioisotope
counterparts. [111In]In3+ (t1/2 = 67.2 h) is a clinically used single-photon emission computed
tomography (SPECT) imaging radionuclide due to its low energy γ-emission (Eγ = 171 and
245 keV; Iγ = 91 and 94%, respectively) following electron capture, which has led to its
inclusion in a number of clinically approved radiotracer agents.2,191 [177Lu]Lu3+ (t1/2 = 159 h) is
a therapeutic radionuclide due to its low-energy β- emission (Eβ-avg = 134 keV, 100%), which
has been proven to exert a significant therapeutic effect and recently received FDA (U.S. Food
and Drug Administration) approval for the treatment of somatostatin receptor-positive
gastroenteropancreatic neuroendocrine tumors under the brand name Lutathera® ([177Lu][LuDOTA-TATE]).192,193 [90Y]Y3+ (t1/2 = 64.0 h) is a well-established, pure β- emitting
radionuclide with high energy emission (Eβ-avg = 934 keV, 100%) and relatively long softtissue range (11 mm).194,195 [86Y]Y3+ (t1/2 = 14.7 h) is a low branching (32%) β+ emitter, whose
tandem use with
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Y has made the radioisotopes an attractive theranostic option. Finally,

[44Sc]Sc3+ has garnered attention as a PET radionuclides due to its high β+ branching ratio
(Eβ+avg = 632 keV, 94%) and long physical half-life (t1/2 = 4.04 h).196 Also possessing a
therapeutic counterpart, [47Sc]Sc3+ (t1/2 = 80.4 h) is a high branching, low energy β- emitter (Eβavg

= 162 keV, 100%) suitable for treatment of small tumours and cancer metastasis.197
Reported herein is the study of the bifunctional chelator, H6dappa, as a phosphinate-

containing octadentate chelator for the high coordination number radiometal ions [90Y]Y3+,
[111In]In3+ and [177Lu]Lu3+; we describe the synthesis, cold metal complexation, solution
studies, radiolabeling and structural analysis via DFT calculation of H6dappa.
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4.2 Results and Discussion
4.2.1 Ligand Synthesis and Characterization
To synthesize H6dappa, each pair of coordinating arm groups (compounds 4 and 2) were
separately synthesized then added stepwise to ethylene diamine following appropriate benzyl
protection and deprotection (Scheme 4.2). Compound 4 (methyl-6-bromomethylpicolinate) has
been describe in Chapter 3. Compound 11 is somewhat challenging to synthesize due to the
pyrophoric nature of bis(trimethylsilyl) phosphonite and the time-dependent nature of the
Michael-type addition. Fortunately, these steps do not require purification (when appropriately
monitored) and are high yielding. These reactions are also easily scalable (~10-40 g). Reductive
alkylation of ethylene diamine with benzaldehyde and sodium borohydride was high yielding
and conveniently purified, as 3 M HCl was used to salt-out the desired product as a
dihydrochloride salt. Again, this reaction is very reliable and easy, ultimately yielding three
components (compounds 4, 11 and 12) that can be produced in large quantities in preparation
for the following three reactions (Scheme 4.2).
Compound 13 is produced through an SN2 reaction with 4. A large excess (~7 eq) of
K2CO3 is used to neutralize the two equivalents of HCl from 12 and maintain a very basic
environment to facilitate amine deprotonation. Liquid-liquid (DCM/H2O) extraction and
purification via silica column chromatography with hexane and ethyl acetate led to a moderate
yield (57%) on a sufficiently large scale (~1.5-2.0 g). Palladium on carbon deprotection then
yields 1. This straightforward procedure is achieved at ambient temperature and does not
require further purification following filtration (to remove Pd/C) and evaporation of solvent.
The final ligand (H6dappa; 14) is prepared via tandem acid-mediated methyl ester hydrolysis
and Kabachnik-Fields reaction, where 1 and an excess of 11 (4 eq) are dissolved in refluxing 6
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M HCl and a large excess of paraformaldehyde (15 eq) added over 48 h. Removal of the excess
11 and presumed side-product (3-[hydroxyl{hydroxymethyl}phosphoryl]propanoic acid) is
challenging due to their similar retention on our HPLC column (Phenomenex Synergi 4 µm
hydro-RP 80 Å), which led to inefficient and time consuming separation. Instead, crude
purification by cation-exchange chromatography (DOWEX 50WX2, H+ form) easily separated
the amine-containing H6dappa from neutral and anionic impurities. Following concentration of
the semi-pure eluate, HPLC purification and lyophilization yielded pure H6dappa as a fluffy
white solid.

Scheme 4.2 Synthetic scheme for H6dappa. Reproduced from reference 140.
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4.2.2 NMR Studies on Metal Complexation
The non-radioactive metal ions In3+, Y3+, Lu3+ and Sc3+ were studied with H6dappa due
to our interest in eventual study of their radioisotope counterparts (i.e., [111In]In3+, [86/90Y]Y3+,
[177Lu]Lu3+ and [44/47Sc]Sc3+). Additional experiments were conducted with Bi3+ and La3+ to
gain further understanding of H6dappa coordination chemistry. Characterization was confirmed
by 1H/31P{1H} NMR spectroscopy and HR-ESI-MS, as well as 1H-1H COSY when appropriate.
Diastereotopic splitting of protons is a characteristic sign of metal complex formation.
In the case of pa family ligands, the methylene/ethylene protons stemming from N–C–H bonds
are particularly telling. This phenomenon is observed with each of the studied metal ions, with
varying degrees of spectral complexity and fluxionality. For example, the [In(H2dappa)]- 1H
NMR spectrum reveals relatively sharp peaks, with protons on the ethylene backbone, aminemethylene-phosphinate bridge and protons adjacent the terminal aliphatic carboxylic acids
exhibiting diastereotopic splitting (confirmed by 1H-1H COSY). The downfield shift in the
31

P{1H} NMR spectra also confirms the coordination of the phosphinate group. The simplicity

of all [In(H2dappa)]- NMR spectra suggests a rigid symmetric complex (In3+ ionic radius = 0.92
Å, CN = 8).98 Spectra of the yttrium(III), lutetium(III) and scandium(III) complexes are
increasingly complicated. Complexation of Y3+, the largest of the three rare-earth metals (ionic
radius = 1.02 Å, CN = 8)98 results in a moderately convoluted 1H NMR spectrum; however,
identification of major and minor isomers was possible by analyzing the aromatic protons with
1

H-1H COSY. Lutetium(III) (ionic radius = 0.98 Å, CN = 8)98 and scandium(III) (ionic radius

= 0.87 Å, CN = 8)98 were more complicated. The

31

P{1H} NMR spectra of both complexes

reveal the presence of multiple isomers, which can also be noted in the aromatic region of the
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1

H NMR spectra. The complicated nature of these spectra made it difficult to draw conclusions

beyond confirming complexation.140
Two additional metal ions were studied to further investigate the relationship between
metal ion size and spectra complexity: La3+ (ionic radius = 1.16 Å, CN = 8)98 and Bi3+ (ionic
radius = 1.17 Å, CN = 8).98 As seen in Figure 4.1a, the La3+ complex behaved as expected, with
the 1H NMR spectrum displaying sharp peaks with characteristic diastereotopic splitting,
indicative of a highly rigid and symmetrical structure. 1H-1H COSY (Figure 4.1c) confirmed
peak assignments. The 1H NMR spectrum of the Bi3+ complex was also easily interpreted and
clearly representative of a symmetrical coordination complex, albeit with a minor isomer
present.
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b)

a)

c)

Figure 4.1 (a) 1H NMR spectra of H6dappa, [La(Hxdappa)]x-3, [In(H2dappa)]- and [Bi(Hxdappa)]x-3 (topbottom) (D2O, 400 MHz, 298 K). (b)

31

P{1H} NMR spectra of H6dappa, [La(Hxdappa)]x-3,

[In(H2dappa)]- and [Bi(Hxdappa)]x-3 (top-bottom) (D2O, 162 MHz, 298 K). (c) 1H-1H COSY-45 NMR
spectrum of [La(Hxdappa)]x-3 (x = not determined). Ligand/La3+ spectra pD 7, In3+/Bi3+ spectra pD 1.
Reproduced from reference 140.
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4.2.3 Ligand Solution Thermodynamics
Combined potentiometric-spectrophotometric titrations were performed to determine
protonation constants of H6dappa between pH 2-11.5. Acidic in-batch UV titrations were
conducted to determine the most acidic pKa values, as electrode limitations below pH 2
rendered potentiometric titrations unfeasible. In theory, ten H6dappa pKa values should be
observed; however, determination of the most acidic proton dissociation was not possible due
to the highly acidic nature (pKa < 0). HypSpec2014148 and Hyperquad2013150 programs were
used to fit spectrophotometric and potentiometric titration data ; these values are presented in
Table 4.1.
From acidic to basic, the first deprotonation observed was at pH -0.11(1) and is
attributed to a pyridine proton. This assignment is based on precedent from similar
compounds136,141,143 and the decrease in UV absorbance upon deprotonation of the picolinate
chromophore. The next two deprotonation events occur at pH 1.00(1) and 1.67(2) and are
attributed to the phosphinate groups, both because of the theoretical acidity of phosphinates
versus other ionizable protons on H6dappa, as well as the agreement of the less acidic
phosphinate’s pKa with that reported for TRAP.198 The remaining four acid groups deprotonate
in their typical pH ranges– the picolinic acids at 2.42(2) and 2.71(3), followed by the aliphatic
carboxylic acids at 4.13(2) and 4.63(2). These values also closely match similar pa based
ligands136,143 and TRAP,198 respectively. The remaining deprotonation events must then be a
result of amine deprotonation at pH 5.48(2) and 7.96(1).
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Table 4.1 Protonation constants of H6dappa. Reproduced from reference 140.

aFrom

Equilibrium Reaction

log β

log K

Assignment

L6- + H+ ⇆ HL5-

7.96(1)

7.96(1)a

Backbone N-H

HL5- + H+ ⇆ H2L4-

13.44(2)

5.48(2)a

Backbone N-H

H2L4- + H+ ⇆ H3L3-

18.07(2)

4.63(2)a

Aliphatic Acid

H3L3- + H+ ⇆ H4L2-

22.20(2)

4.13(2)a

Aliphatic Acid

H4L2- + H+ ⇆ H5L-

24.91(3)

2.71(3)a

Picolinic Acid

H5L- + H+ ⇆ H6L

27.33(2)

2.42(2)a

Picolinic Acid

H6L + H+ ⇆ H7L+

29.00(2)

1.67(2)b

Phosphinate

H7L+ + H+ ⇆ H8L2+

30.00(1)

1.00(1)b

Phosphinate

H8L2+ + H+ ⇆ H9L3+

29.89(1)

-0.11(1)b,c

Pyridine Ring

potentiometric and spectrophotometric titrations, I = 0.16 M (NaCl) and 298 K. bFrom in-batch UV spectrophotometric

titrations, I = 0.16 M (NaCl) and 298 K. cAt 298 K, not evaluated at constant ionic strength.

4.2.4 In3+, Lu3+, Sc3+ and Y3+ Complex Formation Equilibria
Complex formation equilibria studies with H6dappa were carried out with natural
isotopes of In3+, Lu3+, Sc3+, and Y3+ with several methods to ensure data completeness and
result validation. Direct potentiometric-spectrophotometric titrations were used to detect MHxL
(x = 3, 2, 1, 0, -1) deprotonation events and ligand-ligand competition titrations (with EDTA
or TTHA; triethylenetetramine-N,N,N’,N”,N”’,N”’-hexaacetic acid) were used to confirm the
validity of these values. Metal complexes formed below pH 2 for each metal selected. This is
likely a result of deprotonated phosphinate groups maintaining high affinity for free metal ions
as low as pH 0.5. Thus, acidic in-batch UV spectrophotometric titrations were necessary to
monitor complex formation, and were achieved by taking advantage of differences between
ligand and metal-ligand complex UV absorbance profiles. Stability constants are presented in
Table 4.2 and speciation plots (calculated using Hyss software153) in Figure 4.2.
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Table 4.2 Stepwise stability constants (log K) of H6dappa with In3+, Lu3+, Sc3+ and Y3+. Reproduced from
reference 140.

Equilibrium reaction
M + L ⇆ ML

In3+

Lu3+

Sc3+

Y3+

27.39(2)a; 27.55(5)b 18.35(3)a, 18.71(5)b 22.86(4)a; 22.75(3)d 16.50(3)a; 16.79(6)d

ML + H+ ⇆ MHL

4.81(2)a; 4.82(5)b

4.73(5)a, 5.19(5)b

4.75(4)a; 4.69(3)d

4.83(4)a; 4.56(6)d

MHL + H+ ⇆ MH2L

4.43(4)c; 3.99(6)b

3.72(2)c, 3.79(5)b

3.20(5)a; 3.69(5)d

3.96(3)c; 4.12(8)d

MH2L + H+ ⇆ MH3L

-

-

1.26(6)c

-

ML(OH) + H+ ⇆ ML

9.67(3)a; 9.78(5)b

9.89(4)a

9.23(6)a; 9.42(5)d

9.55(4)a; 9.46(8)d

pMe

27.7

18.6

23.2

16.8

aPotentiometric and

spectrophotometric titrations, I = 0.16 M (NaCl) and 298 K. bLigand-ligand potentiometric competition with H6ttha,

I = 0.16 M (NaCl), 298 K. cIn-batch acidic spectrophotometric titration, T = 298 K. dLigand-ligand potentiometric competition with
H4edta at I = 0.16 M (NaCl), 298 K. epM is defined as –log [M]free at [l] = 10 µM, [M] = 1 µM and pH 7.4. Charges omitted for clarity.

As is evident by the high stability constants and pM values (Figure 4.3), H6dappa forms
highly stable complexes with In3+, Lu3+, Sc3+ and Y3+. Of particular interest is the impressive
pIn value (27.7), which is greater than that for either widely used and commercially available
chelators DOTA (18.8) or DTPA (25.7), as well as other strongly performing chelators such as
H4octapa143 (26.5), H4neunpa86 (23.6), and H4octox199 (25.0). The pLu value (18.6) is also
notable; it exceeds that of DOTA87 (17.1) and H4octox199 (18.2), and is comparable to those of
DTPA87 (19.1) or H4octapa87 (19.8). The speciation diagrams illustrate that one species is
present at physiological pH for each metal complex– a desirable characteristic as multiple
species can present challenges throughout additional studies, most notably in vivo. Ultimately,
these encouraging results led to further experiments probing the ability of H6dappa to serve as
a bifunctional chelator for radiopharmaceutically relevant metal ions.
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Figure 4.2 Speciation diagrams for H6dappa complexes calculated from values in Table 4.2 (298 K, I
= 0.16 M NaCl); dashed lines indicate physiological pH (7.4) (conditions simulated with HySS:
[H6dappa] = 1 mM, [M3+] = 1 mM). Reproduced from reference 140.
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In3+

27

pM values (-log [M]free)

26
25
24

Sc3+
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21
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Lu3+

19
18

Y3+

17
16
0.85

0.90

0.95

1.00

1.05

Ionic radius (CN = 8)

Figure 4.3 pM values versus ionic radii for [M(dappa)]3- complexes (CN = 8). Reproduced from
reference 140.
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4.2.5 Radiolabeling and Serum Stability Experiments
The ability to achieve high molar activity (i.e., high RCY at low ligand concentration)
and for the complex to remain kinetically inert when challenged with extraneous ligands or
metal ions is a desirable chelator trait for radiopharmaceutical applications. Our preliminary
radiolabeling experiments sought to explore the highest possible molar activity achievable with
H6dappa using a variety of clinically relevant radionuclides. This was achieved through
concentration-, temperature-, time- and pH-dependent radiolabeling experiments, which were
monitored by radio-TLC. The mobile phase used was a mixture of NH4OH/MeOH/H2O
(1/10/20), which has been used to study RCY with a number of other phosphonate-bearing
chelators.200–203
Given the promising thermodynamic results with Y3+, In3+ and Lu3+ optimizing the
RCYs with [90Y]Y3+, [111In]In3+ and [177Lu]Lu3+ was the focus. Radiochemical studies were
conducted at pH 2, 4, 5.5 and 7. Labeling reaction mixtures were spotted on TLC plates at 1,
5, 10, 15 and 30 minutes to study radiolabeling kinetics. Ligand concentrations were also varied
stepwise, decreasing by a factor of 10 from 10-4 M until 10-7 M. Reactions were also done at
ambient temperature and at 50oC to study the effect of heating on RCY and labeling kinetics.
Several trends can be noted from the preliminary results presented in Figure 4.4. Radiolabeling
H6dappa with [177Lu]Lu3+ at higher pH resulted in higher RCY, most notably at 10-6 M and
10-7 M ligand concentration– a molar activity of 28.2 GBq/µmol was achieved. Figure 4.4d
illustrates a unique feature of H6dappa– not only is there no difference between RCY at ambient
temperature versus 50oC labeling experiments, but under both conditions maximum
radiolabeling occurs after just one minute. Indeed, this characteristic could translate well into

94

a clinical setting - the current gold-standard (DOTA) requires high temperature (95oC) and a
long waiting period (~30 minutes) to radiolabel.

