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|. Abstract

The chemokine receptor CXCR4 has been shown to be overexpressed in over 23 different types
of cancers, making it an attractive target for therapeutic and imaging agents. Molecular imaging
techniques, such as positron emission tomography (PET) and single photon emission tomography
(SPECT), are being used for the development of CXCR4 receptor targeted cancer diagnostic agents.
This work exploits the properties of tetraazamacrocycles and their known affinity for the chemokine
receptor CXCR4. The inclusion of copper-64, gallium-68, fluorine-18, technetium-99m and optical

probes allows the high affinity macrocyclic compounds to be developed as imaging agents.

Copper-64 labelled CXCR4 targeted PET tracers have been reported in the literature (AMD3100
and AMD3465), however, they suffer from transchelation and loss of the radiolabel in vivo. Novel
tetraazamacrocyclic tracers [*Cu][Cu5(OAc)](OAc) and [5*Cu][Cu25(0Ac)2](OAc), were produced in a
decay corrected RCY of 41.6 £ 4.6% and 75.4 £ 1.5%. Calcium signalling assays gave an ICso value of
60 nM and 4 nM, respectively. In vitro cell binding experiments showed that [**Cu][Cu5(OAc)](OAc)
had a higher affinity for the CXCR4 receptor when compared to other CXCR4 imaging tracers. In vivo
experiments carried out in mice revealed the tracer [5*Cu][Cu5(OAc)](OAc) to be specific to CXCR4
with an 8-fold higher uptake seen in the CXCR4 positive cell lines compared to the negative; (23.6 £
2.7; 3.0 £ 0.5 respectively). Importantly no liver uptake was seen when a blocking dose was

administered, indicating the improved stability of the CB cyclam structure.

Several approaches for developing a novel gallium-68 CXCR4 targeted PET tracer were
investigated. In vitro and in vivo data showed that the inclusion of DOTAGA in [Zn;29(0Ac).](OAc);
resulted in a decrease in affinity. Alternative PEG chain spacer and pretargeted approaches were
investigated to overcome this issue. A THP analogue of Pentixafor (P5) was synthesised and
radiolabelled in a 76.8% decay corrected RCY. In vivo studies were carried out and showed that the
lipophilicity of the THP moiety is detrimental to the biodistribution of the tracer. Inorganic
radiofluorination was attempted for the synthesis of fluorine-18 labelled CXCR4 targeting PET probes;
with the antagonist [Zn,AIF43(0OAc).](OAc). showing high affinity towards the receptor (ICso = 20
nM).

Novel CXCR4 targeted SPECT tracers such as [*™Tc][Cu,Tc51(0Ac),](OAc), (ICso = 16 nM) were
synthesised and radiolabelled at up to 46.0% RCY. Optical imaging CXCR4 probes were also
developed including a novel aza-BODIPY labelled peptide (P7). The antagonist maintained high
affinity (ICso = 42 nM) towards the CXCR4 receptor with initial confocal experiments indicating that

the NIR probe is worthy of further investigation.
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I\VV. Abbreviations

A Wavelength

Amax Maximum Wavelength

Amin Minimum Wavelength

Aabs Maximum Absorption

Aem Emission Wavelength

[*8F]FDG [*8F]2-deoxy-2-fluoro-glucose

a Alpha Particle

A Angstrom

ADME Absorption, Distribution, Metabolism, and Excretion
AIBN Azobisisobutyronitrile

AIDS Aquired Immune Deficiency Syndrome
Alloc Allyloxycarbonyl

AMD3100 1,1-[1,4-Phenylenebis(methylene)]bis [1,4,8,11-tetraazacyclotetradecane]
AMBA 4-(Aminomethyl)benzoic acid

Arg Arginine

Asp Aspartic Acid

AzMBA 4-(Azidomethyl)benzoic acid

B Electron (beta minus)

B* Positron (beta plus)

BFC Bifunctional Chelator

Boc tert-Butyloxycarbonyl

BODIPY Boron dipyrromethene difluoride

BP Boiling point

br Broad signal

o Concentration

CB Cross-bridged

CCso Cytotoxic Concentration required to reduce a population by 50%
Cit Citrulline

COPD Chronic Obstructive Pulmonary Disease
COSHH Control of Substances Hazardous to Health
CT Computed Tomography

Cyclam 1,4,8,11-Tetraazacyclotetradecane

Cyclen 1,4,7,10-Tetraazacyclododecane



Cys

DBU
DCM
DFO

dd

Ddp
DIPEA
DMF
DMSO
DOTA
DOTAGA

DPAA
dt
DTPA

ECso
EDTA
EGFR
ESI
EtOH
FACS
FDA
FDG
FITC

Fmoc

Glu
Gly

HATU

Cysteine

Chemical shift

Day

Doublet

1,8-Diazabicyclo(5.4.0)undec-7-ene
Dichloromethane

Desferrioxamine B

Double doublet
N-[1-(4,4-Dimethyl-2,6-dioxo-cyclohexylidene)ethyl]
N,N-Diisopropylethylamine
N,N'-Dimethylformamide

Dimethylsulfoxide
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

2-(4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-
yl)pentanedioic acid

Diphenylarsinic acid

Double triplet

Diethylenetriaminepentaacetic Acid

Molar Absorptivity Coefficient

Effective concentration required to reduce an effect by 50%
2-((2-[Bis(carboxymethyl)amino]ethyl)(carboxymethyl)amino)acetic acid
Epidermal growth factor receptor

Electrospray ionisation

Ethanol

Fluorescence activated cell sorting

Food and Drug Administration

2-Deoxy-2-fluoro-D-glucose

Fluorescein Isothiocyanate

Fluorenylmethyloxycarbonyl Chloride

Fluorescence Quantum Yield

Gamma

Glutamic Acid

Glycine

Hour

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate
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HBTU O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HILC Hydrophilic Interaction Liquid Chromatography
HFIP Hexafluoro-2-propanol

His Histidine

HIV Human immunodeficiency virus

HPLC High Performance Liquid Chromatography
HRMS High Resolution Mass Spectrometry

HSC Haematopoietic Stem Cell

HYNIC Hydrazinonicotinamide

IBD Inflammatory Bowel Disease

ICso Concentration required to inhibit binding by 50%
ID/g Incubated Dose per Gram

[IDA Inverse-demand Diels-Alder

IGC Indocyanine Green

J Coupling constant

kDa Kilodaltons

keV Kiloelectronvolts

Lys Lysine

M Molar

m Multiplet

Me Methyl

mAb Monoclonal Antibodies

MB Methylene Blue

MBq Megabecquerel (106 Bq)

MeV Megaelectronvolts

MHz Megahertz

Mm Millimetres

UM Micromolar

umol Micromolar

MRI Magnetic Resonance Imaging

MS Mass Spectrometry

MTBE Methyl tert-butyl Ether

n Neutron

Nal Naphthylalanine

NBS N-Bromosuccinimide
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NIR
NHS
nm
nM
NMP
NMR
NODA
NOTA

Orn

Pbf
PBS
PEG
PET
pm
ppm

Pro

RA
RBC
RCY
RDG
Rt
RT

So

SB
SCLC
SDF-1
sec
SEM
SM
Sob
SPR
SPAAC

Near Infrared

N-hydroxysuccinimide

Nanometres

Nanomolar

N-Methyl-2-pyrrolidone

Nuclear Magnetic Resonance
1,4,7-triazacyclononane-1,4-diacetate
1,4,7-triazacyclononane-1,4,7-triacetic acid
Optical Imaging

Ornithine

Proton
Pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl
Phosphate buffer solution
Polyethyleneglycol

Positron Emission Tomography
Picometers

Parts per million

Proline

Quartet

Rheumatoid Arthritis

Red Blood Cell

Radiochemical yield
Arginine-Glycine-Aspartate

Retention factor

Room temperature

Singlet

Ground state

Side-bridged

Small Cell Lung Cancer

Stromal Cell-derived Factor 1 (CXCL12)
Second

Standard Error of the Mean

Starting material

Superoxide Dismutase

Surface Plasmon Resonance

Strain-Promoted Alkyne-Azide Cycloaddition
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SPECT
SSR2
SSR3
SSR5
SUvV

TEA
TE2A
TETA
TFA
THF
THP
Thr
TLC
TRAP
Trt
™
Tyr
UK
us
USA
uv
UV-vis

Single Positron Emission Computed Tomography

Signal Sequence Receptor 2

Signal Sequence Receptor 3

Signal Sequence Receptor 5

Standardised Uptake Value

Triplet

Triethylamine
4,11-bis(Carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane
1,4,8,11-Tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
Trifluoroacetic Acid

Tetrahydrofuran

Tris(hydroxypyridinone)

Threonine

Thin Layer Chromatography
1,4,7-Triazacyclononane-1,4,7-trisimethyl(2-carboxyethyl)phosphinic acid]
Trityl

Transmembrane

Tyrosine

United Kingdom

Ultrasound

United States of America

Ultra-Violet

Ultra-Violet-visible
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Chapter One

Introduction



1.1 Medical imaging
1.1.1 The origins of nuclear medicine

“Nuclear medicine” as a medical speciality was recognised in 1946 following Sam Seidlin’s
description of the successful use of radioactive iodine-131 in the treatment of patients with
advanced thyroid cancer in the Journal of the American Medical Association.* By the mid-1950s,
research into the clinical use of nuclear medicine had become wide-spread with increased
understanding of the methods for detection of radioactivity. Benedict Cassen developed the first
rectilinear scanner and Hal Anger’s scintillation camera helped expand the growing field of nuclear

medicine.?

Now the field of nuclear medicine has dramatically changed our understanding of disease
states by the use of localising radiotracers and tracking biochemical pathways. The information that
can be gained by the use of radionuclides on a specific molecular pathway or disease process in vivo

can be termed ‘molecular imaging’.

1.1.2 Medical imaging technologies

The first medical images of a human body were acquired over 100 years ago with the
discovery of X-rays by Roentgen in 1895.3 For many decades diagnostic X-ray techniques dominated
the field, until the early 1960’s when techniques such as ultrasound (US), computer tomography (CT)
and then a decade later imaging techniques such as positron emission tomography (PET), magnetic

resonance imaging (MRI), and optical imaging (Ol).3

Medical imaging nowadays is crucial at all levels of healthcare, with most hospitals having a
department dedicated to utilising at least two or three of these techniques. Table 1 offers a
comparison of the most commonly used clinical diagnostic medical imaging techniques. US scanning
is one of the most frequently used clinical imaging techniques. US works by using high energy sound
waves to interrogate the interior of a living organism by measuring reflection of the waves, and thus
does not use ionising radiation. CT uses high energy X-rays to obtain cross sectional pictures of the
human body via attenuation. MRI is based on the principle of nuclear magnetic resonance (NMR)
and gives environment dependent information on water protons in the body.® Ol uses light and is
discussed in more detail in Chapter 6. Single-photon emission computed tomography (SPECT) and
PET are techniques involving radiation emitting isotopes, which utilise gamma rays that are either

directly produced or results from positron annihilation.



Technique Resolution  Application Advantages Disadvantages
SPECT 6-8 mm Functional imaging - Multiple probe imaging numerous probes -  Radiation exposure
- Low spatial resolution
PET 4 mm Metabolic, functional and - High selectivity quantitative translational - Some radionuclides require expensive
molecular. - Requires small dose of radioactive tracer cyclotron
- Signal is proportional to radiotracer - Low spatial resolution
injected
- Canimage physiological processes
MRI 1mm Anatomical, functionaland -  High spatial resolution morphologicaland - Low sensitivity
molecular. functional imaging - Long scans and post-processing time
CcT 0.5mm Anatomical and functional. -  Fast detailed image in three-dimension - Limited soft tissue contrast
- High contrast - High exposure to radiation
Ultrasound 300-500 Anatomical and functional. -  Real time - Low resolution
pum - No harmful radiation - Limited to soft tissue contrast
- Low cost - Direct trade-off between imaging depth
and spatial resolution
- Operator dependent analysis
Optical >0.3 um Physiological and molecular -  No harmful radiation - Limited use ~10 cm depth
Imaging - Low cost - So far limited clinical use

Table 1: Comparision of in vivo imaging techniques currently used in medical imaging.3->



1.1.3 Positron Emission Tomography (PET) imaging

Over the past decade the use of PET has increased in preclinical and clinical imaging facilities.
In Europe, there was an estimated 21% increase in the number of PET and PET-CT scans between
2005 and 2010.5 The increasing use of this technique is due to the many technical advances that
have been made to lower costs and to validate the advantages PET imaging can offer over other
modalities particularly for cancer imaging. It is a non-invasive imaging that can used to locate both
primary and metastatic cancerous tumours with high sensitivity.* A typical PET-CT scanner is shown
in Figure 1, the combination of using both PET and CT is currently the most common. The patient is
scanned during the same procedure with both devices and the images are subsequently combined,
giving metabolic information via PET and anatomic information via CT. PET is a relatively expensive
imaging technique, however, technological advances are being made to facilitate tracer production

and cost effectiveness is being demonstrated in improved patient care.*

‘ /
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Figure 1. Toshiba Celesteion PET-CT system. (Reproduced from Toshiba America Medical Systems).”



1.1.4 Physical principles of PET

In 1928, Paul A.M. Dirac postulated the existence of a subatomic particle that was equal in
mass to an electron but carried a positive charge instead.* Carl Anderson in 1937 carried out cosmic
ray experiments in which he used a cloud chamber and was able to observe the movement of these
particles, which he named ‘positrons’. Both received Nobel Prizes in Physics and their work
contributed to the understanding of these particles, paving the way for their application in medical

imaging.

Positron emission and

positron-electron annihilation PET scanner

Gamma ray detectors
Positron-Emitting
4 Radionuclide \

Positron

511 keV y-ray 511 keV y-ray

<

Electron Annihilation

Figure 2. Diagram showing the principle involed in undertaking a PET scan.

The principle behind PET imaging involves the use of a neutron-deficient isotope that decays
rapidly via the emission of a positron which then travels a short distance through surrounding tissue,
(ca. less than 2 mm). During this time the positron is decelerating due to loss of kinetic energy until
annihilations occurs when it collides with an electron, creating two 511 keV gamma rays to be
emitted ca. 180° apart, see Figure 2.* These gamma rays are then detected by scintillators and
amplified by photomultiplier tubes that are arranged in a ring, surrounding the patient. Annihilation
gamma rays are detected in coincidence and computer software calculations determine the origin

where they were emitted in the patient’s body.



1.2 Designing a PET imaging agent

1.2.1 Key parameters for consideration in the design of a PET imaging agent

Radiotracers can be designed to be either specific (e.g. binding to a receptor overexpressed
in tumours) or non-specific (eg. H,°0 and *NH3) for the study of metabolic processes. The most
commonly used PET tracer is fluorine-18 labelled flurodeoxyglucose ([*F]FDG), see Figure 3. FDG is
an analogue of glucose; it is taken up in cancerous cells due to the Warbug effect. The Warburg
effect is phenomenon where additional energy is produced in cancerous cells through increased
oxygen-dependent glycolysis. FDG has been shown to be a powerful diagnostic agent, and is the
most frequently used clinical PET tracer; it has been shown to have great success in diagnosing
Hodgkin’s disease, breast, colorectal and lung cancer.® However, due to the non-specific nature of
[*8F]FDG it does accumulate in healthy cells, limiting its use in diagnosing tumours near other high

metabolism tissues (e.g. brain).

OH

HO
18F
OH
Figure 3. Molecular structure of radiotracer ['8F]-flurodeoxyglucose (FDG).

Pharmacokinetic and pharmacodynamic properties are key when designing a tracer for PET
imaging. Pharmacodynamics is the study of what a drug does to the body, for example bind to a
specific targeted site, affinity, dissociation, whereas pharmacokinetics is what the body does to the
drug.® This refers to the absorption, bioavailability, distribution, metabolism and excretion (ADME)
of the tracer. Of particular importance for a tracer is to avoid formation of metabolites as this

changes the properties of the image and can cause a higher background signal.*

For the imaging of cancers, tracers must show high accumulation at the target site.
Depending on the type of tracer (e.g. antibody, nanoparticle, peptide, organic compound) the
interaction and penetration of the tumour can differ greatly. For example, properties of the tracer
which effect target site accumulation can include whether the tracer is designed to be transported
inside the cancerous cell or to bind to the surface of the cell. Tracers that have a high molecular
weight such as antibodies and nanoparticles tend to show low tumour penetration. Therefore more
time is needed before the scan, which can affect the selection of radioisotope.!! In contrast, a low
molecular weight tracer tends to have faster tissue penetration, so shorter lived radioisotopes are

acceptable.



Clearance of an agent is also an important factor in achieving a high quality image. The
unbound tracer needs to be excreted rapidly, otherwise the high background signal in the circulatory
system can reduce image quality. Nevertheless, if the imaging agent is being cleared too rapidly, the
tracer will suffer from poor tumour/ tissue uptake. Therefore, when designing imaging agents it is

important to strike the right balance of accumulation and excretion properties.

1.2.2 Radionuclides used in molecular imaging

Some radioisotopes occur naturally but many more have been produced experimentally.
This approach to produce radioactive isotopes was first reported in 1934 by Irene Curie (daughter of
Marie and Pierre Curie) and Frederic Joliot, who generated radioactive isotopes from boron and
aluminium targets through the bombardment with alpha particles from polonium.? Today, more
than 2500 radioisotopes have been generated through the use of particle accelerators (such as

cyclotrons) and nuclear reactors.?
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Figure 4. Periodic table where shaded elements represent radionuclides with uses or identified potential for imaging and
therapy; y-emitters (pink) for SPECT, B* emitters (purple) for PET and -, o and auger-emitting radioisotopes (orange).
(Inspired by figure reported by Blower et al.).1*

Radioisotopes are present in all groups of the periodic table (as shown in Figure 4, where all
the shaded elements represent an isotope that is used or has been investigated for use as a
therapeutic radiopharmaceuticals or imaging agents).* These isotopes have a wide variety of
properties (some of which are listed in Table 2). The important properties in medical imaging are:
availability, production, radioactive half-life, chemical reactivity (including coordination chemistry for

metals) and emitting species.



Table 2: Details of the different properties and production method of common radioisotopes in nuclear imaging.>

Isotope Half life Decay mode Production Method
11 20.3 min B+ (100%), 961 keV Cyclotron ¥“N(p,a)/**C
18F 110 min B+ (97%), 873 keV Cyclotron H,0 (p,n)/*F
84Cu 12.7 h B+ (19%), 656 keV Cyclotron ®Ni(p,n)/%Cu
%8Ga 67.8 min B+ (89%),1880 keV %8Ge/%Ga generator
44sc 39h v, 1157 keV 4Ti/*Sc generator
Hln 67.2h Y, 245 keV Cyclotron 1Cd(p,n)/**! In
9mTe 6.0h v, 140 keV Cyclotron, ®Mo/%™Tc generator
8oy 14.7 h B+ (33%),1221 keV Cyclotron 8°Sr(p,n)/%Y
87r 78.5h B+ (23%), 897 keV Cyclotron &Y(p,n)/®zr

The organic isotopes, cabon-11, nitrogen-13, oxygen-15, and fluorine-18, were initially used
for the synthesis of direct analogue tracers, which are chemically identical to already approved
pharmaceutical drugs or simple biologically relevant molecules. This approach has the advantage
that tracer development is generally much quicker due to the fact that much of the work into the
biological response, toxicity, optimising synthetic procedure, has already been investigated.
However, it should not be taken for granted that the radiolabelled ‘drug’ versions will have an
identical in vivo biodistribution or metabolic pathway. This approach is no longer limited to the
‘organic’ radionuclides, as there are now many papers in the literature using radiometals to track

metal ion metabolism or form labelled version of metalloproteins.®

Another factor to consider with the ‘organic’ radionuclides is that they typically have very
short half-lives compared to the radiometals. In addition, the inclusion of ‘organic’ radionuclides into
tracer molecules can often be complex and time-consuming. In some cases the half-life is
prohibitively short and so only rapidly occurring biological processes, such as blood flow, can be
measured.'” [*¥F]FDG is not a natural organic molecule but has the balance of half-life and metabolic

trapping which make it highly useful for PET imaging (section 1.2.1).

In recent years, PET emitting radiometals, such as copper-64, gallium-68, yttrium-86 and
zirconium-89 have gained much attention in the design of potential imaging agents building on the
use of SPECT isotopes technetium-99m and indium-111. This is in part due to the greater availability
of radioisotopes produced by generators, nuclear reactors and cyclotrons. With the use of
radiometals, chelators termed bifunctional chelators (BFCs) are required to bind to the metal and to

link to a targeting group (discussed in section 1.2.4).



1.2.3 Production of a radionuclide

Radionuclides can be generated in one of three ways; from a generator, cyclotron (particle
accelerator) or as a product of a nuclear reaction. Only the first two methods are viable for on-site

routine clinical production of radiopharmaceuticals and are discussed in more detail below.

1.2.3.1 Production of radiometals from a generator

A radionuclide generator is a device that allows the separation of a daughter radionuclide
formed by the decay of the parent radioisotope.'® These generally consist of the parent immobilised
on a stationary phase in a shielded column with the daughter isotope periodically eluted by an ion
exchange process. In-house generators are now frequently found in many research facilities and
hospitals worldwide. Generators require less investment in infrastructure than cyclotrons and can

provide access to PET scanning in locations without cyclotron access.

An important requirement of a radioisotope generator for routine use is a long half-life of the
parent radioisotope. Table 3 below lists several of the most common generators used for PET and
SPECT imaging and their half-lives. The specific example of the germanium/gallium-68 generator is

discussed in more detail in section 1.3.1.3.

Table 3: Table listing some of the generator pairs and half-lives.1°

Parent radionuclide Daughter radionuclide
Generator System
TV Decay Mode TV Decay Mode
>2Fe/52™Mn 8.28 h B* 21.1 min B*
8Ge/%Ga 270.8d Electron capture 67.8 min B*
25e/7As 8.4d Electron capture 1.08d B*
134Ce /131 3.16 d Electron capture 6.4 min B*
SMo/®™Tc 2.75d B 6.01h v
118Te/1185h 6.00d Electron capture 3.6 min B*

1.2.3.2 Generation of radiometals from a cyclotron

Cyclotrons produce radioisotopes through the bombardment of stable nuclei with high
energy particles, such as protons (H*), deuterons (*H*) and alpha particles (*He?*). Charged particles
must be accelerated to high kinetic energies to overcome the repulsive coulomb barrier of the target
atom’s nuclei. In Berkeley, California, in 1931, the first cyclotron had been developed by E. Lawrence.
It involved a vacuum chamber between the poles of an electromagnet to allow for acceleration.’

The static magnetic field created by the electromagnetic causes the ions to travel in a circular path,



where the radius of the circle increases as the ions gain more kinetic energy. The cyclic pathway of

these ions gave rise to the name ‘cyclotron’.!?

When the accelerating ions collide with the target nuclei, they undergo a nuclear reaction.
An incident particle may leave the target nucleus after transferring/absorbing some of the energy.
The specific reaction that occurs depends on the type and energy of the bombarding particles as well
as composition of the target nuclei. For example the production of fluorine-18 is a cyclotron product;

the production reaction is written as follows:
0(p,n)

Nuclear reactions are described in this generic format T(P,x)R, where projectile (P) and the
target (T) emit particle (x) to form the residual nucleus (R). Therefore; in the above example the
target material is oxygen-18 and the bombarding particle is a proton (p). This reaction results in the

emission of one neutron (n) creating the residue nucleus fluorine-18.%

1.2.3.3 Process of generation of radiotracer

Figure 5 demonstrates the stages that are involved to produce a radiotracer and obtain a
PET image. The radioisotope is obtained from either a cyclotron or a generator. The radioisotope is
incorporated into the tracer. The compound must then be analysed by techniques such as high
performance liquid chromatography (HPLC) and radio-thin layer chromatography (radio-TLC) before
it can be administered in vivo (in some cases purification is necessary). For a cyclotron produced
radionuclide, the half-life will determine possible transportation distances. For example, fluorine-18
tracers would not generally be delivered to a site more than one half-life away (ca. 2 hours).
Previously mentioned (section 1.2.3.1) radioisotopes such as gallium-68 and technetium-99m can be
produced on site via generators. Much work has been reported with the use of radiolabelling with

generator produced isotopes through ‘kits’ which offers high convenience for local radiopharmacies.



Reaction take place inside hot cell

Administration to tumor bearing model

Purification technigues

Processed PET image

PET-CT scanner

Figure 5: The process of production of PET radiotracers. From top the generation of a radioisotope via commercial
generator or cyclotron; radiolabelling the chelator inside a hot cell; purification of the radiotracer; administration of the
radiotracer; scanning and generation of a processed PET image.
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1.3 Key aspects of radiopharmaceutical chemistry

As shown in Figure 4, there are a wide range of radionuclides available for functional
imaging and therapy. The radioisotopes that are discussed in more detail in this section (gallium-68,
copper-64 and fluorine-18) have been selected as having appropriate decay properties (emission and

half-life) and chemical properties for the design of novel PET tracers.

1.3.1 Gallium-68

1.3.1.1 Chemical properties of gallium

Gallium is a group 13 post-transition metal of electronic configuration [Ar]3d4s24p?. Its
chemistry in aqueous solution is limited to the +3 oxidation state, hydrolysing nearly completely at
pH values close to neutral, readily forming highly insoluble amorphous Ga(OH)s;. Therefore when
radiolabelling with gallium-68 an acidic buffer (above pH 5) must be used to prevent formation of

these insoluble hydroxo species.?

Gallium-68 has a small ionic radius of 47-62 pm,?? and can be described as a ‘hard Lewis acid’
resulting in strong bonds with ligands containing multiple anionic donors, such as oxygen and
nitrogen.? It can coordinate with ligands forming a coordination sphere with 4-6 donor atoms.?* The
lower 4 and 5 coordination geometries are more susceptible to nucleophilic attack, particularly in
physiological media. Thus when designing a BFC for gallium(lll), with its d*° electron configuration,
the six-coordinate geometry is the most stable (most commonly distorted octahedral).The hard
character of the gallium(lll) ion gives preference for hard donor atoms such as carboxylate-oxygens,

amine-nitrogen’s, hydroxamate-oxygens etc.

1.3.1.2 Properties of gallium radioisotopes

Gallium-68 is rapidly emerging as an attractive radionuclide for PET imaging applications.
The three isotopes of gallium which are used in nuclear medicine are gallium-66, gallium-67 and
gallium-68.% Gallium-68 is the preferred positron emitter (89% positron emission), and half-life of 68
minutes. Additionally gallium-68 has a reasonable positron energy (1.92 MeV maximum?) for PET
imaging; if the energy is too high (e.g. bromine-76, 3.4 MeV maximum?) the positron travels a
relatively long distance before annihilation which reduces the resolution of the image aquired.?
Although this energy is suitable for PET imaging it is important to note that other radioisotopes such

as copper-64 and zirconium-89 (653 and 902 keV, respectively?’) are even lower B* energy emitters.
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1.3.1.3 Production of gallium-68 from generators
A major advantage of gallium-68 is that it can be produced easily in-house with reduced

infrastructure using a germanium/gallium generator. Germanium-68 has a half-life of 270 days and
decays to give gallium-68 with a half-life of 68 min, as shown in Figure 6. The generator is made of
germanium-68 adsorbed on a stationary phase and loaded in a plastic or glass column.?® This
generator has the advantage that it can be eluted relatively frequently (usually twice a day), as the

maximum vyield is generated within a few hours.

GSGE
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100 % electron
capture decay
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Figure 6: Nuclear decay characteristics of germanium-68 to gallium-68.

Modern gallium-68 generators produce ionic gallium, with four different commercially
available columns currently available (iThemba, EZAG, ITG, Obninsk).?° The column of the generator
at the University of Hull which is made from tin dioxide, the eluent used is 0.6 M HCI, giving an

optimum gallium yield of between 75-80% with only 0.0002% germanium breakthrough.®

Another advantage for use of %Ge/%®Ga generator system is that it has a long shelf life of ~1
year which allows easy mobilisation to hospital nuclear pharmacies regardless of their proximity to

cyclotron or nuclear reactor production sites.
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1.3.2 Copper-64

1.3.2.1 Chemical properties of copper

Copper is a group 11 transitional metal of electronic configuration [Ar]3d%°4s! and over the
past decade has been shown to be a highly versatile radionuclide for PET imaging. Copper has a
relatively small ionic radius between 57 pm and 73 pm (dependent on coordination geometry).2* In
contrast to gallium, several oxidation states are accessible for copper in the presence of suitable
donor atoms, ranging from +1 to +3. In its lowest oxidation state, +1, copper has a diamagnetic d°
electronic configuration with no ligand field stabilisation energy. Copper(l) can be described as a soft
acid and it is readily transformed into the copper(ll) oxidation state, therefore is challenging to
stabilise for radiopharmaceutical applications. Copper(ll) has a d° electron configuration and forms
square planar, trigonal pyramidal and distorted octahedral complexes, with donor atoms such as
amine-N, imine-N, pyridine-N, carboxylate-O and thiol-5.2> % Due to the d° electronic configuration,
copper(ll) six coordinate complexes often exhibit Jahn-Teller distortion. Copper(lll) is rarely seen in

radiopharmaceuticals as it is hard to stabilise without strong mt-donor atoms.

As a result, the use of copper in medical imaging focuses on copper(ll). In designing a
chelator for copper(ll) it is crucial to have a BFC that will form stable complexes to minimise in vivo
transchelation. These requirements map well onto azamacrocycles, which can be used to achieve
high stability complexes. There is a wealth of literature investigating the use of macrocycles as
bifunctional chelators (BFCs) for copper(ll) (see section 1.4.4).3%3! There is also continuing interest in
the design of copper BFCs; with many review articles in this field.3>3* A key area of investigation has

focussed on the cross-bridged cyclam as a possible solution (see section 2.5).3538

1.3.2.2 Properties of copper radioisotopes

There are several radioactive isotopes of copper that are currently used with a range
of half-lives ranging from 10 minutes (copper-62 generator produced) to 12.7 h (copper-64); shown
in Table 4.3 Although there are additional factors to consider in designing a copper
radiopharmaceutical. For example, high-energy positron energy emitters such as copper-60, copper-

61 and copper-62 give lower spatial resolution.
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Table 4: Key emission for copper-60, copper-61, copper-62 and copper-64. For B+ energies determined as average of end-

point energies, weighted by intensity.40

Nuclide Half-life (min) Radiation Energy (KeV) Intensity (%) Reference

B* 2940 92

Cu 23.4 4
v 511, 467, 826, 1332 183, 4, 22,88
B* 1159 62

®1Cu 204.5 42
v 511, 283, 589, 656 123,12,1,11
B* 2925 93

2Cy 9.7 4
Y 511 155
B* 657 17

84Cu 761.9 a4
1 511, 1346 35,1

Copper-64 is also attractive as a theranostic radionuclide as it is a beta- and Auger electron-

emitter as well as positron emitter.'

1.3.2.3 Production of copper-64

Copper-64 can be effectively produced by both nuclear reactor-based and accelerator-based
methods. One method of copper-64 production is the ®Zn(n,p)®*Cu reaction in a nuclear reactor.??
However, the disadvantage of this method is the formation of the by-products zinc-65 which has a
long half-life of 245 days. This combined with high cost and impracticality of production by a nuclear

reactor limits the production of copper-64 by this method.

The more common production method of copper-64 is via the ®Ni(p,n)®*Cu reaction on a
biomedical cyclotron which was first proposed by Szelecsenyi et al.** The study showcased the
feasibility of producing copper-64 with a small cyclotron. Subsequent studies by McCarthy et al. fine-

tuned the procedure which is now used world-wide by researchers to produce copper-64.4°
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1.3.3 Fluorine-18

1.3.3.1 Chemical properties of fluorine-18
Fluorine-18 is the most widely used isotope for PET imaging. Fluorine is a group 17 element with

the electronic figuration [He]2s%2p°. It is highly electronegative with a small radius of 42 pm.?3

It is most often incorporated into an imaging agent by the formation of a carbon-fluorine bond.
However, this is not the only way fluorine can be introduced as boron, aluminium, phosphorus and

silicon all have very high bonding energies with fluorine (shown in Table 5).

Table 5: Average bond dissociation energies and bond length for common radioflurionation approaches.*”

Bond Bond dissociation energy (KJmol?) Bond length (A)
C-F 513.8+10 1.35
Al-F 675 1.63
B-F 732 1.30
Si-F 576.4 +17 1.60
P-F <405 1.54

1.3.3.2 Radiochemical properties of fluorine-18
Fluorine-18 is a versatile positron-emitting radionuclide with a useful balance of properties.

Decay of fluorine-18 is largely by positron emission (97%), with a low energy emission (maximum
0.635 MeV), thus the positrons have a short mean range (2.39 mm in water).*® The moderate half-
life of 109.7 minutes allows for more elaborate syntheses (compared to the organic radionuclides;
carbon-11, oxygen-15). The half-life also allows for fluorine-18 radiopharmaceuticals to be
distributed to locations distant from the cyclotron, hence, the popularity of fluorine based

radiopharmaceuticals in clinical imaging.

Radiolabelling with fluorine-18, in general, can be carried out in one of two ways; either by
nucleophilic or electrophilic substitution. There have been many excellent reviews written on the
reaction chemistry of fluorine-18 and the future potential for novel radiotracer development.*-?
1.3.3.3 Production of fluorine-18

Fluorine-18 is readily available from both particle accelerators and nuclear reactor, using a
wide range of nuclear reactions. For practical purposes nearly all fluorine-18 is currently produced
using a single nuclear reaction, ¥0(p,n)*F, where fluorine-18 is isolated as a fluoride ion in aqueous

solution from oxygen-18 enriched water.
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1.4 Labelling with radiometal isotopes

In the majority of cases to use radiometals in molecular imaging, the ‘free’ radiometal ion is
sequestered from an aqueous solution using a chelator to form a complex that is stable in the
biological system. Chelators used for this application are typically covalently linked to a biologically
active targeting moiety. The different radiometals each have unique physicochemical characteristics,
and so it is important to match the chelator to the radioisotope to ensure rapid complex formation

and high stability.
1.4.1 Bifunctional chelators (BFCs)

BFCs for radiopharmaceuticals are designed to contain donor atoms to bind to a radiometal but also
have a functional group that allows for linking to a biological targeting group. The design of a BFC
depends on the radiometal and its properties, including preferred geometry, coordination number
and oxidation state. Furthermore, the BFC must be non-toxic and should form both
thermodynamically and kinetically stable complexes in vivo. The chelator radiolabelling process
should be rapid, efficient and selective to give a straightforward preparation method for use in
radiopharmacies. BFCs can be classified as either cyclic or acyclic which influences the way they

encapsulate a radiometal, see Figure 7.

Macrocyclic BFC Acyclic BFC
Can |

| /Lg \
e

Figure 7: Diagram showing how macrocyclic and acyclic chelators encapsulate radiometal ions.
The structure and physicochemical properties of the radiometal-chelate complex will
influence the pharmacokinetics of the radiotracer, with many radiometal complexes being highly
hydrophilic. It has been observed that the chelation of the radiometals can have a dramatic effect on

the biodistribution of the constructs.>?
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1.4.2 The macrocyclic effect

Macrocyclic chelators form more kinetically stable complexes in comparison to their acyclic
counterparts. When considering thermodynamics, macrocyclic chelators require less physical
rearrangement during metal complex formation, as they inherently possess a degree of
preorganisation, therefore the entropy penalty has already been paid.>® In contrast, acyclic chelators
undergo a more dramatic reorganisation of the physical orientation on complex formation to
arrange donor atoms in the correct geometry. This causes a more significant decrease in entropy and
as a result makes it more thermodynamically unfavourable.>* This phenomenon is known as the

macrocyclic effect, and is key consideration in designing a BFC.

However, acyclic chelators do have the advantage of more rapid kinetics of complex
formation; resulting in faster radiolabelling at lower temperatures (e.g. acyclic chelators have been
radiolabelled in 5 minutes at room temperature). Macrocyclic chelators often require much longer

reaction times of 30-90 minutes at elevated temperature (60-95°C).

1.4.3 Design of a chelator for radiometals

The key properties when selecting a BFC for in vivo use are a combination of thermodynamic
stability and kinetic inertness. These properties are represented by the formation constant (Km. =
[ML]/[M][L]) and the rate constant for the complex formation. The formation/stability constants can
be measured for non-radioactive complexes by potentiometric titrations and provide an excellent
starting point for selection of chelators, however it is challenging to fully represent the conditions

and competing chelating ligands present in biological systems.

Transchelation experiments in model systems are also useful to determine whether the
radiometal complex is suitable for in vivo studies, as this can include proteins and biological
molecules which competitively bind to the metal ions. Tests can be carried out with relevant
biological fluids, protein solutions or biomaterials, including blood serum, apo-transferrin and
hydroxyapatite. The radiometal-BFC complex is incubated with the biorelevant solutions and the

mixture analysed by HPLC or TLC to give an indication of the stability of the complex over time.
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1.4.4 Commonly used chelators and their compatibility with radiometals

Chelator design has been a key part of radiopharmaceutical development and some

examples of the most commonly applied chelators are presented in this section.

The tables below aim to provide a quick reference in comparing each chelator to commonly
used radioisotopes. The categories of poor, okay and good have been used to describe the pairing of
the radiometal with the chelator which is based on author’s opinions on the general suitability of the
chelator and specific radiometal. Factors such as radiolabeling condition and in vivo/vitro stability
have been considered in the assignment of a rating. The assignment of good may suggested that the
pairing of the chelator and radiometal are currently ‘gold standard’ used widely in the field, or that
early work is looking promising. The assignment of okay indicates may indicate that although this
pairing has been used successfully in the past for in vivo imaging that perhaps it has been surpassed
by a new and superior chelator. The assignment of poor indicates that the chelator and radio-

isotope pair suffers from severe instability or radiolabeling problems.

1.4.4.1 DOTA as a radiometal chelator

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, see Table 6) is one of the most
commonly used chelators for complex formation with radiometals, and has been the ‘gold standard’
for the complexation of various radiometals (including gallium-68, indium-111, lutetium-177 and
actinium-225). DOTA is not only widely used in nuclear imaging such as PET and SPECT, but is also
applied in MRl and Ol.

18



Table 6: DOTA BFC with relevant radiometal ion, labelling conditions, thermodynamic stability constants (logKm.) and
coordination geometries. * Indicates that the donor set is dependent on the metal.

Labelling Radiolabelling

Bifunctional chelator Radioisotopes Efficiency conditions Log Kme Reference
37-90°C,
67/68Gg3+ Okay 10-30 min, 21.3 55-64
pH 4.0-5.5
37-90°C,
COOH  COOH 11113+ ) . 55, 61, 64-67
Kﬂ) In Good 15-60 min, 23.9
[ j pH 4.0 -6.0
g 25-90°C,
OOH  COOH
s4Cu?* Okay 30-60 min, 22.2,22.7 57,66, 68-75
DOTA, 1,4,7,10-tetra-
azacyclodedodecane- pH5.5-6.5
1,4,7,10-tetraacetic 95°C
acid, donor set
N4O4* 44/47g 3+ Good 20-30 min, 27.0 7678
pH 4.0
25-100°C,
U7 y3 Good 15-90 min, 23.5,21.6 67,79
pH4.0-6.0

In 1976, Stetter and Frank were the first to report the complexation properties DOTA has
with lanthanide and transition metal ions. Although DOTA is widely applied to complex metals in
radiopharmaceuticals, it is not ideal for some metal ions, in particular copper(ll) (copper-64) which
does not form complexes of sufficient kinetic stability for in vivo use. The issues are different for
gallium-68 where the slow kinetics of complex formation require elevated temperatures and longer
reaction times. However, in general terms, the DOTA chelator offers a good balance of properties

and its strength is its versatility as it can bind effectively to a wide variety of metal ions.38 80-82
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DOTA-NHS-ester p-SCN-Bn-DOTA DOTAGA, R = amide, DOTAGA-anhydride
NHS ester

Figure 8: Common derivative BFCs of DOTA.
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DOTA derivatives (see Figure 8) can take advantage of one of the unbound carboxylate acid
arms in six coordinate complexes to allow for conjugation to a targeting moiety. For radiometals
requiring an octadentate coordination sphere, using all of the carboxylate functional groups, C-
functionalisation or branched pendant arms can be incorporated to provide the additional functional

group required for conjugation.

1.4.4.2 TETA as a radiometal chelator

Table 7: TETA, and NOTA BFC with relevant radiometal ion, labelling conditions, thermodynamic stability constants (log Km)
and coordination geometries.

Labelling Radiolabelling

Bifunctional chelator Radioisotopes Efficiency conditions Log KmL Reference
Hooc COOH 67/68G g3+ Poor - 19.74 83
N '
[N N% 113+ Poor - 21.9 8
HOO(J:/ ‘\/‘ COOH
TETA, 1,4,8,11-tetra- 80°C, 30-60
azacyclotetradecane- Cu? Okay min, 21.9,21.6 84,85
1,4,8,11-tetraacetic acid, pH4.0-6.0
donor set N4O4
25°C, 30-60
67/68G 53+ Good min, 31.0 57, 64, 86-90
pH 4.0- 5.5
COOH 60-95°C, 20-
( 13+ Okay 30 min, pH 26.2 64,83,91-94
N/> 4.0-5.0
mm&wmj\ﬁmm* 80°C, 30-60
B4Cy2+ Good min, 21.6 95,96
NOTA, 1,4,7-
triazacyclononane-1,4,7- PH5.5-6.5
triacetic acid, donor set 95°C, 20-30
N3O3 44473+ Okay min, 16.5 78
pH 4.0
90°C, 30 min,
99mTc3+ Good 97

pH4.0-7.0

1,4,8,11-Tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA, see Table 7) is an
octadentate N4,O4 macrocyclic chelator, based on the cyclam macrocycle, that has mainly been
reported as a copper-64 chelator in PET radiotracer design. TETA is not very commonly used in
research today as has been replaced by TETA derivatives such as SAr, CB-TE2A, CB-TE1A1P, CB-TE2P
(see Figure 9). These derivatives form more kinetically stable complexes, and some can be

radiolabelled with copper-64 at room temperature. Unlike DOTA, TETA has not been extensively
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investigated with radiometals other than copper-64, however some attempts have been made to

label it with gallium-68 and indium-111 (see Table 7).

A8 Ode Ode
oW AL WL
HOOg N HOOg N HO_éH N

CB-TE2A CB-TE1AlP CB-TE2A

Figure 9: Structures of derivatives of TETA.

1.4.4.3 NOTA as a radiometal chelator

1,4,7-Triazacyclononane-1,4,7-triacetic acid, NOTA is a hexadentate N3O3 chelator and has
been successfully used to chelate gallium-68 and copper-64 (see Table 7). With gallium-68, NOTA
offers high radiolabelling yields under mild conditions (room temperature 30-60 min) and
appropriate in vivo stability. NOTA is superior in radiolabelling properties and stability for copper-64
when compared to ethylenediaminetetraacetic acid (EDTA), DOTA, and TETA. As with previous
examples, the structure of NOTA can be modified on the ring carbons or with a branched pendant
arm to allow for the conjugation to the biological targeting moiety without disruption of the

coordination sphere.

1.4.4.4 TRAP as a radiometal chelator
1,4,7-Triazacyclononane-1,4,7-tris[methyl(2-carboxyethyl)phosphinic acid], TRAP is a
derivative of NOTA. The carboxylic acid arms of NOTA are replaced with phosphinic acid groups and
it was originally reported more than twenty years ago by Parker et al., who was the first to suggest
the use of TRAP as a gallium-68 chelator.”® % TRAP can be radiolabelled efficiently at room
temperature and very low pH (<1).19% %% |t has a formation constant (logKm.) of 26.3 and has been

shown to be more specific in binding to gallium(lll) over other competing metal ions than NOTA.2%!
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1.4.4.5DTPA

Diethylenetriaminepentaacetic acid, DTPA is an acyclic chelator that has been used in
radiochemistry for many years and can be radiolabelled with a wide range of radiometals.® DTPA has
been largely superseded by DOTA and NOTA as it suffers from poor in vivo stability in comparison,
although some derivatives with a rigidified backbone have a good balance between rapid kinetics of

complex formation and stability.%?

1.4.46 THP

Tris(hydroxypyridinone) ligands, THP (structure show in Table 8), are a relatively recent
addition to the library of BFCs and have received a lot of attention as they can be radiolabelled with
gallium-68 rapidly under mild conditions. Berry et al. labelled the BFC at room temperature over 5
min at pH 6.5.1% This chelator has the potential for use in labelling of sensitive biomolecules with
gallium-68 and, perhaps more importantly, the development of one-step kit like protocols for
simplifying the radiolabelling procedures with gallium-68 to streamline clinical radiopharmacy

production.

Table 8: THP acyclic BFC with relevant radiometal ion and labelling conditions

Labelling Radiolabelling

Efficiency conditions Reference

Bifunctional chelator Radioisotopes

25°C,

o
K o L L
RI/ \g/\/;/\g N 67/68G 53+ Good 5 min, 103-106
OH o
o " pH 6.5
\
||

Good (but
8974+ _ . 107
THP, tripodal Z low stability) 10-15 min,

tris(hydroxypyridinone) pH 6-7
ligands; donor set Og

1.4.4.7 DFO

Desferrioxamine B, DFO, is clinically used for iron chelation therapy in patients presenting
with excessive iron deposition in tissues and organs.’®® DFO has also been used with isotopes of
gallium and zirconium for the development of radiotracers. DFO is the most commonly reported BFC
for complex formation with zirconium-89 and has been studied in vivo. However, there are not yet
any FDA-approved radiopharmaceuticals utilising zirconium-89. The gallium(lll) DFO complex gives
hexadentate (O¢) coordination in an octahedral geometry with a high stability constant (logKm.) of

28.6.5
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1.5 Chemokines and the CXCR4 chemokine receptor

1.5.1 Biological role of chemokines and chemokine receptors

The term chemokine is used to describe a large family of chemotactic cytokine proteins (see
Figure 10). These proteins play several important roles in the body and are found in a range of cells
in the immune system, central nervous system and endothelial cells.!® They regulate the movement
of cells, a process known as chemotaxis and consist of several small proteins in a size from 8-14 kDa.
They can be divided into four categories C, CC, CXC, and CX3C depending on the position of the first
two cysteine residues which are adjacent to the N-terminus.!® To date at least 20 different
chemokine receptors have been identified, with more than 50 chemokines found to influence a
variety of biological processes.’'® 1! The large number of chemokines, compared to the receptors

implies the interaction of various ligands binding to several receptors, as shown in Figure 10.

Associated Chemokine Chemokines
Disease Receptor Common Systematic names
Names Names
IL-8
Sepsis CXCR1 cxeLg
Atherosclerosis GCP-2 CXCL6
Psoriasis NAP-2 CXCL7
RA ENA78 CXCLS
=Rl e Gro-a oxcLt
Gro-B CXcL2
Transplant BiE I Gro-y CXCL3
MS IP-10 CXCL10
Psoriasis
RA CXCR4 I MIG CXCL9
I-TAC CXcL11
SDF-1 CXCL12
AR CXCRS I BCA-1 CXCL13
Cancer
Bone marrow
transplantation CXCL16
Ms RANTES CCLs
RA CCR1
T MIP-1a CccL3
ransplant
Renal fibrosis MCP-3 ccLy
CCR2 I
Ms MCP-1 ccL2
Transplant
Asthma MCP-4 CccL13
Atherosclerosis
Peripheral nerurrnpathv Fotaxin caal
Nephritis
CCRS I
TARC caay
MDC CcCLaz
MIP-1p cca
MIP-3a ccL2o
ELC CcCL19
SLC ca
1-309 ca
e ccrg
MEC CccL2s
cnax caz
TECK CCL2s
Atherosclerosis H CX3CR1 I Fractakine/
Neuroactin e e
Lymphotactin  XCL1

Figure 10: Diagram showing the sub-classes of chemokine receptors, their ligands and their association to disease. The
recptors for the CXC subclass are shown in blue, the receptors for the CC subclass are shown in red and the receptors for
the C and CX3C class are shown in green. (Inspired by figures reported by Wells et al. and Proudfoot et al.).112 113
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1.5.2 CXCR4 chemokine receptor

CXCR4 is a seven transmembrane helix G-protein-coupled receptor consisting of 352 amino
acids, roughly 40 kDa in size (structure seen in Figure 11). The receptor has only one endogenous
ligand; the chemokine stromal cell-derived factor-1 (SDF-1), also known as CXCL12, which is a small
protein containing ca. 70-90 amino acid residues with four conserved cysteines that form two
disulfide bonds. Studies have shown that CXCL12 can also bind to the CXCR7 chemokine receptor
linking the function of these two receptors.''* The CXCR4 receptor has emerged as one of the most

studied chemokine receptors due to its role as a co-receptor for the entry of HIV into a cell and in

the growth and spread of cancer.®
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Figure 11: Schematic representation of the seven transmembrane helixes of the CXCR4 receptor. Amino acids shaded red
(Asp171, Asp262 ect.) shown to be key site for binding. (Reproduced from Fruehauf et al.).116

The CXCR4 receptor is rich in aspartate, histidine and tyrosine amino acids. Several of the
aspartate residues surround the CXCL12 binding pocket. Their arrangement is unique to CXCR4, and

262)

although two of the aspartate residues (Asp'’* and Asp?®?) are conserved in the CXCR3 receptor, the

overall structural arrangements are different.!'’

CXCR4 is commonly expressed by adult bone marrow progenitor, hematopoietic, retinal
pigment, endothelial, vascular smooth muscle, microglia, neuron and neuron stem cells.!*® It is
important in embryogenesis, neoangiogenesis, hematopoiesis and inflammation processes.'® If
there is a fault or mutation in the CXCR4/CXCL12 interaction during the embryonic stages of
development it leads to severe birth abnormalities including cardiac dysfunction and bone marrow

defects.'?®
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1.5.3 Role of the CXCR4 chemokine receptor in diseases

Due to the involvement of CXCR4 and its natural ligand CXCL12 in a wide range of
physiological and pathologic processes, there has been intensive biological, chemical, and
pharmaceutical research into understanding the molecular mechanisms of chemokine-chemokine
receptor interactions. The number of publications devoted to the topic of CXCR4 biological,
radiopharmaceutical and clinical applications has dramatically increased in the past twenty years.
Estimations based on PubMed reveal in the past ten years alone (2006 to 2016) there has been an

approximate 70% increase in published papers on CXCR4.

CXCR4 has become an increasingly relevant topic of research due to the key role it plays in
several life-threatening diseases. CXCR4 is implicated in human immunodeficiency virus (HIV)-I
infection, normal hematopoietic and neural stem cell migration, cancer—stromal cell interaction,
solid tumours, and inflammation/autoimmune diseases such as rheumatoid arthritis and allergic

asthma.

1.5.3.1 Role of CXCR4 in Human Immunodeficiency Virus

The CXCR4 receptor has been shown to play a crucial role in the life cycle of HIV. Viral entry
into a cell is mediated through the interaction of the HIV envelope protein (Env) and two receptors;
CD4 and either CXCR4 or CCR5, (shown in Figure 12).12%122 The virus infects and destroys the CD4+ T-

lymphocytes thus causing a progressive state of immunodeficiency.!*

L, -
Viral @g ?@
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Figure 12: Imaging showing chemokine receptors CCR5 and CXCR4 are the two possible co-receptors for HIV entry. (Image
reproduced from Liang et al.).123

The work to discover CXCR4 antagonists which prevented the HIV virus entering cells was
given an early boost as one of the effective anti-HIV drug candidates (from the 1990s) was
discovered to act by blocking this pathway in the initial determination of the role of CXCR4 in HIV
infection. The drug molecule is AMD3100, which was taken into clinical trials even before CXCR4 was

confirmed to have a role in HIV infection. It is discussed in more detail in section 2.1.1. The

25



determination of the X-ray crystal structure of the CXCR4 receptor by Wu et al. in 2010 was also a

key advance in enabling design of drug candidates that bind to the CXCR4 receptor.?*

1.5.3.2 Role of CXCR4 in cancer

Cancer is a disease caused by the unregulated division of abnormal cells in parts of the body.
Cancer Research UK reports that cancer will affect 1 in 3 people in the UK, and every day more than
ca. 1000 people will be diagnosed.'? One of the key aims of research is to develop better methods
for earlier diagnosis of cancer; as the earlier cancer is detected, the better the prognosis of the

patient.

It is known that many cancers have a complex chemokine network that influences the
immune-cell infiltration of a tumour, as well as tumour cell growth, migration, and angiogenesis. The
CXCR4 receptor is one of the most over expressed chemokine receptors in cancers. It has been
reported to be over expressed in 23 different types of cancers (Table 9 shows several cancers that up
regulate chemokine receptors).!*® Examples include breast cancer, ovarian cancer, prostate cancer,

pancreatitis cancer, gastric cancer, melanoma, oesophageal carcinoma, lung cancer, head and neck

cancer, bladder carcinoma, acute lymphoblastic leukaemia and chronic myelogenous leukemia.

Table 9: Different cancers showing an overexpression of chemokine receptors.

Cancer Chemokine receptor expressed
Breast CXCR4, CCR7'%
Ovarian CXCR41%7 128
Prostate CXCR4%»
Pancreas CXCR4%0
Melanoma CXCR4, CCR7, CCR10™3% 132
Brain CXCR4!11, 133
Oesophageal CXCR4, CCR10, CCR7, CCR9™34 135
Lung CXCR413¢
Head and Neck CXCR4, CCR7*¥
Bladder CXCR4, CCR7, CXCR5%3% 139
Colorectal CXCR3™M0, CXCR4M* 142
Osteosarcoma CXCR4, CCR7%43 144

Neuroblastoma
Acute Lymphoblastic Leukaemia
Chronic myelogenous Leukemic
Renal cell carcinoma

Sort Tissue sarcomas

CXCR4145 146
CXCR4, CXCR3147. 148
CXCR4, CXCR3, CXCR59
CXCR4™°
CXCR4™!
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Cancerous cells are thought to ‘hijack’ the CXCR4/CXCL12 axis to establish distant sites in
organs for metastasis. Although there is still limited understanding about the mechanism of
metastasis, it is not thought to be a random process. The CXCR4 receptor has been reported having
high levels of expression in common sites of metastasis; such as the brain, bone marrow, liver, lymph
nodes and lungs.’®> Muller et al. showed that abrogation of the CXCR4/CXCL12 axis resulted in
reduced metastatic burden in a variety of mouse models.??® Up-regulation of the CXCR4 receptor has
also been correlated with increased risk of metastasis, poor prognosis, tumour aggressiveness and

increased chance of reoccurrence.'®

1.6 Development of PET tracers for CXCR4 imaging

Non-invasive imaging of CXCR4 would allow for a complementary diagnostic or prognostic
biomarker for tumours expressing the CXCR4 receptor. The main areas of research into the
development of a CXCR4 imaging agent utilise derivatives of T140 (peptide), FC131 (peptide) or
AMD3100 (see section 2.1.1-3). Figure 13 shows a general concept that has been applied to develop
a CXCR4 targeted PET tracer.

CXCR4 antagonist

“Ga Labeling
Precursor » @ Tracer

@

Figure 13: Schematic representation of the interaction between CXCR4 and a radiolabelled imaging agent.

1.6.1 Peptides as CXCR4 imaging probes

1.6.1.1 T140 and its derivatives
Many of the peptides used for CXCR4 imaging find their origins in work conducted by
Nakashima et al. who were investigating horseshoe crab defence proteins tachyplesin and

polyphemusin.®® They screened many analogue peptides looking for anti-HIV activity and, of the
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peptides synthesised, T140 (Arg!-Arg?*-Nal*-cyclo(Cys*-Tyr>-Argt-Lys’-D-Lys8-Pro°-Tyr-Arg!-Cit!2-
Cys®)-Arg14, shown in Figure 14, L1) was revealed to be the most active for binding to CXCR4.

In 1998 this work was continued by Tamamura et al. who investigated this 14-residue
peptide further.™ Studies have shown that T140 binds to the CXCR4 receptor at the N- and C-
terminus through four key residues (Arg2, Nal3, Tyr5 and Arg14).1> T140 derivatives form one of the
most studied classes of CXCR4 antagonist as they have low nanomolar affinity and high specificity for
the CXCR4 receptor. However, the high net charge on T140 caused cytotoxicity problems. Tamamura
et al. later reported that changing some of the charged amino acid residues such as arginine or lysine
to neutral L-citrulline can reduce the cytotoxicity issues, while still producing a highly stable and

potent antagonist.!®®

A further disadvantage of T140 is poor metabolic stability in serum, which led to many
analogues being synthesised with modifications at each terminus to increase stability.**” The most

successful of these is Ac-TZ14011, with the carboxyl group protection via amidation on Argl.

The first use of T140 in a radiotracer construct was reported in 2006 by Hanaoka et al. who
synthesised a CXCR4 targeting SPECT tracer by conjugating DTPA to AC-TZ14011 and radiolabelling
with 111n,158 111 n-DTPA-Ac-TZ14011 showed partial tumour uptake in nude mice bearing pancreatic
tumours, as well as a significant difference in blocking studies (blocked with 10 mg/kg unlabelled
TZ14011). However, the tracer was not suitable for further study as it also has high uptake in non-

CXCR4 expressing organs.!>8

Argl Nal®

H D-Lys8
+ N +
H3N/kg/ /'\g \)J\ /'\g \:\/\/NH3
Arg Arg
Argllo Pro9
Ho)K[ J\r

Ci tlz Tyr
18 Tigo L1

Nal®

Arg1 H
N D-Lys8
O H/'\g/ /'\g/ \)J\ /'\g/ H \\/L/NH:),
Arg Clt6 x:
1
o | :/ o Arg o Pro9
N 3
H,N NJ\‘/
gl H

Ci tlz Tyr
[*®F-T140 L2

Figure 14: Structure of T140 and radiolabelled derivative.

28



Peptide L2 (shown in Figure 14), [*¥F]-T140, was the first reported PET imaging agent derived
from T140. It has a fluoro-benzyl group at the N-terminus, where the fluorine-18 radiolabel is
incorporated.’ In vivo, the tracer showed accumulation in CXCR4-expressing tumours (tumour-to-
muscle ratio of 21.6), while no uptake was seen in CXCR4 negative tumours. Peptide L2 did however
have several drawbacks; the compound was only able to distinguish tumours of varying CXCR4
expression with a co-injection of the non-radioactive compound. Jacobson et al. proposed that
without this co-injection the tracer would bind non-specifically to red blood cells (RBCs) to such an
extent it would prevent the tracer from reaching the receptors in the tumour. The tracer was also

both challenging to synthesise and to radiolabel, and so further development work was required.*®°

In 2013, Zhang et al. investigated radiolabelling of Ac-TC14012, another T140 derivative, with
fluorine-18.1%! This was achieved via attachment to either a fluorobenzoate or fluoroproprionate
group at Lys-7. Both radiotracers showed higher accumulation, 4 or 5 fold increase in CXCR4-positive
over CXCR4-negative tumour xenografts in mice.'®® In contrast to the previous minimal binding to
RBCs was observed, showing the influence of the C-terminal placement of the fluorobenzoate in

peptides L2 (and later L5 and L6) in preventing non-specific binding.

Jacobson et al. also investigated other isotopes to allow facile radiolabelling of T140. The group
synthesised T140 derivatives with the inclusion of DOTA or NOTA BFCs on the lysine group to
radiolabel with copper-64 and gallium-68 (structures shown in Figure 15).1%2 The non-radioactive
copper complexes of DOTA T140-NFB, L3, and NOTA-NFB, L4, gave ICso values of 68 and 138 nM
respectively, which show a reduction in potency in comparison to T140 (2.5 nM).1%2 However, similar
problems as before with binding to RBCs were observed, but the tracers were still able to positively
identify the tumour (tumour-to-muscle ratio of ca. 5). There may also be issues with the use of a
DOTA chelator for the copper-64 ion as radiometal release is likely to occur and be responsible for

an increase in liver uptake (see section 1.4.4.1).
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Figure 15: Structures of T140 radiolabelled derivatives for PET imaging.

%8Ga-DOTA-4-FBn-TN14003, [*8Ga][GalL5], was reported in 2012 by Hennrich et al. based on a

However, no in vivo imaging data was reported for this compound.'®3
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very similar structure to 4-FBn-T140 reported by Jackson et al., they also included a DOTA chelator at
the D-Lys8 residue for gallium-68 radiolabelling.'®® In vitro ICso assays gave a value an approximately

2 nM for the Ga-DOTA peptide conjugate, which is promising as it matched that of 4-F-T140.

Jacobson et al. investigated other copper-64 labelled peptide derivatives including [**Cu][CuL6],

with the inclusion of two DOTA BFCs attached to the peptide (see Figure 15).1%* [**Cu][CuL6] was



reported to have an ICso value identical to T140. They reported higher uptake in the liver when
compared to the BF-T140 derivatives, and concluded this was due to transchelation of the
radiometal. Tracer [**Cu][CuL6] also needed to be co-injection with the non-radiolabelled peptide to
prevent RBC binding, in line with the previous observations. [5*Cu][CuL6] has poor tumour uptake

and low labelling stability, hence is not an ideal candidate for further investigation.

1.6.1.2. Cyclopentapeptides as CXCR4 imaging probes
Cyclopentapeptides have also been synthesised to produce PET tracers. The peptide FC131

(L7, shown in

Figure 16) has been radiolabelled in several ways; inclusion of DOTA for %Ga3* labelling, reaction
with p-fluorobenzaldhyde or by “click chemistry” with a Fluorine-18 precursor.’6>1%8 FC131 has also
been labelled with iodine-124 by Dijkgraaf et al. and although it had promising interaction with
CXCR4,'®° high uptake in the liver and intestines was observed (tumour-to-liver and tumour-to-

intestine ratios of 0.3 and 0.6 respectively), which was attributed to its high lipophilicity. 6% 170

H/\/éo OH °
o. NH HN H OH 0
., o_ NH " HN /©/ )
H NH HN N #L” HO
(@] NH _
H N2 Arg5 4 H N

mNHZ o]
H2
®

CPCR4.2 L8 M= norgghelated
FC131 (D-Arg2) L7 [**GalPentixafor : M= Ga**
Figure 16: Structures of FC131 and Pentixafor (CPCR4.2 DOTA) derivative.

Gourni et al. reported the conjugation of the FC131 peptide to DOTA forming the derivative
CPCR4.2, L8, and it was radiolabelled with gallium-68 to give [*8Ga]Pentixafor. The ICso value for the
uncomplexed CPCR4-2, L8, was considerably higher than FC131 (150 and 4 nM respectively).1®®
Intriguingly when complexed with gallium-68, [®®Ga]Pentixafor, the ICso decreased (5 nM) to give a
more potent compound.’®® In vivo studies of Pentixafor in small cell lung cancer (OH1 h-SCLC)

showed tumour specific uptake (SUVmax 2.1% ID/g), which could be validated though blocking
experiments with AMD3100.1°

The success of this tracer in preclinical studies led to trials in human patients. In March 2015,

Herrmann et al. reported the use of Pentixafor for imaging five multiple myeloma patients to assess
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biodistribution and dosimetry.!’* The results were very promising, detectable tumour uptake was
seen in two of the five patients (consistent with 43% of multiple myeloma cases being CXCR4-
positive, Figure 17) with high tumour-to-background ratios as well as the lack of toxicity and

favourable imaging characteristics.’*

Figure 17: Example of high tumour-to-background ratios in multiple-myeloma patient. Shown are maximum-intensity
projections (A, left; B, right) as well as trans axial slices 40 (A) and 236 (B) minutes after injection with [68Ga]Pentixafor.
(Reproduced from Herrmann et al.). 171

The use of Pentixafor for CXCR4-targeted imaging in clinical trials is a milestone in the field of
CXCR4 research. A further clinical trial imaging with [®®Ga]Pentixafor in fourteen patients was
reported by the same group.'’? The study compares the ability of tracers [*Ga]Pentixafor and
[*F]FDG to detect tumours. [#8Ga]Pentixafor was revealed to be better at detecting lesions in seven
of the fourteen patients and comparable in three patients. In two patients [*®F]FDG was judged to
provide superior diagnostic information, and in the remaining two patients both tracers provided
useful complementary information. This work does indicate a shortcoming in the application of

Pentixafor as it failed to identify some CXCR4-positive tumours.

Recently Poschenrieder et al. looked at expanding on the library of metal-chelate conjugate
derivatives of Pentixafor.!”® The paper reported on different BFCs (DOTA, DOTAGA, NOTA, NODAGA,
DTPA and DFO-B) along with chelation to various non-radioactive metal ions (Ga**, AIF?*, Zr*, Cu®,
In¥*, Lu®*, Y3, and Bi*). Each complex was assessed for CXCR4 binding affinity and as a result of this
study, two constructs, Pentixafor-NOTA ([™'Ga®*], ICsp = 17.8 nM) and a Pentixafor-DOTA (["*'Bi**],
ICso = 22.1 nM) were identified as potential CXCR4 targeting agents.'’® However, the gallium-NOTA

Pentixafor tracer gave disappointing in vivo results.'”*

Another recent paper from the same group reported the synthesis and labelling of the CPCR4.2
peptide used in Pentixafor with therapeutic radionuclides lutetium-177 and yttrium-90, to give

[*7Lu]Pentixather and [*Y]Pentixather.'”® This approach offers a theranostic combination of
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isotopes where patients can be selected for response to the therapeutic isotope labelled agent with
a scan using the PET isotope equivalent. Therapy response can also be tracked using the imaging
radiotracer. The radiotherapeutic agents were administered to three patients along with stem cell
therapy and chemotherapy. The paper reports that one patient went into complete remission, one
showed a partial response and the third developed terminal sepsis. It is hard to conclude the extent
of the effect of the therapeutic agents [*”’Lu]-pentixather or [*°Y]-pentixather as the positive patient
response could be due to the other therapies they underwent simultaneously but this shows that

this approach is worthy of further investigation.

Peptides such as T140, CPCR4.2 and their derivatives have shown promise for the imaging of
CXCR4 expression in vivo, and are at a relatively advanced stage of development: There are also
recent advances in other classes of tracer, in particular those based on tetraazamacrocyclic

constructs for binding to the CXCR4 receptor, which forms the basis for the research in this thesis.
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1.7 Research aims

The main aims of this work are to synthesise, label (with radioisotope or optically active tags)
and biologically validate tetraazamacrocyclic compounds and peptides as CXCR4 binding probes for
medical imaging applications. This work largely builds upon previously reported results by the
Archibald group that the inclusion of metal ions in configurationally restricted multi-

tetraazamacrocyclic compounds enhances binding towards the CXCR4 chemokine receptor.

PET radioisotopes such copper-64, gallium-68 and fluorine-18 can be utilised for the
development of novel CXCR4 specific imaging probes. In vivo validation in mice models is required to

determine the potential of the antagonists, with a focus on the compounds shown in Figure 18.
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Figure 18: Structures of novel CXCR4 antagonist target compounds that are synthesised in this work and tested in vivo.
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Novel technetium-99m labelled CXCR4 binding probes are also of interest for SPECT imaging,
with in vitro validation to determine the most promising structures for future development in vivo.
Fluorophores can be conjugated to the small molecules and peptides for the development of CXCR4
specific optical imaging. There is interest in novel NIR emitting dyes (e.g. aza-BODIPY) in the

development of CXCR4 optical imaging probes.

1.6 Summary

There has been a dramatic increase over recent years in the development of target specific
radiopharmaceuticals for cancer imaging. Although, the peptide Pentixafor reported by the Wester
group has been clinically translated, there still remains a great deal of scope for further CXCR4
specific imaging agents; especially small molecule based compounds. This work investigates the
development of high affinity CXCR4 antagonists for diagnostic applications. In chapter 2 the
synthesis and biological investigation of copper-64 radiolabelled small tetraazamacrocycles is
discussed. Chapter 3 outlines the synthesis of novel gallium-68 radiolabelled compounds, either by a
direct or pretargeted approach. In chapter 4 the synthesis of inorganic (Al-F) radiolabelled fluorine-
18 tetraazamacrocyclic compounds is discussed. Chapter 5 details the synthesis and biological
testing of novel technetium-99m tetraazamacrocycles for SPECT imaging. Chapter 6 describes the
development of a novel NIR dye conjugate CXCR4 binding peptide. The work is then summarised and

concluded in chapter 7 with potential future work outlined in chapter 8.
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Chapter Two

Synthesis and radiolabelling of
CXCR4 antagonists with
copper-64 for PET imaging
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2.1 Previous research and development of small CXCR4 antagonists

2.1.1 Tetraazamacrocyclic CXCR4 antagonists (AMD3100)
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Figure 19: Timeline of the discoveries that shaped the development of AMD3100 and its uses.

The discovery of AMD3100 as a CXCR4 antagonist (see Figure 19) stemmed from the early 1980s
search for drugs to combat the acquired immune deficiency syndrome (AIDS) epidemic. Rozenbaum
et al. reported in vivo efficacy of a polyoxometalate (HPA-23), that inhibited HIV levels in patients
with AIDS, triggering a screen of molecules that did not fit with traditional drug discovery; including

porphyrins and tetraazmacrocycles.?’® 177

The potent use of tetraazamacrocycles as CXCR4 antagonists was discovered serendipitously in
the 1980s. Erik De Clercq at the Rega Institute was screening a large library of compounds for anti-
HIV activity, in collaboration with Johnson Matthey, and found an impurity in one sample of cyclam
(JM1498) that had potent anti-HIV activity, with an ECso of about 10 ug per mL.*® After further
investigation it was discovered that this impurity consisted of two 14-membered
tetraazamacrocyclic rings connected directly by a C-C bond, the impurity was labelled JIM1657, see
Figure 20. This led to the synthesis of a series of bis-cyclam analogues containing different linkers.
JM3100 (later changed to AMD3100 when the development was transferred to a separate company
AnorMED) was an analogue which consisted of the two cyclam rings with an aromatic linker, and had

a 100 fold increase in potency in the anti-HIV assays.
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Figure 20. Structures involved in the discovery process of AMD3100.

The role of the CXCR4 chemokine receptor in the HIV infection cycle was not yet known at the
time of AMD3100 discovery. Work carried out by De Clercq et al. indicated that AMD3100 inhibits
the early, post-adsorption event in the HIV viral replication cycle, which is termed
fusion/uncoating.'® De Clercq was proven to be correct as further research into AMD3100 showed a
specific interaction with the CXCR4 receptor; shown to be a key co-receptor for the entry of the virus

into the cell.17®

Figure 21. Diagram showing AMD3100 interactions in the CXCR4 receptor. (Reproduced from Pérez-Nueno et al.).17?

