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FOREWORD

Cancer is a devastating global health issue affecting every socioeconomic class. Despite the
considerable resources dedicated to cancer fighting, it remains the leading cause of death
worldwide, accounting for a total of 7.9 million deaths (around 13 % of all deaths) in 2008, as
reported by the World Health Organization.' This number is expected to increase dramatically over
the coming years and is projected to triple by the year 2030. There have been numerous
developments in cancer research over the past two decades, including discovery of novel diagnostic
strategies, therapeutics and identification of key causal factors. However, the above statistics speak
for themselves and serve as a reminder that we still have a long way to go to impact this devastating

disease.

Most deaths from cancer stem from metastasis, and chemokine receptors are emerging as key
elements in this process. Chemokine receptor 4 (CXCR4)-chemokine ligand 12 (CXCL12)
interactions have been shown to play key roles in cancer cell survival, proliferation, homing,
adhesion, tumor angiogenesis, and resistance to conventional and targeted therapies.” Given its
extensive involvement in cancer progression, inhibition of CXCR4-CXCL12a signaling was
investigated as a potential therapeutic strategie using antagonists of the natural ligand.” CXCR4
targeting antagonists also provide versatile platforms for the development of imaging agents.* The
underlying rational here is that imaging of CXCR4 can be used to detect tumors and/or highly

aggressive subpopulations of tumor cells.

In cancer, molecular imaging has traditionally played a critical role in detecting and staging the
disease and permits the non-invasive study of cells in their natural microenvironment, without
perturbing the system under investigation.' Generally speaking, molecular imaging involves
specialized instrumentation, used alone or in combination with targeting imaging agents. Signal
detection of the chosen label (luminescent and/or radioactive) enables the visualization of tissue
characteristics and/or biochemical markers. For molecular imaging of cancer-related biomarkers,
several modalities are in use including PET (Positron Emission Tomography), SPECT (Single
Photon Emission Computed Tomography), MRI (magnetic resonance imaging), CT (x-ray

computed tomography), optical imaging and bioluminescence.

This thesis is in line with these thematic concerns.
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Chapter 1

I. INTRODUCTION

I.1 Chemokine receptor CXCR4

1.1.1 Generalities

Chemoattractant cytokines, also called chemokines, are integral components of the
hematopoietic cascade and the inflammatory response, regulating lymphocyte development, homing
and trafficking.’® They are 8-10 kDa proteins that are subdivided into four families defined by the
number and relative spacing of cysteine residues at the N-terminal end of the protein. The two
major families are CC and CXC in which there are two cysteine residues that are either adjacent
(CC) or separated by one amino acid residue (CXC). Two other families are CX3C in which the
cysteine residues are separated by three amino acid residues, and C in which one cysteine residue is
lacking.

Chemokines are transmembrane (TM) proteins belonging to the superfamily of G-protein-
coupled receptors (GPCRs).” In general, within the respective families, each chemokine has more
than one receptor, and each receptor generally has more than one ligand. One exception is the
chemokine receptor CXCR4, expressed in a wide range of tissues, including immune and central
nervous systems. It has only one reported ligand CXCL12a also called stromal cell-derived factor
(SDF-1).**

CXCR4 possesses seven transmembrane domains that are linked to an inactive G protein
existing as a heterotrimer (Ga.,, GB, and GY) (Figure I-1).” Its structure is three-dimensional with an
acidic extracellular N-terminal domain, an intracellular cytoplasmic tail in a three-stranded
antiparallel [-sheet, and a C-terminal a-helix. The N-terminal domain is essential for ligand

binding, whereas the C-terminus is important in G protein activation.
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CXCR4

Figure I-1: Chemokine receptor CXCR4.*

Signal transduction by a GPCR occurs when an extracellular signaling molecule activates a cell
surface receptor. In turn, this receptor alters intracellular molecules creating a response. The first
step in this complex process is the ligation of the receptor by its high affinity ligand. This induces a
conformational change that leads to the dissociation of the heterotrimer (Go from the other two G-
protein subunits). The dissociation exposes sites on the subunits that can interact with other
molecules. The particular mechanism of SDF-10-CXCR4 interaction has been well characterized

and will be described in the next part.

1.1.2 Activation of CXCR4 by SDF-1alpha

The structure of CXCLI12a has been determined by X-ray crystallography and NMR
spectroscopy.’ First eight residues of CXCL12a at the N-terminus form an important receptor
binding site (Figure 1-2). The overall charge for CXCL12a is +8 and the corresponding net charge
of the extracellular loops of CXCR4 is -9. The positively charged residues, including Lys*, His*,
Lys* and Arg", form a cluster, which leads to the highly positive potential of CXCL12aq.

14
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carboxy
terminus

30's loop
\ N-terminal domain

amino
terminus

Figure I-2: CXCL12a structure.® Strands are displayed as ribbons, helical regions are displayed as
cylinders and loops, and random coil regions are displayed as a backbone trace. The two conserved
disulphide bonds are displayed in black.

A molecular binding mechanism of CXCL12a with CXCR4 has been proposed (Figure I-3).**
"' The positively charged part of CXCL12a. first binds to the negatively charged extracellular loops
of CXCR4 through an electrostatic interaction. Then, the positively charged N-terminus further
binds to the corresponding negatively charged transmembrane domains. These two binding steps
convert the CXCR4 to an active conformation initiating signal transfer through the membrane thus
activating immune cells.

rapid binding

to the exposed N highly dynamic state _g, efficient searching
extracellular region efficient of the binding cavity
anchoring within TM helices
N SDF-1

e — —
1st- 2nd- G-protein
step step signaling

CXCR4 C CXCR4 C CXCR4

Figure I-3: Mechanism of SDF-10 - CXCR4 interaction’
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1.1.3 Involvement in several physiological and pathological processes

The activation of CXCR4 by SDF-1a can lead to different downstream signaling pathways that
result in a variety of physiological responses, such as chemotaxis, cell survival and proliferation,
intracellular calcium flux and gene transcription (Figure 1-4).”” These normal physiological
responses also share several downstream effectors with multiple pathological processes, including
tumor cell metastases, autoimmune and inflammatory diseases.

Natural Ligands Viral Ligand  Synthetic Ligands

SDF-1a AMD3100
[ vMIP-II ] [HW-1 99120J [ovuncmsa

Physiologic
Functions

Disease and Drug Related Pathways

Figure I-4: Various biological functions of the chemokine receptor CXCR4."

1.1.3.1 Cancer cells metastases

Malignant cells from at least 23 different types of cancer express the chemokine receptor
CXCR4 and respond to its ligand CXCL12a..”" This receptor ligand pair appears to be involved in
cancer cell progression, angiogenesis, metastases, and survival. CXCR4 expression enables tumor
cells to home to organs expressing abundant levels of CXCL12a, such as lungs, bone, liver, brain,
and bone marrow, leading to establishment of metastases. Overexpression of CXCR4 in primary
tumors is directly correlated to increased risk for local recurrence, distant metastases, and poor

survival rates in breast, colon, and several other cancers.

1.1.3.2 Stem cells mobilization

Recent studies have indicated that the interactions between CXCR4 and CXCL120 modulate
hematopoietic cell mobilization and engraftment.” CXCR4 is extensively expressed in

hematopoietic stem cells (HSCs) and in hematopoietic progenitor cells (HPCs), and its interaction

16
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with CXCL12a promotes the retention of CXCR4 expressing hematopoietic cells in the bone
marrow microenvironment. Consequently, the blocking of CXCR4 with an antagonist results in the

mobilization of hematopoietic cells.

1.1.3.3 Autoimmune and autoinflammatory diseases

In a normal immune response, leukocytes gather in the site of injury or infection and defend the
body from disease bearing organisms.” Chemokines play a major role in this immune response by
activating the directed migration of leukocytes. However, under certain circumstances the immune
response can be inappropriately activated and targeted toward normal healthy tissue leading to
autoimmunity and disease. Chemokines have been shown to be associated with a number of
autoinflammatory diseases including multiple sclerosis, rheumatoid arthritis, atherosclerosis,

asthma, organ transplant rejection, etc.

1.1.34 HIV entry

HIV enters T cells by the adsorption of its surface glycoproteins (gp120) to receptors on the
target cell followed by fusion of the viral envelope with the cell membrane and the release of the
HIV capsid into the cell.'® The glycoprotein CD4 is the main receptor for HIV-1 and CXCR4 the

coreceptor involved in the process.

Because of its involvement in a wide range of physiological and pathologic processes, there has
been intensive biological, chemical, and pharmaceutical research to understand the modulation of
chemokine-receptor functions. The ultimate goal is to translate these discoveries into novel

treatment strategies for clinical applications.

1.1.4 CXCR4 antagonists

Inhibition of CXCR4-CXCL12a signaling was investigated as potential therapeutic strategie
using antagonists of the natural ligand. Several CXCR4-binding agents, including antibodies,'”®
peptide-based antagonists and small-molecule-antagonist scaffolds such as cyclams have been

developed.'*"
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1.1 4.1 Peptide derivatives

The design of new specific peptide-based CXCR4 antagonists requires the following of a
general procedure. After identification of a natural antagonist and its critical residues involved in
the fixation on the receptor, a library of peptides can be generated by modulation of several
parameters such as structure (monomer or dimer), overall charge and size. It has been shown that
CXCR4 extracellular surface is negatively charged. As a consequence, the overall charge of the

antagonist is an important parameter and all high potent antagonists are positively charged.

Among the large series of natural CXCR4 ligands, SDF-1 was particularly studied."” Its N-
terminus was determined as a critical site for CXCR4 recognition, signal transduction and antiviral
activity. A wide range of peptides derived from this particular region was generated.””** The
resulting peptides exhibited similar activities compared to SDF-1 but were less potent. The same
strategy was applied on another natural antagonist based on a viral chemokine (viral macrophage

2324

inflammatory protein-II so called vMIP-II).

Another route towards effective anti-HIV compounds was based on derivatives of self-defense
peptides of horseshoe crabs, tachyplesin and polyphemusin.”> By chemical modifications of these
peptides, Masuda et al developed a synthetic anti-HIV peptide called T22 (Figure I-5),° which is a
18-residue peptide with two disulphide bridges. A structure-activity relationship study of T22
revealed the contribution of characteristic regions to its activity and cytotoxicity. The number of
Arg residues in the N-terminal and C-terminal regions of T22 is actually correlated with anti-HIV
activity and the presence of disulphide rings, especially the major one, is indispensable for

biological activity.

Several downsized analogues of T22 were prepared to enhance its anti-HIV activity and
decrease its cytotoxicity. Among them, T140 was identified as the highest potent peptide.”’”* Four
residues (two arginines, one 3-(2-naphthyl)alanine, and one tyrosine) were determined as T140
critical pharmacophores® and a wide range of cyclopentapeptides was generated from these
residues. The pentapeptide FC131 showed even stronger antagonist action and improved metabolic

stabilities.”!

H—Arg1-Arg2-NaI3C/ys4 Tyr5ArgbLys”
\

b Lyst /Nal“\
S/S N Arg3 Gly5
H2N—RRWCYRKCI3YKGYCI3YRKCR—CONH2 I Pro?
S S HO—Arg4-Cys'3-Cit12-Arg'1-Tyr10 Arg2 D-Tyr?
T22 T140 FC131

Figure I-5: Structures of T22 and its derivatives T140 and FC131. Blue residues are the
indispensable residues of T140 for the potent CXCR4-antagonistic activity. Nal = L-3-
(2naphtyl)alanine, Cit = L-citrulline
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1.14.2 Small organic molecules

In the search for new anti-HIV agents with better characteristics than the existing drugs, a novel
class of compounds namely biscyclam was discovered with potent and selective anti-HIV activity.”

These derivatives are highly basic and positively charged at physiological pH.

These compounds contain two macrocyclic rings, with 14 members each, linked in various
ways. The prototype compound used for the development of these new agents was the monocyclam
AMDI1498 (1,4,8,11-tetraazacyclotetradecane) (Figure 1-6).”> Two compounds (AMD1657 and
AMD?2763) were found active against HIV-1 (Figure I-6). In AMDI1657 the cyclam moieties were
linked with a direct carbon-carbon bridge creating two chiral centers, in AMD?2763 via an aliphatic

(propylene) bridge.””
mN mN P mN RN
C ] CoOTT )
.

NH HN NH HN I\EJN wN wN
AMD149812 AMD165712 AMD276312
[NH HNj [NH HNj NH HNj
NH HN =
AMD3100%2 [ AMD346512 AMD3529%

" e Cyw HJLN ey
Be CUY X
E;O NH I

N '
s
AMD1107033 KRH163638 2N "NH GSK81239733

Figure I-6: Chemical structures of several small molecules CXCR4 antagonists.'>**

Further studies pointed out that biscyclam derivatives in which the two monocyclam rings are
connected by an aromatic linker, instead of an aliphatic linker, inhibited HIV replication, in a
concentration about 100-fold lower than the one required for AMD2763.%

The most potent biscyclam of these series is AMD3100, previously called JM3100 or SID791,
in which the two cyclam moieties are linked by a 14-phenylenebis(methylene)-bridge (Figure
I-6).** Clinical studies of AMD3100 in HIV-infected patients have provided proof of concept for
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CXCR4 blocking in HIV therapy. However, further development was discontinued due to cardiac
toxicity when injected in high doses. Clinical trials also demonstrated that AMD3100 is an efficient
mobilizer of hematopoietic stem cells from the bone marrow in both healthy individuals and some
individuals with cancer. AMD3100 is now marketed as Mozobil™ and used as stem colony
mobilization agent in combination with granulocyte colony-stimulating factor. Configurationally

restricted derivatives of AMD3100 were also developed.”~*

However, clinical applications of AMD3100 and its derivatives are limited because of their
lack of oral bioavailability, which is related to their high positive charge at physiological pH. In
order to improve oral absorption, analogous compounds such as monocyclam derivatives
(AMD3465, AMD3529) were developed.”

AMD3465, based on a monomacrocyclic N-pyridinylmethylene cyclam structure, particularly
retains attention. Indeed, it exhibits improved anti-HIV activity and it has been showed to be 10-
fold more effective as a CXCR4 antagonist than the biscyclam AMD3100 in (‘*I)-CXCL12

displacement assays.”’

Most recently, a novel series of heterocyclic analogues has been developed containing different
moieties such as imidazole, benzimidazole, functionalized pyridine or guanidine (AMD11070,
KRH1636, GSK812397) (Figure 1-6).”> Among them, AMD11070 is the first orally bioavailable
small-molecule CXCR4 inhibitor. It is currently being studied in clinical trials as a potent

antiretroviral agent.

1.1.5 Binding mode studies of small-molecule antagonists

The evolution from the macrocyclic and positively charged AMD3100 to the monocyclam
AMD3465 and to the non-cyclam AMD11070 represents a progressive reduction in both molecular
size and charge, but also a gain of oral bioavailability. Because they are structurally different, it is

of interest to examine their mode of interaction with the receptor.

1.1.5.1 Ligand-receptor interactions

Kawatkar et al demonstrated that CXCR4 antagonists based on small organic molecule have a
distinct binding site, which is different from the region occupied by the N-terminus of SDF-1.* This
suggested the coexistence of an antagonistic ligand-binding site with a SDF-1 signaling site in
CXCR4. Based on site-directed mutagenesis and molecular modeling, different binding mode
studies were investigated on AMD3100, AMD3465 and AMD11070 (Figure 1-7) .94
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Figure 1-7: Residues identified through mutagenesis to be important for the binding of AMD3100
and AMD3465 shown in a helical wheel diagram of the CXCR4 receptor. The levels of effect of
each mutation on the K; values of the compounds in '*I-SDF-1 competitive binding are indicated by
the following font colour: purple, >100-fold increase in K; value; red, 30- to 100-fold increase in K,

value; orange, 10- to 30-fold increase in K; value; and black, <10-fold increase in K, value.*’

At physiological pH, AMD3100 has an overall charge of +4 due to the four protonated
nitrogens (two per cyclam ring). Thus, the protonated cyclams can interact with negatively charged
amino acids (such as aspartate and glutamate) in the main ligand binding pocket of the receptor.
Three acidic residues Asp'”' (D171N), Asp*® (D262A) and Glu*™® (E288A) are mainly involved in
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the inhibitor-receptor interactions (Figure I-7A). One cyclam ring of AMD3100 interacts with
Asp'”" in TM-IV, whereas the other ring is sandwiched between the carboxylic acid groups of
Asp®® and Glu™ from TM-VI and -VII, respectively.”

Due to the substitution of one cyclam by a pyridine ring, AMD3465 is smaller in size and the
binding pocket is more compact compared to AMD3100. However, some antagonist-receptor
interactions are similar to those involved in AMD3100 binding (Figure I-7B). The overall charge of
AMD3465 is +3 at physiological pH. Thus, the doubly protonated cyclam ring interacts with Asp'”',
the pyridine moiety with Asp®® and the protonated secondary amine of the aminomethylpyridine
with Glu®®®. Moreover, an aromatic interaction between His*™®' (H281A) and the pyridine ring has
been demonstrated.””* This additional interaction with His*®' leads to the enhancement of the
inhibitor binding to the receptor and therefore contributes to the higher potency of AMD3465
compared to AMD3100.

Because of its structure, AMD11070 has significantly different binding modes compared with
macrocyclic molecules (Figure I-7C). At physiological pH, AMD11070 is doubly protonated and
can form ionic interactions with different amino acid residues. Different binding models were
proposed by Wong et al involving in particular hydrogen bonds between the protonated primary
amine and an aspartate residue *’Asp (D97N), '"'Asp or **Asp or between the protonated tertiary
amine and ***Glu. Aromatic interactions between the benzimidazole and the tyrosine residue (“Tyr
or ¥Tyr) were also identified.* It has to be noted that *’Asp is not involved in the binding with

macrocyclic antagonists.

As a conclusion, these antagonists bind to overlapping but not identical amino acid residues in

the transmembrane regions close to the extracellular loop of the receptor.

Concerning macrocyclic antagonists, studies also revealed that it was possible to enhance the

affinity for the receptor by adding a metal cation in the cyclam ring.”*!

1.1.5.2 Effect of a transition metal in the cyclam cavity

Because of the preorganization and the flexibility of their macrocyclic framework, cyclams are
known to form stable complexes with transition metals. Several complexes of AMD3100 with
metal cations were prepared and studied. Liang et al demonstrated that incorporation of Zn**, Cu**
or Ni** into the macrocyclic rings of AMD3100 led to the enhancement of the binding affinity to the
CXCR4 receptor. To explain these results, it is of interest to understand the coordination geometry

of such complexes.’
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In the cyclam ring, Zn®" is coordinated by the four nitrogen atoms in a planar fashion. Zn**
complexes having usually a square pyramidal or an octahedral geometry, at least one coordination
site is vacant in cyclam complexes allowing interactions with an axial ligand, such as a carboxylic
acid. Gerlach et al performed the modelisation of acetate binding to cyclam and cyclam(Zn).*' The
optimized structures indicated that the acetate group was bound to cyclam by forming three
hydrogen bonds (Figure I-8A), whereas in cyclam(Zn) it was directly coordinated to the metal ion

and formed only one hydrogen bond (Figure I-8B).

Figure I-8: Structures of cyclam complexes optimized by quantum chemistry.*' Hydrogen bonds are

represented in yellow dotted lines.

Gerlach et al showed that the affinity of AMD3100 to the CXCR4 was increased 36-fold, by
incorporation of Zn** into one cyclam ring, in competition binding assays with '*’I-SDF-1."
Previously, we saw that Asp'”' and Asp>”* were the key residues involved in the binding of the non-
metallated biscyclam compound. The enhancing effect of transition metal can be due to either an
improved binding to one of the key residues or it can be caused by a metal ion interaction with
another residue in the receptor. Studies indicated that upon chelation of Zn** by AMD3100, the
complex does not change binding mode, but more likely its interaction with the carboxylate group
of Asp®® becomes stronge. (Figure 1-9).*' The biszinc analogue showed identical affinity to that of

the corresponding mono-metalated analogue.
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Figure I-9: Molecular model of the main ligand-binding pocket of the CXCR4 receptor with

AMD3100(Zn) manually docked into favourable interactions with Asp'’' and Asp**."!
Cyclam complexes of Cu** and Ni** can adopt the same configuration than cyclam-Zn. Both
AMD3100(Ni) and AMD3100(Cu) complexes showed a higher affinity than the non-metallated
ligand. The affinity was respectively 7-fold and 50-fold enhanced with Cu®* and Ni** in a cyclam
ring. Ni-complex exhibited the highest potential as antagonist due to a stronger interaction with the
receptor. The difference of strength of the interaction between the metal complexes and the receptor
(Ni > Zn > Cu) should be related to the stability of the bond between the metal and Asp*®.*!

Only one example in the literature reports the effect of transition metal in the unique cyclam
cavity of AMD3465.” Similarly to AMD3100, the presence of Cu* increased the affinity to the
receptor and confirmed the importance of Asp’® in the electrostatic interaction between the metal
and the receptor.

I.2 CXCR4-based imaging agents

In cancer, non-invasive imaging has traditionally played a critical role in detecting and staging
the disease. Advances during the past decade continue to revolutionize the role of imaging in cancer
through faster and more sensitive instruments, through the development of novel imaging probes
and through genetic engineering systems. For molecular imaging of cancer-related biomarkers,
several modalities are in use including PET, SPECT, MRI, CT and optical imaging. Anatomical
technologies such as X-ray, CT and MRI have become diagnostic staples of current clinical
practice. Likewise, functional imaging modalities have found broad clinical use in oncologic
disease diagnosis and staging. Functional imaging modalities include optical (bioluminescence and
fluorescence), PET and SPECT.
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For a diagnostic perspective, the role played by CXCR4 in invasion and metastases makes it a
valuable biomarker to identify primary tumors to metastases.”””** For this reason a number of
CXCR4 inhibitors have been developed, which have been reviewed in the previous part. Recently it
was found that these CXCR4 targeting moieties also provide versatile platforms for the
development of imaging agents (Figure 1-10).* In the next part, we will present the different
modalities used for imaging CXCR4 and the corresponding CXCR4 imaging agents, which are

radioactive and/or luminescent.

CXCR4 imaging using '
an inhibitor with: In vitro cell

experiments to

determine the binding

affinity and specificity

- a fluorescent label
- a radioactive label

- a multimodal label
- bioluminescence /
\ vivo experiments to
N determine the tumor
uptake and

biodistribution

Figure I-10: Use of CXCR4 as a target for imaging (inhibitor in yellow).*

1.2.1 Targeting CXCR4 radiopharmaceuticals

Nuclear imaging enables the visualization and the following of molecular process and cellular
function in living organisms without perturbation through the use of radiolabeled compounds. Such
compounds are named radiopharmaceuticals or radiotracers and are used in such low concentrations
that they have limited pharmacological effect. When specific, these tracers are based on the receptor
binding of a radiolabeled vector in the diseased tissue. The target-specific moiety, such as an
antibody or antibody fragment, a peptide, nanoparticles or low molecular weight ligands, is labeled

with an appropriate radionuclide.

1.2.1.1 Generalities on PET and SPECT

Radiolabeled compounds can be visualized with either PET or SPECT. The remarkable

sensitivity of such techniques and their ability to provide information complementary to the
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anatomical images produced by other modalities make them ideal for imaging biomarker- and
microenvironment-targeted tracers. Both modalities have become extremely important in the clinic,
and while PET is generally more expensive on both clinical and pre-clinical levels, it also
undoubtedly possesses a number of significant advantages over SPECT, most notably the ability to

quantify images.

For a PET or SPECT exam, the radiolabeled agent is administered to the patient/subject,
typically via an intravenous injection. The radioactivity is then traced through the body and its
distribution determined from scans obtained with a specific camera. The gamma rays emissions of
the radiotracers are detected, in the case of SPECT, by a gamma camera. In PET imaging, short-
lived positron-emitting isotopes are used as radiotracers. The emission of a positron and its
annihilation with an electron results in the emission of two 511 keV photons at 180° to each other;
these photons are detected as a coincident event, making it possible to localize more precisely their

source and reconstruct an image (Figure I-11).

A B

PET
scanner

& hv

A)sitron 511 keV

@l! : Gamma
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Antibody, Gamma ra kf}___
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Protein, or 100-300 keVs e N P
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Figure I-11: A: Diagram illustrating the principles of PET and SPECT,* B: Example of a PET

image.

Since the advent of PET and SPECT in both clinic and preclinic research laboratories, a

number of isotopes have been used in nuclear medicine.

Table I-1 lists common radionuclides used in nuclear medicine with their half-lives, their mode
of decay and the technique that employed them. The choice of radionuclide largely depends upon its
nuclear properties (half-life, type of radiation, energy, and presence or lack of other particulate

radiation emissions) and potential for wide clinical applications of the radiotracer.
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The radioisotopes can be divided in three major groups: lightweight elements, radiohalogens
and radiometals. Halogens especially '°F are increasingly more common in synthetic biomolecules
or in many cases may be added to a molecular structure by radiochemistry process without
significantly altering its biologic activity. Radiometals possess attractive radionucleidic properties
for imaging. Moreover, they offer many opportunities for the design and the development of new
target-specific radiotracers.

Radionuclide  Physical half-life =~ Mode of decay Applications

PN 10 min B PET

'C 20.3 min B PET

0 2 min B PET

PR 109.8 min B PET

| 132 h Y SPECT

| 59d Y SPECT

| 80d Y SPECT
PTe 60h Y SPECT
Zr 78.5h B* PET
"'n 67.9 h v SPECT
“'Ga 78.2h Y SPECT
*Ga 1.1h B* PET
*Cu 12.7h B* PET
Cu 61.8h v +p SPECT/therapy

Table I-1: Relevant radionuclides for medical applications.

There are numerous categories of molecular imaging agents including small molecules,
peptides, high-molecular-weight antibodies, engineered protein fragments, and various
nanoparticles. Each type falls within a different size range and thus possesses different
pharmacokinetics, binding properties and receptor interaction modes. Within each individual class
of agents, there are agents that can be directly or indirectly labeled.

1.2.1.2 Direct labeling

Chemical modification of proteins and small molecules with a radioactive element is a process
generally used in direct labeling. Non-metallic radionuclides, possessing short radioactive half-lives
(*”I, "®F, PN and ''C) are directly incorporated in the core of the targeting molecule. This method
provides a mean of detection that can be extremely sensitive for assay, localization and imaging

applications.
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Several CXCR4 antagonists were directly radiolabeled with iodide.* For example, SDF-1 was
labeled with '*I and the resulting agent demonstrated poor imaging characteristics in vivo, limiting
routine use.* It was given up for molecular imaging, however the molecule is being used in
competition binding assays to evaluate the affinity of antagonists for the receptor. Monoclonal
CXCR4 antibody clone 12GS5, which binds the same extracellular loop as CXCL12, was also
radiolabeled with '*I and studied by Nimmagadda et al. in a glioblastoma tumor model.* Imaging
data showed clear accumulation of '*I-12G5 in the tumors, even though the highest level of

radioactivity was seen in the spleen.

Direct imaging is an accurate method because the molecular target of interest is being studied
directly. Despite the significant successes of such probes, these radiotracers possess a few critical
limitations. First, their short-half-lives allow only investigations of biological processes on the order
of minutes or a few hours using tracers with rapid pharmacokinetic profiles. Second, the necessity
of incorporating the radioisotopes into the core structure of the tracer often requires demanding and

complex syntheses.

1.2.1.3 Indirect labeling

Indirect labeling by using a prosthetic group or an appended chelator so-called bifunctional
chelating agent (BFCA) is a more generalizable method that may be applied to image many

different biological processes with the same basic technique.
In the first section, we will present the use of prosthetic group for the introduction of '*F on the

targeting biomolecule. The second section will present a broad view of the chemical strategies

explored to synthesize different families of chelators-based radiotracers.

1.2.1.3.1 Introduction of '®F via a prosthetic group

The "*F radioisotope can be indirectly incorporated into the core structure of the tracer by the
use of a prosthetic group.** The use of such groups is of great interest because of ease and high
yields of the chemical reactions involved and the high chemoselectivity of the radiolabeling
process. The targeting molecule is normally connected to a reactive moiety at a specific position not
involved in a crucial biological role. The radiolabeled prosthetic group is then linked to the reactive
moiety in a chemioselective manner. We will describe the examples of CXCR4 antagonists labeled

with "°F via a prosthetic group.

The first example of '*F-radioimaging agent based on T140 was described by Jacobson et al

(Figure 1-12). After selective labeling on the N terminus via N-succinimidyl-4-"*F-fluorobenzoate
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conjugation, the two lysine residues were deprotected with hydrazine. The corresponding agent
suffered from pronounced off target binding to red blood cells when used in tracer concentrations.
CXCR4-positive tumors were distinguishable from control tumors; however, coinjection of

unlabeled 4-F-T140 was necessary to see increased radioactivity in the CXCR4-positive tumors.
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Figure I-12

FC131 was also labeled with "*F (Figure 1-13).* The in vivo biodistribution of such agent
showed high accumulation of radioactivity in the elimination tissues and a rapid clearance. It
appears to be a suitable platform for the potential visualization of CXCR4 in vivo, but the little
evidence of uptake in tissues that endogenously express CXCR4 suggests a low level of specific

binding. Structural modifications are required to improve the performance of the tracer.
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Figure I-13

1.2.1.3.2 Introduction of a radiometal via a bifunctional chelating agent

The most reliable method of linking a metal ion to the biomolecule is to use a bifunctional
chelating agent (BFCA) which is a small molecule containing two different moieties (Figure 1-14).*
One moiety is a ligand capable of strongly coordinating the chosen metal ion. The other moiety is a
functional group able to react and form a stable covalent bond with the carrier. Additionally, an
appropriate spacer that separates the chelating moiety and the bioactive fragment can also be used.
The nature of such spacers is variable, and generally they are used as pharmacokinetic modifiers.
For example, a polyethyleneglycol (PEG) chain will increase water solubility, whereas an aliphatic

chain will increase lipophilicity.
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Figure I-14: Schematic representation of a chelator-based radiotracer connected to a surface

receptor.”

There are several fundamental criteria that have to be taken in consideration to design a BFCA.
Both formation of thermodynamically and kinetically inert metal chelate and stable covalent
attachment of the chelator moiety to the biomolecule are essential parameters to create an efficient

radiopharmaceutical.

1.2.1.3.2.1 Radiochelate choice

The choice of the right chelator is a crucial point in the stability of a final conjugate and
depends on the metal ion to be complexed. Transmetallation by endogenous metal ions (Ca* or

Zn** for example)® or transchelation by endogenous ligands, such as transferrin, "'

are phenomena
that occur in vivo. Loss or dissociation of the radionuclide results in toxicity but also in poor image
quality. An adapted chelator should prevent radiometal release in the organism by complying with

the nature and oxidation state of the given radionuclide.”

Thus, several parameters have to be considered.” Cavity size must accommodate the ionic
radius of the radiometal for an optimal encapsulation. To provide the appropriate number of donor
binding groups and complete the coordination sphere of the metal, coordinating pendant arms can
also be added. The stability of the metal complex is highly dependent of the coordination properties
of the pendant arms and the charge of the complex relies on both nature and number of arms. The
radiometals are diverse in their properties and coordination chemistry, so there is no bifunctional

chelate suitable for all radionuclides.
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1.2.1.3.2.1.1 Chelators

A wide range of metal-chelating molecules based on acyclic and cyclic polyamines have been
synthesized and studied (Figure 1-15).**"** Acyclic ligands usually require mild conditions for
complexation but they are more inclined to release the metal ion in vivo. Macrocyclic chelators
provide metal complexes that are thermodynamically more stable and kinetically more inert than
the complexes with their acyclic analogues. This increased stability has been called macrocyclic
effect.

NH HN
N}HH\N [NH HN] [NH HN] [
H
N\) NH HN NH HN NH HN
TACN cyclen homocyclen cyclam

Figure I-15: Examples of polyazacycloalkanes.*

Polyamines and their derivatives bearing additional coordinating groups have been of great
interest in the development of BFCAs. The use of polyaminocarboxylates such as EDTA or DTPA
and macrocyclic chelators such as DOTA, NOTA, TRITA or TETA is particularly widespread in
medicine (Figure 1-16).7% Acetate pendant arms provide strong binding donor groups that can

6192 and phosphinate®®

complete the coordination sphere of the metal. A number of phosphonate
pendant-armed polyazamacrocyclic chelators have also been synthesized. Introduction of
methanephosphonic or methanephosphinic acid pendant arms has resulted in complexes having

higher stability and selectivity towards cation. *%
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Figure I-16: Some examples of common linear and cyclic chelators.

Once selected, the chelate has to be functionalized to allow covalent attachment to the

biomolecule. The introduction of the grafting function on the chelating core can be accomplished

using well-established methods of selective N- and C-functionalization.

In most cases, attachment of the chelate-fragment to the biomolecule involves one of the

coordinating acetate pendant arms, typically via formation of amide bonds with primary amines

from lysine residues. However, the transformation of one of the carboxylic acid group into

carboxamide has an influence on metal binding. This change in coordination number and donor

character decreases in vitro and in vivo stability of the resulting complexes.*®

Another approach consists in preparing an arm bearing both a chelating group and a grafting

functionality " This approach enables the coupling with the biomolecule without compromising

the stability of the respective metal complexes (Figure I-17).
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Figure 1-17: Structures of azamacrocycles carrying a diacidic arm.
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Alternatively, the functional group used to couple the vector can be introduced in the
methylenic backbone of the chelator leaving all of the carboxylic pendant arms available for
coordination to the metal.”’>” This C-functionalization approach also avoids the multistep

synthesis of a sophisticated pendant arm (Figure I-18).
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Figure 1-18: C-functionalized polyazamacrocycles.

Acyclic and cyclic polyaminopolycarboxylates have been the most extensively evaluated BFCs
for the labeling of peptides with trivalent and bivalent radiometals like Ga™, In**, or Cu™. To select
the adapted chelator to a metal, it is necessary to study its coordination properties, and its in vivo

behavior. We will first concentrate on both gallium and indium. Then, we will study copper.

1.2.1.3.2.1.2 Gallium and indium

The group 13 elements Ga and In are post-transition metals. Their chemistry in aqueous media
is exclusively limited to the oxidation state II1.>® In aqueous solution, the M’* ions have a marked
tendency to undergo hydrolysis, which is even pronounced for Ga™. At physiological pH, gallium
forms essentially the gallate anion [Ga(OH),]", while indium precipitates as the tris(hydroxide)
[In(OH),].”* When designing radiopharmaceuticals, it is of particular importance to obtain Ga and
In complexes resistant to hydrolysis. These complexes must also have resistance towards
transchelation reactions with transferrin, which is present in the plasma and involved in the
receptor-mediated transport of iron into cells.”® This is particularly relevant for Ga(Ill), that presents
the highest affinity to transferrin due to the similarity of the coordination chemistry of trivalent

gallium and iron.

As a classic hard acidic cation, Ga(Ill) is strongly bound to ligands featuring multiple anionic
oxygen donor sites.* This small and highly charged cation of ionic radius 47-62 pm (coordination
number CN = 4-0) is quite acidic with a pKa of 2.6 in its hydrated form. Typically chelators have
been developed to sequester Ga(Ill) up to its maximum coordination number of 6 in a pseudo-

octahedral geometry.

The significantly larger size of In(IIl) at 62-92 pm for CN 4-8, however, results in higher
coordination numbers of 7 and even 8 in its complexes.” While still a hard acid, its higher pKa of
4.0 and faster water exchange rate also reflect its distinction from Ga(Ill). A slightly enhanced

affinity for softer donor types compared with Ga(Ill) can be noted in In(III) coordination chemistry.
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The labeling of peptides with “Ga/®®*Ga has been performed using mainly DOTA or NOTA
derivative.® The Ga(IlI)-NOTA complex has an exquisite stability among gallium complexes.
Moreover, the kinetic complexation of Ga(IIl) is faster for NOTA than for DOTA, requiring longer
reaction times and higher temperature with “’Ga/®*Ga using DOTA-like chelators. The high stability
constant of Ga(IlI)-NOTA complexes and their kinetics reflect a better fitting of the NOTA cavity
size with the size of the Ga(Ill) ion and the involvement of all pendant arms in the coordination to
the metal. To keep the possibility of a N303-hexadentate coordination, after linkage of the
biomolecule, NOTA-like chelators containing a diacid pendant arm, such as NODASA and
NODAGA have been designed and synthesized (Figure I-17). Notni et al recently developed a
TACN-based bifunctional phosphinate ligand that allows instantaneous labeling at 60 °C and low
pH (Figure 1-19).%

0
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O\\P OH
HO )
P N
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Figure I-19: Structure of a TACN-based bifunctional phosphinate ligand.”

Unlike Ga(IIl), the coordination requirements of In(IIl) are not fulfilled by NOTA-like
chelators (Figure 1-20).* DTPA and DOTA derivatives have been used for '''In labeling. DTPA is
potentially octadentate and forms complexes of higher stability with In(IIl) compared to Ga(Ill).
The valuable octadentate chelator DOTA has also been shown to form a robust complex with
In(IlT). No X-ray structural data are yet available for the parent In-DOTA complex. There are,
however, several reported structures of its derivatives, such as the In(IIl) complex of the p-
aminoanilide analogue (DOTA-AA) (Figure 1-20).
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Ga-NOTA InCI-HNOTA In-DOTA-AA

Figure I-20: Structures of Ga and In complexes with polyazacycloalcanes.”

12.1.3.2.1.3 Copper

Copper has a unique combination of diagnostic (“°Cu, *'Cu, *Cu and *“Cu) and therapeutic
radionuclides (*“’Cu).”” The aqueous coordination chemistry of copper is limited to its three
accessible oxidation states (I-III). Cu(Ill), is relatively rare and difficult to attain without the use of
strong st-donating ligands. The lowest oxidation state, Cu(I), has a diamagnetic d"° configuration
and forms labile complexes. Cu(Il) is generally less labile toward ligand exchange compared with
Cu(I) and is the most widely used for radiopharmaceuticals.”® It is a d’ metal of borderline softness,
which favors amines, imines, and bidentate ligands like bipyridine. Coordination numbers ranging
from 4 to 6 were found with geometries approximating square planar, square pyramidal, trigonal
bipyramidal, and octahedral. Full envelopment of Cu(Il) in its maximum six coordinate mode is
favored. As a result, hexadentate chelators have become the most investigated in radiocopper
chemistry. Jahn-Teller distortions in six-coordinate Cu(Il) complexes are often observed as an axial
elongation or a tetragonal compression. In Figure I-21 are represented some structures of Cu(Il)
complexes with hexadentate chelators. Among the numerous possible geometries, Cu(Il) complex
can be a distorted trigonal prism (Cu-NOTA), a tetragonally distorted octahedron (Cu-TE2P) or a
distorded octahedron (Cu-CB-TE2A).

Cu-NOTA Cu-TE2P Cu-CB-TE2A

Figure I-21: Structures of Cu(Il) complexes with polyazacycloalcanes.”
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Copper is an essential trace element that plays a critical role in the body, and as such, under
physiological conditions intracellular copper availability is restricted.* The natural accumulation of
Cu®* proceeds via assimilation of the naturally occurring proteins, albumin and transcuprin, in the
blood. It is then carried to the liver and internalized. Copper is then sequestered for long-term
storage in the form of Cu* and Cu®* ions, excreted or incorporated into metalloenzymes. Superoxide
dismutase (SOD) is a homodimeric enzyme found widely distributed in the cytosol of eukaryotic
cells.” This enzyme is especially abundant in the liver, kidneys and red blood cells. Each subunit of
the enzyme contains one copper and one zinc atom. The SOD role in the body is to provide a
defense mechanism against potential toxicity of oxygen radicals by catalyzing the
disproportionation of the superoxide ion to hydrogen peroxide and oxygen. It has also been

implicated in the breakdown of copper complexes in vivo.

To resume, *Cu(II) complexes must be resistant towards transchelation to proteins involved in
the transport and storage of copper, and must not undergo reduction to Cu(I), as it will increase the

probability of releasing the radiometal in vivo.