Figure 4.4 Concentration- and pH-dependent radiolabeling of H6dappa (10 min, RT) in NH4OAc
solution (0.1 M) with (A) [111In]In3+, (B) [177Lu]Lu3+ and (C) [90Y]Y3+. (D) Time- and temperaturedependent radiolabeling of H6dappa (10-5 M) in NH4OAc solution (0.1 M, pH 5.5) with [177Lu]Lu3+.
Reproduced from reference 140.

H6dappa radiolabeling with [111In]In3+ is slightly superior than with [177Lu]Lu3+. Similar
time-, temperature-, pH- and concentration-dependent labeling was observed, with the 95%
RCY at pH 7 to obtain molar activity of 29.8 GBq/µmol being the most notable trial. It was
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hypothesized that studies with [90Y]Y3+ would be the least successful due to discouraging
thermodynamic parameters with [natY]Y3+ in the solution studies. While at high ligand
concentration, RCYs in the realm of 90% were observed, a sharp decrease in RCY was noted
even at [L] = 10-5 M. As the main difference between Y3+ and Lu3+ is the ionic radius, which
is quite stark due to the well-known lanthanide contraction,204 it is speculated that the size of
yttrium(III) is poorly suited to the binding cavity of H6dappa.
The combination of encouraging results from thermodynamic studies and RCY
optimization with [nat/111In]In3+ (respectively) led us to conduct human serum challenge
experiments with [111In][In(dappa)]3-. The complex was formed at pH 7.5, diluted with PBS
(phosphate-buffered saline) buffer, and then incubated in equal volume human serum. PD-10
size-exclusion desalting columns were used to separate [111In][In(dappa)]3- from serum-bound
[111In]In3+. Aliquots were taken at 1, 48, 72, 96 and 120 h to yield a time-dependent plot
describing the percentage of intact complex remaining in solution. Table 4.3 illustrates the rapid
decomplexation of [111In][In(dappa)]3-, where after just 1 h nearly half of the initial [111In]In3+
becomes dissociated from the chelator. Decomplexation continues at a slower rate for the next
five days. The low kinetic inertness of the H6dappa complex is easily rationalized when
considering the rate of radiolabeling. The kinetic barrier towards complex formation must be
low for such rapid labeling to occur; while this is beneficial during formation, it inherently
leads to an easily transmetallated complex due to kinetic lability.
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Table 4.3 Serum stability of [111In][In(dappa)]3-. Reproduced from reference 140.

aExperiments

Time (h)

Stability (%)a

1

53 ± 1

48

44 ± 2

72

41 ± 1

96

35 ± 1

120

31 ± 2

done in triplicate. 37 MBq (1 mCi) quantitatively labeled with 10-5 M Hdappa5- (pH 7.5)

then mixed with an equal volume of human serum and incubated at 37oC. PD10 size exclusion columns
used to separate intact complexes versus transchelated radiometal ions. Reported error is standard
deviation of triplicates.

4.2.6 Density Functional Theory Calculations of H6dappa Complexes
The structures and coordination geometry of In3+ and La3+ complexes in solution were
studied using DFT calculations. Results are presented in Figure 4.5. The calculated In3+
complex reveals coordination of all 8 donor atoms (N4O4) with distorted square antiprism
geometry, resulting in a symmetric structure. We also compared our calculated structure with
the similar but more inert [In(octapa)]- to gain additional insight into the kinetic inertness of
[111In][In(dappa)]3-.143 These results are summarized in Table 4.4. The metal coordination
geometries of the two structures are almost identical, with the main differences arising from
the geometric and electronic influence of the phosphinate groups - the bite angle of phosphinate
is known to be larger than that of carboxylate. Not only does this induce strain within the five
membered N-In-OP coordination ring, but the steric constraint on the backbone also prevents
the picolinic acids from conforming to the highly favorable twisted confirmation (illustrated in
Figure 2 of Boros et al.81). The asymmetry of coordinative bond lengths (Table 4.4) is also
likely a result of this steric strain. In terms of electronics, the hardness of the phosphinate groups
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draws the In3+ away from the backbone and pyridine amines and closer to the picolinic acid
groups (relative to [In(octapa)]-) resulting in shallower encapsulation of the metal ion within
the binding pocket. Calculated coordinative bond lengths support this assertion, and can be
found in Table 4.4.

Side view

Bottom view

In3+-dappa
complex

La3+-dappa
complex

Figure 4.5 Structures of selected DFT calculated metal complexes. Reproduced from reference 140.

NMR spectra of In-dappa at physiological pH point to the presence of fluxional isomers,
as indicated by broad peaks in the 1H NMR spectrum and a single broadened peak in the 31P
NMR spectrum. In addition to the structure shown in Figure 4.5 (minimum energy isomer),
additional structures and their energies have been calculated (Figure 4.6) to explore the isomers
responsible for this fluxionality. Coordination of both picolinic acid groups is supported by the
single set of aromatic peaks in the 1H NMR spectrum, thus the ultimate goal of these
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calculations was to determine which two of the six remaining coordinating groups can
reasonably be non-coordinating (since CNIn = 8).98 All calculations with non-coordinating
backbone amines either failed or were too energetically unfavorable, confirming a dedpa-like
(N,N’-dipicolinate ethylenediamine) metal binding pocket.81 Calculations with one or both
carboxylic acids replacing adjacent phosphinates in the In3+ coordination sphere yielded
reasonable geometries and energies, allowing us to conclude that NMR spectral broadness
results from fluxional coordination between phosphinate and aliphatic carboxylic groups.
In summary, the strained geometry, poor metal ion embedment within the binding
cavity and complex fluxionality at physiological pH likely all contribute to the rapid
dissociation of [111In][In(dappa)]3- observed during serum stability experiments

Table 4.4 Comparison of DFT calculated In-O and In-N bond lengths in In-octapa and In-dappa complexes.
Reproduced from reference 140.

In3+-octapa

In3+-dappa

Atom 1

Atom 2

Length (Å)

Atom 1

Atom 2

Length (Å)

In

N1

2.9416

In

N1

2.6227

In

N2

2.9309

In

N2

3.7031

In

N3

2.3387

In

N3

3.0942

In

N4

2.3423

In

N4

2.2961

In

O1

2.1098

In

O1

2.1749

In

O2

2.1128

In

O2

2.0946

In

O3

2.1607

In

O3

2.0218

In

O4

2.1578

In

O4

2.0600
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Side view

Bottom view

In3+-dappa
complex
(P-O, COO)
ΔG = 41.4 kJ/mol*

In3+-dappa
complex
(COO, COO)
ΔG = 40.8 kJ/mol*
Figure 4.6 DFT simulated structures of In3+-dappa complexes. *Energies referenced to In-dappa
structure in Figure 4.5 (set to zero). Reproduced from reference 140.

The La3+-dappa complex (Figure 4.5) is also of interest due to its distinct differences
from previously reported pa ligands, [La(octapa)]- and [La(octox)]-.141,199 These octadentate
ligands (N4O4) encapsulate La3+ while two water molecules coordinatively saturate the
resulting decadentate metal ion. Conversely, due to crowding around the oxygen coordinating
plane of La3+, the dappa complex only permits coordination of one water molecule, resulting
in a nonadentate metal ion. Furthermore, in agreement with 1H and 31P NMR spectra (Figures
4.1a and 4.1b, respectively), the optimized DFT structure is symmetrical.
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4.3 Conclusions
H6dappa was successfully synthesized and fully characterized; its metal ion chelation
was studied with a number of “cold” metal ions (In3+, Lu3+, Y3+, Sc3+, La3+, Bi3+), which were
chosen based on the existence of “hot” radioisotopes that are of clinical interest for nuclear
medicine. Metal chelation was first studied with NMR to confirm the formation of metal
complexes, as well as gain insight into the degree of symmetry and/or disorder of the molecule.
As evidenced by the clear diastereotopic splitting in the 1H NMR spectra, it was determined
that the La3+ and In3+ complexes were highly symmetrical. Conversely, Bi3+, Y3+, Lu3+, and
Sc3+ complexes exhibited increasingly convoluted 1H NMR spectra, likely as a result of the
formation of multiple isomers and contortion of the chelator resulting in complex asymmetry.
Solution studies (potentiometric and spectrophotometric titrations) were undertaken to probe
the protonation constants of H6dappa and thermodynamic stability of its complexes with In3+,
Lu3+, Y3+ and Sc3+. Speciation diagrams, formation constants and pM values were calculated.
In each case, only one species predominated at physiological pH (7.4). The In3+ complex
demonstrated the highest formation constant (log KML = 27.5) and pM value (27.7), making it
the most stable complex of the four studied. Radiolabeling experiments were conducted to
investigate the highest molar activity achievable with three clinically relevant radionuclides
([111In]In3+, [177Lu]Lu3+, [90Y]Y3+). As expected, these results mimicked those found during
solution studies. High molar activity was observed when radiolabeling [111In]In3+ with
H6dappa, with the maximum of 29.8 GBq/µmol occurring at [H6dappa] = 10-6 M with a
RCY > 95%. Studies with [177Lu]Lu3+ also yielded high molar activity (28.2 GBq/µmol at
[H6dappa] = 10-6 M with a RCY > 90%). The formation constant and pM value of Y3+-dappa
was the lowest of the studied metal ions, and similarly the radiolabeling of [90Y]Y3+ resulted in
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the lowest RCYs and molar activities. Very mild and rapid radiolabeling was observed for all
radionuclides studied, as only one minute at room temperature was required to reach the
maximum RCY. The kinetic inertness of the [111In3+][In(dappa)]3- complex was explored via
serum stability studies. It was observed that rapid decomplexation occurred upon introduction
of human serum proteins to a solution containing [111In][In(dappa)]3-, with near 50%
degradation in 1 h. This outcome highlights the point that thermodynamic stability is not a valid
predictor or kinetic inertness or in vivo stability. DFT calculations revealed the rapid
dissociation is likely a result of poor encapsulation of [111In]In3+ in the binding pocket of
H6dappa. This is unlike what has previously been observed with H4octapa,143 leading to the
conclusion that the replacement of carboxylic acids with phosphinates has an undesirable
kinetic effect for pa family targeted radionuclide delivery, likely as a result of the steric and
electronic effects of these newly introduced functional groups.

4.4 Experimental
4.4.1 Materials and Methods
For details regarding synthetic materials or instrumentation, see Section 3.4.1. Human serum
was purchased frozen from Sigma-Aldrich. Radiolabeling reactions were monitored by TLC
(Silicagel 60 RP-18 F254S, aluminum sheet) and HPLC (Knauer Smartline System consisting
of Smartline 1000 pump, K2501 diode array detector, Raytest Ramona Star activity detector,
Chromgate 2.8 software and a Smartline 5000 manager with a Zobax SB-C18 column; Agilent
4.6x250 mm, 5 µm). Radio-TLC chromatograms were scanned using a radioisotope thin layer
analyzer (BIOSCAN system 200 imaging scanner, Rita Star or Fuji BAS-1800II, raytest);
evaluation program AIDA.

The HPLC system used for analysis and purification of
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nonradioactive compounds consisted of a Waters 600 controller, Waters 2487 dual wavelength
absorbance detector and a Waters delta 600 pump with a Phenomenex Synergi 4 µm hydro-RP
80 Å column (250 mm x 21.2 mm semipreparative) or a Zorbax (Agilent) 300SB-C18, 300 Å,
5 µm, 9.4 mm x 250 mm column were used for purification of H6dappa (6).
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InCl3 was

cyclotron-produced [112Cd(p,2n)111In; no carrier added; Fe, Cd, Cu, Pb, Zn, Ni each ≤ 100
ng/mCi] and purchased from BWX Technologies as 0.05 M HCl solution or from Curium
Pharma as 0.02 M HCl solution. 177LuCl3 was produced by reactor-based indirect strategy41,205
[176Yb(n,γ)177Yb→177Lu, no carrier added; specific activity 3800-3000 GBq/mg] and was
purchased from ITG (Isotope Technologies Garching) GmbH as 0.04 M HCl solution. 90YCl3
[90Sr/90Y generator; carrier free] was purchased from Eckert & Ziegler Strahlen- und
Medizintechnik AG as 0.04 M HCl solution. Radionuclide solutions were used within one halflife (upon arrival) to minimize reduction in specific activity.

4.4.2 Synthesis and Characterization
(2-Carboxyethyl)phosphinic acid (11). Compound 11 was prepared according to the literature
preparation with appropriate characteristic spectra.198

N,N’-dibenzylethane-1,2-diamine • 2HCl (12). Ethylene diamine (3.00 g, 3.34 mL, 49.9 mmol)
and benzaldehyde (11.7 g, 11.2 mL, 110 mmol) were dissolved in MeOH (150 mL) in a roundbottom flask. The solution was stirred and heated to reflux for five hours, during which time
the yellow solution darkened into a yellow-orange color. The solution was then allowed to cool
to ambient temperature, then cooled to 0oC in an ice bath. NaBH4 (6.61 g, 175 mmol) was
added in several portions, and the solution was allowed to warm to ambient temperature and
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stirred for 24 h. After LR-ESI-MS revealed complete reduction of the imine intermediate, the
solution was evaporated via rotary evaporator to yield a yellow oil. Aqueous HCl (3 M, 50
mL) was slowly added to the oil to yield a white solid that was filtered out and washed with
acetone to yield 3 as a dihydrochloric acid salt (13.1 g, 95%). 1H NMR (300 MHz, 298 K, D2O
+ NaOD): δ 7.51-7.46 (m, 10H), 4.23 (s, 4 H), 3.37 (s, 4H). 13C{1H} NMR (100 MHz, 298 K,
D2O + NaOD): 131.3, 129.6, 129.6, 129.3, 51.6, 43.0. LR-ESI-MS: calcd for [C16H20N2 + H]+:
241.2; found [M + H]+: 241.3. Elemental analysis: calcd % for C16H20N2•2HCl: C 61.35, H
7.08, N 8.94; found: C 61.67, H 6.93, N 8.94.

Dimethyl-6,6’([ethane-1,2-diylbis{benzylazanediyl}]bis[methylene])dipicolinate

(13).

Compounds 4 (3.40 g, 14.7 mmol) and 12 (1.87 g, 5.97 mmol) were dissolved in ACN (120
mL) in a round-bottom flask. K2CO3 (5.61 g, 40.6 mmol) was then added and the solution was
stirred and heated to reflux for 3 d. The reaction mixture was quenched with H2O (100 mL),
then DCM (140 mL) added for the first extraction. The phases were separated and the aqueous
phase was further washed with DCM (3 × 100 mL); the combined organic phases were dried
over MgSO4, filtered, and loaded onto Celite and dried. The product was purified via column
chromatography using a silica column (CombiFlash Rf automated column system, 120 g gold
silica column, 100% hexane to 100% EtOAc). The product fractions were rotary evaporated to
yield an oil, which solidified to a yellow solid upon standing at ambient temperature (1.82 g,
57%). 1H NMR (400 MHz, 298 K, CDCl3): δ 7.95 (t, J = 4.4 Hz, 1H), 7.69 (d, J = 4.5 Hz, 2H),
7.30-7.15 (m, ~5H; overlap with CDCl3), 3.97 (s, 3H), 3.82 (s, 2H), 3.57 (s, 2H), 2.68 (s, 2H).
13

C{1H} NMR (100 MHz, 298 K, CDCl3): 165.8, 161.1, 147.1, 139.0, 137.3, 128.7, 128.3,
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127.0, 125.9, 123.5, 60.5, 59.1, 52.9, 52.0. LR-ESI-MS: calcd for [C32H34N4O4 + H]+: 539.3;
found [M + H]+: 539.3.