AMD3100 binds to the CXCR4 receptor via electrostatic interactions and hydrogen bonding
between the positively charged protonated nitrogen atoms of the cyclam ring and the negatively
charged carboxylates of the glutamate and aspartate amino acids of the receptor.>® Site directed

87

mutagenesis studies found that the amino acid residues Asp'®!, Asp!®2, Asp'®” and Asp'®®

extracellular loop two and, particularly, Asp'’* and Asp?®? on transmembrane helix (TM)-IV and TM-
VI (which are positioned at each end of the main ligand-binding crevice of the CXCR4 receptor) have
a role in the ability of AMD3100 to block the binding of the chemokine ligand CXCL12 (as shown in

Figure 21),180-182
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AMD3100 was clinically tested as an anti-HIV drug, but the trial was not successful for a few
reasons, mainly because it was entered into without screening the patients for their viral strain. This
meant that patients with R5 (uses CCR5) viral strains that use the CCR5 chemokine receptor for cell
entry were included in the cohort to be treated. There were also concerns with the low oral
bioavailability of the compound which meant that is needs to be administered by injection.
AMD3100 is now licenced by the FDA as Plerixafor, a Haematopoietic Stem Cell (HSC) mobilisation
drug for use in non-Hodgkin’s lymphoma and multiple myeloma patients.’®® The HSC mobilisation

effects were noted in the patients in the initial clinical trial.

2.1.2 Synthesis of AMD3100 metal complexes

AMD3100 provided inspiration for the design of modified agents for binding to the CXCR4
receptor. The preorganisation of the cyclam macrocyclic framework and the availability of lone pairs
of electrons make it an ideal framework for coordinating metal ions. It made sense to test the metal

complexes of this compound to investigate the effects on the protein binding interaction.®*

AMD3100 has two cyclam rings that can coordinate to metal ions, each with four nitrogen donor
atoms and the flexibility to coordinate in either a square planar arrangement or a folded
tetradentate form. From a cation size perspective, the best match is with the first row transitional
metals, with a focus on those with a 2+ charge and an ionic radius of less than 7A.1% Gerlach et al.
reported that the incorporation of metal ions, such as copper(ll), zinc(ll) or nickel(ll), into the cyclam
rings could dramatically enhance the binding affinity to the CXCR4 receptor. The inclusion of two
zinc(ll) ions into the cyclam rings of AMD3100 sees an increase in affinity to the CXCR4 receptor in an
in vitro screening assay (AMD3100, ICso = 74 nm; [Zn,AMD3100]%, ICso = 12 nM).28 The increase in
binding affinity is thought to be due to a coordinate bond that forms between the metal ion and the
carboxylate functional group of the aspartate in the AMD3100 binding site of the CXCR4 receptor.!8
Gerlach et al. also synthesised a library of mono-copper(ll), zinc(ll), nickel(ll) coordinated AMD3100
derivatives. They appeared to show in some cases that the mono-metal compounds showed equal

affinity to the bis-metallated, therefore, attributed the increase in affinity to only one of the metal

ions, although later studies indicate that this may not be entirely correct.®®
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Figure 22: The six configurations of metal-cyclam complexes.

The group also indicated the possible geometries of the AMD3100 metal complexes based on
the extensive work already carried out characterising cyclam complexes. The zinc(ll) complex is likely
to form a complex with either a square pyramidal or an octahedral geometry.'®® However, AMD3100
copper(ll) complexes can form a wider variety of geometries from four-coordinate square planar
geometry to five or six coordinate geometries (Figure 22).® The formation of metal complexes with
AMD3100 causes the nitrogens of the cyclam rings to become chiral, giving rise to six possible
different configurations for each cyclam. In general, the most thermodynamically stable
configurations are the folded (cis-V) and planar (trans-lll) configurations but this can vary with

different metal ions, solvent and counter anions. 123

2.1.3 AMD3100 derivatives as imaging agents

Due to the affinity of AMD3100 towards CXCR4 there has been a great deal of research aimed at
developing AMD3100 derivatives as PET imaging agents. Jacobson et al. were the first to successfully
radiolabel AMD3100 with mono copper-64 to form [**Cu][CuUAMD3100]?* (Figure 23). In addition to
copper-64 having beneficial radiochemical properties, the presence of the copper(ll) ion complex
with the macrocyclic ring may increase the binding affinity of AMD3100 to the CXCR4 receptor.
Biodistribution studies of [**Cu][CUAMD3100]* were carried out in normal mice and showed high
clearance from the blood; as well as uptake in CXCR4 expressing organs such as liver, kidneys and
spleen.'® This early study showed potential for copper-64 AMD3100 as a CXCR4 specific imaging

agent.
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Figure 23: Structures of radiolabelled AMD3100.

A further more detailed study a few vyears later by Nimmagadda et al. tested
[**Cu][CUAMD3100]** in various mouse xenograft models. The group reported that tracer
accumulation was higher in over-expressing transfected CXCR4 glioblastoma cellular models (35%
ID/g) compared to endogenous tissues or a low expressing CXCR4 xenograft tumour (see Figure 24).
Furthermore, the group reported the use of [**Cu][CUAMD3100]%* for imaging lung metastases in
mice, which shows an increased level of CXCR4 expression compared to healthy lungs. However,
high liver uptake (>40% ID/g) indicates that stability of the copper-64 in the cyclam ring may be
problematic, although this was not fully investigated by the authors. This would limit the use of
[**Cu][CuAMD3100]?* as a PET tracer, as the signal could either be due to the CXCR4 binding complex
or the released radioisotope.'® It is expected that released copper-64 would ultimately end up in
the liver with previous studies showing initial binding to ceruloplasmin in the blood followed by
transfer to the liver and uptake into CuZn SOD.® To investigate the potential for copper
transchelation, mice were also injected with [5*Cu]CuCl,, which indicated that the uptake seen with
[**Cu][CUAMD3100]* was not due to the transchelation of copper-64, although there is some uptake

of the [**Cu]CuCl; in the tumour.

This was also shown by Weiss et al. who reported that [*Cu][CUAMD3100]%*, showed high-
uptake in non-targeted tissues, including the lungs, liver, spleen and kidneys. The group attempted a
blocking study using unlabelled AMD3100, however, PET-CT scans still revealed a high signal in these
organs, especially the liver. The group attempted to account for this by the possibility of
[**Cu][CuUAMD3100]** binding to another receptor, however, the most likely explanation is the
transchelation of the copper(ll) ion.’® This therefore hindered the clinical development of the

copper-64 complex of AMD3100 as a PET imaging tracer.
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Figure 24: PET/CT scan of mice bearing both CXCR4-positive and CXCR4-negative tumours (hollow arrow and solid arrow
respectively). B = bladder; K = kidney; L = liver. A: Mouse injected only with copper-64 AMD3100. B: Blocking study in which
mouse was injected first with AMD3100, then with [64Cu][CUAMD3100]2*. C: Biodistribution study in which [¢*Cu]CuCl, was

injected into the mouse. (Reproduced from Nimmagadda et al.).18°

AMD3100 has also been radiolabelled with gallium-67, although it seems highly unlikely that this
would form a stable complex. Aghanejad et al. reported the biodistribution of [’Ga][GaAMD3100]%*
(Figure 23) in wild type Sprague-Dawley rats.?® As with [®*Cu][CUAMD3100]%, considerable uptake in
the spleen was observed. The group also imaged human breast carcinoma-bearing mice with
[*’Ga][GaAMD3100]** and reportedly accumulation of the radiotracer in the CXCR4 positive tumours
4 and 24 hours post-injection. However, no exact values or ratios are given for the tumour bearing

animals, and the image quality is poor.'? Blocking studies were not carried out.

A further proof-of-principle study by the same group was also reported the same vyear;
investigating radiolabelling of AMD3100 with the rarely used zinc-62 radioisotope which is also the
parent isotope of copper-62.1 [62Zn][ZnAMD3100]%* was synthesised, although the details of the
study and analysis were not of a high standard. The group claimed good stability in human serum for
24 hours at 37°C. However, as with all the radiolabelled analogues of AMD3100 investigated thus far,
the biodistribution in rat models showed high uptake in liver, kidneys and spleen.'®® No in vitro data
was reported on the affinity of [%2Zn][ZnAMD3100]? towards CXCR4 and no blocking studies were

performed, limiting the value of this work.
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2.1.4 Tetraazamacrocyclic compounds for PET imaging

AMD3100 sparked a lot of interest in the synthesis and testing of small macrocyclic compounds
to bind to the CXCR4 receptor. Gelach et al. explored the binding of cyclam to the CXCR4 receptor
and discovered it was dependent on the Asp'’! residue.’® A series of mono-macrocyclic compounds
were developed to build upon this. Of particular note is AMD3465 (shown in Figure 25), the

compound structure consists of only the one macrocyclic ring and a N-pyridinylmethylene group.
NH N Ho ] o m UCH, X
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Figure 25. Structure of mono-macrocycle radiolabelled derivatives AMD3465.

AMD3465 has a high affinity for the CXCR4 receptor with an ICso value of 18 nM.** De Silva et al.
formed a metal complex of AMD3465 with copper-64 to give the potential PET tracer [®*Cu][CuL9]*".
Mice bearing U87-CXCR4 tumours showed very high uptake (96.3% ID/g) even after 24 hours, when
compared to the control tumours (3.0% ID/g).X*> Furthermore, the maximum tracer uptake showed a
tumour-to-muscle ratio of 361 (versus 18 in low CXCR4 expressing tumours), see Figure 26.1% Uptake
of [®*Cu][CuL9]** could be blocked by the administration of non-radioactive copper(ll) complex
AMD3465 to demonstrate specificity for the CXCR4 receptor. However, as with [*Cu][CUAMD3100]*
after the administration of a blocking dose (Figure 26, B) the liver remains clearly visible. This is again

likely to be due to the instability of the cyclam copper(ll) complex releasing the copper-64 ion.
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Figure 26: A: PET scan of mouse bearing CXCR4-positive tumour on right shoulder and CXCR4-negative tumour on left
shoulder after injection with [¢4CuL9]?*. B: Blocking dose of [CUAMD3465]%* followed by [6*Cu][CuL9]?*. C: Biodistribution
study in which [6*Cu]CuCl, was injected into the mouse. (Reproduced from De Silva et al.).1%>

More recently, Hartimath et al. radiolabelled AMD3465 with carbon-11 to form compound
L10 (Figure 25). The group prepared N-[!C]methyl-AMD3465 by the N-methylation of [*'C]JCH3OTf.
They obtained compound, [*'C]L10, at ca. 60% radiochemical yield (RCY) in high purity.’®® N-
[*1Clmethyl-AMD3465 showed good in vitro stability toward human liver microsomes and rat plasma.
However, the methylation of the secondary amine in the linker between the cyclam macrocycle and
the pyridine ring resulted in slightly lower binding affinity towards the CXCR4 receptor compared to
AMD3465. Nonetheless, [1!C]L10 still has a lower ICso (ca. 0.45 uM) than that of AMD3100 (ca. 1.5
KUM). It should be noted that the in vitro assay used is not the same one reported previously for the
other compounds, hence the higher values.?®® In 2017, the group also illustrated how [*!C]L10 could
be used to investigate the relationship between amount of drug administered and the occupancy of

the receptors in vivo.*’
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2.1.5 Configurational restricted tetraazamacrocycles

Further development of the cyclam based CXCR4 imaging tracers has been attributed to the
instability caused by the transchelation of copper-64 ion from the cyclam ring. Archibald and co-
workers showed that the incorporation of an ethylene bridge could be achieved for bis-
tetraazamacrocyclic complexes and filed a patent application for these compounds in 2004. The
bridge between adjacent (side bridge, SB) and non-adjacent nitrogens (cross bridge, CB) in the
tetraazamacrocycle ring increases kinetic stability of transition metal complexes (Figure 27) and
there is extensive previous characterisation of the related mono-macrocycle compounds from Busch,

Weisman and Wong.1%8-201

trans-11 cis-V
SB-cyclam CB-cyclam

Figure 27: Structure and geometry of side-bridged (SB) cyclam & cross-bridge (CB) cyclam.

The restricted macrocycles become highly rigid and when complexed with a transition metal,
form only one macrocycle configuration. As shown in Figure 27, the side bridge cyclam complex
forms a trans-ll configuration while the cross bridge cyclam complex forms a folded cis-V
configuration. The metal complex fixed in the cis-V configuration provides high kinetic stability, even
for the labile copper(ll) complex. It is also suspected to provide an enhanced geometry for protein

binding by coordinate bond formation with aspartate residues on the CXCR4 receptor.19 202
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Figure 28: Cross bridged restricted macrocycles ligands that were complexed with zinc and copper (reproduced from
Maples et al.).202

Archibald and co-workers went on to report a series of rigid cross-bridge bis-tetraazamacrocyclic
transitional metal chelated antagonists which bind to CXCR4 with high affinity and long receptor

residence times.'® In 2016, Archibald and co-workers reported the binding affinity of mono-
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tetraazamacrocyclic ligands (L11-L16, Figure 28) complexed with copper(ll) and zinc(ll) to further
elucidate the bonding interaction.?’? The investigation found that the most potent antagonists were
[CuL12]*, [ZnL13]%*, [ZnL15]*, and [ZnL16]%, all having ICso values below 20 nM, similar to that of
AMD3100.%°2 However, due to the single coordination bonding interaction for these molecules with
the protein, they suffer from non-specific binding and would be likely to have a shorter residence

time at the receptor, therefore making bis-macrocycle compounds are preferred.

N N
ABICSVINGHISS SN
" "

L17 L18

Figure 29: Structure of unlabelled mono-macrocycle configurational constricted derivatives of AMD3465.

Building on the work in the Archibald group, the theory on configurational restriction was
exploited by Woodard et al. in 2014 with the formation of two configurationally restricted analogues
of AMD3465, shown in Figure 29.2°2 The group radiolabelled the cross-bridged cyclam analogues of
AMD3465 with copper-64 for imaging studies carried out in mice bearing U87-CXCR4 and control
U87 tumours (see Figure 30). High accumulation was shown for both tracers [5*Cu][CuL17]* and
[**Cu][CuL18]* in the high expressing CXCR4 tumour model and was shown to be blockable by the
non-radioactive analogue, see Figure 30. tumour-to-muscle ratios for [6*Cu][CulL17]** and
[**Cu][CuL18]* reached 61.10 + 16.90 and 106.05 * 17.19 respectively, while tumour-to-blood ratios
reached 11.54 + 2.17 and 28.08 + 4.78, respectively.?%3

Figure 30: A) PET/CT Scan with [%*Cu][CuL17]?* (left), and AMD3465 blocking dose followed by [64Cu][CuL20]?* (right); B)
PET/CT Scan with [®4Cu][CuL21]?* (left), and AMD3465 blocking dose followed by [6*Cu][CuL18]2*, C) PET/CT Scan with
[64Cu]AMD3465, 18. Filled arrow, U87-CXCR4 tumour (right); unfilled arrow, control U87 tumour (left); L — liver, K — kidney,
| — intestines. (Reproduced from Woodard et al.).203
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However, Woodard et al. reported the highest uptake of activity 90 minutes after injection
in the liver (84.72 + 9.78%ID/g) compared to only 18.61 + 2.29%ID/g seen in the CXCR4 transfected
tumours. The values detailed are higher than that previously reported by De Silva et al. labelling the
non-configurational restricted precursor AMD3465, L9. The increased uptake seen in the liver would
be expected if the tracer was not stable, and copper-64 was transchelating from the cyclam ring.
These results are counterintuitive when compared to the literature discussed previously where it is
shown that that configurationally restricted macrocycles increase stability for complex formation
with metal ions such as copper(ll). Therefore, the possibility of compounds L17 and L18 labelling out
of the cavity of the macrocycle; resulting in a lower activation energy; may explain the unexpected
poor in vivo stability. The authors acknowledge the concern of high liver uptake but do not offer any

detailed explanation of its cause.

2.2 Key aspects of previous relevant research

The synthesis, radiolabelling and biological validation of configurationally restricted bis-
tetraazamacrocycles with copper-64 was investigated in the work reported in this chapter. The bis-
macrocycles are configurationally restricted with an ethylene bridge which forms either CB or SB
macrocycles. This configurational restriction optimises binding to the CXCR4 receptor for metal
complexes. Furthermore, in particular, metal complex formation with copper(ll) offers high affinity
antagonists for the CXCR4 receptor, allowing for the development of a specific CXCR4 imaging tracer
using the copper-64 isotope. The compounds selected were based on the previous optimisation of

the bis-macrocyclic antagonists.

2.2.1 Bis-linked tetraazamacrocycle antagonist

Variations in ring size (between 12-16), linkers (alkyl/aryl) and position (ortho-, para- and
meta-) have all been investigated (without metal ions present) with a selection of examples shown in
Figure 31. Bridger et al. synthesised ligands L19-24 and found that the increase in ring size (12-14
membered) in both the para- and the meta- substituted bis-macrocycles there was an increase in
CXCR4 affinity.?%* However, this trend did not continue and for rings larger than 14 members there
was a decrease in affinity. Bridger et al. reported the highest affinity with the 12 and 13 membered
rings in the meta-positions (L24, ECso = 0.54 uM; L19, ECso = 0.034 uM), whilst the para-substituted
derivative gave the highest affinity in the 14 membered rings (L26, ECso = 1.7 pM).2%

47



)
o HNJ

m m N7\ HN ,_l
[NH HNj [NH HNj [NH HNj [NH HN]

NI,

/ >N

NHN

ENH .

) L L
meta L19 ~341M meta L21 - 0.041 uM meta L23 )
HIV-1 ECy, HIV-1 ECy, HIV-1 EC, = 0.54 pM
para  AMD3LDQ ) para 122 _ 167 M para  L24 _, 4 1M
HIV-1 ECs, HIV-1 ECy, HIV-1 ECx,
ortho L20 = 1.35 uM
HIV-1 Ec50
<: <>\NHN NHN/<>NHNj
NH HNj [NH HN NH HN NH HN
) L
meta L25 - 130 M meta L27 —50nM
HIV-1 ECx, HIV-1 ECs,
para L26 _ 50, para L28 _ .0,
HIV-1 ECy, HIV-1 ECy,

Figure 31: Ortho-, meta- and para- derivatives (L19-28) of bis-azamacrocycles with determined ECs values determined
from anti-HIV infection assays, (reproduced from Bridger et al. and Tanaka et al.).187, 204

Tanaka et al. expanded on this library of bis-macrocyclic compounds altering the aza-
containing group and reported on the effect this had on the affinity towards the CXCR4 receptor.t®’
The group evaluated the affinity via a displacement assay where each ligand competed against
[*25]]CXCL12 for the CXCR4 receptor in Jurkat cells, and also via anti-HIV infection assays. Results
revealed that, in general, the bis-macrocycles contain cyclen showed poorer affinity to the receptor.
Results also showed that compounds with the para-xylyl linker generally showed higher inhibition
over those with a meta-xylyl linker. From this group of compounds, the ligand AMD3100 was shown
to be the best CXCR4 inhibitor in the anti-HIV infection assay, although the other para-xylyl

compounds also had high affinity for the receptor, see Figure 31.%¥’

2.2.2 Bis-macrocycle metal complexes

As discussed in section 2.1.2; Gerlach et al. reported that the inclusion of a transition metal
ion into the cyclam ring of AMD3100 enhanced its affinity towards the CXCR4 receptor.'®® Archibald
and co-workers similarly reported the chelation of nickel(ll) or zinc(ll) into the configurational
restricted SB bis-cyclam ligand L29 (structure seen in Figure 32). Increased affinity for the CXCR4 was

seen with ECsp values of 14 nM and 2.5 nM seen for [Ni»L29]* and [Zn,L29]* respectively.%% 2%
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Figure 32: Configurationally restricted macrocycles and metal derivatives synthesised by the Archibald group.199: 200, 205, 206,

Valk et al. revealed that the configurationally restricted ligand L29 gave the highest CXCR4
affinity when complexed with two zinc(ll) metals ([Zn,L29]*), showing improved affinity compared
to AMD3100 and the bis-zinc analogue of AMD3100.2°° Smith et al. later reported a meta-CB bis

macrocycle, L30, chelated to nickel(ll) with the macrocycles in the meta positions on the xylyl group.

Tanaka et al. reported the zinc(ll) and copper(ll) complexes of all the ligands shown in Figure
31 and in general found the zinc(ll) complexes to have higher affinity for the receptor.’®” For
example, the unsymmetrical cyclam/cyclen ligands L27 and L28 have the highest affinity when
complexed with zinc(ll). [Zn,L27]* and [Zn,L28]* gave ICso values of 11 and 8 nM, respectively
which is comparable to AMD3100 and [Zn,AMD3100]**.#’

2.3 Proposed strategy in this work

A) B)

)~
AR GH ﬂ
[3 R
A
para-CB; 5 —\/52
[Cu2(0AC)251(0AC)2; ICs0 = 4-3 M

Figure 33: A) Structure of CB para-bis tetraazamacrocycle, 5, and the bis-copper derivative [Cu,;5(0Ac),](OAc),; B)
Representation of binding of [Cu25(0Ac),](OAc), with two Aspartate ligands on CXCR4 receptor.

Previously the Archibald group has also reported the synthesis and preliminary in vitro
validation of the para-xylyl cross bridged bis-tetraazamacrocycle antagonist, 5 (Figure 33, A).'%®
[Cu25(0Ac)2](0Ac); has a greater affinity than AMD3100 when tested in an anti-HIV-1 assay in MT-4
cells (ICso = 4.3 nM). The increase in activity was attributed to an increase in receptor residence time
due to the optimised coordinate bonds that form between the positive copper(ll) metal ion and the
negatively charged aspartate ligands on the CXCR4 receptor (Figure 33, B). A receptor residence time
assay was performed by antibody competition in a growing cell population, see Figure 34, and after

48 hours, inhibition is only seen with [Cu,5(0Ac)2](OAc); and not with AMD3100 and [CUAMD3100].
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Figure 34: Investigation of the receptor residence time of AMD3100 and derivatives. [Cu;5(0Ac),](OAc),, (blue)
shows the highest receptor residence time.1%8

It is apparent that the high affinity of [Cu,;5(OAc);](OAc), has some advantages over the
other copper complexes previously investigated and the aim of this work is to investigate the use of
these configurational restricted CB copper(ll) complexes as imaging agents for tumours that
overexpress the CXCR4 receptor. Both the mono-copper complex [**Cu][Cu5(OAc)](OAc) and bis-
copper complex [**Cu][Cu,5(OAc),](OAc),, (see Figure 35) were radiolabelled and purification
methods developed. In vivo and in vitro validation was carried out and some of the previously

reported CXCR4 tracers were resynthesised for direct comparison.

‘Q:U-OAC AcO-Cu*NA

LW ~ Y N N
Q// N L Q// N av4
AcO 2AcO

[*“Cu][Cu5(0AC)](OAC) [**Cul[Cu,5(0AC)2](0AC)2

Figure 35: Structures of copper-64 radiolabelled CB macrocycles of chelator 5.
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2.3.1 Synthesis of CB bis-tetraazamacrocycle
Scheme 1 shows the synthetic pathway used to produce 5, which has been developed and

further optimised from that reported by Khan et a/.*%®

g e M:eCNBEI I]

NH HN
1 (85%) 3 (48%)
Mel
MeCN

m@m NaBH, /—@
[NINJ ) EtOH [
N S K) K) )

5 (69%) 4 (92%)

Scheme 1: Synthesis of cross bridge functionalised bis macrocycle

The synthesis of the glyoxal bridged cyclam 1 was adapted from a procedure reported by
Handel and Le Baccon.?’” The reaction involves a condensation between the macrocycle and the bis-
aldehyde, glyoxal. The reaction is temperature dependent, and as a result must be kept below -10°C
during the period of the addition of the glyoxal to reduce the formation of polymeric product. The
temperature was initially maintained via a salt-ice bath, however this was exchanged in later

reactions for a dry ice/acetone bath as this provided more reliable temperature control.

The formation of compound 3 was also adapted from a procedure reported by Le Baccon et
al.?®” The bridged glyoxal cyclam 1 and bis-bromomethyl-benzene were both dissolved in dry
acetonitrile and stirred together at room temperature for a week under argon. The long reaction

time is to ensure the maximum yield of formation of the bis-macrocycle 3.

The procedure for formation of compound 4 followed that reported in the Archibald groups
by Silversides et al.3”- 1% In the prior synthesis of 5, the macrocycle undergoes reductive ring cleavage
in the presence of sodium borohydride, with the quaternary nitrogens cleaving consecutively.?’
However, this procedure requires a 14 day stir at room temperature, as well as 70 equivalents of
sodium borohydride and analysis by NMR often shows low levels of impurity. The new method
developed in this work adapted a procedure reported by another member of the Archibald group

(Abdulwahaab et al.) which involved microwave heating with sodium borohydride.?%® Full reduction
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was achieved with 10 equivalents of sodium borohydride, heating at 90°C for 5 hours. Purification
via extraction was carried out as previously reported.'®® The microwave method cut reaction time of
that step down from 2 weeks to one day, and gave a pure compound which did not require further

purification.

2.3.2 Synthesis of AMD3100

To allow for direct comparison of 5 with other radiolabelled CXCR4 antagonists reported in
the literature, AMD3100, AMD3465 and Pentixafor were radiolabelled ‘in house’ (with AMD3100
and Pentixafor synthesised and AMD3465 purchased). This enabled all four tracers to be evaluated
in the biological assays with high consistency, and scanned in the same xenograft models under

identical conditions to allow direct comparisons.

There are several alternative ways of synthesising AMD3100, 8, reported in the literature.?**
207,209,210 Either a tris-protected cyclam (i.e. tosyl, mesityl, or tert-butoxycarbonyl (boc)) or bridged
cyclam, is reacted with a,a’-dibromo-p-xylene to form the bis-tetra-azamacrocycle, before being
reduced or deprotected to form AMD3100. Due to the occurrence of polymerisation with the
bridged cyclam method, the use of tris-protected cyclam is the higher yielding route. Therefore, as
shown in Scheme 2, an adapted procedure of the reaction scheme reported by Bridger et al. was

used to synthesise AMD3100.2%

~ S Ik %ﬁi ™

NH HN O N HN
NH HN DCM (@] [N N] (@]
L TUT

1 X j<

6
Br
MeCN B/ < >

OO~ A O~
Cond Cd 7 j[v%f YUY
) sra L X j< X

90% 61%

Scheme 2: Synthesis route of AMD3100, 8.
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The preparation of 6 was modified from a procedure reported by et al.?*! Cyclam was added
dropwise to three equivalents of di-tert-butyl dicarbonate in dry dichloromethane over a period of 2
hours, and then stirred at room temperature for 16 hours, after which the tris-boc cyclam product
was purified from any mono-, bis- or tetra- side products by silica gel column chromatography. As
the reaction was carried out on a large enough scale to continue, no further optimisation was carried

out. Compound 8 was synthesised in high purity and good yield.

2.3.3 Metal complex formation of tetraazamacrocycles

For HPLC method development and in vitro validation it is essential to synthesise non-
radioactive analogues of the radiopharmaceutical being investigated. Figure 36 shows the library of
metal complexes that were synthesised from the corresponding metal acetate salts to allow HPLC

conditions to be developed.

[1r®\@ @(QW

Ve 4 "Cu-OAc AcO- ‘u‘,N
N N\)
R \\) k/ N N
AcO 2AcO
M= Ni2*, Y = AcO, (n = 1/2); [NiS(OAC)[(OAC) [Cu25(0AC)2](OAC)2

M= Cu?*, Y = AcO, (n = 1); [Cu5(OAC)[(OAC)
M=Zn?*, Y = AcO, (n = 1/2); [Zn5(0OAC)[(OAC)

e g

M= NiZ*, Y = AcO , (n = 1/2); [NiB(OAC)[(OAC) [Cu9(OAC)|(OAC)
M= Cu?*, Y = AcO , (n = 1); [Cu8(OAc)[(OAc)
M= Zn2*, Y = AcO, (n = 1/2); [Zn8(OAC)[(OAC)

Figure 36: Structure of various transitional metal complexes of CXCR4 antagonist 5, 8 and 9.

The general procedure to form the metal containing derivatives involved the corresponding
ligand being dissolved in dry methanol with the addition of the metal acetate dropwise as the
solution is stirred.?> 212 Due to the increased activation energy needed for metal complexation of
the cross bridge conformation it is necessary to reflux the reaction overnight, whereas the ligands 8

and 9 were stirred at RT for 8 hours.

Complexes were purified via size exclusion chromatography (Sephadex LH20) with each
fraction collected analysed by mass spectrometry and the fractions with the expected molecular ions
combined. This reduced yields relative to previous syntheses but resulted in the isolation of higher

purity complexes.
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2.3.4 Synthesis of Pentixafor

To allow a like-for-like comparison of the novel tracers made from 5, synthesis of the
clinically tested CXCR4 binding peptide Pentixafor was required (see section 1.6.1.2). This is available
commercially but at a high price and the production of modified peptides would not be possible
from the purchased compound. Gallium-68 Pentixafor has been widely investigated in clinical and
preclinical studies but does have the limitation in preclinical studies that it only binds to human and
not murine CXCR4. [**Cu][Cu5(OAc)](OAc) and [**Cu][Cu5(OAc);](OAc), have the advantage being
able to image expression of both human and murine CXCR4 receptors, which allows for a wider

range of preclinical studies, and the longer half-life may offer some imaging time-point advantages.

CPCRA4.2-AzMBA CPCR4.2-AMBA

Figure 37: Structures of cyclopentapeptides CPCR4.2 (P2) and structure of P3 includes an azide group for subsequent click
chemistry.

Peptides P2 and P3 (structures shown in Figure 37) were synthesised using adapted
procedures based on literature reports.?!* 214 Both peptide P2 and P3 were synthesized manually by
standard Fmoc-based solid-phase peptide synthesis, starting from preloaded Fmoc-Gly-2-CI-Trt resin
(0.54 mmol/g). All amino acid building blocks were Na-Fmoc-protected, and the following side chain
protecting groups were used: pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl (Pbf) for Arg; t-Bu for
D-Tyr; and Alloc for Orn.

The synthesis of peptide P2 and P3 followed the same procedure up to the coupling of the
spacer components. For peptide P2, 4-(azidomethyl)benzoic acid (AzMBA) was used, and for peptide
P3, 4-(aminomethyl)benzoic acid (AMBA) was used as the spacer. Peptide P2, with the azide spacer
is a novel derivative of the peptide framework. The addition of this azide moiety allows for other

compounds including optical dyes to be conjugated with the peptide, (see section 6.5).
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The resin was swollen in DCM and suspended in DMF. Before each coupling step, the
terminal amine Fmoc protecting group was removed with 20% piperidine in DMF (1 min + 5 min).
Amino acid couplings were performed using four equivalents of N- and side chain-protected amino
acids activated by either o-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HBTU) or 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU), in case of coupling on N-methylated Orn residue or on the y-NH2 of
Orn, in presence of DIPEA in DMF.
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Fmoc-Gly-2-CI-Trt-Resin

1) 50% Piperidine/DMF 1 min + 5 min
2) Fmoc-Arg(Pbf)-OH, 4 eq., HBTU, 4 eq. DIPEA, 4 eq., DMF, 45 min

Fmoc-Arg(Pbf)-Gly-Trt-2-Cl-Resin

1) 50% Piperidine/DMF 1 min + 5 min
3) Fmoc-2-Nal-OH, 4 eq.; HBTU, 4 eq. DIPEA, 4 eq.; DMF, 45 min

Fmoc-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin
1) o LipepiAlIMECHNNE S MBTU, 4 eq. DIPEA, 4 eq.; DMF, 45 min

Fmoc-D-Orn(Alloc)-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

)RR 3 89a RIS ZBiBEA" OME ox1 1

Fmoc-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

1) 50% Piperidine/DMF 1 min + 5 min
7) 0-NBS-Cl, 4 eq.; Collidine, 10 eq., NMP, 2 x 15 min

0-NBS-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

9) DBU, xx eq., NMP, 3 min, then Me2S04, Xx eq., NMP, 2 min
repeated 3 times.

0-NBS-N(Me)-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

8) Mercaptoethanol, 10 eq.; DBU, 3 eq.; NMP, 3 x5 min

H-N(Me)-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

9) Fmoc-D-Tyr(tBu)-OH, 4 eq.; HATU, 4 eq.; DIPEA, 6 eq.; DMF, 1+ 2h
Fmoc-D-Tyr(tBu)-N(Me)-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

1) 50% Piperidine/DMF, 1 + 5 min
H-D-Tyr(tBu)-N(Me)-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-Trt-2-Cl-Resin

10) 20% HFIP/DCM 3 x 1h
H-D-Tyr(tBu)-N(Me)-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-OH

11) DPAA, 6 eq.; NaHCOs, 10 eq.; DMF, overnight

H-D-Tyr(tBu)-N(Me)-D-Orn[AzMBA]-2-Nal-Arg(Pbf)-Gly-OH
L |

l 12) TFA, 95%; TES, 2.5%, water, 2.5%, 2 h

D-Tyr-N(Me)-D-Orn[AzMBA]-2-Nal-Arg-Gly
L |

Figure 38: Synthetic route for azide peptide P2, (CPCR4.2 azide) using resin synthesis. Alternatively for the synthesis of P3,
instead of spacer AZMBA being used; AMBA was used instead.

For the coupling of the CPCR4.2-AzMBA (P2) and CPCR4.2-AMBA (P3) moiety onto the D-Orn
side chain the literature reports the use of Fmoc or N-[1-(4,4-dimethyl-2,6-dioxo-
cyclohexylidene)ethyl] Dde protecting groups for the orthogonal protection of the amine group on

the side chain of Orn.17®> 23 |nitially Dde was used, however, despite the literature report of full
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deprotection after 1 hr,?3 this was only seen when the peptide was left stirring at room temperature
overnight. Therefore, the protection strategy using the Alloc protecting group was employed. The
advantage of Alloc was fast cleavage in the presence of tetrakis-triphenylphosphine palladium(0)

and radical scavenger phenylsilane which does not affect the Na terminal Fmoc group.2** 216

Fukuyama et al. were the first to develop on resin methylation using 4-nitrobenzenesulfonyl
chloride (0-NBS-Cl).2Y The selective N-methylation of D-Orn shown in Figure 38 was performed using
an adapted procedure reported by Biron et al. in 2006.%® The reaction was carried out in
N-methylpyrrolidone (NMP) as it allows for a faster reaction and has the advantage that no solvent
change is need for the Fmoc deprotection.?'® Selective N-methylation was therefore achieved with o-
NBS-Cl (4 eq) in the presence of collidine (10 eq) with 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) as a
base. The reaction was shaken at room temperature for 15 min followed by the addition of 10 eq of

dimethylsulfate for 2 min.

N-alkylated amines were acylated using HATU as racemization suppressant. Cleavage of the
peptide from the TCP support was achieved by treating the peptidyl resin with a solution of
diphenylarsinic acid (DPAA, 6 eq) and sodium bicarbonate (10 eq) in DMF shaken overnight at room
temperature. Lastly for deprotection of acid-labile groups, TFA:triisopropylsilane:H,0 (95:2.5:2.5;
v/v/v) was used. Mass spectrometry was used to confirm the desired peptide had formed, and the

peptide was then purified by reverse phase semi-preparative HPLC.

iNH ‘g—\_\\‘ TEA 1eq ’, N N
HN NH, leas o)
DMF, overnight NH / /\/4
O HN— 9 © HN
NH
NH N NH,
O H —<

Scheme 3: Synthesis of DO3A conjugated P4.
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P3 was further reacted with 1.2 equivalents of NHS-DO3A. The reaction was stirred
overnight with the addition of base (Scheme 3). The reaction was purified by reverse phase semi-
preparative HPLC. A cold standard was synthesised using gallium(lll) nitrate in which P4 was
dissolved in 0.2 M sodium acetate buffer (at pH 4.6) and heated at 60°C for 6 hours. The reaction
showed 95% incorporation of the gallium, determined by integration of peaks on HPLC (see Figure

39).

2000+
["'GaP4]
1500-
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b4
§ 1000-
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Figure 39: HPLC chromatograph of the chelation of P4 with gallium(lll) nitrate.
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2.4 In vitro CXCR4 binding assay

In vitro studies were carried out on 5, 8, 9, the metal complexes of the chelators and key
peptide derivatives, to evaluate the binding affinity towards the CXCR4 receptor. The ICso of a
chemokine receptor antagonist can be determined by its ability to block the chemokine-induced
intracellular Ca? flux. All of the compounds were analysed by the research group of Prof Dominique
Schols at the Rega Institute (KU Leuven) where the assay was originally developed. Table 10 shows

the ICso values of the various CXCR4 antagonist discussed in the chapter.

Table 10: Summary of biological assay data generated for CXCR4 antagonist determined by antibody displacement in Jurkat
cells and calcium signalling in U87-CXCRR cells.? represents data taken from past work carried out by the Archibald group.

Antagonist Calcium Signalling ICso /nM U87-CXCR4
5 >2000°
[Cu5(0OACc)](0OAc) 60°
[Cu25(0Ac)2](0AC), 42
8 175
[Cu8(OAC)](OAc) 75°
9 4
P2 183
P3 4
["'Ga]P4 102

Antagonists [Cu;5(OAc);](OAc), and [Cu5(OAc)](OAc) were shown to have high affinity
toward the CXCR4 receptor, both reporting lower ICso values than the previously published
antagonist; AMD3100 (8) and Pentixafor (["*'Ga]P4). The results highlight the potential of these small

metal containing tetraazamacrocyclic antagonist as CXCR4 specific PET tracers.

As predicted the bis containing antagonist [Cu;5(0Ac);](OAc). has a 15 fold higher affinity
value, compared to the mono metal species [Cu5(OAc)](OAc) towards the CXCR4 receptor (4 nM to
60 nM respectively). This observation has also been confirmed via competitive binding FACS assays

(data not shown).
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Similarly, the inclusion of a metal ion resulting in higher affinity was also observed with
antagonist 8 and [Cu8(OAc)](OAc). Table 10 shows ca. 2.3 fold increase in affinity with the inclusion
of the copper(ll) acetate ion; (175 nM to 75 nM respectively). This supports data reported by
Jacobson et al. who investigated antagonists 8 and [Cu8(OAc)](OAc) ability to inhibit CXCL12 in
Jurkat cell.’® The group reported ca. 2.8 times increase in affinity upon the inclusion of the metal ion

(ICso of 27.4 nM and 75.4 nM, respectively).'®

Although the data in Table 10 indicates that the inclusion of the azide moiety in P2 (ICsp =
183 nM) has a negative effect on the peptides affinity towards CXCR4 receptor compared to the
amine containing derivative P3 (ICso = 4 nM), this may be misleading. There is no explanation as to
why this change in functional moiety would results in a drop in affinity. Further repeats and analyses
are needed to investigate the presence of salt formation, as this could lead to inaccurate molecular
masses being used in the ICso calculations, explaining the unexpected differences in values between

the different peptides.
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2.5 Radiolabelling optimisation

Copper-64 radiolabelling of tetraazamacrocyclic compounds has been well established in the
literature, although there are few reports of labelling of bridged macrocycles without coordinating
pendant arms. In section 1.4.4, the bifunctional chelators were discussed for many metal

radioisotopes including copper-64.

L31, cyclam  ‘“1=R2=R3=R4 ~ "
R{mle L32, TETA  (a=Re=re=re~ Mooy
[ j L33, TE1IA 1= CH,CO,H; RZ=R%=R4 1)
N NT, L34, TE2A(14-) (R'=R?_ op2COzH; R?=R°=H
R R L35, TE2A(18) (@'R® L 4GOH; R=R?
L36, TE3A 1=R3=R2 " " ,CO,H; R* '_H)
cyclam L37, TE2P Rizps = CHZPO3H2; rz=R¢ ~ H)
m R! (R =H)
N_ N7 L38, SB cyclam (R1=R2
[ j j L39 R R2= CH,CO,H)
N™ NTo, L40 R 1=H; R?= CH,CO,Me)
L L41 L=CH,CO,H; R?= CH,PO,H)
SB cyclam
m’Rl L42, CB cyclam (Ry_g2=H)
[ 1 j L43, CB-TE2A . 1=R2= CH,CO,H)
N N L44, CB-TEAMA 1= CH2C(O)NH2; R2= CH,CO,H)
R? L L45 (R1:CH208_¥H; R2= CH,PO,H,)
CB cyclam L46 1=R2 "~ 2PO3H,)

Figure 40: Structures of cyclam based BFC for complexation with copper-64.

The cavity of cyclam is good size match for copper(ll) ions and in an effort to provide stable
complexes in vivo tetraazamacrocyclic ligands such as cyclam have been investigated as copper-64
BFCs. Figure 40 shows a few of the key cyclam based structures that have been reported for the
complex formation with copper-64. The have been several in-depth reviews evaluating
tetraazamacrocycle chelator complex formation with copper-64.24313335 Taple 11 summaries the

different conditions used for radiolabelling the structures depicted in Figure 40.

Pandya et al. report that L35 (TE2A) with the addition of two carboxylic pendant arms
showed improved stability in vivo compared to L32 (TETA). Transchelation stability of the two
copper-64 complexes was determined by rat biodistribution where [**Cu][CuL35]* showed lower

kidney and liver uptake than [**Cu][CuL32]?* after 24 hours post injection.

In a further attempt to improve stability of copper-64 chelates, researchers increased the
rigidity of the cyclam, as discussed in section 2.1.5. Weisman initially synthesised the cross bridged
cyclam structure, Busch then synthesised and demonstrated the stability of metal complexes and

Archibald reported the first bifunctional chelator of CBTE2A.8% 201219 142 with the inclusion of an
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ethylene bridge between non-adjacent nitrogens was developed as a more stable alternative (L38 —
L46). However, the formation of [**Cu][CuL42]?* requires high temperature (90°C) and long reaction
time to achieve high radiochemical yields, which limits its use as a BFC. Since then there have been

many variations to allow for conjugation, to increase stability and optimise biodistribution.3% 38 199,212

220-224

Table 11: Reaction conditions used for the labelling of tetraazamacrocyclic ligands with copper-64.

Ligand Reagents Temperature (°C) Time Ref
(min)
L31 20 mM water, pH 5.5 RT 10 225
L32 20 mM water, pH 5.5 RT 30 225
L34 10 mM ligand in EtOH 75 4 h 222
or 0.1IM ammonium citrate, pH
6.5;
L37 0.1 M ammonium acetate, pH5.5 RT 15 226
L38 5 mM water, pH 6.4 RT 20 225
L42 EtOH (10 mM ligand), 5 uL 1 M 75 90 222
NaOH (in EtOH)
L43 EtOH (10 mM ligand) Cu(ll)/L: 75 240 222
1:100to 1:1
0.1M ammonium citrate, pH 6.5, 75 240 222
Cu(ll)/L: 1:100 to 1:1
Cs,CO3, EtOH (30 min pre- 75 30 227
incubation)
RL44 0.1 M ammonium acetate, pH8.0 95 30 228
RL46 0.1 M ammonium acetate, pH8.1  RT 30 229

The main variations in the procedure for labelling cyclam BFCs with copper-64 are the
copper(ll) salt used and the pH of the reaction mixture. Woodard et al., radiolabelled the CB cyclam
at a basic pH (pH 8) with [%*Cu][CuCl;] at 95°C for an hour.2%® Alternately, [®*Cu][CuCl;] can be
converted to [5*Cu][Cu(OAc):] by heating in acetate buffer (pH 5.5) to generate the acetate salt prior

to reaction with the chelator.®®
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2.5.1 Copper-64 radiolabelling of bis-tetraazamacrocycle 5

Figure 35 shows the structures of mono [**Cu][Cu5(OAc)](OAc) and bis
[**Cu][Cu25(0Ac):](OAc), tracers. For labelling of antagonist 5, a solution of [®*Cu][Cu(OAc).] was
used. The necessary volume of stock solution of compound 5 was added to the reaction to ensure
the overall concentration was 0.5 mg/mL. The volume of copper-64 solution added was matched
volume to volume (v/v) by the addition of buffer; 0.4 M sodium acetate (pH 7). The chelator and the
radioisotope solution were then heated for 15 min at 90°C, after which the reaction was allowed to

cool before being analysed by radio-TLC (Figure 41 A).
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Figure 41: A) Radio-TLC (neutral alumina, eluting in MeOH:H,0 95:5 with excess NaCl) for [64Cu][Cu5(OAc)](OAc); B) Radio-
HPLC trace for [**Cu][Cu5(OAc)](OAc).

The development of HPLC-purification conditions for the separation of
[**Cu][Cu5(0Ac)](OAc) from the unlabelled chelator was challenging. The copper(ll) ion in the CB-
cyclam macrocycle has high affinity for anions and can exchange or carry them with the complex in
the HPLC, meaning HPLC traces would often look very broad or contain multiple peak. However,
analysis via mass spectrometry reveals that these broad multiple peaks are the same cationic
complex. Initial studies in the group with [**Cu][Cu5(OAc)](OAc)] did not purify the labelled
compound, however, this led to a the presence of a large chelator impurity which has some affinity

for the CXCR4 receptor.

Partial purification was achieved using HPLC conditions shown in Figure 41; B. Using a
gradient consisting of initially 95% 20 mM sodium acetate (pH 3.5) and 5% ethanol (isocratic) for the
first ten minutes before changing to 50:50. This produced narrow peaks rather than the broad peaks

previously observed.
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As seen with Figure 41 B, the first peak (< 3 min) in the radio-HPLC was determined to be
free copper-64 (confirmed by TLC) and in the UV detector unreacted chelator 5 also eluted early. The
peaks appearing between 3:30-5:00 min are attributed to [**Cu][Cu5(OAc)](OAc), with lower
intensity seen in the UV trace during this period. The was determined by running a TLC on this
fraction which showed low levels of free copper and a R value 0.45, matching that of the cold. This
HPLC fraction was combined with ethanol (0.5 mL,) and dried using a flow of argon. The product was
then dissolved in PBS, sterile filtered, and used for in vitro and in vivo experiments. Overall an
average of 41.6 + 4.6% decay corrected RCY (n = 4) was achieved after formulation. A partition

coefficient of -2.38 + 0.23 (octanol/water) was determined.

Upon further analysis of the re-injection of the peak collected at ~14 min, an identical HPLC
trace was obtained as that shown in Figure 41. This was later confirmed by the injection of the non-
radioactive analogue [Cu5(OAc)](OAc); with all peaks collected and analysed by mass spectrometry.
Analysis revealed that the peaks that elute between 3:30-5:00 min have the same mass ions as the
peak which elutes at 14 min. It is thought that the sudden shift in mobile phase causes the elution of

further [Cu5(0OAc)](OAc) retained on the column.

Although these HPLC conditions are not ideal, they do remove the majority of the unlabelled
chelator which still has lower potency binding properties and can detrimentally effect the biological
assays and in vivo imaging. Further development was undertaken to improve the separation of

[**Cu][Cu5(0Ac)](OAc) and is discussed in section 2.8.

For the radiolabelling of [®*Cu][Cu,5(OAc),](OAc),, a method involving the metal complex
formation of purified [**Cu][Cu5(OAc)](OAc) with non-radioactive copper(ll) acetate was used.
Purified [**Cu][Cu5(OAc)](OAc) was dried under argon, before being re-suspended in 0.4 M sodium
acetate (pH 7) buffer (ca. 60-100 pL). To this 1 pL of copper(ll) acetate (1 mg/ml stock solution) was
added to the reaction and heated at 100°C for 60 minutes. Radio-TLC was used to confirm the
absence of free copper-64. A further 1 uL of copper(ll) acetate (1 mg/ml stock solution) was then
added to the reaction vial and it was left for a further 2 hours at 100°C to ensure the reaction was

complete.
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Figure 42: Radio-TLC's taken for the formation of [¢4Cu][Cu,5(OAc),](OAc), after one hour and three hours; (neutral
alumina, eluting in MeOH:H,0 95:5 with excess NaCl).

Comparison of radio-TLC taken after one hour and three hours of reaction show that,
although no free copper-64 is seen, there is a splitting of the expected [®*Cu][Cu,5(0OAc),](OAc),
peak (see Figure 42). It is unlikely that ligand 5 is degrading, as these small tetraazamacrocycles are
extremely thermodynamically stable. It has previously been shown that [**Cu][Cu5(OAc),](OAc) and
[**Cu][Cu25(0Ac),](OAc), have similar retention times using these TLC conditions (R¢ = 0.46). Further
investigation using cold compounds and mass spectrometry is required to fully determine the
species present but it thought that it may be again due to anion exchange, although isomers may

also be being formed.

After the reaction period, with the addition of ethanol the reaction was dried using a flow of
argon. The reaction was then formulated in PBS, biologically filtered, and used for in vitro and in vivo
experiments. A much higher decay corrected RCY of 75.4 £ 1.5% (n = 2) was achieved for this
reaction, as no purification was carried out. A loss of activity was observed when passing the tracer
through the sterile filter. A partition coefficient of -2.45 £ 0.31 was determined, similar to that
determined for [**Cu][Cu5(OAc)](OAc). The reported logP value for [5*Cu][Cu8] is 0.52 which is higher
than for the configurationally restricted analogues and is likely to be a reflection of increased

number of available protonation sites (NH groups).'®

One potential issue is with the effectiveness of the initial purification of the radiolabelled
compound, as no further purification was carried out on [**Cu][Cu25(0Ac)2](OAc),, if any chelator 5
would react with the non-radioactive copper(ll) acetate to form the non-radioactive analogue
[Cu5(0ACc)](OAc) or [Cuz5(0OAc)2](OAc),. If this occurred, it would lower the specific activity of the

tracer, which could be problematic for any in vitro and in vivo work carried out.
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2.5.2 Copper-64 radiolabelling of AMD3100

Jacobson et al. previously reported the radiolabelling of AMD3100 with copper-64 in 0.4
ammonium acetate buffer (pH 5.5), stirring at RT for an hour.'® This approach was modified to
increase the temperature (60°C) to reduce reaction time. 8 was labelled using ~100 MBq of
[*Cu][Cu(OAc);] in 0.4 M sodium acetate (pH 7) buffer and heated for 15 min. Jacobson et al. did
not carry out any purification on the radiolabelled AMD3100 for the in vitro and in vivo experiments
they reported. However, in the later study by Nimmagadda et al. semi-preparative HPLC purification
was carried out. Using their conditions it was reported that the labelled AMD3100 would elute

between 20 to 22 minutes.*®°
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Figure 43: Radio- HPLC chromatograph of [¢4Cu][Cu8(OAc)](OAc).
Figure 43 shows the HPLC trace obtained for [®*Cu][Cu8(OAc)](OAc). On comparison of

Figure 43 to the radio-HPLC provide in the supplementary data by Nimmagadda et al. it is apparent
that [5Cu][Cu8(OAc)](OAc) had several radiolabelled impurities.’® It is unlikely that these impurities
are due to chelator decomposition using the elevated reaction temperature as AMD3100 is highly
thermodynamically stable. It is most likely due to the presence of various protonation states as seen

with [*#*Cu][Cu9(OAc)](OAc).

Unfortunately, due to time restraints during these experiements full column recoveries
could not be determined. However, crude analysis of the activity pre-injection and the activity
collected did indicate that activity was possibly being retained on the column. Further method

develop is need with increased washing time to alleviate this problem.
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The peaks between 19-20 min were collected and formulated for in vivo. As a result of the
purification a low RCY of 12.7% (n=1) was achieved. Due to the low vyield obtained, further
[**Cu][Cu8(OAc)](OAc) production was carried out at lower temperature with no HPLC purification

for in vitro analyses.

2.5.3 Copper-64 radiolabelling of AMD3465

De Silva et al. were the first to publish the radiolabelling of AMD3465 with copper-64.1% The
group reported radiolabelling with [®*Cu][Cu(OAc),] in 0.1 M sodium acetate (pH 5.5) buffer heating
the reaction at 55-60°C for 45 min. The reaction was then purified by reverse-phase HPLC.

Radiolabelled AMD3465 elutes between 16-18 min.***
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Figure 44: Radio-HPLC chromatograph of [¢4Cu][Cu9(OAc)](OAc).

Figure 44 shows the radio-HPLC obtained for radiolabelling of [5*Cu][Cu9(OAc)](OAc), all
peaks were collected with the largest peaks eluting at 11 min (22%) and 18 min (30%). The fractions
eluting at 18 and 20 min were combined (for homogenous reasons and to allow enough activity for
the planned in vivo and in vitro experiments) and formulated, all other peaks were discarded
although some may also have been the desired compound. The complexity of the HPLC was
surprising, as the AMD3465 was validated as pure (purchased from Toris) and the HPLC shown in the
supplementary data by De Silva et al. shows only one broad peak at 16-18 min. The only variation
was in the reaction time being reduced from 45 to 15 mins, however TLC analysis showed that

complex formation was complete. An overall decay corrected RCY of 35.1% was achieved.
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2.5.4 Gallium-68 radiolabelling of Pentixafor

[*®Ga][GaP4] (Pentixafor) was selected for in vivo comparison in the tumour models. The
procedure reported by Demmer et al. was modified for the radiolabelling of P4.22° Radiolabelling
yields were shown to increase if the peptide was firstly solubilised in 20 uL of methanol before
adding the 180 pL of HEPES (pH 3.5). The reaction was heated at 95°C for 10 minutes, before analysis
by radio-TLC (0.1M sodium citric buffer, [®Ga][GaP4] staying at the baseline). Demmer et al.
reported using a isocratic semi-preparative HPLC gradient (49% methanol: 51% 0.2 M ammonium
acetate buffer), however this showed [*®Ga][GaP4] and the unlabelled P4 eluting together when
attempted. Therefore, a gradient method, ranging from 40-55% methanol with 0.2 M ammonium
acetate buffer, was developed. [*8Ga][GaP4] (Figure 45) was shown to elute first at 12 min and 50

sec, while P4 eluted later at 13 min and 45 sec.
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Figure 45: Radio-HPLC chromatograph of [68Ga][GaP4].

The radiochemical yield of the reaction varied and appeared to be dependent on the batch
of P4 which was used. 34.9% was the best decay corrected yield achieved after formulation, but this
is still lower that the 50% decay corrected yield reported by Demmer et al. The lowest decay
corrected vyield seen was 0.9% with the TLC predictive of the yield after semi-preparative HPLC
purification. The lower yields were attributed to the presence of potassium ions chelating with the
DO3A, which was observed by mass spectrometry. The potassium ion-DO3A complex could be

preventing the chelation to the gallium-68, therefore resulting in a reduced yield.
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2.6 In vitro validation of radiolabelled tracer

Several cell lines of varying CXCR4 expression levels were used in the evaluation of the

radiotracers. Expression levels of CXCR4 was determined in U87-CXCR4, Jurkat, MM.1S and U87

cells; using a CXCR4 monoclonal antibody (clone 12G5 PE). As shown in Figure 46, U87-CXCR4 and

Jurkat cell lines were shown to have high expression levels of the CXCR4 receptor, while MM.1S

showed low levels of expression and U87 showed no expression. Expression levels were also

confirmed by immunohistochemistry staining (results not shown and all expression evaluation

experiments were carried out by Ms. Cecilia Miranda).?3!
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Figure 46: CXCR4 expression in A) U87-CXCR4 vs U87 cells and B) MM1.S vs Jurkat as determined by flow cytometry (data

collected by Ms. Cecilia Miranda).

In vitro cell binding assays were carried out with the radiolabelled compound to investigate

the affinity of the tracers [5*Cu][Cu5(OAc)](OAc), [®*Cu][Cu,5(OAc),](OAc),, [**Cu][Cu9(OACc)](OAc),

[**Cu][Cu8(OACc)](OAc) and [*®Ga][GaP4]. The results are shown in Table 12.

Table 12: Binding of tracers to U87-CXCR4 and U87 cells. Each cell line was incubated with 37 KBq of tracer. (n = 3)

(Biological data collected by Ms. Cecilia Miranda).

% Incubated

% Incubated % Incubated % Incubated

Tracer dosceXi|C1Rl£J‘87- dose in U87 dose in Jurkat  dose in MM.1S
[64Cu][Cu5(0AC)](OAc) 20.21+5.78 0.66 + 0.56 6.891.72 5.00+1.08
[6Cu][Cu,5(0Ac),](0Ac), 10.0+£0.23 0.55+0.2 4.8+0.9 -
[54Cu][Cu8(OAC)](OAc) - - 0.29 +0.14 -
[64Cu][Cu9(OAC)](OAc) - - 1.79 £0.68 -
[*®Ga][GaP4] 5.36+2.18 0.17 £ 0.04 3.17+0.25 3.62+1.34
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Each cell line was incubated with 37 kBq /mL of the corresponding radiotracer at 4°C for 30
minutes in a binding buffer. After incubation, cells were washed four times and cell-associated
radioactivity was determined in a gamma counter. Radioactivity values were converted into
percentage of incubated dose. In vitro experiments were performed in triplicate and repeated three
times. All experiment carried out by Ms. Cecilia Miranda.?*! Percent incubated dose determined by
dividing the radioactivity in the pellet by the total radioactivity (supernatant + pellet); full

experimental detail described in section 9.6.5.

[**Cu][Cu5(0Ac)](OAc) was shown to have the highest percentage incubated dose binding of
all five tracers in U87-CXCR4 cell (20.21 £ 5.78%). A ca. 31 fold reduction in binding affinity was seen
for [**Cu][Cu5(OAc)](OAc) in the CXCR4 negative cell line (U87, 0.66 + 0.56%) which demonstrates
the high affinity and specifity of the tracer towards CXCR4. In fact, the percentage incubate dose in
all five cells lines of [®*Cu][Cu5(OAc)](OAc) correlated well with the expression levels determined in

each cell line; U87-CXCR4>Jurkat>MM1.S>U87 cells.

Correlation with expression level in each cell line and percentage incubated dose was not
observed for the tracer [*8Ga][GaP4] (Pentixafor) which saw higher uptake in the MM1.S cells over
Jurkat cells. On comparing the percentage incubated dose of [**Cu][Cu5(0Ac)](OAc) and [®®Ga][GaP4]
in both the U87-CXCR4 and U87 cells, [**Cu][Cu5(OAc)](OAc) was shown to have a ca 3.8 fold higher
incubated percentage dose. This may indicate that [®*Cu][Cu5(OAc)](OAc) binds more effectively
than [%®Ga][GaP4] (Pentixafor). This data agrees with the ICso data obtained for calcium signalling

assays shown in Figure 10.

[**Cu][Cu25(0Ac),](OAc), showed a much lower percentage incubated dose in U87-CXCR4
cells than [%*Cu][Cu5(OAc)](OAc), which was unexpected and does not correlate with the known
affinity data. However, [®*Cu][Cu,5(OAc),](OAc), did prove to be specific to CXCR4 with ca. 18 times
less binding seen in the CXCR4 negative cell line U87. One possible explanation for the observed
reduction in affinity is the presence of the non-radioactive antagonist [Cu5(0OAc)](OAc) (or the bis-
copper compound) formed due to a contaminant of the chelator being present which could then
form non-radioactive copper containing antagonists that would interfere with binding (discussed

previously in Section 2.5.1).

To further investigate the affinity of [**Cu][Cu5(OAc)](OAc), blocking studies were carried out
in U87-CXCR4 and Jurkat cells. Each cell line was incubated with20 uM of non-radioactive
antagonists ([Cu5(0OAc)](OAc), [Cu,5(0Ac);](OAc),, 8 and 9) for 60 minutes at 4°C, before being
washed three times in chilled buffer before incubation with [®*Cu][Cu5(OAc)](OAc). The results are

shown in Table 13.
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Table 13: Blocking experiments carried out with 37 KBq of [¢4Cu][Cu5(OAc)](OAc) were cells were blocked prior to
incubation with CXCR4 antagonists. (n = 1) (Biological data collected by Ms. Cecilia Miranda).

Blocking compound % Blocking in Jurkat cells % Blocking in U87-CXCR4 cells
[Cu5(OAC)](OAC) 78.3 74.2
[Cu,5(0AC),](0AC), 92.1 87.9
8 379 -
9 -4.6 -

As shown in Table 13; blocking with non-radioactive [Cu;5(0Ac).](OAc), gave the highest
percentage blocking in both Jurkat and U87-CXCR4 cell line (92.1% and 87.9%, respectively) in line
with the affinity of the compounds. The in vitro data collected on the non-radioactive derivatives
shows that [Cu;5(OAc);](OAc), has a higher affinity for CXCR4 than [Cu5(OAc)](OAc). This is
additional evidence to suggest that [5*Cu][Cu,5(OAc);](OAc), was not synthesised with a higher

enough purity/ lower specific activity.

Both non-radioactive antagonists [Cu.5(OAc);](OAc), and [Cu5(OAc)](OAc) show higher
percentage blocking (92.1% and 78.3%, respectively) than antagonist 8 (AMD3100, 37.9%),
indication that both tracers have a higher affinity towards CXCR4 than compound 8. Compound 9
(AMD3465) was unable to block the CXCR4 receptor, which may indicate that the compound is more

easily displaced by the radiotracers than AMD3100.

71



2.7 In vivo validation

In vivo studies for [5*Cu][Cu5(OAc)](OAc), were carried out in mice bearing U87-CXCR4 and
U87 tumours. CD-1 nude mice were subcutaneously inoculated into the right flank with 5x10° cells
(expression shown in Figure 46), and tumours were allowed to grow until the tumour size reached
100-300 mm?3. All preclinical scanning were carried out under Home Office License number 60/4549

held by Dr Chris Cawthorne, while data interpretation carried out by Ms. Cecilia De Miranda.

U87-CXCR4 ug7 UB7-CXCR4 blocking

Figure 47: PET scan of mouse showing mice bearing CXCR4-positive U87-CXCR4 tumours (left) and CXCR4-negative U87
tumours (middle) 90 min after injection of tracer [64Cu][Cu5(OAc)](OAc),. A blocking study of a CXCR4-positive tumour in
which [Cu;5(0Ac),](OAc),, was injected followed by tracer [64Cu][Cu5(OAc)](OAc).

PET images acquired over 90 min showed greater accumulation of activity in U87-CXCR4
over U87 tumours; Figure 47. The tumour-to-muscle ratio at 90 min after injection of
[#*Cu][Cu5(0Ac)](OAc), in U87-CXCR4 tumours (23.6 + 2.7) increased 8-fold compared to U87
tumours (3.0 + 0.5), demonstrating the high specificity of the tracer for the CXCR4 receptor. Strong
uptake in the liver, bone marrow and bony growth plates was also observed, as expected due to the
natural CXCR4 expression in these tissues. A blocking study using 10 mg/kg of the higher affinity cold
antagonist ([Cu5(OAc)](OAc), ICso = 4 nM) was administered an hour before [**Cu][Cu]5(0Ac)](OAc),
to give a >92% reduction of radioactivity in the tumour. Highlighting the specificity of

[*Cu][Cu5(OACc)](OAc) as a CXCR4 tracer.
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It is worth noting that a pronounced reduction in liver uptake was seen in this blocking study,
where in comparison to blocking study used by Nimmagadda et al. for tracer [**Cu8(OAc)](OAc), the
liver is still clearly visible in the PET scan (see Figure 24), indicating considerable levels of radioactive
uptake in the liver despite the receptors being blocked. In fact, the liver-to-muscle ratio of
[**Cu][Cu8(OAc)](OAc) is reported as approximately 56:1, significantly higher than that of
[**Cu][Cu5(0Ac)](OAc), which is approximately 11:1. A possible explanation for this decreased ratio
could be the increased increased stability of the complex [**Cu][Cu5(OAc)](OAc) and lack of free
copper-64 ions, which would accumulate in the liver. This also contrasts with the data reported by
Woodard et. al, as copper-64 binding in the cross-bridge cyclam unit of tracer [**Cu][Cu5(OAc)](OAc)
did not show the same release of the metal ion as [**Cu][Cu8(OAc)](OAc) and
[**Cu][Cu9(0AC)](OACc).2 These imaging experiments were repeated in Hull and the instability of the

tracers in vivo was confirmed (data not shown).
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2.8 Further development of HPLC conditions

In an attempt to increase the purity/specific activity of both the radiolabelled
[**Cu][Cu5(0Ac)](OAc) and [**Cu][Cu,5(0OAc),](OAc), antagonists, alternative HPLC conditions were
developed. The cold standards of antagonists 5, [Cu5(OAc)](OAc) and [Cu;5(OAc),](OAc), were used
for method development. The standards were purified by size exclusion chromatography and purity
confirmed via elemental analysis. As the protonation state/pH is key to separation three different

pH’s of a 20 mM sodium acetate buffer were tested (pH 3, 5 and 7).

Using a neutral buffer (20 mM sodium acetate, pH 7) poor separation was achieved; with all

three compounds running together and giving many broad peaks.
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Figure 48: HPLC traces of antagonist 5 and [Cu5(OAc)](OAc) run in gradient from 20 mM sodium acetate pH 5 (5%-80%, 30
min) and ethanol.

Figure 48 shows the HPLC trace that was observed for 5 and [Cu5(OAc)](OAc) at pH 5.
Interestingly the free ligand, 5, did not run as a single peak, although it is possible that the
configuration restricted cyclams could chelate with small ions (H*, sodium, potassium ect.) or be
forming various protonated species. Mass spectra analyses revealed that all peaks that were
observed in the green box corresponded to 5, while the second large peak highlighted in the blue

box, eluted between 17-18 min corresponds to the mono metal species [Cu5(0Ac)](OAc).
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Figure 49: HPLC traces of antagonist [Cu5(OAc)](OAc) and [Cu,5(0OAc),](OAc); run in gradient from 20 mM sodium acetate
pH 3 (5%-80%, 30 min) and ethanol.

Figure 49 shows the HPLC trace that gave the greatest preak separation for [Cu5(OAc)](OAc)
and [Cu;5(0Ac),](OAc),. The gradient elution was carried out at pH 3, and mass spectrometry
analysis revealed that the compound collected in the peaks highlighted in the blue box showed
masses corresponding to [Cu5(OAc)](OAc). While the peak shown in the red box that eluted later

were shown to have masses that corresponded to [Cu;5(0Ac).](OAc),.

These systems show a better separation than was previously achieved. More work is needed
to develop these conditions with the radioactive analogues. However, initial results are promising

for efficient high purity/ high specific activity tracers.
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2.9 Conclusion

Although success has been reported in radiolabelling AMD3100 with copper-64; the
application of the tracer is limited by the transchelation of the copper(ll) ion. The Archibald group
have reported the inclusion of an ethylene bridge between nitrogens on the cyclam ring increasing

the stability when complexed with a second row transitional metal ion in bis-macrocyclic compounds.

Antagonist 5 was synthesised via a modified procedure that included the use of a microwave
aided reduction which enabled a much shorter synthesis time and a higher purity product to be
formed. Competitor tracers were also synthesised with Pentixafor (P4) and a novel azide derivate
(P3) being produced via a modified procedure. These well-established CXCR4 tracers were used to

validate the affinity of the novel copper-64 labelled analogues of antagonist 5.

The radiotracer [**Cu][Cu5(OAc)](OAc) was radiolabelled and characterised with a 41.6 + 4.6%
RCY, and a partition coefficient of -2.38 £ 0.23. In vitro cell binding experiments showed that
[#*Cu][Cu5(0Ac)](OAc) had the highest affinity compared to all the other CXCR4 specific tracers
tested (Table 12), although this may be due to the lower specific activity of the bis-copper tracer
tested. In vivo dynamic PET/CT scans showed that [*Cu][Cu5(OAc)](OAc) was specific to CXCR4, with
uptake in the CXCR4 positive tumour being 8 fold higher than that in the CXCR4 negative tumour
(U87-CXCR4, 20.21 + 5.78%; U87, 3.0 = 0.5). Importantly liver uptake also proved to be blockable
proving that the copper-64 chelated complex is stable and no transchelation was observed. This
issue has previously been problematic in the further development of copper-64 labelled AMD3100

and AMD3465 tracers.

The bis-copper analogue; [**Cu][Cu25(0Ac)2](OAc),, for which non-radioactive analogue has
been shown by various in vitro experiments (see Table 10) to have a higher affinity towards the
CXCR4 receptor than the mono-copper derivative; was formed. A RCY of after formulation of 75.4 +
1.5% was achieved with no HPLC purification being carried out. A partition coefficient of -2.45 £ 0.31,
similar to [®*Cu][Cu5(OAc)](OAc) was determined. However, in vitro and experiments completed with
[**Cu][Cu25(0Ac),](OAc), did not show the expected increase in affinity towards the CXCR4 receptor
relative to the mono-copper tracer. This could be caused by a relatively small amount of
contamination of the unreacted chelator. The presence of 5, could allow reaction with the added
non-radioactive copper(ll) acetate and reduce the specific activity of the tracer. This expected trend
was confirmed both by in vitro and in vivo blocking studies where the non-radioactive
[Cu25(0Ac)2](0Ac), was able to prevent binding of [®*Cu][Cu5(OAc)](OAc) to the CXCR4 receptor.
Therefore alternative HPLC separation method development was carried to use in the synthesis of

tracer [**Cu][Cu25(0Ac),](OAc)2 to improve the specific activity.
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2.10 Future work

As previously mentioned more work is needed to develop an effective HPLC purification
method for the tracers [**Cu][Cu5(OAc)](OAc) and [®*Cu][Cu.5(OAc);](OAc),. Section 2.8 showed
partial success in the development of HPLC conditions which could be used to purify the non-
radioactive analogues of the two tracers, however, these conditions need to be further developed

using the radioactive tracers.

Once high specific activity can be obtained [**Cu][Cu,5(OAc),](OAc),, in vivo experiments
can be carried out to assess the affinity and biodistribution. The presence of the two metal ions, as
shown in Figure 34 will increase residence time at the receptor and this would provide an interesting

comparison with the mono-copper compound, particularly at later imaging time points.
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Chapter Three

Synthesis and radiolabelling of
CXCR4 antagonists with
gallium-68 for PET imaging



3.1 Previous research and development of gallium-68 radiotracers

Gallium-68 is one of the most widely studied radioisotopes in PET imaging, due to the ease
of production from a generator and its convenient half-life of 68 mins, providing sufficient time for
radiochemistry and scanning, but short enough that dosimetry for patients is not problematic. An
area that has seen the widest use of gallium-68 PET tracers is imaging the somatostatin receptor

with targeting peptides such as DOTATATE, DOTATOC and various derivatives.?3% 233

The first tracer of this class that was utilised for the clinical detection of malignancies was
[*8Ga][GaDOTATOC] which has a high affinity for SSR2 and SSR3 and a low affinity for SSR5, making it
an appropriate imaging agent for several different tumours.?** 23> However, [*8Ga][GaDOTATOC]
suffers from limitations including non-specific uptake in organs such as the pancreas and pituitary
glands.?® The preferred tracer for somatostatin receptor imaging is [%8Ga][GaDOTATATE] which has

improved biodistribution and excretion characteristics.?’

Table 14: Gallium-68 novel PET tracers in clinical evaluation.