A wide range of bi-functional ligands has been investigated for **’Cu**. Typically they are
based on complexing agents such as cyclic/acyclic polyaminocarboxylate and

polyaminophosphonate of hexaaza-cage.*™

DOTA and TETA have been largely used as bifunctional chelators for *“*Cu-labeling of
peptides, although they are not ideal chelators for Cu(Il), as well documented by the in vivo
instability of their complexes. In vivo experiments in rat models have shown that both *Cu-DOTA
and *Cu-TETA undergo transchelation of *Cu(II) to liver and blood proteins, with this behavior
being more pronounced in the case of *Cu-DOTA.”” NOTA has also a good affinity for divalent
copper, and the corresponding Cu(II)-NOTA complex presents a stability constant similar to those
with DOTA and TETA.” NOTA-based bifunctional chelators allowed the *Cu-labeling of different
bioactive peptides with very high specific activity and under mild reaction conditions.” The
resulting metallo-peptide has shown a better biodistribution profile than those labeled with *Cu
using DOTA or TETA derivatives as BFCs, pointing out the best properties of NOTA-derivatives to

stabilize the metal in vivo.*

Investigations have been performed on reinforced systems, aiming to introduce novel classes of
bifunctional chelators suited for in vitro and in vivo stabilization of Cu(Il) complexes. Such
constrained azamacrocycles are represented in Figure [-22. Metabolic studies in rat models showed
that *Cu-CB-DO2A and *“Cu-CB-TE2A presented an increased in vivo stability compared with
#Cu-DOTA and *Cu-TETA complexes, confirming that the introduction of the ethylenic bridge
enhances the stability of these macrocyclic complexes.””™ This short two-carbon cross-bridge
imparts additional rigidity and topological constraints. However, the kinetics of Cu(Il)
complexation with CB-TE2A is rather slow, and the formation of %Cu-CB-TE2A requires harsh
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radiolabeling conditions that may induce damage to some biomolecules. The same behavior was
observed for PCB-TE2A* A new class of cross-bridged cyclam macrocycles having
methanephosphonic acid pendant arms has been developed.”” These compounds readily formed
copper(Il) complexes and the *Cu-labeled chelates demonstrated promising kinetic inertness in
vivo. It was also found that complexation in methanol was already complete in less than 5 min at
ambient temperature, which is convenient for biomolecules labeling. The synthesis of new
constrained ligands was developed such as C3B-DO2A and CB-TR2A and it has been shown that

the metallation can be also performed at room temperature.*

N\ coaH /_\ N~ CO:H A N. COH
H020\/ \ / HOZC\/ \ / H02C\/ \ /
CB-DO2A%8 C3B-DO2A82 CB-TR2A82
/\ /\
m ~"~CO,H [ 1 j CO,H [ L ] CO,H iNHH} HNj
%j o oo e gu
SB-TE2A%8 CB-TE2A48 PCB-TE2A81 Sar83

Figure 1-22: Examples of constrained polyazamacrocycles.

Research for finding bifunctional chelators that efficiently bind to Cu(Il) under mild reaction
conditions pointed out the best properties of cryptand macrocyclic ligands of the
hexaaminemacrobicyclic type, so-called “sarcophagines” (Sar).***** These Sar ligands encapsulate
the Cu(Il) ion forming hexacoordinated and octahedral Cu(Il) complexes with thermodynamic
stability constant as high as the ones found with DOTA and TETA derivatives. At room
temperature, the Sar ligand binds to *Cu(Il) with fast complexation kinetics, at remarkably low
concentrations over a pH range of 4-9. The resulting complexes show a high kinetic inertness, as

shown by negligible in vitro transchelation.

1.2.1.3.2.2 Introduction of a grafting function

Once the most appropriate chelate has been selected for the desired application, a reactive
group or grafting function has to be introduced on its core. Examples of reactive functionalities used
to link chelates to vectors include isothiocyanates, carboxylic acids as active esters, anhydrides and
maleimides.”* ®® These reactive groups can react with nucleophilic sites (amino, thiol or hydroxy

groups) present on the biomolecule.

Carboxylic group is of great interest, since it can be easily activated to allow attack by an

amino group, usually from a lysine residue, present in an antibody or a peptide. Among the
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numerous possibilities, the preparation of anhydrides and reactive esters, derived for example from
N-hydrosuccinimide, are highly used because they allow high selectivity and mild reaction
conditions.*” Isothiocyanate is another reactive group, which is widely exploited in the conjugation
of carriers containing amino group, since it forms a stable thiourea bond. Concerning thiols residues

on the biomolecule, they can easily and specifically react with maleimide under mild conditions.

(a) o HoN—carrier )Cl)\
.carrier
activated ester BFCAA o) —_— BFCA H
0 0 F F
SOzNa
NO,
0 0 F F
OH
(b) o H,N—carrier o
anhydride BFCA 0] D BFCA HN-—carrier
@] 0]
(c) H,N—carrier s
isothiocyanate BFCA—N=C=S —_— BFCA‘NJ\N’Carrier
H H
(d) BFCA HS—carrier BFCA
maleimide oﬂ/v,o - 5 Oﬂfo
S-—carrier

Figure I-23: Reaction scheme for BFCA-peptide conjugation.”

Click chemistry involving azides and alkynes is another bioconjugation strategy that is
increasingly widespread.*®' The optimal reaction conditions for conjugation include mild aqueous

conditions close to physiological pH, short reaction times and minimal purification.

NBFCA
BFCA-N3 + =—carrier —> carrier—(/\’I

N=N

N_carrier
BFCA—= + Ns-carrier ——> BFCAA(/\’H\l

NE

Figure I-24: Schematic representation of a « click chemistry » approach.”
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1.2.1.3.2.3 Examples of targeting CXCR4 radiopharmaceutical based on radiometal

Among all the common BFCAs available for *"Tc, an acetylmercapto-derivative (so-called
MAS;) was the only one being connected to a CXCR4 ligand. Thus, SDF-1 was connected to a
#"Tc-MAS moiety via a solid-phase prelabeling technique (Figure 1-25).”>” It was evaluated as an
imaging agent for myocardial infarction. Preliminary studies on rats showed a high specificity on
endogenously and expressing cells. The relatively fast clearance via renal excretions also resulted in
a relatively low background tissue retention. However, a high dose of “™Tc-SDF-1 was required to
assess the accumulation in the myocardium. In addition, its poor imaging characteristics in vivo

limit its routine use.

j/i ; O /
99mTC
SDF-10LWH\/OH

o)
[99MTc-MAS;]-SDF-1a

Figure I-25

Hanaoka et al studied a DTPA-based derivative of T140 metallated with '"'In.”** The complex
exhibited a low affinity toward the receptor and a high accumulation of the radioactivity in the liver,
kidneys and spleen. Due to its accumulation in nontarget organs, '''In-DTPA-Ac-TZ14011 may be
unavailable as a radiopharmaceutical for screening small tumors, particularly in the kidneys and

their surroundings.

The groups of Hennrich and Jacobson developed T140-based imaging agent carrying
respectively one *Ga-DOTA (Figure I-26A) or two *“Cu-DOTA (Figure 1-26B) moieties on
different free lysine residues.””” Introduction of macrocycles into T140 didn’t change its high
binding affinity to CXCR4 or its high inhibition potency. In vivo studies were performed on the
%Cu complexes. Tumor CXCR4 expression could be imaged but with high uptakes in blood and

metabolic organs due to red blood cells binding.

Jacobson et al developed two new derivatives of T140, DOTA-NFB and NOTA-NFB
possessing an unique chelator on the N-terminus (Figure 1-26C).” Both agents were able to bind to

CXCR4 but not to red blood cells and could be injected in lower mass.
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Figure 1-26: Examples of T140 analogues associated with a polyazamacrocycle.

However in all previous T140-based radiotracers, high and long-lasting uptake was observed in

liver and kidneys. Labeling with ®*Ga gave similar results.”

The addition of a bulky group such as DOTA on the small cyclic pentapeptide FC131 resulted
in diminution of the binding affinity compared to FC131 (Figure 1-27).”” However, the molecule
metallated with ®*Ga showed higher affinity than the non-metallated one due to a higher overall
charge and a different charge distribution.
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Figure [-27

To compensate the significant reduction in binding affinity due to the presence of DOTA,
dimers with C2 symmetry were developed (Figure 1-28).'” The resulting dimer displayed a lower
affinity, which implied that the additional peptide hindered the binding. First in vivo studies
demonstrated a high liver uptake making such dimers unsuitable for the detection of primary tumors

or metastases, particularly in the liver and the surrounding organs.
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In all previous examples, abnormal accumulation of radioactivity is observed in healthy tissues.
As a matter of fact, the macrocycles (DOTA, NOTA) were not chosen to optimize metal
coordination, but to provide maximum flexibility to the system with respect to future diverse
applicability with other radiometals. Future generation of radiotracers should be based on adapted

chelators that form thermodynamically and kinetically more inert complexes.

1.2.1.3.24 Particular case of AMD3100 and AMD3465

Small molecules such as AMD3100 and AMD3465 were directly radiolabeled with *Cu and
#"T¢ (Figure 1-29).'"°"' This approach used the ability of cyclams to form stable complexes with
transition metals to obtain radiotracers that possess an enhanced affinity toward the receptor due to

the presence of the cation.

N o N NH HN
[99@% ] [ é‘,‘CiJ ]
N . N
N N m NH N

N O N mN
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L

Figure 1-29

The resulting tracers based on AMD3100 are suitable for PET and SPECT imaging of CXCR4-
expressing tumors even though considerable uptake was observed in the liver and lymphoid organs,
probably due to target-specific binding or to the presence of metastases.'”''** CXCR4 is expressed
in the liver and kidneys, and reduced uptake has been observed in blocking studies in these tissues,

suggesting that some of the uptake seen is receptor-mediated. Another possible explanation could
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be the thermodynamic instability of the copper complex resulting in a dissociation phenomenon and
metal release in the organism.

%Cu-AMD3465 has the highest target selectivity reported for this class of agents to date.'®
Even though “Cu-AMD3465 has improved affinity and kinetics, compared with *Cu-AMD3100,
considerable uptake in the liver and kidneys was also observed. Some of this accumulation could

also be attributed to possible transchelation of *Cu from *Cu-AMD3465 to plasma proteins.

1.2.2 Optical imaging

The visualization of cells and tissues using light is one of the most informative and facile
approaches in basic research and medical diagnostic imaging. Through the use of fluorescence
microscopy, researchers have been able to observe molecular events in real time in living cells or ex
vivo tissues samples. A number of macroscopic optical imaging techniques enable non-invasive,
repetitive, whole body imaging of living small animals, using sizable field of view. Among the

macroscopic optical imaging techniques, fluorescence imaging has been particularly used.
1.2.2.1 Fluorescence imaging

Following the administration of a fluorescent imaging agent, an excitation light of appropriate
wavelength is used to illuminate the subject. This leads to excitation of the fluorophore and the

subsequent emission of light that is detected via a camera and converted to an image detailing the

location of emitted light (Figure 1-30).

Fluorophore,

Fluorescent Protein itz

Figure I-30: Optical fluorescence molecular imaging.'
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This technique has a number of limitations that need to be considered including its limited
depth of penetration (<1 cm). Visualization through the skin is indeed restricted to superficial
tissues such as the breast. It is however a useful tool for preclinical evaluation of imaging agents
and for intraoperative applications where depth of penetration is not an issue. Furthermore,
fluorescence imaging suffers from issues associated with tissues autofluorescence that decreases the
sensitivity of the technique. Among the optical imaging technologies, near-infrared (NIR)
fluorescence imaging within the wavelength range of 700-1000 nm has been dedicated immense
attention. The low absorption and autofluorescence from organisms and tissues in the NIR spectral
range minimize background interference, improve tissue depth penetration, image sensitively and

noninvasively.'”

Fluorescence imaging typically involves the use of targeting fluorescent-tagged molecules.
10719 Small synthetic fluorophores form the bulk of the commercially available fluorescent
molecules. A simple parameter for making meaningful comparisons between different fluorescent
molecules is the product of the extinction coefficient and the quantum yield (¢ x ®). This term is
directly proportional to the brightness of the dye, accounting for both the amount of light absorbed
and the quantum efficiency of the fluorophore. Accurate comparisons between dye molecules must
include both of these parameters. Figure I-31 lists the major classes of biologically significant
organic fluorophores. The fluorescent dye can also be a protein, quantum dots or lanthanides

complexes.'”

43



Chapter 1

N =3
v . (=]
- \ @ D
d {1 x ) g
f . ~ F 4
“;. ¢ v\ g‘ @ ,«“ r;
v o )} O
;7:7' ) "‘ S
| o % ~
S 3
> 3
= £
Q% C - o
8¢ (5] o §
c y ‘;.h/' =
s , i
§ Y 4 = o
5 ' -} ‘ : 8
"’ 21 7
< - £
e o :
v @ w5 2
240 ®. E
5) @ { &

S , g o
Q o
0o w
o
- 3
5 2. O E
v @
G -
i 3 @ &
=) ® ¥ ¥ ]
: : Yo
3 N
- . o a ~
g ‘ - e ¢ 3 H a2 S
o g o ¥ e e g 3 .\“\ ~
e ! PO Wi o &
‘L! d e o
3 t>d
o~ S 1 -
- e ° o a
“ z d
2 O Q o : © . g
g - = ‘:i.“. w -
o . Y 7 ) - % 3‘ Dy~
¥ R, . r
E @ W 38 rg- 2\ =
T e J — g ax v o
s 9 iI"e . N ®
L2 g Y - f*
F 5 - S | O: @  :-
85 5 £ Q:
."—‘... | —_(‘.'" : 9. \ 5
=\ ; x S ...,,('\ w 2 ‘ . g
R @ ~ T
: TR 5
~N
=] = [=] = =) =)
- - - L

5
(W0, ‘P x 2) ssauybug

Figure I-31: Plot of fluorophore brightness vs the wavelength of maximum absorption for the major
classes of organic fluorophores. The colour of the structure indicates its wavelength of maximum

emission. For clarity, only the fluorophoric moiety is shown.'”’
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1.2.2.2 Examples of targeting CXCR4 optical agents

Several CXCR4-receptor probes have been prepared and applied for both in vitro and in vivo.
Most of them are peptide-based. For example, SDF-1 was labeled with several fluorophores such as

fluorescein'” and cyanine'"”

. The fluorescein-based agent was used to evaluate the mechanism of
receptor activation by SDF-1. Studies of a NIR-fluorescent conjugate based on cyanine showed a
high-selectivity, specificity and sensitivity in vitro and in vivo for tumor detection despite high
background in the liver within the first 24 hours. Specific antagonists were also marked with a

111,112

fluorescent dye: T140 was labeled with fluorescein, and rhodamine.'"*'"® Rhodamine was also

introduced on FC131 and on the corresponding dimer.?

There are only two examples of small-molecule based antagonist carrying a fluorescent dye.
Khan et al developed a rhodamine-conjugated azamacrocycle antagonist (Figure 1-32).""* The
reinforced cyclam served as a vector for targeting CXCR4. The resulting agent didn’t demonstrate
any competition with anti-CXCR4 antibodies during binding competition studies. As expected, the
addition of Cu in the macrocyclic cavity led to the enhancement of the binding affinity to CXCR4.
Despite a significant quenching of the fluorescence, the signal was still efficient enough to be
detected in biological system. However, the small molecule demonstrated a high non-specific

accumulation in the cytoplasm.
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[Nj HNj 7 Hkﬂ h COZH\ \E/\
g ~

Figure I-32: Rhodamine conjugated azamacrocycle antagonist.'"*

Recently, a fluorescent AMD3100 analogue was synthesized by the group of Knight.'” An
anthracenyl moiety was introduced between two cyclams serving as a spacer and as a fluorescent
tag (Figure I-33). They reported a significant reduction of the affinity to the receptor probably
induced by the lipophilic character of the anthracenyl group. The binuclear Zn, Cu and Ni
complexes were also investigated and the most promising results were obtained with the biszinc

complexes showing a higher specificity and a reduced cytotoxicity compared to the free ligand.

7 N\

() 2 ()

NH HN NH HN

N

Figure I-33: Anthracenyl derivative of AMD3100.
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1.2.3 Bimodality

The roles of imaging in disease diagnosis and treatment monitoring continue to increase
because of advances in imaging technologies and concomitant improvements in detection
sensitivity, spatial resolution, and quantitative information. In a perfect world, a single imaging
method could furnish anatomic, physiologic, and molecular information with high sensitivity and
specificity. However, none of the current imaging methods used in humans provides comprehensive
medical imaging. To overcome the individual limitations of different imaging methods, taking
advantage of their individual strengths, they can be combined in so-called multimodal imaging
approaches.''"® To appreciate the potential benefits of combining optical and nuclear modalities, we

have tabulated the main characteristics of each technique (Table I-2).

Imaging technique PET SPECT Fluorescence imaging
Source B* rays Y rays Visible light or NIR
) ) 1-2 mm (in vitro) 1-2 mm (in vitro) o
Spatial resolution o o 2-3 mm (in vivo)
5-7 mm (in vivo) 8-10 mm (in vivo)
Depth . o
No limit No limit < lcm
Sensitivity
pM nM to pM nM to pM
Amount of molecular ) o
Nanograms Nanograms Micrograms to milligrams
probe used

Table 1-2: Characteristics of imaging modalities.'

Co-injection of two different imaging agents (one for each modality) that are distributed
differently in the body imparts an increasing potential for toxicity. To link different applications, it
is desirable to use one-and-the-same imaging agent, functionalized with multiple diagnostic labels.
This approach requires the preparation of one multifunctional molecule so-called MOMIA
(MOnomolecular Multimodality Imaging Agent). This unique structural core ensures the same

biodistribution and enables the fusion of contrast data with high spatial precision.

A potential application for such multimodal compounds is an integrated use of preoperative
diagnostics and surgical planning (radioactivity-based) with intraoperative surgical image guidance
(fluorescence-based) to the predefined lesion location.''”"'® This combination benefits from the high

sensitivity of nuclear imaging and the high spatial resolution of fluorescence imaging.
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Figure 1-34: Schematic overview of the development and potential use of multimodal tumor-

targeting peptides.'"”

Kuil et al developed several bimodal probes for imaging CXCR4 combining a DTPA moiety

for '"'In chelation and a cyanine. The first generation of such probe was based on substituted T140
and demonstrated affinity and specific binding to CXCR4 (Figure I-35A)." However, the bimodal

moiety was close to the residues involved in crucial interactions with the receptor and the

conjugation of the bimodal label reduced the affinity to the receptor. In the second generation,

multimeric peptide dendrimers consisting of multiple peptides and one bimodal label were prepared

(Figure 1-35B)."”' By reducing the influence of the label with additional spacers, dimeric and

tetrameric systems exhibited higher affinity and higher tumor uptake than the monomer but also

higher non-specific uptake.
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Figure I-35: Structure of bimodal probes. A: First generation, B: Dimer of the second generation.'”'

I.3 Research Outlook

In this thesis work, the major focus was placed on the use of cyclic polyamines as valuable
tools for the development of imaging agents. The ultimate goal of these new imaging agents is the
non-invasive tumors localization and profiling of signal transduction pathways, (i) to get further
insight into the molecular pathophysiology of cancer; (ii) to facilitate the design of diagnostic

biomarkers; and (iii) to speed up the development of new therapeutics.

First part

The growing clinical demand for radiometals for diagnosis and therapy must be covered by the
development of adapted chelators. In this effort, we were first interested in developing new

macrocyclic scaffolds of high potential for copper and gallium chelation (Figure 1-36). We first
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focused on the development of a new powerful route towards selectively functionalized constrained
homocyclens. The second part of my work was based on C-functionalized TACN and its
derivatives. From a synthetic route previously developed in our group, we were able to facilitate
and optimize the synthesis of selectively N- and C-functionalized TACN. By varying the grafting
functions and the pendant coordinating arms, we prepared several really promising BFCAs for
copper and gallium chelation. We also investigated the synthesis of new cryptands based on cyclen
and we studied their properties towards copper complexation

Cryptand series

Constrained homocyclen series TACN series

..........................................

& B e B8

N N { N
N “co,HN CO.H
NH 2 N
\_«/NHZ \_Q/NHZ 2 ’31\) )x)
HO,C HO,C

Figure 1-36: New systems based on polyazamacrocycles.

Second part

Using the gain expertise in macrocycles synthesis, we were interested in generating a new
family of imaging agents based on AMD3100 and AMD3465 for targeting CXCR4 (Figure 1-37).
The access towards these agents first required the preparation of original building blocks in series
AMD3100 and AMD3465. The conjugation of such platforms onto the appropriate probe enabled
the synthesis of various systems for optical and nuclear imaging. Thus, we were able to introduce a

Bodipy dye and several chelators adapted for gallium, copper and indium chelation.

h ,‘ Targeting CXCR4

a> 64Cu, %8Ga, '"In Vector

Imaging probe ~——— LINKER "Zm %

. Fluorophore

Figure 1-37: Schematic representation of new imaging agents based on AMD3100 and AMD3465
for targeting CXCRA4.
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II. Synthesis of new chelating agents based on polyazacycloalkanes, optimization
of the coordination properties for copper and gallium chelation.

Increasing use of *Cu and other copper radioisotopes and ®*Ga in nuclear medicine and in
preclinical applications has produced a need for optimal bifunctional chelating agent with high
stability against in vivo metal loss. Functionalized polyazacycloalkanes represent a class of
chelating agents able to form stable complexes with a large variety of metal ions and particularly
with copper. Structural factors, such as ligand rigidity, type of donor atoms and their disposition,
have been shown to play significant roles in determining the binding features of
polyazamacrocycles toward metal cations, and can be appropriately tuned in order to improve their
selectivity. The development of new BFCAs based on macrocycles also requires the tuning of other
properties such as the hydrophilic/hydrophobic character, and the addition of an appropriate linker
to attach the macrocycle to the targeting vector. This can be accomplished using well-established
methods of selective N- and C-functionalization. Many different synthetic methods for the selective
N- or C-functionalization of polyazacycloalkanes have been reported, including high dilution
techniques, use of metal cations as template, protection/deprotection sequences, functionalization
on either nitrogen or carbon atoms and use of bisaminal intermediates. The C-functionalization
approach enables the attachment of the targeting biomolecule to a carbon atom of the macrocyclic
BFCA. Thus, all nitrogen atoms remain available for further introduction of pendant coordinating
arms. This approach also avoids the multistep synthesis of a sophisticated pendant arm. These
advantages prompted us to investigate new ways to prepare such compounds. In the first part, we
will present the synthesis of new C-functionalized systems based on constrained homocyclen. The
second part is based on C-functionalized TACN, i.e. optimization of the synthetic methodology

previously developed in our group and synthesis of new promising bifunctional chelating agents.

The quest for new macrocyclic ligands continues to be an active field of research. The
preparation of cryptands or other macropolycycles has attracted increasing interest owing to their
suitability as frameworks for many receptor sites. Numerous studies on cage-type
tetraazamacrobicycles have shown the influence of the cavity size on the selectivity for
coordination of alkali, alkaline earth, and ammonium ions when such systems are used as selective
receptors. Thus, they are an important class of molecules in coordination chemistry, with the
coordination properties depending upon the design of the macrocyclic receptor. The preparation of
new macropolycyclic polyamines is indeed a major topic. Thus we investigated the synthesis of
new macrobicyclic systems based on cyclen and we studied their properties towards metal

complexation.
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II.1 New methods of C-functionalization of reinforced tetraazacycloalkanes

As described in chapter I, BFCAs containing topologically constrained polyazamacrocycles
such as side-bridged (SB) and cross-bridged (CB) cyclams have shown remarkable properties for
copper chelation. However, in most cases the radiolabeling of such ligands involves harsh
conditions that are incompatible with fragile biomolecules such as antibodies.”” In order to
overcome this problem, the synthesis of new constrained ligands based on homocyclen was
developed. Homocyclen derivatives have been much less investigated than their smaller and larger
analogues, cyclen and cyclam derivatives, respectively, although it has been reported that such 13-
membered ring compounds could show promising coordination properties. In particular, it has been
shown that the metalation of constrained homocyclens can be performed at room temperature,
which is convenient for biomolecules labeling.*” Moreover the resulting Cu complexes are

reasonably resistant to acid decomplexation.

Because of these promising properties, the synthesis of new BFCAs based on such constrained
homocyclens is a great challenge, which can be faced using the methods of selective N- and C-
functionalization developed in our group.'”'* These synthetic routes involve the use of bisaminal
tool. It is first necessary to understand the mechanism of formation of bisaminal intermediates,
which serve as organic template for further cyclization reactions and enable selective

functionalization.

I1.1.1 Use of bisaminal as organic template

The « bisaminal route » emerged as one of the most powerful synthetic tools in the field of
tetraazacycloalkanes chemistry over the past few years. Bisaminals are obtained after condensation
of an aldehyde or a ketone on amines. The first step of the nucleophilic addition of amines to
aldehydes or ketones leads to an imine or an iminium ion, depending on the primary or secondary
nature of the amine concerned (Scheme II-1). The formation of the aminal function is the

consequence of the addition of a second amine onto the sp” carbon atom.

@ R‘N’R + H+ R\KJ’R R\N’R + NHR, E E
,N\ R n > P - .
RR T Y0 R <— A A, —— T
H o OH -H,0 R7 R R+ R" - H+ R" R

Scheme 11-1

It is possible to synthesize cyclic bisaminals from polyamines containing ethylenic or
propylenic chains. These cyclic derivatives are generally more stable than their acyclic analogues
because of the formation of thermodynamically stable five- and six-membered rings. Thus, a

tricyclic derivative is formed by the action of a-dicarbonylated species such as glyoxal, pyruvic
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aldehyde or 2,3-butanedione on a linear tetraamine (Scheme II-2A)."” The resulting bisaminal
bridge acts as an organic template, which induces pre-organization of the tetraamine to favor its
subsequent cyclization. The o-dicarbonylated species can also be introduced on

tetraazacycloalkanes (Scheme II-2B) leading to the corresponding tetracyclic derivatives.
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Scheme I1-2

In theory, these condensation reactions should result in multiple stereoisomers according to
the vic/gem insertion of the a-dicarbonyl reagent and cis/trans configuration of the resulting
bisaminal bridge. In fact, the reaction is highly selective and leads to only a few isomers.'” Reports
concerning the synthesis of these bisaminals indicate that one or several isomers can be isolated in
variable proportions depending on the experimental conditions (solvent, temperature). In major
cases, the formation of rings with a maximum of six members appears to constitute the driving
force of the reaction. In particular, when the a-dicarbonylated species is added on cyclic

tetraamines, only cis isomers are formed.

In recent years, the bisaminal derivatives of cyclic and linear tetraamines have been extensively
used and enabled the successful synthesis of tetraazamacrocycles (cyclen, cyclam and homocyclen)
either with 2,3-butanedione, pyruvic aldehyde or glyoxal. The bisaminal route also enables the
obtention of selectively functionalized systems. In these cases, the choice of the a-dicarbonylated
species is primordial to control the reactivity of the bisaminal intermediates towards selective
alkylation. The “bisaminal route” allows the N-mono'**'*" and the N,N’-dialkylation'*® of several
macrocycles leading to a wide range of selectively functionalized derivatives as well as their
constrained analogues. This route also gave access to C-functionalized systems."**'* These aspects
will be discussed in the next parts.
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I1.1.1.1 Selective N-functionalization of bisaminal derivatives: towards the formation
of constrained polyazamacrocycles

Several methods of selective N-functionalization of tetraazacycloalkanes have been developed
130136 and most of them are based on alkylation of the bisaminal resulting from the condensation of
glyoxal on the cyclic tetraamine."””'*"'* The tetracyclic cis-fused bisaminal is selectively mono- or
cross-di-alkylated to obtain the resulting mono- or bis-quaternary ammonium salts respectively

(Scheme II-3).

R. .
RX [ + j R [ ] monoalkylation

R. R.
ACN NN deprotection N HN
[ ] — [ j dialkylation
n=0,1
R ‘R

NINC NH N
s ~
Scheme 11-3

The alkylation of these bisaminals to form the corresponding ammonium is highly dependent

7 When halides are employed as electrophiles, exclusive

on proper solvent selection."
monoalkylation is observed in toluene. The success of this selectivity can be attributed to the low
solubility and resulting precipitation of the ammonium salt formed in the reaction media. The
formation of the dialkylated bisaminal can be achieved in a one-pot process using acetonitrile as the

3138 (quch as

solvent and with proper choice of stoichiometry. Formation of alkylated macrocycles
cyclam, cyclen and homocyclen) is then performed by hydrolysis of the ammonium salts in aqueous
acid or basic solution to remove the bisaminal bridge. This route was extended to the synthesis of

macropolycycles or cryptands.'**"

11.1.1.1.1 Mechanism of alkylation and selectivity

Weisman and co-workers have demonstrated that the bisaminal obtained from condensation of
glyoxal with cyclam undergoes highly regioselective N-functionalization and that the substitution
pattern is dictated by the macrocycle conformation.””” As mentioned above, condensation of glyoxal
on cyclic polyamines exclusively results in the formation of a bisaminal exhibiting a cis
configuration. Scheme II-4 represents the two conformations of a tetracyclic bisaminal. The
relatively rigid structural feature imparts a bowl-like geometry with convex and concave faces. The

exo lone pairs point towards the convex face of the macrocycle, making them more nucleophilic
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than the endo lone pairs, which point towards the interior concave face. Thus, alkylation

preferentially occurs on the exo lone pair of the so-called N1 and N3 nitrogen atoms.

Scheme I1-4: Alkylation of a tetracyclic bisaminal.

11.1.1.1.2 Towards constrained polyazacycloalkanes

Alkylated bisaminal intermediates are valuable precursors of constrained macrocycles. The
synthetic route to such system was originally developed by Weisman et al giving access to cross-
bridged cyclams (Scheme II-5). It is based upon reductive ring cleavage with NaBH, of the
dialkylated ammonium salts resulting from glyoxal condensation followed by the hydrogenolysis of
the benzyl groups.'*'*' This method was later derived and adopted by Kolinski to synthesize side-

bridged cyclam from the monoalkylated ammonium salts.'**

T

EtOH N

2
T

(W) (M) a
©ﬂ[§ rjj @ ©/ENJ/N] e e NH _N
5@ 0= (L)

cross-bridged cyclam

X @ N NaBH, A p N H, Pd/C NH N
OCy = Ol e
N

2

N EtOH H>N

pd

C

side-bridged cyclam

Scheme I1I-5

This route can be applied in cyclen'* and homocyclen® series and also enables the synthesis of

bismacrocycles and other macropolycycles (Scheme II-6).>'*
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Scheme II-6: Examples of macropolycycles based on constrained tetraazacycloalkanes.”'**
The group of Yamamoto reported another synthetic way to obtain side-bridged cyclam using

bisaminal tool."* This synthesis only differed in the use of DIBAL-H instead of NaBH, as opening

ring agent. However, the most commonly route to constrained macrocycles remains the one

developed by Weisman and co-workers.

I1.1.1.2 C-functionalization using bisaminal methodology

In most cases, the synthesis of C-functionalized macrocycles implies the use of C-
functionalized precursors prior to cyclization. The most frequently used procedures for the synthesis
of such systems are based on Richman and Atkins cyclization, involving p-toluenesulfonyl
protecting groups.'*® These methods are not atom-economic and the deprotection step requires harsh
conditions. The condensation of the linear tetraamine with substituted malonic esters allows the
preparation of various C-functionalized cyclams.'*’ However, reaction times are very long, yields

often poor and the reduction of the diamide intermediate requires the use of borane.

The bisaminal template approach represents a powerful synthetic tool for the preparation of
various C-functionalized tetraazacycloalkanes. New synthetic routes based on this approach have
been developed.”*'*"** Most of them use 2,3-butanedione as organic template, because the
resulting fragment is easily deprotected in mild conditions.””® The protected C-functionalized
macrocycles were obtained following a “one-pot” procedure by reaction of a suitable
biselectrophile with the tricyclic bisaminal derivative (Scheme II-7). Our group used dihalogenated
or ditosylated propane or ethane derivatives, bearing a wide range of functions such as alcohol or

129

vinyl groups (Scheme II-7). . In the same manner, Archibald et al synthesized a 1,3-
dibromopropane bearing a nitrobenzyl moiety in three steps from the commercially available
precursors.”® In all cases, the bisaminal template was easily removed in acidic conditions.
However, the main drawback of this approach is the preparation of the precursor bearing the desired

function on a carbon atom.
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Scheme 11-7

A recent approach developed in our laboratory allows the introduction of a functional group
onto a carbon atom of the cyclic backbone without needing to prepare a sophisticated precursor.'”
After rigidification of the starting linear tetraamines with 2,3-butanedione, chloroacetaldehyde was
reacted with the resulting bisaminals in the presence of one equivalent of benzotriazole and
potassium carbonate (Scheme II-8). The benzotriazole moiety was then displaced by a nucleophile
such as sodium cyanide. Reduction with two equivalents of LiAlH, gave the corresponding
aminomethyl bisaminal derivatives in homocyclen and cyclen series, which were converted into the

targeted macrocycles after removal of the bisaminal bridge by acidic hydrolysis.
m m
D 0 o

[N Nj Cl%H’BtH [N Nj
N N — > N ?\l - N not isolated

H ' H 2 K,CO3 CHaCN LA

N
m=0or 1 N,
N J

ol .l A

NaCN
up to 49% yield

[NH HN 10 HCl N N 2 LiAIH, N N
-
NH HN [N Nj THF [N N]
\_& up to 42% yield \_& up to 96% yield \ <
NH> NH, CN
Scheme II-8
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I1.1.1.3 Combining both previous approaches towards new C-functionalized cross-
bridged systems

Archibald and co-workers combined both previous approaches to prepare the only example of
C-functionalized constrained macrocycle reported in the literature (Scheme 1I-9).” A valuable
bifunctional chelator was synthesized in seven steps in an overall yield of 20 % from a [3-substituted
cyclam-based bisaminal. After construction on the cross-bridged core and reduction of the nitro
group, the primary amine was protected over the secondary amines using benzaldehyde. The
resulting precursor is of great interest for the preparation of a wide range of di-N-substituted cross-
bridged systems. In the corresponding paper, Archibald and co-workers added pendant coordinating

arms, deprotected the imine in acidic conditions and introduced an isothiocyanate group for

i) ()
N\J; 2 eq. BnBr N ’\i 1. NaBH4 H
L) e C1GLT )

NI>N CH3;CN ©\/N NP 2. H _Pd/C NH

H H
Ki@\ |\
Z N0,

m /\«OH m /\«OH m /\«O‘Bu

N_ N N N_ N

JAWANEC I W (R

J\/ HO BuO N
NCS 2 NH,

P

bioconjugation purposes.

Z

1 Benzaldehyde
tBUOzC CHzBr

o

Scheme 11-9

I1.1.2 Synthesis of selectively functionalized constrained homocyclens

Inspired by the previous work and all synthetic methodologies developed in our group, we

considered the preparation of new C-functionalized constrained homocyclens (Figure 1I-1).
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Y )

\_&NHQ NH,

Figure II-1: New C-functionalized constrained homocyclens.

11.1.2.1 Cyclization reaction

The bisaminal compound was synthesized by rigidification of the starting linear tetraamine
with glyoxal (Scheme II-10). The condensation of chloroacetaldehyde with the resulting bis-aminal
in the presence of benzotriazole and potassium carbonate in acetonitrile gave the corresponding
cyclic adducts, which were not isolated. The benzotriazole was then displaced by sodium cyanide.
Several stereoisomers can be expected due to the presence of many chiral centers, i.e. the nitrogen
and carbon atoms of the aminal bridge, as well as the carbon atom bearing the nitrile group.
Interestingly, we obtained a mixture of only two diastereoisomers 1 and 1°, which could be
separated by recrystallization in cyclohexane. However, only the diastereoisomer 1 was obtained
pure enough to be involved in further reactions. The orientation of the nitrile group and of aminal
hydrogen atoms in compound 1 was determined from the X-ray structures obtained after
quaternization reaction of 1 (vide infra).

0

o o /—/<BtH
M

Vol W KOs (T i)
H ACN 0°C, 2h NJ N NJIN

HzN\/\N/\/\N/\/NHz . [ :Ii [ ] + [ ]
H H EtOH, 0°C, 2h NN ':‘a?g‘h NN NN
I. \ < \ /

N
1 1

1+1 Yield =42 %
1 Yield =20 %

Scheme 11-10

11.1.2.2 Selective alkylation reactions

The addition of one equivalent of benzyl bromide on compound 1 was performed in toluene in
order to precipitate the mono N-alkylated cationic compounds.'*® Potentially, the four nitrogen
atoms of the aminal intermediate 1 can be alkylated by the addition of one equivalent of nucleophile
(Figure I1-2).
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Figure I1-2

Surprisingly, this addition was regioselective and led to compound 2 as the sole product, which
was isolated by filtration after 24 hours in 85 % yield (Scheme II-11). The remaining 15 %

corresponded to the starting material.

m 1 eq. BnBr m
NN toluene NN
[ j r.t., 24h [+ ]
NHN ©VNHN , Br-
] CN 5 'CN

Yield = 85 %

Scheme 11-11

The structure of compound 2 was determined by COSY, HMQC, HMBC and NOESY
experiments. The 2D-HMBC spectrum (Figure II-3) shows a region of cross-peaks corresponding
to correlations involving CH,™ . The correlation between the CH,™ protons and the two carbons C'

and C* on HMBC spectrum clearly indicates that the benzyl group was located on N1 atom and not

on N3 atom.
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i mb g
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Figure II-3: 2D-HMBC spectrum of 2 recorded at 600 MHz, 300 K in D,0O.
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This result was confirmed by a NOESY analysis that is reported in Figure II-4. Through space
interactions were identified with the alpha hydrogen atoms CH,? and CH,'. Taken together, these

studies unambiguously demonstrated that compound 2 resulted from N1 quaternization.

f

: ; M n e M
] @‘{ .
" @Ns r @@" ~
g[+ | J - 11 ,
©Y,N1H N2 ’
f\__<CN i g
N @Q@ )

Q-I[TTII[IIIT]Illl]lll‘l]llll[llII]TIII]IIII|
PPM 46 4,4 4,2 4 3.8 36 3,4 3,2

Figure I[1-4: NOESY {'H-'H} NMR spectrum of compound 2 (300 K, 600 MHz, D,0).

The NOESY spectrum also reveals strong space interactions between CH,™ and the two aminal
hydrogen atoms CH' and CH*, indicating that the benzyl group and the hydrogen atoms of the bis-

aminal bridge are located on the same side of the molecule mean plane.

The molecule could be recrystallized in acetonitrile and its structure was elucidated by X-Ray
diffraction. The crystal structure (Figure II-5) corroborates NMR data and also indicates that the

nitrile group and the aminal hydrogen atoms point in the same direction.

Figure II-5: ORTEP'” view of compound 2. Thermal ellipsoids are drawn at 50 % probability.

Solvent molecule is not shown for clarity.
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NMR spectra of the precipitate and the crystals were compared. The spectra were strictly

superimposable, proving that the quaternization reaction occurs selectively on NI1. The

regioselectivity of the reaction on N1 can be highlighted by comparison of the thermodynamic

stability of the four potential regioisomers obtained upon alkylation of N1, N2, N3 and N4. Thus,

DFT calculations were performed by varying the position and the orientation of the benzyl groups

(Figure I1-6). The data revealed that the most thermodynamically stable products resulted from N1

(computed form a) and N3 quaternization (computed form e).

b c d
-1012.803090 hartrees -1012.790170 hartrees -1012.783836 hartrees -1012.793636 hartrees
AG® = 0 kcal.mol™ AG° = 8.11 kcal.mol AG° = 12.08 kcal.mol AG® =5.93 kcal.mol
e f g h

-1012.800964 hartrees

-1012.790918 hartrees

-1012.792373 hartrees

-1012.786831 hartrees

AG® = 1.33 kcal.mol

AG® = 7.63 kcal.mol’!

AG® = 6.72 kcal.mol

AG® = 10.20 kcal.mol

Figure 11-6: DFT B3LYP/6-31G** calculation for potential isomers formed by mono-quaternization

of compound 1.

It has to be noted that the computed form a is similar to the structure of compound 2

determined by X-Ray diffraction (Figure II-7).

Figure I1I-7: Superimposition of the structure of compound 2 obtained by X-Ray (blue) and by DFT
B3LYP/6-31G** calculation (red).
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Such orientation of the benzyl group in compound 2 is imposed by -7t stacking interaction
(Figure II-8).

Figure I1-8: Evidence of mt-7t stacking interaction on the X-Ray structure of compound 2. Hydrogen

atoms are omitted for clarity.

At this stage, even if the thermodynamic stability studies can explain the formation of
compound 2, the difference of values between N1 and N3 is not significant (AG°= 1.33 kcal.mol™).
To gain further insight into the regioselectivity, the accessibility of the lone pair on the N1 and N3
nitrogen atoms of the starting compound 1 was studied by molecular modeling calculations (Figure
11-9).

Figure II-9: Molecular view of DFT B3LYP/6-31G** results for compound 1.

The values of C-N1-C angles and of the distance between N1 and the mean plane formed by
the three carbon atoms CI, C2 and C3 are reported in Figure II-10. N1 is involved in a five-

membered ring and in a six-membered ring and presents a classical trigonal pyramidal geometry
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(AX3E according to VSEPR theory). The data reveal that N3, which is engaged in two six-
membered rings, is closer to the (C4C5C6) plane. Taken together, these data show a higher

accessibility of the lone pair on N1 than on N3.

CI-N1-C2 112.62 C4-N3-C5 113.76
CI1-N1-C3 11191 C4-N3-Co6 113.87
C2-N1-C3 102.24 C5-N3-C6 109.98
(C1C2C3) to N1 0.500  (C4C5C6) to N3 0.409

Figure II-10: Angles (°) and distances (A) measurements in compound 1.