Dimethyl-6,6’-([ethane-1,2-diylbis{azanediyl}]bis[methylene])dipicolinate (1). Compound 13
(1.18 g, 2.19 mmol) was dissolved in 50 mL of glacial acetic acid in a two-neck round-bottom
flask. The flask was purged with N2 and 10% w/w Pd/C (375 mg, 0.35 mmol) added under a
stream of N2. The flask was thrice purged with N2 and then filled with H2 from a balloon. The
mixture was stirred at room temperature overnight under H2, then Pd/C was removed by filter
paper, which was washed alternately with ACN (3 × 30 mL) and 3 M aqueous HCl (2 × 10
mL). The solution was evaporated and the dark orange oil dissolved in minimal ACN, and then
run through a small Celite plug to remove residual Pd/C. The solvent was removed by rotary
evaporator with EtOH added and evaporated twice to remove residual acetic acid. Following
in vacuo solvent removal, the dark orange oil solidified (712 mg, 90%) and was used without
further purification. 1H NMR (400 MHz, 298 K, D2O): δ 8.20 (d, J = 7.4 Hz, 1H), 8.12 (t, J =
7.8 Hz, 1H), 7.75 (d, J = 7.7 Hz, 1H), 4.70 (s, 2H), 3.91 (s, 3H), 3.73 (s, 2H). 13C{1H} NMR
(100 MHz, 298 K, D2O): 166.7, 151.1, 146.5, 140.0, 127.4, 125.7, 53.5, 50.6, 43.9. LR-ESIMS: calcd for [C18H22N4O4 + H]+: 359.2; found [M + H]+: 359.1.

H6dappa (14). Compounds 1 (500 mg, 1.40 mmol) and 11 (773 mg, 5.60 mmol) were added to
6 M HCl (1.5 mL) in a two-dram (7.4 mL) vial. Upon heating to 80oC the components dissolved
to yield a brownish-orange solution. Over the course of 24 h, paraformaldehyde (628 mg, 20.9
mmol) was added in small portions. After full addition of the paraformaldehyde, the solution
was refluxed for an additional 24 h. The solvent was removed by rotary evaporator and most
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of the remaining HCl removed by repeatedly adding small portions of water and then
evaporating to dryness. The dark brown oil was dissolved in water (5 mL) and neutralized with
1 M NaOH. The crude product was first purified by chromatography on ion exchange resin
(DOWEX 50W2, H+-form, 100-200 mesh; column size 32 cm × 2 cm; eluent: water).
Impurities were removed with the first 200 mL of eluate. The next 250 mL of eluate, containing
semi-pure product, was collected and the solvent removed by rotary evaporator. The pale
yellow oil was dissolved in water (2 mL) and purified by HPLC (Phenomenex Synergi 4 µm
hydro-RP 80 Å column, 250 mm × 21.2 mm semipreparative; A: H2O 0.1% TFA, B: ACN,
100% A to 85% A-15% B over 20 min, maintain 85% A-15% B for 5 min. tR = 22.6 min). Pure
fractions were combined, evaporated to ~3-5 mL and lyophilized to yield pure product as a
fluffy white powder (241 mg, 18%). 1H NMR (400 MHz, 298 K, D2O): 8.04 (t, J = 7.8 Hz,
1H), 7.97 (d, J = 7.7 Hz, 1H), 7.69 (d, J = 7.7 Hz, 1H), 4.42 (s, 2H), 3.51 (s, 2H), 3.15 (d, J =
7.4 Hz, 2H), 2.20 (dt, J3PH = 12.6 Hz, J3HH = 7.8 Hz, 2H), 1.68 (dt, J2PH = 14.9 Hz, J3HH = 7.8
Hz, 2H). 13C{1H} NMR (100 MHz, 298 K, D2O): 176.2 (d, J = 14.3 Hz), 164.9, 151.3, 144.8,
143.2, 129.1, 126.1, 58.0, 52.4, 52.3 (d, J = 92.8 Hz), 26.3 (d, J = 3.2 Hz), 24.2 (d, J = 96.5
Hz). 31P{1H} NMR (162 MHz, 298 K, D2O, externally referenced to 85% phosphoric acid):
33.91. HR-ESI-MS: calcd for [C24H32N4O12P2 + H]+: 631.1570; found [M + H]+: 631.1572.
Elemental analysis: calcd % for H6dappa•2.6TFA•1.8H2O: C 36.56, H 4.01, N 5.84; found: C
36.61, H 4.08, N 5.79. Calculated EA comes from best fit of H6dappa with TFA and H2O
contaminants. Resultant molecular weight is validated during thermodynamic solution studies;
as precise knowledge of solution concentrations is required.
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4.4.3 Metal Complexation
NMR spectra of [M(Hxdappa)]3-x (M = In3+, Lu3+, Y3+, Sc3+, La3+; x = 2, 1, 0, -1) were obtained
by making separate ligand and metal solutions in D2O (5-20 mM), and then mixing the solutions
in a molar ratio of 1:1.1/L:M (Vt > 300 µL). If necessary, solution pD was altered with freshly
prepared ~0.1 M NaOD (diluted from 40 wt. % NaOD) and measured with a Ross combined
electrode and corrected pD = pHmeasured + 0.4. Solutions were allowed to stand for at least 5
minutes at room temperature before collecting NMR spectra. Due to the poor solubility of
Bi(NO3)3•5H2O in neutral D2O, for [Bi(Hxdappa)]x-3, the desired amount of Bi(NO3)3 • 5H2O
was weighted on an analytical balance, then a 1:1.1 (L:M) molar ratio of dappa6- solution was
added to the metal salt. Following dissolution of the solid, D2O was used to dilute the solution
by a factor of two.

4.4.4 Solution Thermodynamics
See Section 3.4.5 for general details regarding solution thermodynamics. Protonation equilibria
of H6dappa was studied by combined UV-potentiometric titrations of solutions containing
[H6dappa] = 0.968 mM at T = 298K, l = 0.2 cm and 0.16 M NaCl ionic strength in the pH range
2.0-11.5. The most acidic protonation constants corresponding to phosphinate functionalities
were determined by acidic UV-batch experiments (l = 1 cm) with [H6dappa] = 0.233 mM at
298 K, l = 1 cm and 0.16 M NaCl concentration when possible.
Complex formation equilibria of H6dappa with In3+, Sc3+, Y3+ and Lu3+ was carried out by UVVis batch spectrophotometric measurements ([H6dappa] = 0.183 mM) and combined UVpotentiometric titrations ([H6dappa = 0.739, T = 298K, I = 0.16 M NaCl and l = 0.2 cm), as
described in Section 3.4.5. Competition pH-potentiometric titrations with ttha6- and edta4- as
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ligand competitors were also conducted. The third method solely used potentiometry, but made
use of ligand-ligand competition with ttha6- ([In3+] = 0.704 mM, [H6dappa] = 0.235 mM, [ttha6] = 0.471 mM, T = 25°C, I = 0.16 M NaCl) or edta4- ([Lu3+] = 0.467 mM, [H6dappa] = 0.237
mM, [Na2H2edta] = 0.235 mM; [Sc3+] = 0.633 mM, [H6dappa] = 0.317 mM, [Na2H2edta2-] =
0.628 mM; [Y3+] = 0.752 mM, [H6dappa] = 0.237 mM, [Na2H2edta] = 0.812 mM, T = 25°C, I
= 0.16 M NaCl). Metal solutions were prepared by adding atomic absorption (AA) standard
metal ion solution to a H6dappa solution of known concentration in a 1:1 metal to ligand molar
ratio. The exact amount of acid present in the indium, lutetium, scandium and yttrium standards
was determined by Gran’s method157 titrating equimolar solutions of the chosen metal ions and
Na2H2−EDTA.

4.4.5 Radiolabeling and Human Serum Challenge Experiments
For concentration-dependent radiolabeling, an aliquot of a ligand solution (25 µL) of desired
concentration was mixed with [90Y]Y3+or [111In]In3+ or [177Lu]Lu3+ (7.5 MBq, 0.2 mCi) and
diluted to a final volume (250 µL) with ammonium acetate solution (0.1 M, pH = 2, 4, 5.5, 7
or 7.5). The final mixture was incubated at room temperature or 50oC for the specific amount
of time (i.e., 1, 5, 10, 15 or 30 min) before determination of radiochemical yield. Initial attempts
to quantify RCY with HPLC (Zorbax SB-C18 column; Agilent 4.6 × 250 mm, 5 µm; solvent
A = H2O 0.1% TFA, solvent B = ACN 0.1% TFA) were unsuccessful due to the expected high
hydrophilicity of the many dappa6- metal complexes, resulting in identical retention times for
the free ligand and metal complexes (which eluted at the solvent front). Accordingly, RP-18
silicagel TLC plates were used to quantify RCY - typically 2-5 µL was spotted per plate.
NH4OH/MeOH/H2O (1/10/20) was used as a mobile phase for TLC. In the absence of dappa6-
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(denoted “control”) the free radiometal remained at the baseline of the TLC plate. When dappa6was present, the activity moved up the TLC plate, with the degree of streaking being dependent
on the radiometal ion under investigation. For the human serum challenge, GE Healthcare Life
Sciences PD-10 desalting columns (size exclusion for MW <5000 Da) and a Capintec CRC 55t
dose calibrator were used, as was previously described.72 Briefly, 37 MBq (1 mCi) of [111In]In3+
was near-quantitatively labeled with 10-5 M H6dappa (pH 7.5), diluted to 1 mL with PBS buffer,
then mixed with an equal volume of human serum and incubated at 37oC. Aliquots were taken
at 1 h, 2 d, 3 d, 4 d and 5 d. Aliquots were diluted to 2.5 mL with PBS, loaded onto a conditioned
PD-10 column and eluted with an additional 3.5 mL of PBS. Activity of the vial containing the
diluted aliquot was measured prior to loading of the column (initial activity), as well as
following loading (residual activity). Stability was calculated through equation (4.1).

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1 − (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎⁄(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎))

(4.1)

4.4.6 Density Functional Theory Calculations
All DFT calculations were performed as implemented in the Gaussian 09 revision D.01 suite
of ab initio quantum chemistry programs (Gaussian Inc., Wallingford, CT)159 and visualized
using Mercury 4.1. The structure geometry was optimized using the TPSSh functional,206
TZVP basis set207 for first- and second-row elements. The Stuttgart/Dresden and associated
effective core potentials’ basis set was used for In and La,167,208 in the presence of water solvent
(IEF PCM as implemented in G09) without the use of symmetry constraints.
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Chapter 5. Amide-Dominant Chelator for Lead(II) Radiopharmaceuticals
5.1 Introduction
5.1.1 Radioactive Lead as a Therapeutic
From a medicinal standpoint, lead is rarely a topic of discussion. From its inclusion in
paint to airborne particulates at industrial sites, lead is a famously toxic element that requires
only micrograms per decilitre (µg/dL) to exert a toxic effect.209 While its chemical properties
result in a number of adverse health effects, channeling the physical decay of certain lead
radioisotopes is a field with proven success that is continuing to grow with radionuclide
availability.
The two notable theranostic radioisotopes of lead are 203Pb (t1/2 = 51.9 h) and 212Pb (t1/2
= 10.6 h). The prior is a neutron deficient radionuclide and consequently decays via electron
capture, resulting in the release of 81 keV γ-rays (among few others) that can be used for
SPECT imaging. The latter is a proton deficient radionuclide best known for its appearance in
the decay chain of 224Ra (Figure 5.1). Like its parent nuclide, 212Pb has a decay chain resulting
in release of multiple therapeutic particles; however, the decay to 208Pb is limited to one α and
two β- decays.210
Indeed, these radionuclides have been exploited to diagnose and treat prostate
cancer,211,212 neuroendocrine tumours213 and melanoma,214 among other illnesses, and are
increasingly being researched due to the convenience of a theranostic pair containing an αemitter with a mid-range half-life. A glance at other highly regarded therapeutic α-emitters
reveals both a lack of chemically identical diagnostic isotopes and often inconveniently long
or short half-lives. For example,

225

Ac (t1/2 = 10.0 d) is a most promising therapeutic

radionuclide currently under investigation; however, its half-life is sub-optimal providing
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persistent patient dosage. Furthermore, there is no diagnostic or nonradioactive actinium
radioisotope, as heavy radionuclides such as actinium tend to emit alpha particles and/or be at
extrema of stability (i.e., millisecond or multiyear half-life).16 Other illustrative examples are
the two therapeutic bismuth isotopes

212

Bi/213Bi (t1/2 = 1.01 h and 0.76 h half-lives,

respectively).2 In this case, not only are chemically identical theranostic pairs absent, but the
half-lives of both isotopes can lead to logistical challenges during preparation/administration,
as well as present high dose-risks to radiopharmacists and nuclear medicine technicians (who
prepare the drugs). Thus, development of 203/212Pb-based radiopharmaceuticals represents a rare
opportunity to explore the efficacy of a true theranostic pair.

Figure 5.1 Thorium-228 decay chain. Reproduced from reference 2.

While the availabilities of both radionuclides are far from that of routine clinical
production, interest in the pair has recently intensified at TRIUMF due to the co-production of
228

Th (t1/2 = 1.91 y) during spallation of a 232Th target, intended to produce 225Ac.124 Thorium-

228 is a parent nuclide of

212

Pb and can be used as a long-lived generator due to its lengthy
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half-life (see Section 1.4.1). Milking of the generator yields

212

Pb, which depending on the

system may require purification from 224Ra and 212Bi.215 Production of the diagnostic surrogate
is achieved via low-energy proton bombardment of
pure

203

203

Tl to induce a (p,n) reaction and yield

Pb following removal and recovery of the enriched target material by resin

chromatography.216,217 Thanks to being closely affiliated with the Life Sciences Division at
TRIUMF, the opportunistic production of these radioisotopes has afforded me a rare and
exciting chance to work with cutting edge nuclides.

5.1.2 Lead Chelation and Project Rationale
Unlike most clinical metalloradionuclides, the standard chelator used for 203/212Pb is not
DOTA. The soft, bulky nature of Pb2+ does not optimally pair with the hard coordination
properties of DOTA’s four carboxylic acids. Instead, it has been determined that the best
chelator

for

lead-based

radiopharmaceuticals

is

1,4,7,10-tetraaza-1,4,7,10-tetra-(2-

carbamoylmethyl)-cyclododecane (TCMC; Figure 5.2).4 Replacement of the carboxylic acids
with coordinating amide groups drastically improves the kinetic inertness of Pb2+ complexes,
as well as the molar activity of drugs in vitro.218,219
Classically, the most studied high-denticity chelators in coordination chemistry are
DOTA and DTPA (Figure 5.2). These two represent the most widely studied macrocyclic and
non-macrocyclic ligands in the field, and have been studied with the vast majority of metal ions
on the periodic table. If TCMC is an amide derivative of DOTA that has shown great
improvement based on a simple design alteration, then it would logically follow that a similar
modification of DTPA would result in improved performance of the pentaamide product over
its carboxylic acid-bearing predecessor (Figure 5.2). While the literature reveals this design is

112

not original, only one report of this ligand, denoted DTPAm (diethylenetriamineN,N’,N’,N”,N”-pentaacetamide), has been published. In 2008, Burdinski et al. reported a
number of amide-bearing derivatives of common acyclic ligands (e.g., DTPA, EDTA, TTHA)
and studied their potential use as MRI contrast agents when complexed with Yb3+.220 The work
was of high quality; however, no follow-up appears to have been published, nor was DTPAm
considered a top candidate for the purposes of their work.

Figure 5.2 Design principle behind DTPAm.

Overall, the availability of

203/212

Pb at a nearby facility and the lack of exploration in

the literature of a simple amide-based ligand with clear potential for lead chelation has poised
this project to yield intriguing results. Reported herein are the synthesis, cold metal
complexation, crystal structure analysis, solution studies and radiolabeling of DTPAm with a
focus on [nat/203Pb]Pb2+ towards lead-based theranostic radiopharmaceuticals.
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5.2 Results and Discussion
5.2.1 Ligand Synthesis and Characterization
The straightforward synthesis of DTPAm is a very appealing aspect of its study
(Scheme 5.1). This two-step synthesis is not only high yielding, scalable and achieved with
widely available, inexpensive materials, but neither the ester intermediate (compound 15) nor
the final product require column purification. The first reaction is a Fischer esterification, using
H2SO4 as the acid catalyst and ethanol as the solvent and nucleophile. As this name reaction is
well known for simplicity and efficiency, it is not surprising that tandem acid-neutralization
and extraction of DTPA with a basic aqueous phase (1.5 M NaOH) results in a pure ester
product. The following reaction requires a ten-to-fourteen day reaction time, presumably due
to the low nucleophilicity of ammonia in methanol. Fortunately, the product is insoluble in
methanol, so filtration of the reaction mixture followed by washing with cold methanol yields
pure product. Interestingly, the choice of solvent for characterization via NMR spectroscopy
has a drastic effect on spectral complexity. Using D2O yields a simple spectrum comprised of
three singlet peaks in the aliphatic region (backbone peaks overlap), which is expected for such
a symmetric, non-aromatic molecule. Conversely, the use of DMSO-d6 (as was originally done
by Burdinski et al.) reveals inequivalent amide protons, suggesting intramolecular C(O)–H–N
hydrogen bonding.220

Scheme 5.1 Synthesis of DTPAm.
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5.2.2 NMR Complexation Studies with [natPb]Pb2+
Complexation of [natPb]Pb2+ by DTPAm was studied by 1H NMR spectroscopy and
1

H-1H COSY. Radiolabeling studies for lead(II) radionuclides are almost always done at near

physiological pH; thus, solutions of both the free ligand and metal complex were adjusted to
pD = 7 before collecting each spectrum.