Ligand Antagonist category Application Reference
[*8Ga][GaNOTA-NFB1¥] Peptide Glioma or Breast Cancer 238
[*8Ga][GaEDTMP™*)] Small molecule Bone imaging 239
[°8Ga][Ga-F(ab’)2-Trastuzumab]  Antibody fragment Breast Cancer 240
[8Ga][GaPSMA] Peptide Prostate Cancer 241

In addition to the somatostatin receptor antagonists, several other gallium-68 based
radiopharmaceuticals are currently undergoing clinical trials (see Table 14). Recently tracers such as
PSMA and Pentixafor have shown how effective and convenient gallium-68 imaging agents can be.
The reduced infrastructure requirements for generator use combined with the advances in chelator
technology and growing use of tracer kit-preparation, are key factors in the predicted expansion of

clinical imaging with gallium-68 tracers.

3.1.1 Gallium-68 tracers for imaging CXCR4

As discussed in Section 1.6.1.2; the peptide Pentixafor has shown the best clinical results as
a CXCR4 specific PET imaging tracer. However, there are few alternative gallium-68 radiolabelled
tracers reported in the literature for imaging of the CXCR4 receptor and there is interest in looking at

alternative tracers for kit-like preparation or optimised receptor targeting.
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Figure 50: AMD3100 derivative with inclusion of a PEG chain on the xylyl group for labelling with gallium-68.53

One example of a gallium-68 CXCR4 small molecule tracer was reported concurrently to the
work ongoing in (and in collaboration with) the Archibald group. The University of Burgundy group of
Denat, Goze and co-workers synthesised a series of functionalised AMD3100 derivatives.>® Poty et al.
adapted the AMD3100 structure with the addition of a PEG chain on the central linking xylyl group
and attached DOTA or NOTA-GA to allow labelling with gallium-68.2*> Compound L47 (see Figure 50)
which showed the best ICso (121 nM) of the compounds synthesised was evaluated in vivo in H69
tumour xenografts. However, scans with tracer L47 were of poor quality with low accumulation seen
in tumours. This may be due to the low specificity of L47, to the CXCR4 receptor. No uptake was
observed in high expressing CXCR4 tissues such as the bony growth plates, as seen with other CXCR4
specific tracers. It has previously been shown by the Archibald group that modification of the xylyl
linker in AMD3100 derivatives can considerably lower the affinity for the CXCR4 receptor, although

ca. 100 nM is still a reasonable affinity value to progress to in vivo testing.
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3.2 Direct and pretargeted imaging

3.2.1 Direct approach and alternatives

The ‘direct’ approach involves the synthesis of radiotracers as shown in Chapter 2, where
the moiety responsible for binding is directly conjugated to the BFC or moiety that is radiolabelled.
This is the standard approach but has some limitations; particularly with larger biological molecules
that are slow to clear. Alternative approaches are now being developed to utilise chemical reactions
that are efficient enough to allow reaction between a targeting groups (bound to the target) and a

radiolabelled group in vivo.

3.2.2 Click chemistry approach

The phrase ‘click chemistry’ was introduced by K. B. Sharpless in 1998, to describe reactions
that were simple, fast, high yielding, produced only “inoffensive by-products”, were widely
applicable and did not require complicated purification methods.?** Reactions of this type have
received a lot of interest from the pharmaceutical and materials industries. Several reactions have

been identified and developed that meet Sharpless’s initial criteria:

Huisgen 1,3-dipolar cycloaddion
The Staudinger-Bertozzi ligation
Copper-Catalysed Azid-Alkyne Cycloaddition (CuAAC)

Strain-promoted alkyne-azide cycloaddition (SPAAC)

YV V V V V

Inverse-demand Diels-Alder reaction (IDDA)

These click chemistry reactions have been used in many applications, and an excellent

demonstration of their potential is in pretargeted imaging.?*

3.2.2.1 Bioorthogonal reactions

Bioorthogonal reactions are chemical reactions that can occur in a biological system without
disrupting the ‘native’ biochemical processes. The participating compounds contain functional
groups that are inert to all biological moieties, thus preventing them from reacting or interfering
with the biological system.?*® In the past decade these reactions have received a large amount of
attention for their application to in vivo imaging.2** Bioorthogonal reactions utilise click chemistry,

however not all click chemistry reactions are bioorthogonal.

The origins of the inverse-demand Diels-Alder reaction (IDDA) can be traced back to 1959
when it was first reported by Carboni and Lindsey who investigated the reaction between
phenylstyrene and a fluorinated tetrazine, which was found to be exothermic and extremely rapid at
room temperature (Scheme 4).2*® This reaction was only of academic interest until nearly 50 years

later in 2008 when Fox et al. described an adaptation as a bioorthogonal reaction.?*’

81



FsC _F

t : FsC _F
I \ i
Ph
NN L Z N R pnh -N, N7 Ph NZ
N N — N —_ \ - . |
X ' b X
F,.C7 O F F.C7 O F

Scheme 4: First example of a IDDA reaction reported in 1959 by Carboni and Lindsey.

Fox et al. reported the reaction of tetrazine with a range of strained alkenes; of particular
note was the reaction with (E)-trans-cyclooctene (TCO).%*® The electron-rich dieneophile TCO reacts
with the electron deficient tetrazine by the reverse-Diels-Alder [4+2] cycloaddition reaction to form
an intermediate that rearranges with the release of nitrogen gas to form a stable dihydropyridazine

compound (see Scheme 5).2%°
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Scheme 5: The IDDA reaction between a 1,2,4,5-tetrazine and a strained trans-cyclooctene dienophile.

An important factor in the utility of this bioorthogonal reaction is that the modification of
the two reacting moieties is easier and quicker than either the Staudinger-Betozzi ligation or the
SPAAC reaction, and also the tetrazine moiety is more stable for long term storage.?*” %°° TCO-
tetrazine IDDA bioorthogonal reactions show rates of reaction up to 5 orders of magnitude greater
than that of the SPAAC reaction and 7 orders of magnitude greater than the Staudinger-Betozzi
ligation.?*” The reaction has been reported to occur at an extremely fast rate (k, = 3.5x10° Ms?t in
MeOH/water (9/1)?*1), and proceeds in high yield in organic solvents, aqueous, buffer, and cell
media solutions.?*® For these reasons the TCO-tetrazine IDDA bioorthogonal reactions was selected

for use in this work.

3.2.2.2 Pretargeted approaches in PET imaging

The principles of pretargeted PET imaging are shown in Figure 51. It is a two-step approach,
where firstly a non-radiolabelled molecule with a reactive tag (TCO or tetrazine) is injected into the
patient, there is a delay of the appropriate time for the molecule to reach the tissues/tumour and
bind to the biological target as well as clearance of the unbound compound from the system. Next, a
radiolabelled moiety (small molecule) is injected with the complimentary reactive tag, which will
rapidly and selectively react with the tag on the pretargeted molecule at the receptor. Once again
there is a waiting period to allow for the molecule to diffuse to the target and unreacted compound

to clear.?** The image is then acquired in the scanner.
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Figure 51: The process of pretargeted PET imaging in a mouse model. Where the blue circle represents the targeting

moiety (in this case identified as a CXCR4 antagonist).

This technique allows the use of radioisotopes with a shorter half-life that would not be
suitable for direct imaging with targeting biological molecules (e.g. antibodies).?*? Peptides can also

be used as targeting moieties and superior tumour-to-blood ratios achieved with the greater

clearance time.??

In the past five years there have been a number of papers published outlining the use of the
TCO-tetrazine click reaction in PET imaging. In 2010 Rossin et. al. published a landmark study where
they reported a tumour pretargeted approach between tetrazine-DOTA derivative (L48, Figure 52)
radiolabelled with !In and TCO (L49) conjugated to anti-TAG72 Mab.?>* The TAG72 antigen was

chosen by the group as it had reported to be expressed in a variety of cancer cell lines.
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Figure 52: Pretargeting componets: Tetrazine-DOTA (L48) and trans-cyclooctene-NHS (L49).
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Rossin et al. went on to test the reaction in vivo, where compound L49 was conjugated to
mAb-CC49 and administered to mice bearing colon cancer xenografts, followed 24 hours later by an
injection of 3.4 mol equivalents of compound ['*1In][In48]. The resulting SPECT-CT scan (see Figure
53) showed the expected localisation of radioactivity in the tumour. Only low levels of radioactivity
were detected in non-targeted organs or in the blood due to the rapid excretion into the urinary

tract via the kidneys.?>3

Figure 53: Small animal SPECT-CT image of live mice bearing colon carcinoma xenograft.a) CC49-TCO followed 24 hours
later by [111In][InL17]; b) CC49 (100 mg) followed one day later by [*11In][InL17 and c) Rtx-[TCOIn]-1;. (Reproduced from
Rossin et al.).24
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3.3 Proposed strategy for tetraazamacrocyclic CXCR4 antagonist click derivatives

As discussed in chapter two, configurationally restricted tetraazamacrocyclic ligand
complexes with transitional metals can be used to form antagonists that bind to CXCR4 with high
affinity and long residence times.'*® Therefore the work reported herein aims to develop these high
affinity antagonists with the inclusion of a BFC to allow for radiolabelling with gallium-68 and to

extend this to include a pretargeted approach.
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Figure 54: Examples of the target structures of the gallium-68 CXCR4 antagonist designed and evaluated herein. Both a
direct and a pretargeted approach were investigated.

Figure 54 shows some of the proposed molecular structures that would allow radiolabelling
with gallium-68 and are investigated in this chapter. Both a ‘direct’ and a ‘pretargeted’ approach to

tracer design were investigated.
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3.4 Design and functionalisation of tetraazamacrocyclic CXCR4 antagonists

3.4.1 Position of attachment and order of reactions

Initially two different routes to synthesise the radiolabelled CXCR4 antagonist were
investigated, both routes utilise the same reactions and BFC, but in a different order (see Figure 55).
The first approach (red arrows, Figure 55) involves the azamacrocycle transition metal complex
being formed prior to conjugation to the BFC and radiolabelling. Alternatively (green arrows, Figure
55), the conjugation of the ligand and the BFC can be carried out; followed by the metal complex
formation but this will result in the transition metal also binding into the BFC cavity; and so the

gallium-68 will need to displace this metal ion in the radiolabelling process.
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BFC
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Figure 55: The alternative methods for synthesis and radiolabelling of azamacrocyclic CXCR4 antagonists.

BFC

|

The second approach is preferable from a synthesis and analysis perspective as it is easier to
react and analyse the precursor compound in the absence of the transition metal ions. The metal ion
can cause various charged species to appear and can exchange counterions giving more complex MS
spectra. Additionaly, paramagnetic transitional metals prevent NMR analysis. Therefore, a proof of

principle experiment was carried out to determine if the gallium-68 could compete effectively with a
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transitional metal in a BFC and give reasonable labelling yields. The DO3A complex with copper(ll)

was used as a model for the BFC and labelling reactions attempted with gallium-68 (see Figure 56).

3.4.1.1 DO3A stability competition assay

M\ [\ _ M\ _
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Figure 56: Structures of DO3A, [Cu25] and radiolabelled [68Ga][Ga25].

The stability constants of the Ga(lll)-DOTA and related complexes have been determined. In
a review article Price et al. summarised the reported stability constants (Km. = [ML]/[M][L]) for the
chelator DOTA with various radiometal ions. The logK values for copper(ll) range from 22.2 — 22.7,
while gallium(Ill) has a lower value of 21.3.° Therefore, the thermodynamics appear to be
unfavourable for DOTA, however this may not be the same for DO3A and variations in measurement
conditions could account for the difference. Kinetic factors could also be important and so it is worth

testing the chemistry under radiolabelling conditions to see if the reaction occurs.

3.4.2 Competition radiolabelling results

To determine the optimal concentration for labelling of DO3A with gallium-68 a
concentration curve was determined using different concentrations of the chelator. Labelling was
carried out in 0.2 M sodium acetate (pH 4.6) with 10-25 MBq of gallium-68 and heated at 95°C for 30
minutes. The reaction was monitored by radio-TLC, with free gallium-68 having an Rf value of 1,

while the labelled [®¥Ga][Ga25] has an R¢ value of 0.3.

Figure 57 shows the concentration curve seen when labelling DO3A with gallium-68. DO3A

was labelled at the lowest concentration tested of ca. 20.0 uM in quantitative yields.

To determine if the inclusion of a transitional metal such as copper would effect labelling,
the same experiment was carried out with [Cu25] to determine if it could be labelled with gallium-68
under the same conditions. However, as predicted quantitative radiolabelling was not achieved, with

only partial radiolabelling to form [®3Ga][Ga25] (>14%, Figure 57) observed at high concentrations.
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Figure 57: Plot of log[concetration] versus the percentage of radiolabelling with gallium-68 achieved with the DO3A or
[Cu25] starting material.

Furthermore, the RCY did not increase significantly with an increase in reaction time. After 2
hours, 18 mM of [Cu25] gave a maximum labelling yield of 11%. These results prove that the second
approach (green arrows) depicted in Figure 55 is not viable, therefore the first approach (red arrow)

must be used in the design of the radiotracers.
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3.5 Synthesis of tetraazamacrocycles conjugated to a BFC

3.5.1 Synthesis of the mono-macrocycle gallium compounds

3.5.1.1 Synthesis of the mono-macrocycle precursors

The mono-cyclam configurationally restricted macrocycles were synthesised due to the
relative ease of synthesis (compared to the bis-macrocycles) and their potential for use as model
compounds in radiolabelling procedures. Bridged cyclam was synthesised and converted to the side

bridged and cross bridged cyclam derivatives following established literature preparations.?% 25> 256
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Scheme 6: Synthetic route for the synthesis of the mono-macrocycles 1 (side bridge) and 2 (cross bridge).

All compounds shown in Scheme 6 were produced in good yield and fully characterised.
Previous group members reported the use of the reduction of the cyclam/cyclen gyoxal bridge using
a large excess (70 eq.) of sodium borohydride and leaving the reaction to stir at room temperature
for a fortnight.>” However, as well as being slow, this method was shown to introduce an impurity (<
10%). An alternative microwave method was developed, as discussed in chapter 2, and applied to
the synthesis of both side bridged and cross bridged compounds. Sodium borohydride (5 eq.) was
added to 10 or 13 and heated in the microwave (100°C, 300 W) for either 30 min (SB) or 4 hr (CB).
NMR spectra and CHN analysis confirmed that a higher purity product was isolated using this

method.
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The compounds 12 and 15 were synthesised by a lithium aluminium hydride reduction.
Rachel Smith, a previous member of the group had tried several different methods for this reduction
including the use of borane-tetrahydrofuran complex and Raney nickel, however both proved
ineffective.?®” The method used was modified from a procedure reported by Hackling et al. with the
excess LiALH4 reacted with water and sodium hydroxide for facile separation at the end of the

reaction.”*® Both 12 and 15 were produced in high yield (92 and 73%, respectively) and high purity.

As previously stated, the inclusion of a metal ion in the cyclam ring enhances binding to the
CXCR4 receptor. Hence metal complexes of 12 and 15 were formed with copper(ll), zinc(ll) and
nickel(ll) to give a library of structures (see Figure 58). The inclusion of a metal ion into the CB cavity
is more challenging that the SB equivalent due to the increase in structural rigidity of the cyclam. In
addition, nickel(ll) and zinc(ll) CB complexes are more difficult to synthesise because protons
abstracted from water/solvent molecules must be displaced from the cavity by the metal ions. The
same issue does not occur with copper(ll), as copper(ll) ions compete more effectively with the
protons. As a result the SB metal complexes were formed by stirring at RT for 4-8 hours with the
metal acetate salt. The CB cyclam derivatives required an overnight reflux to form the desired metal

complexes.
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Figure 58: Library of metal complexes formed with zinc(Il), copper(Il) and nickel(l1)

As stated in chapter two, the analysis of all of the fractions from the size exclusion
chromatography purification by MS meant that fewer fractions were selected to be combined, giving

a higher purity product but lowering the yields compared to those previously reported.?’

90



3.5.1.2 DOTAGA anhydride conjugation to mono-macrocycle compounds

The BFC selected for labelling with gallium-68 was DOTAGA which forms a branched pendant
arm DOTA on conjugation and first synthesised by Elsenwiener et al.?*®* DOTAGA anhydride was
produced for facile conjugation reactions with primary amines via a ring opening reaction with the
anhydride. DOTAGA was originally reacted with the protection of the four DOTA carboxylate groups
with tert-butyl esters allowing the branched carboxylate arm to react selectively. However this
technique is not suitable for biomolecules such as antibodies, as the deprotection step to remove
the tert-butyl ester groups are too harsh.?®® Bernhard et al. overcame this problem in 2012, with the
synthesis of DOTAGA anhydride, which readily undergoes a ring opening reaction with various
functional groups, bypassing any need for carboxylate protection.?®® Moreau et al. successfully used

the DOTAGA anhydride system to conjugate to and subsequently radiolabel antibodies.?!
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Figure 59: Structures of DOTAGA containing compounds 26 and 27.

The reaction between DOTAGA anhydride and a primary amine has been reported to give
rapid amide bond formation without the need for a coupling agent.?®% 26! Figure 59 shows the
structures of DOTAGA containing target compounds 26 and 27. Both compounds were formed by
combining the cyclam precursor with DOTAGA anhydride in amine-free dimethylformamide under
an argon atmosphere in the presence of one equivalent of base (TEA). The reaction was carried with
a slight excess (1:1.1 ratio) of DOTAGA anhydride to ensure complete reaction. The reaction mixture

was stirred for 18 hours and then the solvent was removed in vacuo.

Developing HPLC conditions for azamacrocycles is challenging as they have many different
protonation states resulting in multiple broad peaks for a single compound. The inclusion of 0.1%
trifluoroacetic acid (TFA) to both the organic and aqueous mobile phase resulted in good separation,
probably maintaining consistent protonation and allowing for separation from the DOTAGA impurity.
26 and 27 were purified via semi-preparative HPLC. CHN analysis was inconsistent as various salts

may be forming and/or cations bound in the DOTA or azamacrocycle cavities.
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The metal complexes ([Ni26(0OAc)](OAc), [Cu26(OAc)](OAc), [Zn26(0Ac)](OAc),
[Cu27(0ACc)](OAc) and [Zn27(0OAc)](OAc)) were also synthesised and purified. Formic acid was added
to switch the counter anions away from a mixture of anions including TFA to allow clearer
identification of the peak in the mass spectrum. This approach was successful and allowed
assignment of the spectra.
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Figure 60: Non-radioactive analogues of compounds 27 and [Zn27(O0Ac)](OAc) with gallium(lll) nitrate.

Non-radioactive gallium(lll) complexes of 27 and [Zn27(0Ac)](OAc) were synthesised to
allow the development of HPLC conditions for radiolabelling and to allow in vitro bioassay data to be
collected (see Figure 60). The gallium complexes were obtained using a procedure reported by
Poschenrieder et al. (the same procedure that was used in section 2.3.4 to form the gallium

complexed P4 antagonist).1”®
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3.6 In vitro testing of the mono-tetraazamacrocycle compounds

Calcium signalling assays were carried out for the mono-tetraazamacrocycle compounds to
determine the affinity for the CXCR4 receptor (see Table 15). Some assays have not yet been
returned for the same compound batch, however, past work carried out by the Archibald group on
the precursor compounds offers some data for comparison.?” 262 All assays were carried out by the
research group of Prof Dominique Schols at the Rega Institute (KU Leuven) and AMD3100 was

included as a reference compound.

Table 15: Summary of biological assay data generated for CXCR4 antagonist determined by antibody displacement in Jurkat
cells and calcium signalling in U87-CXCRR cells. 2 represents data taken from past work carried out by the Archibald group.

Antagonist Calcium Signalling
ICs50? /nM U87-
CXCR4
12 >5000°
[Ni12(OACc)](OAc) >5000°
[Cu12(OACc)](OAc) 2200°
[Zn12(OAc)](OAc) 342
15 >5000°
[Ni15(0OAc)](OAc) >5000°
[Cul5(0Ac)](OACc) 222°
[Zn15(0OAc)](OAc) 273°
26 >5000
[Ni26(OAc)](OAc) >5000
[Cu26(0ACc)](OACc) >5000
[Zn26(0OAc)](OAC) >5000
27 3737
[Cu27(OACc)](OAc) >5000
[Zn27(0Ac)](OAc) 2366
["**GaZn27(0Ac)](OAc) >5000
AMD3100 175

The copper(ll) and zinc(ll) complexes of the CB configurationally restricted macrocycles 15
and 27 were shown to have some activity in the assay, although this is still at a low level compared
to bis-tetraazamacrocyclic compounds. The activity of CB compounds can be attributed to the cis-V
configuration of the CB macrocycles allowing for a more favourable bonding interaction with the

aspartate residues on the surface of the CXCR4 receptor.?®3
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The zinc(ll) containing mono-cyclam compounds have higher affinity for the receptor than
the nickel(ll) and copper(ll) analogues. A possible explanation for this is the geometric flexibility of

the d'°zinc(Il) ion compared to d° copper(ll) and d® nickel(ll).

The inclusion of the DOTAGA moiety in both antagonists 26 and 27 appears to reduce
affinity for the receptor. This is not unexpected as the negative charge present on the DOTAGA is
likely to interact unfavourably with negatively charged aspartate residues on the receptor surface.
Alternatively, it could be possible that one of the free carboxylates on the DOTAGA could be
intracting with the trasitional metal inhibiting the necessary metal-aspartate interaction needed to

bind to the CXCR4 receptor.

This effect has also been observed by Varasteh et al. with a different biological target. In
2015, they investigated the effect that four different chelators (NOTA, NODA-GA, DOTA and
DOTAGA) had on the affinity of a gastrin releasing peptide receptor antagonist.?®* Although DOTA
and DOTAGA differ in size, more importantly they differ in the number of carboxylate groups
available for coordination to gallium-68. The overall charges on the complex when DOTA and
DOTAGA are chelated with gallium(lll) are 0 and -1, respectively. The group reported that the neutral
DOTA derivative ["'Ga][Ga-BFC-PEG2-RM26] peptide had a higher affinity for the receptor than the

negatively charged DOTAGA derivative.2®*

None of the molecules shown in Table 15 are sufficiently potent to be considered for in vivo
characterisation. However, they are useful for optimisation of radiolabelling conditions. This was
carried out to develop protocols for use with higher affinity antagonists that may only be available in

smaller amounts.
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3.7 Development of radiolabelling conditions for mono-cyclam DOTAGA compounds

In order to develop gallium-68 radiolabelling conditions for the mono-cyclam DOTAGA

compounds (26 and 27) and the metal complexes, the extensive literature for labelling DOTA with

gallium-68 was consulted (see a summary of conditions used in Table 6 (section 1.4.4.1)). Based on

this data gallium-68 radiolabelling reactions were carried out in sodium acetate buffer (0.2 M, pH 4.6)

and heated at 95°C for 20 min. These conditions are quite harsh but the molecules used should be

sufficiently robust to tolerate the elevated temperature.’* 2% Radio-TLC was used to monitor the

progress of labelling reactions, using 0.1 M citrate buffer as eluent as reported by Berry et al.»® The

radiolabelled ligand was shown to remain at the baseline, while the “free” gallium travelled with the

solvent front (Figure 61, A and B).

The effect of temperature (25°C, 40°C, 60°C and 90°C) was investigated with a high

concentration (0.5 mM) of antagonist 27. The results shown in Figure 61 C, indicate the expected

result, that high temperatures are required to achieve complex formation. Although, 100%

conversion could be achieved at 60°C, the reaction time required was 45-60 minutes.
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Figure 61: A) Radio-TLC illustrating free ®8Ga, in 0.1 M citric acid/trisodium citrate 1:1 buffer; B) Radio-TLC illustrating 100%
labelling of 68Ga[4], in 0.1 M citric acid/trisodium citrate 1:1 buffer; C) Graph showing effect of temperature on
radiolabelling yield of ligand 27, (n=3).

The next parameter to be optimised was the concentration of precursor used in the reaction,

27 was radiolabelled using 5-20 MBq of gallium-68 and heated at 95°C for 20 minutes with the RCY

monitored by radio-TLC as before.
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Figure 62: Graph showing effect of concentration on labelling yield with [°8Ga][Ga27].

As Figure 62 shows, > 95% radiolabelling of antagonist 27 was achieved with ca. 100 uM
(100 pL; corresponding to ca. 10 nmol). This was slightly higher than the minimum concentration of
DOTA required for labelling reported in the literature.?®® This is may be due to slight inaccuracies in
determination of the concentration of the compound due to the presence of salts from HPLC

purification.

Using these conditions [®3Ga][Ga27] was obtained with a 32.2 + 14.1% decay corrected RCY,
whilst [*8Ga][GaCu27(OAc)](OAc) gave more consistent results with decay corrected RCY of 41.7 +
5.6%. The partition coefficient (logP) of [#3Ga][Ga27] was determined to be -2.66 + 0.12, confirming
the predicted hydrophilic properties of the compound. Column recoveries were also performed to

rule out the possibility that the low labeling percentages were due to activity remaining on the

column.

Buffer stability of [®3Ga][Ga27] was measured and showed that the compound was 100%
stable after 3 hours at 37.5°C in PBS solution. In addition, stability studies were also conducted with
apo-transferrin (as gallium-68 has a similar atomic radius to iron(ll), iron scavenging pathways form
the primary mechanism for gallium(lll) bioprocessing in vivo).?®” A modified procedure based on that
reported by Ma et al. was used in which an excess of apo-transferrin (0.6 mg) was incubated with
the tracer at 37°C.%%® TLC analysis showed that after 3 hours 100% of gallium-68 remained chelated.
Similar stability and logP values were also observed for [*®Ga][Ga26] (logP = -2.63 + 0.2) and
[8Ga][GaCu27(0Ac)](OAc) (logP =-2.59 + 0.2).
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3.8 Synthesis of the bis-cyclam/cyclen BFC conjugates and gallium radiolabelling

The chemistry and radiochemistry had been trialled using the more readily synthesised
mono-cyclam compounds, the strategy developed was applied to the higher affinity bis-

cyclam/cyclen compounds.

3.8.1 Synthesis of the first and second generation of bis-cyclam/cyclen compounds
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Scheme 7: Synthetic route for the synthesis of the bis-macrocycle 23 and 24.
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Initially the bis-cyclam/cyclen aniline compound, 23 (Scheme 7), and the metal complexes
were synthesised and attempts were made to react these compounds with DOTAGA anhydride (28,
[Cu228(0Ac).](0OAc), and [Zn,28(0Ac)2](0OAc),). However, the reaction was very low yielding, due to
the delocalisation of the lone pair of electrons on the nitrogen into the phenyl ring. Therefore, these
compounds were not developed further and the benzyl amine equivalent compound was

synthesised (24, Scheme 7).

Using the conditions developed for the mono-cyclam compounds, 24 and its metal
complexes were reacted with DOTAGA anhydride to form 29, [Cu,29(0OAc).](OAc), and
[Zn2290Ac),](OAc), (see Scheme 8). Each compound was purified by semi-preparative HPLC to
remove any unreacted DOTAGA anhydride. As reported previously with the mono-cyclam
compounds, the mass spectra and elemental analysis were complicated by the presence of cations
and variations in bound counter anions. The mass spectra were simplified by the addition of formic

acid.
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M = CuZ*, Y = AcO , (n =1/2); [CU,24(0Ac)2](OAC)2 M= Cu?*, Y = AcO, (n =1/2); [Cu;29(0AC)2](OAC)2
M =Zn?*, Y = AcO, (n =1); [Zn,24(0Ac)7](OAc)2 M=Zn®, Y = AcO, (n =1); [Zn;29(0Ac)2](OAC)2

Scheme 8: Scheme showing the synthesis of tracers [Cu229(0OAc),](OAc), and [Zn;,290Ac),](OAc),.

Non-radioactive analogues of the tracers were also synthesised to give ["'Ga29],
["**GaCu,29(0Ac),](OAc), and ["'GaZn,290Ac),](OAc),. This allowed HPLC conditions to be

determined and the compounds to be analysed in biological assays.
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3.8.2 Developing radiolabelling conditions for bis-cyclam/cylen DOTAGA compounds
The conditions used for labelling the mono-cyclam compounds were used as a starting point
for this work. Initially a concentration of 0.1 mM of each precursor (29, [Cu;29(0Ac),](OAc), and

[Zn2290Ac),](OAc),) was labelled in 0.2 M sodium acetate buffer (0.2 M, pH 4.6, 20 mins at 95°C) in
which gave high radiolabelling yields.
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B GalGaCu-29(0AC).[(OAC ).
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Figure 63: Radio-HPLC chromatograph of [¢3Ga][GaCu229(0OAc),](OAc),.

The radio-HPLC trace of [®Ga][GaCu229(0OAc),](OAc), is shown in Figure 63. This matches
the elution time of the non-radioactive analogue (["'GaCu;29(0Ac),](OAc);) with the tracer eluting
ca. 12 min 30 sec. The unlabelled compound [Cu229(OAc),](OAc); eluted earlier than the radiotracer.
Similar HPLC chromatographs were obtained for [*®Ga][Ga29] and [*®Ga][GaZn229(0Ac),](OAc),.
100~
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Figure 64: Effect of varying the concentration of 29 on the labelling yield with gallium-68, (n=3).
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Variation of the concentration of 29 was investigated to determine the optimal
concentration for radiolabelling. Figure 64 shows the results obtained for the formation of
[°8Ga][Ga29] which gave an ECgs value of ca. 22 uM. This is consistent with a concentration graph
reported by Berry et al., who showed that a >95% gallium-68 radiolabelling yield was achieved with a
concentration of 10 uM of DOTA.?%> 289 Similar results were seen for [*Ga][GaCu,29(0Ac);](OAc),
and [®Ga][GazZn,29(0Ac),](OAc), which gave an ECgs value of ca. 30-46 uM. This is in same range as

concentrations reported for related chelators in the literature.?6®

Table 16: Radiochemical propertied of tracers [68Ga][Ga29], [(8Ga][GaCu,29(0Ac),](OAc), and
[68Ga][GaCu,229(0Ac),](OAc),.

... Decay Stability in Stability in apo-
Partition . .
Tracer Coefficient corrected bovine serum  transferrin after 3
RCY% after 3 hours hours
[*8Ga][Ga29] -2.29+0.18 25.0+£9.0 100% 100%
[®Ga][GaCu,29(0Ac);](0Ac), -2.55+0.19 14.2+4.1 100% 100%
[8Ga][GaZn229(0Ac);](OAc); -2.60+0.17 21.3+7.0 100% 100%

Table 16 shows some of the radiochemical properties of the three tracers. Column
recoveries were performed on all three tracers which confirmed that less than 5% of the activity
remained on thr column after the purification. All tracers were shown to be 100% stable in serum
and stable when competing with apo-transferrin. The partition coefficient of [*®Ga][Ga29] was

slightly less hydrophilic than the metal complexes, as would be expected.
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3.9 In vitro CXCR4 binding assays of tetraazamacrocyles

3.9.1 Calcium signalling assay

As with the mono-cyclam compounds in Section 3.6.1.2 a calcium signalling assay (using a
CXCR4 transfected U87 cell line with CXCL12) was carried out on the library of bis-cylclam
compounds produced. The data was collected by the research group of Prof Dominique Schols at the

Rega Institute (KU Leuven).

Table 17: Summary of biological assay data generated for CXCR4 antagonist determined by antibody displacement in Jurkat
cells and calcium signalling in U87-CXCR4 cells. 2 indicates data taken from past work carried out by the Archibald group.

Calcium
Antagonist Signalling ICso?
/nM U87-CXCR4
["*'GaP4] 102
20 >5000
24 >5000
[Cu224(0Ac),](0ACc), 100
[Zn,24(0Ac),](OAc), 1
29 >5000
[Cu229(0Ac):]1(0OACc);, 142
[Zn229(0Ac):]1(0ACc), >5000
["*'Ga29] >5000
["*Gazn,29(0Ac),](OAc); >5000

As seen previously with the mono-cyclam compounds, the inclusion of metal ions into the
cylcam/cyclen rings increases binding affinity. 24 (ICso = >5000 nM) forms the highest affinity
antagonist, [Zn,24(0Ac).](OAc), when the zinc(ll) complex is formed (ICso = 1 nM). The trends
between the copper(ll) and zinc(ll) complexes of 24 are as expected with a higher affinity for the
zinc(ll) complex, however the lack of affinity for the zinc(ll) complex of 29 and the gallium(lll)
complex is unexpected but may be due to the proximity of the DOTAGA chelator to the binding
group. Further study is needed with these compounds and the synthesis of the gallium(lll) complex
of the copper(ll) 29 compound is required. Whilst it would be expected that the addition of the
DOTAGA chelator would disrupt binding, the loss of affinity of the zinc(ll) complex to this degree was
not predicted. The results for the copper(ll) complex of 29 shows a 50 nM reduction in affinity,
which is minimal but not in line with the results observed for the [Zn,29(0OAc),](OAc), compound.
Further investigation and repeat syntheses are required as these results do not give a consistent set

of data.
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3.9.2 CXCR4 expressing cell binding assay with radiotracers

To investigate the binding of these bis-cyclam/cyclen gallium-68 tracers to the CXCR4
receptor a cell binding assay was carried out with [*®Ga][GaZn,29(OAc),](OAc). and
[*8Ga][GaCu,29(0Ac)2](OAc),. Interaction with the CXCR4 receptor was determined by cell binding in
U87, U87-CXCR4 and Jurkat cells. To show CXCR4 specificity a blocking study was carried out, where
U87-CXCR4 and Jurkat cells were blocked with 20 uM [Cu,5(0Ac),](OAc),. Cells were then incubated

with 28 kBq of tracer for 60 minutes on ice to avoid receptor internalisation.

0.254
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=

Figure 65: Cell binding of [58Ga][GaZn,29(0Ac),](OAc), in U87, U87-CXCR4 and Jurkat cells, data is represented as
percentage of incubated dose. Data presented as mean * standard deviation. % ID = percentage incubated dose. (n=3)
(data collected by Ms. Cecilia Miranda).

Figure 65 shows the percentage of incubated tracer bound (in this case
[°8Ga][GaZn229(0Ac),](0Ac),) in the three cell lines. The results revealed low uptake (<0.2%), with
no significant difference of tracer accumulation between CXCR4-expressing cells U87-CXCR4 and the
negative control (U87 cells), suggesting it was not specific binding to CXCR4. Blocking experiments
showed a slight reduction in binding to U87-CXCR4 and Jurkat cells. [®®Ga][GaCu229(OAc),](OAc)2
also showed similar results when tested in Jurkat cells with an average percentage of the incubate

dose binding of 0.18%.

To validate the assay, the same experiment was carried out with [*8Ga][GaP4] in MM.1S,
U87-CXCR4 and U87 cells. As shown in Figure 66; [°8Ga][GaP4] had approximately 20 times higher
uptake in U87-CXCR4 compared to U87 cells (3.9% and 0.2% respectively). This shows, as expected,
that [®8Ga][GaP4] is binding to the CXCR4 receptor.
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Figure 66: Cell binding of [8Ga][GaP4] inU87-CXCR4 and U87, data is represented as percentage of incubated dose. % ID =
percentage incubated dose. (n=3) (data collected by Ms. Cecilia Miranda).

Comparing the binding of [®¥Ga][GaZn,29(0Ac).](OAc); to [*®Ga][GaP4] (ca. 0.2% to 3.9%;
respectively) in U87-CXCR4 cells, it is unlikely that [®®Ga][GaZn229(0OAc),](OAc), is binding effectively
to the CXCR4 receptor. These results are in agreement with the calcium signalling assay results

shown in Table 17 as well as FACs data (data not shown).
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3.10 In vivo comparison of [%Ga][GaZn,29(0Ac),](0Ac),

Mice bearing CXCR4 expressing tumours were available prior to the full set of calcium signalling
data and so [%®Ga][GaZn;29(0Ac),](OAc); was taken in vivo as the results on the precursor

compound showed high affinity ([Zn,29(0Ac),](OAc); ICso = 1 nM).

CD-1 nude mice were subcutaneously inoculated into the right flank with 5x10® MM.1S cells
(expression shown in Figure 46), tumours were allowed to grow until the tumour size reached 100-
300 mm?3. Dynamic PET images were obtained upon injection of ca. 2.4 MBqg of
[*8Ga][GaZn,29(0Ac),](OAc), via the tail vein. As shown in Figure 67, the in vivo pharmacokinetics
of [®8Ga][GazZn,29(0Ac),](OAc), is characterised by a high accumulation in liver and the kidneys
and bladder due to clearance of tracer. No significant accumulation was observed in CXCR4
expressing organs such as spleen, bone marrow and bony growth plates, or the CXCR4 expressing

tumour.
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Figure 67: Comparison of [®3Ga][GaZn,29(0Ac),](OAc), (black) and [68Ga][GaP4] (orange) uptake in MM1.s tumours
expressing low levels of CXCR4. A, B: Time activity curves showing tumour uptake of [®3Ga][GaZn,29(0OAc),](OAc), and
[68Ga][GaP4]. C,D) Time activity curves showing liver uptake of [8Ga][GaZn,29(0Ac),](OAc), 7 and [68Ga][GaP4] (n=3). E) and
F): Representative coronal PET/CT image of [®3Ga][GaZn,29(0Ac),](OAc), and [®8Ga]Pentixafor uptake in MM.1S tumour-
bearing CD-1 nude mice (90 minutes post injection). (Data collected by Ms. Cecilia Miranda).

In order to validate the in vivo model and show CXCR4 expression in MM1.S tumours

[*®Ga][GaP4] was used as a control CXCR4 antagonist (although it only binds to human CXCR4 and so
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only tumour binding should be observed). As shown in Figure 67, the in-vivo pharmacokinetics of
[8Ga][GaP4] are characterised by a high accumulation in kidneys and bladder due to clearance of
tracer, as well as significant uptake in the MM1.S tumour was observed, and is consistent with the

work of Philipp-Abbrederis et al.?”°

The in vivo 90 minute scan of tracer [®Ga][GaZn,29(0Ac);](OAc), showed insignificant
uptake in the MM1.S tumour. This agrees with in vitro data that [*8Ga][GaZn,29(0Ac).](OAc); has
low affinity toward the CXCR4 receptor. [®¥Ga][GaZn,29(0Ac),](OAc), was shown to be excreted

renally.

Although some low levels of uptake of [®®Ga][GaZn,29(0OAc),](OAc), is seen in the liver
(which naturally expresses murine CXCR4), on comparison to scans with [®®Ga]gallium citrate (see
Figure 68) in wild-type mice, the liver uptake was not significant. However, more scans are needed
with [#Ga]gallium citrate as it is known to be variable between models, with the time of day and

fasted/non-fasted and food known to effect the biodistribution.?’*

.~
¥ «Heart

Liver

Bladder

Figure 68: Representative coronal PET/CT image of [®8Ga]gallium citrate] scan in wild type nude mice (10 MBq, 90 minutes
post injection).
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3.11 Second generation of DOTAGA conjugated macrocyclic compounds

Due to the low CXCR4 affinity observed for the metal complexes of 29, alternative approaches
were investigated to prevent any steric or charge repulsion interaction between the DOTAGA BFC
and the CXCR4 receptor. The first approach attempted used a PEG linker to increase the distance
between the BFC and the CXCR4 binding component. Secondly, a pre-targeted approach using
bioorthogonal click chemistry for in vivo reaction was investigated as this would allow the high
affinity antagonist to bind prior to administration of the reactive radiolabelled component. The third
approach was the use of an alternative BFC that is compatible with kit-like labelling with gallium-68

was considered and tested with the CPCR4.2 peptide (to give an analogue of Pentixafor).

3.11.1 Incorporation of PEG linker between the CXCR4 binding component and the BFC

3.11.1.1 Synthetic strategy for PEG linker compound

Scheme 9 shows the trial reaction scheme that was carried out to form mono-cyclam
compound 32 which includes a PEG linker. The coupling of the mono-macrocycle compound 15, with
the FMOC protected PEGs was carried out in anhydrous conditions to give the pure product in good

yield.
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Scheme 9: Attempted scheme for the synthesis of the extended pegylated antagonist 32.
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31 was produced by a standard FMOC deprotection with piperidine and was purified via
semi-preparative HPLC.2”2 However, the conjugation of 31 with DOTAGA anhydride was unsuccessful.
It is possible that the DOTAGA anhydride had hydrolysed to form the less reactive ring open
derivative, however, anhydrous conditions and inert atmosphere were employed throughout the
synthesis. It could have also been possible that reactive amine of antagonist 15 could have reacted

twice with DOTAGA anhydride, hence the expected product was not found.
O
NH
(@\N/—< %MMOKV 2
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[Cu31(OAC)]|(OAC)

Figure 69: Structure of extended mono- copper antagonist; [Cu31(OAc)](OAc)

The same procedure was attempted with the copper(ll) complex of 31, with the initial
formation of the PEG derivative, [Cu31(OAc)](OAc) giving the desired product in a high yield, see
Figure 69. However, as before, the conjugation to DOTAGA anhydride did not give the desired
product. Due to the problems encountered with this synthetic strategy an alternative procedure
using NH,-PEG4-DOTA was investigated. This BFC also had the benefit that it has one less carboxylic

acid group than DOTAGA, hence, would give a neutral complex with gallium(lIl).

Scheme 10, shows the reaction scheme used to produce 33. NH,-PEG4-DO3A was reacted
with diglycolic anhydride via a ring-opening reaction to give an acid group which could be activated
to allow conjugation to the primary amine on the tetraazamacrocyclic antagonist. 33 formed in a
high yield and purity with the expected number of carbonyl peaks clearly observed in the *H and 3C

NMR spectrum.
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Scheme 10: Synthesis of PEG containing compound 34.

The coupling of 33 with the bis-tetraazamacrocycle 24 was carried out in anhydrous amine-
free DMF with one equivalent of base and coupling agent (HATU). The reaction was shaken at RT for
24 hours, and MS was used to monitor the reaction via the disappearance of the starting material.
Semi-preparative HPLC was used to isolate the 34 in a yield of 12%. The low yield may be due to
insufficient activation of the carboxylic acid group 24. In the future, the reaction could be carried out
with 5 equivalents of HATU and base due to the other carboxylic acid groups present on 33.
However, as sufficient product was collected for radiolabelling, no further optimisation was carried

out for this reaction.

The synthesis of the copper and zinc complexes of 34; ([Cu.34(OAc);](OAc), and
[Zn,34(0Ac),](OAc),) was attempted, see Figure 70. However, even with the higher ratio of
activating agent and base, the desired product was not isolated. The reaction was followed via
analytical HPLC which showed the disappearance of the starting material, however several new
peaks formed on reaction, and analysis by MS did not give any identifiable peaks for the product. It is
likely that, as has been observed previously, exchange of bound counter anions has made
identification of the product challenging. Alternatively, the activation of one or more of the other

carboxylic acid groups of the DO3A compound could lead to formation of by-products.
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Figure 70: Structures of metal complexes [Cu,34(0Ac),](OAc); and [Zn,34(0Ac),](0Ac),.

More work is needed to develop reaction conditions for the formation of
[Cu234(0Ac):](OAc); and [Zn234(0Ac),]1(OAc).. An alternative synthetic approach using protected
DOTA/ DO3A derivatives may be needed if by-products are being formed.
3.11.1.2 Radiolabelling of 34

Although the synthesis of [Cu,34(OAc).](OAc)2 and [Zn,34(0Ac),](OAc), were not successful.
The metal-free precursor was synthesised in high purity and so gallium-68 radiolabelling

experiments were carried out using this compound.

2500+

2000+ \

1500+

&
=
3
S 1000

500+

0 'I.i '1'I] 15 20
Time (min)

Figure 71: Radio HPLC trace of [%8Ga][Ga34], run in acidic conditions after 3 hr.

Radiolabelling was achieved using the same conditions as in section 3.7; 0.2 M sodium

acetate buffer (pH 4.6) reacting for 20 mins at 95°C. Figure 71 shows the radio-HPLC trace taken
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after 3 hrs in acidic conditions of [*Ga][Ga34]. The labelled compound was >95% stable in acidic
conditions and PBS at 37.5°C for up to 3 hours. As the study was a single data point (n = 1) more
comprehensive stability analysis should be carried out. 34 was radiolabelled in a 42.9% decay
corrected yield, similar to the yields obtained with other DOTA/DO3A containing tracers, such as P4.

Column recovery was used to determine minimal activity was retained on the HPLC column.

3.11.1.3 In vitro CXCR4 binding assay for 34 and complex

Calcium signalling studies were again carried out on 34 and the crude reaction mixture from
the reaction to form [Zn;34(0OAc);](OAc), to determine whether the inclusion of the PEG group
enhanced the affinity of the antagonist towards the CXCR4 receptor, see Table 18 (as previously
assays were completed by the research group of Prof Dominique Schols at the Rega Institute (KU

Leuven)).

Table 18: Summary of biological assay data generated for CXCR4 antagonist determined by antibody displacement in Jurkat
cells and calcium signalling in U87-CXCRR cells (* indicates crude sample mixture, not purified by HPLC).

Antagonist Calcium Signalling ICso /nM U87-CXCR4
34 >5000
[Zn234(0Ac),]1(0OACc).* >5000

Inclusion of the PEG group did not appear have the desired result of increasing the CXCR4
affinity for the zinc(Il) complex of 34, although only the crude reaction mixture was analysed and the
compound has not been fully characterised. The positioning of the PEG chain could be causing steric
interactions but this was not expected. Until the pure metal complexes are isolated and analysed no
firm conclusions can be drawn on the affinity of these compounds. Further work and development
of alternative synthetic procedures are required to produce pure samples of [Cu234(OAc).](OAc),

and [Zn,34(0Ac),](0Ac),.
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3.11.2 Pretargeted in vivo click chemistry CXCR4 antagonists

As introduced in section 3.2 the pretargeted approach offers several advantages over direct
tracer imaging. There are many reports in the literature of the pretargeted approach improving the
performance of immuno-PET and allowing for the use of shorter half-life positron-emitting
radionuclides such as gallium-68 or fluorine-18 rather than long-lived radioisotopes with mAbs to
improve patient dosimetry.?’>2’® However, for this work the main advantage may be that the
antagonist moiety binds to the receptor first and so any problematic steric or charge based

interactions with the BFC-radiometal component on binding may be avoided.

3.11.2.1 Synthetic strategy to produce click chemistry precursors

The trans-TCO and tetrazine compounds that were available in the laboratory had the
opposite functional groups to the preferred approach for this work. The usual approach is to have
the thermally unstable trans-TCO moiety conjugated to the targeting group/antagonist and the more
thermally stable tetrazine moiety conjugated to the BFC, which encounters the high temperatures
needed for radiolabelling. Although strategies of reversing the reactive moieties in the available (eg.
diglycolic anhydride) were considered; it was decided that the additional synthetic steps and loss in
yield could be avoided by labelling the trans-TCO moiety at a lower temperature for a longer time.

Alternate trans-TCO and tetrazine precursors could be purchased if the approach was validated.

Scheme 11 shows the synthesis of the trans-TCO DOTAGA moiety, 35. Synthesis of 35 was
carried out in anhydrous amine-free DMF shaken at room temperature for 48 hours. The reaction
was monitored by MS with the disappearance of starting material and the appearance of the [M+H]*
product peak. 'H NMR revealed that further purification was required and semi-preparative HPLC

was carried out with 35 eluting at 14 min 35 sec to give a 19% vyield.
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Scheme 11: The synthesis of trans-cyclooctene compound 35.
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The long reaction time required and the low yield could be attributed to the formation of
the ring opened DOTAGA, although the reaction was carried out using anhydrous conditions and
under an inert atmosphere. The addition of a base (TEA) and a carboxylic acid activator (HATU) could

be investigated, although this risks activation of the other carboxylic acid group.

The non-radioactive ["*Ga][Ga35] was also synthesised using the same approach as

described previously. In the analytical HPLC ["*'Ga][Ga35] eluted at ca. 20 min showing a > 80% yield.

The tetrazine containing antagonist moiety 36 was synthesised by dropwise addition of 15
dissolved in amine-free DMF to methyltetrazine-PEGs-NHS. The reaction was shaken under argon at
room temperature for 24 hours. The reaction was monitored by MS which revealed only starting
material was present. Therefore, 10 equivalents of TEA was added to the reaction and a further 24
hours allowed for reaction at RT. MS analysis revealed the addition of base had reduced the amount
of starting material and after three days all of the starting material had been consumed. Purification

was carried out by semi-preparative HPLC to give 36 in a high yield.
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Figure 72: Structure of [Cu;37(0Ac);](OAc),.

The synthesis of a bis-metal complex antagonist was attempted using a similar route.
[Cu224(0Ac),]1(0OAc), was reacted with methyltetrazine-PEGs-NHS to form [Cu237(0Ac),](OAc). (see
Figure 72). The reaction was stirred in anhydrous amine-free DMF for three days. The dark blue
solution of [Cu;24(0Ac).](OAc),; combined with the pink solution of the tetrazine gave an initial
dark purple solution. However, after three days, the colour had changed to a dark green colour.
Further investigation and purification via LC-MS revealed that copper(ll) ions had been released. The
reaction was attempted again without base and a shorter reaction time, however, the desired
product could not be identified in the MS, and the analytical HPLC showed that mainly starting

material was present. No further attempts to synthesise [Cu,37(0Ac).](OAc), were made.
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3.11.2.2 Bioorthogonal reaction between tetrazine and trans-TCO components

The bioorthogonal reaction between tetrazine and trans-TCO has been reported in the
literature to progress rapidly and under physiological condition.244 247,274, 277-279 Attempts were made
to react 36 and ["*'Ga][Ga35] (Scheme 12) with a molar equivalent ratio in 0.2 M sodium acetate
buffer (pH 4.6) and shaken (550 RPM) at RT for an hour. The literature reports indicated that these

reaction conditions would be appropriate.24’- 280-282
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OO~ Moo~ -O- LT
ENIN] <r
.

36 [ Gal[Ga35]

0.2 M sodium acetate
buffer (pH 4.6)

—N
/—< >ﬂ )k(/\ ) o)
EI RO
(@] ‘\‘/\\N OH
o H N
CZ]/N H 68Ga
\/\,N N \\\\\\\FO
O
OH

nat

[ Ga][Ga38]

Scheme 12: The attempted reaction to produce ["*'Ga][Ga38].

MS showed the disappearance of starting material and the appearance of high molecular
mass (> 1200 gmol?) peaks. However, the masses could not be assigned to the expected product and
HPLC analysis showed a number of new peaks had formed. Collection of these peaks showed that
they had the same high molecular mass values. A possible explaination is that the trans-TCO was
stored for ca. three years and could have degraded. The’H NMR spectrum of the trans-TCO starting
material showed the presence of a broad peak at 5.53-5.69 ppm corresponding to the trans-TCO

protons. However, a ca. 15% non-reactive impurity was also present.
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3.11.2.3 Radiolabelling of 35 with gallium-68

An attempt was made to radiolabel 35 with gallium-68 at room temperature, to minimise
the effect on the strained cyclooctene ring. However, even with a high precursor concentration (0.5
mM) in 0.2 M sodium acetate buffer (pH 4.6) only a ca. 20% radiolabelling yield was observed. The
temperature was increased to 60°C, and after 40 mins ca. 70% radiolabelling was achieved.
Analytical HPLC showed a single peak at 14 min and 54 sec corresponding to [®¥Ga][Ga35] with free
gallium (at the solvent front). The product was purified by semi-preparative HPLC to give [*8Ga][Ga35]

in a 21.7% decay corrected yield.

In a test reaction, the radiolabelled moiety [®%®Ga][Ga35] (before semi-preparative HPLC
purification) was combined with 36 at a (1:1 ratio) and incubated in PBS solution at 37°C for 5 mins,

to represent in vivo conditions. The reaction solution was analysed by radio-HPLC (see Figure 73).
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Figure 73: Radio-HPLC trace for the attempted radiolabelling of [®3Ga][Ga38].
The radio-HPLC trace shows a number of peaks, and is similar to the HPLC trace obtained in
the attempt to synthesise ["'Ga][Ga38]. As it was unknown whether these peaks corresponded to
various protonation states of [®®Ga][Ga38] or were by-products no further development was

attempted.
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3.11.2.4 Alternate CXCR4 click chemistry precursors

Initial synthesis of the pretargeted components shown in Scheme 12 took advantage of
stocks of trans-TCO and tetrazine compounds that were available in the laboratory. The components
however, were functionalised the opposite way around to the expected reaction components with
the trans-TCO component being radiolabelled at low temperature to give low yields to maintain

stability of this component.

However, after the initial chemistry had been tested the alternate precursors were
purchased and the compounds synthesised. Figure 74 shows the structure of 39 and 40, which were

synthesised by similar routes to those described in section 3.11.2.1.
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Figure 74: Structures of the alternative TCO and tetrazine click components 39 and 40.

The trans-TCO containing CXCR4 binding component 39 was synthesised in anhydrous DMF,
with one equivalent of base and shaken at RT, the reaction progress was monitored by analytical
HPLC which showed a reduction in starting material after 48 hours. The product was purified by
reverse phase semi-preparative HPLC to give a 42% yield. 40 was synthesised with DOTAGA
anhydride in excess (0.9:1) to ensure full reaction of the methyltetrazine-PEG-amine. The reaction
was carried out in anhydrous DMF with one equivalent of base and shaken at RT for 24 hours.
Spillage resulted in a lower than expected yield of 38% but the product was shown to be >80% pure
by 'H NMR. Further purification is required to remove unreacted DOTAGA before this compound can

be radiolabelled.

Due to time constraints the reactions of the pretargeted components 39 and 40 could not be
fully investigated. However, this approach is of high interest and may be investigated further in the
research group in the future. The inclusion of the trans-TCO on the targeting component, should

allow for high radiochemical yields of the gallium-68 labelled precursor to be achieved.
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3.12 Tripodal tris(hydroxypyridinone) chelator conjugated CXCR4 binding peptide

The tripodal chelator tris(hydroxypyridinone) (THP, discussed previously in section 1.4.4.6)
has been shown to rapidly form a complex with gallium-68 at room temperature and neutral pH in
high yield and purity. The chelator has previously been conjugated to peptides and proteins without

disruption of their in vivo targeting properties,10% 283286

The use of THP could also have the added advantage for conjugation to the configurationally
restricted tetraazamacrocycles (24, [Cu224(OAc);](OAc); and [Zn;240Ac);](OAc).) of forming a
neutral complex with gallium(lll) in contrast to DOTAGA, which forms a negatively charged complex
with gallium(lIl). As the surface of the CXCR4 protein is negatively charged electrostatic repulsion

may disrupt binding.

Figure 75: Structure of THP conjugated CPCR4.2 P2 peptide (a Pentixafor analogue)

As an initial investigation of the use of THP as a gallium-68 chelator in CXCR4 targeting, it
was conjugated to the previously synthesised peptide, P2 (discussed in chapter 2). Figure 75 shows

the structure of the peptide THP conjugate, P5.

3.12.1 Synthetic of a THP Pentixafor analogue

The synthesis of P2 has previously been discussed. The protected THP-PhNCS was provided
with the phenol groups protected as benzyl ethers (by Dr Michelle Ma, Kings College London).
Deprotection of THP was achieved using the procedure reported by Ma et al. in 2016.%° The
compound was stirred for an hour at room temperature in boron trichloride dichloromethane
solution (1 M) under an inert atmosphere with the addition of methanol.?®” An overall yield of 43%

was achieved which is slightly lower that that reported by Ma et al. (compound 41, 58%).
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For the conjugation of peptide P3 with 41 (THP-PhNCS) a similar approach to that reported
by Ma et al. was attempted.?®® The peptide was dissolved dimethyl sulfoxide with one equivalent of
THP-PhNCS and diisopropylethylamine (5 equiv.) was added. The reaction was heated in a
microwave (120°C, 300 W, 30 min) similar to the successful conjugation of cyclic peptide cyclic-

(RGDfK) with THP-PhNCS.

Unfortunately, the HPLC analysis showed several (15+) different peaks. LC-MS did not show
the expected product mass for these peaks or the presence of the starting material, indicating that
the peptide was unstable under these conditions. To confirm this, a small amount of P2 was placed
under the same reaction conditions without the THP-NCS in the microwave (120°C, 300 W, 30 min)

and a similar HPLC trace was produced.

An alternative conjugation approach was attempted. The peptide and the THP-NCS were
combined in anhydrous DMF with triethylamine added dropwise. The reaction was left stirring at
room temperature for 16 hours, with reaction progress monitored by MS. The desired compound

was then isolated and purified by semi-preparative HPLC and confirmed by NMR and MS.

3.12.2 Radiolabelling of the THP-Pentixafor analogue with gallium-68

Ma et al. reported the radiolabelling of a,Bs integrin-targeting pentapeptides using gallium-
68 produced either directly for the generator or eluate that was processed.?®® The reaction
proceeded in ammonium acetate (2 M, pH ~ 6.5), with complex formation achieved within 2-5

mins.?®® Demonstrating the rapid labelling achievable with THP over other BFCs such as DOTA.

An adaptation of these conditions and those previously used for labelling of Pentixafor gave
100% radiolabelling after 5 min at a neutral pH. The labelled product was then purified by reverse

phase semi-preparative HPLC (radio-HPLC trace shown in Figure 76).
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Figure 76: Radio HPLC trace of [68Ga][GaP5]
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A decay corrected radiochemical yield of 76.8% was achieved; this is significantly higher than

that achieved with the standard Pentixafor P4 (22.4 + 19.5%).

3.12.3 In vivo validation of P5

An in vivo comparative study was designed between P5 and Pentixafor (P4), to allow a direct
evaluation of the effect of the BFC. CD-1 nude mice were subcutaneously inoculated into the left
flank with 5x10% MM.1S cells (expression shown in in Figure 46), tumours were allowed to grow until

the tumour size reached 100-300 mm?3.

A) [*4Ga][GaP4]) B) [6,Ga][GaP5]

Figure 77: PET scan of [58Ga][GaP4] (A -left) and [58Ga][GaP5] (B - right) uptake in MM.1S tumour-bearing CD-1 nude mice
(coronal maximum intensity projections at 46-66 minutes). (Data collected by Dr. C. Cawthorne).

Figure 77 shows the PET scans obtained for tracers [*®Ga][GaP4] (left) and [*®Ga][GaP5]
(right). The images show that [*8Ga][GaP4] (left) demonstrated higher uptake in the CXCR4 positive
tumour (SUVmax ca. 3.2% ID/g) compared to [®Ga][GaP5] (SUVmax ca. 1.9% ID/g). Both tracers
showed renal clearance via the kidneys and bladder, however [®®Ga][GaP5] showed a higher uptake

and retention in the liver than [%3Ga][GaP4].
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Figure 78: Dynamic tumour time activity curves acquired during 90 mins in mice (SUVmax). A) (left) injected with
[68Ga][GaP4]; B) (right) injected with [¢3Ga][GaP5]. Experiements carried out in two mice (a00456 and a00457).

The explanation for the variation between the two tracers could possible be due to the
increased lipophilicity of the THP moiety in [®®Ga][GaP5]. It appears the increase in lipophilicity is
detrimental to the biodistribution of the tracer. Further in vitro assay analysis are necessary to verify
these preliminary findings. However, the use of the BFC THP has shown effective radiolabelling can
be achieved at natural pH and short reaction durations. The lipophilicity could be modified in future

by inclusion of a PEG spacer.
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3.13 Conclusion

Various approaches have been investigated for the development of a gallium-68 labelled
CXCR4 imaging tracer. DOTAGA containing mono and bis-tetraazamacrocycle compounds were
successfully synthesised, purified and radiolabelled in high yields. However in vitro and in vivo
validation of these tracers, revealed that the carboxylic acid pendant from the DOTAGA appeared to

have a disruptive effect on the binding of these compounds to the CXCR4 receptor.

Strategies to combat this were investigated, with the inclusion of a PEG spacer to separate the
binding moiety and the BFC. 34 was successfully synthesised and radiolabelled with gallium-68 in
high radiochemical purity. However, the corresponding metal complexes of 34 ([Cu,34(0Ac),](OAc):

and [Zn,34(0Ac)2](0Ac)2) were not successfully synthesised with MS analysis inconclusive.

A pretargeted approach utilising an IDDA reaction between trans-TCO and tetrazine was
investigated. Partial success was achieved with the synthesis of click precursors 35 and 36. However,
radiolabelling of 35 and combination with antagonist 36 gave a mixture of compounds in the HPLC
and the desired product was not identified. Further development of the pretargeted approach was
carried out with the successful synthesis of 39 and 40 (alternate click precursors with the

functionality reversed to allow elevated temperatures for radiolabelling).

The novel THP conjugated peptide analogue of Pentixafor, P5 was synthesised and
radiolabelled with gallium-68. The inclusion of THP enabled radiolabelling at physiological pH within
5 minutes in high RCY, however, the inclusion of the THP BFC had a detrimental effect on tumour

uptake in vivo when compared to the standard Pentixafor tracer (P4).
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3.14 Future work

The second generation of PEG linker antagonist compounds showed promise with the
radiolabelling of 34. However, in order for these compounds to have high affinity towards the CXCR4
receptor the metal complexes need to be synthesised in high purity. Further research is required to

investigate conjugation conditions to produce [Cu;34(0OAc),](OAc); and [Zn234(0OAc).](OAc),.

Although initial work using the pretargeted approach with compounds 39 and 40 was
conducted, further work is needed to fully characterise these compounds. The click reaction could
also be investigated under physiological conditions and monitored by HPLC to ensure that the
bioorthogonal reaction occurs. Radiolabelling of 40, is likely to be similar to related compounds but
the HPLC conditions for separation needed to be investigated. In addition, in vitro assays should be
completed on 39, 40 and L36 (see Figure 79), to verify whether the bioorthogonal reaction and the
presence of the BFC affects the compound affinity for the CXCR4 chemokine receptor. Transition

metal complexes (copper(ll) and zinc(ll)) can be formed with 39 to form a higher affinity CXCR4

antagonist.
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Figure 79: Future structure of antagonist L36, formed from the IDDA reaction between 39 and 40.

In vivo click experiments can be planned, to investigate the optimal time needed to allow
circulation, binding and clearance of antagonists based on 39 prior to the addition of the

radiolabelled click component [*8Ga][Ga40].

Further in vitro validation should be completed on the THP containing peptide, P5, including
calcium signalling assays on peptide P5 to allow binding comparison (ICso values) and determine the
influence of the different BFCs. In addition, the partition coefficient of P4 and P5 should be

determined to investigate the difference in lipophilicity of the two tracers.
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Figure 80: Proposed structure for gallium-68 bis-macrocyclic antagonists.

The attachment of THP to the metal complexes of the bis-tetraazamacrocycles should be
investigated (see Figure 80). The lack of charge on the neutral gallium(lll) complex with THP could be

a good match to avoid disruption of the binding interaction with the CXCR4 receptor.
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Chapter 4

Development of imaging
probes for the CXCR4
chemokine receptor labelled
with fluorine-18
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4.1 Previously developed strategies and current state-of-the-art

Due to its nuclear properties and facile preparation by proton bombardment of [*¥0]-water,
fluorine-18 has become one of the most widely used radionuclides in PET research (discussed in
more detail in section 1.3.3). Historically, radiolabelling with fluorine-18 has relied on the formation
of a covalent C-¥F.bond, see Figure 81. However, recently there have been several techniques

developed that allow labelling with fluorine-18 via formation of bonds to inorganic elements.*” 289292
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Figure 81: Various techniques used for radiolabelling radiopharmaceuticals with fluorine-18 (image adapted from that
reported by Cole et al.).28?

The focus of the work described herein is on the use of inorganic radiofluorination
techniques rather than C-F bond formation. Several of the inorganic elements used for
radiofluorination have favourable characteristics over carbon labelling. For example, they form
stronger bonds (i.e. higher bond enthalpy) with fluorine, Table 5 in section 1.3.3.1, and can be

achieved in simple one step reactions.??
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4.1.1 Aluminium radiofluorination

As reported in Table 5 (section 1.3.3.1) which summarises the average bond energies of
fluorine and inorganic atoms; aluminium is the most fluorophilic element of the series (bond
enthalpy 675 kJ mol).?® The aluminium(lll)-fluoride coordination bond is able to form selectively at

dilute fluoride concentrations without the need of azeotropic drying.2* 2%

McBride et al. were the pioneers in this field of research. In 2009 they hypothesised that
fluorine-18 would form a stable [*¥F]AIF complex.?*2°> The group initially reported chelation of the
[*8F]JAIF complex with DTPA conjugated to a pre-targeting peptide (IMP272). However, the
radiolabelled DTPA-peptide was unstable in water at room temperature; with radioisotope release
of 17% over a 40 minute period. As a result, other chelators were investigated, such as NOTA, NODA,
C-NETA and TACN.% 2% 295 M cBride et al. found that of these chelators NOTA had the best
properties; with high complex stability in serum reported.?® The group also reported the X-ray
crystal structure showing that NOTA binds to the [*®F]AIF moiety as pentadentate chelator using the
three nitrogens and two of the carboxylates with the sixth site of the aluminium(lll) filled with a

fluoride ion.>*®

McBride et al. went on to label a pretargeted hapten peptide (IMP449) conjugated to
NOTA.? Initially radiolabelling yields of only 5% were achieved but this was later improved up to 20%
with the addition of an organic co-solvent.?® In vivo biodistribution studies were carried out with the
peptide as well as a comparative study with [*F]FDG. Although scans revealed that tumour uptake
was higher for [*®F]FDG, the pretargeted [®F]AIF peptide gave more favourable tumour-to-blood
ratios with less residual activity in non-target organs. Importantly no bone uptake was observed

indicating that the [*®F]AIF complex is stable enough to obtain images when chelated with NOTA.?°

In 2011, two papers appeared simultaneously both reporting on the coordination chemistry
of the [*®F]AIF complex with various chelators.?”-2°8 D’Souza et al. reported the X-ray structure and
labelling of NODA-MPAA (MPAA = methylphenylacetic acid, compounds L50, Scheme 13) as an
improvement on NOTA.%” The absence of the carboxylic acid that could compete for coordination
enhances labelling yields as aluminium(lll) can no longer form a hexadentate complex with the BFC,
and therefore the sixth site is available to bind to a fluoride ion.?’ Shetty et al. also reported the X-
ray structure of a pentadentate ligand NODA-Bn with AlICls/NaF (Scheme 13).2%® The group again
reported an enhanced labelling yield achieved with L52 over NOTA, confirming the presence of the
third acetic acid group in NOTA has a negative impact on the coordination of fluoride to

aluminium(111).2%®
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Scheme 13: Synthesis of [18F]AIF NODA complexes L50 and L51.297, 298

Both papers also confirmed the findings of McBride et al. showing that radiolabelling of
compounds L50 and L51 could be improved by the addition of an organic co-solvent (eg. ethanol);

however, there was no explanation as to why this was the case.

In 2012, McBride demonstrated the flexibility of this technique by labelling heat sensitive
proteins.?®® The NODA conjugated Fab fragments were labelled in high yields with the [*¥F]AIF
complex at room temperature after 10-15 mins. The proteins were shown to be stable and

maintained their biological affinity when tested in vivo with selective localisation in tumour models.
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Figure 82: PET/CT images of MCF-7 tumour-bearing mice using [18F][AIFL52] and ['8F][AIFL53]; scans taken after 60 mins in
mice bearing MCF-7 tumours. (Reproduced from Da Pieve et al.)3%

Da Pieve et al. investigated two separate approaches (direct and pretargeted) for imaging
the overexpression of HER3 receptors in tumours.3® The direct approach used NOTA conjugated to
the HER3 affibody (L53), whereas the pretargeted approach used the IEDDA reaction, see section 3.2,
between a tetraazine functionalized NODA chelator and the TCO functionalised affibody. Both
approaches utilised the ‘one-pot’ labelling of NOTA (L52) and NODA (L53) with the [*®F]AIF complex.
Labelling and purification of the antagonist L53 was reported to be higher yielding (34-54%) than
that of L52 (12-43%).3%° This supports the reports by D’Souza et al. and Shetty et al. that the NODA

BFC gives higher yields than NOTA, due to the pentadentate nature of the chelator.?9”2%8

In vivo studies to evaluate both tracers were carried out in HER3-expressiong MCF-7
tumour-bearing mice (Figure 82). The biodistribution data of each tracer 60 mins after injections
revealed that the direct NOTA approach gave higher tumour uptake (L52, 4.96 ID/g), than the
pretargeted NODA approach (L53, 4.36 ID/g)*®. The NODA derivative also showed higher
accumulation in the intestine and scans indicating tracer clearance via hepatobiliary excretion. This
was attributed to the increase in lipophilicity of NODA compared to NOTA. Nonetheless, the
application of both tracers is limited due to large amount of kidney uptake seen in both cases, seen

in Figure 82.3%

Since the initial report of the [*F]AIF technique there have been many publications on the

use of this methodology in labelling peptides, small molecules, and proteins.?’* 301310 The first clinical
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trial involving labelling of RGD peptide using a lyophilised kit with [*F]AIF has been carried out.3!!
Nine patients with primary lung cancer were scanned with [*¥F]JAIF-NOTA-RDG, known as
[*8F]Alfatide; and [*F]JFDG in a comparative study. [*®F]Alfatide was reported to identify all the

primary tumours, with tumour uptake of 2.9 + 0.10 ID/g reported.3!!

4.1.2 Fluorine-18 labelled probes for imaging the CXCR4 chemokine receptor

Despite the significant number of labelling techniques and availability of fluorine-18 only a few
attempts have so far been attempted to develop a fluorine-18 labelled CXCR4 specific tracer. In
section 1.6.11 peptide derivatives of T140 are discussed that have been adapted for radiolabelling

with fluorine-18.1>% 161
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Figure 83: a) Representative photograph (left) and PET image (right) of a mouse bearing tumours with different amounts of
CHO-CXCR4 cells (20, 40, 60 and 80%) at 1 hr post-injection of [18F][AIFNOTA-T140]. B) Western blot of CXCR4 expression
by tumours generated by increasing proportion of CHO-CXCR4 cells. (Reproduced from Yan et al.)312

Recently Yan et al. reported the labelling of the CXCR4 binding peptide T140 using
[*8F][AIFNOTA]. PET scans were carried out using mice with CHO-CXCR4 and CHO-negative tumours.
The results showed high uptake (8.63 + 1.08% ID/g) at 2 h post-injection in the CXCR4 positive
tumours, which was 26-fold greater than the uptake in the negative tumours (0.34 + 0.01% ID/g) at 2
h post-injection.3!? The specificity of the tracer was shown using tumour xenografts with different
ratios of CXCR4-negative and CXCR4-positive cells; see Figure 83. A correlation was made between
uptake and levels of CXCR4 protein present, however, the paper does not comment on the non-
homogenous nature of the tumours. HTC staining is not presented and so it is unknown whether
either poor tumour penetration of the tracer or unusual tumour model growth explains the
observed results. Further work is required to validate the binding and targeting behaviour of this

tracer.
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Figure 84: Structures of adapted Pentixafor peptide of Al[*8F] labelling ; L54, NODA-Pentixather and L55, NODA-NCS-
Pentixather.