We then investigated the di-quaternization reaction of compound 1. A large excess of benzyl
bromide (10 equivalents) was added on compound 1 in an acetonitrile/water mixture. Compound 3

was isolated in 76 % yield after ten days at room temperature (Scheme I1-12).
() (W)
NN 10 eq. BnBr N y@
[N:I:N] ACN, 1% H,0 [ﬁjliN]
\ H rt,10d \H 2B
CN CN

1 3
Yield =76 %

Scheme I1-12
The crystal structure of compound 3 is shown in Figure II-11 and reveals that the

quaternization occurred on N1 and N3. The trans selectivity of the di-quaternization reaction of

aminal derivatives has been previously reported (I1.1.1.1.2).

Figure II-11: ORTEP '* view of compound 3. Thermal ellipsoids are drawn at 50% probability.

Water molecules are not shown for clarity.
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I1.1.2.3 Reductive ring opening with sodium borohydride

Treatment of 2 with a large excess of NaBH, in ethanol didn’t result in double reductive ring
expansion, but led almost quantitatively to an unexpected compound containing an acrylonitrile
moiety (compound 4, Scheme I1-13).

() O
NN NaBH, NN
+ o
QVN N7 g, EOH.0°C, 12n ©\/N Y
_‘< }\CN
, ON 4
Yield = 85 % Yield = 95 %

Scheme 11-13

The structure of 4 was determined by spectroscopic analysis. 'H NMR spectrum exhibits

signals that are characteristic of the presence of terminal ethylenic protons (8 = 4.57 and 4.71 ppm).

a

o
Oty

& CH,a + CH,

[ zh LLcnza i U Chgp
/Wy ,J" AL qub' . A

I/
T T T

ppm 75 s 45 4 35

Figure II-12: "H NMR spectrum of compound 4 (220 K, 600 MHz, CDCL,).

C NMR spectrum indicates the presence of a nitrile group (8 = 116.1 ppm) and confirms the
presence of a double bond with a terminal CH, group (0 = 99.2 ppm). Moreover, analysis of the IR
spectrum revealed an absorption band at 2230 ¢cm™', which is typical of the nitrile group. Another

band is present at 1582 cm™, which is characteristic of a conjugated carbon-carbon double bond.
The formation of the acrylonitrile moiety could be explained by the removal of the acidic

proton in alpha position of the nitrile by the hydride acting as a base, followed by the formation of

the carbon-carbon double bond and the cleavage of the carbon-nitrogen bond (Scheme 1I-14).
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Scheme I1-14

Unfortunately, the addition of a large excess of NaBH, on 3 didn’t yield the expected cross-
bridged homocyclen §, but a mixture of products, which we were not able to separate and identify

(Scheme II-15). To overcome these issues, we decided to reduce the nitrile group prior to

1
\_<

CN

quaternization reactions.
(i)
B
D e A C
SN OH,0°C
\ H : , 2 Br-
CN

3

.

Scheme II-15

11.1.2 4 Reduction of the nitrile group, protection of the resulting amine and

alkylation reactions

The nitrile group was easily reduced into primary amine using LiAlH, to give compound 6 in

80 % yield (Scheme II-16). The primary amine was then protected by a Boc group leading to
compound 7 in 84 % yield.

N BnBr

i)
NJ N LiAIH, NJ-N Boc,O N
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HN NASN" o m
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8 Yield = 66 %

Scheme 11-16
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Monoalkylation of compound 7 was performed in toluene by reacting one equivalent of benzyl
bromide. The resulting precipitate was isolated in 94 % yield and appeared to be a mixture of two
regioisomers 8 and 8’ as determined by 'H NMR analysis in D,0 (Figure I1I-13). In both
compounds, the two protons of the benzyl group (Ha/Hb for 8 and H’a/H’b for 8’) are
diastereotopic and constitute an AB-system appearing as a doublet of doublet around 5 ppm. The
signals integration of Ha and H’a on the 'H NMR spectrum of the crude indicates a ratio of 65/35 in

favor of compound 8 (Figure II-14).

aghys (o~

AB system

A Ub WMJL
R | A Mot g

K L A e

e

Figure I1-13: "H NMR spectrum of compound 8 and 8’(300 K, 300 MHz, D,0).

The regioisomer 8 could be recrystallized in acetonitrile and its structure was established by X-
Ray diffraction (Figure II-14). The structure revealed that the major product resulted from N1
alkylation, as in the case of compound 1. However, in this case, the action of the electrophilic
groupement on bis-aminal 7 is not 100 % regioselective and led to a mixture of N1 and N3
quaternized compounds 8 and 8 (Scheme II-16). Modeling calculations were performed on
compound 7, showing a more pronounced nucleophilic character of N1 atom as in the case of
compound 1. However, steric hindrance around N1 atom due to the presence of the bulkier Boc
protecting group when compared to the nitrile could explain the difference between 1 and 7, and the

formation of N3 quaternized bis-aminal 8’ in 28 % yield.
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Figure II-14: ORTEP" view of compound 8. Thermal ellipsoids are drawn at 50% probability.

Solvent molecules are not shown for clarity.

We also prepared the dialkylated ammonium salts by addition of a large excess of benzyl
bromide on compound 7 in an acetonitrile/water mixture. The corresponding diquaternized bis-

aminal 9 was isolated after seven days at room temperature in 85 % yield (Scheme I1-17).

NN 10 eq. BnBr @N/\Q
R 1

NTN ACN, 1% H,0 N §

H) S rt., 7d Na N Q 2 Br
s BT

NH NH ><
7 9
Yield = 85 %

Scheme I1-17

I1.1.2.5 Reductive ring opening with sodium borohydride
The addition of NaBH, on compounds 8 and 9 in ethanol at room temperature led respectively

to the expected protected side-bridged 10 and cross-bridged homocyclens 11 in 83 % and 79 %
yield respectively (Scheme II-18).
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Scheme I1-18

11.1.2.6 Synthesis of new precursors of BFCAs based on constrained homocyclens

Selective deprotection reactions were performed in both side-bridged and cross-bridged series.
Boc protecting group was cleaved in acidic condition to give compounds 12 and 15 in good yield,
whereas benzyl groups were deprotected via catalytic hydrogenation to form compounds 13 and 16
(Scheme II-19, Scheme II-20). Such selective deprotection reactions allow nitrogen atoms
discrimination and enable the selective introduction of various functional groups on the molecule.
The preparation of partially functionalized macrocycles is of great interest since such derivatives
are valuable bifunctional chelating agents precursors.

Route A
H, Pd/C

[ [ CH3000H H,O
QU

HCI (3M)
Yield =98 %

m r.t., 1h
ENHEN] E E
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Yield = 83 % \ %
o H, PA/C Route A : Yield = 82 %

Route B : Yield =88 %
CH,COOH, H,0
rt., 12h [ [
NH N
\—Q‘ o
NH 7<

13

Yield = 92 %

Scheme 11-19
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Route A
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Scheme 11-20

Compounds 13, 15 and 16 are particularly promising building blocks for the synthesis of new
BFCAs. In compounds 13 and 16, a Boc group protects the pendant primary amine so that pendant
coordinating arms can be selectively introduced on the secondary amines of the cycle. In case of
compound 15, the primary amine can be selectively functionalized in order to introduce a grafting
function prior to debenzylation and introduction of pendant coordinating arms. After cleavage of
the remaining protecting group, aminomethyl side-bridged 14 and cross-bridged 17 homocyclens

were isolated in more than 80 % yield.

As a conclusion of this part, the method reported herein represents a very powerful route
towards selectively functionalized constrained homocyclens. The method is highly regioselective
and all regioisomers or diastereoisomers formed during the reaction can be easily separated by
recrystallization in the appropriate solvent. These new aminomethyl constrained macrocycles can

be further functionalized giving access to promising bifunctional chelating agents.
11.1.3 Introduction of a grafting function
First attempts were performed to functionalize these new systems. Numerous grafting functions
can be introduced on the macrocycles for allowing coupling with amino residues on biomolecules
(Chapter I.I1.1.3.2.2). We considered the preparation of systems bearing an isothiocyanate group.
Isothiocyanates can be formed by the reaction of an aromatic amine with thiophosgene. Thus,

we investigated the introduction on a p-nitrophenyl group on the macrocyclic core that will be

further modified. In Figure II-15 is represented the retrosynthetic route that we considered.
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R@—NCS — R@NHZ — RONOz

Figure I1-15: Introduction of an isothiocyanate group.

The addition of one equivalent of N-succinimidyl-4-nitrophenylacetate on compound 14 in
acetonitrile at room temperature resulted in the formation of 18 in 31 % yield (Scheme II-21).
N-hydroxysuccinimide (NHS) ester-activated molecule is a wuseful tool for selective
functionalization of primary amine yielding in stable amide bond. The reaction released NHS,

which was easily removed by basic treatment.

N 0 Y
NH N 0 CH5CN NH N
) ww— ()
[ [ m rt., 12h
NH N o NO, NH N
NH, NH
14 18 O
yield = 31 %

NO,

Scheme 11-21

The two secondary amine groups could be further functionalized with pendant coordinating
arms such as tert-butylacetate (Scheme II-22). After deprotection of the ester groups in acidic
solution, reduction of the nitro by hydrogenolysis, the desired grafting function will be introduced

on the aniline by addition of thiophosgene.

t
Y BuO Y 1. Hel ”07]/\(\
NH N tBuO,C-CH,Br 4 N _N 2. H, Pd/C J N _N
CCy DI o
3. Cl,C=S
NH >N LN N 2 LN N
1BuO HO
\_K\NH ! \_«\NH \_««NH
18 © o} 0
NO, NO, NCS
Scheme 11-22
11.1.4 Conclusion

A new class of cross-bridged and side-bridged homocyclens bearing an aminomethyl pendant
arm on the carbon skeleton has been prepared. These new polyazamacrocycles are valuable
precursors of bifunctional chelating agents for applications in nuclear medicine. First attempts of
functionalization are encouraging and further reactions are being investigated in our group, such as

coupling with other activated esters or with acidic group in the presence of coupling reagents. Thus
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the aminomethyl side-bridge system 14 has been successfully coupled to a fluorescent probe
bearing a carboxylic acid residue within an undergoing PhD thesis in our group (D. Lhenry).

Studies of the coordination properties of these new ligands are also being currently undertaken.

I1.2 New synthetic methods of 1.,4,7-triazacyclononane and its derivatives:
towards TACN-based bifunctional chelating agents

The interest in the synthesis of TACN and its derivatives has been maintained by the use of
their metal complexes in a wide range of applications, such as molecular imaging (see chapter I)
and catalysis. In thirty years, this class of compounds has appeared in more than 300 patents.
Numerous metal complexes that have been prepared include Mn(II-V), Fe(Il), Fe(Ill), Ru(II-IV
andVI), Co(IIl), Ga(Ill) Cu(II) and Zn(II).”>"" The ability of triazacyclononanes to stabilize high
oxidation states of metal ions, in particular manganese, has led to the development of such
complexes as oxidation catalysts. In particular, the ligand 1.,4,7-trimethyl-1,4,7-triazacyclononane
(METACN) has been the subject of many studies because of the catalytically activity of its
binuclear manganese tris-oxo complex [(METACN),Mn,0,]*".”>">* Thus, METACN-Mn(IV)

3

complexes have been used as bleaching agent in laundry formulations,'” catalyst in olefin

154,155 157

in olefin epoxidation with hydrogen peroxide in water'*® or organic solvents
0

polymerization,

and other oxidation processes.” " Protein orientation at interfaces,'
162,163

metalloenzyme biosite

161 59,164

models,” magnet molecule clusters, and diagnostical or therapeutical metal carriers
constitute other examples of domains in which the potentialities of TACN derivatives have been
exploited.

Despite the above interest in triazacyclononane derivatives, there are few synthetic

methodologies reported in the literature giving access to such systems.

11.2.1 Synthetic routes towards TACN derivatives

11.2.1.1 Synthesis of triazacyclononane

The only reported synthesis of TACN follows the general procedure for the preparation of
macrocyclic polyamines developed by Richman and Atkins."**'® This method is based on the
reaction of a bis-p-toluenesulfonamide salt with a bis-tosylate or mesylate compound in anhydrous
DMF (Scheme II-23). Tosyl groups contribute to preorganization of the intermediates and favor

intramolecular cyclization.
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H Ts
1/ TsCl, NaOH
NSNS, 2T Nt NS NTsNa
2/ EtONa/EtOH
DMF Ts \N/ \N/Ts
+ 100 °C, 2d </
e Y
HO pyridine s
\/\OH —>TSC| TsO \/\OTS
HoSO, (97 %)
100 °C, 2d
NHHN
H
N

overall yield =12 %

Scheme 11-23

This method is not atom-economic, requires long reaction times and although the
macrocyclization step is generally efficient, harsh conditions are required to remove the tosyl

groups.

11.2.1.2 Synthesis of N-functionalized TACN

Substitution on the nitrogen atoms is straightforward starting from the TACN intermediate.
Selective functionalization reactions can be accomplished by discrimination of the amine functions
of the macrocycle. One method consists in the introduction of a functional group before the

cyclization step leading to N-alkylated derivatives at the end of the synthetic process.'**'%-%7

Selective protection of one or two nitrogen atoms of TACN was also performed by

168 9 0

tosylation,'”® carbamation,'® or pH controlled sulfomethylation,'” including further purification

and/or deprotection steps.

Another route toward N-functionalized TACN relies upon the introduction of a single N-formyl
group masked as a tricyclic orthoamide and subsequent reaction of the orthoamide functional
groups. Thus, meTACN was obtained by condensation of formaldehyde on TACN in the presence
of formic acid (Scheme I1-24).""!

NHHN 3 HQCO ~ 4

N N
</H\) HCO,H ll\lj

Scheme 11-24
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This method also allows the synthesis of selectively mono- or disubstituted compounds
(Scheme 1I-25)."* Thus, monobenzylTACN was synthesized after treatment of TACN with one
equivalent of Me,NCH(OMe),, addition of one equivalent of benzylbromide and hydrolytic removal

of the formyl group.
I\ O

R e UJT) e

Scheme 11-25

A recent route has been investigated by Tripier and co-workers using mild and rapid conditions
of aminal formation with substituted aromatic aldehydes (Scheme I1-26)."” The aminal function
plays a protecting role that enables the functionalization with halogenoalkanes. Hydrolysis with

hydrochloric acid easily resulted in various TACN derivatives bearing one pendant arm.

O
[\ I\ /_\ [\
NHHN RJkH H‘N{—N RiX N HOL Ry iy
> —_—
H\) EtOH </NA\R KoCO3 CH3CN </N </H

=N
= O el
=N
R,= Bn  CHy=CHCH, Q/)—CH2

Scheme 11-26

The different routes described above are complementary methods and offer choice in the nature

of substituents on the nitrogen atoms.

11.2.1.3 Synthesis of C-functionalized TACN

The access to C-functionalized TACN is permitted through the use of Richman-Atkins
conditions. This method requires the tedious preparation of a synthon functionalized on a carbon

atom.174-l78
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Ts
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Scheme 11-27

An original method allowing functionalization of a carbon atom starting from meTACN has

' Treatment of meTACN with N-bromosuccinimide

been reported in the literature (Scheme 11-28).
in THF resulted in the oxidation of the macrocycle and in the formation of a bicyclic pyrazinium
salt, which is the key intermediate of the synthesis. Addition of potassium cyanide led to the
opening of the bicycle to form the expected 9-membered ring. The nitrile was then reduced by
LiAlH, in an amino group. Even though the method described reported herein is efficient, it

requires the preliminary synthesis of meTACN and can be applied only to N-methylated TACN.

0
Br—N;i gTm e .
<\ 3 E\FN— KN [\ LALH,  ~ 0\~
ll\l THF ;[ ’Bré </l|\l\>/CN </l|\lj/\NH2

key intermediate

Scheme 11-28

11.2.2 Obtention of new TACN derivatives by using the « aminal tool »

Inspired by the previous work, a new methodology using the « aminal tool » was developed in
the laboratory." The objective was to mimic the synthetic route developed by Koek et al'” by

using well-known tools and the know-how of the laboratory.
The retrosynthesis that was considered is reported in Figure II-16. From the linear amine, we

considered the synthesis of a non-substituted aminal followed by the functionalization of the

secondary amines and the quaternization of the tertiary amine with adapted electrophiles.
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R\,(—\N—R N. NH H
M e
N N

R

Figure II-16: Retrosynthetic scheme.

The synthetic route was originally developed by Yoann Rousselin.'"™ The formation of the
aminal was performed by addition of chloroacetaldehyde on diethylenetriamine in the presence of
potassium carbonate (Scheme II-29). This reaction gave access to the desired aminal in 40 % yield

and benzylbromide was added yielding the expected ammonium salt which was not isolated.

H
N N\ 3 eq. BnBr T\ \Q
HoN™ > " NH, 2 eq. K,COs N NH 4 eq. K,COs XN N

w7 e OO
+ CH4CN CH4CN = Br
20°C,6h N 10 °C, 24 h N

H H :
C'vgo 19 K@

Yield = 40 % .
not isolated

Scheme 11-29

The ring opening of the ammonium salt was performed with hydride as nucleophilic agent
(Scheme 11-30). Thus, TACN was obtained in two steps from the quaternized compound after
addition of NaBH, and deprotection of the benzyl group by hydrogenolysis. This synthesis is really

efficient. It enables the preparation of TACN in large scale in 14 % yield from the starting linear

N\ C NaBH4 H, Pd/C I\
©/\N N ©ﬂ : NHHN
+ ) H
[ T ,Br L gon </N\> cHicoH  _K_)

N -10°C, 12 h rt, 3d

© Yield =37 % : Yield =95 %

Scheme 11-30

amine.

We further investigated the reactivity of aminal 19 to check whether it was possible to use

other electrophiles to build the quaternized ammonium salt.
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11.2.2.1 Functionalization of the aminal with various electrophiles: towards N-
functionalized TACN

11.2.2.1.1 Synthesis of trispyridineTACN

The addition of 2-(bromomethyl)pyridine on aminal 19 followed by the ring-opening with
NaBH, led to the expected compound 20 in 31 % yield (Scheme II-31). Pyridine units are usually
used as pendant coordinating arms in reported iron complexes. By this method, the final ligand can

be directly obtained in three steps from the linear amine without any protection/deprotection step.

~

N8B |
3 eq. @/\ r Vi _N
N\ ¥z , HBr — \
NH - —
N 10eq. K,CO3 N SN N N NaBH, NN N
> ¢ o GO
N CH4CN Z Br EtOH Z N
H 10°C, 12 h N -10°C, 12 h
| AN
19 o 20 N~

not isolated Yield =31 %

Scheme 11-31

11.2.2.1.2 Selective N-functionalization

As mentioned previously, selective N-functionalized TACN is of major interest for the
preparation of BFCAs. Such functionalization can be realized only by discriminating one nitrogen
atom of the aminal 19. The presence of two different kinds of amine functions on 19 enabled the
introduction of different groups. Thus, the secondary amines were protected by Boc groups to give
compound 21 (Scheme 11-32) in 91 % yield. The quaternization reaction was then performed with
various electrophiles such as benzylbromide or methyliodide yielding respectively compounds 22
and 23.
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N\
N NH 2 eq. Boczo N Boc 1 eq.BnBr N N-Boc
LJ U Rl
DCM CH5CN Br

N rt,12h 0°C,12h N

19 21 22
yield =91 % yield =61 %

1 eq. Mel
CH,CN
0°C,12h

\(\N—Boc

()

N

23
yield = 59 %

Scheme 11-32

The addition of NaBH, on compounds 22 and 23 didn’t permit to open the ring even by varying
solvent, temperature and number of equivalent. The addition of LiAlH,, which is a stronger
reducing agent, enabled the ring opening but also induced reduction of Boc groups in methyl. The
reduction of Boc group by LiAlH, has been previously reported. The formation of both
Me,BnTACN and Me,TACN was attested by mass spectrometry. However, the desired products

were obtained in a so low quantity that it was impossible to isolate them.

11.2.2.2 Synthesis of C-functionalized TACN

In the previous part, ring opening was performed by using hydrides. The use of another
nucleophile enabled the synthesis of new C-functionalized TACN. Thus, the addition of sodium
cyanide on the quaternized ammonium salt yielded compound 24 which is a TACN derivative
bearing a nitrile group (Scheme 11-33)."™ The reduction of the nitrile was performed with LiAIH,
and the benzyl groups were then deprotected by hydrogenolysis, thus giving the C-aminomethyl
TACN 26.
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| N/_\N LiAIH, “ N/_\N
—_— —_—
7 [ :( ,Br CH5CN ©/\</N\7/CN THF ©/\</N\7/\NH2
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l H,, Pd/C

CH3CO,H
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NHHN

H
</N\7/\NH2
26
Yield = 49 %

Scheme 11-33

Such protected and non-protected aminomethyl TACN, 25 and 26 respectively, have never
been reported in the literature. They are valuable precursors of a wide range of C-functionalized
TACN-based BFCAs. However, the overall yield is low. Indeed, the fully deprotected TACN is
obtained in 3 % yield in five steps from the linear amine. Moreover the method was not
reproducible in large scale. The triprotected aminomethyl-derivative 25 was particularly difficult to

isolate. These issues prompted us to optimize the synthetic procedure.

11.2.2.2.1 Optimization of the synthetic procedure

In the first step, cyclization reaction is in competition with polymerization reactions. By
slowing down the addition process of chloroacetaldehyde on the linear amine, it was possible to
synthesize aminal 19 in 73 % yield instead of 40 %.

1/ 3 eq. BnBr
H 4 eq. K2003
HoN" > " NH, 2 eq. K,COj N_ _NH 10°C, 24 h ©AN/ \
o - > CN
+ CH4CN [ j </NJ/
00 °C 8 h N 2/ NaCN
H ’ H rt.,3d
ol\/§o 19 24
' Yield = 73 % | Yield = 63 %

Scheme 11-34
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As mentioned above, compound 25 was quite difficult to isolate (Scheme II-35). The process
was optimized through several precipitation steps of the protonated species in a mixture of
acetone/ethanol (1.5/0.5). The resulting powder was then recrystallized in water and after
deprotonation, the desired product was isolated in 39 % yield. Even though this step remains
delicate; the process is efficient and enabled the preparation of 160 g of compound 25. It was also
possible to shorten the reaction time of the debenzylation step by using a mixture of acetic acid,
water and THF.

an LA,
[jiT/\N N on [i:T/\ Nﬂri7’\
THF </ ------------------- </
e N\;>”\ H | CHyCORHH,OMHF | N NH,

-78°C, 12 h
) ;
i rt,10d !
24 25 e 26

| Yield = 39 %' Yield = 44 %

Scheme I1-35

The molecule 26 could be recrystallized in a 37 % HCI aqueous solution and its structure was
elucidated by X-Ray diffraction. The crystal structure (Figure 1I-17) indicates that the compound is

tetraprotonated.

Figure II-17: ORTEP"” view of compound 26. Thermal ellipsoids are drawn at 50% probability.

By following this optimized procedure, we were able to synthesize compound 26 in 8 % yield

from the linear amine. The synthetic method is reproducible and can be applied in large scale.
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11.2.3 Synthesis of new BFCAs based on C-functionalized TACN

A wide range of new and promising BFCAs can be generated from the aminomethyl TACN-
based precursors 25 and 26. First attempts of functionalization were performed on the amino group
to introduce various grafting functions. The introduction of original pendant coordinating arms was

also considered. These two aspects will be presented in the two following parts.

11.2.3.1 Choice of the grafting function

Several grafting functions can be introduced on the macrocycle. Based on previous work on

cyclen and homocyclen developed in the laboratory,'*®

we considered the preparation of new
chelating systems carrying either isothiocyanate, carboxylic acid or carboxylic anhydride function
for coupling to lysine residues. The targeting vector can be also introduced by « click chemistry »
reactions, involving alkyne and azide derivatives. Thus, we also investigated the synthesis of a C-

functionalized TACN bearing a terminal triple bond.

11.2.3.1.1 Introduction of an isothiocyanate function

As described in chapter I1.1.3, the synthesis of derivatives carrying an isothiocyanate function
requires the preparation of a precursor possessing a p-nitrophenyl group. The addition of one
equivalent of N-succinimidyl-4-nitrophenylacetate on compound 25 in acetonitrile at room
temperature resulted in the formation of 27 in 96 % yield (Scheme 11-36). The next step consisted in
both reduction of the nitro group and deprotection of the benzyl groups. Thus, the desired

compound 28 was isolated after 3 days.
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Scheme 11-36

Compound 28 is a valuable building block that enables selective functionalization, aniline
function being less reactive than secondary amines. The synthesis of a new class of BFCAs based
on C-functionalized TACN is being currently undertaken from this precursor. The addition of the
proper number of tert-butylbromoacetate equivalents on compound 28 should yield the expected
trifunctionalized molecule. After cleavage of the ester groups in acidic conditions, the addition of

thiophosgene will enable the introduction of the isothiocyanate function.

HN RN N’R
NHHN.
0 > o)
H >~— 7 = mmmmee-- >
&NﬂN&@/NHZ &NﬂNJ{/@/NCS
R
28
R = CH,CO,H

Scheme 11-37

11.2.3.1.2 Introduction of a carboxylic acid function

The synthetic route that was considered involved the preparation of an activated ester bearing a
protected carboxylic function and the desired compound was successfully obtained.'*® This route
was investigated in TACN series. Thus, the desired activated ester 30 was prepared in two steps
from succinic anhydride and benzyl alcohol (Scheme II-38). Compound 30 possesses two acid
functions: one is activated (NHS) for the coupling to the macrocycle, one is protected (OBn) for

bioconjugation purposes.
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O 0 0

O + HO DMAP WJ\ DCC, NHS N’ONO/
/\© p;{)rldlne /\© CH;CN (0] \©

o 50°C, 24h 0 a9

rt, 2h
yield = 52 % yield = 95 %

Scheme I1-38

Primary amine being more reactive than secondary amine, activated ester 30 was directly added
on macrocycle 26 and the reaction gave access to a mixture of compound 31 and NHS (Scheme
II-39). Such by-product is usually removed by basic treatment. However, benzyl acetate functions
are easily cleaved in such conditions and the use of base is, in this case, prohibited. Thus,

compound 31 was purified by chromatography on reverse phase and isolated in 20 % yield.

NHHN NHHN o
H CH4CN H
</N\)/\NH2 rt. 12h NJ/'\*N
o)
26 31 o

yield = 20 %

Scheme 11-39

Compound 31 needs to be further functionalized with pendant arms such as tert-butylacetate
(Scheme 1I-40). The selective deprotection of the benzyl group by hydrogenolysis will release the
carboxylic acid function, which allows selective covalent binding to the targeting vector.
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Scheme 11-40

11.2.3.1.3 Introduction of a carboxylic acid anhydride function

An alternative solution for attaching the macrocycle to the biomolecule is the use of a
compound containing an acid anhydride functional group. The reaction with amines or other
nucleophilic agents provides easy access to bifunctional chelating agents. Moreover, when
compared to other activated acid derivatives, such as NHS or phenolic esters, the formation of the
amide bond between the anhydride and the amine groups generates no side-product that need to be

separated from the conjugate.

This approach has proved to be very efficient in the case of DTPA chelator. DTPA-

181

bisanhydride has been used successfully for labeling antibodies (e.g. trastuzumab),'' enzymes'®* or

nanoparticles'® for MRI and therapy (Scheme I11-41).

Recently, the synthesis of a new DOTA bearing an anhydride function derivative, so-called
DOTAGA-anhydride (Scheme II-41), was investigated in our group.”™ The use of this new
bifunctional chelating agent represents a very convenient and attractive approach for the preparation
of various bioconjugates for imaging and therapy. Thus, DOTAGA-anhydride was used to prepare
ultrasmall nanoparticles decorated with DOTAGA units.'"” '"In labeled DOTAGA-antibodies
conjugates were also prepared in our group, showing the usefulness of the DOTAGA-anhydride for
the efficient attachment of radiometal to a humanized mAb. A high specific tumor targeting was
shown in a model of human breast tumors overexpressing HER2/neu antigen.'*® More generally, this
building block can be used for the synthesis of a large variety of DOTA like compounds, such as
bimodal agents for SPECT/Optical imaging.'
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The method was also extended to prepare the equivalent in homocyclen series (Scheme

11-41).148
0]
OH Oﬁ H02C/\pN/\COQH
0 HOLLN ™\ [ ]
OY\ N N~ N /YO [ j N

HO,C—/ “_—CO,H
O\H) KWO HOZC\/N\_/N\/COQH \_g
@) 0]
DTPA bisanhydride DOTAGA anhydride 0]

Scheme 11-41

Inspired by this previous work, we considered the introduction of a carboxylic acid anhydride
function on a TACN core by functionalization of the primary amine (Figure I1-18).

COLH

HOQC/\N NJ
</N\7/\N
oo

0]
@)

Figure II-18: Targeted building block.

The procedure developed by Claire Bernhard was followed to prepare the targeted molecule.
Thus, five equivalents of tert-butylbromoacetate were added on compound 26 in the presence of
K,CO; in acetonitrile (Scheme I1-42). The analysis of the mass spectrum indicated the coexistence
of two species, i.e. the desired compound 32 and the compound resulting from the addition of six
arms on 26. The purification process was not straightforward and required several successive

chromatographic columns on aluminium oxide, thereby affording 32 in 54 % yield.

Os O
[\ 5 eq. BrCH,-CO,Bu [\ j/ j<
NHHN L XO\[(\N N o
H
</N\7/\NH2 10eq. KoCO;, O </N\>/\N/\Y( \6
45 °C, 24h

26

0]
O\K o) ><’
32
yleld =54 %

Scheme 11-42

The “C{'H} NMR spectrum recorded in CDCl; (Figure 1I-19) confirmed the purity of

compound 32. It has to be noted that two fert-butylacetate arms being equivalent, only four signals
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are expected for the ester carbonyl groups and for the quaternary carbon atoms of the zert-butyl

groups.

//

T T T T T T T T T // Lo T T LI T T T T T T T LI S N |
180 170 80 70 60 50 40 30

Figure I1-19: "C{'H} NMR spectrum of compound 32 (300 MHz, CDCl;, 300 K).

All rert-butylic ester functions were then deprotected in a concentrated HCI solution (Scheme
I1-43) to give 33 in 58 % yield. The cyclic anhydride should be generated after addition of acetic

anhydride in the presence of pyridine at 60 °C. This reaction is being currently investigated in our

group.

acetic anhydride
pyridine, 60 °C

Scheme 11-43
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11.2.3.1.4 Bioconjugation by « click chemistry »: preparation of a TACN-based derivative

bearing a triple bond

11.23.14.1 « Click chemistry » reaction

One particularly advantageous approach for chemical conjugation is the use of so-called « click
chemistry », which has received remarkable attention over the past several years for use in
numerous applications in bioconjugate chemistry. '*"'*! The most-widely used click reaction, first
described by Huisgen, is based on a [3+2] cycloaddition reactions between azides and alkynes to
form triazoles (Scheme II-44). Copper (I) catalyzed variants of this cycloaddition have been

subsequently developed that lead to triazole products in high yields under mild conditions."”
Cu (1) N R

R— + N;— R _— RA(/\ !

N=N

Scheme 11-44

The use of the Cu(I)-catalyzed cycloaddition of azides and terminal alkynes has only very
recently found applications in the design of probes for molecular imaging.*'®"*"'** Such
cycloaddition gives high chemical yields under mild reaction conditions even in aqueous media.
The reactions are regiospecific (resulting exclusively in the formation of 1,4-bifunctionalized 1,2,3-
triazole products). Moreover the reagents are compatible with biologically relevant motifs and the

resultant triazole can play a potential role in the coordination chemistry of the final complex.”*'**'**

Very few publications have reported the use of copper catalyzed click reactions for the
coupling of metal chelators to bioactive molecules.*'**'**' This is primarily due to the affinity of
the Cu catalyst for the macrocyclic chelator moiety; which results in copper sequestration and
decreases the efficiency of the catalyst. Recently, however, Lebedev et al., described the facile
preparation of CB-TE2A-—peptide conjugates by Cu(I) catalyzed azide—alkyne click chemistry
(Figure 11-20)."7 Copper was removed from the bioconjugated chelators by precipitation with
sodium sulfide Na,S and this work represents a promising route for preparation of bioactive
radiolabeled agents. Recently, Martin et al. have recently developed a method to conjugate a DOTA

derivative to a neuropeptide using copper-free click chemistry.”
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tBuOQC\/ m Q Peptide
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0]

+

Peptide
Figure I1-20: « Click » conjugation on a model peptide."’

Thus, the «click chemistry» approach offers an attractive complement to more traditional
methods of conjugating macrocyclic chelators to peptides. In this context, we considered the

synthesis of a TACN-based precursor allowing « click » reactions.

11.2.3.1.4.2 Synthesis of a new C-functionalized TACN bearing an alkyne group

The triple bond will be introduced by functionalization of the primary amine by following a
synthetic procedure developed in the laboratory (Scheme I1-45)."**'® This procedure is based on the
peculiar reactivity of C-aminomethyl macrocycles with aldehydes, resulting in the highly
regioselective N-functionalization of the pendant primary amine group. The addition of one
equivalent of aldehyde on such macrocycles resulted in the formation of a six-membered exocyclic
aminal in around 80 % yield, which after reduction yields exclusively the compound N-

functionalized on the exocyclic nitrogen atom (Scheme II-45).

n=o1 (N ) ‘N
o RCHO NaBH,

[NH HNj EtOH ] _EOH NH HN]
NH HN NH HN
2_/ E/\ R QJR
NH, N HN—/

Scheme 11-45

We first prepared a synthon carrying both an aldehyde and an alkyne group.'”® Thus, compound
34 was obtained after addition of propargylbromide on 4-hydroxybenzaldehyde in basic conditions
(Scheme I1-46).
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Scheme 11-46
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Surprisingly, treatment of compound 26 with aldehyde 34 resulted in a mixture of four

compounds as attested by NMR spectroscopy (Scheme I1-47, Figure 11-21).

/A

NH
2

HN

H\)/\NHZ
6

OR

AN

H =

o 34

> 4 isomers

EtOH
rt., 48h

R= CH,-CZCH

Scheme 11-47

yield = 75 %

The "“C{'H} spectrum shows the absence of the signal characteristic of an imine bond

indicating that all the species are aminal compounds. This is confirmed by the presence of at least

three signals around 86 ppm, that are typical of aminal carbon.

NCN -C=CH
CHm CHm R eanad
G Ly d
. lJ e I o J{ H |
ppm [ LI | [ I | U |
160 140 120 100 80 60

Figure II-21: "C{'H} NMR spectrum of 35 and 35’(125 MHz, CDCl,, 300 K).
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The coexistence of several aminal derivatives indicates that the reaction is not regioselective as
in case of cyclen and homocyclen."”*'**'** Unfortunately, we were not able to separate them by

precipitation or recrystallization.

The formation of thermodynamically stable five- or six-membered ring aminal derivatives is of
course favored. Figure II-22 lists all aminal derivatives that can be formed during the reaction. All
compounds possess two chiral centers, i.e. the aminal carbon and the carbon atom bearing the

aminomethyl arm. Thus, several stereoisomers are expected.

exocyclic aminal endocyclic aminal

| | RO |
5 A !
| . NH N_. |
: : v\ . :
| : N NH, :
| | : AN |
| | N N . |
s s OR ? !
s s M s
| | RO NHN |

R= CH,-C=CH

Figure II-22: Thermodynamically stable aminal derivatives that can be formed by reaction of
compound 26 with aldehyde 34.

Primary amine being more reactive than secondary amine, we can suppose that the formation of
exocyclic aminals is favored. This behavior has been previously demonstrated in cyclen and
homocyclen series."**'*'”” In this case, we obtained of a mixture of two regioisomers 35 and 35°.

Compounds 35 and 35’ are both a mixture of diastereoisomers.

OR
1 \ / \ *
NHHN_, + NH N
H )
NH H
35 (2 dia) 35' (2 dia)
RO

Scheme 11-48
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The addition of NaBH, on the mixture of 35 and 35’ resulted in the formation of a sole product

36 in 91 % yield (Scheme II-49). Further studies are being currently investigated to confirm the

//

structure of compounds 35 and 35°.

o)
*
NHHN NH N 10eq.NaBH;  NHHN
* + _ H
</N\7—\ </HJ/\N EtOH &NﬂN
* H rt., 12h
NH

35 + 35' 36 O/\

d yield = 91 % N

Scheme 11-49

11.2.3.2 Synthesis of new TACN-based bifunctional phosphinate ligands

In the previous part, the synthesis of new TACN-based systems carrying various grafting
functions was described. Such macrocyclic ligands were functionalized with acetate pendant arms
to optimize metal chelation. Recently, several groups have reported the promising properties
towards metal chelation of polyazamacrocycles bearing phosphonate and phosphinate arms. **%2%-
*2 In the next part, we will be particularly interested in the new TACN-based bifunctional
phosphinate ligands reported in the literature. We will then present the synthesis of new C-

functionalized analogues prepared in the laboratory.

11.2.3.2.1 Reported work on new triphosphinic acid TACN and synthetic tools

Notni and co-workers reported the synthesis of a novel bifunctional triphosphinic acid chelator
based on TACN, so-called TRAP. This chelator complexed **Ga much more efficiently than the
established BFCAs (Figure II-23), i.e. it allows fast complex formation in mild labeling
conditions.” Such system constitutes an ideal framework for the preparation of multimeric

6497 Indeed, phosphinic acid and carboxylic groups exhibiting different reactivity,

bioconjugates.
the carboxylate functions can be functionalized without having to protect the phosphinate

moieties.*”
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Targeting
€& N

V ﬁ’ N N
T
s AR

T 5

& .
Figure I1-23: Structure of TRAP.%

TRAP was synthesized via a Mannich-type reaction using a phosphorous precursor,
formaldehyde and TACN.® The phosphorus precursor was obtained in two steps (Scheme 1I-50).
After reaction between fert-butylacrylate and bis(trimethylsilyl)hydrophosphite, which was
generated in situ, the mixture was hydrolyzed in acidic conditions. The resulting species was then
added to TACN in the presence of formaldehyde and the desired trifunctionalized TACN was
isolated in 55 % yield. Carboxylate groups were then used as conjugation sites and coupled with

many targeting molecules. **’

HO
. 0
osin NHHN
b i €3 H O«
O'Bu OSiMes QH HC=0 4 N \NJ
— ~ H-P o — I
2 2/ HCl 3 HCI (6M) o <_n./
I\ ’/O
P
Hoj\
o7 ~OH

Scheme 11-50

Pursuing this approach, Notni and co-workers developed the synthesis of a TRAP derivative,

so-called NOPO, which possesses only one site for bioconjugation (Figure I1-24A).%
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Targeting
&K N
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HO O)P—OH
A / \
/\N N

Figure I1-24: Structure of the NOPO chelator.*®

Notni and co-workers worked out a powerful route towards phosphinate derivatives. However,
the reaction conditions are particularly harsh. The use of concentrated acidic solution under heat is

indeed not compatible with several organic functions. Milder conditions were previously reported
203

by Huskens and co-workers (Scheme II-51).” Thus, this procedure enabled the synthesis of various

ligands containing acetate and methylphosphinate side chains in good yield in short synthetic

sequences.**0>2%

The method is based on the condensation of paraformaldehyde on a TACN unit leading to the
formation of iminium species. These species are then trapped by the appropriate alkyl
dialkoxyphosphine to yield the corresponding di-phosphinate esters after rearrangement.”” The

hydrolysis of phosphinate ester was performed either in acidic or basic conditions.**2>2042%

Osp? Os/
>‘/ WI/\N HN MgEz(%R >(0va JP ORhydrolysis HOT]/\N/_\NJP on
—
</ \7 80 °C O </N O </N
|\P//O ,P/’O
RO’ | HO'|

Scheme I1-51 %%

Moreover, the selective deprotection of phosphinate esters was possible in presence of sensitive

functions such as amide or sulfonamide (Scheme II-52).*”
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Scheme I1-52: Selective hydrolysis of phosphinate esters.””

All these data prompted us to investigate the synthesis of new C-functionalized TACN carrying

both a grafting function and phosphinate arms.

I1.2.3.2.2 Synthesis

We aimed at synthesizing a C-functionalized TACN bearing a grafting function on the
exocyclic amine and three phosphinate arms on the amines involved in the macrocyclic ring (Figure
II-25). Several synthetic routes were considered. Among them, the retrosynthesis presented in
Figure II-25 seemed to be the easiest and the fastest way to prepare the targeted molecule. This
method is based on the use of a TACN-based synthon carrying the desired grafting function, i.e. a
carboxylic acid group. The functionalization using Huskens conditions will be directly performed

on this synthon.

/
HO O)P—OH —
PN N — NHHN o
O </N HN/K/}// HﬂNJ{/}
P OH OH
HO \ 0

Figure II-25: Retrosynthesis considered.

The desired synthon could be synthesized through many ways. We chose to use the precursors
already available in the laboratory, i.e. compounds 25 and 30. Compound 37 was isolated in 84 %
yield after functionalization of the primary amine of compound 25 with activated ester 30. The
benzyl groups were then removed by hydrogenolysis with palladium giving access to compound 38
in 42 % yield (Scheme II-53).
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Scheme I1-53

Compound 38 was heated at 80 °C in the presence of paraformaldehyde and
methyldiethoxyphosphine (Scheme II-54). The presence of the desired compound in the crude was
detected by mass spectrometry, however we were not able to isolate it. Indeed, the reaction yielded
a mixture of mono-, di-, tri-phosphinate products and of several N-methylated species resulting

from side reactions.

