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1. Zusammenfassung

1. Zusammenfassung

Diese kumulative Dissertation beinhaltet drei Veroéffentlichungen und befasst sich mit dem
rationalen Design und der Entwicklung einer neuen Gruppe von Desferrioxamin B (DFOB)-
Analoga, die die #Zr-Chelatisierung fir das targeted Positronen-Emissions-Tomographie
(PET)-Imaging optimieren sollen. Die beschriebenen Einschrankungen von DFOB und seinem
oktadentaten Analogon DFO* - insbesondere die suboptimale in vivo-Stabilitat und Léslichkeit
- bilden die Grundlage fur den hier entwickelten synthetischen Ansatz. Ziel ist es, optimierte
Chelatoren zu entwickeln, die auf leicht verfligbaren Bausteinen basieren und zu
isopeptidischen Strukturen mit einstellbaren Eigenschaften zusammengesetzt werden. Zu den
wichtigsten Strukturmerkmalen gehoren vier Hydroxamsauren fir eine effiziente Zr#*-
Koordination, Funktionalitaten fir eine Konjugation der targeting Vektoren, variable Abstande
zwischen den Hydroxamsauren fir ein fine tuning hinsichtlich der Komplexstabilitat mit Zr**
und clickbaren Seitenketten flr eine verbesserte Loslichkeit und der Beeinflussung der
Pharmakokinetik. Anhand dieser Kriterien wurde ein modularer Ansatz entwickelt, der sowohl
die synthetischen als auch die funktionellen Einschrankungen der bisher verfligbaren

Chelatoren uberwinden kann.

In der ersten Verdffentlichung (ChemMedChem, 2023) wurden isopeptidische Analoga von
DFOB mit Azidoseitenketten synthetisiert. Diese Chelatoren mit den Bezeichnungen AZA-DFO
(hexadentat) und AZA-DFO* (oktadentat) wurden durch eine modulare Synthese aus
Bausteinen bestehend aus Ornithin-B-Alanin (Orn-B-Ala) und Lysin-B-Alanin (Lys-B-Ala)
aufgebaut. Neun Chelatoren wurden durch kupferkatalysierte Azid-Alkin-Cycloaddition
(CuAAC) an zwitterionische Molekule konjugiert. Dies flhrte zu wasserloslichen
Verbindungen, die Zr** unter milden Bedingungen (Raumtemperatur, 90 Minuten)
komplexierten. Experimente zu Transchelatierung mit Ethylendiamintetraessigsaure (EDTA)-
und DFOB-Uberschuss zeigten, dass die kiirzeren Hydroxamatabstande auf Orn-Basis die
Komplexstabilitat im Vergleich zu langeren Varianten auf Lys-Basis verbessern. Zusatzlich
konnte gezeigt werden, dass die Anordnung der Amidgruppen und das Vorhandensein
zwitterionischer Seitenketten die Stabilitit der Komplexe nicht beeintrachtigten. Das
oktadentate Orn-basierte AZA-DFO*-Derivat wurde als besonders vielversprechender
Chelator identifiziert. = Dieser vereint hohe  Komplexstabilitdt und  schnelle

Komplexierungskinetik mit Modularitat fur weitere Funktionalisierungen.

Die zweite Veroffentlichung (European Journal of Organic Chemistry, 2024) beinhaltet eine
Festphasensynthesestrategie fur isopeptidische DFOB und DFO*-Analoga (ipDFOB und
ipDFO*), die vier Hydroxamsauren fiir eine gute Zr**-Chelatisierung enthalten. Der Ansatz
verwendet leicht herzustellende Fmoc geschitzte Vorstufen und ermdglicht die Synthese

sowohl von ipDFO* als auch von clickbaren AZA-ipDFO* Derivaten in nur wenigen Stunden.




1. Zusammenfassung

Im Vergleich zur mehrstufigen liquid-phase Synthese reduziert die Festphasenmethode den
Syntheseaufwand erheblich und erméglicht den modularen Aufbau von Chelatoren mit
einstellbaren Abstanden zwischen Hydroxamaten. Diese Flexibilitat ist entscheidend fir die
Optimierung der Komplexierungsstabilitat, da der Abstand zwischen den Hydroxamaten die
Stabilitat des Komplexes mit harten Metallkationen wie Zr** beeinflusst. Diese Methode stellt
somit einen robusten und skalierbaren Weg zur Entwicklung malRgeschneiderter Chelatoren

nicht nur flir Zr**, sondern moglicherweise auch fir andere klinisch relevante Radiometalle dar.

Die dritte Veroffentlichung (ChemMedChem, 2024) beschreibt die Festphasensynthese
mehrerer oktadentater DFO*-Analoga mit unterschiedlichen Hydroxamat-Abstadnden. Die
Komplexstabilitdt dieser Analoga wurde durch Radiomarkierung mit ®Zr sowohl in
Humanserum als auch in kompetitiven Assays mit EDTA und DFOB im Uberschuss bewertet.
Der radiochemische Assay diente dabei als Benchmark fur die Validierung einer nicht-
radioaktiven LC/MS-basierten Methode. Die Daten zeigten, dass ein langerer Hydroxamat-
Abstand (9 Atome) zu einer hdéheren Stabilitat fuhrt, was den Ergebnissen der ersten
Veroffentlichung auf den ersten Blick widerspricht. Der stabilste Komplex widerstand der
EDTA-Kompetition Gber 72 Stunden, was sowohl durch Radio-Thin Layer Chromatography
(TLC) als auch durch liquid chromatography gekoppelt an ein Massenspektrometer (LC/MS)
bestatigt wurde. Die unkomplizierte Synthese, die hohe Komplexstabilitdt und der modulare
Ansatz dieser ipDFO-Derivate unterstreichen ihr Potenzial als Chelatoren der nachsten

Generation fur das targeted PET-Imaging.

Eine der gréRten Herausforderungen bei dieser Arbeit war die Synthese von strukturell
komplexen, orthogonal geschutzten Bausteinen. Der Ansatz umfasst Aminosaurederivate mit
Seitenketten wie Ornithin und Lysin. Die y-standigen Amine dieser Verbindungen wurden mit
Benzoylperoxid oxidiert, um ein geschitztes Hydroxylamin als Aminaquivalent fur die solid
phase peptide synthesis (SPPS) zu erzeugen. Auch nicht-seitenkettentragende Verbindungen
wie y-standige Bromcarbonsauren (bspw. 5-Brompentansaure) wurden zur Synthese von
Chelatoren ohne Seitenkette verwendet. Hier flhrten Substitutionsreaktionen mit O-
Benzylhydroxylamin zu den entsprechenden Intermediaten fur die Verwendung in der SPPS.
In einem dritten Ansatz wurde Boc-Allylglycin zur Herstellung von Kupplungsintermediaten
uber Ozonolyse mit anschlielRender reduktiver Aminierung verwendet. Fir die Entwicklung
eines belastbaren Festphasenprotokolls wurde der anspruchsvolle Kupplungsschritt von
benzylgeschutzten Hydroxylaminderivaten mit aktivierten Carbonsduren im Hinblick auf

Kupplungsreagenzien, Aquivalente, Temperatur, Zeit und Festphasenharz optimiert.

Zusammenfassend lasst sich sagen, dass diese Arbeit den Zugang zu einer neuen Gruppe
von Molekllen mit erheblichem Potenzial fir die klinische Diagnostik ermdéglicht hat.

Insbesondere flir das targeted PET-Imaging kénnten Verbindungen wie das in der zweiten




1. Zusammenfassung

Veroffentlichung prasentierte  Lysin-Urea-Glutaminsaure (KuE)-ipDFO*-Konstrukt von
hochstem Interesse sein, da es in einer Synthese die Herstellung vom targeting vector und
Chelator in einer Verbindung ermdoglicht. Die neu entwickelte Festphasensynthesestrategie
reduziert den manuellen Arbeitsaufwand deutlich und erleichtert die Herstellung von klickbaren
Derivaten fir die gezielte Konjugation. Der in dieser Arbeit vorgestellte Syntheseansatz weist
ein hohes Potenzial fiur eine vollstandige Automatisierung auf und erweist sich als robust unter

Bedingungen, die ein Scale-up ermoglichen.




2. Abstract

2. Abstract

This cumulative thesis contains of three publications and focuses the rational design and
development of a new group of desferrioxamine B (DFOB) analogues aimed at improving 8Zr
chelation for targeted PET imaging. The described limitations of DFOB and its octadentate
analogue DFO* - particularly their suboptimal in vivo stability and solubility - form the
foundation for the synthetic approaches developed herein. The objective was to create
optimized chelators based on readily available building blocks, assembled into isopeptidic
structures with tunable properties. Key structural features include four hydroxamic acids for
efficient Zr** coordination, bifunctionalities for targeting vector conjugation, variable spacer
lengths for fine-tuning complex stability, and clickable side chains for improved solubility and
pharmacokinetic control. These criteria guided the development of a modular platform capable

of addressing both the synthetic and functional limitations of previously available chelators.

In the first publication (ChemMedChem, 2023) isopeptidic analogues of DFOB with azido side
chains were synthesized. Termed AZA-DFO (hexadentate) and AZA-DFO* (octadentate),
these chelators were constructed via modular synthesis from Orn-3-Ala and Lys-B-Ala. Nine
chelators were further conjugated to zwitterionic moieties via copper-catalyzed azide—alkyne
cycloaddition (CuAAC), resulting in water-soluble compounds capable of complexing Zr*
under mild conditions (room temperature, 90 min). Transchelation studies using 1000-fold
excess EDTA and 300-fold DFOB showed that shorter Orn-based hydroxamate spacing
improves the complex stability compared to longer Lys-based variants. Notably, the
arrangement of amide groups and presence of zwitterionic side chains did not impair complex
stability. The octadentate AZA-DFO* derivative was identified as a particularly promising
chelator, combining high stability and fast complexation kinetics with modularity for further

functionalization.

The second publication (European Journal of Organic Chemistry, 2024) describes a solid-
phase synthesis strategy for isopeptidic DFOB and DFO* analogues (ipDFOB and ipDFO*)
containing four hydroxamic acids for strong Zr** chelation. The approach utilizes commercially
available or easily prepared Fmoc-protected precursors and enables synthesis of both ipDFO*
and its clickable derivative AZA-ipDFO* in only a few hours. Compared to traditional multistep
solution synthesis, the solid-phase method significantly reduces synthetic effort and enables
modular assembly of chelators with adjustable spacer lengths. This flexibility is crucial for
optimizing complexation properties, as the spacing between hydroxamates impacts complex
stability with hard metal cations like Zr**. This method thus represents a robust and scalable
route for developing tailored chelators not only for Zr**, but potentially for other clinically

relevant radiometals.
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The third publication (ChemMedChem, 2024) reports the solid-phase synthesis of multiple
octadentate DFOB analogues with varying hydroxamate spacers. The complex stabilities of
these analogues by radiolabeling with #Zr were evaluated both in human serum and in
competitive assays with excess EDTA and DFOB. The radiochemical assay served as the
benchmark for validating a non-radioactive LC/MS-based method. The data clearly
demonstrated that longer hydroxamate spacing (9 atoms) results in higher stability,
contradicting the results of the first publication. The most stable complex resisted EDTA
challenge over 72 h, confirmed via both radio-TLC and LC/MS. The straightforward synthesis,
high complex stability, and modular nature of these ipDFO derivatives highlight their potential

as next-generation chelators for targeted PET imaging.

One of the major challenges in this work was the synthesis of structurally complex, orthogonally
protected building blocks. The approach involved side chain bearing amino acid derivatives
such ornithine and lysine. These y-standing amines of these compounds were oxidized via
benzoyl peroxide to create a protected hydroxyl amine as an amine equivalent for the SPPS.
As well non-side chain bearing compounds like y-positioned bromo carbon acids like, 5-bromo
pentanoic acid was used to synthesize non-side bearing chelators. Here substitution reactions
with O-benzyl hydroxylamine leads to the corresponding intermediates for the usage in SPPS.
In a third approach Boc-allylglycine was used to prepare intermediates via ozonolysis with
followed reductive amination. For developing a solid-phase protocol the demanding coupling
step of benzyl protected hydroxyl amine derivatives was optimized with respect to coupling

reagents, equivalents, temperature, time, and resin choice.

In summary, this work has enabled access to a new group of molecules with significant
potential for clinical diagnostics, particularly in targeted PET, exemplified by the KuE-ipDFO*
construct described in the second publication. The newly developed solid-phase synthesis
(SPPS) strategy markedly reduces manual workload and facilitates the generation of clickable
derivatives for targeted conjugation. The synthetic approach presented in this thesis
demonstrates strong potential for full automation and exhibits robustness under conditions
amenable to scale-up. The chelators introduced herein possess high flexibility for adaptation

to a variety of novel applications.
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3. Introduction

This introduction aims to provide an understanding of the medical imaging procedure of
positron emission tomography (PET), as it is important for the intention of this thesis. The first
section explains the procedure’s physical principles and the strengths and weaknesses and
how it is different from or can be combined with other imaging methods. Current relevance to
the daily clinical practice is also discussed. Then, the principles of targeted PET and
immunoPET and their associated biological background are presented to give the basis,
context and motivation of the thesis carried out. From a chemical point of view, the current

problems of clinical use with respect to radiochelator and nuclide are also addressed.

In the second part of the introduction, the synthetic background of this thesis is presented. In
this section, the principles of solid phase peptide synthesis (SPPS) are explained and the
possible influence of the choice of protecting groups, different resins and coupling reagents is

discussed.

3.1 PET imaging

3.1.1 Conventional PET, PET Combinations and Alternatives

Conventional PET imaging is an imaging method used in clinical analysis for the diagnosis of
cancer, and for various metabolic processes, cardiovascular issues or bone injuries.[3
Depending on the radiotracer used, this non-invasive method can be used to selectively

address different targets of the patient's body and display them in an image.

The method is based on the application of a radiotracer. The radioactive 8" decay of a neutron-
deficient radionuclide in the radiotracer emits positrons, which react with the electron as an
antiparticle from the surrounding tissue in the physical process of annihilation.™ In this process,
both particles are extinguished, resulting in the emission of two collinear y-photons with an
energy of 511 keV.*% These photons are converted into low energy photons in the Vis range
by scintillators arranged in a ring around the patient, which are then converted from the visual
signal into an electronic signal by photosensors and multipliers. The detector registers a total
of three electronic signals: 1. the energy of the y-photon, 2. the time at which the y-photon hit
the detector and 3. the position at which the y-photon hit the detector.®! These three signals
are used to calculate a line of response (LOR), which can be used to determine the point of
origin of the annihilation on the basis of a coincidence-based calculation. A large number of
coincidence-based calculations can then be used to create a PET image that shows the
distribution of the radiotracer in the patient's body.* Figure 1 shows the principle of a PET

measurement.
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Figure 1: Principle of PET measurements. The decay of the positron emitting radionuclide, which is injected in the
patient, leads to an annihilation event between the positron and an electron of the environment resulting in two
photons with an angle of nearly 180° to each other. The distance between the place of decay and annihilation
depends on the kinetic energy of the released positron. The resulting photons can be detected via a ring of detectors
around the patient. After transforming it into a specific electric signal a PET image can be created.[7]

For a better mapping of the PET image in the morphology of the patient, the PET measurement
is usually performed in combination with computed tomography (CT) or magnetic resonance
imaging (MRI). The CT and MRI methods allow the presentation of the anatomy of a patient.
In a CT measurement, the organism is irradiated with X-ray radiation from an X-ray source.
Depending on the constitution, structure and composition of different tissues, the absorption of
the X-rays varies, allowing production of a contrast image on the emersion side.! rotating the
X-ray source and detector around the patient's body along the axis from head to toe, a
computer can merge the recorded slices into a three-dimensional image.® To improve the
spatial resolution of a CT measurement, the patient is usually administered a contrast agent
(typically containing iodine) in advance.®* The morphology of the tissue can also be visualized
using the MRI method. In contrast to CT, this avoids radiation exposure for the patient. In MRI,
the nuclear spins of an organ’s hydrogen atoms align along a magnetic field, creating an overall
magnetization.['" A short magnetic pulse disturbs this equilibrium, and while the spins return,
an electrical signal is recorded. Differences in relaxation and hydrogen distribution allow the
differentiation of tissue types. For spatial characterization, layer selection and gradient
magnetic fields are used to selectively vary the signal, enabling imaging with spatial

resolution.['d

Based on the morphological information obtained from the CT or MRI measurement, the PET
image can be overlayed on an image of the patient's anatomy, aiding, for example, a
prognosis, a characterization of the affected tissue and determination of the treatment’s

efficacy.["* " In the daily hospital practice, PET/CT measurements tend to be carried out due
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to common availability and well-established protocols. PET/MRI is not yet widely used and is
still in the establishment phase, which increases costs. PET/CT, on the other hand, enables
faster measurements, but with lower soft tissue resolution and the need for X-rays exposure.!'?
Figure 2 shows a PET/CT with PET/MRI comparison based on "®F-FDG of a patient with lung
cancer.” PET/MRI demonstrates a better vertebrae resolution compared to PET/CT.
Compared to CT images, bone tissue in MRI images has a signal intensity similar to that of fat
tissue due to the high fat content in the bone marrow. This similarity limits the accuracy of MRI-
based methods for generating reliable attenuation correction maps, which are essential in
positron emission tomography (PET). The attenuation of annihilation photons travelling
through the body differs among the tissues encountered, due to their densities and
compositions (e.g., bone, fat, air, etc.). If this attenuation is not properly accounted for, it can
lead to misinterpretation of the PET signals and ultimately compromise the quantitative

accuracy of the resulting images.!"?!
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PET/CT

PET/MRI

Figure 2: PET/CT vs. PET/MRI image of the same patient with lung cancer. A PET/CT image (a)) is based on the
morphological image from a corresponding CT scan (b)). A PET/MRI (c)) is embedded in a corresponding MRI
image (d)).[3

An alternative imaging method to PET is the single-photon emission computed tomography
(SPECT). A radionuclide introduced into the patient directly emits y-photons. These are
registered by collimators rotating around the patient and translated into an image using gamma
cameras, similar to PET.["- ¥ The use of a collimator is essential, as this is the only way to trace

the origin of the photon. At the same time, the linear structure of the collimator leads to a
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detecting yield of only around 0.01% of the photons, which significantly reduces the sensitivity
compared to PET (around 1%).I” " The higher sensitivity with PET therefore reduces the
individual scan times in relative terms, which increases the feasibility of making multiple scans.
This in turn improves temporal resolution, which is an important factor in dynamic biological
processes.l’l The coincidence-based calculation in PET achieves a significantly higher
sensitivity compared to collimator-based detection in SPECT. However, because of their
inherent characteristics (discussed in the next section) the resolution of PET is significantly
reduced, compared to SPECT. Briefly, this is because the positron’s kinetic energy and the
non-collinearity of the annihilation photons. Thus, the choice between PET and SPECT as a
diagnostic method is often a case-by-case decision, depending on the disease and condition

of the patient.["

The imaging methods mentioned are summarized with their properties in Table 1.

Table 1: Overview of the mentioned diagnostic methods with their properties.!e!

Method Temporal Spatial Resolution | Sensitivity [M] Costs Signal
Resolution (clinical) [mm]
PET S — min 5-7 10" - 1012 €€ B*
SPECT min 8-10 1019 - 10" € y
CT min 0.5-1 ND € Y
MRT min — h 1 10°-10° €€ T

3.1.2 Principle and physical background of PET imaging
Several criteria have major influence on the quality of the measurement. Some of these criteria
are the basis of clinical practice and therefore this work, the most important physical influences

on the resolution of a PET image are discussed in this section.

First, the emitted positron’s kinetic energy influences the spatial resolution of a PET
measurement. It is important to keep in mind that not only the type of radioisotope determines
the kinetic energy - there is also a certain energy distribution within a radioisotope, that can
range from O to a value characteristic of the particular radionuclide.®! After emission, the
positrons kinetic energy decreases through interaction with the surrounding medium until an
energy level is reached at which annihilation can take place.[”? The distance covered up to this
point has a negative influence on the resolution of the measurement, as there is a spatial
difference in the coincidence-based calculation of the LOR and the actual point of origin of the

annihilation (Figure 1, left).l> " Choosing a suitable and appropriate radionuclide with the lowest

10
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possible maximum kinetic energy can help reduce this measurement error. A second inherent
factor that affects spatial resolution occurs during the annihilation process. This is because the
two collinear photons do not always have an angle of exactly 180° to each other. A deviation
of approximately 0.25° has been observed, which leads to an error in the calculation of the
LOR and thus to a deterioration of resolution (Figure 1, left).[® -5 For that reason and because
a smaller diameter also reduces the error potential due to non-collinear y-photons, it seems

intuitive that they are why modern PET devices tend to have the smallest possible diameter.

In addition to these inherent factors, technical factors also have an influence on the quality of
the PET image. One factor is the energy resolution of the detector. This describes which energy
range is registered by the detector via the full-width-half-maximum (FWHM) of the photo
signal.l'®'" Today's detectors have a percentage energy resolution of around 10%, which
corresponds to an energy window between 400-600 keV.[*5 16171 This is an important aspect
when choosing the radioisotope, because many £*-decays occur with simultaneous emission
of y-rays. Although some radionuclides have suitable kinetic energies, good positron yields
and interesting half-lives, they emit y-rays during decay that are located directly in or near the
energy window, which dramatically reduces the quality of the image due to interference.['®
These y-rays can make the patient’s radiation exposure very high. Unfortunately, photons with
higher energies can also fall into the energy window due to Compton scattering, which further
limits the choice of possible radionuclides with high y-emission.® 16 19-201 Other factors that
seem counterintuitive are detector-related effects. These include the width of the scintillator
crystal, inter-crystal scattering and inter-crystal penetration. However, the influence can be
minimized by further development of detector technology and corresponding algorithms in the

data processing step.!

3.1.3 Non-targeted PET
Non-targeted PET is commonly used in the field of oncology for the diagnosis and evaluation

of tumors,? 2" and also in cardiology for blood flow examinations or coronary heart diseases
or in neurology for the characterization of early stages of neurological diseases such as
Alzheimer's and Parkinson's.?'~"l Applying conventional PET is preceded by an understanding
of the physiological and biochemical processes in which the small radiolabeled chemical
molecules act and which parts are to be visualized. Temporal observation of the distribution
and concentration of the labeled molecule in the patient is accomplished through detecting the
produced annihilation photons. When labeling with conventional radionuclides, the basic
assumption is that the labeled structures’ behavior must be chemically and biologically identical

to the naturally occurring derivatives. Table 2 provides an overview of clinically common

11
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radioisotopes with their half-lives, the positron fraction during decay, the kinetic energies of the

positrons and the associated loss of resolution.®!

Table 2: Overview of some positron emitting radioisotopes regarding the half-life, the branching of positrons and
values of the kinetic energy and the related loss of resolution./2¢l

Radioisotope | Half-life t1> | Decay 8" | Kin. Emax | Kin. Emean Loss of Loss of
[min] [%] [keV] [keV] Resolution | Resolution
Rmax [mm] | Rmean [MmM]
"c 20.4 99.8 960 386 4.2 1.2
N 10 99.8 1199 492 5.5 1.8
°0 2 99.9 1732 735 8.4 3.0
18F 110 96.9 634 250 24 0.6

Due to the short half-lives of 2 min to almost 2 h of radioisotopes shown in Table 2, it is
necessary to prepare them on the day of use directly before application. This is done with
cyclotrons, which are located in the same hospital.?® Subsequently, the radioisotopes must be
able to be transferred to the radiotracer in clean and fast reactions with high yields. Before
using the radiotracers, the following quality standards must be met or determined: physical
parameters (osmolarity and pH value), radionuclide purity (y-spectrum, calculation of half-life),
radiochemical purity (radioactive by-products), determination of molar activity, chemical purity,
solvent residues and microbial contamination.?® Only then can the radiotracers be safely
injected into the patient. The choice of radionuclide must always be made in the context of the
time scale of the question to be examined. The very short-lived 'O in ["®O]H.0O, for example,
is suitable for investigations of blood flow in the brain." 271 3N, which is also very short-lived,
is used as ["*N]NH3 for measuring myocardial blood flow.?" 24 The "'C isotope, has a wider
range of applications, as it occurs ubiquitously in biological molecules and can be easily
inserted into radiotracers via methylation reactions due to its chemical nature. The '8F acts in
a similar way as the most widely used radionuclide.?" Its use is rather unintuitive as it is not a
common atom in biological molecules. However, it has very favorable physical properties. The
half-life of 110 min allows multi-step labeling syntheses and the outstanding low kinetic energy
leads to the highest resolution in the resulting PET images of all possible positron emitters.?"
To date, a number of "C and '®F-based radiotracers have been developed and approved for
clinical use.’% Figure 3 shows four clinically relevant radiotracers for conventional PET

imaging.
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Figure 3: Some clinically relevant PET tracer: ['®F]-florbetapir a), [''C]-choline b), [''C]-methionine c) and ['®F]-
fluorodeoxyglucose (FDG) d).5"-371

For example, ['®F]-florbetapir 1 (Figure 3 a)) is used for the early detection of Alzheimer's
disease. It attaches to the amyloid structures in the brain which are developing at an early
stage of Alzheimer's.?'*2 Similarly, the neurodegenerative disease Parkinson's can now be
diagnosed via the accumulating tau proteins using PET.? The ["'C]-choline 2 (Figure 3 b)) is
used in the early detection of recurrent prostate cancer when other radiotracers give false
negative results.®3-34 Choline acts as a marker for phospholipid synthesis and therefore has
an increased requirement as a component of the cell membrane in tumor tissue with an
increased cell division rate.® ['""C]-choline 2 or ["'C]-methionine 3 (Figure 3 c)) can achieve
good results in the diagnosis of diffuse bone marrow infiltration or inflammatory lesions of
multiple myeloma when other radiotracers such as ['®F]-fluorodeoxyglucose (FDG) 4 (Figure
3 d)) fail in sensitivity or specificity.*>*"1 However, [''C]-methionine 3 is best known for its use
in the diagnosis of brain tumors.?%4! The increased sensitivity is based on the
hypermetabolism of amino acids in tumor tissue.®” The most important and by far the most
widely used PET radiotracer is the glucose derivative ['®F]-FDG 4.I" 3 421 Normally
differentiated cells generate the energy for their cell processes in the mitochondria via oxidative
phosphorylation.”3) However, it has been observed that most cancer cells switch their energy
production to aerobic glycolysis. This phenomenon is known as the Warburg effect and is the
reason why ['®F]-FDG 4 has been so successful in PET diagnostics in recent years.*The
accumulation of ['®F]-FDG 4 in tumor cells allows the detection of a variety of cancer types and
the evaluation of the treatment progress. The glucose derivative shows high sensitivity and
specificity in the PET images of many cancers due to excellent resolution of '®F as a

radionuclide.?4
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The principles and molecules explained so far provide a brief overview of the current medical
possibilities in conventional PET diagnostics. One weakness of the principles outlined is that
physiological and biochemical events can lead to misinterpretations in the PET image due to
the non-targeted nature of the molecules.”5*%! For example, ['®F]-FDG 4 leads to intrinsically
increased uptake in the brain and bladder, which significantly reduces its suitability for gliomas
and prostate cancer. In addition, uptake in inflammatory tissue is drastically increased, which
can lead to false-positive diagnoses.“®! Furthermore, in all cases (attachment to amyloid
structures, synthesis of phospholipids for the cell membrane, hypermetabolism of amino acids
and sugars), the principles described are based on ubiquitous processes. This leads to a
reduced signal-to-noise ratio, which means that only a spatial resolution of 6 - 10 mm can be
achieved in the clinical context.*”! This is extremely unfavorable, especially for the detection of
recurrent cancer and the detection of metastases. The next section will therefore present PET
methods in which tissues are marked in a targeted manner. It thus represents a replenishment

of conventional PET diagnostics.

3.1.4 Targeted PET

With increasing understanding of the molecular pathogenesis of diseases, especially cancer,
and a simultaneous improvement in knowledge of the immune system, more and more
targeted radiotracers can be realized today./“! This can be fulfilled by conjugating a targeting
vector, e.g. a small molecule or antibody, to a chelator that complexes a metallic radioisotope.

Figure 4 shows a schematic representation of a typical targeted PET tracer.

Chelator

SRSy

Linker

Radionuclide

Targeting Vector

Figure 4: Principle setup of a targeted pet tracer. It consists of a targeting vector, a linker unit which provides a
distance between the vector and the last part of the tracer: the chelator which holds a radionuclide.#¢!
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The targeting vector is structure-specifically addressed, which enables good image quality,
spatial resolution and quantification in targeted PET imaging.*® The targeting vector is
conjugated via a linker to the chelator, which carries the radionuclide. This method ideally
combines the targeted specificity of the vector with the high sensitivity and resolution of PET.
A suitable targeted PET tracer must have a high uptake in the desired tissue, leading to rapid
saturation, while at the same time eliminating the unbound tracer from the bloodstream as
quickly as possible. This reduces the radiation exposure and at the same time optimizes the

signal-to-lesion ratio.

So-called bifunctional chelating agents (BFCs) are generally used for the formation of this type
of PET tracer. On the one hand, these chelators have the function of coordinating the
radionuclide through specific functional groups and, on the other hand, conjugation to the
targeting vector is made possible by other functional groups. It is important that conjugation to
the targeting vector can take place under reaction conditions (e.g. temperature and pH value)
that do not lead to inactivation of a biomolecule as targeting vector through denaturation.®!
Amines are often used as conjugation sites for the targeting vector part, which can be accessed
non-site-specifically via N-hydroxysuccinimide esters (NHS) or isothiocyanates (NCS). When
using small molecules as shown in the following section, the conjugation site is clearly defined
and intrinsically positioned in such a way that no influence on the biological binding properties
(when using a biological targeting vector) is to be expected later on. But, when using biological
targeting vectors such as antibodies as the bioactive part of the tracer, there is the major
drawback that the number and location of the conjugation is not clearly defined.*® Thus, for
example, the active binding region of the antibody can be affected, which can lead to a
reduction in affinity and immunoreactivity to the antigen.“® In addition, the number of
conjugated chelators can vary (chelator-targeting vector-ratio), which can lead to a problem of
homogeneity in the conjugates, as only the average of the conjugated chelators per
biomolecule can be determined in a solution.®’! For this reason, several techniques have been
developed that are site-specific. The most used technique is coupling to the thiol group of a
cysteine residue.*> 49 |In the past, this approach was often implemented via binding with
maleimide. However, since in vivo cleavage of the conjugate occurs via a retro-Michael
reaction in plasma, irreversible techniques have also been developed.® 5% Another approach
is the click chemistry. These reactions are bioorthogonal, rapid, stereospecific and lead to high
yields under suitable conditions for antibodies.®" Functional groups are used that do not occur
in natural structures and can therefore only bind to the intended positions. Special bi- or tri-
specific antibodies with suitable functional groups can be produced for this purpose.®® 5253
The most used click reaction in this context is copper-catalyzed azide-alkyne cycloaddition
(CUAAC).[* One disadvantage is the use of harmful copper ions, which must be quantitatively

separated before using in a medical context.
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In addition, the entire PET tracer can be optimized with regard to the pharmacokinetic and
pharmacodynamic properties and the tissue-specific requirements in the biological system
using various approaches. For example, the logD value can be adjusted by PEGylation, which
can influence improved penetration into the target tissue and the clearance pathway (renal or
hepatic) and the associated clearance rate can be adjusted.-% The introduction of lipophilic
groups such as lipofuscin has been shown to achieve effective cell membrane passage in
senescent cells.®® In other work, the influence of carbohydrates was investigated. For
example, the popular RGD motif, which often binds integrin associated with cancer, was
labelled with various carbohydrates. These structures showed high affinities for integrin and
high tumor retention with simultaneous favorable in vivo biodistribution.”! The introduction of
galactose into the radiotracer PSMA I&T led to a strong reduction in binding to human serum
albumin (HSA), which in turn led to a strong reduction in non-specific uptake in nontarget tissue
and thus to a better signal-to-lesion ratio.!! In other cases, binding to albumin was specifically
focussed in order to enable an extension of the circulation time and thus improved tumor
uptake.%%% The introduction of zwitterionic groups has the consequence that the extended
hydration shell can reduce the non-specific interactions with serum proteins and cell
membranes. The reduced interactions with components of the immune system increase the
tolerability of the tracers in patients. In addition, the neutral overall charge promotes rapid

excretion via the kidneys, which indirectly increases the signal in the target tissue.6'-62

The next two sections deal with the state of the art for the targeting vector part of targeted PET
tracers. Firstly, two clinically relevant small molecules are presented, which can be used to
produce target-specific images for certain types of cancer. Then immunoPET, which is based
on the specific interaction of antibodies, will be presented in more detail. In the course of this,

the potential of antibody engineering is discussed and illustrated with examples.

3.1.4.1 Targeted PET with small molecules
Certain tumor markers are present at elevated levels in cancer cells compared to other cells.?

63-641 These tissue markers of cancerous tumors include molecules of various categories such
as membrane receptors, oncogenes, tumor suppressor genes, nuclear antigens and growth
factors.!®¥l Selective tumor markers can define susceptibility risks and help with tumor detection

and diagnosis so that therapeutic steps for effective treatment can be initiated rapidly.®

One example of a targeted PET tracer is PSMA-11 (Figure 5 a)).% It addresses the prostate-
specific membrane antigen (PSMA), which occurs naturally on the prostate epithelium and
cleaves glutamate residues from folic acids or from the neuropeptide N-

acetylaspartylglutamate (NAAG) hydrolytically.®6-67] In certain types of prostate cancer it is

16



3. Introduction

strongly overexpressed (known as PSMA(+) cancer cell lines), making it particularly suitable
as a biomarker for prostate cancer. With PSMA-11, detection via PET can be ensured by
complexing ®Ga as a positron emitter into the N,N-Bis-[2-hydroxy-5-
(carboxyethyl)benzyllethylendiamin-N,N-diacetic acid (HBED-CC) scaffold (marked in blue)
resulting in PET tracer 5. The urea structure consisting of glutamic acid and lysine (marked in
green) mimics the natural substrate of PSMA and is therefore an excellent inhibitor for PSMA
with high specificity.®®7% Another example is the quinoline-based fibroblast activation protein
inhibitor (FAPI-04) conjugated to 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacedic acid
(DOTA) (Figure 5 b).'"l FAPI-04 (marked in green) binds to the fibroblast activation protein
(FAP), a type Il transmembrane serine protease.[’"! FAP is overexpressed in some cancer-
associated fibroblasts, and has been detected in a variety of cancers. This is an example of a
tumor marker that is not related to a specific cancer type. The chelator DOTA (marked in blue)
binds the radionuclide in this conjugate. In many clinical studies the use of FAP-targeted
radiotracers like 6 has been shown to be promising.l’274 In the field of PET imaging, both

tracers 5 and 6 are mainly used with #8Ga.[?8 75-76]
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Figure 5: Two examples of targeted PET radio tracers. PSMA-11 with the urea binding motif (marked in green) and
the HBED-CC chelator (marked in blue) which is used for the diagnosis of prostate cancer (a)). FAPI-04 (marked in
green) also with a DOTA complexation motif (marked in blue) which is used to detect fibroblast activation protein
(FAP) for the diagnosis of some cancer types.[65 7]

3.1.4.2 ImmunoPET

Besides the small molecule-based targeted PET strategy, the high specificity of antibodies in
the human organism is used to transport radiotracers to specific tissues in a targeted manner.
The basic structure of an immunoPET tracer is depicted in Figure 4. The targeting vector is an

antibody or an antibody fragment with high specificity for a tumor marker.
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Typical tumor markers are receptor tyrosine kinases (RTKs). The class of RTKs consists of cell
membrane proteins that are involved in mediating cell-to-cell communication and thereby
control several important and complex biological functions such as cell growth, motility,
differentiation and metabolism.” They are overexpressed and mutated in a variety of cancer
types and are therefore ideally suited as target structures for the therapy and diagnosis of
cancer.’”] Typical representatives of the RTK class are: epidermal growth factor receptor
(EGFR), human epidermal growth factor receptor (HER2 and HER3), vascular endothelial
growth factor receptor (VEGFR) or mesenchymal-epithelial transition factor (c-MET).[5 78l
Another group of interest for targeting in the human organism are the cluster of differentiation
(CD) antigens. These include a variety of cell surface molecules that have been grouped by
immunophenotyping of cells. A CD antigen always includes one or more CD antibodies that
are addressed accordingly.[”® A frequently used CD is the CD20 on the cell surface of B-cells

and is therefore directed against lymphoma.%

A large number of antibodies (e.g. recombinant, chimeric, fragmented, immunoconjugate or
bispecific antibodies) have been developed specifically for the targets mentioned above.8'-83

Figure 6 shows a schematic representation of a typical antibody and antibody fragments.

AYE R

a)

Fab
(Fab)'2 Minibody
Fc e) f) g
VL VH VL
VH
Antibody VH VL VHH
Diabody scFv Nanobody

Figure 6: Antibody and antibody fragments produced via antibody engineering. A full antibody with all of its
compartment’s a), the Fab-region fragment called (Fab)’2 b), the Fab-region but only one of its arms called Fab c),
an overall reduced form of a whole antibody called minibody d), diabody e), scFv f) and a nanobody g).[4> 84

The molecular size of the targeting vectors has a significant influence on their
pharmacokinetics.®® ImmunoPET tracers range in size from around 15 kDa (nanobody-
conjugate) to around 150 kDa for conjugates of monoclonal antibodies (mAbs), with a variety
of smaller mAb-based constructs in between.®® Due to their relatively large molecular mass,

monoclonal antibodies (mAbs) have only a limited ability to penetrate from the blood into the
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tissue by diffusion. Therefore, their tissue distribution is slow and the overall distribution volume
remains low. Penetration by mAbs is particularly limited in the tumor center, which means that
distribution within the tumor tissue is often heterogeneous. In contrast, smaller, antibody-based
constructs can cross the blood-tissue barrier much more easily - an advantage that increases
their suitability for efficient tumor targeting.®® Smaller molecules are generally cleared faster
via the kidneys, while larger structures have longer blood half-lives. Table 3 provides an
overview of various mAb-based constructs, their molecular size, pharmacokinetic properties

and elimination pathways.®

Table 3: Antibody and antibody based fragments and its estimated sizes, the pharmacokinetic half-life and the way
of elimination. 8%

Name IgG (Fab)'2 Minibody Fab scFv Nanobody
Size 150 kDa | 110 kDa 75 kDa 50 kDa 25 kDa 15 kDa
Pharmacokinetic | few days ~24h few hours ~4h ~1h ~1h
tiiz to weeks
Elimination hepato hepato hepato Kidney Kidney Kidney
biliary biliary biliary

IgG-type antibodies (Figure 6 a)) are the most common approach in PET imaging.®¥ consist
of an Fc fragment and an antigen-binding Fab fragment with constant and variable regions
based on heavy and light chains.® The Fab fragment in particular is relevant due to its antigen
recognition via different glycosylation patterns.®® To date, numerous therapeutically approved
antibodies also have diagnostic potential.> 888 Detection of cancer in many organs via
ImmunoPET is possible, e.g. intestine,® breast,® lymphatic system,®? pancreas,?®"
prostate,®? kidney,® brain,®¥ lung,® and solid tumors in general.®®-%? Despite clinical
success, IgG antibodies have disadvantages. Due to their size (approx. 150 kDa), they exceed
the renal filtration limit (60 kDa), which leads to slow blood clearance and a low signal-to-
background ratio.[*® 8. 1001 Unlabeled antibodies are sometimes necessary to saturate specific
binding sites in advance, which makes reproducible protocols due to heterogeneity of

antibodies, tumors, patients and individual therapies difficult.[®'. 101-102]

To improve tumor penetration, blood clearance and targeting accuracy, smaller antibody
fragments were developed as part of antibody engineering (Figure 6 b - g).l'%: 103104 molecules
penetrate tumors better and are excreted more quickly.['" In any case, the Fc region is
omitted. Initial approaches used (Fab)2 and Fab fragments (Figure 6 b and c), but their
production is complex!'®. Alternatively, only variable regions were used (Figure 6 d -f) to
optimize specificity and clearance. Minibodies (Figure 6 d) are eliminated after 48 h, diabodies

(Figure 6 e) after 24 h.'"! The scFv fragment (Figure 6 f) with a mass of ~25 kDa offers a good
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balance of clearance (<12 h), tumor penetration and ease of production, but suffers from
monovalent binding.['%! Diabodies improve this, but have poorer pharmacokinetics.*® /VHHs
(Figure 6 g), which at ~15 kDa are small, stable and can be functionalized in many ways (e.g.
with '®F, biotin, fluorophores), are also promising.l'®'%l Too rapid clearance can be
compensated for by PEGylation or albumin binding.['°®""% Qverall, antibody engineering allows
a modular approach for patient-adapted diagnostics and therapy, tailored to biological and

physical half-lives.

3.1.5 Radionuclides for targeted PET and immunoPET

As already mentioned in sections 3.1.1 and 3.1.2, the selected radioisotope has a major
influence on the quality of the PET measurement. If the conventional PET tracers from section
3.1.3 are compared with the targeted PET tracers from section 3.1.4, it becomes clear that the
requirements with regard to the radionuclide properties have changed. Whereas the
conventional PET tracers are still dominated by covalently bound radionuclides with short
physical half-lives (see Table 2) of up to 110 min for '®F, the leading requirements with regard
to the physical half-life are associated with biological half-lives of up to several hours to several
days in relation to the modern targeted PET tracers. This is achieved by the introduction of
mostly metallic radionuclides. These metallic radionuclides cannot be covalently bound directly
to the tracer but must be fixed via chelators. An overview of typical PET-radionuclides is listed
in Table 4.128

Table 4: Overview of some positron emitting radiometals with selected properties.[28 1111

Radioisotope | Half-life Decay 8" [%] kin. Emean Loss of Possible
tip [keV] Resolution Gamma-rays y
Rmean [Mm] [keV]
%4Cu 12.7 h 17.5 278 0.7 /
%8Ga 67.8 min 87.7 836 3.5 1077
8y 14.7 h 11.9, 5.6 535, 681 1.9,2.8 1077, 627,
1153
124 100.2 h 11.7,10.7 687, 975 28,44 602, 1691, 723
897Zr 78.4 h 22.7 396 1.3 909

All radionuclides in Table 4 have longer half-lives and are therefore suitable for use in targeted
PET and immunoPET, as they fit well into the time range in which the antibodies or antibody
fragments have their biological half-life (see section 3.1.4.2). A further advantage of using
radionuclides with longer half-lives is that an increased signal-to-noise ratio can be achieved
by increasing the time between injection and acquisition of the diagnostic image, due to the

clearance of the tracer that took place meanwhile. The positron fraction during decay is given
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in percentage as a dimension of the amount of radiotracer to be used in the clinical
measurements. It is noticeable that the metallic radionuclides used here have significantly
lower values than the conventional radionuclides in Table 2. The proportion of electron capture
(EC) is significantly higher here. In EC, the proton-rich atomic nucleus is not stabilized by the
release of a positive charge through the emission of a positron, but by the capture of an
electron, whereby a proton is converted into a neutron.'"'? Column 4 shows the mean kinetic
energy of the positrons, which determines the loss of spatial resolution (column 5), as
explained in more detail in section 3.1.2. The last column shows possible gamma-rays with the
corresponding energy. The higher the values, the higher the radiation exposure. In Figure 7

the decay schemes of the five radiometals shown in Table 4 are depicted.

a) 64 b) 68Ga c) 86Y
Cu 19 9 o 5.6 % R
— 38.5 % R <877 % 1+ Ve/11.9 % R*
17.5% 3 v / T
687 : YsY7| IVs
E4Ni VZl
V3, Y4
|V1 Ve
L] S
d) e)
S— 124] 89Zr
1.7 % B 92.7 % R+
10.7 % B* gImy

124Te

Y1
8oy J

Figure 7: Simplified decay schemes of 64Cu, %Ga, 6Y, 24| and 8Zr. Only the decay products, 3+ abundance and
possible gamma rays are shown.[177. 113-115]

%Cu has a half-life (ti2 = 12.7 h) which only matches the antibody fragments with relatively
short biological half-lives. It emits a positron that has a low energy (278 keV), which resulting
in a low loss of spatial measurement resolution (only 0.7 mm).8 |In addition to the positron
emission, 54Cu also has a 40% probability of 8-emission during decay. This can potentially be
used for radiotherapy, making it in combination with °Cu a good candidate for theranostic
approaches in the future.??® "¢l The ®8Ga, 8Y and "2l all belong to the group of typically long-
range positron emitters (1.9 - 4.4 mm spatial resolution loss), which reduces attractiveness.?®!
In addition, some of them cause additional radiation exposure due to high generation of gamma

rays during decay. These can interfere with the annihilation photons through scattering or fall
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into the energy window of the PET detector and thus negatively affect the quality of the PET

image. The use of %Y in particular is almost impossible due to the high energy gamma rays.2®!

A very interesting radionuclide for targeted PET and especially for immunoPET is the
radionuclide 8Zr. With a half-life of 78.4 h, it matches the biological half-life of antibodies and
is also suitable for immunoPET applications with short detection times, such as the use of
small antibody fragments.["7-1181 |t is therefore ideally suited for investigating issues relating to
pharmacokinetics and biodistribution.[' 19 With an average positron energy of 396 keV, it is
described as a short-range positron emitter, which leads to a spatial resolution loss of only
1.3 mm.[?® In Table 4, a gamma ray with 909 keV is listed with a probability of 100%. This is a
relatively strong additional radiation exposure.!'"® However, since this gamma ray is not
produced during the decay of 8Zr to MY, but during the subsequent decay of ™Y to %Y with
a relatively long half-life of 16 s, it is assumed that it has no negative influence on the
coincidence of the detection of the annihilation photons and also cannot interfere with them. 28!
The production of 8Zr has been improved in the past to a standard process, which includes
automatic production and purification. Thus, 8Zr can be obtained with a purity of >99.99% and
a yield of >949%.[15 120-121] For these reasons, ®Zr is an optimal candidate for application in

immunoPET and is already increasingly used for imaging.®!