Figure 5.3. 1H NMR spectra of DTPAm (top) and [Pb(DTPAm)]2+ (bottom) (D2O, pD = 7, RT, 300
MHz).

As seen in Figure 5.3, three signals are present in the 1H NMR spectrum of the ligand.
The backbone protons are all found within the same environment, and are assigned to the most
upfield shifted peaks. The peaks corresponding to the amido groups that stem from terminal
amines are the most downfield shifted and have four times the integration of the small peak
directly adjacent. This small peak corresponds to the amide arm stemming from the central
backbone amine. When lead is introduced to the system, a number of spectral changes occur
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that confirm complex formation, the most obvious of which is the increased complexity. This
results from previously equivalent proton environments becoming inequivalent [e.g., N-(CH2)(CH2)-N], which also subsequently induces 2JH-H diastereotopic splitting, further increasing the
number of observed 1H peaks. The other key difference between the spectra in Figure 5.3 are
the differences in chemical shifts. The downfield shift of proton signals commonly occurs
during metal complexation, and is a result of electron density being donated to the metal ion
from the ligand, and effectively providing less shielding to the observed proton environments.
Peak assignments of the metal complex were done on this basis of integration, as well as with
support from the 1H-1H COSY, which showed dense peak correlation between the four
backbone environments, and expectedly less correlation amongst amido peaks.

5.2.3 X-ray Crystal Structure of [Pb(DTPAm)]2+

Figure 5.4. ORTEP diagrams of the cation in [Pb(DTPAm)](NO3)2.

X-ray quality single crystals of [Pb(DTPAm)](NO3)2 were obtained through the twovial vapour diffusion technique– acetone slowly diffused into an aqueous solution containing
the compound of interest, with an approximate concentration of 5 mM and pH = 7. The ORTEP
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diagrams of the ligands are shown in Figure 5.4 (counter ions omitted) and its crystallographic
information can be found in the Table A.10. From Figure 5.4, it can be seen that in the solid
structure, DTPAm coordinates as expected, with the three backbone amines and five amidooxygens coordinating to coordinatively saturate the Pb2+ ion. The geometry of the metal ion is
distorted square antiprism. Qualitative analysis of the structure presents evidence that ligand
distortion is a result of repulsion from the metal ion’s lone-pair. This is unlike the solid-state
structure of [Pb(TCMC)]2+, where coordination bond distances remain relatively constant as a
result of the lone-pair pointing along the C4v axis.221 As shown in Table 5.1, the
[Pb(DTPAM)]2+ coordinative bond lengths of oxygen atoms 1–4 and nitrogen atoms 2/4 are
relatively uniform, with a standard deviation of 0.073 Å and 0.023 Å (respectively). The
coordinating atoms nearest to the lone-pair (N6 and O5) however, are skewed due to electron
repulsion, resulting in longer bond lengths than for other coordinating heteroatoms. The crystal
structure of [Bi(DTPA)]2- reported by Bulimestru et al. is a reasonable comparison due to
ligand and metal similarities, and exemplifies how in the absence of a lone-pair, the metal ion
geometry is much closer to non-distorted square antiprism.222

Table 5.1 List of selected [Pb(DTPAm)]2+ bond lengths.

Atom
Pb
Pb
Pb
Pb
Pb
Pb
Pb
Pb

Atom
O1
O2
O3
O4
O5
N2
N4
N6

Length (Å)
2.727(2)
2.613(2)
2.578(2)
2.568(2)
2.921(2)
2.696(2)
2.664(2)
2.836(2)
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5.2.4 Solution Thermodynamics of DTPAm and Complex Formation Equilibria with Pb2+
While the original report of DTPAm contained preliminary solution studies on the
ligand, the pH range investigated was somewhat limited (1 < pH < 8) and no investigation of
formation constants was conducted, as chemical exchange-dependent saturation transfer
(CEST) was the primary application of interest. As the goal of this work was to probe this
ligand’s utility as a chelator for lead-based radiopharmaceuticals, solution thermodynamics of
the ligand were studied over a broad pH range (2–10) and complex formation equilibra studied
with Pb2+ to gain insight into the energetic drive towards complex formation of
[Pb(DTPAM)]2+.
While three protonation constants from DTPAm could theoretically be measured, only
two were observed during potentiometric titrations. The more basic proton [pKa = 5.99(1)]
closely matches the previously reported literature value of 6.02(3).220 The more acidic proton
[pKa = 2.33(1)] was not reported in the original work, but was successfully calculated and
refined (with HyperQuad)150 with low standard deviation in this work (Table 5.2).

Table 5.2 Protonation constants of selected ligands.
Equilibriuma

DTPAm

DTPAb

DTPA-BMAb

[HL] ⇆ [L]

5.99(1)c,
6.02(3)d

10.49

9.37

2.33(1)c

8.60

4.38

[H3L] ⇆ [H2L]

-

4.28

3.31

[H2L] ⇆ [HL]

aCharges

omitted for clarity. bRef 223, most acidic protons omitted. cThis work. dRef 220.

An odd feature of these results is the relative acidity of the calculated values,
considering the molecule contains three tertiary amines and no acid functional groups.
Furthermore, only two pKa values were observed despite the fact that three can reasonably be
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discerned. This is analogous to results from solution studies of TCMC, where only two pKa
values could be calculated despite the theoretical observation of four ionisable protons.221 The
addition of a third more basic pKa value to the DTPAm model would seemingly correct both
abnormalities, and match protonation constants of other closely related (Table 5.2); however,
the data suggest only two protonation events over our measured pH range. Figure 5.5a is an
overlay of measured titration data (blue curve) with a model that only considers total base
titrated (no pKa values included; red curve). From this data, we can determine that four
equivalents of base were required to complete the titration, further supported by the addition of
four equivalents of acid prior to the titration. Thus, with the initial quantity of ligand and acid
fixed, the remaining parameters that can be adjusted to fit the data are the pKa values. Figure
5.5b is an overlay of measured titration data (blue curve) with a model that considers total base
titrated and pKa values (red curve). The blue curve comprises data that were used to calculate
the two protonation constants reported above. In this curve, the first two equivalents of acid are
not ligand bound, while the final two equivalents of acid are ligand deprotonation events. The
red curve in Figure 5.5b is a model with three protonation constants (pKa = 9.37, 5.99, 2.33) as
might be expected from the previous comparison with similar ligands. Clearly, the addition of
this third protonation constant is in stark disagreement with the data, not only at the given pKa
point, but with the shape of the entire curve. Also of note in this incorrect model is that the
second equivalent of acid is a ligand deprotonation event, which is unequivocally not the case
based on the experimental data. It is because of these data that we can confidently state that
within our measured pH, only two protonation constants can be measured from DTPAm. The
resultant speciation diagram calculated from DTPAm protonation constants is shown in Figure
5.6.
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a)

b)

Figure 5.5 Experimental (blue) and calculated (red) titration curves for DTPAm; a) calculated curve
does not include pKa values; b) calculated curve includes three pKa values (9.37, 5.99, 2.33).

Figure 5.6 Speciation diagram of DTPAm calculated from values shown in Table 5.2 using HySS
software.153

Following determination of ligand protonation constants, titrations with Pb2+ were
conducted to probe the thermodynamic drive towards complexation. Log β values were
calculated for the [Pb(HxDTPAm)]3-x complex (x = 1, 0, -1), and similar to the free ligand, three
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protonation states and two pKa values were calculated. As can be seen in the corresponding
speciation diagram (Figure 5.7) the protonated complex begins to form at very acidic pH (< 0)
and reaches the deprotonated state just above pH 4. The dicationic complex is the dominant
species in solution across a broad pH range (4-10); above pH 10 the complex becomes a
hydroxo species while simultaneously decomplexing to a significant degree. Complete
hydrolysis of Pb2+ occurs above pH 12, at which point none of the DTPAm complex remains
intact.

Table 5.3 Stepwise stability constants (log K) of DTPAm with Pb2+.

Speciesa

log β

M + L ⇆ ML

8.79(2)

ML + H ⇆ MHL

ML(OH) + H ⇆ ML

aCharges

pKa

11.01(4)

2.22

-1.95(3)

10.74

omitted for clarity

Figure 5.7 Speciation diagram of the Pb2+-DTPAm complex.
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As previously discussed in Chapters 1 and 3 (Sections 1.5.2 and 3.1.2), formation
constants and pM values are useful metrics to compare thermodynamic stability of metal
complexes. Problems can arise; however, when comparing a ligand’s suitability between
metals, as the higher acidity of certain metals (e.g., Fe3+, Zr4+) will lead to generally higher
formation constants and pM values than those of less acidic metals (e.g., Hg2+, Ba2+). While
higher values technically translate to greater stability, values need to be understood as relative.
For example, a ligand capable of achieving a pBa = 15 and pFe = 25 is a very impressive barium
chelator, and a substandard iron chelator, despite what initial values might suggest. In the same
way that metal ion acidity needs to be taken into account when considering solution
thermodynamics, so too do ligand basicities.
Table 5.4 is a comparison of formation constants, pPb values and ligand basicities of
six relevant ligands. The table is divided into three sets of two ligands; within each set is a
carboxylate-containing ligand (e.g, H4DOTA) and the corresponding amide derivative (e.g.,
TCMC). In each case, the carboxylate derivatives are much more basic and achieve higher log
KML values than the amide derivatives. Despite this differential, stability of the lead complexes
of amide-bearing ligands compare well to the carboxylate derivatives. In particular, the drastic
decrease in basicity of DTPAm compared to DTPA is met with only a modest decrease in pPb,
suggesting favourable coordinative geometry about the metal ion. Of the amide ligands;
however, TCMC is more thermodynamically stable than DTPAm. This is likely a result of the
four tertiary amines of TCMC, compared to the three of DTPAm, resulting in significantly
greater basicity.
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Table 5.4 Formation constants, pPb values and basicity of selected ligands.
H4DOTA

TCMC

H4ETDA

EDTAm

H5DTPA

DTPAm

Ligand
Basicity

30.6a

14.9b

22.5a

4.4c

27.7a

8.3d

Log KML

24.3e

≥19b

18.0e

5.9c

18.7e

8.8d

pPbf

18.4e

≥18.4g

15.9e

6.9h

15.0e

9.7d

aRef

224 bRef 221. cRef 225. dThis work. eRef 226. fCalculated from −log [Pb2+]free ([Pb2+] = 10-6 M; [L] = 10-5 M;

pH 7.4) gCalculated in this work, using values from 221. hCalculated in this work, using values from Ref 225.

5.2.5 Radiolabeling and Serum Stability Assay with [203Pb]Pb2+
Concentration-dependent radiolabeling studies of [203Pb]Pb2+ were conducted with
DTPAm to determine the lowest concentration of ligand possible to quantitatively radiolabel a
given amount of activity. Since the gold-standard chelator in the field for radio-lead chelation
is TCMC, labeling results with DTPAm were also compared to analogous studies with TCMC.
Results are summarized in Table 5.5. It should be noted that TLC was used to determine RCY
for TCMC, with EDTA (pH 5, 50 mM) used as a mobile phase to separate the free and chelated
radionuclide (unpublished data kindly provided by A. K. H. Robertson and W. Fu). However,
due to the chemical similarities between [203Pb]Pb2+ and [203Pb][Pb(DTPAm)]2+, no tested TLC
system could separate the free radiometal from complex product. Thus, RCY determination for
DTPAm was achieved using reverse-phase HPLC. Interestingly, even with an isocratic,
aqueous (H2O 0.1% TFA) solvent gradient, the difference in retention time between [203Pb]Pb2+
and [203Pb][Pb(DTPAm)]2+ was 1 min (Figure 5.8).
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Figure 5.8 HPLC radiochromatograms of free [203Pb]Pb2+ (top) and [203Pb][Pb(DTPAm)]2+ (bottom).

Several trends can be noted when comparing the [203Pb]Pb2+ radiolabeling results of
DTPAm and TCMC. While all experiments at [ligand] = 10-4 M have high RCY and all
experiments at [ligand] = 10-6 M have very low RCY, trials with the intermediate ligand
concentration yield the most fruitful data. Under these conditions, DTPAm is a superior
chelator to TCMC, notably at room temperature where TCMC only achieves 81.1% RCY while
DTPAm quantitatively radiolabels. This result highlights the main advantage of using DTPAm,
which is not requiring heat to achieve optimal radiolabeling– an important advantage if
radioimmunotherapy is the desired application. Under elevated temperature, TCMC comes
closer to quantitative radiolabeling, but is still inferior to DTPAm.
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Table 5.5 Concentration-dependent labeling of [203Pb]Pb2+ with DTPAm and TCMC.a
Radiochemical Yield

Ligand
Concentration

DTPAm (RT)b

TCMC (RT)c

TCMC (85oC)c

10-4 M

>99%

96.6%

91.8%

10-5 M

>99%

81.1%

93.4%

10-6 M

<1%

7.1%

18.4%

aLabeling conditions:
bDetermined

pH 7 NH4OAc (1 M) buffer, 30–40

kBq [203Pb]Pb2+ per

reaction. Time and temperature varied.

using reverse-phase HPLC. Mobile phases a) H2O 0.1% TFA b) ACN 0.1% TFA. Gradient: 0–5 min

100% A, 5–15 min 100%A → 100% B.15 min reaction time. cDetermined using SA-TLC plates, mobile phase 50
mM EDTA (pH 5). 30 min reaction time. Data kindly provided by A. K. H. Robertson and W. Fu

Following promising radiolabeling results, investigating the kinetic inertness of the
[203Pb][Pb(DTPAm)]2+ complex was the next goal. Similar to what was done in Section 4.2.4,
the complex was incubated with human serum at 37oC and aliquots taken over time to
determine percent stability. Furthermore, size exclusion (PD10) columns were used to separate
serum proteins with intact complexes to quantify stability. For this experiment to be successful,
the vast majority of activity should be eluted with the serum proteins during the negative control
trial (no chelator added). Unfortunately, during these experiments, no [203Pb]Pb2+ was eluted
with the serum proteins, suggesting Pb2+ does not significantly associate with human serum
proteins. While this is logical considering the low stability constant of Pb2+ with human serum
albumin (log KML = 4.9),227 it precludes comparison of [203Pb][Pb(DTPAm)]2+ serum stability
studies with a negative control, making the PD10 method invalid. Fortunately, another
comparison could be made that provided meaningful data. Following elution of serum proteins
from the PD10 columns, the remaining volume contains [203Pb]Pb2+, be it as a free metal ion
in the case of the negative control, or potentially a complex in the case of the DTPAm trials.
To determine the coordinative state of the radionuclide, HPLC was applied exactly as it was
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during concentration-dependent radiolabeling studies. At the one hour time point, following
elution from a PD10 column, the control solution was injected into an HPLC, and as expected,
activity eluted at the solvent front (tR ~ 3.6), suggesting free [203Pb]Pb2+. The same procedure
was followed for the DTPAm triplicates, and in each case, the activity also eluted at the solvent
front (tR ~ 3.6). This indicates that over the course of the serum stability studies, that
[203Pb][Pb(DTPAm)]2+ complexes fully dissociate over one hour.

Table 5.6 Serum stability of [203Pb][Pb(DTPAm)]2+.
Timepoint

Serum Stability

0h

100%

1h

0%

Whether this rapid dissociation is due to protein–metal interactions, protein–ligand
interactions or perhaps just decomplexation as a result of dilution (which requires a truly low
kinetic barrier), it is clear that this complex is not robust enough to withstand non-optimal
coordination environments. It is postulated that low ligand basicity is a contributing factor to
the low kinetic inertness of the metal complex. Further detail on the shortcomings of DTPAm
and possible means of improvement are discussed in Chapter 7.