</
3.7 eq. MeP(OEY) e

\ 7 eq. Me 2 EtO, ™\
NHHN o 3.7 eq. (CHO)n —P">N N o

H _—

Nj/ﬁN 80 °C 0O &NﬂN

OH kP//O OH
38 o EtO’| o]

Scheme 11-54

Moreover, the formation of several stereoisomers was expected due to the presence of
stereogenic centers on phosphonate derivatives. The expected compound possesses 4 chiral atoms,
i.e. the phosphorous atoms and the carbon atom bearing the grafting function. In principle, for this
compound 32 stereoisomers are possible, existing as 16 NMR-indistinguishable enantiomer pairs.
The following of the purification process by 'H and *'P NMR analyses was particularly difficult due

to the presence of all diastereoisomers.

To allow an easier following of the reaction and purification process, we considered the

synthesis of a new synthon, bearing a functional group used both as a protecting group and as probe
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for NMR analyses. Boc group, exhibiting a characteristic singlet around 1.5 ppm, was an ideal

choice for such purpose.

The addition of one equivalent of Boc,O on 25 followed by the selective removal of the benzyl
groups gave access to compound 40 in good yield (Scheme II-55). Functionalization of compound

40 was then performed by using Huskens conditions and resulted in the formation of 41.

@/\ 1 eq. Boc,O ©/\ H2 Pd/C N/H_H\N
Y J/\NH DCM Y \)/\NHBOC CHacozH/HZO/THF R B0

r.t., 12h (1/1/3), r.t., 2d

25 39 40
yield = 80 %

3.7 eq. MeP(OEt),
3.7 eg. (CH,0)n
N, 80 °C, 2h

O*P OEt

BEP/\£_\J
</NJ/\NHBOC
o)
EtO’ |
41
yield = 58 %

Scheme I1-55

The reaction mixture was treated and the resulting product was analyzed by mass spectrometry,
which confirmed the formation of compound 41. The spectrum also revealed the presence of
various by-products, such as di-substituted species. However in this case, 'H NMR analysis enabled

identification of several species that clearly helped us in the purification process.

The 'H NMR spectrum exhibits characteristic signals in defined areas (Figure II-26). The
pseudo-singlet around 5.8 ppm is typical of an amide proton. The usual quartet of a CH, coupling
with a CH, is splitted into a doublet of quartets by the presence of the phosphorous atom.*”**” The
triplet around 1.3 ppm is characteristic of the corresponding CH, group coupling with CH,. In the
area around 1.5 ppm can be found signals corresponding to the P-coupled methyl groups. All P-CH,
groups are non-equivalent. However, it has to be noted that the complexity of this area is
particularly enhanced because of the coexistence of numerous regioisomers and diastereoisomers.

Finally, two singlets of high intensity around 1.4 ppm can be attributed to Boc groups.
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Figure I1-26: 'H NMR spectrum of compound 41 before purification by chromatography (300 MHz,
CDCl,, 300 K).

We were able to separate different species by flash chromatography on silica gel and to isolate
di-phosphinate species from tri-phosphinate derivatives. A zoom of the '"H NMR spectrum between
1.2 and 1.6 ppm of different column fractions is reported in Figure II-27. Attribution of signals
indicates that F1 contains only disubstituted compounds, whereas F3 and F4 contain trisubstituted

species. These results were confirmed by mass spectrometry.
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PCH, | Boc | POCH,CH,

F1

F2

F3

F4

Figure I1-27: Following of the purification process of compound 41 by 'H NMR spectroscopy (300
MHz, CDCl,, 300 K).

Comparison of 'H NMR spectra indicates that the chemical shift of ferz-butyl signal of Boc
groups of tri-substituted derivatives is lower than the one of di-substituted species. The complexity
of the area corresponding to P-CH, signals on the 'H NMR spectra of F1, F3 and F4 proves the
coexistence of several diastereoisomers. Furthermore, F3 and F4 contain diastereoisomers in
different proportions as reveals the signal shape of the CH, of -POEt group. Moreover, it has to be
noted that the secondary amines of compound 40 are non-equivalent. We can expect the formation
of a mixture of di-substituted regioisomers in case of F1 (Figure 11-28).

>~ / >~
OspL okt OpLoRt
Eo,_ ./ \ J EtO )\ T

—P7 N —P NH

I H N 1 /\N HN N
0 </N\7/\NHBOC o </N\)/\NHBOC </N\7/\NHBOC
el -0
EtO’| EtO’|
Figure 11-28: Structures of the various regioisomers resulting from the di-substitution of

compound 40.

Hydrolysis of Boc and phosphinate esters of the trisubstituted species at 90 °C in a

concentrated HCI solution gave access to compound 42 in 98 % yield (Scheme II-56).

100



Chapter I1
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Scheme 11-56

The deprotection of the phosphinate ester groups resulted in an obvious simplification of the
*'P{'H} NMR spectrum (Figure 1I-29), which exhibited only three signals left. The phosphinic acid
units being non equivalent, each signal can be attributed to one phosphorous atom, indicating that a

molecular process is affecting the chiral centers of compound 41.

Before hydrolysis After hydrolysis

Compound 41 Compound 42

Figure I1-29: *'P{'H} NMR spectra of compound 41 (F4) (202 MHz, CDCl,, 300 K) and compound
42 (202 MHz, D,0, 300 K, pD = 1).

This phenomenon can be explained by proton transfers producing an inversion of the chirality

of the phosphorous atoms at the NMR-acquisition time scale (Scheme I1-57).*” Such behavior has

been previously reported with other polyphosphinates macrocycles. 2**2%°2%

1
H O
Yo Yo N 7
X( \ Xf N Xf
\O \O \OH

Scheme 11-57: Schematic representation of the proton transfer process in phosphinic acid.

The last step of the route towards a new TACN-based BFCA is based on the introduction of the
grafting function on the primary amine. First attempts of ring-opening of succinic anhydride in the

presence of a base are being currently investigated in the laboratory. The access towards dimeric
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systems will be also possible from compound 42, by introducing two acetate arms on the primary

amine.
< </
O\P—OH o\P—OH
HO ! \NJ HO\P/\ b

NN Zp"™N N o
0 </N\7/\NH2 T o0 </N\7/|51N
kpco kP/,O OH
HO'| 42 HO'| 0

Scheme I1-58

To conclude, by using synthetic procedures developed in our group combined with
functionalization methods reported in the literature, we can generate a new family of TACN-based

chelators with high potential for Ga chelation.

11.2.4 Conclusion

Using a synthetic route previously developed in our group, we were able to facilitate the
synthesis of N-functionalized TACN by reducing step number. Moreover, optimization of the
reaction conditions enables the preparation of aminomethylTACN at a 100 grams scale. This
compound is a valuable precursor of a new family of C-functionalized TACN derivatives. By
varying the grafting functions and the pendant coordinating arms, we could generate really

promising BFCAs for copper and gallium chelation.

I1.3 Synthesis of new cyclen-based cryptands

A way for binding selectively metal cations is the use of specific cages featuring highly pre-
organized sets of donors and inner cavities of appropriate dimension to encapsulate selected metal
cations™. “Crown” ethers and later “cryptands” were discovered and found to have a remarkable
affinity for alkali and alkaline earth metal ions.*”?'*> There has been much current interest in the
development of new macrobicyclic ligands containing appropriate binding sites and cavities of
suitable size and shape for copper chelation. The cyclic frameworks of polyazacycloalkanes make
them valuable precursors of such macrobicyclic systems and this aspect will be discussed in the

following part.

11.3.1 Cryptands based on tetraazacycloalkanes

Numerous studies on cage-type polyazamacrobicycles have shown the influence of parameters

such as ligand rigidity, type of donor atoms and their disposition on the selectivity for metal
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coordination.””?"**** Some highly preorganized molecules based on tetraazacycloalkanes have
already been synthesized. These bowl-shaped ligands generally adopt conformation having all four
nitrogen lone pairs pointing inside the cavity for complexation, which determine the formation of
highly stable metal complexes (Figure II-30). As mentioned in chapter II.1, cross-bridged and side
bridged systems particularly favor the coordination of Cu*" metal ion. However, the main drawback
of such constrained macrocycles remains their slow kinetic complexation. In this context, research
have been focused on the synthesis of new constrained derivatives using unusual and longer
bridges, the bridge being added either on two carbon atoms or on two adjacent or non-adjacent

nitrogen atoms.

) ) e
A

R

n
n=0,1

Figure 11-30: Examples of cage ligands based on tetraazacycloalkanes.

11.3.1.1 Sarcophagines: efficient cryptands for copper chelation

Sargeson and Smith have developed a new type of BFC based on sarcophagine (Sar) for
preparation of new radiopharmaceuticals (Figure II-31).>">**?*° Such derivatives coordinate
particularly Cu** within the multiple macrocyclic rings comprising the Sar cage structure, yielding
extraordinarily stable complexes that are inert to the dissociation of metal ion.”” The cage-like BFC
Sar ligands are unique in their ability to selectively label **Cu* rapidly over a wider range of pH

value under mild conditions.*"****

Sar Diamsar SarAr

NH HN HN NH HN HN NH HN HN

(N@“j (”@j
W
Figure I1-31: Hexaaza cages Sar, Diamsar and SarAr.
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These sexadentate macrobicyclic ligands are obtained by using a cobalt(IIl) ion as a template to
hold the reacting organic fragments.””*** Treatment of the cobalt(I) cage with cyanide anions led to

the metal free sarcophagine which is isolated and can encapsulate other metal ions.

11.3.1.2 Other examples of cryptands

There are numerous examples of cryptands based on tetraazacycloalkanes carrying the bridge
between two nitrogen atoms. Adamanzanes of short bridge (ethane and propane) adopt a
conformation where two protons can be involved in a network of strong — N—H--N hydrogen

. 137,140,141,144,217-221,227-230
bonds. Such species are called « proton sponge ».

Springwork and co-workers reported the synthesis of a bowl tetraamine [2*.3']adamanzane
(1,4,7,10-tetraazabicyclo[5.3.3]pentadecane) (Figure I11-32),*""**' which behaves as a proton-sponge.
This species couldn’t be completely deprotonated in aqueous solution, preventing copper
complexation in such media. Larger derivatives were prepared and for example [3’]adamanzane

(Figure 11-32) could form copper complexes in aqueous solution.”'**’

/D mN N W TCO:H
cy CAD (S
N/ . HO.C—/ \__/

[24.31]adamanzane [35]adamanzane C3B-D0O2A

Figure 11-32: Examples of adamanzanes.*"*

From these results, Odendaal and co-workers investigated the synthesis of pendant-armed
derivatives.*” The bis-carboxymethyl pendant-armed cyclen with a trimethylene cross-bridged so-
called C3B-DO2A especially demonstrated excellent properties towards copper chelation (Figure
I1-32). Indeed the resulting **Cu complexe was remarkably inert, even if biodistribution studies

indicated a very slow in vivo clearance.

New macrocyclic structures incorporating longer bridge with heteroaromatic subunits such as
phenanthroline or 2,2’-dipyridine were reported in the literature (Figure II-33A and B).”7>'*
These units are rather rigid, and, at the same time, provide two aromatic nitrogens whose unshared
electron pairs may act cooperatively in binding cations. The presence of such rigid aromatic
systems gives particular coordination properties to the macrocyclic ligands defining particular
preorganized binding sites for the metal ions. The cryptand C (Figure 11-33) behave as a proton

sponge behavior, however, C was able to encapsulate Cu(II) in aqueous solution.””’
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Figure I1-33: New macrocyclic structures with heteroaromatic subunits.”’

Delgado and co-workers developed simple synthetic methods to prepare polyaza- or
polyoxopolyaza-macrocyclic compound having rigid 4,6-dibenzofuran (DBF) units and flexible
spacers able to recognize metal ions or organic substrates (Figure II-34).”* All the prepared
macrocycles displayed an important structural feature with one or two DBF coupled at the 4 and 6
position. (DBF)N; was found in a few amount as a side product of the synthesis of (DBF)Ng. It was
isolated from the mother solution as a copper(Il) complex by addition of CuSQOy. Further studies on

metal coordination are being currently investigated.

-
Gty gy o

o NH
’ NH HN o
e JO
/
(DBF)Nj3 (DBF)N2O, (DBF)Ng

Figure II-34: New polyaza- and polyoxopolyaza-macrocycle.””
In this context, our group decided to prepare a new cryptand resulting from the addition of such
DBF derivatives on a cyclen moiety (Figure II-35).2**° We also considered the synthesis of a

more flexible cryptand carrying a diphenylether (DPE) unit as a bridge.

oR4,

0
< 'Zl/\/ < 'Zl/\!
N ~co,HN N ~co,HN
HO,C HO,C
DBF DPE

Figure 11-35: New cryptands based on cyclen.
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11.3.2 Synthetic pathways toward macrobicyclic systems.

Numerous synthetic pathways have been elaborated to prepare cyclen-based cryptands that
allow the production of a large range of ligands starting from 1,7-dimethyl-cyclen or 1,7-bis(p-

toluenesulfonyl)-cyclen. Most macrobicycles and macrotricycles have been prepared according to a

multi-step reaction scheme involving trans-di-protection of tetraazacycloalkanes, using methyl, >’

12 18 240,241

tosyl™® or Boc as protective groups. When methyl is used as protecting agent, the deprotection

is impossible and methylated macrocycles generally exhibit lower affinity toward transition metals

than unprotected one (Scheme 11-59).7**%

o)
N~/ N\ Cl
N HN 1/ NEt; benzene N
[ j + Cl — NN
N
NH N o] 2/ BoHe ~— N~
NIV
AR OMe \OH
N HN_ . wmso OMs 1/ NayCOg CHsC'N \/‘N/\N
[ j 2/ EtSNa, LiBr, DMF, 150°C N ___ >
NH N ~NZ
NEEVZRN

Scheme 11-59

For N-tosyl and N-carbamate derivatives, the protection reaction isn’t selective and leads to a

*'8 These synthetic routes

mixture of mono-, di-, tri- and tetra-protected macrocycles (Scheme I1-60).
impart tedious multi-step syntheses, implying multiple protection/deprotection sequences.

Ts Ts
Ts. /—\
NH HN "N HN HBr/HAc

Cd — ]—’E ]—>E

NH HN

Scheme 11-60

Another route consists in preparing selectively protected linear amines that can be further
condensated on dibrominated species according to Richman Atkins cyclization conditions (Scheme
1-61)."**7 As mentioned previously, this methodology is far from optimal, as many chemical

functions cannot survive the harsh conditions required in the detosylation step.
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Scheme I1-61%

An efficient route for the synthesis of selectively 1,7-difunctionalized cyclens was developed in
the laboratory by reacting two equivalents of various aldehydes with cyclen under reductive
amination conditions (Scheme I1-62).>*** In such reactions, the reducing agent must be selective
enough to reduce the imine or iminium species formed in sifu, without reacting with the starting
aldehyde. Among the different reducing agents, sodium tri-acetoxyborohydride (NaBH(OAc),) has
been widely used.***** Several aldehydes were added on cyclen in the presence of 2.8 equimolar
amounts of reductant in 1,2-dichloroethane (0.02 M) at room temperature.”**> The method
described herein is also a powerful tool for the synthesis of cryptands incorporating a cyclen.

Cryptands can be prepared in high yields by a one-pot reaction using dialdehydes as starting

materials.
NH HN
2.8 eq. NaBH(OACc);
[ + OHC—___ >-CHO > </\H/\N
NH HN 1,2-dichloroethane N

H
/ c=2102M \/N\)

Scheme 11-62

11.3.3 New cyclen-based systems bearing a diphenylether or a dibenzofuran unit

The procedure described above enabled the synthesis of cryptands featuring a dibenzofuran or a
diphenylether unit connecting the nitrogen atoms in 1,7 position of the tetraaza moiety (Scheme
11-63). The dialdehyde 43 was prepared by a reported method,”***** involving treatment of
dimethyldibenzofuran with an excess of both TMEDA and n-BuL.i, heating at 60 °C for 2 hours and
addition of 5.5 eq. of DMF at -78 °C. Cryptand 44 was obtained by addition of compound 43 on
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cyclen in reductive amination conditions described above.”** The same reaction conditions

enabled the preparation of compound 45 from bis(2-formylphenyl)ether.

1/ 2 eq. n-Buli 1 eq. cyclen, O Q

2.8 eq. 0
3 eq. TMEDA, heptane
BERTT . Oy () e
3 N
@ 2/55eq. DMF,-78°C,1h 0 o Ny, 48 h N H\)
3/H;0,0°C,30min O 0o \/N
43 44 (DBF)
yield = 56 % yield = 75 %
1 eq. cyclen,
2.8 eq. o
NaBH(OAc)s
- N/\
o) rt, Ny 48 h N N 4 N
oo (A
45 (DPE)
yield = 67 %

Scheme 11-63

Studies of macrobicycles 44 and 45 indicated that they both display a rigid molecular
architecture, characterized by a small inner cavity and a pre-organized disposition of the set of
donor atoms.”*® These structural features strongly affect both protonation and metal binding
characteristics of the two cryptands. In fact, the ammonium groups formed upon ligand protonation
give rise to an inner-cavity hydrogen bonding network, which stabilized the protonated forms of the
cryptands. Ligand rigidity, small cavity dimension and/or high basicity make Cu®" and Zn*"
complexes difficult to form. Indeed, they could not be prepared in aqueous solution but in

acetonitrile.

In order to change the metal complexation behavior of such compounds, we decided to introduce
pendant coordinating arms such as acetate groups. Thus, both cryptands 44 and 45 were
functionalized in acetonitrile using 2.2 eq. of tert-butylbromoacetate in the presence of potassium
carbonate (Scheme I1-64). The desired compounds 46 and 47 were isolated in good yield, 91 % and
74 % respectively.
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Scheme 11-64

'H NMR spectra of both compounds 46 and 47 in CDCI, indicated the presence of an inner
cavity hydrogen (0 around 8.5 ppm), which is typical of a species exhibiting a « proton sponge »
behavior. The proton is indeed stabilized by cooperative intramolecular hydrogen bonds. The
addition of a few amount of D,O in the corresponding NMR tubes led to the disappearance of such

signal (Figure 1I-36) due to an exchange phenomenon with a deuterium atom.

0O

U
N
tBuozc) Bu
47

CHZ (bridge)

#,  CDCI/D,0
(95/5)

Figure 11-36: Comparison of '"H NMR spectra of compound 47 in different solvents (300 K, 300
MHz).

Compound 46 and 47 were then dissolved in a concentrated acidic solution to hydrolyze the
tert-butylic esters (Scheme I1-64). As their parent ligand, both cryptands 48 and 49 exhibited an

extremely high basic center, indicating them as “proton sponges”. Preliminary NMR studies of both
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compounds revealed the presence of several species at pD = 1 (Figure I1-37). The addition of NaOD
until pD = 14 resulted in the diminution of the number of signals that indicates the coexistence of
different protonated species. Further protonation studies are being currently investigated in the
group of Pr. Rita Delgado.

L 8
L ol
HOQC)
49

pD = 14, 363 K
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Figure I1-37: '"H NMR spectrum of 49 at acid and basic pD at different temperature (300 MHz,
D,0).

The capacity of 48 and 49 to form thermodynamic and kinetically stable metal complexes was
also investigated by the group of Pr Rita Delgado. Studies revealed that the two chelators are
selective for copper(Il), forming thermodynamically very stable complexes. The kinetic inertness of
these copper complexes was evaluated at 5 mol.dm™ HCIO, (or HCI) aqueous solution at 298.2 K.
At 363.2 K the half-life of the complexe was estimated at about 3.1 h for 50, and at about 4.6 days
for 51 (Scheme II-65). These values place the complexes studied in this work amongst the most

inert copper(Il) complexes of tetraazamacrocyclic N-acetate derivatives known so far, at the best of

Ry ﬂéz

HOgC > Hozc @ o

)

HOZC HO,C
50 51

our knowledge.

Scheme 11-65

110



Chapter I1

Single crystals of 50 were obtained after very slow evaporation of a very acidic aqueous
solution from the complex dissociation experiment with HCIO4. The molecular structure of the
complex is built up from a symmetric unit composed of two disordered ClO4 as counterions. The
resulting structure is reported in Figure I1-38. The ligand acts as a hexadentate ligand. The
copper(Il) ion is in a distorted octahedral environment with the four nitrogen atoms, the O(3)
oxygen of a pendant carboxylic arm and the O(5) oxygen of the dibenzofuran unit. The distance Cu-
O(5) is shorter than the one reported for copper-dibenzofuran bond of macrocyclic

#32%probably due to the rigidity of the ligand. This distance is however similar to the one

248
L.

systems
observed in the copper(Il) complex with the parent ligand 44 published by Bazzicalupi et a

Figure I1-38: ORTEP' view of 50 showing thermal ellipsoids at the 50 % probability level.

Hydrogen atoms on carbon atoms have been omitted for clarity.

In this part, we presented the synthesis of new DO2A-based cryptands bearing dibenzofuran or
diphenylether unit in good yield. The presence of two acetate arms enabled the preparation of
highly thermodynamic stable and kinetically inert complexes with Cu®" in aqueous media. Even
though, the resulting complexes were very slow to form, it would be of great interest to evaluate
their potential as copper chelate for radioimaging applications. The use of such cryptands in the
field of molecular imaging requires the introduction of a targeting vector on the macrobicyclic core.
This core could be further functionalized by addition of a double arm on a nitrogen atom of the
cyclen subunit (Figure 1I-39A). We can also work on the bridge unit by using the methodology
developed in the lab to prepare new cryptands. For example, we can consider the synthesis of a new
macrobicycle with a phenanthroline moiety acting as the bridge (Figure I1-39B).
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Figure I1-39
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I1.4 Conclusion

The objective of this thesis work was to explore new ligand systems intended for nuclear
medicine applications. Several fundamental criteria in the design of bifunctional chelating agents
were critical to consider for optimizing the coordination properties of the chelator:

* Matching the metal ion with the cavity size.
* Tuning the rigidity of the ligand.
* Providing donor binding atoms to complete the coordination sphere of the metal.

The tuning of these parameters enabled the synthesis of a wide range of new macrocyclic
scaffolds (Figure 11-40). Varying the cavity size (9-, 12- and 13-membered rings), the nature of the
pendant coordinating arms (carboxylate or phosphinate) and the rigidity of the systems (by bridging
two nitrogen atoms), we aimed at building optimized systems for copper and gallium chelation.

Lastly, we incorporated handles for bioconjugation reactions onto the chelators by using the C-
functionalization approach. The breadth of choices of conjugation reactive functional groups

enabled the preparation of a wide series of potential BFCAs.

Optimization of the Introduction of a
coordination properties grafting function
)
Cavity TACN
size i CHchlen I
omocyclen
Fixation Nitrogen atom
( \. No bridge site Carbon atom
Rigidity |* Flexible bridge (DPE)
- Rigid bridge + m) OPTIMIZED
— (ethylene/DBF) Isothiocyanate BFCAs
Grafting Carboxylic acid
function Anhydride suitable for
Donor |. Acetate arms Alkyne bioconjugation

atoms |. Phosphinate arms

Figure 1I-40: Development of new BFCAs.
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III. New imaging agents for targeting chemokine receptor CXCR4

The development of imaging agents for targeting CXCR4 is a rapidly expanding research field
where a number of different chemical strategies are being pursued (Chapter L.II). To image CXCR4
expression in tumors, several research groups used the ability of the cyclam function of AMD3100
and AMD3465 to form strong complexes with metal ions (Figure I1I-1).* Recently, it was found that
these CXCR4 targeting moieties also provide versatile platforms for the preparation of imaging
agents. Thus, the phenyl ring of AMD3100 has been replaced by anthracene'” and Khan et al. has
114

replaced one of the cyclam with a fluorescent tag.

Nuclear imaging

NH HN

O mN A cl-
- YO CM E] ?Cu SASHy
g N

Figure III-1: Examples of CXCR4-targeting imaging agent based on cyclam.*

As part of our ongoing effort to prepare high affinity CXCR4 binding ligands for molecular
imaging purposes, we were interested in generating a new family of imaging agents based on
AMD3100 and AMD3465. We aimed at building general macrobicyclic platforms that enable the
introduction of various probes, the AMD-like moiety serving as a carrier for specific delivery of a

radioactive or fluorescent tag to cancer tissues (Figure I11-2).
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g

Q Targeting CXCR4

‘ > Sl Vector
18f Imaging probe ———— LINKER 24@

T el

4 =3
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’

Figure I1I-2: Schematic representation of new imaging agents based on AMD3100 and AMD3465
for targeting CXCRA4.

Thus, we considered the preparation of building blocks in both AMD3100 and AMD3465
series for targeting CXCR4. On the AMD cores, we aimed at introducing a spacer carrying a

reactive function, i.e. a primary amine that enables the attachment of the desired tag (Figure I11-3).

[NH HN]
NH N K\
v [N HN]
AMD 3100 NH AN Probe
AMD moiety )LN/\/NHz GF
H
mN spacer

[ j GF = grafting function

AMD 3465

Figure II1-3: Schematic representation of the building blocks.

This kind of approach using bismacrocycles based imaging agents has been previously used to
detect and diagnose a wide variety of medical conditions characterized by dying cells.”"** A series
of mono-, di-, and tetrameric cyclen ligands were synthesized, labeled with Zn** and used as
carriers of fluorescent or radioactive probes for cell death in vitro and in vivo imaging (Figure
IlI-4). The bis-zinc complex specifically targets phosphatidylserine, which is a phospholipid

component abnormally exposed on the surface of apoptotic cells.”**>*
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R = Fluorescein

Figure III-4: Chemical structures of zinc complexes designed for apoptosis imaging >

In the following chapter, we will present the synthetic routes towards AMD3100 and
AMD3465 and their functionalized derivatives that are reported in the literature. We will describe
the synthetic pathways for the obtention of new AMD-based building blocks. Finally, the synthesis

of new imaging agents based on these building blocks will be presented.

II1.1 Synthesis of new AMD3100- and AMD3465-based building blocks

Several synthetic routes towards AMD3100 and AMD3465 are reported in the literature. '****
»% Most of them are based on the reaction of selectively protected cyclam rings with o,0-dibromo-
p-xylene in acetonitrile containing potassium carbonate (Scheme II1-1). AMD3100 can be generated
in two steps from cyclam protected with tosyl, mesityl, diethylphosphoramidate (Dep) or Boc
groups. Monofunctionalization of the dibromo species by using an excess of dibromo spacer
followed by the reaction of the resulting bromide with an excess of aminomethylpyridine and

deprotection in acidic conditions give access to AMD3465.

R 1R
R*N(\N/R Br\/QAB' iN Nj ]
2eq.FEN HN] . N N\/O/\pN/R o va@/EmN]

K,CO4 N [ ]
ACN
R =Ts, Ms, Dep, Boc

1/ 5 eq.
(\ Br\/®48r R‘pN/R o N A7

R R
[N N] [ ] 1.5 eq. K,CO5 ACN NH HN
K,CO N N > [ ]
"N HN 2 =3 - / H+ NH N
R ACN R \/O/\Br 2 \/@/\N x
L ~ L q

Scheme III-1: General synthesis scheme of AMD3100 and AMD3465.
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In order to introduce an additional group, functionalized analogues were synthesized using the
methodologies reported above and are reported in Figure III-5. Thus, AMD3100 was functionalized
on a nitrogen atom of cyclam ring by a quinoline group”” or azidothymidine.”® There are only two
examples of functionalized AMD3465 derivatives reported in the literature, with a methyl®’ or

260

methylpyridine group™ on the nitrogen atom bearing the pyridine moiety.

NH HN NH HN

[NH N M [NH Nj AWOL _AZT
VVO/EN Nm v\/@/EN N] N

NH HN NH HN

OH

AZT = azidothymidine

S0P G

ke,

Figure II1-5: Examples of functionalized AMD3100 and AMD3465 derivatives.

We investigated the synthesis of two building blocks carrying a primary amine in AMD3100
and AMD3465 series (Figure II1-6). The anchor point choice of the spacer in both series will be
discussed in the following part.

NH HN NH HN

[NH Nj m [NH Nj N
Uy Ty
NH L %

H,N
H,N 2

Figure II1-6: Building blocks in AMD3100 and AMD3465 series.

111.1.1.1 AMD3100 series

We first considered the introduction of the spacer on the aromatic moiety in AMD3100 series
(Figure III-7). The formation of such compound requires the preliminary synthesis of a dibromo
aromatic spacer bearing an ester group. The resulting substituted p-dibromoxylyl group can be
further functionalized with tris(Boc)cyclam and the grafting function can be introduced by

nucleophilic substitution on the ester group.
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[ j Boc\ m Boc

l\ﬁ)N mN N [ o | ; Br
o) [NH HNj Boc K) 0”0
N

Figure II1-7: Retrosynthesis towards AMD3100-based building block.

The aromatic core was obtained in two steps from the commercial products (Scheme II1-2).%*'

Esterification with methanol using sulfuric acid as catalyst yielded compound 52 in 92 % yield.
Compound 53 was finally prepared through NBS-based bis-bromination of the aryl methyl groups
of compound 52.

2eq.NBS

0.2 _ 0269 H,S0, H,SO, 0.05 0.05 eq. BnOOBn BnOOBn | = Br
Br_ Pz
MeOH reflux, 4h CCI4 reflux, 1h
o
52 53
yield = 92 % yield = 70 %

Scheme I11-2

The AMD3100 structure was then built through condensation of two equivalents of
tris(Boc)cyclam on compound 53 in the presence of a base (Scheme III-3). The resulting compound
54 was isolated in 98 % yield. The nucleophilic attack of ethylenediamine on the ester function of
54 gave access to 55 after 6 days at 60 °C. Boc groups were then deprotected in acidic condition
yielding the desired building block 56 in 75 % yield.

Boc\pN,Boc Boc\p .Boc
Boc.. K\ .Boc [ ]

2 eq. [/N _h, Boc K) [pNjBoc l. BoEvap/EpNjBoc
Boe K) 0 N N o N N

54 /O Boc” v ‘Boc 55 SNHBOC/ K/I “Boc

yield = 98 % yield =92 %
HoN
i) 1 eq. 53, 6 eq. K,CO3 CHCN, rt., 12h i
ii) 30 eq. NH,CH,CH,NH,, 60 °C, 6d K\
) NH HN
i) HCI (37 %), r.t., 30min [ ]

yield =75 %
HoN

Scheme 111-3
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The '"H NMR spectrum of compound 56 attested the deprotection of the Boc groups (Figure
III-8). The signals of the CH,a and CH,a’ appear upfield, i.e. around 4.5 ppm.

NH HN

(o o A
I\)aVOQ/ENH HNj
s

Figure III-8: '"H NMR spectrum of compound 56 (300 MHz, D,0, 300 K).

I11.1.1.2 AMD3465 series

Another strategy was investigated to prepare AMD3465 derivatives. Indeed, the aromatic
spacer 53 being asymmetrical, the addition of tris(Boc)cyclam would result in two regioisomers
hardly separable (Scheme I11-4).

Boc.. pN' Boc

|
Y () Boc 0o
Br Boc\N N,Boc Boc\N N
G AT R R A
Boc” UN Boc” bN Boc” bN
0O~ "0
|

53 o“ ™o
Scheme 111-4

Thus, we decided to build the AMD3465 scaffold and to further introduce the linker on the
amino group of the aminomethylpyridine moiety.

The addition of five equivalents of a,a-dibromo-p-xylene on tris(Boc)cyclam resulted in the
formation of compound 57 in 53 % yield. Compound 58 was obtained after nucleophilic
substitution of the bromide by aminomethylpyridine.
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N
[ ] - . [ ] =N
1.3 eq. K,CO4 VO/\ 1.5 eq. K,COj4 N N VO/\
N HN o Boc ¥ P
BOC/K) ACN, 70 °C, 2h v Br ACN,80°C,2h Boc v H

58
yleld 53 % yield =71 %

Scheme I1I-5

The secondary amine of compound 58 was then alkylated by using ethylbromoacetate in
acetonitrile in the presence of potassium carbonate (Scheme II1-6). Compound 59 was isolated in
91 % yield and added to a large excess of ethylenediamine yielding compound 60. Several
successive chromatographic columns on silica gel were necessary to purify this compound, which
was finally obtained in 29 % yield. Finally, the acidic hydrolysis of the Boc groups gave access to
the desired building block 61.

Boc K\| Boc AN Boc m Boc N Boc p Boc N

N N /
—~N [ ] —~N
Boc VO/\ —» Boc \/Q/\ — Boc” N NVO/\
L U e LA
" NH,
60
O
yield =91 % yield =29 %
t i)
i) 1 eq. EtO,C-CH,Br, 4 eq. K,CO5 ACN, 40 °C, 12h NH HN / AN
ii) 60 eq. NH,CH,CH,NH, 60 °C, 6d [ ] =N

iify HCI (37 %), r.t., 30min | NH NVQ/\N
iii %
as ’
L o
61 2
O

yield = 88 %

Scheme I11-6

The synthesis of building block 61 was realized in 5 steps from tris(Boc)cyclam in 9 % yield.
This overall yield was not satisfying and moreover the purification process of compound 60 was

particularly tedious. These issues prompted us to develop a new synthetic procedure.

We considered the preparation of an analogue of compound 60 bearing a protective group on
the primary amine function (Figure I11-9). The resulting compound being less polar, its purification
should be easier by column chromatography. This compound could be synthesized by following the
retrosynthesis reported in Figure III-9, which is based on the peptidic coupling between a

monoprotected diamine and an AMD3465 derivative carrying a carboxylic acid function.
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Boc .. pN .Boc ] N Boc N m Boc
E ] _N /N
+ HzN\/\N PG

N N p—
Boc/v \/Q/\N H Boc” |\) \/O/\

PG = Protecting Group

Figure I11-9

We were able to selectively deprotect the ethylic ester function of compound 59 by using two
equivalents of NaOH in ethanol (Scheme III-7).*** The resulting compound was purified by simple

extraction and isolated in 91 % yield.

Boc m Boc Boc m Boc
/N /N
\/@/\ 2 eq. NaOH (1 M) VQ/\
Boc v EtOH, r.t., 12h BOC v
yleId =91 %

Scheme I11-7

'H NMR spectrum of compound 62 indicates the presence of the Boc groups and confirms the
saponification of the ester function (Figure I1I-10). Indeed, the large signal at 10.31 ppm is typical

of a carboxylic acid proton.

Figure I1I-10: '"H NMR spectrum of compound 62 (300 MHz, CDCl,, 300 K).
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Compound 62 was then engaged in a coupling reaction with zert-butyl(2-aminoethyl)carbamate
in the presence of base (Scheme III-8). Such process is based on the activation of the carboxylic acid
moiety in the presence of coupling reagents, i.e. HOBt and HBTU, yielding compound 63 in 62 % yield
after purification by flash chromatography. Final step consisted in the acidic hydrolysis of Boc groups

resulting in the formation of 61 in 93 % yield.

1.1eq.
~~._-NHBoc
Boc.. m _Boc / X HoN BOC\pN/BOC / AN
[ ] _N 1.1 eq. HBTU _N
1.1 eq. HOBt
Boc/N NVQ/\N Boc/N N N
K) 1.5 eq. DIPEA K) H
H]/OH CHoCly, r.t., 4 h KH/N\/\N/BOC
62 ) 63 H
. (6]
yield = 62 %
HCI (37 %)
r.t., 30 min
AN

NH HN |

NH NVO/\
. N H
S
61 S( NH;
o}

yield =93 %

Scheme I11-8

The synthetic pathway described above enabled the obtention of product 61 in a higher overall
yield compared to the method reported in Scheme III-6 (15 % instead of 9 %). Even though the
process involves one step more, the syntheses are faster, the reaction conditions are milder and

purifications are easier and reproducible.

To conclude, we developed efficient syntheses towards functionalized AMD3100 and
AMD?3465 derivatives. With the building blocks in hand, we sought to add a probe by using
coupling reactions with carboxylic acid, active ester or anhydride (Figure III-11). The advantage of
this approach is the possibility to introduce at this stage any kind of probes, such as a fluorescent

dye or a macrocyclic chelating agent.
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Probe
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AMD moiet N> NH2
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P Probe
R =Boc, H 04/

Figure III-11: General procedure to introduce the desired tag on the building blocks.
II1.2 New imaging agents for targeting CXCR4

11.2.1 Introduction of a fluorescent tag

Among the fluorescent probes, the borodipyrromethene family (4,4-difluoro-4-borata-3a-
azonia-4a-aza-s-indacene, abbreviated as Bodipy®) has gained recognition as being one of the most
versatile fluorophores and this dye has steadily increased in popularity over the past two decades
due to their excellent properties (Figure III-12).'"**%2%* They exhibit high stability, high extinction
coefficients, sharp emission bands and high fluorescence quantum yields.***"' They are soluble in
most organic solvents and recently water soluble dyes were obtained by functionalization with

273-27
d 72"

oligo(ethyleneglycol) residues*”* or addition of sulfonic aci carboxylic acid*® or quaternary
g y gly

ammonium moieties.””

Meso

i Beta
7 8 1 ‘/’/
S

6 2

N\ N‘é/N\S
5 B+

F F \

Figure III-12: Generic structure of Bodipy.

The photophysical characteristics of synthetically modified Bodipys vary with respect to the
number, nature, as well as the position of the attached substituents.””' Conjugation of the m-electrons
runs along the organic backbone and can be extended by condensation of suitable groups onto the
periphery or by attachment of conjugated units to one or both pyrrole fragments. Such extended
delocalization pathway lead to Bodipy dyes emitting in the near-IR regions of the spectrum, which

is of great interest for in vivo applications.”’**”
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All these attractive properties prompted us to introduce a Bodipy dye on the AMDs-based
building blocks. This work requires the preparation of a Bodipy scaffold carrying a grafting
function. Many synthetic methodologies have been reported in the literature to build and
functionalize the Bodipy core. Our group optimized the reaction conditions of a meso-substituted
Bodipy bearing a carboxylic acid function and the resulting compound was activated and added on
various macrocyclic units (Figure II1-13)."***"® The incorporation of macrocyclic moieties on the
Bodipy core did not impact the photophysical properties of the dye and made it soluble in water. All
compounds exhibited the spectral characteristics of the parent molecule, such as absorption maxima
in the range of 520-530 nm, with high molar absorption coefficients from 30,000 to 75,000 M'cm".
The emission maxima of the molecules were in the range of 520-525 nm with high quantum yield
(from 50 % to 72 %).

Figure 1II-13: Meso-substituted Bodipy.

The precursor is obtained in a classical « one-pot » synthesis approach involving acid catalyzed
condensation of 4-carboxybenzaldehyde and kryptopyrroles generating a dipyrromethane species
(Scheme II1-9).'***”7 The use of DDQ enables the oxidation of the resulting dipyrromethane to

dipyrromethene, which is then converted to Bodipy by action of a tertiary amine and BF;.OEt,.

HO; éo HO.__O
CHO
2eq. | A\ o \\ //
N TFA (cat) NH HN
H CH,Cl,

kryptopyrrole

Scheme I11-9

This key intermediate was converted to the corresponding N-hydroxysuccinimidyl ester 64 in
71% yield, upon reaction with NHS in the presence of EDCI in dichloromethane at room
temperature (Scheme I11-10).7°*”” Compound 64 is particularly stable and can be easily purified by
column chromatography on silica gel.
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2 eq. NHS, 2 eq. EDCI

S
CH2CI2, rt., 2 h

64
yield =71 %

Scheme I11-10

Compound 64 was analyzed by NMR spectroscopy in CDCl,. Well-resolved '"H NMR spectrum
of 64 shows a peak at around 2.92 ppm due to the CH, protons of the N-hydroxysuccinimidyl
moiety (Figure III-14). The ethyl group signals consist of a triplet at 0.97 ppm and a quartet at 2.27
ppm. The singlet at 1.26 ppm is attributed to the six protons of the methyl groups in position 1 and
7. The methyl groups in position 3 and 5 are affected by the presence of the nitrogen atom and

appear downshifted at 2.51 ppm.

CH3(1,7)

CH, (3, 5)
64 CH,CH,

CH,(NHS)
CHar CHar z CH,CH,

| L #u& b

” 4

=]
T T T T T T T T T T T T T I T T T T T T T T T
8,5 8 7,5 3 2,5 2 15 1

Figure I1I-14: '"H NMR spectrum of compound 64 (300 MHz, CDCl,, 300 K).