In 2016, Poschenrieder et al. reported the first fluorine-18 radiolabelled Pentixafor derived
CXCR4 targeting construct.3!® The group synthesised two derivatives of Pentixafor; L54 (NODA) and
L55 (NCS-NODA) shown in Figure 84. ICsq affinities were used to select L54 as the lead candidate as
[AIFL54] gave an ICso value of 17.9 nM, while [AIFL55] gave a value of 302 nM in the assay carried
out. In fact AIFL54 gave a lower ICso value than that of ["™Ga]Pentixafor (24.8 nM) in the same
assay.>®3 This was further confirmed by internalisation and efflux studies that revealed [*¥F][AIFL54]
showed a 3-fold increase in the total cellular uptake after 60 minutes compared to
[*8Ga]Pentixafor.3!® Biodistribution data carried out in Daudi lymphoma-bearing SCID mice showed
an uptake of [*®F][AIFL54] 13.9% ID/g in CXCR4 bearing tumours an hour after injection. Blocking

studies were also carried out using AMD3100 to prove the specifity of [*¥F][AIFL54].313

However, the in vitro results were not matched by the in vivo data. It was concluded the
enhanced lipophilicity of [*®F][AIFL54] had a problematic effect on tracer biodistribution. [*¥F][AIFL54]
showed higher plasma protein binding than previously seen with [®®Ga]Pentixafor; as a result
delayed blood clearance was observed resulting in a higher background signal. The biodistribution
data also showed high uptake in non-targeted organs at 60 mins indicating hepatobiliary excretion.
Of greater concern was the high level of activity seen in the bones (2.7% 1D/g) indicating in vivo

defluorination was occurring.13
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4.2 Proposed strategy

The development of a fluorine-18 based CXCR4 imaging tracer would be clinically desirable.
The preferred nuclear properties combined with the fact many hospitals currently have access to a
regular supply of fluorine-18 tracers (on-site or externally produced with transportation possible).
The work in this chapter aims to develop a high affinity tetraazamacrocyclic antagonist that contain a
BFC to allows for the labelling with [*®F]AIF complex. The advantages of small molecule tracers over
the previously reported peptide approaches include the enhanced shelf-life, higher metabolic
stability and stability to higher radiolabelling temperatures, which small ligands intrinsically have
over peptides. The design, synthesis and radiolabelling optimisation of novel tetraazamacrocyclic
fluorine radiolabelled CXCR4 antagonists are reported herein. The structures of the target molecules

are shown in Figure 85.
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Figure 85: Structure of target molecule radiolabelled via aluminium radiofluorination.

As described in previous chapters, the design of the tetraazamacrocyclic ligands are based
on knowledge the Archibald group has developed over the past decade for high affinity CXCR4
antagonists. The bis-tetraazamacrocycles coordinated to metal ions in the cyclam and cyclen rings

enhance affinity for and residence time at the CXCR4 receptor.?®®

As reported in section 4.1.1, pentadentate BFC NODA has been reported to have a higher
radiolabelling yields and stability. Therefore, as shown in Figure 85, the NODA BFC moiety was
incorporated into the design of these CXCR4 antagonists. The NODA moiety would also allow for
antagonists to be radiolabelled with other radiometals such as copper-64, gallium-68, and indium-

111.%
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Radiofluorination was initially optimised using a model compound, a NODA-amide
containing derivative, before attempting to label the bis-tetraazamacrocyclic derivatives due to
improved availability of the precursor. Optimised temperatures, concentrations, and solvent were
determined with the model compound. The conditions were then applied to label the high affinity
CXCR4 antagonists, although access to fluorine-18 and time constraints prevented completion of the

part of the work.

4.2.1 Synthesis of a test compound

The aims of this research are the development of a conjugated NODA-amide antagonist
followed by optimisation of radiofluorination conditions. The inclusion of an aromatic group in the
prosthetic group allows convenient detection of this component using a UV detector on the HPLC.
Figure 86 shows the structure of 42 which was readily formed from the reaction of N-

hydroxysuccinimide ester NODA (NODA-NHS) and benzyl amine.

The procedure for the reaction was adapted from that reported by Jacobson et al. and Yan
et al. who conjugated NODA-NHS ester to derivatives of the T140 peptide to allow for radiolabelling
via various methods.®%312 |n both cases the peptide and NODA-NHS were combined in DMF with
five equivalents of base (DIPEA), and shaken at 4°C overnight. Similar procedures have been used to

conjugate a variety of peptides to NODA-NHS,307- 308 314
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Figure 86: Structure of compound 42 and the non-radioactive standard [AIF42].
Benzylamine was combined with one equivalent of NODA-NHS in amine-free DMF, with
three equivalents of base. The reaction was stirred at room temperature overnight before being

purified by semi preparative HPLC. 42 was formed in high yield (ca. 80%).

The non-radioactive analogue of 42 was required for HPLC method development. Cleeren et
al. reported the synthesis of AIF reference compounds in a paper looking at developing new
chelators for aluminium based radiofluorination.3?® Initially sodium fluoride was combined with an
aqueous solution of AlCl;, were the pH was adjusted to 4. The reaction was stirred for 10 mins
before the chelate was added and then the mixture was heated at 40°C for an hour.3'> The paper
does not report the yield of the aluminium(lll) compound but reports MS characterisation. Similarly

Poschenrieder et al. reported the chelation of AIF by NODA using a mixture of sodium fluoride, AICl5
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in 0.5 M sodium acetate buffer pH 4 and ethanol (50%, volume/volume) heated at 120°C for 20 min
(20-50% HPLC yield).1”

This approach was attempted with the reaction being carried out with 1.2 equivalents AICl;
and NaF in 0.5 M sodium acetate buffer and ethanol (50%, v/v) at 90°C. After an hour the reaction
mixture was analysed by HPLC which showed the appearance of a new peak, which was confirmed
to be the desired product by MS. The HPLC yield was ca. 40-50%; similar to that reported by

Poschenrieder et al., therefore no further attempts were made to optimise these conditions.

4.3 Optimisation of radiofluorination conditions using the test compound

Initially McBride et al. reported [F]AIF labelling as a ‘two pot’ synthesis.?®> Firstly the
[*8F][AIFCI,] moiety was formed from the addition of the [*¥F]fluoride ion to AICls, typically heated
for 10-20 mins. This was followed by the addition of the BFC containing ligand and heated for a
further 10-20 mins to give the labelled tracer. Alternatively; Liu et al. showed several years later that
efficient radiolabelling could also be achieved if these two stages were combined in a ‘one-pot’
radiolabelling procedure; the results offered shorter reaction times while still maintaining consistent

radiolabelling yields.3!® The ‘one pot’ procedure was used in this work.
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Figure 87: Trial reaction using benzyl-NODA, 42, to optimise radiolabelling conditions with [18F]AIF complex.

Figure 87 shows the trial reaction for labelling benzyl-NODA-amide, compound 42, used to
optimise radiolabelling conditions in this work. Several factors influence both the labelling of the
NODA-amide containing antagonist and the formation of the [“F][AIFCl,] intermediate. The
literature has many differing reports on the concentration/amounts of reagents, temperature and
co-solvents used to achieve the highest specific activity. Therefore, each factor was investigated

separately to identify the key influences.

132



4.3.1 Reaction pH and buffer

Throughout the literature on [*®F]JAIF radiofluorination; the most consistently reproduced
factor in radiolabelling procedures is pH. It is well-established that the reaction must take place in
acidic conditions (pH 4-4.5) to prevent the hydrolysis of aluminium fluoride in solution.?¥” At pH 4,
the carboxylic acid groups of NODA (pka 3-4) are partially deprotonated and are available to form an
ionic bond with the aluminium ion. However, if a slightly higher pH (>4.5) is used for labelling they

become fully protonated and therefore a reduction in labelling yield is observed.

In 2016, Cleeren et al. reported the labelling of new chelators with [*F]AIF, which consisted
of acyclic phenols and carboxylic acid groups 3!° Radiolabelling was attempted using an adapted
procedure by McBride et al. (0.1 M sodium acetate, pH 4), however the new chelators were
reported to have low radiochemical yield of ca. 8% even at the high temperature of 110°C.3%> The
low vyield observed could be attributed to the fact that phenol has a higher pKa value (9-10),
therefore, at pH 4 more of the phenols are protonated and thus unable to chelate to the [8F]AIF

intermediate as effectively.3®

Laverman et al. investigated the effect of different buffers on the labelling of a NOTA
conjugate.3® The group investigated sodium citrate and sodium acetate buffer, as well as other
buffers, all at 1 M and pH ca. 4.1. The group found that no radiolabelling was achieved in sodium
citrate buffer, likely because of the high affinity of citric acid for aluminium(lll) ions, as described by
Rajan et al.3'® Therefore as a result of this study; radiofluorination of 42 was carried out in the

commonly reported 0.1 M sodium acetate buffer (pH 4.0).27> 250300, 304,305, 312

4.3.2 Effect of the addition of co-solvents

D’Souza et al. reported that the radiochemical yield can be increased by up to 50% with the
addition of a co-solvent (>50% v/v).>’ Ethanol is an ideal choice due to its higher compatibility with
biological systems than other solvents. Although D’souza et al. reported that many solvents such as
acetonitrile, n-propanol, isopropanol, tert-butyl alcohol, acetone, dioxane, tetrahydrofuran,
dimethylsulfoxide, and dimethyl formamide all had a positive effect on radiolabelling yield.?®” As
stated in section 4.1.2 no explanation was given as to how these co-solvents increase the yield. One
possible explanation for this observation could be that the addition of the co-solvent is enhancing
the solubility of the [*F]AIF complex/antagonist; or alternatively it forms an intermediate with the

aluminium(lll) ion aiding radiofluorination.

The same group reported that labelling was still enhanced with sterically hindered organic
co-solvents like tert-butyl alcohol. If the co-solvent is involved in formation of an intermediate

coordination sphere the additional steric bulk would be expected to have a negative effect on
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radiolabelling yield. This effect is of interest and worthy of further investigation. As radiolabelling
yields for each solvent were not reported in the literature this effect was investigated with co-
solvents that have varying levels of steric bulk, heteroatoms and rigidity (ethanol, acetonitrile, 2-
propanol, 1,4-dioxane, tert-butyl alcohol, tetrahydrofuran and methyl tert-butyl ether). A related
study by Laverman et al. also looked at the effect of different co-solvents in labelling NOTA
conjugates with the [*®F]AIF complex. The group also investigated the effect of the amount (v/V) of
co-solvent on the increase in labelling. They reported that the highest labelling efficient was

obtained at 80% (v/v) ratio with ethanol.3®

In this work, the modified radiolabelling procedure reported by Da Pieve et al. was used as a
starting point.3% Each reaction consisted of [®F]fluoride (aqueous, pH 4.0, ca. 100-200 MBq), 3 pL of
a 2 mM stock solution of AICl;, combined with compound 42 (0.1 mM, in 0.1 M acetate buffer, pH
4.0) with 50% (v/v) an organic co-solvent or buffer added. The solution was heated at 100°C and
stirred at 350 RPM for 20 minutes. The reaction was monitored by radio-TLC using silica plates with

acidified methanol as eluent (Rf = 0.22).
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Figure 88: Comparative study of labelling compound 42 with [18F]AIF with and without the presence of ethanol (n = 4).

Figure 88 shows the results of the effect different organic co-solvents had on labelling yield
of 42. Labelling in the presence of ethanol saw a similar increase to that reported by D’souza et al.?’
However, acetonitrile and tetrahydrofuran had no effect on the labelling yield. Additionally, the

sterically hindered solvents tert-butyl alcohol and methyl tert-butyl ether showed a decrease in
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labelling yield. This was unexpected as D’souza et al. reported an increase in yield when using tert-

butyl alcohol.?”

As these changes are unlikely to affect the solubility of 42, it is thought that the co-solvents
interact with the aluminium ion to influence the formation of the [*®FJAIF complex. Solvents
containing an alcohol group enhanced the formation and therefore, ethanol was used in
radiolabelling reactions in this work. The larger sterically hindered co-solvents appeared to have a
detrimental effect on the radiolabelling, this may be because they limit the accessibility of the

aluminium ion to the fluoride ion for coordinate bond formation.

4.3.3 Optimisation of the concentration of the AICls stock

Specific activity is a concern when developing radiotracers, however, this is particularly true
when radiolabelling with [*¥F]AIF complex. The [*¥F]AIF complex is formed when the fluoride ion
encounters AlCl;, and is heated at high temperatures for several minutes. However AlCl; is equally
likely to complex with the NODA-amide chelator, and the AICI and [*®F]AIF tracer complexes cannot
be separated easily by HPLC. Therefore, the amount of AICls must be closely controlled; too much

lowers specific activity and not enough reduces radiochemical yield.

The amount of the AIClz 2 mM stock solution added in this work to form the [*®F]AIF
complex was also investigated as the literature has several contrasting reports. Meyer et al. report
using 25 pL (ca. 1:40 substrate to AICI; ratio) of a 2 mM stock of AICI; and achieve the highest
radiochemical yields reported in the literature (54-65%, decay-corrected to the start of synthesis).?”
However, other researchers report the addition of between 3-22 microliters of a 2 mM stock of AlCl;,

in most cases a 1:1 ratio or slightly lower is used.%% 300,304, 305,312, 320

Therefore trial reactions using the same concentration of compound 42 while varying the
volume of AICI; 2 mM stock solution added (1, 2, 3, 5, 10, 15, 20 and 25 uL) were conducted. Each
reaction was made up to a total volume of 100 pL (50% ethanol: 50% 0.1 M acetate buffer, pH4, v/v).

The reaction was monitored by analytical radio-HPLC with a typical HPLC trace of shown in Figure 89.
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Figure 89: Radio-HPLC trace of compound [18F][AIF42].
Figure 90 shows the radiolabelling yields observed upon varying the initial volume of AICI;
used for labelling. The highest radiochemical yield of ca. 27% was achieved using 20 pL of the 2 mM
stock solution of AICI; (ca. 1:6 substrate to AICI; ratio). The addition of 5 puL of the 2 mM stock
solution of AICl; represented ca. 1:1 molar ratio giving a 4% radiolabelling yield; and 3 pL
represented ca. 1:0.9 molar ratio giving a 3.5% radiolabelling yield. The results for the addition of 1,
2 and 3 plL all give similar results for the percentage radiolabelled; although pipetting errors may

contribute at these very low concentrations.
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Figure 90: Effect on radiolabelling yield by varying the volume of AICl; stock added to each reaction, (n = 3).
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As a result of the experiments carried out, a ratio of 1:0.9 substrate to AICl; was selected as
the optimised ratio for preparation of the [*®F]AIF complex. Although higher radiolabelling yields can
be achieved with larger volumes of 2 mM stock solution of AICI; a trade-off is needed to ensure

specific activity is suitable for imaging purposes.

4.3.4 Optimisation of the concentration of the chelator

The concentration of the chelator was also investigated as this also plays a key role in the
specific activity of the tracer. Contrary to what is reported in other parts of this work where nearly
100% radiolabelling yields are observed, labelling yields with [®F]AIF complexes are lower. Therefore,

as with the concentration of AICI; stock used, a compromise is required.

As described previously 3 uL of a 2 mM stock solution of AICIs was used to form the [*¥F]AIF
complex. Each reaction of varying concentration was made up to 100 pL (50% ethanol: 50% 0.1 M
acetate buffer, pH4, v/v). The reaction was monitored by radio-TLC using silica plates with acidified

methanol as eluent (R = 0.22).
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Figure 91: Graph showing the effect of varying the concentration of benzyl-NODA-amide, 42 on radiolabelling yield, (n = 3).

Figure 91 shows the effect of varying the ligand concentration on radiolabelling yield. The
highest yield of 27% was seen at the highest concentration, 1 mM of 42. Da Pieve et al. reported the
radiolabelling of NOTA-peptide with a concentration of ca. 30 uM, however, this resulted in a very
low labelling vyields for 42. Therefore, a concentration of 100 uM of 42 was selected as a
radiolabelling yield of 16% was achieved, and the UV-HPLC trace showed very low absorbance

indicating that specific activity is likely to be acceptable.
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4.3.5 Optimisation of temperature

Temperature has also been shown to effect radiolabelling in these systems. In the vast
majority of examples in the literature NODA and NOTA derivatives were radiolabelled at a
temperatures from 90-110°C.?7> 290, 300, 304, 305, 312 Thjg s typical for macrocyclic chelators which
require a high temperatures to rearrange the ligand structure in order to accommodate the [*®F]AIF
complex.® Cleeren et al. designed linear chelators to decrease the rigidity of chelators and allow

faster kinetics for labelling.3°

The selected concentration of 42, was combined with 3 pL of a 2 mM stock solution of AICI;
in sodium acetate buffer (pH 4, 0.5 M), [*®F]fluoride (5-25 MBq,) and co-solvent (ethanol; 50:50 v/v)
and heated at the given temperature for 20 mins. Each reaction was monitored via radio-TLC

(acidified methanol as eluent).
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Figure 92: Graph showing the effect of temperature and concentration on radiolabelling yields of compound 42, (n = 3).
Figure 92 shows the effect that temperature as well as concentration has on the
radiolabelling yield. The highest concentration (1 mM) gave the highest labelling yield at 100°C, with
a significant reduction at 80°C, and a further decrease at 60°C. This is in line with the report by
Laverman et al. who completed a similar study investigating the effect of temperature of labelling
NOTA conjugated peptide (IMP466).318 As a result of this study the optimal temperature selected for
[*8F]AIF labelling is 100°C.

138



4.3.6 Overall optimised conditions and stability

Radiolabelling of 42 was carried out using a ‘one-pot’ synthesis and the highest
radiolabelling and specific activity were achieved by reacting 1:0.9 molar amounts of AICl5 with 42
(100 uM) in the presences of 0.1 M sodium acetate (pH 4) and 50% ethanol (v/v) at 100°C for 20 min
to give [*®F][AIF42] (16-22% RCY). These optimised conditions were then ready to be applied to the
labelling of the CXCR4 antagonists 43, [Cu;43(0Ac),](OAc); and [Zn,43(0Ac).](OAc),.

Stability of ['®F][AIF42] was monitored by analytical HPLC after being passed through a
preconditioned C18 cartridge and [*®F][AIF42] was shown to be stable up to 3 hours in PBS solution
at 37°C. This is agreement with what has been reported in the literature for the stability of [*8F]AIF-

295, 297, 315

NODA complexes.

4.4 Synthesis of high affinity CXCR4 antagonists for fluorine-18 labelling

4.4.1 Synthesis of bis-tetraazamacrocycle NODA-amide and metal containing derivatives
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Scheme 14: Synthetic pathway for the formation of compound 43.
Using the same conditions reported for the conjugation of 42, the bis-tetraazamacrocyclic
CXCR4 antagonist, 43, shown in Scheme 14 was synthesised. HPLC purification was needed as
starting material was still present after reaction. The peak that eluted at ca. 12-13 min was shown to

be the desired product (MS and NMR).
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2AcO 2AcO
M= Cu", ¥ = AcO,, (n = 1); [Cup43(0Ac)2](OAC)2 M= Cu?, Y = AcO,, (n = 1); [Cu,AIF43(0AC)2)(OA)
M =Zn?*, Y = AcO, (n = 1/2); [Zn,43(0Ac)2](OAC)2 M =2Zn?*, Y = AcO, (n = 1/2); [Zn,AIF43(0OAC)2](OAC)2

Figure 93: Structure of compound 43 metal derivatives.

Similar reactions to that shown in Scheme 14 were carried out using the metal complexes
[Cu224(0Ac):]1(0OAc); and [Zn,24(0Ac):](OAc), to form compounds [Cu,43(0Ac).](OAc); and
[Zn,43(0Ac):](0OAc);; shown in Figure 93. Compounds 43, [Cu,43(OAc):](OAc); and
[Zn,43(0Ac):](0Ac); were purified by semi-preparative HPLC and analysed by MS. As discussed
previously in chapter 3 (section 3.4) it is essential that the metal complex formation is carried out
before the conjugation reaction to prevent coordination of a metal ion in to the NODA-amide
component, which would block coordination of the aluminium(lll) ion. This is also why high grade

metal free reagents were used throughout the synthetic process.

[Cu243(0Ac).](OAc), was isolated in high yields (>70%), however due to equipment failure
during the purification process [Zn,43(0Ac),](OAc), was isolated in a lower yield but it is expected

that similar yields could be achieved if no problems were encountered.

[AIF42(0OAc),](OAc); and [Cu,AIF43(0OAc),](OAc), were formed following the procedure
previously described; the compounds were purified by semi-preparative HPLC. However, although
several new peaks were seen for [Zn,AlF43(0Ac),](OAc); in the HPLC, the mass spectra could not be
assigned to the expected products. This may be due to the presence of unexpected counter-anions

and so further investigation is required.
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4.4.2 Attempted radiolabelling of bis-tetraazamacrocycle antagonists

Using the previously optimised conditions developed in Section 4.3.6 attempts were made
to radiolabel 43 and [Cu243(0Ac):](OAc),. Initially (as detailed in Table 19), [Cu,43(OAc).](OAc)2
(100 uM) was reacted with [*F]AIF using a 1:0.9 volume ratio of 2 mM AICls solution to 50:50 v/v of
ethanol/0.1 M sodium acetate (pH 4), heated at 100°C for 20 min.

Table 19: Reaction conditions trailed for the labelling of antagonists [Cu,43(0Ac);](OAc), and 43 with aluminium fluorine-

18.
Antagonist Concentration Ratio of AlCl; Dura'tion % labelling yield via
(nMm) added (min) TLC
100 1:0.9 20 0
[Cu243(0Ac),](0AC), 500 1:0.9 20 0
500 1:2 40 2
43 500 1:0.9 20 2+0.5

However, upon analysis by radio-TLC the desired radiolabelled product was not formed.
Therefore the initial concentration of [Cu,43(0Ac),](OAc), was increased from 100 uM to 500 puM;
this however also did not lead to the formation of the radiolabelled product. Previously increasing
the concentration of 2 mM AICl; (section 4.3.3, Figure 90) saw an increase in percentage
radiolabelling, therefore the concentration of AICl; used for labelling [Cu,43(0OAc).](OAc), was also
doubled along with the reaction duration. Table 19 and Figure 94 show that the radio-TLC for the
attempted labelling of [*®F][Cu2AIF43(0Ac):](OAc), showing ca. 2% vyield was achieved. HPLC was
used to confirm that the activity which remained on the base line was free [18F]" and although the
desired product is the most likely labeled compound, HPLC identification with the cold standard is

required to confirm the presence of [*¥F][Cu,AIF43(OAc),](OAc),.
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Figure 94: Radio-TLC trace of [18F][Cu,AIF43(OAc),](OAc), showing ca. 2% radiolabelling yield.
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The result of such a low yield for this complex may be due to other ions such as sodium
already being present in the NODA BFC prior to radiolabelling. The competition with these ions to
form the [*®F]JAIF complex could be responsible for the low yield. The metal complex antagonists
have a higher probability of existing in these salt formations due to the charged metal ions they
process. Therefore, attempts were also made to radiolabel the metal-free compound 43. Using the
conditions outlined in Table 19; a similar radiolabelling yield of 2% was achieved for the formation of

[*8F][AIF43].
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Figure 95: Radio-HPLC trace of [18F][AIF43].

Figure 95 shows the radio-HPLC trace collected of [*®F][AIF43], as the radiolabelling yield was
so low the product could not be isolated and separated from the free fluorine. Due to time
constraints caused by cyclotron downtime when the work was being completed for this project, the
conditions for radiolabelling the bis-tetraazamacrocycles could not be further investigated. 42 and
the bis-macrocycles (43 and [Cu243(0Ac);](OAc),) may be influencing the pH of the reaction mixture

and this should be investigated in the future.
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4.5 In vitro CXCR4 binding assays

In vitro validation was completed on the library of CXCR4 antagonists described in this
chapter. Due to the delay in running of the assays this was carried out after radiolabelling
experiments. To investigate the affinity towards the CXCR4 receptor calcium signalling assays were
carried out to determine ICso values of the compounds. Known antagonist AMD3100 was also

included in these assays as a standard.

Table 20: Table showing the ICsp values determined in the calcium signalling assay for macrocyclic compounds. 2
Concentration required to reduce the level of CaZ* ions observed during a ‘normal’ signalling process by 50% (ICso) in U87-

CXCR4 cells.
Antagonist Calcium Signalling ICs0® /nM U87-CXCR4
24 >5000
[Cu,24(0Ac),](OACc), 100
[Zn,24(0Ac),](OAc), 1
43 >5000
[Cu,43(0Ac),](OACc), 210
[Zn,43(0Ac),](OAc), 4
[AIF43] 2484
[Cu,AIF43(0Ac).](OACc), >5000
[Zn,AIF43(0Ac),](OAc), 95
AMD3100 175

Table 20 shows that the inclusion of the NODA BFC moiety did not have a significant affect
on the affinity of the antagonist towards the CXCR4 receptor; with all ICso values of 43,
[Cu243(0Ac):]1(0Ac); and [Zn,43(0Ac)2](0Ac), remaining similar to the unmodified compounds (24,
[Zn,24(0Ac)2](OACc),, [Zn,24(0Ac),](0AC),).

The antagonists [Zn,43(0Ac)2](OAc); and [Cu,43(0Ac),](0Ac). gave high potency ICso values
of 4 nM and 210 nM for the inhibition of CXCL12 induced signalling in Jurkat cells. These ICso values
show high affinity towards the CXCR4 receptor matching that shown by AMD3100. Therefore, both
these antagonist show potential for further development and labelling as CXCR4 PET imaging agents.
To determine the effect of radiolabelling to form the [®F]JAIF complex, the non-radioactive AIF

complexes were synthesised and affinity also tested.

The inclusion of the AIF complex saw an increase in CXCR4 affinity with regards to antagonist
43, although at micromolar levels this may not have high relevance. However, for both

[Cu2AIF43(0AC),](0Ac), and [Zn,AIF43(0Ac),](OAc); AIF complexation had a negative effect on
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CXCR4 affinity (>5000 and 95 nM, respectively). The value obtained for antagonist
[Cu,AIF43(0AC),](0OAc), although expected to be lower affinity than that of [Zn;AIF43(OAc),](OAc):
was still surprising. Further repeats need to be carried out to determine if this result is correct and
that steric effects are having a detrimental effect on the binding of the antagonist towards the
CXCR4 receptor. The copper(ll) complex for these chelators is not presenting the optimum geometry
of the metal ion for binding to aspartate residues and so would be expected to be lower based on

the previous data.

Although the ICso value of antagonist [Zn,AlIF43(0OAc).](OAc), significantly decreased upon
aluminium(lll) complex formation, it is still of suitable affinity towards the CXCR4 receptor for further

development as an in vivo tracer.
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4.6 Conclusion

In  conclusion, novel NODA conjugated bis-tetraazamacrocyclic antagonists (43,
[Cu243(0Ac),](0OAc)2 and [Zn,43(0Ac),](OAc),) were synthesised to allow labelling via the [*F]AIF

complex for the development of a fluorine based CXCR4 receptor binding tracer.

Radiolabelling procedures using the ABT cyclotron produced fluorine-18 fluoride were
investigated for a NODA-amide containing derivative, 42. The molar ratios of AICl; and as the
concentration of ligand were varied to optimise radiolabelling yields while maintaining specific
activity, resulting in the following conditions, 1: 0.9 molar ratio of AICI; with the tracer precursor 42,

of which 100 uM is used.

The radiolabelling yield was also shown to improve considerably when performing the
reaction with an organic co-solvent such as ethanol or 2-propanol. This is in agreement with what
has been reported in the literature. However, while D’Souza et al. reported that other sterically
bulky co-solvents such as tert-butanol also had an enhancing effect on radiochemical yields, this was
not found in this work for 42.2%7 Discussion in the literature has indicated that hydrophilic organic
solvents might better solubilise the [*F]AIF moiety, however no evidence or detailed results have
been provided in support of this. The theory supported by the data reported in this chapter is that
the co-solvent (ethanol or 2-propanol) may coordinate to the aluminium(lll) ion and then be easily
displaced to form the desired complex. The sterically bulky co-solvent appears to hamper this
process, as evidenced by the decrease in yield. Ethanol was used in preference to 2-propanol in
subsequent experiments due to the ease of evaporation and the increased compatibility with in vivo

studies.

The optimised conditions were determined to be 1:0.9 molar amounts of AICI; and 42 (100
uM) at 100°C for 20 mins yielding [*®F][AIF42] (16-22% RCY) with a retention time of 12 min 45 sec
on the HPLC, and the compound was shown to be stable for up to 3 hours in PBS solution at 37°C.
However these optimised conditions were shown to be ineffective at labelling antagonists

[Cu243(0Ac):]1(0OAc); and 43.

In vitro assays were carried out on all the antagonists discussed in this chapter with
[Zn,AIF43(0OAc):](0Ac), proving to have the highest affinity of all the molecules tested; ICso = 95 nM
in the calcium signalling assay. The potency of [Zn,;AIF43(OAc);](OAc), is higher than that of
AMD3100, indicating the possibility of further development to form a CXCR4 imaging probe.
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4.7 Future work

Further work is needed to develop conditions that produce high radiolabelling yields and
high specific activity tracers of antagonists [M243(0Ac),](OAc), and 43. Two possible explanations as
to why the optimised radiolabelling conditions seen with compound 42 did not translate to the bis-
tetraazamacrocycles could be the presence of other metal ions in the NODA BFC introduced
throughout the synthesis or purification method competing with the formation of the [*®F]AIF
complex. Alternately; pH is very important for [*8F]AIF radiolabelling, with the exact pH of 4 (Section
4.3.1) being necessary. It could be possible that the bis-tetraazamacrocycles could be influencing the
reaction pH, therefore, reducing the labelling yield. Due to time constraints these parameters could
not be investigated further. Therefore, it is necessary to investigate strengths of buffers and salt

formation to increase radiolabelling yield before this work can be taken further.

Further in vitro repeats are necessary for antagonist [Cu,AlF43(OAc).](OAc),; and
[Zn,AIF43(0OAc);](OAc); to confirm the |[ICsp values that are shown in Table 20.
[Cu2AIF43(0Ac)2](0Ac); has a low potency ICso value which is unexpected and so to confirm this,

resynthesise and further in vitro validation would be carried out.

Once the radiochemistry is optimised, biodistribution studies could be carried out in vivo to
evaluate the circulation and clearance of the zinc(ll) NODA antagonist, which is the lead compound.
Da Pieve et al. and Poschenrieder et al. did report hepatobiliary excretion and slow blood clearance
with their [*F]AIF-NOTA peptide conjugates, however, these are much larger molecules than the
antagonists reported in this chapter with the peptide potentially influencing the properties to a

greater extent,3%0 313
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2AcO’

M = Cu?*, Y = AcO, (n = 1); [MCu][Cus?3(0AC)2](OAC)2
M =2Zn*,Y = AcO, (n = 1/2);[*Cu][zn2Cu43(0AC)2](0AC)2

Figure 96: Potential alternative radiotracers that can be formed for compound 43, [Cu,43(0Ac);](OAc), and
[Zn,43(0Ac),](OAc)2 with copper-64 for high affinity antagonists of the CXCR4 receptor.

A potential alternative use for the complexes with a NODA-amide arm synthesised in this
chapter is depicted in Figure 96; where compounds 43, [Cu,43(0Ac):](OAc); and
[Zn243(0Ac),](OAc), could be radiolabelled with copper-64, with [#*Cu][Zn,Cu43(0Ac),](OAc).for a
particularly interesting compound comparison with the radiolabelled compounds in this chapter and

also the bis-tetraazamacrocycle complexes discussed in Chapter 2.
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Chapter Five

Synthesis and radiolabelling of
CXCR4 antagonists with

technetium-99m for SPECT
Imaging



5.1 Previously developed strategies and current state-of-the-art

The interest in CXCR4 chemokine receptor as an imaging target has mainly resulted in the
development of PET imaging agents with the only clinically translated agent utilising the gallium-68
isotope. However, due to the widespread availability of clinical SPECT facilities, there is potential
demand for SPECT tracers that could routinely be prepared in standard SPECT radiopharmacies and

used for CXCR4 imaging.

The basic principles of SPECT imaging and the key radioisotopes utilised were introduced in
Chapter 1 (section 1.1.2). One of the advantages of SPECT over PET is the achievable spatial
resolution due to detection of the directly released gamma photon. The radioisotopes routinely used
for SPECT are also widely available as many have longer half-lives or can be produced via a generator
rather than a cyclotron. Furthermore, y-rays of different energies are produced by the different
SPECT isotopes which can be employed in concurrent imaging of various functions and metabolic

processes with the use multiple isotopes simultaneously (see Table 21).32%322

Table 21: Radioisotopes used for different clinical studies by SPECT imaging and their properties.

.. Emission . . .
Study Radioisotope energy (keV) Half-life  Radiopharmaceutical Ref

Bone Scan technetium- 140 6 hours I?hosphonates/ 320

99m Bisphosphonates

technetium- 6 hours
; 140 & 135
:fg:;?s;d;:;n 99m & & 73 Tetrofosmin; Sestamibi 323
P thallium-201 hours

technetium- hexamethylpropylene
Brain scan 140 6 hours amine oxime; ethyl

99m . .
cysteinate dimer

324

Tumour scan iodine-123 159 13 lobenguane 325
hours
White cell |nd|um-111 & 171 & 245 67 &6 In vitro labelled 36
scan technetium-99m hours leucocytes

The SPECT isotopes indium-111 and iodine-125, which have relatively long half-lives have
been used for labelling CXCR4 specific peptides and antibodies.?>® 327330 Whilst lower molecular
weight (small molecule) antagonists have been radiolabelled with the shorter lived isotopes gallium-

67 and technetium-99m.33% 332

5.1.1 Technetium and rhenium isotopes
Over the last decade technetium and rhenium have become increasing used, respectively, as

diagnostic and therapeutic radiopharmaceuticals. As technetium has no stable isotopes, rhenium
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analogue complexes have provided an essential model system to evaluate the potential
physicochemical properties of technetium-99m tracers by analogy.?**33* As rhenium is located in the
same group as technetium in the transition series (it is the third row congener), the two elements
share many isostructural complexes. However, there are a some differences between the two
elements that need to be taken into account when making a comparison.?* Rhenium complexes are
harder to reduce but easier to oxidise; as a result the perrhenate anion is more stable to reduction
than pertechnetate. Rhenium complexes are also more kinetically inert than their technetium-99m

counterparts, meaning that labelling at higher temperatures is often necessary.33®

In addition to the use of rhenium to form non-radioactive analogues of technetium-99m
tracers, a large and rapidly developing area of interest is the use of B-emitting rhenium-186 and
rhenium-188 radioisotopes as therapeutic agents. Clinically, rhenium-186 and rhenium-188 have
found the most widespread application for bone pain relief in outpatients with skeletal
metastases.33¢-338 Rhenium-188 forms a complex with hydroxyethylene diamine phosphonate (HEDP)
and has the advantage of being relatively low cost and readily available (via an on-site commercially

available generator) leading to high interest in further developing these applications.33% 340
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Figure 97: Structures of imaging moieties fac-[9"Tc][(CO)sTACN]*, fac-[18¢/188Re][Re(CO)3 TACN]*.

In general for the preparation of technetium or rhenium radiopharmaceuticals the
pertechnetate/perrhenate ions must be reduced by an appropriate reducing agent and coordinated
with a chelator. In order to be effective the chelator must stabilise the lower oxidation states, as well
as influencing the biological distribution pathway. Currently, several reliable techniques for high
yielding syntheses are reported in the literature that offer robust methods for labelling with
technetium and rhenium.®> In recent years, there has been a trend for the use of tricarbonyl

rhenium(l) and technetium(l) complexes for labelling to form radiopharmaceuticals; see Figure

97 341-343

There have been many mono-, bi- and tridentate BFCs reported for complex formation with
the fac-[**™Tc(CO)s]* core using a variety of donor atoms to complete the octahedral coordination
sphere.3* Egli et al. made the important discovery that the fac-[**"Tc(CO)s]* core reacts with certain
amino acids and amino acid fragments. Of particular importance is the high affinity the fac-

[**™Tc(CO)s]* core has for histidine at low concentrations (10 M).3* Alberto et al. exploited this
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discovery designing bifunctional analogues of histidine to complex with the technetium(l) tricarbonyl

core 3%

The use of a bidentate BFC for binding the fac-[**"Tc(CO)s]* core can give complexes that
suffer from significant retention in the blood pool in vivo and also in the organs of excretion (liver
and kidneys). This is likely due to the remaining H,0 ligand being exchanged with other coordinating
functional groups in vivo, causing the **™Tc to be retained in tissues.?* 3% Stability to ligand

exchange has been shown to increase with a tridentate ligand.

Conditions for radiolabelling with fac-[*™Tc(CO)s]* have utilised various pH’s, solvents and
temperatures. In 2016, Imstepf et al. reported the synthesis and labelling of a doxorubicin-
metalloconjugate with tricarbonyl technetium-99m.3*° The three labile water ligands of the fac-
[**™Tc(CO)s]* core were readily displaced by the 2,2’-dipicolylamine (DPA) group with high
radiolabelling efficiency (95%). However, it was stated that radiolabelling conditions needed to be
mild and carefully controlled. Optimisation studies revealed that there was a trade off with lower
pHs (4-5) which keep the doxorubicin chelators in solution, however, this had a negative impact on
the labelling yield. Alternatively, if too low a pH was used, although there was an enhanced labelling
efficiency, the hydrophobic nature of the protonated chelator would cause it to precipitate out of
solution. Therefore, efficient aqueous labelling was achieved at 55-60°C for 30 mins with the pH

carefully adjusted to between 6-7.39

Kasten et al. reported the successful labelling of a novel isothiocyanate-functionalized
bifunctional chelator based on DPA at neutral pH in 10 mM neutral sodium phosphate buffer with
heating at 70°C for 30-60 mins. This neutral pH and lower temperature making these conditions
ideal for sensitive biological targeting groups, with the trade-off in the reaction time necessary to

achieve high radiolabelling yields.3>°

Triazacyclononane (TACN) has been reported in the literature to form stable complexes with
technetium and rhenium ions of various oxidation states.3*3%7 |n 1992, Alberto et al. reported the
effective, facile rapid labelling of TACN with the tricarbonyl technetium-99m core.?*® In 2008, Suzuki
et al. radiolabelled two macrocyclic triamine compounds of varying ring sizes with fac-
[**™Tc(CO)s]*.% Labelling was performed in a neutral pH buffer with heating at 100°C for 30 mins to
achieve high radiochemical yields. The group characterised the stability and in vivo biodistribution of
the two labelled macrocyclic complexes, finding the smaller, TACN, macrocycle to have greater
stability and a rapid excretion pathway. Therefore, it was concluded that TACN is a useful synthon as
a basic chelating molecule for not only technetium-99m radiopharmaceuticals but also for rhenium-

188/186 therapeutic radiopharmaceuticals.
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Vanbilloen et al. reported a comparison study of the labelling of various cyclic polyamines
(cyclam, cyclen and TACN) with fac-[**™Tc(CO)s]*.%” The group reported that, out of the three cyclic
polyamines studied, TACN has the most useful biodistribution profile, showing rapid clearance from

the blood (mainly via the kidneys) with no significant uptake seen in the intestines.?>’

Figure 98: Crystal structure of fac-[**™Tc][Tc(O)3 TACN]*. Hydrogen atoms omitted for clarity. (Reproduced from Braband et
al.).3%®

In 2012, Braband et al. reported the radiolabelling of TACN with a fac-[Tc(O)s]* core (see
Figure 98), which is significantly smaller that the fac-[*"Tc(CO)s3]* core.?®® These complexes are
stable in water at neutral and basic pH, but do decompose slowly under acidic conditions. Braband
et al. went on to demonstrate the potential of fac-[**™Tc(0)s]* labelled TACN as a precursor to
labelling pharmacophores, amino acids and carbohydrates.?®! The group developed a protocol for
the synthesis of fac-[*™Tc(0)s]* labelled TACN that is clinically translatable using ion exchange resin
and hydrophilic interaction liquid chromatography (HILIC) for purification. The group reported that
fac-[*"Tc(0)s]* labelled TACN had favourable biodistribution, having rapid clearance via the kidneys.
This differs to fac-[**"Tc(CO)s]® which has been shown to bind to blood proteins preventing such
rapid clearance.?® The [**™Tc(O)s(TACN)]* moiety was shown to be reactive towards alkenes,
allowing its use in [3+2]cycloaddition reactions. The group also successfully labelled a hypoxia
targeting pharmacophore, an amino acid analogue and a glucose derivative, showing the versatility

of the [®™TcO3(TACN)]* moiety.361 362

5.1.2 SPECT tracers to target the CXCR4 receptor

One of the first examples of a SPECT tracer targeting the CXCR4 chemokine receptor was
reported by Hanaoka et al. who radiolabelled the known peptide antagonist Ac-TZ14011 with
indium-111.8 Bijodistribution data collected in mice bearing the CXCR4-expressing pancreatic
carcinoma AsPC-1 showed low levels of accumulation of indium-111 peptide in the CXCR4 expressing
tumour after an hour (0.51%ID/g).1*® Blocking studies involving the simultaneous co-injection of the

unlabelled Ac-TZ14011, as well as, [*'!In]-DTPA-Ac-TZ14011 did show a drop in the tumour-to-muscle
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ratio indicating the specificity of the tracer for CXCR4. However, the low levels of tumour uptake
coupled with the high levels of non-specific uptake in the kidneys and liver limited further

development of the tracer.

In 2008, technetium-99m radiolabelled CXCL12 (the natural ligand of CXCR4) was developed
for use as a SPECT tracer for imaging the increased levels of CXCR4 expression as a result of

363 However, accumulation in the infarcted tissue was low, at 0.57%ID/g at 2

myocardial infarctions.
hours post-injection. There was a 5-fold increase compared to non-infarcted tissue, nonetheless, the

uptake in non-targeted organs was too high to consider this tracer suitable for further development.

In 2016, Fu et al. reported the labelling of small-interference RNA (siRNA) with technetium-
99m for the imaging of CXCR4 receptor expression levels.3®* The CXCR4 siRNA was labelled using the
BFC hydrazinonicotinamide (HYNIC) approach. Biodistribution studies were completed using mice
bearing MDA-MB-231 tumours, analysis revealed that, after one hour post injection, accumulation
of the tracer in the tumour was 4.45% ID/g, however much higher accumulation was seen in the liver
and kidneys (15.68% ID/g and 13.88% ID/g respectively).3®* As a control, a non-specific technetium-
99m labelled siRNA was also investigated which showed a similar biodistribution, with the notable
exception being in the CXCR4 positive tumour; showing specificity of the CXCR4 siRNA tracer.
However, the high accumulation and long retention time in the excretion organs indicated poor

dosimetry for the tracer.

Technetium-99m has also been utilised to radiolabel the cyclam ring in AMD3100 reported
by Zhang et al. in 2010.3®> The complexation of technetium-99m with macrocycles such as cyclam
has been known since the 1980s.3%%357 An jn vivo study with the radiolabelled [**™Tc][TcAMD3100]
was conducted in a liver tumour animal model, resulting in poor quality SPECT scans showing limited
accumulation in the tumours. This is not a convincing study with precise values (such as %ID/g and
tumour-to-muscle ratios) not reported in the paper, perhaps indicating the limitations of this

compound.
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Figure 99: CXCR4 imaging in PC-3 tumour xenografts bearing mice with [**™Tc][TcAMD3100]. A) SPECT image of
[#9mTc]AMD3100 and B) digital image of control animal. C) SPECT image after administration of a blocking dose of
AMD3100 (20 mg/kg). D) Digital image of the blocked mice. Arrow indicates the tumour. (Reproduced from Hartimath et
al.).332

A more in-depth technetium-99m labelling study of AMD3100 was carried out by Hartimath
et al. three years later.33? The in vivo imaging model utilised PC-3 prostate cancer tumours and
showed a maximum tumour uptake of [**™Tc][TcAMD3100] at ~1.7% ID/g, see Figure 99. Hartimath
et al. included a blocking dose scan (20 mg/kg AMD3100), in which tumour uptake was reduced,
indicating a level of specificity of this tracer. However, it is important to note that peak uptake
occurred within the first 5 minutes following initial injection, followed by wash out over the duration
of the 60 minute scan. The poor pharmacokinetics of the tracer limit its potential for clinical use.
Hartimath et al. reported uptake at 60 minutes in a number of non-target tissues, such as the liver,
lungs, thymus, intestine, spleen and bone, however the authors justified this uptake pattern as being
in endogenous high expressing CXCR4 tissues and indicated that a reduction in uptake was observed
when a blocking dose of AMD3100 was administered.33? Overall this work is unconvincing and there

is insufficient characterisation of the binding profile of the radiolabelled derivative.

Labelling of AMD3100 with technetium-99m is an inherently flawed strategy to develop a
SPECT tracer. In 1981 Zuckman et al. reported the X-ray structures of technetium(V) complexes with
cyclam.3%® Unlike other technetium(V) complexes with chelators that contain strong m-donors that
form an overall neutral square pyramid complex, cyclam forms a stable trans-dioxo-TcO,* complex
with an approximately octahedral geometry.3® 37 An element of strain is introduced due to the
metal-N donor atom distance (2.125 A) of the complex being longer than the optimal M-N distance
of about 2.07 A in the case of cyclam.3”* The dioxo-TcO,* complex changes the shape of the complex
with the protruding oxo-groups which will not exchange with amino acid side chain donor atoms (e.g.
aspartate) and this is likely to have a detrimental effect on binding interactions with the CXCR4

receptor.
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5.2 Synthetic strategy for next generation *™Tc tracers

Previous strategies to image the CXCR4 receptor using technetium-99m with small molecule
antagonists like AMD3100 have resulted in poor affinity and low quality images. Labelling the cyclam
ring directly with technetium(V)-99m was shown to be prone to transchelation due to the metal ion

being unable to form a stable coordination geometry and disruption of receptor binding.3”?

Antagonist Linker

Figure 100: Schematic representations for the design of CXCR4 specific SPECT tracers and example of structure of target
molecule.

The structure of the SPECT antagonist proposed in this chapter is composed of two
components; a binding moiety and a labelling moiety; see Figure 100. The binding moiety is based on
knowledge the Archibald group has gained on high affinity CXCR4 antagonist design. As discussed in
detail in section 2.1.2, with the use of structurally restricted azamacrocycles chelated to transition
metals to enhance binding to the CXCR4 receptor.8%1% An extended linker/spacer moiety allows for
conjugation to a BFC that could be labelled with technetium(1)-99m. The aim is to produce a high

affinity antagonist where the inclusion of the BFC does not have a negative impact on affinity.

The molecules discussed in this chapter have been designed to exploit the coordination
chemistry of the technetium(1)-99m tricarbonyl intermediate.?”37337> TACN was chosen as the BFC
for the incorporation of fac-[*"Tc(OH,)3(C0O)s]*; it is a tridentate chelator and allows for rapid

complex formation.

Trial reactions were initially carried out using a (relatively) low affinity mono-macrocyclic
antagonist to determine the most effective synthetic route. The CB copper chelated mono-
macrocycle antagonist is an accessible synthetic target to allow the radiochemistry to be optimised
for the BFC TACN, before transferring the conditions to the higher affinity bis-azamacrocycle

compound.
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5.2.1 Mono-macrocycle CXCR4 antagonists conjugated to TACN

The BFC benzyl amine TACN, 44, was prepared by a member of the Archibald group and
supplied for us in this project (Ms. Zainab Al-Ali). Diglycolic anhydride was reacted with TACN to
introduce a carboxylic acid terminating group and allow further modification. Diglycolic anhydride
reacts via a ring opening mechanism rapidly at room temperature, and will predominantly give only
one product due to the sterics of the ring opening. As shown in Scheme 15, diglycolic anhydride was
added slowly dropwise to a solution of benzyl amine TACN, 44, in a 1:1 ratio in dry DMF. Mass
spectrometry analysis showed the formation of the mono-, bis- and tris- substituted product, due to
the secondary amines on the TACN also reacting with diglycolic anhydride. This reaction was not
useful under these conditions with the wide range of products formed and so no purification

attempts were made.
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Scheme 15: Attempted ring-opening of diglycolic anhydride and benzyl amine TACN derivative.

To avoid issues with the presence of reactive secondary amines on compound 44, an
alternate approach was carried out which reacted the diglycolic anhydride with the mono-cross
bridge azamacrocycle antagonist component prior to reaction with the TACN derivative, see Scheme
16. There are no secondary amine groups on compound 15, as all nitrogen positions are alkylated in
the cross bridged cyclam derivative. Compound 46, was formed in high yield after 16 hours of
shaking at room temperature in amine-free dry DMF. The diglycolic ring opening reaction with
primary amines has been shown in the past not only to be reproducible but to go to completion
even with a 1:1 ratio.?>” Characterisation of the product indicated that no further purification was

necessary.

Compound 46 was then reacted with benzyl amine TACN, 44, in the presence of HATU and
10 equivalents of base (TEA) in an attempt to activate the carboxylic acid, see Scheme 16. The
reaction was monitored in situ by mass spectrometry and, after three days, formation of the desired
product was still not observed. There may again be issues with the unwanted reaction of the

secondary amines on the TACN component.
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Scheme 16: Attempted synthesis of antagonist with benzyl amine TACN chelated group.

To overcome any reaction of the secondary amines, the BOC protected analogue of the
benzyl amine TACN compound, see Scheme 17, was used instead. Mass spectrometry and NMR
analysis show that the reaction of protected TACN and diglycolic anhydride was successful and a
pure product was obtained. Compound 47 was then conjugated to the antagonist 15 in the presence
of 10 equivalents of base (TEA) and 1 equivalent of HATU. The reaction was carried out in dry amine
free DMF at room temperature. Purification was carried out using semi-preparative RP-HPLC to give

the desired product as an analytically pure compound 48.
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Scheme 17: Pathway used for the successful synthesis of compound 49.

Cleavage of the Boc protecting groups of TACN has been reported in the literature using
various high yielding methods; including conc. HCI¥® 377, conc. nitric acid and 10% TFA in
dichloromethane.?’? Antagonist 48 was de-protected using a modified version of the procedure
reported by Graham et al; with 3 M HCl used to cleave the BOC protecting group to form 49.378 The
reaction was stirred at room temperature for 16 hours, and then evaporated under reduced

pressure. The removal of the t-butyl groups was confirmed by *H NMR.
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5.2.2 Bis-macrocycle TACN conjugated CXCR4 receptor antagonists

Following the synthesis of the mono-macrocycle antagonist compound for technetium-99m
labelling (compound 49); the optimised procedure was used to synthesise the bis-macrocyclic
antagonist TACN derivatives. As stated in Chapter 2, section 2.2, the bis-azamacrocyclic compounds
have a higher affinity for the CXCR4 receptor. The additional cyclam ring allows for binding to two
aspartate side chains on the surface of the CXCR4 receptor. The synthesis is outlined in Scheme 18,

using compound 24 as an example.

Compound 50 was synthesised using a similar method to compound 48, in amine-free dry
DMF with 10 equivalents of base (TEA) and one equivalent of HATU to activate the carboxylic group
on compound 6. Mass spectrometry confirmed the formation of compound 49, however, impurities
were also present (observed in the HPLC trace as well as in the NMR spectrum). The compound was
not purified by semi-preparative HPLC at this stage as the presence of TFA in the HPLC mobile phase

could lead to the deprotection of the secondary amine groups and reduce yield.
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Scheme 18: Route for the synthesis of the TACN conjugated bis-macrocycle antagonist, 51.

Antagonist 50 was deprotected using 3M HCI shaken overnight at room temperature. The
reaction mixture was concentrated in vacuo before being purified by semi-preparative HPLC. Mass
spectrometry showed formation of the desired product. Proton NMR also confirmed the TACN
moiety had been fully deprotected with the disappearance of the t-butyl group previously observed

for 51 at 1.42-1.48 ppm.
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2AcO

M = Cu?*, Y = CH;COO0 , (n = 1); [Cu,51(AcO)z](AcO)2
M =Zn?*, ¥ = CH3COO , (n = 1/2); [Zn,51(Ac0)2](AcO)2

Figure 101: Structures of metal complexation of compound 51 copper(ll) and zinc(ll); [Cu,51(0Ac)2](OAc),), and
[Zn251(0Ac),](OAc)2), respectively.

[Zn,51(0Ac),](OAc),) (see Figure 101) was synthesised, by reacting the preformed metal
complex under the same conditions as the bis-macrocyclic chelator. The zinc(ll) ions did not inhibit

the amide bond formation reaction.

The formation of [Cu;51(0Ac).](OAc). proved to be more challenging. The first attempts at
coupling compound 47 with [Cu224(OAc);](0Ac),) resulted in a green solid, which, when analysed,
revealed the transchelation of one of the copper(ll) ions. The instability of the complex could be due
to the presence of the TEA in the solution. The reaction was carried out again without any base, and
monitored by HPLC. The reaction proceeded much more slowly (shake at room temperature for 4
days) after which the reaction was purified by semi-preparative HPLC. [Cu251(0Ac).](OAc),) eluted
at 10min 17 sec. The formation of a transchelated monometallic side-product and the slow reaction

results in a low 41% vyield.
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5.2.3 Preparation of rhenium cold standard CXCR4 receptor antagonist

As technetium has no stable isotopes, fac-[Re(CO)sL]" is used as an analogue to investigate
complex formation.33% 334 Alberto et al. reported the synthesis of a water soluble rhenium compound,
fac-[NEts]2[ReBr3(C0)3].3”° This compound was synthesised and provided by a member of the

Archibald group (Ms. Rebecca Hargreaves), using the procedure outlined by Alberto et al.3”

Bullok et al. reported the coordination of a TACN Ilabelled peptide with fac-
[NEt4]2[ReBr3(CO)s] by stirring in water heated to 85-90°C for 30 min, HPLC analysis revealed a
complex spectra, due to structural isomers arising from multiple coordination combinations.3®°
These conditions were used in a reaction with 49, but did not result in the desired product. Complex
formation from fac-[NEts]2[ReBr3(CO)s] with 49, was achieved by overnight stirring at room
temperature in dry DMF with 1:1 equivalents of the metal complex precursor. This is a similar

method to that used to form gallium DOTA complexes as stable isotope analogues, described in

section 3.5.1.2.
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M = Cu2*, Y = CH3COO, (n = 1); [CU2Re(CO)351(OAC)Z](OAC)2++
M = Zn?*, Y = CH3COO, (n = 1/2); [Zn,Re(CO)351(0AC)2](OAC)2
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Figure 102: Structure of rhenium cold standards of compound 49, and of the metal complex of compound 51.
Mass spectrometry showed a peak for the [M-CO]* ion. Analytical HPLC analysis of
compound [Re(CO)349]0Ac also showed the appearance of a new peak with a retention time of ca. 7

min.
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Figure 103: Graph showing the UV HPLC trace of compound [Re(CO)351]* eluting at 10 min 20 sec.
Compounds [Re51]*, [Cu;Re51(AcO):](AcO).* and [Zn,Re(CO)351(Ac0O),]1(AcO).* (shown in
Figure 102) were synthesised in the same way as [Re49]. [Re51] gave a new broad peak in the range
17-19 min when analysed by HPLC, see Figure 103. It was challenging to assign the peaks for
[Cu,Re(CO)351(AcO),2]1(AcO).* and [Zn,Re(CO)351(AcO),](AcO),* due to number of metal ions and
splitting patterns, however, the shift in the HPLC peaks indicated complex formation had occurred,

although further analysis is required to fully characterise these compounds.

5.3 Radiolabelling with technetium-99m

5.3.1 Introduction and past strategies

As discussed in section 5.2, the technetium-99m tricarbonyl chemistry developed by Alberto
et al. is one of the most promising and well developed organometallic cores for the formation of
technetium tracers, and hence was chosen for labelling of the antagonists in this work,34% 343 358,379
The precursor is directly accessible from sodium pertechnetate.?® Kits are commercially available
(Mallinckrodt-Tyco Med, Isolink) to form the tricarbonyl precursor, however it can also be
synthesised in quantitative yields by adding generator eluate to a vial containing the appropriate

reducing agents that is assembled in house 38!
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5.3.2 Preparation of technetium-99m tricarbonyl

The synthesis of the fac-[*™Tc(CO)s]* core (Scheme 19) was prepared fresh daily using the
procedure reported by Alberto et al.3®! The eluted *™TcO4 saline solution (0.7 - 2.5 GBq) was
combined to a mixture of sodium tetraborate decahydrate, sodium carbonate, potassium sodium
tartrate tetrahydrate and disodium boranocarbonate. An incubation time of 20 min at 90°C was
routinely used, and the progress on the reduction monitored via TLC as shown in Figure 104 B
(eluent: saline solution, technetium(l) stays on baseline and technetium(VII) has an RF = 0.55).
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Scheme 19: Scheme showing the synthesis of [?™Tc(OH,)3(CO)3]* from Na?**mTcO,, followed by labelling with TACN-benzyl
amine

HPLC conditions were developed to allow analysis of the two different oxidation state
species of technetium. Semi-preparative HPLC showed technetium(VIlI) (TcO4) eluted with a
retention time of 3 min 50 sec in mainly aqueous conditions, whereas the technetium(l)
([*®™Tc(H,0)3(C0O)3]*) species eluted with a higher proportion of acetonitrile to give a broad peak at

25-28 min, see Figure 104.
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Figure 104: A) Graph showing the overlay HPLC chromatographs of 2°™Tc(VII) (green), °*™Tc(l) (purple) species. B) Schematic
representation of the radio-TLC of the separation of the of *™Tc(VIl) (green), *™Tc(l) (purple) species, carried out in saline
solution.

Overall reduction yields (integration of TLC) showed a yield of between ca. 65-90% achieved
with each elution. This yield is lower than has been reported for reduction of technetium(VIl) with
the same reagents. Sogbein et al. reported a > 95% determined by HPLC when the reducing agents
were purged with nitrogen for 10 mins before being heated at 70° C for 30 mins.3®? The lower yield

is most likely due the vial used and how well it retains the inert atmosphere. Sogbein et al. carried
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out reductions in a penicillin vial, whereas HPLC vials were used in this work (purged with argon for

10 mins).

5.3.3 Optimisation of radiolabelling conditions for 44

To determine the optimum conditions for labelling of the CXCR4 antagonists, experiments
were conducted using the TACN component 44, as this was available in larger amounts for repeat
reactions. It was not expected that attachment to the antagonist would significantly affect labelling

procedure.

Initially, different buffers at varying pHs were investigated, each time using approximately 5-
25 MBq of fac-[**"Tc(OH,)3(CO)s]* in 200 pL of the de-gassed buffer. Reaction conditions consisted
of 2 mM concentration of 44, heated at 90°C and shaken at 500 RPM for 30 min. The procedure was
a modified version of that reported by Lipowska et al., in which a tracer derived from aspartic-N-
monoacetic acid was radiolabelled with fac-[*™Tc(OH;)s(CO)s]* at 90°C for 30 min in high

radiolabelling yields.?®
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Figure 105: Radio-HPLC chromatograph of compound [#°™Tc][Tc(CO)344]* eluting at 10 min and 20 sec.

The reactions were monitored by HPLC, as shown in Figure 105 [*™Tc][Tc(CO)s44]* elutes at
ca. 10 min 20 sec, and integration of the peak area showed >95% radiolabelling yield. This yield was

validated by the performance of a column recovery ensuring radiation was not being retained.
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Table 22: Table showing the variations in yield using different buffers and pH values (n=1).

. Percentage
Solvent pH Temperature ( C) Radiolabelled
11 81
Aqueous 90
7 46
11 88
0.1 M Phosphate 90
7 89
11 94
0.1 M sodium acetate 90
6 27
11 88
0.1 M HEPES 90
6 27
11 92
0.1 M PBS/30% MeOH 90
7 57

Table 22 lists the yields achieved under different reaction conditions. The buffers selected
have all been reported in the literature for labelling TACN with technetium-99m 342 350, 364, 384,385 p
range of pH values were investigated, from neutral (pH 6-7) to basic (pH 11), to determine the

optimum buffer salt and pH for labelling.

As shown in Table 22, the highest yield was achieved using sodium acetate as the buffer at
pH 11; however as these reactions were the result of a single measurement it is likely that all of the
results between 81-94% are within experimental error of the TLC measurement. Therefore, all of the
aqueous solvent systems at basic pH showed high labelling yields. These results agree with the
literature reports, where basic pH values show higher labelling yields, due to the deprotonation of

the nitrogen donors of TACN, which will be quaternised at neutral pH.3*°

Most of the aqueous buffers at neutral pH showed a low labelling yield (27-57%) except
sodium phosphate buffer (pH 7, 88%, see Table 22). This is in agreement with the labelling yields
reported by Kasten et al. who radiolabelled biomolecules conjugated to 2,2’-dipicolylamine (DPA)
with fac-[**™Tc (OH,)3(CO)s]* in sodium phosphate buffer (pH 7.4).3%° Suzuki et al. also reported high
radiolabelling yields of TACN with phosphate buffer (pH 7.4).%’

Therefore, sodium phosphate buffer (pH 7) is effective for achieving high labelling yield with
pH sensitive tracers such as peptides, antibodies and viruses, however as the tetraazamacrocyclic
CXCR4 antagonists are stable at both high and low pH further optimisation of radiolabelling

conditions was carried out at pH 11.
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Labelling was shown to occur at high temperatures, but there are literature reports of
efficient labelling at room and physiological temperatures. The reactions were carried out as before
with 44 in 200 pL of aqueous (pH 11) solution while being heated at either 25°C, 37°C or 90°C. After
30 mins at room temperature none of the TACN-benzyl amine had labelled, with only a small
increase seen at the elevated temperature of 37°C. This is in line with what has been seen with
labelling of cyclam with the fac-[**"Tc(CO):]** moiety in the past. Vanbilloen et al. reported poor

labelling at temperatures below 70°C, with a >90% achieved at 100°C.3%’

The reports of radiolabelling biomolecules with fac-[**"Tc (OH,)s(CO)s]* at 37°C all require a
longer reaction time to achieve effective labelling yields. In 2012, Mees et al. reported labelling of a
His-tagged protein with fac-[*™Tc(OH,)s(CO)s]* at 37°C but this required an incubation time of 1-1.5
hours.®8 Similarly Badar et al. reported the radiolabelling of another His-tagged protein with fac-

[**™Tc(OH,)3(CO)s]* at 37°C which required over 2 hours.38®

Although increasing reaction time for labelling 44 at 37°C is likely to increase labelling yield,
as higher temperatures do not degrade the azamacrocyclic compounds, the more convenient short

reaction time of 30 mins at 90°C was selected.

The lowest concentration to achieve ca. 100% radiolabelling was determined.
Concentrations of 44 ranging from 0.1 uM to 12 mM (each 150 pL corresponding to amounts of 15

pmol-100 umol) were tested and the percentage radiolabelling yield was determined by HPLC.
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Figure 106: The effect of varying the concentration (M) of compound 44 on radiolabelling efficiency (n = 3).

Figure 106 shows the different concentrations that were tested (n = 3). Figure 106 gives an
ECos value of ca. 0.5 uM. Therefore, the developed conditions for labelling compounds 49 and 51
used 0.5 uM (75 pmol) of antagonist in aqueous solution (pH 11), heated and shaken at 90°C (500
RPM for 30 mins).
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5.3.4 Radiolabelling of 49

[*™Tc][Tc49]* was successfully radiolabelled using the conditions optimised for 44.
[®*™Tc][Tc49] was purified by semi-preparative HPLC with the peak of interest eluting (identified
using the cold standard, [Red49]) at 7 min 15 sec. The fraction was then dried using the addition of
ethanol (ca. 2.5 mL) before being reconstituted in PBS to give [*™Tc][Tc(CO);49]* in a decay

corrected radiochemical yield of 39.8 + 2.8% (n = 2).
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Figure 107: Radio-HPLC of compound [?*™Tc][Tc(CO)349]* taken after 3 hours stability in PBS solution at 37°C.
[**™Tc][Tc49]* was evaluated for stability in PBS solution at 37°C with samples analysed by
radio-HPLC every 30 mins up to three hours. Figure 107 shows the HPLC trace taken after three

hours in PBS solution, showing 100% stability.

The partition coefficient of [*™Tc][Tc(CO):49]* was determined, -1.48 + 0.04 (n = 3). This is
higher than the partition coefficient values determined for the gallium-68 labelled antagonist
described in Chapter 3. The decrease in hydrophilicity of the TACN BFC compounds (compared to

DOTA) would be expected due to the inclusion of the more lipophilic Tc(CO)s* moiety.
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5.3.5 Radiolabelling of 51 and its derivatives
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M = Cu?*, Y = CH,CO0, (n = 1); [*"T¢][CusTe(CO)s51(0AC)2](OAC)2
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Figure 108: Structure of technetium-99m radiolabelled compound 51 and bis-copper derivative.

The multi-macrocyclic compound [**™Tc][Tc(CO)351]* (shown in Figure 108)

radiolabelled using the conditions previously discussed in section 5.3.1. 75 pmol of 51 was made up

in aqueous solution (pH 11) and combined with 47-331 MBq of fac-[**"Tc(CO)s]*to give an overall

reaction volume of 200 plL. The reaction was heated at 90°C and shaken (500 RPM), before

purification by semi-preparative HPLC, with the broad peak at ca. 12 min identified as the product by

the use of non-radioactive rhenium compound ([Re(CO)s;51]*) to give the product in a decay

corrected radiochemical yield of 43.3 + 7.1% (n = 5).
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Figure 109: Radio-HPLC trace of compound [**™Tc][Tc(CO)351]* taken after 3 hours in PBS solution at 37°C.

Figure 109 shows the radio-HPLC trace obtained after three hours incubation at 37°C in PBS
solution for [**™Tc][Tc51] demonstrating the stability of the compound with no sign of transchelation
or degradation. The stability of [®*™Tc][Tc(CO)s51]* was also assessed under acidic conditions; after
the semi-prep run, the solution is at pH 3.5 due to the presence of TFA in the mobile phase. This
solution was heated at 37°C and analysed by HPLC at 30 min intervals. As with the PBS solution, the

[**™Tc][Tc(CO)351] complex proved to be stable over the three hour period.

Stability tests using bovine serum were also carried out using ca. 4 MBq of
[**™Tc][Tc(CO)351]*. The mixture was heated at 37°C, and an aliquot of the solution was taken at 30
min intervals and denatured with methanol. The samples were centrifuged and the supernatant
analysed using HPLC. However, the radioactivity was retained within the protein pellet. It is unlikely
that the technetium-99m has completely transchelated, as it has been proven to be stable in PBS
and acidic solution. Therefore, [**™Tc][Tc(CO)s51]* appears to bind to proteins within the bovine

serum.

The interaction with serum proteins does correspond with reports in the literature.3* It was
concluded that the non-specific binding seen could be due to the fac-[**™Tc(CO)s]* moiety
undergoing a ligand exchange with proteins present in the bovine serum. Bovine serum mainly
consists of albumin, which contains six accessible histidine residues on the surface (with sixteen in
total).®®” The fac-[**"Tc(CO)3]* moiety could possibly be forming one or more coordination bonds to
these histidine residues via ligand exchange of a carbonyl or one of the TACN nitrogens. Whether
this is binding [*°™Tc][Tc(C0O)351]* intact to the protein or transchelating is unknow and needs further

investigation.
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The partition coefficient of [*™Tc][Tc(CO)351]* was determined giving a logP value of -1.50

0.04 (n = 3), similar to that of [*™Tc][Tc(CO):49]".

[**™Tc][Cu2Tc(CO)351(0Ac).](OAc), (structure shown in Figure 108) was also successfully
radiolabelled using the optimised conditions. Purification was carried out using semi-preparative
HPLC, with the radiolabelled complex, [*™Tc][Cu,Tc(CO)351(0Ac),](0OAc),* eluting earlier than the
metal free derivative, [*°™Tc][Tc(CO)s51]*, matching with the elution order observed for the rhenium
cold standards (see Section 5.2.3). A radiochemical decay corrected yield of 46.0% (n = 1) was

achieved after semi-preparative HPLC purification and transfer to PBS.
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Figure 110: Radio-HPLC of compound [**™Tc][Cu,Tc(CO)351(0Ac)2](OAc),* taken after three hours stability in acidic (0.1%
TFA) solution at 37°C.

Stability studies were again carried out in PBS and acidic solution over a period of three
hours at 37°C. Figure 110 shows the radio-HPLC traces collected after three hours in acidic
conditions, at this time point the small peak due to the ‘free’ technetium(l) species can be seen at 2
min 20 sec. Bovine serum stability was also investigated for compound
[**™Tc][Cu2Tc(CO)351(0Ac)2](0OAc),*; however, as was observed for [*®°™Tc][Tc51]*, the radioactive

material was bound to the protein pellet and could not be extracted for HPLC analysis.

The logP value obtained for [*™Tc][Cu,Tc(CO)351(0Ac),](0OAc),* is 0.59 + 0.22 (n = 3). The
decrease in hydrophilicity can be attributed to nitrogen atoms on the cyclam and cyclen rings no

longer being able to form H-bonds due to the formation of the copper(ll) complex.
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5.4 In vitro CXCR4 receptor binding studies

To determine the affinity of the technetium-99m probes discussed in this chapter an in vitro
assay was carried out to determine how efficiently the molecules could block the CXCL12 initiated
signalling process. The calcium signalling assay has been used frequently as it is the most reliable
measure of the antagonist properties of molecules binding to CXCRA4. It can be complex to set up to
give reproducible results, hence all of the compounds were analysed by the research group of Prof
Dominique Schols at the Rega Institute (KU Leuven) where the assay was originally developed. The
results can be used to identify which antagonists could be investigated as CXCR4 SPECT imaging

probes.

Table 23: Table showing the ICsp values determined by for bis-macrocyclic compounds. Concentration required to reduce
the level of CaZ* ions observed during a ‘normal’ signalling process by 50% (ICso) in U87-CXCR4 cells.

Antagonist Calcium Signalling ICs0® /nM U87-CXCR4

44 >5000

49 >5000

[Cu49(OAC)](OAC) >5000

[Re(CO):49]* >5000

51 2022

[Re(CO)s51]* 1883
[Cu,51(0Ac),](OACc), 79

[Zn,51(0Ac),](OAc), 2894
[Cu2Re(CO)351(0Ac).](OACc),* 136

[Zn,(CO)3Re51(0OAc).](OAc),* >5000
AMD3100 175

As expected 44 and 49 and the metal complexes of 49 (the mono-tetraazamacrocycle
derivative) showed low affinity towards the CXCR4 receptor with no measurable activity in the range
investigated (up to 5 uM). The bis-tetraazamacrocyclic compound 51 and it non-radioactive rhenium
analogue ([Re(C0O)351]*) both showed uM level activity, however previous characterisation using this
assay has indicated that values around (or below) 100 nM are needed to give sufficient binding

capability for in vivo imaging to be effective.