3.1.6 Radiochelators for 8°Zr

The radiolabeling process presents a major challenge in the development of antibody-based
PET tracers. It requires mild physiological conditions — typically at temperatures not exceeding
37 °C —to preserve the structural integrity of the antibody. This presents a significant limitation,
as many widely used chelators, such as DOTA (see Figure 5 b)), require elevated temperatures
(e.g. ~90 °C) to effectively complex metals such as Zr**. Consequently, a prelabelling strategy
followed by conjugation of the metal complex to the antibody would be necessary, which
introduces additional synthetic complexity. This includes multiple purification steps that not only
increase workload and cost but also raise concerns regarding reproducibility, quality
assurance, and radiation exposure during synthesis. Given the growing relevance of 8Zr as a
radionuclide for immmunoPET applications, the identification of a suitable chelator for its stable
complexation becomes a central focus. The chelator is a critical component in the design of
targeted PET tracers and must be specifically tailored to meet the demanding coordination
chemistry of 8Zr. Therefore, the next section first explains the chemical behavior of Zr** in
more detail. Subsequently, the currently published acyclic Zr** chelator are presented, its
weaknesses are analyzed and several structural alternatives from the literature are presented

which promise improved complexation properties.
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3.1.6.1 Chemical aspects of Zr*
8Zr is available in aqueous solution containing Zr** ions. Due to its high charge compared to

the relatively small ionic radius (85 pm), it is a particularly hard ion and a strong Lewis acid. In
addition, it tends to form oligomeric zirconates of limited solubility.l'?'23 Figure 8 shows the

dominant species in aqueous NaClO4 (1 M) of Zr** as a function of concentration and pH.['%]
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Figure 8: Behavior of Zr** ion in aqueous conditions depending on Zr**-concentration and pH value. For a
successful complexation it is important that Zr** is accessible for the chelator and is not precipitated. Precipitation
occurs with the trespass of the red line.['?%
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Above a pH of approx. 0.5, Zr** is present as a hydroxide. At the same time, polynuclear
zirconium compounds are formed over the entire pH range above a concentration of
10 mol/L."?® For the complexation of Zr** with a suitable chelator, it is important that Zr** is
not precipitated as a hydroxide. Studies have shown that precipitation takes place by
neutralization from tetrameric Zr4(OH)s* at pH 4 to 5 via Zr4y(OH)16 X 8H20 to (Zrs(OH)16)n
(transition marked in red in Figure 8).'2>'24 This transition should therefore be avoided.
However, other amorphous hydrous oxides and basic salts are also known to precipitate from
aqueous solutions. The formation is a complex balance of pH value, total Zr concentration in
solution, temperature and the presence of anions such as chloride, acetate, sulphate or
nitrate.['>s! When complexing Zr**, care should therefore be taken to ensure that the solutions

are diluted and a pH value is set at which the resulting complex is stable.
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3.1.6.2 Coordination Chemistry of Zr** and Chelators
Zr** as a hard cation favors complexation by equally hard donor groups.['® Thus,

hydroxamates have become the focus of complexation for Zr#*.['2621 The popular
desferrioxamine B (DFOB) 7 (Figure 9 a)) is already a widely used natural product in this

context. [45, 128-130]

Figure 9: Structures of the natural siderophore DFOB 7 and octadentate derivative DFO* 8.

DFOB 7 belongs to the group of siderophores and originates from the bacterium Streptomyces
pilosus, from which it is used to make Fe3* from the environment usable for the bacterium.['3"-
1331 1t forms very stable complexes with Fe** (logK = 32) and has therefore been used in a
clinical context since the 1960s as "desferal" for the treatment of iron overload.!'3 DFOB 7
has a molar mass of 560 g/mol and has a linear, polyamide structure with three hydroxamic
acids. Hydroxamates are among the best ligands for hard, oxophilic cations such as Fe®* or
Zr**. In aqueous solutions, hydroxamic acids have a pK; of 8.5 - 9.3. When a hard cation (M™)
is present in the solution, both Lewis acids (H* and M"™) compete for the donor group, resulting
in an exchange of the proton for the metal with a pK, of about 1.'3%% DFOB 7 can be
complexed with Zr** under mild conditions at room temperature within 30 — 60 min, can
therefore be conjugated to sensitive biomolecules via the free terminal amine and has already
been investigated in many studies with regard to its applicability in immunoPET.[78 126, 133, 137-
471 Unfortunately, a reduced in vivo stability of the complexes was observed, which leads to a
degradation of the complex and thus to the release of 8Zr into the investigated organism.["'®
129,139, 148-151] The released 89Zr was partially not excreted, but was deposited in the bones. In
addition to the safety issue, this also has a negative impact on the quality of the PET image

due to a higher background signal.

This instability was attributed to a not fully saturated coordination sphere of zirconium. Actually
Zr** prefers a coordination number of eight, DFOB 7, due to its three hydroxamic acids (marked

in red in Figure 9) offers only six donor atoms.!'*®! In order to achieve an octadentate
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coordination sphere, the coordination sites are saturated by water ligands, which rapidly
exchange and in this way kinetically destabilize the complex.['*® To overcome this shortcoming,
DFO* 8 (Figure 9 b)) was developed by Patra et al. in 2014.['%2 The structure of DFOB 7 was
simply extended by one repeating unit, thereby introducing a fourth hydroxamic acid and
ensuring octadentate complexation. Investigations via transchelation assays against a large
excess of competing chelators such as DFOB 7 and EDTA have demonstrated the increased
stability in in vitro studies and thus fundamentally confirmed the unsaturated coordination
sphere hypothesis.['51%% Beside DFO* 8, a large number of other tetrahydroxamic acids
bearing Zr chelators have been presented in the literature in recent years: DFOB-PPH 9 and
DFOB-PPHNOCO 10, Orn4-hx 11,'® DFO-HOPO 12,5617l DFOcyclo* 13,'%8l
HsDFOSqOEt 14,['1 DFO2 15,['5% DFO2p 16,['*"l DFO-Em 17,'®2 DFO-Km 18,['%3] oxoDFO*
19,!"%4 and the macrocyclic derivatives CTH36 20!'®*! and PPDFOT 21.['%% They are illustrated
in Figure 10. Many showed increased stability in in vitro experiments. Unfortunately, only a few
of them (Orn4-hx 11, DFOcyclo* 13, DFO-Km 18, HsDFOSqOEt 14, 3,4,3-(LI-1,2-HOPO) and
DFO-HOPO 12) have been labeled with 8Zr and compared to DFOB 7 in in vivo immunoPET

measurements.[15°' 155, 158-159, 163, 167-168]

Unfortunately, none of the chelators could show outstanding results that correspond to the in
vitro results. Even DFO* 8, one of the best chelators investigated in this regard, showed little
to no improvement in a direct comparison with DFOB 7 as an 8Zr complex conjugated to

trastuzumab, an antibody addressed to HER2.[1%8. 169-171]
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Figure 10: Published hydroxamate based Zr-chelators. Most of them used DFOB 7 as starting material (marked in
blue). DFOB-PPH 9 and DFOB-PPHNOCO 10,['* Orn4-hx 11,05 DFO-HOPO 12,['%6-157]1 DFOcyclo* 13,158
H3DFOSqOEt 14,51 DFO2 15,119 DFO2p 16,['6"1 DFO-Em 17,62 DFO-Km 18,['%3 oxoDFO* 19,184 and the
macrocyclic derivatives CTH36 20["%%1 and PPDFQOT 21.166
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Since the synthesis of most of the mentioned chelators uses DFOB 7 as a starting material
(marked in blue in Figure 10) for derivatization, this raises the question of whether, in addition
to the positive effect of the fourth hydroxamic acid, the spacing between the hydroxamic acids
could have an influence on complex stability. Considering the bacterial origin of DFOB 7, it
seems intuitive that DFOB 7 spacing is optimal for Fe** but not for Zr**. When complexing Zr*,
with its different radius, the DFOB 7 spacing could lead to tensions in the complex geometry
due to rigidity, which could destabilize the complex. A schematic representation of this

hypothesis is shown in Figure 11.

° L °
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Fe3*-DFO Zr**-DFO Zr*-DFO* Zr**-[Chelator with suitable spacing]

Figure 11: Schematic drawing of chelators for the coordination of Zr** and Fe®*.

Iron, with the atomic number 26, is present as Fe*" with an outer electron configuration of
[Ar]3d°® in the DFOB 7 complex as a distorted octahedral high spin complex and has an ionic
radius of 66 pm.['?2 172 Zirconium, on the other hand, with the atomic number 40, has the noble
gas configuration [Kr] and thus a d° configuration. As an octadentate complex with four
hydroxamates, a square antiprismatic geometry is favored in which only 16 electrons are
involved.'"”®! Therefore, there is a free dy orbital, which can accept the electrons from the lone
electron pair of the oxygens and thus strengthens the bond between Zr** and the
hydroxamates.!'?® For this reason, the elements in the first few groups of transition metals are
also referred as oxophilic.l'?%! Zr** has an ion radius of 85 pm, which is around 29% larger than
of Fe3*.221 With the additional introduction of a fourth repeating unit from DFOB 7 to DFO* 8,
this could result in a chelator which is too long overall and the flexibility of the alkyl chains is
not sufficient to compensate. It must also be considered that in the practical application of Zr
in the clinical context, the corresponding #Y is formed during the process of radioactive
decay.?® Although #Y also favors octadentate chelation, it has a less contracted ion radius of
102 pm due to the single reduced charge of 3+.1'22 124 The question of stable DFOB 7 analogue

complexes with Y3* has not yet been discussed in the literature.

Another weakness of the chelators presented in the literature to date is difficulty in making
them functional. All derivatives based on DFOB 7 have so far only one conjugation site that
can be used for functionalization. This limits their use with regard to multimerization platforms

or for bi or even multispecificity. DFOB 7 and its derivatives are known for the poor water
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solubility, which is particularly bad for conjugation to sensitive biomolecules that are only stable

in aqueous media and poorly tolerate other solvents.!'%4

Previous work has shown that a minimum distance of seven atoms between the hydroxamic
acids is necessary to enable complexation with Zr.['’1 In comparison, DFOB 7 and DFO* 8
(see Figure 9) have a distance of nine atoms. Seibold et al. published the Zr chelator CTH36
20 in 2017, which structure was based on semiempirical calculations.['® CTH36 20 is a circular
DFOB 7 analog with a distance of seven atoms between the hydroxamic acids and has shown
very good stability in in vitro experiments. In a comparative study with many published Zr
chelators, thermodynamic complex constants were estimated and compared.['’*) CTH36 20
was even rated above DFO* 8, which strengthens the assumption of a non-optimal spacing of
DFO* 8 as a chelator for Zr**.

3.2 Solid Phase Peptide Synthesis (SPPS)

In the past, efforts have been made to prepare DFOB 7 and its analogues via solid-phase
synthesis. However, the attempts were not successful so far.['+16% Nevertheless, the approach
is highly promising. Its sequential design enables a high degree of modularity and significantly
reduces the need for purification steps. Moreover, the process is readily amenable to
automation, which facilitates standardization, increases reproducibility, and renders the
method highly suitable for repetitive or high-throughput synthesis. For these reasons,
establishing a solid-phase peptide synthesis (SPPS) route for DFOB 7 and its analogues would
represent a valuable advancement in the development of novel zirconium-based PET

chelators.

Sequential peptide synthesis on an insoluble resin matrix goes back to Bruce Merrifield in the
1960s.U'"® In this process, a protected amino acid is immobilized on a resin bead, whereupon
the next amino acid is selectively coupled by targeted (orthogonal) cleavage of a protective
group. This enables a controlled monomer sequence, simplifies multi-stage reactions and
increases the efficiency and speed of synthesis.['”! Today, there is a wide range of resins,

protective groups and specialized synthesis equipment for solid-phase synthesis.

Solid-phase peptide synthesis is often supported by microwave radiation at 2.45 GHz.['"® This
radiation has an energy below the threshold required to break chemical bonds directly but
generates heat through dielectric heating: polarized molecules and ions align themselves in
the alternating electric field, which leads to molecular friction. The heat is thus generated
directly in the solution in contrast to an oil bath. There the heat is transferred via the reaction
vessel. Materials such as borosilicate absorb hardly any microwaves, which means that the

energy is transferred directly to the reactants. This results in reversed temperature gradients
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compared to the classic oil bath (Figure 12), which enables significantly shorter reaction times

of often only a few minutes.!'"®

TIKI Microwave Oilbath T IK]
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Figure 12: Depicturing of the Inverted temperature gradient when using microwave heating (left) and conventional
heating with an oil bath (right).[78]

The resin usually consists of small polystyrene beads (35 - 150 um) that are crosslinked with
1 -2 % divinylbenzene.l'"”! Before synthesis, the beads must swell in a suitable solvent in
order to increase reactivity through better diffusion and accessibility. The extent of swelling
depends on the solvent: THF, toluene, CH,CI, and dioxane lead to a 5 to 6-fold increase in
volume, DMF about 4-fold, while MeOH and water hardly show any swelling effects.['76-177]
However, stronger swelling does not necessarily mean higher conversions: Although CH,ClI,
lead to high swelling, it hinders the reaction by salt formation with piperidine during Fmoc
deprotection. CH,CI, is therefore usually only used for initial swelling, while DMF is used for

the actual synthesis steps.!'”"]

A linker connects the resin with the first amino acid and plays a central role in the synthesis.['"”]
It must be cleavable at the end of the synthesis and this determines the reaction conditions. It
also determines whether the C- or N-terminus is bound to the resin and influences the chemical
structure of the sequence start.l'””! Figure 13 shows four common linkers that illustrate the

influence of the linker.
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Figure 13: Common types of linker which forms the connecting unit between the PS beads of the solid phase and
the first attached amino acid.['”"]

After cleavage with 90 — 95 % TFA in CH,CI, (1 — 2 h), the Wang resin 22 yields a carboxylic
acid, as the first amino acid is esterified.l'”” '7° The Rink amide resin 23 yields an amide under
similar conditions (50 % TFA in CH,Cl,, 1 h).['""- 180 For acid-labile products, 2-chlorotrityl resin
24 is suitable, which can already be cleaved with 1 — 5 % TFA in CH,Cl, within 1 min.l'"7. 1811 |f
acidic conditions are not possible, the HMBA resin 25 can be used. Here the cleavage takes
place with NaOH, N,H,, or NH; in MeOH over 24 h.['77.182]

The most frequently used protecting group strategy in peptide synthesis is the tert-butyl/Fmoc
strategy.['® Fmoc can be removed under mild conditions with piperidine, producing 9-
methylene fluorene.['¥-18 Numerous groups are available for orthogonal protection: e.g. 4-
methyltrityl (cleavable with 1 % TFA in CH,Cl,), Alloc (removable by palladium catalysis), tert-
butyl (90 % TFA or 4 M HCI), Dmb (extremely acid-labile and selectively removable), trityl
(95 % TFA with scavenger) and Mmt (1 % TFA, also cleavable by oxidation).['8¥ collection

represents only a selection of established protecting groups.

Amide synthesis takes place by coupling a carboxylic acid with an amine with the elimination
of water.'®! This only takes place efficiently above approx. 200 °C. Many temperature-
sensitive molecules cannot tolerate these temperatures. To increase reactivity, the OH group
is usually replaced by a better leaving group to form, for example, an active ester.['®"], this can
lead to racemization, particularly through enolization (red box in Figure 14) or oxazolone

formation (blue box in Figure 14).187]
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Figure 14: Two known mechanism of how the loss of chiral integrity in 3-position of an active ester can take place
via basic conditions: enolization (red box) and via a formation of an oxazolone (blue box).['87]

The enolization of compound 26 leads to a loss of stereochemistry via proton abstraction and
addition in the B-position (compounds 27 and 28). Alternatively, an oxazolone ring is formed
by intramolecular attack (compound 31), whereby the configuration is lost via compound 35. If

the ring is finally opened by an amine, product 29 is formed, but as a racemate.['®]

In this work, DFO* analogues with B-standing chiral centers are investigated. Their influence
on complexation is as yet unknown. Therefore, specific coupling reagents were used which
avoids racemization through enolization or oxazolone formation as far as possible and at the
same time meet the special requirements of the coupling discussed in this work. The preferred

coupling reagents of this work are presented in Figure 15.
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Figure 15: Coupling agents DCC, HOBt, HOAt, Oxyma®, HBTU, HATU and PyOxim®.

A classic approach is the use of carbodiimides such as N,N™-Dicyclohexylcarbodiimide (DCC)
37, which forms reactive O-acylureas 46. However, these can rapidly rearrange to N-acylureas
47, which leads especially in DMF to chain termination. DCC 37 is therefore unsuitable for
DMF-based SPPS.['87]

o)

)
—N=C=N-R* ———> )J\/“‘)\ R — )J\ J\ _R'
R)J\OH RONON NN

44 Carbodiimide 45 O-acylisourea 46 N-acylurea 47

Figure 16: Formation of N-acylurea within the activation of a carboxylic acid via a carbodiimide.['8"]

The addition of benzotriazole derivatives such as Hydroxybenzotriazole (HOBt) 38 or 1-
Hydroxy-7-azabenzotriazole (HOAt) 39 produces more stable, less reactive active esters.
These prevent rearrangements through protonation and conversion into reactive esters, which
simultaneously reduces racemization.['®181 HOAt has an additional nitrogen atom, which
improves the leaving behavior through its electron-withdrawing effect and increases both

reactivity and stereointegrity through the so-called Neighboring Effect.'®%
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3. Introduction

Oxyma® 40, introduced in 2009, offers a safe alternative without explosion risk and with

comparable reactivity to HOAt as well as lower racemization compared to HOBt.l"®"

The combination of additives like uronium or phosphonium components led to the development
of highly reactive coupling reagents such as HBTU 41, HATU 42 and PyOxim® 43, which are
characterized by high efficiency and improved control of racemization.['¥”) PyOxim® 43 in
particular, an Oxyma®-based phosphonium salt, showed outstanding results in the coupling of

sterically hindered peptides in this study and was therefore favored.
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4. Aim of the work

The described limitations of DFOB 7 and DFO* 8 as chelators for immunoPET tracers form the
basis for a new synthesis to develop an optimized chelator for zirconium. The approach should
be based on easy-to-produce building blocks, which are to be constructed into isopeptidic
chelators via modular synthesis (Figure 17). Some requirements are given as basic
prerequisites: the chelator should have four hydroxamic acids for Zr-binding (Figure 17,
marked in turquoise), possess bifunctionality to enable conjugation to targeting vector (Figure
17, marked in rose), variable distance between the hydroxamic acid units for investigations
regarding sufficient complex stabilities (Figure 17, marked in blue) and clickable sidechain

groups for fine tuning of pharmacokinetic properties and solubility (Figure 17, marked in red).
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Figure 17: Retrosynthesis for the synthesis of complex Zr chelators. Requirements are the use of cheap, readily
available and easy-to-modify starting materials, which are converted to basic building blocks with different chain
lengths in the backbone. By selective deprotection of protective groups, the building blocks are to be converted to
the protected hydroxamic acid chelators in a liquid-phase and a solid-phase approach. After deprotection of the
hydroxamic acids, the multifunctional Zr chelator is synthesized successfully.
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One of the main challenges lies in the synthesis of the highly complex building blocks, which
requires a demanding protecting group strategy. For studies focused on determining the
optimal spacing for Zr** complexation, the selected building blocks should be derived from
inexpensive and readily available starting materials bearing side chains, such as 2,3-
diaminopropanoic acid (Dpr), 2,4-diaminobutyric acid (Dab), ornithine and lysine, as well as
from non-side chain bearing precursors like B-alanine and 4-aminobutyric acid (GABA).
Glycine is unsuitable as a starting material, as glycine-derived DFOB analogues have been
shown to exhibit limited chemical stability.l'®] The oxidation of the y-standing amines to form
protected hydroxylamines in side chain-bearing starting materials must proceed under
conditions compatible with existing protective groups. If this proves infeasible, an alternative
approach involves using structural analogues containing a leaving group at the y-position,
enabling substitution with protected hydroxylamine. Another strategy includes the introduction
of a y-positioned double bond, which can be transformed into the desired modified precursor

via ozonolysis followed by reductive amination.

In an initial step, the building blocks should be converted into the corresponding protected
tetrahydroxamic acids via liquid-phase synthesis, followed by solid-phase synthesis. Given
literature-reported challenges and failed syntheses,'*+1%% it is essential to optimize the reaction
conditions regarding coupling reagents, equivalents, reaction time, temperature and resin
choice. These parameters should be systematically investigated through targeted
experiments. Additionally, the feasibility of scaling up the reaction to a gram scale should be

assessed.

With the isopeptidic DFOB and DFO* analogues on hand, a protocol for cleaving the protective
groups of the hydroxamic acids must be created. One challenge here could be that the integrity
of the additional functional groups in the compounds must be ensured. Furthermore, a protocol
for the functionalization of the azide groups via click chemistry should be developed. This
approach allows fine-tuning of the compounds by introducing prosthetic groups, such as
zwitterionic side chains, to enhance aqueous solubility. Improved solubility is critical for

ensuring reliable conjugation to the targeting vector.

The functionalized isopeptidic DFOB and DFO* analogues should then be evaluated for their
relative stability using a radioactive assay in competition with EDTA and DFOB 7. The aim is
to identify an optimal spacing between the hydroxamic acid groups for efficient coordination of
Zr**, Based on these findings, a corresponding non-radioactive assay will be developed using
the same competing chelators. The radioactive assay data should serve as a benchmark to
validate the non-radioactive method. Additional assays will investigate the serum stability of
the Zr** complexes and determine the optimal conditions for the complexation reaction.

Parameters to be assessed include the Zr**-to-chelator ratio, temperature, and reaction time.
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This is particularly relevant for radiochemical applications, where reactions are performed at

very low concentrations.

Based on these insights, a new synthetic approach should be developed in which both the
targeting vector and the chelator are assembled on the solid phase in a single approach. As
an initial model, the fundamental urea-based structures of PSMA should be employed,
necessitating the development of a urea synthesis protocol suitable for solid-phase application.
Furthermore, the deprotection of the hydroxamic acids under metal catalysis, as well as the
metal-catalyzed click reaction, should be performed in a final step on the solid phase. This
strategy offers the advantage of immediate and quantitative removal of potentially toxic metal

cations, thus enabling a GMP-compliant synthesis.
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5. Results and Discussion (cumulative part)

5.1 Solution Phase Synthesis of isopeptidic DFOB and DFO* analogs

As previously discussed, DFOB 7 exhibits limited in vivo stability, which can result in the
release and subsequent accumulation of free 3Zr in bones and organs. This not only
compromises image quality but also raises safety concerns. To address this issue, novel DFOB
and DFO* analogues were developed in this work, designed to form highly stable complexes

with Zr** while maintaining water solubility and allowing for modular structural customization.

A total of nine isopeptidic desferrioxamine analogues were synthesized and categorized into
two groups: AZA-DFOB (hexadentate chelators with three hydroxamate moieties) and AZA-
DFO* (octadentate chelators with four hydroxamate moieties). These were prepared through
a modular synthetic approach based on ornithine-B-alanine (Orn-B-Ala) and lysine-B-alanine
(Lys-B-Ala) building blocks. All nine chelators were further functionalized via copper(l)-
catalyzed azide-alkyne cycloaddition (CUAAC) to introduce zwitterionic side chains, thereby

enhancing aqueous solubility.

To evaluate their suitability for radiolabeling with #Zr, a newly developed HPLC-MS-based
assay was applied to monitor complex formation under physiologically relevant conditions. The
experiments demonstrated rapid and complete complexation of Zr** by the new chelators.
Notably, the zwitterionic, octadentate chelator composed exclusively of Orn—B-Ala units
achieved full complexation within 90 min at 37 °C, performing comparably to the established
Zr-chelator DFO* 8.

For stability assessment, a non-radioactive, HPLC-MS—-based transchelation assay was
established. In this method, Zr-complexes were incubated with large excesses of competing
chelators such as EDTA and DFOB 7 at pH7, and aliquots were analyzed over time. The
results revealed that hexadentate chelators - particularly those with extended alkyl chains
derived from Lys—B-Ala - exhibited lower complex stability. In contrast, the octadentate
analogues showed markedly enhanced stability. The Zr-complex of the pure Orn—3-Ala—based
chelator remained stable for over 24 hours, even in the presence of a 1000-fold excess of
EDTA and a 300-fold excess of DFOB 7.

These findings confirm that the spacing between hydroxamate groups significantly influences
Zr** complex stability. Shorter distances, as found in ornithine-derived monomers with eight
atoms between hydroxamates, resulted in more stable complexes than longer spacings from
lysine-based monomers (nine atoms). This supports the hypothesis that the distance plays a
role in complexation and possibly also that its flexibility and the orientation of the amides in the

isopeptidic structure could have an influence on the stability of Zr complexes.

37



5. Results and Discussion (cumulative part)

Title:

Authors:
Type:
Journal:
Year:
Volume:
Issue:
Pages:

DOI:

Number of Pages:

Submitted:

Accepted:

Synthesis of Modular Desferrioxamine Analogues and Evaluation of

Zwitterionic Derivatives for Zirconium Complexation
Outzen, L., Minzmay M., Frangioni, J. V., Maison, W.
Research Article

ChemMedChem

2023

18

13

202300112

10.1002/cmdc.202300112

15

24.02.2023

14.04.2023

38



5. Results and Discussion (cumulative part)

ChemMedChem

Research Article

doi.org/10.1002/cmdc.202300112

Chemistry
Europe

Societies Publ

Eurapean Chemical

lishing

Very Important Paper

www.chemmedchem.org

Synthesis of Modular Desferrioxamine Analogues and
Evaluation of Zwitterionic Derivatives for Zirconium

Complexation

Lasse Outzen,™ Moritz Miinzmay,® John V. Frangioni,” and Wolfgang Maison*®

The natural siderophore desferrioxamine B (DFOB) has been
used for targeted PET imaging with *Zr before. However, Zr-
DFOB has a limited stability and a number of derivatives have
been developed with improved chelation properties for
zirconium. We describe the synthesis of pseudopeptidic
analogues of DFOB with azido side chains. These are termed
AZA-DFO (hexadentate) and AZA-DFO* (octadentate) and are
assembled via a modular synthesis from Orn-B-Ala and Lys-f5-
Ala. Nine different chelators have been conjugated to zwitter-
ionic moieties by copper-catalyzed azide-alkyne cycloaddition
(CuAAC). The resulting water-soluble chelators form Zr com-
plexes under mild conditions (room temperature for 90 min).

Introduction

Hydroxamic acids (N-hydroxy-amides) are among the best
complex ligands for the hard Fe(lll) cation and are thus
abundant motifs in siderophores.! Many of these siderophores
are based on peptide and pseudopeptide structures and are
produced and used by microorganisms for the uptake of iron as
an important but barely water-soluble growth factor. The non-
ribosomal biosynthesis of these peptides starts usually from
ornithine and lysine derivatives.” Hydroxamic acids have a pK,
of 8.5-9.3 in aqueous solutions.™ If Fe(lll) is present in solution,
competition occurs between the two hard Lewis acids (H* and
Fe’), resulting in an exchange of protons with the Fe(lll) cation
with a pK, of about 11 In addition to Fe’* other hard and
oxophilic metal cations also form stable chelate complexes with
hydroxamic acids making them attractive chelators for a
number of applications in metal-based imaging.”!

A prominent hydroxamate-based siderophore is desferriox-
amine B (DFOB, Figure 1) first isolated by Prelog and co-
workers from Streptomyces pilosus.” DFOB has a molar mass of
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Transchelation assays with 1000-fold excess of EDTA and 300-
fold excess of DFOB revealed that a short spacing of hydrox-
amates in (Orn-f-Ala); 4 leads to improved complex stability
compared to a longer spacing in (Lys-f-Ala); ,. We found that
the alignment of amide groups in the pseudopeptide backbone
and the presence of zwitterionic sidechains did not compromise
the stability of the Zr-complexes with our chelators. We believe
that the octadentate derivative AZA-DFO* is particularly
valuable for the preparation of new Zr-chelators for targeted
imaging which combine tunable pharmacokinetic properties
with high complex stability and fast Zr-complexation kinetics.

Natural sideraphare DFOR

Patra ot al.* pEQ

This work: 2,n-AZA-DFO®
[v] o
PPN S &
A HR 0" o il

Figure 1. 5tructural comparison of the hexadentate natural siderophore
DFOB, octadentate analogue DFO* and AZA-DFO*.

560 g/mol and a linear pseudopeptidic structure with three
hydroxamic acid groups and a free terminal amine. It forms
stable octahedral complexes with Fe** (logk=32) and is thus
clinically used since the late 1960s as “Desferal” for the
treatment of iron overloading.™ In addition, DFOB forms stable
complexes with a number of other hard metal cations with high
relevance in disease imaging.® DFOB is modular due to its free
amine functionality and can easily be conjugated to targeting
vectors such as peptides and antibodies. It is thus suitable for
the construction of conjugates for targeted disease imaging."
In addition, DFOB and other siderophores are themselves
targeting moieties for microorganisms.™

DFOB has attracted considerable interest as a bifunctional
chelator for **Zr-PET-imaging. **Zr has favourable decay charac-
teristics (particularly a relatively low positron emission energy)

® 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH
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and a half-life of 3.3 days, matching perfectly with the typical
time required for extravasation and binding of antibodies used
as targeting vectors in immunoPET diagnostics.™ In addition,
the production and purification of **Zr has been optimized and
partially automated in recent years."" DFOB is characterized by
fast complex formation with Zr(lV) (within 30-60 minutes)
under mild conditions at room temperature making it an
attractive chelator for immunoPET with ®=Zr' However, a
shortcoming of DFOB is its hexadentate chelation which does
not saturate the octadentate coordination sphere preferred by
Zr(lV). The saturation of the coordination sphere to an
octadentate complex is achieved by two water molecules,
which are kinetically unstable and therefore exchange
quickly.™ The invivo stability of Zr-DFOB complexes is thus
limited leading to the uptake of radioactive zirconium in bones
during PET-imaging. This phenomenon is a possible safety issue
and might deteriorate the signal to noise ratio."*

Various other Zr(lV)-chelators have been developed to
overcome the shortcomings of DFOE and to increase the
complex stability"” In this context, hexadentate macrocyclic
hydroxamates of the fusarinine and the desferrichrome
family,”ﬁ' octadentate desferrichrome-derivatives like Om4-
hX,th] DFO‘HOPO,”QI DFO*,[M] DFOC)’C'O*,EI] DFOZ,[u]
DFO—Em,”! H,DFOSqOEt™ and macrocyclic octadentate ana-
logues are notable examples.” However, many in vivo experi-
ments with the corresponding targeted analogues showed
comparable radioactive bone-uptake to DFOB despite improved
complex stability as measured in vitro."® A notable exception
is *Zr-complexation with DFO* (Figure 1): radiochemical yields
were shown to be excellent for targeted (antibody conjugated)
derivatives using standard labelling protocols at neutral pH and
ambient temperature within 90 min.***"! A transchelation assay
showed that Zr-DFO* complexes remained stable in vifro even
when challenged with large excess of competing chelators such
as DFOB and EDTA, confirming the predicted higher stability of
octadentate Zr-complexes.”™ In addition, Zr-DFO*antibody
conjugates have the same blood clearance and tumor uptake
but reduced zirconium uptake in bones, liver and spleen
compared to corresponding DFOB conjugates.””**® However, a
disadvantage when working with DFO* and other octadentate
chelators is their poor water solubility, due to the hydrophobic
backbone structures and the formation of net-neutral Zr-
complexes. The low water solubility is often approached with
DMSO addition which can lead to the degradation or
aggregation of biomolecules upon conjugation ¥ The
water soluble analogue oxoDFO* has thus been developed and
shown to have favorable properties for Zr-complexation.>”

A truly modular Zr-chelator should combine high complex
stability with fast and efficient radiochemical labelling and
should allow molecular finetuning with respect to pharmacoki-
netic properties, solubility and conjugation of additional
effector molecules for theranostic applications or multimodal
imaging. We describe herein the synthesis of peptidic octaden-
tate DFO analogues termed AZA-DFO* bearing azide chain
functionalities for easy derivatization via copper-catalyzed
azide-alkyne cycloaddition (CuAAC)E" Furthermore, we have
evaluated the complexation of Zr(IV) and the stability of the

ChemMedChem 2023, 18, 2202300112 (2 of 15)

resulting complexes in vitro. With this work we extend the
concept of clickable chelators from cyclic derivatives like
DOTAZA" and TRAP(azide);"" to acyclic chelators with presum-
ably faster complexation kinetics.

Results and Discussion
Synthesls of chelators

Adapting the general concept of Wangler for the assembly of
cyclic DFOB-analogues,*** we used amino acids to build up the
pseudopeptide backbone structure. This strategy allows a
modular assembly for variation of intramolecular hydroxamate
distances and the introduction of sidechains. A recent theoret-
ical study of Holland revealed that backbone flexibility might be
a key factor for efficient Zr-chelators.”*” Pioneering work by
Brechbiel and coworkers suggested that the spacer between
two complexing hydroxamic acids should contain at least 7
atoms to allow the stable complexation of Zr®® The same
spacing of 7 atoms was also used by Wangler for cyclic DFOB-
analogues.* However, in DFO* a larger spacing of 9 atoms
was used retaining the spacing of hydroxamic acids found in
DFOB”™ As mentioned above, this spacing led to excellent
chelation properties of DFO* and motivated us to target
backbone structures with 8-9 atoms in spacing. In addition, the
position of connecting amide bonds in the spacer can have an
influence on the stability of corresponding metal complexes.
This factor has not been studied for Zr complexation so far, but
has been evaluated by Farkas for a number of other metal
cations with dihydroxamates as a model system ™" We chose
to fix the amide to a central spacer position and used p-alanine
(B-Ala, adding 3 atoms to the spacer) as a constant building
block for all of our derivatives. Gly and GABA would be obvious
alternative non-functionalized amino acids. However, peptidic
DFOB-analogues derived from glycine have been found to have
only limited chemical stability.”¥ Also, GABA caused problems
in our synthetic approach due to unwanted formation of -
butyrolactame during peptide coupling under forcing condi-
tions. We used either L-ornithine (Orn, adding 5 atoms to the
spacer) or L-lysine (Lys, adding 6 atoms to the spacer) as
additional building blocks to p-Ala. Orn and Lys allow the
introduction of sidechains to the spacer via their respective a-
amino function.

The assembly of the pseudopeptidic repeat motifs 9 and 10
including p-Ala-Orn or B-Ala-Lys respectively is shown in
Scheme 1 and starts from commercially available building
blocks 1 and 2. Conversion with BPO gave the protected
hydroxylamines 3 and 4 in good yield. The subsequent coupling
of these relatively unreactive hydroxylamines with p-Ala to 5
and 6 was realized successfully with the acid chloride of f-Ala.
We have tested a number of alternative coupling procedures
involving activators like HBTU, BOP, HATU and TFFH, but none
of these protocols gave satisfying results. As mentioned above,
the use of an acid chloride intermediate for coupling limited
our approach to p-Ala as a spacer, because GABA acid chloride
led to rapid formation of the corresponding y-butyrolactame.

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH
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000 I et Hggz . amino acids 7 and_ 8. These intermediates were coupled to
“EHBOG i _ Sig I - azido butyric acid via its NHS ester to install a “clickable” azide
P i functionality in the side chain. The resulting acids 9 and 10
2n=1 4,n=1,63% were now ready for the assembly of AZA-DFOB (including three
hydroxamic acids) and AZA-DFO* (including four hydroxamic
acids) derivatives. For easier identification in the following
UGG O,f'Z o mEres %Y peis s f\Hng/\U,NHanc schemes, we have assigned the repeat units two different bricks
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Scheme 1. Synthesis of pseudopeptide repeat units 9 (blue) and 10 (red)
with different spacing. a) BOP, H;0, CHyCly, pH=10.5, rit, 18 h; b) Fmoc-BAla-
COCI, pyridine, THF, rt, 24 h; ¢) BnBr, DIEA, MeQH, rt, 22 h; d) TFA/CH;CI;, TES,
t, 35 min, &) 2,5-dioxopyrrolidin-1-yl 4-azidobutanoate, DIEA, DMF, rt, 72 h.

We exchanged the Bz-protecting groups for Bn and cleaved Boc
and tert-butyl protecting groups with TFA to obtain the free

including three or four hydroxamic acids is depicted in
Scheme 2. We started with tert-butyl protected aminohexanoic
acid (AHX tert-butylester, 11) and used standard coupling
conditions with HETU/HOBt, DIEA at room temperature for 3—
5h to assemble protected AZA-DFOB derivatives 14a-d
stepwise. For the last coupling step to AZA-DFO* derivatives
15a-d, a longer coupling time of 7 h was necessary to achieve
reasonable yields.

Protected AZA-DFOB-derivatives 14 and AZA-DFO*-deriva-
tives 15 may be functionalized via copper-catalyzed azide-
alkyne cycloaddition (CuAAC). We performed this reaction in a
proof of concept experiment with addition of a zwitterionic
alkyne (3-(dimethyl(prop-2-yn-1-yl}ammonio)propane-1-
sulfonate) (Scheme 3). It was important to perform these
reactions without addition of additives such as TBTA and in
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Scheme 2. Synthesis of protected AZA-DFOB (14 a—d, including three hydroxamic acids) and AZA-DFO* (15a-d, including four hydroxamic acids) derivatives.
3) peptide coupling with 10, HETU, HOBL, DIEA, rt, 3 h (7 h)*; b) peptide coupling with 9, HETU, HOBt, DIEA, rt, 3 h (7 h)*; ¢} piperidine, MeCN, rt, 20 min.
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Scheme 3. Copper-catalyzed azide-alkyne cycloaddition (CuAAC) and subsequent deprotection to AZA-DFOB (16a-e) and AZA-DFO*-derivatives 17a-d. a)
Cul, NaAsc, MeCN, H,0, 3-(dimethyl{prop-2-yn-1-yljammonio)propane-1-sulfonate; by Pd/C, Hy, 60 bar, 18 h; ¢) piperidine H;O, rt, 20 min.

solvent mixtures with low water content (CH,CN/H,0, 98:2) to
avoid side reactions. The resulting protected zwitterionic DFOB
and DFO*-analogues were deprotected in final steps to give
nine chelators 16 and 17 with three and four free hydroxamic
acids respectively (highlighted in red). Complete debenzylation
required 60 bar hydrogen pressure in 20% AcOH to avoid
catalyst deactivation. These conditions led to partial Fmoc-
deprotection, which was completed by additional treatment
with piperidine in a final step. Zwitterionic groups were
installed to increase the water solubility of the chelators and
might proof useful as stealth chelators in upcoming studies to
create targeted imaging reagents with low non-specific tissue
retention.”” The resulting set of zwitterionic DFOB and DFO*-
derivatives 16 and 17 allowed us to study the influence of
denticity and spacing of hydroxamic acids on the stability of
corresponding Zr complexes.

Zr complexation and transchelation

To assess the complexation of Zr with our chelators, we used
natural abundance ZrCl, in low pM concentration and followed
a standard protoecol developed for radicactive labelling.”** A
first complexation was performed with the octadentate zwitter-
ionic chelator 17 a at 24°C and 37 °C at pH 8.5. The reaction was
monitored for six hours by LC/MS. As depicted in Figure 2, full
labelling of 17a was achieved within approximately 90 min at
37°C and 3 h at 24°C. Complexation of Zr(IV) with our new
chelator 17a is thus slightly slower then complexation with
hexadentate DFOB, but matches the complexation time meas-
ured for other octadentate chelators such as DFO*™ We
assume therefore that new chelators like 17a are suitable for
radioactive ®Zr labelling under mild conditions, compatible
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Figure 2. Monitoring of Zr-complexation with octadentate chelator 17a at
24°C and 37°C. Complexation was performed at pH 8.5 at low pM
concentration and monitored by LC/MS-analysis.

with sensitive targeting vectors such as cyclic peptides or
antibodies.

For the following evaluation of complex stability, a trans-
chelation assay with excess EDTA as competing chelator was
performed for each Zr-complex of the new chelators 16 and
17.1821253380 Eor this purpose, the appropriate chelator was
incubated with ZrCl, at pH=85 for 90 min to form the Zr-
complex. After pH adjustment to pH=7, a 1000-fold excess of
EDTA was added and transchelation was followed by LC/MS for
24 h. After 0 h, 2 h, 8 h and 24 h, aliquots were taken from the
solutions and analyzed by LC/MS. Peaks were nicely separated,
because EDTA and EDTA~Zr complexes showed no retention on
a C18 column with a MeCN/H,O (0.1% HCO,H) gradient,
whereas all of our new complexes did. The extracted ion
chromatogram for the most abundant Zr-isotopes, clearly
confirmed the presence of the intact Zr-complexes. Zr-DFOB
was used as a reference compound with very limited stability
under these challenging conditions. Figure 3 shows the trans-
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Figure 3. Tranchelation assay of A) Zr-DFOB and Zr-16 a—e challenged with a
1000-fold excess of EDTA at pH 7; B) Zr-DFOE and Zr-17 a—d challenged with
a 1000-fold excess of EDTA at pH 7. The green dots show the values of Zr-
17 a in competition to 300-fold excess DFOB.

chelation of Zr-DFQOB in relation to five different analogues Zr-
16a-e (Figure 3A) including three hydroxamic acid groups and
in relation to four analogues Zr-17a-d (Figure 3B) including
four hydroxamic acid groups. All of the tested Zr-complexes
with only three hydroxamic acids showed relatively low stability
in this assay with only 2-35% intact Zr-complexes after
24 hours. However, some trends are notable. Derivatives Zr-
16a and Zr-16b including the shorter (8 atoms) p-Ala-Orn
spacer were slightly more stable than DFOB (9 atoms) and the
corresponding derivatives Zr-16 c-e including the longer -Ala-
Lys (9 atoms) spacer. The most stable analogue with three
hydroxamic acids was derivative Zr-16 b with an additional free
carboxylate group, which contributed significantly to complex
stability. It is also notable, that the different positioning of the
connecting amide bonds and the presence of the highly
hydrophilic zwitterionic groups in all of our new chelators did
not compromise complex stability compared to DFOB. A similar
trend was observed for chelators 17 a—d with four hydroxamic
acids. However, in this case the complexes were significantly
more stable. The most stable analogue was Zr-17a with the
short f-Ala-Orn (8 atoms) spacer. This derivative showed no
transchelation even under these challenging assay conditions.
Both mixed sequences Zr-17b and Zr-17d as well as complex
Zr-17b including a chelator with the longer -Ala-Lys (9 atoms)
spacer showed a lower complex stability than Zr-17a. The
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remarkably high stability of complex Zr-17a was confirmed in
an additional competition experiment against a 300-fold excess
DFOB as depicted in Figure 3B with the green line.

Conclusion

We have described the synthesis of various clickable analogues
of the natural siderophore DFOB (termed AZA-DFOB) and its
octadentate homologue DFO* (termed AZA-DFO¥). These new
analogues were prepared by modular assembly of two building
blocks differing in spacer length via peptide coupling. Two
orthogonally protected p-Ala-Orn 9 and f-Ala-Lys 10 fragments
allowed the assembly of AZA-DFOB 14 and AZA-DFO* 15 with a
spacing of either 8 or 9 connecting atoms between hydroxamic
acid moieties. In addition, the a-amino group of Orn and Lys
allowed the introduction of sidechain functionalities via CuAAC.
The chelators can thus be optimized for improved solubility and
pharmacokinetic properties or for use as a multimerization
platform for targeted imaging. The N- and the C-terminus of the
chelators may be used to conjugate further functional mole-
cules or targeting vectors, which might be useful for applica-
tions in multimodal imaging. Complexation of chelator 17a
bearing zwitterionic sidechains and four hydroxamic acids with
"7r was evaluated using protocols previously established for
#7r radio labelling. These experiments confirmed the rapid
formation of Zr-17a within approximately 90 min at 37°C and
3h at room temperature. Zr-complexes of wvarious new
chelators with zwitterionic sidechains and either three or four
hydroxamic acids for complexation were evaluated for complex
stability by transchelation with 1000-fold excess of EDTA. We
found that the alignment of amide groups in the pseudopep-
tide backbone and the presence of zwitterionic sidechains did
not compromise the stability of the Zr-complexes 16 and 17.
The spacer length in turn had an influence on complex stability
with derivatives of f-Ala-Orn (8 atoms spacer length) having
the highest stability. Chelator 17a with four hydroxamic acids
for Zr-complexation was found to form the most stable Zr-
complex and showed no transchelation over 24h when
challenged with 1000-fold excess EDTA and 300-fold excess
DFOB as competing chelators. We believe that 17 a is a valuable
new Zr-chelator for targeted imaging which combines good
solubility with high complex stability and fast Zr-complexation
kinetics. However, it should be noted that both AZA-DFOB 14
and AZA-DFO* 15 might also be useful chelators for other
oxophilic metal cations than zirconium.

Experimental Section

General Methods

All reagents and solvents were obtained commercially in required
grades and used without further purification. Reactions sensitive to
atmospheric oxygen or moisture were performed under a protec-
tive gas atmosphere (N, or Ar). The progress of reactions was
monitored by TLC performed on silica gel ALUGRAM Xtra SIL G
(normal phase) or Nano-SIL Cyg TLC plates (reverse phase) from
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Macherey-Nagel. The detection was achieved by UV (L= 254 nm) or
by dipping in cerium(IV)-sulfate/H,50,, ninhydrin/EtOH, vanillin/
EtOH/H,50; or Hanessian's stain followed by heating. Silica gel for
column chromatography was of 60-200 um size (POLYGOPREP 60—
80 from Macherey-Nagel) for normal phase and 40-63 um size
(POLYGOPREP 100-50 C,; from Macherey-Nagel) for reverse phase.
Automated column chromatography was performed on a puri-
Flash450 from the manufacturer Interchim with POLYGOPREP 60-
80 silica gel from Macherey-Nagel for normal phase and CHROMA-
BOND Flash RS 15, CHROMABOND Flash RS 25 or CHROMABOND
Flash RS 80 cartridges from Macherey-Nagel for reverse phase. For
the purification by preparative HPLC a VWR Hitachi LaChrom Elite
with a L-2130 pump and a UV-2400 UV-Detector or a VWR Hitachi
LaChrom Elite with a L-7150 pump, L-700 interface and UV-2400
UV-Detector with the columns NUCLEODUR C,; HTEC EC, 250x
10mm ID, 5 um and NUCLEODUR Cz HTec EC, 250x 10 mm ID,
5um was used. Elemental analysis was performed by the device
vario EL lll from Elementar Analysensysteme GmbH or by EuroEA
Elemental Analyzer from EuroVector with a HEKAtech HT oxygen
analyzer from HEKAtech. IR-spectra were obtained on a FT/IR-4100-
Spectrometer from Jasco with an ATR-unit. 'H and "C spectra were
recorded on an Avance Il 600 MHz, Avance | 500 MHz, DRX
500 MHz, Avance Il HD 400 MHz, Avance Il 400 MHz, Avance |
400 MHz or FourierHD 300 MHz from Bruker Daltonics. ESI-MS
spectra were obtained by MicrOTOF-Q or amaZon SL from Bruker
Daltonics or by 6224-ESI-TOF from Agilent Technologies. For the
recording of LC/MS-spectra the MicrOTOF-Q-mass spectrometer
and a VWR Hitachi LaChrom Elite HPLC with L-2130 pump, a L-2400
Diode Array Detector and a L-2200 autosampler with the columns
NUCLEQODUR Cy3 HTEC EC, 250% 10 mm ID, 5 um and NUCLEODUR
Cy HTec EC, 250x10 mm ID, 5 um were used. Specific rotations
were obtained on a M550 from A. Kriiss Optotronic with a 1 mL
capillary tube (0.5 dm length). UV-Vis analysis was achieved by
Genesys 10uv from Thermo Scientific. Reactions with microwave
conditions were performed by Initiator + from Biotage with a Robot
Sixty autosampler from Biotage or by Initiator Classic from Biotage.

Following molecules were synthesized according to literature
procedures: Frmoc-R-Ala-COCI 2,5-dioxopyrrolidin-1-yl-4-
azidobutanoate;™ 6-aminohexanoic acid tert-butylester 11;%" 3-
(dimethyl(prop-2-yn-1-yl)lammonio)propane-1-sulfonate;* (N,-Boc)-
Orn tert-butylester 1, (N,-Boc)-Lys tert-butylester 2.