The subsequent coupling of the activated ester 64 with the building blocks in both series
AMD3100 and AMD3465 series yielded compounds 65 and 66 in 65 % and 47 % yield
respectively. Both compounds were isolated after column chromatography. It has to be noted that
65 and 66 are both soluble in various organic solvents (DMF, acetonitrile, dichloromethane) and

also in water. This behavior has been previously reported in Bodipy-DOTA derivatives.”
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H H
Q 1eq. 64 Q H o
AMD moiety N> NH2 AMD moiety NN
H CHZCN, r.t., 12 h H
H H

56 (AMD3100) 65 (AMD3100)  yield = 65 %
61 (AMD3465) 66 (AMD3465) yield = 47 %

Scheme I11-11

The NMR spectrum of compound 65 in CDCI, is reported in Figure III-15. The formation of
the desired compound was attested by the presence of a signal characteristic of an amide proton at

9.9 ppm. The aromatic signals were attributed with COSY {'H-'H} analysis.

A

1

l\lj/) l\|v_{)

0| o

|

LA I s B B B B
3 2,5 2 1,5

Figure 111-15: '"H NMR spectrum of compound 65 (300 MHz, CDCl,, 300 K).

It has been previously demonstrated that incorporation of metal ions such as Zn** and Ni** into
the cyclam rings led to the enhancement of the binding affinity to CXCR4. Thus, from the free

ligand 65 and 66 were prepared a series of transition metal complexes.
Compound 65 was labeled with Ni** and Zn** (Scheme III-12) by adding two equivalents of

metal salts. Both complexes were isolated in good yield and are water-soluble. The formation of the

resulting complexes 67 and 68 was attested by mass spectrometry.
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NH HN

2.2 eq. NiCl,
> Niy(65) 67 yield=95%

MeOH, H,0
50°C, 2 h

2.2 eq. Zn(OAc),(H50)5

Zn,(65) 68 yield =97 %
MeOH, 50 °C, 2 h

Scheme I11-12

As an example, the HR-MS spectrum of the biszinc complex in AMD3100 is reported in Figure
I1I-16. The spectrum exhibits a peak corresponding to the molecular ion [M-30Ac-H]**.
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Figure I1I-16: HR-MS spectrum of compound 68. Comparison between experimental spectrum and

theoretical spectrum (A(ppm) = 2.4).

We also prepared the Ni(II) complex in AMD3465 series from the free ligand 66. The addition
of 1.1 equivalent of Ni(NO;), in methanol resulted in the formation of the desired compound in 77

% yield (Scheme III-13). Compound 69 is also soluble in water.
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[mN] g mN] /
e~ [ ,Ni\2+
NH NVQ/\ 1.1 eq. Ni(NOs) NH \N\/O/\
N q. NI 3)2
l\) Kfo MeOQOH, 60 °C, 2 h v

69
yield =77 %

66

Scheme 111-13

To conclude, a fluorescent dye was successfully added on the AMD3100 and AMD3465
scaffolds. Five new systems, either metalated and non-metalated, were obtained in good yields and
are water-soluble, thus enabling the use of such agents for in vivo optical imaging. Photophysical
and biological studies are being currently investigated on each compound and the results will be of
great importance to validate the proof-of-concept of this project. The addition of a bulky group on
the AMD core can cause steric hindrance, resulting in diminution of the binding affinity and
specificity to the receptor. From the biological results, we will be able to tune the AMD scaffold to
get the system with the highest potential, by introducing a longer spacer or modifying the spacer

anchor point.

111.2.2 Introduction of a macrocyclic chelating agent

We then investigate the synthesis of new imaging agents for nuclear imaging applications by
introducing a chosen chelate on the building blocks. The general procedure giving access to these
new systems is reported in Figure III-17. We will first concentrate on the introduction of a
macrocyclic chelating agent (DOTA or NODAGA) on the building blocks previously prepared. In a
second part, we will present the strategy based on the protection of the cyclam rings with a chosen
metal to allow the selective radiolabeling of DOTA or NODAGA moiety.
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H / ' H .

H

Figure I1I-17: Protection of the AMD moiety by using a metal cation that enables selective

radiolabeling.

111.2.2.1 Choice of the radiochelate

We considered the synthesis of AMD3100 and AMD3465 analogues carrying a NODAGA
moiety that is adapted for Cu(Il) and Ga(Ill) and a DOTA moiety for In(IIl) chelation. We started
from the Boc protected building blocks (55 and 60) for synthetic purposes: after coupling, the
purification process will be easy by chromatography on normal phase.

1I1.2.2.1.1 Introduction of a NODAGA moiety

The addition of NODAGA-tris(‘Bu) in the presence of DIPEA and coupling agents on
compounds 55 and 60 resulted respectively in the formation of 70 and 71, which were easily
purified by chromatography on silicate. After deprotection of the Boc and ester groups in acidic

conditions, the corresponding tris-macrocycle 72 and bis-macrocycle 73 were isolated in 60 % and
42 % yield.
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Scheme I1I-14

1I1.2.2.1.2 Introduction of a DOTA moiety

The addition of one equivalent of DOTA-tris(‘Bu)ester NHS on 55 and 60 in the presence of a
base resulted in the formation of the expected tris- and bis-macrocycle, respectively 74 and 75
(Scheme III-15). Both compounds 74 and 75 were purified by flash chromatography on normal
phase and isolated in quite good yields. The deprotection of both Boc and ester groups in acidic

conditions gave access to compound 76 and 77.
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Scheme I1I-15

To observe the amide protons resonance, NMR analyses of compound 76 and 77 were
performed in DMSO. The resulting 'H NMR spectrum of compound 77 at 365 K is reported in
Figure III-19. The spectrum exhibits characteristic signals such as the multiplet around 2.2 ppm
corresponding to the CH,B. From 'H-'H COSY experiment, the signals at & = 8.57 ppm and & =
8.69 ppm were assigned to amide protons. The crosspeaks on the COSY spectrum indicates the
correlation between the amide protons and CH, protons. The corresponding spectrum also enabled
the assignments of phenyl and pyridine protons. The multiplet around 7.5 ppm is attributed to the
arylic protons and the protons of the pyridine moiety appear downfield.
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Figure I1I-18: '"H NMR spectrum of compound 77 (600 MHz, DMSO, 365 K).
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1I1.2.2.1.3 Introduction of a DOTAGA moiety

In the previous case, the attachment of the DOTA-fragment onto the building blocks has
involved one of the coordinating acetate pendant arms thereby leading to DOTA-monoamide units.
The transformation of one of the carboxylic acid group into a carboxamide can decrease the
stability of the complex. Thus, we decided to introduce a DOTAGA derivative on our building
blocks by using a convenient approach developed in our group based on the ring opening of the
anhydride function of the DOTAGA-anhydride."**'**'*® The regioselectivity of the reaction has been
previously elucidated and the reaction with amines or other nucleophilic agents a sole product
(Scheme 1I1-16)."*

%mU %ﬁjy\/\,( .

+  H.N-R
DMF, 75 °C

Scheme I1I-16: Selective ring opening of DOTAGA-anhydride

Compound 61 was reacted with DOTAGA-anhydride in DMF at 75 °C in the presence of NEt,
(Scheme III-17). After one day, we didn’t observe the formation of the expected compound,
probably because of the poor solubility of the anhydride species in the mixture. The addition of
DMSO enabled the obtention of compound 78. After purification by column chromatography on a

C18-reverse phase column, 78 was isolated in 7 % yield.

NH HN

9

\/O/\ N\/\ - N o O.. _OH
NH, [ j N Ve am
o o NH NVO/\ 0 N N
5 eq. NEt N (0] [

DMF, DMSO L N N
75°C, 2 d \/\N /A
>/"\ [ U © HO N0 OH

78

[ yield = 7 %
Lu “(

Scheme I11-17

The reaction conditions need to be optimized, however this approach is of great interest. Indeed
in comparison with other activated acid derivatives such as NHS esters, the formation of the amide
bond generates no side-products that need to be separated form the conjugate. Moreover, in this

case four acetate arms are available for metal chelation.
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1I1.22.14  Conclusion

Five new systems were synthesized in few steps from the AMD-based precursors. The building
blocks developed in the laboratory offer a convenient and attractive approach to generate various

imaging agents for radiometal chelation.

111.2.2.2 Protection of the cyclam rings

It has been previously demonstrated that incorporation of metal ions such as Zn**, Cu** and Ni**
into the cyclam rings led to the enhancement of the binding affinity to CXCR4. Taking this
advantage, we considered the protection of the cyclam rings by using such ions (Figure I1I-20). The
choice of the metal is of great importance to prevent any transchelation or transmetalation

phenomena in intramolecular or intermolecular level during synthesis or radiolabeling.

transchelation /\/H A
N ~ \
// " g O

H

(0]
H
e N _—
transmetalation @” \»; g

Figure I1I-20: Transchelation and transmetalation phenomena that can occur during the labeling and

radiolabeling processes.

278

Ni**-cyclam complexes are known to be particularly inert,”® the complexes persisting almost

indefinitely even in strongly acidic solutions.”””** The only reported method to remove Ni** from
cyclam ring uses extremely drastic conditions involving cyanide at high temperature.”””*'*** A
heterodimetallic platform containing a tripodal tetraamine subunit and a cyclam subunit covalently
linked through nitrogen atoms by a 14-xylyl spacer was reported by Amendola et al (Figure
I11-21).”7*** The addition of one equivalent of Ni** on ligand A resulted in the sole labeling of the
cyclam ring. The resulting complex was then reacted with copper(Il) at room temperature. Even if
Cu™ gives with cyclam a more stable complex than Ni**, the inertness imparted by the ligand

prevented metal replacement.
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. [ ] NH,

Figure I1I-21: Heterodimetalic platform obtained by successive labeling of ligand A with Ni(Il) and
Cu(II).”"®

This previous work prompted us to investigate the synthesis of a heterotrimetalic complex
based on AMD3100 (Figure II1-22). We first tried to introduce Ni(Il) selectively in the cyclam

rings.

NH HN

Figure I11-22

First attempts of complexation with Ni** were performed on compound 72 (Scheme III-18).
Two equivalents of NiCl, were added on a solution of 72 in methanol. The mixture was heated at 40
°C during 30 min. The analysis of the mass spectrum of the crude indicated the coexistence of the
mono-, bis- and tris-nickel complexes in solution that we were not able to separate. The reaction
being non selective towards cyclam rings metalation, we decided to prepare deliberately the tris-
nickel species by adding 3 equivalents of NiCl,.
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NH HN 2 eq. NiCl,
MeOH, 40 °C, 30 min

/
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N
0 NJ
kfo
_0
Scheme I11-18

The formation of compound 79 was attested by mass spectrometry. The HR-MS spectrum of 79

is represented in Figure I11-23 and demonstrated the presence of the [M-3CI]** species.
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Figure II1-23: HR-MS spectrum of compound 79. Comparison between experimental spectrum and

theoretical spectrum.

We tried to selectively remove Ni from the NOTA moiety by using acid at different
concentrations varying the temperature, but it only resulted in the rupture of the amide bonds. The
complexes were particularly inert towards demetalation by strong acids. Moreover, the addition of
Cu(NO,), in the mixture didn’t yield any transmetalation phenomenon as attested by mass
spectrometry indicating that both Ni(II)-cyclam and Ni(I)-NOTA complexes are particularly inert.

As it is impossible to selectively label the cyclam rings in the presence of a NODAGA moiety,

we decided to introduce Ni** directly on the building block 56 and to further functionalize the
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resulting complex with the third macrocycle. Thus, two equivalents of NiCl, were added on a
solution of compound 56 in methanol at 60 °C during one hour (Scheme III-19). The resulting
complex 80 was isolated in 75 % yield after purification by flash chromatography on reverse phase.

This purification step is of great importance to remove any trace of free Ni(Il) in the product.

NH HN NH HN

[ j 2 eq. NiCl, [ *Ni2+]
—_— e

NH N mN MeOH, 60 °C, 1 h NH N mN
~ vog?w HNj - vog?"‘”h‘:’:‘]
—_— &N

HoN H,N ,4Cl

56 80
yield =75 %

Scheme I11-19

Compound 80 was then engaged in a coupling reaction with NODAGA-NHS (Scheme I11-20).
The deprotonation of the primary amine was ensured by a large excess of base. Such coupling
reaction generates NHS as by-products, and we were able to purify the desired compound 81 by

using a steric exclusion column.

NH HN

HO A

TQNJI% °

[ \Ni2+] ~ K@O O)/')b [Ni;N‘f;l] N
G AT
vﬁ e ) - : [N@Nj

NH HN

O 8 eq. NEtg, NH
nH o NHHN DMF, rt., 12'h g
,4Cr HN o , Cr
80 HoN 81
yield = 82 % O O-
o LT

Scheme I11-20

The HR-MS spectrum of 81 is represented in Figure 1II-24 and the peak at m/z = 530.75 was
identified as the molecular specie [M+H-CI]** showing the formation of the expected compound as
the sole product. The mass spectrum indicated that there was no trace of mono- and tris-nickel
species. These data demonstrated that nickel atoms are still included in the cyclam rings. Indeed, if
a transchelation phenomenon from cyclam to NODAGA occurred in solution, we should observe

the coexistence of mono-, bis- and tris-nickel species.
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Figure I1I-24: HR-MS spectrum of compound 81. Comparison between experimental spectrum and

theoretical spectrum.

We then tried to introduce copper selectively in the NODAGA ring. Ten equivalents of
Cu(NO,), were added to compound 81 in MeOH and the resulting mixture was heated at 60 °C
during 15 min (Scheme III-21). The formation of a complex containing one copper and two nickel
atoms was attested by the presence of the molecular ion [M-3(NO,)-H]* peak at 560.21 in the mass
spectrum (Figure III-25). Even though a large excess of copper was used, we didn’t observe the
formation of species with two or three copper atoms, indicating that Ni-cyclam complexes were

inert towards transmetalation.

[N\H HN NH HN
‘Ni2+] [ ‘N'i2+]
NH N QN NN N HN
[ i+ 10 eq. Cu(NOg), K) [ AR
/ N - z N
0 SNH NH HN MeOH, 60 °C, 15 min ¢ SNH NH HN
HN cl HN »3NOg
o o)
81 82
O ©- yield = 93 % OO
~J ~J
_0 0 Y

Scheme I11-21

141



Chapter I11

561.20868

561.70959
562.20715

L 562.70795
— '563.20569

100
803 Experimental
spectrum
60—

40—

560.17743

— 559.17896

=
——560.21021
| S—

20—

F_._

(@]
-

Theoretical
spectra

561.20711

100

560.20833

80
60

562.20602

562.70662

CyeH79CUN;3Ni, O
40
20

563.20510

~ 563.70549
r 564.20430

Relative Abundance
' 564.70467

—

562.70545
563.70462

564.70389

!
565.20458

566.20209

Ca6H79CU,N13NiOg

565.70331
+ 566.20368
566.70283
567.20319

N
o O

118
—

b

-
o
o

8
feoeboepntena el

565.20258

567.20184

567.70268

IS
-

)]
o

CaeH79CU3N, 304

»
S
568.20206

7, 568.70249

N
o
569.20340

il

Figure I1I-25: HR-MS spectrum of compound 82. Comparison between experimental spectrum and

(@]

4]
N

2! T
560 565
m/z

(0]

theoretical spectra of trimetallic complexes.

First attempts of metalation are encouraging, however some UV and EPR analyses are being

currently investigated in our group to gain further insight into the location of Cu(Il) in the molecule.

The same strategy can be applied in AMD3465 series and the synthesis of metalated derivatives
of AMD3465 series is part of an undergoing PhD work.
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II1.3 Conclusion

The objective of this thesis work was to develop new imaging agents for targeting CXCR4
based on AMDs scaffolds. The access towards these agents has first required the preparation of
original building blocks in AMD3100 and AMD3465 series.

The conjugation of such platforms onto a chosen probe enabled the synthesis of various
imaging agents. The advantage of this approach is the possibility to introduce at this stage any kind
of probes, such as a fluorescent dye or a macrocyclic system. Several systems carrying a Bodipy
dye were prepared and their solubility in water ensure their use for in vivo optical applications.
Regarding the introduction of macrocyclic chelates, it has been demonstrated in AMD3100 series
that the order of moieties incorporation is essential to synthesis success. Indeed, metalation of the
building blocks prior to introduction of the macrocycle enabled the protection of the cyclam rings
and as such allowed the selective radiolabeling of the NODAGA moiety. Further studies are being
currently undertaken to ensure that no transmetalation or transchelation phenomena occur in the

heterotrimetallic complex.

There are several areas where we need to extend this thesis work. The steric hindrance caused
by the probe can result in diminution of the binding affinity and loss of specificity for the receptor.
Thus, biological results will be essential to determine the efficiency of our systems. We can tune the
AMDs scaffolds to optimize the efficiency by modifying the spacer length or the spacer anchor
point. Thus, we can consider the introduction of the spacer either on a carbon atom of a cyclam ring

or of the pyridine moiety (Figure III-26).
R
R
[@N] [QNJ 9 [mN] 7
_ AN

NH HN

R

R= —. Probe

Figure II1-26: Tuning of the AMDs scaffolds.

The incorporation of others probes can also be considered. For example, addition of a
prosthetic group for '°F labeling is being currently undertaken in our group. A second generation of
imaging agents can be also generated by combining on the same molecule a fluorescent dye and a
radioisotope. The resulting systems would be capable of simultaneous optical imaging and PET or
SPECT scintigraphy.
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Conclusion

The increasing knowledge in molecular biology has led to the identification of several cancer
biomarkers. Among them, CXCR4 has been considered as a potential target for in vivo molecular
imaging and/or therapeutic purposes. The validation and potential of interest of such target have
been intensively studied, and the identification and design of high-affinity antagonists have been -

and remains - an area of intense research.

The objective of this thesis work was to develop CXCR4-targeted tools to localize and treat
cancer at an early stage. In this line, we investigated the synthesis of new target-specific
radiopharmaceuticals. The work focused on two main axes, i.e. the chelating agent and the carrier,
by using the know-how and the expertise of our group in polyazacycloalkanes synthesis and

functionalization.

Thus, we developed new macrocyclic scaffolds that provide versatile platforms to the obtention
of new bifunctional chelating agents adapted for copper and gallium chelation. Several parameters
were tuned such as the cavity size of the chelate and the coordinating arms to ensure the stability of
the resulting complexes. By varying the grafting function, we were able to create a wide library of
potential BFCAs suitable for conjugation purposes. Moreover, such scaffolds could be easily

modified to adjust the in vivo behavior and pharmacokinetics of the future imaging agents.

Simultaneously, we worked on CXCR4-specific carriers. By using well-known CXCR4
antagonists, i.e. AMD3100 and AMD3465, we investigated the synthesis of new platforms that
enabled the introduction of various chelates. The method was also extended towards optical
imaging applications and the resulting fluorescent compounds are valuable tools for preclinical
studies. There is no such an easy task that one can simply attach a tag onto the selected targeting
vector without significantly changing its receptor binding affinity and biodistribution
characteristics. Biological studies will be determinant to validate the proof-of-concept of our

project.

To conclude, developing new generation of target-specific imaging agents aims at satisfying
the unmet medical need for early detection of diseases or radiotherapy of cancers. The less obvious
role, then, becomes imaging’s involvement in the discovery process. While perhaps less obvious, it
is also potentially the point of greatest impact on any drug discovery program that is establishing
the validity and relevance of novel biological targets. So, non-invasive imaging represents a unique
powerful method of establishing the validity of novel therapeutic intervention. In this context,
theragnostic radiopharmaceuticals have the power to drive advances in personalized medicine that
will offer better-targeted diagnosis and treatments. Using this approach, it would be possible to
envision a future where treatments are tailored to individual patients’ specific disease parameters
and where imaging data could be analyzed in real-time and in advance to predict likely

effectiveness of therapy.
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I. Instrumentation

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

NMR spectra were recorded on a Bruker 300, 500 or 600 spectrometer (300 MHz, 500 MHz or
600 MHz for 'H; 75 MHz, 125 MHz or 150 MHz for "*C). All chemical shifts were referenced to
the solvent peak. The following abbreviations are used: s: singlet, d: doublet, t: triplet, q: quartet, m:

multiplet, bs: broad signal.

MASS SPECTROMETRY

Mass spectra were obtained by MALDI-TOF (Matrix Assisted Laser Desorption Ionization -
Time Of Flight) with a Bruker DALTONICS Ultraflex II spectrometer.

Electrospray mass measurements were carried out using a Bruker microTOF-Q™ ESI-TOF
(ElectroSpray Ionization - Time Of Flight) mass spectrometer and a THERMO LTQ Orbitrap XL
mass spectrometer coupled with an HPLC Ultimate 3000 DIONEX.

ELEMENTAL ANALYSIS
Elemental analyses were performed with a Fisons EA CHNS instrument.

UV-VISIBLE SPECTROSCOPY
Absorption spectra were recorded on a JASCO Bio-spectrophotometer UV-Vis V-630Bio.

INFRARED SPECTROSCOPY
InfraRed spectra were recorded on a Bruker vector 22 in ATR mode and with a Bruker IFS 66v

with 1 % sample mixed with potassium bromide.

CHROMATOGRAPHIC TECHNIQUES

Flash Chromatography was performed using the Automatic Reveleris® Flash Chromatography
System (GRACE) equipped with a multiple channel detection (UV (254 nm and/or 215 nm) and
ELSD (Evaporative Light Scattering Detection)). Reveleris® 4, 12, 24 g Silica Flash Cartridges and
Reveleris® C18 RP 4, 12, 40, 80 g Cartridges were used for normal and reversed phase silica gel

chromatography respectively.

REAGENTS AND SOLVENTS

All commercially available reagents (Fluka, Aldrich, Acros) were used without any further
purification, except for ethylenediamine which was first distilled. TriBoccyclam, NODA-GA-tris
(tBu), DOTA-tris(tBu) ester NHS and DOTA-GA anhydride were obtained from CheMatech® and

used without further purification. Technical solvents were used without any purification.
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X-RAY DIFFRACTION

Diffraction data were collected on a Nonius Kappa Apex-II or Nonius Kappa CCD
diffractometer equipped with a nitrogen jet stream low-temperature system (Oxford Cryosystems).
The X-ray source was graphite-monochromated Mo-K, radiation (A = 0.71073 A) from a sealed tube.
The lattice parameters were obtained by least-squares fit to the optimized setting angles of the entire
set of collected reflections. No significant temperature drift was observed during the data
collections. Data were reduced by using DENZO>* software, with applying multi-scan absorption
corrections.” The structure was solved by direct methods using the SIR92** program. Refinements

were carried out by full-matrix least-squares on F° using the SHELXL97>*"2*

program on the complete
set of reflections. Anisotropic thermal parameters were used for non-hydrogen atoms. All H atoms,
on carbon atom, were placed at calculated positions using a riding model with C-H = 0.95 A
(aromatic), C-H = 0.99A (methylene) or 0.98 A (methyl) with U, (H) = 1.2U,(CH), U, (H) =
1.2U.(CH,) or U (H) = 1.5U,,(CH;). Hydrogen atoms, in water molecules or hydroxyl group from
methanol were found on the difference Fourier maps. The different pictures of X-Ray diffraction

were generated by ORTEP III and Mercury programs
COMPUTATIONAL METHOD

Structures of 1, 2a-h and 7 were computed by using hybrid density functional theory (B3LYP)

and the 6-31G** basic set, as implemented in Jaguar 5.5, release 16.5.
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II. Experimental part Chapter II

1 cis-decahydro-1H-2a,4a,7a,9a-tetraazacyclopenta[cd]phenalene-2-carbonitrile

N H N N H N

C j[ JIS i ) CoHN;
N N N N
ﬂ( \i/,’ M = 233.31 g.mol

CN CN
1 1'

A solution of 40 % glyoxal in water (169.5 g, 1.17 mol) in ethanol (0.7 L) was added to a
solution of N,N-bis(aminoethyl)propane-1,3-diamine (187.2 g, 1.17 mol) in ethanol (2 L) at O °C.
After stirring at this temperature for 2 h, the solvent was evaporated and the colorless oil was
dissolved in ethanol (300 mL) and acetonitrile (3.8 L). 139.3 g of benzotriazole (1.17 mol, 1
equivalent) and 161.7 g of K,CO; (1.17 mol, 1 eq.) were added. A solution of 50 %
chloroacetaldehyde in water (183.7 g, 1.17 mol, 1 equivalent) was slowly added at 0 °C and the
resulting mixture was stirred for 2 h. 49.0 g of NaCN (1.17 mol, 1 equivalent) were then added. The
mixture was stirred overnight at room temperature. The solution was filtered on celite and the solid
was washed with acetonitrile (500 mL). The filtrate was evaporated, and the resulting solid was
taken in 1 L of dichloromethane. After filtration, the organic phase was washed with a 3 M solution
of sodium hydroxide (2*600 mL), dried over MgSO, and the solvent was evaporated. The residual
brown solid was purified by aluminium oxide chromatography (eluent: CH,Cl,) to give a mixture of
1 and 1’ as a white powder (m = 114.5 g, yield =42 %, Mp: 71 +/-2 °C).

1 and 1’ ESI-MS: m/z =234.17 [M+H]".

HRMS-ESI: m/z = calculated for C,H,(Ns+H: 234.1713 obtained 234.1718.

The diastereoisomer 1 was recrystallized in cyclohexane.

'H NMR (600 MHz, D,0, 300 K) § (ppm): 1.20-1.25 (m, 1H), 2.08-3.52 (m, 17H), 3.95-3.97 (m,
1H).

C{'H} NMR (150 MHz, CDCl,, 250 K) 8 (ppm): 19.8 (CH,B), 44.9, 46.2,49.0, 49.5, 52.0, 52.8,
54.8 (CH,),57.5 (CH),75.2,75.4 (NCN), 117.3 (CN).

Elemental analysis: C,,H,,N5. Calculated: C (61.77 %), H (8.21 %), N (30.02 %). Obtained:
C (61.80 %), H (8.31 %), N (29.64 %).
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2 cis-9a-benzyl-2-cyanododecahydro-2a,4a,7a,9a-tetraazacyclopentafcd [phenalen-9a-ium bromide
a

C,H,¢BrN;

b
|
()
h N jN C
g[+|;I: ] -1
NN d Br- M = 403.35 g.mol
\__<e
m
f_ CN

146 mg of benzyl bromide (0.85 mmol) were added to a solution of 1 (200 mg, 0.85 mmol) in
acetonitrile (3 mL). After 24 h, the resulting precipitate was filtered, washed with 30 mL of CH,CN
and recrystallized in methanol to give 2 as a white powder (m = 290 mg, yield = 85 %, Mp
(decomposition): 190 +/- 1 °C).

'H NMR (600 MHz, D,0, 300 K) & (ppm): 1.53-1.55 (m, 1H, C*H,), 2.18-2.26 (m, 1H, C*H,), 2.60-
2.65 (m, 1H, CH,), 2.69-2.73 (m, 1H, C°*H,), 2.75-2.81 (m, 1H, C*H,), 2.90-2.95 (m, 1H, C'H,),
3.08-3.16 (m, 4H, C"H,, C'H,, C°H,, C°H,), 3.29-3.32 (m, 1H, C°H,), 3.49-3.54 (m, 1H, C°*H,), 3.65-
370 (m, 1H, C2H,), 3.72-3.78 (m, 1H, C:H,), 4.00-4.08 (m, 2H, C*H, C'H,), 4.25-4.26 (m, 1H,
C'H), 4.48 (dd, 1H, 2J = 13.4 Hz, *J = 3.3 Hz, C'H,), 4.90 (dd, 1H, 2J = 8.3 Hz, *J = 3.3 Hz, C°H),
498 (d, 1H,% = 13.4 Hz, C"H,), 5.02 (d, 1H, 2J = 13.4 Hz, C"H,), 7.59-7.68 (m, 5H, CHar).

BC{'H} NMR (150 MHz, D,0, 300 K) & (ppm): 18.6 (C*H,), 42.2 (C%), 46.3 (C°H,), 46.9 (C"H,),
50.1 (C°*H), 51.4 (C’H,), 53.4 (CH,), 57.6 (CtH,), 61.6 (C"H,), 62.8 (C'H,), 70.6 (C'H,), 78.8
(C*H,), 114.0 (C'N), 126.0 (CHar), 129.9 (*2) (CHar), 131.5 (Car), 132.7 (*2) (CHar).

ESI-MS: m/z = 32422 [M-Br]".
HRMS-ESI: m/z = calculated for C,,H,(Ns: 324.2182 obtained 324.2179.

Elemental analysis: C,,H,,BrN;. Calculated C (56.44 %), H (6.48 %), N (17.32 %). Obtained:
C(56.12 %),H (6.43 %),N (17.16 %).

3 cis-4a,9a-dibenzyl-2-cyanododecahydro-1H-2a,4a,7a,9a-tetraazacyclopenta[cd [phenalene-

N N
[ ¥ j\© CyHy;Br,N;

+ _ -1

Q\/N N M = 57538 g.mol

4.4 g of benzyl bromide (25.7 mmol) were added to a solution of 1 (600 mg, 2.57 mmol) in

4a,9a-diium bromide

acetonitrile (9 mL). The solution was stirred at room temperature during 10 days. The precipitate,
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which was formed during the reaction was filtered, washed with 30 mL of CH,CN and
recrystallized in water to give 3 as a white solid (m = 1.12 g, yield = 76 %, Mp (decomposition):
120 +/- 1 °C).

'H NMR (300 MHz, D,0, 300 K) 8§ (ppm): 1.80-1.95 (m, 1H), 2.18-2.34 (m, 1H), 2.66-2.83 (m,
1H), 3.10-3.30 (m, 2H), 3.34-3.57 (m, 4H), 3.66-3.96 (m, 4H), 4.08-4.20 (m, 1H), 4.53-4.67 (m,
2H), 4.72-4.73 (m, 1H), 4.89-5.03 (m, 2H), 5.05-5.24 (m, 3H), 5.41-5.44 (m, 1H), 7.52-7.69 (m,
10H).

BC{'H} NMR (75 MHz, D,0, 300 K) & (ppm): 21.0 (CH,f), 42.8, 49.0, 49.7 (CH,), 50.5 (CH),
532,550,634, 637,638, 65.1 (CH,), 77.5, 80.6 (NCN), 116.8 (CN), 127.1, 127.8 (Car), 132.1
(*2), 132.4 (*2) (CHar), 134.0, 1342 (Car), 134.8 (*2), 135.8 (*2) (CHar).

ESI-MS: m/z = 414.12 [M-2Br-H]",496.19 [M-Br]".
HRMS-ESI: m/z = calculated for C,;H;;Ns-H: 414.2652 obtained 414.2650.

Elemental analysis for C,sH4;Br,Ns*3H,03CH,OH. Calculated: C (49.03 %), H (6.55 %), N (10.59
%). Obtained: C (49.37 %), H (6.42 %), N (11.08 %).

4 2-((3a'R,9aS)-1-benzylhexahydro-1H-1,3a,6a,9-tetraazaphenalen-9(3a' H 4H,9aH)-
yl)acrylonitrile

CoHysN;

N b N
QVEN:IHiNj M = 323.44 g.mol’
/I\CN

280 mg (7.42 mmol) of NaBH, were added to a suspension of 2 (200 mg, 0.495 mmol) in
SmL of ethanol/water (95:5). The solution was stirred at 0 °C overnight. The solvent was
evaporated to give a white solid. CH,Cl, was added (10 mL) and the insoluble salts were removed
by filtration. The solvent was evaporated to give 4 as a colorless oil (m = 152 mg, yield =95 %, Mp
(decomposition): 85 +/- 1 °C).

'"H NMR (600 MHz, CDCl,, 220 K) & (ppm): 1.21 (m, 1H, CH,B), 2.06-2.30 (m, 5H), 2.61-2.67 (m,
2H), 2.74-2.80 (m, 2H), 2.86-2.98 (m, 2H), 3.18-3.19 (m, 1H, N-CH-N), 3.20-3.33 (m, 2H), 3.61-
3.71 (m, 1H), 3.84-3.86 (m, 1H, N-CH-N), 4.05 (m, 1H), 4.57 (d, 1H, C=CH,, % = 2.1 Hz), 4.71 (d,
1H, C=CH,,”J = 2.1 Hz), 7.14-7.33 (m, 5H, CHar).

“C{'H} NMR (150 MHz, CDCl,, 220 K) 8(ppm): 19.3 (CH,p), 40.9, 44.5, 50.7, 51.8, 52.2, 56 4,
56.8 (CH,),74.1,75.9 (NCN), 99.2 (C=CH,), 116.1 (CN), 127.1 (C=CH,), 127.2 (CHar), 128.5 (*2)
(CHar), 129.5 (*2) (CHar), 137.5 (Car).
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ESI-MS: m/z = 32422 [M+H]".
HRMS-ESI: m/z = calculated for C,H,;Ns+H: 324.2182, obtained 324.2177.

IR v (cm™): 1582 (C=C), 2230 (CN).

6 bisaminal-glyoxal-(1,4,7,10-tetraazacyclotridecan-5-yl)methanamine

N H N
[ j[ ) CoHyN,
N H N

M = 237.34 g.mol’!

NH,

A solution of 1 (90.2 g, 0.39 mmol) in dry THF (300 mL) was slowly added to a suspension
of 15.3 g of LiAIH, (0.43 mol, 1.1 equivalent) in THF (1 L) under nitrogen at -78 °C. The resulting
mixture was stirred overnight. Water was carefully added at -78 °C in order to neutralize the excess
of LiAlH,. After evaporation of the solvent, CHCl, was added (2*500 mL) and insoluble impurities

were eliminated by filtration. Pure 6 was obtained as a colorless oil (m =74.1 g, yield = 80 %).

'"H NMR (300 MHz, CDCl,, 300 K) 8 (ppm): 1.01-1.27 (m, 3H), 1.49-1.57 (m, 1H), 1.94-2.17 (m,
4H), 2.22-2.55 (m, 5H), 2.63-2.68 (m, 6H), 2.89-2.98 (m, 1H), 3.15-3.19 (m, 1H), 3.22-3.32 (m,
2H).

C{'H} NMR (75 MHz, CDCl,, 300 K) 8(ppm): 20.2 (CH,B), 45.8, 46.0, 504, 51.5, 52.4, 53.3,
55.2 (*2) (CH,), 67.6 (CH), 75.8,76 .4 (NCN).

MALDI-TOF: m/z = 235.19 [M-2H]".

HRMS-ESI: m/z = calculated for C,,H,;Ns+Na: 260.1846, obtained: 260.1834.

7 bisaminal- glyoxal tert-butyl((1,4,7,10-tetraazacyclotridecan-5-yl)methyl)carbamate

[ :I: j C17H31N502
N 0 M = 337.46 g.mol"
NH >T

A solution of Boc,0O (84.4 g, 0.39 mol) in CH,Cl, (3 L) was slowly added to a solution of 6
(m =91.8 g,0.39 mol) in CH,Cl, (0.9 L). The solution was stirred overnight at room temperature.
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After evaporation of the solvent, the residual oil was purified by aluminium oxide chromatography
(eluent: CH,Cl,) to give 7 as a yellow oil (m = 105.2 g, yield = 80 %).

'"H NMR (500 MHz, CDCl,, 300 K) 8(ppm): 1.18-1.24 (m, 1H, CH,B), 1.40 (s, 9H, CH,), 1.62-1.72
(m, 1H), 1.98-2.28 (m, 4H), 2.36-2.42 (m, 1H), 2.50-2.57 (m, 1H), 2.58-2.62 (m, 1H), 2.77-2.84 (m,
1H), 2.80 (d, 1H, *J = 2.5 Hz, N-CH-N), 2.86-3.01 (m, 5H), 3.02-3.09 (m, 1H), 3.10-3.20 (m, 1H),
3.27 (d, 1H, *J = 2.5 Hz, N-CH-N), 3.33-3.43 (m, 2H), 5.00 (bs, 1H, NHC=0).

BC{'H} NMR (125 MHz, CDCL,, 300 K) 8(ppm): 20.3 (CH,P), 28.6 (*3) (CH,), 43.9, 45.9, 504,
51.3,52.5,53.4,54.7,553 (CH,), 64.4 (CH), 76.3, 76.4 (NCN), 79.3 (C), 156 2 (C=0).

ESI-MS: m/z = 338.25 [M+H]*, 360.23 [M+Na]".

HRMS-ESI: m/z = calculated for C,,H;,N;O,+H: 338.2551 obtained 338.2553.

8 cis-9a-benzyl-2-(((tert-butoxycarbonyl)amino)methyl)dodecahydro-2a,4a,7a,9a-tetraazacyclo

pentafcd ]phenalen -9a-ium bromide

B
[ :Ii ] " :Ii C,,H3BIN,O,

M = 508.49 g.mol’’
NH 7< NH 7<

8 8'

30.8 g of benzyl bromide (0.18 mol) were added to a solution of 7 (62.1 g, 0.18 mol) in
toluene (615 mL). The solution was stirred at room temperature during 5 days. The precipitate
which was formed during the reaction was filtered, washed with 300 mL of toluene and 300 mL of

ether to give a mixture of 8 and 8’ as a white solid (m = 86.0 g, yield = 94 %).
ESI-MS: m/z = 428.32 [M-Br]".

HRMS-ESI: m/z = calculated for C,,;H;,N;O,: 428.3020 obtained 428.3013.

The regioisomers 8 and 8’ can be separated by recrystallization in acetonitrile.
Compound 8
Mp (decomposition): 146 +/- 2 °C.
'H NMR (300 MHz, D,0, 300 K) & (ppm): 1.49 (s, 9H, CH,), 1.52-1.56 (m, 1H, CH,p), 2.18-2.32

(m, 1H), 2.58-2.68 (m, 2H), 2.86-2.97 (m, 2H), 3.05-3.87 (m, 13H), 4.11-4.12 (m, 1H), 4.19 (s,

157



Experimental section

1H), 4.72 (d, 1H, *J = 13.2 Hz, CH,Ph), 5.04 (d, 1H, *J = 13.2 Hz, CH,Ph), 7.60-7.62 (m, 5H,
CHar).

BC{'H} NMR (75 MHz, D,0, 300 K) 8(ppm): 18.6 (CH,B), 27.7 (*3) (CH,), 39.1,42.9,43.8,46.5,
51.3,53.3,53.9 (CH,), 54.6 (CH), 61.1, 63.2 (CH,), 70.8,79.6 (NCN), 81.6 (C), 126.3 (Car), 129.6
(¥2), 1312, 132.5 (*2) (CHar), 158.1 (C=0).

Compound 8’
Mp (decomposition): 151 +/- 2 °C.

'"H NMR (300 MHz, D,0, 300 K) 8(ppm): 1.49 (s, 9H, CH,), 1.84-1.90 (m, 1H, CH,B), 2.13-2.30
(m, 2H), 2.38-2.47 (m, 1H), 2.50-2.60 (m, 1H), 2.81-2.85 (m, 1H), 2.92-3.47 (m, 10H), 3.58-3.72
(m, 2H), 4.10-4.14 (m, 3H), 4.76 (d, 1H, J = 13.3 Hz, CH,Ph), 5.11 (d, 1H, 3J = 13.3 Hz, CH,Ph),
7.59-7.68 (m, 5H, CHar).

BC{'H} NMR (150 MHz, D,0, 300 K) 8(ppm): 18.4 (CH,B), 27.2 (*3) (CH,), 42.4, 43.0, 47.7,
49.6,50.6,52.0,52.1,59.4, 62.7 (CH,), 63.2 (CH), 68.7 (NCN), 80.8 (C), 81.4 (NCN), 125.1 (Car),
128.9 (*2), 130.7, 132.9 (*2) (CHar), 157.8 (C=0).

9 cis-4a,9a-dibenzyl-2-(((tert-butoxycarbonyl)amino)methyl)dodecahydro-1H-2a,4a,7a,9a-

tetraazacyclopenta[cd|phenalene-4a,9a-diium bromide

e
@\E i+ j C;,H,;sBr,N;O,

+

N\iNkow 2 Br- M = 679.53 g.mol’!

34.6 g of benzyl bromide (0.20 mol) were added to a solution of 7 (6.8 g, 20.3 mmol) in
acetonitrile (200 mL) and water (10 mL). The solution was stirred at room temperature during 7
days. The precipitate formed during the reaction was filtered, washed with 150 mL of acetonitrile
and 150 mL of ether to give compound 9 as a white solid (m =4.98 g, yield = 95 %, Mp: 123 +/- 1
°C).

'H NMR (300 MHz, D,0, 300 K) & (ppm): 1.32 (s, 9H, CH,), 1.83-1.90 (m, 1H, CH,p), 2.21-2.26
(m, 1H, CH,p), 2.68-2.77 (m, 1H), 3.10-4.00 (m, 16H), 4.26-4.35 (m, 1H), 4.57-4.60 (m, 1H), 4.76-
4.84 (m, 2H), 4.93-5.04 (m, 2H), 7.53-7.63 (m, 10H, CHar).

BC{'H} NMR (125 MHz, D,0, 300 K) 8(ppm): 18.6 (CH,P), 27.6 (*3) (CH,), 39.1, 39.8, 46.1,
475,50.7,51.7 (CH,), 55.7 (CH), 60.5, 60.6, 62.2, 62.8 (CH,), 75.1, 78.5 (NCN), 81.7 (C), 12428,
125.7 (Car), 129.5 (¥2), 129.8 (*2) 1314, 131.6, 132.4 (*2), 133.3 (*2) (CHar), 157.9 (C=0).
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ESI-MS: m/z = [M-2Br]*.