Addition of copper(ll) ions to the tetraazamacrocycle components to give
[Cu251(0Ac)2](OAc), and [CuzRe(CO)351(0Ac),](OAc),* resulted in the most potent compounds, see
Table 23, with ICsg; 79 and 136 nM. Both antagonists have a lower ICso value than AMD3100 which

was included as a control. These values are consistent with the expectation that inclusion of
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transition metals into the cyclam/cyclen rings increases binding affinity for the CXCR4 receptor. It
was an unexpected result that the zinc(ll) complexes had low affinity for the receptor, it would be
predicted for this structural type that the zinc(ll) complexes would be at least as active as the
copper(ll) complexes due to the flexibility in coordination sphere and geometry. This is an
anomalous result for this class of compounds in the wider context of other work carried out in the
Archibald group (with over 1000 compounds analysed). [Zn,Re(CO)351(OAc);](OAc).* was
synthesised from the analysed batch of [Zn,51(0Ac).](OAc),, therefore if there was an impurity or
other problem with the first compound this would be carried forward to the second compound.
Ideally the zinc(ll) complexes would be resynthesised as a fresh batch and the assay re-run. It seems
unlikely that the assay result is correct but it is not immediately obvious where the issue lies as the
complex was analysed and purified. Further research work is required to confirm or refute these

results and other assays could be used to assess the compounds.

173



5.5 Conclusion

This chapter outlines the synthesis of mono- and bis-tetraazamacrocyclic compounds that
have been adapted to include a BFC that allows for labelling with technetium-99m, as the
technetium(l) tricarbonyl species. Metal ion complexes of 49 and 51 were formed and purified and a
“cold standard” (rhenium compound) was prepared and characterised for each compound.
HPLC/TLC conditions were developed for identification of the different oxidation state technetium-
99m species. Optimisation of radiolabelling conditions was carried out using the TACN precursor and
found to give the highest yield under the following conditions: basic aqueous solution, 0.5 uM (75

pmol) and heated at 90°C for 30 min.

An in vitro CXCL12 stimulated calcium signalling assay was carried out on the library of
compounds produced. Antagonist [Cu,Re(CO)351(0Ac).](0OAc),* was shown to be a more potent
antagonist than AMD3100. Hence the technetium analogue of this compound was the most

promising candidate to select for further investigation as a CXCR4 targeting SPECT imaging probe.

49, 51 and [Cu,51(0Ac)2](OAc), were successfully labelled with technetium-99m tricarbonyl
and stability/logP determined. Stability in acidic solutions and PBS solution showed a stability of >95%
after 3 hours. However, studies carried out in bovine serum showed complete binding to the
proteins present. It is unlikely that transchelation of the technetium-99m radioisotope is occurring
due the stability in the other media. The fac-[*™Tc(CO)s]* moiety has previously been reported to
suffer from high retention to blood proteins in the literature.3*” 348 This has been attributed to ligand

exchange of carbonyl groups on the fac-[**"Tc(CO)s]*.

The serum protein interaction seen with the tracers could be problematic. However, further
studies are needed to assess the potential of these tracers as in vivo CXCR4 imaging agents. In the
best case scenario, the protein binding could be beneficial as it could increase circulation time in the
bloodstream, possibly leading to higher CXCR4 binding in the tumour. Further work is needed to
investigate this and, dependent on the results, modification of the structure to reduce protein

binding.
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5.6 Future work

Further work to investigate and understand the protein binding mechanism in bovine serum
would be of interest. Several proteins can be tested, with albumin and beta/ gamma globulins
forming the major protein components of bovine serum they would be the obvious initial targets for
testing.3®® Biodistribution data in vivo would also be useful to assess to what degree the protein
binding effects the circulation and retention of these tracers. A competition reaction with histidine
could also be carried out, as a competing ligand for the fac-[**™Tc(CO)s]* moiety (ideally complexed
with the TACN) would reveal if exchange of the carbonyl groups occurs. A series of reactions varying
concentrations of histidine (10-100 nmol/mL) mixed with the labelled compound and sampled to
monitor the reaction by HPLC at various time points would be a useful approach. A similar study was
conducted by Suzuki et al. to determine the stability of a series of fac-[*™Tc(CO)s]*, they were able

to determine which structure were the least liable for futher in vivo validation.®”

Braband et al. by-passed the protein binding issue seen for the fac-[*"Tc(CO)s]* moiety by
instead using fac-[*®"Tc(0)s] to label the TACN BFC.3%% 361 The group reports that the fac-
[**™Tc(0)3(TACN)]* complex demonstrated high in vivo stability and had rapid excretion, in contrast
to the pharmacokinetic profile observed for fac-[*™Tc(CO)s3]* complexes. Therefore, labelling of the
CXCR4 antagonist could be carried out using the fac-[**™Tc(0)3]* moiety instead. Optimisation of the

properties could give a promising tracer for SPECT imaging of CXCR4 expressing tumours in vivo.

As discussed in Section 5.4 further work is needed to resynthesise and test the zinc(ll) bis-
tetraazamacrocyclic compounds [Zn;51(0Ac);](OAc), and [Zn,Re(CO)351(0Ac).](OAc).* which gave

surprisingly low potency ICso values in the in vitro CXCR4 binding assays.
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Chapter Six

Synthesis of fluorescent dye
labelled CXCR4 imaging probes



6. Strategy for optical probe design and current state-of-the-
art in CXCR4 optical imaging
6.1 Introduction to optical imaging

Optical Imaging (Ol) relies on the use of visible, ultraviolet or infrared light to give high
resolution images to a sub-cellular level. The key advantages are the resolution and the non-ionising
radiation with the disadvantage of poor tissue penetration due to absorption and scattering.
Multimodality imaging allows for the advantages of Ol to be paired with other imaging techniques to

provide superior imaging quality.3®

In clinical settings, fluorescent probes can be used to detect tumours close to the skin surface
such as in breast cancer, together with use of an endoscopy cameras to allow imaging of tumours in
the oesophagus or colon. Recently there has been a great deal of interest in fluorescent probes to
allow intra-operative visualization for guidance to assist surgeons in the dissection of diseased tissue.
Fluorophores in the UV and visible region suffer from light scattering and absorbed abundantly by
tissue chromophores, in particular by haemoglobin and water, leading to considerable signal
attenuation making them unsuitable for imaging tumours a few millimetres below the skin
surface.3® Fluorophores which emit in the near-infrared (NIR) region in the range of 650-900 hm can

penetrate more deeply (several centimetres) making them more practical for in vivo applications.3!

6.2 Overview of optical imaging probes for the the CXCR4 receptor

Radiolabelled [%°1]CXCL12 was initially utilised as a competitor in assays to evaluate the CXCR4-
binding of synthetic compounds such as AMD3100%?% 8!, AMD3465%%2, and T140%* and its
derivatives.®®> Methods using radioisotopes offer highly sensitive assays, however, they are
expensive and not always feasible.3®* Therefore, there was early interest in optical probes based on

CXCR4 and the development of other CXCR4 specific fluorescent probes.

6.2.1 Optical imaging probes to target CXCR4 derived from CXCL12

In an early study in 2005 carried out by Dar et al., CXCL12 was fluorescently tagged for the
visualisation of the CXCR4-dependent internalisation of CXCL12 by stromal bone marrow cells.3*> Dar
et al. were the first to utilise fluorescein isothiocyanate FITC-CXCL12 as an imaging probe, this was
followed by a study reported in 2006 by Kollet et al. to show the role of bone resorbing osteoclasts

in homeostasis and stress induced mobilisation of progenitor cells.3%

In 2011, Meincke et al. reported the conjugation of CXCL12 with a NIR fluorescent dye;
IRDye®800CW-N-Hydroxy-succinimide ester (EXmax/EMmax = 778/779 nm).3¥ The group were
interested in both the sensitivity and selectivity of the probe binding to CXCR4 and also CXCR7; so

consequently designed in vitro experiments using transfected MCF-7 cells which have high levels of
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expression of CXCR4 and CXCR7 alongside glioma cells (A764) which only express CXCR7.3% The
group carried out a series of in vivo studies in immunodeficient mice that were inoculated
subcutaneously with MCF-7 and A764 cells, shown in Figure 111. Both tumours were visualised with
the CXCL12 conjugate dye. Uptake of the conjugated dye can also be seen in the liver and bone

marrow of the hind legs which are known to naturally express CXCR4.

Dorsal Ventral
24 h \ MCF7
A764

48 h \
Figure 111: Visualisation of subcutaneous tumours in mice with CXCL12-IRDye800. MCF-7 breast tumour (yellow arrow)

and A764 glioma cells (blue arrow) were implanted subcutaneously into the right and left flank respectively. (Reproduced
from Meincke et al.).3%7

\
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6.2.2 Optical imaging probes to target CXCR4 derived from peptides

In 2008, Oishi et al. built upon previously reported work on T140-based peptide derivatives
as CXCR4 antagonists, to develop a series of fluorescently tagged peptides for imaging of the CXCR4
receptor.?®® The peptide was successfully conjugated to fluorescein (EXmax/EMmax = 492/520 nm) and
Alexa Fluor® 488 (EXmax/Emmax = 495/519 nm) by acylation to the a-amino group of the N-terminal
Argl residue or on the D-lys8 residue via the e-amino group shown in Figure 112, to synthesise a

series of T140 derivatives; L56-L65 (structures detailed in Table 24).
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Figure 112: A schematic diagram of the fluorescently coupled peptide-conjugates derived for Ac-TZ14011 that have been
investigated as optical probes for CXCR4. R1 and R2 indicate the sites of modification outlined in table 24,399-401

Oishi et al. evaluated the library of peptides, L56-L65, for CXCR4-antagonist activity by
measuring the inhibition of [1%°1]JCXCL12 binding to transfected CXCR4 Chinese hamster ovary (CHO)
cells.3® The replacement of D-Lys8 in the parent peptide; L56, with D-glutamic acid; L57, showed no
significant change on inhibition (ICso L56 =5.2 nM; ICso L57 =6.7 nM; Table 24). However, inclusion of
fluorescein at the N-terminus (R1; Figure 112) in derivatives of L56 and L57 led to a 5 fold decrease in
binding affinity of the D-lys8 peptide L58 (ICso L58 =24 nM; Table 24) and a 30 fold decrease for the
D-Glu peptide L59 (ICso L59 =199 nM; Table 24). This was also seen when the N- terminus was
labelled with Alexa Fluor® 488 to give peptide L60, which caused a significant decrease in inhibitory
activity (ICso L60 = 5700 nM; Table 24) compared to L56.3%° Thus the presence of a fluorophore at the

N-terminus was shown to disrupt binding to the CXCR4 receptor.

Alternatively, labelling at the €-amino group of the D-lys8 (R, Figure 112 ) residue caused
only a minor reduction in potency when labelled with fluorescein (ICso L61 =16 nM; ICso L62 =26 nM;
Table 24). The inclusion of anaminocaproic acid residue (Acp) spacer was also employed in an effort
to improve affinity and efficient coupling. The biotin-Acp-labelled peptide L63 was revealed to be a
potent inhibitor (ICso L63 =11 nM; Table 24). This would indicate that the D-lys8 position is less
important in the direct docking of the peptide to the CXCR4 receptor making it a more appropriate
position for labelling with a fluorophore. The Alexa Fluor® 488 labelled peptide L64 without a Acp
spacer showed nearly equipotent inhibitory activity to that of the parent peptide L56 (ICso L64 =8.1
nM; Table 24). However, the use of the Acp spacer with the dye appeared to cause some

unfavourable interaction with the receptor as potency decreases.
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Table 24: Biological activity of fluorescently labelled T140 analogues. 2ICsp values obtained with [125]]CXCL12 on CHO cells
unless otherwise stated; ICso values obtained with [125]]CXCL12 on HelLa-CD4-CCR5 cells. 399, 401

Peptide derivative ICs50 value? (nM) Reference
L56: R;=acetyl; R, = H; X=D-Lys 5.2 399
L57: Ri=acetyl; R; = H; X=D-Glu 6.7 399
L58: Ri=fluorescein; R, = H; X=D-Lys 24 399
L59: R;=fluorescein; R, = H; X=D-Glu 199 399
L60: R1= Alexa Fluor® 488; no R,; X=D-Glu 5700 399
L61: R;=acetyl; Ry=fluorescein; Xx=D-Lys 16 399
L62: Ri=acetyl; R,=fluorescein- Acp; X=D-Lys 26 399
L63: Ri=acetyl; R,=biotin-Acp; X=D-Lys 11 399
L64: Ry=acetyl; Ry=Alexa® Fluor 488; X=D-Lys 8.1 399
L65: Ri=acetyl; R,=Alexa® Fluor 488-Acp; X=D-Lys 267 399
L66: Ri=acetyl; R,=TAMRA-hexamethylene; X=D-Lys 14° 401
L67: Ri=acetyl; R,=Fluorescein-hexamethylene; X=D-Lys 11° 401

The two most potent peptides L61 and L64 that had been modified with fluorescein and
Alexa Fluor® 448 at the D-lys8 residue were studied in vitro. Confocal microscopy studies were
carried out on transfected CXCR4-expressing HEK293 cells, CXCR7-expressing HEK293 cells and
CXCR4-negative cell line. The cell surface of the CXCR4-expressing cells were visibly stained with
both peptides L61 and L64, with no non-specific uptake in the cytoplasm observed. Furthermore, the
lack of fluorescence in the control and importantly the CXCR7-expressing cell-line showed the

selectivity of these T140 derivatives for CXCR4.

In a follow up study Nomura et al. synthesised a T140 derivative which incorporated a
hexamethylene spacer between the fluorescent probe and the peptide.**! Covalent attachment of 5-
carboxytetramethylrhodamine, (TAMRA, structure shown in Figure 112, EXmax/EMmax = 555/576 nm)
forming peptide L66, and attachment of fluorescein to give peptide L67. The inclusion of the
hexamethylene spacer was designed to increase the distance between the bulky fluorescent probe
and the interacting residues (Arg2, Nal3, Tyr5 and Argl4) on the T14011; which are key to CXCR4

binding activity.

Peptides L66 and L67 were both shown to be a potent antagonists (ICso L66 =14 nM; ICso L67
=11 nM; Table 24) and specific to CXCR4. Nomura et al. went on to demonstrate the potential use of
peptide L67 as an alternative in binding inhibition assays for use in high throughput screening of

potential pharmacophores by comparing 1Cso values determined with [11]CXCL12 of twenty-four
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cyclic pentapeptide derivatives of FC131. Correlation between the two sets of data demonstrating

that fluorescent probes could be used to determine binding affinities of CXCR4 targeting agents.

Other research groups have also developed alternative Ac-TZ14011 derivatives and other
short fluorophore labelled peptides in an attempt to form a CXCR4 specific optical imaging probe.3?”
400,402,403 However, most had disadvantages compared with those already discussed.*® 494 Van de
Berg et al. also adapted the structure of Ac-TZ14011. The group incorporated fluorescein
isothiocyanate (FITC) (EXmax 494 nm/Emmax 520 nm) at the D-lys8 position of Ac-TZ14011.%% [Cs

values were not reported and confocal studies showed non-specific cellular uptake (see Figure 113).

MDAMB231
MDAMB23]1xcRa+

Figure 113: Confocal images of 0.1 uM of Ac-TZ14011-FITC distribution in live MDAMB231 and MDAMB231XCR4+ tumour
cells. (Reproduced from Van de Berg et al.).*®

There have been several reports of derivatives of FC131, [cyclo(-D-Tyr-Arg-Arg-Nal-D-cys-),
being fluorescent labelled for imaging the CXCR4 receptor. Tanaka et al. reported the synthesis of a
series of bivalent FC131 compounds (L68-L70) containing poly-L-proline and PEGylated poly-L-
proline- type linkers.*® Of the compounds synthesised, L68 and L69 (structures shown in Figure 114),
showed promising ICso values of 9.9 and 13.9 nM respectively, greater than FC131 (31.5 nM). Tanaka
et al. suggest that the increase in binding is due the bivalent FC131 ligand interacting with CXCR4
dimers formed in the cell membrane.?® The group carried out a series of confocal experiments with

high and low expressing CXCR4 cell lines and were able to show affinity for the CXCR4 receptor.
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Figure 114: Structures of FC131 and bivalent derivaties.405 407

More recently, Nomura et al. explored the use of including a NIR cyanine dye with the poly-
L-proline linkers again producing bivalent probes.*® There was a marked decrease in binding
compared to the unlabelled bivalent ligand and monomer FC131 which were attributed to steric
interactions with the cyanine dye. A similar strategy of labelling FC131 derivatives has also been
reported by Tietz et al., who conjugated the peptides and Texas Red bromoacetamide fluorescent
dye (Exmax 589 nm/Emmax 615 nm) on the surface of dextran coated iron oxide nanoparticles to
produce multimodal PET/MRI imaging agents.*"’ Fluorescence microscopy studies with MDAMB-231
cells revealed rapid saturation and a uniform level of fluorescence, however, uptake in the
cytoplasm revealed high levels of internalisation of the probe reducing the utility of this system (see

Figure 115).
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Figure 115: FACS analysis of MDA-MB-231 cells alone (red), incubated with a 100 nM (blue) and 1000 nM (green) dose of
FC131-TexRed for 60 min at 37°C (A), fluorescence microscopy images of MDA-MB-231 cells after incubation with FC131-
TexRed(B), co-localization with DAPI (C) (Reproduced from Nomura et al.).407

Santagata et al. reported the functionalisation of their previously developed CXCR4 targeting
peptide (Arg-Ala-[Cys-Arg-Phe-Phe-Cys]) with the commercially available NIR Vivo Tag-S 750 dye.*%
410 Figure 116 shows the confocal images collected for PepR-NIR750 probe in B16-CXCR4 cancer cells.
The probe was shown to be specific for CXCR4 and in vivo validation of showed uptake in CXCR4

positive tumours and lung metastases.

Not labeled Dye NIR-750 PepR-NIR750

Figure 116: Confocal images for PepR-NIR750 and dye alone (NIR-750) showing binding to B16-CXCR4 tumour cells
(Reproduced from Santagata et al.).4®

B16-CXCR4

6.2.3 Optical imaging probes derived from small molecule antagonists of CXCR4

Compared to the peptide-based probes, these small molecule probes have the advantage of
greater stability, solubility and, in many cases, improved biodistribution.'¥** However, the
properties of small molecule antagonists are influenced to a greater extent by conjugation of the

fluorophore which is likely to be of a similar size to the antagonist molecule itself.

In 2007, the Archibald group reported a low molecular weight CXCR4 antagonist consisting
of a side-bridged cyclam macrocycle bound to a a rhodamine isothiocyanate (RITC) moiety (L71,
structure shown in Figure 117).%* The inclusion of a paramagnetic metal ion such as copper(ll), L72,
had a significant quenching (ca. 75%) on the fluorescence signal of rhodamine. In vitro studies were
carried out using Jurkat cells revealed that the copper(ll) complex had a higher affinity than the free

chelator. Metal complexed L72 was able to effectively inhibit the binding of CXCR4-specific
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antibodies, however, non-specific cellular uptake was observed in the confocal microscopy

experiments possibly due to active transport processes.

L71 L72 —

Figure 117: Structures of side-bridge cyclam RITC containing CXCR4 antagonists synthesised by Khan et al.*1>

Another fluorescent small molecule derived from AMD3100 was reported by Knight et al.
and incorporated a anthracene linker group, L73; as well as metal complexation with several
transition metals, L74-76 (structures shown in Figure 118).*® Competition binding assays were
conducted to determine the binding affinity of the free ligand, L73, and metal complexes, [Ni»L73],
[Zn,L73] and [Cu,L73], the results revealing a significant loss in affinity when compared to AMD3100
(reduced from 0.6 to 3.4 uM).**® The anthracene containing compounds showed non-specific binding

via transport across the plasma membrane that was attributed to the increase in lipophilicity on

QO 8 ™
NH HN] [NH HN] [NH HN] O [NH HN]
N ) o,

[Ni2L73], M = Ni**
[CuzL 73], M = cu®
[Zn2L73], M = zn?*

addition of the anthracene group.

L73

Figure 118: Structures of anthracenyl derivatives of AMD3100 and its metal complexes synthesised by Knight et a/.416

In 2011, Oltmanns et al. published a library of fluorescent cyclen macrocycle zinc(ll)
complexes with similar structural motif to that of AMD3100.*** They evaluated their ability as
apoptosis/necrosis imaging agents (L74-L79, Figure 119) and showed that the incorporation of zinc(lI)
cyclen groups affected the intensity of fluorescence. The group went on to radiolabel these
complexes with fluorine-18 and reported PET scans that showed clearly a significant uptake in an

irradiated tumour. It is stated in the paper that the compounds do not bind to CXCR4 however
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subsequent work in the Archibald group has shown that this class of compounds have high affinity

for the CXCR4 receptor.
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Figure 119: Structures of the fluorescent macrocycles synthesised by Oltmanns et al.414

In 2015, Poty et al. reported the synthesis of BODIPY conjugated AMD3100 metal complex
derivatives (structure shown in Figure 120, EXmax/EMmax = 524/540 nm).>* The probes were
complexes with nickel(ll) ([Ni>L80]) and zinc(ll) ([Zn.L80]) to enhance the affinity toward the CXCR4
receptor.>® Poty et al. functionalised the phenyl moiety of the AMD3100 structure by the inclusion

on an ester or an ethylenediamine moiety. However, ICso values revealed that these modifications to
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the phenyl moiety had a negative effect on CXCR4 affinity indicating that the phenyl moiety has an

important role for the binding to the receptor.

M = N/A, Y = N/A; L8O
M = Ni?*, Y = CH3CO; (n = 1/2); [Ni2L-80]
M= Zn®", Y = CHaCO; (n = 1/2); [CuzL80]

Figure 120: Structure of AMD3100 BODIPY containing metal complex derivatives.>3
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6.3 Proposed strategy to synthesise azamacrocyclic CXCR4 binding compounds

conjugated to fluorescent dyes

Building upon the work previously done in the Archibald group (discussed in section 6.3.3),
the library of configurational restricted macrocycles was extended with both the mono- and bis-
tetraazamacrocycles being adapted to allow the conjugation with the fluorescent dyes rhodamine-B
isothiocyanate and 5/6-carboxy fluorescein succinimidyl ester (example shown in Figure 121).4%°
These dyes were selected as inexpensive starting points to probe the effects of the conjugation on
affinity. The plan was to then extend this work to NIR fluorophores. Formation of metal complexes

and in vitro assays would be carried out to gain a full understanding of the design parameters.'®

I .
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Figure 121: Structures of target molecules to be developed for Ol of the CXCR4 receptor.

6.4 Synthesis of library of fluorophore macrocyclic compounds

6.4.1 Mono-macrocyle fluorescent compounds

Initially the mono tetraazamacrocycles 12 and 15 and their metal complexes were used to
optimise the reaction conditions before moving to the bis tetraazamacrocycle compounds. In the
procedure outlined by Khan, the amino macrocycle and the isothiocyanate functionalised
fluorescent dye were stirred together in methanol with one equivalent of trimethylamine for 16
hours. The reaction mixture was evaporated and purified by size exclusion chromatography.**® As
discussed previously, the procedure was modified to include the direct analysis of each fraction from
the column by mass spectrometry. Using this procedure the library of compounds shown in Figure
122 were synthesised. The rhodamine compounds (52, 54 and the metal complexes derivatives)
were on average higher yielding than the fluorescein compounds (53, 55 and the metal complexes

derivatives).
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Figure 122: Library of configurational restricted fluorescent mono-macrocycles conjugated to rhodamine or fluorescein.

Mass spectrometry analysis of some of the complexes, especially the metal complexed
rhodamine fluorophores ([Ni52(OAc)](OAc), [Cu52(OAc)](OAc), [Zn52(0Ac)](OAc), [Cu54(0OAc)](OAc),
and [Cu54(0Ac)](OAc)) was challenging due to the range of counter anions that could be carried with
the molecule. Fluorescein derivatives exhibit multiple, pH dependent ionic equilibria.**”*18 Both the
phenol and carboxylic acid functional groups can be ionised in aqueous solutions above pH 9; while
acidification of the fluorescein dianion first protonates the phenol (pKa ~6.4) to yield the fluorescein
monoanion, then the carboxylic acid (pKa <5).*'° Only the monoanion and dianion of fluorescein are
fluorescent, with quantum yields of 0.37 and 0.93, respectively.**® Hence, fluorescence intensity is

reduced at acidic pH.
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6.4.2 Bis-configurational constricted library of fluorescent compounds
As reported in section 2.5.1; initially produced compounds using aniline derivative were less
reactive and so the benzyl amine derivatives were used in this work. 24 was used to synthesise a

library of macrocyclic compounds and metal complexes, shown in Figure 123.
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20AC 20AC
M=N/A, Y = NI/A; 56 M=N/A, Y = N/A; 57
M =Cu?*)y = AcO, (n = 1); [CuS6(0OAC)2](OAC)2 M= Cu®Y = AcO, (n = 1); [Cu57(0OAC)2](OAC)2
M =2Zn?*y = AcO , (n = 1/2); [Zn56(0AC)2](OAC)2 M =2Zn?*y = AcO, (n = 1/2); [Zn57(OAC)2](OAC)2

Figure 123: Library of configurationally restricted fluorescent bis-macrocycles.

The compounds 56, 57 and the metal complexes were synthesised using the same procedure
discussed in section 6.4.1. The absorption and emission wavelengths of the compounds were

determined, see Table 25. Quantum vyields and quenching effects of the paramagnetic copper(ll)

were not investigated at this time.
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Table 25: Emission and excitation wavelengths of the fluorescent macrocyclic compounds

Compound Azbs (nm) Aem (nm)

52 555 580
[Ni52(OAc)](OAc) 555 580
[Cu52(0ACc)](OAc) 555 580
[Zn52(0Ac)](OAC) 555 580
53 485 519
[Cu53(0ACc)](OACc) 485 520
[Zn53(0Ac)](OAC) 485 519
54 555 580
[Ni54(0Ac)](OAc) 555 580
[Cu54(0AC)](OAC) 555 580
[Zn54(0Ac)](OAC) 555 580
55 460 490
[Cu55(0AC)](OAC) 455 470
[Zn55(0Ac)](0AC) 455 470
56 545 559
[Cu256(0ACc).](0AC); 545 570
[Zn,56(0Ac)2](0OAC); 545 570
57 495 525
[Cu257(0Ac).](0AC); 495 525
[Zn,57(0Ac)2](OAC); 495 525

It is expected that the bis-tetraazamacrocyclic compounds will be more potent antagonists
than the mono-tetraazamacrocyclic compounds. The compounds are in the process of being
analysed for CXCR4 binding potency, which is complicated by the use of fluorescent dyes in both the

calcium signalling assay and CXCL12 competition binding assay.

Preliminary confocal microscopy experiments were carried out with 52 and
[Cu257(0Ac):]1(0OACc), in U87-CXCR4 cells. Both compounds showed high levels of non-specific uptake
into the cells (likely due to the dye components) and so further data is required before this work can
be pursued. If high affinity dye conjugated antagonists are identified in the binding assays then

modification with alternate dyes to prevent non-specific uptake can be carried out.
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6.5 Strategy to synthesise CXCR4 binding peptides conjugated to a near-IR emitting
dye

Two of the first FDA approved non-targeted fluorescent dyes used in surgery are
Indocyanine Green (ICG) and Methylene Blue (MB).**° Both ICG and MB are blood pool agents that
are not inherently specific for any tumour. NIR dyes (Emmin/EMmax = 650/900 nm) that allow deeper
imaging (few cm) are likely to form the next generation of dyes for fluorescent guided surgeries. As
already discussed, due to high expression levels in many cancers, the development of a NIR CXCR4
antagonist is desirable. Of the peptidic agents used in imaging, the gallium-68 tracer Pentixafor
based on the FC131 peptide has seen the most successful clinical translation.*?%%* Therefore, a NIR

dye conjugated FC131 (Pentixafor) derivative is reported in this thesis.

The key NIR dye properties are for in vivo application are excitation/emission range,
extinction coefficient, quantum yield, solubility and photostability.**> The extinction coefficient must
be relatively high, with the extinction coefficients of the current clinically used dyes, ICG and MB,
121,000 and 71,200 Mcm?, respectively.??® In this work, azaborodipyrromethane (4,4-difluoro-4-
borata-3a-azonia-4a-aza-s-indacene, aza-BODIPY) dyes were selected through a collaboration with

the group of Professor Ross Boyle at the University of Hull.427-42°

6.5.1 Proposed strategy to produce CPCR4.2 conjugates with aza-BODIPY

The reported examples of NIR CXCR4 fluorescent probes in the literature have used
commercially available NIR dyes.3%7 408 499, 430 Figyre 124 shows the proposed structures of two
CXCR4 binding NIR dye peptide. The targeting moiety is derived for FC131 peptide (discussed fully in
chapter 2) either azide or amine functionalised. The NIR fluorophore is a novel aza-BODIPY
compound and was synthesised by Ms. Miffy Cheng. Aza-BODIPY compounds have previously been
shown to have desirable photophysical properties however the appropriately functionalised
derivatives are not widely available for conjugation and they have poor solubility in biological
media.*® 4142 The novel aza-BODIPY dye contains an alkyne or acid group for conjugation and a

sulfonate group to improve aqueous solubility.

191



P6

o, O Q
G 7
N O
(@]
) % I
OH
P7

Figure 124: Structures of BODIPY-CPCR4.2 conjugates P6 and P7.

6.5.2 Synthesis of the aza-BODIPY conjugated peptide

Initially the synthesis of peptide P6 was attempted using aza-BODIPY-alkyne (prepared by
Ms. Miffy Cheng) and the azide functionalised P3. Standard copper mediated click reaction
conditions were used with the reaction mixture stirred in DMF overnight at room temperature in the
presence of sodium ascorbate.*®® However, the desired product was not isolated or observed in the

MS and so an alternative route was investigated.

For the synthesis of peptide P7, an amide bond formation reaction was attempted using the
aza-BODIPY functionalised with an acid group. The conjugation proceeded as expected and after 16
hours the product peak could be seen in analytical HPLC and MS. Initially the product was purified
using reverse phase C18 semi-preparative HPLC, however, an alternative approach using a C18
cartridge was later employed to remove the highly water-soluble unreacted peptide (P2) and

coupling reagents. The product was isolated in >95% purity (determined by analytical RP-HPLC).
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6.5.3 Determination of photophysical properties of the aza-BODIPY peptide conjugate
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Figure 125: Absorption (blue line) and emission (red line) spectra of P7. (Date collected by Ms. Miffy Cheng).

Figure 125 shows the absorption and emission spectra of peptide P7 (data collected by Ms.
Miffy Cheng). Maximum absorbance was seen at 655 nm, and maximum emission seen at 681 nm.
Photophysical properties of peptide P7 and the aza-BODIPY starting material were studied in
acetonitrile at room temperature; shown in Table 26. The extinction coefficient of P7 (ca. 35,400 M-
em™?) shows efficient fluorescence, although it is lower than ICG and MB FDA approved dyes;
121,000 and 71,200 Mcm?, respectively.*?® The value is in the same range as that reported by Poty
et al. with AMD3100 for their conjugated BODIPY fluorophore, L80 (ranging from 30200 to 53900 M-

1cm—l).53

Table 26: Photophysical properties of the BODIPY starting material and peptide P7 in PBS at 298K.

Compound Solvent Aabs(nm) Aem(nm) e (Mecm?) (OF; Brightness®
(M1cm?)
Aza-BODIPY MeCN 660 710 37102 0.23 8534
P7 MeCN 655 681 35380 0.60 21228

The @ value of P7 was determined to be 0.60 which is significantly higher than the starting
material. The phenomenon of a hypochromic shift and significant increase in fluorescence quantum
yield is suspected to be due to the conjugation to a hydrophilic sterically hindered group, reducing

the aggregation of the dye in polar solvent or enhanced r-it interaction.®

On comparison to the CXCR4 tetraazamacrocyclic BODIPY antagonists developed by Poty et
al. higher quantum yields and brightness were achieved with P7. Poty et al. achieved between 0.05-

0.27 with the inclusion of the metal into the AMD3100 analogue having a marked increase on
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quantum yield.>® P7 is ca. 2.5 times brighter than the unconjugated aza-BODIPY fluorophore and the

best fluorophore reported by Poty et al.>

6.5.3 In vitro CXCR4 binding assays for the aza-BODIPY peptide conjugate
Peptide P7 and the related compounds were evaluated for blocking of the CXCL12 induced

calcium flux in transfected U87 cells. 65

Table 27: ICso values of Pentixafor peptide and aza-BODIPY derivatives. Concentration required to reduce the level of Ca?*
ions observed during a ‘normal’ signalling process by 50% (ICso) in U87-CXCRA4 cells.

Compound Calcium Signalling ICso /nM
P4 4
p7 42

Table 27 shows the ICso values obtained from the calcium signalling assay. The aza-BODIPY
containing peptide, P7 has a slightly lower affinity towards the CXCR4 receptor when compared to
the parent amino peptide P4 but is still in the range for a useful probe. The aza-BODIPY dye, despite
considerable steric bulk and the presence of the sulfonate group, does not have a detrimental effect

on CXCR4 binding warranting further investigation of this construct as a NIR imaging probe.

Gat
G

Jurkat Pent-BODIPY 2ub.006 FL2-H Gi
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Figure 126: Flow cytometric histogram plots for binding of 12G5 mAb in competition with peptide P7 at varying
concentrations in Jurkat cells.
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To investigate affinity by competition for binding with CXCR4 antibodies, cell were exposed
to varying concentrations of peptide P7 and binding inhibition determined by flow cytometry (Figure
126). The fluorescence of the P7 antagonist could not be directly measured due to excitation and

emission wavelengths, therefore the fluorescence of the PE-antibody conjugate (12G5) was detected.
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Figure 127: Antibody (IgG2A) displacement concentration curve obtained for P7 in Jurkat cells, n =3.

The ICso value of 82.7 nM was determined in this assay. This showed a 3.5 fold reduction in
affinity on comparison with gallium Pentixafor ([GaP4]) which was determined in the same assay
(IC5022.9 nM, n = 1, data collected by Ms. Cecilia Miranda). These results are in a similar range to
those reported in Table 27 for the calcium signalling assays but give a different CXCR4 dependent

biological readout.
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Figure 128: CXCR4 expression in U87-CXCR4 vs U87 cells as determined by flow cytometry.

To further investigate the properties of P7, confocal microscopy experiments in cell lines of
varying CXCR4 expression were carried out. Due to the problem of non-specific uptake seen using
formalin fixed cells reported by Van de Berg et al. confocal imaging experiment were performed
using live cells.*® The expression levels of CXCR4 receptors in U87 and U87-CXCR4 cell lines were

determined via flow cytometry (see Figure 128).
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Various concentrations of P7 were investigated for confocal imaging in U87-CXCR4 cells,
with other experimental parameters remaining unchanged. Tietz et al. reported an incubation time
effect on fluorescence when using a T140 dye conjugate in CXCR4 expressing cells.*” An increase in
fluorescence was noted from 5 to 30 min with little further increase after 60 min. Similar
experiments were carried out with the cells incubated at 4°C rather than 37°C as this is known to

cause internalisation of the CXCR4 receptor.
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Figure 129: Confocal microscopy images of peptide P7 in U87-CXCR4 cells at 5 and 10 uM.
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Figure 129 shows the results using a concentration of 5 and 10 uM of P7 incubated with ca.
4000 cells. All concentrations showed binding to CXCR4 on the membrane of the U87-CXCR4 cells
with the higher concentrations providing the highest fluorescent signal. Imaging of P7 using confocal
microscopy showed no degradation or bleaching when exposed to sustained laser irradiation (10-20
min). Further work could lower the concentration to 0.1 uM to give a direct comparison with the

concentration used for NIR probes reported by Santagata et al. and Meincke et g/.397 4%

Z-stacking experiments were conducted to illustrate that the peptide P7 was binding in the
membrane of the cell rather than being internalised (see section 10.1). To determine the specificity
of the P7 towards CXCR4, confocal images were also collected on the low/non-expressing U87 cell
line (shown using FACS, Figure 128). Again each experiment was conducted with 5 uM of P7
incubated for 30 min at 4°C, however, inconsistent results were observed and these experiments

need to be repeated.

CXCR4 competition/blocking experiments were attempted using the confocal. The
experiments were carried out using a small molecule antagonist [Cu;5(0Ac):](OAc), and CXCR4
specific antibody 12G5. However, incomplete blocking was observed due to problems either with

the concentration or procedure. (Results shown in the appendix, Section 10).

These preliminary in vitro results show the potential of P7 as a NIR CXCR4 imaging probe.
Further work is needed to fully validate the compound performance with repeats and optimisation

of some of the microscopy protocols.
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6.6 Conclusion

A library of small macrocyclic antagonists conjugated to rhodamine or fluorescein were
synthesised but have not yet been fully analysed. When in vitro assay results are obtained, structure
activity relationships can be determined. It is expected that non-specific cellular uptake will be
observed with the dyes used and preliminary confocal microscopy data supported this. If sufficient
receptor affinity is demonstrated, then a second generation of compounds with alternate dye

components can be investigated.

A novel aza-BODIPY conjugate FC131 peptide, P7 was synthesised and purified to give a
potential NIR CXCR4 imaging probe. The FC131 peptide has shown to be of clinical relevance when
labelled with gallium-68 (Pentixafor), this work has produced a novel NIR analogue of Pentixafor
used for fluorescence imaging. The conjugate maintained the excellent photophysical properties of
the aza-BODIPY fluorophore and had high affinity for the CXCR4 receptor (P7; ICso = 42 nM). This was
confirmed through in vitro CXCL12 stimulated calcium flux assays, mAb competition binding and

confocal experiments.
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6.7 Future work

The small macrocyclic antagonists can be developed with alternative fluorophores that
possess better photophysical properties and do not have the impact on the non-specific uptake of
the conjugate. Cyanine dyes or BODIPY derivatives could be used and this is still worthwhile for
further investigation. These compounds could have the advantages of high affinities and long
receptor residence times coupled with increased metabolic stability offer some significant

advantages over the peptides.

The NIR dye peptide conjugate P7 CXCR4 can be further studied to determine photophysical
properties (e.g. extinction coefficient and quantum yield) in biologically relevant media to mimic the
in vivo environment. Further in vitro validation on the NIR conjugated peptide P7 is also suggested.
Along with repeats of the confocal experiments carried out with blocking compounds, the studies
could be extended to include a wider range of CXCR4 binding molecules and proteins (e.g. AMD3100,
unlabelled peptide and CXCL12). Further studies using FACS could be carried out to assess the
affinity and specificity of the P7 probe. A flow cytometer with the capability to measure fluorescence
in the NIR region would allow for the direct detection of the P7 antagonist. Competition binding
experiments could then be conducted in the positive and negative cell lines allowing for quantitative
validation of the uptake/binding of the tracer. This technique will not differentiate between
internalised and membrane bound probe but that distinction can be made with complementary

confocal microscopy experiments.

There is also potential for ex vivo and in vivo studies to be carried out with the P7 antagonist.
In vivo biodistribution data would be interesting to evaluate whether the hydrophobic nature of the
fluorophore affects circulation time as well as excretion pathways, compared to the radiolabelled
Pentixafor derivative. Structural changes may be required to introduce a pharmacokinetic behaviour

modifying linker, such as a PEG chain.

There has been a lot of recent interest in multi-modal imaging probes. BODIPY dyes have
been shown to allow for the inclusion of the positron emitting radioisotope fluorine-18 to give
multimodal positron emission tomography (PET)/optical imaging agents.****” Formation of BODIPY
based PET/optical multimodal imaging can be achieved via B—F bond formation or modification of

the structural backbone to incorporate the radiolabel.??
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Chapter Seven

Conclusion
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7. Conclusion
7.1 Overview

This work highlights the synthesis of novel peptide and highly stability metal macrocyclic
complexes for potential use as CXCR4 receptor targeted cancer diagnosis agents. Figure 130 depicts

several of the key antagonists and the imaging modality which is being used for each construct.
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Figure 130: Summary of different modalities for imaging the CXCR4 receptor and examples of antagonists investigated.

The development of new therapeutic and diagnostic agents is a growing area of research.
The most common cause of cancer related deaths is not from the primary tumour but from
metastatic tumours, therefore the CXCR4 chemokine receptor which is overexpressed in over 23

different cancers and plays a key role in the metastatic process is a key target.

The inclusion of configurationally restricted cyclam/cyclen macrocycles in the compounds
reported in this work is designed to overcome stability limitations and optimise coordination

interactions with the residues on the receptor, to provide stable and high affinity CXCR4 antagonists.
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The work previously carried out by the Archibald group to design high affinity CXCR4 antagonists has
been advanced by the inclusion of radioisotopes and fluorophores for the development of PET,
SPECT and optical imaging. For the development of a CXCR4 targeted PET imaging agent, the radio-

isotopes copper-64, gallium-68 and fluorine-18 were all investigated.

AMD3100 and AMD3465 have been labelled with copper-64 in studies previously reported
in the literature. However, due to the flexibility of the cyclam ring, transchelation of the copper-64
was observed with high liver uptake, limiting further development of these tracers to clinical
application. Although the gallium-68 peptide, Pentixafor has undergone clinical translation, other
small molecule CXCR4 antagonists have not made the same leap out of the researching laboratories.
Other isotopes of interest are fluorine-18 (PET) and technetium-99m (SPECT) due to half-life and
availability. Targeted optical imaging is also of high interest, particularly with regard to the

development of fluorescence guided surgery.

7.2 Main achievements in this work
The synthesis of a series of novel configurationally restricted mono- and bis
tetraazamacrocyclic compounds attached to BFCs or fluorophores with potential for imaging the

CXCR4 receptor have been reported in this work.

An improved synthetic procedure for the CB bis-tetraazamacrocycle compound 5, was
designed to give increased yield and higher purity. Compound 5 was radiolabelled with copper-64
[¢*Cu][Cu5(OACc)](OAc) with a 41.6 + 4.6% RCY. Non-radioactive derivatives; [Cu5(OAc)](OAc) and
[Cu25(0Ac)2](0Ac), were shown to be high affinity CXCR4 antagonists (ICso = 60 nM and 4 nM,

respectively).

In vivo dynamic PET/CT scans showed that [**Cu][Cu5(OAc)](OAc) had specific binding to
CXCR4, with uptake in the CXCR4 positive tumour being 8 fold higher than that in the CXCR4
negative tumour (U87-CXCR4, 20.21 + 5.78%; U87, 3.0 + 0.5). Blocking experiments of tracer
[*Cu][Cu5(OAc)](OAc) using [Cu25(0Ac)2](0OAc), showed reduction of tumour and liver uptake by
more than 90%. The study demonstratesthat the copper-64 chelated complex is stable and no
transchelation is observed, which has previously hampered the further development of copper-64

labelled AMD3100 and AMD3465 tracers.

The CXCR4 receptor binding PET tracer Pentixafor was synthesised to use in comparator
studies and some novel derivatives were also synthesised including an azide functionalised
compound P3. The inclusion of the azide allows for click chemistry reactions with appropriate BFCs

for other radioisotopes or fluorophores.
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Work was carried out to develop gallium-68 BFC functionalised tetraazamacrocyclic
compounds. The inclusion of DOTAGA had a negative impact on the affinity of the antagonists. For
example, the non-conjugated antagonists [Cu224(OAc);](OAc),; and [Zn,24(0Ac);](OAc), showed
high CXCR4 affinities (ICso) of 100 nM and 1 nM respectively; however, upon conjugation the
potency decreased to >5000 nM for both [Cu;29(OAc).](OAc), and [Zn;29(0Ac);](OAc),. This
decrease in affinity was attributed to the close proximity of the negatively charged glutamate of the
DOTAGA. Additional in vitro and in vivo studies, confirmed that these compound were not suitable
for targeted imaging of the CXCR4 receptor. Alternative designs were investigated with PEG chain
linkers, a pretargeted approach and alternative BFCs all explored but high affinity CXCR4 targeting

gallium-68 tracers were not produced in this work.

The novel CXCR4 binding THP conjugated peptide, P5, was synthesised and radiolabelled at
physiological pH within 5 mins. This is advantageous over the widely used Pentixafor DO3A
containing peptide, which requires acidic pH and a longer reaction time to label. In vivo studies with
[°8Ga][GaP5] gave an SUVmax ca. 1.9% ID/g, which was lower than that achieved by Pentixafor,
[8Ga][GaP4]. The reduction in tumour accumulation and higher liver uptake is likely due to the
increased lipophilicity of the THP BFC of P5. Optimisation of this property with PK modifying linkers

would be a possible route to improve the tracer and to exploit the excellent labelling properties.

In the development of a fluorine-18 antagonist, novel NODA conjugated bis-
tetraazamacrocyclic compounds (43, [Cu43(OAc):](OAc); and [Zn,43(0Ac).](OAc),) were
synthesised and radiofluorination attempted using the inorganic [*F]AIF complex. Calcium signalling
assays detemined the antagonist [Zn,AIF43(0Ac).](OAc); to be the most potent of the molecules
tested (ICso = 95 nM). These antagonists also offer the potential for labelling with other

radioisotopes.

The literature contains very few reports on the development of CXCR4 targeted SPECT
imaging agents. Therefore, the design and radiolabelling of novel CXCR4 SPECT tracers such as
[**™Tc][Cu,Tc51(0Ac),](0OAc), was investigated. In vitro assays carried out on the non-radioactive
rhenium, analogues revealed that antagonist [CuzRe51(OAc);](OAc), had a ICso inhibition value
similar to that of AMD3100, and thus warranted further development. [*™Tc][Cu,Tc51(0Ac);](OAc),
was successfully radiolabelled in a 46% decay-corrected RCY. The tracers were shown to be stable in
PBS up to 3 hours, however, high protein binding was seen in serum, which needs further

investigation to determine if it is problematic for application of the tracer.

A library of configurationally restricted tetraazamacrocycles was conjugated to fluorophores

and is ready for in vitro evaluation, although it is expected that these compouds will have non-
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specific cellular uptake due to the dyes used. A NIR azo-BODIPY dye conjugated peptide, P7, was also
developed showing high affinity for the CXCR4 receptor (ICso = 42 nM) with preliminary confocal

microscopy experiments indicating the potential of this NIR probe.

7.3 Wider context and applicability of some aspects of the research

An effective and reproducible synthetic route for the synthesis of configurationally restricted
bis-tetraazamacrocycles using microwave reduction has been outlined in this work. The new
procedure dramatically reduces synthesis time, and minimises the quantity of reducing agent used,
as well as increasing purity of the product. This work also outlines alternative purification methods
for the metal complexes of bis-tetraazamacrocyclic compounds using HPLC and fraction analysis via
MS in conjunction with size exclusion chromatography which increases the purity of the isolated
compound. Significant time was spent on the development of semi-preparative HPLC purification
methods for these highly challenging multi-charge/protonation state molecules. The greatest
success was seen with the addition of a controlled amount of trifluoroacetic acid to the mobile

phase, allowing species to elute fully protonated with narrow peaks.

In vivo studies conducted with [**Cu][Cu5(OAc)](OAc) demonstrated high affinity and
specificity toward the CXCR4 chemokine receptor. Importantly, unlike the copper-64 CXCR4
antagonists reported previously (AMD3100 and AMD3465 derivative) no transchelation was
observed. This validates the theory that configurational restricting these tetraazamacrocyclic

compound increases metal ion complexation stability.

The peptide synthesis procedures outlined in this work improved upon those reported in the
literature, using alternate deprotection strategies. This improved procedure was utilised to form the

novel and versatile CXCR4 targeting peptide derivative, P3.
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8. Future work

8.1 Short-term goals

A more detailed biological evaluation of mono- and bis-tetraazamacrocyclic metal complexes
discussed throughout is necessary to establish how they are acting as high affinity antagonists. This
could be achieved through site directed mutagenesis experiments with selected residues on the
CXCR4 receptor changed to determine impact on binding.'® 1 |t would also be beneficial to
determine the crystal structures of these novel BFC/fluorophore containing macrocycles; to confirm
their structures match those previously characterised. While the majority of the metal containing
tracers reported include either zinc(ll) or copper(ll) ions, nickel(ll) has also proven to be effective and

so investigation of the nickel(ll) may be of interest.?*®

Whilst partial success was seen with the synthesis of the gallium-68 pretargeted compounds
39 and 40; further validation is needed with respect to the bioorthogonal IDDA reaction between the
two components. Biological testing and radiolabelling would also need investigating before any in

vivo experimental design can be considered.

As stated in Section 3.12 the lipophilicity of peptide P5 with the inclusion of the THP BFC was
shown to be detrimental to tumour uptake in vivo. This could be modified as discussed previously
and lipophilicity measurements correlated with biodistribution results to clearly determine the

impact of this parameter.

It is worth re-investigating the synthesis of gallium-68 labelled [Cu;34(OAc);](OAc); and
[Zn,34(0Ac),](OAc),. These PEG chain linker compounds not only have an increased distance
between the binding moiety and the BFC, but also have one less carboxylic acid present compared to
DOTAGA. This is likely to improve the affinity of the antagonist, reducing the repulsion. Further

investigation of these compounds would be useful to understand the impact of the linkers

The radiolabelling of the Al-F compounds of [Cu243(0Ac).](OAc), and 43 showed a poor
overall yield of ca. 2%. Optimised radiofluorination conditions need to be developed to deliver a high
specific activity tracer in good vyield. Alternatively; as illustrated in Figure 96, antagonists

[Cu243(0Ac):]1(0OAc), and 43 could also be radiolabelled with copper-64 or gallium-68.

For development of technetium-99m tracers, an alternative to the fac-[*"T¢(CO)s]* moiety
could be investigated using the same antagonists (49, 51 and [Cu;51(0OAc),](OAc)z). As mention in
section 5.1.2, Braband et al. used a fac-[**"Tc(0)s] to label the TACN BFC.3¢% 361 The group reports
that the fac-[**™Tc(0)3(TACN)]* complex demonstrated superior in vivo stability and excretion,

compared to tracers formed with the tri-carbonyl fac-[**™Tc(CO)s]* complexes. Therefore, it would
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be interesting to radiolabel the CXCR4 antagonists with the fac-[**™Tc(0)s] moiety, to determine

whether stability or in vivo biodistribution could be enhanced.

8.2 Long-term goals

8.2.1 Synthesis

Throughout the work presented, the configurationally restricted bis-tetraazamacrocycle 24
and its metal complexes derivatives were selected as the base structure to modify. Antagonist 24
was selected due to its relative ease of synthesis and high affinity towards CXCR4. The Archibald
research group along with collaborators have synthesised a large library of configurationally
restricted bis-tetraazamacrocycles structures (>1000). Figure 131 depicts examples of other high
affinity configurationally restricted bis-tetraazamacrocycles that have been synthesised and
characterised. These structures are either aryl- (L77-78) or C-functionalised (L79-80), allowing

further modifications to be made.
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L
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L77;n=0 L79:n=0 NH,
L78:n=1 L80:n=1

Figure 131: Structures of some of the other library of configurationally restricted bis-tetraazamacrocycles CXCR4
antagonists synthesised by the Archibald research group.257.438

The azide derivative, P3, forms a useful precursor for facile modification to generate peptidic
CXCR4 binding compounds. The formation of alkyne derived NOTA BFC would allow facile labelling
with a wide range of radioisotopes for both imaging and therapeutic applications as an alternative to
Pentixafor/Pentixather (structures shown in Figure 132). The click reaction between P3 and the
alkyne aza-BODIPY NIR dye was unsuccessful (P6), and so further work needs to be carried out to
develop this. Other commercially available alkyne containing NIR dyes could also be tested such as
Sulfo-Cyanine7.5 alkyne (Lumiprobe) which have high quantum yields and emission spectra ideal for

in vivo applications.
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Figure 132: Proposed therapeutic and imaging agents that could be synthesised with the azide CXCR4 peptide P3.

It would be interesting to investigate the conjugation of the metal complex bis-

tetraazamacrocycles ([Cu,24(0Ac).](OAc); and [Zn,24(0Ac).](OAc);) to the BFC THP, (structures

shown in Figure 80). The use of THP allows for rapid radiolabelling to be achieved at neutral pHs in a

kit like formulation which is attractive to radiopharmacies.

8.2.2 Radiolabelling and Biological validation
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L“? u-OAc [

LOIN S
AcO

[Cud(OAC)](OAC)

@(Q“m

\ _N

Lo (,:u OAc AcO- 64Cu\,5}
AN

(OIN

2AcO

z\

[*“Cul[Cu,5(0AC)2](OAC)2

Scheme 20: Alternative radiolabelling procedure for [Cu5(OAc)](OAc) with copper-64 to form [64Cu][Cu,5(0Ac),](OAc),.

Alternative radiolabelling conditions for the formation of [#*Cu][Cu25(0Ac),](OAc); could be

investigated using high purity [Cu5(OAc)](OAc) which can be combined with copper-64, as shown in

Scheme 20. Specific activity would need to be fully investigated using both the alternative

radiolabelling technique and HPLC purification conditions optimised before in vitro and in vivo

experiments could be carried out.
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In vitro and in vivo evaluation should be completed with the NIR fluorescent aza-BODIPY
peptide P7. Initially results via FACS have shown the affinity for the CXCR4 receptor is maintained in
the dye conjugated peptide, further FACS/confocal studies can be used to assess the specificity of
the imaging probe. This can be completed using direct detection of the probe in U87 vs U87-CXCR4
cell lines via FACS, or blocking studies undertaken with confocal microscopy. /In vivo experiments
investigating the biodistribution and uptake of P7 in CXCR4 expressing tumour bearing mice could

then be conducted.
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9.1. General Method

9.1.1 General notes

Bulk solvent was removed by rotary evaporation on a Blichi RE 111 evaporator equipped with a
diaphragm vacuum pump, trace solvent was removed in a vacuum oven. Reactions were performed
at room temperature (RT) unless otherwise stated. All metal containing compounds were purified
via size exclusion chromatography using Sephadex LH20, which was pre-soaked in methanol

overnight.

9.1.2 NMR spectroscopy

All NMR data was collected on a JEOL JNM-LA400 spectrometer at 400 and 100 MHz for *H and *3C
respectively, using the indicated solvents. Chemical shifts are reported in parts per million, ppm, for
'H NMR and 3C NMR spectra and coupling constants, J, reported in Hertz, Hz. Splitting patterns are
assigned as s: singlet, d: doublet, dt: double triplet, t: triplet, q: quartet, m: multiplet, td: triple

doublet and br: broad signal.

9.1.3 Mass Spectrometry

Electrospray MS was performed at the University of Hull using either a ADVION MS SOP or Finnegan
MAT 900 XLT system. Accurate mass spectrometry measurements (HRMS) were recorded at the
EPSRC National Mass Spectrometry Service Centre at the University of Swansea using a LQT Orbitrap

XL.

9.1.4 Elementary analysis

CHN analysis was performed using a CHN analyser EA1108 (Carlo Erba). Most compounds were
within the limit of 0.4% of the expected ratios, however some were within 0.5%. This higher limit is
due to products being viscous oils which make elemental analysis challenging. For other products,
higher solvent association or salt impurities are likely to cause the larger deviation from the

predicted element values.

9.1.5 Radio-Thin layer chromatography (Radio-TLC)
Radio-TLC was performed using Scan-RAM Radio TLC detector.

9.1.6 UV-visible Spectroscopy
A Varian Cary 50 Bio UV-vis spectrometer was used measuring absorption spectra from 250 nm to

800 nm.

9.1.7 Fluorescence Spectroscopy

A Varian Cary Eclipse Fluorescence spectrometer was used measuring excitation and emission from

400 nm to 800 nm.
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9.1.8 Materials

Reagents for chemical reactions were purchased from Sigma-Aldrich, Fisher, CheMatech, Acros, and
Click-Chemistry Tools. Chemicals were used as received without further purification. Solvents used
were of general purpose grade and used as received. Acetonitrile (MeCN), dichloromethane (DCM),
tetrahydrofuran (THF), and methanol (MeOH) were dried over molecular sieves, following activation

at 300 °C for 18 h.
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9.2 HPLC purification

9.2.1 Analytical

9.2.1.1 System A

Analytical RP-HPLC (ACE 5, C18 column, 4.6 x 250 mm 100) with (ethanol) and (20 mM sodium
acetate, pH 5) as eluents, an isocratic gradient of 5% (5 min) of (20 mM sodium acetate, pH 5), then
a linear gradient from 5 to 80% (35 min) at a flow rate of 1.0 mL.min?. UV-Vis detection with an
Agilent Technologies 1200 series diode array detector at 214, 254, 280, 300 nm. Radio-count
detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.1.2 System B

Analytical RP-HPLC (ACE 5, C18 column, 4.6 x 250 mm 100) with (ethanol) and (20 mM sodium
acetate, pH 3) as eluents, an isocratic gradient of 5% (5 min) of (20 mM sodium acetate, pH 3), then
a linear gradient from 5 to 80% (35 min) at a flow rate of 1.0 mL.min™. UV-Vis detection with an
Agilent Technologies 1200 series diode array detector at 214, 254, 280, 300 nm. Radio-count
detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.1.3 System C

Analytical RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic gradient of 2% (5 mins) (acetonitrile/0.1% TFA) before increasing to
30% (18 min) (acetonitrile/0.1% TFA), at a flow rate of 1.0 mL.min*. UV-Vis detection with an Agilent

Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.

9.2.1.4 System D

Analytical RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic gradient of 40% (5 mins) (acetonitrile/0.1% TFA) before increasing
to 90% (20 min) (acetonitrile/0.1% TFA), before increasing further to 90% (0.5 min) (acetonitrile/0.1%
TFA) becoming isocratic at 90% (5 min) at a flow rate of 1.0 mL.min™. UV-Vis detection with an

Agilent Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.

9.2.1.5 System E

Analytical RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic gradient of 5% (5 mins) (acetonitrile/0.1% TFA) before increasing to
65% (15 min) (acetonitrile/0.1% TFA), at a flow rate of 1.0 mL.min™. UV-Vis detection with an Agilent

Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.
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9.2.1.6 System F

Analytical RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic gradient of 10% (5 mins) (acetonitrile/0.1% TFA) before increasing
to 90% (20 min) (acetonitrile/0.1% TFA), at a flow rate of 1.0 mL.min™. UV-Vis detection with an
Agilent Technologies 1200 series diode array detector at 214, 254, 280, 300 nm. Radio-count
detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.1.6 System G

Analytical RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic gradient of 2% (5 mins) (acetonitrile/0.1% TFA) before increasing to
70% (15 min) (acetonitrile/0.1% TFA), at a flow rate of 1.0 mL.min™. UV-Vis detection with an Agilent
Technologies 1200 series diode array detector at 214, 254, 280, 300 nm. Radio-count detected with
a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.1.7 System H

Analytical radio-HPLC (ACE Excel, C18 column, 4.6 x 250 mm) with (CH3CN/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2 to 70% (20
min) of (CH3CN/0.1% TFA) at a flow rate of 1.0 mL.minl. UV-Vis detection with an Agilent
Technologies 1200 series diode array detector at 214, 254, 280, 300 nm. Radio-count detected with
a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.1.8 System |

Analytical RP-HPLC (ACE Excel, C18 column, 4.6 x 250 mm) with (CH3CN/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic at 5% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2 to 65% (20
min) of (CH3CN/0.1% TFA) at a flow rate of 1.0 mL.min. UV-Vis detection with an Agilent
Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.

9.2.1.9 System J

Analytical RP-HPLC (ACE Excel, C18 column, 4.6 x 250 mm) with (CH3CN/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic at 12% (CH3CN/0.1% TFA) (5 mins), linear gradient from 12 to 55%
(20 min) of (CH3CN/0.1% TFA) at a flow rate of 1.0 mL.min™?. UV-Vis detection with an Agilent
Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.

9.2.1.10 System K

Analytical RP-HPLC (ACE Excel, C18 column, 4.6 x 250 mm) with (CH3CN/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2 to 55% (20
min) of (CH3CN/0.1% TFA) at a flow rate of 1.0 mL.min. UV-Vis detection with an Agilent
Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.
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9.2.1.11 System L

Analytical RP-HPLC (ACE Excel, C18 column, 4.6 x 250 mm) with (CH3CN/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2 to 50% (20
min) of (CH3CN/0.1% TFA), linear gradient to 80% (5 min) at a flow rate of 1.0 mL.min?. UV-Vis
detection with an Agilent Technologies 1200 series diode array detector at 214, 254, 280, 300 nm.

9.2.1.12 System M

Analytical RP-HPLC (ACE 5, C18 column, 4.6 x 250 mm 100) with (methanol) and (0.2 M ammonium
formate buffer, pH 6.5) as eluents, a linear gradient from 49 to 60% (20 min) of (methanol) at a flow
rate of 1.0 mL/mint. UV-Vis detection with an Agilent Technologies 1200 series diode array detector

at 214, 254, 280, 300 nm.

9.2.1.13 System N

Analytical RP-HPLC (ACE 5, C18 column, 4.6 x 250 mm 100) with (CH3CN/0.1% TFA) and (0 H,0/0.1%
TFA) as eluents, initially a linear gradient from 20 to 95% (20 min) of (CH3CN/0.1% TFA), isocratic at
95% (5 min) at a flow rate of 1.0 mL/min. UV-Vis detection with an Agilent Technologies 1200 series
diode array detector at 214, 254, 280, 300 nm.

9.2.1.14 System O

Analytical radio-HPLC (ACE Excel, C18 column, 4.6 x 250 mm) with (CH3CN/0.1% TFA) and (H,0/0.1%
TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2 to 30% (10
min) of (CH3CN/0.1% TFA) at a flow rate of 1.0 mL.min. UV-Vis detection with an Agilent
Technologies 1200 series diode array detector at 214, 254, 280, 300 nm. Radio-count detected with
a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).
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9.2.2 Semi-preparative

9.2.2.1 System 1

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (ethanol) and (20 mM
sodium acetate, pH 6.8) as eluents, initially linear gradient from 5% (10 min) of (ethanol), followed
by a linear gradient to 50% (0.5 min) of (ethanol) where the gradient stayed isocratic at 50% (10 min).
Then a return to initial condition by linear gradient from 50 to 5% (0.5 min), before remaining
isocratic from 5% (10 min) of (ethanol) at a flow rate of 5.0 mL.min™. UV-Vis detection with an
Agilent Technologies 1200 series diode array detector at 254 nm. Radio-count detected with a Flow-

RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.2 System 2

Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (methanol/0.1% TFA) and
(H20/0.1% TFA) as eluents, isocratic gradient of 89% (30 mins) (H,0/0.1% TFA) at a flow rate of 5.0
mL.min. UV-Vis detection with an Agilent Technologies 1200 series diode array detector at 254 nm.

Radio-count detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.3 System 3

Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (methanol/0.1% TFA) and
(H20/0.1% TFA) as eluents, isocratic gradient of 85% (30 mins) (H,0/0.1% TFA) at a flow rate of 5.0
mL.min. UV-Vis detection with an Agilent Technologies 1200 series diode array detector at 254 nm.

Radio-count detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.4 System 4

Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic gradient of 5% (5 mins) (acetonitrile/0.1% TFA) before
increasing to 40% (10 min) (acetonitrile/0.1% TFA) at a flow rate of 5.0 mL.min. UV-Vis detection

with an Agilent Technologies 1200 series diode array detector at 254 nm.

9.2.2.5 System 5

Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic gradient of 2% (5 mins) (acetonitrile/0.1% TFA) before
increasing to 30% (20 min) (acetonitrile/0.1% TFA) at a flow rate of 5.0 mL.min’. UV-Vis detection

with an Agilent Technologies 1200 series diode array detector at 254 nm.

9.2.2.6 System 6
Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and

(H20/0.1% TFA) as eluents, initially isocratic gradient of 5% (5 mins) (acetonitrile/0.1% TFA) before

216



increasing to 65% (15 min) (acetonitrile/0.1% TFA) at a flow rate of 5.0 mL.min. UV-Vis detection

with an Agilent Technologies 1200 series diode array detector at 254 nm.

9.2.2.7 System 7

Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic gradient of 5% (5 mins) (acetonitrile/0.1% TFA) before
increasing to 95% (20 min) (acetonitrile/0.1% TFA) at a flow rate of 5.0 mL.min. UV-Vis detection

with an Agilent Technologies 1200 series diode array detector at 254 nm.

9.2.2.8 System 8

Semi-preparative RP-HPLC (ACE 5, C18 column, 10.0 x 250 mm) with (acetonitrile/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic gradient of 5% (5 mins) (acetonitrile/0.1% TFA) before
increasing to 20% (15 min) (acetonitrile/0.1% TFA) at a flow rate of 5.0 mL.min. UV-Vis detection

with an Agilent Technologies 1200 series diode array detector at 254 nm.

9.2.2.9 System 9

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially linear gradient from 2 to 70% (20 min) of (CH3CN/0.1% TFA) at a
flow rate of 5.0 mL.min?. UV-Vis detection with an Agilent Technologies 1200 series diode array
detector at 254 nm. Radio-count detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-
310437).

9.2.2.10 System 10

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2
to 55% (20 min) at a flow rate of 5.0 mL.min™’. UV-Vis detection with an Agilent Technologies 1200

series diode array detector at 254 nm.

9.2.2.11 System 11

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially linear gradient from 15 to 30% (20 min) of (CH3CN/0.1% TFA) at a
flow rate of 5.0 mL.min?. UV-Vis detection with an Agilent Technologies 1200 series diode array

detector at 254 nm. Radio-count detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437)

9.2.2.12 System 12

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2
to 50% (20 min) of (CH3CN/0.1% TFA) at a flow rate of 5.0 mL.min’. UV-Vis detection with an Agilent

Technologies 1200 series diode array detector at 254 nm.
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9.2.2.13 System 13

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially isocratic at 2% (CH3CN/0.1% TFA) (5 mins), linear gradient from 2
to 50% (20 min) of (CH3CN/0.1% TFA), linear gradient to 80% (5 min) of (CH3CN/0.1% TFA) at a flow
rate of 5.0 mL.min™. UV-Vis detection with an Agilent Technologies 1200 series diode array detector

at 254 nm.

9.2.2.14 System 14

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and (H.O
/0.1% TFA) as eluents, initially linear gradient from 10 to 70% (20 min) of (CH3CN/0.1% TFA) at a flow
rate of 5.0 mL.min™. UV-Vis detection with an Agilent Technologies 1200 series diode array detector

at 254 nm. Radio-count detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.15 System 15

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially linear gradient from 15 to 35% (20 min) of (CH3CN/0.1% TFA) at a
flow rate of 5.0 mL/min. UV-Vis detection with an Agilent Technologies 1200 series diode array

detector at 254 nm.

9.2.2.16 System 16

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (methanol) and (0.2 M
ammonium formate buffer, pH 6.5) as eluents, a linear gradient from 49 to 60% (20 min) of
(methanol) at a flow rate of 5.0 mL/min. UV-Vis detection with an Agilent Technologies 1200 series

diode array detector at 254 nm.

9.2.2.17 System 17

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and
(H20/0.1% TFA) as eluents, initially linear gradient from 20 to 40% (20 min) of (CH3CN/0.1% TFA) at a
flow rate of 5.0 mL/min. UV-Vis detection with an Agilent Technologies 1200 series diode array

detector at 254 nm.

9.2.2.18 System 18

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (methanol) and (0.2 M
ammonium formate buffer, pH 6.5) as eluents, initially linear gradient from 40 to 55% (20 min) of
(methanol), at a flow rate of 5.0 mL/min). UV-Vis detection with an Agilent Technologies 1200
series diode array detector at 254 nm. Radio-count detected with a Flow-RAM, Nal radio-HPLC
detector (PMT1-310437).
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9.2.2.19 System 19

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and (H.O
/0.1% TFA) as eluents, initially isocratic conditions at 2% (5 min) of (CH3CN/0.1% TFA), followed by a
linear gradient from 2 to 60% (10 min) of (CH3CN/0.1% TFA) at a flow rate of 5.0 mL.min. UV-Vis
detection with an Agilent Technologies 1200 series diode array detector at 254 nm. Radio-count

detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.20 System 20

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and (H.O
/0.1% TFA) as eluents, initially isocratic conditions at 2% (5 min) of (CH3CN/0.1% TFA), followed by a
linear gradient from 2 to 30% (20 min) of (CH3CN/0.1% TFA) at a flow rate of 5.0 mL.min™. UV-Vis
detection with an Agilent Technologies 1200 series diode array detector at 254 nm. Radio-count

detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.21 System 21

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (CH3CN/0.1% TFA) and (H.O
/0.1% TFA) as eluents, initially isocratic conditions at 2% (5 min) of (CH3CN/0.1% TFA), followed by a
linear gradient from 2 to 80% (15 min) of (CH3CN/0.1% TFA) at a flow rate of 5.0 mL.min. UV-Vis
detection with an Agilent Technologies 1200 series diode array detector at 254 nm. Radio-count

detected with a Flow-RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.22 System 22

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (methanol) and (0.2 M
ammonium formate buffer, pH 6.5) as eluents, initially a linear gradient from 50 to 0% (20 min) of
(0.2 M ammonium formate buffer, pH 6.5) at a flow rate of 5.0 mL.min™. UV-Vis detection with an
Agilent Technologies 1200 series diode array detector at 254 nm. Radio-count detected with a Flow-

RAM, Nal radio-HPLC detector (PMT1-310437).

9.2.2.23 System 23

Semi-preparative RP-HPLC (ACE Excel, C18 column, 10.0 x 250 mm) with (methanol) and (0.2 M
ammonium formate buffer, pH 6.5) as eluents, initially a linear gradient from 50 to 20% (20 min) of
(0.2 M ammonium formate buffer, pH 6.5) at a flow rate of 5.0 mL.mint. UV-Vis detection with an
Agilent Technologies 1200 series diode array detector at 254 nm. Radio-count detected with a Flow-

RAM, Nal radio-HPLC detector (PMT1-310437).
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9.3 Compound Synthesis

9.3.1 Synthesis of cis-3,5,8,10-tetraazaperhydropyrene (1) and cis-13-1,4,7,10-

tetraazatetracyclo[5.5.1.0%401013]tetradecane (2)
Mn
H
N N
[N:I:N]
H

>

>
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General procedure A

The macrocycle was dissolved in methanol and cooled to -10°C using a dry ice acetone bath. A cold
(0°C) aqueous solution of glyoxal was added dropwise over 90 min. The clear solution was stirred at -
10°C for 30 min then at RT for 3 hours. The solvent was removed in vacuo and the crude solid was
redissolved in diethyl ether. The filtrate was dried (magnesium sulphate), filtered and solvent

removed in vacuo.