5.3 Conclusions
DTPAm was successfully synthesized and fully characterized in agreement with the
previous report from Burdinski et al.220 Cold Pb2+ chelation was studied to gain insight into
species coordination chemistry as a prelude to eventual interest with

203/212

Pb. Beyond
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confirming the formation of a coordination complex through observation of diastereotopic
splitting and a general downfield shift of peaks in 1H NMR, additional structural information
was difficult to garner. X-ray quality single crystals of [Pb(DTPAm)](NO3)2 were obtained and
the structure solved to reveal the expected coordination environment of the complex. The lone
pair of Pb2+ can be seen to distort ligand coordination, resulting in distorted square-antiprism
geometry about the metal ion. Solution studies were conducted to determine ligand pKa values,
and to permit further study into thermodynamics of Pb2+ complexation. Two ligand pKa values
were determined [5.99(1) and 2.33(1)], the more basic being in agreement with the previous
report. Care was taken to ensure that only two values are possible to calculate within the pH
range (0 < pH < 10) investigated. Titrations of Pb2+ and DTPAm revealed three protonation
states and that the complex fully dissociates above pH 12 due to lead hydrolysis. The formation
constant and pPb values were compared to similar amide bearing ligands, as well as their more
basic counterparts. It was noted that despite the modest stability values calculated for DTPAm,
when considering ligand basicity, these values are within the realm of warranting further study
with radionuclides. Concentration-dependent radiolabeling studies with [203Pb]Pb2+ proved
promising, as DTPAm was able to achieve a higher RCY than TCMC at [L] = 10-5 M.
Unfortunately, serum stability studies exposed the lability of the complex, as quantitative
dissociation was noted after just one hour. The high degree of exposure of the metal ion (as
noted in the crystal structure), as well as the low ligand basicity are likely responsible for the
observed low kinetic inertness. Improvements could be made by increasing ligand basicity
(through conversion of 2-3 amides to carboxylic acids) and/or increasing inherent rigidity of
the ligand backbone.
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5.4 Experimental
5.4.1 Materials and Methods
For details regarding synthetic materials or instrumentation, see Section 3.4.1. For details
regarding materials or instrumentation used for radiochemistry, see Section 4.4.1. Lead-203
was kindly provided by A. K. H. Robertson and W. Fu. Briefly, production via 203Tl(p,n)203Pb
was achieved by irradiation of an enriched thallium target with 12.8 MeV protons. Following
dissolution of the target in nitric acid, a Pb resin (Eichrom) was used to retain the [203Pb]Pb2+
while eluting bulk target material. The desired activity was subsequently eluted and used in
radiolabeling studies. Further information can be found in a forthcoming publication.

5.4.2 Synthesis and Characterization
Pentaethyldiethylenetriamine-N,N,N’,N”,N”-pentaacetate (15). Compound 15 was prepared
according

to

the

literature

with

appropriate

characteristic

spectra.220

Briefly,

diethylenetriamine-N,N,N’,N”,N”-pentaacetic acid (10.0 g, 23.2 mmol) was dissolved in
concentrated H2SO4 (4.5 mL) and ethanol (200 mL) and refluxed for 24 h. The solvent was
then evaporated, and the resulting oil diluted with dichloromethane (75 mL). The organic phase
was extracted with a mixture of 1.5 M NaOH (125 mL) and brine (50 mL). Following drying
of the organic phase with MgSO4, the solution was filtered over a neutral alumina plug and
dried to yield pure product (12.0 g, 90%). 1H NMR (300 MHz, 298 K, CDCl3): δ 4.17 (q, 10
H), 3.59 (s, 8 H), 3.49 (s, 2H), 2.83 (q, 8 H), 1.28 (t, 15 H). LR-ESI-MS: calcd for [C24H43N3O10
+ H]+: 534.3; found [M + H]+: 534.3.
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DTPAm (16). DTPAm was prepared according to the literature with appropriate characteristic
spectra.220 Briefly, Compound 16 (2.0 g, 3.75 mmol) was dissolved in 7 N NH3 in MeOH (27
mL). After stirring at room temperature for fourteen days, the white precipitate was filtered and
washed with cold methanol to yield the pure product (1.02 g, 70%). 1H NMR (300 MHz, 298
K, D2O): δ 3.22 (s, 8H), 3.14 (s, 2H), 2.63 (s, 8H). 13C{1H} NMR (75 MHz, 298 K, D2O): δ
177.4, 177.0, 58.2, 57.5, 53.0, 52.8. HR-ESI-MS: calcd for [C14H28N8O5]: 388.2183; [M]
found: 388.2184. Elemental analysis: calcd % for DTPAm•H2O: C 41.46, H 7.43, N 27.63;
found: C 42.02, H 7.02, N 27.06.

5.4.3 Metal Complexation
NMR spectra of [Pb(HxDTPAm)]2-x (x = 1, 0, -1) were obtained by making separate ligand and
metal solutions in D2O (14 mM), and then mixing the solutions in a molar ratio of 1:1.1/L:M
(Vt > 300 µL). If necessary, solution pD was altered with freshly prepared ~0.1 M NaOD
(diluted from 40 wt. % NaOD) and measured with a Ross combined electrode and corrected
pD = pHmeasured + 0.4. Solutions were allowed to stand for at least 15 minutes at room
temperature before collecting NMR spectra.

5.4.4 X-ray Crystallography
Single white needle-shaped crystals of [Pb(DTPAm)](NO3)2 were obtained by recrystallisation
from slow evaporation of acetone into a solution 7 mM solution of the metal complex. Suitable
crystals 0.32×0.27×0.07 mm3 were selected and mounted on a suitable support on a Bruker
APEX II area detector diffractometer. See Section 3.4.4 for further information.
Crystallographic information can be found in Table A.10.
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5.4.5 Solution Studies
Refer to Section 3.4.5 for details regarding data collection, model fitting and plotting of
potentiometric titrations. Protonation equilibria of DTPAm were studied by potentiometric
titrations of solutions containing [DTPAm] = 9.60 × 10-4 M at T = 298 K, l = 0.2 cm and 0.16
M NaCl ionic strength in the pH range 2-11.5. Complex formation equilibria of DTPAm with
Pb2+ was carried out by potentiometric titration ([DTPAm] = [Pb2+] = 6.35 × 10-4 M at T = 298
K and 0.16 M NaCl ionic strength) in the pH range 2-11.5.

5.4.6 Radiolabeling and Serum Stability Studies
Concentration-dependent radiolabeling studies were conducted by diluting an aliquot (100 µL)
of ligand ([L] = 10-x M; x = 3, 4, 5) by a factor of 10 with NH4OAc (1 M, pH 7, 895 µL) and
adding 30-35 kBq of 203Pb (5 µL). Control trials contained 995 µL NH4OAc (1 M, pH 7) buffer
and 5 µL 203Pb solution. The final mixture was incubated at room temperature for 15 min. Initial
attempts to use TLC for RCY determination proved unsuccessful due to similar Rf of free and
complexed activity. Accordingly, reverse-phase HPLC was used to separate the two species
and calculate RCY. Mobile phases a) H2O 0.1% TFA b) ACN 0.1% TFA. Gradient: 0–5 min
100% A, 5–15 min 100%A → 100% B. For the human serum challenge, GE Healthcare Life
Sciences PD-10 desalting columns (size exclusion for MW <5000 Da) and a Capintec CRC 55t
dose calibrator were used, as was previously described.72 Briefly, 44 kBq of [203Pb]Pb2+ was
quantitatively labeled with 10-4 M DTPAm (pH 7), diluted to 1 mL with PBS buffer, then mixed
with an equal volume of human serum and incubated at 37oC. Aliquots were taken at 1 h.
Aliquots were diluted to 2.5 mL with PBS, loaded onto a conditioned PD-10 column and eluted
with an additional 3.5 mL of PBS. Activity of the vial containing the diluted aliquot was
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measured prior to loading of the column (initial activity), as well as following loading (residual
activity). Due to the failure of the negative control (no protein association of [203Pb]Pb2+),
following elution of activity from PD10 columns, the solutions were injected into a reversephase HPLC under identical conditions to those described for concentration-dependent
radiolabeling.

131

Chapter 6. Phosphonate- and Phosphinate-Containing Ligands for Bone
Resorption Disorders
6.1 Introduction
While prior chapters in this thesis focused primarily on chelator development for
radiopharmaceuticals, the principles used to design chelators are similar outside the realm of
radiochemistry. Since the majority of medicinal chelator use is with nonradioactive metal ions
(e.g., MRI contrast agents, iron overload therapy), this final chapter will focus on my
contributions to several projects unified by the use of lanthanum(III) complexes for the
treatment of bone resorption disorders. Moreover, all studied ligands either contain a
phosphonate or phosphinate group, further narrowing the theme of this chapter. H4dppa (20) is
a dipicolinate scaffold bearing a single phosphonate arm, bearing clear resemblance to
H6phospa.151 XT (21) is a tetracarboxylate phosphinate-bearing ligand, most extensively
studied in our group as the lanthanum complex [La(XT)]2-, commonly written as La(XT)
(22).228,229 Lastly, DEDA-(PO) (17) is a ligand similar to XT, with the difference arising from
the amine-bound carboxylates being replaced by an ethylene bridge, as seen in Chart 6.1.230

Chart 6.1 Structures of ligands discussed throughout Chapter 6.
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6.1.1. Dipicolinate Ligands
As described in Chapters 3 & 4, dipicolinate scaffolds are extremely versatile and are
generally well-suited for trivalent metal ions, whether they are small and hard (e.g., Ga3+) or
large and soft (e.g., La3+).81,141 In 2015, our group reported a series of penta- or hexadentate
chelators, all sharing the common dipicolinate (dpa) motif, with both pyridine rings bound to
the same amine via methylene bridge.151 Complexation studies were carried out with Ga3+ due
to the relatively small binding pocket of the dpa series, and La3+ as the work was geared towards
the treatment of bone resorption disorders. While a variety of intriguing experiments probed
the structure and stability of these metal complexes, the primary challenge upon my
introduction to this project was determination of the most acidic phosphonate pKa of H4dppa,
which was presumed to be well below pH 2, on the basis of similar phosphonate-bearing
species.151 The work reported here regarding dpa-type ligands focuses on 1H and 31P{1H} NMR
titrations to calculate the most acidic H4dppa pKa, and validate the method through comparison
of other calculated pKa values. Moreover, the some of the stability constants of the
[La(Hxdppa)]1-x (x = 1, 0, -1) complex were calculated using NMR titrations.

6.1.2. Previous Work with La(XT)
Bis-{[bis(carboxymethyl)amino]methyl}phosphinate (XT) was first synthesized by
Maier and Smith in 1980,231 and was used in our group twenty years ago to produce a number
of lanthanide metal ion complexes, most notably a lanthanum(III) complex, deemed La(XT).232
The primary goal of producing La(XT), and our other lead compound La(dpp)3 (not described
in detail here), was to study its potential to increase bioavailability of lanthanum following oral
administration. This is because lanthanum has been shown to have beneficial effects on patients
133

suffering from osteoporosis, but lacks the natural ability to be taken up in the gut. Accordingly,
a number of studies have previously been performed (primarily by Drs. Y. Mawani, J.
Cawthray, C. Barta and D. Weekes) on our lead compounds to investigate solubility,
lipophilicity, cellular uptake, cytotoxicity and binding to hydroxyapatite.233,234 Briefly, it was
found that both complexes exhibited a significant increase in uptake and permeability of Caco2 cells, which are known to mimic human intestinal tissue.233 MG-63 cells were used to
evaluate the potential toxicity of our compounds to osteoblasts and it was established that
La(XT) and La(dpp)3 are non-toxic to these cells.234 A series of experiments also confirmed
that the structure of hydroxyapatite was not significantly altered by lanthanide incorporation,
or many types of anionic/cationic substitution for that matter.235 Finally, it was determined that
both lead compounds distributed lanthanum short-term in a similar manner, with major tissue
accumulation occurring in the spleen, liver and bone, with effectively no accumulation in the
brain or heart. Moreover, La(XT) was noted as inherently more stable because of its
hexadentate nature, versus the tris(bidentate) coordination of La(dpp)3.228 Moving forward
from these findings, the goal was to determine biodistribution profiles from oral dosing of rats
over four weeks and (in a separate study) three months using ICP-MS.

Chart 6.2 Structures of the two lanthanum-based lead compounds discussed in this section.
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6.1.3. Previous Work with TETA-(PO)2
In 2002, our group reported a multidentate hexaprotic macrocycle, derived from the
macrocycle H4TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid).236 The new
ligand, deemed TETA-(PO)2 differed in its inclusion of ring-bound phosphinate group, which
served to alter the macrocycle ring size and provide additional ionisable protons for potential
coordination with bound metal ions. Fifteen years following the publication of this work, in an
attempt to resynthesize TETA-(PO)2, Dr. Weekes discovered unambiguous evidence (in the
form of a crystal structure) that the previously described fourteen-member macrocycle was in
reality a much smaller, seven-membered ring. Inspection of the synthetic scheme (Scheme 6.1)
illustrates the reason for this outcome; in the absence of metal ion template, the 1:1:2
(EDDA:H3PO2:CH2O) reaction is favoured over the 2:2:4 reaction. Additionally, due to the
symmetry of TETA-(PO)2, the ratio of distinct proton, phosphorous and carbon nuclei is
identical between the two compounds, as well as the mass-to-charge (m/z) ratio.

Scheme 6.1 Reported synthesis of TETA-(PO)2 that resulted in the production of DEDA-(PO).230
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Following the discovery of this error, Dr. Weekes and Dr. Orvig corrected this error in
the literature with a retraction236 and publication230 of a new article. In the process, Dr.
Jaraquemada-Peláez was recruited to conduct solution studies on the new ligand, which
required NMR studies to validate certain aspects of the metal complex speciation. Thus, the
focus of this Chapter 6 subsection will focus on my efforts by 1H and 31P NMR spectroscopy
to confirm her observations made during potentiometric titrations.

6.2 Results and Discussion
6.2.1 Synthesis of H4dppa, LaXT and DEDA-(PO)
The synthesis of H4dppa is a straightforward process first involving an aza-Michael
addition, followed by a simple SN2 reaction, then completed by acid-mediated ester
deprotection (Scheme 6.2). The aza-Michael addition is the most challenging reaction of the
three due to the possibility of a doubly- or triply-alkylated amine. The kinetics of addition are
dependent on the amine nucleophilicity; thus, upon standard mixing of the reagents, aqueous
ammonia is converted to a primary amine (18), giving the desired product the natural propensity
to over-alkylate faster than it is being formed (since nucleophilicity follows the trend: NR3 >
NHR2 > NH2R > NH3). To counter this tendency, the reaction was carried out by adding the
Michael-acceptor (diethyl vinylphosphonate) dropwise to a very dilute and cold solution of
aqueous NH4OH. In this way, the drastic concentration differential between ammonium and
the desired product (18) ensured the kinetics of over-alkylation be overcome by the higher
concentration (and therefore probability of addition) of the starting amine. A maximum of four
hours was found to be the optimal balance between product yield and minimal side-product
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formation. Due to the difficulty purifying the primary amine product (18) and the compatibility
of the crude mixture in the following step, no purification step at this stage was necessary.

Scheme 6.2 Synthesis of H4dppa. Reproduced from reference 151.

The SN2 reaction was carried out with crude product (18) and the bromopicolinate (4)
described in Chapters 3 & 4. The reaction proceeds under expected conditions (i.e., K2CO3,
ACN, 60oC) and the product is easily purified via silica column chromatography to yield the
protected ligand (19). Lastly, the methyl esters and ethyl phosphate esters are deprotected by
refluxing in conc. HCl, inducing acid-mediated hydrolysis. The product is purified following
evaporation of aqueous HCl, dissolution in minimal water and precipitation in acetone (much
like for ligands in Chapter 3), yielding H4dppa as an HCl salt.