HRMS-ESI: m/z = calculated for C;,H,sN;O,: 259.6781 obtained 259.6780.

10 tert-butyl ((4-benzyl-1,4,7,11-tetraazabicyclo[9.2 .2 [pentadecan-2-yl)methyl)carbamate
\_K\ >‘O
NH 7(

8.75 g (0.23 mol) of NaBH, were added to a solution of 8 (11.76 g, 23.12 mmol) in 300 mL of
ethanol. The solution was stirred at room temperature overnight. The solvent was evaporated to give
a white solid. CH,Cl, was added (500 mL) and the insoluble salts were removed by filtration. After
evaporation of the solvent, the residue was washed with 10 mL of a 3 M NaOH solution. After
extraction with chloroform (2*200 mL), the organic phase was dried over MgSO,. The solvent was
then evaporated, the resulting oil was purified by aluminium oxide chromatography (eluent:
CH,Cl1,/MeOH: 85/15) and the compound 10 was obtained as a colorless oil (m = 8.09 g, yield = 81
%).

C24H41N502
M =431.61 g.mol’

N [N]O

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 1.43 (m, 9H, CH,), 1.61-1.75 (m, 2H, CH,p), 2.32-
3.08 (m, 21H), 349 (d, 1H, J = 13.8 Hz, CH,Ph), 3.55-3.65 (m, 1H), 3.80 (d, 1H, J = 13.8 Hz,
CH,Ph), 4.98 (s, IH, NHC=0), 7.21-7.33 (m, SH, CHar).

C{'H} NMR (75 MHz, CDCl,, 300 K) 8(ppm): 26.0 (CH,B), 28.6 (*3) (CH,), 40.7, 41.2, 48.6,
49.8,49.9, 50.7, 51.3, 54.8, 554, 56.3, 58.8 (CH,), 59.1 (CH), 79.3 (C), 1274, 1284 (*2), 129.8
(*2) (CHar), 136.3 (Car), 156.1 (C=0).

ESI-MS: m/z = 432.35 [M+H]", 454.32 [M+Na]".

HRMS-ESI: m/z = calculated for C,,H,,N;O,+H: 432.3333 obtained 432.3315.
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11 tert-butyl ((4,11-dibenzyl-14,8,11-tetraazabicyclo[6.5.2 [pentadecan-13-yl)methyl)carbamate

e
©\E 1 ] C31H47N502
N N O M = 521.74 g.mol’

2.32 g (61.2 mmol) of NaBH, were added to a solution of 9 (8.32 g, 12.2 mmol) in 120 mL of
ethanol. The solution was stirred at room temperature overnight. The solvent was evaporated to give
a white solid. CH,Cl, was added (300 mL) and the insoluble salts were removed by filtration. After
evaporation of the solvent, the residue was washed with 20 mL of a 3 M NaOH solution, extracted
with chloroform (2*100mL) and dried over MgSO,. After evaporation of the solvent, the residual
oil was purified by aluminium oxide chromatography (eluent: CH,Cl,/MeOH: 90/10) to give 11 as a
yellow oil (m = 6.36 g, yield =79 %).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 1.39 (s, 9H, CH,), 1.47-1.57 (m, 1H, CH,f), 1.87-2.02
(m, 2H), 2.20-2.32 (m, 2H), 2.47-2.76 (m, 5H), 2.87-3.35 (m, 13H), 3.78-4.04 (m, 4H, (CH,Ph),
5.27-5.34 (m, 1H, NHC=0), 7.18-7.25 (m, 10H, CHar), 11.15 (bs, 1H, N*H).

BC{'H} NMR (150 MHz, CDCl,, 300 K) & (ppm): 21.8 (CH,B), 28.7 (*3) (CH,), 40.4, 43.0, 48.6,
497,498, 50.9, 54.0, 55.4, 55.5, 56.3, 58.2, 60.0 (CH,), 64.4 (CH), 79.6, (C), 127.9, 1282, 128.7
(*4), 129.9 (*2), 130.4 (*2) (CHar), 134.6, 136.4 (Car), 156.5 (C=0).

ESI-MS: m/z = 522.38 [M+H]".

HRMS-ESI: m/z = calculated for C;;H,,N;O,+H: 522.3803 obtained 522.3802.

12 (4-benzyl-1,4,7,11-tetraazabicyclo[9.2 .2 [pentadecan-2-yl)methanamine

NH N
=z E [ ] C19H33N5
S >N >N M = 331.50 g.mol
\—K\NHZ

8.09 g (18.7 mmol) of compound 10 were dissolved in 30 mL of a 37 % HCI solution. The
mixture was stirred for 30 min at room temperature. 250 mL of acetone were added and a
precipitate was formed immediately. The precipitate was filtered, washed with acetone, ether, and
dried under vacuum to give 12 (+ 5 HCI) as a white solid. The solid was dissolved in a 16 M NaOH
solution until pH = 14. After extraction with chloroform (2*150 mL), the organic phase was dried
over MgSO, and the solvent was evaporated. Pure 12 was obtained as a colorless oil (m =541 g,
yield = 87 %).
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'H NMR (500 MHz, CDCl,, 300 K) 8 (ppm): 1.67-1.78 (m, 2H, CH,f), 2.38-3.05 (m, 23 H), 3.52
(d, 1H, *J = 13.6 Hz, CH,Ph), 3.60-3.65 (m, 1H), 3.86 (d, 1H, *J = 13.6 Hz, CH,Ph), 7.25-7.34 (m,
5H, CHar).

“C{'H} NMR (125 MHz, CDCl,, 300 K) 8(ppm): 26.5 (CH,p), 41.3, 42.4, 48.5, 49.8, 50.5, 50.7,
51.8,55.4,55.7,56.5,58.4 (CH,), 62.1 (CHC), 127.2 (CHar), 128.2 (*2) (CHar), 129.6 (*2) (CHar),
138 .4 (Car).

ESI-MS: m/z = 332.28 [M+H]".

HRMS-ESI: m/z = calculated for C,,H;;Ns+H: 332.2809 obtained 332.2809.

13 tert-butyl (1,4,7,11-tetraazabicyclo[9.2.2 [pentadecan-2-ylmethyl)carbamate

[ [ ] C17H35N502
NH N O}ﬁ M = 341.49 g.mol
\—Q‘NH O7<
Compound 10 (5.55 g, 12.9 mmol) was dissolved in a mixture of acetic acid (43 mL) and
water (4 mL) and 550 mg of 10 % Pd/C (0.5 mmol) were added under H,. After consumption of
hydrogen, the mixture was filtered to remove palladium. After evaporation of the solvent, the
residue was dissolved in acetone (100 mL). 5 mL of a 3 M HCI solution were added and the
resulting precipitate was filtered after 1 hour, washed with acetone (20 mL) and dried under vacuum
to give a white powder. The resulting precipitate was then dissolved in a 3 M NaOH solution until

pH = 12. After extraction with chloroform (2*50 mL), the organic phase was dried over MgSO, and
the solvent was evaporated to give 13 as a yellow oil (m =2.52 g, yield = 57 %).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 1.41 (s, 9H, CH,), 1.60-1.68 (m, 2H, CH,f), 2.14-2.26
(m, 2H),2.42-3.35 (m, 21H), 4.81 (s, 1H, NHC=0).

C{'H} NMR (125 MHz, CDCl,, 300 K) 8(ppm): 25.3 (CH,f), 28.5 (*3) (CH,), 39.0, 41.9, 46.2,
479,49.7 (*2),50.7,51.0,51.1, 54.1 (CH,), 63.8 (CH), 79.1 (C), 157.8 (C=0).

ESI-MS: m/z = 342.29 [M+H]".

HRMS-ESI: m/z = calculated for C,;H;;N;O,+H: 342.2864 obtained 342.2864.
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14 1,4,7,11-tetraazabicyclo[9.2 .2 [pentadecan-2-ylmethanamine
NH _N
[ [ j C12H27N5
NH N M =241.38 g.mol’'
\—_«‘NH

Route A: 12 (2.83 g, 8.3 mmol) was dissolved in a mixture of acetic acid (30 mL) and water (3
mL) and 350 mg of 10 % Pd/C (0.3 mmol) were added under H,. After consumption of hydrogen,

2

the mixture was filtered to remove palladium. After evaporation of the solvent, the residue was
dissolved in acetone (75 mL). 3 mL of a 37 % HCI solution were added and the resulting precipitate
was filtered after 1 hour, washed with acetone (20 mL) and dried under vacuum to give a white
powder. The resulting precipitate was then dissolved in a 16 M NaOH solution until pH = 14. After
extraction with chloroform (2*50 mL), the organic phase was dried over MgSO, and the solvent

was evaporated to give 14 as a yellow oil (m = 1.76 g, yield = 88 %).

Route B: 2.0 g (6.0 mmol) of 13 were dissolved in 10 mL of a 37 % HCI solution. The
mixture was stirred for 30 min at room temperature. 50 mL of acetone were added and a precipitate
was formed immediately. The precipitate was filtered, washed with acetone, ether, and dried under
vacuum to give 14 (+ 5 HCI) as a white solid. The solid was dissolved in a solution of 16 M NaOH
until pH = 14. After extraction with chloroform (3*100 mL), the organic phase was dried over

MgSO, and the solvent was evaporated. The compound 14 was obtained as a colorless oil (m = 1.45
g, yield = 82 %).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 1.57-1.67 (m, 2H), 2.11-2.19 (m, 2H), 2.39-2.97 (m,
21H), 3.09-3.14 (m, 1H), 3.30-3.35 (m, 1H).

“C{'H} NMR (125 MHz, CDCl,, 300 K) 8 (ppm): 25.3 (CH,P), 38.8,44.0,45.9,47.7,49.5, 49.6,
51.0,51.1,51.6,53.9 (CH,), 67.6 (CH).

ESI-MS: m/z = 242.23 [M+H]"

HRMS-ESI: m/z = calculated for C,H,,Ns+H: 242.2339 obtained 242.2344.
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15 (4,11-dibenzyl-1,4,8,11-tetraazabicyclo[6.5.2 [pentadecan-13-yl)methanamine
Na
[ \L j C26H39N5
©\/N N M =421.62 g.mol’
\_«‘NH

2 g (3.83 mmol) of compound 11 were dissolved in 10 mL of a 37 % HCI solution. The

mixture was stirred for 30 min at room temperature. 150 mL of acetone were added and a

2

precipitate was formed immediately. The precipitate was filtered, washed with acetone, ether, and
dried under vacuum. The white solid was dissolved in a solution of sodium hydroxide 16 M until
pH = 14. After extraction with chloroform (2*100 mL), the organic phase was dried over MgSO,

and the solvent was evaporated. 15 was obtained as a colorless oil (m =1.49 g, yield =92 %).

'"H NMR (500 MHz, CDCl,, 300 K) 8(ppm): 1.19-1.33 (m, 2H, CH,B), 1.58-1.85 (m, 6H), 2.06-2.14
(m, 1H), 2.38-2.44 (m, 1H), 2.47-2.55 (m, 1H), 2.61-2.74 (m, 3H), 2.80-2.89 (m, 4H), 2.92-2.98 (m,
1H), 3.05-3.10 (m, 1H), 3.14-3.22 (m, 2H), 3.26-3.62 (m, 2H), 3.77 (d, 1H, °J = 13.8 Hz, CH,Ph),
3.89 (d, 1H, 2J = 13.8 Hz, CH,Ph), 3.91 (d, 1H, *J = 13.8 Hz, CH,Ph), 3.96 (d, 1H, °J = 13.8 Hz,
CH,Ph), 7.23-7.36 (m, 10H, CHar), 10.99 (bs, 1H, N*H).

“C{'H} NMR (125 MHz, CDCl,, 300 K) 8(ppm): 21.9 (CH,p), 41.7, 43.1, 48.6, 50.0, 50.4, 50.8,
53.9,55.7,56.3,56.5,58.4,604 (CH,), 68.1 (CH), 128.0, 128.2, 128.8 (*4), 129.8 (*2), 130.2 (*2)
(CHar), 134.8, 136.5 (Car).

ESI-MS: m/z = 422.32 [M+H]".

HRMS-ESI: m/z = calculated for C,;H;(Ns+H: 422.3278 obtained 422.3271.

16 tert-butyl (1,4,8,11-tetraazabicyclo[6.5.2 [pentadecan-13-ylmethyl)carbamate

.

] C17H35N502
0 M = 341.49 g.mol’!

\—«\N?—i\ O7<

11 (2 g, 3.83 mmol) was dissolved in a mixture of acetic acid (13 mL) and water (1 mL) and
163 mg of 10 % Pd/C (0.15 mmol, 0.04 equivalent) were added under H,. After consumption of
hydrogen, the mixture was filtered to remove palladium. After evaporation of the solvent, the

Y
N._ HN
NI]\N

residue was dissolved in acetone (50 mL). 7 mL of a 3 M HCI solution were added and the resulting
precipitate was filtered after 1 hour, washed with acetone (100 mL) and dried under vacuum to give

a white powder. The resulting precipitate was then dissolved in a 3 M NaOH solution until pH = 12.
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After extraction with chloroform (2*100 mL), the organic phase was dried over MgSO, and the

solvent was evaporated to give 16 as a yellow oil (m = 1.15 g, yield = 88 %).

'"H NMR (500 MHz, CDCl,, 330 K) & (ppm): 1.21-1.32 (m, 2H), 1.42 (s, 9H, CH,), 1.56-1.67 (m,
1H), 1.89-2.00 (m, 2H), 2.08-2.16 (m, 1H), 2.32-2.39 (m, 1H), 2.43-2.49 (m, 1H), 2.57-3.37 (m,
17H), 4.56 (s, 1H, NHC=0).

BC{'H} NMR (150 MHz, CDCl,, 300 K) 8(ppm): 22.3 (CH,B), 28.7 (*3) (CH,), 29.9, 41.1, 44.1,
442,454,455,46.7,50.7,53.0,55.6,64.4 (CH), 79.7 (C), 156.0 (C=0).

ESI-MS: m/z = 342.29 [M+H]".

HRMS-ESI: m/z = calculated for C,;H;;N;O,+H: 342.2864 obtained 342.2860.

17 1,4,8,11-tetraazabicyclo[6.5.2 [pentadecan- 13-ylmethanamine

N_ HN

H
[ \L ] C 1 2H27N5
H

NH ~N M =241.38 g.mol’

\—«‘NH

Route A: 15 (1.0 g, 3.06 mmol) was dissolved in a mixture of acetic acid (1 mL) and water
(10 mL) and 130 mg of 10 % Pd/C (0.12 mmol, 0.04 equivalent) were added under H,. After

consumption of hydrogen, the mixture was filtered to remove palladium. After evaporation of the

2

solvent, the residue was dissolved in acetone (80 mL). 5 mL of a 37 % HCI solution were added and
the resulting precipitate was filtered after 1 hour, washed with acetone (20 mL) and dried under
vacuum to give a white powder. The resulting precipitate was then dissolved in a 16 M NaOH
solution until pH = 14. After extraction with chloroform (2*60 mL), the organic phase was dried

over MgSO, and the solvent was evaporated to give 17 as a yellow oil (m =0.90 g, yield = 82 %).

Route B: 1.0 g (2.37 mmol) of 16 were dissolved in 10 mL of a 37 % HCI solution. The
mixture was stirred for 30 min at room temperature. 100 mL of acetone were added and a
precipitate was formed immediately. The precipitate was filtered, washed with acetone, ether, and
dried under vacuum to give 17 (+ 5 HCI) as a white solid. The solid was dissolved in a solution of
sodium hydroxide 16 M until pH = 14. After extraction with chloroform (2*100 mL), the organic
phase was dried over MgSO, and the solvent was evaporated. The compound 17 was obtained as a
colorless oil (m =0.46 g, yield = 80 %).

'H NMR (300 MHz, D,0, 300 K) 8(ppm): 1.74-1.79 (m, 1H), 2.24-2.50 (m, 2H), 2.69-3.74 (m,
20H).
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“C{'H} NMR (150 MHz, D,0, 300 K) 8(ppm): 18.9 (CH,P), 37.8, 43.1, 43.2, 45.7, 46.5, 47.3,
48.9,51.7,52.6,55.2 (CH,), 60.4 (CH).

ESI-MS: m/z = 24223 [M+H]".

HRMS-ESI: m/z = calculated for C,H,,Ns+H: 242.2339 obtained 242.2333.

18 N-(1,4,7,11-tetraazabicyclo[9.2 .2 [pentadecan-2-ylmethyl)-2-(4-nitrophenyl)acetamide

Y

NH

O

NH

—{ CaHNO;
NH

M =404.51 g.mol’
@)

NO,

153 mg of N-succinimidyl-4-nitrophenylacetate (0.55 mmol) were added to a solution of 14
(133 mg, 0.55 mmol) in acetonitrile (10 mL). The reaction mixture was stirred overnight at room
temperature. After evaporation of the solvent, the resulting oil was taken up in dichloromethane (15
mL), washed with a 8 M NaOH solution until pH = 14. The organic layer was dried over MgSO,
and concentrated in vacuo. The resulting oil was then purified by chromatography on aluminium
oxide (eluent: CH,Cl,/MeOH 95:5) to give compound 18 as a yellow oil (m = 67 mg, yield =31 %).

'H NMR (300 MHz, CDCl,, 300 K) 8 (ppm): 1.60-1.69 (m, 2H), 2.09-2.18 (m, 2H), 2.42-3.35 (m,
21H), 3.62 (s, 2H), 6.18 (bs, 1H, NHCO), 7.45 (d, 2H, *J = 8.8 Hz), 8.17 (d, 2H, *J = 8.8 Hz).

C{'H} NMR (75 MHz, CDCl;, 300 K) 8(ppm): 25.4, 39.3,40.8, 43.6,46.8,48.0,49.7, 50.1, 50.6,
50.9,51.3,54.7,63.2 (CH,+CH), 124.0 (*2), 130.5 (*2) (CHar), 143.1, 147 4 (Car), 169.3 (C=0).

ESI-MS: m/z = 405.26 [M+H]".

HRMS-ESI: m/z = calculated for C,,H;,N,O,+H: 405.2609, obtained 405.2602.
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19 Octahydroimidazol[1,2-apyrazine

N\

[N j NH CeH3N;
N M = 127.19 g.mol’
H
A solution of chloroacetaldehyde (50 % in water, 111.8 g, 0.71 mol) in 500 mL of acetonitrile

was added at 20 °C to a solution of diethylenetriamine (73.3 g, 0.71 mol) and 196.8 g of K,CO,
(142 mol, 2 eq) in 1 L of acetonitrile. The mixture was stirred at this temperature for 6 h. After
filtration on celite, the solvent was evaporated. The oily residue was taken up in diethylether (800

mL), insoluble impurities were removed by filtration. After evaporation of the solvent, compound

19 was isolated as a yellow oil (m = 64.3 g, yield =71 %).

'H NMR (300 MHz, CDCl,, 298 K) 6 (ppm): 1.60-1.81 (bs, 2H, NH), 1.93-2.04 (m, 2H), 2.23 (m,
1H, %) = 11.6,°J = 8.0 Hz, CH,CH), 2.43-2.45 (m, 2H), 2.56-2.63 (m, 3H), 2.73-2.77 (m, 2H), 2.87
(dd, 1H,%J=11.6,°J = 2.6 Hz, CH,CH).

“C{'H} NMR (75 MHz, CDCl,, 298 K) & (ppm): 42.1,44.3,48.4,50.2,51.6 (CH,a), 75.7 (CH).

20 1,4,7-tris(pyridin-2-ylmethyl)-1,4,7-triazacyclononane

| AN
N__~
N o HoN,

N
\ \/N </N\7 M = 402.54 g.mol’!

N

=

9.85 g of 2-(bromomethyl)pyridine hydrobromide (39.0 mmol, 3 eq) were slowly added at
10 °C to a solution of 19 (1.62 g, 13.0 mmol) and K,CO; (45.5 g, 330.0 mmol) in 90 mL of
acetonitrile. The mixture was stirred at room temperature overnight. After filtration on celite, the
solvent was removed. The oily residue was taken up overnight in diethylether (200 mL) and the
resulting precipitate was filtered, washed with diethylether (2*20 mL) and dried in vacuo to give
12.96 g of intermediate. 5.0 g of the obtained intermediate (10.3 mmol) were then placed in dry
ethanol (45 mL) and 3.9 g of NaBH, (103.0 mmol) were added at - 10 °C to the solution. After 12
h, the solvent was evaporated in vacuo and the resulting mixture was taken up in 50 mL of
diethylether. Insoluble impurities were removed by filtration. After evaporation of the solvent, the

compound 20 was obtained as an orange oil (m = 1.62 g, yield = 31 %).

'H NMR (300 MHz, CDCl,, 298 K) 8 (ppm): 3.06 (s, 12H), 4.34 (s, 6H), 7.80-7.84 (m, 3H), 7.92-
7.95 (m, 3H), 8.33-8.39 (m, 3H), 8.64-8.66 (m, 3H).
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C{'H} NMR (75 MHz, CDCl,, 298K) & (ppm): 49.3 (*6), 56.3 (*3), 126.4 (*3), 127.3 (*3), 143.5
(*3),145.6 (*3), 150.3 (*3).

ESI-MS: m/z = 403.26 [M+H]".

HRMS-ESI: m/z = calculated for C,,H,;,N,+H: 403.2605, obtained 403.2594.

21 di-tert-butyl hexahydroimidazo[1,2-a]pyrazine-1,7-dicarboxylate

f’\N
[Nj ~Boc C1eHyyN;0,

N M = 327.42 g.mol’
Boc

A solution of Boc,0 (5.79 g, 26.6 mol) in dichloromethane (30 mL) was added dropwise to a
solution of 19 (1.69 g, 13.3 mmol) in dichloromethane (30 mL). The mixture was stirred overnight
at room temperature. After evaporation of the solvent, the resulting product was taken up in
diethylether (50 mL). Impurities were removed by filtration on celite and compound 21 was isolated

as a brown powder (m = 3.98 g, yield =91 %).

'"H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 3.32-3.39 (m, 18H), 4.37-4.67 (m, 2H), 4.73-5.98 (m,
8H), 6.44 (m, 1H).

ESI-MS: m/z = 328.15 [M+H]".

22 4-benzyl-1,7-bis(tert-butoxycarbonyl)octahydro-1H-imidazo[ 1,2-a[pyrazin-4-ium bromide

/—:—\N

©/E " j B C,:HyN;O,Br
N ~Br
Boc

M =498.45 g.mol’

A solution of benzylbromide (742 mg, 4.3 mmol) in acetonitrile (5 mL) was added dropwise
at 0 °C to a solution of 21 (1.45 g, 4.34 mmol) in acetonitrile (10 mL). The mixture was stirred
overnight at room temperature. After evaporation of the solvent, the resulting oil was taken up in
diethylether (20 mL). After filtration, the precipitate was washed twice with diethylether (10 mL)
and dried in vacuo to give compound 22 as a beige solid (m = 1.31 g, yield = 61 %).

'H NMR (500 MHz, CDCl,, 320 K) 8(ppm): 1.35 (s, 9H), 1.51 (s, 9H), 3.58-3.66 (m, 2H), 3.70-
3.78 (m, 1H), 3.81-3.93 (m, 3H), 4.13-4.20 (m, 1H), 4.46 (m, 1H), 4.56-4.65 (m, 1H), 4.75 (d, 1H,
’J = 12.3 Hz), 4.83 (m, 1H), 5.19 (m, 1H), 546 (d, 1H, °J = 123 Hz), 7.45-7.51 (m, 3H), 7.59 (d,
2H,°J = 7.1 Hz).
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ESI-MS: m/z = 418.27 [M-Br]".

23 1,7-bis(tert-butoxycarbonyl)-4-methyloctahydro- 1 H-imidazo[ 1,2-a]pyrazin-4-ium iodide

SN Mo C,,H,,IN,0,
[Nj - M = 469.36 g.mol’'
Boc
A solution of iodomethane (0.92 mg, 6.5 mmol) in acetonitrile (5 mL) was added dropwise at

0 °C to a solution of 21 (2.12 g, 6.5 mmol) in acetonitrile (10 mL). The mixture was stirred
overnight at room temperature. After evaporation of the solvent, the resulting oil was taken up in
diethylether (30 mL). After filtration, the precipitate was washed twice with diethylether (10 mL)
and dried in vacuo. Compound 23 was obtained as a yellow solid (m = 1.78 g, yield = 59 %).

'"H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 1.40-1.48 (m, 21H), 3.70-4.74 (m, 10H), 5.0 (m, 1H).

ESI-MS: m/z = 230.12 [M-I-2'Bu +2H]*, 286.19 [M-I-'Bu +H]*, 34225 [M-I]*.

24 1 ,4,7-tribenzyl-1,4,7-triazacyclononane-2-carbonitrile

N N CyH;,N,
CN
W/N\f M = 42458 g.mol’

259.3 g of benzyl bromide (1.5 mol) were slowly added to a solution of 19 (64.3 g, 0.5 mol)
and K,CO, (278.8 g,2.0 mol) in 1.1 L of acetonitrile at 10 °C. Then 24.76 g of sodium cyanide (0.5
mol) were carefully added. The mixture was stirred at room temperature for four days. After
filtration on celite, the solvent was evaporated in vacuo and the residual oil was taken up in
diethylether (3 L). Insoluble impurities were removed by filtration. After evaporation of the solvent,
compound 24 was obtained as a brown oil (137.2 g, yield = 63 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 1.53-1.78 (m, 1H), 2.43-2.56 (m, 4H), 2.66-2.74 (m,
1H), 2.82-2.88 (m, 2H), 2.95-2.99 (m, 1H), 3.14-3.22 (m, 1H), 3.42-3.53 (m, 1H), 3.63-3.84 (m,
6H), 7.19-7.33 (m, 15H).
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C{'H} NMR (75 MHz, CDCl,, 298 K) & (ppm): 54.7 (CH), 55.5,56.4,57.4,58.8,61.4,62.1,63.5,
65.9 (CH,), 118.0 (CN), 126.8,127.1, 127.7, 128 .0, 128.1, 128.2, 128.3, 128 4, 128.6, 128.8, 129.0,
129.1 (*¥2),129.2,129.4 (CHar) 138.2,139.3,139.9 (Car).

ESI-MS: m/z = 425.25 [M+H]".

IR (cm™): 2250 (CN).

25 (1,4,7-tribenzyl-1,4,7-triazacyclononan-2-yl)methanamine

NN CoHiN,
W/Nf\'\“"z M =428.61 g.mol

A solution of 24 (112.7 g, 0.27 mol) in THF (450 mL) was slowly added at -78 °C to a
suspension of 11.5 g of LiAIH, (0.32 mol, 1.2 eq) in THF (450 mL) under nitrogen. An emission of
fumes was observed. The resulting mixture was stirred overnight. 100 mL of water were carefully
added. After removal of the solvent, the residual green solid was taken up in chloroform (1 L), the
solution was dried over MgSQO,, insoluble impurities were removed by filtration on celite. The
residual brown oil was placed in acetone (200 mL), and a solution of 37 % HCI (200 mL) was
carefully added. The white precipitate formed was filtered and recrystallized in water to give 25 (+
3 HCI) as a white solid. The resulting crystals were then dissolved in a 16 M NaOH solution until
pH = 14. After extraction with chloroform (2*500 mL), the organic phase was dried over MgSO,
and the solvent was evaporated to give 25 as a yellow oil (45.3 g, yield = 39 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 1.45 (bs, 2H), 2.39-2.86 (m, 10H), 3.03-3.11 (m, 1H),
3.35-3.75 (m, 7H), 3.85 (bs, 1H), 7.24-7 .44 (15H).

BC{'H} NMR (75 MHz, CDCl,, 298 K) & (ppm): 42.5, 51.1, 52.8, 55.1, 55.6, 57.9, 58.2 (CH,),
62.8 (CH), 63.5, 643 (CH,) 126.7, 127.0, 127.1, 128.3 (*9), 128.8, 1292, 129.5 (CHar), 140.2,
1404, 1412 (Car).

ESI-MS: m/z =429.31 [M+H]".

HRMS-ESI: m/z = calculated for C,;H,(N,+H: 429.3012 obtained 429.3060.

169



Experimental section

26 (1,4,7-triazacyclononan-2-yl)methanamine

NHHN GHisN,

HJ’\,HZ M = 158.24 g.mol”

5.0 g of compound 25 (11.7 mol) were dissolved in a mixture of acetic acid (29 mL), water
(29 mL) and THF (98 mL) and 500 mg of 10 % Pd/C (0.47 mmol, 0.04 equivalent) were added
under H,. After consumption of hydrogen, the mixture was filtered to remove palladium. After
evaporation of the solvent, the residue was dissolved in ethanol (100 mL). 5 mL of a 37 % HCI
solution were added and the resulting precipitate was filtered after 1 h, washed with acetone
(20 mL) and dried under vacuum to give a white powder. The resulting precipitate was
recrystallized in water. The white crystals were dissolved in a 16 M NaOH solution until pH = 14.
After extraction with chloroform (2*50 mL), the organic phase was dried over MgSO, and the

solvent was evaporated in vacuo to give 26 as a yellow oil (m =0.79 g, yield = 44 %).
'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): (m, 13 H) 2,98 - 3,58.

C{'H} NMR (150 MHz, CDCl,, 298 K) 8(ppm): 40.9, 42.0, 42.9, 45.2, 46.2, 47.2 (CH,a) 50.6
(CH).

ESI-MS: m/z = 159.16 [M+H]".

27 2-(4-nitrophenyl)-N-((1,4,7-tribenzyl-1,4,7-triazacyclononan-2-yl)methyl)acetamide

[ 5 CyeH, NSO,

N N
0]
QQNﬂNJ{/@/NOZ M = 591.74 g.mol

0.69 g of N-succinimidyl-4-nitrophenylacetate (2.5 mmol) were added to a solution of 25
(1.06 g, 2.5 mmol) in CH,Cl, (10 mL) and the resulting mixture was stirred overnight at room
temperature. After evaporation of the solvent, the residue was washed with 30 mL of 1 M NaOH
solution, the organic phase was extracted with dichloromethane and dried over MgSO,. After

evaporation, compound 27 was obtained as a pink foam (m = 1.42 g, yield = 96 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 2.29-2.80 (m, 9H), 2.95 (t, 1H, Japp = 12.3 Hz), 3.15
(d, 1H,J = 13.8 Hz), 3.36-3.71 (m, 9H), 4.37-4.38 (m, 1H), 6.14-6.16 (m, 1H, NHC=0), 6.79-6 81
(m, 2H, CHary,,), 7.14-7.37 (m, 15H, CHar), 8.04 (d, 2H, J = 8.6 Hz, CHary,).
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3C{'H} NMR (75 MHz, CDCl,, 298K) & (ppm): 39.2, 43.6, 50.2, 51.6, 53.6, 55.7, 55.8, 57.0, 58.0,
59.1 (CH,), 64.6 (CH), 124.0 (*2) (CHaryy,), 127.0, 1272, 1273, 1283 (¥3), 128.4 (*2), 128.5
(*2), 129.1 (¥2), 129.5 (*2) (CHar), 130.5 (*2) (CHaryo,), 139.8, 139.9, 140.0 (Car), 142.6, 147.1
(Caryo,), 168.7 (C=0).

ESI-MS: m/z = 592.33 [M+H]".

28 N-((1,4,7-triazacyclononan-2-yl)methyl)-2-(4-aminophenyl)acetamide

[\
NHHN 0 C,sH,sN;0

H
&NﬂN{/O/NHz M =291.39 g.mol

1.33 g of compound 27 (2.3 mmol) were dissolved in a mixture of acetic acid (16 mL), water
(16 mL) and THF (49 mL) and 96 mg of 10 % Pd/C (0.1 mmol, 0.04 equivalent) were added under
H,. After consumption of hydrogen, the mixture was filtered to remove palladium. After
evaporation of the solvent, the residue was dissolved in ethanol (100 mL). 5 mL of a 37 % HCI
solution were added and the resulting precipitate was filtered after 1 h, washed with acetone
(20 mL) and dried under vacuum to give a white powder. The resulting precipitate was then
dissolved in a 16 M NaOH solution until pH = 14. After extraction with chloroform (2*25 mL), the
organic phase was dried over MgSO, and the solvent was evaporated in vacuo to give 28 as a

yellow oil (m = 0.20 mg, yield =31 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 1.90-2.13 (bs, 4H), 2.27-2.42 (m, 2H), 2.53-2.88 (m,
10H), 3.20-3.27 (m, 1H), 3.50-3.78 (m, 3H), 6.24-6.28 (m, 1H, NHC=0), 6.60 (d, 2H, °J = 8.2 Hz,
CHaryy,), 6.97 (d, 2H, °J = 8.2 Hz, CHaryy,).

3C{'H} NMR (75 MHz, CDCl,, 298K) & (ppm): 43.2,43.5,46.5,46.7,47.0,47.4,48.9 (CH,), 54.9
(CH), 115.6 (*2) (CHaryy,), 124.8 (Caryyp), 130.5 (¥2) (CHaryy,), 145.8 (Caryy,), 172.2 (C=0).

ESI-MS: m/z =292.21 [M+H]*, 314.19 [M+Na]".

HRMS-ESI: m/z = calculated for C,,H;,N,+H: 592.3282, obtained 592.3315.

29 4-(benzyloxy)-4-oxobutanoic acid

0 OQ C,H,.0,
HOJ\/\[(

I M =208.07 g.mol

2.0 g of succinic acid anhydride (20.0 mmol) were dissolved in dried pyridine (10 mL).
Benzyl alcohol (2.2 g, 20.3 mmol) and 4-dimethylaminopyridine (10 mg, 0.08 mmol) were added
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and the mixture was heated to 50 °C during 24 h. After evaporation, CH,Cl, was added and the
product was extracted with a saturated solution of sodium bicarbonate. The aqueous phase was
washed with dichloromethane and then acidified with a 2 M HCI solution until pH = 4. The white
precipitate was extracted with ethyl acetate and evaporation of the solvent give compound 29 as a
white solid (m = 2.2 g, yield = 52 %).

'H NMR (300 MHz, CDCl;, 298 K) &(ppm): 2.61 (m, 4H), 5.07 (s, 2H, CH,Ph), 7.22-7.33 (m, 5H),
7.59-10.20 (bs, 1H, COOH).

C{'H} NMR (75 MHz, CDCl,, 298 K) 8(ppm): 29.0, 29.1 (CH,), 66.9 (CH,Ph), 128.4 (*2), 128.5,
128.7 (*2) (CHar), 135.8 (Car), 172.2, 178.5 (C=0).

30 benzyl (2,5-dioxopyrrolidin-1-yl) succinate

0]
g O C15H15N06
o © M =305.09 g.mol"
o \/@ =305.09 g.mo
1.0 g of compound 29 (4.8 mmol), DCC (990 mg, 4.8 mmol) and NHS (550 mg, 4.8 mmol)
were dissolved in CH,CN (20 mL). The solution was stirred at room temperature for 2 h. The
precipitate which was formed during the reaction was removed by filtration. The solvent was

evaporated and the resulting colorless oil was placed in the fridge to give 30 as a white solid (m =
1.4 g,yield =95 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 2.68-2.78 (m, 6H), 2.90 (t, 2H, °J = 7.0 Hz), 5.08 (s,
2H, CH,Ph), 7.22-7.35 (m, 5H).

“C{'H} NMR (75 MHz, CDCl,, 298 K) 8(ppm): 25.4 (*2), 26.1, 28.4 (CH,), 66.6 (CH,Ph), 128.3,
128.4 (*2), 128.6 (*2) (CHar), 135.6 (Car), 167.7, 169.1 (*2), 170.8 (C=0).

ESI-MS: m/z = 328.08 [M+Na]".

HRMS-ESI: m/z = calculated for C,sH,sNO¢+Na: 328.0792 obtained, 328.0793.
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31 benzyl 4-(((1,4,7-triazacyclononan-2-yl)methyl)amino )-4-oxobutanoate

N/H_H\N
//{/}fo V@ M = 348 .44 g.mol

231 mg of compound 30 (0.76 mmol) were added on a solution of compound 26 (120 mg,
0.76 mmol) in acetonitrile. The mixture was stirred at room temperature for 12 h. Solvent was
evaporated and the mixture was taken up in diethylether. Impurities were removed by filtration, the
solvent was evaporated and the resulting oil was purified by flash chromatography on reverse phase
(A: HCOOH/H,0O (0.01 mol.L"), B: CH,CN, B 80 — 100). Compound 31 was isolated as a
colorless oil (m = 53 mg, yield = 20 %).

'H NMR (300 MHz, D,0, 298 K) &(ppm): 2.59-2.66 (m, 1H), 2.76-3.86 (m, 16H), 5.22 (s, 2H,
CH,Bn), 7.42-7.55 (m, 5H).

ESI-MS: m/z = 349.24 [M+H]".

32 tri-tert-butyl-2,2'2"-(2-((bis(2-(tert-butoxy)-2-oxoethyl)amino )methyl)- 1 ,4,7-triazacyclononane-
1,4,7-triyl) triacetate

R

M = 728.96 g.mol’

A solution of tert-butylbromoacetate (4.66 g, 23.89 mmol) was added to a solution of 25 (756
mg, 4.79 mmol) and K,CO; (6.61 g, 47.89 mmol) in acetonitrile (16 mL). The resulting mixture was
heated at 45 °C for 24 h. After cooling, the solution was filtered on celite. The solvent was
evaporated and the resulting oil was taken up in diethylether. The impurities were removed by
filtration, solvent was evaporated and the residue was purified by several successive
chromatographies on aluminium oxide (eluent: CH,Cl,/MeOH 99:1) to give pure 32 as a yellow oil
(m =1.89 g, yield = 54 %).

'"H NMR (300 MHz, CDCl,, 298 K) & (ppm): 1.38-1.41 (m, 45H, CH,), 2.43 (dd, 1H,J = 13.2,7.7
Hz),2.60-3.11 (m, 11H), 3.19-3.45 (m, 10 H), 4.02-4.13 (m, 1H).
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“C{'H} NMR (75 MHz, CDCl,, 298K) & (ppm): 28.4 (*15) (CH,), 52.5, 53.6, 54.8, 55.4, 55.5,
55.8, 56.3 (*2), 59.9, 60.2 (CH,), 61.2 (CH), 804, 80.6, 80.7, 80.8 (*2) (C), 171.0 (*2), 171.7
171.8,172.3 (C=0).

ESI-MS: m/z =729.5 [M+H]", 751.5 [M+Na]".

33 2,2 2"-(2-((bis(carboxymethyl)amino)methyl)- 1 ,4,7-triazacyclononane-1,4,7-triyl)triacetic acid
0)

OH
HO [ j/
T)/\<N/N\N)/\N/\«OH C17H28N4010
e) @)

M = 448 43 g.mol’
S//OH

OH o

10 mL of a 37 % HCI aqueous solution were added on 50 mg of compound 32 (0.07 mmol).
The mixture was stirred 1 hour at room temperature. After evaporation, the resulting precipitate was
washed with acetone (50 mL). After filtration, compound 33 was isolated as a white powder (m =
360 mg, yield = 58 %).

'H NMR (300 MHz, CDCl;, 298 K) 8 (ppm): 2.76-2.87 (m, 1H), 3.02-3.91 (m, 12H), 4.35-4.31 (m,
10H).

ESI-MS: m/z = 449 3 [M+H]", 471.2 [M+Na]*, 493 2 [M+2Na-H]J".

HRMS-ESI: m/z = calculated for C,;H,;N,O,,+H: 449.1878, obtained 449.1858.

34 3-(Prop-2-ynyloxy)benzaldehyde

ﬁH CIOHSOZ
M = 160.05 g.mol
//\O

4

A mixture of 4-hydroxybenzaldehyde (4.0 g, 0.032 mol) and K,CO, (13.5 g,0.098 mol) in dry
DMF (75 mL) was heated to 55-60 °C for 30 min under N,. After cooling at room temperature, 5.8
g of propargyl bromide (0.039 mol) were added through septum using syringe. The mixture was
stirred for 4 h at room temperature and poured in ice water with stirring. Stirring continued for 10
min, the solid formed was filtered and dried under vacuum to give the desired compound 34 as a
white solid (m = 3.6 g, yield =71 %).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 2.54 (t, 1H, J = 2.3 Hz, C=CH), 4.75 (d, 2H,
*J =2.3 Hz, CH,-C=CH), 7.07 (d, 2H, ] = 8.2 Hz), 7.83 (d, 2H, °J = 8.2 Hz), 9.86 (s, 1H, CHO).
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“C{'H} NMR (75 MHz, CDCl,, 300 K) & (ppm): 55.9 (CH,), 76.4 (C=CH), 78.7 (C=CH), 115.2
(*2) (CHar), 130.5 (Car), 131.9 (*2) (CHar), 162.5 (Car), 190.8 (C=0).