Cis-3,5,8,10-tetraazaperhydropyrene (1)

Amounts: 1,4,8,11-tetraazacyclotetradodecane (4.0 g, 20.0 mmol), methanol (400 mL), glyoxal (40%,
293 g, 50.5 mmol), diethyl ether (100 mL). To vyield a white solid, cis-3,5,8,10-
tetraazaperhydropyrene (1), (3.67 g, 16.5 mmol, 82.7% yield).

'H NMR (400 MHz, CDCls, 6): 1.21 (m, N-B-CHz, 2H), 2.09-2.41 (m, N-a-CH,, 8H), 2.75 (d, J = 12.0 Hz,
N-B-CH,, 2H), 2.91-2.95 (m, N-a-CH,, 6H), 3.06 (s, Haminai, 2H), 3.55 (t, J = 8.0 Hz, N-a-CH>, 2H). 3C
NMR (100 MHz, CDCls, 8): 19.70 (N-B-CH:), 44.87 (N-a-CH:), 52.59 (N-a-CH.), 54.46 (N-a-CH>),
56.15 (CH). MS (ES-MS): m/z 222.9 (M"). Anal. calcd for C12H22N4*: C, 64.83; H, 9.97; N, 25.20. Found,:
C, 64.67; H, 10.03; N, 24.98.
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Cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.0*140'"*3]tetradecane (2)

Amounts: 1,4,7,10-Tetraazacyclododecane (4.18 g, 24.3 mmol), methanol (400 mL), glyoxal (40%,
2.50 g, 60.7 mmol), diethyl ether (100 mlL). To vyield a white solid, cis-13-1,4,7,10-
tetraazatetracyclo[5.5.1.0%140'%%3]tetradecane (2), (4.19 g, 18.9 mmol, 88.9% yield).

'H NMR (400 MHz, CDCls, 8): 2.49-2.61 (m, N-0-CH, 4H), 2.72-2.78 (m, N-a-CH,, 4H), 2.89-3.02 (m,
N-a-CH, 8H), 3.13 (s, Haminal, 2H). 3C NMR (100 MHz, CDCls, &): 44.88 (N-a-CH,), 50.02 (N-0-CH,),
52.61 (N-a-CH;), 54.49 (N-a-CH;), 56.17 (Caminal). MS (ES-MS): m/z 194.9 (M*). Anal. Calcd for
CioH19N4: C, 61.82; H. 9.34; N, 28.84. Found,: C, 61.67; H, 9.29; N, 28.16.
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9.3.2 Synthesis of cis-3,3’-(1,4-phenylenebis(methylene)-bis(decahydro-3,5,8,10-
tetraazapyrenim) dibromide (3)

v 2Br

3

]

General procedure B

Macrocycle was added to dry acetonitrile, to this pendent arm was added and the solution stirred
under argon for 3 d at RT. Following this the resulting precipitate was filtered and washed with

acetonitrile and diethyl ether. Dried under vacuum on a Schlenk line.

Amounts: Cis-3,5,8,10-tetraazaperhydropyrene (1) (5.20 g, 23.4 mmol), 1,4-bis-bromomethyl-
benzene (3.09 g, 11.7 mmol), dry acetonitrile (120 mL), dry acetonitrile (2 x 10 mL) and diethyl ether
(2 x 10 mL). To yield a white powder, cis-3,3’-(1,4-phenylenebis(methylene)-bis(decahydro-3,5,8,10-
tetraazapyrenim) dibromide (3), (3.17 g, 11.6 mmol, 48.4%).

H NMR (400 MHz, D,0, &): 1.43 (d, J = 12.0 Hz, N-B-CH,, 2H), 1.76 (d, J = 12.0 Hz, N-B-CH,, 2H),
2.10-2.31 (m, N-a-CH,, 6H), 2.45-2.48 (m, N-B-CH,, 4H), 2.60 (t, J = 8.0 Hz, N-a-CH,, 2H), 2.97-3.13
(m, N-a-CH,, 16H), 3.23 (t, J = 8.0 Hz, N-a-CH,, 2H), 3.32-3.34 (m, N-a-CH,, 2H), 3.43-3.61 (m, N-a-
CH3, 4H), 3.67 (s, Haminal, 2H), 4.20 (t, J = 8.0 Hz, CH,-Ar, 2H), 4.12 (s, Haminai, 2H), 5.13 (d, J = 12.0 Hz,
CH,-Ar, 2H), 7.63 (s, Ar H, 4H).**C NMR: (100 MHz, D,0, &): 18.11 (N-B-CH>), 18.45 (N-B-CH,), 41.94
(N-a-CH3), 46.69 (N-a-CH,), 48.33 (N-a-CH;), 51.47 (N-a-CH;), 52.04 (N-a-CH,), 53.42 (N-a-CH,),
54.09 (N-a-CH,), 60.25 (N-a-CH), 61.75 (CH2-Ar), 69.69 (Caminai), 82.40 (Caminal), 128.65 (C-Ar), 134.05
(Ar-H). MS (ES-MS): m/z 274.2 (M-2Br, 159.8). Anal. Calcd for C3;Hs>NgBr;.H,0: C, 52.89; H. 7.49; N,
21.99. Found,: C, 53.02; H, 7.52; N, 21.82.
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9.3.3 Synthesis of 3-(4(8-methyl-cis-decahydro-(5,10-diaza-bicyclo[6.6.2]hexadeco-11-
ylmethyl)-benzyl)-1,4,8,11-tetraaza-bicyclo[6.6.2]-hexadecane (4)

EI I]

General procedure C

The macrocycle was suspended in anhydrous MeCN under argon. lodomethane was added dropwise.
The white suspension was left to stir for 10 days. A second portion of iodomethane was added after
5 days. Excess iodomethane was removed by flowing nitrogen through the suspension for 30 min.

The solid was collected by filtration, washed with ether and dried under vacuum on a Schlenk line.

Amounts: Cis-3,3’-(1,4-phenylenebis(methylene)-bis(decahydro-3,5,8,10-tetraazapyrenim)
dibromide 3 (2.00 g, 2.83 mmol), acetonitrile (100 mL), iodomethane (1.60 g, 14.1 mol then 0.8 g,
7.05 mmol) diethyl ether (2 x 50 mL). To yield a white solid 3-(4(8-methyl-cis-decahydro-(5,10-diaza-
bicyclo[6.6.2]hexadeco-11-yImethyl)-benzyl)-1,4,8,11-tetraaza-bicyclo[6.6.2]-hexadecane (4), (1.74 g,
2.60 mmol, 92.1%).

H NMR (400 MHz, DMSO-d6, 8): 1.78 (8, J = 16 Hz, N-B-CH,, 2H), 1.88 (d, J = 12 Hz, N-B-CH,, 2H),
2.08 (s, CHs, 3H), 2.33-2.40 (m, CHs, 3H), 2.43-2.48 (m, N-B-CH,, 4H) 2.76-3.25 (m, N-a-CH,, 16H),
3.37-3.50 (m, N-a-CH3, 8H), 3.56-3.69 (m, N-a-CH3, 4H), 3.75-3.85 (M, Haminal, 2H), 4.25-4.36 (m, N-a-
CHa, 4H), 4.82-4.94 (M, Haminal, 2H), 5.15-5.49 (m, CHa-Ar, 4H), 7.72-7.78 (m, Ar H, 4H). 3C NMR (100
MHz, DMSO-d6, 8): 18.14 (N-B-CH,), 18.45 (N-B-CH,), 37.87 (N-a-CH,), 38.09 (N-a-CH), 38.31 (N-o-
CH,), 46.54 (N-a-CH,), 46.67 (N-0-CH,), 48.38 (N-a-CH3), 51.14 (N-a-CH,), 61.01 (N-0-CH,), 61.48
(N-0-CH,), 65.54 (CH,-Ar), 77.05 (Caminal), 77.25 (Caminal), 128.50 (C-Ar), 135.22 (Ar-H). MS (ES-MS):
m/z 416.66 (M-21, 253.8). Anal. Calcd for CsqHsslsNs.H20.Cl: C, 53.79; H. 5.39; N, 9.82. Found,: C,
35.48; H, 5.50; N, 9.90.
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9.3.4 Synthesis of 1,4-bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-

Je00
(S
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yl)methyl)benzene (5)

z
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Z

General procedure D

The macrocycle was dissolved in ethanol and sodium borohydride was added in small portions. The
mixture was stirred for 14 days at RT. Water was added to decompose excess sodium borohydride
and the solvents were removed in vacuo. The residue was taken up into water and made strongly
basic (pH 14, KOH). The basic solution was extracted with dichloromethane, the combined organic
extracts were dried (Na,SO,), filtered and solvent removed in vacuo and dried under vacuum on a

Schlenk line.

Amounts: 3-(4(8-Methyl-cis-decahydro-(5,10-diaza-bicyclo[6.6.2]hexadeco-11-ylmethyl)-benzyl)-
1,4,8,11-tetraaza-bicyclo[6.6.2]-hexadecane (4) (7.3 g, 6.73 mmol), sodium borohydride (14.6 g, 386
mmol), ethanol (400 mL), water (100mL, 150 mL), dichloromethane (5 x 50 mL). To yield a clear oil,
1,4-bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene (5) (1.42 g, 2.44
mmol, 36.2% yield).

Analytical RP-HPLC analysis carried out with System A; 9.2.1.1 (multiple broad peak; t, = 10-14 min).
'H-NMR (400 MHz, D,0, 6): 1.52-1.98 (M, N-B-CH,, 8H), 2.20 (s, CH3, 6H), 2.85-3.12 (m, N-a-CH,,
16H), 3.21-3.75 (m, N-a-CH,, 24H), 4.83 (s, CH>-Ar, 4H), 7.26 (dd, J = 11.0 Hz, Ar, 4H). 3C NMR (100
MHz, CDCls, 6): 26.97 (N-B-CH,), 27.88 (N-B-CH>), 29.79 (N-B-CH,), 43.09 (CH3), 52.12 (N-a-CH,),
52.37 (N-a-CH3), 54.10 (N-a-CH;), 54.98 (N-a-CH;), 56.07 (N-a-CH,), 56.34 (N-a-CH,), 56.76 (N-a-
CH), 58.02 (N-a-CH3), 59.31 (N-a-CH,), 59.82 (CH-Ar), 128.72 (C-Ar). MS (HRMS): m/z (M*) calcd
for CssHesNs?*, 292.2621 found, 292.2614. Anal. Calcd for C3sHesNs.3.5H,0.1.1EtOH.2.3HCI: C, 55.71;
H. 10.06; N, 14.36. Found,: C, 55.79; H, 10.12; N, 14.55.
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9.3.5 Synthesis of mono metal complexes of ligand 1,4-bis((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene  ([Ni5(0OAc)](OAc), [Cu5(OAc)](OAc),

and /—< H
[Zn5(0Ac)](OAc)) [ \L Y //j?;
n—-MTNS

/N\\)

AcO
M = Ni%*, Y = AcO, (n = 1/2), [Ni5(0AC)](OAC)

M= Cu?* ¥ = AcO, (n = 1), [CuS(OAC)](OAC)
M =Zn?*, Y = CH3CO,, (n = 1/2),[Zn5(0Ac)](OAC)

General Procedure E

Macrocycle was dissolved in dry degassed methanol to this a dry methanolic solution of metal salt
was added dropwise. For non-configurational restricted macrocycles and side bridge the reaction is
stirred at RT for 8 hours. For cross bridge macrocycles the solution was heated at reflux overnight
after which the solvent was reduced in vacuo ~5 mL and purified via size exclusion chromatography
using a LH20 Sephadex column (methanol). Mass spectrometry was used to identify the correct

fractions which were recombined and reduced in vacuo.

1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene nickel(ll)
acetate [Ni5(OAc)](OAc)

Amounts: 1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene (5)
(40.0 mg, 69.0 umol), dry methanol (10 mL), nickel(ll) acetate (15.0 mg, 69.0 umol). To yield a light
green solid, 4-methyl-11-(4-(4-methyl-1,4,8,11-tetraaza-bicyclo[6.6.2]hexadecylmethyl)-benzyl)-
1,2,8,11-tetraaza-bicyclo[6.6.2]-hexadecane nickel(ll) acetate ([Ni5(OAc)](OAc)), (33.2 mg, 51.0 umol,
73.8%).

MS (ES-MS): m/z 350.1 (M-CH3CO3, 34). Anal. calcd for C3gHesNiNg04.0.7MeOH.2.1H,0: expected: C,
56.69; H,9.22; N, 13.67. Found,: C, 56.71; H, 9.18; N, 13.82.
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1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene copper(ll)
acetate [Cu5(OAc)](OAc)

Amounts: 1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene (5)
(200.0 mg, 0.34 mmol), dry methanol (50 mL), copper(ll) acetate (60.8 mg, 0.34 mmol). To yield a
blue solid, 1,4-bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene
copper(ll) acetate ([Cu5(OAc)](OAc)), (212.0 mg, 0.32 mmol, 95.0%).

Analytical RP-HPLC analysis carried out with System A (Section 9.2.1.1) (multiple broad peak; t, = 17-
18 min) and System B (Section 9.2.1.2) (multiple broad peak; t. = 9.30-12 min). MS (HRMS): m/z
caled for CagHesNgCuO,2*, 352.7297; found, 352.7285. Anal. calcd for C3gHesCuNgO4.2.5Na.3H,0:
expected: C, 52.10; H, 8.51; N, 12.79. Found,: C, 52.26; H, 8.46; N, 12.50.

1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzenezinc(ll) acetate
[Zn5(OACc)](OAc)

Amounts: 1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene  (5)
(40.0 mg, 68.6 umol), dry methanol (10 mL), zinc(ll) acetate (15.1 mg, 68.6 pumol). To yield off-white
solid 1,4-bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene  zinc(ll)
acetate ([Zn5(0Ac)](OAc)), (47.7 mg, 62.4 umol, 91.0%).

MS (ES-MS): m/z 353.0 (M-CH3CO,, 34). Anal. calcd for C3sHesZnNgO4.1.2MeOH: expected: C, 59.55;
H, 8.94; N, 14.62. Found,: C, 59.32; H, 9.02; N, 14.55.
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7.3.6 Synthesis of bis copper complexes of ligand 1,4-bis((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene ([Cux5(0Ac),](OAc),)

N‘Cu--OAc AcO-Cu=N

u ‘N
\
(/ AN \/'
2AcO
([Cu25(0OAC)2](OAC)2)

General procedure E was followed.

Amounts: 1,4-Bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene (5)
(200.0 mg, 0.343 mmol), dry methanol (50 mL), copper(ll) acetate (121.6 mg, 0.670 mmol). To yield a
blue solid, 1,4-bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene bis-
copper(ll) acetate ([Cu;5(OAc),](0Ac)z), (87.6%, 198.0 mg, 0.271 mmol).

Analytical RP-HPLC analysis carried out with System B (Section 9.2.1.2) (multiple broad peak; t, = 16-
19 min). Purified using RP semi-preparative HPLC System 1 (Section 9.2.2.1) (multiple peaks, t, =
04:50-07:15). MS (ES-MS, run in formic acid): m/z 400.07 (M-4CH3CO,+HCO,+H). Anal. calcd for
Ca2H76Cu;NgOs: expected: C, 53.20; H, 8.08; N, 11.82. Found,: C, 53.29; H, 8.09; N, 11.62.
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9.3.7 Synthesis of 1,4,8-tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecane (6)
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1,4,8,11-Tetraazacyclotetradodecane (1.0 g, 4.99 mmol) was dissolved in dichloromethane (300 mL)
and made basic by the addition of triethylamine (3.47 mL, 24.96 mmol). Di-tert-butyl dicarbonate
(3.44 mL, 14.98 mmol) was then added dropwise over a period of 2 hours. The reaction was stirred
overnight, then concentrated in vacuo. The crude product was then purified via silica gel flash
column chromatography. Eluting with ethyl acetate/methanol (95:5) to yield a white solid, 1,4,8-

tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecane (6) (1.5 g, 3.10 mmol, 62.0% yield).

'H NMR (400 MHz, CDsCl, 8): 1.32 (s, CHs, 27H), 1.66-1.82 (m, N-B-CH>, 4H), 2.52-2.59 (m, N-a-CH,,
4H), 2.76-2.79 (m, N-a-CH,, 2H), 3.03-3.09 (m, N-a-CH>, 4H), 3.28-3.30 (m, N-a-CH,, 4H). 3C NMR
(100 MHz, CDsCl, &): 22.6 (N-B-CH>), 24.9 (N-B-CH;), 29.2 (N-a-CH>), 41.0 (N-a-CH,), 41.2 (CHs), 46.5
(N-a-CH3), 52.1 (N-a-CH), 54.5 (N-a-CH;), 82.3 (C-CHs), 140.8 (C=0). MS (HRMS): m/z (M*) calcd for
CasH49N4O6", 501.3647; found, 501.3646. Anal. calcd for C2sHagN40O6.C4HsO2: expected: C, 61.16; H,
9.59; N, 9.52. Found,: C, 61.55; H, 9.84; N, 9.64.
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9.3.8  Synthesis of hexa-tert-butyl-11,11'-(1,4-phenylenebis(methylene))bis(1,4,8,11-

tetraazacyclotetradecane-1,4,8-tricarboxylate (7)
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M
YT YU

To a solution of a,a’-dibromo-p-xylene (0.13 g, 0.50 mmol) in dry acetonitrile (150 mL), potassium
carbonate (0.41 g, 3.00 mmol) and 1,4,8-tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecane
(6) (0.50 g, 1.00 mmol) was added. The solution was refluxed for 18 hours, before being reduced in
vacuo. The reaction was taken in up in water (50 mL) and aqueous layer extracted with
dichloromethane (3 x 50 mL). The combined organic phase was dried (MgS04), and evaporated, and
the residue purified by column chromatography on silical gel (ethyl acetate/hexane) to yield a pale
yellow solid, hexa-tert-butyl-11,11'-(1,4-phenylenebis(methylene))bis(1,4,8,11-

tetraazacyclotetradecane-1,4,8-tricarboxylate (7), (0.67 g, 0.607 mmol, 60.8% yield).

'H NMR (400 MHz, CDsCl, &): 1.32 (s, CH3, 54H), 1.52-1.58 (m, N-B-CH,, 4H), 1.66-1.69 (m, N-B-CH,,
4H), 2.36-2.47 (m, N-a-CH,, 8H), 2.82-3.14 (m, N-B-CH,, 20H), 3.24-3.29 (m, N-B-CH,, 4H), 4.12 (s,
CH,-Ar, 4H), 7.26 (dd, J = 11.0 Hz, Ar-H, 4H). **C NMR (100 MHz, CDsCl, §): 22.4 (N-B-CH,), 23.9 (N-B-
CH,), 26.5 (C-CHs), 48.2 (N-a-CH»), 49.1 (N-a-CH;), 50.6 (N-a-CH3), 51.1 (N-a-CH>), 54.7 (N-a-CH,),
56.9 (N-a-CH3), 67.2 (CH2-Ar), 85.4 (C-CH3), 129.5 (C-Ar), 131.9 (C-Ar), 148.3 (C=0). MS (HRMS): m/z
(M+Na, 23) caled for CsgHi2NsO12Na*, 1125.7509; found, 1125.7492. Anal. calcd for
CssH102Ng06.1.2H,0: expected: C, 61.92;H, 9.35; N, 9.96. Found,: C, 62.03; H, 9.21; N, 10.04.
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9.3.9 Synthesis of 1,1'-(1,4-phenylenebis(methylene))bis-1,4,8,11-tetraazacyclotetradecane
octahydrochloride (8)

NH HN] [NH HNj

L 8HCI L

8

(

Hexa-tert-butyl  11,11'-(1,4-phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane-1,4,8-
tricarboxylate (7) (0.65 g, 590.0 umol) was dissolved in 5 mL of hydrochloric acid (3 M). The reaction
was stirred under argon for 16 hours, upon which the reaction was reduced in vacuo to yield the off-
white precipitate, 1,1’-(1,4-Phenylenebis(methylene))bis-1,4,8,11-tetraazacyclotetradecane
octahydrochloride (8), (0.42 g,0.53 mmol, 90.4% yield)).

H NMR (400 MHz, CDsCl, 8): 1.86-1.94 (m, N-B-CH2, 4H), 1.97-2.08 (m, NH, 6H), 2.96 (m, N-a-CH,
4H), 3.09-3.33 (m, N-a-CH2, 28H), 4.04 (s, CH,-Ar, 4H), 7.38 (s, Ar-H, 4H). 3C NMR (500 MHz, D,0, 8):
18.19 (N-B-CH,), 18.66 (N-B-CH.), 30.18 (N-a-CH,), 37.23 (N-a-CH,), 37.45 (N-a-CH,), 41.08 (N-a-
CH,), 41.68 (N-a-CH2), 44.64 (N-a-CH,), 47.62 (N-a-CH), 58.52 (CH,-Ar), 131.06 (C-Ar), 131.92 (C-Ar).
MS (HRMS): m/z (M*) calcd for CagHe3NgClg*, 791.3997; found, 791.2678. Anal. calcd for
C2sHsaNg.8HCI.2.2H,0: expected: C, 40.32; H, 8.02; N, 13.43. Found,: C, 40.75; H, 8.08; N, 13.23.
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9.3.10 Synthesis of mono metal complexes of 1,1'-(1,4-
phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane) ([Ni8(OAc)](OAc),
[Cu8(OAC)](OAc) and [Zn8(OACc)](OAC))

AcO

M= NiZ*, ¥ = AcO, (n = 1/2), [Ni8(OAC)](OAC)
M =Cu?", Y = AcO, (n = 1), [Cu8(OAC)](OAC)
M =2Zn2?*, Y = AcO, (n = 1/2), [Zn8(OAC)](OAC)

General procedure E was followed.

1,1-(1,4-Phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane) nickel(ll) acetate
[Ni8(OAc)](OAc)

Amounts: 1,1’-(1,4-Phenylenebis(methylene))bis-1,4,8,11-tetraazacyclotetradecane
octahydrochloride (8) (50.0 mg, 60.2 pumol), dry methanol (10 mL), nickel(ll) acetate (14.9 mg, 60.2
pumol). To vyield a light green solid, 1,1'-(1,4-Phenylenebis(methylene))bis(1,4,8,11-
tetraazacyclotetradecane) nickel(ll) acetate ([Ni8(OAc)](OAc)), (50.9 mg, 52.4 umol, 87.0%).

MS (ES-MS): m/z 311.2 (M-CH3CO,+H, 33). Anal. calcd for C3;HeoNgNiO4.4.2HCI.1.1H,0.2MeOH:
expected: C, 44.55; H, 8.18; N, 12.23. Found,: C, 44.32; H, 8.05; N, 12.10.

1,1'-(1,4-Phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane)  copper(ll)  acetate
[Cu8(OACc)](OAc)

Amounts: 1,1’-(1,4-Phenylenebis(methylene))bis-1,4,8,11-tetraazacyclotetradecane
octahydrochloride (8) (50.0 mg, 60.2 umol), dry methanol (5 and 10 mL), copper(ll) acetate (10.9 mg,
060.2 umol). To vyield a blue solid, 1,1-(1,4-Phenylenebis(methylene))bis(1,4,8,11-
tetraazacyclotetradecane) copper(ll) acetate ([Cu8(OAc)](OAc)), (48.0 mg, 50.6 umol, 84.0%).
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Purified using RP semi-preparative HPLC System 2 (Section 9.2.2.2) (multiple peaks, t, = 19-20 min).
MS (ES-MS): m/z 312.5 (M-CH3CO,+H, 33). Anal. calcd for C3;HgoCuNgO4.4HCI.1H,0: expected: C,
45.31; H, 7.84; N, 13.21. Found,: C, 45.72; H, 7.99; N, 13.10.

1,1'-(1,4-Phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane) zinc(ll) acetate
[Zn8(OAC)](OAC)

Amounts: 1,1’-(1,4-Phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane) (8) (50.0 mg,
60.2 umol), dry methanol (10 mL), zinc(ll) acetate (11.0 mg, 60.2 umol). To yield an off-white solid,
1,1'-(1,4-Phenylenebis(methylene))bis(1,4,8,11-tetraazacyclotetradecane) zinc(ll) acetate
([Zn80OAC)](OACc)), (48 mg, 49.1 umol, 81.0%).

MS (ES-MS): m/z 313.6 (M-CH3CO,+H, 33). Anal. calcd for C32HeZnNgO4.4HCI.3.5H,0: expected: C,
42.94; H, 8.00; N, 12.52. Found,: C, 43.04; H, 8.15; N, 12.43.
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9.3.11 Synthesis of copper complexed AMD3465 hexahydrobromide ([Cu9(OAc)](OAc))

AcO
M = Cu?*, Y = AcO ; [Cu9(OAC)](OAC)

General Procedure E was followed.

Amounts: AMD3465 hexahydrobromide (Abcam, 10.0 mg, 0.010 mmol), copper(ll) acetate (2.12 mg,
0.010 mmol), dry methanol (50 mL). To yield a blue a solid, AMD3465 copper(ll) acetate
([Cu9(OAC)](0AC)) (2.25 mg, 5.0 umol, 44.7% yield).

Purification using RP semi-preparative HPLC System 3 (Section 9.2.2.3) (multiple peaks, tr = 18-20
min). MS (ES-MS): m/z 586.2 (M-2CH3CO,+TFA). Anal. calcd for C3;H42CuNO4.2HBr.H,0: expected: C,
43.56; H, 6.27; N, 10.89. Found,: C, 43.08; H, 6.26; N, 11.32.
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9.3.12 Synthesis of 3a-(4-(bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraaza-pyrenium

bromide (10)
L e
N~

10

General procedure B was followed.

Amounts: Cis-3a,5a,8a,10a-Tetraazaperhydropyrene (1) (3.67 g, 16.5 mmol), dry acetonitrile (150
mL), 4- (boromomethyl)benzonitrile (8.01 g, 41.3 mmol), diethyl ether (2 x 25 mL). To yield a white
solid, 3a-(4-(bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (10), (5.49 g,
13.2 mmol, 72.9%).

1H NMR (400 MHz, D,0, 8): 1.42 (d, J = 13.4 Hz, N-B-CH2, 1H), 1.74 (d, J = 8.0 Hz, N-B-CH,, 1H), 2.07-
2.30-2.34 (m, N-a-CH,, 2H), 2.42-2.48 (m, N-B-CH,, 2H), 2.96-3.11 (m, N-a-CH,, 8H), 3.18-3.32 (m, N-
a-CH,, 2H), 3.42-3.57 (m, N-0-CH,, 2H), 3.67 (s, Haminal, 1H), 4.19 (t, J = 12 Hz, CH,-Ar, 1H), 4.30 (s,
Haminal, 1H), 5.18 (d, J = 12.0 Hz, CH,-Ar, 1H), 7.67 (dd, J = 8.0 Hz, Ar H, 2H), 7.88 (dd, J = 8.0 Hz, Ar H,
2H). 3C NMR (100 MHz, D0, &): 18.10 (N-B-CH2), 18.50 (N-B-CH2), 42.06 (N-0-CH2), 46.68 (N-o-
CH2), 48.74 (N-a-CH2), 51.46 (N-a-CH2), 52.04 (N-0-CH2), 53.43 (N-a-CH2), 54.07 (N-a-CH2), 60.34
(N-0-CH2), 61.66 (CH2-Ar), 69.67 (Caminat), 82.68 (Caminal), 113.98 (C-Ar), 118.72 (CN), 131.17 (Ar-H),
133.32 (Ar-H), 134.02 (C-Ar). MS (ES-MS): m/z 338.6 (M-Br, 79.9). Anal. calcd for CaoH2sBrNs: C,
57.42; H, 6.75; N, 16.74. Found,: C, 57.60; H, 6.80; N, 16.80.
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9.2.13 Synthesis of 1-(4-cyanobenzyl)-1,4,8,11 tetraazabicyclo[10.2.2]-hexadecane (11)

@

11

E]

Attempted method 1:

3a-(4-(Bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (10) (5.5 g, 13.1
mmol) was dissolved in ethanol (250 mL) and sodium borohydride (12.42 g, 328.4 mmol) was added
in small portions. The mixture was stirred for 30 min at RT, then heated to reflux for 2 hours. Water
was added to decompose excess sodium borohydride and the solvents were removed in vacuo. The
residue was taken up into water (100 mL) made strongly basic (pH 14, KOH). The basic solution was
extracted with dichloromethane (5 x 50 mL), the combined organic extracts were dried (Na;S04),
filtered and solvent removed in vacuo to yield a white solid. Analytical data indicated that the

desired product was not obtained in sufficient purity.

Preferred Method 2:
General procedure F:

The macrocycle was dissolved in ethanol and sodium borohydride was added in small portions, and
sonicated for a period of time. The solution was heated at 100°C for 30 min in the microwave in the
microwave and the solvent removed in vacuo. Water was added to decompose excess sodium
borohydride and the solvents were removed in vacuo. The residue was taken up into water and
made strongly basic (pH 14, KOH). The basic solution was extracted with dichloromethane, the

combined organic extracts were dried (Na,S04), filtered and solvent removed in vacuo.

Amounts: 3a-(4-(Bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (10)
(0.50 g, 1.20 mmol), ethanol (10 mL), sodium borohydride (0.23 g, 5.98 mmol), microwaved (100°C,
300 W, 30 min), water (100mL, 150 mL), dichloromethane (5 x 50 mL). To yield a clear oil, 4-
(1,5,8,12-tetrazabicyclo[10.2.2]hexadecan-8-yImethyl)benzonitrile (11), (0.35 g, 1.02 mmol, 85.8%
yield).
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'H NMR (400 MHz, CDCls, 6): 1.61-1.76 (m, N-B-CH,, 4H), 2.18-2.24 (m, N-a-CH,, 2H), 2.48-2.64 (m,
N-a-CH,, 12H), 2.85 (t, J = 8 Hz, N-a-CH,, 2H), 2.94-2.99 (m, N-a-CH;, 2H), 3.11-3.18 (m, N-a-CH,,
2H), 3.63 (s, CH-Ar + NH, 3H), 7.37 (dd, J = 8.0, Hz, Ar-H, 2H), 7.57 (dd, J = 8.1 Hz, Ar-H, 2H). 3C NMR
(100 MHz, CDCl3s, 6): 23.66 (N-B-CH3), 26.14 (N-B-CH;), 48.25 (N-a-CH,), 48.42 (N-a-CH,), 50.26 (N-
a-CH3), 51.38 (N-a-CH;), 54.75 (N-a-CH;), 54.98 (N-a-CH;), 55.51 (N-a-CH;), 57.00 (N-a-CH,), 57.70
(CH»-Ar), 110.82 (C-Ar), 118.85 (CN), 129.88 (Ar-H), 131.96 (Ar-H), 144.61 (C-Ar). MS (HRMS): m/z
calcd for CooH31Ns*, 342.2658; found, 342.2652. Anal. calcd for C20H31N5.0.9H,0.0.5EtOH: C, 65.62;
H, 9.49; N, 18.22. Found,: C, 65.47; H, 9.48; N, 18.54.

236



9.3.14 Synthesis of 1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane
(12)

( JHN

12

General procedure G

LiAlH4 was dissolved in anhydrous THF. The macrocycle in anhydrous THF was added dropwise under
ice-cooling. After complete addition the mixture was stirred for 30 min and then heated to reflux for
3 hours. The reaction was cooled in an ice-bath, water was added dropwise followed by 15% sodium
hydroxide solution followed by a second portion of water. The resulting white precipitate was
filtered and washed with THF then water. The aqueous layer was made strongly basic (pH > 12, KOH)
and extracted with THF. The organic phases were dried (Na,S0.), filtered and solvents removed in

vacuo.

Amounts: 1-(4-Cyanobenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane (11) (4.67 g, 13.16 mmol),
Lithium aluminium hydride (2.07 g, 4.14 mmol), anhydrous THF (80 mL), water (1 mL), 15% sodium
hydroxide solution (1 mL), THF (2 x 20), water (2 x 10 mL), THF (5 x 25 mL). To yield a pale yellow oil,
1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane (12), (4.21 g, 12.2 mmol,
92.0%).

IH NMR (400 MHz, CDCls, 6): 1.70-1.81 (m, N-B-CH,, 4H), 2.91-2.03 (m, N-a-CHa, 2H), 2.45-2.66 (m,
N-0-CH,, 10H), 2.67-2.83 (m, NH2, 2H), 3.14 (br s, NH, 1H), 3.22-3.31 (m, N-a-CH,, 6H), 3.42-3.58 (m,
N-0-CH,, 2H), 3.67 (s, CHa-Ar, 2H), 3.82 (s, CH,-Ar, 2H), 7.11-7.26, (br ov, Ar H, 4H). 3C NMR (100
MHz, CDCls, 6): 24.34 (N-B-CH>), 26.97 (N-B-CH>), 48.07 (N-a-CH,), 52.38 (N-0-CH,), 54.11 (N-0-CH,),
54.97 (N-a-CH,), 55.84 (N-a-CH,), 56.35 (N-0-CH,), 56.58 (N-a-CH,), 56.81 (N-a-CH,), 57.72 (N-a-
CH), 59.03 (N-0-CH3), 59.42 (CH,-Ar), 62.90 (CH2-NH3), 125.35 (C-Ar), 126.87 (Ar-H), 137.65 (Ar-H),
139.07 (C-Ar). MS (ES-MS): m/z 346.5 (M*). Anal. calcd for CaoHssNs.1.3H,0.1.3THF: C, 65.60; H,
10.20; N, 15.18. Found,: C, 65.65; H, 9.76; N, 15.12.
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9.3.15 Synthesis of metal complexes of ligands 1-(4-aminomethylbenzyl)-1,4,8,11-

tetraazabicyclo[10.2.2]-hexadecane ([Ni12(OAc)](OAc), [Cul2(OAc)](OAc) and
[Zn12(0OAc)](OAc)
;N/\ Ya
WSN

&NQ

AcO-

M = N2, Y = AcO , (n = 1/2); [Ni12(OAC)|(OAC)
M= Cu?*, Y = AcO, (n = 1); [Cul2(0AC)](OAC)
M =2Zn?*, Y = AcO, (n = 1/2); [Zn12(0Ac)|(OAC)

General procedure E was followed.

1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane nickel(ll) acetate
[Ni12(OAc)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane (12) (96.4 mg,
250.0 umol), methanol (5 mL and 20 mL), nickel(ll) acetate tetra-hydrate (122.1 mg, 490.0 umol). To
yield a light green solid, 1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane
mono nickel(ll) acetate ([Ni12(OAc)](OAc), (52.0 mg, 101.8 umol, 40.7% yield).

MS (ES-MS): m/z 462.1 (M-CH3CO,, 34). Anal. calcd for C24H41ZnNs04.0.8MeOH.0.5H,0: expected: C,
53.48; H, 8.18; N, 12.57. Found,: C, 53.32; H, 8.11; N, 12.67.
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1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane copper(ll) acetate
[Cul2(OAc)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane (12) (25.9 mg, 70.0
pmol), dry methanol (5 mL, 10 mL), copper(ll) acetate monohydrate (33.0 mg, 170.0 umol). To yield
a blue solid, 1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane mono copper(ll)
acetate ([Ni12(OAc)](OAc)), (21.0 mg, 36.0 umol, 55.2% yield).

MS (ES-MS): m/z 467.1 (M-CH3CO,, 34). Anal. calcd for C24H41CuNs04.1.8H,0: expected: C, 53.22; H,
7.93; N, 12.95. Found,: C, 53.28; H, 7.90; N, 13.11.

1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane mono zinc(ll) acetate

[Zn12(OAc)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane (12) (95.1 mg,
0.240 mmol), methanol (5 mL, 20 mL), zinc(ll) acetate (111.0 mg, 0.600 mmol). To yield a white solid,
1-(4-aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane  mono  zinc(ll) acetate

([Zn12(OACc)](OAc)), (107 mg, 0.203 mmol, 83.9% vyield).

MS (ES-MS): m/z 468.1 (M-CH3CO>, 34). Anal. calcd for C24H41ZnNs04.0.6MeOH: expected: C, 53.90;
H, 7.98; N, 12.77. Found,: C, 53.87; H, 8.00; N, 12.71.
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9.3.16  Synthesis of 3a-(4-cyanobenzyl)-8a-(methyl)-decahydro-3a,5a,8a,10atetraaza-
pyrenium diiodide (13)

General procedure C was followed.

Amounts: 3a-(4-(Bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (10)
(1.0 g, 2.38 mmol), dry acetonitrile (60 mL), iodomethane (16.9 g, 120.5 mmol, 7.42 mL, then 5.6 g,
40.1 mmol, 2.47 mL), diethyl ether (2 x 50 mL). To yield a white solid, 3a-(4-cyanobenzyl)-8a-
(methyl)-decahydro-3a,5a,8a,10atetraaza-pyrenium diiodide (13), (0.89 g, 2.03 mmol, 85.3%).

'H NMR (400 MHz, D0, &): 1.78 (d, J = 16.0 Hz, N-B-CH;, 2H), 1.89 (d, J = 16.0 Hz, N-B-CH>, 2H),
2.08-2.26 (m, CH3, 3H), 2.54-2.73 (m, N-a-CH,, 2H), 2.77-2.80 (m, N-a-CH;, 1H), 2.81-2.93 (m, N-a-
CH,, 1H), 3.02-3.11 (m, N-a-CH, 3H),3.12-3.28 (m, N-a-CH>, 2H), 3.26-3.28 (m, N-a-CH,, 1H), 3.40-
3.50 (m, N-a-CH3, 2H), 3.52-3.60 (m, Haminai, 1H), 3.75-3.79 (m, N-a-CH,, 1H), 4.25-4.37 (m, N-a-CH,
2H), 4.70 (s, Haminat, 1H), 4.82 (d, J = 12.0 Hz, N-a-CH,, 1H), 5.10 (m, CH-Ar, 2H), 7.76 (d, J = 8.0 Hz,
Ar-H, 2H), 8.09 (d, J = 8.0 Hz, Ar-H, 2H). 3C NMR (100 MHz, DMSO-d6, &): 17.23 (N-B-CH,), 18.48 (N-
B-CH,), 22.87 (CH3), 44.98 (N-0-CH), 45.63 (N-a-CH,), 46.82 (N-a-CH,), 48.00 (N-a-CH>), 50.11 (N-a-
CH,), 50.21 (N-a-CH,), 56.78 (N-a-CH,), 58.54 (N-a-CH;), 63.47 (CH,-Ar), 77.51 (Caminat), 111.29 (C-
Ar), 120.04 (CN), 130.88 (Ar-H), 131.76 (Ar-H), 133.28 (C-Ar). MS (ES-MS): m/z 176.70 (M-2I, 253.8).
Anal. calcd for C21H3112N5.0.4Mel: expected: C, 38.70; H, 4.89; N, 10.55. Found,: C, 38.60; H, 4.86; N,
10.60.
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9.3.17 Synthesis of 1-(4-cyanobenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane

(14)

L L

g v 14
Method 1:

3a-(4-Cyanobenzyl)-8a-(methyl)-decahydro-3a,5a,8a,10atetraaza-pyrenium diiodide (12) (0.89 g,
1.86 mmol) was dissolved in ethanol (100 mL) and sodium borohydride (2.8 g, 74.5 mmol) was
added in small portions under ice cooling. The mixture was stirred for 14 days at RT. Water was
added to decompose excess sodium borohydride and the solvents were removed in vacuo. The
residue was taken up into water and made strongly basic (pH 14, KOH). The basic solution was
extracted with dichloromethane, the combined organic extracts were dried (Na,SO4), filtered and
solvent removed in vacuo to yield a clear/yellow oil, 1-(4-cyanobenzyl)-8-(methyl)-1,4,8,11-

tetraazabicyclo[6.6.2]-hexadecane (14), (325.4 mg, 0.92 mmol, 49.6%).

Method 2 — Preferred:
General procedure F was followed.

Amounts: 3a-(4-Cyanobenzyl)-8a-(methyl)-decahydro-3a,5a,8a,10atetraaza-pyrenium diiodide (12)
(0.50 g, 1.04 mmol), ethanol (10 mL), sodium borohydride (24.0 mg, 7.5 mmol), microwaved (100°C,
300 W, 4 hours), water (100mL, 150 mL), dichloromethane (5 x 50 mL). To yield a clear/yellow oil, 1-
(4-cyanobenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane (14), (0.32 g, 0.90 mmol,
86.5%).

H NMR (400 MHz, CDCls, 6): 1.72-1.89 (m, N-B-CH,, 4H), 2.18-2.47 (br m, N-a-CH,, 16H), 2.58-2.80
(m, CHs, 3H), 2.83-2.91 (m, N-a-CH,, 2H), 3.11 (d, J = 8.0 Hz, N-a-CH,, 1H), 3.20 (d, J = 12.0 Hz, N-o-
CH,, 1H), 4.60-4.75 (m, CH,-Ar, 2H), 7.44 (d, J = 8.0 Hz, Ar-H, 2H), 7.60 (d, J = 8.0 Hz, Ar-H, 2H). 13C
NMR (100 MHz, CDCls, &8): 22.88 (N-a-CH,), 25.41 (N-a-CH,), 42.04 (CHs), 49.64 (N-0-CH), 50.83 (N-
0-CH,), 53.47 (N-0-CH,), 54.01 (N-a-CH,), 54.18 (N-a-CH,), 55.40 (N-a-CH,), 55.73 (N-a-CH,), 56.17
(N-0-CH,), 58.37 (N-a-CH,), 59.02 (N-a-CH,), 59.13 (CH,-Ar), 109.84 (C-Ar), 118.71 (CN), 130.48 (Ar-
H), 132.43 (Ar-H), 146.96 (C-Ar). MS (ES-MS): m/z 356.3 (M*). Anal. calcd for C21H33Ns.2.5H,0.0.8Na:
expected: C, 60.20; H, 9.14; N, 16.72. Found,: C, 60.66; H, 9.39; N, 16.14.
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9.3.18 Synthesis of 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-

hexadecane (15)

General procedure G was followed.

Amounts: 11-(4-cyanobenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane (14), (325.4 mg,
0.88 mmol), anhydrous THF (20 mL), lithium aluminium hydride (133.6 mg, 3.52 mmol), anhydrous
THF (20 mL), water (1 mL), 15% sodium hydroxide solution (1 mL), THF (2 x 20 mL), water (2 x 10 mL),
THF (5 x 25 ml). To vyield a pale yellow oil, 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-
tetraazabicyclo[6.6.2]-hexadecane (15), (231.4 mg, 0.64 mmol, 73.1%).

H NMR (400 MHz, CDCl3, &8): 1.55-1.80 (m, N-B-CH,, 4H), 1.88-2.00 (m, N-a-CH>, 6H), 2.21-2.36 (m,
N-a-CH, + NH2, 8H), 2.40-2.82 (m, N-a-CH, + CHs, 7H), 3.07-3.24 (m, N-a-CH2, 4H), 3.61-3.72 (m,
CHy-Ar, 2H), 4.11-4.37 (m, CHa-Ar, 2H), 7.16-7.29 (br ov, Ar H, 4H). *C NMR (100 MHz, CDCls, §):
26.76 (N-B-CH2), 34.32 (N-B-CH2), 46.25 (CH3), 52.24 (N-a-CH,), 52.48 (N-a-CH>), 53.25 (N-a-CH,),
54.39 (N-a-CH), 55.10 (N-a-CH;), 56.36 (N-a-CH;), 56.53 (N-a-CH,), 56.55 (N-a-CH,), 58.08 (N-a-
CH3), 59.69 (N-a-CH), 59.75 (CH,-Ar), 74.34 (CH»-NH;), 125.61 (C-Ar), 126.87 (Ar-H), 128.32 (Ar-H),
129.10 (C-Ar). MS (ES-MS): m/z 361.5 (M*). Anal. calcd for C;H37Ns.1.1THF.0.8H,0: expected: C,
64.88; H, 10.35; N, 14.89. Found,: C, 64.90; H, 10.41; N, 14.88.
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9.3.19 Synthesis of metal complexes of ligands 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane ([Ni15(0Ac)](OAc), [Cul5(OAc)](OAc) and
[Zn15(0Ac)](OAc))

AcO

M = NiZ*, Y = AcO, (n = 1/2); [Ni15(0Ac)](OAC)
M = Cu?*, Y = AcO, (n = 1); [Cul5(0AC)](OAC)
M =2Zn2?* Y = AcO, (n = 1/2); [Zn15(0Ac)](OAC)

General procedure E was followed.

1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane nickel(ll) acetate
[Ni15(OAc)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane  (15)
(141.6 mg, 410.0 umol), methanol (5 mL, 40 mL), nickel(ll) acetate (102.1 mg, 410.0 umol), to yield a
pale green solid 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane
nickel (I1) acetate, ([Ni15(OAc)](OAc)) (69.0 mg, 121.0 umol, 32.0% yield).

MS (ES-MS): m/z 476.6 (M-CH3CO,, 34). Anal. calcd for CasH43NiNsO4.1 H,0.2.3MeOH: expected: C,
52.21; H, 8.70; N, 1.15. Found,: C, 52.45; H, 8.89; N, 11.10.
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1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane copper(ll)
acetate [Cul5(0OAc)](OAc)

Amounts:  1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane  (15)
(217.3 mg, 0.61 mmol), methanol (5 mL, 50 mL), copper(ll) acetate monohydrate (302.1 mg, 1.51
mmol) to yielda blue solid, 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-
hexadecane copper(ll) acetate ([Cul5(OAc)](OAc)), (257 mg, 0.48 mmol, 78.6% yield).

MS (ES-MS): m/z 481.3 (M-CH3CO3, 34). Anal. calcd for CasH43CuNs04.2.0H,0: expected: C, 51.93; H,
8.37; N, 12.11. Found,: C, 51.93; H, 8.42; N, 11.99.

1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane zinc(ll) acetate
[Zn15(0Ac)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane  (15)
(169.4 mg, 0.470 mmol), methanol (5mL, 40 mL), zinc(ll) acetate (216.4 mg, 1.18 mmol), to yield an
off-white solid, 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane
zinc(l1) acetate ([Zn15(0OAc)](OAc)), (187.0 mg, 0.346 mmol, 73.3% yield).

MS (ES-MS): m/z 482.2 (M-CH3CO3, 34). Anal. calcd for CasHa3ZnNs04.2H,0: expected: C, 52.47; H,
8.71; N, 10.85. Found,: C, 52.23; H, 8.67; N, 10.72.
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9.3.20 Synthesis of 3a-(4-(bromomethyl)benzyl)dodecahydro-6H-3a,5a,8a,10a-tetraazapyren-
3a-ium bromide (16)

O
L e
L

16

cis-3,5,8,10-Tetraazaperhydropyrene (1) (3.00 g, 13.49 mmol) and dibromo-p-xylene (7.12 g, 26.97
were dissolved in dry THF (80 mL) and stirred at R.T under argon for 3 days. The resulting precipitate
was filtered and washed with THF (4 x 25 mL) and dried in vacuo to leave a white solid, 3a-(4-
(bromomethyl)benzyl)dodecahydro-6H-3a,5a,8a,10a-tetraazapyren-3a-ium bromide (16), (2.641 g,
40.0% yield).

H NMR (400 MHz, D,0, 8): 1.18-1.22 (m, N-B-CH3, 2H), 1.34-1.45 (m, N-B-CH3, 2H), 1.75-3.82 (br m,
N-a-CH., 16H), 4.55 (s, CHa-Ar, 2H), 4.72 (s, CH2-Br, 2H), 4.88-5.11 (M, Haminal, 2H), 7.42-7.56 (m, Ar-
H, 4H). 23C NMR (100 MHz, D,0, &): 17.99 (N-B-CH,), 18.55 (N-B-CH,), 42.14 (CH,-Br), 46.89 (N-a-
CH,), 50.87 (N-a-CH,), 53.74 (N-a-CH,), 54.11 (N-a-CH>), 54.78 (N-a-CH,), 60.35 (N-a-CH,), 61.88
(N-a-CH>), 69.62 (CH3-Ar), 75.95 (Caminal), 84.45 (Caminal), 128.24 (Ar-H), 128.55 (Ar-H), 132.82 (Ar),
133.17 (Ar). MS (ES-MS): m/z 405.3 (M-Br, 79.9). Anal. calcd for CaoH30BraN4.2.2H,0.0.4THF: C,
46.80; H, 6.76; N, 10.11. Found,: C, 46.60; H, 6.36; N, 9.99.
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9.3.21 Synthesis of 2a-(4-nitrobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide

(17), and 2a-(4-cyanobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (18)

General procedure B was followed.

2a-(4-Nitrobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (17)

Amounts: cis-13-1,4,7,10-Tetraazatetracyclo[5.5.1.0%*%0'%3]tetradecane (2) (2.00 g, 10.29 mmol), 4-
nitrobenzyl bromide (2.22 g, 10.29 mmol), dry acetonitrile (100 mL), diethyl ether (2 x 25 mL). To
yield a vyellow solid 2a-(4-nitrobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (17),

(3.457 g, 84.0% yield).

'H NMR (400 MHz, D0, 8): 2.33-2.45 (m, N-a-CH>, 2H), 2.61-2.85 (m, N-a-CH,, 4H), 2.95-3.21 (m, N-
a-CH;, 5H), 3.33-3.50 (m, N-a-CH;, 4H), 3.63 (m, N-a-CH,, 1H), 3.91-3.94 (m, CH,-Ar, 1H), 4.05-4.12
(m, CHa-Ar, 1H), 4.68 (s, Haminai, 1H), 4.88 (d, J = 13.5 Hz, Hamina, 1H), 7.68 (d, J = 8.8 Hz, Ar-H, 2H),
8.20 (d, J = 8.0 Hz, Ar-H, 2H). 3C NMR (100 MHz, D,0, 6): 43.87 (N-a-CH,), 47.72 (N-a-CH>), 48.23
(N-a-CH,), 48.56 (N-a-CH,), 51.57 (N-a-CH,), 57.36 (N-a-CH,), 60.35 (N-a-CH.), 61.85 (N-a-CH,),
71.77 (Caminat), 83.33 (Caminal), 110.53 (C-Ar), 124.70 (C-Ar), 133.97 (C-Ar), 149.26 (C-Ar). MS (ES-MS):
m/z 330.2 (M-Br, 79.9). Anal. calcd for C17H24BrNsO;: C, 49.76; H, 5.90; N, 17.07. Found,: C, 49.92; H,
6.09; N, 16.28.
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2a-(4-Cyanobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (18)

Amounts: Cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.0%**0%3]tetradecane (2) (3.4 g, 17.5 mmol), 4-
(Bromomethyl)benzonitrile (3.4 g, 17.5 mmol), dry acetonitrile (100 mL), diethyl ether (2 x 25 mL).
To yield the white solid, 2a-(4-cyanobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (18),
(5.2 g, 16.7 mmol, 95.4% yield).

H NMR (400 MHz, D,0, &): 1.20-1.25 (m, N-B-CH, 2H), 1.42-1.50 (m, N-B-CH,, 2H), 2.39 (d, J = 6.1
Hz, N-a-CHa, 2H), 2.49-2.79 (m, N-a-CH,, 4H), 2.83-2.88 (m, N-a-CHa, 4H), 2.90 (s, N-a-CH2, 1H),
2.96-3.19 (m, N-a-CH,, 4H), 3.23-3.08 (m, N-a-CH,, 5H), 3.52-3.31 (m, N-a-CH,, 6H), 3.64-3.82 (m, N-
0-CH,, 4H), 3.64 (t, J = 5.9 Hz, N-0-CH,, 1H), 3.93 (t, J = 6.0 Hz, N-0-CH,, 1H), 4.07 (d, J = 11.9 Hz,
Haminal, 1H), 4.21-4.27 (M, Haminal, 2H), 4.40-4.62 (m, CH,-Ar, 6H), 4.84 (d, J = 13.4 Hz, Haminal, 1H),
7.55-7.68 (m, A4-H, 4H), 7.71 (d, J = 8.0 Hz, Ar-H, 2H), 7.87 (d, J = 8.0 Hz, Ar-H, 2H). 3C NMR (100
MHz, D,0, 6): 17.55 (N-B-CH,), 18.60 (N-B-CH2), 42.92 (N-a-CH,), 43.75 (N-0-CH,), 47.54 (N-0-CH,),
48.20 (N-a-CH,), 51.30 (N-0-CH,), 57.21 (N-a-CH,), 60.62 (N-a-CH,), 61.60 (N-0-CH.), 62.22 (N-a-
CH,), 62.45 (N-a-CH>), 68.18 (N-a-CH>), 68.69 (N-a-CH2), 71.65 (Caminal), 83.20 (Caminal), 113.82 (CN),
132.08 (C-Ar), 133.19 (C-Ar), 133.51 (Ar-H). MS (ES-MS): m/z 310.8 (M-CH3CO5, 79.9). Anal. calcd for
C1sH24BrNs.0.5H,0.0.3MeCN: C, 54.27; H, 6.34; N, 18.03. Found,: C, 54.00; H, 6.32; N, 18.05.
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9.3.23 Synthesis of 2a-(4-nitrobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-
ium)methyl)benzyl) tribromide (19), and 2a-(4-cyanobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-
tetraaza-pyren-3a-ium)methyl)benzyl)-decahydro-2a,4a,6a,8a-tetraazapyrenium tribromide

(20)

General procedure B was followed.

2a-(4-Nitrobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium)methyl)benzyl)
tribromide (19)

Amounts: 3a-(4-(Bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (16)
(5.576 g, 11.46 mmol), 2a-(4-nitrobenzyl)-decahydro-2a,4a,6a,8a-tetraazapyrenium bromide (17)
(4.69 g, 11.46 mmol), dry acetonitrile (120 mL), diethyl ether (4 x 30 mL). To yield a white solid, 2a-
(4-nitrobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium)methyl)benzyl) tribromide
(19), (7.37 g, 8.25 mmol, 72.0%).

IH NMR (400 MHz, D,0, 8): 1.03 (t, J = 7.0 Hz, N-B-CH, 1H), 1.39 (d, J = 13.6 Hz, N-B-CH,, 1H), 1.64
(d, J = 14.5 Hz, N-B-CH,, 2H), 2.00 (d, J = 14.5 Hz, N-a-CH,, 2H), 2.09-2.11 (m, N-a-CH2, 4H), 2.24 (t, J
= 11.9 Hz, N-0-CH,, 1H), 2.34-2.46 (m, N-0-CH,, 2H), 2.59-2.61 (m, N-0-CH,, 2H), 2.73-3.11 (m, N-a-
CH,, 12H), 3.20-3.51 (m, N-a-CH,, 4H), 3.60 (s, N-a-CH,, 1H), 3.71-3.82 (m, N-a-CH,, 4H), 4.10 (m,
Haminal, 1H), 4.17 (M, Haminal, 1H), 4.44 (S, Haminal, 1H), 4.74-4.79 (m, CH,-Ar, 4H), 4.93 (d, J = 13.3 Hz,
Haminal, 1H), 4.98-5.13 (m, CH,-Ar, 2H), 7.53-7.63 (m, Ar-H, 4H), 7.75 (d, 7.7 Hz, Ar-H, 2H), 8.22 (d, J =
7.8 Hz, Ar-H, 2H). 3C NMR (100 MHz, D,0, 8): 17.99 (N-B-CH,), 18.48 (N-B-CH,), 42.15 (N-a-CH.,),
42.81 (N-a-CH,), 46.24 (N-a-CH,), 46.61 (N-a-CH,), 48.43 (N-a-CH,), 52.06 (N-a-CH,), 53.13 (N-a-
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CH,), 54.09 (N-a-CH3), 55.11 (N-0-CH,), 59.90 (N-a-CH,), 60.37 (N-a-CH,), 61.19 (N-0-CH,), 61.49
(N-0-CH,), 61.98 (N-0-CH,), 66.30 (N-a-CH2), 70.02 (N-a-CH,), 77.96 (CH,-Ar), 82.23 (CH,-Ar),
124.87 (Ar-H), 128.94 (C-Ar), 129.42 (C-Ar), 133.37 (C-Ar), 133.57 (Ar-H), 133.99 (Ar-H), 134.78 (Ar-
NO,). MS (ES-MS): m/z 816.31 (M-Br, 79.9). Anal. calcd for CssHsaNoO,Brs.3.7H,0: C, 45.14; H, 6.43;
N, 13.09. Found,: C, 45.91; H, 6.07; N: 12.86.

2a-(4-Cyanobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium)methyl)benzyl)-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (20)

Amounts: 3a-(4-(Bromomethyl)benzyl)-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (16)
(1.94 g, 4.01 mmol), 2a-(4-cyanobenzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (18)
(1.56 g, 4.01 mmol), dry acetonitrile (200 mL), diethyl ether (4 x 30 mL). To yield a white solid, 2a-(4-
cyanobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium)methyl)benzyl)-decahydro-
2a,4a,6a,8a-tetraaza-pyrenium tribromide (20), (1.95 g, 3.05 mmol, 76.1% yield).

IH NMR (400 MHz, D20, 6): 1.10 (t, J = 7.0 Hz, N-B-CH2, 1H), 1.47 (d, J = 13.5 Hz, N-B-CH2, 1H), 1.77
(d, J = 14.5 Hz, N-B-CH,, 1H), 1.84 (s, H, N-B-CH,, 1H), 2.09-2.17 (m, N-a-CH2, 2H), 2.39 (m, N-a-CH,,
1H), 2.42-2.54 (m, N-a-CH3, 2H), 2.77-2.79 (m, N-a-CH,, 1H), 2.92-3.01 (m, N-a-CH,, 2H), 3.15 (m, N-
0-CH,, 4H), 3.37-3.41 (m, N-0-CH,, 4H), 3.44-3.49 (m, N-a-CH,, 5H), 3.51-3.66 (m, N-a-CH,, 6H),
3.77-3.80 (m, N-a-CH,, 2H), 4.17-4.30 (m, N-a-CH3, 3H), 4.53 (s, Hamina, 1H), 4.77 (d, J = 13.5 Hz, C-
ArH,, 2H), 4.81-4.89 (m, C-ArH,, 4H), 4.95-5.00 (M, Haminal, 2H), 5.42 (d, J = 13.0 Hz, Haminal, 1H), 7.62-
7.68 (m, Ar-H, 4H), 7.72 (d, J = 8.0 Hz, Ar-H, 2H), 7.84 (d, J = 7.5 Hz, Ar-H, 2H). 3C NMR (100 MHz,
D,0, 6): 17.55 (N-B-CH,), 18.12 (N-B-CH,), 42.12 (CH,-Br), 42.55 (N-a-CH,), 46.22 (N-a-CH,), 46.48
(N-a-CH,), 48.27 (N-0-CH,), 51.58 (N-a-CH,), 52.09 (N-a-CH,), 53.11 (N-a-CH,), 54.09 (N-0-CH,),
54.84 (N-a-CH,), 60.22 (N-a-CH,), 60.44 (N-0-CH,), 61.00 (N-a-CH,), 61.27 (N-a-CH,), 61.87 (N-a-
CH,), 66.14 (N-0-CH,), 69.81 (N-a-CH3), 77.41 (Caminal), 78.44 (Caminal), 85.03 (Caminal), 115.37 (CN),
118.01 (C-Ar), 128.88 (Ar-H), 129.54 (Ar-H), 132.14 (C-Ar), 132.82 (Ar-H), 133.24 (Ar-H), 133.94 (Ar-H),
135.21 (C-Ar). MS (ES-MS): m/z 357.7 (M-2Br, 159.8). Anal. calcd for CssHssBrsNo.7H,0.2Na.0.5THF:
C,44.31; H, 6.92; N, 11.32. Found, C, 44.56; H, 6.65; N, 11.32.
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9.3.24 Synthesis 1-(4-nitrobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
(21), and 1-(4-cyanobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
(22)

() 4:%

Ny T N

N~ HN [NJ/N]

K) \—/\_< >—R
b

(

Synthesis of 1-(4-nitrobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane (21)

2a-(4-Nitrobenzyl)-6a-(4-((decahydro-2a,4a,6a,8a-tetraazapyren-2a-ium)methyl)benzyl)-decahydro-
2a,4a,6a,8a-tetraazapyrenium tribromide (19) (7.37 g, 8.25 mmol) was added to dry ethanol (200 mL)
and sodium borohydride (12.47 g, 330 mmol) was added in small portions over 1 h. The resulting
pale yellow solution was stirred at rt for 10 d under argon. Aqueous hydrochloric acid (1 M, 20 mL)
was added until pH 3-4 was reached to decompose excess sodium borohydride and the solvents
were removed in vacuo. The residue was taken up in water (100 mL) and made strongly basic (pH
13.5, KOH pellets). The basic solution was extracted with dichloromethane (5 x 60 mL), the
combined organic extracts were dried over anhydrous magnesium sulphate and the solvents were
removed Jjn vacuo. To vyield the white solid 1-(4-nitrobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (21),
(3.28 g, 4.96 mmol, 60.0%).

'H NMR (400 MHz, CDs0D, 8): 1.66-1.84 (m, N-B-CH,, 4H), 2.16-3.36 (br m, N-a-CH,, 40H), 3.47-
4.89 (m, CH,-Ar, 6H), 4.52-4.58 (br s, NH, 1H), 7.11-7.31 (m, Ar-H, 4H), 7.45-7.55 (m, Ar-H, 2H), 8.16-
8.33 (m, Ar-H, 2H). *C NMR (100 MHz, CD30D, 8): 19.41 (N-B-CH,), 20.28 (N-B-CH>), 22.16 (N-B-CH),
23.17 (N-B-CH,), 25.35 (N-a-CH>), 25.56 (N-a-CH,), 46.87 (N-a-CH,), 50.26 (N-a-CH,), 50.76 (N-a-
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CH,), 51.02 (N-a-CH,), 51.33 (N-a-CH;), 51.71 (N-a-CH;), 53.90 (N-a-CH;), 55.39 (N-a-CH,), 56.04
(N-a-CH3), 56.17 (N-a-CH,), 56.29 (N-a-CH;), 56.39 (N-a-CH;), 56.89 (N-a-CH,), 57.17 (N-a-CH,),
57.40 (N-a-CH;), 57.54 (N-a-CH;), 59.22 (N-a-CH;), 60.40 (N-a-CH,), 61.69 (N-a-CH,), 62.95 (N-a-
CH,), 123.41 (Ar-H), 123.69 (Ar-H), 127.19 (Ar-H), 129.28 (Ar-H), 129.50 (C-Ar), 129.85 (Ar-H), 130.21
(Ar-H), 139.28 (C-Ar), 146.66 (Ar-H), 147.30 (Ar-H), 147.62 (C-Ar), 148.64 (C-Ar). MS (ES-MS): m/z
662.42 (M*). Anal. calcd for CsgHsgNg 2.H,0: C, 67.14; H, 8.98; N, 19.04. Found,: C, 66.88; H, 8.59; N:
19.01.

1-(4-Cyanobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]dodecane (22)

General procedure F was followed.

Amounts: 2a-(4-Cyanobenzyl)-6a-(4-((decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-
ium)methyl)benzyl)-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (19) (0.5 g, 0.77 mmol),
sodium borohydride (0.44 g, 11.52 mmol), ethanol (10 mL), microwaved (8 hours) water (100mL, 150
mL), dichloromethane (5 x 50 mL). To yield the white solid. 1-(4-cyanobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (22),
(0.45 g, 0.70 mmol, 91.3% yield).

H NMR (400 MHz, CD30D, 8): 1.32-1.55 (m, N-B-CH2, 4H), 2.44-3.55 (m, N-B-CH,, 38H), 3.87-3.91 (m,
N-a-CH,, 1H), 4.16-4.19 (m, N-a-CH,, 1H), 4.66-4.72 (br s, NH, 1H), 4.79-4.88 (m, CH,-Ar, 6H), 7.44-
7.55 (m, Ar-H, 4H), 7.62-7.73 (m, Ar-H, 4H). 3C NMR (100 MHz, CD;0D, &): 21.46 (N-B-CH,), 24.25
(N-B-CH,), 44.27 (N-a-CH;), 47.11 (N-a-CH,), 49.89 (N-a-CH;), 50.12 (N-a-CH;), 50.56 (N-a-CH,),
51.04 (N-a-CH;), 51.72 (N-a-CH;), 52.94 (N-a-CH;), 55.14 (N-a-CH,), 55.19 (N-a-CH,), 55.77 (N-a-
CH,), 55.89 (N-a-CH,), 56.44 (N-a-CH;), 56.51 (N-a-CH,), 56.87 (N-a-CH;), 56.98 (N-a-CH,), 57.05
(N-a-CH3), 57.77 (N-a-CH,), 58.02 (N-a-CH;), 58.43 (N-a-CH;), 59.21 (N-a-CH,), 62.64 (N-a-CH,),
119.01 (CN), 125.83 (Ar-H), 129.07 (Ar-H), 129.42 (Ar-H), 129.82 (Ar-H), 129.99 (Ar-H), 130.11 (Ar-H),
130.21 (C-Ar), 131.75 (Ar-H), 132.01 (Ar-H), 134.98 (C-Ar), 145.05 (C-Ar), 146.33 (C-Ar). MS (ES-MS):
m/z 321.9 (M%). Anal. calcd for CsgHsgNg.2.7CH,Cl,.1.9H,0: C, 53.99; H, 7.59; N, 13.92. Found,: C,
54.02; H, 7.42; N, 14.01.
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9.3.25 Synthesis of metal complexes of 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
([Ni222(0OAc)2](OAC)2, [Cu222(0AC)2](OAc), and [Zn222(0Ac)2](OAc),)

M = NiZ*, ¥ = AcO, (n = 1/2); [CU222(0Ac)z](OAC)2
M = Cu?*, Y = AcO ' (n = 1); [Cu222(OAc)2](OAC)2
M =2Zn?*, Y = AcO ' (n = 1/2); [Cu222(0AC)2)(OAC)2

General procedure E was followed.

N-(4-(1,4,7-Triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide nickel(ll) acetate ([Ni»22(OAc).](OAc),)

Amounts: N-(4-(1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (22) (99.6 mg, 160.0 umol), dry methanol (20 mL),
nickel(ll) acetate (85.0 mg, 340.0 pumol). To yield a blue green, N-(4-( 1,4,7-triazonan-1-
yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamidenickel(ll)
acetate ([Ni»22(0OAc);](0OAc)z), (66.6 mg, 49.2 umol, 31.6% yield).
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MS (ES-MS; run with formic acid): m/z 424.4 (M-4CH3CO,+2HCO,). Anal. calcd for
Cs6H70N9OgNi>.2.8H,0.3.1MeOH: C, 51.49; H, 7.83; N, 11.01. Found,: C, 51.55; H, 7.72; N, 11.08.

N-(4-((1,4,7-Triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide copper(ll) acetate ([Cu222(0Ac):](OAc):)

Amounts: 4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzonitrile (22) (113.8 mg, 180.0 umol), dry methanol
(15 mL), copper(ll) acetate (78.0 mg, 390.0 umol). To yield a blue solid, N-(4-( 1,4,7-triazonan-1-
yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide
copper(ll) acetate ([Cu222(OAc):](0Ac)32), (152.0 mg, 112.2 umol, 63.2% yield).

MS (ES-MS; run with formic acid): m/z 428.8 (M-4CH3CO,+2HCO,). Anal. calcd for
Cs6H70N9O5Cu,.7.8H,0.1.5MeCN: C, 49.04; H, 7.58; N, 12.25. Found,: C, 48.98; H, 7.49; N, 12.33.

N-(4-(1,4,7-Triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide zinc(ll) acetate ([Zn»22(OAc).](OAc),)

Amounts: N-(4-(1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (22) (145.8 mg, 230.0 umol), dry methanol (15 mL),
zinc(ll) acetate (91.81 mg, 500.0 umol), To vyield an off-white solid, N-(4-(1,4,7-triazonan-1-
yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamidezinc(ll)
acetate ([Ni»22(OAc);](0OAc)z), (189.0 mg, 139.5 umol, 61.3% yield).

MS (ES-MS; run with formic acid): m/z 430.8 (M-4CH3CO,+2HCO,). Anal. calcd for
Cs6H70N90sZn;.3.8H,0.1.9MeOH: C, 50.59; H, 7.55; N, 11.09. Found,: C, 50.51; H, 7.77; N, 11.08.
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9.3.26 Synthesis of 1-(4-aminobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (23)

mﬁ@jﬂ
Hnd LS
K) - N\_/N\_@NHZ

1-(4-Nitrobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-

(

tetraazabicyclo[5.5.2]dodecane (21) (3.28 g, 4.96 mmol) was dissolved in ethanol (200 mL) and
degassed with the hydrogenator then put under a hydrogen atmosphere. Palladium on carbon
(0.32 mL, 3.08 mmol) was added quickly, the solution was degassed and put under hydrogen again
and left for 4 h. The mixture was filtered through high flow super cell to remove the catalyst and
washed with ethanol (3 x 40 mL). The solvent was removed in vacuo to yield an orange powder, 1-(4-
aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]dodecane (23), (2.27 g, 3.60 mmol, 73.0%).

H NMR (400 MHz, CD;0D, 6): 1.72 (br s, N-B-CH, 4H), 2.36-3.16 (br m, N-a-CH,, 40H), 3.62-3.98 (br
m, CH2-Ar, 6H), 4.00-4.16 (m, NH,, 2H), 4.40-4.65 (br m, NH, 1H), 7.15-7.69 (m, Ar-H, 8H). 13C NMR
(100 MHz, CDs0D, 6): 22.47 (N-B-CH,), 24.87 (N-B-CH>), 44.90 (N-a-CH;), 46.42 (N-a-CH), 49.22 (N-
a-CH), 50.11 (N-a-CH,), 51.50 (N-a-CH), 52.62 (N-a-CH,), 52.84 (N-a-CH), 53.99 (N-a-CH,), 55.01
(N-a-CH3), 55.75 (N-a-CH,), 56.42 (N-a-CH;), 58.17 (N-a-CH;), 114.22 (Ar-H), 125.34 (C-Ar), 128.28
(Ar-H), 129.67 (Ar-H), 143.05 (C-Ar). MS (ES-MS): m/z 316.90 (M?). Anal. calcd for
C37He1N9.4.2H,0.3.7EtOH: C, 60.73; H, 10.52; N, 14.36. Found,: C, 60.56; H, 10.57; N, 14.06.
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9.3.27 Synthesis of metal complexes of 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
([Cu223(0Ac)2](OAc), and [Zn223(0Ac)2](OACc)2])

2AcO

M =Cu®, Y = AcO ' (n = 1); [Cu223(0Ac)2](OAC)2
M =2Zn?*,Y = AcO , (n = 1/2); [Zn,23(0Ac)2](OAC)2

General procedure E was followed.

Synthesis of 1-(4-aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)
methyl)benzyl)-1,4,7,10tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Cu223(OAc).](OAc),)

Amounts: 1-(4-Aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane (23) (0.40 g, 0.63 mmol), copper(ll) acetate monohydrate
(0.25 g, 1.7 mmol), methanol (25 mL). To yield a blue solid, bis copper [Cu,43(0Ac).](OAc). copper(ll)
acetate ([Cu;23(0OAc),](0Ac)2), (0.22 g, 0.22 mmol, 34.9%).