Scheme 6.3 Synthesis of K2[La(XT].232
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The syntheses of the ligand XT and final lanthanum(III) complex LaXT (Scheme 6.3)
are straightforward and well established in the literature.232 Their brief inclusion in this thesis
is primarily to point out the scalability of these reactions. In order to complete three-month
animal studies on ~18 Sprague-Dawley (SD) rats receiving 100 mg/kg/day, 200 g of LaXT was
needed! H5XT was synthesized several times in batches of 54 g (0.4 mol) of iminodiacetic acid
starting material, yielding approximately 60 g of product (0.17 mol, 42% yield). While no
existing literature value exists from our group, this yield is closely related to the small-scale
preparation reported in 2013.237 The subsequent complexation reactions with La3+ were
completed on scales of 20–35 g of H5XT (60.0–95.5 mmol) and 23–41 g of La(NO3)3·6H2O
(60.0–95.5 mmol).
Synthesis of DEDA-(PO) (Scheme 6.1) is a simple, one-step, Kabachnik-Fields
reaction, which results in bridging of the EDDA and hypophosphite units. Vacuum filtration
and washing with cold acetone yields the pure product.

6.2.2 1H and 31P{1H} NMR Titrations of H4dppa and [La(Hxdppa)]x-1 (x = 1, 0, -1)
1

H and

31

P{1H} NMR titrations were conducted to calculate the most acidic H4dppa

pKa. The method was validated through comparison of NMR calculated pKa values with
previously calculated values using potentiometric titrations. Forty-two in-batch solutions were
made using a 10 mM dppa ligand solution and DCl/NaOD solutions depending on the desired
solution pD. Spectra were taken of each sample, and chemical shifts of each 1H or 31P plotted
vs. solution pH (pH = pD + 0.4)238 using HypNMR2008.149 Log Ka values for dppa were
calculated by simultaneously refining 1H and 31P experimental chemical shifts.
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Table 6.1 Comparison of the stepwise protonation constants for dppa obtained by NMR titrations and
potentiometry. Reproduced from reference 151.

Species
log Ka1
log Ka2
log Ka3
log Ka4
log Ka5

Hdppa3H2dppa2H3dppaH4dppa
H5dppa+

31

P{1H} and 1H NMR log Ka
8.54(2)
6.33(5)
3.55(6)
2.78(1)
0.78(4)

Potentiometry log Ka
8.51(2)
6.33(3)
3.63(4)
2.76(2)
ND

ND = not determined

As can be noted from Table 6.1, the values calculated from NMR titrations are in
excellent agreement with values calculated using potentiometric titrations, and therefore are
considered valid. Additionally, it was possible to calculate the previously undetermined lowest
pKa for dppa using NMR titrations (log Ka5 = 0.78), which has been attributed to the more acidic
phosphonate proton. Not only does this value match other literature precedents,142,239 but the
large shift in the 31P{1H} NMR (Figure 6.1) signal is indicative of phosphonate deprotonation.
Similar logic was used to attribute the other phosphonate pKa to log Ka2 (6.33). Two consecutive
protonation constants occur at the picolinic acid groups between the phosphonate protonation
events (log Ka3 = 3.55; log Ka4 = 2.78). The highest dppa pKa was assigned to the tertiary amine
group (log Ka1 = 8.54). Interestingly, the large shift in the 31P{1H} NMR (Figure 6.1) signal at
pKa5 is likely due to hydrogen bonding between the deprotonated phosphonate and the
protonated amine, as has been noted in similar R3HN+–(CH2)n–P(O)–O- (n = 1, 2) species.240
Following determination of all dppa pKa values, focus turned to the study of La3+
complexation. As was the case for protonation constants, the primary means of stability
constant determination for the La-dppa system was potentiometric titration. Table 6.2 and
Figure 6.2 contain calculated [La(Hxdppa)]x-1 (x = 1, 0, -1) stability constants and complex
speciation respectively.
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Figure 6.1 Plot of pH dependent 31P chemical shift applied to calculate pKa values of H4dppa using the
HypNMR2008 software. Reproduced from reference 151.

Figure 6.2 Speciation diagram for the La3+-dppa system derived from Table 6.2 (298 K, I = 0.16 M
NaCl). [La3+] = 6.64 × 10-4 M; [dppa] = 6.55 × 10-4 M. Reproduced from reference 151.
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Table 6.2 Lanthanum complex formation constants for dppa.a Reproduced from
reference 151.

aStandard

Species

log β

MLH

18.26(6)b

ML

13.99(6)c

4.27

MLH-1

3.43(7)c

10.56

pLad

13.8

pKa

deviations are reported in parentheses after the experimentally determined values. bDetermined via

NMR titrations. cDetermined via potentiometric titrations using HyperQuad2013.150 dCalculated from −log
[La3+]free ([La3+] = 10-6 M; [L] = 10-5 M; pH 7.4; 298 K; I = 0.16 M NaCl).

While the calculated stability constants and pLa for the La-dppa system seemed
reasonable, the beginning of complex formation below pH 2 precluded the use of potentiometry
to verify the validity of this aspect of the model. In order to prove complex formation occurs
as the model predicted, 1H and 31P{1H} NMR titrations were conducted.
As seen in the 1H NMR spectrum of a 1:1.5 La/dppa solution (Figure 6.3), complex
formation is evidenced by the emergence of two signals for the diastereotopic methylene
protons (δ 4.1 and 3.8) above pH 1.8. While the methylene signal resulting from uncoordinated
dppa likely decreases as the pH increases (as with dpa), the residual solvent peak (H2O)
precludes analysis of these signals. Complex formation is supported by the disappearance of
ethylene proton signals of the arm of the uncoordinated ligand (δ 3.75 and 2.35) above pH 1.8
and the emergence of new signals (δ 2.83 and 1.83), which are attributed to the same protons,
but in the complex rather than free ligand form. These spectra confirm that the phosphonate
moiety is coordinating the lanthanum ion from the onset of complex formation and likely
contributes significantly to the overall stability of the complex. The speciation diagram (Figure
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6.2) produced from titration data confirms this hypothesis, as initially the LaHdppa species is
formed >50% at pH ~ 2.2 and the phosphonate-bound proton is lost with pKa = 4.17. The
assignment of this deprotonation event occurring at the phosphonate was confirmed by 31P{1H}
NMR titrations (Figure 6.3).
From the speciation diagram, the [La(Hxdppa)]x-1 (x = 1, 0, -1) complex exhibits
favorable speciation across a broad pH range, as at physiological pH, only the 1:1:0
metal/ligand/proton species is present. Moreover, the log βML value illustrates that the
phosphonate moiety leads to a 1:1 La3+ complex approximately 3−4 orders of magnitude higher
than the unfunctionalized ligand (dpa).151 The pM value also confirmed the contribution from
the phosphonate group greatly enhancing stability.

Chemical shift 31P (ppm)

22
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Pcomplex
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21.6
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Figure 6.3 (left) Portion of the 1H NMR spectra for the La3+-dppa system at various pH levels (400
MHz, 298 K); [La3+] = 0.010 M; [dppa] = 0.015 M. (right) 31P{1H} NMR chemical shift dependence on
pH of the La3+-dppa system ([La3+] = 0.010 M; [dppa] = 0.015 M) at 298 K. Reproduced from reference
151.
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6.2.3 ICP-MS of Animal Tissues to Determine La Content Following La(dpp)3 and
La(XT) Dosing
Tissue distribution in healthy SD rats (n = 4) from oral dosing (50 mg kg-1 day-1) of
either La(dpp)3 or La(XT) for 4-weeks was obtained by ICP-MS analysis and is shown in
Figure 6.4. La(XT) was administered as a 1% glycerine solution in water (v/v). Two La(dpp)3
formulations were tested due the low water solubility of the complex.

Figure 6.4 (left) La3+ tissue distribution from the oral administration of La(dpp)3 (two formulations) or
La(XT) (50 mg/kg/day) in healthy female SD rats (n = 4; mean std. dev.). The control group (no drug
given) is also included; (right) La3+ distribution within the femurs of SD rats (n = 4) in hip, mid, and
knee sections from the oral administration of La(dpp)3 (two formulations) or La(XT) (50 mg/kg/day)
for 4-weeks, relative to a control (no drug) group. Reproduced from reference 229.

Lanthanum(III) concentrations in all tissues following oral dosing with either
compound are significantly lower than those following IV administration (see Weekes et al.
2017).229 This was an expected result considering the poor bioavailability of La3+. For La(dpp)3,
detected La3+ concentrations in the kidney, spleen, brain and heart are not statistically different
from the control group (no drug administered). Only minor uptake in the liver, small intestine,
and femur was noted with both formulations. For La(XT), greater levels of La3+ in the liver,
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spleen, kidney, small intestine, and femur were detected, compared to La(dpp)3. Specifically,
the liver and femur exhibit 3–5 times higher La3+ levels for La(XT) dosed groups (187 ± 35
ng/g, 156 ± 32 ng/g, respectively) than for either formulation of La(dpp)3 (26 ± 8 ng/g, 36 ± 4
ng/g for CMC; 37 ± 8 ng/g, 46 ± 10 ng/g for Gel/Pec, respectively). While La3+ is known to
accumulate at greater levels in the liver relative to other organs, these levels plateau after about
6-weeks with no observable adverse effects after extended (20-weeks) oral dosing of La2(CO3)3
(1000 mg/kg/day) in Wistar rats.241 Our results confirm previous findings that demonstrate
La3+ ion redistribution occurs in the bone.229 This observation is indeed noteworthy when
considering Figure 6.4, which suggests that following La(XT) administration, La3+ is retained
within osseous tissue. These findings suggest that selective bone accumulation of La3+ can be
achieved.
Lanthanum distribution in the hip, mid, and knee sections of femurs following oral
dosing with the lanthanum complexes was also assessed. The results (Figure 6.5) indicate
superior lanthanum delivery to bone with La(XT) administration versus La(dpp)3. The distinct
differences are in the knee and hip sections, which undergo a higher degree of bone turnover.
This indicates that increased rate bone turnover lead to higher incorporation of the metal ion
into bone mineral.
From results presented thus far (both past and present), evidence that La(XT) is the
prime drug candidate of the two systems is clear. Administration of La(XT) exhibits greater
La3+ uptake in the bone; greater metal ion redistribution from the liver; and more favourable
kinetic/thermodynamic properties than La(dpp)3.229 Furthermore, neither formulation of
La(dpp)3 improved uptake of the drug. Overall, these results have prompted further studies to
focus exclusively on La(XT).
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Figure 6.5 (left) La3+ distribution in tissue resulting from 3 different dosing levels of La(XT) (50, 100,
and 200 mg/kg/day) and compared to a control group (no drug) in female SD rats (n = 4; mean std.
dev.). *p < 0.05 versus previous treatment group. (right) La3+ distribution in femurs of SD rats (n = 4)
following oral administration of La(XT) (50, 100, or 200 mg/kg/day) for 4-weeks relative to a control
(no drug). *p < 0.05 versus previous treatment group. Reproduced from reference 229.

The biodistribution profile of La3+ from three different dosing levels (50, 100, and 200
mg/kg/day) of oral administration of La(XT) at 4 weeks in healthy female SD rats (n = 4) is
shown is Figure 6.5. Heart and brain uptake are very low across all concentrations (<16 ng/g),
indicating no tendency for drug distribution to these organs. A clear dose-dependent
relationship is evident in all other tissues. As was noted in earlier studies, La3+ levels are highest
in the femur and liver, which are the chief organs of localization and accumulation,
respectively.
A roughly proportional (statistically significant with p < 0.05) increase in La3+ levels in
the small intestine, liver, femur (hip and knee sections) and spleen is observed when comparing
the low (50 mg/kg/day) and the mid (100 mg/kg/day) dosing levels However, only a nonstatistically significant (p > 0.05) difference in femur La3+ is observed when comparing the mid
and the high (200 mg/kg/day) dosing levels. When taken with a significant (p < 0.05) increase

145

in liver and small intestine La3+ increase, the conclusion was that 100 mg/kg/day is the optimal
oral dosing rate for future trials.

6.2.4 NMR Studies with DEDA-(PO) and La3+
Potentiometric titrations with DEDA-(PO) and La3+ (not discussed in detail here) were
conducted to evaluate complex stability and metal scavenging ability of the ligand. The
calculated stability constants were then used to create 1:1 and 1:2 (M:L) speciation diagrams,
which are presented in Figure 6.6. These speciation diagrams reveal that when the solution
contains a 1:1 metal-to-ligand ratio, the initial 1/1/0 (metal/ligand/proton) complex forms to a
significant degree around pH 3 and persists until approximately pH 9, at which point the 1/2/0
complex is formed. When considering a solution with a 1:2 metal-to-ligand ratio, the 1/1/0
complex similarly forms around pH 3; however, only persists to pH 5, as the 1/2/0 complex
forms at higher pH. While it is logical that a system should have a higher propensity to form a
1:2 metal-to-ligand complex when an excess of ligand is present (as opposed to when no great
excess of ligand exists), the atypical stoichiometry of the system prompted further efforts to
validate the model.
Accordingly, two NMR titrations were conducted to attempt to observe formation of
the 1:2 (M:L) complex at different pH values and metal-to-ligand ratios The 1H NMR spectra
in Figure 6.7 illustrate complex formation with increasing pH in solutions with 1:1 and 1:2
metal-to-ligand ratios. As seen in the 1:1 1H NMR spectra, complex formation begins between
pH 2.1 and 2.6. The 1:1 complex (labeled “A”) is fully formed by pH 3.9 and persists until pH
9.4, at which point formation of another species occurs. At pH 10.4 a distinct complex (labeled
“B”) has formed, and according to the calculated model, this is the 1:2 complex. Indeed, the
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progression of complexation with increasing pH matches closely for solutions containing a 1:1
metal-to-ligand ratio, so next a solution with 1:2 ratio was observed.
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Figure 6.6 Speciation diagram of the La3+–DEDA-(PO) system from potentiometric titrations. (25 °C,
I = 0.16 M). a) [L] = 8.11 x 10-4 M; [La3+] = 7.70 x 10-4 M. b) [L] = 9.52 x 10-4 M; [La3+] = 4.67 x 10-4
M. Reproduced from reference 230.

Similar to the 1:1 system, complex formation occurs between pH 2.2 and 3.4 in the 1:2
system. By pH 4.7; however, the 1H NMR spectrum begins to closely resemble “B” from the
above NMR titration, which was previously attributed to the 1:2 complex. By pH 6.3, the 1:2
complex appears to be fully formed, and remains intact until the highest measured pH (11.3).
These observations provide evidence that the model calculated from potentiometric titrations
is accurate. Not only does the model predict the pH at which complexes initially form, but it
also correctly predicts the existence of the 1:2 complex at high pH in the 1:1 system, yet at
much lower pH in the 1:2 system. The 31P NMR similarly fits the model, and can be seen in
Figure 6.8.
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Figure 6.7 Portions of the 1H NMR spectra of the La3+-DEDA-(PO) system (400 MHz, 298 K): (left)
1:1 M/L molar ratio and [L] = 0.008 M; (right) 1:2 M/L molar ratio and [L] = 0.008 M. A: La(DEDA(PO)). B: La(DEDA-(PO))23-. Reproduced from reference 230.

Figure 6.8 Portions of the 31P NMR spectra of the La3+-DEDA-(PO) system (162 MHz, 298 K): (left)
1:1 M/L molar ratio and [L] = 0.008 M; (right) 1:2 M/L molar ratio and [L] = 0.008 M. A: La(DEDA(PO)). B: La(DEDA-(PO))23-. Reproduced from reference 230.
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6.3 Conclusions
Three ligands were successfully synthesized and characterized, each possessing the
unifying theme of containing a coordinating phosphinate or phosphonate functional group, and
each intended for study with La3+.
H4dppa bears a single phosphonate group that was shown to enhance thermodynamic
stability when coordinating La3+. Following potentiometric titrations to determine ligand pKa
values, 1H and

31

P NMR titrations were conducted to validate values and calculate the most

acidic pKa, which was hypothesized to fall below the acceptable pH range (pH > 2) for electrode
use. The NMR titrations indeed validated values calculated by potentiometry, and were then
used to calculate the most acidic protonation constant (pKa5 = 0.78). NMR titrations were also
used to confirm complex formation near pH 4, as predicted by the speciation diagram, and
calculate the first pKa of the [La(Hxdppa)]x-1 (x = 1, 0, -1) complex. This deprotonation event
was determined to take place at the phosphonate group via 31P{1H} NMR.
La(XT) was synthesized on a large > 200 g scale to accommodate a three-month study
in ~18 SD rats, demonstrating the scalability of this straightforward synthesis. Tissues were
analyzed by ICP-MS to determine lanthanum concentration based on administered drug (i.e.,
La(XT) or La(dpp)3) and dose (i.e., 50, 100 or 200 mg/kg/day of La(XT)). Through comparison
of lanthanum distribution between drugs, it was determined that La(XT) should be the lead
compound moving forward. This was due to the greater propensity of La(XT) to induce La3+
bone uptake, which was hypothesized to be a consequence of superior complex stability,
resulting in greater metal-ion uptake in the gut following oral drug administration. A
subsequent variable-dose trial with La(XT) determined that 100 mg/kg/day was an optimal oral
dose, as 100 mg/kg/day leads to a dose-depending increase of La3+ femur incorporation over
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50 mg/kg/day. Moreover, an oral dose of 200 mg/kg/day does not significantly increase La3+
incorporation into bone, but results in higher concentrations of La3+ in the small intestine and
liver.
The true identity of DEDA-(PO) was discovered through a crystal structure of a
previously assumed TETA-(PO)2 solution. New solution studies were conducted to re-evaluate
the ligand stability with divalent (i.e., Ca2+, Zn2+, Cu2+) and trivalent metal ions (i.e., La3+, Gd3+,
Lu3+). To confirm the calculated model for [La(DEDA-(PO)] was accurate, NMR titrations
with 1:1 and 1:2 metal-to-ligand ratios were conducted. In 1H NMR spectra, the formation of
the 1:2 complex was evident at very high pH (10.4) in the 1:1 solution, while 1:2 complex
formation was evident at acidic pH (4.7) and persisted until the highest measured pH (11.3).
Similar results were noted for the

31

P NMR titration. Ultimately the NMR titrations were

deemed to support the calculated model for the La3+–DEDA-(PO) system.