General procedures

General procedure for O-Bz protection reaction (A). (N -Baoc)-
amino acid tert-butylester (1.00 eq.) was dissolved in CH,Cl; and a
NaHCO,/NaOH buffer solution (pH=10.5, 3:1 (NaHCO; (0.05 mol/
L}/NaOH (0.1 mol/L) was added. Benzoyl peroxide with 25% H,0
(1.15 eq.) was added in portions with vigorous stirring and the
reaction was stirred at room temperature for 18 h. The phases were
separated and the organic phase was concentrated to dryness and
the residue was dissolved in EtOAc, washed with aqueous Na,5,04
(2 M) solution and sat. NaCl solution, dried over Na,50, and filtered.
The crude product obtained after evaporation of solvent in vacuo
was purified by column chromatoegraphy on Si0, (n-pentane/EtOAc
T:1=3:1wiv).

General procedure for amide couplings with Fmoc-B-Ala-COCI
(B). (Ng-Boc)amine acid(N,-OBz) tert-butylester (1.00eq.) was
dissolved in abs. THF and abs. pyridine (3.00 eq.) was added. Then
Fmoc--Ala-COCl {1.00 eq.) dissolved in abs. THF was added
dropwise and the reaction solution was stirred at room temper-
ature. The solvent was removed under reduced pressure and the
residue was dissolved in EtOAc and washed with HCl(aq) (1 M), sat.
NaHCO; and sat. MaCl. After drying over Na,SO, filtration and
removal of the solvent under reduced pressure, the crude product
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obtained was purified by column chromatography on SiO; (n-
pentane/EtOAC 10:1—=1:4 v/iv).

General procedure for OBz to OBn exchange (C). (N -Boc)-amino
acid-(N,-OBz)-N,-B-Ala-Fmoc tert-butylester (1.00 eq.) was dissolved
in CH;OH and DIPEA (4.00 eq.) was added. The solution was stirred
at room temperature for 20 min and then benzylbromide (2.00 eq.)
was added dropwise. The reaction sclution was stirred at room
temperature for 20 h. After complete conversion (TLC), the solvent
was removed under reduced pressure and the residue was
dissolved in EtOAc and washed with HCl(aq) {1 M), sat. NaHCO,,
H,O and sat. NaCl. The organic phase was dried over Na,50, and,
after filtering, the solvent was removed under reduced pressure
and the crude product obtained was purified by column chroma-
tography on Si0..

General procedure for tert-butyl deprotection (D). (N,-Boc)-amino
acid-(N,-OBn)-N,-B-Ala-Fmoc tert-butylester (1.00 eq.) was dissolved
with triethylsilane (5.00 eq.) in 66% TFA in CH,Cl, and stirred at
room temperature. All volatile components were removed under
raduced pressure and the residue obtained was purifiad by column
chromatography on SiO;-RP18 (Column: NUCLEODUR C,; HTec EC,
250%10mm ID, 5 pm, H,O/CH,CN 05:540.1% HCO,H—5:05+
0.1% HCO,H w/v). Due to the treatment with TFA a simultaneously
deprotaction of Boc occurred for compounds 76 and 78.

General procedure for peptide coupling with HBTU/HOBt (E).
Carboxylic acid (1.00 eq.) was dissolved with HBTU (1.05 eq.), HOBt
(2.00 eq.) and DIPEA (3.00 eq.) in abs. DMF followed by stirring at
room temperature. Amine (1.00 eq.) in abs. DMF was added and the
reaction solution was stirred further at room temperature. The
solvent was removed under reduced pressure and the solid
obtained was purified by column chromatographic purification on
Si0,. In some cases, further purification on Si0,-RP18 (Column:
NUCLEQDUR C,; HTec EC, 250 x 10 mm ID, 5 pm) was necessary.

General procedure for Fmoc deprotection (F). Fmoc protected
amine (1.00 eq.) was dissolved in 20% piperidine in acetonitrile and
stirred for 20 min at room temperature. The solvent was removed
under reduced pressure and the crude product was purified by
column chromatography on 5i0,.

General procedure for Cu-catalyzed click reaction (G). The
appropriate azide (1.00 eq.), 3-(dimethyl(prop-2-yn-1-
yl)ammanio)propane-1-sulfonate (1.50 eq. per azide), Cul (0.13 eq.
per azide) and sodium ascorbate (0.67 eq. per azide) were dissolved
in CH:CN. Demineralized H,O was added until a clear solution
resulted. The solution was stirred at 70°C under microwave heating
for 2 h. The solvent was removed under reduced pressure and the
crude product obtained was purified by column chromatography
on SiD,-RP18 (Column: NUCLEODUR C,; HTec EC, 25010 mm ID,
5 pm, H,0/CH,CN 95:5+0.1% HCO,H—5:05 + 0.1% HCOH v/v).

General procedure for OBn and Fmoc deprotection (H). The
appropriate OBn protected hydroxamate (1.00 eq.) was dissolved in
H,0/AcOH (2:1 by volume). Pd/C (10% on activated carbon) was
added and the suspension was stirred under a H, atmosphere for
18 h at room temperature. The catalyst was removed by filtration
through a celite pad and the solvent was removed under reduced
pressure. Demineralized H,0 (4 mL) and piperidine (1 mL) were
added. The resulting Fmoc-piperidine adduct precipitated as a
white, voluminous solid. After stirring for 15 min, the suspension
obtained was filtered and the solvent was removed under reduced
pressure. The purified product was obtained by preparative HPLC
(Column: NUCLEODUR C,; HTec EC, 250x10 mm ID, 5 pm, H,0/
CH,CN 98:2+4+0.1% HCOH—2:98+0.1% HCO,H v/v, 5 mL/min).
Products were characterized by HPLC-HRMS (H,0/CH.CN 98:2+
0.05 % HCOH—5:95 +0.05 % HCOH v/v, 0.2 mL/min).

© 2023 The Authors. ChemMadChem publishad by Wilay-VCH GmbH

44



5. Results and Discussion (cumulative part)

ChemMedChem

Research Article

doi.org/10.1002/cmdc.202300112

Chemistry

Europe

Eurspean Chemical
Societies Publizhing

(N,-Boc)-Om(N-0Bz) tert-butylester (3): Preparation according to
method A, scale: (NgBoc)-Om tert-butylester 1% (127 g,
38.6mmol, 1.00eq), CH.Cl; (300 mL), NaHCO;/NaCQH buffer
(300 mL), benzoyl peroxide with 25% H,O (108 g, 444 mmol,
1.15 eq.), EtOAc (350 mL), Na,5,0; solution (2 M, 2x250 mL) and
sat. NaCl (300 mL). Colorless solid; yield: 80%. R;=0.56 (Si0; n-
pentane/EtOAc 3:1 viv, UV, Ammonium cerium(lV) sulfate). The
analytical data were identical to those reported in the literature™!

(Ny-Boc)-Orn(N;-OBz)-Ns-B-Ala-Fmoc tert-butylester (5): Prepara-
tion according to method C, scale: 3 (2.99 g, 732 mmel, 1.00 eq.) in
THF (20 mL), abs. pyridine {1.77 mL, 22.0 mmeol, 3.00 Eq.), Fmoc-fi-
Ala-COCl (241 g, 7.32 mmol, 1.00 Eq.) in THF (10 mL), reaction time
(24 h), EtOAc (200 mL), HCl{aq) (1 M, 2250 mL), sat. NaHCO, (2x
150 mL), sat. NaCl (100 mL). Colorless solid; yield: 4.26 g (84%).
Mp.=68.2-69.7°C. 'H NMR (600 MHz, CDCl3) 6 8.07 (d, *J=82Hz,
2H, H-21), 7.75 (d, *J=7.4 Hz, 2H, H-14), 768 (t, *J=7.4Hz, 1H, H-
23), 7.60 (d, *J=74 Hz, 2H, H-17), 7.51 (t, */=7.8 Hz, 2H, H-22), 7.39
(t, Y=74Hz 2H, H-15), 7.31 (t, *J=7 4 Hz, 2H, H-16), 5.54 (sbr, 1H,
H-9), 5.08 (d, */=7.7 Hz, 1H, H-24), 434 (d, */=7.1 Hz, 2H, H-11),
4.21 (t, */=7.1 Hz, 1H, H-12), 4.20 (sbr, 1H, H-2), 3.87 (sbr, 2H, H-5),
3.51 (sbr, 2H, H-8), 2.54 (sbr, 2H, H-7), 1.92-1.84 (m, 1H, H-3), 1.77-
1.66 (m, 3H, H-3, H-4), 143 (s, 9H, H-29), 1.41 (s, 9H, H-27). "C NMR
(151 MHz, CDCl;) 6 164.6 (C-20), 156.5 (C-10), 155.5 (C-25), 144.1 (C-
13), 1414 (C-18), 1349 (C-23), 130.2 (C-27), 129.1 (C-22), 1278 (C-
15), 127.2 (C-16), 125.3 (C-17), 120.1 (C-14), 82.2 (C-28), 79.8 (C-26),
67.0 (C-11), 53.7 (C-2), 47.8 (C-5), 47.4 (C-12), 36.2 (C-8), 32.7 (C-7),
30.4 (C-3), 284 (C-29), 28.1 (C-27), 23.1 (C4). IR: ¥, (cm ') =3351.7,
2971.8, 2935, 2022.0, 1763.6, 1707.7, 15148, 14521, 13673,
1242.9, 1155.2, 10404, 1007.6, 8505, 761.7, 7425, 7058, 621.0,
562.2. HRMS (ESI, pos.): calc. for CagHaM:NaQs' [M+Na] ™ 724.3205;
found 724.3209. CHNO-Analysis: calc. for Ci;H,7N-0g: C, 66.75%; H,
6.75%; N, 5.99%; O, 20.52%; found: C, 66.66%; H, 6.75%; N, 5.85%;
Q, 20,43 %.

Orn(N;z-0Bn)-N;-B-Ala-Fmoc (7): The title compound 7 was ob-
tained in two steps via intermediate (N,-Boc)-Orn(Nz-OBn)-N;-B-Ala-
Fmoc tert-butylester. The latter compound was obtained from 5
employing method C, scale: 5 (390 mg, 0.56 mmol, 1.00 eq.), CH:OH
(10 mL), DIPEA (026 mL, 222 mmol, 4.00eq.), benzylbromide
(0.19 mL, 1.12 mmol, 2.00 Eq.), EtOAc (20 mL), HClag) (1 M, 2x
15 mL), sat. NaHCO; 2x15 mL), H,O (2x 15 mL) and sat. NaCl (3 x
15 mL), column chromatography on SiO,: n-pentane/EtOAc 3:2 v/v.
Pale yellow solid; yield of the intermediate tert-butylester: 314 mg
(80%). Mp.=60.2-61.2°C. '"H NMR (600 MHz, CDCl;) 6 7.75 (d, */=
73 Hz, 2H, H-17), 7.60 (d, /=73 Hz, 2H, H-14), 7.39 {t, *J=75 Hz,
2H, H-15), 7.37-7.34 (m, 5H, H-21, H-22, H-23), 7.30 (t, */=7.5 Hz,
2H, H-16), 5.56-5.53 (m, 1H, H-9), 5.07 (d, *J=7.2 Hz, 1H, H-24), 478
(s, 2H, H-19), 4.35 (d, *J= 7.2 Hz, 2H, H-11), 4.22-4.19 (m, 2H, H-2, H-
12), 3.70 (sbr, 2H, H-5), 3.49-3.46 (m, 2H, H-8), 2.65-2.62 (m, 2H, H-
7), 1.82-1.77 (m, 1H, H-3), 1.73-1.66 (m, 2H, H-4), 1.64-1.60 (m, 1H,
H-3), 1.43 (s, 9H, H-29), 1.43 (s, 9H, H-27). *C NMR (151 MHz, CDCl)
46 171.8 (C-1), 156.5 (C-6), 155.5 (C-25), 144.2 (C-13), 1414 (C-18),
134.2 (C-20), 129.4 (C-23), 129.2 (C-21), 1289 (C-22), 127.8 (C-15),
127.2 (C-16), 125.3 (C-14), 120.1 (C-17), 82.2 (C-28), 79.8 (C-26), 76.5
(C-19), 66.9 (C-11), 53.6 (C-2), 47.4 (C-12), 45.0 (C-5), 36.5 (C-8), 328
(C-7), 30.3 (C-3), 28.5 (C-29), 28.1 (C-27), 22.9 (C4). IR: ¥, (cm )=
2981.4, 2889.8, 1704.8, 1655.6, 1505.2, 1449.2, 13904, 13644,
1246.8, 11484, 1069.3, 1003.8, 965.2, 850.5, 758.9, 735.7, 696.2.
HRMS (ESI, pos.): calc. for CeHagNsNaOy " [M+ Nal™ 710.3412; found
710.3417. CHNO-Analysis: calc. CiH,NyOg: C, 68.10%; H, 7.18%; N,
6.11%; O, 18.61%; found: C, 67.88%; H, 7.23%; N, 6.04%; O,
18.67 %.

This intermediate tert-butylester was converted to the title com-
pound 7 via method D. Scale: intermediate tert-butylester men-
tioned above (3.07 g, 446 mmol, 1.00 eq.), triethylsilane (3.56 mL,
223 mmol, 5.00eq.), 66% TFA in CH,Cl, (24 mL), reaction time
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(35 min). Colorless solid; yield of 7: 871 mg (30%). R;= 0.69 (CH.Cl,/
CH:OH 9:1 v/v, UV.sy Ninhydrin). Mp.= 136.1-136.8°C. '"H NMR
(500 MHz, CDCl5) 6 831 (sbr, 2H, H-25), 7.69-7.57 (m, 2H, H-18),
7.52-7.39 (m, 2H, H-15), 7.32-7.24 (m, 2H, H-16), 7.22-7.06 (m, 7H,
H-17, H-22, H-23, H-24), 6.06 (sbr. 1H, H-10), 4.57 (s, 2H, H-20), 4.24—
411 (m, 2H, H-12), 4.10-3.99 (m, 1H, H-13), 3.90-3.75 (m, 1H, H-3),
3.74-361 (m, 1H, H-6), 3.57-3.43 (m, 1H, H-6), 3.28-3.22 (m, 2H, H-
9), 2.64-2.21 (m, 2H, H-8), 1.95-1.68 (m, 4H, C4, C-5). “C NMR
(126 MHz, CDCls) 6 171.9 (C-2), 144.2 (C-14), 141.3 (C-19), 134.0 (C-
21), 129.4 (C-24), 129.0 (C-22), 128.7 (C-23), 127.7 (C-16), 127.1 (C-
17), 125.4 (C-15), 120.0 (C-18), 76.3 (C-20), 66.8 (C-12), 47.3 (C-13),
32.7 (C-8). "C-NMR (151 MHz, CDCL,): 6 54.2 (C-3), 446 (C-6), 36.7
(C-0), 28.0 (C4), 23.0 (C-5). IR: ¥, (cm ') =3218.9, 2080.5, 2883.1,
1709.6, 16517, 1510.0, 1450.2, 13924, 1384.7, 13663, 12477,
1150.3, 1076.1, 1007.6, 843.7, 758.9, 751.1, 7405, 699.1. HRMS (ESI,
pos.): calc. for CipHaaN;0s " [M+H-TFA]" 532.2442; found 532.2441.

Protected (Orn-p-Ala) monomer (80): 76 (1.23g, 2.32 mmol,
1.00 eq.) was dissolved in abs. DMF (20 mL) and DIPEA (1.21 mL,
6.97 mmol, 3.00 eq.) was added. 2,5-dioxopyrrolidin-1-yl 4-azidobu-
tancate 36 (523 mg, 232mmol, 1.00eq) was added and the
reaction solution was stirred for 3 h at room temperature. The
solvent was removed under reduced pressure and the residue was
dissolved in CH,Cl; (10 mL) to co-evaporate residues of DMF and
DIPEA. This process was repeated twice. The brown crude product
obtained was purified by column chromatography on SiQ, (CH.Cly/
CH;OH 15:1+1% AcOH—10:1+1% AcOH v/v). Colorless solid;
yield: 1.39g (93%). Ry=0.39 (CH,CL/CH,OH 15:1+ 1% AcOH v/v,
UV, Ninhydrin). '"H NMR (500 MHz, CDCl,) 6 7.74 (d, 2H, =
7.6 Hz, H-18), 7.57 (d, 2H, *J=7.6 Hz, H-15), 7.38 (t, 2H, /= 7.6 Hz,
H-17), 7.35-7.33 (m, 5H, H-22, H-23, H-24), 7.29 (t, 2H, /= 7.6 Hz, H-
16), 6.87-6.70 (m, 1H, H-10), 5.65 (sbr, 1H, H-25), 4.76 (s, 2H, H-20),
4.50-456 (m, TH, H-3), 4.34 (d, 2H, *J = 6.9 Hz, H-12), 4.18 (t, 1H, Y=
6.9 Hz, H-13), 3.76-3.64 (m, 2H, H-6), 3.45-3.37 (m, 2H, H-9), 3.27 (t,
2H, /=64 Hz, H-29), 2.63-2.50 (m, 2H, H-8), 2.27 (t, 2H, /= 6.9 Hz,
H-27), 1.90-1.83 (m, 3H, H4, H-28), 1.75-1.65 (m, 3H, H-4, H-5). “C
NMR (126 MHz, CDCl;) 6 174.1 (C-2), 172.8 (C-26), 156.7 (C-11), 144.1
(C-14), 141.4 (C-19), 133.9 (C-21), 129.4 (C-24), 1293 (C-22), 128.9 (C-
23), 127.8 (C-17), 127.2 (C-16), 125.2 (C-15), 120.1 (C-18), 76.6 (C-20),
66.9 (C-12), 52.1 (C-3), 50.7 (C-29), 47.3 (C-13), 44.8 (C-6), 36.5 (C-9),
POAGRY BA B AR BRIl
1148.4, 1072.2, 1007.6, 968.1, 758.9, 699.1. HRMS (ESI, pos.): calc. for
CayHzeNgO;" [M+H]" 643.2875; found 643.2877. CHNO-Analysis:
calc. for CoHxN.Oy: C, 63.54%; H, 5.96%; N, 13.08%; O, 17.43%
found: C, 63.59%; H, 6.07 %; N, 12.95%; O, 17.37 %.

(N,-Boc)-Lys(N,-OBz) tert-butylester (69): Preparation according to
method A, scale: (N-Boc)lys tert-butylester 98* (150g,
469 mmol, 1.00eq.), CH,Cl, (300 mL), MNaHCO./NaOH buffer
(300 mL), benzoyl peroxide with 25% H,O (16.7 g, 51.7 mmol,
1.10 eq.), EtOAc (350 mL), Na,S;0; solution (2 M, 2x250 mL) and
sat. MaCl (300 mL). Colorless solid; yield: 12.4 g (63%). R;=0.60
(Si0,, n-pentane/EtOAc 3:1 wiv, UV.., Ammonium cerium(IV)
sulfate). '"H NMR (500 MHz, CDCl;) 6 8.02-7.98 (m, 2H, H-10), 7.89
(sbr, TH, H-7), 7.58-7.55 (m, 1H, H-12), 7.46-7.42 (m, 2H, H-11), 5.07-
5.03 (m, TH, H-13), 420-4.15 (m, 1H, H-2), 3.12 (t, 2H, */=7.1 Hz, H-
6), 1.83-1.76 (m, TH, H-3), 1.68-1.59 (m, 3H, H-3, H-4), 1.51-1.48 (m,
2H, H-5), 1.46 (s, OH, H-18), 142 (s, OH, H-16). *C NMR (126 MHz,
CDCly) 6 172.0 (C-1), 167.0 (C-8), 155.5 (C-14), 133.4 (C-12), 1294 (C-
10), 1286 (C-11), 128.5 (C-9), B1.9 (C-17), 79.7 (C-15), 53.9 (C-2), 524
(C-6), 32.9 (C-3), 28.4 (C-18), 28.1 (C-16), 27.1 (C-4), 22.8 (C-5). HRMS
(ESI, pos.): cale. for CH,MN,0.Na' [M+Na]® 4452309: found
445.2301.

(No-Boc)-Lys(N-OBz)-N-B-Ala-Fmoc tert-butylester (74): Prepara-
tion according to method B, scale: 69 (12.1 g, 28.5 mmol, 1.00 eq.)
in THF (40 mL), abs. pyridine (4.60 mL, 57.0 mmol, 2.00 eq.), Fmoc-
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B-Ala-COCI (10.1 g, 30.5 mmol, 1.05eq.) in THF (20 mL), reaction
time (10h), EtOAc (400 mL), HCl(ag) (1M, 2x250 mL), sat. Nacl
(150 mL). Colorless solid; yield: 19.2g (94%). R;=042 (SiO; n-
pentane/EtOAc 2:1 viv, UV,., Phosphomolybdic acid). Mp.=674-
68.6°C. '"H NMR (600 MHz, CDCl;) 6 8.08 (d, 2H, *J=7.5 Hz, H-22),
7.75 (d, 2H, *J=7.5 Hz, H-18), 7.68 (t, 2H, *J=7.5 Hz, H-24), 7.60 (d,
2H, *J=7.5Hz, H-15), 751 (t, 2H, *J=7.5 Hz, H-23), 7.39 (t, 2H, ¥/ =
75Hz, H-16), 731 (t, 2H, *J=7.5Hz, H-17), 559 (sbr, 1H, H-10),
5.10-5.07 (m, TH, H-25), 434 (d, 2H, *J=74Hz, H-12), 421 (t, TH,
*J=74Hz, H-13), 418-415 (m, 1H, H-2), 3.83-3.74 (m, 2H, H-6),
2.51-3.45 (m, 2H, H-9), 2.58-2.47 {m, 2H, H-8), 1.83-1.70 (m, 2H, H-
3), 1.68-1.61 (m, 2H, H-5), 1.46-1.40 (m, 20H, H-4, H-28, H-20). “C
NMR (151 MHz, CDCL;) 6 171.9 (C-1), 156.6 (C-11), 155.5 (C-26), 144.2
(C-14), 141.4 (C-19), 134.8 (C-24),133.7 (C-21), 130.2 (C-22), 129.1 (C-
23), 127.8 (C-17), 127.2 (C-16), 125.3 (C-15), 120.1 (C-18), 82.0 (C-29),
79.8 (C-27), 67.0 (C-12), 53.9 (C-2), 47.9 (C-6), 47.3 (C-13), 36.2 (C-9),
32.7 (C-8), 28.5 (C-30), 28.1 (C-28), 26.7 (C-3), 225 (C4). IR: ¥y
(em™')=13341.1, 20785, 1763.6, 17115, 1508.1, 1452.1, 13004,
1364.4, 1240.0, 1151.3, 1036.6, 10105, 843.7, 7589, 7425, 709.7,
571.8. HRMS (ESI, pos.): calc. for CoHaNoNa0," [M-- Na]* 728.3361;
found 738.3369. CHNO-Analysis: calc. for Cy,H,oN:Oo: C, 67.12%; H,
6.90%; N, 5.87%; O, 20.11%; found: C, 66.84%; H, 6.84%; N, 5.85%;
0, 20.17 %.

Lys(N.-OBn}-N;-B-Ala-Fmoc (78): The title compound 78 was
obtained in two steps via intermediate (N, -Boc)-Lys(N.-OBn)-N,-3-
Ala-Fmoc tert-butylester. The latter compound was obtained from
74 employing method C, scale: 74 (19.1 g, 26.7 mmol, 1.00 eq.),
CH,OH (100 mL), DIPEA (13.2 mL, 80.1 mmol, 3.00 eq.), benzylbro-
mide (6.34 mL, 53.4 mmol, 2.00 eq.), EtOAc (400 mL), HCl(ag) (1 M,
23150 mL), sat. NaHCO; (2% 150 mL), H,O (150 mL) and sat. NaCl
(150 mL), column chromatography on SiO; n-pentane/EtOAc
10:1—=1:4 v/v. Pale yellow solid; yield of the intermediate tert-
butylester: 14.4 g (77%). Ry= 037 (Si0,, n-pentane/EtOAC 2:1 w/v,
UV, phosphomolybdic acid). Mp.=526-53.9°C. 'H NMR
(600 MHz, CDCL,) 6 7.75 (d, 2H, Y=7.5 Hz, H-18), 7.60 (d, 2H, U=
75 Hz, H-15), 7.39 (t, 2H, *J= 75 Hz, H-17), 7.37-7.34 (m, 5H, H-22,
H-23, H-24), 7.30 (t, 2H, J= 7.5 Hz, H-16), 5.58 (sbr, TH, H-10), 5.00-
5.07 (m, TH, H-25), 4.78 (s, 2H, H-20), 4.35 (d, 2H, */=7.2 Hz, H-12),
4.20 (t, 1H, /=72 Hz, H-13), 4.17-4.14 (m, 1H, H-2), 3.70-3.60 (m,
2H, H-6), 3.52-344 (m, 2H, H-9), 2.71-2.58 (m, 2H, H-8), 1.81-1.75
(m, 1H, H-3), 1.72-1.67 (m, 1H, H-5), 1.66-1.58 (m, 2H, H-3, H-5), 1.44
(s, 18H, H-28, H-30), 1.40-1.29 (m, 2H, H-4). "C NMR (151 MHz,
€DCL) 6 172.0 (C-1), 156.6 (C-11), 1555 (C-7), 1442 (C-14), 1414 (C-
10), 1243 (C-21), 129.4 (C-24), 120.2 (C-22), 1280 (C-23), 127.8 (C-
16), 127.2 (C-17), 125.3 (C-15), 120.1 (C-18), 81.9 (C-29), 79.8 (C-27),
76.5 (C-20), 66.9 (C-12), 54.0 (C-2), 47.4 (C-13), 45.2 (C-6), 36.5 (C-9),
32.8 (C-8), 32,6 (C-3), 28.5 (C-30), 28.1 (C-28), 26.6 (C-5), 22.6 (C4).
IR: ¥, (cm')=2980.5, 2886.0, 1709.6, 1650.8, 1508.1, 1450.2,
13904, 1366.3, 1247.7, 1197.6, 1150.3, 1094.4, 1071.3, 1010.5, 953.6,
843.7, 758.9, 751.1, 739.6, 699.1. HRMS (ESI, pos.): calc. for
CaoHsN;0; " [M+H]" 7023749; found 702.3746. CHNO-Analysis:
cale. for C,oHyN,Oy €, 68.45%; H, 7.32%; N, 5.00%; O, 18.24%
found: C, 68.28%; H, 7.35%; N, 5.92%; O, 18.31%.

This intermediate tert-butylester was converted to the title com-
pound 78 via method D. Scale: intermediate tert-butylester
mentioned above (100g, 143 mmol, 1.00eq), triethylsilane
(11.4 mL, 71.2 mmol, 5.00 eq.), 50% TFA in CH,Cl; (50 mL), reaction
time (2 h). Colorless solid; yield: 6.84 g (88%). Ry=0.72 (CHyCly
CH,OH 9:1 vAv, UV, Ninhydrin). Mp.=139.3-139.7°C. 'H NMR
(500 MHz, €DCly) & 8.33 (sbr, 2H, H-26), 7.60-7.63 (m, 2H, H-16),
7.31-7.28 (m, 2H, H-18), 7.25-7.12 (m, 7H, H-17, H-23, H-24, H-25),
5.93 (sbr, TH, H-11), 459 (s, 2H, H-21), 4.29-4.18 (m, 2H, H-13), 4.10-
4.04 (m, 1H, H-14), 3.75-3.64 (m, 1H, H-3), 3.61-3.49 (m, 2H, H-7),
3.37-3.23 (m, 2H, H-10), 255-2.38 (m, 2H, H-9), 1.96-1.74 (m, 2H, H-
4), 1.64-1.53 (m, 2H, H-6), 1.47-1.36 (m, 2H, H-5). "C NMR (151 MHz,
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CDCl) 6 1566 (C-12), 144.1 (C-15), 141.3 (C-20), 124.1 (C-22), 1294
(C-24), 129.1 (C-25), 128.8 (C-22), 127.7 (C-18), 127.1 (C-17), 125.3 (C-
16), 120.0 (C-10),76.3 (C-21), 66.8 (C-13), 54.0 (C-3), 47.3 (C-14), 45.1
(C-7), 36.7 (C-10), 32.7 (C-9), 30.7 (C-4), 27 3 (C-6), 22.8 (C-5).. IR: ¥y
(cm™)=2080.5, 2074.7, 2071.8, 2020.7, 28860, 16922, 16411,
1544.7, 1537.0, 1461.8, 14579, 1451.2, 1390.4, 13875, 13818,
1251.6, 1150.3, 1073.2, 965.2, 962.3, 953.6, 757.9, 740.5, 700.0. HRMS
(ESI, pos.): cale. for G H; N0, [M+H]" 546.2599; found 546.2581.

Protected (Lys-p-Ala) monomer (82): 78 (391 mg, 717 pmol,
1.00 eq.) was dissolved in abs. CH,Cl; (15 mL) and mixed with N-
methylmorpholine (158 pL, 1.43 mmol, 2.00 eq.). 2,5-Dioxopyrroli-
din-1-yl 4-azidobutancate 36 (195mg, 860 pumol, 120eq) was
added and the reaction solution was stirred at room temperature
for 4 h. The solvent was removed under reduced pressure and the
brown crude product obtained was purified by column chromatog-
raphy on Si0O; (CH,Cl/CH;0H 15:1+1% AcOH—10:1+ 1% AcOH
v/v). The product was obtained as a colorless solid (405 mg,
617 pmol, 86%). R;= 043 (5i0, CH,Cl,/CH,OH 10:1+ 1% HAc viv,
UV,5,, Ninhydrin). "H NMR (600 MHz, €DCl) é 7.76-7.71 (m, 2H, H-
19), 7.60-7.52 (m, 2H, H-16), 7.40-7.27 (m, 9H, H-17, H-18, H-23, H-
24, H-25), 6.62-6.52 (m, 1H, H-26), 5.62 (sbr, 1H, H-11), 479-4.69 (m,
2H, H-21), 4.61-453 (m, 1H, H-3), 4.47-4.33 (m, 2H, H-13), 423-4.16
(m, TH, H-14), 3.85-3.59 (m, 2H, H-7), 3.49-3.38 (m, 2H, H-10), 3.34-
3.28 (m, 2H, H-30), 2.69-2.54 (m, 2H, H-9), 2.29 (t, 2H, *J=7.4 Hz, H-
28), 1.92-1.86 (m, 2H, H-29), 1.85-1.72 (m, 2H, H-4), 1.71-1.58 (m,
2H, H-6), 1.38-1.16 (m, 2H, H-5). "C NMR (151 MHz, CDCl,) 6 174.7
(C-2), 1743 (C-27), 172.6 (C-8), 1567 (C-12), 144.0 (C-15), 141.4 (C-
20), 134.0 (C-22), 129.4 (C-25), 128.9 (C-23), 127.9 (C-24), 1278 (C-
17), 127.2 (C-18), 125.2 (C-16), 120.1 (C-19), 76.5 (C-21), 67.0 (C-13),
523 (C-3), 50.8 (C-30), 47.3 (C-14), 44.6 (C-7), 36.6 (C-10), 33.0 (C-28),
328 (C-8), 31.2 (C4), 263 (C-6), 24.8 (C-29), 22.1 (C-5). IR: ¥y
(cm ")=3315.0, 29515, 2101.1, 2031.6, 17144, 16479, 15225,
1449.2, 1244.8, 1144.6, 1003.8, 700.0, 650.9. HRMS (ESI, pos.): calc.
for CysHy N,O; " [M+H]" 657.3031; found 657.3028. CHNO-Analysis:
calc. for CoHyNOy: €, 64.01%; H, 6.14%; N, 12.80%; O, 17.05%;
found: C, 63.93%; H, 6.14%; N, 12.66%; O, 17.01%.

Protected AHX-(Orn-p-Ala) monomer (157): The title compound
157 was obtained in two steps via its intermediate Fmoc-protected
analogue. The latter compound was obtained from 80 and 107
employing method E. Scale: 80 (1.00 g, 1.56 mmol, 1.00 eq.), HBTU
(620 mg, 1.63 mmol, 1.05 eq.), HOBt (421 mg, 3.11 mmol, 2.00 eq.),
DIPEA (603 mg, 813 pL, 467 mmol, 3.00 eq.) in abs. DMF (12 mL),
reaction time (15 min), 107 (306 mg, 1.63 mmol, 1.05 eq.} in abs.
DMF (3 mL), reaction time (2 h), column chromatography on Si0,
(CH,Cl,/CH,0H, 40:1+0.1% NEt,—25:1+0.1% NEt)). Colorless
solid; yield: 1.19 g (04%). B,—0.18 (CH,CL/CH.OH 24:1 vfv, UVs,
Ammenium cerium(lV) sulfate). '"H NMR (600 MHz, CDCl,) & 7.76 (d,
2H, *J=7.4 Hz, H-24), 7.59 (d, 2H, *J=74 Hz, H-21), 739 (t, 2H, YJ=
7.4 Hz, H-23), 7.38-7.32 (m, 5H, H-28, H-29, H-30), 7.30 (t, 2H, /=
7.4 Hz, H-22), 6.50 (sbr, TH, H-31), 6.42 (sbr, TH, H-7), 5.56 (sbr, TH,
H-16), 480 (s, 2H, H-26), 457-4.51 (m, 1H, H-9), 436 (d, 2H, /=
6.0 Hz, H-18), 4.20 (t, 1H, 2/ —6.0 Hz, H-19), 4.04-2.90 (m, 1H, H-12),
3.63-360 (m, TH, H-12), 3.53-243 (m, 2H, H-15), 331 (£, 2H, U=
7.3 Hz, H-35), 3.18-3.12 (m, 2H, H-6), 2.72-2.64 (m, 2H, H-14), 2.29 (t,
2H, *J=73Hz, H-33), 218 (t, 2H, /=74 Hz, H-2), 1.90 (guin, 2H,
3] =7.3 Hz, H-34), 1.73-1.65 (m, 3H, H-10, H-11), 1.61-1.58 (m, 1H, H-
10), 1.57-1.53 (m, 2H, H-3), 1.40 (s, 9H, H-37), 1.39 (t, 2H, */= 7.4 Hz,
H-4), 1.31-1.26 (m, 2H, H-5). *C NMR (151 MHz, CDCl5) 6 173.1 (C-1),
1723 (C-32), 171.8 (C-8), 156.6 (C-17), 1441 (C-20), 141.4 (C-25),
134.0 (C-27) 1295 (C-30), 1294 (C-28), 120.0 (C-29), 127.8 (C-22),
1272 (C-22), 125.2 (C-21), 120.1 (C-24), 80.3 (C-36), 76.6 (C-26), 66.9
(C-18), 51.7 (C-9), 50.9 (C-35), 47.4 (C-19), 44.1 (C-12), 39.6 (C-6), 36.7
(C-15), 355 (C-2), 33.2 (C-33), 32.8 (C-14), 30.2 (C-10), 29.2 (C-4), 2B3
(C-37), 264 (C-5), 24.8 (C-34), 24.7 (C-3), 23.2 (C-11). HRMS (ESI,
pos.): calc. for CuaHseN;05 " [M+H]' 812.4341; found 812.4344. This
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intermediate Fmoc-protected analogue was converted to the title
compound 157 via method F. Scale: intermediate Fmoc-derivative
mentioned above (1.10 g, 1.35 mmoal, 1.00 eq.), 20% Piperidine in
CH,CN (10 mL), reaction time (20 min), column chromatography on
Si0, (CH,ClL/CH,OH, 15:1+0.1% NEt,—9:1+ 1% NEt, v/v). Yellow
oil; yield: 797 mg (99%). 'H NMR (500 MHz, CDCl,) 6 8.49 (sbr, 1H,
H-29), 7.68 (sbr, 3H, H-16), 757 (t, 2H, *J=57 Hz, H-7), 7.46 (d, 1H,
*J=7.6 Hz, H-22), 7.39-7.32 (m, 5H, H-19, H-20, H-21), 4.82-477 (m,
2H, H-17), 443-440 (m, 1H, H-9), 3.78-3.62 (m, 2H, H-12), 3.26 (t,
2H, *J=7.1 Hz, H-26), 3.17-2.13 (m, 2H, H-6), 3.12-2.00 (m, 2H, H-
14), 2.92-2.77 (m, 2H, H-15), 2.30-2.27 (m, 2H, H-24), 2.16 t, 2H, *J—
7.6 Hz, H-2), 1.84 (quin, 2H, J=7.1 Hz, H-25), 1.74-1.65 (m, TH, H-
10, 1.65-1.59 (m, 3H, H-10, H-11), 1.54 (quin, 2H, *J=7.6 Hz, H-3),
1.51-1.46 (m, 2H, H-5), 142 (s, OH, H-28), 1.30-1.24 (m, 2H, H-4). °C
NMR (126 MHz, CDCly) 6 173.2 (C-1), 1725 (C-23), 171.8 (C-8), 168.5
(C-29), 134.0 (C-18), 129.4 (C-21), 129.3 (C-19), 128.9 (C-20), 80.2 (C-
27), 764 (C-17), 52.6 (C-9), 50.9 (C-26), 44.7 (C-12), 39.5 (C-6), 35.5
(C-2), 35.3 (C-14), 33.1 (C-24), 29.7 (C-15), 29.6 (C-11), 29.2 (C-5), 28.2
(C-28), 26,5 (C-4), 24.9 (C-25), 24.8 (C-3), 229 (C-10). HRMS (ESI,
pos.): calc. for CHgN,O," [M-HCOOH+H]" 590.3661; found
5090.3666.

Protected (Orn-B-Ala)-(Orn-B-Ala)-(Orn-B-Ala) trimer (110): The
title compound 110 was obtained in three steps. The first
intermediate (protected Om-Orn dimer) was obtained from 80 and
107 employing method E. Scale: 80 (871 mg, 1.35 mmoal, 1.00 eq.),
HBTU (540 mg, 1.42 mmol, 1.05eq), HOBt (366 mg, 2.71 mmol,
2.00 eq.), DIPEA (708 pL, 4.06 mmol, 3.00 eq.) in abs. DMF (25 mL),
reaction time (30 min), 157 (766 mg, 1.35 mmol, 1.00eq.) in abs.
DMF (5 mL), reaction time (3 h), column chromatography on SiO,
(CH,Cl/CH;0H, 25:2 w/v). Yellow oil; yield: 1.49 (91%). 'H NMR
(300 MHz, DMS50-d6) & 8.05-7.91 (m, 3H, H-16, H-40, H-50), 7.90-
7.83 (m, 3H, H-7, H-33), 7.67 (d, 2H, *J— 7.4 Hz, H-20), 7.44-7.34 (m,
12H, H-32, H-37, H-38, H-39, H-47, H-48, H-49), 7.33-7.27 (m, 3H, H-
25, H-31), 4.84-4.78 (m, 4H, H-35, H-45), 428 (d, 2H, *J=6.9 Hz, H-
27), 425-4.16 (m, 3H, H-9, H-18, H-28), 3.65-3.51 (m, 4H, H-12, H-
21), 3.31-3.16 (m, BH, H-15, H-24, H-44, H-54), 3.04-2.95 {m, 2H, H-
6), 264-2.53 (m, 4H, H-14, H-23), 2.23-2.09 (m, 6H, H-2, H42, H-52),
1.77-1.65 (m, 4H, H43, H-53), 1.63-1.41 (m, 10H, H-3, H-10, H-11, H-
19, H-20), 1.28 (s, 9H, H-56), 1.26-1.29 (m, 2H, H-5), 1.25-1.17 {m,
2H, H-4). C NMR (75 MHz, DMS0-dé) 6 172.2, 171.6, 171.2, 156.0,
143.9, 140.7, 1346, 1293, 128.7, 1284, 127.6, 127.0, 125.1, 120.1,
75.5,65.3,52.1,50.3, 46.7, 44.1, 38.2, 36.3,34.7, 320, 294, 28.7, 27.7,
25.7, 245, 243, 23.2, 23.1. IR: i, (cm ) =2327.6, 2154.1, 20924,
2023.0, 1969.0, 17144, 1702.8, 1652.7, 15409, 1517.7, 14521,
1243.9, 1143.6, 1074.2, 977.7, 912.2, 877.5, 7425, 696.2. HRMS (ESI,
pos.): calc. for CyaHeN; 10y, M+ HIT 1214.6357; found 1214.6380.
The second intermediate (Fmoc-deprotected Orn-Orn dimer) was
obtained from the above mentioned Fmoc-protected Orn-Orn
dimer via Fmoc-deprotection employing method F. Scale: Fmoc-
protected Orn-Orn dimer (1.35 g, 1.11 mmol, 1.00 eq.), 20% Piper-
idine in CH;CN (20 mL), reaction time (30 min), column chromatog-
raphy on Si0, (CH,Cl,/CH,OH, 20:1+0.1% NEt, 10:1+19% NEL).
Colorless oil; yield: 841 mg (76%). R;= 048 (CH,Cl,/CH,0H 12:1+
0.1% NEt3 v/v, UV, Ninhydrin). Anal. HPLC (Nucleodur RP8, 150
2mm ID, 5 pm, H,O/CH,CN 90:10+4 0.05% HCO,H—5:954+0.05%
HCO,H, 15 min, 0.2 mL/min): t;= 19.0 min. HRMS (ESI, pos.): calc. for
CyeHrN30 " IM+HI' 092.5676; found 992.5651. This intermediate
Fmoc-deprotected Orn-Orn dimer was coupled to 80 and converted
to the title compound 110 employing method E. Scale: 80 (518 mg,
806 umol, 1.00 eq), HBTU (336 mg, 887 umol, 1.05eq), HOBt
(272 mg, 2.02 mmol, 2.50 eq.), DIPEA (421 pL, 242 mmol, 3.00 eq.)
in abs. DMF (15 mL), reaction time (30 min), Fmoc-deprotected Orn-
Orn dimer (800 mg, 806 pmol, 1.00 eq.) in abs. DMF (5 mL), reaction
time (2 h), column chromatography on SiO, (CH,Cl,/CH,OH, 25:1+
0.1% NEt;—8:1+ 1% NEt3 v/v). Colerless solid; yield: 94%. Anal.
HPLC (Nucleodur RP8, 150x2 mm ID, 5pm, H,0/CH,CN 30:70+
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0.05% HCO,H—5:95+0.05% HCO,H, 15min, 0.2 mL/min): t,=
10.5 min. []25 D=-38 (c= 1.6 mg/mL, CH,Cl). 'H NMR (500 MHz,
CDCls) 6 7.75 (d, 2H), 7.58 (d, 2H), 7.57-7.47 (sbr, TH), 7.41-7.30 (m,
17H), 7.30-7.27 (m, 2H), 7.17-6.74 (m, 4H), 6.14-5.95 (m, TH), 4.88-
4.68 (m, 6H), 4.64-4.47 (m, 2H), 444-4.38 (m, 1H), 4.39-4.28 (m, 2H),
4.24-4.15 (m, 1H), 4.09-3.67 (m, 3H), 3.65-3.39 (m, 8H), 3.31-3.21
(m, 6H), 3.20-3.06 (m, 2H), 2.79-2.70 (m, TH), 2.68-2.56 (m, 3H),
2.51-236 (m, 2H), 2.32-2.24 (m, 4H), 2.23-2.13 (m, 4H), 1.91-1.78
(m, 6H), 1.76-1.60 (m, 8H), 1.58-1.51 (m, 4H), 1.49-138 (m, 11H),
1.31-1.24 (m, 2H). *C NMR (126 MHz, CDCly) 4 172.3, 156.7, 144.2,
141.4,134.1,129.4, 128.9, 127.8, 127.1, 125.3, 120.1, 80.2, 76.5, 66.8,
52.6,52.1,5009, 50.9, 47.4, 445,305, 36.7, 35.5,33.2, 328, 29.2, 28.2,
26.5, 249, 24.8, 23.1. HRMS (ESI, pos.): calc. for C;H, ;) N,,O, " [M+
H]* 808.9223; found 808.9226. CHNO-Analysis: calc. for
CaaHyge NigOy: €, 60.19%; H, 6.80%; N, 16.46%; O, 15.83%; found: C,
60.75%; H, 6.83%; N, 16.30%; O, 15.66%.

Protected  (Orn-fi-Ala)-(Orn-f-Ala)-(Orn-B-Ala)-(Orn-f-Ala)  tet-
ramer (111): The title compound 111 was obtained in two steps via
an intermediate Fmoc-deprotected analogue. The latter compound
was obtained from 110 employing method F. Scale: 110 (200 mg,
124 pmel, 1.00 eq.), 20% piperidine in CH;CN (8 mL), reaction time
(30 min), column chromatography on Si0O; (CH,Cly/CHsOH, 20:1+
0.1% NEt;—8:1+ 1% NEt; v/v). Colorless liquid; yield: 142 mg
(82 %). Anal. HPLC (Nucleodur RP8, 150 %2 mm ID, 5 pm, H,O/CH:CN
08:2+0.05% HCO,H—5:95+0.05% HCO.H, 15 min, 0.2 mL/min):
to=21.1 min. IR: ¥/, (cm ')=3204.8, 2070.8, 2039.0, 2008.2, 171823,
1636.3, 1540.9, 1450.2, 1366.3, 1246.8, 1150.3, 1004.7, 948.8, 7415,
6001, 544.8. HRMS (ESI, pos): calc. for CoHyg NieOye® [M-£H]'
1394.7692; found 1394.7721. This intermediate Fmoc-deprotected
analogue was converted to the title compound 111 via coupling to
80 using method E. Scale: 80 (65.4 mg, 102 pmol, 1.00 eq.), HBTU
(40.5 mg, 107 pmol, 1.05 eq.), HOBt (34.4 mg, 255 umol, 2.50 eq.),
DIPEA (53.0 pL, 306 pmol, 3.00 eq) in abs. DMF (6 mL), reaction
time (30 min), intermediate Fmoc-deprotected derivative men-
tioned above (142 mg, 102 umol, 1.00 eq.) in abs. DMF (2 mL),
reaction time (7.5 h), column chromatography on Si0; (CH,Cl/
CH;0H, 25:1+05% NEt;—9:1+05% NEt; v/v), column chroma-
tography on SiO-RP18 (H,0/CH,CN, 95:5+0.1% HCO,H—5:95+
0.1 HCO,H v/v). Colorless solid; yield: 188 mg (91%). Anal. HPLC
(Mucleodur RP8, 150x2mm ID, 5 pm, H,0/CH;CN 30:70+0.05%
HCOH—5:95+0.05% HCOH, 15 min, 0.2 mL/min): t;= 11.6 min.
[a]25 D=-9.0 (c= 1.0 mg/mL, CH,Cl,). 'H NMR (600 MHz, CDCl,) &
7.75 (d, 2H), 7.58 (d, 2H), 7.54-748 (m, TH), 7.38-7.27 (m, 25H),
7.21-7.04 (m, 3H), 7.00-6.74 (m, 2H), 5.97 (sbr, TH), 4.88-4.65 (m,
OH), 4.59-4.38 (m, 4H), 437-4.31 (m, 2H), 4.22-4.14 (m, TH), 3.92-
3.71 (m, 4H), 3.66-3.33 (m, 14H), 3.30-3.20 (m, 9H), 3.19-3.06 (m,
3H), 2.77-2.39 (m, 9H), 2.34-2.21 (m, 8H), 2.20-2.09 (m, 6H), 1.94-
1.79 (m, 9H), 1.77-1.58 (m, 14H), 1.57-1.49 (m, 6H), 1.47-1.40 (m,
13H), 1.32-1.24 (m, 4H). “C NMR (125 MHz, CDCl,) 6 1734, 173.1,
1723, 1720, 1716, 156.7, 144.1, 141.4, 1341, 1294, 1294, 1292,
1289, 127.8, 127.1, 1253, 120.1, 80.2, 76.5, 76.4, 66.8, 52.6, 523,
523,521,509, 509, 47.3, 448, 444, 395, 36.6, 35.5, 354, 35.1, 331,
33.1,33.0,327,32.2,30.3,208, 203, 282, 26.5, 249,249,248, 232
IR: ¥, (cm ")=3201.0, 20805, 2886.0, 20062, 1717.3, 163623,
15409, 1484.0, 14492, 14136, 1367.3, 12487, 11503, 10732,
1007.6, B76.5, 7405, 698.1, 539.0. HRMS (ESI, pos.): calc. for
CrorHysNos0,0," [M+2HJ** 1010.0230; found 1010.0199.