MS (ES-MS; run with formic acid): m/z 423.4 (M-4CH3CO,+2HCO,).
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Synthesis of 1-(4-aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)
methyl)benzyl)-1,4,7,10tetraazabicyclo[5.5.2]dodecane zinc(ll) acetate ([Zn,23(0Ac).](OAc).)

Amounts: 1-(4-Aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane (23) (0.40 g, 0.63 mmol), zinc(ll) acetate (0.24 g, 1.33 mmol),
methanol (25 mL). To vyield an orange solid, bis zinc 1-(4-Aminobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10tetraazabicyclo[5.5.2]dodecane  zinc(ll)
acetate ([Zn223(0Ac);](OAc),), (0.18 g, 0.18 mmol, 28.0%).

ES-MS (run with formic acid); (m/z): [M-40Ac+2CHO;]** = 425.2.
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9.3.28 Synthesis of 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
(24)

A/_QTH
NS

CJa
> 0N,

General procedure G was followed.

Amounts: 1-(4-Cyanobenzyl)-7-(4-((1,4,7,10-tetraazabicyclo[8.2.2]dodecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane (22) (6.50 g, 10.13 mmol), anhydrous tetrahydrofuran (100
mL), lithium aluminium hydride (1.54 g, 40.5mmol), anhydrous THF (50 mL), water (1 mL), 15%
sodium hydroxide solution (1 mL), THF (2 x 20 mL), water (2 x 10 mL), THF (5 x 25 mL). To yield a
yellow oil, 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (24),
(3.11 g, 4.82 mmol, 47.6% yield).

H NMR (400 MHz, CD30D, 8): 1.72 (br s, N-B-CH, 4H), 2.36-3.16 (br m, N-a-CH,, 40H), 3.52-3.58 (m,
CHa-Ar, 2H), 3.62-3.98 (br m, CH,-Ar, 6H), 4.00-4.16 (m, NH,, 2H), 4.40-4.65 (br m, NH, 1H), 7.15-
7.69 (m, Ar-H, 8H). *C NMR (100 MHz, CD30D, 6): 23.11 (N-B-CH,), 28.89 (N-B-CH.), 44.63 (N-a-CH.),
45.12 (N-a-CH,), 49.02 (N-0-CH,), 50.28 (N-a-CH>), 51.20 (N-a-CH,), 53.45 (N-0-CH,), 54.37 (N-a-
CH,), 54.95 (N-a-CH3), 55.12 (N-0-CH,), 55.57 (N-a-CH,), 56.11 (N-a-CH,), 56.42 (N-0-CH,), 56.76
(N-0-CH,), 57.11 (N-0-CH,), 57.27 (N-a-CH,), 58.67 (N-a-CH2), 60.22 (N-a-CH,), 63.54 (N-0-CH,),
123.45 (Ar-H), 127.05 (Ar-H), 127.80 (Ar-H), 128.75 (Ar-H), 128.87 (Ar-H), 129.20 (Ar-H), 129.31 (Ar-
H), 129.64 (Ar-H), 130.01 (Ar-H), 134.95 (Ar-H), 136.55 (C-Ar), 137.77 (C-Ar), 139.08 (C-Ar), 142.71 (C-
Ar). MS (ES-MS): m/z 316.90 (M?*). Anal. calcd for CssHesNs.5.6H,0.1.3THF: C, 61.78; H, 9.82; N,
15.03. Found,: C, 61.82; H, 10.00; N, 15.02.
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9.3.29 Synthesis of metal complexes of 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
([Cu224(0Ac)2](OAc)2 and [Zn224(0Ac)2](OAc),)

2AcO

M = Cu*, Y = AcO " (n = 1); [Cu224(0AC)2](OAC)2
M =2Zn?*Y = AcO, (n = 1/2); [Zn;24(0Ac)2](OAC)2

General procedure E was followed.

1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Cu.24(OAc).](OAc):)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (24)
(2.29 g, 3.55 mmol), copper(ll) acetate monohydrate (1.42 g, 7.10 mmol), methanol (50 mL, 50 mL)
to yield a blue solid, 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
copper(ll) acetate ([Cu,24(0Ac),](0Ac)2), (1.87 g, 2.42 mmol, 68.2% yield).

MS (ES-MS): m/z 444.7 (M-2CH3CO>, 68). Anal. calcd for CsH75Cu2N9Os.2.8H,0.0.5MeOH: C, 52.14;
H, 7.67; N, 11.90. Found,: C, 52.09; H, 7.70; N, 11.58.
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1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Zn,24(OAc).](OAc),)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane, (24)
(81.0 mg, 130.0 umol), methanol (5 mL, 20 mL), zinc(ll) acetate (46.01 mg, 250.0 umol) to yield a
white solid 1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane
copper(ll) acetate ([Zn,24(0Ac),](OAc).), (89.0 mg, 88.0 umol, 70.26% yield).

MS (ES-MS): m/z 446.2 (M-2CH;CO,, 68). Anal. calcd for CagH75Zn2NsOs.3.0THF: C, 56.81; H, 7.89; N,
10.28. Found,: C, 57.02; H, 8.10; N, 10.31.
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9.3.30 Synthesis of 2,22"- (1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
copper(ll) acetate ([Cu25])

00C” N /N/\COOH

\

Ch._
Co ]

General procedure E was followed.

Amounts: 2,2',2"- (1,4,7,10-Tetraazacyclododecane-1,4,7-triyl)triacetic acid (173.8 mg, 0.50 mmol,
supplied by past member of the Archibald group), copper(ll) acetate (91.1 mg, 0.50 mmol), methanol
(200 pL). To yield the blue solid 2,2',2"- (1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
copper(ll) acetate ([Cu25]), (126.0 mg,0.31 mmol, 62.0% yield).

MS (ES-MS): m/z 406.1 (M*). Anal. calcd for C14H21CuN406.0.5MeOH: C, 41.28; H, 5.75; N, 13.28.
Found,: C, 41.20; H, 5.89; N, 12.98.
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9.3.31  Synthesis of  2,2',2"-(10-(4-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetic acid (26)

HOOC—\I COOH

[j Ol

HN
26

General procedure H

The macrocycle was dissolved in anhydrous amine-free DMF and combined with 2,2,2"”- (10- (2,6-
dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid with the
presence of bases. The reaction was shaken (550 RPM) overnight at RT before being reduced in

vacuo before being purified by HPLC conditions.

2,2',2"-(10-(4-((4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-

carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (26)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane (12) (11.8 mg, 34.0
pumol), DMF (2 mL), 2,2',2""-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (40.0 mg, 85.0 umol) and triethylamine (4.7 uL, 3.43
mg, 34.0 umol). To yield a white solid, 2,2',2"-(10-(4-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-
5-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid (26), (7.8 mg, 9.0 umol, 62.5%).

Purified using RP semi-preparative HPLC System 4 (Section 9.2.2.4) (single peaks, t, = 15:20 min). H
NMR (400 MHz, D,0, &): 1.23-1.29 (m, N-B-CH,, 4H), 1.72-2.13 (m, N-a-CH,, 12H), 2.67-2.97 (m, N-
a-CH;, 6H), 3.01-3.67 (m, N-a-CH,, 18H), 3.22-3.38 (m, CH,-CO + CH,-CCO, 4H), 4.01-4.18 (m, CH,-Ar,
4H), 4.31 (br s, CH, 1H), 4.46-4.72 (m, CH,-CO, 6H), 7.18-7.23 (m, Ar, 4H), 8.01 (s, NH, 1H), 8.32 (s,
OH, 1H), 8.65 (s, OH, 1H). MS (HRMS): m/z (M*) cald for C39HesNoOs: 802.4820 found, 802.4832.
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9.3.32 Synthesis of metal complexes of 2,2',2"-(10-(4-((4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid ([Ni26(OAc)](OAc), [Cu26(OAc)](OAc), and
[Zn26(0AC)](OAC))

HOOC\\\I COOH

i N/\ Yn
N\_\M’_)N J\/E/
Q//N Q HO \—COOH
AcO
2ty = AcO” ' (n = 1/2); [Ni26(0ACc)](OAC)

#,Y = AcO  (n = 1); [Cu26(OAC)](OAC)

M = Ni
M=Cu
M=Zn 2+

Y =AcO (n=1/2); [Zn25(0AC)|(OAC)

General procedure H was followed

2,2',2"-(10-(4-((4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-
carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid nickel(ll) acetate

(INi26(OAc)](OAc))

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane nickel(ll) acetate
([Ni12(OAc)](OAc) (6.0 mg, 0.011 mmol), anhydrous DMF (2 mL), 2,2’,2"’-(10-(2,6-dioxotetrahydro-
2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 13.13 mg, 0.028 mmol) and
triethylamine (1  equiv.). To vyield a green solid, 2,2'2"-(10-(4-((4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid nickel(ll) acetate ([Ni26(OAc)](OAc)), (4.7 mg, 4.88

umol, 43.6%). No purification attempted.

MS (ES-MS): m/z 859.4 (M-2CH3CO,, 68).
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2,2',2"-(10-(4-((4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-
carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate

(Cu26(OACc)](OAc))

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane copper(ll) acetate
([Cu12(OACc)](OAc)) (5.3 mg, 10.0 umol), anhydrous DMF (2 mL), 2,2’,2"’-(10-(2,6-dioxotetrahydro-
2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (12.4 mg, 25.0 umol), and
triethylamine (1 equiv.). To vyield a light blue solid, 2,2'2"-(10-(4-((4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate ([Cu26(OAc)](OAc)) (5.2 mg, 6.0
umol, 60.1%).

Purified using RP semi-preparative HPLC System 4 (Section 9.2.2.4) (single peaks, t. = 10:20 min). MS
(ES-MS): m/z 942.4 (M-CH3CO,+H,0, 50).

2,2',2"-(10-(4-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-
carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate

([Zn26(0AC)](OACc))

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]-hexadecane zinc(ll) acetate
([Zn12(0ACc)](OAc)) (5.10 mg, 9.0 umol), anhydrous DMF (2 mL), 2,2’,2"’-(10-(2,6-dioxotetrahydro-
2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (11.06 mg, 24.0 umol) and
triethylamine (1  equiv.). To vyield a white solid, 2,2',2"-(10-(4-((4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid ([Zn26(OAc)](OAc)), (6.50 mg, 6.59 umol, 68.0%).

Purified using RP semi-preparative HPLC System 4 (Section 9.2.2.4) (single peaks, t. = 11:05 min). MS
(ES-MS): m/z 865.4 (M-2CH3CO>, 68).
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9.3.33 Synthesis of 2,2',2"-(10-(1-carboxy-4-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (27)

HOOC COOH

_\/\\N J

AT

N N

4 g

General procedure H was followed.

2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-

yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (27)

Amounts: 1-(4-Cyanobenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane (15) (10.30 mg,
0.028 mmol), anhydrous DMF (2 mL), 2,2’,2"-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (17.00 mg, 0.034 mmol) and triethylamine (1 equiv.).
To yield a white solid, 2,2',2"-(10-(1-carboxy-4-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (27), (4.2 mg, 4.91 umol, 17.5%).

Purified using RP semi-preparative HPLC System 4 (Section 9.2.2.4) (single peaks, t, = 14:50 min). *H
NMR (400 MHz, D50, 8): 1.24-1.56 (m, N-B-CH, 2H), 2.71 (s, CH3, 3H) 2.93-2.99 (m, N-B-CH, + N-a-
CH,, 6H), 3.18-3.24 (m, CH,-CO + CH,-CCO, 4H), 3.46 — 3.80 (m, N-a-CH,, 22H), 3.27-3.32 (m, N-a-
CH,, 10H), 4.08-4.20 (m, CH2-Ar, 4H), 4.25 (s, CH, 1H), 4.40-4.80 (m, CH»-CO, 6H), 7.32-7.34 (m, Ar-H,
2H), 7.41-7.48 (m, Ar-H, 2H), 8.06 (s, OH, 1H), 8.45 (s, OH, 1H). MS (HRMS): m/z (M*) calcd. for
CaoHesN9Og7, 816.4989 found, 816.4984.
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9.3.34 Synthesis of 2,2',2"-(10-(1-carboxy-4-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid metal derivatives ([Cu]27 and [Zn]27)

HOOC—\‘ COOH
/'
(\ /U\/T N \—COOH

Y\ Ve |v| Yn
AcO
M =Cu

M=2Z Y= ACO__ .(n = 1); [Cu27(OAC)](OAC)
2+’ Y = AcO Y (n = ]_/2), [Zn27(OAC)](OAC)

2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
copper(ll) acetate ([Cu27(OAc)](OAc))

Amounts:  1-(4-Cyanobenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane  copper(ll)
acetate ([Cul5(OAc)](OAc)) (7.70 mg, 0.015 mmol), anhydrous DMF (2 mL), 2,2’,2"”"-(10-(2,6-
dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (18.07 mg,
0.037 mmol) and triethylamine (1 equiv.). To yield a light blue solid, 2,2',2"-(10-(1-carboxy-4-((4-
((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-
1,4,7,10 tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate ([Cu27(OAc)](OAc)), (6.1
mg, 5.91 umol, 39.4%).

Purified using RP semi-preparative HPLC System 4 (Section 9.2.2.4) (single peaks, t. = 09:10 min). MS
(ES-MS): m/z 938.4 (M-CH3CO,, 34).
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2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
zinc(ll) acetate ([Zn27(0Ac)](OAc))

Amounts: 1-(4-Cyanobenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane zinc(ll) acetate,
([Zn15(0Ac)](OAc)) (9.54 mg, 0.017 mmol), anhydrous DMF (2 mL), 2,2°,2”- (10- (2,6-
dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (21.73 mg,
0.0044 mmol) and triethylamine (1 equiv.). To yield a white solid, 2,2',2"-(10-(1-carboxy-4-((4-((11-
methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate ([Zn27(OAc)](OAc)), (6.2 mg, 6.00
umol, 35.3%).

Purified using RP semi-preparative HPLC System 4 (Setion 7.2.2.4) (single peaks, t; = 10:20 min). MS
(ES-MS): m/z 477.5 (M-CH3CO,+0H, 49).
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9.3.35 Synthesis of 2,2',2"-(10-(1-carboxy-4-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (27) with gallium(lll) to form (["*'Ga27])

[natGa27]

General procedure |

The macrocycle and a solution of gallium(lll) nitrate hydrate in water were dissolved in HEPES buffer
(2mL, pH = 3.5, 0.1 M). The reaction mixture was stirred (550 RPM) for 16 hours night at 35°C on a
thermomixer. Compound was purified by semi-preparative chromatography, before being

lyophilised.

2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
gallium(lll) complex (["**Ga27])

Amounts: 2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (27)
(2.mg, 2.5 umol), HEPES buffer (2mL, pH = 3.5, 0.1 M), gallium(lll) nitrate hydrate (0.76 mg, 3.0
pmol). To yield a white solid, 2,2',2"-(10-(1-carboxy-4-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid gallium(Ill) complex (["**Ga27]), (1.80 mg, 2.0 umol,
82.4% yield).

Purified using reverse phase semi-preparative HPLC System 4 (Section 9.2.2.4) (single peaks, t. =

07:50 min, <90% incorporation by HPLC). MS (ES-MS): m/z 883.4 (M*).

267



9.3.36 Synthesis of metal complexes of 2,2',2"-(10-(1-carboxy-4-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate ([Zn27(0Ac)](OAc)) with
gallium(lll) to form (["®GazZn27(0Ac)](OAc))

AcO_

M=ZnZ*, Y = CHsCOO , (n =1/2); ["'Gazn27(0Ac)](0AC)

General procedure | was followed.

2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
zinc(ll) acetate gallium(lll) complex (["**GaZn27(0Ac)](OAc))

Amounts: 2,2',2"-(10-(1-Carboxy-4-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc
acetate ([Zn27(0Ac)](OAc)) (2.00 mg, 2.0 umol), HEPES buffer (2mL, pH = 3.5, 0.1 M), gallium(lll)
nitrate hydrate (0.61 mg, 2.4 umol). To yield a white solid, 2,2',2"-(10 (1-carboxy-4-((4-((11-methyl-
1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate gallium(lll) complex

(["*GazZn27(0Ac)](OAc)), (2.00 mg, 1.9 umol, 94.0% yield).

Purified using RP semi-preparative HPLC System 4 (7.2.2.4) (single peaks, t = 07:40 min, <90%
incorporation by HPLC). MS (ES-MS; run with formic acid): m/z 993.4 (M-2CH3CO,+CHO,+H, 22).
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9.3.37 Attempted synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-

e
NK\N/_<j>jN/_\N O;K/{ /?\' o)
] [N N] H K/N :Q?

v J/ ;@4\1 OH

28

tetraazacyclododecane-1,4,7-triyl)triacetic acid (28)

Attempted synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)amino)-1-carboxy-

4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (28)

Amounts: 1-(4-Aminobenzyl)-7-(4-((1,4,8,11tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane (23) (5.41 mg, 8.6 umol), 2,2’,2"’-(10-(2,6-dioxotetrahydro-
2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (4.71 mg, 10.3 pumol),
anhydrous DMF (1 mL). To yield an orange solid. The desired product was not isolated using this

synthetic procedure.
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9.3.38 Attempted synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid metal complexes ([Cu228(0OAc)2](OAc), and

[Zn228(0Ac)2](0AC)2)

2AcO

M = CuZ*, Y = AcO, (n =1); [Cu28(0Ac)2](OAC)
M =2Zn2* Y = AcO, (n =1/2); [Zn,28(0Ac)2](OAC)

Attempted synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)amino)-1-carboxy-
4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate
([Cu228(OAc).](0ACc).)

Amounts: 1-(4-Aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Cu.23(OAc);](OAc)2) (7.00 mg, 9.2
umol), 2,2’,2"”- (10- (2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid (5.07 mg, 11.1 umol), anhydrous DMF (340 pL). To yield a blue solid. The desired

product was not isolated using this synthetic procedure.
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Attempted synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)amino)-1-carboxy-
4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate ([Zn]28)

Amounts: 1-(4-Aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10tetraazabicyclo[5.5.2]dodecane zinc(ll) acetate ([Zn,23(0Ac)2](OAc);2) (5.90 mg, 7.7 umol),
2,2’,2”- (10- (2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic
acid (4.26 mg, 9.3 umol), dry DMF (1 mL). To yield an orange solid. The desired product was not

isolated using this synthetic procedure.
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9.3.39 Synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-
carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (29)

O

(%H

Y ?N L0 NJ}

[] ) !
NS =

29

General procedure H was followed.

2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (29)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (24)
(48.5 mg, 0.080 mmol); 2,2',2"-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (34.41 mg, 0.080 mmol), anhydrous DMF (2 mL). To
yield a white solid, 2,2'2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-
oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (29) (42.0 mg, 3.8 umol, 50.6%
yield).

Purified using RP semi-preparative HPLC System 5 (Section 9.2.2.5) (single peaks, t, = 17:18 min).
Analytical RP-HPLC Systems C (Section 9.2.1.3) (single peaks, t, = 17:27 min). MS (HRMS): calcd for
(M*) Cs7H93N1309*: 1104.7292 found, 1104.7294
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9.3.40 Synthesis of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-
carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid metal
complexes ([Cu229(0Ac)2](OAc)2 and [Zn229(0Ac),](0Ac),)

2AcO

M = Cu®*, Y = AcO , (n =1/2); [Cu,29(0Ac)2](OAC)2
M =2Zn%* Y = AcO, (n =1); [Zn,29(0Ac)2](OAC)2

2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2)etradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate ([Cu;29(OAc).](OAc).)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper
acetate ([Cu,24(OAc);](0OAc)2) (7.1 6mg, 10.0 umol), 2,2’,2""-(10-(2,6-dioxotetrahydro-2H-pyran-3-
yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (3.26 mg, 10.0 umol), anhydrous DMF (2
mL). To yield a blue solid, 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-
oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate
([Cu229(0AC),](0OAC)2), (42.0 mg, 3.8 umol, 50.6% yield).
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Purified using RP semi-preparative HPLC System 5 (Section 9.2.2.5) (single peaks, t = 19:20 min). MS
(ES-MS): m/z 674.7 (M-2CH3CO>, 68).

2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate ([Zn»29(OAc).](OAc),)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc
acetate ([Zn,24(0OAc)2](0Ac)2) (15.00 mg, 10.0 umol), 2,2’,2”"-(10-(2,6-dioxotetrahydro-2H-pyran-3-
yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (6.82 mg, 10.0 umol), anhydrous DMF (2
mL). To yield a white solid, 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-
oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(I1) acetate

([Zn229(0Ac)2](0OAC),), (6.8 mg, 5.3 umol, 35.6% yield).

Purified using RP semi-preparative HPLC System 5 (Section 9.2.2.5) (single peaks, tr = 15:21 min). MS
(ES-MS): m/z 790.5 (M-2CH3CO,+2TFA+2H).
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9.3.41 Synthesis of metal complexes of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid of (29) with gallium(lll) nitrate to form

(["*'Ga29])

A \ O{\\.‘”é{tea-N

NN N N :\:2\?0
O T G
@J

["*'Ga29

General procedure | was followed.

2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid gallium(lll) (["*'Ga29])

Amounts: 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (29) (0.5mg, 0.4 umol), HEPES buffer (2mlL,
pH = 3.5, 0.1 M), gallium(lll) nitrate hydrate (0.14 mg, 0.5 umol), to yield a white solid 2,2',2"-(10-(4-
((4-((20-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid gallium(lll) (["*Ga29]), (0.34 mg, 0.3 umol, 62.5%

yield).

Analytical RP-HPLC Systems C (Section 9.2.1.3) (Single peaks, t, = 12:50 min). MS (ES-MS): m/z
1172.5 (M*).
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9.3.42 Synthesis of metal complexes of 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid of ([Cu229(0Ac),](OAC)2 and
[Zn229(0Ac)2](OAc),) with gallium(lll) nitrate to form (["*'GaCu229(0Ac);](OAc);, and
["'GazZn,29(0Ac):](OAC)2)

M=Cu?* Y= AcO, (n =1), [”atGaCU229(OAc)2](OAc)2
M =2Zn?" Y = AcO, (n =1/2); ["*'GazZn,29(0Ac)z](OAC)2

General procedure | was followed.

2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)Jamino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate gallium(lll)

(["**GaCu229(0Ac):](0Ac)2)
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Amounts: 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid copper(ll) acetate ([Cu,29(OAc),](OAc);)
(0.064 mg, 0.38 umol), HEPES buffer (2mL, pH = 3.5, 0.1 M), and gallium nitrate (0.011 mg, 0.38
pmol). To yield copper(ll) acetate 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic
acid gallium(Ill) ((["™*GaCu229(0Ac)2](0OAc)2), (0.040 mg, 0.26 umol, 67.1% yield).

Analytical RP-HPLC Systems C (section 9.2.1.3) (Single peaks, t, = 12:28 min). MS (HRMS): calcd for
[M-3CH3CO;,+2Nal?** for CssHgsCu,GaN130sNaz?*, 697.7179; found, 697.7175.

2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate gallium(ll1)

(["**GazZn,29(0Ac):](0Ac).

Amounts: 2,2',2"-(10-(4-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid zinc(ll) acetate (["*GaZn,29(0Ac):](0OAc)2)
(4.0 mg, 3.6 umol), HEPES buffer (2mL, pH = 3.5, 0.1 M), and gallium(lll) nitrate hydrate (1.12 mg, 4.8
pumol). To vyield a white solid Zinc (ll) acetate 2,2'2"-(10-(4-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic
acid gallium(Il) (["*GaCu;29(0Ac)2](0OAc)z), (0.87 mg, 0.6 umol, 15.6% yield).

Analytical RP-HPLC Systems C (Section 9.2.1.3) (Single peaks, t; = 12:38 min). MS (ES-MS): m/z
1499.0 (M-CH3CO,+Na, 11).
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9.3.43 Synthesis of (9H-fluoren-9-yl)methyl(1-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-3-0x0-6,9,12,15,18-pentaoxa-2-

azaicosan-20-yl)carbamate (30)

ﬁQﬂJ\b o
g

(4-((11-Methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)methanamine (15) (7.1

EI

30

mg, 20.0 umol), FMOC-NH-PEGs-COOH (10.4 mg, 20.0 umol) and triethylamine (300 pL, 20.0 umol)
were combined in amine-free dimethylformide (700 mL) and shaken at RT for 1 hour. The resulting
solution was reduced in vacuo to yield the white solid (9H-fluoren-9-yl)methyl(1-(4-((11-methyl-
1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-3-0x0-6,9,12,15,18-pentaoxa-2-
azaicosan-20-yl)carbamate (30), (12.2 mg, 18.8 umol, 95.8% yield).

NMR analysis completed after FMOC deprotection. MS (ES-MS): m/z 873.1 (M*).
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9.3.44 Synthesis of (9H-fluoren-9-yl)methyl(1-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-3-0x0-6,9,12,15,18-pentaoxa-2-
azaicosan-20-yl)carbamate copper(ll) acetate ([Cu30(OAc)](OAc))

AcO

[Cu30(0OAC)](OAC)

4-((11-Methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)methanamine
([Cu1l5(0AC)](OAc)) (37.3 mg, 0.070 mmol), FMOC-NH-PEGs-COOH (36.54 mg, 0.070 mmol) and
triethylamine (95.7 pL, 0.690 mmol) were combined in amine-free dimethylformide (700 mL) and
shaken at RT for 1 hour. The resulting solution was reduced in vacuo to yield the white solid (9H-
fluoren-9-yl)methyl (1-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-
3-0x0-6,9,12,15,18-pentaoxa-2-azaicosan-20-yl)carbamate copper(ll) acetate ([Cu30(OAc)](OAc)),
(68.4 mg, 0.0649 mmol, 94.3% yield).

NMR analysis completed after FMOC deprotection. ES-MS (m/z): MS (ES-MS): m/z 952.5 (M-
2CH3CO,+0H, 51).
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9.3.45 Synthesis of 1-amino-N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)-3,6,9,12,15-pentaoxaoctadecan-18-amide (31)

11{%*““2

31

(9H-Fluoren-9-yl)methyl(1-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)phenyl)-3-ox0-6,9,12,15,18-pentaoxa-2-azaicosan-20-yl)carbamate (30) (12.2 mg, 18.8
pmol) was taken up in dimethylformide (500 mL) and combined with a 1:1 volume of piperidine, the
solution was shaken at 550 RPM at RT for an hour. The resulting was reduced in vacuo before being
taken up in methanol (400 uL) before being purified by LH20 sephradex. Mass spectrometry was
used to combine the correct fraction before being recused in vacuo to yield 1-amino-N-(4-((11-
methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)-3,6,9,12,15-
pentaoxaoctadecan-18-amide (31), (10.8 mg, 16.7 umol, 89.6%).

Analytical RP-HPLC Systems D (section 9.2.1.4) (single peaks, t, = 21:50 min). *H NMR (100 MHz,
CDCls, 68): 1.50-3.51 (m, CHa, NH2 + NH, 53H), 4.31-4.36 (m, CHa-Ar, 2H), 4.52-4.55 (m, CH2-Ar, 2H),
7.21(d, J = 8.0 Hz, Ar-H, 2H), 7.26 (d, J = 8.0 Hz, Ar-H, 2H). 2*C NMR (100 MHz, CDCls, 8): 26.61 (N-B-
CH,), 27.02 (N-B-CH>), 32.11 (C-CO), 41.43 (C-NH,), 48.27 (CH3), 50.08 (N-a-CH2), 50.11(N-a-CH,),
53.69 (N-0-CH»), 53.99 (N-a-CH,), 54.21 (N-a-CH,), 54.44 (N-a-CH,), 55.31 (N-a-CH2), 55.66 (N-o-
CH,), 56.08 (N-a-CH,), 56.31 (N-a-CH,), 62.41 (N-a-CH2), 56.41 (N-a-CH,), 65.81 (CH,-Ar), 65.94
(CH,-Ar), 69.71 (C-0), 70.04 (C-0), 71.83 (C-0), 73.16 (C-0), 125.10 (Ar-H), 126.80 (Ar-H), 128.33 (C-
Ar), 128.97 (C-Ar), 132.08 (C=0), 181.23. MS (ES-MS): m/z 650.9 (M*).
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9.3.46 Synthesis of 1-amino-N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)-3,6,9,12,15-pentaoxaoctadecan-18-amide copper(ll) acetate
([Cu231(0OAC)](OAC))

@ )K(A >/\/NH2

ACO_

[Cu31(OAC)](OAC)

(9H-Fluoren-9-yl)methyl-(1-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)phenyl)-3-o0x0-6,9,12,15,18-pentaoxa-2-azaicosan-20-yl)carbamate  copper(ll) acetate
([Cu230(0AC)](OAC)) (68.4 mg, 64.9 umol) was taken up in dimethylformide (500 mL) and combined
with a 1:1 volume of piperidine, the solution was shaken at 550 RPM at RT for an hour. The resulting
was reduced in vacuo before being taken up in methanol (400 pL) before being purified by LH20
sephradex. Mass spectrometry was used to combine the correct fraction before being reduced in
vacuo to yield the blue solid, 1-amino-N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)-3,6,9,12,15-pentaoxaoctadecan-18-amide ([Cu231(OAc)](OAc)) (10.8 mg, 16.7
pmol, 25.7%).

Analytical RP-HPLC Systems D (section 9.2.1.4) (single peaks, t, = 18:20 min). MS (HRMS): m/z (M-
2CH3CO;, 68) calcd for C3gHesCuNgOs*, 722.4154; found, 722.4138.
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9.3.47  Attempted  synthesis of  2,2',2"-(10-(25-carboxy-1-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-3,22-diox0-6,9,12,15,18-pentaoxa-2,21-

diazapentacosan-25-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (32)

O

N (%H
E J%
@ )%

32

EI

1-Amino-N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)-3,6,9,12,15-
pentaoxaoctadecan-18-amide (31) (3.5 mg, 5.4 umol) was dissolved in amine-free DMF and
combined with 2,2’,2”-(10-(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetic acid (2.7 mg, 5.4 umol) with triethylamine (1 pL, 7.2 umol). The reaction was
shaken (550 RPM) overnight at RT before being reduced in vacuo to yield a white solid (4.5 mg). The

desired product was not isolated using this synthetic procedure.
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9.3.48 Synthesis of 2,2',2"-(10-(1-carboxy-4,21-dioxo-2,8,11,14,17-pentaoxa-5,20-

diazadocosan-22-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (33)

COOH  COOH
AR
HO o H%o\%\No [N N]
LA SR A VN
33

Diglycolic anhydride (8.22 mg, 0.070 mmol) and 2,2’,2-(10-(17-amino-2-0x0-6,9,12,15-tetraoxa-3-
azaheptadecyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (44.11 mg, 0.070 mmol)
were combined in amine free DMF (300 uL) to which triethylamine (19.7 pL, 0.140 mmol) was added.
The reaction was shaken (550 RPM) for 24 hours at RT before being reduced in vacuo to yield a
yellow solid, 2,2',2"-(10-(1-carboxy-4,21-dioxo-2,8,11,14,17-pentaoxa-5,20-diazadocosan-22-yl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (33), (45.0 mg, 0.058 mmol, 81.1% yield).

1H NMR (400 MHz, D,0, 8): 1.12 (t, J = 7.3 Hz, N-a-CH,, 6H), 2.07 (s, N-a-CH>, 18H), 3.06 (m, N-0-CH>,
2H), 3.32 (t, J = 5.4 Hz, NH, 1H), 3.50-3.47 (m, CH,-NH, 2H), 3.54 (s, CH,-O, 6H), 4.00 (s, NH, 1H), 4.09
(s, NH, 1H), 4.65-4.67 (m, CH,-O, 14H), 7.76 (s, OH, 1H). 3C NMR (100 MHz, D,0, 8): 8.21 (NH-CH,),
30.22 (N-CH,), 46.66 (N-CH,-C=0), 68.36 (CH2-0), 69.61 (CH,-0), 69.69 (CH»-0), 69.73 (CH,-0),
69.82 (CH,-0), 191.20 (C=0), 213.77 (C=0), 214.57 (C=0), 215.41 (C=0). MS (ES-MS): m/z 739.9 (M").
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9.3.49 Synthesis of 2,2',2"-(10-(1-(4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)-3,7,24-
trioxo-5,11,14,17,20-pentaoxa-2,8,23-triazapentacosan-25-yl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (34)

m ::: N/_\N (.El\(l/)H_\NﬁCOOH
A S Al e

34

2,2',2"-(10-(1-Carboxy-4,21-dioxo-2,8,11,14,17-pentaoxa-5,20-diazadocosan-22-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (33) (240 mg, 30.0 pumol), 1-(4-
(aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]dodecane (24) (21.0 mg, 30.0 umol) and HATU (12.36mg, 30.0 umol) were
dissolved | anhydrous amine-free DMF (200 pL) with triethylamine (9.0 pL, 0.070 mmol). The
reaction was shaken for 24 hours before being reduced in vacuo. The reaction was purified by
reverse-phase C18 semi-preparative HPLC to yield a white solid, 2,2',2"-(10-(1-(4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)phenyl)-3,7,24-trioxo-5,11,14,17,20-pentaoxa-2,8,23-triazapentacosan-25-yl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (34), (5.2 mg, 0.0038 mmol, 11.7% yield).

Purified using RP semi-preparative HPLC System 6 (Section 9.2.2.6), (Single peaks, t: = 8:45 min).
Analytical reverse phase HPLC Systems E (Section 9.2.1.5) (single peaks, tr = 09:40 min). MS (HRMS):
(M+H20+2NH4) calcd for CegHi1sN17015%, 709.9765; found, 709.9245. MS (ES-MS): m/z 701.5
(M+H+K, 40), m/z 777.4 (M+2K+TFA).
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9.3.50 Attempted synthesis of metal complexes of 2,2'2"-(10-(1-(4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)-3,7,24-trioxo-5,11,14,17,20-pentaoxa-
2,8,23-triazapentacosan-25-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid
([Cu234(0Ac)2](OAc)2 and [Zn234(0Ac)2](OAc),)

CEOI\(I/)H_\Nﬁ(:OOH
o Oy Oy U

-(n=1); [Cu
M = Cu?*| Y = AcO 234(0Ac)2](0OAC)2

M =Zn?*, Y = AcO™ (n = 1/2); [Zn234(OAc)2](OAC)2

Attempted synthesis of 2,2',2"-(10-(1-(4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)-3,7,24-trioxo-
5,11,14,17,20-pentaoxa-2,8,23-triazapentacosan-25-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid copper(ll) acetate ([Cu.34(OAc).](OAc)2)

2,2',2"-(10-(1-Carboxy-4,21-dioxo-2,8,11,14,17-pentaoxa-5,20-diazadocosan-22-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (33) (13.05 mg, 0.020 mmol), 1-(4-
(aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Cu;24(OAc);](OAc):) (17.8mg, 0.020 mmol),
HATU (6.72mg, 0.0200mmol) and triethylamine (12.28 pL, 0.090 mmol) were combined in anhydrous
amine-free DMF (200 pL). The reaction was shaken for 24 hours before being reduced in vacuo.
Purification was attempted using reverse-phase C18 semi-preparative HPLC. The desired product

was not isolated using this synthetic procedure.
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Attempted synthesis of 2,2',2"-(10-(1-(4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)-3,7,24-trioxo-
5,11,14,17,20-pentaoxa-2,8,23-triazapentacosan-25-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid zinc(ll) acetate ([Zn>34(0OAc).](OAc)2)

2,2',2"-(10-(1-Carboxy-4,21-dioxo-2,8,11,14,17-pentaoxa-5,20-diazadocosan-22-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (33) (13.05 mg, 0.020 mmol), 1-(4-
(aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Zn,24(OAc):](0Ac),) (22.68 mg, 0.020 mmol),
HATU (7.84 mg, 0.020 mmol), triethylamine (14.3 ulL, 0.100 mmol) were combined in anhydrous
amine-free DMF (200 pL). The reaction was shaken for 24 hours before being reduced in vacuo.
Purification was attempted using reverse-phase C18 semi-preparative HPLC. The desired product

was not isolated using this synthetic procedure.
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9.3.51 Synthesis of (E)-2,2",2"-(10-(1-carboxy-4-((3-(((cyclooct-4-en-1-
yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid (35)
o
OH

SERRINg
K/N\)/Hk

goynwn MOH

35

Trans-cyclooctene amine HCI salt (16.4 mg, 60.0 umol) and 2,2’,2”-(10-(2,6-dioxotetrahydro-2H-
pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (30.8 mg, 60.0 umol) were
combined in dry DMF (2.5 mL) and shaken at RT for 48 hours. The resulting mixture was reduced in
vacuo before being purified on semi-preparative C18 HPLC. To yield a white solid 2,2',2"-(10-(1-
carboxy-4-((3-(((cyclooct-4-en-1-yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (35) (8.2 mg, 12.0 umol, 19.2% yield).

Purified using reverse phase semi-preparative HPLC System 7 (section 9.2.2.7) (single peaks, t; =
14:35 min). Analytical reverse phase HPLC Systems F (section 9.2.1.6) (single peaks, t; = 14:40 min).
H-NMR (400 MHz, CD3Cl, §): 1.27-1.49 (m, CH2, 4H), 1.55-1.63 (m, CH2, 2H), 1.78-1.89 (m, CH>, 4H),
2.48-2.52 (m, CH; + NH, 6H), 2.56-2.71 (m, N-a-CH,, 8H), 2.79-2.82 (m, N-a-CH;, 6H), 2.88-2.98 (m,
N-a-CH,, 2H), 3.18-3.22 (m, CH,-CO, 2H), 3.43-3.56 (m, CH,-CO, 8H), 3.69-3.71 (m, CH2-N, 3H), 4.67
(Brs, CH, 1H), 5.22 (s, CH, 1H), 5.48 (Br s, CH, 1H), 5.57 (Br s, CH, 1H). MS (HRMS): m/z (M*) calcd. for
C31Hs3sNgO11%, 685.3767; found, 685.3765
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9.3.52 Synthesis of metal complexes of (E)-2,2',2"- (10- (1-carboxy-4-((3-(((cyclooct-4-en-1-
yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid (35) with gallium(lll) to form (["*'Ga35])

["*'Ga35]

General procedure | was followed.

Amounts: Gallium(lll) nitrate (0.41 mg, 1.6 umol), (E)-2,2',2"-(10-(1-carboxy-4-((3-(((cyclooct-4-en-1-
yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic
acid (35) (1.1mg, 1.3 umol), and HEPES buffer (2mL, pH = 3.5, 0.1 M). To yield a white solid, (E)-
2,2',2"-(10-(1-carboxy-4-((3-(((cyclooct-4-en-1-yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid gallium (["**Ga35]) (0.99 mg, 1.3 umol, 81.9%
yield).

Analytical RP-HPLC Systems F (section 9.2.1.6) (single peaks, t. = 20:04 min). MS (HRMS): m/z (M*)
calcd. for C31Hs0NgGa01:", 752.2844; found, 752.2843.
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9.3.53 Synthesis of N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)-1-((6-(p-tolyl)-1,2,4,5-tetrazin-3-yl)oxy)-3,6,9,12-tetraoxapentadecan-15-
amide (36)

If@*wvﬂr@

36

o

Tetrazine-PEG4-NHS ester (5.0 mg, 10.0 pmol), 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane (15) (3.3 mg, 10.0 umol), 1-(bis(dimethylamino)methylene)-1H-
1,2,3-triazolo[4,5-b)pyridinium 3-oxid hexafluorophosphate (3.4 mg, 10.0 umol) and triethylamine
(12.57 pL, 9.0 umol) were combined together in amine-free dry amine (1 mL) and shaken at RT for 1
hour. The resulting solution was reduced in vacuo to yield pink oil, N-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)-1-((6-(p-tolyl)-1,2,4,5-tetrazin-3-yl)oxy)-
3,6,9,12-tetraoxapentadecan-15-amide (36), (6.8 mg, 96.8%).

Purified using RP semi-preparative HPLC System E (section 9.2.2.6) (single peaks, t, = 17:50 min). *H-
NMR (400 MHz, CDsCl, 6): 1.51-1.68 (m, N-B-CH; + N-a-CH, 8H), 1.80-1.84 (s, CH3, 3H), 2.27-2.37 (m,
N-a-CH,, 8H), 2.48-2.54 (m, N-a-CH,, 2H), 2.58-2.73 (m, N-a-CH;, 4H), 3.00 (s, Ar-CH,, 2H), 3.04 (s,
Ar-CH,, 2H), 3.21-3.24 (s, CHs, 3H), 3.47-3.87 (m, CH,-0O, 18H), 4.11-4.24 (m, CH,-CO, 2H), 4.44 (Br s,
NH, 1H), 7.13-7.15 (m, Ar, 4H), 8.13-8.15 (m, Ar, 2H), 8.41-8.43 (m, Ar, 2H). MS (HRMS): m/z (M*)
calcd. for Ca1HesN9Og*, 778.4974; found, 778.4972.
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9.3.54 Attempted synthesis of N1-(4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)-N19-(4-(6-
methyl-1,2,4,5-tetrazin-3-yl)benzyl)-4,7,10,13,16-pentaoxanonadecanediamide copper(ll)
acetate ([Cu237(0OAc)2](OAc)2)

20Ac

[Cu237(0AC)2](OAC)2

1-(4-Aminobenzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-

1,4,7,10tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Cu223(OAc):](OAc),) (8.96 mg, 0.010
mmol), HATU (3.08 mg, 0.010 mmol), tetrazine-PEGs-NHS ester (50.mg, 0.0100mmol), and
triethylamine (5.63 uL, 0.040 mmol) were combined in anhydrous amine-free DMF (1.5 mL) and
shaken (550 RPM) at RT for 3 days. The reaction was monitored by MS, and the colour of the
solution changed from purple to green. Upon which the reaction was reduced in vacuo and purified
by semi-preparative HPLC to yield a light green solid. Purification was attempted using reverse-phase

C18 semi-preparative HPLC. The desired product was not isolated using this synthetic procedure.
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9.3.55 Attempted synthesises of 2-(4-(1-carboxy-4-((3-((((1-((1-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-3-0x0-6,9,12,15-tetraoxa-2-
azaheptadecan-17-yl)oxy)-4-(p-tolyl)-2,4a,5,6,7,8,9,10-octahydrocycloocta[d]pyridazin-6-
yl)oxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-7,10-bis(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-1-yl)acetate (38)

A N{% Ao &@ Xm{cm

/v >//\/\/ Q‘N\)}

<

38 o

N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)-1-((6-(p-tolyl)-
1,2,4,5-tetrazin-3-yl)oxy)-3,6,9,12-tetraoxapentadecan-15-amide (36) (2.0 mg, 2.6 umol) and (E)-
2,2',2"-(10-(1-carboxy-4-((3-(((cyclooct-4-en-1-yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (35), (1.8 mg, 2.6 umol) were dissolved in
0.2 M sodium acetate buffer (pH 4.6, 200 uL) and shaken for one hour at room temperature. The

resulting solution was reduced in vacuo and analysed by HPLC.

Mass spec unable to identify peaks. Analytical RP-HPLC Systems G (section 9.2.1.7) (single peaks, t. =
14:40 min). MS (ES-MS): m/z highest peak at 1289.9. The peaks could not be assigned to expected

molecular ions.
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9.3.56 Attempted synthesises of gallium metallated 2-(4-(1-carboxy-4-((3-({((1-((1-(4-((11-
methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)phenyl)-3-ox0-6,9,12,15-
tetraoxa-2-azaheptadecan-17-yl)oxy)-4-(p-tolyl)-2,4a,5,6,7,8,9,10-
octahydrocycloocta[d]pyridazin-6-yl)oxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-7,10-

bis(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetate (["*'Ga38])

Oy oo o A
L L L G AN
cZﬁ NWH

T
["*'Ga38)

N-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)-1-((6-(p-tolyl)-
1,2,4,5-tetrazin-3-yl)oxy)-3,6,9,12-tetraoxapentadecan-15-amide (36) (2.1 mg, 2.7 umol) and (E)-
2,2',2"-(10-(1-carboxy-4-((3-(((cyclooct-4-en-1-yloxy)carbonyl)amino)propyl)amino)-4-oxobutyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (35) (1.9 mg, 2.7 umol) were combined in
0.2 M sodium acetate buffer (pH 4.6, 200 pL). A solution of gallium nitrate (0.7 mg, 2.7 umol) in 0.2
M sodium acetate buffer (pH 4.6, 50 pL) was added and the solution shaken at 550 RPM at 90°C for

an hour. The reaction was reduced in vacuo and purification attempted by HPLC.

MS (ES-MS): m/z highest peak at 1289.9. The peaks could not be assigned to expected molecular

ions.
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9.3.57 Synthesis of (E)-cyclooct-4-en-1-yl(4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamate (39)

UHN Iy
O~ 4

39

Trans-cylooctene-NHS  ester (10.44 mg, 39.1 umol), 1-(4-aminobenzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (24)
(25.19 mg, 39.1 umol) and triethyl amine (5.43 pL, 39.1 umol) were combined in anhydrous amine
free DMF and shaken at RT for 48 hours, with progress monitored by analytical RP- HPLC. The
reaction was then reduced in vacuo to yield the cream solid, (E)-cyclooct-4-en-1-yl(4-((10-(4-
((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamate, (39) (20.0 mg, 16.4 umol, 42.0%
yield).

Purified using RP semi-preparative HPLC System 8 (section 9.2.2.8) (single peaks, t; = 12:50 min). H-
NMR (400 MHz, CDs0OD, &): 1.34-1.87 (m, CHa, 6H), 1.95-2.10 (m, CH,, 4H), 2.25-2.40 (m, N-B-CH,
4H), 2.43-2.48 (m, CH2, 2H), 2.69-3.85 (m, N-a-CH,, 32H), 3.97-4.32 (m, N-a-CH,, 4H), 4.16-4.24 (m,
N-a-CH, 4H), 4.64 (s, NH, 2H), 4.47 (s, CH, 1H), 5.00-5.11 (m, Ar-CH,, 2H), 5.61-5.45 (m, CH, 2H),
6.55-6.45 (m, Ar-CHa, 4H), 6.61-6.75 (m, Ar-CH,, 2H), 8.47-8.49 (m, Ar-H, 2H), 9.04-9.06 (m, Ar-H,
2H), 9.54-9.56 (m, Ar-H, 2H), 9.64-9.65 (m, Ar-H, 2H). MS (hrMS): m/z (M") calcd. for Ca7Hs7NsO,*,
798.6114 found, 798.6116.
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9.3.58 Synthesis of 2,2',2"-(10-(16-carboxy-1-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenoxy)-13-
ox0-3,6,9-trioxa-12-azahexadecan-16-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic

acid (40)

@)

.

/fo
— h%—@—o\/\o/\/o\/\o/\/N OH

40

2,2’,2""-(10-(2,6-Dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic
acid (6.88 mg, 13.9 umol) and methyltetrazine-PEG4-amine (5.56 mg, 13.9 umol) where combined in
anhydrous amine-free DMF (1.5 mL) with one equivalent of triethylamine (10.0 uL, 13.9 umol) and
shaken at RT for 24 hours. To yield the bright pink solid, 2,2',2"-(10-(16-carboxy-1-(4-(6-methyl-
1,2,4,5-tetrazin-3-yl)phenoxy)-13-oxo-3,6,9-trioxa-12-azahexadecan-16-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (40), (4.44 mg, 5.4 umol, 38.8% yield).

1H-NMR (400 MHz, CD30D, 8): 1.95-2.11 (m, CH,-CO, 4H), 2.16-2.40 (m, N-B-CH3, 16H), 3.17-3.19 (m,
CHs, 3H), 3.21-3.34 (M, CH»-CO, 6H), 3.39-3.42 (m, CH, 1H), 3.44-3.48 (m, CH,-NH, 2H), 3.56-3.81 (M,
CH»-0, 12H), 4.45-4.49 (m, CH,-OAr), 7.76-7.78(m, Ar-H, 2H), 8.63-8.68 (m, Ar-H, 2H). MS (ES-MS):
m/z 822.4 (M").
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9.3.59 Synthesis of deprotected tris(hydroxypyridinone)-phenyl isothiocyanate (41)
NCS
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A solution of chilled boron trichloride in dichloromethane (3 mL, 1M) was added to a sealed vial of
benzyl protected tris(hydroxypyridinone)-phenyl isothiocyanate (8 mg, 7.3 umol), and the reaction
stirred at ambient temperature for 1 hour. The reaction vial was then cooled in an ice bath, and
methanol (1 mL) was added dropwise. The reaction solution was evaporated to dryness under
reduced pressure, and acetone (50 mL) was added to the residue, resulting in a white precipitate.
This suspension was transferred to 50 mL falcon tube, and the mixture centrifuged at 3000 rpm for
10 mins. After this, the solution was decanted and discarded, action added (50 mL), the suspensions
agitates, and centrifuged again for ten mins. This process was repeated a third time. Finally, the

product was dissolved in water/acetonitrile (50/50), filtered, frozen and lyophilised, to yield an off-

white solid, tris(hydroxypyridinone)-phenyl isothiocyanate (41), (3.4 mg, 3.1 umol, 42.5%).

1H NMR (400 MHz, CD30D, 8): 2.04-2.09 (m, CHs, 6H), 2.32-2.34 (m, CH,, 6H), 2.58-2.64 (m, NH, 2H),
2.71 (s, CH,-CO, 9H), 3.86-3.95 (br s, NH, 2H), 4.01 (s, CH2-NH, 9H), 4.78 (s, CH=CH, 6H), 7.01 (s, OH,
3H), 7.34 (dd, J = 8.5, Ar-H, 2H), 7.54 (dd, J =8.5, Ar-H, 2H). 3C NMR (100 MHz, CDCl3, §): 20.05 (CH,),
29.55 (CH,-CO), 35.00 (CH,-CO), 35.04 (CH,-CO), 38.16 (N-a-CHz), 39.95(N-a-CH;), 57.88 (C(CH2)NH),
112.96 (C-Ar), 124.86 (C-Ar), 126.07 (C-Ar), 127.75 (C-Ar), 137.96 (C-Ar), 139.99 (C-Ar), 141.02 (C-Ar),
144.55 (C-Ar), 149.05 (C-Ar), 162.27 (C=0), 171.87 (C=0), 175.14 (C=0), 184.91 (C=S). MS (ES-MS):
m/z 460.9 (M?*).
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9.3.60 Synthesis of 2,2'-(7-(2-(benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic
acid (42)
O

kaf@xo

2,2'-(7-(2-((2,5-Dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (37.0 mg,
60.0 umol) was dissolved in amine-free dimethylformamide (200 uL). To which triethylamine (7.8 L,
60.0 umol) and benzyl amine (6.0 mg, 60.0 umol) were added. The reaction was shaken at 550 RPM
at room temperature for 24 hours. The solvent was removed in vacuo to yield the white solid, 2,2'-
(7-(2-(benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (42), (17.5 mg, 44.6 pmol,
79.6% yield).

Analytical RP-HPLC System H (Section 9.2.1.7) (single peak, t; = 12:70 min). Semi-preparative HPLC
System 9 (Section 9.2.2.9) (single peak; t, = ca. 12:00 min). *H NMR (400 MHz, D,0, 6): 2.23-2.49 (m,
N-a-CH,, 12H), 3.07-3.33 (m, N-a-CHa, 6H), 4.29-4.56 (m, CH,-Ar, 2H), 7.19-7.29 (m, Ar, 5H). 13C
NMR (100 MHz, CDs0D, 6): 37.02 (N-a-CH;), 49.02 (N-a-CH>), 55.10 (N-a-CH,), 55.67 (N-a-CH2),
56.09 (N-a-CH,), 56.31 (N-a-CH;), 59.42 (N-a-CH,), 60.13 (N-a-CH,), 61.92 (C-ArH,), 119.82 (C-Ar),
120.19 (C-Ar), 120.75 (C-Ar), 138.11 (C-Ar), 166.01 (C=0), 169.59 (C=0). MS (ES-MS): m/z 393.0 (M*).
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9.3.61 Aluminium fluoride complexation with 2,2'-(7-(2-(benzylamino)-2-oxoethyl)-1,4,7-

triazonane-1,4-diyl)diacetic acid with aluminium chloride ([AIF]42)

o]
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[AIF]42

General procedure J

The macrocyclic chelator was combined with aluminium chloride (1.2 equivalents) and sodium
fluoride (1.2 equivalents) in 0.5 M sodium acetate buffer (pH 4 adjusted with high grade metal-free
glacial acetic acid) and ethanol (50%, volume/volume, v/v). The reaction was heated at 90 °C for an

hour before being reduced in vacuo to yield a solid.

Amounts: 2,2'-(7-(2-(Benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (42) (13.4 mg,
30.0 pmol), aluminium chloride (4.56 mg, 30.0 umol) and sodium fluoride (1.27 mg, 30.0 umol);
dissolved in 0.5 M sodium acetate buffer (400 uL, pH 4) and ethanol (400 pL). Yielding a white solid,
2,2'-(7-(2-(benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid aluminium fluoride

([AIF42]), (7.2 mg, 17.7 umol, 49.1% yield).

Analytical reverse phase HPLC System H (Section 9.2.1.7) (single peak, t; = 13.10 min). MS (ES-MS):
m/z 437.4 (M*).

297



9.3.62 Synthesis of 2,2'(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (43)

2,2'(7-(2-(benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (9.4 mg, 10.0 umol) was
combined with (4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)methanamine (24) (9.2 mg, 10.0 pmol) in
amine-free dimethylformamide (1.5 mL) in the presence of pyridine (1.1 pL, 10.0 umol).The reaction
was shaken at 550 RPM at RT for 24 hours. The resulting solution was reduced in vacuo to yield a
yellow oil, 2,2'(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid (43), (10.2 mg, 10.0 umol, 76.8% yield).

Further purification achieved using reverse phase semi-preparative HPLC System 9 (Section 9.2.2.9)
(broad peak, tr =12-13 min). Analytical RP-HPLC System | (Section 9.2.1.8) (broad peak, tr = 13 min).
'H NMR (400 MHz, CDCls, 8): 1.13-1.27 (m, N-B-CH3, 4H), 1.41-1.51 (m, N-a-CH,, 4H), 1.86-2.00 (m,
N-a-CH2, 2H), 2.06-2.32 (m, N-a-CH3, 10H), 2.39-2.79 (m, N-a-CH,, 24H), 2.86 (s, N-a-CH,, 4H), 2.94-
3.02 (m, N-a-CH>, 8H), 3.13-3.29 (m, CH,-Ar, 6H), 3.50-4.95 (m, N-a-CH;, + CH,-Ar, 8H), 7.29-7.34 (m,
Ar-H, 8H), 7.69-7.78 (m, NH, 1H), 8.00 (s, NH, 1H). *C NMR (100 MHz, CDCl3, &): 16.87 (N-B-CH>),
17.53 (N-B-CH3), 30.25 (N-a-CH;), 33.58 (N-a-CH;), 36.45 (N-a-CH,), 42.58 (N-a-CH,), 45.55 (N-a-
CH,), 46.88 (N-a-CH,), 50.36 (N-a-CH,), 53.82 (N-a-CH;), 56.90 (N-a-CH,), 63.04 (CH,-Ar), 63.92
(CH»-Ar), 87.88 (CH»-Ar), 110.73 (Ar-H), 115.39 (Ar-H), 116.68 (Ar-H), 123.84 (Ar-H), 129.44 (C-Ar),
129.83 (C-Ar), 130.58 (C-Ar), 138.10 (C-Ar), 147.36 (C-Ar), 168.63 (C=0), 169.03 (C=0), 182.84 (C=0).
MS (HRMS): m/z (M*) calcd. for CsoHgsN1,05*, 931.6604; found, 931.6607.
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9.3.63 Aluminium fluoride complexation of 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid with aluminium fluoride ([AIF43])

Nada's! i
[N]HN] [NJ/N] oof\b'g'/__\___o
OSSR

General procedure J was followed.

Amounts: 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid (43) (0.50 mg, 0.5 umol), aluminium chloride (0.09 mg, 0.6 umol) and sodium
fluoride (0.03 mg, 0.6 umol); dissolved in 0.5 M sodium acetate buffer (400 uL, pH 4) and ethanol
(400 pL). Yielding a white solid, 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-
1,4,7-triazonane-1,4-diyl)diacetic acid aluminium fluoride ([AIF43]) (0.42 mg, 0.4 umol, 80.3% yield).

Analytical RP-HPLC System | (Section 9.2.1.8) (single peak, t; = 13:20 min). MS (ES-MS): m/z 974.80
(M").
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9.3.64 Synthesis of 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic ~ acid  with  copper or zinc acetate

([Cu243(0Ac)2](OAc)2 and [Zn243(0Ac)2](OAc),)

2AcO

M = Cu?*, Y = AcO, (n = 1); [Cu43(0Ac)z](OAC)2
M =2Zn?", Y = AcO, (n = 1/2); [Zn243(0AC)2](OAC)2

Synthesis of 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid copper(ll) acetate ([Cu,43(OAc).](OAc),)

1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(ll) acetate ([Cu;]24) (40.0 mg, 40.0 umol) and 2,2’-
(7- (2-(benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (26.2 mg, 40.0 umol) were
combined in amine-free dimethylformamide (10.0 mL) and stirred at RT for 48 hours. The resulting
solution was reduced in vacuo to yield a blue solid, bis copper metallated 2,2'-(7-(2-((4-((10-(4-
((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-1,4-
diyl)diacetic acid ([Cu,43(0OAc)2](OAc),) (36.0 mg, 27.9 umol, 70.2% yield).
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Purified using RP semi-preparative HPLC System 10 (Section 9.2.2.10) (single peak, tr = 15:30). MS
(HRMS): m/z (M-CH,CO,) calcd. for CseH91N12Cu,011%, 1233.5177; found, 1233.5132.

Synthesis of 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid copper(ll) acetate (Zn,43(OAc).](OAc),)

1-(4-(aminomethyl)benzyl)-7-(4-((1,4,8,11-tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(ll) acetate ([Zn,24(0Ac),](OAc)z2) (12.4 mg, 10.0 umol)
and 2,2’(7-(2-(benzylamino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (8.1 mg, 10.0 umol)
were combined in amine-free dimethylformamide (1.5 mL) with pyridine (1.0 pL, 10.0 umol) and
shaken at 550 RPM at RT for 24 hours. The resulting solution was reduced in vacuo to yield 2,2'-(7-
(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-1,4-
diyl)diacetic acid ([Zn,43(0Ac),](OAc)z), (5.6 mg, 4.3 umol, 35.2% yield).

Purified using RP semi-preparative HPLC System 10 (Section 9.2.2.10) (Single peak, t, = 18:06 min).
MS (HRMS): m/z (M+Na, 23) calcd. for CssHaaN12Zn,;NaO11*, 1321.9842; found, 1321.9842.
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9.3.65 Aluminium fluoride complexation of 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid with copper or zinc acetate ([CuzAIF43(0OAc):](OAc), and
[Zn,AlIF43(0Ac)2](OAc)2)

o)
O\
\\\N
o <, \N_.O
Az~
\N/_Qj N NGJNV%
< H
CNv, F

2AcO

M = Cu?*, Y = AcO, (n = 1); [CuAIF43(0AC)2](OAC)2
M=2Zn% Y = AcO, (n = 1/2); [Zn,AlIF43(0Ac)2](0AC)?

General procedure J was followed.

Synthesis of 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid copper(ll) acetate aluminium fluoride ([Cu,AIF43(OAc).](OAc).)

Amounts: 2,2'-(7-(2-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-

1,4-diyl)diacetic acid copper(ll) acetate ([Cu,43(OAc);](OAc);) (3.2 mg, 2.5 umol), aluminium
chloride (0.4 mg, 3.0 umol) and sodium fluoride (0.12 mg, 3.0 umol); dissolved in 0.5 M sodium
acetate buffer (400 pL, pH 4) and ethanol (400 pL). To yield a blue solid, 2,2'-(7-(2-((4-((10-(4-
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((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-1,4-
diyl)diacetic acid copper(ll) acetate aluminium fluoride ([Cu,AIF43(0OAc),](OAc):)) (2.9 mg, 2.2 umol,
87.67% yield).

Analytical RP-HPLC System 7 (Section 9.2.1.9) (single peak, t; = 12:47 min). MS (ES-MS): m/z 1177.56
(M-2CH,CO,+0H, 51).

2,2'-(7-(2-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-1,4
diyl)diacetic acid zinc(ll) acetate aluminium fluoride ([Zn,AIF43(0OAc).](OAc):)

Amounts: 2,2'(7-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid zinc(ll) acetate ([Cu.43(OAc);](OAc)z) (2.8 mg, 2.2 pumol), aluminium chloride
(0.35 mg, 2.6 umol) sodium fluoride (0.11 mg, 2.6 pumol) dissolved in 0.5 M sodium acetate buffer
(400 pL, pH 4) and ethanol (400 uL). To yield an off-white solid, 2,2’-(7-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic  acid zinc(Il) acetate
aluminium fluoride ([Zn,AIF43(0Ac).](OAc);) (2.5 mg, 1.9 umol, 86.4% yield).

Purification attempted using RP analytical HPLC System K, (Section 9.2.1.10) (single peak, suspected
peak t, = 15:38 min). MS unable to identified.
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9.3.66 Synthesis of (4-((1,4,7-triazonan-1-yl)methyl)phenyl)methanamine (44)

44

Di-tert-butyl 7-(4-(aminomethyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate (provided by Ms. Zainab
Al-Ali, 20.0 mg, 40.0 umol) was dissolved in 5 mL of hydrochloric acid (3M). The reaction was stirred
under argon for 16 hours, upon which the reaction was reduced in vacuo to yield a white precipitate

(4-((1,4,7-triazonan-1-yl)methyl)phenyl)methanamine (44), (10.0 mg, 40.0 umol, 90.3% vyield).

'H NMR (400 MHz, CDs0D, §): 2.84-2.86 (m, N-a-CH>, 4H), 3.06-3.18 (m, N-a-CH,, 6H), 3.75 (s, N-a-
CH; + NH, 5H), 4.02 (s, CH,-Ar, 2H) 4.52 (s, CH,-Ar, 2H), 7.31 (s, Ar-H, 4H). *C NMR (100 MHz, CDCls,
6): 42.26 (N-a-CH;), 42.70 (N-a-CH3), 43.70 (N-0-CHz), 47.54 (N-a-CH;), 58.36 (CH2-Ar), 59.56 (CH,-
Ar), 129.13 (C-Ar), 129.18 (C-Ar), 130.85 (C-Ar), 130.92 (C-Ar). MS (ES-MS): m/z 248.7 (M").
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9.3.67 Attempted synthesis of 2-(2-((4-((1,4,7-triazonan-1-yl)methyl)benzyl)amino)-2-

oxoethoxy)acetic acid (45)

45

(4-((1,4,7-Triazonan-1-yl)methyl)phenyl)methanamine (44) (31.0 mg, 0.120 mmol) and diglycolic
anhydride (14.5 mg, 0.120 mmol) were dissolved in dry (amine-free) DMF (0.5 mL) with the addition
of 5 equivalents of triethylamine (87.0 pL, 0.620 mmol). The mixture was shaken for 16 hours, and
reduced in vacuo to yield a pale yellow solid (45), (31.0 mg). The desired product was not isolated

using this synthetic procedure.
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9.3.68 Synthesis of  2-(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-

yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid (46)

[ I {% Ao I,

46

1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane (15) (189.0 mg,
0.530 mmol) and diglycolic anhydride (61.0 mg, 0.530 mmol) were dissolved in dry methanol (10 mL)
and at room temperature for 16 hours. The solvents was removed in vacuo to yield a brown solid, 2-
(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetic acid (46), (221.0 mg, 0.465 mmol, 88.4% yield).

'H NMR (400 MHz, D0, 8): 1.61-1.86 (m, N-B-CH>, 4H), 2.40-2.50 (m, N-a-CH, 2H), 2.52-3.14 (m, N-
a-CH;, 14H), 3.03-3.35 (m, N-a-CH,, 6H), 2.67 (s, CHs, 3H), 3.63-3.72 (m, CH,-0O, 2H), 3.90-3.94 (m,
CH»-0O, 2H), 4.03 (s, CH2-Ar, 2H), 4.18 (s, NH, 1H), 4.35 (s, CH-Ar, 2H), 4.43 (br s, OH, 1H), 7.21-7.53
(m, Ar-H, 4H). 3C NMR (100 MHz, CDs0D, &): 22.73 (N-B-CH3), 24.65 (N-B-CH2), 41.90 (N-a-CH;),
53.60 (N-a-CH,), 53.77 (N-a-CH;), 57.06 (N-a-CH;), 57.94 (N-a-CH;), 58.19 (N-a-CH,), 58.66 (N-a-
CH,), 63.81 (N-a-CH;), 67.10 (N-a-CH;), 69.48 (CH,-Ar), 69.84 (CH,-Ar), 70.74 (C-CO), 70.77 (C-CO),
86.15 (CH,-Ar), 127.53 (C-Ar), 129.82 (Ar-H), 140.42 (Ar-H), 161.92 (C=0), 171.45 (C=0). MS (HRMS):
m/z (M*) calcd. for CasH42NsO4*, 476.3231; found, 476.3224.
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9.3.69 Synthesis 2-(2-((4-((4,7-bis(tert-butoxycarbonyl)-1,4,7-triazonan-1-

yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid (47)

o) o)
Ho)K/OQkH

Diglycolic anhydride (8.05 mg, 0.070 mmol) and di-tert-butyl7-(4-(aminomethyl)benzyl)-1,4,7-
triazonane-1,4-dicarboxylate (provided by Ms. Zainab Al-Ali, 31.1 mg, 70.0 umol) were dissolved in
dry (amine-free) DMF (0.5 mL) with triethylamine (96.6 uL, 69.0 umol) and stirred at room
temperature for 16 hours. The solution was reduced in vaccu to yield clear oil, 2-(2-((4-((4,7-bis(tert-
butoxycarbonyl)-1,4,7-triazonan-1-yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid (47), (35.0 mg,
62.0 umol, 89.4% yield).

H NMR (400 MHz, CD30D, 8): 1.45-1.52 (m, CH3, 18H), 2.69-2.93 (m, N-0-CH,, 6H), 2.99 (s, N-a-CH,
2H), 3.36-348 (m, N-0-CH, + CH,-O, 6H), 3.73-3.89 (m, CH,-O, 2H), 4.09-4.17 (m, CH,-Ar, 4H), 4.43
(br s, NH, 2H), 7.25-7.44 (m, Ar-H, 4H), 7.96 (br s, OH, 1H). 3C NMR (100 MHz, CDsOD, 8): 27.41 (C-
CHs), 30.28 (C-CH3), 35.61 (CH.-Ar), 41.88 (N-0-CH,), 49.08 (CH,-Ar), 51.09 (CH,-Ar), 68.38 (CH,-Ar),
69.99 (CH,-0), 129.91 (Ar-H), 155.64 (Ar-H), 158.06 (C-Ar), 163.44 (C-Ar), 164.37 (N-C=0), 169.70
(C=0), 172.53 (C=0). MS (HRMS): m/z (M*) calcd. for C2sH4sN4Os*, 536.3086; found, 563.3074.
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9.3.70 Synthesis of di-tert-butyl7-(4-((2-(2-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-

oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate (48)

OOy ey
E 1

>(O\g/ N\_/N IL/OK

48

General procedure K

The macrocycle and 2-(2-((4-((4,7-bis(tert-butoxycarbonyl)-1,4,7-triazonan-1-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid were dissolved in dry (amine free DMF) in the
presence of base and HATU. The reaction was shaken at room temperature for 16 hour. The solvent

was reduced in vacuo.

Amounts:  1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane  (15)
provided by Ms. Zainab Al-Ali provided by Ms. Zainab Al-Ali (21.0 mg, 60.0 umol), 2-(2-((4-((4,7-
bis(tert-butoxycarbonyl)-1,4,7-triazonan-1-yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid (33.0
mg, 60.0 umol), DMF (0.5 mL), triethylamine (76.6 uL, 0.550 mmol), HATU (22.2 mg, 60.0 umol) to
yield a yellow precipitate, di-tert-butyl-7-(4-((2-(2-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamido)methyl)benzyl)-

1,4,7-triazonane-1,4-dicarboxylate (48), (43.0 mg, 48.0 umol, 81.2% vyield).

'H NMR (400 MHz, CDCl3, &): 1.25-1.53 (m, CH3, 18H), 2.02-2.51 (m, N-B-CH2, N-a-CH3, 16H), 2.77-
2.96 (m, N-a-CH,, 12H), 3.09-3.18 (m, N-a-CHz, 2H), 3.35-3.50 (m, N-a-CH, 6H), 3.68-3.82 (m, CHs,
3H), 4.04-4.19 (m, CH2-Ar, 6H), 4.21-4.28 (m, CH2-Ar, 2H), 4.32-4.44 (m, CH:-0O, 4H), 6.66 (br s, NH,
1H), 7.39-7.41 (m, Ar-H, 2H), 7.74-7.87 (m, Ar-H, 2H), 8.01 (br s, NH, 1H), 8.19-8.29 (d, J = 8.4 Hz, Ar-
H, 2H), 8.49-8.50 (d, J = 8.4 Hz, Ar-H, 2H). *C NMR (100 MHz, CDs0D, &): 16.80 (N-B-CH;), 17.25 (N-
B-CH:), 18.44 (CHs), 28.07 (N-a-CH), 28.37 (N-a-CHz), 28.63 (N-a-CH), 29.18 (N-a-CHz), 29.51 (N-a-
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CH:), 29.79 (N-a-CH), 30.40 (N-a-CHz), 36.61 (N-a-CHz), 45.73 (N-a-CH3), 46.01 (N-a-CH), 53.95
(CH2-Ar), 54.66 (CH2-Ar), 56.28 (CH;-Ar), 59.30 (CH2-Ar), 70.37 (C-0O), 71.20 (C-0O), 72.33 (C-CH3),
114.57 (Ar-H), 115.90 (Ar-H), 120.00 (Ar-H), 120.04 (Ar-H), 127.78 (C-Ar), 127.83 (C-Ar), 128.11 (C-Ar),
129.64 (C-Ar), 149.03 (C=0), 180.41 (C=0). MS (ES-MS): m/z 907.7 (M*).
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9.3.71 Synthesis of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((11-methyl-1,4,8,11-

tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (49)

49

Method 1- Attempted synthesis

(4-((1,4,7-Triazonan-1-yl)methyl)phenyl)methanamine (12.8 mg, 50.0 umol) and 2-(2-((4-((11-
methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid
(46) (24.5 mg, 50.0 umol) were combined in dry (amine-free) DMF (0.5 mL) in the presence of HATU
(19.58 mg, 50.0 umol) and triethylamine (71.7 uL, 0.520 mmol). The reaction was shaken at room
temperature for 16 hours. The resulting solution was reduced in vacuo to yield a brown precipitate.