6.4 Experimental
6.4.1 Materials and Reagents
For details regarding synthetic materials or instrumentation, see Section 3.4.1. Nitric acid
Optima and high purifty hydrogen peroxide for digestion of ICP-MS samples were purchased
from Fisher Scientific. Lanthanum and rhodium standards (1000 µg/mL in 2% HCl) for
standard curve calibration in ICP-MS were purchased from High Purity Standards.
All animal studies were carried out at the University of Saskatchewan and were approved by
that institution’s University Animal Care Committee and performed in accordance with the
guidelines outlined by the Canadian Council on Animal Care. All rats had free access to food
and water throughout the study period. All oral formulations/solutions were administered
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through oral gavage. Rat body weights were measured regularly and the oral dose adjusted
weekly. Further information regarding animal procedures can be found in references 231 and
244.

6.4.2 Instruments
For details regarding potentiometric titrations, see Section 3.4.5. For details regarding synthetic
instrumentation, see Section 3.4.1. ICP-MS was run using an Agilent 7700x quadrupole
machine equipped with an auto-sampler (PCIGR, Earth and Ocean Sciences, UBC). All
glassware, vials, Eppendorf tubes, pipette tips etc. were prewashed by soaking overnight in
HNO3 (2%) and thoroughly rinsed with MQ water.

6.4.3 Synthesis and Characterization
DEDA-(PO)·HCl (17) was prepared according to the literature preparation with appropriate
characteristic spectra.230 Briefly, N,N’-ethylenediaminediacetic acid (3.5 g, 20 mmol) and
hypophosphorous acid (50% w/w, 2.2 mL, 20 mmol) were dissolved in 6 M HCl (20 mL) and
heated to reflux. Formaldehyde (37% w/w, 6.4 mL, 80 mmol) was added dropwise over 1 h.
After 4 h, a white precipitate evolved from the reaction mixture. The solid was filtered using a
sintered glass funnel, washed several times with 2−3 mL portions of cold methanol, followed
by cold acetone. In vacuo drying overnight yielded H3DEDA-(PO)·HCl as a fluffy white solid
(2.84 g, 9.4 mmol, 47% yield).

Dimethyl

6,6'-(((2-(diethoxyphosphoryl)ethyl)azanediyl)bis(methylene))dipicolinate

(19):

Diethyl vinylphosphonate (1.00 g, 6.1 mmol) was dissolved in distilled water (25 mL) and
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added to a dropping funnel. The phosphonate solution was then added dropwise to a 100 mL
round bottom flask containing 28% aqueous NH4OH (25 mL) at 0oC. The reaction mixture was
allowed to stir for 12 hours. Solvent was evaporated to yield crude product (18), which was
added to a suspension of K2CO3 (1.6 g, 11.6 mmol) and ACN (100mL) in a 250 mL round
bottom flask. (4) (2.4 g, 10.5 mmol) was added to reaction mixture and stirred at 60oC for 48
hr. The solution was quenched with distilled water, extracted with dichloromethane (3 x 100
mL), the organic phases combined and dried over anhydrous MgSO4. After filtration, the crude
product was adsorbed to silica and purified by silica chromatography (CombiFlash Rf
automated column system 40 g HP silica; solid (pause) preparation; A: DCM, B: MeOH, 100%
A to 20% B, to yield the pure product (yield over 2 steps 54%, 1.57 g). 1H NMR (400 MHz,
D2O, 25oC): 8.02 (m, 4H), 7.84 (m, 2H), 4.01 (m, 4H), 2.95 (m, 2H), 2.05 (m, 2H), 1.25 (t, 6H).
LR-ESI-MS: calcd for [C22H30N3O7P + Na]+ = 502.2; found [M + Na]+ = 502.1.

H4dppa (20): Compound 19 (1.57 g, 3.3 mmol) was dissolved in conc. HCl (20 mL) in a 50
mL round bottom flask and was stirred and heated to reflux for 24h. Evaporation of solvent
yielded pure product as HCl salt (85%, 1.10 g). 1H NMR (400 MHz, D2O, 25oC): δ 7.99 (d,
2H), 7.94 (t, 2H), 7.59 (d, 2H), 4.78 (s, 4H), 3.97 (m, 2H), 2.35 (m, 2H). 31C{1H} NMR (400
MHz, D2O, 25oC): δ 167.1; 149.7; 146.5; 139.7; 128.1; 125.2; 58.3; 52.7; 23.5, 22.2 (d).
31

P{1H} NMR (400 MHz, D2O, 25oC): δ 16.6. LR-ESI-MS: calcd for [C16H18N3O7P + H]+ =

396.1; found [M+H]+ = 396. Elemental analysis: calcd % for C16H18N3O7P·HCl: C 44.51, H
4.44, N 9.73; found: C 44.28, H 4.64, N 9.40.
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H5XT (21) was prepared in large scale (54 g iminodiacetic acid used) according to the literature
preparation with appropriate characteristic spectra.232

K2[La(XT)]·xH2O (22) was prepared in several batches using H5XT (34.0 g, 95.5 mmol) and
La(NO3)3·6H2O (41.4 g, 95.5 mmol) per batch, according to the literature preparation with
appropriate characteristic spectra.232

6.4.4 1H and 31P{1H} NMR Titrations of H4dppa, DEDA-(PO) and Their La3+
Complexes
Protonation constants for the dppa ligand were determined by 1H and 31P{1H} NMR titrations
using the HypNMR2008 program.149 Solutions of the ligand (10 mM) in D2O were prepared at
different pD levels, adjusting with dilute NaOD or DCl. The pD values were measured via an
electrode (Mettler Toledo) and corrected to pH for the deuterium isotopic effect by the relation
pD = pH + 0.4.238 The pKa was calculated using the HypNMR2008 program.149 Complex
formation constants of [La(dppa)] were determined by 1H NMR titrations. Spectra of 15 mM
lanthanum-ligand solutions were collected in approximately a 1:1.5 ratio in D2O at 298 K at
various pD levels, and the concentrations of La3+ ions were achieved by using a stock
deuterated aqueous acidic solution of LaCl3.
The NMR spectra of DEDA-(PO) and the La3+-L solutions ([DEDA-(PO)] = 0.008 M and La:L
ratios 1:1 and 1:2) were recorded at variable pH values. The pD was adjusted by adding DCl
or NaOD, and the pH was calculated as pD = pH + 0.4.238
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Chapter 7. Ongoing Work and Future Studies
7.1 Ongoing Work
A number of improvements to the established

120m

Sb separation and radiolabeling

procedures are ongoing. While the liquid-liquid extraction method is relatively robust, as
discussed in Section 2.2.3, a chromatography-based method would be preferable to reduce
waste and activity handling times. While the reported cation-exchange chromatography method
was successful, elution with NaOH (1 M) is non-optimal. Moreover, the scales performed thus
far have been on the order of 1 mL (of a 12 mL) target solution. Work is currently being
undertaken to improve both of these shortcomings. While elution of 120mSb as antimonate with
NaOH (1 M) is effective in terms of radiochemical separation, further use of the hydrolyzed
species has not yet been successful. Since formation of an anionic complex is a necessity for
elution, current efforts are underway to induce elution via chelation. While common chelators,
such as EDTA, may be satisfactory, the ideal scenario is one in which the chelator is also a
reducing agent, as it would remove a step in subsequent radiolabeling steps. While preliminary
experiments have been conducted, significant solid-phase retention of

120m

Sb remains a

challenge.
Radiolabeling results reported in Section 2.2.4 could also be improved. I believe that
the major obstacle to achieving rapid quantitative radiolabeling with the existing method is the
0.1 M citrate present in 120mSb solutions used for labeling. Having mercaptoacetate in solution
instead of citrate would drastically accelerate the radiolabeling process by removing interfering
chelating agents, as well as eliminate the need for the multi-hour reduction step. This is being
investigated as described above, as well as by using mercaptoacetate in back-extractions,
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instead of citrate. In either case, this would likely lead to faster radiolabeling, with the potential
to achieve a quantitative RCY and higher molar activity.
Chapter 3 focuses on three phosphonate chelators for medicinal inorganic applications.
While the experimental data presented in this thesis is thorough, presented data from DFT
calculations was truncated due to time constraints. Far more data remains to be analyzed, and
will be included in the full publication, which is currently in preparation.
Chapter 5 explores the utility of DTPAm as a chelator for lead-based radiopharmaceuticals.
While most metrics were promising, kinetic inertness of [203Pb][Pb(DTPAm)]2+ was
insufficient for in vivo use, likely as a result of low ligand basicity and lack of ligand rigidity.
Chart 7.1 is a comparison of DTPAm with two other ligands that are currently of interest.
DTPA-BMA is not a novel ligand, as it is the ligand used for the gadolinium-based contrast
agent, Omniscan.243 While significant research has surrounded DTPA-BMA towards MRI
imaging, no reports have ever investigated its use for Pb2+ chelation. Going further, it is known
that adding a cyclohexyl backbone to DTPA increases structural rigidity and kinetic inertness
of resultant complexes;244 thus applying this principle to DTPA-BMA would result in
CHXDTPA-BMA, which is presented here as a lead compound of interest. Study of DTPABMA is currently underway, but will conceivably lead to CHXDTPA-BMA if the expected
improvements in stability and inertness are realized.

Chart 7.1 Comparison of DTPAm and suggested ligands for future lead-based radiopharmaceuticals.
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7.2 Future Studies
The contents of Chapter 2 are largely radiochemistry-based, and could benefit from cold
chemistry to support explanations of phenomenon. The most pressing matter is characterization
of the antimony(III)-trithiol complex, ideally by XRD, but also by NMR spectroscopy. It is
postulated that the complex closely resembles that of the arsenic(III)-trithiol complex,123 with
trigonal pyramidal geometry capped by a lone electron pair; however, structural evidence is
mandatory to make this assertion. Radiolabeling studies in Chapter 2 are limited to the trithiol
ligand that was found to successfully radiolabel. While conditions of this system should be
tuned to achieve optimal RCY and molar activity, other ligands may also yield fruitful results.
Indeed, no successful [120mSb]Sb5+ radiolabeling was observed with a variety of hard ligands;
however, few chelators were tested for radiolabeling with [120mSb]Sb3+. In comparison, the
trivalent species is far softer than the pentavalent, but overall still relatively high charge. A
broader range of ligands should be tested to determine the ideal antimony chelator, since no
such work has ever been conducted in the literature.
Chapters 3 and 4 focus on chelators bearing both phosphonate and picolinic acid
moieties. While all four chelators are capable of thermodynamically stable complexes, it
appears that the combination of phosphonate coordination on acyclic ligands introduces too
much lability into a system that requires robustness. To combat the inherent kinetic inertness
of these ligands, introduction of a cyclohexyl backbone would likely induce some degree of
inertness (Chart 7.2). Perhaps more promising would be incorporation of both functional
groups on a macrocycle to ensure kinetic inertness, while maintaining relatively fast
radiolabeling conditions thanks to the rapid binding kinetics of phosphonates. Another
interesting alteration would be combining phosphonates with oxinates. The “ox” family has
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recently become an exciting topic of interest in our group due to the inherent rigidity and
increased basicity of 8-hydroxyquinloine over picolinic acid.245 Unfortunately, these aromatic
systems suffer from poor solubility in aqueous solution. The incorporation of replacement of
carboxylic acids with phosphonate groups in H4octox199 (for example) would greatly increase
ligand and resultant metal complex solubilities because of the additional anionic charge, which
would be left free for solvation during complexation. A foreseeable challenge of this endeavor
would be synthesis, as performing a Mannich reaction on H2hox245 is challenging due to poor
HCl solubility. Synthesis of ethylenediamine di(methylene phosphonic acid) via
protection/deprotection would likely first be necessary prior to addition of 8-hydroxyquinoline
groups.

Chart 7.2 Phosphonate-bearing ligand of potential future interest.

Of the ligands explored in Chapters 3 and 4, radiolabeling was only studied with
[111In]In3+ and H6dappa. Although it has not yet been studied in recent literature to any
significant degree, the hard nature of Sc3+ may be a natural pair with phosphonates.
Radiolabeling studies with H6phospa, H6dipedpa, H6eppy and H6dappa would yield interesting
radiolabeling results with [44/47Sc]Sc3+. Interestingly, it has also been demonstrated that
phosphonate-bearing macrocycles exhibit favourable radiolabeling with [213Bi]Bi3+.246 Given
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this unlikely comparison, there is also a compelling case for study of the aforementioned
ligands with [213Bi]Bi3+ to ascertain any previously improbable compatibility.
The major significance of the research outlined in this thesis is threefold. The separation
radiochemistry outlined in Chapter 2 is a stepping stone for future radionuclide production,
purification and radiolabeling, and will help further the eventual study of 119Sb in vivo, so the
efficacy of top candidate Auger electron emitters can be realized. Several chelators designed
for radiopharmaceuticals are outlined in Chapters 3–5. These studies contribute knowledge to
the rational design of bifunctional chelators and outline how to both emulate desirable traits
and avoid characteristics that lead to non-ideal behaviour. In both cases, this work has added
to the wealth of knowledge geared towards making new and better bifunctional chelators.
Lastly, the crux of this research revolves around coordination chemistry. The work outlined in
Chapters 3–6 explore chelators with a wide variety of properties (e.g., denticities, functional
groups, geometries) and their coordination with an array of metal ions. From structural
information to thermodynamics of their complexes, this research broadly contributes to a core
interest of inorganic chemistry, the fundamental relationship between ligand structure and
metal ion coordination.
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Appendices
Appendix A. Supplementary Data for Chapter 2
Table A.1 Total activities of 120mSb and 117mSn measured from target solution.a

Radionuclide

Target Solution Activity (Bq/mL)

Total Activity (kBq)b

1.19 × 105
2.37 × 103

1.42 × 103
2.85 × 101

120m

Sb
117m
Sn
aActivities

decay corrected to EOB bTotal volume 12 mL.

Table A.2 Activities following liquid-liquid extraction of tin target.a
120m

Sb Activity
(Bq/mL)

Solution

120m

Sb Activity
Error (Bq/mL)

117m

117m

Sn Activity
(Bq/mL)

Sn Activity
Error (Bq/mL)

Target Solution

1.19 × 105

3.71 × 103

2.37 × 103

3.96 × 102

Extracted Target Solution

3.46 × 103

2.67× 102

1.99 × 103

2.01× 102

HCl Wash #1

0

0

0

0

HCl Wash #2

5.02 × 102

1.07× 102

0

0

Extracted Ether

5.12 × 10

2

3.15× 10

0

0

Final Citrate Solution

1.04 × 105

3.30 × 103

0

0

aActivities

3

decay corrected to EOB. Activity error reported directly from gamma spectrometer following data collection.