Protected AHX-(Lys-B-Ala) monomer (160): The title compound
160 was obtained in two steps via its intermediate Fmoc-protected
analogue. The latter compound was obtained from 82 and 107
employing method E. Scale: 82 (1.50 g, 2.28 mmol, 1.00 eq.), HETU
(1.04 g, 2.74 mmol, 1.20 eq.), HOBt (463 mg, 3.43 mmol, 1.50 eq.),
DIPEA (1.19 mL, 6.85 mmeol, 3.00 eq.) in abs. DMF (30 mL), reaction
time (30 min), 107 (449 mg, 2.40 mmol, 1.05eq.) in abs. DMF
(3mL), reaction time (3 h), column chromatography on Si0,
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(CH,Cl,/CH,OH, 40:1+0.1% NEt,—25:1+0.1% NEt). Colorless
semiliquid; yield: 1.85 (98%). Ri=046 (CH,Cl,/CH;OH 40:1 wiv,
UVss, Ninhydrin). Anal. HPLC (Nucleodur RPB, 1502 mm ID, 5 pm,
H,0/CH,CN 30:70+ 0.05% HCO,H—5:95+0.05% HCO,H, 15 min,
0.2 mL/min}: t,=11.0 min. '"H NMR (500 MHz, CDCl,) & 7.75 (d, 2H,
*J=7.6Hz, H-25), 7.58 (d, 2H, *J=7.6 Hz, H-22), 7.38 (t, 2H, /=
7.6 Hz, H-24), 7.26-7.32 (m, 5H, H-29, H-30, H-31), 7.28 (t, 2H, Y=
7.6 Hz, H-23), 6.50 (sbr, 2H, H-7, H-32), 5.68 (sbr, TH, H-17), 477 (s,
2H, H-27), 438-4.30 (m, 3H, H-9, H-19), 422-4.17 (m, TH, H-20),
3.74-3.50 (m, 2H, H-13), 3.51-3.40 (m, 2H, H-16), 330 (t, 2H, /=
7.1 Hz, H-36), 3.22-3.17 (m, 2H, H-6), 2.71-2.54 (m, 2H, H-15), 2.27 (t,
2H, *J=7.1 Hz, H-34), 2.18 (t, 2H, *J=7.6Hz, H-2), 1.88 (quin, 2H,
*J=7.6 Hz, H-35), 1.84-1.76 (m, 1H, H-10), 1.71-1.60 (m, 3H, H-10, H-
11), 1.55 (quin, 2H, *J=7.6 Hz, H-3), 1.50-1.45 (m, 2H, H-5), 142 (s,
OH, H-38), 1.35-1.25 (m, 4H, H-4, H-12). *C NMR (151 MHz, CDCl;) &
1731 (C-1), 172.1 (C-33), 171.6 (C-8), 156.6 (C-18), 144.1 (C-21), 141.4
(C-26), 134.1 (C-28), 1202 (C-21), 129.2 (C-29), 128.9 (C-20), 127.8 (C-
24), 127.1 (C-23), 125.2 (C-22), 120.1 (C-25), 80.2 (C-37), 76.5 (C-27),
66.8 (C-19), 53.1 (C-9), 50.9 (C-36), 47.3 (C-20), 46.7, 44.7 (C-13), 394
(C-6), 36.7 (C-16), 35.4 (C-2), 33.1 (C-34), 32.8 (C-15), 31.8 (C-10), 29.1
(C-5), 28.2 (C-38), 26.4 (C-11), 26.4 (C-4), 248 (C-3), 24.6 (C-35), 226
(C-12). IR: ¥, (cm ')=20255, 21541, 2100.1, 19844, 17183,
1645.0, 1544.7, 1521.6, 1444.4, 1367.3, 1243.9, 11474, 946.9, B69.7,
757.9, 738.6, 703.9. HRMS (ESI, pos.): calc. for CasHeoN; 05" [M+ HI'
826.4498; found 826.4555. This intermediate Fmoc-protected ana-
logue was converted to the title compound 160 via method F.
Scale: intermediate Fmoc-derivative mentioned above (1.79 g,
217 mmol, 1.00 eq.), 20% Piperidine in CH,CN (40 mL), reaction
time (2 h), column chromatography on Si0O, (CH,Cl/CH;OH, 15:1+
0.1% NEt;—9:1+1% NEt; viv). Yellow brown oil; yield: 128 g
(98%). Ry= (CH,Cl,/CH;OH 40:1 v/v, UVyss, Ninhydrin). Anal. HPLC
(Nucleodur RP8, 1502 mm ID, 5 pm, H,0/CH,CN 90:10+ 0.05%
HCO,H—5:95+0.05% HCOH, 15 min, 0.2 mL/min): £, =17.1 min.
'H NMR (600 MHz, CDCl,) 6 7.41-7.33 (m, 5H, H-20, H-21, H-22),
6.76-6.74 (m, 1H, H-7), 6.67-6.64 (m, 1H, H-23), 4.80 (s, 2H, H-18),
4.34-431 (m, 1H, H-9), 3.75-3.60 (m, 2H, H-13), 331 (t, 2H, */=
6.8 Hz, H-27), 3.21-3.17 (m, 2H, H-6), 3.04-2.95 {m, 2H, H-16), 2.68-
253 (m, 2H, H-15), 2.31 (sbr, 2H, H-17), 2.28 (t, 2H, *J= 6.8 Hz, H-25),
2.19 (t, 2H, /= 7.4 Hz, H-2), 1.89 (quin, 2H, *J= 6.8 Hz, H-26), 1.80-
1.73 (m, T1H, H-10), 1.72-1.68 (m, 1H, H-12), 1.66-1.59 (m, 2H, H-10,
H-12), 1.58-1.55 (m, 2H, H-2), 1.50-1.44 (m, 2H, H-5), 1.42 (s, OH, H-
20), 1.33-1.27 (m, 4H, H-4, H-11). C NMR {151 MHz, CDCl,) 6 173.2
(C-1, C-14), 1721 (C-24), 171.7 (C-8), 1345 (C-19), 1293 (C-22), 120.2
(C-20), 128.9 (C-21), 80.3 (C-28), 76.4 (C-18), 53.2 (C-9), 50.9 (C-27),
44.3 (C-13), 39.4 (C-6), 37.3 (C-16), 35.5 (C-2), 34.9 (C-15), 33.1 (C-25),
31.8 (C-10), 29.2 (C-5), 28.2 (C-29), 264 (C4), 26.2 (C-12), 24.9 (C-3),
247 (C-26), 22.5 (C-11). IR: i, (cm ')=2070.5, 20885, 17144,
1591.0, 1367.3, 13441, 1267.0, 11474, 962.3, 846.6, 730.9, 696.2,
650.9. HRMS (ESI, pos.): calc. for CHoN,O, " [M+H]™ 604.3817;
found 604.3827.

Protected (Lys-f-Ala)-(Lys-p-Ala)-(Lys-B-Ala) trimer (114): The title
compound 114 was obtained in three steps. The first intermediate
(protected Lys-Lys dimer) was obtained from 82 and 160 employing
method E. Scale: 82 (751 mg, 1.14 mmol, 1.00 eq.), HBTU (455 mg,
1.20 mmol, 1.05eq.), HOBt (309 mg, 2.29 mmol, 2.00 eq.), DIPEA
(597 uL, 343 mmol, 3.00eq.) in abs. DMF (20 mL), reaction time
(30 min), 160 (630 mg, 1.14 mmol, 1.00 eq.) in abs. DMF (5 mL),
reaction time (4h), column chromatography on Si0; (CH,Cly/
CH;OH, 15:1+0.1% NEt; w/v). Brown solid; yield: 950 mg (67 %).
R;=023 (CH,C/CH,OH 24:1 w/v, UV,, ammonium cerium(V)
sulfate). HRMS (ESI, pos): calc. for CgHgNi:O"  IM+H]'
1242.6670; found 1242.6683. The second intermediate (Fmoc-
deprotected Lys-Lys dimer) was obtained from the above men-
tioned Fmoc-protected Lys-Lys dimer via Fmoc-deprotection em-
ploying method F. Scale: Fmoc-protected Lys-Lys dimer (1.14 g,
918 pmol, 1.00 eq.), 20% Piperidine in CH;CN (24 mL), reaction time
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(35 min), column chromatography on Si0, (CH,CI./CH,0H, 25:2+
0.1% NEt; v/v). pale yellow semiliquid; yield: 821 mg (88%). Anal.
HPLC (Nucleodur RP8, 1502 mm ID, 5 pm, H,O/CH:CN 90:10+
0.05% HCO,H—5:95+0.05% HCO,H, 15 min, 0.2 mL/min): ty=
17.6 min. HRMS (ESI, pos): calc. for CygHygN,:0,0° " [M+ 2HF
510.8031; found 510.8010. This intermediate Fmoc-deprotected Lys-
Lys dimer was coupled to 82 and converted to the title compound
114 employing method E. Scale: 82 (515 mg, 784 umol, 1.00 eq)),
HBTU (312 mg, 823 pmol, 1.05eq), HOBt (212mg, 1.57 mmol,
2.00 eq.), DIPEA (410 pL, 2.35 mmol, 3.00 eq.) in abs. DMF (15 mL),
reaction time (30 min), Fmoc-deprotected Lys-Lys dimer (800 mg,
784 pmol, 1.00 eq.) in abs. DMF (6 mL), reaction time (5 h), column
chromatography on Si0, (CH,Cl/CH.OH, 25:1+0.1% NEt;—8:1+
0.1% NEt; v/v), column chromatography on SiQ,-RP18 (H,0/CH,CN
+0.1% HCO,H 50:50—10:90 v/v). Colorless solid; yield: 915 mg
(70%). Anal. HPLC (Nucleodur RP8, 1502 mm ID, 5 pm, H;0/CH:CN
30:70+ 0.05% HCO,H—5:95+ 0.05% HCOZH, 15 min, 0.2 mL/min):
t,—114min. [e]25 D=26 (c=14mg/mL CHCL). 'H NMR
(500 MHz, CDCl;) 6 7.76 (d, 2H), 7.59 (d, 2H), 7.52 (sbr, TH), 7.40-
7.31 (m, 17H), 7.28 (t, 2H), 7.24-6.29 (m, 4H), 6.04-5.66 (m, 1H),
4.84-4.69 (m, 6H), 4.71-443 (m, 3H), 427-4.13 (m, 1H), 401-3.72
(m, TH), 3.70-3.52 (m, 5H), 3.50-3.36 (m, 5H), 3.36-3.10 (m, 9H),
2.74-246 (m, 5H), 2.34-2.14 (m, 9H), 1.92-1.72 (m, 8H), 1.73-1.53
(m, 12H), 1.52-1.46 (m, 2H), 1.44-1.38 (m, 10H), 1.34-1.19 (m, 8H).
*C NMR (126 MHz, CDCl;) 6 1719, 156.6, 144.2, 1414, 134.2, 1295,
1204, 129.4,129.2, 1289, 127.8, 127.1, 125.3, 120.1, 81.0, 76.5, 764,
76.3, 66.8, 53.1, 50.9, 47.4, 395, 36.7, 355, 35.2, 33.1, 328, 29.2, 28 3,
26.5, 24.9, 24.7, 22.7. IR: ¥, (cm ')=3301.5, 2080.5, 2008.2, 17173,
1639.2, 15409, 1450.2, 1246.8, 1149.4, 968.1, 739.6, 698.1, 506.2.
HRMS (ESI, pos.): calc. for CgsHyigNioOs ™ IM+H]™ 1658.8842; found
1658.8847.

Protected (Lys-f-Ala)-(Lys-f-Ala)-(Lys-B-Ala)-(Lys-B-Ala) tetramer
(115): The title compound 115 was obtained in two steps via an
intermediate Fmoc-deprotected analogue. The latter compound
was obtained from 114 employing method F. Scale: 114 (200 mg,
121 pmol, 1.00 eq.), 20% Piperidine in CH;CN (10 mL), reaction time
(2 h), column chromatography on Si0; (CHyCl/CH;OH, 24:14+0.1%
NEt;—8:1-+0.1% NEt; v/v). Colorless oil; yield: 157 mg (91 %). Anal.
HPLC (Nucleodur RP8, 150x2 mm ID, 5 pm, H,0/CH.CN 90:10+
0.05% HCO,H—5:95+0.05% HCOH, 15 min, 0.2 mLU/min): t,=
19.5 min. HRMS (ESI, pos.): cale. for CygoH;sNy:050' " [M 4 2HF
1038.0543; found 1038.0512. This intermediate Fmoc-deprotected
analogue was converted to the title compound 115 via coupling to
82 using method E. Scale: 82 (35.7 mg, 54.3 pmol, 1.00 eq.), HBTU
(21.6 mg, 57.0 umol, 1.05 eq.), HOBt {14.7 mg, 109 pmol, 2.00 eq.),
DIPEA (28.4 pL, 163 pmol, 3.00 eq.) in abs. DMF (3 mL), reaction
time (30 min), 162 (78.0 mg, 54.3 pmol, 1.00 eq.) in abs. DMF (1 mL),
reaction time (7.5h), column chromatography on Si0Q, (CH.Cl/
CHOH, 25:1+05% NEt;—9:1+05% NEt; v/v), column chroma-
tography on SO, RP18 (H,0/CH;CN+0.1% HCOH 05:5+0.1%
HCO,H—5:95+0.1% HCO;H w/v). Colorless solid; yield: 89.1 mg
(79%). Anal. HPLC (Nucleodur RP8, 1502 mm ID, 5 pm, H,0/CH,CN
30:70+ 0.05% HCO,H—5:95+ 0.05% HCO.H, 15 min, 0.2 mL/min):
t,=122min. [a]25 D=-80 (c=10mg/mL, CH.L). 'H NMR
(600 MHz, CDCly) & 7.93-7.64 (m, 3H), 7.64-7.54 (m, 3H), 7.53-7.46
(m, TH), 7.39-7.31 (m, 25H), 7.30-7.26 (m, 2H), 7.18-6.57 (m, 5H),
6.08-566 (m, 1H), 4.70-4.68 (m, 9H), 4.66-4.34 (m, 5H), 4.35-4.20
(m, 2H), 424-4.14 (m, 1H), 4.00-3.79 (m, 1H), 271-3.53 (m, 8H),
3.51-3.36 (m, 8H), 3.35-3.25 (m, 8H), 3.24-3.08 (m, 5H), 3.01-2.72
(m, 2H), 2.70-2.51 (m, 8H), 2.33-2.11 (m, 13H), 1.92-1.72 (m, 12H),
1.70-153 (m, 17H), 1.52-1.44 (m, 4H), 1.43-1.37 (m, 12H), 1.33-1.27
(m, 6H), 1.26-1.17 (m, 6H). *C NMR (125 MHz, CDCl;) 6 173.0, 1730,
1719, 171.9, 171.8, 156.5, 144.0, 141.3, 134.2, 134.1, 1294, 1292,
129.2, 129.1, 128.8, 1276, 127.0, 125.2, 119.9, 80.1, 76.3, 76.2, 66.7,
53.0,52.9,52.7, 52.5, 50.8, 50.7, 50.6, 47.2, 44.4, 43.6, 39.3, 36.5, 354,
349,330,326, 323,322,319 318, 316, 29.7, 28.1, 264, 26.3, 26.2,
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248, 247, 246, 230, 22.6, 22.5. IR ¥y, (cm )= 33015, 20708,
20082, 17183, 1637.3, 15400, 14502, 13663, 12468, 11503,
1007.6, 09546, 7405, 698.1. HRMS (ESI, pos): calc. for
CrosHiasNae057 " M+ 2H]*" 1038.0543; found 1038.0512.

Protected (Orn-B-Ala)-(Lys-B-Ala)-(Orn-p-Ala) trimer (118): The
title compound 118 was obtained in three steps. The first
intarmediate (protected Orn-Lys dimer) was obtained from 82 and
157 employing method E. Scale: 82 (250 mg, 424 umol, 1.00 eq.),
HBTU (169 mg, 445 pmol, 1.05eq), HOBt (142 mg, 1.06 mmol,
250eq.), DIPEA (222 pL, 1.27 mmol, 3.00 eq.) in abs. DMF (5 mL),
reaction time (30 min), 157 (250 mg, 424 pmol, 1.00eq.) in abs.
DMF (5 mL), reaction time (3 h), column chromatography on SiO.-
RP18 (H,O/CH,CN 95:5+0.1% HCOH—5:954+0.1% HCOH viv).
Colorless solid; yield: 273 mg (52%). Anal. HPLC (Nucleodur RPS,
1502 mm ID, 5 pm, H0/CH:CN 30:70+0.05% HCOH—5:95+
0.05% HCOH, 15 min, 0.2 mL/min): t,=8.7 min. HRMS (ESI, pos.):
cale. for CHy N0, " [M+H]" 12286513; found 1228.6489. The
second intermediate (Fmoc-deprotected Orn-Lys dimer) was ob-
tained from the above mentioned Fmoc-protected Orn-Lys dimer
via Fmoc-deprotection employing method F. Scale: Fmoc-protected
Orn-Lys dimer (247 mg, 201 pmol, 1.00 eq.), 20% Piperidine in
CH;CN (9 mL), reaction time (30 min), column chromatography on
Si0, (CH,Cl/CH;0H, 15:1 4 0.1% NEt;—9:140.1% NEt; v/v). Color-
less oil; yield: 200 mg {99%). Re=048 (CH,Cl/CH;OH 12:1+0.1%
NEt3 viv, UV,.,, Ninhydrin). Anal. HPLC (Nucleodur RP8, 150 %2 mm
ID, 5 um, H,0/CH,CN 90: 10+ 0.05% HCO,H—5:05+ 0.05% HCO,H,
15 min, 0.2 mL/min): t;=186 min. HRMS (ESI, pos): calc. for
CueHgN,30, " IM+H]T 1006.5823; found 1006.5863. This intermedi-
ate Fmoc-deprotected Ormn-Lys dimer was coupled to 80 and
converted to the title compound 118 employing method E. Scale:
80 (63.2mg, 984 pmol, 1.10eq), HBTU (373 mg, 98.4 umol,
1.10eq), HOBt (30.2mg, 224 pumol, 250 eq), DIPEA (467 pL,
268 pmol, 3.00eq) in abs. DMF (2 mL), reaction time (30 min),
Fmoc-deprotected Orn-Lys dimer (90.0 mg, 89.4 umol, 1.00 eq) in
abs. DMF (2 mL), reaction time (5 h), column chromatography on
Si0, (CH,Cl/CH;0H, 25:1 4 0.1% NEt;—9:140.1% NEt; v/v). Color-
less oil; yield: 96%. R:=0.52 (CH,Cl,/CH;OH 25:2+0.1% NEt3 v/v,
UV,.,, Ninhydrin). Anal. HPLC (Nucleodur RP8, 150%2 mm ID, 5 pm,
H,0/CH,CN 30:70+ 0.05% HCO,H—5:954+0.05% HCOH, 15 min,
0.2 mL/min): t;=8.7 min. [a]25 D=8.2 (c=1.1 mg/mL, CH,Cl,). H
NMR (600 MHz, CDCl;) & 9.80 (sbr, 1H), 7.75 (d, 2H), 7.58 (d, 2H),
7.40-7.31 (m, 17H), 7.28-7.26 (m, 2H), 7.15-7.04 (m, 1H), 7.00-6.76
(m, 2H), 6.09-6.02 (m, 1H), 4.80-4.72 (m, 6H), 4.66-4.58 (m, 1H),
452-439 (m, 2H), 437-4.30 (m, 2H), 4.20-4.16 (m, TH), 3.91-3.77
(m, 2H), 3.71-3.58 (m, 3H), 3.56-3.42 (m, 5H), 3.39-3.32 (m, TH),
3.31-3.23 (m, 6H), 3.21-3.11 (m, 6H), 2.84-251 (m, 5H), 2.49-2.38
(m, TH), 2.34-2.27 (m, 4H), 2.26-2.21 (m, 2H), 2.17 (t, 2H), 1.90-1.80
(m, 6H), 1.75-1.52 (m, 13H), 1.48-1.41 (m, 11H), 1.37 (t, 6H), 1.31-
1.24 (m, 4H). *C NMR (126 MHz, CDCl;) 6 173.1, 172.8, 172.2, 156.7,
1442, 141.4, 1341, 1205, 1295, 1294, 1204, 1204, 1204, 1293,
129.3, 128.9, 128.9, 127.8, 127.2, 125.3, 120.1, 80.2, 76.5, 76.4, 66.8,
52.7,52.7,52.6,52.1, 509, 509, 509, 50.8, 50.8, 50.8, 47 4, 46.7, 44.7,
444,443,397, 36.7, 359,355,353, 35.1, 33.1, 33.0, 329, 32.8, 324,
32.2,30.2,29.3,29.1, 28.3, 26.4, 264, 26.3, 24.9, 249,247, 24.7, 23.2,
23.1, 23.0, 229, 226, 226, 88. IR: .., (cm ")=3302.5, 3075.9,
20419, 28696, 20943, 1730.8, 1636.3, 15399, 1520.3, 15254,
1449.2, 13673, 12059, 12689, 12420, 12034, 11465, 10626,
1000.9, 912.2, 853.4, 7579, 754.0, 741.5, 698.1, 6509, 557.3. HRMS
(ESI, pos.): cale. for CaHiMieOis™ IM+H]"T 1630.8529; found
1630.8571.

Protected (Orn-f-Ala)-(Lys-p-Ala)-(Orn-p-Ala)-(Lys-p-Ala) tetramer
(119): The title compound 119 was obtained in two steps via an
intarmediate Fmoc-deprotected analogue. The latter compound
was obtained from 118 employing method F. Scale: 118 (50.0 mg,
20.7 pmol, 1.00 eq.), 20 % Piperidine in CH;CN (5 mL), reaction time
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(30 min), column chromatography on SiO, (CH,Cl/CH;OH, 25:1+
0.5% NEt;—10:14+05% NEt; viv). Colorless oil; yield: 41.8 mg
(97 %). Anal. HPLC (Nucleodur RP8, 1502 mm ID, 5 pm, H,O/CH:CN
090:10+ 0.05% HCO,H—5:95+ 0.05% HCO,H, 15 min, 0.2 mL/min):
to=19.4 min. HRMS (ESI, pos.): calc. for CgHyps Ny0,," " [M 4 2H]
704.8960; found 704.8945. This intermediate Fmoc-deprotected
analogue was converted to the title compound 119 via coupling to
82 using method E. Scale: 82 (14.8 mg, 22.6 pmol, 1.00 eq.), HBTU
(8.99 mg, 23.7 pmol, 1.05 eq.), HOBt (7.63 mg, 56.4 umol, 2.50 eq.),
DIPEA {11.8 pL, 67.7 umol, 3.00 eq.) in abs. DMF (0.5 mL), reaction
time (30 min), Fmoc-deprotected analogue mentioned above
(31.8 mg, 22.6 pmol, 1.00 eq.) in abs. DMF (2.3 mL), reaction time
(7 h), column chromatography on SiO, (CH,Cl/CH,0H, 25:1+0.1%
NEt;—9:1+0.1% NEt; w/v). Colorless oil; yield: 17.4 mg (38%). =
0.44 (CH,Cly/CH,0H 15:1+0.1% NEt2 vy, UV,e,, Ninhydrin). Anal.
HPLC (Nucleodur RP8, 1502 mm ID, 5 pm, H,O/CH;CN 30:70+
0.05% HCO,H—5:95+0.05% HCO.H, 15 min, 0.2 mL/min): tp=
16.4 min, "H NMR (500 MHz, CDCl,) é 7.74 (d, 2H), 7.58 (d, 2H), 7.55-
7.43 (m, TH), 7.40 (m, 22H), 7.28 (t, 2H), 7.23-6.98 (m, 3H), 6.97-6.68
(m, 2H), 6.07-5.73 (m, TH), 4.84-4.68 (m, 8H), 461-4.51 (m, 1H),
4.50-445 (m, TH), 444-4.37 (m, 2H), 4.36-4.27 (m, 2H), 4.24-4.13
(m, TH), 3.96-3.72 (m, 2H), 3.70-351 (m, 7H), 3.50-3.35 (m, 6H),
3.31-3.22 (m, 8H), 3.21-3.11 (m, 2H), 2.84-2.41 (m, 8H), 2.32-2.23
(m, 6H), 2.20-1.95 (m, 6H), 1.85-1.79 (m, 8H), 1.75-1.69 (m, 2H),
1.67-1.60 (m, 7H), 1.58-1.52 (m, 5H), 1.49-1.44 (m, 2H), 1.43 (s, 9H),
1.37-1.17 (m, 10H). C NMR (126 MHz, CDCl,) 6 172.0, 156.6, 144.2,
1414, 1342, 1295, 1294, 129.3, 129.2, 1289, 127.8, 127.1, 1253,
120.1, 80.2, 76.6, 76.4, 66.8, 52.5, 50.9, 47.4, 445, 395, 36.6, 355,
35.1, 33.1, 324, 293, 283, 26.5, 249, 248, 22.7. HRMS (ESI, pos.):
calc. for CypaHy i NosOy” T [M+2HF T 1024.0287; found 1024.0381.

Protected (Orn-p-Ala)-(Lys-B-Ala)-(Lys-B-Ala) trimer (117): This
compound was obtained from Fmoc-deprotected Orn-Lys (ses
preparation of 118) and 82 employing method E. After removing
the solvent under reduced pressure, it was co-evaporated with
CH,Cl, (3x5mL). Scale: 82 (64.6 mg, 984 umol, 1.10 eq.), HBTU
(37.23 mg, 984 umol, 1.10 eq.), HOBt (30.2 mg, 224 pmol, 2.50 eq.),
DIPEA (46.7 pL, 268 umol, 3.00 eq.) in abs. DMF (2 mL), reaction
time (30 min), Fmoc-deprotected Orn-Lys (90.0 mg, 894 pmol,
1.00 eq.) in abs. DMF (2 mL), reaction time (5 h), column chroma-
tography on Si0, (CH,CL/CH,OH, 25:1+0.1% NEt;—9:1+0.1%
NEt; v/v). Colorless oil; yield: 135 mg (92%). R;= 0.52 (CH,Cl,/CH,OH
25:2+40.1% NEt3 v/v, UV,.,, Ninhydrin). Anal. HPLC (Nucleodur RPS,
1502 mm ID, 5 pm, H,0/CH,CN 30:70+ 0.05% HCO,H—5:95+
0.05% HCO;H, 15 min, 0.2 mL/min): t; = 6.4 min. [a]25 D=-20 (c=
1.0 mg/mL, CH,Cl,). "H NMR (600 MHz, CDCl,) & 7.75 (d, 2H), 7.58 (d,
2H), 7.39-7.27 (m, 19H), 7.11-6.99 (m, 2H), 6.89-6.65 (m, 1H), 5.73
(sbr, TH), 4.77-4.73 (m, 6H), 4.53-4.38 (m, 3H), 434 (d, 2H), 4.20-
4.17 (m, TH), 3.94-3.74 (m, 6H), 3.54-3.35 (m, 6H), 3.32-3.24 (m, 6H),
3.18-3.09 (m, 4H), 2.84-2.60 (m, 4H), 2.58-2.40 (m, 2H), 2.34-2.27
(m, 4H), 2.19-2.16 (m, 4H), 1.91-1.85 (m, 4H), 1.84-1.80 (m, 2H),
1.78-1.70 (m, 2H), 1.67-1.58 (m, 7H), 1.57-1.52 (m, 3H), 1.49-1.44
(m, 2H), 1.43 (s, OH), 137 (t, 4H), 1.33-1.24 (m, 6H). C NMR
(126 MHz, CDCl,) & 173.2, 1726, 172.0, 156.6, 144.1, 1414, 1342,
1205, 1295, 1294, 1294, 1294, 129.3, 1289, 1289, 1278, 1272,
1253, 120.1, 100.1, 80.2, 76.5, 76.4, 76.4, 66.9, 53.3, 52.7, 52.7, 525,
525,509, 509, 508, 474, 46.7, 44.7, 443, 440, 39.6, 39.6, 36.6, 35.8,
35.8,355,35.2,33.1,33.1, 330,329,329, 328,325, 324,322, 291,
28.3, 26.5, 264, 25.0, 24.9, 249, 248, 24.7, 22.7, 226, BB, IR: vpma
(cm ')=32986, 3070.1, 2939.0, 2863.8, 20943, 16363, 15380,
14402, 142332, 14097, 1367.3, 12959, 1269.0, 1240.0, 12034,
11484, 1059.7, 998.0, 912.2, 840.8, 742.5, 696.2, 653.8, 627.7, 5554.
HRMS (ESI, pos): calc. for CgH, N0y " [M+HI' 1644.8685; found
1644.8678.

Protected (Orn-B-Ala)-(Lys-B-Ala)-(Lys-p-Ala)-(Orn-B-Ala) tetramer
(120): The title compound 120 was obtained in two steps via an
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intermediate Fmoc-deprotected analogue. The latter compound
was obtained from 117 employing method F. Scale: 117 (50.0 mg,
30.4 pmol, 1.00 eq.), 20% Piperidine in CH;CN (5 mL), reaction time
(30 min), column chromatography on Si0, (CH,Cl,/CH,OH, 20:1+
0.2% NEt,—10:1+1% NEt; w/v). Colorless solid; yield: 42 mg
(97 %). Anal. HPLC (Nucleodur RP8, 150 % 2 mm ID, 5 pm, H,O/CH,CN
90:10+0.05% HCO,H—5:95+0.05% HCO,H, 15 min, 0.2 mL/min):
ty=19.5 min. HRMS (ESI, pos): calc. for CegHygs NyoQ, " M+ 2H]™
711.9039; found 711.9023. This intermediate Fmoc-deprotected
analogue was converted to the title compound 120 via coupling to
80 using method E. Scale: 80 (15.5 mg, 22.5 pmol, 1.00 eq.), HBTU
(8.96 mg, 23.6 umol, 1.05 eq.), HOBt (7.60 mg, 56.2 pmol, 2.50 eq.),
DIPEA (11.8 uL, 67.5 pmol, 3.00 eq.) in abs. DMF (0.5 mL), reaction
time (30 min), Fmoc-deprotected analogue mentioned above
(32.0 mg, 225 pmol, 1.00 eq.) in abs. DMF (2.2 mL), reaction time
(7 h), column chromatography on Si0; (CH,Cl,/CH;OH, 25:1+0.1%
NEt;—25:2+0.5% NEt; w/v). Colorless solid; yield: 13.0 mg (28 %).
Ri=042 (CH,Cl/CH,OH 15:14+0.1% NEt, v/v, UVse, Ninhydrin).
Anal. HPLC (Nucleodur RP8, 150x2 mm ID, 5 pm, H,O/CH,CN 30:70
+0.05% HCO,H—5:95+0.05% HCO,H, 15 min, 0.2 mL/min): t;=
16.2 min. '"H NMR (500 MHz, CDCly) 6 7.75 (d, 2H), 7.58 (d, 2H), 7.39-
7.32 (m, 22H), 7.30-7.27 (m, 2H), 7.22-6.85 (m, 4H), 6.80-6.60 (m,
TH), 6.24-5.89 (m, TH), 4.79-4.70 (m, 8H), 4.68-4.57 (m, 1H), 4.56-
4.37 (m, 3H), 436-4.25 (m, 2H), 4.24-4.12 (m, 1H), 3.94-3.77 (m, 2H),
374-367 (m, TH), 3.65-2.55 (m, 4H), 2.52-3.40 (m, 6H), 3.38-3.33
(m, TH), 3.31-321 (m, 9H), 2.18-3.07 (m, 2H), 2.87-2.68 (m, 2H),
2.65-2.54 (m, 4H), 250-2.42 (m, TH), 2.31-2.24 (m, 5H), 2.23-2.12
(m, 5H), 1.90-1.80 (m, 9H), 1.76-1.66 (m, 5H9, 1.65-1.51 (m, 13H),
149-144 (m, 2H), 143 (s, 9H), 1.32-1.19 (m, 10H). "C NMR
(126 MHz, CDCl;) 6 172.1, 1442, 141.4, 1295, 120.2, 1289, 127.8,
127.2,1253,120.1, 813,774, 77.2, 769, 76.4, 66.8, 50.9, 474, 445,
444,395, 36.7, 35.5,33.1, 32.4, 298, 29.3, 28.3, 26.5, 24.9, 248, 23.2,
227. HRMS (ESl, pos): calc. for CypHuMNesOsp’®  [M+ 2H]Y
1024.0387; found 1024.0374.

Zwitterionic (Orn-f-Ala);(tert-butylester) trimer (133): This com-
pound was prepared in three steps involving CuAAC, debenzylation
and Fmoc-deprotection. CuAAC was performed according to
method G. Scale: 110 (200 mg, 124 pmol, 1.00eq.), 3-{dimeth-
yl(prop-2-yn-1-yllJammonio)propane-1-sulfonate (114 mg, 557 pmol,
150 eq. per azide), Cul (8.83 mg, 46.4 pmol, 0.13 eq. per azide),
sodium ascorbate (48.9 mg, 247 pmol, 0.68 eq. per azide), CH,CN
(8 mL). Colorless solid; yield: 239 mg (87 %). Anal. HPLC (Nucleodur
C,, HTec EC, 150x10mm ID, 5pum, H,O/CH,CN 95:5+0.05%
HCO,H—5:95+ 0.05% HCO;H, 10 min, 0.6 mL/min);: t;= 8.2 min. 'H
NMR (600 MHz, DMSO-d6) & 8.48 (s, 1H), 847 (s, 2H), 8.06 (d, 2H,
*J=8.0Hz), 8.02 (d, 1H, *J=8.0 Hz), 7.96-7.92 (m, 2H), 7.88 (d, 2H,
*|=7.6Hz), 7.86 (t, 1H, J=5.8Hz), 767 (d, 2H, /=75 Hz), 743-
7.35 (m, 17H), 7.33-7.28 (m, 3H), 4.85-4.77 (m, 6H), 4.65-4.61 (m,
6H), 4.42-4.34 (m, 6H), 4.28 (d, 2H, *J=7.4 Hz), 4.23-4.16 (m, 4H),
3.64-3.55 (m, 6H). C NMR (151 MHz, DM50-dé) ¢ 172.2, 171.7,
163.8, 143.9, 140.7, 135.1, 129.4, 1287, 1284, 1282, 1276, 127.0,
120.1, 115.1, 79.3, 61.8, 57.0, 52.3, 49.7, 40.3, 47.6, 46.7, 40.1, 39.9,
30.8,39.7, 395,394, 30.2,39.1, 347, 31.6, 2B.7, 27.8, 25.7, 256, 25.5,
242,189, 17.0. 66.8, 50.9, 47.4, 445, 444, 30.5, 36.7, 35.5, 33.1, 324,
29.8, 29.3, 28.3, 26.5, 24.9, 24.8, 23.2, 22.7. HRMS (ESI, pos.): calc. for
CyosHisM3y05:5,2" [M+2H" 1116.5382; found 1116.5409. Deben-
zylation of this intermediate to 133 was done according to method
H. Scale: intermediate benzylhydroxamate (15.2 mg, 6.81 pmol,
1.00 eq.), Pd/C (1.00 mg). After removing the solvent under reduced
pressure, the residue was dissolved in demineralized H,O (4 mL)
and piperidine (1 mL), whereupon the Fmoc-piperidine adduct
precipitated as a white, voluminous solid. After stirring for 15 min,
the suspension obtained was filtered and the solvent was removed
under reduced pressure and the product was purified by HPLC.
Colorless solid; yield: 11.0 mg (93 %). Prep. HPLC: t; = 13.4 min. Anal.
HPLC (NUCLEODUR C,; HTec EC, 150x10 mm ID, 5pm): t,=
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14.3 min. HRMS (ESI, pos.): calc. for CyH,;N;,0,557 " M+ 2H]
870.4337; found 870.4301.

Zwitterionic  (Orn-f-Ala); trimer (135): This compound was
obtained from 133 (11.0 mg, 6.73 pmol, 1.00 eq.) which was treated
with TFA/H,O/triethylsilane (20:20:1, 1 mL) and stirred for 2 h at rt.
After removing the solvent under reduced pressure, the residue
was dissolved in demineralized H,0 (4 mL) and piperidine (1 mL),
whereupon the Fmoc-piperidine adduct precipitated as a white,
voluminous solid. After stirring for 15 min, the suspension obtained
was filtered and the solvent was removed under reduced pressure.
The purified product was obtained by preparative HPLC. Colorless
solid; yield: 9.90 mg (88%). Prep. HPLC (NUCLEODUR C,; HTec EC,
250 10mm ID, 5 um, H,0/CH;CN 98:2+0.1% FA—2:98+0.1%
FA w/v, 5 mL/min): t;.=10.3 min. The analyses were performed by
HPLC-HRMS (NUCLEODUR C; HTec EC, 15010 mm ID, 5 pm, H0/
CH;CN 98:2+0.05% FA—5:95+0.05% FA viv, 0.2 mL/min): tg=
17.1 min. HRMS (ESI, pos): cale. for CiH,;N;0,57 " M+ 2H]
842.4024; found 842.4027.

Zwitterionic (Lys-f-Ala);(tert-butylester) trimer (132): This com-
pound was prepared in three steps involving CuAAC, debenzylation
and Fmoc-deprotection. CuAAC was performed according to
method G. Scale: 114 (100 mg, 603 pmol, 1.00 eq.), 3-(dimeth-
yl{prop-2-yn-1-yljammonio)propane-1-sulfonate (55.7 mg,
271 pmol, 1.50 eq. per azide), Cul (436 mg, 22.9 pmol, 0.13 eq. per
azide), sodium ascorbate (23.9mg, 121 pmol, 0.68 eq. per azide),
CH;CN (5 mL). Colorless solid; yield: 126 mg (92%). Anal. HPLC
(Nucleadur C,; HTec EC, 150 10 mm ID, 5 pm, H,O/CH,CN 98:2+
0.05% HCO,H—5:95+0.05% HCOH, 15min, 0.2 mL/min): ty=
20.1 min. "H NMR (200 MHz, DMSO-d6) & 8.40 (s, TH), 847 (s, 2H),
8.04-7.84 (m, OH), 7.60-7.64 (m, 2H), 743-7.27 (m, 21H), 4.84-4.77
(m, 6H), 4.63 (s, 6H), 444-4.25 (m, 9H), 4.24-4.07 (m, 5H), 2.61-3.50
(m, 6H), 3.41-3.35 (m, 6H), 3.28-3.15 (m, 7H), 3.00 (s, 20H), 2.64-
2.53 (m, 6H), 2.19-1.99 (m, 21H), 1.64-1.39 (m, 16H), 1.39-1.33 (s,
11H), 1.30-1.12 (m, 10H). ®C NMR (75 MHz, DMSO-d6) 6 1719,
171.1, 155.4, 1439, 140.7, 137.4, 135.1, 1294, 128.7, 128.5, 1283,
1276, 1275, 127.0, 125.1, 120.1, 75.5, 61.8, 57.0, 52.6, 51.0, 49.7,
49.3, 47.6, 364, 347, 31.6, 28.7, 27.8, 26.7, 25.6, 243, 22.7, 189.
HRMS (ESI, pos.): calc. for CigoHyeaN5505:5" " M+ 2HI'T 1137.5616;
found 1137.5610. Debenzylation of this intermediate to 132 was
done according to method H. Scale: intermediate benzylhydrox-
amate (15.6 mg, 6.86 pmol, 1.00 eq.), Pd/C (1.00 mg). After remov-
ing the solvent under reduced pressure, the residue was dissolved
in demineralized H,O (4 mL) and piperidine (1 mL), whereupon the
Fmoc-piperidine adduct precipitated as a white, voluminous solid.
After stirring for 15 min, the suspension obtained was filtered and
the solvent was removed under reduced pressure and the product
was purified by HPLC. Colorless solid; yield: 10.2 mg (93%). Prep.
HPLC: f,=14.2 min. Anal. HPLC (NUCLEODUR C,; HTec EC, 150x
100mm ID, 5um): t;=146min. HRMS (ESI, pos): calc. for
CyaHy2N550555:" [M+2HF* 891.4572; found 891.4561.

Zwitterionic (Lys-p-Ala); trimer (136): This compound was ob-
tained from 132 (20.0 mg, 8.79 pmol, 1.00 eq.) which was treated
with TFA/H,0/triethylsilane (20:20:1, 1 mL) and stirred for 2 h at rt.
The solvent was removed under reduced pressure. The purified
product was obtained by preparative HPLC. Colorless solid; yield:
10.0 mg (66%). Prep. HPLC {(NUCLEODUR C,; HTec EC, 25010 mm
ID, 5 pm, H,O/CH,CN 98:2+0.1% FA—2:98+0.1% FA v/v, 5 mL/
min): tp.= 11.2 min. The analyses were performed by HPLC-HRMS
(NUCLEODUR C; HTec EC, 15010 mm ID, 5 pm, H,O/CH,CN 98:2+
0.05% FA—5:95+0.05% FA v/v, 0.2 mL/min): f;=12.9 min. HRMS
(ESI, pos.): calc. for CiHypgNw05:Ss° " M+ 2HIP" 863.4259; found
8634252,

Zwitterionic  (Orn-B-Ala)-(Lys-p-Ala)-(Orn-f-Ala) (tert-butylester)
trimer (134): This compound was prepared in three steps involving
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CuAAC, debenzylation and Fmoc-deprotection. CuBAC was per-
formed according to method G. Scale: 118 (50.0 mg, 30.7 umol,
1.00 eq.), 3-(dimethyl(prop-2-yn-1-ylJammonio)propane-1-sulfonate
(283 mg, 138 pmol, 1.50 eq. per azide), Cul (2.22mg, 11.7 pmol,
0.13 eq. per azide), sodium ascorbate (12.2 mg, 61.3 umol, 0.68 eq.
per azide), CH,CN (3.5 mL). Colorless solid; yield: 31.3 mg (45%).
Anal. HPLC (Mucleodur C,; HTec EC, 15010 mm ID, 5 um, H,0/
CH.CN 98:2+0.05% HCO,H—5:954+0.05% HCOH, 15 min,
0.2 mL/min): ty= 20.3 min (product), tz= 16.6 min (product - Fmoc).
HRMS (ESI, pos.): calc. for CygpHisgN»0ssS:7 M+ 2HPT 1123.5460;
found 1123.5423; calc. for C,H,N,,0,:5"" [M+ 2H-Fmod]*
1012.5119; found. 1012.5121. Debenzylation and Fmoc-deprotec-
tion of this intermediate to title compound 134 was done
according to method H. Scale: intermediate benzylhydroxamate
(10.0 mg, 445 pmol, 1.00 eq.), Pd/C (1.00 mg). After removing the
solvent under reduced pressure, the residue was dissolved in
demineralized H;O (4mL) and piperidine (1 mL), whereupon the
Fmoc-piperidine adduct precipitated as a white, voluminous solid.
After stirring for 15 min, the suspension obtained was filtered and
the solvent was removed under reduced pressure and the product
was purified by HPLC. Colorless solid; yield: 3.30 mg (42 %). Prep.
HPLC: t,= 13.7 min. Anal. HPLC (NUCLEODUR C,; HTec EC, 150x
10mm ID, 5pm): tz=146 min. HRMS (ESI, pos): calc. for
CriHizoN2 05557 [M+2H]*T 877.4415; found 877.4440.

Zwitterionic (Orn-B-Ala),(tert-butylester) tetramer (137): This com-
pound was prepared in three steps involving CuAAC, debenzylation
and Fmoc-deprotection. CuAAC was performed according to
method G. Scale: 111 (100 mg, 49.5 pmol, 1.00 eq.), 3-(dimeth-
yl(prop-2-yn-1-yl)lammonio)propane-1-sulfonate (61.0 mg,
297 pmol, 1.50 eq. per azide), Cul (4.72 mg, 24.8 pmol, 0.13 eq. per
azide), sodium ascorbate (26.2 mg, 132 pmol, 0.68 eq. per azide),
CH,CN (5 mL). Colorless solid; yield: 122 mg (87%). Anal. HPLC
(Nucleodur C,; HTec EC, 15010 mm ID, 5 um, H,O/CH;CN 98:2 +
0.05% HCO,H—5:95+0.05% HCO.,H, 15min, 0.2 mL/min): f;=
19.9 min. '"H NMR (300 MHz, DMSO-d6) & 8.48 (s, 1H), 8.46 (s, 3H),
8.08-8.00 (m, 4H), 7.98-7.91 (m, 3H), 7.90-7.84 (m, 3H), 7.71-7.64
(m, 2H), 7.43-7.27 (m, 25H), 4.84-4.75 (m, 8H), 4.62 (s, 8H), 442-
432 (m, 8H), 4.30-4.13 (m, 8H), 3.64-3.55 (m, 8H), 3.29-3.14 (m, 9H),
2.99 (s, 24H), 2.63-2.54 (m, 8H), 2.19-1.95 (m, 27H), 1.64-141 (m,
19H), 1.37-1.31 (m, 11H), 128-1.14 (m, 4H). “C NMR (75 MHz,
DMSO-d6) 6 1764, 1742, 171.2, 153.2, 135.1, 1204, 128.7, 1284,
1283, 1276, 127.0, 125.1, 120.1, 995, 754, 61.8, 57.0, 523, 49.7,
403,476,43.7,38.3,36.3, 347,316, 27.8,25.7, 25.6, 249, 243, 18.9.
HRMS (ESI, pos.): calc. for CyasHiesN2605,5.7 " [M4+3HPFT 1420.1776;
found 1420.1751. Debenzylation and Fmoc-deprotection of this
intermediate to title compound 137 was done according to method
H. Scale: intermediate benzylhydroxamate (15.5mg, 5.46 pmol,
1.00 eq.), Pd/C (1.00 mg). After removing the solvent under reduced
pressure, the residue was dissolved in demineralized H,O (4 mL)
and piperidine (1 mL), whereupon the Fmoc-piperidine adduct
precipitated as a white, voluminous solid. After stirring for 15 min,
the suspension obtained was filtered and the solvent was removed
under reduced pressure and the product was purified by HPLC.
Colorless solid; yield: 7.60 mg (62 %). Prep. HPLC: f;=13.5 min. Anal.
HPLC (NUCLEODUR C,; HTec EC, 150x10mm ID, 5pm): f,=
14.1 min. HRMS (ESI, pos): cale. for CoHyesMye0s505,° T M+ 2H]
1129.0496; found 1129.0484.