The desired product was not isolated using this synthetic procedure.

Method 2 — Preferred synthesis

General procedure L

The macrocycle was dissolved in hydrochloric acid (3M) and stirred under argon for 16 hours. The
reaction was reduced in vacuo to yield a solid which was then purified using reverse phase semi-

preparative HPLC.

Amounts: Di-tert-butyl-7-(4-((2-(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate
(48) (36.0 mg, 40.0 umol), 5 mL of hydrochloric acid (3M). To yield the white solid, N-(4-((1,4,7-
triazonan-1-yl)methyl)benzyl)-2-(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (49), (12.0 mg, 17.0 umol, 37.5% yield).
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Purified by reverse phase C18 semi-preparative HPLC System 11 (Section 9.2.2.11) (broad single peak,
tr = 04:40 min). *H NMR (400 MHz, CD;0D, 8): 1.14 (s, CH3, 3H), 1.62-1.69 (m, N-B-CH,, 4H), 2.06 (m,
N-a-CH,, 10H), 2.28-2.37 (m, N-a-CH;, 6H), 2.39-2.65 (m, N-a-CH», 6H), 2.72 (s, NH, 3H), 2.83-2.93
(m, N-a-CH,, 6H), 3.44-3.86 (m, N-a-CH2, 4H), 4.14-4.28 (m, CH,-0O, 4H), 5.89-5.95 (m, CH,-Ar, 2H),
6.01 (s, CHa-Ar, 1H), 6.01 (s, CH-Ar, 1H), 6.08-6.13 (m, CH,-Ar, 3H), 6.86 (dd, J = 3.5, 1.0 Hz, Ar-H,
2H), 7.19 (d, J = 4.5, 1.3 Hz, Ar-H, 2H), 7.19-7.25 (m, Ar-H, 4H). 3C NMR (100 MHz, CD;0D, §): 16.42
(N-B-CH,) 17.58 (N-B-CH,), 18.12 (CH3), 30.01 (N-a-CH,), 30.06 (N-a-CH,), 30.11 (N-a-CH,), 30.16
(N-a-CH,), 35.53 (N-a-CH,), 35.66 (N-a-CH,), 35.75 (N-a-CH,), 40.72 (N-a-CH), 40.84 (N-a-CH,),
42.09 (N-a-CH,), 42.18 (N-a-CH>), 46.28 (C-0), 52.57 (CH2-Ar), 53.76 (CH1-Ar), 55.16 (CH-Ar), 57.21
(CH»-Ar), 121.93 (Ar-H), 122.08 (Ar-H), 126.19 (Ar-H), 126.29 (Ar-H), 129.22 (C-Ar), 130.89 (C-Ar),
148.75 (C-Ar), 163.58 (C-Ar), 170.38 (C=0). MS (HRMS): m/z (M*) calcd. for C3sHesNsOs*, 707.3775;
found, 707.3770.
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9.3.72 Synthesis of the rhenium complexation of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-
2-(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamide ([Re(C0O)349]*)

[ I H H
NN (Q\IH ’
’N
L RO
. H to
[Re(CO)349]

General procedure M

The macrocycle was combined with [NEt,]2[ReBr3(CO)s] in dry DMF, the reaction was heated at 50°C

for 4 hours, before being reduced in vacuo and purified by reverse phase C18 semi-preparative HPLC.

Amounts: N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (49) (7.0 mg,
10.0 umol), [NEts]2[ReBr3(CO)s] (11.38 mg, 10.0 umol). To yield compound an off-white solid,
([Re(CO)349]") (5.5 mg, 5.6 umol, 57.0% yield).

Purified by RP= semi-preparative HPLC System 12 (Section 9.2.2.12) (broad single peak, t, = 07:20
min). MS (ES-MS): m/z 526.2 (M+2K, 78).
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9.3.73 Synthesis of di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-

oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate (50)

g
S,

E] )

O N N_ O
50 >( \g/ / @/ j<
General procedure K was followed.

Amounts: (4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)phenyl)methanamine (24) (40.03 mg, 60.0 umol), 2-(2-
((4-((4,7-bis(tert-butoxycarbonyl)-1,4,7-triazonan-1-yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid
(24) (35.mg, 60.0 pumol), triethylamine (93.16 uL, 0.670 mmol), HATU (23.6 mg, 60.0 umol) to yield a
yellow precipitate, di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate (50), (69.0 mg, 0.058 mmol,
93.3% yield).

'H NMR (400 MHz, CDs0D, &): 1.42-1.48 (m, CH3, 18H), 1.54-1.58 (m, NH, 3H), 2.26-2.36 (m, N-B-CH,
4H), 2.51-2.67 (m, N-a-CH3z, 12H), 2.67-3.14 (m, N-a-CH,, 28H), 3.18-3.26 (m, N-a-CH;, 4H), 3.42-
3.49 (m, N-a-CHz, 6H), 3.53-3.56 (m, CH,-O, 4H), 3.69-3.82 (m, CH:-Ar, 4H), 3.91-4.04 (m, CH:-Ar,
6H), 4.33-4.43 (m, CHy-Ar, 2H), 7.13-7.50 (m, Ar-H, 12H). MS (HRMS): m/z (M?*) calcd. for
CesH107N1307%*, 596.9203; found, 596.9193.
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9.3.74 Synthesis of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-

tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (51)

N
NHHN
51 /
General procedure L was followed.
Amounts: Di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-

yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate (50) (69.0 mg, 60.0 umol),
5 mL of hydrochloric acid (3M). To vyield the white precipitate N-(4-((1,4,7-triazonan-1-
yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide  (51),
(24.0 mg, 26.3 umol, 45.0% vyield).

Purified by reverse phase C18 semi-preparative System 13, (Section 9.2.2.13), (broad single peak, t, =
16:20 min). *H NMR (400 MHz, CD30D, §): 1.44-1.56 (m, NH, 3H), 2.62-2.71 (m, N-B-CH,, 4H), 2.93-
2.99 (m, N-a-CH», 10H), 3.18-3.24 (m, N-a-CH,, 4H), 3.24-3.30 (m, N-a-CH;, 10H), 3.34-3.40 (m, N-a-
CH,, 4H), 3.46-3.80 (m, N-a-CH,, 24H), 3.90-3.94 (m, CH,-0O, 4H), 4.10-4.20 (m, CH»-Ar, 4H), 4.22-
4.25 (m, CH,-Ar, 2H), 4.40-4.80 (m, CH»-Ar, 6H), 7.33 (d, / = 7.9 Hz, Ar-H, 2H), 7.41-7.65 (m, Ar-H, 6H),
7.74-7.97 (m, Ar-H, 2H), 8.45 (s, NH, 1H), 8.74 (s, NH, 1H). MS (HRMS): m/z (M*) calcd. for
CssHooN1303%, 992.7284; found, 992.7162.
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9.3.75 Synthesis of the rhenium complexation of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-
2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide

([Re(CO)351]*)
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General procedure M was followed.
Amounts: N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-

tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide (51) (4.2mg, 4.6 umol), dry DMF (1 mL),
[NEts]2[ReBrs (CO)s] (5.3 mg, 4.6 umol). To vyield the white solid, N-(4-((1,4,7-triazonan-1-
yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-
1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide
rhenium complex ([Re(CO)351]*) (0.8 mg, 0.6 umol, 13.8% yield).

Purified by RP semi-preparative HPLC System 13 (Section 9.2.2.14) (broad multiple peak, t, = 17-19
min). MS (ES-MS): m/z 708.6 (M+TFA+K).
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9.3.76 Synthesis of metal complexes of di-tert-butyl7-(4-((2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate

([Cu250(0Ac)2](OAc)2 and [Zn250(0Ac)2](OAc),)

2AcO

M = CuZ*, Y = AcO , (n = 1); [CU,50(0AC)2](OAC)2
M =2Zn?* Y = AcO, (n = 1/2); [Zn250(0AC)2](OAC)2

General procedure N

The macrocycle and 2-(2-((4-((4,7-bis(tert-butoxycarbonyl)-1,4,7-triazonan-1-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid were dissolved in dry (amine free DMF) in the
presence of HATU. The reaction was shaken at room temperature for 16 hour. The solvent was

reduced in vacuo.

Di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate copper acetate

([Cu250(0ACc):](OAC),)
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Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper
acetate ([Cu,24(OAc);](OAc);) (8.0 mg, 10.0 umol), 2-(2-((4-((4,7-bis(tert-butoxycarbonyl)-1,4,7-
triazonan-1-yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid (47) (4.5 mg, 10.0 umol), HATU (3.0 mg,
10.0 umol), DMF (2 ml), to vyield bis copper di-tert-butyl7-(4-((2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-

yl)methyl)benzyl)amino)-2-oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate

([Cu250(0ACc),](0OAc)2) (10.2 mg, 6.6 umol, 82.7% yield).

No analysis taken at this stage.

Di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate zinc acetate

([Zn250(0Ac):](0Ac).)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc
acetate [Zn,24(0Ac),](OAc), (48.5 mg, 50.0 umol), 2-(2-((4-((4,7-bis(tert-butoxycarbonyl)-1,4,7-
triazonan-1-yl)methyl)benzyl)amino)-2-oxoethoxy)acetic acid (47) (27.0 mg, 50.0 umol), HATU (18.3
mg, 50.0 umol), DMF (10 mlL) to vyield bis zinc di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-

yl)methyl)benzyl)amino)-2-oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate

([Zn250(0Ac)2]1(0ACc),), (35.0 mg, 22.6 umol, 46.9% yield).

No analysis taken at this stage.
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9.3.77 Synthesis of metal complexes of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-
((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide

([CUle(OAC)z](OAC)z and [CUle(OAC)z](OAC)z)

2AcO

M = Cu?*, Y = CH3COO, (n = 1); [Cu,51(AcO)2](AcO)2
M =Zn%*|Y = CH3COO , (n = 1/2); [Zn,51(Ac0)2](AcO)2

General procedure N was followed.

N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-

yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide copper acetate ([Cu251(0Ac),](OAc),)

Amounts: Di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate copper(ll) acetate
([Cu250(0AC),](0ACc)2) (10.3 mg, 10.0 umol), HCI solution (3M, 5 mL). To yield the blue solid, N-(4-
((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamide copper(ll) acetate ([Cu,51(0Ac).](0Ac)2), (4.0 mg, 5.5 pumol, 41.5% yield).
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Purified by RP semi-preparative HPLC System 13 (Section 9.2.2.13) (single peak, t; = 10:17 min). MS
(ES-MS): m/z 448.2 (M-4CH,CO,+TFA).

N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide zinc acetate ([Zn,51(0Ac),](OAc);)

Amounts: Di-tert-butyl-7-(4-((2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamido)methyl)benzyl)-1,4,7-triazonane-1,4-dicarboxylate zinc acetate
([Zn250(0Ac),](0OAc)2) (30.2 mg, 20.0 umol), HCl solution (3M, 5 mL). To yield the off-white solid, N-
(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-
5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamide zinc acetate ([Zn,51(0Ac).](OAc),), (6.6 mg, 4.9 umol, 25.1% yield).

Purified by RP semi-preparative HPLC system 13 (Section 9.2.2.13) (single peak, tr = 16:20 min). MS
(ES-MS): m/z 704.3 (M-2CH,CO,+K+H,0+TFA).
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9.3.78 Synthesis of the rhenium complexation of the metal complexed of N-(4-((1,4,7-
triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
ylimethyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamide ([CuzRe(CO)351(AcO),](AcO),* and [Zn,Re(CO)351(AcO)2](AcO),*)

A /_QTHLOQ?\H

E\NI;}I\{]A_Yn
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@ (Nm ,CO
E\Nﬁemo
H to

20Ac

M = Cu?*, Y = CH3COO0 , (n = 1); [CusRe(CO)351(OAC)z](0AC)2 .
M = Zn2* Y = CH3COO , (n = 1/2); [Zn,Re(CO)351(OAC)2](OAC)2

General procedure M was followed.

Rhenium complexation of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-

yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide copper acetate ([Cu,Re51(AcO),](Ac0O),)

Amounts: N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide copper acetate ([Cu,51(AcO).](AcO)2) (2.1 mg, 1.7
pmol), [NEts]2[ReBr3(CO)s] (1.95 mgl.7 umol) to yield the blue solid, rhenium complexed N-(4-
((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamide copper acetate ([Cu,Re(CO)351(AcO):](Ac0O).)*, (1.8 mg, 1.4 umol, 84.0%

yield).
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Analytical analysis carried out using RP-HPLC System L (Section 9.2.1.11) (single peak, t; = 14.50 min).

Amounts: MS data unable to be interpreted.

Rhenium complexation of N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide zinc acetate ([Zn,Re(CO)351(Ac0)2](AcO),*)

Amounts: N-(4-((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)amino)-2-oxoethoxy)acetamide zinc acetate ([Zn,51(Ac0O):](AcO);) (1.2mg, 1.0
pmol) [NEts]2[ReBrs (CO)s] (1.12mg, 1.0 umol) to yield the off-white solid, rhenium complexed N-(4-
((1,4,7-triazonan-1-yl)methyl)benzyl)-2-(2-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)amino)-2-
oxoethoxy)acetamide zinc acetate ([Zn,Re(C0O)351(Ac0),](Ac0O),*), (0.8 mg, 0.6 umol, 65.3% yield).

Analytical analysis carried out using RP-HPLC System L (Section 9.2.1.11) (single peak, t; = 13.45 min).

MS data unable to be interpreted.
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9.3.79 Synthesis of N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-

ethylethanaminium chloride (52)

3

T

oblnfls
-

52

General procedure O

The macrocycles and the fluorescent dye are combined in anhydrous amine-free DMF (1 mL) in a
glass vial under argon and shaken at RT for 24 hours. The reaction is reduced in vacuo and re-
suspended in methanol (2 mL) and purified by sephradex column (LH20). The correct fraction

identified by mass spectroscopy are combined to yield the strongly coloured product.

N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride (52)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (12) (11.0 mg, 30.0
pmol), rhodamine B isothiocyanate (26.0 mg, 50.0 pmol) and anhydrous amine-free DMF (1 mL). To
yield a purple solid, N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-
ethylethanaminium chloride (52), (40 mg, 45.0 umol, 98.0% vyield).

UV/vis (H20): (EMmax: 555 nM/EXmax: 580 nm). MS (HRMS): m/z (M*) calcd. for Cs9HesNgO5S?,
845.4895; found, 845.4886.
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9.3.80 Synthesis of N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-
ethylethanaminium chloride metal derivatives ([Ni52(OAc)](OAc), [Cu52(0OAc)](OAc), and
[Zn52(0Ac)](OACc))

J‘ o )“*\
T
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\/\NI ENH

M = NiZ*y = AcO, (n = 1/2); [Ni52(0AC)](OAC)
M = Cu?*)y = AcO , (n = 1); [Cu52(0AC)](OAC)
M =2Zn?*y = AcO, (n = 1/2); [Zn52(0Ac)](OAC)

General procedure O was followed.

N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride nickel

acetate ([Ni52(OAc)](OAc))

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane nickel acetate
([Cu12(OAC)])(OAC)) (3.49 mg, 10.0 umol), rhodamine B isothiocyanate (5.02 mg, 010.0 umol), and
anhydrous amind-free DMF (1 mL). To vyield a purple solid, N-(9-(4-(3-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-

(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride nickel(Il) acetate

([Cu52(0AC)](0Ac)), (6.1 mg, 5.8 umol, 86.3% yield).

UV/vis (H20): (EMmax: 555 nM/EXmax: 580 nm). MS (HRMS): m/z (M-CH,CO;) calcd. for
Cs1H24NgNiO3S?*, 961.4292; found, 961.4303.
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N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride copper
acetate ([Cu52(0OAc)](OAc))

Amounts: 1-(4-Aminomethylbenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(ll) acetate
([Cu12(OACc)])(OAc)) (2.7 mg, 10.0 umol), rhodamine B isothiocyanate (3.84 mg, 10.0 umol) and
anhydrous amine-free DMF (1 mL). To vyield a purple solid, N-(9-(4-(3-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-

(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride copper acetate

([Cu52(0OAC)](OACc), (3.6 mg, 3.4 umol, 66.2% yield).

UV/vis (H20): (Emmax: 555 nmM/Exmax: 580 nm). MS (HRMS): m/z (M-CH,CO,+K) calcd. for
Cs3H7sCICuNgOsKS*: 1075.7116 found, 1075.7117. MS (HRMS): m/z (M-2CH,CO,-CI+20H) calcd. for
Cs1H72CuNg04S*, 957.4544; found, 957.4542.

N-(9-(4-(3-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium  chloride  zinc

acetate ([Cu52(OAc)](OAc))

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane zinc(ll) acetate
([Zn12(OACc)](OAc)) (4.86 mg, 10.0 umol), rhodamine B isothiocyanate (7.76 mg, 10.0 umol) and
anhydrous amine-free DMF (1 mL). To vyield a purple solid, N-(9-(4-(3-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-
(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride zinc acetate ([Zn52(0Ac)](OAc))
(4.3 mg, 4.0 umol, 43.9% yield).

UV/vis (H20): (EMmax: 555 NnM/EXmax: 580 nm). MS (HRMS): m/z (M-CH,CO,+K) for Cs1H74NgO3ZnSCl*,
1096.4851; found, 1096.4857.
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9.3.81 Synthesis of 5-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (53)

53

General method O was followed.

5-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-

oxo-3H-xanthen-9-yl)benzoic acid (53)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (12) (11.0 mg, 30.0
pumol), 5/6-carboxyfluorescein succinimidyl ester (30.14 mg, 60.0 umol) and anhydrous amine-free
DMF (1 mL). To vyield a vyellow solid, 5-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (53), (9.1 mg, 12.9
pmol, 40.7% yield).

UV/vis (H20): (Emmax: 485 nmM/EXmax: 519 nm). MS (HRMS): m/z (M*) calcd. for Ca1HasNsOsg",
704.3370; found, 704.3421.
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9.3.82 Synthesis of 5-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid metal
derivatives, ([Cu53(0Ac)](OAc), and [Zn53(0OAc)](OAc)

Yn
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M =Cu?*y = AcO, (n = 1); [CUS3(0AC)](OAC)
M =Zn?*y = AcO , (n = 1/2); [Zn53(0AC)](OAC)

5-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-
oxo-3H-xanthen-9-yl)benzoic acid copper acetate ([Cu53(OAc)](OAc))

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper acetate,
([Cu12(OAc)](OAc)) (4.2 mg, 10.0 umol), 5/6-carboxyfluorescein succinimidyl ester (5.66 mg, 10.0
pmol) and anhydrous amine-free DMF (1 mL). To vyield a yellow solid, 5-((4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-
yl)benzoic acid copper acetate ([Cu53(0OAc)](OAc)), (6.1 mg, 6.9 umol, 86.6% vyield).

UV/vis (H20): (EMmax: 485 nm/EXmax: 520 nm). MS (ES-MS; in formic acid): m/z 813.6 (M-
2CH,C0O,+CHO,).
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5-((4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-
oxo-3H-xanthen-9-yl)benzoic acid zinc acetate ([Zn53(OAc)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane ([Zn12(OAc)](OAc))
(15.2 mg, 20.0 umol), 5/6-carboxyfluorescein succinimidyl ester (10.24 mg, 20.0 pmol) and
anhydrous amine-free DMF (1 mL). To vyield a vyellow solid, 5-((4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-
yl)benzoic acid zinc acetate ([Zn53(0Ac)](OAc)), (24.5 mg, 27.7 umol, 92.0% yield).

UV/vis (H20): (EMmax: 485 nM/EXmax: 520 nm). MS (ES-MS): m/z 433.6 (M-CH3CO+K).

327



9.3.83 Synthesis of N-(9-(2-carboxy-4-(3-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-3H-

xanthen-3-ylidene)-N-ethylethanaminium chloride (54)

3
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54

General method O was followed.

N-(9-(2-carboxy-4-(3-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-

ethylethanaminium chloride (54)

Amounts: 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane  (15)
(20.0 mg, 0.040 mmol), rhodamine B isothiocyanate (33.9 mg, 0.060 mmol) and anhydrous amine-
free DMF (1 mL). To vyield a pink solid, N-(9-(2-carboxy-4-(3-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-3H-
xanthen-3-ylidene)-N-ethylethanaminium chloride (54) (7.1 mg, 8.0 umol, 18.9% yield).

UV/vis (H20): (EMmax: 555 nmM/EXmax: 580 nm). MS (HRMS): m/z (M-Cl) calcd. for CsoHe7NgO3S?,
859.5051; found, 859.5032.

328



9.3.84 Synthesis of N-(9-(2-carboxy-4-(3-(4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-3H-
xanthen-3-ylidene)-N-ethylethanaminium chloride metal derivatives ([Cu54(OAc)](OAc), and
[Zn54(0Ac)](OACc))

AcO_

M = Cu?* )y = AcO, (n = 1); [CuS4(0AG)|(OAC)
M =Zn?*y = AcO, (n = 1/2); [Zn54(0Ac)](OAC)

General method O was followed.

N-(9-(2-carboxy-4-(3-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-

ethylethanaminium chloride copper acetate ([Cu54(OAc)](OAc))

Amounts: 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane copper
acetate ([Cul5(OAc)](OAc)) (4.89 mg, 10.0 umol), rhodamine B isothiocyanate (12.6 mg, 10.0 umol)
and anhydrous amine-free dry DMF (1 mL). To yield a pink solid, N-(9-(2-carboxy-4-(3-(4-((11-methyl-
1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-
3H-xanthen-3-ylidene)-N-ethylethanaminium chloride copper acetate ([Cu54(OAc)](OAc)), (1.3 mg,
1.2 umol, 13.0% yield).

UV/vis (H20): (Emmax: 555 nmM/EXmax: 580 nm). MS (HRMS): m/z (M-CH,CO,-Cl) calcd. for
CsoHesNgO3SCu*, 923.4392; found, 923.4420.
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N-(9-(2-carboxy-4-(3-(4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)thioureido)phenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-
ethylethanaminium chloride zinc acetate ([Zn54(0Ac)](OAc))

Amounts: 1-(4-aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane copper
acetate ([Zn15(0Ac)](OAc)) (4.89 mg, 10.0 umol), rhodamine B isothiocyanate (6.41 mg, 10.0 umol)
and anhydrous amine-free DMF (1 mL). To yield a pink precipitate N-(9-(2-carboxy-4-(3-(4-((11-
methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)thioureido)phenyl)-6-
(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride zinc acetate ([Zn54(OAc)](OAc))
(2.2 mg, 2.0 umol, 22.6% yield).

UV/vis (H20): (EMmax: 555 nm/EXmax: 580 nm). MS (HRMS): m/z 393.0 (M-CH,CO,-Cl) cald. for
CsoHesNgO3SZn*, 922.4259; found, 922.4255.
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9.3.85 Synthesis of 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-

tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid (55)

55

General method O was followed.

2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-

tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid (55)

Amounts: 1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane (15) (9.5
mg, 30.0 umol), 5/6-carboxyfluorescein succinimidyl ester (15.63 mg, 30.0 umol) and anhydrous
amine-free DMF (1 mL). To yield the yellow solid, 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-(2-((4-((11-
methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid
(55), (5.1 mg, 7.0 umol, 26.9% yield).

UV/vis (H20): (EMmax: 460 nmM/EXmax: 490 nm). MS (HRMS): m/z cald. (M*) for C42,H43506", 718.3599;
found, 718.3578.
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9.3.86 Synthesis of 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid metal

derivatives ([CuS5(0Ac)](OAc) and [Zn55(0Ac)](OAc))

@Nﬁ@j,\l 0
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M = Cu?*Y = AcO , (n = 1); [CUS5(0AC)](OAC)
M =Zn*"Y = AcO, (n = 1/2); [Zn55(0Ac)](OAC)

AcO-

2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid copper

acetate [Cu55(0Ac)](OAc)

Amounts: 1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane copper
acetate ([Cul5(OAc)](OAc)) (5.83 mg, 10.0 umol), 5/6-carboxyfluorescein succinimidyl ester (10.22
mg, 20.0 umol) and anhydrous amine free DMF (1 mL). To yield the yellow solid, 2-(6-hydroxy-3-oxo-
3H-xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid copper acetate ([Cu55(0OAc)](OAc)), (4.5 mg, 5.0
pmol, 46.3% yield).

UV/vis (H20): (EMmax: 455 nm/Exmax: 470 nm). MS (HRMS): m/z (M-2CH,CO,)* calcd. for
CasHasCuNsO¢2*, 397.1484; found, 397.1521.
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(2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid zinc acetate

([Zn55(0Ac)](OAC))

Amounts: 1-(4-Aminomethylbenzyl)-8-(methyl)-1,4,8,11-tetraazabicyclo[6.6.2]-hexadecane zinc(ll)
acetate ([Zn55(0Ac)](OAc)) (4.89 mg, 10.0 umol), 5/6-carboxyfluorescein succinimidyl ester (6.41 mg,
10.0 umol) and anhydrous amine-free DMF (1 mL). To yield the yellow solid, 2-(6-hydroxy-3-oxo-3H-
xanthen-9-yl)-5-(2-((4-((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-
yl)methyl)benzyl)amino)-2-oxoethyl)benzoic acid copper acetate ([Zn55(0Ac)](OAc)), (2.2 mg, 2.2
pmol, 22.6% yield).

UV/vis (H20): (EMmax: 455 NnM/EXmax: 470 nm). MS (ES-MS): m/z 307.4 (M+Na+2H3).
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9.3.87 Synthesis of N-(9-(4-(3-(4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride (56)
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General method O was followed.

N-(9-(4-(3-(4-((10-(4-((1,5,8,12-| Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-
(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride (56)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (24)
(23.9 mg, 40.0 umol), rhodamine B isothiocyanate (21.8 mg, 40.0 umol) and anhydrous amine-free
DMF (1 mL). To yield the pink solid, N-(9-(4-(3-(4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-
ethylethanaminium chloride (56), (35.0 mg, 32.0 umol, 80.1% vyield).

UV/vis (H20): (EMmax: 545 NnM/EXmax: 559 nm). MS (HRMS): m/z. (M-CI*) calcd. for Ce7HosN1203S,
1145.7209; found, 1145.7239.
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9.3.88 Synthesis of N-(9-(4-(3-(4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride
metal derivatives ([Cu256(0Ac),](OAc); and [Zn256(0Ac),](0Ac),)
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M= Cu?*y = AcO , (n = 1); [CUSB(OAC)2](OAC):
M =2Zn?*y = AcO, (n = 1/2); [Zn56(0AC)2](OAC)2

General method O was followed.

(N-(9-(4-(3-(4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-
(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride copper(ll) acetate

([Cu256(0ACc):](0OACc),)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper
acetate ([Cu224(OAc);](0OAc)z2) (5.21 mg, 10.0 umol), rhodamine B isothiocyanate (4.32 mg, 10.0
pmol) and anhydrous amine-free DMF (1 mL). To vyield the pink solid, (N-(9-(4-(3-(4-((10-(4-
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((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-(diethylamino)-
3H-xanthen-3-ylidene)-N-ethylethanaminium chloride copper acetate ([Cu;56(0Ac);](OAc).), (9.1
mg, 6.0 umol, 76.0% yield).

UV/vis (H20): (EMmax: 545 Nm/EXmax: 570 nm). MS (ES-MS): m/z 742.6 (M-CH,CO,).

(N-(9-(4-(3-(4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-
(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride zinc(ll) acetate

([Zn256(0Ac):](0Ac).)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane  zinc(ll)
acetate ([Zn224(0Ac):](0Ac)2) (7.69 mg, 10.0 umol), rhodamine B isothiocyanate (6.38 mg, 10.0
pmol) and anhydrous amine-free DMF (1 mL). To vyield the pink solid, (N-(9-(4-(3-(4-((10-(4-
((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)thioureido)-2-carboxyphenyl)-6-(diethylamino)-
3H-xanthen-3-ylidene)-N-ethylethanaminium chloride copper acetate ([Zn.56(0Ac).](OAc),), (2.6
mg, 1.7 umol, 14.2% yield).

UV/vis (H20): (EMmax: 545 nm/EXmax: 570 nm). MS (ES-MS, run with formic acid): m/z 295.9 (M-
2CH2C02-C|+H).
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9.3.89 Synthesis of 5-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-
(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (57)

General method O was followed.

5-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-
9-yl)benzoic acid (57)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (24)
(68.7 mg, 0.110 mmol), 5/6-carboxyfluorescein succinimidyl ester (50.37 mg, 0.110 mmol) and
anhydrous amine-free DMF (1 mL). To vyield the yellow solid, 5-((4-((10-(4-((1,5,8,12-
tetraazabicyclo[10.2.2]hexadecan-6-yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-
yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (57), (25.3 mg, 21.4
umol, 20.1% yield).

UV/vis (H20): (EMmax: 495 NM/EXmax: 526 nm). MS (ES-MS): m/z 1005.6 (M").
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9.3.90 Synthesis of 5-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-
yl)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-
(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid metal derivatives ([Cu;57(0Ac)2](OAc); and
[Zn257(0AC)2](0AC)2)

20Ac

M = Cu?*Y = AcO , (n = 1); [CU57(0AC)2](OAC)2
M =2Zn®"y = AcO, (n = 1/2); [Zn57(OAC)2](OAC)2

General method O was followed.

5-((4-((10-(4-((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-
9-yl)benzoic acid copper acetate ([Cu.57(0Ac):](OAc)2)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper
acetate ([Cu224(0OAc),](0Ac),) (8.03 mg, 10.0 umol), 5/6-carboxyfluorescein succinimidyl ester (3.78
mg, 10.0 umol) and anhydrous amine-free DMF (1 mL). To yield the yellow solid, 5-((4-((10-(4-
((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-

338



tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-
yl)benzoic acid copper acetate ([Cu,57(0Ac)2](OAc);), (1.9 mg, 1.4 umol, 17.4% yield).

UV/vis (H20): (EMmax: 495 NM/EXmax: 525 nm). MS (ES-MS): m/z 676.7 (M+H+CH3CH,0OH-2CH,COx).

5-((4-((10-(4-((1,5,8,12-Tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-
9-yl)benzoic acid zinc acetate ([Zn,57(0Ac);](0Ac);)

Amounts: 1-(4-(Aminomethyl)benzyl)-7-(4-((1,4,8,11-
tetraazabicyclo[10.2.2]hexadecane)methyl)benzyl)-1,4,7,10-tetraazabicyclo[5.5.2]dodecane  zinc(ll)
acetate ([Cu224(0OAc),](0Ac);) (11.4 mg, 10.0 umol), 5/6-carboxyfluorescein succinimidyl ester (5.34
mg, 10.0 umol) and anhydrous amine-free DMF (1 mL). To yield the yellow solid, 5-((4-((10-(4-
((1,5,8,12-tetraazabicyclo[10.2.2]hexadecan-5-yl)methyl)benzyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecan-4-yl)methyl)benzyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-
yl)benzoic acid zinc acetate ([Cu224(0Ac),](OAc)z) (1.5 mg, 0.1 umol, 9.7% yield).

UV/vis (H20): (EMmax: 495 NM/EXmax: 525 nm). MS (ES-MS): m/z 534.6 (M-Zn-4CH,CO,).
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9.4 Peptide synthesis

9.4.1 Stages of peptide synthesis
The peptide synthesis procedure reported herein has been modified from that reported by Wester

and co-workers in synthesising Pentixafor.'”°

9.4.1.1 Swelling of TCP-Resin
Peptide synthesis was carried out using Fmoc-Gly-2-CI-Trt Resin, 100-200 Mesh (0.54 mmol/g) which
has swollen in anhydrous dichloromethane (0.8 mL/g resin) followed by anhydrous DMF (0.8 mL/g

resin) at room temperature for 1 h, respecivitely.

9.4.1.2 Orn-Resin Fmoc Deprotection
The resin-bound Fmoc peptide was treated with 20% piperidine in DMF (v/v) for 1 minutes and a

second time for 5 minutes. The resin was washed 5 times with DMF.

9.4.1.3 HBTU Coupling
A solution of Fmoc-Xaa-OH (4 eq.), HBTU (4 eq.), DIPEA (4 eq.) in DMF (1 mL/g resin) was added to
the resin-bound free amine peptide and shaken for 45 min at room temperature and washed 5 times

with DMF.

9.4.1.4 o-NBS Protection
A solution of 0-NBS-Cl (4 eq.) and collidine (10 eq.) in NMP (1 mL/g resin) was added to the resin-
bound free amine peptide and shaken for 15 min at room temperature. The resin was washed once

with NMP and reaction repeated for another 15 min using fresh reagents.

9.4.1.5 N-Methylation
A solution of DBU (3 eq.) in NMP was added to the resin-bound o-Ns protected peptides and shaken
for 3 mins followed by addition of dimethylsulfate (10. eq) NMP solution followed by 2 min shaking.

The resin was washed once with NMP and N-methylation was repeated twice.

9.4.1.6 On-Resin 0-NBSs Deprotection
For 0-NBSs deprotection, the resin-bound o-Ns-peptides were stirred in a solution of
mercaptoethanol (10 eq.) and DBU (5 eq.) in NMP (1 mL/g resin) for 5 minutes. The deprotection

procedure was repeated twice and the resin was washed 5 times with NMP.

9.4.1.7 HATU Coupling
A solution of Fmoc-Xaa-OH (4 eq.), HATU (4 eq.) DIEPA (6 eq.) in DMF (4 mL/g resin) was added to
the resin-bound N-methylamine peptides and shaken for an hour at room temperature. This step

was repeated a second time before finally being washed 5 times with NMP.
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9.4.1.8 Alloc Deprotection
Pd(PPhs)4 (0.3 eq.) in dry degassed dichloromethane (6 mL/g resin) was added to the resin-bound
Alloc peptide followed by an addition of phenylsilan in dry dichloromethane (6 mL/g resin) and

shaken for 1 hour in the dark. The resin was washed 5 times with dichloromethane.

9.4.1.9 Peptide Cleavage
For complete cleavage from the resin the peptides were treated three times with a solution of
dichloromethane and HFIP (4:1; v:v 20%) at room temperature for an hour. This step was repeated a

second time before the solvent evaporated under reduced pressure.

9.4.1.10 Cyclisation
Peptide and NaHCO3 (10 eq.) DPPA (6 eq.) DMF (20 mL) was added at room temperature and stirred
overnight. The solvent was evaporated under reduced pressure. The peptide was taken up in

dichloromethane and extracted with water before being reduced under reduced pressure.

9.4.1.11 Side chain deprotection

To deprotect Tyrosine and Arginine residues’ side chains, the cyclised peptide was treated for 2 h
with 95% TFA solution complemented with 2.5% of water and 2.5% of triethylsilane. At the end, the
solution was reduced under vacuum and deprotected peptide was precipitated as TFA salt upon
addition of diethyl ether. The solution was spun down, washed (3 x diethyl ether) before being air

dried.
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9.4.2 Synthesis of protected CPCR4.2 AzMBA, (P1)

N 03/®»
o1
0, s
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Solid phase peptide synthesis (SPPS) was used to build cyclo (D-Tyr-D-[NMe]Orn-Arg-Nal-Gly) cyclic
peptides functionalised on e-Ornitine amine with an aromatic azide. The procedure outlined in
section 9.4.1.1-9.4.1.7 was followed. The reaction was reduced in vacuo, before being taken up in

water and lypholised to give CPCR4.2 AzMBA (P1).

ES-MS (m/z): [M+H]* calcd. for Ce1H77N1,010S* = 1169.64.
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9.4.3 Synthesis of deprotected CPCR4.2-AzMBA, (P2)
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Deprotection was performed as stated in section 9.4.1.8. The reaction was reduced in vacuo, before

being taken up in water and lypholised to give deprotected CPCR4.2-AzMBA, (P2).

HRMS (m/z): [M+H]" calcd. for C44Hs3N1,07%, 861.4155; found, 861.4154.
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9.4.4 Synthesis of CPCR4.2-AMBA, (P3)
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Synthesising using modified procedure reported by Wester and co-workers in synthesising

Pentixafor.t”°

Solid phase peptide synthesis (SPPS) will be used to build cyclo (D-Tyr-D-[NMe]Orn-Arg-Nal-Gly)
cyclic peptides functionalised on e-Ornitine amine with an aromatic acid. The procedure outlined in
section 7.4.1.1-7.4.1.7. The reaction was reduced in vacuo, before being taken up in water and

lypholised to give CPCR4.2-AMBA, (P3).

Purified using semi-preparative HPLC System 15 (Section 9.2.2.15) (single peak, t. = 18:10 min).
HRMS (m/z): [M+H]" calcd. for C4sHssN1007*, 835.4250; found, 835.4251.

344



9.4.5 Synthesis of CPCR4.2-AMBA-DOTA, (P4)

P4

Synthesising using modified procedure reported by Wester and co-workers in synthesising

Pentixafor.t”°

CPCR4.2-AMBA P3 (20.0 mg, 20.0 pmol) was dissolved in dry amine-free DMF (200 pL) and combined
with 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester
(21.9 mg, 30.0 umol) and triethylamine (3.34 pL, 20.0 pumol) in dry amine-free DMF (100 pL). The
reaction was shaken for 18 hours at 500 RPM at room temperature. The reaction was reduced in
vacuo, before being taken up in water and lypholised to give CPCR4.2-AMBA-DOTA, P4 (20.0 mg,
16.4 pmol, 68.4% yield).

Purified using semi-preparative HPLC system 16 (Section 9.2.2.16) (single peak, t; =10:40 min). ES-
MS (m/z): [M+2H]2+ calcd. for C60H82N14O142+ =611.4.
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9.4.6 Synthesis of gallium Pentixafor, (["¥'Ga]P4)

NH /
© HN
NH HN‘&H NH2
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e s
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Synthesising using modified procedure reported by Wester and co-workers in synthesising

Pentixafor.t”°

CPCR4.2-AMBA-DOTA (25.0 mg, 20.0 umol) was dissolved in 0.2 M sodium acetate buffer (pH 4.6,
200 pL) combined with a solution of gallium(lIl) nitrate (52.4 mg, 20.0 umol, in 0.2 M sodium acetate
buffer, pH 4.6, 50 uL) and heated at 60°C for 6 hours. The reaction was lypholised to give
["*Ga]CPCR4.2-AMBA-DOTA (["**Ga]P4) (22.1 mg, 18.2 umol, 91.0% yield).

Analytical HPLC was used to determine a 95% chelation yield using System M (Section 9.2.1.12)
(single peak, t, = 12:50 min). Semi preparative HPLC used to obtain a pure product using System 16
(Section 9.2.2.16) (single peak, t = 10:00 min). ES-MS (m/z): [M+H]* calcd for CeoH7sGaN14014* =
1287.6.
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9.4.7 Synthesis of CPCR4.2-AMBA conjugated with tris(hydroxypyridinone)-phenyl

isothiocyanate (P5)
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Method 1

CPCR4.2-AMBA (P3) (2.91 mg, 2.7 umol) was dissolved in dimethyl sulfoxide (200 uL) and added to a
solution of tris(hydroxypyridinone)-phenyl isothiocyanate, 41, (2.5 mg, 2.7 umol) in dimethyl
sulfoxide (100 pL), and diisopropylethylamine (2.43 pL, 13.7 umo) was added. The reaction solutions
were heated in a microwave (120°C, 300 W, 30 min) and then applied to a reverse-phase HPLC
column. The resulting mixture was lyophilised and purification attempted on semi-prep HPLC. The

desired product was not isolated using this synthetic procedure.

Method 2 — preferred approach
Reaction carried out as above.

Semi preparative HPLC used to obtain a pure product using (Section 9.2.2.22) (single peak, t, = 10:30
min). ES-MS (m/z): [M+Na]2+ calcd for ngH1()4N2()O17NE:12522Jr = 899.0.
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9.4.8 Complexation of P5 with gallium(lIl) nitrate

OO HNT NH, [*Ga][P5]
NH

Semi preparative HPLC used to obtain a pure product using system 22 (Section 9.2.2.22) (single peak,
t, = 8:54 min). ES-MS (m/z): [M+2H]* calcd for CgoH134N20Ga017S,%* = 910.5
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9.4.9 Attempted synthesis of CPCR4.2-AzMBA conjugated BODIPY (P6)

N FF
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O O
o HN _\_\
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P6

CPCR4.2-AzMBA (P2) (9.48 mg, 10.0 umol) and aza-BODIPY (8.00 mg, 11.0 umol, provided by Ms.
Miffy Cheng) were dissolved in anhydrous amine-free DMF and t-butanol (2:1 ratio). In addition
copper (ll) sulfate pentahydrate (0.7 mg, 2.48 umol), sodium ascorbate (3.43 mg, 18.0 mmol) and tris
(3-hydroxypropyltriazolylmethyl)amine (1.07 mg, 2.48 umol) were dissolved in water (0.25 mL) and
added to the reaction vial. The mixture was stirred at RT for 18 hours. The resulting mixture
was lyophilised and purification attempted on semi-prep HPLC. The desired product was not isolated

using this synthetic procedure.

349



9.4.10 Synthesis of CPCR4.2-AMBA conjugated BODIPY (P7)
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CPCR4.2-AMBA (P3) (5.58 mg, 5.2 umol) and aza-BODIPY (4.1 6mg, 5.8 umol, provided by Ms. Miffy
Cheng) were combined with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) (2.39 mg, 6.3 umol) and triethylamine (4.39 pL, 31.5 umol) in amine-
free DMF (0.5 mL) resulting in a dark blue solution. The reaction was shaken (550 RPM) at room
temperature for 16 hours. The reaction was then was diluted with water (20 mL). The obtained
aqueous solution containing the product was flushed through a preconditioned C18 cartridge. A
fraction was eluted off the cartridge using 10 mL solution of 80% acetonitrile: 20% water. A second
fraction was collected using 10 mL of acetonitrile. TLC and analytical HPLC was used to identify the
correct fractions which were combined and lyophilised to yield CPCR4.2-AMBA-BODIPY (P7) (6.3 mg,
4.1 umol, 77.5% yield).

TLC conditions; RP silica eluted with 1:1:8 KNOs(ag.):H.0:MeCN. Analytical RP-HPLC System N
(Section 7.2.1.13) (single peak, t, = 08:35 min). Initial purification achieve with RP semi preparative
using system 17 (Section 9.2.2.17) (single peak, t, = 11:46 min). ES-MS (m/z): [M+H]* calcd for
Cs1Hs3BF2KN13013S", = 1566.6.
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9.5 Radiolabelling conditions

9.5.1 Radiolabelling with copper-64

9.5.1.1 Standard optimised method for radiolabelling with copper-64

[**Cu]chloride (1.64-2.2 GBq, ~250 pL) upon arrive is in an extremely acidic state, the solution is
brought to a neutral pH range (6-8) by the addition of sodium hydroxide solutions of varying
concentrations (0.1 - 10 M). If the solution becomes too basic the pH is adjusted by the addition of
small amounts of hydrochloric acid solution (0.1 - 1 M). An equal volume of 0.4 M sodium acetate

(pH 5.5) is added to the activity and heated at 60°C for 15 minutes.

9.5.1.2 Radiolabelling conditions for [**Cu][Cu5(0Ac)](OAc)

A portion of the [®*Cu]acetate stock (60-120 pL, 100-560 MBq) is combined with the required
amount of 1,4-bis((11-methyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecan-4-yl)methyl)benzene (5) (1
mg/1 mL, 0.4 M sodium acetate, pH 5.5) in a 1 mL glass vial. The reaction shaken (500 RPM) and
heated at 90°C for 15 mins. Radio-TLC (neutral alumina, eluting in MeOH:H,0; 95:5 with excess NaCl)
is taken after the reaction is allowed to cool for 5 mins to monitor the progress of the reaction. If the
reaction has not gone to completion the reaction can be heated for an additional 15 mins. [®*Cu5]
was purified by semi-preparative HPLC (Section 7.5.5). The major product peak was collected and
concentrated by heating and the flow of argon and the addition of ethanol. The final product was

then formulated in PBS, sterile filtered, and used for in vitro and in vivo experiments.

9.5.1.3 Radiolabelling conditions for [**Cu][Cu.5(0Ac),](OAc);

To form [**Cu5(OAc)](OAc) a known amount of the purified [®*Cu][Cu5(OAc).](OAc),was combined
with ~ 10 pL of a 10 mg/mL solution of copper(ll) acetate into a 1 mL glass vial. The reaction was
shaken (500 RPM) and hearted at 90°C for 60+ minutes. The reaction was allowed to cool before

formulated in PBS, sterile filtered, and used for in vitro and in vivo experiments.
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9.5.1.4 Radiolabelling conditions for [¢*Cu8(OAc)](OAc)

An adapted procedure reported by Nimmagadda et al. was used to label AMD3100.% 50 pL of a 1
mg/mL  solution of 1,1’-(1,4-phenylenebis(methylene))bis-1,4,8,11-tetraazacyclotetradecane
octahydrochloride (8) was added to ~ 100 MBq of [®*Cu]acetate buffered with 25 pL of 0.4 M sodium
acetate (pH 5.5) in a 1 mL glass vial. The reaction was heated at 60°C for 15 minutes. Radio-TLC (RP
silica eluted with 6% w/v EDTA in H20) confirmed 100% conversion with complexation shown on the
baseline. [®*Cu8(OAc)](OAc) was purified via semi-preparative HPLC (Section 7.5.5). The major
product peak was collected and concentrated by heating and the flow of argon and the addition of
ethanol. The final product was then formulated in PBS, sterile filtered, and used for in vitro and in

vivo experiments.

9.5.1.5 Radiolabelling conditions for [¢*Cu9(OAc)](OAc)

50 plL of a 1 mg/mL of AMD3465 was added to ~ 100 MBq of [®*Cu]acetate buffered with 25 pL of 0.4
M sodium acetate (pH 5.5) and heated at 60°C for 15 minutes. RadioTLC (RP silica eluted with 6%
w/v EDTA in H,0) was used to mointure the reaction. [**Cu9(OAc)](OAc) purified via semi-
preparative HPLC (Section 7.5.5). The major product peak was collected and concentrated by heating
and the flow of argon and the addition of ethanol. The final product was then formulated in PBS,

sterile filtered, and used for in vitro and in vivo experiments.

9.5.2 Radiolabelling with gallium-68

9.5.2.1 Processing of gallium-68

A ®8Ge/%8Ga generator (IDB Holland BV/ iThemba, South Africa) was eluted with 3 mL of 0.6 M aq.
HCI solution and diluted by a factor of 5. The activity (200-1800 MBq) was loaded onto a Pheomenex
Strata X-C solid-phase extraction cartridge. The cartridge was washed with a solution consisting of
acetone: 0.1 M HCI (80:20; 1 mL) as washing which is then disgarded, before being eluted with a
solution of acetone: 0.1 M HCl (98:2, 1 mL) into a 1 mL glass vial. The activity was then dried to

completeness by air flow at 90°C for 5 minutes before being re-suspended in the chosen buffer.

9.5.2.2 Radiolabelling conditions for P4

The processing of the activity is carried out as described in section 9.5.2.1. The peptide CPCR4.2-
AMBA-DOTA (P4) (20-25 pg, 10 nmol) was re-suspended in methanol (20 pL) and HEPES buffer (0.1
M, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 3.5, 180 uL). The peptide solution was

then combined to a vial containing the dried gallium-68 (100-400 MBq). The reaction was heated
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and stirred (550 RPM) for 10 min at 95°C. The reaction is then left to cool for 5 mins, before a radio-
TLC (RP silica eluted with 0.1 M sodium citrate buffer) is taken to determine reactions progress. If
the reaction is high yielding, the majority of the activity remains on the baseline. If the yield is
looking low (>50% conversion) the reaction can be heated at 95°C for a further 5 mins. [*8Ga][GaP4]
purified via semi-preparative HPLC (Section 9.5.5). The major product peak was collected and
concentrated by heating and the flow of argon and the addition of ethanol. The final product was

then formulated in PBS, sterile filtered, and used for in vitro and in vivo experiments.

9.5.2.3 Standard optimised method for radiolabelling with gallium-68

The processing of the activity is carried out as described in Section 9.5.2.1. The compound of known
concentration was dissolved in 0.2 M sodium acetate buffer (pH 4.6) (50-100 uL). The solution is
then transferred into a champagne vial (1.5 mL) containing an aliquoted amount of known activity.
The reaction volume should not exceed 200 pL and remain at pH 4.6. Approximately the activity in a
labelling test experiment was typically 5-30 MBq. For in vivo and in vitro experiments typically
between 100 — 1800 MBq of activity was used. The reaction was stirred (550 RPM) and heated for
the desried duration as stated in Table 29. The reaction is then left to cool for 5 mins, before a radio-
TLC (RP silica eluted with 0.1 M sodium citrate buffer) is taken to determine reactions progress.
Depending on the experiment further method development, purification, characterisation and

formulation could then be completed. Section 9.5.5 details the purification methods used.

9.5.2.4 Radiolabelling of pretargeted compound 35

The processing of the activity is carried out as described in section 9.5.2.1. Compound 35 of known
concentration was dissolved in 0.2 M sodium acetate buffer (pH 4.6) (100 pL). The solution is then
transferred into a champagne vial (1.5 mL) containing an aliquoted amount of known activity (~ 200
MBq). The reaction was heated and stirred at 60°C, 550 RPM for 40 min. The reaction is then left to
cool for 5 mins, before a radio-TLC (RP silica eluted with 0.1 M sodium citrate buffer) is taken to
determine reactions progress. [3Ga][Ga35] was then combined to a 1:1 ratio of antagonist 36
dissolvent in in 0.2 M sodium acetate buffer (pH 4.6) (100 puL). The reaction was left for 5 min at
37.5°C, before being re-analysed by radio-HPLC and TLC.

9.5.2.5 Radiolabelling conditions for P5
The processing of the activity is carried out as described in Section 9.5.2.1. Peptide P5 (25 pg) was

dissolved in 200 pL of 50:50 v/v EtOH/deionised water solution. 100 pL of that solution was
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combined with the dried %®Ga activity followed by 100 pL of 0.2 M sodium acetate solution (pH 6-7).
After 5 mins of the reaction shaking at 500 RPM at 95°C, the reaction is then left to cool for 5 mins,
before a radio-TLC (RP silica eluted with 0.1 M sodium citrate buffer) is taken to determine reactions
progress. [®8Ga][GaP5] purified via semi-preparative HPLC (Section 9.5.23). The major product peak
was collected and concentrated by heating and the flow of argon and the addition of ethanol. The
final product was then formulated in PBS, sterile filtered, and used for in vitro and in vivo

experiments.

9.5.3 Radiolabelling with fluorine-18

9.5.3.1 Preparation of fluorine-18

The [*®F]fluoride (non-carrier added) received from the cyclotron was trapped on a preconditioned
anion-exchange (QMA) cartridge. The cartridge was subsequently washed with metal-free water (10-
15 mL) before the [*F]fluoride (0.5-1.1 GBq) was eluted using 0.4 M KHCO3 solution (0.2 mL) into a
HPLC vial.

9.5.3.2 Standard optimised method for radiolabelling with [*F]Al complex

The pH of the stock [*®F]fluoride solution was adjusted to ca. 4 using metal free glacial acetic acid
(15-20 pL). An aliquot of this [*8F]fluoride stock (5-100 MBq) was combined with 2 mM AICls solution
(3-25 L, 0.1 M sodium acetate buffer, pH 4) as well as the antagonists of a known concentration (in
25 L, 0.5 M sodium acetate buffer, pH 4) in ethanol (50 uL (v/v)). The mixture was shaken (550 RPM)
at 100°C for 20 min. After the given period of time the reaction vial was allowed to cool before being
diluted with water (20 mL). The obtained aqueous solution containing the labelled product was
flushed through a preconditioned C18 cartridge followed by an additional 10 mL of water to remove
left over [18F]fluoride from the cartridge. The product was subsequently eluted with ethanol (0.3-

0.5 mL) and analysed for purity using radio-HPLC.

9.5.4 Radiolabelling with technetium-99m

9.5.4.1 Elution for Mo/*"Tc generator

Technetium-99m was produced from an UltraTechnekow FM generator (Mallinckrodt Medical Cat.
No. DRN 4329). The generator contains the parent isotope molybdenum-99 absorbed to an
aluminium oxide column. Instructions proved by the manufacture were followed with sterile saline

used to elute sodium pertechnetate (Na[**"Tc04]).
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9.5.4.2 Synthesis of [°"Tc (CO)s(H20)s]*

[**™Tc(CO)3(H20)3]* was prepared according to literature method, starting from sodium
pertechnetate (Na[**™TcO4]) form a %Mo/®™Tc generator. Approximately 300-600 MBq of
Na[**™Tc0,]) was added to a mixture of sodium tetraborate decahydrate (2.9 mg, 7.6 umol), sodium
carbonate (7.8 mg, 73.6 umol), potassium sodium tartrate tetrahydrate (9.0 mg, 31.9 umol) and
disodium boranocarbonate (4.5 mg, 43.3 umol) purged with argon for 10 minutes the heated. The
degassed mixture was heated at 90°C for 20 minutes. A 20 pl portion containing typically ~20 MBq of
the reaction mixture is injected into the HPLC to monitor progress of the reduction. Analytical HPLC
run on C18 150 x 4.6 mm column using isocratic conditions with 2% [MeOH + 0.1% TFA] and 98%
[H20]; with the reduced technetium(l) species eluting at 25-28 min in a broad peak. Alternatively
radio-TLC can be used (solvent: saline solution, technetium(l) stays on baseline, technetium(VII) R¢ =

0.6).

9.5.4.3 Standard optimised method for radiolabelling with technetium-99m

The corresponding ligand was dissolved in a 1 mL glass vial with 150 pL of basic water (pH 11). The
reaction vial was then tightly closed, and flushed with argon for 10 minutes. Freshly prepared
[**™Tc(CO)s (H20)3]* (50 pL) was added to the reaction and the mixture heated at 90°C while being
shaken at 500 RPM for 30 mins. Depending on the experiment further method development,
purification, characterisation and formulation could then be completed. Section 7.5.5 details the

purification methods used.
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9.5.5 Radiolabelling and purification of ligands

Following the general procedure outlined in section 7.5; below details the radiolabelling and purification of ligands.

Table 28: Copper-64 radiolabelling conditions and information.

. ) Radiolabelling React.lon Reaction TLC conditions and R¢ Purification Partition Decay
Ligand Concentration  Buffer rocedure duration Temperature value coefficient Corrected
P (min) (°c) method RCY (%)
Sodium Neutral alumina, eluted System 1 (Section
5 0.5 mg/mL acetate 9.5.1.2 15 90 with MeOH:H20 95:5 o5 5 1) 1 itiple 238+025 41.6+4.6
(0.4 M, pH with excess NaCl; R¢ = caks. t. = 3-4 min
7) 0.46 peaxs, tr=
Sodium Neutral alumina, eluted
6 acetate i with MeOH:H,0 95:5 i i + +
[6%Cu][Cu5(0AC)](OAc) 0.5 mg/mL (0.4 M, pH 9.5.1.3 60-240 99 with excess NaCl: R, = 245+031 75.4%15
7) 0.46
Z:s::g RP silica eluted with 6% ;yzst; r;).zrflsuﬁ:;?en
8 25 mM (0.4 M, pH 9.5.1.4 15 60 g/v EDTA in H,0; R¢ = peaks, t; = 19-20 - 12.7
7) min
Z:s::g RP silica eluted with 6% ;yzst; r;)?fj:;?en
9 20 mM (0.4 M, pH 9.5.1.5 15 60 ;v/v EDTA in H,0; R¢ = peaks, t, = 18-20 - 35.1
7) min
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Table 29: Gallium-68 radiolabelling conditions and information.

. Concentration Radiolabelling React.lon Reaction TLC conditions I Partition Decay
Ligand Buffer rocedure duration Temperature and R. value Purification coefficient Corrected
P (min) (°c) f RCY (%)
RP silica eluted ~ System 18 (9.2.2.18);
P4 O‘(;l mM (25 ;”;F;ES (0.1M, pH 9.5.2.2 10 95 with citricacid  single peak, t, = 12:50 ; 224+195
He : (0.1M);R;=0  min
RP silica eluted
Sodium acetate (0.2 with citric acid
25 N/A M. pH 4.6) 9.5.2.3 20 95 (0.1 M): R = - - -
0.3
. RP silica eluted ~ System 4 (Section
- +
26 10 mM i/‘l’d“l‘_l”lae_fftate 02 9553 20 95 with citricacid ~ 9.2.2.4); single peak, t; = 022'33 * )
» PR & (0.LM);Rf=0  7:2min :
. RP silica eluted ~ System 4 (Section
- +
27 10 mM ;’d":‘"nc)eme 02 9553 20 95 with citricacid ~ 9.2.2.4); single peak, t, = 021‘26 * 322+14.1
s PR & (0.1M);R=0  7:45 min :
. RP silica eluted ~ System 4 (Section
- +
[Cu27(0AC)J(0AC) 0.1 mM ls\;’d':”lasc)etate 02 9553 20 95 with citricacid ~ 9.2.2.4); single peak, t; = 022'39 * 417456
» PR A (0.LM);Rf=0  8:00 min :
System 20 (9.2.2.20);
. RP silica eluted  single peaks, t, = 18:20
- +
29 22 uM i/‘l’d“l‘_l”lae_fftate 02 9553 20 95 with citricacid  min. System O (9.2.1.14) 021;9 * 25.049.0
/PR (0.1M); Re=0  single peaks, tr = 14:49 ’
min.
System 19 (Section
. RP silica eluted  9.2.2.19); single peak, t,
- +
[Cu>29(0AC)>](OAC), 50 uM ,S\;’d'n”lae_fftate 02 9553 20 95 with citricacid = 12:30 min. System O 021';’5 * 142+4.1
/PR (0.LM);R¢=0  (9.2.1.14) single peaks, t, '
=14:45 min.
System 19 (Section
. RP silica eluted  7.2.2.19); single peak, t,
- +
[Zn»29(0Ac),](0AC), 50 uM ,S\;’d;:”lae_f)etate 02 9553 20 95 with citricacid = 10:55 min. System O 022'33 * 21.3+7.0

(0.1 M); R¢=0

(9.2.1.14) single peaks, t,
=14:46min.
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Sodium acetate (0.2

RP silica eluted

System 21 (Section
9.2.2.21); single peak, t,

34 ~0.1 mM M, pH 4.6) 9.5.2.3 20 60 with citric acid =12:30 min. System E 42.9
» P& (0.1M); Rr=0  (Section 9.2.1.5); single
peak, tr = 17:50 min
. RP silica eluted  Systems F (Section
35 ~0.1mM S,v‘l’d“:l”nc)eme 02 9553 40 60 with citricacid ~ 9.2.1.6); Single peaks, (t; 21.7
» PR & (0.LM);Rf=0 = 14:54 min).
. RP silica eluted  Systems F (Section
38 ~0.1 mM ;’d":‘"nc)eme 02 95,54 20 99 with citricacid ~ 9.2.1.6); Single peaks, (t, ;
s PR & (0.1M);Rf=0 = 14:54 min).
50:50 v/v RP silica eluted  System 23 (Section
P5 25 ug ethanol/deionised 9.5.2.5 5 95 with citricacid ~ 9.2.2.23) (single peak, t, 76.6

water

(0.1 M); R¢=0

=10:16 min)
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Table 30: Fluorine-18 radiolabelling conditions and information.

. . Radiolabelling React.lon Reaction TLC conditions and I Partition Decay
Ligand Concentration Buffer rocedure duration Temperature Purification fficient Corrected
p (min) (oc) R¢ value coertricien RCY (%)
System H (Section
0.1 M sodium RP silica eluted in 9.2.1.7); single
42 0.1 mM acetate 9.5.3.2 20 100 acidified methanol, peak - 25.7+6.4
buffer, (pH 4) (Rf=0.22)
(tr = 13:20 min)
0.1 M sodium 100 RP silica eluted in .
43 100 uM acetate 9.5.3.2 20 acidified methanol, gyztfr;‘)' (Section ;
buffer, (pH 4) (Rf=0.22) e
0.1 M sodium RP silica eluted in System 7 (Section
[Cu,43(0Ac),](OAc), 100 - 500 uM acetate 9.5.3.2 20-40 100 acidified methanol, v - -

buffer, (pH 4)

(Rf=0.22)

9.2.1.9)
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Table 31: Technetium-99m radiolabelling conditions and information.

0.66

peak, t; = 6.88

. . Reaction Reaction " . Decay
Partition
Ligand Concentration Buffer Rf:c':?;z"mg duration Temperature Izlcu(;ondltlons and Ry Purification fficient Corrected
p (min) o) coefficien RCY (%)
AQUEOUS RP silica eluted in saline ;yzstozeTI;.ls(iielcet‘lon
44 0.5 um ( qH 11) 9.5.4.2 30 90 solution, compound R¢ =0, ;ea.k.(t " 1030 - -
P technetium(VIl) Rf = 0.66 Pe T
min)
RP silica eluted in saline System 11 (Section
Aqueous solution, compound RF = 9.2.2.11); single
- + +
49 0.5 uM (pH 11) 9.5.4.2 30 90 0, technetium(VIl) R; = peak (t, = 07:15 1.48 £0.04 39.8+2.8
0.66 min)
Aqueous Coltion, compound RF - System 14 (Secton
51 0.5 uM q 9.5.4.2 30 90 » comp 9.2.2.14); single 1504004  433+7.1
(pH 11) 0, technetium(VIl) R¢ = cak t. = 12:45
0.66 peak, tr =22
Aqueous sRoPIljltlilgz eclg;fsclzrfjl;:;- System 11 (Section
) - e +
[Cu51(0Ac),](OAc); 0.5 uM (pH 11) 9.5.4.2 30 90 0, technetium(VIl) R¢ = 9.2.2.11); single 0.59 £0.22 46.0
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9.5.6 Calculating the partition coefficient (LogP)

To a solution of ~2 kBq of radiolabelled ligand in 500 pl of PBS (pH 7.4), 500 pL of octanol were
added (n = 3). Vials were vortexed vigorously for 5 min. To achieve quantitative phase separation,
the vials were centrifuged at 800 rpm for 5 min. Due to the lipophilic nature of the compound 50 pL
of the octanol layer and 10 MI of the aqueous layer were separated and made up to 1 mL in a
gamma tube. Both the partition coefficient logP, which is defined as the molar concentration ratio of
a single species A between octanol and water at equilibrium which is an important parameter used

to characterize lipophilicity of a compounds were calculated.

9.5.7 Stability studies in serum/PBS

The radiolabelled tracer, was dissolved in phosphate buffer (400 uL, 1 M, pH 7.4) and foetal bovine
serum (400 pL) in an Eppendorf and vortexed vigorously for 1 min to ensure mixing. This solution
was incubated at 37°C for 0-180 min. Each aliquots (50 pL) taken at the correct time point was then
combined with methanol (50 pL, v/v) to denature the proteins and vortexed vigorously for 1 min to
ensure mixing. The aliquoted Eppendorf was the centrifuged at 800 rpm for 5 min to give a protein

pellet. 25 L from the supernatant was then carefully extracted for further analytical analysis.

9.5.8 Stability studies in apo-transferrin

Procedure modified by that reported by Ma et al.?®® The radiolabelled tracer, was dissolved in
phosphate buffer (800 uL, 1 M, pH 7.4) containing 6 mg of apo-transferrin. This solution was
incubated at 37°C for 0-180 min. Each aliquots (50 pL) taken at the correct time point, were
centrifuged at 800 rpm for 5 min and 25 uL from the surface of the Eppendorf subjected to HPLC
analysis. TLC analysis (0.1 M citrate buffer): Tracer typically (Rf > 0.1), [*8Ga]transferrin, broad tailing
(Rf=0.5)/

9.5.9 Radiochemical decay corrected
Decay corrected radiochemical quantities were calculated using RadPro Calculator. The Decay
corrected RCY was calculated from the point of start of the reaction, to when the reaction was

purified and formulated ready for biological evaluation or further chemical characterisation.

9.5.10 Column recovery
To determine column recovery, the amount of radioactivity injected and the amount of radioactivity

recovered are quantified. The column recoverty is then defined as:

Column recovery = (decay corrected activity post-column/ decay corrected activity pre-column) x

100
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9.5.10.1 Pre-column quantification

Before injection the activity in the radioactive sample was recorded. The solvent flow from the HPLC
was split before the column to allow collection. The solvent flow was set appropriately for the
sample under analysis. The gradient initial conditions was used with a run time of ca. 5 minutes
used. After the injection was made a pre-weight vial was used to collect the sample flow with the

exact time and activity.

9.5.10.2 Post-column quantification

For the post-column quantification the second injection of a known about of activity should be
colected directly after the column before the detector into a pre-weighed vessel. The collection in
the vessel was weighted and and representative aliquot taken to record the amount of activity that

passed through the column.
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9.6 Biological Experiments

9.6.1 In vivo experiments
All animal procedures were carried out in accordance with the Scientific Procedures Act
1986 and in line with the NCRI guidelines under Home Office License Number 60/4549 (held by Dr C.

Cawthorne at the University of Hull).

9.6.2 Experimental for competition binding assay

Cells at 60% to 80% confluence were washed twice with cold phosphate-saline buffer (PBS),
flasks were placed on ice to prevent receptor internalization. Cells were centrifuged at 200 g for 5
minutes and then 5x10° cells were resuspended with cold PBS containing 0.25% BSA to block non-
specific binding. 50 pL of cell suspension were incubated with 10 uL of 200 uM of the compound for

one hour at 4°C. A high concentration of compound was used to ensure saturation of the receptors.

Thereafter, cells were washed thrice with 1 mL of the buffer 0.25% BSA-PBS to remove the
excess of compound that did not bind to cells’ receptors, centrifuged. Cells were then incubated
with 10 uL of either phycoerythrin (PE)-conjugated anti-human CXCR4 monoclonal antibody (clone
12G5) or PE-conjugated mouse IgG2A isotype control antibody (R&D systems, Minnesota, USA) for
60 minutes on ice. Unbound antibody was separated from the cells by three washes with 0.25% BSA-
PBS using centrifugation at 200 g for 5 minutes. The pellet was re-suspended in 300 pL of PBS and
the cell suspension transferred into polypropylene FACS tubes (Falcon 2054) and analysed by a
FACScan flow cytometer (BD Biosciences Europe, Erembodegem, 15 Belgium). Dot plot was used to
gate cells and the FL-2 channel was used to measure variation in fluorescence intensities. Ten

thousand events were acquired and data were analysed using Cellquest software.
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9.6.3 Experimental for fluorescent ligand binding assays

Cells were primarily washed in 5mL of PBS+ 0.25% BSA to remove any unwanted media and
spun at 200xg for 5 minutes, additional steps of cells scrapping were taken for adherent cell lines.
The cell pellet was then resuspended and aliquoted into eppendorf tubes at 5.0 x 10° cells/ 50ul with
the addition of 20uM of fluorescent compound in one eppendorf, covered by tinfoil and left on ice.
After 1 hour cells were washed in 1 mL PBS + 0.25% BSA and centrifuged at 200xg for 5 minutes at
4°C, 10l of PE unconjugated 12G5 Ab was then added to the eppendorf containing the fluorescent
compound. At this point positive and negative controls were also prepared: unconjugated antibody,
conjugated antibody, isotype, fluorescent compound, added to separate eppendorfs all containing
the aforementioned cells, another negative control of just cells was also prepared. These were then
all incubated in ice for 1 hour covered by tinfoil. Samples were then washed under the same
conditions as before three times. The pellet was re-suspended in 300 pL of PBS and the cell
suspension transferred into polypropylene FACS tubes (Falcon 2054) and analysed by a FACScan flow
cytometer (BD Biosciences Europe, Erembodegem, 15 Belgium). Dot plot was used to gate cells and
the FL-2 channel was used to measure variation in fluorescence intensities. Ten thousand events

were acquired and data were analysed using Cellquest software.
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9.6.4 Experimental for confocal microscopy

General Procedure:

U87-CXCR4 or U87 cells were seeded onto glass base petri dishes (35 mm; Thermo Scientific, Nunc™)
and incubated overnight. The cells were washed with medium, incubated with 5, 10 or 20 uM of
antagonist in medium for 30 min at 4°C and washed again with chilled phosphate buffered saline
(PBS). Live cell images were obtained using ZEN software on a Zeiss LSM 710 inverted confocal
microscope. The laser used was adapted to the absorption maximum of the antagonists (HeNe 633

nm laser). Images were obtained using a Zeiss 63x water objective.

9.6.5 Experimental for determination of CXCR4 radioligand binding in vitro

Cells grown to 60% to 80% confluence were used for receptor binding assays. Cells were washed
with cold PBS buffer and flasks were placed on ice to prevent receptor internalization. Cells were
detached using a cell scraper. Cells were incubated with 37 kBg/mL (1 uCi/mL) of radiotracer in PBS
for 60 minutes at 4°C. After incubation, cells were washed quickly three times with cold PBS and cell-
associated radioactivity was determined in a gamma spectrometer (Automatic Gamma counter,

Wizard 3" Wallac).

Data are expressed as the accumulation ratio (%) + SEM calculated by dividing the radioactivity in
the pellet by the total radioactivity (supernatant + pellet). For blocking studies, Jurkat cells were pre-
incubated with a saturation concentration of cold CXCR4 antagonist (20uM) for one hour. Cells were
then washed to remove excess of unbound ligand and incubated with 37 kBq of
[**Cu][Cu,5(0OAc)(OAc)] , before further incubation for one hour and determination of tracer uptake

as above.
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10. Appendix

10.1 Z-stacking confocal images of peptide P7 in U87-CXCR4 cells

— [r—

20 ym 1 20 ym

[r—
20 pm

[— [— [— —
20 pm 20 ym 20 ym 20 ym

Figure 133: Confocal microscopy Z-stack (20-slices) images of peptide P7 (10 uM) in U87-CXCR4 cells.

Figure 133 shows an examples of the images collect in U87-CXCR4 cells using 10 uM of P7. The

image shows that none of the P7 peptide is internalised or taken into the cell by non-specific uptake.
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10.2 Comparison confocal images of peptide P7 in U887 and U87-CXCR4 cells

Control Fluorescence White Light Overlay

us7

U87- CXCR4

Figure 134: Confocal microscopy images of peptide P7 in U87 and U87-CXCR4 cell, along with a control autofluorescence
image of cells alone.

10.3 Confocal blocking images of peptide P7 in U87-CXCR4 cells treated with
[Cuz5(0AC)2](0ACc):

Fluorescence White Light Overlay

Figure 135: Confocal images of competition/blocking experiment of peptide P7 with [Cu;5(0Ac),](OAc), in U87 CXCR4 cells.
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