Table A.3 Activities of 120mSb and 117mSn expressed as a fraction over total target solution activity.a
120m

117m

Solution

Sb Activity
(/initial activity)

Sn Activity
(/initial activity)

Extracted Target Solution
HCl Wash #1
HCl Wash #2
Extracted Ether
Final Citrate Solution

0.04 ± 0.003
0.00
0.01 ± 0.001
0.05 ± 0.004
1.09 ± 0.05b

1.05 ± 0.2
0.00
0.00
0.00
0.00

aValues

calculated by solution concentration and volume, while correcting for sacrificed volume. Activity then divided by

initial target solution activity. Reported error propagated from experimental data. bInflation likely due to evaporation of ether.
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Appendix B. Supplementary Data for Chapter 3
Table A.4 Crystallographic information for H6phospa and H6dipedpa.
Compound

H6phospa

H6dipedpa

Formula
Dcalc./ g cm-3
µ/mm-1
Formula Weight
Colour
Shape
Size/mm3
T/K
Crystal System
Space Group
a/Å
b/Å
c/Å
α/°
β /°
γ /°
V/Å3
Z
Z'
Wavelength/Å
Radiation type
Θmin/°
Θmax/°
Measured Refl.
Independent Refl.
Reflections with I > 2(I)
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF
wR2 (all data)
wR2
R1 (all data)
R1

C18H26N4O11P2
1.636
0.266
536.37
white
needle
0.03×0.01×0.001
273(2)
monoclinic
C2/c
9.403(2)
12.298(3)
18.868(4)
90
91.417(5)
90
2181.3(8)
4
0.5
0.710730
MoKα
2.159
28.345
14594
2728
2197
0.0481
212
14
0.694
-0.794
1.182
0.1378
0.1314
0.0899
0.0708

C20H40N4O16P2
1.500
0.231
654.50
colorless
rectangular
0.01×0.01×0.001
296(2)
monoclinic
P21
8.5942(10)
18.759(2)
9.1396(11)
90
100.374(3)
90
1449.4(3)
2
1
0.71073
MoKα
2.171
22.564
23927
3810
2753
0.1439
402
480
0.269
-0.308
1.001
0.0971
0.0847
0.0915
0.0502
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Figure A.1 ORTEP diagrams of H6dipedpa with water H-bonding shown.

Figure A.2 1H NMR spectrum of the In3+-H6dipedpa complex (400 MHz, 298 K, D2O, pD = 7)

190

Figure A.3 31P{1H} NMR spectrum (bottom) of the In3+-H6dipedpa complex (162 MHz, 298 K, D2O, pD
= 7).

Figure A.4 1H-1H COSY spectrum of the In3+-H6dipedpa complex (400 MHz, 298 K, D2O, pD = 7).
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Figure A.5 31P{1H} NMR spectrum of the La3+-H6dipedpa complex (162 MHz, 298 K, D2O, pD = 7).

Figure A.6 1H-1H COSY spectrum of the La3+-H6dipedpa complex (400 MHz, 298 K, D2O, pD = 7).
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Figure A.7 31P{1H} NMR spectrum of the Sc3+-H6dipedpa complex (162 MHz, 298 K, D2O, pD = 7).

Figure A.8 1H-1H COSY spectrum of the Sc3+-H6dipedpa complex (400 MHz, 298 K, D2O, pD = 7).
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Figure A.9 1H NMR spectrum (top) of the Y3+-H6dipedpa complex (400 MHz, 298 K, D2O, pD = 7);
31

P{1H} NMR spectrum (bottom) of the Y3+-H6dipedpa complex (162 MHz, 298 K, D2O, pD = 7).
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Figure A.10. 1H NMR spectrum (top) of the In3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 7); 31P{1H}
NMR spectrum (bottom) of the In3+-H6eppy complex (162 MHz, 298 K, D2O, pD = 7).
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Figure A.11 1H-1H COSY spectrum of the In3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 7).

Figure A.12 31P{1H} NMR spectrum of the La3+-H6eppy complex (162 MHz, 298 K, D2O, pD = 4).
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Figure A.13 1H NMR spectrum (top) of the Lu3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 4); 31P{1H}
NMR spectrum (bottom) of the Lu3+-H6eppy complex (162 MHz, 298 K, D2O, pD = 4).
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Figure A.14 1H-1H COSY spectrum of the Lu3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 4).

Figure A.15 31P{1H} NMR spectrum of the Sc3+-H6eppy complex (162 MHz, 298 K, D2O, pD = 4).
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Figure A.16 1H-1H COSY spectrum of the Sc3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 4).
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Figure A.17 1H NMR spectrum (top) of the Y3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 4); 31P{1H}
NMR spectrum (bottom) of the Y3+-H6eppy complex (162 MHz, 298 K, D2O, pD = 4).
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Figure A.18 1H-1H COSY spectrum of the Y3+-H6eppy complex (400 MHz, 298 K, D2O, pD = 4).
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Figure A.19 1H NMR spectrum (top) of the In3+-H6phospa complex (400 MHz, 298 K, D2O, pD = 7);
31

P{1H} NMR spectrum (bottom) of the In3+-H6phospa complex (162 MHz, 298 K, D2O, pD = 7).

Figure A.20 31P{1H} NMR spectrum of the La3+-H6phospa complex (162 MHz, 298 K, D2O, pD = 7).
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Figure A.21 1H-1H COSY spectrum of the La3+-H6phospa complex (400 MHz, 298 K, D2O, pD = 7).
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Figure A.22 1H NMR spectrum (top) of the Lu3+-H6phospa complex (400 MHz, 298 K, D2O, pD = 7);
31

P{1H} NMR spectrum (bottom) of the Lu3+-H6phospa complex (162 MHz, 298 K, D2O, pD = 7).
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Figure A.23 1H-1H COSY spectrum of the Lu3+-H6phospa complex (400 MHz, 298 K, D2O, pD = 7).

Figure A.24 31P{1H} NMR spectrum of the Sc3+-H6phospa complex (162 MHz, 298 K, D2O, pD = 4).
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Figure A.25 1H-1H COSY spectrum of the Sc3+-H6phospa complex (400 MHz, 298 K, D2O, pD = 4).
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Figure A.26 1H NMR spectrum (top) of the Y3+-H6phospa complex (400 MHz, 298 K, D2O, pD = 7);
31

P{1H} NMR spectrum (bottom) of the Y3+-H6phospa complex (162 MHz, 298 K, D2O, pD = 7).
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Ligand protonation constants

In the graphs below, shown are the experimental chemical shifts for each nucleus (dots) that are overlapped
by curves calculated from species concentration (protonation constants from UV-potentiometric titrations),
and the intrinsic chemical shifts δi (calculated with HypNMR).
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Figure A.27 Normalized 31P{1H} NMR chemical shift dependence on pH overlaid to speciation
plot calculated with protonation constants from Table X, a); Normalized 1H NMR methylene
chemical shift dependence on pH (H1, H2, H3) overlaid to H6phospa speciation plot, b, c and d).
[H6phospa] = M), T = 298 K.
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Figure A.28 Representative spectra of H6phospa during (a/b) acidic in-batch UV spectrophotometric
titration [L] = 7.77 × 10-5 M, T = 298 K, l = 1 cm, I = 0.16 M NaCl when possible; (c/d) combined UVpotentiometric titration [L] = 4.84 × 10-4 M, T = 298 K, l = 0.2 cm, I = 0.16 M NaCl.
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Figure A.29 Representative spectra of H6dipedpa during (a/b) acidic in-batch UV spectrophotometric
titration [L] = 7.11 × 10-5 M, T = 298 K, l = 1 cm, I = 0.16 M NaCl when possible; (c/d) combined UVpotentiometric titration [L] = 6.76 × 10-4 M, T = 298 K, l = 0.2 cm, I = 0.16 M NaCl; (f) speciation plot of
H6dipedpa calculated with stability constants in Table 3.1, [H6dipedpa] = 0.001 M; dashed line indicates
pH = 7.4.
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Figure A.30 Representative spectra of H6eppy during (a/b) acidic in-batch UV spectrophotometric titration
[L] = 7.25 × 10-5 M, T = 298 K, l = 1 cm, I = 0.16 M NaCl when possible; (c/h) combined UV-potentiometric
titration [L] = 7.15 × 10-4 M, T = 298 K, l = 0.2 cm, I = 0.16 M NaCl.
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Table A.5 HR-ESI-MS data for H6phospa, H6dipedpa and H6eppy with In3+, Sc3+, Lu3+, Y3+, La3+.

Species
Phospa
Phospa-In
Phospa-Sc
Phospa-Lu
Phospa-Y
Phospa-La
Dipedpa
Dipedpa-In
Dipedpa-Sc
Dipedpa-Lu
Dipedpa-Y
Dipedpa-La
Eppy
eppy-In
eppy-Sc
eppy-Lu
eppy-Y
eppy-La

Formula
C18H24N4O10P2K
C18H20N4O10P2In
C18H20N4O10P2Sc
C18H20N4O10P2Lu
C18H22N4O10P2Y
C18H22N4O10P2La
C20H29N4O10P2K
C20H25N4O10P2In
C20H25N4O10P2Sc
C20H25N4O10P2Lu
C20H25N4O10P2Y
C20H25N4O10P2La
C20H29N4O10P2
C20H25N4O10P2In
C20H25N4O10P2Sc
C20H25N4O10P2Lu
C20H25N4O10P2Y
C20H25N4O10P2La

Calcd (m/z)
557.0605
628.9693
559.0214
689.0063
604.9870
655.9982
547.1359
656.0087
588.0605
718.0454
632.0104
681.0117
547.1359
656.0087
588.0605
718.0454
632.0104
681.0117

Found (m/z)
557.0601
628.9691
559.0211
689.0062
604.9869
655.9986
547.1362
656.0087
588.0600
718.0453
632.0111
681.0122
547.1360
656.0087
588.0603
718.0452
632.0108
681.0121
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Table A.6 Selected bond lengths from the crystal structure of H6phospa
Atom

Atom

Length (Å)

Atom

Atom

Length (Å)

P1

O3

1.510(18)

N1

C6

1.326(4)

P1

O4

1.231(5)

N2

C7

1.551(3)

P1

O5

1.538(7)

N2

C8

1.516(3)

P1

C9

1.896(6)

N2

C9

1.504(3)

P1A

O3A

1.51(2)

C1

C2

1.494(4)

P1A

O4A

1.551(6)

C2

C3

1.386(4)

P1A

O5A

1.527(7)

C3

C4

1.387(4)

P1A

C9

1.767(7)

C4

C5

1.388(4)

O1

C1

1.332(3)

C5

C6

1.397(4)

O2

C1

1.213(3)

C6

C7

1.503(4)

N1

C2

1.338(3)

C8

C81

1.513(5)

Table A.7 Selected bond angles from the crystal structure of H6phospa
Atoms

Atom

Atom

Angle (o)

Atoms

Atom

Atom

Angle (o)

O3

P1

O4

114.7(6)

O1

C1

C2

115.9(2)

O3

P1

O5

115.4(5)

O2

C1

O1

121.0(3)

O3

P1

C9

107.8(7)

O2

C1

C2

123.1(3)

O4

P1

O5

107.9(4)

N1

C2

C1

114.3(2)

O4

P1

C9

105.7(4)

N1

C2

C3

123.7(3)

O5

P1

C9

104.4(3)

C3

C2

C1

121.9(3)

O3A

P1A

O4A

110.9(8)

C2

C3

C4

117.5(3)

O3A

P1A

O5A

116.5(7)

C3

C4

C5

119.7(3)

O3A

P1A

C9

109.2(8)

C4

C5

C6

118.2(3)

O4A

P1A

C9

107.1(4)

N1

C6

C5

122.7(3)

O5A

P1A

O4A

110.0(5)

N1

C6

C7

114.8(2)

O5A

P1A

C9

102.5(3)

C5

C6

C7

122.4(3)

C6

N1

C2

118.2(2)

C6

C7

N2

111.4(2)

C7

N2

C8

108.0(2)

C81

C8

N2

112.4(2)

C9

N2

C7

111.66(19)

N2

C9

P1

112.9(2)

C9

N2

C8

112.0(2)

N2

C9

P1A

114.7(3)
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Table A.8 Selected bond lengths from the crystal structure of H6dipedpa
Atom

Atom

Length (Å)

Atom

Atom

Length (Å)

P1

O3

1.501(6)

N3

C14

1.524(10)

P1

O4

1.527(6)

N4

C15

1.330(10)

P1

O5

1.581(6)

N4

C19

1.358(10)

P1

C9

1.807(8)

C1

C2

1.497(12)

P2

O9

1.516(6)

C2

C3

1.374(12)

P2

O10

1.588(6)

C3

C4

1.369(12)

P2

O11

1.495(6)

C4

C5

1.395(12)

P2

C13

1.816(8)

C5

C6

1.381(12)

O1

C13

1.223(10)

C6

C7

1.510(11)

O2

C13

1.311(10)

C8

C9

1.520(11)

O15

C20

1.326(10)

C10

C11

1.522(10)

O16

C20

1.217(10)

C12

C13

1.529(11)

N1

C20

1.341(10)

C14

C15

1.497(11)

N1

C6

1.321(10)

C15

C16

1.397(11)

N2

C7

1.502(10)

C16

C17

1.375(12)

N2

C8

1.494(10)

C17

C18

1.394(12)

N2

C10

1.497(9)

C18

C19

1.364(12)

N3

C11

1.517(10)

C19

C20

1.506(12)

N3

C12

1.504(10)
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Table A.9 Selected bond angles from the crystal structure of H6dipedpa
Atoms

Atom

Atom

Angle (o)

Atoms

Atom

Atom

Angle (o)

O3

P1

O4

115.8(3)

C4

C3

C2

118.0(9)

O3

P1

O5

108.4(3)

C3

C4

C5

119.7(9)

O3

P1

C9

107.3(4)

C6

C5

C4

117.6(9)

O4

P1

O5

109.8(4)

N1

C6

C5

123.7(9)

O4

P1

C9

108.9(4)

N1

C6

C7

116.1(8)

O5

P1

C9

106.2(4)

C5

C6

C7

120.2(8)

O9

P2

O10

111.2(3)

N2

C7

C6

111.3(7)

09

P2

C13

108.5(4)

N2

C8

C9

110.5(7)

O10

P2

C13

105.5(4)

C8

C9

P1

115.2(6)

O11

P2

O9

115.5(3)

N2

C10

C11

110.8(6)

O11

P2

O10

107.5(3)

N3

C11

C10

108.9(6)

O11

P2

C13

108.2(4)

N3

C12

C13

111.3(6)

C6

N1

C2

117.4(8)

C12

C13

P2

112.2(6)

C8

N2

C7

112.7(7)

C15

C14

N3

112.2(7)

C8

N2

C10

111.4(6)

N4

C15

C14

117.1(7)

C10

N2

C7

111.9(6)

N4

C15

C16

122.9(8)

C11

N3

C14

112.4(6)

C16

C15

C14

119.9(8)

C12

N3

C11

108.7(6)

C17

C16

C15

118.5(8)

C12

N3

C14

112.0(6)

C16

C17

C18

119.7(9)

C15

N4

C19

117.0(7)

C19

C18

C17

117.5(9)

O1

C1

O2

119.7(9)

N4

C19

C18

124.4(9)

O1

C1

C2

120.6(9)

N4

C19

C20

115.6(8)

O2

C1

C2

119.7(8)

C18

C19

C20

120.0(8)

N1

C2

C1

116.2(8)

015

C20

C19

117.8(8)

N1

C2

C3

123.7(9)

016

C20

O15

119.9(8)

C3

C2

C1

120.1(8)

016

C20

C19

122.3(8)
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Appendix C. Supplementary Data for Chapter 5
Table A.10 Crystallographic information for [Pb(DTPAm)](NO3)2.
Formula
C14H28N8O5Pb
-3
Dcalc./ g cm
1.455
6.239
µ/mm-1
Formula Weight
595.63
Colour
colourless
Shape
needle
3
Size/mm
0.32×0.27×0.07
T/K
296(2)
Crystal System
monoclinic
Space Group
P21/c
a/Å
8.9884(7)
b/Å
20.3731(16)
c/Å
14.8713(11)
90
α/°
°
93.436(2)
β/
°
90
γ/
V/Å3
2718.4(4)
Z
4
Z'
1
Wavelength/Å
0.710730
Radiation type
MoKα
°
1.697
Θmin/
°
30.548
Θmax/
Measured Refl.
50045
Independent Refl.
8315
Reflections with I > 2(I)
7492
Rint
0.0389
Parameters
369
Restraints
0
Largest Peak
0.970
Deepest Hole
-1.015
GooF
1.057
wR2 (all data)
0.0519
wR2
0.0492
R1 (all data)
0.0293
R1
0.0236
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