Zwitterionic (Orn-B-Ala)-(Lys-B-Ala)-(Orn-f-Ala)-(Lys-B-Ala) (tert-
butylester) tetramer (139): This compound was prepared in three
steps involving CuAAC, debenzylation and Fmoc-deprotection.
CuAAC was performed according to method G. Scale: 119 (15.3 mg,
747 pmol, 1.00 eq.), 3-(dimethyl(prop-2-yn-1-yllammonio)propane-
1-sulfonate (9.20 mg, 44.8 umol, 1.50 eq. per azide), Cul (740 pg,
3.89umol, 0.13eq. per azide) sodium ascorbate (3.97 mg,
20.0 umol, 0.68 eq. per azide), CH;CN (2.0 mL). Colorless solid; yield:
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18.6 mg (87 %). Anal. HPLC (Nucleodur C,; HTec EC, 15010 mm ID,
5pm, HO/CH;CN 98:2+0.05% HCO;H—5:95+0.05% HCO;H,
15 min, 0.2 mL/min): fz=20.4 min {product), t;= 16.7 min (product
— Fmoc). HRMS (ESI, pos): calc. for CH 5,N26055,°" M+ 3H-
Fmoc]’® 882.7763; found 882.7703. Debenzylation and Fmoc-
deprotaction of this intermeadiate to title compound 139 was done
according to method H. Scale: intermediate benzylhydroxamate
(8.00 mg, 2.79 pmol, 1.00 eq.), Pd/C (1.00 mg). After removing the
solvent under reduced pressure, the residue was dissolved in
demineralized H;O (4 mL) and piperidine (1 mL), whereupon the
Fmoc-piperidine adduct precipitated as a white, voluminous solid.
After stirring for 15 min, the suspension obtained was filtered and
the solvent was removed under reduced pressure and the product
was purified by HPLC. Colorless solid; yield: 2.10 mg (33%). Prep.
HPLC: t;=13.6 min. Anal. HPLC (NUCLEODUR C, HTec EC, 150x
10mm ID, 5pm): tz=149min. HRMS (ESI, pos): calc. for
CotHiaMNoe055,>" [M+ 3HP T 762.3703; found 762.3814.

Zwitterionic (Lys-p-Ala),(tert-butylester) tetramer (138): This com-
pound was prepared in three steps involving CuAAC, debenzylation
and Fmoc-deprotection. CuBAC was performed according to
method G. Scale: 115 (57.8 mg, 27.9 umol, 1.00eq.), 3-(dimeth-
yl{prop-2-yn-1-ylJammonio)propane-1-sulfonate (34.3 mg,
167 pmol, 1.50 eq. per azide), Cul (2.65 mg, 13.9 pmol, 0.13 eq. per
azide), sodium ascorbate (14.7 mg, 74.4 umol, 0.68 eq. per azide),
CH-CN (3.5 mL). Colorless solid; yield: 26.3 mg (34%). Anal. HPLC
(Nucleodur C,; HTec EC, 150 10 mm ID, 5 um, H,O/CH;CN 98:2+
0.05% HCO,H—5:95+0.05% HCO,H, 15 min, 0.2 mU/min): t,=
202 min. "H NMR (200 MHz, DMSO-d6) & 849 (s, 1H), 847 (s, 3H),
8.04-7.85 (m, OH), 7.60-7.65 (m, 2H), 7.43-7.27 (m, 25H), 4.86-4.75
(m, 8H), 4.63 (s, 8H), 4.44-4.32 (m, 8H), 430-4.24 (m, 2H), 4.23-4.09
{m, 5H), 2.62-3.48 (m, 8H), 3.42-2.36 (m, 4H), 2.20-3.16 (m, 9H), 3.00
(s, 24H), 2.62-2.54 (m, 6H), 2.19-1.99 (m, 25H), 1.65-1.40 (m, 18H),
1.37 (5, 9H), 1.35-1.29 {m, 2H), 1.28-1.12 (m, 10H). "C NMR (75 MHz,
DMSO-d6) & 171.9, 171.5, 171.1, 154.7, 1543, 1439, 140.7, 135.1,
1294, 128.7, 1285, 128.3, 127.6, 127.1, 125.1, 120.1, 75.6, 61.8, 57.0,
52.6,49.7,49.3, 476,442, 366, 34.7, 316, 28.7, 278, 26.2, 25.6, 243,
22.8, 189 HRMS (ESI, pos.): calc. for CisHagsN205,5°F [M+ 3HP
965.8083; found 965.8063. Debenzylation and Fmoc-deprotection
of this intermediate to title compound 138 was done according to
method H. Scale: intermediate benzylhydroxamate (9.60 mg,
3.31 pmol, 1.00 eq), Pd/C (1.00 mg). After removing the solvent
under reduced pressure, the residue was dissolved in demineralized
H,O (4 mL) and piperidine (1 mL), whereupon the Fmoc-piperidine
adduct precipitated as a white, voluminous solid. After stirring for
15 min, the suspension obtained was filtered and the solvent was
removed under reduced pressure and the product was purified by
HPLC. Colorless solid; yield: 4.00 mg (52%). Prep. HPLC: t,=
13.7 min. Anal. HPLC (NUCLEODUR C,; HTec EC, 150x 10 mm ID,
5 um): t;=14.9 min. HRMS (ESI, pos.): calc. for CyH,7iN5e055,° " [M
+3HP** 771.7230; found 771.7240.

Zwitterionic (Orn-f-Ala)-(Lys-B-Ala)-(Lys-B-Ala)-(Orn-B-Ala) (tert-
butylester) tetramer (140): This compound was prepared in three
steps involving CuAAC, debenzylation and Fmoc-deprotection.
CuAAC was performed according to method G. Scale: 120 (27.5 mg,
13.4 pmol, 1.00 eq.), 3-(dimethyl(prop-2-yn-1-yl)Jammonic)propane-
1-sulfonate (16.5 mg, 80.6 pmol, 1.50 eq. per azide), Cul (1.23 pg,
6.98 pmol, 0.13eq. per azide) sodium ascorbate (7.13 mg,
36.0 pmol, 0.68 eq. per azide), CH;CN (2.0 mL). Colorless solid; yield:
25.7 mg (67%). Anal. HPLC (Nucleodur C,; HTec EC, 150 10 mm ID,
5pum, H.O/CH,CN 08:2+005% HCO,H—5:05+0.05% HCO.H,
15 min, 0.2 mL/min): t,=20.3 min (product), t,= 16.6 min (product
— Fmoc). HRMS (ESI, pos.): calc. for CypH eoNoe0505,° " M+ 3H-
Fmoc]’® 882.7763; found 882.7704. Debenzylation and Fmoc-
deprotection of this intermediate to title compound 140 was done
according to method H. Scale: intermediate benzylhydroxamate
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(7.80 mg, 2.72 pmol, 1.00 eq.), Pd/C (1.00 mg). After removing the
solvent under reduced pressure, the residue was dissolved in
demineralized H,0O (4 mL) and piperidine (1 mL), whereupon the
Fmoc-piperidine adduct precipitated as a white, voluminous solid.
After stirring for 15 min, the suspension obtained was filtered and
the solvent was removed under reduced pressure and the product
was purified by HPLC. Colorless solid; yield: 2.60 mg (42%). Prep.
HPLC: t,=13.6 min. Anal. HPLC (NUCLEODUR C; HTec EC, 150x
10mm ID, 5pm): tz=150min. HRMS (ESI, pos): calc. for
CaxHiesN2o0505° " [M+2H]*T 762.3793; found 762.3804.

Complexation with Zr(IV): For the complexation of DFOB and the
ligands 16 and 17 with zirconium, a solution of the chelator
(600 pL, 0.0072 mM) in HCl(aq) (0.05 M) was added to a solution of
ZrCl, (200 pL, 0.0216 mM) in HCl(aq) (0.05 M). While stirring at room
temperature, the pH of the solution was adjustad to a value of 85—
9.0 by adding a solution of Na,CO; (0.05 M) followed by stirring for
90 min. Subsequent freeze-drying yielded a voluminous, colorless
solid. The complexes obtained were identified by HPLC-MS (ESI,
pos.). HPLC (NUCLEODUR C,; HTec EC, 150x10mm ID, 5 pum
particles, H,O/CH,CM 98:2+0.05% HCO,H—5:95+ 0.05% HCO,H,
15 min, 0.2 mL/min).

Transchelation assay with 1000-fold excess of EDTA: The Zr
complexes were dissolved in Milli-Q water (500 plL) and EDTA
solution (100 pL, 1000-fold excess, 0.0432 mM) were added. The pH
of the solution was adjusted to pH=7 by adding HCl(aq) (0.05 M)
and the solution was stored at room temperature. After O h, 2h, 8 h
and 24 h, 15 pL of the solution were analyzed by HPLC-MS (ESI,
pos.). The amount of intact Zr complex was determined by
integrating the EIC for the [M+3H]'", [M+2H+NalF" and [M+
2H]**. HPLC (NUCLEODUR Cy; HTec EC, 150x10 mm ID, 5 pm
particles, H,0/CH.CN 98:2+0.05% HCO,H—5:05+0.05% HCO,H,
15 min, 0.2 mL/min).

Transchelation assay of Zr-17a with 300-fold excess of DFO: A
solution of Zr-17a (600 pL, 0.0072 mM) in HCl(ag) (0.05 M) was
added to a solution of ZrCl, (200 pL, 0.0216 mM) in HCl(aq)
(0.05 M). The pH of the solution was adjusted to 8.5-9.0 by adding
Na,CO; solution (0.05 M). The solution was incubated for 90 min at
37°C. Subsequent freeze-drying yielded a voluminous, colorless
solid. After dissolving in Milli-Q water (500 pul) DFO solution
(100 pL, 300-fold excess, 0.0130 mM) was added. The pH of the
solution was adjusted to pH =7 by adding HCl(aq) (0.05 M) and the
solution was stored at room temperature. After 0h, 2h, 8h and
24 h, 15 pL of the solution were analyzed by HPLC-MS (ESI, pos.).
The amount of intact Zr complex was determined by integrating
the EIC for the [M-+3HP', [M+2H+NaP'' and [M+2H]’". The
value of the intact Zr complex measured after Oh apply as
reference. HPLC (NUCLEODUR C,; HTec EC, 15010 mm ID, 5 pm
particles, H,0/CH,CN 98:2 4 0.05% HCO,H—5:95+0.05% HCOH,
15 min, 0.2 mL/min).

Monitoring of Zr-complexation with chelator 17a: A solution of
chelator 17 a (600 pL, 0.0072 mM) in HCl(ag) (0.05 M) was added to
a solution of ZrCl, (200 uL, 0.0216 mM) in HCl(ag) (0.05 M). The pH
of the solution was adjusted to 8.5-9.0 by adding Na,CQO; sclution
(0.05 M) and the solution was incubated at 24°C or 37°C. After
0.0h, 1.5h, 3.0h, 45h and 6.0h, 15pL of the solution were
analyzed by HPLC-MS (ESI, pos.). The amount of Zr complex formed
was determined by integrating the EIC for the [M+3HI*, [M+2H
+Nal’* and [M+2H**. HPLC (NUCLEODUR C,; HTec EC, 150x
10 mm ID, 5 um particles, H,O/CH,CN 98:2+0.05% HCO,H—5:95
+ 0.05% HCO.H, 15 min, 0.2 mL/min).
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5.2 Transfer to SPPS and Synthesis of complex DFO* analogs with side chains
The promising results obtained with the structures described in Section 5.1 provided the
impetus to transfer the synthesis to a solid-phase peptide synthesis (SPPS) approach. The
solution-phase synthesis presented in that section is associated with considerable purification
effort, resulting in a high workload, substantial time consumption, and extensive use of solvents
and reagents. As previously discussed in Section 3.2, the advantages of SPPS - particularly in
terms of efficiency and scalability - become even more apparent when considering the
complexity of the nine AZA-DFOB and AZA-DFO* chelators synthesized.

Accordingly, the key innovation of the study presented in this section is the implementation of
a microwave-assisted solid-phase synthesis protocol, which markedly reduces the overall
synthetic burden compared to the previously employed multi-step liquid-phase approach.
Whereas traditional methods required up to 14 synthetic steps, each followed by individual
purification, the strategy outlined here allows the efficient preparation of isopeptidic DFO*
analogues (referred to as ipDFO* in this work) within a matter of hours. The modular nature of

SPPS inherently supports structural variation and customization.

The monomers required for this SPPS were synthesized in short 3 - 4 step sequences from
inexpensive starting materials such as tert-butyl 4-bromobutanoate, affording high yields. The
initial synthetic approach involved the coupling of O-benzyl protected hydroxylamine with
carboxylic acids to form O-benzyl hydroxamic acid derivatives, analogous to conventional
peptide bond formation. Although the crude product obtained after resin cleavage exhibited the
expected mass by HPLC-MS, its purity was insufficient for further applications. This coupling
step had already been identified as a critical point in earlier work. After extensive screening of
various coupling reagents, PyOxim® was determined to be the optimal reagent, delivering the

highest product purity and yield.

In addition, AZA-ipDFO* analogues bearing azide-containing side chains - structurally
analogous to those described in Section 5.1 - were successfully synthesized. For this purpose,

a novel monomer synthesis was developed based on Boc-allylglycine as the starting material.

In conclusion, the results demonstrate that solid-phase synthesis constitutes an efficient and
scalable method for the preparation of octadentate ipDFO* analogues, offering significant

advantages in terms of speed, purity, and synthetic flexibility.
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Mixed Liquid and Solid Phase Synthesis of Isopeptidic
Desferrioxamine Analogues for Complexation of Zirconium

Lasse Outzen,® Hoang Duc Nguyen,® Darius Ludolfs,™ and Wolfgang Maison*®?

#7r has a number of advantageous properties for PET-imaging,
but optimal chelators for its widespread clinical application still
need to be found. Tetrahydroxamates derived from the natural
siderophore DFOB are promising candidates in this context.
This study describes a solid-phase approach to isopeptide
analogs of DFOB (termed ipDFO*) with four hydroxamate
groups for stable Zr(lV)-chelation. The route uses -either
commercial or easily available Fmoc-protected precursors and
allows the synthesis of ipDFO* and clickable AZA—ipDFO*
derivatives in only a few hours. The solid-phase synthesis

Introduction

The radioisotope **Zr has gained interest as a tracer for medical
imaging via PET in recent years!" The half-life of 784h or
3.27 d fits well to the biological half-lives of antibodies and is
advantageous with respect to reagent processing and also for
background reduction in vivo due to complete elimination of
non-targeted tracer™ Another attractive feature of *Zr is its
clean decay to ®Y. Initially, ®Zr decays to a metastable ™Y
species, emitting B particles with 22.3% and an EC fraction of
76.6%.2% Further decay of ™Y to the stable Y proceeds with
the emission of a gamma photon with an energy of 909.9 keV.
The wavelength of the gamma photon is thus clearly separated
from the two photons produced during the annihilation process
of positrons and electrons during a PET measurement. The
relatively high gamma energy is also a disadvantage of **Zr.
However, the favorable half-life and the relatively low average
positron energy of 395.5 keV, which has a positive influence on
the spatial resolution in PET measurements typically compen-
sate this disadvantage.”™ The supply of *Zr has become reliable
in a clinical context and in research due to automated
production and cleaning protocols”’ The ®Zr isotope can be
obtained from naturally occurring Y by bombarding it with
protons via a (pn) reaction. After further work-up and
purification via a hydroxamate column, *Zr can then be
obtained with a purity of > 99.99% and a yield of = 94%* In
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Hamburg, Germany
E-mail: wolfgang.maison@uni-hamburg.de

3 Supporting information for this article is available on the WWW under
hittps://doi.org/10.1002/ejoc. 202400266

' © 2024 The Authors. European Journal of Organic Chemistry published by

Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Eur. J. Org. Chem. 2024, 27, 2202400266 (1 of 5)

reduces the workload for the synthesis of ipDFO* and
AZA—ipDFO* derivatives thus significantly compared to a
previous multistep solution synthesis. The route is also modular
and allows the synthesis of various ipDFO* derivatives with
variation in the spacer length between the hydroxamate
groups. This spacing is a critical parameter for finding the
optimal chelator for hard metal cations like Zr(lV). It might thus
help to speed up the search for an ideal Zr-chelator for PET-
imaging and might also allow the extension to other metal
cations of different size.

consequence, *Zr is increasingly used for imaging particularly
in immunoPET tracers

A major drawback of Zr for imaging is its complicated
complex chemistry. Most Zr-chelators are hydroxamate deriva-
tives which are preferentially binding to hard Lewis acids such
as Zr(V)® A good example is desferrioxamine B (DFOB)
(Figure 1)¥ a natural siderophore, which is used by bacteria,
fungi and graminaceous plants to sequester Fe(lll) from the
environment.”” DFOB has a molar mass of 560 g/mol, a linear
polyamide backbone structure with three hydroxamic acids and
a free terminal amine™ It allows the formation of *Zr-
complexes in 30-60 min at room temperature and is therefore
suitable for application with proteins or other sensitive
targeting vectors*¥ With three hydroxamic acids in the
backbone structure, DFOB is a hexadentate chelator and does

o o OH " o
A A M M NA\[
OH R a 0 oH L
DFo8 .
MHg
o JIO oM u o JDI OH
Ay o e e e
oH A o o OH o
bFo L.

AZd-mDFO”

Figure 1. Structure of the natural siderophore DFOB and octadentate
derivatives DFO*, ipDFO*, AZA-ipDFO* developed for Zr-chelation.
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thus not fully saturate the coordination sphere of Zr(IV), which
leads to transmetallation and release of “Zr invivo.?"% A
number of octadentate Zr-chelators have been introduced in
the last years to address this lack of complex stability!""
Examples include DFO*"? DFOB-PPH and DFOB-PPH"0"Q,™
Orn4—-hx," DFO-HOPO,™ DFOcyclo® ™ DF02,"" DFO2p™
DFO—Em,™ DFO—Km, oxoDFO* 1l DFOB-0,_5,
H3DFOSqOEt™! and macrocyclic octadentate DFO-analogs.?”
Many of these chelators are derived from the DFOB-scaffold.
This strategy keeps the synthetic effort low, but it also limits the
introduction of additional functionality or the variation in
hydroxamate spacing. The 9-atom spacer in DFOB is optimized
to bind Fe(lll) but it might be suboptimal for Zr(IV) binding.2*

Isopeptide DFO-analogs like ipDFO* and AZA—-ipDFO* were
therefore recently introduced ! They allow variation in hydrox-
amate spacing and thus a finetuning of binding properties for
various hard metal cations. In addition, AZA-ipDFO* can be
conjugated to further groups wvia copper(l)-catalyzed
azide—alkyne cycloaddition (CuAAC) or strain-promoted copper-
free variants.”* 2 These “clickable” chelators®™ can be used as a
multimerization platform or for conjugation of various function-
alities such as zwitterions to improve water solubility and the
stealth properties of the reagents.”*® Moreover, AZA—ipDFO*
derivatives have been shown to form stable Zr-complexes. In
total nine different AZA-ipDFO and AZA-ipDFO* analogs with
different hydroxamate spacing were synthesized via multistep
solution phase syntheses.™ The synthetic effort undertaken to
prepare these structures was considerable and included up to
14 steps for each derivative. A transfer of the synthesis to a
solid phase would be advantageous to unfold the potential of
the isopeptide backbone structure and, on the long term,
would also be good for GMP production of the chelators for use
in the clinic. However, the transfer of the solution strategy to a

solid phase is not trivial due to notoriously difficult coupling
steps involved and the high density of functional groups, which
require a sophisticated protection scheme.

In this report we present a microwave-assisted solid phase
synthesis (SPS) of isopeptide DFO* analogs ipDFO* and their
clickable AZA-derivatives AZA—ipDFO*. The solid phase protocol
allows the fast preparation of the chelators in good purity. It
might thus help to develop tailored chelators for radiochemical
application of hard metal cations like Zr(IV).

Results and Discussion

The target structures 3 and 4 have a regular isopeptide
backbone structure and can therefore be prepared from two w-
amino acid precursors. One of them is commercially available
Fmoc-6-alanine. Alternatives would be glycine and y-amino
butyric acid (GABA). However, glycine-based DFOB-analogs are
known to be unstable® GABA, on the other hand, tends to
form the corresponding butyrolactam and might therefore also
complicate the synthesis.

The second precursor is a hydroxylamine derivative of a w-
amino acid which is not commercially available. In our previous
solution phase protocol, this motif was prepared via oxidation
of an appropriate amino acid precursor with benzoylperoxide.
This approach generates a benzoyl-protected hydroxylamine,
which needs to be transferred to a benzyl-protected hydroxyl-
amine at a later stage of the synthesis. An alternative and more
efficient synthetic strategy to the required benzyl- and Fmoc-
protected hydroxylamine 4 involved the conversion of the
bromide 1 with O-benzylhydroxylamine as outlined in Sche-
me TA. Subsequent Fmoc-protection and cleavage of the fert-
butyl ester with TFA gave 4 in excellent yield. We focused in

A
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Scheme 1. A: Synthetic scheme for the preparation of the Bn- and Fmoc-protected coupling precursor 4 for solid phase synthesis. B: Solid phase protocol of
the immebilized ipDFO* 8 and final cleavage/deprotection to 10. € LC-MS analysis of the crude reaction product 9.
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this study on the butyric acid precursor 1, but the same
protocol would be easily adaptable to other bromo acid esters
with different chain length. The combination of S-alanine and
aminobutyric acid leads to a short hydroxamate spacing of 7
atoms in the ipDFO* target compound 10. In a previous study,
the ornithine based AZA-ipDFO* (spacing of eight atoms
between two hydroxamic acids) had led to better complexation
properties with Zr(IV) than a lysine-based AZA—ipDFO* deriva-
tive (spacing of nine atoms between two hydroxamic acids)!*!
An even shorter spacing of hydroxamates by seven atoms in
AZA-ipDFO* was chosen in this study to expand this series.””
Earlier work of Guerard et al. suggested that a spacing of at
least seven atoms between neighboring hydroxamates must be
present in DFOB derivatives for a good complexation of
Zr(IV).2*! In addition, CTH36, a cyclic DFO* derivative prepared
by Seibold et al. had a spacing of seven atoms between the
hydroxamates and showed very promising in vitro stability of its
Zr-complex 2+

In our earlier solution phase protocol, we had identified the
coupling reaction to the hydroxylamine motif to be the most
problematic step. Therefore, several different coupling reagents
such as EDC/HOBt, HBTU/HOBt, HATU/HOAt, PyBOP, BTFFH,
PyOxim and preactivation as acid chloride and different
coupling conditions were tested on the solid phase to optimize
this step (for further Information see Table S1 and the
preceding paragraph in the Sl). The best results were obtained
with PyOxim as a coupling reagent, a microwave assisted
double coupling and 5 eq. acid.

The solid phase synthesis of 10 started with Wang resin
preloaded with Fmoc-B-alanine 5 (Scheme 1B). Wang resin was
chosen in the first experiments, because it is relatively cheap
and has a high chemical stability, which can be advantageous
for later conversion of the chelators on the solid phase.
Sequential coupling of hydroxylamine 4 or Fmoc-8-alanine gave
fimally tetrahydroxamate 8 bound to the Wang resin. Cleavage
with TFA gave the benzyl-protected chelator 9, which was
debenzylated to ipDFO* 10 in a final step. The chromatogram
of the crude chelator ipDFO* 9 is shown in Scheme 1C and
reveals that 9 is the major product, which was finally purified
by HPLC. However, a number of impurifications were also
identified by LC-MS. The majority are deletion and insertion
sequences next to some unknown side-products. The problem-
atic couplings to the hydroxylamines lead to a relatively
complex mixture of products which are challenging to separate
by HPLC. An alternative approach was therefore developed
avoiding these couplings on the solid phase. We hoped this
would lead to cleaner solid-phase conversions and thus an
easier purification of the final product. The coupling of
hydroxylamine 2 to Fmoc-8-alanine was therefore performed in
solution with the acid chloride 11 to give the fully orthogonally
protected precursor 12 (Scheme 2A). Cleavage of the tert-butyl
ester by TFA produced the final coupling precursor 13 for the
solid phase synthesis with an owerall yield of 67% over three
steps.

The solid-phase synthesis with Wang resin preloaded with
Fmoc-8-alanine and acid 13 gave target compound 8 attached
to the solid phase (Scheme 2B). All couplings were performed

Eur. J. Org. Chem. 2024, 27, 202400266 (3 of 5)
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Scheme 2. A: Synthetic scheme for the preparation of the Bn- and Fmoc-
protected coupling precursor for solid phase synthesis 13. B: Solid phase
protocol of the immobilized ipDFO* 8 and final cleavage/deprotection to 10.
C: LC-MS analysis of the crude reaction product 9.

as double couplings for 10 min at 80 °C with 5 eq. acid 13, 5 eq.
PyOxim and 10 eq. DIPEA under microwave heating. Cleavage
and deprotection gave chelator 10 with very good purity as
indicated by a single major product peak in the LC/MS
chromatogram of the crude product (Scheme 2C). The precou-
pling of the hydroxylamine 2 in solution led thus to a
significantly cleaner solid-phase syntheses. It is notable, that
chelator 10 is reasonably soluble in water due to the terminal
amino group and the carboxylic acid.

The successful solid-phase synthesis was applied to the
clickable AZA-ipDFO* analogs 18. A new monomer synthesis
was developed for this purpose (Scheme 3A). The synthesis
started with commercially available Boc-allylglycine 14, which
was converted to the corresponding tert-butyl ester and
oxidized to aldehyde 15 by ozonolysis. A reductive amination
with O-benzyl hydroxylamine and sodium cyanoborochydride
gave 16. Adjustment of the pH value to 2-3 was crucial in this
step to achieve complete conversion. After coupling with 11
the tert-butyl and the Boc protecting group were removed
under acidic conditions with TFA and the NHS ester 17 was
then coupled to give the coupling precursor 18 for solid phase
synthesis. The solid phase synthesis was then carried out with
monomer 18 according to Scheme 3B. A Wang rasin preloaded
with Fmoc-£-alanine 5 was used and repeated couplings of 18
led to the tetrahydroxamate 19 bound to the solid phase. Each
coupling step was performed at 80°C for 10 min with 5 eq. acid

© 2024 The Authors. European Journal of Organic Chamistry publishad by Wilay-VCH GmibH
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Scheme 3. A: Synthetic scheme for the preparation of the Bn- and Fmoc-
protected coupling precursor 18 for solid phase synthesis. B: Solid phase
protocol of the immobilized chelator 19 and cleavage to benzyl protected
AZA-ipDFO* 20.

18, 5 eq. HATU/HOBt and 10 eq. DIPEA with microwave heating.
After cleavage with TFA the benzyl protected final AZA—ipDFO*
20 was obtained in good purity.

In a previous study, AZA-ipDFO* derivatives like 20 were
prepared over 14 steps in a tedious solution phase synthesis,
which required extensive chromatographic purification steps.”!
It is notable, that this previous work contains a protocol for the
debenzylation of the protected chelators. The solid phase
approach presented here allows the rapid synthesis of
AZA—ipDFO* analogs in only a few hours from precursors like
18.

Conclusions

Derivatives of the natural siderophore DFOB with four hydrox-
amate groups allow the stable complexation of **Zr(IV) and are
thus attractive for application in PET-imaging. In this study, a
solid-phase approach to the synthesis of isopeptide DFO
derivatives (ipDFO*) was developed. The backbone of these
chelators is composed of commercially available 8-alanine and
a hydroxylamine derivative. Fmoc-f-alanine and a Fmoc-
protected hydroxylamine 4 was therefore used for the solid-
phase synthesis. The latter was synthesized in three steps from
4-bromobutyric acid. The solid-phase synthesis was performed
on Wang resin preloaded with Fmoc-8-alanine. Key steps are
the repeated couplings of Fmoc-8-alanine to the terminal
hydroxylamines. This step is best performed as a double

Eur. J. Org. Chem. 2024, 27, 2202400266 (4 of 5)

coupling with PyOxim as a coupling reagent. It was found to be
advantageous to perform the problematic coupling of Fmoc-6-
alanine to hydroxylamine 4 in solution with Fmoc-8-alanine
acid chloride and to use the resulting coupling precursor 13 for
solid-phase synthesis. With this improved protocol, ipDFO* 10
and also the clickable derivative AZA—ipDFO* 20 was prepared
in good purity.

With the development of a solid-phase synthesis the work-
load for the synthesis of ipDFO* and AZA-ipDFO* derivatives
was significantly reduced to only a few hours for each chelator.
The route is also modular and allows the synthesis of various
ipDFO* derivatives with variation in the spacer length between
the hydroxamate groups. This spacing is a critical parameter to
find the optimal chelator for hard metal cations like Zr(IV). It
might thus help to speed up the search for an ideal Zr-chelator
for PET-imaging and might also allow the extension to other
metal cations of different size.
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5. Results and Discussion (cumulative part)

5.3 Investigations towards an optimal spacing between the hydroxamic acids

In this study, the SPPS approach described in the previous section was employed to
synthesize three pure backbone variants of isopeptidic DFO* (ipDFO*) without side chains,
incorporating seven, eight, and nine atoms between the hydroxamic acid moieties. These
DFO* analogues were designed to complete the investigation into optimal spacing for Zr**
coordination. For this purpose, the corresponding O-benzyl-protected hydroxamic acid
monomers were synthesized following the same procedure as in the previous work. Using
SPPS, these monomers were assembled into the desired octadentate chelators, followed by
resin cleavage and deprotection of the protective groups. In addition to the previously reported
DFO* analogues, a novel oligoethylene glycol-based analogue (OEGDFO*) was designed and
synthesized. In this molecule, the peptide backbone was replaced by ether linkages instead of
amides, inspired by the oxoDFO* structure introduced by Briand, which was shown to exhibit
improved water solubility due to the presence of ether functionalities.['™ The OEGDFO*

structure also features a seven-atom spacing between the hydroxamic acid units.

With the four chelators in hand (the three ipDFO* analogues with different spacings and the
OEGDFO*), radiochemical stability studies with 8°Zr were performed in collaboration with Prof.
Dr. Susanne Kossatz's laboratory at TranslaTUM, Munich. Surprisingly, the analogue with nine
atoms between the hydroxamic acids exhibited the highest stability, maintaining approximately
73 % intact complexes after seven days in 1000-fold excess EDTA at 37 °C. In contrast, the
other three analogues showed only 50 — 55 % intact complexes under the same conditions.
This observation initially appears to contradict the findings reported in Section 5.1. However,
considering the differences in molecular structure, this discrepancy suggests that factors other
than spacing may influence complex stability. Further experiments will be necessary to

investigate the underlying causes of this behavior.

To further demonstrate the potential of SPPS for the synthesis of complex
radiopharmaceuticals, a complete PET tracer was assembled on the solid phase. For this
purpose, the core urea motif of PSMA-617, known as KuE (lysine—urea—glutamic acid), was
selected. It was introduced using a solid-phase carbonyldiimidazole (CDI)-mediated urea
coupling, whereby the carbonyl group was linked to two amino acids via CDI activation, with
both imidazole groups serving as leaving groups. The chelator portion was synthesized
subsequently, as described above. After cleavage from the resin and deprotection of the benzyl
groups to liberate the hydroxamic acids, a fully functional immunoPET tracer could be obtained

within a few hours.
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Hydroxamate Spacing for Chelation of Zr**

Lasse Outzen,™ Darius Ludolfs,”™ Maximilian Irl,™ Susanne Kossatz,”™ and

Wolfgang Maison*®

[*¥Zr]Zr** is a radionuclide of increasing clinical relevance for
PET (positron emission tomography). However, an ideal chelator
for stable Zr-chelation remains to be discovered. This study
describes the solid-phase synthesis of octadentate Zr-chelators
based on an isopeptidic (ip) scaffold derived from the natural
siderophore desferrioxamine (DFOB). Several analogues with
different spacers separating the chelating hydroxamates have
been prepared and converted to [*Zr]Zr-complexes. The
stability of these complexes was evaluated in human serum and

Introduction

Imaging via positron emission tomography (PET) is a standard
diagnostic method in clinical oncology.” Common radio-
nuclides in use are fluorine-18 (f;,;=110 min), oxygen-15 (t;,=
2min) and gallium-68 (f,,=68 min). All are rather short-lived
nuclides? The halflife of radionuclides is one of many
important radiochemical properties with an impact on PET-
imaging. A short half-life has drawbacks for the processing of
tracers and restricts the chemistry used for their preparation.”!
It limits also the delay time between tracer injection and PET-
imaging, which can have a positive influence on the signal-to-
noise ratio™® PET-nuclides with longer half-lives are copper-64
(t,,=12.7 h), terbium-152 (t;;,=17.5 h), manganese-52 (t;;=
5.6 d) and zirconium-89 (t,,= 3.3 d)** Particularly zirconium-89
has come into focus in recent years, as it has a very attractive
half-life for immunoPET applications (well aligned with the
biological half-lives of many antibodies) and has other favorable
radiochemical properties such as emission of positrons with a
relatively low kinetic energy of 396 keV.”! Besides immunoPET,
the half live of zirconium-89 can also have a positive impact on
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in competition to excess of competing chelators. The assays
revealed a beneficial effect of long hydroxamate spacing (9
atoms). Shorter spacing led to a decrease in complex stability.
The most stable [*¥*Zr]Zr-ipDFO complex had a high stability in
challenging competition experiments with a large excess of
EDTA for 72 h as determined by radio TLC and LC/MS. The
straightforward synthesis, high complex stability and a modular
character make ipDFO derivatives promising chelators for
applications in targeted PET.

imaging with small molecule PET-tracers! In recent years,
standard protocols have been developed for the production
and purification of [*®Zr]Zr** for clinical and research use.”""
Starting from naturally occurring Y+, [*Zr]Zr** can be obtained
with a purity of >99.99% and a yield of >94% In
consequence, zirconium-89 is an increasingly used radionuclide
for PET-imaging.*!

However, the coordination chemistry of the hard oxophilic
Zr** is complex. The gold standard for chelation of Zr'' is
desferrioxamine B (DFOB, Figure 1)'? DFOB is a linear
polyamide chelator and a natural siderophore.™ It contains
three hydroxamates for metal coordination, which bind prefer-
entially hard, oxophilic cations such as Fe** and Zr*+."*"™ Due
to the free terminal amine, DFOB can be conjugated to
targeting wvectors for use in targeted PET-imaging. The linear
structure enables a rapid coordination of radioisotopes, which is
typically complete in minutes at room temperature. DFO can
thus be used to conjugate proteins or other sensitive targeting

vectors 2% Unfortunately, [Zr]Zr-DFOB has a limited
stability in vivo. [®Zr]Zr*t can thus be released and subse-
]
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Flgure 1. Structures of the natural siderophore DFOB 1 and octadentate
derivatives DFO* 2, different ipDFO* 3 a-¢ analogues and OEGIipDFO* 4.
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quently deposited for example in the bones of test animals or
patients.>¥3* This limited stability has been associated to the
non-saturated coordination sphere of Zr**™ when complexed
with DFOB”" Zr** prefers octadentate coordination, but DFOB
offers only three hydroxamates leading to a hexadentate
coordination of the metal. The remaining two free coordination
sites are saturated with H,O, which quickly exchanges and thus
kinetically destabilizes the complex.”*™ To overcome this lack of
complex stability a number of new DFOB analogs with four
hydroxamates have been introduced in the last years”**" The
closest structural analogue of DFOB in this series is DFO*, which
is an extended analogue of DFOB with an additional hydroxa-
mic acid.”* DFO* shows a significantly higher complex stability
in vitro compared to DFOB. However, some studies with [®Zr]Zr-
DFO* still revealed an uptake of [®Zr]Zr** into bone!*** The
search for an ideal Zr-chelator is thus ongoing. Besides the
denticity of the chelator, the spacing between the hydroxa-
mates has also an influence on complex stability.*** Being of
bacterial origin, DFOB is optimized for chelation of Fe®**. Zr**
however, is slightly larger and prefers higher coordination
numbers compared to Fe*". An ideal Zr**-chelator should
address these points.

Brechbiel ef al. proposed that a distance of at least seven
atoms between the hydroxamic acids is necessary for good
complexation of Zr** in DFOB-like chelators.”™ For comparison,
DFO* has a distance of nine atoms between the hydroxamic
acids. Seibold developed the chelator CTH36, which is a cyclic
DFOB analog with a distance of seven atoms between the
hydroxamic acids and showed good stability in vitro.'"*%
Recently, clickable DFO* analogues termed AZA-ipDFO* were
reported. In these derivatives, the polyamide backbone of DFO*
was replaced with an isopeptidic backbone amenable to solid-
phase peptide synthesis.**=

In this study, we report the solid phase synthesis (SPS) of
ipDFO* derivatives 3 a-c with different spacing of the chelating
hydroxamates and the radiochemical evaluation of the corre-
sponding complexes with zirconium-89.

Results and Discussion
Synthesis of Chelators

The ipDFO*-derivatives 3 were synthesized by SPS starting from
Fmoc-protected building blocks 10. The latter were prepared
according to Scheme 1a from appropriate e-bromoacids 5.
Protection as tert-butyl esters 6 was followed by substitution of
the bromide with O-benzylhydroxylamine to give the protected
hydroxylamines 7. The O-benzylhydroxylamine motif was finally
coupled to Fmoc-G-alanine acid chloride 8 to give the
orthogonally protected precursors 9. Final deprotection of tert-
butyl esters gave the Fmoc-protected building blocks 10 with
40-67 % over four steps. Fmoc-B-alanine is a constant structural
motif in all building blocks 10. Potential other amino acids such
as Gly or GABA are known to be problematic for the synthesis
of DFO-derivatives ™ Variability in spacing was thus realized via
different w-bromoesters 6 (n=1-3).

ChemMedChem 2025, 20, 2202400890 (2 of 9)
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Scheme 1. Synthesis of Fmoc-protected building blocks 10 a—-c and 14.

An additional building block 14 for the synthesis of an OEG-
based analogue of OEGDFO*™#7 was prepared via a similar
route according to Scheme 1b from a commercially available
OEG-bromide 11. All four building blocks 10a-c and 14 were
converted via SPS on Wang-Resin preloaded with Fmoc-G-
alanine (15) according to Scheme 2a and b. After acidic
cleavage, the benzyl-protected tetrahydroxamates 18a-¢ and
20 were obtained. Final debenzylation gave the target chelators
3a-cand 4.

The SPS using Wang resin led to reasonably pure crude
products 3a-c and 4 after acidic cleavage. However, relatively
poor yields of the final products were obtained after chroma-
tography. A switch to the slightly more expensive CTC resin
allowed a milder cleavage of products from the resin with 1%
TFA. These milder cleavage conditions lead to lower amounts of
side products and thus easier purification of the protected
chelators 18 (see SI, page 27 for a crude chromatogram). For
18 b, for example, this protocol was scaled to 1 mmol and gave
the target compound 18b on gram scale in 64% vyield after
purification. The same protocol was used to prepare the KUE-
conjugate 24 in 849% overall yield (Scheme 2C). This example
highlights the potential of the solid phase approach for the
assembly of vector-chelator conjugates. Both, the targeting
urea motif (KUE) and the chelator, were synthesized using one
solid phase protocol. This linear assembly of targeting vector
and chelator is particularly attractive for targeting wvectors of
low molecular weight, which are typically accessible by solid
phase synthesis. KUE is a well-known targeting vector for
prostate cancer and was picked as a representative example.”"

Zr*t Chelatlon and Stabillity Tests

All chelators 3 and 4 have quite good water solubility (= 10 mM
at pH 7). Chelation of ipDFO* derivatives 3a-c and 4 with
[®ZrZr** was performed in HEPES buffer (1 M, pH 7) with a
chelator concentration of 100 pM. After the addition of 2.0 MBqg
[**Zr]Zr**, the solution was heated to 40°C and the progress of

© 2024 The Authoris). ChemMedChem published by Wiley-VCH GmbH
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Scheme 2. Synthesis of the target chelators. A) 5P5 of ipDFO* derivatives 3a-c and of the corresponding Zr-complexes.

the corresponding Zr-complex. C) SP5 of the KUE-conjugate 24.

the reaction was monitored by iTLC. This procedure was
performed with different chelator concentrations between
100 uM and 1.35 mM. In each case, full conversion was achieved
after 20 min. [**Zr]Zr-DFO 1 was used as a reference and was
synthesized and analyzed in the same way.

The stability in human serum is an important parameter for
the characterization of complexes with potential medical
applications.

For this, [**ZrlZr-3a-c, [®Zr]Zr-4 and [*ZrlZr-1 (as a refer-
ence) were prepared and 0.1 MBq was added to human serum
(100 wl). No release of [®Zr]Zr** was detected in any of the
complexes confirming complete stability under these condi-
tions (Supporting Information, Figure 539). Therefore, the
ipDFO* derivatives [®ZrlZr-3a-c and [¥Zr]Zr-4 have a high
stability in serum, comparable to other complexes of octaden-
tate Zr-chelators.”**'*% Thys, changing the spacing between
the hydroxamate groups in ipDFO* derivatives [*Zr]Zr-3 a-c and
[*Zr]Zr-4 had no impact on complex stability in human serum
over a period of seven days. A more challenging assay was
therefore needed to reveal the influence of spacing on complex
stability of ipDFO* derivatives [**Zr]Zr-3 a-c and [**Zr]Zr-4. For a
more detailed evaluation, a transchelation assay was performed
with a large excess of EDTA as competing chelator for the
complexes [*Zr]Zr-3a-c and [*®Zr]Zr-4. [*Zr]Zr-1 was used as a
benchmark for comparison. Solutions of the zirconium com-
plexes were prepared as before with the chelators 3a--c, 4 and
DFOB 1 (5 uM) and a [**Zr]Zr** activity of 0.1 MBq per test tube
before treatment with an EDTA solution (5 mM, pH 7). The
samples were heated to 37°C, the identity of [*Zr]Zr-species
and the ligand exchange process was monitored over seven
days by iTLC (Figure 2). The pH value of the test solutions
remained stable (pH 7) during this time.
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Flgure 2. Stability of [**Zr]Zr** -complexes against excess of EDTA. Condi-
tions: chelators 3, 4 or DFOB 1 (5 pM), [FZZr** activity of 0.1 MBq per test
tube, treatment with an EDTA solution (5 mM, pH 7) at 37 °C. [®Zr]Zr-species
and the ligand exchange process was monitored over seven days by ITLC,

Clear differences in complex stabilities were observed for
the tested compounds. Almost all of the tested complexes
showed limited stability under these challenging test conditions
with remaining intact complexes at 49-56% after seven days.
With about 73% of intact [*Zr]Zr-complex after seven days,
only ipDFO* complex [*ZrlZr-3¢ had a significantly increased
stability compared to the reference [“Zr]Zr-1 (Figure 2). It
should be noted that the values for the time dependent
transchelation of [**Zr]Zr-1 are comparable with those obtained
in other studies performed under similar conditions (pH 7, 37°C,
large excess of EDTA or DFOB). 4

It is also notable that the stability of [*ZrlZr-1 (55% intact
complex after seven days) was comparable to that of ipDFO*
derivative [*Zr]Zr-3a (53% intact complex after seven days).
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The corresponding OEG analog [*Zr]Zr-4 also showed a similar
value of 49%. Both compounds are octadentate chelators and
have a spacing of 7 atoms between the hydroxamate groups,
which is two atoms shorter than the spacing in the hexadentate

higher in the radiochemical assay. However, both assays
revealed a high stability of Zr-3c in a competitive experiment
with EDTA excess after 72 h.

natural product DFOB 1. The stability of [*Zr]Zr-complexes
increased with increasing spacer length in ipDFO* derivative
[*Zr]Zr-3b (8 atoms spacing, 56% intact complex after seven
days) and ipDFO*derivative [¥Zr]Zr-3c (9 atoms spacing, 73%
intact complex after seven days). Accordingly, more stable
complexes appear to be formed with a “native” DFOB
hydroxamate spacing of nine atoms compared to a reduced
spacing of eight or seven atoms. This finding is in contrast to
some thermodynamically estimated and semi-empirically calcu-
lated stabilities of other DFOB-analogues.!™ It is, however, in
line with the expected stability trend of DFO-analogues
considering the larger ionic radius of Zr*" compared to Fe'*.
The results of this radiochemical evaluation were also comple-
mented with results from a non-radioactive LC/MS-assay
according to a previously reported protocol.* Test solutions of
complexes with Zr were prepared in HEPES at pH 7 and were
analyzed for intact complexes via LC/MS using a Ciz column
with a H,O/CH,CN + 0.19% formic acid gradient (2-98 % CH,CN).
Figure 3 shows the complex stability of ipDFO* derivative Zr-3c
against 1000fold EDTA and against 300fold DFOB. Zr-1 against
1000fold EDTA was also included here for comparison.

Zr-1 showed a very limited stability in this assay, which is in
good agreement with previous observations in our and also
other laboratories.*'% The Zr-ipDFO* derivative Zr-3¢, in
contrast, showed a very good stability with 100% intact Zr-
complex after 72 h upon treatment with 1000fold excess EDTA.
In the competition assay of Zr-3 ¢ against 300fold DFOB, 40% of
intact complexes were detected after 72 h. The results of the
radiochemical evaluation are not strictly comparable to the LC/
MS-assay, because the concentrations of metal complexes were
significantly higher in the LC/MS assay. It should also be noted
that the excess of the challenging chelator EDTA was much

= 7r-3c vs. 1000fold EDTA
*  Zr-3c vs. 300fold DFOB 1

100 4% 4 Zr-1 vs. 1000fold EDTA P =
L ]

-
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Figure 3. Evaluation of complex stability via LC/MS for complex Zr-3 ¢ and
Zr-1 (Zr-DFOB). Conditions: HEPES buffered solution of complexes at pH 7.
The fate of intact complex was analyzed via LC/MS using a Cg column with a
H;0/CH;CN + 0.1 % formic acid gradient (2-98% CH,CN) after addition of
excess EDTA or DFOB.
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Conclusions

The aim of this study was the comparison of different ipDFO*
derivatives to decipher the impact of hydroxamate spacing on
the stability of Zr complexes. The chelators 3a-c and 4 have
been synthesized by a solid-phase protocol from precursors 10
or 14. The protocol was easily scalable (up to gram quantity)
and gave particularly pure crude products when CTC resin was
employed. The resulting chelators formed stable [*Zr]Zr-
complexes within 20 min. All complexes were completely stable
in human serum at 37°C over seven days. A more challenging
competition assay with large excess of EDTA as a competing
chelator revealed a beneficial effect of long spacing units (9
atoms) separating the hydroxamate groups in isopeptidic DFO
derivatives. Shorter spacers with 7 or 8 atoms led to a decrease
in complex stability. This is in line with the expected stability
trend of DFQ-analogues considering the larger ionic radius of
Zr*" compared to Fe’™. If longer spacings of more than 9 atoms
in isopeptidic DFO analogs have an even higher complex
stability remains to be determined in further studies. The most
stable Zr-complex in this study was formed by ipDFO* 3¢. The
corresponding Zr-complex remained completely intact in com-
petition assays with large excess of EDTA for 72h as
determined by a radiochemical and a non-radicactive method.