35 + 35’ 11-(4-(prop-2-yn-1-yloxy)phenyl)-1,4,7,10-tetraazabicyclo[6.3.1 [dodecane

(0]
I\ I\ *
NHHN_ . NH N
N \)—\ H \7*/\N C;H,,N,O
. NH H M = 300.40 g.mol
35 (2 dia) 35' (2 dia)

7

1.20 g of compound 34 (7.5 mmol) were added to a solution of 26 (1.19 mg, 7.5 mmol) in
ethanol (25 mL) and the mixture was stirred at room temperature for 48 h. The solvent was
evaporated to dryness, and the residual oil was taken up in diethylether (25 mL). After stirring
during 12 h, the insoluble impurities were removed by filtration. After evaporation of the solvent, a

mixture of 4 isomers 35 (2 diastereoisomers) and 35’ (2 diastereoisomers) was obtained as a yellow
foam (m =140 g, yield =75 %).

“C{'H} NMR (75 MHz, CDCl;, 298K) & (ppm): 47.9 (*2), 48.5 (*2), 48.8 (*2), 49.0 (*2), 50.2
(*2), 50.3 (*¥2), 504 (*2), 50.5 (*2), 51.8 (*2), 54.8 (*2), 55.3 (*2), 55.6 (*2), 56.0 (*4), 56.1 (*2),
58.1 (*2) (CH,), 63.5, 63.9, 64.1, 66.0 (CH), 75.5, 75.7 (*2), 75.8 (C=CH), 78.7, 78.8 (*2), 79.0
(C=CH), 86.6, 86.7 (*2), 87.1 (NCN), 114.5 (*2), 1149 (*4), 115.0 (*2), 127.8 (*2), 128.8 (*4),
1290 (*2) (CHar), 133.8,134.6 (*2), 138.7, 156.6, 157.8 (*2), 157.9 (Car).

ESI-MS: m/z =301.21 [M+H], 339.22 [M+Na]".
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36 N-((1,4,7-triazacyclononan-2-yl)methyl)- 1-(4-(prop-2-yn-1-yloxy)phenyl)methanamine

NHHN
H

A C,7HyN,0
M =302.41 g.mol’
@]
/\\\

250 mg of NaBH, (6.7 mmol) were added on a solution of compounds 35 and 35’ (201 mg,
0.67 mmol) in ethanol (10 mL) at O °C. The mixture was stirred overnight at room temperature. The
solvent was evaporated, the resulting solid was dissolved in dichloromethane (25 mL). After
filtration of the insoluble impurities, the solution was washed with a 3 M NaOH solution (10 mL),

dried over MgSO, and the solvent was evaporated to give 36 as a very hygroscopic white foam (m
= 135 mg, yield = 68 %).

'H NMR (300 MHz, CDCl;, 298 K) 6 (ppm): 1.10-1.60 (m, 3H), 2.30-2.90 (m, 15H), 3.65 (s, 2H),
4.61 (d,2H,*J = 2.3 Hz, CH,C=CH), 6.86 (d, 2H,*J = 8.7 Hz), 7.18 (d, 2H, *J = 8.7 Hz).

C{'H} NMR (75 MHz, CDCl,, 298K) 8 (ppm): 46.0,46.4,47.0,47.2,47.3,49.9, 53.6,55.6,55.9,
75.6 (CH,C=CH), 78.8 (CH,C=CH), 114.8 (*2), 129.3 (*2), 130.1, 156.6.

ESI-MS: m/z = 303.22 [M+H]".

37 benzyl 4-oxo-4-(((1,4,7-tribenzyl-1,4,7-triazacyclononan-2-yl)methyl)amino)butanoate

C3oHyN,O;

[\
N N 0
©Q/NJ4HN M =618.81 g.mol!
/</>//O\/©
o lR:

3.01 g (7.02 mmol) of 25 and 2.14 g of 30 (7.02 mmol) were dissolved in CH,CN (25 mL).
The mixture was stirred at room temperature for 12 h. Solvent was evaporated and the mixture was
taken up in diethylether. Impurities were removed by filtration and the solvent was evaporated to
give the compound 37 as a yellow oil (m =3.65 g, yield = 84 %).

'H NMR (500 MHz, CDCl;, 298 K) 8(ppm): 2.26-2.32 (m, 3H), 2.40-2.66 (m, 9H), 2.79 (t, I1H, ") =
11.5Hz),2.95 (t, 1H,°J = 11.5 Hz), 3.22-3.37 (m, 3H), 3.41-3.59 (m, 5H), 4.05 (s, 1H), 5.00 (s, 2H,
CH,Ph), 5.96 (s, 1H, NH), 7.06-7.27 (m, 20H).
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BC{'H} NMR (125 MHz, CDCl,, 298 K): 29.8 (CH,CO,Bn), 31.1(CH,CONH), 39.3, 50.5, 52.8,
55.5, 559 (CH,), 57.7 (CH), 57.9, 58.3, 63.9, 64.2 (CH,), 66.5 (OCH,Ph), 126.9, 127.0, 127.2,
128.2 (¥2), 128.3 (*¥3), 128.4 (*3), 128.5 (*2), 128.6, 128.8 (¥2), 129.1 (*2), 129.5 (*2) (CHar),
136.0, 140.0, 140.1, 140.5 (Car), 170.9, 172.8 (C=0).

38 4-(((1,4,7-triazacyclononan-2-yl)methyl)amino )-4-oxobutanoic acid

NHHN
&H\)/IEN o C,H,,N,O,
HOH M = 258.32 g.mol’’

)

Compound 37 (3.65 g, 5.90 mmol) was dissolved in a mixture of acetic acid (7 mL), water (7
mL) and THF (20 mL) and 260 mg of 10 % Pd/C (0.26 mmol) were added under H,. After
consumption of hydrogen, the mixture was filtered to remove palladium and the solvent was

evaporated to give 38 as a yellow oil (m =0.64 g, yield =42 %).

PC{'H} NMR (150 MHz, D,0, 298 K) &(ppm): 32.2, 32.8, 39.4 (*2), 40.3, 42.0 (*2), 442,454
(CH,), 52.5 (CH), 176.8 (C=0).

ESI-MS: m/z = 259.22 [M+H]".

39 tert-butyl ((1,4,7-tribenzyl-1,4,7-triazacyclononan-2-yl)methyl)carbamate

C33H44N402

N N 0
@Z/N\)/IEIN/( /% M = 528.64 g.mol"
O

A solution of Boc,0 (4.20 g, 19.2 mmol) in CH,Cl, (100 mL) was slowly added to a solution
of 25 (8.24 g, 19.2 mmol) in CH,Cl, (150 mL). The solution was stirred overnight at room
temperature. After evaporation of the solvent, the residual oil was purified by aluminium oxide

chromatography (eluent: CH,Cl,) to give 39 as a yellow oil (m = 7.38 g, yield =73 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 1.42 (s, 9H, CH,), 2.34-2.67 (m, 8H), 2.83-2.92 (m,
1H),2.97-3.16 (m, 2H), 3.35-3.65 (m, 7H), 4.05 (m, 1H), 4.94 (m, 1H), 7.15-7.33 (m, 15H).
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“C{'H} NMR (150 MHz, CDCl,, 298 K) 8(ppm): 28.7 (*3) (CH,), 40.7, 50.6, 53.2, 55.3, 56.2,
57.9,58.1 (CH,), 58.5 (CH), 63.8, 64.2 (CH,), 79.0 (C), 126.8, 127.0, 127.2, 128 4 (*6), 129.0 (*2),
129.2 (*¥2), 129.5 (*2) (CHar), 140.1, 140.3, 140.7 (Car), 156.3 (C=0).

ESI-MS: m/z = 529.35 [M+H]".

HRMS-ESI: m/z = calculated for C;;H,,N,O,+H: 529.3537 obtained 529.3528.

40 tert-butyl ((1,4,7-triazacyclononan-2-yl)methyl)carbamate

NHHN Ci.H;N,O
</H\>/\ //2) 128 1261N4 2
N HN M = 258.36 g.mol’

@)

Compound 39 (3.33 g, 6.30 mmol) was dissolved in a mixture of acetic acid (20 mL), water (20
mL) and THF (60 mL) and 266 mg of 10 % Pd/C (0.25 mmol) were added under H,. After
consumption of hydrogen, the mixture was filtered to remove palladium. After evaporation of the
solvent, the residue was dissolved in ethanol (100 mL). 5 mL of a 3 M HCI solution were added and
the resulting precipitate was filtered after 1 hour, washed with ethanol (20 mL) and dried under
vacuum to give a white powder. The resulting precipitate was then dissolved in a 3 M NaOH
solution until pH = 12. After extraction with chloroform (2*50 mL), the organic phase was dried

over MgSO, and the solvent was evaporated to give 40 as a yellow oil (m = 1.30 g, yield = 80 %).

'H NMR (300 MHz, CDCl,, 298 K) 8(ppm): 1.39 (s, 9H, CH;), 2.35-3.24 (m, 13H), 4.28-4.55 (m,
3H,NH), 5.83 (s, 1H, NHC=0).

BC{'H} NMR (150 MHz, CDCl,, 298 K) 8(ppm): 28.6 (*3) (CH,), 43.1,44.0, 44.6,45.6,45.8,459
(CH,), 46.8 (CH), 79.5 (C), 156.8 (C=0).

ESI-MS: m/z = 203.15 [M-Bu+2H]", 259.15 [M+H]".

HRMS-ESI: m/z = calculated for C,,H,(N,O,+H: 259.2129 obtained 259.2116.
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41 tert-butyl((1,4,7-tris((ethoxy(methyl)phosphoryl)methyl)-1,4,7-triazacyclononan-2-yl)ethyl)

carbamate
O- :OEt
M
EtO\Me/\ /—\N) ©
|I:|’ N \)/\ o) C,,H;:N,OgP,
0 </l\t HN/(O/% M =618.62 g.mol’
.0
P~
Me” Okt

A mixture of 40 (420 mg, 1.12 mmol) and diethoxymethylphosphine (818 mg, 6.01 mmol),
was prepared using the phosphine as the solvent. Nitrogen was bubbled into the flask for 5 min,
after which the mixture was heated to 80 °C. Paraformaldehyde (189 mg, 6.01 mmol) was added,
and the mixture was stirred for 2 h at 80 °C. After cooling to room temperature, water was added
and the pH lowered to 5 with a 3 M HCI solution. The solution was washed twice with diethylether
(30 mL). The pH was raised to 13 with a 3 M NaOH solution. The aqueous layer was extracted
twice with chloroform (2*50 mL). The organic layers were dried over MgSO,. After evaporation of
the solvent, the residual oil was purified by flash chromatography (eluent: CH,Cl,/MeOH 70:30) to
give 41 as a yellow oil (m = 360 mg, yield = 58 %).

ESI-MS: m/z = 619.3 [M+H]", 641.3 [M+Na]".

HRMS-ESI: m/z = calculated for C,,H;;N,O.P,+Na: 641.2969, obtained 641.2981.

42 (2-(aminomethyl)-1,4,7-triazacyclononane-1,4,7-triyl)tris(methylene) )tris(methylphosphinic
acid)

0ep "
Me — Me
HO.
Fl’/\N N) C1;H3N,O6P;
R °
N NH, M = 43435 g.mol
_0
Me/FI)
OH

10 mL of a 37 % HCI aqueous solution were added on 60 mg of compound 41 (0.10 mmol).
The mixture was heated at 90 °C during 2 days. After evaporation, compound 42 (3 HCI) was
isolated as a white powder (m = 54.4 mg, yield = 100 %).

'H NMR (300 MHz, D,0, 298 K) 8(ppm): 1.36 (d, 3H, *J = 14.2 Hz, PCH;), 1.38 (d, 3H,*J = 14.0
Hz,PCH,), 1.39 (d, 3H, *J = 13.7 Hz, PCH5;), 2.79-3.54 (m, 19H).

SP{'H} NMR (202 MHz, D,0, 298 K) 8(ppm): 38.4,45.2,49.2.

ESI-MS: m/z =435.17 [M+H]*, 457.15 [M+Na]".
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HRMS-ESI: m/z = calculated for C;H;;N,O.P;+H: 435.1686 obtained 435.1696, calculated for
C;H;N,O4P+Na: 457.1505 obtained 457.1511.

43 dibenzo[b,d]furan-4,6-dicarbaldehyde

O

B o) M =224.21 g.mol’
0] =0
To a solution of dibenzo[b,d]furan (20.0 g, 0.12 mol) in dry heptane (550 mL) was added
TMEDA (45 mL, 0.50 mmol), followed by dropwised n-BuLi (91.0 mL, 0.22 M in hexane)
at -78 °C under N2. The mixture was stirred at -78 °C for 2 h and DMF (45 mL, 0.65 mmol) was
then added. After 1 h, the mixture was poured into water (500 mL) and stirred at O °C for 0.5 h. The
resulting precipitate was filtered, washed with water (2*100 mL) and then recrystallized from

toluene to give 43 as yellow crystals (m = 14.78 g, yield = 56 %).

'H NMR (300 MHz, DMSO, 300 K) & (ppm): 7.66 (t, 2H, J,,, = 7.7 Hz), 8.06 (dd, 2H, °J = 7.5 Hz,
*J =13 Hz),8.56 (dd,2H,*J =7.5 Hz, 'J = 1.3 Hz), 10.5 (s, 2H, HC=0).

“C{'H} NMR (125 MHz, DMSO, 300 K) 6 (ppm): 121.2 (Car), 124.1, 127.7, 128.7 (CHar), 155.0
(Car), 188.4 (C=0).

ESI-MS: m/z = 247.04 [M+Na]".

HRMS-ESI: m/z = calculated for C,,H;O;+Na: 247.0366, obtained 247.0366.

44 [,7-crossbridged(4,6-dimethyldibenzofuran)-1,4,7,10-tetraazacyclododecane

(\ﬁ /\ C,,Hy;N,O
H M = 364 .48 g.mol
N N
NI
N
A solution of 43 (2.88 g, 12.84 mmol) in 1,2-dichloroethane (40 mL) was added dropwise to a
stirred solution of 1,4,7,10-tetraazacyclododecane (cyclen) (2.21 g, 12.84 mmol) and fresh sodium
triacetoxyborohydride (7.61 g, 3592 mmol) in 1,2-dichloroethane (250 mL). The solution was
stirred at room temperature under N, for 48 h. The reaction mixture was quenched by addition of a
1 M NaOH aqueous solution (300 mL), and the product extracted with chloroform (3x200 mL). The

organic layer was dried over MgSO, and concentrated in vacuo. The crude product was washed

with cyclohexane to give the compound 44 as a yellow powder (m = 3.51 g, yield =75 %).
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'H NMR (500 MHz, CDCl,, 300 K) & (ppm): 2.50 (bs, 2H, NH), 2.53 (m, 8H), 2.64 (m, 8H), 4.00
(s,4H, CH,bridge), 7.18 (m, 4H), 7.79 (m, 2H).

C{'H} NMR (125 MHz, CDCl,, 300 K) 6 (ppm): 47.9 (*4), 53.0 (*4), 58.6 (*2) (CH,), 120.9 (*2),
123.1 (*2) (CHar), 124.4 (*2) (Car), 125.5 (*2), 128.7 (*2) (CHar), 154.8 (*2) (Car).

MALDI-TOF: m/z = 364.9 [M+H]".
HRMS-ESI: m/z = calculated for C,,H,N,O+H: 365.2335, obtained 365.2346.

Elemental analysis for C,,H,¢N,O. Calculated: C (72.50 %), H (7.74 %), N (15.37 %). Obtained: C
(72.3 %), H (7.8 %), N (15.3 %).

45 1,7-crossbridged(dibenzylether)-1,4,7,10-tetraazacyclododecane

(\(Rl /\ C,,H3N,O
EN H N M = 366.50 g.mol’!
H

45 was obtained from cyclen (0.78 g, 4.53 mmol) and bis(2-formylphenyl)ether (1.02 g, 4.53
mmol) in the presence of sodium triacetoxyborohydride (2.69 g, 12.68 mmol) by using the same

procedure reported for 44. The compound 45 was isolated as a white powder (m = 1.29 g, yield =
78 %).

'"H NMR (500 MHz, CDCl,, 298 K) 8(ppm): 2.05 (bs, 2H, NH), 2.45-2.82 (m, 16H), 3.33 (d, 2H, J
= 12.5 Hz, CH,bridge), 4.13 (d, 2H, 2J = 12.5 Hz, CH,bridge), 6.65 (m, 2H), 6.96 (m, 2H), 7.15 (m,
4H).

“C{'H} NMR (125 MHz, CDCl,, 323 K) & (ppm): 48.1 (*2), 48.4 (*2), 53.5 (*2), 55.9 (*2), 59.2
(*2) (CH,), 119.3 (*2), 123.7 (*2), 130.0 (*2) (CHar), 130.9 (*2) (Car), 132.5 (*2) (CHar), 157.3
(*2) (Car).

MALDI-TOF: m/z = 367.1 [M+H]".

Elemental analysis for C,,H;,N,O. Calculated: C (72.08 %), H (8.26 %), N (15.29 %). Obtained: C
(72.0 %), H (8.3 %),N (15.2 %).
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Compound 46
@) C,,H,N,O
(\N/\ 34+ 248+ Y45
R R = CH,CO,'Bu M =592.77 g.mol’!

N N
R
N
3.51 g of 44 (5.92 mmol) were dissolved in MeCN (350 mL). K,CO, (3.93 g, 28.52 mmol)
and fert-butyl bromoacetate (2.78 g, 14.27 mmol) were then added, and the reaction was heated to
40 °C for 4 h. After cooling, impurities were removed by filtration, and the filtrate was evaporated

under reduced pressure. Residual solvent was removed under high vacuum, and the product was
triturated with diethyl ether to give the compound 46 as a yellow oil (m =2.19 g, yield =91 %).

'"H NMR (600 MHz, CDCl,, 323 K) 8(ppm): 1.26 (s, 18H, CH,), 2.68-2.71 (m, 4H), 2.88-2.94 (m,
8H), 3.01-3.05 (m, 4H), 3.14-3.18 (m, 4H), 4.67 (s, 4H), 7.33 (t, 2H, °J = 7.5 Hz), 7.51 (d, 2H, *J =
7.5Hz),7.92 (d,2H, %I = 7.5 Hz), 8.52 (bs, 1H, N*-H).

C{'H} NMR (125 MHz, CDCl,, 323 K) 6 (ppm): 27.9 (*6), 51.8 (*4), 53.1 (*4), 57.8 (*4) (CH,),
81.9 (*2) (C), 119.6 (*2), 121.5 (*2), 123.7 (*2) (CHar), 123.9 (*2) (Car), 128.9 (*2) (CHar), 158.8
(*2) (Car), 168.8 (*2) (C=0).

ESI-MS: m/z = 537.3 [M+2H-'Bu]*, 593 .4 [M+H]".

HRMS-ESI: m/z = calculated for C;,H,4N,Os+H: 593.3698, obtained 593.3680.

Compound 47

(NJ C;,H5N,Os
é N(R/\N i R = CH,CO,'Bu M = 594,78 g.mol’
R
N

The compound 45 (1.0 g, 2.73 mmol) was dissolved in MeCN (150mL). K,CO, (1.51 g, 10.92
mmol) and tert-butyl bromoacetate (1.17 g, 6.01 mmol) were then added, and the reaction was
heated to 40 °C for 4 h. After cooling, impurities were removed by filtration, and the filtrate was
evaporated under reduced pressure. Residual solvent was removed under high vacuum, and the
product was triturated with diethyl ether to give the compound 47 as a yellow oil (m = 1.20 g, yield
=74 %).
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'"H NMR (600 MHz, CDCl,, 298 K) 8(ppm): 1.36 (s, 18H, CH,), 2.74 (m, 4H), 2.78-2.92 (m, 8H),
2.98-3.24 (m, 8H), 4.25 (s, 4H), 6.78 (d, 2H, °J = 7.7 Hz), 7.14 (t, 2H, *J = 7.7 Hz), 7.29 (t, 2H, ] =
7.7 Hz),7.60 (d,2H, %] = 7.7 Hz), 8.55 (bs, N*-H).

“C{'H} NMR (75 MHz, CDCl,, 300 K) & (ppm): 28.1 (*6) (CH,), 47.9 (*4), 52.7 (*4), 54.4 (*2),
549 (*2) (CH,), 81.7 (*2) (C), 116.9 (*2), 124.1 (*2), 125.1 (*2) (CHar), 130.6 (*2) (Car), 133.7
(*2) (CHar), 154.7 (*2) (Car), 169.5 (*2) (C=0).

ESI-MS: m/z = 595 .4 [M+H]".

Compound 48
O C,H,,N,O
(\N/\ 2611324 ¥45
R R = CH,CO,H M = 480.56 g.mol

N N
R
N
2.19 g of compound 46 were dissolved in 15 mL of a 37 % HCI solution. The reaction
mixture was stirred at room temperature for 10 min. Chlorhydric acid was then evaporated off, the
remaining oil was dissolved in acetone, and the desired product slowly precipitated. After removal

of trace solvents under high vacuum, the compound 48*HBr*HCI*2H,O was obtained as a white
solid (m = 1.49 g, yield = 67 %).

'H NMR (600 MHz, D,0, 363 K, pD = 14) 8(ppm): 2.52-2.56 (m, 4H), 2.63-2.71 (m, 8H), 2.98-
3.02 (m, 4H), 3.12-3.17 (s, 4H), 3.74 (s, 4H), 7.31-7.32 (m, 2H), 7.34-7.36 (m, 2H), 7.90-7.92 (m,
2H).

ESI-MS: m/z = 481.2 [M+H]", 503.2 [M+Na]".

Elemental analysis: C,H;,N,Os*HBreHCI*2H,0. Calculated: C (49.26 %), H (6.04 %), N (8.84 %).
Obtained: C (49.60 %), H (6.10 %), N (8.93 %).
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Compound 49
S C26H34N405
g Wng R = CH,CO,H M =482.57 g.mol"
N
R
NI

1.20 g of compound 47 was dissolved in a 37 % HCI solution. The reaction mixture was
stirred at room temperature for 10 min. Chlorhydric acid was then evaporated off, the remaining oil
was dissolved in acetone, and the desired product slowly precipitated. After removal of trace
solvents under high vacuum, the compound 49*HBr*HCl*0.5H,O was obtained as a white solid (m
=1.12 g, yield = 80 %).

'H NMR (600 MHz, D,0, 363 K, pD = 14) 8(ppm): 3.33 (bs, 4H), 3.37-3.41 (m, 8H), 3.45-3.49 (m,
4H), 3.54-3.60 (m, 4H), 4.52 (s, 4H), 7.47 (d,2H, ] = 7.7 Hz), 7.86 (t, 2H, ] = 7.7 Hz), 8.06 (t, 2H,
) =7.71Hz),8.08 (d,2H,°J =7.7 Hz).

C{'H} NMR (150 MHz, D,0, 363 K, pD = 14): 48.6 (*4), 53.5 (*4), 55.7 (*2), 56.8 (*2) (CH,),
118.0 (*2), 124.7 (*2), 126 4 (*2) (CHar), 131.4 (*2) (Car), 133.9 (*2) (CHar), 155.6 (*2) (Car),
179.2 (*2) (C=0).

ESI-MS: m/z = 483.3 [M+H]".

Elemental analysis for C,;H;,N,sHBreHCI*0.5H,0O. Calculated: C (51.07 %), H (5.87 %), N (9.12
%). Obtained: C (51.28 %), H (6.12 %), N (9.20 %).
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III. Experimental part Chapter III

52 methyl-2,5-dimethylbenzoate **'

C10H1202

N M = 16420 g.mol’

o)

A mixture of 2,5-dimethylbenzoic acid (10.0 g, 66.6 mmol) and sulphuric acid (14 mL, 13.3
mmol) was refluxed in methanol (27 mL) for 4 h. The mixture was poured into water (250 mL) and
extracted with ethyl acetate (2*200 mL). The pooled organics were washed with saturated sodium
bicarbonate (2*50 mL) and brine (50 mL), dried over MgSO,, and concentrated in vacuo to give 52

(m =10.1 g, yield = 92 %) as a colorless oil.

'H NMR (300 MHz, CDCI3, 300 K) 6 (ppm): 2.34 (s, 3H, CH,), 2.56 (s, 3H, CH,), 3.88 (s, 3H,
OCH,), 7.12 (d, 1H, ’J =7.8 Hz, CHar), 7.24 (dd, 1H,°J = 7.8 Hz, ‘] = 1.7 Hz, CHar), 7.70 (d, 1H,
‘] =1.7 Hz, CHar).

BC{'H} NMR (150 MHz, CDCL,, 300 K) 8(ppm): 20.9, 21.4 (CH,), 51.9 (OCH,), 129.6 (Car),
1312, 131.8, 132.9 (CHar), 135.4, 137.2 (Car), 168.4 (C=0).

ESI-MS: m/z = 165.31 [M+H]".

53 methyl-2,5-bis(bromomethyl)benzoate
Br
C,oH;,Br,0,

O M =321.99 g.mol

Br ©

To a solution of 52 (10.1 g, 61.6 mmol) in carbon tetrachloride (300 mL) were added
N-bromosuccinimide (23.0 g, 129.3 mmol) and benzoyl peroxide (1.0 g, 4.1 mmol). The reaction
mixture was heated at reflux for 4 h. The resulting suspension was filtered, and the residue was
washed with chloroform (3*150 mL). The pooled organics were concentrated in vacuo to give a
mixture of product and succinimide as determined by 'H NMR. The mixture was dissolved in
dichloromethane (600 mL) and washed with water (3*150 mL). The organic phase was dried over
MgSO, and concentrated in vacuo, and the resulting residue was purified by reverse phase flash
chromatography on C18 (A: H,O, B: CH,CN, B 35 % — 60 %). After evaporation of acetonitrile,

the aqueous solution was freeze dried to give 53 (13.9 g, yield = 70 %) as a white solid.
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'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 3.98 (s, 3H, OCH,), 4.49 (s, 2H, CH,), 4.94 (s, 2H,
CH,), 746 (d, 1H,°J = 7.8 Hz, CHar), 7.53 (dd, 1H,°J = 7.8 Hz, *J = 1.8 Hz, CHar), 8.00 (d, 1H,*J
= 1.8 Hz, CHar).

BC{'H} NMR (125 MHz, CDCL,, 300 K) 8(ppm): 31.0, 32.0 (CH,), 52.6 (CH,), 129.7 (Car), 132.0,
132.5, 133.2 (CHar), 138.5, 139.6 (Car), 166.6 (C=0).

ESI-MS: m/z = 322.54 [M+H]".

54 hexa-tert-butyl-11,11'-((2-(methoxycarbonyl)-1,4-phenylene)bis(methylene))bis(1,4,8,11-

tetraazacyclotetradecane-1,4,8-tricarboxylate)

Boc\ ,Boc

C60H104N8Ol4
BOC v j M=1161.51 g.mol
O Boc U “Boc

To a solution of tri-tert-butyl 1.4,8,11-tetraazacyclotetradecane-1,4,8-tricarboxylate (2.00 g,
3.98 mmol) in acetonitrile (20 mL) was added K,CO, (1.38 g, 9.99 mmol) and compound 53 (0.63
g, 1.99 mmol). The reaction mixture was heated at 40 °C overnight. After cooling, the solution was
filtered on celite. The solvent was evaporated and the resulting oil was taken up in 200 mL of
diethylether, washed with 2*50 mL of water, dried over MgSO, and concentrated in vacuo. The
resulting residue was purified by flash chromatography (eluent CH,Cl,/MeOH 65:35) to give 54 (m
=1.89 g, yield = 82 %, Mp: 89 +/- 1 °C) as a white foam.

'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 1.32-1.43 (m, 54H, CH,), 1.58-1.68 (m, 4H, CH,p),
1.77-1.89 (m, 4H, CH,p), 2.16 (s, 1H), 2.29-2.36 (m, 4H), 2.53-2.62 (m, 4H), 3.14-3.35 (m, 23H),
3.49 (s, 2H), 3.79 (s, 2H), 3.82 (s, 3H, OCH,), 7.29 (d, 1H,°J = 7.8 Hz, CHar), 741 (d, 1H,’J = 7.8
Hz, CHar), 7.64 (s, 1H, CHar).

C{'H} NMR (125 MHz, DMSO, 343 K) 8(ppm): 25.6 (*2),25.9 (*2) (CH,p), 27.6 (*3),27.7 (*3),
27.8 (*12) (CH;),45.4,45.5,45.7,45.8,45.9 (*2),46.0,46.2,46.5(*3),46.6,46.7,51.1,51.3,52.5,
52.7, 56.2, 57.8 (CH,+CH,;), 78.0 (*2), 78.1, 78.2, 78.3, 78.4 (C), 129.6, 129.7, 130.3 (CHar),
131.3,137.5,138.1 (Car), 154.2, 154 .3 (*2), 154.4, 154.5 (*2), 167 .4 (C=0).

ESI-MS: m/z = 1183.76 [M+Na]", 1199.73 [M+K]".

HRMS-ESI: m/z = calculated for C,,H,,,N;O,,+Na: 1183.7571, obtained 1183.7564.
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Elemental analysis for C,,H,(,N;O,,. Calculated : C (62.04 %), H (9.02 %), N (9.65 %). Obtained :
C (61.62 %), H (8.98 %), N (9.55 %).

55 hexa-tert-butyl-11,11'-((2-((2-aminoethyl)carbamoyl)- 1,4-phenylene)bis(methylene))bis
(1,4,8,11 - tetraazacyclotetradecane-1,4,8-tricarboxylate)

Boc K) [N Nj CoiH 05N 4O5

M =1189.57 g.mol

HoN

1.89 g of compound 54 (1.63 mmol) was dissolved in 6.5 mL of distilled ethylenediamine (30
eq.). The mixture was stirred at 40 °C for 7 days. The mixture was concentrated by evaporation and
the resulting oil was taken up in acetone (200 mL). After filtration, the pooled organics were
concentrated in vacuo to give a yellow foam. The resulting residue was purified by flash
chromatography on silica gel (eluent CH,Cl,/MeOH 75:15) to furnish 55 (m =0.77 g, yield = 40 %,
Mp: 98 +/- 1 °C) as a white foam.

'H NMR (500 MHz, CDCl,, 324 K) 8(ppm): 1.29-1.39 (m, 18H, CH,), 1.43-1.47 (m, 36H, CH,),
1.70-1.75 (m, 4H, CH,B), 1.83-1.92 (m, 4H, CH,B), 2.06-2.16 (m, 2H), 2.44 (t, 2H, *J = 5.7 Hz),
2.51 (t, 2H, *J = 6.5 Hz), 2.60-2.64 (m, 2H), 2.71 (t, 2H, °J = 6.5 Hz), 2.97 (t, 2H, *J = 6.0 Hz,
CH,NH,), 3.26-3.29 (m, 24H), 3.50 (q, 2H, *J = 6.0 Hz, CH,NHC=0), 3.54 (s, 2H, CH,Ph), 3.68 (s,
2H, CH,Ph), 7.20 (d, 1H, *J = 7.3 Hz, CHar), 7.25 (d, 1H, *J = 7.3 Hz, CHar), 7.49 (s, 1H, CHar),
8.17 (bs, 1H, NHC=O).

C{'H} NMR (125 MHz, CDCl,, 324 K) 8(ppm): 26.1 (*2), 27.2 (*2) (CH,B), 28.6 (*3), 28.7 (*3),
28.8 (*9) 28.9 (*3) (CHy), 42.1 (*2), 43.1 (*2), 46.5, 469, 47.3 (*2), 47.5, 480, 48.1 (*2), 50.9,
51.1,52.1, 524, 52.5, 535, 580, 59.6 (CH,) 79.6, 79.7, 79.8, 79.9, 80 .0, 80.1 (C), 129.3, 130.5,
131.2 (CHar), 135.1,137.4,138.7 (Car), 155.7 (*2), 155.9, 156.0 (*2), 156.1, 167 .4 (C=0).

ESI-MS: m/z = 1189.82 [M+H]".
HRMS-ESI: m/z = calculated for C,H,,sN,,O,;+H: 1189.8170, obtained 1189.8212.

Elemental analysis for CqH,sN,,0,;. Calculated : C (61.59 %), H (9.15 %), N (11.77 %).
Obtained : C (61.17 %), H (9.43 %), N (11.51 %).
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56 2,5-bis((1,4,8,11-tetraazacyclotetradecan-1-yl)methyl)-N-(2-aminoethyl)benzamide

n

[NH HN]
NH N )
‘\) N HN C;HgN,, O
0 [ j M = 588.87 g.mol’
'S\IH NH HN
HoN

0.47 g (0.40 mmol) of compound 55 was dissolved in 10 mL of 35 % solution of HCI. The
mixture was stirred for 30 min at room temperature. The resulting solution was evaporated, taken
up in 50 mL of acetone and then stirred overnight. The precipitate, which was formed, was filtered,
washed with acetone (30 mL) and diethylether (30 mL) and finally dried in vacuo to yield
compound 56°9 HCl*5 H,O as a white solid (m =0.40 g, yield = 99 %).

'"H NMR (300 MHz, D,0, 300 K) 8(ppm): 2.16-2.27 (m, 8H, CH,B), 3.14-3.18 (m, 2H), 3.34-3.67
(m, 32H, CH,0)), 3.78-3.82 (m, 2H), 4.29 (s, 2H, CH,Ph), 4.51 (s, 2H, CH,Ph), 7.74-7 81 (m, 2H),
7.91-7.93 (s, 1H).

“C{'H} NMR (75 MHz, D,0, 300 K) 8(ppm): 18.5, 18.8, 19.2, 19.3 (CH,B), 37.6,37.7, 37.8, 38.1,
38.5,38.7,3809,410,41.2,41.7,41.8, 42.1,45.0,45.3, 45.6, 47.8, 479, 48.4, 57.5, 58.1 (CH,),
130.2,131.6, 1334 (Car), 134.4,134.5,135.7 (CHar), 171.0 (C=0).

HRMS-ESI: m/z = calculated for C;;H,,N,,O+H: 589.5024, obtained 589.5034.

Elemental analysis for C,;;Hg,N,,O*9HCI*5H,0. Calculated : C (36.97 %), H (7.91 %), N (13.91
%). Obtained : C (37.13 %), H (8.06 %), N (14.33 %)).

The white solid was dissolved in a 8 M solution of NaOH. After extraction of the
deprotonated species with chloroform (2*100 mL), the organic layer is dried over MgSO, and
evaporated. Compound 56 was obtained as a yellow oil (m =0.15 g, yield = 63 %).

'H NMR (300 MHz, CDCl;, 300 K) 8(ppm): 1.52-1.60 (m, 4H, CH,B), 1.67-1.80 (m, 4H, CH,p),
2.26-2.68 (m, 40H), 2.76 (t, 2H, *J = 6.1 Hz, CH,NH,), 3.32 (q, 2H, *J = 6.1 Hz, CH,NHC=0), 3.37
(s, 2H, CH,Ph), 3.51 (s, 2H, CH,Ph), 7.12 (dd, 1H,°J = 7.8 Hz, 1 = 1.7 Hz), 7.37 (d, 1H, T = 1.7
Hz),7.41 (d, 1H,J = 7.8 Hz), 8.64 (t, 1H, NHC=0).

“C{'H} NMR (75 MHz, CDCl;, 300 K) 8(ppm): 26.1, 26.5, 28 4, 28.6 (CH,B), 41.9, 43.1, 47.3,
477,478,482, 483,485, 48.6,48.7, 49.1, 49.3, 50.5, 50.9, 53.2, 53.3, 54.2, 54.6 (CH,), 55.8,
57.9 (CH,Ph), 128.0, 1304, 130.6 (CHar), 135.7, 137.6, 137.9 (Car), 140.5 (C=0).
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Compound 57
Boc\ m Boc
C;3HssBIN,O,

. VO/\ M = 683.72 g.mol
" v

Potassium carbonate (3.6 g, 26.0 mmol) was added to a stirred solution of p-xylene dibromide
(264 g, 100.0 mmol) in acetonitrile (200 mL). The solution was heated under reflux (70 °C) and a
solution of triBoccyclam (10.0 g, 20.1 mmol) in acetonitrile (100 mL) was added dropwise. After
the addition, the mixture was stirred at 70 °C for 4 h. The solvent was evaporated in vacuo and the
resulting product was dissolved in dichloromethane (150 mL), washed with water (100 mL), brine
(100 mL) and one more time with water (100 mL). The organic fractions were dried over
magnesium sulfate and concentrated. The excess of p-xylene dibromide was extracted by
recrystallization in acetonitrile. Purification by inverse phase flash chromatography on C18 (A:
H,0, B: CH,CN, B 80 % — 100 %) gave 57 as a white foam (7.26 g, yield = 53 %).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 1.24-145 (m, 27H, CH,), 1.60-1.74 (m, 2H,
CH,p), 1.80-1.94 (m, 2H, CH,f), 2.30-2.42 (m, 2H), 2.51-2.65 (m, 2H), 3.11-3.38 (m, 12H), 3.46
(s, 2H, CH,Ph), 4.40 (s, 2H, CH,Br), 7.17 (d, 2H, °J = 8.5 Hz, CHar), 7.25 (d, 2H, °J] = 8.5 Hz,
CHar).

HRMS-ESI: m/z = calculated for C;;H;sBrN,O,+ H: 683.3378, obtained 683.3344.

Elemental analysis for C,;HsBrN,O¢*1.5H,0. Calculated : C (55.77 %), H (8.23 %), N (7.88 %)).
Obtained : C (55.94 %), H (8.14 %), N (8.05 %)).

Compound 58

Boc\ A Boc \
C3oHgNgOg
\/Q/\ M =710.95 g.mol”
Boc v

2-Aminomethylpyridine (2.36 mL, 22.95 mmol) was added to a suspension of potassium
carbonate (0.95 g, 6.88 mmol) in acetonitrile (250 mL). The reaction mixture was stirred and heated
under reflux. Once reflux established, a solution of 57 (3.14 g, 4.56 mmol) in acetonitrile (75 mL)
was added dropwise. The resulting mixture was stirred at 80 °C for 4 h and followed by TLC. After
completion of the reaction, the solvent was evaporated in vacuo. The product was dissolved in
dichloromethane (50 mL), washed with water (3 x 50 mL) and dried over magnesium sulfate. The
solvent was evaporated. Purification by flash chromatography on silica gel (A: CH,Cl,, B
CH,OH/CH,CI, (10:90), B 0 % — 50 %) gave 58 as a yellow oil (2.38 g, yield =73 %).

189



Experimental section

'H NMR (300 MHz, DMSO, 300 K) & (ppm): 1.23-1.45 (m, 27H, CH,), 1.52-1.68 (m, 2H, CH,p),
1.74-1.89 (m, 2H, CH,f), 2.23-2.37 (m, 2H), 3.10-3.19 (m, 2H), 3.21-3.37 (m, 13H), 3.47 (s, 2H,
CH,(1')), 3.70 (s, 2H, CH,(1°")), 3.77 (s, 2H, CH,(1°)), 7.17-7.30 (m, 5H, CHar, CH(5)), 7.44 (d,
1H,°] =7.7 Hz, CH(3)),7.74 (td, 1H,*] = 7.7 Hz, *] = 1.8 Hz, CH(4)), 8.45-8.51 (m, 1H, CH(6)).

HRMS-ESI: m/z = calculated for C,,H,,N,O, + H: 711.4804, obtained 711.4788.

Elemental analysis for C;,H,,N,Og®1.5H,0. Calculated : C (63.47 %), H (8.88 %), N (11.39 %).
Obtained : C (63.54 %), H (8.85 %), N (11.32 %).

Compound 59

Boc\pN,Boc 4/ N6
3N=N
[/ N Nj 2 C43H68N608
Boc k) N M = 797.04 g.mol"

To a stirred solution of 58 (2.38 g, 3.34 mmol) in acetonitrile (35 mL) were added
subsequently potassium carbonate (1.85 g, 13.36 mmol) and bromoethyl acetate (0.37 mL,
3.34 mmol). The reaction was stirred at 40 °C for one night. The suspension was filtered on a celite
bed and the cake was washed with acetonitrile (100 mL). After evaporation of the solvent in vacuo,
the crude was purified by flash chromatography on silica gel (A: CH,Cl,, B: C,H;OH, B 50 %) to
give 59 (2.38 g, yield =91 %) as a yellow oil.

'H NMR (300 MHz, DMSO, 300 K) & (ppm): 1.17 (t, 3H, ] = 7.0 Hz, CH,CH,), 1.23-1.44 (m,
27H, CH,), 1.52-1.67 (m, 2H, CH,f), 1.72-1.88 (m, 2H, CH,f}), 2.23-2.39 (m, 2H), 2.48-2.56 (m,
2H), 3.00-3.36 (m, 14H), 3.46 (s, 2H, CH,Ph), 3.74 (s, 2H, CH,Ph), 3.86 (s, 2H, CH,Pyr), 4.07 (q,
2H,°] =7.0 Hz, CH,CH,), 7.16-7.35 (m, 5H, CHar, CH(5)), 7.50 (d, 1H, ’J = 7.4 Hz, CH(3)), 7.76
(td, 1H,°J = 7.8 Hz, ] = 1.9 Hz, CH(4)), 8 .45-8.49 (m, 1H, CH(6)).