Experimental Section

General Information

All reagents and solvents were obtained commercially in required
grades and used without further purification. Dem. H,O was
obtained through purification by PURELAB Classic from ELGA
LabWater. Atmospheric oxygen or moisture sensitive reactions ware
performed under a protective gas atmosphere (N, or Ar). The
progress of reactions were monitored by TLC performed on silica
gel ALUGRAM Xtra SIL G/UV254 (nermal phase) from Macherey-
Nagel. The detection was achieved by UV (A= 254 nm and 364 nm)
or by dipping in ninhydrin selution (1.5 wt% ninhydrin and 2% w/v
glacial acetic acid in n-butanol) and potassium permanganate
solution (KMnQ, (3 g), K:CO5 (20 g}, ag. NaOH (5%, 5 mL) in dem.
H,O (2300 mL)) followed by heating. Reactions with microwave
conditiens were performed by Initiator+ from Biotage with a Robot
Sixty autosampler from Biotage. Silicagel for column chromatog-
raphy carried out by hand was POLYGOPREP 60-80 from Macherey-
Nagel for normal phase. Purifications with automated column
chromatography were performed on the Isolera Prime from the
company Biotage with self-packed cartridges from Machery-Nagel
filled with POLYGOPREP 60-80 silicagel. Separation on reversed-
phase were performed on the puriFlash450 from Interchim with the
cartridges CHROMABOND Flash RS 15, CHROMABOND Flash RS 25
or CHROMABOND Flash RS 80 from the company Macherey-Nagel.
Compound were freeze dried in H,0/CH;CN using the ALPHA 2-4
LDplus system from Martin Christ. The purification via preparative
HPLC was performad on the Pure C-850 FlashPrep system from the
company Biichi with Nucleodur C18 HTeg, 5 um, 250x10 mm from
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Macherey-Nagel. HRMS-ESI-MS  measurements were  parformed
using 6224 ESI-TOF spectrometer coupled with HPLC 1200 series
from Agilent Technologies with a Agilent Zorbax Extend C18,
2.1x50 mm. MNon-HRMS-ESI-MS  measurements were performed
using a Agilent HPLC coupled to the ion trap amaZon SL from
Bruker Daltonic with Macherey-Magel EC Nucleodur C18 Gravity-SB,
5um, 150x4 mm and Macherey-Nagel Nucleodur C18 HTec, 3 pum,
150%4,6 mm. NMR spectra were measured with Avance Ill 600 MHz,
an Avance | 500 MHz, a DRX 500 MHz, an Avance IIl HD 400 MHz, an
Avance Il 400 MHz, an Avance | 400 MHz or a FourierHD 300 MHz
from Bruker Daltonics. The radionuclide ([®*ZrZr*") was purchased
from PerkinElmer, solved in oxalic acid (1 mol/L). The radioTLC
plates were purchased from Agilent Technology, iTLC - SG - Glass
microfiber chromatography paper impregnated with silica gel. To
analyze the radioTLCs a Bioscan, Inc. B-MS-1000 Plate Reader and a
Bioscan, Inc. B-FC-1000 Detector was used.

Following Molecules Were Synthesized According to
Literature Procedures

tert-butyl 4-(benzyloxy)aminobutanoate 7a,"* tert-butyl 4-{benzy-
loxy)(3-(Fmoc)-B-alanine)aminobutancate  9a,*  4-(benzyloxy)(3-
(Fmoc)-B-alaning)aminobutanoate 10a,** O-benzyl protacted ipD-
FO* 18a"" ipDFO* 2a" tert-butyl N&-(((9H-fluoren-9-
ylymethoxy)carbonyl)-N2-(IH-imidazole-l-carbonyl)  lysinate 225
Protocols for the synthesis of 6 b-14 are available in the supporting
information.

Initial Loading of the Resin for the Subsequent Solid Phase
Synthesls and Determination of the Loading Level

Wang resin (2.00 g, maximum loading density according to the
manufacturer: 1.00 mmol/g) was allowed to swell in CH,Cl, (12 mL)
on a shaker for 30 min. It was then rinsed three times with DMF
(3x%6 mL). Fmoc-B-alanine (4 eq., 2.50 g, 8.00 mmol) was dissclved in
DMF (10 mL), mixed with 1-hydroxybenzotriazole (HOBt, 4 eq..
123g, B.00mmol) and cooled to 0°C. DCC (4eq, 1609,
8.00 mmol) was added and the solution was stirred for 15 min at
room temperature. The solution with the HOBt-activated Fmoc-8-
alanine was transferred to the resin and allowed to react overnight
at room temperature with gentle shaking. The reaction solution
was then separated from the Wang resin by filtration and the latter
was washed three times with CH,Cl; (3x6 mL), three times with 2-
propanol (3x6 mL), three times with CH,Cl; (3x6 mL), three times
with 2-propanol (3x6 mL) and three times with MeOH (3x6 mL). The
resin was stored in a desiccator until constant mass was reached.

The loading density of the initial Fmoc-f-alanine on the resin was
determined with a few milligrams of the dry resin according to the
protocol of Merck Biosciences AG, Novabiochem Peptide Resin
Loading Protocols (based on a protocol of M. Gude et al.).*** For
this purpose, the dry resin was swollen in a solution of DMF
containing 2% DBU (2 mL) for 30 min with gentle shaking. The
resulting solution was diluted to 10 mL with CH;CN. 2 mL of this
mixture were diluted to a volume of 25 mL with CH,CN. A blank
was prepared in the same way without the solution coming into
contact with resin. The UV-absorbance of the solutions was
measured at 304 nm in triplicate. Equation (1) was used to
determine the loading density in mmol/g.

mmol/g = (Abs,np.—Abs.¢)x16.4/(mg of resin) 1

The loading density was determined to be 0.69 mmol/g.
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0-Benzyl Protected IpDFO* (18b, Synthesis with Wang Resin)

Fmoc-G-alanine loaded Wang resin (714 mg, loading density:
0.69 mmol/g, synthesis scale: 0.5 mmol) was treated with CH,Cl,
(10 mL) for 30 min. The resin was then rinsed with DMF (3x10 mL).
The subsequent Fmoc deprotection was carried out twice, each
time with a fresh solution of 20% piperidine in DMF (15 mL, 1st:
3 min, 80°C; 2nd: 0.5 min, 80°C), with rinsing steps between and
after the deprotection steps with DMF (3x10 mL). For the subse-
quent coupling, three stock solutions were prepared: monomer
10b (5.17g 10b in 24 mL DMF), DIPEA (3.49 mL DIPEA in 24 mL
DMF) and coupling agent (3.81 g HATU and 1.36 g HOBt in 24 mL
DMF). Solution of monomer 10b (5eq. based on the loading
density of the resin, 6 mL) was mixed with DIPEA solution (10 eq.
based on the loading density of the resin, 6 mL) and coupling agent
solution (5 eq. based on the loading density of the rasin, 6 mL) and
gently stirred for 5min at room temperature to form the active
ester in situ. The active ester solution was then added to the resin
and the microwave assisted coupling step (20 min, 80°C) was
performad. The resin was rinsed with DMF (3x10 mL) after the
coupling. Three more coupling and deprotection cycles were
performed to obtain the O-benzyl protected ipDFO* 18b bound to
the solid phase. After completion of the solid phase synthesis, the
resin was washed with DMF (3x10 mL} and CH,Cl; (3x10 mL) and
stored in a desiccator under vacuum.

To cleave the products from the Wang resin, the dry resin was
placed in a TFA/TIPS/CH,Cl, solution (90:5:5, 10 mL) cooled to 0°C
and was gently shaken for 2 h at room temperature. The solvent
and wvolatiles were removed under reduced pressure. The residue
was coevaporated twice with each 5 mL CH,Cl,. The crude product
was purified by chromatography on RP silica gel (column: Macherey
Nagel, VP 250/10 Nucleodur C18 HTec, 5 pm; gradient: H,O/CH,CN
75:25+0.1% HCO,H to 30:70+0.1% HCO.H v/v). The product
ipDFO* 18b (55 mg, 45 umol, 9% based on the synthesis scale of
0.5 mmol) was obtained as a slightly yellowish, highly viscous oil.
'H-NMR (400 MHz, CDCl3): 6 [ppm]=7.99-7.83 (m, 20H, 14-H, 15-H,
16-H, 28-H, 29-H, 30-H, 42-H, 43-H, 44-H, 56-H, 57-H, 58-H), 5.42-
5.27 (m, 8H, 12-H, 26-H, 40-H, 54-H), 412-4.24 (m, 8H, 11-H, 25-H,
30-H, 53-H), 3.81-3.88 (m, 8H, 4-H, 10-H, 33-H, 47-H), 3.65 (t, =
6.2 Hz, 2H, 61-H), 3.36 (t, =58 Hz, 2H, 60-H), 2.11 (m, 6H, 18-H,
32-H, 46-H), 2.01 (t, "/ = 6.9 Hz, 2H, 3-H), 2.69-2.60 (m, 8H, 7-H, 22-H,
36-H, 50-H), 253 - 2.50 (m, 1H, 61-H), 2.15 - 1.94 (m, 16H, 8-H, 10-
H, 23-H, 24-H, 37-H, 38-H, 51-H, 52-H). *C-NMR (100 MHz, CDCls): &
[ppm] = 174.6 (C17, C31, C45, C59), 173.0 (C6, C19, C32, C45), 171.7
(C2), 133.9 (C13, C27, C41, C55), 129.4 (C15, C29, C43, C57), 1289
(C-15, C30, C44, C58), 1285 (C14, €28, C42, C56), 75.6 (C12, C26,
C40, C54), 44.0 (C11, €25, €39, C53), 35.4 (Co1), 34.9 (C19, C33, C47),
34.8 (C4), 34.8 (C3), 346 (C7, C22, C36, C50), 31.4 (C18, C32, C46),
28.6 (C60), 25.5 (C10, C24, C38, C52), 22.2 (C8, C23, C37, C51). HRMS
(ESD): m/z [M+HI" calc. for CgHgNgDyy: 11946445, found:
1194.6431.

0-Benzyl Protected IpDFO* (18b, Synthesls with CTC Resin)

The synthesis was performed with Fmoc-8-alanine loaded CTC resin
on 1 mmol scale according to the same protocol mentioned above
but with 3 eq. of the monomer 10b, DIPEA and HCTU as a coupling
reagent. Cleavage from the resin was performed with 1% TFA in
(CH,Cl,.The resulting crude product had a purity of = 70% according
to HPLC analysis and was purified by chromatography on RP-silica
gel to give 18b (0.76 g, 64 % yield).
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0-Benzyl Protected KUE-IpDFO* 24

Fmoc-{tBuO)-glutamic acid loaded CTC resin (149 mg, loading
density: 0.67 mmol/g, synthesis scale: 0.1 mmol) was treated with
CH,Cl, (10 mL) for 20 min. The resin was then rinsed with DMF
(3x10 mL). Fmoc deprotection was carried out twice, each time with
a fresh solution of 20% piperidine in DMF (15 mL, 1st: 5 min, rt;
2nd: 3 min, rt), with rinsing steps between and after the
deprotection steps with DMF (3x10 mL). The synthesis of the KUE
targeting vector was achieved by addition of 22 (5eq., 026 g,
0.5 mmol) and DIEA (10 eq., 0.17 mL, 1 mmol) in 3 mL of DMF to
the resin at room temperature while gently agitating for 45 min.
Afterwards the resin was rinsed with 3 x 10 mL DMF and Fmoc
deprotection was carried out as described above. Fmoc-6-amino-
hexanoic acid (5egq, 177mg, 05 mmol), HCTU (5eq., 207 mg,
0.5 mmol) and DIEA (10 eq., 0.17 mL, 1 mmol) were dissolved in
3ImL DMF. After 5 minutes, the solution was added to the resin.
Coupling was performed for 20 minutes with gentle agitation.
Subsequent Fmoc deprotection and rinsing steps were followed by
preparation of three stock solutions: monomer 10b (620 mg 10b in
24 mL DMF), DIEA (0.69 mL DIEA in 24 mL DMF) and coupling
agent (496 mg HCTU in 2.4 mL DMF). Solution of monomer 10b
(3 eq. based on the loading density of the resin, 0.6 mL) was mixed
with DIEA solution (10 eq. based on the loading density of the
resin, 0.6 mL) and coupling agent solution (3 eq. based on the
loading density of the resin, 0.6 mL) and gently stirrad for 5 min at
room temperature to form the active ester in situ. The active ester
solution was then added to the resin and coupling was continued
for 20 minutes at room temperature. The resin was rinsed with DMF
(3x10 mL) after the coupling. Three more coupling and deprotec-
tion cycles were performed to obtain the O-benzyl protected KUE-
ipDFO* bound to the solid phase. After completion of the solid
phase synthesis, the resin was washed with DMF (3x10 mL) and
CH,Cl; (3x10 mL) and stored in a desiccator under vacuum.

To cleave the products from the CTC resin, the dry resin was placed
in a TFA/TIPS/CH,Cl, solution (90:5:5, 10 mL) cooled to 0°C and
was gently shaken for 2 h at room temperature. The solvent and
volatiles were removed under reduced pressure. The residue was
coevaporated twice with each 5 mL CH,Cl,. The crude product was
purified by chromatography on RP silica gel (column: Macherey
Nagel, VP 250/10 Nucleodur C18 HTec, 5 um; gradient: H,0/CH;CN
75:25+0.1% HCOH to 30:70+0.1% HCOH v/v). The product
KUE-ipDFO* 25 (129 mg, 84 umol, 84 % based on the synthesis scale
of 0.1 mmol) was obtained as a slightly yellowish, highly viscous oil.
LC-MS (ESD): m/z [M+H]" cale. for CgH,oN,;0,p 153681, found:
1537.82.

0O-Benzyl Protected IpDFO* (18¢)

Fmoc-B-alanine loaded Wang resin (714 mg, loading density:
0.69 mmol/g, synthesis scale: 0.5 mmol) was treated with CH,Cl,
(10 mL) for 30 min. The resin was then rinsed with DMF (3x10 mlL).
The subsequent Fmoc deprotection was carried out twice, each
time with a fresh solution of 20% piperidine in DMF (15 mL, 1st:
3 min, 80°C; 2nd: 0.5 min, B0°C), with rinsing steps between and
after the deprotection steps with DMF (3 x 10mL). For the
subsequent coupling, three stock sclutions were prepared: mono-
mer 10¢ (5.30 g 10c in 24 mL DMF), DIPEA (3.49 mL DIPEA in 24 mL
DMF) and coupling agent (3.81 g HATU and 1.36 g HOBt in 24 mL
DMF). Solution of monomer 10c (5eq. based on the loading
density of the resin, 6 mL) was mixed with DIPEA solution (10 eq.
based on the loading density of the resin, 6 mL) and coupling agent
solution (5 eq. based on the loading density of the resin, 6 mL) and
gently stirred for 5 min at room temperature to form the active
ester in situ. The active ester solution was then added to the resin
and the microwave assisted coupling step (20 min, 80°C) was
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performed. The resin was rinsed with DMF (3x10 mL) after the
coupling. Three more coupling and deprotection cycles were
performed to obtain the O-benzyl protected ipDFO* 18¢ bound to
the solid phase. After completion of the solid phase synthesis, the
resin was washed with DMF (3x10 mL) and CH,Cl, (3x10 mL) and
stored in a desiccator under vacuum.

To cleave the products from the Wang resin, the dry resin was
placed in a TFA/TIPS/CH,Cl; solution (90:5:5, 10 mL) cooled to 0°C
and was gently shaken for 2 h at room temperature. The solvent
and volatiles were removed under reduced pressure. The residue
was coevaporated twice with each 5 mL CH,Cl,. The crude product
was purified by chromatography on RP silica gel (column: Macherey
Nagel, VP 250/10 Nucleodur C18 HTec, 5 pm; gradient: H,0/CH.CN
75:25+0.1% HCOH to 30:70+0.1% HCO,H vfv). The product
ipDFO* 18¢ (65 mg, 55 umol, 11% based on the synthesis scale of
0.5 mmol) was obtained as a slightly yellowish, highly viscous oil.
TH-NMR (400 MHz, CDCL,): & [ppm] = 7,06-7.82 (m, 20H, 14-H, 15-H,
16-H, 29-H, 30-H, 31-H, 44-H, 45-H, 46-H, 59-H, 60-H, 61-H), 5.37-
5.24 (m, 8H, 12-H, 27-H, 42-H, 57-H), 421-4.04 (m, 8H, 11-H, 26-H,
41-H, 56-H), 3.90-3.75 (m, BH, 4-H, 19-H, 34-H, 49-H), 3.68-3.58 (m,
2H, 64-H), 3.42-3.27 (m, 2H, 63-H), 3.16-3.04 (m, 6H, 18-H, 33-H, 48-
H), 2.96-2.87 (m, 2H, 3-H), 2.66-255 (m, 8H, 7, 22-H, 37-H, 52-H),
2.55-246 (m, 2H, 65-H), 2.13-1.90 (m, 16H, 8-H, 10-H, 23-H, 25-H,
38-H, 40-H, 53-H, 55-H), 1.80-1.63 (m, 8H, 9-H, 24-H, 39-H, 54-H).
*C-NMR (100 MHz, CDCL,): & [ppm] = 1762 (C62), 175.0 (C6), 174.8
(C17, C32, C47), 1729 (C21, C36, C51), 171.6 (C2), 134.0 (C13, C28,
C43), 133.9 (C58), 1294 (C14, C29, C44, C59), 128.8 (C16, C31, C46,
C61), 1285 (C15, C30, C45, C60), 75.7 (C12, C27, C42, C57), 443
(C11, C26, C41, C56), 35.4 (C65), 35.3 (C19, C34, C49), 34.9 (C4), 346
(C3), 345 (C7, C22, C37, C52), 31.5 (C18, C33, C48), 28.7 (Ce3), 25.8
(C10, C25, C40, C55), 25.4 (CB, (C23, (38, C53), 24.8 (C9, C24, C39,
C54). HRMS (ESI:: m/z [M-+H]" calc. for CeoHasNsOyz 1250.7071,
found: 1250.7074.

0-Benzyl Protected OEGDFO* with Following Benzyl-
Deprotection (4)

Fmoc-B-alanine loaded Wang resin (250 mg, loading density:
040 mmol/g, synthesis scale: 0.1 mmol) was treated with CH,Cl;
(10 mL) for 30 min. The resin was then rinsed with DMF (3x10 mL).
The subsequent Fmoc deprotection was carried out twice, each
time with a fresh solution of 20% piperidine in DMF (15 mL, 1st:
3 min, 80°C; 2nd: 0.5 min, 80°C), with rinsing steps between and
after the deprotection steps with DMF (3x10 mL). For the subse-
quent coupling, three stock solutions were prepared containing:
monomer (0.95 g 14 in 24 mL DMF), DIPEA solution (1.26 mL DIPEA
in 42mL DMF) and coupling agent solution (1.58 g PyOxim in
36 mL DMF). Monomer 14 solution (4.85 eq. based on the loading
density of the resin, 6 mL) was mixed with DIPEA solution (10 eq.
based on the loading density of the resin, 6 mL) and coupling agent
solution (5 eq. based on the loading density of the resin, 6 mL) and
gently stirred for 5 min at room temperature to form the active
ester in situ. The active ester solution was then added to the resin
and the microwave assisted coupling step (10 min, 80°C) was
performed. The resin was rinsed with DMF (3 x 10 mL) after the
coupling. Three more coupling and deprotection cycles were
performed to obtain the O-benzyl protected OEGDFO* bound to
the solid phase. After completion of the solid phase synthesis, the
resin was washed with DMF (3x10 mL) and CH,Cl, (3x10 mL) and
stored in a desiccator under vacuum.

To cleave the products from the Wang resin, the dry resin was
placed in a TFA/TIPS/CH,Cl, solution (90:5:5, 10 mL) cooled to 0°C
and was gently shaken for 2 h at room temperature. The solvent
and volatiles were removed under reduced pressure. The residue
was coevaporated twice with each 5 mL CH,Cl,. The crude product
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was purified by chromatography on RP silica gel (column: Macherey
Nagel, VP 250/10 Nucleodur C18 HTec, 5 um; gradient: H,O/CHsCN
75:25+0.1% HCOH to 30:70+0.1% HCO,H w/v). The product O-
benzyl protected OEGDFO* (3.5 mg, 3 umol, 3% based on the
synthesis scale of 0.1 mmol) was obtained as a slightly yellowish,
highly viscous oil. HRMS (ESI): m/z [M+H]" cale. for CogHgN:0,q:
1165.5551, found: 1165.5562.

O-benzyl protected OEGDFO* (1eq., 35mg) was dissolved in
MeOH (665 pL), dem. H,0 (140 pL) and mixed with formic acid
(8 uL) and palladium on activated carbon (Pd/C, 10%, 0.25 mg). The
solvent was degassed in vacuo. The reaction vessel was then
flooded with hydrogen. This procedure was repeated twice. The
reaction mixture was stirred under H, atmosphere for 2-3 h at
room temperature. The reaction process was monitored via LC/MS.
The reaction solution was then filtered, the volatile components
were removed under reduced pressure and the residue was
dissolved in 20 mL CH,CN/dem. H,O (1:1) and freeze-dried. After
column chromatography on RP silica gel (column: Macherey Nagel,
VP 250/10 Nucleodur C18 HTec, 5 um; gradient: H,0/CH,CN 75:25
+0.1% HCO,H to 30:70+0.1% HCO,H v/v), the desired product
OEGDFO* 4 (3.1 mg) was obtained. HRMS (ESI): m/z [M+H]" calc.
for CagHseN:014: 805.3673, found: 805.3692.

{pDFO* (3b)

O-benzyl protected ipDFO* 18b (1 eq., 2.4 mg) was dissolved in
MeOH (570 uL), dem. H,0 (120 pL) and mixed with formic acid
(6.5 pL) and palladium on activated carbon (Pd/C, 10%, 0.210 mg).
The solvent was degassed in vacuo. The reaction vessel was then
flooded with hydrogen. This procedure was repeated twice. The
reaction mixture was stirred under H, atmosphere for 2-3 h at
room temperature. The reaction process was monitored via LC/MS.
The reaction solution was then filtered, the volatile components
were removed under reduced pressure and the residue was
dissolved in 10 mL CH,CN/dem. H,O (1:1) and freeze-dried. After
column chromatography on RP silica gel (column: Macherey Nagel,
VP 250/10 Nucleodur C18 HTec, 5 um; gradient: H,O/CH;CN 75:25
+0.1% HCO,H to 30:70+0.1% HCO,H v/v), the desired product 3b
(1.7 mg, 94%) was obtained. "H-NMR (400 MHz, CDCl,): & [ppm] =
3.07-3.89 (m, 8H, 10-H, 20-H, 30-H, 40-H), 3.74 (t, /=64 Hz, 6H, 14-
H, 24-H, 34-H), 3.60 (t, 2H, 4-H), 355 (m, 2H, 44-H), 3.23 {t, Y-
50Hz, 2H, 43-H), 2.02 (t, Y= 64 Hz, 6H, 13-H, 23-H, 33-H), 272 (t,
#J=5.0Hz 2H, 3-H), 255 (t, *J=6.6 Hz, 8H, 7-H, 17-H, 27-H, 37-H),
237 (m, TH, 45-H), 1.97-1.84 (m, 16H, 8-H, 9-H, 18-H, 19-H, 28-H, 29-
H, 38-H, 39-H). "C-NMR (100 MHz, CDCl,): 6 [ppm]=175.2 (C12,
(C22,C32, C42), 1724 (Ch, C16, C26, C36), 47.0 (C10, C20, C30, C40),
35.8 (C44), 355 (C3), 34.9 (C14, C24, C34), 346 (, C7, C17, C27, C37),
31.3 (C13, C23, C33), 285 (C43), 25.0 (C9, C19, C29, C39), 22.0 (C8,
€18, €28, C38). HRMS (ESI): m/z [M+H]* calc. for CiHgNOye:
834.4567, found: 834.4557.

ipDFO* (3¢)

O-benzyl protected ipDFO* 18c (1eq, 1.8 mg) was dissolved in
MeOH (357 uL), dem. H,O (75 pL) and mixed with formic acid (4 uL)
and palladium on activated carbon (Pd/C, 10%, 0.12 mg). The
solvent was degassed in vacuo. The reaction vessel was then
flooded with hydrogen. This procedure was repeated twice. The
reaction mixture was stirred under H, atmosphere for 2-3 h at
room temperature. The reaction process was monitored via LC/MS.
The reaction solution was then filterad, the volatile components
were removed under reduced pressure and the residue was
dissolved in 10 mL CH;CN/dem. H,O (1:1) and freeze-dried. After
column chromatography on RP silica gel (column: Macherey Nagel,
VP 250/10 Nucleodur C18 HTec, 5 um; gradient: H,O/CH;CN 75:25
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+0.1% HCOH to 30:70+ 0.1% HCO,H v/v), the desired product 3¢
(1.2 mg, 94%) was obtained. '"H-NMR (400 MHz, CDCl,): 6 [ppm]=
3.60-3.59 (m, 8H, 11-H, 22-H, 33-H, 44-H), 3.47 {t, *J= 6.5 Hz, 6H, 15-
H, 26-H, 37-H), 3.41 (t, *J=6.8 Hz, 2H, 4-H), 3.28 (t, *J=6.6 Hz, 2H,
48-H), 2.95 (t, 2H, 47-H), 2.75 (t, /=6.5 Hz, 6H, 14-H, 25-H, 36-H),
244 (t, */=6.8 Hz, 2H, 3-H), 2.25 (t, *J=7.1 Hz, 8H, 7-H, 18-H, 29-H,
40-H), 1.75-156 (m, 16 m, 8-H, 10-H, 19-H, 21-H, 30-H, 32-H, 41-H,
43H), 1.38-1.25 (m, 8H, O-H, 20-H, 21-H, 42-H). HRMS (ESI): m/z [M
+H]" cale. for CigHyNgO4: 890.5193, found: 890.5192.

RadloTLC Protocol

The sample was pipetted to the radioTLC plates. After the solvent
was dried, the TLC plate was placed in a TLC chamber with an
aqueous EDTA solution (50 mam, pH 5.5) as eluent.

ZrjZr-3a

A stock solution (1 mm) was prepared by dissolving ipDFO* 3a
(0.69 mg, 0.89 umol) in dem. H,O with 1% DMSO (885 pL). This
stock solution (25 pL) was mixed with HEPES buffer (250 uL) and
[®ZZr*" (5 MBq in 5pul) was added. The solution was gently
shaken at 40°C. The complexation was monitored via radioTLC.

Zr]Zr-3b

A stock solution (1 mm) was prepared by dissolving ipDFC* 3b
(0.86 mg, 1.07 pmol) in dem. H,O with 1% DMSO (1066 pL). This
stock solution (25 pL) was mixed with HEPES buffer (250 uL) and
[®ZZr*" (5 MBq in 5pul) was added. The solution was gently
shaken at 40°C. The complexation was monitored via radioTLC.

[Zr]Zr-3c

A stock solution (1 mm) was prepared by dissolving ipDFO* 3¢
(1.00 mg, 1.12 pmol) in dem. H,O with 1% DMSO (1124 pL). This
stock solution (25 pL) was mixed with HEPES buffer (250 uL) and
[®ZZr*" (5 MBq in 5pul) was added. The solution was gently
shaken at 40°C. The complexation was monitored via radioTLC.

[*Zr]Zr-4

A stock sclution (1 mm) was prepared by dissolving OEGDFO* 4
(3.1 mg, 3.85 pmol) in dem. H,O with 1% DMSO (3830 pL). This
stock solution (25 pL) was mixed with HEPES buffer (250 uL) and
[®ZZr** (5 MBq in 5pul) was added. The solution was gently
shaken at 40°C. The complexation was monitored via radioTLC.

[ZrjZr-1

A stock solution (1 mMm) was prepared by solving commercially
purchased DFOB mesylate (0.81 mg, 1.23 pmol) in dem. H,O with
1% DMSO (1230 pL). For the complexation the stock solution
(25 ul) was mixed with HEPES buffer (250 uL) and [*ZrZr*" (5 MBq
in 5uL) was added. The solution was gently shaken at 40°C. A
complete complexation was checked via radioTLC.

[*Zr]Zr-Complex Stability in Human Serum

An aliquot of the stock solution (1 mm Chelator in dem. H,0 +1%
DMSO, 25 pul) was added to HEPES buffer (1m, pH7, 250 pL).
[®ZZr** (5 MBq in 5pL) was added and the solution was gently
shaken at 40 °C for 20 min. The complex solution (11 pl) was added
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to human serum (100 pl) and was incubated for seven days at
37°C. Triplicate samples were analyzed daily by adding a mix of ice-
cold ethanol (75 pL) and acetonitrile (300 ulL). After centrifugation
(13000 rpm for 10 min) the supernatant was decanted and analyzed
via radioTLC.

Radioactive Competitions Studies Agalnst 1000 fold Excess of
EDTA Via RadloTLC

An aliquot of the stock solution (1 mm chelator in dem. H,0 +1%
DMSO, 40 uL) was added to HEPES buffer (1m, pH7, 400 pL).
[®Zr]Zr** (10 MBq in 15 pl) was added and the solution was gently
shaken at 40°C for 20 min. The complex solution (10 puL with
approx. 0.1 MBq) was added to an EDTA solution (10 mm, 100 pL)
and was incubated for seven days at 37°C. Triplicate samples were
analyzed daily via radioTLC.

Zr-2c: ipDFO* 3¢ (1 eq., 1.20 mg, 1.35 pmol) was dissolved in HEPES
Puffer (2 mm, pH 7, 1 mL) and Zr(acac), (3 eq., 4.5 umol, 4 mL HEPES
(2 mM, pH 7)) was added. After stirring over night at room temper-
atur, the complete transfer of ipDFO* 3c to Zr-ipDFO* was
confirmed by LC/MS. The HEPES-solution containing the Zr-complex
was used without further purification for the complex stability tests.
HRMS (ESI): m/z [M+H]" calc. for Cy;Hg;NgO,,Zr: 976.3927, found:
976.3954.,

Non-Radloactive Competitions Studies Against 1000 fold
Excess of EDTA or 300 fold Excess of DFOB Via HPLC-MS

A solution of Zr-3¢ (1.35 pmol in 5 mL HEPES buffer (2 mm, pH 7))
was diluted with HEPES buffer (2 mm, pH 7, 130 mL) to create a
stock solution (135 mL, 10 pm). An aliquot of this solution (1 mL
with 0.01 pmol Zr-3 ¢) was added to an EDTA solution (0.5 mL with
10 pmol EDTA in HEPES buffer (2 mm, pH 7)) or to a DFOB solution
(0.5 mL with 3 umol DFOB in HEPES buffer (2 mm, pH 7)). Triplicate
samples were analyzed twice a day via HPLC-MS over a period of
three days. The integral of the EIC was used to quantify the
complexes in the samples.
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6. Critical summary and Outlook

By implementing both solution-phase and solid-phase synthetic strategies, this work provides
access to a versatile class of modular molecules that hold significant potential as chelators for
radiometals. In particular, the SPPS approach demonstrated herein stands out due to its rapid,
resource-efficient execution, yielding structurally complex chelators with high purity. While the
achievements of this work - presented across the three associated publications - are
substantial, a critical evaluation of certain aspects is warranted and will be addressed in this

section.

First, the sometimes moderate yields obtained via SPPS are considered, along with the
potential recovery and reuse of monomers, which were employed in five-fold excess during
the synthesis. In addition, limitations encountered in the HPLC-MS-based non-radioactive
assay are discussed. Furthermore, the observed discrepancies in Zr complex stabilities, which

appear to correlate with the spacing between hydroxamic acid units, are critically examined.

Although this work focused specifically on the design of highly functionalizable chelators for
897r, the modular framework presented here can be adapted for use with other hard, oxophilic
cations relevant to PET or SPECT imaging. Beyond medical imaging, potential applications for
these chelators may extend into other fields. For example, they could be immobilized on solid-
phase matrices and deployed as cross-linked beads in wastewater systems, functioning as
molecular sponges for the selective removal of valuable cations. While originally proposed in
a light-hearted context, this concept illustrates the broader utility and adaptability of these tailor-

made chelators.

6.1 Solid Phase Peptide Synthesis

When evaluating the yields obtained via solid-phase peptide synthesis (SPPS), it becomes
apparent that they remain relatively low, ranging from 9% to 26%. The exact reasons for this
limited efficiency could not be conclusively identified. Initially, the low yield was attributed to
the demanding coupling step between O-benzyl-protected hydroxylamine and the activated
carboxylic acid on the solid support, which was considered a major bottleneck. To investigate
this hypothesis, a modified solution-phase coupling strategy was explored using acid chloride
49 and O-benzyl-protected hydroxylamine 48, as described in Section 5.2. Figure 18 illustrates
this approach, tracing the synthesis from coupling through to the final monomer to provide an

overview of the process.
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Figure 18: Reaction of an O-benzyl-protected hydroxylamine with an acid chloride with subsequent deprotection of
the tert-butyl ester.

This alternative strategy shown in Figure 18 avoided the challenging on-resin hydroxamate
coupling by introducing pre-formed monomers, allowing the subsequent SPPS to proceed via
conventional peptide couplings between amines and carboxylic acids. Nevertheless, even this
streamlined approach - comprising only four standard double coupling steps - resulted in post-
purification yields of merely 9% to 13%. These findings suggest that additional issues, possibly
related to synthetic conditions or purification inefficiencies, are contributing to the overall low

yield and merit further investigation.

To further explore this issue and simultaneously demonstrate the scalability of the synthesis,
an SPPS was conducted (Section 5.2) using 2-chlorotrityl chloride (CTC) resin in place of
Wang resin. As outlined in Section 3.2, the CTC linker exhibits significantly higher acid lability
compared to the Wang resin, allowing cleavage with 1 —5 % TFA in CH,CI, for 1 minute,
instead of the standard 90 — 95 % TFA in CH,CI, for 1 — 2 hours using TIPS as scavenger.
This modified cleavage protocol resulted in a yield of 64 % after purification via semipreparative
HPLC. These results indicate that the high TFA concentration and prolonged exposure times

during cleavage from Wang resin likely cause partial degradation of the synthesized structures.

Furthermore, as shown in the reaction scheme, monomers such as 50 - prepared via acid
chloride coupling - contain a tert-butyl ester that was subsequently cleaved using 50 % TFA in
CH,CI, for 2.5 hours, yielding the corresponding free acid 51. While no intermediate
purification was carried out between coupling and deprotection, overall yields of 60 — 65 %
were obtained over the two steps. This yield is relatively low. Taken together, these findings
strongly suggest that the improved vyield observed with CTC resin is directly related to the
milder cleavage conditions, and that the harsh TFA-based cleavage employed with Wang resin

may lead to product degradation.

Although the initial choice of Wang resin was based on the intention to perform harsh on-resin

deprotection reactions, future experiments should carefully align the resin and linker selection
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with the specific synthetic goals. Optimizing this choice will be essential to improve yield and

reproducibility in upcoming studies.

In the SPPS conducted in this work, each coupling step typically involved the use of five
equivalents of both the monomer and the coupling reagent. This stoichiometry results in
exceptionally poor atom economy, raising concerns about the overall sustainability and
efficiency of the synthetic process. To partially address this limitation, a series of experiments
were undertaken to recover and potentially reuse the excess monomers. Successful recovery
would enable their reapplication in subsequent syntheses, thereby improving the atom

economy and reducing material waste.

Most of the coupling reactions employed PyOxim® 43 as the activating agent. For the monomer
recovery process, the dimethylformamide (DMF) used in the reaction mixture was first removed
under reduced pressure. The resulting residue was then redissolved in dichloromethane
(CH,CIl,), and the organic phase was washed with 1 M hydrochloric acid. This washing step
aimed to remove excess DIPEA, hydrolyze any remaining active esters or unused coupling
reagent, and ensure protonation of the unreacted carboxylic acids to retain them in the organic

phase. The organic solvents were subsequently evaporated under reduced pressure.

Attempts to purify the crude residue by silica gel chromatography were unsuccessful. All
collected fractions contained a high proportion of phosphoric acid amides, the by-product when
using 43, which significantly hindered isolation of the desired monomer. To circumvent this
challenge, several hydrolysis strategies were explored to cleave the phosphoric acid amide
into pyrrolidinium and phosphate under acidic conditions. One such strategy employed a
biphasic system of CH,Cl, and 1 M HCI with vigorous stirring. However, even at elevated HCI
concentrations, no conversion was observed. Similarly, an attempt using acetonitrile (CH;CN)
with para-toluenesulfonic acid (PTSA) and a small amount of demineralized water also failed
to produce any discernible conversion. Reaction progress was monitored via 3'P-NMR

spectroscopy, confirming the lack of successful hydrolysis.

Despite the lack of success in these preliminary attempts, the concept of monomer recovery
remains a promising avenue for improving the sustainability and cost-effectiveness of SPPS-
based syntheses. Future investigations should continue to pursue this goal by optimizing both
chemical and physical conditions to enable the efficient recovery and reuse of valuable building

blocks.
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6.2 Non-radiocactive Stability Assay

Several challenges arose during the implementation of the HPLC-MS-based stability assay.
During complexation with Zr**, an ion exchange takes place in which four protons (H*) are
displaced, resulting in an increase in the pH of the reaction medium. Potential transmetallation
processes involving ipDFO* and competing chelators such as EDTA or DFOB further influence
the solution's pH. These pH shifts were considered in the assay design and mitigated through
the use of HEPES buffer, with all buffered solutions adjusted to pH 7 to simulate physiologically

relevant conditions. Figure 19 illustrates the structure of an ipDFO* chelator with a seven-atom

linker between hydroxamic acid units under these conditions.
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Figure 19: Zr- ipDFO* complex with a spacing of seven atoms between the hydroxamates.

Molecular structure 52 does not provide straightforward sites for simple protonation. The
solvents used in the HPLC-MS analysis were 0.1 % formic acid in demineralized water and
0.1 % formic acid in acetonitrile, yielding a pH of approximately 2.8 in the aqueous phase. In
order to generate sufficient signal intensity in electrospray ionization mass spectrometry (ESI-
MS), a net molecular charge other than zero is required. To enable detection as [M+H]* ions,
carboxylic acid groups can be protonated. The B-alanine moiety has a pKa of 3.55; however,
in structure 52, the nitrogen is present as an amide rather than a free amine. Due to the
electron-withdrawing nature of the amide, it is likely that the effective pKa is somewhat

elevated. Taking these factors into account, the assay was designed to ensure detection of the
complexes as [M+H]" ions.

Nonetheless, very low signal intensities were occasionally observed. The analyte showed

retention on the Cis-column used, suggesting that the buffered environment at pH 7 was
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entirely displaced during elution. A key factor in these experiments was the use of a 1000-fold
excess of EDTA. Although EDTA exhibited negligible retention on the column, it produced
significant peak tailing. Furthermore, the EDTA concentration approached the upper limit of the
detector’s tolerance, with total ion chromatogram (TIC) intensities in the range of 10°. This was
necessary because the target analyte had to be detected at concentrations three orders of
magnitude lower, corresponding to TIC intensities of 104—10°, far below optimal sensitivity. As
the analyte signal often coincided with the EDTA tailing, ion suppression due to ESI-MS cannot
be entirely excluded. Despite these limitations, the measurements exhibited reasonable

consistency, permitting their use in data evaluation.

As an alternative to the HPLC-MS-based non-radioactive stability assay, a UHPLC approach
using a high-performance diode-array detector (DAD) was explored. Previous experiments
indicated that the ipDFO* chelators exhibit a UV absorption maximum near 225 nm,
attributable to the hydroxamate functional groups. While signals corresponding to Zr-ipDFO*
complexes were successfully detected, no signal was observed for Zr-DFOB complexes. This
may be attributed to the ability of the Zr-DFOB complex to adopt a range of configurations at
pH 7, which likely results in variable and inconsistent retention behavior on the hydrophilic
interaction chromatography (HILIC) phase.['%? This signal blurring is further exacerbated by
dynamic equilibrium processes, ultimately preventing detectable signals. Figure 20 supports

this hypothesis with an illustration from the literature depicting Zr-DFOB speciation across
different pH values.
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Figure 20: Distribution of individual species of Zr-DFOB-Complexes. Solid lines: binuclear species. Dashed lines:
mononuclear species. Dash-dot lines: Zr** hydroxo species.['9%
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Unfortunately, the UHPLC-UV/Vis approach did not yield reliable results. Signal intensities
decreased rapidly over the course of the assay, compromising analytical reliability. As with the
HPLC-MS method, EDTA peak tailing remained problematic. In addition, quantification via
signal integration was hampered by baseline instability, resulting in data discrepancies.
Nonetheless, the method shows promise. With careful optimization - including solvent
selection, gradient adjustment, and choice of a column capable of achieving better signal
separation - the UHPLC-based assay could serve as a viable alternative to the HPLC-MS
method. A major advantage of this technique is that detectors in UV/Vis-based systems are
not as easily overwhelmed by high concentrations, thereby allowing for increased analyte

concentrations as long as no adverse chemical interactions occur.

6.3 Comparability of stability assays in the literature

In order to contextualize the results of the complex stability assays within the existing literature,
a detailed analysis of previously reported assays was conducted. Sixteen publications were
identified that investigated the complex stability of DFO 7, DFO* 8, and their analogs using
competitive assays.!152 194-156.158-162,165-166, 174, 193-196] Tghle 5 summarizes the analytical methods

employed and the experimental parameters selected.
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Tabelle 5: Overview of the methods and parameters of the competition experiments found in the literature regarding the complex stabilities of DFOB and DFO* analogs. Colored
areas are comparable experiments within this evaluation due to similar parameters.

Publication Method Chelator Competitive | Ratio Chelator to Temperature pH Intact
Concentration Chelator competitive [°C] DFOB-
Chelator complex
Allott 20171151 iTLC 10 mM EDTA 100 37 °C 7 66 % (7 d)
Sarbisheh 2020(¢%] iTLC 0.02 mM EDTA 100 37 °C 5-8 (0.5 steps) | 16 % (7 d)
Sarbisheh 2023[16"] iTLC 0.02 uM EDTA 100 37 °C 6.5and 7.0 76 % (7 d)
Salih 2022062 iTLC 0.022 mM EDTA 1000 37 °C 7 35 % (7 d)
Raavé 2019!"%8 iTLC 0.1 mM EDTA 1000 37 °C / 50 % (7 d)
Outzen 2025!"%4 iTLC 0.5 uM EDTA 1000 37 °C 7 55 % (7 d)
Guerard 20140174 iTLC 0.028 mM EDTA 1750 37 °C 7.4 50 % (7 d)
Guerard 2017119 iTLC 0.8 mM EDTA 2000 rt 6-8 /
Brandt 2020!"9¢! iTLC 0.5 uM DTPA 10 000 rt 6 /
100 000
Rudd 2016!"%% iTLC 0.1 mM EDTA 500 50 °C 7 /
0.96 mM
Patra 2014152 Radio-HPLC 0.28 uyM DFOB 300 and 3000 rt 7.3 /
Seibold 201716 Radio-HPLC 0.01 mM EDTA 100, 1000, 9000 rt 7
Brown 2020154 HPLC-MS 0.06 mM EDTA 160 and 1600 rt 7.4 /
Outzen 2023193 HPLC-MS 0.04 uM EDTA 1000 rt 7 /
Tieu 20171168l HPLC-MS / EDTA 1800 / 7 /
Adams 201701%% / / EDTA 1000 / / /
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Various analytical methods were employed across these publications, including radiochemical
iTLC, radio-HPLC, and HPLC-MS. The concentration of the chelator under investigation
ranged from 10 mM to 0.02 uM in the iTLC assays, and from 0.01 mM to 0.04 uM in the HPLC-
based assays. In most assays, EDTA was used as the competing chelator; however, in one
case DFOB and in another DTPA was employed. The ratio of the chelator under investigation
to the competing chelator varied between 100 and 100,000. Of the 16 experiments conducted,
7 were performed at 37 °C, while the others were carried out at room temperature or, in one

instance, at 50 °C. Most experiments were conducted at a pH of 7.

In assessing the suitability of the methodologies with regard to comparability, only two
comparable groups could be identified (highlighted in blue and green in Table 5). Beside of the
used chelator concentration, both groups used DFOB 7 as a reference chelator under
investigation, employed iTLC as the analytical method, utilized EDTA as the competing
chelator, and conducted the experiments at 37 °C and pH 7. The only difference between the
two groups lies in the ratio of DFOB 7 to EDTA: 1:100 and 1:1000. Nevertheless, significant
discrepancies in the results are evident. For the group using a 100-fold excess of EDTA, the
percentage of intact 3Zr-DFOB complexes remaining after seven days was reported as 16%,
66%, and 76%. Similarly, for the group using 1000-fold excess of EDTA, values of 35%, 50%,
and 55% were observed. No correlation with the applied DFOB 7 concentration could be
identified.

This analysis clearly demonstrates that comparisons between the different publications must
be approached with great caution. Given the extent of variation observed for a single
compound (DFOB), it is hardly possible to draw meaningful conclusions regarding the
comparability of different compounds. Ultimately, these experiments only allow for a relative
assessment of DFOB or DFO* analogs within the context of a single assay, using a reference
compound such as DFOB as a benchmark—absolute comparisons across studies are not

supported by the data.

6.4 Structural and conceptual discussion of discrepancies in stability results

Finally, the initially contradictory results from the paper in section 5.1 and the paper in section
5.3 should be addressed. In the first publication, a non-radioactive HPLC-MS stability assay
was used to show that increased complex stability occurs with a smaller spacing between the
hydroxamic acids. In the results from the third paper in section 5.3, the exact opposite was

shown in a radioactive stability assay.
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Considering the structures 53 and 54 that were used, there are some obvious structural
differences that could have contributed to these different results. As a comparison, Figure 21

shows the corresponding compounds with eight atoms between the hydroxamic acids.
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Figure 21: Zwitterionically modified tBu-ipDFO* chelator 53 and isopeptide ipDFO* chelator 54, both with a spacing
of eight atoms between the hydroxamic acids.

The most striking structural difference is the zwitterionic side chains in 53, which are not
present in 54. These could have a protecting effect, whereby interactions with the solvent or
the competing reagent in 53 could be reduced. A second difference is the free terminal
carboxylic acid in 54. In 53, the C-terminus is still protected by a tert-butyl ester. The free acid
could serve as an additional complexation site in energetically unfavored states. Whether or
not this is conducive to Zr complexation overall, however, would have to be investigated in
experiments. It should also be noted at this point that a complete turnaround of the above-
mentioned stability results is difficult to explain based on structural differences. This would
mean that the structural differences lead to an effect that ensures that the previously more

unstable spacing becomes the more stable spacing.

In addition to the structural differences, the concept of the assay is also different. The non-
radioactive assay is based on quantitative complexation of the chelators with zirconium. The
addition of excess EDTA therefore results in an exactly 1000-fold higher concentration of the
competing chelator compared to the Zr complex present. The situation is different for the
radioactive assay. For practical reasons, all chelator molecules present are never quantitatively
complexed with 8Zr. Only a very small proportion of the chelators are present as %Zr
complexes next to a very large proportion of still free chelators. The molecular number of 82Zr

introduced cannot be determined due to the nature of radioactive decay. The design of the
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experiments is based solely on radioactive activity. However, the number of competing agents
to be added is still determined by the total amount of chelator analyte. As a result of this
procedure, EDTAs present in a 1000-fold excess to the ipDFO* chelators, but in a much higher
excess of corresponding 8Zr-ipDFO* complexes. It cannot be assumed that the shift in
transmetallation at the beginning is the same when the competing chelator is added, because
the free analyte chelators now compete with the competing chelator for the &Zr. From this point
of view, it is already a state at the beginning of the radioactive assay that is only reached later
in the non-radioactive assay under the assumption that the EDTA is so much in excess that
the proportion that is then present in a Zr complex is negligibly small. Depending on the actual
number of 89Zr, this state would be in a range in which transmetallation would take place much

slower than at the beginning of the non-radioactive assay anyway.

Whether the structural differences of the molecules used or the conceptual differences of the
assays carried out or a combination of both lead to the inverse results cannot be conclusively

clarified at this point and further experiments must be carried out to clarify this.

6.5 Outlook

In summary, this work has enabled access to a new class of molecules with significant potential
for clinical diagnostics, particularly in targeted PET imaging and immunoPET, exemplified by
the KuE-ipDFO* construct described in Section 5.2. The newly developed solid-phase
synthesis (SPPS) strategy markedly reduces manual workload and facilitates the generation
of “clickable” derivatives for targeted conjugation. The synthetic approach presented in this
thesis demonstrates strong potential for full automation and exhibits robustness under
conditions amenable to scale-up. The chelators introduced herein possess high flexibility for
adaption to a variety of novel applications. Furthermore, the studies conducted have shown
that Zr** complexation can be fine-tuned to improve the stability of these chelators for future
clinical applications. Ideally, this enhanced stability may beneficially avoid the in vivo release

of radioactive #Zr during patient imaging.

One recurring issue in the synthesis workflow was the hydrogenolytic deprotection of O-benzyl-
protected hydroxamic acids. This was performed under a hydrogen atmosphere using
palladium on activated carbon (Pd/C 10%) as a heterogeneous catalyst. If the reaction
proceeded for too long, a partial reduction of hydroxamic acids to amides was observed,
necessitating strict monitoring of the reaction’s progression. Notably, the reaction kinetics were
varied significantly across experiments, with some trials showing no detectable conversion.
This was particularly evident for AZA derivatives and zwitterionic ipDFO* analogues, which

posed considerable challenges in achieving complete conversion. Additionally, when an
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excessive amount of Pd/C was used (e.g., ~1.5 mg Pd/C per 10 mg substrate), no recoverable

product or starting material could be obtained.

Literature reports suggest that certain functional groups or structural motifs - especially non-
polar or aromatic moieties - tend to adsorb strongly onto carbon-based supports.l'®-1%1 Even
positively charged species such as protonated anilines at low pH have been shown to undergo
significant adsorption under such conditions. Given these findings, it is plausible that the DFOB
and DFO* analogues synthesized in this study may also exhibit adsorption to the catalyst
surface, thereby impeding reaction efficiency. In addition, possible interactions between free
hydroxamic acids and palladium ions must be considered. Although no definitive conclusions
could be drawn from the experimental work conducted thus far, further investigation into
alternative catalytic systems is warranted. Suitable candidates for such future studies may
include Pd/Al,Os, Pd/SiO,, and PtO,.

From a basic research perspective, crystallographic analysis of Zr complexes formed with
these chelators represents a promising avenue. To date, no crystal structures of Zr-DFOB, Zr-
DFO*, or their analogues have been reported. Successful implementation would require stable
complexes with limited conformational flexibility to enable uniform crystal formation. This
reinforces the relevance of further structural optimization of the chelators not only for practical

applications, but also to facilitate fundamental insights into Zr coordination chemistry.

From an application-oriented point of view, the development of a fully solid-phase synthesized
PET tracer would represent a compelling future goal. The strategy outlined in Section 5.2 for
the synthesis of a KuE-ipDFO* derivative already demonstrates feasibility in this direction,
although future applications may involve greater complexity. A plausible objective would be the
complete solid-phase synthesis of a more advanced construct such as PSMA-617, equipped
with a modular linker and an optimized Zr-chelator featuring functionalizable side chains.
Crucially, this would entail performing both the palladium-catalyzed O-benzyl deprotection and
the copper-catalyzed azide-alkyne cycloaddition directly on-resin. Such an approach could
allow the resin to function simultaneously as a purification scaffold for removing residual heavy
metals. This feature would be particularly advantageous in a GMP-compliant synthesis for

clinical-grade radiopharmaceuticals.
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Figure S8. "C-NMR spectrum of compound 7.
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Figure $10. >C-NMR spectrum of compound 8.

1

{' Ju :
ooy

I’J. 1I 5 ;-v 1L‘1.‘3 lllll 5"‘\ : HIU ! 85 : .'JI.U r:.s To DI.S y a0 55 50 4.5 - 40 35 ER A'I.S : R-D 1'.5 10 'Jl.s g (L) II).

fL (ppm)
Figure S11. "H-NMR spectrum of compound 9.
i 3 iz BLEERGAS fRiE g E
; | e b

o 1'| ;' BRI

0 210 200 190 180 170 163 150 140 130 120 1o 100 a0 1y A £l n in
FL {ppm)

102



8. Appendix

WILEY-VCH

Figure S12. "C-NMR spectrum of compound 9.
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Figure S14. PC-NMR spectrum of compound 10.
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Figure $16. “C-NMR spectrum of compound 12.
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Figure $19. “C-NMR spectrum of compound 13.
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Figure $22. "C-NMR spectrum of compound 14a.
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Figure S24. *C-NMR spectrum of compound 15a.
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Figure 26. *C-NMR spectrum of compound 14b.
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Figure S28. C-NMR spectrum of compound 15b.
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Figure $30. "C-NMR spectrum of compound 14c.
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Figure $32. "C-NMR spectrum of compound 15¢c.
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Figure 534. *C-NMR spectrum of compound 14d.
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Figure 536. “C-NMR spectrum of compound 15d.

LC/MS data for unprotected zwitterionic chelators
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Figure S44. HPL C-chromatogram (Anal. HPLC: Nubiéodw' Cg HTec EC, 150 x 10 mm 1D, 5 um,

» 5:95 + 0.05% HCO.H, 15 min, 0.2 mL/min; tg = 15.0 min) and

H>O/CH3CN 98:2 + 0.05% HCOzH
MS(ESI)-spectra of 17d.
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Evaluation of Zr-complexes

Exemplary transchelation assay of Zr-17a with 1000 fold excess of EDTA: The complex Zr-
17a was dissolved in Milli-Q water (500 pL). EDTA solution (100 pL, 1000-fold excess,
0.0432 mM) was added. The pH of the solution was adjusted to pH =7 by adding HCl(aq)
(0.05 M) and the solution was stored at room temperature. AfterOh, 2 h, 8 hand 24 h, 15 UL
of the solution were analyzed by HPLC-MS (ESI, positive mode). The amount of intact Zr
complex was determined by integration of peaks in the EIC (extracted ion chromatogram) for
[M + 3H]*, [M + 2H + Na]** and [M + 2H]**. HPLC: NUCLEODUR C1s HTec EC, 150 x 10 mm
ID, 5 pm particles, H2O/CHaCN 98:2 + 0.05% HCO2H — 5:95 + 0.05% HCOzH, 15 min,

0.2 mL/min.
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Figure S45. Total ion chromatogram (TIC, blue) and extracted ion chromatogram (EIC, red) for the
tranchelation assay of Zr-17a challenged with a 1000-fold excess of EDTA at pH 7. EIC using the most
abundant Zr-isotope peaks of Zr-1¥a (855.7002; 856.0339; 856 3684, 856.7017; 857.0355; 857.3687;
857.7016; 858.0355; 1283.0415; 1283.8427; 1284.0447; 1284.5447; 1285.0435; 1285.5450;
1286.0455; 1266.5444; +0.01).
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Figure S46. Extracted ion chromatograms for the transchelation assay of _Zr—1 7a challenged with a
1000-fold excess of EDTA at pH 7. Aliquots were taken after 0 h (red), 2 h (green), 8 h (blue) and 24 h
(pink). EIC using the most abundant Zr-isotope peaks of Zr-17a (855.7002; 856.0339; 856.3684;
856.7017,; 857.0355; 857 3687, 857.7016; 858.0355; 1283.0415; 1283.5427; 1284.0447; 1284.5447;
1285.0435; 1285.5450; 1286.0455; 1286.5444; +0.01).
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Figure S47. Exfr;cted ion chrorl;i'arogmms forufhe fmnsche#;n’on assay of _Zr—f 7a chaﬂe.r‘??r;d with a
300-fold excess of DFOB at pH 7. Aliquots were taken after O h (red), 2 h (green), 8 h (blue) and 24 h
(pink). EIC using the most abundant Zr-isotope peaks of Zr-17a (855.7002; 856.0339; 856.3664;
856.7017; 857.0355; 857 3687, 857.7016; 858.0355; 1283.0415; 1283.5427; 1284.0447; 1284.5447;

1285.0435; 1285.5450; 1286.0455; 1286.5444; +0.01).
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8.1.2 Mixed Liquid and Solid Phase Synthesis of Isopeptidic Desferrioxamine
Analogues for Complexation of Zirconium
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General Information

All reagents and solvents were obtained commercially in required grades and used without
further purification. Dem. H20O was obtained through purification by PURELAB Classic from
ELGA LabWater. Atmospheric oxygen or moisture sensitive reactions were performed under a
protective gas atmosphere (N2 or Ar). The progress of reactions were monitored by TLC
performed on silica gel ALUGRAM Xtra SIL G/UV254 (normal phase) from Macherey-Nagel.
The detection was achieved by UV (A =254 nm and 364 nm) or by dipping in ninhydrin solution
(1.5 wt% ninhydrin and 3% v/v glacial acetic acid in n-butanol) and potassium permanganate
solution (KMnOs4 (3 g), K2CO3(20 g), ag. NaOH (5%, 5 mL) in dem. H20 (300 mL)) followed by
heating. The ozonolysis reaction was performed on the 500AF ozone generator by enaly and
on the Laboratory Ozonizer 301.7 by Erwin Sander. Reactions with microwave conditions were
performed by Initiator+ from Biotage with a Robot Sixty autosampler from Biotage. Silicagel for
column chromatography carried out by hand was POLYGOPREP 60-80 from Macherey-Nagel
for normal phase. Purifications with automated column chromatography were performed on
the Isolera Prime from the company Biotage with self-packed cartridges from Machery-Nagel
filled with POLYGOPREP 60-80 silicagel. Separation on reversed-phase were performed on
the puriFlash450 from Interchim with the cartidges CHROMABOND Flash RS 15,
CHROMABOND Flash RS 25 or CHROMABOND Flash RS 80 from the company Macherey-
Nagel. Compound were freeze dried in water/CHaCN using the ALPHA 2-4 | Dplus system from
Martin Christ. The purification via preparative HPLC was performed on the Pure C-850
FlashPrep system from the company Bichi with Nucleodur HTec, 5 pm, 250x10 mm from
Macherey-Nagel. HRMS-ESI-MS measurements were performed using 6224 ESI-TOF
spectrometer coupled with HPLC 1200 series from Agilent Technologies with a Agilent Zorbax
Extend C18, 2.1 x 50 mm. Non-HRMS-ESI-MS measurements were performed using a Agilent
HPLC coupled to the ion trap amaZon SL from Bruker Daltonic with Macherey-Nagel EC
Nucleodur C18 Gravity-SB, 5 pm, 150x4 mm and Macherey-Nagel Nucleodur C18 HTec, 3
um, 150x4.6 mm. NMR spectra were measured with Avance [l 600 MHz, an Avance | 500
MHz, a DRX 500 MHz, an Avance Ill HD 400 MHz, an Avance Il 400 MHz, an Avance | 400
MHz or a FourierHD 300 MHz from Bruker Daltonics.

The following molecules were synthesized according to literature procedures:

2 5-Dioxopyrrolidine-1-yl-4-azidobutanoate 17: [30] and [31].

Fmoc-3-Ala-COCI 11: [32].

52
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Experimental Procedures
tert-Butyl 4-(benzyloxy)aminobutanoate 2

1 Q 58 ?
2
>LOJ3J\/\/NHf
4 B

The tert-butyl 4-bromobutancate 1 (1 eq., 7.00 g, 31.0 mmol) was dissolved with O-benzyl
hydroxylamine (3 eq., 11.6 g, 94.0 mmol, 10.9 mL) and K2COs (3 eq., 13.0 g, 94.0 mmol) in
DMF (120 mL) and stirred for 3 h at 80 °C. The reaction mixture was then mixed with dem.
water (200 mL) and extracted with EtOAc (3 x 150 mL). The combined organic phases were
washed with sat. aq. NaCl (2 x 150 mL) and dried over MgSO,4. The solvent was removed
under reduced pressure and the remaining O-benzyl hydroxylamine was removed by

distillation at 75 °C. The product 2 (7.8 g, 29.4 mmol, 95%) was obtained as a colorless oil.

H-NMR (300 MHz, CDCls): & [ppm] = 7.38 — 7.27 (m, 5H, 10-C, 11-C, 12-C), 4.70 (s, 2H, 8-C),
2.05 (t,3=6.9 Hz, 2H, 6-C), 2.27 (t, >J= 74 Hz, 2H, 4-C), 1.81 (p, 3/ = 7.2 Hz, 2H, 5-C), 1.44
(s, 9H, 1-C).

3C-NMR (75 MHz, CDCls): & [ppm] = 173.2 (C3), 138.4 (C9), 128.9 (C11), 128.8 (C12), 128.8
(C10), 80.6 (C2), 76.7 (C9), 51.7 (C6), 33.6 (C4), 28.5 (C1), 23.4 (C5).

HRMS (ESI): m/z [M+H-tBu]* calc. for CisH2sNOs: 210.1125, found: 210.1130.

tert-Butyl 4-(Fmoc)(benzyloxy)aminobutanoate 3

The tert-butyl 4-(benzyloxy)aminobutanoate 2 (1 eq., 7.80 g, 294 mmol) was dissolved in

CH2Cl2 (210 mL), treated with DIPEA (2 eq., 7.60 g, 58.8 mmol, 9.99 mL) and cooled to 0 °C.

FmocCl (1.1 eq., 8.36 g, 32.3 mmol) was dissolved in CH2Cl», cooled to 0 °C and added slowly

to the first solution. The resulting reaction mixture was stirred at 0 °C for 3 h, then washed with

HCI (1 M, 3x 120 mL) and sat. ag. NaCl (2 x 120 mL) and dried over MgSQO.. The solvent was
S3
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removed under reduced pressure to give the title compound 3 (15.5 g) as a colorless oil. The

crude product was used without further purification.

TH-NMR (500 MHz, CDCl3): 6 [ppm] =7.75 (d, *J=7.6 Hz, 2H, 19-H), 7.63 (d, >/ =7.6 Hz, 2H,
2H, 16-H), 742 — 7.28 (m, 9H, 9-H, 10-H, 11-H, 17-H, 18-H), 471 (s, 2H, 7-H), 4.61 (d,
*J=6.3Hz, 2H, 13-H), 427 (t, 2J=6.3Hz, 1H, 14-H), 3.43 (t, 3/ =7.1 Hz, 2H, 6-H), 2.18 (t,
3J=T75Hz, 2H, 4-H), 1.82 (p, *J=7.3 Hz, 2H, 5-H), 1.43 (s, 9H, 1-H).

B3C-NMR (126 MHz, CDCls): & [ppm] = 172.4 (C3), 157.3 (C12), 143.9 (C15), 141.5 (C20),
135.4 (C8), 129.4 (C10), 128.7 (C11), 128.6 (C9), 127.9(C18), 127.3 (C19), 125.1 (C17), 120.1
(C16), 80.4 (C2), 77.1 (CT), 67.4 (C13), 49.2 (C6), 47.5 (C14), 32.8 (C4), 26.2 (C1), 22.7 (C5).

HRMS (ESI): m/z [M+Na]* calc. for CapHasNOs: 510.2251, found: 510.2250.

4-Fmoc-(Benzyloxy)aminobutanoate 4

tert-Butyl 4-(Fmoc)(benzyloxy)aminobutanoate 3 was dissolved with TIPS (5eq., 24 .36 g,
153 .8 mmol, 33.46 mL) in CH2Cl2 (90 mL). Afterwards TFA (90 mL) was added at 0 °C. The
reaction mixture was stirred for 3 h at room temperature. CHzClz and TFA were removed under
reduced pressure and the resulting residue was coevaporated three times with CHzClz
(3 x 20 mL). After column chromatography on silica gel (2% methanol in CHz2Clz), the product

4 (9.6 g, 22.25 mmol, 69% over two steps) was obtained as a slightly yellowish oil.

TH-NMR (600 MHz, CDCls): & [ppm] =7.75 (d, *J=7.5 Hz, 2H, 18-C), 7.62 (d, >J = 7.5 Hz, 2H,
15-C), 740 (t, *J =7 .5Hz, 2H, 17-C), 7.36 — 7.22 (m, 7TH, 8-C, 9-C, 10-C, 16-C), 4.69 (s, 2H,
6-C), 463 (d, /=62 Hz, 2H, 12-C), 4.26 (t, >/ = 6.2 Hz, 1H, 13-C), 3.42 (t, >/ = 6.9 Hz, 2H,
5-C),2.28 (t, 3%/ =74 Hz, 2H, 3-C), 1.81 (p, 3/ =7.1 Hz, 2H, 4-C).

3C-NMR (151 MHz, CDCls): & [ppm] = 178.4 (C2), 157.2 (C11), 143.7 (C14), 1414 (C19),
135.2 (C7), 129.3 (C9), 128.6 (C10), 128.5 (C8), 127.8 (C17), 127.2 (C18), 125.0 (C16), 120.0
(C15), 77.0 (C6), 67.3 (C12), 48.8 (C5), 47.3 (C13), 30.9 (C3), 22.1 (C4).

HRMS (ESI): m/z [M+H]* calc. for CagHasNOs: 432.1806, found: 432.1816.

sS4
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tert-Butyl 4-(benzyloxy)(3-(Fmoc)-B-alanine)aminobutancate 12

For the formation of the acid chloride 11 Fmoc-B-alanine (1.52 eq. 6.97 g, 22 4 mmol) was
dissolved und nitrogen atmosphere in abs. CH2Clz (330 mL), cooled to 0 °C and catalytic
amounts of DMF (2 — 3 drops) were added. Ice cold thionyl chloride (7.6 eq., 13.32q,
118.9 mmeol, 8.12 mL) was added over a period of 10 min and the solution was stirred for 3 h
at room temperature. The volatile components were removed under reduced pressure. The
residue was coevaporated twice with CH2Clz. The slightly yellow residue was dissolved under
nitrogen atmosphere in abs. THF (35mL) and was cooled to 0°C. tfert-Butyl 4-
(benzyloxy)aminobutanoate 2 (1 eq., 3.91 g, 14.8 mmol) was dissolved in abs. THF (45 mL),
mixed with abs. pyridine (3 eq., 3.50 g, 44.3 mmol, 3.57 mL) and cooled to 0 °C. The solution
with the acid chloride was slowly dripped to the solution with the O-benzyl hydroxylamine
derivative. The reaction mixture was stirred for 24 h at room temperature. Subsequently, the
solvent was removed under reduced pressure and the resulting brown oil was dissolved in
EtOAc (200 mL). Afterwards, the solution was washed with HCI (1 M, 3 x 80 mL), sat. aq.
NaHCOs (3 x 80 mL) and sat. aq. NaCl (3 x 80 mL) and dried over Na2SO4. The title compound
(9.78 g) was obtained by removing the solvent under reduced pressure as a slightly yellowish

oil. The crude product was used without further purification.

H-NMR (400 MHz, CDCls): & [ppm] = 7.76 (d, 3 = 7.5 Hz, 2H, 23-C), 7.60 (d, 3/ = 7.4 Hz, 2H,
20-C), 7.43 — 7.26 (m, 9H, 9-C, 10-C, 11-C, 21-C, 22-C), 5.56 (t, *J= 7.1 Hz, 1H, 15-N), 4.79
(s, 2H, 7-C), 4.35 (d, 3J = 7.2 Hz, 2H, 17-C), 4.20 (t, 3J = 7.2 Hz, 2H, 18-C), 3.72 (t, 3/ = 7.1 Hz,
2H, 6-C), 3.48 (t, 2J = 5.9 Hz, 2H, 14-C), 2.63 (t, *J = 5.6 Hz, 2H, 13-C), 2.26 (t, *J = 7.2 Hz,
2H, 4-C), 1.93 (m, 2H, 5-C), 1.44 (s, 9H, 1-C).

©BC-NMR (101 MHz, CDCl3): & [ppm] = 172.3 (C3), 156.5 (C12), 144.1 (C19), 141.4 (C24),
129.6 (C16), 129.4 (C10), 129.2 (C8), 128.9 (C9), 127.8 (C23), 127.1 (C21), 125.3 (C11), 120.1
(C20), 80.6 (C2), 76.4 (CT), 66.8 (C17), 47.3 (C18), 44.7 (C6), 36.4 (C14), 32.8 (C4), 32.7
(C13).28.2 (C1), 22.5 (C5).

HRMS (ESI): m/z [M+H]* calc. for CasH3sN20g: 559.2803, found: 559.2819.

S5
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4-(Benzyloxy)(3-(Fmoc)-B-alanine)aminobutanoate 13

tert-Butyl 4-(benzyloxy)(3-(Fmoc)-B-alanine)aminobutanoate 12 (1 eq., 954 g, 17.1 mmaol)
was dissolved with TIPS (3 eq., 8129, 51.2 mmaol, 11.2 mL) in CH2Clz (50 mL). Afterwards
TFA (50 mL) was added at 0 °C. The reaction mixture was stirred for 3 h at room temperature.
The CH.Cl: and TFA were removed under reduced pressure and the resulting residue was
coevaporated two times with CH2Clz (2 x 10 mL). After column chromatography on silica gel
(9% to 95% EtOAc in pentane), the product 13 (5.19 g, 10.3 mmoal, 70% over two steps) was

abtained as a slightly yellow oil.

H-NMR (400 MHz, CDCls): & [ppm] = 7.75 (d, 3J = 7.4 Hz, 2H, 22-C), 7.59 (d, 3%/ = 7.5 Hz, 2H,
19-C), 7.41 — 7.25 (m, 9H, 8-C, 9-C, 10-C. 20-C, 21-C), 5.61 (1, 3J = 6.5 Hz, 1H, 14-N), 4.78
(s, 2H, 6-C), 4.34 (d, 3J=7.2 Hz, 2H, 16-C), 4.19 (t, 3J = 7.1 Hz, 1H, 17-C}, 3.74 (q, 3J = 6.9 Hz,
2H, 5-C), 3.46 (t, 2J = 5.9 Hz, 1H, 13-C), 2.64 (t, 3J = 5.7 Hz, 2H, 12-C), 2.38 (t, 3J = 7.0 Hz,
2H, 3-C), 1.97 (m, 2H, 4-C).

3C.NMR (101 MHz, CDCL): & [ppm] = 176.7 (C2), 155.5 (C11), 144.1 (C18), 140.0 (C23),
129.4 (C15), 129.3 (C9), 128.9 (C7), 127.8 (C8), 127.8 (C22), 127.2 (C20), 125.3 (C10), 120.1
(C19), 76.5 (C6), 66.9 (C16), 47.3 (C17), 44.4 (C5), 36.4 (C13), 32.8 (C3), 31.0 (C12), 22.1
(C4).

HRMS (ESI): m/z [M+H]* calc. for CasHaoN20s: 503.2177, found: 503.2188.

tert-Butyl N-Boc-allylglycine ester 21
1 >Q o ,
OW
g Hﬂ\FrO 10
fe) \]< 1
A solution of Boc-L-allylglycine 14 (1.0 eqg., 10.0 g, 46.5 mmol) and tBuOH (5.0 eq., 232 mmol,
22mL) in dry CH2Clz (50 mL) was cooled to 0 °C. Subsequently, DCC (1.1eq., 105 g,

51.1 mmol) and DMAP (0.1 eq., 568 mg, 4.65 mmol) were added in portions and the solution

was stirred to room temperature for 14 h. The colorless precipitate was filtered and the solvent
S6
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was removed under reduced pressure. After purification by column chromatography on silica
gel (n-pentane/EtOAc, 3:2 v/v), the product 21 (11.0 g, 40.4 mmol, 87%) was obtained as a

yellow ail.

TH-NMR (500 MHz, CDCls): & [ppm] = 5.70 (ddt, 3J = 16.4 Hz, 3J= 10.7 Hz, 3J= 7.2 Hz, 1H,
6-C), 5.12 (m, 2H, 7-C), 5.04 (d, 3J = 8.2 Hz, 1H, 8-N), 4.25 (dt, 3J = 8.2 Hz, 3J = 5.7 Hz, 1H,
4-C), 2.49 (m, 2H, 5-C), 1.45 (s, 9H, 1-C), 1.43 (s, 9H, 11-C).

13C.NMR (101 MHz, CDCls): & [ppm] = 132.7 (C6), 118.9 (C7), 53.5 (C4), 37.2 (C5) 28.5 (C11),
28.2 (C1).

HRMS (ESI): m/z [M+Na]* calc. for CisH2sNO4: 294 1676, found: 294 1670,

tert-Butyl 2-(N-Boc)-4-oxobutanoate 15

tert-Butyl N-Boc allylglycine ester (1.0 eq., 109 g, 40.0 mmol) was dissolved in CHzClz
(100 mL) and the solution was cooled to -78 °C. Gaseous ozone was then passed through the
solution as a reactant. After complete consumption of the starting material (detected by TLC),
oxygen was passed through the solution for 30min to remove excess OZone.
Triphenylphosphine (1.2 eq., 12.7 g, 46 4 mmaol) was then added in portions and the reaction
mixture was stirred at room temperature for 18 h. The volatiles were removed under reduced
pressure and the resulting triphenylphosphine oxide was precipitated in a mixture of cold n-
hexane/diethyl ether (20 mL, 1:1 w/v). The precipitate was filtered and the solvent was removed
under reduced pressure. After column chromatographic purification on silica gel (n-
pentane/EtOAc, 9:1 viv), the product 15 (5.52 g, 10.2 mmol, 51%) was obtained as a colorless

oil.

TH-NMR (500 MHz, CDCl3): & [ppm] = 9.73 (s, 1H, 6-C), 5.36 (d, 3J = 8.1 Hz, 1H, 7-N), 4.47
(m, 1H, 4-C), 2.97 (qd, 3J = 18.0 Hz, 3J = 5.2 Hz, 2H, 5-C), 1.4 (s, 9H, 1-C), 1.43 (s, 9H,
10-C).

BC-NMR (131 MHz, CDCls): & [ppm] = 199.6 (C6), 170.1 (C3), 155.5 (C8), 82.3 (C2), 80.2
(C9), 49.4 (C4), 46.5 (C5), 28.4 (C1), 28.0 (C10).

HRMS (ESI): m/z [M+Na]” calc. for CiaH2aNOs: 296.1468, found: 296.1457.
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tert-Butyl 2-(N-Boc)-4-(benzyloxy)aminobutanoate 16

12

The starting compound fert-butyl 2-(N-Boc)-4-oxobutanoate 15 (1.0 eq., 540 g, 19.8 mmol)
was dissolved in dry MeOH (40 mL) and O-benzyl hydroxylamine (1.2 eq., 2.8 mL, 24 mmal),
dissolved in dry MeOH (10 mL), was added dropwise. After complete consumption of the
starting matenal (detected by TLC), the reaction solution was cooled to 0 °C. A NaCNBH;
solution in THF (2.0 eq., 40 mL, 1.0 M, 40 mmaol) was added and the pH was adjusted below
a value of 3 with conc. hydrochloric acid for 30 min while stirring at room temperature. After
further 30 min, the volatiles were removed under reduced pressure, the white residue was
suspended in H20 (50 mL) and a pH of 9 was adjusted by adding an aq. KOH solution (0.5 M).
The aqueous phase was extracted with CH2Cl> (3 x 50 mL), the combined organic phases
were washed with H.O (75 mL) and sat. NaCl solution (75 mL) and dried over anhydrous
Na,SO4. After filtration, the solvent was removed under reduced pressure and the product was
dried under high vacuum. The product 16 was obtained as a colorless oil {(7.43 g, 19.5 mmol,
999%).

H-NMR (600 MHz, CDCl3): & [ppm] = 7.34 (m, 5H, 10-C, 11-C, 12-C), 5.67 (s, 1H, N-7), 5.36
(d, 3J=8.1Hz, 1H, N-13), 4.71 (s, 2H, 5-C), 4.25 (td, 3J = 8.2 Hz, 3J=4.7 Hz, 1H, 4-C), 3.00
(m, 2H, 5-C), 2.08 (m, 1H, 6-C), 1.78 (m, 1H, 6-C), 1.46 (s, OH, 1-C), 1.44 (s, 9H, 16-C).

13C.NMR (151 MHz, CDCls): & [ppm] = 171.9 (C2), 155.7 (C14), 138.0 (C9), 128.6 (C11), 128.5
(C10), 128.0 (C12), 82.0 (C2), 79.8 (C15), 76.4 (C8), 52.6 (C4), 48.5 (C6), 30.4 (C5), 28.5
(C1), 28.1 (C16).

HRMS (ESI): m/z [M+Na]* calc. for CooHs2N20s: 403.2203, found: 403.2202.

S8
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tert-Butyl 2-(N-Boc)-4-(benzyloxy)(3-(Fmoc)-B-alanine)amincbutanoate 22

fert-Butyl 2-(N-Boc)-4-(benzyloxy)aminobutanoate 16 (1.0eq., 7.30g, 19.2 mmol) was
dissolved in dry THF (50 mL) and dry pyridine (3.0 eq., 4.64 mL, 57.6 mmol) was added at
0 °C. The acid chloride 11 was synthesized as described in the synthesis for 12. 11 (1.5 eq,
9.50 g, 28.8 mmol) in dry THF (40 mL) was added dropwise to the reaction solution of 16 and
stirred for 17 h at room temperature. The solvent was removed under reduced pressure and
the brown residue was suspended in EtOAc (100 mL). The organic phase was purified with
ag. HCI (1M, 2x 75 mL), sat. NaHCOs (2 x 75 mL) and washed with sat. NaCl solution
(50 mL). The organic phase was dried over anhydrous Na:2S0s, filtered and the solvent was
removed under reduced pressure. After column chromatography on silica gel (n-
pentane/EtOAc, 9:1 viv), the product 22 (9.98 g, 14.8 mmol, 77%) was obtained as an orange

solid.

TH-NMR (400 MHz, CDCls): & [ppm] = 7.75 (d, 3J = 7.4 Hz, 2H, 26-C), 7.59 (d, 3J = 7.5 Hz,
2H, 26-C), 7.36 (m, 9H, 12-C, 13-C, 14-C, 24-C, 25-C), 5.64 (sbr, 1H, 5-N), 5.19 (d,
3J =84 Hz, 1H, 18-N), 4.49 (s, 2H, 10-C), 4.34 (m, 2H, 20-C), 4.21 (m, 1H, 4-C), 4.21 (m, TH,
21-C). 3.75 (sbr, 2H. 17-C), 3.48 (m, 2H, 16-C), 2.61 (m, 2H, 9-C), 2.15 (m, 1H, 7-C), 1.93 (m,
1H, 7-C), 1.45 (s, 9H, 1-C), 1.44 (s, 9H, 8-C).

13C-NMR (101 MHz, CDCls): 5 [ppm] = 173.8 (C15), 173.6 (C3), 156.6 (C19), 155.6 (C6), 144.2
(C22). 141.4 (C27), 134.0 (C11), 129.4 (C13), 129.3 (C14), 128.9 (C12), 127.8 (C25), 127.2
(C26). 125.3 (C24), 120.1 (C23), 82.4 (C10), 80.0 (C2), 76.5 (C7), 66.9 (C10), 59.6 (C20), 52.1
(C21). 47.4 (C4), 41.8 (C7), 36.4 (C17), 32.9 (C16), 29.8 (C9), 28.5 (C1), 28.1 (C8).

HRMS (ESI): m/z [M+Na]* calc. for CasHarN2Os: 696.3255, found: 696.3273.
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2-(N-(4-Azidobutyric acid))-4-(benzyloxy)(3-(Fmoc)-B-alanine)aminobutanoate 18

tert-Butyl  2-(N-Boc)-4-(benzyloxy)(3-(Fmoc)-B-alanine)aminobutancate (1 eq., 107 mg,
0.16 mmol) was dissolved in a mixture of TFA/CH2Clz (2mL, 1:1 v/v), then TIPS (2.0 eq.,
0.07 mL, 0.32 mmol) was added and stirred for 3 h at room temperature. The volatiles were
removed under reduced pressure. The residue was suspended in CHzCl2 (10 mL) and again
removed under reduced pressure. This procedure was repeated three times to obtain a mixture
of deprotected 22 and the corresponding tert-butyl ester as a colorless solid. The mixture
(163 mg) was dissolved in dry CH2Clz2 (2 mL) and dry DIPEA (0.08 mL, 0.48 mmol) was added.
The active ester 17 (1.2 eq. calculated from the starting compound used, 45 mg, 0.2 mmol)
was added to the reaction solution. After stirring for 1 h at room temperature, the volatiles were
removed under reduced pressure and the residue was coevaporated three times in CHzClz
(5 mL). After column chromatography on RP silica gel (RP C18, H:2O/MeCN 95:5 + 0.1%
HCO:zH to 5:95 + 0.1% HCO:zH v/v), the product 18 (38 mg, 0.06 mmol, 38%) was obtained as

a colorless solid after freeze-drying.

TH-NMR (400 MHz, CDCls): & [ppm] = 7.75 (d, 3J = 7.4 Hz, 2H, 27-C), 7.57 (d, 3J = 7.6 Hz,
2H, 24-C), 7.32 (m, 9H, 13-C, 14-C, 15-C, 25-C, 26-C), 6.79 (d, 3J = 7.5 Hz 1H, 4-N), 5.78 (1,
3J=6.3 Hz, 1H, 19-N), 4.80 (s, 2H, 11-C), 4.60 (q, 3J = 6.9 Hz, 1H, 3-C), 4.31 (m, 2H, 21-C),
4.16 (t, 3J=7.2 Hz 1H, 22-C), 3.89 (m, 1H, 18-C), 3.62 (m, 1H, 18-C), 3.46 (m, 2H, 6-C), 3.30
(t, 3J = 6.7 Hz, 2H, 17-C), 2.68 (m, 1H, 10-C), 2.56 (m, 1H, 10-C), 2.31 (t, 3J = 7.3 Hz, 2H,
9-C), 2.22 (m, 1H, 8-C), 2.08 (m, 1H, 8-C) 1.89 (m, 2H, 7-C).

B3C-NMR (101 MHz, CDCls): & [ppm] = 174.6 (C2), 173.2 (C5), 172.6 (C16), 156.8 (C20), 144.1
(C23), 141.4 (C28), 133.8 (C12), 129.5 (C15), 120.4 (C14), 129.0 (C13), 127.8 (C26). 127.2
(C27), 125.2 (C25), 120.1 (C24), 76.5 (C11), 66.9 (C21), 50.8 (C8), 50.1 (C3), 47.3 (C22), 42.1
(C10), 36.7 (C18), 33.1 (C6), 32.8 (C17), 29.7 (CT), 24.7 (C9).

HRMS (ESI): m/z [M+Na]" calc. for CasH2sNsO7: 651.2538, found: 651.2579.
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ipDFO* 10
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To remaove the benzyl protecting groups, 9 (1 eq., 10 mg, 8.8 pymol) were dissolved in methanaol
(1.9mL) and dem. Water (0.4 mL) and mixed with formic acid (22 pL) and palladium on
activated carbon (Pd/C, 10%, 0.7 mg). The solvent was brought to reflux under reduced
pressure. The reaction vessel was then flooded with hydrogen. This procedure was repeated
twice. The reaction mixture was stirred under H» atmosphere for 3 h at room temperature. The
reaction solution was then filtered, the volatile components were removed under reduced
pressure and the residue was dissolved in CHsCN/dem. H.O (1:1 w/v) and freeze-dried. After

freeze-drying, the product 10 (6.1 mg, 7.9 pmol, 90 %) was obtained as a colorless solid.
HRMS (ESI): m/z [M+H]* calc. for CaiHseNgO1a: 778.3941, found: 778.3948.

Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm, H20/CH=CN 5:95 + 0.1% HCOzH to
955 + 0.1% HCO:zH, 14 min, 0.3 mi/min): {r = 2.8 min.
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Solid Phase Synthesis
0O-Benzyl-protected ipDFO* 9
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Synthesis for the formation of ipDFO* 9 using 4 and Fmoc-B-alanine (Scheme 1B);

The unloaded Wang resin (1.00 g, maximum loading density according to the manufacturer:
1.00 mmol/g) was allowed to swell in CH2Clz (6 mL) on a shaker for 30 min. It was then rinsed
three times with DMF (3 x 6 mL). Fmoc-2-Alanine (4 eq., 1.25 g, 4.00 mmol) was dissolved in
DMF (10 mL), mixed with 1-hydroxybenzotriazole (HOBt, 3 eq., 0.46 g, 3.00 mmol) and cooled
to 0 °C. DCC (4 eq., 0.83 g, 4.00 mmol) was added and the solution was stirred for 15 min at
room temperature. The solution with the HOBt-activated Fmoc-£-alanine was transferred to
the resin and allowed to react overnight at room temperature by gentle shaking. The reaction
solution was then separated from the Wang resin which was washed three times with CHzClz
(3 x 6 mL), three times with 2-propanol (3 x 6 mL), three times with CH2Clz2 (3 x 6 mL), three
times with 2-propanol (3 x 6 mL) and three times with methanol (3 x 6 mL). The resin was

stored in a desiccator until constant mass was reached.

The loading density of the initial Fmoc-Z-alanine on the resin was determined with a few
milligrams of the dry resin according to the protocol of Merck Biosciences AG, Novabiochem
Peptide Resin Loading Protocols (based on M. Gude et al., Lett. Pept. Sci., 2002, 9, 203).53
For this purpose, the dry resin was swollen in a solution of DMF with 2% DBU for 30 min with
gentle shaking. The resulting solution was diluted to 10 mL with CH3CN. Of this, 2 mL was
diluted to 25 mL with CH3CN. A blank was prepared in the same way without the solution
coming into contact with resin. The absorbance of the solutions was measured at 304 nm. A
triple determination was carried out. Equation (1) was used to determine the loading density in

mmaol/g.

mmal _ (AbSsample-AbScontrell) - 16.4
o] mg of resin

(h

The loading density was determined to be 0.48 mmaol/g.
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The synthesis on the solid phase was carried out in repeating cycles. One cycle consists of
the cleavage of the Fmoc protecting group of the amine or O-benzyl hydroxylamine of the
amino acid bound to the solid phase. Subsequently, the coupling of an active ester of the
subsequent amino acid to the released amine or O-benzyl hydroxylamine takes place. The
Fmoc deprotection steps, the coupling steps and the masking of unreacted O-benzyl
hydroxylamines with an acetic anhydride solution during the solid phase synthesis took place
under microwave conditions. The liquid phase of each step was separated from the resin via

filtration before the subsequent step.

The Wang resin initially loaded with Fmoc-Z-alanine (200 mg, loading density: 0.48 mmol/g,
synthesis scale: 0.1 mmol) was initially swelled in CH>Cl> (6 mL) for 30 min. The resin was
then rinsed with DMF (3 x 10 mL). The subsequent Fmoc deprotection was carried out twice,
each time with a fresh solution of 20% piperidine in DMF (5 mL, 1st: 3 min, 80 °C; 2nd: 0.5 min,
80 °C), with rinsing steps between and after the deprotection steps with DMF (3 x 10 mL). For
the subsequent coupling, 4 (5 eq. based on the loading density of the resin, 2 mL (from 2.16 g
4 in DMF (20 mL))) was mixed with DIPEA (10 eq. based on the loading density of the resin,
2 mL (from 3.5 mL DIPEA in DMF (40 mL))) and PyOxim (5 eq. based on the loading density
of the resin, 2 mL (from 5.27 g PyOxim in DMF (40 mL})) and gently stirred for 5 min at room
temperature to form the active ester in situ. The active ester solution was then added to the
resin and two consecutive coupling steps (1.2 20 min, 80 °C; 2. 10 min, 80 °C) were carried
out, each with fresh solutions. Here also, rinsing steps with DMF (3 x 10 mL) were carried out
between and after the couplings. After these steps, the first cycle to extend the amino acid
sequence by one monomer was complete. The second cycle is similar to the first except for
the exchange of 4 to Fmoc-2-alanine. Scale of the coupling steps with Fmoc-Z-alanine:
Fmoc--alanine (5 eq. based on the loading density of the resin, 2 mL (from 1.49 g Fmoc-£2-
alanine in DMF (20 mL))). After the second coupling of Fmoc-£-alanine, the unreacted
O-benzyl hydroxylamines were acetylated with an acetic anhydride solution (1.18 mL acetic
anhydride, 0.55 mL DIPEA, 0.057 g HOBt in DMF (25 mL})) at 65 °C for 3 min under microwave
conditions. The two cycles described were each repeated three more times to obtain the
ipDFO* 8 bound to the solid phase. After completion of the solid phase synthesis, the resin
was washed with DMF (3 x 10 mL) and CH2Clz (3 x 10 mL) and stored in a desiccator under

vacuum.

To separate the products obtained during the solid phase synthesis from the Wang resin, the
dry resin was placed in an ice cold TFA/TIPS/CH2Clz solution (90:5:5, 10 mL) for 2 h and gently
shaken at room temperature. The solvent and volatiles were removed under reduced pressure.
The residue was taken up in CH2Cl> and again removed under reduced pressure. This was

repeated twice to obtain the crude product. Then, the residue was taken up in CH3;CN/dem.
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H20 (1:1) and freeze-dried. The crude product was subsequently obtained as a slightly
yellowish oil (146 mg). After column chromatographic purification on RP silica gel (column:
Macherey Nagel, VP 250/10 Nucleodur C18 HTec, 5 pm; gradient: HoO/CHsCN 25:75 + 0.1%
HCO:H to 70:30 + 0.1% HCO:H v/v), the ipDFO* 9 (30 mg, 26 pmol, 26% based on the

synthesis batch of 0.1 mmol) was obtained as a slightly yellowish, highly viscous oil.

Synthesis for the formation of ipDFO™ 9 using O-benzyl-protected hydroxamic acid-bearing

monomer 13 (Scheme 2B):

The unloaded Wang resin (2.00 g, maximum loading density according to the manufacturer:
1.00 mmol/g) was allowed to swell in CH2Cl2 (12 mL) on a shaker for 30 min_ It was then rinsed
three times with DMF (3x6 mL). The Fmoc-B-alanine (4 eq., 2.50 g, 8.00 mmol) was
dissolved in DMF (10 mL), mixed with 1-hydroxybenzotriazole (HOBt, 4eq., 123qg,
8.00 mmol) and cooled to 0°C. The DCC (4 eq., 1.60¢g, 8.00 mmol) was added and the
solution was stirred for 15 min at room temperature. The solution with the HOBt-activated
Fmoc-B-alanine was transferred to the resin and allowed to react overnight at room
temperature by gentle shaking. The reaction solution was then separated from the Wang resin
by filtration and was washed three times with CH2Clz (3 x 6 mL), three times with 2-propanol
(3 x 6 mL), three times with CHzClz (3 x 6 mL), three times with 2-propanol (3 x 6 mL) and
three times with methanol (3 x 6 mL). The resin was stored in a desiccator until constant mass

was reached.
The loading density was determined as described above to be 0.69 mmol/g.

The synthesis on the solid phase was carried out in repeating cycles. One cycle consists of
the cleavage of the Fmoc protecting group of the amine or O-benzyl hydroxylamine of the
amino acid bound to the solid phase. Subsequently, the coupling of an active ester of the
subsequent amino acid to the released amine or O-benzyl hydroxylamine takes place. The
Fmoc deprotection steps, the coupling steps and the masking of unreacted O-benzyl
hydroxylamines with an acetic anhydride solution during the solid phase synthesis took place
under microwave conditions. The liquid phase of each step was separated from the resin via

a frit before the subsequent step.

The Wang resin (714 mg, loading density: 0.69 mmol/g, synthesis scale: 0.5 mmol) initially
loaded with Fmoc-£-alanine was initially swelled in CH2Clz (10 mL) for 30 min. The resin was
then rinsed with DMF (3 x 10 mL). The subsequent Fmoc deprotection was carried out twice,
each time with a fresh solution of 20% piperidine in DMF (15 mL, 1st: 3 min, 80 °C; 2nd: 0.5
min, 80 °C), with rinsing steps between and after the deprotection steps with DMF (3 x 10 mL).

For the subsequent coupling, 13 (5 eq. based on the loading density of the resin, 6 mL (from
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503 g 12 in DMF (24 mL))) was mixed with DIPEA (10 eq. based on the loading density of the
resin, 6 mL (from 3.49 mL DIPEA in DMF (24 mL))) and HATU/HOBt (5 eq. each based on the
loading density of the resin, 6 mL (from 3.81 g HATU and 1.36 g HOBt in DMF (24 mL))) and
gently stirred for 5 min at room temperature to form the active ester in situ. The active ester
solution was then added to the resin and two consecutive coupling steps (1.0 20 min, 80 °C;
2.2 10 min, 80 °C) were carried out, each with fresh solutions. Here too, rinsing steps with DMF
(3 x 10 mL) were carried out between and after the coupling. After this step, the first cycle to
extend the amino acid sequence by one monomer was completed. Three mare cycles were
performed to obtain the ipDFO* 8 bound to the solid phase. After completion of the solid phase
synthesis, the resin was washed with DMF (3 x 10 mL) and CHzCl2 (3 x 10 mL) and stored in

a desiccator under vacuum.

To separate the products obtained during the solid phase synthesis from the Wang resin, the
dry resin was placed in a TFA/TIPS/CH.CIz solution (90:5:5, 10 mL) cooled to 0 °C for 2 h and
gently shaken at room temperature. The solvent and volatiles were removed under reduced
pressure. The residue was taken up in CH2Cl; and again removed under reduced pressure.
This was repeated twice to obtain the crude product (691 mg). After column chromatographic
purification on RP silica gel (column: Macherey Nagel, VP 250/10 Nucleodur C18 HTec, 5 pm;
gradient: H:O/CH3CN 25:75 + 0.1% HCO-H to 70:30 + 0.1% HCO-H v/v) and subsequent
freeze-drying, the product ipDFO* 9 (71 mg, 62 pmol, 13% based on the synthesis scale of

0.5 mmol) was obtained as a slightly yellowish, highly viscous oil.