HRMS-ESI: m/z = calculated for C,;HN,O¢+ Na: 819.4991, obtained 819.4986.

Elemental analysis for C,;HN,Oz2.5H,0. Calculated : C (61.33 %), H (8.74 %), N (9.98 %).
Obtained : C (61.58 %), H (9.03 %), N (9.80 %).
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Compound 60

3N =N
[/ N N] 2 C43H70N8O7
Boc U NT M =811.07 g.mol"

59 (5.88 g, 7.5 mmol) was dissolved in ethylenediamine (30 mL, 450 mmol). The solution
was stirred and heated at 60 °C under Ar for one week. After evaporation of the excess of ethylene
diamine, the resulting oil was chromatographed on silica gel (A: CH,Cl,, B: CH;OH, B 10 %)
several times in order to remove as much as possible the impurities. Finally, flash chromatography
on silica gel (A: CH,Cl,, B: C,H;OH, B 10 % — 30 %) gave 60 (1.77 g, yield = 29 %) as a yellow

oil.

'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 1.24-1.44 (m, 27H, CH,), 1.56-1.68 (m, 2H, CH,p),
1.77-1.91 (m, 2H, CH,B), 2.26-2.37 (m, 2H), 2.44-2.63 (m, 4H), 281 (t, 2H, J,,, = 5.8 Hz,
CH,NH,), 3.15-3.33 (m, 16H), 3.43 (s, 2H, CH,Ph), 3.57 (s, 2H, CH,Ph), 3.69 (s, 2H, CH,Pyr),
7.10-7.25 (m, 6H, CHar, CH(5), CH(3)), 7.58 (td, 1H,°J = 7.6 Hz, “J = 1.9 Hz, CH(4)), 8.39 (t, 1H,
J.=5.8 Hz, NHC=0), 8.55-8.62 (m, 1H, CH(6)).

app

HRMS-ESI: m/z = calculated for C,;H,,N;O,+ Na: 833.5260, obtained 833.5264.

Elemental analysis for C,;H,,N;O,*5H,0. Calculated : C (57.31 %), H (8.95 %), N (12.46 %).
Obtained : C (57.40 %), H (8.92 %), N (12.25 %).

Compound 61

NH HN

3N_~-N
[NH N] 2 C,H,:N,O
v N ¥ M =510.72 g.mol’
H( " NH,

0]

Route A: 60 (689.5 mg, 0.850 mmol) was dissolved in dichloromethane (5.3 mL) and
trifluoroacetic acid (8.5 mL) was added under argon atmosphere. The reaction mixture was stirred
at room temperature for one night. The solvent was evaporated in vacuo. The resulting yellow oil
was stirred in diethyl ether for two days until the desired product precipitates. The supernatant was
eliminated and the powder was dried in vacuo. Once dry, few drops of NaOH (16 M) were added in

order to obtain a viscous solution and chloroform (100 mL) was added quickly. The two layers were
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separated and the organic layer was dried over magnesium sulfate. 61 (383.1 mg, yield = 88 %) was
obtained as a light yellow oil.

Route B: 63 (200.0 mg, 0.22 mmol) was dissolved in dichloromethane (1.4 mL) and
trifluoroacetic acid (2.2 mL) was added under argon atmosphere. The reaction mixture was stirred
at room temperature for one night. After completion of the reaction, the solvent was evaporated in
vacuo. The resulting yellow oil was stirred in diethyl ether for two days until the desired product
precipitates. The supernatant was eliminated and the powder was dried in vacuo. Once dry, few
drops of NaOH (16 M) were added in order to obtain a viscous solution and chloroform (50 mL)
was added quickly. The two layers were separated and the organic layer was dried over magnesium
sulfate. 61 (104.3 mg, yield = 93 %) was obtained as a light yellow oil.

'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 1.62 (quint, 2H, J.p = 5.2 Hz, CH,f3), 1.81 (quint, 2H,
J.p = 5.5 Hz, CH,f), 2.90-2.34 (m, 23H), 3.20 (s, 2H), 3.30 (q, 2H, J,,, = 5.9 Hz, CH,NHC=0),
3.52 (s, 2H, CH,Ph), 3.62 (s, 2H, CH,Ph), 3.74 (s, 2H, CH,Pyr), 7.28-7.14 (m, 6H, CHar, CH(3),
CH(5)), 7.61 (td, 1H,°] = 7.7 Hz, *] = 1.7 Hz, CH(4)), 8.37 (t, 1H, J, , = 5.7 Hz, NHC=0), 8.56-

8.62 (m, 1H, CH(6)).

app

“C{'H} NMR (150 MHz, CDCl,, 300 K) 8(ppm): 26.0 (CH,p), 28.1 (CH,B), 41.8 (CH,NH,), 42.3
(CH,NHC=0), 47.3, 47.7, 48.8, 49.0, 49.3, 50.6, 53.2, 54.3, 57.5 (CH,), 57.6 (CH,Ph), 58.6
(CH,Ph), 60.6 (CH,Pyr), 122.5, 123.3 (CHar,,), 128.8 (*2) (CHar), 129.4 (*2) (CHar), 136.5 (*2)
(CHary,,, Car), 138.0 (Car), 149.7 (CHar,,), 158.4 (Cary,,), 171.4 (C=0).

HRMS-ESI: m/z = calculated for C,;H,(N;O + H: 511.3867, obtained 511.3862.

Compound 62

5
Boc\ m Boc 4 X6
C41H64N608
BOC v M = 768.98 g.mol!
o

59 (1.43 g, 1.8 mmol) was dissolved in ethanol (13.8 mL) and a solution of NaOH (1M)
(3.6 mL, 3.6 mmol) was added. The reaction mixture was stirred during one night. After
evaporation of ethanol, the resulting product was dissolved in water (200 mL) and washed with
diethyl ether (100 mL). Then, the aqueous layer was acidified progressively until pH 1 and the
desired product was extracted with chloroform (3*100 mL). 62 (1.04 g, yield = 75 %) was obtained
as a yellow oil.

'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 1.26-1.48 (m, 27H, CH,), 1.57-1.70 (m, 2H, CH,p),
1.79-1.93 (m, 2H, CH,B), 2.28-2.41 (m, 2H), 2.48-2.66 (m, 2H), 3.13-3.41 (m, 12H), 3.47 (s, 4H),
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3.82 (s, 2H, CH,Ph), 3.97 (s, 2H, CH,Pyr), 7.10-7.20 (m, 6H, CHar, CH(5), CH(3)), 7.66 (td, 1H,°J
=7.6 Hz,"J = 1.8 Hz, CH(4)), 8.53-8.59 (m, 1H, CH(6)).

HRMS-ESI: m/z = calculated for C,;Hy,N,O¢+ H: 769.4858, obtained 769.4870.

Elemental analysis for C,;H,,N;Og*2C,H,OH. Calculated : C (62.77 %), H (8.90 %), N (9.76 %).
Obtained : C (62.87 %), H (8.50 %), N (9.68 %).

Compound 63

> N N z C48H78N8O9
Boc K) N M =911.18 g.mol"

tert-Butyl (2-aminoethyl)carbamate (229.1 mg, 1.43 mmol), HBtu (519.6 mg, 1.37 mmol),
HOBt (185.1 mg, 185.1 mmol) and N ,N-diisopropylethylamine (339.8 uL., 1.95 mmol) were added
to a solution of 62 (1.00 g, 1.30 mmol) in dichloromethane (65 mL) under argon atmosphere. The
reaction mixture was stirred for 4 hours. Dichloromethane and N,N-diisopropylethylamine were
evaporated in vacuo. The resulting product was dissolved in dichloromethane (200 mL) and washed
with a citric acid solution (2.2M) (100 mL), a saturated solution of sodium bicarbonate (100 mL)
and finally water (100 mL). The organic layer was dried on magnesium sulfate and evaporated in
vacuo. Flash chromatography (A: CH,Cl,, B: C,H;OH, B 10 %) gave 63 (0.73 g, yield = 62 %) as a
light yellow foam.

'H NMR (300 MHz, CDCI3, 300 K) 8(ppm): 1.25-1.46 (m, 36H, CH,), 1.55-1.68 (m, 2H, CH,p),
1.76-191 (m, 2H, CH,f), 2.24-2.38 (m, 2H), 2.47-2.61 (m, 2H), 3.06-3.42 (m, 18H), 3.46 (s, 2H,
CH,Ph), 3.57 (s, 2H, CH,Ph), 3.69 (s, 2H, CH,Pyr), 5.77 (t, 1H, J,,, = 5.7 Hz, NHBoc)), 7.00-7.20
(m, 6H, CHar, CH(5), CH(3)), 7.63 (td, 1H, *J = 7.6 Hz, J = 1.6 Hz, CH(4)), 843 (t, 1H, J,,, = 5.8
Hz, NHC=0), 8.63-8.74 (m, 1H, CH(6)).

HRMS-ESI: m/z = calculated for C,sH,N;Oy+ H: 911.5965, obtained 911.5981.

Elemental analysis for C,sH,;N;O,¢3.5 H,0. Calculated : C (59.18 %), H (8.79%), N (11.50 %)).
Obtained : C (59.00 %), H (8.69 %), N (11.55 %).
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64 4,4-difluoro-8-((4-(((2,5-dioxopyrrolidin- 1-yl)oxy)carbonyl)phenyl))1,3,5,7-tetramethyl-2 ,6-
diethyl-4-bora-3a,4a-diaza-s-indacene

C28H30BF2N3O4
M =521.36 g.mol’'

54 mg of N-hydroxysuccinimide (0.48 mmol), 58 mg of dimethylaminopyridine (DMAP)
(0.48 mmol) and 92 mg of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI)
(0.48 mmol) were added to a solution of 4,4-difluoro-8-(4-carboxyphenyl-)1,3,5,7-tetramethyl-2,6-
diethyl-4-bora-3a.4a-diaza-s-indacene (100 mg, 0.24 mmol) in CH,Cl, (50 mL). The reaction was
stirred at 35 °C. After complete activation of the acide function (2 h) followed by TLC, the mixture
was washed with 2*10 mL of water, the organic phase was dried over MgSO, and the solvent was
evaporated to give a red oil. The crude product was purified by chromatography on silica gel
(eluent: AcOEt/hexane 50:50). Upon concentration of the pure fraction, recristallization in a

mixture of dichloromethane and hexane gave 64 as a red solid (m = 88 mg, yield = 70 %).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 0.96 (t, 6H, °J = 7.5 Hz, CH,CH,), 1.25 (s, 6H, CH,),
227 (q, 4H, T = 7.5 Hz, CH,CH,), 2.51 (s, 6H, CH5), 2.92 (bs, 4H, CH,C=0), 7.47 (d, 2H, ] = 8.3
Hz, CHarpoa), 8.23 (d, 2H, *J = 8.3 Hz, CHargoq).

BC{'H} NMR (75 MHz, CDCl, 300 K) § (ppm): 12.1 (¥2), 12.7 (*2) (CH,), 14.6 (*2) (CH,CH,),
17.3 (*2) (CH,CH,), 25.7 (*2) (CH,C=0) 125.6 (Carg,,), 129.3 (*2) (CHarpog), 131.2 (*2) (Cpyrrole),
1333 (*2) (CHarpoa), 137.7 (*2) (Cpyrrote), 138.0 (*2) (Cpyrrote), 138.7 (Coq), 143.0 (Carpoq), 154.6
(*2) (Cpymrole), 161.4 (CO,), 169.2 (+2) (NC=0).

"B NMR (192.5 MHz, CDCl,, 300 K) & (ppm): 0.79 (t, T, x= 33.1 Hz).
ESI-MS: m/z = 54421 [M+Na]*
UV-Vis (CH,CN), A (nm) (¢, M'em™): 525 (73000), 492 (sh, 23200), 378 (7940)

Elemental analysis for C,,H,,BF,N;O,. Calculated: C (68.50 %), H (6.67 %), N (6.39 %).
Obtained : C (68.78 %), H (6.87 %), N (5.95 %).
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Compound 65

NH HN

Lot o

NH N

CSSHSSBFZN 1 202
M =995.15 g.mol

Diisopropylethylamine (172 pL, 1.04 mmol) was added to a solution of 56 (408 mg, 0.69 mmol) in
acetonitrile (40 mL). A solution of bodipy 64 (694 mg, 0.69 mmol) in acetonitrile (10 mL) was then
added and the mixture was stirred at room temperature during 6 h, until total consumption of the
starting materials was observed by TLC. Solvent was evaporated, and the resulting red oil was
purified by column chromatography on silica gel (eluent: CH,Cl/EtOH/NH,OH 20:60:20).
Precipitation from CH,Cl,/hexane gave the desired compound 65 as a red solid (m = 446 mg, yield
=65 %, Mp: > 200 °C).

'H NMR (300 MHz, CDCl,, 300 K) & (ppm): 0.94 (t, 6H,°J = 7.5 Hz, CH,CH;), 1.24-1.32 (m, 9H),
1.52-1.92 (m, 8H), 2.26 (q, 4H, ’J = 7.5 Hz, CH,CH,), 2.31-2.79 (m, 37H), 3.46-3.73 (m, 12H),
7.20 (d, 1H, °J =7.7 Hz),7.33 (d,2H,°] = 8.2 Hz), 7.43 (s, 1H), 7.55 (d, 1H, °J = 7.7 Hz), 8.12 (d,
2H,°] = 8.2 Hz), 8.49-8.62 (bs, 1H), 9.67-9.80 (bs, 1H).

3C{'H} NMR (75 MHz, CDCl,, 300 K) & (ppm):12.0 (¥2), 12.7 (*2) (CH,), 14.8 (*2) (CH,CH,),
17.2 (*2) (CH,CH,), 262, 26.6, 28.6, 28.7 (CH,B), 39.7, 42.8, 47.1, 48.1, 48.4, 48.5, 48.6, 48.8,
49.4 (*2),49.9, 51.1, 51.3, 53.2, 53.8, 54.2, 54.6, 54.9, 55.2, 58.3 (CH,), 127.2 (CHar), 128.3 (*2),
128.8 (*2) (CHarpoq), 130.5 (CHar), 130.6 (*2) (Cpyrote), 131.5 (CHar), 133.2 (*2) (Cpyrrote), 134.5
(Carpoq), 136.1, 138.2 (Car), 138.3 (*2) (Cpymote), 139.2 (Cpod), 139.3 (Carpoq), 139.8 (Car), 154.3
(*2) (Cpymrole), 166.6, 173.0 (NHC=0).

"B NMR (96 MHz, CDCl,, 300 K) & (ppm): 0.76 (t, 'J; - = 33.6 Hz).
ESI-MS: m/z =995.7 [M+H]", 1021.7 [M+Na]", 1033.7 [M+K]".

HRMS-ESI: m/z = calculated for CssHgsBF,N,0,+H: 995.7062, obtained 995.7012.
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Compound 66

i, 3
4
NH HN e

oy
L

C52H71BF2N1002
M =916.99 g.mol

N,N-Diisopropylethylamine (15.7 x L, 0.09 mmol) and 64 (49.0 mg, 0.09 mmol) were added
to a solution of 61 (47.8 mg, 0.09 mmol) in acetonitrile (5 mL). The reaction mixture was stirred at
room temperature for one night. The solvent was evaporated in vacuo. Chromatography on silica
gel (A: C,H;OH, B: NH,; (25 %), B 5 %) gave 66 (55.0 mg, yield =47 %) as a red powder.

'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 0.92 (t, 6H, °J = 7.5 Hz, CH,CH,), 1.18 (s, 6H, CH,),
1.70-1.96 (m, 4H, CH,P), 2.24 (q, 4H, °J = 7.5 Hz, CH,CH,), 2.39-3.00 (m, 22H), 3.07-3.32 (m,
4H), 3.42-3.59 (m, 6H), 3.64 (s, 2H, CH,Ph), 3.70-3.80 (m, 3H), 7.28-7.08 (m, 8H, CHar, CH(5),
CH(3), CHary,,), 7.57 (td, 1H,°J =7.7 Hz,*J = 1.8 Hz, CH(4)), 7.88-7.98 (m, 2H, CHary,,), 8.07
(t, 14, J,,, = 4.8 Hz, NHC=0), 8.1 (d, 1H, J,,, = 4.6 Hz, CH(6)), 8.71 (t, 1H, J,,, = 5.0 Hz,
NHC=0).

app app

HRMS-ESI: m/z = calculated for C5,H,,BF,N,,0,+ H: 917.5904 obtained 917.5908.
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Compound 67
NH HN
[ one ]
NH N
N\ Ij|N
:Ni2+ ]
NH HN
k) CSSHSSBC14F2N12Ni202
M = 1254.35 g.mol’!
, 4 CI

3.1 mg of NiCl, (0.023 mmol) was added to a solution of 10.4 mg of compound 65 (0.012 mmol) in
6 mL of methanol. The mixture was stirred at 50 °C for 2 h. After evaporation, compound 67 was
obtained as a red solid (m = 14.2 mg, yield = 95 %).

ESI-MS: m/z = 555.27 [M-2H-4CI]*.

HRMS-ESI: m/z = calculated for CssHgsBF,N,Ni,0,-2H-4Cl: 555.2740, obtained 555.2699.
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Compound 68

NH HN
[z )
k) [ \ZI:]/2+]
i

Cy;Ho:BF,N,,0,4Zn,
M = 1362.09 g.mol

4.7 mg of Zn(OAc),(H,0), (0.021 mmol) was added to a solution of 9.5 mg of compound 65
(0.011 mmol) in 6 mL of methanol. The mixture was stirred at 50 °C for 2 h. After evaporation,

compound 68 was obtained as a red solid (m = 27.7 mg, yield = 97 %).
ESI-MS: m/z = 592.28 [M-H-3(OAc¢)]*.

HRMS-ESI: m/z = calculated for C.;Hy,BF,N,0,,Zn,-H-3(OAc): 592.2783, obtained 592.2780.

Compound 69

NH HN [
[ ) Ni2+ ] —~N
NH N
K) N , 2 NOS-

0]

HN .
Cs,H;,BF,N,NiOq

M = 1099.70 g.mol

I=z

A solution of Ni(NO,), in water (0.556 mL, ¢ = 9.8x107 M, 0.0545 mmol) was freeze-dried

one day before the reaction. Ni(NO,), was dissolved in methanol (3.5 mL) and the solution was
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stirred for 3 days. A solution of 66 (50.0 mg, 0.0545 mmol) in methanol (2.0 mL) was added
dropwise to the previous one. The reaction mixture was stirred for 3 days. Methanol was evaporated

in vacuo giving 69 (41.2 mg, yield = 77 %) as a red powder.
MALDI : m/z =973.58 [M-H]".

UV-Vis (CH;CN), A (nm) (g, M'em™): 525 (29700), 492 (sh, 12600), 378 (5420).

Compound 70

O\ ON N
Boc k) Boc
g CSSHISSNISOZO
HN_ 5 M =1715.25 g.mol’
O.__OBu
— J
BuO N N
o {_n/
O
O'Bu

NODA-GA-tris (‘Bu) (125.0 mg, 0.23 mmol), HBtu (91.0 mg, 0.24 mmol), HOBt (32.5 mg,
0.24 mmol) and N,N-diisopropylethylamine (66.2 uL, 0.38 mmol) were added to a solution of
compound 55 in dichloromethane (12.5 mL) under argon atmosphere. The reaction mixture was
stirred for one night. Dichloromethane and N,N-diisopropylethylamine were evaporated in vacuo.
The resulting product was dissolved in dichloromethane (25 mL) and washed with a citric acid
solution (2.2M, 15 mL), a saturated solution of sodium bicarbonate (15 mL) and finally water (15
mL). The organic layer was dried on magnesium sulfate and evaporated in vacuo. Inverse phase
flash chromatography (A: HCOOH/H,O (0.01M), B: CH,CN, B 35 % — 60 %) gave 70 (308.7 mg,
yield =75 %) as a light yellow powder.

'H NMR (300 MHz, CDCl,, 300 K) 8(ppm): 1.13-1.48 (m, 81H, CH,), 1.57-2.08 (m, 10H), 2.22-
2.67 (m, 10H), 2.72-3.66 (m, 49H), 7.14-7.34 (m, 2H, CHar), 7.45 (bs, 1H, CHar), 8.28-8.80 (m,
2H, NHC=0).

HRMS-ESI: m/z = calculated for Cy¢H 5N ;0,,+ H : 1715.1584 obtained 1715.1514.
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Elemental analysis for CgH,5sN;;0,,25.5 H,0O. Calculated : C (58.26 %), H (9.22 %), N (10.04 %).
Obtained : C (58.05 %), H (8.99 %), N (10.08 %).

Compound 71
5
) 4

6

Boc\N N/Boc 3/ AN
)

ROy -
N 0]

N
Boc 0]
K) H(HwNJK/\eQO CoH; 17N, 044

M = 1336.74 g.mol

NODA-GA-tris (‘Bu) (100.5 mg, 0.185 mmol), HBtu (73.68 mg, 0.194 mmol), HOBt (26.2
mg, 0.194 mmol) and N ,N-diisopropylethylamine (48.3 L, 0.278 mmol) were added to a solution
of 60 (149.89 mg, 0.185 mmol) in dichloromethane (9.2 mL) under argon atmosphere. The reaction
mixture was stirred for one day. Dichloromethane and N ,N-diisopropylethylamine were evaporated
in vacuo. The resulting product was dissolved in dichloromethane (50 mL) and washed with a citric
acid solution (2.2M) (50 mL), a saturated solution of sodium bicarbonate (50 mL) and finally water
(50 mL). The organic layer was dried on magnesium sulfate and evaporated in vacuo. Inverse phase
flash chromatography (A: HCOOH/H,O0 (0.01M), B: CH,CN, B 50 %) gave 71 (102.3 mg,
yield =42 %) as a light yellow powder.

'H NMR (300 MHz, DMSO, 300 K) 8(ppm): 1.10-1.50 (m, 54H, CH,), 1.53-1.87 (m, 6H), 2.05-
2.63 (m, 8H), 2.66-3.77 (m, 39H), 7.16-7.38 (m, 5H, CHar, CH(5)), 7.55 (d, 1H, *J (= 7.7 Hz,
CH(3)), 7.76 (td, 1H, °J = 7.7 Hz, “J = 1.7 Hz, CH(4)), 7.86 (bs, 1H, NHC=0), 8.15 (bs, 1H,
NHC=0), 8.51 (s, 1H, CH(6)).

HRMS-ESI: m/z = calculated for C,,H,,;N,,0,,+ H: 1336.8854 obtained 1336.8854.

Elemental analysis for C,H,;;N,,0,,28.5 H,0O. Calculated : C (56.43 %), H (9.07 %), N (10.34 %).
Obtained : C (56.29 %), H (9.40 %), N (9.95 %).
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Compound 72
[NH Nj N HN
[NH HNj

’ -
HO N/ﬁo OH
& o e
,

HO

C46H83Nl308
M = 946.23 g.mol’

A solution of HCI (3 M) (5.0 mL) was added to 70 (98.32 mg, 0.06 mmol) and the reaction

mixture was stirred for one hour. The resulting product was left one night at room temperature. The

acid was evaporated in vacuo giving 72 (32.3 mg, yield = 60 %).

HRMS-ESI: m/z = calculated for C,;H¢;N,;O,+H: 946.6560, obtained 946.6558.
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Compound 73

O C,3HgoN,,Og
NH M = 868.08 g.mol’

Z
I
:)
gz/\”/
o
=" N\

Z
T
T
Z

A solution of 3M HCI (5.0 mL) was added to 71 (72.5 mg, 0.05 mmol) and the reaction
mixture was stirred for one hour. The resulting product was left one night at room temperature. The

acid was evaporated in vacuo and 73 was obtained as a white powder (18.2 mg, yield =42 %).

ESI-MS: m/z = 868.54 [M+H]".

Compound 74

Boc, m Boc

m Boc
Boc” v \/9/\

NHBoc U Boc
C89H158Nl4020

HN\(/O Ag M = 1744.29 g.mol’!
1
Gyl

Triethylamine (69.5 pL, 0.5 mmol) and DOTA-tris(‘Bu) ester NHS (167.5 mg, 0.25 mmol)
were added subsequently to a stirred solution of compound 55 (300.0 mg, 0.25 mmol) in DMF (25
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mL). The reaction mixture was stirred for one day and the solvent was evaporated in vacuo. Flash
chromatography on silicate (A: CH,Cl,, B: CH;OH, B 0 % — 30 %) gave 74 (67.2 mg, 16 %) as a
light yellow powder.

'H NMR (600 MHz, CDCl,, 300 K) & (ppm): 1.07-1.48 (m, 81H, CH,), 1.53-1.70 (m, 6H), 1.70-
192 (m, 6H), 2.29-2.69 (m, 14H), 2.94-3.55 (m, 46H), 7.16-7.36 (m, 2H, CHar), 7.38 (br.s, 1H,
NHC=0), 747 (s, 1H, CHar), 8.49 (br.s, IH, NHC=0).

HRMS-ESI: m/z = calculated for CgH N, ,0,,+Na: 1766.1669, obtained 1766.1686.

Elemental analysis for CgH,ssN,,0,,*HPF,*15H,0. Calculated : C (49.48 %), H (8.82 %), N (9.08
%). Obtained : C (49.56 %), H (8.73 %), N (8.95 %).

Compound 75

N
LN
0:2 CriH 20N ;014
N

H M = 1365.78 g.mol

N Nn ﬁs
[ j N ~ 6
N
BOC/U\BOC

Triethylamine (49.76 pL, 0.358 mmol) and DOTA-tris(‘Bu) ester NHS (120.0 mg,
0.179 mmol) were added subsequently to a stirred solution of 60 (145.3 mg, 0.179 mmol) in DMF
(18 mL). The reaction mixture was stirred for one day and the solvent was evaporated in vacuo.
Flash chromatography (A: CH,Cl,, B: CH,OH, B 15 %) gave 75 (162.0 mg, yield = 66 %) as a light
yellow powder.

'H NMR (600 MHz, CDCl,, 300 K) 8(ppm): 1.28-1.45 (m, 54H, CH,), 1.65-1.86 (m, 4H, 2 CH,),
2.09-2.56 (m, 8H), 2.65-3.47 (m, 36H), 3.49-3.84 (m, 8H), 7.13-7.27 (m, SH, CHar, CH(5)), 7.32-
745 (m, 1H, CH(3)), 7.68-7.77 (m, 1H, CH(4)), 7.96 (bs, 1H, NHC=0), 8.15 (bs, 1H, NHC=0),
8.49-8.56 (m, 1H, CH(6)).

HRMS-ESI: m/z = calculated for C,;H,,,N,,0,,+ Na: 1387.8939 obtained 1387.8923.
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Elemental analysis for C,;;H,,,N,,0,,°2HPF,*2H,0. Calculated : C (50.35 %), H (7.50 %), N (9.92
%). Obtained : C (50.43 %), H (7.63 %), N (9.96 %).

Compound 76
[NH HNj
NH N
[N HN]
(0] NH NH HN
g CoHN O,
HN o M =975.27 g.mol’
o o
7\
NN
o L o
HO J\
o OH

A solution of HCI (3M) (3.0 mL, 9.0 mmol) was added to 74 (50.0 mg, 0.03 mmol) and the
reaction mixture was stirred for one hour. The resulting product was left one night at room
temperature. The acid was evaporated in vacuo giving 76 (28.3 mg, 100 %) as a light yellow
powder.

'H NMR (300 MHz, CDCls, 300 K) & (ppm): 2.16-2.35 (m, 10H), 3.06-3.94 (m, 58H), 4.38 (s, 2H),
4.56 (s,2H),7.71-7.87 (m, 2H, CHar), 7.98 (s, 1H, CHar).

HRMS-ESI: m/z = calculated for C,;Hy,N,,Os+H: 975.6826, obtained 975.6837.
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Compound 77

CuH7N,,04
g M =897.12 g.mol’'

A solution of 3M HCI (5.0 mL) was added to 75 (70.3 mg, 0.05 mmol) and the reaction
mixture was stirred for one hour. The resulting product was left one night at room temperature. The

acid was evaporated in vacuo giving 77 (31.2 g, yield = 68%) as a brown foam.

'H NMR (600 MHz, DMSO, 365 K) 8(ppm): 2.25-2.33 (m, 4H, 2 CH,f3), 3.16-3.28 (m, 16H), 3.31
(bs, 4H), 3.35-3.62 (m, 19H), 3.68 (br.s, 2H), 3.72 (bs, 4H), 3.95 (bs, 2H), 4.06 (bs, 2H), 4.15-4.25
(m, 4H), 4.44 (bs, 2H), 7.54 (d, 2H, °J = 7.2 Hz, CHar), 7.59 (d, 2H, °J = 7.2 Hz, CHar), 7.50-7.61
(m, 1H, CH(5)), 7.84 (d, 1H, ] = 7.4 Hz, CH(3)), 8.18 (t, 1H, J,,, = 7.7 Hz, CH(4)), 8.60 (bs, 1H,
NHC=0), 8.68-8.79 (m, 2H, CH(6), NH_,), 9.70-10.30 (bs, 3H, OH).

HRMS-ESI: m/z = calculated for C,,H,,N,,O4+ H: 897.5669 obtained 897.5627.

Elemental analysis for C,,H,,N,,04*12HCl*7.5H,0. Calculated : C (35.96 %), H (6.79 %), N (11.44
%). Obtained : C (35.57 %), H (6.37 %), N (11.46 %).
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Compound 78
HO

N7 OH
0 N
BN

C47H76N 1 20 10
NH M =969.18 g.mol’'

Triethylamine (193.2 pL, 1.43 mmol) and DOTA-GA anhydride (144.4 mg, 0.32 mmol) were
added subsequently to a stirred solution of 61 (146.0 mg, 0.29 mmol) in DMF (15 mL). The
reaction mixture was stirred for one day at 75 °C. DMSO (1 mL) was added and the reaction
mixture was stirred at 75 °C for an other one day. The solvents were evaporated in vacuo. Flash
chromatography (A: H,O, B: CH,CN, B 15 %) gave 78 (20.6 mg, yield = 7 %) as a brown foam.

HRMS-ESI: m/z = calculated for C,,H;(N,,0,,+ H: 969.5888 obtained 969.5847.
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Compound 79
NH HN
o
NH N K\
N, HN
[ e
0 NH HIN
NH v
g ,3CI C,6HgoCLN 3N1;05
N o M = 1225.65
0. _O_
_o\[ N/—\Nj/
Ni2+
O </N

A solution of 4.3 mg of NiCl, (0. 033 mmol) in 2 mL of a mixture MeOH/H,O (1:1) was
added to a solution of 6.33 mg of compound 56 (0.011 mmol) in 3 mL of methanol. The mixture
was stirred at 50 °C for 2 h, then filtered and evaporated in vacuo. Compound 79 was isolated as a

green powder (m = 15.5 mg, yield = 85 %).
ESI-MS: m/z = 372.81 [M-3CIJ*.

HRMS-ESI: m/z = calculated for C,;H,N;Ni;04-3Cl: 372.1432, obtained 372.1430.

80 2,5-bis((1,4,8,11-tetraazacyclotetradecan-1-yl)methyl)-N-(2-aminoethyl)benzamide, dinickel salt

NH HN

e
NH N .
N, HN C;HgCLN(Ni,O
“Ni2+
o [ NI ] M = 848.07 g.mol"
SNH NH HN
HoN , 4 CI

A solution of 35.4 mg of NiCl, (0.271 mmol) in 5 mL of a mixture MeOH/H,O (1:1) was
added to a solution of 80.4 mg of compound 56 (0.136 mmol) in 10 mL of methanol. The mixture
was stirred at 50 °C for 2 h, then filtered and evaporated in vacuo. Compound 80 was isolated as an

orange powder (m = 98.1 mg, yield = 85 %).

ESI-MS: m/z = 351.1712 [M-2H-4CI]*.
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HRMS-ESI: m/z = calculated for C;;H¢,N,,ONi, -2H-4Cl: 351.1746, obtained 351.1734.

81 2,2'-(7-(4-((2-(2,5-bis((1,4,8,1 1-tetraazacyclotetradecan- I -yl )methyl)benzamido)- ethyl) amino
)-1-carboxy-4-oxobutyl)-1,4,7-triazacyclononane- 1 ,4-diyl)diacetic acid, dinickel salt

NH HN

[ :Ni\2+j
NH N
g N
o
O\ NH HN
g C46HSOC1N13Ni2OS
|.
N _o ¢ M = 1096.05 g.mol"
0. _O_
LT

o <1Nf7
k?jo

A solution of 19.7 mg of NODAGA-NHS (0.32 mmol) in 1.5 mL of dried DMF was added to
a solution of 25.0 mg of compound 80 (0.032 mmol) and NEt; (3.4 mL, 2.56 mmol) in 1.5 mL of
DMF. The mixture was stirred at 50 °C for 24 h, then filtered and evaporated in vacuo. Compound

81 was obtained as an orange solid (m = 29.0 mg, yield = 82 %).
MALDI: m/z = 1058 [M-CI] *.
ESI-MS: m/z = 529.7232 [M-H-CI]*.

HRMS-ESI: m/z = calculated for C,;H,N,;Ni,0,—H-Cl: 529.7514, obtained 529.7523.
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Compound 82
NH HN
)
NH N
N HN
(4
0] gNH NH HN
HN , 3 NO3'
o)
0._0_

-0

C,sHgyCuN(Ni,O;
M = 1310.16 g.mol’'

2.7 mL of a 0.1 M solution of Cu(NO,), (0.27 mmol) in 5 mL of a mixture MeOH/H,O (1:1)
was added to a solution of 15.0 mg of compound 81 (0.027 mmol) in 5 mL of methanol. The

mixture was stirred at 60 °C for 5 min, then filtered and evaporated in vacuo to give 82 as a blue

powder. (m = 32.9 mg, yield = 93 %)

MALDI: m/z = 1121.36 [M-2H-3(NO,)]".

HRMS-ESI: m/z = calculated for C,;Hy,CuN,Ni,0,,-H-3(NO;): 560.2083, obtained 560.2102.
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IV. X-Ray Data

Crystal data and structure refinement for compound 2.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal description
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

C20H30BrN50O
436.40

1152) K
0.71073 A
Plate, colourless
Monoclinic
P2l/c
a=14.2107(4) A o= 90°.
b=19.9297(3) A B=122.155(2)°.
c=17.2713(6) A v =90°.
2063.29(11) A3

4

1.405 Mg/m3

2.012 mm-!

912

0.32 x 0.20 x 0.09 mm3

3.03 to 27.48°.

-18<=h<=17, -8<=k<=12, -15<=1<=22

11787

4677 [R(int) = 0.0437]

99.0 %

Semi-empirical from equivalents

0.7105 and 0.6336

Full-matrix least-squares on F?

4677/0 /245

1.044

R1=10.0377, wR2 = 0.0880

R1=0.0569, wR2 = 0.0954

0.599 and -0.882 e.A"3
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Crystal data and structure refinement for compound 3.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal description
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =27.50°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

C26 H39 Br2 N5 03
629.44

115(2) K

0.71069 A

Plate, colourless
Monoclinic
P2l/c
a=8.19453) A a=90°.
b=19.8416(7) A B=105.677(2)°.
c=17.3420(6) A v =90°.
2714.78(17) A3

4

1.540 Mg/m3

3.023 mm’!

1296

0.40 x 0.11 x 0.04 mm3

2.58 to 27.50°.

-10<=h<=10, -23<=k<=25, -17<=1<=22
16855

6150 [R(int) = 0.0752]

98.6 %

Semi-empirical from equivalents

0.67703 and 0.53607

Full-matrix least-squares on F?
6150/9/343

0.961

R1=0.0495, wR2 = 0.0951

R1=0.1111, wR2=0.1145

0.530 and -0.944 ¢. A3
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Experimental section

Crystal data and structure refinement for compound 8.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal description
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C28 H44 Br N7 02
590.61

1152) K

0.71073 A

Prism, colourless
Orthorhombic
Pca2l
a=32.4504(11) A a=90°.
b=7.7984(3) A B =90°.
c=11.7545(4) A ¥ =90°.
2974.61(18) A3

4

1.319 Mg/m3

1.419 mm-!

1248

0.52 x 0.37 x 0.25 mm3

2.90 to 27.48°.

-42<=h<=41, -9<=k<=10, -14<=I<=15
15237

5931 [R(int) = 0.0569]

98.1 %

Semi-empirical from equivalents
0.9725 and 0.4673

Full-matrix least-squares on F?
5931/1/348

1.084

R1=0.0412, wR2 =0.1145
R1=0.0441, wR2=0.1185
0.504(10)

0.382 and -0.879 e. A3
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Experimental section

Crystal data and structure refinement for 26.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

C7H24 Cl4N4 O
322.10

115(2) K

0.71073 A

Monoclinic

P21/c

a=10.8478(3) A a=90°.
b =6.9249(2) A B =102.912(2)°.
¢ =19.6388(7) A v = 90°.
1437.96(8) A3

4

1.488 Mg/m3

0.812 mm’!

680

0.50 x 0.35 x 0.30 mm3

1.93 to 27.48°.

_13<=h<=14, -8<=k<=8, -25<=1<=25
6061

3254 [R(int) = 0.0257]

99.3 %

None

Full-matrix least-squares on F?
3254/0/ 145

1.108

R1=10.0319, wR2 = 0.0682
R1=0.0360, wR2 =0.0704

0.477 and -0.322 e.
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ABSTRACT

The objective of this thesis work was to develop CXCR4-targeted tools to localize and treat
cancer at an early stage. In this line, we investigated the synthesis of new target-specific
radiopharmaceuticals. The work focused on two main axes, i.e. the chelating agent and the carrier,
by using the know-how and the expertise of our group in polyazacycloalkanes synthesis and

functionalization.

In the first part, we were interested in developing new macrocyclic scaffolds of high potential
for copper and gallium chelation. We first focused on the development of a new powerful route
towards selectively functionalized constrained homocyclens. The second part was based on C-
functionalized 1,4,7-triazacyclononane (TACN) and its derivatives. From a synthetic route
previously developed in our group, we were able to facilitate and optimize the synthesis of
selectively N- and C-functionalized TACN. By varying the grafting functions and the pendant
coordinating arms, we prepared several really promising bifunctional chelating agents for copper
and gallium chelation. We also investigated the synthesis of new cryptands based on cyclen and we

studied their properties towards copper complexation.

In the second part of this thesis work, we were interested in generating a new family of imaging
agents based on well-known CXCR4 antagonists, i.e. AMD3100 and AMD3465. The access
towards these agents first required the preparation of original building blocks by modification of the
AMD3100 and AMD3465 cores. The conjugation of such platforms onto the appropriate probe
enabled the synthesis of various systems for optical and nuclear imaging. Thus, we were able to

introduce a bodipy dye and several chelators adapted for gallium, copper and indium chelation.

Keywords:

CXCR4 Macrocycles 1,4,7-triazacyclononane
AMD3100/AMD3465 Cryptand C-functionalization
Copper/Gallium chelation Homocyclen Bifunctional chelating agents
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RESUME

L’objectif de ce travail de these était de développer des outils pour détecter et traiter le cancer a
un stade précoce. Nous avons donc entrepris la syntheése de nouveaux radiopharmaceutiques ciblant
spécifiquement le récepteur CXCR4, en utilisant le savoir-faire et I'expertise de notre groupe dans la
synthese et la fonctionnalisation des polyazacycloalcanes. Nous avons travaillé simultanément sur

deux aspects : 1’agent chélatant et la molécule vectrice.

Dans un premier temps, les travaux ont concerné la conception, la synthese et la caractérisation
de nouveaux macrocycles a fort potentiel pour la chélation du cuivre et du gallium. Nous avons tout
d’abord développé une nouvelle voie de synthese permettant d’accéder a des dérivés homocyclenes
C-functionnalisés. Nous nous sommes ensuite intéressés aux dérivés du 1.4,7-triazacyclononane
(TACN). En optimisant une voie de synthese déja développée au laboratoire, nous avons facilité
I’acces a des dérivés TACN N- et C-fonctionnalisés. Nous avons ainsi préparé une série de
nouveaux agents chélatants bifonctionnels adaptés pour la complexation du cuivre ou du gallium, en
variant la nature de la fonction de greffage et des bras coordinants. Nous avons également réalisé la
synthe¢se de nouveaux cryptands en série cyclene et nous avons étudié leur propriété de

complexation vis a vis du cuivre.

Dans un second temps, nous avons développé une nouvelle famille d’agents imageants du
CXCR4 en modifiant la structure des AMD3100 et AMD3465. Ce travail a tout d’abord nécessité la
mise au point de nouvelles méthodes de fonctionnalisation de ces structures. Nous avons ainsi pu
préparer de nouveaux synthons porteur d’une fonction de greffage dans les deux séries. Nous avons
ensuite introduit différentes sondes imageantes, telles que des chélates adaptés pour la complexation

du cuivre, gallium et indium ainsi que des sondes fluorescentes de type bodipy.

Mots clés :

CXCR4 Macrocycles 1,4,7-triazacyclononane
AMD3100/AMD3465 Cryptand C-functionalisation
Complexation Cuivre/Gallium Homocyclene Agents bifonctionnels chélatants
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