H-NMR (600 MHz, CH5CN + D,0): & [ppm] = 8.06 — 7.90 (m, 20H, 12-C, 13-C, 14-C, 25-C,
26-C, 27-C, 38-C, 39-C, 40-C, 51-C, 52-C, 53-C,), 5.47 — 5.34 (m, 8H, 10-C, 23-C, 36-C,
49-C,), 424 (q, %) = 9.7, 8.4 Hz, 8H, 9-C, 22-C, 35-C, 48-C), 3.91 (q, 3J = 11.3, 6.3 Hz, 8H,
4-C, 17-C, 30-C, 43-C,), 3.72 (t, *J = 6.2 Hz, 2H, 56-C,), 3.42 (d, 3J = 6.5 Hz, 2H, 55-C ), 3.19
(t, ®J = 6.9 Hz, 6H, 16-C, 29-C, 42-C,), 2.92 (t, 3 = 7.6, 2H, 3-C,), 2.72 (p, °J = 7.4 Hz, 8H,
7-C, 20-C, 33-C, 46-C,), 2.58 (p, *J = 2.5 Hz, 1H), 2.48 — 2.34 (m, 8H, 8-C, 21-C, 34-C, 47-C,).
13C.NMR (151 MHz, CHsCN + D,0): & [ppm] = 175.0 (C15, €28, C41, C54), 174.3 (C6, C19,
€32, C45), 173.0 (C2), 135.1 (C11, C24, €37, C50), 130.6 (C13, C26, C39, C52), 130.0 (C14,
C27,C40, C53), 129.7 (C12, C25, C38, C51), 76.8 (C10, C23, C36, C49), 45.0 (C9, C22, C35,

C48), 37.2 (C17, C30, C43), 37.0 (C56), 36.1 (C3), 35.8 (C4), 33.7 (C7, C20, C33, C46), 32.7
(C16, C29, C42), 29.9 (C55), 23.7 (C8, C21, C34, CAT).

HRMS (ESI): m/z [M+H]* calc. for CasHraNgO14: 1138.5819, found: 1138.5807.

Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm, H20/CHsCN 5:95 + 0.1% HCO:zH to
955+ 0.1% HCO2zH, 25 min, 0.3 ml/min): tr = 14.7 min.
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0O-Benzyl-protected AZA-ipDFO* 20

Nao
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The unloaded Wang resin (500 mg, maximum loading density according to the manufacturer:

N

1.00 mmol/g) was allowed to swell in CH2Clz2 (6 mL) on a shaker for 30 min. It was then rinsed
three times with DMF (3 x 6 mL). The Fmoc-Z-alanine (4 eq., 663 mg, 2.00 mmal) was
dissolved in DMF (6 mL), mixed with 1-hydroxybenzotriazole (HOBt, 4 eq., 306 mg,
2.00 mmol) and was added to the resin after cooled to 0°C. The DCC (4 eq.., 413 mg,
2.00 mmol) and 4-DMAP (0.1 eq., 6 mg, 0.05 mmol) was added and allowed to react overnight
at room temperature by gentle shaking. After washing with DMF (3 x 6 mL) a capping solution
{acetic anhydride (2.0 eq., 0.1 mL, 1.0 mmaol) and DIPEA (2.0 eq.,1.7 mL, 1.0 mmol) in CHzCI2
{6 mL)) was added to the resin to cap the unreacted and thus free hydroxyl groups on the
resin. After 30 min the resin was separated from the solution by filtration and was washed with
DFM (3 x 8 mL), DMF/CH2CIz (3 x 8 mL, 1:1 v/v) and CH2Cl2(3 x 8 mL). The resin was stored

in a desiccator until constant mass was reached.
The loading density was determined as described above to be 0.41 mmol/g.

The synthesis on the solid phase was carried out in repeating cycles. One cycle consists of
the cleavage of the Fmoc protecting group of the amine or O-benzyl hydroxylamine of the
amino acid bound to the solid phase. Subsequently, the coupling of an active ester of the
subsequent amino acid to the released amine or O-benzyl hydroxylamine takes place. The
Fmoc deprotection steps, the coupling steps and the masking of unreacted O-benzyl
hydroxylamines with an acetic anhydride solution during the solid phase synthesis took place
under microwave conditions. The liquid phase of each step was separated from the resin via

filtration before the subsequent step.

The Wang resin (116 mg, loading density: 0.41 mmaol/g, synthesis scale: 0.5 mmaol) initially
loaded with Fmoc-3-alanine was initially swollen in CH2Clz (10 mL) for 30 min. The resin was
then rinsed with DMF (3 x 10 mL). The subsequent Fmoc deprotection was carried out twice,
each time with a fresh solution of 20% piperidine in DMF (4 mL, 1st: 3 min, 80 °C; 2nd: 0.5
min, 80 °C), with rinsing steps between and after the deprotection steps with DMF (3 x 6 mL).

For the subsequent coupling, 18 (4 eq. based on the loading density of the resin, 1 mL (from
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479 mg 18 in DMF (4 mL))) was mixed with DIPEA (8 eq. based on the loading density of the
resin, 1 mL (from 0.27 mL DIPEA in DMF (4 mL))) and HATU/HOBt (4 eq. each based on the
loading density of the resin, 1 mL (from 290 mg HATU and 117 mg HOBt in DMF (4 mL))) and
gently stirred for 5 min at room temperature to form the active ester in situ. The active ester
solution was then added to the resin and one coupling steps (20 min, 80 °C) were carried out.
Here too, rinsing steps with DMF (3 x 6 mL) were carried out after the coupling. After this step,
the first cycle to extend the amino acid sequence by one monomer was completed. Three more

cycles were performed to obtain the AZA-ipDFO* 19 bound to the solid phase.

To separate the products obtained during the solid phase synthesis from the Wang resin, the
dry resin was placed in a TFA/TIPS/CH2Clz solution (90:5:5, 10 mL) for 2 h and gently shaken
at room temperature. The solution was separated from the resin by filtration and the resin was
repeatedly washed with CH.Cl.. The solvent and volatiles were removed under reduced
pressure. The residue was taken up in CH2Cl> and again removed under reduced pressure.
This was repeated twice to obtain the crude product. After column chromatographic purification
on RP silica gel (column: Macherey Nagel, VP 250/10 Nucleodur C18 HTec, 5 pym; gradient:
H2O/CHCN 70:30 + 0.1% HCO-H to 2:98 + 0.1% HCO-H v/v) and subsequent freeze-drying,
the product 20 (12 mg, 7.3 pmol, 15% based on the synthesis scale of 0.5 mmol) was obtained

as a slightly yellowish, highly viscous oil.
HRMS (ESI): mvz [M+H]* calc. for CasHraNgO14: 1642.7986, found: 1642.7937.

Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm, H20/CH3CN 5:95 + 0.1% HCO:zH to
955+ 0.1% HCOzH, 14 min, 0.3 ml/min): tr = 10.4 min.
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Optimization of coupling conditions for the preparation of O-benzyl protected

hydroxamic acids on the solid phase:

= =

- =
Fmoc-g-Ala
o o coupling reagent
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Unloaded Wang resin (1.01 g, maximum loading density according to the manufacturer:
1.00 mmol/g) was allowed to swell in CH5Cl; (40 mL) on a shaker for 30 min. It was then rinsed
three times with DMF (3 x 10 mL). Compound 4 (4.64 eq., 2.00 g, 4.64 mmol) was dissolved
in DMF (8 mL) and CH2Cl2(5 mL), mixed with 1-hydroxybenzotriazole (HOBt, 3.5 eq_, 537 mg,
3.49 mmol) and was added to the resin after cooling to 0 °C. DCC (4 eq., 954 mg, 4.62 mmol)
was added and allowed to react overnight at room temperature by gentle shaking. After
washing three times with CH2Cl- (3 x 6 mL), three times with 2-propanol (3 x 6 mL), three times
with CH2Cl2 (3 x 6 mL), three times with 2-propanol (3 x 6 mL) and three times with methanol
(3 x 6 mL). the resin was dried in vacuo. The loading density was determined as described

above to be 0.52 mmol/g.

The Wang resin (96 mg, loading density: 0.52 mmol/g, synthesis scale: 0.05 mmaol) loaded with
compound 4 was swelled in CH=Clz (10 mL) for 30 min. The resin was then rinsed with DMF
(3 x 10 mL). The subsequent Fmoc deprotection was carried out twice, each time with a fresh
solution af 20% piperidine in DMF (4 mL, 1st: 3 min, 80 °C; 2nd: 0.5 min, 80 °C), with rinsing
steps between and after the deprotection steps with DMF (3 x 6 mL). For the subsequent
coupling, Fmoc-B-alanine (equivalents see table S1) was mixed with DIPEA (equivalents see
table 51) and coupling reagent (equivalents see table S1) and gently stirred for 5 min at room
temperature. The solution was then added to the resin and coupling was performed under the
conditions specified in table S1. The resin was washed with DMF (3 x 6 mL) after the coupling.
The Fmoc-protecting group was cleaved by 20% piperidine in DMF (4 mL, 1st: 3 min, 80 °C;
2nd: 0.5 min, 80 °C) as described before, with rinsing steps between and after the deprotection
steps with DMF (3 x 6 mL). After washing with CH2Cl2 (3 x 10 mL), the resin was dried in vacuo.
Swollen resin (15 min in CH2Cla) was then placed in a TFA/TIPS/CH2Cl: solution (90:5:5,
10 mL) for 2 h and gently shaken at room temperature. The solution was separated from the
resin by filtration and the resin was repeatedly washed with CH2Cl.. The solvent and volatiles
were removed under reduced pressure. The residue was dissolved in CH2Cl; and the solvent
was again removed under reduced pressure. This was repeated twice. The residue was

dissolved in water and CHsCN was added until a clear solution was observed. The crude
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products were analyzed by quantitative NMR after spiking with a specific amount of fumaric
acid (5 mg, 0.043 mmol).
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Figure 51: Example for the quantification of a crude coupling product spiked with fumaric acid via gNMR. Shown is the gNMR-
spectrum obtained following entry 5 in table 51. This reaction was performed with PyOxim as coupling agent with 5 eq., at
80 °C for 20 min under microwave conditions. The yield was calculated based on resin loading.

Table S1: Different coupling conditions for SPS couplings of a O-benzyl protected hydroxylamine and Fmoc-B-Ala. Yields were
obtained by gqNMR and calculated based on resin loading.

Experiment | Coupling eq. (coupling | Timet Temperature T | n{Product) | Yield
reagent reagent and [min] [*C] [umol] [%]
Fmoc-B-Ala)
1 DIC/HOBt 3 20 80 8.6 20
2 HBTU/HOBt 20 80 13 3
3 HATU/HOAt 5 20 80 10.8 25
4 PyBOP 5 20 80 8.2 19
5 PyOxim 5 20 80 24.1 56
6 BTFFH 5 20 80 no product /
7 Acid chloride 5 20 80 no product /
S19
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8. Appendix

NMR spectra
H NMR of compound 2 (300 MHz, CDCls):
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8. Appendix

H NMR of compound 3 (500 MHz, CDCl5):
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8. Appendix

H NMR of compound 4 (600 MHz, CDCls):
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8. Appendix

"H NMR of compound 9 (600 MHz, CH3;CN + D;0):
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8. Appendix

H NMR of compound 12 (400 MHz, CDClIs):
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8. Appendix

H NMR of compound 13 (400 MHz, CDCl,):
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8. Appendix

H NMR of compound 21 (500 MHz, CDCl3):
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8. Appendix

H NMR of compound 15 (500 MHz, CDCl;):
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8. Appendix

"H NMR of compound 16 (600 MHz, CDCls):
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8. Appendix

"H NMR of compound 22 (400 MHz, CDCls):
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8. Appendix

'H NMR of compound 18 (400 MHz, CDCls):
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8. Appendix

HPLC-MS spectra

HPLC-ESI-MS chromatogram and spectrum of crude product 9 synthesized via SPS
(Scheme 1B)

Anal. HPLC (Macherey-Nagel EC Nucleodur C18 HTec, 3 pm, 150x4 mm, H20/CH3CN 95:5
+0.1% HCOzH to 5:95 + 0.1% HCO-H, 15 min, 0.3 ml/min): fzr = 16.0 min_
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8. Appendix

HPLC-ESI-MS chromatogram and spectrum of crude product 9 synthesized via SPS
(Scheme 2B)

Anal. HPLC (Macherey-Nagel EC Nucleodur C18 Gravity-SB, 5 pm, 150x4 mm, HoO/CH3CN
98:2 + 0.1% HCOzH to 2:98 + 0.1% HCOzH, 12 min, 0.3 ml/min): fr = 12.3 min.
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8. Appendix

HPLC-ESI-MS chromatogram and spectrum of compound 9

Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm, H20/CH3CN 5:95 + 0.1% HCO-H to
95:5 + 0.1% HCO-H, 25 min, 0.3 ml/min): tr = 14.7 min.
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8. Appendix

HPLC-ESI-MS chromatogram and spectrum of compound 10

Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm, H2O/CH3CN 5:95 + 0.1% HCOoH to
955+ 0.1% HCOzH, 14 min, 0.3 ml/min): {r = 2.8 min.
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8. Appendix

HPLC-ESI-MS chromatogram and spectra of compound 20

Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm, H2O/CHsCN 5:95 + 0.1% HCO-H to
955+ 0.1% HCO-H, 14 min, 0.3 ml/min): {r = 10.4 min and 11.77 min.
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8. Appendix

The observed double peak at 10.44 and 10.77 min retention is most likely due to a problem
with our injector system and does not indicate an impurity. We have checked that both peaks
have the same mass spectrum as can be seen from the sprectra above. A double peak is also

observed for the injection peak, which is an additional hint to an injection problem.
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8. Appendix

8.1.3 Isopeptidic Desferrioxamine Analogues: The Role of Hydroxamate Spacing for
Chelation of Zr*
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8. Appendix

Synthesis of precursors
tert-butyl 5-bromopentanoate (6b):

Sle X2
0 3 p H Br
tert-butyl 5-bromopentancate (6b): The w-bromopentanocic acid 5b (1eq., 4.010g,
22.2 mmol) was dissolved in CHzClz (20 mL) and cooled to 0 °C under a nitrogen atmosphere.
Subsequently, fert-butanol (5eq., 110 mmol, 8199, 10.5mL), DMAP (0.1eq., 027 g,
221 mmol) and DCC (1.1 eq., 5.03 g, 24.4 mmol) were added and the solution was allowed
to warm to room temperature while stirring. The reaction mixture was stirred overnight and the
colorless solid was then filtered and washed with CH2Clz. The solvent was removed under
reduced pressure. The product 6b (4.10 g, 17.3 mmol, 78%) was obtained as a colorless ail
after column chromatography on silica gel (n-pentane/EtOAc 9:1). 'H-NMR (600 MHz, CDCla):
8 ppm] =341 (t, =67 Hz, 2H, 7-H), 225 (t, 3J =73 Hz, 2H, 4-H), 1.89 (p, 3/ = 6.7 Hz, 2H,

6-H), 1.73 (p, /=73 Hz, 2H, 5H), 144 (s, OH, 1-H). BC-NMR (125 MHz, CDCl): &
[ppm] = 172.7 (C3), 80.5 (C2), 34.7 (C7), 33.3 (C4), 32.2 (CB), 28.3 (C1), 23.8 (C5).
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8. Appendix

tert-butyl 6-bromohexanoate (6¢c):
1>EOJ?\/S\/?\/ Br
4 [ 8

The w-bromohexanoic acid 5¢ (1 eq., 5.00 g, 25.6 mmol) was dissolved in CH2Cl2 (20 mL) and
cooled to 0°C under a nitrogen atmosphere. Subsequently, fert-butanol (5eq., 9.50 g,
128 mmol, 12.0 mL), DMAP (0.1 eq_, 0.31 g, 2.56 mmol)and DCC (1.1 eq., 582 g, 28.3 mmol)
were added and the solution was allowed to warm to room temperature while stirring. The
reaction mixture was stirred overnight and the colorless solid was filtered and washed with 20
mL CH:Clo. The solvent was removed under reduced pressure. The product 6c (517 g,
20.6 mmol, 80%) was obtained as a colorless oil after column chromatograpy on silica gel (n-
pentane/EtOAc 9:1). "H-NMR (300 MHz, CDCls): & [ppm] = 3.40 (t, °J = 6.8 Hz, 2H, 8-H), 2.22
(t,3J=T7.4Hz 2H, 4-H), 1.86 (m, 2H, 7-H), 1.60 (m, 2H, 5-H), 1.47 (m, 2H, 6-H), 143 (s, 9H,

1-H). *C-NMR (75 MHz, CDCls): & [ppm] = 173.0 (C3), 80.3 (C2), 35.4 (C8), 33.7 (C4), 32.6
(C7), 28.2 (C1), 27.7 (C6), 24.3 (C5).
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8. Appendix

tert-butyl 5-(benzyloxy)aminopentanoate (7b):

1 o]
>[3)J\/Sv?:\ 8
0 a NH
4 4] |
e}

The tert-butyl 5-bromopentanoate 6b (1 eq., 410 g, 17.3 mmol), O-benzyl hydroxylamine
(3 eq., 6.06 g, 49.2 mmol, 5.70 mL) and KoCO3 (3 eq., 6.83 g, 49.4 mmol) were dissolved in
DMF (66 mL) and stirred for 3 h at 80 °C. The reaction mixture was then mixed with dem. H.0O
(200 mL) and extracted with EtOAc (3 x 100 mL). The combined organic phases were washed
with sat. NaCl solution (2 x 100 mL) and dried over MgSO4. The solvent was removed under
reduced pressure and the remaining O-benzyl hydroxylamine was removed by distillation at
75 °C under vacuum. The product 7b (4.3 g, 154 mmol, 89%) was obtained as a colorless oil.
'H-NMR (600 MHz, CDCl3): 6 [ppm] = 7.38 — 7.27 (m, 5H, 11-H, 12-H, 13-H), 4.72 (3, 2H, 9-H),
294t %) =70Hz, 2H,7-H), 222 (t, *J =7 3 Hz, 2H, 4-H), 1.67 —1.51 (m, 4H, 5-H, 6-H), 1.44
(s, 9H, 1-H). *C-NMR (100 MHz, CDCls): & [ppm] = 173.0 (C3), 138.0 (C10), 128.5 (C13),
128.5(C12), 128.0(C11),80.2(C2), 76.4 (C9), 51.8 (C7), 35.5(C4),28.2(C1),26.9(C6),22.8
(C5). HRMS (ESI): n/z [M+H-tBu]* calc. for C1eH2sNOa: 224 1281, found: 224.1268.
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8. Appendix

tert-butyl 6-(benzyloxy)aminohexanocate (7c):

; o 104
>[i J’k/t‘\/r\/riIH
(ol 2
4 [ 8

Tert-Butyl 6-bromohexanoate 6¢ (1 eq., 5.00 g, 20.0 mmol), O-benzyl hydroxylamine (3 eq.,
7.39 g, 60.0 mmol, 6.95mL) and K2CO3 (3 eq., 8.29 g, 60.0 mmol) were dissolved in DMF
(80 mL) and stirred for 3 h at 80 °C. The reaction mixture was then mixed with dem. H20
(240 mL) and extracted with EtOAc (3 x 80 mL). The combined organic phases were washed
with sat. NaCl solution (3 x 80 mL) and dried over MgSQas. The solvent was removed under
reduced pressure and the remaining O-benzyl hydroxylamine was removed by distillation at
75 °C under vacuum. The product 7¢ (4.58 g, 15.6 mmol, 78%) was obtained as a colorless
oil. TH-NMR (600 MHz, CDCls): & [ppm] =7.39 —7.28 (m, 5H, 12-H, 13-H, 14-H), 470 (s, 2H,
10-H), 2.92 (t, /=72 Hz, 2H, 8-H), 2.20 (t, °J = 7.5 Hz, 2H, 4-H), 1.60 (m, 2H, 4-H), 1.56 (m,
2H, 7-H), 1.37 (s, 9H, 1-H), 1.33 (m, 2H, 6-H). *C-NMR (150 MHz, CDClz): & [ppm] = 173.3
(C3), 138.6 (C11), 128.6 (C14), 128.5 (C13), 127.9 (C12), 78.2 (C2), 764 (C10), 52.1 (C8),
356 (C4), 28.3 (C1), 27.2 (C7), 26.8 (CB6), 25.1 (C5). HRMS (ESI): m/z [M+H-{Bu]* calc. for
Ca7H27NO3: 238.1438, found: 238.1428.

56

166



8. Appendix

tert-butyl 5-(benzyloxy)(3-(Fmoc)-B-alanine)aminopentan-oate (9b):
17 18
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Fmoc-£-alanine (1.03 eq. 3.71 g, 11.9 mmol) was dissolved in CHzClz2 (180 mL), cooledto 0 °C
and catalytic amounts of DMF (2 drops) were added. Cold thionyl chloride (5 eq., 7.08 g,
595 mmol, 4.32 mL) was added over a period of 10 min and the solution was stirred for 3 h at
room temperature. The volatile components were removed under reduced pressure. The
residue was coevaporated twice with 20 mL CHzCla. The slightly yellowish residue was
dissolved in abs. THF (20 mL) and cooled to 0 °C. fert-Butyl 5-(benzyloxy)aminopentanoate
Tbh (1 eg., 3.20 g, 11.5 mmol) was dissolved in abs. THF (35 mL), mixed with abs. pyridine
(3eq., 273 g, 34.5mmol, 2.78 mL) and cooled to 0 °C. The solution with the acid chloride was
slowly added to the solution with the O-benzyl hydroxylamine. The reaction mixture was stirred
for 24 h at room temperature. The solvent was removed under reduced pressure and the
resulting brown oil was dissolved in 20 mL EtOAc. The solution was then washed with each
20 mL HCI (1 M), sat. NaHCOs solution and sat. NaCl solution and dried over Na:SQOs. The
product 9b (6.20 g) was obtained after evaporation of the solvent under reduced pressure and
was used without further purification. 'H-NMR (400 MHz, CDCls): & [ppm]=7.76 (d,
3J=76Hz 2H, 24-H), 7.59 (d, 3/ =7 4 Hz, 2H, 21-H), 7.41 —=7.28 (m, 9H, 10-H, 11-H, 12-H,
22-H, 23-H), 5.56 (t, 1H, 16-H), 4.79 (s, 2H, 8-H), 4.34 (d, >J=7.2 Hz, 2H, 18-H), 4.20 (t,
%J=7.2Hz, 1H, 19-H), 3.67 (t, 2H, 7-H), 3.48 (q, /=58 Hz, 2H, 15-H), 2.64 (t, 2H, 14-H),
223 (t, 3J=7.1Hz, 2H, 4-H), 1.71 — 1.57 (m, 4H, 5-H, 6-H), 1.43 (s, 9H, 1-H). *C-NMR
(100 MHz, CDCls): 8 [ppm] = 172.8 (C3), 156.5 (C13), 144.1 (C20), 141.4 (C25), 129.4 (C17),
129.2 (C11), 128.9(C9), 127.8 (C10), 127.2 (C21), 125.3 (C12), 120.1 (C21), 80.4 (C2), 76.5
(C8), 66.8 (C18), 47.3 (C19), 45.2 (CT), 36.5 (C15), 35.1 (C4), 32.8 (C14), 28.2 (C1), 264
(CB), 22.4 (C5). HRMS (ESI): m/z [M+H]* calc. for CasHaN2Og: 573.2959, found: 573.2957.
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tert-butyl 6-(benzyloxy)(3-(Fmoc)-B-alanine)aminohexanoate (9c):

Fmaoc-B-alanine (1.1 eq. 5.69 g, 18.3 mmol) was dissolved in CH2Clz (275 mL), cooled to 0 °C
and catalytic amounts of DMF (2 drops) were added. Cold thionyl chloride (5eq., 109g,
91.4 mmol, 6.64 mL) was added over a period of 10 min and the solution was stirred for 3 h at
room temperature. The volatile components were removed under reduced pressure. The
residue was coevaporated twice with each 20 mL CHz2Cl2. The yellowish residue was dissolved
inabs. THF (25 mL) and cooled to 0 °C. The tert-butyl 6-(benzyloxy)aminohexanoate 7¢ (1 eq.,
4.79 g, 16.3 mmol) was dissolved in abs. THF (50 mL), mixed with abs. pyridine (3 eq., 3.67 g,
48 9 mmol, 3.94 mL) and cooled to 0 °C. The solution with the acid chloride was slowly added
to the solution with the O-benzyl hydroxylamine. The reaction mixture was stirred for 24 h at
room temperature. The solvent was removed under reduced pressure and the resulting brown
oil was dissolved in 100 mL EtOAc. The solution was then washed with each 50 mL HCI (1 M),
sat. NaHCO; solution and sat. NaCl solution and dried over Nas5SQs. The crude product 9¢
(9.70 g) was obtained after evaporation of the solvent under reduced pressure and was used
without further purification. "H-NMR (400 MHz, CDCla): & [ppm] = 7.77 (d, *J = 7.5 Hz, 2H, 25-
H), 7.61(d,*/=7.5Hz 2H,22-H), 7.42 - 7.30 (m, 9H, 11-H, 12-H, 13-H, 23-H, 24-H), 5.49 (t,
3J=61Hz, 1H, 17-H), 479 (s, 2H, 9-H), 438 (d, 3J=7 2 Hz, 2H, 20-H), 421 (t,*J =72 Hz,
1H, 19-H), 3.67 (t, *J=7.1 Hz, 2H, 8-H), 3.50 (q,%/ =59 Hz, 2H, 16-H), 2.65 (t, *J = 5.8 Hz,
2H, 15-H), 222 (t, 3/ =7 4 Hz, 2H, 4-H), 1.72 — 1.46 (m, 4H, 5-H, 7-H), 1.46 (s, 9H, 1-H), 1.38
(m, 2H, 6-H). *C-NMR (100 MHz, CDClz): & [ppm] = 173.1 (C3), 156.5 (C14), 1441 (C21),
141.4 (C26), 129.3 (C18), 129.2 (C12), 129.0 (C10), 127.8 (C11), 127.2 (C22), 125.3 (C13),
120.1 (C24), 80.2 (C2), 76.5 (C9), 66.8 (C19), 47.3 (C20), 45.4 (C8), 36.5 (C186), 35.5 (C4),
32.8 (C15), 28.2 (C1), 26.7 (C7), 26.4 (C5), 24.8 (C6). HRMS (ESI): m/z [M+H]* calc. for
CasHaaN2Og: 587.3116, found: 587.3120.
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5-(benzyloxy)(3-Fmoc)-B-alanine)aminopentancic acid (10b):

o

"

Tert-butyl 5-(benzyloxy)(3-(Fmoc)-2-alanine)aminopentanoate 9b (1 eq., 6.20 g, 10.8 mmaol)
was dissolved in CH2Clz (35 mL) with TIPS (3 eq., 5.13 g, 32.4 mmol, 6.64 mL) and mixed with
TFA (35 mL) at 0 °C. The reaction mixture was stirred at room temperature for 3 h. The volatile
compounds were removed under reduced pressure and the resulting residue was
coevaporated three times with each 20 mL CHzClz. After column chromatography on silica gel
(5 % to 95 % EtOAc in pentane), the product 10b (3.55 g, 6.87 mmol, 60% over two steps)
was obtained as a slightly yellow oil. "TH-NMR (400 MHz, CDCls): 6 [ppm] = 7.75(d, >/ = 7.6 Hz,
2H, 23-H), 7.58 (d, /=7 5 Hz, 2H, 20-H), 740 -7 .28 (m, 9H, 9-H, 10-H, 11-H, 21-H, 22-H),
559 (t, /=63 Hz, 1H, 15-H), 477 (s, 2H, 7-H), 434 (d, 3/=72 Hz, 2H, 17-H), 419 (t,
*J=7.2Hz, 1H, 18-H), 3.67 (d, >J = 7.1 Hz, 2H, 6-H), 3.47 (q, *J= 5.8 Hz, 2H, 14-H), 2.64 (1,
3J=56Hz, 2H, 13-H), 2.35 (t, 3/=7.0Hz, 2H, 3-H), 1.71-1.58 (m, 4H, 4-C, 5-H). *C-NMR
(100 MHz, CDClz): 8 [ppm] = 178.2 (C2), 156.6 (C12), 144.1 (C19), 141.4 (C24), 129.4 (C16),
129.3 (C10), 1289 (C8), 127.8 (C9), 127.2 (C20), 125.3 (C11), 1201 (C22), 76.5 (CT), 66.9
(C17), 47.3 (C18), 45.0 (C6), 36.5 (C14), 33.4 (C3), 32.8 (C13), 26.3 (C5), 21.9 (C4). HRMS
(ESI): m/z [M+H]* calc. for CgHa2N2062 517.2333, found: 517.2339.
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6-(benzyloxy)(3-(Fmoc)-B-alanine)aminohexancic acid (10c):

12

Tert-butyl 6-(benzyloxy)(3-(Fmoc)-2-alanine)aminohexanoate 9¢ (1eq., 953 g, 16.2 mmol)
was dissolved in CHz2Clz (50 mL) with TIPS (3 eq., 7.70 g, 48.6 mmol, 9.96 mL) and mixed with
TFA (50 mL) at 0 °C. The reaction mixture was stirred at room temperature for 3 h. The volatile
compounds were removed under reduced pressure and the resulting residue was
coevaporated three times with each 10 mL CHzClz. After column chromatography on silica gel
{5 % to 95 % EtOAc in pentane), the product 10c (5.54 g, 10.4 mmol, 64% over two steps)
was obtained as a slightly yellow oil. "TH-NMR (400 MHz, CDCls): 6 [ppm] = 7.75(d, */ = 7.4 Hz,
2H, 24-H), 7.58 (d, *J = 7.5 Hz, 2H, 21-H), 7.40 — 7.28 (m, 9H, 10-H, 11-H, 12-H, 22-H, 23-H),
555 (s, 1H, 16-H), 4.77 (s, 2H, 8-H), 4.35 (d, >/ =7.2 Hz, 2H, 18-H), 419 (t, >/ =71 Hz, 1H,
19-H),3.72 - 3.60 (m, 2H, 7-H), 3.52 - 3.38 (m, 2H, 15-H), 2.62 (t, 3/ =57 Hz, 2H, 14-H), 2 33
(t, 3/=73Hz, 2H, 3-H), 1.72 - 156 (m, 4H, 4-H, 6-H), 1.39 122 (m, 2H, 5-H). *C-NMR
(100 MHz, CDClz): 8 [ppm] = 1441 (C20), 141.4 (C25), 129.4 (C17), 129.1 (C11), 128.9 (C9),
127.9 (C10), 127.2 (C21), 125.3 (C12), 120.1 (C23), 76.4 (C8), 66.9 (C18), 47.3 (C19), 451
(C7), 36.4 (C15), 33.7 (C3), 32.8 (C14), 26.2 (CB6), 24.3 (C4). HRMS (ESI): m/z [M+H]* calc.
for CasHasN-0g: 531.2490, found: 531.2495.
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tert-butyl 8-(benzyloxy)amino-3,6-dioxaoctanoate (12):
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Tert-butyl 8-bromoamino-3,6-dioxaoctanoate 11 (1eq., 2.00g, 7.06 mmol), O-benzyl
hydroxylamine (3 eq., 2.61 g, 21.2 mmol, 2.45 mL) and K2COs (3 eq., 2.93 g, 21.2 mmol) were
dissolved in DMF (30 mL) and stirred for 3 h at 80 °C. The reaction mixture was then mixed
with dem. H20 (100 mL) and extracted with EtOAc (3 x 30 mL). The combined organic phases
were washed with sat. NaCl solution (3 x 30 mL) and dried over MgSO4. The solvent was
remaoved under reduced pressure and the remaining O-benzyl hydroxylamine was removed by
distillation at 75 °C under vacuum. The product 12 (2.85 g) was obtained as a colorless oil and
was used without further purification. 'TH-NMR (600 MHz, CDCls): & [ppm] = 7.37 — 7.27 (m,
5H, 12-H, 13-H, 14-H), 4.71 (s, 2H, 10-H), 4.00 (s, 2H, 4-H), 3.71 — 3.61 (m, 8H, 5-H, 6-H, 7-
H, 8-H), 1.47 (s, 9H, 1-H). ®C-NMR (150 MHz, CDClz): & [ppm] = 169.8 (C3), 138.1 (C11),
128.5 (C13), 128.5 (C12), 127.9 (C14), 76.1 (C2), 70.8 (C10), 70.6 (C5), 69.2 (C6), 67.7 (C4),
51.7 (C7), 30.4 (C8), 28.3 (C1). HRMS (ESI): m/z [M+H]" calc. for C17H2rNOs: 326.1967, found:
326.1967.
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tert-butyl 8-(Fmoc)(benzyloxy)amino-3,6-dioxaoctanoate (13):

19
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Tert-butyl 8-(benzyloxy)amino-3,6-dioxaoctanoate 12 (1 eq., 2.72 g, 8.36 mmol) was dissolved
in CH2Clz (40 mL), mixed with DIPEA (2 eq., 2.16 g, 16.7 mmol, 2.83 mL) and cooled to 0 °C.
FmocCl (1 eq., 2.16 g, 8.36 mmol) was dissolved in CHz2Clz (23 mL), cooled to 0 °C and added
slowly to the first solution. The resulting reaction mixture was stirred at 0 °C for 3 h and then
washed with HCI (1 M, 4 x 50 mL) and sat. NaCl solution (2 x 50 mL) and dried over MgSOs.
The solvent was removed under reduced pressure. The product 13 (4.78 g) was obtained as
a slightly yellow oil and was used without further purification. "H-NMR (600 MHz, CDCls): 6
[ppm] = 7.75 (d, ®J/ = 7.6 Hz, 2H, 21-H), 7.64 (d, 4 = 7.6 Hz, 2H, 18-H), 7.42 — 7.27 (m, 9H,
11-H, 12-H, 13-H, 19-H, 20-H), 4 78 (s, 2H, 9-H), 4 57 (d, 3/ =65 Hz, 2H, 15-H), 4.26 (t, 3J =
6.5 Hz, 1H, 16-H), 3.96 (s, 2H, 4-H), 3.67 — 3.58 (m, 8H, 5-H, 6-H, 7-H, 8-H), 1.45 (s, 9H, 1-
H). "*C-NMR (150 MHz, CDCls): & [ppm] = 169.7 (C3), 157.5(C14), 143.9 (C17), 141.5 (C22),
133.5 (C10), 129.5(C12), 128.7 (C13), 128.6 (C11), 127.9 (C20), 127.3 (C21), 125.2 (C19),
120.1(C18), 81.5(C2), 77.2 (C9), 70.8 (C5), 70.5 (CB), 69.2 (C4), 67.6 (C15), 67.5(C7), 49.8
(C8), 47.4 (C16), 28.2 (C1). HRMS (ESI): mv/z [M+Na]* calc. for CaHazNO7: 570.2462, found:
570.2467.
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8-(Fmoc)(benzyloxy)amine-3,6-dioxaoctanoate (14):
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Tert-butyl 8-(Fmoc)(benzyloxy)amino-3,6-dioxaoctanoate 13 (1 eq., 4.19 g, 8.52 mmol) was
dissolved in CH2Cls (26 mL) with TIPS (5 eq., 6.75 g, 42.6 mmol, 8.73 mL) and mixed with TFA
(26 mL) at 0 °C. The reaction mixture was stirred at room temperature for 3 h. The volatile
compounds were removed under reduced pressure and the resulting residue was
coevaporated three times with each 10 mL CH2Cla. After column chromatographic purification
on silica gel (5 % to 95 % EtOAc in pentane), the product 14 (0.945 g, 1.92 mmol, 27% over
three steps) was obtained as a slightly yellow oil. "H-NMR (600 MHz, CDCls): & [ppm] = 7.75
(d,3J=75Hz, 2H, 20-H), 764 (d, 3/ =7 5Hz, 2H, 17-H), 7.42 — 7 25 (m, 9H, 10-H, 11-H, 12-
H, 18-H, 19-H), 472 (s, 2H, 8-H), 460 (d, >/ = 6.3 Hz, 2H, 14-H), 427 (t, *J =63 Hz, 1H, 15-
H), 4.08 (s, 2H, 3-H), 3.68 — 3.57 (m, 8H, 4-H, 5-H, 6-H, 7-H). "*C-NMR (150 MHz, CDCls): &
[ppm] = 170.0 (C2), 157.7 (C13), 143.8 (C16), 141.5 (C21), 1354 (C9), 129.5 (C11), 128.8
(C12), 128.6 (C10), 127.9 (C19), 127.3 (C20), 125.2 (C18), 120.1 (C17), 77.2 (C8), 71.4 (C4),
69.9 (C5), 68.8 (C14), 67.7 (C3), 67.4 (C6), 49.4 (CT), 474 (C15). HRMS (ESI): m/z [M+H]*
calc. for CzsHaaNO7: 492 2017, found: 492.2009.
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NMR-spectra
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Figure S1. 'H-NMR spectrum of compound 6b.
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Figure S2. *C-NMR spectrum of compound 6b.
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Figure 520. *C-NMR spectrum of compound 13.
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Figure $24. 1*C-NMR spectrum of compound 18b.
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Figure 526. *C-NMR spectrum of compound 18c.
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Figure $29. *H-NMR spectrum of compound 3c.
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HPLC-MS spectra
HPLC-ESI-MS chromatogram and spectrum of compound 18b
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Figure $30. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
H-0O/CH3CN 5:95 + 0.1% HCO-H to 95:5 + 0.1% HCO-H, 25 min, 0.3 mi/min): tg = 15.3 min.)

and MS(ESI)-spectrum of 18b.
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HPLC-ESI-MS chromatogram and spectrum of compound 18c
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Figure $31. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
H20O/CH:CN 5:95 + 0.1% HCOzH to 95:5 + 0.1% HCO2H, 25 min, 0.3 ml/min): {r = 15.9 min.)
and MS(ESI)-spectrum of 18c.
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HPLC-ESI-MS chromatogram and spectrum of compound O-benzyl protected OEGDFO*
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Figure $32. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
H2O/CHACN 5:95 + 0.1% HCO-H to 95:5 + 0.1% HCO2H, 15 min, 0.3 ml/min): fr = 10.5 min.)
and MS(ESI)-spectrum of O-benzyl protected OEGDFO™.
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HPLC-ESI-MS chromatogram and spectrum of compound 3b
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Figure $33. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
HzO/CH3;CN 5:95 + 0.1% HCOZH to 95:5 + 0.1% HCOzH, 25 min, 0.3 ml/min): tg = 2.2 min_)

and MS(ESI)-spectrum of 3b.
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HPLC-ESI-MS chromatogram and spectrum of compound 3¢
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Figure S34. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
H20/CHzCN 5:95 + 0.1% HCOzH to 955 + 0.1% HCO2H, 25 min, 0.3 ml/min). tz = 9.8 min.)

and MS(ESI)-spectrum of 3c.
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HPLC-ESI-MS chromatogram and spectrum of compound 4
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Figure $35. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
H20/CH3CN 5:95 + 0.1% HCOzH to 95:5 + 0.1% HCOzH, 15 min, 0.3 mi/min): tzr = 6.3 min.)
and MS(ESI)-spectrum of 4.
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HPLC-ESI-MS chromatogram and spectrum of compound Zr-3¢c
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Figure $36. HPLC-chromatogram (Anal. HPLC (Agilent Zorbax Extend C18, 2.1 x 50 mm,
H20/CHsCN 5:95 + 0.1% HCO2H to 955 + 0.1% HCOzH, 15 min, 0.3 mli/min). tr = 2.2 min.)
and MS(ESI)-spectrum of Zr-3¢.
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HPLC-ESI-MS chromatogram and spectrum of compound 24
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Figure $37. HPLC-chromatogram (Anal. HPLC (Macherey & Nagel Gravity SB C18, 2.1 x 50
mm, H20/CH3CN 595 + 0.1% HCO2H to 955 + 0.1% HCO2H, 15 min, 0.3 ml/min):
tr = 2.2 min.) and MS(ESI)-spectrum of 24.

536

196



8. Appendix

RadioTLC
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Figure S$38. TLC of free [**Zr]Zr* as a control
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Figure $39. Example of TLC of bound [®*Zr]Zr*".
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Stability in human serum
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Figure 540. Stability of the [®*Zr]Zr* complexes of 1, 3a-¢ and 4 in human serum at 37°C.
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Synthesis of 18b on CTC-Resin

The CTC resin was preloaded with Fmoc-f-alanine (scale: 1.00 mmol), which was deprotected with
piperidine. The monomer 10b was used with 3 molar equivalents and couplings were performed with
DIPEA (3 eq.) and HCTU (3 eq.) for 1 h at room temperature. Repeated coupling and deprotection
cycles gave the resin-bound protected chelator 18b. Cleavage was performed with 1% TFA in CH.Cl,
and the resulting crude product 18b (1.09 g) had a purity of >70% according to HPLC analysis.
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Figure S41. HPLC chromatogram of the raw product of compound 18b via a solid phase synthesis

with CTC resin.
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8.2 Hazardous Materials

Substance

Pictogram

H-Phrases

P-Phrases

2-Propanol

225, 319, 336

210, 233, 240, 241,
242, 305+351+338

5-Bromopentanoic acid

315, 319, 335

261, 264, 271, 280,
302+352,
305+351+338

6-Bromohexanoicoic acid

314

260, 280,
303+361+353,
304+340+310,

305+351+338, 363

Ammonium Cerium

sulfate

315, 319, 335

261, 262, 264, 280,
302+352,
305+351+338, 314,
332+313, 337+313,
362

Benzylbromide (BnBr)

315, 319, 335

261, 264, 271, 280,
302+352,
305+351+338

Benzoyl peroxide (BPO)

241, 317, 319,
410

210, 261, 273, 280,
305+351+338,
333+313, 420, 501

BTFFH

315, 319, 335

261, 264, 271, 280,
302+352,
305+351+338

Chloroform

302, 315, 319,
331, 336, 351,
361d, 372

202, 301+312,
302+352,
304+340+311,
305+351+338,
308+313
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302, 314, 360d 260, 280,
@ 303+361+353,
304+340+310,
Carbonyldiimidazole @ 305+351+338
(CDI) ’
315, 319, 336, 201, 302+352,
® 351 305+351+338,
Dichloromethane 308+313
302, 315, 317, 273, 280,
® 318, 410 301+312+330,
302+352,
305+351+338+310
Copper(l)iodide
290, 301, 314, 234, 273, 280,
1,8- @ 412 303+361+353,
Diazabicyclo[5.4.0Jundec- 304+340+310,
7-ene (DBU) 305+351+338
302, 311, 317, 361, 264, 280,
N,N*- @ 318 301+312,
Dicyclohexylcarbodiimide 302+352+312,
(DCC) 305+351+338
226, 317, 318, 210, 233, 280,
@ 330, 334 303+361+353,
N,N~ 304+340+310,
Diisopropylcarbodiimide @ @ 305+351+338
(DIC) “
224, 302, 336 | 210, 233, 240, 241,
Diethylether @@ 301+312, 403+233
225, 302, 318, 210, 273, 280,
@ 331, 335, 411 301+312,
304+340+311,
305+351+338
DIPEA
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301+331, 310, 262, 273, 280,
315, 318, 370, 301+310,
411 302+352+312,
4-Dimethylaminopyridine @ % 305+351+338
(DMAP) “
226, 312, 332, | 201, 210, 302+352,
@ @ 319, 360d 305+351+338,
308+313
DMF @
319, 332, 373 | 280, 304+340, 312,
305+351+338,
EDTA 337+313
& 226, 314 210, 280,
== @ 301+330+331,
303+361+353,
Acetic acid 305+351+338, 310
225, 319, 336, 210, 233, 240,
@@ 066 305+351+338,
Ethyl acetate 403+235
225, 319 210, 233, 240, 241,
Ethanol @@ 242, 305+351+338
314 260, 280,
303+361+353,
304+341+310,
FmocCl 305+351+338, 363
226, 302, 331, 210, 280,
@ 314 303+361+353,
304+340+310,
305+351+338
Formic acid
220, 280 210, 377, 381, 403
H. (gas) w
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HBTU 315, 319, 335 | 210, 240, 241, 261,
264, 271, 280,
302+352, 304+340,
305+351+338, 312,
332+313, 337+313,
362, 370+378,
403+233, 405, 501
290, 314, 335 | 234, 261, 271, 280,
@ 303+361+353,
Hydrochloric acid 30+351+338
317, 261, 272,
@ 280, 302+352,
333+313,
HCTU 362+364
207, 319,412 | 210, 212, 230, 233,
@@ 280, 370+380+375,
HOBt 501
315, 319, 335 | 261, 264, 271, 280,
Potassium carbonate @ 302+352,
(K2CO3) 305+351+338
272, 302, 314, 210, 220, 280,
@ @ 361d, 373, 410 301+330+331,
303+361+353,

Potassium permanganate

305+351+338, 310

(KMnOs)
290, 302, 314 234, 260, 280,
Potassium hydroxide 303+361+353,
(KOH) 305+351+338
225, 302, 312, 210, 280,
Acetonitrile @@ 319, 332 305+351+338
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225, 210, 233, 280,
@ 301+311+331, 301+310,
370 303+361+353,
304+340+311
Methanol
260, 300, 310, 273, 280,
@ 330, 314, 410, 301+330+331,
Sodium 032 302+352, 304+340
cyanoborohydride 305+351+338,
(NaCNBHs) 402+404
290, 314 280, 301+330+331,
305+351+338,
Sodium hydroxide (solid) 308+310
226, 302, 318, | 210, 280, 302+352,
@ @ 315, 335, 336 | 305+351+338, 313
n-Butanol
225, 210, 280, 301+312,
301+311+331, 303+361+353,
314, 335 304+340+310,
305+351+338+310
Triethylamine
225, 304, 361f, 210, 240, 271,

N-methylmorpholine

373, 315, 336, 301+310, 331,

411 302+352, 403+235
n-Hexan

302, 315, 319, | 261, 264, 270, 271,

335 280, 301+312,
302+352, 304+340,
305+351+338, 312,
321, 330, 332+313,

337+313, 362,
Ninhydrin 403+233, 405, 501
228, 361f 202, 210, 240, 241,

280, 308, 313

204




8. Appendix

& 225, 304, 336, | 210, 233, 240, 273,
= @ 411, 066 301+310, 331
n-Pentan
270, 314, 330, | 203, 220, 244, 260,
@ @ 335, 341, 361, | 264+265, 270, 271,
370, 410 273,280, 284
® ,301+330+331,
302+361+354,
304+340,
305+351+338,
308+316, 362+364,
370+376, 391,
Ozone (O3) 403+233, 405
301, 314, 335, 261, 273, 280,
@ 412 303+361+353,
304+340+310,
O-Benzyl hydroxylamine 305+351+338
302+312, 318 264, 270, 280,
@ 302+352+312,
305+351+338+310,
Oxalic Acid 501
0 272, 314 220, 280,
Phosphomolybdic Acid : @ 305+351+338, 310
225, 302, 210, 280, 301+312,
@ 311+331, 314 303+361+353,
304+340+310,
305+351+338
Piperidine
302, 317,410 | 261, 264, 273, 280,
PYBOP 301+312, 302+352
225, 210, 280,
@@ 302+312+332, 301+3112,
Pyridine 315, 319 303+361+353,
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Zirconium tetrachloride
(ZrCly)

305+351+338,
308+310

304+340+312,
305+351+338
373 260, 270, 314
Silica gel
225, 332, 319, 210, 240,
@@ 335, 336 305+351+338,
t-Butanol 403+233
tert-butyl 4- @ 302, 315, 319, | 261, 305, 338, 351
bromobutanoate 335
290, 331, 314, 260, 273, 280,
412, 071 303+361+353,
TFA 305+351+338, 312
225, 302, 319, 210, 280,
@@ 335, 351, 019 301+312+330,
305+351+338,
370+378, 403+235
THF
302, 331, 314, | 261, 280, 301+312,
@ 335, 014, 029 303+361+353,
304+340+310,
Thionylchloride 305+351+338
226 210, 233, 240, 241,
Triisopropyl silane (TIPS) @ 242,243
302, 317, 318, | 260, 280, 301+312,
372 302+352,
305+351+338, 314
Triphenylphosphin ®
® 302, 314,014 | 280, 301+330+331,
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